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ABSTRACT
Platelets play a fundamental role in the intracoronary thrombo-occlusive events that 

cause the spectrum of acute coronary syndromes (ACS). The absence of DNA within 

these cells suggests that heterogeneity in platelet size and reactivity in patients with 

ACS are predetermined. The recent discovery of several humoral factors that 

influence platelet production has made it possible to examine the mechanisms that 

control platelet physiology in ACS.

In this thesis I examined differences in platelet volume (MPV), platelet count, 

platelet activation status and platelet fimction between two of the most important 

conditions that comprise ACS, unstable angina (UA) and myocardial infarction (MI). 

Furthermore, I evaluated if these conditions can be distinguished based on these 

parameters. In addition I measured circulating levels and genetic polymorphisms of 

the thrombopoietic factors Thrombopoietin (TPO), Interleukin-6 (IL-6) and 

Interleukin-11 (IL-11) to ascertain if there is an association between these factors and 

differences in platelet parameters. I found that platelets from patients with UA 

differed from those with MI and controls with respect to their size, function and 

activation status. Both TPO and IL-6 levels were elevated in patients with ACS and 

related to circulating platelet counts suggesting that they may play a role in the 

mechanism controlling platelet physiology in these conditions. No relationship was 

found between polymorphisms in the TPO gene (-602C>T, 1796C>T, 4830C>A and 

5713G>A) or receptor (-277G>A) and circulating TPO levels, platelet function or 

clinical diagnosis. The -174G>A polymorphism in the IL-6 gene was related to IL-6 

levels in the ACS patients.

Finally, in order to understand how TPO, IL-6 and IL-11 may affect platelet size, 

number and activation status, I developed an in vitro system of platelet production. 

This model demonstrated that whilst TPO increased the number of platelets produced 

it had no effect on their size. IL-6 was found to inhibit the number of platelets 

produced by these cultures whilst IL-11 increased the size of these cells when 

administered at a late stage of megakaryocyte (MK) maturation. None of these 

factors were found to alter platelet activation status.

Taken together these findings suggest that whilst platelet size, function and activation 

status are markedly different in UA compared to MI, these differences cannot be 

explained by variations in the levels of TPO, IL-6 or IL-11 in isolation.
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PARTI

GENERAL INTRODUCTION



Chapter 1

Background and Rationale to this Thesis



1.1 Megakaryocytopoiesis and platelet production; an overview of 

the relationship to ACS

The term Acute Coronary Syndrome (ACS) is used to describe a spectrum of disease 

that involves either the permanent or temporary occlusion of a coronary artery by a 

platelet aggregate and leads to a range of outcomes ranging from angina to 

myocardial infarction (MI) (Fuster et a l, 1992a). Several different hypotheses exist 

that try to explain the events that cause the acute presentation but little evidence 

exists to help validate these hypotheses. However, one inescapable conclusion from 

all the available evidence is that platelets play a fundamental role in all of the 

diseases that constitute ACS. The aim of this thesis is to consider if indeed platelets 

differ fundamentally in their function between different presentations of ACS and to 

try to understand how these differences may be controlled.

Previous studies have demonstrated that patients admitted with unstable angina (UA) 

and MI have larger, more reactive platelets than controls (Dalby et a l, 1988; Kishk 

et al, 1985; Martin et a l, 1991; Pizzulli et al, 1998). Since platelets are devoid of a 

nucleus they have a reduced capacity for protein synthesis and limited ability to alter 

their biochemical structure or composition once they have been produced 

(Erusalimsky & Martin, 1993). Thus since the nature of a platelet is determined 

during its creation from its parent cell, the megakaryocyte (MK), it may well be that 

factors that influence platelet production from MKs determine platelet function in 

ACS.

MKs are found in the bone marrow and develop from stem cells in a complex 

process of differentiation leading to nuclear polyploïdisation and ultimately platelet 

production (described by Long, 1993; Mazur 1990, Tavassoli & Aoki, 1989). This 

process is complicated in its regulation and several different humoral factors have 

been identified that affect this process.

One of the most important factors is thrombopoietin (TPO), a humoral factor that has 

been identified as influencing MK development and platelet production at many 

points in the proliferation and differentiation process (Kaushansky, 1995a).



Several other pleiotropic haematopoietic growth factors are also known to influence 

the process of MK proliferation, differentiation and subsequent platelet production. 

These include interleukin-3 (IL-3), interleukin-6 (IL-6), interleukin-11 (IL-11), 

granulocyte-macrophage colony stimulating factor (GM-CSF), leukaemia inhibitory 

factor (LIF), oncostatin M, stem cell factor (SCF), c-kit ligand and erythropoietin 

(EPO) (reviewed in this section). These factors may also have direct effects on 

platelet function further complicating the understanding of the mechanism that 

controls platelet physiology.

Little is known about the relationship between the above-mentioned factors and their 

circulating levels in ACS. However, some data exist that show that in patients with 

UA, those with high IL-6 levels on admission are likely to have a worse outcome 

than those in whom the levels are normal (Biasucci et a l, 1996; Biasucci et al, 

1999a). The mechanism by which this occurs is unknown but one may hypothesize 

that IL-6 by its action on MKs alters platelet behaviour so affecting clinical outcome. 

IL-6 levels are also elevated in patients with MI although as with UA it is not clear 

whether this increase precedes the acute event (Mazzone et a l, 1999).

In this chapter the process of platelet production starting from the primitive MK will 

be considered in the context of the potential link with platelet function in ACS.

1.2 MK development and its regulation

1,2,1 The megakaryocytic lineage

Mature MKs are large cells, having an approximate diameter in humans of 40p. They 

were first discovered in the bone marrow in 1884. However it was another 15 years 

before Wright (1906) observed that these cells were the precursors to platelets.

MKs are considered to be unique in several respects: they are obligate polyploid 

cells, i.e. they become polyploid during development. During their lifecycle, MK 

progenitors proceed through a proliferative 2n-4n stage, during which progression 

through the cell cycle is indistinguishable from any other haematopoietic cell. Each 

cell then undertakes a process of endomitosis, which results in the generation of cells 

with a nuclear DNA content of 8n, 16n, 32n, 64n and even 128n (modal DNA 

content, 16n). The exact mechanism and function of polyploidisation in MKs is 

poorly understood. However, polyploidisation produces an increase in functional



capacity of the cell without the demands and necessity for temporary cessation of 

function that is involved in full mitosis and cytokinesis. The final stage of MK 

differentiation involves cytoplasmic fragmentation and the formation of platelets. 

The major regulator of MK development, TPO, acts at each stage of the process 

including commitment and proliferation of progenitor cells, polyploidisation of 

developing cells, end maturation of cytoplasmic processes and demarcation 

membranes in more mature cells (Bartley et a l, 1994; de Sauvage et al, 1994; 

Kaushansky, 1994; Kaushansky, 1995; Wendling er a/., 1994).

Several different classes of MK progenitor cells have been identified (shown in Fig. 

1.1, p 6), the most primitive of which, the high proliferative potential colony forming 

unit (HPP-CFU), was first described by Long et al in 1982. This cell has a high 

proliferative capacity and can produce colonies of a few thousand MKs. These 

precursors can be recognised by the presence of early differentiation markers such as 

CD34 (Civin et a l, 1984) which is also used for their isolation. The next cell in the 

lineage is the MK burst forming unit (BFU) that is capable of producing 10-500 MKs 

per cell (Vainchenker et a l, 1979). Various MK colony-stimulating factors (MK- 

CSF) act on these cells to induce proliferation and some degree of differentiation (as 

listed in Fig. 1.1). The final cell before the immature or promegakaryoblast stage is 

reached is the MK colony forming unit (CFU) which has a limited proliferative 

potential, generating 3-50 MKs (Metcalf et al, 1975). The histocompatability class II 

complex, HLA-DR, is characteristic of a mature phenotype and allows the BFU to be 

distinguished from the CFU (Brandt et al, 1990). The promegakaryoblast (PMKB) 

marks the transition between the proliferating MK progenitor cells mentioned above 

and the mature differentiated MKs.

Between the promegakaryoblast stage and the process of platelet shedding the mature 

MK is considered to undergo four maturational stages that can be distinguished on 

the basis of morphological characteristics (Long, 1993).
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Figure 1.1 Overview of megakaryocytopoiesis.
Megakaryocytopoiesis: Several classes of MK progenitors have been defined 
following the differentiation o f stem cells. These include the high proliferative 
potential colony-forming unit MK (HPP-CFU), the burst-forming unit MK (BFU), 
and the colony-forming unit MK (CFU) leading to the development of the 
promegakaryoblast (PMKB). MK maturation is marked by an increase in size, the 
development o f organelles and acquisition o f platelet proteins such as glycoproteins 
llb/llla (GPIIb/IIIa), GPIb, thrombospondin (TSP), von Willebrand factor (vWF) and 
platelet factor 4 (PF4). Early differentiation markers include CD34 and CD33. 
Megakaryocytopoiesis is controlled by a complex network o f cytokines including 
interleukins-3, -1, -6 and -11 (IL-3, IL-I, IL-6, and IL-11), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), fibroblast growth factor (FGF), stem cell factor 
(SCF), erythropoietin (LPO), and c-Mpl ligand (MPL-L). Dotted lines are suggestive 
rather than known.



Megakaryoblasts (stage I) enter mitosis but do not complete anaphase; 

megakaryocytic polyploidisation involves progression through the metaphase (stage 

n), with concommitant chromosome condensation, spindle formation and initiation 

of chromatid separation (Zimmet & Ravid, 2000). This leads to the development of 

more mature cells that are distinguishable from earlier cells by an increase in size, 

the development of organelles (a-granules and dense granules) and acquisition of 

platelet proteins such as the glycoproteins (GP) Hb/nia, GPIb, thrombospondin, von 

Willebrand factor (vWF) and platelet factor 4 (stages m  and IV) (reviewed in 

Vainchenker & Kieffer, 1988 and Vainchenker et al., 1982). As maturation proceeds 

fibrinogen and P-selectin levels increase reaching maximal levels in circulating 

platelets (Schick et al., 1993). Also, development of a tubular network known as the 

demarcation membrane system occurs that may have a role in the process of platelet 

production (Zucker-Franklin & Petursson, 1984).

1.2.3 Cell lines with megakaryocytic features

Megakaryocytic cell lines are derived from patients with leukaemia, and provide a 

means of studying various aspects of MK biology such as the proliferation, and 

maturation process. To date at least 18 different cell lines with some megakaryocytic 

properties have been reported (reviewed by Saito, 1997). These can be broadly 

divided into those that express glycophorin A (a sialoglycoprotein found on red 

blood cells), indicating erythroid-megakaryocytic characteristics, and those that do 

not express this molecule that are pure megakaryocytic cell lines. Given the origin of 

these cells it is quite possible that each of these cell lines is biologically different 

from normal MKs, suggesting that experiments are performed on several of these cell 

lines in parallel to ensure that results are relevant to the megakaryocytic phenotype 

and not to the process of transformation. Platelets are not produced by any of these 

cell lines.

1.2.4 Humoral control o f  megakaryocytopoiesis

MK production can be divided into two main stages: a proliferative stage and a 

maturational stage. Both these stages are influenced by a number of humoral factors 

as well as the microenvironment in which the MK exists.

A large body of in vitro culture techniques have established that for their 

development MKs require two classes of trophic factors or activities. One, an MK-



CSF affects mainly the proliferation of progenitors. The other, a terminal 

differentiating activity, that acts on more mature cells.

MK precursors require the presence of MK-CSFs in order to generate MK cultures in 

vitro. Several different factors are thought to contribute to MK-CSF activity. These 

include IL-3, GM-CSF and SCF. IL-3 appears to be the most potent at supporting the 

growth of megakaryocytic colonies (Bruno et a l, 1991a). IL-3 enhances BFU-MK 

derived colony formation and also increases the number of cells in each CFU-MK 

derived colony. GM-CSF stimulates development of BFU-MK and CFU-MK. 

However, parallel cell culture experiments demonstrate that its MK-stimulating 

activity is approximately 1/100̂ ** that of IL-3 (Emerson et a l, 1988). SCF has little 

effect on proliferation of MK progenitors: however, in combination with TPO, IL-3 

or GM-CSF, SCF has significant colony-stimulating activity (Angchaisuksiri et al, 

1996; Avraham et a l, 1992; Briddell et al, 1991). Administration of SCF to 

primates increases MK numbers, but does not augment platelet numbers (Andrews et 

al, 1991). The ligand for the flt3 receptor (a member of the type 10 receptor tyrosine 

kinase family), FL, is similar in size and structure to SCF and although alone it has 

no significant influence on megakaryocytopoiesis, in combination with IL-3 it 

significantly increases the number and size of MK progenitors at both CFU-MK and 

BFU-MK level. Also, in combination with GM-CSF it increase MK progenitors at 

the CFU-MK level (Piacibello et a l, 1996).

A number of growth factors promote MK terminal differentiation activity (e.g. IL-6, 

EPO, IL-1 a, IL-11, G-CSF, oncostatin M and LIF). IL-6 is capable of promoting 

MK maturation in the absence of other added growth factors (Ishibashi et a l, 1987; 

Kimura et a l, 1990). IL-6 is produced by a variety of cells including macrophages, 

marrow stromal cells, endothelial cells and fibroblasts (Kishimoto et al, 1995). 

Megakaryocytes themselves produce both IL-6 and IL-6 receptor (IL-6R), but the 

significance of this is unknown (Navarro et al, 1991). In vivo studies in both mice 

and primates have shown that IL-6 not only promotes megakaryocytic maturation, 

ploidy, and platelet production, but also renders platelets more sensitive to activation 

by thrombin and platelet activating factor (Asano et a l, 1990; Ishibashi et a l, 1989). 

IL-6 knockout mice however show normal MK and platelet counts (Gainsford et al, 

2000).



IL-11 is produced by marrow stromal cells and has an amino acid sequence 

completely unrelated to that of IL-6 (Du & Williams, 1994). In combination with 

other growth factors such as IL-3, IL-11 increases MK progenitor cell proliferation 

(Bruno et al, 1991; Musashi et a l, 1991). On its own EL-11 promotes MK 

maturation (Burstein et a l, 1992; Orazi et al, 1996) and is capable of augmenting 

platelet count in both normal animals and in various models of thrombocytopenia 

(Nash et a l, 1995; Neben et al, 1993; Yonemura et al, 1993).

EPO has been shown to have MK-colony stimulating activity, although this appears 

to be a synergistic effect with other haematopoietic growth factor, since EPO has no 

effect on MKs in serum free culture by itself (Dessypris et a l, 1987). EPO has been 

shown to interact with other factors to promote MK colony formation and can cause 

an increase in MK size in liquid culture (Broudy et a l, 1995; Ishibashi et a l, 1987). 

Whether these in vitro effects of EPO have any physiological importance is unclear. 

In this respect it is noteworthy that administration of recombinant human EPO to 

patients with renal failure, at doses sufficient to raise the haematocrit, does not 

elevate peripheral platelet or white cell counts (McDonald & Sullivan, 1993). 

Furthermore, hypoxic mice with raised levels of endogenous EPO do not show 

increased platelet production (Evatt et al, 1976).

LIE and oncostatin M have overlapping biological properties with IL-6 on 

megakaryocytopoiesis. They both induce the maturation of early MKs by increasing 

MK size and ploidy (Burstein et al, 1992; Wallace et a l, 1995) and injection in mice 

results in an increase in platelet numbers. Accordingly LIF-deficient mice have 

reduced numbers of stem cells in bone marrow and spleen (Escary et a l, 1993). 

However, these mice do not develop a thrombocytopenia, suggesting that LIE is not a 

physiological regulator of platelet production.

MK development is also subject to negative control. Inhibitory effects have been 

reported with a number of factors particularly by those found in platelets themselves. 

The observation that plasma is superior to serum as a culture medium for MKs first 

gave rise to the notion that platelets may produce substances responsible for the 

feedback inhibition of megakaryocytopoiesis (reviewed by Hofftnan, 1989). 

Subsequently, transforming growth factor (TGF)-P, p-thromboglobulin, platelet 

factor 4 and connective tissue activating peptide IQ were reported to inhibit



thrombocytopoiesis in vitro (Mitjavila et a l, 1988). All of these mediators are 

synthesized by platelets, in particular platelet factor 4, p-thromboglobulin and 

connective tissue activating peptide HI; share structural homology, containing four 

cysteine molecules in homologous positions, and are exclusively platelet-derived 

(reviewed by Wendling & Han, 1997).

1,2,5 Influence o f  the bone marrow microenvironment

The bone marrow microenvironment is a complex three-dimensional structure where 

haematopoietic cells proliferate, mature, migrate into the sinusoidal space and enter 

the circulation in a carefully regulated process. Stromal cells within the bone marrow 

microenvironment provide a suitable environment for self-renewal, proliferation, and 

differentiation of haematopoietic stem cells (Deryugina & Muller-Sieburg, 1993; 

Dexter et a l, 1977; Lichtman, 1981). Bone marrow stromal cells consisting of 

endothelial cells, fibroblasts, reticular cells, monocytes, osteoclasts and adipocytes 

secrete cytokines and produce extracellular matrix in addition to providing direct 

cellular contact that regulates haematopoiesis (Deryugina & Muller-Sieburg, 1993; 

Gordon et a l, 1987; Roberts et a l, 1988; Taichman & Emerson, 1994).

Bone marrow microvascular endothelial cells have been shown to support the 

proliferation and differentiation of MK progenitors in vitro by constitutive secretion 

of trophic factors including SCF, EL-1, and TPO, and may play a role in the growth 

and maturation of MKs in vivo (Rafii et a l, 1995). However although bone marrow 

stromal cells release TPO, MKs interact with stromal cells to suppress platelet 

precursor (proplatelet) formation (Nagahisa el al, 1996). An explanation for this 

observation has as yet not been presented.

The extracellular matrix, composed of collagen (Coll), fibronectin, laminin, 

vitronectin, thrombospondin and various proteoglycans, is a site for the attachment of 

MKs (Leven & Tablin, 1992; Levine et al, 1985; Long & Dixit, 1990; Tajika et al, 

1996a; Topp et a l, 1990). Interaction between MKs and the matrix has been shown 

to stimulate proplatelet formation in vitro although platelets have also been produced 

in culture without an adherent layer. This suggests that there is not an absolute 

necessity for the stromal microenvironment and associated cytokines in platelet 

production (Cramer et al, 1997).
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1.3 Platelet production (thrombopoiesis)

The final event of MK development is the release of platelets into the circulation. As 

will be discussed in subsequent sections the process and site of platelet production is 

poorly understood and controversial.

1.3.1 The site o f  platelet production

1.3.1.1 The Bone Marrow

MKs are found most abundantly in the bone marrow and it has been concluded 

therefore that this is the site of platelet production. However the evidence for this is 

surprisingly weak, being highly subjective and circumstantial. Bone marrow MKs 

possess small bud-like processes and long pseudopodia that penetrate the sinusoidal 

membrane and project into the blood stream (Behnke, 1969). However no one has 

shown in vivo that these processes actually break off to become platelets. The 

presence of naked MK nuclei in the bone marrow has also been considered proof of 

platelet production at this site with the suggestion that these comprise the remains of 

MKs that have shed platelets. It has alternatively been argued that too few naked 

megakarycoyte nuclei are present to be consistent with this hypothesis (Slater et al, 

1983). In addition, when thrombopoiesis is accelerated by destroying circulating 

platelets in animal models, large pieces of MK cytoplasm are seen in the circulation, 

apparently without nuclei (Slater et a l, 1983). Therefore, the presence of naked 

nuclei in the marrow does not necessarily imply that platelets have been produced 

there.

1.3.1.2 Pulmonary platelet production

A number of investigators have observed MKs in the venous circulation (Breslow et 

al, 1968; Hume et al, 1964; Minot, 1922). These MKs pass from the right heart and 

thence into the pulmonary circulation. At this point, the blood vessels start to become 

much narrower and the MKs must either lodge in a vessel, deform and pass through 

it, or alternatively break up in someway. An increase in the number of systemic and 

pulmonary MKs has been reported in several conditions which are sometimes 

associated with secondary thrombopoiesis, such as inflammation, cancer and 

haemorrhage (Aabo & Hansen, 1978; Breslow et a l, 1968; Hume et a l, 1964; 

Shamoff, 1959).
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Many workers have observed MKs in the lungs (Scott, 1982; Shamoff & Scardino, 

1960; Wells et a l, 1984), their number dependant on the venous supply to this organ 

(Kaufman et a l, 1965). The quantity of MKs found in the pulmonary vein is 12 

times less than that found in the pulmonary artery and nearly all are naked nuclei 

(Kallinikos-Maniatis, 1969; Kaufman et al, 1965; Pedersen, 1974; Warheit & 

Barnhart, 1981). These data are consistent with the hypothesis that MKs entering the 

lungs undergo cytoplasmic fragmentation there. The majority of the resulting naked 

nuclei are trapped there and become phagocytosed. A minority, however, leave the 

lungs, having shed all but a thin rim of cytoplasm. Those nuclei that enter the 

systemic circulation lodge in other organs where they are found in very low numbers. 

The number of intact MKs reaching the lungs is enough to maintain thrombopoiesis, 

and the increase in platelet count across the pulmonary circulation could be attributed 

to pulmonary platelet production (Shamoff & Scardino, 1960). However, the 

hypothesis that the lungs are the site of platelet production remains disputed; 

furthermore, estimates of the relative contribution of this organ to the overall 

thrombopoietic capacity of the organism vary widely among the different workers 

who support this theory. Estimates between 7% and 100% of the total platelet 

production have been calculated by various authors to occur in the lungs (Kaufman et 

al, 1965; Trowbridge et al, 1984a). Thus definitive support of this hypothesis is still 

lacking. The development of in vitro culture systems capable of producing platelets 

(Choi et a l, 1995a and this thesis) combined with artificial capillary culture systems 

may help clarify the mechanisms and site of platelet production.

1,3.2 Mechanisms o f  platelet production

The cellular mechanisms for directing platelet formation remain poorly understood. 

Observations of extensive membranous structures within MKs have lead to a model 

of platelet formation in which a demarcation membrane system outlined nascent 

platelets within the cell body (Behnke, 1968). Another model of platelet formation 

has developed from observations that MKs form long cytoplasmic processes 

constricted at platelet sized intervals from which platelet presumably break off due to 

blood flow pressures in the marrow and/or in the lungs. These cytoplasmic processes 

were termed proplatelets by Becker & De Bruyn (1976) to reflect their presumed 

precursor role in platelet formation. The de novo formation of these processes is 

dependent on microtubules, which are arranged longitudinally and from bundles in
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the cytoplasmic processes of mature MKs (Tajika et al, 1996a). Pharmacological 

inhibitors of microtubule formation, such as colchicine and vincristine, prevent 

proplatelet formation (Stenberg et al, 1995). More recent observations of the 

ultrastructure of human platelet production in cultured MKs, involving the formation 

of proplatelets and shedding of microparticles, support the proplatelet model (Cramer 

et al, 1997). Further work has demonstrated that platelets are formed from the end of 

proplatelet processes that undergo a complex branching process that increases the 

number of platelets produced (Italiano et a l, 1999).

1.3.3 The role o f  adhesion molecules in platelet production

The role of adhesion molecules in platelet haemostatic function is clearly established 

(see section 1.8, p30). Less is known regarding the role of adhesion molecules in 

platelet production. Recently it has been reported that mature MKs express the 

integrins aSpl and aUbp3 and that it is the pi integrins that are involved in MK 

spreading on fibronectin (Berthier et a l, 1998). It has also been observed that MK 

migration through bone marrow endothelial cells in culture is impaired if the 

endothelial cells are treated with antibodies against E-selectin, suggesting that 

engagement of E-selectin results in activation of signalling pathways that mobilise 

MKs for migration (Hamada et a l, 1998). Other adhesion molecules similar to those 

found on platelets have been reported on the cytoplasmic processes of MKs leading 

to the suggestion that these molecules are involved in the spreading of these 

processes that may subsequently form platelets (Hagiwara et a l, 1996). Interestingly, 

mature MKs develop platelet-like behaviour when in contact with extracellular 

matrix (Levine et a l, 1985) probably as a consequence of the expression of these 

receptors and the presence of platelet organelles within the cell. Thus little is known 

about adhesion receptors on MKs that is specific to the MK and not part of platelet 

haemostatic function.

1.3.4 Role o f  NO, PGI2 and VEGF in platelet production

The effects of NO and PGI2 on platelet function are well established. Both are 

released from endothelial cells; PGI2 derived from arachadonic acid by the sequential 

action of the intracellular enzymes cyloxygenase, peroxidase and PGI2 synthase 

(Gryglewski et al, 1988) and NO produced from the guanidine nitrogen of L- 

arginine by the action of NO-synthase. Both NO and PGI2 impair platelet adhesion to
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endothelium, NO in the resting state and PGI2 once the endothelial cells have been 

stimulated with thrombin (Darius et al, 1995; Fry et a l, 1980; Hoak et a l, 1980). 

Activated platelets themselves are able to produce and/or release compounds that 

increase PGI2 and NO in a self-regulatory fashion. Thus locally produced PGI2 and 

NO may enhance migration of platelets and MKs by decreasing adhesion or 

conversely may impair migration by preventing interaction with the endothelium.

VEGF is a 34- to 42-kDa dimeric peptide growth factor with remarkable specificity 

for endothelial cells (Jakeman et a l, 1992). VEGF was first described as a potent 

endothelial permeability factor (Senger et al, 1983) and later was also identified as 

an endothelial mitogen with effects in the nanomolar range (Ferrara & Henzel,

1989), identifying it as one of the most potent endothelial permeability and mitogenic 

factors known. VEGF induces NO and PGI2 release fi*om endothelial cells (Murohara 

et a l, 1998) and therefore may promote or prevent migration of MKs and platelets as 

mentioned above. The finding that VEGF promotes the migration of monocytes 

through endothelial cells suggests that the same may be true for MKs (Clauss et al,

1990). However, to further complicate matters, VEGF has been shown to induce von 

Willebrand factor (vWF) (Zanetta et al, 2000) and tissue factor expression (Zucker 

et al, 1998) in endothelial cells both of which would increase endothelial adhesion 

and promote platelet aggregation. VEGF is released from aggregating platelets 

(Maloney et a l, 1998) and is also produced by MKs in response to TPO stimulation 

(Bobik et a l, 1998). Thus the role that VEGF plays in MK migration and platelet 

production is unclear.

Finally, the possibility exists that each of the factors mentioned above may affect 

platelet production by a direct action on the cell. It has been suggested that MKs 

undergo apoptosis when exposed to NO (Battinelli & Loscalzo, 2000) and that they 

are protected from apoptosis by VEGF (Katoh et a l, 1995) and TPO (Battinelli & 

Loscalzo, 2000). Thus these factors may influence platelet production by their direct 

effects on the fate of MKs.

1.3.5 The regulation ofplatelet production and platelet heterogeneity

The regulation of platelet production in vivo appears to be based on a humoral 

mechanism involving TPO that responds to changes in circulating platelet mass and 

will be discussed in detail in the section on TPO (section 1.4, p 16). In this section I
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will discuss other factors that may be involved in the regulation of platelet 

production as well as platelet heterogeneity.

Platelets are heterogeneous with respect to volume, density, functional properties and 

biochemical composition. The significance of this is not clearly understood. Platelet 

volume follows a log normal distribution in man. High-density platelets have a 

greater mean platelet volume (MPV) than low-density platelets and also exhibit 

greater protein content and an increase in selected subcellular constituents. These 

findings have lead to the suggestion that high density or large platelets are therefore 

more reactive i.e. platelet volume correlates with platelet fiinction (Karpatkin, 1978).

Two hypotheses have been proposed to explain the origins of platelet heterogeneity:

1) Newly produced platelets are released from MKs with a characteristic set of 

properties that change with ageing in the circulation

2) Platelet properties are determined by events during thrombopoiesis and 

remain unchanged during the platelet life span.

There is considerable controversy as to which of these hypotheses is correct with the 

possibility that both may have a part to play in human platelet physiology. The 

arguments are comprehensively discussed in a book on the subject (ed Martin & 

Trowbridge, 1990) and an in depth discussion is beyond the scope of this thesis. 

However the observation that during steady thrombopoiesis the platelet volume and 

platelet count of circulating platelets are inversely correlated suggests that platelet 

production is regulated to maintain a constant circulating functional platelet mass 

(Thompson and Jakubowski, 1988) and forms the basis of an understanding of the 

mechanism that may control platelet heterogeneity.

Acute, severe thrombocytopenia (as induced by the administration of anti-platelet 

antibodies) causes an increase in size (Odell et a l, 1976; Pennington & Olsen, 1970), 

ploidy (Corash et al, 1987; Jackson et al, 1984), number and rates of maturation of 

MKs (Odell et a l, 1969) leading to an increase in platelet production. Similarly 

patients with thrombocytopenia show a shift to higher ploidy MKs associated with 

increase in cell size and granularity (Tomer et a l, 2000) whereas platelet 

hypertransfusion leads to a decrease in ploidy, size and number of bone marrow MKs 

(Burstein et a l, 1981; Harker, 1968; Odell et a l, 1967). The observation that MPV 

increases several hours after the induction of immuno-thrombocytopenia before
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changes in MK ploidy have occurred suggests that large platelets can be produced 

from MKs without preceding changes in DNA content (Corash et al., 1987; 

Trowbridge et a l, 1986). The rapid increase in platelet size would suggest a 

mechanism influencing MK fragmentation over a mechanism utilising changes in 

earlier stages of megakarycytopoiesis to account for this.

Interestingly, administration of a single dose of vincristine to rats leads to a 

thrombocytosis over a period of 5 days that is not accompanied by an increase in 

MPV but is accompanied by an increase in modal ploidy distribution from 16n to 

32n (Harris & Pennington, 1984). This would suggest that two separate mechanisms 

control the platelet mass response. A sudden increase in platelet destruction (soon 

after induction of immuno-thrombocytopenia) leads to an increase in MPV with no 

change in MK ploidy. In contrast, with increased platelet production alone 

(vincristine rat model) MK ploidy is increased without an alteration in MPV. 

Combination of stimuli that produce platelet destruction and production would 

produce an increase in MPV and MK ploidy although the mechanisms by which 

these processes may be controlled are not understood.

1.4 Thrombopoietin (TPO)

Following the realisation that platelet production is controlled by a humoral factor in 

a similar fashion to the control of red cell production by EPO, Keleman (1958) 

termed this factor ‘Thrombopoietin’. Subsequently, it was demonstrated that there 

was indeed a factor present in the plasma of patients and animals with severe 

thrombocytopenia that could increase platelet numbers when injected into other 

animals. However, despite several efforts to purify and characterise this factor 

(Dassin et a l, 1983; Hofhnan et al, 1985; McDonald et a l, 1985; Tayrien & 

Rosenberg, 1987), it was not until the realisation that the orphan cytokine receptor 

encoded by the proto-oncogene c-inpl was implicated in the regulation of 

megakaryocytopoiesis that progress was made. Inhibition of c-mpl expression with 

anti-sense nucleotides specifically reduced MK proliferation, but did not affect 

erythroid and myeloid cell development (Methia et a l, 1993). Following this 

observation, four groups utilising different approaches were able to clone and 

identify the ligand that binds to c-Mpl (Bartley et a l, 1994; de Sauvage et al, 1994; 

l^dketal, 1994).
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Further in vitro studies have shown that this ligand, also called MK growth and 

development factor (MGDF), stimulates MK colony formation and increases size and 

ploidy of marrow and splenic MKs, augments the surface expression of platelet- 

specific membrane glycoproteins, and leads to the generation of functional platelets 

(Broudy et al., 1995; Choi et al, 1995; Debili et al, 1995; Nichol et al, 1995). 

When administered to normal animals, c-Mpl ligand profoundly stimulates MK and 

platelet production (Bartley et al, 1994; de Sauvage et a l, 1994; Lok et a l, 1994). 

Moreover, mice defective either in c-mpl or in the TPO gene, show a greater than 

80% reduction in their MK and platelet numbers, without affecting other 

haematopoietic lineages (de Sauvage et a l, 1996; Gurney et a l, 1994). Thus, c-Mpl 

ligand is identical to long-sought TPO, and is the major physiological regulator of 

both the proliferation and differentiation of haematopoietic progenitor cells into 

mature MKs.

1.4.1 The structure o f  TPO and its gene

The human TPO cDNA has been shown to encode a protein consisting of 353 amino 

acids containing a 21 amino-acid signal peptide. The mature form of TPO has two 

domains -  an amino terminal domain of 153 amino acids showing 23% identity (50% 

similarity when conservative substitutions are taken into account) to EPO, and a 

unique 179 amino acid carboxyl terminal domain (Bartley et a l, 1994; de Sauvage et 

al, 1994). The EPO-like domain of TPO contains four cysteines, three of which are 

conserved with EPO. The first and last and the two middle cysteines form two 

disulfide bridges, respectively, which are both required for activity. A recombinant 

truncated form of TPO (rTPOi^s), consisting of only the EPO-like domain, is fully 

functional in vitro, indicating that this domain contains all the required structural 

elements to bind and activate Mpl (de Sauvage et a l, 1994). The carboxyl terminal 

domain of TPO contains 6 A-linked and 18 0-linked glycosylated sites and is rich in 

proline, serine, and threonine. The function of this domain remains yet to be 

elucidated. However, because of its high degree of glycosylation, this region may act 

to stabilise and increase the half-life of circulating TPO. This is supported by the 

observation that rTPOiss has a half-life of 1.5 h compared with 18-24 h for full length 

glycosylated rTPO (reviewed by Eaton & de Sauvage, 1997).
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The human TPO gene has been mapped to chromosome 3q26-27 (Foster et al, 

1994). The structure of the gene has been reported by four groups (Chang et al, 

1995; Foster et a l, 1994; Gurney et al, 1995; Sohma et a l, 1994). Of these, three 

groups reported that it contains 5 introns and 6 exons, only 5 of which are coding, 

giving rise to a polypeptide with a molecular mass of 35 kD (Foster et al, 1994; 

Gurney et al, 1995; Sohma et a l, 1994). The fourth group reported the existence of 

an extra exon (exon 0) further upstream (Chang et a l, 1995).

In addition to the full-length cDNA, several splice variants have been identified 

(Chang et a l, 1995; Gurney et a l, 1995). One variant, which appears to be inactive, 

has a deletion of 4 amino acids at the junction of exons 5 and 6 but maintains the 

same reading frame. An internal splice within exon 6 that causes a ffame-shift 

produces a second variant. Transient expression of these two splice variants showed 

that the proteins were expressed but, unlike the product of the full-length cDNA, 

were not secreted (Chang et a l, 1995). Another variant has been described in mice, 

predicting a mature protein consisting of a truncated EPO-like domain of 111 amino 

acids, which is completely different from that of full length cDNA due to a frame 

shift (Hoshi et a l, 1997; Stoffel et al, 1996). Hoshi et a l showed that this murine 

variant has biological activity on in vitro megakaryocytopoiesis (Hoshi et al, 1997). 

The various amounts of the TPO isoforms have been shown to vary in different 

mouse tissues. Furthermore several human cancer cell lines have been shown to 

express TPO isoforms some of which are able to stimulate TPO responsive cells 

(Sasaki et al, 1999)

L4,2 Genetic polymorphisms

Two mutations in the TPO gene have been described that result in increased TPO 

production. The first is a one base pair (bp) deletion in the 5’ untranslated region 

(UTR) (Kondo et a l, 1998) whilst the other is an activating splice mutation which 

results in the splicing out of exon 3 (Wiestner et a l, 1998). In vitro studies show that 

the splice donor mutation results in messenger RNA (mRNA) with a shortened 

5’UTR region, that is more efficiently translated into the normal TPO transcript 

leading to overproduction of TPO (Wiestner et a l, 1998). Both mutations are 

associated with familial essential thrombocythemia. Since this condition is
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characterised by raised TPO levels and increased mean platelet number, this may 

suggest a mechanism by which TPO polymorphisms control platelet production.
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Figure 1.2 The structure of the TPO gene and location of polymorphisms.
Exon (and intron) sizes are in base pairs are given where known. Exons are given by 
numbers (0-6).
Untranslated areas (■■) and alternatively spliced regions are shown ( H ) .

Recently polymorphisms have been identified in the TPO gene by one of my 

collaborators -  Dr K Webb (Webb et al, 2001). Six polymorphisms in the TPO gene 

have been identified: one in the 5’ untranslated region (UTR) (1796C>T), two within 

intron 5 (4830C>A and 4877A>C), and two in the 3’ UTR (5713A>G and 6160A>T) 

and one in the promoter (-602C>T, unpublished). A polymorphism in the TPO 

receptor was also identified (-277G>A). Age and sex-matched groups of young 

Italian and Swedish patients who had survived MI have been screened for some of 

these polymorphisms with the finding that 4830C>A occurred more frequently in the 

Swedish case controls compared to patients, whereas in the Italian group 5713A>G 

occurred more frequently in the patients compared to controls. These preliminary 

findings may suggest a relationship between TPO and risk of MI if indeed these 

polymorphisms confer phenotypic changes to the expression or nature of TPO 

produced (a possibility that is investigated further by this thesis).
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1,4,3 The production and regulation o f  TPO

Thrombopoietin is mainly produced constitutively in the adult liver and to a lesser 

extent the kidney (Cohen-Solal et al, 1996). TPO mRNA has also been found in 

bone marrow stromal cells in thrombocytopenic patients (Sungaran et al, 1997) as 

well as bone marrow, spleen and smooth muscle cells from thrombocytopenic mice 

(McCarty et al, 1995). The finding of TPO mRNA in bone marrow stromal cells 

may suggest a mechanism by which TPO is regulated in the bone marrow 

microenvironment to produce high levels of protein in close proximity to MKs.

Against a transcriptional mechanism for the regulation of TPO levels is the finding 

that in animals with severe thrombocytopenia, hepatic and renal concentrations of 

TPO mRNA are normal (McCarty et al, 1995; Ulich et a l, 1996). The observation 

that in thrombocytopenic animals, plasma TPO levels fall soon after platelet 

transfusion and rise only after the platelet count drops, has implicated the platelet 

itself as part of the mechanism that controls TPO levels (Fielder et al, 1996; Kuter & 

Rosenberg, 1995). In particular the concept of platelet mass (the product of platelet 

count and volume) as an indirect measure of c-Mpl (i.e TPO receptor) binding sites 

on platelets has been used to explain how plasma levels of TPO are regulated. TPO 

levels have been shown to be inversely correlated to platelet mass in a rabbit model 

of thrombocytopenia (Kuter & Rosenberg, 1995). Therefore since TPO is produced 

constitutively the finding of polymorphisms in the gene coding for this protein and in 

particular a polymorphism in a promoter region, creates the possibility of a genetic 

basis for differences in circulating platelets if indeed any of these polymorphisms are 

found to be functional.

MKs too may play a role in controlling TPO levels. Patients with immune 

thrombocytopenic purpura have low platelet counts, increased numbers of MKs in 

their bone marrow but normal or slightly elevated plasma levels of TPO (Ichikawa et 

al, 1996). This would suggest a model in which plasma TPO levels are regulated 

both by circulating platelets and by mature MKs present in the haematopoietic 

organs. The number of Mpl receptors present on the surface of platelets and MKs is 

therefore an important parameter in the regulation of circulating TPO levels. 

Recently, further evidence has confirmed that TPO does not regulate the 

transcription and/ or translation of its receptor, Mpl, on MKs and platelets lending
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further support to the MK/platelet mass theory described above (Cohen-Solal et al, 

1999).

Additional mechanisms for TPO regulation have been identified. Interferon -y and 

TNF-a regulate hepatic endothelial cell TPO mRNA (Cardier & Dempsey, 1998), 

whilst IL-11 has been shown to up-regulate hormone production from marrow 

accessory cells (Sotiropoulos & Adamson, 1996). The presence of other regulatory 

mechanisms may explain why in certain conditions such as reactive thrombocytosis, 

blood TPO levels are high in relation to the circulating platelet count (Cerutti et al,

1997), a finding that would be inconsistent with the platelet/MK mass theory 

governing TPO levels.

1,4,4 Biological activities o f  TPO

1.4.4.1 In vitro activity of TPO

Thrombopoietin has several actions during MK development (Figure 1.1, p 6). In 

suspension cultures of marrow cells from mice or humans, TPO is a potent MK-CSF, 

capable of inducing colony formation from as many as two thirds of all MK 

progenitors (Broudy et al, 1995; Kaushansky et a l, 1994). It acts in synergy with 

other molecules (including IL-3, IL-11 and EPO) that influence MK growth (Broudy 

et a l, 1995). TPO increases the size and number of MKs, stimulates the expression 

of platelet-specific markers such as CD41 and CD61, and is the most potent known 

stimulator of endomitosis and polyploidy in MKs. Maturation of human MK 

precursors stimulated with TPO in vitro is complete and terminal, in that 

morphologically normal, functional platelets are produced (Choi et a l, 1995a; 

Cramer et a l, 1997). However the final process of platelet production does not seem 

to require the presence of TPO; indeed removal of the hormone from cultures 

containing MKs does little to affect proplatelet formation (Choi et a l, 1996).

In addition to these effects on MKs, TPO acts in synergy with EPO to stimulate the 

growth of erythroid progenitor cells (Kaushansky et a l, 1995b), and with 

interleukin-3 and steel factor (c-kit ligand) it stimulates the proliferation and 

prolongs the survival of haematopoietic stem cells and all types of blood-cell 

progenitors (Ku et al, 1996; Sitnicka et al., 1996).
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1.4.4.2 In vivo activity of TPO

The effects of exogenous TPO on the rate of change in platelet production have been 

studied extensively. When TPO is administered to animals or humans, the platelet 

count begins to increase after three to five days, depending on the dose and the 

species (de Sauvage et al, 1994; Harker et al, 1996; Lok et a l, 1994; Ulich et al, 

1996). These results indicate that TPO does not cause the immediate release of 

platelets from MKs; likewise, it does not accelerate the fragmentation of pro-platelet 

processes, the long évaginations of megakaryocytic cytoplasm thought to represent 

the immediate precursors of platelets in vitro (Choi et a l, 1995). Instead, TPO 

stimulates the production and maturation of MKs. After the size and number of MKs 

have increased, the platelet count begins to rise until it reaches a new steady state, the 

level of which depends on a log-linear relation with the administered dose (Harker et 

al, 1996b). Because its biological action is prolonged (as a result of its action on 

both primitive and mature haematopoietic cells and its slow clearance from plasma), 

parenteral administration of TPO for 7 to 10 days results in increased platelet 

production 6 to 16 days later (Basser et a l, 1996; Vadhan-Raj et a l, 1997a). For 

example, TPO given before chemotherapy to patients with cancer can lead to a 

delayed increase in the platelet count. Thus, careful attention to the pharmacokinetic 

properties of TPO is necessary to ensure that excessive thrombocytosis is avoided 

when this agent is administered to patients.

The results of several clinical trials of TPO therapy given for up to 10 days have now 

been reported (Basser et a l, 1996; Basser et al, 1997; Fanucchi et al, 1997; Geissler 

et a l, 1997; O'Malley et al, 1996; Vadhan-Raj et a l, 1997b). In all the studies the 

administration of either recombinant human TPO or PEG-conjugated recombinant 

human MK growth and development factor was safe, and when administered before 

chemotherapy these substances resulted in profound stimulation of platelet 

production. The patients had no significant changes in vital signs or weight, and the 

treatment and placebo groups were similar in terms of the frequency of bone pain, 

organ dysfunction, superficial or deep venous thrombosis, and platelet activation. 

Thus, used carefully, the administration of TPO may well have a clinical role in 

thrombocytopenic disorders characterised by insufficient marrow 

megakaryocytopoiesis.
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1.5 Interleukin 6 (IL-6)

IL-6 is a cytokine that is produced by a variety of cells, including macrophages, 

marrow stromal cells, endothelial cells and fibroblasts (Kishimoto et a l, 1995). In 

vivo studies in both mice and primates have shown that IL-6 promotes 

megakaryocytic maturation, ploidy, and platelet production (Asano et al, 1990; 

Ishibashi et a l, 1989).

1.5.1 The structure o f  IL-6 and its gene

Human lL-6 is a variably glycosylated, 22-27 kDa secreted glycoprotein that serves 

as a prototype for several other cytokines including leukaemia inhibitory factor 

(LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF), cardiotrophin-1 

(CT-1) and IL-11. Although all molecules possess a similar helical structure, their 

association is due to their functional redundancy and receptor interactions. lL-6 is 

translated as a 212 amino-acid molecule, with a 28 amino-acid signal sequence and a 

184 amino-acid mature segment. It contains four cysteines and two potential N- 

linked gylcosylation sites with its primary structure showing limited homology to G- 

CSF. An alternate splice variant of lL-6 was identified in monocytes and 

lymphocytes. This form is 17 kDa and 148 amino-acids long and appears to lack a 

binding site for the lL-6 signal transducing molecule gpl30. Mouse and rat lL-6 also 

have been cloned and are approximately 40% identical to human lL-6 at the amino- 

acid level (Chiu et al, 1988). Unlike human lL-6, mouse and rat lL-6 lack potential 

N-linked gylcosylation sites, but may be 0-glycosylated (van Snick et a l, 1988). The 

presence or absence of gylcosylation, however, has no effect on bioactivity.

1.5.2 Genetic polymorphisms

Several polymorphisms in the lL-6 gene have been described although only one of 

these has shown to have a functional correlate (Fishman et al, 1998). This 

polymorphism involves a change of a single base, from guanine to cytosine at 

position -174 in the 5’ flanking region of the interleukin-6 gene. The G allele is 

associated with higher lL-6 production than the C allele. This has been demonstrated 

both in vitro and in vivo. In vitro studies have shown that HeLa cells transfected with 

the G allele produce a much greater response to stimulation with lipopolysaccharide 

or lL-1, than cells transfected with the C-allele. In vivo studies have shown that basal
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IL-6 levels are twice as high in volunteers with the G allele than those homozygous 

for the C allele.

1.5.3 The production and regulation o f  IL-6

IL-6 production is generally correlated with cell activation and is induced by TNF-a, 

IL-1 and LPS. Circulating IL-6 can be found in the blood of normal individuals in 

the 1 pg/mL range (Yamamura et a i, 1998), with slight elevations during the 

menstrual cycle (Angstwurm et al, 1997), modest elevations in certain cancers 

(melanoma) (10 pg/mL) (Mouawad et a l, 1996) and large elevations after surgery 

(30-430 pg/mL) (Sakamoto et a l, 1994). Consideration of the action of IL-6 involves 

an understanding of the interaction of the cytokine with its receptor. The functional 

receptor for IL-6 is a complex of two transmembrane glycoproteins (gpl30 and IL-6 

receptor -  IL-6R) that are members of the Class I cytokine receptor superfamily. IL- 

6 binds only to IL-6R that then interacts with gpl30 -  the signal transducing 

mechanism that is also used by the other cytokines mentioned above. It is suggested 

that IL-6R is also upregulated in response to stimuli that produce the release of IL-6 

thereby conferring IL-6 responsiveness on a cell (Peters et a l, 1996). This interaction 

allows the recruitment of ligands to the cell surface that activate the signalling 

pathways via gpl30 (Taga & Kishimoto, 1997). Added to the control mechanism for 

IL-6 is the finding of soluble IL-6R in human serum. Soluble IL-6R binds circulating 

IL-6 extending its half-life, and, on the surface of cells expressing gpl30, forms a 

signal transducing complex (Kishimoto et al, 1995). Cells known to express IL-6R 

include CD4^ and CD8^ T cells (Wognum et a l, 1993), hepatocytes (Geisterfer et 

al, 1993), CD34^ stem cells (Tajima et al, 1996), neurons (Schobitz et al, 1993), 

neutrophils (Modur et al, 1997), monocytes (Mullberg et a l, 1993) and osteoblasts 

(Udagawa et a l, 1995).

1.5.4 Biological activities o f  IL-6

1.5.4.1 7h vitro activity of IL-6

Biological properties attributed to EL-6 include its ability to induce B-cell 

differentiation, haematopoietic stem cell differentiation, and plasmacytoma and 

myeloma cell growth. Additionally, IL-6 possesses immunomodulating properties 

involving enhancement of NK cell activity and induction of cytotoxic T-cell activity 

(Hirano et a l, 1990; Kishimoto, 1989; Sehgal, 1990).
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EL-6 is capable of promoting MK maturation in the absence of other added growth 

factors. Its effects on thrombopoiesis are mediated through effects on MK 

differentiation, with a relatively small effect on circulating haematopoietic 

progenitors (Clarke et al, 1996). This process would, however, appear to be 

mediated by the soluble IL-6 receptor that in turn stimulates the gpl30 receptor (Sui 

et a l, 1999). MKs themselves produce both IL-6 and IL-6R (Navarro et a l, 1991). 

Although the significance of this is unclear it has been suggested that this may be 

part of a self-regulatory mechanism in which the conditions for 

megakaryocytopoiesis are optimised (Wickenhauser et a l, 1995)

1.5.4.2 In vivo activity of EL-6

Recombinant human IL-6 has been shown to increase platelet counts in rodents 

(Nagasawa et a l, 1990), primates (Mayer et al, 1991) and in patients with advanced 

cancer participating in phase I clinical trials (Weber et a l, 1993). IL-6 induced 

thrombocytosis appears to be a result of accelerated megakaryocytopoiesis since 

circulating IL-6 levels appear to correlate with increased MK size and ploidy (Mei & 

Burstein, 1991). High dose IL-6 administration to primates however, results in 

aberrant megakaryocytic development including membrane hyperplasia, 

megakaryocytic cell death, and the presence of giant platelets (Stahl et a l, 1991). 

Studies in IL-6 treated dogs show increased platelet activation, as assessed by P- 

selectin expression, in response to thrombin or platelet activating factor (FAF) (Peng 

et a l, 1994a). In contrast to human studies, EL-6 did not directly stimulate canine 

platelets. The increase in platelet function observed in animals treated with IL-6 was 

therefore attributed to changes occurring during platelet production.

However, as far as human platelets are concerned IL-6 renders platelets more 

sensitive to activation by thrombin and PAF (Asano et a l, 1990; Ishibashi et al, 

1989) as well as increasing platelet production and MK maturation. The sensitisation 

of platelets by EL-6 has been shown to be a direct effect of IL-6 on the platelets via a 

mechanism involving arachidonic acid metabolism (Oleksowicz et a l, 1994; 

Oleksowicz et al, 1995).

1.6 Interleukin 11 (IL-11)

Initially characterised as a haematopoietic cytokine with thrombopoietic activity, EL- 

11 is expressed and has activity in many tissues, including brain, spinal cord neurons,
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gut and testis (Du and Williams, 1997), The physiological role of this cytokine 

remains uncertain.

1.6,1 The structure o f  IL-11 and its gene

Both human and murine IL-11 genomic sequences consist of 5 exons and 4 introns 

and have been mapped to chromosome 19ql3.3-ql3.4 and to the centromeric region 

of chromosome 7, respectively. There is an 80% homology between murine and 

human cDNA at the nucleotide level (Morris et a i, 1996).

IL-11 precursor protein consists of 199 amino acids, including a 21 amino-acid 

leader sequence. The theoretical molecular weights of recombinant human and 

murine IL-11 are 19,144 Da (Ohsumi et ai, 1991) and 19,154 Da respectively 

(Morris et a l, 1996). IL-11 is rich in proline residues (12%) and lacks cysteine 

residues (i.e. lacks potential disulphide bonds) (Czupryn et a l, 1995). IL-11, like IL- 

6, oncostatin M, leukaemia inhibitory factor, and ciliary neurotrophic factor (CNTF), 

uses the gpl30 receptor common subunit for receptor function (Trepicchio & Domer,

1998).

Cloning of the human IL-11 receptor has uncovered the existence of two isoforms of 

the a-chain that differ in the cytoplasmic domain (Hilton et a l, 1994). One isoform 

of human IL-11 receptor, similar to the human IL-6 and murine IL-11 receptors, has 

a short cytoplasmic domain (IL-llRal). The other receptor is similar to the human 

CNTF receptor and lacks this domain (IL-1 lRa2). The functional significance of this 

is unclear.

Binding of IL-11 ligand to IL-1 IRa occurs at low affinity and, although necessary, is 

not sufficient for signal transduction. The generation of a high affinity IL-11 receptor 

capable of generating a biologic signal requires co-expression of IL-1 IRa and gpl30 

(Hilton et a l, 1994; Nandurkar et a l, 1996). The activated IL-11 receptor gpl30 

complex then starts a signalling cascade probably involving the Janus kinase family 

in turn leading to ST AT and MAPK activation and gene expression (Berger et al, 

1994; Y'm et a l, 1994).
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1.6.2 Genetic polymorphisms

To date only a polymorphic dinucleotide repeat in the 5' flanking region of the 

human interleukin-11 gene has been reported in the literature, the functional 

significance of which is yet to be determined (Bellingham et a l, 1998).

1.6.3 The production and regulation o f  IL-11

EL-11 is expressed in vivo in a wide range of normal adult murine tissues including 

cells from the CNS, thymus, lung, bone, connective tissues, uterus, skin and testis 

(Du et a l, 1996; Elias et al, 1994; Elias et a l, 1994; Maier et a l, 1993; Paglia et al, 

1995; Paul et a l, 1990). Several inflammatory cytokines and agonists as well as 

hormones can modulate expression in these cells, either alone or synergistically. 

Signalling pathways involved in induction of IL-11 expression vary between 

different cell types and can be induced by IL-1 a  and PM A. These in turn lead to 

mRNA stabilisation through either a tyrosine kinase dependent pathway or protein 

kinase C dependent pathways respectively. This therefore makes the regulation of 

EL-11 complex and cell/tissue specific.

1.6.4 Biological activities o f  IL-11
1.6.4.1 In vitro activity of IL-11

IL-11 acts on a wide variety of cell types through all stages of development. In the 

haematopoietic system, IL-11 acts synergistically with other early and late acting 

growth factors to stimulate various stages and lineages of haematopoiesis. In synergy 

with IL-3, IL-4, EL-7, IL-12, IL-13, stem cell factor, flt3 ligand, and GM-CSF 

(Hirayama et a l, 1994; Jacobsen et al, 1995; Leary et a l, 1992; Lemoli et al, 1993; 

Musashi et a l, 1991a; Musashi et al, 1991b; Ploemacher et a l, 1993; Tsuji et al,

1992), EL-11 stimulates the proliferation of primitive stem cells, multipotential and 

committed progenitor cells from various sources including cord blood (Bertolini et 

al, 1994), bone marrow (van de Ven, C et a l, 1995), and peripheral blood (Sato et 

al, 1993) in different culture systems. This proliferation appears to be due to the 

entry of a quiescent (Go) population of these cells into the active cell cycle (Leary et 

al, 1992) as well as shortening of the cell-cycle time in some cells. In combination 

with other cytokines present in the haematopoietic microenvironment, IL-11 may 

increase commitment of primitive stem cells into the multilineage progenitor
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compartment and stimulate proliferation and differentiation of committed progenitor 

cells (Du et a l, 1995).

IL-11 has been shown to act synergistically with IL-3, TPO (Broudy et al, 1995; 

Kaushansky et al, 1994a), or SCF (Kaushansky et a l, 1995c) to stimulate 

megakaryocytopoiesis and thrombopoiesis in both human (Bruno et al, 1991b; 

Burstein et a l, 1992; Teramura et a l, 1992) and murine bone marrow cells 

(Yonemura et a l, 1992). However these effects appear to be dependent on the 

presence of TPO as evidenced from the reduction of IL-11 -  stimulated MK colonies 

produced in the presence of anti-TPO antiserum (Sotiropoulos & Adamson, 1996).

The effects of IL-11 on the haematopoietic system are not confined to 

megakaryocytopoiesis and thrombopoiesis: indeed this cytokine also has been shown 

to stimulate erythropoiesis (Quesniaux et al, 1992), myelopoiesis (Jacobsen et al, 

1994) and lymphopoiesis (Hirayama et a l, 1992) in vitro.

Beyond the direct effects of IL-11 on haematopoietic cells, IL-11 also has an indirect 

effect by its action on the bone marrow microenvironment. Addition of IL-11 to bone 

marrow cultures leads to an increase in the cellularity of adherent cells, limits 

adipose accumulation within these cells and enhances haematopoiesis (Keller et al, 

1993).

Of the cells mentioned above that lie outside the haematopoietic system, IL-11 tends 

to stimulate the proliferation of progenitor cells and also some aspects of the 

differentiation of these cells. A detailed account of this lies without the scope of this 

work but is reviewed by Du & Williams (1994).

IL-11 has also been shown to stimulate acute phase reactants in vitro (Baumann & 

Schendel, 1991) and in vivo (Gordon et al, 1996), inhibit adipogenesis (Du & 

Williams, 1994), induce a febrile response (Lopez-Valpuesta & Myers, 1994) and 

modulate extra cellular matrix metabolism (Maier et a l, 1993).

1.6.4.2 In vivo activity of IL-11

Several in vivo models have been used to study the effects of IL-11 on 

haematopoiesis. Administration of IL-11 to mice following bone marrow 

transplantation accelerated recovery of megakaryocytopoiesis and myelopoiesis (Du
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et al., 1993). However whilst IL-11 treatment has little or no effect on progenitor 

compartments in sublethally irradiated mice a modest trend to accelerated platelet 

recovery was seen in sublethally irradiated dogs (Nash et a l, 1995).

Models using chemotherapy in which pancytopenia and immunosuppression are 

induced have shown that IL-11 treatment significantly reduces mortality and 

morbidity and is associated with accelerated recovery of both haematopoeisis and the 

immune response (de Haan et al, 1996; Goldman, 1995; Maze et a l, 1994).

IL-11 has been evaluated in several human clinical trials of myelosuppressed 

patients. In a phase I study of women undergoing high-dose chemotherapy for breast 

cancer, administration of IL-11 lead to a dose dependant trend to increased platelet 

counts (Gordon et al, 1996). Increased peripheral platelet counts were associated 

with both stimulation of platelet production and MK maturation. In contrast to the 

effects seen in the animal models, IL-11 had no significant effect on leucopoenia or 

neutropenia. Other phase I and II studies also reported a trend to accelerated 

haematopoietic recovery following multiple chemotherapy whilst the need for 

platelet transfusions in patients previously requiring this treatment following 

chemotherapy was significantly decreased in patients given IL-11 compared to 

placebo (reviewed in Du & Williams, 1997). Although the effects of IL-11 on 

haematopoiesis in these situations appears promising, it should be noted that the 

physiological role of IL-11 is not clear and is highlighted by the finding that mice 

deficient for the IL-11 receptor do not show haematological abnormalities 

(Nandurkar et a l, 1997). Furthermore, more recent clinical studies of IL-11 suggest 

that it has only a modest effect on thrombopoiesis in patients recovering fi-om 

chemotherapy at the expense of many side effects (Demetri, 2000).

1.7 Regulation of platelet function by thrombopoietic factors

1,7,1 Regulation ofplatelet function by TPO

In addition to its thrombocytopoietic effects, TPO has a modest effect on platelet 

function. In vitro studies show that TPO does not cause platelet aggregation by itself, 

but does enhance agonist -  induced aggregation (Montrucchio et al, 1996; Oda et 

al, 1996; Toombs et a l, 1995). Thus, TPO appears to sensitise platelets, making 

them moderately more responsive to an aggregation agonist. However, the possibility 

that TPO may therefore have a prothrombotic effect in vivo has never been
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demonstrated even when stimulated platelet levels were 4-10 fold above normal 

(Harker et a l, 1996a; Peng et a l, 1996).

1.7.2 Regulation ofplatelet function by IL-6

Several studies have suggested that interaction of platelets with IL-6 alters function. 

P-selectin expression together with increased process formation and morphologically 

reduced dense granule numbers is increased following incubation of human platelets 

with IL-6 suggesting that this cytokine is capable of activating platelets directly 

(Oleksowicz et a l, 1995). It has been suggested that the mechanism for this involves 

the arachadonic acid pathway, since agonist-induced maximal platelet aggregation 

and Tx B2 release were inhibited with indomethacin and dazoxiben (Oleksowicz et 

al, 1994). Further, in vitro studies utilizing human platelets have shown that IL-6 

enhances agonist induced platelet aggregation, enhances a-granule and Tx 8% 

secretion, and stimulates platelet cytoskeletal assembly (Oleksowicz et a l, 1994).

1.7.3 Regulation ofplatelet function by IL-11

Although IL-11 has been shown to increase platelet counts both in animal models 

and humans receiving chemotherapy, no effect on platelet function has been 

demonstrated. Indeed it has been established that while TPO leads to an increase in 

a-granule proteins such as fibronectin, von Willebrand factor, thrombospondin and 

P-selectin, IL-11 has no effect on these factors (Philipp et a l, 1998). The relationship 

between IL-11 and platelet function in ACS, however, has not been studied.

1.8 The role of adhesion molecules in platelet haemostasis

Adhesion of platelets to each other and to the damaged vessel wall is a fundamental 

characteristic of platelet biology and is the first step in haemostasis (Baumgartner et 

al, 1976). Platelet receptors involved in the adhesion process fall into two main 

categories: those that are expressed on resting platelets and those that are expressed 

on the cell surface once the platelet has become activated.

The initiating event in platelet adhesion to the vessel wall under high shear 

conditions is the binding of the platelet glycoprotein complex GPIb-DC to exposed 

vWF on the vessel wall (Fig. 1.3A) (Houdijk et a l, 1985). Once initial contact is 

made a stabilisation process occurs involving other receptors such as VLA-2, VLA-5 

and VLA-6 binding to components of the vessel wall matrix such as collagen
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(Saelman et a l, 1994), fibronectin (Pytela et a l, 1985), and laminin (Sonnenberg et 

al, 1990) respectively (Fig. 1.3B). Following this, platelet activation occurs resulting 

in a rearrangement of the cytoskeleton and induction of the GpIIbUIa complex (Fig. 

1.3C). This process is also mediated by the Gpla-Ua receptor. Spreading of the 

platelet then occurs with the GpEbHIa complex binding to fibronectin and vWF in 

the subendothelium (Savage et a l, 1992). The spread platelet acts as an adhesion site 

for new platelets to form aggregates through the interaction with the GpHblHa 

receptor and fibrinogen (Fig. 1.3D).

Platelet activation also leads to the surface expression of the second category of 

receptors of which P-selectin is an example. P-selectin is an a-granule membrane 

glycoprotein with a molecular mass of 140 kD and is the platelet member of the 

family of selectins that include endothelial cell (E-) and leukocyte (L-) 

representatives. In resting platelets, P-selectin is found in the membrane of the a- 

granules and in endothelial cells in the equivalent structures, the Weibel-Plade 

bodies. After platelet stimulation with agonists such as thrombin, the release reaction 

from the granules occurs and P-selectin along with other granule membrane 

constituents, is transferred via membrane fusion to the plasma membrane. A soluble 

form of this molecule has also been characterised that is smaller than its membrane- 

bound counterpart (Ushiyama et al, 1993) Both the proportion of platelets 

expressing P-selectin on their surface, and the soluble form of this molecule found in 

plasma, have been shown to increase in patients with ACS compared with healthy 

individuals or patients with stable angina (Ault et a l, 1999; Becker et al, 1994; 

Ikeda et a l, 1995; Shimomura et a l, 1998). It has also been shown that the degree of 

P-selectin increase correlates with clinical outcome (Itoh et a l, 1995) and that in 

patients with chest pain this molecule may be a useful predictive marker of poor 

prognosis (Hollander et al, 1999).
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Schematic diagram of platelet adhesion to subendothelium at high

Four stages o f adhesion are shown starting with the initial interaction between GPIb 
and von Willebrand factor (vWF) (A). Once contact is established stabilisation 
occurs (B). This is followed by platelet activation (C) and finally platelet spreading 
(D). Fn, Fibronectin; GP, glycoprotein; Lam, laminin; Coll, collagen; TSP, 
thrombospondin; VIA, very late antigen. Broken lines indicate that inhibition o f that 
process inhibits platelet adhesion at that stage, arrows indicate an ongoing process 
and lines indicate bonds that have already formed.
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1.9 Acute coronary syndromes 

1.9,1 Aetiology and pathogenesis

ACS is a group of clinical diagnoses that include MI, UA, non Q-wave MI and 

variant angina. Their definition relies upon interpretation of markers of myocardial 

damage such as EGG and cardiac enzymes without depending upon the underlying 

pathophysiological mechanism to make the diagnosis. MI is characterised by ECO 

changes of ST elevation (an electrical marker of myocardial ischaemia) associated 

with markers of myocardial damage and is thought to occur when a coronary artery 

becomes occluded due to thrombus formation that in turn leads to irreversible 

myocardial damage and the appearance of ‘Q-waves’ (an electrical indicator of 

myocardial necrosis) on the EGG. In UA, there are EGG changes consistent with 

myocardial ischaemia but without the accompanying rise in markers of myocardial 

necrosis seen in ML Although some degree of intracoronary thrombosis is thought to 

occur in UA it is not clear how this process is different from that occurring in MI and 

why persistent coronary occlusion does not occur. Non Q-wave MI occurs when 

markers of myocardial necrosis are elevated in the context of an ischaemic EGG but 

without the subsequent formation of Q-waves on the EGG suggesting limited damage 

to the myocardium. Variant angina describes a process whereby EGG changes 

suggestive of MI or profound ischaemia occur without the subsequent finding of 

obstructive lesions within the coronary arterial tree and is thought to be caused by 

coronary artery spasm (Antman & Braunwald, 1997a). The treatment of these 

conditions is derived from outcome assessments following therapies rather than the 

targeting of the underlying biological process. Lack of a suitable model with which 

to study these processes has meant that testing different aetiological mechanisms 

remains difficult and relies on the collection of circumstantial evidence. Gurrent 

theories regarding the aetiology of AGS are based around:

• Vessel wall injury

• Inflammation

• Goagulation

• Platelets
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Vessel wall injury

This theory suggests that "vulnerable plaques" rupture due to mechanical forces 

(circumferential tensile stress and shear stress). This leads to platelet adhesion and 

aggregation via interactions between platelet membrane receptors (glycoproteins la, 

Ib and E b /n ia ) ,  fibrinogen, fibronectin, collagen and Von Willebrand factor (Fuster 

et a l, 1992a; Fuster et al, 1992b; Richardson et a l, 1989). Plaque rupture also leads 

to exposure of the tissue factor-rich lipid core, initiating the coagulation cascade as 

well as endothelin and Tx A% production and release that cause vasoconstriction.

Most of the evidence supporting the concept of the vulnerable plaque is derived from 

post mortem findings that provide a static picture of a dynamic event. Furthermore 

so-called vulnerable plaques are also found incidentally at autopsy (Davies et al, 

1989) and plaque rupture is found only in 47% to 75% of patients that have died 

from MI (Davies et al, 1989; Kragel et al, 1991). Plaque rupture is not only 

associated with ACS, but also with the atherosclerotic process itself since there is 

evidence that disease progression may involve repeated cycles of plaque fissuring, 

thrombosis and healing (Bruschke et a l, 1989; Davies, 1990; Fuster et a l, 1992a; 

Fuster et a l, 1992b; Haft et al, 1988). The actual process of induction of plaque 

rupture in humans also remains unclear. The evidence for circumferential stress is 

only theoretical (Richardson et al, 1989), while models using shear stress have only 

produced endothelial denudation (Shah, 1997). If vessel wall injury were to cause 

thrombosis then other factors act in the temporal gap between vascular injury and 

development of thrombosis. It is not clear whether this gap is seconds, years or both.

Inflammation

Since atherosclerotic plaques contain inflammatory cells (such as macrophages and 

lymphocytes), then an inflammatory process may well play some part in ACS (Ross,

1999). Moreover, macrophages can actively contribute to plaque rupture by digestion 

of the fibrous cap via matrix metalloproteinases (Brown et a l, 1995; Galis et al, 

1994; Galis et a l, 1995a; Galis et a l, 1995b; Shah et a l, 1995) and to plaque 

thrombogenicity by expression of tissue factor (TF)(Moreno et a l, 1996). Soluble 

mediators, such as tumour necrosis factor alpha (TNF-a) and interferon gamma 

(IFN-y) that are abundant at the plaque site, can mediate activation of macrophages 

(Barath et a l, 1990; Hansson et al, 1989). The activation of inflammatory cells leads
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to EL-1 and IL-6 release (Biasucci et a l, 1996; Biasucci et a l, 1999). Pro- 

inflammatory cytokines can modulate in vitro endothelial function leading to 

increased leukocyte adhesion molecule expression and leukocyte trafficking, 

induction of nitric oxide synthase (NOS), loss of anticoagulant properties and 

induction of a pro-coagulant state (Libby & Galis, 1995). The release of 

inflammatory cytokines, such as IL-6 in the acute phases of coronary ischaemic 

disease might cause an acute transient impairment of endothelial function (Bhagat et 

al, 1996a; Bhagat et a l, 1996b; Bhagat & Vallance, 1997), and the induction of 

acute phase reactants, such as C-reactive protein (CRP) (Ganter et a l, 1989; Yap et 

al, 1991). In fact, elevated levels of CRP and serum amyloid protein are features 

typical of ACS. Nevertheless, aetiological inflammatory stimulants are still not 

known. Although various infectious agents have been associated with atherosclerosis 

(eg Chlamydia), their relationship with acute coronary events has not been 

demonstrated. Thus it is not clear whether the relationship between ACS and 

inflammation is cause or effect.

Coagulation

Fibrinogen There is strong direct evidence that fibrinogen and its product fibrin 

are localized at the pathological site in ACS. Fibrin has been found in the luminal 

coronary thrombus in post mortem studies (Davies, 1990). Clinically, radiolabelled 

fibrinogen has been found to accumulate at the site of coronary thrombosis in MI 

patients (Erhardt et a l, 1976). Several large cohort and longitudinal studies have 

established that elevated plasma levels of fibrinogen are an independent risk factor 

for ischaemic coronary events (Kannel et al, 1987; Meade et a l, 1986; Meade et al,

1993). However, a causal hypothesis based on fibrinogen is biologically flawed since 

blood normally contains an excess to requirement of fibrinogen for clotting. It is not 

understood how the small increases that predict MI might be causal.

Tissue Factor TF has been found in human atherosclerotic plaques (Wilcox et al, 

1989; Zeldis et a l, 1972), mainly in the lipid core (Toschi et a l, 1997). Plaques from 

patients with UA have been found to have higher TF expression than those from 

patients with chronic stable angina (Ardissino et a l, 1997; Moreno et a l, 1996) and 

this expression has in particular been associated to macrophages. Analysis of plaques 

from animal models of atherosclerosis has demonstrated the presence of TF within
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these lesions (Aikawa et al, 1999; Corseaux et al, 1998). Pharmacological agents 

that inhibit TF activity reduce the thrombogenicity of disrupted human 

atherosclerotic plaques in ex-vivo perfusion studies (Badimon et a l, 1999). No 

evidence in man has yet been gathered from clinical trials and therefore the role of 

TF or agents that inhibit its activity remains unclear.

Platelets

Platelets have several roles in ACS. They adhere to the vessel wall via interactions 

with platelet membrane receptors (Badimon et al, 1988; Houdijk et al, 1985; Shattil 

& Bennett, 1981), and have the potential to release vasoactive mediators eg. Tx and 

serotonin (Willerson et al, 1989). Platelets express CD40 ligand (Aukrust et al, 

1999; Lee et a l, 1999) that interacts with its counterligand CD40 on the surface of 

macrophages, endothelial cells and smooth muscle cells to induce TF and matrix 

metalloproteinases expression (Henn et al, 1998; Mach et a l, 1997) as well as 

cytokine production (Gawaz et al, 1998; Henn et a l, 1998; Mach et a l, 1997). 

Large platelets (Martin et a l, 1991) that have been found in the circulation of 

patients with UA and MI are more reactive than normal since they produce more Tx 

B2, serotonin, p-thromboglobulin and express more GPIb and GPUb/IIIa on their 

surface (Giles et al, 1994). Bleeding time is also shortened in patients with large 

platelets compared to controls (Bath et a l, 1991; Kristensen et a l, 1990). The degree 

of platelet activation in response to vascular injury may well determine subsequent 

events and the nature of the ACS. The possibility that the platelet response is 

predetermined is examined in this thesis.

L9.2 The role o f  TPO, IL-6 andIL-11 in ACS

There are no reports in the literature of TPO or IL-11 levels in relationship to ACS, 

as addressed in this thesis. Some data exist regarding the relationship between IL-6 

and ACS although the association is stronger with inflammation than directly with 

IL-6 itself. IL-6 is elevated in patients that present with MI although it is not clear 

whether this elevation precedes the acute event or whether it is a response to 

inflammation and myocardial necrosis (Miyao et a l, 1993). As for patients with UA, 

those that present with high IL-6 levels are more likely to have more in hospital 

events than those patients that present with low levels of IL-6. A fall in IL-6 levels at 

48 h is associated with an uneventful recovery (Biasucci et a l, 1999a). A population
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study has also shown that a raised plasma IL-6 level is associated with increased 

mortality (cardiac and all causes) (Harris et al, 1999). The mechanism by which IL- 

6 affects outcome in ACS is unknown.

1.9.3 M PVin ACS

Although the platelet is recognised as having an important role in the pathogenesis of 

ACS, this role is thought to be ‘passive,’ that is the platelet merely reacts to stimuli 

produced within the coronaiy artery or circulation at the time of the acute event. One 

of the most important pieces of evidence to suggest that differences in platelet 

physiology may play a more important part in determining the response of the 

platelet and perhaps even initiate the acute event, is the finding that MPV is elevated 

in both UA and MI compared to control groups of patients (Dalby et a l, 1988; Kishk 

et al, 1985; Martin et a l, 1983a; Pizzulli et al, 1998). Since platelets are devoid of 

DNA they lack the capacity to significantly alter their size and content. Thus, 

increases in platelet volume occur at the time of platelet production, a process that 

can precede the acute coronary event by up to 11 days. Further work has 

demonstrated that these changes in MPV are related to outcome in patients who have 

had a MI. Dalby et al (1988) and Martin et al (1991) have reported an association 

between increased MPV and adverse outcome post ML Also a positive relationship 

between platelet size and markers of platelet activation as well as a negative 

relationship with bleeding time has been demonstrated providing a potential 

mechanism to explain this association (Dalby et a l, 1988; Giles et a l, 1994; 

Kristensen et a l, 1990; Martin et al, 1983). Patients known to have increased risk of 

cardiac events have also been shown to have larger MPVs compared to controls. 

Rendra et al (1988) have demonstrated an increase in MPV in diabetic patients that 

suffer MI. It would therefore appear that a body of evidence exists to suggest that 

factors influencing platelet production are also indirectly influencing the presentation 

of the ACS.

1.9.4 Platelet reactivity in ACS
Independent to reports of changes in platelet volume in ACS are the observations that 

platelet reactivity (as measured by several different means including aggregometry, 

markers of platelet activation and bleeding time) is elevated in patients with ACS 

compared to controls (Ault et a l, 1999; Becker et a l, 1994; Becker et a l, 1995;
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Blann et a l, 1997; Fitzgerald et a l, 1988; Gurbel et a l, 1998; Gurbel et a l, 2000; 

Hollander et a l, 1999; Ikeda et al, 1994; Ikeda et a l, 1995; Murakami et a l, 1996; 

Nurden et a l, 1994). Aggregometry bas been used extensively in investigation of 

platelet function and involves the detection of changes in light transmission or 

impedance as platelets aggregate in response to various agonists ex vivo (Elwood et 

al, 1990). Although a useful tool a major drawback is the fact that platelets undergo 

artificial stimulation ex-vivo to induce aggregation. Another method of assessing 

platelet reactivity (defined as sensitivity to agonist activation) includes the flow 

cytometric detection of markers of platelet activation that appear on the platelet 

surface following stimulation (Michelson, 1996a). P-selectin is a glycoprotein 

expressed on the surface of the platelet following degranulation of the a-granules 

and that binds to neutrophils and monocytes (Carlos & Harlan, 1994). Thus it has 

been used as a sensitive marker of platelet activation (Ruf & Patscheke, 1995). CD63 

is another glycoprotein, also known as lysosomal integral protein, which is expressed 

on the surface only of activated platelets. These markers have been measured in 

patients with chest pain in an attempt to aid diagnosis and risk stratify with regard to 

outcome (Murakami et a l, 1996). Expression of markers such as P-selectin and 

CD63, on the platelet surface, has been shown to increase in patients with ACS 

although no one marker has as yet been identified that reliably differentiates patients 

with UA from those with MI. Others have shown that expression of these markers 

change with time and also in response to treatment and therefore careful sampling 

protocols are necessary to ensure accurate data collection (Michelson et a l, 1996b; 

Shimomura et a l, 1998).
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Chapter 2 

Aims of the Thesis
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This thesis seeks to explore the hypothesis that platelet physiology in ACS is 

predetermined by the influence of one or more of the humoral factors TPO, IL-6 and 

IL-11.

The main aims are:

i. To establish whether there are differences in platelet size, platelet function 

and circulating levels of thrombopoietic factors between patients with 

different manifestations of ACS i.e. between patients with UA and MI

ii. To conduct pilot studies in order to evaluate whether differences in 

circulating levels of these thrombopoietic factors can be explained by genetic 

polymorphisms

iii. To develop in vitro culture systems to study the effects of IL-6, IL-11 and 

TPO on platelet production. These systems will allow the overall study of 

platelet production in response to the humoral factors mentioned above as 

well as the study of the mechanisms involved including MK migration 

through the bone marrow endothelium and the effect of VEGF and NO on 

this process. This will explore the hypothesis that firstly TPO, IL-6 and IL-11 

may individually or in combination act on MKs adjacent to the bone marrow 

endothelium to cause the release of VEGF, and NO from surrounding 

endothelial cells. Secondly, these factors then act to control the passage of 

MKs through the endothelium, thereby leading to platelet production either 

within the bone marrow or as MK processes pass through the bone marrow 

enothelium into the circulation (Fig. 2.1).

iv. To examine whether the effects of TPO, IL-6 and IL-11 on platelet size and 

function in vitro explain the observations made in vivo.
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The experimental section o f this thesis is therefore divided into several parts; Part II 

describes the observations made on patients with ACS; Part III describes the in vitro 

culture systems and Part IV is a discussion piecing together the information from the 

previous sections.

T P O

IL-6 I IL-11

\

\  T /

proplatelet

TPO  1  NO ,  /  \ \  NO J  TPO

Figure 2.1 Hypothetical model of MK-endothelial cell interaction and its 
regulation by thrombopoietic factors
Schematic representation of the hypothesis outlined in aim (iii) relating to factors 
influencing the migration o f MKs through the BM endothelium and subsequent 
proplatelet formation. Broken arrows suggest mechanisms of action that have 
previously not been demonstrated in this context.
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PART II 
CLINICAL STUDIES
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Chapter 3 

Introduction to clinical studies
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As discussed in the general introduction it is known that the platelets of patients with 

MI and UA have higher MPVs than that of controls. It has also been shown that large 

platelets tend to be more reactive, contain more granules and express higher amounts 

of GPnb/nia on their surface. These two observations are linked by the work of 

others that suggest that platelets from patients with ACS display an increase in the 

expression of markers of platelet activation and have shortened bleeding times. 

These differences in platelet parameters would therefore suggest that there are 

fundamental differences in platelet function between patients with ACS and healthy 

individuals. Since the precise aetiology of UA and MI is not clearly understood the 

possibility exists that these two conditions may be characterised by differences in 

platelet function. If this were the case then the comparison of the factors that govern 

platelet production and function in these conditions may result in an understanding of 

the overall controlling mechanism.

Part n  of this thesis therefore aims firstly to explore differences in platelet behaviour 

between patients with MI and UA and secondly to look at the differences in the 

circulating levels of humoral factors most likely to be involved in controlling this 

process. As described in the general introduction TPO, IL- 6  and IL-11 are all major 

thrombopoietic factors in man and therefore were chosen as the most likely 

candidates involved in the control of platelet behaviour in ACS. Patients with chest 

pain presenting to the casualty department were recruited for this study and blood 

samples collected for platelet studies and measurement of the factors mentioned 

above.

Since a ‘gold standard’ method of assessing platelet function does not exist, various 

techniques have been used in order to develop an understanding of platelet behaviour 

in these patients.
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Chapter 4

Materials and methods for clinical studies
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4.1 Materials

4.1.1 Antibodies & kits

FITC-conjugated anti-^t. niger glucose oxidase Dako Ltd., UK

PE-conjugated anti-CD62P (CLB-thromb/6 )

FITC conjugated anti-GPUla (Y2/51)

PE-conjugated IgGi isotype control

PE-conjugated anti-CD42b (SZ2)

CD61-PerCP

FITC-conjugated anti-CD 63

TPO Quantikine ELISA kit

IL- 6  Quantikine ELISA kit

IL-11 Quantikine ELISA kit

Anti-sP-selectin Parameter ELISA

Immunotech, UK

Dako Ltd., UK

Immunotech, UK

Immunotech, UK

Becton Dickinson, Oxford, UK

Immunotech, UK

R&D systems, Oxford

R&D systems, Oxford

R&D systems, Oxford

R&D systems, Oxford

4.1.2 Other chemicals and reagents

Retic-COUNT

Isoton®

Becton Dickinson, Oxford, UK

Beckman-Coulter, UK

PFA-100™ Collagen/Epinephrine (CEPI) and Collagen/ADP (CADP) test 

Cartridges (Dade Behring) were obtained from Sysmex, UK

The Vacutainer® collection system from Becton Dickinson, UK, was used to collect 

blood samples. Plastic Vacutainer tubes contained either K3 EDTA (15% v/v) or 

sodium citrate 0.105M.
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4.2 Patient Recruitment

Sixty-six patients with chest pain admitted as emergencies to University College 

Hospital gave written informed consent to enter the study. Patients were divided into 

UA and MI based on the Braunwald classification system of angina (Braunwald, 

1989) and EGG criteria for thrombolysis (Antman & Braunwald, 1997b), 

respectively. Briefly, MI was diagnosed in patients who presented with chest pain 

consistent with MI and who on ECO either had >l-mm ST segment elevation in at 

least two contiguous leads or new left bundle branch block. Patients were excluded 

for bleeding diathesis; previous stroke, major operation or significant trauma in the 

past 2 weeks; or hypertension >180/110 mm Hg. A diagnosis of UA was made only 

if patients fulfilled the Braunwald class 3B classification (one or more episodes of 

angina at rest within the preceding 48 h). Patients with normal ECGs and no 

documented past history of ischaemic heart disease were excluded from this group. 

Thirty-two patients that met the Braunwald class 3B classification were included in 

the UA group, 21 fulfilled the criteria of MI and 12 patients were subsequently 

deemed to have non-cardiac (NC) chest pain following the results of investigations. 

Of the thirty-two patients with UA, a retrospective analysis of the history revealed 

that 5 patients had not experienced rest pain but had suffered crescendo angina. One 

patient was excluded from this group as no confirmed diagnosis was reached. 

Statistical analysis using a X^-test revealed no differences in age, sex, diabetes, 

smoking and medication between these groups. This study was conducted with the 

approval of the Hospital Ethics Committee. All patients included in this study had 

been given aspirin 300mg at least 2  h prior to blood sampling as part of the routine 

management of patients presenting with chest pain presumed to be cardiac in origin 

even if they were already taking aspirin. Compliance was witnessed in all cases by 

medical staff. For comparison, 20 healthy, age-matched volunteers were recruited 

from the hospital staff for control samples. Blood samples were also taken after 

300mg of aspirin had been given to 9 healthy volunteers who served as normal 

controls (N).

4.3 Sample collection and processing

Samples for platelet studies were collected within 24 h of the onset of chest pain. 

Subjects were rested for approximately 20 minutes prior to venepuncture. Blood was 

drawn from the antecubital fossa with minimal stasis using a 21-gauge Butterfly®
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needle. The first 4.5 ml o f blood were collected into a Vacutainer® tube (Becton 

Dickinson, Oxford, UK) containing EDTA and were used to obtain a full blood 

count. The next 4.5 ml o f blood were collected following release o f the tourniquet 

into a Vacutainer® tube containing 0.105 M trisodium citrate as anticoagulant. This 

sample was used to measure closure times (CTs) on the platelet function analyser 

(PFA-100^'^) and expression o f platelet activation markers, reticulated platelets and 

MPV measurement. A further citrate sample was centrifuged twice at 1500g for 15 

minutes to obtain platelet poor plasma, which was stored at -70 °C prior to soluble P- 

selectin and cytokine measurement. All blood samples were processed within two 

hours o f venepuncture.

4.4 Platelet M easurem ents

4.4.1 Measurement o f platelet count and MPV
MPV was measured within both citrate and EDTA samples with two different 

commercial blood counters within 2 h o f blood collection -  the SE 9500 (Sysmex 

UK, Milton Keynes, UK) and the GEN-S (Beckman-Coulter, High Wycombe, 

Bucks).

4.4.2 Measurement o f platelet function
Platelet function was measured using a platelet function analyser (PFA-100™). The 

PEA-100^"  ̂ consists of a microprocessor-controlled instrument that draws blood 

through the central aperture of a membrane at a fixed rate (Fig. 4.1).
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0  tSOpI

"M em brane
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E rythrocytes ^

P la te le ts /

■Aperture
IBOpI

'  M em brane
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coa ting

Flow

Capillary 
0  20 0 p l

Figure 4.1 Schematic representation of PFA-100 apparatus.

(Modified from Dade-Bering catalogue)

48



Two types of membrane coating are used either collagen/ADP (CADP) or 

collagen/epinephrine (CEPI) depending upon the platelet stimulus required

The test simply measures the time required for flowing whole blood to close the 

aperture via platelet plug formation (Fig. 4.2).

In  V ITR O

Figure 4.2 Photomicrographs showing closure of central aperture in collagen 
membrane by platelet plug formation.
(Modified from Dade-Bering catalogue)

Citrated blood (0.8 ml) was tested using both CADP and CEPI cartridges within 2 h 

o f venepuncture. Results were expressed as closure time (CT). The normal ranges of 

CTs were 61.4 -  104.7 seconds for CADP cartridge, and 78.9 -  139.3 in the CEPI 

cartridge (n=20).

4 A 3  Measurement o f reticulated platelets
The method for the measurement o f reticulated platelets is a modification of a 

previously published method (Robinson et a l ,  2000). 5 pi o f citrated whole blood 

was incubated with 5 pi CD61-PerCP for 15 minutes. I ml Retic-COUNT (diluted 

1:10 in Isoton II®) was then added and the tube incubated at room temperature for 

exactly 30 minutes in the dark. Control tubes consisted of 5 pi blood incubated with 

5 pi mouse IgGi-PerCP for 15 minutes. 1 ml Isoton II® was then added for exactly 

30 minutes. The tubes were centrifuged at 800g for 5 minutes, the supernatants 

discarded and the pellets gently resuspended in 0.5 ml Isoton II® for analysis. The 

normal range for reticulated platelets in normal controls was 4.6 -  14.8 % or 13.1 -  

32.7 X  10‘’/l.
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4.4.4 Measurement o f  soluble platelet P-selectin

Samples for the measurement of soluble P-selectin were analysed using an ELISA 

technique (R&D systems, Abingdon, UK).

4.4.5 Flow cytometric analysis o f  platelet activation markers

5 pi of whole blood was added to 40 pi HEPBS buffered saline (HBS): NaCl 145 

mmol/1, KCl 5 mmol/1, MgSÛ4 1 mmol/1, HEPES 10 mmol/1, pH 7.4, and 5 pi of test 

ab (CD62-PE and CD63-FITC) or its corresponding isotype control for 20 minutes at 

room temperature. At this point the samples were fixed in 0.5 ml of 0.2 % formalin 

saline (freshly made) for 10 minutes prior to flow cytometric analysis. Data was 

displayed as a histogram of fluorescence intensity against count and a threshold was 

set on the flow cytometer at 1% using platelets labelled with the respective PE and 

FITC negative control. The normal range for CD62P was 0 - 5 .4  % and for CD63 

was 2.1 -  9.7 % positive events above threshold.

4.5 ELISA techniques for TPO, IL-6, IL-11 and soluble P-selectin

Commercially manufactured ELISA kits were used to measure plasma levels of 

circulating TPO, IL- 6  and IL-11. Briefly the technique involves the binding of the 

relevant factor to a monoclonal antibody (MoAb) that has been pre-coated onto the 

microplate. Next an enzyme-linked MoAb specific for the factor that is being 

assayed is added to which a substrate that reacts by developing colour in response to 

the enzyme bound to the second Ab. The amount of colour development depends on 

the amount of this Ab that has bound to the factor already in the plate. The plate is 

then read using a fluorescence plate reader. All measurements were made in 

duplicate.

The protocol for the TPO ELISA kit underwent modification when it was discovered 

that some of the samples and in particular the normal controls registered at the lower 

limit of detection of the kit (15pg/mL). In order to improve the coefficient of 

variation (CV) for these samples, both standard and test samples were incubated for 

twice as long as stated in the manufacturers instructions. This lead to an improved 

reproducibility of results at the lower detection limits of the kit with CVs consistently 

below 10%. Any CVs above 10% were discarded and the ELISA repeated for that 

sample.
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The IL- 6  ELISA was run according to the manufacturers instructions.

Only 24 of the 65 samples were run using the IL-11 ELISA when it was discovered 

that virtually all of these gave readings at or below the lower limit of detection for 

the kit irrespective of the diagnosis.

4.6 Genotyping

Analysis of the genotype was performed in collaboration with Dr K Webb from the 

Department of Cardiovascular Genetics following on from previous work in which 

she had identified several polymorphisms in various parts of the TPO gene (Webb et 

ai, 2001). Of particular interest is a polymorphism in Intron 5 (4830C>A) that she 

had found to be associated with MI in a young group (<45yrs of age) of Swedish 

males and a polymorphism in the 3’ UTR (5713A>G) found to be associated with 

risk of MI in a group of young Italians.

DNA was extracted from whole blood using the salting out method (Miller et al, 

1995), and stored at a concentration of approximately lOng/pl in deep 96-well 

microplates. For polymerase chain reactions (PCR), DNA (2.5pL) was transferred to 

a 96-well micro-titre plate. Restriction enzyme digestion and acrylamide gel 

electrophoresis was also performed using the 96-well format as previously described 

by Bolla e ta l (1995).

Four polymorphisms in the TPO gene (-602C>T, 1796C>T, 4830C>A, and 

5713A>G) and one in the gene coding the TPO receptor -  TPO-R (-277A>G), were 

studied. Restriction enzyme digestion was used for genotyping studies where a 

natural enzyme site was altered. If no restriction site was altered, as in the case of 

4830C>A and -277G>A, a previously described forced PCR method was used 

(O'Dell et a l, 1996). Briefly, a mismatch was introduced into the reverse primer 

creating either an Mva I  restriction enzyme site for 4830G>A or Hinc II site for -  

277G>A at the position of the polymorphic site when either one or the other allele 

was present. In all cases alleles were identified by size, following PCR amplification 

and restriction enzyme digest, by electrophoresis using the Microtitre Array Diagonal 

Gel Electrophoresis (MADGE) system (Day et a l, 1995). Specific details regarding 

PCR primers, restriction enzymes and PCR conditions used are listed in table 4.1.
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Table 4.1 Primers, PCR conditions and restriction enzymes used to 

genotype polymorphisms in the TPO and IL- 6  genes

Polymorphisms and 

location
Forward primer Reverse primer [M g'1 Temp Enzyme

-6 0 2 O T  

TPO promoter
5 ’-GO AACGGTAGG AG ATGG AAG 5 ’-GAGTCCTATCTTGTCATTCCC 1 mM 6 0“C D de\

1796C>T  

TPO 5 ’UTR
5 ’-CCTCCCCAGCATCTGTTCAC 5’- GTAGGGTGGGGCAAAGGCG 2.5 mM 58°C M nl I

4 8 3 0 O A  

TPO intron 5
5 ’-TGCAG AGCCTCCTTGG AACGC 5’- CTTCTTCCCTCAGGTCTTCCAG 3.0 mM 63“C M va  1

5713A>G  

TPO 3 ’UTR
5 ■-AC ACCCACTCCCAG AATCTG 5’- TGCAGAAAATAGACCAAAGAG 3.0 mM 5 T C M ain

- 2 7 7 0 A

TPO receptor 

promoter
5 ’-TCCGTTTCCTCCTCATCTCT AT AAT 5 AGCCTCTGTATCTGTGTTAA 2mM 53“C H in d i

- 1 7 4 0 C  

IL-6 promoter
5 ’-GAG AAG AACTCAG ATG ACTGG 5 ’GCTGGGCTCCTGG AGGGG 2mM 63”C H sp92\

Forced bases are shown in bold

The polymorphism in the IL-6 gene, -174G>C was genotyped according to the 

method described by Fishman et al. (1998).

4.7 Statistical analysis

Clinical data were analysed using Students T-test for comparison o f means between 

two groups and analysis of variance using a Kruskal-Wallace test with the Dunns 

post-test correction for multiple group comparisons. Correlations were performed 

using the Spearman rank method. All calculations were performed using Graphpad 

Prism (version 3.0) software. Frequencies of patient characteristics were compared 

using the test.

Statistical analysis of genotype was performed following data transfer to an EXCEL 

spreadsheet and numbers confirmed for each genotype compared with those expected 

for Hardy-Weinberg equilibrium. Allele frequencies between UA, Ml and controls 

were compared using the test. Plasma levels o f TPO and lL-6 were also 

compared according to genotype using Students T-test. Statistical significance was 

taken to be p<0.05.
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Chapter 5 

Results of clinical studies
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5.1 Patient characteristics

Table 5.1 Baseline patient characteristics

N

(n=20)

NC

(n=12)

MI

(n=21)

UA

(n=32)

Male sex 9 4 14 21

Average age, yrs 29 ± 1 .3 56± 3 .1* 59 ± 2.9* 58 ± 1.5*

Smoking 3 5 14 20

Diabetes - 3 2 4

Known IHD - 2 8 20

Aspirin - 3 18 20

Ca antagonists - 2 2 6

P-blockers - 4 4 9

Nitrates - 3 10 18

Statins - 4 5̂ 17

Heparin - 8 18 25

Thrombolysis - 0 21 0

Haematocrit 0.44 ±0.01 0.41 ±0.001 0.43 ±  0.01 0.42 ± 0.006

Baseline data from patients with non-cardiac chest pain (NC), unstable angina (UA) 
myocardial infarction (MI) or healthy controls (N).

* denotes a statistical significance of p<0.05 vs. control
 ̂denotes a statistical significance of p<0.05 vs. UA

There were no other statistical differences between the groups.
The aspirin column shows patients taking aspirin prior to inclusion in this study
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As shown in table 5.1, differences were found between the study groups. Mean age 

was higher in the MI, UA and NC patients compared with healthy volunteers. A 

higher proportion of patients in the UA group were on statin therapy compared with 

the MI group. Statin therapy has been reported to affect platelet function (Rosenson 

& Tangney, 1998). Since the number of patients receiving this treatment in the UA 

group was proportionally lower than in the MI group, MPV and surface P-selectin 

expression were compared in relation to the ‘statin’ therapy status of these patients. 

This analysis revealed no differences in these parameters between patients receiving 

‘statin’ treatment and those who were not (data not shown).

5.2 Platelet volume and count

In light of previous work that has shown an increase in MPV in patients with ACS in 

general (Glud et al, 1986; Kishk et al, 1985; Martin et a l, 1983a; Martin et al, 

1991; Pizzulli et al, 1998), a direct comparison of this parameter was made between 

patients with UA and MI. Care was taken over the measurement of MPV since it is 

known that platelet swelling occurs with time depending on the type of anticoagulant 

used. It has been reported that if blood is collected in sodium citrate at 1:4 v/v, MPV 

does not change with time (Bath, 1993). Standard vacutainers (as used here) contain 

sodium citrate to give a dilution of 1:9 v/v with the blood sample. Although at this 

dilution of sodium citrate platelet swelling occurred over time, MPV was found to be 

stable between 1 and 2 h post sampling. All samples analysed in this study were 

analysed during this time period post sample collection. Mean time to sampling was 

not found to differ significantly between any of the groups studied (data not shown). 

As a further control, samples collected in EDTA at the same time were also analysed 

using the same cell counters. Platelets collected in EDTA swell with time although 

this change in size has been modelled mathematically and is thus predictable (Bath, 

1993). Since all samples were analysed at the same time, relative differences in 

platelet volume between the groups should remain the same. Figure 5.1 shows that 

here is indeed a high correlation between MPVs measured in sodium citrate and 

EDTA for the study group as a whole. Given these findings, the results of 

measurement of MPV from samples collected in sodium citrate only are presented.
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Mean platelet volumes in citrate vs. EDTA as the anticoagulant

A further potential loss of sensitivity in the comparison of MPVs may occur 

depending on the method used to measure these parameters i.e. the type of cell 

counter. To test this two different pieces of equipment were used -  the Sysmex SE 

9500 and the Beckman-Coulter GEN-S. Analysis of citrated samples using the 

Coulter GEN-S blood analyser resulted in an overall reduction in platelet volumes 

measured although the same trends in these measurements were seen as with the 

Sysmex machine (data not shown). Results obtained in EDTA blood using both 

counters gave similar results apart from the difference in MPV between MI and UA 

using the Sysmex instrument (data not shown). Therefore data is presented from 

samples collected in citrated blood and measured on the Sysmex counter.

MPV was significantly elevated in ACS patients (10.2 ± 0.1 fL) compared to normal 

controls (8.6 ±  0.2 fL, p<0.005, Fig. 5.2A). Unexpectedly, within the group of ACS 

patients, those with UA had significantly higher MPVs than those with MI (10.4 ± 

0.2 fL UA vs. 9.7 ± 0.2 fL MI, p<0.01. Fig. 5.28). Patients in the NC group, the 

majority of whom were finally diagnosed as suffering with conditions associated 

with a hypercoagulable state, displayed higher MPVs (10.9 ± 0.2 fL) than patients 

with UA (10.4 ± 0.2 fL, p=ns), MI (9.7 ± 0.2 fL, p<0.005) and normal controls (8.6 ± 

0.2 fL, p<0.005)(Fig. 5.28). Platelet counts were higher in MI patients (272.4 ± 19.5 

xlO^/L) than UA (233 ± 11.4 x 10^/L, p=0.04) although no difference was seen 

compared with normals (260.6 ± 11.13 x 10^/L, p>0.05 compared with both MI and
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UA). Changes in platelet counts were not due to a dilution effect since there was no 

statistically significant difference in haematocrit between the groups. Overall platelet 

mass (the product of platelet count and volume) was not significantly different 

between each of the groups (Figs. 5.2E and 5.2F).
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Figure 5.2 Platelet parameters in ACS
A,B Mean platelet volume (MPV); C,D platelet count and E,F platelet mass 
according to final diagnosis for patients with an acute coronary syndrome (ACS), 
patients with non-cardiac chest pain (NC), healthy young controls (N) (A,C &E). 
The ACS patients have also been divided into those with myocardial infarction (MI) 
and unstable angina (UA) (B,D & F). Mean values are shown by the horizontal lines 
on the graphs.
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Figure 5.3 The relationship between platelet count and mean platelet volume
Spearman rank correlations between mean platelet volume and platelet count for: A 
Normal controls (r=-0.4, p=0.08), B ACS patients (r= -0.6, p=0.006), C MI patients 
(r=-0.8, p=0.007) and D UA patients (r=-0.3, p=0.4).

59



5.3 Platelet activation markers

As stated in the introduction several different activation markers that are expressed 

on the surface of the platelet have been measured in an attempt to risk stratify 

patients with chest pain arriving in the emergency department. P-selectin (CD62P) is 

expressed on the surface of the platelet once the a-granule has degranulated and is 

therefore a marker of platelet activation. Measurement of its expression using the 

flow cytometer results in a value that represents the overall percentage expression of 

this marker by the platelet population. Surface expression of CD62P was increased in 

patients with ACS (6.2 ± 0.9%) compared to normal controls (2.4 ± 0.3%, p<0.001) 

and NC patients (3.1 ± 0.5%, p=0.001. Fig. 5.4A). MI patients expressed higher 

levels of CD62P (8.4 ± 1.7%) compared to patients with NC (3.1 ± 0.5%, p=0.005. 

Fig. 5.4B) and UA (4.7 ± 0.5 %, p=0.04).

Analysis of another marker of platelet activation showed that compared to normal 

controls (5.9 ± 0.4%), CD63 expression was increased in ACS patients (8.1 ± 0.7%, 

p=0.003. Fig. 5.4C), MI patients (8 . 6  ± 1.2%, p=0.03. Fig. 5.4D) and UA patients 

(7.8 ± 0.7 %, p=0.01. Fig. 5.4D). No overall differences were seen between normal 

controls (5.9 ± 0.4%) and NC patients (6.4 ± 1.1%, p>0.05. Fig. 5.4C). UA and MI 

patients showed no difference in CD63 expression relative to each other or NC 

controls (all p values >0.05)(Fig. 5.4D). This data is in keeping with previously 

published work that has suggested that the role of this marker in detecting platelet 

activation in patients with coronary artery disease is limited (Murakami et al, 1996).
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Figure 5.4 Platelet surface CD62P and CD63 expression according to final 
diagnosis.
A,B P-selectin (CD62P) expression and C,D CD63 expression on platelets from 
normal subjects (N), patients presenting with an acute coronary syndrome (ACS) and 
those with non-cardiac chest pain (NC). The ACS group is also divided into patients 
with myocardial infarction (MI) and unstable angina (UA) (B & D).
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Plasma soluble P-selectin levels have also been used to risk stratify patients 

presenting with chest pain (Gurbel et a l ,  2000; Hollander et al., 1999). In keeping 

with previous work, plasma soluble P-selectin levels were significantly elevated in 

patients with ACS (122.2 ± 9.8 pg/ml) compared to normal controls (44.2 ±  2.1 

pg/ml, p<0.001)(Fig. 5.5A). Comparison between MI, UA and the NC group of 

patients showed no statistical significance demonstrating a lack of sensitivity of this 

measure compared to platelet bound P-selectin expression in this group.
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Figure 5.5 Plasma soluble P-selectin levels in patients and controls
Comparison of plasma soluble P-selectin levels in A, controls, patients with ACS and 
patients with non-cardiac chest pain (NC) and B, the ACS group divided into UA and 
MI

Since it has previously been reported that in patients with MI large platelets tend to 

be more reactive, the relationship between MPV and markers o f platelet activation 

was studied (Fig. 5.6).

62



Ml UA N

i:
CL 2 

8  1-
10

MPV.f! MPV, fl
10

MPV.fl

(A 15

MPV.fl

17 5

f  150

Q  12 5 

8

S 5 0

O 2 5

10

MPV.fl

_  300
E

Ü 200 5m 150

=> 50

MPV, n
10 11 

MPV.fl

i :
5»o 
8 -  
& 00
 ̂20

10 11 12 13

MPV.fl

Figure 5.6 Relationship between MPV and markers of platelet activation.

Patients were grouped according to diagnosis -  MI (A, D, G), UA (B, E, H) and 
normal (N) subjects (C, F, I) and Spearman rank correlations tested between MPV 
and markers o f platelet activation -  CD62P (A, B, C), CD63 (D, E, F) and soluble P- 
selectin (G, H, I). No significant relationship was found between MPV and platelet 
activation in any of the groups. Pooling these groups together also did not 
demonstrate a relationship between these parameters. No correlation was found in 
the non-cardiac patients (data not shown).
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No correlation was found between any marker of platelet activation and platelet size 

as measured by MPV for any of the groups.

5.4 Platelet function 

5.4.1 PFA-100™

The influence of aspirin ingestion on the PFA-100™ CEPI test is shown in Fig. 

5.7A. CTs were significantly prolonged in normal controls 2h after ingestion of 300 

mg aspirin (267 ±13.2 secs versus 109 ± 3.4 secs, p<0.001). Prolonged CEPI CTs 

were also obtained in NC patients on aspirin therapy (271 ± 12.4 secs, p<0.001) 

compared to normals. In contrast, CEPI CTs were not as prolonged in ACS patients 

(on aspirin therapy) (187 ± 12.6 secs) when compared to patients with NC (271 ±

12.4 secs, p<0.001). Further subdivision of these patients revealed that overall CEPI 

CTs were not as prolonged in patients with MI (155 ± IS.Osecs) when compared to 

either UA (206 ± 14.9 secs, p=0.03) or NC (271 ± 12.4, p<0.001. Fig. 5.7B). The 

distribution of CEPI CTs in the UA and MI groups (Fig. 5.7B) suggests that within 

both groups lie subgroups of patients some of whom respond to aspirin with 

prolonged CTs and some who do not and display CTs similar to controls that have 

not taken aspirin.

In contrast, CADP cartridge CTs were not significantly prolonged within normal 

controls after aspirin ingestion (80.7 ±3.1 vs. 83.1 ± 2.4, p=0.6. Fig. 5.7C). CADP 

CTs were slightly prolonged in patients with NC (113 ± 12.6) when compared to 

normals (80.7 ±3.1, p=0.04) and the observed differences between CTs in the ACS 

(84 ± 3.5) and NC group (113 ± 12.6) reached significance (p=0.04). Although some 

ACS patients exhibited decreased CADP CTs there was no significant difference 

between MI (77 ± 5.8 secs) and either UA patients ( 8 8  ± 3.4, p=0.1. Fig. 5.7D) or 

controls (83.1 ± 2.4, p=0.3).
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Figure 5.7 Closure times in ACS
Platelet function as measured by CEPI (A and B) and CADP (C and D) closure times 
on the PFA-100 according to final clinical diagnosis. N control subjects not taking 
aspirin, N ASP control subjects following aspirin exposure, ACS patients with acute 
coronary syndrome, NC patients with non-cardiac chest pain, MI and UA patients 
from the ACS group divided into myocardial infarction and unstable angina 
respectively. ACS and NC patients all received aspirin therapy. Horizontal lines 
indicate mean values. Closure times greater then 300 secs are recorded as 300 secs 
and therefore the means are an underestimate.

65



5.5 Platelet production

R e tic u la te d  p la te le ts  are  re lea sed  in to  th e  p e r ip h e ra l b lo o d  fo llo w in g  m eg ak ary o cy tic  

frag m en ta tio n . N e w ly  fo rm ed  p la te le ts , a lth o u g h  a n u c le a ted , c o n ta in  so m e  ro u g h  

e n d o p la sm ic  re tic u lu m  and  m R N A  and  are  a lso  a b le  to  sy n th e s iz e  sm all am o u n ts  o f  

p ro te in . T h e ir  m e a su re m e n t m a y  th e re fo re  p ro v id e  a m e a n s  o f  m o n ito rin g  

th ro m b o p o ie s is  an d  p la te le t tu rn o v e r  (R o b in so n  et ai,  1998). F ig . 5 .8  d em o n s tra te s  

th a t th e re  w e re  n o  s ig n if ican t d iffe ren ces  in  th e  lev e ls  o f  re tic u la te d  p la te le ts  in 

p a tie n ts  w ith  A C S  (1 1 .6  ±  0 .8 % ) co m p a re d  to  e ith e r  N C  p a tie n ts  (1 0 .7  ±  1 .4% ) o r 

h e a lth y  v o lu n te e rs  (N ) (10 .2  ±  0 .5 % , p = 0 .6  an d  0.1 re sp e c tiv e ly . F ig . 5 .8A ). 

F u rth e rm o re , th e re  w ere  no  ap p a re n t o v era ll d iffe re n c es  b e tw e e n  M I (1 2 .3 ±  1.1% ) 

and  U A  (11 .2  ±  0 .9 % , p = 0 .5 . F ig . 5 .8B ). T h e  lack  o f  a d iffe re n c e  in  re ticu la ted  

p la te le t co u n ts  b e tw e e n  th e  d iffe re n t g ro u p s  su g g es ts  th a t th e re  a re  n o  acu te  ch an g es 

in p la te le t re le a se  b e tw een  th e  g ro u p s. T h u s  a c c o rd in g  to  th e  th e o ry  th a t p la te le t m ass  

is co n se rv e d , a fa ll in  p la te le t co u n t m u s t b e  b a la n c e d  b y  a r ise  in  M P V . T he 

s im ila ritie s  in re tic u la te d  p la te le t co u n ts  b e tw e e n  th e  g ro u p s  a lso  su g g est th a t the  

d iffe ren ces  in M P V  are  n o t th e  re su lt o f  th e  re le a se  o f  la rg e  y o u n g  p la te le ts  in to  the  

c ircu la tio n .
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Figure 5.8 Percentage reticulated platelet counts in ACS
R e tic u la te d  p la te le ts  ex p re ssed  as a p e rc e n ta g e  o f  to ta l p la te le t c o u n ts  fo r  A , p a tien ts  
w ith  A C S  c o m p a re d  to  n o rm al su b jec ts  (N ) an d  n o n -c a rd ia c  c h e s t p a in  (N C ) and  B, 
th e  A C S  g ro u p  d iv id e d  in to  m y o ca rd ia l in fa rc tio n  (M I) an d  u n s ta b le  an g in a  (U A ).
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5.6 TPO, IL-6 and IL-11 levels

Figure 5.9 shows the circulating plasma levels of TPO and IL- 6  grouped according to 

clinical diagnosis. Circulating plasma TPO levels were elevated in patients with ACS 

compared to healthy controls (38.2 ± 4.0pg/mL vs. 26.5 ± 3.7 pg/mL, p=0.02; Fig. 

5.9A). No difference in TPO levels was seen between patients with UA and MI (38.6 

± 5.1pg/mL vs. 37.6 ± 4.8 pg/mL, p=ns, Fig. 5.9B) and although the levels of TPO in 

the NC group appeared elevated, there was no statistical significance when this level 

was compared to N, ACS, UA and MI reflecting the heterogeneity of the group.

IL- 6  levels were similarly elevated in patients presenting with ACS compared to 

those with non-cardiac chest pain (9.3 ± 2.0pg/mL vs. 3.6 ± 0.8 pg/mL, p=0.005. Fig. 

5.9C). Patients presenting with MI showed higher amounts of circulating IL- 6  (11.6 

± 2.7pg/mL) compared to patients with UA (7.6 ± 2.4, p=0.2: Fig. 5.9D) and NC (3.6 

± 0.8 pg/mL, p=0.008). The difference in IL- 6  levels between patients with UA and 

NC did not reach statistical significance.

An attempt was made to measure plasma Interleukin 11 levels but the ELISA was 

found not to have the necessary sensitivity for the levels found in these samples. 

Thus no data for IL-11 is presented although this finding also shows that there were 

not significantly high levels of IL-11 in patients with ACS.
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Figure 5.9 Circulating levels of humoral factors in ACS
Plasma levels of TPO and IL-6 as measured using an ELISA for the different patient 
groups. A and C, TPO and IL-6 measurements for ACS patients compared to normal 
controls (N) and non-cardiac chest pain (NC). B and D TPO and IL-6 levels for the 
ACS group divided into myocardial infarction (MI) and unstable angina (UA).
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In order to further test whether cytokine levels were related to platelet parameters 

(MPV, platelet count and platelet mass), Spearman Rank correlations were 

calculated. Figure 5.10 shows the correlation between circulating TPO levels and 

platelet parameters in patients with MI and UA separately and grouped together 

under ACS. As shown a significant negative correlation was found between 

circulating TPO levels and platelet count and mass in the MI and ACS groups of 

patients. These correlations were not statistically significant in the UA group of 

patients. MPV was negatively correlated with circulating TPO levels only in the UA 

group of patients.

No correlation was found between platelet surface P-selectin expression and 

circulating TPO levels.
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Figure 5.10 Spearman rank correlation between plasma TPO levels and 
platelet parameters.
Patients are divided into those with MI (A, D & G), UA (B, E & H) and then grouped 
as ACS (C, F & I). Spearman rank correlations are tested for TPO levels against 
MPV (A, B & C), platelet count (D, E & F) and platelet mass (0 , H & 1). Statistically 
significant correlations are represented by the correlation coefficient and p value. 
Linear relationship is only drawn where statistical significance has been 
demonstrated.
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Figure 5.11 shows the results of the relationship between circulating IL- 6  levels and 

platelet parameters. Generally a negative correlation was found between circulating 

IL- 6  levels and platelet count and mass in all groups of patients. The only exception 

to this was the lack of correlation between IL- 6  and platelet counts in the ACS group 

as a whole. No significant correlation was found between circulating IL- 6  levels and 

MPV.

Due to the low levels of circulating IL-11, only a few samples were measured (n=24) 

since the ELISA kit used to make these measurements was operating at the lower end 

of its sensitivity range with variable results. No significant trend to any correlation 

between IL-11 and any platelet parameter was demonstrated in all the patient groups.

In order to assess if the circulating levels of TPO, IL- 6  and EL-11 may influence each 

other, a Spearman rank correlation was used to look for an association between the 

levels of these factors in each of the patient groups alone or in combination. These 

results showed that there was only a weak positive correlation between circulating 

TPO and IL- 6  levels when all patients were grouped together (r=0.3, p=0.07, data not 

shown). No other correlations between TPO, EL- 6  and IL-11 were demonstrated.
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Figure 5.11 Spearman rank correlation between plasma IL- 6  levels and 
platelet parameters.
Patients are divided into those with MI (A, D & G), UA (B, E & H) and then grouped 
as ACS (C, F & I). Spearman rank correlations are tested for IL-6 levels against 
MPV (A, B & C), platelet count (D, E & F) and platelet mass (G, H & I). Statistically 
significant correlations are represented by the correlation coefficient and p value. 
Linear relationship is only drawn where statistical significance has been 
demonstrated.
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Table 5.2 Summary of platelet and cytokine data

PARAMETER

MPV

(fL)

Pit cnt 

(xlO’/L)

Pit mass 

CD62P

CD63

(%)

Sol CD62P 

(pg/ml) 

Retie pits (x 10 /̂1) 

CEPI 

(secs) 

CADP 

(secs)

TPO

(pg/ml)

IL-6

(pg/ml)

IL-11

(pg/ml)

N

2.4 ± 0.3

5.9 ± 0.4

10.2 ±0 .5  

267 ± 13.2 

(asp)

2.4 ± 1.1

na

DIAGNOSTIC GROUP

NC ACS UA

na na na

MI

8.6 ± 0 .2  10.9 ± 0 .2  10.2 ±0 .1  10.4 ± 0 .2  9.7 ± 0 .2

260+  11.1 220+  16.1 247 + 10.3 233 + 11.4 272 ±19.5

2232 ±91 2375 ± 167 2498 ± 9 7  2423 ± 116 2634 ± 176

3.1 ± 0 .5  6.2 ± 0 .9  4.7 ± 0 .5  8.4 ± 1 .7

6.4 ±1.1 8.1 ± 0 .7  7.8 ± 0 .7  8.6 ± 1 .2

44.2 ±2.1  140.6 ± 3 0  122.2 ± 9 .8  109.5 ± 1 0  142.3 ± 15

10.7 ± 1.4 11 .6± 0 .8  11.2 ± 0 .9  12.3± 1.1

271 ±12 .4  187 ± 12.6 206 ± 14 .9  155 ± 1 8

83.1 ± 2 .4  113 ± 12.6 84 ± 3 .5  88 ± 3 .4  77 ± 5 .8

26 ± 3 .9  68.3 ±27 .8  38.5 ± 3 .6  38.9 ± 5 .3  38.4 ± 5 .0

2.9 ± 0 .5  8.7 ± 1 .7  7.8 ± 2 .5  10.2 ± 2 .4

na
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5.7 Polymorphisms in the TPO and IL-6 genes and the relationship 

to circulating levels in ACS

5.7,1 Genotype analysis

Following on from earlier work performed by Dr K Webb in the Department of 

Cardiovascular Genetics that had shown an association between polymorphisms in 

the TPO gene and risk of MI in a group of young Swedish and Italian MI survivors, 

it was decided to genotype the 6 6  patients in this study to provide pilot data 

regarding the allele frequency in this group of patients admitted with ACS. The 

polymorphisms in the TPO gene described in the introduction (-602C>T, 1796C>T, 

4830C>A, 5713A>G and TPOR) were examined for their allelic frequency and 

association with plasma TPO levels. Rare allele frequencies for all patients in the 

study are shown in Table 5.3.

Table 5.3 Rare allele frequencies for all patient groups combined

Poly Gene
No.

genotyped

Genotypes 

No. patients 

11 12 22

Rare allele 

frequency

95%

Cl

-602O T TPO 61 17 26 18 0.51 0.42-0.60

1 7 9 6 0 T TPO 64 18 34 12 0.45 0.37-0.54

4 8 3 0 O A TPO 64 22 31 11 0.41 0.33-0.50

5713G>A TPO 64 20 35 9 0.41 0.33-0.50

- 2 7 7 0 A c-mpl 64 29 28 7 0.33 0.25-0.41
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The breakdown of genotype according to clinical diagnosis is shown in table 5.3.

Table 5.4 TPO and IL-6 genotype and rare allele frequencies according to

Polymorphism Gene
11

Genotypes

12 22
Total

Rare allele 

frequency
(95% Cl)

-602C>T

MI
TPO

5 7 7 19 0.55

0.43
(0.39-0.71)

UA 10 14 6 30 (0.31-0.56)

NC 1 4 5 10 0.70 (0.50-0.90)

1 7 9 6 0 T

MI
TPO

7 10 3 20 0.40 (0.25-0.55)

UA 9 19 5 33 0.44 (0.32-0.56)

NC 2 5 4 11 0.59 (0.39-0.80)

4 8 3 0 O A

MI
TPO

6 11 3 20 0.43 (0.27-0.58)

UA 10 16 5 31 0.42 (0.30-0.54)

NC 6 3 2 11 0.32 (0.12-0.51)

5 7 1 3 0 A

MI
TPO

6 12 2 20 0.40 (0.25-0.55)

UA 10 17 4 31 0.40 (0.28-0.53)

NC 3 5 3 11 0.50 (0.29-0.71)

-2 7 7 0 A
MI TPO 7 9 4 20 0.43 (0.27-0.58)

UA receptor 15 15 1 31 0.27 (0.16-0.39)

NC 6 3 2 11 0.32 (0.12-0.51)

- 1 7 4 0 C

MI 9 10 1 20 0.30 (0.16-0.44)

UA IL-6 11 14 5 30 0.40 (0.28-0.52)

NC 4 4 3 11 0.45 (0.25-0.66)

Myocardial infarction (MI); unstable angina (UA); non-cardiac chest pain (NC)

*

p<0.05 when comparing UA vs. NC only

No differences were seen in the rare allele frequencies of the TPO and IL- 6  

polymorphisms in relation to diagnosis other than for the -602C>T polymorphism in
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which the rare allele appeared more frequently in the NC group than the UA group of 

patients. To investigate this further, the rare allele frequencies of the patient groups 

studied here were compared to those from the healthy controls from Dr Webbs study 

(Table 5.5). This group consisted of 2831 healthy middle-aged men (50-61 years) 

from nine UK general practices, a sub-set of the second Northwick Park Heart Study 

-  NPHSn (Miller et al, 1995).

DIAGNOSIS RARE ALLELE FREQUENCY

TPO TPO-R IL-6

-602O T 1796C>T 4830O A 5713A>G -277G>A -174G>C

ACS 0.48 0.43 0.42 0.40 0.33 0.36

MI 0.55 0.40 0.43 0.40 0.43 0.30

UA 0.43 0.44 0.42 0.40 0.27 0.40

NC 0.70* 0.59 0.32 0.50 0.32 0.45

N" nd 0.47 0.39 0.47 0.32 0.43

Table 5.5 Rare allele frequencies of ACS patients compared to normals 
from NPHSII.

p<0.05 when comparing UA vs. NC only 

Normals from NPHSn 

nd not done

No significant differences in rare allele frequencies were found when the ACS 

patients were compared either as a group (ACS) or subgroup (UA and MI) to the 

normals from the NPHSU (N).
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5 .7 .2  Association between genotype and phenotype

In order to establish whether the polymorphisms studied here had a functional 

significance, plasma levels of these circulating factors and various platelet 

parameters were grouped according to genotype. These results are shown in Table 

5.6. Further subdivision based on clinical diagnosis was not performed due to the 

small numbers in each group.

No association was found between TPO levels and any of the polymorphisms in the 

TPO gene. Other parameters including platelet count, MPV, platelet mass and 

platelet P-selectin expression were also analysed. Interestingly the 1796C>T 

polymorphism was found to be associated with MPV. Patients homozygous for the 

1796T allele had significantly smaller MPVs compared to carriers of the C allele (9.5 

± 0.25 fL TT vs. 10.3 ± 0.24 CT and 10.3 ± 0.32 CC, p=0.04 for CT vs. TT and 

p=0.02 for CC/CT vs. TT). Platelet P-selectin showed a similar relationship. Patients 

carrying the C allele showed significantly higher CD62P expression than patient 

carrying the T allele (6.2 ± 1.1% vs. 3.4 ± 0.6%, p=0.01).

The 5713A>G polymorphism showed an increase in platelet count in those 

homozygous for the G allele compared to carriers of the A allele (2276 ±16 xlO^/L 

GG vs. 233 ±12 xlO^/L AA/AG, p=0.04). Also homozygotes for the G allele showed 

statistically significant decreases in CD62P expression then patients that were either 

homo- or heterozygous for the common allele (2.3 ± 0.5% GG vs. 7.2 ± 1.5% AG 

and 5.5 ± 1.2% AA, p=0.02 and 0.004 respectively).

No form of association was seen for the remaining TPO polymorphisms: 

602OT, C4830A and TPO-R.

The IL- 6  polymorphism, -174G>C did however demonstrate a statistically 

significant difference in levels of plasma IL-6 . Patients with the G allele showed 

higher levels of IL- 6  than those patients that were homozygous for the C allele (8.4 ± 

2.3 pg/mL vs. 2.9 ±1.0 pg/mL, p=0.05). When the hetero- and homozygotes for the 

G allele were grouped together the statistical significance of this relationship 

compared to those homozygous for the C allele increased (9.7 ± 2.1pg/mL vs. 2.9 ± 

1 .Opg/mL, p=0.008).
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DIAGNOSIS POLYMORPHISMS

TPO TPOR IL-6

-602O T 1 7 9 6 0 T 48 3 0 O A 5713A>G -277G>A -174G>C

CC CT TT CC CT TT CC CA AA AA AG GG GG GA AA GG GC CC

Plasma [TPO], pg/ml 50 41 56 63 33 63 49 34 47 49 47 35 48 40 64 47.4 47 51

Platelet count, xlO^/L 240 247 224 255 234 234 243 234 268 230 238 276 230 248 239 237 236 274

MPV, IL 10.2 10.0 10.3 10.3 10.3 9.5* 10.2 10.1 9.9 10.2 10.2 9.8 10.2 10.2 10.1 10.3 10 10

Platelet mass 2424 2454 2313 2573 2367 2250 2450 2358 2597 2329 2404 2690 2309 2495 2410 2405 2350 2727

Platelet P-selectin, % 5.9 7.2 4.5 8.0 6.2 3.4t 8.0 8.7 6.1 5.5 7.2 2.3+ 6.0 6.3 6.4 7.3 6.5 3.21

Plasma [IL-6], pg/ml - - - - - - - - - - - - - - - 8.4 10.5 2.9#

Table 5.6 Association between genotype and phenotype in the patients grouped together

All values are expressed as means.
* denotes p<0.05 compared with CC and CT
# denotes p<0.05 when compared to GG and GC 
t denotes p<0.05 when compared to CT and CC 
Î denotes p<0.05 when comapared to GG and GC 
+ denotes p<0.005 when compared to AA and AG
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5.8 Platelet function and plasma levels of thrombopoietic factors

To test the hypothesis that TPO may have a direct effect on the control of platelet 

function, Spearman rank correlations were performed between circulating TPO 

levels and markers of platelet function (as measured by platelet CD62P & CD63 

expression, CEPI & CADP CTs and sol P-selectin levels). No significant relationship 

was found between TPO levels and these markers in any of the patient groups. In a 

similar way, no relationship was found between circulating levels of IL- 6  and IL-11 

and these parameters.

Finally, since reticulated platelets may provide a measure of stimulated platelet 

production, the relationship between levels of circulating TPO, IL- 6  and IL-11 and 

the reticulated platelet count (both absolute count and expressed as a percentage of 

total platelet count) was tested using the Spearman rank method. The results of these 

tests are summarised in Figure 5.12. Out of all the combinations of tests it was found 

that there was a weak negative correlation between circulating TPO levels and the 

absolute number of reticulated platelet found in the circulation. No correlation was 

found when the reticulated platelet count was expressed as a percentage of the total 

platelet count. A significant negative correlation was also found between circulating 

IL- 6  levels and the absolute reticulated platelet count in the MI patients only. Again, 

this correlation was lost when the reticulated platelet count was expressed as a 

percentage of the total circulating platelet count. It should be noted that these 

relationships reflect those seen for platelet mass and may therefore merely reflect 

those associations.
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Figure 5.12 Correlation of circulating TPO and IL- 6  levels with reticulated 
platelet counts
A, Spearman rank correlation between plasma TPO levels and absolute reticulated 
platelet counts for all patients grouped together. B, Spearman rank correlation 
between IL- 6  levels and absolute reticulated platelet counts for patients with 
myocardial infarction.
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Chapter 6 

Discussion of results of clinical studies
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6.1 Platelet volume and count

This study demonstrates for the first time that in patients with UA platelets have 

higher MPVs than in patients with MI advancing published work that has shown an 

increase in MPV compared to controls in MI (Cameron et a l, 1983; Kishk et al, 

1985; Martin et a l, 1983; Trowbridge & Martin, 1987) and in UA (Pizzulli et al,

1998). Previously, studies of patients with MI have shown an increase in MPV 

whether comparisons were made with younger healthy individuals (Kishk et al, 

1985; Martin et al, 1983), as in this study, or with age-matched controls having 

some evidence of ischaemic heart disease (Kishk et a l, 1985; Trowbridge & Martin, 

1987). Similarly, in UA the MPV was also found to be greater than in age-matched 

controls having normal coronary arteries (Cameron et a l, 1983; Pizzulli et a l, 1998). 

Thus, it is unlikely that the differences in MPV between healthy individuals and 

patients with ACS are due to age-differences. This conclusion is also consistent with 

previous evidence showing that in humans the MPV does not change with ageing 

(Behrens, 1975).

Experiments in animal models have shown that a rise in MPV takes place following 

platelet destruction (Corash et a l, 1987). A similar phenomenon has been observed 

in humans recovering from idiopathic thrombocytopenic purpura (Levin & Bessman, 

1983), and also after cardiopulmonary bypass procedures (Martin et al, 1987). These 

observations are consistent with the notion that an inverse relationship exists between 

MPV and platelet count (Levin & Bessman, 1983). This relationship results from a 

physiological mechanism, controlled in part by the hormone TPO (Kaushansky, 

1995a), which in an attempt to maintain homeostasis, tends to keep constant the total 

circulating platelet mass when platelets are consumed. In this thesis the same inverse 

relationship between MPV and platelet count was found when the two groups of 

ACS patients were compared (Fig. 5.2 and Fig. 5.3). Indeed plotting MPV against 

platelet count for each individual patient showed this inverse relationship to exist in 

normal controls as well as patients with ACS (Fig. 5.3). This suggests that the same 

mechanism that controls platelet homeostasis in normal physiology may underlie the 

changes in platelet volume in these conditions. Thus in UA, the observed low platelet 

count and the putative compensatory increase in MPV suggest that an ongoing
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process of platelet consumption underlies this condition. This possibility is consistent 

with previous evidence indicating that recurrent periods of intracoronary platelet 

aggregation and hence consumption do occur in UA (Rentrop, 2000; Willerson et al, 

1989). MPV in MI, in contrast, though higher than in healthy individuals, was 

significantly lower than in UA (Fig. 5.2B), suggesting that platelet consumption does 

not occur as a persistent underlying phenomenon prior to the MI and is therefore 

adequately compensated by an increase in platelet production. This is in keeping with 

the finding that platelet count in UA was significantly lower than in MI and that there 

were no differences in platelet counts between MI patients and healthy individuals 

(Fig. 5.2D). An alternative explanation to the suggestion that platelet consumption is 

accounting for the differences in platelet counts between the patient groups is that 

platelet recruitment occurs in MI secondary to elevation of catecholamine levels. 

Previously it has been shown that infusion of adrenaline into normal subjects leads to 

a significant rise in platelet counts in these individuals that rapidly falls one the 

infusion has stopped (Kjeldsen et a l, 1995). This rise is thought to occur secondary 

to a combination of recruitment of platelets from the spleen and an increase in 

haematocrit. Since patients with MI have significantly higher levels of circulating 

catecholamines than patients with UA and controls it may be argued that this 

accounts for the differences in platelet counts. However circulating catecholamine 

levels in ACS patients as measured in two separate studies (Kristensen et a l, 1990; 

Stubbs et a l, 1999) were considerably lower than those that lead to an elevation in 

platelet counts when adrenaline was infiised directly into healthy subjects (Kjeldsen 

et a l, 1995) making it unlikely that the effect of catecholamines on platelet count 

would affect the patient groups studied here. Also no difference was seen in 

haematocrit between the various groups presented here (Table 5.1).

6.2 Platelet activation markers

An important finding of this study is that platelet P-selectin expression is 

significantly higher in the MI than in the UA group. This is consistent with the 

notion that the outcome of intracoronary platelet aggregation may be in part due to 

differences in the degree of platelet activation and is in agreement with previous 

reports that platelets from patients with ACS express higher levels of P-selectin on 

their surface indicating platelet activation (Ault et a l, 1999, Lefer et a l, 1994). It 

could be argued that the increase in platelet P-selectin expression in MI patients
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results from the thrombolytic therapy (Fitzgerald et a l, 1988). However, recent 

published data suggests that there is no significant change in platelet surface P- 

selectin expression compared to baseline at the time points used in this study (Gurbel 

et a l, 1998). In contrast, these result could be explained by the fact that 

catecholamines, which are known to prime platelets ex vivo (Kristensen et a l, 1990; 

Nidorf et al, Sorkin et al, 1982), as well as other platelet agonists (Nidorf et al, 

1989) are higher in MI patients than in those with UA (Kristensen et a l, 1990; 

Stubbs et a l, 1999). Although there is a large amount of data that supports in vitro 

platelet activation by catecholamines via G proteins in the platelet membrane, the 

effect of these agonists on platelet function in vivo is not well defined. Whilst some 

studies suggest that the release of catecholamines in response to mental stress or 

adrenaline infusion leads to an increase in platelet aggregation in vitro (Larsson et 

al, 1989; Laustiola et a l, 1986; Levine et al, 1985), others have shown no effect of 

similar stimuli on platelet function as measured by in vitro aggregation and markers 

of platelet degranulation (Arkel et a l, 1977; Hollister et al, 1983; Siess et a l, 1982). 

Measurement of circulating plasma catecholamine levels would therefore be 

interesting in future studies to assess whether differences exist in UA compared to 

MI that directly explain platelet activation status in these conditions.

Previous work has suggested that large platelets are haemostatically more reactive 

(Erusalimsky & Martin, 1993). However, this study indicates that although platelets 

from patients with UA had a higher MPV, their degree of activation appeared to be 

lower than those with MI (Fig. 5.2B and 5.4B). Furthermore, when the UA and MI 

patients were considered as a whole there was no correlation between MPV and P- 

selectin expression (Fig. 5.6). This paradoxical result initially suggested that in ACS 

circulating large platelets are not necessarily more activated. These results could be 

explained if a general increase in platelet activation in ACS was not necessarily 

directly linked to an increase in MPV i.e. systemic changes including those caused 

by inflammation (Nomura et a l, 1999) and emotional stress (Rozanski et al, 1999) 

also lead to activation thereby making it difficult to establish a direct link.

Platelet surface expression of CD63 was used as another marker of platelet activation 

in an attempt to confirm differences in platelet activation between patients with UA 

and MI. Although an increase in CD63 expression was found in ACS as a whole
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compared with controls, no significant difference was demonstrated in UA compared 

to MI, in contrast to the results obtained using CD62P. Platelet CD63 expression has 

been used in a few studies in the literature as a marker of platelet activation in ACS 

(Chakhtoura et a l, 2000; Cox et al, 2000; Murakami et a l, 1996). No data exist 

comparing CD63 expression between patients with MI and UA. A possible 

explanation for the lack of difference in CD63 expression in UA and MI in this study 

is that CD63 may act as a relative late marker of platelet activation since it is 

released from lysosomes. It has been shown that CD63 expression is capable of 

detecting difference in platelet activation between patients with stable and UA 

(Chakhtoura et a l, 2000). In this instance a possible explantion for these differences 

is that in UA there is an overwhelming stimulus to activate platelets generated by 

rupture of the atherosclerotic plaque, which is not present in stable angina where 

plaque rupture is thought not to occur. If the stimulus to platelet activation is indeed 

derived from the various factors released by plaque rupture then it would appear that 

there are subtle differences in this process between UA and MI (if indeed they do 

both involve plaque rupture) that cause subtle differences in platelet activation 

between the two conditions. Whilst CD63 expression is able to detect the gross 

differences in platelet activation induced by plaque rupture, it is not sensitive enough 

to detect the subtle differences that occur in the presence of the ruptured plaque in 

UA as opposed to MI.

The results obtained from measuring the levels of soluble P-selectin were similar to 

those obtained by measuring platelet CD63 expression. Whilst soluble P-selectin was 

elevated in ACS compared to controls no difference was demonstrated between UA 

and MI. Although this difference between ACS patients and healthy volunteers has 

previously been demonstrated, no direct comparisons have been made between UA 

and MI. Soluble P-selectin is shed from both activated platelets and endothelium in 

response to a variety of stimuli. The discrepancy between the measurement of 

platelet bound and soluble P-selectin could reflect the contribution of endothelial P- 

selectin to the soluble pool in both UA and MI. Likewise this may explain why there 

was no significant difference in soluble P-selectin between the NC and ACS patients 

in spite of differences in platelet bound P-selectin expression. This suggestion is 

reinforced by the finding in a recent study of patients with chest pain that showed no
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correlation between platelet bound and soluble levels of P-selectin (Gurbel et al., 

2000).

Although previous studies have shown that platelet bound P-selectin expression 

(Ault et a l, 1999; Becker et al., 1994; Dceda et al., 1995; Shimomura et al, 1998) is 

increased in patients presenting with ACS when compared with controls, this thesis 

is the first time that both P-selectin and MPV have been compared between patients 

presenting with UA and ML In the present study statistically significant differences 

in MPV and P-selectin expression between these two patient groups were found. The 

strict criteria adopted in this study to define each group inevitably limited the number 

of patients that were included. However, this approach may explain why statistical 

significance was achieved with a relatively small sample size. The inability to 

distinguish UA from MI using CD63 or soluble P-selectin would indicate either that 

these markers are not sensitive enough to detect the subtle differences between the 

two conditions (as discussed above), or that that the platelet bound P-selectin result is 

a chance finding. Elevated platelet bound P-selectin expression in MI compared to 

UA would suggest that platelets in patients with MI are more likely to aggregate and 

lead to persistent coronary thrombosis compared to platelets in patients with UA. To 

investigate this further it was decided to measure platelet function using an in vitro 

technique (PFA-100) in order to demonstrate an increase in this parameter in keeping 

with the increased expression of platelet bound P-selectin in MI compared to UA.

6.3 Platelet function

Platelet function as measured by the CTs on the PFA 100 provides a measure both of 

platelet adhesion and aggregation. Recent data from many laboratories has confirmed 

that the instrument is particularly sensitive for detecting platelet hypofunction e.g. in 

patients with von Willebrands’ disease, platelet glycoprotein deficiencies and 

storage/release defects (Favaloro et al, 1999; Fressinaud et a l, 1998; Harrison et al, 

1999; Kerenyi et al, 1999; Rand et al, 1998). Additionally, the apparatus has the 

sensitivity for the detection of aspirin-induced platelet dysfunction (Homoncik et al, 

2000; Marshall et a l, 1997). Results of platelet function in the ACS patients from 

this apparatus provided some very interesting data. In patients taking aspirin, those 

presenting with ACS had relatively hyperfunctional platelets compared to controls 

when stimulated with epinephrine. When the ACS group of patients were divided
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into MI and UA, a relative shortening of CT in the MI group suggested platelet 

hyperfunction in this group compared to UA patients. Indeed within the UA group 

more patients responded maximally to aspirin therapy compared with the MI group. 

These data demonstrate an important distinction between platelet function in patients 

with MI compared to UA and is supported by the data obtained from platelet surface 

P-selectin expression. Since CT is a measure of platelet function, studies comparing 

this system with others, such as platelet aggregometry, would be useful to confirm 

the sensitivity of this technique. When platelet function was measured using ADP no 

effect of aspirin or differences between the groups of patients were found suggesting 

that ADP stimulation of platelets under these conditions was independent of the 

cyclo-oxygenase pathway. Thus the results obtained with epinephrine (CEPI 

cartridge) reflect the combined interaction of aspirin and the disease process on 

platelet function.

The failure to find a correlation between CTs on the CEPI cartridge and percentage 

P-selectin or CD63 expression in patients with ACS is not unexpected since P- 

selectin expression is a measure of platelet response to various stimuli in vivo 

whereas platelet function is measuring the intrinsic platelet reactivity in response to 

in vitro stimulation. Nonetheless the combination of the results of CT from the PFA- 

1 0 0  and the activation status as measured by flow cytometry demonstrate significant 

differences in platelet behaviour between patients with MI and UA. It has previously 

been shown that the increase in MPV in MI is accompanied by increases in platelet 

density suggesting an increase in the platelet content of secretory granules and 

mitochondria (Martin et a l, 1983a). These differences have been interpreted as 

accounting for a change in activation state of these platelets making them more likely 

to aggregate once activated. Furthermore the bleeding time, an in vivo measure of 

platelet behaviour, was found to be shortened in patients with MI. Following aspirin, 

bleeding time significantly increased in MI patients but still remained shorter than 

controls implying increased platelet function in spite of inhibition of cyclooxygenase 

(Cox) (Kristensen et a l, 1990; Milner & Martin, 1985). Cox exists in two isoforms, 

Cox-1 and Cox-2 and is irreversibly inhibited by aspirin. Cox-1 is constitutively 

expressed in platelets, monocytes and most tissues whilst Cox-2 is less widely 

expressed and is induced by cytokines, growth factors and tumour promoters. 

Inhibition of Cox-1 in platelets by aspirin leads to a failure to convert arachidonic
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acid to Tx A2 , a potent stimulator of platelet aggregation. The results of the bleeding 

time studies mentioned above suggests that either this inhibition of Cox-1 by aspirin 

is modified in MI patients or that other mechanisms of platelet aggregation are 

stimulated, by-passing Cox. The results of this thesis confirm the in vivo bleeding 

time studies by demonstrating an increase in platelet activation status and function in 

patients with ACS. CTs as measured by the PFA-100 provide an in vitro method of 

measuring platelet function that again confirms the in vivo observations of CT made 

above. The suggestion that it is changes in Cox activity (in particular Cox-1) in MI 

patients that may account for differences in bleeding times is interesting and fi-om the 

results using the in vitro CT would suggest that these changes are present but more 

subtle in patients with UA. The lack of a difference in CTs using ADP as an agonist 

would also indicate that the mechanism of ‘aspirin resistance’ in MI patients is not 

related to the final receptor pathway that is modulated by ADP. Since platelets have 

no nuclei it is interesting to speculate that changes in Cox activity occurred during 

platelet development fi-om the MK and that these changes therefore precede the acute 

event. The major discrepancy between the hypotheses regarding platelet activation 

and MPV as discussed in the literature is the finding in this work that patients with 

MI have hyperfunctional platelets with increased expression of activation markers 

compared to platelets fi-om patients with UA, even though the UA patients have 

platelets with higher MPVs. This would suggest that although large platelets in 

general are more reactive, the relationship between size and reactivity is lost when 

UA is compared to MI i.e larger platelets are not necessarily more reactive beyond a 

certain size.

6.4 Platelet production

In order to establish whether the differences in MPV between UA and MI were 

associated with differences in platelet production, reticulated platelet counts were 

measured. Reticulated platelets are thought to represent young immature platelets 

that in a dog model have also shown to be more reactive i.e. aggregate more readily 

in response to agonists (Ault & Knowles, 1995; Peng et a i, 1994b). No difference 

was found between ACS as a group and controls or between UA and MI within the 

ACS group suggesting that the differences in platelet volume were not related to 

changes in platelet production. The measurement of reticulated platelet counts has 

been used to assess platelet turnover and thrombotic risk in arterial and venous
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thrombosis (Kinder et al, 1998) with the finding that patients with chronic 

thrombocytosis and thrombosis have higher reticulated platelet counts than those 

with arterial or venous thrombosis. A difference in reticulated platelet counts 

between the arterial and venous thrombosis patients and healthy controls was not 

seen. Interestingly the elevated reticulated platelet counts seen in patients with 

chronic thrombocytosis and acute thrombosis were decreased by aspirin 

administration. The mechanism for this is not clear. Others have demonstrated a rise 

in reticulated platelet counts in response to platelet consumption induced by 

endotoxaemia (Stohlawetz et a l, 1999) and in states of non-malignant 

thrombocytopenia (Koh et a l, 1999). These observations may be explained in the 

following way. If the stimulus that produces chronic thrombocytosis causes the 

chronic stimulation of the marrow to overproduce platelets one would expect an 

elevation in the reticulated platelet count assuming that the marrow is never fully 

able to adjust to this demand. This stimulus may be considered of similar magnitude 

to the stimulus of thrombocytopenia produced by endotoxaemia and disorders such 

as ITP and aplastic anaemia. The finding that reticulated platelets are not increased in 

patients with venous or arterial thrombosis would suggest that the stimulus to the 

marrow (presumably the fall in platelet count) is not sufficient to increase the number 

of platelets produced. This would suggest that in ACS, although a fall in platelet 

count is seen this does not constitute a large enough stimulus to increase the rate of 

platelet release from the marrow and hence the reticulated platelet counts. Since it is 

thought that the controlling mechanism involves conservation of platelet mass, 

platelet volume increases to compensate for this unbalanced drop in platelet count. 

The larger the fall in platelet count the larger the necessary increase in MPV, as 

demonstrated by the increase in platelet volume in the UA patients who have the 

lowest platelet counts. Against this theory is the fact that the various conditions 

mentioned above have different aetiologies and a fall in platelet count is not common 

to all of these conditions. Indeed the ability of aspirin to normalise the reticulated 

platelet counts in patients with chronic thrombocytosis and acute thrombosis may 

reflect the effect of aspirin on another stimulus such as inflammation as opposed to 

its effect on platelet count. Thus in this study of ACS it can be concluded that there 

are no differences in platelet production as measured by reticulated platelet counts. 

This would suggest that the increases in MPV in ACS compared with controls are
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therefore not due to an increase in the number of young, large platelets in the 

circulation.

Taken together these findings show that ACS is accompanied by an increase in MPV 

and overall platelet activation and function. These changes are not explained by an 

increase in platelet production but reflect the strictly regulated balance between 

platelet count and platelet volume. The novel finding of differences in platelet size, 

activation and function between patients with UA and MI in the absence of 

differences in platelet production would suggest that subtle differences exist between 

the mechanisms that control platelet physiology in these conditions.

6.5 TPO, IL-6 and IL-11 levels

In order to investigate the factors that may control platelet behaviour in ACS, TPO, 

IL- 6  and IL-11 were measured as they constitute the most likely candidates involved 

in the control of platelet production in humans (see introduction. Section 1.9.2. p36). 

The finding that TPO levels were elevated in patients with ACS compared to normals 

suggests that factors other than platelet mass are involved since platelet mass was not 

significantly different between the two groups. A previous model of endotoxaemia- 

induced platelet consumption in humans showed an increase in TPO as well as 

reticulated platelet counts (Stohlawetz et al, 1999). Thus, it may be that the increase 

in TPO levels is in response to the fall in platelet count in ACS rather than the 

platelet mass (which remains the same). In the present studies the difference in 

platelet counts between MI and UA is larger than the difference between ACS and 

controls, however no significant difference in TPO levels between UA and MI were 

observed. Thus, neither the differences in platelet count nor mass would seem to 

explain the finding of elevated TPO levels in ACS. An alternative explanation is that 

elevation in TPO is as a result of the disease process itself superimposed on a 

mechanism that normally inversely relates TPO levels to platelet mass. The existence 

of an inverse relationship between platelet counts and TPO levels in ACS, rather than 

a direct relationship, may also indicate that TPO may be involved in the control of 

platelet volume, since MPV increased in parallel with TPO levels. This relationship 

is, however, lost when UA and MI are considered separately. The difficulties in 

finding a sole explanation for the differences in platelet parameters and TPO levels
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suggests that the process controlling these changes is extremely complicated and may 

involve several factors.

Although circulating TPO levels have not been measured in ACS, they have been 

recorded in other conditions including inflammatory bowel disease (Kapsoritakis et 

al, 2000), haemodialysis patients (Altun et al, 1999), liver cirrhosis (Ishikawa et al,

1998), endotoxaemia (Stohlawetz et a l, 1999), post trauma (Hobisch-Hagen et al, 

2000), infection (Colarizi et al, 1999) and in various haematological conditions 

(Hellstrom-Lindberg et a l, 1999; Marsh et al, 1996; Kinder et a l, 1998; Shinjo et 

al, 1998; Tomita et al, 2000; Vadhan-Raj, 2000). Although these data generally 

support the concept that TPO levels increase in response to decreases in platelet 

count, diseases such as inflammatory bowel disease are associated with elevated 

TPO levels in the absence of a fall in platelet count. Indeed it has been shown that 

TPO behaves as an acute phase reactant in acute thrombocytosis (Cerutti et al,

1999). This information therefore indicates that TPO levels or platelet counts cannot 

always be predicted using the theory of conservation of platelet mass and is in 

keeping with the suggestion that the process of platelet production is highly regulated 

and likely to involve a combination of factors and possibly different mechanisms.

Consistent with previous reports IL- 6  levels were found to be elevated in ACS 

compared to controls (Biasucci et a l, 1996; Biasucci et a l, 1999a; Mazzone et al,

1999). Since EL- 6  is known to have megakaryopoietic effects and that the elevation 

in EL- 6  in MI compared to UA paralleled the increase in platelet counts, it can be 

argued that IL- 6  levels are controlling platelet counts in these patients. However no 

direct correlation was seen between IL- 6  levels and platelet counts for UA, MI or 

ACS combined. Indeed there was a tendancy for a negative association between IL- 6  

levels and platelet counts.

The finding of increased IL- 6  in ACS is also consistent with the notion of an 

inflammatory process in ACS (Biasucci et a l, 1999a; Biasucci et a l, 1999b; 

Biasucci et a l, 2000). Since IL- 6  has been shown to have a direct effect on platelet 

activation in vitro (Oleksowicz et a l, 1995), the finding that IL- 6  is elevated in ACS 

compared with controls and that platelet activation status is higher in ACS compared 

to controls suggests that the mechanism for this difference in platelet function may in 

part be attributable to the differences in IL- 6  levels. Although no direct correlation
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was found between IL- 6  levels and P-selectin expression, the involvement of IL- 6  in 

a complex process controlling platelet function cannot be excluded. It is possible that 

the increase in TPO in these patients may be the consequence of the inflammatory 

response per se. If this was the case a hitherto unidentified transcriptional control 

mechanism could be responsible for changes in TPO levels in addition to the well- 

described mechanism based on platelet mass, however this proposal is highly 

speculative. Since TPO has been shown to prime platelets in vitro (Ezumi et al, 

1995; Fontenay-Roupie et al, 1998; Kojima et a l, 1995; Rodriguez-Linares & 

Watson, 1996) these results also suggest that an increase in P-selectin expression 

may occur as a result of the action of TPO on platelets.

6.6 Polymorphisms in the TPO and IL-6 genes and the relationship 

to circulating levels in ACS

Ever since the discovery of genetic polymorphisms a multitude of candidate genes 

have been carefully studied to establish a relationship between these subtle variations 

in genotype and the risk of developing coronary artery disease and its sequelae. 

Genetic polymorphisms in virtually all aspects of the components that contribute to 

thrombosis and regulators of endothelial function in coronary disease have been 

identified (reviewed by Murata et a l, 1998). Conflicting reports of the association 

between these polymorphisms and coronary events has meant that little data exists to 

suggest that one polymorphism by itself is a causative factor. This therefore suggets 

that the genetics of coronary artery disease is multifactorial with a sequence of events 

that may be determined by several different genes leading ultimately to coronary 

artery disease and its sequelae. Thus the findings between different study populations 

may differ considerably due to the baseline genetic variation between the populations 

and the differences in environmental factors. This may explain why the relationship 

found between the 4830C>A and 5713A>G polymorphism in the TPO gene and risk 

of MI in young Swedish and Italian males respectively was not reflected in changes 

in TPO levels in this study population. In contrast associations were found between 

the 1796C>T polymorphism and platelet volume as well as P-selectin expression 

although not between this polymorphism and circulating levels of TPO. Similarly, 

the 5713A>G polymoprhism was associated with increased platelet counts and 

decreased P-selectin expression but again no relationship was demonstrated between 

this polymorphism and circulating levels of TPO.
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No associations were found between the rare allele of the TPO and IL- 6  

polymorphisms and clinical diagnosis. Comparison of the ACS group as a whole to 

the large number of normal patients from the NPHSn also failed to show a statistical 

difference in rare allele frequency. Taken together with the phenotypic data above, 

this would suggest that these polymorphisms in the TPO and IL- 6  genes are not 

determinants of pathogenesis in ACS. The small sample size of the current study 

limits the number of conclusions that can be drawn but the data do suggest that an 

association between the 1796C>T and 5713A>G polymorphisms in the TPO gene 

and platelet count, volume and activation status exists. Since the polymorphisms do 

not cause a change in the circulating levels of TPO they well be linked to other loci 

that control these parameters or may confer some conformational change on the TPO 

molecule that then interacts with platelets or their production. A study to recruit 

larger patient numbers is in progress so that the interaction between these genotypes, 

diagnosis, TPO levels and platelet parameters can be studied in greater detail.

6.7 Platelet parameters and plasma levels of thrombopoietic factors

The finding of a negative correlation between platelet mass and count and circulating 

TPO levels in the MI and ACS groups of patients is in agreement with data from 

other studies that have looked at these parameters in other diseases (Colarizi et al, 

1999; Hobisch-Hagen et al, 2000; Ishikawa et a l, 1998). This finding is therefore in 

keeping with the theory that circulating TPO levels are governed by platelet mass 

and demonstrates for the first time that this mechanism exists in patients with ACS. 

The relationship between TPO levels and platelet volume was quite different 

between UA and MI although this only reached statistical significance in UA. It is 

difficult to explain why in UA there is a negative correlation between TPO and MPV 

whereas in MI a trend to a positive association was seen. A possible explanation is 

that since a balance between platelet production and consumption determines the 

nature of circulating platelets at a given instant, then the relationship between MPV 

and TPO levels is complicated by the state of this dynamic process. Thus on the one 

hand whilst an increase in TPO levels leads to an increase in platelet size, on the 

other the increase in platelet size leads to an increase in TPO bound to platelets and 

hence an overall fall in TPO levels. Thus interpretation of these correlations in the 

setting of a very complicated system requires caution in the conclusions drawn.
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IL- 6  levels were negatively correlated with platelet mass and count across all groups 

of patients. Since IL- 6  production is governed by factors other than the circulating 

platelet counts (Geisterfer et al, 1993) then this finding would tend to suggest that 

IL- 6  inhibits platelet production in patients with ACS. Indeed the observation that 

IL- 6  levels are elevated in ACS patients compared with normals whilst platelet 

counts are lower is in keeping with these correlations. Also the finding of a positive 

association between IL- 6  levels and platelet volume may be linked to the decrease in 

platelet counts in UA compared to MI and the increase in MPV. However this cannot 

totally explain the differences in platelet parameters between UA and MI since IL- 6  

levels were higher in the MI than the UA patients. Nonetheless these findings 

suggest that IL- 6  may well be involved in the control of platelet behaviour in ACS 

patients and is studied further using the in vitro model of platelet production 

described in the next chapter.
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PART III 

THE ROLE OF TPO, IL-6 AND 

IL-11 ON PLATELET 

PRODUCTION IN VITRO
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Chapter 7 

Introduction to in vitro studies

96



In order to study the direct effect of TPO, IL-11 and IL- 6  on platelet production, a 

human model of platelet production was developed. Initially this involved the culture 

of human megakaryocytic progenitor cells that were purified from umbilical cord 

blood collected from Caesarean births in a liquid culture system. However it became 

evident from preliminary experiments that this system lead to a poor yield of 

platelets compared to in vivo and was an oversimplification. Furthermore another 

group published data at this time using a similar system demonstrating no effect of 

TPO and IL- 6  on platelet production (Norol et a l, 1998). Therefore the system was 

modified to examine platelet production in an environment that included bone 

marrow endothelial cells and also allowed the migratory processes involved in 

platelet production to be studied (bi-compartmental system).
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Chapter 8

Materials and Methods for in vitro studies
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8.1 Materials
8.1.1 Plasticware

Transwell Co-culture inserts and plates

All other tissue cultureware was from Falcon,

FITC conjugated anti-CD34^ (HPCA-2) 

FITC conjugated anti-CD61 (Y2/51)

FITC conjugated sheep anti-mouse IgG 

FITC conjugated anti-E-selectin 

PE-conjugated anti-CD62P (CLB-thromb/6 ) 

PE-conjugated isotype control 

CD34^ cell isolation kit 

CD61^ cell isolation kit 

MACs separation columns MS^

8.1.3 Other reagents

Ficoll Histopaque

Heparin

Propidium iodide 

Fluosphere beads

Coming Costar

8.1.2 Kits & Antibodies

FITC-conjugated anti-^4. niger glucose oxidase Dako Ltd., UK

Becton Dickinson, UK 

Dako Ltd., UK 

Dako Ltd., UK 

Dako Ltd., UK 

Immunotech, UK 

Immunotech, UK 

Miltenyi Biotec, USA 

Miltenyi Biotec, USA 

Miltenyi Biotec, USA

Pharmacia Biosystems Ltd., UK 

Leo Laboratories Ltd., UK 

Sigma Chemical Co., UK 

Molecular Probes, Oregon, USA

Other chemicals were at least at analytical grade and were purchased from Sigma 

Chemical Co., or BDH.
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X-vivo 15 was purchased ready made from Biowhittaker, Maryland.

GM-CSF, TPO, IL-6 and IL-11 were purchased from Insight Biotechnology, 

Abingdon, UK. IL-ip, SDF-1 and VEGF were purchased from R&D Systems 

Europe, Ltd. All other tissue culture media and supplements were purchased from 

Gibco BRL, UK.

8,1,4 Cell culture Media

Unless otherwise indicated, all media were stored for up to one month at 4°C and 

warmed to 37°C prior to addition to the cells.

Culture medium for CMK cells: RPMI 1640 supplemented with 10% FCS, 2 mM 

glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml 

amphotericin B.

Culture medium for M07e cells: a-MEM supplemented with 10% FCS, 2 ng/ml 

GM-CSF, 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 

pg/ml amphotericin B.

Culture medium for UT-7/c-mpl cells: a-MEM supplemented with 10% FCS, 2mM 

glutamine, 0.5 mg/ml G418 sulfate and 2 ng/ml GM-CSF.

Plasma-containing culture medium for CD34^ cells (MK medium Al: Iscove’s 

modified Dulbecco’s medium (IMDM) supplemented with 2 mM glutamine, 2 

mg/ml L-asparagine, 1 mM sodium pyruvate, MEM non-essential amino acids, 

MEM vitamins, 0.1 mM monothioglycerol, 100 U/ml penicillin, 0.1 mg/ml 

streptomycin, 0.25 pg/ml amphotericin B, 0.2% (w/v) bovine serum albumin 

(Fraction V, sterile filtered Sigma # A8412) and 10% human cord blood plasma. This 

medium was made weekly.

Plasma free culture medium for CD34^ cells (MK medium B): Iscove’s modified 

Dulbecco’s medium (IMDM) supplemented with 2 mM glutamine, 2 mg/ml L- 

asparagine, 1 mM sodium pyruvate, MEM non-essential amino acids, MEM 

vitamins, 0.1 mM monothioglycerol, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 

0.25 fig/ml amphotericin B, 0.2% (w/v) bovine serum albumin (Fraction V, as above) 

and 20 ng/ml TPO. As per formulation of Debili et al (1995).
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Plasma-free culture medium for CD34^ cells (MK medium CV X-vivo 15 

supplemented with 2 mM glutamine, 50 U/ml penicillin, 0.05 mg/ml streptomycin 

and 0.1 pg/ml amphotericin B.

Culture medium for HBME-1 cells: DMEM containing 10% fetal bovine serum, 100 

U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 pg/ml amphotericin B.

8,1,5 Solutions fo r  cell harvesting and staining

All solutions were stored at 4°C for up to one month unless otherwise stated.

Buffer A: PBS (Ca^  ̂and Mg "̂ -̂free) containing 0.5% BSA (Fraction V prepared by 

cold alcohol precipitation Sigma # A4503) and 2 mM EDTA

Cell collection from bi-compartmental svstem: Buffer A and 1 ng/ml Prostaglandin I2 

(added freshly before cell harvesting).

Cell surface marker staining solution: PBS containing 1% (w/v) BSA (Fraction V 

prepared by cold alcohol precipitation Sigma # A4503).

Stock fixative: 8 % (w/v) paraformaldehyde in PBS, titrated to pH 7.4 with NaOH.

DNA staining solution: PBS containing 2 mM MgCb, 0.2% (w/v) BSA, 0.05% (w/v) 

saponin, 0.05 mg/ml propidium iodide, freshly made.

8.2 Cell culture

8.2.1 CMK cells

CMK is a megakaryocytic cell line derived from a Down's syndrome patient 

suffering from acute megakaryoblastic leukaemia (Sato et a/., 1989). CMK cells can 

undergo further MK differentiation after stimulation with phorbol esters, and in 

addition they express the TPO receptor, c-mpl (Kaushansky et a l, 1994). CMK cells 

were routinely maintained at 37°C in culture medium under 5% CO2 / 95% air in a 

humidified incubator. Cells were subcultured every 3-4 days to maintain exponential 

growth.

8.2.2 UT-7/mpl cells

UT-7 is a human megakaryoblastic leukaemia cell line with absolute dependence on 

IL-3, GM-CSF, or EPO (Komatsu et al, 1991) for growth and survival. In addition,
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it undergoes MK differentiation after stimulation with phorbol esters. UT-7/mpl cells 

were derived from parental UT-7 cells by transduction of c-mpl in the laboratory of 

Dr. W. Vainchenker (Goncalves et al, 1997). These cells behave like UT-7, but they 

can also proliferate and differentiate in the presence of TPO. A clone expressing 

intermediate levels of c-mpl (UT-7/mpl 5.1) was chosen to study the effects of TPO 

on migration. UT-7/mpl cells were maintained in exponential growth in culture 

medium containing 10 ng/ml of GM-CSF under 5% CO2 / 95% air in a humidified 

incubator. Cells were subcultured every 3-4 days. To induce megakaryocytic 

differentiation cells were washed free of GM-CSF and grown with 20 ng/ml TPO 

(Insight, UK) for various periods of time as previously described (Hong et al, 1998).

8.2.3 M 07e cells

M07 is a human leukaemic cell line with myeloid and megakaryocytic features 

(Avanzi et al, 1988). The majority of M07 cells express platelet glycoproteins 

(GPIb and GPUb-IUa). They are negative for glycophorin A. The M07e cell line is a 

subline of M07 that in addition to the glycoproteins mentioned above also expresses 

c-Mpl and proliferates in response to TPO (Tortolani et a l, 1995). M07e cells were 

maintained in exponential growth in culture media containing 10 ng/ml GM-CSF 

under 5% CO2 / 95% air in a humidified incubator. Cells were subcultured every 3-4 

days. To induce megakaryocytic differentiation cells were washed free of GM-CSF 

and grown with 20ng/ml TPO (Insight, UK) for various periods of time as previously 

described.

8.2.4 HBME-1 cells
HBME-1 is a transformed cell line derived from normal human bone marrow (Lehr 

& Pienta, 1998). They express many of the adhesion molecules found on normal 

bone marrow endothelium including von Willebrand factor, CD 11a, CD 18, LFA-1, 

VLA-4, CD29, P-selectin, E-selectin, CD31, CD106, CD54, CD102, CD50, CD44, 

and vimentin. They behave in a similar way to normal endothelial cells when 

exposed to extracellular matrix proteins. Cells were grown in DMEM containing 

10% FBS and 100 U/ml each of penicillin and streptomycin and 25pg/ml 

amphotericin B. Medium was changed on alternate days. To maintain exponential 

growth cells were trypsinised and seeded at a density of 2500 cells/cm^ when they 

reached 80% confluency. Cells were discarded after 5 passages.
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8.2,5 Purification and culture o f  CD34^ progenitor cells

Human umbilical cord blood, obtained from scheduled Caesarean births, was 

collected into preservative-free heparin (50 U/ml final concentration). One part of 

blood was diluted with two parts Dulbecco's PBS containing with 0.5% BSA and 5 

mM EDTA, pH 7.2. Twenty ml of diluted blood was layered over an equal volume 

of Ficoll Histopaque (p = 1.077 g/ml), and centrifuged at 400 g for 30 min at room 

temperature in a 50 ml Falcon tube. Light-density mononuclear cells were collected 

from the interfaces and washed twice in PBS containing 0.5% BSA and 5 mM 

EDTA. CD34^ cells were recovered from low-density cells using immuno-magnetic 

beads (Miltenyi Biotec). Briefly, cells were labelled with a primary Ab against CD34 

(QBEND/10), followed by an anti-mouse IgG conjugated to colloidal super para 

magnetic MACS microbeads. The cells were then loaded onto a MiniMACS 

separation column under a magnetic field. The labelled cells were trapped in the 

MiniMACS column and the unlabelled cells were removed by washing with 1 ml of 

Buffer A. The MiniMACS column was then removed from the magnetic field and 

the positively labelled cells were eluted from the column with 1 ml of buffer A. 

Normally, this procedure was repeated once more. Purity of the recovered cells was 

checked by flow cytometry, utilising the MoAb HPCA-2 that recognises a separate 

epitope of the CD34 molecule. This Ab was added together with QBEND/10. 

Purification of CD34^ cells is schematically represented in Fig. 8.1.
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Figure 8.1 Purification of CD34 cells from light density mononuclear cell 
suspension
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8,2,6 Purification o f  MKs from liquid cultures

CD34^-enriched cells were stimulated to form MKs in a liquid suspension culture 

similar to that described by Mazur et ah, in 1990. CD34^ cells were plated at 0.1 -  

0.2 X 10̂  cells/ml in MK medium as described in section 7.2.5, plus 10% cord 

plasma and TPO at a concentration of 20 ng/ml. Human cord plasma was prepared 

from cord blood obtained from Caesarean sections. The beparinized blood was 

immediately centrifuged at 1800 g for 20 min at 4°C. A second centrifugation at the 

same speed was performed to remove any residual cells. The plasma was stored in 

aliquots of 2 ml at -20°C and used within 4 months.

Cells were incubated in 24-well tissue culture plates (Falcon). After seven days, 

cultures were transferred to fresh culture wells and diluted 1 :1  with fresh medium. 

Purification of MKs from these cultures took place on day 12. PGI2 . was added to the 

cultures at a concentration of 2ng/ml prior to spinning at 300g and 21°C for 10 

minutes. Cells were resuspended in 80 pL of PBS containing 1% BSA. To this 

suspension 20 pL of CD61 Microbeads (Miltenyi Biotec) were added and incubated 

at 8 °C for 15 minutes in the dark. Cells were then washed (5ml buffer A added and 

spun at 300g and 21°C for 10 minutes) resuspended in 0.5ml of Buffer A and passed 

through a MS^ separation column. The column was then washed with 1 ml of Buffer 

A to remove unlabelled cells. The labelled cells were then eluted from the column 

with 1 ml of medium having removed the column from the magnetic field. CD61 

labelling of the waste cells (unbound) and the cells removed from the column 

(bound) was performed. This showed that although cells from the column expressed 

a high percentage of CD6 l \  a considerable proportion still remained in the waste 

(unbound fraction-see results). The waste cells were therefore run through a fresh 

column to enhance the yield of CD61^ cells. Addition of more CD61 microbeads was 

found not to increase the yield of CD61^ cells from the first waste. Cells that had 

been positively selected from both columns were pooled together and resuspended in 

MK medium A at concentrations ranging from 0.2-1.0 xlO* cells/ml depending upon 

the experiment.
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8.3 Bi-compartmental culture system for megakaryocyte migration 

and platelet production

8.3.1 Experimental set-up

Transmigration experiments were carried out using a bi-compartmental system 

(Costar UK) consisting of a Transwell® chamber (upper compartment) inserted onto 

the well (lower compartment) of a 24-well tissue culture plate (see Fig. 8.2, page 

107). The bottom of the Transwell® insert is made of a porous polycarbonate 

membrane with pore sizes of 3 or 5 microns.

Media corresponding to the cell suspension with or without additional factors 

(depending upon the experiment) was added to the lower chamber to a volume of 

600pL. The cell suspension was then added to the upper chamber at a volume of 

lOOpL and the chamber placed into the well (lower compartment) to commence the 

experiment. These volumes were selected following preliminary experiments to 

ensure that there was no hydrostatic gradient between the upper and lower chambers 

that may influence the results. The whole migration chamber was then placed in a 

tissue culture incubator at 37°C and 5% CO2 for the duration of the experiment. The 

transmigration assay was terminated by removing the Transwell insert and collecting 

its contents into 1 ml PBS containing 0.5% BSA, 2 mM EDTA and 1 ng/ml PGI2 . 

Cells were collected from the bottom well in a similar fashion. Transmigration assays 

were performed in triplicate and samples pooled together for analysis.

Migration experiments were performed using either megakaryocytic cell lines or 

primary CD34^ derived cultures over short or long migration periods.

8.3.1.1 Cell lines

Prior to experiments cell lines were grown in culture for at least two weeks from the 

time of thawing and kept in exponential growth. Experiments were performed on 

cells that had reached a density of 0.5xl0^/ml. In order to test the effects of cytokines 

or serum cells were first washed twice in fresh medium. Washing was carried out by 

spinning the cells twice at 200g at 20°C. Cells were resuspended in fresh medium 

containing the required factors at a final concentration of l.OxloVml ready for 

seeding into the migration chamber.
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8.3.1.2 CD34^ cells

CD34^ cells were purified as mentioned above (section 8.2.5). Depending upon the 

experiment they were then resuspended in one of MK medium A, B or C at a 

concentration of 0.15xl0^cells/ml and grown on twelve well plates or T-25 flasks 

(Falcon). Different combinations of growth factors were then added to these cell 

suspensions to optimise the yield of megakaryocytic cells and platelets from the 

cultures (as described in the results section). After various periods of growth CD34^ 

derived cultures were seeded directly into the migration chamber without washing.

8.4 Migration through polycarbonate porous membranes

In these experiments haematopoietic cell suspensions were loaded directly into the 

upper chamber over the bare polycarbonate membrane.

8.5 Migration through HBME-1 cell monolayer

For transendothelial migration studies HBME-1 cells were seeded onto the upper 

compartment at a density of 2x10^ cells/cm^ 3 days prior to the addition of 

haematopoietic cells. Preliminary experiments demonstrated that at this seeding 

density HBME-1 cells became confluent within 48 h (see results). The integrity of 

the HBME-1 monolayer was tested by adding 1 p-diameter fluorescent beads 

(FluoSpheres, Molecular Probes, Eugene, OR) to the upper compartment and 

counting by flow cytometry the number of beads collected in the lower compartment 

after 4 h. This technique also allowed the status of the monolayer to be checked 

whilst the transmigration experiment was in progress. Experiments were then 

performed as described already in the previous section.
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Figure 8.2 Diagram of bi-compartmental migration system
The cell suspension is added to the polycarbonate insert (top compartment) that has 
been seeded with endothelial cells. This is then inserted into the well o f the culture 
plate (bottom compartment) that already contains medium. Preliminary experiments 
demonstrated that addition o f 1 OOpL of cell suspension to the top compartment and 
600pL of medium to the bottom compartment avoided a hydrostatic effect. After the 
migration period the top compartment is removed from the tissue culture plate and 
cells from the top and bottom compartment harvested for analysis.
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8.6 Flow cytometry

8.6.1 Flow cytometric analysis o f  M K antigen expression in cell lines

Megakaryocytic phenotypic differentiation was monitored by flow cytometry using a 

fluorescein isothiocyanate (FITC)-conjugated MoAb Y2/51 that recognises the 

human glycoprotein GPIIIa (CD61). Cells (1-2 x 10 )̂ were harvested by 

centrifugation at 200g for 5 min, washed with ice cold PBS containing 1% BSA and 

then incubated in 0.1 ml PBS/1% BSA with a 1:20 dilution of Y2/51 FITC- 

conjugated Ab for 1 hr at 4°C. Subsequently, the cells were washed twice with PBS 

and finally resuspended in 1 ml PBS. Antigen expression was determined using a 

FACScan instrument connected to an Apple Macintosh G3 personal computer. Data 

were recorded and analysed using the Cellquest software programme (Becton 

Dickinson). Light scatter parameters were used to eliminate dead cells. Relative 

antigen expression was estimated on live cells using the median fluorescent intensity. 

An isotype matched FITC-conjugated Ab raised against A. niger glucose oxidase was 

used as a negative control.

8.6.2 Flow cytometric analysis o f  MKs and platelets from liquid 

cultures o f  CD34^ progenitor cells

Platelet and antigenic expression together with MK ploidy were measured by a 

double-staining technique (Erusalimsky and Martin, 1996). Cells harvested from the 

migration chamber or taken from cultures directly were washed once with PBS/1% 

BSA. The cells were incubated in 0.1 ml PBS/1% BSA with a 1:20 dilution of FITC- 

conjugated Y2/5I anti-human GPIIIA MoAb for Ih. An isotope matched FITC- 

conjugated Ab raised against A. niger glucose oxidase was used as a negative 

control. Subsequently the cells were washed with ice cold PBS and centrifuged at 

1500 g for 5 min. The cells were then resuspended with I ml of 0.5% 

paraformaldehyde in PBS and kept on ice for I hr. The paraformaldehyde was 

diluted with 5 volumes of cold PBS and the cells were centrifuged at 1500g for 5 

min. The pellets were finally resuspended in 1 ml of DNA staining solution (see p 

100) and left overnight in the dark. All the procedures described above were 

performed at 4°C. Prior to fixation each centrifugation step was carried out after 

I ng/ml PGI2 was added to the cell suspension in order to prevent activation.
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Cells were analysed using a FACScan flow cytometer. Data were recorded and 

analysed using the Cellquest software programme. The set-up of this machine is 

summarised in Fig. 8.3. Briefly, the instrument was set for the measurement of 

forward and side scatter and the analyser threshold adjusted on the forward scatter 

channel (FSC) to exclude subcellular debris. Green (FITC) and red (PI) fluorescence 

of each cell was detected using the FLl and FL3 channels respectively. Overlaps 

between emission spectra were corrected electronically. Cells stained with PI alone 

were used to correct for spillage of the red fluorescence signal into the green 

fluorescence detector. The sample stained with the two fluorochromes was used to 

correct the spillage of green fluorescence into the red fluorescence detector. To 

identify the platelets in the culture instrument settings were adjusted using human 

washed platelets as a reference. In figure 8.3A, region R1 was defined by running 

CD61^-FITC labelled human platelets in the flow cytometer. Particles from the 

cultures falling within this region were then analysed for CD61^-FITC expression 

relative to the negative control (Fig. 8.3B). A separate region, R2, containing cells 

was identified based on forward scatter characteristics (Fig. 8 .3A) and FL3 (PI) 

fluorescence (Fig. 8.3D). Cells falling within this region were again identified 

according to their expression of CD61^-FITC expression relative to cells labelled 

with the FITC-control Ah (Fig. 8.3C). Cells falling within R2 that expressed CD61^ 

were then analysed according to their ploidy distribution as measured by red (PI) 

fluorescence on the FL3 channel (Fig. 8.3D). Each sample was analysed for 30 

seconds at ‘high flow’ during which time all events were collected. The high flow 

setting on the flow cytometer was calibrated to process 1 pL of cell suspension per 

second.
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Figure 8.3 Analysis of CD34 derived cultures according to CD61 expression 
and ploidy class.
A R1 identified based on human platelet gate (see text). R2 identified by cell size and 
FL3 (PI) fluorescence. B & C R1 and R2 analysed according to CD61 expression. 
The grey overlay shows the fluorescence obtained from cells stained with the 
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that allow the quantification o f events according to fluorescence but are specific to 
each plot.
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8.6.3 Quantification o f  cell migration

In experiments involving CD34^ cultures and purified MKs, cells were double 

labelled as described above prior to quantification. In experiments involving M07e 

and UT-7/mpl cells, quantification was performed without prior labelling. In 

experiments involving CD34^ cultures or purified MK, analysis gates were 

established to assess the migration of different cell subpopulations. In each case the 

proportion of cells migrating was calculated by dividing the number of cells that 

were recorded from the lower compartment by the sum of the cells recorded from 

upper and lower compartments and expressed as a percentage. Regular checks were 

made to ensure that the volume of cells processed by the FACScan instrument during 

the 30 seconds acquisition period remained constant for all experiments. In some 

experiments results obtained by flow cytometry were verified by haemocytometric 

cell counting.

8.6.4 Measurement o f  particle size
An important part of this work involves the measurement of platelet size. For the in 

vivo work, commercially available cell counters were used to measure MPV using an 

impedance technique. This technique involves the calibration of the measuring 

apparatus to count the number of cells passing through an electronic aperture based 

on their size. However this technique was not capable of measuring particle size 

from the cultures for two reasons. Firstly the concentration of cells in the cultures 

was too low for accurate counts using clinical settings and secondly the cultures 

produce a lot of debris of a size similar to platelets that would have been counted by 

the equipment. The ideal counter would have combined a flow cytometer and coulter 

cell to allow the measurement of size of fluorescently labelled particles. However 

this equipment was not available. Therefore, forward scatter as measured by the flow 

cytometer was used as a measure of particle size. This had the advantage of allowing 

the measurement of discrete populations of cells based on fluorescent Ab labelling. 

However, the measurements produced by the flow cytometer were in arbitrary units 

and relied on the light scatter characteristics of the cells under investigation. These 

cells (in particular platelet-like particles) have the ability to change shape and surface 

characteristics (eg when activated) both factors that influence the light scatter 

characteristics of the cell. Thus measurements of forward scatter allow some idea of
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relative differences in size of cells but require careful interpretation based on the 

morphology of the cell surface.

8.7 Statistical analysis

An unpaired Students T-test was used to assess the statistical differences between the 

means of data sets using the Graphpad Prism software (version 3.0). Statistical 

significance was reached with p<0.05.
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Chapter 9 

Results of in vitro experiments
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9.1 Optimisation of bi-compartmental migration system

An important aspect of the bi-compartmental system was to ensure that migration 

experiments were carried out in the presence of a confluent endothelial cell 

monolayer. Seeding densities of HBME cells ranging from 2500 cells/cm^ to 50000 

cells/cm^ were evaluated for their ability to form a confluent monolayer after 72h 

that could then remain intact for a further 72h as was required in some of the 

migration experiments. The seeding efficiency of the transwell inserts was 

significantly lower than of the tissue culture flasks (45% in the transwell inserts vs. 

87% in the tissue culture flasks). Migration of Fluosphere beads as described in 

methods was used to assess the confluency of the HBME monolayer. Seeding 

densities below 2 0 0 0 0 /cm  ̂ were found to be insufficient to produce a confluent 

monolayer after 72h in culture. Incubation periods greater than 72h were not suitable 

since this required a change of medium that could potentially disrupt the monolayer. 

Seeding densities greater than 20000 cells/cm^ achieved confluent monolayers at 

72h, however towards the end of a further 72h, cell death occurred. Figure 9.1 shows 

the results of Fluosphere migration experiments performed daily in the presence or 

absence of an HBME monolayer seeded at 20000 cells/cm^. Less than 0.1% of the 

beads added to transwells containing an endothelial cell monolayer migrate during 

the experimental period compared to approximately 2 0 % migration in the absence of 

a confluent endothelial cell monolayer. Endothelial cells were not detected by the 

flow cytometer in the lower chamber.
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Figure 9.1 Fluosphere bead migration in bicompartmental system.
Migration of fluosphere beads through the porous membrane o f the migration 
chamber in the absence or presence o f an endothelial cell monolayer assessed every 
24h. At each time point, beads were added to the upper chamber for a period of 4h 
before the final numbers were counted in the upper and lower chambers to calculate 
the % migration. The x-axis represents the period o f time elapsed after seeding the 
HBME cells on day 0.

9.2 M igration o f CM K , M 0 7 e  and UT-7/m pl cell lines

The migration o f CMK cells in the absence of an endothelial cell monolayer was first 

evaluated. CMK cells did not show a migratory response to the chemotactic factor 

SDF-1 used in doses ranging from lOO-lOOOng/ml and also failed to migrate in the 

absence o f serum (data not shown). Since it has been shown that megakaryocytic 

cells derived from CD34^ cultures respond to SDF-1 and also migrate in serum free 

conditions (Hamada et a i ,  1998), it was decided that these cells may not be a good 

model with which to study the migration of megakaryocytic cells and therefore two 

other cell lines were tested.
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The haematopoietic cell line M07e has previously been shown to undergo partial 

MK differentiation when cultured in the presence of TPO (Hirai et al., 1997). Figure 

9.2A shows that this cell line exhibits a strong migratory response towards the 

chemotactic factor SDF-1 when examined in a Transwell® bi-compartmental cell 

culture system (11.2% ± 0.8% with SDF-1 vs. 0.02% ± 0.002% in controls, 

p<0.005). Furthermore a response to SDF-1 was also observed when transendothelial 

migration through a HBME-1 cell monolayer was examined (2.6% ± 0.4% with 

SDF-1 vs. 0.6% ± 0.09% in controls, p<0.05. Fig. 9.2A). Figure 9.2B shows that 

prior exposure of M07e cells to TPO resulted in a significant decrease in the SDF-1- 

induced transendothelial migration when compared to cells grown in GM-CSF (0.7% 

± 0.08% vs. 2.6% ± 0.3%, p<0.05. Fig. 9.2B). These results suggest that 

megakaryocytic differentiation inhibits SDF-1-induced migration.

To evaluate whether the TPO-induced inhibition of transendothelial migration 

occurred in other megakaryocytic cells this effect was studied in UT-7/mpl cells. 

Figure 9.3A shows that in contrast to M07e cells, UT-7/mpl cells do not respond to 

SDF-1, but nevertheless display a strong transendothelial migratory capacity (11.1% 

± 0.01% with HBME-1 cells vs. 2.07% ± 1.0% without HBME-1 cells, p<0.005). 

The lack of effect of SDF-1 on this cell line was observed over a range of 

concentrations (lOO-lOOOng/ml, data not shown). However, as with M07e cells there 

was a marked decrease in transendothelial migration when UT-7/mpl cells were pre

treated with TPO (7.4% ± 0.4% with TPO vs. 11.1% ± 0.01% in controls, p<0.05. 

Fig. 9.3B). Thus, the TPO-induced inhibition of migration was a common feature of 

SDF-l-responsive and non-responsive megakaryocytic cell lines.
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Figure 9.2 TPO-induced differentiation of M07e cells impairs SDF-1 
stimulated transendothelial migration.
A Migratory characteristics of M07e cells. B Effect of TPO pre-treatment on 
transendothelial migration. Cells were grown for 4 days in the presence of GM-CSF 
or TPO as indicated. Migration was carried out for 6  h with (+HBME-1) or without 
endothelial cell monolayer. Where indicated SDF-1 was added to the lower 
compartment as described under methods. Levels of significance are given by 
* p<0.05.
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Figure 9.3 TPO-induced differentiation of UT-7/mpl cells impairs 
transendothelial migration.
A Migratory characteristics of UT-7/mpl cells. B Effect of TPO pretreatment on 
transendothelial migration. Cells were grown for 4 days in the presence o f GM-CSF 
or TPO as indicated. Migration was carried out for 24 h with (+HBME-1) or without 
an endothelial cell monolayer as described in methods. Where indicated SDF-1 was 
added to the lower compartment. Levels o f significance are given by * p<0.05 and # 
p=ns.
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9.3 O ptim isation o f  M K production in vitro

9.3,1 Isolation o f  progen itor cells

An average o f 60ml o f cord blood (range=35-100ml) were collected from Caesarean 

births. Isolation o f CD34^ cells by immunogenic separation yielded 1.5x10^ cells 

(range=0.9 to 2.5 xlO^ cells, n=40) with a purity of 95 ± 4.5% after passing through 

two separation columns (Fig. 9.4 A and B).

A

B

10*

Ml

95%

10' 10= 
CD34

10* 10*

Figure 9.4 Purification of CD34 cells from cord blood

Flow cytometric analysis o f purity o f cells eluted from separation columns with 
respect to CD34^ labelling (QBENDIO) following first column (A) and second 
column (B). Purple curves represent fluorescence from cells labelled with the 
negative control Ab.

9.2.2 L iqu id  culture o f  p u rified  CDS4^ cells

In order to establish cell suspensions with a reproducibly high yield and purity of 

MKs, combinations o f media and growth factors were tested against each other as 

shown in Table 9.1.
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Table 9.1 Comparison between different MK media.

Results are mean ± SEM of three experiments

Experiment Culture
Medium Growth factors Cord

plasma

Fold 
expansion 

after 12 days

% CD6E after 
12 days

MK medium 
A TPO 20 ng/ml -1- 14.3 ± 1.2 70.6 ±5.7

1 MK medium 
B TPO 20 ng/ml - 15.8 ±2 .2 50.6 ± 4.3

MK medium 
C TPO 20 ng/ml - 22.3 ± 1.6 40.3 ± 6.7

MK medium 
B TPO 20 ng/ml - 14.0 ±4 .3 48.1 ±7 .8

2
MK medium 

B

TPO 20 ng/ml + IL-3 
1 ng/ml + SCF 50 24.1 ±6 .9 49.1 ±4.3

ng/ml

MK medium 
C TPO 20 ng/ml - 15.1 ±3 .2 40.3 ±5 .4

3
MK medium 

C

TPO 20 ng/ml + IL-3 
1 ng/ml + SCF 50 

ng/ml
- 26.5 ±5 .2 38.1 ±4 .3
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MK medium A contains human cord plasma whilst MK medium B is a serum free 

medium developed by Professor Vainchenker’s group for their experiments on MK 

production from CD34^ cultures (Debili et a l, 1995). MK medium C is a 

commercially available serum free medium used mainly for the in vitro expansion of 

lymphoid cells but also broadly for progenitor cells. A comparison was also made 

between the supplementation of TPO with IL-3 and SCF since these growth factors 

have also been shown to increase the expansion of CD34^ cells. Other factors such as 

IL- 6  and IL-11 were not included here since the main aim at this stage was to 

optimise the expansion and differentiation of the cultures before testing the effects of 

IL- 6  and IL-11.

In experiment 1, it can be seen that the serum free media (MK medium B and C) 

were as good if not better than plasma containing medium (MK medium A) at 

expanding the CD34^ cultures. MK medium A produced cultures that had a higher 

purity of CD61^ cells compared to the two serum free media. In order to increase the 

number of CD61^ cells produced in the serum free cultures, the effects of adding IL- 

3 and SCF in addition to TPO were also tested. Although these additional cytokines 

increased the fold expansion of the cultures, the CD61^ purity remained low. MK 

medium A was therefore chosen for the purpose of this thesis since it produced 

cultures with the highest purity of CD61 expressing cells. Although the fold 

expansion obtained from serum free media could be enhanced with additional 

cytokines, the effect of these cytokines and the high proportion of CD61' cells in the 

cultures on the migration and platelet formation of the CD61^ cells was not known.

9.3,3 Cord variability

Variability of fold expansion and percentage CD61^ expression was seen using all 

three media throughout 24 months of experimentation. For example a representative 

sample of results from 15 separate cords grown in MK medium A demonstrated a 12 

to 18-fold increase (mean 15.3 ± 3.6, n=15) in cell numbers after 12 days exposure to 

20 ng/ml TPO. The percentage of CD61^ cells found within these cultures ranged 

from 41.3% to 81.6% (70.4 ± 15.8%, n=15). Since the experimental conditions were 

standardised (including the use of pooled human cord plasma), these differences can 

only have been the result of variations in the characteristics of the cells from the
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different cords. Due to this variability, direct comparisons are only made between 

experiments using cells grown from the same cord.

9.3.4 Purification o f  CD6Ü cells

As demonstrated in Fig. 9.5 after 1 column a highly enriched population of CD61^ 

cells was obtained (91.8 ± 5.8 %, n=6 ). However the yield of CD61^ cells recovered 

after the first column was only found to be 35.1 ± 10.4%, n=6 . As shown in Fig. 

9.5B a large proportion of the waste cells are still CD61^. For this reason, the waste 

cells were again run through the column to give a population of cells with a CD61^ 

purity of 81.5 ± 5.6%, n=6 . Overall combination of cells from the two columns 

would have produced a population of cells with approximately 8 6 % purity for CD61. 

The yield from combining the first and second columns would have increased to 50.1 

± 10.9%, n=6 . However since the aim was to produce a population of cells that were 

at least 90% CD61^, combination of cells from the two columns was not performed 

if it lead to a fall in purity below this level. Thus all experiments on purified CD61^ 

cells were conducted on cultures that were >90% pure. Several methods were tried to 

improve the yield of CD61^ cells from these cultures. These included passing the 

waste cells through another column, increasing the titre of CD61 microbeads, 

increasing the labelling time and decreasing the temperature at which labelling took 

place. Although some of these changes increased the final yield of CD61^ cells 

marginally, they all lead to a loss of specificity and were therefore abandoned.
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Figure 9.5 Purification of CD61 cells from CD34 derived cultures
C D 6T  labelling o f cells retained by the separation column (A & C) and those 
passing through the columns collected as waste (B & D). ‘COLUMN’ farctions 
represent cells that were bound whereas ‘WASTE’ fractions represent cells that were 
unbound.
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9.4 Establishment of standard operating procedures for the flow 

cytometric evaluation of in vitro MK and platelet production

Figure 9.6 shows the final flow cytometric analysis template displaying 

representative data from a MK liquid culture. As described in the methods section, 

the whole culture is analysed initially on a dot plot with a platelet gate derived from 

human blood superimposed (Fig. 9.6A). The data is then displayed on a dot plot of 

CD61 labelling against forward scatter to ensure that all the relevant data is being 

collected using the cytometer settings. Next, two further regions (R3 and R4) are 

identified on a dot plot of CD61 vs. PI labelling. R3 identifies the nucleated cells in 

the whole culture and is similar to R2 in Fig. 9.6A. Data from R3 is further analysed 

as a histogram of CD61 expression (Fig. 9.6E) to identify the CD61 positive events 

both as a percentage of all nucleated cells in the culture and as an absolute number of 

events collected in the 30 second sampling period to enable calculation of the actual 

number of cells present in the culture (see below). R4 identifies the region of 

nucleated cells that are CD61 positive and is established using the negative control 

data. Events in this region are plotted as a histogram of PI fluorescence to enable 

direct measurement of the ploidy distribution of the CD61 positive cells (Fig. 9.6F). 

Both absolute numbers and percentage distribution of cells falling into the 2n and 

greater than or equal to 4n ploidy classes were collected (markers Ml and M2 

respectively).
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Figure 9.6 Acquisition/analysis template for data collection from MK liquid 
cultures.
A D o t p lo t o f  fo rw a rd  vs. s id e  sca tte r. R1 is se t fro m  a h u m a n  p la te le t ga te ; R 2 is 
d ra w n  a ro u n d  la rg e  ce lls . B D o t p lo t o f  C D 61 (F L 2 ) vs. fo rw ard  sca tte r. C  D o t p lo t 
o f  C D 61 vs. PI s ta in in g  sh o w in g  R 3 c o n ta in in g  n u c le a te d  ce lls  an d  R 4 c o n ta in in g  
c e lls  th a t la b e lle d  w ith  C D 6 1 . D H is to g ra m  an d  d a ta  o f  fo r C D 61 R1 e v e n ts  (p la te le t 
g a te ) w ith  M l se le c tin g  C D 61 p o s itiv e  ev en ts . E  H is to g ra m  an d  d a ta  o f  R 3 ev en ts  
(n u c le a te d  ce lls )  w ith  M l se lec tin g  C D 61 p o s itiv e  e v e n ts . F H is to g ra m  and  d a ta  fo r 
PI o f  R 4 e v e n ts  (C D 61  p o s itiv e  n u c le a te d  c e lls )  sh o w in g  p lo id y  d is tr ib u tio n . 
E le c tro n ic  m a rk e rs  (M  0,1 &  2) a llo w  th e  c a lc u la tio n  o f  n u m b e r an d  p e rcen tag e  
e v e n ts  o c c u rrin g  w ith in  u se r-d e fin ed  re g io n s  o n  th e  p lo ts .
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The method for calculating the final cell numbers using this technique is shown in 

Appendix I, p239. The flow cytometer was used to count cells for several reasons. 

Firstly it allowed the rapid analysis of large numbers of cells. Secondly, it allowed 

the counting of populations of cells based on fluorescent Ab expression. This was 

particularly useful in the counting of platelet-like particles since their size 

approached that of debris produced by the culture that would otherwise have been 

counted using the haemocytometer or another form of electronic counter.

It was important to check the reproducibility and accuracy of this method. This check 

was carried out in two ways. Firstly the volume of cell suspension aspirated during a 

given acquisition time interval by the flow cytometer was measured regularly by 

weighing sample tubes of distilled water before and after several sampling periods. 

Although there was some variability in the volume aspirated on different days the 

mean for a given day was remarkably stable. For example for a 30 second acquisition 

time interval a mean of 29.3 ±0.1 pL, n = 6 , CV = 2% was achieved on one day. 

Since no comparison between absolute cell counts is made on different days, this 

daily variability has no effect on the results.

To ensure that accurate cell counts were being produced by the flow cytometer 

across different cell concentrations, this method was validated by comparing the 

counts obtained on the flow cytometer and those from a standard curve on a 

Neubauer chamber using CMK cells. An example of this is shown in Fig. 9.7 below.
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Figure 9.7 Verification of flow cytometric cell counts
Logio plot of representative cell count cell count obtained from the flow cytometer 
compared to manual haemocytometric counting. Hairline demonstrates the line of 
equivalence.

It can be seen from Fig. 9.7 that there is an excellent correlation between the two 

methods of counting cells.

Finally flow cytometer amplifier linearity was checked weekly using commercially 

available fluorescent beads (Immunobrite) according to manufacturers instructions. 

The flow cytometer underwent routine servicing twice yearly. No drift was 

encountered in the amplifier settings.

128



9.4 The effect of TPO on the migration of megakaryocytic cells in 

the bi-compartmental system:

Since M07e and UT-7 are transformed cells that do not undergo full megakaryocytic 

maturation it could be argued that the inhibitory effect of TPO pre-treatment on the 

migration of these cells is not physiologically relevant. In order to address this issue 

CD34^ normal human haematopoietic progenitor cells were isolated from umbilical 

cord blood and their migratory behaviour examined after culture with TPO for 12 

days. In agreement with previous findings (Bobik et al, 1998) at the end of this 

incubation period, 60-80% of the cells in the culture expressed the MK 

differentiation marker CD61, with 40-60 % of the CD61^ cells displaying ploidy 

values between 4-32n (data not shown). The migratory behaviour of the whole 12-

days culture, i.e. CD61^ and CD61 cells is shown in Fig. 9.8. Overall, whether

HBME-1 cells were present or not, the majority of cells migrating in this system 

were CD61', i.e. those that did not undergo megakaryocytic differentiation. Addition 

of SDF-1 to the lower chamber led to an increase in migration of all cells, although 

the effect was most pronounced for those that were CD6 l \  The presence of a 

HBME-1 cell monolayer significantly reduced the migration of both CD61^ and 

CD61" cells by approximately 50%.
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Figure 9.8 Comparison between the migratory potential of CD61 (non-MK) 
and CD61^ (MK) cells derived from CD34^ cultures.

CD34^ cells were cultured for 12 days in the presence of 20 ng/ml TPO. Migration 
was carried out for 24h with (+HBME-1) or without a bone marrow endothelial cell 
monolayer as described in methods. Where indicated SDF-1 was added to the lower 
compartment. Levels of significance are given by * p<0.05. Results are the mean ± 
s.e.m. of 3 experiments.
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In order to investigate whether an increase in the concentration of TPO during the 

final stages of MK maturation influenced migration, CD34^ cells were first pre

incubated with TPO for 8  days. At this stage there was a significant induction of 

CD61^ expression but no polyploidisation could be detected (data not shown). These 

partially differentiated cultures were subsequently co-cultured with HBME-1 cells in 

the Transwell® system for a further 4 days in the absence or presence of a high dose 

of TPO (lOOng/ml). Table 9.2 shows that the presence of TPO in the co-culture did 

not have a significant effect on the migration of CD61 cells. In contrast, this factor 

significantly reduced the proportion of CD61^ cell migration (13.9% ± 1.8% TPO- 

treated vs. 24.1% ± 1,8% untreated, p<0.05). Furthermore, ploidy analysis of the 

migrating cells revealed that the TPO-mediated inhibitory effect was more 

pronounced in the high ploidy (>4n) subpopulation (26.7% ± 1.95% with TPO vs. 

49.2% ± 5.3% without TPO, p=0.005). These results strongly suggested that TPO- 

induced terminal megakaryocytic differentiation is accompanied by a reduction in 

cellular migratory capacity. However, they did not rule out completely the possibility 

that TPO itself may promote migration of fully differentiated MKs.

In order to address this issue MKs were isolated from 12-day CD34^ cultures and 

their short-term migratory behaviour examined in the absence or presence of TPO 

under a variety of experimental conditions. As shown in Table 9.3 the presence of 

TPO had no effect on the migratory behaviour of MKs regardless of the presence of 

an HBME-1 monolayer, variation in pore size of the Transwell® membrane or the 

presence of the chemotactic factor SDF-1.
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Table 9.2 Migration of TPO-expanded CD34^ cells during co-culture with 

HBME-1 cell monolayers

Cell Cell migration (%)

NONE* TPO* P

Non MK (CD61') 3 8 .4 1 2 .6 3 3 .9 1 5 .9 0.6

A llM K s(C D 6r)* 24.1 ± 1.8 13 .9 1 1 .8 0.02

Small MK 

(2n)**
50 .8 1 5 .2 7 4 .3 1 1 .5 0.005

Large MK 

(>4n)**
4 9 .2 1 5 .3 2 6 .7 1 1 .9 0.005

CD34^ cells were expanded for 8  days in the presence of 20 ng/ml TPO and then 
co-cultured for a further 4 day period over an HBME-1 monolayer in the absence 
(NONE) or presence of lOOng/ml TPO (TPO). Results are the mean ± s.e.m. of 4 
experiments.
* values are depicted as a percentage of all CD6 T̂  cells in the culture 
** values are depicted as a percentage of CD61^ cells in the lower compartment
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9.5 Effect of IL-6 and IL-11 on MK production and migration

Since the in vivo effects of cytokines on MK production and migration may depend 

on the duration and timing of exposure to these factors, experiments were performed 

in three different ways in an attempt to reproduce these variables. In the first set of 

experiments CD34^ cultures were grown in the presence of either IL-6 , IL-II or TPO 

alone (Figure 9.9A) for a period of 12 days to establish the direct effects these 

cytokines may have on proliferation of the culture as a whole. In the second set of 

experiments the CD34^ cultures were all grown in the presence of TPO to which 

either IL- 6  or IL-11 were added to see whether there was a synergistic effect on 

proliferation between TPO and these cytokines (Figure 9.9B). As shown in Figure 

9.9A, neither the presence of IL- 6  or IL-I 1 in the cultures is by itself able to induce 

proliferation of the CD34^ cultures. TPO by itself lead to a 14-fold expansion of cells 

within these cultures. A small synergistic effect was seen between TPO and IL-11 in 

the expansion of these cultures (Figure 9.9B). The effect of TPO on expansion of 

these cultures would appear to be maximal between days 6  and 1 2 .
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Figure 9.9 Expansion of CD34^ derived cultures expressed relative to 
number of cells seeded on day 1 .
A Cultures grown in the presence of either TPO 20ng/mL, IL- 6  lOng/mL or IL-I I 
50ng/mL only. B All cultures grown in the presence of TPO 20ng/mL alone or with 
the addition of IL- 6  lOng/mL or IL-I I 50ng/mL at the time of seeding. Results are 
the mean ± s.e.m. of 4 experiments.
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These preliminary experiments established that since IL- 6  and IL-11 by themselves 

were not capable of expanding the CD34^ cultures, further experiments to test the 

effects of these cytokines on MK production and migration would also require the 

addition of TPO to all the cultures from the beginning. Experiments were performed 

in two ways in order to model the effects of exposure of the cultures to the cytokines 

from day 1 and also to examine the effects of a sudden exposure to these cytokines at 

a later maturational stage (day 8 ). These data are presented in Tables 9.4 & 9.5. 

Table 9.4 shows the results of the addition of all cytokines to the CD34^ cultures on 

day 1 whereas Table 9.5 shows the results of growing all cultures in TPO only for the 

first 8  days and then adding IL-6 , IL-11 or additional TPO at day 8 .
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Table 9.4 MK production in single compartmental system with early 

cytokine exposure

Treatment
Total cells 

(xlCf)

p count 
relative 
to TPO 

only

%MKs
No. MKs 

(x l0 ‘)

pM K  
relative 
to TPO 

only

Ploidy of MKs 
(%)

2n >4n

TPO 2.94 ±0.11 61 ± 0.6 1.82 ± 0 .014 65 35

TPO/IL-6 3.22 ± 0 .14 ns 60 ± 0.6 1.96 ±0.056 ns 63 37

TPO/IL-11 4.06 ±0.56 ns 64 ± 0.7 2.66 ± 0.07 ns 63 37

Effects of TPO (20ng/ml) alone or with either IL- 6  (20ng/ml) or IL-11 (50ng/ml) 
added on day 0 on the production and characteristics of CD34^ derived MKs after 12
days in culture. Results are the mean ± s.e.m. of 3 experiments.

Table 9.5 MK production in single compartmental system with late cytokine

exposure

Treatment
Total cells/ml p count 

relative 
to TPO 

only

%MKs
No. MKs pM K  

relative 
to TPO 

only

Ploidy o f MKs 
/0/\

(x l0 ‘) (xlO®)

2n >4n

TPO 5.6 ± 0 .56 75 ± 0 4.2 ± 0.42 75 25

TPO + IL-6 3.64 ±0.28 0.04 63 ± 0.6 1.82 ± 0 .14 0.03 62 38

TPO + IL-11 3.22 ± 0.56 0.04 59 ± 4.0 1.96 ± 0 .42 0.03 61 39

Effects of addition of TPO (20ng/ml), IL- 6  (20ng/ml) or IL-11 (50 ng/ml) to CD34^ 
derived cultures grown in TPO at day 8  on MK characteristics measured at day 12. 
Results are the mean ± s.e.m. of 3 experiments.
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Interestingly, the proliferation and differentiation of MKs within cultures exposed to 

the different cytokines from day 1 was similar with no statistical differences found 

between total numbers of cells, total number of MKs produced and nuclear ploidy 

distribution of the MKs (table 9.4).

However when the cytokines were added to the culture at day 8  significant 

differences between total number of cells and MKs produced by the cultures were 

seen (table 9.5). Cultures exposed solely to TPO underwent greater expansion in total 

cell numbers and increased production of MKs compared to cultures that had IL- 6  or 

IL-11 added. However the addition of TPO at day 8  also resulted in the production of 

cultures with significantly lower proportions of differentiated cells (25 ± 0.4 % MKs 

with ploidy >4n in TPO vs. 38 ± 0.6 and 39 ± 1.6 % respectively in TPO + IL- 6  and 

TPO 4- IL-11, p=0.0002 and 0.009 respectively).

Also when compared to cultures that had only been treated with TPO on day 0 (table 

9.4) there was a significant increase in the number of MKs produced by these 

cultures (1.82 ± 0.014 x 10̂  MKs in cultures treated only on day 1 vs. 4.2 ± 0.42 x 

10̂  MKs when TPO was supplemented on day 8 , p<0.05). This proportional loss in 

higher ploidy cells was also seen when compared to cultures that had only received 

TPO on day 0 (35 ± 3.4 % in TPO day 0 vs. 25 ± 0.4% in TPO supplemented day 8 ) 

although this difference did not reach statistical significance (p=0.08).

Having established that the timing of the addition of cytokines to the CD34^ cultures 

affected the characteristics of the cultures, experiments were performed in two ways 

to test the effects of these factors on migration of MKs in the bicompartmental 

system in the presence of an endothelial cell monolayer. In the first set of 

experiments, CD34^ cultures were grown from day 0 in the presence of the TPO 

alone or TPO with IL- 6  or IL-11 added. At day 8  the cells were washed and seeded 

into the top well of the bicompartmental system in cytokine-free medium (MK 

medium A). Cells in the top and bottom wells were counted at day 12 i.e. after 4 days 

in the bicompartmental system. No differences were seen either in the overall 

percentage migration of MKs or the ploidy of the migrating cells between the 

different cytokine combinations (data not shown).
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In order to establish whether TPO, IL- 6  or IL-11 may have any direct effects on 

migration, a second set of experiments were performed in which CD34^ cultures 

were grown in the presence of TPO only for a period of 12 days before seeding into 

the top well of the bicompartmental system. Experiments in which TPO, IL- 6  and IL- 

11 were then added to top and bottom chambers for a 24 h migration period failed to 

show significant differences in the percentage of MKs migrating (data not shown).
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9.6 The effect of TPO on platelet production in liquid cultures

Although it has been shown that TPO is necessary for the differentiation and 

proliferation of MKs, its role in the final stages of platelet production remains 

unclear. It has been reported that additional TPO in the late stages of MK maturation 

may impair platelet formation (Nagahisa et al, 1996). This provides an interesting 

conceptual challenge since in vivo TPO increases circulating platelet counts. Thus 

experiments in which CD34^ cultures that had been grown for 8  days in the presence 

of TPO (20 ng/ml) were then cultured for another 4 days either in the presence or 

absence of additional TPO (lOOng/ml) in a single compartmental system. The 

cultures were then analysed at day 1 2  for the presence of platelet-like particles as 

described in methods. A photomicrograph of proplatelet formation in culture is 

shown in Fig. 9.10. These experiments showed no difference in total platelet 

formation in the cultures that had received additional TPO at day 8  compared to 

those that had not (6.5 ± 0.3 xlO"̂  platelets in those with additional TPO compared to 

5.9 ± 0.4 xlO* in those that received no additional TPO, n=3, p=0.4). The size of the 

platelet-like particles as measure by the median forward scatter was not found to 

differ significantly between the two treatments although there was a trend to an 

increase in the median forward scatter in cultures that had received additional TPO 

(15.8 ± 1,34 arbitrary units for cultures receiving additional TPO vs. 14.5 ± 0.78 

arbitrary units for cultures without additional TPO).
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Figure 9.10 Proplatelet formation in CD34 cell liquid culture at day 12 using 
MK medium A.
Photomicrograph showing CD34^ cells grown in MK medium A in the presence of 
10 ng/ml TPO, viewed through a Zeiss Axiovert inverted microscope and a x40 
phase objective, photographed on Kodak ektachrome film.
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9.7 Effects of TPO, IL-6 and IL-11 on platelet size and number in 

liquid cultures

The effects of TPO, IL- 6  and IL-11 on platelet production in the single 

compartmental model of platelet production were studied using a similar protocol as 

described in the last section for the study of these factors on MK proliferation and 

differentiation. Briefly experiments were performed in two ways in an attempt to 

model prolonged or sudden cytokine exposure.

Table 9.6 Platelet production in single compartment system: effect of 

cytokine combinations

Treatment
Total platelets 

(xlO^)

p count 
relative to 
TPO alone

Number platelets 
/MK

Median
Forward
scatter

p size 
relative to 
TPO only

TPO 2.1 ±0.028 1.3 ± 0 .02 9.8 ± 0.4

TPO + IL-6 1.8 ±0.056 ns 1.2 ±0.001 10.4 ± 0 .2 ns

TPO + IL-11 2.8 ± 0.042 ns 1.8 ± 0 .02 15.9 ± 0 .8 0.009

Effects of TPO (20ng/ml) alone or with either IL- 6  (20ng/ml) or IL-11 (50ng/ml) 
added at day 0  on the production and characteristics of platelets derived from CD34^ 
cultures after 12 day. Results are the mean ± s.e.m. of 3 experiments.

Table 9.6 shows the effects of adding TPO, IL- 6  and IL-11 from day 0 of the CD34^ 

cultures on platelet production by these cultures. As shown there is no significant 

difference in the number of platelets produced when IL- 6  or IL-11 are added to the 

cultures. However a significant increase in the forward scatter characteristics of the 

platelet like particles is seen in those cultures that were treated with IL-11.

140



Table 9.7 Platelet production in single compartmental system: effect of 

individual cytokines

Treatment
Total platelets 

(xlO*)

p count 
relative to 
TPO only

Number platelets 
/MK

Median
Forward
scatter

p size 
relative 
to TPO 

only

TPO 2.8 ± 0 .14 1.2 ± 0 .0 4 14.2 ± 1.6

IL-6 1.96 ±0.07 0.02 1.3 ± 0 .04 10.5 ± 0 .3 ns

IL-11 2.66 ± 0 .14 ns 1.8 ±0.03 13.5 ± 0 .5 ns

Effects of addition of TPO (20ng/ml), IL- 6  (20ng/ml) or IL-11 (50 ng/ml) to CD34^ 
derived cultures grown in TPO added at day 7 on platelet-like particles measured at 
day 12. Results are the mean ± s.e.m. of 3 experiments.

Table 9.7 shows the results of experiments in which CD34^ cultures were grown in 

the presence of TPO only for the first 8  days at which point either additional TPO, 

IL-11 or IL- 6  were added in the single compartmental system. In this set of 

experiments additional TPO and IL-11 lead to the presence of significantly more 

platelet-like particles than the addition of IL-6 . However at this stage of 

development, the additional cytokines did not significantly alter the size of the 

platelet-like particles in contrast to the previous set of experiments in which particle 

size was altered by adding the cytokines at day 0 .

Comparison of the forward scatter characteristics of the platelet-like particles in 

tables 9.6 and 9.7 would also suggests that addition of extra TPO at day 8  leads to an 

increase in platelet-like particle size. However these experiments are not directly 

compatible since they were performed on cells purified from 2  different cords.
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9.8 Effects of TPO, IL-6 and IL-11 on platelet activation status in 

liquid cultures

In order to assess whether cultures grown in the presence of TPO, IL- 6  or IL-11 

differed in the activation status of platelet-like particles produced, experiments were 

performed in which resting and stimulated surface expression of P-selectin were 

measured. CD34^ cultures were grown in the presence of TPO for 8  days with 

addition of more TPO, IL- 6  or IL-11 at day 8  or with these factors added from day 0.

All cultures were analysed at day 12 by double staining with FITC conjugated anti -  

GPnia and PERCP anti P-selectin Ah. Platelet-like particles were identified based on 

size characteristics using washed human platelets to identify a region on the forward 

vs. side scatter dot plot (as described in methods). A negative PERCP Ah was used to 

set an event threshold of <1%. Labelling of platelet-like particles from the CD34^ 

cultures was undertaken in the resting and activated state. The calcium ionophore 

A23187 (lOpM) was used to activate the platelet-like particles.

Irrespective of cytokine exposure, resting platelet-like particle P-selectin expression 

was 3.3% ± 0.6%. This rose to 12.6% ± 1.2% on activating the cultures with A23187 

(n=3, p<0.05).

These results, although unable to demonstrate a difference in resting and activated 

platelet-like particle activation for the different cytokine combinations, did confirm 

that the platelet-like particles produced by these cultures express P-selectin and that 

expression of this glycoprotein increases once the cultures are activated.
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9.9 Comparison of platelet production in single and bi

compartmental system: effect of TPO

Since the bi-compartmental system may represent a better model of in vivo platelet 

production than liquid cultures by themselves, experiments were performed to 

compare platelet production in the single compartment (liquid culture) to the bi

compartment (co-cultured with HBME cells) system. CD34^ derived cultures were 

grown in the usual way for 8  days in the presence of TPO 20ng/ml. At this point they 

were either placed into the bi-compartmental culture system in the presence of an 

HBME-1 cell monolayer or placed into a 24 well plate at the same concentration. 

These experiments were performed with or without adding TPO (lOOng/ml) to the 

cultures. Cultures that only received TPO on day 1 are designated dl in the table 

whilst cultures that received TPO on days 1 and 8  are designated dl + d8 .

Table 9.8 Comparison of platelet production in single and bicompartmental 

culture systems.

Treatment System HBME-1 Total platelets (xlO^) P* P*

TPO (dl) single 0.57 ±  0.06
} 0.40

TPO (dl + d8) single - 0.65 ± 0.04

TPO (dl) bicompartment + 1.0 ±0.006 0.02
} 0.02

TPO (dl + d8) bicompartment + 4.0 ± 0.05 0.001

p* comparison between cultures treated with TPO only and those with additional 
TPO within the same system i.e. single or bicompartmental.
p  ̂ comparison between single and bi-compartmental system for the relevant 
treatments.
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9.10 Effect of IL-6 and IL-11 on platelet production in 

bicompartmental culture system

Table 9.9 demonstrates that both IL- 6  and IL-11 have no additional effect when 

added to CD34^ cultures at day 0  on neither the number of platelets produced by the 

culture nor the size of these particles. There was an increase in the median forward 

scatter of platelets produced in the presence of TPO only but this did not reach 

statistical significance. It should be noted that although the yield of platelets appears 

higher in this set of experiments compared to previous experiments (eg Table 9.8) 

direct comparsions are not possible due to the considerable variability seen between 

cultures derived from different cords.

Table 9.9 Platelet production in bicompartmental co-culture system

Treatment
Total platelets

(xlO')

p count 
relative to 
TPO only

Median 
Foward scatter

p size 
relative to 
TPO only

TPO 5.9 ± 0 .4 18.8 ± 1 .5

TPO/IL-6 5.8 ± 0 .8 0.9 16.1 ± 0 .9 ns

TPO/IL-11 6.1 ± 0 .8 0.9 16.7 ± 1.7 ns

Platelet production and size in bicompartmental culture system in the presence of 
HBME-1 monolayer in cultures grown in the presence of TPO with either IL- 6  or IL- 
11

9.11 Effect of plasma from ACS patients on liquid cultures

In an attempt to establish whether a previously unidentified hormone was responsible 

for changes in platelet volume in the clinical study, stored plasma from two patients 

who differed significantly in MPV but were similar for TPO and IL- 6  levels was 

added to CD34^ cultures in the single compartmental system at day 0  and the 

cultures analysed after 12 days growth. The effects of this plasma on the MK and 

platelet populations produced by these cultures are shown in tables 9.10 and 9.11.
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Table 9.10 Effects of patients’ plasma on MK production from CD34^ 

cultures.

Treatment
Total cells 

(x l0 ‘)

No. MKs
p % MKs

(xlO*)

Ploidy o f MKs
p (%)

2n >4n

MI 41 0.21 ± 0 .56 1.7 ± 0 .6  0.03 ±0.003 79 21

MI 42 0.25 ± 0.56 ns 1.8 ± 0 .3  0.04 ±0.001 ns 79 21

Plasma added to give 10% final concentration on day 0 of culture. Experiments 
performed in triplicate using the same cord as a source of CD34^ cells. Results are 
mean ± s.e.m.

Table 9.11 Effects of patients’ plasma on platelet production from CD34^

cultures.

Treatment
Total platelets 

(xlCf)

Average Median 
p Number forward 

platelets /MK scatter

p size 
relative to 
TPO only

MI 41 0.13 ± 0 .04 4.3 6.79 ± 0.04

MI 42 0.01 ±0.01 ns 0.25 6.11 ± 0 .2 ns

Plasma added to give 10% final concentration on day 0 of culture. Experiments 
performed in triplicate using the same cord as a source of CD34^ cells. Results are 
mean ± s.e.m.

It can be seen that the use of human plasma from patients with ACS instead of cord 

blood plasma supplemented with TPO, leads to poor MK and platelet yields. Thus 

although a higher ratio of platelets per MK was seen compared to previous 

experiments the absolute values were very low. No difference was seen in the 

forward scatter component of the platelet-like particles produced by cultures grown 

in the different plasma in spite of differences in the MPVs in these patients.
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9.12 Effect of VEGF and NO on platelet production
A s sta ted  in th e  a im s o f  the  th esis , o n e  o b je c tiv e  w as  to  s tu d y  th e  m e c h a n ism  o f  

p la te le t p ro d u c tio n . S in ce  it is k n o w n  th a t T P O  p ro m o te s  th e  re le a se  o f  V E G F  from  

M K s (B o b ik  et al,  1998) an d  th a t V E G F  cau ses  th e  re le a se  o f  N O  fro m  en d o th e lia l 

c e lls  (H o o d  et ai,  1998), e x p e rim en ts  w ere  p e rfo rm e d  to  s tu d y  th e  e ffec ts  o f  ad d in g  

th e se  fac to rs  to  th e  system . P re lim in a ry  e x p e rim e n ts  w ere  p e rfo rm e d  to  a sse ss  th e  

e ffec t o f  N O  an d  V E G F  on  p la te le t p ro d u c tio n  fro m  C D 34^  d e riv e d  cu ltu re s  in  th e  

s in g le  c o m p a rtm e n ta l sy stem . C D 34^ ce lls  w ere  g ro w n  in c u ltu re  fo r 12 d ays in the  

p re se n c e  o f  T P O  (20  n g /m l). T h e y  w ere  th en  e x p o se d  to  e ith e r  V E G F  (lO O ng/m l) o r 

th e  N O  d o n o r  (Z )- l- [2 -(a m in o e th y l) -N -(2 -a m m o n io e th y l)  am in o ] d ia z e n - l- iu m -1 , 2- 

d io la te  (D E T A -N O ), a t a c o n c e n tra tio n  o f  Im M  fo r 2 4  h an d  a n a ly sed  w ith  re sp e c t to  

th e  n u m b e r o f  p la te le ts  p ro d u ced . D E T A -N O  w as c h o se n  fo r  its  a b ility  to  g e n e ra te  a 

c o n s ta n t leve l o f  N O  w ith  a h a lf- life  o f  20  h a t pH  7 .4  (K e e fe r  et al,  1996). T h ese  

e x p e rim e n ts  w e re  p e rfo rm e d  in tr ip lic a te  and  s ta tis tic a l re su lts  ca lc u la ted  u sin g  

A N O V A  w ith  th e  B o n fe rro n i co rrec tio n . A s sh o w n  in  F ig . 9.11 th e re  is a s ta tis tic a lly  

s ig n if ic a n t in c re a se  in  th e  n u m b e r  o f  p la te le ts  p ro d u c e d  b y  th e  c u ltu re  in  th e  p re sen ce  

o f  D E T A -N O  a n d  V E G F  (p<0.01  in  each  case , n = 3 ).

COlSfTROL 
DETA ImM 
VEGF 100ng/ml

Figure 9.11 Effect of DETA-NO and VEGF on platelet production in single 
compartment culture system.
A fte r  12 d ays in  c u ltu re  w ith  T P O  (2 0 n g /m l) , C D 3 4 ^  d e riv e d  cu ltu re s  w ere  e x p o se d  
to  e ith e r  D E T A -N O  a t a c o n c e n tra tio n  o f  Im M  o r V E G F  a t a  c o n c e n tra tio n  o f  
1 OOng/ml fo r 24  h o u rs  an d  the  n u m b e r o f  p la te le ts  p ro d u c e d  co u n ted . R e su lts  are  the  
m ean  ±  s .e .m  o f  3 ex p e rim en ts .
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Experiments were then performed in the presence o f an HBME-1 monolayer in the 

bi-compartmental system to establish whether this increase in platelet production was 

accompanied by an increase in the number o f platelets migrating through the 

endothelial cell monolayer. CD34^ derived cultures were added to the migration 

chamber following 12 days incubation with TPO 20ng/ml. On addition to the 

chamber they were exposed to VEGF at a concentration o f 50ng/ml which is known 

to saturate VEGF receptors on endothelial cells (Waltenberger et a l ,  1994) or to 

DETA-NO (0.5 and 5 mM) for varying periods o f time (separate experiments using 

an NO electrode had demonstrated that O.SmM and 5mM DETA-NO produced NO 

concentrations o f 1.3 ± 0.2 pM and 5.6 ± 0.6 pM respectively in culture medium).
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Figure 9.12 Time course for migration of MKs and platelets in the presence of 
VEGF.
A MK migration. B Platelet migration. CD34^ derived cultures were added 
to the migration chamber following 12 days incubation with TPO 20ng/ml and 
exposed to VEGF 50ng/ml for the times stated. The results are expressed as a 
percentage migration relative to cultures not treated with VEGF. * denotes p<0.01 
compared to control cells. Data is shown as the mean ±  s.e.m of 3 experiments.

Figure 9.12 demonstrates the effects o f VEGF on the migration o f MKs and platelets 

in the bi-compartmental system in the presence of an HBME-1 monolayer. Several 

effects are shown. Initially, MK migration is increased in the presence o f VEGF 

50ng/ml. At 4h MK migration in the presence o f VEGF is decreased compared to 

control cells (p<0.01, n=3) whilst at 6h, there is a significant increase in the 

migration of cells treated with VEGF (p<0.01, n=3). Platelet migration is
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significantly increased at 2h in the presence of VEGF (p<0.01, n=3), but shows no 

significant difference from untreated cells at the remaining time points.

To assess whether NO could be involved in MK migration and platelet formation, the 

results of experiments performed with DETA-NO at concentrations of 0.5 and 5 mM 

over similar periods of time are shown in Fig. 9.13.
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Figure 9.13 Time course and dose response for migration of MKs and 
platelets in the presence of DETA-NO.
A MK migration. B Platelet migration. CD34^ derived cultures were added 
to the migration chamber following 12 days incubation with TPO 20ng/ml and 
exposed to DETA-NO at a concentration o f O.SmM or 5mM for the times stated. The 
results are expressed as a percentage migration relative to cultures not treated with 
DETA-NO. * denotes p<0.01 and # denotes p<0.05 compared to control cells. The 
data is shown as the mean ± s.e.m o f 3 experiments.

DETA-NO caused an increase in MK migration though the actual number o f MKs 

found in the bottom chamber appeared to decrease with time. This effect was seen at 

2 and 4h (p<0.01 for 2h and p<0.05 for 4h, n=3) for both concentrations o f DETA- 

NO although by 6h the number of MKs found in the bottom chamber did not differ 

significantly from untreated cells. Interestingly, platelet migration increased in the 

presence o f DETA-NO but only reached statistical significance at 4h with a DETA- 

NO concentration of 0.5mM (p<0.05, n=3). This increase in number of platelets
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found in the bottom chamber may be attributable to an overall increase in the number 

of migrating platelets or may reflect an increase in platelet production in the bottom 

chamber following on from the increase in MK migration seen at 2h. By 6 h no 

relative increase in platelet numbers were seen in the bottom chamber suggesting that 

either the platelet migratory process or platelet production from MKs had finished. 

The overall effect may be a combination of these two processes making the system 

highly complicated.
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Chapter 10 

Discussion of in vitro results
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In vitro systems are useful for dissecting mechanisms of individual responses and are 

therefore in a sense reductionist. They provide a means of deriving meaningful 

information from the in vivo environment with respect to its individual parts that 

would otherwise prove too complicated to study as a whole. Although the application 

of results from such experiments involves the extrapolation of data to the whole 

system and therefore warrants a cautious approach, the results obtained in this 

section of the thesis provide new evidence on the site and mechanisms of platelet 

production,

10.1 MK and platelet production in a single compartmental system

Experiments to study the effects of haematopoietic cytokines on the proliferation and 

differentiation of CD34^ derived cultures into MKs and ‘platelets’ were initially 

performed in liquid cultures that provided a simplified model of platelet production 

in vitro. Experiments were performed in the non-physiological environment of serum 

free media compared to the more physiological but crude plasma containing media. 

Serum free media was tested in order to exclude any unknown factors present in 

plasma that may influence the growth and development of these cells. Three different 

media were chosen to compare the proliferation and differentiation of CD34^ 

cultures. MK medium A is a plasma containing culture medium that has been 

developed by our group for this purpose and produces relatively high percentage 

yields of CD6 T̂  cells. MK medium B is a serum free medium that was developed by 

Professor Vainchenker’s group with which to study the growth and development of 

CD6 T̂  cells. This medium was extremely time intensive to prepare and although 

produced similar proliferation of the CD34^ cultures compared to medium A, it lead 

to a lower percentage yield of MKs. MK medium C is a commercially available 

growth medium mainly used for the expansion of lymphocytes and stem cells. Whilst 

proving easy to use it produced a low percentage yield of CD6 T̂  cells in spite of 

similar expansion compared to medium A and B. The manufacturers were also 

unable to disclose the full composition of this medium.

Due to the variation in the yield of MKs produced by each cord and the possibility 

that non-MK cells produce factors that influence the growth characteristics of these 

cords (Norol et a l, 1998; Schibler et a l, 1994) experiments were performed to
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optimise the MK yield per cord so that several hypotheses could be tested from the 

same CD34^ clone. Various different factors have been described that are capable of 

expanding CD34^ cultures including IL-1, IL-3, SCF, GM-CSF, G-CSF, TPO and 

EPO (reviewed by Sandstrom et a l, 1994). Of these SCF and IL-3 were chosen as 

they are thought to act synergistically to expand all components of CD34^ derived 

cultures. The other cytokines were not tested since they either preferentially 

expanded other cell types (G-CSF, GM-CSF and EPO) or either directly (IL-6 ) or 

indirectly (IL-1 influences the expression of IL-6 ) represented growth factors that 

were to be tested on the system for their ability to produce platelets (Bagby, 1989). 

TPO as demonstrated in Fig. 9.9 was found to be a potent factor for the proliferation 

and in particular differentiation of the CD34^ cultures into CD61^ cells.

Addition of the cytokine combination of IL-3 and SCF to TPO significantly 

increased the expansion of these cultures although the purity of CD61^ cells fell 

suggesting a generalised effect on the expansion of all cell lineages. The overall 

ploidy of MKs produced using this combination of cells also fell, suggesting that 

whilst IL-3 and SCF did not prevent commitment to the MK lineage they did 

however affect endoreduplication. These results are in keeping with the findings of 

other authors (Angchaisuksiri et a l, 1996; Nichol et a l, 1995) who have reported 

that the presence of IL-3 and SCF prevents the process of endomitosis in the MK 

thereby decreasing the yield of higher ploidy cells. Thus for the purposes of this 

work, MK medium A supplemented with TPO was used as the standard CD34^ 

culture medium.

To test the effect of IL-6 , IL-11 and a second higher dose of TPO on the production 

and function of platelets produced by these cultures in a single compartmental 

system, experiments were conducted in two ways. Firstly to examine the effects of 

these humoral factors on the early developmental stages of CD61^ expansion and 

differentiation, these factors were added to the cultures immediately following 

purification of CD34^ cells from cord blood. Secondly, to assess the effects of these 

factors on partially differentiated CD34^ cultures, they were added to the cultures 

after 8  days growth in MK medium A containing TPO only.

These results demonstrate that the addition of extra TPO at day 8  leads to a 

significant increase in the total number of MKs in the culture system (5.6 ± 0.56 xlO^
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MKs/ml in TPO added day 8  vs. 2.94 ± 0.11 xlO^ MKs with no additional TPO, 

p<0.05, Tables 9.4 & 9.5, p i35). However there was a decrease in the proportion of 

high ploidy MKs in the cultures with additional TPO that may be explained by the 

trend to an increase in the number of platelets found in these cultures (2.8 ± 0.14 

xlO* platelets in cultures with additional TPO vs. 2.1 ± 0.028 xlO^ platelets with no 

additional TPO, p=ns).

Addition of IL- 6  and IL-11 to the cultures together with TPO from day 0 did not lead 

to a significant change in the number of MKs produced, the ploidy distribution or the 

number of platelets produced even though it has previously been shown that IL- 6  

(Navarro et al., 1991) and IL-11 (Nandurkar et a l, 1998) receptors are present on 

MKs. However, cultures treated with IL-11 did seem to produce platelets that were 

larger. These large platelets however did not show increased P-selectin expression 

compared with platelets produced from cultures exposed to IL- 6  and TPO. 

Previously culture-derived platelet activation status has only been compared between 

CD34^ cultures grown in pegylated recombinant human megakaryocyte and 

development factor (PEG-rHuMGDF -  a synthetic TPO analogue with a 10-fold 

increase in half-life) and those grown in PEG-rHuMGDF, SCF, IL-3 and IL- 6  with 

no differences seen in CD62P expression (Norol et al., 1998). The finding in this 

thesis that there is no difference in the resting or stimulated activation status of 

culture-derived platelets grown in TPO, IL- 6  or IL-11 is novel. Whilst some in vivo 

work and experiments with washed platelet have demonstrated no direct effect of 

TPO and IL-11 on platelet activation (Harker et a l, 1996a; Harker et a l, 2000; 

Montrucchio et a l, 1996; Oda et a l, 1996; Peng et a l, 1996; Toombs et al, 1995), 

IL- 6  bas been shown to directly activate platelets in vitro (Oleksowicz et al, 1995). 

However IL- 6  in the culture-derived platelets was not added directly to the cultures 

at the time of analysis but several days previously. Thus the levels of IL- 6  at the time 

of the P-selectin assay may well have been too low to lead to platelet activation.

Cultures in which additional TPO was added at day 7 produced increased numbers of 

MKs compared to cultures in which IL- 6  or IL-11 were added at this time point. 

However platelet counts were increased in the TPO and IL-11 treated cultures 

compared to those treated with IL-6 . Thus TPO appears to promote platelet numbers 

by increasing the number of MKs in the cultures whereas IL-11 produces a similar
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amount of platelets by increasing the number of platelets produced per MK. This can 

be explained by the observation that the cultures that contained additional IL-11 at 

day 7 also contained MKs of higher ploidy which are more likely to produce platelets 

compared to the overall lower ploidy distribution of the TPO treated cultures. The 

finding that additional IL- 6  leads to a decrease in platelet production in these cultures 

is in keeping with the work of Norol who demonstrated a similar effect using CD34^ 

cells derived from human bone marrow (Norol et al, 1998).

It should be remembered that since these cultures are a dynamic system of MK 

differentiation and platelet production that are interlinked, a snapshot of the culture 

as represented by these results does not consider the total production of platelets and 

MKs. It may be that the reason why the IL-11 treated cultures have high platelet 

yields compared to the number of MKs in the culture at that time is due to the 

acceleration of maturation induced by IL-11 that leads to fragmentation of MKs and 

production of platelets. This suggestion is in keeping with other reports in the 

literature that have shown that IL-11 promotes MK maturation in liquid cultures 

(Teramura et a l, 1992) and also increases MK fragmentation (Philipp et a l, 1998). 

Experiments in which the maturational stage of the MK as measured by the 

expression of surface markers (as described in section 1 .2 . 1  of the introduction) and 

ploidy could be compared in the presence or absence of IL-11 to help verify this 

suggestion.

It would appear that IL- 6  by itself or in combination with TPO has no effect on MK 

and platelet production when added to the cultures at both early and late stages of 

maturation. This finding is in keeping with the recent work of others who have 

shown that EL- 6  requires the presence of its soluble receptor - sEL-6 R - and SCF to 

potentiate MK expansion in similar cultures (Sui et a l, 1999; Won et a l, 2000).

Interestingly, it would appear that another effect of IL-11 on these cultures was the 

increase in forward scatter characteristics of the platelet-like particles produced when 

EL-11 was added at day 0, suggesting that these particles were of larger size. This 

effect relative to the other cytokines was not seen when IL-11 was added at day 8  

demonstrating that it is an effect on early megakaryocytic differentiation rather than 

late maturation and platelet production that leads to changes in platelet-like particle 

size.
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Previously, Prof Vainchenker’s group have looked at the effects of similar 

combinations of cytokines (PEG-rHuMGDF was used instead of TPO) on the 

production of MK and platelets in serum free cultures (Norol et a l, 1998). They 

reported that a combination of SCF, IL-3, and IL- 6  was as potent as PEG-rHuMGDF 

for the growth of MKs. However, the number of proplatelet-displaying MKs and 

platelets was increased 10-fold when PEG-rHuMGDF was used. They also observed 

low platelet to MK ratios generally but found that a subpopulation of cells with low 

proliferative capacity produced more platelets per MK. This population of cells were 

CD34^CD41^ and required the presence of PEG-rHuMGDF throughout the period of 

culture to produce platelets. Interestingly they reported that PEG-rHuMGDF was not 

directly involved in the process of platelet shedding. Indeed it has also been reported 

in an in vitro system that the presence of TPO is not necessary for platelet production 

and may even impair this process (Choi et a l, 1996). The work presented in this 

thesis would suggest that TPO acts at an early proliferative stage in the CD34^ 

cultures to promote an expansion of megakaryocytic cells without having much 

effect on the process of platelet shedding (in agreement with Prof Vainchenker’s 

work). Indeed IL-11 appears to induce a higher yield of platelet-like particles per 

MK. This effect may be mediated through a late maturational effect of IL-11 on MK 

development. The finding of a population of cells with a large capacity to produce 

platelets by Prof Vainchenker also leads to the possibility of a selective effect of IL- 

11 on these cells leading to an increase in platelet-like particle production per MK in 

these cultures.

10.2 The relationship between platelet-like particles and human 

platelets

An important consideration from these experiments is how closely the ‘platelets’ 

produced by this method represent those found in vivo. Circulating platelets have 

precise cytological and ultrastructural features. Many features are used to define 

platelets. These include their discoid form, the presence of circumferentially 

arranged microtubules (relative to the plasma membrane), and specific organelles (a- 

granules and an open canalicular system). However in cultures containing MKs it is 

harder to define platelets for a number of reasons. These cultures may contain: a) 

functional platelets with typical ultrastructural characteristics, b) detached 

proplatelets or giant platelets that may further fragment to evolve into functional
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platelets, c) non-fünctional fragments of MKs, and d) platelet microparticles. Two 

groups have previously studied the functional aspects of platelets produced in similar 

culture systems. Choi et al (1995b) used a double centrifugation procedure to isolate 

cell fragments produced in culture that have features of circulating platelets, 

including size ( 6  to 10 fL). Using this size criterion an electrical impedance device 

was used to count the number of culture derived particles. Subsequently Norol et al 

were unable to use this technique to count platelets produced in these cultures since 

they could not separate the platelets from MKs by centrifugation (Norol et al, 1998). 

This group therefore defined platelets on cytometric criteria: scatter properties and 

GPHh expression were used. They also demonstrated activation of the culture- 

derived platelets by thrombin. Thus for the purpose of my work a flow cytometric 

technique was devised to identify and count culture derived platelets. Platelets were 

defined using light scatter characteristic and expression of GPIUa. Human platelets 

were used to establish a size gate based on the cytometric criteria of forward and side 

scatter. Particles falling within this gate that also expressed GPHIa were considered 

to be platelets. These particles were also found to express P-selectin and to undergo 

activation in response to the calcium ionophore A23187. Given the similarity 

between the culture system used in this thesis and those used by Norol and Choi, 

together with the characteristics of the platelets that were demonstrated (GPIIIa 

expression, GPIb expression, CD62P expression and light scatter) further 

characterisation of the culture-derived platelets was not performed.

In summary these results suggest that exposure of CD34^-derived cultures to IL-11 

and additional TPO at early stages of differentiation leads to changes in platelet 

number and size produced by these cultures. The addition of IL- 6  to these cultures at 

similar time points has no effect on MK maturation or platelet production.

The use of CD34^ derived cultures to study the effects of cytokines on ex vivo MK 

maturation and platelet production represents a simple model of a process that 

involves the interaction between many cell types and cytokines. The exact conditions 

that occur in vivo are poorly understood. However it has been shown that the 

interaction of haematopoietic progenitors with bone marrow stromal cells influences 

the process of MK maturation and platelet production. Bone marrow stromal cells 

have been shown to produce TPO (Nagahisa et a l, 1996) and support the
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proliferation and differentiation of haematopoietic progenitor cells (Cheng et al, 

2000). SDF-1 has been shown to play an important role in the migration of MKs and 

subsequent platelet production (Hamada et al, 1998). Thus in order to further 

investigate the effects of humoral factors on platelet production a model involving 

bone marrow endothelial cells in the presence of SDF-1 was developed.

10.3 Bi-compartmental model of platelet production

The process of MK differentiation and platelet production has been extensively 

investigated both in vitro and in vivo (reviewed in Mazur, 1987; Hoffman, 1989; 

Long, 1993; Kuter, 1996). This work has demonstrated that MK precursors undergo 

TPO-dependent expansion and differentiation within the bone marrow and that 

platelets are formed from mature MKs (Levine et a l, 1982). The fact that MKs have 

also been found in the peripheral circulation, suggests that these cells are endowed 

with a migratory capacity (Breslow et a l, 1968; Martin et a l, 1983b; Slater et al, 

1983; Hyde et a l, 1997). For this reason the migratory properties of these cells was 

investigated using a bicompartmental culture system. Furthermore the effect of TPO 

and SDF-1 with respect to MK migration and platelet production was also examined. 

This system demonstrated that MK differentiation in fact diminishes haematopoietic 

cell migratory capacity. These conclusions are based on the following findings: 

Firstly, the migratory capacity of differentiated MKs was diminished compared to 

that of partially differentiated or non-MK cells derived from CD34^ cultures (Table 

9.2 and Figure 9.8) and secondly, to confirm these findings using a system that did 

not go on to produce platelets, TPO-induced MK differentiation of M07e and UT- 

7/mpl cells led to a decrease in migration through a bone marrow endothelial cell 

layer (Figures 9.2B and 9.3B). TPO itself has no effect on MK migration (Table 9.3).

Various laboratories have reported that haematopoietic progenitor cells (Kim & 

Broxmeyer, 1998; Jo et al, 2000) as well as MKs (Hamada et a l, 1998) migrate in- 

vitro through endothelial cell monolayers in response to a positive gradient generated 

by the chemokine SDF-1. However, parallel comparisons between the migratory 

capacity of CD61^ cells, including all stages of MK differentiation, and CD61" (non- 

megakaryocytic) cells have not been previously carried out. In contrast, in the 

present work the migration of megakaryocytic and non-megakaryocytic cells derived 

from CD34^ haematopoietic progenitors was investigated simultaneously. This
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approach established that even though SDF-1 increased megakaryocytic cell 

migration, the relative migratory capacity of these cells was substantially 

compromised (Fig. 9.8).

Since ultrastructural studies have previously shown that MKs within the bone 

marrow are often found in close association with sinusoidal endothelial cells the 

possibility that prolonged interaction with the endothelial cell monolayer during the 

latter phases of MK maturation may influence the migratory process was 

investigated. However, although under these conditions a significant proportion of 

megakaryocytic cells were able to migrate, further addition of TPO reduced the 

migratory capacity of these cells. Moreover, when the ploidy status of the migrating 

CD61^ cells was evaluated, it was found that the inhibition was more pronounced in 

the subpopulation of MKs with ploidy >4n (Table 9.2), a fraction that represents a 

more mature stage of differentiation. Finally, in order to exclude the possibility that 

interactions with other cells present in the CD34^ cultures or with factors present in 

the conditioned medium could influence MK migration in an uncontrolled fashion, 

experiments were also performed with isolated MKs (Table 9.3). These experiments 

showed that although SDF-1 stimulated MK migration, the relative number of 

migrating cells was very small. This suggested that megakaryocytic differentiation 

results in an impairment of haematopoietic cell migratory potential. Furthermore, 

these experiments also showed that TPO had no acute effect on migration. These 

results are consistent with data recently reported by Riviere et al (1999) who studied 

the chemotactic effect of SDF-1 on different MK subsets in the absence of 

endothelial cells. This group found that immature MKs had a higher migratory 

potential in response to SDF-1 than those that were fully differentiated despite 

expressing less CXCR4, the receptor for this chemokine.

The reason for the impairment in migratory potential resulting from TPO-induced 

differentiation is not clear. It is, however, conceivable that this behaviour results 

fi*om a change in the expression of adhesion molecules on the cell surface which in 

turn impairs the process of migration. Alternatively, changes in the transduction 

machinery that transmits the signals for migration, in cytoskeletal elements or in 

other regulatory components of the migratory apparatus may be involved.
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The work reported here was performed using the continuous human bone marrow 

endothelial cell line, HBME-1. These cells appear to provide a suitable and readily 

accessible source of homogeneous cellular material to conduct transendothelial 

migration studies. They express many features of normal bone marrow endothelial 

cells, including integrins and selectins involved in homing and migration of blood 

cells (Lehr & Pienta, 1998). In this respect, interaction of MKs with E-selectin has 

been implicated in the SDF-l-stimulated transendothelial migration of these cells 

(Hamada et a l, 1998). Thus, it could be argued that the poor SDF-l-stimulated 

transendothelial migration of megakaryocytic cells observed in this thesis is due to a 

low expression of E-selectin in HBME-1 cells. However, this is unlikely since there 

was substantial transendothelial migration of CD61* negative cells which also 

requires E-selectin (Naiyer et al, 1999). Furthermore, pre-treatment of HBME-1 

cells with IL-lp increased the surface expression of this adhesion molecule but did 

not enhance CD6T^ cell migration. Taken together, this suggests that the low levels 

of megakaryocytic cell migration reported here are not due to differences in E- 

selectin expression between HBME-1 cells and those used in other model systems. 

An interesting finding of this work is that M07e and UT-7/mpl displayed distinct 

differences in their migratory behaviour. M07e migration was markedly dependent 

on the presence of an SDF-1 chemotactic gradient, though the presence of an 

HBME-1 monolayer attenuated this effect (Fig. 9.2A). In contrast, in UT-7/mpl cells 

whereas SDF-1 had no effect on migration, the presence of the HBME-1 monolayer 

had a strong stimulatory effect (Figure 9.3A). These findings are consistent with 

previous reports showing that the receptor for SDF-I, CXCR-4 is present on M07e 

cells (Kim & Broxmeyer, 1998) but not on UT-7 cells (Baiocchi et a l, 1997). In 

addition, the finding that UT-7/mpl migration is enhanced by the presence of 

endothelial cells clearly highlights the existence of alternative mechanisms of 

haematopoietic cell transendothelial migration that do not involve SDF-1. Such 

mechanisms may involve adhesive receptor-ligand interactions between HBME and 

UT-7/mpl cells leading to the release of putative chemotactic factors and/or the 

generation of intracellular signals that switch on the migratory apparatus. 

Nevertheless, regardless of the different mechanisms involved in both cell lines, the 

results clearly show that their migration was impaired following differentiation with 

TPO (Figures 9.2B and 9.3B).
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Taken together the data demonstrate that megakaryocytic differentiation is 

accompanied by an impairment of cell migratory capacity and suggests that if some 

MKs exit the bone marrow into the circulation, these will tend to be the less mature. 

These results, however, do not rule out the possibility that under exceptional 

circumstances such as during inflammation or in other pathological scenarios, 

conditions may exist that enhance the whole migratory process. Nor does it exclude 

the possibility that other chemokines that may influence migration have yet to be 

identified. An outstanding issue arises from this work with respect to the role of 

SDF-1 in MK migration and platelet production. Since SDF-1 is produced within the 

bone marrow stroma, this would suggest that MKs do not migrate from the bone 

marrow into the circulation, but are kept within the bone marrow close to the stroma. 

This implies that platelet production occurs within the bone marrow if indeed SDF-1 

is the major factor that controls MK migration. However, as mentioned above, other 

potentially more potent factors that may influence MK migration have yet to be 

identified. Thus, the results presented here have implications to current 

understanding of the process of platelet production. On the one hand the present 

findings are consistent with the majority of platelet production occurring either in the 

bone marrow microenvironment from entire MKs, or from MK processes released 

into the circulation. Data indicating that sufficient MK processes circulate in the 

periphery with the potential to produce a large amount of platelets (Trowbridge et al, 

1982) are compatible with this latter possibility. On the other hand, since the results 

do not rule out the possibility that some intact, less mature MKs enter the circulation, 

platelet production from these cells may possibly occur at sites other than the bone 

marrow.

In order to address this issue the CD34^ derived cultures were analysed according to 

platelet production. A fundamental difficulty in this experimental system lay in the 

fact that it involved several processes that ran simultaneously and individually 

affected the number of platelets in the upper and lower compartments depending 

upon which theory most appropriately described the mechanism of platelet 

production. If platelets were produced in the upper compartment then the finding of 

platelets in the lower compartment would depend upon the rate of platelet production 

in the upper compartment, as well as the ability of platelets so formed to migrate into 

the lower compartment under these conditions. Alternatively if platelets were
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produced by MKs as they passed through the endothelial cell monolayer than the 

distribution of platelets would depend solely on this process. However since platelets 

are produced in the single compartment system it is unlikely that in this model 

platelet distribution depends upon a single mechanism. Thus to simplify matters 

overall platelet production (i.e. in upper and lower compartments) was measured to 

examine the overall effect on the different humoral factors on this system as opposed 

to the specific ability of these factors to influence the production and migration of the 

platelets once they had formed. The finding that overall platelet production is 

increased in the bi-compartmental system compared to the single compartment was 

not altogether unexpected given the previous reports of the influence of the bone 

marrow stoma on platelet production (Cheng et a l, 2000) and suggested that the bi- 

compartmental system may be an improvement on the single compartment system to 

study the effects of these humoral factors on platelet production. Since previous 

authors have demonstrated that TPO, IL-6 and IL-11 have no chemotactic or 

chemokinetic effect on MK migration (Hamada et a l, 1998), the effect on platelet 

production from megakaryocytic cultures exposed to these factors during the 

differentiation process was studied. These results demonstrated that cultures exposed 

to IL-11 and IL-6 in addition to TPO did not significantly alter the number or size of 

platelets harvested from the culture system. These results are therefore similar to 

those obtained fi-om the single compartment system and suggest that under these 

conditions these cytokines do not effect platelet production.

10.4 Effect of plasma from ACS patients on liquid cultures

The novel use of the single compartment system as a bioassay to study the effects of 

patients plasma on MK and platelet production demonstrated that the concentrations 

of humoral factors in the plasma (picomolar range) were too low to produce the 

expansion and differentiation of cultures seen when exogenous cytokines were added 

(nanomolar range). Thus if humoral factors involved in the control of platelet 

production circulate in the bloodstream, they are present in concentrations that are 

not capable of stimulating these cultures or have been degraded during the time taken 

to store the samples. Even if the plasma half life of these factors was low, the finding 

that there is a difference of several orders of magnitude between circulating levels of 

TPO, IL-6 and IL-11 and the concentrations used to stimulate MK differentiation and 

proliferation suggests that the local concentrations of these humoral factors are
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considerably higher than those measured in plasma. The use o f patients’ serum 

would have complicated the experimental system by introducing elements o f the 

clotting cascade to the culture that could potentially interact with the platelets 

produced by the system.

10.5 Effect o f  V EG F and NO on platelet production

In order to understand the mechanisms that may be controlling platelet production at 

a cellular level, experiments were performed in which the effects o f NO and VEGF 

on platelet production in the single and bi-compartmental system were studied in an 

attempt to test the hypothesis summarised diagrammatically in Fig. 10.1 :

TPO

IL-6 I IL-11

\  I /
VEGF VEGF

/  I  1 / :  : \  1 I \
T PO \  N O  / I  \ \  NO J  TPO

PGI, \ / /  PGU

proplatelet

Figure 10.1 Schematic representation of megakaryocytic migration through 
bone marrow endothelium
The hypothesis suggests that TPO, IL-11 and IL-6 alone or in eombination stimulate 
MKs to release faetors such as VEGF that then interact with bone marrow 
endothelial cells (shown in purple) to release NO and PGI2 that faeilitate proplatelet 
formation as parts o f the MK pass through the endothelium. Dashed lines indieate 
putative mechanisms that have not as yet been formally tested.

Sinee VEGF is known to increase the permeability o f endothelial cell monolayers 

(Murohara et a i ,  1998), the release o f VEGF from MKs by the action o f TPO (Bobik 

et a i ,  1998) may facilitate the departure o f the MK from the bone marrow. 

According to this hypothesis the passage of the MK through the endothelium is
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helped by the anti-adhesive effects of the VEGF induced release of NO and PGI2 

from surrounding endothelial cells (He et al, 1999; Hood et a l, 1998; Trachtman et 

al, 1998). As the MK passes through the endothelium it forms proplatelets that are 

released into the circulation.

The results of this thesis demonstrate that this hypothesis may in part be correct but 

oversimplifies a complex process. VEGF and NO are having at least two effects on 

platelet production. The first, as demonstrated by the single compartment system, is 

that both DETA-NO and VEGF directly increase the number of platelets produced 

by these cultures when added for 24h, suggesting an effect on the actual process of 

platelet formation from the MK. This mechanism becomes more attractive if one 

postulates that the effect of VEGF on platelet production is mediated through the 

release of NO from the MK. Evidence for this exists since it has been shown that 

haematopoietic cells express the VEGF receptor KDR, and that exposure of these 

cells to VEGF protects them from apoptotic death (Katoh et al., 1995). Furthermore, 

human MKs have been shown to possess NOS (Wallerath et a l, 1997). The second 

possible action of VEGF and NO is on the actual process of MK and platelet 

migration independent of platelet production as demonstrated using the bi- 

compartmental model. DETA-NO would seem to promote the migration of MKs 

through the bone marrow endothelial layer and also to increase platelet migration. 

VEGF appears also to increase MK migration at 2 and 6h whilst increasing platelet 

migration only at 2h. If VEGF is exerting its effects on MK and platelet migration 

through the release of NO, then this mechanism would explain the short-term 

increase in MK and platelet migration. The subsequent increase in MK migration at 

6h would therefore most likely be the result of a different process such as the effects 

of VEGF on the permeability of the bone marrow endothelial cell monolayer.

Overall therefore, the effect of DETA-NO is to increase the number of platelets 

produced by the system and also to increase MK migration. If this were extrapolated 

to humans, since the proportion of platelet migration remains the same, the 

circulating numbers of platelets would increase as well as the circulating numbers of 

MKs. It would be interesting to repeat these experiments and assess whether there is 

a difference in the maturity of MKs that respond in this way since a finding in this 

thesis is that mature MKs lose their migratory phenotype. It would also be interesting
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to examine the effects of NOS inhibitors on MK migration and platelet production to 

clarify the role of endogenous NO in the control of this process. Measurement of 

endogenously produced NO would also help to assess the role of NO in this system 

in response to TPO and VEGF, Also since NO and VEGF have relatively short half- 

lives the kinetics of their effect on platelet production need further investigation.

VEGF appears to both increase short term MK and platelet migration as well as to 

increase platelet production. It therefore has a similar action to NO in the short-term 

a finding that is in keeping with the suggestion that VEGF exerts these short-term 

effects by releasing NO. Again, repeating these experiments using VEGF and a NOS 

inhibitor would help to identify whether VEGF is exerting its effects through NO 

production.

It has previously been suggested that platelets are produced as MKs undergo 

apoptosis (Hadley & Haller, 1983). NO has also been shown to induce apoptosis in 

MKs (Battinelli & Loscalzo, 2000). Thus the finding in this thesis that treatment of 

MK cultures with DETA-NO leads to an increase in platelet production is in keeping 

with these observations. However, recently NO has also been shown to inhibit MK 

growth (Schattner et a l, 2001), a finding that would suggest NO should decrease 

platelet production if indeed platelets are produced by mature MKs. These two 

opposing theories can be reconciled if indeed NO has a dual effect on cell survival by 

its action on mitochondrial respiration as has recently been suggested (Beltran et al, 

2000). At low concentrations, exposure of cells to NO leads to a protection from 

apoptotic stimuli by maintaining mitochondrial membrane potential, while at higher 

NO concentrations, cell death occurs. It is not clear from these results whether NO is 

inducing apoptosis and subsequent platelet production or is protecting MKs from cell 

death allowing maturation and the release of platelets. Specific experiments 

measuring platelet production and apoptosis in response to DETA-NO treatment 

would help to clarify this issue.
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Chapter 11 

General discussion
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The origins and significance of platelet heterogeneity have been debated for at least 

20 years. The novel observation in this thesis that platelet volume is increased in 

patients with UA compared with MI and that grouped together as ACS, platelet 

volume is elevated compared to normal controls suggests that differences in platelet 

volume may well play a fundamental role in these disease processes. Previously it 

has been suggested that large platelets are more reactive than smaller platelets. 

Indeed in patients recovering from MI, the finding that patients in whom platelet 

volume fell within the highest quartile were more likely to re-infarct or die than the 

remainder lead to the suggestion that this was due to an increase in platelet activity 

and hence subsequent events. The work presented in this thesis draws caution to this 

interpretation of the data. Although platelet volume was found to be higher in ACS 

patients, it was highest in the UA patients, a group with a better prognosis than the 

MI patients. Markers of platelet activation were however higher in the MI group and 

no correlation was found between platelet activation and platelet volume suggesting 

that although large platelets are more likely to be more reactive, this is an 

oversimplification. It may well be that a threshold phenomenon occurs such that once 

platelet volume has increased beyond a certain level the association between 

increasing platelet volume and increasing platelet activation is lost. This area could 

be clarified by measuring the number of GPHB/IILA receptor sites that appear in 

response to a gentle stimulus (e.g. adrenaline) in platelets from these groups of 

patients using the flow cytometer. The measurement of platelet reactivity and 

activation in itself leads to several issues relating to methodology and most 

importantly the question as to what exactly is being measured. Measuring markers of 

activation provides a surrogate test of platelet reactivity and poses the question as to 

why an increase in expression can be measured since one would expect a platelet 

displaying an increase in activation markers to have been removed from the 

circulation. These questions arise because there is no one test that is able to measure 

platelet reactivity/ function. I would propose that the best way to understand platelet 

physiology in any condition is to perform a ‘bank’ of platelet tests including flow 

cytometric measurement of markers of activation and GPHB/IIIA, platelet 

aggregometry as well as the measurement of circulating markers of platelet 

degranulation (e.g. platelet factor 4). Combining the results of these tests performed
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simultaneously will lead to a more meaningful understanding of platelet physiology 

and the significance of platelet heterogeneity.

Another important finding of this thesis is the inverse relationship between platelet 

volume and platelet count that confirms the hypothesis that there is a mechanism that 

is designed to conserve platelet mass when one of these parameters changes. This 

reciprocal relationship was demonstrated between UA and MI and also by looking at 

individual patients in whom it can be seen that those with high MPVs have lower 

platelet counts. This is the first time that this has been demonstrated in the 

pathophysiology of a non-haematological disease. Indeed if one hypothesizes that the 

fall in platelet count is the initial event then the natural consequence of this would be 

the production of larger potentially more reactive platelets. This could be 

demonstrated using the approach mentioned above using a variety of platelet tests 

that would not only measure platelet activation and function but also consumption, a 

pre-requisite to this whole process. The question would then turn to finding the 

trigger for the event that initiates platelet consumption that may well be 

inflammation as described in the introduction. The finding in this thesis that TPO 

levels are elevated in ACS compared to controls may indicate that TPO provides a 

trigger for a change in platelet physiology. However, the rise in TPO is relatively 

small and no significant difference is seen between UA and MI suggesting that 

changes in TPO levels are probably not the initiating factor in ACS. Several authors 

have published data to suggest that high circulating EL-6 levels are related to an 

adverse outcome in ACS and again the findings of this thesis suggest that ACS 

patients have higher IL-6 levels than normals. A trend to elevated levels of both TPO 

and IL-6 was demonstrated in MI compared with UA suggesting that these two 

factors may be related to the changes observed in platelet function. This is in keeping 

with reports demonstrating that IL-6 directly activates platelets and that TPO primes 

platelets in vitro. Since IL-6 is known to have potent effects on 

megakaryocytopoiesis, the negative correlation between circulating IL-6 levels and 

platelet counts are difficult to explain by a direct mechanism. It may be that this 

correlation is a chance finding or if correct, that stimulation of MK production does 

not lead to an immediate increase in the number of circulating platelets. If IL-6 has a 

primary role in the pathogenesis of these conditions one could argue that this occurs 

through its effects on platelet activation. As platelets become activated in response to
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elevated IL-6 levels so their numbers would be expected to fall as activated platelets 

are consumed in thrombus formation. This would explain the negative correlation 

between IL-6 levels and platelet counts. The effects of IL-6 on platelet activation 

may also explain why higher IL-6 levels are associated with MI, which leads to 

persistent intracoronary thrombus formation, and why patients with elevated IL-6 

levels presenting with UA have a worse prognosis than those with low IL-6 levels. 

An understanding of IL-6 levels in MI is complicated by the fact that tissue damage 

leads to an elevation in IL-6 that may well mask the underlying pathological process 

and the role of IL-6. What is not clearly understood is whether the changes in both 

TPO and IL-6 levels precede the acute event.

The finding that a polymorphism in the IL-6 gene is related to levels but not to 

disease has lead to further work to study the relationship between genotype and 

outcome in UA. Preliminary results suggest that IL-6 genotype (in relation to the -  

174G>C polymorphism) is related to outcome. This work however merely 

constitutes a correlation between genotype and outcome and does not describe a 

mechanism. Work is ongoing to recruit a large number of patients with ACS to not 

only study the relation between outcome and genotype but also the mechanism. One 

possible explanation is that IL-6 levels affect platelet function and this will be 

explored using the approach to platelet fiinction described above. Another problem 

relating to cytokines and their role in any disease is that a cytokine is a factor that is 

released by cells with a local target. Thus the concentration of the cytokine when it 

reaches its local target is much higher than when it has been diluted in the circulation 

where it is measured. This therefore makes it very difficult to interpret the biological 

significance of circulating levels. Thus, although circulating levels of IL-11 were too 

low to measure, its role in ACS cannot be discounted. More sensitive techniques 

such as immunohistochemical staining of tissue from ACS patients who have died to 

detect these cytokines will provide more relevant information.

Returning briefly to the measurement of platelet function, interesting results were 

obtained using the PFA-100 suggesting that platelets from patients with ACS treated 

with aspirin remained more functional than platelets from controls also treated with 

aspirin. Since aspirin is a very potent inhibitor of Cox this would suggest that an 

alternative mechanism that overrides the aspirin effect is present in patients with 

ACS. This warrants further investigation starting with the measurement of Cox
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activity and also long-term follow up of patients in whom platelet function was 

retained to see if they are prone to an increase in future events. If the PFA-100 is 

providing a sensitive measure of platelet function that is related to outcome it may 

well have a role in targeting antiplatelet therapy to the individual. This suggestion is 

also being tested in an ongoing study.

As already mentioned above the study of the relationship between genetic 

polymorphisms and outcome has been used as a tool in the understanding of 

cardiovascular disease. In this thesis the measurement of polymorphisms in the IL-6 

and TPO gene and receptor failed to demonstrate a significant relationship to the 

disease, platelet parameters or the circulating levels of the relevant factor. This 

finding is not unexpected since ACS is most likely attributable to many factors 

including several genes. Thus, to acquire useful data from this method, large 

numbers of patients must be studied based around a hypothesis that allows the 

mechanism to be tested. As mentioned above, such a database is being collected to 

test the hypothesis that the -174G>C polymorphism in the IL-6 gene leads to 

changes in the levels of circulating EL-6 that affect platelet function to alter prognosis 

in ACS.

In order to understand how the changes in circulating TPO and IL-6 levels may 

directly affect platelet production and activation an in vitro model was developed. 

Following reports that addition of IL-6 to CD34^ cultures derived from human bone 

marrow did not lead to significant differences in platelet production and size in a 

simple single compartmental model, experiments were performed to test whether a 

synergistic effect between IL-6 and TPO or whether addition of these factors at a late 

stage of maturation lead to differences in platelet production in these cultures. An 

interesting finding from these experiments was that addition of EL-6 to the CD34^ 

derived cultures at a late stage of maturation lead to a fall in platelet production and 

is in keeping with the work of Norol et al. (1998). This may be analogous to the 

increased IL-6 levels in UA patients who exhibit low platelet counts in the presence 

of high TPO levels. Again the finding that the MI patients with similar levels of EL-6 

and TPO do not have decreased platelet counts suggest that IL-6 levels in UA may be 

persistently elevated prior to the ACS to cause this effect on platelet counts whereas 

in MI the effect is more acute and therefore does not lead to an observed fall in 

platelet counts.
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The only suggestion that humoral factors may influence platelet size was found when 

the CD34^ derived cultures were grown in the presence of IL-11 from a primitive 

stage. Although circulating IL-11 levels were almost undetectable in ACS patients, 

IL-11 in the cultures produced a significant increase in the forward scatter 

characteristics of platelets produced in culture. Thus if IL-11 does control platelet 

size then one must speculate that this is due to local changes at the level of the MK 

which are not detectable systemically.

Although CD34^ culture derived platelets expressed P-selectin in the resting state 

and increased expression of this glycoprotein once stimulated, no differences in 

expression were seen between platelets grown in cultures exposed to TPO, IL-6 or 

IL-11 suggesting that the control of platelet function is unlikely to occur as a result in 

simple changes in the levels of a single cytokine.

Since in vivo MKs develop in contact with stromal cells within the bone marrow and 

several laboratories have reported an interaction between stromal cells and MKs, a 

bi-compartmental system that contained both bone marrow endothelial cells and 

MKs was developed that allowed the study of MK migration as well as platelet 

production. A significant increase in platelet production in the bi-compartmental 

system compared to the single compartmental system confirmed the data suggesting 

a synergistic effect between MKs and bone marrow stromal cells. Using the bi- 

compartmental culture system, although additional TPO lead to an increase in 

platelet production in these cultures, the addition of IL-6 or IL-11 had no effect. 

Neither TPO, IL-6 or IL-11 displayed any chemokinetic or chemotactic properties in 

the bi-compartmental system. The loss of an effect of IL-6 and IL-11 on platelet 

production in the bi-compartmental system demonstrates the complexity of the 

interactions between the MK and its environment and support the study of MK 

development in the simplified single compartmental system. However since platelet 

production also involves the interaction with bone marrow stroma and the migration 

of MKs, the bi-compartmental system provides a useful model with which to study 

this process.

An important novel observation was made using the bi-compartmental system 

regarding the maturation status of migrating MKs. This suggested that mature MKs 

display a decreased migratory phenotype. There exists a longstanding debate
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regarding the site of platelet production. Some authors claim that platelets are 

produced in the bone marrow based on electron micrographs essentially showing 

MKs in the bone marrow releasing processes that were assumed to be platelets. 

Others have suggested that these processes are the MKs migrating from the bone 

marrow and that platelet production actually occurs within the lungs. This suggestion 

was supported by the finding of MKs within the lungs producing platelet-like 

particles and the presence of MKs devoid of cytoplasm in blood draining from the 

pulmonary circulation taken to indicate that these MKs had released platelets within 

the lungs. Calculations were performed that showed that the number of MKs 

reaching the pulmonary circulation were sufficient to release enough platelets to 

maintain circulating platelet counts. Since it is thought that the majority of platelets 

are produced from mature MKs, the finding in this thesis that MK maturation leads 

to a decreased migratory phenotype would suggest that the majority of platelet 

production occurs within the bone marrow where MK maturation takes place. This 

does not exclude the possibility that some platelet production occurs within the lungs 

as immature MKs released into the circulation undergo a process of maturation and 

are then trapped in the lungs. The results of this thesis also reconcile the role of SDF- 

1 in platelet production. Several reports have been published demonstrating that 

SDF-1 is a potent chemokinetic factor for MKs and therefore encourages their 

migration out of the bone marrow. The problem with this explanation is that since 

SDF-1 is produced by bone marrow stromal cells, its release would act to keep MKs 

in close proximity to the stroma and hence within the bone marrow. Recently it has 

been shown that SDF-1 induces MK maturation (Guerriero et al, 2001). Putting 

these findings together with the results of this thesis I would propose that SDF-1 is 

produced by bone marrow stromal cells to encourage MKs to migrate close to the 

bone marrow stroma and endothelium. In so doing SDF-1 encourages the maturation 

of these MKs so that when they come into contact with the endothelial cells they can 

start to produce proplatelets. I would suggest that it is these proplatelets that are seen 

to migrate through the endothelium into the bone marrow sinusoids where they 

subsequently develop into platelets. The actual mechanism by which proplatelets are 

formed has recently been elegantly demonstrated (Italiano et a/., 1999) to occur form 

mature MKs and involve actin polymerisation. This theory can be confirmed using 

the coculture system described in this thesis and performing electron microscopy on 

the bone marrow endothelial cell layer in an attempt to identify either whole MKs or
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proplatelets passing into the lower compartment. Also the use of 

immunohistochemistry to identify sites of SDF-1 production in the bone marrow will 

help to clarify the pattern of MK migration.

Interestingly, the data presented in this thesis also suggest another role for NO in 

human biology this time with respect to the regulation of platelet production and the 

migration of MKs. The stimulus for NO production in the context of MK migration 

may well be the TPO induced release of VEGF from the MK which in turn leads to 

NO release from endothelial cells in close proximity, facilitating the passage of the 

MK or its processes (e.g. proplatelets) through the endothelium. This mechanism 

also directly leads to increased platelet production as demonstrated in the single 

compartment model. This model also showed a direct effect of VEGF on MK 

cultures to increase platelet production. The mechanism for the VEGF effect may be 

explained by postulating that NO is produced by VEGF stimulation of NOS found 

within the MK. A further postulate arising from these observations and requiring 

testing is that at a molecular level NO is controlling MK function and platelet 

production by regulating mitochondrial respiration. This could be tested using the 

flow cytometer to measure mitochondrial membrane potential of MKs as well as 

simultaneously measuring apoptosis and platelet production in response to an NO 

donor (e.g. DETA-NO). The response to endogenously produced could also be 

studies using the bi-compartmental co-culture model described in this thesis.

In summary this thesis demonstrates:

i) novel differences in platelet characteristics and humoral factors between 

patients presenting with MI and UA

ii) associations between phenotype and polymorphisms in TPO and IL-6 

genes that warrant larger studies

iii) a novel in vitro system for the study of MK migration and platelet 

production that identifies the role of TPO, IL-6, IL-11, VEGF and NO in 

these processes.

iv) a link between the in vitro experiments and the in vivo observations
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Appendix I

Calculation o f  cell numbers and migration according to region

Absolute cell counts for CD61^ PI  ̂ (MKs) and CD61^ PI' cells (from R1 - -platelet 

like particles) were performed as follows (the example is based on data from Fig. 1 p 

118)

CD61^ P f

No. events R4 1573

Volume of cells sampled in 30 secs 30pL

Cell concentration 1573 cells in 30 pL

c p e r p r f r o m R i

I.e. 52.4x10 cells/ml

Total volume of cells suspension 0.5ml

Total no. CD61^ PI  ̂from culture 26.2 X 10-

No. events Rl: Ml 28071

Volume of cells sampled in 30 secs 30pL

Cell concentration 28071 cells in 30 pL

i.e. 93.6x10 cells/ml

Total volume of cells suspension 0.5ml

Total no. CD61^ PI  ̂from culture 46.8 X 10'

For comparison between differing culture conditions the ratio of platelet-like 

particles to MKs was calculated. In this example this would be 8.9.

239



Migration is calculated by dividing the number of cells counted in the bottom 

chamber by the total number of cells from top and bottom chambers and expressed as 

a percentage.
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