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SUMMARY

Neutrophils are cssential for the successful development of an inflammatory reaction, and
a defect in any of their inflammatory functions reduces their microbicidal capacity. Since
TNF-a is produccd by macrophages at the sitec of infection, its influence on ncutrophil

functions was studjed.

In the first series of experiments, two functions were studied - the generation of superoxide
anjon, and neutrophil locomotion. Il TNF-& was unable to directly induce the release of
superoxide anion from neutrophils, but could enhance the response to the chemotactic
peptide N-formylmethionylleucylphenylalanine (f Met-Leu-Phe). Threce characteristics of
priming emerge from this study. Firstly, the responsc to f Met-Leu-Phe varics between
donors, and this affects the subsequent degree of enhancement induced by rH TNF-o.
Secondly, the cells must be preexposed to r1l TNF-a for an enhanced responsc to f Met-
Leu-Phe to occuor, and thirdly, washing the rH TNF-a from the cells prior to stimulating
them with f Met-Leu-Phe did not abolish priming. Control experiments were performed to
determine the specificity of this response. When cells were stimulated in the presence of
superoxide dismutase, priming by rH TNF-o was abolished, indicating that neutrophils
specifically increasc their production of supcroxide anion in responsc to priming by rH
TNF-o. The possibility of contamination by LPS was discounted by incubating the cells in
the presence of boiled and untreated rH TNF-o., 1t was found that the primed response, but
not the response to f Met-Leu-Phe was abolished by boiling tH TNE-a. To define whether
priming was confined to the £ Met-Leu-Phe response, the effect of rH TNF-a. was tested on
two other activators of neutrophil function. Preincubation with tH TNF-o enhanced the
production of superoxide anion in response to zymosan activated serum (crude C5a), but

not to phorbol mynstate acetate.
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Another aspect of ncutrophil function required for the development of an inflammatory
responsc is the chemotactic migration from the blood to the site of infection. Although rH
TNF-a was not itself chemotactic for neutrophils, preincubation with this cytokine
inhibited the chemotaxis of neutrophils towards a source of f Met-Leu-Phe. The inhibition
of chemotaxis was dependent on both the concentration of rH TNF-a used, and the time of
preincubation. In addition, the nhibition of chemotaxis was not confined to f Met-Leu-
Phe, because rH TNF-o¢ was also shown to inhibit the migration towards a gradient of

zymosan activated serum.

The second series of experiments were designed to further define the influence of rH
TNFo on neutrophil superoxide generation and chemotaxis, and attempt to definc the
mechanism by which rIT TNF-a enhanced superoxide production but inhibited chemotaxis.
rH TNF-o. was found to enhance superoxide production in a concentration-dependent
manner. In parallel experiments, a titration of f Met-Leu-Phe in the presence or absence of
rH TNI-o revealed that neutrophils gencrate more superoxide anion at concentrations of
f Met-Leu-Phe from 1070 to 10-8M. As with the inbibition of chemotaxis, enhancement of
superoxide generation by rH TNF-a occurred in a time -dependent manner, and exhibited
similar kinetics when compared to the chemotactic response. Unstimulated neutrophils
possess f Met-Leu-Phe receptors with high and low affinitics, which are thought to be
responsible for the chemotactic and superoxide reponses respectively. The regulation of
f Met-Leu-Phe receptor expression on human neutrophils was therefore studied. Upon
incubation with tH TNF-¢, the high affinity £ Met-Leu-Phe receptor was lost, and a single
lower affinity receptor population was expressed. Although the affinity of the receptors
was altercd, the total number of f Met-Leu-Phe receptors remained unchanged. The
changes in receptor expression were consistent with the increase in superoxide production

and the decreasce in chemotactic responsiveness.

To investigate whether the rcgulation of superoxide generation, chemotaxis, and f Met-

Leu-Phe receptor expression was unique to tH TNF-q, the effect of recombinant human
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granulocyte-macrophage colony-stimulating factor (tH GM-CSF) on neutrophil responses
and receptor expression was studied. As with rH TNF-a, tH GM-CSF enhanced the
respiratory burst in a concentration- and time-depcndent manner. Preincubation with rH
GM-CSF also inhibited chemotactic migration in a time-dcpendent manner, which
paralleled that shown for supcroxide anion generation. F Met-Leu-Phe receptor affinity
but not number, was also altered In a manner similar to that shown for rH TNF-c.
Interestingly, the time course of change in receptor expression was similar to the time
courses for superoxide generation and chemotaxis. These observations imply that the
regulation of f Met-Leu-Phe receptor affinity may contributc to the regulation of

neutrophil functions by rH TNF-q.

The other microbicidal mechanism of ncutrophils is the release of lysosomal enzymes into
phagosomes and the extracellular environment. To further define the rcgulation of
neutropbil function by tH TNF-q, its influence on neutrophil degranulation was studied.
In contrast to superoxide anion production, TH TNIF-o directly stimulated neutrophil
degranulation. Preincubation with rH TNF-a also enhanced the responsc to f Met-Leu-
Phe, and although the effect was additive, it varied amongst donors as for superoxidc
generation. Preincubation with rtH TNF-a influenced neutrophil degranulation in responsc
to f Met-Leu-Phe in a concentration-dependent manner, and exhibited an additive effect at
all f Mect-Leu-Phe concentrations tested. The cell surface expression of the granule
associated receptor for C3bi (CR3) was also studied. As with degranulation, rH TNF-a
directly stimulated the expression of this molecule, but the effect was never as potent as

that obscrved for f Met-1.cu-Phe.

Neutrophil dcgranulation i1s dependent on extensive actin rearrangements within the
neutrophil cytoskeleton, thercfore the effect of rH TNF-o on actin polymerisation was
studied. Incubation of neutrophils with rH TNF-¢: stimulated the rapid polymerisation of
actin which peaked within 10 seconds and depolymerised within two minutes. Although

rI1 TNF-a-induced polymerisation was kinetically similar 1o { Met-Leu-Phe-induced actin
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polymerisation, both the magnitude of the response and the dcpolymerisation time were
always less. The pattern of actin polymerisation was similar between rH TNF-o and
f Met-Leu-Phe, and a titration of rH TNF-a revealed that this effect could only be dctected
at 1000 and 100 u/m!, which is higher than that required for other functions. In addition to
a direct effect on actin polymerisation, preincubation with rh TNF-o also enhanced f Met-

Lcu-Phe-induced actin polymcrisation in a concentration-dependent manner.

The neutrophil functions that rH TNF-o directly affects, i.e. cell surface receptor
expression, degranulation and actin polymerisation, all require some alteration in the lipid
composition of thc cells. In addition to this, certain neutrophil lipids act as second
messengers in the signal transduction pathways. Therefore, to determine whether rH
TNFa could influence lipid metabolism, the release of arachidonic acid from neutrophils
was studied. Incubation with tH TNF-a induced the release of arachidonic acid from
neutrophils. Interestingly, this effect was equipotent with that observed for f Met-Leu-Phe,
and appears to bc confined to the cytokines that enhance superoxide production in
responsc to f Met-Leu-Phe. As with the other effects observed, the stimulation of
arachidonic acid release from neutrophils was both time- and concentration-dependent. Of
particular note, the time course of rH TNF-o-induced arachidonic acid release appears to
be temporally related to that observed for the enhancement of superoxidc anion generation
and inhibition of chemotaxis. In addition, although rH TNF-& induces the release of
arachidonic acid from neutrophils, it does not appear to stimulate its metabolism. These
observations suggest a possible mechanism of priming of peripheral blood neutrophil

functions by 111 TNF-a..
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SECTION 1.1 GENERATION OF PERIPHERAL BLOOD
NEUTROPHILS

Human polymorphonuclear neutrophils are cells whose life is spent in three environments:
bone marrow, blood, and tissues. Their primary function is to infiltrate tissues from the
blood in order to phagocytose and kill invading micro-organisms. About 55 to 60% of the
bonc marrow is dedicated to the production of the neutrophil. There have been three major
stages of differcntiation defined in the bonc marrow (Figure 1.1). The pluripotent stem
cells constitute thc most primitive stage of this process. These cells are capable of cither
differentiating or self-renewal by proliferation. The second stage of differentiation in the
bone marrow consists of progenitor cells which arc committed to the neutrophil lineage.
Although these cells still have proliferative potential, they can only differcnfiate into end
cells when triggered by specific stimuli. The third stage of granulopoiesis consists of
distinct cell populations. These cells are either fully differentiated or are undergoing the

last few divisions to reach maturity.

Neutrophils develop in the bone marrow from a myeloblast, which undergoes a process of
proliferation and differentiation (Figure 1.1). Prolifcration consists of approximately five
divisions, and only occurs during the first three stages of neutrophil maturation (blast,
promyelocyte, and myelocyte). The cells become "end cells” after the myelocyte stage, 1.e.
no longer capable of mitosis. They then enter a storage pool within the bone marrow from
which they are relcased into the blood about five days later, where they circulate for about
ten hours. Approximately 100 billion neutrophils enter and leave the circulation daily in
normal adults (Dancey, et al,, 1976: Walker and Willemze, 1980). It is unknown how
long they survive in the tissues following emigration, but it is thought that they only last
for one to two days. The normal sites of destruction are unknown, but a study by Jamuar

and Cronkite (1980) reported that granulocytes tended to concentrate in the spleen.



FIGURE 1.1

Granulocyte maturation occurs in three stages.
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SECTION 1.2 THE ANATOMY OF THE NEUTROPHIL

The resting ncutrophil exhibits a condensed multi-lobed nucleus (most commonly three,
but varying from one to five or more) surrounding the centrosome, which is located at the
approximate geometric centre of the cell. The centrosome consists of two centrioles from
which micrombules radiate outward, and the Golgi complex. Scattered in the periphery of
the neutrophil cytoplasm are the azurophilic (primary) granules, and the specific
(sccondary) granules. Table 1 (page 18) lists the components of human neutrophil
granules reported from both cytochemical and isolation techniques. The primary granules
are commonly called peroxidase-positive granules and contain a variety of ncutral
proteases and lysosyme (Spitznagel et al., 1974; Baggiolini, 1972; Strominger and
Ghuysen, 1967), B-glucuronidase (Bainton, Nichols and Farquhar, 1976), phospholipase
A, (Franson, Patriarca and Elsbach, 1974) and cationic proteins (Zeya and Spitznagcl,
1966; Odeberg and Olsson, 1975; Drazin and Lehrer, 1977). It was originally reported
that primary granules contain the antimicrobial substance lactoferrin (Spitznagel et al,,
1974), an observation which has been recently confirmed by Cramer et al. (1985). The
secondary granules contain a vitamin B, binding protein (Kane and Peters, 1975),
phospholipase Ay (Weiss et al., 1978), and approximately two-thirds of the cells' Iysosyme
(Spitznagel et al., 1974). In addition, the specific granules have also becen reported to
contain the receptors for the chemoattractant N-formylmethionyl-leucylphenylalanine
(f Met-Leu-Phe, Fletcher and Gallin, 1983; Jesaitis et al., 1982), the receptor for the
complement fragment C3bi (CR3 receptor, O'Shea et al., 1985) and laminin (Yoon et al.,
1987). There has also been a tertiary granule population tentatively identified, which has

been reported to contain gelatinase (Dewald, Bretz and Baggiolini, 1982).

The granules are compartmentalized away from the plasma membrane by a cortical actin

network (Southwick and Stosscl, 1983). This prevents indiscriminate fusing of the



granules with the cells' membrane and provides the cell with a control mechanism by
which to regulate phagocytosis and degranulation. Other organelles within the cell are few
because the neutrophil relies primarily on glycolysis. Thus, there are few mitochondria
and a limited amount of smooth and rough endoplasmic reticulum, but a large store of

glycogen.

SECTION 1.3 ROLE OF THE NEUTROPHIL IN INFLAMMATION

1.3.1 The inflammatory reaction:

The infiltration of cells at the site of infection represents the principal local defense against
the spread of infection by invading micro-organisms. Limiting the spread of infection, and
the subsequent removal of pathogens results in an inflammatory reaction. The white blood
cells involved in an inflammatory reaction are the polymorphonuclear phagocytes -

neutrophils, eosinophils and basophils - and mononuclear phagocytes.

The central role of neutrophils in inflammation has been appreciated since the 1950s.
Animals depleted of leukocytes could not mount an inflammatory reaction against immune
complexes formed in the wall of venules (Stetson, 1951; Cochrane, Weigle and Dixon,
1959). Similarly, in leukopenic rabbits there was a reduction in all inflammatory

parameters quantitated after injection of Escherichia coli (Kopaniak and Movat, 1983).

The in vivo study of inflammation induced by E. coli can be cited as an example of the
general phases of inflammation (Movat et al., 1987b). There are five events that can be
quantitated, and these are as follows: 1) enhanced blood flow through the dilated
microcirculation; 2) enhanced vasopermeability with the exudation of plasma; 3)
accumulation of neutrophils; 4) microhemorrhage; and 5) microthrombosis. Thus,

neutrophils are the cells that are mobilized in the inflammatory response first. This



migration is thought to be directed by the chemotactic effects of substances generated or
released at the site of infection. These include exogenous substances such as bacterial
lipopolysaccharide (LPS) and the formylated peptides generated by protein degradation.
Endogenous substances produced by monocytes at the site of inflammation include the
cytokines tumor necrosis factor-o. (TNF-q), interleukin-13 (IL-18) and granulocyte-
macrophage colony-stimulating factor (GM-CSF), and the peptide neutrophil activating
tactor (NAF). These substances havce all been reported to be chemotactic for neutrophils
(Wang, Bersani and Mantovani, 1987; Cybulsky, Colditz and Movat, 1986; Wang et al.,
1987; Thelen et al, 1988). Other endogenous activators of necutropbils include
complement, arachidonic acid and its metabolites, such as leukotrienes and prostaglandins

and platelet activating factors.

The inflammatory process which develops in response to invasion by E. coli, is outlined in
Figure 1.2. Essentially, during infection with a gram-negative micro-organism, the releasc
of LPS is thought to induce the production of chemotactic substances, as it is not a
chemotaxin itself (Colditz and Movat, 1984 ). The substances thought to induce neutrophil
chemotaxis are the endogenous cytokines IL-1B and TNF-a, GM-CSF, NAF, and the
cxogenous peptide f Met-Leu-Phe. /n vitro studies implicate these factors in the increased
adhesiveness of neutrophils to endothelial cells (Bevilacqua et al, 1985; Gamble et al.,
1985; Gamble et al.,, 1989; Smith, Gamble and Vadas, unpublished observations;
Zimmerman and Mclntyre, 1988), and they have all been shown to be chemotaxins (Luger
et al., 1983; Wang, Bersani, and Mantovani, 1987; Wang ct al., 1987; Peveri et el., 1988;
Marasco et al., 1984). In vivo studies indicate that IL-1p is the major endogenous mediator
of endotoxin-induced inflammation. Thus, shedding of endotoxin stimulates
monocytes/macrophages to produce IL-18 and TNE-a, which together with f Met-Leu-Phe

induce accurnulation of neutrophils at the inflammatory site.



FIGURE 1.2

The inflammatory reaction.
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The accumulated neutrophils secrete lysosomal proteases and oxygen metabolites, by
phagocytosis of the pathogen, and additional stimulation by both f Met-Leu-Phe and
endogenous factors such as those mentioned above. The generation of microbicidal
proteases and free oxygen radicals also both act to injure the microcirculation. This causes
increased vasopermeability, hemorrhage, and microthrombosis, all of which are side
effects of the body’s attempt to contain the spread of micro-organisms. The increased
blood flow cnhances the delivery of neutrophils and therefore enhances microvascular
injury. If these events fail to contain the spread of infection, septicemia develops, and
eventually the relcasc of such large amounts of endotoxin can cause disseminated vascular

coagulation (Movat et al., 1987).
1.3.2 Clinical disorders of neutrophil function:

The importance of the neutrophil in the inflammatory reaction can be appreciated when
one considers clinical disorders of neutrophil function. Patients demonstrating an
increased susceptibility to infection have been found to possess neutrophils defective in
one or more aspects of their normal functions. These patients are particularly susceptible
to infection by pyrogenic organisms, demonstrating the importance of neutrophils in the
hosts defence against thesc organisms. The common aspects of infection in these paticnts
is that the infections tend to be frequent and recurrent, but the individual episodes respond

well to treatment.

The defects in neutrophil function observed can be attmbuted both to the cell itself, and to
the production of substances nccessary for proper cell function. The humoral defects have
been well characterized, whereas the molecular basis of many cellular defects in neutrophil
function are yet to be defined. Four examples of well-defined cellular defects are chronic

granulomatous discase, hereditary myeloperoxidase deficicncy, the Chediak-Higashi



syndrome, and the CD-18 deficiency. These will be discussed briefly below to illustrate

the importance of ncutrophils in the inflammatory process.
1.3.2.1 Chronic Granulomatous Disease:

Chronic Granulomatous Disease (CGD) is a rare genetic disease characterized by scvere
recurrent infections of the lymph node, skin, lung, liver, and other tissues. The
predominant pathogens are Staphylococcus aureus, certain gram-negative bacteria and
fungi. The condition is due to an inability of the neutrophils and monocytes from these
patients to kill certain ingested bacteria and fungi. This defect is associated with impaired

metabolic activity in these cells.

The neutrophils of thesc patients exhibit normal morphology (Quie et al., 1967),
chemotaxis (Bridges et al., 1959; Ward and Schiegal, 1969; Snyderman et al., 1975) and
phagocytosis (Bridges et al., 1959; Quie et al., 1967). Although they ingest bacteria, the
microorganisms remain alive for prolonged periods. The metabolic acti\lzity of these cells
is low in the following aspects: phagocytosis-induced oxygen consumption (Holmes et al.,
1967); H,0, formation; superoxide anion formation (Curnutte et al., 1974; Rosen and
Klebanoff, 1976); chemiluminescence (Rosen and Klebanoff, 1976); NBT reduction
(Baehner and Nathan, 1967,1968); hexose monophosphate shunt activity (Holmes et al.,
1967); iodination (Klebanoff and White, 1969); thyroid hormone degradation (Klebanoff
and Green, 1973); and estrogen binding (Klebanoft, 1977).

Further studies have elucidated the specific defect in these cells. Segal and Peters (1976)
localized an enzymc in the plasma membrane of neutrophils which reduces NBT in the
presence of NADH., On studies of CGD patients they found that the NADH
dehydrogenase exhibited defective function at low NADH concentrations. In addition, a

deficiency of the NADPH oxidase also occurs in CGD patients (Hohn and Lehrer, 1975).
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Although these defects have been characterized in a number of patients, there have also
been reports of normal enzyme activity in other patients. More recent studies have defined
the molecular basis for the disease. Using cell-free activation systems for NADPH
oxidase, it has been shown that the membrane fraction is defective in the two cytochrome
b-negative forms of CGD (Segal et al. 1983). This has been interpreted as an abnormality

in the cytochrome bgg5g which is involved in NADPH oxidase activation.

1.3.2.2 Myeloperoxidase Deficiency:

Myeloperoxidase (MPO) deficiency is characterized by a decrease in the histochemical
staining for peroxidase. This deficiency may be hereditary (Lehrer and Cline, 1969) or
acquircd. In hereditary MPQO defieiency, there is a complete absence of MPO from
neutrophils and monocytes. Acquired MPO deficiency occurs as a result of another
disease. Diseasc states which have been associated with acquired MPO dcficiency include
severe bactcrial infection (Graham, 1920), acute lethargic encephalitis Economo (Sato and
Yoshimatsu, 1925), refractory megaloblastic anemia (Arakawa et al., 1965; Higashi et al.,
1965; Lehrer et al., 1972) and leukemia (Catovsky et al., 1972). Acquired MPQO deficiency

can be permanent or temporary and the MPO levels are either undetectable or reduced.

The selective absence of MPO from the azurophil granules of neutrophils and monocytes
occurs in hereditary MPO deficiency (Lchrer and Cline, 1969; Stendahl and Lindgren,
1976; Rosen and Klebanoff, 1976). The absence of MPO is not associated with a
reduction in thc number of azurophil granules or any other abnormality in the azurophil
granules. Eosinophils, basophils and platclets all contain normal amounts of peroxidase,
thus this deficiency is only associated with neutrophils and monocytes. The peripheral
white blood cell count and differcntial are normal, as is chemotaxis, phagocytosis and

degranulation in patients with hereditary MPO deficiency. Notably, the respiratory burst
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of these paticnts is either normal or elevated, suggesting compensatory microbicidal

activity in these cells (Klebanoff and Hamon, 1972).

The deficiency in MPO is associated with a marked reduction in microbicidal activity. In
particular, these cells are impaired in their fungicidal and bactericidal activities.
Interestingly, the microbicidal defect observed in these patients is not as severe as that
associated with CGD. This observation correlates well with the milder clinical course of

these patients.

1.3.2.3 Chediak-Higashi Syndrome:

The Chediak-Higashi Syndrome (CHS) is characterized by recurrent and severe pyrogenic
infections, partial oculocutaneous albinism, abnommally large granules in all granule-
containing cells and a lymphoma-like accelerated phase (Klebanoff and Clark, 1978). The
abnormal CHS granules have many of the characteristics of lysosomes, and it is postulated
that most of the manifestations of the disease are related either directly or indirectly to the
granule abnormality. The recurrent infections associated with CHS are most commonly of
the upper and lower respiratory tract, and the skin. Septicemia has also been reported.
Interestingly, the causative agents of these infections are predominantly pyrogenic

Organisms.

1.3.2.4 CD-18 Deficiency:

The structurally and functionally related adhesion glycoproteins Mac-1, LFA-1, and
pl150,95, each possess a single distinct alpha subunit, but share a common beta subunit
(CD-18). Patients possessing a deficiency in the expression of Mac-1, LFA-1, or p150,95
(either individually or in combination) suffer from recurrent or progressive necrotic soft

tissue infections, diminished pus formation, impaired wound healing, granulocytosis,
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and/or delayed umbilical cord severance (Anderson et al.,, 1985). The severity of
infectious complications among these patients is directly related to the degree of the
deficiency in the expression of these molecules. Abnormalities were found in leukocyte
mobilization, granulocyte-directed migration, hyperadherence, phagocytosis of C3bi-
opsonized particles, and complement- or antibody-dependent cytotoxicity. This syndrome
is another illustration of the critical role that granulocytes play in the successful

development of an inflammatory reaction.

SECTION 1.4 ASPECTS OF NEUTROPHIL FUNCTION

As mentioned in Section 1.3, the general phases of inflammation involve the activation of
a variety of neutrophil functions. The development of a successful inflammatory response
is dependent on the expression of these functions, and a defect in any aspect of such
functions leads to the development of clinical disorders. Certain aspects of neutrophil

function will be discussed in detail below.

1.4.1 Locomotion:

An acute inflammatory response involves the mobilization of neutrophils from the bone
marrow followed by migration of these cells from the circulation into the site of infection.
This directed migration, termed chemotaxis, is essential for the elaboration of an
inflammatory reaction, and the effective removal and containment of invading micro-

organisms.

Cells are continuously moving within their environment, and changes in the environment
therefore affect cell motility. Random motility is an inherent property of neutrophils, and
their exposure to a uniform concentration of chemoattractant results in stimulated random

movement. This movement is termed chemokinesis, and differs from chemotaxis in that
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the cells do not move directionally. Thus, there are three definable aspects of cell motion

random movement; chemokincesis; and chemotaxis.

1.4.1.1 Random movement:

Keller et al. (1977) have defined random movement as follows: 'Motion in which the cell
or organism shows a tendency to move along a path that can be represented by a line
segment, but that is randomly orientated in relation to the environment'. Although the
kinetics of random movement have been proposed as an example of the Brownian random
walk, it is clear that neutrophils do not move in this manner. A study of the random
movement of neutrophils by Allan and Wilkinson (1978) revealed that if cclls were studied
over a brief time span (a minute or two for neutrophils) their paths tend to be directional.
However, if the cells are studied during longer time intervals, their path appcars to be more
random, and this is proportional to the time interval involved. This type of movement is
termed the 'persistent random walk' and appears to be characteristic of all tissue cells

studicd.

Alterations in the random movement of cells is dependent on environmental stimuli. Such
stimuli can alter cither the speed of the cells, their turning behaviour, the direction of
movement, or all threc aspects of locomotion. The two basic stimuli which can alter cell

locomotion are either the chemical or the physical properties of their environment.

1.4.1.2 Chemokinetic movement:

Chemokinesis of neutrophils is a random response to chemical substances in the
environment.  Although other features of the environment, e.g. adhesiveness or
temperature, may alter the speed or turning behaviour of the cells, thesc aspects would be

considered as kinetic rather than chemokinetic. Chemokinesis can be simply defined as
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the stimulated random movement of neutrophils, where the speed or turning behaviovr of

the cells is altered, but the direction of overall movement is not (Keller et al., 1977).

Most of the chemokinesis induced by chemotactic factors on neutrophils is due to a change
in cell direction and cell speed, causing the cells to accelerate (Zigmond and Sullivan,
1979). A study of chemokinesis by Wilkinson et al. (1984) indicates that negative
chemokinesis can cause cell accumulation at the site where cells move most slowly. This
observation could be important in the in vivo sense when one considers the effect of

migration inhibitory cytokines on local cell accumulation at inflammatory sites.

1.4.1.3 Chemotactic movement:

Whereas chemokinesis is stimulated random movement, chemotaxis is a directional
response of neutrophils to substances in their environment. The chemotactic response in
neutrophils is characterized by two essential features. Firstly, neutrophils orientatc
towards the chemotactic source by putting out a leading lamellipodium in the direction
facing the gradient source. The lamellipodium is typically ruffled and motile, and devoid
of organelles. Behind the lamellipodium is the cell body which includes all the organelles
and remains rounded or tapered. Although the chemotactic gradient determines the
direction of polarisation, these morphological changes are characteristic of all types of

locomotion.

The second characteristic of the chemotactic response is the directional movement of the
cells up the gradient following orientation. The major effect of the chemotactic gradient 1§
to narrow the angles of turming and accelerate cell speed (Zigmond, 1974). It appears that
cells detect gradients through temporal adaptations (Zigmond and Sullivan, 1979). Thus,
movement is duc to the capacity of receptors moving forward along the lamellipodium to

detect concenmation differences at different points in time. A recent report by Walter and
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Marasco (1987) supports this theory in that they detect a clustering of formyl peptide

receptors over the anterior portion of polarised neutrophils.

1.4.1.4 Contact guidance:

Another aspect of the movement of neutrophils is the influence of the substratum on the
direction of movement. This property of cell movement has been termed 'contact
guidance' by Weiss (1961) who first proposed it. This concept was expanded in a report
by Carter (1965), who proposed that neutrophil motility is controlled by thc relative
strengths of its peripheral adhesions. Carter coined the term "haptotaxis” to describe this
phenomenon. A study by Wilkinson, Shields and Haston (1982) revealed that neutrophils
tended to travel up and down parallel fibres of collagen or fibrin in three dimensional
fibrous gels. Thus, the cells moved directionally, but movement was bidirectional rather
than unidirectional, as for chemotaxis. Contact guidance can alter chemotactic responses
by either enhancing or intcrfering with them (Wilkinson and Lackie, 1983) and, therefore,

the choice of in vitro assay could well influence the outcome of experiments.

1.4.2 Phagocytosis:

In a temporal sense, the second neutrophil function stimulated by invading micro-
organisms is phagocytosis. An esscntial feature of this process is the establishment of
contact between the cells and particulate matter. Therefore, phagocytosis can only occur

once the neutrophils have accumulated at the site of infection.

The process of phagocytosis can be separated into several stages. These are as follows: 1)
opsonization of the particles by scrum factors; 2) recognition and attachment of the

opsonized particles to the cell surface; 3) engulfment of these particles; 4) intracellular
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killing of micro-organisms; and 5) the digestion of micro-organisms and other ingested

matter.

1.4.2.1 Recognition and attachment:

Opsonization is achieved by covering the particles with opsonins such as IgG, C3b, and
C3bi. Binding of IgG exposes its Fc portion to the phagocytes, which then bind via their
Fc receptors (Fleit, Wnght and Unkeless, 1982). The binding of IgG to antigen activatcs
the classical pathway, leading to thc generation of C3b and C3bi. IgM has no opsonic
capacity, but binding of IgM activates the complement system. C3b and C3bi can also be
produced through activation of the alternative pathway. C3b is deposited on the particles,
which is then recognized by phagocytes via thcir C3b receptors (CR1, Fearon, 1980)
Furthur enzymatic cleavage exposes C3bi sites which are recognized by the C3bi (CR3)
receptor on phagocytes. The recognition of particles opsonized with IgG, C3b, and C3bi is

the main mechanism by which ncutrophils ingest foreign material.

1.4.2.2 Ingestion:

The mechanism underlying the ingestion of particles by macrophages was studied by
Silverstein, Steinman, and Cohn (1977). These studies showed that, following specific
binding of the particle, the phagocyte membrane surrounds it. When the tips of the
pseudopodia surrounding the particle fuse together, the particle is enclosed in a
phagosome. During and after formation of the phagosome, adjacent lysosomes fuse with it

and release their contents, thus forming a phagolysosome.
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1.4.2.3 Killing of micro-organisms:

During, and after, the process of ingestion, several mecchanisms that result in the
destruction of the ingested micro-organisms are initiated. These mechanisms centre
around two major events: the fusion of the lysosomes with phagosomes and the plasma
membrane; and the generation of highly toxic products of oxygen reduction. Thesc
microbicidal mechanisms will be discussed further below. The actual killing and digestion
of micro-organisms is mediated through the combined action of the granule contents and

the oxidizing agents released.
1.4.3 Degranulation:
1.4.3.1 Lysosomal enzymes:

Two aspects of lysosomal mobilisation occur during phagocytosis. The lysosomes either
fuse with the phagosome or fuse with the plasma membrane. The release of lysosomal
gnzymes into the phagosome results in the degradation of the ingested micro-organism,
whereas liberation of lysosomal enzymes into the environment also causes damage to the
surrounding cells and tissues. Thus degranulation and phagocytosis are interrelated events

in the the activation of neutrophils during the inflammatory process.

Fusion of the lysosomes with phagosomes is the mechanism by which microbicidal
activity is expressed during phagocytosis. In addition, extracellular organisms are
destroyed by the combination of lysosomal fusion with the plasma membrane and the

liberation of toxic products of oxygen metabolism.
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The lysosymes of neutrophils contain a variety of potentially microbicidal substances
which are summarized in Table 1.
Table 1

Constitutents of azurophil and specific granules from human neutrophils.

Azurophil granules Specific granules

Microbicidal enzymes

Myeloperoxidase

Lysosyme Lysosyme
Neutral proteases

Elastase

Cathepsin G

Protease 3

Acid hyrolases

b-glycerophosphatase Collagenase
b-glumonidase

N-Acetyl-b-glucosaminidase

a-Mannosidase

Cathepsin B

Cathepsin D

Other

Cationic proteins Vitamin B 9-binding
proteins

Defensins Plasminogen activator

Bactericidal permeability Increasing Histamine

protein (BPI)
Azurophil-dcrived bactericidal factors
(ADBF) Receptors for-
f Met-Leu-Phe
CR3 (C3bi)
Laminin
Cytochrome h
Lactoferrin
Flavoproteins

Firstly, lysosyme is one of a group of enzymes which hydrolyse bacterial cell walls
(Baggiolini, 1972). It specifically attacks the B-1-4 glycosidic linkage that joins N-acetyl
muramic acid and N-acetyl glucosamine in the murein backbone of peptidoglycan
(Strominger and Ghuysen, 1967). Thus, lysosyme is only active against bacteria, and a
wide variety of micro-organisms are sensitive to its action (Salton, 1957). Despite this,

there are also a variety of microorganisms such as group A streptococci, staphylococci,
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and almost all gram-negative organisms, which resist the action of lysosyme unless treated
concomitantly in some other manner (Miller, 1968; Glick, Ranhard and Cole, 1972; Efrati
et al., 1976). Because most bacteria of clinical significance are resistant to lysosyme itself,
the major function of this enzyme may be to digest microorganisms once they have been

phagocytosed, rather than acting as a primary bactericidal agent (Elsbach, 1980).

Neutrophil granules also contain a number of neutral proteases such as serine esterases,
elastase (Janoff, 1972) collagenase (Harris and Crane, 1974) and cathepsin G (Barrett,
1974). Elastase is capable of degrading the cell walls of heat-killed staphylococci but is
not very effective against live organisms (Janoff and Blondin, 1973; Thorne, Oliver and
Barrett, 1976). Cathepsin G is weakly bactericidal against staphylocci and can alter some
gram-negative species so that they are readily attacked by lysosyme (Thorne, Oliver and
Barrett, 1976). As with lysosyme, the role of the proteases appears to be in post-

phagocytic digestion rather than as an antimicrobial (Elsbach, 1980).

Lactoferrin is another component of neutrophil granules with potential microbicidal
properties. This protein has a high affinity for iron (Masson, Heremans and Schonne,
1969), and is thought to act in the extracellular environment rather than the phagosome of
the neutrophil. This theory is supported by two observations. Klempner et al. (1978) have
shown that small quantities of LPS induce the release of about one-third of total neutrophil
lactoferrin into the extracellular media. In addition, Leffell and Spitznagel (1975) reported
that 86% of the lactoferrin discharged during phagocytosis is secreted into the extracellular
media rather than into the phagosome. It is still unknown whether lactoferrin acts

concomitantly or not with other neutrophil microbicidal mechanisms.

The cationic proteins of neutrophils were originally isolated by Hirsch (1956) as a complex
which he called phagocytin. Zeya and Spitznagel (1966) subsequently demonstrated that

phagocytin was a complex of arginine-rich cationic proteins which, when separated into
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individual components, could each demonstrate bactericidal activity for different bacterial
species. Cationic proteins have also been demonstrated to be antifungal (Drazin and
Lehrer, 1977) and active against gram-negative rods (Weiss et al., 1978). All of these
proteins are active at neutral pH and rapidly interfere with replication without destroying

the structural integrity of the micro-organism.

Another potential microbicidal activity of neutrophils is the increase in the acidity of the
phagosome. The pH of phagosomes has been estimated to vary from 3.0 to 6.0 depending
on the species studied (Mandell, 1970; Jensen and Bainton, 1973). Thc cause of the pH
change could be due to a number of events. Two possibilities are that it results from the
production of lactate during glycolysis, which is necessary for phagocytosis (Kakinuma,
1970), or from the fusing of lysosomes containing acid substances. The change in pH has
two advantages. Firstly, some bacteria are killed by organic acids in acid media (Dubos,
1953) and, secondly, the acidification may optimizc the activitics of other microbicidal

enzymes such as the myelopcroxidase/H,05/halide system.

1.4.3.2 Lysosomal fusion with phagosomes:

Formation of the phagolysosome during phagocytosis is limited by the surrounding
asserably of contractile proteins (Southwick and Stossel, 1983). As these clements are
removed from thc phagosome, lysosomes can be seen fusing with the phagosome and
releasing their contents (Weissmann et al.,, 1971; Zucker-Franklin and Hirsch, 1964).
Most of the granule fusion occurs with the phagosomal rather than the plasma membrane
during phagocytosis. Specific granules fuse with the phagosomes earlier than azurophilic
granules (Bainton, 1973; Bentwood and Henson, 1980; Henson, 1971), but this may

simply be due to the fact that there are more specific granules present in the cell.
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1.4.3.3 Lysosomal fusion with the plasma membrane:

The phagocytosis of particles by neutrophils also induces the fusion of lysosomes with the
plasma membrane as a controlled exocytotic process (Hawkins, 1972; Becker and Henson,
1973). The actual molecular events that occur during exocytosis of granules arc still
unknown. Henson et al. (1988) have defined four events in the fusion process. These are:
(i) an intraccllular signal causes the translocation of secretory vesicles to the inner surface
of the plasma membrane; (ii) repulsive forces are overcome enabling contact of the granule
with the plasma membrane; (iii) the membrane bilayers undergo a local destabilization;
and (iv) fusion of the two membrancs occurs with establishment of the membrane

structure, resulting in the exocytosis of granule contents whilst maintaining membrane

integrity.

The intracellular signals required for exocytosis have yet to be fully defined, but there is a
range of data to support calcium as an essential signal in this process. Lew et al. (1986)
have reported that an increase in intracellular calcium up to 200-300nM is the required
threshold for exocytosis in 1onomycin-treated neutrophils. Although calcium appears to be
central to the exocytotic process, a recent report by Niific and Lindau (1988) indicates that
this is a regulatory rather than initiatory step. These workers investigated the dynamics of
exocytosis in single human neutrophils using time-resolved patch-clamp capacitance
measurcments. They reported that GTPYS-stimulated exocytosis was independent of the
intracellular-free calcium concentration between 10nM and ~2.5uM. In addition, an
elevation of intracellular-free calcium to the micromolar range induced limited fusion in
the absence of GTPYS. Such a role for GTP binding proteins in the control of exocytosis is
supported by other evidence discussed by Burgoyne (1987). GTP analogs could stimulate
secretion in the absence of calcium, even if phospholipase C activation was prevented by

pretreatment of the cells with pertussis toxin before permcabilisation.
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Since the granules must necessarily interact with the cytoskeleton during translocation to
the cell surface, investigators have studied the involvement of the cytoskeleton in
neutrophil exocytosis. Because the cytoskeleton appears to play an important role in a

number of neutrophil functions, it will be discusscd as a separate section.

1.4.4 The neutrophil cytoskeleton:

Neutrophil functions such as locomotion, pinocytosis, phagocytosis and exocytosis all
involve reorganization in the distribution of plasma membrane and cytoplasmic
components. Such leukocyte motility is dependent on the integrity of the network of
proteins comprising the cytoskeleton, because disruption of these components influences

the subsequent response.

1.4.4.1 Cytoskeletal structure:

The cytoskeleton of neutrophils is composed of threc major structural protein systems and
a number of regulatory proteins. Actin is the most abundant component of the
cytoskeleton and comprises the microfilaments. Associated with the microfilament system
are a number of regulatory proteins which serve to modulate actin assembly as described

below. These proteins and their functions are listed in Table 2.

The major concentration of microfilaments and associated proteins in leukocytes, occurs in
the peripheral cytoplasm of the neutrophil. They were detected by staining of neutrophils
by. immunofluorescence, immunoperoxidase and immunogold techniques with antibodies
specific for actin and its associated proteins (Oliver, Lalchandani, and Becker, 1977,

Valerius et al., 1981; and Yin, Albrecht, and Fattoum, 1980).
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Table 2

Microfilament-associated regulatory proteins.

Protein Function in vifro

Actin-binding protein Orthogonal gelation of actin filaments

(ABP)

a-Actinin Bundling gelation of actin filaments

Profilin Aclin monomer sequestration

Gelsolin () Blockade of the "fast" ends of actin
filaments

(i) Severing of actin filaments
(i) Nucleation of actin filament growth

Acumentin Actin monomer sequestration by
blockade of the "slow" ends of
actin filaments

‘Iropomyosin Stablization of actin filaments

Myosin Contraction

The other known cytoskcletal protein systems are the microtubule and intermcdiate
filaments. Microtubules are composed of tubulin polymers (Malawista and Bensch, 1967)
which radiate from the centriole of the cell. The centrosome determines cell polarity and
neutrophils reorient their axis between the nucleus and the leading lamella in response to
stimulation (Malech, Root and Gallin, 1977). Intermediate filaments are asscmblies of
vimentin whose function has yet to be fully defined. Geiger (1987) recently proposed a
role for intermediate filaments in the specific interaction between elements of the
cytoplasmic matrix and peripheral elements of the nuclear matrix. This proposal is based

on several lines of evidence and has yet to be investigated.
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Although the function of all three protein systems of the cytoskeleton have yet to be fully
defined, it is known from both in vivo and in vitro studies that these systems can interact

(Griffith and Pollard, 1978; Runge et al., 1981; and Schliwa and van Blerkom, 1981).

1.4.4.2 Motor component of the cytoskeleton:

The region of the cell which changes during the movements required for the functions
above, is the cytoplasm in the periphery. This cytoplasm appears glassy when viewed
under the light microscope, and is termed the hyaline cortex, or the "motor” region of the
cell (Southwick and Stossel, 1983). During locomotion, phagocytosis and degranulation,
this region expands or contracts and varics in its appearance of fluidity. The principal
structure of the hyaline cortex of neutrophils is the microfilaments (Boyles and Bainton,
1979). These filaments are composed of actin, and it is the changes in the degree of
polymerisation of this protein which affects the fluidity of the hyaline cortex. The
regulation of actin polymerisation occurs via calcium control and a number of regulatory

protcins.

Actin is thought to be responsible for the mechanical responses of the cells for two major
reasons. Firstly, microfilaments are the prominent component of the hyaline cortex,
whereas microtubules and intermediate filaments are generally confined to the cell body
(Boyles and Bainton, 1979; Anderson et al., 1982; Malech, Root and Gallin, 1977,
Pryzwansky, Schliwa and Porter, 1983; and Schliwa, Pryzwansky and Euteneuer, 1982).
Secondly, the cytochalasins, which are known to react with actin filaments, strongly inhibit
leukocyte locomotion and phagocytosis, enhance exocytosis, and cause retraction of the
neutrophil cortical cytoplasm (Yahara et al,, 1982). In contrast, chemicals that affect

tubulin assembly, i.e., colchicine, podophyllotoxin, and vinca alkaloids do not have
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profound inhibitory effects on neutrophil mechanical functions, as do the cytochalasing

(Keller, Naef, and Zimmerman, 1984).

1.4.4.3 Actin assembly:

Actin is a slightly asymmetrical globular protein with a molecular weight of 42,500 (G-
actin). In the presence of neutral salts, it spontaneously assembles into long filaments (F-
actin) in a manner similar to the condensation of a gas into a liquid, i.e. below a critical
concentration, all actin monomers remain dispersed, but when the critical concentration 1s
exceeded, monomers assecmble into filaments. The rate-limiting step in this assembly, is
the formation of a nucleus composed of two or three monomers. Therefore, the presence
of pre-existing nuclei could have an important effect on the kinctics of actin assembly.
After nuclei have formed, elongation begins with the binding of each additional monomer
to two neighboring monomers, forming a double-helical filament. The association of
monomers into filaments is a second-order reaction which is dependent on the
concentrations of monomers and of filament ends (Figure 1.3A). Initial growth is rapid at
both ends but, elongation at one end of the filament (fast-growing end) 1s 5 to 10 times
faster than at the other end (slow growing end, Pollard and Mooseker, 1981). Actin
monomers also dissociate from each filament end, and the dissociation rate is dependent on

the concentration of filament ends.

As the filaments grow, the concentration of monomeric actin decreases until the
association rate equals the dissociation rate, and a steady state is achieved. The monomer
concentration at which these two rates become cqual is the critical monomer concentration.
When assembly is complete, the critical monomer concentrations of the two filament ends
may be different, 1.e. the dissociation constant may be higher than the association constant
at the slow growing end, and the monomer association rate may exceed the dissociation

rate at the fast growing end (Wegner, 1982). These observations suggest the
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FIGURE 1.3

The regulation of actin assembly.

Top. Actin monomers assemble first into nuclei then into filaments. Filaments of actin

contain fast-growing (f) and slow-growing (s) ends.

Middle. Profilin binds to actin monomers and prevents their formation into nuclei.

Borntom. Gelsolin and acumentin may control actin assembly by three mechanisms. Top)
At a calcium concentration below LM, gelsolin dissociates from the fast-growing end of
actin filaments. This increase in the number of fast-growing ends causes dissociation of
acumentin from somc of the slow-growing ends, causing annealing of filaments. Middle)
When ionic calcium is in the micromolar range, gelsolin cuts preformed actin filaments
and binds tightly to the fast-growing ends. Acumentin binds to the slow-growing ends and
inhibits all exchange of actin monomers. Boftom) Both acumentin and gelsolin can
nucleate actin filament growth at micromolar calcium concentrations. This action,

combined with ii) above would further inhibit actin polymerisation.

(Adapted from Southwick and Stossel, 1983)
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possibility of cycling of actin monomers through an actin filament from the fast-growing
to the slow-growing end (Wegner, 1982). If such a process exists, continuous remodelling

of actin filaments would occur.

1.4.4.4 Regulation of actin assembly:

Based on the critical concentration of actin under conditions analogous to those thought to
exist in the resting neutrophil, almost all of the actin should be polymerised (Stossel,
1988). This is not the case in a resting neutrophil, as only about half of the total actin
content is in filamentous form. Therefore, actin assembly must be regulated to maintain so
much actin in monomer form. There are two mechanisms by which this could be donc. In
one, actin monomers could be sequestered with a sufficiently high affinity to prevent
nucleation. In a second model, the growing filament ends could be interfered with by the

binding of a molecule at either end. Both mechanisms appear to be active in ncutrophils.

Profilin is a basic protein with a molecular weight of 20,000 which sequesters actin
monomers (Carlsson et al., 1976). This protein exists in a high affinity state that
complexes actin monomers so tightly that denaturing conditions are required to dissociate
them in vitro. Free profilin can also be isolated, that has a very low affinity for actin
monomers. One can thercfore propose that the regulation of profilin affinity would in turn
modulate actin monomer availability and thercfore, polymerisation (Figure 1.3B). Indeed,
preliminary evidence suggests that phosphatidylinositol-4,5-bisphosphate (PIP5) and other
lipids of the inosito! cycle, lower the affinity of profilin for actin (Lassing and Lindberg,
1985). These molecules may therefore play a role in the regulation of actin asscmbly by

profilin,
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Gelsolin binds to the fast-growing end of actin filaments and prevents monomer exchange
at this end. It also severs actin-actin bonds in filaments, thereby rupturing them (Janmey et
al., 1985). The cytochalasins resemble gelsolin in that they bind to the fast-growing ends

of actin filaments and thereby shorten the average actin filament length.

Micromolar concentrations of calcium activate gelsolin to bind to one actin molecule,
which exposes another actin binding site with an even higher affinity for actin monomers
(Janmey et al., 1986). Severing of a filament can only occur upon binding of the second
actin filament. Thus the binding of the first actin blocks filament ends, and the sccond
actin binding causes severing of actin filaments. The former can be removed by calcium
chelation with EGTA whereas the severing activity is EGTA-resistant. This second
interaction can only be dissociated by PIP,, which inhibits severing of actin filaments even
in the prescnce of micromolar calcium concentrations (Janmey and Stossel, 1987). Thus,
gclsolin is under dual regulation by two known intracellular messengers, and the balance

of these mechanisms presumably regulates actin assembly in the cell.

Two other actin associated proteins have been isolated. One is acumentin, which binds to
actin with 4 relatively low affinity (Southwick and Stossel, 1981), and the other is a 42,000
molecular weight calcium-binding protein which binds to the barbed end of actin filaments
with a much lower affinity than gelsolin, and 1s unable to sever filaments. Acumentin is a
calcium-insensitive blocking protein which nucleates actin filament growth and binds to
the slow-growing end of actin filaments. The mechanism by which acumentin and gelsolin

intcract to regulate actin assembly is outlined in Figure 1.3C.
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1.4.4.5 Actin assembly during pseudopod formation:

Central to functions such as locomotion, adherence, endocytosis and exocytosis, is the
formation of pseudopods. The use of cytoskeletal disrupting agents such as cytochalasin B
and colchicine have provided clues as to the importance of the cytoskeleton for the
expression of the functions mentioned above, but the process of pscudopod formation has
not been defined, and the mechanism by which it occurs can at best be speculated upon.
Much work has becn done to define the components and regulatory events during actin
polymerisation, and the second messengers involved in these events are beginning to be
defined. Despite this, the actual coupling of receptor-stimulated events to the effector

mechanisms ie., actin polymerisation, have yet to be determined.
1.4.5 Oxidative metabolism:

Neutrophils also possess oxygen dependent cytotoxic mechanisms. Oxygen is kinetically
inert, but its reactivity can be increased by either reduction or excitation. Ultimately
oxygen is reduced to water by the acceptance of four electrons. If partial reduction occurs,
intermcdiates are formed which are highly reactive, ie. the superoxide anion (O5),
hydrogen peroxide (H,0O5), and the hydroxyl radical (OH:, Figure 1.4). The excitation of
oxygen occurs when an absorption of energy shifts one of the unpaired electrons of oxygen
to an orbital of higher energy with an inversion of spin. The product is a singlet oxygen
(102) and can occur in two forms: delta singlet oxygen ( 1AgO:)d) which contains the
newly paired electrons in the same orbital, and sigma singlet oxygen (1Zg+02) where the

two electrons with opposite spins occupy different orbitals.
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1.4.5.1 The respiratory burst:

The importance of the respiratory burst as a microbicidal mechanism has been indicated by
an observed decrease in the microbicidal activity of neutrophils in hypoxic conditions
(Mandell, 1974; Vel et al., 1984). In addition, patients with chronic granulomatous disease
(CGD) possess neutrophils lacking the respiratory burst (Holmes, Page and Good, 1967),
and this is associated with defective microbicidal activity (Quic et al.,, 1967). The
réspiratory burst of neutrophils can be defined as the increase in oxygen consumption
occurring upon stimulation. The enzyme system involved is predominantly thought to be
the NADPH oxidase system, which consists of a transmembrane electron transport system
in which a reduced pyridine nucleotide (nicotinamide adenine dinucleotide - NADPH)
reduces oxygen. This is thought to occur through a seres of reactions involving the

oxidation and reduction of a flavin, a b-cytochrome and possibly a quinone.

The NADPH oxidase was first described by Rossi and Zatti (1964), and its preference for
NADPH as the electron donor is based on the affinity of the enzyme for NADPH rather
than NADH (Babior, Curnutte, and Kipnes, 1975; Gabig and Babior, 1979). The enzyme
system is embedded in the plasma membrane with only the NADPH binding site of the
oxidase extcnding into the cytoplasm (Babior et al., 198); Green, Shaefer and Makler,
1980; Nakamura, Baxter and Masters, 1981). Some contribution of electrons from NADH
cannot be discounted, as most NADPH oxidase preparations also react with NADH, albeit

with a lower affinity.

The involvement of a flavoprotein in the NADPH oxidase system was investigated in
reconstitution experiments where the loss of NADPH oxidase activity on extraction of
human neutrophils with detergent was prevented by the addition of flavin adenine

dinucleotide (FAD) (Babior and Kipnes, 1977; Gabig and Babior, 1979). FAD has been
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localized associated with a 65 kilodalton protein from a purified NADPH oxidase
preparation from human neutrophils (Markert, Glass and Babior, 1985). This may be the
same protein which binds NADPH (Umei, Takeshige, and Minakami, 1986) and is thought
to catalyze a two-electron transfer from the NADPH and a one-electron transfer to the b-

cytochrome (Kakinuma et al., 1986).

The role of a quinone in the oxidase system is still controversial. A quinone has becn
detected in neutrophil preparations that was identified as ubiquinone-50 (now termed
ubiquinone-10, Crawford and Schneider, 1982; Cunningham et al., 1982). It was enriched
in phagolysosomcs and in a distinct tertiary granule (Mollinedo and Schneider, 1984).
Gabig and Lefker (1985) have recently described a membrane-associated NADPH oxidase
complex consisting of a flavoprotein, ubiquinone-10, and a b-cytochrome. Electrons were
proposed to flow from NADPH through FAD to ubiquinone-10 in resting cells, and

continue through the b-cytochrome to oxygen in stimulated cells.

The involvement of cytochrome bgsg in the respiratory burst is suggested by a number of
findings. Firstly, the low midpoint potential (Cross et al., 1981; Lutter et al., 1985) is
close to that reported for the O5/O5” couple (llan, Czapski and Meisel, 1976). This is
compatible with the b-cytochrome being the terminal component in the NADPH oxidase

electron transport chain.

Secondly, several studies have indicated that unstimulated neutrophils possess b-
cytochrome in both the plasma membrane and the membrane of the specific granules
(Borregard and Tauber, 1984; Borregard et al.,, 1983; Garcia and Segal, 1984; Higson et
al., 1985; Ohno, Seligmann and Gallin, 1985). Furthermore, these reports describe

translocation of the cytochrome to the plasma membrane upon stimulation by a variety of
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factors. These findings are consistent with a theory suggesting the asscmbly of the

components of the oxidase occurs at the membrane in response to stimulation.

Thirdly, when HL-60 cells are induced to differentiate into relatively mature granulocytes
capable of the respiratory burst, a concomitant increase in b-cytochrome levels occurs

(Newburger et al., 1984; Roberts ¢t al., 1982).

Finally, the b-cytochrome is absent from the leukocytes of most patients with chronic
granulomatous disease, which is an X-linked disease wherc neutrophils are unable to

produce superoxide anion (see above, Ohno et al., 1986; Segal et al., 1978).

1.4.5.2 The mechanism of activation of NADPH oxidase:

The precise pathway of activation of the oxidase system involved in the respiratory burst
has not been defined. There are several factors which have been implicated in this process.
The major factors include calcium, protein kinase C, and guanosine triphosphate (GTP)

binding proteins.

Calcium has been implicated based on the abolition of the respiratory burst by inhibitors of
intracellnlar free calcinm mobilization (Edwards and Unger, 1980; Smolen, Korchak and
Weissmann, 1981) and calmodulin (Takeshige and Minakami, 1981). Inhibitor studies like
these must be considered in the light of their specificity, as they may not be absolutely
specific. Although calcium may be required, a change in intracellular free calcium alone is
not necessarily the sole requirement. Indeed, stimulation of the respiratory burst by PMA
occurs in the absence of an increase in intracellular free calcium (DiVirgilio, Lew and

Pozzan, 1984; Sha'afi et al., 1983).
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Protein kinase C is another component of the signal transduction mechanism thought to be
involved in activation of the neutrophil respiratory burst. It is present in an inactive form
in the cytosol, and is activated by 1,2-diacylglycerol then translocated to the plasma
membrane (Nishizuka, 1986). This spatial activation is consistent with the translocation of
other components of the oxidase system to the membrane (mentioned above) upon
stimulation of the neutrophil. Activation of protein kinase C results from the transient
binding of diacylglycerol to the ecnzyme, which increases its affinity for calcium. The
requirement for diacylclycerol can be bypassed by substances such as PMA and 12-O-
tetradecanoyl-phorbol-13-acetate (1PA) or by synthetic diacylglycerols, e.g. 1-oleoyl-2-
acetylglycerol (OAG) which intercalate into the membrane. Therefore, the phorbol ester-
induced stimulation of the respiratory burst (Robinson et al., 1985), and the synergistic
effects of suboptimal concentrations of phorbol esters and c¢alcium ionophores (Dale and
Penfield, 1984; DiVirgilio, Lew and Pozzan, 1984) implicate protein kinase C in
respiratory burst stimulation. In addition, stimulation by OAG, either alone or
synergistically with other agents (Cox et al., 1986; Dewald, Payne and Bagglioni, 1984,
Fujita et al., 1984; O'Flaherty, Schmitt and Wykle, 1985; Penfield and Dale, 1984) and
inhibition of the respiratory burst by protein kinase C inhibitors (Pontremoli et al., 1986;

Gennaro, Florio and Romeo, 1985) also lend support to this theory.

Another component of the signal transduction mechanisms described above is the
guanosine triphosphate (GTP) binding regulatory proteins. These proteins are described as
the coupling mechanism between receptor stimulation and the activation of adenylate
cyclase in ncutrophils. The GTP-binding protein Ns (or Gs) activates adenylate cyclase
whereas the GTP-binding protein Ni (or Gi) inhibits adenylate cyclase (Gilman, 1984).
Adenylate cyclase is involved in the formation of cyclic adenosine monophosphate
(¢cAMP), and agents that increase cAMP levels inhibit the respiratory burst (Simchowitz et

al.,, 1980). Chemotactic factor receptors in neutrophils are coupled to GTP-binding
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proteins (Goldman et al.,, 1985; Hyslop, 1984; Koo, Lefkowitz and Snyderman, 1983;
Molski et al., 1984; Okajima, Katada and Ui, 1985; Verghese, Smith and Snyderman,
1985; Volpi et al., 1985b), but it has been proposed that these proteins are also required
for protein kinase C activation (Becker et al., 1985; Gomperts, Barrowman, and
Cockcroft, 1986; Smith et al., 1985). As protein kinase C activation and chemotactic
factors stimulate the respiratory burst, it is feasible to suggest a role for the GTP-binding

proteins in the activation of the neutrophil respiratory burst.

A rather interesting aspect of neutrophil oxidase stimulation is the localisation of the
compornents of this complex. In stimulated cells, the oxiduse complex is localized in the
plasma membrane (Dewald et al., 1979; Yamaguchi et al., 1982). In contrast, in
unstimulated ncutrophils, a high proportion of the b-cytochrome (Borregard, 1985;
Borregard and Tauber, 1984; Borregard et al,, 1983) and the flavin (Borregard, 198S;
Borregard and Tauber, 1984) is located in the granule membranes, and is relocated to the
plasma membrane upon stimulation. These observations suggest that the assembly of the
oxidase complex at the plasma membrane upon stimulation, may be an important
rcgulatory roechanism during the respiratory burst. Although translocation of oxidase
components may not be essential for stimulation of the respiratory burst (Lutter et al.,
1985), perhaps a continued supply of components is required for maintenance of activity.
Support for this theory is provided by obscrvations that translocation of protein kinase C
precedes NADPH oxidasc activation by PMA (Gennaro, Florio and Romeo, 1985),
suggesting that this may be one of the mechanisms by which the respiratory burst is

triggercd.
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1.4.5.3 Respiratory burst products:

A number of respiratory burst products have potential microbicidal actions. The complcte
reduction and excitation of oxygen is shown in Figure 1.4. Each product will be dealt with

separately.

A) Superoxide anion:

The initial product of the respiratory burst formed when oxygen accepts a single electron is
O,” (Babior, Kipnes and Curnutte, 1973). The O, radical exists almost cntirely as O, at
neutral or alkaline pH and is predominantly a reductant. The cytochrome C assay is thus
based on the reduction of ferricytochrome C by O, which is converted back to oxygen.
When two molecules interact, one is oxidized and the other reduced in a dismutative
reaction and oxygen and HyO» are formed. This reaction can either occur spontaneously
or be catalyzed by superoxide dismutase (SOD). Three distinct SODs exist which vary in
both their intracellular distribution and their metal component (copper-zinc SOD,
manganese SOD, iron SOD, Fridovich, 1983). SOD is present in neutrophils (Rest and
Spitznagel, 1977), but it is unknown whether it is released into phagosomes. lts presence
in phagosomes may not be required as the pH of phagosomes is acidic (Roos et al., 1983)

and this pH is optimal for spontaneous dismutation of the superoxide anion.

Whether the superoxide anion is directly toxic to cells or not remains to be demonstrated.
The fact that it rcacts rather sluggishly with many biologically important compounds
suggests that it may not be directly toxic to cells (Bielski and Shiue, 1979; Bielski, Arudi
and Sutherland, 1983). This lack of reactivity may be due to the environment that the

experiments were performed in, because superoxide anion is considerably
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FIGURE 1.4

The reduction and excitation of oxygen.
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more reactive in a nonpolar environment (Sawyer and Valentine, 1981). It is possible that
such selective reactivity is important to the cell to ensure that the anion reacts only in the
hydrophobic region of the cell membrane. In addition, a decrease in pH induces the
formation of H02 which is the reactive protonated form of O~ (Gebicki and Bielski,
1981). Thus, a second selective mechanism could exist whereby the relatively nonreactive
O, form is converted to the reactive HO, form in a phagosome where the pH is acidic,

rather than in the cytoplasm of the cell.

B) Hydrogen peroxide:

Hydrogen peroxide (HyO,) is formed predominantly by the rapid dismutation of Oy
(Weening, Weever and Roos, 1975). Under some conditions H202 may also be formed

directly from oxygen by divalent reduction without an O~ intcrmediate (Green and W,

1986).

The relatively low reactivity of H5O5 indicates that it may be toxic at a distance from
cells, rather than over shorter distances. H-»O», can pass intact through cell membranes
(Frimer, Forman and Borg, 1983), and biological fluids. This property of H,O, therefore
enables it to be reactive under conditions where other more reactive oxygen species are

inactived by scavengers.

The production of HyO, is rcported to be the mechanism by which human neutrophils kill
the newborn larvae of Trichinella spiralis in the presence of immune serum (Bass and
Szejda, 1979). Neutrophils are protected by the toxic effects of HyO, by their content of
catalase (Roos et al.,, 1980; Voetman and Roos, 1980) and the components of the
glutathione cycle (Roos et al., 1979; Spielberg et al., 1979). These enzymes break down

H5Oy to oxygen and water, and channel the H5O, into the glutathione cycle. The
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glutathione cycle is a sequence of reactions by which the degradation of HAO5 is coupled

to the increased activity of the hexose monophosphate shunt.

C) Peroxidase/H>O5/halide system:

One of the mechanisms by which the toxicity of HyO, can be increased is by the action of
peroxidases. Pecroxidases alone are not microbicidal, however they can exert an
antimicrobial effect indirectly by catalyzing the conversion of a minimally toxic substance

to one that is strongly toxic.

Myeloperoxidase (MPQO) is present in human neutrophils in very high concentrations
(Schultz and Kaminker, 1962). It is an intense grcen and is responsible for the green
colour of pus. It 1s a complex protcin which contains two iron-containing prosthetic
groups per molecule (Agner, 1958) that are covalently linked to the heavy subunits by an
amide bond (Newton ct al., 1965; Wu and Schultz, 1975). It has been proposed that at
low concentrations HyO, reacts with only onc of the iron atoms, whereas at high
concentrations HyOy binds to both and is catalytically degraded to Oy and H,O with
associated inactivation of the enzyme (Agner, 1963). This double reaction would

modulate the peroxidase system activity by both degrading HyO9 and inactivating MPO.

MPO forms three distinct complexes on reaction with HyO5: compounds I, I and IIL.
Compound I is formed by MPO reacting with H,O5 at equimolar concentrations (Odajima
and Yamazaki, 1970) or by reacting with hypochlorous acid (HOC!, Harrison, 1976). It is
the primary catalytic compound of MPO and is highly unstable. Compound II is formed in
the presence of excess HyO, (Odajima and Yamazaki, 1970) and compound III is an

oxyperoxidase where oxygen is attached to the heme iron (Yamazaki and Yokota, 1973).
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Halides also contribute to increasing the effectiveness of the MPO-mediated activation of
H509. lodide, bromide, chloride (Klebanoff, 1967, Klebanoff, 1968) or the pseudo-
halide thiocyanate (Klebanoff, Clem and Luebke, 1966) are involved in this reaction.
Iodide is the most effective halide, but is present in extrememly low amounts in serum,
therefore its contribution may be small. The concentration of chloride in biological fluids
is considerably greater than that required for the MPO-H»O5 system, suggesting it is the
primary halide used in situ. Two distinct binding sites for chloride on MPO have been
proposed. Firstly the substrate binding site which leads to the production of HOCI and,
secondly, the inhibitor binding site which leads to the competitive inhibition of H7O»
binding to MPO (Harrison, 1976). Toxic products are formed when the halides are
oxidized by compound I and possibly by compound 111 (Winterbourn, Garcia and Segal,
1985). These toxic agents vary with the halide, its concentration, the pH, and other factors.
Products include hypohalous acids, halogens, long-lived oxidants such as chloramines or

aldehydes, and possibly hydroxyl radicals and singlet oxygen (Klebanoff, 1988).

D) Hydroxyl radical:

Another mechanism by which the toxicity of HyOy can be increased is by rcaction with
ferrous iron to form OH:. When the iron concentration is limited O5" reduced the ferric

iron to enable the overall reaction to occur as shown below.

ie. HyOy + Oy = Oy + OH- + OH'

Although a direct interaction betwcen H5Oy and O5” was originally proposed (Haber and
Weiss, 1934), trace metal catalysis is accepted as the mechanism for OH: generation by the
Haber-Weiss reaction outlined above (Gutteridge, Richmond and Halliwell, 1979;

McCord and Day, 1978).
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Since stimulated neutrophils produce both Oy and H»O5 it is feasible that they arc also
capable of producing OH- by the Haber-Weiss reaction. Although there is a fair amount of
evidence to suggest that OH- is formed by stimulated neutrophils, the assays for OH:
production are based on indirect measurements. These assays include ethylene formation
from thiol ethers (Yang, 1969), methane or formaldehyde formation from
dimethylsulphoxide (Repine et al., 1979), CO, release from benzoic acid (Sagone et al,,
1980), and elcctron paramagnetic resonance (EPR) spectrometry using a spin trap method
(Harbour, Chow and Bolton, 1974; Janzen et al., 1978). The problem with these assays is
that although the reactions require the presence of OH-, this component can be substituted

by other factors, and therefore, they are not exclusive measures of OH* formation.

There is a large amount of interest in O formation because it is an cxtremely powerful
oxidant (Dorfman and Adams, 1973) and is therefore not particularly discriminating in its
action. This reactivity poses an availability problem in that the radical can be casily
scavenged by compounds in the medium. Despite this, a variety of studies have implicated
OH- as a toxic species in cell-free systems which produce O5” and H,O, (Badwey,
Curnutte and Karnovsky, 1981; Halliwell and Gutteridge, 1986). With regard to the role
of OH: in the microbicidal activity of neutrophils, there is evidence suggesting its effect
can be inhibited by SOD and catalase bound to latex beads (Johnston et al., 1975) and by

some OH' scavengers (Johnston et al., 1975).
E) Hy0,/Fe?*liodide antimicrobial system:

H»0O5 also reacts with ferrous ions and iodide to form both an antibacterial (Klebanoff,
1982) and antifungal system (Levitz and Diamond, 1984). This system is diffcrent from
the HyO,/MPO/halide systcm in that it is strongly inhibited by OH- scavengers at

concentrations that do not affect the MPO-dependent systemn (Klebanoff, 1982). The pH
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optimum, chelator dependent inhibition, and halide requirements of thesc systems also
differ (Klebanoff, 1982). Both systems are inhibited by catalase, unaffected by SOD, and
inhibited by azide, although higher azide concentrations are required for inhibition of the

Fe2* dependent system (Klebanoff, 1982).
F) Singlet oxygen:

The excitation of oxygen results in two forms of singlet oxygen: delta singlet oxygen
(lAgoz) and sigma singlet oxygen (lAg+02). Sigma singlet oxygen has a higher energy
above ground state but a considerably shorter lifetime (Kearns, 1979). Delta singlet
oxygen is considered to be the reactive form of singlet oxygen in solution. It is a strong
electrophile and generally forms oxygenated products. These rcactions are considered to
be toxic by implication from studies with photodynamic dyes. Certain dyes in thc
presence of light and oxygen are toxic to cells, and their action is thought to be mediated

by the formation of singlet oxygen (Foote, 1976).

The formation of singlet oxygen can be via a variety of reactions. The three relevant ones

to the neutrophils are as follows:

(i) Oxygen formed during spontaneous dismutation has been proposed to exist in part as
singlet oxygen (Khan, 1978),

(i1) The formation of singlet oxygen is a minor product of the Haber-Weiss reaction
(Nagano and Fridovich, 1985).

(iii) The interaction of hypochlorite and H5O, are known to form singlet oxygen.

OCI” + HyOy = CI" + Hy0, + 1O,
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Since HOCI is the primary product formed by the oxidation of chloride by MPO and H,0,
(Kasha and Khan, 1970; Nilsson and Kearns, 1974), its reaction with excess HyO5 or O5”

may result in the formation of singlet oxygen.

The formation of singlet oxygen by intact neutrophils has been proposed bascd on the
chemiluminescence of stimulated neutrophils (Allen, Stjermholm and Steele, 19722). The
formation of elcctronically excited states induces chemiluminescence in neutrophils, but
the peak of emitted Jight by stimulated neutrophils is rather broad (Andersen, Brendzel and
Lint, 1977). This finding suggests that neutrophil chemiluminescence is due to both
singlet oxygen decay and secondary excitations that could be induced by a number of the

oxidants formed by stimulated ncutrophils (Cheson et al., 1976).

The other method for detecting singlet oxygen production by neufrophils is by chemical
traps. As these are also nonspecific assays, a role for singlet oxygen in the microbicidal

activity of phagocytes is still to be defined.

SECTION 1.5 CYTOKINES THAT REGULATE NEUTROPHIL
FUNCTION

During the inflammatory reaction, neutrophils are activated by both endogenous and
exogenous factors. Endogenous factors include complement and lipid metabolites such as
platelet-activating factor, arachidonic acid and leukotrienes. Endogenous glycoproteins
such as the monocyte- and lymphocyte- derived cytokines TNF-ar, IL-18, GM-CSF, and
NAF also influence neutrophil functions. Exogenous substances such as f Met-Leu-Phe

and LPS are also neutrophil activators. These substances will be discussed in detail below.
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When discussing neutrophil activation it is necessary to define the different responses
which can be elicited. Most of the agents mentioned above can trigger a variety of
responses from neutrophils. Intrinsic to some of them though is the capacity to change the
neutrophil response to another substance. This concept of neutrophil "priming" was first
suggested by studies involving GM-CSF (Gasson et al., 1984). These priming agents are
primarily incapable of inducing certain responses on their own, but are characterised by
their ability to change the response to another agent. Thus, substances such as
lipopolysaccharides, platelet-activating factor and the leukotrienes can direetly trigger
neutrophil responses, but can also "prime"” ncutrophil responscs to another stimulant such
as f Met-Leu-Phe. In contrast, the cytokines TNF-o0 and GM-CSF, whilst not capable of
directly activating certain neutrophil responses such as the respiratory burst, do enhance
the subsequent response to f Met-Leu-Phe. Therefore, when one considers the interaction
of these substances during the inflammatory reaction, these aspects of neutrophil activation

should be considered.

1.5.1 Interleukin-1:

Interleukin-1 was originally described as a substance in acute exudate fluid which
produced fever when injected into animals or humans (Dinarello, 1984). The active factor
in this fluid was localised to a small protein of molecular weight 10-20 kilodaltons which
was called "endogenous pyrogen". Endogenous pyrogen was later found to induce more
than just fever. It was demonstrated that this protein copurified with "leukocytic
endogenous mediator”. This substance caused hepatic acute phase protein synthesis,
decrcases in plasma iron and zinc lcvels, and produced neutrophilia. Purified endogenous
pyrogen stimulated serum amyloid A protein synthesis when injected into mice (McAdam
and Dinarello, 1980). A macrophage product called lymphocyte activating factor was also

described and found to be of a similar weight to endogenous pyrogen (Gery and Waksman,
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1972). Increasingly, evidence suggested that lymphocyte activating factor and endogenous
pyrogen were the same substance. Lymphocyte activating factor was changed to
interleukin-1, and the protein is now known to account for endogenous pyrogen,
lymphocyte activating factor, mononuclear cell factor (Krane et al., 1985) and catabolin

(Saklatvala, Sarsfield and Townsend, 1985).

Two IL-1 forms have been cloned; IL-1B from human monocytes (Auron et al., 1984) and
IL-1a from a murine macrophage line (Lomedico ct al., 1984). When the two IL-1 forms
are compared, only five small stretches of amino acid homology exist. Three of these
regions could represent an active site of the IL-1 molccule. This possibility could explain
the observation that, although thcse molecules share little structural homology, their

biological activities are very similar.

The spectrum of biological activity shared by IL-lo and B appears to be the same
(Dinarello, 1986a). Chemically, 1L.-1B is vulnerable to oxidation, therefore its biological
specific activity can be lower than that of IL.-1c.. Both recombinant human IL-1B and o
augment T cell responses to antigens or mitogens, and cause fever in rabbits and other
species (Dinarello et al., 1986b). There are some discrepancies between the biological
properties reported for the natural IL-1f and its recombinant form. These include the
inability of IL-1P to cause neutrophil degranulation in vitro. This apparent activity could
be due to contaminating proteins. Altcmatively the observed activity could be atmibuted to
the ability of IL-1f3 to augment the biological activity of another protein. Tumor necrosis
factor is the most likely contaminant of these carly preparations, and synergism betwceen

these two proteins could explain the effects formerly observed.

I1.-1B possesses multiple biological activities, and these effects are thought to be
responsible for the acute phase changes observed in vivo. The ability of TL-1B to induce

the release of prostaglandins from a variety of cells is thought to mediate these symptoms.
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This theory is supported by the reported inhibitory effects of cyclooxygenase inhibitors on

these symptoms.

1.5.2 Tumor necrosis factor (INF-o):

The molecule now known as tumor necrosis factor-alpha (TNF-o) was originally isolated
by two separate groups, and functionally defined as two distinct factors. In the late 19th
century, Coley described the haemorrhagic necrosis of human tumors by Streptococcal-
and Serratia-derived bacterial broths (Coley, 1906). The bacterial product responsible for
the induction of this effect was later isolated by Shear and Andervont (1936), and this
substance is now known as lipopolysaccharide. In vivo experiments were later reported
describing the ability of serum from LPS-treated mice to induce tumor necrosis in another
animal. In vitro experiments, describing the cytotoxic properties of post-endotoxin scrum
derived from mice treated with Bacillus Calmette-Guerin (BCG) for a variety of tumor
cells supported this observation (Carswell, 1975). This activity was called tumor nccrosis
factor, isolated by Aggarwal et al. (1985) and the cDNA sequence was reported by several

groups (Pennica et al., 1984; Shirai et al., 1985; Wang et al., 1985).

At the same timc, Cerami's group started to investigate the cause for cachexia, using
trypanosome-induced cachexia as a model system. Cachexia was characterized by severe
wasting and hypertriglyceridemia. The hypertriglyceridemia was found to result from
systemic suppression of the enzyme lipoprotein lipase (LPL, Rouzer and Cerami, 1980). It
was subsequently reported that LPL suppression also occurred in endotoxin-treated mice
and that this was transferrable by a serum factor (Kawakami and Cerami, 1981). The
factor, cachectin, was found to be produced by macrophages. Cachectin also suppresscs
LPL expression by adipocytes in vitro (Kawakami ct al., 1982), and the biosynthesis of

acetyl CoA carboxylase and fatty acid synthetase (Pekala ct al., 1983). A variety of stimuli
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can induce the synthesis and release of cachectin by macrophages, but endotoxin is by far

the most potent (Beutler, Milsark and Cerami, 19885).

Beutler et al. purified cachectin and reported it to be a polypeptide of molecular weight
17000 (1985b). Purified cachectin binds to a high-affinity plasma membrane receptor,
present on a variety of cultured cells and tissues. The amino-terminal sequence of
cachectin was found to be highly homologous to TNF-a (Beutler et al., 1985a), and when
TNF-o. was cloned, it was found that these two molecules were identical (Pennica et al.,

1985).

TNF-q is produced by all types of macrophages thus far tested (Decker and Lohmann-
Matthes, 1987). Other cell types reported to produce TNF-o include T-lymphocytes
(Cuturi et al., 1987), mast cells (Tharp and Kasper, 1987), and smooth muscle cells (Libby,
Warner and Galin, 1987). The amount of TNF-o released by these cells is vanishingly

small when compared to the amount produced by stimulated macrophages.

Stimuli capable of inducing macrophage TNF-o release include certain viruses such as
Sendai virus (Aderka et al., 1986) and influenza virus (Beutler et al., 1986a), trypanosomal
lysates, plasmodial lysates and certain gram-positive organisms. LPS is by far the most
potent inducer of TNF-o release, and this effect is augmented by interferon-y (Beutler et

al., 1986c).

A variety of physiologic stimuli modulate TNF-o. production. Of these glucocorticoids
strongly suppress TNF-a synthesis if administered to macrophages prior to stimulation by
LPS (Beutler et al., 1986b). This could account for their protective effect when given to

animals prior to an otherwise lethal dose of LPS.
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1.5.2.1 Biological effects of TNF-o.:

TNF-a has a wide range of biological effects. Receptors for this protein are expressed on
virtually all somatic tissues. In addition to a general metabolic effect on a variety of

tissues, TNF-a is also an important mediator of the inflammatory response.

Amongst the metabolic effect of TNF-q, the suppression of LPL expression in adipose
tissue is probably the best defined. TNF-ou is capable of enhancing glycerol release
(Kawakami et al., 1987), suppressing adipocyte differentiation (Torti et al.,, 1985) and
suppressing the expression of adipsin (Min and Spiegelman, 1986), glycerolphosphate

dehydrogenase and the fatty acid binding protein (Torti et al., 1985).

TNF-o induces a decrease in transmembrane potential in muscle cells, and an increase in
glucose transport (Tracey et al., 1986; Lee et al., 1987). These changes in muscle

metabolism may explain the wasting observed in cachexia.

TNF-a influences hepatic function in that it induces the release of various acute phasc
rcactants such as complement proteins, alpha-1-antichymotrypsin, and serum amyloid A

(Perlmutter et al., 1986). It also suppresses albumin and transferrin synthesis in vitro.

The induction of fever by TNF-o can be atributed both to its direct effect on the
hypothalamic neurons and its indirect effect of inducing IL-1p production. This explains
the biphasic fever generated from TNF-o¢ administration to rabbits (Dinarello et al.,
1986¢). Bone rcsofpﬁon (Bertolini et al., 1986) and degradation of proteoglycan in
cartilage (Saklatvala, 1986) arc other metabolic effects of TNF-c.. In addition, it induces
the production of PGE-2 and collagenase by both sinovial cells and dermal fibroblasts

(Dayer, Beutler and Cerami, 1985). These effects suggest TNF-ao plays an important role
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in local inflammatory reactions involving the bones and joints. This theory is supported by
the observations that TNF-a has been detected in sinovial fluid from inflammatory joint
diseases (Wollheim et al., 1987) and is produced in vitro in response to stimuli that migger

joint inflammation.

Endothelial cells respond to TNF-o in a manner that requires protein synthesis. The
increasc in adhesiveness of endothelial cells could be due to the increased expression of
adhesion molecules (Gamble et al., 1985). Other cffects of TNF-o. on endothelial cells
include the induction of procoagulant factor production (Nawroth and Stern, 1986),
decreased expression of thrombo-modulin, endothelial cell rearrangements in tissuc
explants in vitro (Stolpen et al,, 1986), and IL-1B production (Nawroth et al., 1986). These
effects could account for the ability of TNF-a to induce disseminated intravascular

coagulation, hemorrhagic necrosis of tumors and migratory thrombosis.

The expression of IL-2 receptor and HLLA-DR antigen on lymphocytes is augmented by
TNFE-o (Scheurich et al., 1987), which 1s probably responsible for TNF-a-induced increase
in T cell responsiveness to II.-2. TNF-a also influences hematopoietic progenitor cell
function (Murphy et al., 1986) and inhibits erythropoiesis (Schneider, Pennington and
Talmadge, 1987).

1.5.2.2 Effect of TNF-O on neutrophil function:

The influence of TNF-o. on neutrophil function is probably its most important
inflaimmatory effect. Initially, TNF-o was found to affect the capacity of neutrophils to
kill antibody-coated tumor cells (Shalaby et al., 1985). Subsequently it was also found to
enhance neutrophil adherence to endothelial cells and plastic. This phenomenon was due
in part to an increased surface expression of the C3bi receptor and in part to an effect on

the endothelial cells (Gamble et al., 1985). Other neutrophil functions influenced by TNF-
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o include the respiratory burst and degranulation (Klebanoff et al., 1986). Notably, the
effects of TNF-a on neutrophil functions fall into two categories. This cytokine has the
capacity to induce both the activation and priming of neutrophils. The priming effects of
TNF-o. are well documented. TNF-a increases the phagocytosis and degranulation of
neutrophils in response to both opsonised and unopsonised zymosan (Klebanoff et al.,
1986), and enhances the respiratory burst and inhibits the chemotactic responsiveness of
neutrophils to f Met-Leu-Phe (Atkinson et al., 1988b). The mechanism of action of TNF-a
on neutrophil activation and priming has yet to be defined. The changes directly activated
by TNF-& appear to be associated with changes in the propertics of the plasma membrane
i.e. adherence, degranulation and receptor modulation. Attempts to define the mechanism
of action of TNF-a on neutrophils have been complicated by the fact that direct activation
of neutrophils results in a small response, and indirect effects rely on a second stimulus. In
addition, the usc of inhibitors of signal transduction steps which could be common to both
the priming and second stimulus, makes it difficult to dissociate priming and activating

signals.

1.5.3 Hemopoietic growth factors:

Hemopoiesis is regulated by a group of growth factors called colony-stimulated factors.
They were characterized by their ability to induce the formation of colonies of
hematopoietic cells in semisolid matrices (Metcalf, 1984). Granulocyte and monocyte
formation is regulated by four such growth factors which are called granulocyte-
macrophage CSF (GM-CSF), granulocyte-CSF (G-CSF), macrophage CSF (M-CSF or
CSF-1) and multi-CSF (or 11.-3). These activities were originally defined from mouse
tissue but human analogs have also been identified. An important feature of these factors
is that by also stimulating the function of mature myeloid cells, they play a central role in
inflammation. Indeed, CSFs have been isolated from the blister fluid of patients with

Bullous pemphigoid (Varigos, Morstyn and Vadas, 1982), and from the synovial fluid of
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patients with rheumatoid arthiritis (Williamson et al,, 1988). Both of these clinical
syndromes result from the excessive development of an inflammatory reaction causing

tissue damage.

1.5.3.1 Granulocyte-macrophage colony-stimulating factor (GM-CSF):

Human GM-CSF was initially purified from a human T cell leukemia virus (HTLV)-II-
infected human T lymphoblastoid cell line known as Mo (Lusis et al,, 1981). Purified
GM-CSF is a glycoprotein of molecular weight 22000 which has been cloned (Wong et al.,
1985) and characterized. Human GM-CSF cDNA has approximatcly 60% homology with

mouse GM-CSF, although it has no effect on mouse bone marrow.

Production of GM-CSF from normal T lymphocytes can be induced by antigen or lectin
(Wong et al., 1985), and from endothelial cells by TNIF-a, IL-1B or endotoxin (Broudy et
al., 1987; Zucali et al., 1986). Certain fibroblastic cells can also produce GM-CSF upon

stimulation (Munker et al., 1986).

GM-CSF was originally characterized by its capacity to stimulate the proliferation and
differentiation of progenitor cells committed to the granulocyte and macrophage lineages
(Metcalf, 1984). Following this, human GM-CSF has also been found to activate a
number of neutrophil functions. It inhibits neutrophil migration under agarose (Atkinson
et al., 1988a), is chemotactic (Wang et al., 1987), enhances superoxide anion production
(Atkinson ct al., 1988a), augments antibody-dependent cell-mediated cytotoxicity (ADCC)
and increases neutrophil phagocytosis (Lopez et al., 1986). GM-CSF also influences
eosinophil leukotriene production and ADCC of Schistosome larvae (Silberstein, 1986).
In addition, GM-CSF induces macrophage tumoricidal activity (Grabstein et al., 1986),

and causes U937 cclls to become functionally more active.
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The stimulation of neutrophil function by GM-CSF is not confined to in vitro studies.
Donahue et al. (1986) demonstrated that GM-CSF administration in monkeys leads to a
prominant dose-dependent increase in circulating leukocytes. In addition, the effect of the
in vivo administration of GM-CSF on ncutrophil function has been assessed in vitro.
Baldwin et al. (1988) found that neutrophil function was restored in cells taken from
leukopenic AIDS patients. These studics support a role for GM-CSF in the regulation of

neutrophil generation and activation in vivo.

1.5.3.2 Granulocyte colony-stimulating factor (G-CSF):

G-CSF is specific for neutrophils and was purified from a bladder carcinoma cell line
(5637) and a squamous carcinoma cell line (CHU-2, Nomura et al., 1986; Welte, 1985).
This factor has also been called CSF-beta or human pluripotent hematopoietic CSE. The
factor has been cloned (Nagata et al., 1986) and characterized. G-CSF has a molecular
weight of about 19,600, and stimulates the formation of neutrophil colonies (Souza et al.,

1986).

G-CSF activity is limited to the neutrophil and its precursors. It is a potent inducer of
human HL-60 promyelocytic leukemia (Nicola and Metcalf, 1984), and myelomonocytic
leukemia cell line (WEHI-3B) differentiation. G-CSF stimulates ADCC by human
neutrophils and G-CSF receptors are expressed on various murine monomyelocytic cell

lines and mature neutrophils.

1.5.33. Role of colony stimulating factors in inflammation:

There are two aspects of CSF influence on inflammation. Firstly, because CST's regulate

circulating granulocyte and mononuclear phagocyte numbers, they could regulate the
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inflammatory process by controlling cell numbers. Secondly, CSFs serve to modulate the
responsiveness of inflammatory cells to a variety of stimuli. In a localized inflammatory
response, the activation of T cells by antigen results in, amongst other lymphokines, the
release of GM-CSF. GM-CSF may stimulate the local proliferation of mononuclear
phagocytes, and facilitate neutrophil chemotaxis towards the site of inflammation. Once
cells have been recruited, the presence of CSFs could prime granulocytes and mononuclear
phagocytes for increased cytotoxic activity. Monocyte-derived TNF-o. and IL-1f3 could, in
turn, induce the release of CST's from endothelium and other mesenchymal cells. Thus, the

development of a local inflammatory response is potentiated by the CSFs.

SECTION 1.6 ENDOGENOUS NEUTROPHIL ACTIVATORS

1.6.1 Complement:

The complement system is a set of proteins that constitutes about 10% of the globulins in
the normal serum of humans. Activation of the complement system leads to the generation
of biologically active products which mediate inflammation and tissue imjury. The
inflammatory products of complements include large fragments of C3 (e.g. C3b, C3bi)
with opsonic activity as well as low-molecular-weight peptides (from C3 and C35) that

exhibit anaphylatoxin activity and directly stimulate leukocytes.

1.6.1.1 C3 opsonins:

Activation of both the classical and alternative complement pathways induces the
assembly of C3 convertases. These cleave the alpha chain of native C3 between amino
acid residues 77 and 78 to yield two fragments. The smaller of these fragments is C3a,
which represents the amino terminal portion of the alpha chain. The larger fragment is

C3b, which rapidly undergoes a conformational change which activates a thiolester bond
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in the alpha chain (Janatova et al., 1980). The activated thiolester bond is cither
hydrolyzed or reacts nonspecifically with an amino or hydroxyl group to form an amide or
an aldehyde bond (Law, Lichtenberg, and Levine, 1979; Miiller-Eberhard, 1988). C3b

attaches to surfaces via activation of these thiolester bonds.

Surface-bound C3b activity is regulated by factor H and factor 1. Factor H attaches to C3b
and renders it susceptiable to factor I, which is a serine protcinase. There are initially two
cleavage sites of C3b but the disulphide bonds remain intact, causing the generation of

C3bi. C3bi remains surface bound and is recognized by neutrophils.

Heat-labile opsonic activity is attributable to C3b and C3bi which bind to surfaces when
generated by the activation of the complement pathway. Binding of these fragments
makes them recognizable by neutrophils via receptors for C3b and C3bi on the cell
surface. Consequently the opsonization of particles by C3b and C3bi increases both the
rate and cxtent of phagocytosis. In addition, these complement fragments also shmulate
the respiratory burst in neutrophils (Schreiber et al.,, 1982) and induce the secretion of

histaminase (Melamed, Amaout, and Colten, 1982).

1.6.1.2 Chemotactic C5-derived fragments:

Boyden (1962) initially demonstrated that heat-stable chemotactic substances could be
generated from rabbit serum incubated with antigen-antibody complexes. This observation
was confirmed (Ward, Cochrane, and Miiller-Eberhard, 1965) and the major
chemoattractant generated was shown to be a low molecular-weight peptide similar to the
cleavage product of C5 (Snyderman, Gewurz, and Mergenhagen, 1968). Subsequent
studies demonstrated that human C5-derived peptides were chemotactic for neutrophils
(Ward and Newman, 1969). The cleavage product C5a is the most potent chcmoattractant,

inducing chemotaxis at concentrations as low as 0.InM (Webster et al., 1980). Higher
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concentrations (>1-5nM) result in decreased neutrophil migration (Ward and Becker,

1968) which has been proposed as a 'deactivation’ mechanism.

Human serum contains a substance known as anaphylatoxin inactivator (carboxypeptidase
N, Bokisch and Miiller-Eberhard, 1970) which rapidly converts CS5a to C5a des Arg.
Consequently it is this Jatter form which is the major species of C5-derived peptides found
in human scrum following complement activation. Highly purified C5a des Arg is 10 to
20-fold less chemotactic than C5a, but it is now known that C5a des Arg exists as a
complex with a heat-stable anionic polypeptide. This "cochemotaxin” enables low
concentrations of C5a des Arg to exhibit chemotactic activity (Perez et al., 1981). The fact
that the chemotactic profile of CS5a des Arg and its cochcmotaxin is similar to that
exhibited by zymosan-activated serum and highly purified C5a suggests that this complex
is responsible for the major chemotactic activity found in complement activatcd human

serurn.

The chemotactic ability of C5a and CSa des Arg is mediated by specific surface receptors
on neutrophils. The evidence for this is suggcsted by the ability of C5a and C5a des Arg to
desensitize subsequent ncutrophil responses to C5a (Webster et al.,, 1980). This finding
implies that these two peptides bind to the same receptor on the neutrophil, although CSa
has a higher binding affinity. This observation was confirmed by studies using
radiolabelled C5a (Chenoweth and Hugli, 1978) where specific rapid and saturable binding
to human neutrophils was demonstrated. A comparison of the concentration-dependent
uptake of CSa by ncutrophils revealed that nearly identical concentrations of ligand were
required for binding and for eliciting chemotaxis (Huey and Hugli, 1985). This report
demonstrates that the C5a receptor on human neutrophils 1s a polypeptide with a molecular

weight of 42-48 kilodaltons.
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1.6.1.3 CS-derived peptides regulate leukocyte degranulation:

Partially purified C5-derived peptides are degranulating stimuli for cytochalasin B-treated
neutrophils (Becker et al., 1974). The release of lysosomal enzymes in response to C5-
derived peptides occurs in the absence of phagocytosis and the concomitant release of
cytoplasmic enzymes. Highly purified C5a and C5a des Arg also stimulate degranulation
from cytochalasin B-treated neutrophils. In addition, C5a and CS5a des Arg are also
capable of inducing degranulation from adherent neutrophils (Becker et al.,, 1974).
Ultrastructural studies demonstrate the fusion of granules both with each other and with

the plasma membrane (Goldstein et al., 1973).

One of the striking features of CS5a-treated neutrophils is the immediate appearance of
large numbers of cytoplasmic microtubules radiating from the centriole. This observation
implies that C5a stimuolates microtubule assembly by neutrophils, and this effect is

reversible,

The mechanism by which C5a stimulates degranulation and microtubule assembly in
neutrophils is unknown. The stimulation of these functions suggests that CSa affects the
cell cytoskeleton. Since chemotaxis and lysosomal enzyme release closely parallel
neutrophil uptake of CSa (Chenowcth and Hugli, 1978), the same ligand-receptor

interaction probably induces both of these functions.
1.6.1.4 C5-derived peptides regulate the respiratory burst:
Goetzl and Austen (1974) were the first to show that C5-denved peptides stimulated the

neutrophil respiratory burst. They demonstrated that purified human C3a increased the

rate of aerobic glycolysis and hexose monophosphate shunt activity in a concentration-
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dependent manner. These observations were confirmed by Goldstein et al. (1975) who
demonstrated enhancement of nitroblue tetrazolium dye reduction and superoxide anion
production by human neutrophils. This stimulation of the respiratory burst is extremely

rapid, reaching maximum values within 2 minutes at 37°C.

1.6.2 Leukotrienes:

Leukotrienes are a group of lipids generated during the metabolism of arachidonic acid.
Arachidonic acid is liberated from membrane phospholipids, and can be metabolised by
either the 5-lipoxygenase pathway or the cyclooxygenase pathway. In the neutrophil, the
5-lipoxygenase pathway 1s the major route by which arachidonic acid is mctabolised. The
S-lipoxygenase pathway generates products such as a hydroperoxy fatty acid, a hydroxy
fatty acid, and hydroxy- and sulfidopeptide leukotrienes. These products are potent

inflammatory factors and are known to influence neutrophil activation.

1.6.2.1 The S-lipoxygenase pathway:

The enzymes of the 5-lipoxygcnase pathway are known to exist in few cells including
neutrophils, eosinophils, basophils, monocytes, macrophages and mast cells (Lewis and
Austen, 1984; MacGlashin et al., 1986). Some lymphocyte subsets are also reported to
possess this pathway (Goetzl, 1981). The 5-lipoxygenase has been recovered from
supernatants of membrane preparations, indicating that the enzyme is not an intrinsic
membrane protein (Soberman et al., 1985). Additional studies suggest that the enzyme is
associated with the membrane, because full S-lipoxygenase activity is only demonstrable
when several fractions are added back that were removed during purification (Rouzer and

Samuelsson, 1985), and that S-lipoxygenase activity is also dependent on ionic calcium.
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The 5-lipoxygenase pathway is outlined in Figure 1.5. 5-hydroperoxyeicosatetraenoic acid
(5-HPETE) is the product of 5-lipoxygenase action on arachidonic acid. It is short-lived
and either degraded spontaneously or catalytically via a peroxidase to 35-
hydroxyeicosatetraenoic acid (S-HETE). A second catalytic step by the 5-lipoxygenase on
5-HPETE generates the epoxide, leukotricne Ay. It appears that the S-HPETE gencrated is
not significantly transported out of the cell of origin before its conversion to S-HETE.
Both of the products can be reacylatcd into lysophospholipids, but only 5-HETE is

exported from neutrophils (Williams et al., 1985; Rouzer and Samuelsson, 1985).

Metabolism of LTA, to 5,12-dihydroxyleukomrienes can occur via a specific epoxide
hydrolase (Radmark et al.,, 1984) which converts LTA, to LTBy. The enzyme that
converts LTA, to LTCy is the LTCy synthetasc which is a microsomal enzyme. The
affinities of the LTCy synthetase and the LTA 4 hydrolase for L.TA 4 differ quite markedly
in various cells. In the neutrophil, LTB4 is preferentially generated in response to A23187

indicating that thc LTA 4 hydrolase has a higher affinity.

In neutrophils, LTBy is further oxidized and subsequently inactivated. This oxidation
occurs by an LTB,4-20-hydroxylase or by an NAD-dependent dehydrogenase (Jubiz et al.,
1982; Sumimoto, Takeshige and Minakami, 1985). Since LTBy is taken up by human
PMNs via a specific receptor, it could be metabolized via this enzyme rather than via the
5-lipoxygenase pathway. LTB, which has becn generated in response to zymosan
activation, is sequestered in human neutrophils and metabolized by w-oxidation before it is

secreted (Williams et al., 1985).

LTC, metabolism occurs via two pathways, either peptidolytic or oxidative. LTDy is
generated by the cleavage of glutamic acid from LTC, by a y-glutamyl transpeptidase.

Neutrophils demonstrate minimal generation of I.TDy, but arc capable of metabolizing



-S8 -

FIGURE 1.5

Leukotriene synthesis.
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LTDy released by other cclls to LTE, via peptidases contained within their specific

granules (Lee et al., 1983).

Oxidation of LTCy, LTD,4 and LTE4 only occurs in the extracellular environment of
activated neutrophils (Lewis and Austen, 1984) and leads to the generation of the §-
diastereoisomeric sulfoxides of each, and the 6-frans-(C12) diastereoisomers of LTB.
This oxidation involves the hydrogen peroxide/myeloperoxidase/halide system whereby
hypochlorous acid is produced, which attacks the sulfidopeptide leukotriene. The major
difference between the peptidolytic and the oxidative pathway, is that the former does not

require activated cells and does not inactivate LTCy.

Activators of LTB4 biosynthesis in ncutrophils includes A23187 (Dessein et al., 1986) and
zymosan (Williams ct al., 1985). T Met-Leu-Phe does not induce LTB, generation in
neutrophils, and neither does phorbo! myristate acctate (PMA). The 5-lipoxygenase is a
calcium dependent enzyme and the inability of f Met-Leu-Phe to stimulate it in view of its
ability to induce a calcium flux is puzzling. PMA’s inability to stimulate the 5-

lipoxygenase is consistent with its inability to induce a calcium flux.
1.6.2.2 Biological effects of 5-lipoxygenase products:

There are f\wo aspects of the possible action of leukotricnes in inflammation. Firstly, 5-
lipoxygenase products could be released from the generating cell then interact with a target
cell to elicit a biological effect. Alternatively it has been suggested that 5-lipoxygcnase
products act as intracellular regulators on the cell making them. This possibility has arisen
from observations with T cclls where tiny intracellular levels of LTB 4 are reported to be

sufficient to induce differentiation of a fully competent suppressor cell population (Goetzl,
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1981). In addition, a subset of these cells expresses receptors for LTB 4 (Payan and Goetzl,

1984), indicating that the released LTB 4 acts by intercellular regulation as well.

Leukotriene B4 is the main leukotriene produced by neutrophils upon stimulation. This
leukotriene induces neutrophil aggregation (Ford-Hutchinson et al., 1980), chemotactic
deactivation (Goetzl et al., 1981), and degranulation (Smith, Iden and Bowman, 1984), via
specific cell surface receptors. Thesc receptors may either act as an ion channel or as part
of a signal transduction process during activation. Uptake of LTB 4 by neutrophils occurs
within 2 minutes of exposure and thereforc occurs within the same time frame as the

initiation of these biological responses (Jubiz et al., 1982).

LTB4-induced chemotaxis of neutrophils (Gocetzl and Pickett, 1981) is receptor-dependent
and directional. This observation indicates that intracellular stimulation by LTB4 is not
feasible in this case as directional movement could not occur. As with the £ Met-Leu-Phe
receptor, the high affinity LTB4 receptor 1s thought to mediate neutrophil chemotactic
responses, and the low-affinity LTB,4 receptor is thought to trigger the degranulation

response (Goldman and Goetzl, 1984).

The 6-trans-1.1B, diastereoisomers cannot activate any of the responses induced by
LTBy, suggesting that they arc biologically inactive 5-lipoxygenase products. LTAy is
known to be released by ionophore-stimulated neutrophils (McGee and Fitzpatrick, 1986).
This observation coupled to the fact that 6-frans-1.TB 4 diasterecisomers are not taken up
by neutrophils, suggests that nonenzymatic hydrolysis of LTA4 to these L'TB 4 isomers can
occur extracellularly. However, the intracellular regulation of ncutrophil activation cannot

be discounted because there is no strong evidence to discount their intracellular generation.
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1.6.3 Platelet Activating Factors (PAF):

Platelet activating factor (PAF) was originally observed in rabbit buffy coat lcukocytes
containing IgE-sensinzed basophils (Benveniste, Henson, and Cochrane, 1972). In this
study, PAF was characterized as a factor released by IgE-sensitized rabbit basophils upon
stimulation by antigen, which induced the aggregation of rabbit platelets. It was called
"platelet activating factor” because its chemical nature was undefined. Later chemical
characterization and finally gas-chromatographic-mass-spectrometric analyses of PAE
revealed that rabbit basophil-derived PAF was 1-0-hexadecyl/octadecyl-2-acetyl-sn-

glycero-3-phosphocholine.

PAF is rapidly synthesized by a large range of cells following stimulation. It is not stored
within the cell and does not exist in unstimulated cells. The diversity of cells which
synthesize PAF suggest that it is involved in the modulation of normal biological processes
in addition to acute and chronic inflammatory responses. There is also recent evidence
suggesting that multiple, heterogeneous PAF molecules are concurrently produced by

stimulated cells (Ludwig and Pinckard, 1987).

1.6.3.1 PAF synthesis and degradation.

Upon cell stimulation, phospholipase A4 is activated and long-chain fatty acyl residues
esterified in the 2 position are hydrolysed from intracellular pools of 1-0-alkyl-2-acyl-sn-
glycero-3-phosphocholine. The lysophospholipid product, 1-0-alkyl-sn-glycero-3-
phosphocholine, is then acetylated by a specific acetyltransferase to form 1-0-alkyl-2-
acetyl-sn-glycero-3-phosphocholine. This biologically active molecule is degraded via an
acetylhydrolase which removes the acetyl group yielding the biologically inactive lyso-

PAF (Blank et al., 1981). Lyso-PAF can be reacylated with a long-chain fatty acid via an
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acyltransferase (Wykle, Olson and O'Flaherty, 1986), thereby completing the metabolic

cycle (Figure 1.6).

A second de novo enzymatic pathway exists for PAF synthesis. This pathway is catalysed
by a choline phosphotransferase which uses both CDP-choline and 1-0-alkyl-2-acetyl-su-
glycerol (Renooij and Snyder, 1981). Although this pathway exists in inflammatory cells,
it i1s unlikely that it predominates, because the acetyl-transferase activity significantly
increases after cell stimulation, whilst the choline phosphotransferase activity remains

unchanged (Alonso et al., 1982).

An interesting aspect of PAF's effect on neutrophils is that activation may be modulated
through synergistic interactions with varions S5-lipoxygenasc products. There is actually
evidence suggesting that PAF and arachidonic acid metabolites are probably derived from
a common precursor, i.e. [-0-alkyl-2-arachidonyl-sz-glycero-3-phosphocholine (Chilton et
al., 1984). Coupled to this is thc observation that choline-containing phosphoglycerides
are enriched in arachidonic acid when compared to the diacyl phosphocholine pool
(Mueller et al., 1984). In addition, resting neutrophils acylate 80% of exogenously added
lyso-PAF with arachidonic acid (Chilton et al, 1983), further strengthening the
relationship between the gencration of PAF, arachidonic acid and its metabolites. These
observations suggest that neutrophils may contain a phospholipasc A that is activatable
and highly specific for 1-0-alkyl-2-arachidonyl-sn-glycero-3-phosphocholine which 1is

responsible for the generation of PAF.
A) Phospholipase Ay:
Phospholipase A, is essential in PAF biosynthesis, because inhibitors of this enzyme such

as mepacrine, bromophcnacy! bromide, and hydrocortisone, inhibit both lyso-PAF and

PAF formation (Parente and Flower, 1985). An observation that further supports
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FIGURE 1.6

PAF synthesis.
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the putative link between arachidonic acid metabolism and PAF generation is that certain
lipoxygenase products potentiate phospholipase A, activity in stimulated neutrophils
(Billah, Bryant and Segal, 1985). Thus, the addition of 5-L-HPETE, 5-L-HETE or LTB4
to stimulated human neutrophils augments both arachidonic acid release and the generation
of PAF. Consistent with this is that NDGA, which is a dual lipoxygenase/cyclooxygenase
inhibitor, decreases both arachidonic acid release and PAF formation in these cells.
Notably, specific cyclooxygenase inhibitors do not inhibit arachidonic acid releasc or PAF
formation (Billah, Bryant and Segal, 1985). One can therefore suggest that the modulation
of phospholipase A, activity is a critical step in influencing the availability of PAF

precursors in the neutrophil.

B) Acetyltransferase:

Acetyltransferasc catalyses the transfer of acetate from acetyl CoA to the 2 position of
lyso-PAF and other lysophospholipids. (Figure 1.6) The proposal that this enzyme may
play the rate-limiting step in PAF generation is suggested by the observation of a temporal
relationship bctween PAFE  formation and the activity of acetyltransferase.
Acetyltransferase activity is localized in the plasma membrane of neutrophils and has a pH

optimum between 7.5 and 8.0 (Wykle, Olson and O'Flaherty, 1986).

C) Acetylhydrolase:

Acetylhydrolase catalyses the hydrolysis of the acetyl group from PAF and other related
acetylated phosphoglycerides (Figure 1.6). The product of this reaction, lyso-PAF is
rapidly reacylated at the 2 position with a long-chain fatty acid (Chilton et al., 1983).
Human neutrophil acetyl hydrolase is calcium independent and specific for short-chain

fatty acyl residues at the 2 position, and is located predominantly in the cytosol (Wykle,
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Olson and O'Flaherty, 1986). The role of intracellular acetyl-hydrolasc as a regulatory

protein in PAF generation has yet to be defincd.

D) Acyltransferase:

Intracellular acyltransfcrase catalyzes the transfer of a long-chain fatty acid to the 2
position of lyso PAF (Figure 1.6). This enzyme is thought to be responsible for the rapid
conversion of exogenously added PAF to 1-0-alkyl-2-acyl-sn-glycero-3-phosphocholine to
neutrophils (Wykle, Olson and O'Flaherty, 1986). Human ncutrophil acyltransferase is
primarily located in the plasma membrane and does not require acy!{-CoA, ATP or Mg2+
(O'Flaherty et al.,, 1986). Notably the lyso-PAF is predominantly acylated with
arachidonic acid (Chilton et al., 1983).

1.6.3.2 PAF synthesis-release coupling:

Considering PAF is such a potent inflammatory agent, the regulation of its synthesis and
subsequent release from cells must be tightly controlled. The role of phospholipase A,
and acetyltransfcrase are proposed to be important for the regulation of PAF biosynthesis,

but little has been done to define the mechanisms regulating PAF release from cells.

The release of newly synthesized PAF is tightly linked to augmented and sustained PAF
synthesis (Ludwig, McManus and Pinckard, 1986). Despite this, all of the PAF that is
synthesized is not necessarily released, e.g. human endothelial cells (Mclntyre,
Zimmerman and Prescott, 1986). Indeed, human neutrophils are reported to require the
accurnulation of a critical intraccllular concentration of PAF prior to release (Ludwig et al.,
1984; Ludwig et al., 1985), and the release of PAF appears to be related to the degree of
neutrophil degranulation. In the absence of extracellular calcium, endogenous calcium

stores support up to 40% to 50% of maximal degranulation in f Met-Leu-Phe-stimulated
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neutrophils, but PAF synthésis is depresscd, and no PAF 1is released. In the presence of
extracellular calcium PAF synthesis and release occurs in a calcium dose-dependent
manner. Extracellular calcium not only enhances PAF synthesis but augments neutrophil
degranulation. Thus, although PAF release may be related to degranulation, these
observations also suggest that there are two mechanisms regulating PAF synthesis and
release in stimulated human neutrophils. The first allows the initial synthesis of PAF after
cell stimulation and requires only intracellular calcium; the second requires extracellular

calcium and modulates both PAF release and sustained PAF synthesis.

The concentration of extracellular albumin also regulates PAF synthesis-release coupling.
In the absence of albumin, f Met-Leu-Phe-stimulated neutrophils initially synthesize small
amounts of PAF, but no PAF release occurs. Subsequently, further PAF synthesis is
abrogated (Ludwig et al., 1985). In the presence of 0.25% albumin total PAF synthesis is
increased and the releasc of 30% to 40% of this PAF occurs within 5 minutes of
stimulation. In addition, in the presence of 5% albumin, a sevenfold increase in PAF
synthesis and release occurs, which is sustained for 30 minutes. Therefore, the presence of

albumin induces a dose-dependent increase in the synthesis and release of PAF.

This property of albumin may reflect its influence on the solubility of PAF in aqueous
conditions. If insufficient albumin is present, PAF could by synthesized, expressed on the
cell membrane, but remain unrcleasable because it has no albumin to bind to.
Subsequently, newly synthesized PAF would be reacylated back into the phospholipid pool
instead of being released (O'Flaherty et al., 1986). In addition, surface PAF could interact
with a PAF receptor which may cause downregulation of subsequent PAF synthesis. In the
presence of albumin, newly synthesized PAF would be released onto the albumin before
interaction with this receptor. Thus, PAF release and sustained biosynthesis occurs in the

presence of albumin.
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1.6.3.3 PAF influences neutrophil activation:

It was not until studies assessing the in vivo role of PAF were performed that a possible
effect on neutrophils was observed by PAF. Within sixty scconds of the intravenous
infusion of submicrogram amounts of PAF, neutropenia was observed (McManus et al.,
1980). Following this, preliminary in vitro studies demonstrated that PAF induced
aggregation, chemotaxis and chemokinesis, and secretion of lysosyme and B-glucuronidase
from i1solated human neutrophils (Pinckard et al.,, 1980). Subsequent studies have
demonstrated that PAF modulates most aspects of neutrophil function and may play an
important role in the inflammatory reaction (Table 3).

Table 3
PAF activates neutrophils

Chemotaxis Pinckard et al., 1980
Chemokincsis Pinckard et al., 1980
Aggregation Shaw et al., 1981

Enhanced adherence Ingraham et al., 1982
Lysosomal cnzyme rclease Shaw et al. 1981
Leukotriene synthesis Smith and Bowman, 1982
HETE production Smith and Bowman, 1982
Superoxide anion production Shaw et al., 1981
Calcium uptake Lad et al., 1887

Phosphatidylinositol tumover Lad et al., 1987

1.6.3.4 Mechanism of activation by PAF:

Extracellular calcium enhances most PAF-induced human neutrophil responses. PAF
mobilizes intracellular membrane-associated calcium stores within seconds, as measured
by a decrease in the fluorescence of neutrophils preloaded with chlortetracycline (CTC,
Lad et al., 1987). Other fluorcscent calcium probes such as quin-2 and fura-2 also indicate

significant increascs in intracellular free calcium concentrations upon stimulation with
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PAF. Most of this increase in intracellular free calcium occurs as an influx, because the

absence of extracellular calcium significantly reduces this response.

The second messengers involved in PAF-induced calcium mobilisation appear to be both
phosphatidyl inositol/phospholipase C dependent and independent. Firstly, PAF induces
transient but significant decreases in PIP, in human ncutropbils (Lad et al., 1987).
Secondly, pretreatment with pertussis toxin inhibits PAF-induced PIP, turmmover and
calcium mobilization of intracellular calcium stores in human neutrophils (I.ad et al.,
1987). In addition, the influx of intracellular calcium is significantly reduced but not
completely inhibited by pertussis toxin. Finally, pretreatment with PMA abrogates
subsequent PAF-induced increases in intracellular free calcium and degranulation of
neutrophils. The reason for this effect has not yet been established, but it has been
proposed that the activation of protein kinase C by PMA inactivates the PI/PLC-coupled

receptors (Lad et al., 1987).

The above obscrvations have led to the suggestion that two types of PAF receptors exist.
The first receptor is associated with an apparent pre-existing calcium channel and is not
linked to GTP-binding proteins because it is pertussis toxin resistant. The second receptor
is pertussis toxin sensitive and therefore coupled to a GTP-binding protein. This pertussis
toxin-sensitive PAF receptor in human neutrophils could modulate (i) PIP, turnover and
initial mobilization of intracellular calcium stores, (i) a major portion of extraccllular
calcium influx, (iii) production of superoxide, secretion of lysosyme, and (iv) neutrophil
aggregation and chemotaxis. Evidence to support the existence of a GTP-linked PAF
receptor is provided by the observation that GTP analogs decreasc the binding affinity of

PAF for its receptor (Ng and Wong, 1986).
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1.7 EXOGENOUS ACTIVATORS OF NEUTROPHILS

1.7.1 N-formylmethionylleucylphenylalanine (f Met-1.eu-Phe):

F Met-Leu-Phe is a synthetic oligopeptide belonging to a large group of formylated
peptides characterized by their ability to activate neutrophil functions. The chemotactic
activity of formylmethionyl peptides was originally discovered by Schiffmann and
coworkers (1975) whilst attempting to dcfine the chemotactic factors in culture filtrates
from E.coli. Subscquently, the functional activity of approximately 60 synthetic
formylpeptides was investigated with respect to their structure (Showell et al., 1976). The
most potent of these peptides was shown to be f Met-Leu-Phe, which was later reported to
be the major peptide chcmotactic factor present in E. coli culture filtrates (Marasco et al.,

1984).

F Met-Leu-Phe activates a wide range of neutrophil functions and has thcrefore been
intensely studied in an attempt to dissect the individual processes involved in the
inflammatory reaction. Interestingly, diffecrent concentrations of the same formylpeptide
are required to attain the same relative activity for various functions (Becker, 1979). The
stimulation of chemotaxis is the most sensitive response, whereas the activation of
superoxide production is the least sensitive. These initial observations indicated that the

formylpeptide receptor is a multifunctional receptor.
1.7.1.1 The formyl peptide receptor:
The molecular size of the formylpeptide receptor was originally determined by cross-

linking radiolabeled hexapeptide (CHO-Nle-Leu-Phe-Nle- ! 231-Tyr-Lys) to the receptor

using dimethyl suberimidate (Niedel, Davis and Cuatrecasas, 1980). Sodium dodecyl
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sulfate (SDS)-polyacrylamide gel electrophoresis determined two distinct entities of
relative molecular weights 50,000 and 60,000 (Schmitt et al., 1983). The receptor is a
glycoprotein (Painter et al., 1982) and contains two N-linked oligosaccharide chains. It has
also been shown that formylpeptide receptors are present in intracellular pools (Fletcher

and Gallin, 1983) as well as on the membrane surface.

Further studies have indicated that the formyl peptide receptor is tightly associated with
the membrane (Baldwin, Bennett and Gomperts, 1983). Extraction procedures and papain
digest studies have indicated that it is a transmembrane protein to which the
oligosaccharide chains are attached on the outside of the cell (Dolmatch and Niedel, 1983).
Physicochemical studies have revealed that the receptor exists as a monomer and is either
associated with tightly bound endogenous lipid or is an hydrophobic membrane protein

(Allen et al., 1986).

The human neutrophil formylpeptide receptor has not yet been purified to homogeneity.
There are 50,000-80,000 surface receptors per cell (Allen et al., 1986) and approximately
an equal number expressed intracellularly. The most homogenous preparation obtained so
far is that prepared by Allen et al. (1986). Using a new photoaffinity label, N-formyl-Met-
Leu-Phe-N€-[2-(p-azidosalicylamido)ethyl-1,3'-dithiopropionyl]-Lys (FMLPL-SASD), the

receptor was isolated to yield a monomer of apparent molecular weight 63,000.

1.7.1.2 Regulation of receptor affinity:

Ligand-receptor interactions have been widely studied using radiolabeled and fluorescently
labeled formyl peptides. Zigmond et al. (Sullivan and Zigmond, 1980), have used tritium-
labeled N-formyl norleucylleucylphenylalanine binding kinetics, internalization and
recycling to define the chemotactic receptor cycling involved in locomotion. Sklar et al.

(1984) have studied fluoresceinated hexapeptide to study receptor internalization. These
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workers have described a slowly dissociating form of ligand-receptor complex which
coisolate with detergent-insoluble cytoskeletal residues. This cytoskeletal-associated
receptor is thought to represent an early step in the internalization and processing of the
receptor and may be part of the mechanism in which activated receptors are tomed off

(Jesaitis et al., 1984; Jesaitis et al., 1985).

Evidencc suggests that the receptors not associated with the cytoskeleton exist in two
affinity states (L.ane and Snyderman, 1984) and these are modulated by guanine
nucleotides (Koo, Lefkowitz and Snyderman, 1983). Marasco et al. (1985) characterized
both membrane bound and CHAPS-solubilized receptors. They reported a two-sarurable
site model fitted better to the data and measured a Kd = 1.25+0.45nM for the high affinity
site and a Kd = 19.77+3.28nM for a Jow affinity site. 35% of the total sites detccted were
of the higher affinity. Modulation of f Met-Leu-Phe receptors by guanine nucleotides was
originally demonstrated by Koo et al. (1983). It was shown that guanine nucleotides did
not affect the total receptor number or the receptor affinities, but rather induced a
conversion of high affinity receptors to the low affinity state. This effect was reversed on
removal of the guanine nucleotides, and the same effect was observed when neutrophil
membranes werc used. The conversion is specific for guanine nucleotides and exhibits a
range of potencies that are typical for guanine nucleotide effects on adenylate cyclase-
coupled receptors. The changes occurring in the receptor itself upon affinity modulation,
are as yet unknown. It is possible that binding of the ligand to the external section of
receptor triggers a conformational change in its cytoplasmic domain. This could alter the

cytoplasmic interaction of the receptor with its signal transduction processes.

The relationship between multiple affinity states of the formyl peptide receptor and its
influence on various neutrophil functions remains undetermined. Becker (1979) noted that
a hierarchy of sensitivity to f Met-Leu-Phe activation exists for a variety of neutrophil

functions. Indeed, Lohr and Snyderman (1982), by manipulating the affinity of the formyl
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peptide receptor with exogenous agents, postulated that the high affinity receptor triggered
chemotaxis and intracellular calcium changes, whereas the low affinity receptor is
associated with degranulation and superoxide generation. In contrast, Sklar et al. (1984)
have shown that there is a temporal change in formyl peptide receptor affinity that
parallels cell activation through the occupicd receptor. Recently, evidence suggesting that
all formyl peptide receptors may participate in all responscs via G proteins has emerged
(Sklar et al., 1987). These observations lead to the postulation that the responses with low
EDgs require few occupied receptors whereas responses with high EDgps require many

receptors to initiate and sustain the responses.

1.7.1.3 Coupling of the receptor to phospholipase C:

To determine whether a GTP-binding protein was associated with formyl peptide receptor
activation of ncutrophils, pertussis toxin was used. Pertussis toxin catalyzes the covalent
modification of both G; and G, resulting in the inhibition of function of these proteins.
Pertussis toxin-treatment of neutrophils results in the complete inhibition of formyl peptide
stimulated function, including arachidonic acid relcase, degranulation and superoxide
generation (Bokoch and Gilman, 1984), chemotaxis (Becker ct al., 1985), actin
polymerisation (Shefcyk, 1985), and the release of intracellular calcium (Molski et al.,
1984). The cffect of pertussis toxin on neutrophils could be correlated with the toxin-
catalyzed ADP-ribosylation of a 41,000-dalton membrane protein that comigrated with

purified G;o subunit (Bokoch and Gilman,1984).

The coupling of the formy! peptide receptors to the combined processes of calcium release
and protein kinase C activation has been implicd by the ability of pertussis toxin to
attenuate formyl peptide rcceptor-stimulated breakdown of inositol trisphosphate and
bisphosphate (Smith et al., 1985; Volpi et al.,, 1985b). The formation of inositol

triphosphate and diacylglycerol occurs as a result of activation of phospholipase C. The
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generation of these second messengers is necessary for calcium release and protein kinase
C activation. Evidence to support these observations was provided by Cockcroft and
Gomperts (1985) who showed that phospholipase C in neutrophil plasma membranes can

be activated by adding GTP analogues in the presence of calcium.

1.7.2 Endotoxin:

Endotoxins are a group of macromolecules derived from the outer cell envelope of gram-
negative bacteria. Their central role in inflammatory reactions has been demonstrated
from studies where the intravenous administration of endotoxin induces hematologic and
hemodynamic changes similar to those seen in patients with sepsis due to gram-negative
bacteria. One of the most dramatic effects of endotoxins is the induction of a rapid and
pronounced decline in the number of circulating neutrophils. It has recently been proposed

that the mediators of this effect are predominantly IL-1(3 and TNF-o..

Since the neutrophil plays a significant role in host defense against bacterial infection, the
mechanisms of interaction of endotoxins with neutrophils has been investigated both
invivo and in vitro. Lipopolysaccharide (LPS) is responsible for many of the biologic
properties of endotoxins, and in particular, the lipid A moiety is important in this activity.
Not only do the preparation procedures affect endotoxic activity, but different animal
species vary considerably in their sensitivity to endotoxins, with humans being the most

sensitive.
1.7.2.1 Endotoxin - neutrophil interactions:
It has recently been proposed by Movat et al. (1987) that many of endotoxins effects in

vivo are mediated by the generation of inflammatory cytokines such as IL-1p and TNF-q.

In addition to this endotoxins can also indirectly activate neutrophils by their ability to
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activate serum complement via the classical or alternative pathway, or both (Gewurz, Shin
and Mergenhagen, 1968; Morrison and Kline, 1977). Therefore, it is difficult to assess the

in vivo effects of endotoxin on neutrophil functions.

Direct activation of neutrophil function by endotoxin requires binding 1o the neutrophil
membrane. Evidence from in vivo experiments employing intravenous administration of
radiolabeled endotoxin (Mathison and Ulevitch, 1979), are difficult to assess. Variables
including the species derivation and extraction method, the total dose of injected
endotoxin, and interaction of endotoxin with serum constituents complicate the

interpretation of such studies.

In vitro studics have shown that washed neuwmophils in serum-free medium do bind
endotoxin. Adherent human neutrophils bind fluorescein-isothiocyanate-labelled LPS
from S. minnesora R595 (Wilson et al., 1982), and neutrophils in suspension have been
shown to take up endotoxin (Cline et al., 1968). Binding of endotoxin is independent of
incubation temperature and unaffected by a variety of metabolic inhibitors. Binding is also
independent of divalent cation concentrations in the cnvironment. The nature of the
neutrophil endotoxin receptor has yet to be defined, although Springer and Adye (1975)
have partially characterized endotoxin binding substances on human neutrophils. The

binding activity appears to be a glycerophosphatide(s).

1.7.2.2 Effects on neutrophil functions:

Endotoxin has been reported to promote the adherence of neutrophils to both nylon wool

and plastic petri dishes (Spagnuolo and Ellner, 1980; Dahinden, Galanos and Fehr, 1983;

Dahinden and Fehr, 1983). The mechanism by which it increases neutrophil adherence is
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unknown. In vivo the effect of endotoxin may be indirectly via the generation of the

chemotactic factor C5a (Gallin, 1980).

Endotoxin also induces neutrophil aggregation in vivo (Goodman, Way and Irwin, 1979).
Conflicting reports exist as to the in vitro ability of endotoxin to induce aggregation.
Notably, human neutrophils do not aggregate (Spagnuolo and Ellner, 1980) whereas
glycogen-elicited rabbit peritoneal neutrophils do (Thorne, Oliver and Lackie, 1977). This
discrepancy could be due to the difference in activation levels of neutrophils from different
sources. The collective evidence seems to indicate that endotoxin increases neutrophil

adherence without causing aggregation.

Chemotactic responsiveness of neutrophils is decreased following in vivo and in vitro
exposure to endotoxins (Dahinden, Galanos and Fehr, 1983; Territo and Golde, 1976).
The inhibition is not due to desensitization because endotoxin has no demonstrable
chemotactic activity up to Img/ml. The mechanism by which endotoxin inhibits
neutrophil locomotion is not defined. It has been suggested that the induction of
hyperadherence decreases motility (Dahinden, Galanos and Fehr, 1983) and the
constitutents of the specific granules that are discharged in response to endotoxin have

been implicated.

Endotoxin induces the degranulation of neutrophils from a variety of sources (Dahinden,
Galanos and Fehr, 1983). These observations have reported the release of lysosyme,
peroxidase, plasminogen activator and B-glucuronidase. A consideration regarding these
studies is that the neutrophil preparations were not pure. Since endotoxin is known to
activate monocytes/macrophages and is a potent inducer of IL-1B and TNF-o production
from these cells, these studies need to be considered carefully. Dahinden and coworkers
(1983), indicate that although suspended neutrophils do not degranulate in response to

endotoxin, prior adherence does induce a response. In addition, endotoxin appears to be
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capable of promoting the selective release of specific granule constitucnts from these
adherent neutrophils. Endotoxin has also been reported to induce degranulation from

human neutrophils in the presence of complement (Cline et al., 1968).

Endotoxin is able to induce a small increase in the neutrophil respiratory burst as mcasured
by nitroblue tetrazolium (NBT) dye reduction and activation of the hexose monophosphate
shunt by human neutrophils (Proctor, 1979). The presence of complement markedly
increases this effect presumably due to the generation of C5a. Some controversy exists
regarding the ability of endotoxins to directly stimulatec the oxidative mctabolism of
neutrophils. A variety of groups have reported that endotoxin enhances hexose
monophosphate shunt activity of neutrophils in virro (Wilson et al., 1982; Dahinden and
Fehr, 1983; Proctor, 1979). Others have reported its ability to stimulate NBT reduction
(Wilson et al., 1982). Since NBT reduction has becn reported to occur by neutrophils that
were maintained anaerobically, there is some doubt as to whether this assay reflects a true

change in oxidative metabolism.

Studies by Dahinden and Fehr (1983) indicate that adherent neutrophils exhibit a
significant increase in oxidative metabolic activity following endotoxin challenge. This
factor could have contributed to the discrepancies reported above. Interestingly, Guthrie
and Johnston (1982) have reportcd that pretreatment with endotoxin enhances the
subsequent generation of superoxide and degranulation in response to fixed immunc
complexes, opsonized zymosan or PMA. This study has introduced the concept of

endotoxin "priming" of neutrophil activation.
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1.7.2.3 Priming of neutrophil functions by endotoxin:

Following the initial report by Guthrie and Johnston (1982) demonstrating that endotoxin
primes necutrophil responses, other studies have emerged to support this. Guthric et al.
(1984) reported that preincubation of neutrophils with endotoxin enhanced their
subsequent response to substances such as f Met-Leu-Phe, phorbol myristate acetate and
fixed immune complcxes. The molecular basis for this change was investigated.
Preincubation with LPS at 0°C prevented priming, but cycloheximide or chelation of
extracellular calcium had no effcct. The numbers of f Met-Leu-Phc receptors were found
to be slightly decreased but no change in binding affinity was observed. Other priming
effects of endotoxin include enhanced degranulation and dccreased chemotactic
responsiveness to f Met-Leu-Phe (Haslett ¢t al., 1985), and enhanced secretion of elastasc

(Fittschen et al., 1985).

Rccently the mechanisms by which endotoxin alters neutrophil responses has been
investigated. Worthcn et al. (1988) reported that the induction of intracellular platclet-
activating factor may contribute to the enhanced superoxide production resulting from
endotoxin priming. Priming of the neutrophil respiratory burst does appear to be
dependent on intracellular free calcium levels (Forehand et al., 1989). Interestingly,
pertussis toxin did not prevent priming, and calcium-dependent protein kinase C activity
was unaltered. These observations suggest that the priming target precedes NADPH
oxidase activation. In support of these observations, other priming agents such as f Met-
Lcu-Phe (McPhail, Clayton and Snyderman, 1984), platelet-activating factor (Worthen et
al., 1987) and the calcium ionophore, ionomycin (Finkel et al., 1987) induce an increase in
basal [Ca2+]i without stimulating superoxide anion rclease. Thus, the molecular basis for
priming may lie in changes in intracellular free calcium concentrations rather than a direct

effect on the effector functions themselves.



CHAPTER 2

MATERIALS AND METHODS
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SECTION 2.1 MEDIA, BUFFERS AND CHEMICALS

All buffers were prepared using deionized and filtered water that had been processed by
the Milli-RO Water System (Millipore Corporation, Bedford, MA). Unless othcrwise

stated, solutions were stored sterile at 4°C. General chemicals were of analytical grade.

Medium: RPMI 1640 in the form of powdered medium was purchased from GIBCO
Laboratories (Grand Island, N.Y.). After reconstitution the following solutions were
added; 20mM N-2-Hydroxyethylpiperazine-N'-2-cthanesulfonic acid (HEPES, Sigma),
60pg/ml penicillin (David Bull Laboratories, Mulgrave, Victoria), 40ug/ml gentamycin
(David Bull Laboratories, Mulgrave, Victoria), SOOuM NaOH. The medium was filtered
and appropriate sterility tests performed. This medium was used for the isolation of

peripheral blood neutrophils from human blood.

Phosphate Buffered Saline (PBS): 8g NaCl, 0.2g KCl, 1.15g Nap,HPO, and 0.2g
KH»PO, were dissolved in 1 litre of water and the pH adjusted to 7.4 with HCI or NaOH.
The pH of this solution was always checked just before use. This buffer was used for the
following: 5% Dextran TS500; prcparation of zymosan activated serum; 3.2%

paraformaldehyde; and as washing buffer during staining for filamentous actin.

Hanks Balanced Salt Solution: 0.04g KCl, 0.006g KH2P04, 0.8¢g NaCl, 0.012¢g
NayHPOy4, 0.018g CaCly.2H,0, 0.02g MgS0,4.7H,0, 0.1g glucose and 2.1y NatICOg
were dissolved in 1 litre of water and the pH adjusted to 7.4 with HCI or NaOH. The pH
of this solution was always checked before use. This buffer was used in the assay for

f Met-Leu-[3H]Phe binding.

N-formylmethionylleucylphenylalanine: Purchased from Sigma and dissolved in ethanol

at 10-3M. This solution was stored at -70°C.
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Cytochalasin B: Purchased from Sigma. Prepared from Helminthsporium dematioideum.

Img/ml cytochalasin B was dissolved in dimethylsulphonic acid and stored at 4°C.

Calcium Ionophore (A23187). Purchased from Behring Diagnostics, La Jolla, CA.
100mM A23187 was dissolved in dimethyl sulphoxide and stored at -20°C.

SECTION 2.2 PURIFICATION OF HUMAN NEUTROPHILS

Neutrophils were obtained from the peripheral blood of healthy voluntecrs. Blood was
collected into a sterile syringe containing hepann sodium (David Bull Laboratories,
Mulgrave, Victoria) and sedimented with 5% dextran (Dextran T500, Pharmacia) in
phosphate buffered saline (PBS, 2ml:10m] blood). After density gradient centrifugation at
450g on Lymphoprep (Nyegaard, Oslo), erythrocytes were lysed by hypotonic shock using

0.2% sodium chloride followed by restoring isotonicity with 1.6% sodium chloride.

When a large number of neutrophils was required, they were prepared from Red Cross
packed cells. The blood donation was centrifuged at 4000g for 5 min in a Sorvall
freestanding centrifuge. Thc fraction remaining after the plasma was removed, was diluted

1:2 in RPMI 1640, and neutrophils prepared as described above.

After preparation, neutrophils were resuspended to 107/ml in RPMI 1640 containing
20mM HEPES buffer and antibiotics. This medium was supplemented with either 1:100
Nutridoma-HU (Boehringer Mannheim Biochemicals, Mannheim, West Germany) or
0.1% fatty acid free bovine serum albumin (Fraction V, Sigma, St. Louis, MO), and assays
were carried out in this medium unless otherwise stated. The lipopolysaccharide content
of this medium was determined to be less than 1.9pg/ml using the limulus amebocyte

lysate assay (Levin and Bang, 1968).
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SECTION 2.3 CYTOKINES

2.3.1 Recombinant human tumor necrosis factor-o. (rH TNF-0,):

The rH TNF-o used were lot numbers 3056-55 and 4260-1, containing approximately
5x 107 units/mg and 1.2 x 108 units/mg respectively. Both were generously provided by
Genentech, South San Fransisco, California. The molecule was produced in Escherichia
coli (Pennica et al., 1985) and purified to approximately 99.8%. The lipopolysaccharide
content of this solution was determined to be less than 0.125EU/ml as measured by the
manufacturers, using the limulus amebocyte lysate assay. Dilutions from stock material
were made weekly into RPMI 1640 containing 20mM HEPES antibiotics, and 1% bovine
serum albumin (BSA, Commonwealth Serum Laboratories, Melbourne, Victoria) and
stored at 4°C. The final concentration of LPS present in incubation suspensions was less

than 0.1EU/ml

2.3.2 Recombinant human granulocyte-macrophage colony-stimulating

factor (rH GM-CSF):

The tTH GM-CSF was lot number C01-PO004 containing approximately 4.7 x 106 units/mg
(when tested on Chronic myeloid leukaemic cells), was 97.2% pure and was generously
provided by Genetics Institute, Cambridge, Massachusetts. The protein was obtained from
the supernatant of COS cells and purified as described (Wong et al., 1985). Dilutions from
stock material were madc into RPMI 1640 and 2% FCS and kept sterile at -70°C. The
lipopolysaccharide content of this solution was determined to be less than 0.4EU/ml as

measured by the limulus amebocyte lysate assay (Levin and Bang, 1968).
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2.3.3 Recombinant human interleukin-13:

The rH interleukin 1-B was provided by Immunex, Seattle, WA, and contained IOSU/mg
when assayed by thymocyte mitogenesis (Kronheim et al., 1985). Stock material was
stored at -70°C and diluted into RPMI 1640 + 0.1% BSA for use. The lipopolysaccharide

content of this solution was detcrmined to be less than 0.4EU/ml.

SECTION 2.4 FUNCTIONAL ASSAYS

2.4.1 Superoxide Assay:

Purified neutrophils (107/ml) were incubated with medium or different concentrations of
cytokines for various times at 370C. After this, 150ul of cells (106) were added to a
mixture of 100l freshly prepared cytochrome C (type VI, 12.4 mg/ml, Sigma), 100ul
f Met-Leu-Phe (Sigma) and made up to 1 ml with medium. The mixtures were then
incubated at 37°C for 15 minutes, after which the cells were rapidly cooled, pelleted at
40C and the supernatants transferred to plastic disposable cuvettes. Superoxide production
was measured by the reduction of cytochrome C using an extinction coefficient of 21.1

(van Gelder and Slater, 1962) at 550nm (Weening, Weever and Roos, 1975).

In experiments where the rate of superoxide anion production was mcasured, cells were
preincubated with 100u/ml tH TNF-o for 45 minutes at 37°C. 150ul of cells were then
added to disposable plastic cuvettes containing 100ul f Met-Leu-Phe (1()'7M final), 100l
freshly prepared cytochrome C and made up to 1ml with medium. This suspension was
incubated in a thermostatically controlled cuvette holder at 37°C for 10 minutes. The
change in OD550nm was continuously monitored and recorded at 30 second intervals in a

DU-50 Spectrophotometer (Beckman Instruments, Berkeley, CA). The optical density of
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the negative controls decreased slightly during these experiments due to the settling of

cells.

In control experiments the release of supcroxide anion was confirmed by allowing the
reaction to f Met-Leu-Phe to proceed in the presence of freshly prepared superoxide
dismutase (S6pg/ml final, Sigma). The release of superoxide anion was completely
abolished in the presence of superoxide dismutase. To ensure the change in ODS50nm
was not limited by cytochrome C concentration, maximum reduction was determined by
adding a few grains of sodium dithionite (BDH Chemicals Aust., Kilsyth, Victoria) to the

final mix.

2.4.2 Chemotaxis assay:

The chcmotactic response of neutrophils to a gradient of f Met-Leu-Phe was tested under
agarose as described (Nelson, Quie and Simmons, 1975). Briefly, Sml of 0.5% agarose
(type II, Sigma) dissolved in RPMI 1640 and 2% FCS with 20mM HEPES, and 375ug/ml
sodium bicarbonate (Flow Laboratories, North Ryde, N.S.W.), was set in a plastic petni
dish (50mm, Kayline, Adelaide, South Australia) and 2.4mm diameter wells were formed
2.4mm apart in a horizontal line from the centre to the edge of the plate. Neutrophils at 2.5
x 107/ml in medium were preincubated 45 minutes at 37°C in the presence or absence of
100u/ml rH TNF-¢.. This period of incubation was chosen to ensure maximal stimulation
by rH TNF-o.. 5ul of cells was then addcd to the centre well, Su! of medium added 1o the
inner well and 5pi of 10"7M f Met-1.eu-Phe was added to the outer well. The petri dish
was incubated for 2 hours at 37°C in 5% CO,. The cells were fixed with methanol at 4°C

overnight, followed by 40% formalin for 30 min at 25°C before the agarose was removed.

Three parameters of locomotion were measured: (2) random movement was quantified by

placing medium in the inner and outer wells of the chemotaxis plate; (b) chemokinesis was
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measured by placing the chemotactic stimulus in both the cell-containing and the outer
well of the chemotaxis plate; and (¢) chemotaxis was measured by placing the chemotactic
stimulus in the outer well only. Locomotion was visualized and guantificd using an ocular
micrometer, and results are expressed in arbitrary units as either random movement,

chemokinetic movement or chemotactic movement,
243 f Met-Leu-[3H JPhe binding to neutrophils:

Binding of f Mct—Leu—[3H]Phc to purified neutrophils was measured at 4°C in siliconized
12 x 75mm glass test tubes in a total volume of 105ul. Cells from the same donor at a
concentration of 107/ml were incubated in the prescnce or absence of rH TNF-o for 60
minutes at 37°C in RPMI 1640 + 1:100 Nutridoma then washed in cold incubation buffer
(Hanks buffered saline with 1.6mM CaCl, 10mM sodium azide, Sug/ml] cytochalasin B
(Sigma) and 0.1% BSA (Commonwealth Serum Laboratories) and resuspended to 107/ml.
Sodium azide and cytochalasin B were included in the incubation buffer to prevent ligand
internalisation which may occur at 4°C (Sullivan and Zigmond, 1980). 100l cells were
added to triplicate tubcs containing Spl of cht-Leu—L3H]Phc at various concentrations
(100 nM-0.5 nM) in incubation buffer, or to duplicate tubes containing, in addition,
unlabelled f Met-Leu-Phe (100uM). Bound f Met-Leu—[3H]Phc was measured after 30
minutes by filtration through glass fiber filters (GF/B, Whatman, Maidstone, England)

using Hanks buffered saline, and quantified by liquid scintillation counting.

The binding data were analysed using LIGAND, a weighted nonlinear least squares
regression analysis computer programme (McPherson, 1985). After subtracting the non-
specific binding from total binding, the specific binding data were fitted to one or more of
the appropriate equations from a one-saturable-site model, a two-saturable-sites model, and
the Hill equation (Munson and Rodbard, 1980; Colquhoun, 1979; Del.ean and Rodbard,

1979). The weighted sums of squared deviations (WSSDs) gencrated by LIGAND for one
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saturable site, two saturable sites, and the Hill equation were compared using the F-test

(McPherson, 1985).

2.44 High-performance liquid chromatography of f M et—Leu-[3H JPhe:

To ensure that impurities were not present in the commercially available f Met-Leu-
[3H]Phc used (50.9 to 55.3 Ci/mmol, New England Nuclear, Boston, MA), the preparation
was analysed by high-performance liquid chromatography. The system consisted of a
Beckman 334 gradient system with a variable wavelength detector. Spectrophotometric
detection was at 220nm. Thc sample was run through a reverse phase, C18, Sum particle
size Ultrasphere column (Beckman Instruments, Berkeley, CA). Chromatography was run
under the following conditions: flow ratc 1.0ml/min, temperature 25°C, gradient clution
over 20 minutes from 20% to 60% CH3CN in 0.1% phosphoric acid. Under these
conditions, f MeL-Lcu-[3II]Phc appeared as a single peak at 16 minutes, corresponding to
the retention time of unlabelled f Met-Leu-Phe. One-minute fractions werc collected and
radioactive content determined in a Tricarb 2000CA liquid scintillation counter. Greater

than 95.5% of radioactivity corresponded to the 16 minute peak 1n all preparations tested.
2.4.5 Lysosyme assay:

Neutrophils at 107/ml in RPMI 1640 + 1:100 Nutridoma were incubated in the presence or
absence of various concentrations of tH TNF-o for 60 minutes at 37°C. Following this,
they were incubated with Spg/ml cytochalasin B for 10 minutes at 37°C then either
stimulated in the presence or absence of f Met-Leu-Phe for 15 minutes at 37°C. The cells

were spun at 450g for 5 minutes then the supernatants were tested for lysosyme content.

The amount of lysosyme in ncutrophil supernatants was detected by the reduction in

optical density at 450nm of a suspension of Micrococcus lysodeiktus according to the
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method of Klass et al. (1977). Briefly, a suspension of M. lysodeiktus (lyophilised, Sigma)
at an OD450nm of 0.65-0.7 was equilibrated for 30 minutes at 37°C (buffer used was
0.066M KH,PO4 with 0.066M KoyHPOy4, pH 6.6). A standard curve was established with
400, 200, 100 and S0u/ml lysosyme (hen egg white, Sigma) by monitoring the reduction in
OD450nm every 30 seconds for 3 minutes at 37°C in a thermostatted cuvette holder
attached to a DU-50 Spectrophotometer (Beckman Instruments). The change in OD450nm
for nnknown supematants was then calculated off thc standard curve. Results arc

expressed as u/ml lysosyme per 100 neutrophils.

2.4.6 Lactate dehydrogenase assay:

The lactate dehydrogenase content of neutrophil supernatants was detected
spectrophotometrically by the change in OD at 340nm due 10 the conversion of NAD™ 10
NADH (Henry, Canon and Winkleman, 1974). The conversion is based on the following

reaction:

pyruvate + NADH — lactate + NAD?
LDH

Supernatants were obtained from ncutrophils as for the degrannlation assay. The same
supcrnatants were tested for both lysosyme and lactate dehydrogenase. Briefly, 32mgs
NAD (Grade 11, 98% free acid, Boehringer Mannheim) were dissolved in 1ml lactate-AMP
buffer (24ml D/L lactic acid [88%, AJAX Chemicals, Sydney, New South Wales], and 89g
2-amino-2-mcthyl-propan-1-ol [AMP, BDH Chemicals] per litre, pH 9.0). One hundred
microlitres of this solution was added to Spl of the sample supernatant and 20l of lactate-
AMP buffer. This solution was incubated for 2 minutes at 37°C, and the change in
OD340nm monitored every 10 seconds using a COBAS BIO centrifugal analyser (Roche

Diagnostics, Basle, Switzerland). Results are expressed as units per litre.
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2.4.7 Preparation of zymosan activated serum:

Zymosan activated serum was prepared according to the method of Kajdacsy-Balla (1976).
Blood was collected into a cold sterile syringe then spun immediately at 200g for 12
minutes at 4°C to remove white blood cells and red blood cells. The platclet rich plasma
was allowed to clot at room temperature then the serum left ovemnight at 4°C with 1M

epsilon-aminocaproic acid (Sigma).

To inactivate the zymosan, 10mg/ml zymosan (Sigma) in PBS was boiled for 30-60
minutes then washed 3 times in PBS. The zymosan was resuspended to 10mg/ml in the
serum and incubated in a shaking water bath at 37°C for 60-90 minutes. The zymosan was
removed by centrifugation, then centrifuging the supernatant. The zymosan activated

serum was then stored at -70°C.

2.4.8 Staining for CR3:

Neutrophils were suspended to 5 x 106 cells/ml in RPMI + 1:100 Nutridoma. They were
incubated in the presence of 100u/ml rI1 TNF-a, 10""M f Met-Leu-Phe or medium for 60
minates at 37°C. Following this, they were washed and resuspended in cold medium
containing 10ug anti-Mol (Mouse IgM, Coulter Electronics, Hialeah, Florida) + 10mM
sodium azide. Cells were stained for 30 minutes on ice then washed twice in cold medium
and resuspended in cold medium containing 1:40 sheep anti-mouse immunoglobulin
(FITC-conjugated, Silenus Laboratories, Hawthome, Victoria). Cells were incubated on
ice for 30 minutes then washed twice in cold medium. Finally cells were resuspended in
1ml cold FACS FIX (5mM sodium azide, 1% formaldehyde, 2% glucose in PBS) and
analysed by flow cytometry (Coulter Epics V, Coulter Electronics). Results are expressed

as the mean log fluorescence. This is defined as the sum of the number of cells in each



-88 -

channel, multiplicd by the fluorescence intensity of each channel, then divided by the total

number of cells counted.

SECTION 2.5 BIOCHEMICAL ASSAYS

2.5.1 Actin polymerization:

Neutrophils were suspended to 5 x 109 cells/ml in RPMI 1640 + 0.1% BSA. Cells were
incubated in the presence or absence of rH TNF-a or f Met-Leu-Phe for various times at
379C, then fixed by adding 109 cells to 1ml ice cold paraformaldchyde (3.2% in PBS). In
experiments where the effect of TH TNF-o on the response to f Met-Leu-Phe was studicd,
cells were preincubated for 30 minutes in the presence or abscnce of rH TNF-q, then

stimulated for 10 seconds with f Met-Leu-Phe. The reaction was terminated by fixation.

After fixing, the cells were washed twice in PBS then resuspended in S0pl PBS containing
0.611g/ml NBD-phallacidin (Molecular Probes, Eugene, OR) and 100pug/ml L-alpha-
lysophosphatidylcholine. After staining for 30 minutes at room temperature, they were
washed once more then resuspended in lml FACS FIX and analysed by flow cytometry.
For experiments where the cells were photographed, they were resuspended in 100p)
immunofluorescent mountant (3.7, glycine saline buffer [1.4g glycine, 0.07g NaOH, 1.7g
NaCl, 0.1g NaN3 per 100m] water, pH 8.6}:glycerol, v/v) and examined microscopically

(Olympus BHS microscope with an epifluorescent system),
2.5.2 Arachidonic acid release:
Purified neutrophils (107/m1) were incubated in RPMI 1640 + 0.1% fatty acid free BSA

(Sigma) with 2 x 109.Ci/ml arachidonic acid, [5,6,8,9,11,12,14,15 - SH(N)] (stored at -

20°C, New England Nuclear) for 60 minutes at 37°C. The cells were then washed threc
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times in cold medium and resuspended to 107 /ml. Aliquots of cells (3 x 106 cells) were
incubated for various times at 37°C in the prescnce or absence of various stimuli. An
aliquot of neutrophils was incubated with 4uM A23187 (Behring Diagnostics, La Jolla,
CA) for 10 minutes at 37°C as a positive control. The cells were placed on ice to
terminate the incubation then spun at 400g for 5 minutes at 4°C. An aliquot of the
supermatant was transferred into a scintillation vial with 10ml Aqueous Counting
Scintillant II (Amershan, Arlington Ileights, II.) and radioactivity measured using a
Packard Tri-Carb 2000CA liquid scintillation counter. Results are expressed as dpm per 2

x 100 neutrophils.

2.5.3 Reverse-phase HPLC analysis of [3H]-arachidonic acid-labelled

neutrophil supernatants:

Neutrophil supernatants were prepared as described above. The supernatants were
removed into fresh tubes and extracted in an ice cold solution of 80% methanol (final
concentration) overnight. The precipitate was spun out at 1000g for 2 min at 4°C, and the
methanol supernatants dried down in a Specd Vac (Savant Instruments Inc., Farmingdale,
NY). Samplcs were stored under argon at -20°C until analysed by high performance
liquid chromatography (HPI.C). The samples were extracted into 80% ethanol, evaporated
to dryness using a Speed Vac rotary evaporator (Savant Instruments, Hicksville, NY) and
reconstituted in the reverse phase-HPLC mobile phase. The arachidonic acid (AA)
metabolites were separated by reverse phase-HPLC on a Beckman Cyg, Sum Ultrasphere
ODS 4.6mm x 25cm column (Beckman Instruments Inc., Berkeley, CA) with a Waters
HPLC system (two model 510 pumps, model 680 gradient controller and a model U6K
injector). The buffer system consisted of a stepwise gradient of mcthano! (Mallinkrodt,
Melbourne, Australia) and 0.01% acetic acid in distilled deionized water, pH 5.6, adjusted
with ammonia, modificd from Henke et al. (1988) (30 min at 55%, 30 min at 65%, 20 min

at 73% and 15 min at 100%) at a flow ratc of 0.8ml/min. This system separated
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prostaglandin (PG), leukotriene (LLT), hydroxyeicosatetracnoic acid (HETE) groups and
arachidonic acid. All solvents were of HPLC grade and were filtered and degassed before
use. Fractions were collected into plastic minivials (Packard Instrument Co., Downers
Grove, IL), and radioactivity measured by liquid scintillation counting. The HPLC system
was calibrated using a series of tritiated PG, LT and HETES. 6-keto-PGFqq and
Thromboxane B2 were from Amersham, and PGD», PGFZOO' LTBy4, 1SHETE, 12HETE,
SHETE, arachidonic acid were from New England Nuclear, Boston, MA. The unlabelled
20-0H LTBy4 standard used was a gift from Dr. B. Spur (Institut Henri Beaufour, Paris,
France) and synthesized according to Soberman et al. (1988) The retention time of this
compound was determined by monitoring UV absorbance at 270nm. The recovery of

radioactivity from chromatography was 96.5 + 18.8%.

2.5.4 Extraction of neutrophil lipids:

Cellular lipids from neutrophils loaded and stimulated as described above, werc extracted
by a slight modification of the method of Wertz and Mueller (1978). The cells were
resuspended to 107/ml and precipitated in 5% tichloroacetic acid (TCA, Merck,
Schuchardt, FRG) for 20 minutes at 4°C. The TCA insoluble material was then dissolved
in Sml chloroform/methanol (2:1, v/v) + 50ug/ml butylated hydroxytoluene (BHT, Sigma).
The aqueous phase was partitioned with 1ml 0.04% CaCl,. Following this, the organic
phase was further extracted with 1ml solvent and 1ml CaCl,. The lipid extract was dried
under a stream of nitrogen at 25°C and stored under argon at -20°C until analysis by thin

layer chromatography.
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2.5.5 Thin layer chromatography:

Total lipids from 107 cells were dissolved in chloroform:methanol (2:1, v/v) + SOug/ml
BHT for application to aluminium backed thin layer chromatography plates (silica gel 60,

0.2mm thick, Merck).

To separate the 3H-arachidonic acid from the cell lipids, a solvent system consisting of
Hexane:diethylether:formic acid (80:20:2, v/v, room temperature) was used. The lipids
used for standards were stored at -20°C in chloroform:methanol (2:1, v/v) + 50ug/ml BHT
under argon. The plates wcrcl sprayed with En3hance (New England Nuclear, Boston,
MA.) and autoradiographed on Hypcrﬁlm-3H (Amersham, Sweden). Fractions were then
identified by visualisation with Iy vapour. After evaporation of the I from the plate, the
fractions were scraped into scintillation vials and quantified by liquid scintillation

counting. Results are expressed as a percentage of incorporation into total cellular lipids.
SECTION 2.6 STATISTICS

Statistical analyses of thc functional and biochemical data was performed using the
unpaired two-tailed students t test. Where significant changes have been found, the level

of significance is defined in adjacent parentheses.

Statistical tests used for the analysis of Scatchard binding studies were the F ratio test, and

the Hill equation (see above).



CHAPTER 3

REGULATION OF THE NEUTROPHIL RESPIRATORY
BURST AND MIGRATION BY RECOMBINANT HUMAN
TUMOR NECROSIS FACTOR-ALPHA.
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SECTION 3.1 INTRODUCTION

The process of inflammation in vivo involves the mobilisation of phagocytes towards the
site of infection. This localisation involves the active locomotion of granulocytes and
mononuclear phagocytcs from the blood stream into the infected site (reviewcd by
Wilkinson, 1980). Having migrated to the focus of infection, the phagocytes' microbicidal
functions are activated. These functions centre around two major events: 1)
degranulation, which involves the fusion of cytoplasmic granules of the phagocyte with the
plasma membrane, and 2) the respiratory burst, which results from the generation of highly
toxic products of oxygen reduction. The activation of these two functions combined,
results in the killing and digestion of micro-organisms at the sitc of infection (reviewed by

Root and Cohen, 1981).

The events described above are generally regulated by substances gencrated or released at
the infected site. There are two types of stimuli responsible for neutrophil activation -
exogenous substances released from bacteria, and endogenous factors released or produced
by cells at the site of infection. The two exogenous substanccs that have been well studied
are bacterial lipopolysaccharide (LPS) and N-formy!methionylleucylphenylalanine (f Met-
Leu-Phe). LPS plays a dual role in that it directly activates neutrophils (Wilson, 1983),
and stimulates macrophages to produce inflammatory cytokines (Beutler et al., 1986c).
F Met-Leu-Phe has been identified as the major stimulatory formylated peptide for

neutrophils (Marasco et al., 1984), that is released at the site of infection.

Endogenous stimuli are factors produced or released by the body. For example, the
binding of IgM to bactcria activates the complement cascade thus setting up a gradient of
C5a (Gallin, Clark, and Frank, 1975). This molccule 1s both chemotactic for neutrophils
(Snyderman et al., 1968), and activates neutrophil functions such as degranulation

(Chenoweth and Hugli, 1978; Webster et al.,, 1980) and superoxide anion generation
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(Goldstein, Feit, and Weissmann, 1975; Goldstein et al., 1975). Other endogenous factors
are the inflammatory cytokines produced at the site of infection. As mentioned above,
LPS induces the production of tumor necrosis factor-alpha (TNF-a) and interleukin-1f3
(IL-1B) from activated macrophages (Beutler et al., 1986c; Lachman, 1983). Recently,
another factor produced by human monocytes has been implicated in inflammation. This
factor is known as neutrophil activating factor (NAF) and has been demonstrated to
stimulate neutrophil functions such as superoxide production, degranulation, shape change,

chemotaxis and calcium flux (Thelen et al., 1988; Pevert et al., 1988).

The role of these two cytokines in Escherichia coli induced inflammation has been well
studicd by Movat et al. (1987b). They propose the following model: the LPS from the
bacteria leads to stimulation of the production of IL-1 and TNF-c; thesc molecules,
together with f Met-Leu-Phe induce the accumulation of neutrophils at the site of
infection;  phagocytic and nonphagocytic stimulation of the neutrophils causes
degranulation and the generation of oxygen radicals; besides killing the micro-organisms,
these events also cause tissue injury which results in increased vasopermeability,
hemorrhage, and thrombosis. This ir vivo model therefore predicts that the production of
TNF-ou and the generation of f Met-Leu-Phe combine to induce the accumulation of
neutrophils at the site of infection, resulting in the stimulation of their microbicidal activity

and the progression of the inflammatory response.

Tumor necrosis factor-alpha has been shown to activate various neutrophil functions.
Shalaby et al. (1985) demonstrated that recombinant human TNF-o (tfH TNF-a) enhanced
antibody dependent cell killing by neutrophils. Following this, reports emerged supporting
a role for rH TNF-a in stimulating neutrophil functions. For example, tH TNF-o was
reported to stimulate neutrophil adherence (Gamble et al., 1985) and to stimulate the
iodination, hydrogen peroxide production and lysosymc release by neutrophils (Klebanoff

et al., 1986). Because TNF-a is produced by macrophages at the site of inflammation, and
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was previously reported to activate neutrophil functions in vitro, 1 sought to determine
whether tH TNF-a influenced other neutrophil responses in vitro. Two functions were

chosen which had not been previously studied.

Firstly, because degranulation and the respiratory burst are the two major microbicidal
mechanisms in neutrophils, and Klebanoff et al. (1986) had defined an effect on
degranulation, the influence of rH TNF-0. on the respiratory burst was studied. During the
respiratory burst, molecular oxygen undergoes a single electron reduction to superoxide
(057). This reaction is catalysed by an NADPH oxidase. 0, is reduccd further by
spontaneous dismutation to hydrogen peroxide. The reduction of ferricytochrome ¢ by 0y

was used to quantitate the respiratory burst.

The second function studied was the influence of rH TNF-a on cell locomotion, because
neutrophils must migrate from the bloodstream to the site of infection in order to mount an
inflammatory repsonse. There are three aspects of neutrophil locomotion - random,
chemokinetic and chemotactic (see Introduction), therefore the method chosen to study
this function was the migration under agarose tcchnique described by Nelson, Quie and
Simmons (1975). This assay allows for the quantitation of all three types of locomotion as

well as direct visualisation of neutrophil migratory patterns.

This chapter deals with two major questions. Firstly, TNF-a is produced at the site of
infection, thereforc can it stimulate neutrophil functions such as superoxide production and
chemotaxis? Secondly, because f Met-Leu-Phe is also present at the site of infection, can

rH TNF-o. modulate these neutrophil functions in response to this peptide?
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SECTION 3.2 RESULTS

3.2.1. rH TNF-o enhances the production of superoxide anion in response
to f Met-Leu-Phe:

To determine whether rtH TNF-« could influence the respiratory burst of neutrophils, cells
were incubated in the presence or absence of 100u/ml of rH TNF-o for 30 minutes at
379C, then stimulated in the presence or absence of 10"7M f Met-Leu-Phe for 15 minutes
at 37°C. Figure 3.1 represents the mean superoxide rcsponse from 17 separate
experiments. Cells that were incubated in the presence of rH TNF-o only, exhibited a
small but insignificant incrcase in their respiratory burst (p>0.05). When neutrophils were
stimulated with 10"7M f Met-Leu-Phe, they produced approximately 12 nmoles 057100
cells, and this response doubled upon preincubation with rtH TNF-o (p<0.001). These
expcriments therefore illustrate the ability of rII TNF-oo to cnhance the rcsponse of
neutrophils to an inflammatory stimulus such as f Met-Leu-Phe, without directly activating

the respiratory burst.

It became evident throughout these experiments that the volunteers exhibited a wide range
of responses to both f Met-Leu-Phe and rH TNF-o.. Figures 3.2A and 3.2B are scatter
diagrams representing 17 separatc experiments. Despite this variability in responses, only
one out of scventeen volunteers exhibited a significant response to rH TNF-a alone
(p<0.01). In contrast, when cells were incubated with tH TNF-o then f Met-Leu-Phe,
fourteen out of the seventeen individuals tested elicited a significantly enhanced response
when compared to f Met-Leu-Phe alone (3 donors, p>0.05; 4 donors, p<0.05; 2 donors,
p<0.01; 8 donors, p<0.001).

To determine whether tH TNF-a and £ Met-Leu-Phe could prime the respiratory burst to

each other, the following experiments werc performed. Necutrophils were preincubated
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FIGURE 3.1

rH TNF-o. enhances the production of superoxide anion in response to
Jf Met-Leu-Phe.

Neutrophils were incubated with 100u/ml rH TNF-o for 30 minutes at 37°C then
stimulated with 10°7M f Met-Leu-Phe for 15 minutes at 37°C. Numbers represent the
mean + S.E.M. from 17 separate experiments where each point was determined in

duplicate or triplicate.
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FIGURE 3.2
The degree of enhancement by rH TNF-0. varies between donors.
Neutrophils were incubated with 100u/ml rH TNF-o for 30 minutes at 37°C (left) then

stimulated with 107M f Met-Leu-Phe for 15 minutes at 37°C (right). Each symbol

represents the mean of an individual experiment.
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with either medium, 100u/m] rH TNF-o. or 107'M f Met-Leu-Phe. They were then
stimulated with either 10 /M f Met-Leu-Phe or 100u/m! rH TNF-a.. As previously shown,
the response to f Mect-Leu-Phe (8 + 1.8 nmol 02'/106 neutrophils) was enhanced by
preincubation with tH TNF-o0 (14.5 = 0.2 nmol 02'/106 neutrophils). In contrast,
preincubation of cells with f Met-Leu-Phe induced dircct superoxide release, but this was
unaffected by subsequent incubation with tH TNF-& (5.2 + 1 nmol 02'/106 neutrophils).
This data therefore indicates that the cells must be cxposed to rH TNF-a before £ Met-Leu-

Phe to elicit an enhanced response.

A number of controls were performed to determine the specificity of the cffect observed.
Firstly, it is possible that other substances cause the reduction of cytochrome C, e.g.
ascorbate (McCord, Crapo and Fridovich, 1977), therefore to determine whether rH TNF-o
was enhancing the production of superoxide anion itself in response to f Met-Leu-Phe,
neutrophils were incubated in the prcsence or absence of superoxide dismutase. This
enzyme specifically catalyses the decomposition of superoxide anion, and therefore
prevents the reduction of ferricytochrome c¢. Figure 3.3A illustrates that when neutrophils
are incubated with rH TNE-o then f Met-Leu-Phe, they predominantly produce superoxide
anion, because the 0, "-mediated reduction of ferricytochrome ¢ is completely abolished in

the presence of superoxide dismutase.

Secondly, there was the possibility of contamination by LPS. It is widely known that
small amouants of LPS are able to stimulate neutrophil function (Guthrie et 2al., 1984). To
determine whether LPS was involved in the enhancement of neutrophil function by rH
TNF-a, the rH TNF-a was boiled and then used in the superoxide assay. Figure 3.3B
represents cells that were incubated for 30 minutes in the presence of either medium or rH
TNF-0, or in the presence of their boiled equivalents. The neutrophils were then
stimulated with various doses of f Met-l.cu-Phe for 15 minutes at 37°C. There was no

enhancement of the neutrophil respiratory burst in response to f Met-Leu-Phe when the
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FIGURE 3.3A

rH TNF-o-induced enhancement of the neutrophil respiratory burst is

specific for superoxide anion.

Neutrophils were incubated with 100u/ml rH TNF-a. for 30 minutes at 37°C. They were
then stimulated with 10°/M f Met-Leu-Phe in the presence or absence of 280u/ml
superoxide dismutase. Numbers represent the mean + S.E.M. from one experiment where

each point was determined in triplicate.



Stimulus

rH TNFa + fMLP

rH TNFa + {MLP + SOD

10 &
nmol O, /10”Neutrop

20
hils




- 100 -

FIGURE 3.3B

Boiling of rH TNF-0. abolishes the enhancement of superoxide anion

production.

Neutrophils were incubated with 100u/ml rH TNF-o or with 100u/ml boiled rH TNF-o for
30 minutes at 37°C. They were then stimulated with various concentrations of f Met-Leu-
Phe for 15 minutes at 37°C. Numbers represent the mean + S.E.M. of triplicates from one

experiment.



30
0
=
o
2 207
el
=
()]
P
w
(o]
-
-
'ov 10 -
@)
©
£
c
0 7 T =T 7

0 102 108 1077

f met-leu-phe (M)

106

Nil

rH TNF- o
Boiled Nil

Boiled rH TNF- ¢



N v T .
- 101 - “'\I""'ij-v""’

cells were incubated with boiled tH TNF-o.. As LPS is not destroyed by boiling one can
conclude that the increase in superoxide production is indecd caused by stimulation of the
neutrophils by TH TNF-o.. In addition, the concentration of LPS in the medium used was
quantitated by the limulus amebocyte lysate assay, and was found to be less than

0.1EU/ml.

3.2.2. rH TNF-o induced enhancement of superoxide production is

sustained after washing the cells:

To determine whether neutrophils require the continuous presence of rII TNF-a for an
enhanced response to f Met-Leu-Phe to occur, washing experiments were performed.
Ncutrophils were incubated in medium or with 100u/ml rH TNF-¢. for 30 minutes at 37°C,
then washed before stimulation with 107/M f Met-Leu-Phe for 15 minutes at 37°C. The
enhanced superoxide response induced by rH TNI-a (24 + 3 nmol/100 neutrophils) was
not affected by the removal of rH TNF-a from the suspension (33 + 0.5 nmol/106
neutrophils). This data indicates that the rH TNF-o induced enhancement of neutrophil

superoxide production in response to f Met-Leu-Phe is not reversible by washing.
3.2.3. rH TNF-0. enhances the response to zymosan activated serum:

The observed effect on neutrophil superoxide anion production by rI{ TNF-o raises the
question of whether this phenomecnon is confined to the f Met-Leu-Phe response. To
investigate this, the influence of tH TNF-a on the neutrophil response to zymosan
activated serum (crude C5a) was studied. CSa is a complement fragment which, like
f Met-Leu-Phe, is chemotactic for ncutrophils (Snyderman et al., 1969) and activates a
number of neutrophil functions (Chenoweth and Hugli, 1981, Webster et al., 1980;
Goldstein, Feit and Weissmann, 1975; Goldstcin ct al., 1975). The difference between

this ligand and f Met-Leu-Phe is that this molecule is host-derived rather than bacterially
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derived. In Figure 3.4 neutrophils were prcincubated in the prescnce or absence of
100u/ml rH TNF-o for 30 minutes at 37°C, then stimulated with various dilutions of
zymosan activated serum (ZAS) for 15 minutes at 37°C. At all dilutions tested tTH TNF-o.
enhanced the production of superoxide anion in response to ZAS. These data indicatc that

rH TNF-o can modulate the neutrophil respiratory burst to C5a as well as f Met-Leu-Phe.

3.2.4. rH TNF-o does not influence the response to phorbol myristate

acelate:

The phorbol ester, phorbol 12-myristate 13-acetate (PMA) is widely used as a potent
stimulator of superoxide production in neutrophils. It traverscs the plasma membrane and
binds to its intracellular rcceptor, protein kinase C (Kikkawa et al,, 1983; Uchida and
Filbum, 1984). To dectermine whether tH TNF-q influences the response to a ligand such
as PMA which does not have a plasma membrane receptor, cells were preincubated in the
presence or absence of 100u/m! rH TNF-o for 30 minutes at 370C, then stimulated with
various concentrations of PMA for 15 minutes at 37°C. Figure 3.5 represents the
influence of TH TNF-a on neutrophil responsiveness to various concentrations of PMA.
At no concentration of PMA tested did rH TNF-a alter the amount of superoxide anion
produced by neutrophils. This phenomenon was observed within three separate

experiments as well as when the data were pooled.

3.2.5. rH TNF-o is not chemotactic and inhibits the chemotaxis of

neutrophils under agarose in response to f Met-Leu-Phe:

Because neutrophils exhibit three types of locomotion, the migration under agarose
technique described by Nelson, Quie and Simmons (1975) was used. In this assay, cells
are placed in the centre well of a set of three wells punched out of agarose. For random

movcment, medium is placed in the inner and outer wells. To measurc chemokinesis, the
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FIGURE 3.4

rH TNF-o. enhances the production of superoxide in response to zymosan

activated serum.

Neutrophils were incubated in the presence or absence of 100u/ml rH TNF-a for 30
minutes at 37°C, then stimulated with various concentrations of ZAS for 15 minutes at
37°C. Numbers represent the mean +S.E.M. of triplicates from a representative

experiment.
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FIGURE 3.5

rH TNF-0. does not alter the response of neutrophils to phorbol myristate

acelate.

Neutrophils were incubated with 100u/ml rH TNF-o for 30 minutes at 37°C then
stimulated with various concentrations of PMA for 15 minutes at 37°C. Numbers
represent the mean + S.E.M. from 3 separate experiments where each point was

determined in triplicate or duplicate.
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chemotactic stimulus is placed in the cell-containing well and the outer well thus placing
the cells in a uniform environment of stimulus. To measure chemotaxis, the stimulus is

placed only in the outer well thus allowing the cells to migrate up a concentration gradient.

Subsequent to the observations presented here, conflicting reports emerged as to whether
rH TNF-o is chemotactic for neutrophils. Ming, Bersani and Mantovani (1987) and Figari,
Mori and Palladino Jr. (1987) rcported that rH TNF-o is directly chemotactic for
neutrophils and monocytes. In contrast, Mrowietz, Schroder and Christopher (1988)
reported that rH TNF-o does not induce a chemotactic responsc from neutrophils or
monocytes. To investigate whether tH TNF-a could influence the chemotactic response of
neutrophils, it was first necessary to establish whether tH TNF-o was directly chemotactic

to neutrophils in the assay system used.

To investigate this, neutrophils were placed in the centre well of the chemotaxis dish and
various concentrations of rH TNF-a were placed in the outer wells. In addition, 107 M
f Met-Leu-Phe was assayed as a positive control. Figure 3.6 represents the mean of four
experiments to test rI1 TNF-o for chemotactic activity. At no dose tested was rH TNF-o
chemotactic for neutrophils, whereas f Met-Leu-Phe, as expccted, exhibited very strong

chemotactic activity.

To determine whether tH TNF-ou could influence the chemotactic migration of neutrophils
in response to f Mect-Leu-Phe, cells were preincubated with 100u/ml of rH TNF-o for 30
minutes at 37°C then washed and placed in the chemotaxis dishes. Figure 3.7 represents
the chemotactic migration of these cells towards 107 M f Met-Leu-Phe. This figure
illustrates the ability of rH TNF-o to inhibit the chemotactic migration of neutrophils

towards f Met-Leu-Phe.
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FIGURE 3.6

rH TNF-c¢. is not a chemoattractant for neutrophils.

Unstimulated neutrophils were tested for their chemotactic responsiveness to either
medium, various concentrations of rH TNF-o. or 10'M f Met-Leu-Phe. Numbers
represent the mean + S.E.M. of 4 experiments where each point was determined in

quadruplicate.
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FIGURE 3.7

rH TNF-o. inhibits the migration of neutrophils towards a gradient of
f Met-Leu-Phe,

Neutrophils were incubated with (right) or without (left) 100u/ml rH TNF-a for 30
minutes at 37°C, then washed and placed in the centre well of the chemotaxis dishes
(bottom). Their chemotactic response towards a source of 107M f Met-Leu-Phe (top) was

then assayed.
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3.2.6. rH TNF-o inhibits neutrophil migration in a dose- and time-

‘dependent manner:

To determine the optimal dose at which rH TNF-o inhibits neutrophil chemotaxis in
response to f Met-Leu-Phe, cclls were incubated with various doses of rfH TNF-a for 30
minutes at 37°C, then washed and placed in the chemotaxis assay. Figure 3.8 represents
the dose-dependent inhibition of neutrophil chemotaxis towards 10""M f Met-Leu-Phe. At
the highest concentration of rH TNF-o. tested, the inhibition was 50% that of the
unstimulated responsc to f Met-Leu-Phe. Over the 6 cxperiments performed to test
different doses of rtH TNF-¢, the inhibition of migration at 1000u/ml varied from between

10% to 60% of that shown by unstimulated ncutrophils.

To further characterize the inhibition of neutrophil migration by rH TNF-a, the influence
of this cytokine on both the random and the chemokinetic migration of neutrophils was
studied. Figure 3.9 represents the mean of two separate experiments where the cells were
preincubated with 100u/ml rH TNF-o. for various times at 37°C, then washed and placed
in the chemotaxis assay. It is clear that tH TNF-o inhibits all three aspects of neutrophil
migration under agarose in response to f Met-Leu-Phe. The inhibition of neutrophil
motility induced by rH TNF-a is detectable by 5 minutes and virtually maximal by 15
minutes, after which it reaches a platcau. This data indicates that rH TNF-o. inhibits the
random, chemokinetic and chemotactic migration of neutrophils in response to f Met-Leu-

Phe, and that this effect exhibits similar kinetics for all three aspects of migration.

3.2.7. rH TNF-0. inhibits neutrophil chemotaxis towards zymosan activated

serum.

To define whether tH TNF-o could inhibit neutrophil chemotaxis towards another

receptor-dependent stimulus, its effect on the response to ZAS was investigated.
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FIGURE 3.8

Dose-dependent inhibition of neutrophil migration by rH TNF-o.

Neutrophils were incubated with various concentrations of rH TNF-a then washed and
placed in the chemotaxis plates. Their chemotactic response towards a source of 10-'m
f Met-Leu-Phe was then assayed. Numbers represent the mean +S.EM. of a

representative experiment where each point was determined in triplicate.
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FIGURE 3.9

Time dependent inhibition of neutrophil migration by rH TNF-c.

Neutrophils were incubated with 100u/ml rH TNF-o. for various times at 37°C then
washed and placed in the chemotaxis assay. Migration in the absence of stimulus
(random), with f Met-Leu-Phe in both cell-containing and adjacent medium-containing
wells (chemokinesis), and with f Met-Leu-Phe only in non-cell-containing wells
(chemotaxis) was assayed. Numbers represent the mean + S.E.M. from 2 experiments

where each point was determined in duplicate.
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In Figure 3.10, the cells were preincubated in the presence or absence of 100u/ml rH
TNF-o. then washed and placed in the chemotaxis assay. Their response to either 10M £
Met-Leu-Phe or to half dilution ZAS was tested. Preincubation with tH TNF-o inhibited
the responses by 27% and 19% respectively. Therefore, as with superoxide production, rH
TNF-a is able to inhibit the chemotactic response of neutrophils to another receptor-

dependent stimulus such as ZAS.

SECTION 3.3 DISCUSSION

The data presented in this chapter indicates that rH TNF-a can influence neutrophil
functions in both a positive and negative manner. Whilst not able to induce supcroxide
production by itself, rH TNF-a has the capacity to enhance the responsc of neutrophils to
inflammatory stimuli such as f Mct-Leu-Phe and zymosan activated serum. In direct

contrast, TH TNF-o inhibits the chemotactic migration of neutrophils to the same stimuli.

It was shown here that tH TNF-o is unable to induce the production of supcroxide anion
directly, but does enhance the response to f Met-Lcu-Phe. These data arc in contrast to
that reported by Klebanoff et al. (1986) who reported that rH TNF-ou is a weak but direct
stimulus of the ncutrophil respiratory burst. The reason for this discrepancy probably lies
in the type of assays used in these studies. I have measured the neutrophil respiratory burst
by assaying for the specific production of superoxide anion by the reduction of
ferricytochrome ¢. This assay only detects oxidative species. In contrast, Klebanoff et al.
assayed for the respiratory burst using iodination. This method is based on the release of
myeloperoxidase (MPO) by degranulation, and the formation of H50, to form a complex,
designated compound 1. This complex oxidizes iodide to a species that forms a covalent
linkage with tyrosine residues of proteins, unsaturated lipids and other constituents (Turk
et al., 1983). Therefore, iodination is a measure of both degranulation and the respiratory

burst. As the data presented in Chapter 6 indicates that tH TNF-o can directly stimulate
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FIGURE 3.10

rH TNF-qo. also inhibits neutrophil migration towards zymosan activated

serum.

Neutrophils were incubated with or without 100u/ml rH TNF-a for 30 minutes at 37°C,
then washed and placed in the chemotaxis assay. Chemotactic migration towards either
10"7M f Met-Leu-Phe or 1:10 ZAS was assayed. Numbers represent the mean + S.E.M. of

triplicates from a representative experiment.
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neutrophil degranulation, this and the longer incubation period employed by Klebanoff et

al. could account for the differences obscrved.

Two other reports present data indicating that rfH TNE-o. can directly elicit the production
of superoxide anion from neutrophils. Shalaby et al. (1987) performed their superoxide
assay in microtitre plates with § x 10 cells/well. Tsujimoto et al. (1986) performed their
superoxide assay in suspension but did not specify whether polypropylene test tubes were
used. Thesc assay conditions, combined with the observation that rH TNF-¢ is a potent
stimulant of neutrophil adhercnce (Gamble et al.,, 1985) could well predispose the
neutrophils towards a higher level of activation than when incubated in suspension in
polypropylene test tubcs. Indeed, a report by Nathan (1987) involves thc study of
neutrophil activation by adherence. Nathan shows that neutrophils rclcase large amount of
H»O» when incubated on polystyrene tissue culture plates. In addition, rH TNF-o is
shown to increase this adherence-stimulated response by approximately 20%. Thercfore,
adherence could act as a priming event in neutrophil activation, and elicit responses to a

factor such as rH TNF-o which is normally incapable of direct activation.

Another study that supports this theory was performed by Berkow et al. (1987). This
group incubated their neutrophils in suspension in a shaking water bath in order to keep
them suspended. They were unable to detcct the production of superoxide anion in
response to rH TNF-a but, did report the widely accepted phenomenon of enhancement in
response to f Met-Leu-Phe. Therefore, despite the conflicting reports as to the direct effect
of rH TNF-o on ncutrophil superoxide production, the enhancement of this response to
f Met-Leu-Phe has been reported by various groups during the course of my work, and my

data supports these observations.

The other aspect of neutrophil function presented in this chapter is neutrophil migration.

This function was assayed by visualizing migration under agarose as opposed to the



-114 -

Boyden chamber technique. The data presented here indicates that rtH TNF-o can inhibit
both random and f Met-Leu-Phe stimulated movement. During the course of this work,
Shalaby et al. (1987) reported that rH TNF-o inhibited random neutrophil migration under
agarose. This is in agreement with the data presented here. Also in agreement, Mrowietz,
Schroder and Christopher (1988) have recently reported that rtH TNF-o is not chemotactic

when assayed by the migration under agarose technique.

Finally, the ability of rH TNF-o to modulate neutrophil superoxide generation and
chemotaxis occurs in the presence of a second stimulus which specifically binds to a
membrane receptor. The data presented in this chapter indicates that rH TNF-o affects
neutrophil responsiveness to f Met-Leu-Phe and ZAS. The modulation of neutrophil
functional receptors has been previously reported and has been correlated with a change in
the associated functional responses. For example, Gamble et al. (1985) reported that rH
TNF-o induced an increase in the surface expression of CR3, the receptor for C3bi, and
that this may be partly responsible for the increase in adhesion observed. Other antigens
termed granulocyte functional antigens I and II (GFA-1, GFA-2) which are involved in
antibody-dependent cell-mediated cytotoxicity (Lopez and Vadas, 1984; Lopez et al.,
1985) are also upregulated. For example, CSF-o was reported to regulate GFA-1 (Lopez
and Vadas, 1984), and f Met-Leu-Phe and lipopolysaccharide regulate both antigens
(Vadas, Lopez and Williamson, 1985). In both cases the change in receptor expression
was correlated with a change in associated neutrophil functions. These reports, combined
with the data presented in this chapter, imply that rH TNF-o could regulate neutrophil

responses to f Met-Leu-Phe by the modulation of its cell surface receptor.



CHAPTER 4

RECOMBINANT HUMAN TUMOR NECROSIS FACTOR-
ALPHA REGULATES f MET-LEU-PHE RECEPTOR
AFFINITY AND FUNCTION ON HUMAN
NEUTROPHILS
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SECTION 4.1 INTRODUCTION

In cases of bacterial infection, the inflammatory response is thought to be promoted by
agents such as f Met-Leu-Phe (Becker, 1979). Not only do neutrophils migrate in response
to a gradient of f Met-Leu-Phe but, at higher doses, f Met-Leu-Phe also activates various

toxic mechanisms, such as the capacity to generate superoxide anion.

Formy!l peptide binding to neutrophils and its effect on various neutrophil functions has
been previously studied (Showell et al., 1976; Freer et al., 1980; Freer et al., 1982). A
correlation between the EDgqs for various neutrophil functions and the Kd for ligand
binding has been observed (Kreutzer et al., 1978). These observations are consistent with
the theory that high-affinity receptors play a role in chemotaxis whereas the low-affinity

component plays a role in secretory responses and superoxide anion production.

In Chapter 3, data was presented that shows rH TNF-o has the capacity to enhance
neutrophil superoxide generation, but inhibits neutrophil chemotaxis in response to f Met-
Leu-Phe. Since both TNF-a and f Met-Leu-Phe appear to be involved in stimulating
inflammatory responses, it was possible that rH TNF-o. modulates neutrophil responses to
f Met-Leu-Phe by altering the expression of fMet-Leu-Phe receptors on human

neutrophils.

SECTION 4.2 RESULTS

4.2.1 rH TNF-o. alters the production of superoxide anion by neutrophils
stimulated with f Met-Leu-Phe:

Previous experiments (Chapter 3) showed that rH TNF-o enhanced the production of

superoxide anion by neutrophils in response to f Met-Leu-Phe. To determine the optimal
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concentrations of cytokine required for this effect, a titration of rH TNF-a was done.
Neutrophils were preincubated with various concentrations of rH TNF-o for 45 minutes
then stimulated with 10°'M f Met-Leu-Phe. This showed that rH TNF-o. enhanced
superoxide anion production by neutrophils stimulated with 10°M f Met-Leu-Phe in a
dose-depcndent manner (Figure 4.1). Very little or no reduction of cytochrome ¢ was
detected with neutrophils preincubated with rH TNF-¢ without the addition of f Met-Len-
Phe. While it was observed that the optimal concentration of rH TNF-a required for
maximal superoxide anion production by neutrophils varied between donors, 100u/ml was
the most consistent concentration of TH TNF-& to induce maximal levels of superoxide
anion production after stimulation with f Met-I.cu-Phe, and was therefore used in

subsequent experiments.

In parallel experiments, a titration of f Met-Leu-Phc in the presence or absence of rH
TNF-a was performed. Neutrophils were preincubated in the presence or absence of
100u/ml rH TNF-o for 45 minutes then stimulated with various concentrations of f Met-
Leu-Phe. This showed that neutrophils responded with an increased production of
superoxide anion at concentrations of f Mct-Leu-Phe from 10°M to 10-8M (Figure 4.2).
In this individual a significant responsc to f Met-Leu-Phe alone was observed. The
response to f Met-Leu-Phe diffcred between individuals and therefore influcnced the
degree of enhancement observed by preincubation with rH TNF-a. (See Chapter3, Figure
3.2). Over 9 experiments, preincubation with rH TNF-a enhanced the response to f Met-
Leu-Phe from 0.5-fold to 18-fold. The most consistently optimal concentration of f Met-
Leu-Phe for enhanced responsiveness of neutrophils to TH TNF-o. was 107M. No shift in
the fitration curve of f Met-Leu-Phe was observed with neutrophils stimulated with rH
TNF-0., rather there was an increase in the total amount of superoxide anion at each

concentration of f Met-Leu-Phe tested.
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FIGURE 4.1

rH TNF-o stimulates the production of superoxide anion by neutrophils in
the presence of 1 07M fMet-Leu-Phe.

Neutrophils were preincubated with various concentrations of rH TNF-a. for 45 minutes,
then stimulated with 10"7M £ Met-Leu-Phe. Each point represents the mean of triplicate
dcterminations from a single experiment representative of 9 others. The bars represent the

S.E.M. when this is bigger than the symbols.
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FIGURE 4.2

rH TNF-o. stimulates the production of superoxide anion by neutrophils in

response to various concentrations of f Met-Leu-Phe.

Neutrophils were preincubated in the prescnce or absence of 100u/ml rII TNF-a for 45
minutes, then stimulated with various concentrations of f Met-Leu-Phe. Open squares
show the values for unstimulated neutrophils and closed diamonds show the values for rH
TNF-0-stimulated neutrophils. Each point represents the mean of triplicate determinations
from a single experiment representative of 5 others. The bars represent the S.E.M. when

this is larger than the symbols.
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To determine whether the increase in superoxide anion production from ncutrophils
stimulated rH TNF-o was associated with a change in the ratc of superoxide anion
production, neutrophils were incubated with cytochrome ¢ and f Met-Leu-Phe over a 10
minute period. Figure 4.3 shows a typical experiment where preincubating ncutrophils
with 100u/ml! rH TNF-a enhanced the rate of production of superoxide in their subscquent
response to f Met-Leu-Phe. The levels rcached a plateau by 5 minutes. This effect was
consistent over 10 experiments wherc the mean rate of change in OD550nm per minute
ovcr five minutes for rtH TNF-a.-stimulated neutrophils was 0.094 + 0.005 (n=10), whereas
the mean rate for unstimulated neutrophils was 0.031 + 0.008 (n=10). Both unstimulated
neutrophils and neutrophils preincubated with rfH TNF-a exhibited an average change in

ODS550nm per minute over five minutes of 0.001 + 0.001 (n=10).

Time course experiments performed by preincubating neutrophils for various times with
rH TNF-o showed that activation had occurred by 5 minutes and had reached optimal
levels by 15 minutes (Figure 4.4). The amount of superoxide anion rclcased by rH TNF-o-
stimulated neutrophils remained constant for up to 60 minutes preincubation.
Unstimulated ncutrophils became progressively more responsive to f Met-Leu-Phe with
time, a phenomenon which was observed over 6 experiments. At every time point tested,

cells incubated with rH TNF-o alone released very little superoxide anion.

4.2.2 rH TNF-qo. inhibits the chemotactic migration of neutrophils in
response to a gradient of f Met-Leu-Phe:

To determine whether tH TNEF-o influences a second f Met-I.eu-Phe mediated response,
the chemotaxis of ncutrophils towards a gradient of f Met-Leu-Phe was studied. The
neutrophils were preincubated with tH TNF-o then washed and placed in the agarosc-
containing dishes in the presence or absence of a gradicnt of f Met-Leu-Phe. It was shown

that preincubating neutrophils with rH TNF-a inhibited random, chemokinetic and
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FIGURE 4.3

rH TNF-o. increases the rate of superoxide anion production by neutrophils

in response to f Met-Leu-Phe.

Following preincubation in the presence (closed squares) or absence (open squares) of
100u/ml rH TNF-a, cells were incubated over 10 minutes in a thermostatically controlled
cuvette holder at 37°C, in the presence of cytochrome ¢. The OD550nm was continuously

monitored every 30 seconds.
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FIGURE 4.4

Time-dependent stimulation by rH TNF-o. of superoxide anion production

by neutrophils.

Cells were incubated in the presence or absence of 100u/m! rH TNF-¢ for various times,
then with or without 10~’M f Met-Leu-Phe for 5 minutes. Each point represents the mean
of eighteen detcrminations (triplicates from 6 different experiments). Bars represent the

S.E.M. when this 1s larger than the symbols.
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chemotactic migration (Figure 4.5). As with superoxide anion release the response varied

between different individuals.

To ensure the inhibition of chemotaxis in rH TNF-o-stimulated cells was not due to
oxidant toxicity, chemotaxis was allowed to proceed in the presence of 100ug/ml
superoxide dismutasc and 70pg/ml catalase. In the absence of these enzymes, chemotaxis
was reduced from 82.5 + 2.5 in unstimulated cells to 45 + 5 in rfH TNF-o-stimulated cclls.
In the presence of superoxide dismutase and catalase chemotaxis was reduced from 80 + 5
to 42.5+5 in 1l TNF-o-stimulated cells. The degree of inhibition of random and

chemokinetic migration was similarly unaffected.
4.2.3 Binding of f Met-Leu-[3H]Phe to neutrophils:

Neutrophils incubated with 100u/ml 11 TNF-a for 60 minutes exhibited saturable binding

of f Mct—Leu-[3H1Phc as did unstimulated ncutrophils.

Statistical analysis of the binding data indicated that the two-saturable-sites model was
preferable to the one-saturable-site model for neutrophils incubated in medium for 60
minutes at 37°C. Figure 4.6A represents the Scatchard analysis of this same data
generated by the program LIGAND. Unstimulated neutrophils exhibit a curvilinear
Scatchard plot (Figure 4.6A), whereas neutrophils from the same donor that had been
incubated with rH TNT-« for 60 minutes fitted better to a one-saturable-site model, and the

Scatchard plot for these neutrophils was linear (Figure 4.6B).

A summary of the analysis of the binding models from four separate experiments, both for
unstimulated and rH TNF-o-stimulated neutrophils is shown in Table 1. The
characteristics of the two-saturable-sites model were a high affinity site with a Kd value of

2+ 0.7, and a low affinity site with a Kd value of 180 + 50nM. One to nine percent of
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FIGURE 4.5

Inhibition by rH TNF-o. of the random, chemokinetic and chemotactic
migration of neutrophils towards a gradient of f Met-Leu-Phe.

Cells were incubated in the presence or absence of 100u/ml rH TNF-o for 60 minutes, then
washed and assayed for their chemotactic response to f Met-Leu-Phe. [Each point
represents the mean of eight determinations (duplicates of four different experiments).

Bars represent the S.E.M.
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FIGURE 4.6

Preincubation with rH TNF-o. modulates f Met-Leu-{3H]Phe binding to
neutrophils.

Scatchard analysis of f Mct-Leu—[3H]Phe equilibrium binding to unstimulated neutrophils

(A) and neutrophils stimulated with 100u/ml rH TNF-c (B).
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the total number of sites detected were of the higher affinity. In addition, these same data
when applied to the Hill equation were characterized by a Hill coefficient of 0.94 + 0.03,
suggesting the curvilinearity of the Scatchard plot is not due to site-site interactions.
Although the affinity was altered by tH TNF-« stimulation, the total number of receptors

remained significantly unchanged as determined by the student's two-tailed t test (data not

shown).
TABLE 1
tH TNF-a (100u/ml) alters the affinity of f Met-Leun-Phe receptors
on human neutrophils
Binding Paramcters Unstimulated Neutrophils Neutrophils + rH TNF-o
Kd; (nM) 24+0.7" 40 + 10°
No. sites/cell 2000 + 700t 33,000 + 8000
Kdy (nM) 180 + 50 N/A
No. sites/cell 40,000 + 9500 N/A
Significance p<0.0 1l p>0.05

(1) (2)

* Arithmetic means + standard error of computer-estimated values from four separate
expcriments each with a curvilinear Scatchard plot for normal neutrophils and a linear
Scatchard plot for rHI TNF-o-stimulated neutrophils.

¥ The number of sites per cell was compared 1o those on normal neutrophils from four
scparate experimenis and no significant change was found (p>0.1).

> The Xd of the low affinity and of the high affinity population was found to be
significantly diffcrent from the Kd of the homogeneaus receptor population of rH TNF-¢-
stimulated neutrophils (p<0.05 for both).

I Significance, indicated by results of F-ratio tests, pertains to the statistical difference of
the data relative to those for the one saturable site model (1) and the two saturable sites
model (2).
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SECTION 4.3 DISCUSSION

In this Chapter it was shown that tH TNF-o modulates the affinity but not the total number
of fMet-Leu-Phe receptors on human neutrophils. This may explain in part the
observation that tTH TNF-o enhances superoxide anion production by ncutrophils in
response to f Met-Leu-Phe but inhibits their chemotaxis towards a gradient of f Met-Leu-

Phe.

The study of the equilibrium binding of f Met-Lcu[3H]Phc to unstimulated neutrophils
revealed a curvilinear plot when analysed as described by Scatchard (1949). A nonlinear
Scatchard plot is consistent with a heterologous population of f Met-Leu-Phe receptors,
and the binding of formyl peptides to the receptors of human (Williams et al., 1977; Koo,
Lefkowitz and Snyderman, 1982; Mehta and Spilberg, 1983), rabbit (Mackin, ITuang and
Becker, 1982) and rat neutrophils (Marasco, Feltner and Ward, 1985) has been shown
previously to result in curvilinear Scatchard plots. In general, such investigations have
been interpreted as due to the presence of two binding sites consisting of a high affinity
and low affinity component (Koo, Lefkowitz and Snyderman, 1982; Mackin, Huang and
Becker, 1982). Several possible explanations for the curvilinearity of the Scatchard
analysis of { Mct-Leu-Phe receptors on normal neutrophils include the possibility that two
interconvertible states of the same receptor exist (Koo, Lefkowitz and Snyderman, 1983;
Lohr and Snyderman, 1982; Yuli, Tomonaga and Snyderman, 1982); the two sites may be
independent (Mackin et al., 1983); and the existence of negative cooperativity (Marasco,

Feltner and Ward, 1985; Seligmann, Fletcher and Gallin, 1982).

LIGAND analysis of the binding data reveals a high affinity component consisting of
approximately 2000 sites per cell with a Kd of 2nM. The low affinity component
consisted of approximately 40,000 sites per cell with a Kd of 180nM. When these data
were fitted to the Hill equation (Colquhoun, 1979; Delean and Rodbard, 1979), a Hill
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coefficient of 0.94 was observed suggesting a two-site binding model was more
appropriate than negative site-site interactions. Despite the various interpretations placed
on a curvilinear Scatchard plot, the observations thus far suggest the existence of two
components of the f Met-Leu-Phe receptor population on normal resting neutrophils in
agreement with several other groups (Koo, Lefkowitz and Snyderman, 1982; Mackin,

Huang and Becker, 1982).

The stimulation of cells with 100u/ml rH TNEF-o caused a conversion of thec characteristics
of the Scatchard plot. The resulting plot was linear indicating a homogenous population
of receptors. The affinity of this receptor population was significantly different from those
characteristic of unstimulated neutrophils. This suggests either that the high affimty
receptors are internalised (Niedcl, Wilkinson and Cuatrecasas, 1979) and lower affinity
ones expressed from the intracellular pool (Fletcher and Gallin, 1983) or that the formyl
peptide receptor exists in an interconvertible state as is the case for interleukin-2 receptors
(Robb and Rusk, 1986; Robb, 1986). Such regulation of the cxpression of functionally
important molecules is an interesting phenomenon as bacterial products such as
lipopolysaccharide (Vadas, Lopez and Williamson, 1985) and the complement component
CSa (Yancey et al.,, 198S5) exert a similar effect. Thus the regulation of functional
molecules on the cell surface may be an important mechanism by which TNF-o activates

cells in vivo.

It was found that rH TNF-o activates a number of parameters of superoxide anion
production by neutrophils in response to f Met-Leu-Phe. Thus it appears that cells pre-
exposed to TH TNF-o are primed and thelr subscquent responsc to a bacterial product such
as { Mct-Leu-Phe is both more efficient and of greater magnitude. This phenomenon
caused by a natural cytokine 1s likely to be physiologically significant as it could enhance
the capacity of neutrophils to respond to bacterial products during the course of an

inflammatory reaction. In titration cxperiments designed to reveal whether rH TNT-o
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influenced the f Met-Leu-Phe concentration required to stimulate neutrophils, rH TNF-o
activated neutrophils to releasc more superoxide anion. This suggests that tH TNF-a may
be activating a previously unresponsive population of cells or that the f Met-Leu-Phe

receptors are being modulated.

A notable characteristic of the activation of neutrophils by rH TNF-q, is that no detectable
release of supcroxide anion occurs in the presence of rtH TNF-a« alone. This would be
advantageous in vivo as the ncutrophils would not be activated to produce supcroxide
anion, which would cause tissue damage, until they meet the appropriate target. The
inability of rH TNF-o¢ to activate maturc neutrophils alone is not surpnsing when one
considers that it was observed that rtH TNF-a does not translocate protein kinase C in
maturc neutrophils (unpublished observations), which i1s a mediator in response to f Met-

Lecu-Phe (Naccache et al., 1985) and phorbol myristate acetate (Volpi et al., 1985a).

In contrast to stimulation of superoxide anion relcase, tH TNF-a inhibits both random and
f Met-Leu-Phe stimulated motility. The inhibition of random neutrophil migration is less
than the inhibition of f Met-Lcu-Phe-induced movement. This suggests some specificity in
the effect of rII TNF-a but also iilustrates that receptor modulation is not the sole cause for
the changes obscrved. These data further suggest that rH TNF-o. may cause a fundamental
change in neutrophils resulting in a generalised decrease in motility. The possibilities
include an influence on actin polymerisation, and thc modulation of other receptors. Those

possibilities will be the subject of future investigations.

The loss of f Met-Leu-Phe stimulated motility together with the disappearance of the high
affinity formyl peptide receptors nevertheless supports previous data suggesting that high
affinity receptors mediate chemotaxis whereas low affinity receptors mediate superoxide
anion release (Becker, 1979; Kreutzer et al., 1978). Although receptor modulation may

explain the functional observations, the change in low affinity receptors observed here
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cannot be directly equated with the changes in cell function for two reasons. Firstly,
stimulus-response coupling is a complex process which depends on receptor occupancy
rather than total receptor numbers. Secondly, the intracellular transduction mechanisms
are known to amplify the initial signal from the rcceptor, and it is not known what the

magnitude of this effcct is.

Although the mechanism of action is unknown, previous studies have associated the
formyl peptide receptor with a family of proteins that regulate adenylate cyclase known as
the guanine nucleotide binding proteins or G proteins (Gilman, 1984). Spccifically, the
formyl peptide receptor is coupled to a pertussis toxin sensitive G protein termed Ni.
There is evidence to suggest that the G proteins modulate the affinity of the formyl peptide
receptor on human (Koo, Lefkowitz and Snyderman,1983; Lad, Olson and Smiley, 1985;
Goldman et al., 1985), rabbit (Molsk: et al., 1984; Volpi et al.,, 1985b) and guinea pig
(Okajima, Katada and Ui, 1985) ncutrophils. Considering this and the recent finding that
some cytokines interact with G proteins (Evans, Beckner and Farrar, 1987), it is feasiblc
that this 1s one mechanism by which rH TNF-a modulates the affinity of f Met-Leu-Phe
receptors, although the TNF-a receptor may not necessarily be coupled to the same type of
G protein. It is possible that a third G protein may be involved in the transduction signal

from the TNF-a receptor to the f Met-Leu-Phe receptor.

In addition, the high affinity and low affinity receptors may not be distinct molecules -
rather they may rcpresent a single interconvertible molecule, thus the change in affinity but
not numbers presented in this paper can be interpreted as supportive of this theory.
Although both the respiratory burst and chemotaxis are sensitive to perwussis toxin, new G
proteins are still being discovered and it is feasible that other pertussis toxin sensitive G
proteins exist. Thus the loss of high affinity receptors induccd by rH TNF-o is consistent

with the loss of chemotactic responsiveness, whereas the increased capacity to generate
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superoxide anion may also be partially explained by the change in f Mct-Leu-Phe receptor

affinity.

These findings are particularly relevant to in vivo situations where the functional activation
and immobilisation of neutrophils to sites of inflammation are desirable properties, and
suggest that TNF-o may play an important role during the inflammatory reaction. It is
interesting that the effects of rH TNF-a reported in this chapter are shared by another
biologically important compound, granulocyte-macrophage colony-stimulating factor
(Atkinson et al., 1988a). This compound has also been implicated in the processes of
inflammation and these findings support the relevance of these observations to in vivo

situations.



CHAPTER 5

RECOMBINANT HUMAN GRANULOCYTE-
MACROPHAGE COLONY-STIMULATING FACTOR
REGULATES F MET-LEU-PHE RECEPTORS ON HUMAN
NEUTROPHILS
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SECTION 5.1 INTRODUCTION

Not only monocyte-derived cytokincs such as TNF-¢, but also T cell-derived cytokincs
such as GM-CSF have been shown to influence neutrophil function. GM-CSF belongs to a
family of cytokines known as colony stimulating factors (CSF), named originally because
of their important role in the proliferation and differentiation of progenitor cells (Metcalf,
1984), but more recently some of these factors have been shown also to functionally
activate mature cells in a lineage-specific fashion (Vadas, Nicola and Metcalf, 1983;

Lopez et al., 1983; Mectcalf et al., 1986).

It has been shown that purified recombinant human GM-CST can activate scveral
functions of mature neutrophils and eosinophils. For example, rtH GM-CSF stimulated
phagocytosis of serum opsonized yeuast, neutrophil-mediated iodination in the presence of
zymosan, and the cytotoxic activity of these cells against antibody-coated targets (Lopez et
al.,, 1986). In addition, rHGM-CSF also enhanced N-formylmethionyl-
leucylphenylalanine- (f Met-Leu-Phe) stimulated functions of neutrophils such as
degranulation and supcroxide anion production (Lopez et al., 1986). Because this cytokine
has been reported to influence neutrophil functions in a manner that is similar to tH TNF-

o, it's influence on f Met-Leu-Phe receptor expression was studied.

The mechanism by which tIT GM-CSF enbances the effect of £ Met-Leu-Phe is not known,
but onc possibility 1s the regulation of f Met-Leu-Phe reccptor expression. This may
simply involve a changc in the number of receptors expressed on the cell surface. For
example, rH GM-CSF has been shown to increase the surface expression of the rcceptor
for C3bi (Lopez et al., 1986) and of the p150,95 molecule which are members of a family
of lecukocyte adhesion molecules (Amaout et al.,, 1986). Alternatively, cell surface
reccptor changes may involve more subtle mechanisms such as phosphorylation of the

receptor rcsulting in a change in the affinity or function of the receptor. For example,
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f Met-Leu-Phe triggers the phosphorylation of the C3b receptor on ncutrophils
(Changelian and Fearon, 1986). It is also known that the formyl peptide receptors on
neutrophils are regulated both in their affinity and number (Gallin, Wright and Schiffman,
1978;  Fletcher and Gallin, 1980) by secretory stimuli, and also by f Met-Leu-Phe itself
(Seligmann, Fletcher and Gallin, 1982).

It is shown here that tH GM-CSF alters the affinity but not the numbecrs of f Met-I.eu-Phe
reccptors and that this regulation of receptor expression is consistent with the biological

effects of T/l GM-CSF on human neutrophils.

SECTION 5.2 RESULTS

5.2.1 rH GM-CSF alters the production of superoxide anion by neutrophils
stimulated with f Met-Leu-Phe:

Preliminary experiments showed that tH GM-CSF did not stimulate superoxide anion
production by itself, but enhanced the production of supcroxide anion by neutrophils in
response to f Mct-Leu-Phe, and 100 ng/ml (10'11M) was the optimal concentration (data

not shown).

Time-course experiments performed by preincubating neutrophils for various times with
100 ng/ml rH GM-CSF to determine the time neccssary for tH GM-CSF to prime
neutrophils, showed that activation had occurred by 5 minutes and had reached optimal
levels by 30 minutes (Figure 5.1). Cells that were preincubated in the presence or absence
of rtH GM-CSF and not stimulated with f Met-Leu-Phe, exhibited no detectable production
of superoxide anion. The amount of superoxide released in response to f Met-Leu-Phe was
constant for up to 60 minutes preincubation with rtH GM-CSE. The amount of superoxide

rclcased 1in rcsponse to fMet-Leu-Phe from cells that have been treated
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FIGURE 5.1

Time-dependent stimulation by rH GM-CSF of superoxide anion
production by neutrophils.

Neutrophils were incubated in the presence or absence of 100 ng/ml rH GM-CSF for
various times at 37°C, then for 5 minutes with (closed symbols) or without (open symbols)
10" "M f Met-Leu-Phe at 37°C. Bach point represents the difference between unstimulated
and rH GM-CSF-treated neutrophils. Each point represents the mean of triplicate

determinations + S.E.M.
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with r11 GM-CSF for 60 minutes represents a 40% increasc over untreated ncutrophils.

To determine whether the increase in superoxide anion production from neutrophils
preincubated with tH GM-CSF was associated with a change in rate of superoxide anion
production, ncutrophils were incubated with f Met-Leu-Phe in the presence of
cytochrome ¢ over a 10 minute period. Preincubating neutrophils with 100 ng/ml rH GM-
CSF enhanced the rate of production of superoxide anion in their subsequent response to
f Met-Leu-Phe. The levels reached a platcau at S minutes. This effect was consistent over
7 experiments where the mean rate of change in OD550nm per minute over 5 minutes for
rtH GM-CSF-treated cells was 0.086 + 0.007 whereas the mean rate of change for

unstimulated neutrophils was 0.015 + 0.006.

5.2.2 rH GM-CSF inhibits the chemotactic migration of neutrophils in
response to a gradient of f Met-Leu-Phe:

To determine whether rfH GM-CSF influences a different f Met-Leu-Phe-mediated
ncutrophil response, the chemotaxis of neutrophils towards a gradient of f Met-Leu-Phe
was studied. The neutrophils were preincubated with rH GM-CSF, then washed and
placed in the agarose-containing dishes in the prescnce or absence of a gradient of f Met-

Leu-Phe.

To determine the optimal concentration of TH GM-CSF required for this effect, a titration
of the factor was performed. This showed that rH GM-CSF inhibited chemotaxis towards a
gradient of f Met-Leu-Phe in a dose-dependent manner (Iigure 5.2). The inhibition of
chemotaxis was also found to be dependent on the time of preincubation with rtH GM-CSF
(Figurc 5.3). As with superoxide anion relcase, the inhibition of neutrophil migration was

evident by 5 minutes and reached a plateau at 30 minutes.
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FIGURE 5.2

Dose-dependent inhibition by rH GM-CSF of neutrophil migration towards
a gradient of f Met-Leu-Phe.

FFollowing incubation with various concentrations of rtH GM-CSF for 60 minutes at 37°C,
the cells were washed and assaycd in the presence or absence of a gradient caused by
10°"M f Met-Len-Phe for 2 hours at 37°C. Each point represents the mean of four

determinations + S.E.M. Results are expressed as distance migrated in arbitrary units.
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FIGURE 5.3

Time-dependent inhibition by rH GM-CSF of neutrophil migration towards
a gradient of f Met-Leu-Phe.

Following incubation with or without 100 ng/ml rH GM-CSF for various times at 379C,
the cclls were washed and incubated in the presence or absence of a gradient of 10°M
f Mct-Leu-Phe for 2 hours at 37°C. Random (open squares), chemotactic (closed
diamonds) and chemokinctic (closed squares) migration were determinced in duplicate.

Results are expressed as % inhibition of unstimulated neutrophtl migration.
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After determining optimal rH GM-CSF concentrations and time of preincubation, all three
kinds of neutrophil locomotion were studied. Figure 5.4 shows the summary data from
nine different individuals. It was found that preincubating ncutrophils with tH GM-CSF
significantly inhibited both chemokinetic (p<0.01) and chemotactic (p<0.001) movement
as dctermined by the student's two-tailed t test. In contrast, the random migration of
unstimulated neutrophils was not significantly (p>0.05) altered by treatment with tH GM-
CSE. As with superoxide anion release the responsc varied between different individuals.
‘To ensure rH GM-CSF did not inhibit neutrophil migration due to oxidant toxicity, this
assay was carried out in the presence of 100pg/ml superoxide dismutase and 70pg/ml

catalasc. No change in the pattern of inhibition caused by rH GM-CSF was observed.
5.2.3 Binding of f Mel-Leu-[3H]Phe to neutrophils:

To determine the characteristics of f Met-Leu-Phe receptor binding to neutrophils
following stimulation with rH GM-CSF at 37°C, cells were cooled to 49C and steady state
receptor binding expcriments performed. A typical specific binding saturation curve for
unstimulated neutrophils and for neutrophils incubated with 200 ng/ml rH GM-CSF for 1

hour is shown in Figure 5.5A.

Statistical analysis of the binding data indicated that the two-saturable-sites model was
preferable to the one-saturable-site model for unstimulated neutrophils, and Scatchard
analysis of these same data was curvilinear (Figure 5.5B); neutrophils that had been
incubated with rTH GM-CSF for 60 minutes, however, fitted bctter to 4 one-saturable-site

model and the Scatchard plot for these neutrophils was lincar.

To determine what period of exposure to rH GM-CSF was necessary for a change in the
characteristics of f Met-Lcu—[3H'1Phc binding to occur, cells were incubated with 200

ng/ml TH GM-CSF at 37°C for 5, 15, 30 and 60 minutes. The cells were then
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FIGURE 5.4

rH GM-CSF inhibits the chemokinetic and chemotactic migration of
neutrophils towards a gradient of f Met-Leu-Phe.

Following incubation with or without 100 ng/ml tH GM-CSF for 60 minutes at 37°C, the
cclls were washed and assayed in the presence or absence of a gradient caused by 10°M
f Met-Leu-Phe for 2 hours at 37°C. Each point represents the mean of duplicate

determinations from nine individuals + S.E.M.
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FIGURE 5.5

fMet-Leu-PH]Phe binding isotherms of unstimulated and rH GM-CSF-
stimulated neutrophils.

(a) Following 6() minutes incubation at 37°C in the presence (open circles) or absence
(closed circles) of 200 ng/ml rH GM-CSF, neutrophils were washed, then incubated for 30
minutes at 4°C with increasing concentrations of f Met-Leu—[3H]Phe. Non-specific
binding in the presence of 1000-fold or more excess of f Met-Leu-Phe was determined in

duplicate, and subtracted from total binding, which was determined in triplicate.

(b) Computer generated Scatchard analysis of f Mct-Lcu—[3HJPhe binding to unstimulated

neutrophils.
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cooled to 4°C, and the binding assay was performed.

The data in Figure 5.6 arc representative of two experiments where each point was
dectermined in triplicate. The appropriateness of each fit was determined using the F test as
described in Chapter 2. The characteristic curvilinear Scatchard plot obtained without
stimulation remained at 5 minutes (p=0,0.039) but had changed to a straight line Scatchard
plot by 15 minutes (p=0.483,0.807), and remained straight for longer preincubation times

(30 minutes, p=0.259,0.445; 60 minutes, p=0.362,0.384).

A summuary of the analysis of the binding models from six scparate experiments, both for
unstimulated and 11 GM-CSF-stimulated neutrophils is shown in Table 1. The
characteristics of the two-saturable-sites model were a high affinity site with a Kd value of
4 4+ 2nM, and a low affinity site with a Kd value of 230 + 130nM. Two to seven percent of
the total number of sites detccted were of the higher affinity. In addition, these same data
when applicd to the I1ill equation were characterised by a Hill coefficient of 1.0+0.02,
suggesting the curvilinearity of the Scatchard plot is not due to site-site interactions.
Although the affinity was altered by rH GM-CSF stimulation, the total number of receptors

remained significantly unchanged, as determincd by the student's two-tailed t test.

SECTION 5.3 DISCUSSION

In this chapter it was shown that tH GM-CSF modulates the affinity but not the total
number of f Met-Ieu-Phe receptors on human neutrophils. Thesc data may cxplain the
biological findings that rH GM-CSF enhanced superoxide anion production by neutrophils
in response to f Met-Leu-Phe, but inhibited their chemotaxis towards a gradient of f Met-
Leu-Phe. This data is of particular intcrest considering it has becn reported that these
important functional roles of neutrophils are stimulated by f Met-Leu-Phe at greatly

different concentrations.
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FIGURE 5.6

Time-dependent change by rH GM-CSF in the characteristics of f Met-Leu-
[3H IPhe binding to neutrophils.

Computer generated Scatchard analysis of steady state binding of f Mct—Lcu-[3H]Phc to

neutrophils stimulated with fH GM-CSF for §, 15, 30 and 60 minutes.



L

oous

saar

Bouno / FREE
[
B

o4,

a oo

Bouwno / FREE
Cl
H
2

i

a0y,

5 MINDTES

At

B0OUNG (10 1M)

30 MiNuTEs

e

BOuND (w0 “u)

(LYY

15 MinuTey

o Y we . T

Bounn{1o-'M)

8D MiuUTES

LS R — —_

° “

Bojim-"u) )



S 144 -
TABLE 1

rH GM-CSF alters the affinity of f Met-Leu-Phe receptors on human neutrophils.

Binding Parameters Unstimulated Neutrophils Neutrophils + rIl GM-CSF
Kdj (nM) 442" 30 + 107

No. sites/ccll 2,000 + 8302 26,000 + 5.000

Kdsy (nM) 220 + 130 N/A

No. sites/cell 40,000 + 13,000 N/A

Significance p<0.01II p>0.05

(1) (2)

* Arithmetic means + standard error of compuler-estimated values from six scparate
experiments each with a curvilinear Scatchard plot for normal neutrophlls and a linear
Scatchard plot for rH GM-CSF-stimulated neutrophils.

* The Xd of the low affinity population was found to be significantly diffcrent from the Kd
of the homogeneous receptor population of rH GM-CSF-stimulated neutrophils (p =
0.001).

> The number of sites per cell was compared to those on normal ncutrophils from six
separate expcriments, and no significant change was found (p>0.1).

! Significance, indicated by results of F-ratio tests, pertains to the statistical difference of

the data relative to those for the one saturable site model (1), and the two saturable sites
model (2).

The study of the equilibrium binding of f Mct—Lcu-[3H]Phc to unstimulated neutrophils
revealed a curvilinear plot when analysed as described by Scatchard (Scatchard, 1949). As
discussed in Chapter 4.3, curvilinear Scatchard plots have been widely interpreted as due
to the prescnce of two binding sites, one of higher affinity and one of lower affinity (Koo,
Lefkowitz, and Snyderman, 1982). There are sevcral possible explanations for the
curvilincarity of the Scatchard analysis of f Met-l.cu-Phe receptors on normal neutrophils.
The most favoured one is that there are two sites that are intcrconvertible states of the
same receptor (Koo, Lefkowitz and Snyderman, 1983; Lohr and Snyderman, 1982; Yuli,
Tomonaga and Snyderman, 1982), although other workers have suggested that the two
sites may be independent (Mackin et al., 1983), or that the curvilincar Scatchard plot is duc

to ncgative cooperativity (Seligmann, Fletcher, and Gallin, 1982).
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J.LIGAND analysis of the binding data reveals a high affinity and a low affinity component.
When these data were fitted to the Hill equation, a Hill coefficient of 1 was observed,
suggesting a two-site binding model was more appropriate than negative site-site
interactions. Despite the various interpretations placed on a curvilinear Scatchard plot, the
obscrvations thus far suggest the existence of two components of the fMet-Leu-Phe

receptor population on normal resting neutrophils.

The stimulation of cells with 200 ng/ml rtH GM-CSF caused a time-dependent modulation
of the f Met-Leu-Phe reccptor population. Unstimulated neutrophils, and neutrophils
incubatcd with rH GM-CSF for 5 minutes at 37°C, exhibited curvilinear Scatchard plots
indicative of two-affinity binding sites as described above. After 15 minutes incubation
with 111 GM-CSF however, the Scatchard plot was linear indicating a homogenous
population of receptors. The Scatchard plot remaincd linear over 30 minutes and 60
minutes of stimulation with 200 ng/ml tH GM-CSF. In addition, the affinity of the
resulting receptor population was invariably intermediate between the affinities of the high
and low binding component of unstimulated ncutrophils. Alihough the affinity of the
receptors was altered, total receptor number did not change significantly following
stimulation with TH GM-CSF. It appears that the relative numbers of lower affinity
receptors are incrcased upon stimulation by tH GM-CSF. This suggests either that the
high affinity receptors are intermalised and lowcr affinity ones expressed from the
intracellular pool (Fletcher and Gallin, 1983) or that the formyl peptide receptor exists in
an interconvertible state as is the case for interleukin-2 receptors. It was also observed that
the affinity of the homogenous receptor population increased slightly over the 45 minutes
following the conversion: the reason for this is unknown but may be due to the progressive

expression of more functionally relevant receptors.

The priming effect of rfH GM-CSF on the ability of neutrophils to produce superoxide

anion in response to f Met-Leu-Phe was time-dependent with activation being virtnally
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maximal at 30 minutes, and maintained over the time period studied. It is notable that the
change in the characteristics of the f Met-Leu-Phc receptors after 15 minutes paralleled the
enhancement of superoxide anion production by rH GM-CSF. Thus it appears that cells
pre-exposed to rIl GM-CSF are primed, and their subsequent response to a bacterial
product such as f Met-Leu-Phe is both more efficient and of a greater magnitude; such a
priming event caused by a natural cytokine might be expected to be physiologically

significant,

One of the salient features of the activation of neutrophils by rH GM-CSF is that no
detcctable release of supcroxide anion occurs in the presence of rtH GM-CSF alone. This is
not surprising as rH GM-CSF does not translocate protein kinase C in mature ncutrophils
(unpublished observations), which is a mediator in responses to f Met-Leu-Phe (Naccache
et al., 1985). Previous reports have associated the formyl peptide receptor with a family of
proteins that rcgulate andenylate cyclase known as the guanine nucleotide binding proteins
or G proteins (Gilman, 1984). Evidence suggesting that the G proteins modulate the
affinity of the formy!l peptide receptor has been presented for human neutrophils (Koo,
Lefkowitz, and Snyderman, 1983; Lad, Olson and Smiley, 1985; Goldman et al., 1985).
Considering this, it is feasible that rH GM-CSF modulates the affinity of f Met-Leu-Phe

receptor via the G proteins.

It was found that rH GM-CSF influcnces neutrophil function in a dose-dependent fashion
as previously shown (Lopez et al.,, 1986). Preincubating neutrophils with tH GM-CST¢
caused an inhibition of both chemokinetic and chemotactic migration in response to f Met-
Leu-Phe. Although rH GM-CSF inhibited random movement as suggested previously
(Gasson et al.,, 1984), the cffect was not significant. One possible reason for this
discrcpancy 1s that in these experiments the neutrophils were washed following
preincubation with tH GM-CSFE. This was done in order to eliminate the possibility of

ncgative gradient effects as Wang et al. (1987) have shown that TH GM-CSF is
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chemotactic by itself; indeed, without the washing step we found that random movement

was reduced to a greater extent (Atkinson and Lucas, unpublished data).

In the course of this work a study of the regulation of f Met-Leu-Phe receptors by
biosynthetic human GM-CSF was published (Weisbart, Golde and Gasson, 1986). These
data differ from ours on several points. Firstly, they observe that preincubating neutrophils
with rHH GM-CSF enhances chemotaxis whereas the data presentcd here shows that
rH GM-CSF inhibits both the chemokincsis and chemotaxis of neutrophils.  This
discrcpancy may be due to the fact that Weisbart et al. (1986) have expressed migration as
a 'chemotactic index'. This is defined as the ratio of migration towards a chemoattractant
to migration away from the chemoattractant. Expressing chemotaxis in such a way may
lead to misinterpretation of the data as illustrated by Nelson (Nelson, Quie, and Simmons,
1975). If one migration component in the chemotactic index is altered, whereas the other
remains unaffected, the chemotactic index is altered and subsequently not representative of

the obscrvations.

Sccondly, Weisbart et al. (1986) present binding data which represent f Met-Leu-Phe
receptors as 2 homogenous population on unstimulated neutophils.  This is in
disagreement with previous observations by others (Williams et al., 1977; Koo et al., 1982;
Mehta and Spilberg, 1983). Furthermore, it is possible that the binding assays were
performed under suboptimal conditions for a number of reasons: (a) the concentration of
Ca** and Mg*™* were not specified, and these are important in f Met-Leu-Phe binding to
ncutrophils (Niedel, Wilkinson and Cuatrecasas, 1979), as it has been reported that
millimolar concentrations of Ca™* and Mg** enhanced binding from 4- to 6-fold,
although the requirement for Mg was not as important as for Ca**. (b) Metabolic
inhibitors were not used, and these are essential to minimize internalisation which can

occur even at 4°C (Sullivan and Zigmond, 1980).
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The changes in the affinity of the fMet-Leu-Phe rcceptor paralleled changes in the
biological response studied. A decrease in the high affinity f Met-Leu-Phe receptor
population was accompanicd by an enhanced superoxide production but a decreased
neutrophil chemotaxis. This is consistent with the previous findings (Sklar, 1986) showing
that the chemotactic response is most sensitive to low formyl peptide concentrations,
whereas thce generation of superoxide anion requires higher concentrations of formyl
peptide. The cvidence above implies that the high affinity formyl peptide receptors may
mediatc ncutrophil chemotaxis, whereas the lower affinity receptors mediate superoxide

anion generation.

Such an interpretation of the data would make considerable physiological sense. Thus
ncutrophils far from the site of invading bacteria would encounter very low concentrations
of f Met-Leu-Phe, detectable only by high affinity receptors. Upon migrating towards the
source of infection (1.e. up the f Met-Leu-Phe gradient) the low affinity receptors would
become responsive and superoxide production would be induced. GM-CSF, produced
locally, would assist in maintaining the neutrophils at the site of inflammation and
optimise superoxide production where it is requircd most. By contrast, the administration
of GM-CSF by the intravenous route, as is being suggested for clinical trials, might lead, at

least transiently, to deleterious effects.



CHAPTER 6

DIRECT AND INDIRECT STIMULATION OF
NEUTROPHIL DEGRANULATION AND ACTIN
POLYMERISATION BY RECOMBINANT HUMAN
TUMOR NECROSIS FACTOR-ALPHA.
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SECTION 6.1. INTRODUCTION

As mentioned in the Introduction to Chapter 3, neutrophil microbicidal mechanisms centre
around two major events - degranulation and the respiratory burst. All phagocyte cells
contain microbicidal and hydrolytic digestive enzymes which are packaged into lysosomes
within the cytoplasm. There are two major forms of lysosomes within the neutrophil.
These are the azurophilic granules and the specific granules (Bainton and  TFarquhar,
1966). Amongst other digestive enzymes, both types of granules contain lysosyme,
approximately two-thirds of which is contained within the specific granules. (Spitznagel ct

al., 1974).

Neutrophils do not degranulatc unless the granules come in contact with the cell
membrane. This occurs during the process of phagocytosis (Bainton, 1973), or when a
neutrophi! spreads against a surface (Cramer and Gallin, 1979; Henson, 1973). In a
resting neutrophil, granule contact with the plasma membranc is prevented by the presence
of the cortical actin nctwork that lies just bclow the plasma membrane (Southwick and
Stossel, 1983). When this microfilament network is disrupted, granule fusion occurs
(Bainton, 1973; Cramcr and Gallin, 1979; Henson, 1973) and the cells degranulate. It
appears that granule contact with the plasma membrane is not the sole requirement for
degranulation, because cytochalasin B facilitates degranulation, but does not induce this
response on its own (Zurier, Hoffstein and Weissmann, 1973). Similarly, surface
stimulation by a soluble ligand such as f Met-Leu-Phe cannot induce degranulation unless
cytochalasin B is present (Showell et al., 1976), or unless the stimulus is attached to a
surface too large for the neutrophil to phagocytose (Becker et al., 1974; Becker and
Showell, 1974: Henson and Oades, 1975). Therefore, exogenous surface stimulation by a
chemotactic factor such as f Met-lecu-Phe (Showell et al., 1976) together with the

microfilament disruption caused by cytochalasin B cause degranulation by the cells.
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In Chapter 3, data were presented which indicate that rtH TNF-« influences the respiratory
burst and chemotactic responsiveness of neutrophils. As the generation of superoxide
anion is a reflection of the activation of neutrophil microbicidal activity, and the other
major microbicidal mechanism of neutrophils is the release of lysosomal enzymes, the
effect of rH TNF-a on neutrophil degranulation was investigated. Because regulation of
the microfilaments is an integral aspect of degranulation, the influence of rH TNF-a on

actin polymerisation was also investigated.

SECTION 6.2. RESULTS

6.2.1 rH TNF-o stimulates neutrophil degranulation both directly and in
response to f Met-Leu-Phe:

In order to detcrmine whether tH TNF-o could stimulate degranulation by neutrophils,
cells were incubated in the presence or absence of 100 u/ml tH TNF-a for 60 minutes at
37°C. Following this, neutrophils were either incubated in the presence or absence of
10-7M f Met-Leu-Phe for 15 minutes at 37°C. Figure 6.1 rcpresents the cumulative data
from 18 scparate experiments. rH TNF-o induces a three-fold increase in lysosyme
releasc over unstimulated neutrophils (p<0.001). In addition, when cells were incubated
with tH TNF-q, then stimulated with f Met-Leu-Phe, degranulation was increased in an
additive manner (p<0.001). These experiments indicated that rl] TNF-a could stimulate

neutrophil degranulation directly, and could alter the cell's responsc to f Met-Leu-Phe.

Throughout this series of experiments, it became evident that although a consistent
response occurred, the magnitude of the response to both f Met-Leu-Phe and rH TNF-o
varied quitc considerably. Figure 6.2 is a scatter diagram represcnting 18 separate
experiments. Although the magnitude of response to rH TNF-o varied, only one person

out of the eightecn tested did not elicit a significant response (p >0.05). When the cells
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FIGURE 6.1

rH TNF-o stimulates neutophil degranulation.

Neutrophils were incubated with or without 100 u/ml rH TNF-q for 60 minutes at 379C,
then incubated with or without 10"7M f Met-Leu-Phe for 15 minuntes at 37°C. Numbers
represent the mean + S.E.M. from 18 separate experiments where each point was

determined in duplicate or miplicate.
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FIGURE 6.2

The response to rH TNF-o. and f Met-Leu-Phe varies between donors.

Neutrophils were treated as described in Figure 6.1. Each symbol represents the mean of

an individual experiment. The S.E.M. is calculated from the complete data set for 18

eXperiments.
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were incubated with tH TNF-qo, then stimulated with f Met-Leu-Phe, all volunteers tested

exhibited an enhanced response when compared to f Met-Leu-Phe alone.

To determine the optimal concentration of rH TNF-o required for this effect, neutrophils
were preincubated with various concentrations of rH TNF-o. for 60 minutes at 37°C, then
stimulated with 1077M f Met-Lcu-Phe for 15 minutes at 37°C. Figurc 6.3 illustrates that
rH TNF-o influences neuntrophil degranulation to f Met-Leu-Phe in a dose-dependent
manner. Although the dosc of rH TNF-a required for maximal enhancement of
degranulation varied among donors, 100 u/ml was the most consistent concentration of rtH

TNF-o required.

A titration of f Met-Leu-Phe in the presence or absence of rH TNF-o was performed to
determine whether 11 TNF-0. enhanced degranulaton at other f Met-Len-Phe
concentrations. Neutrophils were preincubated with 100 u/ml rH TNF-o for 60 minutes at
370C. Following this, they were stimulated with various concentrations of f Met-Leu-Phe
for 15 minutes at 379C. Figure 6.4 illustrates that rtH TNF-a incrcases degranulation to all
concentrations of f Met-I.eu-Phe in an additive manncr. This effect was not duc to cell
leakage, as the supernatanats werc simultaneously checked for lactate dechydrogenase and

found to be virtually ncgative.

6.2.2 rH TNF-o. upregulates cell surface CR3:

CR3 is the receptor for the complement fragment C3bi, and is present in the granule
membrane of the ncutrophil (Todd et al., 1984). When neutrophils degranulate, the
upregulation of ccll surface CR3 results from fusion of the granule membrane with the
plasma membrane of the cell. This antigen can be detected by the binding of the
monoclonal antibody anti Mo-1 (Todd et al., 1984). To determine whether rH TNF-o

could upregulatc CR3, cclls were incubated with either 100u/m! tH TNF-o, or 10°'M
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FIGURE 6.3

rH TNF-o. influences neutrophil degranulation to f Met-Leu-Phe in a dose-

dependent manner.

Neutrophils were incubated with various concentrations of rH TNF-o for 60 minutes at
379C, then stimulated with 10" 7M f Met-Leu-Phe. Numbers represent the mean + S.E.M.

from triplicate samples.
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FIGURE 6.4

rH TNF-o. increases the response to f Met-Leu-Phe in an additive manner.

Neutrophils were incubated 100 u/ml rH TNF-« for 60 minutes at 37°C, then stimulated
with various concentrations of f Met-Leu-Phe for 15 minutes at 37°C. Numbers represent
the mean + S.E.M. of triplicates. Lactate dehydrogenase was assayed on aliquots from the

same samples used for the lysosyme assay.
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f Met-Leu-Phe for 60 minutes at 37°C. Following this, they were stained with anti-Mo-1
and their fluorescence intensity determined by flow cytometry. Figure 6.5A represents the
upregulation of CR3 by 10-7M f Met-Leu-Phe. Over 6 experiments there was an average
of 10 + 2 mean log channel shifts over unstimulated neutrophils. When cells werc
incubated with tH TNF-q, thcre was an average of 6 + (0.8 mean log channel shifts over six
experiments (Figurc 6.5B). These changes represent a 31% increase in CR3 expression by
f Mect-Leu-Phe and a 18% increase induced by tH TNF-a.. As with lysosyme release, tH

TNF-a can elicit a direct effect on CR3 expression, but is not as potent as f Met-Leu-Phe.

6.2.3 rH TNF-o. directly stimulates actin polymerisation:

Neutrophil degranulation is dependent on extensive actin rcarrangements within the
neutrophil cytoskeleton. As rH TNF-a has been shown to influence neutrophil chemotaxis
(see Chapter 3) and degranulation directly, and has previously been reported to induce the
adherence of necutrophils (Gamble et al., 1985), it was important to determine whcther rH

TNF-o could influence the ncutrophil cytoskeleton by studying actin polymerisation.

To determine whether rII TNF-o could directly stimulate actin polymerisation, it was first
nccessary to define the characteristics of the response with a known stimulus of actin
polymerisation such as f Met-Leu-Phe. The cells were incubated with 107M f Met-Leu-
Phc for various times at 37°C, and the reaction stopped by fixing the cells in ice cold
paraformaldchyde. As with other assays for neutrophil function, there was considerable
variability in the response to f Met-Leu-Phe. Not only did the magnitude of the response
to f Mct-Leu-Phe vary between donors, but the basal actin content of the cells varied. For
example, over ten experiments basal actin ranged from 40 to 65 mean log channels. The
magnitude of the response varied from 30 to 90 mean log channel shifts over the baseline.
This variability represents a two-fold change in basal actin, and more than a four-fold

change in the magnitude of the response to f Met-Leu-Phe. In order to compare different
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FIGURE 6.5

rH TNF -0, upregulates surface expression of CR3 on neutrophils.

Neutrophils were incubated with either 100 w/ml rH TNF-c or 10'M f Met-Leu-Phe for
60 minutes at 37°C. They were then stained with fluorescently conjugated anti-Mo-1 and
analysed by flow cytometry. The histrograms represent unstimulated vs f Met-Leu-Phe-

stimulated neutrophils (A), and unstimulated vs rH TNF-a stimulated neutrophils (B).



Number of cells

Number of cells

Relative Log Fluorecence

Relative Log Fluorecence




-159 -

donors, it was therefore necessary to express actin polymcrisation as the shift in mcan

fluorescence intensity on a log scale over baseline.

Despite the variability between donors, the kinctics of f Met-Leu-Phe induced actin
polymerisation were fairly consistent. Essentially, the response peaked between 10 and 30
seconds over ten experiments. In six out of ten experiments the response peaked at 10
seconds and returned to basal levels by 5 minutes. In the other four cxperiments, the
response peaked at 20 (3 cxpts) or 30 (1 expt) seconds and returned to basal levels after 5
minutes. Figure 6.6 is representative of these ten experiments in which the kinetics of

actin polymerisation to 10""M f Mct-Leu-Phe was studied.

Considering that actin polymerisation in response to f Met-Leu-Phe varicd in its return to
basal levels, the kinetics of the responsc to tH TNF-a were studied over a 15 minute time
span. Figures 6.7A and B are representative of three experiments where the kinetics of
rH TNF-o-induced actin polymerisation was compared to f Met-I.eu-Phe-induced actin
polymerisation. Neutrophils stimulated with f Met-Leu-Phe exhibit a rapid polymerisation
which peaks at approximately ten seconds after stimulation, followed by a prolonged
depolymerisation. Filamentous actin returns to baseline approximately five to ten minutes
after stimulation. Although the initial peak of the response was identical in tH TNF-o
stimulated cells, the magnitude of the change in fluorescence intensity was always less
than in f Met-Leu-Phe-stimulated cells. In addition, cells stimulated with rH TNF-ox
depolymerised much more rapidly, with filamentous actin returning to unstimulated levels
by approximately two minutes. In all threc experiments, the same diffcrence in the
kinetics of depolymerisation occurred for tH TNF-a-stimulated cells when compared to

f Met-Leu-Phe-stimulated cells.

To determine the optimal concentration of tH TNT-a required for this effect, a titration

was performed. Neutrophils were incubated with various concentrations of tfH TNF-a or
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FIGURE 6.6

f Met-Leu-Phe-induced actin polymerisation in neutrophils.

Ncutrophils were stimulated with 10"7M f Met-Leu-Phe for various times at 37°C. The
reaction was terminated by fixation in ice-cold paraformaldehyde, then the cells were
stained with NBD-phallacidin and analysed by flow cytometry. This figure is

representative of ten cxperiments where each point was determined in duplicate.
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FIGURE 6.7

Kinetics of actin polymerisation in reponse to f Met-Leu-Phe and rH

ITNF-o.

Neutrophils were incubated with 10'"M f Met-Leu-Phe (top) or 100 u/ml tH TNF-a
(bottom) for various times at 37°C. The reaction was terminated by fixation, then the cells
stained and analysed by flow cytometry. This experiment is representative of 3

experiments where each point was determined in duplicate.
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10"7M f Met-Leu-Phe for 10 seconds at 37°C. Figure 6.8 illustrates the direct effect of
rH TNF-a on actin polymerisation. Over three separate experiments, 1000u/ml tH TNF-a
elicited the maximal effect, and no platcau was reached at the higher rH TNF-a
concentrations. Although 100u/ml to 1000u/ml rH TNFE-« elicited a significant effect on
actin polymerisation (p<0.001 and p<0.01, respectivcly) the magnitude of the response

was never as high as the response to 10"7M f Met-Leu-Phe.

To determine whether rH TNF-a changed the distribution of cellular F-actin, cells were
stimulated in the presence or absence of 1000 u/ml rH TNF-o or 10"7M f Met-Leu-Phe for
10 seconds at 37°C, then fixed and staincd with NBD-phallacidin. Following this, they
were placed on glass slides and photographed using a fluorcscent microscope. Figure 6.9
illustrates thc actin distribution in neutrophils. In unstimulated neutrophils, the actin is
diffuse and distributed evenly across the cell. When neutrophils are stimulated with either
rH TNF-o or f Mct-Leu-Phe, a large amount of polymerisation occurs in the cortical actin
network just below the plasma membrane. This pattern of actin polymecrisation appears to

be identical for both rT1I TNF-a and f Met-Leu-Phe.

6.2.4. rH TNF-o enhances actin polymerisation in response to f Met-Leu-
Phe:

As rH TNF-o also alters neutrophil chemotaxis (see Chapter 3) and degranulation (this
Chapter) in response to f Met-Leu-Phe, the possibility that it could also influence actin

polymerisation in responsc to f Met-Leu-Phe was investigated.

To dctermine the effect of rH TNF-o on the response to f Met-Leu-Phe, the cells were
preincubated with 100u/ml rH TNF-c for 30 minutes at 37°C, then stimulated with 10-7m
f Met-Leu-Phe for 10 seconds at 37°C. TFigure 6.10 shows the cumulative data from 6

separatc experiments where cach point was determined in duplicate. As expected, cells
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FIGURE 6.8
Dose-dependence of rH TNF-o-induced actin polymerisation.

Ncutrophils were incubated with various concentrations of rH TNF-o or 10""M f Met-Leu-
Phe for 10 seconds at 37°C. The reaction was terminated by fixation, then the cells were
stained and analysed by flow cytometry. Numbers represent the mean + S.EM. from 3
separate cxperiments where each point was determined in duplicate. Values are expressed

as % of the mean channel shift induced by 10"7M f Met-Leu-Phe.
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FIGURE 6.9

rH TNF-o. induces the same pattern of actin polymerisation as f Met-Leu-
Phe.

Neutrophils were incubated in medium (top) or with 1000u/ml rH TNF-a (centre) or
10"7M f Met-Leu-Phe (bottom) for 10 seconds at 37°C. The cells were fixed, stained then
placed on glass slides for visualisation with a fluorescent microscope. All photographic

exposures are for the same amount of time, therefore fluorescence is comparable.
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FIGURE 6.10

rH THF-o increases actin polymerisation in response to f Met-Leu-Phe.

Neutrophils were incubated with 100 u/ml rH TNF-o for 30 minutes at 37°C, then
stimulated with 107 7M f Met-Leu-Phe for 10 seconds at 37°C. Reactions were terminated
by fixation, cells were stained then analysed by flow cytometry. Numbers represent the

mean + S.E.M. from 6 separate experiments where each point was determined in duplicate.
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incubated with tH TNF-o¢ for 30 minutes showed no increase in cellular actin (p>0.5),
because complete depolymerisation would have already occurred (see Figure 6.7). When
cells were incubated with rH TNF-o, then stimulated with f Met-Leu-Phe, actin
polymerisation was enhanced slightly. This effect was significant over 6 experiments

(p<0.05).

As it was observed that preincubation with rH TNF-a slightly enhanced the response to
107M f Met-Leo-Phe, a ttration was performed to determine whether rfH TNF-a
influenccs actin polymerisation in response to lower doses of f Met-Leu-Phe. It was first

necessary to characterize the response to various concentration of f Met-Leu-Phe.

Figure 6.11A represents the response to various f Met-Leu-Phe concentrations from 8
separate experiments wherc cach point was determined in duplicate. It appcars that 1077
and 108M f Met-Leu-Phc are optimal concentrations for actin polymerization. To
investigate the effect of rld TNF-¢, the cells were preincubated with 100 u/ml rH TNF-o
for 30 minutes at 37°C, then stimulated with various concentrations of f Met-Leu-Phe for
10 seconds at 37°C. Figure 6.11B illustrates cumulative data from seven separate
experiments wherc each point was determined in duplicate. Thus, rtH TNF-a significantly
enhanced actin polymerisation in response to f Met-Leu-Phe by 108M and 10°M

(p<0.05), but this cffect was not seen at lower concentrations.

Since rH TNF-o had a direct effect on actin polymerisation at 100u/ml and 1000u/ml, it
was important to determine whether such high concentrations were also required for this
enhancing cffect. Neutrophils were preincubated with various concentrations of rIl TNF-«
for 30 minutes at 37°C, then stimulated with 10°M f Met-Leu-Phe for 10 seconds. Fi gure
6.12 represcnts a titration of rH TNF-a from three separate experiments where each point
was determined in duplicate. One thousand units per ml rtH TNF-o had an inhibitory

effect on f Met-Leu-Phe induced actin polymerisation, whercas at lower doses the
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FIGURE 6.11
a) Dose-dependence of f Met-Leu-Phe-induced actin polymerisation.

Neutrophils were incubated with various concentrations of £ Met-Leu-Phe for 10 seconds
at 379C. Reactions were terminated by fixation, cells were stained and analysed by flow
cytometry. Numbers reprcsent the mean + S.E.M. from 8 separate cxperiments where cach

point was determined in duplicate

b) rH TNF-o. enhances actin polymerisation in response to 1 0-8 and 109M
f Met-Leu-Phe.

Neutrophils were incubated 100 u/ml rH TNF-a for 30 minutes at 37°C, then stimulated
with various concentrations of f Met-Leu-Phe for 10 seconds at 37°C. Reactions were
terminated by fixation, cells stained and analysed by flow cytometry. Numbers represent
the mean + S.E.M. from seven separate experiments where ecach point was determined in

duplicate.
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FIGURE 6.12

rH TNF-o enhances f Met-Leu-Phe-induced actin polymerisation in a

dose-dependent manner.

Neutrophils were incubated with various concentrations of rH TNF-o for 30 minutes at
379C then stimulated with 10°9M f Met-Leu-Phe for 10 seconds at 37°C. Reactions were
terminated by fixation, cells stained and analysed by flow cytometry. Numbers represent
the mean + S.E.M. {from 3 separate experiments where each point was determined in

duplicate.
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enhancing effect was evident. It appears that 10 to 100u/ml TH TNF-« is the optimal
concentration required to enhance f Met-Leu-Phe induced actin polymerisation. This
represents a ten-fold lower concentration of rH TNF-a than that which is required to

directly induce actin polymerisation.

SECTION 6.3. DISCUSSION

In this chapter, data implicating rH TNF-o as a direct stimulant of ncutrophil
degranulation and actin polymerisation is presented. In addition, it is shown that rH

TNEF-o enhanced the response of neutrophils to the chemotactic factor, f Met-Leu-Phe.

The data presented here is in agrcement with a previous report by Klebanoff et al. (1986)
indicating that rH TNF-a directly stimulates ncutrophil degranulation. Following a 60
minute incubation with tH TNF-a , ncutrophils released significant amounts of lysosyme,
but not myeloperoxidasc and B-glucuronidase. One can thercfore conclude that rtH TNF-o
induces the release of specific but not azurophilic granules from ncutrophils. In contrast,
Berkow et al. (1987) reported that rH TNF-oo had no direct cffect on neutrophil
degranulation. This discrepancy may simply be duc to the fact that they only incubated

their cells with tH TNT-o for 25 minutes.

The observation that rIT TNF-o can directly stimulate actin polymerisation is consistent
with its ability to induce degranulation, considcring that agents such as f Met-Leu-Phe also
stimulate both functions. Although the exact relationship between actin polymerisation
and degranulation has yet to be defined, Southwick and Stossel (1983) have reviewed the
possible role of actin polymerisation in various neutrophil functions. Disruption of the
cortical actin network, coupled to stimulation at the plasma membrane, are both required to
inducc degranulation. Their model of degranulation is as follows: a localized increase in

calcium results from the binding of a ligand to its specific receptor; the local rise in
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calcium activates gelsolin, causing disaggregation of the actin network, and movement of
the network from the area of less structure (higher calcium concentration) to an area of
higher structure (lower calcium concentration); these movements allow the granules to
approach the plasma membrane in the areas of actin network disruption, resulting in
degranulation. Thercfore, the binding of rH TNF-o to its receptor, and the subscquent
disruption of the cortical actin network appears to be sufficient to cause the neutrophil to
degranulate. Evidence to support this theory can be seen in Figure 6.9 where the effect of

rI] TNF-a on actin polymerisation appears to be confined to the cortical actin network.

Another interesting aspect of these data involves the characteristics of the effect on various
f Met-Leu-Phe concentrations. For degranulation, tTH TNF-o has an additive effect on
Met-Leu-Phe responses at all concentrations tested, whereas for actin polymerisaton, thc
effect is not additive, and is only evident at 10-8M and 10°9M f MetLeu-Phe. This
cvidence implies that although rH TNF-a does alter actin polymerisation in response to
f Met-Leu-Phe, this effect is not necessarily the sole cause for thc observed change in
degranulation. In fact, the additive effect of rtH TNF-a on degranulation implies that its
influence is independent of the f Met-Leu-Phe response. In contrast, the synergistic effect
of rH TNF-ao on actin polymerisation suggests some form of regulation of the f Met-Leu-

Phe response by 111 TNE-q.

The initial phase of actin polymerisation induced by rH TNF-« 1s identical to that induced
by fMet-Leu-Phe. This raises an interesting point regarding signal transduction
mechanisms, because the initiation of actin polymerisation appears to be independent of
changes in the levels of intraccllular calcium. A report by Sklar, Omann and Painter
(1985), who studied actin polymerisation of quin 2-loaded nentrophils in calcium-depleted
buffer, and in buffer with normal calcium, indicates that actin polymerisation occurred at

similar rates in both buffers.
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The depolymerisation phase of rH TNF-o-induced actin polymerisation was much more
rapid than in f Met-Leu-Phe-stimulated cells. Depolymerisation was virtnally complete by
two minutes in TH TNF-o-stimulated cells, whereas in f Met-Leu-Phe-stimulated cells,
depolymerisation was only complcte after five to ten minutes. This sustained
polymerisation is dependent on intracellular free calcium (Sklar, Omann and Painter,
1985). Thercfore, it appears unlikely that rH TNF-a induces as large a change in the
intracellular free calcium concentration as does f Met-Leu-Phe, because cells stimulated

with TH TNF-o depolymerise much more rapidly.

It is likely that a GTP-binding protcin is involved in coupling the TN receptor to its signal
transduction pathway, as GTP analogucs stimulate the cxocytosis of granules from
neutrophils (Burgoyne, 1987). This occurs even in the absence of calcium and
phospholipase C activation. Signal transduction mechanisms for the polymerisation of
actin are still unidentified within neutrophils. Although rH TNF-a induces an increase in
the oscillations of calcium fluxes across neutrophil membranes, it does not induce a major
flux of calcium witbin neuntrophils (J.M. Dayer, personal communication; Y.H. Atkinson,
J.Crofts, G. Barritt, and A.F. Lopez, unpublished observations), or cause the translocation
of protein kinase C (Lopez, ct al., unpublished observations). It is also unlikely that an
intracellular rise in pH is the initiating event, because a recent report by Sullivan et al.
(1987) states that tH GM-CSF - a cytokinc with similar activities to TH TNF-o. - does
not alter intracellular pH. Another possibility involves changes in the lipid composition of
thc membrane. Two recent reports discuss the influence of phospholipids on the
cytoskeleton. Janmey and Stossel (1987) studied the modulation of gelsolin function by
phosphatidylinositol 4,5-bisphosphate, and concluded that this phospholipid could promote
the nucleated assembly of actin. Similarly, another study by Janmey et al. (1987)
implicates phosphatidylinositol monophosphate in the regulation of gelsolin activity.
Since TH TNF-a influences actin polymerisation, its effect on phospholipid mctabolism

will be investigated in the next chapter.



CHAPTER 7

HUMAN TUMOR NECROSIS FACTOR ALPHA
DIRECTLY STIMULATES PHOSPHOLIPID
METABOLISM ON HUMAN NEUTROPHILS
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SECTION 7.1 INTRODUCTION

In the preceding chapters rH TNF-o has been shown to prime neutrophils by modulating
their response to an activating agent. Thus rH TNF-a increases the phagocytosis and
degranulation of neutrophils in response to both opsonized and unopsonized zymosan
(Klcbanoff et al., 1986), and enhances the respiratory burst and inhibits the chemotactic
responsiveness of neutrophils to f Met-Leu-Phe (Atkinson et al., 1988b). Although these
enhancing effects of rII TNF-a are well documented, little is known about direct effects

of rH TNF-o that may help explain its mechanism of action.

Since the regulation of membrane receptors and adherence by rH TNF-ou all require
changes in membrane properties, it was hypothesized that rtH TNF-a may directly alter the
phospholipid turmover of neutrophils. In this chapter it is shown that rH TNF-o induces
thc relcase of significant amounts of arachidonic acid from neutrophils but does not
stimulate the metabolism of this fatty acid. The stimulation of arachidonic acid releasc
from neutrophils by rH TNF-o is shown to be equipotent to that induced by f Met-I.cu-
Phe. The stimulation of phospholipid turnover in neutrophils may play a role in the

regulatory effects of tH TNF-o on neutrophil functions.

SECTION 7.2 RESULTS

7.2.1 rH TNF-o. stimulates [3H]-arachidonic acid release from

neutrophils:

Ncutrophils were labelled with [3H:]—arachidonic acid, washed and then incubated for 45
minutes at 37°C in the presence or absence of cither 100u/ml rH TNF-o. or 10""M f Met-
Leu-Phe. Additional aliquots of cells were also incubated with 4uM A23187 for 135

minutes as a positive control. Figurc 7.1 shows that rtH TNF-o stimulated the release of
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FIGURE 7.1
rH TNF-q. induces arachidonic acid release from neutrophils.

[3H]-arachidonic acid labelled-neutrophils (2x106) were incubated with medium, 10°"™M
f Met-Leu-Phe or 100u/ml rH TNF-¢. for 45 minutes at 37°C. Results are shown as the
mean + S.E.M. of 16 cxperiments performed in triplicate. The values obtained in the

presence of rH TNF-o. were significantly different (p<0.001) from unstimulated controls.
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radioactive label from neutrophils prelabelled with [3H]-arachidonic acid. In all
experiments the release of radioactive label from the neutrophils was significantly
increased over unstimulated cell turnover in the presence of rH TNF-a (p<0.001). This
effect was as potcnt as that seen by 107M £ Met-Leu-Phe, a dose known to be optimal for
the release of superoxide anion. The amount of radioactivity released by cells in responsc
to tH TNF-a or f Met-Leu-Phe represents 13% and 11.5% respectively of the amount

released in response to the calcium ionophore A23187.

7.2.2 The stimulation of [3H J-arachidonic acid release by rh TNF-0. is

time and dose dependent:

Time course experiments were performed by incubating [3H]-arachidonic acid-labelled
neutrophils for various times in the presence or absence of 100 u/ml rH TNF-o. or 10°7m
f Met-Iecu-Phe. It was found that the time of maximum stimulated release of label varied
between donors, with the majority of donors showing a maximal rcsponse at 45 minutes.
Figure 7.2 shows a composite time course of the rclcase of radioactive label from [3H]-
arachidonic acid labelled neutrophils from 20 separate experiments. In individual
experiments the response either reached a plateau or dropped away following peak release
of the label. This presumably reflected the reincorporation of the label into cellular lipids.
The kinetics of tH TNF-¢ stimulated release were similar to the kinetics of f Met-Leu-Phe

stimulated release of radioactive label.

A titration of rH TNF-o was performed to determine the optimal concentration for the
release of radioactive label. Following labelling, the cells were washed and incubatced with
various concentrations of tH TNF-a for 30, 45 or 60 minutes. From S experiments it was
evident that 100 u/ml rH TNE-o was consistently required for a maximum stimulatory

effect on the release of label from [3H]-arachidonic acid-labelled ncutrophils (Figure 7.3)0
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FIGURE 7.2

Time-dependent stimulation of arachidonic acid release.

[3H]-arachid0nic acid labelled neutrophils were incubated with medium, 10°"M £ Met-
Lcu-Phe or 100u/ml rH TNF-a for different times at 37°C. Results are shown as the mean
+ S.E.M. of 20 experiments performed in triplicate. The values obtained with rH TNF-o
were significantly different from unstimulated control values at 30 minutes (p<0.005) and

45 minutes (p<0.001).
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FIGURE 7.3
Dose-dependent stimulation of arachidonic acid release from neutrophils.
[3II]—arachid0nic acid labelled neutrophils were incubated with different concentrations of

rH TNF-o. for 45 minutes at 37°C. Results are shown as the mean + S.E.M. from 5

different experiments performed in triplicate.
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Control expcriments were performed to establish that tH TNF-o-stimulated turnover of
[’3H]-arachidonic acid in neutrophils was not due to changes in membrane permeability
with subsequent leakage of [3H]-arachidonic acid not incorporated into celiular lipids.
Neutrophils were labelled with arachidonic acid, the total lipids extracted and fractionated
by thin layer chromatography, and radioactivity quantificd by liquid scintillation counting.
The levels of frec I3H'J—arachidonic acid in the cells was monitorcd for up to 90 minutes
following the labelling of the cells. This time span corresponds to the maximum
incubation period covered in the| 3Iﬂl}-arachidonic acid release assay. The intracellular free
arachidonic acid never excceded 2% of the total amount incorporated during the second
incubation period (Table 1). Although rH TNF-o stimulates a range of responses, these
were always greater than 2% release (2.25% - 7.7%), this indicates that the effect of rH
TNF-or was to stimulate a small but significant turnover of arachidonic acid from cellular

lipids, and was not due to cell lcakage of frce label.

TABLE I

Free [3H]-arachidonlc acid levels in neutrophils remain constant for up to 90
minutes incubation at 37°C.

TIME AFTER LOADING (MIN)" % TOTAL LIPID LABELLED
0 1.75%
15 1.73
30 1.73
60 1.85
90 1.54

* Neutrophils were labelled with [3H]-arachidonic acid at 37°C, then washed and
incubated at 37°C for the imes indicated above. Lipids were then extracted and
analyscd by thin-layer chromatography.

T Numbers represent % of the total amount of radioactivity incorporated into cellular
lipids.
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7.2.3 The stimulation of PH 'J-arachidonic acid release correlates with the

ability to prime the neutrophil respiratory burst:

To determine whether the stimulation of [3H]-arachidonic acid release from neutrophils by
rH TNF-a could be corrclated with the ability to prime neutrophil responses, two other
cytokines were studied, recombinant human granulocyte-macrophage colony-stimulating
factor ({tH GM-CSF) and recombinant human interleukin-1(rH [L-18) both of which are
known to bind to ncutrophils (Rhyne et al., 1988; Gasson et al., 1986). Figure 7.4A shows
that r1I GM-CSF, like rH TNT-o stimulated a similar amount of [3H]-arachidonic acid
relcasc from ncutrophils whereas rH I1.-1f did not. This effect was consistent at 30, 45
and 60 minutes after stimulation (data not shown). Similarly, Figure 7.4B shows that
rH GM-CSF was able to prime neutrophil superoxide production in response to f Met-I.eu-

Phe, but that rH I1.-1PB had no cffect.

7.2.4 rH TNF-q stimulates the release of [3H [-arachidonic acid but not its

metabolites:

To determine whether the radioactivity released from [3H]-arachidonic acid-labelled
neutrophils was associated with free arachidonic acid or its metabolitcs, the supernatants
from unstimulated or stimulated neutrophils werc analysed by HPLC. Figure 7.5 shows
the JIPLC profiles from unstimulated neutrophils, A23187-stimulated neutrophils, and rH
TNE-a-stimulated neutrophils. As expected, both arachidonic acid and its metabolites -
the leukotriencs and the hydroxyeicosatetranoic acids (HETES) - werc present in A23187-
stimulated ncutrophil supernatants. In contrast, although rH TNF-o induced the release of
arachidonic acid from neutrophils, it did not stimulate the metabolism of this fatty acid. rH
TNF-o did induce the releasc of small amounts of leukotriene C4 (LTCy), which was
probably due to contamination with 5% eosinophils. These data indicate that although rH

TNF-o can stimulate the release of arachidonic acid from neutrophils, it is unable to
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FIGURE 7.4

The stimulation of [3H]-arachidonic acid release correlates with the ability

to prime superoxide anion production in response to f Met-Leu-Phe.

(Top) [3H]-arachidonic acid labelled neutrophils were incubated with medium, 100u/ml
111 TNF-¢, 100ng/ml rH GM-CSF or 100u/ml rH 1L-1 for 45 minutes at 37°C. Numbers

represent the mean dpms from the supernatants of 2 x 106 neutrophils + S.EM.

(Bottom) Neutrophils were incubated with medium, 100u/m! rH TNF-¢o, 100ng/ml
rH GM-CSF or 100u/ml rH IL-1f for 45 minutes at 37°C. Following this, thcy were
stimulated with 10"7M f Met-Leu-Phe for 15 minutes at 37°C. Numbers represent nrmojcs

057/ 106 neutrophils as the mean of 6 determinations from 2 separate expcriments + S.E.M.
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FIGURE 7.5

rH TNF-o. stimulates the release of [3H]-arachidom'c acid but not its

metabolites.

[3H]-amchidonic acid labelled neutrophils were incubated with medium (A), 4uM A23187
(B), or 100u/ml rH TNF-a (C) for 45 minutes at 379C. Supernatants were extracted and

analysed by reverse phase-HPLC.
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directly activate cither the lipoxygenase or cyclooxygenase pathways in these cells.

SECTION 7.3 DISCUSSION

The data presentcd here indicate that rH TNF-a directly stimulates the relcase of [3H]—
arachidonic acid from neutrophils prelabelled with this fatty acid. This effect is both fime
and dosc dependent and as potent as that induced by f Met-Leu-Phe. The stimulation of
arachidonic acid release is detcctable in some individuals at 15 minutes and reaches a
plateau at between 30 and 45 minutes. It was previously shown that TH TNF-o increases
the production of superoxide anion in response to f Mct-Leu-Phe in a manner which is
detectable by 15 minutes and reaches a plateau at 30 minutes (see Chapter 4). It therefore
appears that the effect of tH TNF-a on [3II]-arachidonic acid release may be temporally

related to its ability to prime the neutrophil respiratory burst.

Recombinant human TNFE-o, induces [3HJ‘arachidonic acid release in a dosc-dependent
manner. Maximal response was obtained at a concentration of about 100u/ml over 6
experiments, which is consistent with the apparent dissociation constant of rtH TNF-o for
its rcceptor on neutrophils (Munker, Di Persio and Kocffler, 1987). It is also intcresting to
note that these doses of rH TNF-ou are also optimal for the priming of the ncutrophil
respiratory burst in response to £ Met-Leu-Phe (See Chapter 1). It was also shown here
that TH GM-CSF induces the release of [3H]-arachidonic acid from ncutrophils, whereas
rHII.-1B does not. This obscrvation appears to correlate with the ability of these two
molecules to influence neutrophil function. Thus both rH TNF-o¢ and tH GM-CSF can
prime the neutrophil respiratory burst to f Met-Leu-Phe, and rcgulate f Met-Leu-Phe
receptors (sec Chapter 4 & 3). In contrast rH IL-1B has been reported to have no effcct on
neutrophil function (Georgilis et al., 1987) despite the demonstration of [L-1P receptors on
neutrophils (Rhyne et al., 1988). These observations are consistent with a role of [31-1]—

arachidonic acid release in the modulation of various neutrophil responses by rH TNF-a.
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Previous reports have indicated that TNF-o increases the permeability of phospholipid
vesicles composed of acidic lipids (Oku ct al., 1987). In addition, tH TNF-& has becn
reported to alter phospholipid metabolism in Friend leukemia cells and fibrosarcomas in
mice (Podd ct al., 1987), and liposome membranes composed of neutral lipids
(Yoshimura and Sone, 1987). In both cascs, changes in membrane permeability were

corrclated with the biological activities of rH TNF-ov.

Roubin et al. (1987) have recently reported that rH TNF-ou enhances the release of
leukotriene B, in response to the calcium ionophore A23187. This is interesting
considering that the availability of free arachidonic acid within the cell will influence
lcukotriene production. The results presented here are consistent with Roubin's
observations in that rfH TNF-o could increase the free arachidonic acid pool in the cell,
thus enhancing leukotriene production in response to a second stimulus. QOur data and
that of Roubin and coworkers (1987) indicate that TH TNF-¢o is able to modulate

cellular lipid metabolism both directly and in response to a second stimulus.

[t is important to note that although rH TNF-& induces the releasc of 1311}-arachidonic acid
from ncutrophils, it does not stimulate the metabolism of [3H]-arachidonic acid by either
the lipoxygenase or the cyclooxygenase pathways. The products of these pathways -
leukotricnes, HIETES, and prostaglandins and thromboxanes respectively - are potent
activators of ncutrophil function and would therefore directly activate the cells. These
results are thereforc consistent with the observation that tH TNF-or does not directly
stimulate the production of superoxide anion from nonadherent neutrophils (Atkinson et

al., 1988b).

The magnitude of the arachidonic acid release was found to be similar between rH TNF-q,
rH GM-CSF and f Met-Len-Phe. This raises the question of why f Met-Leu-Phe but not

1II TNF-o0 induces the release of superoxide anion. It is well documented that f Met-Leu-
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Phe stimulates both phospholipase C (Sha'afi, Volpi and Naccache, 1986) and
phospholipase Ay activity (Lackie and Lawrence, 1987). As arachidonic acid is csterified
prcdominantly at position 2 of cell phospholipids, this observation implicates
phospholipase A, activation by rH TNF-a and rH GM-CSF. It has previously been
reported that rlI GM-CSF did not induce the turnover of inositol phospholipids or
translocate protein kinase C (Lopez et al, 1988), both of which are results of
phospholipase C activation. In addition, rH TNF-a is unable to stimulate the tumover of
inositol phospholipids (J. Eglinton and A.F Lopez, unpublished observation). It is
therefore tempting to speculate that rH TNE-o and rH GM-CSF prime the cells by the
activation of phospholipase A,, but cannot stimulate full function due 1o their inability to
activate phospholipase C as well. In contrast, f Met-Leu-Phc can activate neutrophil
functions directly, as it stimulates both phospholipase C (Sha'afi et al., 1986) and

phospholipase A,.

The TNF-o induced stimulation of arachidonic acid release from neutrophils may be a
relevant step in the production of platelet activating factor (PAF) in these cells. Thus, the
relcase of arachidonic acid from position sn-2 (Mueller et al., 1984; Chilton and Murphy,
1986), with subsequent acetylation may lead to PAF formation in human ncutrophils.
Indeed, recent reports indicate that rH TNF-o stimulates the production of PAF from rat
peritoneal macrophages, human vascular endothelial cclls and neutrophils (Camussi et al.,
1987; Bussolino, Camussi, and Baglioni, 1988). Extraccllular PAF has been shown to
prime neutrophil responses to f Met-Leu-Phe (Baggiolini and Dewald, 1986; Ingraham et
al.,, 1987), and more recently Worthen and coworkers (1988) demonstrated that
lipopolysaccharide - a bacterial product which also primes ncutrophil responses - causes
the intracellular accumulation of PAF. It remains to be established whether rtH TNF-o
stimulation of arachidonic acid release and PAF production are causally related, and the

role of these intracellular mediators in neutrophil priming.



CHAPTER 8

GENERAL DISCUSSION
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SECTION 8.1 rH TNF-o INFLUENCES NEUTROPHIL FUNCTION
IN A DOSE AND TIME -DEPENDENT MANNER.

During inflammation, neutrophils migrate from the circulation into the tissues where they
phagocytosc microorganisms. This process activates the major microbicidal functions of
neutrophils - degranulation and the respiratory burst. The data presented here support a
role for TNF-a in the inflammatory response, because this cytokine is shown to either
activate neutrophils directly, or influence the neutrophil response to another inflammatory
stimulus. Table ] summarises the influence of rH TNF-ot on the ncutrophil functions
documented in this thesis. These observations extend other reports investigating the
influence of r1I TNT-o on neutrophil functions (see Chapters 3 to 7, Discussion).

Table 1
rH TNF-a both activates and modulates neutrophil functions

Function Activate Regulate
Superoxide anion relcase - +
Chemotaxis - +

f Met-Leu-Phe rcceptor expression + ND
Degranulation + +
CR3 expression + ND
Actin polyrnerisation + +
Arachidonic acid production + ND

Il TNF-o affects neutrophil functions in a dosc-dependent manner. Generally, 100 to
1000 u/mal rH TNF-o are the maximal doses required to inducc @ change in ncutrophil
responsiveness (Table 2). These concentrations of rH TNF-o are consistent with the
apparent dissociation constant reported for rfH TNF-o0 (Munker, D1 Persio and Koeffler,
1987), and the concentrations which influence peripheral blood neutrophils in other reports
(Gamble et al., 1985; Klebanoff et al., 1986; Roubin et al., 1987, Berkow et al., 1987; and
Wang, Bersani and Mantovani, 1987). In addition, the minimum doses required to elicit
these effects are approximately the same for all functions observed, with the exccption of

actin polymerisation.
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Table 2
rH TNF-a influences neutrophil function in a dose dependent manner

Function rH TNF-a (u/ml)
aclivate regulate
Superoxide anion release N/A 100
Chemotaxis N/A 1000
Degranulation 100 100
Actin polymerisatioen 1000 100
Arachidonic acid release 100 ND

Another aspect of rH TNF-a induced modulation of neutrophil function is the dependence

on the time of cxposure to this cytokine.

Actin polymerisation is the earliest response to rH TNF-o, occurring by 10 seconds
(Chapter 6). The rapidity of this responsc could reflect the internalisation of the TNF
receptor, a cytoskeletal cvent that has been well characterised for the f Met-Leu-Phe
rcceptor (Jesaitis, Tollecy and Allen, 1986). The minimum concentration of rH TNF-ou
required to detect this functional change is 100 u/ml. This concentration is considerably
higher than that required to induce other neutrophil functions. Thus, actin polymerisation,
induced by rH TNF-a could well be attributed to ligand-receptor internalisation, the
detection of which requires high rcceptor occupancy. This observation is intercsting in
that it suggests that the TNF rcceptor is associated with the cytoskeleton of the cell. This
concept is consistent with in vitro studies demonstrating the influence of rH TNF-¢ on
cytoskeletal associated functions such as spreading associated with adherence,

dcgranulation and chemotaxis.

Other functions such as priming for superoxide anion production, and the inhibition of
chemotaxis are just detcctable at 5 minutes and take 15 to 30 minutes to manifest (Chapter
4). The induction of arachidonic acid release is detectable at 30 minutes and peaks at 45

minutes (Chapter 7). The release of arachidonic acid from the neutrophils is presumed to
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be a reflection of metabolic events occurring within the cell (Hirata et al., 1979). There
appears to be a temporal relationship between rH TNF-o induced priming of neutrophil
'responses such as superoxide anion production and chemotaxis, and the release of
arachidonic acid (Chapters 4 and 7). To further define this phenomenon, it would be
intcresting to investigate the kinetics of the intracellular accumulation of arachidonic acid

and its metabolitcs in responsc to rH TNF-o.

One of the most intcresting effects of rtH TNF-o-induced neutrophil activation, is that not
only can this cytokine directly activate some neutrophil functions, but it can alter their
response to other inflammatory stimuli. These include f Met-Leu-Phe and zymosan .
activated serum. These obscrvations raise the question of the mechanism of action of rH

TNF-o.

SECTION 8.2 rH TNF-o DIRECTLY ACTIVATES NEUTROPHILS
AND PRIMES THEIR RESPONSE TO OTHER STIMULL

rH TNF-«¢ inhibits the random movement of neutrophils (Chapter 4), but this cffect is not
as complete as that observed when neutrophils were preincubated with cytochalasin B
(data not shown). This observation, coupled to the data demonstrating both the activation
and modulation of actin polymerisation (Chapter 6), preclude the disruption of cytoskeletal
microfilaments as a possible cause. rH TNF-a induced aggregation of neutrophils 1s also
unlikely to be the canse of reduced migration, because f Met-Leu-Phe, a potent
chemokinetic stimulus of neutrophils, is also a potent neutrophil aggregator (Korchak et
al., 1984). tH TNF-a increases neutrophil adherence, which may contribute to reduced
motility. This possibility is unlikely considering that neutrophils from patients with CD-1§
dcficiencies exhibit decreased adherence motility (Anderson et al., 1985). Physiologically,
increased neutrophil adherence is associated with migration into the tissues, therefore such

a change in adhesion should not result in reduced motility. It is difficult to propose a
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mechanism by which TH TNF-a influences neutrophil motility, because this function is an
extremely complex process involving a number of neutrophil functions. Based on
previously reported effects of tH TNF-a on neutrophil functions, factors contributing to
this phenomenon could include the modulation of membrane receptors required for
motility (Atkinson et al., 1988b), and changes in the membrane phospholipid content (Oku
et al., 1987; Yoshimura and Sone, 1987; Podd et al., 1987), and therefore, adhesive
properties of the plasma membrane. Whatever the mechanism, rH TNI-o induced
reduction in neutrophil motility makes physiological sense, because immobilisation of
ncutrophils at inflammatory foci, a major site of TNF-o. production by activated
macrophages, would ensure the devclopment of a successful localised reaction, thus

limiting tissuc damage.

The modulation of f Met-Leu-Phe receptor expression is another direct effect of rH TNF-a
(Chapter 4). This phenomenon could well explain the modulation of ncutrophil responses
such as superoxide anion production and chemotaxis in response to f Met-Leu-Phe. The
mechanism by which rH TNE-a modulates f Met-Leu-Phe receptor expression remains to
be detcrmined. Based on other studies of the modulation of f Met-Leu-Phe reccptor
affinity, two mechanisms can be proposed. Firstly, GTP binding protcins modulate the
affinity of the receptor (Koo, Lefkowitz and Snyderman, 1983; Lad, Olson and Smiley,
198S; Goldman et al., 1985). 11 TNF-o could achieve this by altering the coupling of the
receptor from a "high affinity” GTP binding protein to a “low affinity" GTP binding
protein. The possibility of the rtH TNF-a receptor being coupled to a binding protein can
be implied from the fact that rtH TNF-o induces neutrophil degranulation, and this function
is known to be controlled by GTP binding proteins. Alternatively, agents that alter
membrane fluidity have been shown to modulate f Met-Leu-Phe receptor affinity
(Snyderman, 1985). rH TNF-q. alters the phospholipid composition of Friend leukemia

cclls, fibrosarcomas in mice, phospholipid vesicles and liposome membranes (Podd et al.,
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1987; Oku et al., 1987; Yoshimura and Sone, 1987). Modulating f Met-Leu-Phe receptor

affinity by altcring membrane permeability is a feasible hypothesis.

Consistent with its effect on neutrophil motility, the modulation of f Met-Leu-Phe
membrane rcceptors is physiologically relevant. Down regulation of the high affinity
receptors responsible for chemotaxis and upregulating the low affinity receptors
responsible for superoxide anion generation, at the site of inflammation would serve to

immobilize ncutrophils and localize the effects of their microbicidal activity.

Degranulation is another function directly activated by tH TNF-a (Chapter 6). This
observation provides a clue as to the coupling mechanism of TNF-¢a, because GTP binding
proteins are known to control the exocytotic process (Burgoyne, 1987). Of additional
interest, 1s the additive rather than synergistic effect that rI1 TNF-o has on the response to
f Met-Leu-Phe (Chapter 6).  This observation implies that although the coupling
mechanisms are similar 1.e., GTP binding proteins, the signal transduction pathways are
different. Because f Met-Leu-Phe responses are mediated by protein kinase C, this tends

to precludce this pathway as the mechanism of activation by rH TNF-a.

Other signals rcported to induce neutrophil degranulation include the arachidonic acid
metabolites, leukotriene By (LTB4) and the hydroxyeicosatetranoic acids (HETES,
O'Flaherty, 1985). Platelet activating factor is also implicated in the induction of
neutrophil degranulation (OTlaherty, 1985). The effects of LTB,4 and PAF on
degranulation are interesting when considered in the light of the data presented here.
Similar to rH TNF-a and f Met-Leu-Phe, LTB,4 and PAF induce degranulation on their
own and are additive in combination (O'Flaherty, 1985). These observations suggest 4 role

for LTB, and PAF as effector signals of rtH TNF-ot induced neutrophil degranulation.
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The effect of rH TNF-a on actin polymerisation has been previously discussed. The
kinetics and dose rcquired to detect this response indicate that it is probably a reflection of
ligand-receptor internalisation. If this is not the case, then the effect of rH TNF-o provides
an important clue as to its signal transduction pathways. Three signal transduction
pathways are able to affect actin polymersation. These include the activation of
phospholipase C, phospholipase A,, or altcring the ionic fluxes within the cell (Omann et
al.,, 1987). rH TNF-o appears to be incapable of activating phospholipase C for two
reasons. Firstly, tH TNF-« is additive with f Met-Leu-Phe in degranulation, indicating
separatc signal transduction pathways. Secondly, rH TNF-o¢ does not increase the
production of IP3 in neutrophils (J. Eglinton and A.F. Lopez, unpublished observations).
It remains to be determined whether tH TNF-o alters the intracellular pH of neutrophils,
therefore this possibility cannot be discounted. Finally, the activation of phospholipase
A, and subscquent gencration of LL.TB4 and PAF is a feasible mechanism by rH TNF-a
could induce actin polymerisation, because previous reports have demonstrated that rH
TNF-o has an effect on phospholipid metabolism, and enhances LTB, production in

response to a second stimulus.

The priming effect of tH TNF-o on actin polymerisation in response to f Met-Leu-Phe is
interesting when considering other primed functions. Because rIl TNF-o is additive with
f Met-Leu-Phe in its effect on degranulation, but synergistic for actin polymerisation, it is
unlikely that these two phenomena are causally related.  This change in actin
polymerisation could reflect the altcred internalisation of the f Met-Leu-Phe receptor-
ligand complex. Interestingly, the cffect only occurs at 1 to 10 nM, which corresponds to
the apparent dissociation constant for the high affinity receptor (Chapters 4 and 5).
Perhaps the selective internalisation of high affinity f Met-Leu-Phe receptors by tH TNF-a

contributcs to the modulating effects of this cytokine described in Chapter 4.
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SECTION 8.3 rH TNF-a INDUCES ARACHIDONIC ACID RELEASE
FROM NEUTROPHILS.

The influence of rIl TNF-o on the various neutrophil functions presented here strongly
suggests an effect on the phospholipid metabolism of the cell. Chapter 7 is concerned with
the initial step in investigating this hypothesis. Arachidonic acid relcase is associated with
the generation of the biologically active lipid PAF, and is metabolised to form leukotrienes
and HETEs (Rouzer and Samuelsson, 1985). rH TNF-a was shown to inducc the
production of arachidonic acid from ncutrophils in both a time- and dose- dependent
manner. Two points of interest arise {rom this work. Firstly, the kinetics and
concentration of rH TNI-o required for this effect parallel those observed for the priming
of superoxide anion production and chemotaxis inhibition (Chapters 4 and 7). Notably,
there appears to be a 10 to 15 minute delay in the release of arachidonic acid when
compared to thc other two functions. Because arachidonic acid is esterified to membrane
phospholipids in resting neutrophils (Chilton et al., 1984), and metabolised by the 5-
lipoxygenase pathway or rc-esterified into membrane lipids (Rouzer and Samuelsson,
1985; Chilton et al., 1983), this work should be extended to define this effect of rH TNF-a.
Initially, inhibitors specific for phospholipase A, should be employed to detcrmine the
sourcc of arachidonic acid. The fact that arachidonic acid takes so long to be released by
the ncutrophil, implies that it is being metabolised or sequestered back into the membrane,
and that the rclease reflects a spillover from these processes, rather than actively being
released from the cell. To further define this possibility, lipoxygenase and cyclooxygenase

inhibitors could be used.

Arachidonic acid release from neutrophils is tightly coupled to the formation of two other
lipid-derived factors - LTB4 and PAF. The synthesis of these two substances is dependent
on the relcase of arachidonic acid from membrane phospholipids (see Introduction,

Sections 1.6.2 and 1.6.3). The accumulation of intracellular 1.TB4 and PAF have been
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proposed as signal transduction mechanisms by which neutrophils are activated (Rola-
Pleszcynski, Borgeat and Sirois, 1982; Worthen et al., 1988). In fact LTB 4 generation is
tightly coupled to PAF synthesis, because the arachidonic acid released from
phospholipids in the generation of the PAF precursor (lyso-PAF), is metabolised
predominantly by the 5-lipoxygenase pathway (Billah, Bryant and Siegel, 1985). LTBy,
modulates intracellular PAY production (Sisson et al., 1987). Interestingly, the time course
of intracellular LTB 4 and PAF accumulation in this report is identical to the ime course of
rH TNF-o induced priming of superoxide production and inhibition of chemotaxis (sec
Chapter 4). Thus, the intracellular signals generated by rH TNF-o could well be LTB4,
PAF, or both of these factors. This would explain the in virro effects of rH TNF-a on

neutrophil function.

The above hypothesis is feasible for four reasons. Firstly, exogenous LTB4 and PAF have
the capacity to activate the neutrophil functions described here (see Introduction, Sections
1.6.2 and 1.6.3.). Perhaps their intracellular accumulation can influcnce the subscquent
response of the cell to a second stimulus. Secondly, the direct and modulatory effects of
LTB,4 and PAF on degranulation parallel those observed for rH TNF-o and f Met-Leu-Phe
(O'Flaherty, 1985). Thirdly, rH TNF-a cannot induce the release of LTB, from
neutrophils, but enhances the rclease in response to calcium ionophore (Roubin et al.,
1987). This situation could parallel the calcium flux induced by challenge with a second
signal such as f Met-Leu-Phe. Additionally, Roubin's observations can be temporally
correlated with the priming responses presented here, because the effect requires
preincubation for 5 to 10 minutes with tH TNF-a. This time span is the same as that
required to detect the beginning of an effect on f Met-Leu-Phe responses. Other data
supporting this indicate that inhibition of f Met-Leu-Phe-induced arachidonic acid release
causes inhibition of neutrophil degranulation (Bokoch and Gilman, 1984). Finally, recent

reports Investigating the mechanism of priming of neutrophil functions by
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lipopolysaccharide correlate the intracellular accumulation of PAF with it's priming effect

(Worthen ct al., 1988).

SECTION 8.4 PRIMING SIGNALS INDUCED BY GM-CSF.

Another cytokine which exhibits similar effects on neutrophils is GM-CSF (Chapter 5).
Whereas TNF-o is produced by macrophages, GM-CSF is a T lymphocyte product. The
different sources of these cytokines highlights the importance of the interaction of
lymphocytes, macrophages and neutrophils during the inflammatory process. rH GM-CSF
has been used in vivo, and its effect on neutrophil activation studied (Baldwin et al., 1988).
It was found that leukopenic AIDS patients demonstrated rcstoration of impaired
neutrophil functions, suggesting that in vivo administration of rH GM-CSF leads to the
production of functionally active neutrophils. These obscrvations emphasize the in vive
relevance of data presented in this thesis, and indicate a need for the in vitro dissection of

the regulation of neutrophil functions by cytokines.

It is interesting that two cytokines produced at the site of inflammation should have such
similar effects on neutrophils. For example, both cytokines increase neutrophil adherence
(Gamble et al., 1985; Gamble ct al., 1989), and enhance degranulation (Klebanoff et al.,
1986; Lopez et al., 1986) and superoxide anion production (Atkinson et al., 1988b; Lopez
ct al, 1986) in response to a second stimulus. Additionally, both cytokines inhibit
chemotaxis in response to f Met-Leu-Phe, and regulate the affinity of f Met-Leu-Phe
receptors (Atkinson et al.,, 1988a; Atkinson et al., 1988b). These data imply that the

mechanism of activation by GM-CSF could be similar to TNF-ax.

Studies on the nature of the signal induced by rtH GM-CSF are more extensive than for rH
TNF-o.. Sullivan et al. (1987) reported that tH GM-CSF exerted no immediate detectable

effect on the resting transmembrane electrical potential, the intracellular concentration of
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free calcium ions, or the cytosolic pH of neutrophils. However, when the cells were
primed by preincubation with tH GM-CSF, the rate of membrane depolarisation was
enhanced, but no alteration in the pH or calcium rcponses could be detected. In addition,
although rH GM-CSF did not induce the translocation of protein kinase C, it induced the
release of arachidonic acid from membrane phospholipids. In agreement with these
observations, Naccache et al. (1988) also found no change in resting calcium levels, but
augmentation of the response to f Met-Leu-Phe. Consistent with the findings of Sullivan
et al. regarding arachidonic acid releasc, Di Persio ct al. (1988) and Dahinden et al. (1988),
reported that rtH GM-CST? enhances the production of LTB 4 in response to f Met-1.eu-Phe,
although it had no effect on LTBy releasc on its own. Combined, these observations
suggest that rII GM-CSF may enhance LTB 4 production in response to f Met-Leu-Phe by
activating phospholipase A, and increasing the availability of free arachidonic acid.
Interestingly, GM-CSF is unable to translocate protein kinase C or induce the forma‘tion of
nosiol trisphosphates (Lopez et al., 1988). This may explain why rH GM-CSF is unable
to induce superoxide anion release on its own, but can prime the responsc to a sccond
stimulus. Since rH TNF-o and rH GM-CSF exert similar effects on neutrophil function,
these reports provide some insight into the possible signal transduction pathways activated

by rH TNF-o.

SECTION 8.5 PROPOSED MECHANISM OF ACTION OF rH TNF-a.

The action of rIl TNF-a is therefore proposed to be mediated by the intracellular
accumulation of LTB, and PAF (sce Figure 8.1). These agents have the capacity to
mediate the direct effects such as degranulation, changes in CR3 and f Met-Leu-Phe
receptar expression, increased adherence (perhaps through changes in membrane fluidity),
actin polymerisaton and reduced random motility (Figure 8.1). Onc or both of them could
be responsible for the changes observed in these functions. Additionally, the intracellular

accumulation of these factors could serve to augment superoxide production by increasing
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FIGURE 8.1

A model for the mechanism of action of rH TNF-o.

Left - Preincubation of neutrophils with rH TNF-o alters the affinity of f Met-Leu-Phe receptors. This could be a contributing factor in the

regulation of various f Met-Leu-Phe-stimulated neutrophil functions such as O~ generation, degranulation, and chemotaxis.

Middle - The TNF receptor could be coupled to a GTP binding protein (G?), which transduces a signal to phospholipase A5 (PLA,) upon
binding of rH TNFo.. The arachidonic acid generated as a result of phospholipase A, activation could be directly released into the supernatant. It
could also affect membrane fluidity and therefore f Met-Leu-Phe receptor affinity, or be metabolised to leukotriene B 4 (LTB 4). Lyso-PAF, generated
by the action of phospholipase A4 on phosphatidylcholine (PC), could be converted to PAF, and the levels of PAF and LTB4 could influence
degranulation and superoxide production. The subsequent binding of f Met-Leu-Phe would result in a larger response than in unprimed neutrophils,

from the dual activation of PLA5 (LTB4 and PAF generated) and PL.C (IP3 and DAG generated), 1n addition to the signals generated by tH TNF-o.

Right - Binding of rtH TNF-a to its receptor could induce calcium oscillations through the activation of a GTP binding protein. These calcium changes
could influence acnon polymerisation, and perhaps, the respiratory burst and degranulation.

(’R*=activated receptor; G? *, Gi=activated alpha subunit of GTP binding proteins; ER=¢ndoplasmic reticulum; cross hatched area=cortical actin network)
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the existing pool of triggering stimuli for the NADPH oxidase. F Met-Leu-Phe activates
both phospholipase Ay (Lackie and Lawrence, 1987) and phospholipase C (Sha'afi, Volpi
and Naccache, 1986). Leukotriene B, and PAF are “products” of phospholipase A,
activation, and both stimulate phospholipase C-mediated formation of inositol
trisphosphate in neutrophils (O'Flaherty and Nishihira, 1987). In effect then, subthreshold
levels of LTB,4 and PAF could act in concert with the same lipids induced by f Met-Leu-
Phe (Tfigure 8.1). Alternatively, stimulation with f Met-Leu-Phe could induce the release
of LTBy4, which would subscquently bind to the cell and provide additional stimulation of
thc NADPH oxidase through receptor-mediated activation (O'Flaherty and Nishihira,
1987). These factors, combined with the direct stimulation of phospholipase C activity by

f Mct-Leu-Phe, could amplify the subsequent signal transduced to the NADPH oxidase
(Figure 8.1).

Another potential sccond messenger in rH TNF-o-mediated neutrophil activation is
intracellular free calcium. Studies on the mechanism of priming of superoxide anion
production using calcium ionophore, indicate that changes in intracellular free calcium
occurs with concentrations that prime the cells to subsequent stimulation with £ Met-Leu-
Phe, but this is insufficient accumulation of calcium to activate the NADPH oxidase
(Finkel et al, 1987). This is supported by the fact that PMA induces superoxide
production in the absence of changes in c¢ytosolic calcium levels (Lehmeyer, Snyderman
and Johnston, Jr., 1979). rH TNEF-a and rH GM-CSF are unable to activate protein kinase

C, but calcium may contribute to priming the respiratory burst (Figure 8.1).

What role then does calcium play in rH TNF-o-mediated neutrophil activation? The
contribution of calcium to TH TNF-o-mediated neutrophil activation has yet to be defined.
Since rH TNF-o induces the release of arachidonic acid from membrane lipids,
presumably by activating phospholipase A, and this enzyme is calcium dependent

(Simon, Chap and Douste-Blazy, 1986), although the role of calcium is uncertain. It
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would therefore appear that tH TNF-o and rH GM-CSF should induce a change in
intracellular free calcium levels. rH GM-CSF however does not change intracellular free
calcium levels (Sullivan et al., 1987; Naccache et al., 1988). This could simply be due to
the fact that tH GM-CSF is a less potent stimulus of neutrophils, i.e. it has no direct effect
on degranulation (Lopez et al, 1986), and is less effective in inducing neutrophil
adherence (Gamble et al., 1989). The inability of rH GM-CSF to change calcium levels is
inconsistent with its ability to stimulate the release of arachidonic acid from phospholipids
by a calcium dependent enzyme. This introduces the possibility that, although
phospholipase A, is a calcium dependent enzyme, it does not neccessarily rely on a flux of

calcium to express activity.

The effect of rH TNF-a on actin polymerisation provides another clue as to the
contribution of calcium. Notably, although the initial calcium-independent phase of
polymerisation is identical between rtH TNF-o and f Met-Leu-Phe, the calcium-dependent
depolymerisation phase is not sustained in rH TNF-o-stimulated neutrophils (see Chapter
6). These data suggest that rtH TNF-a does not change absolute calcium levels, because it

is unable to sustain prolonged actin polymerisation as does f Met-Leu-Phe.

Although rH GM-CSF has been reported negative for its effect on cytosolic calcium,
Berridge and Galione (1988) propose some interesting models for the regulation of cells by
calcium oscillators. They suggest that because cytosolic calcium oscillators act in a
concentration dependent manner, their information might be encoded through changes in
the frequency of calcium oscillations rather than through changes in the absolute level of
calcium. In addition, an inositol trisphosphate-insensitive pool of calcium exists within the
cell, suggesting that calcium release is not necessarily controlled by inositol trisphosphate
alone. Interestingly, rH TNF-oo and rH GM-CSF influence neutrophil functions in a
concentration-dependent manner (Atkinson et al., 1988b; Lopez et al, 1988). The

activation of GTP binding proteins can initiate calcium oscillatory activity. Since the
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effect of TtH TNF-a on degranulation suggests coupling to a GTP binding protein (Figure
8.1), perhaps this cytokine acts through the modulation of calcium oscillations (Figure
8.1). Recently, rtH GM-CSF has been reported to prime neutrophils through the activation
of a GTP binding protein (Corey and Rosoff, 1989). Additionally, the GTP binding
protein that is coupled to the GM-CSF receptor does not activate phospholipase C activity,
but does activate the liberation of arachidonic acid. These models would thus explain the
physiological and biological data pertaining to rH TNF-o and perhaps to rtH GM-CSF. A
change in oscillatory activity through coupling to a GTP binding protein could prime
neutrophils and activate phospholipase Aj, but no change in the absolute calcium levels

could explain the kinetics of actin polymerisation (Figure 8.1).

rH TNF-o induces the cleavage of arachidonic acid from membrane phospholipids.
Arachidonic acid exists predominantly in the alkyl species of phosphatidylcholine (PC) in
neutrophils (Chilton and Murphy, 1986). Putative second messengers generated from this
species of PC include the diacylglycerols (DAG), and the 1-O-alkyl-2-acyl-sn-glycerols
(OAG). OAGs are generated by the activation of a phospholipase C specific for PC
(Daniel, Waite and Wykle, 1986). Similar to rHH TNF-c, they prime the neutrophil
respiratory burst to stimulation with f Met-Leu-Phe, but do not directly induce superoxide
anion production (Bass et al.,, 1989). Also similar to rH TNF-o, they enhance the
conversion of arachidonic acid to LTB4 upon subsequent stimulation with f Met-Leu-Phe
(Bauldry, Wykle and Bass, 1988). Interestingly, this effect was induced by OAG, but not
by DAG which is the lipid that binds to and activates protein kinase C. Since OAG exerts
similar effects to tH TNF-a, it would be interesting to determine whether rtH TNF-o

activates the phosphatidylcholine-specific phospholipase C to generate OAG.
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