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ABSTRACT

Macrophages are cells of the immune system which
have an important role in killing of micro-organisms,
in the presentation of foreign antigen to other immune
cells and in regulation of the immune system. There is
also evidence that some macrophages can effect tumour
cell lysis, whereas other cells from the same lineage
may have nutritive functions.

The control of many of these functions depends on
responses of macrophages to cytokines and to bacterial
products. In this study the principal aim has been to
investigate the effect of one of these cytokines,
Interleukin-4 (IL-4), on a number of the functions of
murine macrophages and to compare this with the
effects of another cytokine, Interferon-y (IFN-Y) and
a bacterial cell wall component, Lipopolysaccharide
(LPS) .

The first part of the work is concerned with a
series of experiments in which Interleukin-4 was
identified as the active principle in a supernatant
from activated T-cells which was able to activate a
tumouricidal function of macrophages.

Changes in macrophage expression of factors which
may be relevant to their cytocidal functions were then
studied. The effectors considered were secreted and

membrane bound forms of Tumour Necrosis Factor (TNF);



the reactive oxygen species (peroxide and superoxide)
and reactive nitrogen intermediates (nitrite and
nitric oxide). Significant changes in expression of
TNF and superoxide were detected after IL-4 treatment
of macrophages, which differed from those produced by
IFN-Y and LPS.

The influence of macrophage activating factors on
the regulatory role of macrophages was investigated by
studying macrophage-derived cytokines and molecules on
the surface of macrophages which are involved in their
communication with other cells. In addition to TNF,
the cytokines assayed were Interleukin-1 (IL-1) and
Interleukin-6 (IL-6). The expression of the leucocyte
integrins CR3 and LFA-1 was also studied as they are
important surface molecules in cell-cell interactions.
Changes were observed in expression of these molecules
after activation by IL-4 which were distinct from
those observed with IFN-yY and LPS.

The possible effect of IL-4 on presentation of
antigen by macrophages was then investigated, by
studying the level of expression of class I and class
II major histocompatibility complex (MHC) molecules.
The changes which were observed indicated that
macrophage activation by IL-4 or IFN-Y increased MHC
expression and that IFN-Y was more potent than IL-4 in
promoting expression of MHC class II.

It was also demonstrated that changes occurred in

the level of expression of immunoglobulin receptors



after activation by IL-4. In particular, expression
of Immunoglobulin E receptors was increased by IL-4,
whereas IFN-Y had no effect. In contrast there was no
effect of IL-4 on expression of IgG receptors, which
was increased by IFN-Y.

The differences which were observed between IL-4
and IFN-y in their effects on macrophages contributed
to the main conclusions of this work. These were that
macrophage activation by IL-4 differed from that by
IFN-Y and that the role of IL-4 in macrophage biology
may not be confined to tumour killing. The data
suggested that IL-4 could also influence responses to
antigens which have been opsonised by IgE antibody,
antigen presentation and macrophage-mediated killing

of micro-organisms.
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CHAPTER ONE

GENERAL INTRODUCTION
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1.1 The Macrophage

The term "macrophage" is used to describe a range
of cells which arise from common progenitors in the
bone marrow of mature animals. They are distinguished
from other haematopoietic cells by cellular enzymatic
activities (esterase and lysozyme), by morphological
features (mononuclear status, granular cytoplasm and
ruffled membrane), and by membrane antigens (receptors
for immunoglobulin and complement) (Dean and Jessup,
1985).

Macrophages were previously described by the term
mononuclear phagocytes, or as phagocytic cells within
the reticulo-endothelial system, but the designation
of macrophage is now commonly used to cover all stages
of development of this cell type. This includes the
stem cells in the bone marrow, monocytes in blood and
mature macrophages such as astrocyte cells in nervous
tissue, Kupffer cells in the liver and osteoclasts in
bone (Forster and Landy, 1981). Altogether monocytic
cells may total as many as 20% of cells in the body
(Van Furth, 1985) and, given their diversity, it is
not surprising that a number of roles for these cells
have been proposed. These include a homeostatic and
nutritive function (Crocker and Gordon, 1985) as well
as the more widely studied functions of scavenging and

microbial or cellular cytotoxicity (Van Furth, 1985).
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Macrophage Development and Ontogeny

In the mature animal monocytic cells develop
continuously in the bone marrow from pluripotential
stem cells and their development 1is controlled by
differentiation factors and the cellular environment.
These progenitor cells divide and differentiate under
the influence of cytokines to form promonocytes which
pass into the bloodstream and mature to the monocyte
stage (Van Furth, 1981).

Monocytes circulate in the blood and occasionally
migrate into the tissues, usually in response to an
immunological stimulus, in a process of extravasation.
The fate of monocytic cells entering tissues and the
processes which control that fate are not well known.
It is thought that the monocyte may differentiate to
give a resident tissue macrophage with a specialised
function (Van Furth, 1985). Alternatively, monocytes
will return to the circulation before or after they
have carried out any immune functions (Duijvestijn and
Hamann, 1989), or undergo programmed cell death. A
scheme of macrophage ontogeny and development is shown
in Figure 1.

Control of the development of monocytic cells in
the bone marrow appears to be complex. The regulatory
mechanisms involved are not known in detail but stem
cell differentiation is both positively and negatively

regulated by adjacent cells and by cytokines (Metcalf,
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1986) . The various Colony Stimulating Factors (CSFs)
Granulocyte Macrophage (GM)-CSF, Macrophage (M)-CSF,
Granulocyte (G)-CSF and Interleukin 3 (IL-3) initiate
and promote macrophage development (Metcalf, 1986),
whilst a Stem Cell Inhibition Factor (SCIF) described
by Graham et al. (1990) inhibits stem cell division
and differentiation. Interactions between developing
cells and the extracellular matrix in the bone marrow
are also important, as cytokines can bind specifically
to the matrix and later influence cellular development

(Nicola and Metcalf, 1986).

FIGURE 1 Macrophage ontogeny and development

BONE MARROW BLOOD TISSUES
IV meeeereee———ee KiigHer s cells
Monocyte : Liver: Ugtler's
Lung  ——————— Macropkazes aiveolar
T Connective tissue . Histiocytes
Promonocyte s
t Bone marrow — Histiocytes
Spleen Macrophages
sctslf;n P {free anc fixed)
) ' Serous
: ————— " Pleural or
! tissue peritonea) macrophage
Macroghacges
Inflammatory 7, gpitneliord cells
reactions ™ Giant celis
GM-CSF IFN-Y Tissue factors
M-CSF Vitamin D

At the promonocyte stage the developing cells
leave the bone marrow and enter the bloodstream where
they continue to develop to the more mature monocyte
stage. A number of natural and synthetic factors can
promote maturation of monocytic cells, but IFN-Y and

vitamin D (1,23 dihydroxy-vitamin D) are thought to be
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particularly important in this stage of development
(Rigby, 1988). IFN-Y enhances development of monocytes
from promonocytes (Perussia, 1983) whilst vitamin D is
involved in control of monocyte activity (Manolagas et
al., 1989) and in monocyte activation and development
(Rigby, 1988). The effect of vitamin D on maturation
of monocytes is mimicked on certain human promonocytic
lines by PMA and DMSO (Rovera et al., 1979). PMA and
DMSO are also active on the immature murine monocytic
line P388D1, but vitamin D is not active (Rigby, 1988)
and it is possible that monocyte populations in mice
have passed the developmental stage where a vitamin D
signal is required.

Extravasation of monocytes from the circulation
occurs under the control of adhesion molecules on the
cell surface (Hemler, 1988). The cells then come under
the influence of cytokines or tissue-specific factors
which can promote further differentiation (Duijvestijn
and Hamann, 1989).

Development of monocytes to the macrophage stage
may be programmed, or automatic, once they leave the
vascular system. Evidence for terminal differentiation
of macrophages 1is provided by the observation that
cells of monocytic origin can develop irreversibly to
give mature resident cells, for example, as Kupffer
cells in liver or astrocytes in nervous tissue (Lepay
et al., 1985; Gordon, 1986). Distinct predetermined

lineages of macrophage differentiation to generate
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these terminally differentiated cells have not been
identified (Walker, 1976; Gordon and Hirsch, 1984).
Mature tissue macrophages, whilst retaining their
mononuclear status and expression of surface antigens
such as F4/80 and receptors for immunoglobulin (Austyn
and Gordon, 1981), are generally considered to be
quiescent. They often show no DNA synthesis and become
refractory to priming by IFN-Y for respiratory burst,
as was shown by Lepay et al. (1985) for Kupffer cells.
Similar data have been found for mature resident cells
in bone marrow stroma (as distinct from the developing
stem cells) by Crocker and Gordon (1985). Crocker and
Gordon suggested that many of these mature macrophages
may be responsible for trophic or nutritive functions
rather than cytotoxicity, but some tissue macrophages
retain capacities such as an ability to phagocytose,
especially when present at sites of repeated stimulus,

such as in the lungs (Johnston, 1988).
Characteristics of Isolated Macrophages

The development and differentiation of macrophage
progenitor cells in the bone marrow and of monocytes
has been characterised by changes in their morphology,
endocytic competence, by changes ih the expression of
biochemical markers, or by their surface expression of
complement and Fc receptors (Dean and Jessup, 1985).
In addition, protein changes which are characteristic

of stages of macrophage activation have been detected
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using two-dimensional electrophoretic analysis (MacKay
and Russell, 1986). These physicochemical differences
allow us to distinguish between various populations of
macrophages. For example, macrophages taken from sites
of inflammation resemble blood monocytes in appearance
rather than resident tissue macrophages, but they are
larger than other monocytes and have increased amounts
of P-galactosidase, alkaline phosphodiesterase, acid
hydrolases and proteases (Grand-Perret et al., 1986).

Antibody markers of stages in the development of
murine macrophages are not available as the monoclonal
antibodies which were first obtained (Springer, 1981;
Hirsch and Gordon, 1983) were not specific to stage of
differentiation. However, useful antibodies have been
described for human mononuclear cells (Andressen et
al., 1986) and antibody markers for murine macrophages

are being developed (Paulnock and Lambert, 1990).

1.2 Macrophage Activation

It has been proposed since the observations of
Elie Metchnikoff in 1905, that cells of the monocyte
or macrophage lineage were associated with ingesting
and killing of microbes and were potentially major
effector cells of the immune system. This hypothesis
was expanded by Mackaness (1970) who coined the term
"activated" to describe the large "angry" macrophages
effecting immunity against facultative and obligate

intracellular parasites. He contrasted the activated
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cells with resident macrophages which had no capacity
for microbe killing. Later, various groups discovered
that activated macrophages were also efficient at
destroying different neoplastic cells (Alexander and
Evans, 1971; Lohmann-Matthes et al., 1972). These data
suggested that macrophages could be activated for an
antitumour function as well as antimicrobial activity
(Hibbs et al., 1977). The term "“activation" has since
been applied to any transition of macrophages from one
state to another (Varesio, 1985).

These original observations have been followed by
the description of a number of crude preparations and
of purified molecules, which activate microbicidal or
tumouricidal functions of macrophages in vitro or in
vivo (Johnson et al., 1984). A plethora of changes in
macrophage capacities which occur within these general
functions were also identified and many are listed in
Table 1 in the context of related functions (Adams and
Hamilton, 1984).

TABLE 1 - Capacities of macrophages which change
after activation

FUNCTION CAPACITY
Cytotoxicity Tumour Necrosis Factor, Reactive
Oxygen Intermediates, Cytotoxins
Phagocytosis Proteases, Transferrin receptor,
Mannose-Fucose receptor, Lysozyme
Inflammation Interferons, Metalloproteinase,

Factor B, Interleukin 1
Antigen presentation MHC Class I, MHC Class II,
Fc receptors
Other capacities 12,378 protein, 22 kD protein,
F4/80 antigen, ACM-1 antigen,
MAX antigen, F7/4 antigen

22



It became apparent that many changes in function
could be attributed to the effect of just two separate
factors (i) responses to LPS, or to other bacterial
material in active preparations, or (ii) responses to
the lymphokine IFN-Y (Meltzer et al., 198la). IFN-Yy
could either be present in a lymphokine preparation or
induced by other molecules such as double-stranded RNA
(Alexander and Evans, 1971). This led some researchers
to propose that IFN-Y was the only lymphokine able to
activate macrophages at a physiological level (Roberts
and Vasil, 1982a), but others maintained that there
were other lymphokines with this activity (Gemsa et
al., 1983).

Evidence gradually emerged to support a model of
macrophage activation by IFN-Y and LPS similar to that
shown in Figure 2. In this model macrophages can be
stimulated to an inflammatory state by non-specific
factors such as BSA or thioglycollate, then primed by
IFN-Y and finally triggered by another factor such as
LPS (Meltzer et al., 198la). This scheme was initially
proposed by Ruco and Meltzer in 1978 and supported by
data showing that macrophages at each stage exhibited
distinct features, including an increased ability to
phagocytose, expression of cytocidal factors and of
cellular cytotoxicity (Adams and Hamilton, 1984; Pace
et al., 1983; Johnson et al., 1983).

The two-step pattern of activation was not always

observed and this was explained in some cases by the
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contamination of samples or media with endotoxin, or
by the possible stimulation of the cells in vivo prior
to the experiment (Schultz, 1986). In addition there
were differences in technique between various groups
of workers and between the assays they used. This
meant that activation detected using one assay system
might correspond to priming in another, but in some
cases observation of a single stage in activation was
probably due to the activity of macrophage activating
factors (MAFs) other than IFN-yY and LPS (Meltzer et

al., 1982).

FIGURE 2 Model of macrophage activation

Resideat Inflammatory Primed Activated
macrophage macrophage macrophage - macrophage
Sterile IFN-Y LPS
stimulus
"lliill' <:::::::> {::::::::::j)—a
Induced Phagocytosis Fc Receptors Cytolysis
functions ROI production

Since 1985 macrophage activating factors other
than IFN-y and LPS have been characterised, including
the lymphokines M-CSF (Mufson et al., 1989), GM-CSF

(Wang et al., 1989) and IL-4 (Crawford et al., 1987).
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Other bacterial products such as muramyl dipeptide
(MDP) and trehalose dimycolate (TDM) which activate
macrophages have also been identified (Grand-Perret et
al., 1986).

Activation by these molecules has been described
using various assays detecting macrophage function in
antibody-mediated killing, antigen presentation and
immune regulation (Thomassen et al., 1989; Munn and
Chung, 1989). These developments have led to the need
to develop a new model of macrophage activation. This
model will take into account cellular development,
since some factors which cause activation also induce
differentiation. In addition, there are molecules such
as TGF-P which can inhibit macrophage activation (Wahl
et al., 1989).

The physiology of macrophage activation is still
not well understood (Adams, 1989), although aspects of
the physiology of resting macrophages were described
by Vaux and Gordon (1985) and Cohn (1986). Changes in
physiology have been observed which may be involved in
induction of some functional capacities (Hamilton and
Adams, 1987). IFN-Y induces an increase in cytosolic
calcium (Gorecka-Tisera et al., 1986) and a calcium
ionophore with phorbol ester can mimic activation by
IFN-Y (Somers et al., 1986), but later stages of the
activation process are complicated by the feedback of

induced molecules on the macrophage.

25



1.3 Macrophage Activation for Tumouricidal Function

Tumour killing by macrophages was first observed
in vitro by Alexander and Evans (1971), when they took
macrophages from mice and treated them with endotoxin
and double-stranded RNA before incubation with tumour
cells. The same effect has since been demonstrated in
a number of similar systems using various sources of
macrophages and a number of different tumour target
cell lines (for review see Adams and Marino, 1983). In
many of these studies bacterial products and IFNs, or
inducers of IFN, such as double-stranded RNA, were
used to generate cytotoxic macrophages (Gordon, 1986).

The observation that activated macrophages killed
tumour cells in vitro led to the idea that mononuclear
cells might be important in host defence to tumours in
vivo (Burnet, 1970; Hibbs et al., 1972). The killing
of tumours by macrophages activated with BCG was then
demonstrated in vivo by Keller and Hess (1974), whilst
experiments demonstrating regression of a tumour in
the presence of macrophages which had been activated
with IFN-Y was later provided by Fernandez-Cruz et al.
(1985). In these studies macrophages were taken from
mice and activated in vitro, then introduced to other
mice together with tumour cells. It was observed that
tumours were slower to develop in the mice to which
activated macrophages had been added. In a separate

study macrophages were implicated when BCG was used to
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elicit resistance to tumour challenge (Hogan et al.,
1989) and analyses of monocytes infiltrating tumours
have demonstrated that they were both activated and
cytotoxic (Murakami et al., 1988).

Tumour killing observed in vitro may, therefore,
be of relevance in vivo. In addition, studies of the
factors involved in tumour cytotoxicity can provide
useful information on other macrophage functions. For
example, it is interesting that macrophages which are
activated for tumour cytotoxicity can effect killing
of micro—organisms, such as JcAistosoma sp.and Lisferia SP-
(Meltzer et al., 1983), and it is possible that the

same cytotoxic molecules are involved.

1.4 Cytocidal Products of Activated Macrophages

Cytocidal products of macrophages are implicated
in killing of tumours and microbes (Carswell et al.,
1975; Nathan, 1983). Molecules produced by macrophages
which have a cytocidal effect include Tumour Necrosis
Factor (TNF), Reactive Oxygen Intermediates (ROI) and
Reactive Nitrogen Intermediates (RNI). Other cytotoxic
products of macrophages are complement, perforins and

arginase (Adams, 1989).

Tumour Necrosis Factor

TNF-0 is the major macrophage product considered
in the context of tumour killing by macrophages. It

was first described as a factor present in serum from
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BCG-treated mice able to mediate necrotizing activity
against tumour cells in vivo and cytotoxicity against
L cells in vitro (Carswell et al., 1975). It was later
discovered that the factor was a protein derived from
macrophages and that its production was induced by LPS
(Mannel et al., 1980).

The TNF protein was purified (Duff and Gifford,
1980) and genes for human and murine TNF molecules
were identified (Pennica et al., 1985; 01ld, 1985).
This protein is now known as TNF-a whilst a related
protein, originally described as lymphotoxin produced
by cytolytic T-cells (Paul and Ruddle, 1988), is
defined as TNF-R. It is now apparent that TNF-0 has
effects in a number of biological systems. It can be
a mediator of immunological processes in responses to
pathogens such as malaria (Playfair et al., 1985) or
a mediator of the pathological response of cachexia
observed in bacteraemia (Beutler and Cerami, 1988).

TNF is active on a range of cells and it causes
biological changes which are distinct from its action
as a cytotoxic factor (Back and Marsh, 1987), but the
overall effect of TNF in vivo or in vitro can be said
to be pro-inflammatory. Examples of the inflammatory
and pleiotropic activity of TNF are its action on
synovial cells and fibroblasts to induce collagenase
and IL-1 (Dayer et al., 1985) and on macrophages in
eliciting several pro-inflammatory proteins, including

MIP-1 (Davatellis et al., 1988). TNF induces various
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functional changes in neutrophils, B-cells, T-cells,
endothelium, hepatic cells and fibroblasts (Beutler
and Cerami, 1989) and it also has activity on hepatic
cells in promoting production of IL-1 and IL-6, with
all three molecules contributing to a "cascade" of
inflammatory effects alongside C-reactive protein,
prostaglandins and other mediators (Polla, 1988).

The mechanism of killing induced by TNF is not
fully understood, but recent discussion has pointed to
several possible factors in the process. The earliest
observation was that L3929 cells treated with TNF show
fragmentation of DNA (Schmid et al., 1987) which was
similar to that described in the apoptosis of cells
after attack by cytotoxic lymphocytes (Russell, 1983).
Apoptosis appears to be part of a suicide mechanism
induced in target cells and this led to a suggestion
that a similar effect is induced by TNF in sensitive
cells.

If target cell death induced by TNF is due to a
suicidal programme, one factor in this process may be
production of free radicals by the target cell due to
lipoxygenase activity (Fiers et al., 1987). Fiers
suggested that TNF induces conversion of arachadonic
acid to prostaglandins and that subsequent production
of oxygen radicals may cause severe toxic effects,
including damage of DNA. Wong et al. (1989) have also
suggested that oxygen radicals, or superoxide ions,

produced by the target cell are involved. They were
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able to produce cells sensitive to TNF from resistant
lines by introducing into the cell antisense mRNA to
Manganous Superoxide Dismutase (MnSOD) which prevented
MnSOD production and reduced superoxide scavenging.
TNF resistance could be conferred on sensitive cells
by inducing expression of MnSOD, but oxygen radicals
may not be the only factor responsible for target cell
killing by TNF and lysosomal enzymes or proteases may
also be involved.

TNF-0¢ was originally described as a secreted
soluble product of activated macrophages and it is the
only cytotoxic protein of this type characterised as
a macrophage product. Other cytotoxic molecules, which
are closely related to TNF-@, are produced by cells
other than macrophages (Back and Marsh, 1987). These
include TNF-B which is produced by cytolytic T-cells
(CTL) and 60% homologous with TNF-0 (Paul and Ruddle,
1988) . There have been reports of another tumouricidal
activity produced by CTL which may be immunologically
related to TNF and which can be secreted or associated
with the cell surface (Young and Liu, 1988). This
molecule appears to be distinct from other TNFs and
the surface-associated form could be removed from the
membrane only by use of detergents (Liu et al., 1989).

It has also been suggested that there may be an
active form of TNF-0 which can remain in association
with the cell membrane (Decker et al., 1987). This

hypothesis was supported by observations of Ichinose
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et al. (1988) that LPS—-activated macrophages express
TNF or a similar molecule on their surface. Decker et
al. found that this phenomenon was transitory if the
LPS stimulus remained, but persisted if the stimulus
was removed. This suggests that surface TNF expression
may be an intermediate stage during TNF secretion but
that longer periods of association can be generated in
some situations. Surface—associated TNF appears to
derive from the same gene product as the secreted form
of TNF-0 and to be related to it, as antibodies to
TNF-0. can be used to detect TNF on the cell surface

(mTNF) in vivo (Husby and Williams, 1989).

Reactive Oxygen Intermediates

Peroxide and superoxide ions are termed reactive
oxygen intermediates (ROI) as they are produced at an
intermediate stage of the reduction of protons in the
electron transfer chain. They are not produced by
resting macrophages, but they can be generated after
appropriate activation during a "burst" of activity in
cellular oxidative metabolism (Nathan, 1982). IFN-Y is
a potent inducer of the capacity for production of
peroxide (Nathan et al., 1983) and superoxide (Rook et
al., 1985).

ROI have, for some time, been proposed as major
mediators of the cytotoxicity developed by activated
macrophages or by neutrophils against micro-organisms

(Nathan, 1983). Enzymes which catalyse a degradation
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of peroxide and superoxide can prevent the killing of
microbes, including cell killing mediated by antibody
(Nathan and Cohn, 1980). ROI have also been proposed
as mediators of tumour cytotoxicity, as tumour cell
killing by macrophages was blocked by using catabolic
enzymes in addition to scavengers of oxygen radicals

(Nathan, 1987).

Reactive Nitrogen Intermediates

The microbiostatic action of sodium nitrite was
described by Tarr in 1941, but investigations of a
potential role in the microbicidal and tumouricidal
activity of macrophages have developed only recently,
following experiments demonstrating that nitrite can
be produced by mammalian cells (Stuehr and Marletta,
1985). It has been suggested that nitric oxide (NO),
produced by the hydrolysis of nitrite, was the active
principle. This followed a description of the toxicity
of nitric oxide in some microbicidal systems (Granger
et al., 1988) and the observation that it is generated
as an intermediate during the oxidative metabolism of
arginine as well by hydrolysis of nitrite (Marletta et
al., 1988). The metabolic path to production of nitric
oxide shown in Figure 3 involves several enzymes, some
of which are induced during activation by cytokines
(Drapier et al., 1988). Consequently, the production
of nitric oxide and nitrite can be regulated.

Nitrite has been implicated in the inhibition of
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tumour cell growth (cytostasis) and in tumour cell
killing by activated macrophages (Hibbs et al., 1988).
The mechanism of these activities of nitric oxide, as
well as its action as an endothelium-derived relaxing
factor, may be mediated through its effect on enzymes
such as aconitase which contain FeS (Drapier et al.,
1987). It has also been suggested that nitrosylated
amino acids such as S—-nitrocysteine act as a carrier
for the active moiety, prolonging its half-life and
assisting delivery to the site of action (Myers et

al., 1990).

FIGURE 3 Oxidative metabolism of l-arginine
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Other Cytotoxic Mechanisms

A number of cytocidal mechanisms other than those
discussed above may also be relevant to macrophages.
It is possible that there are cytotoxins whiqh have
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yet to be characterised (Shimoda et al., 1988), but
three other cytotoxic mechanisms can be highlighted.
These are the production of molecules of the perforin
family, metabolic starvation of tumour cells through
arginine deprivation and mechanisms of apoptosis.

The perforins form a class of molecule related to
the cytocidal complement protein C9 and they have a
cytocidal action through forming pores in cellular
membranes (Young and Liu, 1988). Perforins have been
found as a product of CTL and also of natural killer
(NK) cells, but production by resident or activated
macrophages has not been demonstrated. In NK cells
perforins appear to be produced.constitutively and
they are partly, but not wholly,iresponsible for the
cytocidal function of these cells (Clark, 1988). CTL
only appear to express perforins when driven by IL-2
and converted to an NK-like phenotype. Many tumour
target cells are resistant to attack by NK cells and
they may, therefore, be resistant to perforin-mediated
killing.

Arginase production has been proposed as a
mechanism by which activated macrophages can starve
target cells of arginine and reduce proliferation.
This follows the observation that addition of arginine
to tumour killing systems can result in a decreased
effectiveness of the killing process (Albina et al.,
1989). This idea appears to be in conflict with those

arising from research on RNI (Hibbs et al., 1988), as
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there would be a potential increase in cytotoxicity by
adding arginine to increase RNI production. It is also
clear that reductions in cellular arginine levels can
inhibit RNI production (Marletta et al., 1988). These
two mechanisms may, therefore, be delicately balanced
to allow both to operate at the same time, perhaps by

allowing secretion of arginase to depress external

~arginine whilst arginine levels within the macrophage

remain high.

It has been noted in a number of situations where
cell death occurs that the DNA of the cells fragments
into units of 150-180 base pairs. This phenomenon was
observed in the killing of target cells by CTL and NK
cells (Russell, 1983) and has been termed "apoptosis".
It has been suggested that apoptosis of target cells
induced by the action of CTL is a component in the
control of virus infections (Martz and Howell, 1989).
Apoptosis is also seen in the cell lysis induced by
glucocorticoids (Ucker, 1987), in selection of T-cells
in the thymus (Boyd and Hugo, 1991) and in the death
of B-cells from lymph node or tonsil (Russell, 1983).
In each of these cases no effector cell is present and
it has been suggested that cell death is the result of
a "suicidal" response, involving endogenous nucleases.
Apoptosis has not been described in killing of tumour
cells by macrophages, although it was proposed as part
of the cytotoxic programme induced by TNF (Rubin et

al., 198%¢).
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1.5 Macrophage Activation for Killing of
Micro-organisms

Macrophages can be involved in microbial killing
either through production of cytotoxic factors or by
antibody-dependent mechanisms of cellular cytotoxicity
(ADCC) (Adams and Hamilton, 1984). They can also be
involved in complex interactions with microbes such as
the suppression of immune responses in leishmaniasis
(Askonas, 1985) or in the pathogenesis caused by Human
Immunodeficiency Virus (HIV) or malaria (Grau et al.,
1989, Meltzer et al., 1990).

Microbial cytotoxicity other than ADCC, is a
function of activated macrophages and it is regulated
by several cytokines (Adams and Hamilton, 1984). IFN-Yy
can promote microbial cytotoxicity towards numerous
organisms (Nathan, 1983) and there is evidence that
IL-4 can also influence microbial infections through
an effect on macrophages. IL-4 was, for example, found
to be beneficial in trypanosomiasis (Wirth et al.,
1989) and leishmaniasis (Carter et al., 1989) where
the parasite grows in macrophages, although in another
study IL-4 was deleterious in leishmaniasis (Heinzel
et al., 1989). IL-4 also had an inhibitory effect on
the growth of Listeria (Denis and Gregg, 1990) and HIV
(Novak et al., 1990) in macrophages.

ADCC is also regulated by cytokines, including
GM-CSF (Munn and Cheung, 1989) and IFN-Y (Nathan and

Cohn, 1980) which both promote cytotoxicity. Killing
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of microbes can also be mediated by other opsonins. In
these processes cellular capacities of phagocytosis,
chemotaxis and complement production may be important,
as well as the expression of antibody receptors and

cytocidal factors such as TNF, ROI and RNI.

Phagocytosis and Chemotaxis

Phagocytosis can contribute to microbial killing
and it is characteristic of monocytes and macrophages.
It enables mononuclear cells to ingest bacteria and
parasites, after which there is fusion of phagosomes
with lysosomes and the subsequent action of lysosomal
enzymes (Van Furth, 1985).

Phagocytosis and pinocytosis of smaller particles
are also crucial to the turnover of cellular membrane
and can be referred to as endocytosis. Both processes
involve the formation of coated pits which engulf the
particle or molecule concerned by a zipper mechanism
(Southwick and Stossel, 1983). The vesicle formed is
internalised by an active mechanism involving actin
and meromyosin. This vesicle may fuse with lysosomes
within the cell, or in special cases it may be taken
to another site (for review see Schwartz, 1990).

The process of endocytosis can be selective as
some molecules are preferentially internalised, or
selectively treated inside the cell (Bodmer, 1985).
This selective uptake of material can be mediated by

cellular receptors for molecules characteristic of
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micro—-organisms, such as acetyl-LDL, mannose/fucose
and asialoglycoproteins (Goldstein, 1985) or receptors
for "opsonins". Opsonins, such as immunoglobulin or
complement, bind to an antigen and phagocytosis is
induced by cross-linking. The material taken up is
then degraded or specifically processed within the
cell (Lanzavecchia, 1990).

Receptor regulation is also observed, after the
binding of ligands to receptors. Most stimuli cause
down-regulation of their own receptor, but occasional
up-regulation is observed. Some molecules can cause
selective down-regulation of different receptors even
in the absence of another ligand. The receptor for
TNF, for example, is down-regulated by LPS treatment
of macrophages even though the level of non-specific
endocytosis is inhibited (Ding et al., 1989).

After uptake of material and phagolysosomal
fusion various pathways exist for processing endocytic
vesicles and their components. Some receptors are
degraded after internalisation whilst others recycle
to the surface. Receptors for Interferons, Epidermal
Growth Factor (EGF) and Muramyl Dipeptide (MDP) are
destroyed after internalisation whilst the "scavenger"
receptors for LDL, acetyl-LDL, asialoglycoprotein,
mannose-fucose or P2-macroglobulin protease complexes
are rapidly recycled (Steer and Hanover, 1990).

Chemotaxis, or directed motility, of macrophages

is a result of the action of active components of the
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cytoskeleton on the membrane of the cell and it is
linked with endocytosis of particles, which involves
a similar activity. Another connection is the fact
that some chemotactic compounds also act as ligands
for the selective endocytosis of micro-organisms or
particles. Formyl-methionine peptides (FM-P), for
example, act as chemoattractants and the polyvalent
binding of FM—P to its receptors induces endocytosis
(Schwartz, 1990).

The function of molecules as chemoattractants may
be significant in localisation of macrophages to a
site of infection and inflammation. Evidence for this
theory is provided by the fact that many chemotactic
molecules, such as LPS, are characteristic of bacteria
or they are inflammatory factors, such as CbSa, C3bi
and cytokines, produced during the immune response to
an infection (Snyderman and Pike, 1984).

The development of macrophages may also involve
chemotaxis, as migration of cells from one cellular or
tissue compartment to another can involve directed
motility of cells. In this situation the chemotactic
agents may be cytokines, but there is also a potential
role for adhesive processes in selectively binding or
releasing cells at particular stages of development

(Woodruff et al., 1987).
Complement

The production of complement and recognition of
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complement—-opsonised material are involved in killing
of micro-organisms and both functions are properties
of macrophages (Rother and Till, 1988). The complement
molecules produced by macrophages include Factor I,
Cl, C3 and properdin. Receptors for the complement
components C3b, C3bi, Clg and C5a are also expressed
(Campbell et al., 1988). Macrophages can, therefore,
act to augment microbial cytotoxicity by producing
complement, or binding and ingesting particles coated
with complement. Ingested particles may include cells
or organisms bound by complement-fixing antibody, as
well as those coated directly (Frank and Fries, 1991).

The level of expression of complement molecules
and their receptors has been shown to change after
macrophage activation. Cells taken from inflammatory
sites or stimulated with LPS, for example, have been
shown to have increased complement production (Miyama
et al., 1980), whilst expression of Cl receptor is
upregulated on elicited peritoneal cells compared to
resident cells (Foris et al., 1983).

It is also possible that macrophages are involved
in cytotoxicity mediated by the alternative complement
pathway. This was suggested by experiments showing
that fibronectin aids ingestion by macrophages of
particles which activate the alternative pathway (Czop
et al., 1981). This implied that macrophages express
a receptor for fibronectin, and it has been suggested

that one or a number of receptors may be involved. The
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multifunctional receptor CR3 has a binding domain for
fibronectin in addition to that for the complement
component C3bi (Rosen and Law, 1989). This suggests
that CR3 could be involved in ingestion of antigen
opsonised with complement or fiernectin, as well as

in endothelial interactions (Rosen and Gordon, 1987).
Macrophage Receptors for IgE and IgG

Macrophages possess receptors for a number of
antibody sub-types, including IgG, IgM and IgE, and
expression of these receptors can be modulated by
cytokines. Receptors for Ig mediate uptake of antigen
for processing and presentation by macrophages, or
antibody-dependent cellular cytotoxicity (ADCC) and
induction of antibody receptors can promote either of
these functions (Hogg, 1988).

IgG is a major component of serum immunoglobulin,
a major defence mechanism in responses to infection
and it is particularly important in ADCC (Fanger et
al. 1989). Three classes of macroéhage IgG receptor
have been described, which have distinct IgG binding
characteristics. The murine IgG receptors are FcYR I
which has a high affinity for monomeric IgG,, (10° M),
FcYR II which binds complexed IgG of sub-types 1 and
2b, but is of lower affinity (10° M!) and FcyR III
which preferentially binds to IgG3 (for review see
Unkeless et al., 1988). Expression of FcYR increases

when macrophages are activated by IFN-Y (Guyre et al.,
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1986), but there have been no reports of an effect of
IL-4.

Two types of IgE receptor have been described
a high affinity receptor (FceR I), which is found on
mast cells, (Metzger et al., 1986) and a low affinity
receptor (FceR II), detected on macrophages and also
on B-cells (Conrad, 1990). The low affinity receptor
is also referred to as CD23, using the systematic
nomenclature developed to identify antigens on the
surface of cells of the human immune system (Clark and
Lanier, 1989).

The 1low affinity receptor on macrophages has
recently attracted attention after the observation by
Vercelli et al. (1988) of an increase in the level of
expression of the low affinity receptor for IgE on
human monocytes after IL-4 stimulation. Experiments
have also been conducted demonstrating a role for IL-4
in IgE mediated responses mediated by macrophages in
schistosomiasis (Dessaint et al., 1981).

The FceR II /CD23 molecule differs significantly
in its structure from the high affinity receptor on
mast cells (Kikutani et al., 1986) and this appears to
be reflected in unusual properties- of this molecule.
It is active when it is released from the cell as an
IgE binding factor and as a lymphokine (Gordon et al.,
1989). It is active on B-cells as a differentiation
factor, a migration inhibition factor and also as an

autocrine growth factor (for example in EBV-infected
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human B-cells which all secrete soluble CD23). On the
cell surface CD23 has been found in association with
MHC Class II (Bonnefoy et al., 1988). It stimulates
T-cell responses to antigen presented by B-cells and
it can augment the mixed lymphocyte reaction (Conrad,
1990) . These unusual properties of CD23 imply that its
role in macrophage biology is not confined to acting
as a receptor for IgE. It is possible that CD23 and
IL-4 are 1involved 1in B-cell development, antigen
presentation and inflammation, as well as promoting

IgE-mediated responses.

The Role of Macrophages in Leishmaniasis

Leishmania 1s a genus of parasites within the
protozoa, related to the trypanosomes. The parasites
are transmitted to mammals by sandflies via saliva in
a promastigote form which develops to the virulent
amastigote on entry into the bloodstream. The various
strains of the parasite exhibit differing pathologies,
growing in visceral or cutaneous sites (Alexander and
Russell, 1985). Certain features are shared by both
types of the parasite, including the ability to bind
to macrophages (Blackwell et al., 1985). The parasite
can then develop and multiply within the cytoplasm of
macrophages (Blackwell and Alexander, 1983), but
macrophages are also the main cell involved in killing
the parasite (Russell and Talamas-Rohana, 1989).

Resistance to the parasite is partly genetically
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determined and a single gene lsh has been found to be
critical to successful resolution of the disease. The
gene has not yet been cloned and sequenced, although
it is situated near the MHC region of the genome. In
addition, the fact that macrophages are important in
this disease suggests that their response may differ

in lsh+ and lsh- mice (Bradley et al., 1979).

Cytokines have also been identified as important
in the immune response to infection with Leishmania,
especially IL-4 and IFN-Y (Muller et al., 1989). These
two lymphokines, or antibodies to them, have profound
effects on infection, which are often opposite. IL-4
usually acts to exacerbate the disease, whilst IFN-Y
aids resolution (Heinzel et al., 1989). However, in
certain experiments a beneficial effect of IL-4 was
observed, dependent on its mode of delivery (Carter et
al., 1989). The severity and outcome of the disease is
also determined by the dominant type of helper T-cell,
which in turn is influenced by the type of cell used
to present parasite antigens. If antigen is presented
by macrophages then Thl cells, which express IFN-Y,
are generated with subsequent resolution of disease.
Presentation of antigen by B-cells results in Th2
cells, expressing IL-4, and an increase in parasitism
(Chang et al., 1990).

Various cytotoxic mechanisms have been suggested
as potential mediators of 1leishmanicidal activity.

Resolution of infection may involve the generation of
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