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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);
3

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-y 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
4

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

15

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

is 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,
17

1986) . The various Colony Stimulating Factors
Granulocyte Macrophage

(GM)-CSF, Macrophage

(CSFs)

(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
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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
18

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., 197 9) . 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 is 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,
lineages

1986). Distinct predetermined

of macrophage differentiation to generate
19

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 in 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
20

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
21

cells with resident macrophages which had no capacity
for microbe killing. Later, various groups discovered
that

activated macrophages

were

also

destroying different neoplastic cells

efficient

at

(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., 1981a). IFN-y
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., 1981a). 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
23

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-y and LPS

(Meltzer et

al., 1982).
FIGURE 2

Model of macrophage activation
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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).
24

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,
immune regulation

antigen presentation and

(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
j
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

and Lt,sfe-r-f<x sp,

(Meltzer et al., 1983), and it is possible that the
same cytotoxic molecules are involved.
1.4

Cvtocidal 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-a 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; Old,

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-ft. It is now apparent that TNF-a 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 L929 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. (198 9) 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-a 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-a, are produced by cells
other than macrophages (Back and Marsh, 1987). These
include TNF-(3 which is produced by cytolytic T-cells
(CTL) and 60% homologous with TNF-a (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-a 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-a and to be related to it, as antibodies to
TNF-a 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 Marietta,
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 (Marietta 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 1-arginine

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 which 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, i responsible for the
'i

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 (Marietta 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
al., 1986) .
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(Rubin et

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 (Grauet 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-y
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
1989)

and leishmaniasis

(Wirth et al.,

(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,

selectively treated inside the cell

(Bodmer,

or

1985) .

This selective uptake of material can be mediated by
cellular

receptors

for molecules
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characteristic

of

micro-organisms,

such as acetyl-LDL,

mannose/fucose

and asialoglycoproteins (Goldstein, 1985) or receptors
for "opsonins". Opsonins,
complement,

such as immunoglobulin or

bind to an antigen and phagocytosis

induced by cross-linking.

is

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.
example,

Formyl-methionine

peptides

(FM-P),

for

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 C5a, 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, Clq 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.
that

This was suggested by experiments

fibronectin

aids

showing

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,

198 9). This suggests

that CR3 could be involved in ingestion of antigen
opsonised with complement or fibronectin, 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,
antibody-dependent cellular cytotoxicity

(ADCC)

or
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 macrophage 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 IgG2a (109 M-1),
FcyR II which binds complexed IgG of sub-types 1 and
2b, but is of lower affinity

(105 M"1) 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

low 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

involved

in

B-cell

presentation and inflammation,

development,

antigen

as well as promoting

IgE-mediated responses.
The Role of Macrophages in Leishmaniasis

Leishmania is 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 leishmanicidal

activity.

Resolution of infection may involve the generation of
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ROI or RNI, which act as toxic factors (Liew et al.,
1990). TNF also has some effect on parasite infection
although its role is not well defined and it may act
indirectly (Muller et al., 1989). The role of ADCC in
leishmaniasis is also unclear, as development of the
parasite within macrophages can prevent antibody from
binding (Russell and Talamas-Rohana, 1989). Microbial
interactions with the complement pathways are complex
as Complement Receptor 3 may be the molecule through
which the microbe binds to macrophages prior to entry
and establishment as an intracellular parasite, but it
is not clear whether the parasites are opsonised by
C3bi (Blackwell et al., 1985).
1.6

Cell to Cell Interactions of Macrophages
Cells interact through cytokines and by specific

binding between molecules on the cell surface. Both
these mechanisms are important in macrophage biology,
as macrophages express a number of surface molecules
which are considered to be important in communication
and they secrete several cytokines, including IL-1 and
IL-6.
Adhesion (Integrins)

Cellular adhesion, through interactions of cells
with each other and with the substratum, is an area of
biology in which there is much current interest and it
is thought by some to be essential in development of
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cytotoxicity (Somers et al., 1983). There are numerous
cell surface molecules which can mediate adhesion, but
recent attention has focussed on the role of leucocyte
integrins (Moller, 1990).
The integrin group of molecules is an extensive
set of membrane-associated glycoproteins expressed on
a variety of cells, including endothelium, macrophages
and T-cells (for review see Springer, 1990) . They are
characterised by homologous sequences which include
motifs corresponding to possible fibronectin binding
sites and sites which bind to the amino acid sequence
Arginine-Glycine-Aspartate (RGD). The group comprises
three large sub-groups, or families, including the VLA
proteins, vitronectin receptors and receptors found on
leucocytes. The range of binding activities shown by
these molecules indicates that they are involved in
binding to other cells and also to the substratum, as
various

integrins,

particularly members

of the VLA

family, can bind to collagen, laminin or fibronectin,
as well as cell surface markers (Hemler, 1988) .
Each integrin is a heterodimer of two separate
polypeptide chains, alpha and beta, which form a group
of related molecules,

with 20-50% homology between

like pairs of chain. The 5-chain has a molecular mass
of about 95 kD and it is more highly conserved, with
members of each sub-group using the same 5-chain. The
a-chains have molecular masses of 150-170 kD and are
all different from each other, thus distinguishing the
46

various

receptors.

It has been proposed that each

a-chain binds and responds to a different ligand (or
ligands)

and that

cellular

responses

are

effected

through the ft-chain (Springer, 1990).
The principal

integrin molecules

expressed

on

macrophages are members of the leucocyte family which
contains the Leucocyte Functional Antigen-1

(LFA-1),

the type 3 Complement Receptor (CR3) and the pl50/95
molecule (Anderson and Springer, 1987). The LFA-1 and
pl50/95 receptors are also found on lymphocytes and
all three appear to bind to ligands on the surface of
leucocytes and endothelium, in addition to other cells
(Springer, 1990). They were identified as critical in
the extravasation of leucocytes through experiments in
which antibody to each factor was used to prevent the
extravasation of lymphocytes

(Pohlmann et al. ,198 6;

Haskard et al. 1987; TeVelde et al. 1987).
The importance of leucocyte integrins in immune
responses is shown by the observation that defective
expression of the (3-chain of this family in Leucocyte
Adhesion Deficient

(LAD)

individuals

results in an

inefficient response to bacterial infections (Anderson
and Springer, 1987). It has also been suggested that
leucocyte integrins are involved in tumour killing, as
a monoclonal antibody to LFA-1 was used to inhibit
tumour cytotoxicity by CTL

(Sanchez-Madrid et al.,

1983) . Integrins of other families are also expressed
by monocytes but their biological role is less well
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defined than that of the leucocyte integrins.
Some ligands for the leucocyte integrin family
are now known and our understanding of the biology of
the molecules is progressing using that knowledge.
However,

ligands for the pl50,95 molecule have not

been identified, nor was antibody available to study
its expression. It has been linked most closely with
myeloid cells where, in common with CR3, it could be
involved with adhesion, or with ligands which become
insolubilised during complement or clotting cascades
(Springer, 1990) .
The most well characterised integrin is the LFA-1
molecule which is the receptor for the intercellular
adhesion molecules ICAM-1 and ICAM-2. Both ICAM-1 and
ICAM-2 are expressed on endothelium and T-cells. This
suggests that LFA-1 has a biological role in complex
interactions between macrophages and T-cells during
antigen presentation, as well as the binding processes
of cytolytic T-cells (Figdor et al., 1990).
The CR3 molecule is the member of the leucocyte
integrin family which is most closely associated with
macrophages. It has several known ligands, including
the C3bi complement component, as well as fibronectin
and the amino acid sequence RGD (Rosen and Law, 1988) .
CR3 can, therefore, act as an opsonin receptor through
binding of C3bi and direct killing or ingestion of
micro-organisms. CR3 can also mediate extravasation,
by binding to endothelium or to substratum through RGD
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sequences or via fibronectin. This was demonstrated by
use of an antibody against CR3 to block myelomonocyte
recruitment at inflammatory sites in addition to the
binding of macrophages to plastic, although it did not
block binding of other specific ligands such as C3bi
(Rosen and Gordon, 1987).
Interleukin 1 and Interleukin 6

Apart from direct cell-cell contact and adhesion,
the principal cross-talk between cells of the immune
system is through cytokines and two major cytokines
produced by macrophages are Interleukin 1 (IL-1) and
Interleukin 6 (IL-6).
Two different IL-1 molecules

(IL-la and IL-1B)

have been described which derive from two different
genes and they are 60-70% homologous (Lomedico et al.,
1984). IL-1 a and -p can be produced by a surprising
diversity of cells including monocytes, macrophages,
B-cells, NK cells, astrocytes, helper T-cells, smooth
muscle cells and microglia. Both IL-1 a and -p are
major immunological mediators and have a number of
effects on various cell types

(Di Giovine and Duff,

1990) . Many of these effects were described some years
ago and some of the early names for IL-1 reflect its
pleiotropic nature. It has been described at various
times as "endogenous pyrogen", "osteoclast activating
factor", "catabolin",

"mononuclear cell factor", and

"haemopoietin-l" but molecular cloning of two forms of
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human IL-1 (March et al., 1985) and of a murine cDNA
for IL-1 (Lomedico et al., 1984) brought acceptance of
the concept that all these functions could be carried
out by these two molecules. Further characterisation
of these molecules will be greatly aided by the use of
monoclonal antibodies to murine IL-1 a, described by
Fuhlbrigge et al. (1988), but it is already clear that
the biological activities of IL-1 a -B are different /
and that the factors controlling their expression also
differ.
IL-la is a pro-inflammatory cytokine which causes
fever and other characteristics of inflammation when
administered in vitro or in vivo. It is induced by TNF
and its biological activities overlap and synergise
with those of TNF in vitro and in vivo
1987).

(Dinarello,

The pro-inflammatory effect of IL-1 appears

from in vitro studies to be a result of activation of
the immune system. This is evident in the activity of
IL-1 on T-cells, inducing them to proliferate through
the production of IL-2, and its action on macrophages
to enhance prostaglandin (PGE2) production or causing
chemotaxis. The effects of IL-1 on non-immune cells,
which vary from induction of acute phase proteins from
hepatocytes

to production of metalloproteases

from

fibroblasts and chondrocytes in joint tissues,

also

reflect its inflammatory role (for references see Di
Giovine and Duff, 1990) .
Many of the activities of IL-1 which may cause
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inflammation

are effects

of macrophage

activation.

They include stimulation of the inflammatory cascade
(pyrogenic) and induction of the catabolic processes
of bone resorption and re-modelling of cartilage seen
in arthritis (Ziff, 1989). The cytocidal activity of
IL-1 on A375 melanoma cells observed by Onozaki et al.
(1985) should also be mentioned, but many tumour cells
are not sensitive to IL-1 as a cytotoxic factor.
Alternative forms of IL-1 have been described,
which are associated with the membrane of mononuclear
cells

(Chensue et al., 1989). The experiments which

demonstrate the existence of membrane-associated IL-1
(mIL-1) were similar to those for mTNF. Macrophages
which had been fixed after activation could stimulate
T-cells which were responsive to IL-1 (Weaver et al.,
1989)

and retained a cytocidal activity towards A375

melanoma cells, which were sensitive to IL-1 (Ichinose
et al., 1988). It has been suggested that mIL-1 has a
distinct biological role as a determinant of T-cell
responses during presentation of antigen to T-cells by
macrophages (Weaver and Unanue, 1990) .
IL-1 production is induced by TNF, but there is
also a synergy between the activities of IL-1 and TNF
on target cells. This synergy is well documented in
vitro and in vivo

(Di Giovine and Duff,

1990) , but

particular attention has been focussed on the activity
of these molecules in inflammatory conditions (Beutler
and Cerami,

1989;

Ziff,

1989). For example,
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in one

study it was demonstrated that vascular endothelium
responded to IL-1 and TNF and that they contributed
synergistically to reductions in leucocyte count and
hypotension
processes,

(Dinarello,

1987) . Other

inflammatory

such as the local Schwartzmann reaction,

exhaustion and destruction of insulin-producing cells
in the pancreas, adhesion of leucocytes to endothelium
and the production of platelet activating factor (PAF)
are also enhanced synergistically by IL-1 and TNF (Di
Giovine and Duff, 1990). This synergy may, therefore,
be particularly relevant in cachexia and in cytotoxic
activities of each molecule.
IL-6 is also considered to be a pro-inflammatory
lymphokine and its deregulated production has been
observed in several chronic inflammatory diseases and
lymphoid malignancies

(Kishimoto and Hirano,

1988) .

There is also an association between IL-6 and acute
phase responses in inflammation, since IL-6 levels in
serum consistently correlate with levels of C-reactive
protein (CRP) and fever in patients with severe burns
(IL-6 increases precede those of CRP). However, after
the initial inflammatory response induced by TNF, IL-1
and IL-6

(acute phase response) heat shock proteins

induced by IL-6 may act to reduce inflammation (Polla,
1988) and to prevent cellular injury (Kaufman, 1990).
In certain circumstances, therefore,

IL-6 appears to

initiate a reduction of inflammation and isolate the
inflammatory process in localised areas.
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IL-6 is found in large quantities in normal serum
and it has multiple actions on numerous cell types,
some of which overlap with IL-1

(for review see Van

Snick, 1990) . It can act in synergy with both IL-1 and
TNF (Wong and Clark, 1988). Some of the activities of
IL-6 are to promote proliferation of active B-cells,
to induce Ig production in such cells and to promote
proliferation of some hybridomas or lymphomas on which
it acts as an autocrine factor. IL-6 stimulates the
expression of IL-2 receptors on T-cells and induces
hepatocytes to produce "heat shock proteins"

(Polla,

1988). IL-6 has also been found to have an antiviral
effect similar to interferons and it was referred to
in some papers as IFN-U2 (Revel et al., 1987), but the
specific activity of the molecule as an interferon was
very low, leading to the conclusion that the antiviral
activity is not relevant in vivo.
IL-6 may act to inhibit the differentiation of
monocytes, as it has been shown to inhibit the growth
and development of promonocytic cell

lines treated

with maturation factors (Miyaura et al. 1988), but it
also enhanced phagocytosis and expression of FcyR,
which are both characteristics of mature macrophages
(Ikebuchi, et al., 1987). It synergised with IL-1 in
development of FcyR and it acted synergistically with
IL-3

in supporting proliferation

stem cells in culture

of multipotential

(Ikebuchi et al., 1987). This

suggests that the biological role of IL-6 may differ
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according to the cellular environment at a specific
site, as is suggested for many cytokines.
Production of IL-6 has been generated in culture
of monocytes and in culture of T-cells in the presence
of monocytes or PMA. Fibroblasts can also produce IL-6
after stimulation with TNF (Kohase et al., 1986) . This
indicates that it may be produced by various cells in
a number of inflammatory conditions. This hypothesis
was supported by the detection of several different
transcriptional enhancer sequences in the 5' regions
of mouse and human IL-6 genes

(c-fos serum response

element and consensus sequences for CAMP, AP-1 binding
and glucocorticoid receptor response), as it suggests
that IL-6 can be induced by a number of inflammatory
molecules (Kishimoto and Hirano, 1988).
1.7

Anticren Presentation by Macrophages
The recognition of an antigen as foreign and the

development of an appropriate response is the central
function of the immune system. The process is still
incompletely understood. However, it is now generally
accepted that the basis of discrimination and response
involves the interplay of cells, cytokines and other
components of the immune system including antibodies,
the molecular assemblies within the MHC, receptors on
immune cells and a range of adhesion molecules (Chain
et al., 1987).
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Major histocompatibility complex

MHC molecules are divided into two classes : MHC
Class I which is present on all cells and designated
by HLA-A,B,C in humans, H-Z K.or£> in mice; and MHC Class
II (HLA-D in humans, M l in mice) which is expressed on
the surface of a limited number of cell types of which
monocytes and macrophages are a major group. Both MHC
molecules are crucial to the role of macrophages as
antigen presenting cells, since antigen is presented
to T-cell receptor complexes only in the context of
MHC molecules : in the context of Class I molecules to
cytolytic T-cells (CD8+ T-cells in the human system)
and in the context of Class II to helper T-cells (CD4 +
T-cells). Each class of MHC and the related molecules
were reviewed by Stroynowski (1990) and by Benoist and
Mathis (1990) .
Regulation of T-cell responses to antigen can be
effected by changes in expression of MHC molecules. It
has been noted by Oliveira and Mitchison (198&) that
rejection or tolerance of antigen can be influenced by
particular Class II genes. They analysed the immune
responses to several antigens and observed that in a
significant number of cases tolerance to the antigen
was related to presentation by MHC Class II molecules
(I-E in mice, DP in man), whereas antigen rejection
was associated with presentation by MHC Class II (I-A
in mice, DR in man) . It is interesting that the nature
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of an immune response to infection can also be related
to the type of lymphokine produced by helper T-cells
i.e. whether the T-cells involved are of subtype Th2,
producing IL-4, or Thl, producing IFN-y
al.,

1986). Furthermore,

(Heinzel et

it has been proposed that

inflammation is the result of rejection of antigens by
T-cells stimulated in a positive feedback mechanism
involving IFN-y, which is a product of Thl cells, in
conjunction with TNF and MHC class II (Ziff, 1989).
Changes in the expression of MHC after lymphokine
treatment of macrophages have often been observed. The
effect of IFN-y in increasing expression of MHC Class
II is well documented

(Unanue,

1981)

and a similar

effect has been observed for bone marrow macrophages
treated with IL-4 (Zlotnik et al. 1987) . This suggests
that these cytokines can promote expression of MHC
molecules, but the available data do not suggest that
different MHC molecules are induced by IL-4 and IFN-y
or that this stimulates opposite immune responses.
Molecules which interact with MHC Class II can
also be regulated and modulation of interaction with
these molecules can affect immune responses. This was
shown in experiments using antibody specific to the
CD4 complex to change the response to an antigen from
rejection to tolerance

(Waldman,

1989). This result

may be related to the immunosuppressive effect of HIV
as the virus binds to T-cells through the CD4 complex.

56

1.8

Immunobiology of Macrophage Activating Factors
Several

been

cytokines

described

as

and bacterial

macrophage

products

activating

have

factors

(Balkwill and Burke, 1989). IFNs and CSFs are active
in promoting various macrophage functions, including
antibody-mediated cytotoxicity (Mufson et al., 1989;
Thomassen et al., 1989). Bacterial cell components,
such as trehalose dimycolate (TDM), can also regulate
macrophage

functions

(Grand-Perret

et

al.,

1986).

However, IFN-y and LPS are considered to be the most
important regulators of cytotoxic function and IL-4 is
the only other cytokine reported to induce tumour cell
killing in the absence of antibody, or other opsonins
(Crawford et al., 1987).
Interferon-y

IFN-y is an activator of the immune system which
is predominantly produced by lymphocytes and also by
macrophages. It has growth inhibitory activity against
some tumour cells and diverse effects on normal cells
including antiviral activity (Burke and Morris, 1983;
Pestka et al., 1987). IFN-y was originally identified
and purified by virtue of its antiviral activity and
the genes for human and murine interferons have been
cloned (Gray et al., 1982).
The role of IFN-y in activation of macrophages is
clearly important. IFN-y can induce microbicidal and
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tumouricidal activity in vitro and in vivo (Davis et
al., 1988/

Fernandez-Cruz et al.,

1985).

Cytocidal

molecules such as TNF, ROI and RNI contribute to this
cytotoxicity and IFN-y can induce all three molecules,
especially if used in combination with LPS (Celada et
al., 1989/

Ding et al.,

1988).

IFN-y also induces

expression of Fc receptors (Guyre et al., 1983), MHC
Class I (Wong et al., 1983) and MHC Class II (Kelley
et al., 1984). These factors may also contribute to
the killing of micro-organisms by macrophages and to
the inflammatory role of IFN-y in which it appears to
act in synergy with TNF (Biliau, 1988) . IFN-y is also
active on other types of immune cell, particularly on
T-cells, NK cells and B-cells. In these actions IFN-y
often acts antagonistically to IL-4

(Ransom et al.,

1987/ Pene et al., 1988), suggesting that these two
cytokines have distinct roles in the immune system.
Lipopolysaccharide

LPS is a bacterial product which has a number of
different effects on macrophages and for which there
may be a range of cellular receptors
1990/ Couturier et al., 1991).

(Lei et al.,

In particular,

it is

effective as a trigger of macrophage activation after
priming of cells with IFN-y (Pace and Russell, 1981),
but LPS is also active on macrophages if administered
alone (Lasfargues et al., 1986). A predominant action
of LPS on macrophages is to induce TNF production and
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it contributes greatly to the endotoxic shock syndrome
seen in subjects with bacteraemia (Zuckerman et al.,
1989).
The effects of LPS on macrophages appear to be
mediated by binding to a specific receptor, but the
identity of that receptor is obscure and there may be
cooperation between several factors (Hogan and Vogel,
1988) . In many studies of macrophage activation LPS
was a problematic compound because of its presence,
whether detected or not, in tissue culture media, in
sera and on glassware. This problem can be addressed
satisfactorily by use of low endotoxin serum, through
regular testing of solutions and by the treatment of
glassware at 200°C or with 0.1 M potassium hydroxide to
ensure that endotoxin was eliminated. Polymixin B can
also be used to block LPS, but there are doubts about
its ability to neutralise all LPS species.
Interleukin 4

The dominant perception of IL-4 has been as a
lymphokine produced by activated T-cells and active on
B-cells in promoting cell growth and differentiation,
immunoglobulin production and changes in the class of
antibody produced. This activity of IL-4 was reviewed
by Paul and Ohara (1987) whose work in this area led
to the purification of IL-4, which was then known as
BSF-1

(Ohara et

al.,

1987).

They

also

isolated

a

monoclonal antibody to murine IL-4 which neutralised
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the activity of the molecule

(Ohara and Paul,

1985)

and characterised IL-4 as a glycosylated protein with
a

core

molecular

mass

of

15

kD

and

an

apparent

molecular mass of 20 kD when naturally glycosylated.
They

determined the

specific

activity

of

IL-4

in

assays of B-cell proliferation as 6 x 107 Units/mg,
activating B-cells through co-stimulation with IL-4
and anti-IgM.
The activity of IL-4 on other cell types was
later

reported

and

the

availability

of

purified

recombinant IL-4, following cloning of the genes for
murine and human IL-4 (Lee et al., 1986; Arai et al.,
1988) has helped to confirm many of these activities.
The activity of IL-4 on T-cells has frequently been
demonstrated (Hu-Li et al., 1987), but it is evident
that IL-4 also acts on mast cells
1986), macrophages

(Noma et al.,

haematopoietic cells

(Mosmann et al.,

1989) and on other

(Peschel et al.,

1987).

Later

experiments with recombinant IL-4 led to cloning and
characterization of the IL-4 receptor (Mosley et al.,
1989), which is present on many cell types (Ohara and
Paul, 1987; Lowenthal et al., 1988).
A number of actions of IL-4

(BSF-1) on B-cells

have been described since its first description as a
factor which, in combination with antibody to surface
immunoglobulin,

stimulated resting B-cells to enter

into cell division. IL-4 is now also known to increase
expression of class II MHC molecules and to promote
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production of IgE and IgG4 by human B-cells (IgE and
IgGl in mice). It induces an increase in expression of
the low affinity IgE receptor

(CD23)

(Hudak et al.,

1987), whilst the expression of the CD5 molecule was
reported to be down-regulated (Defrance et al., 1989).
IL-4 promotes IgA production by murine B-cells if used
in conjunction with IL-5 (Murray et al., 1987).
The actions of IL-4 on other cells of the immune
system can be said to result in co-operation with its
action on B-cells, particularly in inducing expression
of IgE. The effects described,

for example,

in the

induction of IgE receptors on monocytes (Vercelli et
al., 1988) appear to co-operate with the induction of
IgE production by B-cells, but the effect of IL-4 on
macrophages to induce expression of MHC class II may
be unrelated (Crawford et al., 1987).
On mast cells IL-4 acts as a growth factor and
this effect may also relate to IgE-mediated immune
responses (Mosmann et al., 1986). Mast cells express
high affinity IgE receptors and they are observed to
degranulate,

releasing

histamine,

when

antigen

is

bound by IgE and linked to these receptors.
On T-cells IL-4 can also act as a growth factor
similar to IL-2,

replacing IL-2 for growth of some

IL-2-dependent cell lines such as HT-2 or CTLL cells,
an effect which is not IL-2 dependent. It will act as
a growth factor for the cell line DIO in the presence
of IL-1 and a co-stimulant (Kupper et al., 1987), or
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for normal T-cells co-stimulated with PMA as well as
promoting autocrine growth of helper T-cells after
antigenic stimulation (Fernandez-Botran et al., 1986).
It has been suggested by Paul and Ohara

(1987)

that this action on T-cells is related to the effect
of IL-4 on B-cells. They proposed that IL-4 may have
a biological role promoting interactions within the
micro-environment created by cognate T-cell - B-cell
interactions. This followed experiments by DuBois et
al. (1987) showing that IL-4 and a cloned T-cell line
could co-operate to stimulate B-cells. This effect may
be mediated in part through increased MHC Class II
expression on B-cells and the autocrine function of
IL-4 on antigen-stimulated T-cells
et al.,

1986). This phenomenon was also observed by

Sanders et al.
of

(Fernandez-Botran

(1987) as an enhancement in formation

conjugates between

antigen specific B-cells and

T-cells and by Busemeier and Snow (1988) in looking at
B-cell responsiveness. However, Asano et al. (1988)
also looked at activation of B-cells in the presence
of IL-4 and T-cells and suggested that IL-4 in such
micro-environments may be inhibitory.
An interesting finding in the biology of IL-4 has
been that many of the activities of IL-4 on B-cells
and T-cells are inhibited by IFN-y (Pene et al., 1988
and Ransom et al., 1987). In addition, antagonism has
been observed between IFN-y and IL-4 in their activity
on proliferation of bone marrow cells
62

(Gajewski et

al., 1988^ and it may also exist between IL-4 and IL-2
in some circumstances (Karray et al., 1988). This has
led to the theory that IFN-y and IL-4 are functional
antagonists within the immune system. This suggestion
was supported by data on mice infected with Leishmania
major, where IFN-y enhanced survival, whereas IL-4 had
a deleterious effect (Heinzel et al., 1989). [This has
been the result of many similar experiments (Muller et
al., 1989), although in one case IL-4 had a protective
effect (Carter et al., 1989)].
The observation of antagonism between IL-4 and
IFN-y supports the theory proposed by Mosmann et al.
(1986) that helper T-cells can be separated into two
functional groups on the basis of their lymphokine
production. They identified two types of murine helper
T-cell clone : Thl cells which produced IL-2,

IFN-y

and IL-3 and Th2 cells which produced IL-4 and IL-5.
These functional groups were also described in human
helper T-cell clones (Romagnani, 1991). Consequently,
the functional antagonism between IL-4 and IFN-y may
be an important feature of their immunobiology.
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CHAPTER TWO

MATERIALS AND METHODS
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2.1

MATERIALS

General laboratory equipment

Items

of

general

laboratory

equipment

were

obtained from various suppliers, notably Nunc, Falcon,
Costar and Sterilin for tissue culture plastics and
Jencons and Scientific Supplies for other products.
Microbiological culture

Microbiological culture media (proteose-peptone,
agar and thioglycollate) were supplied by DIFCO.
Mice

Balb/c, C3H/HeJ, C3H/HeN, C57/B16 and DBA/2 mice
were supplied by Charles River and BIO strains were
obtained from PHLS, Colindale.
Cell culture media and supplements

Cell culture media were supplied by Gibco. All
cells were grown in a high glucose
DMEM, ref. 041-01780,
PBS,

pyruvate,

formulation of

containing 2 g/1 bicarbonate.

glutamine, gentamycin,

hypoxanthine

and thymidine were also supplied by Gibco. Foetal calf
serum was supplied by Hyclone, USA, as they provided
high quality serum which was rigorously tested for low
levels of endotoxin (less than 50 pg/ml).
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Cell lines

All
receipt

cell
and

lines were tested for mycoplasma
at

three-monthly

intervals

at

on

PHLS,

Porton. Only mycoplasma-negative lines were used.
Most cell lines were obtained from the European
Collection of Animal Cell Cultures or the American
Type Culture Collection including :
Cell line

Characteristics

ATCC Ref.

Murine macrophage cell lines
(Balb/c) Abelson leukaemia virus
transformed macrophage
(Balb/c) Myelomonocyte
WEHI-3
WEHI 2 65.1 (Balb/c) Abelson virus transformed
RAW 309
(Balb/c) Abelson virus transformed
WR 19 Ml
(Balb/c) Abelson virus transformed
(DBA/2) Methylcholanthrene induced
P 388 D1
(Balb/c) Naturally occurring tumour
J 774 Al
(Balb/c) Spontaneous lymphoma
PU5 1.8
RAW 264.7

TIB
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TIB 68
TIB 204
TIB 69
TIB 70
TIB 63
TIB 67
TIB 61

Lines used as target cells in
cytotoxicity assays
P815
L1210
L929
J558
C57L/J.We
3T3 A31
C3H/10T1

(DBA/2)
(Balb/c)
(Balb/c)
(Balb/c)
(C57/B16)
(Balb/c)
(C3H/HeN)

Mastocytoma
Fibroblast
Fibroblast-like
Plasmacytoma
Normal embryo fibroblast
Embryo fibroblast
Embryo fibroblast

TIB
64
CCL 219
CCL
1
TIB
6
CRL 6336
CCL 163
CCL 226

Cells used for production
or assay of cytokines
HT-2
CTLL-2
EL-4 (1.6)

IL-2/IIi-4 dependent T-cell clone
IL-2 dependent T-cell clone
Thymoma clone producing IL-2
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TIB 160
TIB 214
TIB 181

The antibody producing cell lines obtained from
ATCC were :
Cell line
MKD6
10-3-6.2
14-4-4S
16-1-2
34-1-2
M17 4.2
11B11
IGEL a2
IGEL b4

Antibody
Isotype
Mouse IgG2a
Mouse IgG2a
Mouse IgG2a
Mouse IgG2a
Mouse IgG2a
Rat IgGl
Rat IgGl
Mouse IgE (a)
Mouse IgE (b)

Antigen
I-Ad
I-Ak
I-E
H-2k
H-2d
LFA-1 (murine)
IL-4 (murine)
TNP
TNP

ATCC Ref.
HB
TIB
HB
HB
HB
TIB
HB
TIB
TIB

3
92
32
14
79
217
188
141
142

Other antibody producing lines used were :
5C6
HI.5
H22
TN-3.19.12

Rat IgGl anti-CR3,

from Dr. H. Rosen
(Oxford).
Hamster IgG anti-murine IFN-y,
Hamster IgG anti-murine IFN-y and
Hamster IgG anti-murine TNF, all from
Prof. R. Schreiber (St. Louis, USA).

Three cell lines were supplied by Dr. M. Meltzer
(Walter Reed Army Institute, Washington, USA) through
Meloy Laboratories (Washington, USA) :
EL-4 MM1
TU-5
CT-6

Murine thymoma clone
C57/B16 fibrosarcoma cell line
IL-2 dependent T-cell line

and

Other cell lines used were :
WEHI 164 cl. 13
7TD1
B9
EL-4 6.1
CHO 211A

TNF-sensitive line from Dr. J.
Nissen-Meyer (Trondheim, Norway)
IL-6 dependent cell line, from Dr.
J. Van Snick (Brussels, Belgium)
IL-6 dependent cell line, from Dr.
L. Aarden (Amsterdam, Netherlands)
Thymoma clone supplied by Dr. C.
Elson (Bristol) and
Transfected cell line from Dr. A.
Morris (Univ. of Warwick)

Other biologicals

Semliki Forest Virus (SFV) used in assays for IFN
was obtained from Dr. A. Morris, Univ. of Warwick.
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Organic and inorganic chemicals

Most chemicals were supplied by BDH, including :
Acetic acid, Acetone, Acrylamide, Agarose, Ammonium
acetate,
Ammonium
persulphate,
Bis-acrylamide,
Bromophenol, Butanol, Chloroform, Dimethyl sulphoxide,
Ethylene-diamine tetra-acetate (sodium salt) , Ethanol,
Ethylene glycol, Formamide, Formaldehyde, Isoamyl
alcohol, Isopropanol, Lithium chloride, Magnesium
chloride, Methanol, Mercaptoethanol, Paraformaldehyde,
Phenol, Phosphoric acid, Sodium acetate, Sodium azide,
Sodium citrate,
Sodium dodecyl sulphate,
Sodium
glycinate, Sodium nitrite, Sucrose, Sulphuric acid,
N,N,N',N'-tetramethyl-ethylenediamine and Trichloro
acetic acid. BDH also supplied the common sodium and
potassium such as phosphate, bicarbonate and chloride.
Other chemicals, supplied by Sigma, were :
Actinomycin D, A 1410/ Agarose, A 9539; Amino acids :Arginine, A 3784/ Asparagine, A 4284/ Glycine, G 6388;
Antibiotics
Ampicillin, A9393; Streptomycin, S 6501
Tetracycline, T 3258/ Bovine serum albumin, A 9543;
Cetrimide, H 5882/ Crystal violet, C 6158/ Cytochrome
c, C 7752/ Diethyl pyrocarbonate, D 5758/ Dimethylthiazol diphenyl-tetrazolium bromide, M 2128/ Dithiothreitol, D 0632; Fluorescein isothiocyanate, F 7250/
Lipopolysaccharide, L 2630/ Methyl mannoside, M 6882/
Morpholino-propanesulphonic acid, M 1254/ Naphthyleneethylenediamine dihydrochloride, N 9125; N-hydroxysuccinimidobiotin, H 1759/ Nitroblue tetrazolium,
N 6876/ Nonidet P 40, N 3156/ Phenol Red, P 4758;
Phorbol myristate acetate, P 8139/ Purpurogallin,
P 7380; Polyvinyl pyrrolidone 360, P 5288/ Scopoletin,
S 2500/ Spermidine, S 0266/ Sulphanilamide, S 9251;
Triton X-100; Trizma base, T 1503/ and Xylene cyanol,
X 0377.
DNA (Salmon Sperm) D 7656 and RNA (Yeast) R 6750
were also from Sigma. Caesium chloride, guanidinium
chloride and guanidinium thiocyanate were supplied by
Fluka. PEG 6000 was supplied by Koch-Light. Pyrogen
free water was obtained from Boots and scintillation
fluid from Packard.
Two chemicals were obtained from Novabiochem,
namely GN-monomethyl 1-arginine (MMA) and the calcium
ionophore A23187. An RNAse inhibitor was supplied by
Promega Biotech.
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Immunochemicals, including cytokines

(a) Antibodies
The monoclonal antibody F4/80 was supplied by Dr.
S. Gordon (Oxford). Other monoclonal antibodies were
prepared by purification from the supernatant of each
hybridoma cell line (see p.95).
Polyclonal antibodies, including peroxidase and
FITC conjugates of F(ab)'2 from rabbit antibodies to
mouse IgG, rat IgG and hamster IgG were obtained from
Jackson Immunochemicals.
(b) Cytokines
Cytokines were usually obtained
taken after growth and induction of
lines (see p. 75). The recombinant
were used principally as standards to
for each cytokine.
IL-1
IL-2
IL-4
IL-6

from supernatant
appropriate cell
(Rec.) materials
calibrate assays

Rec.
Rec.
Rec.
from

from Genzyme, or from P388 D1 cells
from Sandoz, or from induction of EL-4 1.6
from Genzyme, or by induction of EL-4 MM-1
Dr. J. Van Snick (Brussels, Belgium) or
macrophage supernatant
TNF
Rec. from Genzyme, or from macrophage induction
IFN-y Rec. from Genentech, or from cell line CHO 211A
M-CSF Rec. from Genzyme, or from cell line L929
Chromatography

Media for column chromatography were supplied by
Pharmacia. The glassware was from Amicon-Wright and
monitoring equipment from Pharmacia.
Enzymes

Horseradish

peroxidase,

Catalase,

Superoxide

dismutase, Lysozyme and Esterase (in a staining kit)
were from Sigma. Enzymes for molecular biology

(Eco

Rl, DNAse, T4 kinase and SP6 polymerase) were obtained
from Amersham, Boehringer and NEN.
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Radiochemicals and related materials

All

radiochemicals

International,

were

including

tritiated thymidine

supplied

m Indium

by

oxine

Amersham
(IN

15P) ,

(TRK 120) and tritiated uridine

(TRK 178) . The 32P compounds used were y-labelled ATP
and

a-labelled

GTP.

Nylon

filters

(Hybond)

were

obtained from Amersham and nitrocellulose from BRL.
Paper products were from 3M or Kimberley-Clark.
autoradiography

film

was

from

Fuji,

whilst

The

other

photographic products were from Kodak and Saran Wrap
by Dow.
Probes for molecular biology

An SP6 vector or riboprobe containing part of the
actin sequence was provided by Dr. A. Cox, Celltech.
Oligo-nucleotide probes were made by J. Turner,

at

Celltech, from the cDNA sequences which were available
for murine TNF (Pennica et al., 1985) and murine IL-1
(Lomedico et al., 1984).
TNF sequence was
age aca gaa age atg ate ege gac gtg
gaa ctg gca gaa gag gca etc ccc caa aag atg ggg
ggc ttc cag aac tcc agg
OLIGO was therefore
cct gga gtt ctg gaa gcc ccc cat
ctt ttg ggg gag tgc etc ttc tgc cag ttc cac gtc
geg gat cat get ttc tgt get
IL-1 sequence was gcc aaa gtt cct gac ttg ttt gaa gac
eta aag aac tgt tac agt gaa aac gaa gac tac agt
tct gcc att gac cat etc tct
OLIGO

aga gag atg gtc aat ggc aga act gta gtc ttc gtt
ttc act gta aca gtt ctt tag gtc ttc aaa caa gtc
agg aac ttt ggc
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2.2 METHODS
2.2.1 Cell culture
Cell culture includes isolation, characterisation
and growth of primary cells (macrophages), as well as
techniques used in culture of continuous cell lines.
Culture of Continuous Cell Lines

The culture medium used was a modified version of
Dulbecco's Modified Eagles Medium

(DMEM), which had

higher glucose and bicarbonate levels than a standard
commercial preparation. Prior to use, this medium was
supplemented with 1 mM glutamine and foetal calf serum
(FCS) . Gentamycin was added at 5 |ig/ml if freshly
isolated cells were in use. Antibiotics were not used
in routine cell culture, but were used in assays and
in purification

procedures. FCS was used at 5% during

routine growth and passage of most

cell lines and at

10% for the CHO 211A cell line, or if the cell density
of any line was low.
Some cell lines had specific characteristics and
required additional supplements. These were :
Cell Lines
CT-6, CTLL-2
HT-2
B9
7TD1

Supplements
IL-2 (50 Units/ml),1 mM pyruvate
IL-4 (50 Units/ml),1 mM pyruvate
IL-6 (100-200 Units/ml)
0.24 mM asparagine, 0.55 mM arginine,
0.1 mM hypoxanthine, 16 JIM thymidine,
50 \m 2-ME and IL-6 (300 Units/ml)
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Non-adherent cells were maintained at densities
between 3 x 104 and 106 cells per ml, except for the
growth factor-dependent lines (CTLL-2, CT-6, 7TD1 and
B9), which were cultured at densities between 104 and
105 cells per ml. Adherent cell lines were passaged by
trypsinisation when the cell layers were confluent.
Preparation and Culture of Macrophages

a) Peritoneal macrophages
Macrophages were usually obtained from mice by
peritoneal lavage three days after intra-peritoneal
(i.p.) injection of 2 ml of 3% w/v proteose peptone in
phosphate buffered saline.

Occasionally macrophages

were taken from uninjected mice or from mice 4 days
after they had been injected i.p. with 1 ml of 2% w/v
brewers' thioglycollate.
Mice were killed by cervical dislocation. DMEM
with 2% FCS was injected into the peritoneum of the
animal through a large gauge (19G) needle and lavage
medium was removed using the same syringe and needle.
The cells were counted using a haemocytometer and the
macrophage

content

was

estimated

by

morphological

characteristics.
Cells in the peritoneal lavage were spun down and
resuspended at 106 macrophages per ml in DMEM with 10%
FCS and gentamycin. 100 |Xl of the suspension was added
to each of the 60 central wells of 96-well microtitre
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plates. Alternatively, 3 ml was added to each well of
a 6-well plate, or 10 ml to each 10 cm diameter petri
dish.
After 2 hours incubation at 37°C the non-adherent
cells were removed by washing the cell layer with DMEM
containing 2% FCS. The remaining fluid was aspirated
and replaced with 100 |ll of DMEM /10% FCS per well, or
3 ml of medium in each well of a 6-well plate, or 10
ml of medium in a petri dish.
b) Bone marrow macrophages
Femurs were obtained from mice by dissection and
the ends cut off with small scissors. The marrow was
flushed out using 1ml of DMEM with 2% FCS from a 5ml
syringe introduced into the marrow through a 26 gauge
needle. The fluid was collected in a centrifuge tube
and the cells were washed by successive centrifugation
and resuspension in growth medium.
The bone marrow cells were put in T-25 flasks at
3 x 105 per ml in 5 ml DMEM with 10% FCS and an equal
volume of supernatant from L929 cells. The cells were
incubated for 4 days and were rinsed occasionally to
remove non-adherent cells between days 3 and 4. The
adherent cell population could be used immediately or
kept in culture for a further 3-4 days before use.
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c) Spleen macrophages

Isolated spleens were pressed through

sterile

nylon gauze. The macerated tissue was resuspended in
DMEM by passing the cells in medium through a large
gauge (16G) needle. The cells were then pelleted by
centrifugation and resuspended at 5 x 106 cells per ml.
The spleen cells were enriched for macrophages by
Percoll gradient separation. Six discontinuous layers
were

used,

at

0%,

30%,

40%,

50%,

60%,

70%

and

100%

Percoll. By starting with 1 ml of the most dense layer
(100%)
layer

and carefully adding 1 ml of each

subsequent

(70, 60, etc.) the gradient was built up in a 15

ml centrifuge tube. One millilitre of the spleen cell
suspension
tube

was

was

added to

centrifuged

form the

for

top

17 minutes

layer
at

150

and the
G

in

a

swing out rotor.
The cells separated into bands at each interface,
with mononuclear cells in the top two bands. The cells
in these

bands

were

taken

up

by

careful

aspiration

using a pasteur pipette. Excess Percoll was removed by
two rounds of centrifugation and resuspension of the
cells in fresh medium. An additional adherence step,
as described for peritoneal macrophages, could be used
to give a population of cells with a higher macrophage
content,

if necessary.
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Staining for Macrophages

Two techniques were used to assess the macrophage
content of cell preparations. These were : staining
for non-specific esterase on the macrophage surface
and indirect immunofluorescence with a rat monoclonal
antibody

(F4/80) which is specific for macrophages.

Cells were prepared for esterase staining by adherence
in microtitre plates or on glass slides. Fluorescent
staining required deposition of cells on glass slides
using a cytospin technique.
Esterase staining was performed using a staining
kit developed from the method described by Yam et al.
(1971) . This relied on the activity of the esterase on
naphthyl acetate. The cell population on a slide was
fixed by adding citrate-acetone-formaldehyde (CAF) at
room temperature for 30 seconds. The fixed cells were
washed in deionized water before immersing the slide
in a green solution prepared using the staining kit.
The slides were incubated at 37°C for 15 minutes in the
dark with stain, before washing again extensively with
deionized water. Haematoxylin solution was added to
counterstain for 2 minutes, before washing the slide
with tap water and drying in air. A black granulation
at the cell surface indicated cells of the macrophage
lineage.
Fluorescent staining was performed by adding rat
monoclonal antibody

(F4/80 or 5C6) against a murine
75

macrophage antigen at 50 p.g/ml in PBS with 0.1% azide
to cells on a glass slide, incubating for 30 mins. at
4°C and washing with PBS. Fluoresceinated antibody to
rat IgG was added for 15 mins. at 4°C and the slide was
washed again. The percentage of cells which had been
stained with the fluorescent reagent was then assessed
under UV microscopy.
Production of Biological Mediators

Some of the preparations of cytokines used were
from commercial sources, but others were obtained by
expression of recombinant DNA in CHO cells,

or by

growth and induction of an appropriate cell line.
IL-1 was prepared by growing the macrophage cell
line P388 D1 to 50% confluence,

then replacing the

medium with serum free DMEM and growing the cells for
a further three days before harvesting the medium.
This conditioned medium contained 200-500 units IL-1
per ml.
IL-4 was prepared by induction of the cell line
EL-4 MM-1 with PMA. This cell line was first grown to
106 cells per ml. The cells were then centrifuged down
and resuspended at 106 per ml in fresh DMEM /5% FCS
with PMA at 20 ng/ml. After 48 hours incubation at 37°C
supernatant was harvested. The average IL-4 titre was
500 units per ml, as measured using the IL-4 dependent
cell line HT-2.
IL-6 was prepared from supernatant obtained by
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culturing adherent peritoneal cells for three days in
DMEM /5% FCS. The conditioned medium harvested as a
supernatant was assayed using the cell line 7TD1 and
contained about 500 units of IL-6 per ml.
TNF was derived from an induction of RAW 264.7
cells with LPS or IFN-y/LPS. Cells were grown to 50%
confluence before washing and addition of 1 jlg/ml LPS
in serum free medium. Conditioned medium was obtained
24 hours later and contained approximately 400 units
of TNF per ml.
IFN-y was expressed constitutively by the cell
line CHO 211A (Morris and Ward, 1987). The cells were
grown to confluence and the culture medium was then
replaced with fresh DMEM /5% FCS. Conditioned medium
was harvested two days later and filtered. On assay
for

antiviral

activity the

medium

contained

about

2,500 units IFN-y per ml.
M-CSF was obtained from culture supernatant of
the macrophage cell line WEHI-3. The cells were grown
to confluence and the culture medium replaced with
serum free medium. After two days conditioned medium
was harvested and filtered to remove cell debris.
2.2.2 Assays for biological mediators
Various specific assays were developed or used,
which included assays for LPS, for interleukins IL-1,
IL-2, IL-4, IL-6, TNF and interferons.
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Limulus Amoebocyte Lysate (LAL) Assay for LPS

Pyrogen-free equipment and water provided with
the test kit was used throughout this assay. Dilutions
of a sample were made in water and 0.1 ml was added to
0.1 ml of reconstituted LAL reagent in tubes 75 mm in
length and 10 mm in diameter. The tubes were incubated
static at 37°C for 60 minutes. A positive test result
was indicated by a gel clot in the tube which remained
at the bottom of the tube when it was inverted.
The assay was typically sensitive to 0.01 ng of
LPS per ml and by titrating samples against a standard
the LPS titre of a sample could be estimated. However,
in normal operation of the assay it was only necessary
to obtain a positive or negative result. This assay is
sensitive to inhibition by high protein concentrations
and it was necessary to ensure that inhibitors were
not affecting the results. LPS was added to separate
preparations of each of the samples and these samples
were assayed to demonstrate that the test sample was
not giving a false negative result.
Interleukin-1 Assay

The assay used was similar to that described by
Simon et al. (1985). It was based on a variant of the
EL-4 thymoma cell line (EL-4 6.1) which produced IL-2
in response to IL-1 in the presence of PMA or the
calcium ionophore A23187

(Lowenthal et al.,
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1986).

IL-2 was then measured as in the protocol of Gillis et
al. (1985) using the IL-2 dependent T-cell line CT-6.
In the first stage of the assay 100 (il of sample
was added to microtitre plate wells with 105 EL-4 6.1
cells and 100 |ll of medium with 2 x 10-7 M A23187
(calimycin) . After 24 hours 150 |J.l samples were taken
from each well and frozen at -20°C.
In the second stage of the assay supernatants
from the EL-4 6.1 cells were tested in an assay for
IL-2 (see below). The level of IL-2 in each of these
supernatants was dependent on the level of IL-1 in the
original test sample. The IL-2 assay therefore gave an
indication of the IL-1 titre of the original sample
and IL-1 titres could be measured as the reciprocal of
the dilution of a sample of IL-1 which gave 50% of the
maximum proliferation of the IL-2 dependent cell line
(see p. 84).
Interleukin-2 Assay

Samples were added to 104 extensively washed CT-6
cells in each half-area microtitre plate well. After
48 hours incubation at 37°C the microtitre plates were
centrifuged and the medium removed. 100 |il of medium
containing no phenol red or serum and 1 mg/ml MTT was
added and the plates were incubated at 37°C for 3 hrs
before the plates were centrifuged again. The medium
was removed and replaced with 100 |ll isopropanol to
solubilise the dye. The optical density of each well
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was read at 520 nm using a microtitre plate reader
(Dynatech)

as a measure of viable cell number.

One

unit of IL-2 was the concentration which gave 50% of
maximum proliferation (see p. 84).
Interleukin-4 Assay

IL-4 could be specifically detected using the
cell lines HT-2 or CTLL-2 and the antibody 11B11, as
described by Ho et al.

(1987). Both these cell lines

proliferate in response to IL-4 and proliferation can
be inhibited with 11B11.
CTLL-2 cells were grown to a density of 5 x 104
cells per ml. They were washed extensively with DMEM
and resuspended at 3 x 104 cells per ml. Plates were
set up in duplicate, with 11B11 added to one set of
plates at 10 fig/ml. Supernatant to be tested was added
at appropriate dilutions.
Cell number and viability was measured after 48
hours using MTT, as described for the IL-2 assay. The
amount of proliferation due specifically to IL-4 could
be determined by comparing the titre of the sample in
each assay determined by the same method as that used
in assays of IL-1 or IL-2 (see p. 84).
Interleukin-6 Assay

The assay for IL-6 was based on the proliferation
of an IL-6-dependent cell line. 7TD1 or B9 cells are
IL-6-dependent hybridomas and can be used for assay of
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mouse or human IL-6 (Van Snick et al., 1986; Helle et
al., 1988) in similar types of assay to those for IL-2
or IL-4.
Prior to assay the cells were washed thoroughly
with medium without IL-6 and resuspended in culture
medium at 2 x 105 cells per ml. One hundred microlitres
of the cell suspension was then added to each well of
a microtitre plate with 100 |il of sample. The plate
was incubated for 3-4 at 37°C days before evaluating
the surviving cells using the MTT method described in
the assay for IL-2. One unit of IL-6 per ml was the
concentration which gave 50% of maximum proliferation
(see p. 84).
Tumour Necrosis Factor Assay

The

assay used to detect

TNF was

a bioassay

relying on the cytotoxic activity against either of
two cell lines, L929 and WEHI-164 clone 13, in the
presence

of

Actinomycin

D

(AMD).

Commercial

and

natural preparations of TNF were used as standards.
The L929 assay is the one most commonly used, however,
a selected clone of the cell line WEHI-164 was also
used as it can be over 50 times more sensitive than
L929 if it is used when freshly thawed from storage in
liquid nitrogen (Espevik and Nissen-Meyer, 1986).
The antibody TN3.19.12,
al.

isolated by Sheehan et

(1989), is an effective neutralising antibody to

TNF. It was used to show that any effect detected in
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the TNF and tumour cytotoxicity bioassays was due to
TNF. It was also used to neutralise any activity of
fixed macrophages due to membrane-associated TNF.
Appropriate dilutions of samples were incubated
overnight with 3 x 104 L929 or WEHI 164 cl.13 cells in
DMEM containing 2% FCS and 1 (lg/ml AMD. The medium was
then aspirated and the cells were fixed by adding 0.1
ml of methanol for 5 mins. The cells were stained by
removing the methanol, washing and adding 100 \ll of a
1% solution of crystal violet in 70% ethanol for 5
minutes. The plates were washed under a running tap
and dried. The remaining dye was solubilised by adding
100 |Ltl of isopropanol or 30% acetic acid to each well
and the plate was read at 520 nm in a microtitre plate
reader.
The titre

of each sample was determined as the

reciprocal of the dilution giving 50% of the maximal
optical density

(see p. 84) .

Interferon Assays

IFNs were assayed by a method relying on the
inhibition of Semliki Forest Virus (SFV) replication
in L929 cells. Virus replication was detected by the
amount of tritiated uridine incorporated into cells
infected with virus and inhibition of replication by
interferons was shown by a reduction in the level of
this incorporation

(Atherton and Burke,

1975).

The

particular interferon present in a sample could be
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established using appropriate neutralising antibody.
L929 cells were grown to confluence in sterile
glass vials (5 cm long x 1 cm diameter) . The medium in
each vial was aspirated and replaced with 0.1 ml of
DMEM /2% FCS. The sample was then diluted in 0.1 ml of
the same medium as appropriate and added to duplicate
vials. Ten control vials were set up to which 0.2 ml
of medium only was added.
The vials were incubated at 37°C overnight before
addition of 0.1 ml of DMEM /2% FCS containing 3 Jig/ml
AMD and 105 colony forming units of SFV to all except
five control vials, which received medium containing
AMD only. Two hours later a further 0.1 ml of medium,
containing 1 p.g/ml AMD and 0.1 |iCi of 3H-uridine was
added to each vial. The vials were then incubated for
a further two hours.
The medium above the cell layer was aspirated and
the cells were washed twice with cold TCA and once
with 1 ml of ethanol. Traces of fluid were aspirated
and the vials were dried before addition of 2 ml of
scintillation fluid.

The vials were then processed

through a scintillation counter.

The control vials

without virus indicated the minimum amount of virus
growth and those with virus
amount of virus proliferation.

indicated the maximum
The titre of IFN in

each sample was determined as the reciprocal of the
dilution which corresponded to 50% of the maximum
growth of virus,

(see p. 84).
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Calculation of Activity of Biological Mediators

Standard methods were used to determine specific
increases in activity caused by dilutions of a sample,
the titre of a sample and its cytokine concentration.
These are illustrated in Figure 4, which refers to the
proliferation of a factor-dependent cell line, but the
same principles were applied to evaluate the titre of
a sample in cytotoxicity assays, or interferon assays.
FIGURE 4 Calculation of titre of biological mediators
A sample and standard were diluted in buffer and
added to responsive cells. After 48 hours incubation
MTT was added for three hours. The cells were washed
and isopropanol was added to solubilise the blue dye.
Viable cell number was proportional to the amount of
colour developed.
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Maximum proliferation of cells in this experiment
gave an optical density reading of 1.1 units and the
background level of proliferation was 0.1 units. The
percentage specific increase in optical density for
any dilution of a sample can be calculated from :
% specific increase = 100 x (Value - background)
(Maximum - background)

The optical density reading for 50% of maximal
proliferation is 0.6. A horizontal straight line is,
therefore, drawn across the figure at this reading.
The dilutions of sample and standard corresponding to
this

optical

density

are estimated

by

dropping

a

perpendicular from the point of intersection between
this line and each curve on the graph. The cytokine
dilution which would give 50% proliferation is then
read off the x-axis.

In this assay the dilution of

standard which would give 50% proliferation was 0.06
and the dilution of sample was 0.004. We can calculate
from this that the sample contains 15 x more cytokine
than the standard.
As a general principle, the concentration of any
cytokine which gives 50% of the maximum proliferation
(or release of label, or cell death, etc.) is said to
be one unit per ml. The reciprocal of the dilution of
a sample which corresponds to 50% proliferation is,
therefore, the number of units per ml in the original
sample. Accordingly, the titre of the standard in this
assay was 16.67 units (U) per ml and the titre of the
sample was 250 U/ml.
From previous calibrations of the standard in the
assay we have determined that its mean titre in this
assay is 10 units per ml. This allows us to say that
the standardised titre of the sample is 150 reference
units (RU) per ml.
If the standard has also been calibrated against
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an international reference standard, and had a titre
of 20 international reference units (IRU) per ml the
corresponding titre of the sample would be 300 IRU/ml.
International standards for murine cytokines are not
available,

consequently preparations of recombinant

cytokines were treated as provisional standards. These
materials were used to calibrate the working standards
and their specific activity was also used to calculate
the amount of cytokine in each sample.
2.2.3 Assays of specific biological functions
A number of assays were established in vitro for
biological capacities of macrophages. These included
assays for their ability to kill tumour cells, as well
as assays of their capacity to produce the cytotoxic
molecules superoxide and nitric oxide.
Assays for Macrophage-Mediated Tumour Killing

A number of assay formats were established, using
macrophages from the C3H/HeN strain of mice and two
tumour target cell lines, TU-5 and P815. C3H/HeN mice
were initially chosen so that comparisons could be
made, if necessary, with the strain C3H/HeJ which is
unresponsive to LPS.
(a) Assay for tumouricidal activity using P815 cells
Macrophages were obtained and plated out at 105
per well in microtitre plates as described at p. 72.
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They were then incubated overnight with samples of an
activating factor diluted as appropriate in 200 |ll of
DMEM /10% FCS. Each dilution of sample was tested in
triplicate.
After 20 hours,

104 3H-thymidine-labelled P815

cells were added in a further 50 |ll of medium and the
plate incubated for a further 24 hours. A 50 jxl sample
of each supernatant was then removed and transferred
to scintillation vials. Two millilitres of aqueousmiscible scintillation fluid (Packard) was added and
the vial counted in a scintillation counter (Packard).
A reference sample against which to measure release of
label was obtained using 50 \ll of labelled cells,
which were lysed by adding 200 |ll of distilled water
and 1% SDS. The titre of a sample was calculated as
the reciprocal of the dilution which gave 50% of the
maximum increase in specific cytotoxicity (see p.84).
(b) Assay for tumouricidal activity using TU-5 cells
In this assay 10s macrophages were incubated in
each well of a microtitre plate with 104 TU-5 cells
labelled with 3H-thymidine and dilutions of sample in
200 |il of medium. Each dilution of sample was tested
in triplicate.

50 |ll of supernatant was taken from

each well after 48 hours for scintillation counting.
The titre of a sample was determined as the dilution
which gave 50% of the maximum (cell-mediated) release
of label (see p.84).
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(c)

Tritium labelling of target cells
3 x 106 rapidly growing tumour target cells were

incubated overnight

in T-75 flasks with 20 }iCi of

3H-thymidine and 10 ml of DMEM /5% FCS. The cells were
washed with fresh medium and incubated for 4 hours in
medium without 3H-thymidine. The cells were washed
again before trypsinising and resuspending at 2 x 105
cells per ml for addition to assays.
(d)

Indium labelling of target cells
107 target cells were incubated for 15 minutes in

1 ml of medium containing 50 |lCi of U1lndium [oxine] .
The cells were washed three times by centrifugation
and resuspension in fresh medium before resuspension
at 4 x 105 per ml ready for use. Release of indium from
cells was detected using a gamma-counter (LKB).
Assays for Reactive Oxygen Intermediate Production

Assays for ROI rely on detecting superoxide or
peroxide produced after incubation of macrophages with
cytokine for three days, followed by brief stimulation
with PMA or zymosan to initiate release of the active
ions or radicals. Phenol red or scopoletin are often
used to detect peroxide, whereas nitroblue tetrazolium
(NBT) or cytochrome c are used to detect superoxide
(De La Harpe and Nathan,

1985) . Both superoxide and

peroxide in macrophage supernatants can be neutralised
88

by addition of enzymes specific for catabolism of each
molecule,

superoxide dismutase

(SOD)

for superoxide

and catalase (CAT) for peroxide.
The assay described by Rook et al. (1985)

for

detecting superoxide with NBT was used. Macrophages
were plated out in microtitre plates at 105 per well.
Dilutions of each activating factor were added and the
plates were incubated for three days at

37°C.

The

medium was removed and replaced with medium containing
1 mg/ml NBT and free of any phenol red. PMA was then
added at 1 |ig/ml to trigger the macrophages and the
plates were incubated for 30 minutes at 37°C. Medium
was removed and the cells fixed using 70% methanol.
The dye was solubilised by adding 120 |il 2 M KOH and
180 [Ll DMSO and the plate could then be read at 630 nm
on a microtitre plate reader. The amount of superoxide
evolved was then determined using a standard of NBT
dissolved in KOH and DMSO. A protocol using cytochrome
c to detect production of superoxide was similar, but
1 mg/ml cytochrome c was added in place of NBT.
Assays for peroxide using phenol red required the
addition of 1 nanomole of phenol red, with HRPO at 1
unit per well and 1 |ig/ml PMA for 3 hours during the
final induction step. The optical density reading of
the

phenol

red

solution

indicated

the

amount

of

peroxide produced, determined relative to a standard
of hydrogen peroxide.
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Assay for Nitrite Production

Oxidative metabolism of arginine,

resulting in

nitric oxide and ultimately in nitrite formation, was
measured by detecting secreted nitrite with the Griess
reagent (Stuehr and Nathan, 1989). This metabolism can
be blocked with an inhibitor GN-monomethyl arginine
(MMA)

which interferes with the first

step in the

anabolic pathway and prevents nitrite production (Ding
et al., 1988).
Griess reagent was prepared by making a solution
of 0.1% napthylene-ethylenediamine dihydrochloride and
1% sulphanilamide in 5% phosphoric acid.
Dilutions of samples were prepared and added to
macrophages in microtitre plates.

50 |ll samples of

supernatant were removed after 48 hours and added to
50 |il of griess reagent in microtitre plates.

The

reagent plate was then read at 543 nm, or 630 nm using
a microtitre plate reader. Dilutions of sodium nitrite
were used as a standard to calibrate the readings.
2.2.4 Immunochemistrv and immunoassays
Immunochemical techniques were used to detect and
characterise several factors where suitable antibodies
were available. Commercial reagents were usually used
as supplied, whilst antibodies from cell lines were
purified as described in section 2.2.5.
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Preparation of Reagents

Purified antibody preparations were biotinylated
so that bound antibody could be detected using avidin
conjugates, or fluoresceinated for immunofluorescence.
(a) Biotinylation
Purified antibody at 1 mg/ml was dialysed against
0.1 M sodium bicarbonate pH

8.3.

A tenfold molar

excess of N-hydroxy-succinimidobiotin
DMSO)

(dissolved in

was added and the mixture incubated for four

hours at 20°C. Excess glycine (1/10 vol 0.1 M solution)
was added to block any further reaction. Antibody was
separated from free biotin using a PD10 column, which
had been equilibrated with PBS to give a concomitant
buffer exchange.
(b) FITC labelling of antibody and F(ab)'2 fragments
Antibody was diluted to 1 mg/ml and dialysis was
carried out to change the buffer composition to 50 mM
sodium bicarbonate pH 9.6. FITC was dissolved in DMSO
at 1 mg/ml then 12.5 |LLl of FITC solution was added per
mg of protein. This mixture was incubated overnight at
4°C before separating fluoresceinated antibody from
free FITC using a PD10 column equilibrated with PBS.
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Enzyme-linked Immunoassays

Enzyme

linked

assays

were

established

using

antibodies or cells bound to microtitre plates as a
solid phase.
(a) Two-site immunoassays
In all two-site assays the same basic protocol
was used. The purified capture antibody was bound to
microtitre plates by adding to each well 100 |ll of an
antibody solution at 10 Jig/ml in sodium bicarbonate
buffer pH 9.0. After overnight incubation at 4°C the
plate was "blocked" by replacing the antibody solution
with a solution of 2% BSA in PBS pH 7.2 and incubating
for four hours at 4°C.
Antigen standards or samples diluted in PBS were
added to wells of the prepared plate, in duplicate or
triplicate for each dilution tested. The whole plate
was incubated for two hours at room temperature. The
sample was removed and each well was washed out twice
with PBS before adding the biotinylated antibody at 2
Hg/ml in PBS. The plate was incubated for 30 minutes
at room temperature before aspirating the antibody
solution and washing thoroughly with PBS.
Avidin-peroxidase

(Jackson Immunochemicals)

was

prepared by diluting the commercial reagent 1/1000 in
PBS and 50 \Ll was added to each well. After 30 minutes
the plate was washed to remove excess enzyme and 100
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Hi of the substrate was added. The substrate used was
TMB at 1 mg/ml in citrate buffer pH 6.5, with 0.1%
hydrogen

peroxide.

This

gave

increased

green-blue

colour as the reaction developed, which was stopped at
an appropriate time by adding sulphuric acid (giving
a final yellow colour). After the plate had been read
at 630 nm using a microtitre plate reader the standard
used in each assay gave a scale from which the titre
of any test sample could be determined.
(b) Cellular enzyme-linked immunoassays
The level of expression of cell surface molecules
was detected using antibody which binds to the antigen
on fixed cells in microtitre plates and detection of
the bound antibody by a system coupling the antibody
to enzyme.
Macrophages were plated out in microtitre plates
and activated by addition of samples diluted in DMEM
with 10% FCS. After an appropriate time the cells were
fixed by adding 2% paraformaldehyde for 30 minutes at
4°C. The cells were washed using PBS with 0.02% azide
to inactivate any cellular peroxidases. 100 |ll of the
appropriate biotinylated antibody was added at 1 |ig/ml
in PBS. This incubation continued for 30 minutes at
room temperature before extensive washing with PBS
(without azide). Avidin peroxidase was then added and
the assay procedure was completed as for a standard
two-site ELISA.
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Fluorescence Detection and FACS Analysis

Adherent peritoneal macrophages were plated out
in 10 cm Petri dishes. After appropriate induction for
the relevant time interval macrophages were treated
for 30 mins. with 2% paraformaldehyde and washed using
PBS with 1% azide. After fixation the macrophages were
scraped from the dish using a cell scraper (Costar).
A single cell suspension was obtained after the cells
were spun down and resuspended in 1 ml of PBS.
A proportion of the cell suspension was taken and
aliquotted so that 10s cells could be used for each
test for surface antigen,

in 0.1 ml of buffer.

The

cells were plated out into the wells of a microtitre
plate and 0.1 ml of antibody to the antigen under
investigation was added at 50 |J,g/ml. The plate was
incubated for 30 minutes at 4°C before spinning the
plate in a centrifuge. Excess reagent was removed by
aspiration or "flicking" the plate and washing the
cells with PBS. Avidin-FITC or fluoresceinated F(ab)'2
reactive against the first antibody was added.

The

plate was incubated for 30 minutes at 4°C (in the dark)
before two rounds of spinning and washing as before to
remove excess reagent.
The cells were resuspended in 0.1 ml of filtered
PBS and transferred to a small plastic LP2 tube. This
sample could then be analysed for fluorescence using
a FACS analyser (FACSCAN, Becton Dickinson).
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2.2.5 Biochemistry
In all biochemical techniques the necessity to
exclude

contamination,

particularly

with

LPS,

was

paramount. Tubes, glassware and other equipment were
treated with 0.1 M sodium hydroxide prior to use or
heated at 200°C for 2 hours. A commercial supply of
endotoxin-free water (Boots pic) was used throughout.
Purification procedures were carried out at 4°C and
antibiotics were added where non-sterile conditions
prevailed. The purity of protein samples was monitored
by protein assay

(Bradford,

1978) by polyacrylamide

gel electrophoresis (Laemmli, 1976), and regular tests
were carried out to ensure the absence of LPS.
Purification of antibody

Antibody present in tissue culture supernatant
was

first

concentrated

tenfold,

using

a

Pellicon

apparatus (Amicon) with a membrane which prevented the
efflux of proteins with a molecular mass exceeding 10
kD. This same apparatus was then used to effect buffer
exchange by diafiltration,

reducing the salt

(NaCl)

concentration to 10 mM with a buffer of 20 mM sodium
phosphate pH 7.2. The volume of the concentrate was
measured and an equal volume of 20% PEG 6000 in 20 mM
phosphate pH 7.2 was added.

The precipitate which

formed was allowed to settle for 1 hour, before being
centrifuged at 5kG for 30 minutes. Excess medium was
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carefully aspirated and the pellet was resuspended in
40 mM sodium phosphate pH 7.2.
A DEAE-Sepharose (fast-flow) column was prepared,
washed with 0.1 M Na OH and equilibrated with 40 mM
sodium phosphate pH 7.2. The sample was loaded at a
flow rate of 1 column volume per hour and the column
was washed extensively with PBS

(0.15 M NaCl, 50 mM

sodium phosphate pH 7.2) before eluting the antibody
with 1 M NaCl.
A protein-A or protein-G step was occasionally
used to further purify the sample and in either case
the same buffers were used. The protein A-sepharose
column was washed with 6M guanidine hydrochloride and
re-equilibrated with a buffer containing 4.3 M sodium
chloride and 50 mM glycine /sodium glycinate pH 8.
The buffer of the antibody preparation was changed by
dialysis, or using a PD 10 column, to the same buffer.
The sample was then loaded at a flow rate of 1 column
volume per 10 minutes. A washing step was performed
using PBS before eluting the antibody with a buffer
of 0.1 M citrate pH 3.0 containing 0.1 M NaCl. The
eluate from this column was collected into an equal
volume of 1 M Tris /HC1 pH 8 to neutralise the acid
before dialysis or PD10 buffer exchange with PBS.
Buffer Exchange

Buffer exchange was carried out using disposable
PD10 columns containing G25-sephadex. The column was
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equilibrated with PBS or the requisite final buffer.
The sample was loaded in 2 ml, followed by 0.5 ml PBS
and the protein was eluted in 3 ml of buffer.
Purification of Interleukin 4

Six litres of conditioned EL-4 MM-1 cell culture
supernatant, taken after induction of the cells for 48
hours with 20 ng/ml PMA, were concentrated to 500 ml
using a Pellicon apparatus. The solution buffer was
then changed using diafiltration on the same apparatus
to 20 mM phosphate pH 7.0, with 10 mM NaCl.
A CM-sepharose column was prepared of 113 mm
diameter and 130 mm length, washed with 0.1 M sodium
hydroxide and equilibrated with the 20 mM phosphate,
10 mM NaCl buffer. The sample was loaded at a flow
rate of 3 column volumes per hour. After loading a
washing step was performed using PBS with 0.5 M NaCl.
Elution was carried out using 1 M or 2 M NaCl, 50 mM
sodium phosphate pH 7.2.
For lentil lectin chromatography a 10 ml column
was equilibrated with 1 M NaCl and the sample was
loaded in the same buffer as that used for elution
from CM-Sepharose. The buffer used for washing was PBS
or 10 mM NaCl. Elution was carried out using a buffer
of 1 M NaCl, with 0.2 M a-methyl pyromannoside and 50%
ethylene glycol.
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2.2.6 Molecular biology
The procedures used were as described by Maniatis
et al. (1982) and Cathala et al. (1983).
Buffers

The general buffers used were TE, TES, TNE, TNES
and SSC. TE is 10 mM tris and 1 mM EDTA pH 7.2. TES is
TE with 0.1% SDS and TNE is TE with 0.1 M NaCl. SSC
was prepared as a 20 x concentrate with 3 M NaCl and
0.3 M sodium citrate.
(a) Buffers used in mRNA preparation
Cell lysis buffer was referred to as GTC. This
was composed of 5 M Guanidinium thiocyanate,

10 mM

EDTA and 50 mM Tris dissolved at 50°C and filtered. The
pH was adjusted to 7.5 and 2-Mercaptoethanol was added
to 8% just before use. 4 M Lithium Chloride solution
was treated with 0.1% DEPC before being autoclaved.
Buffers used in separation of poly A+ RNA were a
prewash of 0.1 M NaOH, equilibration buffer (TE + 0.5%
SDS + 0.5M NaCl) and elution buffer (TE + 0.5% SDS).
(b) Formaldehyde gel buffers
Agarose was dissolved in a buffer prepared using
a 10 x concentrate at 0.2 M MOPS pH 7.0, 50 mM Sodium
Acetate and 5 mM EDTA pH 8.0. All were prepared from
DEPC treated water. Running buffer was 675 ml water,
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225 ml formaldehyde and 100 ml 10 x Gel buffer.
(c) Northern blot buffers
Denhardt's

(lOOx)

was 20g polyvinylpyrrolidone

(PVP), 20g Ficoll and 20g Bovine Serum Albumin, with
water added to a total volume of 1 litre. RNA solution
was made up by dissolving 10 mg/ml in 60 mM Sodium
hydroxide and DNA by dissolving 50 mg/ml

in water

(sheared and boiled).
Pre-hybridisation
buffer was

50% formamide
5X SSC
8X Denhardt's
50 mM Phosphate
0.1% SDS
DNA 0.25 mg/ml
RNA 0.5 mg/ml
Water

125
62.5
20
12.5
2.5
6.25
12.5
8.75

ml
ml
ml
ml
ml
ml
ml
ml

Hybridisation was carried out in the same buffer
to which 5g dextran sulphate was added per 100 ml.
(d) Buffers for labelling molecular probes
The SP6 labelling buffer (10 x) was 4 ml of 1 M Tris
pH 7.5, with 0.6 ml of 1 M Magnesium Chloride, 2 ml of
0.1 M Spermidine and 3.4 ml of water.
10 x rNTPs are at 5 mM from 50 mM stock solutions,
(ATP

30.25

mg/ml).

20

mg/ml,

CTP

x 32P-GTP

26.75

mg/ml

(a-labelled)

and
is

UTP

28.55

0.1136

mg/ml

(0.2mM). 1 M stock DTT was prepared in 0.01 M sodium
acetate pH 5.2.
DNAse buffer is 10 mM Tris pH 7.5 and 6mM Magnesium
chloride in DEPC treated water.
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RNA Preparation from Mammalian Cells

(a) Guanidinium thiocyanate method
Cells

(3 x 108-109) were taken, washed with PBS

and lysed in GTC solution, approx. 2 ml per 108 cells.
The lysate was passed several times through 19 and 23
gauge syringe needles to shear the cellular DNA before
adding 7 volumes of 4 M LiCl. The precipitate was left
to form overnight, then spun down (llkG 45mins)

and

resuspended in 3 M LiCl. After 2 hours the precipitate
was spun down again (Cathala et al., 1983).
The pellet thus obtained was then resuspended in
10-20 ml of TES. An equal volume of phenol/chloroform
(1:1) was added and the mixture centrifuged at 2kG for
15 mins. The top (aqueous) layer containing the RNA
was taken and the RNA precipitated by adding sodium
acetate to 0.3 M and two volumes of ethanol.
For smaller numbers of cells (3-6 x 107) 250 JLLI
GTC and 1.25 ml 4 M LiCl were added to cells in 1.5 ml
microcentrifuge tubes. The precipitate was spun down
by centrifugation at 12 kG for 5 mins. and resuspended
in 200 |il of TES. A DNAse step could then be included.
(b) Single step procedure
5 x 108 cells were homogenised into 10 ml of GTC
and transferred into a 50 ml polypropylene tube. One
millilitre of 2 M sodium acetate was then added and
the tube was mixed thoroughly.
100

Ten millilitres

of

phenol was added, with 2 ml of chloroform : isoamyl
alcohol (49:1) . The tube was then cooled on ice for 15
mins. before spinning at 10 kG for 20 minutes at 4°C.
The pellet was resuspended in 3 ml GTC and an
equal volume of isopropanol was added. The solution
was transferred to 1.5 ml microcentrifuge tubes at
-20°C for

60 minutes.These tubes were spun for 10

minutes at 12 kG, 4°C.
5 ml cold

75 % ethanol

The pellets were resuspended in
(-20°C) . After centrifugation

the supernatant was removed and any remaining fluid
was driven off by vacuum drying. When required the
pellet could be resuspended in 0.5 ml of 0.5% SDS,
heating to 60°C prior to loading onto a gel,

or in

water for loading on a slot-blot apparatus.
c) Method for small scale preparations
This procedure was used for samples evaluated by
slot-blot analysis, following the procedure described
by Buchan et al (1988). 5 x 106 cells were used and
transferred into 1.5 ml microcentrifuge tubes with
PBS. After centrifugation at 12 kG for 5 mins. the
pellets were resuspended in 50 }ll cold TE and 10 fil 5%
NP40 was added with vigorous mixing. The tube was spun
in a centrifuge for 2 mins at 15 kG to pellet nuclei.
50 (ll of

supernatant

containing RNA was taken and

added to 25 |ll 20 x SSC and 25 fll formaldehyde ready
for slot-blot analysis.
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mRNA Purification by Oligo-DT-cellulose

An oligo-DT column was prepared by washing lg of
oligo-DT-cellulose with 10 ml of 0.1 M NaOH followed
by 10 ml of elution buffer and 10 ml of Poly A buffer.
0.5 ml of gel was then put into a disposable column.
Total cellular RNA was solubilised in 1-2 ml of
distilled water and heated to 65°C for 20 minutes. An
equal volume of 2 x Poly A buffer was added and the
whole cooled on ice for 10 minutes. The RNA was passed
down the column three times, reheating and cooling the
RNA between passages so that it remained denatured.
The column was washed with 10 volumes of Poly A buffer
and three volumes of low salt buffer. mRNA was eluted
with 3-5 ml of TE buffer and precipitated by adding
sodium acetate to 0.3 M and two volumes of ethanol.
RNA Analysis

(a) Northern analysis
All equipment was treated with 0.5 M NaOH /1% SDS
prior to use. Gels were prepared by adding 102.4 ml of
sterile, DEPC treated, water to 1.5 g agarose, boiling
to dissolve the agarose before cooling to 60°C. 32.6 ml
of 37% formaldehyde and 15 ml of 10 x MOPS buffer was
added and the gel poured in a BRL gel apparatus.
Sample preparation involved taking 10 H-l sample
(20 fig of total RNA) and adding 9 |ll H20, 4 fil 10 x Gel
buffer, 7 (il formaldehyde and 20 |ll formamide. This
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was heated to 55°C for 15 minutes then chilled before
adding 6 |LXl of dyes (bromophenol/xc) . The samples were
loaded and the gel was run at 100 volts for 3-4 hours,
or until the dye front reached the end of the gel.
A tank was set up containing blotting buffer of
20 x SSC and a raised platform over which a sheet of
paper was laid with its ends in the buffer. The gel
was placed on the paper, with a hybond membrane cut to
size and placed on the gel.

Three sheets of thick

paper were placed on top of the membrane, followed by
cut tissues all kept separated from the lower sheet.
A glass plate was laid on top of the tissue with a
weight of 750 grammes to hold down the plate. After an
overnight transfer the hybond membrane was removed and
washed for 3 minutes in 5 x SSC, before drying at room
temperature and baking for 2 hours in an oven at 80°C.
(b) Slot blots
A slot-blot apparatus (BRL) was used and washed
with 0.1 M NaOH before use. A nitrocellulose filter
which had been prewashed with 20 x SSC was placed in
the apparatus and each well was then washed through
with 1 ml of 10 x SSC. Each RNA sample was dissolved
in 100 [il of water and 300 (11 of 6.15 M formaldehyde
in 10 x SSC was added. This was heated to 65°C for 15
minutes then cooled before loading 300 (ll into a slot
of the apparatus and connecting the vacuum. After the
sample had passed through the filter was removed and
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washed. The filter was then dried and baked at 80°C for
2 hours.
(c) Labelling of riboprobes with SP6 polymerase
Riboprobes were prepared using SP6 polymerase to
copy a DNA template into labelled RNA. The polymerase
initiates at a set sequence in the vector to produce
transcripts of the insert actin cDNA sequence.
Transcription buffer was
4 |il DEPC treated water
2 |ll 10 x transcriptionbuffer
1 [Ll 20 x DTT (0.2 M)
2 |ll 10 x rNTPs (ATP, CTP and UTP each 5 mM)
1 Hi 20 x GTP (0.2 mM)
1 [Ll 50 mM ATP
1
RNAse inhibitor
5 Hi a 32P-GTP (50 HCi 10 mCi/ml, 3, 000 Ci/mmol) *
1 Hi linearised riboprobe vector
2 Hi SP6 RNA polymerase
* For test replace hot GTP by 5 Hi 2 mM GTP
The transcription

mixture was incubated

for 2

hours at 40°C. One microlitre of DNAse was added and
incubated with the reaction for 20 minutes at 37°C.
Labelled probe was separated by G-100 gel filtration
(1 ml column). This involved loading 200 Hi of sample
and washing through with TNES buffer until labelled
RNA was eluted from the column.
(d) T4 kinase labellingfor oligonucleotide probes
Two microlitres of T4 kinase was added to 6 M-l
probe (c. 10 ng), 2 Hi kinase buffer and 10 Hi Y of
32P-ATP. The mixture was incubated for 40 minutes at
37°C before adding 20 Hi of TE and 40 Hi °f 0.6 M
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ammonium acetate.
A spin column was used to separate probe from the
remaining unincorporated 32P. A 1 ml plastic syringe
was blocked using acid-treated glass wool and filled
with finings of G-50 sephadex. This column was placed
within a 15 ml tube and spun for 2 minutes at 250 G
with a 1.5 ml microcentrifuge tube placed to collect
the effluent. The probe mixture was then loaded on the
column and the centrifugation step was repeated. The
labelled probe was contained in the effluent fluid and
excess 32P-ATP in the column.
(e) Probing filters
Filters were pre-hybridised with RNA and DNA for
2 hours in hybridisation buffer at 50°C. Hybridisation
with probe was for 4 hours at 50°C, in hybridisation
buffer. The filter was washed at 45°C three times with
2 x SSC and three times with 0.2 x SSC to remove any
excess label. The filters were wrapped in cling film
(Saran Wrap) and left at -70°C with photographic film
and an intensification screen for autoradiography.
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CHAPTER THREE

MACROPHAGE ACTIVATION FOR TUMOUR CYTOTOXICITY
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IFN-y was the first lymphokine characterised as
a macrophage activating factor

(MAF), either acting

alone or in synergy with LPS to induce cytotoxicity
against tumour cells

(Johnson et al.,

1983).

Some

studies led investigators to postulate that it would
prove to be the only lymphokine capable of activating
macrophages

(l^obe^i's o-aA \!<\siLf 1982a) . However,

it

was later proved that some preparations of lymphokine
could activate macrophages in the absence of IFN-y, or
in the presence of neutralising antibody against IFN-y
(Gemsa et al., 1983). Subsequently, a number of other
molecules were identified as MAFs (Wang et al., 1989)
and some, including M-CSF, induce cytotoxicity against
tumour cells

(Mufson et al., 1989). Nonetheless,

in

studying the functions of any of these molecules it is
useful to compare their effects on macrophages with
those of IFN-y, as the comparison could contribute to
an understanding of the separate roles of each factor
in macrophage biology.
In experiments presented in this chapter IL-4 was
identified as the active molecule in a supernatant
from PMA-treated murine thymoma cells, which induced
murine

peritoneal macrophages

in

vitro to

develop

cytotoxicity against a murine fibrosarcoma line, TU-5,
or a transformed murine fibroblast line, L929. This
was achieved by purification of the MAF activity from
the supernatant and showing that it was neutralised by
a monoclonal antibody to IL-4 (Ohara and Paul, 1985).
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In addition, IL-4 made by recombinant DNA technology
was shown to activate the tumouricidal function of
macrophages.
Interferons -a and -ft, interleukins, transforming
growth factors, colony stimulating factors and various
microbial products, such as LPS, can also influence
macrophage functions

(Adams and Hamilton,

1984).

It

was, therefore, necessary to test for these molecules
in culture supernatants and in purified fractions, to
determine whether they might be responsible for the
MAF activity. This was particularly important for LPS,
as it is a common contaminant of glassware and media.
Experiments were conducted to establish several
assays for cellular cytotoxicity, to demonstrate that
peritoneal macrophages activated with IL-4 did develop
an ability to kill tumour cells. A range of cell lines
were tested as targets for cytotoxicity,

to ensure

that the phenomenon of cell killing was not restricted
to particular tumour cells and that non-transformed
cells were not killed. The next stage in the study was
to look at the peritoneal macrophage population and to
verify that it was macrophages which were responsible
for cytotoxicity. Assays for tumour cytotoxicity were
carried out with macrophage cell lines as effectors,
to provide evidence that tumour cell lysis was due to
the direct action of IL-4 on macrophages rather than
a secondary effect mediated by contaminating cells.
Macrophages isolated from spleen and bone marrow
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were compared with peritoneal macrophages to examine
whether macrophage activation by IL-4 was possible at
other stages in their development. The time courses of
activation

and of the cytotoxic process

were

also

studied, to establish how these parameters differed
during activation by IL-4 and by IFN-y.
It has been suggested (Johnson et al., 1983) that
tumour cell killing involves recognition and binding
of tumour cells, with the concomitant production of
cytotoxic moieties and target cell lysis. Experiments
were, therefore, conducted to look at the requirement
for contact between macrophages and tumour cells. The
interactions between effector and target cells may be
mediated by surface molecules, such as integrins which
mediate binding of tumour cells by cytolytic T-cells
(Sanchez-Madrid et al., 1983). Antibodies to leucocyte
integrins were, therefore, used to try to block tumour
cytotoxicity. The cytotoxic molecules which may effect
cell killing are considered in Chapter 4.
3.1 Macrophage Activation for Tumour Cytotoxicity Is
Induced by a Thymoma Supernatant
The idea that macrophages might be involved in
tumour rejection has led to many in vitro systems
being developed to observe a "tumouricidal" activity
of macrophages against target cell lines. These assays
provide only indirect evidence of cytotoxicity,

but

techniques to detect the death of individual tumour
cells are too cumbersome and time consuming for use in
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routine assays.
Most assays of cellular cytotoxicity rely on the
detection of radiolabel released from tumour target
cells, which have previously been incubated in medium
containing the radioisotope. Several different assay
formats were considered for routine use in this study,
including those described by Lohmann-Matthes et al.
(1972)

using 51Chromium;

by Wiltrout et al. (1981)

using 111Indium oxine; by Norbury and Fidler

(1975)

using 125I-iodo-deoxy-uridine; and by Roberts and Vasil
(1982b) using tritiated thymidine.
The assay system chosen for this research was
based on work by Meltzer (1981b), demonstrating that
the murine fibrosarcoma cell line TU-5 is killed by
macrophages treated in vitro with activating factors.
Target cells were labelled with tritiated thymidine,
as the background release of label from cells was low.
In addition, it was considered likely that release of
thymidine from the nucleus of the cell would correlate
closely with cell death.

Other radioactive

labels,

such as U1lndium oxine, which locate in the cytoplasm
or in cellular membranes could, in theory, be released
by other processes including exocytosis.
The assay protocol used is described in detail in
Chapter 2 at p.71. The effector to target (E:T) ratio
of 10:1 was chosen to a give satisfactory release of
radiolabel without increasing the background. Assays
could be performed with E :T ratios between 20:1 and
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5:1 (data not shown) and at an E:T ratio of 5:1 the
number of effector cells other than macrophages was
only one to each 10 target cells. This supported the
proposition that macrophages rather than contaminating
cells were responsible for cytotoxicity. In the final,
standard assay format background release of label was
5-10% of maximum release, the intra-assay variation
was 7-10% and the inter-assay variation for samples
measured against a standard was 20-25%.
Data showing the effects of a supernatant from
PMA-induced EL-4 MM-1 cells, IFN-y, LPS and IFN-y/LPS
on this assay are shown in Figure 5. IFN-y alone was
effective at concentrations in excess of 0.1 ng/ml,
however, if 5 ng/ml of LPS was added then 0.01 ng/ml
of IFN-y was sufficient to induce cytotoxicity. Higher
levels of LPS (100 ng/ml) could trigger killing in the
presence of 1 pg/ml of IFN-y. In later experiments a
combination of 5 ng/ml of LPS and 0.2 ng/ml of IFN-y
(5 units per ml by antiviral assay) was used to give
reliable macrophage activation. PMA had no effect on
the assay at concentrations up to 50 ng/ml. It can be
seen that supernatant from PMA-treated EL-4 MM-1 cells
was active in inducing tumour cytotoxicity and that it
was able to induce 50% of maximal lysis of TU-5 cells
at a 1/50 dilution, whereas medium from untreated EL-4
MM-1 cells to which PMA was added had no effect. These
data indicated that a product of PMA-treated EL-4 MM-1
cells was active as a MAF.
Ill

FIGURE 5

Activation of macrophages for tumour cell
killing by IFN-y/LPS and supernatant from
PMA-treated EL-4 MM-1 cells

TU-5 tumour cells were labelled using 3H-thymidine
and incubated in microtitre wells with macrophages and
triplicate dilutions of LPS, IFN-y alone or in the
presence of 5 ng/ml LPS, supernatant from PMA-treated
EL-4 MM-1 cells or a supernatant from untreated EL-4
MM-1 cells to which PMA was added. LPS was tested at
concentrations of 64, 16, 4, 1, 0.25 and 0.6 ng/ml.
IFN-y was tested at 2.5, 0.6, 0.15, 0.04 and 0.01
ng/ml in the presence, or in the absence of LPS (5
ng/ml). Supernatants from EL-4 MM-1 cells were tested
at 1/10, 1/40, 1/160, 1/640, 1/2500 and 1/10000. After
48 hours samples of the medium in each well were taken
for scintillation counting. A figure for total lysis
of cells was obtained using 1% SDS.
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- Control supernatant

3.2 Evidence that Interleukin 4 Activates Macrophages
to Kill Tumour Cells
It had been observed, as described in figure 5,
that the culture supernatant from PMA-stimulated EL-4
MM-1 thymoma cells was able to activate macrophages
for tumour killing. This supernatant did not contain
detectable IFN-y or LPS (Table 3), suggesting that it
contained a novel MAF, as had been proposed for the
supernatant of another clone of EL-4 cells by Farrar
et al. (1987) .
Experiments were then designed to identify the
factor in this preparation which was responsible for
macrophage activation. Data from these experiments are
presented in three parts : (i) evidence that IL-4 was
present in the supernatant from PMA-treated EL-4 MM-1
cells and in active purified fractions, whilst other
MAFs were absent

(ii) evidence that a neutralising

antibody to IL-4 inhibited macrophage activation and
(iii) evidence that IL-4 produced using recombinant
DNA technology could activate macrophages.
The first step in characterising the activity was
to purify MAF from the thymoma supernatant and to show
that there were concomitant increases in both the MAF
activity and purity. Purification was performed using
concentration and diafiltration,

followed by column

chromatography with carboxymethyl

(CM)-sepharose and

lentil-lectin (LL)-sepharose. Data on samples prepared
using these techniques are shown in Tables 2 and 3.
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TABLE 2

-

Purification of MAF from EL-4 MM-1
supernatant

EL-4 MM-1 cells were induced with 20 ng/ml PMA and
the supernatant was collected. This induced sample was
concentrated and the buffer changed by diafiltration.
The concentrate was passed down a CM-sepharose column
and bound protein was eluted from the column with 2M
salt after extensive washing. The eluate from this
column was then passed down a lentil lectin column
from which bound protein was eluted using a-methyl
mannoside. Samples were taken from each fraction for
determination of its protein content and its titre of
MAF in the standard tumour killing assay.
Sample
(Fraction)

Volume
(ml)

Induction (1)

,

Titre Protein
of MAF
(U/ml) (mg/ml)

Specific
Activity
(U/mg)

30

11.4

10,000

0

0.1

500

250

250

2

Load (3)

500

250

250

2

Flowthrough (4)

700

28

60

0

3000

0

1

0

500

160

1.6

100

6 000

Concentration/Diafiltration

Filtrate (2)
Concentrate (3)

0

CM-Sepharose

Wash (5)
Eluate (6)

Lentil Lectin-Sepharose

Load (6)

500

160

1.6

100

Flowthrough (7)

600

10

1.3

8

1000

0

0.2

0

100

600

0.2

3000

Wash (8)
Eluate (9)

These samples were tested for other cytokines and
for LPS in separate assays, as described in Table 3.
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Table 2 shows that the MAF activity bound to both
CM-sepharose and LL-sepharose and that a significant
increase in specific activity could be obtained using
these two columns. The eluate from CM-Sepharose

(6)

contained 64% of the initial MAF activity and its
specific activity showed a 33-fold increase relative
to the starting material. This material was applied to
the lentil-lectin column, which provided an eluate (9)
which contained over 50% of the original activity and
had been purified a further 30-fold. Fraction 9 was
dialysed against PBS,

with 1% FCS added to act as

stabilising protein, aliquotted and frozen at -70°C for
use as a standard, which was designated as MM-1. The
standard contained 200 units per ml of MAF activity
and was free from LPS, IFN-y and mycoplasma. Its titre
remained constant after storage at -70°C for one year
and was unaffected by one cycle of freeze-thawing.
Samples obtained by purification of the thymoma
supernatant were tested for a variety of cytokines,
using assays described in Chapter 2 and the results of
this analysis are given in Table 3. The table shows
that IL-1, IL-2, IL-3, IFN-y, M-CSF and GM-CSF were
absent from the column eluates (fractions 6 and 9) and
that the concentration of LPS was less than 50 pg/ml.
It was, however, possible to demonstrate the presence
of IL-4 in all the fractions with MAF activity (3, 6
and 9), by testing them on the cell lines HT-2 and
CTLL-2. These lines could proliferate in response to
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IL-4 or IL-2, but the effects of IL-2 and IL-4 could
be separated using the neutralising antibody to IL-4,
11B11, or the cell line CT-6, which proliferates only
in response to IL-2 (data not shown).
TABLE 3 - Analysis of fractions obtained during
purification of MAF from EL-4 MM-1
supernatant for cytokines and LPS
Fractions obtained by purification of MAF from EL-4
MM-1 supernatant, as described in Table 2, were tested
in a series of assays for cytokines and LPS. LPS was
assayed using the LAL assay. IL-1 was assayed on EL-4
6.1 cells and IL-2 on CT-6 cells. IFNs were assayed by
antiviral assay and IL-4 by assays on HT-2 cells.
Cytokine
GM-CSF IL-3 M-CSF IFN
LPS
IL-2 IL-1 IL-4
(U/ml)(U/ml)(U/ml)(U/ml)(pg/ml)(U/ml)(U/ml)(U/ml)
Fraction
1
2
3
4
5
6
7
8
9

< 10
-

< 50

< 10
-

-

-

-

-

< 1

-

< 10
-

< 50
-

< 1

< 5
< 1
15
-

< 1

-

-

-

-

-

-

-

-

ND

ND

ND

- = Not tested

ND

ND
ND
50
ND
ND
ND
ND
ND
ND

20
ND
250
200
-

ND
-

ND

ND
-

ND
-

ND

250
5
2000
50
ND
1500
ND
ND
5000

ND = Not detected

The assays for CSFs and IL-3 were carried out by staff
in the laboratory of Professor Michael Dexter, at the
Paterson Institute, Christie Hospital, Manchester as
described in Whetton and Dexter (1989) .
The MAF activity in the EL-4 MM-1 supernatant and
purified fractions was shown to be due to IL-4, using
a monoclonal antibody (11B11) which had been reported
to neutralise the activity of IL-4 in other biological
assays (Ohara and Paul, 1985). Data in Figure 6 show
that MAF activity in the MM-1 standard prepared from
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fraction 9 was blocked by an antibody to IL-4, 11B11,
whilst a neutralising antibody to IFN-y, H22, had no
effect. Antibody to IL-4 also blocked the activity of
PMA-induced EL-4 MM-1 supernatant in a tumour killing
assay (data not shown).
FIGURE 6

Effect of antibodies to IFN-y and IL-4
on activation for tumour killing by
MAF purified from EL-4 MM-1 supernatant

Macrophages and 3H-thymidine labelled tumour cells
were added to three microtitre plates. Monoclonal
antibody to IL-4 (11B11) was added to one of these
plates to a final concentration of 10 (lg/ml, whilst
monoclonal antibody to IFN-y (H22) was added at the
same concentration to another and the same volume of
DMEM was added to the third plate. Dilutions of MM-1
standard were made and added to triplicate wells in
each plate. After 4 8 hours incubation at 37°C the
supernatant was removed. Released label was detected
by scintillation counting and specific cytotoxicity
was calculated.
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A preparation of recombinant IL-4, free of other
cytokines and from LPS, was also used to confirm the
activity of IL-4 in the tumour killing assay. The data
from a tumour killing assay in which this recombinant
material was used are presented in Figure 7. The data
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show that concentrations of recombinant IL-4 in excess
of 1 ng/ml could activate macrophages and that all the
activity was neutralised by antibody to IL-4, 11B11,
but not by antibody to IFN-y, H22. Antibody to IL-4
had no effect on macrophage activation by IFN-y/LPS.
FIGURE 7

Effect of antibodies to IFN-y and IL-4
on activation for tumour killing by
IFN-y/LPS or recombinant IL-4

Macrophages and 3H-thymidine labelled tumour cells
were added to three microtitre plates. Monoclonal
antibody to IL-4 (11B11) was added to one of these
plates to a final concentration of 10 fig/ml, whilst
monoclonal antibody to IFN-y (H22) was added at the
same concentration to another and the same volume of
DMEM was added to the third plate. Dilutions of IFN-y,
with 5 ng/ml LPS, or of IL-4 were added to triplicate
wells in each plate and the plates were incubated for
48 hours at 37°C. The supernatant was removed and the
released label was detected by scintillation counting.
Specific cytotoxicity was then calculated.
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In a series of assays an average value for the
specific activity of the recombinant IL-4 preparation
was determined. The specific activity of recombinant
IL-4 was 5 x 106 Units/mg (where 1 unit per ml was the
concentration which induced 50% of the maximum killing
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seen in an assay). This figure was used to calculate
that the concentration of IL-4 in the MM-1 standard,
prepared by purification of EL-4 MM-1 supernatant, was
40 ng/ml. Experiments were also carried out to examine
whether IL-4 could show synergy with other factors in
macrophage activation, but no such effect was observed
with IFN-y or with LPS (data not shown).
The conclusion of this series of experiments was
that IL-4 was the active principle in a preparation
derived from EL-4 MM-1 supernatant, giving macrophage
activation for tumouricidal activity. Recombinant IL-4
was used to calculate that the IL-4 concentration in
a standard made from this material was 40 ng/ml. This
standard is the material which is described as IL-4 in
later experiments, which describe the effects of this
material on macrophages and which are compared with
the effects of IFN-y.
3.3 Evidence for Specific Tumour Cell Cytotoxicity
In order to show specific tumour cell killing it
was necessary to show that cytotoxicity was specific
to tumour cells and that the tumour cells were lysed
by activated macrophages.
Evidence for specific killing of tumour cell lines

A number of murine target lines other than TU-5
were tested to see whether.activation by IL-4 resulted
in general or specific tumour cytotoxicity. The tumour
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Note to Table 4
In all acceptable assays background release of label
was less than 10% of total release. Each target cell
line was tested five times or more and a positive
effect was scored if release of label from each line
was over twice the background in at least 80% of
tests. The range in the extent of killing observed
with maximum doses of cytokine was as follows :
Cell Line

C57L/J.We
TU-5
P815
L929
WEHI 164 cl.13
J558
L1210

Increase in killing (expressed as a
multiple of the background level)
0
IL-4
IFN-y
LPS IFN-y/LPS
0
0
0
0
0
0
0

0
2-6
0
2-6
4-6
3-5
2-4

0
0-1
1-4
0
0-1
0
0

0
0
0
0
2-4
0
0

0
2-6
3-6
2-6
3-6
4-5
2-4

target lines tested were P815, L929, WEHI 164 cl.13,
L1210 and J558, whilst the fibroblast line C57L/J.We
was included as a non-tumourigenic control. Each line
was tested at least three times, with TU-5 included in
each assay as a control.
TABLE 4

Killing of target cell lines by peritoneal
macrophages activated with IL-4, IFN-y,
LPS or IFN-y/LPS

Target cell lines were labelled with 3H-thymidine
and incubated with murine peritoneal macrophages at a
ratio of 1:10. Dilutions of IFN-y, LPS, IFN-y/LPS, or
IL-4 were added and the standard protocol for a tumour
killing assay was followed.
Target Cell line

C57L/J.We
TU-5
P815
L929
WEHI 164 cl.13
J558
L1210
Key to table

Activator
0

IL-4

IFN-y

LPS

-

+
+
+
+
+

+
—
-

-

—

+
—
-

IFN-y/LPS
+
+
+
+
+
+

- = no detectable killing
+ = killing (at least twice background)

The data show that the tumour target cell lines
L929, TU-5, WEHI 164 cl. 13, L1210 and J558 were killed
by macrophages activated with IL-4 or with IFN-y/LPS.
The cell line P815 was different from other tumour
lines as it was killed by IFN-y and IFN-y/LPS-treated
macrophages but not by those activated with IL-4. The
non-transformed line, C57L/J.We, was not killed and in
a separate experiment two other non-tumorigenic lines,
C3H/10T1/2 and 3T3 A31, were not killed.
The first conclusion drawn from this result was
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that activation of macrophages by IL-4 differed from
activation by IFN-y/LPS, as a wider range of cells are
killed if IFN-y/LPS is used. The data suggested that
a cytotoxic mechanism which is active against P815
cells is induced by IFN-y/LPS or by IFN-y alone, but
not by IL-4. In addition, it appears that cytotoxicity
was tumour-specific as the non-transformed cell lines
were unaffected.
Evidence of tumour cell lysis

Two alternative methods were available to show
that tumour cell killing occurred after macrophage
activation. In the first method cells were observed
throughout an assay using light microscopy to detect
cell death and cell disintegration was seen.
The second alternative was to develop an assay
for tumour killing using crystal violet, which stains
any remaining intact cells. Macrophages did not stain
significantly in comparison with TU-5 target cells and
it was, therefore, possible to detect the live target
cells at the end of the assay. Results from an assay
using this method are presented in Figure 8 alongside
a thymidine release assay using the same cells.
It is apparent in Figure 8 that the increases in
release of label from target cells, shown in Figure
8a, correlate with decreases in optical density, shown
in Figure 8b. For example, at 2.5 ng/ml of IFN-y the
amount of thymidine released increased to 20% of the
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maximum whilst the optical density decreased by 40%.
These results were evidence to support the hypothesis
that target cell lysis occurred after activation of
macrophages with IL-4 or IFN-y/LPS.
FIGURE 8 An alternative assay for tumour cell killing
TU-5 tumour cells were labelled using 3H-thymidine
and incubated in microtitre wells with macrophages and
IL-4, IFN-y, LPS or IFN-y with 5 ng/ml LPS. Samples of
supernatant were removed after 48 hours for counting
and the remainder of the supernatant was discarded.
The cell layer was fixed using methanol and stained
using crystal violet. The stain was then solubilised
for reading in a spectrophotometer.
Figure 8a

Macrophage activation for tumour cell
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3.4 Evidence for Macrophage Involvement in Tumour
Cytotoxicity
In this study the macrophages used were usually
the adherent population from the peritoneum of mice
injected with proteose-peptone. These were chosen as
they resemble the young monocyte to which the major
role in host defence is attributed

(Gordon,

1986) .

This effector role has been shown for the response to
Plasmodium yoelli by Lee et al. (1986) and by Lepay et
al. (1985) in listeriosis.
The

adherent

population

of

peritoneal

cells

contains some cells which are not macrophages. It is,
therefore, pertinent to ask how many of these other
cells are present and whether any effect observed in
assays using adherent peritoneal macrophages could be
due to such contaminating cells. In addition, it was
possible to investigate whether macrophages isolated
from other tissues, or macrophage cell lines, could
also respond to IL-4.
Analysis of Adherent Peritoneal Cells

The proportion of cells in any population which
are macrophages can be determined in several ways. The
most frequently used technique was an histochemical
analysis of cells for non-specific esterase, but it
was also possible to analyze populations of cells by
immunofluorescence.

Indirect

immunofluorescence

was

carried out using a rat monoclonal antibody which is
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specific for murine macrophages and fluoresceinated
second antibody.
were available.

Two suitable monoclonal antibodies
These were 5C6

(Rosen and Gordon,

1987) which binds only to macrophages or neutrophils
and F4/80 (Gordon et al., 1981), which is reported to
be specific for macrophages.
Esterase staining of adherent peritoneal cells
obtained on several occasions showed that at least 95%
were macrophages (average 98%). Similar results were
given by antibody staining in that 95% of the cells
stained for CR3 or F4/80 antigen. Macrophages were,
therefore, the dominant cell in the adherent elicited
population and the cell most likely to be responsible
for tumour cytotoxicity observed.

The data suggest

that in the assay used to demonstrate tumour killing
there was only one contaminating cell for each 5-10
target cells and 20-50 macrophages.
The number of contaminating cells was small, but
it remained a possibility that these cells could be
responsible for,

or contributing to,

cytotoxicity.

This could occur directly or through the production of
other factors by the contaminating cells. Supernatants
from macrophages activated with IL-4 were, therefore,
tested for interferons as possible mediators of such
an indirect process. IFNs were not detected (data not
shown) and antibody to IFN-y was not able to prevent
activation by IL-4 (see Figure 7).
Separate evidence for the idea that macrophages
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in the adherent cell population are affected by IL-4
is also provided by noting changes in the expression
of other macrophage capacities. This is given in later
chapters of this thesis, which describe changes in the
level of MHC class I and class II molecules and of IgE
receptors after activation by IL-4.
Activation of Macrophage Cell Lines

Further evidence that macrophage activation by
IL-4 was direct and independent of factors produced by
other cells was provided by experiments demonstrating
that macrophage cell lines could be activated by IL-4.
In these experiments macrophage cell lines were tested
for their ability to kill target cells after treatment
with IL-4, IFN-y or LPS. The method used was identical
to that used for peritoneal macrophages.

Data from

several experiments with a series of macrophage lines
and the target cell lines TU-5 and P815 are presented
in Table 5.
The data in the table show that the majority of
macrophage cell lines could be activated for tumour
killing, although the cell lines P388D1 and RAW 309
Cr.l could not be activated for killing of either the
P815 or TU-5 tumour target cells. The cell lines PU5
1.8 and J774 A1 were able to kill either target cell
line after activation with IFN-y or IFN-y/LPS but not
after activation with IL-4.
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Note to Table 5
Each macrophage cell line was tested at least five
times against each target cell. Acceptable assays were
recorded if background release of label was less than
15% of total release. A positive result was scored if
release of label was greater than twice background in
80% of tests. The range in the extent of killing with
maximum doses of cytokine was as follows :
Target cell line TU-5
Cell Line

Peritoneal
PU5 1.8
P388 D1
RAW 309 Cr.l
RAW 264.7
J774 A1

Increase in killing (expressed as a
multiple of the background level)
IL-4
IFN-y
0
LPS IFN-y/LPS
0
0
0
0
0
0

2-6
0
0
0
3-5
0

0-1
2-4
0
0
0-1
2-3

0
0
0
0
0
0

2-6
3-6
0-1
0
3-5
4-5

Target cell line P815
Cell Line

Peritoneal
PU5 1.8
P388 D1
RAW 30 9 Cr.l
RAW 264.7
J774 A1

Increase in killing (expressed as a
multiple *
of the background level)
IL-4
IFN-y
0
LPS IFN-y/LPS
0
0
0
0
0
0

0
0
0
0
0
0

0
2-4
0
0
1-3
2-3

0
0
0
0
0-1
0

0
3-6
0
0
3-6
2-4

TABLE 5 -

Killing of tumour cell lines by activated
macrophage cell lines

Macrophage cell lines were incubated with labelled
tumour cells and triplicate dilutions of IL-4, IFN-y,
LPS, or IFN-y with 5 ng/ml LPS, using an E:T ratio of
5:1. Samples of supernatant were taken after 48 hours
for scintillation counting to assess cytotoxicity.
a) Killing of tumour cell line TU-5
Cell line
0

IL-4

Activator
IFN-y
LPS IFN-y/LPS

Peritoneal
Macrophages
PU5 1.8
P388 D1
RAW 309 Cr.l
RAW 264.7
J774 A1
b) Killing of tumour cell line P815
Cell line
0

IL-4

Activator
IFN-y
LPS IFN-y/LPS

Peritoneal
Macrophages
PU5 1.8
P388 D1
RAW 309 Cr.l
RAW 2 64.7
J774 A1
Key to table

- = no detectable killing
+ = killing (at least twice background)
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The macrophage cell line RAW 264.7 was activated
for killing of TU-5 cells by IFN-y/LPS or by IL-4, but
this line would kill P815 cells only in response to
IFN-y or IFN-y/LPS. The same pattern of response was
shown by peritoneal macrophages, consequently the data
suggest that activation of RAW 2 64.7 cells was similar
to that of peritoneal macrophages. Subsequently, the
RAW 264.7 cell line was subcloned and the clones were
tested in the TU-5 assay to select a clone with the
largest index of activation i.e. separation of maximum
release from background. An assay for tumour killing
using this clone (RAW 264.7.4) is shown in Figure 9.
FIGURE 9 Assay of activation for tumour killing using
macrophage cell line clone RAW 264.7.4
RAW 264.7.4 cells were incubated with 3H-thymidine
labelled TU-5 tumour cells and with dilutions of IL-4,
IFN-y, LPS, or IFN-y and 5 ng/ml LPS, using an E :T
ratio of 5:1. Samples of supernatant were taken after
48 hours for scintillation counting and a figure for
total lysis of cells was obtained using 1% SDS. The
specific cytotoxicity was then calculated.
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The overall conclusion reached from this set of
data was that the macrophage cell line RAW 264.7 could
be activated directly by IL-4 and that macrophages
were responsible for tumour cell killing by adherent
peritoneal cells treated with IL-4 in vitro. There was
also an implication from the data in Table 5 that a
number of tumour killing mechanisms may exist. This is
shown by the observation that the macrophage cell line
PU5 1.8 activated with IFN-y alone would kill P815
cells, although they were unable to kill TU-5 cells.
The observation that some macrophage cell lines, such
as PU5 1.8 or J774 Al, were activated by IFN-y/LPS for
killing of TU-5 cells, but not by .IL-4, may also be
significant. These data suggests that IFN-y and IL-4
operate via separate pathways of activation or that a
receptor for IL-4 is not expressed on these lines.
Activation of Spleen and Bone Marrow Macrophages

Studies of macrophage activation were broadened
to include macrophages or monocytes at various stages
of their development. The bone marrow was chosen as a
site of cellular development, to provide macrophages
at an early stage in differentiation. The macrophages
obtained could be used immediately, or after culture
for three to four days with M-CSF. Spleen macrophages
were used on the day of isolation and they provided a
population of cells which were mostly monocytes, but
which had been subjected to the spleen environment.
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FIGURE 10

Effect of IL-4, IFN-y and LPS on activation
of macrophages from spleen and bone
marrow for tumour killing

Macrophages were obtained from spleen, bone marrow
and peritoneum and incubated in parallel using TU-5
tumour cells labelled with 3H-thymidine and dilutions
of IL-4, IFN-y, LPS, or IFN-y with 5 ng/ml LPS. Fifty
HI of supernatant was removed after 48 hours and the
released label was detected by scintillation counting.
Total release of label was determined and the specific
cytotoxicity was calculated.
Activation of bone marrow macrophages
for tumour cytotoxicity

Figure 10a
100

eo

so
40

20

0.1

0.01

Cytokine (ng/ml)

Figure IQb

Activation of spleen macrophages
for tumour cytotoxicity

an
0.01

0.1

Cytokine (ng/ml)

Figure 10c
100

Activation of peritoneal macrophages
for tumour cytotoxicity
% •pcdHo cytotoxicity

SO

eo
40

to
0.001

0.01

i

0.1

Cytokine (ng/ml)
• IFN-Y

LPS

-a -

129

10

Data presented in Figure 10 show activation of
bone marrow macrophages compared with macrophages from
spleen or peritoneum. The activation of bone marrow
macrophages, shown in Figure 10a was similar to that
with peritoneal cells shown in Figure 10 c. However,
spleen cells were refractory to activation for tumour
killing (Figure 10b). The spleen macrophage population
had been separated from other cells by adherence after
percoll gradient centrifugation. In experiments where
peritoneal macrophages

were obtained using percoll

separation the effect on activation was insignificant,
implying that the unresponsiveness of spleen cells was
due to their site of origin.
Spleen macrophages include many monocytes,

but

also contain tissue macrophages and both types of cell
may participate in the functions carried out by this
tissue. The residence time of blood monocytes within
the

spleen would generally be short,

however,

the

spleen environment may have a significant effect on
the responses of these cells.

It is, therefore, not

possible to say that monocytes would not respond to
activation by cytokines in this assay. The conclusion
of these

experiments

was that bone

marrow-derived

macrophages and peritoneal macrophages could respond
to IL-4, LPS or IFN-y, but that responses of spleen
macrophages to these factors were suppressed.
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3.5 Tumour Cell Binding (Adhesion)
In vivo the potential for recognition of tumours
is limited to binding of "tumour-specific" or foreign
antigens on the target cell surface. These can include
viral antigens if the tumour is infected with a virus,
abnormal proteins, or atypical expression of proteins,
such as foetal antigens, which are then recognised as
foreign since they have not been seen in that context
before. In vitro there are further possibilities, as
effector

cells

can

detect

antigens

on

allogeneic

target cells which are foreign to the effector cell,
because the target cells express a different allele of
a gene.
The possibility that the tumouricidal activity of
macrophages seen in vitro may depend on recognition of
alloantigen was examined in experiments designed to
determine whether macrophages from one strain of mice
would kill a range of tumour lines, including those
syngeneic to the macrophages in question. Results of
this experiment are shown in Figure 11, which depicts
the activation of macrophages from different strains
of mice assessed by their ability to kill TU-5 cells,
which are from C57/B16 mice. It is apparent that the
TU-5 tumour line was killed efficiently by macrophages
from any of the strains of mice tested including the
syngeneic strain c57/bl6,

when they were activated

with IL-4 or IFN-y/LPS.
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FIGURE 11 Effect of IL-4, IFN— 7 and LPS on macrophages
from four strains of mice assessed by
tumour killing
Macrophages were obtained from C3H/HeN, Balb/c,
C57/BL6 and DBA/2 mice and activated with IL-4, IFN-y,
LPS or IFN-y/LPS in the presence of TU-5 tumour cells
labelled with 3H-thymidine. Supernatant was removed
after 48 hours and the released label was detected by
scintillation counting. Total release of label was
determined and specific cytotoxicity was calculated.
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In similar experiments macrophages from c57/bl6,
Balb/c, C3H/HeN and DBA/2 mice were tested against the
tumour lines L929, P815 and WEHI 164 which are from
Balb/c, Balb/c and DBA/2 mice respectively. The target
cell lines L1210 (Balb/c) and J558 (Balb/c) were also
tested against C3H/HeN and Balb/c macrophages. In each
of these experiments macrophages from each strain were
equally efficient, indicated that cytotoxicity did not
depend on the recognition of alloantigen.
Proximity between macrophage and target cell

Macrophages were activated with IL-4, IFN-y, LPS
or IFN-y/LPS and culture supernatants were taken at
four hour time intervals from 0-48 hours for addition
to labelled target cells. The supernatants were tested
for their ability to kill TU-5 or P815 cells (assessed
by release of m In or 3H) , but none gave significant
killing. This indicated that the cytotoxic mechanism
required several factors or signals from the target
cell, or that proximity was essential. In a separate
experiment two or more supernatants were combined and
added to target cells, e.g. supernatant taken after 4
hours was combined with supernatant taken at 8 hours.
Release of label from the target cells was again not
detected. This implies that cytolysis is not effected
solely by soluble factors and that proximity between
macrophage and target is a prerequisite for tumour
cytotoxicity.
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Is there a role for known adhesion molecules ?

Adhesion of macrophages to tumour cells has been
postulated as an essential part of the mechanism of
cell killing (Adams and Marino [1981]) and parameters
of the binding have been defined by measuring the flow
of fluid necessary to dislodge target cells from the
effector cell (Johnson et al., 1984), but the possible
mediators of this event have not been identified.
Characterisation of the integrin superfamily of
molecules (Springer, 1990) has led to the suggestion
that they are involved in a number of cell adhesion
processes, including those between cytotoxic cells and
their targets (Figdor et al., 1990). In addition, the
integrin molecule LFA-1 was identified as a potential
effector of binding of tumour cells during killing by
cytotoxic T-cells (Sanchez-Madrid et al., 1983).
In the experiments described here antibodies to
LFA-1 and CR3 were used to attempt to block tumour
cytotoxicity mediated by macrophages. The antibodies
used in these experiments were M17/4.2,
antibody to murine

LFA-1,

Sanchez-Madrid et al.

a rat IgG2a

which had been used by

(1983) to block tumour killing

by CTL ; and 5C6, a rat IgG2a antibody to murine CR3,
isolated by Rosen and Gordon

(1987), which prevents

macrophage binding to microbiological plastic as well
as their extravasation in vivo. The data from a study
of the effect of these antibodies to CR3 and LFA-1 on
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tumour cell killing by macrophages activated with LPS
or IL-4 are shown in Figure 12.
FIGURE 12

Effect of antibodies to CR3 and LFA-1 on
macrophage activation for tumour killing

Macrophages and tumour cells were added to four
microtitre plates. Monoclonal antibody to CR3 (5C6)
was added to one plate to a final concentration of 10
|ig/ml and monoclonal antibody to LFA-1 (M17-4.2) at
the same concentration to another. Both antibodies
were added to a third plate and the same volume of
DMEM was added to the fourth. Appropriate dilutions of
IL-4 or LPS were prepared and added in triplicate to
each plate to set up four parallel assays. Tumour cell
killing was detected by crystal violet staining and
specific cytotoxicity was calculated.
Figure 12a

Effect of antibody to CR3 and LFA-1 on
macrophage activation by IL-4
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Effect of antibody to CR3 and LFA-1 on
macrophage activation by LPS
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The data in figure 12 show that neither of the
two antibodies had an effect on cytotoxicity induced
by IL-4. Antibody to LFA-1 also had no effect on the
assay during macrophage activation by LPS, but it was
effective as a macrophage activating factor if used in
conjunction with LPS. This suggested that engagement
of CR3 on the macrophage surface can have a priming
effect similar to that of IFN-y. This may be relevant
to the role of CR3 in vivo as it indicates that the
binding of opsonised material may prime macrophages
for microbial cytotoxicity. Antibody to LFA_1 or CR3
had no effect on macrophage activation by IFN-y or by
IFN-y/LPS (data not shown). The same antibodies were
also used to detect expression of LFA-1 and CR3 on the
macrophage surface and data from those experiments are
presented in Chapter 6.
3.6

Time Course of Macrophage Activation
and of Tumour Killing
In a number of separate experiments peritoneal

macrophages were activated with IL-4,

IFN-y, LPS or

IFN-y/LPS and incubated with labelled target cells for
different lengths of time. Release of label over time
was measured and data from one of these experiments
are presented in Figure 13.
The data show that the specific cytotoxicity at
any particular time varied according to the factor
used for activation. Macrophages activated with IL-4
136

took almost 48 hours in order to effect significant
killing, whilst those treated with IFN-y/LPS had an
effect on tumour cells by 24 hours.

This suggested

again that different pathways of activation are used
by IFN-y/LPS and IL-4, or that different mechanisms of
killing may be induced in each case.
FIGURE 13

Time course of development of cytotoxicity
after macrophage activation

Macrophages were incubated with labelled TU-5 cells
in the presence of 10 ng per ml IL-4 or IFN-y, 100
ng/ml LPS, or with 0.2 ng per ml of IFN-y and 5 ng per
ml of LPS. Supernatant samples were taken at various
times and released label was used as a measure of the
extent of cytotoxicity.
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In another experiment the length of exposure to
cytokine necessary for activation was determined by
starting a cytotoxicity assay, then adding antibody to
the cytokine after an appropriate interval. After 48
hours a sample of each of the supernatants was removed
for scintillation counting to assess total release of
thymidine in that period and specific cytotoxicity was
calculated. Data from this experiment are depicted in
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Figure 14, plotted as cytotoxicity against the elapsed
time before addition of antibody to IL-4 or IFN-y.
FIGURE 14

Length of exposure to cytokine inducing
cytotoxicity

Macrophages were incubated with 10 ng/ml of IL-4 or
with IFN-y/LPS (0.2 and 5 ng per ml) in the presence
of labelled target cells. Excess neutralising antibody
against IFN-y or IL-4 was added to appropriate wells
at various times after the start of incubation and the
cytotoxicity developed was assessed after a total of
48 hours.
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The data in Figure 14 suggest that activation of
macrophages requires the presence of either IFN-y or
IL-4 for some time, four hours for IFN-y and twelve
hours for IL-4. These data highlight the difference
between the actions of IL-4 and IFN-y on macrophages.
3.7 Discussion
Studies in this chapter establish that IL-4 was
the component in a supernatant from PMA-treated EL-4
MM-1 cells which induced macrophage-mediated tumour
cytotoxicity in an in vitro assay. This supernatant
did not contain detectable IFN-y or LPS, which were at
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that time the only clearly identified MAFs, but IL-2
and some CSFs were present (Table 3, Fraction 1).
Evidence that IL-4 was the active principle in
this supernatant was obtained by purifying the MAF
activity from the supernatant using ion-exchange and
affinity chromatography. The purified fractions were
characterised using assays for cytokines and the MAF
activity did not co-purify with known MAFs, such as
IFN-y and CSFs or with other cytokines, including IL-2
(Table 3) . LPS was not detected and it was possible to
exclude the possibility that PMA, which was used to
induce the MAF, caused activation (Figure 5c).
Experiments were performed to show that tumour
killing mediated by macrophages activated with the
supernatant from EL-4 MM1 cells, or purified fractions
of this material, could be inhibited using an antibody
to IL-4 and that IL-4 produced using recombinant DNA
technology can activate macrophages (Figures
The specific activity of recombinant

6

and 7).

IL-4 for

activation of tumour cytotoxicity was 5 x 106 Units/mg.
This is significantly higher than the figure of 3.2 x
105 U/mg determined by Sutton et al. (1989) using IL-4
from EL-4 MM-1 supernatant which had been purified by
HPLC. The material prepared by Sutton et al. contained
only 2% major impurities if assessed by SDS-PAGE, but
there were various different IL-4 molecules detected
in the preparation.

It is, therefore, possible that

their preparation contained some inactive material and
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minor contaminants. The specific activity obtained for
recombinant IL-4 in these experiments was also higher
than that obtained for IFN-y (in the absence of LPS)
of 4 x 105 U/mg.
These data imply that a concentration of IL-4
which gives significant activation in vitro (5 U/ml)
would be less than 1 ng/ml. This figure is within the
range of concentrations of IL-4 seen in vivo and that
generated by T-cells in vitro and this suggests that
IL-4 could play a physiological role in modulation of
macrophage

function,

although

its

higher

specific

activity in regulating B-cell activity suggests that
modulation of B-cell function is its main biological
role.
Further experiments were then conducted to show
that 95% of the cells in the effector population were
macrophages. Macrophage cell lines were also used to
test for an effect of IL-4. In these experiments it
was evident that IL-4 could activate tumour killing by
the macrophage cell line. This supported the view that
IL-4 had a direct effect on macrophages and that no
other cell type was required. Various aspects of the
cytotoxic process could then be investigated. It was
observed that killing occurred only if effector and
target cells were in contact,

as supernatants from

macrophages activated with IL-4 or IFN-y/LPS did not
kill target cells.
Several pieces of data highlighted differences
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between IL-4 and IFN-y in macrophage activation. This
was seen in differences in the range of tumour target
cells killed, as macrophages activated with IFN-y were
able to kill a cell line, P815, which was not killed
by macrophages activated with IL-4

(Table 4) . There

were differences in the length of exposure to cytokine
required to induce killing, as macrophages responded
to IFN-y/LPS after eight to 12 hours whereas exposure
to IL-4 had to last 12 to sixteen hours (Figure 14).
There were also differences in the time required for
cytotoxicity to develop (Figure 13) and in activation
of macrophage cell lines (Table 5). These results may
be relevant when considering the half-life of these
factors in biological systems or whether the effect of
each

molecule

may

arise

and

persist

in

vivo.

Recognition of alloantigen by macrophages was not
found to be an essential component of cytotoxicity, as
tumour cell lines were killed equally efficiently by
syngeneic and allogeneic macrophages

(Figure 11). In

further experiments the role of adhesion molecules was
studied.

It was not possible to ascertain whether

tumour cell binding occurred through the two integrin
molecules, LFA-1 and CR3, but antibody to LFA-1 or CR3
was not able to inhibit cytotoxicity (Figure 12).
As a result of this study and of data reported by
Crawford et al. (1989) it is clear that tumour killing
by macrophages in vitro can be induced by IL-4. Tumour
rejection attributable to IL-4 was also demonstrated
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in vivo, but it has not been proved that macrophages
were responsible. In experiments performed by Tepper
et al. (1989) J558L tumour cells were transfected with
a plasmid so that they expressed IL-4 and put into
mice. J558L cells containing a control plasmid were
also put into mice and the development of tumours was
monitored in each case. They showed that cells which
were transfected with the control plasmid developed
into tumours, but cells expressing IL-4 did not unless
antibody to IL-4 was also added.

Cytological study

showed that macrophages were present at the sites of
tumour regression and this effect of IL-4 could be
seen in beige mice, which are deficient in NK and CTL
function. In addition, data presented here have shown
that J558 cells were killed by macrophages activated
in vitro using IL-4 (Table 4). This suggests that the
tumouricidal effects observed in vivo were due to the
action of macrophages and it would be interesting to
analyse other tumour targets susceptible to killing by
macrophages treated with IL-4 in a similar manner.
In conclusion, studies in this chapter have shown
that IL-4 is a moderately potent macrophage activating
factor in vitro. The tumour cytotoxicity expressed by
macrophages activated with IL-4 differed from that
developed by macrophages activated with IFN-y or with
IFN-y/LPS and these differences may reflect separate
functions of these molecules in the immune system.
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CHAPTER FOUR

MACROPHAGE PRODUCTION OF CYTOCIDAL FACTORS

After establishing some general aspects of the
tumouricidal function of macrophages activated with
IL-4, studies were focussed on the role of putative
cytocidal mechanisms, or cytotoxic molecules, produced
by activated macrophages. Experiments were carried out
to characterise the production of cytocidal factors
during activation and to block them from their target
in a cytotoxicity assay, using specific antibodies and
enzymes. The sensitivity of tumour cell lines to each
of these cytocidal factors was determined separately
and correlated with production of cytotoxins.
The major mediators of tumour killing considered
were TNF, ROI and RNI. The levels of IL-1 and IL- 6
produced by macrophages were also measured,

as they

may be important for cytotoxicity against some cell
lines (Lachman et al., 1986). However, IL-1 and IL- 6
were not cytotoxic to the tumour lines used and they
are involved in other responses of the immune system
(Di Giovine and Duff, 1989), consequently data on the
expression of IL-1 and IL- 6 are given in Chapter
4.1

6

.

Sensitivity of Tumour Cell Lines to Cytotoxic
Molecules TNF, ROI and RNI
The sensitivities of tumour cell lines to TNF,

hydrogen peroxide and sodium nitrite was determined by
assessing their loss of cellular integrity by crystal
violet staining or their loss of metabolic activity
using MTT, or their loss of m In radioactive label,
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after incubation with each cytotoxic molecule. Data
obtained by measuring loss of radioactive label by the
cell lines L929, TU-5, WEHI 164 cl. 13 and P815 are
presented in Table

6

, but similar data were obtained

using the other methods.
TABLE

6

Determination of TNF, peroxide and nitrite
sensitivities of tumour cell lines

m In-labelled cells from four cell lines were plated
out in microtitre plates at 4 x 104 per well in 50 Jll
of medium with 2% FCS. 50 pi of medium with 3 pg/ml
AMD was added to half the wells with 50 pi of medium
only to the remainder. Dilutions of TNF (1 pg/ml - 10
ng/ml), hydrogen peroxide ( 1 ng/ml - 1 0 0 pg/ml) or
sodium nitrite ( 1 0 pg/ml - 1 0 mg/ml) were made and
added to triplicate wells. The plates were incubated
overnight at 37°C and cell death was then assessed by
measuring the released radioactivity in 50 pi samples
of supernatant.
(a) Sensitivity of tumour cells to TNF
Cell line

Concentration of TNF
causing 50% cell death

L929
TU-5
WEHI 164
P815

25 pg/ml
100 pg/ml
1 pg/ml
8 ng/ml

cl.13
>

(b) Sensitivity of tumour cells to H2 02
Cell line

Concentration of H2 02
causing 50% cell death

L929
TU-5
WEHI 164
P815

3 pg/ml
5 pg/ml
4 pg/ml
20 ng/ml

cl.13

(c) Sensitivity of tumour cells to nitrite
Cell line

Concentration of nitrite
causing 50% cell death

L929
TU-5
WEHI 164
P815

520 pg/ml
350 pg/ml
250 pg/ml
825 pg/ml

cl.13
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The cell lines TU-5 and L929 were very similar in
their sensitivity to TNF, peroxide and nitrite. There
was a difference between these cell lines in their
sensitivity to TNF, as 25 pg/ml of TNF was sufficient
to kill 50% of L929 cells whilst four times as much
TNF was required to achieve the same effect on TU-5
cells. However, this was significantly less than the
differences between other pairs of cell lines. There
was only a factor of 2 or less between TU-5 and L929
in their sensitivities to peroxide and nitrite.
WEHI 164 cl.13 cells were similar to L929 cells
and TU-5 cells in their sensitivity to peroxide or
nitrite. The sensitivity of all three lines was within
the range 3-5 pg/ml H2 02 and 250-520 pg/ml nitrite. The
sensitivity of WEHI 164 cl.13 cells to TNF was greater
than that of any other cell line and 50% of cells were
killed by 1 pg/ml TNF.
P815 cells were significantly different from the
other cell lines, as they were insensitive to TNF at
the concentration tested (up to 10 ng/ml). P815 cells
were approximately 150-250 times more sensitive than
any other cell line to peroxide, but their sensitivity
to nitrite was similar to that of the other cells.
4.2 Tumour Necrosis Factor
There is extensive evidence that TNF is produced
as a soluble product by activated macrophages and that
it is cytotoxic to tumour cells in vitro (Old, 1985).
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There is also evidence to suggest that there is a form
of TNF which is membrane-associated (mTNF) and retains
its cytocidal potential (Decker et al., 1987). Various
tumour cell lines, which were killed by macrophages
activated with IL-4 or IFN-y/LPS were tested for their
sensitivity to TNF. In addition, data were obtained on
the production of soluble TNF and mTNF by macrophages
after treatment with IFN-y, LPS, IFN-y/LPS or IL-4. It
was then possible to assess whether the tumour killing
developed by macrophages activated with either IL-4 or
IFN-y/LPS involved TNF.
4.2.1 Sensitivity of tumour cell lines to TNF
The sensitivity of the tumour cell lines L929,
TU-5, WEHI-164 cl.13 and P815 to TNF was determined by
incubating labelled cells with various concentrations
of TNF in the presence of AMD, as described in section
4.1. Data in Table

6

(a) shows the level of TNF which

induced lysis of 50% of cells for each of these four
cell lines. It was apparent that the cell line P815
was insensitive to TNF, even at concentrations up to
8

ng/ml. This indicated that the macrophage-mediated

killing of P815 cells was less likely to involve TNF
than killing of any of the other lines. All the other
lines were sensitive to TNF and WEHI 164 cl. 13 were
particularly sensitive. The sensitivity of L929 and
TU-5 cells was between 25 and 100 pg/ml, but that of
WEHI 164 cl.13 cells was

1 pg/ml.
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4.2.2 TNF production by macrophages
Production of TNF by activated macrophages was
initially determined by testing the supernatants from
activated cells for TNF in a conventional bioassay. In
addition, a neutralising antibody to TNF (TN-3.19.12)
was used to block target cell killing in the tumour
cytotoxicity assay and mRNA for TNF was detected using
slot-blot analysis to determine whether induction was
due to de novo protein synthesis. In order to detect
TNF on the membrane of macrophages, surface staining
with antibody TN-3.19.12 was used and the bioassay for
TNF was adapted to detect TNF on the surface of fixed
cells, as described by Decker et al. (1987).
Production of soluble TNF by macrophages

Induction of soluble TNF was assessed by testing
supernatants, taken from macrophages at various times
after activation, in a bioassay using L929 or WEHI 164
cl.13 cells. The titre of TNF in the supernatants was
measured in an assay on L929 cells and from these data
the rate of production of TNF was calculated. Figure
15 summarises results from four similar experiments.
The figure shows that TNF production was induced by
LPS or by IFN-y/LPS. Production of TNF was maximal 2
hours after addition of 100 ng/ml LPS and declined by
8

hours, whereas a combination of 0.2 ng/ml IFN-y and

5 ng/ml LPS gave prolonged production of TNF which was
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maximal at

8

hours. No TNF production was observed

after activation with 50 ng/ml of IL-4 even though the
concentration of IL-4 was higher than that required to
induce macrophage activation for tumour cell killing.
TNF was not detected in the supernatant of macrophages
activated with IFN-y (data not shown).
FIGURE 15

TNF production by activated macrophages

Supernatants were taken from untreated macrophages,
or macrophages activated with LPS, IFN-y/LPS or IL-4,
after 0, 1, 2, 4, 6 , 8 , 12, 16, 20 and 24 hours and
assayed for TNF in a bioassay. This procedure was
repeated on three occasions and the average amount of
TNF produced was determined.
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Although TNF was not detected in the supernatants
taken from macrophages treated with IL-4, there was a
possibility that TNF was being induced and that it was
not detectable using the bioassay. For example, it was
possible that it was present at an intermediate time
between those tested, or that it was induced in the
presence of an inhibitor, or in association with the
plasma membrane as mTNF.
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A series of further experiments were carried out
to confirm that soluble TNF was not being expressed
after activation by IL-4. Supernatants were taken from
macrophages at other times and tested for TNF using
WEHI 164 cl. 13 cells. TNF was not detected in any of
these supernatants. These samples were also used in
experiments to demonstrate that an inhibitor of TNF
was not produced. TNF was added to the supernatants
and the residual TNF activity was measured. There was
no reduction of the titre of TNF

(data not shown) ,

suggesting that inhibitors were not present and Drs.
Paul Kaye and Greg Bancroft at LSHTM did not detect
TNF in the supernatants of macrophages activated with
IL-4 using an ELISA for TNF. In addition, tests for
TNF were also carried out on supernatants taken from
macrophages activated with IL-4 in the presence of
tumour target cells. TNF was not detected (data not
shown) and this indicated that production of soluble
TNF was not induced by IL-4, even in the presence of
target cells. Further experiments were then designed
to investigate whether membrane-associated TNF could
be induced by IL-4.
Use of antibody to TNF to demonstrate the involvement
of TNF in tumour killing by activated macrophages

If membrane-bound TNF is induced on macrophages,
a neutralising antibody to TNF can be used to prevent
tumour killing by activated macrophages. The hybridoma
line, TN-3.19.12, from which antibody was prepared was
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originally isolated by Sheehan et al. (1989). Purified
antibody was prepared at Celltech, U.K. and tested for
stability and purity as well as for neutralisation of
TNF in vitro. Figure 16 shows the results of a test
for inhibition of tumour killing using this antibody.
FIGURE 16

Effect of antibody to TNF on tumour killing
by activated macrophages

Macrophages and labelled tumour cells were added to
two microtitre plates. Monoclonal antibody to TNF
(TN-3.19.12) was added to one of the plates to give a
final concentration of 1 0 (ig/ml and the same volume of
DMEM was added to the other. Dilutions of recombinant
IL-4 and IFN-y/LPS were prepared and aliquots of each
were added to three wells in each plate to set up two
parallel assays in the standard way. Supernatant was
removed and released label detected after 48 hours.
Specific cytotoxicity was determined relative to the
release of label obtained using 1% SDS to lyse cells.
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The data in Figure 16 show that killing of TU-5
tumour cells induced by either IFN-y/LPS or IL-4 was
inhibited by antibody to TNF, TN-3.19.12, but that the
cytotoxicity

induced

by

IL-4

was

inhibited

to

a

greater extent. At the highest concentration of IL-4
all the killing was inhibited by
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10

\ig/ml of antibody

to TNF, whereas the same concentration of antibody
inhibited less than 50% of the killing induced by high
concentrations of IFN-y/LPS. A control antibody, HI.6 ,
had no effect on tumour cytotoxicity (data not shown).
It had been expected that antibody to TNF would
inhibit killing of TU-5 cells by IFN-y/LPS treated
macrophages,

since it had been shown that IFN-y/LPS

induced TNF

(Figure

15)

and that

sensitive to TNF (Table

6

TU-5

cells

were

) . The finding that tumour

killing induced by IL-4 was inhibited by antibody to
TNF was surprising, as TNF had not been detected in
supernatants from macrophages activated with IL-4.
These data suggested that macrophages activated
with IL-4 were producing a form of TNF, which was part
of the cytotoxic mechanism.

In order to investigate

this hypothesis experiments were carried out to detect
mRNA for TNF in the RNA from activated macrophages. In
addition, experiments were conducted to look for mTNF
by bioassay of fixed cells and surface staining using
antibody to TNF and FACS analysis.
Detection of mRNA for TNF

In experiments concerned with detection of mRNA
for TNF macrophages were collected at various times
during activation and RNA was prepared from the cells.
This RNA was bound onto nitrocellulose filters in a
slot blot apparatus. The filters were probed using a
radioactively labelled oligonucleotide complementary
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to TNF message and the relative intensity of signal
from each sample was estimated. This was compared to
the intensities seen when the same filter was tested
with a probe for actin mRNA. The production of actin
mRNA is constitutive and this, therefore, provided a
control to show the amount of mRNA in each sample.
Data from an experiment to look for TNF mRNA in
RNA from activated macrophages are shown in Figure 17.
In the autoradiogram shown in Figure 17d a weak band
was seen with the TNF probe at 0 hours after addition
of LPS. This would indicate that macrophages produce
some TNF constitutively, however, this band was not
seen in other experiments. The band observed using the
actin probe for this sample is also weak, indicating
that the amount of mRNA loaded onto the filter from
this sample was low. The amount of mRNA for TNF seen
in a sample prepared from macrophages activated for

2

hours with LPS was significantly greater than that
detected in the sample from untreated macrophages. The
amount of actin mRNA present in the sample prepared
from macrophages treated with LPS for 2 hours was also
greater, but densitometry readings revealed that there
had been a four-fold increase in mRNA for TNF relative
to the actin mRNA. The sample of RNA prepared from
macrophages treated for

8

hours with LPS gave only a

weak band when probed for TNF mRNA, but a high loading
of RNA as measured by the density of the band observed
with the probe for actin mRNA.
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IFN-y/LPS also induced an increase in the level
of mRNA for TNF relative to the total mRNA. This was
detected in samples taken between 3 and 16 hours, as
shown in Figure 17d and Figure 17c. The increases in
TNF mRNA seen in macrophages treated with IFN-y/LPS or
LPS corresponded to expression of TNF in the medium,
since they preceded the peak of production of protein
shown in Figure 15.
There was very little mRNA for TNF detected in
samples prepared from macrophages treated with IFN-y.
In addition the bands seen after 1 or 3 hours can be
correlated with the increased loading of mRNA shown by
a corresponding increase in the signal with the probe
for actin mRNA. Samples taken from macrophages treated
with IL-4 for 1 hour had a detectable level of mRNA
for TNF, but samples taken at 3 and

6

hours had lower

levels despite there being a larger amount of mRNA for
actin. This indicated that there was a rapid induction
of TNF message after activation with IL-4, which was
not reflected in expression of soluble TNF. This was
further evidence to suggest that macrophages activated
with IL-4 express membrane-associated TNF.
Surface TNF: bioassay and cell membrane staining

Experiments

to

detect

membrane-associated

TNF

relied on activation of macrophages and fixing the
cells with paraformaldehyde to prevent any loss of
activity from the cell surface by internalisation of
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membrane, proteolysis or any other enzymatic process.
The presence of TNF on the macrophage surface was then
investigated (i) by adding TNF-sensitive cells to the
fixed cells and (ii) using biotinylated antibody to
TNF in conjunction with avidin-FITC and FACS analysis.
Data from an experiment showing that macrophages
which had been fixed after activation could kill L929
cells, in the presence of AMD, are shown in Figure 18.
In this experiment target cell killing was indicated
by a reduction of optical density. This was attributed
to killing of L929 cells, as the fixed macrophages did
not stain with crystal violet.
FIGURE 18

Effect of paraformaldehyde-fixed
activated macrophages on L929 cells

Macrophages were placed in microtitre plates at 105
per well and incubated with medium, IL-4 (10 ng/ml),
IFN-y (10 ng/ml), LPS (100 ng/ml) or 0.2 ng/ml IFN-y
and 5 ng/ml of LPS. 2% paraformaldehyde was added at
various times to triplicate wells to fix cells. The
plate was washed with PBS before adding 3 x 104 L929
cells per well in DMEM with 2% FCS and 1 |ig/ml AMD.
The plate was incubated overnight at 37°C and stained
using crystal violet.
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Fixed macrophages which had been incubated with
IFN-y or medium had no effect on the AMD-treated L92 9
target cells.

Macrophages which had been incubated

with LPS for one hour prior to fixation were able to
effect cytotoxicity and approximately 50% of the L929
cells were killed. Incubation of macrophages with LPS
for

2 - 6

hours also gave detectable cytotoxic activity,

but this was lost after longer incubation periods. The
effect of IFN-y/LPS was to induce an activity of fixed
macrophages against L929 cells which was detectable
between 4 and 16 hours after starting the incubation.
In all these cases the appearance of TNF activity on
the macrophage surface was consistent with an earlier
induction of mRNA for TNF and the later appearance of
soluble TNF in culture supernatants.
A cytotoxic potential of fixed macrophages was
also observed after they had been activated with IL-4.
This was detectable 4,

6

and

8

hours after the cells

had been activated. This was consistent with induction
of mRNA for TNF by IL-4, as this was detected one hour
after activation and lasted for a further 4-5 hours,
as shown in Figure 17.
In further experiments a neutralising monoclonal
antibody to TNF was added to fixed macrophages prior
to the addition of TNF-sensitive cells to demonstrate
that the effect of fixed cells was due to expression
of mTNF. The antibody TN-3.19.12 had previously been
shown to neutralise TNF-a, but it did not affect the
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activity of other related molecules,

such as TNF-(3

(Sheehan et al., 1989). A control antibody for this
experiment was the hamster IgG antibody against murine
IFN-y, H22, obtained by Schreiber et al.

(1985).

In the experiment shown in Figure 19 macrophages
were activated and then fixed with paraformaldehyde
after 1, 2, 4, or

8

hours. Antibody to TNF, medium or

a control antibody were added, prior to the addition
of L929 cells. The assay was then conducted as for an
assay for soluble TNF to detect lysis of L929 cells.
Cytotoxic activity of the fixed cells is indicated by
a decrease in optical density. Neutralisation of the
cytotoxic activity is, therefore, seen as an increase
in optical density for the same combination of MAF and
time of activation.
There was no significant level of L929 killing
with macrophages incubated with medium for 1, 2, 4 or
8

hours. Macrophages incubated with IFN-y exhibited

some cytotoxic activity after four hours, but this was
less than observed with other factors and it was not
seen in other experiments, for example in Figure 18.
Cytotoxic activity was observed after activation of
macrophages with IFN-y/LPS and this was inhibited by
antibody to TNF (TN-3.19.12), but not by the control
antibody H22. The extent of inhibition was less at 4
and

8

hours than was observed at earlier time points,

suggesting that another membrane-associated cytotoxic
factor could be present.
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Figure 19

Effect of antibody to TNF on killing of
L929 cells by paraformaldehyde-fixed
activated macrophages

Macrophages were placed inthree microtitre plates
at 105 per well and incubated with medium, IL-4 (10
ng/ml) IFN-y (10 ng/ml), LPS (100 ng/ml), or 0.2 ng/ml
IFN-y and 5 ng/ml LPS. After 1, 2, 4 or 8 hours cells
were fixed with paraformaldehyde. Monoclonal antibody
to TNF (TN-3.19.12) was added at 10 |ig/ml to one of
the plates, control antibody (H22) was added to the
second and medium was added to the third. L929 cells
were then added to each plate at 3 x 104 per well in
medium containing AMD. After 24 hours the assay was
completed by staining using crystal violet.
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Macrophages which had been fixed after treatment
with LPS for 2, 4 or

8

hours were also able to kill

L929 cells. This activity was again inhibited by the
antibody to TNF, but not by control antibody. Killing
of L929 cells by fixed macrophages was also detected
after they had been activated with IL-4 for 2, 4, or
8

hours. In all these cases the activity was inhibited

to a significant degree by antibody to TNF, but not by
the control antibody. This bioassay was also used to
establish that the concentration of IL-4 necessary to
induce mTNF was 125 pg/ml
20 0

(data not shown), whereas

pg/ml was required to induce tumour cytotoxicity.
Experiments were then carried out to detect mTNF

by immunofluorescent staining of activated macrophages
fixed with paraformaldehyde using antibody to TNF. In
these experiments fixed macrophages which were stained
with biotinylated antibody to TNF and avidin-FITC were
compared with cells stained using biotinylated control
antibody.
Data from one experiment to demonstrate specific
binding of an antibody against TNF,

TN-3.19.12,

to

activated macrophages are presented in Figure 20. In
this study macrophages fixed after

2

hours treatment

with IL-4 were stained to a greater extent with the
TN3.19.12 than with control antibody (H22). In other
experiments IFN-y/LPS and LPS also induced a specific
binding of TN3.19.12. This suggested that IL-4, LPS or
IFN-y/LPS were able to induce expression of mTNF.
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Note to Figure 20
The fluorescence of untreated macrophages after
incubation with biotinylated antibody to TNF or
biotinylated control antibody and avidin-FITC was
similar to that of macrophages treated with IL-4 for
2
hours and incubated with biotinyated control
antibody and avidin-FITC, as shown in Figure 20a.

FIGURE 20

Binding of biotinylated anti-TNF antibody
to paraformaldehyde-fixed IL-4-treated
macrophages

Macrophages were activated with 10 ng/ml IL-4 for
2 hours and fixed with 2% paraformaldehyde. Cells were
removed by scraping and stained using biotinylated
TN-3.19.12 (anti-TNF) or control antibody (H22) and
avidin-FITC. The samples were then analysed by FACS.
(a) Control

(b) Anti-TNF
A
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The conclusion of this series of experiments*was
that IL-4, LPS, or IFN-y/LPS were all able to induce
TNF—a on the macrophage surface. The phenomenon was
transitory and in the case of activation by LPS or
IFN-y/LPS it was related to later secretion of TNF-a.
Induction of mTNF by IL-4 could not be related to
secretion of TNF, but mRNA for TNF was induced prior
to detection of membrane-associated activity. Killing
of TU-5 tumour cells by macrophages induced by IL-4
appeared to involve TNF which is associated with the
macrophage membrane and the extent to which the tumour
cytotoxicity was neutralised by anti-TNF, as shown in
Figure 1&, suggested that TNF was the major mechanism
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involved. It seems likely that other factors act in
concert with TNF, as LPS was a poor inducer of tumour
killing even though it was active in inducing TNF.
4.3

Reactive Oxycren Intermediates (ROI)
The reactive oxygen intermediates, superoxide and

peroxide, have been proposed as mediators of microbial
cytotoxicity (Nathan, 1983) and of tumour cell killing
(Nathan, 1987).
Experiments were designed to investigate whether
ROI were produced by activated macrophages and whether
they were involved in killing of TU-5 or P815 tumour
cells. The sensitivity of tumour target cell lines to
peroxide was determined, and assays were conducted to
assess superoxide production by activated macrophages.
However, both these molecules were reported as being
produced concomitantly during the "oxidative burst"
(Rook et al., 1985) and it was assumed that peroxide
was present if superoxide was detected.
Release of ROI from macrophages depends on use of
a secondary stimulus, such as PMA or LPS. Assays which
detect ROI after macrophage activation can, therefore,
detect a change in their potential for ROI production,
but not changes in ROI production, although the phrase
"production" has often been used in this context. In
assays for ROI the secondary stimulus is usually PMA,
although zymosan or LPS can also be used, suggesting
that molecules produced by target micro-organisms can
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provide the second signal. Second signals from tumour
cells have not been identified, although involvement
of ROI in tumour cytotoxicity has been demonstrated in
the past (Nathan, 1987).
Antagonists of ROI include the enzymes catalase
and superoxide dismutase,

which have been shown to

catalyse degradation of peroxide or superoxide and to
block their activity in assays for ROI (Rook et al.,
1985). These enzymes were used in several experiments
to attempt to inhibit cell lysis in assays of tumour
killing, in order to assess the contribution of ROI to
cytotoxicity.
4.3.1 Sensitivity of tumour cell lines to ROI
The sensitivity of each of the tumour cell lines
L929, TU-5, WEHI 164 cl. 13 and P815 to peroxide was
determined, as an indication of their sensitivity to
ROI. The results in Table

6

(b) show that 50% of P815

cells were killed by 20 ng/ml of H 202 and that they
were at least 20 fold more sensitive to H202 than the
other cell lines. L929, TU-5 or WEHI 164 cl.13 cells
had similar degrees of sensitivity to H2 02, with 50% of
these cells being killed by 3-5 |ig/ml of peroxide.
This data suggests that the effect of ROI, produced by
activated macrophages, on tumour killing will be most
readily observed with P815 cells. In addition, if we
aim to detect reductions in cytotoxicity using enzymes
to catabolise ROI then P815 is the most suitable line.
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4.3.2 ROI production by macrophages
ROI production by macrophages can be assessed
using a number of assay systems, which detect either
superoxide or peroxide. The assay chosen here detects
superoxide through its reduction of NBT, as described
in the protocol of Rook et al. (1985). This assay has
been criticised, because it may detect molecules other
than superoxide, produced by cellular flavoproteins
(Nathan, 1982). This problem was addressed using the
enzyme

superoxide dismutase

(SOD), which

catalyses

breakdown of superoxide. SOD was added to assays in
parallel with untreated samples, so that the amount of
NBT reduction which was attributable to superoxide
could be determined.
Experiments were carried out to determine whether
macrophages had an enhanced capacity for superoxide
production after activation with IFN-y, IL-4, LPS, or
IFN-y/LPS. The antibody 11B11 was used to neutralise
the activity of IL-4 and superoxide dismutase

(SOD)

was added to show that reduction of NBT was carried
out by superoxide*
The result of these tests is shown in Figure 21.
This shows that recombinant IL-4 induced reduction of
10 nanomoles of NBT by 105 macrophages in 200 |ll of
medium and that this could be blocked using

10

|ig/ml

of antibody to IL-4. Superoxide dismutase inhibited
the reduction of NBT by 60%.
164

FIGURE 21

Reduction of NBT by activated macrophages

Macrophages were plated out at 105 per well into
microtitre plates in the presence of antibody to IL-4
at 10|ig/ml or medium. Dilutions of IL-4 were prepared
and added in triplicate. The plates were incubated at
37°C for two days. The medium was then removed and the
macrophages were treated for 30 minutes with 20 ng/ml
PMA in the presence or absence of superoxide dismutase
(10 units per ml) before adding NBT.
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datasuggested that

induced by IL-4 (6 nanomoles of
production

60% of NBT reduction
NBT) was a result

of superoxide and that 40% could

of

be dueto

other processes. However, inhibition of superoxide by
SOD is not always efficient

(Baehner et al., 1976).

The figure of 6 nanomoles of superoxide is, therefore,
a minimum for the amount produced by 105 macrophages
after activation by IL-4. This quantity of superoxide,
if present in 200 p.1 of medium, gives a concentration
of approximately 1 p,g/ml. Macrophages activated with
IFN-y, LPS or IFN-y/LPS produced similar amounts of
superoxide (data not shown). The sensitivity of P815
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tumour cells to peroxide was such that 50% of cells
were killed by adding 20 ng/ml of hydrogen peroxide
(Table

6b) . This

is

significantly

less

than

the

concentration of 1 |ig/ml superoxide which was detected
in supernatants of activated macrophages and suggests
that ROI could have a dominant role in killing of this
cell line by macrophages. Other tumour target lines,
such as L929 or TU-5 were sensitive to 3-5 (ig/ml of
peroxide. ROI may, therefore, account for a proportion
of the tumour cytotoxicity developed by macrophages
against L929 and TU-5 cells, particularly if ROI are
produced locally, near to the tumour target.
An increase in reduction of NBT by macrophages in
response to IL-4 was a surprising result, as others
had not found induction of ROI by IL-4, using an assay
which detected peroxide (Ding et al., 1988). However,
Tan et al. (1991) used a system which detects cellular
luminescence to demonstrate that IL-4 could induce a
respiratory "oxidative burst" in elicited peritoneal
macrophages.
These experiments suggested that the potential of
macrophages for production of ROI was induced by IL-4.
Macrophages activated with IL-4 could kill TU-5 tumour
cells, which were sensitive to the concentrations of
peroxide generated. Experiments were then carried out
to investigate whether catalase (CAT) and SOD, which
inhibit peroxide and superoxide, could have any effect
on tumour cytotoxicity.
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Inhibition of tumour killing by ROI catabolic enzymes

The potential role of superoxide and peroxide in
tumouricidal mechanisms of activated macrophages was
assessed by testing whether their respective catabolic
enzymes, SOD and CAT, could inhibit cytotoxicity in a
tumour killing assay. The effect of these enzymes on
the macrophage-mediated killing of two different cell
lines, TU-5 and P815, is shown in Figure 22.
The figure shows that the enzymes SOD and CAT
were not effective in neutralising killing of either
an ROI-sensitive cell line (P815) or a less sensitive
tumour cell line (TU-5). The enzymes were tested in
assays for enzyme activity and found to be active and
used at inhibitory concentrations (Nathan, 1987). In
five similar assays there was no effect of SOD or CAT
on tumour killing, however, in two assays the enzymes
increased the level of killing when IFN-y was used to
activate. This suggested that there could be material
in the enzyme preparations which could activate the
macrophages in conjunction with IFN-y. Endotoxin (LPS)
could not be detected, but there may have been other
impurities, such as MDP which have this effect.
The conclusion reached from these experiments was
that it was not possible to demonstrate that ROI were
involved in tumour killing by macrophages. It was also
not possible to exclude the possibility that ROI were
involved, as the enzymes may not reach the site where
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ROI are produced or that at which they were active.
FIGURE 22

Effect of ROI catabolic enzymes on
tumour killing by activated macrophages

Macrophages and 3H-thymidine-labelled TU-5 or P815
tumour cells were added to four pairs of microtitre
plates according to the standard protocol for a tumour
killing assay. SOD was added to one pair of plates to
a final concentration of 10 units per ml and 10 units
per ml of catalase to another. Both enzymes were added
to a third pair of plates and the same volume of DMEM
was added to the fourth. Dilutions of IL-4, IFN-y, or
IFN-y with 5 ng/ml LPS were prepared and added to each
plate to set up four parallel assays. The plates were
incubated at 37°C for 48 hours. Samples of supernatant
were taken from triplicate wells for scintillation
counting and specific cytotoxicity was calculated.
Figure 22a Effect of SOD/CAT on killing of TU-5 cells
by macrophages activated with IL-4 or IFN-y/LPS
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Figure 22b Effect of S0D/CAT on killing of P815 cells
by macrophages activated with IFN-y or IFN-y/LPS
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4.4 Reactive Nitrogen Intermediates (RNI)
Nitric oxide and nitrite have been suggested as
mediators of microbial cytotoxicity (Granger et al.,
1988) and tumour killing (Hibbs et al., 1988). This
was suggested by observations that nitrite was toxic
to microbes (Tarr, 1941) and that it was produced by
mammalian cells

(Stuehr and Marietta,

1985). Nitric

oxide, which is produced by the oxidative metabolism
of arginine, was toxic to certain tumour cells (Hibbs
et al., 1988).
Experiments were carried out to investigate the
role of RNI

(nitric oxide,

nitrite or nitrate)

in

tumour killing effected by activated macrophages. In
this study the sensitivity of tumour cells to nitrite
was assessed and the amount of nitrite produced by
activated macrophages was measured using the Griess
reagent
arginine

(Stuehr and Marietta,

1985). An analogue of

(MMA), which has been shown to inhibit the

production of nitrite

(Marietta et al.,

1988),

was

then used to determine whether nitrite production was
a result of oxidative arginine metabolism and whether
tumour killing by macrophages required RNI production.
4.4.1 Sensitivity of tumour cells to RNI
Sodium nitrite was added to labelled L929, TU-5,
P815 and WEHI 164 cl.13 tumour cells and the viability
of the cells was assessed 24 hours later. Data from
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this experiment are presented in Table 6 (c) and show
that concentrations of nitrite in excess of 100 |ig/ml
are required for an effect on tumour cells. The levels
of nitrite which were required to give killing of 50%
of cells were between 200 and 900 (lg/ml.
4.4.2 RNI production by macrophages
Production of nitrite by macrophages was detected
using the Griess reagent (Stuehr and Marietta, 1985).
Figure 23 shows a typical assay using this system to
look at nitrite production by macrophages activated
with IFN-y, LPS, IL-4 or IFN-y/LPS.
FIGURE 23

Production of nitrite by activated
macrophages

Supernatants were taken from macrophages two days
after activation with natural and recombinant IL-4,
IFN-y, LPS or IFN-y with 5 ng/ml LPS. The supernatants
were assayed for nitrite using the Griess reagent, as
described in Chapter 2. This experiment was repeated
four times and the average amount of nitrite produced
was calculated.
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It is evident from Figure 23 that 2-5 nanomoles
per ml of nitrite were generated by macrophages after
activation with IFN-y/LPS, but nitrite was not present
in supernatants taken from macrophages treated with
IL-4. Activation of macrophages with LPS or IFN-y also
resulted in generation of nitrite

(data not shown).

This result suggested that RNI are not involved
in tumour killing by macrophages activated with IL-4,
but that they could be involved in tumour cytotoxicity
developed by activated with IFN-y/LPS. The data were
also in good agreement with results obtained by Ding
et al. (1988). The concentrations of nitrite generated
by macrophages after activation with IFN-y/LPS was in
the region of 0.5 (lg/ml. This concentration was not
sufficient to give a toxic effect on tumour cells
(Table 6c), but macrophages also generate nitric oxide
and nitrate and it is possible that they contribute to
the cytotoxicity of activated macrophages.
Source of nitrite production by activated macrophages

MMA is an analogue of arginine which inhibits the
oxidative metabolism of 1-arginine (Marietta et al.,
1988) and it was used in this study to assess whether
nitrite production by macrophages is a result of this
process. Data showing the effect of MMA on production
of nitrite by macrophages are shown in Figure 24.
It is apparent in Figure 24 that MMA, added at
concentrations above 10 |ig/ml, inhibited production of
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nitrite by macrophages. The concentration of MMA, 25
[ig/ml, which was required for inhibition of nitrite
was similar to that used by other investigators (Hibbs
et al., 1988). These data suggested that the nitrite
produced by macrophages after activation by IFN-y/LPS
was derived from oxidative arginine metabolism.
FIGURE 24

Effect of MMA on nitrite production
by activated macrophages

Macrophages were added to two microtitre plates at
105per well. MMA was added at varying concentrations
(1-250 }ig/ml) ) and macrophages were activated using
IFN-y with 5 ng/ml LPS. The supernatants were removed
after 48 hours and tested for nitrite using the Griess
reagent.
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Role of RNI in tumour killing by activated macrophages

In experiments presented earlier it was observed
that macrophages activated with IL-4,

or IFN-y/LPS

were able to kill TU-5 tumour cells. In addition, it
was shown that macrophages activated with IFN-y/LPS
produce RNI and that RNI production was inhibited by
MMA. Consequently, MMA was used to investigate whether
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tumour killing by macrophages treated with IFN-y/LPS
involved RNI.
FIGURE 25

Effect of MMA on tumour killing
by activated macrophages

Macrophages and TU-5 tumour cells were added to the
wells of microtitre plates, as in the standard assay
of tumour cytotoxicity. MMA was then added at various
concentrations from 0 to 1 mg/ml. IL-4 or IFN-y with
5 ng/ml LPS was added and the plates were incubated
for 48 hours at 37°C. Tumour cell killing was detected
by crystal violet staining and specific cytotoxicity
was calculated.
Figure 25a

Effect of MMA on tumour killing by
macrophages activated with IFN-y/LPS
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Effect of MMA on tumour killing by
macrophages activated with IL-4
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The effect of MMA on tumour killing by activated
macrophages was tested in three separate experiments,
by adding MMA to macrophages in the presence of tumour
cells and activating factor (s). The data presented in
Figure 25 show that inhibition of tumour cytotoxicity
by MMA occurred when the macrophages were activated by
IFN-y/LPS, but not if activated with IL-4.
These two sets of data provide evidence that RNI
are produced by macrophages and that they are involved
in tumour killing by IFN-y/LPS activated macrophages,
although it was not possible to assess which molecule
was responsible for the cytotoxic effect. It had also
been reported that cells other than macrophages could
produce RNI.

It was, therefore of interest to test

whether the target cells in the tumour killing assay
had this function, especially if treated with TNF, as
this could contribute to the cytotoxicity observed.
Are ROI or RNI produced by tumour target cells
in response to TNF?

TNF is a macrophage product which is a possible
mediator of cytocidal functions effected by activated
macrophages. Addition of TNF to sensitive tumour cell
lines results in cell death and it has been suggested
that one of the processes by which the cell dies is
"self-destruction" involving production of ROI or RNI
following changes in target cell metabolism (Back and
Marsh, 1987).
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In this study an inhibitor of RNI production,
MMA, and inhibitors of ROI activity, SOD or CAT, were
added to TNF-treated cells to attempt to prevent cell
death. This was repeated using the cell lines, L929
and WEHI 164 cl. 13, so that the effect of MMA could be
observed in a system where AMD is needed as an adjunct
to TNF for killing (L929) as well as a system where
the requirement for AMD is absent

(WEHI 164 cl.13).

Data showing the effect of MMA on TNF-induced killing
of L929 cells are shown in Figure 26.
FIGURE 26

Effect of MMA on killing of L929 cells
by TNF

L929 cdlls were added to each well of a microtitre
plate with 2 |ig/ml AMD. MMA was then added at various
concentrations, before addition of TNF. Cell death was
determined by crystal violet staining.
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Figure 26 shows that MMA had no effect on killing
of L929 cells by TNF. The same result was obtained
using WEHI 164 cl.13 cells, even though MMA was added
to each of these systems at concentrations which block
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nitrite production or tumour killing by macrophages
after activation with IFN-y/LPS. The catabolic enzymes
SOD and CAT, used at 10 units per ml, were also unable
to prevent L929 killing by TNF (data not shown).
The data from these experiments suggest that the
cytotoxicity induced by TNF did not involve production
of RNI or ROI by the target cell. However, catabolic
enzymes have no effect on ROI present within the cell
and it is a possibility that intracellular mechanisms
of damage caused by ROI are involved.
4.5

Other Cvtocidal Mechanisms
IL-1 has been found to be a cytotoxic factor in

at least one assay system (Lachman et al., 1986), but
it was not cytotoxic to any of the tumour cell lines
which were used here (data not shown). Consequently,
data on the induction of IL-1 during activation of
macrophages are discussed in Chapter 6 together with
that

on IL-6.

Other potential mediators

killing by activated macrophages,
and perforins,

of tumour

such as arginase

were not amenable to study with the

reagents and methods available.
Experiments were considered to clarify whether
apoptotic mechanisms operate in target cells, when it
was noticed in one experiment that release of U1lndium
[oxine] from target cells was not correlated with the
release of 3H-thymidine. If IL-4 was used to activate
macrophages then release of inIndium was not detected,
176

but release of tritium was observed and activation 6j
macrophages

with IFN-y/LPS caused release of either

label (data not shown).
The suggestion from these data was that IL-4 was
activating a mechanism which could operate to induce
the breakdown of DNA in the target cells by nucleases
in the absence of any cell lysis, which is necessary
to release cytoplasmic or membrane-bound Indium. This
breakdown of DNA is characteristic of apoptosis, but
further work would be necessary to investigate this
phenomenon.
4.6 Discussion
Tumour cell killing occurs following activation
of macrophages by IL-4 or by IFN-y/LPS. In experiments
presented in Chapter 3 it was demonstrated that IL-4
induced killing of several tumour cell lines and that
IFN-y/LPS induced killing of a wider range of cells,
but LPS or IFN-y on their own were poor inducers of
cytotoxicity. This suggested that different cytotoxic
mechanisms were involved in each case.

Experiments

described in this chapter were designed to study the
cytotoxic molecules which are produced by macrophages
after activation by IL-4 and IFN-y/LPS.
Several mechanisms have been implicated in tumour
killing by macrophages

(Adams,

1987). These include

Tumour Necrosis Factor, Reactive Oxygen Intermediates,
Reactive Nitrogen Intermediates, Complement, Perforins
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and Arginase. Experiments presented in this chapter
focus on TNF, ROI and RNI. The approach used in the
study was to measure the sensitivity of tumour lines
to each factor, to assay production of each cytotoxic
molecule by naive and activated macrophages and to
attempt to prevent tumour killing with reagents which
block the production or activity of these mediators.
For this purpose,

a neutralising antibody to TNF,

enzymes which catalyse the destruction of ROI and an
inhibitor of RNI production were used.
Studies of the sensitivity of tumour cells to the
cytotoxic factors produced by macrophages showed clear
differences between different cell lines

(Table 6) .

P815 cells, for example, were exquisitely sensitive to
peroxide, whilst being insensitive to TNF. L929 cells
and TU-5 cells were sensitive to TNF and peroxide, but
the level of sensitivity to peroxide was over 20 times
less than that of P815.
Earlier experiments had shown that macrophages
activated with IFN-y/LPS were able to kill L929, P815
and TU-5 cells, whereas macrophages treated with IL-4
were able to kill only L929 and TU-5 cells (Table 4).
One can, therefore, surmise that macrophage activation
by IFN-y/LPS acting in synergy results in TNF and ROI
production and lysis of ROI-sensitive cells (P815) as
well as TNF-sensitive cells (L929 and TU-5). IFN-y and
LPS were unable to induce tumour cell killing if used
individually, even though LPS is known to induce TNF
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production by macrophages

(Old, 1985) and IFN-y can

induce ROI production (Ding et al., 1988). These data
supported the view that tumour cytotoxicity was

a

multifactorial process.
Macrophage activation by IL-4 caused lysis of
the TNF-sensitive cell lines L929 and TU-5, but not of
the ROI-sensitive line, P815. This suggested that TNF
had a role in tumour cytotoxicity induced by IL-4 and
led to the expectation that IL-4 would induce TNF. The
same argument

suggested that macrophages

activated

with IL-4 would not induce ROI, as they did not kill
P815 cells which were sensitive to peroxide.
In contradiction to these postulates, macrophages
which had been activated with IL-4 did not produce any
detectable secreted TNF (Figure 15). They also had an
enhanced capacity to reduce NBT

(Figure 21),

which

indicated that their ability to produce superoxide was
enhanced. However,

it was possible to show that TNF

messenger RNA was induced by IL-4 (Figure 17) and that
antibody to TNF prevented killing of tumour cells by
macrophages activated with IL-4 (Figure 16).
The possibility that macrophages activated with
IL-4 could express a membrane-associated form of TNF
(mTNF) was supported by experiments using biotinylated
antibody to TNF,

in conjunction with FACS analysis

(Figure 20). In addition, a bioassay for TNF on fixed
macrophages was developed and this technique was used
to demonstrate the presence of membrane-associated TNF
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on the surface of IL-4 activated macrophages (Figures
18 and 19). This assay showed that mTNF was apparent
4-8 hours after addition of IL-4, but in view of the
fad^that the cytotoxic process takes 24-36 hours to
develop (Figure 13) these data suggested that another
cytotoxic mechanism was required, although TNF is the
major factor involved.
Decker et al.

(1987) have suggested that mTNF

expression could be due to TNF which was transiently
associated with the membrane prior to its cleavage and
release.

When macrophages were activated with LPS,

expression of mTNF was followed by detection of the
secreted protein, but this was not observed when IL-4
was used. It was also possible that the association of
TNF with the membrane might be artefactual, e.g. that
mTNF was derived from other sites within the cell and
attached to the membrane during the fixation process,
but observation of fixed cells revealed no large-scale
disruption of the integrity of the membranes.
The observation that macrophages activated with
IL-4 had an enhanced ability to reduce NBT and that
this capacity was inhibited by superoxide dismutase
suggested that macrophages activated with IL-4 could
also produce superoxide which could be a secondary
factor in tumour cytotoxicity. This would probably be
a late-acting factor in development of cytotoxicity as
the enhanced ability of IL-4 activated macrophages to
produce ROI takes 2-3 days to develop.
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The observation that IL-4 could induce ROI was
controversial, as Ding et al. (1989) had not detected
any change in the ability of macrophages to produce
peroxide, but Tan et al. (1991) demonstrated that the
oxidative burst of macrophages, which generates ROI,
was promoted by IL-4. In the absence of the equipment
necessary to duplicate the assays used by these groups
this controversy was not resolved and it is not clear
whether the discrepancy was due to use of different
cells, media or some other factor.
The use of catabolic enzymes to try to prevent
tumour killing gave inconclusive results. Inhibition
was not observed even where they were used to try to
block killing of ROI-sensitive P815 cells (Figure 22) .
It was possible either that they became inactivated in
the course of the assay or that they were sterically
or kinetically hindered and hence unable to prevent
ROI acting on the target cell. A further complicating
factor in these studies was the possibility that ROI
produced by the target cell can be involved in the
cytotoxic process, as it has been shown that ROI may
mediate cell death induced by TNF (Wong et al., 1989).
In view of these considerations it was not possible to
decide whether ROI was a factor in tumour killing by
macrophages activated with either IL-4 or IFN-y/LPS.
RNI were not a factor in IL-4 induced killing of
tumour cells. This was shown by the inability of IL-4
activated cells to produce nitrite (Figure 23) and the
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fact that the inhibitor MMA, a compound which blocks
nitrite production, did not have any effect on tumour
cell cytotoxicity developed by macrophages activated
with IL-4 (Figure 25).
In contrast, in the course of this work it was
possible to show that RNI were involved in the killing
of TU-5 tumour cells by macrophages activated with
IFN-y/LPS. IFN-y/LPS treated macrophages did produce
nitrite and nitrite production was inhibited by MMA
(Figure 24). Furthermore, TU-5 tumour killing induced
by IFN-y/LPS could be inhibited by MMA

(Figure 25) .

This is the first system in which an inhibitory effect
of MMA on tumour cytotoxicity has been demonstrated
without further manipulation of assay protocols, for
example by using low glucose medium.
In further experiments MMA did not prevent the
production of TNF by macrophages or killing of L92 9
cells by TNF (Figure 26). This supported the theory
that

IFN-y/LPS

activated macrophages

killing by a variety of mechanisms,

effect tumour
and that these

include production of RNI (Hibbs et al., 1988).
These studies have investigated three factors,
TNF, ROI and RNI, which are produced by macrophages
and which can be involved in killing of tumour cells.
However, it is clear from the data presented that the
process of tumour killing is limited by differences in
the sensitivity of target cells to these molecules. In
addition, several other properties of the target cells
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may have some role in determining whether a particular
cell line is killed by macrophages. For example, it is
well known that L92 9 cells produce M-CSF, which can
regulate macrophage functions and it has been shown
that tumour cells can produce factors which induce TNF
production by macrophages (Mannel et al., 1989).
A related concept is the idea that tumour target
cells may be affected by the cytokines used in assays
of cytotoxicity. This is supported by evidence that
IFN-y inhibits tumour cell proliferation

(Burke and

Morris, 1985) and induces an antiviral state in L929
cells

(Atherton and Burke,

1975) , whereas IL-4 can

potentiate the effect of TNF on tumour cells (Totpal
and Aggarwal, 1991). In contrast, the growth of other
tumour cells can be enhanced by macrophage-derived
factors (Hamburger and White, 198 6). The interaction
of these factors may be complex and further studies
would

be

necessary

to

determine

their

effect

on

macrophage-tumour interactions in vitro or in vivo.
In conclusion, evidence has been provided to show
that macrophages activated with IL-4 effect tumour
killing by different mechanisms from those activated
with IFN-y/LPS. It appears that tumour cytotoxicity by
IL-4-activated macrophages

involves

TNF

associated

with the cell membrane and that ROI but not RNI may
also be involved. In comparison, cytotoxicity effected
by macrophages activated with IFN-y/LPS involves TNF
and RNI and a contribution of ROI can not be excluded.
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CHAPTER FIVE

MACROPHAGE ACTIVATION FOR KILLING OF MICRO-ORGANISMS
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Killing of micro-organisms by macrophages

can

occur through the production of non-specific cytocidal
factors, or through specific microbicidal mechanisms
such

as

complement

and antibody.

The

microbicidal

activity of TNF, ROI and RNI is non-specific (Playfair
et al.,

1985; Nathan,

1987; Granger et al., 1988).

TNF, ROI and RNI also have cytotoxic activity against
tumour cells and their production by macrophages after
activation with IL-4 and IFN-y/LPS was described, with
the tumouricidal activity of macrophages, in Chapters
3 and 4.
Specific

mechanisms

of microbial

cytotoxicity

generally involve the binding of antigens present on
the micro-organism by antibody or by other opsonins.
The opsonin can then bind to a macrophage receptor
which initiates phagocytosis of antigen
Till,

(Rother and

1988). Microbial killing is then mediated by

lysosomal enzymes, or by other cytotoxic factors such
as ROI (Fanger et al., 1989).
The possible influence of IL-4 and IFN-y on one
mechanism of specific macrophage-mediated microbial
cytotoxicity,

known

as

antibody-dependent

cellular

cytotoxicity (ADCC), was studied by assessing changes
in expression of macrophage receptors for IgE and IgG.
Opsonisation of antigen can also occur through the
action of complement components, such as C3 or C5, and
expression of the receptor for C3bi, CR3, is described
in Chapter 6.
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The roles of IL-4 and IFN-y in immune responses
to the parasite Leishmania donovani were also studied.
This condition was chosen as the parasite is known to
develop primarily within the macrophage (Blackwell and
Alexander,

1983)

and activation of macrophages may

influence the course of disease.

In addition,

IFN-y

has been shown to promote killing of the parasite by
macrophages

in

vitro and to

aid remission

of the

disease in vivo, whilst IL-4 has been shown to have
the opposite effect (Heinzel et al., 1989).
Assessment

was

made

of the

responsiveness

of

macrophages to activation in strains of MHC congenic
mice which differ at the genetic locus lsh (Bradley et
al., 1979) and consequently, have different outcomes
to infection with Leishmania donovani (Muller et al.,
1989).

The strain BIO/ 2n

(lsh+) exhibits a curing

phenotype whilst BIO/ 2r (lsh-) mice develop chronic
parasitisation.

Parameters

of

macrophage

function

investigated in these mice were their activation for
tumour killing and production of nitrite. These were
studied,

as cytotoxic mechanisms involved in tumour

cell killing may also be important in antimicrobial
activity. For example, nitrite has been shown to be
important

in the cytocidal activity of macrophages

against Leishmania parasites (Liew et al.,
macrophages

activated

for

tumour

1990) and

cytotoxicity

can

equally kill tumour cells and schistosomes (Meltzer et
al., 1983).
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5.1 Antibody Receptors
Antibody-dependent cellular cytotoxicity

(ADCC)

developed by macrophages is mediated by Ig receptors
on the macrophage surface. Consequently, increases in
expression of these receptors may reflect activation
of macrophages for ADCC

(Hogg, 1988) . Receptors for

IgA, IgM, IgG and IgE antibodies have been detected on
macrophages (Unkeless et al., 1988/ Conrad, 1990) and
the receptors for IgG and IgE were investigated here.
These are referred to as FcyR and FceR respectively,
Fc being the constant portion of an antibody molecule
which is recognised by its receptors

(Williams and

Barclay, 1988).
5.1.1 IgG receptors
There are five main subtypes of murine IgG which
are denoted as

IgGl,

IgG2a,

IgG2b,

IgG3

and

IgG4

antibodies and three classes of murine IgG receptor,
FcyR I, FcyR II and FcyR III (Unkeless et al., 1988).
The expression of FcyR was investigated with two
mouse monoclonal IgG antibodies, MKD6 and 34-1-2. Both
antibodies were of sub-class 2a and were shown to bind
specifically to MHC antigens which are not expressed
by macrophages from C3H/HeN mice (Kappler et al., 1982
and Ozato et al., 1982) . These two antibodies were not
cross-linked chemically or complexed with an antigen.
Consequently, the only type of receptor detected was
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FcyR I which binds monomeric IgG2a with high affinity
(Hogg, 1988). Other macrophage Fey receptors do not
bind to monomeric IgG. Binding of murine antibodies to
macrophages was assessed by FACS analysis using F(ab)'2
prepared from goat anti-mouse IgG conjugated to FITC.
The background level of binding of this conjugate to
macrophages was not significant.
FIGURE 27

IgG binding by peritoneal macrophages
after activation with IFN-y

Macrophages were harvested and plated out in 10 cm
petri plates. IFN-y was added at 10 ng/ml to one plate
whilst the other was untreated. After incubation for
24 hours macrophages were detached from the plates and
each sample was divided into two. One of each pair was
stained using the antibody MKD6 and an FITC-conjugated
F(ab)'2 goat anti-mouse IgG, whilst FITC conjugate
alone was used for the other. The stained cells were
analyzed using a Becton-Dickinson FACSCAN.
Untreated macrophages
FITC

IFN-y treated macrophages

(i)

(ii)

10

(O
MKD6 + FITC
conjugate

(iii)

(iv)

i
I

IQ

IQ
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Figure 27 shows a typical experiment in which the
binding of FITC-labelled F(ab)'2 goat anti-mouse IgG to
macrophages was assessed in the presence or absence of
murine IgG2a antibody, MKD6, after macrophages had been
incubated for 24 hours with IFN-y or with medium. The
cell number is read off the y-axis against levels of
fluorescence on the x-axis. These data were gated into
three channels and the mean fluorescence of cells in
each channel was determined. All cells gated within
the third channel were considered to be positive for
this experiment.

The total fluorescence of a sample

was then determined by multiplying the percentage of
total cells in each channel by the mean fluorescence.
Table 7 shows the percentage of positive cells in each
sample and the mean fluorescence of these positive
cells.
The data show that untreated macrophages have a
similar number of positive cells when incubated with
FITC conjugate alone or with MKD6 and FITC conjugate.
This level of fluorescence was calculated at 394 and
481 units respectively. It is possible that the small
amount of additional fluorescence observed when MKD6
is added reflects a low level of expression of FcyR by
untreated cells, but the difference is not significant
statistically. Macrophages treated with IFN-y also had
a low number of positive cells when tested with FITC
conjugate alone and the total level of fluorescence
was low. The number of positive cells estimated for
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macrophages treated with IFN-y when MKD6 was added was
significantly higher, at 49 % and total fluorescence
increased to 1097.

These data suggested that IFN-y

induced an increase in expression of FcyR I, since
MKD6 could not bind to C3H/HeN macrophages through its
antigen binding site.
TABLE 7

IgG binding by peritoneal macrophages
after activation with IFN-y

Macrophages were obtained and plated out in 10cm
petri dishes, prior to activation with medium or with
IFN-y at 10 ng/ml. Cellular activity was stopped using
0.1% sodium azide after 24 hours. Macrophages were
scraped from the dishes, then stained using monoclonal
antibodies, MKD6 or 34-1-2, and FITC-labelled F(ab)'2
anti-mouse IgG. The stained cells were analyzed using
a Becton-Dickinson FACSCAN to determine the % of cells
in each window and their mean fluorescence.
SAMPLE
(i)

% of positive cells
Untreated

(iii) Untreated + MKD6
(ii)

IFN-y

(iv)

IFN-y + MKD6

Mean fluorescence

1.4

22.05

4.2

13.56

1.1

18. 97

49.0

16.29

In a separate experiment the effect of both IFN-y
and IL-4 on binding of antibodies MKD6 and 34-1-2 was
analyzed over a 72-hour period. Neither antibody binds
specifically to C3H/HeN macrophages and fluorescence
was, therefore, due to the expression of FcyR I. The
results of this experiment are given in Table 8.
In this experiment a significant increase in the
expression of FcyR was given by IFN-y but not by IL-4.
Induction by IFN-y occurred after 24 hours, with 26%
of cells positive and reached a maximum level after 48
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hours.

In this experiment

IL-4 did not

change in expression of IgG receptors,

induce any
but on two

other occasions an increase in fluorescence of 30-40%
was observed after 72 hours of incubation. However,
the increase seen with IL-4 was always significantly
less than that given by IFN-y.
TABLE 8

IgG binding by peritoneal macrophages after
activation with IFN-y or IL-4

Macrophages were obtained and plated out in 10cm
petri dishes, prior to activation with IFN-y or IL-4
at 10 ng/ml. This procedure was then repeated on two
successive days. On the fourth day macrophages were
again obtained, but not activated. Cellular activity
was stopped using 0.1% sodium azide. Macrophages were
scraped from the dishes, then stained using monoclonal
antibodies, MKD6 or 34-1-2, and FITC-labelled F(ab)'2
anti-mouse IgG. The stained cells were analyzed using
a Becton-Dickinson FACSCAN. The percentage of positive
cells, their mean fluorescence and total fluorescence
of each sample was determined.
Cytokine

0

Antibody MKD6

Antibody 34-1-2

% +ve

Mean
FI.

% +ve

Mean
FI.

6.3

36.2

3.4

39.9

24

0
IL-4
IFN-y

5.2
6.2
26.1

32.9
41.5
39.6

4.9
12.4
25.6

38.6
37.8
39.4

48

0
IL-4
IFN-y

6.2
10.3
28.0

36.2
41.0
37.2

4.5
10.1
26.1

36.4
40.7
30.2

72

0
IL-4
IFN-y

6.7
9.9
23.6

36.3
41.7
35.2

6.1
8.2
26.9

36.4
40.7
38.0

The data in this study suggested that IFN- y was
a major inducer of FcyR I whilst IL-4 had little or no
effect. Induction could be due to de novo synthesis,
but IgG receptors are recycled by macrophages (Fanger
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et al., 1989) . Increases in FcyR expression which were
observed with IFN-y or IL-4 may, therefore, be due to
recruitment of receptors from an intra-cellular pool.
5.1.2 IgE receptors
Two IgE antibodies, IGEL a2 and IGEL b4 were used
to assess expression of the macrophage IgE receptor,
Fc£R II (Conrad, 1990). The antibodies are of allotype
a and b respectively and each was purified from the
tissue culture supernatant obtained after culturing an
appropriate IgE-producing hybridoma. Both hybridomas
had been selected for production of antibody specific
for trinitrophenol (TNP) by Rudolph et al. (1981) and
they were, therefore, unlikely to bind specifically to
macrophages.
The purified antibodies

were biotinylated and

their binding to macrophages was detected using an
avidin-peroxidase

detection

system

or

avidin-FITC

staining. In experiments looking at macrophages under
the fluorescence microscope after activation with IL-4
90 % of cells, or more, stained with biotinyl-IgE and
avidin-FITC. This suggested that IgE was binding to
macrophages, rather than to any other cells.
Figure 28 shows an experiment investigating the
effect of IL-4 and IFN-y on the binding of purified
IgE of allotype a, using avidin-peroxidase detected
with TMB, where an increase in optical density reading
indicates binding of biotinyl
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IgE.

This experiment

demonstrated that IL-4 had an effect on IgE binding,
as there was an increase in the optical density eight
hours after activation with IL-4, which was maximal
after 24 hours. IFN-y had no effect on the binding of
IgEa and similar data were obtained with IgEb. This
suggested that IL-4 induced the ability of macrophages
to bind IgE, whilst IFN-y did not.
FIGURE 28

IgE binding by peritoneal macrophages
after activation with IL-4 or IFN-y

Macrophages were plated out in microtitre plates
and incubated with culture medium, or activated using
10 ng per ml of IL-4, or IFN-y. After various times
the macrophages were washed with PBS and fixed with 2%
paraformaldehyde for 30 minutes. Plates were washed
with PBS before adding 1 |ig/ml biotinyl-IgEa in PBS.
After 30 minutes the plate was again washed and bound
antibody was detected with avidin-peroxidase detected
with TMB substrate.
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Increased binding of IgE could be attributed to
FceR expression by two further experiments.

In the

first experiment high concentrations of serum were
used in the assay to ensure that the component bound
to macrophages was not a contaminant in the antibody
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preparation. In the second experiment unlabelled IgE
preparations were used to displace biotinylated IgE.
FIGURE 29

Effect of addition of native IgE or serum
on binding of biotinylated IgE

Macrophages were plated out, treated for 6 hours
with IL-4 (10 ng/ml) then fixed with paraformaldehyde.
Biotinyl IgE, of allotype a or b, was added at 1 |ig/ml
with varying concentrations of FCS, or unlabelled IgE
of each allotype. After 1 hour the plate was washed
and avidin peroxidase was added for 30 mins. The plate
was washed and TMB was added at 1 mg/ml with hydrogen
peroxide. The optical density readings of each well
were read after colour had developed.
Figure 29a

Effect of serum on binding of biotinylated
IgE by macrophages activated with IL-4
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The effect of FCS and native IgE on the binding
of biotinylated IgE a (IGEL a2) or IgE b (IGEL b4) is
shown in Figure 29. It is clear from this figure that
binding of biotinylated IgE was significantly reduced
by addition of native IgE, of either allotype, whilst
the addition of serum has only a very limited effect.
These experiments indicated that IL-4 induced an
increase in specific binding of two IgE antibodies to
macrophages. These antibodies had different affinities
for their specific antigen and the fact that IgE of a
different allotype inhibited binding of biotinylated
IgE at similar concentrations to material of the same
allotype was an indication that increased binding of
IgE was probably due to FceR induced by IL-4.
5.2

Macrophage Activation and Leishmaniasis
Macrophages from the mouse strains BIO/ 2n and

BIO/ 2r were tested for responsiveness to IL-4 and to
IFN-y. These strains exhibit a curing and a non-curing
phenotype respectively,

if infected with Leishmania

donovani (Bradley et al., 1985). BIO/ 2n mice resolve
their disease 14-21 days after infection following a
period of high parasitisation,

whilst BIO/ 2r mice

develop a chronic parasitisation. The aim of the study
was to assess whether macrophage activation differed
between these strains.

These two strains were also

tested during an infection to assess whether there was
a differential suppression of macrophage responses by
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the parasite.
Leishmania donovani parasites usually proliferate
within macrophages in the spleen and liver
and

Talamas-Rohana,

1989)

and

it

(Russell

would have

been

preferable to study liver or spleen macrophages. This
was not possible for liver cells, as the macrophages
or Kupffer cells were difficult to isolate.

Spleen

macrophages were tested, but proved to be unresponsive
to IFN-y and IL-4 as has also been shown for spleen
cells from C3H/HeN mice in Chapter 3. Consequently,
peritoneal macrophages from the BIO strains were used.
Peritoneal

macrophages

from

B10/2n

mice

were

tested for killing of TU-5 tumour cells in comparison
with peritoneal macrophages from infected B10/2n mice,
peritoneal macrophages from uninfected BIO/ 2r mice
and peritoneal macrophages from infected BIO/ 2r mice.
Macrophages were taken from infected mice 21-28 days
after infection, when the BIO /2n mice had cleared the
parasite (<0.5 parasites per splenocyte), whereas the
BIO /2r mice had developed a persistent infection (>10
parasites per splenocyte). A similar comparison was
carried out to compare the production of nitrite by
peritoneal macrophages after activation by IFN-y and
IL-4. Figure 30 shows a comparison of the assays for
cytotoxicity of TU-5 tumour cells and Figure 31 shows
a comparison of nitrite production.
The dose response curves for tumour killing or
nitrite production by macrophages from both BIO /2n
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and BIO /2r mice were similar, whether the macrophages
were taken

from infected or uninfected mice.

This

suggested that the responsiveness of macrophages did
not differ between the strains, even during the course
of an infection.
FIGURE 30

Activation of BIO strains for tumour
killing

Peritoneal macrophages were obtained from infected
or uninfected mice from each strain and plated out at
105 per well in microtitre plates. 104 TU-5 tumour
cells were added to each well in the presence of IL-4,
iFN-y, LPS or IFN-y/LPS. Tumour cell killing was
assessed after 48 hours by crystal violet staining.
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FIGURE 31

Activation of BIO strains for production
of nitrite

Macrophages were obtained from each strain and
plated out at 105 per well in microtitre plates. IFN-y,
LPS, IL-4 or IFN-y/LPS were added to triplicate wells
and the plates were incubated at 37°C for 48 hours.
Supernatants were removed from each well and tested
for nitrite using the Griess reagent.
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The results with both these strains of mice were
similar to those obtained with C3H/HeN mice, described
in Chapters 3 and 4. The genetic differences between
the leishmania-susceptible strain
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(BIO /2r) and the

10

resistant strain (BIO/ 2n) do not, therefore, result
in a defect

in these

responses

of macrophages

to

activating factors. Expression of TNF by macrophages
isolated from these two strains was also studied, but
the data was not interpretable. On each occasion there
was a high background level of expression of TNF by
these cells. This may be due to a normal situation in
the immune system of these mice, but it must also be
noted that the mice were obtained from a different
supplier and were kept at a different facility from
the C3H/HeN mice.
5.3 Discussion
The experiments presented in this chapter were
concerned with the role of IFN-y and IL-4 in the
microbicidal function of macrophages.
this

function

is

killing

mediated

One aspect of
by

antibodies,

(ADCC), which is regulated by the expression of Fc
receptors on macrophages.

This was investigated by

determining the level of expression of receptors for
IgG and IgE.
The effect of IFN-y in inducing FcyR was reported
previously (Guyre et al., 1983) and a similar result
was observed in this work. There was a 60% increase in
the level of fluorescence of cells treated with IFN-y
for 24 hours if murine IgG2a and FITC coupled antibody
to murine IgG were added, which was not observed if
the murine IgG2a was omitted (Figure 27). These data
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were interpreted as evidence of induction of FcyR I by
IFN-y and suggested that IFN-y has a role in promoting
IgG-mediated immune reactions, including cytotoxicity
against microbes via ADCC.
In Chapter 4 it was observed that expression of
TNF, ROI and RNI was also increased after IFN-y/LPS
treatment of macrophages and these molecules may be
effectors of the cytotoxic response observed in ADCC,
perhaps acting in addition to lysosomal enzymes.
comparison,

IL-4 had no significant

In

effect on the

expression of FcyR I and this was further evidence
that IFN-y and IL-4 have different functions in the
immune system.
Increased expression of FceR was observed after
activation of macrophages by IL-4

(Figure 2 9) . This

increase was unique to IL-4 and it is consistent with
the observation that IL-4 can enhance the synthesis of
IgE by B-cells (for review see Paul and Ohara, 1987).
Responses to antigen opsonised by IgE are thought to
be effected principally by neutrophils

or by mast

cells (Stevens and Austyn, 1989), however, killing of
schistosomes by macrophages mediated by IgE has been
observed (Dessaint et al., 1981). It would, therefore,
be possible that macrophages activated by IL-4 could
bind antigen opsonised by IgE and effect ADCC through
membrane TNF or ROI, which were also induced by IL-4,
or by lysosomal enzymes.
The parasite Leishmania donovani was chosen as a
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micro-organism which might have provided some useful
information on macrophage activation by IL-4 and IFN-y
since it has been reported that IFN-y and IL-4 have
opposite effects on the development of infection with
Leishmania major in mice

(Heinzel et al., 1989). In

addition, two strains of mice, BIO/ 2n and BIO/ 2r,
which differ at the gene locus lsh also differ in the
outcome of infection with Leishmania donovani (Bradley
et al, 1979).
Data were obtained on activation of uninfected
BIO/ 2n and BIO/ 2r macrophages for tumour killing and
production of nitrite (Figures 30 and 31) . The results
were similar to that obtained with C3H/HeN mice, as
shown in Figures 5 and 23. In addition similar data
were obtained with infected mice from each BIO strain,
although the parasitisation in the spleen differed at
the time the peritoneal macrophages were used. These
results suggested that differences at the gene locus
lsh had no effect on macrophage responsiveness to IL-4
and IFN-y, even during an infection with Leishmania.
Data presented in this chapter have shown that
IFN-y and IL-4 have distinct effects on the expression
of antibody receptors by macrophages.

IL-4 promotes

the expression of a receptor for IgE,

whilst IFN-y

promotes expression of receptors for IgG. Published
data on the effect of each molecule in leishmaniasis
suggests that these differences are important, since
IFN-y promoted killing of the parasite in macrophages,
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whereas IL-4 had no effect (Heinzel et al., 1989) . The
parasite Leishmania donovani had different pathologies
in mouse strains which are congenic for the gene lsh
(Bradley et al., 1979), but this was not related to
the responses of macrophages to IL-4 or IFN-y/LPS in
these mice.
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CHAPTER SIX

INTERCELLULAR INTERACTIONS OF MACROPHAGES
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Macrophages are a diverse group of cells and they
can interact with a variety of other cells, including
T-cells and endothelial cells, in executing biological
functions (Van Furth, 1985). The intricacies of these
interactions are reflected by the number of factors
expressed by macrophages which can act as mediators of
communication between cells. These comprise molecules
expressed on the cell surface, such as MHC Class I or
Class II and integrins (Sanchez-Madrid et al., 1983/
Adams and Hamilton, 1984), as well as cytokines.
These interactions are important in many cellular
functions and genetic defects in communication between
cells can result in immunodeficiency. For example, a
defect in synthesis of leucocyte integrins results in
a condition known as "Leucocyte Adhesion Deficiency",
in which subjects are prone to casual infections with
microbes (Anderson and Springer, 1987).
One of the most important cellular interactions
is between macrophages and T-cells, particularly that
in which macrophages present antigen to T-cells. An
antigen is presented by the macrophage to T-cells as
a peptide bound to MHC and both elements are required
for the recognition of antigen by the T-cell antigen
receptor (Lanzavecchia, 1990). In addition, there are
different requirements for presentation of antigen to
CD8

(cytolytic)

and CD4

(helper) T-cells,

since the

CD8+ cells recognise only MHC Class I whilst CD4+ cells
recognise only MHC Class II, but in both cases antigen
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presentation results in activation and proliferation
of the T-cell (Stroynowski, 1990/ Benoist and Mathis,
1990) . These cellular interactions through MHC may be
enhanced by other molecules on the macrophage surface,
such as integrins

(Springer,

1990)

or by cytokines

produced by T-cells or macrophages (Smith, 1983).
In this study the effects of IL-4 and IFN-y on
expression of major histocompatibility complex (MHC)
molecules and the integrin molecules CR3 and LFA-1 at
the cell surface were investigated. In addition, the
level of production of the cytokines IL-1 and IL-6 by
macrophages was measured, as both these cytokines can
influence T-cell development and they are active in
inflammatory lesions (Di Giovine and Duff, 1990/ Van
Snick, 1990).
6.1

Major Histocompatibility Complex Molecules

MHC Class I

MHC Class I in the mouse is determined by the
genetic locus H-2 and there are a number of allotypes
of the genes at this locus which are referred to by
serotypes including b, d and k (Stroynowski, 1990) .
In experiments described here expression of MHC
Class

I was

assessed using

a monoclonal

antibody

specific to the MHC allotype of the mouse strain and
an FITC conjugate of F(ab)'2 from rabbit antibody to
mouse immunoglobulin. C3H/HeN mice were used which are
of MHC allotype H-2k and expression was detected with
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the mouse IgG2a antibody 16-1-2 (Ozato et al., 1980).
This antibody can also be bound by structures on the
macrophage surface such as FcyR and a control antibody
of the same isotype, but with a different specificity,
was used to assess the level of binding due to FcyR.
The control antibody was the antibody 34-1-2 which is
specific for H-2d (Ozato et al., 1982). The difference
between the total fluorescence with 34-1-2 and total
fluorescence with 16-1-2 was attributed to expression
of MHC Class I.
Table 9 shows results of an experiment in which
macrophages were incubated with medium, IL-4 or IFN-y
for 0, 24, 48 and 72 hours and binding of antibodies
16-1-2 and 34-1-2 was assessed. The data show that,
for untreated cells, there was no significant change
in the number of positive cells, either with control
antibody

34-1-2

or the test

antibody

16-1-2.

This

indicated that there was no change in the level of
expression of FcyR or MHC Class I, when macrophages
were incubated in medium alone.
At 24 hours there was no significant effect of
‘*
IL-4 on the level of fluorescence observed with either
antibody. An increase in the number of positive cells
from 4.6 to 25.6% was observed with control antibody
34-1-2 after activation with IFN-y, with an increase
in mean fluorescence. This was attributed to a change
in expression of macrophage FcyR I. The change in the
number of positive cells was greater with the antibody
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16-1-2, where 47.5% of cells were positive and their
mean fluorescence was higher. This was attributed to
an increase in expression of MHC Class I.
TABLE 9

Induction of MHC Class I after macrophage
activation

Peritoneal macrophages were obtained, plated out in
10 cm petri plates and incubated with medium alone,
with IFN-y at 10 ng/ml or with IL-4 at 10 ng/ml. This
procedure was repeated on three successive days, so
that on the fourth day there were macrophages which
had been incubated for 1, 2 and 3 days. On the fourth
day macrophages were obtained, but not activated and
the cellular activity of all samples was stopped by
adding 0.1% sodium azide. The macrophages were scraped
from the dishes and stained using the antibody 34-1-2
or antibody 16-1-2 and FITC-conjugated F(ab)'2 from a
rabbit anti-mouse IgG. Cells were analyzed using a
Becton-Dickinson FACSCAN. The percentage of positive
cells in each sample and their mean fluorescence was
determined. The total fluorescence of each sample was
also calculated.
Hours

Cytokine

0

0

34-1-2
(anti- H-2d)
% +ve FI.

16-1-2
(anti- H-2k)
% +ve FI.

3.4

39.9

4.6

38.0

24

0
IL-4
IFN-y

4.9
12.4
25.6

38.6
37.8
39.4

4.8
15.5
47.5

36.6
35.5
48.2

48

0
IL-4
IFN-y

4.5
10.1
26.1

36.4
40.7
30.2

5.1
27.4
47.0

38.1
41.3
46.5

72

0
IL-4
IFN-y

6.1
8.2
26.9

36.4
40.7
38.0

6.9
20.4
19.8

38.3
41.4
40.1

At

48 hours the percentage

of positive

observed with the control antibody,

cells

for macrophages

treated with IFN-y, was 26.1%. This was significantly
above the background of 4.5% for untreated cells and
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indicated a continued increase in expression of FcyR.
There was still a further increase with the antibody
16-1-2, indicating that expression of MHC Class I was
maintained.

IL-4 had no effect on the percentage of

positive cells seen with 34-1-2 (FcyR) and there was
a slight, but insignificant increase in the number of
positive cells with 16-1-2.
An effect of IL-4 was observed after 72 hours,
where the percentage of positive macrophages in the
sample treated with IL-4 was 20.4% with the antibody
16-1-2, and 8.2% with 34-1-2. These results compared
with 6.9% and 6.1% for these antibodies on untreated
macrophages and there was a corresponding increase in
mean fluorescence which indicated that IL-4 induced
MHC Class I expression. The percentage of macrophages
treated with IFN-y which stained with 16-1-2

(19.8)

was less than that of cells stained with 34-1-2 (26.9)
although the total fluorescence was approximately the
same. This indicated that induction of MHC Class I by
IFN-y had waned. The level of fluorescence in these
samples was above the background level,

indicating

that increased expression of FcyR I was maintained.
These data show that IL-4 and IFN-y both promote
expression of MHC Class I. The increase in expression
of MHC Class I produced by IFN-y was most pronounced
after 24 hours treatment with IFN-y and diminished by
72 hours. Activation by IL-4 increased the expression
of MHC Class I but the increase was not as marked as
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that

generated by

IFN-y.

Peak expression was

also

later for IL-4, occurring at 72 hours rather than at
24 hours.
MHC Class II

MHC Class II in the mouse is determined by the
genetic locus la, which contains the genes Aa, AL, Ea
and EL which combine in forming A or E heterodimers
which correspond to I-A and I-E molecules (Benoist and
Mathis, 1990). I-A and I-E have allotypes similar to
those of H-2 and C3H/HeN mice, which have the allotype
I-Ak, I-Ek, were again chosen for study.
The antibodies used were 10-3-6.2,

14-4-4S and

MKD6 isolated by Oi et al. (1978), Ozato et al. (1980)
and by Kappler et al.

(1982) which are specific for

I-Ak, I-E and I—Ad respectively. The antibody MKD6 is,
therefore,

a control antibody whilst the other two

antibodies bind specifically to C3H/HeN MHC Class II
molecules.
Table 10a shows the data from a test using these
antibodies on macrophages which had been activated
using IL-4 or IFN-y for 1, 2 and 3 days. Table 10b was
compiled by calculating the difference between total
fluorescence with MKD6 and total fluorescence with
each of the other antibodies to give the fluorescence
which is due to MHC expression.

209

TABLE 10

Induction of MHC Class II after macrophage
activation

Peritoneal macrophages were obtained, plated out in
10 cm petri plates and incubated with medium alone,
with IFN-y at 10 ng/ml or with IL-4 at 10 ng/ml. This
procedure was repeated on three successive days, so
that on the fourth day there were macrophages which
had been incubated for 1, 2 and 3 days. On the fourth
day macrophages were obtained, but not activated and
the cellular activity of all samples was stopped by
adding 0.1% sodium azide. The macrophages were scraped
from the dishes and stained using monoclonal antibody
MKD6, 14-4-4S or 10-3-6.2 and FITC-conjugated F(ab)'2
from a rabbit anti-mouse IgG. The stained cells were
analyzed using a Becton-Dickinson FACSCAN and the
percentage of positive cells and mean fluorescence was
then determined. In addition, the total fluorescence
of each sample was calculated.
TABLE 10a

Positive cells and mean fluorescence
Antibody (specificity)

lours

Cytokine

0

1= MKD6
2= 14-■4-4S 3= 10-3-6.2
(anti-- I-Ad) (anti- I-E) (anti- I-Ak)
% +ve FI.
% +ve FI.
% +ve FI.
6.3

36.2

4.7

32.1

4.9

32. 9

24

0
IL-4
IFN-y

5.2
6.2
26.1

32.9
41.5
39.6

4.6
18.6
48.1

34.9
44.8
45.4

5.5
16.6
49.0

33.4
44.5
46.4

48

0
IL-4
IFN-y

6.2
10.3
28.0

36.2
41.0
37.2

6.2
30.8
16.4

33.4
45.9
37.0

6.3
29.3
16.1

36.1
46.6
39.1

72

0
IL-4
IFN-y

6.7
9.9
23. 6

36.3
41.7
35.2

4.6
51.0
17.1

34.9
44.7
35.0

6.5
53.0
16.5

33.4
44.9
36.2

The data in Table 10a show that the percentage of
positive cells seen with antibody to I-E and I-A was
similar for all combinations of time and activating
factor. Treatment of macrophages with IL-4 resulted in
induction of I-E and I-A after 24 hours, which reached
a maximum after 72 hours, when 52% of macrophages were
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positive compared to 9.9% with control antibody. The
induction of both I-A and I-E by IFN-y occurred after
24 hours and declined by 48 hours. In each case both
MHC Class II molecules are induced to the same extent,
as is shown by Table 10b.

In other experiments the

raised levels of expression of MHC Class II observed
with IL-4 persisted until six days after activation
(data not shown).
TABLE 10b

Specific fluorescence attributable to
antibody to Class II MHC

Specific increases in the number of cells which
were positive with 14-4-4S (anti- I-E) or 10-3-6.2
(anti- I-A) were calculated as the difference between
the positive cells observed with a specific antibody
and that with the control antibody (MKD6).
Hours

Cytokine

A Fluorescence
(Arbitrary Units)
I-E
I-A

0

-2.6

-2.4

24

0
IL-4
IFN-y

-0.6
12.4
22.0

0.3
10.4
23.0

48

0
IL-4
IFN-y

0
20.5
-11.6

0.1
19.0
-11.9

72

0
IL-4
IFN-y

-2.1
41.1
-6.5

-0.2
43.1
-7.1

These data suggested that both IL-4 and IFN-y
induced expression of MHC Class II, but the timing of
the increase was different in each case,

suggesting

that different mechanisms of activation were involved.
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6.2

Integrins
The leucocyte integrin molecules CR3 and LFA-1

are important in cellular communication and matrix
interactions,
thymocyte

particularly

maturation

in

haemopoiesis

(Yong and Khwaja,

and

in

1990) . The

level of expression of CR3 and LFA-1 by activated
macrophages was assessed in an enzyme-linked assay,
using antibodies 5C6, against CR3 (Rosen and Gordon,
1987)

and M17-4.2, against LFA-1

(Sanchez-Madrid et

al., 1983). The antibodies were purified from tissue
culture supernatant and biotinylated as described in
Chapter 2. Both antibodies were rat IgG of isotype 2a
and, therefore, provided mutual internal controls for
non-specific binding.
Figure 32a shows data from of an experiment to
test for expression of CR3 on macrophages which were
activated with IL-4, or with IFN-y for 0-48 hours and
Figure 32b shows the effect of IL-4 and IFN-y on the
expression of LFA-1 over the same time period.
In the experiment shown in figure 32a an increase
in the expression of CR3 was detected after activation
with IL-4, or with IFN-y. IFN-y caused an increase in
expression after 8 hours which persisted for 48 hours,
whereas the increase induced by IL-4 could be detected
only after 16 hours. This indicated that each factor
promoted expression of CR3, but the mechanism of the
activation process may be different in each case.
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FIGURE 32

Expression of CR3 and LFA-1 by peritoneal
macrophages

Macrophages were obtained and plated out at 105 per
well in microtitre plates in the presence of medium,
IL-4 (10 ng/ml) or IFN-y (10 ng/ml). After various
time intervals supernatant was removed from triplicate
wells and 2% paraformaldehyde was added for 30 mins.
The plate was then washed three times with PBS before
adding biotinylated anti-CR3 or anti-LFA-1 at 10 |lg/ml
for 30 mins. After further washing with PBS the bound
biotinylated antibody was detected by adding 50 |ll of
avidin-peroxidase for 30 mins., washing and adding TMB
as substrate until colour developed.

Figure 32a
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activated
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IFN-Y

The results in Figure 32b indicate that there was
a difference between the two cytokines in induction of
LFA-1. In this and in three other experiments IFN-y
promoted LFA-1 expression,

inducing an increase in

expression after 16 hours, whilst IL-4 had no effect.
The absence of an increase in binding of the antibody
to LFA-1 by macrophages activated with IL-4 indicated
that the rat antibodies were binding specifically to
these macrophages and not to FcyR.

These data also

supported the idea that macrophage activation by IL-4
was fundamentally different from that by IFN-y.
6.3

Production of Interleukins by Macrophages
IL-1 and IL-5 are the two principal interleukins

produced by macrophages.

They are involved in many

immune responses, but particularly in inflammation (Di
Giovine and Duff, 1990; Van Snick, 1990). Data on the
expression of these molecules by macrophages after
activation may, therefore, indicate whether IFN-y or
IL-4 are involved in the induction of inflammatory
lesions.
Interleukin 1

IL-1 was detected in supernatants from activated
macrophages using an assay developed from techniques
described by Simon et al.

(1985) . This assay uses a

clone of EL-4 cells which was isolated by Lowenthal et
al. (1986) and the cell line CT-6, which is dependent
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on IL-2. The EL-4 cells are incubated with IL-1 for 24
hours in the presence of ionophore and the supernatant
is then tested for IL-2, using CT-6 cells.
This assay was optimised for detection of IL-1,
by determining the optimum concentration of ionophore
and tested with TNF, IL-3, IL-6, IFN-y, LPS and IL-4
to assess whether they would interfere with the assay.
None of these factors was able to cause proliferation
in the assay (data not shown).
FIGURE 33

Production of IL-1 by activated
macrophages

Supernatants were taken from activated macrophages
at time intervals after addition of medium, IFN-y (10
ng/ml), IL-4 (10 ng/ml), LPS (100 ng/ml) or 0.2 ng/ml
IFN-y with 5 ng/ml LPS. The supernatants were then
assayed for IL-1 in a bioassay. This was repeated on
four other occasions and the average amount of IL-1
secreted was determined.
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Supernatants from macrophages activated with LPS,
IFN-y, IFN-y/LPS and IL-4 were tested for IL-1 in this
assay and data are shown in Figure 33. This experiment
demonstrated that IFN-y/LPS or LPS alone could induce
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IL-1, but IL-4 had no effect. Induction of IL-1 by LPS
was observed 20-24 hours after addition of LPS, whilst
that induced by IFN-y/LPS was 4-8 hours later. In each
case IL-1 induction was 16 hours after the increase in
TNF generated by the same factors, which was observed
in Figure 15. IFN-y alone did not induce expression of
soluble IL-1.
Interleukin 6

Assays for IL-6 were carried out using the cell
line 7TD1 (Van Snick, 1990) . This line was shown to
respond to IL-6 and not to IL-1, TNF,

IL-4, LPS or

IFN-y. In addition, a neutralising antibody to IL-6
was used to show that proliferation was due solely to
IL-6 and not to any other cytokine (data not shown) .
The experiment presented in figure 34 shows the
effect of IL-4, IFN-y, LPS, and IFN-y/LPS on secretion
of IL-6 by macrophages. It is clear that the isolated
macrophages produced IL-6 constitutively,

since 6-8

ng/ml of IL-6 could be detected in the supernatant of
untreated macrophages after 24 hours. The expression
of IL-6 was enhanced by all the macrophage activating
factors tested. IL-4 and IFN-y/LPS were particularly
effective in promoting expression of IL-6, since the
effect of these factors could be detected after 1-2
hours incubation, whilst an effect of IFN-y could not
be observed until 12 hours. Similar data were obtained
using the cell line B9 to assay for IL-6.
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FIGURE 34

Production of IL-6 by activated macrophages

Supernatants were taken from activated macrophages
at time intervals after addition of medium, IFN-y (10
ng/ml), IL-4 (10 ng/ml), LPS (100 ng/ml) or 0.2 ng/ml
IFN-y with 5 ng/ml LPS. The supernatants were then
assayed for IL-6 in a bioassay. This was repeated on
four other occasions and the average amount of IL-6
secreted was determined.
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The data on expression of IL-1 and IL-6 showed
that IL-1 expression was induced by IFN-y/LPS or LPS,
but it was difficult to reach any clear conclusions as
to expression of IL-6, because of the high level of
constitutive IL-6 production. The observation that LPS
or IFN-y/LPS induced expression of IL-1 by macrophages
supported the hypothesis that IFN-y, TNF and LPS are
involved in inflammation, since the effects of LPS or
IFN-y/LPS occurred 16 hours after expression of TNF
induced by the same factors.

IL-4 had no effect on

expression of soluble IL-1 and this was evidence that
it activates macrophages by a different pathway from
IFN-y, but it also suggested that expression of mTNF
by macrophages treated with IL-4 (Chapter 4) was not
sufficient to induce the production of IL-1.
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6.4 Discussion
Experiments presented in this chapter focussed on
the role of IFN-y and IL-4 in antigen presentation.
This occurs through MHC molecules on the cell surface
and is assisted by other interactions, via integrins
or cytokines (Braciale and Braciale, 1991).
The data on expression of MHC by resting and by
activated macrophages show induction of MHC Class I
and Class II by IL-4 and by IFN-y. This confirms the
results of others in similar experiments published in
parallel

with this

work

(Crawford

et

al.

(1987);

Stuart et al. (1988); and TeVelde et al. (1988). All
three papers reported an induction of MHC Class I or
MHC Class II molecules by IL-4 and the effect of IFN-y
had previously been described (Unanue, 1981).
A novel aspect of this study was an investigation
into induction of I-E expression by macrophages. These
experiments were intended to determine whether IL-4
and IFN-y had different effects on individual genes in
the la region of the genome. Data in Figure 10 show
that increases in I-E expression arose in parallel
with those of I-A. This suggested that there was no
relevant difference between the factors controlling
expression of A or E genes in the la region.
A difference was observed between IL-4 and IFN-y
in the extent and timing of increases in expression of
MHC. Expression induced by IL-4 was later and usually
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smaller in size than that generated by IFN-y (Tables
9 and 10). This suggested that the effect of IL-4 in
promoting antigen presentation was less significant
than that of IFN-y, but also that MHC induction will
occur later in a response to infection if the response
is mediated by IL-4 rather than IFN-y.
In addition to the classical MHC molecules, which
have a well documented role in antigen presentation,
there is evidence that non-classical MHC molecules can
present antigens to some subsets of T-cells (Heinrichs
and Orr, 1990) and it has been demonstrated that MHC
Class I TL molecules present antigen to T-cells which
express a y/A T-cell receptor (Van Kaer et al., 1990) .
These MHC Class I antigens are expressed in specific
cells or tissues and on PMA-activated lymphocytes. It
would,

therefore,

be

interesting to

continue

this

study by determining the effect of IL-4 and IFN-y on
expression of these molecules to assess whether the
different patterns of expression could be related to
the functions of IFN-y and IL-4 in the immune system.
Leucocyte integrins are also implicated in the
function of antigen presentation to T-cells (Springer,
1990). In this study expression of CR3 and LFA-1 was
investigated.

It was shown that activation by IFN-y

induced increased expression of both CR3 and LFA-1
within 24 hours, whereas IL-4 induced only CR3 after
36-48 hours (Figure 32). These differences reflected
changes in the expression of MHC induced by IL-4 and
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IFN-y,

suggesting differences in the time at which an

immune

response would develop in each case.

The mechanisms

which

are

responsible

for the

observed increases in integrin expression were not
studied and it is therefore not apparent whether the
increase is due to an effect on gene transcription or
a post-transcriptional factor.

The data do suggest

that different control mechanisms operate for CR3 and
LFA-1,

although these heterodimer molecules have a

common p-chain. It may, therefore, be interesting to
look separately at expression of the peptide chains
which constitute the integrin molecule to determine
how these factors are controlled.
The biological effect of induction of integrins
is generally thought to be increased adhesion between
cells, however, the CR3 molecule also binds ligands
which are expressed as soluble proteins including the
complement component C3bi,
(Rosen

Factor X and fibrinogen

and Gordon, 1987) . This suggests that induction

of CR3 may

also

reflect

an increased activity

of

macrophages in phagocytosis of complement-opsonised
material, or in blood clotting reactions, as well as
in cellular adhesion. Complement components can also
be produced by macrophages and these can opsonise or
co-operate in killing of micro-organisms (Rother and
Till, 1988). It would, therefore, be useful to measure
production of complement after macrophage activation
by IFN-y or by IL-4 and to determine whether they were
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able to promote complement-mediated microbial killing.
In contrast, the known ligands for LFA-1 are the
intercellular adhesion molecules

ICAM-1

found on endothelium and on T-cells

and

ICAM-2

(Figdor et al.,

1990). This pattern of expression of ligands for LFA-1
suggests that induction of LFA-1 expression by IFN-y
could enhance extravasation of macrophages, which is
characteristic of the inflammatory process, as well as
macrophage - T-cell interactions.
Production of IL-1 and IL-6 was also studied in
experiments presented in this chapter.

Constitutive

production of IL-6 was observed (Figure 33), whereas
IL-1 was detected only after activation with LPS or
IFN-y/LPS (Figure 34) . The production of IL-6 was also
enhanced by addition of the activating factors IL-4,
IFN-y, LPS and IFN-y/LPS.
The

investigation

demonstrated

that

IL-1

was

induced by factors which induce production of soluble
TNF,

namely LPS and IFN-y/LPS.

This suggested that

IL-1 was in fact being induced by TNF, as has been
observed in other studies (Dinarello, 1987) and this
conclusion was further supported by the observation
that there was a regular time interval of 16 hours
between the peak induction of TNF and that of IL-1.
Neither IFN-y nor IL-4 alone was able to induce IL-1
expression. Membrane-associated IL-1 was not studied,
but the recent description of monoclonal antibodies
which can be used to detect mIL-1 (Fuhlbrigge et al.,
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1988/ Chensue et al., 1989) may provide new impetus to
such studies (Weaver and Unanue, 1990) .
In contrast to the data obtained in this study,
published reports,

using a thymocyte proliferation

assay, have suggested that adherence of macrophages to
plastic initiates production of IL-1 (Haskill et al.,
1988). The assay for IL-1 with EL-4 6.1 cells was not
affected by other cytokines such as IL-6, TNF, IL-4,
or

IFN-y,

which were not tested

in the

thymocyte

proliferation assay. However, IL-6 can induce T-cell
proliferation

(Van Snick,

1990)

and it is possible

that it is active in a thymocyte proliferation assay.
This suggested that constitutive IL-6 production by
macrophages could be an artefact, due to adherence,
but this question was not resolved.
In summary, IL-4 and IFN-y induced expression of
MHC Class I and MHC Class II products, but there were
differences

in the timing

of

the

responses.

Both

molecules induced expression of the integrin CR3, but
only IFN-y was able to induce LFA-1. IL-6 production
by macrophages was constitutive and promoted by IL-4.
IFN-y also enhanced expression of IL-6, although to a
lesser extent. LPS or IFN-y/LPS, but not IL-4 or IFN-y
alone induced expression of IL-1. These data suggest
that IFN-y and IL-4 promote cellular interactions, but
there may be differences in the type of immunological
process in which these responses are effective.
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CHAPTER SEVEN

GENERAL DISCUSSION
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In this study IL-4 was identified as a macrophage
activating factor, produced by the murine thymoma cell
line EL-4 MM-1.

Its influence on macrophage biology

was investigated, in comparison with the function of
IFN-y and LPS. In this discussion I intend to consider
data obtained on the effects of IL-4 and IFN-y on the
function of macrophages and to show how they differ in
their capacities for macrophage activation.

Results

are considered in the light of recently published data
and our understanding of the immune system in general.
The action of IL-4 on macrophages

When this study started there was no published
evidence for an effect of IL-4 on macrophages, but it
soon became evident that IL-4 was the active factor
which induced tumour killing by elicited peritoneal
macrophages in our assay system, as antibody to IL-4
neutralised activation for tumour killing whilst an
antibody to IFN-y had no effect. Other published data
supported this conclusion (Crawford et al., 1987) and
IL-4 was found to be active on macrophages at other
stages of development (resident peritoneal cells and
bone marrow macrophages

responded to IL-4, but those

derived from spleen did not^.
Specific receptors for IL-4 on macrophages had
been identified by Ohara and Paul

(1988)

and it is

likely that binding of IL-4 to these receptors induces
an internal second signal (generated by the receptor),
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which in turn promotes the expression of cytocidal
factors.

However,

Gajewski et al.

(1988b)

reported

that IL-4 could induce proliferation of bone-marrow
macrophages whilst Wieser et al.

(1989)

found that

IL-4 could induce secretion of M-CSF and G-CSF by
macrophages. IL-4 was also able to enhance the effect
of IL-11 in promoting proliferation of haematopoietic
stem cells (Musashi et al., 1991) . In addition, it has
been reported that GM-CSF promotes proliferation of a
T-cell line which responds to IL-2 or IL-4 (Woods et
al., 1987) and Wang et al. (1989) observed that M-CSF
could induce macrophage-mediated cytotoxicity towards
Candida albicans.

These studies suggest that M-CSF

could act as a secondary external signal, produced by
IL-4-treated macrophages, but M-CSF was not active in
inducing tumour killing by macrophages and it was also
not synergistic with IL-4. IL-4 is also not active in
promoting some macrophage functions which are induced
by M-CSF such as ADCC (Thomassen et al., 1989) or the
killing of Candida albicans (Wang et al., 1989) and
Jansen et al.

(1989) found, in contrast to Gajewski,

that IL-4 inhibited formation of macrophage colonies
from bone marrow cells. Neutralising antibodies to
CSFs, which could have been used to attempt to inhibit
macrophage activation by IL-4, were not available for
this study. Consequently, the question as to whether
macrophage activation by IL-4 is mediated by any of
the CSFs is still open, but in my opinion there is no
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significant doubt that IL-4 is active on macrophages.
Data obtained in the course of this work demonstrating
the effects of IL-4 on macrophages are summarised in
Table 11, which shows the effect of IL-4 on macrophage
function in various assay systems.
TABLE 11

Effect of Interleukin 4 on macrophages

Macrophage function
or capacity

Effect of IL-4

Tumouricidal function
(i) against TU-5cells Induced by IL-4 (1-10 ng/ml)
(ii) against P815
cells
No effect
TNF
ROI

Activity seen in tumouricidal
assay attributed to mTNF
Some

RNI
Fc receptors
MHC
Integrins

No effect
IgE but not IgG receptors
induced
MHC Class I and Class II
induced
CR3 but not LFA-1 induced

Interleukin 1
Interleukin 6

evidence for induction
of peroxide

No effect
Weak evidence for an effect
in promoting IL-6 production

The data compiled in Table 11 are supported by at
least three reports implicating IL-4 in modulation of
macrophage function. TeVelde et al. (1988) reported an
increase in the level of expression of MHC class II,
CR3 and pl50, 95 on human monocytes after they had been
treated with IL-4, but no effect on the expression of
LFA-1; Stuart et al.

(1988) detected changes in the
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expression of MHC by murine bone marrow cells;

and

Mclnnes and Rennick (1988) observed that IL-4 induced
monocytes and macrophages in culture to form giant
multinucleated cells.
The internal second signals which are generated
by macrophages after treatment with IL-4 have not been
identified. However, a basis for such a study might be
the observations of Justement et al. (1986) who found
that IL-4 acted directly on human B-cells to cause the
phosphorylation of a 44 kD membrane protein. Others
found that inositol phosphate metabolism and calcium
flux

(Gordon et al.,

1988)

are induced by IL-4 in

human tonsillar B-cells, but it is not clear whether
the same signals are generated by IL-4 in macrophages.
Distinctions between the actions of IFN-y and IL-4

A central feature of the biology of IL-4 has been
the functional antagonism with IFN-y, which was first
observed in the opposite effects of these molecules on
B-cells and on T-cells (Pene et al., 1988; Ransom et
al.,

1987).

There are also reports suggesting that

IL-4 counteracts the pro-inflammatory effects of IFN-y
and LPS on macrophages.

For example,

Weiss et al.

(1989) reported that IL-4 inhibited the production of
IL-1 by macrophages treated by LPS, and Hurme et al.
(1988)

found that IL-1 synthesis was blocked at a

post-transcriptional stage, whilst Hart et al. (1989;
1991)

found that IL-4 suppresses production of TNF,
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IL-1 and PGE2 by monocytes or peritoneal macrophages.
In this work a number of significant differences
were observed between the effects of IL-4 and IFN-y on
macrophages and also between each factor and LPS. The
effects of IFN-y, LPS, IFN-y/LPS and IL-4 which were
observed in the course of this work are summarised in
Table 12.
TABLE 12

Effect of Interferon-y, Lipopolysaccharide
and Interleukin 4 on macrophages

Capacity
Effect of
or function
IFN-y
Tumouricidal
(i) vs. TU-5
(ii) vs. P815

Effect of
LPS

Effect of Effect of
IFN-y/LPS
IL-4
+ (24)

-/+

TNF

+

ROI

+

+

RNI

+

+

IgG receptors

+ (48)

+

+

+ (24)

mTNF
+

+ (72)

IgE receptors

+

MHC Class I

+

+

MHC Class II

+

+

Integrins
(i) CR3
(ii) LFA-1

+
+

Interleukin 1

+

Interleukin 6

9

Key to table

- = no effect
-/+
= effect at high concentrations
+ = effect atlow or moderate doses
(maximum effect observed at x hours)
? = Promotes level of production
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This table demonstrates that some effects of LPS,
IL-4,

and IFN-y were distinct,

whilst

others were

separations in degree or timing rather than absolute
differences. Distinctions between IL-4 and IFN-y in
macrophage activation emerged when comparing tumour
killing induced by IL-4, with that induced by IFN-y or
IFN-y/LPS. These data and the tumouricidal mechanisms
involved were discussed in Chapters 3 and 4, where it
was also demonstrated that macrophages activated with
IL-4 had different tumour target cell specificities
from those of macrophages activated with IFN-y/LPS and
that different cytocidal factors were induced.
An important example of a difference between IL-4
and IFN-y/LPS in induction of individual molecules was
observed when assessing expression of TNF by activated
macrophages, which was described in Chapter 4. It was
found that macrophages activated with IL-4 expressed
membrane-associated TNF
any detectable

(mTNF), but did not express

soluble material.

Macrophages

which

were activated with LPS expressed some activity on the
cell surface, but also secreted soluble TNF.
The reason for the observation that mTNF but not
soluble TNF is induced by IL-4 is obscure, but surface
expression of TNF could be a result of induction of
the protein in the absence of a specific proteolytic
enzyme. This suggests that protease inhibitors could
be used to try to increase expression of mTNF on the
surface of LPS-activated macrophages and to identify
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the protease involved.
The

intracellular

and

extracellular

processes

which control production of TNF and particularly the
expression of membrane-associated material remain to
be investigated in full. Katakami et al. (1988) found
that if LPS was used to activate macrophages the level
of cAMP was related to regulation of TNF production,
but other metabolic changes must also influence TNF
expression if we are to explain the observed data with
other activating factors and the differences between
IFN-y, LPS and IL-4 in the amounts, timing and state
of TNF produced. It will also be necessary to look in
the same way for signals generated during activation
of macrophages by IFN-y or LPS where the published
data suggests that a variety of internal signals are
induced (Celada et al., 1989).
The role of IL-4 in the immune system

The activities of IL-4 on immune cells other than
macrophages were reviewed by Paul and Ohara (1987) . It
was first identified as a B-cell stimulatory factor,
described as BSF-1 and it can promote B-cell growth or
differentiation. It acts in vitro as a co-factor with
antibody to surface immunoglobulin in promoting B-cell
proliferation and on its own to induce expression of
IgE by active B-cells (Coffman et al., 1986). IL-4 is
also active on T-cells, in promoting proliferation and
increasing their ability to co-operate in stimulation
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of B-cells (Hu-Li et al., 1987; DuBois et al., 1987),
or early thymocyte development (Varma et al., 1990).
It is, therefore, useful to consider whether effects
of IL-4 on macrophages described in this thesis are
related to its effects on other immune cells.
The principal area of investigation in this study
was the tumouricidal function of macrophages,

which

was promoted by IL-4. This function was attributed to
induction of cytocidal capacities of ROI production
and expression of mTNF,

but it is clear that both

these factors can also be involved in the function of
microbial cytotoxicity (Adams, 1989) . A tumouricidal
activity of IL-4 has been demonstrated in a murine
tumour model in vivo using tumour cells transfected
with the gene for IL-4,
produced locally

so that the lymphokine was

(Tepper et al., 1990). However,

in

this system tumour regression could not be attributed
uniquely to macrophages and no conclusions were drawn
as to the tumouricidal function of macrophages which
are activated with IL-4 in vivo.
Increases which were observed in the binding of
IgE to macrophages after IL-4 treatment, in Chapter 5,
were attributed to expression of the murine macrophage
IgE receptor (Fc£R II, also referred to as CD23) and
this observation is in accordance with reports which
suggest a role for IL-4 in control and development of
IgE-mediated responses.

It has been shown that IL-4

can increase expression of IgE and Fc£R II by B-cells
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and promote the growth of mast cells which are thought
to be the main effector cell of IgE-mediated responses
(Finkelman et al., 1990). The absence of induction of
macrophage FceR II by IFN-y supports this idea as it
suggests that the increase is specific to IL-4 and not
a general phenomenon. IFN-y also inhibits the activity
of IL-4 on B-cells (Rabin et al., 1986), although it
can be synergistic with IL-4 in inducing production of
IL-6 by endothelial cells (Howells et al., 1991).
There is, however, a certain amount of debate as
to whether the macrophage IgE receptor is able to play
a significant role in antigen responses mediated by
IgE in vivo. This is due to the low affinity of this
molecule for IgE when compared to that of the receptor
found on mast cells and the existence of a cleaved
soluble form of the (human) CD23 molecule (Gordon et
al., 1989), although production of soluble FceR II by
murine macrophages has not been reported and its role
in responses to infection is not defined.

The fact

that FceR II can be cleaved from the surface of the
cell and still retain its ability to bind IgE is a
property in which it differs fromother Ig receptors.
In addition, CD23 appears

tohave

distinct from its binding ofIgE
observation that soluble

functions which are
(Conrad, 1990). The

FceR II

(and possibly the

membrane-bound form) has immunological activity other
than binding IgE, including an activity as a B-cell
differentiation factor is unusual,
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but it has also

been found to promote MLR (Conrad, 1990) and it may
interact with MHC class II

(Bonnefoy et al.,

1988).

Consequently, macrophages activated with IL-4 may be
involved in the control of development of B-cells and
in inflammation as well as IgE mediated responses to
immune challenge. The effect of interactions between
CD23 and MHC is not yet clear, but the observation of
spatial proximity suggests that the process of antigen
presentation may also be modulated by IL-4.
Induction of FceR II is an indication of a role
for macrophages in IgE-mediated responses and this may
be significant in relation to cytocidal capacities of
macrophages which were induced by IL-4, such as the
potential for superoxide production and expression of
mTNF. These were originally investigated in relation
to tumour killing, but both molecules have also been
suggested as mediators of microbial killing. The fact
that macrophages can mediate ADCC towards schistosomes
via IgE (Dessaint et al., 1981) and the finding that
IL-4 can enhance ADCC (Wersall et al., 1991) in vitro
suggest that macrophages activated with IL-4 can bind
and kill microbes opsonised by IgE. This is supported
by reports of the effects of IL-4 in vivo on responses
mediated by to Nippostrongylus infection observed by
Lebrun and Spielberg (1989). These responses are often
characteristic of the nasal and tracheal passages and
the gut, where IgA is important. Interestingly, IL-4
has been found to co-operate with IL-5 in inducing
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expression of IgA by B-cells isolated from the Peyer's
Patch, which is the main site of immune reaction in
the gut (Murray et al., 1987). This suggests that the
most productive site to look for macrophages which
effect immune responses mediated by IgE or IgA should
be in the Peyer's Patch, but monocytes treated with
IL-4 and IL-5 may also be effective in these functions
unless there are factors, specific to the environment
of the gut or tracheal passages, which are required.
Induction of macrophage IgG receptors by IL-4 was
also observed in this study and binding of IgG through
these receptors may also direct ADCC or phagocytosis
of the attached antigen by macrophages. This results
in degradation of antigen or its processing for later
surface presentation in the context of MHC. Three IgG
receptor types have been described in mice, but only
one type (FcyR I) was investigated in this work. This
was because only one class of mouse antibody was used
for this work and the antibody was not complexed or
used in the presence of antigen. Increases in FcyR I
observed after IL-4 treatment were always slight and
in

many

experiments

these

were

not

statistically

significant. The changes observed may, therefore, be
non-specific, but resolution of this question awaits
analysis of other IgG receptors and analysis of mRNA
for the receptors in IL-4 treated cells. A role for
IL-4, in promoting ADCC or endocytosis,

is also not

supported by any published data. Consequently,
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IL-4

may again differ from IFN-y, which induces all three
classes of human FcyR (Hogg, 1988).
A role for IL-4 in early macrophage development
has also been suggested by reports of its effects on
bone marrow cells in conjunction with IL-3 (Gajewski
et al., 1988b). This may relate to the induction of
macrophage and granulocyte colony stimulating factors
from these cells (Wieser et al., 1989) and could be
supported by the observation that induction of MHC
Class II molecules by IL-4 is most readily seen with
less mature macrophages

(Te Velde et al., 1989/ and

Kaye P.M., personal communication).
The function of these effects in vivo has not
been explained and it is difficult to be certain that
they are not simply fortuitous, but it is possible
that cytokines can influence development of particular
mature macrophage phenotypes. Separate development of
macrophage lineages from the bone marrow has not been
found (Gordon and Hirsch, 1984), although it has been
observed that cytokines, particularly IFN-y, can have
effects on macrophage development (Perussia, 1983). Li
et al. (1989) have suggested that IL-2, in conjunction
with CSFs, can induce development of a particular set
of macrophage precursors from bone marrow in a similar
manner to the induction of LAK cells from T-cells.
These macrophages had some properties characteristic
of NK cells, as they lysed YAC-1 but not P815 tumour
cells and could be induced to mature as macrophages
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under the influence of M-CSF. The
combinations of cytokines,

observation

that

including IL-4 and IL-11

(Musashi et al., 1991) can influence development of
macrophages encourages the view that IL-4 could have
an effect on bone marrow differentiation, similar to
that of IL-2. There is, therefore, a possibility that
the effect of IL-4 in promoting tumour cytotoxicity by
peritoneal macrophages is the result of inducing their
differentiation, rather than activation.
A rationale for an effect of IL-4 on macrophages,
different from that of IL-2 or IFN-y, arises from the
proposed existence of subsets of helper T (Th) cells,
Thl and Th2. This theory developed from observations
by Mosmann et al., (1986) of subsets of murine T-cell
clones characterised by their lymphokine production:Thl clones producing mainly IL-2 and IFN-y and Th2
cells producing IL-4 and IL-5.
In several situations a preponderance of either
Thl or Th2 cells have been seen in inflammatory sites
and the course of an infection then appears to vary
depending on which subset is present and the cytokines
it produces (Mosmann and Moore, 1991). One example is
the immune response to infection with Leishmania major
in different strains of mice, C57/B16 mice and Balb/c.
Balb/c mice, in which Th2 cells predominate, usually
succumb to the infection but C57/B16 mice generated a
Thl response and survived. However, survival of Balb/c
mice was enhanced by addition of cloned Thl cells,
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which were reactive against the infectious agent, or
antibody to IL-4 (Heinzel et al., 1989).
The fact that the particular subset of Th cells
were seen in an infection depending on the strain of
mouse used suggests that there is a factor specific to
each strain which determines the dominant T helper
subset. In this study macrophage responses to IFN-y
and IL-4 were studies in MHC congenic strains of mice,
which differed at the lsh gene and in susceptibility
to Leishmania donovani. No differences were observed
between the tumouricidal responses of macrophages from
these strains or their production of nitrite.

This

suggests that the difference in susceptibility is not
related to a defect in induction of cytotoxicity, but
it was not possible to relate this to induction of Thl
or Th2 cells.
The proliferation of T-cells in vitro generally
depends on several factors, including presentation of
antigen by MHC, the various cytokines present and the
dominant subset of T-cells (Mosmann and Moore, 1991) .
If a particular subset is established then IL-2, IL-4
or IL-10 produced by that subset inhibit proliferation
of the other (Gajewski and Fitch, 1988) . Consequently,
it was suggested that the determining factor for Thl
or Th2 cell development was involved in presentation
of antigen to T-cells, or in the control of cytokine
production by macrophages or T-cells.
The level of MHC expression, with which antigen
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is presented by macrophages to T-cells, may therefore
be one factor in determining the subset of Th cells
induced, or the nature of a response. The different
effects of IL-4, or IL-2 and IFN-y on expression of
MHC or associated molecules, such as CD23, would then
suggest that each of the Th subsets could be promoted
by the effect of cytokines on macrophages. This was
investigated by studying the expression of MHC and
adhesion molecules by macrophages.
In the course of this work expression of MHC was
found to change after cytokine treatment, with IL-4
and IFN-y both inducing MHC Class I and MHC Class II
expression. This agreed with data reported in similar
experiments

(Te Velde et al., 1988), but details of

the data presented here highlight specific effects of
the lymphokines and uniquely demonstrate their effect
on induction of Class II I-E. The differences between
IL-4 and IFN-y in induction of MHC expression were in
timing and extent of expression and not in class or
subclass. IFN-y induced an increase in MHC Class I and
Class II expression within 24 hours which diminished
after 72 hours. IL-4 showed a different pattern and
the degree of induction was often less than that given
by IFN-y. There were no differences between induction
of MHC Class II I-A and I-E.
Differences in MHC expression on their own were
not,

however,

sufficient

to

show

whether

antigen

presentation by macrophages was being influenced by
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cytokines

as

there

are

other molecules

which

can

co-operate in the interactions between macrophages and
T-cells. These include adhesion factors and cytokines
as well as those molecules which can associate with
MHC in the membrane.
The main adhesion proteins which may be involved
in antigen presentation are the leucocyte integrins
LFA-1, Mac-1 (CR3) and pl50,95. LFA-1 and Mac-1 were
the two molecules investigated in this work. This was
carried out using biotinylated monoclonal antibodies
and an ELISA-based detection system. LFA-1 expression
did not change after IL-4 treatment but expression of
Mac-1 increased significantly.
The fact that there are a variety of ligands for
Mac-1 (CR3) makes it difficult to decide which factors
are relevant to the role of IL-4 in vivo, but the
importance of CR3 in binding of fibrinogen, factor X
and complement

suggests that

it may aid responses

directed by the complement and clotting cascades. It
also suggests one way in which infection by Leishmania
spp. could be favoured by IL-4, as CR3 is the receptor
by which these parasites are thought to gain entry to
macrophages.
IFN-y once again had a different effect from that
of IL-4, inducing expression of both molecules. This
suggests that IFN-y may influence integrin-dependent
interactions

between

macrophages

and

other

cells,

especially T-cells, in a different way from IL-4. In
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particular, the induction of LFA-1 is associated with
binding to endothelium and to T-cells (Figdor et al.,
1990). This suggests a particular role for IFN-y in
promoting macrophage extravasation or presentation of
antigens and it highlights the possibility that the
role of IFN-y in macrophage biology differs from that
of IL-4, as IL-4 had no effect on expression of LfA-).
Expression of cytokines by macrophages has also
been

associated with antigen presentation

expression

of

three

cytokines

by

and the

macrophages

was

investigated in this work, namely IL-1, TNF and IL-6.
Regulation of the expression of the genes for these
cytokines is complex (Taniguchi, 1988), but all three
cytokines can affect T-cells.
Membrane IL-1, induced by IFN-y or LPS, is now
thought to direct T-cell responses, perhaps inducing
a preference for antigen tolerance (Weaver and Unanue,
1990) . It is interesting, therefore, to note induction
of mTNF by IL-4 and to speculate that it could have an
equal or an opposite effect, but there is no immediate
evidence in favour of this theory. IL-4 had no effect
on production of IL-1 by macrophages, whilst IL-6 was
produced constitutively by isolated macrophages.

No

clear conclusions were drawn from these data, although
the fact that both these molecules were induced by LPS
suggested that they are involved in inflammation.
Direct investigation of the involvement of these
cytokines (or integrins) in the control and regulation
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of antigen presentation would, however, have required
development of techniques to quantitate or qualitate
presentation of antigen to antigen specific T-cells by
macrophages. This could not have been completed within
the time available, but I would suggest that cytokine
and integrin involvement in antigen presentation would
be a valuable area to explore in the future. However,
Chang et al.

(1990) have suggested that induction of

Thl or Th2 is determined by whether the antigen is
presented by macrophages or by B-cells,

rather than

the MHC molecule with which it is associated. Antigen
presented by macrophages generated a Thl response,
whereas antigen presentation by B-cells generated Th2
type T-cells
Conclusions

Results presented in this thesis

suggest that

IL-4 activates macrophages for tumour killing. This
cytotoxicity depends on the induction of TNF on the
surface of the macrophage. ROI may also contribute to
killing but the involvement of RNI is unlikely.
Data on the induction of Ig receptors on the
surface of the macrophage and other published data,
suggest that IL-4 is involved in responses to antigen
mediated by IgE. The induction of cytotoxic potential
may, therefore, contribute to the role of macrophages
as an effector cell in this function.
The effects of IL-4 on expression of macrophage
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surface molecules involved in adhesion (integrins) and
on the expression of MHC molecules suggest that it is
involved in modulation of interactions between T-cells
and macrophages generally and antigen presentation in
particular. These effects of IL-4 are more pronounced
if macrophages from bone marrow are used and other
data have also suggested that IL-4 has an effect on
early macrophage development.
IL-4 and IFN-y were clearly distinct in their
impact on macrophages.

IL-4 was not antagonistic to

IFN-y as has been observed in their effects on other
cells but the contrasting patterns

of results may

reflect the differing roles of these two molecules in
the immune system.
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