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ABSTRACT

Neutrophils are important constituents of the immune system and their primary
function is to seek out and destroy invading microbial pathogens. The lifespan of the
mature neutrophil 1s very short (less than one day) as they constitutively undergo
apoptosis. There 1s a constant production and release of vast numbers ot neutrophils
from the bone marrow 1nto the bloodstream to maintain a steady number ot neutrophils

in the circulation.

The rapid entry into apoptosis experienced by the neutrophil can be delayed by
treatment with certain cytokines (1.e. GM-CSF, IL-1) in vitro, and similarly during
inflammation in vivo, such that the lifespan is extended tfrom hours to several days.
The mechanisms by which the neutrophil apoptosis can be delayed are largely
undefined. Understanding the control ot neutrophil apoptosis may enable manipulation
of neutrophil survival, which would be of potential benefit in many conditions.
Extending neutrophil lifespan by delaying apoptosis may benefit immuno-
compromised patients (1.e. during cytotoxic treatment for cancer) by boosting their
ability to fight infections. On the other hand, decreasing neutrophil litespan by
accelerating apoptosis could benefit patients with inflammatory diseases (such as
rheumatoid arthritis) by deleting these potentially harmful cells.

In this thesis I have investigated the mechanisms by which neutrophil apoptosis can be
delayed, and shown that many agents which delay neutrophil apoptosis enhance gene
expression, whilst inhibition of protein synthesis accelerates entry into apoptosis.
These observations suggest the neutrophil requires the constant synthesis of one or
more proteins to delay entry into apoptosis. The fatty acid butyrate 1s also shown to
delay entry into apoptosis in these cells, by increasing protein synthesis. The action of
butyrate 1s shown to be associated with inhibition of histone deacetylases, suggesting
histone hyperacetylation 1s able to induce expression of the proteins required for
neutrophil survival. I also show GM-CSF alters the rate of acetyl-group turnover on
neutrophil histones.

The maintenance of surface expression of CD16 (FcyRIIIb) i1s associated with delayed
apoptosis, and 1s shown here to be achieved by maintaining the ability to mobilise
internal stores of pretormed CD16 to the cell surface. This 1s shown for both GM-CSF
which primes the neutrophil and activates shedding of CD16 from the cell surface, and
for butyrate, which neither primes nor activates CD16 shedding.

The role of superantigens in controlling neutrophil apoptosis 1s also examined. I have
found that although there 1s no obvious explanation for a direct action of superantigens
on neutrophils, they do attect some functions. However, they have no ability to
directly alter the rate of neutrophil apoptosis. Apoptosis can be delayed by
superantigens in vitro via stimulation of cytokine secretion from contaminating
mononuclear cells, even when the contamination 1s less than 3 %, demonstrating the
potency of these cytokines (such as IFN-y and IL-1[3) in delaying neutrophil
apoptosis.

The Bcl-2 family of proteins are intimately associated with the control of apoptosis in
many cell types and organisms, and I have shown that neutrophils constitutively
express the pro-apoptotic protein Bax, but not the anti-apoptotic proteins Bcl-2 and
Bcl-X. However, 1 have demonstrated the constitutive expression of the anti-apoptotic
protein Mcl-1 in bloodstream neutrophils. Furthermore, I have shown an up-regulation
of Mcl-1 expression by all agents tested which delay neutrophil apoptosis. I have also
demonstrated a correlation between neutrophil survival and Mcl-1 protein levels,

suggesting that Mcl-1 protein levels may be the key determinant for neutrophil
survival. |
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Overview

The neutrophils are the first cells of the immune system recruited in response to
bacterial and fungal infections. It 1s therefore essential to the well-being of the host that
there is a ready supply of these dispensable cells to deal with infections if and when
they arise. Neutrophils are well adapted as a front line of defence, as they are normally
abundant in the circulation, are able to quickly infiltrate an infected site, and are well
armed with a variety of anti-pathogenic systems. They are also pre-programmed to
make the ultimate sacrifice: to commit suicide if they are not needed to fight infection,
or if they have completed their role in an immune response to allow the resolution of
inflammation. This predisposition to commit suicide can, however, give rise to
problems: 1f production of neutrophils 1s interrupted then the number of circulatory
neutrophils falls quickly, leaving the host susceptible to infections. Conversely, an
inflammatory response may be needlessly prolonged by extended neutrophil survival,

leading to tissue damage.

1.2 Neutrophil Physiology

The neutrophil 1s the must abundant of all white blood cells constituting 40 - 65% of
the total white blood cell pool. It 1s one of three types of polymorphonuclear
leukocytes, with neutrophil preparations normally containing eosinophils (1-7%) and
basophils (<1%). The number of neutrophils 1n the circulation is normally in the range
of 3-5 x 10°/ml blood, but this can rise dramatically in cases of infection (Edwards,
1994). Polymorphonuclear leukocytes have a distinctive multilobed nucleus, a very
granular cytoplasm, and are spherical in the circulation with a diameter of about 10
um. Electron microscopy shows little or no endoplasmic reticulum or golgi apparatus

(Bainton et al, 1971), which led to the suggestion that neutrophils were terminally



differentiated, with little or no need for protein synthesis (Cline, 1966). The neutrophul
also appears devoid of mitochondria, and relies on glycolysis for the production of
energy. This O;-independent mechanism for energy production allows the neutrophil

to function in the low oxygen tensions that often exist in inflammatory sites (Edwards,

1994).

The lifespan of the mature neutrophil is quite short, estimated to be between 8-20 h
before constitutively undergoing programmed cell death or apoptosis. This lifespan 1s
longer in the tissues, but is difficult to determine accurately. There 1s obviously a vast
number of neutrophils produced by the bone marrow to maintain the circulating

neutrophil pool, with turnover rates for human neutrophils estimated to range from 5 x

108 to 3.4 x 10° /kg/day (Nelson, 1994).
1.3 Phagocytopoiesis

The mature circulating neutrophil is the result of a long developmental process in the
bone marrow, termed phagocytopoiesis (for review see Souid, 1996), which 1s a
particular developmental line in the whole process of blood cell development termed
haematopoiesis. All blood cells develop trom pluripotent stem cells, with neutrophils
developing from the myeloid stem cell which can produce erythroid, megakaryocyte,

monocyte and neutrophil lineages. This whole haematopoietic system is controlled by
cytokines (such as IL-1, IL-3, IL-6, G-CSF, GM-CSF, and M-CSF), with different

cytokine combinations promoting the development of each type of blood cell.

The neutrophil develops in the bone marrow from myeloid stem cells, which
differentiate into type I and then type II myeloblasts, promyelocytes, and neutrophil
myelocytes which are all capable of mitosis. The neutrophil metamyelocyte is the first
stage of the non-mutotic differentiation into mature neutrophils, which then becomes a

band neutrophil, and finally a mature neutrophil. The whole process from myeloid



stern cell to circulating neutrophil takes around 14 days, with the mitotic development
taking ~6 days, and the non-mitotic maturation taking 8 days. There 1s thought to be a
9-10 day reserve of mature and maturing neutrophils in the bone marrow, that 1s

estimated to contain at least 13 times the number of neutrophils in the blood (Boggs,

1967).

Having been released to the bloodstream the mature neutrophil will hive for up to 20 h

before becoming apoptotic and removed by phagocytic cells, unless recruited to the

tissues where the lifespan may be extended by a few days.

1.4 Neutrophil Host Defence

The primary role of the neutrophil is to destroy invading micro-organisms before they
have the chance to multiply and spread throughout the body or infect tissues. To be
able to do this, the neutrophil must quickly gain access to the site ot the intection, and

then proceed to destroy the invading pathogen.

1.4.1 Neutrophil recruitment

The first process necessary for efficient microbial killing 1s the recruitment of
neutrophils to the site of infection. This involves the neutrophil migrating toward the
site by following a path either of chemoattractants released from the host cells at the
site ot infection, or bacterial breakdown products (such as fMLP) for which the
neutrophil possesses cell surface receptors. In order to migrate towards these
attractants, the neutrophil must first attach to the capillary walls near the infection site,

a process called margination. This attachment (reviewed by Butcher, 1991; Hogg,

1992) 1s mediated firstly by the translocation of selectin receptors to the surface of the

endothelial cells as a result of stimulation by agents, such as thrombin or histamine. L-

selectin on the neutrophil cell surface is expressed constitutively and mediates a loose



interaction between venule wall and neutrophil within minutes of the tissue injury. The
neutrophil then ‘rolls’ along the venule and will only continue to do so 1f the local
environment contains other factors indicative of infection. For firmer attachment
neutrophil integrin receptors (LFA-1, Mac-1, gp150,95) are up-regulated which
mediate a stronger, sustainable attachment to the endothelial cells via binding to the
appropriate endothelial counterpart (e.g. ICAM-1) (see Springer, 1990 for review).
The neutrophils then squeeze through the endothelial walls by a process called
diapedesis, and then follow the concentration gradient of chemoattractants such as
fMLP, C5a, platelet-activating factor, leukotriene B4 (Baggiolini et al, 1991) and IL.-8
(Baggiolini et al. 1989). Once a critical number of receptors are occupied the cell
moves directionally, towards the highest concentration of the chemoattractants. This
allows the neutrophils to follow the trail of attractants to the appropnate site of tissue

inflammation, where the neutrophil begins to attack the invading organism.

1.4.2 Phagocytosis and Kkilling

Upon arrival at the inflammatory site the neutrophils begin the process ot
phagocytosing and killing the bacteria. Bacteria may be recognised by neutrophil
surface receptors to microbial sugar molecules, but phagocytosis of many bacteria is
more efficient i1f they are coated with serum opsonins. The opsonised bacteria coated
with antibody or complement fragments bind to the Fc receptors (FcyRI, FcyRII and
FcyRIIIb) and complement receptors (CR1 and CR3), respectively (for review see
Cohen, 1994). Having phagocytosed the bacteria, the phagosome fuses with granules
to form a phagolysosome 1n which the bacteria is killed (for review see Smith, 1994).
Killing of the bacteria involves both the release of anti-bacterial and anti-fungal
proteins from neutrophil granules, and also the production of reactive oxygen
intermediates. These intermediates are produced by the NADPH complex which is

assembled and activated on the phagolysosome, and they are extremely toxic. The

killing is usually contained within the phagolysosome, thereby preventing the leakage



of these highly toxic molecules into the surrounding tissues. However, under certain
inflammatory conditions, such as those found in some autoimmune diseases, the
pathogenic killing mechanism can be directed against the host tissue. In diseases such
as glomerulonephritis, antibodies and immune complexes are deposited onto host
tissues. The neutrophil 1s unable to phagocytose such tissues and will undergo a
process termed frustrated phagocytosis (Edwards & Hallet, 1997). The granule
enzymes and reactive oxygen intermediates are then released outside the neutrophil and
are just as effective at killing host cells as they are at destroying pathogens (Edwards &
Hallet, 1997). There are many diseases in which symptoms and tissue 1njury may be
partly mediated by neutrophils and the inappropriate release of toxic molecules,

including rheumatoid arthritis, gout, inflammatory bowel disease and asthma (see

Malech and Gallin, 1987 for review).

1.4.3 Resolution of inflammation

After an infection has been successtully cleared from a site of inflammation, the huge

influx of neutrophils must be stopped and then the recruited neutrophils dispersed or
removed to allow the inflammation to be resolved. The cessation of neutrophil influx
to an inflamed site occurs remarkably early in the course of inflammation. In an
inflammatory model in which acute intflammation develops over 48 h and resolves after
7-9 days, the intlux of neutrophils occurred for only 24 h (Haslett, 1992). This early
termunation ot neutrophil recruitment seems likely to be the first step in the resolution
of inflammation, but the mechanism(s) of this termination remains unknown.
Termunation of influx may involve chemotactic factor inhibitors, neutrophil
desensitisation, recruited neutrophils preventing further recruitment, decrease in

chemotactic factors, or blockage of neutrophil migration by surrounding tissue (Haslett

1992).



The neutrophils at the site of inflammation will ciommit suicide after completing their
role in the immune response. This cellular suicide is termed apoptosis (Kerr et al,
1972), and 1t has recently been shown that bacterial ingestion, tumour necrosis factor-
o (TNF-o0) and heat (all of which may be experienced by neutrophils at an
inflammatory site) will all tnngger apoptosis 1n these activated neutrophils (Watson et
al, 1996). These apoptotic neutrophils can then be removed from the site of
inflammation by surrounding phagocytes rather than becoming necrotic. Neutrophil
necrosis would cause further inflammation as cytotoxic molecules usually sately
contained within the neutrophil would be released as membrane integrity 1s lost. The
phagocytosis of apoptotic neutrophils occurs before the loss of membrane integrty,

thereby preventing the prolongation of inflammation.

Apoptotic cells can be removed by macrophages (Newman et al, 1982) or other
neighbouring cells such as liver endothelial cells (Dini1 et al, 1995) or fibroblasts (Hall
et al, 1994). This recognition and phagocytosis of apoptotic neutrophils does not
involve antibody or complement and occurs via a different mechanism to that involved
in the phagocytosis of foreign material, thereby avoiding further tissue damage
(Meagher et al, 1992). There has been extensive research into the recognition system

involved in this process, with the identification of a number of receptors on phagocytic
cells and cell surface changes in apoptotic cells (reviewed by Hart et al, 1996; Haslett
et al, 1994; Savill et al, 1993). The recognition systems known to date are shown 1n
Figure 1.1. The loss of sialic acid from surface carbohydrates on the apoptotic cell
allows recognition via lectin-like receptors on the phagocytic cell. Thrombospondin
can act as a bridge between an as yet unidentified site on the apoptotic cell and the
vitronectin receptor and CD36 (a macrophage surface receptor) on the phagocyte.
Exposure of phosphatidylserine on the apoptotic cell is recognized by a
phosphatidylserine receptor which may be a class A scavenger receptor such as CD68.

but it appears other receptors are also involved. Finally, the antigen to mAb 61D3



Figure 1.1 Recognition of apoptotic cells for phagocytosis
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The recognition of apoptotic cells by a neighbouring phagocyte may be
mediated by a number of mechanisms. The mechanisms known to date
are shown 1n this figure, which 1s adapted from Savill er al, 1993. For

details and references see main text.



(Flora and Gregory, 1994) which 1s an uncharacterised protein found in mononuclear

phagocytes, 1s involved 1n recognition of apoptotic cells.

Without the apoptosis of inflammatory neutrophils, it seems likely that resolution of
inflammation would be severely delayed, and chronic inflammation and permanent

tissue damage and scarring may result. Indeed, resolution of inflammation is enhanced

by promoting neutrophil apoptosis in vivo (Cox, 1996).

1.5 Apoptosis

Cell death can occur in two distinct manners, necrosis or apoptosis. Necrosis is the
term used to describe the death of a cell as a result of severe trauma 1n which the
trauma is rapidly followed by loss of membrane integrity. Apoptosis 1s a more
controlled form of cell death 1n which the dying cell executes a process whereby key
cellular components are disabled and then marks itself for phagocytosis by
neighbouring cells with no loss of membrane integrity. This form of cell death was
termed apoptosis (Kerr et al, 1972) from a Greek term referring to the falling of leaves

from trees, or petals from tlowers. The spontaneous loss of cells from animal cell
populations had been known for many years before the work of Kerr and colleagues,
but was not considered a form of cell death separate to necrosis. It was whilst studying
the morphology of these spontaneously dying cells that it became apparent that this

was a type of cell death distinct from necrosis.

Apoptosis 1s a descriptive term given to cells exhibiting a distinct set of morphological
features, and includes programmed cell death (PCD) and specialized cell death (Fesus
et al 1996). PCD 1s the elimination of specific cells predictable in space and time
during the development of tissues and organs; specialised cell death occurs in specific
tissues where the death program 1s suspended allowing the completion of a unique

function such as occurs 1n red blood cells. PCD and specialized cell death are therefore



both death via apoptosis, but apoptosis may also be triggered by non-physiologic

agents.

1.5.1 Occurrence

Apoptosis 1s essential during the development and function of multicellular organisms
(Umansky, 1996). Tissue development requires the elimination of specific cells such
as excess neurons in the developing nervous system (Raff ef al, 1993), and in many
other tissues (Bright & Khar, 1994). The predictability of apoptosis in PCD is clearly
illustrated in the normal development of the nematode Caenorhabditis elegans
(Hengartner & Horvitz, 1994a) in which there 1s always elimination of the same 131

cells. The normal tissue turnover in adult somatic cells is also dependent on apoptosis

(Carson & Ribeiro, 1993).

Many processes 1n the immune system require apoptosis, such as the development ot
T lymphocytes in the thymus where many autoreactive and non-reactive T cells are
produced, and then deleted via apoptosis such that only beneficial T lymphocytes reach
maturity (Wilhiams, 1994). A similar removal of B lymphocytes i1s also likely (Tsubata
et al, 1994), though the evidence for this phenomenon is not as strong as that for T
lymphocytes. The death of tumour cells induced by Tumour Necrosis Factor (TNF) 1s
via apoptosis (Laster et al, 1988). T lymphocyte mediated cytotoxicity, natural killer
cell mediated cytotoxicity and antibody-dependent cellular cytotoxicity all induce

apoptosis 1n the target cell (Williams, 1994). As discussed earlier, apoptosis 1s also

essential for the resolution of inflammation.

The withdrawal of growth factors from many growth factor dependent cell types in
vitro leads to apoptotic death (Schwartzman & Cidlowski, 1993). Injury to cells. not
SO severe as to cause necrosis but leaving the cell beyond repair, also results in death

via apoptosis to protect the surrounding tissues. The death induced by many
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chemotherapeutic chemicals and irradiation is also via apoptosis (Hannun, 1997). It is
clear that apoptosis 1s an essential process in the life of a multicellular organism, and is

seen in the death of cells in many tissues and under a wide variety of circumstances.

1.5.2 Cellular changes characteristic of apoptosis

The morphological changes characteristic of apoptosis, as first described by Kerr and
colleagues, are compaction of chromatin against the nuclear membrane, cell shrinkage,
detachment from surrounding cells, and nuclear and cytoplasmic budding to form
membrane bound apoptotic bodies which are then rapidly phagocytosed. There are
numerous recent reviews on this subject (e.g. Cummings et al, 1997) which discuss
the morphological changes associated with apoptosis detected using light microscopy
and electron microscopy. The first observable event 1s the condensation of chromatin
into uniformly dense masses against the nuclear envelope, which occurs at the same
time as detachment of the cell from its surrounding tissue. There 1s also a loss of
specialized surtace structures, decrease 1n cell volume and increase 1n cell density,
compaction of organelles, and often convolution of the nuclear and cell outline.
Nuclear structure may change further into several discrete parts, while cytoplasmic
changes may include clustering of ribosomes and cytoskeletal filaments, and the
production of vacuoles. The surface of the cell will then form many blebs and

protuberances which seal themselves off from the cell to form apoptotic bodies.

In 1980, Wyllie was the first to show that there is fragmentation of DNA 1nto
fragments with sizes that are multiples of ~200 bp, as found when chromatin 1s
cleaved between nucleosomes (Wyllie, 1980). This has been considered the
biochemical hallmark of apoptosis, with electrophoresis of DNA from apoptotic cells
giving a characteristic ladder. However, this internucleosomal chromatin cleavage 1s
not found 1n all cells undergoing apoptosis (Ueda & Shah, 1994). There 1s an 1nitial

cleavage of chromatin into 300 kb and 50 kb fragments (Brown et al, 1993;
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Oberhammer et al, 1993b) which appears to be universal in apoptotic cells. Chromatin
condensation 1s not dependent on the cleavage by endonucleases (Oberhammer et al |
1993a), and follows a separate metabolic pathway (Sun et al, 1994). Therefore,

internucleosomal chromatin fragmentation is neither universal nor necessary for the

completion of the apoptotic program.

1.5.3 Control of apoptosis

Too little or too much apoptosis could have catastrophic effects on the organism as a
whole, so the process of apoptosis must be well controlled. Only unwanted cells
should be destroyed by apoptosis and once targeted as a cell to be deleted, the
execution of the apoptotic program should be flawless, to ensure targeted cells are
indeed removed. The mechanisms in place to control apoptosis are only now being
uncovered, and are proving to be quite an elaborate interplay of pro-apoptotic and anti-
apoptotic factors. The organism which 1s perhaps best understood with regard to the
control and execution of apoptosis 1s C. elegans (reviewed by Hengartner & Horvitz,
1994a). The developmental progression of each cell in C. elegans 1s known (Sulsten &

Horvitz 1977), including the identity of each cell that 1s programmed to die via

apoptosis during development.

1.5.3.1 Control of apoptosis in C. elegans

This relatively simple organism provides an excellent model to delineate the genetics of
apoptosis. Figure 1.2 summarises the roles of the fourteen genes that are known to be
involved in the process of programmed cell death. These genes operate to control the
overall process of apoptosis, ranging from selection of cells to be deleted, through
activation of the apoptotic program, and absorption ot the apoptotic cell by
neighbouring tissues. The genes ces-1 and ces-2 (cell death specification)(Sulston et

al, 1983) and egl-1 (egg laying)(Desar1 & Horvitz, 1989) control the designation of



Figure 1.2 Genes 1involved in apoptosis in C. elegans
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specific cells for apoptosis. The remaining eleven genes are involved in the death of all
cells in C. elegans which die via apoptosis. nuc-1 encodes for a nuclease, without
which the DNA of the engulfed cell is left intact. There are seven genes essential to the
recognition and engulfment of apoptotic cells which are normally engulfed within
hours of induction of the apoptotic program. Loss of function of one of these genes
leaves apoptotic cells unengulfed even after the cell has finally died. Finally, there are
three genes (ced-3, ced-4 and ced-9) which are needed for the control and execution of
the death process itself. ced-9 protects cells from apoptosis; a gain of function
mutation or overexpression of the ced-9 gene prevents the apoptosis of cells normally
expected to die (Hengartner et al, 1992; Hengartner & Horvitz, 1994b). Conversely,
inactivation of ced-9 results 1n the death of many extra cells via apoptosis (Hengartner
et al, 1992). ced-3 and ced-4 are both required for apoptosis: nearly all cells that

normally die via apoptosis survive if erther gene 1s inactivated (Ellis & Horvitz, 1986).

Mammalian homologues to each of the gene products central to the initiation and
execution of apoptosis (ced-3, ced-4 and ced-9) have now been identitied. ced-9
encodes for a protein with homology to a mammalian gene first identified 1n a human
B cell lymphoma (Tsujimoto ef al, 1984) termed bcl-2 (B cell lymphoma). This
homology was definitively shown in 1994 (Hengartner & Horvitz, 1994b) after many
groups had demonstrated that the bcl-2 gene product shared many functional
similarities with the ced-9 gene product (for example Vaux et al, 1992). However bcl-
2 was just the first of what is still an expanding family of mammalian genes encoding
proteins with homology to Ced-9. This family of Ced-9 homologues adds another
level of complexity to the control of apoptosis in mammals, as some members of the

family protect from entry into apoptosis, whilst others promote apoptosis (see section

1.5.3.2).

Ced-3 is homologous to the mammalian protease ICE (interleukin 1- converting

enzyme), first described 1n 1992 (Cerretti er al, 1992 and Thornberry et al, 1992).
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Again, there 1s another level of complexity in mammalian systems: ICE is just one of a
growing famuly of cysteine proteases identified in mammals (see section 1.5.3.5) now
called caspases (cysteinyl aspartate-specific proteinases, Nicholson & Thornberry,

1997).

A Ced-4 homologue 1n mammals proved elusive until very recently, when Apaf-1
(apoptotic protease activating factor) (Lui et al, 1996) was shown to share homology
with Ced-4 (Zou et al, 1997). A second mammalian molecule with homology to Ced-4
has also been 1dentitied, called MRIT (MACH-related inducer of toxicity; mrit also
means “death” in Sanskrit) (Han et al, 1997). Although homology to Ced-4 is only
weak, MRIT appears to perform the function of Ced-4 in mammalian cells (see section

1.5.3.3).

Two papers published early 1n 1997 show that Ced-4 can interact with both Ced-3 and
Ced-9 (Chinnaiyan et al, 1997a; Wu et al, 1997). Furthermore, Ced-4 1s able to bind
simultaneously to both Ced-3 and Ced-9, as demonstrated by co-immunoprecipitation
experiments. Ced-4 will activate Ced-3 (and therefore promote apoptosis), unless Ced-
9 1s present: binding of Ced-9 to Ced-4 prevents Ced-4 from activating Ced-3. These
events take place on intracellular membranes (likely to be mitochondrnal) and the
perinuclear region, and requires the transmembrane domain of Ced-9 for localisation to
these regions. The activation of Ced-3 by Ced-4 has now been shown to be dependent
on a putative ATP/GTP-binding motif (Seshagiri & Miller, 1997). Binding of ATP by
Ced-4 has also been shown, and is not seen when the putative ATP/GTP-binding

motif is deleted from the Ced-4 molecule (Chinnaiyan et al, 1997b).

The molecular mechanisms controlling the execution of apoptosis in C. elegans are
now reasonable well characterised, with activation of Ced-3 being the critical event

committing the cell to an apoptotic death. Ced-3 activation is catalysed by Ced-4 with

evidence mounting that this 1s an ATP dependent process. Ced-9 prevents this
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activation, by binding to Ced-4 (see Figure 1.3). The existence of homologues of each
of these molecules in mammals suggests that this process is conserved, but is further

complicated by the involvement of whole families of homologues for each of Ced-3,

Ced-4 and Ced-9.

1.5.3.2 Mammalian Ced-9 homologues: The Bcl-2 family

As mentioned earlier, the first mammalian homologue of Ced-9 to be identified was
Bcl-2, which can replace Ced-9 function in C. elegans. Many mammalian molecules
with homology to Bcl-2 have now been identified, with some of the family acting
similarly to Bcl-2 in that they act to prevent apoptosis (Bcl-Xj, Bcl-w, Brag-1, Mcl-1,
A1/Btl-1) and others acting to promote apoptosis (Bax, Bak, Bcl-X,, Bad, Bid,
Bik/Nbk, Bid, Hrk) (reviewed by McDonnel et al, 1996; Yang & Korsmeyer, 1996;
Reed, 1997; Kroemer, 1997).

The Bcl-2 tamily members are able to form homodimers and heterodimers, and it is the
relative amount of anti-apoptotic dimers and pro-apoptotic dimers which control entry
into apoptosis, rather than the absolute levels of the individual proteins. If there 1s a
majority of pro-apoptotic dimers, then apoptosis will commence, whereas a majority
of anti-apoptotic dimers prevent entry into apoptosis. Figure 1.4 shows the protein
domain structures of different members of the Bcl-2 family. The BH1 and BH2
domains are needed for homodimerization of anti-apoptotic Bcl-2 tamily members, and
heterodimerization with pro-apoptotic Bcl-2 tamily members (such as Bax and Bak).
The BH3 domain 1s also needed for heterodimerization between pro- and anti-apoptotic
Bcl-2 family proteins, with the BH3 domain serving as a death ‘ligand’ that binds
within the hydrophobic pocket that forms the receptor domain. The BH4 domain 1s
restricted to anti-apoptotic Bcl-2 family members (with the exception of Bcl-X. which
is pro-apoptotic when overexpressed and results from alternate splicing of Bel-X

(Boise et al, 1993). but its physiological role is yet to be demonstrated) and is needed



Figure 1.3 Ced-9 inhibits Ced-3 activation by Ced-4
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for interaction with molecules that do not show homology with Bcl-2. The presence of
the BH4 domain 1s essential for the anti-apoptotic activity of Bcl-2 family members
(Kroemer, 1997). It 1s this BH4 domain that allows signalling events within the cell to

alter the balance of anti- and pro-apoptotic effects of the Bcl-2 family proteins.

But how do the Bcl-2 family regulate entry into apoptosis? Studies to date show that

these proteins have two distinct functions that can regulate entry into apoptosis: they
can act as docking proteins, and as pore-forming proteins. Bcl-2 can also prevent
formation of reactive oxygen species (ROS) thus inhibiting pro-oxidant induced death.

However, the action of ROS is not necessary for apoptosis, rather ROS can initiate

apoptosis 1n some circumstances (Kroemer, 1997).

The three dimensional structure of Bcl-X, shows considerable similarity with the pore
forming domain of certain bacterial toxins, especially the diphtheria toxin, and is able
to form 10n channels 1n synthetic lipid vesicles and lipid bilayers (Minn et al, 1997). In
order to be able to form these 10n channels, the two core alpha helices (o5 and o6, see
Fig 1.4) are required (Reed, 1997). The pro-apoptotic Bcl-2 family member Bax can
also form 10n channels (Reed, 1997) suggesting either 1) the channels formed by anti-
apoptotic Bcl-2 related proteins are protective against apoptosis whilst pro-apoptotic
Bcl-2 related proteins form apoptosis inducing channels or 2) interaction between pro-
and anti-apoptotic Bcl-2 family members control channel formation such that only
when pro-apoptotic Bcl-2 family members are available can channels be tormed. There
is evidence that the channels formed by either Bcl-2 or Bax have distinct

characteristics, which may allow these channels to perform different physiological

roles (Schlesinger et al, 1997).

The formation of channels in vivo would be expected to occur 1n mitochondria,
endoplasmic reticulum and nuclear membranes, where the Bcl-2 related proteins are

located. The pores may then allow factors that are normally separated by these
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membranes to translocate, interact and initiate apoptosis. This theory is strengthened

by recent observations of the factors required for caspase activation.

1.5.3.3 Bcl-2 family controlled caspase activation via mammalian Ced-

4 homologues

Caspases can be activated by combining Apaf-1, cytochrome ¢ (Apaf-2), Apaf-3 and
dATP in cell free systems (Zou et al, 1997). Together, Apaf-1, -2, and -3 constitute a
functional homologue of Ced-4 in mammalian cells. Apaf-1 and Apaf-3 are both
cytosolic, whereas cytochrome c is contained within the mitochondria. Therefore.
cytochrome c 1s required for activation of caspases by Apaf-1 (a Ced-4 homologue)
and Apat-3. If the Bcl-2 family is able to control the release of cytochrome ¢ from
mitochondria, then this would provide a mechanism for the regulation of apoptosis by
the Bcl-2 tamily proteins. This was confirmed with the publication of two papers
showing that Bcl-2 prevents the release of cytochrome ¢ from mitochondria (Yang et
al, 1997; Kluck et al, 1997). Yang et al (1997) showed that overexpression of Bcl-2 in
HI.-60 cells prevented the release of cytochrome ¢ from mitochondria and inhibited
apoptosis. Kluck et al (1997) showed that cytochrome ¢ was spontaneously released

from mitochondria 1n a cell free system, leading to caspase activation, and that B¢l-2

prevented this release. Bcl-2 can only prevent release of cytochrome ¢ 1n this system:;
addition of exogenous cytochrome c will still activate the caspases, even 1n the
presence of excess Bcl-2. Bcl-2 1s also only able to prevent the release of cytochrome c

from mitochondria on which Bcl-2 is located in this cell free system. The release of

cytochrome c precedes the permeability transition 1n mitochondria, where a non-

specific channel forms between the mitochondrial membranes. This demonstrates that
cytochrome c translocation does not occur following a general breakdown of

mitochondrial membranes, but is released by a specific mechanism.
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Very recently, the previously unidentified molecule, Apaf-3, has been isolated and
identified as Caspase-9 (Li et al, 1997). Apaf-1 binds to Apaf-3 (caspase-9) in a
cytochrome ¢ and dATP dependent manner, resulting in activation of caspase-9, which

In turn activates caspase-3.

The second way 1n which the Bcl-2 family control apoptosis is through interaction
with other proteins, via the BH4 domain found on anti-apoptotic Bcl-2 related
proteins. These interactions remove these proteins from the cytosol, and by binding to
them, bring them onto intracellular membranes, where they are either inactivated or
used to interact with other membrane-associated proteins. In C. elegans Ced-9
removes Ced-4 from the cytosol, preventing it from activating Ced-3. In mammals, the
anti-apoptotic Bcl-2 related proteins are predicted to bind the mammalian Ced-4
homologue(s), preventing activation of the Ced-3 homologues (the caspases), as Bcl-
X, 1s known to bind Ced-4 (Wu et al, 1997). The mammalian protein MRIT can cause
caspase activation, and is a functional homologue of Ced-4 (Han et al, 1997). MRIT
binds both Bcl-X, and caspases, and the anti-apoptotic Bcl-2 related proteins can
inhibit MRIT mediated apoptosis (Han et al, 1997). Whether cytochrome ¢ 1s needed
for this activation procéss (as has been shown for Apaf-1) has not been tested, but
MRIT is significantly different from Apat-1 in that it has a domain simuilar to the
catalytic domain of the caspases, but lacks the key residues required for protease
activity. Therefore, MRIT may allow activation of caspases, 1n a Bcl-2 family
regulated manner, without the need for cytochrome c. The binding of Ced-4 by Ced-9
(or Bcl-X, ) in C. elegans is prevented by overexpression of the pro-apoptotic Bcl-2
related proteins Bax, Bak and Bik (Reed, 1997). It is then predicted that in mammals
pro-apoptotic Bcl-2 family members will bind to anti-apoptotic Bcl-2 tamily members.

thereby releasing the mammalian Ced-4 homologue(s), allowing activation of the

caspases (see Fig 1.5).
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1.5.3.4 Role of other molecules able to bind to Bcl-2 related proteins

Proteins with no homology to the Bcl-2 family are able to bind to or associate with
anti-apoptotic Bcl-2 related proteins via the BH4 domain (see Fig 1.4). Such binding
may alter the function of the Bcl-2 family members, as typified by the protein kinase
Raf-1 (Wang et al, 1994). By associating with Raf-1, Bcl-2 targets Raf-1 to the
mitochondria, where it is able to phosphorylate the pro-apoptotic Bad (Wang et al,
1996, Zha er al, 1996). Bad will associate with Bcl-2 or Bel-X , displacing Bax and
promoting apoptosis, but will not associate with A1 or Mcl-1 (anti-apoptotic), Bax.
Bcel-X,, or itself (pro-apoptotic) (Yang et al, 1995). The phosphorylation of Bad can
be initiated by the addition of the survival factor IL-3 to FL5.12 cells, indicating a
signal transduction pathway that regulates the activity of Bcl-2 family members. Bad
phosphorylation causes its dissociation from Bcl-2 and Bcel-X, and its binding to the
cytosolic protein kinase regulator protein 14-3-3, which allows Bcl-2 and Bcl-X, to
prevent apoptosis. Other substrates for Raf-1 on the mitochondria should exist, as
Raf-1 does not phosphorylate Bcl-2 or Bcel-X, itself, yet artificially targeting Raf-1 to

the mitochondria suppresses apoptosis in cells lacking the Bad protein (Reed, 1997).

Bag-1 also binds to Bcl-2 and acts to prevent apoptosis (Takayama et al, 1995). Rat-1

can be activated by Bag-1, and expression of both Bcl-2 and Bag-1 provides better
protection from apoptosis than expression of either alone, suggesting a co-operation
between Bcl-2 and Bag-1. In cells requiring hepatocyte growth factor or platelet

derived growth factor, withdrawal of these growth factors causes Bag-1 binding to the

growth factor receptors, preventing co-operation with Bel-2 (Kroemer, 1997).

The protein phosphatase, calcineurin, associates with Bcl-2, with overexpression of

calcineurin causing apoptosis (Reed, 1997). The mechanism of calcineurin induced

apoptosis 1s not known.



suppresser 1nvolved in controlling the cell cycle that can trigger apoptosis (see reviews

by: Lane er al, 1994; G6tz & Montenarch, 1995; Wyllie, 1997; Levine. 1997).

The phosphorylation of Bcl-2 has also been observed (Haldar et al, 1994), thus
allowing apoptosis to proceed. This suggests that the phosphorylation state of the Bcl-
2 related proteins is vital in determining their functional status. In this way the Bcl-2
family members can be deactivated rapidly by kinases or phosphatases, allowing rapid
responses to external stimuli through signal transduction cascades. This allows
apoptosis to be controlled in mammals not just by the absolute levels of pro- and anti-

apoptotic Bel-2 family proteins, but by activation and deactivation of these proteins in

response to pro- and anti-apoptotic stimuli.

1.5.3.5 Mammalian Ced-3 homologues: The Caspases

The etfector of apoptosis in C. elegans is the Ced-3 protein, which is a homologue of
ICE (as mentioned in section 1.5.3.1). There is now a growing family of ICE
homologues, termed caspases (cysteinyl aspartic-specific proteinases) identified in
mammals (recent reviews by: Nicholson & Thomberry, 1997; Porter et al, 1997; Villa
et al, 1997; Zhivotovsky et al, 1996). All the caspases cleave proteins after an aspartate
residue, with the four amino acids before the cleavage site required for recognition and
cleavage of a protein by caspases. These four amino acids are termed P, to P,, with the
aspartate immediately before the cleavage point being P,. Mammalian caspases may be
grouped into three groups by their P, to P, specificity and by the proposed role of each

caspase (see Table 1.1). Group 1 caspases are involved primarily in the immune
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Table 1.1 The proposed roles and specificities of the caspases

Caspase Groupin Fa Py
P ping specificity Consensus| Role (proposed)

Group 1

Immune response-
maturation of multiple
pro-inflammatory
cytokines

Caspase-1 (ICE)
Caspase-4(ICE -1, TX, ICH2) WEHD

Caspase-5(ICE;-11, TY)

Group 2
CED-3
Caspase-2 (ICH1)

Cleavage of DxxD
apoptotic substrates

DExD
Caspase-3 (CPP32, Apopain, Yama)

Caspase-7 (Mch3, ICE-LAP3, CHH-1)

Group 3 Activation of group 2

caspases and other
group 3 caspases.

Caspase-6 (Mch2)

Caspase-8 (MACH, FLICE, Mch5)

Caspase-9 (ICE-LAP6, Mch6) (IVL)ExD | Cleavage of non-

DxxD
apoptotic substrates

Caspase-10 Mch4)

Granzyme B

Caspases known to date (10) are shown with granzyme B included as this

protein is also able to activate the caspases. Adapted from Nicholson &
Thornberry, 1997.



response, but can induce apoptosis if overexpressed in certain cells types, such as

fibroblasts (Miura et al, 1993). The group 2 caspases dominate the cleavage of specific

substrates during the death of a cell by apoptosis, which have the P . to P, sequence
DxxD. The group 3 caspases activate other group 3 caspases and group 2 caspases,
and also cleave apoptosis specific-substrates, which do not have the P ,to P, DxxD
consensus. A large hydrophobic amino acid such as tryptophan is usually the P,

residue for group 1 caspases, an aspartate is essential at P, for group 2 caspases, while

group 3 pretfer branched chain aliphatic residues at P, (Nicholson & Thornberry,
1997).

The activation of mammalian caspases by mammalian Ced-4 homologues and other
mechanisms (see section 1.5.3.6) results in the cleavage of specific proteins within the
cell, rather than the wholescale destruction of all cellular proteins. The result of the
cleavage of specific substrates by caspases are 1) to halt cell cycle progression, 11)
disablement of homeostatic repair mechanismes, 111) 1nitiation of detachment from
surrounding tissue, 1v) disassembly of structural components and v) marking of the
apoptotic cell for phagocytosis (Nicholson & Thornberry, 1997). Examples of cleaved
proteins include protein kinase 0 and the retinoblastoma protein which are both
involved in controlling progression through the cell cycle. Poly (ADP-ribose)
polymerase (PARP) is a nuclear protein which is needed to maintain genome integrity
and this is cleaved by caspase-3 (Tewari et al, 1995). The production of mRNA 1s
disrupted by cleavage of hnRNP C1 and C2 (heteronuclear proteins) which are needed
for pre-mRNA splicing (Waterhouse et al, 1996). One of the proteins involved in cell
adhesion (focal adhesion kinase) is also cleaved by eftector caspases (Nicholson &

Thornberry, 1997). Structural proteins cleaved include actin, but this cleavage may be

mediated by proteases other than caspases 1n certain cell types (Brown et al, 1997).
Recognition of an apoptotic cell can be mediated by phosphatidylserine exposure. This

exposure occurs after caspase activation (Naito et al, 1997) but has not been shown to

be a direct result of cleavage of a protein by a caspase. The fragmentation of DNA is
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also triggered by caspase activation. Caspase-3 will cleave DNA fragmentation factor

(DFF), resulting in 1ts activation. This activated protein then initiates DNA

fragmentation without further requirement of caspase-3 (Liu et al. 1997).

1.5.3.6 Caspase activation

Caspases are synthesized as inactive proenzymes, which consist of 3 domains: a
prodomain and two catalytic domains. The dormant proenzyme becomes active
following cleavage of the proenzyme to remove the prodomain and separate the two
catalytic domains, which then form an active caspase tetramer consisting of two large
and two small catalytic subunits. These points of cleavage occur after an aspartate
residue, and are 1n this way similar to all sites where caspases cleave, allowing an
active caspase to cleave other procaspases. The caspase prodomains are larger in some
caspases than others. Caspases-1, -2, -4, -5, -8 and -10 have long prodomains, while
caspases-3, -6, -7 and -9 have short prodomains (Villa ez al, 1997). It 1s notable that
the caspases known to cleave the specific cellular proteins which lead to the
characteristic signs of apoptosis have short prodomains, whilst the long-prodomain
caspases cleave other caspases (with the exception of the group 1 caspases which are
involved primarily with the immune response). This suggests that the short prodomain
caspases are ‘effector’ caspases which actually execute the cell. The longer prodomain

caspases are ‘regulatory’ caspases whose activation leads to activation of the ‘eftector’

caspases.

This activation of caspases requires the cleavage of the procaspases at a site recognized
by other caspases, but what activates the first caspase? The mammalian Ced-4
homologues Apaf-1 (with cytochrome c) and MRIT are both able to activate caspases

(see section 1.5.3.3), by an unknown mechanism. Following the activation of one or

more key caspases a caspase activation cascade may occur as shown 1n Figure 1.6.
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Figure 1.6 Theoretical proteolytic cleavage/activation cascade of caspases
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Caspase-10e__~_—Caspase-8 ———> Caspase-4
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Caspase-2

Caspase-6 Caspase-3 —> Caspase-9

Cleavage of specific proteins during apoptosis

The caspase activation cascade shown is based on in vitro observations and
may not be a true representation of events in vivo. Caspase-5 is not included
as this has only been shown to be a substrate of itself. Adapted from
Zhivotovsky et al, 1997; Villa et al, 1997, Porter et al, 1997, Lee et al, 1997.
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The only other known protein that cleaves caspases 1s granzyme B, which is used by
cytotoxic T lymphocytes in the destruction of target cells (Shi er al, 1997). Artificial

synthesis of very high levels of different procaspases results in autolytic processing to

active caspases, and concentration of isolated procaspases by ultrafiltration also
activates the procaspases. This suggests that procaspases are able to activate one
another if brought together in the correct manner. This initial activation of caspases can
be mediated by the activation of either the Fas-receptor or the TNF-receptor-1 (p55)

(recent reviews by: Wallach et al, 1997; Nagata, 1997; Wallach, 1997: Darnay &

Aggarwal, 1997), as shown in Figure 1.7.

The activation of procaspases 8 or 10 following binding of the Fas ligand to its
receptor, involves adaptor molecules which link the procaspases to the Fas receptor
intracellular domains. This docking 1s mediated by a domain termed the death domain
(DD) of about 90 amino acids, which 1s found on the intracellular region of both the
Fas receptor and the TNF-receptor-1. Similar DD’s are found on the adaptor molecule
FADD, which associates with the DD on the Fas receptor. FADD has another domain
termed the death effector domain (DED), which is also found in the prodomain of
caspases 8 and 10. This DED mediates the binding of these procaspases to FADD,
thereby recruiting the procaspases to the Fas receptor. The procaspases are then

activated, either by autocatalysis, or by virtue of their close proximity to one another

thereby allowing each to activate the other.

The activation of caspases following TNF-receptor-1 ligation involves similar death
domains found on the intracellular region of the receptor. These DD’s are bound to
firstly by the DD containing protein TRADD, which then recruits FADD. in turn

recruiting the procaspases 8 or 10. Procaspase 2 can also be activated following TNE-



Figure 1.7 Activation of caspases through Fas receptor and TNF receptor-1
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receptor-1 activation, with the DD-containing protein RIP binding to TRADD. which

then allows another DD containing protein RAIDD to bind to TRADD. RAIDD has a

domain similar to the prodomain of procaspase-2, through which procaspase-2 is

recruited before being activated by proteolytic cleavage.

1.5.3.7 Regulation of Caspase activation

Activation of the Fas receptor or TNF-receptor-1 does not lead to apoptosis 1n all
circumstances, as cell death can be prevented by the activity of other molecules. For
example, endothelial cells which express the Fas receptor do not become apoptotic
following activation of the receptor (Richardson et al, 1994), and B cells may
proliferate in response to Fas depending upon the signal from the B cell antigen
receptor (Rathmell et al, 1996). Neutrophils, which are normally extremely sensitive to
Fas- and TNF-1nduced apoptosis, become resistant to TNF- and Fas-induced

apoptosis following migration through the endothelium, LPS or cytokine treatment

(T'suchida et al, 1995; Marshall et al, 1996).

A number of mechanisms have now been identified which allow TNF-treated cells to
avold commiutment to apoptosis. TNF induced apoptosis can be prevented by activation
of NFxB. This activation leads to transcription ot genes, one or more of which are
presumed to inhibit apoptosis (for example, see Nagata, 1997). This activation of
transcription is mediated by a protein termed TRAF-2, which activates
NIK(MAPKKK), itself leading to activation of NFxB (for example, see Wallach,
1997). The activation of TRAF-2 can be mediated by the TNk-receptor-2, which
cannot signal for apoptosis, but can signal for survival via a domain termed TRAF,
which is also found in TRAF-2. The TNF-receptor-1 can also recruit and activate

TRAF-2, via the adaptor proteins RIP and TRADD, both of which also contain the
TRAF domain (Wallach, 1997). Two other proteins (cIAP-1 and -2) which bind to

TRAF-2 can inhibit apoptosis, when not associated with TRAF-2. by an unknown
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block apoptosis following TNF treatment, by binding to the DD of the TNF-receptor-1
(Darnay & Aggarwal, 1997). Sentrin has no DD and the mechanism by which this is

achieved 1s unknown.

Fas induced apoptosis can be inhibited by the protein tyrosine phosphatase FAP-1
(Sato et al, 1995), again by an unknown mechanism. The FAP-1 protein associates
with the carboxy terminus 15 amino acids of the Fas receptor and is found in tissues
that show resistance to Fas-mediated cell death. Its role as an inhibitor of Fas-mediated
apoptosis was shown by overexpression of the molecule in various cell lines. with the

level of expression correlating with the degree of protection from apoptosis.

A molecule called FLIP, identified by five independent groups, was shown to either
block Fas or TNF induced apoptosis (by 3 groups) or to induce apoptosis (by 1
group), with the fifth group remaining undecided as to its function (reviewed by
Wallach, 1997b). The FLIP protein contains DED’s and a domain similar to the
carboxy-terminal protease precursor of caspases 8 and 10 which, however, lacks
certain sequence features required for protease activity. It is thought to inhibit
apoptosis by preventing binding of the caspases to the DED of FADD, and also by
binding to the protease precursor regions of caspases, thereby preventing their
activation. FLIP can also bind to TRAF-2, displacing cIAP-1 and -2 which are then
thought to be able to prevent cell death. The differences in the results obtained, and
subsequent interpretation by these groups, may be explained by the different
methodologies used. The artificial over-expression of a protein in a cell line 1s also far
from physiologically normal, so the results obtained must be interpreted with care.

Whatever the physiological role of FLIP may be, it is certainly involved in modulating

the cellular response to Fas and TNF receptor activation.
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1.5.3.8 Modulation of Caspase activity by Bcl-2 family members

The Bcl-2 family proteins are generally thought to act upstream of the caspases
(Salvesen & Dixit, 1997). However, there have been a number of reports of the anti-

apoptotic Bcl-2 family members preventing apoptosis after exposure of cells to Fas,

which would normally result in apoptosis. This has been shown for both Bel-2 and

Bcl-X; but the mechanism of action is not known (Nagata, 1997).

Two groups demonstrated the ability of Bcl-2 to inhibit cell death by generating
transgenic mice which express Bcl-2 in the liver (Rodriguez ef al, 1996; Lacronique et
al, 1996). Administration of Fas to transgenic mice still caused some signs of
apoptosis 1n the liver, but this was much less severe than in control mice. Bcl-X,
overexpression 1n Jurkat T cells substantially inhibits cell death following Fas
treatment (Boise & Thompson, 1997). This work shows that Fas treatment still caused
activation of caspases, as demonstrated by complete cleavage of PARP 6 h after Fas
treatment. In the continuous presence of Fas, the Bcl-X, expressing cells showed a
slight loss of viability after 48 h, indicating that protection was not complete. This
paper also demonstrated that if Fas was removed after 6 h (when PARP cleavage 1s

complete), the Bcl-X, expressing cells are able to recover and continue to divide. Thus
suggests that caspase activation is not the point of commitment to apoptosis as 1s

widely thought. The mechanism by which Bcl-X; does protect from apoptosis

following caspase activation remains unknown, but protected cells did not show a loss
of mitochondrial membrane potential. This could indicate that caspase activation via

Fas needs to be further amplified by release of factors (such as cytochrome c) from the

mitochondria, in these cells.

Although the precise mechanisms by which Bcl-2 family members modulate caspase
activation are not known, some molecules which may be involved in this process have

been identified. One such molecule is called Bag-1, which is a Bcl-2 binding protein
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with no homology to any other Bcl-2 family members (Takayama er al, 1995).
Induction of apoptosis by activation of caspases by Fas was not inhibited by Bag-1
alone, and slightly inhibited by Bcl-2 in Jurkat T cells. Combination of Bag-1 and Bcl-

2 prevented apoptosis in around 75% of the cells, indicating that these molecules can

act together to prevent apoptosis following Fas receptor activation.

There has been one demonstration of an anti-apoptotic Bcl-2 family member, namely
Mcl-1, binding to FADD, and blocking Fas induced apoptosis (Wei et al, 1996). This
interaction involves the N-terminal region of the Mcl-1 molecule, which is not present

in any other known Bcl-2 family members, so is likely to be a unique property of Mcl-

1.

Another possible mechanism for prevention of apoptosis following Fas treatment is
provided by the identification of a novel Fas-binding molecule, called Daxx (Yang et
al, 1997b). This work indicates that, in some cell types, endogenous Daxx 1s required
for Fas induced apoptosis, which 1s regulated by Bcl-2. These events occur

downstream of Fas, and therefore allow the Fas death signal to be regulated by Bcl-2.

The mammalian Ced-4 homologue Apat-1 (1see section 1.5.3.3), together with
cytochrome c are able to activate the caspases. The Apaf-1 protein is predicted to be
prevented from activating caspases by binding to anti-apoptotic Bcl-2 family members
(Reed, 1997). A second Ced-4 homologue, MRIT, can also activate caspases, and this
activation is inhibited by anti-apoptotic Bcl-2 family members (Han et al, 1997).
Activation of the caspases by these two proteins appears to represent a separate
mechanism to that employed following Fas or TNF treatment, in that their function
may be directly controlled by the Bcl-2 family of proteins: thus has yet to be
conclusively shown for Apaf-1, but has been shown for MRIT (Han ez al. 1997).
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1.5.3.9 Problems with the current understanding of the control of

apoptosis

Although the progress made over the past few years into the mechanisms underlying

the control of apoptosis have been immense, there are still many aspects of these
processes which are not understood. This is exemplified by the role of the Bcl-2
family of proteins in controlling entry into apoptosis. It is known that the Bcl-2 family
can prevent or trigger apoptosis, but the details of how these events are achieved are

far from clear.

Some difficulties in understanding the roles that these proteins play have arisen from
experiments where contlicting and even opposing results have been described. For
example, the Bcl-2 protein 1s well known for its anti-apoptotic activity, but when
artificially expressed at very high levels, Bcl-2 actually increases cell death (Chen et al,
1996b). Conversely, the pro-apoptotic protein Bax can prevent apoptosis when
overexpressed 1n neuronal cells (Middleton et al, 1996). The pro-apoptotic protein Bak
can also inhibit cell death when expressed in an Epstein-Barr virus transtormed cell
line (Kiefer et al, 1995). These unusual results were all obtained 1n cells where the

molecules were artificially expressed, so the systems used were far from

physiological. However, the fact that these molecules can behave 1n such unexpected

ways demonstrates that our understanding of their actions are limited.

The Bcl-2 molecules are thought to act primarily on mitochondrial membranes, to

prevent apoptosis, but one report shows that when Bcl-2 1s restricted to just the
endoplasmic reticulum the protection from apoptosis can be greater than when Bcl-2 1s

located on the mitochondria (Zhu et al, 1996).This report also showed that the

differently located Bcl-2 proteins bound Bax equally well. even in circumstances

where apoptosis was not prevented. Thus Bax binding by Bcl-2 is not necessarily

sufficient to prevent apoptosis.
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The expression of Bax can induce apoptosis by mechanisms Involving the activation of
caspases, but inhibition of caspases does not always prevent cell death (Xiang et al.
1996). The death that occurs in such cases is distinct from apoptosis, in that caspase
substrates were not cleaved. However, the mitochondrial function ceased and cell
death occurred after this cessation. Another report shows that caspase inhibition does
not stop cell death induced by oncogene expression, DNA damage, or Bak (McCarthy
et al, 1997). Again, the death that results is distinct from apoptosis, but death does
occur by a process involving cytoplasmic blebbing. The apoptosis induced by Fas was
however completely prevented by inhibition of caspases (Tewari et al, 1995). This
suggests that apoptosis 1nitiated by agents whose signal for death is not initially
through the activation ot a caspase activate two distinct death programs. These two
programs would normally run in parallel, giving the conventional apoptotic
morphology. If caspases are inhibited then the death process is still initiated but the
death 1s not typically apoptotic. This indicates the absolute requirement of caspases for
the correct completion of the apoptotic program (Salvesen & Dixit, 1997). This 1s
further demonstrated by work showing that a caspase-3 cleavage product of gelsolin 1s
able to cleave actin filaments in vitro, and that this cleaved gelsolin 1s required for the

normal morphological changes associated with apoptosis (Kothakota et al, 1997).

Another problem with the current understanding of the control of apoptosis 1s

demonstrated in a report stating that Bcl-X, but not Bcl-2 is able to protect a B cell line
from apoptosis (Gottschalk et al, 1994). This observation shows that not all anti-
apoptotic Bcl-2 family members act in the same way in a particular cell type. Thas 18
further demonstrated by the artificial expression of Bcl-2 in neutrophils. Although Bcl-
2 expression does delay the onset of apoptosis 1n these cells, it does not prevent the

expression of apoptotic surface epitopes that signal engulfment by phagocytic

macrophages (Lagasse & Weissman, 1994).
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1.6 Neutrophil Apoptosis

phagocytes (Savill ez al, 1989). This process of apoptosis, followed by removal of
the apoptotic neutrophil, is important in the resolution of inflammation (section
1.4.3). The lhifespan of the circulating neutrophil in vivo is difficult to determine, but
it 1s proposed that the half-life is between 5 and 6 h (Savill e al, 1989), with the

entire circulating pool removed within 72 h (Haslett, 1992).

The tunctional capacity of neutrophils is lost during apoptosis, with neutrophils aged
in vitro losing functions such as chemotaxis, phagocytosis, granule release and
oxidative burst (Whyte et al, 1993). The morphology of the neutrophil also
undergoes major changes associated with apoptosis, such as decreased cell volume,
compaction of chromatin (which is observed as loss of the characteristic multilobed
appearance of the neutrophil nucleus) and fragmentation into internucleosomal
fragments, similar to that seen in most cells during apoptosis (section 1.5.2). There is
also a loss of expression and/or function of certain cell surface proteins, resulting in
a loss of the ability to adhere to many surtaces (Dranstield er al, 1995). The low
affinity receptor for IgG immune complexes FcyRIIIb (CD16), which 1s normally
abundant on the neutrophil cell surface, is lost on apoptotic neutrophils (Dranstield
et al, 1994), in parallel with an increase in phosphatidylserine exposed on the

neutrophil outer membrane leaflet, as measured by binding of Annexin V (Homberg

et al, 1995).

1.6.1 Agents which modulate entry into apoptosis

The lifespan of the mature neutrophil can be prolonged or shortened by various

treatments, by delaying or accelerating their entry into apoptosis. There have been
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numerous studies of agents suspected to be able to modulate neutrophil apoptosis.

which are summarised in Table 1.2.

Many of the agents that are able to modulate neutrophil apoptosis are involved in
inflammation. The interleukins-1f3, -2, -4, -6, -12, and -15, are all able to delay
neutrophil apoptosis. The ability of IL.-2 to delay apoptosis 1s not confirmed in all
studies, but this 1s likely due to the concentrations used. Many agents that delay
neutrophil apoptosis also increase gene expression (Table 1.2), and IL-2 is able to
delay apoptosis only at concentrations that are high enough to increase gene
expression. IL-6 has been reported to accelerate, delay, or have no effect on
neutrophil apoptosis, but the literature clearly favours the ability of IL-6 to delay
apoptosis. IL-6 1s able to increase gene expression in neutrophils (Colotta et al.
1992), and the work of Bittl et al (1995, 1996) shows that IL-6 is able to delay
neutrophil apoptosis in a neutrophil, and IL-6, concentration dependant manner,
explaining the lack of action found by other investigators. Of the other interleukins
investigated, only IL-10 has any etfect on neutrophil apoptosis. IL-10 alone has no
effect on neutrophil apoptosis, but it is able to prevent the ability of other agents to

delay apoptosis (Keel et al, 1997).

The colony stimulating factors, granulocyte macrophage-colony stimulating factor
(GM-CSF), and granulocyte-colony stimulating factor (G-CSF) are both effective in
delaying neutrophil apoptosis, while macrophage-colony stimulating tactor (M-CSF)
has no effect. Interferon-y (IFN-y) also delays neutrophil apoptosis, whilst also

increasing gene expression (Klebanoft et al, 1992).

Most of these agents that can delay neutrophil apoptosis also prime the neutrophul
(Edwards, 1994), but the pro-intlammatory, neutrophil priming molecule, tumour

necrosis factor-o. (TNF-a) has been reported to have varving effects on neutrophil

apoptosis. In common with many other agents that activate neutrophil gene
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Table 1.2 Agents investigated which may modulate neutrophil entry into apoptosis

Agent Accelerate (4), Delay ({), No Effect (-), (References) and Notes

IL-1B v (1,2) Increases mRNA and protein synthesis (1).

IL-2 + (3,4),=-(5) Increases mRNA and protein synthesis (3): low

concentration used in (5) had no effect on protein synthesis.

IL-3 - (6,7) Delays eosinophil apoptosis (7).

IL-4 * (8), = (6) Increases gene expression (8).

IL-5 - (7) Delays eosinophil apoptosis.

IL-6 ¢ (1, 2,9, 10), = (6, 12)A (I1) Increases gene expression (1): only
etfective at higher neutrophil concentrations (10).

IL-7 - (13) No CDw127 component of receptor.

IL-8 - (1, 6, 12)

IL-10 - (12, 14, 15) Prevents action of other agents able to delay apoptosis (12).

I1.-12 v (12)

IL-13 - (5) Only tested at low concentration: Higher concs increase gene expression.

IL-15 v (4) Increases gene expression: no priming of respiratory burst.

GM-CSF v (1,2, 12,16, 17, 18, 19, 20, 21, 22. 23, 24) Increases gene expression

G-CSF v (1, 6,12, 20,25, 26, 27) Increases gene expression, but less effectively
than agents such as GM-CSF.

M-CSF - (1)

IFEN-y Vv (1, 12,28) Increases protein synthesis (1).

TGF-$ v (29), - (6)

TNF-o A (30, 31, 32, 33, 34, 35, 36, 37, 38, 39), - (26)W (1, 12)¥4 (23)
See main text tor details, and explanation of conflicting results.

Fas A (2,37, 40, 41, 42, 43, 44, 45, 46, 47)

LPS \P (1, 12, 16, 17, 23, 30, 47) Increases gene expression

fMLP - (1, 6,23, 48),y (16),A (19, 36) See main text for details.

Cla - (1, 6)3 (16),A (19) See main text for details

Glucocorticoids v (7, 17, 29, 40, 49)

LTB4 4’ (19, 23)

PAF - (23) PAF primes neutrophils, see main text for details.

Act D + (50) Blocks transcription, see main text for details.

CHX 4 (26, 38, 50) Blocks translation, see main text for detatls.

Saporin f (24) Inactivates ribosomes, preventing protein synthesis.

S.F. ﬁ (51) Synovial fluid from inflammed joints.

NO A (52)

Phagocytosis A (33, 53) E. coli ingestion induced apoptosis, see main text for details.

Heat /1\ (33) Heat shock induced apoptosis.
Nicotine + (54) Thought to involve new protein synthesis.
Platelets Vv (55) Mechanism unknown, but thought to involve platelet surtace proteins.
Adenosine ¢ (57) ATP, Ap3A, ApsA, ApsA. ApgA also effecuve (1. 56).
Proteases ‘f (58) Pronase, trypsin, chymotrypsin and elastase were used
Hypoxia v (59.60) Oxidative stress and antioxidants discussed 1n main text.
A cAMP V (61.45)4 (62) See main text for discussion.
A [Ca*], ¥ (63.64.65) Transient increases delay apoptosis. see main text
CDlla/b ¢ (66, 32.47. 48, 67) Cross-linking [3, integrins delays apoplosis.
[-selectin f (48. 67) Cross-linking L-selectin accelerates apoptosis.



Table 1.2 continued, references.

1) Collota et al, 1992; 2) Iwai et al, 1994; 3) Pericle et al, 1994-
4) Girard et al, 1996; 5) Girard et al, 1996a; 6) Brach et al, 1992;
7) Meagher er al, 1996; 8) Girard et al, 1997; 9) Biffl er al, 1995
10) Biftl et al, 1996; 11) Afford eral, 1992; 12) Keel et al, 1997:
13) Grrard et al, 1997a; 14) Cox, 1996; 15) Ward et al, 1996:
16) Lee et al, 1993; 17) Cox, 1995; 18) Yousefi et al, 1994:

19) Hébert et al, 1996; 20) Coxet al, 1994; 21) Gasmi et al, 1996:;

22) Wel et al, 1996a; 23) Murray et al, 1997, 24) Bergamaschi et al, 1996:
25) Adachi et al, 1994; 26) Sullivan et al, 1996; 27) Niessen et al., 1997:
28) Klebanott et al, 1992; 29) Ward et al, 1996a; 30) Hachiya et al, 1995;
31) Takeda et al, 1993; 32) Ginis & Faller, 1997; 33) Watson et al, 1996;
34) Gon et al, 1996; 35) Murray et al, 1996; 36) Kettritz et al, 1997,

37) Watson et al, 1997, 38) Tsuchida et al, 1995; 39) Chilvers et al, 1995:
40) Liles & Klebanoff, 1995; 41) Liles et al, 1996; 42) Hsieh et al, 1997,
43) Kasahra et al, 1997; 44) Hu etal, 1997; 45) Yasui et al, 1997;

46) Jimenez et al, 1997; 47) Watsonet al, 1997a; 48) Watson et al, 1997b;
49) Kato et al, 1995; 50) Whyte et al, 1997; 51) Bell et al, 1995

52) Brennan et al, 1996; 53) Watson et al, 1996a; 54) Aoshiba et al. 1996;
55) Andogegui et al, 1997; 56) Gasmi et al, 1996; 57) Walker et al, 1997:

58) Trevani et al, 1996; 59) Hannah et al. 1995; 60) Mecklenburgh e al. 1996;

61) Rossi et al, 1995; 62) Aoshiba et al, 1995; 63) Whyte et al, 1993a;
64) Cousin et al, 1996; 65) Cousin et al, 1996a; 66) Watson et al. 1996b;

67) Watson et al, 1996c.
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expression, Colotta ez al (1992) showed TNF-q delayed neutrophil apoptosis after 24
h culture in vitro. This is somewhat surprising as TNF-q, is able to induce caspase
activation (section 1.5.3.6). Many reports have since shown that TNF-o rapidly
induces neutrophil apoptosis, with a recent report showing that TNF-a firstly
induces neutrophil apoptosis in susceptible cells, but then is able to delay apoptosis
(Murray et al, 1997). The reaction of neutrophils to TNF-¢. is modulated by other
factors (see section 1.6.3) with the balance between the pro-apoptotic effect and the
anti-apoptotic effect being reflected in the differing responses of individual
neutrophils within a population. Similarly, activation of the Fas receptor (CD95)

activates the caspases, leading to apoptosis, but this can also be modulated by other

factors (see 1.6.3).

Other agents associated with inflammation are also able to modulate neutrophil
apoptosis, such as lipopolysaccharide (LPS) which is a potent inhibitor of neutrophil
apoptosis. This molecule also activates gene expression and primes the neutrophil.
The chemotactic peptide IMLP, and complement fragment C5a are reported to have
varying effects on apoptosis. CSa has been reported by two groups to have no eftect
on neutrophil apoptosis, but was used at concentrations 1n the nanomolar range
(which trigger chemotaxis). In the micromolar range C5a has been shown to either
delay apoptosis, or to accelerate apoptosis (see Table 1.2), so the action of this factor
remains to be confirmed. fMLP (nanomolar to micromolar concentrations) was
shown to act in the same manner as C5a by the groups who studied C5a (shown 1n
Table 1.2), but later work by Haslett’s group (Murray et al, 1997) show that {MLP
has no effect on neutrophil apoptosis. These results may retlect the ability of ItMLP
to activate the neutrophil respiratory burst, producing reactive oxygen specles, as
indicated by Kettritz et al (1997). This work shows that addition of superoxide

dismutase (which is involved with the neutralisation of ROS) 1s sufficient to prevent
the slight increase in apoptosis observed in {MLP stimulated neutrophils (section

1.6.2). Leukotriene B4 (LTB4). another chemotactic molecule, will delay neutrophil



