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Summary

Neutrophil spreading is an essential process in neutrophil extravasation and is
a key step in the process of inflammation. Inhibition of neutrophil spreading is
therefore a potential therapeutic target for the treatment of inflammatory
diseases. Resting neutrophils have wrinkles in their plasma membrane which
are held in place by cytoskeletal elements which act as a ‘molecular velcro’.
These proteins may be cleaved by cytosolic proteases such as the Ca®-
activated protease p calpain which contains a ‘C2 like’ domain. Calpain
activation is also implicated in the expansion of the membrane during
phagocytosis.

The primary challenge over the course of this project was expressing of
fluorescent proteins in myeloid cells. In this thesis | show that lentiviral
transduction was the most efficient method for the stable transfection of myeloid
cell lines. Fluorescent-C2 domain translocates to the plasma membrane during
experimental Ca?* influx and during phagocytosis. A similar mechanism may
occur in human neutrophils as p-calpain is located at the plasma membrane in
activated human neutrophils. | also found that neutrophils may have a
mechanism of retrieving excess membrane from the phagosome after
phagocytosis.

The work presented here has shown that by virtue of its ‘C2 like’ domain p-
calpain could translocate to the plasma membrane during the calcium influx
which accompanies neutrophil spreading. p calpain was shown to be present in
the right place and at the right time in primary human neutrophils during
neutrophil shape change and thus may play a key role in allowing the
unwrinkling of the neutrophil membrane. Inhibition of calpain activity inhibits
neutrophil spreading and therefore calpain poses a potential target for the
treatment of inflammatory diseases.
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CHAPTER 1

Introduction



1.1 The Immune System

1.1.1 Introduction

The human immune system has evolved a complex system of processes in
order to protect the body from disease. Most infections with invading
pathogens do not result in disease as the immune system deals with the
infection efficiently. Disease normally only occurs when there are unusually
high levels of pathogens, the pathogen is highly virulent or the host is in some
way immuno-compromised. The body has several ‘barriers to infection’ in order
to prevent invading pathogens from entering the body. These are anatomical,
chemical and biological barriers. The anatomical barriers include skin, tears,
saliva and mucus which act to prevent pathogens from entering the body.
Chemical barriers such as lysozyme found in tears and the low pH conditions of
sweat create a harsh environment for pathogens to live in. Finally the biological
barrier is the body’s own normal flora which colonise the skin and the digestive
tract and compete with invading pathogens for space and nutrients. If a
pathogen manages to pass the initial ‘barriers to infection’ then the next
fundamental role of the immune system is the ability to distinguish these
invading pathogens from the body’s own cells in order to be able to specifically
kill the pathogen without damaging any of the body’s own tissue. This is known

as self/non-self discrimination.

1.1.2 Innate and Acquired Immunity

There are 2 specific subdivisions of the immune system; innate and acquired
(or adaptive) immunity. These subdivisions are made up of a diverse variety of
cells which all perform specific functions (table 1.1.2.1). Innate immunity refers
to the subset of cells, which an individual is born with, that are constitutively
present in the blood and are able to act immediately upon infection. They are

non specific and can react to any invading pathogen.



Acquired or adaptive immunity takes longer to respond to an infection but the
response is much stronger than the innate response. It uses ‘immunological
memory’ which is triggered when antibodies are produced after the initial
infection with a specific pathogen which produces immunity to that pathogen.
Immunological memory means that the next time the body comes into contact

with that particular pathogen the immune system can respond immediately.

Cell type Primary Role
Leukocytes
-Neutrophils Phagocytosis and microbial killing
-Basophils Release histamine and other chemicals involved in inflammation
-Eosinophils Destroy multicellular parasites
-Monocytes Move to site of infection and differentiate into macrophages
-Lymphocytes
-B cells Make antibodies against antigens and develop into memory cells
-T cells

-Cytotoxic T cells Bind antigens on target cells/pathogens and destroy them
-Helper T cells Release cytokines (to attract macrophages)

-Supressor T cells | Suppress immune responses

-NK cells Kill virus infected and tumour cells
Plasma cells Produce large quantities of antibodies
Macrophages Phagocytosis and antigen presentation
Mast cells Degranulate upon activation and release inflammatory mediators

Table 1.1.2.1 The roles of the different cells of the immune system (Widmaier, 2006)




1.1.3 The Inflammatory Response

When a tissue is damaged either by an injury or an invading pathogen the cells
release chemical signals which trigger the first response of the immune system;
the inflammatory response. Invading microbes, damaged cells and the cells
surrounding them release a variety of inflammatory mediators which act to
trigger the inflammatory response. Inflammatory mediators include: bradykinin;
complement components including C3 and C5a; plasmin; thrombin; lysozyme
granules; histamine; a variety of cytokines including Interferon y (IFNy), Tumour
Necrosis Factor a (TNFa), Interleukin 1 (IL1) and Interleukin 8 (IL8); as well as
the eicosanoids, leukotriene B4 and prostaglandins (Griffin et al., 2003).

These chemicals act together to produce the series of events known as the
inflammatory response. They:

¢ Act on the smooth muscle in the blood vessels in the area of damage to
cause vasodilation which leads to an increase in blood flow to that area.
This is responsible for the reddening of the area seen in cases of
inflammation.

e Cause an increase in vascular permeability in the immediate area which
causes plasma to leak into the surrounding tissue leading to swelling and
oedema.

e Cause an increase in expression of adhesion molecules on blood
vessels that they act on. This results in the rolling and adhesion of
phagocytes.

o Trigger extravasation of phagocytes which have slowed sufficiently on
the blood vessel wall, whereby the phagocyte moves through the blood
vessel wall into the surrounding tissue.

e Create a chemotactic gradient to attract the phagocytes to the area of
damage/infection (Widmaier, 2006).

The main phagocytic cell involved in the inflammatory response is the
neutrophil. Its main role is to remove damaged cells or microbes through
phagocytosis. If the inflammatory response does not eliminate the infection

then macrophages present antibodies which stimulate the acquired immune



response. If the body has already encountered the invading pathogen before
then the acquired immune response will be triggered earlier on in the immune

response and the infections will be more quickly eradicated.

1.2 Neutrophils

1.2.1 The Neutrophil

Neutrophils are the most predominant type of white blood cell in the body with
about 7x10° neutrophils being found in every litre of blood (Lewis et al., 2006).
They are small (approx 10um diameter) terminally differentiated phagocytic
cells with a lifespan of only 3-4 days. Neutrophils are the first leukocytes to
enter an area of inflammation, where their primary purpose is to internalise
microorganisms and kill them by generating toxic free radicals. Neutrophils are
essential for survival. For example the genetic defect chronic granulomatous
disease (CGD) which affects one neutrophil specific protein and therefore
impairs their function is fatal (Segal, 1987, Segal, 1996). However
inappropriate activation of neutrophils in inflammatory diseases such as chronic

obstructive pulmonary disease (COPD) can also be damaging to the body.

The different types of white blood cells were first described by Paul Ehrlich in
1898 (Ehrlich P et al, 1898) when he noted that there were cells which
appeared to have more than one nuclei but in fact had one nucleus with many
lobes (figure 1.2.1.1). He termed these cells ‘cells with polymorphous nuclei'.
Later they were renamed polymorphonuclear leukocytes (Metchnikoff, 1905), a
term which is still used today. Metchnikoff also further classified the three types
of polymorphonuclear leukocytes based on the staining properties of their
granules. Basophils are stained with a basic stain, eosinophils stain with an

eosin stain and neutrophils stain best with neutral dyes.
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Establishing the role of the neutrophil proved controversial initially. As they
were present in large numbers in pus and at the sites of infection it was first
believed that they were generated at the infection site. However Waller was the
first to show in 1846 that neutrophils in fact originated from the blood stream
and that they left the blood vessels through a process known as diapedesis
(Cohnheim, 1867, Cohnheim, 1967, Waller, 1846). It was also thought that
they acted as agents of infection and ingested the bacteria in order to ferry
them to the infection site and around the body. It was the ‘thorn in starfish’
experiments carried out by Metchnikoff in 1893 which first proposed the role of
the neutrophil that we know today. He was able to show that when a
transparent starfish embryo was pierced with a thorn that neutrophils moved
towards the damaged area. This experiment he believed confirmed his theory
that neutrophils were in fact beneficial to the body and that upon infection they
moved towards the damaged area to phagocytose and kill the invading
microbes (Metchnikoff, 1905, Metchnikoff, 1893, Metchnikoff, 1901).

1.2.2 Production — Myelopoiesis

As neutrophils circulating in the blood stream have a short half life of only 4-10
hours it is necessary for neutrophils to be constantly produced throughout a
person’s life. This production is called myelopoiesis and occurs in the bone
marrow. Pluripotent stem cells in the bone marrow undergo a series of mitotic
cell divisions to give rise to the stem cells responsible for all of the different
blood cell lineages (figure 1.2.2.1). Neutrophils as well as all other
granulocytes, monocytes, platelets and erythrocytes are derived from the
myeloid stem cell lineage. Within the myeloid progenitor pool there are several
subtypes of proliferative pools all containing cells that are at different stages of
maturation, some cells are already committed to a certain fate whereas others

are not. As the cells mature they become more committed to their fate.



Neutrophil production starts with the myeloid stem cell. The myeloid stem cell,
the CFU-GEMM (colony forming unit — granulocyte, erythroid, monocyte,
megakaryocyte) no longer has the ability to self replicate and differentiates into
the CFU-GM (colony forming unit — granulocyte, macrophage) which then
differentiates into the CFU-G (colony forming unit — granulocyte). These cells
make up the neutrophil progenitor pool (NPP). As they differentiate these cells
become progressively more committed (figure 1.2.2.2). However, the CFU-G is
still not a fully committed cell and still has the potential to become any type of
granulocyte. The first stages of committed neutrophil differentiation are the
myeloblast, promyelocyte and the neutrophilic myelocyte. These cells are
formed by mitotic divisions which take approximately one week and they make
up the neutrophil proliferative pool (NPP). Following this stage of differentiation
post mitotic maturation takes place. This leads to the formation of
metakaryocytes, band cells and finally neutrophils. These constitute the
neutrophil storage pool (NSP). There are several factors regulating the
maturation of neutrophils including Granulocyte Macrophage — Colony
Stimulating Factor (GM-CSF), Colony Stimulating Factor (CSF) and Interleukin
3 (IL-3) (Okuda et al., 1992).
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As the neutrophils mature they become more deformable, they gain new
receptors on their plasma membrane and finally they become mobile. This
enables them to migrate through the endothelial pores in the bone marrow and
into the blood stream. Here they become the circulating neutrophil pool (CNP).
There are two pools of neutrophils in the peripheral blood stream. These are
the circulating neutrophil pool (CNP) which are circulating freely in the blood
stream and the marginated neutrophil pool (MNP) which are adhered to blood
vessel walls via selectins on the endothelial cells. They roll along the blood
vessel walls until receptors (B2 integrin) on the neutrophil surface encounters
their corresponding ligands (Intercellular Adhesion Molecule 1 (ICAM1)) on the
blood vessel endothelium. ICAM1 expression on blood vessel endothelium is
enhanced on activated endothelial cells. This occurs at sites of infection or
damage and this is the trigger for the neutrophil to extravasate from the blood

vessel into the surrounding tissue.
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1.2.3 Neutrophil Structure

Neutrophils are small round cells, only approximately 10um in diameter. They
have a large multilobed nucleus which takes up 20% of the space in the cytosol
of the cell (Schmid-Schonbein et al., 1980). The rest of the cytosol contains
mostly granules which neutrophils have in very large numbers. Their function is
to store pre-synthesised inflammatory mediators, enzymes and chemicals
which would be harmful to the cell if allowed to diffuse freely in the cytosol.
There are three primary types of granules which differ based on their contents.
These are azurophilic granules, specific or small storage granules and
gelatinase granules. The targeting of proteins to these granules is determined
by the timing of protein synthesis during maturation and not by granule specific
sorting and so not all granules are completely distinct; some have a mixture of
contents. The contents of these granules can be harmful to the cell and so they
are only secreted upon neutrophil activation. There is also a fourth form of
granule known as secretory vesicles which are formed from endocytosis. There
are very few mitochondria in neutrophils compared to other cells. Mitochondria
only make up 0.2% of the organelle volume of a neutrophil compared with 22%
of the volume in liver cells (Hallett and Lloyds, 1997). This is because
neutrophils are not very metabolically active cells. Once mature, very little, if
any protein synthesis occurs as they are terminally differentiated cells and once
activated they are removed via apoptosis. Neutrophils have 84% more plasma
membrane than is needed to enclose the contents of the cell (Hogg, 1987).
This is specific to neutrophils as it contributes to their motility and ability to
spread and phagocytose. This will be further discussed in section 1.5. Another
factor that contributes to a neutrophils ability to be motile is the protein actin.
Polymerised globular g-actin forms a layer of filamentous f-actin underneath the
plasma membrane known as the cortical cytoskeleton. Actin polymerisation is
continuous in a neutrophil but upon neutrophil activation there is a 4 fold
increase in the proportion of f-actin in the cell (Stossel, 1989). There are many
different receptors on the neutrophil which sense the environment around them
and bind receptors enabling neutrophils to sense a chemotactic gradient as low

as 0.1% over the cells length. Internal signalling molecules then allow for signal
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transduction from the receptors on the cells plasma membrane throughout the

cell.

1.2.4 Neutrophil Function

The neutrophils primary function is to kill microbes that could potentially cause
damage to the body. However to do this they must be able to move from the
blood stream into the tissues.

Neutrophils circulating in the blood are able to move freely between the
circulating neutrophil pool (CNP) and the marginated neutrophil pool (MNP).
Ligands on the surface of circulating neutrophils can bind selectins on the blood
vessel endothelium. This causes the neutrophils to become loosely attached to
the blood vessel endothelium so that they can roll along the blood vessel wall at
a slower rate than those that are freely circulating in the blood. They can
however still be washed off by the shear stress of the blood flowing past them.
Microbes and damaged tissues stimulate tissue macrophages to release
inflammatory mediators such as TNFa, which stimulates increased expression
of ICAM-1 and other molecules such as Platelet Activating Factor (PAF) on the
blood vessel endothelium (Lorant et al., 19917). Neutrophils constitutively
express integrins on their surface. Neutrophils that are in the MNP and are
loosely bound to the blood vessel endothelium via selectins are moving slowly
enough for the integrins on the neutrophil to bind the ICAM-1 that is expressed
on the blood vessel endothelium (Lawrence and Springer, 1991). This causes
a firm adhesion of the neutrophil to the blood vessel wall and signals the
neutrophil to flatten and pass through the endothelium into the tissue through a
process known as diapesis or extravasation. (figure 1.2.4.1). The high levels of
TNFa in the local environment around the area where the neutrophil
extravasates “primes” the neutrophil for an increased oxidative response when
it is finally activated at the site of infection (Hallett and Lloyds, 1995, Lloyds et
al., 1995).

13
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Formylated peptides released by the invading bacteria, the damaged cells and
complement components and chemokines (IL-8, C5a and leukotrine B4) act as
chemoattractants and attract the neutrophils that have left the blood stream to
the area of damage. It is also thought that they can increase the lifespan of a
neutrophil to up to 1-2 days, compared to 4-10 hours for a neutrophil circulating

in the blood stream.

When a neutrophil encounters an invading microorganism opsonised with either
immunoglobulin or complement (C3bi) it phagocytoses and destroys the
microbe. Fc receptors on the neutrophil surface recognise and bind to
immunoglobulins on foreign particles and 2 integrins (CD11b/CD18) recognise
and bind complement (C3bi) opsonised particles (Lee et al., 2003). Activation
of these receptors initiates a complex signalling cascade, discussed in section
1.3.5 which culminates in a global calcium signal, actin polymerisation and
extensive membrane remodelling. The cell extends pseudopodia around the
particle and encloses it within the phagosome taking it inside the cell where the
phagosome fuses with the neutrophil granules containing degradative enzymes
which destroy the microorganism. The global calcium signal is the trigger for
granule fusion (Jaconi et al., 1990) and oxidase activation (Dewitt et al., 2003)
with different granules having different calcium thresholds (Sengelov et al.,
1993). Many of the enzymes are activated only after degranulation occurs
when the pH of the granule which has fused with the phagosome activates the
enzymes to destroy the microbe (Hirsch and Cohn, 1960, Pryzwansky et al.,
1979). Respiratory/oxidase mediated killing occurs when a nicotinamide
adenine dinucleotide phosphate (NADPH) enzyme on the membrane of the
granules is activated releasing toxic oxygen species into the granule which
destroy the microorganism. The degranulation and oxidation responses act
together to ensure an extremely powerful and efficient method for the removal

and killing of bacteria.
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Once the neutrophil has destroyed as many of the invading microbes as
possible it undergoes programmed cell death (apoptosis). It is then ingested by
macrophages or other phagocytic cells which ensures that the harmful contents
of the neutrophil granules are disposed of safely without any damage to

surrounding tissues.

1.3 Calcium Signalling

1.3.1 Cytosolic free calcium measurement and visualisation.

The most common method of measuring cytosolic free calcium in neutrophils is
using fluorescent calcium chelator indicators bound to acetoxymethyl esters
(AM). Binding of the probe to an AM confers lipid solubility and masks the
calcium binding site of the probe. When the probe is added to the cells it either
precipitates in the medium or dissolves in the cell membrane. Once the probe
has diffused across the cell membrane it comes into contact with non-specific
esterases in the cytosol of the neutrophil which cleave the acetotoxymethyl
ester, unmasking the calcium binding site of the probe and creating a
hydrophilic molecule which is then trapped in the cytoplasm of the cell (Hallett
and Lloyds, 1997). The most commonly used of these probes is Fura-2-AM: it
has an affinity for Ca®* of about 200nM which is in the mid-range of
physiological cytosolic Ca?* and thus sensitive to change in Ca?" in this range; a
high quantum yield which confers a high level of fluorescence in both the bound
and unbound form of the probe so that less of the probe needs to be used to
get a signal (less potential for calcium buffering from the probe); and the
excitation wavelength is different for the calcium bound and calcium free form of
the probe enabling the use of ratiometric imaging so that changes in
fluorescence can be confidently interpreted as a consequence of a change in
calcium concentration (Tsein and Poenie, 1986). However one of the excitation
wavelengths is in the UV spectrum which is not ideal as many molecules found
in neutrophils are excited by UV light. Therefore probes which are excited by

longer wavelengths of light can sometimes be more useful. One such probe is
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fluo4. It is highly fluorescent when excited at 488nm. At this longer wavelength
the levels of auto fluorescence are generally much lower. It also has a high
(100 fold) increase in fluorescence when bound to calcium, and a Kd near
345nM (Gee et al., 2000) making it sensitive to changes in cytosolic Ca®*.
However as there is no shift in excitation or emission wavelength, Ca?* changes
cannot be measured ratiometrically and confocal techniques must be employed
for optical slicing (Hallett and Lloyds, 1997).

1.3.2 Cytosolic free calcium homeostasis

The calcium ion is a ubiquitous intracellular messenger that controls a wide
range of processes in many different types of cells. Cytosolic Ca®* levels are
important for the control of most neutrophil behaviour including phagocytosis,
spreading and possibly chemotaxis. Intracellular Ca?" in neutrophils is actively
buffered or sequestered into calcium storage organelles. This, along with
calcium pumps in the plasma membrane and the low permeability of the plasma
membrane in resting neutrophils, maintains a low resting free cytosolic calcium
concentration. The free cytosolic calcium concentration ([Ca?*]) in a resting
neutrophil is 100nM (Hallett and Lloyds, 1997). Since the extracellular calcium
concentration is up to 1mM, this creates a gradient of 1:10000 across the

plasma membrane.

During neutrophil activation, intracellular calcium concentrations can reach up
to 1uM due to the release of calcium from stores and the opening of calcium
channels in the plasma membrane (Demaurex et al., 1992). More recently, it
has been suggested that Ca?* concentrations can even reach concentrations of
up to 30uM in the membrane wrinkles when the neutrophil is activated (Brasen
et al., 2010)

17



1.3.3 Calcium stores in neutrophils

Neutrophils have a high capacity to buffer calcium. In order to do this the
neutrophil has many intracellular calcium stores. Calcium can be taken up from
the cytoplasm into these stores when calcium concentration in the cytoplasm is
too high, and calcium that has been sequestered into these stores can be
released into the cytoplasm when cytosolic calcium concentration is too low.
There are two distinct calcium stores in neutrophils: a sub plasma membrane
site and a juxtanuclear site. Stimulation of the neutrophil with N-
Formylmethionyl-leucyl-phenylalanine (fMLP) triggers calcium release from the
juxtanuclear site and CD11b/CD18 (integrin) cross linking stimulates calcium
release from the sub plasma membrane site (Pettit and Hallett, 1998b). The
juxtanuclear calcium storage site is likely to be either the Endoplasmic
Reticulum (ER) or golgi (Davies et al., 1991). There is also evidence to suggest
that there is a further inositol 1,4,5-trisphosphate (IP3) sensitive calcium
storage site known as the ‘calciosome’. The calcium sequestering protein
calsequestin has been shown to co purify with the discrete IP3 sensitive
organelle known as the ‘calciosome’ (Krause et al., 1989, Volpe et al., 1988).
These calcium storage organelles have been shown to become redistributed
around the phagosome during phagocytosis (Favre et al., 1996, Stendahl et al.,
1994). Sarco/endoplasmic reticulum Ca?*-ATPase (SERCA)2b calcium
ATPase pumps are also found on these IP3 sensitive calcium storage sites and
act to pump calcium into the stores. These can be inhibited by a number of
different inhibitors to prevent calcium being pumped into the calcium stores
(Favre et al., 1996)

1.3.4 Calcium signalling by seven transmembrane receptors (G protein

coupled receptors)

Chemoattractants such as fMLP act on seven transmembrane (7TM) receptors
in the neutrophils plasma membrane to cause a cytosolic calcium signal in the
neutrophil. Upon stimulation the cytosolic calcium concentration in the
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neutrophil can rise from 0.1uM to 1uM. This signal is required for most
neutrophil responses (Hallett and Campbell, 1984). The calcium signal caused
by activation of 7TM receptors results from the release of calcium from
intracellular stores such as the juxtanuclear calcium storage site (Davies et al.,
1991) followed by an influx of calcium from channels in the plasma membrane
(Pettit and Hallett, 1995). Activation of the 7TM receptor activates a G protein
on the inner surface of the plasma membrane which leads to activation of
Phospholipase C B (PLCB) (Cockcroft and Gomperts, 1985), this cleaves
Phosphatidylinositol 4,5-bisphosphate (PIP2) to liberate IP3. This results in the
release of calcium from IP3 sensitive calcium stores. The release of calcium
from IP3 sensitive intracellular stores is sufficient to activate Melastatin-related
Transient Receptor Potential cation channels 2 (TRPM2) channels in the
plasma membrane (Du et al., 2009) and may account for the Ca?" influx phase
which follows store release in neutrophils (figure 1.3.5.1). There is a delay
between activation of the 7TM receptors and the increase in cytosolic calcium
(Hallett et al., 1990). This delay can be explained by the time it takes for the
signalling molecules to diffuse from the plasma membrane to the intracellular
calcium stores (Hallett and Lloyds, 1997).

1.3.5 Calcium signalling via cross-linking of receptors (Integrin

engagement)

A calcium signal can also be caused in neutrophils by cross-linking of IgG
receptors (Fc (CD16/CD32) receptors) (Roberts et al., 1997) or integrin
(CD11b/CD18) receptors on the neutrophils surface (Hellberg et al., 1996).
This calcium signal is generated via a different mechanism to that generated by

the activation of 7TM receptors.

Cross-linking of stimuli still generates release of calcium from intracellular
stores followed by a global calcium signal due to calcium influx through

channels in the plasma membrane (Davies and Hallett, 1995). However the
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release of calcium from the intracellular stores is not sufficient to trigger the
calcium influx (Pettit and Hallett, 1997). The site of calcium store release is
also different to that triggered by 7TM receptors, being peripheral rather than
central (Davies and Hallett, 1995), localised to the site of receptor cross linking
(Pettit and Hallett, 1996). There is evidence from electron microscope studies
supporting the presence of motile calcium storage sites close to the plasma
membrane (Hoffstein, 1979). As with calcium signalling via 7TM receptors
there is a delay between activation of the receptor and generation of the
calcium signal. This can be explained by the time taken for the lateral diffusion
of the receptors in the cell membrane to form aggregates capable of generating
a calcium signal (Roberts et al., 1997). The signal can be inhibited by tyrosine
phosphorylation inhibitors (Morgan et al., 1993) and inhibitors of the actin
bundling protein L-plastin (Rosales et al., 1994), suggesting that the actin
cytoskeleton is essential for transduction of the signal from the plasma
membrane. Integrin engagement triggers tyrosine kinase dependent calcium
mobilisation, Phospholipase C y2 (PLCy2) phosphorylation and an increase in
levels of IP3 generation (Hellberg et al., 1996) which may suggest that the
mechanism of calcium signalling via cross linking of stimuli is more similar to
calcium signalling via 7TM receptors than was first thought. A possible
mechanism is illustrated in figure 1.3.5.1. The exact mechanism however is yet

to be resolved.
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1.3.6 Calcium influx

Calcium signalling via both 7TM receptors and via cross-linking of receptors
involves calcium influx through channels in the plasma membrane. In both
cases the calcium influx occurs after the release of calcium from intracellular
stores, although the exact mechanism that triggers calcium influx remains
unclear. Blocking this calcium influx inhibits most neutrophil responses (Hallett
and Campbeli, 1984, Marks and Maxfield, 1990). There is a delay between the
addition of the stimulus to the neutrophil and the global calcium influx
suggesting a series of stochastic events such as diffusion of small molecules
must take place in order to trigger calcium influx (Hallett and Pettit, 1997, Pettit
and Hallett, 1995). Although the sequence of events is similar for the
generation of the calcium signal through the two different types of receptors the

mechanisms appear to be quite distinct.

Inhibiting release of calcium from intracellular stores in neutrophils stimulated
with the 7TM receptor agonist fMLP is difficult but micro-injection of the IP3-
receptor blocker heparin, prevents the calcium influx from the plasma
membrane channels (Davies-Cox et al., 2001). Also anucleated cytoplasts,
where the juxtanuclear calcium store is removed along with the nucleus, are
unable to produce a calcium signal when stimulated with C5a, a neutrophil
chemoattractant (Gennaro et al., 1984). However inhibition of IP3 independent
calcium stores in neutrophils stimulated with IgG immune complex had no effect
on the calcium influx (Davies and Hallett, 1995). The timing of the calcium
signal differs in both cases also. In neutrophils stimulated with fMLP calcium
influx is seen at approximately 500ms after calcium is released from the
intracellular stores (Pettit and Hallett, 1995). The delay is longer when the
signal is triggered by integrin cross linking, with channel opening occurring
between 10s and 100s after store release (Pettit and Hallett, 1996) . It was
suggested that the two distinct mechanisms of calcium signalling may be due to
the initial release of calcium being from two separate intracellular calcium

stores.
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The mechanism of calcium influx in both cases though is yet to be fully defined.
Inhibition of SERCa pumps on the endoplasmic reticulum using agents such as
thapsigargin causes calcium to leak from the calcium stores into the cytoplasm,
this is followed by the opening of plasma membrane channels. It has been
suggested that the channels open in response to a ‘need’ to replenish the
calcium stores (Smyth et al., 2006). This is discussed further in relation to
calcium channel activation in section 1.3.7. It has recently been shown that an
increase in cytosolic calcium is sufficient to open TRPM2 channels in the
plasma membrane and that IP3 receptor activation induced calcium release can
activate these channels potentially causing calcium influx (Du et al., 2009). It
may therefore be possible that in the case of 7TM stimulated calcium signalling,
the release of calcium from the IP3 sensitive juxtanuclear calcium store is

sufficient to trigger the calcium influx.

1.3.7 Calcium channels in the plasma membrane

Influx of calcium into the cytoplasm through caicium channels in the plasma
membrane is a key step in the neutrophils cytosolic calcium signal. However
the exact channels through which this influx occurs and how they are activated
is still unknown. The calcium influx still occurs even in the presence of
inhibitors of voltage sensitive calcium channels (Demaurex et al., 1994)
suggesting that the channels in this case are not voltage gated channels. The
channels are not directly activated by receptor occupancy but channel activity is
linked to the emptying of the intracellular calcium stores (von Tscharner et al.,
1986).

Three mechanisms have been proposed linking calcium being released from
intracellular stores and the activation of calcium channels in the plasma
membrane. Firstly is has been proposed that the IP3 receptor on the calcium
store dynamically interacts with the calcium channel in the plasma membrane in
order to activate it (Irvine, 1990). Secondly it has been suggested that there is
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a requirement for a thus far unidentified diffusible second messenger known as
the calcium influx factor (CIF) which acts to activate the calcium channels in the
plasma membrane upon calcium release from internal stores. Stromal
interaction molecule 1 (STIM1) is a 1 transmembrane calcium binding protein
found in the plasma membrane which has been proposed to function as a
calcium sensor and provide a trigger for the activation of calcium channels in
the plasma membrane (Spassova et al., 2006). Finally, a secretory like
mechanism involving close but reversible interactions between the plasma
membrane and the endoplasmic reticulum has been proposed (Patterson et al.,
1999).

The most studied candidates for potential calcium channels involved in the
neutrophil calcium signal are the human homologues of the drosophila
Transient Receptor Potential Cation (TRP) channels. Human neutrophils
express TRPC1, TRPC3, TRPC4 and TRPC6 (Brechard and Tschirhart, 2008)
although the activity of each channel is still uncertain. It has been shown that
the TRPC channels are essential for the calcium influx phase of the calcium
signal as cytoskeletal reorganisation that results in the internalisation of the
TRPC channels inhibits calcium entry into the neutrophil (Itagaki et al., 2004).
TRPC1 has been shown to be involved in calcium entry into platelets with the
proposed mechanism involving coupling of the IP3 receptor with the TRPC1
channel (Rosado et al., 2002). TRPC3 and TRPC6 are both activated by
diacylglycerol (DAG) (Hofmann et al., 1999). Activation of 7TM receptors
results in the breakdown of PIP2 into IP3 and DAG, the DAG can then go on to
activate TRPCB6 calcium channels and cause calcium influx. TRPC6 is also
activated by membrane phosphatidylinositol (3,4,5)-triphosphate (PIP3).
Another well studied calcium channel in the neutrophil is the TRPM2 channel,
which is activated adenosine diphosphate (ADP) ribose (Perraud et al., 2001).
It has been reported that higher cytosolic calcium concentrations lower the ADP
ribose concentration required to activate the channel but that ADP ribose is still

essential for the channels activation (Heiner et al., 2005). However more
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recently it has been shown that TRPM2 channels can be activated by an
increase in cytosolic calcium alone (Du et al., 2009) making them the perfect
candidate for the store operated calcium channel responsible for the calcium

influx stage of the neutrophil cytosolic calcium signal.

1.3.8 Role of calcium signalling in neutrophil adhesion.

Neutrophil spreading is directly linked to an increase in cytosolic calcium.
Multiple cytosolic Ca** signals have been observed during neutrophil spreading
(Jaconi et al., 1991), in particular during CD11b/CD18 mediated adhesion
(Pettit and Hallett, 1997). It has been shown that the neutrophil initially
attaches to the substrate with no change in cytosolic calcium, this is followed by
the global cytosolic calcium signal and finally neutrophil spreading (Kruskal et
al., 1986), suggesting that the cytosolic calcium signal is the trigger for
neutrophil spreading. This suggestion is further backed up by evidence that the
release of caged cytosolic calcium in human neutrophils provides a calcium
signal large enough to trigger neutrophil spreading when neutrophils are in
contact with an integrin engaging surface (Pettit and Hallett, 1998a).

The calcium increase and, as a result, neutrophil spreading can be inhibited by
incubating neutrophils with antibodies to CD11b/CD18 (Jaconi et al., 1991,
Pettit and Hallett, 1998a). This illustrates that integrin engagement is the
trigger for the calcium signal that causes neutrophil spreading. Cross linking
antibodies bound to CD11b/CD18 integrins can trigger a local calcium signal
(Petersen et al., 1993) as a result of calcium release from the sub plasma
membrane storage site (Pettit and Hallett, 1998b). The exact mechanism by
which integrin engagement may lead to a cytosolic calcium signal was
discussed in section 1.3.5 but briefly, it has been shown that integrin
engagement in neutrophils triggers the phosphorylation of PLCy2 and the
formation of IP3 (Hellberg et al., 1996). The calcium concentration has been

shown to increase locally at the integrin engagement sites as the neutrophil
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initially adheres, followed by a global cytosolic calcium signal which

accompanies neutrophil spreading (Pettit and Hallett, 1996).

The cytosolic calcium signal is also required for the rapid shape change
observed during integrin-mediated phagocytosis (Dewitt and Hallett, 2002).
The mobilisation of intracellular calcium promotes B2 integrin mediated
adhesion in neutrophils (Leitinger et al., 2000) and increases the amount of
Lymphocyte function-associated antigen 1 (LFA1) integrin clustering in
lymphocytes (Stewart et al., 1998). This all confirms that the global cytosolic
calcium signal is the key signal for triggering neutrophil spreading and

neutrophil shape change.

1.4 Neutrophil extravasation

1.4.1 Triggers and chemoattractants

Neutrophil extravasation is triggered by the inflammatory response, discussed
in section 1.1.3. Invading microbes, damaged cells and the cells surrounding
them release a variety of inflammatory mediators which act to trigger the
inflammatory response. Inflammatory mediators involved in neutrophil
extravasation include: TNFa C5a; fMLP; IL1, IL8 and leukotriene B4 (Griffin et
al, 2003). These have different effects on neutrophils and the blood vessel
endothelium which act to trigger neutrophil extravasation. TNFa is a cytokine
released by monocytes and macrophages in response to lipopolysacharides
and IL-1 (other molecules involved in the inflammatory process) (Gallin and
Snyderman, 1999). Similar to IL-1 it acts to increase the expression of
adhesion molecules on the blood vessel endothelium. It also acts to ‘prime’ the
neutrophils ready for transmigration and activation. Complement component
Cb5a acts as a chemoattractant and fMLP is a formylated tripeptide produced by
bacteria. Both act as neutrophil chemoattractants and lead to an accumulation

of neutrophils at the site of inflammation once the neutrophils have migrated
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across the endothelium. IL-1 is a cytokine produced by monocytes and
macrophages at the site of inflammation and acts on nearly all cell types (Gallin
and Snyderman, 1999). It acts to increase the expression of adhesion
molecules on the blood vessel endothelium in order to increase the slow rolling
of neutrophils in the blood vessel (Dinarello, 1996). IL-8 is a chemokine
produced by macrophages and neutrophils in areas of inflammation. It acts as
a chemoattractant, triggering a calcium signal in the neutrophils by binding the
G-protein coupled receptors CXC chemokine receptor 1 (CXCR1) and CXC
chemokine receptor 2 (CXCR2) (Gallin and Snyderman, 1999) . The
mechanism behind the generation of the calcium signal from G protein coupled
receptor activation is discussed in section 1.3.4. Leukotriene B4 is another
chemokine produced by macrophages which acts as a potent neutrophil

chemoattractant (Gorska et al., 2010).

1.4.2 Rolling and adhesion

Before neutrophils leave the blood stream they first roll along the blood vessel
endothelium binding transiently via selectins to facilitate rolling and then
integrins on the neutrophil bind ICAM-1 on the blood vessel endothelium where
they adhere and spread out before they extravasate from the blood vessel into

the tissue
- P selectin glycoprotein ligand 1 (PSGL1)

P selectin glycoprotein ligand 1 (PSGL1) is found on the microvilli of neutrophils
and other leukocytes (McEver and Cummings, 1997). It binds P-selectin on
endothelial cells. This binding is strong enough to slow the neutrophils to a
slow roll along the endothelium so that they do not get washed away by shear
force but is not strong enough to cause firm adhesion to the endothelium
(McEver and Cummings, 1997). This rolling is inhibited by antibody blockade of
PSGL1 (Norman et al., 1995) and PSGL1 knock out cells derived from mouse
bone marrow show no L-selectin dependent rolling (Sperandio et al., 2003).
PSGL1 interacts with the cytoskeleton via Ezrin Radoxin Moesin (ERM) domain
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proteins (Zarbock and Ley, 2008) and the binding of PSGL1 initiates signalling
events which induce the activation of the neutrophils and the B2 integrins which

initiate firm adhesion (Simon et al., 2000).
- L selectin

L-selectin is expressed by all neutrophils and is a type 1 transmembrane
glycoprotein which interacts with sialylated ligands expressed on the endothelial
surface of blood vessels (Zarbock and Ley, 2008). It is involved in the rolling
and activation of neutrophils. The cytoplasmic domain of L-selectin interacts
with a actinin and forms complexes with other cytoskeletal proteins such as
viniculin (Pavalko et al., 1995) and the ERM proteins ezrin and moesin (lvetic et
al., 2002). Disruption of this interaction by deletion or mutation of the
cytoplasmic tail of L-selectin impaired or eliminated neutrophil rolling in vitro
and in vivo (Dwir et al., 2001, Kansas et al., 1993). This suggests that the
cytoskeletal interaction of L-selectin is important for stabilising the neutrophil
tether. Cross linking of the L-selectins leads to B2 integrin activation which is
the trigger for the firm adhesion of the neutrophil to the endothelium (Simon et
al., 1995).

- Integrins

Integrins are type 1 transmembrane cell adhesion molecules consisting of two
non covalently associated subunits, a and B (Zarbock and Ley, 2008).
Uniquely, B2 integrins are only expressed in immune cells. The predominant
integrins expressed on neutrophils are a 2 (LFA1) and amB2 (Mac1) but they
also express a,B2 and a4 at lower levels (Zarbock and Ley, 2008). Integrins
are involved in slow rolling, adhesion, post adhesion strengthening, migration,
respiratory burst, phagocytosis and polarisation of neutrophils. Binding of
integrins results in a signalling cascade leading to a cytosolic calcium signal
(discussed in section 1.3.5), which triggers neutrophil shape change. Once
neutrophils are bound to selectins and rolling slowly along the endothelium they
are moving slow enough for integrins to bind their ligand ICAM1 which triggers

firm adhesion and spreading before extravasation (Lawrence and Springer,
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1991). B2 integrins can regulate adhesion by altering their conformation and
clustering in the plasma membrane in response to external stimuli. Knocking
out of LFA1 integrins in mice abolished rolling and decreased adhesion
efficiency posing a role for LFA1 in controlling the rolling velocity of neutrophils
(Dunne et al., 2002) LFA1 knockout mice also display a decrease in the firm
attachment of neutrophils and a decrease in neutrophil influx to areas of
infection which also suggests a role for LFA1 in adhesion and migration of
neutrophils (Ding et al., 1999). Further evidence for the role of LFA1 in
neutrophil migration comes from experiments showing that LFA1 is evenly
distributed on the membrane at neutrophil arrest but redistributes to the
neutrophil - endothelial cell junction and co localises with its ligand ICAM1
during transmigration and is further redistributed to the uropod as
transmigration is completed (Shaw et al., 2004). Mac1 integrins are stored in
granules in the cytoplasm in resting neutrophils which are incorporated into the
plasma membrane upon neutrophil activation (Borregaard et al., 1994). Once
incorporated into the membrane they play a role in regulating rolling velocity
and migration (Dunne et al., 2002). Once integrins have been activated and the
neutrophil is adhered to the endothelium and spread then extravasation into the

surrounding tissue can occur.

1.4.3 Transmigration

After selectin mediated slow rolling has lead to integrin engagement, firm
adhesion and neutrophil spreading, the next step in neutrophil extravasation is
transmigration through the endothelial cell wall of the blood vessel into the
surrounding tissue. This is a multistep and complex process and the exact
mechanism by which this occurs, and even the route that the neutrophil takes is
still not fully understood. The paracellular route of transmigration, during which
thé neutrophil migrates through the junctions between the endothelial cells, is
generally agreed to be the most likely route of neutrophil transmigration through
the endothelium (figure 1.4.3.1). There is however some evidence that

neutrophils may also migrate through the endothelial cell itself, this is known as
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the transcellular route (figure 1.4.3.2). Both of these mechanisms will be
discussed in this section.

- Paracellular route

The paracellular route of neutrophil transmigration involves the migration of the
neutrophil through the junctions between the endothelial cells without disturbing
the integrity of the cells of the blood vessel wall. This route is thought to be
regulated in part by several key molecules found in the intercellular junctions of
the endothelium. A schematic view of this mechanism of this is shown in figure
1.4.3.1.
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Platelet-endothelial cell adhesion molecule 1 (PECAM1) is a member of the
immunoglobulin super family and is expressed on endothelial cells, leukocytes
and platelets (Garrido-Urbani et al., 2008). Antibody blockade of this molecule
blocks the migration of neutrophils into the inflamed peritoneal cavity of mice in
vivo which suggests that it plays a role in neutrophil extravasation (Bogen et al.,
1994). It later became apparent that PECAM1 may in fact play two distinct
roles in leukocyte transmigration as two different antibodies to different parts of
the molecule led to arrest of neutrophils at different stages of the transmigration
process, one before the cells had moved through the endothelial cell junctions
and one after the cells had moved through the cell junctions but before they
passed through the basement membrane (Nakada et al., 2000, Wakelin et al.,
1996). PECAM1 is involved but is not essential for neutrophil transmigration.
Knocking out ICAM2 in mice led to a decrease in neutrophil accumulation at
sites of inflammation suggesting that ICAM2 may play a role in PECAM1

independent transmigration (Huang et al., 2006).

Vascular endothelial cadherin (VE-cadherin) is expressed in the plasma
membrane of endothelial cells at the adherens junctions of the endothelium and
is linked to the actin cytoskeleton via catenin complexes (Garrido-Urbani et al.,
2008). ltis displaced from the plasma membrane of the endothelial cells during
neutrophil transmigration but is replaced after the neutrophil has passed
through the endothelial layer (Shaw et al., 2001). Antibody mediated inhibition
of VE-cadherin increases vascular permeability and enhances the entry of
neutrophils into inflamed peritoneum in mice. This suggests that VE-cadherin is
essential for the maintenance of the endothelial barrier and that the opening of
this barrier is essential for neutrophil transmigration (Gotsch et al., 1997).
Engagement of ICAM1 leads to phosphorylation of VE-cadherin, inhibition of
which decreases neutrophil transmigration suggesting that this is an essential
step (Allingham et al., 2007).
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The junctional adhesion molecule super family consists of 3 classical members;
JAM A, JAM B and JAM C. JAM A is expressed by endothelial cells (Bradfield
et al., 2007) and leukocytes but there have been contradictory reports as to its
role in transmigration (Garrido-Urbani et al., 2008). JAM B is expressed at the
intercellular junctions of high endothelial venules (Palmeri et al., 2000). JAM C
is expressed by endothelial cells (Bradfield et al., 2007), inhibition of JAM C
decreases neutrophil migration (Aurrand-Lions et al., 2005, Chavakis et al.,
2004) whereas over expression increases recruitment of leukocytes to areas of
inflammation in mice (Aurrand-Lions et al., 2005) suggesting this JAM plays the
most important role in neutrophil transmigration.

- Transcellular route

Some experiments have also shown evidence for a transcellular route of
neutrophil transmigration where neutrophils transmigrate through the
endothelial cell itself. A schematic diagram of how this may work is shown in
figure 1.4.3.2.
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Electron microscopy studies provide evidence of neutrophil transmigration
through endothelial cells in response to fMLP stimulation (Feng et al., 1998).
The proposed mechanism for this involves clustering of ICAM1 on the
endothelial cell. As it has been shown that ICAM1 translocates to caveolin rich
domains in the plasma membrane at the end of actin stress fibres (Millan et al.,
2006), the proposed mechanism of neutrophil migration involved the
internalisation of the ICAM1 which is then trancytosed to the basal plasma
membrane through caveolae. This creates a route through which the neutrophil
can follow (Millan et al., 2006). Despite evidence for both the transcellular and
the paracellular route of neutrophil transmigration the exact mechanism by

which this takes place is yet to be conclusively identified.

1.5 Neutrophil spreading

1.5.1 The surface area problem

When a neutrophil spreads on the blood vessel endothelium the surface area of
the cell increases by more than two fold (Dewitt and Hallett, 2007). It is not
possible for the plasma membrane to simply stretch to accommodate this
increase in surface area as the biochemical nature of the lipid bilayer that
makes up the plasma membrane means that it can only stretch approximately
4% before rupturing (Hamill and Martinac, 2001). It is also unlikely that the
neutrophil gains this extra membrane through exocytosis of intracellular
granules. Neutrophils have approximately 1300 primary granules and
approximately 4600 secondary granules. If all these granules were to fuse with
the plasma membrane, it would increase the surface area of the plasma
membrane by 540um? (Nusse and Lindau, 1988). Although this would be
sufficient to increase in surface area for the neutrophil to spread, fusion of all of
the neutrophil granules to the plasma membrane would release all of the
degradative enzymes contained in neutrophil granules into the surrounding
tissue causing massive damage. Not to mention that these calculations are
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only theoretical and that it is difficult to release more than a third of neutrophil
granules experimentally (Dewitt and Hallett, 2007). Cytoskeletal expansion or
swelling has also been ruled out as a mechanism of membrane expansion as a
computer simulation showed that the object to be internalised would be initially
pushed out before being pulled back into the cell, whereas this is not seen
experimentally. Also the measurements of the forces involved in phagocytosis
experimentally differ to those predicted by the computer model suggesting that
membrane expansion is an active rather than a passive process (Herant et al.,
2006)

1.5.2 Plasma membrane wrinkles

The final possibility is that the reservoir of extra membrane required for
neutrophil spreading comes from the ‘un-wrinkling’ of the neutrophil membrane
as it spreads out (figure 1.5.2). Surface folds on macrophages have been
shown to disappear rapidly after phagocytosis (Petty et al., 1981) suggesting a
similar mechanism in other phagocytic cells. Neutrophil membrane wrinkles are
approximately 300nm in length (Bruehl et al., 1996, Shao et al., 1998), cover
approximately 30-40% of the neutrophil plasma membrane (Bruehl et al., 1996)

and can be stretched when enough force is applied (Shao et al., 1998).
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Biophysical experiments comparing membrane expansion during phagocytosis
to forcibly stretched areas of membrane using a micropipette have shown that
tension remained low during phagocytosis until 80% of the membrane had
expanded compared to only 30% expansion when the membrane was forcibly
expanded, suggesting that there is only a limited amount of slack in the wrinkles
in the neutrophil membrane (Herant et al., 2005). It is known that neutrophil
spreading is directly linked to an increase in cytosolic calcium concentration as
a large rise in cytosolic calcium accompanies neutrophil spreading and un-
caging cytosolic Ca®* or IP; provides an increase in Ca?* large enough to
trigger neutrophil spreading (Pettit and Hallett, 1998a). This raises the
possibility that an enzyme or second messenger activated by the cytosolic
calcium signal which triggers neutrophil spreading and phagocytosis is actively
increasing the amount of membrane available. L-selectin is found on the apical
surface of neutrophil membrane wrinkles (Bruehl et al., 1996, Erlandsen et al.,
1993) and B2 integrins are found on the cell body between the membrane
wrinkles (Erlandsen et al., 1993). This would be a logical position if the
neutrophil did unwrinkle its membrane during spreading as during extravasation
neutrophils first roll along the blood vessel endothelium binding transiently via
selectins before they spread and make firm adhesions via B2 integrins. L-
selectin is bound to the actin cytoskeleton by the linker molecule ezrin (lvetic et
al., 2002) and B2 integrin is anchored between the plasma membrane and the
cytoskeleton via talin (Sampath et al., 1998), both members of the ERM family
of proteins. It is possible that these molecules hold the membrane wrinkles in
place in resting neutrophils like a ‘molecular velcro’. Cleavage of these
molecules would release the membrane when the neutrophil is activated.
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1.6 Talin

1.6.1 Structure

Talin is a member of the ERM family of proteins. Itis a 270kD protein
consisting of a 47kD head at the N terminal and a 220kD flexible rod domain at
the C terminal. The head domain is made up of a FERM (4.1 ezrin, radixin,
moesin) domain which consists of three sub domains, F1-3 (Moser et al.,
2009). The F3 domain is responsible for binding the NPxY domain in the
cytoplasmic tail of integrin, one of talins main functions (Cheung et al., 2009).
There is an additional FO domain which bears no homology to any known
protein domains (Moser et al., 2009). The rod domain comprises a series of
helical bundles with several binding sites for the actin binding protein viniculin
(Moser et al., 2009). Talin, as a whole contains 3 actin binding sites each of
which is adjacent to one of the viniculin binding sites (Hemmings et al., 1996).
The rod domain also contains a second integrin binding domain. Both integrin
binding sites are required for high affinity binding of talin to integrin (Gingras et
al., 2009). At the C terminus talin contains a THATCH (talin/H1P1R/Sla2P actin
tethering C terminal homology) domain. This domain is crucial for the primary
linkage between talin and f-actin (Moser et al., 2009). The key structural

elements of talin are shown in figure 1.6.1.1.
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1.6.2 Function

The primary role of talin is to connect integrin to the cytoskeleton. Talin has
been shown to bind 1,2 and 3 integrins (Gingras et al., 2009, Sampath et al.,
1998). There has also been some evidence to show that talin plays a role in the
activation of integrins. Mice deficient for talin show integrin mediated cell
adhesion defects. However, talin alone is not sufficient to activate integrins.
The protease calpain cleaves talin between the FERM domain in the head and
the rod domain (Critchley and Gingras, 2008) and this is thought to be a key
step in focal adhesion complex turnover and control of the actin cytoskeleton.
Talin co localises with calpain in focal adhesion complexes (Lebart and
Benyamin, 2006), where it can be cleaved by calpain. A decrease in talin
proteolysis due to a down regulation of m-calpain has been shown to make
focal adhesion complexes last longer in the cell due to a decrease in focal
adhesion complex turnover, suggesting that talin proteolysis is a key
mechanism in the disassembly of focal adhesion complexes (Franco et al.,
2004). The binding of talin to integrin may explain this. It has been reported
that the head domain of talin has a higher affinity for the cytoplasmic domain of
B2 (lvetic and Ridley, 2004) and B3 integrins (Yan et al., 2001) than intact talin
within focal adhesion complexes. It was shown that calpain cleavage of the
talin head group from the whole molecule increases the affinity of the head
group for integrins (Yan et al., 2001) and as a result increases integrin
clustering (lvetic and Ridley, 2004). This would lead to a more stable focal
adhesion which may contribute to the effect observed when talin proteolysis
was decreased (Franco et al., 2004). Talin has also been shown to be involved
in the final stages of cell spreading. When talin is knocked out completely there
is no B integrin activation and the final stages of cell spreading do not occur, re-
expression of the head group leads to spreading only at the cell edges and re-
expression of the whole molecule rescues the defect and the cells are able to
spréad (Zhang et al., 2008). However, talin deletion had no effect on the early
integrin independent stages of cell spreading (Zhang et al., 2008). Talin’s exact
role in neutrophils is still unknown. However, it has been shown that intact talin
co localises with the B2 integrin subunit in un-activated neutrophils (Sampath et
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al., 1998). A cleaved 190kD talin subunit is found in activated neutrophils and
this subunit no longer associates with B2 integrin (Sampath et al., 1998). This
shows that talin is cleaved in activated neutrophils although the reason for this
cleavage is as yet unknown, as discussed in section 1.5.2 talin may provide the
tether between B2 integrins and the actin cytoskeleton which holds the
neutrophils plasma membrane wrinkles in place in the un-activated cell.

1.7 py-Calpain
1.7.1 The calpain family

The calpains are cytosolic calcium activated proteases found in all vertebrate
cells. The family consists of two main members m-calpain (calpain 2) and p-
calpain (calpain 1) as well as other less well characterised “calpains” and
calpain- like molecules (Goll et al., 2003). However, p-calpain is the
predominant calpain found in neutrophils and other blood components such as
platelets and erythrocytes. Both p-calpain and m-calpain are made up of a
large subunit and small subunit which together form a heterodimer. The small
subunit is common to both calpains and is encoded on a single gene on
chromosome 19 in humans (Goll et al., 2003). The large subunit of m and p
calpain are different gene products and are encoded on chromosome 1 and
chromosome 2 respectively (Goll et al., 2003). m-calpain is made up of an
80kD large subunit (Aoki et al., 1986, Imajoh et al., 1988) and the 28kD
common small subunit. The calcium requirement for half maximal activation of
m-calpain is very high, 400-800uM calcium and the optimum pH for activation is
7.2-8.2 (Goll et al., 2003). p-calpain is made up of an 80kD large subunit,
slightly larger than the m-calpain large subunit (Aoki et al., 1986, Imajoh et al.,
1988), and the 28kD common small subunit. The calcium requirement for half
maximal activation of p-calpain is considerably lower, 3-50uM calcium and the
optimum pH for activation is 7.2-8.2 (Goll et al., 2003). There is only one

known endogenous protein inhibitor specific for calpain, calpastatin. Binding of
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calpastatin to calpain requires calcium to also be bound to calpain and the
inhibition is reversible (Otsuka and Goll, 1987)

1.7.2 p-calpain structure

Calpain 1 or p-calpain is the predominant calpain found in neutrophils (Goll et
al., 2003) and as previously stated, is made up of a large proteolytic subunit
(80kDa) and the small regulatory subunit (28kDa). Each subunit is then made
up of several different domains. The large subunit has a clear 4 domain
structure made up of domains | - IV (Aoki et al., 1986). Domains V and VI
make up the small subunit (Goll et al., 2003). Figure 1.7.2.1 shows the

important features and the domains of py-calpain.
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Domain VI in the small subunit contains a calmodulin like domain which
contains 4 EF hand calcium binding sequences (Ohno et al., 1986). X ray
crystallography studies on common small subunit have shown that there is also
potentially a 5" EF hand domain (Blanchard et al., 1997). Crystallographic

structures are not yet available for the large subunit of p-calpain.

Domain | at the N terminal of the large subunit of y-calpain bears no amino acid
sequence homology to any other proteins. Domain Il of the large subunit is
also known as the protease domain as it contains amino acid residues which
form a catalytic triad similar to that found in cysteine proteinases (Goll et al.,
2003). Domain lll contains a C2 like domain which could enable the protein to
translocate to the plasma membrane and bind phosphatidylserine in areas of
high calcium (Tompa et al., 2001). This domain may also have a regulatory
function. Domain IV is marginally homologous to calmodulin and contains 4
potential EF hand sequences which enable calcium binding (Goll et al., 2003).

1.7.3 p-calpain activation

The catalytic triad is not fully assembled in unactivated calpain, suggesting that
calcium binding must induce a conformational change and reorientate the
protease domain into an active state (Hosfield et al., 1999). p Calpain (calpain
1) requires unusually high cytosolic calcium concentrations to be activated,
around 30 uM (Michetti et al., 1997). This is much higher than the physiological
calcium concentration found in the bulk cytoplasm where p-calpain is located in
resting cells. There has been much debate as to whether autolysis of the
calpains occurs in order to decrease the calcium concentration required for their
activation. Both m and p calpain can undergo autolysis when incubated with
calcium (Cong et al., 1993), however the calcium concentrations required to
induce autolysis are around the levels required for calpain activation therefore
they would be higher than encountered in living cells and p-calpain which had

not undergone autolysis is still active as a proteinase (Cong et al., 1993). Also
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oxidation of p-calpain inhibits its proteolytic activity but not autolysis (Guttmann
et al., 1997). This suggests that proteolysis and autolysis are two separate
events and that autolysis of calpain is not required for its activity. This leaves
the question of how calpain activity is regulated in the cell. There have been
suggestions of the existence of a calpain activator protein in human
erythrocytes which associates with the plasma membrane and activates calpain
at physiological levels (Salamino et al., 1993) but there is yet to be any
evidence of this in other cell types. During calcium influx in human neutrophils
there are areas of calcium concentrations high enough to activate calpain just
below the plasma membrane, especially within the membrane wrinkles (Davies
and Hallett, 1998, Brasen et al., 2010). p-calpain has been shown to
translocate from the cytosol to the plasma membrane (Gil-Parrado et al., 2003).
Calpain’s C2 like domain may enable it to translocate from the cytoplasm and
bind to the phosphatidylserine on the membrane where calcium is highest. This
may be a potential mechanism by which calpain would encounter calcium

concentrations high enough for proteolysis to occur.

1.7.4 p-calpain substrates

Calpain cleaves the ERM proteins talin and ezrin but not moesin (lvetic and
Ridley, 2004, Shcherbina et al., 1999). These proteins associate with the
cytoskeleton and are found at the plasma membrane. It is therefore probable
that calpain is involved in cytoskeletal regulation in processes such as cell
spreading and focal adhesion formation. There have been several reports of
calpains involvement in focal adhesion formation and maintenance (Franco et
al., 2004, Lebart and Benyamin, 2006, Undyala et al., 2008). Cleavage of talin
by calpain appears to be the crucial step in calpains role in focal adhesion
turnover, calpain co-localises with talin in focal adhesion complexes and a
deficiency of calpain resulits in a decrease in focal adhesions formed (Lebart
and Benyamin, 2006). There are also many reports of calpains involvement in
cell spreading, motility and adhesion of other cell types which likely involves
calpain mediated cleavage of cytoskeletal proteins (Croce et al., 1999, Dourdin
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et al., 2001, Rosenberger et al., 2005, Stewart et al., 1998, Wiemer et al.,
2009).

1.7.5 Potential role of u-calpain in neutrophil spreading

There is evidence that inhibition of calpain can lead to a decrease in
inflammation in animal models (Chatterjee et al., 2005, Cuzzocrea et al., 2000,
Marzocco et al., 2004, Yoshifuji et al., 2005). The exact mechanism by which
calpain inhibition leads to a decrease in inflammation is so far unknown. It has
been demonstrated that inhibition of calpain impairs neutrophil spreading and
phagocytosis (Dewitt and Hallett, 2002, Wiemer et al., 2009). This leads to the
possibility that the mechanism by which calpain inhibition decreases
inflammation involves the impairment of neutrophil function, namely neutrophil
spreading. If neutrophil spreading was inhibited this would lead to a decrease
in neutrophils leaving the bloodstream at areas of inflammation as neutrophil
spreading is a key step in neutrophil transmigration, as discussed in section
1.4. As discussed in section 1.5 in order to spread onto the blood vessel
endothelium before extravasation the neutrophil needs to unwrinkle its plasma
membrane. The wrinkles in the neutrophil plasma membrane are held in place
by cytoskeletal proteins among which are the calpain substrates talin and ezrin
(Ivetic et al., 2002, Sampath et al., 1998). Should calpain cleave these proteins
this would lead to unwrinkling of the neutrophil plasma membrane allowing the
neutrophil to spread out and transmigrate through the blood vessel
endothelium. There are two key features of calpain that make this possible.
Firstly, calpain is activated by high calcium concentrations of around 30uM
(Michetti et al., 1997). Under physiological conditions calcium concentrations
this high are found specifically in the neutrophil membrane wrinkles, but not the
bulk cytosol, during calcium influx, which occurs before neutrophil spreading
(Brasen et al., 2010). Secondly by virtue of its ‘C2 like’ domain, calpain would
be able to translocate from the cytosol where it is located under resting
conditions to the plasma membrane where the calcium concentration would be
high enough for proteolysis to occur when the neutrophil is activated and
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calcium influx occurs. It has been observed that unactivated calpain is located
in the cytoplasm and upon ionomycin induced calcium influx it translocates to
the plasma membrane (Gil-Parrado et al., 2003). These two features of calpain
would ensure that the protease is activated specifically at the cell membrane
upon neutrophil activation where it would be able to cleave the cytoskeletal
proteins talin and/or ezrin and release the neutrophil membrane wrinkles

allowing neutrophil spreading to occur.

1.8 Clinical application — Chronic Obstructive Pulmonary

Disease

1.8.1 Causes and symptoms

Chronic obstructive pulmonary disease (COPD) is term used to describe a
number of conditions involving the long term inflammation of the lungs including
chronic bronchitis and emphysema. It is one of the most common forms of lung
disease and affects more than 900,000 people in the UK. COPD primarily
affects people over the age of 40. The primary cause of COPD is smoking
although it can also be caused by coal dust and other work related and
environmental pollutants and can also be caused by inherited a1 anti trypsin
deficiency. During COPD the bronchioles become inflamed and narrowed and
this leads to damage to the alveoli. Symptoms include a persistent cough, high
amounts of phlegm and shortness of breath. These are usually only present
when undertaking physical activity in patients with mild forms of COPD but in
severe cases these symptoms can persist throughout everyday life.

1.8.2 Current treatment

There is currently no cure for COPD. Current NICE guidelines for the treatment
of COPD include the cessation of smoking and management of diet as well as
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the use of bronchodilators such as B2 agonists and anticholinergics, and
nebulisers to treat the everyday symptoms. Antibiotics are used to treat further
lung infections and oxygen therapy can be used when not enough oxygen is
getting into the blood stream. In cases where the disease is exacerbated
temporarily for example by an infection inhaled corticosteroids are prescribed
on a short term basis. In severe disease where exacerbations are regular
occurrence non invasive ventilation where air is forced into the lungs through a
sealed face mask can be used to ensure the patient receives adequate oxygen.
Only as a last resort in very severe cases is surgery and a lung transplant

considered.

1.8.3 Potential role of calpain inhibitors

As COPD is primarily caused by the inflammation of the bronchioles then a
therapy that would decrease the inflammation may provide long term relief.
Neutrophils are the most abundant white blood cells found at areas of
inflammation and are responsible for releasing degradative enzymes into the
tissue and causing damage. Inhibition of neutrophil trafficking to the lung by
inhibiting a key step in the process of neutrophil spreading such as calpain
activation would prevent the neutrophils from leaving the blood stream and
entering the area of inflammation. Although calpain inhibition may not
completely obliterate the number of neutrophils leaving the blood stream and
entering the lung space, it would reduce the numbers and may therefore be of
benefit to patients suffering from COPD.

1.9 Aims of the thesis

The aims of this thesis are to establish that calpain translocation and activation
plays a role in neutrophil shape change and that membrane is actively

recovered after neutrophil shape change.
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These aims will be achieved by demonstrating:

(1) The route of calcium influx during neutrophil shape change
(phagocytosis)

(i) The role of p-calpains ‘C2 like’ domain in calpain translocation

(i)  That calpain translocation occurs during neutrophil morphological
change (including spreading and phagocytosis): and that calpain
translocation and activation has a role in the control of neutrophil
morphology change

(iv) A potential route for the retrieval of excess plasma membrane after
neutrophil shape change

A key route to achieving these aims will be the establishment of an efficient

method for stably expressing foreign proteins in myeloid cell lines.
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CHAPTER 2

Materials and Methods
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2.1 Cell line maintenance

The HL60, PLB-985 and NB4 cell lines are myeloid cell lines isolated from
blood or bone marrow samples from patients with myeloid leukaemia (Collins et
al., 1977, Lanotte et al., 1991). They are immature myeloid cells that have
been immortalised so that they may be grown continuously in culture. HL60
and PLB-985 cells are slightly more mature than NB4 cells.

HL60, PLB-985 and NB4 cells were cultured in RPMI medium supplemented
with 10% heat inactivated Foetal Calf Serum (FCS), 5mM glutamine, 100ug/mi
streptomycin and 100ug/mil penicillin at 37°C in 5% CO,,

The MyPH8B6 cell line was immortalised from bone marrow cells isolated from
the femurs of Black6 mice by J.Mcdonald according to the method described by
Wang et al (Wang et al., 2006). They showed that enforced production of
HoxB8 blocks the differentiation of stem cell factor (SCF) or granulocyte-
macrophage colony stimulating factor (GM-CSF) dependent myeloid
progenitors. Myeloid progenitors isolated from mouse bone marrow were
therefore transfected with oestrogen dependent HoxB8 such that when the cells
are grown in the presence of oestrogen they express HoxB8 and are held in an
immortal state, but when the oestrogen is removed from the cell medium the
cells cease to express HoxB8 and are able to continue their maturation.

MyPH8B6 cells were cultured in OptiMem medium (Invitrogen) supplemented
with 10% heat inactivated FCS, 5mM glutamine, 100ug/ml streptomycin,
100ug/ml penicillin, 30uM B-mercaptoethanol, 1uM B-estradiol and 10ng/mi
stem cell factor at 37°C in §% CO,.

3T3 NIH cells are a mouse fibroblast cell line which is easily transfectable. 3T3
cells were cultured in DMEM medium supplemented with 10% heat inactivated
FCS, 5mM glutamine, 100ug/ml streptomycin and 100pg/ml penicillin at 37°C in
5% CO,,

RAW 264 cells are a mouse monocyte-macrophage cell line. They are
relatively easy to transfect and are capable of phagocytosing opsonised
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zymosan particles. RAW cells were cultured in DMEM medium supplemented
with 10% heat inactivated FCS, 5mM glutamine, 100ug/ml streptomycin and
100pg/mli penicillin at 37°C in 5% CO,,

For long term storage cells were frozen in either; 10% DMSO, 90% medium
supplemented with FCS (HL60, NB4 3T3 and RAW cells) or FCS with 10%
DMSO (MyPH8BS cells). 5x10° (1 confluent flask) cells were frozen per

cryovial.

A stock solution of 20% DMSO in medium was prepared. Cells were
centrifuged at 1600rpm for 4 minutes and re-suspended in 500ul medium and
added to a cryovial along with 500l stock medium+DMSO solution so that final
concentration of DMSO was 10% and cells were exposed to DMSO for as little
time as possible. Cryovials were then frozen down slowly (1°C per minute) in
the -80°C freezer overnight then moved to the liquid nitrogen for long term

storage.

To defrost, cells were thawed quickly in a water bath and transferred into 15mls
pre-warmed RPMI/DMEM to dilute the DMSO. Cells were allowed to recover
for approx 20 minutes in 37°/56% CO2 incubator, then centrifuged at 1600rpm
for 4 minutes and then re-suspended in 5mis warm RPMI/DMEM and put into

flasks.

2.2 Isolation of human neutrophils from peripheral blood.

2.2.1 White blood cell isolation from human blood.

Neutrophils were isolated from blood donated by healthy volunteers as
previously described (Davies et al., 1991). 2.5mls of 6% dextran (Mr 70,000)
was added to 10ml heparinised blood which was allowed to sediment for
approx 30 minutes. Once the blood had separated the middle ‘buffy coat’ layer
(figure 2.4.1.1) which contains the white blood cells was removed and

centrifuged at 2000rpm for 0.7 minutes.
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2.3 Purification of plasmid DNA

Plasmids pEYFP-C1-calpain 4 (calpain 4-YFP) (Gil-Parrado et al., 2003), pMX-
Mu-calpain-EGFP (calpain 1-GFP) (Lokuta et al., 2003), C2-gamma-YFP and
C2-beta-RFP (Adjobo-Hermans et al., 2008) were all kind gifts from other

laboratories.

Plasmids were transformed into Invitrogen oneshot® top10 Eshcericia coli
(E.coli) cells according to the manufacturers protocol. Briefly, plasmid is
transformed into chemically competent E.coli (OneShot® TOP10 cells) by
adding the plasmid to the cells and then incubating the cells on ice and then
heat shocking to permeabalise the cell membrane to allow the plasmid to enter.
Nutrient rich SOC medium is added to increase the efficiency of the
transformation. Bacteria were then spread onto Ampicillin selective LB agar
plates at different concentrations in order to grow one plate containing evenly

spaced colonies. Plates were incubated overnight at 37°C.

Plasmids were then purified using Machery-Nagel Nucleobond® Extra Maxi kit
(Abgene) according to the manufacturer’s protocol. Briefly, the bacterial cells
are lysed by adding SDS and NaOH which breaks the phospholipid bilayer by
denaturing the proteins involved in holding it together. Plasmid DNA is
separated from other nucleic acids and proteins through anion exchange. The
solution is applied to an anion exchange column made from anion exchange
resin which consists of hydrophilic, pourus silica beads with a methyl-amino-
ethanol (MAE) group. This functional group has an overall positive charge
which means that under acidic conditions the negatively charged phosphate
backbone of the DNA binds to the resin.

Large double stranded chromosomal DNA is denatured by the addition of an

acidic solution to neutralise the column. In its single stranded form
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chromosomal DNA will be washed from the column at a lower pH than the
double stranded plasmid DNA. Increasing concentrations of salt buffer are
added to the column to wash off any protein, RNA and chromosomal DNA. The
more interactions that molecule can make with the resin the higher salt
concentration is required to wash it off. Small nucleic acids and single stranded
DNA make fewer interactions than the double stranded plasmid DNA and so
are washed off at a lower pH. A high salt concentration elution buffer is then
applied to the column finally to wash off the plasmid DNA. The plasmid DNA is
then recovered from the supernatant by ethanol precipitation. This precipitate
can then be re-suspended in a buffer of ddH20. Plasmids were digested to
check plasmid integrity and cut plasmid was run on a 0.8% agarose gel at 100
volts for approx 45 minutes. Plasmids were quantified using a

spectrophotometer to analyse absorbance at 260nm

Where plasmid concentration was too low, plasmids were precipitated using
sodium acetate precipitation. 10% of the sample volume 3M sodium acetate
(pH 5.2) was added to the plasmid along with double the sample volume ice
cold 100% ethanol. Sample was vortexed and centrifuged for 15 minutes at
maximum speed at 4°C. Supernatant was removed carefully without disturbing
the pellet and replaced with 1ml ice cold 70% ethanol. Sample was centrifuged
for 10 minutes at maximum speed at 4°C. The supernatant was removed and
the pellet was air dried at 55°C for 5 minutes and re-suspended in 30ul PCR
quality H2O.

2.4 Plasmid Sequencing

All plasmids for which there were known primer sites before, after or within the
insert were sequenced. The resulting sequences were then entered into a
Basic Local Alignment Search Tool (BLAST) search to confirm that the

plasmids contained the correct insert (Appendix |V).
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2.5 Differentiation of cell lines into phagocytosis-competent

cells

2.5.1 Differentiation of the NB4 cell line

All trans-retinoic acid (ATRA) was purchased from Sigma-Aldrich® in powder
form which was diluted in DMSO to desired concentration in an argon
atmosphere under dimmed light to prevent decomposition. ATRA is a vitamin A
derivative that acts via the retinoic acid nuclear receptor to cause differentiation
in the NB4 cell line (Idres et al., 2001).

Sterile cover slips were placed in a 6 well plate and 2x10° NB4 cells in 2mls
RPMI with varying concentrations of All Trans Retinoic Acid (ATRA) (1, 0.75,
0.5, 0.25, 0.1 or 0.01uM) was placed in each well. Controls were cells treated
with DMSO or received no treatment. Cells were monitored daily.

To see if it was possible to achieve a high transfection frequency and a high
level of differentiation 2x10° NB4 cells were cultured in a flask in the presence
of 0.01uM ATRA for 3 days prior to transfection with pmaxGFP plasmid using
the Amaxa nucleofector device according to the manufacturer’s protocol. Cells
were recovered in RPMI supplemented with 0.01uM ATRA and were placed in
2mis RPMI supplemented with 0.01uM ATRA on cover slips in a 6 well plate
and allowed to differentiate for a further 2 days before checking if the

transfection had been successful.

2.5.2 Differentiation of the HL60 cell line

Treatment with DMSO causes the HL60 cell line to differentiate into neutrophil
like cells. The exact molecular mechanism that causes this differentiation is still

unknown.

Sterile cover slips were placed in a 6 well plate and 1x10° HL60 cells in 2mls
RPMI with varying concentrations of DMSO (1.3%, 1.7% and 1.9%) were
placed in each well. Control cells received no treatment. Cells were checked
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daily to determine the optimum length of time that they needed to be treated

with DMSO for maximum levels of differentiation.

For calpain translocation experiments 2x10® HL60 cells were cultured in a flask
in the presence of 1.3% DMSO for 5-7 days prior to transfection with the
pEYFP-C1+30cDNA (calpain 4) plasmid using nucleoporation according to the
manufacturer’s instructions. Cells were recovered in RPMI supplemented with
1.3% DMSO and were placed in 1ml RPMI supplemented with 1.3% DMSO on
cover slips in a 6 well plate and left overnight to adhere to the cover slips before

observing them on the CLSM.

2.5.3 Differentiation of the MyPH8BS6 cell line

7x10° cells were centrifuged at 350xg for 5 minutes and washed 3 times in
PBS. Cells were seeded at 7x10* cells/ml in 10ml OptiMem medium
(Invitrogen) supplemented with 10% heat inactivated FCS, 1% glutamine,
100pg/ml streptomycin, 100ug/ml penicillin, 30uM B-mercaptoethanol, SCF
(20ng/ml) and G-CSF (20ng/ml). Cells were maintained in this medium for 4
days until differentiation was complete. Additional medium was added daily to

renew the growth factors.

2.6 Cytosolic calcium measurement

2.6.1 Cytosolic calcium measurement using Fura Red Calcium indicator

Fura Red was loaded into the cells in an AM form using the same method
described in section 1.3.2 for Fura2 (figure 2.6.1.1). Fura red is a non
ratiometric calcium indicator which is excited at the same wavelength in both
the calcium free and calcium bound forms. Calcium free fura red is excited by
488nm light and emits light at 650nm. Calcium bound fura red is excited at
488nm light and emits light at 650nm but at a lower intensity. (figure 2.6.1.2)
Changes in cytosolic calcium concentration can be detected by the decrease in
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fluorescence intensity of the indicator. The calcium concentration in the cell at
any given time can be calculated from the fluorescence intensity if the indicator
using the following equation:

[Ca®")i = Kd x (Fmax + F) — 1 Where, Fmax is the maximum fluorescence
intensity of the indicator and F is the
fluorescence of the indicator at any given

point, relative to the minimum value of zero.
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