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Summary

All inflammatory events are mark by infiltration by leukocytes including neutrophils, which
cross the endothelium before following migratory cues to the site of infection, and phagocytosing
the infectious microorganisms. Before crossing the endothelial wall, the neutrophils spread on
the endothelium. It has been proposed that the necessary additional membrane for cell
spreading results from unfolding of wrinkled cell membrane held in place by molecule like
membrane linker protein (such as talin or ezrin). Both talin and ezrin are potential substrates for
cleavage by the Ca®* activated proteolytic enzyme, calpain-1. It is possible that this mechanism
underlies the membrane unwrinkling events but it is yet to be proved. The major aim of this
thesis was to look for evidence that proteolysis and redistribution of these proteins occurred
during neutrophil shape change.

This thesis provide confirmatory evidence that ezrin is cleaved during extravasation of
neutrophils and also provide evidence that the subcellular location of talin and ezrin protein can

serve as an biological marker to identify extravasted neutrophils.

The subcellular locations of talin and ezrin were identified using immunocytochemistry.
Both ezrin (87%) and talin (92%) were detected at the cell membrane of neutrophils. This pattern
was lost in polarized neutrophils, as well as after an elevation of cytosolic calcium level and also
after transmigration through endothelial monolayers in vitro. Under these conditions, the
detected ezrin and talin was mainly cytosolic. The same translocation was observed in
extravasated oral neutrophils and also neutrophils which had extravasted under pathological

conditions (gingivitis and osteoarthritis).

GFP-tagged ezrin was expressed in RAW cells, in order to investigate the mechanism
behind the relocation of ezrin. It was found to be triggered by an elevation of cytosolic calcium
and was irreversible. It was also triggered locally during phagocytosis at the site where the
membrane expanded.

Western blotting showed that ezrin (72-69 kDa intact) was cleaved under similar
conditions with fragments at 55kDa, 51kDa and 49kDa being generated by elavated calcium and

extravasation. This cleavage was sensitive to calcium and calpain inhibition.

It was concluded that ezrin is present in the plasma membrane wrinkles of resting

neutrophils, but that changes when the cytosolic calcium level changes, as occur during



extravsation and phagocytosis. Addition to this, any dynamic change in the surface area of the
plasma membrane (phagocytosis), cause a relocation of ezrin away from the plasma membrane.

Evidence was also provided that ezrin can be uses as a biological marker to identify
extravasated neutrophils.
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CHAPTER 1

Introduction



1.1 Inflammation

Inflammation is a localized, protective response to trauma or microbial invasion that
destroys, reduces o r Awal | s of f o t he i njurious agent
characterized in the acute form by the classic signs of dolor, calor, rubor, tumor and
function laesa. Microscopically, it involves a complex series of events, including dilation of
arterioles, capillaries and venules, with increased permeability and blood flow, exudation of
fluids including plasma protein and transendothelial migration of leukocytes into the
inflammatory focus. Diseases characterized by inflammation are an important cause of
morbidity and mortality in humans. Deficiencies of inflammation compromise the host,
whereas excessive inflammation caused by abnormal recognition of host tissue as foreign
or prolongation of the inflammatory process, may lead to inflammatory diseases as diverse
as atherosclerosis to post-infectious syndromes, like rheumatic diseases (Gallin 1999).
The accumulation and subsequent activation of leukocytes are central events in the

pathogenesis of most forms of inflammatory disease.

1.1.1 History of inflammation

Inflammation has had a long and colorful history, intimately linked to the history of
wounds, wars and infection (Gallin 1999; Ley et al. 2007). The word dAinflamm
from the latin word inflammare (to set on fire).The history of inflammation and research
stretches over 2000 years, with 200 years of research at cellular level and 20 years of
research at the molecular level (Ley et al. 2007). The insight that has been obtained not
only led to a better understanding of the inflammatory phenomena, but have also benefited
the diagnosis and treatment of patients with inflammatory disorders.
The descriptions of inflammation long before the cardinal signs of rubor, tumor, calor
and dolor were stamped by Celsus in the 1* Century. Figure 1.1.1 shows the cartoon
depiction of the cardinal signs of inflammation which were described by Celsus 2000 years

ago. In its genesis, inflammation was defined by a combination of clinical signs and
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symptoms not by specific pathophysiology. Two centuries after Celsus, Calen was
influential in promoting the humoral view of inflammation. In his model, inflammation (and
pus specifically) was part of the beneficial response to injury, rather than a superimposed
pathology. This humoral view of inflammation persisted into the 19" century when Virchow
added the fifth cardinal sign, function laesa (loss of function) in 1871. By the end of the
19" century, it was accepted that changing cell populations arising from both the blood
and local proliferation were a key feature of many models of inflammation.

Advances in microscopy and cell biology in the 19" century gave rise to cell based
definitions of inflammation, which revealed the complexity of events that underlies all
inflammatory reactions. A prominent German biologist, Neumann, defined inflammation
more |l ossely as a MfAser i giagasthe rdsdtofgprimary lesionstome na ¢
the tissues and that tend to restore their heal t ho. Ho we v e mflammaton k n o w
today is a more complicated cascade. Modern molecular biology superimposes additional
layers of complexity on this commonly accepted model. Firstly, a tissue much be
influenced by proinflammatory signaling molecules, even in the absence of inflammatory
cell invasion. Secondly, both inflammation and repair can be triggered and modulated by
primary events occurring outside the vasculature, such as vibration, hypoxia and
mechanical loading.

All the views developed in the last century by Claude Bernard, Cohnheim, Virchow
and Metchnikoff with the four signs of Celsu s dardinal signs for inflammation in the
background represents the pre-history of inflammation (Rocha e Silva 1994). Post-history
of inflammation is marked by Sir Henry Dale and his concept of auto-pharmacology, which
describe the inflammation phenomena that depends upon formation, synthesis or release
of endogenous active substances, called mediators of physio-pathological phenomena
(Rocha e Silva 1994). Subsequent advances in field of inflammation are the identification
of different classes of inflammatory mediators, the pathways that control their production

and their mechanisms of action.
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Althought there has been an explosion of knowledge about inflammation over the
second half of the 20™ Century, our clinical concepts about inflammation have remained
essentially unchanged. We now know that inflammation comes in many different forms
and modalities, that are governed by different mechanisms of induction, regulation and
resolution, still we have long way to go to completely understand the basic of inflammation
(Medzhitov 2010). There is no evidence that the pace of discoveries in inflammation
research will slow down as the inflammatory components of many chronic and acute
diseases are recognized and investigated. Table 1.1.1 enlists the key development in the
field of inflammation from 1% Century until 20™ Century; this table was adapted from Scott

2004.

e g e

SR

Figure 1.1.1. Five Greeks cartoon representing the cardinal signs of inflammation &
heat, redness, swelling, pain and loss of function that are as appropriate today as they
were first described by Celsus more than 2000 years ago. This figure was adopted from
Nature Reviews Immunology, 2002, 2; 787-795.
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Table 1.1.1. Key development in field of inflammation until 20

™ Century (Scott et al.

2004)
, Historical Modern
Author and year Quotation interpretation significance
Ruboor et tumor First documentation Emphasized

Celsus, 1% Century AD

cum calore et
dolore

of cardinal signs of
inflammation

importance of
clinical
observations
than philosophy
based medicine

Laudable pus

Infection and
inflammation are
beneficial to repair

Inflammation
was seen as an
expression of

g? Igz ntu of wounds humoral theory
ry well into the 19"
Century
The inflammatory Inflammation as a Recognized
reaction is a pathological cellular nature
consequence of proliferation of cells of inflammatory
Virchow, 1871 an excessive due to leakage of response

(fifth cardinal sign)

intake by
interstitial cells
that filtering
through the
vessel wall

nutrients from
vessels

Cohnheim,1873

Finally there lies

outside the vessel

a colourless
blood corpuscle
and reveled the
physiological
basis of the four
cardinal signs

Blood corpuscles
were seen as
pathological
mechanisms by
which infections
spread, secondary
to vascular injury

First description
of diapedesis

Arnold, 1875 Diapedesis
Weigert, 1889 Inflammatory Evidence of
exudates humoral theory

Ziegler, 1889

Involvement of

circulatory system

and tissue
environment in
inflammation

Jules bordet, 1896

Complements in
inflammation

Paul ehrlich, 1897

Humoral theory of

Major milestone in

. . history of
immunity . .
inflammation
Bernard shaw, 1906 _Cause of .
inflammation
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Metchnikoff, 1908

The prime moves
of the
inflammatory
reaction are a
digestive action
toward the
noxious agent
and discovery of
phagocytosis of
macrophage and

Inflammation as a
defensive cellular
response to
pathogens guided
by the vessels
rather than an
aspect of the
pathology itself

First to express
the view that
phagocytes
were protective
not pathological

neutrophils

Krogh, Lewis H- Colloid

Zotterman and

Mitchell ,1926
Inflammation as Inflammation is First recognition
the triple characterized by of neurogenic
response to the cascular events inflammation,

, injury. And role of mediated both by first

Lewis, 1927 Endogenous local chemicals and physiological
mediator in by axons characterization
inflammation of vascular
(Triple response). events

Menkin, 1938 Leukotaxin

Claude Bernard, Physiol_ogical

Ludwig, Dubois- _regulatlon_s of

Raymond, 1973 inflammation
Inflammation as Inflammation defined Biochemical
a multi-mediated by mediators definition of
phenomenon of a inflammation

Rocha e Silva, 1974

pattern type in
which all
mediators would
come and go at
the appropriate
moments
increasing
cascular
permeability
attracting
leucocytes
producing pain
local edema and
Necrosis

Robert Koch and
Louis Pasteur, 1979

Microbial agents
as major inducers
of the acute
inflammatory
response
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1.2 Principles of inflammation

Inflammation is a manifestation of the body's response to tissue damage and infection.
Humans and animals have various defensive mechanisms to protect them from different
pathogens including viruses, bacteria, fungi, and protozoan and metazoan, parasites; as
well as tumors and a number of various harmful agents, which are capable to alter the
homeostasis. The basic principle of inflammatory reaction is to bring the cells of the defense
and immune system to the site of infection or tissue injury, in order to remove the
pathological agent and to protect the host. The detailed processes of inflammation have
revealed that it is a complex stereotypical reaction involving a number of cellular and
molecular components and important changes in the physiological systems as well. The
result of each inflammatory reaction may be beneficial (defending the body against agents
that alters the homeostasis) or harmful (damage to surrounding tissues).

According to different criteria, inflammatory reaction can be divided into several

categories. The criteria include:

1. Time -- hyperacute (peracute), acute, subacute and chronic inflammation;

2. The main inflammatory manifestation - alteration, exudation, proliferation;

3. The degree of tissue damage - superficial, profound (bordered, not bordered);
4. Characteristic picture - nonspecific, specific;

5. Immunopathological mechanisms

allergic (reaginic) inflammation,
inflammation mediated by cytotoxic antibodies,

inflammation mediated by immune complexes,

O O O o

delayed-type hypersensitivity reactions.

Either exogenous factors like traumatic, ionizing irradiation, nutritional deficiency, biological
agents and caustic agents, endogenous factors like immunological reactions, genetic and

neurogenic, cause cell and tissue damage. Thus, specific immune response help in the
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healing processor or can leads to harmful outcomes like autoimmune diseases and

immunopathological reactions.

Inflammation is often considered in terms of acute inflammation that includes all the

events of the acute vascular and acute cellular response (see below); and chronic

inflammation that includes the events during the chronic cellular response and resolution or

scarring (see below). The earliest, gross event of an inflammatory response is temporary

vasoconstriction, i.e. narrowing of blood vessels caused by contraction of smooth muscle in

the vessel walls, which can be seen as blanching (whitening) of the skin. This is followed by

several phases that occur over minutes, hours and days later, outlined in the table 1.2.

Table 1.2. Vascular and cellular events associated with inflammatory reactions

1 Acute Few seconds to Vasodilation and increased capillary
vascular few minutes permeability due to alterations in the
response vascular endothelium, which leads to

increased blood flow (hyperaemia) that
causes redness (erythema) and the entry
of fluid into the tissues (oedema).

2 Acute cellular Few hours Appearance of granulocytes, particularly
response neutrophils, in the tissues. Pus formation.

3 Chronic Next few days Appearance of a mononuclear cell
cellular infiltrate composed of macrophages and
response lymphocytes.

4 Resolution Next few weeks Scarring or granulomatous tissue.

Introduction




I Tissue damage or necrosis I

: : Marked neutrophil response
I Acute inflammation I ) with tissue destruction

Abscess formation

Damageneutralized

Damage neutralized with tissue Persisting damaging agent
and tissue damage is destruction with tissue destruction
minimal

|

Organization through Organization with
phagocytosis and granulation continued inflammation
tissue formation

l Chronic

Healing by repair inflammation

Resolution

Figurel.2. Flow chart showingthe various outcome of inflammatory reaction to tissue injury.
This reaction can result from sustained tissue insult, failed resolution of the acut
inflammation or hypersensitivity immune response. Chronic inflammation often
demonstrates slow onset wit a persistent cyclical tissue destructio@nd repair.
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1.2.1 Phases of inflammatory reaction to injury and infection

Inflammation is the phylogentically and ontogenetically the body's oldest defense reaction
to protect the body against infectious agent, antigen challenge or even just physical,

chemical or traumatic damage, it is characteristic by three major events.

1. Vasodilation is a classic feature of acute inflammation and is clinically
characterized by redness and warmth at the site of injury. The purpose of the vasodilatory
response is to facilitate the local delivery of soluble mediators and inflammatory cells. This
is mediated primarily by nitric oxide (NO) and vasodilator prostaglandins. Both these
mediators causes smooth muscle relaxation which leads to vasodilation. Vasodilatation
initially involves arterioles followed by the opening of new microvascular beds. In cases of
severe systemic inflammation such as sepsis, induced by the actions of NO and pro-

inflammatory cytokines, such as TNF-U (Sherwood and Toliver-Kinsky 2004).

2. Increased capillary permeability : Beginning immediately after injury, several
different pathways can induce increased vascular permeability as listed below (Wilhelm

1973):

9 Formation of venule intercellular endothelial gaps is the most common mechanism
underlying increased vascular permeability; endothelial cells are induced to contract,
thereby opening intercellular gaps. Contraction is elicited by chemical mediators (e.g.
histamine), which occurs rapidly after injury and is reversible and transient (15 to 30
minutes); hence it is an immediateZransient response. It involves only small venules
(not capillaries or arterioles); these venules will also eventually be sites for leukocyte
emigration. The same response can be caused by cytokines, such as interleukinTi
(ILTL) and tumor necrosis factor (TNF-U), but will be delayed (4 to 6 hours) and

protracted (24 hours or more).
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1 Direct endothelial cell injury. Severe necrotizing injury (e.g. burns) causes endothelial
cell necrosis and detachment that affects venules, capillaries and arterioles; recruited
neutrophils may contribute to injury. The damage usually evokes immediate and sustained
endothelial cell leakage.

1 Delayed prolonged leakage begins after a delay of 2 to 12 hours and may last for
days; venules and capillaries are affected. The causes of this include mild/moderate
thermal injury, x-ray irradiation, or ultraviolet (UV) injury (e.g., sunburn). Direct endothelial
injury or secondary cytokine effects (endothelial contraction) may also be implicated.

1 Leukocyte fhediated endothelial injury results from leukocyte aggregation, adhesion,
and migration across the endothelium. Leukocytes release of reactive oxygen species and
proteolytic enzymes causes endothelial injury or detachment.

1 Increased transocytosis. Transendothelial channels form by interconnection of
vesicles from the vesiculovacuolar organelle. Certain factors (e.g. vascular endothelial
growth factor, VEGF) induce vascular leakage by increasing the numbers of these
channels.

1 Leakage from new blood vessels. During repair, endothelial proliferation and
capillary sprouting (angiogenesis) result in leaky vessels. Increased permeability persists

until the endothelium matures and intercellular junction form.

Inflammatory responses can be classified into three types, based on the onset of
inflammatory reaction and change in vascular permeability. The three types of

inflammatory response are listed below (table 1.2.1).
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Table 1.2.1. Types of inflammatory response

Type of Duration Type of Characteristic Example
inflammator y injury
response
Early Less than Non-intense Begins in one minute, Heating, cold injury,
response 1 minute injury reaches peak in 3 surgical incision
minutes and last only crushing and
5-10 minutes chemical injury.
Immediate 1to 10 Moderate Begins in the initial Thermal injury,
response minutes injury minutes after injury, ultraviolet injury.

reaches a peak in the
first hour and has a
duration not exceeding
10 hours.

Delayed Less than Moderate Follows after increased Moderate thermal
Llhour injury vascular permeability, injury, cold injury,
Two forms ultrasonic injury,
acute bacterial

infection.

2- 10 hours Severe injury Ultraviolet and
chemical injury, b and
x-radition, iota-toxin
and delayed
hypersensitivity

reaction.

3. Oedema and |eukocytes migrat ion. Fluid which accumulates during
inflammation is composed of exudate that is caused by alterations in post-capillary
venules pressure, which overcomes the osmotic pressure of plasma protein. There are two

phases of inflammatory oedema formation. The immediate temporary phase, with a peak
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between 8 and 10 minutes and duration about 30 min, develops because of a release of
fluid from venules mediated by histamine. This is followed by a immediate prolonged
phase, which has characteristics similar to the early phase, but with a longer duration of a

few days. The second delayed phase needs a few hours to develop.

In the fluid exudate, all components of plasma, including fibrinogen, kinins,
complement, immunoglobulins, etc; and inflammatory cells are present. Exudative infiltrate
is responsible for two of the cardinal signs of inflammation. The first is swelling (tumour),
and the second is pain (dolor), caused by the increased pressure in tissue. The pain can
also result from the acidic pH of exudate, the accumulation of potassium ions and the

presence of bradykinin, serotonin or other mediators.

The formation of oedema can also lead to stasis of blood flow, which in turn
causes the white blood cells to accumulate along the endothelium and begin to cross the
vessel wall. Cellular exudate is formed during the second and the third phases of
inflammation. In the earliest stages of inflammation, neutrophils are particularly prevalent,
but later monocytes and lymphocytes migrate towards the site of infection, the entire steps
involved in migrations of leukocytes is explained later. The cellular composition of
exudates, thus, differs depending on the phase of inflammation but can vary with the type
of inflamed tissue and factors triggering inflammatory process. Neutrophils are dominant
when a pyogenic bacterial infection or local depositions of immune complexes containing
IgG are the cause of inflammation. Mononuclear phagocytes represent the main infiltrating
cells in subacute and chronic phases of the majority of inflammatory reactions; and in the
case of infection with intracellularly parasitizing microorganisms. Eosinophils and
basophils are predominant when inflammation has been initiated by immediate allergic

reactions or by parasites.

Therefore, a number of different cell types are recruited into the area where damage

has occurred; and these are responsible for inactivation and removing of the invading
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infectious agents, for removing damaged tissues, for inducing the formation of new tissue;
and reconstructing the damaged cell matrix, including basement membranes and

connective tissues.

The cellular content in the exudates have specific role in order to resolve the
inflammatory situation. For instants, professional phagocytes (neutrophils, eosinophils,
monocytes and tissue macrophages) are essential for performing phagocytosis and
removing all the microbes and dead cells. Lymphocytes are involved in the specific
immune responses, endothelial cell play a major role in the regulation of leukocyte
emigration from the blood into inflamed tissue; and platelets with mast cells are involved in
the production of early phase mediators. The accumulation of leukocytes in inflamed
tissue results from adhesive interactions between leukocytes and endothelial cells within
the microcirculation. These adhesive interactions and the excessive filtration of fluid and
protein that accompanies an inflammatory response are largely confined to one region of
the microvasculature -- postcapillary venules. The contribution of different adhesion
molecules to leukocyte rolling, adherence, and emigration in venules will be discussed
later. This process is similar for granulocytes, monocytes and lymphocytes, only different

chemotactic factors and cytokines may be involved in its initiation and control.

The flowchart shown below, outlines the various cellular and vascular events and
different phases involved in any inflammatory events. This chart was adapted from text
book of Anatomy and Physiology by Benjamin Cummings 2001, 3" edition, published by

Pearson education.
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1.3 Neutrophils

Neutrophils play a central role in the inflammatory process, followed by
macrophages, eosinophils and mast cells. The neutrophils represent the first line of
defence against infecting microbes. It is the most numerous white blood cell, out-
numbering all the other white cells put together. It represents the most significant part of
the immune system, without which any species would be overwhelmed by infection and

unable to survive.

1.3.1 History of the study of neutrophils

Early microscopists visualized the white corpuscles of the blood along with the
numerous red blood corpuscles. However, it was not until Paul Ehrilich used coloured
stains and showed that these white corpuscles were of several types. The nuclear stains
showed that the white blood cells had either a clearly defined large single nucleus or
apparently smaller numerous nuclei. Ehrlich consequently named these latter cells as
polynuclear cells. However, further studies showed that the apparently separate nuclei
were, in fact, the large lobes of a single nucleus. The large nuclear lobes were linked by
fine interconnecting parts which were difficult to visualize, and gave rise to the original
error. In 1898, Ehrlich renaming these cells as cells with polymorphous nuclei. This
complex name was adapted by Metchnikoff to produce the more familiar name:
polymorphonuclear leukocyte (PMN). Consequently, this name remained in common use
today.The stains that Erhlich used also also showed that the PMNs were themselves not a
uniform population of cells. The granules within some PMNs stained with basic aniline
dyes (basophils); and some other PMNs had granules which stained with acidic dyes, such
as eosin (eosinophils). However, the major population of PMNs had granules which
stained with neutral stains, and were hence named as neutrophils. However, Metchnikoff
(father of neutrophil cell biology) actually called neutrophils, microphages to contast with

the larger macrophages.
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The role of neutrophils in inflammation was unclear to 19" Century scientists, when it

wast hought that neutrophils carried figer mso

site of inflammation. However, Waller demonstrated that neutrophils leave the blood
vessels by diapedesis, doubting the 19th Century concept. Metchnikoff proved that
neutrophils were actually the opponents of infection, describing the process of
phagocytosis; and proving that both phagocytosis and diapedesis were the mechanism

used by neutrophils to kill the infecting microbes.

Foll owing the acceptance of Met chni kof f 6s

became the mechanism by which neutrophils achieved the killing of bacteria after
phagocytosis. Eichwald in 1864 had demonstrated that pus contained products of
proteolysis. However, this was neglected as a killing mechanism because of presence of
anti-proteases. The exact mechanism for the killing remained undiscovered for 50 years. It
was not until 1933, that it was discovered that phagocytosis was accompanied by a
massive burst of oxygen consumption (Baldridge and Gerard 1933). Anger L, showed that
neutrophil peroxidase could destroy toxins in the presence of hydrogen peroxide. Selvaraj
further established a role of oxygen and Sbarra showed that in low oxygen neutrophils
could phagocyte but do not kill microorganisms. Segal and Jones later established the
molecular nature of the oxidase as containing a b-type cytochrome by its lack in patients

with Chronic granulomatous disorder(CGD) (Hallett MB, 2001)

Advances in signaling within neutrophils have occurred more recently, mainly in the
second half of the 20" Century. Karnovsky demonstrated that inorganic phosphate was
incorporated into phosphatidylinositol during neutrophil activation and made the first major
discovery of the signaling mechanism in neutrophils. The second discovery was that
cytosolic free Ca?* signaling which was involved. Woodin and Weinke were the first to

demonstrate a direct role for Ca** (Hallett MB, 2001). They showed that Streptolysin A
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activated neutrophils by increasing the permeability of the plasma membrane to Ca*.

Table 1.2.1 lists other advances.

Table 1.3.1: History of discovery of n eutrophils (adapted from Hallet MB 1989 )

Discovery Discoverers Date
Identification of the neutrophils Ehrlich 1886
Phagocyte theory Metchnikoff 1895
Opsins Wright & Douglas 1903
Respiratory burst Baldridge and Gerard 1933
Non-mitochondrial oxidase Becker et al, Sbarra & 1958,1959
activity Karnovsky

Involvement of phosphatides Karnovsky & Wallach 1960
Involvement of ca® ions Woodin & Weineke 1963

1.3.2 Haematopoiesis of neutrophils

Thetermdh aemat opoi esi s0 comes fr om a blood e Allt

cellular blood components are derived from haematopoietic stem cells. In a healthy adult
person, approximately 10 10* new blood cells are produced daily in order to maintain
steady state levels in the peripheral circulation (Stites 2001). Haematopoietic stem cells
(HSCs) reside in the medulla of the bone (bone marrow) and have the unique ability to
give rise to all of the different mature blood cell types. HSCs are self-renewing. When they
proliferate, at least some of their daughter cells remain as HSCs, so the pool of stem cells
does not get depleted. The other daughters of HSC differentiate into three lineages
(myeloid, erythroid and lymphoid progenitor cells). However, each can commit to any of
the alternative differentiation pathways that lead to the production of one or more specific
types of blood cells, but cannot self-renew. This is one of the vital processes in the body.
In developing embryos, blood formation occurs in aggregates of blood cells in the yolk sac.
As development progresses, blood formation occurs in the spleen, liver and lymph nodes.
When bone marrow develops, it eventually assumes the task of forming most of the blood

cells for the entire organism. In children, haematopoiesis occurs in the marrow of the long
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bones, such as the femur and tibia. In adults, it occurs mainly in the pelvis, cranium,
vertebrae, and sternum. In some cases, the liver, thymus, and spleen may resume their
haematopoietic function, if necessary. This is called extramedullary haematopoiesis. The
figures 1.3.2a and 1.3.2b show the changes in anatomical location of hematopoiesis
during human development. Two models have been proposed; a classic model and a
myeloid-based model. According to the classic model proposed by Weissman (Wheeler
1993) the hematopoietic stem cells give rise to myeloid-erythroid progenitor cells and
lymphoid progenitor cells. However this model is not accepted anymore. The myeloid-
based concept has become widely accepted, where the stem cells give rise to myelo-
eyrthroid progenitors and myelo-lymphoid progenitors. The figure 1.2.3c is the schematic
representation of both these models.

Differentiatied red and white blood cell production is regulated with great precision
in healthy humans; and the production of granulocytes is rapidly increased during
infection. The proliferation and self-renewal of these cells depend on stem cell factor
(SCF). Glycoprotein growth factors regulate the proliferation and maturation of the cells
that enter the blood from the marrow and cause cells in one or more committed cell lines
to proliferate and mature. Other factors that stimulate the production of committed stem
cells include CSF-granulocyte-macrophage (CSF-GM), CSF-granulocyte (CSF-G) and
CSF-macrophage (CSF-M). These stimulate CFU-GEMM (colony forming unit-
granulocyte, erythroid, monocyte, megakaryocyte) which no longer retain the capacity to
self replicate. These cells in turn differentiate into the CFU-GM (colony forming unit 1
granulocyte, macrophage), which in turn differentiate into CFU-G (colony forming uniti
granulocyte), which becomes progressively more committed with each division eventually
give rise to neutrophils. These cell lines along with the stem cells comprise the neutrophil

progenitor pool (NPP) (Kanwar and Cairo 1993; Wheeler 1993), as shown in figure 1.3.2d.

Neutrophil myelopoiesis is a closely regulated process that begins with the

differentiation of puripotent cells into primitive myeloid progenitors, which differentiate into
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specific myeloid precursors. Contact with adhesion molecules, hematopoietic growth factor
and cytokines promotes the progression of myeloblasts along specific pathways to mature
as either neutrophils, eosinophils, basopils or monocytes (Serhan 2010). The coordinated
expression of a number of myeloid transcription factor including PU.1, CCAAT enhancer
bindin g protein U a @ ne¥essaaynfdr th& Fegulation of neutrophil
development. Among the extracellular factors that direct pluripotent stem cells to
differentiate into neutrophils, CSF-G plays an essential role. CSF-G had been shown to
induce myeloid differentiation, stimulate proliferation of granulocytic precursors and
provoke neutrophil release from the bone marrow (Serhan 2010). The biological effects of
G-CSF are mediate via its receptor CD114, a member of haematopoietic cytokine receptor
family. Other haematopoietic cytokines contributing to neutrophil development in vivo
include CSF-GM, IL-6 and IL-3. Figure 1.3.2.f is a schematic representation of
granulocytopoieisis and the possible factors responsible for regulation of synthesis of
neutrophils and other granulocytes. Although incompletely understood, the mechanisms
controlling neutrophil homeostasis involve both neutrophil production and clearance
(Serhan 2010). Recent observations implicate the SDF-1/CXCR4 signaling system in the
process of neutrophil clearance. SDF-1 is a chemokine that is secreted from bone marrow
and attracts neutrophils by engaging the CXCR4 receptor. Senescent neutrophils
upregulate CXCR4 and obtains the ability to migrate towards SDF-1 and homing to the
bone marrow, result in clearance of aging cells from the blood. In the bone marrow, as well
as in the spleen and liver, damaged and aging neutrophils are cleared by tissue
macrophages. Reduction of neutrophil populations is also effected through the induction of

apoptosis.

A feedback loop down regulating neutrophil production has recently been identified.
Following phagocytosis of apoptotic neutrophils by tissue macrophages, the latter shut
down their secretion of IL-23. In consequence, IL-17 production by TH17 cells is reduced.

Lack of IL-17 then results in decrease levels of CSF-G and consequently, reduced
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neutrophil development and release (Serhan 2010). In the setting of increased neutrophil
populations, this system is poised to maintain neutrophil populations within a constant
range (Serhan 2010).. Table 1.2.3 and figure 1.2.3d, shows the various cytokines and

regulating factors responsible to produce different granulocytes.
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Figure 1.3.2 a. Various hematopoiesis sites in human. Yolk
sac is the most predominant hematopoiesis tissue in fetus,
while bone marrow is the common site for hematopoiesis
during postnatal stage. Various bone marrows of long bones
remain the predominant site for the production of various blood
cells are the common sites in grown adult. This picture is

Figure 1.3.2b. Hematopoiesis in humans.Schematic
diagram showing the predominant hematopoiesis
tissues involved in production of different blood cells
during various development stage in human life. This
picture is adapted from Wikipedia.

Figure 1.3.2c. Models of lineage commitment during hematopoiesis.

A. Classic model. Hematopoietic stem cells diverge into common myelo-erythroid
progenitors and common lymphoid progenitors. B. Myeloid-based model. The first
branch point generates common myelo-erythroid and common myelo-lymphoid
progenitors, and the myeloid potential persists in the T and B cell branches even
after these lineages have diverged. This model postulates that specification towards
erythroid, T and B cell lineages proceeds on the basis of a prototypical myeloid
program. This picuture was adapted from RIKEN Press Release (2008).
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Figure 1.3.2d. Cytokines involved in hematopoiesis.Diagram including
some of the important cytokines that determine which type of blood
cell will be created. This picture was adapted from Wikepedia.
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Figure 1.3.2.f. Granulocytopoiesis in the bone marrow. Stem cells present in the niches provided
by ost eobl asts and endothelial cell s. The -b
expression determines the differentiation of cells into the granulocytic or the monocytic pathways.
The different subsets of granules (azurophil (red), specific granules (green), and gelatinase
granules (yellow) and secretory vesicles (empty) are formed sequentially during maturation from
promyelocytes, determined by the expression of transcription factors indicated on the top of the
figure. Retention and release of cells is determined by the balance between CXCR4 (favoring
retention) and CXCR2 (favoring release) and their ligands SDF-1 , and KC &
respectively. G-CSF stimulates neutrophil release directly by effects on the neutrophil and
indirectly by reducing the SDF-1 ex pr essi on and enhancing t}
endothelial cells. This picture was taken from Journal of Immunity, 2010, 33(5): 657-70

1.3.3 Life cycle of neutrophils

The neutrophils life cycle can be categorized into three phases, the bone marrow
phase, followed by a circulating phase and ending with a tissue phase. Within the bone
marrow phase, neutrophils originate from self-renewing myeloid stem cells which give rise to
myeloblast which inturn differentiate into prometamyeloblast (azurophils granule formation),
myelocytes (specific granule formation), metamyelocytes, at which stage the cell division
terminates while the development of granules continues. Terminally differentiated neutrophils
are released from the bone marrow (figure 1.3.3a; figure 1.3.3b and table 1.3.3a). The entire
bone marrow phase for neutrophils last for approximately 14 days. About 60% of all nucleated
cells in the bone marrow belong to the myeloid series. The bone marrow comprises a reserve

pool of mature neutrophils that contains roughly 20 times the number of neutrophils in the
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circulation. During infections, the cells are released sooner (up to 10*2 per day instead of 10
per day in normal condition (Kuijpers 2001). The neutrophils released from the bone marrow
enter the next phase, the circulating phase. In the circulation, neutrophils have a half-life of 6-
9 hours. Neutrophils comprise more than 50% of circulating leukocytes and more than 90% of
circulating phagocytes. Within the circulation, PMNs exist in two pools in a dynamic
equilibrium: a circulating pool and a marginated pool, the latter believed to be sequestered
within the microvasculature of many organs. They move reversibly from circulating pools and
margination pool (capillaries of certain tissues like lungs). The main function of marginated
neutrophils is to be mobilized rapidly in response to infection or other stress (Hallett,
MB,2001). During steady-state granulopoiesis, roughly 10 ** neutrophils are released into the
blood stream daily. Tissue phase is the last phase in the life cycle of neutrophils, were these
cells leave the blood stream and entre the inflammatory area with help of chemotatic
gradients (figure 1.3.3a). The main purpose of this phase is to kill tissue bacteria and fungi.
Once they destroy the microorganism, they undergo apoptosis and are cleared by tissue
macrophages. In normal body conditions, the neutrophils extravaste in the lungs, the oral

cavity and into the gastointestinal tract and are cleared in this way (Hallett, MB, 2001)

In the resting uninfected host, the production and elimination of neutrophils are
balanced, resulting in constant number of peripheral blood neutrophils. Neutrophil turn over is
under strict control, as demonstrated by the spontaneous apoptosis that neutrophils undergo
before their removal by macrophage in the lung, spleen and liver (Hallett, MB, 2001). During
pathogical conditions the number of circulating neutrophils dramatically increases even up to
10-fold because of either an accelerated release of neutrophils from the bone marrow
combined with a stimulated maturation of immature neutrophils by CSF, or a demargination

from lungs or the spleen. Under these conditions, the generation of specific chemotactic
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agents triggers the migration of neutrophils to the site of infection, where their phagocytic

activities and defensive functions are exerted (Hallett, MB, 2001).

The last three cell stages (the metamyelocytes, band cells and neutrophils. myeloblast)
constitute the neutrophil storage pool (NSP). Once the neutrophils are produced they lose the
ability to divide and their synthetic machinery becomes almost totally inactivated. The
development and formation of neutrophil granules occurs in a sequential process during
myeloid cell differentiation (figure 1.3.3a.). Granule formation begins in the early promyelocyte
stage, a period during which the majority of nascent granules are rich in myeloperoxidase, an
enzyme that catalyzes that formation of hypochlorous acid. These primary granules are also
referred to as azurophilic, owing to their affinity for the basic dye azure A. They are functionally
similar, although not identical, to lysosomes of other cells. Azurophilic granules maturation is
largely complete at the myelocyte stage of neutrophil development, at which point, peroxidase
negative granules begin to form. Based on their time of appearance and content, the latter are
subdivided into secondary and tertiary granules. Specific granules developed in myelocytes
and metamyelocytes are rich in lactoferrin, whereas gelatinase granules form in band stage
and lack lactoferrin. A fourth category of granules, secretory vesicles, are smaller than the
others and appear during the late stage band nuclear neutrophil segmentation. The content of

granules is listed in the table 1.3.3b.

Introduction 26



PROMYELOCYTE

MYELOBLAST % R
ﬁ O
SEGMENTED f‘
c — J METAMYELOCYTE

MYELOCYTE

BAND CELL

Figure 1.3.3a.: Shows the different cell stages during maturation of the neutrophil. The overall
maturation scheme of the neutrophilic line consists of nuclear shrinkage and segmentation with
concurrent condensation of the chromatin. This process begins with the formation of a functionally
immature myeloblast and culminates with the development of a phagocytic-segmented neutrophil. This

maturation takes about 15 days and occurs in the bone marrow. Adapted from
www.googleimages.com.
Table 1.3.3a. Stages in n eutrophil development and morphological characters (this table

was taken from Text Book of Physiology by Guyton 12™ Edition)

Stage of neutrophils Morphological characteristics
development
MYELOBLAST Prominent round nuclei, relatively undifferentiated cytoplasm, high
nuclear cytoplasmaic ratio, peroxidase found in RER, golgi, matured
azurophil granules. (Blue-red in Wright's, 3-5 mitotic divisions).
PROMYELOCYTE Production and accumulation of many peroxidase positive sheroidal
ellipsoidal azurophil granules (~05um) with cystalline centers,
peroxidase also in RER and Golgi,peroxisomes appear (catalase).
Production and accumulation of peroxidase negative specific
granules (0.2 um spheres, 0.1 x1um rods) other variable shapes, cell
MYELOCYTE divisions now dilute azurophil granules so that specific granule are 2X
more abundant.
META MYELOCYTE Non- dividing, non 7 secretory.
BAND, Nuclear morphology changes, mitochondria are lost, surface receptors
SEGMENTED for activation become expressed 33% azurophil, 67% specific
granules.
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Cell Stage Surface Markers

Characteristics

MYELOBLAST CD33, CD13,

CcD15

PROMYELOCYTE CD33, CD13,

cD1s

MYELOCYTE CD33, CD13,
CD15, CD14,

CD11b

METAMYELOCYTE (D33, CD13,
CD15, CD14,
CD11b

BAND FORM CcD33, CD13,
CD15, CD14,

CD11b COM0,
CcD16

CD33, CD13,
CD15, CD14,
CD11b CD1O,
cD16

NEUTROPHIL

Frominent
nucleoli

Large cell
Primary granules
appear

Secondary
granules appear

Kidney bean—
shaped nucleus

Condensed, band—
shaped nucleus

Condensed,
multilobed
nucleus

4CD= Cluster Determinant; @ MNucleolus; @ Primary granule;

» Secondary granule.

Table 1.3.3b. Content of neutrophil

granules (adapted from Borregaard et al,

Figure 1.3.3b: Stages of
neutrophil maturation.
Schematic diagram of different
stages in maturation of
neutrophils and its morphologic
characters. This picture was
taken from Harrison6 s P i
of Internal Medicine, 17"
edition by Fauci AB et al, 2001.

1996)

Granules Membrane content Matix content
Azurophil CD63, CDe68. Acid b glyceragighosp
granules mucopolysaccharide, U 1 antitrypsin,
Umannosi dase, azuro
heparin binding protein, bactericidal
permeability, i ncre
glycerophosph a t a glacurénidase,
cathepsins, defensins, elastase,
lysozyme, myeloperoxidase, N-acetyl-
b- glucosaminidase, proteinase-3,
sialidase.
Specific CD15 antigens,CD66, CD67, b 2microglobulin, collagenase,
granules cytochrome-b558, FMLP-R, gelatinase,histaminases, heparanase,
fibronectin-R, G-p r o t esubunit,U| lactoferrin, lysozyme, plasminogen
Laminin-R, Mac-1 (CD11b/CD18), activator, sialidase, vitamin B12-binding
NB1 antigen, 19kD-protein, protein.
155kD-protein, Rapl, Rap2,
thrombospondin-R, TNF-receptor,
vitronectin-R.
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Gelatinase Cytochrome b558, diacylglycerol, Actytranferase, b 2microglobulin,
granules deacylating enzyme, FMLP-R, gelatinase, lysozyme.
mac-1(CD11b/CD18).

Secretory Alkaline phosphatase, CR1 Plasma protein, including tetranectin.
vesicles (CD45), cytochrome b 558, FMLP-
R, mac-1(CD11b/CD18),
uroplasminogen activator-R,
CD10, CD13, CC45,

F cRII(CD16), C1g-receptor,
DAF.

1.3.4 Morphology of neutrophils

Neutrophils are small, having a spherical diameter of approximately 10 micrometers
(Wintrobe,1981). The cytosol is largely filled with 5 nuclear lobes connect by fine threads.
They have hetergenous cytoplasmic granules that are storage pools for mostly cell-specific
intracellular enzymes, cationic protein, receptors and discrete proteins. They have a water
volume of approximately 346fl (Hempling 1973). The density of a typical neutrophils is 1.08-
1.09 (Pertoft et al. 1960), making them denser than most other cells of myeloid lineage. This
high density is due largely to the granules, which make up 15-16% of the cell by volume
(Schmid-Schonbein et al. 1980) which are themselfs very dense (Bretz and Baggionlini,
1974). As previously described, the nucleus is the chief distinguishing feature of the
neutrophils, occupying more than 20% of the cell volume (Schmid-Schonbein et al 1980).
The nucleus is multi-lobed, with the number of lobes increasing from 2-5 as the neutrophils
age (Kline. 1975, Mcdonald et al. 1978). The neutrophil cytoplasm is packed with three
different types of granules (Boxer and Smolen 1988), each containing substances specific to

particular functions performed by the cells (table 1.3.4).
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By electron microscopy, approximately one third of the cytosol appears to be occupied
by these organelles. However, in the living spherical neutrophils, this appears to be an
underestimated, with the major part of neutrophil cytoplasm being occupied by nuclear lobes.
In contrast, the nucleus plus perisomes, lysosomes and endosomes in live cells occupies only
9% of the cell volume. Another striking feature is that neutrophils contain virtually no
mitochondria, and few ER and a golgi-like region which makes up less than 1% of the total
volume of the average cell (Hallett 1989). These unique features distinguish the neutrophils
from other white blood cells, and their isolation and identification depends on the density and

morphology conferred by them.

Table 1.3.4 Morphology of n eutrophils

Parameter Value Species
Diameter 10-15&em Human
Volume 346fl Human

Organelle volume

Cytoplasm 63% Human
Nucleus 21% Human
Granules 15.4% Human
Mitochondria 0.6% Human
Water volume 2741 Human

1.3.5 Receptors of neutrophils

Neutrophils also have a specific set of surface markers, including receptors for
substance produced in the natural immune response, e.g Fco, C5a and C3bi. Another marker
abundant on neutrophils surfaces is CD59. Since their interactions with the external milieu are
crucial for innate responses, neutrophils have developed a recognition apparatus that is able to

specifically bind a wide range of extracellular ligands (Hallett 1989). There are between 0.5-1
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million of these receptors per neutrophils. There are also receptors for a range of inflammatory
mediato r s, such as T Nudlbther cytokines ande hadterrial ®rmylated peptides
(the most commonly used analogue is a FMLP) and lipopolysaccharide (LPS, endotoxin).
Following ligation of one or more types of surface receptors, neutrophils generate a number of
activation steps, via the generation of a cascade of intr acel | ul ar @ s e c(blallait
1989). These steps are biochemical events, which mediate the transmission of biological
information between membrane receptors and various intracellular components, involved in
specific effector functions. Consequently, neutrophil receptors are able to regulate a wide range
of functions, including adhesion, migration, phagocytosis, survival, cell activation, gene

expression induction, proinflammatory mediator release; and target cell killing (Hallett 1989).

The transduction machinery is mainly, but not exclusively, located in the plasma
membrane; and is composed of a series of enzymes (i.e. kinases, phosphatases, adenylate
cyclase, phospholipases and other enzymes involved in lipid metabolism) or regulatory proteins
(G-protein subunits, channel proteins, anchoring and adaptor proteins) (Hallett 1989). This in
turn, is regulated by several other second messengers (calcium ions, inositol phosphates,
diacyglycerol, phosphatidate, CAMP, and so forth). A non- exhaustive list of heutrophil receptors

includes

1 Receptors for proinflammatory mediators (i.e. the anaphylotoxin complement
component Cha, leukotriene B4 [LTB4], platelet-activating factor [PAF], substance P,
and bacterial formylated peptides typified by FMLP);

1 Receptors for cytokines such as interferon-o (IFN9), IL-1, IL-4, IL-6, IL-10, IL-13, IL-
15, IL-18, TNFU, G-CSF, GM-CSF and many others;

1 Receptors for chemokines, including those for IL-8/CXCL8 and GROUCXCL1, called

CXCR1 and CXCR?2;
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1 Receptors/adhesion molecules for the endothelium (see later);
1 Receptors for tissue matrix proteins and lectins; opsonin receptors, those for the Fc
portion of o-immunoglobulins (FcoRs); and for the major cleavage fragments of the

complement system (CRs).

Neutrophils constitutively express the low-affinity FcoRs (FcoRIIA/CD32A and
FcoRIIIA/CD16A), and when exposed to IFN2 or G-CSF, the high-affinity FcoR (FCoRI/CD64)
as well. CR expressed by neutrophils are CR1 (also known as CD35), which binds to
complement components C1qg, C4b, C3b, and mannan-binding lectin (MBL); CR3 (U Mb 2
integrin, CD11b/CD18, or MAC-1), which binds to iC3b, ICAM-1 and some microbes; CR4 (U
Xb 2 integrin, CD11c/CD18), which binds to iC3b (Hallett 1989). By expressing these latter
receptors, neutrophils are able to recognize and bind, in a cooperative manner, IgG-opsonized
particles and/or complement-opsonized microbes; and then activate their phagocytosis.
Neutrophils also express a variety of pattern recognition receptors (PRRs). The latter represent
an emerging class of sensors that function by recognizing the so-called pathogen-associated
molecular patterns (PAMPSs) (Hallett 1989). Neutrophils express all TLRs (with the exception of
TLR3), whose activation has been shown to influence many functional responses. For
instance, engagement of TLR can (a) modulate neutrophil expression of adhesion molecules;
(b) regulate neutrophils recruitment directly through effects on chemokine receptor expression
and indirectly through effects on CXCL8 generation by neutrophils themselves; ( ¢ )r i fime 0
neutrophils for enhanced ROS production; and (d) prolong neutrophil survival both directly and

indirectly (via monocyte) (Hallett 1989).
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Table 1.3.5. Receptors of neutrophils

Receptor Cell response | Signal generated Activation Ligand type
mechanism
7TMR Chemotaxis Calcium, tyrosine Occupancy IL-8
PAF Degranulation Cbha
G protein SP | Oxidase Phosphorylation FMLP
coupled R activation
CcAMP, actin
polymerization
Selectin- Rolling Aggregatoin
carbohydrate
residue
Integrin R Adherence, Ca®*, tyrosine Aggregation | C3bi
phagocytois
ICAM-1 Oxidase Phosphorylation,
activation, actin polymerization,
shape change
FcR immune | Adherence, Ca®", monomeric Aggregation | IgG
complex tyrosine
shape change
GCP-linked Calcium, tyrosine Aggregation | CD16
CD59 phosphorylation
TNFU R | Priming Tyrosine Occupancy |TNFU
phosphorylation and
aggregation
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Figure 1.3.5. Schematic representation of various signals inside neutrophils. This picture was
taken from Journal of Laboratory Investigation, 2000, 80(1): 198-201.

1.4 Kinetics of neutrophils

Inflammation is defined as a condition or state that tissues enter as a response to injury

or insult (Seely et al. 2003). The neutrophils are the most important and the one of the most
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extensively studied cell involved in the inflammatory response. As the principal circulating
phagocytes, the neutrophils is the first and most abundant leukocyte to be delivered to a site of
infection or inflammation; and is an integral component of the innate immune system (Seely et
al. 2003). The kinetics of neutrophils from the circulation to the inflamed area is highly
regulated which involves extensive interaction of adhesion molecules and receptors between
the endothelial lining and the neutrophils. The migratory properties of white blood cells are
indispensable to drive immune responses throughout the body. To ensure migration to the
proper locations, the trafficking of leukocytes is tightly regulated. The migration and
extravasation of leukocytes across the endothelium that lines the vessel wall occurs in several
distinct steps, referred to as the multi-step paradigm, originally introduced by (Butcher 1991)
and extended by Springer (1994b). The first step comprises the rolling of the leukocytes over
the endothelial cells, mediated by transient weak interactions between adhesion molecules.
Subsequently, loosely attached leukocytes are in such close proximity of the endothelium that
they can be activated by cytokines, presented on the apical surface of the endothelium.
Consequently, the activated leukocytes will spread and firmly adhere to the endothelium and
finally migrate through the intercellular clefts between the endothelial cells to the underlying
tissue. The recruitment of leukocytes from the blood is one of the most dramatic cellular
responses to inflammation; and is central to the physiologic trafficking of leucocytes. The steps
which neutrophils undergo in order to reach the inflammatory tissue are explained in detail in
this section. Figure 1.4 shows the various steps involved during extravasation of neutrophils

and the associated adhesion molecules and receptors.

1.4.1 Margination and adhesion (Step 1)

Neutrophils are partitioned in the blood between a circulating pool, present in large blood

vessels, in the axial stream of small vessles and a marginating pool. In the absence of
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inflammation, the marginating or physiological regional granulocyte pool (Peters 1998)
comprises granulocytes transiently arrested in narrow, mainly pulmonary, capillaries.
Neutrophils transmigration from the intravascular to the extravascular milieu predominantly
occurs in the post capillary venule within the systemic circulation and in the capillary in the

pulmonary circulation, tooth gingival junction in oral cavity. (Downey 1993).
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Figure 1.4a. Stages and molecules involved in extavasation of neutrophils. The molecules involved during
this process are E and P selectin expressed on endothelium and the mucin family on neutrophils. The
neutrophils roll over the endothelium. Signals induced by chemoattractant makes the neutrophils to attach
firmly over the endothelium. Activation of integrins neutrophil movement is arrested and they finally attach
firmly over the endothelial lining and finally enables the neutrophils to cross the endothelial barrier. This
picture was taken from Robins Textbook of Pathology 12" Edition, 2001.
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Figure 1.4b. Stages during extravastaion of neutrophils. Under inflammatory condition, endothelial
cells express E and P selectin, as well as ligands on surface of neutrophils are L-selectin. The
relatively weak interaction between selectins and their ligands results in a rolling motion of the
neutrophils over the endothelium, slowing the cell down. The rolling neutrophils are activated by
binding of its chemokine receptors to chemokines presented on the endothelial surface. Next,
integrins are activated causing firm adhesion, which is followed by transmigration of the neutrophils
throught the endothelial barrier. This picture wastaken f r om Robbi nés Te gf
Edition, 2001.




The first step is margination or movement of the neutrophils from the central stream to
the periphery of a vessel, in post-capillary venules. When the vessel diameter is 50% larger
than the diameter of the leukocyte, erythrocytes move faster than the larger leukocytes,
especially in the centre of the vessel, pushing neutrophils to the vessel periphery (Schmid-
Schonbein et al. 1980). This margination allows for a molecular interaction between the cell
surface of the neutrophils and endothelial cells to occur, resulting in neutrophils rolling onto the
vessel wall. This initial event appears on the endothelium adjacent to the inflamed site, new
adhesion molecules are expressed by the endothelium under the presence of inflammatory
mediators released by damaged or infected tissues, which result in the local extravasation of
leukocytes. In post-capillary venules or in pulmonary capillaries, the slow flow rate, futher
reduced by vessel dilation at sites of inflammation, allows a loose and somewhat transient
adhesion, referred to as tethering. During this tethering step, neutrophils respond to ligands,
mainly chemokines, dispatched on the endothelium surface (Springer 1994a). This weak
adhesive interaction between the neutrophils and endothelial cells allows the neutrophils to
interact with the endothelium, which in turn results in the extravasation of neutrophils (Premack

and Schall 1996).

1.4.2 Adhesion to endothelium (Step 2)

The next step in movement o f, whicle imvblves pothi | s
physical and molecular forces. The ability to roll and adhere to endothelial cells is inversely
proportional to the vessel shear rate and directly proportional to luminal red blood cell velocity
(Blixt 1985; Firrell and Lipowsky 1989; Perry and Granger 1991). Once in proximity to the
endothelial cell, a low-affinity adherence occurs and in conjugation with the shear stress of

passing erythrocytes, the neutrophils begins to roll along the endothelial lining of the vessels.
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The low affinity-rolling step is mediated by selectins and their ligands (table1.4.2). Selectins
are a family of glycoprotein surface adhesion molecules and include L-selectin (expressed
exclusively on leukocytes), E-selectin (expressed exclusively on endothelial cells) and P-
selectin (expressed on platelets and endothelial cells). The ligands for neutrophil L-selectin
are multiple sialylated carbohydrate determinates, which are linked to mucin-like molecules

(Rosen 1993; Springer 1994c).

These selectin ligands on endothelial cells are inducible with a variety of inflammatory
cytokines and lipopolysaccharide (Spertini et al. 1991). In addition to L-selectin-mediated
rolling, endothelial cell expression of E-selectin is necessary for normal leukocyte recruitment
and rolling (Mulligan et al. 1991; Kanwar et al. 1997). E-selectin appears on endothelial cells
one to two hours after cell stimulation by IL-1, TNFU o r |l i popo(lawermedndr i des
Springer 1993; Patel et al. 1995). E-selectin counter receptors include PSGL-1 and ESL-1 (E-
selectin-ligand 1), a molecule highly homologous to the cystein-rich FGF receptor (CFR) and
located on neutrophil microvilli (Sheerin et al. 1997), a location organized by the ERM proteins
ezrin, radixin and moesin that connect to the actin cytoskeleton (Bruehl etal, 1997;

Steegmaier et al, 1997; Buscher et al, 2010).

Defects in neutrophil selectin ligand expression due to a metabolic defect in a synthetic
pathway common to all selectin ligands, leads to faulty neutrophil trafficking (LAD2). P-
selectin, readily mobilized in a few minutes to the endothelial cell surface following stimulation
by thrombin, histamine or oxygen radicals, interacts primarily with a mucin-like ligand, PSFL-1
(P-selectin glycoprotein ligand-1), located at the tip of leucocyte microvilli (Moore et al. 1995;

McEver and Cummings 1997).

The kinetic of neutrophils recruitment in selectin-deficient mice suggests that P- and L-

selectin contribute sequentially to leukocyte rolling and shows that L-selectin is involved in
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prolonged neutrophil sequestration in inflamed microvasculature (Doyle et al. 1997; Ley et al.
1995; Steeber et al. 1998). Binding of PSGL-1 to P-selectin and E-selectin establishes the
initial contact between neutrophils and activated endothelial cells. E-selectin and ESL-1
mediate the slower rolling, while E-selectin binding to CD44 mediates a redistribution of
PSGL-1 and L-selectin to form clusters (Hidalgo et al. 2007) concomitant with further

reduction in the speed of rolling.

The selectin-mediated bonds form and detach sequentially, but with sufficient strength
to mediate attachment only during the shear stress that is created by the laminar flow of
blood in vessels (Ley et al. 2007; Papayannopoulos et al. 2010). Unlike P- and E- selectins,
L-selectin is constitutively present on leukocytes. Its binding capacity is, however, rapidly and
transiently increased after leukocyte activation (Li et al. 1998). So far, only one inducible L-
selectin counter-receptor, specifically expressed on inflamed endothelium has been

described, which bears the cutaneous lymphocyte antigen (CLA) (Tu et al. 1999).

In addition to its binding to endothelial ligands, leukocyte PSGL-1 is a counter
receptor for leukocyte L-selectin and there is evidence that neutrophils roll, via L-selectin, on
previously adherent neutrophils (Bargatze et al. 1994; Alon et al. 1996). This secondary
tethering would synergistically enhance leukocyte accumulation on inflamed endothelium.
However, other investigators have demonstrated that antibodies to P-selectin will attenuate
rolling, but not impact on adherence (Bienvenu and Granger 1993). Blocking L-selectin in
animal models reduced neutrophils mediated tissue injury, which was belived to be
dependent upon neutrophils adherence (Mulligan et al. 1994). In addition, soluble L-selectin
shed f r om neutrophil s m-atimulatadt heeitrophiést @lheréhdé F dhd

subsequent vascular permeability (erri 2002).
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These studies suggest that selectins not only mediate rolling, but also impact upon
ensuring leukocyte adherence (Witko-Sarsat et al. 2000). Selectins bind sialyl Lewis X
carbohydrate structures expressed on their ligands (Somers et al. 2000). The signaling
induced by binding of ligands to PSGL-1 and CD44 involves activation of Src family kinases
Hck, Fgr and Lyn (Yago et al. 2010), which phosphorylate and activate ITAMs
(immunoreceptor tyrosine-based activation motifs) on two adaptor proteins, DAP12 (NDAX
activation proteindoé¢hdi2n kdfa) i Remadeptdrg) Zerbodgkliei n

al. 2008).

These recruit Syk (spleen tyrosine kinase) that becomes activated by
phosphorylation. Activated Syk in turn activates Bruton tyrosine kinase (Yago et al. 2010;
Mueller et al. 2010), which mediates the further activation of PLC-o0 ( phosphol i pase
PI3K (phosphoinositide 3-kinase) and p38 mitogen-activated protein kinase, resulting in
integrin activation and cytoskeletal rearrangements in the neutrophil (Ley et al. 2007;
Barreiro and Sanchez-Madrid 2009; Woodfin et al. 2010). Table 1.4.2 lists the adhesion
molecules and receptors involved in the extravasation of neutrophils. Figure 1.4.2 is a
schematic representation of the interaction of selectins during the extravasation of

neutrophils.

Table 1.4.2. Neutrophil and endothelial cell adhesion receptors

Receptors Cell Ligand Cell type Purpose
L-selectin Neutrophils sLe?, sLe* Endothelium Rolling and weak
adhesion of
neutrophils on
endothelium
CD11a/CD18 Neutrophils ICAM-1, Endothelium Adhesion of
ICAM-2, neutrophils on
ICAM-3 endothelium
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CD11c/CD18 Neutrophils iC3b Complement Phagocytosis
E-selectin Endothelium sLe* Neutrophils Firm neutrophils
on endothelium
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P-selectin Endothelium, Endothelium Firm neutrophils
platelets on endothelium
adhesion
PSGL-1 neutrophils Firm neutrophils
on endothelium
adhesion
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neutrophils
neutrophils through
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> £, A endothelial cells. Neutrophils roll on constitutively
_ expressed P-selectin and E-selectin on the dermal
[EOting vasculature by interacting with ligands, such as P-
\\’:ﬁ"“* selectin glycoprotein ligand 1 (PSGL1). L-selectin,
LFA] ;.'13“(_;.';3;; | Neutrophil expressed on leukocytes and P-selectin, expressed
yaoe ”‘1;5 on activated platelets and endothelial cells, with

their common leukocyte ligand, P-selectin
glycoprotein ligand-1 (PSGL-1). These rapidly
reversible interactions mediate rolling adhesion of
leukocytes on vascular surfaces during
inflammation. L- and P-selectin bind to the same N-
terminal region of PSGL-1 but with different
affinities. This picture was adopted Nature Reviews
Immunology, 2009, 9: 364-375.
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1.4.3 Firm adhesion and spreading (Step 3)

During rolling, the cell surface of the neutrophil determines its ability to undergo
‘adherence’. In contrast to rolling, which is a dynamic low-affinity adhesive interaction,
adherence is a stationary high-affinity (strong) adhesive interaction between the neutrophil
and endothelial cell. This interaction is largely mediated by a separate set of adhesion
molecules, hamely the integrins b, subfamily (CD11a, CD11b, CD11c/CD18) and their ligands
(ICAM-1). The importance of integrin-mediated adhesion to neutrophil delivery and host
defense was first demonstrated in patients with leukocyte adhesion deficiency type 1
(Anderson and Springer 1987) and in animal models (Fischer et al. 1983; Anderson et al.
1984, Sligh et al. 1993). The interaction of neutrophils with integrin is unique which differ from

monocytes and lymphocytes, which also interact v i ab, ittegrin with endothelial VCAM-1.

Integrins are a family of heterodimeric proteins (made up of two different subunits,
namely U-subunits and b-subunits) that are expressed on the cell surface; and are integral to
the process of cell adhesion. Of this family, the b,-integrins are restricted to leukocytes and
are essential for normal leukocytes trafficking. They consist of three distinct U-subunits
(CD11a, CD11h, and CD11c) that are bound to a common b-subunit (CD18). Although the
distribution of bo-integrin subclasses differs among leukocyte populations, neutrophils express
all three classes (figure 1.3.3). The relative contribution of each U-subunit to leukocyte
adherence may vary and depend upon the stimulus leading to adherence and transmigration
(Granger and Kubes 1994). Neutrophil integrins interact with complementary surface molecule
ligands on endothelial cells in order to generate the high-affinity bond that characterizes
adherence. Particularly important to neutrophils, intercellular adhesion molecule (ICAM)-1 on
endothelial cells serves as the ligand for both CD11a/CD18 and CD11b/CD18, whereas

ICAM-2 is capable of binding CD11a only (Zimmerman 1992).
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The regulztniteegrofn mvidity (clustering)
chain cytoplasmic tails with the cytoskeleton (Van Kooyk et al. 1999) and the membrane
association of cytohesin-1, a guanine nucleotide exchange protein that binds to the
cytoplasmic portion of CD18 (Kolanus et al. 1996; Nagel et al. 1998). During the initial rolling
on endothelial cells, integrin "activation" signals are also given by chemoattractants displayed
on the endothelial membrane and presumably also by the engagement of selectins and their
counter-receptors. The ligation of L-selectin (Simon et al. 1995) or PSGL-1 interaction with P-
selectin (Yago et al. 1999) signal neutrophil adhesive functions, via CD11b/CD18 integrins
(Brenner et al. 1996; Steeber et al. 1997). However, signaling pathways that lead to integrins
switching to an active conformation differ with the stimulating agonist and are still incompletely

characterized (Capodici et al. 1998; Jones et al. 1998; Blouin et al. 1999).

T h e, infegrins are unable to interact with their physiological ligands in unstimulated
neutrophils, a safety mechanism that controls acute and chronic inflammatory responses. The
ligand binding capacity is acquired upon activation signals (“inside-out signaling") that lead to
integrins clustering ,imtagdn subpoputation to a highiaffirity state
(Rieu and Arnaout 1996; Stewart and Hogg 1996). Various agonists trigger CD11b/CD18
activation in neutrophils, including chemoattractants (PAF, IL8, FMLP, C5a), cytokines and
growth factors (TNFxz or GM-CSF); and bacterial products (formylated peptides and
lipopolysaccarides). Integrins transmit signals triggered by their clustering and multiple
engagements with adhesion substrates ("outside-in signaling") into the cell cytoplasm.
Neutrophils integrate these integrin engagement and signals, delivered simultaneously by
inflammatory cytokines or chemoattractants, to activate a cascade of intracellular events

resulting in cell spreading and tight adhesion of neutrophils to the endothelium.

i nvol

of a
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Intergrin activation is also necessary for neutrophil, locomotion, degranulation and
oxidative burst. These outside-in transduction pathways also include the activation of various
tyrosine kinases (Berton 1999a; Fuortes et al. 1999; Lowell and Berton 1999), CD11b/CD18
promotes antibody-dependent phagocytosis (Todd and Petty 1997) by interacting with Fc ¥
RIllb. Moreover, activation of integrins plays a vital role in generation of pro-inflammatory
mediators (CD14) interaction with CD11bCD18 only occurs in the presence of
lipopolysaccarids and binding protein and may play a role in the generation of pro-

inflammatory mediators (Zarewych et al. 1996; Petty and Todd 1996; Todd and Petty 1997).

(a) Leukocyte rolling (b) Leukocyte arrest

Glycopratain
aed:antun ligand

Inside-out signaling Cutside-in signaling

Figure 1.4.3. Leukocyte recruitment to the endothelial surface. (a) Binding of glycoprotein selectin
ligands (yellow and purple) on the leukocyte to selectins (blue) on the endothelial surface, and weak
binding of low-affinity leukocyte integrins (green) to ICAMs (pale yellow) on the endothelium facilitates
cell tethering and rolling. This binding, together with signals from chemokines (pink), generates inside-
out signals (yellow arrows) that shift the bound integrins to a high-affinity ligand-binding state. (b)
Leukocyte arrest is mediated by clusters of high-affinity integrins (red) binding to ICAMs on the
endothelial cells. These focal clusters can themselves signal outside-in to affect functions, such as cell
polarization and migration. This picture was taken from Genome Biology 2007, 8(5): 215.4-215.8.
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1.4.4 Extravasation or d iapedesis (Step 4)

The mechanism of leukocyte migration across the endothelium is a complex multistep
process (Springer 1994b). Extravasation or diapedesis is the final step by which leukocytes
migrate, either between two or three adjacent endothelial cells, across the endothelial cell body
or through the endothelial cell (Feng et al. 1998). Still, it is not clearly understood which one of
the three routes neutrophils take. However, extravasation requires modifications of endothelial
cell-to-cell adherent junctions and the disorganization of the junctional components, like VE-
¢ a d h e rcatenin, plakoglobin and the reorganization of actin filaments, which have been
observed in the vicinity of regions of firm adhesion between neutrophils and endothelial cells (Del

Maschio et al, 1996) .

Two cell adhesion molecules of the Ig-superfamily (CAMs) has been shown to be involved in
leukocyte transmigration, the platelet endothelial cell adhesion molecule-1 (PECAM-1 or CD31)
and, more recently, the junctional adhesion molecule (JAM) (Muller et al. 1993; Vaporciyan et al.
1993; Martin-Padura et al. 1998). PECAM-1 is expressed both on the neutrophil surface and at
the endothelial cell junction and mediates neutrophil extravasation via PECAM-1/PECAM-1
homophilic interactions. A "zipper" model has been proposed to account for a transmigration of
leukocytes that maintains the permeability barrier of the endothelial cell monolayer (Muller et al.
1993). The JAM is selectively concentrated at inter-endothelial tight junctions but is not present

on neutrophils.

Finally, PECAM-1 is able to transduce signals into the cell and its dimerization, by
antibody cross-linking, increases CD11b/CD18 binding capacity via an inside-out signal
transduction that involves PI3-kinase (Berman and Muller 1995; Pellegatta et al. 1998). In
addition, it has been shown that adherent leukocytes transmigrate by an increase in

intracytoplasmic calcium levels in endothelial cells. This in turn activates MLCK (myosin light-
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chain kinase), resulting in myosin skeleton reorganization and retraction of the cell body

(Hixenbaugh et al. 1997), which leads to increases in the gap between the endothelial cells. But

this phenomenon takes place only in endothelial cells adjacent to transmigrating leukocytes and

facilitates leukocyte migration across the endothelial monolayer (Su et al. 2000). Figure 1.4.4

represents the two possible routes that neutrophils may take in order to cross the endothelial

lining.

Paracellular diapedesis
(migration batwaen endothizlial calls)

Orpen inte roalbular

Transcellular diapedesis
(migration through a poare in an
individual endothalial cell)

InTact penctonal
adhasion complex

Oapan transcellular
pand

Figure 1.4.4. Paracellular and transcellular routes of leukocyte diapedesis. Trafficking of leukocytes
throughout the body requires their movement into (intravasation) and out of (extravasation) the
vascular and lymphatic circulation. Finally leukocytes cross the endothelial barrier (diapedese) and
enter the interstitium. The process of diapedesis, whether during intravasation or extravasation, can
occur by two distinct pathways: paracellular or transcellular. Paracellular diapedesis. Leukocytes and
endothelial cells coordinately disassemble endothelial cell-cell junctions and open up a gap between
two or more endothelial cells (Muller, 2003). Transcellular diapedesis. Leukocytes migrate directly
through individual endothelial cells via a transient transcellular pore that leaves endothelial cell-cell
junctions intact. This picture was adapted from Journal of Cell Science, 2009, 1(5); 3025-3035.

1.5 New concept in extravasations of neutrophils

Transendothelial migration was described first almost 200 years ago (Ley et al. 2007), but its

molecular mechanisms were only discovered recently (Imhof and Aurrand-Lions 2004) and were
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not included in the classical adhesion cascade (Butcher 1991; Springer 1994a). In recent years,
through more detailed real-time imaging of leukocytes, a number of additional steps have been
added to t he cascade including nsl ow roll
multifaceted transmigration response (Woodfin et al. 2010). Slow rolling mediates the transition
between primarily selectin-mediated rolling to integrin-mediated firm arrest and is induced via
selectin signalling and LFA-1 (Ley et al. 2007).

The subsequent firm arrest of rolling leukocytes to the endothelial cells surface involves a
complex regulation of integrin-affinity modulation, leading to the interaction of high affinity
integrins with their endothelial cells adhesion ligands, as coordinated by surface bound
stimulating factors, such as chemokines (Ley et al. 2007; Woodfin et al. 2010). This aspect of the
leukocyte adhesion cascade has been extensively researched and reviewed (Ley et al. 2007;
Rose 2007; Evans et al. 2009).

Post arrest, the lateral motility of leukocytes on the surface of endothelial cells,
intravascular crawling, towards preferred sites of transendothelial cell migration (TEM) (Schenkel
et al. 2004; Phillipson et al. 2006) is mediated via the integrin Mac-1; and has been reported as a
key determinant of the route of leukocyte TEM, i.e paracellular vs transcellular (Phillipson et al.
2006). With respect to the latter, it is now widely accepted that leukocyte TEM can occur via both
paracellular migration through endothelial cells junctions and the previously contentious model of
transcellular migration, whereby leukocytes pass through the body of endothelial cells (Carman
and Springer 2008; Carman 2009).

In addition, TEM is now accepted to be a component of a more compound leukocyte
transmigration response, involving the collective penetration of leukocytes through the three
distinct barriers of the venular wall, i.e the endothelium, pericytes and their associated basement
membrane (Wang et al. 2006; Voisin et al. 2009). Figure 1.4.4, illustrates the key steps pre-

requisite to and associated with neutrophil transmigration.
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1.5.1 Intravascular leukocyte -endothelial cell interactions pre -requisite to

transmigration

1. Intravascular crawling

Adherent leukocytes do not necessarily transmigrate at the point of initial arrest, but
rather locomote laterally to preferred sites of TEM (Schenkel et al. 2004; Phillipson et al. 2006).
Thi s Il umi nal cr awl inimgegrinssin \itre @red nind \@vo; tand dts blobkade
increases the incidence of transcellular, as opposed to paracellular, TEM (Phillipson et al.
2006). Details of the mechanisms that mediate the transition from firm arrest to intravascular
crawling remain unclear, but recent in vivo data suggests a role for the Rho family guanine
exchange factor, Vav-1, in this response, which play active roles in the crawling of leuckocytes
along the shear flow of the blood (Phillipson et al. 2009). Other molecules and mechanisms

recently implicated in leukocyte moatility include JAM-A (Weber et al. 2007; Alon and Ley 2008).

JAM-A has been implicated in leukocyte infiltration into inflamed sites in many inflammatory
models (Weber et al. 2007), but the precise mechanism through which this occurs remains
unclear. The strong endothelial cells junctional expression of JAM-A suggests that endothelial
JAM-A may direct the movement of leukocytes through cell-cell junctions, via binding to its
leukocyte ligand (Nourshargh et al. 2006; Woodfin et al. 2007a). However, there is also
evidence for the involvement of leukocyte JAM-A in neutrophil transmigration in vivo and
neutrophil JAM-A has been shown to mediate directional leukocyte migration in vitro (Corada et
al. 2005; Woodfin et al. 2010). Such a role may facilitate leukocyte motility towards and through
endothelial cells junctions, as well as leukocyte motility in the extravascular tissue in certain

inflammatory scenarios (Woodfin et al. 2010).
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2. Formation of adhesive platforms and docking structures

Endothelial cells are the critical substrate for the attachment and motility of leukocytes
within the vascular lumen, thus actively facilitating the leukocyte transmigration response. The
key feature of venular endothelial cells is the expression of endothelial cells adhesion
molecules, such as ICAM-1 and VCAM-1, integrin ligands whose expression is enhanced on
activated endothelial cells. Recent studies have shown that the expression of these molecules
can be further regulated, resulting in the formation of pro-ad hesi ve sites t
adhesive plat f or ms o(Bafrdrd\d? al.)2008) or si tes t hat promot
structureso or A @Baraimnstai 2002;aCarman ynd Spripger 8004). The latter
are VCAM-1, ICAM-1, moesin, ezrin, tetraspanin and actin-binding protein enriched domains,
that protrude from the surface of the endothelium to partially embrace adherent leukocytes
(Barreiro 2007). Whil st the formation of Adocking
interaction of endothelial cells adhesion molecules with their leukocyte ligands, the formation of
EAPs is determined by the existence of pre-formed tetraspanin (e.g CD9, CD151 and CD81)-
enriched microdomains (Barreiro et al 2007). Although the ability of leukocyte integrins to bind
to their ligands, through affinity and avidity changes, has long been known to be regulated by

conformational changes and membrane clustering (Bing-Hao Luo 2007; Evans et al. 2009).

3. Transcellular or paracellular route?

Classically, leukocyte transmigration was viewed as migration between adjacent
endothelial cells. But two roads can be taken by neutrophils during transendothelial migration:
the transcellular road, whereby neutrophils penetrate an individual endothelial cell, or the
paracellular road, whereby neutrophils squeeze between endothelial cells. Studies using
electron microscopy have provided evidence that leukocytes can migrate directly through the

endothelial cell body (Feng et al. 1998). Irrespective of the routes, the key players involved in

er med
e TEWN
struc
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guidance are again the major neutrophil b, integrins, LFA-1 and Mac-1; and their ligands ICAM-
1 and ICAM-2. ICAM-1 is concentrated to the recently described tetraspanin-enriched
microdomains to form so-called endothelial adhesive platforms. A recent study has shown that
the cytoplasmic tail of ICAM-1, together with higher expression levels, is required for high
transcellular transmigration (Yang et al. 2005). In fact, the truncation of the cytoplasmic tail of
ICAM-1 was shown to direct leukocytes to a paracellular transmigration route. This difference in
ICAM-1-dependency may be due to the presence of alternative adhesion molecules in
endothelial junctions highlighted by a number of recent st-udkeé.
structure, call ed a waiounapund migrading ledkacgtes dugirey imitiad h o
stages of transcellular migration of lymphocytes (Carman et al. 2007). These podoprints are
composed of ICAM-1 and VCAM-1 in a caveolin-rich structure, possibly linked to the
cytoskeleton protein vimentin(Carman and Springer 2004; Nieminen et al. 2006) Mechanically,
transcellular migration is driven by internalization of ICAM-1 by the caveolin-rich domains
forming channels, through which leukocytes cross the endothelial cell body (Millan et al. 2006).
Surprisingly, activated leukocytes also use PECAM-1 for transcellularmigration, whereas non-
activated leukocytes ignore PECAM-1 during transmigration (Carman and Springer 2004;
Nieminen et al. 2006). A cup-like structure also forms around activated leukocytes, but contains
PECAM-1 in addition to ICAM-1. Thus, although mechanisms used for both routes of
transmigration seem to differ, common adhesion molecules may be involved. The factors which
influence the choice between the two migrating routes, however, remain to be found. Figure 1.5

shows the schematic diagram of the recently added steps in extravasation of neutrophils.

4. Neutrophil-endothelial cell cross talk and signaling to junctions

Leukocyte interactions with the endothelial surface trigger cellular and sub-cellular

events that initiate and/or facilitate leukocyte passage through the endothelium. This includes
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triggering the formation of endothelial cells adhesion molecule clusters in the form of docking
structures described above, but also interaction of the associated molecules with the
cytoskeleton via adaptor proteins such as vinculin, paxilin and ERM proteins (ezrin, radixin and
moesin) (Barreiro 2007; Nottebaum 2008; Wittchen 2009). These events can link leukocyte-
endothelial cells interaction to changes in endothelial cells contractility or junctional integrity
(Nottebaum 2008; Alcaide 2009). The homophilic binding of VE-cadherin at endothelial cells
junctions provides an essential means of regulating the stability of endothelial cells contacts, but
also acts as a barrier to transmigrating leukocytes. Stimuli, such as histamine, thrombin,
vascular endothelial growth factor and the adhesion of leukocytes via ICAM-1 ligation, can
stimulate dissociation of VE-PTP from VE-cadherin; and a subsequent increase in tyrosine
phosphorylation of VE-cadherin leading to decreased junctional VE-cadherin interaction and

enhanced leukocyte TEM (Allingham et al. 2007; Alcaide et al. 2008).
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Figure 1.5. llustrating the hypothetical sequence of events involved in regulation of neutrophil transmigration. As
indicated by recent findings. A: Rolling leukocytes adhere and crawl on the luminal surface to the point of
transmigration. Adhesive platforms and docking structures facilitate the subsequent TEM response, which may
occur via the paracellular or transcellular route. Beyond the endothelium, neutrophils migrate through gaps between
pericytes and permissive regions within the vascular basement membrane where expression of certain basement
membrane constituents is lower than average. Migration through the basement membrane may involve neutrophil
proteases such as neutrophil el astase and bl integr
dimensional matrix of the interstitium leukocytes utilise an amoeboid, integrin independent, form of matility. It is
hypothesised that different types of inflammatory stimuli trigger different mechanisms of transmigration as illustrated
in panels B and C. B: Activation of the endothelium by stimuli suchasIL-1 b st i mul at-& sICAM-2-RaidC
JAM-A-dependent transmigration, with each of these molecules mediating a specific step of the transmigration
response.C: Activation of | eukocytes and endot h enigiatiomrespange h
that is independent of PECAM-1, ICAM-2 and JAM-A, but may involve other junctional proteins such as ESAM.
Under these conditions leukocytes may use either the paracellular or transcellular route, with both routes possibly
involving invasive protrusions. Adopted from Current Opinion in Hematology 2010, 17(1); 9-17.

1.5.2 Neutrophil migration through  endothelial cell

A. Paracellular endothelial migration

The molecular mechanisms mediating the paracellular migration of neutrophils have been
worked out in great detail. The main players on endothelial cells are ICAM-1; ICAM-2; platelet
endothelial cell adhesion molecule 1; junctional adhesion molecule A, B, and C; endothelial cell-
selective adhesion molecule; poliovirus receptord all belonging to the immunoglobulin
superfamilyd CD 99; CD 99L2 and VE-cadherin. PECAM-1; JAM A, -B, and -C; ESAM; CD99
and VE-cadherins form homotypic contacts to stabilize the endothelial cell junctions, but with
the exception of VE-cadherin and ESAM, these adhesion molecules are also expressed on the
neutrophil (PECAM-1, JAM A, CD99) and are capable of binding to proteins expressed on the

neutrophil surface; and thus, assist the neutrophils in passage between the endothelial cells.

In addition, a number of molecules at endothelial cell junctions actively facilitate

leukocyte transmigration via a paracellular route (eg PECAM-1, ICAM-2, CD99, ESAM and
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JAMs) for which there is significant in vitro and in vivo evidence (Woodfin et al. 2010). Current
research is to investigating the specific roles and mechanism of action of these molecules under
different inflammatory conditions; and there is emerging evidence for the involvement of
endothelial cell junctional molecules in multiple aspects of leukocyte transmigration, as

exemplified in Table 1.5.2. All these findings suggested the following sequence of events:

ICAM-1 and ICAM-2 accumulate at the cell-cell junctions mediating neutrophil contact via
t h e j integrin partners (LFA-1 and Mac-1). ICAM-1 at the endothelial cell junctions guides
neutrophils to these structures (Woodfin et al. 2009; Alcaide et al, 2009). Signals from ICAM-1

activate Src and Pyk-2 tyrosine kinases, which phosphorylate VE-cadherin and destabilize the

VE-cadherin bonds, probably by preventing VE-cad her i n f r om a scatenio thatt i

medi ates binding to t hatening(Ostermar.G2@02; kan Beut ed al,
2005; Allingham et al., 2007; van Buul and Hordijk, 2008; van Buul et al, 2010a), thus loosening
the endothelial cell-cell junctions. ESAM may also play a role in the loosening of the endothelial
cell junctions. Lack of ESAM, as demonstrated in the Esam'’ "'mouse, results in decreased
activity of the Rho signaling pathway in endothelial cells (Wegmann et al, 2006), which is known

to destabilize endothelial cell junctions (Stamatovic et al, 2003).

Lack of ESAM results in decreased neutrophil transendothelial cell migration, as observed in
both the mouse cremaster model (Wegmann et al, 2006) and in an ischemic-perfusion mouse
liver model (Khandoga et al, 2009). ICAM-2 concentrated at the endothelial cell junctions further
guides neutrophils to enter the endothelial cell junctions. Neutrophils accumulate at the
entrance between endothelial cells if ICAM-2 is blocked or absent; and successful
transmigration is inhibited correspondingly (Woodfin et al, 2009). Many knock out mice models

have demonstrated the importance of PECAM-1 and JAM-A in paracellular migaration (Woodfin

et al. 2010). Upregul ation of ¢bihnduced bymPEGQAMHAL signalingeagsists r

the further migration through the perivascular basement membrane (Dangerfield et al. 2002;
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Woodfin et al. 2009). Endothelial cell PECAM-1 may also interact with the GPI-linkedCD177

(NB1-antigen), which is upregulated on neutrophil surfaces from specific granules to facilitate

transmigration (Sachs etal, 2007). The CD177-PECAM-1 interaction facilitates neutrophil

transmigration with an efficacy that depends on a dimorphism of the PECAM-1 antigen (Bayat

et al, 2010). Other significant advancements relate to the functions and signalling of JAMs listed

in the table 1.5.2.a,b &c adapted from Woodfin A. et al. 2007 and Woodfin et al. 2007b

Figure 1.5.2.a.

Molecules involed in paracellular transmigration of neutrophils. schematic diagram
representing various junctional adhesion molecules properly involved during the paracellular
transmigration of neutrophils. During their passage through the interendothelial cleft, leukocytes
encounter different junctional proteins. During this process, vascular endothelial cadherin (VE-
cadherin) tends to redistribute to the endothelial surface, whereas platelet endothelial cell adhesion
molecule (PECAM) and junctional adhesion molecules (JAMs) are concentrated along the endothelial
cell borders, probably as a result of targeted recycling of specific vesicles. CD99, a membrane protein
that is present in endothelial cells and leukocytes, functions independently in directing leukocyte
diapedesis through the cleft. Blocking both PECAM and CD99 leads to an additive inhibitory effect on
diapedesis. Nature Reviews Molecular Cell Biology, 2004, 5; 261-270.

Table 1.5.2a. Function of JAM -A

JAM-A Early neutrophil transmigration Hemophilic interaction with JAM-A and
hetrophils interaction with LFA-1(Weber
et al. 2007; Woodfin et al. 2007a;
Wojcikiewicz. 2009)

JAM-C Neutrophil transmigration Interaction between endothelial cell
JAM-C and leukocyte Mac-1 (Woodfin
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et al. 2007a)

Table 1.5.2b. Role of various junctional molecules in diapediesis of

neutrophils

Endothelial cell
junctional
molecules and
specific roles

Associated transmigration response

Reference

Leukocyte sub -type
specificity

TEM of monocytes, PMN cells but only some sub-sets

(Woodfin et al. 2007b)

PECAM-1 of lymphocytes
ESAM Transmigration of PMN, but not lymphocytes (Woodfin et al. 2007a)
CD99L2 Transmigration of PMN, but not lymphocytes (Woodfin et al. 2007a)

Stimulus  specificity

PECAM- 1 Transmigration-induced by IL-1 b ,,0, Blut n ot | (Woodfin et al. 2007b)

or HCL
JAM-A Responsesinduced by IL-1 b and ot her | (Woodfinetal 2007a)
ICAM-2 Transmigration induced by IL-1 b, but n ot | (Huang MTet al, Woodfin et

al. 2009)

Stage of migration

ICAM-2 Entry to the endothelial cell junction (Woodfin et al. 2009)

PECAM-1 Leukocyte migration through the endothelium and (Woodfin et al. 2009)
endothelial cell basement membrane,

JAM-A Migration through endothelial cell junction (Woodfin et al. 2007a;

Woodfin et al. 2007b)

CD99 Migration through EC at the stage distal to Schenkel AR, Lou O, 2009
subsequent to that mediated by PECAM-1

Trans cellular

migration

JAMA-A Associated with transcellular pores Carman CV, 2009

PECAM-1 Associated with transcellular pores and contributes | Carman CV, 2009

to transcellular migration
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B. Transcellular endothelial migration

The transcellular route is believed to be taken by about 20% of neutrophils, but may vary
greatly among different tissues and depend on the stimulation of the endothelial cells in vitro
set-ups (Woodfin et al, 2010). The mechanisms and incidence of transcellular TEM has recently
been reviewed in detail, with a particular focus on the role of invasive leukocyte protrusions
(Carman 2009). Transcellular TEM has been observed in a broad range of tissues including
bone marrow, thymus, lymph nodes, pancreas and the blood brain barrier (Carman 2009); and
in vitro assays have facilitated mechanistic investigations. They have also established a
possible role for podosomes in guiding lymphocytes in crossing the endothelial barrier by
locating the thinner peripheral areas of the cell, rather than the perinuclear region (Carman.
2007) (Carman, 2007; Woodfin et al, 2010). The nature and functional role of such leukocyte
protrusions requires further investigation. It has also been suggested that SNARE proteins are
essential in trafficking and fusion of intracellular organelles and exocytosis of granules and
vesicles are essential in this process (Carman et al, 2007). It seems that the lateral migration of
neutrophils mediated by Mac-1 favors paracellular migration, and transcellular migration
increases from 20% to 80% in the absence of Mac-1, as determined in a mouse cremaster
muscle preparation (Phillipson et al, 2008). In that study, the endothelial cell docking structures
were demonstrated to progress to domes that finally swept around the neutrophil in a process
similar to phagocytosis, thus indicating a very active role of the endothelial cell in transcellular

migration.
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Figure 1.5.2.b (a). Various molecules involved in extravasation of neutrophils. Leukocytes may actively
penetrate the endothelial cell cytoplasm by elongating pseudopods inside vesicles containing caveolin
and ICAM-1. These vesicles can fuse with vesiculo-vacuolar organelles (VVOs), forming a channel that
allows leukocyte migration through the endothelial monolayer. (b) When leukocytes adhere to the
endothelial surface, an adhesion/transmigration cup is formed. This docking structure contains
microvilli that elongate from both endothelial cells and leukocytes. The microvilli contain adhesion
molecules (such as ICAM-1 and VCAM-1) and cytoskeletal proteins (such as vimentin and actin). The
adhesion/transmigratory cup may mediate leukocyte phagocytosis and movement towards the basal
membrane of endothelial cells. Adopted from Nature Cell Biology 2006, 8; 1057 107.

1.5.3 Neutrophil migration through venular walls beyond the endothelium

Once past the endothelium, migrating cells face two further barriers; the pericyte sheath and
the tough venular basement membrane (Hirschi and D'Amore 1996; Rowe and Weiss 2008).
Due to the difficulties associated with the isolation and culture of pericytes, little is known about
the role of this cell type in leukocyte transmigration. There are, however, reports on the ability
of neutrophils to migrate through the pericyte sheath, via both paracellular (Voisin 2009) and
transcellular pathways (Feng 1998); though the associated mechanisms need to be fully

elucidated. The mechanisms by which leukocytes penetrate the vascular basement membrane

Introduction 57



also remains unclear, but depending on the vascular bed and the leukocyte sub-type could

involve leukocyte receptors for basement membrane constituents (e.g b1 i nduch@s i

U2b1 and U6b1, receptors for collagen |V a
(e.g neutrophil elastase) (Hallmann,2005; Wang et al, 2006). The neutrophil is highly equipped
with proteases capable of breaking down the basal membrane collagens and laminins, such as
elastase (azurophil granules), MMP8 (specific granules), MMP9; and the membrane attached
matrix metalloproteinase, MT6-MMP (gelatinase granules and secretory vesicles) (Kang et al.,
2001). Additionally, it has recently been shown that the venular basement membrane contains
pre-formed regions with low expression of certain basement membrane components (e.g
laminin-8, laminin-10 and collagen 1V), termed low expression regions (LERS), that are
preferentially used by transmigrating neutrophils and monocytes (Voisin et al. 2009 ; ( Wang et
al. 2006). It is possible that the same retraction of endothelial cells that opens the tight
junctions subsequently allows passage through the basal membranes of a cell capable of
amoeboid migration, such as the neutrophil, without necessitating degradation of the matrix
(Rowe and Weiss, 2008). The complexity and diversity of leukocyte transmigration in different
tissues suggests that mechanisms of leukocyte migration through the pericyte and basement
membrane coverage of venules may similarly be diverse as governed at the molecular level
(e.g composition of the basement membrane) and/or cellular level (e.g the phenotype and

density of pericytes) (Woodfin et al. 2010).
1.6 Signaling by chemoattractants

In addition to intercellular adhesion, leukocytes require a chemoattractant gradient in
order to complete the process of transmigration. Chemoattractants are soluble molecules that
confer directionality on cell movement; cells migrate in the direction of increasing concentration
of a chemoattractant in a process termed 6

undergo chemotaxis toward damaged or inflamed tissue (Seely et al. 2003). The production of

c hemo
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chemoattractants in the inflammatory environment is from a combination of sources, including
bacterial by-products and cell wall constituents, complement factors and chemokines produced
by inflammatory and non-inflammatory cells. The endothelium of inflamed microvessels
produces chemoattractants, such as platelet-activating factor (PAF), leukotriene B4 and
various chemokines, immobilized via a "presentation molecule" (proteoglycan) on the luminal
surface of endothelial cells. Among these chemokines, interleukin 8 (IL-8) specifically attracts
neutrophils (Premack and Schall 1996; Rollins 1997) and were unable to promote lymphocyte
transmigration through endothelium (Roth et al. 1995) and has been demonstrated well in
animal models (Sekido et al. 1993; Folkesson et al. 1995; Matsumoto et al. 1997). There is
evidence that microvascular endothelial cells not only synthesize IL-8 in response to IL-1 or
LPS, but also store IL-8 in Weibel-Palade bodies and release it upon stimulation by histamine
or thrombin (Utgaard et al. 1998; Wolff et al. 1998). Moreover, tissue-derived IL-8 is
internalized by endothelial cells of postcapillary venules and small veins, transcytosed in a
abluminal-to-luminal direction via plasmalemmal vesicles (caveolae); and presented at the tips
of microvilli of the endothelial cell luminal surface (Middleton et al. 1997). Not only neutrophils
and endothelium produce IL-8, monocytes, smooth muscle cells, epithelial cells and fibroblasts
are also capable of generating IL-8 when they are stimulated with a pro-inflamatory agonist
such as IL-1 or TNF-U (Seely et al. 2003). Chemoattractants serve not only to direct leukocytes
to specific areas of inflammation, but also recruit specific subpopulations of leukocytes to
inflamed tissue, such as neutrophils in response to acute bacterial infection, eosinophils at
sites of chronic allergic inflammation or parasitic infection; and monocytes in chronic

inflammatory diseases (Seely et al. 2003).

Chemoattractant mediators may thus be classified based on their spectrum of leukocyte
activity (Table 1.6.a). Classical chemoattractants include N-formylated peptides produced by

bacteria, such as FMLP, polypeptides (e.g. C5a) and lipids (e.g. leukotriene-B4), which act as
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chemoattractants for various non-specific leukocyte populations (Schiffmann, 1975; Fernandez
1978; Ford-Hutchinson 1980). Extensive in vitro and in vivo investigation has identified IL-8 as
a principal factor in neutrophil delivery (Huber 1991; Mulligan 1993; Smart 1994a; Smart

1994b).

Other chemokines that are specific for neutrophils include epithelial cell-derived
neutrophil activating peptide; neutrophil activating peptide-2; growth-related oncogene (GRO)-
U, GIROand -iGROGand macrophage i nf dmmantd? bMl PThetsei
chemokines are structurally similar and consist of the first two cysteine (C) amino acid residues
separated by a separate amino acid (X); and are referred to as CXC
chemokines (Premack and Schall 1996). Separate families of chemokines are known as CC
chemokines, because the first two-cysteine residues are in juxtaposition. Monocyte
chemoattractant protein-1, -2 and -3; MIP-1 U andl bMl Pand RANTES (regul
activation, normal T cell expressed and secreted) are members of the CC family, (or either
expressed and secreted) predominantly oriented toward monocytes (Strieter RM 1994). Thus,
chemoattractants help to explain how leukocytes localize to specific inflammatory sites and
how specific leukocyte populations are recruited to those sites (Seely et al. 2003). Leukocyte
delivery is further regulated by chemoattractant receptors that exhibit specificity for both the
type of leukocyte on which they are expressed and the ligand to which they bind. The
specificity of chemoattractant-induced leukocyte chemotaxis is related to differential expression
of chemokine receptors, a superfamily of G-protein-coupled receptors with seven

transmembrane regions (Yokomizo et al. 1997).

Although chemokine receptors share similar structures, they differ in their ligand
specificity (Table 1.6.b). For example, IL-8 receptor A (CXC R1) and IL-8 receptor B (CXC R2)
have a 78% identical amino acid sequence and both bind IL-8. However, although IL-8

receptor A is specific for IL-8, IL-8 receptor B has multiple agonists, including other CXC
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chemokines, such GRO-U, GHR,0 GiR geutrophil-activating peptide-2; and epithelial cell-
derived neutrophil activating peptide-78 (Seely et al. 2003). Neutrophil transmigration appears
to depend to a greater degree on IL-8 receptor A than on IL-8 receptor B, because antibodies
directed against IL-8 receptor A inhibited the majority (78%) of IL-8 induced chemotaxis
(Hammond et al. 1995; Ahuja and Murphy 1996). In contrast, IL-8 receptor B has been

implicated in the transendothelial migration of T cells (Babi 1996).

In addition, chemoattractant receptors are expressed on specific leukocyte subsets
(Tablel.6.c), CXC chemokine receptors are primarily restricted to neutrophils (Springer 1994c).
Thus, chemokine receptors display both ligand and leukocyte specificity. These complex rules
defining the interactions between specific chemoattractants and leukocytes are the
mechanisms that allow the host response to deliver specific subsets of leukocytes to localized
areas of infection or inflammation (Seely et al. 2003). Chemoattractant receptors not only
mediate the process of chemotaxis, but changes in receptor expression within the

inflammatory environment confer changes on cell function.

Ligation of chemoattractants to receptors activates phospholipases, via heterodimeric G
proteins, resulting in intracellular Ca®** release, Ca* channel opening and activation of
conventional proteine kinase C isoforms (Premack and Schall 1990; Brockhaus et al. 1990).
Tyrosine kinases (mainly Lyn of the Srk-family) (Ptasznik et al. 1996; Welch and Maridonneau-
Parini 1997; Berton 1999b) and the GTP-binding protein Ras (Worthen et al. 1994)) are also
activated. Ras activation triggers the MAPK/ERK cascade, which appears to be involved in
various chemoattractant-induced neutrophil functions (Pillinger and Abramson 1995; Krump et
al. 1997; Nick et al. 1997). Activation of small GTP-binding proteins of the Ras, Rac, and Rho
families regulate actin-dependent processes, such as membrane ruffling, formation of filopodia
and stress fibers, mediating cell adhesion and motility (Cox et al, 1997; Nobes and Hall, 1999,

Benard et al, 1999;). Moreover, Rho family members relay signals from chemokine receptors
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to the outside-in activation of integrins. The Ca™- and DAG-independent protein kinase C-
has recently been proposed as a downstream effector of Rho signaling in this process

(Laudanna et al, 1996, 1998).

Finally, chemoattractant receptors, via their coupled G-protein heterodimers, activate PI3-
kinase, which is involved in the pathways leading to degranulation and NADPH-oxidase
activation (Okada et al, 1994; Klippel et al, 1996; Thelen and Didichenko, 1997). The role of
PI13-kinase in neutrophil adhesion promoted by G-protein-coupled receptors is not clearly
defined (Akasaki et al, 1999; Shimizu and Huntiii, 1996). Specific PI3-kinase inhibitors block
chemoattractant-induced neutrophil locomotion or homotypic aggregation, but have no effect
on integrin CD11b/CD18 expression and activation triggered by these agonists (Niggli and
Keller 1997; Capodici et al. 1998; Jones et al. 1998). Cross-talks between chemoattractant
receptors and their signaling pathways may result in desensitization to one chemoattractant by
another. In particular, signals delivered by "end target-derived" chemoattractant; such as
formyl peptides, released by bacteria or by mitochondria from dying cells, or complement C5a,
produced in their immediate surrounding are dominant and override "regulatory cell-derived"
attractants, such as bioactive peptides (LTB4) or chemokines (IL-8) (Kitayama et al. 1997;
Foxman et al. 1999). This will allow, for example, leukocytes recruited by endothelial-derived
chemoattractants to migrate away from the endothelial agonist source towards their final target

within a tissue.

In summary, the kinetics of neutrophils are highly regulated and involves multiple steps
which involves interaction between neutrophils and endothelial cells. Involvement of adhesion
molecules on both the cells cannot be ignored. Selectins, expressed by activated endothelial
cells and leukocytes, bind to ligands on opposing cells. These interactions mediate leukocyte

capture from flow and tethering to endothelium. The high dissociation/association rates of
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selectins allow leukocytes to roll in the direction of flow and sense activation signals on the
endothelial wall. Chemokines presented on luminal surfaces trigger rapid activation of
leucocyte integrins, leading to rolling arrest and firm adhesion. Secondary adhesion events are
mediated by leukocyte integrins [LFA-1 (leukocyte function-associated antigen 1), VLA-4 (very
late antigen 4) and Mac-1], which bind to endothelial adhesion molecules, such as ICAM-1

and VCAM-1. (Figures 1.6).
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Figure 1.6. Model of chemokine receptor activation and signal transduction for IL-8 and
neutrophils.IL-8 binding to CXCR1 or CXCR2 causes guanosine triphosphate displacement
of guanosine di phsowpthmitte, iwmhitchhe aGQU pfvs o i
Gb caivates phosphol i pase C, iftcPtheCbcpnd messengers
DAG and IPs. DAG activates Pdadés,the velease ofaalciurh fom
intracellular stores. The rapid rise in intracellular calcium activates PLD. Meanwhile
G Gdirectly activates PTK. These activate MAP kinases and phosphorylate serine and
threonine residues on the C-termini of CXCR1 and CXCR2, leading to receptor inactivation.
MAP kinases activate phospholipase A,. DAG, intracellular calcium, PKC and
phospholipase A2 (PLA2) all interact with specific cell activation mechanisms, leading to cell
motility, degranulation, release of superoxide anions and modification of integrin avidity.
Adopted from Journal of Immunity, 2012, 5; 705-716.
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Table 1.6a. Neutrophil chemoattractants

Neutrophil specific Neutrophil non -specific
IL-8 Cba

Granulocyte chemotactic protein . -

(GCP)-2 Tumor necrosis factor (TNFU)

Epithelial cell-derived neutrophil Monocyte chemoattractant protein (MCP)-1,

attractant (ENA)-78 MCP-2, MCP-3, MCP-4

Neutrophil-activating peptide (NAP)-2 f-Met-Leu-Phe (FMLP)

Growth-related oncogene (GRO)-U , Macrophage chemotactic and activating factor

GRO-b, GRO (MCAF)

Macrophage inflammatory protein Platelet-activating factor (PAF)

(MIP)-1, MIP-2
Regulated upon activation, normal T cell
expressed and secreted (RANTES)

Platelet factor (PF)-4 1-309

Mast cell-derived chemotactic factor Casein

5-Hydroxyeicosatetraenoic acid Leukotriene-B,4 (LTBy)

Table 1.6b. Neutrophil chemoattractant receptors and their ligands

Class Receptors Ligands
C-X-C CXCR1 (IL-8 receptor A) | IL-8
receptors
CXCR2 (IL-8 receptor B) IL-8, GRO, NAP-2, ENA-78, GCP-2
CXCR3 Mig, IP-10
CXCR4 SDF-1
C-C -
CCR1 MIP-1 UMIP-1 b , MCP
receptors
CCR2A, CCR2B MCP-1, MCP-3
CCR3 Eotaxin, RANTES, MCP-3
CCR4 MIP-1 U, RANTEB, MC
CCR5 MIP-1 U, -MB P RANTES
CCR6 MIP-3 U
CCRY7 ELC
CCR8 1-309
ChaR Cbha
Non-C-
X-C
FMLPr FMLP
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ELC, Epstein-Barr virus-induced molecule 1 ligand chemokine (CCL19); ENA, epithelial cell derived
neutrophil activating peptide; FMLP, f-Met-Leu-Phe; GCP, granulocyte chemotactic protein; GRO,
growth-related oncogene; IP, inducible protein; IP-10, interferon- 9 inducible protein; MCP,
monocyte chemoattractant protein; Mig, monokine induced by interferon- 9 (CXCL9); MIP,
macrophage inflammatory protein; NAP, neutrophil-activating peptide; RANTES, regulated upon
activation, normal T cell expressed and secreted; SDF, stromal derived factor.

Table 1.6c. Human neutrophil states: adhesion, chemotaxis, apoptosis and function

PMN state

Circulating PMN
(resting
bloodstream PMN,
collected by
venipuncture)

PMN receptors

Adhesion receptors:
constitutive expression of L-
selectin, PECAM-1

Chemoattractant receptors:
constitutive expression of IL-
8 receptor A, IL-8 receptor B,
Ch5aR

Apoptosis receptors:
constitutive expression of
TNF-U r e cleRag, léasL

Primed PMN (PMN
stimulated with
priming agent in
vitro)

Activated PMN
(PMN stimulated
with activating
agent in vitro)

Adhesion receptors:
increased expression of
CD11b, L-selectin, PECAM-
1, FMLPr

PMN functions

PMNTi endothelial cell interactions:
baseline PMN rolling, adhesion on
activated endothelium and
transmigration

Chemotaxis: will undergo chemotaxis
to PMN-specific and leukocyte
nonspecific chemoattractants

Function: minimal PMN respiratory
burst (ROI}) and microbicidal activity
(proteolytic enzymes).

Apoptosis: constitutive apoptosis
(PMN half-life ~6 h)

PMNIi EC interactions: unclear impact
on rolling, adhesion, diapedesis

Chemoattractant receptors:
?IL-8 receptor A, ?IL-8
receptorRB, zC

Chemotaxis: no change in chemotaxis
Function: when activated, display
increased respiratory burst and
microbicidal activity after activation

Apoptosis receptors: ?TNF-U
receptor I, ?Fas, ?FasL

Ot her : CD14 4, P
yPAFT

Adhesi on recep
CD1 1 bFMLPY, ?L-
selectin, PECAM-1

Apoptosis: delayed constitutive
apoptosis

PMNi endothelial celli nt er act
PMN rolling and adhesion,
?transmigration
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PMN state

Exudate PMN
(PMN collected
from dermal
exudate milieu in
vivo)

PMN receptors

Chemoattractant receptors:
IL-8 recept er A
receptor B,

Ny
0 -

Apoptosis receptors:
unknown Ot her:
1C3b

Adhesion recep
CD11b, -¥, IMac
selectin-1Z PE

Chemoattract a
IL-8 recept-8&r A,
receptor B, ¥y

Funct iFdUPr §

Apoptosis rece
bindingto TNF-U, 2?22 T
receptor |, 2z2F

Septic PMN (PMN
collected from
circulation in septic
patients in vivo)
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PMN state PMN receptors PMN functions

Chemoattractant receptors: Chemot axi s: Z cher
unknown
Function: Z reshijr
phagocytosis

Apoptosisr e cept or s | Apoptosis: unresponsive PMN
receptor |, ?Fas, ?FasL undergo apoptosis. and apoptotic
PMN are unresponsive

Ot her: Z PAFr

?, unknown/controversial; EC, endothelial cell; FasL, Fas ligand; FMLP, f-Met-Leu-Phe;
LT, leukotriene; PAF, platelet-activating factor; PECAM, plateleti endothelial cell adhesion
molecule; PMN, polymorphonuclear leukocyte; ROI, reactive oxygen intermediates; TNF,
tumor necrosis factor; ZAS, zymosan activated serum.

1.7 Surface morphology of neutrophils

All inflammatory tissue is characterized by infiltration by neutrophils, macrophage,
monocytes and lymphocytes. In order to achieve this, these inflammatory cells interact with
endothelium and undergo a change from a spherical to a flattened morphological. This
change in morphology is required not only for firm adhesion, but is also necessary for
transmigration through the endothelium, whether by migration between the endothelial cells or
paracellular migration (Carman and Springer 2004 ;Dewitt and Hallett 2007). This morphology
change requires a large expansion of the surface area of the leukocytes. The review by
Robert Kay and colleagues (Kay et al. 2008) discussed this important topic of the 'surface-
area problem' 8 the mechanism by which the apparent surface area of the chemotactic cell
expands (and contracts). It has been argued that without the ability to expand its surface
membrane area, cell polarization, pseudopod formation, phagocytosis and chemotaxis would
not be possible; and thus actin polymerization and other cytoplasmic changes are subordinate

to membrane expansion (Dewitt and Hallett 2007; Hallett and Dewitt 2007) .
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Kay and colleagues suggest that ‘folds' in the cell surface as possible reservoirs of
additional membrane were unlikely; and focus on endocytic cycling as the potential
mechanism. However, they have underestimated the surface-area problem for neutrophils
that increase their surface by far more than the 207 30% increase in surface area in amoeba.
Many electron microscopic studies of neutrophils (Bessis 1973; Hallett et al. 2008) reveled
that this cell type has an extensive wrinkled surface which would double the apparent cell
surface area (Hallett et al. 2008). Furthermore, the wrinkles disappear during expansion of
the apparent surface area by osmotic swelling; and quantification shows that this membrane
reservoir produces an additional surface-area increase of approximately 100% (Ting-Beall et

al. 1993).

The unwrinkling of the membrane may have been demonstrated in other experimental
models, such as antibody-coated beads (Shao and Hochmuth 1996) and micropipette suction
(Evans et al. 1993; Herant et al. 2006). All these models showed not only unwrinkling of
neutrophils cell membrane (producing extra membrane), but also increase in surface area.
Mathematical modelling of the kinetics and forces that are required suggests that this extra
membrane results from the unfurling of plasma-membrane wrinkles, which are held in place
by a 'molecular velcro' ( Herant et al. 2005; Herant et al. 2006 ) . Significantly, the force
required to 'unwrinkle' the membrane is significantly reduced during phagocytosis (Herant et
al. 2005), which suggests that the velcro holding the wrinkles together can be released by
intracellular signals that are associated with phagocytotic stimulation. Hallett et al have
suggested that these signals might include the cleavage of proteins that hold the wrinkles in
place (Hallett et al. 2008); and involve Ca** activation of r-calpain (Dewitt and Hallett 2002).
Although Lawson et al showed that endocytic cycling occurs (as a way of replacing integrin to

the front of neutrophils (Lawson and Maxfield 1995), Hallett et al suggested that wrinkled cell
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surface (Hallett et al. 2008) must not be discounted as a possible solution to the surface-area

problem.

As the spherical geometry is the minimum surface area required to enclose a certain
volume, it is obvious that the volume of the cell must decrease, or its surface area must
increase during this transformation from spherical to non-spherical shape (Dewitt and Hallett
2007). In fact, the surface area of the cell appears to increase during flattening onto the
endothelium. For cells like neutrophils, where the intracellular organelles such as the nucleus
and granules occupy a large percentage of its volume, there is little possibility of a volume
change in any case. The increase in surface area, however, is surprisingly large, with an
increase by more than 100% (Dewitt and Hallett 2007). This extra reserviour of plasma
membrane may be provided by the unfolding of the wrinkles present on the cell membrane of

the neutrophils (figure 1.7a & b).

1.7.1  Possible methods of membrane expansion

The possibility of stretching the plasma membrane has been ruled out because the
cohesion of the phospholipid bilayer depends on the hydrophobic interaction of the fatty acid
chains excluding water (Dewitt and Hallett 2007). Any "stretching" effect on the bilayer, which
laterally separates the lipid molecules would allows water molecules between the lipid and
would rupture of the bilayer (Hamill and Martinac 2001; Dewitt and Hallett 2007; Hallett and
Dewitt 2007). The proteins in a biological membrane may permit a little additional stretch, but it
has been shown experimentally (and theoretically calculated) that biological membrane and
simple phospholipid bilayers can expand by no more than about 4% before rupturing (Hamill

and Martinac 2001).
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Figure 1.7a & b. The electron microscopic picture of neutrophils. The picture shows
the wrinkled plasma membrane and unfolding of these wrinkles as the neutrophils
spread. Figure was adapted from Nature Reviews Molecular Cell Biology 2008,
9; 662-665.

There is, thus, far too little stretch in the plasma membrane to account for the expansion
of surface area required for cell flattening during adhesion to the endothelium. The intracellular
membranes which enclose secretory granules within the cell has also been excluded as
potential source of membrane reserviour during, the polarization of neutrophils. There are two
problems with this source of membrane (Dewitt and Hallett 2007; Hallett and Dewitt 2007). The
first problem is that fusion of the membrane of the granule with the plasma membrane would
also release the contents of the vesicle (superoxides, hydrolases, degradative enzymes in
neutrophils) into the extracellular space, which will damage the tissue surroundings (Sengelov

et al. 1995).

Moreover, it would need more then 2500 vesicles to fuse with cell membrane per

polarization. A single granule with a diameter of 0.2 um (1/50th the diameter of a neutrophilic
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phagocyte) would contribute only 0.04% additional membrane area, in order to obtain 100%
increase in surface area (NuUsse and Lindau 1988; Eiserich et al. 2002; Dewitt and Hallett 2007).
Such a massive release of granular material does not occur during extravasation. Moreover,
release of all the granular content in the vicinity of the endothelium could also be catastrophic

(Dewitt and Hallett 2007).

A scanning electron micrograph (SEM) of a neutrophil or macrophage shows that these
cells have numerous surface wrinkles and folds, which means immediately that the that the
actual surface area of these cells is greatly in excess of that of a sphere of the same diameter.
This gives the possibilty that the extra membrane required during shape change of neutrophils
is provided by the unfolding of the wrinkled plasma membrane. It is therefore important to

understand how the wrinkles are formed and regulated (figure 1.7a & b).

1.7.2 Molecular velcro of membrane wrinkles

A series of elegant biophysical studies about the properties of the neutrophil plasma
membrane has been performed using suction of the plasma membrane into micropipettes
(Evans et al. 1993; Herant et al. 2005, 2006). Their findings show that a moderate amount of
suction can expand the membrane into the mouth of the micropipette by up to about 5% of the
membrane area; and further expansion is possible by applying a greater force (Herant et al.
2003; Dewitt and Hallett 2007; Hallett and Dewitt 2007). These measurements are consistent
with there being a limited amount of "slack" in the wrinkles. Additional force is required to
"unwrinkle" the remainder of the membrane, as if the wrinkles are held together by a molecular

"velcro-like" mechanism (Herant et al. 2003).

Presumably, the "molecular velcro" is sufficiently strong to hold the wrinkles in place

against the osmotic pressure tending to swell the cells. However, when neutrophils are
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activated to expand their plasma membrane, the amount of available slack membrane
increases, and the force required to un-velcro the wrinkles is reduced significantly (Herant et al.
2005). As the velcro holding the wrinkles in place has lost its grip under this condition, the
membrane in the wrinkles would now become available to accommodate the change in shape
as the cell flattens out (Hallett and Dewitt 2007)(Fig. 1.7a & b) . The loss of surface wrinkles in
neutrophils when they flattened out is apparent in SEMs and can be seen in classic textbooks.
Dewitt et al and Hallett et al (2007) have explained the nature of the molecular velcro and

suggest how its grip may be loosened.

The wrinkled plasma membrane is not unigue to neutrophils and macrophages; and it is
seen across the surfaces of myeloid cells. These linear ridges, projecting about0.8 pm high
and 0.1 pm wide, with lengths of 107 15 pum (Burwen and Satir 1977), which on lymphocytes
are termed "microvilli"; can be seen in transmission electron microscopy images (Tohya and
Kimura 1998). These wrinkles and microvilli are permanent (or at least long-lived) structures,
which influence the distribution of some surface molecules, like L-selectin (on the wrinkles)
and integrin molecules (valleys between wrinkles). The lymphocyte microvilli have parallel
actin filaments running within their long axis (Tohya and Kimura 1998), to which the
cytoplasmic tail of selectins is bound via a linker molecule, ezrin (lvetic et al. 2002; Ivetic

2004).

In neutrophils, there is a well-defined cortical network of polymerized actin, but the
molecules involved in maintaining the surface wrinkles are not yet fully established but
probably include membrane linker proteins like talin and ezrin. Two general models has been
suggested (Dewitt and Hallett 2007; Hallett and Dewitt 2007) (fig 1.7.3), dependent on linkage
to the cytoskeleton via ezrin or talin. In both models, a wrinkled membrane could be formed by

cross-linking actin to membrane proteins. The two models are not, of course, mutually
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exclusive, but the "velcro” may be attached to the cytoskeleton outside the wrinkles (fig
1.7.3a) or within the wrinkle (fig 1.7.3b). These models also depend on the actin-membrane
linkage via L-selectin and b,-integrin; and would explain their non-homogenous distribution on
the cell surface, i.e., their exclusion or inclusion from the wrinkled membrane (Dewitt and

Hallett 2007; Hallett and Dewitt 2007).

1.7.3 Unfolding of wrinkled membrane i role of calcium

It has been established for over 20 years that a large rise in cytosolic-free Ca?*

accompanies macrophage and neutrophil spreading (Kruskal et al. 1986; Jaconi et al. 1991).
It has also been shown that uncaging cytosolic Ca®" or inositol 1,4,5-trisphosphate (IP3) to
provide controlled Ca*" elevation causes an acceleration in the rate of flattening (Marks and
Maxfield 1997; Pettit and Hallett 1998). This is similar to the relationship between Ca®" and
membrane expansion during pseudopod extension around the particle during phagocytosis
(Dewitt and Hallett 2002), where acceleration was dependent on p-calpain activity (Molinari

and Carafoli 1997; Dewitt and Hallett 2002).

This is a Ca**-activated protease (Molinari and Carafoli 1997:Goll et al. 2003), which
cleaves substrates in vitro and in vivo. The flattening of lymphocytes during adhesion via 32-
integrin is dependent on the activity of calpain (Stewart et al. 1998; Leitinger et al. 2000). As
a number of the substrates of calpain are cytoskeletal proteins involved in membrane linkage
(Franco and Huttenlocher 2005), this would provide a mechanism for releasing the grip of the
molecular velcro. The calpain cleavage site lies between a 4.1/ezrin/radixin/moesin (FERM)
domain, binding to membrane-associated proteins; and an actin-binding domain, linking to the

cytoskeleton (Dewitt and Hallett 2007; Hallett and Dewitt 2007) (fig 1.7.3.e).

Introduction 73



Activation of calpain by elevated Ca** would thus lead to the uncoupling of the link
between the membrane and the underlying actin cytoskeleton and permit additional
membrane to become available for cell flattening (Figure 1.7.4). However, there must be
some selectivity in the activation of calpain, as activation of a (relatively) non-specific protease
within the cytosol of a healthy cell would be disastrous. In vitro, activation of p-calpain
requires unusually high Ca?* concentrations, its dissociation constant is about 30pM (Michetti
et al. 1997), whereas physiologically, global cytosolic Ca®* signals reach a maximum of about

1 pM.

In fact, the selectivity may arise from the existence of a subplasma membrane
microdomain of high Ca*". The Ca®* concentration near the plasma membrane exceeds 50
UM during the influx of Ca®* from the extracellular medium, although the concentration in the
bulk cytosol remains below 1 uM (Davies 1996; Davies and Hallett 1998). When uncaging
Ca?', it was necessary to elevate bulk, cytosolic-free Ca?* to levels above the saturation point
of the indicator, estimated to be about 50 uM (Pettit and Hallett 1998; Hillson 2006; Dewitt and
Hallett 2007). However, the more physiological signal induced by uncaging IP; (which induces
release of Ca®" from stores and then physiological Ca?* influx) induced neutrophil flattening at

physiological Ca®* concentrations in the cytosol (Dewitt and Hallett 2002).

This again suggests that calcium i influx driven microdomains of high Ca?" exist in the cell.
The Ca?* concentrations within individual wrinkles may reach the highest level, as there is a
larger localized surface area to volume ratio (Brasen et al. 2010). In addition, it has been
reported that calpain translocates to the plasma membrane (Gil-Parrado et al. 2003), perhaps
by virtue of its C2-like domain. Together, these phenomena would limit calpain activity to the
strategically required location and target subplasma membrane proteins. It is, in fact, known

that cleavage of talin, an important calpain substrate, occurs during physiological Ca** influx in
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neutrophils (Sampath et al. 1998), suggesting that when activated by Ca®" influx, calpain-

mediated proteolysis has specificity.

Furthermore, a number of important calpain substrates, including ezrin, Wiskott-Aldrich
syndrome protein and myosin X, undergo p-calpain-dependent cleavage in myeloid and
lymphoid cells (Shcherbina et al. 1999; Shcherbina et al. 2001; Sousa and Cheney 2005). In

non-immune cells, calpains have also been implicated in the local control membrane surface

area leading to membrane protrusions (Franco et al. 2004).

8, integrin  selectin

getin — T~
talin cleavage ezrin cleavage

—A&i#‘

Calpain—CaZ+

. > O
FERM domain j(

Actin-Einding domain

Figure 1.7.3. Mechanism for wrinkle release. In (a) and (b), two possible configurations are shown in
which the wrinkles are held in place by (a) integrini talini actin across the wrinkle valleys and (b)
selectini ezrini actin within the wrinkle. The effect of (c) talin or (d) ezrin cleavage on releasing the
wrinkle is also shown. (e) The structural relationship of the FERM and actin-binding domains to the
calpain cleavage site is shown. This relationship is seen in talin and ezrin. The proposed effect of Ca®*
activation of calpain on releasing plasma membrane from wrinkles and may enable to accommodate
the change in shape and associated increase in surface area. This figure is adopted from Journal of
Leukocyte Biology, 2007, 81(5); 1160-1164.
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1.8 Membrane linker proteins

Membrane actin linker proteins would have a key role in the formation and maintenance
of cell surface wrinkles. The FERM (4.1 protein, ezrin, radixin and moesin) is band 4.1
superfamily is a group of proteins that potentially links actin to phospholipid membranes
(Isenberg et al. 2002). To this group belong talin, the erythrocyte membrane protein 4.1 (Rees
et al. 1990), ezrin, radixin, moesin (Bretscher et al. 1997); and some tyrosine phosphatases
(Belliveau et al. 1995) . The ERM is made of globular head domain, FERM domain in the amino
terminus, followed by a long region of high U-helical linker region and terminats in a carboxy-
terminal domain, known as the C-terminal, ERM-association domain (C-ERMAD); that has the

ability to bind the FERM domain or filamentous actin (F-actin) (fig 1.8.1a).

The globular FERM domain is composed of three subdomains, characterized by

similarity to: (1) the ubiquitin f o | 4helix bUndle structure classified as an acyl-coenzyme A

binding protein-like fold, (2) aseven-st r andad dfwi c h wi t-Helix,classified asng U

a phosphotyrosine-binding domain; and (3) a pleckstrin-homology domain. The C-terminal
domain,on the other hand, adopts an ext en gtand
and six helical regions comprised of 34 amino acid that provide the major actin binding sites,
However, two additional sites in the middle region of the tail and in the N-terminal domain was

also sites for actin binding (Bretscher A 2002; Smith WJ 2002).

Other than providing a binding site for actin, the C-terminal covers an extensive area on
the FERM domain surface and covers the intergrin binding site. ERM proteins are maintained
in a dormant, inactive conformation through the interaction between FERM and the C-terminal
domains (Bretscher A 2002; Smith WJ 2002). The release of the C-ERMAD from the FERM
domain is necessary for their full activation and exposes binding sites in the FERM domain

and the F-actin-binding site of the C-ERMAD (fig 1.8.a). Current ideas indicate that the ERM
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protein in dormant state act like a spring, when the affinity between the FERM domain and the
C-ERMAD is reduced, the molecule pops open, allowing it to connect the membrane to the
underlying actin cytoskeleton. However, the entire mechanism for activation for ERM is yet to
be studied, but it may be activated phospholipids and kinase. The proteins of this family which

are elevant to neutrophils include talin and ezrin (Bretscher A 2002; Smith WJ 2002).

1.8.1 Talin

Talin is a widespread protein that is found in a variety of mammalian cells, where it is
concentrated in focal cell adhesions (Burridge and Connell 1983) and ruffling membranes
(DePasquale and Izzard 1991). In vertebrates, two talin genes, talin 1 and talin 2, have been
reported (Monkley et al. 2001; Senetar and McCann 2005; Domadia et al. 2010) . Talin
consists of multiple domains having distinct functions (Roberts and Critchley 2009). In
platelets, talin redistributes from the cytoplasm to the plasma membrane upon activation,
leading to secretory events and platelet coagulation via integrins (Beckerle et al. 1989) , a
complex process that is not fully understood.

Each domain in the talin have distinct functions (Roberts and Critchley 2009) and
Several divergent binding epitopes have been mapped along the entire sequence of 2541
amino acids (Rees et al. 1990), suggesting that talin may be a multifunctional protein. Talin
has a globular N-terminal head region and a flexible rod domain, which can be dissociated by
the protease calpain 2 (fig 1.8.1.a). The head contains a FERM (protein 4.1, ezrin, radixin,
moesin) domain (subdivided into F1, F2 and F3 subdomains), which has binding sites for the
cytopl asmi ¢ -idtegnms amd @s welf as for filamentous actin (F-actin) (Critchley
and Gingras 2008). The head also binds to two signalling molecules that regulate the
dynamics of focal adhesion, namely PIPK1290 [a splice ~variar

phosphate5-k i nase type 1 92] and focal adhesion kinase
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binding to FAK is direct(Critchley and Gingras 2008). The N-terminal head region (residues 1i
400), is composed of the FERMdomain containing F1, F2, and F3 domains, with a further
extension towards N-terminus termed the FO domain (Domadia et al. 2010).

The head region of talin functions as an activator of integrins by binding directly to the
cytoplasmic region of the b tails (Tadokoro et al. 2003; Anthis et al. 2009). Structural study
reveals that talin F3 contains a phosphotyrosine binding (PTB) fold that interacts with the
membrane proximal NPxY motif of the b3 cytoplasmic tail (Garcia-Alvarez et al. 2003). The
talin F2 and F3 domains are important for the activation of integrins, but the FO and F1
domains are also required for the activation of integrins a5b1l and allbb3, despite differences
in the level of activation (Bouaouina et al. 2008). The talin rod (the C-terminal of talin: residues
482i12541) defines a |l ong helical rhelides (Rebgris ana
Critchley 2009).

The helical rod region is primarily involved in binding to cytoskeletal proteins F-actin
and vinculin (Roberts and Critchley 2009); and it is also involved in maintaining an inactivated
talin (Goult et al. 2009). In the tail of talin, an additional integrin-binding site at least two actin-
binding sites and several binding sites for vinculin, which itself has multiple partners, has been
identified. Recently, binding sites for two independent transmembrane proteins, laylin
(Borowsky and Hynes 1998) and in t e g rsubanit éytoplasmic domain (Calderwood et al.
1999), have been identified in this fragment. The C-terminal helices of two talin monomers
form an anti-parallel dimer, although the relative position of the two subunits within the dimer
is uncertain (Critchley and Gingras 2008). Calpain cleavage before amino acid residue 434
yields two major domains, an N-terminal head portion of 47-kDa and a 190-kDa rod domain
containing the C-terminus (Isenberg et al. 2002). The 47-kDa head fragment is believed to be

of maj or i mpor t aaatoa with the plasnalmembiase (Isesbsrg et al. 2002).
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Phospholipid binding has also been show to be exculusively mediated by 47 kDa domin

(Niggli 1994) (fig 1.8.1b).
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Figure 1.8.1a. Domain structure of talin. The N-terminal talin head (1i 400) contains a FERM
domain comprising F1, F2, and F3 domains preceded by the FO domain. The talin rod (4821
2541) contai ns @éicesa the mastpGterhinak of Wwhich is required for talin
dimerization (blue). The position of the various ligand-binding sites is indicated, including the
intramolecular interaction between F3 and the talin rod. Adopted from Journal of Cell Science,
2008, 121; 1345-1347.
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1.8.1.1 Interactivities of talin rod with actin cytoskeleton

The talin rod domai n c olmelcesj whielsforrt 2 seaempfhi pat |

helical bundles. Studies using peptide arrays show that around ten of these helices can bind to
a hydrophobic pocket in the vinculin head. Predictably, the key vinculin-binding residues in talin
are also hydrophobic, but these are usually buried within the helical bundles (Campbell and
Ginsberg 2004; Gingras et al. 2005). Indeed, talin binds to vinculin with low affinity and it is
unclear how vinculin accesses the vinculin-binding sites (VBSSs) in talin. It is possible that force
exerted on the integrin-talin-actin complex by actomyosin contraction exposes the VBSs in talin
and enables vinculin to bind to and stabilize the complex, possibly by crosslinking talin to F-

actin (Ziegler et al. 2006; Humphries et al. 2007).

Binding of talin to F-actin is intimately linked to talin dimerisation. The actin-binding site
(ABS) in the C-terminal region of the talin rod comprises a five-helix bundle and a C-terminal
helix that is required for dimer formation. Together, these constitute a talin/HIP1R/Sla2p actin-
tethering C-terminal homology (THATCH) domain (Gingras et al. 2008). Interestingly, actin
only binds to the THATCH dimer and the dimerisation domain itself appears to contribute to
binding. Electron microscopy shows that the THATCH dimer binds to three actin monomers
along the long pitch of the same actin filament and does not crosslink F-actin. Presumably, the
actin-bundling activity of talin is explained by the presence of at least two other ABSs in talin

(Critchley and Gingras 2008).

1.8.1.2 Interaction between talin and i ntegrin

‘Integrins are formedbynonc oval ently bound U ang, bl& ulbuand

b subunits combi ne i n a restricted manner

ligand-binding properties. Integrin subunits have large extracellular domains (approximately

Introduction 80

t

(0]

f

C



800 amino acids)that contribute to ligand binding, single transmembrane (TM) domains
(approximately 20 amino acids) and short cytoplasmic tails (13 to 70 amino acids, except that
of b4). Al three domains are required to regul
can change affinity on a subsecond time scale and many of the paradigms of integrin structure
and function were deduced from studies of these integrins. However, it is not clear whether

they can be generalized to all integrins (Hynes 2002).

The extracellular domain of the heterodimer consists of a ligand-binding head domain
standing on two long legs (fig 1.8.1.2), U i ntegrin subunbt ademopelkrai n a
domain that forms the head. Half of the U subun
von Willebrand factor A domain), which when present is nearly always the ligand-binding site.
The | domain possesses a conserved metal ioni dependent adhesion site (MIDAS), which
binds divalent cations required for |igand bind
hypiddomain t hat connects to the ©blI domai n, whi c|
subunit, a PSI (plexin/semaphoring/integrin) domain, four epidermal growth factor (EGF)
domains; and a membrane proxi mal b tail domainm (BbTL
|l igands bind to a crevice between the Ub subuni
ionfoccupied MIDAS within the b s thbsubunit(Megenaetalt he pi
2006). Despite the controversial role of the salt bridge in maintaining integrins in a low-affinity
stat e, high integrin affinity i s t hought to b
cytoplasmic tails. Many proteins bind directly to integrin tails, yet only talin and kindlins can
regulate integrin affinity. The role of these NxxY motifsi binding proteins in integrin activation

and function will now be discussed in detail.

The integrin-binding site for the talin head was mapped to the membrane-proximal NPxY

motif, a common binding motif for PTB domaini containing proteins (Calderwood et al 1999;
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Calderwood 2002; Uhlik 2005). Mutations with i n t he NP x Y mBoudodina etfal. b ot h

2008) and b3 (.2083) mtegrins,aas wek s matdtions in the talin PTB domain (
Wegener et al 2007), abolish talin binding and decrease integrin affinity. Insights into how talin
increases integrin affinity came from experiments showing that the talin head effectively out
compet es ilfordindihlgl bt ot a hvénogbaBovat et al. 200(). Fluorescence energy
transfer (FRET) experiments in cells confirmed that the talin head induces separation of the
integrin tails (in this case UL b 2)al integrin iigar

binding (Kim et al. 2003).

Cells depleted of talinl by small interfering RNA (siRNA) cannot respond to common
activation stimuli (Tadokoro et al. 2003). Furthermore, genetic experiments (Monkley et al.
2000; Brown et al. 2002; Cram et al. 2003; Petrich et al. 2007) demonstrated that talinl
ablation universally leads to integrin-adhesion defects. Even though there are several protein
with PTB domain such as Dokl (Calderwood et al. 2002), tensin (McCleverty et al. 2007), and
Numb (Calderwool et al. 2002), binds with NPxY motif, non other then talin can modulate

integrin affinity. This might be because the talin head has an additional binding si t e

on

t

integrin tail in the membrane proximal region,wher e t he U and b Patilteegr i n

al .1999; Vinogradova et al. 2002), whereas Dokl binds only to the region surrounding the

NPxY motif ( Oxley et al. 2008).

Crystallographic data has clarified that talin-dependent integrin activation involves binding

of t he talin F3 s udpunotari aaf two |dcations, meordeb ® induoet the

l

di splacement of the U integrWegendratal 2087M.Theftabnc i | i t

F3 subdomain contains an extra loop of amino acids that binds to membrane-proximal

sequences iinmt etghe nb3 ai |l . Thus, it was proposed

tail by binding the NPxY motif through its PTB domain; and the loop sequence subsequently
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interacts with membrane proxi mal s equ emtailesd wi t hi
separate the TM domains. Although the talin head increases integrin affinity, full-length talin is
required to cluster integrins into focal adhesions (Legate et al .2009), which are hubs that relay
signals from integrins to different cellular compartments. Cells that do not express talin are
unable to undergo sustained spreading, which indicates an adhesion defect (Zhang X et al.

2008).

Expressing the talinl head in these cells partially restored the spreading defect, but focal
adhesions were still absent, demonstrating that the clustering of integrins into larger adhesion
structures depends on both the head and rod of talin. These studies also showed that talin is
essential for coupling the actin cytoskeleton to adhesion structures and established talin as a
key adaptor linking the cytoskeleton to the extracellular matrix (Zhang et al. 2008). Mutational
analysis of talin indicates that a functional dimerization motif is both necessary and sufficient
to localize talin to focal adhesions (Semetar 2006; Smith J et al. 2007). Because talin contains
t wo b iTbmding gites, one within the FERM and the other within the rod domain, the
talin homodimer has up to four integrin-binding sites, which may enable talin to act as an

integrin crosslinker in order to promote clustering.

Consistent with this hypothesis, cleavage of the talin head from the rod domain by the
protease calpain induces focal-adhesion disassembly (Franco et al .2004).Because integrin
activation has to be strictly controlled, talin-integrin binding is tightly regulated (Fig1.8.1.2.2a).
NMR studies revealed an autoinhibitory interaction between the talin C-terminus and the PTB
domain that blocks the integrin-binding pocket (Goksoy et al.2008). Therefore, when talin
function is not required it may be maintained in an autoinhibited state. Activation of talin is still
not clear, however, it probably involves binding to the lipid second messenger

phosphotidylinositol-4,5-bisphosphate  [PtdIns(4,5)P,] because this lipid elicits a
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conformational change that disrupts the autoinhibitory interaction and enhances integrin-talin

binding (Martel et al. 2001; Goksoy 2008).

Although phosphoinositide binding can enhance the affinity of many PTB domains for
their substrates (Uhlik et al. 2005), this does not hold true for the isolated talin head. Talin
binds to PIPKIO? and di DiPaoloetali2@02;ting ef ab 2082). Traugl he s i o
a feed-forward loop may exist to enhance talin recruitment to sites of adhesion
formation.Talin-i nt egr i n interactions are also controll
integrin tail. The Tyr within the bl and b3 in
family kinases (Chen 1992c; Law et al. 1996) and when mutated to Phe, it reverses the
integrin-dependent spreading and migration defects in viral-Rous sarcoma oncogene (V-src)i

transformed fibroblasts ( Chen 1992).

The interaction between talin and b integri

switch mechanism. Structural analysis showed that the talin PTBI integrin NPXY interaction

occurs through acidic and hydrophobic interactions (Di Paolo et al. 2002) and cannot
accommodate the introduction of a phosphate group. Accordingly, the affinity of the talin F3
subdomain fora phosphoryl ated b3 tail peptide i s re
unphosphorylated peptide (Oxley et al. 2008). Therefore, phosphorylation could inhibit integrin

activation by maintaining an inhibitory complex on inactive integrin tails or by blocking talin
binding directly. Mutations a aterminalrtathedcabntbinding s o f
site decrease integrin affinity for ligands (Chen et al.1992; Chen et al. 1994; Xi et al. 2003; Ma

et al 2006), which raises the possibility that additional factors also alter integrin affinity status.

Indeed, recent work shows that talin is not the only master regulator of integrin activation and

t hat the kindlin family of ptrote2nsanavhb8hi bi ed
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important as talin in mediating this function (Ma et al. 2008; Montanez et al. 2008; Moser et

al. 2008).

Figure 1.8.1.2.2. Potential mechanisms regulating talin-mediated integrin activation. Talin binding
to integrin B tails induces conformational

affinity for ligands (the nature of the conformational changes remains controversial and the model
shown represents only one of several possibilities). Mechanisms that regulate talin binding may
therefore control integrin activation. The putative salt bridge stabilizing the interaction between

membrane-pr o x i mal regiond® ofmitheil ahe inactive
black bar. The three-lobed FERM domain within the talin head is indicated. (A) Stimulation of talin
binding. Two hypothetical model s of inactive

tail-binding site in the F3 subdomain. Calpain cleavage or PtdIns(4,5)P, binding unmasks the
binding site, potentially activating integrins. (B) Inhibition of talin binding. Src-mediated tyrosine
phosphorylation (P) of integrin NPxY motifs, and competition wi t h o-birldiag proteinst(eayi
PTB domain proteins), or other talin-bi ndi ng pr ot ei90),snay(peevegt integhin-t&iK
interactions, so inhibiting integrin activation. Hence, dynamic interplay between the stimulatory and

inhibitory pathways might determine the integrin activation state. Adopted from Journal of Cell
Science, 2004, 117; 657-666.
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1.8.2 Kindlin

Kindlins are related to talin. They belong to a family of evolutionarily conserved FER
domaini containing proteins named after the gene mutated in Kindler syndrome, a rare skin
blistering disease. There are three kindlin family members in mammals: kindlin-1 [Unc-112
related protein 1 (URP1)], kindlin-2 (Mig2), and kindlin-3 (URP2) (Siegel et al .2003). Kindlin-1,
which is predominantly expressed in epithelial cells, is found in tissues such as skin, intestine
and kidney; kindlin-2 is expressed in most tissues, with highest amounts in skeletal and smooth
muscle cells; and kindlin-3 expression is restricted to cells of hematopoietic origin (Siegel et al.

2003; Jobard et al. 2003; Ussar et al. 2006).

All three proteins localize to integrin-dependent adhesion sites; kindlin-1 and -2 localize to
focal adhesions and kindlin-3 localizes to podosomes, which are integrin-dependent adhesion
sites found in hematopoietic cells. Two human diseases caused by kindlin gene mutations have
characteristic features of defective integrin function. Kindler syndrome, which is caused by the
loss of kindlin-1, is a rare genodermatosis characterized by an epithelial cell-adhesion defect
followed by poikiloderma and cutaneous atrophy (Siegel et al. 2003; Jobard et al. 2003).
Kindlin-2 deficiency is embryonically lethal in zebrafish and mice, but has not been described in

humans. Kindlin-3 deletion causes severe bleeding that is reminiscent of Glanzmann

t hrombastheni a, a disorder arising from deefects

integrins cannot bind ligands and platelet aggregation is defective, despite normal amounts of
talin (Moser et al. 2008). Only very limited information is available on the functions of kindlins.
Kindlin-3 has been reported to influence integrin-mediated strengthening of cell adhesion (Shi,
et al. 2007; Dowling 2008) and to cooperate with talin in inducing integrin activation (Ma, et.al.

2008).

Introduction 86



Kindlin-domain structure

ILK- and migfilin-interacting region

FERM and PH domains

MLS (kindlin-2), '

Amino acid: 55 95

Proteins

Kindlin-1 and kindlin-2
Kindlin-1 and kindlin-3
Kindlin-2 and kindlin-3
Kindlin-1 and talin-1

Irs I I8 473 458 5ER
Sequence
similarity Domains
62% FO: Kindlim and talin
49% F1: Kindlin and talin
53% F2: Kindlin and talin
28% F3: Kindlin and talin

Figure 1.8.2a. Kindlin domain structure and binding partners. (A) Domain architecture of kindlins.
All members of the kindlin protein family show identical domain architecture (top). Arrows indicate
the regions of kindlins that interact with b1-integrin and b3-integrin, ILK or midfilin. The interactions
with ILK andmidfilin are based mainly on the studies of kindlin-2 and UNC-112. (B) Overlay of the
kindlin-2 F3 subdomain model structure (blue) and the talin F3 subdomain structure (green) in
complex with the bl-integrin peptide (red) showing a conserved PTB fold. ILK, integrin-linked
kinase; PTB, phosphotyrosine binding; UNC-112, uncoordinated protein 112. Adopted from

Journal of Cell Science, 2010, 123; 2353-2356.

Kindlin-binding sites in integrin 1, p2 and B3 tails

Figure 1.8.2b. Schematic diagram
showing the binding site of kindling
with intergrin. They bind via their F3
subdomains to the membrane-distal
NxXY motif of b mid
tails. Figure adopted from Journal of
Cell Science, 2010, 123; 2353-2356.
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1.8.2.1. Kindlins as regulators of integrin a ctivation

Kindlins are essential components of the integrin adhesion complex. Mutations in
kindlin-3 were implicated in a rare leukocyte-adhesion deficiency (LAD) type IIl (LAD-III), which
results from severe defects in leukocyte and platelet integrin activation (Kuiljper et al. 2008;
Mory et al. 2008; Svensson et al. 2009 ). Genetic and siRNA depletion of kindlin-1, -2 and -3 in
mice and cells provided definitive experimental proof that kindlins are essential regulators of
integrin function because the conformational shift of integrins from the low- to high-affinity state
does not occur in the absence of kindlins (Ma et al. 2006; Moser et al. 2008; Ussar et al.
2008). Both kindlin and talin depletion cause impairment of platelet aggregation which implies
that both proteins are required to regulatory integrin affinity (Nieswandt et al. 2007; Petrich et al.

2007).

Furthermore, leukocytes lacking kindlin-3 are unable to transmigrate across the vessel
wall into inflamed tissues because of an integrin-mediated adhesion defect (Moser et al. 2009).
The phenotypes of these mice resemble LAD-IIl patients, which led to the identification of
mutations in kindlin-3 as a cause of this disease (Kuijper et al. 2009; Svenson et al. 2009)
Kindlin-mediated integrin activatonre qui res a direct i nteraction be
tails. The kindlin and talin FERM domains show high levels of sequence similarity (Koleker et al.
2004). However, the kindlin FERM domain exhibits the structural hallmark of being split into two
halves by a pleckstrin homology (PH)i domain insertion in the F2 subdomain (Fig 1.8.2.1a, b &
¢). Molecular modeling of the kindlin-2 F3 subdomain that uses the talin F3 subdomain as a
structural template suggests that it also resembles a PTB domain capable of r ecogni zi ng
integrin tails (Shi et al. 2007). Biochemical experiments confirmed the predicted interaction of
kindlins with the cytoplasmic tails o f b1, b 2, Klaeka et b1.22004; &hi 2087; Ma et al.

2008; Montanez et al. 2008; Moser et al. 2008; Moser et al. 2009).
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Kindlin-1 and kindlin-2 PTB-domain mutations abolish their interacton wi t h  t he b1
integrin tail (Usar et al. 2008; Shi et al. 2007) and impair the ability of kindlin-1 to activate
integrins (Moser et al. 2008). Un | i ke tal i n, kindlins bind the di ¢
b3 tails (Fig..12008;.M@ntaher ef aMao08; Moser et &l. 2009; Moser et al.
2008; Ussar et al. 2008; Shi et al. 2007 ) additional sequences may also be involved in kindlin
binding. Al t hough the intervening sequence betw
integrin cytoplasmic tails are dispensable for talin binding, mutation of a double Thr or Ser/Thr
within this sequence impairs kindlin binding (Moser et al. 2008). Because kindlins and talin bind
di stinct regions of the b iregulategintegmnn affinityi(Maetdlhey m
2008; Montanez et al. 2008; Moser et al. 2009; Calderwood et al. 2002; Calderwood et al.

1999).

Although kindlins are not sufficient to shift integrins to a high-affinity state, they facilitate
talin function. The amount of talin expressed in cells determines the efficacy of kindlins in
promoting this function because overexpressing kindlin-2 in cells with relatively little talin (Han
et al. 2006) has little or no effect on integrin affinity modulation; and coexpression of the talin-
head domain with kindlin-Lor-2 resul ts in a syner ffinig Canwerselyn cr e a s
talin depends on kindlins to promote integrin affinity because talin-head overexpression failed to
increase Ullbb3 affinity in CHO cells in which |
kindlins require talin and talin is not sufficient to increase integrin affinity. Kindlins also function
as cytoskeletal linker molecules in outside-in signaling. Kindlin-1 and -2 bind to integrin-linked
kinase (ILK) and the filamin-binding protein migfilin, both of which link kindlins indirectly to the
actin cytoskeleton (Tu. et al. 2003; Zhang et al. 2006; Montanez et al. 2008). Both proteins
localize to cell-matrix adhesions in a kindlin-dependent manner, demonstrating that kindlins are
central linker proteins mediating the assembly of integrin-dependent adhesion complexes (Tu.

et al. 2003; Zhang et al. 2006; Montanez et al. 2008). Kindlin-3i deficient platelets exposed to
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divalent Mn**, which shifts integrins into the high-affinity state independent of intracellular cues,
can adhere to fibrinogen or collagen-coated surfaces. However, subsequent platelet spreading
is impaired, which indicates that integrin-dependent cytoskeletal rearrangements do not occur in
the absence of kindlin-3 (Moser et al. 2008). These observations suggest that kindlins remain
associated with the adhesion complex and fulfill essential functions as bidirectional signaling

molecules.
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Figure 1.8.2.1 a. Integrin architecture and schematic representation
of integrin activation. Specific contacts between the ectodomains, the
TM, and cytoplasmic domains keep the integrin in its bent
conformation. Separation of the integrin legs, transmembrane, and
cytoplasmic domains occurs during integrin activation, resulting in an
extended integrin damhisshowmi greeo and
t he b s ub uBjAclosenlook adt thel irgetacting(site (orange
rectangle) between the transmembrane and membrane proximal
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indicated. (C and D) Schematic drawings of the integrin-activating
proteins talin (C) and kindlin (D). The FERM domains are depicted as
balls subdivided into three subdomains, F1 to F3. Kindlins contain a
PH domain inserted into the F2 subdomain. Domain sizes are not to
scale, and talin is shown as a monomer for simplicity. This diagram
was adapoted from, Science, 2009, 324; 895-899.
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Figure 1.8.2.1c. Putative crosstalk mechanisms
between talin and kindlin during integrin
activation. (a) Model for the sequential binding
of kindlin and talin to the integrin tail. Kindlin
binding to the MD NxxY motif facilitates talin
binding to the MP NPxY motif, which results in
the displacement
final integrin activation. (b) Because of the
distinct binding sites for talin and kindlin at the
b integrin tail, si mu
possible. The order in which each protein binds
to the integrin tail is not known. (c)
Communication between talin and kindlin in
trans, where each protein is bound to a
different integrin tail, can also be envisioned. In
this model, talin and kindlin binding to integrin
tails results in the formation of integrin
nanoclusters and a subsequent talin-kindlin
crosstalk. This diagram was adapoted from
Science, 2009, 324; 895-899.
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1.8.3 Ezrin

Ezrin is also a member of the FERM family and is of special interest to the maintenance of cell

surface morphology. Ezrin is the p81 substrate of the epidermal growth factor (EGF) receptor

tyrosine kinase; and was first purified from epithelial intestinal brush border microvilli. It is also a

calpain substrate. Initially, the hypothesis of an interaction of ERM proteins, including ezrin, with

the plasma membrane was due to the presence of the FERM domain, which is involved in the

interaction between band 4.1 and glycophyrin C (Correas, et al. 1986). Algrain et al. (1993) did

the first experiments reinforcing this hypothesis, showing by transfection experiments that the

amino-terminal domain of ezrin associates with the plasma membrane whereas the carboxy-

terminal domain associates with the cytoskeleton (fig 1.8.3a).
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a Linker region 547 aa

1aa 85 aa 202 aa 298 aa 470 aa 149? aa (P)586aa

\ Fl \ F2 \ F3 \ | ——
FERM domain at-Helical domain F-actin binding site
C-ERMAD

Figurel.8.3 a. Structure of ERM family of proteins. All ERMs (ezrin, radixin and moesin) have a similar
domain structure. The domain organization of ezrin is shown here. The aminoAerminal FERM domain
(blue) consists of three subdomains: F1, F2 and F3. The central ~150 residue region (yellow) is
predicted to have a high Ushelical content and propensity to assemble into a coiled coil. This is followed
by a linker region that is ProArich in ezrin and radixin, but not in moesin; and the protein terminates in
the carboxyAterminal ERMAassociated domain (CAERMAD; orange), which contains thefilamentous
actin (FAactin) - binding site. Adopted from Nature Reviews Molecular Cell Biology, 2010,11; 276-287.

The molecules which bind with ERM and plasma membrane are named ERMBMPs (ERM

binding membrane proteins) (Yonemura and Tsukita, 1999). These proteins are subdivided in
two classes: one involved in the direct attachment of ERM to the plasma membrane and the

other in an indirect mechanism. Table 1.8.3 lists the two classes of ERM associated protein.

Table 1.8.3. ERM associated protein s

Interactions Functional outcome Cells/ tissues references

Direct attachment

CD44 Cell motility and epithelial cells and Tsukita, et al.1994
formation of uropodia fibroblasts
ICAM-2 Cell motility and lymphocytes Helander, et
formation of uropodia al.1996
Syndecan 2 Transduction of signals Family of transmembrane
from extra cellular heparan sulfate
matrix proteoglycans Granes, et al. 2000.
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Reorganization of the Carcinoma cell lines, Scholl, et al. 1999
actin cytoskeleton and fibroblasts, epithelial cells
PA2.26 a redistribution of ezrin of the choroid plexus,
concomitantly to a mesothelial cells and
change in cell endothelia of lymphatic
morphology. vessels
Indirect
attachement
Adaptor protein Polarized cells Reczek, et al. 1998
EBP50

As ERM proteins are actin binding proteins, they may control actin assembly directly. This
would be consistent with ERM proteins, notably ezrin, being highly abundant (almost 1:1 to
actin) in dynamic membrane structures, such as in gastric parietal cell membranes or microvilli
(Berryman, et al. 1995). In addition to the C-terminal F-actin-binding site, a second site within
residues 280i 309 of ezrin mediates binding to G-actin as well as to F-actin (Roy, et al.1997).
Intriguingly, deletion of the conserved 30 N-terminal residues of ezrin inhibited both the actin-
binding and membrane extension properties identified in the 2807 309 ezrin domain (Martin, et
al.1997). Indeed, ezrin and other ERMS are candidates to control directly the elongation of actin
microfilaments.

The two amino acid sequences (17129 and 2801 309) essential for actin-binding and
membrane extensions in ezrin are highly conserved in other ERM proteins, including
merlin/schwannomin. This protein is also concentrated in actin-rich structuresl1i 3 but does not
possess the C-terminal. At least in vitro, both the actin-binding and the membrane binding sites
of full-length native ERM proteins appear to be masked. As mentioned above, the carboxy-
terminal half of ezrin binds to actin filaments with relatively high affinity (Badour, et al. 2003;
Lee, et al. 2003; Cao, et al. 2005). At physiological ionic strength, full-length ERM proteins have
very low affinity to the cytoplasmic domain of EMAP in vitro, whereas the amino-terminal halves
of ERM proteins lacking carboxy-terminal halves bind to the same with high affinity (Gautreau,

et al. 2002).

Introduction 94




Considering that a significant amount of monomeric ezrin is detected as a soluble form in
the cytoplasm (Schwartz-Albiez, et al. 1995 and McClatchey, et al. 2003), these findings led to
the proposal of an intramolecular head-to-tail association model for ERM protein activation and
inactivation (fig1.8.3b). In native ERM proteins, the amino- and carboxy-terminal halves may
mutually suppresseachot her 6s f unct i on s and acanfbmding, respecatiMely,
through an intramolecular head-to-tail association.

Actually, the amino-terminal half of an ERM protein is directly associated with the carboxy-
terminal half in vitro (Kikuchi 2002) and the amino-terminal half of ezrin suppresses the
dominant-negative effect of the carboxy-terminal half of ezrin in vivo. This arrangement
suppresses the formation of cellular protrusions by inhibiting the function of ezrin (Kupfer and
Singer 1989). Intermolecular head-to-tail association of ERM proteins is found in viva (Schwartz-
Albiez, et al. 1995; McClatchey, et al. 2003); and the intermolecular and intramolecular interfaces
between the amino- and carboxy-terminal halves appear to be distinct.

A specific feature of ERM proteins is the proposed change in conformation that could drive
the translocation of the protein from a soluble pool to a membrane-skeleton-associated form (fig
1.8.3b). There has been no formal demonstration of such a change, but it almost certainly occurs
in vivo. The change was predicted following the discovery of the self-association properties, the
mapping of the N- and C-ERMADSs, various structurei function studies performed in different cell-
expression systems and the identification of binding sites that were apparently masked in the
purified soluble proteins. Opening of the full-length molecule should result in unrestricted binding
of proteins, such as EBP50 and RhoGDI or Dbl, in the N-ERMAD; and F-actin in the C-ERMAD.

In various experimental cell and tissue systems, ERM association with the membrane
skeleton always correlates with an enhanced state of ERM phosphorylation. Conversely,
dephosphorylation induced by various means triggers the reversion of ERM proteins to a soluble

form and promotes the disassembly of the membrane-skeleton structure (Mackay, et al. 1997,

ane
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Tran Quang, et al. 2000). Ezrin undergoes phosphorylation at Tyr and Ser/Thr sits.
Serine/threonine phosphorylation may be a key signal for the activation of ERM proteins.

Two papers have described that ERM proteins specifically bind to phosphatidylinositol4-
phosphate (PIP) and phosphatidylinositol 4, 5-bisphosphate (PIP,) (Barret, et al. 2000; Gautreau,

et al. 2002). As described above, native full-length ERM proteins have very low affinity for the

cytoplasmic domain of EMBPOGs at physiological

suggesting that phosphoinositides are also key factors for the activation of ERM proteins
(Gautreau, et al. 2002). The possible upstream factors required for activation of phosphorylation
and phosphoinositide synthesis are Rho, one of the small GTP-binding proteins, is now
considered to be a general regulator of actin-based cytoskeletal organization, especially of actin-
filament-plasma-membrane associations. Recent in vitro and in vitro analyses suggest an
intimate relationship between the Rho signalling pathway and activation of the actin-membrane
cross-linking ability of ERM proteins (Gautreau, et al. 2002) .

The in vitro binding of ERM proteins to the cytoplasmic domain of E MB P 6 the preesence
of crude cell homogenate is enhanced by GTPyS and completely suppressed by C3 toxin, a
specific inhibitor of Rho (Matsui, et al. 1998). Furthermore, Rho guanine nucleotide dissociation
inhibitor (GDI), an important regulator of Rho, is tightly associated with ERM complexes in viva
(Bretscher, et al. 2002). In addition, Myc-tagged Rho introduced into MDCK cells colocalizes with
ERM proteins (Matsui, et al. 1998). Several intensive studies have been performed to identify the
direct target of Rho, showing that Rho regulates phosphatidylinositol turnover (Nakamura et al
1999). For example, Rho activates PIP 5-kinase, which elevates the PIP level in membranes.
Rho also regulates the activity of some serine/threonine kinases (Nakamura, et al.1999). It is
possible that these kinases phosphorylate ERM proteins. It is thus fascinating to speculate that,
through the activation and inactivation of ERM proteins, Rho can regulate the actin-based. By

forming a cross link between plasma membrane and actin, ERM proteins involved both in the
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morphogenesis of the membrane structures on which they are concentrated and in cell

adhesion, involving molecular mechanisms that are not yet understood fully (Mangeat, et al.

1999). Functional inactivation of ERM proteins has provided some clues to their roles (table

1.8.3b). Overall, these data indicates that ERM proteins are cytoskeletal proteins with pleiotropic

functions. In addition to a structural role as membranei cytoskeleton linkers, they also regulate

cell adhesion.

Plasma membrane

CD43, CD44, ICAM-1-3

n Dephosphorylation
-—

(closed, mainly cytosalic)

e
Phosphorylation @ges
‘5 PIP;
Inactive ERM

active ERM
(open)

Figure 1.8.3b. Two forms of Ezrin. Ezrin

is activated through phosphatidylinositol 4,5Abisphosphate

(PtdIins(4,5)P2) binding and phosphorylation of Thr567, which reduces the affinity of the NAterminal FERM
domain for the CAERMAD. This unmasks binding sites for FAactin and the cytoplasmic tails of specific
membrane proteins, such as CD43 (also known as SPN), CD44, intercellular adhesion molecule 1 (ICAM1),
ICAM2, Na+i H+ exchanger 1 (NHEL; also known as SLC9A1), syndecan 2 and bAdystrophin. Furthermore, the
adaptor protein ERMAbinding phosphoprotein 50 (EBP50; also known as NHERF1) can also bind the FERM
domain. This picture was taken from Frontiers in Bioscience, 2006,11; 207-211.
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Table 1.8.3b. Experimental established functions

of ERM proteins

Experimental Methods Inference Reference
Studies Used
Suppression of Antisense Disappearance of all Takeuchi, et al. (1994)

expression of ERM in
Thymoma cells

oligonucleotides

membrane structures

Suppression of
expression of ERM in
mouse epithelial cells

Antisense
oligonucleotides

Cell-matrix and cell- cell
adhesion inhibited

Takeuchi, et al. (1994)
Bretscher, et al (1997)

Application of
antisense to primary
neurons in vitro

Promotes stabilizing the
formation of neurite
outgrowths and axonal
growth cones

Paglini, et al. (1998)

Inactivation of Ezrin in Chromophore- Inhibition of membrane Helander, et al. (1996)
Rat-1 fibroblast and a assisted laser protrusion and reversible

V-fos transformed cell inactivation membrane retraction.

line

Inactivation of Ezrin Chromophore- Massive cell retraction Lamb, et al. (1997)
cytosolic pool in rat-1 assisted laser that originated from the

cells inactivation non-irradiated leading

edge of the cells

Overproducing in
insect cell line

Delay in cell detachment
after viral infection

Martin, et al. (1995)

Assessment of
resistance of mouse
cell line expressing
ICAM-2 cell surface
molecules to natural
killer cells

Trasfection with
cDNA encoding
human ezrin

Became sensitive to IL-2
and cause formation of
uropods and relocation of
ICAM-2 to the surface of
uropods which leads to
target-cell recognition

Helander, et al.
(1996)

Inducing over
production of ezrin
during cell migration
and tubulogenesis

Drastic improvement in
tubulogenesis and cell
migration

Gary and Bretscher.
(1995)

Stable expression of
an N-terminal ezrin

Absence of apical
microvilli, decrease in
tubulogenesis and cell
migration

Crepaldi, et al. (1997)
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1.9 Membrane linker proteins and ¢ alpain

Calpain is a calcium-activated, intracellular cysteine protease distributed widely in
animal cells (Hayashi et al. 1999). There are two ubiquitous calpain isozymes, p-calpain and
m-calpain, that are activated at micromolar and millimolar Ca2+ concentrations, respectively.
Both calpains share similar biochemical characteristics, except for the calcium concentration
required for activation; and their amounts vary from one tissue to another. Both calpains are
composed of a large catalytic (80kDa) subunit and a small regulatory (30kDa) subunit; and
each subunit contains a calmodulin like domain at the c-terminus (Croall and Demartino
1991; Kawasaki and Kawashima 1996). Upon Ca?* binding to the calmodulin-like domains,
calpains become active and begin to autolyze. In the case of p-calpain it is belived that the
restricted autolysis in the large subunit that accompanies the increase in calcium sensitivity is
itself the activation steps. Hayashi et al. (1999) have provide evidence that p-calpain binds
to the cytoplasmic surface of cell membranes as an 80kDa proenzyme and is converted
autolytically to the 76kDa form via a 78kDa intermediate on the membrane. In neutrophils,
p-calpain is the predominate form (Inomata et al. 1989). Even though the physiological
function of calpain is yet to be revealed, it has been suggested to play an important role in
cellular events that occur in response to mobilized Ca2+. Like talin, ezrin is also a substrate

for proteolysis by calpain.

The hypothesis that different sensitivity to calpain provides a basis for selective
termination of the specialized linker structures of ezrin and moesin is supported by
theoretical considerations and experimental evidence. Since the ability of ezrin and moesin
to function as linker proteins requires sites in the N-terminus that bind plasma membrane
proteins and sites in the C-terminus that bind the actin cytoskeleton (Algrain et al. 1993),

proteolytic cleavage has the capacity to disrupt membrane-cytoskeleton linkages. Evidence

Introduction 99



strongly suggesting that calpain sensitivity suffices as a basis for terminating the linker
function of ezrin is provided by studies in gastric parietal cells in which ezrin cleavage by
calpain was linked to inhibition of proton secretion (Yao 1993). In endothelial cells, ezrin
cleavage by calpain was associated with stimulation of locomotion and abolition of ezrin's
ability to associate with b-actin (Shuster et al. 1995). Ezrin and moesin in blood lymphocytes
exhibit a divergent response to Ca** signaling. Whereas ezrin was cleaved, moesin remained
intact. Similar results were obtained when lymphocytes were activated with the more

physiological stimulus anti-CD3 mAb.

These findings suggest that moesin, but not ezrin, retained the ability to function during and
subsequent to Ca** signaling. Indeed, ezrin and moesin may function sequentially to support
different morphological structures required as lymphocytes differentiate, i.e. early acting ezrin
in resting cells and moesin contributing to surface projections in lymphocytes that have
undergone Ca?* signaling and activation. Circulating lymphocytes are spheroidal cells with a
surface dominated by slender microvilli that serve to monitor the vascular wall (von Andrian
etal 1995). As part of the early response to proliferation-inducing stimuli, lymphocytes
undergo cytoskeletal remodeling and become polarized (Oslzowny etal 1998, Stewart et

1998, Gray 1993).

In resting lymphocytes, ezrin and moesin were found by fluorescent microscopy to co-
localize in surface microvilli, and these structures were rapidly disassembled on cell
activation.. Since ezrin and moesin can form heterodimers in vivo (Gary and Bretscher
1993), early acting linker structures in resting lymphocytes may be composed of both ezrin
and moesin, yet be disassembled upon lymphocyte activation by calpain proteolysis of only

ezrin. In support of this theory, fluorescent microscopy revealed weak ezrin staining
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homogeneously distributed in the cytosol, and moesin found as the sole ERM protein in the

uropods of polarized activated T-lymphoblasts (Serrador et al. 1997).

In summary, ezrin and moesin represent the ERM proteins in blood cells. Cleavage of
ezrin by calpain and insensitivity of moesin to this protease are documented as biochemically
distinguishing features. Calpain-dependent cleavage of ezrin and persistence of moesin is
demonstrated in the early response of intact lymphocytes to proliferation-inducing stimulation.
Together, these findings suggest that different susceptibility to calpain contributes to the

specialized non-redundant functions of ezrin and moesin.

1.10 Aims

Neutrophils change shape to migrate across the endothelial cell line to infiltrate any
inflammatory area. It has been suggested that this change in shape of the cell may be because
of unfolding of wrinkles present on the plasma membrane of neutrophils. These wrinkles are
probably held in place by a group membrane linker proteins like talin and ezrin, which are know
to form a link between the cell membrane and actin. These proteins are also
proteolytically cleaved by the calcium activated proteolytic enzyme called calpain. Theoretically,
it is possible that proteolytic cleave of membrane linker proteins in neutrophils may cause
unfolding of wrinkles which in turn provides the extra reservoir of plasma membrane which

neutrophils may use to extravaste across the endothelial lining.

The aim of the work presented in this thesis is to identify the subcellular position of
membrane linker protein in neutrophils, to establish whether they are proteolytically cleaved
during neutrophil activation. This would also establish a possible biological marker in
extravasted neutrophils. This thesis also present a cell model for investigating the dynamic of

ezrin proteolysis during cell shape change.
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2.1 General materials

2.1.1 Reagents used

Table 2.1.1 List of reagents used in the study

Reagent name

Pharmaceutical company

Acetic acid

Fisher Scientific, Leicestershire, UK

Acridine orange

Sigma Chemical, Poole, UK

ALAN

Calbiochem, UK

Amaxa nucleofector solution V

Lonza, Cologne, Germany

Asante red

TEFLabes, Inc, Austin, UK

BCA protein assay

Thermo scientific, UK

Bio-Rad DC protein assay kit

Bio-Rad Laboratories, Hemel Hempstead, (UK)

Biotinylated protein ladder

Cell Signaling Technology

Bovine serum albumin (BSA)

Sigma Chemicals, Poole, Dorset, UK.

Ca.Clz

Sigma Chemicals, Poole, Dorset, UK.

Coomassie brilliant blue

Sigma Chemicals, Poole, Dorset, UK.

Dextran

Sigma Chemicals, Poole, Dorset, UK.

Dimethyl sulphoxide (DMSO)

Sigma Chemicals, Poole, Dorset, UK.

EDTA

Sigma Chemicals, Poole, Dorset, UK.

EGTA

Sigma Chemicals, Poole, Dorset, UK.

Ethanol

Fisher Scientific, Leicestershire, UK

Fetal calf serum (FCS)

Fisher Scientific, Leicester, UK

Ficoll-paque Amersham Biosciences, Uppsala, Sweden
Filter paper Whatman International Ltd, Maidstone,UK
Fluorescein isothiocyanate | Sigma Chemicals, Poole, Dorset, UK.
(FITC)

Fluro-4-AM Invitrogen, Carlsbad, California, USA
FMLP Sigma Chemicals, Poole, UK
Formaldehyde Fisher Scientific U.K. Ltd, Leicester, UK.

Fura-2 dextran

Invitrogen, Carlsbad, California, USA

Fura-2-AM

Molecular Probes, Eugene, Oregon, USA
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Giemsa stain

Raymond A Lamb, UK

Glycine

Melford Laboratories Ltd, Suffolk,UK

Heparin sodium (5000 1U/ml)

CP Pharmaceuticals Ltd, Wrexham, UK

Hepes

Fisher Scientific U.K., Leicester, UK.

Hi Mar k E -staiped e high
molecular weight protein
standard

Invitrogen, UK

Horse serum

Vector Laboratories Inc., Burlingame, USA

Hybond nitrocellulose | Amersham Bioscience UK Ltd, Bucks, UK
membrane

lonomycin Calbiochem, UK

KCI Sigma Chemicals, Poole, Dorset, UK.
KH,PO, Sigma Chemicals, Poole, Dorset, UK.

Machery-nagel nucleobond®

extra maxi kit

Abgene, Surrey, UK

Methanol Fisher Scientific U.K. Ltd, Leicester, UK.
MgSO, Sigma Chemicals, Poole, Dorset, UK.
Na,CO; BDH Laboratory Supplies, Poole, UK.
Na,HPO, Sigma Chemicals, Poole, Dorset, UK.
NaCl Sigma Chemicals, Poole, Dorset, UK.
NaHCo; Fisher Scientific U.K., Leicester, UK.
NaOH Sigma Chemicals, Poole, Dorset, UK.
NiCl, Sigma Chemicals, Poole, Dorset, UK.

NuPAGE® anti-oxidant

Invitrogen, UK

NuPAGE® LDS sample
buffer(4x)

Invitrogen, UK

NUPAGE® novex 3%-8%  tris-
acetate Gel 1.5 mm, 15 well

Invitrogen, UK

NuPAGE® sample reducing
agent (10x)

Invitrogen, UK

NuUPAGE® tris-acetate SDS
running buffer (20X)

Invitrogen, UK

Phosphate buffer (pH 6.8)
tablets

BDH Laboratory Supplies, Poole, UK

Protease inhibitor cocktalil

Sigma Aldrich, Poole, UK
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Protein A/G PLUS-agarose Santa Cruz biotechnology, inc, Heidelberg,

Germany

RPMI Sigma Chemicals, Poole, UK.

Sodium dodecyl sulphate (SDS) | Melford Laboratories Ltd, Suffolk,UK

SuperSignal west pico | Thermo Fisher Scientific , Rockford, USA

chemiluminescent

Supersignal™ west dura system | Pierce Biotechnology, Inc, Rockford, IL, USA

Thapsigargin Sigma Chemicals, Poole, UK

Tris base (tris-hydroxymethyl)- | Melford Laboratories Ltd, Suffolk,UK

aminomethane)

Triton® X-100 Sigma Chemicals, Poole, UK
Trypan blue Sigma Chemicals, Poole, UK
Trypsin Sigma Chemicals, Poole, UK

Tween 20 (polyoxyethylene | Sigma Chemicals, Poole, UK

sorbitan monolaurate

U73122- PLC inhibitor Sigma Chemicals, Poole, UK
Zymosan A Sigma Chemicals, Poole, UK
ZymosanA bioparticles | Molecular Probes, Eugene, USA

opsonizing reagent

2.1.2 Equipment s used in this study

96-well and 6-well; flat well bottom; TC-
treated; working volume: 0.1-0.2mL;

Fisher-Scientific, UK

BCA protein assay

Thermo scientific , Uk

Bio-Rad DC protein assay kit

Bio-Rad Laboratories, Hammelmpstead, UK

Cell culture inserts for 24 well plates
(ThinCert™)

Greiner Bio-One GmbH, Germany

Cellometer auto T4 plus SK-1800

Nexcelom Bioscience, Lawrence, USA
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Cellometer cell counting chamber slides

Nexcelom Bioscience, Lawrence, USA

CLSM confocal microscope (SP2)

Leica, Milton Keynes, UK

CLSM confocal microscope (SP5)

Leica, Milton Keynes, UK

Color silver stain kit

Thermo scientific, UK

Culture flasks (25cm?®and 75cm?

Greiner Bio-One Ltd, UK

ECL PLUS western blotting detecting system

GE Health Care, UK

Eppendorf 5629 micromanipulator

Eppendorf, Hamberg, Germany

Eppendorf Femtojet pressure controller

Eppendorf, Hamberg, Germany

Eppendorf Injectman micromanipulator

Eppendorf, Hamberg, Germany

Falcon tube

Fisher-Scientific, Leicestershire, UK

IC100 Intensified CCD camera

PTI, Surbiton, U.K.

IC100 Intensified CCD camera

PTI, Surbiton, U.K.

Micropipette capillaries

Sutter Instruments, USA

Micropipette Puller P2000

Sutter Instruments, USA

Microscope stage heater

Linkam Scientific Instruments, U.K.

Neubauer haemocytometer counting
chamber

Mod-Fuchs Rosenthal, Hawksley, UK

Nikon Eclipse inverted microscope

Nikon, UK

Nikon Eclipse inverted microscope

Nikon, UK

Novex® Semi-Dry Blotter

Invitrogen , UK

Olympus BX5I Microscope

Olympus, U.K.

Pre-pulled femtotips
Phagocytosis - tip diameter 1nm
SLAM - tip diameter 0.5mm

Part-cell labelling - tip diameter 5 mm

Manufactured in house

Pre-pulled femtotips
diameter 1mm

- Phagocytosis- tip

WPI, UK.

Roller mixer

Stuart, Wolf-Laboratories, York, UK

Supersi gnadrasgtewest d

Pierce Biotechnology, Inc., Rockford, IL, USA

The Xcell |l oc k E

cells(mini-cell)

sur e

Invitrogen,UK
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Universal containers

Greiner Bio-One Ltd, UK

UVIpro gel documentation system

Wolf Laboratories, UK

UVITech imager

UVITech Inc., Cambridge, UK

Micromanipulator

Eppendorf .Inc , UK

WPI micromanipulator

WPI, USA

2.1.3 Software used in this study

Image Master 1.4b8

PTI, Surbiton, UK

Microsoft Excel 2000

Microsoft, Redmond, USA.

Paintshop Pro Version 4.15 SE

Jacs Software Inc.

Microsoft PhotoEditor 3.0

Microsoft, Redmond, USA.

Microsoft Paint Version 5.1

Microsoft, Redmond, USA.

Adobe Photoshop 7.0,

Adobe Systems Inc, USA

Microsoft Word 2007

Microsoft, Redmond, USA.

UVIpro Acquisition Software

UVITEC, Cambridge, UK

UVIband Software Package

UVITEC, Cambridge, UK

Image J

NIH, U.S.A

Gif Animatior (32-bit)

Alchemy Mindwork Inc, Canada
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2.2 Cell lines used

Ten different cell lines were used in this study, in order to find a positive control for talin,

kindlin and ezrin. HL60 cell lines were acquired from the European Collection of Animal Cell
Culture (ECACC, Salisbury, UK) PZ-HPV-7 were obtained from the American Type Culture
Collection (ATCC, Rockville, USA), PNT-2C2 were kindly given to us by Professor Norman
Maitland (University of York, York, UK). Full details of these cell lines are supplied in table 2.2.

DMEM and RPMI media supplemented with 10% fetal calf serum and antibiotics was used to

regularly maintain the cells.

Table 2.2 Cell lines used in this s  tudy

Cell line Origin Cell Tissue type Features
morphology
70 year old Epithelial Non tumourogenic Derived from normal
PZ-HPV-7 Caucasian epithelial cell line adult prostatic
male transformed through epithelial cells
HPV18 transfection
33 year old Epithelial Normal prostatic
Caucasian epithelial cell line,
PNT2C2 male immortalised with
SV40 DNA
HL 60 PHLS, Neutrophil Blood or bone marrow | Derived from patient
(ECCACC No: Salisbury, UK with myeloid
88112501) leukaemia
LGC Monocyte- Mouse muscle Established from a
RAW 264.7cells Standards, marcrophage tumor induced by
UK Cell line Abelson murine
leukemia viru
LGC Lymphocytes Mouse muscle Established from a
MAC cells Standards, (myloma) tumor induced by
UK Abelson murine
leukemia virus
LGC Lymphocytes Mouse muscle Immunoglobulin;
MCF7 Standards, (myloma) monoclonal antibody;
UK against human
mammary tumor cells
PLB-985 cells LG Standars, Neutrophils Peripheral blood From human acute
UK myeloid leukemia
LGC Fibroblast Mus musculus Embryo
3T3 cells Standards, (mouse)
UK
ICLC, Endothelium Umbilical cord Human Caucasian
HUVEC Genova, ltaly
ICLC, Epithelial i like Human cervix Carcinoma
HelLa Genova, ltaly morphology
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2.3 Antibodies used

2.3.1 Primary antibodies

Complete information of the various primary antibodies used in the research is given in

table below.

Table 2.3.1. List of pr imary antibodies

Molecular

Antibody name Source weight Supplier (F;(;zguct
(kDa)
Mouse AB
Anti-kindlin3 polyclonal 76 Abcam, Inc
. 67928
antibody
. SC-
S Rabbit Santa Cruz
Anti- talin head polyclonal 206 Biotechnology, 15336
group (H-300) antibody Inc.
Anti-talin tail group Mouse Santa Cruz scC-
monoclonal 190 Biotechnology, 50881
(8-D4) antibody inc.
Mouse Santa Cruz §E(337_58
Anti- ezrin (3C12) monoclonal 81 Biotechnology,
antibody inc.
. . Mushroom . .
Anti i actin conjugated with Sigma-Aldrich P2141
tetra methyl 78 Company Ltd.
halloidin i
(p ) rhodomine Pool, UK
Phycoerthythrin or Raised against 130-081-
fluorescein human and Miltenyi Biotec , 240
labelled antibody mouse CD11b UK
to CD11b
Fluorescein- Raised against . I
labelled antibody human and Mﬂtenyl Biotec, 28(1)'081'
to CD18 mouse CD11b
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2.3.2 Secondary antibodies

The secondary antibodies used for western blotting technique were horseradish

peroxidise (HRP)-conjugated goat anti-mouse IgG and goat anti-rabbit IgG both supplied by

by Santa-Cruz Biotechnology (Santa-Cruz, USA). Those used for immunocytochemistry were

either goat anti-rabbit IgG or goat anti-mouse IgG conjugated either with FITC or CY3

supplied by Santa-Cruz Biotechnology (Santa-Cruz, USA) and Zymed laboratories. Inc, UK.

Details regarding secondary antibody used in this study is given in the table 2.3.2.

Table 2.3.2.: List of secondary antibodies used in this study

. . Santa cruz
Ant'.' rabbit 1gG FITC Goat antibody Dgpended on Biotechnology, SC- 2012
conjugated primary Inc
. Santa Cruz
Anti- mouse 1gG- Goat antibody Depended on Biotechnology, Sc- 2047
FITC conjugated primary Inc
Lot :
Anti- mouse IgG- . Depended on Zymed 80140333
CY3 conjugated Goat antibody primary laboratories,Inc.
Anti- rabbit 1gG CY3 Depended on Zymed Lot
. Goat antibody ; . no:8064200
conjugated primary laboratories,Inc 5R
Anti-rabitt
Goat Santa Cruz
(whole molecule) IgG D:iar;:lzr;ded on Biotechnology, Sc- 2004
antibody P y Inc
peroxidase conjugate
Anti-mouse
Goat Depended on Santa Cruz
(whole molecule) IgG polyclonal =P Biotechnology, Sc- 2005
) primary
antibody Inc
Peroxidase conjugate
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2.4 Solutions and reagents
2.4.1 Neutrophil isolation

Venous blood neutrophil isolation

Balanced Salt Solution (BSS)

BSS, (0.13M-NaCl, 2.6mM-KCI, 8.0MM-Na,HPO, and 1.83mM-KH,PO,, pH 7.4), was
conveniently made in 5L batches with double distilled water, using following quantities 40g-NacCl,
19-KCl, 5.75g-Na,HPO, and 1.0gi KH,PO,. This was then adjusted to pH 7.4 using NaOH,
aliquoted and heat autoclaved 20Psi for 30mins.

Hepes Buffered Krebs medium (HBK)

HBK, (120mM-NaCl, 4.8mM-KCl, 25mM-Hepes, 1.2mM-KH,PO,, 1.2mM-MgSO,), 1.3mM-
CaCl,.2H,0 and 0.1% bovine serum albumin (fraction V), pH7.4, was made up in the following
stock solutions with double distilled water 1.2M-NaCl (35.2g/500ml), 2.5M-Hepes (29.8g/50ml),
0.48M-KCl (3.58g/100ml),0.12M-KH,PO, (1.63g/100ml), 0.12M-MgSO,7H,O (2.95g/100ml),
0.13M-CaCl,.2H,0(1.99/100ml), stored at 4°'C until needed, diluted accordingly and made up to in
100ml aliquots with the addition of a 100ul of frozen 10% solution of bovine serum albumin

(fraction V). This was then adjusted to pH7.4 using NaOH.

Dextran

6 grams of dextran (80k) was dissolved in 100ml of BSS. This is used for erythrocyte
sedimentation.

Oral salivary neutrophils isolation

Phosphate Buffered Saline (PBS)

PBS, 0.58M-Na,HPO,, 0.17M-NaH,PO,, 0.68M-NaCl, pH 7.4, was made up in as 1L of 10x stock
with double distilled water as follows: Na,HPO, (82.33g), NaH,PO, (23.45g), NaCl (40.0g). This
was stored at 4 C until needed and diluted 1:10. The buffer had a pH of 7.3-7.4.

Neutrophil isolation from  gingival crevicular fluid

The gingival crevicular fluid collected from the isolated tooth was emptied into a 50ul of 1%

phosphate buffered saline which had 1ul of heparin (i.e. 250IU). Later, the cells were fixed in
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suspension using 100ul of 4% formaldehyde. Then these cells were processed for
immunocytochemistry in order to identify the subcellular position of various membrane linker

proteins of interest.

2.4.2 Solutions used for cell culture and protein work

0.05M EDTA

1g KCI, 5.72g Na,HPO,, 1g KH,PO,, 40g NaCl and 1.4g EDTA was dissolved in 5L distilled
water, adjusted to a pH of 7.4, autoclaved and stored until further use.

Trypsin (25mg/ml)

This solution was made up by dissolving 500mg trypsin in 0.05M EDTA, before being mixed and
filtered t hr misag fiter (Sartor@us, Epsam, UK). This solution was then aliquotted
into samples of 250ul and stored at -20°C until further use. When required for cell culture work,

one of these aliquots was further diluted in 20ml 0.05M EDTA and used to detach cells.

Balanced Saline Solution (BSS)

79.5g NaCl, 2.1g KH,PO, (BDH Chemical Ltd, Poole, UK), 2.2g KCI (Fisons Scientific
Equipment, Loughborough, UK) and 1.1g of Na,HPO, (BDH Chemical Ltd. UK) was dissolved in
10L of distilled water, and the pH amended to 7.2, using 1M NaOH (Sigma-Aldrich, Inc. UK)

Neutrophils lysis buffer

50mMofHepes (200c¢l of 10x stock solution), 150mM o
glycerol (200¢ 1 ) , 1% Triton X1LQAQ®O0OO20O0eolf) ,10Ix. 5smMfchMg Cslo
EGTA( 200¢ | of 100x stock280EUtODOENLODOEMBMt BED:XGysol ut
(200¢el of 100x stock290kutiodbnN00%kX. S5mM (IkhadBlO% ut i or

stock solution).

Cell lysis buffer

This was made up by dissolving 2mM CacCl,, 0.5% Triton X-100, 1mg/ml aprotinin, 1mg/mi
leupeptin and 10mM sodium orthovanadate in 50ml double distilled water. The solution was

then stored at 4°C until further use.
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Protease inhibitor cocktail

A mixture of protease inhibitors with broad specificity for the inhibition of serine, cysteine,
aspartic proteases and aminopeptidases. Contains 4-(2-aminoethyl)benzenesulfonyl fluoride
(AEBSF), pepstatinA, E-64, bestatin, leupeptin and aprotinin, with no metal chelators. Supplied
by Sigma-Aldrich, UK.

Stripping buffer

7.59g glycine, 0.5g SDS and 5ml of Tween20 made up to 500ml with double distilled water and
pH of 2.2 by using HCL. Used for reprobing membranes for talin tail group.

Running buffer (for SDS-PAGE)

NUPAGE® Tris-Acetate SDS running buffer (20X) from Invitrogen, UK. was used for
electrophoresis NUPAGE® Novex tris-acetate gels are made with high-purity, strictly quality-
controlled reagents: Tris base, acetic acid, acrylamide, bis-acrylamide, TEMED, APS and highly
purified water. They do not contain SDS. To perform electrophoresis this solution was further

diluted to 1X concentration by adding double distilled water.

Sample reducing buffer

NuPAGE® Reducing Agent (10x) from Invitrogen, UK was used to reduced protein samples for

protein gel electrophoresis. It contains 500 mM dithiothreitol (DTT) at a 10X concentration.

Sample loading buffer

NuPAGE® Novex LDS sample buffer from Invitrogen, UK was used which provide the best
separation and resolution of small to medium-sized proteins by utilizing a neutral pH

environment which minimizes protein modifications.
Antioxidant

The NuPAGE® Antioxidant is a proprietary reagent that helps maintain proteins in a reduced
state during protein gel electrophoresis. The NUPAGE® Antioxidant is added to the running
buffer in the upper (cathode) buffer chamber. The NuPAGE® Antioxidant migrates with reduced
proteins during gel electrophoresis, preventing the proteins from reoxidizing and keeping the
proteins in a reduced state. It protects sensitive amino acids, such as methionine and

tryptophan, from oxidizing.
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Transfer buffer

1.82g of 0.03M Tris, 1g of 2% SDS (w/v), 7.51g of 0.2M of Glycine and 50ml of 10% methanol
was dissolved in 500ml of distilled water.

Tris-acetate gel

Precasted NUPAGE® Novex 3-8% triacetate gel, with 15 well and 1.0mm in thickness
(Invitrogen, UK) was used. It is made with high-purity, strictly quality-controlled reagents: Tris
base, acetic acid, acrylamide, bis-acrylamide, TEMED, APS and highly purified water.

Tris Buffered Saline (TBS)

24.228g Tris and 80.06g NaCl was dissolved in 1L of distilled water in order to make a 10x
TBS (0.5M Tris, 1.38M NaCl, pH 7.4) stock solution. The pH was then adjusted to 7.4 using

HCI and stored until further use.

Ponceau S stain

Supplied directly by Sigma-Aldrich, Inc. UK

Coomasie blue stain

100g Coomassie Brilliant Blue (Sigma-Aldrich, Inc. UK) was dissolved in 100ml acetic acid
(Fisher Scientific, Leicestershire, UK) and 250ml ethanol (Fisher Scientific, Leicestershire, UK),

which was then added to 650ml distilled water.

Coomasie blue destain

500ml of methanol was mixed with 100ml acetic acid and then added to distilled water to make

up a final volume of 1L.

Amido black staining

0.5% amido black solution was prepared by dissolving 2.5g of amido black 50ml of acetic acid

and 125ml of ethanol, in 325ml of distilled water.

Amido black destainer

100ml of 10% acetic acid, 250ml of 25% of ethanol dissolved in 1liter of distilled water.

Silver staining kit

Supplied by Thermo Scientific, USA.

Fixating solution (for silver staining the Nupage gel).
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50ml of 50% ethanol and 5ml of 5% acetic acid added in to 100ml of distilled water.

2.4.3 Solution used for purification of plasmids
LB broth

10g tryptone, 10g NaCl and 5g yeast extract was dissolved in 1L of distilled water. The pH of
the solution was then adjusted to 7.0 and after being autoclaved was left to cool. Antiobiotics

were then added and the solution stored at room temperature.

Elution buffer

To prepare 8ml elution buffer, 1ml 8x PBS was mixed with 2ml 2M imidazole and topped with
distilled water to a volume of 8ml. The pH was then adjusted to pH 7.4-7.6, and the final

solution filtered.

Machery-nagel nucleobond midi kit

The NucleoBond® midi kit was purchased from Abgene, UK. The kit contain resuspension
buffer, lysis buffer, neutralization buffer, equilibration buffer, wash buffer, elution buffer RNaseA
(Iyophilized), NucleoBond Xtra Midi colums and filters, NucleoBond finalizers, 30ml, 1ml

syringes and TRIS buffer.

Amaxa nucleofection

A total of 2x10 ° cell/ml of RAW 264.7 were counted, centrifuged and resuspended in 100p! of
Nucleofector kit V (according to the manufacturer protocol). 8ug of ezrin plasmid (pH421-GFP)
was added to the cell suspension and then transferred to a sterile cuvette (provided by the
manufacture). Program D-023 was used to insert ezrin plasmid (ph421-GFP) into RAW 264.7
cell line by nucleofection. Cell were recovered in 500ul pre-warmed DMEM before being divided
between 3 glass bottom dishes (Fisher Scientific, Leicester, UK), each containing 500ul pre-
warmed DMEM. Cells were incubated at 37°C in 5% CO, for 3 hours, before they were
observed under the Confocal laser scanning microscopy(CLSM) to assess the transfection

frequency and protein distribution.
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Plasmid pH421

The plasmid details were obtained from Addgene data base

Genel/insert name Ezrin

Alt name EZR

Insert size 1758

Species H. sapiens (human)

GenBank ID NM_003379

Entrez Gene EZR (CVL, CVIL, VIL2, MGC1584,
FLJ26216, DKFZp762H157)

Fusion protein or tag GFP

Terminal C terminal on backbone

Vector backbone: pEGFP-N1

Vector type Mammalian expression

Backbone size w/o insert 4700

Cloning site 5' EcoRl

Site destroyed during cloning No

Cloning site 3' Sall

Site destroyed during cloning No

5' Sequencing primer GTGCACAAGTCTGGGTAC

3' Sequencing primer GTGAGCTACCATGTCCAG

Bacterial resistance Kanamycin

Growth strain DH5 U

Growth temperature (3 ) 37

High or low copy High copy
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Selectable markers Neomycin

2.4.4 Solutions used for immunocytochemistry

40%formaladehyde: diluted to 4% formaldehyde by adding 1X PBS. Used for fixing neutrophils

and other cells.
10X Triton: diluted to 0.1% concentration using PBS.Used for permeabilization of neutrophils.
Horse serum: diluted to 4% using 1X PBS. Used for blocking non-specific binding of antibody.

Primary and secondary antibodies used to detect the subcellular position of membrane linker

protein are given in table 2.3.1 and table 2.3.2.

Confocal microscopy was used to detect the subcellular location of membrane linker protein.

2.5 General methods
2.5.1 Isolation of neutrophils from human blood

Neutrophils were isolated from the heparinized blood of healthy adult volunteers as described

by Hallett et al. (1990).

1. Heparinised blood (100m/20ml blood; final concentration of 201U per ml of blood) was mixed
with 5ml Dextran (6% 80KDa in BSS) and allowed to sediment at room temperature for 30-45

minutes at 25 C.

2. After sedimentation, the middle layer (buffy coat) containing white cells and plasma, was
carefully removed and centrifuged (1900rpm, 2 minutes). Red blood cells were removed by
hypotonic lysis, by resuspending the cells in 1ml double distilled water for 10 seconds, then
restoring the osmolarity by diluting to 25ml with pH 7.4 BSS. This was centrifuged at 1900rpm

for 2 minutes.
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3. Polymorphonulcear leukocytes was separated from the other white blood cells, such as
lymphocytes and monocytes, on the basis of densities, by Ficoll-Paque density gradient
centrifugation. The pellet was resuspended in 5ml Hepes buffered Krebs (HBK) medium
(+Bovine serum albumin) and overlaid on to 5ml of Ficoll-Paque. After centrifugation (1000rpm,
25 minutes), the supernatant was removed and the pellet containing the neutrophils (fig 2.5.1)
washed to remove any Ficoll by resuspending in HBK, centrifuging (2000rpm, 1minute) and
resuspending in HBK (1ml). The cell number, type and viability were then assessed by cell
counting, typan blue exclusion, nuclear staining, phagocytosis assay and by assessing
neutrophils response to FMLP by measuring calcium signalling. The average cell concentration
produced from 20 ml of blood was found to be approximately 2-3x 10, of which 90% were seen
to be polymorphonuclear leukocytes by nuclear staining. The cells were then kept on ice for

further use.

2.5.2 Isolation of extravasted neutrophils T in vivo method

2.5.2.1 Isolation of salivary neutrophils

Salivary neutrophils were isolated from healthy volunteers with no clinically diagnosable
oral inflammatory conditions and were used as a source of extravasted neutrophils. The original
oral rinse techniques described by Ashkenazi and Dennison (1989) and Cheretakis et al. (2005)
were modified for use in this project. The subjects were asked to rinse their oral cavity for 1
minute with 10ml of 4X PBS and samples were collected for 4 i 5 minutes. The samples were
pooled into a universal container. Neutrophils were isolated by centrifuging the samples at
1900rpm for 2 minutes. To the pellet 1ml of HKS solution was added and the samples were either

used immediately or kept on ice until required.
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Figure 2.5.1. Isolation of neutrophils from venous blood. Schematic diagram shows the

various steps involved in isolation of neutrophils from venous blood
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2.5.2.2 Isolation of neutrophils from gingival crevicular fluid

Capillary tube technique was followed to collect gingival crevicular fluid from both
clinically inflamed gingival, as well as from clinically healthy gums. First, the tooth with clinical
signs of acute gingivitis was identified and isolated using cotton roles. Following this, a sterile 4
cm glass capillary tube with a internal diameter of 2- 3 mm which could accommodated 10pl of
fluid, was inserted into the entrance of the gingival crevice of the isolated tooth for 5 minutes and
gingival crevicular fluid was collected for 15 to 20 minutes. The amount of fluid collected was
measured by placing each capillary tube with the collected gingival cervicular fluid against a
measuring ruler. Later, the collected fluid was emptied into a sterile eppendorff tube which
contained 1pl of heparin (250IU) diluted in 50ul of 1X PBS. Using 4% formaldehyde, the cells
were fixed in suspension. The cells were then force on to a glass cover slip using microtome

(5000rpm for 5 minutes). These cells were later stained with specific primary antibody using
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immunocytochemistry, as described in Section 2.5.6.1. This technique was used by Skapski

(1976), Courts et al. (1977), Wilton 1977).

2.5.3 Exvivo isolation of neutrophils aftert ransendothelial migration

Transendothelial migration was performed to collect neutrophils that were extravasated
under experimental condition. In this setup, neutrophils isolated from blood were allowed to pass
through a monolayer of human umbilical vein endothelial cells (HUVEC cell line) which were
grown in a sterilized insert and placed over 6 well cell culture plate. The cells that are collected at
the bottom of the well represented extravasated neutrophils. Immunocytochemistry and western
blotting techniques were used to detect membrane liner protein, talin, ezrin and kindlin. Cell
tracker conjugated with FITC or CY3 was used to differentiate between the two groups of
neutrophils in a mixed sample. The protocol described by Greiner Bio-One Ltd. and the

technique described by Lyck et al. (2006) and Luscinskas et al. (2008) was used in this project.

Preparation of HUVEC cell line

HUVEC cells were cultured in 25cm? and 75cm? culture flasks (Greiner Bio-One Ltd.
Gloucestershire, UK) with a loosely fitted cap in incubators at 37°C, 98% humidification and 5%
CO,. Cell confluence was visually assessed using a light microscope. If the cells were not
confluent, the flasks were left in the incubator to grow until they reached sub-confluency (2-3
days). All handling of cells was carried out aseptically, using a Class Il Laminar Flow Cabinet
with autoclaved and sterile equipment. Once the cell reached a confluency of approximately 80-
90%, the medium was aspirated and the cells briefly rinsed with sterile EDTA in order to remove
any remaining serum which has an inhibitory effect on the action of trypsin. Adherent cells were
then detached from the tissue culture flask using 1-2ml of Trypsin/EDTA (0.01% trypsin and
0.05% EDTA in BSS buffer) by incubating the cells at 37iC for approximately 5 minutes. Once

detached, the cell suspension was then poured into 20ml universal containers (Greiner Bio-One
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Ltd, Gloucestershire, UK) before being centrifuged at 1,600 rpm for 5 minutes, in order to pellet
the cells.The excess liquid was then aspirated and the cell pellet resuspended in an appropriate
amount of medium. The cells were either counted for use in immediate experimental procedures

or transferred into fresh tissue culture flasks for re-culturing.

Preparation of insert and neutrophils

ThinCertE cel | witk pototsunerabranersigeeorft s3em suppl i

Bio-One, UK) were used. Each insert was supplied with 6 multi-welled cell culture plates.. Three

ed b

inserts were used as control in order to establish the influence o f T N Exttavasationtofh e

neutrophils across the endothelial cell ine. Each i nsert were coated

of matrigel and allowed to dry at room temperature. After this each insert was rehydrated by
rinsing twi c®&MEMitissire cltreénsetliumo Both outer and inner compartment of
the setup was filled with DMEM medium in such a way that the level of the medium in both
compartments was at the same level (fig 2.5.3A & B). 1 00 ¢ | of (LHWIE/®I or

1x10“*cells/ml) were added to each insert and left in the incubator for 3 to 4 days to adhere and

wi t h

become confluent. Once the cells reach confluency, 1 3 n M/ ml TNFU was added

compartment of the test inserts (i.e excluding the inserts which were used as control). TNFU wa s

used to upregulate ICAM1 in the endothelial cell line. The setup was left in the incubator
overnight. 1x10° neutrophils /ml of DMEM medium was added to each insert and left to adhere
for 30 minutes in the incubator, so that all the neutrophils will settle down along the endothelial
cell lining (fig 2.5.3A &B). The remaining isolated neutrophils from the venous blood were
suspended in 1ml of DMEM and kept in the incubator. This sample represents non-extravasted
neutrophils. The DMEM medium from the outer compartment of the insert was replaced with
fresh medi um nof [VER] prepardedromllenM stock solutions. Each time, the level
of the medium in the two compartments were checked and maintained at same level.This setup

was left in the incubator for 45 minutes and the cells which cross the endothelial cell layer were
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collected from the outer compartment,

either

on a glass cover

immunocytochemistry) or in suspension (for western blotting technique).
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Figure 2.5.3.a. Schematic diagram of the transendothelial migration assay. 1x10° neutrophils/ml were
added over the insert wich h a-geatedoeadotieelial cells. LM ofaFMInPo
was used to set in a chemical concentration gradient which enables the neutrophils to cross the
endothelial monolayer. The migrated cells were collected on a glass cover slip placed at the bottom of
the outer well or collected in suspension. The entire experiment was performed set at 37C for45 minutes-
1 hou. The collected cells were then fixed and stained with respected primary antibodies. Figure 2.5.3.B.
shows the aerial view diagram of the transendothelial migration assay. The inner compartment has the
harvested monolayer of endothelial cells, to this compartment isolated neutrophils and FMLP was
added. Migrated neutrophils were collected from the outer compartment.

2.5.4 Assessment of viability of isolated neutrophils

Viability experiments were carried out on neutrophils isolated from venous blood and saliva using
trypan blue exclusion techinique, as well as calcium signaling efficiency in these cells using
FMLP as a stimulus. Viability of these two groups of neutrophils were also assessed by
evaluating the capacity of phagocytosis and chemotactic response in single cells, as well as in

populations of neutrophils.
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2.5.4.1 Trypan blue exclusion
This method relies on the observation that dead cells or cells with damaged membranes become

stained by a deep blue color, due to their inablilty to exclude the dye.

1. 10 pl of cells in HBK were placed on a microscope slide and mixed with an equal volume
of trypan blue stock (0.2% w/v in PBS). This was incubated for 2-3 minutes at room
temperature.

2. The cells were then examined by light microscopy and the number of blue cells per field
were counted and expressed as a percentage of the total.

Using the above mentioned technique, typical viabilities of neutrophils isolated from venous

blood was 95-99% and 90% for salivary neutrophils.

2.5.4.2 Evaluation of Phagocytosis in neutrophils

Phagocytic competence of populations of neutrophils was assessed by incubating cells with
opsonized zymosan, before fixing and staining cells; and calculating the percentage of
phagocytic cells. Phagocytic competence of single neutrophils was assessed by recording the
ability of neutrophils to engulf an opsonised zymosan particle using a micropipette and
micromanipulator. Zymosan particles (10mg/ml) were opsonised either with human serum or

purified human C3bi.

2.5.4.2.1 Phagocytosis assessment in neutrophil population

1. Neutrophils were allowed to adhere to glass slides for 10 minutes at 37°C.

2. Non-adhered material was washed away and fresh HBK/BSA medium applied.

3. 100el of 0. 1mg/ ml C 3 beb was gdded to the reewtrophilg amd s a n [

slides incubated at 37°C for 7, 15 or 30 minutes.
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4. After incubation, non-adhered material was washed away with HBK/BSA and cells
were fixed and stained using Giemsa staining kit for 15 minutes, according to the

manufactureroés protocol

5. Slides were mounted with glass coverslips, allowed to dry, and assessed by light
microscopy for phagocytic uptake (ie. number of cells having undergone phagocytosis
and number of particles internalized per cell). See fig 2.5.4.2.1a & b. Out of 200
neutrophils isolated from venous blood counted nearly all the cells had atleast 1zymosan

partical. Similar finding was found in neutrophils isolated from saliva.

Figure 2.5.4.2.1aPhagocytosis assessment in Figure 2.5.4.2.1b. Phagocytosis assessment
blood neutrophils. Light microscopic picture of salivary neutrophils. Light microscopic pictur
phagocytosis by neutrophils isolated from veno of phagocytosis by neutrophils isolated from
blood (incubation after 7 minutes) saliva after 7 minutes

2.5.4.2.2 Phagocytosis assessment in single neutrophils - micropipette

manipulator

The micropipette manipulator supplied by Eppendorf (Hamburg, Germany,) has two
components: the injectman which moves the micropipette in three dimensions; and the

femtojet which creates negative pressure inside the glass micropipette. This pressure enables
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you to pick one opsonised zymosan and place it at close proximity to the selected neutrophil.

Video studio movie wizard was used to record the entire phagocytosis event.
1. Neutrophils were allowed to adhere to glass slides for 10 minutes at 37°C.
2. Non-adhered material was washed away and fresh HBK/BSA medium.

3. 10¢l of 0. 1 mg/ ml C3hbi opsonised zymosan par

healthy neutrophil was selected using light microscopy.

4. Using the micropipette manipulator, a zymosan particle was picked up and delivered to the
selected neutrophils and the entire event was recorded using movie wizard video studio

software.

Similar steps described above were followed to evaluate the phagocytosis capacity of salivary
neutrophils. Both groups of neutrophils were efficient at engulfing opsonised zymosan
particles. This confirms that isolated neutrophils were healthy and retained their functional

ability.

2.5.4.3 Cytosolic free Ca %" measurement in neutrophils

Fura-2 was used for this experiment. Fura-2 is a calcium chelator that displays a marked
shift in fluorescent excitation spectrum when it binds to Ca®". Both Ca®* bound and unbound
forms of Fura2 are fluorescent and two wavelengths are usually selected either side of the
isoemissive point which represent the two different Ca?* binding state of the probe (340nm and
380nm). When Fura2 is unbound, it fluoresces maximally with 380nm excitation. When it binds
to Ca®, the spectrum shifts so that the 380nm signal decreases, but the fluorescence excited at
340nm increases. The emission wavelength for both Fura2 states is 505nm (fig 2.5.4.3B).
Ratiometric fluorimetry uses these properties of Fura2 to quantify the changes in the cytosolic

concentration of free Ca?*. Both free and bound Fura2 molecules in cells are monitored by a high
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power light source that alternates between 340nm and 380nm; and the 505nm light that is
emitted by the two separate excitation wavelengths is collected. Computer software is
programmed to calculate the ratio between the bound (340nm) / free (380nm) Fura2. When the
free Ca** concentration increases in cells, the amount of unbound Fura-2 decreases as it binds
to the free Ca®. There, is therefore, a decrease in the signal produced by 380nm light, which is
mirrored by an increase in the signal from the 340nm light, resulting in an increase in the bound:

free (340/380) Fura2 ratio (fig 2.5.4.3C & D).

1. Fura-2 loaded neutrophils were allowed to adhere for 2-3 minutes to glass cover slips

maintained at 37°C, using a temperature controlled microscope stage heater.

2. The coverslip was washed twice with HBK/BSA solution to remove unbound cells, debris
and excess Fura-2-AM in the solution; and approximately 100m HBK (BSA) returned to the
coverslip.

3. Fura-2 is a calcium chelator that displays a marked shift in its fluorescent excitation
spectrum when it binds to Ca*" (fig 2.5.4.3A).

4. Cells were viewed under a 100X objective of an inverted microscope (Nikon), and the
excitation wavelengths (340nm and 380nm) selected using a rapid monochromator (Delta
RAM, PTI, Surbiton, UK), which was connected to a Nikon Eclipse inverted microscope. The
images at each excitation wavelength were collected using an intensified CCD camera
(IC100 PTI, Surbiton, UK) and the ratio image calculated using Image Master software (PTI,
UK). Ratio images were acquired with 16 frame averaging and threshold background
subtraction at a rate of at least 0.6 frames/second. The ratiometric (Ca®") images were
pseudo-colored according to the scale shown in fig 2.5.4.3 (blue to green) and the average
ratio value of the pixels was calculated and plotted over the time course. The stimulus was
added to the cells under view whilst recording continuously. The calcim signal was effectively

absorbed in neutrophils isolated from both blood and saliva.
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Figure 2.5.4.3 Fura Red as calcium indicator
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Figure 2.5.4.3. Cytosolic calcium change measured by fura2 probe. The Fura2 probe can be used to
ratiometrically measure changes in the cytosolic free Ca®* concentration in cells. (A) Cells are loaded with Fura2
as its AM-ester which is able to cross the cell membrane. Intracellular esterases cleave the AM component
allowing Fura2 to bind to available free cytosolic Ca** (pink star) (B). (C) The excitation and emission spectra for
Ca” bound Fura2 and Ca** free Fura2 is shown. The excitation spectrum for unbound fura2 displays a left shift
when it binds to Ca®*. Fluorescence of both states is detected at 505nM. (D) Two wavelengths are selected
either side of the isoemissive point (l) to differentially excite the 2 states of the Fura2 probe. 380nm is used to
excite Ca**-free Fura2 and 340nm selected for Ca®* saturated Fura2. Increasing [Ca®*]i results in an increase in
the number of Ca®*-bound-fura2 molecules at the expense of free Fura2. This causes a change in the detected
fluorescence intensity for the 2 excitation wavelengths and can be measured as an increase in the ratio of
340/380nm excitation.
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2.5.4.4 Evaluation of chemotax is efficiency of neutrophils

A transendothelial migration assay was used to test the chemotaxis efficiency of both
salivary neutrophils, as wells as venous blood neutrophils. Two separate transendothelial
migration assays were setup as described in Section 2.5.3. Each experimental setup had two
inserts treated with TNFU and two n o’tells/miroé at e d
neutrophils isolated form venous blood, as well as from saliva, were added to each insert and left
in the incubator for 45 minutes -1 hour. 1 ¢ Mf FMLP was added to the outer compartment to
create difference in concentration gradient. Neutrophils that had crossed the monolayer of
endothelial cells were collected onto a glass coverslip placed at the bottom of the outer
compartment. After fixing and staining these neutrophils with Giemsa stain, the number of cells
per field was counted separately under light microscope (table 2.5.4.4). Both groups of
neutrophils were able to extravasate through the monolayer of endothelial cells which gives
sufficient evidence that both groups of neutrophils were functionally active and healthy.
Moreover, there was significant difference in number of migrated salivary neutrophils counted in
each insert pair that were not treated with, TNFU when compared to the n
venous blood neutrophils (table 2.5.4.4). This difference might indicate the presence of
cytoplasmic memory in these cells as they would have crossed both the venous blood
endothelial, as well as oral epithelial cells, before shedding into the oral cavity. The result
provided below was from venous blood obtained from one subject. This experimental set up was
repeated 5 times using venous blood obtained from various individuals and each time similar

finding was noted.
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Table 2.5.4.4. Chemotaxis efficiency of neutrophils

Neutrophils Number of neutrophils counted Number of neutrophils counted
TNFU treated ins{ Wi thout TNFU treat eq
Venous blood 16253 134
neutrophils
Salivary 11174 1876
neutrophils
255 Cell culture, maintenance and storage

2551 Preparation of growth media and cell maintenance
Cell lines listed in table 2.2 weree i t her grown i n Dul b eedicno(®MEMMo di f |
Ha mo 42 vkhth L-glutamine, E15-813, PAA Laboratories,UK) is supplemented with 10% heat
inactivated Foetal Bovine Serum (PAA Laboratories, UK) and an antibiotic cocktail. Roswell Park
Memorial Institute medium (RPMI medium) supplemented with 10% heat inactivated FCS, 5mM

glutamine, 100ug/ml streptomycin and 100ug/ml penicillin at 37°C in 5% CO,,

¢ HL60 cells lines and PLB cell lines are immature immortalized myeloid cells and
immortalized, so they were grown continuously in RPMI medium supplemented with 10%
heat i nactivated FCS, 5mM gl ut ami ne, 100eg/ m
37°C in 5% CO2.

g 3T3 cells, RAW264, Hela, PZ-HPV-7, PNT-2C2, MAC and MCF7 cell lines were grown in

DMEM supplemented with 10% h e a't inactivated FCS, 5mM ¢
streptomycinand 1 00¢ g/ ml pemHw€Ed,l | in at 37U0C,
1. All the cell lines were cultured in 25cm? and 75cm? culture flasks (Greiner Bio-One Ltd,

UK) with a loosely fitted cap in incubators at 371 C, 98% humidification and 5% CO.,.
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2. Cell confluence was visually assessed using a light microscope and approximating the
percentage of cells covering the surface of the tissue culture flasks. If needed for experimental
work, the cells were left to grow until they reached sub-confluence (2-3 days). All handling of
cells was carried out aseptically, using a Class Il Laminar Flow Cabinet with autoclaved and
sterile equipment. Cells were routinely sub-cultured when they had reached a confluence of 80-

90% (5-7 days), as explained in section 2.3.2.

3. Once the cells had reached a confluency of approximately 80-90%, the medium was

aspirated.

4, 3T3, NIHcells, RAW?264, PZ-HPV-7, PNT-2C2, MAC cells and MCF7 cells lines are

adherent cells and were detached from the tissue culture flask using plastic cell scapers.

5. Once detached, the cell suspension was then poured into 20ml universal containers
(Greiner Bio-One Ltd, UK) before being centrifuged at 1000 rpm for 15 minutes, in order to

pellet the cells.

6. The excess liquid was then aspirated and the cell pellet resuspended in an appropriate
amount of medium and the cells were used in immediate in experimental procedures or

transferred into fresh tissue culture flasks for re-culturing.

2.5.5.2 Cell storage and cell resuscitation

1. 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 (MyPH8B6 cells).

5x10° (1 confluent flask) cells were frozen per cryovial.

2. A stock solution of 20% DMSO in medium was prepared. Cells were centrifuged at

1600rpm for 4 minutes and resuspended in 500ul medium and added to cryovial along with
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500ul stock medium and DMSO solution, so that final concentration of DMSO is 10% and
cells are exposed to DMSO for as little time as possible. Cryovials were frozen down slowly
(1°C per minute) in -80°C freezer overnight. Cells are then moved to the liquid nitrogen

stores for long term storage.

3. To defrost cells were thawed quickly under warm running water and transferred into 15 ml
pre-warmed RPMI/DMEM to dilute the DMSO. Cells are allowed to recover for approx 20
minutes in 37%5% CO, incubator. Cells were centrifuged at 1600rpm for 4 minutes and

then resuspended in 5 ml warm RPMI/DMEM and placed in a flask.

2.5.6 Methods of detection of membrane | inker protein

2.5.6.1 Immunocytochemistry

Immunocytochemistry was used to assess the presence of talin, kindlin and ezrin protein (ie.
cytoskeletal linker proteins) in neutrophils by using monoclonal mouse or polyclonal rabbit
antibody as primary antibody and secondary antibody conjugated with FITC or Cy3b were used

to visualize the bounded primary antibody under confocal microscope.

1. 100¢l of i solated neutrophils wer e oadbdedeead

37°C for 10 minutes.

2. Unbounded cells and cell debris were removed by washing the cells twice with HBK
solution.
3. The cells were fixed for 15 minutes at room temperature using 100 ¢ | of

formaldehyde, prepared from a stock of 40% formaldehyde using 1X PBS buffer.
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4. Excess of formaldehyde was removed by washing the slide with 1XPBS buffer three

times

5. The cells were permeabilized for 4 mi nut es usi ng ZitGnOdissolved in

1XPBS and excess solution was removed by washing the slide with PBS buffer.

6. 100¢l o fse sértn vilas used to block any non-specific binding sites and left at

room temperature for 2 hours Cells were then washed twice with 4% horse serum.

7. Primary antibody was diluted at a concentration of 1:100 using 4% horse serum and left

overnight at 4°C.

8. After overnight incubation, the slides were washed three times with 4% horse serum and
100¢l of secondary antibody (1:20 concentr a

hour in a dark foil.

9. The slides were washed twice with 1XPBS and left at 4°'C until observing under a

confocal microscope.

2.5.6.2 Sodium dodecyl sulphate polyacr ylamide gel electrophoresis (SDS PAGE)

2.5.6.2.1 Protein extraction and preparation of cell lysates

Once cells had reached an adequate confluence, the cells were scraped off using BSS and a
cell scraper. The cell suspension was then transferred into a universal tube.This was followed
by centrifugation at 2,000rpm for 5 minutes, before the supernatant was poured off and the cell
pellet resuspended in 200-300ul (depending on pellet size) of lysis buffer. Protease inhibitor
were added and left on ice for one hour. At 15 minutes intervals, the samples were vortexed in
order to increase the efficiency of lysis. The samples were then heated at 100°C for 15-20

minutes, followed by centrifugation at 140,000rpm for 5 minutes. The pellet was discarded 10X

tion)
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NuPAGE reducing agent and 4X NuPAGE sample buffer was added to the supernatant. These
were then either quantified for SDS-PAGE as explained below, or stored in -20°C until further
use.The above mentioned steps were followed for extracting protein from neutrophils isolated for
saliva, as well as from the blood. The neutrophil cell lysates were not stored in -20°C, but rather

directly quantified for SDS-PAGE.

2.5.6.2.2 Protein quantification and preparation of samples for SDS -PAGE

In order to standardise the protein sample concentration for western blotting, the amount
of protein in each sample was quantified by following the protocol outlined in the Bio-Rad DC
Protein Assay kit (Bio-Rad Laboratories, Hamel Hempstead, UK). In a 96 well-plate, 10mg/ml of
bovine serum albumin (BSA) standard (Sigma Ltd, UK) was serially diluted in lysis buffer to a
concentration of 0.005mg/ml and used to set up a standard curve of protein concentration. 5ul of
either protein sample or standard was then pipet t ed i nto fresh wells be
reagent A6 (prepared by adding 200l of reagent S
B was added to each well. After mixing the samples, the plate was left at room temperature for
30-45 minutes, in order to allow the colorimetric reaction to take place. Once this was complete,
the absorbance of each of the wells was measured at 620nm, using the ELx800 Plate Reading
Spectrophotometer (Bio-Tek, Wolf Laboratories, York, UK). Using the absorbance of the
standards, a standard curve was set up and by comparing this to the absorbancies of the
samples, sample concentration was determined. The samples were then diluted in an
appropriate amount of lysis buffer in order to normalise them to the protein extracted from the
neutrophils. To this, 4x Lamelli sample buffer concentrate and 10x reducing agents in a ratio of
1:1 before the samples were denatured by boiling at 1001 C for 5 minutes; and either loaded onto

an SDS-PAGE gel or stored at -20°C until further use.
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2.5.6.2.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

The method of SDS-PAGE used during this course of research was based on that of
Laemmli(1970).
1. The system used to carry out SDS-PAGE in this study was the The Xcell sure
L o c k E PElextrophbresis Cells (mini-cell) supplied by Invitrogen, UK (fig 2.5.6.2.3i).
2. Precast NUPAGE® Novex 3%-8% tris-acetate gels 1.5 mm, 15 well were used for
protein separation. Each gel was supplied in clear pouch with 10ml of packing buffer

which contain low levels of residual acrylamide monomer and 0.02% sodium azide (fig

2.5.6.2.3.11)
3. The gel was washed with double distilled water and locked in the Xcell tank.
4. Gels were run in NuPAGE® running buffer (Invitrogen) diluted 1:20, prepared by

mixing 25ml of the running buffer stock solution with 500ml of distilled water. 200ml of this
mix was taken separately in a glass beaker. To this, 500 ¢ | PAGE® Mniioxidant
reagent (Invitrogen) was added. The NuPAGE® tris-acetate discontinuous buffer system
involves three ions:
1 Acetate (-) is supplied by the gel buffer and serves as a leading ion due to its high
affinity to the anode as compared to other anions in the system. The gel buffer ions
are Tris+ and Acetate- (pH 7.0).
9 Tricine (-) serves as the trailing ion from the running buffer. The running buffer
ions are Tris+, Tricine and dodecylsulphate (-) (pH 8.3).
1 Tris (+) is the common ion present in the gel buffer and running buffer. The Tris-
acetate system also operates at a significantly lower operating pH of 8.1 during
electrophoresis.
5. Running buffer with antioxidant was added to the middle compartment of the

electrophoresis tank and the rest of the buffer was poured in the outer compartment as
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per manufacturersoé i nstantioxidant reagent (Inveirogers UK) o f N
was also added to the gel tank.
6. Gels were run for 1 hour at 150V constant and at current of 40-55 mA/gel (start); 25-40

mA/gel (end).
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Figure 2.5.6.2.3i. Pictureof Th e Xcel |l sure | ockEtapkrsystere.i n el ectrophoresi s
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2.5.6.2.4 Preparation of pre -stained molecular weight marker

1.Hi Ma r k {Staimed protein standard

HiMark E  pstaimed protein standard from Invitrogen, UK, consists of 9 protein
bands in the range of 30-460 kDa; and is designed for use with NuPAGE® Novex 3-8%
Trisacetate (fig 2.5.6.2.4a & b). It allows easy visualization of protein molecular weight

range during electrophoresis and evaluation of western transfer efficiency. 10- 1 2 ¢ |

this marker was added to the gel during electrophoresis.

Figure 2.5.6.2.4a Figure 2.5.6.2.4b

Hi Ma r k Estaifed Rrotein Standard

Biotinylated protein ladder system
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20

Q) | e—
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2. Biotinylated protein ladder system

This protein ladder was bought from Cell Signaling Technology, UK and was used

to visualize the ladder during chemiluminescent western detection procedures (fig

2.5.6.2b). The biotinylated protein ladder was supplied in 65mM Tris-HCI (pH 7.0 at

25°C), 36mM NaCl, 1mM Na,EDTA, 2%SDS (w/v), 1ImM NaN3, 40mM dithiothreitol

(DTT), 0.01% (w/v) phenol red and 10% glycerol. Store at 1 20°C. The protein ladder

consists of 10 proteins ranging in apparent molecular weight from 9 to 200kDa. The 9

kDa protein is derived from aprotinin purified from bovine lung. The proteins from 20-50
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kDa are paramyosin fragments; the higher molecular weight proteins are fusions of
maltose binding protein (MBP) with paramyosin or paramyosin/lacZ fragments. Anti-
biotin, HRP-linked Antibody was Suppl i ed in 10 €M sodium HEPES
150mMNaCl, 100 e€g/ ml bovine serum alBeforelbading( BSA) &
the ladder into the NUPAGE gel, the biotinylated protein ladder was thawed on ice. After
mi xing well, the desired amount of the prote
separate tube. The ladder was heated to 95-100°C for 2 minutes and after a quick
microcentrifuge spin, was loaded directly onto the gel. Before adding the secondary
antibody, anti-biotin HPR antibody was added to the secondary antibody at a dilution of

1:1000; and protein probing steps described later in this section were followed.

2.5.6.2.5 Western blotting: transferring proteins from gel to nitrocellulose

membrane

1.0Once SDS-PAGE was compl et ed, protein samples wel
ECI E P Onitrdcéllalose blotting membrane. The electrophoresis equipment was
disassembled and the gel along with the casing was placed in the running buffer until
the western blotting model (XCell & blotting module from Invitrogen) was set (Fig

2.5.6.2.5a, b & c).

2. 5 sponges, 4 piece of Whatman number 1 filter paper (GE Healthcare, UK) and 1
piece of blotting membrane was soaked in transfer buffer for 30 minutes prior to

electroblotting.

3. Transfer buffer was prepared by dissolving 1.82g 0.03M Tris, 1g 2% SDS (wi/v),

7.51g of 0.2M glycine and 50ml of 10% methanol in 500ml double distilled water.
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4. Three of the sponges that were soaked in transfer buffer were placed into the

blotting module, followed by two soaked pieces of Whatman number 1 filter paper.

5. The gel was separated from the plastic casing and was placed on top of the filter
papers, followed by Hybond blotting membrane. Finally two more sponges and two
more filter papers were placed on top of the blotting membrane , 0 s a nPdotginsc h 6 .

were transferred for 1 hour at 30V and 220mA.

Figure 2.5.6.2.5a, b, and c. Western blotting system and setup
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Figure 2.5.6.2.5a, b & C. Photographic picture of XCell II¥ blot module from Invitrogen was used
to transfere the protein from the gel into the membrane. Figure 2.5.6.3b: Photographic picture
showing the way the module is place into the XCell Sure lock® system. Figure 2.5.6.3c. Schematic
diagram representing the western blotting set up, the protein runs from cathode (gel) to anode
(membrane), wet blotting technique was followed. The gel and membrane was sandwiched
between two spongs and two Whatmans filter paper and sealed inside the XCell EB| ot mo
set at 30V and 220mA for 1hour.

2.5.6.2.6 Protein sta ining

Staining membranes in ponceau S

Ponceau S is a reversible and re-usable protein stain that does not interfere with any
subsequent immunoprobing. Its main use is to confirm that protein transfer from the
polyacrylamide gel to the nitrocellulose membrane has been successful but can also be
used to aid in membrane sectioning for multiple immunoprobing. The protocol was

carried out as follows:

9 After the transfer was completed and before probing began, the membrane was

immersed in Ponceau S solution for a few minutes at room temperature.
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1 The solution was then washed off with distilled water until the bands become visible.
If required, the membrane was then cut into several sections using a sharp and clean
scalpel.

9 Once the Ponceau S was completely washed off, it placed in 10% milk solution.

Coomasie blue staining of polyacrylamide gels

Coomasie blue is used to stain polyacrylamide gels following SDS-PAGE. This allows
for visualisation of protein bands if no immunoprobing is required and can be used as a
way of semi-quantifying the volume of the protein bands. The protocol was carried out

as follows:

1 The gel was immersed in Coomassie blue stain for approximately 30 minutes before
being repeatedly washed in destain solution until the background staining disappears,
and the protein appears as blue bands. The gel can then be photographed or

analysed.

2.5.6.2.7 Protein detection using specific Immuno  -probing

1 Once any staining was completed, the membrane was transferred into 50ml falcon
tubes (Fisher-Scientific, Leicestershire, UK), ensuring that the membrane surface that
had been in contact with the gel was facing upwards. 10% milk blocking solution was
then added to the membranes and incubated for an hour at room temperature on a
roller mixer (Stuart Wolf-Laboratories, York, UK).

1 Once this was done, the 10% milk solution was poured off and replaced with fresh
10% milk solution; and the falcon left in the fridge for 14 hours.

1 Next day, the milk in the falcon was replaced with fresh 10% milk and left in the roller

for an hour.
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1 Then the membrane was washed three times with 3% milk (3 grams of milk power in
100ml of tris-buffered salinewi t h 2 0 0 ¢ 20. Eadh washviaseahfor 10 minutes

1 This was followed by incubation of the membranes for an hour at room temperature,
with primary antibody diluted 1:1000 (for talin) or 1:100(for ezrin) in 5ml of 3% milk
solution.

1 After pouring off the primary antibody solution, any remaining unbound antibody was
washed off three times in 3% milk solution at 15 minute intervals.

1 Once washing was completed, the membranes were further incubated with 5ml of
1:1000 HRP-conjugated secondary antibody (of the same species) diluted in 3% milk.
This was carried out for an hour at room temperature on a roller mixer.

1 This was followed by two 15 minute washes in 10ml of 3% milk solution; and two 15
minute washes with Tween TBS (0.1% Tween 20 in TBS) in order to wash off any
unbound secondary antibody.

1 A final two 15 minute washes with solely TBS was carried out so as to remove any
residual detergent, before placing the membrane in weighing boats containing TBS

solution, ready for chemiluminescent detection.

2.5.6.2.8 Chemiluminescent protein detection

Chemiluminescent protein detection was <carried
system from Pierce Biotechnology Inc., Rockford, USA (fig 2.5.6.6a), which consists of a
highly sensitive chemiluminescent substrate that detects the horseradish peroxidise (HRP)

used during the western blot. The protocol was carried out as follows:

1 The two reagents provided were added in a 1:1 (normally 4ml of each for a mini gel)

ratio into the weighing boat containing the membrane to be analysed. After 5 minute
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incubation at room temperature with constant agitation, the membrane was carefully
removed from the solution using forceps.
9 Any excess solution on the membrane was then drained over a piece of tissue paper
and transferred into a fresh weighing boat. The chemiluminescent signal was detected
using a UVITech Imager (UVITech Inc., Cambridge, UK) (fig 2.5.6.2.8b), which contains
both an illuminator and a camera linked to a computer which then captured and stored
the image.
1 Each membrane was subjected to varying exposure times until the protein bands
were sufficiently visible. These images were then captured and further analysed with
the UVIband software package (UVITEC, Cambridge, UK) which allowed for protein
band quantification.
1 n t hi s-actintwasdiged as b housekeeping gene and run alongside any other
proteins to be detected, so as to allow for additional normalisation of the samples and
to compensate for any other negligible inaccuracies which may have occurred during
the process. T h e -actip ts eidec due to @sl highpyrabuhdarit and b
conserved nature within eukaryotic cells; and is one of the most widely employed and
accepted internal controls in scientific research.
In order to confirm reliability of the results, each western blot was carried out three
times and the protein bands quantified and standardised separately, followed by
calculation of mean values and graphical presentation of the results. Each sample
was blotted along with prestained high molecular weight marker supplied by

Invitrogen, UK.
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Figure 2.5.6.2.8a &b: SupersignalE  We st Du r and hesiluminescent signal

Deduction system

T substrate 5
secondary antibody light
HRP conjugate g
\ oxidized products
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Figure 2.5.6.2.8c. Principle of chemiluminescent. A secondary antibody, conjugated to
horseradish peroxidase (HRP) binds to a primary antibody directed towards the protein of
interest. The blot is incubated with a chemiluminescent substrate, which is converted by
HRP into a light emitting luminescents which is detected and recorded by the UVI band

detecting system.
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2.5.6.2.9 Determination of molecular weight of un ~ known protein

Determination of the molecular weight of an unknown protein was made by
comparing the unknown proteins relative mobility (Rf) with that of several prestained high
molecular weight markers (Invitrogen). After the membrane had been exposed to the
chemilluminescent probe, the distance from the bottom of the well and to the position of the
red tracking dye was measured using Image j Software. This is done before the membrane
was stained. After staining the distance of each protein, including the markers from the
bottom of the well was measured. Thus the relative mobility, (Rf), relative to the solvent front

was calculated:-

Rf = migration distance of protein from bottom of the well/ total distance travelled by the

tracking dye

After calculating a plot of log of molecular weight of each of the protein standards
against their respective Rf values showed a linear relationship. Unknown molecular weight
were estimated via linear regression analysis on the calibration curve thus obtained using

the following equation in the form of y= mx+c were :-

Y= log mwt of unknown protein

M= gradient of the calibration curve

X= Rf value of unknown protein

C= interception of curve with x axis
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2.5.6.2.10 Method for reprobing the membrane after chemiluminenscent

detection

After using the chemiluminescent protein detection system (Pierce Biotechnology Inc.,
Rockford, USA), it was possible to reprobe a membrane several times. This was important
as valuable membrane samples could be reprobed several times with a variety of
antibodies. Using the following method derived by Kaufmann et al. (1987), it is possible to
completely remove both primary and secondary antibodies and reprobe the membrane

several times.

1. After immunodetection, the membrane was placed in a falcon tube and 5ml of
stripping buffer with pH of 2.2, made by mixing 7.5g glycine, 0.5g SDS, 5ml Tween 20
added to 500ml of double distilled water. This was left in the roller to mix for 30

minutes.

2. After this the membrane was washed three times with TBS Tween 20(100ml of TBS

wi t h 20 0 ¢ [20).&@ach washdasted for 10 minutes.

3. Then, the membrane was then soaked in 10% milk and left in the roller spin for an

hour. Then, this milk was replaced with fresh 10% milk and left in the fridge overnight.

4. Then next day fresh 10% milk was added to the membrane and left in the roller spin

for and one hour. The membrane was processed as described in section 2.5.6.2.5.

2.5.6.2.11 Irreversible staining of western blotting membrane

After immunoprobing and detection, in order to compare ther e sul t ant Supersi ¢
West Dura system with the total protein on the transfer blot, the anionic dye amido

black was used. Protein bands showed up as dark bands on a light blue background.
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This staining method was not compatible with the immunodetection of proteins and so

permanent staining of membranes did not allow the membrane to be reprobed.

1. Amido black working solution was prepared by dissolving 100mg of
napthalene black in 100ml of 10% acetic acid and 25% propanol solution. The

membrane was immersed in this solution for an hour on a shaker.

2. After this amido black destaining solution prepared by dissolving 100ml of
10% acetic acid, 250ml of 25% of ethanol dissolved in 1Liter of double distilled water.

The membrane was left in this solution overnight on the shaker.

2.5.6.3 Preparing immunoprecipitates

Immunoprecipitation was used to extract all the targeted membrane linker protein from the
neutrophil samples, in order to get the sequence of the cleaved and intact portion of the
target protein using mass spectrometry. The process involves adding a specific antibody
targeted against a protein of interest within a cell lysate. This then mixed with sepharose or
agarose bonded staphylococcal protein A, protein G or both, in order to collect the ensuing
protein-antibody complexes. These complexes were then centrifuged to induce precipitation,
run on an SDS-PAGE gel and evaluated using immunoprobing. The process is carried out

as follows:

1 Neutrophils isolated from venous blood here lysed as described in section
2.5.6.2b. Before adding NUPAGE sample buffer and NuPAGE reducing agent,
primary antibody targeted against a protein of interest was added to the cell lysate
samples, before being incubated at 4°C for 1 hour on a rotating wheel.

1 Following incubation, 50ul of conjugated A/G protein agarose beads (Santa

Cruz Biotechnology, supplied by Insight Biotechnologies Inc, UK) was added to each
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sample and placed back on the wheel for another hour or overnight, in order to allow
for the antibody-protein complexes to bind to the beads.

1 Centrifuging at 8,000rpm for 5 minutes then acts as a way of removing any
unbound protein or excess antibodies present in the supernatant. The protein pellet
was subsequently washed twice with 300ul lysis buffer before being resuspended in
40-60ul of 10x sample buffer and boiled for 5 minutes. The resulting samples were

then run on SDS-PAGE gels as explained below.

2.5.6.4 Mass spectrometry

A) Sample preparation

The immunoprecipitate samples were prepared as explained in section 2.5.6.3 and
were run using The XcellSureLoc Kk E protein el ect-ced)supgiedesi s ce
by Invitrogen,UK, using Precast NUPAGE® Novex 3%-8% tris-acetate Gel 1.5 mm.
The technique described in section 2.5.6.2 was followed. Once the electrophoresis is
complete:

1. The gel was fixed by using 100ml of fixative solution (50ml methanol, 10ml
acetic acid, 40ml deionized water) and left in shaker at room temperature for 10
minutes.

2. Once the gel had fixed, Colloidal Coomassie Blue Staining Kit from Invitrogen
was used to stain the gel following the manufacturers protocol, explained in brief
below.

3. After the gel was fixed, staining solution was prepared by using methanol
(20ml), Stainer A (20ml) mixed in 55ml of deionized water. This mix was added to the

gel and left in the shaker at room temperature for 10 minutes.
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4. To this setup, 5ml of stainer B was adder and the gel left overnight in the
shaker at room temperature. Protein bands start to appear within 2-3 hours in this set
up but was left over night for better results.

5. The following day, the stainer solution was washed away with deionised

water and the gel was scanned before the spots were picked.

B) Trypsin digestion of the sample

Trypsin digestion was done in order to recover the peptide from 1DE or 2DE gels for
analysis by mass spectrometry. Spots were cut manually using Ettan Spot picker
pipette. Spots were picked from the mid-portion of the protein band on the gel, for
multiple plugs /spots they were picked from either end of the protein band along
with mid-portion. Each plug was treated separately. Plugs were also picked from the
protein ladder as a quality control. In this project we took plugs from b-galactosidase
(16.3kDa); phosphorylase B (97.4kDa); bovine serum albumin (66.3kDa); glutamate
dehydrogenase (55.4kDa); lactate dehydrogenase (36.5kDa); or carbonic

anhydrase (31.0kDa).

Each plug was placed separately in a 96 well-plate and the position of the spots on
the plate noted. Once the spots were picked the gel was again scanned for discussing

the results of the mass spectrometry.

The reagents listed in the table 2.6 were prepared and used for preparation of
peptides from the picked plugs. Acetonitrile and solutions of acetonitirile require

storage in glass containers. The rest of the reagents were prepared freshly.
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Table 2.6. Reagents used for trypsin digestion of the sample

Molecular Amount per

; Amount to make
weight ml

Compound

100mM ammonium b icarbonate

NH;HCOgin water. Made up 2 79.06 7.91mg 396mg in 50ml
days in advance of use.

25mM ammonium bicarbonate 10ml of 100mM stock
NH4HCO3 in water. Made up fresh. - - and 30ml of water
10mM dithiothreitol DTT (in .
25mM NH,HCO5). Made up fresh. 154.2 1.542mg 1.542mgin 1 ml
55mM iodoacetamide (in 25 mM .
NH,HCOs). Made up fresh. 185.0 10.175mg 10.175mg in 1ml
100mM sodium thiosulphate in .
water. Use within 2 weeks. 248.2 24.83mg 248.3mg in 10ml
30mM potassium ferricyanide in
water. Made up fresh. 329.2 9.976mg 9.976mg in 1ml
€ -cyano -4-hydroxycinnamic acid
(in 50% (v/v) acetonitrile in 0.1 % .

5mg 5mg in 1ml

(v/v) trifluoroacetic acid (TFA).
Made up fresh.
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CHAPTER 3

The role of t alin in neutrophil morphology

change
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3.1 Introduction

It is a well known fact that neutrophils rapidly change shape from spherical to a flattened
morphology in order to achieve firm adhesion to the endothelial lining. Also during
transmigration through the endothelium, irrespective of whether it is through the endothelial cell
or between the endothelial cells (Ley et al. 2007), flattening onto the endothelial lining cells is a
crucial first step. This morphology change is associated with a massive increase in the surface
area of the leukocytes (Dewitt et al. 2007). It has been suggested that the extra reservoir of
plasma membrane needed in order to adapt to the change in shape and surface area is
provided by unfolding of wrinkles present in the plasma membrane of the neutrophils. The
various possible mechanisms that might cause unfolding of membrane wrinkles in neutrophils

have been discussed in detail in section 1.7.1.

3.1.1 Membrane linker proteins in cell surface wrinkles

The wrinkles found on the plasma membrane o f the neutr oiphridwi Irlei:

seen in lymphocytes (Shao et al. 1998). These wrinkles may be held in place by protein such as
talin, kindlin-3 and ezrin. These proteins act as membrane-cytoskeletal linkers which form a
bridge between membrane proteins, suchas L-s e | e c t i, imtegannahd the underlying actin
cytoskeleton. This bridge may be formed between areas of plasma membrane outside the
wrinkles or between the plasma membrane which form the wrinkles (fig 3.1.1) (Dewitt et al.

2007).
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3.1.2 Mechanism which release membrane wrinkles

It has been shown that uncaging cytosolic calcium (Pettit and Hallett, 1998) or IP3, triggers an
elevation of cytosolic Ca®* (Dewitt et al. 2007) causes an accelerated rate of neutrophil
flattening. This suggests that an elevation of cytosolic Ca®* is involved in the flattening of the
wrinkled membrane present on the cell membrane of neutrophils. Moreover, a similar
relationship between cytosolic Ca?* and membrane expansion has been established during
pseudopodia extension (Dewitt and Hallet 2002). Under these conditions, unfolding of wrinkles
was dependent on the activity of p-calpain, a calcium-activated protease (Dewitt and Hallet
2002), p-calpain cleaves substrates in vitro and within the cells. Talin and ezrin are the
substrates which get proteolysed by calpain in vitro (Dewitt et al. 2008). If this occurs within
neutrophils, this would cause cleavage of cross-linking between the cell membrane and
cytoskeleton, which would provide a mechanism for releasing the wrinkles on the surface of
neutrophils. The calpain cleavage site in both talin and ezrin lies between the FERM domain,
binding to membrane-associated protein and an actin-binding domain, linking to the
cytoskeleton. Moreover, under inert condition, the integrin binding site of talin (F3 domain in
the head group) is covered by the tail end of talin (C-terminal) (fig 3.1.2a, Moser et al. 2009). In
a similar way to talin, ezrin may also exist in a self-inhibited form when the cells are inactive
(Critchley D et al. 2008; Moser et al. 2009). Cleavage of talin by calpain exposes the integrin
binding site which binds to the cytoplasmic domain of intergin. This proteolysis of talin by p-
calpain not only enables binding of the talin N-terminal to integrin but also increases its binding
affinity from 6-fold to 100-fold (Yan 2001; Franco et al. 2004; Calderwood et al. 2004). So the
proteolytic actions of p-calpain on talin enablet al i n to form a binterghhge bet
and underlying actin cytoskeleton. Activation of p-calpain by calcium would thus lead to the

coupling of the link formed by talin between the membrane and the underlying actin
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cytoskeleton. By itself, this would not necessarily provide addition membrane to be released

from wrinkled region of the plasma membrane.

F1 ( Figure 3.1.2a. The molecular structure of talin. This
FM \F_:i\ diagram shows the inactive state of talin, where the
=) integrin binding site is masked by the C-terminal

(rod end of talin). The FERM domain forms the
head which has three subdomain, F1-F3. This
Rod picture is taken from Science, 2009, 324; 895-899.

Head

Talin

Kindlin3 is similar to talin and shares many structural similarities, both having a FERM domain
with three subdomains (figure 3.1.2.b). It also regulates the activation of integrin (PTB fold in
F3 subdomain). However, there are several features which distinguish the FERM domains
within kindlin from that of talin, including the location of FERM domain (in the C-terminal in
kindlin) (Larjava et al. 2008), the presence of a pleckstrin-homology domain (bisecting the F2
subdomain) and kindlin binds to the membrane-d i st al N x x-Yntegnio whilef talirobfnds
on the membrane proximal NPxY mot i f of 3.1 .ci&md} (¥ag 200In Masdr et gl.
2009). It has been proposed that attachment of kindlin to integrin enhances the integrin
binding affinity of talin, but this concept is yet to be confirmed. A role for kindlin as a regulator
and activator of integrin has been established in platelet and in mouse PMN; and is associated
with LAD in humans, where neutrophil spreading is affected (Plow et al. 2009; Karakose et al.

2010).
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Figure 3.1.2b. Molecular picture of kindling. This diagram shows the FERM domain (kindlin)
depicted as a ball subdivided into three subdomains, F1 to F3, a PH domain inserted into
the F2 subdomain. Fig 3.1.2c & d. Molecular picture showing the interaction of kindlin (c)
and talin (d) with the <cytopl as mi be nemobraae
proximal NPxY motif of integrin while Kindlin binds to membrane distal NxxY motif of
integrin. This picture was taken from Science, 2009, 324; 895-899.

3.2 Aims

The aims of the work described in this chapter were therefore to investigate whether the
subcellular location of talin and kindlin was altered during neutrophil morphology changes,

especially during spreading, polarization, phagocytosis and trans-endothelial migration.

3.3 Methods

3.3.1 Labeling neutrophils to study the relationship of the linker protein with

actin

Neutrophils were isolated as described in section 2.5.1. After incubation with the primary
antibody specific for either talin subdomain or kindlin-3 and then secondary fluorescently-
conjugated antibody, the coverslip was washed twice with 1XPBS inorder to remove any

excess secondary antibody and 2.5pl of rhodamine phallodin (Invitrogen INC) was added
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in 100u! of the neutrophil sample and left at room temperature for 20 minutes. Excess
phallodin reagent was removed using 1X PBS. Rhodamine phallodin is an high affinity
probe for F-actin made from mushroom toxin conjungated to an orange-fluorescent dye,
tetramethyl rhodamine (TRIC). The approximated fluorescent excitation and emission is
540-565nm. Image J pluging colocalization software was used to determine where talin
and kindlin exists in relation to actin and integrin CD11b. In this project venous blood was
collected form 73 volunties who had no medical conditions and were not under any
medications. Salivary samples were collected from 107 volunties who had no

inflammatory oral condition, no dental caries and had no systemic diseases conditions.

3.3.2 Labeling the neutrophils with CD11b antibody

Neutrophils from venous blood were isolated as described in the section 2.5.1 and were
fixed and probed for the sub domains of talin and kindlin-3, as described in section
2.5.6.1. CD11b monoclonal antibody conjugated with phycoerythrin (Miltenyi Biotec Inc,
Germany) was used to detect the integrin in the neutrophils isolated from the venous
bl ood. This antibody reacts with the 170kDa
and recognizes the human, mouse and non-human primate CD11b antigen. 1pl of this
antibody was added to 100ul of the isolated neutrophils in suspension and these cells
were incubated at -4°C for 30 minutes. Then, these cells were left over the cover slip for
7 minutes to allow the neutrophils to adhere to the glass cover slips. Formylated pepetide
(1uM FMLP) was used as a stimulus to polarize the neutrophils. 1ul of FMLP was added
to these cells and the left for 5 minutes at room temperature. 1XPBS buffer was used to
remove excess FMLP before the cells were fixed, and permeablised and probed for the

linker proteins.
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3.3.3 Labeling polarized neutrophils to study the location of membrane linker

protein

100pl of neutrophils isolated from venous blood (1x10° cells/ml) were allowed to adhere
over the glass cover slip for 5-7 minutes. After washing away all the dead and unattached
neutrophils. 1uM of FMLP was added and incubated at room temperature for 5 minutes.
Excess of FMLP was removed by washing the cover slip with krebs buffer and the cells

fixed and probed for talin and kindling, as discussed in section 2.5.6.2.1.
3.3.4 Estimating the molecular weight of talin T Western blotting

To measure the molecular weight of talin, immunoblotting technique was used.
Neutrophils isolated from blood were lysed using lysis buffer. The techniques and
composition of reagents used to prepare the samples to run electrophoresis using
NuPAGE® 3-8% tris-acetate precast mini gel system and western blotting using
I nvitrogends XCell | 1 &in @etaibin seddan®5.6.2 Neusroptdli s c u s
samples were run along with cell lysate of HL60, RAW cells, MCF7, PZHPV7, HECV,
PNTC7 and MAC cells (as a control sample to determine the sensitivity and specificity of
the talin primary antibody) under denaturing condition. Once the cell lysates were
prepared, the amount of protein present in each sample was quantified using BSA assay
technique, as described in section 2.5.6.2.2. The amount of protein present in each
sample used to detect the molecular weight of talin is given below (graph 3.3.4 a) and the
final working protein concentration used to run electrophoresis is given in the table
3.3.4b. The difference in amount of protein in each cell lysate was equalized by adding
cel l |l ysis buffer. About 20c¢l o fINURAGE®Novexa mp | e
LDS sample buffer) and reducing agent (NuPAGE® Reducing Agent (10x), were loaded

into the mini gel and run for 1hour at 150V, at constant current of 55mA.
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In order to make the proteins accessible to antibody detection, they are transferred by

electroblotting from the gel onto a nitrocellulose membrane, as the protein binds depending

upon hydrophobic interaction as well as charge interactions between the membrane and protein

and prevents reoxidation of reduced samples during protein transfer. The immunoblotting was

carried out for an hour at 30 V, at constant current of 220mA. The entire procedure involved

during electroporesis and immunaoblotting is in depth in section 2.5.6.2.5.

Table 3.3.4b.Final concentration of protein used to run electrophor¢sis

Samples HL60 MCF7 NEUTRO | MAC PZHPV7 | PNTC7 | RAW HECV
Optical density 1 0.157 0.232 0.175 0.192 0.338 0.233 0.334 0.327
Optical density 2 0.23 0.413 0.179 0.182 0.323 0.414 0.346 0.221
Average 0.1935 | 0.3225 0.177 0.187 0.3305 | 0.3235 0.34 0.274
Concentration
(eg/ ml) 13149 | 4674.2 885.2 | 1145.6 48825 | 4700.2 |5129.9 3567.4
Concentration
(eglel) 1.3 4.7 0.9 11 4.9 4.7 5.1 3.6
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After the protein was transferred on to the membrane, the uniformity and overall
effectiveness of transfer of protein from the gel to the membrane was checked by the ponceau
S dye membrane staining, as discussed in section 2.5.6.2.6. The protein transfer is detected
using immunodetection technique (section 2.5.6.2.8) during this last process, the target protein
is detected using a specific antibody targeted against talin and appear as a band on the film.
The position of the bands was dependent on the molecular weight of the target protein (talin),
whereas the band intensity depends on the amount of target protein present (talin). This is
achieved after the transferred membrane has been blocked inorder to avoid non-specific
interaction of the antibody; and was followed by probing the membrane with the primary
antibody, to detect the tail group of talin, by incubating the membrane at 4°C overnight with the
talin antibody. After the unbound primary antibody was washed away, the membrane is
exposed to secondary talin antibody (goat anti-mouse IgG-HRP from Santa Cruz biotechnology,
Inc) at a dilution of 1:2000 which is linked to horseradish peroxidase, The membrane is
incubated with this secondary antibody for an hour at room temperature. A chemiluminescent
agent (Super Signal West Dura Extended Duration Substrate Solution From Thermo Scientific,
UK) is used as a substrate that will luminescent when exposed to the HRP on the secondary
antibody. This reaction produces luminescence in place and in proportion to the amount of
probed protein. The light is then detected by photographic film. The generic step-by-step

procedure is provided in section 2.5.6.2.7 & section 2.5.6.2.8.

3.4 Results

3.4.1 Distribution of talin in neutrophils

In order to investigate the subcellular location of talin in neutrophils isolated from blood, an anti-
talin antibody which was directed against the tail of tailn was used. To test the sensitivity and

specificity of the primary antibody, neutrophils were fixed and incubated overnight (i) without the
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primary anti talin antibody and (ii) without both primary and secondary talin antibody. There was
little or no fluorescent staining under these conditions (fig 3.4.1A from al-b2), and it was thus
concluded that autofluorescence from the cytoplasmic components of neutrophils would not
interfere with specific detection of talin. With anti-talin and secondary detection antibody,
approximately 92% of neutrophils had peripheral cell membrane staining (fig 3.4.1a). Talin in

platelets was also detected by this antibody. (fig 3.4.1a c1-d2).

In order to determine whether the subcellular location of talin changes during
physiological stimulation, neutrophils were stimulated with FMLP (1uM) before fixation. Under
these conditions, talin was detected at the plasma membrane. In cells which had formed
pseudopodia, talin had accumulated within the pseudopodia and was lost from other plasma
membrane locations. (fig 3.4.1b). In order to determine whether such a localized effect was
observable with other morphological events, neutrophils were stimulated to undergo
phagocytosis by incubating them with C3bi opsonized zymosan particles. Under these
conditions, talin was detected on the phagosomal membrane and on the membrane of the
forming phagocytic cup (fig 3.4.1c). These findings indicate that when neutrophils are in a
resting state, talin is uniformly distributed at the cell plasma membrane but when they locally
expand their surface area at sites of pseudopodia formation during polarization or phagocytosis,

talin location co-incides with regions of plasma membrane expansion.
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Figure 3.4.1a. Antibody staining of tail group of talin in neutrophils isolated from blood Neutrophils were allowed t
spread over the glass coverslip. (al, a2) Isolated neutrophils were incubated overnight without primary and secg
talin antibody to test for autofluorescence, which was absent (blinb@xder to test the specificity of the tail talin antibog
neutrophils were incubated in the absence of primarytalmi antibody, but with the secondary antibody step. Again tl
was an absence of fluorescence.When incubated the remaining isolattegmiés with both primary antibody for tail grod
of talin and secondary antibody (fig c1,c2, d1 and d2), it was found that in nearly 92% of neutrophils, the tail groug
was seen evenly distributed along the periphery of the cell membrane t@adimawhite arrow mark) and several platel

were identified as positive for the tail group of talin (indicated by white dotted arrow in fig c2 and d2).
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Figure 3.4. 1c. Antibody staining of tail group of talin polarized neutrophils. Neutrophils
were allowed to spread over the glass coverslip and before fixing them, they were incubated at
room temperature with 1uM of FMLP for 5 minutes and probed for the tail group of talin. Nearly

all polarized neutrophils had talin localized only along the lamellipodia (indicated by arrows).

Figure 3.4.1.2c. Antibody staining of tail group of talin in neutrophils that have

undergone phagocytosis. Neutrophils were incubated at 37°C with C3bi opsonized zymosan
for 20 minutes before fixing and probing them for talin. The tail group of talin was seen only
along the phagocytic cup and also along the phagosomes (indicated by arrows), indicating the

tail group of talin changes its subcellular position in phagocytic neutrophils.
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3.4.2 The relationship between talin, actin and CD11b in neutrophils

It was important to discover whether this change in subcellular location of talin was related
to the position of CD11b and/or cytoskeletal actin, as talin forms cross links between the
membrane protein (CD11b) and cytoskeletal actin. The neutrophils were prepared and
labeled with CD11b (section 3.3.2) and actin, as described in section 3.3.1. FMLP was used
to activate the neutrophils before they were fixed. Images of neutrophils stained for talin and
either CD11b or actin were analyzed using colocalization Image J plugin software. The
subcellular location of both CD11b and actin was very highly correlated with the subcellular
location of talin in polarized neutrophils (p=0.0017) (Fig 3.4.2a; Fig 3.4.2b). This finding
suggests that talin distribution may simply reflect the localization of actin and integrin and

thus not give additional information about its role in membrane expansion.
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pearsons over lap (ration of green and k1 (overlap r of k2 (overlap r of Slope(intensity between intercept
pr blue pixels) green channel) blue channel) green and blue pixels)
0.023086 | 0.904135 1.255371 0.65117 0.0312 79.9321

pearsons over lap r (ration of green and k1 (overlap r of green k2(overlap r of blue | slope(intensity intercept
pr blue pixels) channel) channel) between green and

blue pixels)
0.171865 0.849093 0.656294 1.09853 0.0629 81.6332

Figure 3.4.2 a: shows evidence of the relationship between

the tail group of talin and CD11b.

Neutrophils were incubated at room temperature for 15

minutes with CD11b antibody conjugated with phycoerthythrin before adding 1uM of FMLP and fixing them. The tail group of talin was seen as high
intensity staining along the laminopodia of the neutrophils (A & E-similar to the result obtain in the previous experiment), which corresponds to the antibody
staining for CD11b (fig B & F). In order to confirm this visual finding, both the selected images were smoothed out and back ground noises removed using
image J. Colocalization analysis was done, where first the both blue and green signals from the images are made to overlap each other (dye overlay
technique T qualitative colocalization technique), and the pixels which coincide are represented as yellow or white pixels (figure C&G) and the frequency
plots (figure D&H) displays the relationship between the red and green pixels as an intensityi scatter plot, where the X-axis represents the pixels from the
tail group of talin(green) and the y-axis represents the CD11b antibody (blue). Nearly 80% of pixels from both green fluorescence (tail group of talin) and
the blue florescence (CD11b) overlapped each other and pearson coefficient value of 0.17 was obtained, which shows both tail group of talin and CD11b
had a high probability of colocalization.
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0.233102

0.4437095

pearsons pr | over lap r (ration of green | kl(overlap r of | k2(overlapr of | Slope (intensity between green intercept
and red pixels) green channel) | red channel) and red pixels)
0.928616 1.943452 0.5216 97.5239

intercept

pearsons pr | over lap r (ration of | kl(overlap r of | k2 (overlapr of | Slope (intensity between
green and red pixels) | green channel) | red channel) green and red pixels)
0.286374 0.936381 1.340012 0.654329 0.5387 87.9316

Figure 3.4.2.b. Siows evidence of the relationship between tail group of talin and actidfter incubation with antibody to the tail group of talin, neutrophils w
stained with phalloidin for 20 minutes at room temperature inorder to thtaiactin cytoskeletorEMLP was again used as physiological stimulus. High inten
staining for the tail group of talin (& E) was seen along the laminopodia of neutropBitsilar to the results obtain in previous experimentglich corresponded tq
the phalloidin stainingf actin cytoskeleton (fid3 & F). In order to confirm this visual finding, the selected images were smoothed out and back ground noises
using Image J. Colocalization analysis was done, were first the both red and green signals from the image weenkgedach other (dye ovelay technigug
qualitative colocalization technique) and the pixels which coincide are repressneltber or white pixels (figC & G) and the frequency plots (fig & H) displays
the relationship between the reddagreen pels as an intensitgcatter plot, were the-Axis represents the pixels from the tail group of tédireen) and the-gxis
represents the phalloidin staigirof actin cytoskeleton (redNearly 80% of pixels from botlgreen florescenttdil group of tain) and the red florescent (actir
overlapped each other and a pearson coefficient value of 0.2 was optdiratdshows both tail group of talin and actin cytoskeleton are colocalized with each
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3.4.3 Distribution of talin in neutrophils after extravasation ex vivo

In order to establish whether the change in subcellular location of talin during neutrophil
FMLP induced polarization on glass would occur under more physiological conditions,
neutrophils were examined after they had undergone trans-endothelial migration ex vivo. The
transendotheial migration assay was performed, as described in section 2.5.3 (fig 3.4.3a).
The neutrophils which had crossed the endothelial monolayer had lost the characteristic
plasma membrane staining and instead talin was detected in the cytosol (fig 3.4.3b & c). In
order to be certain that the staining conditions were not in someway responsible for this
dramatic difference, the location of talin in transmigrated and non-migrated neutrophils were
compared in cells on the same side and thus, stained under identical condition. Cells which
had migrated across the endothelium were stained with cell tracker to distinguish them from
cells which had not. This approach demonstrated that neutrophils which had undergone
transmigration had lost talin from its plasma membrane location. When the difference in the
intensity of talin between cell membrane and cytosole in both the group of neutrophils was
guantified, there was a significant difference in the intensity of talin between the two group of
cells (graph 3.4.3 1 to 3). This gave strong evidence that the subcellular location of talin
changes from cell membrane to the cytosol as the neutrophils cross the endothelial
monolayer under experimental (ex vivo) conditions. This loss of detectable talin from the
plasma membrane was consistent with cleavage of talin in such a way that the head of talin
(the region recognized by the antibody) was no longer associated with either plasma

membrane or the cortical actin network.
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Figure 3.4.3. Subcellular location of the t ail group of talin as neutrophils extravaste d
under ex vivo conditions . A) Schematic representation of the transendothelial migration
assay setup (described in section 2.5.3). Migrated neutrophils were loaded with cell tracker dye
conjugated with PE to differentiate between these two groups of cells. The non-migrated and
migrated neutrophils were then mixed on a glass cover slip, then fixed and probed for the tail
group of talin. Non migrated neutrophils retained the tail group of talin at the cell membrane (fig
B & C), while the migrated cells lost the peripheral talin staining, giving evidence that talin
relocated away from the plasma membrane as neutrophils undergoes exvivo extravasation.
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Image J was used to quantify the difference in the fluorescent intensity of tail group of talin
between the cytosole and the plasma membrane in both migrated as well as non migrated cells
(Graph 1-3) and confirmed there was a statistically significant difference in the intensity of tail
group of talin between the migrated and non migrated cells. This gave evidence that talin

relocates away from the cell membrane into the cytsol as the neutrophils extravasated under

experimentalcondition).
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3.4.4 Distribution of talin in neutrophils after extravasation in vivo

To test whether talin relocation accompanies transendothelial migration, the subcellular
location of talin in neutrophils which had extravasated in vivo and thus, under physiological
condition were examined. Neutrophils were isolated from saliva, as explained in section
2.5.2.1. Salivary neutrophils are an excellent representation of extravasted neutrophils under
physiology condition and are easily accessible. It was found that approximately 92% of salivary
neutrophils lacked cell membrane talin staining (Fig 3.4.4A1- B2). Quantifying the difference in
fluorescence intensity between the cytosol and plasma membrane, confirmed that talin is
distribution in the cytosol of salivary neutrophils, while the blood neutrophils had a plasma
membrane location of talin (graph 3.4.4 1 &2). Inorder to establish if this finding was due to the
pH of saliva or any oral environment conditions, 100ul of blood neutrophils were loaded with
cell tracker (conjugated with phycoerthythrin), mixed with 100ul of salivary neutrophils and both
the group of neutrophils were fixed together by 4% formaldehyde. The blood neutrophils
(positive for cell tracker) retained talin at the plasma membrane, while nearly all salivary
neutrophils (negative for cell tracker) had cytoplasmic staining of the tail group of talin (fig 3.4.4
C1-C2). To make sure that the dye (cell tracker) that was used to differentiate between the two
group of cells was not blocking the relocation of talin away from the plasma membrane, the
reverse labeling experiment was performed by loading the salivary neutrophils with cell tracker
conjugated with phycoerthythrin. As before salivary neutrophils had cytosolic talin while blood
neutrophils had talin at the plasma membrane (fig 3.4.4D1-D2). There was a statistically
significant difference in the amount of membrane talin between salivary neutrophils and blood
neutrophils (graph 3.4.4.3-4 & 5). This gives evidence that talin relocated away from the
plasma membrane into the cytosol, as the neutrophils extravasated under physiological

condition.
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Figure 3.4.4 a. Subcellular location of the tail group of talin in extravasated neutrophils
under physiological  conditions . Neutrophils isolated from saliva are a good representation of
physiological neutrophildiapedesis. Cells were fixed and stained for the tail group of
talin,revealing that nearly all salivary neutrophils lacked the peripheral plasma membrane
position of talin; and rather had cytosolic location (fig Al- B2). This indicated that as the
neutrophils underwent extravasation, the tail group of talin relocated away from the plasma
membrane into the cytosol. ImageJ was used to quantify the intensity of the tail group of talin
between the cytosol and plasma membrane in both sailvary neutrophils and blood neutrophils,
(fig 3.4.1.5. graph 1 & 2), and confirmed there was a significant difference (p>0.001) in the
intensity of talin in both groups of cells.
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Figure 3.4.4b.Shows the consistent subcellular position of ezrin in salivary neutropbiténd whether the physiological condition in the oral cavity influen
the cytosolic location of tail group of talin, both blood nepltiils (loaded withcell trackerblue) and salivary neutrophils were mixed and fixed on the same
coverslip and probed for the tail group of talin. Cells which were positive for cell tracker (blood neutvophilsad talin located at the plasma membréigeC1)
while the cells which were negative for cell tracker (salivary neutrodffitisC2) had cytosolic location of talin. lorder to make sure that the dye which useq
identify the two graps of neutrophils wasot interfering with the change in subcellularigoa of talin, instead of loading the blood neutrophils with cell track
salivary neutrophils were stained with cell track&rie) but the there was no change in subcellular location of tail group of talin in both the group of neut
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Blood 36.82 1.88738FE14 difference between the plasma membrane and cytosol was med
neutrophils 17.54 between the two group of neutrophils, a statilly significant difference
Salivary 732 0.999729436 was noted in the location of tail group of talin between salivary neutro
neutrophils 9.70 and blood neutrophils (grapB, 4 & 5).
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3.4.5 Detection of the head group of talin in fixed neutrophils

The data for the loss of talin at plasma membranes was consistent with the cleavage of
talin in such a way that the tail of talin (as identified by the antibody used) was no longer
associated with the plasma membrane. In order to investigate whether this was the case,
the location of the head group of talin was investigated. If the head and tail regions of talin
occupied different cellular locations, this would provide evidence for cleavage of talin.
However, the antibodies which recognized the head group of talin failed to stain talin in
resting neutrophils (fig 3.4.5). Interestingly, the antibody detected the head group of talin
in platelets (Fig 3.4.5C2 & D2). When stimulated with FMLP, again the head group of talin
was not detectable in neutrophils, but was seen in platelets (Fig 3.4.5C2 & D2). This
finding shows that the head group of talin in the neutrophils (but not in platelets) was
inaccessible to antibody or unable to bind due to stereotypic hindrance, perhaps because
the head of talin was hidden deep inside its binding partner or the cell membrane. If this
where the case, it must be concluded that the release of the tail of talin from the plasma
membrane was not accompanied by dexposur

by antibody. (Fig 3.4.5 D2).

3.4.6 Detection of the subc ellular location of kindlin in neutrophils

Kindlin3 i s membrane of the same 6familyd a
of talin. In order to test whether the proposal that the talin head was inaccessible to
antibody staining, kindlin-3 was thus used a surrogate. It was found that kindlin-3 also
could not be detected in neutrophils (Fig 3.4.6C2), while it could be detected in platelets
(Fig 3.4.6D2). Kindlin-3 could also be detected in HelLa cells (Fig 3.4.6E1) which had a
characteristic plasma membrane staining. It was, therefore, clear that the antibody was

effective in other cells types and again suggested that the FERM domain which is present
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in both kindlin-3 and the head group of talin was either buried deep inside the plasma
membrane inneutrophils or other location such that stereotypic hindrance prevented

antibody binding of neutrophils.

Figure 3.45. Detection ofthe subcellular location ofthe head group of talin in neutrophils isolated from
venous blood. Neutrophils which were isolated from 10ml of venous blood were allowed ¢admver the
glass cover slip fob minutes. These neutrophils were then incubated on the glass cover slipuivitiofl
FMLP for 5 minutesExcess ofFMLP was washed with)X PBS before fixing and probing these neutroph
for thehead group of talinnorder to testhe sensitivity and specificity of the primary antibody for head gr
of talin, neutrophils were fixed iabs@ce of primary antibody (fig A1 & ARor in the absencef primary as
well as secondary antibodiy order to rule out the auftuorescence nature of the cytoplasmiexrponents of
neutrophils (fig B1 & B2. When probed fothe head group of talin, Bthe platelets were positifer the head
group of talin(indicated by white arrowjvas located along the cell mbrane of these platelets (fig C1 & C2
However,it was not deteable in the neutrophils (fig D1 & D2). Therrow mark indicates the subcellar
location of head group of talin in neutropHilig D1 & D2) and in platelet¢fig C1 & C2).
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Figure 3.46. Subcellular location of kindlin-3 in neutrophils isolated from venous blood.Neutrophils
isolated from venous blood were stimulated witiMlof FMLPfor 5minutes at room temperatupefore they
were fixed and probed for kindld. Nearly all the neutrophils were negati@grow) for kindlind 3 (fig C1 to

D2), while the platelets had cell membrane staining of kin8l{mvhite arrow) (fig C1 to D2)Moreover to test

the specificity andensitivity of primary antkindlin-3 antibodie, HelLa cells were fixed and probed for kinglin
The majority oHeLa cells were positive for kindlin@vhite arrow) (fig E1 & E2)The arrow mark indicates th
subcellular location of kindl#3 in pladlets (fig D2) and HelLa cell§fig E1) and also indicates the negati
staning of kindlin-3 in neutropHs (fig C2). Figs Al & A2 are the control samples where the neutrophils |
incubated without the primary antikindih antibody; and figures B1 & B2 indiathe absences of aut
fluorescence in neutrophils (no primary or secondary antibody). This give evidence that the primary arBik
antibody is sensitive and specific for detecting.
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