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ABSTRACT
BIOENERGETICS OF PLATELET AND ALVEOLAR MACROPHAGE FUNCTION
By
Welivitiya K. Ajith Karunarathne
Part 1: Platelet bioenergetics

In modern day life, risk factors associated with life style such as high calorie
diet, unhealthy eating habits, mental stress, and lack of exercise substantially increase
the risk of cardiovascular diseases and diabetes. An important feature of platelets in
both of these conditions is their enhanced sensitivity to the activation stimuli that can
results in life threatening conditions such as heart attacks or strokes. Although platelet
activating factors account for the larger fraction of this systemic thrombus formation,
they do not explain the entire spectrum of platelet hyperactivity. We observed a
correlation between; red blood cell (RBC) derived ATP release and platelet
hyperactivity in the circulation. Therefore, it was predicted that platelet hyperactivity
may be related to the physiological behavior of RBCs and their ATP release.
Furthermore, the potential of ATP and its primary receptor on platelets, P2X1 have
been underestimated as a result of the lack of available analytical tools and
methodologies.

The work shown here demonstrates the biphasic nature of ATP and P2X1
receptor on platelet inhibition and aggregation in a concentration-dependent manner.
We found that incremental increases of ATP concentrati(;n initially reduce the platelet
aggregation, with a gradual increase in platelet Ca®*i and NO production. However,
with further increase in ATP, platelets began to aggregate. Therefore our data explains

the behavior of extracellular ATP on platelets: an antagonist at low concentrations and



an agonist at high concentrations. We also found that the most commonly used ATP
analogue to study P2X1 function, a,,—methylene ATP, fails to induce the actual P2X1
receptor potential, due to its chemical structure and the behavior which abolishes the
P2X1 function. In summary, investigations in chapter 2 and 3 of this dissertation
demonstrate the biphasic nature of extracellular ATP as a platelet antagonist and an
agonist. Also we were the first to demonstrate the actual potential of the P2X1 receptor
and bioavailable ATP in platelet activation and aggregation which may be useful in
future antiplatelet therapy.

Part 2: Bioenergetics of alveolar macrophages in cystic fibrosis pathogenesis

Cystic fibrosis (CF) is a genetic disorder associated with mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene and its protein product,
CFTR. Although, the fatal CF lung disease is characterized by chronic pulmonary
infections and inflammations, the available molecular level understanding cannot
explain the failures in the lung defense against the pathogen invasion, which results in
lung infections. Despite the fact that alveolar macrophages are the first defense in the
lungs against particulate matter and pathogen invasion, there have never been
correlations described between defective CFTR on macrophage function and defective

macrophage function on CF lung defense failure.

Our investigations reveal the correlation between CFTR dysfunction and
macrophage glucose uptake which eventually regulates the alveolar macrophages
phagocytosis. We also found that Zn** activated C-peptide, a known glucose uptake
sensitizer for RBCs, completely reversed the reduced glucose uptake and phagocytosis

due to the CFTR inhibition.
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CHAPTER 1

1.1 INTRODUCTION

The average adult has about five liters of blood circulating in the vascular
system. While traversing through vessels, blood is acting as a multifunctional tissue
which delivers essential elements such as nutrients and oxygen and removes harmful
wastes such as CO; and urea. Blood is the growth medium for the body’s cells and by
transporting nutrients from the digestive system, delivering regulatory hormones and
distributing disease fighting substances, blood circulation maintains the regular
dynamics of the body. Blood is considered as the largest tissue of the body containing

multiple cell types and substances.

Blood plasma is a yellow liquid in which the blood cells are suspended. Plasma
contributes 55% of the total blood volume. Although 90% of plasma is water by
volume, it contains proteins (8%), glucose, electrolytes, clotting factors, hormones and

carbon dioxide.

Cells are 45% of the total volume of the blood. The cellular component of the
blood is mainly red blood cells (RBCs), although other cell types are important. For an
example, white blood cells protect the body from infections and destroy unwanted cells
and particulate matter. There are two types of white blood cells: granulocytes
(neutrophils, basophils and eosinophils) and agranulocytes (monocytes, lymphocytes

and macrophages). Granulocytes differentiate in to mature cells that are responsible for

1



specific immune responses (T lymphocytes) and phagocytosis (macrophages).
Monocytes leave the circulation and become tissue macrophages. Macrophages are the
front line defense in the lungs against pathogen and other harmful materials. Platelets
are smaller anucleated cells that mediate the blood clotting mechanism, thereby
preventing blood loss during vascular injury. Although white blood cells and platele{s
are smaller in percentage, they are equally as important as RBCs for a proper integrated

body function.

Either one or several components of blood interact with any .given cell in the
body at all the times. Therefore any defect in function/structure of blood components
can influence one or many tissues. On the other hand, an abnormal behavior or function
of tissue or organ mostly manifests itself in blood. This is why blood is such an

important component of medical diagnostics.

Many diverse disease conditions, where entirely dissimilar abnormalities occur,
different cell types, tissues or an organ, give rise to common pathological conditions.
For example; in some disease states, platelets are hyperactive and unusually susceptible
for aggregation. Hyperactive platelets are prominent in diseases such as diabetes,
multiple sclerosis and cystic fibrosis and cause an imminent threat of thrombus
formation by blocking blood vessels. When analyzing the behavior of other cell types
interacting with hyperactive platelets, our group and others have observed that
bioavailable ATP released from RBCs are abnormal in these diseases due to either

decreased deformability (in diabetes) or increased cell lysis (multiple sclerosis).'™



Investigations in recent years by the Spence group and others suggest the
potential involvement of RBCs in the regulation of energy in terms of glucose
consumption and ATP production/release. Being the most exposed cell type to the
abundant glucose absorbed from the digestive system, RBC glucose uptake may play a
major role in glucose homeostasis. Also, the significance of bioavailable ATP (mostly
derived from RBCs) in the circulatory system serves as a key regulator for
vasodilatation and platelet inhibition through stimulating production nitric oxide (NO)

in the cell types.

Although ATP was considered primarily as a simple energy molecule two
decades ago, its importance as a secondary messenger and a ligand in purine nucleotide
binding receptor signaling (purinergic signaling) has recently made it an important
molecule in biological research. Despite the fact that ADP has long been recognized as
one of the main platelet function regulators and ADP associated signal transduction
pathway currently being the main target for treating hyperactive platelets (antiplatelet
therapy), investigations described in this dissertation will demonstrate the significance
of bioavailable ATP as a potent platelet function regulator. This would also provide
another key signal transduction pathway for novel antiplatelet therapy that may
eventually help in preventing and managing cardiovascular diseases. Here, we also
investigated the ATP mediated regulation of macrophage glucose uptake and their
phagocytic ability which is very important in preventing lung infections in especially in
diseases like cystic fibrosis (CF). We believe that, molecular level picture of
macrophages function described in this dissertation will be able to enhance the

strategies in fighting against cystic fibrosis.



1.2 PLATELET STRUCTURE, FUNCTION AND REGULATION

1.2.1 Platelet structure

Platelets, or thrombocytes, are anucleated irregular shaped cellular bodies that
are 2-4 ym in diameter. Platelets are derived from megakaryocytes during hematopoisis.
Although the basic function of platelets is hemostasis, the prevention of bleeding during
vascular injuries, they are also critical in numerous and diverse pathological processes
including thrombus formation in cardiovascular disease, hemorrhage, inflammation-
immune disorders and tumor metastasis.’ Platelets are of great interest in the bio-
medical research community as they play a significant role in coronary artery disease
and other common diseases including stroke, peripheral vascular disease and diabetes.’
Although platelets have a short lifespan of 10 days, they are the source of many cellular
growth factors and cellular messengers. There are about 150,000 to 400,000 platelets
per micro liter of blood in a healthy person.>® Platelets in large excess (thrombocytosis)
or platelet hyperactivity could possibly lead to unnecessary thrombus formation leading
to fatal conditions. Similarly, platelets in low numbers (thrombocytopenia) or decreased

platelet activity can cause severe and fatal hemorrhagic situations.”

Platelet structure can be divided in to three key components: membrane
structure, cytoskeleton, and the secretory organelles system (Figure 1.1). The outermost
part of the platelet membrane is mainly comprised of glycoprotein and is collectively

called glycocalyx. Transmembrane and sub membrane structures mediate responses to



platelet stimulation, immune responses and express specific antigenic characteristics.
The platelet cytoskeleton is a detergent-insoluble, intricate three-dimensional network
of filamentous proteins. The filaments are composed of three types of polymeric
proteins called microfilaments, intermediate filaments and microtubules.®’ Changes in
actin and myosin filaments associated with increased platelet cytosolic calcium (Ca’*i)
concentrations lead to platelet shape change and aggregation.'®!!

Platelet alpha granules, dense granules and lysosomes are the main secretory
organelles.® Alpha granules consist of a large spectrum of components that regulate a

diverse range of functions."

These components include coagulation proteins
(fibrinogen, factor V-proaccelerin), soluble adhesion m;)lecules (von Willebrand factor-
vWF, vitronectin), growth factors (PDGF-platelet derived growth factor, epidermal
growth factor), protease inhibitors (plasminogen activator inhibitor-1, «,-antiplasmin),
and membrane adhesion molecules (P-selectin, GPIIb/IIla). Small molecules
(ADP/ATP-adenosine diphosphate/adenosine triphosphate) and important ions (calcium
and magnesium) that mediate platelets activation are stored in platelet dense granules."”

16 Secretory organelles are responsible for control of platelets adhesion, cell growth,

and cellular signaling cascades.'’
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1.2.2 Hemostasis: platelet in bleeding prevention

Hemostasis is the mechanism that prevents bleeding during vessel wall injury.
Upon vessel wall injury, an immediate reflex of vessel constriction and platelet
adhesion to the exposed collagen occurs to reduce blood loss. Subsequent activation and
platelet granular release of ADP, TXA, and serotonin further activate platelets and
recruit more platelets to the site of injury. Serotonin constricts the vessel, thereby
facilitating the formation of platelet plug.

Coagulation is the final step of the hemostasis and has two mechanisms,
extrinsic and intrinsic. In brief, the extrinsic mechanism starts with the release of factor
I1I'® from damaged tissues that activate factor VII by converting it to factor VIIa with
the help of tissue factor, a protein present in sub endothelial matrix.'® The intrinsic
mechanism forms the active factor XI with a cascade of reactions.?’ Eventually, both
intrinsic and extrinsic mechanisms work together to activate factor X.2'22 Both active
factor VII and active factor XI will promote cascade reactions, finally activating factor
X. Active factor X, along with factor III, factor V, Ca**, and platelet thermoplastic
factor (PF3), will activate the prothrombin activator that converts prothrombin to
thrombin.?*** Finally, thrombin converts fibrinogen to fibrin and forms a loose
mesh.?>% This loose mesh of fibrin network is covalently modified by factor XIII and

converts to a dense mesh of fibers, trapping activated platelets and red cells.?”?*
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1.2.3 Mechanisms of platelet function regulation

Platelet activation, aggregation and inhibition are highly regulated mechanisms.?*>
Extensive activation or delayed response to activation stimuli would be fatal. Platelet
activation is a multi step process involved in multiple signaling cascades triggered by
binding soluble factors (mobilized by the vascular injury) or adhesive molecules to the
platelet surface. Most platelet activators (agonists) bind to the platelet membrane
receptors coupled to G proteins, which initiate the mobilizations of secondary
messengers leading to platelet activation. Purine nucleotides such as ADP and
adenosine have been recognized as critical platelet agonists. ADP released from initial
collagen-induced platelet activation propagates further platelet activation and
aggregation, until platelet inhibitors such as NO dominate and inhibit the process.

In brief, platelet dense granular ADP release dramatically intensifies platelet
activation and aggregation inducing the activation of P2Y1 and P2Y12, two G protein
coupled receptors (GPCR). Activation of Gq, a smaller G protein, coupled to P2Y1
promotes the hydrolysis of Phospholipase C (PLCPB) and generates inositol (1,4,5)-
triphosphate (IP3) and diacylglycerol (DAG).? IP3 mobilizes the intercellular calcium
stores to initiate activation of the Ca2+-dependent integrin; GPIIb/IIla. DAG activates
protein kinase C (PKC), phosphorylates myosin light chain kinase (MLCK) and
eventually activates GPIIb/IIla.*® Activation of P2Y12 has an inhibitory action on
adenylyl cyclase and hence reduces the formation of cAMP (Figure 1.2)."" Binding ATP

to its receptor, P2X, can also increase the cytosolic calcium, Ca”'i, by allowing
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extracellular Ca®* to flow in to the cytosol (Ca** influx) through the opened receptor
channel. Due to the issues related to the fast desensitizing nature of this receptor and
ATP’s ability to easily break down to ADP, the role of ATP in platelet aggregation has
not been completely explained. However, hyperactive platelets in conditions where
abnormal levels of ATP exist suggest a possible involvement of ATP in the platelet
aggregation process.

Platelets maintain continuous interaction with the endothelium and RBCs that
help to regulate the vascular properties. We have previously shown that ATP released
from RBCs while traversing through a resistance vessel mimic can elicit NO production
in circulating platelets and endothelial cells.'** It has also been reported that people
with diseases where RBCs release less ATP upon deformation or pharmacological
stimuli, have hyperactive platlets.>**>37 A possible implication of this decreased RBC-
derived ATP release arises when considering that ATP is a recognized stimulus of NO
production in platelets and endothelium. Importantly, NO is a well-established inhibitor

of platelet aggregation.? 840

Therefore the interesting features of the purinergic platelet activators are their
ability to stimulate NO production and induce platelet activation at the same time.
Natural platelet antagonists such as NO and prostacyclin (PGI2) up regulate the
production of cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP). PGI2 activates G, coupled IP receptor, stimulates adenylyl
cyclase and increases the concentration of cAMP.*! NO increases cGMP and thereby
increases the cAMP concentration as illustrated in Figure 1.2.* NO in the circulation is

mainly generated through endothelial nitric oxide synthase (eNOS) (NOS III, a
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NO + Citruline

Reductase

Figure 1.4 Electron transfer pathway and NO production in eNOS. Electrons (e-) are
donated by NADPH to the reductase domain of the enzyme (eNOS) and
proceed via FAD and FMN redox carriers to the oxygenase domain. There
they interact with the heme iron and BH4 at the active site to catalyze the
reaction of oxygen with L-arginine, generating citrulline and NO as
products. Electron flow through the reductase domain requires the
p of bound calcium-calmodulin (Ca*/CaM).**




constitutively expressed NOS) and the main source is the endothelium. Other cell types
with eNOS in the cardio-vascular system are red blood cells (RBCs), platelets, cardiac
myocytes and megakaryocytes.42’44 Endothelium derived NO prevents platelet adhesion
to the endothelium and helps in vascular tone regulation. However there is also a
considerable amount of evidence suggesting that platelet derived NO plays numerous
roles in platelet function and vascular tone regulation.*** NO life span in the
circulation is limited to 3-10 seconds.’® NO bio-reactivity should rapidly dissipate and
only therefore affects cells within close diffusible range of the site of production.
Therefore the diffusion-mediated delivery of NO from the endothelium to circulating
platelets may be limited implying that platelet derived NO should be significant in
platelet behavior. Therefore, purine nucleotides like ATP and ADP, which are stimuli
for NO production and platelet activation, may be able to inhibit platelet activation or

activate platelets depending on the local concentration of each.

eNOS regulation and NO production in platelets: Platelet eNOS is thought to be
regulated in a manner similar to the eNOS in endothelial cells, which is primarily
activated an increase in Ca®*i and the formation of the calcium calmodulin complex (Ca-
CAM). Ca-CAM binding facilitates electron transfer from the reductase domain to the
oxygenase domain of eNOS.’! The reductase domain consists of FAD and FMN
cofactors and transfers electrons from NADPH to the oxygenase domain. The
oxygenase domain has binding sites for heme and arginine and facilitates the conversion

of L-arginine to L-citrulline producing NO as a byproduct (Figure 1.4).*%%
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It has been shown that increased NO production by the endothelium exposed to
shear stress is Ca®* independent.’*** Bradykinin induced endothelium NO production
can be blocked by calmodulin inhibitors and seems to be calcium dependent.’® Also
ATP and ADP induced Ca®i increase in platelets stimulate platelet NO production.
Therefore, eNOS is possibly regulated by both the Ca-CAM dependent mediated
electron flux as well as the shear stress induced activation of eNOS.***’ eNOS is a
membrane associated protein and its localization depends on the co-translational
modifications and post translational modifications.*® This facilitates eNOS attachment
to golgi and caveolae regions. Golgi and caveolae are frequently subjected to
movements and therefore these localizations of eNOS provide more evidence for shear

induced eNOS activation.*®

1.2.4 Platelet associated disorders

Platelet associated disorders can be can be attributed to unusual platelet
availability, unusual platelet function or both. Some of these conditions are acquired
while others are congenital. Broadly, defined conditions where unusually low platelet

counts prevail are called thrombocytopenia®

while high count conditions are
classified as thrombocytosis. ©"%2 Platelet function disorders are very diverse and
heterogeneous. The dysfunction can be a result of the receptors, signal transduction
pathways, granule contents, cytoskeletal proteins or platelet procoagulant activity.®¢ A

detailed classification of platelet function disorders id shown in table 1.1.
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Disorders with known or presumed defects intrinsic to platelets

Primary defects of
adhesion

(a) Bernard-Soulier Syndrome
(b) platelet-type von Willebrand disease

Primary defects of
aggregation

Glanzmann thrombasthenia
Defects of secretion and/or signal transduction
(excluding granule deficiencies) affecting:
(a) platelet-agonist receptors for thromboxane A2, ADP or collagen
(b) thromboxane generation (impaired liberation of arachidonic acid, or
deficiencies
of cyclooxygenase-1 or thromboxane synthase)
(c) G-protein activation
(d) phosphatidy! inositol metabolism defects, such as phospholipase C deficiency
(e) calcium mobilization
(f) protein phosphorylation

Disorders
affecting platelet
granules or their
contents

(a) d-granule deficiency, including forms with pigment abnormalities (e.g.
Hermansky—-Pudlak Syndrome)

(b) gray platelet syndrome (a-granule deficiency)

(c) combined ad-granule deficiency (ad-storage pool deficiency)

(d) Quebec platelet disorder (increased platelet u-PA and a-granule protein
degradation)

Defects of platelet | (a) Scott Syndrome
procoagulant (b) factor V New York
function
Defects in (a) MYHO-related disorders (formerly known as May Hegglin anomaly, Sebastian
structure or in syndrome, Alport’s or Fechner syndrome)
cytoskeletal (b) Wiskott—Aldrich Syndrome protein defects (includes some forms of X-linked
proteins thrombocytopenia)
(c) platelet spherocytosis
(d) macrothrombocytopenia with cytoskeletal abnormalities and absent shape
change
(e) microvesicle generation defects
Miscellaneous (a) Montreal Platelet Syndrome
disorders (b) X-linked macrothrombocytopenia (not linked to the WASP gene)

(c) Paris-Trousseau Syndrome

(d) thrombocytopenia with absent radius syndrome

(e) familial thrombocytopenia with predisposition to leukemia
(f) congenital amegakaryocytic thrombocytopenia

Disorders with defects extrinsic to platelets

von Willebrand factor deficiency
afibrinogenemia

Table 1.1 Classification of platelet disorders®
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1.3 PLATELETS IN CARDIOVASCULAR DISEASES AND

ANTIPLATELET THERAPY

Platelets play a critical role in the development and pathology of cardiovascular
disease inclﬁding atherosclerosis, coronary artery disease (CAD), hypertension, heart
attack and stroke. Conditions such as diabetes mellitus, of which a symptom is
hyperactive platelets,®” has been shown to have a strong link with cardiovascular
disease.*®

Hyperactive platelets in arterial thrombus formation are one of the major
concerns in cardiovascular therapy.®”! Antiplatelet drugs are frequently used to reduce
the platelet hyperactivity and the cost of antiplatelet therapeutics in the year 2005 was
US$ 6.2 billion.” Existing pre and post thrombosis treatments commonly, known as
antithrombotic drugs, can be classified in to three basic classes: anticoagulants,
thrombolytics and antiplatelet.73 Anticoagulants are used to prevent blood coagulation
mechanisms often used in blood transfusion and surgical procedures. Thrombolytic
drugs are used to dissolve thrombi after a thrombotic condition in the circulation such as
myocardial infarction or ischemic strokes. Out of the three, antiplatelet therapy is of
greater concern as it is used not only to prevent the initiation of thrombus formation but

also regulate platelet mediated inflammatory conditions.
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1.3.1 Antiplatelet therapy associated with purinergic signaling

Despite the fact that current antiplatelet thefapeutics serve remarkably in
vascular disease management, there are limitations due to drug efficacy in different
clinical circumstances. Lack of direct evidence for cardiovascular event prevention and
insufficient signal transduction information of currently marketed antiplatelet drugs are
the major concerns in novel antiplatelet target identification and drug development.
Current antiplatelet drugs can be broadly categorized to four different groups based on
their targeted signal transduction pathway: cyclooxygenasel (COX1) inhibitors, P2Y12
inhibitors, alIBIII inhibitors and PDE inhibitors.”" Except COX1 inhibitors, the others

directly regulate purinergic signal transduction pathways.

P2Y12 inhibitors: P2Y12 is GPCR associated with Go which inhibits adenylyl cyclase
upon ADP binding, regulating cAMP generation. Inhibition of this receptor results in
increased cytosolic cCAMP, which eventually inhibits Ca**i mediated platelet activation
and aggregation.”'74 Even under P2Y12 inhibition, P2Y1 still mediates platelet dense
granular Ca®* mobilization leading to Ca®'i increase. Increased adenylyl cyclase activity
and subsequent cAMP increase results in Ca®i granulation preventing olIBIII
activation. An example of a P2Y12 inhibitor is ticlopidin, an older drug belonging to the

thienopyridine family, it was later replaced by Plavix (clopidogrel).”>™

PDE inhibitors (dipyridamoles): Clinical usage of dipyridamole started in the early

1960s as a coronary vasodilator. Dipyridamole’s ability to inhibit platelet adhesiveness
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to glass (ex-vivo) in patients with coronary artery disease led Boehringer Ingelheim to
introduce it as an antithrombotic agent.”” By inhibiting the enzyme cyclic guanine
monophosphate (cGMP) phosphodiesterase (PDE), bipyridamole inhibits the
breakdown of cGMP and cAMP, resulting in increased levels of cAMP and cGMP.”"7®
80 Also combinatorial therapy of bipyridamole in combination with acetyl salicylic acid

has been found much more effective as an antiplatelet agent than individual therapies.®’

adIBIII inhibitors: Glycoprotein IIb/IIla inhibitors prevent platelet aggregation and
adhesion by preventing fibrinogen, vWF and fibronectin binding to alIBIII. GP IIb/IIla
heterodimeric protein belongs to the family of integrins consist of a a2- and B3-
subunit.®? Binding three or four cations (Ca’*) to the a2 sub unit initiates
conformational changes required to stabilize the GPIIb/IIla heterodimer. Ability of
GPIIb/IIIa antagonists to bind to both resting and activated platelets is a very important
property to retard ongoing platelet activation and prevent activation initiation.*
GPIIb/IlIa inhibitors can broadly be divided two categories, inhibitors with affinity to
the receptors and competitive inhibitors that compete with natural ligands such as

fibrinogen for binding.®*

1.3.2 Failures/insufficiency in current antiplatelet therapy- necessity of new drug

targets

Existence of hyperactive platelets in entirely different clinical situations such as

type 1 and type 2 diabetes, cystic fibrosis, and primary pulmonary hypertensionss'ss,
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may explain the lack of universal antiplatelet therapeutics and failures of current
therapeutics in some clinical situations. For an example, aspirin and clopidogrel
resistance in diabetes is a growing concern in the clinical community.***? Although
there are different explanations for this phenomena, it has never been viewed as
preventing ADP-induced essential NO production. In diabetes, RBCs are less
deformable and release less ATP in to the circulation.’® Lack of bioavailable ATP leads
decreased NO production in endothelial cells and in platelets, making platelets more
susceptible to activation.

When clopidogrel binds to the P2Y12 ADP receptor, Ca®i concentrations may
be decreased even below the basal level. Although clopidogrel would work as an
effective antiplatelet agent in a clinical situation where bioavailable ATP is abnormally
high, in a diabetes-like situation, it would make the situation worse. Therefore,
antiplatelet therapy should be developed as customized therapy after evaluating certain
parameters like RBC deformability and ATP bioavailability. However, this only can be
achieved by identifying new targets of signal transduction pathways that are involved in
platelet function. ATP activated P2X signal transduction pathway has never been

investigated as a potential drug target in antiplatelet therapy.
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1.4 A BRIEF INTRODUCTION TO THE EFFECT OF DEFECTIVE CFTR

ON MACROPHAGE FUNCTION IN CYSTIC FIBROSIS

Cystic fibrosis (CF) is a disease where bacterial infections in the lungs and
associated inflammations are the main causes of death (CF lung disease).” Lung
macrophages (alveolar macrophages) are mainly responsible in protecting lungs from
pathogen invasion and harmful substances.”® CF is a result of a genetic mutation in the
fibrosis transmembrane conductor regulator (CFTR) gene and its product, CFTR
protein.95 To date, CFTR mutations in CF macrophages have not been correlated to

alveolar macrophage function linked to CF lung disease.

A portion of this dissertation describes the correlation between cellular glucose
uptake and subsequent ATP release that influences the phagocytosis process of alveolar
macrophages, providing the significance of defective macrophage-CFTR in this
process. CFTR is a protein directly facilitating or assisting cytosolic ATP release to the

extracellular matrix.

1.4.1 CF pathogenesis and CFTR

Cystic fibrosis (CF) is one of the most common lethal autosomal recessive
disorders especially, in the Caucasian population®®. Statistical data shows that nearly 1

in every 2500 Caucasian children is diagnosed with CF in their early childhood. People
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of European descent carry one gene for CF, making it the most common genetic disease

among this group.

CF is a genetic disorder caused by a mutation in a gene, Cystic Fibrosis
Transmembrane Conductance Regulator or commonly known as CFTR gene%. CFTR
protein is identified as a cAMP regulated chloride channel present in the cell
membrane®”*®. Certain mutations of the CFTR protein make it inactive, which affects
its functibns, including chloride and adenosine triphosphate (ATP) conductance. ENaC,
an epithelial sodium ion channel, regulated by CFTR is essential for the re-absorption of
electrolytes in the sweat duct and the respiratory epithelia®. Disturbances to this re-
absorption process in CF result in complications in the epithelial lining of organs such
as the lungs, pancreas, intestine, liver, male reproductive tract, and sweat glands. As
water follows the same direction as salts, CF patients are found to have airways with

unusually dehydrated mucous secretions that obstruct the luminal space.

Lungs are the largest exposed organs in the body to the outside environment.
Innate immunity is the mechanism that keeps lungs free from infections, which is
primarily governed by macrophages. Defective CFTR in pulmonary epithelia disturbs
the salt balance, reduces airway surface liquid (ASL) hydration.'® Reduction of ASL
volume leads to accumulation of thick mucus layer on the top of the epithelia and
prevents airways surface clearance making it more vulnerable to infections. As a result
of decreased mucus clearance, CF airways become fertile ground for bacteria and
viruses. Bacteria such as Staphylococcus aureus and Pseudomonas aeruginosa have a
fertile environment in these mucus layers and grow into infections and cause

inflammations in CF lungs.'”""'®? These infections are the prime cause of death in people
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with CF, although advancements in CF therapy has significantly increased the life span

of CF patients.'®

142 Defective CFTR and alveolar macrophages

Macrophages are mononuclear phagocytes derived from blood monocytes.'®%

Alveolar macrophagés are the front line defense system in the lungs against pathogen
and particulate matter invasion. Other than its main function, phagocytosis, alveolar
macrophages are involved in numerous functions, such as bactericidal activity, antigen
presentation, tumor cytotoxicity, removal of aged or damaged cells, repair of injured
tissue, bone resorption, and special lipid metabolism.'” A large number of macrophage
destruction due its defense activities is predicted by considering 1.5 X 10° monocyte
production in mouse bone marrow a day.'"’

Ingestion of pathogens or phagocytosis by alveolar macrophages is the one of
the foundation mechanisms of pulmonary innate immunity against pathogen invasion.
There are conflicting evidences in the literature about the effect of CFTR on
macrophage bacterial killing ability. One such study demonstrated the requirement of
CFTR for phagosomal acidification and subsequent bacterial killing in 1996.'® Similar
kind of studies performed later denied the involvement of CFTR in macrophage
phagosomal associated bacterial killing.**'® In brief, the role of defective CFTR in
alveolar macrophage on its function as well as if such dysfunction exists, the effect of

that particular macrophage dysfunction on CF pathogenesis has not been explained.
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It has been shown that the macrophage glucose transport mainly mediated
through facilitative glucose transporter GLUT1 and P.aeruginosa ingestion is glucose
dependent.“o Reduced glucose uptake in any cell should results in decreased reducing
power which may results in reduced bactericidal ability in macrophages. Failure to
release ATP into the extracellular matrix due to the CFTR dysfunction can create a
negative feed back on glucose uptake and also it has been shown that the accumulation
of ATP in the cytosol leads to GLIT1 inhibition.'"" Theoretically it is clear that
dysfunction if CFTR in CF may result in reduced ATP release which eventually inhibit
macrophage glucose uptake leading to the decreased phagocytic activity. In an attempt
to reconcile these diverse findings and to mimic the alveolar macrophage CFTR
dysfunction in CF lung disease, investigations in chapter 4 were performed. Here we
examined the effect of CFTR inhibition on rabbit alveolar macrophage (RAM)
phagocytosis and glucose transport. Previously developed glucose sensitizer for RBCs,
Zn activated C-peptide,''? has been used to investigate whether it can enhance the
glucose uptake and improve the opsonized bacteria particle ingestion by alveolar

macrophages.

1.5 ANALYTICAL TOOLS TO EVALUATE PLATELET AND

MACROPHAGE FUNCTION

Although the problems that are investigated in this dissertation are biological,
highly selective analytical tools described here enabled us to take measurements earlier

described as difficult measurements in the literature. The reason behind our success
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may be due to the lack of customizing ability in most of the automated instruments
available in conventional biomedical laboratories. Here, we briefly describe the basic
principles of analytical techniques used to evaluate key components of the signal
transduction pathways in platelets and macrophages such as ATP, intercellular NO,

Ca®*i, platelet aggregation and cellular glucose uptake.

1.5.1 Chemiluminescence assays for cellular ATP release measurements.

Evaluation of standard ATP assay and the ATP released from platelets or RBCs
were conducted with the luciferin/luciferase chemiluminescence reaction related to the
reaction shown in Figure 1.5.'"" ATP concentration is proportional to the
chemiluminescence intensity. The sensitivity of the assay is enhanced by addition of 2
mg of D-luciferin (Sigma, St. Louis, MO) to the crude firefly extract (Sigma, St. Louis,
MO). The luciferin/luciferase solutions were prepared by diluting the luciferin in S ml
of distilled; deionized 18.2 MQ water (DDW) and adding it to a vial containing 100 mg

luciferase. The luciferin/luciferase mixture was prepared on the day of use.

1.5.2 Fluorescence determination of intracellular NO and Ca*'i

Fluorescence imaging and spectroscopy is being used widely to study living
cells due to its sensitivity, ease of use, rapidity, reproducibility and adaptability.

Detection of picomolar concentrations of analytes in a single cell is currently achievable
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with the appropriate fluorescence probe and the instrumentation.''*

A cell permeable
florescence  probe, DAF-FM diacetate (4-amino-S5-methylamino- 2, 7'-
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