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Abstract

Cardiovascular disease secondary to atherosclerosis is the leading cause of death worldwide.
The pathophysiology of atherosclerosis is multifactorial and complex. This thesis offers insight
into the regulation of several potential biomarkers of cardiovascular disease and explores the

effects of anti-platelet therapy in modulating these pathways.

CD14"&"CD16* monocytes are elevated in patients with atherosclerosis and may be predictive of
future cardiovascular events. The initial study in this PhD project assessed the effects of anti-
platelet drugs on the phenotype of circulating monocytes in 60 healthy volunteers in the
presence of mild, systemic inflammation induced by the influenza immunisation. A significant
rise in circulating CD14"¢"CD16* monocytes developed following immunisation and anti-platelet
therapy was subsequently shown to exert an immunomodulatory action by counteracting this

response.

Netrin-1 is a laminin-like protein that is implicated in cardiovascular disease, including coronary
artery disease. A series of experiments were performed to investigate the biomolecular
mechanisms that regulate the synthesis of vascular netrin-1 in humans. Results showed that
netrin-1 levels are directly modulated by changes in the production of vasoactive

cyclooxygenase-derived molecules, such as prostaglandin E,, from the vascular endothelium.

Oxidised low-density lipoprotein was the final biomarker that was investigated. Results
indicated that CD16" monocytes may regulate the clearance of oxidised lipoproteins and their
systemic accumulation, possibly through the internalisation of circulating oxLDL / IgG

immunocomplexes mediated by Fcy receptors, including CD16.
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1.1. The role of inflammation in atherosclerosis

Cardiovascular disease secondary to atherosclerosis is now the leading cause of death
worldwide 1. The pathophysiology of atherosclerosis is multifactorial and complex. This thesis
will explore the inflammatory pathways that contribute to atherogenesis and assess the anti-

atherogenic effects of anti-platelet drugs in patients with silent atherosclerosis.

1.1.1 Atherogenesis

Atherosclerotic plaques develop over many years and frequently go unnoticed until a patient
develops symptoms of ischaemia. The lesions typically develop in areas where there is a
substantial change in blood flow velocity. The first stage of atherosclerosis occurs when serum
lipoproteins accumulate within the arterial intima creating a state of chronic inflammation. The
intimal cells become increasingly hypoxic as the arterial wall thickness increases. Monocytes are
recruited to the subendothelial layer where the initial lesion, known as a fatty streak, develops.
The monocytes differentiate into macrophages, which phagocytose the modified lipoproteins,
in particular oxidised low-density lipoprotein (oxLDL) and form foam cells. Foam cells
accumulate over time and aggregate into a necrotic, atheromatous core within the lesion. The
plague reduces the diameter of the vessel lumen, impairing arterial flow. Hypoxic conditions
develop within the plague and subsequent neovascularisation develops, increasing the
likelihood of plague haemorrhage. As the lesion increases in size, the endothelial shear stress to
which it is subjected will rise accordingly. If the plaque ruptures, the lipid-rich contents of the
atheromatous core are released and the subendothelial layer is exposed. Both plaque-bound
and circulating blood-borne tissue factor bind to, and activate, factor VII, initiating the clotting
cascade and thus platelet activation and aggregation. Platelets adhere to the ruptured lesion,
enhancing the production of platelet agonists, thrombin and thromboxane A, (TXA,). Further
platelet recruitment occurs and thrombus formation develops along with vasoconstriction of
the already compromised vessels. Significant vessel occlusion will result in organ ischaemia and,

ultimately, infarction, precipitating events such as stroke and myocardial infarction (M) 23.
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1.1.2 Inflammatory pathways associated with atherosclerosis

The ‘Justification for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating
Rosuvastatin’ (JUPITER) study identified that elevated levels of high-sensitivity C-reactive
protein (hs-CRP), a hepatically synthesised biomarker of inflammation produced in response to
macrophage-derived interleukin-6 (IL-6), were associated with cardiovascular events, including
MI and stroke in patients with no previously known cardiac disease #°. Hs-CRP was found to be
a stronger predictor of cardiovascular disease than the traditionally used low-density lipoprotein
(LDL) levels, demonstrating the importance of underlying inflammation in the development of
cardiovascular disease. Hs-CRP, however, is a non-specific acute phase response protein, and
rises in most pathologies where an inflammatory response is generated, including malignancy,
auto-immune disease, late-stage pregnancy and bacterial infection. Hs-CRP has yet to be
causally related to coronary heart disease and a reduction in baseline levels has not been proven
to improve prognosis ®’.

Patients with chronic inflammatory diseases, such as rheumatoid arthritis and inflammatory
bowel disease have an increased risk of developing cardiovascular disease in later life,
suggesting a possible link between inflammatory processes and atherogenesis 8. Pro-
inflammatory biomarkers have been shown to have significant prognostic value in Ml °, and a
recent clinical trial has also identified potential benefits arising from administration of an anti-
inflammatory therapy (colchicine) in the management of acute ST-segment elevation MI (STEMI)
10, This thesis will focus on three novel inflammatory biomarkers: intermediate CD14"¢"CD16*

monocytes, netrin-1, and oxLDL, addressing their role in the development of cardiovascular

disease and whether anti-platelet therapy can modify their expression.

1.1.3 Oxidised low-density lipoprotein in atherosclerosis
Clinical evidence has shown that dysregulation of the innate and adaptive immune systems
occurs during atherogenesis, which is typically accompanied by accumulation of pro-

immunogenic factors, such as oxLDL, that are able to activate innate cell effectors (primarily

19



myeloid cells), subsequently leading to an adaptive immunological response with production of
circulating autoantibodies (Immunoglobulin (Ig) M and IgG anti-oxLDL antibodies). Classical risk
factors for cardiovascular disease are poorly correlated with the levels of these immunological
mediators and thus the question arises as to whether pharmacological targeting of oxLDL and
its autoantibodies, or reducing monocyte/macrophage activity, may represent a viable strategy
to improve treatment in patients with cardiovascular disease.

To date, LDL has been among the preferred therapeutic targets, and drugs such as 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins) that reduce circulating
oxLDL levels are prescribed abundantly in both primary and secondary prevention of
cardiovascular disease. New immunomodulatory agents continue to be developed in order to
reduce levels of circulating oxLDL, by either reducing synthesis of oxLDL, such as can occur with

1112 or increasing clearance of the molecules via passive

certain phospholipase A; inhibitors
immunisation strategies to shift the synthesis of anti-oxLDL autoantibodies away from IgM
production and in favour of 1gG that is thought to be protective 314, The effectiveness of these
therapeutic strategies remains to be defined and whilst several lipoprotein-associated
phospholipase A; inhibitors have entered Phase lll clinical trials, they have yet to demonstrate a
significant reduction in cardiovascular events when used alongside conventional
pharmacotherapy * %6, Immunisation agents are still at the pre-clinical stage of development
and further definition of their therapeutic potential is required '’. Characterisation of the
modulatory effect of conventional therapy on oxLDL-induced immunological dysfunction may
promote further advance in this field.

Previous work by our group has demonstrated inflammation can lead to a change in the
phenotype of circulating monocytes in terms of their expression of the CD16 molecule 8, This
latter acts as a Fc Y receptor for IgG antibodies '° and as such may mediate the phagocytosis of

immune complexes consisting of IgG-opsonised oxLDL, thus contributing to their clearance and,

in turn, regulating accumulation of pro-immunogenic LDL 2°. Evidence has also emerged that
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myeloid CD16 directly binds to oxLDL via the specific recognition of malondialdehyde (MDA)
epitopes contained in modified lipoproteins by the Fc Y receptor 2.

Expansion of the CD16" monocyte pool occurs in the peripheral blood of patients with
cardiovascular disease 22 2%; whether this occurrence has pro-atherogenic implications or is
rather a protective mechanism potentially implicated in the detoxification of the blood from

oxLDL is unknown.

1.1.4 Immunisation as a model of inflammation
Over recent years, immunisation has become a well-established model to study the response to

24 25

mild stimulation of the inflammatory system , and has been shown to generate a similar

acute phase protein response to that of chronic systemic inflammatory conditions, such as

rheumatoid arthritis 2°

. Salmonella typhi immunisation, in particular, has been used to
investigate cardiovascular physiology, where the widespread inflammation induced by the
immunisation causes profound dysfunction of the arterial endothelium in healthy volunteers, as
evidenced by impaired vasodilatation in response to both physical and pharmacological dilator
stimuli ¥ 2, These generalised inflammatory changes post-immunisation may be modified by
systemic pre-treatment with aspirin, although locally administered aspirin is unable to reverse
established immunisation-induced endothelial dysfunction 2.

In 2004, Posthouwer et al showed that influenza immunisation can serve as an in vivo model to
investigate a generalised pro-inflammatory state. Using healthy subjects, they demonstrated
that following influenza immunisation, there is a consistent elevation in the inflammatory
biomarker CRP 3°. The same model was subsequently used to identify that acute inflammation
leads to higher circulating levels of activated platelets and to formation of monocyte-platelet
aggregates (MPA), which in turn promotes expansion of the CD14"¢"CD16* monocytic subset 3.
A subsequent study to assess endothelial function, as measured by flow-mediated

vasodilatation and soluble intracellular adhesion molecule-1 (ICAM-1) levels, in patients with

human immunodeficiency virus infection undergoing either influenza A or sham immunisation
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identified that the active immunisation cohort developed a leucocytosis, indicative of systemic
inflammation, as well as impaired endothelial function 32,

Acute infections, particularly with the influenza virus, are strongly associated with
cardiovascular events 33. Despite the transient pro-inflammatory response generated post-
immunisation, influenza immunisation does not appear to increase the frequency of
cardiovascular events in the short-term, and has consistently been shown to protect against Ml
in the medium to long-term 343, Patients with cardiovascular disease in both the UK and the
USA are advised to undergo influenza immunisation on an annual basis 3¢37.

It is unclear whether anti-platelet therapy is able to modulate the effectiveness of the immune
response following vaccination. Current guidelines advise against the use of paracetamol or
ibuprofen in children post-immunisation as it is generally accepted that the use of antipyretics
may result in a blunted immune response 33, Indeed, COX-2 function is a major determinant
of antibody synthesis and both aspirin and ibuprofen have been shown to reduce IgM and IgG
synthesis in human peripheral blood mononuclear cells “°. It would therefore stand to reason
that aspirin use may reduce the effectiveness of immunisation against influenza and other
infections, although a randomised controlled trial assessing the development of antibodies
against influenza subtypes A and B post-vaccination in elderly participants taking either aspirin
or a placebo showed that aspirin actually augmented the immune response, with higher levels
of specific antibodies directed against influenza being generated *'. To date, there has been
minimal research investigating the effect of anti-platelet drugs on immune responses to

vaccination.

1.2 Platelets

Platelets, otherwise known as thrombocytes, are approximately 2.5 um anuclear, disc-shaped
cytoplasmic fragments whose primary physiological function is to contribute to haemostasis 2,
although they play further roles in inflammatory processes. Platelets are derived from

megakaryocyte precursor cells, which are present within the bone marrow. Thrombopoietin, a
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glycoprotein growth factor, is the primary regulator of megakaryocyte production and
development, alongside numerous cytokines and hormones. As megakaryocytes mature, they
enlarge to allow high concentrations of ribosomes to accumulate, from which platelet-specific
proteins will eventually be formed . Although this process has not been fully elucidated, in vitro
data suggest that pseudopodial elongations, termed proplatelets, emerge from the mature
megakaryocyte, and platelets are budded off from the ends of these processes #. Each
megakaryocyte can release thousands of platelets, which enter the systemic circulation or are
reserved within the spleen ®. Circulating platelets have a life span of 8-10 days, and are typically
present at a concentration of 150-400 x10° per litre of blood *°.

The platelet structure is maintained by a complex actin cytoskeleton formation, while the cell
surface is covered by invaginations of the plasma membrane forming a network of tubes termed
the open canalicular system #. This allows substances to be transported from the surface to
within the platelet, whilst additionally providing a mechanism of secreting storage granules #.
The open canalicular system, along with the surface membranes of platelet storage granules,
allows a 2-4 fold increase in platelet surface area .

There are three main classes of storage granules within platelets. The most abundant, and most
thoroughly characterised, are the alpha granules, which contain hundreds of soluble proteins,
including:

1) Haemostatic proteins, such as fibrinogen and von Willebrand factor.

2) Coagulation factors, including Factors V, XI, and XIIL.

3) Cellular adhesion molecules, including P-selectin and CD63.

4) Cytokines, including platelet-factor 4 and chemokine (C-C motif) ligand 5 (CCL5).

5) Growth factors, including vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and insulin-like growth factor (IGF) 8.

Additionally, there are delta (also known as dense) granules, which contain platelet activation

factors, such as adenosine diphosphate (ADP), adenosine triphosphate (ATP), serotonin,
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histamine, and ionised calcium *°. Lysosomal granules contain hydrolytic enzymes, which are

released upon platelet activation *°.

1.2.1 Platelet activation and function

The classically described function of platelets is to prevent haemorrhage. In the presence of an
intact, healthy endothelium, circulating platelets remain in a resting state. Platelets move into
an activated state in response to several factors that signal vascular trauma, whereby they
adhere to damaged endothelium and locally mediate both thrombotic and inflammatory events
via the secretion of cytokines and interaction with leucocytes. This results in chemotaxis and the
development of an inflammatory milieu within the arterial wall.

When endothelial damage has occurred, the extracellular matrix is exposed and collagens are
released. Collagens stimulate a change in the conformation of platelets, which change from a
discoid shape to a spherical one, and develop dendritic pseudopodia >. The collagens bind to
von Willebrand factor, which interacts with glycoprotein Ib/V/IX, a transmembrane protein
complex on the surface of platelets that mediates the tethering of activated platelets to the site
of vascular injury >*°°. The collagen receptor, glycoprotein VI, is also expressed on the platelet
surface and binds to collagen to induce the release of secondary platelet agonists, including
TXA,, ADP, thrombin, and adrenaline, which serve to stimulate further autocrine and paracrine
platelet activation >*.

Platelet agonists act on G-protein coupled receptors, including those linked to the Gg, Gi3, and
G; proteins, to activate the platelet integrin, glycoprotein lib/llla 6. This receptor mediates
platelet adhesion via binding to fibrinogen and forming bridges between platelets. A
haemostatic platelet plug subsequently develops, which increases in size as further platelet

activation is propagated.
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1.2.1.1 Thrombin

Thrombin forms a key part of the initiation of the coagulation cascade, and is produced upon
cleavage of prothrombin by activated factor Xa. Thrombin acts as a serine protease to convert
fibrinogen to fibrin, which subsequently polymerises into multimeric strands to create a mesh
that, along with platelets, forms the haemostatic plug *’. Thrombin additionally converts factor
XllIl to Xllla, which induces the formation of covalent cross-links between the fibrin strands, thus
further stabilising and strengthening the clot °8.

Thrombin binds to protease-activated receptors on endothelial cells, activating the cells and
thus promoting platelet adhesion and cytokine release, and triggering endothelial cell
production of platelet-activating factor >°. Thrombin can additionally modify vascular tone by
direct and indirect effects on vascular smooth muscle cells and post-capillary vessels 062,
partially via the promotion of Ca? release from intracellular stores and Ca?" influx across the
plasma membrane . This is of particular clinical relevance in the context of subarachnoid
haemorrhage, where thrombin accumulates at the site of the bleed and amplifies cerebral
vasospasm; the contractile response to thrombin is then typically augmented by the

upregulation of protease-activated receptor-1 (PAR1) 4.

1.2.1.2 Adenosine diphosphate

ADP is a platelet agonist that interacts with platelet purinergic P2 receptors, including P2Y,,
P2Y1,, and P2X; %°. Upon binding to ADP, platelets undergo a conformational change, developing
a spiculated, spherical shape, enabling the release of granular contents (containing additional
ADP) and thus further potentiating platelet aggregation ¢ ¢’. As with thrombin, ADP enhances
intracellular stored Ca?* release through inositol phosphate production and rapid calcium influx
via the plasma membrane ®. The P2Y; Gg-protein coupled receptor mediates the platelet
structural changes, mobilises calcium, and stimulates the phospholipase C and inositol
phosphate signalling pathways. P2Yi, is a Gi-protein coupled receptor that blocks adenylyl

cyclase signalling and reduces intracellular cyclic adenosine monophosphate (cAMP) levels. The
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fall in cAMP inhibits phosphorylation of vasodilator-stimulated phosphoprotein, which
subsequently induces activation of the GP llb/llla receptor and platelet aggregation 8. P2X;
functions as a ligand-gated ion channel, allowing rapid calcium influx upon binding of ADP .
Patients with abnormal storage and release of ADP from dense granules typically present with

prolonged bleeding times due to impaired platelet aggregation .

1.2.1.3 Thromboxane A,

Binding of ADP to P2Y1; stimulates phospholipase A;-induced release of arachidonic acid (AA)
from phospholipid. AA is converted to prostaglandin (PG) G; by cyclo-oxygenase-1 (COX-1),
which is then reduced by a peroxidase to PGH; and subsequently converted to TXA; via TXA;
synthase % %, The thromboxane/PGH; receptor is present on platelets, as well as monocytes,
erythrocytes and endothelial cells. TXA; binds to the thromboxane/PGH, receptor, which has
two main isoforms: the Gq-coupled TPa, and the Gi-coupled TP receptors. These two receptors
differ in their C-terminal cytoplasmic domains 7, with the TPaisoform primarily being expressed
on platelets 7%,

TXA; binding to the TPa receptor leads to activation of both G and G; proteins, with consequent
activation of both phospholipase C and adenylyl cyclase, whilst its binding to TPJ results in G
activation and consequent inhibition of adenylyl cyclase; the net result in platelets being their
activation leading to the abovementioned conformational changes and aggregation 72, A series
of experiments using transfected cell lines, showed that TXA, binding to the TPa receptor
stimulated adenylyl cyclase and thus increased cAMP formation, whilst opposite effects were
seen with the TPB receptor 3.

Aside from platelet activation, TXA; plays roles in atherogenesis, vascular remodelling, and

7475 and is a potent vasoconstrictor 6. TXA, increases the expression of

immunogenicity
endothelial adhesion molecules, such as ICAM-1 and vascular cell adhesion molecule-1 (VCAM-

1), and plays complex roles in endothelial cell migration 7°. Mutations in the TP receptors result

in a varied clinical picture, ranging from impaired haemostasis when reduced receptor activity
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is present to predisposition to thrombosis and infarction 7778, Due to the short half-life of TXA,,
its metabolite, 11-dehydro TXB; is commonly used when measured in urine as an indirect

measure of TXA, 7°.

1.2.2 Anti-platelet agents

Anti-platelet agents act via a variety of mechanisms to inhibit platelet aggregation. They are the
cornerstone of treatment in cardiovascular disease and are used prophylactically in patients
with significant atherosclerosis who are at risk of thrombotic events. Anti-platelet agents,
particularly aspirin, have been used for decades and the drug class continues to evolve as novel
agents with increasingly efficacious anti-platelet actions are identified. The main risk associated
with all forms of anti-platelet therapy is bleeding, and physicians need to carefully weigh the
possible adverse effects against the benefits of prescribing these drugs to patients with
cardiovascular disease. Aspirin, which has been recognised to have anti-thrombotic effects since
the 1960s, continues to be prescribed almost ubiquitously for patients with acute coronary
syndrome (ACS), and P2Y1; antagonists are now often added in; such dual anti-platelet therapy
(DAPT) confers greater anti-thrombotic efficacy but at the risk of increased bleeding. Over recent
years, it has become apparent that these drugs may also exert powerful anti-inflammatory
effects that provide additional benefit in the management of ACS.

Anti-platelet therapy may improve outcomes not only through anti-thrombotic properties but
also via their anti-inflammatory effects, although their relative contribution in this context
remains a subject of debate. What is clear, however, is that increased anti-thrombotic efficacy
improves outcomes post-ACS, but carries the price of increased bleeding risk, so that at some
point diminishing returns accrue from ever more efficacious anti-platelet therapy. The challenge
for the future is to better predict the benefit / risk ratio in individual patients, so that the
intensity of anti-platelet therapy can be optimised on a personalised basis. The following

sections of this thesis will discuss anti-platelet agents that are currently used in clinical practice.
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1.2.2.1 Cyclo-oxygenase enzymes and eicosanoids

The COX enzyme converts AA to PGs. There are 2 human isoforms — COX-1, which is expressed
in most tissues and COX-2, which is typically present in areas of active inflammation 2. As
mentioned above, the COX enzyme converts AA into PGG,, which is subsequently reduced to
PGH, 8.

Eicosanoids are a large group of signalling molecules derived from AA, including PGs, TXs, and
leukotrienes; of these, prostacyclin (also known as PGl,) and TXA;, are important in maintaining
platelet homeostasis. Prostacyclin inhibits platelet activation while TXA; increases platelet
activation. PGE; is among the most abundantly expressed eicosanoids and plays complex and
often contrasting roles in the modulation of inflammation, from initiation of pyrexia to

resolution of inflammatory processes 8%,

Thromboxane A,

Arachidonic acid —.—b Prostaglandin Hz—.—> = Prostacyclin

Prostaglandins D,, E, and F,,,

Figure 1.2: Cyclo-oxygenase dependent pathways
The figure shows the conversion of arachidonic acid to prostaglandins, prostacyclin, and thromboxane

Az via the cyclo-oxygenase enzyme.
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1.2.2.1.1 Aspirin

Aspirin, otherwise known as acetylsalicylic acid, irreversibly inhibits both COX enzymes through
acetylation of a critical serine residue, although its effect on COX-1 is at least ten fold greater
than that on COX-2 %, By predominantly inhibiting COX-1, TXA,-induced platelet activation and
aggregation are blocked 8. Aspirin achieves maximum platelet inhibition within 2 hours
following a loading dose and inhibits aggregation in circulating platelets for at least 5 days >,
There has been some debate over the past decade as to whether aspirin resistance is a clinically
significant issue, requiring patients deemed to be ‘poor responders’ to switch to an alternative
anti-platelet agent 8, It has since been shown that whilst platelet function assays may produce
variable results, and thus suggest that aspirin resistance is present, platelet COX-1 activity, as
reflected by TXA; levels, is uniformly and persistently suppressed by low-dose aspirin  and it is
now generally accepted that true pharmacological resistance to aspirin is rare %.

The analgesic and topical antiseptic properties of salicylates have been recognised since at least
3000 BC, with the Ancient Egyptians and Sumerians documenting the medicinal benefits of
willow and other salicylate-rich trees and plants, such as meadowsweet °. Hippocrates
prescribed willow tea to labouring women to relive pain in the fifth century BC % and the Roman
encyclopaedist, Aulus Celsus, documented the anti-inflammatory effects of willow leaf in his De
Medicina treatise in the first century AD %,

Acetylsalicylic acid was initially synthesised by Charles Frédéric Gerhardt in 1853 % and
subsequently marketed as a commercially available drug in 1899 by the Bayer pharmaceutical
company. The drug was named ‘aspirin’, with the ‘@’ representing the acetyl group that was
added to salicylic acid to create the drug, the ‘spir’ deriving from the plant, Spiraea ulmaria, from
which the salicylates were isolated, and ‘in’ being a common suffix for drugs at the time %. The
drug achieved prominence in the Spanish influenza pandemic of 1918 and remained
unchallenged in its position as the leading analgesic agent until the 1950s, when paracetamol

was brought to the market.
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Alongside its analgesic and antipyretic effects, aspirin has been recognised as an inhibitor of
platelet function for around 50 years % and, to date, remains the most commonly prescribed
drug worldwide ¥. The pharmacologists, John Vane and Priscilla Piper, established that
administration of aspirin impaired the production of a compound that they termed ‘rabbit aorta
contracting substance’ ®%, Vane later identified this compound as a PG %09 finally elucidating
aspirin’s mechanism of action, for which he was awarded the ‘Nobel Prize in Physiology and

Medicine’ in 1982.

1.2.2.2 Adenosine diphosphate receptor antagonists

Clopidogrel, prasugrel and ticagrelor are all ADP antagonists, a class of therapeutic agents that
bind selectively to the P2Yi:, receptor to inhibit platelet function 2. The thienopyridine,
ticlopidine was the first drug in this class but is seldom prescribed now, following reports of
serious adverse reactions, in particular neutropaenia ° and thrombotic thrombocytopaenic

purpura 14,

1.2.2.2.1 Clopidogrel

The second generation thienopyridine prodrug, clopidogrel, is currently the most commonly
prescribed ADP receptor antagonist. It is administered orally and up to 85 % of the absorbed
drug undergoes hepatic metabolism by carboxyl esterases to form an inactive carboxylic acid
derivative, clopidogrelic acid, whilst the remaining 15 % is metabolised into the active thiol
product by cytochrome P450 isoenzymes 192 1%; see Figure 1.3. Although clopidogrel has a
relatively short half-life of 6 hours 1%, the thiol metabolite covalently binds to the P2Y1, receptor,
inducing an irreversible conformational change in the receptor and thus impairing thrombotic
function for the remaining lifespan of the affected platelet. Genetic polymorphisms in
cytochrome P450 enzymes, particularly CYP2C19 and CYP2C9, may result in impaired generation

of the active thiol metabolite in patients taking clopidogrel, resulting in lack of efficacy %7,
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Variable responses to clopidogrel may additionally result from mutations in the ABCB1 gene that
encodes the P-glycoprotein involved in clopidogrel absorption %7,

The standard dosing regime is a 300 mg loading dose and 75 mg daily maintenance dose.
Following this, steady state ADP inhibition is typically achieved within 3-7 days, with a 40 - 60 %
reduction in ADP-induced platelet aggregation from baseline 1%, Randomised controlled trials
have demonstrated that clopidogrel is more effective than aspirin in preventing cardiovascular
events in patients with vascular disease 1%, further reduces mortality in patients with MI when
used alongside aspirin 1%, and improves outcomes in patients undergoing PCl when used in
combination with aspirin 122111, The ‘Clopidogrel versus Aspirin in Patients at Risk of Ischaemic
Events’ (CAPRIE) study showed that clopidogrel administration was associated with similar
adverse effects to those observed with aspirin, including gastrointestinal discomfort and
increased bleeding, but the overall safety profile of clopidogrel 75 mg daily was considered to
be least as good as that of aspirin 325 mg daily 1%, However, the inter-patient unpredictability
in clopidogrel responsiveness (with some patients not responding at all) due to the

abovementioned factors led to the development of newer P2Y1; antagonists.
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1.2.2.2.2 Prasugrel

Prasugrel is an oral thienopyridine prodrug that is hydrolysed by esterases to the metabolite, R-
95913. This inactive metabolite is then activated by cytochrome P450 enzymes, forming the
active metabolite R-138727; Figure 1.4. As with clopidogrel, the active metabolite subsequently
binds irreversibly via a covalent bond to the platelet P2Y1, receptor and thus inhibits platelet
function 2,

A loading dose of 60 mg is given, followed by 5 — 10 mg daily maintenance dosing 3. Peak
plasma concentration is reached within 30 minutes and the drug has a half-life of 7 hours 12,
Phase | and Il studies have demonstrated that prasugrel has a faster onset of action than
clopidogrel, as well as being more efficacious and more predictable in its anti-platelet action 11+
116 The TRITON-TIMI 38 phase Il study found that, in patients with ACS undergoing PCI,
prasugrel was more effective than clopidogrel in reducing further ischaemic events although it
conveyed a higher risk of major bleeding '*’. Further analysis of a subgroup of patients with
STEMI undergoing PCl found that prasugrel was more effective than clopidogrel in preventing
additional cardiovascular events without any increased risk of minor or major bleeding 8.
Among patients with ACS without ST-elevation who did not undergo PCl, prasugrel was not

found to be superior to clopidogrel in preventing ischaemic events *°,
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1.2.2.2.3 Ticagrelor

Unlike clopidogrel and prasugrel, ticagrelor is a cyclo-pentyltriazolo-pyrimidine ADP antagonist
that has distinct pharmacokinetic and pharmacodynamic properties. Ticagrelor binds directly to
the P2Y,; receptor and alters its conformation, resulting in reversible inhibition. The drug does
not require metabolic activation and thus exhibits a comparatively rapid onset and offset of
effect, necessitating comparatively frequent dosing to achieve steady ADP inhibition 1?°. Plasma
levels of ticagrelor peak at 1.5 — 3 hours post-ingestion and reach steady state after 2 — 3 days
121 Although metabolic activation is not required for initiation of its anti-platelet effects, the
drug does have an active metabolite, AR-C124910XX, which is produced following the
interaction of the parent drug with cytochrome P450 120122,

Ticagrelor is administered as a loading dose of 180 mg, followed by maintenance dosing of either
60 or 90 mg twice daily. The ‘PLATelet inhibition and patient Outcomes’ (PLATO) study showed
that ticagrelor was superior to clopidogrel in reducing mortality and further cardiovascular
events in patients presenting with ACS, regardless of the presence or absence of CYP2C19 and
CYP2C9 polymorphisms 122, The DISPERSE-2 trial showed that there was no increase in major
bleeding events in patients with non-ST segment ACS taking ticagrelor compared with

13 Ticagrelor

clopidogrel, however there were significantly more minor bleeding events
achieves higher levels of platelet inhibition than clopidogrel 2, likely due to a combination of
factors, including the aforementioned genetic variations in absorption and metabolism of
clopidogrel.

Dyspnoea is a well-documented adverse effect of ticagrelor use, although to date the
mechanism of this physiological response is unclear, particularly as this is not a prominent
feature of other drugs in this class. Adenosine activates pulmonary vagal C nerve fibres, inducing
dyspnoea 2. It has been postulated that ADP receptor inhibition results in higher levels of
extracellular adenosine, due to drug-induced inhibition of a sodium-independent equilibrative

nucleoside transporter and subsequent reduced adenosine clearance 26 1%’ Although other

ADP-receptor inhibitors, such as clopidogrel, bind irreversibly to P2Y1, receptors, they have a
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comparatively short half-life and thus when they inhibit receptors on cells other than platelets,
such as neurons, their effects are transient as the presence of a cell nucleus allows synthesis of
new receptors 126, Additionally, twice daily dosing of ticagrelor may result in consistently higher
plasma drug concentrations compared with other ADP-receptor antagonists that are dosed once
daily 1%,

In view of the greater platelet inhibition and consequent improved outcomes that are observed
with prasugrel and ticagrelor compared with clopidogrel, many cardiology centres now
recommend that the latter is not used as a first line P2Y1; inhibitor in the management of acute

STEMI %8,

1.2.2.2.4 Cangrelor
Cangrelor is a novel P2Y1; inhibitor that, like ticagrelor, binds directly to the receptor and induces
reversible blockade. The drug is a non-thienopyridine adenosine triphosphate analogue that is
administered intravenously and has shown promising results in clinical trials to date '°. The drug
has a rapid onset and offset of action, reaches steady state within a few minutes, and achieves
greater than 90 % inhibition of platelet activation resulting from the P2Y1, pathway *°.

In a series of randomised-controlled studies, when compared with current standard therapy,
however, no significant differences in mortality or further Ml were observed when patients were
treated with either clopidogrel or cangrelor before 3! or during PCI 132, A double-blind placebo-
controlled trial involving 11,145 patients subsequently found that cangrelor significantly
reduced the rate of ischemic events during PCl, with no increase in severe bleeding, compared
with clopidogrel 133, At present, cangrelor has been approved by US and European regulatory
agencies for use in patients undergoing PCl, although it has not yet been recommended by the
National Institute for Health and Care Excellence (NICE) for use in the UK due to a relative lack

of clear data 1341%
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1.2.2.3 Glycoprotein lib/Illa inhibitors

The platelet integrin complex glycoprotein lIb/llla represents the final common pathway of
platelet activation ¢3¢, This molecule mediates platelet binding to fibrinogen thereby forming
bridges between platelets. A haemostatic platelet plug subsequently develops, which increases
in size as further platelet activation is propagated *°. Glycoprotein llb/Illa receptor inhibitors
block this pathway and thus reduce thrombogenesis. Of the drugs in this class, abciximab (a
monoclonal antibody fragment), tirofiban (a small, non-peptide molecule), and eptifibatide (a
cyclic heptapeptide derived from rattlesnake venom) are used in clinical practice 3¢ 137,
Abciximab additionally binds to integrin receptors on leucocytes and endothelial cells, thus
reducing the adhesion of platelets to these cells 1%,

Glycoprotein lIb/llla inhibitors have played varying roles as anti-platelet agents over the past 20
years 3¢, Data from several large-scale meta-analyses looking at glycoprotein llb/llla inhibitor
clinical trials in the medical management of non-ST-elevation ACS indicate a significant reduction

in further Ml and overall mortality in patients treated with these agents 13813°

, and although they
were formerly used as key therapies in the management of acute MI for several years,
glycoprotein llb/llla inhibitors have been gradually phased out in favour of the P2Y1; inhibitors.
A similar trend has followed with regard to the use of glycoprotein Ilb/llla inhibitors as
prophylactic anti-thrombotic agents in patients undergoing PCl, where their use has been
declining in favour of novel anti-thrombotic / anticoagulant drugs. The TRITON-TIMI 38 study
found that prasugrel significantly reduced the risk of cardiovascular events in patients with ACS
after PCI regardless of whether or not a GP lIb/llla inhibitor was used concurrently 1%°. The
‘Intracoronary Stenting and Antithrombotic Regimen—Rapid Early Action for Coronary
Treatment’ (ISAR — REACT) trial enrolled 2159 patients with coronary artery disease who
underwent elective PCI following pre-treatment with clopidogrel 600 mg and either abciximab
or placebo; there was no observable clinical benefit in those receiving abciximab over the 30

days post-procedure !, The ISAR — REACT 2 study subsequently assessed 2022 patients with UA

or non-STEMI (NSTEMI) undergoing PCI who were pre-treated with 600 mg clopidogrel and
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either abciximab or placebo, and found that abciximab significantly reduced the incidence of
adverse events, although only in those patients with elevated troponin levels at presentation
142 1n the UK, current NICE guidance recommends glycoprotein lib/llla inhibitors as an adjunct
to PCI for all patients with diabetes undergoing elective PCl, and for those patients undergoing

complex procedures, but not for the routine management of ACS or PCI 3,

1.2.2.4 Dipyridamole

Dipyridamole is a drug that alters platelet function via two main mechanisms. Firstly, it blocks
the reuptake of adenosine into platelets, endothelial cells and erythrocytes, leading to increased
extracellular concentrations of adenosine *%. This stimulates adenylyl cyclase activity, thus
increasing cAMP levels. The rise in cAMP results in enhanced phosphorylation of vasodilator-
stimulated phosphoprotein and subsequent reduced GP lIb/llla receptor activity and platelet
aggregation . Secondly, dipyridamole inhibits the platelet cAMP-phosphodiesterases that
inactivate cAMP, further augmenting the reduction in platelet aggregation *4,

Until relatively recently, dipyridamole, used in combination with aspirin, formed the mainstay
of secondary prevention of ischaemic stroke. Data from the ‘Prevention Regimen For Effectively
avoiding Second Stroke’ (PRoOFESS) study published in 2008 found that there were no significant
differences in outcome in treating patients with either aspirin plus extended-release
dipyridamole or clopidogrel, although there were more bleeding events with the dipyridamole
regime (4.1 % vs 3.36 %; hazard ratio 1.15) %, and thus the general preference for monotherapy
over combination therapy has led to a change in guidelines, favouring clopidogrel *7.
Dipyridamole continues to be used in the secondary prevention of ischaemic stroke in patients
who do not tolerate ADP-receptor inhibitors, and is frequently prescribed alongside the
coumarin anticoagulant, warfarin, in the prevention of postoperative thromboembolic events in

patients with mechanical heart valve replacements 148149,
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1.2.2.5 Cilostazol

Cilostazol is a quinolinone inhibitor of the phosphodiesterase 3 isoenzyme that, as mentioned
above, breaks down cAMP, and the drug therefore reduces platelet aggregation. Cilostazol is
currently licensed for the treatment of intermittent claudication pain in patients with peripheral
arterial disease, although the main benefits from the drug in this context are derived from the
vasodilating, rather than anti-thrombotic, effects of elevated cAMP levels *°. Cilostazol is
currently not recommended for use in patients with peripheral arterial disease in the UK, due to
its apparent inferiority compared to other vasodilating agents **1,

Cilostazol may potentially play a role in the future management of transient ischaemic attacks
and ischaemic strokes. Recent meta-analysis data identified that the drug significantly reduces
the recurrence of stroke compared to aspirin, with fewer occurrences of intracranial
haemorrhage than with aspirin, clopidogrel, and DAPT as long-term therapy, although the

majority of patients involved in these studies were from East Asia and it remains to be seen

whether comparable results are obtained in Western populations %2133,
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Figure 1.5: Sites of action for anti-platelet agents

This figure shows the pathways that are interrupted by anti-platelet drugs to impair platelet activation
and aggregation. 1) Aspirin acts to inhibit the activity of the cyclo-oxygenase enzyme and thus
attenuates the production of PGs and thromboxane; 2) The adenosine diphosphate (ADP) receptor
antagonists bind to the P2Y1, receptor to prevent ADP-induced platelet activation; 3) Glycoprotein
lib/1lla inhibitors impair platelet adhesion by preventing the formation of fibrinogen bridges between
platelets; 4) Dipyridamole blocks the re-uptake of adenosine into platelets and inhibits the platelet
cyclic adenosine monophosphate (cAMP)-phosphodiesterases, both of which lead to an increase in
cAMP levels, thus reducing platelet aggregation; 5) Cilosazol inhibits the phosphodiesterase 3

isoenzyme that breaks down cAMP.
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1.2.3 Anti-platelet drugs in primary prevention

Although guidelines vary throughout the world, it is generally accepted that anti-platelet
therapy should not be given for primary prevention of cardiovascular disease in patients who
have no comorbidities. Most physicians use a system, such as the Framingham risk score or the
QRISK2 score, to calculate a patient’s individual risk of suffering a cardiovascular event based on
a series of established risk factors before deciding whether the benefit of commencing anti-
platelet therapy outweighs the risks.

Despite the fact that it is not licensed for this indication, aspirin is usually prescribed as the first-
line anti-platelet therapy in primary prevention in cases where anti-platelet therapy is thought
to be of benefit!®. The British Hypertension Society recommends that aspirin only be used in
primary prevention in hypertensive patients who are aged over 50 years with 10 year
cardiovascular risk of at least 20 % **°. In patients with type 2 diabetes mellitus, the current NICE
recommendations are to consider aspirin therapy in patients who are aged over 50 years, or

% The European Society of

who otherwise have significant cardiovascular risk factors
Cardiology, however, does not recommend the use of anti-platelet agents in primary prevention
1% based on the findings of a meta-analysis published shortly after the aforementioned NICE
guidelines, that reported no benefit from aspirin use in preventing major cardiovascular events

in diabetic patients 7.

1.2.4 The role of anti-platelet drugs in the management of myocardial infarction

ACS is a term used to encompass unstable angina (UA) and MI with or without
electrocardiographic (ECG) evidence of ST-segment elevation. Anti-platelet therapy has formed
the backbone of ACS management for decades and current guidelines recommend that all
patients routinely receive a loading dose of aspirin, followed by maintenance therapy unless
contraindicated '*® 1°°, There is a wide range of maintenance dosages of aspirin that are

prescribed in this context, ranging from 75 to 325 mg daily in different countries 6°

, although in
the UK, a loading dose of 300 mg aspirin is given, followed by a daily maintenance dose of 75
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mg. In patients who have suffered ACS, recommended secondary prevention therapy typically
entails twelve months of DAPT, followed by lifelong aspirin, whilst patients with stable angina
are given aspirin monotherapy 3%, Alongside aspirin therapy, patients with UA or NSTEMI who
are considered to have a predicted 6-month mortality of greater than 1.5 % (which is the case
for the vast majority of such patients) are usually treated with a loading dose of 300 mg
clopidogrel °1. Those with acute STEMIs will go on to receive coronary reperfusion therapy,
usually with percutaneous coronary intervention (PCl) or, less commonly now, with fibrinolytic
therapy, and also receive a second anti-platelet agent, namely clopidogrel, prasugrel or

ticagrelor depending on local guidelines.

1.2.5 The role of anti-platelet drugs in the management of stroke

NICE guidelines recommend that patients who present with signs of a transient ischaemic attack
and are considered by the ABCD2 scoring system to have a high risk of stroke are immediately
offered either 300 mg aspirin or 300 mg clopidogrel (although this would be an off-label use of
the latter) 28, based on data suggesting that anti-platelet therapy conveys an 80 % reduction in
the risk of early recurrent stroke 62,

In the UK, patients who have a confirmed acute ischaemic stroke are typically managed in a
highly specialist unit where thrombolytic therapy may be given depending on the clinical
presentation. Otherwise, patients are immediately given 300 mg aspirin to continue for 14 days,
followed by once daily 75 mg clopidogrel 3.

1.2.6 Dual anti-platelet therapy in coronary artery disease

DAPT is routinely commenced in patients who have undergone PCl, involving both drug-eluting
and (more rarely these days) bare-metal stents, with the aim of reducing the risk of subsequent
in-stent thrombosis. Although the introduction of drug-eluting stents has markedly decreased
the occurrence of re-stenosis, in-stent thrombosis remains a significant complication. The

presence of a foreign body within the coronary artery induces platelet adhesion and activation,
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and potentially thrombus formation, until a layer of endothelial cells has covered the surface of
the stent.

Current guidelines recommend that DAPT should be continued for between 6 and 12 months
post stent-insertion 163164 Meta-analysis data have generally supported the use of short term
DAPT (<12 months) regimes, in view of the reduced bleeding rates without an apparent increase
in ischaemic complications 165167,

It is likely that these recommendations will soon be reviewed, following the recent publication
of results from the ‘Dual Antiplatelet Therapy (DAPT) Study’, a large-scale randomised controlled
trial, showing that the continuation of DAPT beyond 12 months post-PCl with drug-eluting stent
placement yielded a reduction in the occurrence of in-stent thrombosis, although there was an
increased bleeding risk 1. This data has since facilitated the development of a prediction score
to enable clinicians to identify patients who are likely to receive greater benefit from continuing
DAPT after 12 months, based on bleeding and ischaemic risk factors, although this has yet to be
fully validated .

Although a clear consensus on the optimal duration of DAPT post-PCl insertion may take some
time to reach, a pragmatic approach at present is for clinicians to continue adhering to the

national guidelines, whilst considering the bleeding and ischaemic risks of their individual

patient and adjusting the recommended DAPT duration accordingly.
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Table 1.1: Characteristics of anti-platelet drugs

Drug Site of action Time to | Half-life | Typical dose Route /
peak administered dosing
action interval

Aspirin Inhibition of COX 1-2 15-20 In Europe loading | Oral

enzyme hours mins dose 300 mg, Once daily
maintenance
dose 75 mg
Clopidogrel Thienopyridine 45 mins | 6 hours | Loading dose 300 | Oral
prodrug irreversibly — 600 mg, Once daily
binds to the P2Y1, maintenance
receptor dose 75 mg
Prasugrel Thienopyridine 30 mins | 7 hours | Loading dose 60 Oral
prodrug, mg, maintenance | Once daily
irreversibly binds to dose 10 mg
the P2Y3, receptor
Ticagrelor Cyclo- 1.5 7 hours | Loading dose 180 | Oral
pentyltriazolo- hours mg, maintenance | Twice daily
pyrimidine drug, dose 90 mg
reversibly binds to
P2Y1, receptor
Cangrelor Adenosine 2 mins | 3-6 mins | Bolus 30 mcg/kg Intravenous
triphosphate injection then 4 One-off
analogue, reversibly mcg/kg/min treatment
binds to P2Y1, infusion
receptor
Abciximab Glycoprotein Ilb/Illa | 30 mins | 30 mins | Bolus 0.25 mg/kg | Intravenous
receptor inhibitor injection then One-off
0.125 treatment
mcg/kg/min
infusion
Dipyridamole | Inhibitor of platelet | 2-2.5 10-12 75 —-200 mg Oral
cAMP- hours hours immediate 3-4 times
phosphodiesterase release daily
200 mg modified | Oral
release Twice daily
Cilostazol Inhibitor of 2-2.5 11-13 100 mg Twice daily
phosphodiesterase | hours hours
3 isoenzyme
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1.3 Monocytes

Monocytes are mononuclear white blood cells that play a pivotal role in the human adaptive
immune response. Monocytes comprise approximately 1-8 % of circulating leucocytes and have
a half-life of around 1-3 days, after which they move into tissues and differentiate into
macrophages or dendritic cells 17°. Monocytes migrate to sites of local inflammation where their

roles include phagocytosis and pro- or anti-inflammatory cytokine production.

1.3.1 The role of monocytes in atherosclerosis

Monocytes play a pivotal role in the development of atherosclerosis via formation and
deposition of lipid-laden foam cells within the arterial tunica intima, which contribute to plaque
instability 1. Monocytes are further implicated in the development of atherosclerosis and
plague rupture due to their involvement in plaque neovascularisation. As plaque size increases,
impaired oxygen diffusion develops and the proximal cells of the tunica intima become hypoxic
172 Cellular oxygen levels become depleted and hypoxia-inducible factor 1 (HIF-1) production is
upregulated, which induces expression of angiogenic signalling molecules, including vascular
endothelial growth factor (VEGF) and endothelial nitric oxide synthase (eNOS), which serve to
enhance the development of adventitial vasa vasorum and intraplaque microvessels 172,
Monocytes strongly express receptors to VCAM-1, which is produced by intraplaque
microvessels 73175 The chronic inflammation present in atherosclerosis triggers increased
expression of endothelial markers of activation, including VCAM-1, ICAM-1 (also known as CD54)
and P-selectin (CD62P). There is additional upregulation of monocyte chemoattractant protein-
1 (MCP-1), one of the primary chemokines involved in regulating migration and infiltration of
monocytes, and its monocytic receptor, C-C chemokine receptor type 2 (CCR2) 176177,

Evidence suggests that circulating monocytes may also serve as endothelial progenitor cells,
further amplifying angiogenesis 7178, The newly-formed micro-vessels are fragile and prone to

haemorrhaging. As erythrocytes extravasate from bleeding neo-vessels, their lipid-rich cellular

contents contribute to further evolution of the atheromatous lesion, while the free haemoglobin
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potentiates reactive oxygen species (ROS) generation and pro-inflammatory cytokine

generation Y. Intraplague haemorrhage is one of the principal determinants of plaque rupture

180

1.3.2 Monocyte phenotypes and their differential contribution to atherosclerosis

Until recently, human monocytes were divided into two major subsets based on their surface
expression of CD14 and CD16: the CD14*CD16 and the CD14*CD16* groups. Around 85-90 % of
monocytes comprise the CD14*CD16 or ‘classical’ group, which are involved in phagocytosis and
pro-inflammatory cytokine production 77 8, The CD14'CD16" subgroup has since been
subdivided into the CD14"8"CD16* or ‘intermediate’ group and the CD14"°“CD16* or ‘non-
classical’ monocyte group. The CD14"8"CD16* group express the monocyte chemoattractant
protein-1 receptor, also known as CCR2, which enhances vascular monocyte recruitment and
their subsequent transendothelial migration 7. CD14"8"CD16* monocytes are highly pro-

182 while the CD14"°“CD16*group express genes involved in cytoskeletal

inflammatory
rearrangement and demonstrate high motility and patrolling behaviour &, See Table 1.2 for
further details regarding monocyte subsets. There are additional, smaller, poorly-characterised

subsets of monocytes, including the CD56* group, which may be associated with certain

autoimmune diseases 2%
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Table 1.2: Monocyte subset characteristics

Monocyte subsets: Classical Intermediate Non-classical
CD14 expression ++ ++ +

CD16 expression - + +

CCR2 expression + + -

Population % 84.8 18 5.4 183 9. 183

Primary functions

Phagocytosis 7

Tissue repair 18

Immune response 8

185

Angiogenesis 8

Phagocytosis 183

Cytoskeleton

rearrangement 183

Cytokine response

Response to cell-

surface Toll-like

Response to cell-

surface Toll-like

Response to viruses

via TLR7-TLR 8-

effects

inflammatory (IL-6
187 1L-1B '8, TNF-a

correlation)

inflammatory (IL-6
187 1L-1B '8, TNF-a

correlation)

2. Anti-inflammatory

(IL-10 correlation *&7)

receptors’®® receptorse® MyD88-MEK
pathway!8®
Inflammatory Weakly pro- 1. Highly pro- Weakly pro-

inflammatory (TNF-a

correlation 83)
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Prior to the subdivision of the CD16" monocyte group, it was well-recognised that the CD16*
subset was a major producer of serum tumour necrosis factor alpha (TNF-a) in response to
inflammatory challenges 8. It was subsequently found that CD16* monocytes were expressed
at relatively low levels in healthy individuals but showed amplified expression in the presence
of coronary atherosclerosis, suggestive of a possible role for CD16* monocytes in atherogenesis
188 Recently, a correlation between intima-media thickness (IMT) and CD14"8"CD16* cell counts
has been observed %,

The association between an increased CD14"8"CD16* phenotype and the presence of
atherosclerosis may be partially explained by the presence of the CCR2 receptor on the surface
of this particular monotype subset, which regulates the migration and infiltration of monocytes
190 Qur group has previously shown that in the context of acute inflammation the circulating
CD14"e"CD16" numbers expand, and that this cell subset exhibits increased adhesiveness to the
vascular endothelium 3.

A multitude of clinical studies have highlighted the association between raised levels of CD16*
monocytes and coronary disease. CD16* monocyte counts were elevated in patients with UA
compared to matched control subjects with stable CAD. Among the UA patients, those with
intermediate-high risk of Ml had significantly higher counts of the CD14"8"CD16* subset 23. Tapp
et al found a correlation between CD14"8"CD16* counts and peak troponin-T (TnT) levels post-
STEMI, as well as a correlation between CD14"¢"CD16* counts and left ventricular ejection
fraction (LVEF) post-STEMI 87, A study by Rogacev et al in 2012 using 951 patients referred for
elective coronary angiography showed that a higher CD14"é"CD16* count was predictive of
cardiovascular events, including M, ischaemic stroke and death from all cardiovascular causes
22_

Conversely, Jaipersad et al showed that the CD14"¢"CD16", rather than CD14"&"CD16" or
CD14"°%CD16*, subset was predictive of carotid and systemic atherosclerosis severity, and

173, These differences may be partially explained by the

intraplaque neovascularisation
heterogeneity of subject groups recruited to the studies, as well as differences in monocyte
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gating strategies during flow cytometry. Certainly, the majority of studies suggest that the
CD14"e"CD16* subset is highly pro-inflammatory compared with its CD14"¢"CD16%and
CD14"“CD16*counterparts, and that this subset is strongly associated with the presence of
cardiovascular disease. Whether CD14"8"CD16* levels represent a more specific biomarker of

cardiovascular risk than hs-CRP remains to be determined.

1.3.3 Monocyte-platelet interactions

Platelets move from a resting state to an activated state in response to endothelial-derived
activating factors, such as ADP and thrombin. Activated platelets adhere to damaged
endothelium and locally mediate both inflammatory and thrombotic events via the secretion of
cytokines and interactions with leucocytes, which results in chemotaxis and development of an
inflammatory milieu within the arterial wall.

Activated platelets form complexes with leucocytes, particularly monocytes, as P-selectin, a
platelet surface adhesion molecule expressed on platelet plasmalemma upon activation, binds
to its ligand, P-selectin glycoprotein ligand-1 (PSGL-1) 1192, which is constitutively expressed by
circulating monocytes. These MPA are measurable in the peripheral blood and serve as an easily
quantifiable marker of platelet activation and appear to predict cardiovascular events, such as
M1 %% and ischaemic stroke **. Functionally, MPA formed at the site of a vascular injury recruit
circulating monocytes and facilitate their adhesion to the endothelium, where, following
adhesion and migration into the subintima, they differentiate to macrophages and contribute
further to atherogenesis 1°°. Platelet activation and subsequent MPA formation are increased in
the presence of high shear stress within blood vessels, such as occurs around the site of

atherosclerotic lesions *°¢

, and circulating MPA levels in humans correlate with coronary plaque
size 17, P-selectin levels are independently associated with carotid atherosclerotic lesions in
humans 1%,

The aforementioned model of acute inflammation, influenza immunisation, has been used to

demonstrate that acute inflammation leads to higher circulating levels of activated platelets and
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MPA formation, which promotes expansion of the CD14"8"CD16* subset 3!. This evidence
supports the hypothesis that the increased degree of circulating MPA formation reported in
patients with cardiovascular risk factors or established atherosclerotic disease, could represent
a key event in the expansion of circulating CD16" monocytes, which also occurs in the presence
of cardiovascular disease. Targeting platelet activation could therefore counteract the
development of the more pro-atherogenic CD14"8"CD16* phenotype with a subsequent
beneficial effect on atherosclerosis progression. Consistent with this hypothesis, previous
experiments conducted in apolipoprotein knockout (ApoE”) mice has demonstrated that
platelet inhibition, as achieved by either aspirin or clopidogrel administration, counteracts the
blood monocytosis that accompanies disease progression in this animal model of
atherosclerosis, thus reducing inflammation 3.

Although they have no effect on circulating lipid levels, anti-platelet drugs act to disrupt
pathways in which platelets contribute to atherogenesis, including MPA-driven endothelial
recruitment of monocytes and thrombus formation in areas of endothelial damage '*°2%, The
pharmacological efficacy of the multiple classes of anti-platelet agents in counteracting anti-
atherogenic mechanisms is variable. Administration of aspirin does not affect circulating levels
of MPA, whereas clopidogrel appears to impair MPA formation 2°2292, Their distinct mechanisms
of action may have differing effects on the intracellular pathways that finally lead to P-selectin

expression on activated platelets 2%,

1.4. Netrin-1
Netrins are a class of laminin-like proteins, which were first identified as axonal guidance cues
during embryonic development 2%, The netrin family was named from the Sanskrit word ‘netr’

7 205

which means ‘one who guides . Netrin-1 is a secreted protein that mediates axonal

chemoattractant activity via binding to the deleted in colorectal cancer (DCC) and neogenin

receptors, and chemorepulsion via the uncoordinated-5 (UNC5) receptors 296-208,
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The role of netrin-1 in cardiovascular disease and states of acute inflammation is an emerging
area of research. The identification of DCC and UNC5 receptors on cell types other than neurons,
has supported the hypothesis that netrin-1 could have additional functions outside the central
nervous system. Over the past decade it has become apparent that netrin-1 has involvement in
multiple physiological responses, ranging from atherosclerosis to inflammation, as well as
potentially functioning as a marker of renal function (Figure 1.6), making it an attractive
potential therapeutic target. In recent years, netrin-1 has been identified as a key modulator of
atherosclerosis, although its precise role in this disease — protective or deleterious — has been

the subject of much debate.

1.4.1 Netrin-1 in atherosclerosis

van Gils et al have shown that human macrophage foam cells from human coronary artery
plaques express netrin-1 and UBC5B, the latter being responsible for the inhibitory effect of
netrin-1 on macrophage migration that ultimately results in netrin-1 dependent myeloid cell

209 |n LDLR” mice fed a Western diet, deletion of netrin-1 in

retention within plaques
haematopoietic cells reduced atheroma size and complexity and promoted macrophage
migration from plaques 2. This same group also showed that netrin-1 and UNC5B expression in
macrophages is upregulated in hypoxic conditions and protects macrophages from apoptosis 2%,
As netrin-1 appears to stimulate progression of atherosclerosis by retaining macrophages within
atheromatous lesions, thus amplifying the cycle of chronic inflammation, identifying a method
of interrupting this pathway could prove to be of therapeutic benefit.

This detrimental effect of netrin-1 on atherosclerosis progression contradicts the evidence
provided by Khan et al, in which LDLR”" mice underwent intravenous viral delivery of human
netrin-1 copy DNA (cDNA) and, when compared with untreated control mice, were found to
have lower levels of nitrotyrosine (a marker of ROS), as well as of CD68, integrin alpha M

(ITGAM), and EGF-like module-containing mucin-like hormone receptor-like 1 (EMR-1), all of

which are markers of macrophage and monocyte activity 2!, The netrin-1 treated mice
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demonstrated a reduction in plague formation, presumably through the prevention of
monocytes migrating into atherosclerotic plaques 2! 212, Focal application of netrin-1 in this
situation highlights another potential pathway in atherogenesis where modification of netrin-1
expression may retard plaque formation. Of note, a reduction in the endothelial expression of
netrin-1 under pro-atherogenic conditions has been reported by van Gils et al, suggesting that
suppression of netrin-1 within the vasculature in response to pro-atherogenic factors could
impede plaque development 2%,

In 2012, Delloye-Bourgeois et al identified that certain cancer cells produce a truncated
intranuclear form of netrin-1, as opposed to the well-characterised, full-length, secreted netrin-
1213, The majority of studies prior to this had not differentiated between these isoforms, and it
has since been postulated that measurement of different isoforms of netrin-1 may explain some

of the conflicting data surrounding its role in atherosclerosis 2%,

1.4.2 The relationship between netrin-1 and inflammation

Murine models of myocardial ischaemia-reperfusion injury have shown that elevated netrin-1
expression has a cardioprotective effect, partly achieved by reducing the infiltration of
neutrophils and recruitment of macrophages that serve to further amplify the pro-apoptotic
inflammatory response 214215, Similar results have been shown in models of renal ischaemia-

216

reperfusion injury as well as other pro-inflammatory states, including acute lung injury,

peritonitis and sepsis 217218,

Both in vitro and in vivo studies have repeatedly demonstrated that netrin-1 and UNC5B
modulate leucocyte migration in pro-inflammatory states 28, UNC5B is strongly expressed on
leucocytes and increased netrin-1 expression attenuates leucocyte migration and leucocyte-
driven inflammatory responses 21822°, These findings have generated interest in a potential role
for netrin-1 in the modification of inflammatory processes.

Administration of netrin-1 supresses COX-2 expression via regulation of nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-kB). There is a subsequent reduction in COX-2
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metabolites that mediate neutrophil infiltration, interferon-y-induced macrophage-activation

and TXA; 2%, Netrin-1 additionally supresses the production of Tn1 helper cell cytokines, which

generate interferon-y 2°,

The degree to which suppression of the inflammatory response is desirable, and whether this

could have detrimental effects in the context of infection, remain unclear.
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Figure 1.6: Biological roles of netrin-1

The diverse actions of netrin-1 in cardiovascular and renal disease. Netrin-1 directly modulates survival

and migration of different cell types, including cardiomyocytes, leucocytes, and endothelial and tubular

renal cells, through engagement of cell-specific receptors, as indicated. These effects result in netrin-1-

dependent cardioprotection and reduction of kidney damage in response to ischaemia. Netrin-1 also

confers anti-atherogenic protection, by repelling monocyte arterial infiltration. However, netrin-1-

induced inhibition of resident macrophage egress from atherosclerotic plaques could be detrimental.

The effect of netrin-1 on neoangiogenesis may be beneficial in the context of cardiac ischaemia but

detrimental for atherosclerotic plaque destabilization. The anti-inflammatory action of netrin-1 is
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mediated by direct inhibition of leucocyte motility, as well as by a protective effect on target organs
that negatively feeds back on inflammatory cell trafficking within the tissue. UNC5B, unco-ordinated-5
receptor B; DCC, deleted in colorectal cancer receptor; EC, endothelial cells. Figure taken from Layne et

al., 2015 222,

1.4.3 Anti-platelet therapy and netrin-1

As mentioned above, netrin-1 modulates macrophage migration into and out of plaque sites 2*°
and thus represents a potential target for modifying progression of atherosclerosis. In 2015,
Passacquale et al published a series of experiments where the relationship between endothelial
netrin-1 expression and anti-platelet therapy was explored using both in vitro and in vivo
models. They found that aspirin, but not clopidogrel, reduced vascular endothelial permeability
and increased netrin-1 production in the ApoE”- mouse model of atherosclerosis, which in turn
led to reduced monocyte infiltration of atherosclerotic plaques 2%, These findings suggest that
anti-platelet therapy with aspirin may have the potential to modify circulating netrin-1 levels
and thus modulate atherosclerosis generation. This, together with the previously mentioned
beneficial effect of platelet inhibition on blood monocytosis observed in ApoE”" mice, points to
the existence of a mutual interaction between platelet activity, endothelial chemorepulsion
against monocyte infiltration, and monocyte phenotype that can be positively modulated by

anti-platelet strategies.

1.5 Aims
The aims of this PhD were as follows:
e Chapter Two: To assess the effects of anti-platelet drugs on the phenotype of circulating
monocytes in healthy volunteers in the presence of mild, systemic inflammation
e Chapter Three: To investigate the biomolecular mechanisms that regulate the synthesis

of serum netrin-1 in humans
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e Chapter Four: To explore the role of CD16 in the transduction of the signalling pathways

triggered by oxLDL
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CHAPTER TWO:

THE EFFECT OF ANTI-PLATELET THERAPY ON

CIRCULATING CD16* MONOCYTES

IN HEALTHY SUBIJECTS
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2.1 Introduction

Circulating human monocytes consist of a heterogeneous cell population generally classified
into three main subtypes: the ‘classical’ CD14"8"CD16", ‘intermediate’ CD14"8"CD16%, and ‘non-
classical’ CD14°"CD16" cells 222, The prevalence of these subpopulations in the peripheral blood
changes under pro-inflammatory conditions, with an expansion of the ‘intermediate’ subset
typically occurring in the context of atherosclerosis-related inflammation . The functional
implications of such changes in terms of disease progression remain elusive, although a positive
correlation between the level of CD14"¢"CD16* monocytes and the presence of subclinical
atherosclerosis has been demonstrated #. More importantly, intermediate monocytes have
proved to be an independent predictive factor for future cardiovascular events 2%, and a strong
correlation between their blood level and coronary plaque vulnerability has been detected 2+
227 This indicates that CD14"8"CD16* cells may represent a novel biomarker of cardiovascular
risk and a potential target for preventative therapeutic strategies.

In this respect, previous work undertaken by our group suggests that anti-platelet drugs may
have a modulatory action on the phenotype of circulating monocytes, and additionally that
platelet activation is a key determinant in the acquisition of a CD16" profile by human monocytes
31, Furthermore, using ApoE™~ mice, our group has demonstrated the efficacy of platelet
inhibition in vivo, as achieved by either aspirin or clopidogrel administration, in counteracting
the blood monocytosis and expansion of circulating Ly6C"°" cells (the murine counterpart of
CD16" monocytes) that accompany disease progression in this well-established animal model of
atherosclerosis 22, In the current clinical study, | have assessed the effect of anti-platelet drugs
currently used in cardiovascular prophylaxis on the phenotype of circulating monocytes in
healthy human subjects in the context of a pro-inflammatory stimulus. | have used influenza
immunisation as an experimental model of acute inflammation, in line with our group’s previous
report showing an increase in the pool of circulating CD14"¢"CD16* cells in response to this

vaccine 31, and also in keeping with other researchers who have previously used immunisations,
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particularly the seasonal influenza and Salmonella typhi vaccines, in clinical studies to generate

mild, systemic inflammation and investigate its relevance to cardiovascular pathophysiology ¥’

2830

2.2 Hypothesis and aim

Levels of circulating CD14"¢"CD16* monocytes increase in atherosclerotic patients and are
predictive of future cardiovascular events. Platelet activation has been identified as a crucial
determinant in the acquisition of a CD16* phenotype by classical CD14"8"CD16~ cells. | aimed to
test the hypothesis that anti-platelet therapy modulates the phenotype of circulating monocytes

in the context of systemic inflammation.

2.3 Methods

2.3.1 Participant recruitment

Seventy five healthy subjects were studied, before and 48 hours after receiving seasonal
influenza immunisation. Subjects were recruited from workers employed by Guy’s and St
Thomas’ NHS Foundation Trust (GSTT) who attended the Occupational Health Department
requesting influenza immunisation. None of the subjects were taking regular medications, aside
from the combined oral contraceptive pill, and had not taken anti-platelet medication in the
preceding fortnight. Participants were randomly assigned to receive either anti-platelet therapy
or no treatment, according to the following scheme:

- Group 1 (aspirin 300): aspirin 300 mg orally immediately following immunisation and another
300 mg dose 24 hours later; n = 15.

- Group 2 (aspirin 75): aspirin 75 mg orally immediately following immunisation and another 75
mg dose 24 hours later; n = 15.

- Group 3 (clopidogrel): clopidogrel 300 mg orally immediately following immunisation, with a

further dose of clopidogrel 75 mg 24 hours later; n = 15.
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- Group 4 (ticagrelor): ticagrelor 90 mg orally twice daily for 48 hours, the first dose being taken
immediately following immunisation; n = 15.

- Group 5 (untreated): no anti-platelet treatment given following immunisation; n = 15.

| carried out ‘directly observed tablet’ taking with the first dose of each medication for each

participant.

2.3.2 Influenza immunisation

The 2014/15 National Health Service (NHS) trivalent seasonal influenza immunisation, an
inactivated (split virion) vaccination, specifically targeting ‘A/California/7/2009 (HIN1)pdmQ09-
like virus’, ‘A/Texas/50/2012 (H3N2)-like virus’, and ‘B/Massachusetts/2/2012-like virus’,
manufactured by Sanofi Pasteur MSD Limited, was administered via intramuscular injection into
the upper arm by a trained healthcare professional, as part of normal Occupational Health

procedures.

2.3.3 Collection of blood samples

Blood samples were collected immediately prior to immunisation and again 48 hours later. 16
ml whole blood was obtained from the antecubital vein using a 23-gauge butterfly needle and
collected directly into three vacutainer tubes.

The first vacutainer tube contained a serum gel separator, and blood was left to clot within this
tube for 10 minutes at room temperature. The blood was centrifuged for 15 minutes, 1500 x g,
at room temperature to obtain serum that was stored at -80 °C for subsequent analysis.

The other two vacutainer tubes contained ethylenediaminetetraacetic acid (EDTA). One tube
was processed by the ViaPath laboratory at GSTT, London, to obtain cell counts using a
Beckmann DX 7 analyser, while the other was used for subsequent flow cytometry analysis and
preparation of plasma aliquots for future use. Plasma was prepared by centrifuging the blood

for 10 minutes, 1500 x g, at 4 2C and was subsequently stored at -80 2C for subsequent analysis.
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2.3.4 Immunostaining

100 pl whole blood was removed from the EDTA vacutainer tube and incubated with 5 pul of both
R-phycoerythrin (PE)-mouse anti-human CD14 (BD Bioscience) and fluorescein isothiocyanate
(FITC)-conjugated anti-human CD16 (3g8 clone, which reacts with both CD16a and CD16b
isoforms of CD16; BD Bioscience) for 20 minutes at 4 2C. 1 ml BD FACS lysing solution (BD
Bioscience) was used to lyse the erythrocytes. The samples were incubated for 10 minutes,
whilst protected from light, and then centrifuged for 5 minutes, 1500 x g, at room temperature.
Supernatant was discharged and the pellets were washed twice with 1 ml phosphate-buffered
saline (PBS) / 0. 2% bovine serum albumin (BSA) / 0.1 % sodium azide. Samples were again
centrifuged for 5 minutes, 1500 x g, at room temperature, then fixed with 250 ul 1 %
paraformaldehyde. Immunostaining took place within an hour of the samples being obtained.
After processing, samples fixed in 1 % paraformaldehyde were stored at 4 2C for up to 48 hours

prior to flow cytometry analysis.

2.3.5 Whole blood flow cytometry

The immunostained samples were analysed using a BD FACSCalibur (BD Bioscience) flow
cytometer to determine monocyte subset distribution. A total of 100,000 events were acquired
and post-acquisition analysis was performed using FlowJo (version 10) software.

Monocytes were identified on a forward (FSC) — versus side scatter (SSC) plot and gated to
analyse expression of CD14 and CD16 fluorescence, in order to distinguish the different subsets
of monocytes: “classical” CD14"¢"CD167, “intermediate” CD14"&"CD16* and “non-classical”
CD14"°%CD16* cells. The percentage of each monocyte subset with respect to total monocytes
was calculated and absolute numbers were obtained based on the full blood count results. Every
analysis was performed independently by two blinded researchers (Dr Gabriella Passacquale and

1),
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In a subgroup of 10 participants, Dr Gabriella Passacquale repeated measures of monocyte
subset cell count on 2 consecutive measurements, 2 days apart and before immunisation
administration, in order to assess variability in monocyte subset cell count in the absence of any
intervention (immunisation either in the presence or absence of pharmacological treatment).
Such an analysis showed inter-assay variation of <2 % for all the different monocytic subsets.
Moreover, our gating strategy for monocyte characterisation (which was based on a FSC-versus
SSC monocyte profile) was directly compared with a flow cytometry methodology that also
included the pan-monocytic marker antibody allophycocyanin (APC)-mouse anti-human CD86,
in the antibody panel 22, In this case, cells with a typical monocytic FSC versus SSC profile and
positive to CD86 staining were gated to analyse CD14 and CD16 expression.

Prevalence of the different monocyte subpopulations obtained with the two gating strategies
were analysed on SPSS (version 23) to calculate the intraclass correlation coefficient (ICC) using
an absolute agreement definition. The ICCs were 0.961 (95 % Cl: 0.859-0.989; p<0.0001), 0.924
(9 5% Cl: 0.711-0.980; p<0.0001) and 0.915 (95 % Cl: 0.695-0.977; p<0.0001) for the classical,
intermediate and non-classical subset respectively; Figure 2.1.

In order to increase robustness of data, we also analysed the level of CD16 expression on
monocytes using a normalised median fluorescence intensity (nMFI) strategy, in agreement with
previously published methods used to monitor changes in cell immunophenotype in repeated

measures 2%, A representative analysis of flow cytometry data is shown in Figure 2.1.
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Figure 2.1: Flow cytometry analysis

As a validation study of our methodology, a comparison was carried out between the gating strategy
for monocytes used in the current study (panel A, technique 1) and the use of a pan-monocytic marker,
namely CD86, (panel B, technique 2).

In ‘Technique 1’, monocytes were identified based on their scatter properties using an autogating tool

(as shown in the FSC vs SSC plot, Al). In ‘Technique 2’, they were initially identified as CD86* cells using
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manual rectangular gating (B1) followed by a SSC vs FSC dot plot to further gate monocytes with a
typical scatter property using an autogating tool (SSC vs CD86 plot, B2). Within the gated populations
(A2, B3), CD14"" and CD14'°* monocytes were identified, with “high” denoting an expression of CD14
approximately 100-fold higher and “low” as 10-fold higher than the isotype, as underlined in the
corresponding histograms. Similarly, positivity for CD16 was evaluated based on the isotype control (in
grey). The prevalence of each monocyte subset, obtained using a rectangular gating strategy, was
calculated over the total monocytes. Data (median with IQR) are reported in the graph (C, classical
CD14"e"CD16" in black, intermediate CD14"¢"CD16* in red and non-classical CD14'°“CD16" in blue). A
high level of concordance between the two strategies was noted, as evidenced by an intra-class
correlation coefficient (ICC) of 0.961 (95 % Cl: 0.859-0.989; p<0.0001), 0.924 (95 % Cl: 0.711-0.980;
p<0.0001) and 0.915 (95 % Cl: 0.695-0.977; p<0.0001) for the classical, intermediate and non-classical
subsets respectively. The correlation analysis (Spearman’s correlation analysis) between the two
techniques is graphed in D. Both gating strategies enabled restriction of analysis to the CD14*
population thus excluding potential interference from cell types such as neutrophils (blue, typically
CD14:CD16"e"), and a subpopulation of lymphocytes (green, CD14-CD16'"¥, likely NK cells) that are
shown in the side panels (A3, A4) and overlaid with the analysed monocytes (black) and isotype control
(grey).

Dot plots representative of untreated and treated participants are shown in panels E and F respectively.
Since significant differences between groups were observed in the prevalence and cell number of
CD14"¢"CD16" (black) and CD14"8"CD16" (red) subsets, the level of CD16 expression was also specifically
analysed within the CD14"8" population using a normalised median fluorescence intensity (nMFI)
strategy. The histograms (G and H) show overlay of the baseline (empty histogram) and post-
immunisation (filled histogram) intensity of fluorescence for CD16 of the stained samples (red). Also
shown are the fluorescence levels of the antibody isotype controls (in grey, with dotted histogram and
filled histogram for baseline and post-immunisation samples respectively). The median fluorescence
intensity (MFI) calculated in CD14"8" monocytes at baseline (pre) and post-immunisation (post) were

normalised by the MFI of the corresponding isotype control as indicated in the figure.
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2.3.6 Serum clinical biochemistry

All serum clinical biochemistry was measured by ViaPath laboratory at St Thomas’ Hospital,
London. Serum creatinine levels were obtained by using the creatininase enzymatic method on
a Roche C8000 analyser. Liver enzyme and lipid levels were also measured using a Roche Cobas
8000 analyser. Hs-CRP was measured using a DadeBehring BN2 analyser. Glycosylated
haemoglobin levels were measured from whole blood samples using a Menanarini Hb9210
analyser. All of the aforementioned assays were performed by Viapath staff at St Thomas’

Hospital.

2.3.7 Enzyme-linked immunosorbent assays

Enzyme-linked immunosorbent assays (ELISAs) were carried out to measure plasma levels of P-
selectin using commercially available kits (BEK1189, Biospes), as per manufacturer instructions
(inter-assay variability was found to be <5 %).

Briefly, 100 pul of either plasma samples or standards ranging from 0 — 2000 pg/ml were loaded
in duplicate onto a 96-well plate coated with anti-P-selectin polyclonal antibody. The plate was
incubated for 90 minutes at 37 2C. The liquid was then removed from the wells and 100 pl biotin-
conjugated anti-human P-selectin antibody was added to the wells. The plate was incubated for
60 minutes at 37 2C and was then washed three times with wash buffer from the kit. 100 pl
avidin-biotin-peroxidase complex was added to each well and the plate was incubated for 30
minutes at 37 2C. The plate was washed five times and 100 ul 3,3',5,5'-tetramethylbenzidine
(TMB) was added to each well. The plate was incubated at 37 2C in the dark for 15-30 minutes,
until various shades of blue colouration could be detected within the standard wells. 100 ul stop
solution (typically sulphuric acid, at a concentration of around 0.16 M) was added to each well
to prevent the reaction from continuing, and the colour was observed to change from blue to
yellow. The plate was subsequently analysed using a microplate optical density reader at 450
nm wavelength. A standard curve was constructed by plotting the optical densities of the

standards against the corresponding known P-selectin concentrations; Figure 2.2. Plasma P-
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selectin concentrations in the different samples were read from the standard curve using the
respective optical density readings.

ELISA kits were also used to measure serum levels of CD16a (SEB278Hu; Cloud-Clone Corp.), and
CD16b (SEB271Hu; Cloud-Clone Corp.) using a similar technique to that stated above, with
variations based on manufacturer instructions. ELISA kits to measure IL-1B (MBS263843;
MyBioSource, USA), IL-6 (OKaa00012_96W; Aviva Systems Biology, USA), and TNF-a (GWV-
SKR0O66; GenWay Biotech Inc, USA) were used but the cytokine levels in this healthy volunteer
population were too low to be accurately detected, and thus a Luminex® ultrasensitive cytokine

multiplex assay was performed instead (see below).

= 2500

E

(=2

Z 2000

c

2

©

© 1500

c y =5157.6x- 474.18
@ R? =0.9985
Qo

€ 1000

o

o

c

= 500

Q

2

Q

? 0

o 0 0.1 0.2 0.3 0.4 0.5 0.6

Optical density - 450 nm

Figure 2.2: A representative standard curve from the P-selectin enzyme-linked
immunosorbent assay

The optical density reading (at 450 nm) was plotted against the P-selectin concentration to obtain a

standard curve, from which sample concentrations were extrapolated.
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2.3.8 Luminex assay

A magnetic Luminex® ultrasensitive cytokine multiplex assay (Life Technologies Corporation)
was performed to measure levels of IL-1B, IL-6 and TNF-a in serum. Manufacturer instructions
were followed.

Briefly, a custom-made antibody bead solution was vortexed for 30 seconds and then sonicated
for 30 seconds to prevent the beads from clumping. 25 ul of beads were added to each well in
a 96 —well plate; the plate was protected from light to prevent photobleaching. The wells were
washed twice with pre-prepared wash solution (using a handheld magnet underneath the plate
to keep the beads in place). 50 pl pre-prepared incubation buffer was added to all wells. Either
100 ul of diluted standards, or 50 ul of assay diluent followed by 50 pl of sample (diluted to 1:100
with pre-prepared assay diluent) was added to each well and the plate was incubated at room
temperature for 2 hours on an orbital shaker.

The liquid was removed and the plate was washed twice. 100 ul biotinylated detector antibody
was added to each well and the plate was incubated at room temperature for an hour on an
orbital shaker. The wells were washed twice and 100 pl streptavidin-R-phycoerythrin conjugate
was added to each well. The plate was incubated at room temperature for 30 minutes on an
orbital shaker. The wells were washed four times and the plate was subsequently read using a

Luminex® Flex Map 3D Analyser.

2.3.9 Sample size calculation

The sample size needed for the study was calculated in accordance with previously published
data that showed a standard deviation for CD16* monocytes and total monocytes within a
healthy population of 5 %, with a difference in means between pre and post-immunisation
values of 7.5 % 3. Using a minimum detectable difference in means between anti-platelet
treatments and placebo at the end of the study of 4 %, at power 0.9 and significance level 0.05,

this yielded a sample size of 15 per group.
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2.3.10 Statistical analysis

Statistical analyses were performed using SPSS (version 23) software. A Shapiro—Wilk normality
test was run for all variables measured in the study. The effect of treatments on monocyte
subtypes, inflammatory biomarkers (hs-CRP and cytokines), and platelet activation (soluble P-
selectin), which were all found not to be normally distributed, were compared using a non-
parametric analysis of co-variance (rank ANCOVA) with Bonferroni post hoc correction for
multiple comparison analysis, using baseline values as a covariate. Baseline vs. post-
immunisation comparison of the analysed variables was also analysed within each group by
Wilcoxon matched-pairs signed-rank test. Associations between variables were assessed by a
Spearman's correlation analysis. A p value <0.05 was taken as statistically significant. Data are
expressed as the mean + standard error of mean (SEM) or median and interquartile ranges (IQR)

for parametric and non-parametric variables, respectively.

2.4 Results

2.4.1 Anti-platelet drugs do not influence hs-CRP rise post-immunisation

General characteristics of the study population stratified across groups are shown in Table 2.1.
Influenza immunisation induced an acute inflammatory response as evidenced by an increase in
hs-CRP post-immunisation in all study groups; Figure 2.3. None of the anti-platelet drugs
modified the rise in hs-CRP in response to immunisation administration; Figure 2.3.

As above, IL-1B, IL-6, and TNF-q. levels were measured using a Luminex® assay. There were no
significant differences between post-immunisation and baseline levels of any of these pro-

inflammatory cytokines in any of the groups; Figure 2.4.
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Figure 2.3: High-sensitivity C-reactive protein levels

Panel A: absolute values of hs-CRP pre- and post-immunisation are shown for all groups. Panel B: the

percentage change from baseline in hs-CRP is shown for all groups.
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Figure 2.4: Cytokine levels pre- and post- immunisation
The absolute values for IL-1B (A), IL-6 (B), and TNF-a (C) at baseline and post-immunisation are shown.
Data are reported as median with IQR. Rank ANCOVA was used for between-group comparison and

identified no significant differences.

Hs-CRP (mg/L) IL-1B (pg/ml) 11-6 (pg/ml) TNF-a (pg/ml)
Pre Post Pre Post Pre Post Pre Post

Group 1 (aspirin 300) 0.40 0.70 70 62 0.37 0.53 0.50 1.58

(0.18-0.70) |(0.38-1.25) |(40-123) (45-130) (0.14-0.80) |(0.21-0.64) |(0.43-0.81) |(0.29-3.61)
Group 2 (aspirin 75) 0.51 1.05 71 66 0.50 1.12 0.77 0.69

(0.35-1.00) |(0.63-1.65) |(46-142) | (63-122) | (0.22-0.96) |(0.41-1.27) |(0.21-1.45) |(0.39-0.74)
Group 3 (clopidogrel) 0.58 0.65 95 79 0.87 1.06 0.47 0.41

(0.18-0.93) |(0.48-1.78) |(48-171) (61-102) (0.38-1.39) |(0.58-2.54) |(0.31-0.53) |(0.26-0.74)
Group 4 (ticagrelor) 0.63 0.73 42 43 1.14 0.50 0.25 0.10

(0.28-1.33) |(0.35-2. 58) | (30-63) (35-59) (0.14-2.54) |(0.29-1.86) |(0.14-0.67) |(0.10-0.57)
Group 5 (untreated) 0.45 1.15 65 48 0.85 0.63 0.62 1.10

(0. 38-0.65) |(0.77-1.87) |(39-115) (30-95) (0.43-1.43) |(0.47-1.59) |(0.54-0.72) |(0.57-1.82)

Table 2.2: Pre- and post-immunisation levels of hs-CRP and cytokines
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2.4.2 Expansion of intermediate CD14"€'CD16* monocytes in response to influenza
immunisation is attenuated by all anti-platelet treatments

The baseline monocyte phenotype was similar between groups, with a typical preponderance
of the ‘classical’ CD14"8"CD16~ subtype (median of 92.7 % of total monocytes) over the
‘intermediate’ CD14"¢"CD16* (4.2 %) and ‘non-classical’ CD14'°"CD16* (3.2 %) subpopulations in
all participants (Figures 2.5-2.6, Table 2.2). Whilst the total monocyte cell count remained stable
post-immunisation in the whole study population, differences emerged between groups as
regards the distribution of the different subsets. Results from the participants not treated with
any anti-platelet drugs showed a significant increase in both percentage (from a median of 3.7
to 7.8 %; p = 0.0002) and absolute number (from a median of 18.07 to 33.40 cells/uL; p = 0.0002)
of the CD14"8"CD16* subtype; and a concomitant reduction in both the percentage (from a
median of 91 to 86 %; p = 0004) and cell count (from a median of 443.90 to 399.00 cells/uL; p =
0.002) of classical CD14"8"CD16~ monocytes was noted. No change in the non-classical
CD14"“CD16* population was observed (Figures 2.5-2.6, Table 2.2).

All of the tested anti-platelet regimes abrogated the above changes in monocyte phenotype
induced by immunisation. Although no statistically significant differences were observed
between the treated groups, there was a trend towards aspirin 300 mg exerting a stronger effect
in limiting the expansion of CD14"&"CD16* count post-immunisation (median percentage change
from baseline was -12.6 in Group 1 vs. +67.3 in untreated; p = 0.0010). Attenuation in the
CD14"e"CD16" increase post-immunisation was also observed in Group 2 (aspirin 75) (median
percentage increase was 9.3; p = 0.0019 vs. untreated) and, although less pronounced, in Group
3 (clopidogrel) (median percentage increase was 10.8; p = 0.0024 vs. untreated) and Group 4
(ticagrelor) (median percentage increase was 16.0; p = 0.0027 vs. untreated). Typical monocyte

phenotype profiles are shown in Figure 2.7.
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Figure 2.5: Monocyte subset prevalence

Graphs A, B and C show the prevalence of each monocyte subset (expressed as percentage over total

monocytes) at baseline and post-immunisation in the different groups; A = CD14"&"CD16°, B=

CD14"e"CD16*, and C = CD14"°“CD16".
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Figure 2.6: Monocyte percentage change

The percentage change from baseline of CD14"8"CD16-, CD14"8"CD16*, and CD14'°*CD16* cell count in

each of the groups is reported in A, B, and C, respectively.
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Table 2.3: Monocyte subsets expressed in absolute cell numbers

CD14"ehCD16 count CD14"e"CD16'count CD14"°“CD16'count

(cells/pul) (cells/pul) (cells/pul)

Group 1 (aspirin 300)

Baseline 438.50(312.70-470.80) | 17.70(11.77 - 26.50) 13.32(8.70-18.84)
Day 2 post-vaccination 443.00 (313.30— 466.90) | 18.40 (15.85-29.60) | 13.33(11.46—17.90)
pvs Group 5 (untreated) 0.0009 0.0012 0.1720

Group 2 (aspirin 75)

Baseline 462.50 (442.80-472.10) | 22.70 (16.60 —30.93) 11.83 (8.50—15.46)
Day 2 post-vaccination 451.20 (443.60—460.00) | 28.28 (16.92 —29.34) 12.45 (10.61-17.05)
pvs Group 5 (untreated 0.0023 0.0021 0.0972

Group 3 (clopidogrel)

Baseline 370.80 (250.00—465.80) | 15.98 (12.59 —19.42) 11.17 (8.46—17.73)
Day 2 post-vaccination 359.00 (245.30—-456.50) | 20.39 (12.35-27.05) 13.68 (8.03-18.98)
pvs Group 5 (untreated 0.0020 0.0023 0.1990

Group 4 (ticagrelor)

Baseline 422.40 (397.80-465.90) | 17.90 (12.50 —25.40) 12.40(8.21-18.14)
Day 2 post-vaccination 413.50 (285.05-460.80) | 19.24 (13.00—27.85) 14.75 (10.31-18.78)
pvs Group 5 (untreated 0.0027 0.0035 0.3470

Group 5 (untreated)

Baseline 443.90(336.10-570.80) | 18.07 (12.15-29.14) 15.41(11.73-21.35)

Day 2 post-vaccination 399.00 (264.60—531.60) | 33.40(24.08 —53.61) 22.19(13.49-28.37)
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Figure 2.7: Typical monocyte phenotype profile

Comparison of the typical changes in monocyte phenotype profile in a subject who did not receive anti-

platelet therapy (top images) with one who did (bottom images), showing with an increase in

CD14"¢"CD16" monocytes and a reduction in CD14"8"CD16° monocytes post-immunisation in the

untreated subject.
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2.4.3 The rise in CD14"€"CD16* monocytes in response to immunisation is directly correlated
with CD16 expression

CD16 expression, specifically analysed within the CD14"&" population, was studied using the
nNMFI strategy. Group 5 (untreated) showed a significant rise in monocytic CD16 levels post-
immunisation (median percentage change from baseline was +20.92; p = 0.002 vs. baseline) that
was abolished by all anti-platelet drugs, with aspirin 300 mg daily appearing to be the most
efficacious of the treatments in this regard (median percentage increase from baseline in Group
1 was -2.1; p =0.006 vs. Group 5; in Groups 2, 3 and 4, it was +0.5, +2, and +1.5 respectively; p
=0.018,0.022, and 0.0021 respectively vs. untreated). Likewise, a strong direct correlation was
found between the increase from baseline of CD14"8"CD16* cell count and CD16 nMFI (r = 0.5;
p = 0.0005) (Figure 2.8). While attenuating the increase in CD14"8"CD16* cells, the anti-platelet
regimes counteracted the reduction in CD14"8"CD16~ monocytes observed in untreated
participants post-immunisation (Figure 2.9). The two monocyte subsets showed a strong inverse

correlation with each other (r = -0.8; p < 0.0001).
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Figure 2.8: CD14"e"CD16* cell count and CD16 normalised median fluorescence intensity

correlation
This graph shows the correlation between percentage change in CD14"&"CD16* cell count and CD16

nMFI.
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Figure 2.9: CD14"e"CD16* and CD14"¢"CD16" cell count correlation
This graph shows the correlation between percentage change in CD14"&"CD16* and CD14"&"CD16 cell

count.
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2.4.4 As monocytes acquire a CD14"&"CD16* phenotype, there is upregulation of
polymorphonuclear leucocyte cell surface expression of CD16

In addition to the observed upregulation of CD16 on circulating monocytes, in Group 5
(untreated) there was a rise in surface CD16 expression on PMNs in response to the influenza
immunisation. PMN nMFI increased from 203.50 + 17.93 to 332.50 *+ 54.90 (p = 0.0262). This
response was counteracted by all anti-platelet drugs, which in fact reduced the level of CD16
expression on PMNs; see Table 2.3 and Figure 2.10 A.

When the percentage change in PMN surface CD16 in Group 5 (untreated) was compared to the
four anti-platelet therapy groups using a multiple comparison analysis, it was found to be

significantly higher than each of the other groups; see Figure 2.10 A.

2.4.5 As monocytes acquire a CD14"€"CD16* phenotype, there is no change in soluble CD16a
but a reduction in soluble CD16b levels

As CD16 undergoes shedding, | measured levels of soluble CD16 in serum, using ELISA kits that
specifically detect either monocyte-derived CD16a or PMN-derived CD16b isoforms. Soluble
CD16a levels remained unchanged in all groups; Table 2.3 and Figure 2.10 B. Conversely, soluble
CD16b concentrations fell from 89.90 + 11.29 ng/ml to 55.93 + 7.259 ng/ml post-vaccination in
Group 5 (untreated; p = 0.0143). This response was counteracted with similar efficacy by all anti-

platelet drugs; see Table 2.3 and Figure 2.10 C.
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Figure 2.10: A comparison of CD16 levels between visits 1 and 2

Figure 2.10 shows a comparison of CD16 levels between visits 1 and 2, including PMN cell surface CD16
expression (A), measured as MFI with flow cytometry, as well as soluble CD16a (B) and CD16b (C) in
serum. A multiple comparison analysis is shown for graph A, where the mean of Group 5 (untreated) is

compared with the anti-platelet therapy groups.
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2.4.6 Modulation of P-selectin is linearly related to the change in monocyte phenotype

The level of P-selectin post-immunisation in Group 5 (untreated) increased by a median of +17.2
% (p = 0.039 vs. baseline) (Figure 2.11, Table 2.4). A significant decrease in P-selectin was
observed in participants on aspirin 300 mg (median percentage change from baseline was -30.7
% in Group 1; p = 0.003 vs. baseline and p = 0.007 vs. untreated) and aspirin 75 mg (-34.7 % in
Group 2; p =0.011 vs. baseline and p = 0.002 vs. untreated).

Treatment with clopidogrel led to a median change from baseline of P-selectin of 3.3 % (p =
0.463 vs. baseline and p = 0.388 vs. untreated). Conversely, there was a significant rise in P-
selectin of 16.71 % (p = 0.0335 vs. baseline and p > 0.9999 vs. untreated) among participants
taking ticagrelor, producing similar results to those in Group 5 (untreated). In a combined
Spearman’s correlation analysis incorporating all study variables, monocyte phenotype changes
correlated only with changes in P-selectin. Indeed, the increase in P-selectin values was directly
correlated with an increase in CD14"¢"CD16" cell count (r = 0.5; p = 0.0003) and a reduction in
CD14"e"CD16™ absolute number (r = -0.4; p = 0.001) (Figure 2.12). No relationships emerged
between P-selectin and any of the other variables analysed in the study population, including
baseline characteristics of the participants, serum biochemistry and haematology results and

cytokine levels.
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Figure 2.11: Post-immunisation change in P-selectin levels for each group
Figure 2.11 shows the percentage change from baseline of P-selectin in each group. The percentage

changes of P-selectin in Groups 1-4 were compared with that of Group 5 (untreated).
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Figure 2.12: Modulation of P-selectin correlates with change in monocyte phenotype
Figure 2.12 shows the correlation between change in P-selectin and change in classical CD14"8"CD16

and intermediate CD14"8"CD16* monocyte cell count, respectively.
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2.5 Discussion

Atheroma development in humans is accompanied by systemic immunological abnormalities
that share homologies with autoimmune diseases 2. In the pathophysiology of atherosclerosis,
the key contributing factors can be grouped into three main phases: (i) accumulation within the
artery and in blood of immunogenic self-proteins, i.e. oxLDL derived from exposure to
cardiovascular risk factors; (ii) consequent activation of innate immune mediators (primarily
myeloid cells, but recent findings also point towards platelets playing a crucial role) through
engagement of pattern recognition receptors; and (iii) a subsequent adaptive immunological
response involving T and B cells 231,

In this context, influenza immunisation provides a valuable experimental model to study the
dynamics of monocyte phenotype in response to an immunogenic stimulus. In keeping with a
previous study by this group 3!, the current data confirm that immunisation generates a
reduction in the proportion of ‘classical’ CD14"€"CD16" monocytes, which mirrors the increase
in the ‘intermediate’ CD14"8"CD16* subset, in peripheral blood samples from participants not
receiving anti-platelet therapy. This shift in the profile of circulating monocytes towards a CD16*
phenotype mimics the inflammatory response that is characteristically seen in patients with

atherosclerosis 22 188 189 224-227

. Whether this shift in monocyte phenotype has functional
implications as regards disease progression remains unclear.

It is worth mentioning, however, that CD16 is an important signalling molecule with a key role
in the innate response to immunogenic stimuli, in light of its demonstrated involvement in the
phagocytosis of IgG-opsonised external particles by myeloid cell types that subsequently
stimulates the adaptive immune system ° 232, Of note, polymorphism of CD16a, which is
specifically expressed on monocytes, has been reported to influence susceptibility to, as well as
severity of, CAD 2°. Indeed, CD16a genetic variants exhibit distinct affinities for IgG molecules,
with consequent effects on the efficiency of clearance of circulating immunogenic / pro-

atherogenic factors that would otherwise accumulate within the arterial wall to perpetuate

inflammation . On this background, an increase in circulating CD14"8"CD16* monocytes might
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be regarded as a protective anti-atherogenic mechanism. On the other hand, ‘intermediate’
monocytes are known to more easily infiltrate the arterial wall compared with ‘classical’
CD14"e"CD16" cells thus suggesting a detrimental effect 31. However, in order to test the pro-
atherogenic relevance of ‘intermediate’ monocytes in human disease, interventional clinical
trials would need to be conducted to establish whether therapeutic modulation of circulating
monocyte profile impacts on plaque progression. To our knowledge, no such studies have been
conducted to date.

The biomolecular mechanisms underlying CD16 up-regulation on circulating monocytes have yet
to be established. In the current study we found that induction of CD16 also occurs on PMNs
post-immunisation in untreated participants, although the level of soluble CD16b, which is the
isoform specifically produced by PMNs %%, decreased in the peripheral blood. This raises the
possibility that expansion of the intermediate monocytic subset may be due to increased fixation
of soluble CD16b (derived from PMNSs) on the extracellular surface of circulating monocytes,
rather than endogenous production of the CD16a isoform. Indeed, monocytes are known to
absorb soluble CD16b on their extracellular membrane through engagement of CD11b/CD18
and CD11c/CD18 molecules 2. Further work is required to characterise the mechanisms
underlying CD16 upregulation in myeloid cells and to ascertain the functional consequences of
this event in terms of monocyte biology.

The present data are the first to show a therapeutic modulation of the phenotype of circulating
monocytes induced by therapies conventionally used in primary and secondary prevention of
cardiovascular disease, whose potential effect on plaque progression would therefore merit
consideration in future clinical trials. In our study, all the tested anti-platelet regimes, namely
the COX-inhibitor aspirin, used at high (300 mg) and low (75 mg) doses, and the P2Y, antagonists
clopidogrel and ticagrelor, were able to attenuate the expansion of ‘intermediate’ monocytes in
the peripheral blood following immunisation. However, there appeared to be differences in
efficacy between these treatments with respect to modulation of the phenotype of circulating

monocytes that was found to be linearly correlated with their effectiveness in reducing soluble

87



P-selectin. We have previously shown that expression of P-selectin on activated platelets, and
the consequent formation of MPA, is a key event in the acquisition of CD16 positivity by
circulating monocytes 3. In this current study, | did not perform MPA measurement due to
logistical limitations. While the monocytic phenotype remains stable in blood collected in EDTA

tubes for up to 4 hours post-venepuncture 23

, immediate blood processing is required for a
reliable assessment of MPA in citrated plasma in order to avoid artefactual in vitro platelet
activation %2, In this study, plasma separation could be performed soon after blood sampling,
while the staining for flow cytometric assays was delayed by 30 min following venepuncture.
Hence, soluble P-selectin was chosen as a platelet marker to provide a more reliable evaluation
of platelet activity and an indirect measure of monocyte—platelet interaction, particularly in light
of prior in vitro work conducted by our group that showed a significant rise in soluble P-selectin
during MPA formation 3! and recent clinical evidence describing a significant contribution of P-
selectin to MPA formation in vivo 2%,

The different effects observed between treatments on the level of P-selectin, particularly
between the two aspirin groups and the P2Y1; inhibitors, might be attributed to either a different
pharmacological target, i.e. COX-inhibition vs. P2Y1; antagonism, or different pharmacokinetics.
Indeed, aspirin achieves a dose-dependent maximum platelet inhibition within 2 hours post-
dose while clopidogrel requires 5 hours to reach a level of platelet inhibition of 60 % following a
loading dose of 300 mg 8. These differences might have played a critical role particularly in a
short-term study such as this. As regards to the two different aspirin groups, the slight apparent
superiority of the 300 mg dose might be ascribed to dose-dependent inhibition of COX-activity
with a consequent anti-inflammatory action greater than with low doses of aspirin (75 mg) %°.
However, aspirin 300 mg did not modify the inflammatory biomarkers measured in this study,
consistent with published evidence demonstrating a clinically relevant anti-inflammatory effect
of aspirin only occurring at doses of 1 g or greater 2%,

In the large randomised-controlled PLATO trial, ticagrelor was found to be more effective than

clopidogrel in reducing the incidence of cardiovascular events and all-cause mortality 122 2%,
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Although ticagrelor binds reversibly to the P2Y1, receptor and has a plasma half-life of only
around 7 hours, it has previously been proven to be highly effective at inhibiting platelet
activation 2%, In our study, however, administration of ticagrelor did not achieve effective
suppression of P-selectin, and indeed led to similar post-immunisation levels as in the untreated
participants. The lack of efficacy of ticagrelor here may be related to the fact that we did not
administer a loading dose (typically one dose of 180 mg, followed by maintenance 90 mg doses
every 12 hours) in order to avoid further complicating the dosing regimen for this group, who
already had a relatively high pill burden compared to the other groups. In retrospect, this may
be responsible for the comparatively poor P-selectin inhibition observed in participants within
this group, as it is likely that the 90 mg ticagrelor dose resulted in a slower onset of action and
reduced inhibition of platelet activation stimulated by ADP compared with the loading 300 mg
dose of clopidogrel.

Overall, this evidence points towards platelet activity as the main determinant of monocyte
phenotype shift in these results; this is particularly supported by the direct relationship found
between amplitude of P-selectin reduction and change in monocyte phenotype in response to
anti-platelet therapy. Similarity between the two groups of aspirin appears of particular
relevance in light of the fact that aspirin 75 mg daily is the dose currently recommended for
cardiovascular prevention, and no superior antithrombotic efficacy has been reported for aspirin
300 mg daily 240-2%5,

The lack of activity of anti-platelet therapy on the non-specific marker of inflammation, hs-CRP,
suggests a targeted immunomodulatory action. Regarding production of pro-inflammatory
cytokines, the phenotype of circulating monocytes did not influence the levels of TNFa, IL-18,
and IL-6 in our study participants, at least when measured 48 hours post-immunisation. There
were no significant differences between their baseline and post-immunisation values in any of
the groups. This is consistent with previously published reports showing an increase in hs-CRP
in healthy subjects 2 days post-influenza immunisation that can be partly ascribed to an early

rise in IL-6, but not TNF-a, 1 day post-immunisation #6247, We cannot therefore exclude a change
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in levels of inflammatory cytokines among groups at time points other than those analysed in
the current study, particularly as a rise in IL-6 would be expected to precede the hs-CRP
elevation. Due to logistical difficulties that resulted in a delay of up to 3 hours between taking
blood samples and obtaining serum from these, levels of cytokines, and indeed P-selectin, may
have been affected. Also, the effect of treatment on monocyte distribution was not analysed
beyond 48 hours post-immunisation; thus, the total duration of this effect remains to be

established.

2.6: Conclusion

| have demonstrated in this proof-of-concept study that anti-platelet therapy can attenuate the
development of a CD16* profile by circulating monocytes under pro-inflammatory conditions.
Modulation of P-selectin levels seems to be a principal factor in determining the extent of this
pharmacological action on monocytes, possibly linked to an interference in MPA formation;
however, this remains to be confirmed. Further work is needed to better understand the
underlying biomolecular mechanisms. A limitation of this study was the lack of inclusion of
additional platelet biomarkers and functional assays, since these may have highlighted
modulatory actions of anti-platelet drugs on specific platelet-dependent pathways. Further
research is also needed to clarify whether the effects observed here with anti-platelet therapy

translate to clinically useful therapeutic effects on atherosclerosis progression.
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CHAPTER THREE:

NETRIN-1 — A POTENTIAL CARDIOVASCULAR

TARGET
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3.1 Introduction

Netrins are a class of laminin-like proteins, which were initially isolated within the central
nervous system and identified as regulators of embryonic axonal guidance. Netrin-1, by far the
best-characterised member of the group, has subsequently been found to have a wide spectrum
of regulatory roles in numerous pathological conditions, given its broad expression in
inflammatory, vascular and tumour cell types and ability to control their survival, apoptosis and
migration. Netrin-1 has become particularly relevant within the field of oncology, where it has

248 249' and

been shown to be of both diagnostic and prognostic value in many cancer subtypes
there is much interest in the development of therapeutic antibodies that interfere with netrin-
1-dependent pathways as a potential novel chemotherapeutic approach #°. Netrin-1 is also
emerging as a therapeutic target in cardiovascular disease 22, having been shown in pre-clinical

209

studies to modulate atherogenesis via the control of arterial inflammation “°°, as well as exerting

cardio- and renoprotective actions %' 22

, and in this context, enhancing netrin-1 signalling may
be desirable.

To date, there has been limited characterisation of the in vivo pathways that regulate netrin-1
expression in humans, limiting the development of targeted therapeutic strategies to achieve
either a stimulatory or an inhibitory effect on the synthesis of this important molecule in the
clinical setting.

In vitro experiments in tumour cells have demonstrated that netrin-1 transcription is controlled
by the NF-xB and that NF-kB-induced netrin-1 overexpression enhances cell survival 2%,
Subsequently, the existence of two distinct isoforms of netrin-1 has been reported, namely a
nuclear truncated protein that promotes cell survival and a full-length isoform that undergoes
secretion and induces proliferation 23

Previous work on the vascular endothelium by our group has shown that NF-kB activation solely
enhances expression of the nuclear isoform of netrin-1. On the contrary, pro-atherogenic

vascular damage reduces the secretion of the endothelial-derived full-length isoform of netrin-

1 that protects against arterial inflammation by repelling myeloid cells and their plaque
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infiltration 2%. Administration of aspirin in a murine model of atherosclerosis counteracted the
downregulation of secreted netrin-1 leading to a beneficial action in terms of plaque lipid
content reduction. These experimental findings preceded the recently published clinical
evidence showing reduced plasma levels of netrin-1 in patients with type 2 diabetes mellitus,
thus suggesting that systemic pro-atherogenic inflammation downregulates circulating netrin-1
in patients with cardiovascular disease, possibly via a detrimental effect on the vascular
endothelium 23,

In the current study, | investigated the effect of systemic inflammation on the circulating level
of netrin-1 in relation to vascular function, and explored the therapeutic potential of aspirin in

modulating netrin-1 in vivo in healthy subjects.

3.2 Hypothesis and aim

It has previously been demonstrated in animal models that aspirin preserves the synthesis of
endothelial-derived netrin-1 under pro-inflammatory / pro-atherogenic conditions, thus
reducing arterial inflammation. | explored the effect of aspirin on circulating netrin-1 levels in
healthy volunteers and in the presence of endothelial dysfunction to test the hypothesis that

anti-platelet therapy modulates netrin-1 levels in the presence of systemic inflammation.

3.3 Methods

3.3.1 Participant recruitment

This was a post hoc study conducted on samples from 76 healthy volunteers previously recruited
at Guy’s and St Thomas’ NHS Foundation Trust who underwent two separate clinical studies,
and for whom serum samples were still available. All participants were aged 18 years or older
(median: 31 years; IQR 25 - 38), had no significant past medical history, were not taking regular
medications (aside from the combined oral contraceptive pill), and had not taken anti-platelet

or anti-inflammatory drugs in addition to the study medications described below.

93



Cohort One comprised 36 participants from the clinical study described in Chapter Two of this
thesis, wherein influenza immunisation was used as an experimental model of mild
inflammation to evaluate the effect of different anti-platelet regimes on a number of
inflammatory biomarkers, including cytokines, monocyte phenotype, and hs-CRP ¥, Serum
samples were collected before and 48 hours after receiving the seasonal influenza vaccine, and

in the presence of one of the following treatment regimens:

Group 1 aspirin 300 mg once daily (n =9)

Group 2: aspirin 75 mg once daily (n =9)

Group 3: clopidogrel with an initial loading dose of 300 mg followed by a further dose of 75 mg
24 hours later (n=9)

Group 4: untreated participants (n = 9; serving as controls)

We did not include data from participants who had been treated with ticagrelor in the original
study, due to relatively poor platelet inhibition with this anti-platelet agent, which was
demonstrated by an inability to suppress P-selectin levels in response to inflammation (see
Chapter Two).

Cohort Two comprised a separate group of 40 healthy volunteers. Participants were previously
recruited into a clinical study which set out to identify novel biomarkers of aspirin resistance
following 28 days of treatment with aspirin 300 mg once daily 2**. Table 3.1 shows the pooled
baseline characteristics of all participants from Cohorts One and Two.

The clinical studies into which the participants were recruited had been reviewed and given
favourable opinion by the NRES London—Dulwich Research Ethics Committee (ref. number
13/L0/1664; South London network study identification number 16644) and the Riverside
Research Ethics Committee, London, UK (ref. number 07/Q0401/1) and registered on the UK
Clinical Research Network Portfolio. All participants gave informed consent. The studies were

performed conforming to the Declaration of Helsinki.
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3.3.2 Collection of serum

For Cohort One participants, 12 ml serum was collected using methods described in Chapter
Two. For Cohort Two participants, 7 ml whole blood was collected into a tube containing a serum
gel separator and 10 pg/ml indomethacin was added to the tubes to inhibit further activity of
the COX enzymes. The whole blood collection and preparation for Cohort Two subjects was
performed by Dr Timothy Goodman, whilst | collected and prepared all whole blood samples for

Cohort One.

3.3.3 Enzyme-linked immunosorbent assays

ELISAs were carried out to measure serum and urine levels of netrin-1 using commercially
available kits (SEB827Hu, Cloud-Clone Corp.), as per manufacturer instructions (inter-assay
variability was found to be <5 %).

Briefly, 100 pl netrin-1 standards (0 - 2000 pg/ml) and neat serum or urine samples were added
in duplicate to a 96-multi-well plate pre-coated with an antibody specific to netrin-1. Following
incubation for 2 hours at 37 2C, 100 pl biotin-conjugated polyclonal antibody specific for netrin-
1 was added to each well and the plate was incubated for 1 hour at 37 2C. The plates were
washed and subsequently incubated with 100 pl avidin conjugated to horseradish peroxidase
for 30 minutes. The plates were washed again and 90 ul TMB substrate was added to the wells.
After 10 minutes, 50 pl 0.16 M sulphuric acid was added to the wells to stop further colour
change. The plates were analysed using a microplate optical density reader at 450 nm
wavelength. A standard curve was constructed by plotting the optical densities of the standards
against the corresponding known netrin-1 concentrations. Serum netrin-1 concentrations in the
different samples were read from the standard curve on the basis of their optical density
readings; Figure 3.1.

ELISA kits were also used to measure serum levels of PGE; (ID: MBS007171, MyBioSource, Inc.,
USA), TXB, (ID: CSB-E08046h, Cusabio, China), pepsinogen | (ID: CSB-E17538h; Cusabio, China),

renin (ID: E-EL-H0119, Elabscience), VCAM-1 (ID: DVCO00, R&D Systems, UK), ICAM-1 (ID:
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850.540.096, Diaclone, France), myeloperoxidase (MPO; ID: BMS2038INST; eBioscience,
Austria), and E-selectin (ID: CSB-E04540h, Cusabio, China), in addition to urinary levels of
cysteinyl leukotriene (ID: 10009291; Cayman Chemical Company, USA) using a similar technique
to that stated above, with variations based on manufacturer instructions. Urinary TXB; levels
were measured for Cohort 2 participants by Dr Tim Goodman, using a commercially available kit

(ID: 501020; Caymen Chemical Company, USA).
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Figure 3.1: A representative standard curve from the netrin-1 enzyme-linked immunosorbent
assay

The optical density reading (at 450 nm) was plotted against the netrin-1 concentration to obtain a

standard curve, from which sample concentrations were inferred.

3.3.4 Serum biochemistry
Methods for measuring serum renal profiles and lipid levels were described in Chapter Two of

this thesis. Hs-CRP was measured by Quintiles Drug Research Unit laboratories, London.

3.3.5 Measurement of serum salicylate levels
Serum salicylate levels were measured by Dr Timothy Goodman and Professor Anthony
Wierzbicki using a Roche Cobas Fara automated analyser at St Thomas’ Hospital, London. 5 pl of

calibrator, control, blank (double-distilled water) or sample was added to a cuvette. Next 75 pl
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nicotinamide adenine dinucleotide reagent was added to each sample or blank. The reaction
was then activated through the addition of 150 pl salicylate hydroxylase and the absorbance at

340 nm of each reaction mixture was measured.

3.3.6 Calculation of creatinine clearance
The Cockcroft-Gault equation, ((140 — age in years) x (weight in kg) x (0.85 if female)) / (72 x

creatinine in umol/l) was used to calculate creatinine clearance.

3.3.7 Western blotting

Western blotting of serum samples was performed with both rat anti-netrin-1 and goat anti-
netrin-1 primary antibodies as previously described 2%, Prior to use, serum was treated, as per
previously reported methodology %, for lipid, 1gG and albumin depletion. Briefly, samples were
centrifuged for 15 minutes at 15000 x g at room temperature to remove the lipid component;
IgG depletion was subsequently performed on the delipidated serum with a Protein G Sepharose
bead suspension (10278424, GE Healthcare Ltd, UK), and was followed by centrifugation in cold
ethanol to remove the albumin-rich serum fraction 2°.

Proteins were subsequently re-suspended in radioimmunoprecipitation assay buffer and their
concentration measured by bicinchoninic acid assay; section 3.3.8. 10 mcg of each protein
sample was separated on a SDS-PAGE gel (10 % acrylamide), and transferred to a polyvinylidene
difluoride membrane. After 1 hour blocking in phosphate buffer saline containing 5 % milk / 0.1
% Tween-20, the membranes were probed with either rat anti-netrin-1 or goat anti-netrin-1
antibodies (both 1:100 in blocking solution; R&D System), for 2 hours at room temperature. After
washing, membranes were incubated with goat anti-rat or donkey anti-goat secondary
antibodies as appropriate (1:2000; Cell Signalling, UK). Bands were detected with enhanced

chemiluminescence reagent on Hyperfilm (Amersham Biosciences, UK).
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3.3.8 Bicinchoninic acid protein assay

BSA standards were prepared from 2 mg/ml solution (ID: 500-0206, Bio-Rad) as follows:

BSA mg/ml 00 (01 (03 |06 |09 |12 |15 |18 |20

Volume of 2 mg/ml stock (ul) 0 25 |75 | 150 | 225 | 300 | 375 | 450 | 400

Volume of RIPA buffer 500 | 475 | 425 | 350 | 275 | 200 | 125 |50 | O

10 pl of either standards or serum samples were added to each well of a 96-well plate.
Bicinchoninic acid working solution was prepared by combining Reagent A (sodium carbonate,
sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide) and
Reagent B (4 % cupric sulphate) in a 50:1 ratio (reagents from Thermo Scientific), and 200 pl of
this was pipetted into each well. The plate was incubated for 30 minutes at 37 2C and then
analysed using a microplate optical density reader at 490 nm wavelength. A standard curve was

constructed and the protein concentrations from the serum samples were calculated using this.

3.3.9 Whole blood flow cytometry

Whole blood was immunostained using the technique described in Chapter 2, with a peridinin-
chlorophyll-protein complex-cyanine 5 (PerCP-Cy5) goat anti-rat netrin 1 antibody (2BScientific,
UK), in addition to the aforementioned PE-mouse anti-human CD14 and FITC-conjugated anti-
human CD16 antibodies.

The samples were analysed using a BD FACSCalibur (BD Bioscience) flow cytometer to determine
monocyte subset distribution. A total of 100,000 events were acquired and post-acquisition
analysis was performed using FlowJo (version 10) software. Monocytes were identified on an
FSC versus SSC plot and gated to distinguish the different subsets of monocytes based on CD14
and CD16 surface expression, and to identify whether netrin-1 was expressed on the monocytic

cell surface.
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3.3.10 Measurement of netrin-1 levels in vitro

Human umbilical vein endothelial cells (HUVEC) were isolated by Dr Virginia Tajadura-Ortega
from umbilical cords donated by healthy mothers following uncomplicated deliveries using
previously described methods 2. HUVEC were incubated with PGE, (ID: 14010; Caymen
Chemical Company, USA) re-suspended in dimethyl sulfoxide (DMSO) at concentrations of 10
nm and 100 nm for 4 hours and for 24 hours by Dr Virginia Tajadura-Ortega. HUVEC incubated
with equivalent volumes of DMSO were used as control experiments. | subsequently measured
netrin-1 levels in the cell supernatant from these experiments using an ELISA kit, as described in

Section 3.3.3.

3.3.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 6.0) software. Parametric
data are expressed as the mean + SEM, whilst non-parametric data are expressed as the median
with IQR. ANOVA was used to compare percentage variation of each study variable between the
4 treatment groups in the influenza immunisation study. Baseline and post-treatment values
were compared within each group using a paired parametric or non-parametric test as
appropriate. Netrin-1 correlation with the other study variables was analysed by Spearman
correlation test (since netrin-1 was not normally distributed). A p value of <0.05 was taken as

statistically significant.

3.4 Results

3.4.1 Circulating levels of netrin-1 are reduced in the presence of endothelial dysfunction
Influenza immunisation was previously reported to induce vascular dysfunction in healthy
volunteers 2732, In accordance with these data, our study showed an increase in the serum level
of VCAM-1, which rose from a baseline level of 493.70 + 44.34 ng/ml to 542.30 + 49.60 ng/ml
post-immunisation in participants not treated with anti-platelet medication (Group 4; p =0.0022

vs baseline); Figure 3.2. Levels of PGE,, which is known to have a protective effect on the vascular
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endothelium under steady state conditions 2>7-2%°, fell from 320.90 + 55.04 pg/ml to 189.50 *
30.37 pg/ml in the same group of participants (p = 0.0199 vs baseline); Figures 3.3 — 3.4.
Similarly, there was a significant reduction of 29.25 % in the circulating level of netrin-1, from
311.90 (IQR 248.00 — 316.30) pg/ml to 220.20 (IQR 202.20 — 287.70) pg/ml at baseline and post-
immunisation respectively, p = 0.0017; Figures 3.3 —3.4.

All anti-platelet treatment regimens suppressed this rise in VCAM-1, with the highest degree of
suppression observed in those taking the daily 300 mg dose of aspirin, although there were no
statistically significant differences in efficacy between the treatment groups (Figure 3.2). The
reduction in PGE; levels post-immunisation was attenuated by aspirin treatment, whilst in the
clopidogrel-treated group a tendency towards an increase in PGE, was observed. The changes
in netrin-1 in response to immunisation followed the same pattern as the PGE; changes in all
three treatment arms. An increase in the level of netrin-1 reaching statistical significance was
observed in the clopidogrel group (20.96 % change from baseline; p = 0.0033 vs untreated),
whilst aspirin counteracted the suppression of netrin-1 post-immunisation in what appeared to
be a dose-dependent manner (% change from baseline in Group 1 and Group 2 were -3.06 and
-17.03 respectively; p = 0.0465 and p>0.05 vs untreated; Figure 3.3)

Levels of TXB,, a marker of platelet activation and aggregation, fell significantly from 3416.0 +
285.7 ng/ml at baseline to 3130.0 + 244.0 ng/ml post-immunisation in the group receiving
aspirin 300 mg daily (p = 0.0296). There was an apparent reduction in TXB; also in those
participants on aspirin 75 mg daily, however this did not reach statistical significance (p =
0.2103). Post-immunisation TXB; levels remained stable in the participants not treated with anti-
platelet agents and in those taking clopidogrel; Figure 3.5. Of note, these TXB, measurements
were higher than previously reported TXB; levels in healthy volunteers (16785341, 22098110),

possibly due to a manufacturing issue with the standards used for the ELISA.
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Figure 3.2: Percentage change in vascular cell adhesion protein 1-1 post-immunisation

Graph to show the percentage change in VCAM-1 levels across groups.
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Panels A and B show the percentage change in PGE: and netrin-1 levels respectively across groups. P

values are stated when the difference between pre- vs post-immunisation data is significant.
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Figure 3.4: Prostaglandin E; and netrin-1 absolute values pre- and post-immunisation

Panels A and B show the absolute values of PGE: and netrin-1 levels respectively pre- and post-

immunisation.
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Figure 3.5: Percentage change in thromboxane B, post-immunisation

Graph to show the percentage change in TXB: levels across groups.

3.4.2 Netrin-1 levels are directly related to prostaglandin E, production

In a multiple regression analysis of the correlation between netrin-1 levels and all other study
parameters, including TXB, and PGE,, as well as the previously measured hs-CRP, cytokines, P-
selectin levels and monocyte cell subset count, | found that changes in netrin-1 levels in response
to immunisation were linearly and directly related with changes in PGE, concentration only
(r=0.6103; p=0.0002; Figure 3.6). No additional significant findings emerged.

In order to further delineate the regulatory relationship between PGE; and netrin-1 synthesis, |
measured netrin-1 levels in Cohort Two — healthy volunteers following once daily treatment with
300 mg aspirin, which is known to exert an inhibitory action on both COX isoforms when used

at this dose, for 28 days. Drug treatment in this cohort, as expected, led to a significant reduction
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in both TXB, and PGE; levels (Figure 3.7). This latter fell from 331.9 + 69.04 pg/ml at baseline to
89.99 +34.29 pg/ml post-aspirin therapy (p = 0.0114).

There was a mild but consistent reduction in serum netrin-1 from a baseline level of 303.9 (IQR:
218.4 — 386.0) pg/ml to 246.9 (IQR: 193.2 — 316.2) pg/ml post-aspirin therapy in all study
participants (p = 0.0012), Fig 3.8. When combining baseline and post-treatment values of all
study variables, a strong positive correlation was found between netrin-1 and PGE; levels (r =
0.3584; p = 0.0015) only; Figure 3.9. The percentage change in netrin-1 was found to be
negatively correlated with serum salicylate levels (r = -0.5370; p = 0.0100), indicating that the
reduction in netrin-1 was causally related to aspirin therapy; Figure 3.10. Of note, there was a
wide variation in salicylate levels between participants, likely representing poor adherence with

aspirin therapy in some individuals.
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Figure 3.6: Correlation between percentage change in prostaglandin E; and netrin-1 levels

post-immunisation

There was a positive correlation between the percentage change in netrin-1 and PGE: levels
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Figure 3.7: Thromboxane B, and prostaglandin E; levels pre- and post-aspirin

Graphs showing the reduction in both TXB:z (A) and PGE: (B) following 28 days of treatment with aspirin

300 mg once daily.
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Figure 3.8: Serum netrin-1 levels pre- and post-aspirin

Graph showing the reduction netrin-1 levels following 28 days of treatment with aspirin 300 mg once

daily.
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Figure 3.9: Correlation between netrin-1 and prostaglandin E; levels

There was a positive correlation between netrin-1 and PGE: levels.
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Figure 3.10: Correlation between percentage change in netrin-1 levels post-immunisation and
serum salicylate levels

The reduction in netrin-1 was associated with increased serum salicylate levels.

3.4.3 Aspirin-induced inflammatory changes are not responsible for the observed reduction in
netrin-1 levels

Serum VCAM-1 remained unchanged from baseline levels of 527.32 + 15.46 ng/ml to 519.10 +
15.76 ng/ml post-aspirin. ICAM-1 and E-selectin were also unmodified, indicating that there was
no change in the inflammatory status of the endothelium in response to aspirin administration;
Figure 3.8. Levels of hs-CRP were also not modified; Figure 3.11.

Leukotrienes are members of the eicosanoid family that are produced at the sites of
inflammation by numerous cells, including monocytes, as a result of AA metabolism 2!, We
measured urinary cysteinyl leukotriene levels in Cohort Two participants, as a mediator of the
inflammatory response. Levels were unchanged post-aspirin treatment (baseline 1081.0 + 110.1
pg/mlto 984.1 +76.35 pg/ml post-aspirin; p = 0.3645), again confirming the lack of inflammatory

response to aspirin therapy in these healthy subjects; Figure 3.12.
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In view of the role that netrin-1 plays in monocyte trafficking and the pathophysiology of
atherosclerosis, | measured MPO levels in Cohort Two participants pre- and post-aspirin therapy.
MPO is a peroxidase enzyme that is found in the azurophilic granules of neutrophils and the
lysosomes of monocytes, and plays a key role in their microbicidal activity. The enzyme may
additionally mediate atherogenesis, via the oxidation of lipoproteins, and has been suggested
to potentially represent a biomarker of coronary artery disease 2%?, as well as inflammation. |
identified no statistically significant change in MPO levels after 28 days of aspirin therapy
(baseline 1739 (IQR: 1099 — 2715) pg/ml to 870 (IQR: 530 — 2910) pg/ml post-treatment; p =
0.4105); Figure 3.13.

Lastly, as long term use of non-steroidal anti-inflammatory drugs, including aspirin, reduces
prostaglandin synthesis, which is a key component in gastric mucosal defence, | wished to
reasonably exclude gastric inflammation as a potential cause for the fall in netrin-1. | measured
serum pepsinogen | levels, as a marker of gastritis that has been shown to rise following NSAID-

263 and found no significant change from pre- to post-aspirin (baseline 302.5

induced gastritis
(IQR: 271.7 — 477.4) ng/ml to 325.6 (IQR: 260.4 — 413.7) ng/ml post-treatment; p = 0.6737);

Figure 3.14.
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Figure 3.11: Change in markers of endothelial dysfunction and inflammation
There was no change in markers of endothelial dysfunction, VCAM-1 (A), ICAM-(B), or E-selectin (C). Hs-

CRP levels remained unchanged post treatment (D).
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Figure 3.12: Cysteinyl leukotriene levels pre- and post-aspirin

There was no significant change in cysteinyl leukotriene levels following 28 days of aspirin 300 mg once

daily.
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Figure 3.13: Myeloperoxidase levels pre- and post-aspirin

There was no significant change in myeloperoxidase levels following 28 days of aspirin 300 mg once

daily.
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Figure 3.14: Pepsinogen | levels pre- and post-aspirin

There was no significant change in pepsinogen | levels following 28 days of aspirin 300 mg once daily.

3.4.4 The reduction in netrin-1 is not related to renal function

In view of numerous reports of circulating netrin-1 levels falling in response to renal impairment
214264-266 in addition to a previous study showing that long-term use of 300 mg aspirin daily leads
to a reduction in creatinine clearance in healthy young adults 2%7, | assessed for potential changes
in renal function from pre- to post-aspirin treatment in Cohort Two participants that may have
contributed to the observed reduction in serum netrin-1 levels.

There were no significant changes in creatinine levels (baseline 73.22 + 1.36 pmol/l to 72.88 +
1.40 umol/I post aspirin), creatinine clearance (baseline 114.10 + 3.26 ml/min to 113.69 * 3.47
ml/min), or estimated glomerular filtration rate (baseline 95.57 (IQR: 86.80 — 107.00)
ml/min/1.73 m?to 96.16 (IQR: 85.54 — 110.00) ml/min/1.73 m?). There was also no correlation
between netrin-1 levels and any of these measures of renal function.

Murine ischaemia-reperfusion injury models have shown that down-regulation of circulating
netrin-1 occurs concomitantly with its up-regulation in tubular cells, leading to increased urinary

219268

netrin-1 secretion and urinary netrin-1 levels are known to be directly correlated with renal

function and indeed function as a biomarker for renal injury in humans 2%, | measured netrin-1
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levels in the urine of Cohort Two participants and initially identified a reduction in urinary netrin-
1 levels post-aspirin therapy. When these values were normalised for urinary creatinine,
however, there was no significant change; Graph 3.12. There was also no correlation between

serum and urinary netrin-1 levels.

Urinary netrin-1

Netrin-1 (pg/ml)

Pre-aspirin Post-aspirin

Figure 3.15: Urinary netrin-1 levels pre- and post-aspirin (normalised for urinary creatinine)

There were no significant changes in urinary netrin-1 levels post-aspirin treatment. Baseline levels were
126.2 (1QR: 89.50 — 168.80) pg/ml and post-treatment levels were 116.8 (IQR: 100.6 — 178.9) pg/ml, p =

0.9664.
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3.4.5 Aspirin administration causes a reduction in serum renin levels

It has previously been shown that plasma renin concentrations fall upon treatment with aspirin,
albeit at higher doses than those used in our study 2%°. A reduction in plasma renin levels has
also been observed in response to nocturnal administration of low dose (100 mg) aspirin 27, |
measured serum renin levels in the Cohort Two participants and identified a significant
reduction post-aspirin treatment. Renin levels fell by 26.97 % from a baseline level of 339.7 (IQR:
95.91 — 519.4) pg/ml pre-aspirin, to 248.1 (IQR: 84.00 — 416.2) pg/ml post-aspirin, p = 0.0195;

Figure 3.12.
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Figure 3.16: Renin levels pre- and post-aspirin

Graph showing the significant reduction in serum renin levels following 28 days of treatment with

aspirin 300 mg once daily.
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3.4.6 Western blotting of serum netrin-1 isolated the truncated isoform only

To characterise the netrin-1 isoform that was being measured in serum samples by ELISA, |
performed Western blotting using a rat anti-netrin-1 antibody to specifically target the full
length, 70 kDa protein, and a goat anti-netrin-1 antibody against the truncated, 55 kDa protein.
Initially, | was unable to detect any antibody signal (Figure 3.13), however once | treated the
serum to remove lipids, 1gG, and albumin, the netrin- 1 protein was detected. | was only able to

detect the truncated isoform of netrin-1 in serum samples with either antibody (Figure 3.13).

3.4.7 Netrin-1 was not identified on the cell surface of monocytes
Flow cytometry was performed to identify cell surface markers, including CD14, CD16, and
netrin-1. There was no antibody signal from the PerCP-Cy5 goat anti-rat netrin 1 antibody,

indicating that netrin-1 is not expressed on the monocytic surface.
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Figure 3.17: Western blotting of serum for netrin-1

| performed Western blotting of serum to measure netrin-1 levels. Prior to treating the serum to remove
lipids, 1gG, and albumin, the results were uninterpretable (A). Once the serum had been treated to
remove lipids, IgG and albumin, netrin-1 signal was detected, although only the truncated isoform was

observed (B).
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3.4.8 Netrin-1 levels are not modified following exposure of endothelial cells to prostaglandin
E, in vitro

In view of the observed correlation between changes in netrin-1 and PGE,, netrin-1 was
measured in cell supernatant from HUVEC at baseline and following either 4 or 24 hours of
incubation with PGE; at 10 nM and 100 nM concentrations or DMSO. There was no detectable
change from baseline in netin-1 levels following exposure to PGE, or DMSO at either time point.
Further concentrations of PGE; were not tested, as higher concentrations have been shown to

stimulate cell proliferation, which would thus render the data uninterpretable 272,

3.5 Discussion

Prior in vitro work and animal experimentation have demonstrated that a dysfunctional
endothelium markedly loses its ability to secrete netrin-1, and this compromises the integrity of
the vascular barrier against inflammatory cell infiltration 2%, The current clinical study partly
confirms these experimental data, whilst offering insight into the biomolecular mechanisms that
regulate the synthesis of serum netrin-1 in humans.

Endothelial dysfunction, which is a systemic perturbation of vascular homeostasis characterised
by impaired endothelium-dependent vasodilation and an associated state of endothelial
activation, is not only triggered by pathological stimuli such as cardiovascular risk factors or
immunological disorders but also occurs as part of physiological host defence mechanisms 272
273 such as occurs in the context of inflammation. The evidence provided by other authors
demonstrating endothelial activation induced by influenza immunisation, were confirmed by
the increased level of VCAM-1 observed in our participants 48 hours post-immunisation, thus
supporting the validity of the influenza immunisation as an experimental model to study the
relationship between endothelial dysfunction and circulating levels of netrin-1 in humans. In
accordance with prior research performed in several animal models of inflammation, | found

that endothelial activation, as driven by inflammatory stimuli, is also paralleled by a reduction

in the serum concentration of netrin-1 in healthy subjects. This effect was abolished by all anti-
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platelet treatments and was independent of their ability to inhibit platelet activation or to
suppress systemic inflammation. Indeed, | have shown the lack of efficacy of both aspirin and
clopidogrel in modulating the rise in hs-CRP with this experimental model of inflammation in
data presented in Chapter Two. Moreover, whilst aspirin 300 mg exerted the strongest inhibition
on platelet activity, as evidenced by a more effective suppression of P-selectin and TXB, in
response to vaccination compared to clopidogrel, this latter was better at restoring netrin-1
synthesis in the peripheral blood of our immunised participants. The protective action of all anti-
platelet agents on the vascular endothelium was similar, as demonstrated by their comparable
effects in terms of suppression of the rise in VCAM-1 induced by immunisation. Aspirin alone,
however, induced COX inhibition and this was found to account for the changes in the
production of netrin-1 in both the immunisation study and the 28-day aspirin 300 mg
interventional study.

These data demonstrate that netrin-1 reduction, as occurs in the presence of a dysfunctional
endothelium caused by immunisation, occurs in parallel with PGE; reduction. In the absence of
endothelial dysfunction, pharmacological inhibition of the COX enzymes, resulting in reduced
PGE; production, also induced a small but significant decrease in netrin-1 levels. The TXA,
pathway does not appear to be involved in netrin-1 regulation, as modulation of netrin-1, both
in subjects receiving influenza immunisation and in those receiving high-dose aspirin for 28 days,
was not related to changes in serum TXB,. Although | measured PGE; here, | cannot exclude the
possibility that additional COX-dependent endothelium-derived prostanoids, such as PGl,, that

274 would show a similar

generally follow the same expression pattern in healthy endothelium
association with netrin-1 under these experimental conditions. However, considering the prior
demonstrated modulatory effect of netrin-1 on COX-2 expression and PGE, synthesis, it is
intriguing to note that there is a regulatory link between COX-activity, COX-dependent
prostaglandin production, and netrin-1 that may have important functional and therapeutic
implications. Numerous studies have demonstrated that PGE; is protective against endotoxin

injury, and promotes endothelial barrier enhancement 257-260275276 55 well as cell survival 277 278,
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PGE; additionally has somewhat contradictory roles as both a direct mediator of early-stage
inflammation and a suppressor of non-specific inflammation via modulation of IL-10 and pro-
inflammatory cytokines #’°. The observed reduction in PGE; in response to immunisation was
abolished by all anti-platelet therapy regimes, likely due to their beneficial effect on the vascular
endothelium that, in turn, preserved its ability to synthesise protective vasoactive molecules
and / or reduced PGE; consumption.

Local levels of PGE; derive from both its synthesis and degradation rates. Of note, there was a
tendency towards an increase in PGE; levels in those taking clopidogrel, which may be related
to the suppression of endothelial activation driven by the anti-platelet drug, without the
additional effect of COX inhibition and subsequent reduced prostanoid production, which occurs
with aspirin therapy.

The anti-inflammatory action exerted by anti-platelet agents on the vasculature that emerged
in this study could partly be ascribed to their ability to suppress expansion of the pro-
inflammatory monocytes that we have previously demonstrated in this human model of
inflammation 2. Several elements of discordancy were noted in this clinical study compared to
previous research from our group in animal models of atherosclerosis treated with the same
anti-platelet agents 2%. The superior effect of aspirin over clopidogrel in counteracting netrin-1
reduction in atherosclerotic mice was not confirmed in this clinical study; rather, clopidogrel
demonstrated a better ability to maintain circulating levels of netrin-1 under pro-inflammatory
conditions in humans. This discrepancy may be attributable to the distinct modulation of the
tested anti-platelet agents on PGE; production, which has emerged as a potential factor
implicated in the regulation of netrin-1 in human physiological settings.

Moreover, we were only able to detect the truncated isoform of netrin-1 in the peripheral blood
of our healthy subjects, whilst previous in vitro experiments on endothelial cells reported a
specific action of aspirin exerted on the full-length secreted isoform of the protein through an
epigenetic modification of chromatin. The possibility that lack of expression of full-length netrin-

1 is due to the phenomenon of protein truncation occurring in human serum cannot be
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excluded. Furthermore, one of the limitations of the immunisation arm of this study was that
serum samples were only available from two time-points, 48 hours apart, and we therefore have
not established whether similar trends in netrin-1 and PGE; levels would have been present in
an earlier stage of the inflammatory response and how the relationship between the two
markers would have progressed until resolution of inflammation.

Further analysis of our group’s previously published in vitro data from human endothelial cells
in fact revealed that stimulation of cells with aspirin alone (in the absence of TNF as a co-
stimulatory agent) showed a tendency, albeit not statistically significant, towards a reduction in
netrin-1 release into serum supernatants compared to non-aspirin-treated cells. In light of the
new data that have emerged from the current clinical study, it is possible that the aspirin-
induced PGE; reduction, which was reported in the prior in vitro set of experiments, may have
accounted for a subtle difference in netrin-1 that only became evident and statistically relevant
in the in vivo human study here described. Furthermore, the cellular sources of both circulating
netrin-1 and PGE,; measured in our clinical study, remain to be established. Our primary focus
was on the vascular endothelium, whose function was assessed by measuring classical
endothelial-derived adhesion molecules. However, the lack of a direct relationship between
either netrin-1 or PGE, and endothelial markers or monocyte subtype cell count implies a
multicellular source for both molecules. Hence, PGE; and netrin-1 may also be derived from cell
types other than endothelial cells, such as inflammatory cells, and these could have contributed
to the modulation of systemic inflammation and/or activation of the vascular endothelium.
Interestingly, | observed a reduction in serum renin levels in response to aspirin treatment in
the Cohort Two participants, who were treated with 28 days of aspirin 300 mg once daily,
without any apparent effect of the drug on renal function. Renin is produced by the
juxtaglomerular cells in the kidney, and is secreted as a homeostatic response to reduced arterial
blood pressure. It has been suggested that aspirin treatment could lead to reduced renin
secretion due to inhibition of prostaglandin-induced vasodilation, thus resulting in a higher

baseline blood pressure 27270, |t appears that, in this instance, prostaglandin inhibition by aspirin
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may have resulted in a subclinical change in vascular tone and renal perfusion, thus reducing
renin secretion. We also sought to establish whether the observed netrin-1 reduction in Cohort
Two was related to a change in the status of endothelial activation induced by aspirin treatment.
Netrin-1 is expressed abundantly throughout the endothelium where it is downregulated by pro-
inflammatory cytokines and shear stress. The same stimuli induce ICAM-1 and E-selectin
upregulation in endothelial cells 218229, We found no change in markers of endothelial activation
or systemic inflammation (as measured by hs-CRP), nor in specific pathways that were linked to
COX inhibition and netrin-1 suppression, thus effectively excluding netrin-1 reduction being
explained by a change in inflammatory status.

PGE; possesses important immunomodulatory properties that are concentration-related, and
its levels are regulated by both synthesis, mainly sustained by COX-2 activity, and degradation
rates 2’°. Hence, whilst PGE; upregulation, as driven by NF-kB inducers in the context of an acute
inflammatory response, has detrimental pro-inflammatory effects on the vasculature by
enhancing endothelial permeability, a reduced bioavailability of PGE; may also be damaging the
endothelium by removing a pro-survival factor. In keeping with this, netrin-1 may represent the
mediator of PGE,, particularly the truncated isoform that has been mainly related to cell survival,
at least in cancer cells, further supporting the link between levels of PGE; and truncated netrin-
1 that we have observed in this clinical study.

This biomolecular interplay between COX inhibition and netrin-1 may have important
therapeutic implications. Previous investigators have found that netrin-1 regulates COX-2
expression within the kidney via NF-kB activation and thus directly modifies PGE, production in
a murine model of renal inflammation 2. The amplitude of PGE, reduction in our immunised
participants, both treated and untreated with anti-platelet agents, was strongly related to the
extent of reduction in netrin-1. Similarly, the baseline and post-treatment levels of both markers
in serum from healthy subjects who took aspirin 300 mg daily for 28 days were strongly
correlated with one another, confirming the existence of a direct relationship between these

two parameters. However, our data point towards a potential regulatory role exerted by PGE;
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on netrin-1 synthesis. The 28-day treatment period with aspirin 300 mg daily primarily targeted
prostaglandin production through COX-inhibition. The concomitant reduction in circulating
netrin-1 levels, which occurred in the absence of any inflammatory stimulus (as confirmed by
stable levels of hs-CRP) and endothelial dysfunction (as demonstrated by unmodified levels of
endothelial markers), is likely to be secondary to this. The COX-dependent modulation of netrin-
1, with potential interactions with prostanoids, including PGE,, appears intriguing in
consideration of the emerging role of netrin-1 as a cardiovascular target, as well as the recent
evidence highlighting the pro-metastatic effect of PGE, in adenocarcinoma cells 2%, and the
potential beneficial effect that was demonstrated with in vitro experiments using aspirin in this
cancer subtype, for which netrin-1 overexpression was found to play important roles in terms

of cell survival and proliferation as well as to have prognostic implications in clinical studies

3.6 Conclusion

Our data suggest that circulating netrin-1 levels appear to be directly modulated by changes in
COX-dependent vasoactive molecules, such as PGE,. Given the emerging role of netrin-1 in
cardiovascular disease and as an oncological target, we believe that further exploration of the
pathways that control netrin-1 production and its relationship with clinical outcomes may be

important and may carry potential therapeutic benefit.
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CHAPTER FOUR:

THE ROLE OF CD16* MONOCYTES IN OXIDISED

LOW-DENSITY LIPOPROTEIN CLEARANCE
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4.1 Introduction

Atherogenesis is strongly associated with chronic inflammatory states ®

and patients with
elevated markers of inflammation have an increased risk of subsequent cardiovascular events #
%, indicating that dysregulation of immune function may be one of the key factors involved in
plague formation. OxLDL accumulates at sites of atherosclerosis, inducing an immunological
response with generation of anti-oxLDL autoantibodies by B cells 281282,

HMG-CoA reductase inhibitors (statins), which act to reduce circulating LDL levels, are among
the most commonly prescribed therapies for patients with cardiovascular risk factors 23
although novel immunomodulatory drugs that reduce synthesis or increase clearance of LDL are
currently in development 1112, |gG and IgM autoantibodies against oxLDL have been assessed as
potential biomarkers of coronary artery disease and whilst associations have been found, there
is no definitive evidence that they represent independent predictors of atherogenesis or

cardiovascular events 14284

and the pathways linking oxLDL to plaque generation remain unclear.
As shown in Chapter Two, anti-platelet agents are capable of modifying the phenotype of
circulating monocytes, as denoted by their surface expression of CD14 and CD16 8. CD16 is a
low affinity Fc y receptor that is activated upon binding to IgG, thus initiating phagocytosis.
Polymorphisms of Fc y receptors for 1gG may be associated with increased coronary
atherosclerosis and it has been hypothesised that variations in these receptors may moderate

the clearance of IgG antibodies by monocytes and macrophages and thus modify plaque

formation %°.

4.2 Hypothesis and aim

Patients with cardiovascular disease are known to have increased levels of circulating
CD14"e"CD16* monocytes 2222 but it has yet to be established whether this increase contributes
directly to cardiovascular risk or is instead a protective mechanism that acts, for example, to

modify oxLDL levels.
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| evaluated the impact of CD16" monocyte reduction on the circulating levels of oxLDL and IgG
anti-oxLDL in the context of a non-atherogenic immunological reaction to test the hypothesis

that CD16 plays a critical role in the transduction of signalling pathways triggered by oxLDL.

4.3 Methods

4.3.1 Participant recruitment

This was a post hoc study conducted on samples obtained from 40 healthy volunteers previously
recruited at Guy’s and St Thomas’ NHS Foundation Trust, who participated in the clinical study
described in Chapter Two and for whom serum samples were still available. All participants were
aged 18 years or older (median: 30.5 years; IQR 24.5 - 38), had no significant past medical
history, were not taking regular medications (aside from the combined oral contraceptive pill),
and had not taken anti-platelet or anti-inflammatory drugs in the preceding fortnight.

Study volunteers received influenza immunisation, which is an established model of mild,

systemic inflammation

and one of the 48 hour treatment regimens listed below. Serum
samples were collected before and 48 hours after receiving the seasonal influenza

immunisation, and in the presence of one of the following treatment regimens:

Group 1 aspirin 300 mg once daily (n = 10)

Group 2: aspirin 75 mg once daily (n = 10)

Group 3: clopidogrel with an initial loading dose of 300 mg followed by a further dose of 75 mg
24 hours later (n = 10)

Group 4: untreated participants (n = 10; serving as controls)

Once again, | did not include data from participants who had been treated with ticagrelor in the
original study, due to relatively poor platelet inhibition with this anti-platelet agent, which was
demonstrated by an inability to suppress P-selectin levels in response to inflammation (see

Chapter Two).
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4.3.2 Collection of serum
Serum was collected at baseline and 48 hours later using methods described in Chapter Two.
Serum was stored at -80 °C for 6-9 months until it was utilised for the experiments described

below.

4.3.3 Enzyme-linked immunosorbent assays

ELISAs were performed using commercially available kits as per manufacturer instructions, to
measure serum levels of oxLDL (ID: STA-369; Cell Biolabs, Inc., USA), MPO (ID: BMS2038INST;
eBioscience Ltd., UK), and bone morphogenetic protein-4 (BMP-4) (ID: E-EL-HO012; Elabscience,
USA). Inter-assay variability of all kits was found to be <5 %.

Serum IgG anti-oxLDL levels were measured by coating a 96 well plate with copper-oxidised LDL
at 5 pg/ml in PBS and incubating overnight at 4 °C on a rocker. The plate was subsequently
washed four times with 200 ul PBS per well. The wells were blocked for 1 hour with a solution
containing 5 % BSA (Fisher Scientific) and 0.1 % Tween-20 (Sigma) in PBS (300 pl per well). The
plate was washed twice, as above, and 200 ul serum samples were added to the coated wells
and incubated for 2 hours at 37 °C. The wells were washed three times with a PBS / 0.5 % BSA /
0.1 % Tween-20 solution. 200 pl horseradish peroxidase-conjugated rabbit anti-human 1IgG
secondary antibody (Sigma-Aldrich, UK) was added to each well (1:2000 dilution in blocking
buffer) and the plate was incubated for 30 minutes at 37 °C. The plate was washed 5 times and
90 ul TMB was added to each well, with a subsequent 20 minute incubation at 37 °C. The
reaction was stopped by the addition of 0.16M sulphuric acid. Absorbance at 450 nm was

measured using a multi-well plate reader (SPECTRAmax M5; Molecular Devices).
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4.3.4 Measurement of low-density lipoprotein levels
Serum LDL measurements were conducted by the ViaPath laboratory at Guy’s and St Thomas’
NHS Foundation Trust. OxLDL levels stated in the results section of this chapter are expressed

as the oxLDL/LDL ratio to adjust for serum LDL levels, as per commonly accepted practice 2%

286

4.3.5 Monocyte isolation:

Monocytes were isolated from the peripheral blood mononuclear cells (PBMCs) of subjects using
a commercially available pan-monocyte isolation kit for magnetic cell sorting (ID 130-096-537;
Miltenyi Biotec, UK) and a magnet separator kit (MiniMACS Starting Kit ID: 130-090-312;
Miltenyi Biotec, UK).

A buffer solution (pH 7.2) was prepared with PBS, 0.5 % BSA, and 2 mM EDTA, and this was kept
at 4 °C. To prevent capping of antibodies on the cell surface and non-specific cell labelling, pre-
chilled solutions were used throughout the experiment.

4 ml whole blood was collected in a vacuum-tube coated with EDTA. The blood was diluted with
an equal volume of 0.9 % saline. 6 ml diluted blood was layered over 3 m| Lymphoprep™ solution
(ID: 07851; STEMCELL Technologies, Canada) in a 15 mm centrifuge tube. The blood was
centrifuged at 800 x g for 20 minutes at 20 °C to separate the blood components. The PBMC top
layer was aspirated and transferred to a falcon tube. The cell suspension was centrifuged again
at 300 x g for 10 minutes at 4 °C; the supernatant was removed and the cell pellet retained.
The cell pellet was re-suspended in 30 uL of buffer. 10 puL FcR Blocking Reagent was added, along
with 10 pL of Biotin-Antibody Cocktail. The solution was vortexed and incubated for 5 minutes
at 4°C. 30 pL of buffer was added, followed by 20 pL of Anti-Biotin MicroBeads. The solution was
vortexed and incubated for a further 10 minutes at 4 °C.

The MACS magnetic column was attached to the MACS separator magnet. The column was

rinsed with 500 pL of buffer and the cell suspension was applied onto the column. The flow-
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through containing unlabelled cells, representing the enriched monocyte fraction, was
collected.
The column was rinsed 3x with 500 pL buffer and the unlabelled cells were again collected and

added to the previous yield.

4.3.6 Stimulation of whole blood and isolated monocytes

MDA-modified LDL (ID: STA-212; Cell Biolabs, Inc., USA) at a concentration of 100 ug/ml was
used to stimulate whole blood and isolated monocytes.

A mouse monoclonal fragment antigen binding (F(ab');) antibody directed against human CD16
cells (Img/ml when reconstituted; Anti-CD16 human mAb 3G8 F(ab'),, ID: ANC165-520; Caltag,
UK) was used at saturating concentrations 27 28 to specifically block CD16 Fc y receptor

activation and thus delineate CD16-dependent pathways.

Whole blood:
2 ml whole blood was collected in a vacuum-tube coated with EDTA. Four 250 pul aliquots of each

blood sample were prepared as follows:

Tube 1: Control sample — 250 ul whole blood
Tube 2: 250 ul whole blood plus 12.5 pul MDA-LDL
Tube 3: 250 ul whole blood plus 2.5 pl F(ab’);

Tube 4: 250 pl whole blood plus 12.5 pul MDA-LDL and 2.5 pl F(ab’)2

The tubes were incubated at 37 °C for 60 minutes and then immediately processed for

Ribonucleic acid (RNA) isolation.
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Isolated monocytes:
Monocytes were isolated, as per Section 4.3.5. Four monocyte suspension aliquots from each

donor were prepared as follows:

Tube 1: Control sample — 250 pl monocyte suspension
Tube 2: 250 ul monocyte suspension plus 12.5 pul MDA-LDL
Tube 3: 250 ul monocyte suspension plus 2.5 ul F(ab');

Tube 4: 250 ul monocyte suspension plus 12.5 pul MDA-LDL and 2.5 pl F(ab');

The tubes were incubated at 37 °C for 60 minutes and then immediately processed for RNA

isolation.

4.3.7 Ribonucleic acid isolation

RNA was isolated from whole blood samples (collected in vacutainer tubes coated with EDTA to
prevent coagulation) using a commercially available QIAamp RNA Blood Mini Kit (ID 52304;
Qiagen) as per the manufacturer’s protocol. When isolated monocytes were used in place of

whole blood, the protocol began from Step 2.

Step 1: Cell lysis

500 pl whole blood was mixed with 2500 pl erythrocyte lysis buffer in a falcon tube, and
incubated on ice for 20 minutes. The tube was vortexed twice during incubation. The sample
was then centrifuged at 400 x g for 10 minutes at 4 °C and the red cell supernatant was then
discarded to retain the leucocyte pellet. 1000 pul erythrocyte lysis buffer was then added and the
tube was vortexed to re-suspend the cells. Centrifugation was performed for the second time,

at 400 x g for 10 minutes at 4 °C and the red cell supernatant was discarded.
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350 ul RLT buffer (a buffer containing a high concentration of guanidine isothiocycanate to aid
the binding of RNA to the silica membrane of the spin columns) was added to the pelleted

leucocytes and repeatedly pipetted to re-suspend the cells.

Step 2: Homogenisation

The lysate was pipetted into a QlAshredder spin column in a 2 ml collection tube and centrifuged
at 10,000 x g for 2 minutes at 4 °C. The spin column was discarded and the homogenised lysate
was retained. 350 ul 70 % ethanol was added to the collection tube, and was mixed by repeated
pipetting. The sample was pipetted into a new QlAamp spin column in a 2 ml collection tube and

was centrifuged at 10,000 x g for 2 minutes at 4 °C.

Step 3: DNA digestion

Deoxyribonuclease (DNase) stock solution was prepared by dissolving lyophilized a DNase |
(1500 Kunitz units) vial (ID 79254, Qiagen) in 550 pl nuclease-free water. 350 ul RW1 buffer (a
wash buffer containing guanidine salt and ethanol that removes biomolecules from the silica
membrane whilst retaining RNA molecules was added to the QlAamp spin column. The tube was
centrifuged at 10,000 x g for 15 seconds at 4 °C.

10 ul DNase | stock solution was added to 70 pl RDD buffer (a buffer that facilitates on-column
digestion of DNA) in a 1.5 ml microcentrifuge tube. The tube was gently mixed and then
centrifuged at 10,000 x g for 5 seconds to collect residual fluid from the sides of the tube. The
80 I DNase | mix was pipetted directly onto the QlAamp spin column membrane and placed on
the benchtop for 15 minutes at room temperature.

350 pl RW1 buffer was added to the spin column, and this was then centrifuged at 10,000 x g

for 15 seconds at 4 °C. The flow-through was discarded and the membrane was retained.
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Step 4: RNA extraction

The spin column was placed in a new 2 ml collection tube. Ethanol was added to the RPE buffer
(a buffer to remove residual traces of salts from previous buffers) that was provided with the
kit. 500 pl of RPE buffer was pipetted into the spin column, which was then centrifuged at 10,000
x g for 15 seconds at 4 °C. The flow-through and collection tube were discarded.

500 ul RPE buffer was added to the spin column, which was then centrifuged at 20,000 x g for 3
minutes at 4 °C. The collection tube and filtrate were discarded and the spin column was placed
in a new collection tube, which was then centrifuged at 20,000 x g for 1 minute at 4°C to prevent
any RPE buffer from being retained on the membrane. The spin column was transferred into a
1.5 ml microcentrifuge tube and 50 pl nuclease-free water was pipetted directly onto the
membrane. The tube was centrifuged at 8000 x g for 1 minute at 4 °C to obtain the RNA vyield.
RNA content and purity were assessed using a spectrophotometer (NanoDrop, Thermo

Scientific, UK).

4.3.8 Copy deoxyribonucleic acid synthesis
cDNA was synthesised from the RNA samples by using a RevertAid H Minus First Strand cDNA

Synthesis Kit (ID: K1631; Thermo Fisher Scientific, UK) as per the manufacturer’s protocol.

Step 1: First strand cDNA synthesis

Aliquots of each RNA sample were diluted with nuclease-free water to achieve a uniform
concentration in a sterile, nuclease-free microcentrifuge tube, at a total volume of 11.5 ul and
were kept on ice. 1.5 ul random hexamers were subsequently added to anneal to
complementary sites on the RNA, thus serving as primers for cDNA synthesis.

4 pl 5x reaction buffer (250 mM Tris-HCI (pH 8.3), 250 mM KCI, 20 mM MgCl2, 50 mM DTT) was

added to the tube, followed by 1 pl RiboLock RNase Inhibitor (20 U/ pl). 2 pl of 10 mM
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deoxynucleotide mix was then added, followed by 1 pl RevertAid H Minus M-MulLV reverse
transcriptase (200 U/ul), bringing the total volume in each tube to 20 pl. The tubes were mixed
gently and subsequently centrifuged.

A 96 well thermal cycler (2920 Thermal Cycler; Applied Biosystems, UK) was used to conduct the
polymerase chain reaction. The cycler was set to incubate the RNA for 5 minutes at 25 °C
followed by 60 minutes at 42 °C. The cDNA synthesis reaction was terminated by heating the

tubes to 70 °C for 5 minutes.

Step 2: Real-time quantitative polymerase chain reaction amplification of cDNA

A panel of genes related to biomolecular pathways involved in the activity of the adaptive
immune system and synthesis of osteogenic molecules were studied, including BMPs, matrix
metallopeptidases (MMPs) and the NLRP3 gene component of the inflammasome oligomer.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. Primer

sequences are listed in Table 4.1.
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Table 4.1: Sequence of primers used for polymerase chain reaction

Gene Forward primer (5’ —3’) Reverse primer (5’ —3’)
GAPDH CAAGGTCATCCATGACAACTTTG GGGCCATCCACAGTCTTCTG
CD16 GACAGTGTGACTCTGAAG GCACCTGTACTCTCCAC
IL-18 ACAGATGAAGTGCTCCTTCCA GTCGGAGATTCGTAGCTGGAT
IL-8 ACCGGAAGGAACCATCTCAC GGCAAAACTGCACCTTCACAC

Inflammasome (NLRP3)

TGAAGAAAGATTACCGTAAGAAGTACAGA

GCGTTTGTTGAGGCTCACACT

BMP-2 CCCCCTACATGCTAGACCTGT CACTCGTTTCTGGTAGTTCTTCC
BMP-4 TGGTCTTGAGTATCCTGAGCG CACTCGTTTCTGGTAGTTCTTCC
Caspase-1 TGCCTGTTCCTGTGATGTGG CTGGGAAGAGGTAGAAACATC
c-Myc GGCGAACACACAACGTCTTG TCCGTTTTAGCTCGTTCCTC
Cyclin D1 GATGGCGATCGTCCTGTCAT ACAGGCCGCTACAAGAAACA
Beta catenin GTCAGCTCGTGTCCTGTGAA TTCAGGTACCCTCAGGCCC
Netrin-1 (full length) CCCGGACTTTGTCAATGC GTTGTTGAGGTCGGRGAGGA
Netrin-1 (truncated) ACTATGCCGTCCAGATCCAC TCTTGAGGGGCTTGATTTTG
MMP-2 TATTTGATGGCATCGCTCAG GCCTCGTATACCGCATCAAT
MMP-4 AGGTGGACCGGATGTTCC GGCACTGCAGGATGTCATAG
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2 ul of the first strand cDNA synthesis reaction mixture (to be used as template for the
subsequent polymerase chain reaction (PCR) step) was pipetted directly into each of the wells
of a Rotor-Disc 100 plate (Qiagen). An 8 ul mixture containing 5 ul SYBR green mix (a nucleic acid
fluorophore stain), 2.6 ul nuclease-free water, 0.2 pl of the relevant forward primer, and 0.2 pl
of the relevant reverse primer was subsequently added to each well. The disc was sealed using
a Rotor-Disc Heat Sealer (Qiagen).

DNA was amplified using a real-time quantitative PCR cycler (Rotor-Gene Q; Qiagen), with 50

cycles of the following thermal protocol, following an initial 10 minutes held at 95 oC:

1) 95 2C for 10 seconds

2) 58 oC for 20 seconds

3) 72 oC for 10 seconds

Data were analysed using Rotor-Gene Q (Qiagen) software. A typical analysis is shown in Figure

4.1.
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4.3.9 Evaluation of monocyte lipid content

Monocyte subsets were identified according to their surface expression of CD14 and CD16 using
fluorochrome conjugated antibodies, as per methodology described in Chapter Two. Dr
Gabriella Passacquale characterised the lipid content within each subset of monocytes by flow
cytometry, using Nile red (9-diethylamino-5-benzo[a]phenoxazinone) staining to localise and

quantify intracellular lipid droplets.

4.3.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 6.0) software. Parametric
data are expressed as the mean + SEM, whilst non-parametric data are expressed as the median
with IQR. ANOVA was used to compare percentage variation of each study variable between the
4 treatment groups in the influenza immunisation study. Baseline and post-treatment values
were compared within each group using a paired parametric or non-parametric test as
appropriate. ANCOVA was used to compare percentage variation of each study variable
between the 4 groups in the immunisation study. A p value of <0.05 was accepted as statistically

significant.

4.4 Results

4.4.1There is an inverse relationship between circulating oxidised low-density lipoprotein and
IgG anti-oxidised low-density lipoprotein levels

A highly significant reduction in baseline circulating oxLDL levels of 10.75 % post-immunisation,
from 819.00 + 38.68 ng/ml to 730.20 + 49.37 ng/ml (p = 0.0015) was observed in participants
who were not treated with anti-platelet agents. In those taking aspirin 300 mg (Group 1),
circulating oxLDL levels fell by 10.50 %, from 735.8 + 39.99 to 658.5 + 27.68 (p = 0.03), whilst
remaining unchanged in those taking aspirin 75 mg (Group 2). In participants taking clopidogrel
(Group 3), oxLDL levels exhibited a non-significant reduction of 15.37 % from 852.70 + 82.16

ng/ml to 721.60 + 74.10 ng/ml (p = 0.079), Figure 4.2. It is worth noting that although the
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baseline level of oxLDL in this group was apparently higher than other groups, there were no
statistically significant differences between groups for baseline levels of either oxLDL, IgG anti-
oxLDL.

There were no significant changes in levels of 1gG anti-oxLDL among all groups following
immunisation (Figure 4.3). The levels of circulating IgG anti-oxLDL measured at baseline (before
immunisation) in the total population were inversely related to baseline oxLDL levels (p = 0.0011,
r = -0.4207); Figure 4.4. This inverse relationship was preserved post-immunisation, with a
negative linear correlation between the percentage change in oxLDL and the percentage change

in 1gG anti-oxLDL; p = 0.0396, r = -0.3268 (Figure 4.4).
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Figure 4.2: Change in oxidised low-density lipoprotein levels post-immunisation

Panel A shows the absolute values of oxLDL pre- and post-immunisation. Panel B shows the percentage

change in oxLDL across groups.
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Figure 4.3: Change in IgG anti-oxidised low-density lipoprotein levels post-immunisation

Panel A shows the absolute values of IgG anti-oxLDL pre- and post-immunisation. Panel B shows the

percentage change in IgG anti-oxLDL across groups.
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Figure 4.4: Correlation between percentage change in oxidised-low density lipoprotein and
IgG anti-oxidised low-density lipoprotein levels

Panel A shows the correlation between baseline levels of oxLDL and anti-oxLDL IgG. Panel B shows the

correlation between the percentage change in oxLDL and IgG anti-oxLDL post-immunisation.
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4.4.2 In the absence of inflammation, circulating IgG anti-oxidised low-density lipoprotein
levels are inversely related to the percentage of CD16" monocytes

As described in Chapter Two, the percentage of CD16* monocytes (specifically, the
CD14"e"CD16* subtype) increased significantly post-immunisation in non-anti-platelet treated
(Group 4) participants. There was a strong negative correlation between baseline I1gG anti-oxLDL
levels and the baseline total percentage of CD16* monocytes in the total population (p = 0.0038,
r = -0.4280), whilst anti-oxLDL IgG was positively correlated with the percentage of CD16
monocytes (p = 0.0079, r = 0.3998); Figure 4.5. No correlation was found between either oxLDL
or anti-oxLDL IgG and the marker of platelet activation, P-selectin, however.

Baseline levels of oxLDL were not related to monocyte subtype percentage. There was no
significant correlation between post-immunisation oxLDL levels and CD16" monocytes in the
untreated group (p = 0.8929, r = -0.103); nor was there any correlation between oxLDL levels

and CD16 monocyte distribution in the total population.
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Figure 4.5: Correlation between levels of IgG anti-oxidised low density lipoprotein and CD16
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Panels A and B show the correlation between baseline I1gG anti-oxLDL levels and CD16" and CD16*

monocytes respectively

144



4.4.3 CD14"e"CD16* monocytes have a higher intracellular lipid content than CD16" monocytes
Evaluation of the in vivo lipid content of the different subsets of monocytes revealed that
CD14"e"CD16* cells are those with the higher amount of intracellular lipid droplets, thus

suggesting their more avid phagocytosis of oxLDL; see Figure 4.6.

4.4.4 Exposure of monocytes to oxidised low-density lipoprotein leads to induction of the
inflammasome / IL-1B pathway

In view of the fact that CD16 is expressed on both monocytes and CD56%™ peripheral blood
natural killer cells, | performed PCR analysis of RNA from both isolated monocytes and whole
blood in each sample. Results did not differ significantly between the two methods, indicating
that the observed CD16-dependent outcomes were primarily related to monocytic CD16.

No association was identified between levels of circulating anti-oxLDL IgG and hs-CRP 8, nor was
there a relationship between anti-oxLDL IgG and MPO, a peroxidase enzyme that is stored in
neutrophil granules and is a key part of the inflammatory response. Baseline levels of IgG anti-
oxLDL were, however, linearly correlated with levels of the pro-inflammatory, inflammasome-
mediated cytokines, IL-1B (p = 0.0016, r = 0.4532) and IL-6 (p = 0.0044, r = 0.4902), as measured
using the Luminex® technique; Figure 4.7. The relationship between anti-oxLDL IgG and the
inflammasome pathway was further explored by stimulating isolated monocytes with MDA-LDL,
which led to induction of IL-13 and NLRP3 inflammasome genes (at a rate of 2.30+ 0.55 and 1.94
+ 0.36 times that of monocytes not exposed to MDA-LDL respectively). An amplification in IL-1

synthesis occurred in response to MDA-LDL in the presence of the anti-CD16 F(ab’),; Figure 4.8.
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4.4.5: Malondialdehyde-modified low-density lipoprotein stimulates CD16-dependent gene
induction of osteogenic molecules

Vascular calcification is directly related to plaque burden 28°2°° agnd many studies have associated
LDL levels with the presence and severity of vascular calcification 2% 2%, |t has been widely
demonstrated that inflammasome activation is required in the formation of intra-vessel calcium

292293 gnd calcified arteries express various regulatory factors, including BMPs 2%, To

deposits
further assess the immunomodulatory action of CD16 in the signal transduction pathways
triggered by MDA-LDL, we stimulated isolated monocytes with MDA-LDL and measured levels
of osteogenic markers. We found that exposure to MDA-LDL led to induction of BMP-4 RNA
expression in monocytes at a rate of more than 4 times (4.05 + 1.95) that of monocytes that
were not exposed to MDA-LDL. Blockade of CD16 using the anti-CD16 F(ab’)2 inhibited BMP-4
induction, indicating that the pathway was CD16-dependent; Figure 4.8.

In light of this finding, BMP-4 protein levels were measured in the stored serum samples
obtained from the vaccination study using the ELISA technique. The rise in CD16 and reduction
in oxLDL in the untreated group post-immunisation was found to also be paralleled by a
significant decrease in BMP-4 levels by 13.5 %, from 1270 (IQR: 1175 — 1563) pg/ml to 1151 (IQR

852 — 1341) pg/ml (p = 0.0110). All anti-platelet therapy regimens tested counteracted this

reduction in BMP-4; Figure 4.9.
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Figure 4.6: Characterisation of lipid content within monocytes

Panel A shows a typical monocyte phenotype profile using flow cytometry to sort the cells based on

their CD14 and CD16 surface markers. Panel B shows the same cells now sorted based on their uptake

of Nile red stain. Panel C shows the MFI of the Nile red fluorochrome for each monocyte subtype.
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Figure 4.7: Correlation between levels of IgG anti-oxidised low-density lipoprotein and
inflammasome-mediated cytokines

Panels A and B show the correlation between IgG anti-oxLDL and IL-1B and IL-6 respectively, as

measured by ELISA.
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Figure 4.8: Gene induction following in vitro stimulation of monocytes with
malondialdehyde-modified low density lipoprotein

Stimulation of isolated monocytes with MDA-LDL in vitro led to induction of BMP-4 (A), IL-1B (B) and
NLRP3 (C). Blockade of CD16 using anti-CD16 F(ab’)2 (10 ug/ml) inhibited gene induction of BMP-4
only, either with or without MDA-LDL. Data were obtained by quantitative real-time quantitative PCR
and expressed as fold changes compared with unstimulated cells (dotted line) (n=3; * p <0.05 vs

untreated cells).
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Figure 4.9: Bone morphogenetic protein 4 levels pre- and post-immunisation

This graph shows the absolute values of BMP-4 pre- and post-immunisation.

4.5 Discussion

It has been hypothesised that the FC y receptor, CD16, may regulate oxLDL phagocytosis, as part
of the homeostatic immunological response 2°*. | have explored the potential role of CD16*
monocytes in modulating levels of oxLDL and IgG anti-oxLDL autoantibodies in the context of an
immunogenic response to influenza immunisation, which is known to generate systemic
inflammation 3°. Immunisation has been shown earlier in this thesis (see Chapter Two) to induce
a rise in CD16* monocytes, specifically the CD14"8"CD16* subset, in the absence of lipid profile
modifications.

| found that in healthy subjects, the circulating level of IgG anti-oxLDL was inversely related to
both circulating oxLDL concentration and the percentage of C16* monocytes, in keeping with
the hypothesis that C16* cells act as scavengers for anti-oxLDL IgG antibodies, forming

immunocomplexes with modified lipoproteins.
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In the presence of mild, systemic inflammation induced by influenza immunisation, there was
an expansion of the CD16" monocyte subset that was paralleled by a downregulation of oxLDL
in the non-anti-platelet treated participants, possibly indicating that a higher burden of
inflammation leads to greater recruitment of CD16 cells to mediate the clearance of pro-
immunogenic molecules, such as oxLDL. Although there was no significant correlation between
CD16 positivity within monocytes and oxLDL levels post-immunisation in this untreated group,
the fact that the sample size was small (n = 10) and the reduction in oxLDL, although consistent,
was small may account for this lack of significance.

Of note, the post-immunisation attenuation in oxLDL levels observed in the untreated
participants (Group 4) was also present in those taking aspirin 300 mg daily (Group 1) and
clopidogrel (Group 3), but not in those on aspirin 75 mg daily (Group 2) despite all treatment
groups having stable levels of CD16* monocytes. The observed changes in oxLDL among all
groups were contrasted by apparently opposite changes in anti-oxLDL IgG levels, although the
increase in IgG anti-oxLDL did not reach significance. Despite the absence of a significant
increase in 1gG anti-oxLDL post-immunisation, the percentage reduction in circulating oxLDL
levels was linearly related to the change from baseline of IgG antibodies post-immunisation,
supporting the theory that IgG anti-oxLDL mediates the clearance of immunogenic lipoproteins
in the presence of inflammation, and this process may be linked to CD16.

Furthermore, the reduction in oxLDL observed in two treatment groups (aspirin 300mg daily and
clopidogrel), may be attributed to the anti-platelet effect of the drugs inhibiting activated
platelet-induced oxidation of LDL, in the context of acute inflammation %%, Activated platelets
oxidise LDL molecules via NOX2 activation in the presence of oxidative stress °® and the
observed reduction in oxLDL in participants taking either aspirin 300 mg daily or a clopidogrel
regime (including a loading dose) may represent effective platelet inhibition and thus reduced
oxidation of lipoproteins. The fact that there was no reduction in oxLDL in the participants taking
aspirin 75 mg daily (Group 2) could point towards a reduced effectiveness in achieving platelet

inhibition with the lower dose of aspirin. Indeed, | previously discussed, in Chapter Two of this
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thesis, the fact that aspirin 75 mg may be less efficacious than aspirin 300 mg both at reducing
soluble the platelet-activation marker, P-selectin, and at modulating the phenotype of
circulating monocytes in this model of inflammation 8.

Evaluation of the in vivo lipid content of the different subsets of monocytes identified that
CD14"e"CD16" cells are those with the higher amount of lipid droplets, suggesting their more
avid phagocytosis of oxLDL compared with other monocyte subtypes - as other authors have
previously observed and reported to be independent from conventional scavenger receptors 2%,
As there is a higher number of circulating CD16* monocytes present in acute inflammation, this
could also explain the reduction in oxLDL in the untreated group.

| subsequently assessed the immunomodulatory action of CD16 in the signal transduction
pathways triggered by MDA-LDL. This latter was found to directly activate the CD16 Fcy receptor
and to stimulate CD16-dependent gene induction of the osteogenic molecule, BMP-4. In the
setting of immunisation-induced inflammation, the rise in CD16* monocyte percentage that was
associated with the reduction in oxLDL in the untreated group was paralleled by a reduction in
BMP-4, whilst anti-platelet therapy counteracted the changes in both CD16 and BMP-4. These
data suggest that CD16 plays a role in the regulation of monocyte/macrophage osteogenic
pathways in response to MDA-LDL. Given the emerging role of BMPs, particularly BMP-2 and

BMP-4, in promoting vascular calcification 27 2%

, modulation of these pathways via CD16 may
provide a target in the prevention of chronic calcific arteriopathy.

MDA-LDL also activated the inflammasome pathway, which controls IL-1B and thus IL-6
production, although this was found to be in a CD16-independent manner. Of note, a slight
amplification of the IL-1B gene occurred in the presence of CD16 blockade, indicating that CD16
can cross-block MDA-LDL from binding to other receptors. In Chapter Two of this thesis, |
previously identified a tendency towards a reduction in circulating IL-1B levels in the presence
of CD16* monocyte expansion, although this did not reach statistical significance, which was not

present in those taking anti-platelet therapy . CD16 is a natural ligand of the CR3

(CD11b/CD18) receptor ?*° that mediates the activation of the inflammasome pathway induced
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by cholesterol crystals and modified LDL, which is not only implicated in foam cell formation, but
is also required for T and B cell stimulation and consequent antibody production 3°3%2, Further
research is required to establish whether similar changes in inflammasome activation are
present in chronic inflammatory disease, such as atherosclerosis, and whether reduced CD16
activity in this context can modulate the accumulation of oxLDL and IgG anti-oxLDL
autoantibodies and thus modify the amplification of the adaptive immune response mediated

by the inflammasome pathway.

4.6 Conclusion

CD16 is an FCy receptor that is activated upon binding to IgG and may mediate the clearance of
IgG antibodies against oxLDL. The present data indicate that CD16* monocytes may regulate the
clearance of oxidised lipoproteins and their systemic accumulation, possibly through the
internalisation of circulating oxLDL / 1gG immunocomplexes mediated by Fc y receptors,
including CD16. Furthermore, CD16 is directly activated by MDA-LDL and up-regulation of this
biomolecular pathway (consequent to either reduced clearance of immunocomplexes via Fcy
receptors and/or abnormal synthesis of oxLDL) may be implicated in the induction of osteogenic

signalling cascades, potentially leading to arterial calcification.
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CHAPTER FIVE:

DISCUSSION
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5.1 Introduction

Until recent years, the pathophysiology of atherosclerosis has principally been described as a
disorder of lipid storage, and pharmacological therapies have thus primarily been targeted at
reducing serum cholesterol. As the underlying cellular mechanisms of atherogenesis have been
gradually elucidated, it has become apparent that chronic inflammation is a key mediator of the
processes that lead to plaque formation.

This thesis has explored the potential role of several novel inflammatory biomarkers in the
pathways governing the development of atherosclerosis and its complications, and provides
evidence that anti-platelet agents may be beneficial in limiting further disease progression,

through both their anti-platelet and anti-inflammatory actions.

5.2 Intermediate monocytes as a potential therapeutic target

The primary focus of this PhD was to assess the role of CD14"8"CD16* monocytes in the context
of an underlying inflammatory process and to ascertain whether the COX inhibitor, aspirin, or
P2Y1, receptor inhibitors are able to modify the circulating levels of these pro-inflammatory
monocytes.

An important finding from my work was that anti-platelet therapy, namely aspirin, clopidogrel
or ticagrelor, was capable of preventing a rise in circulating CD14"8"CD16* monocytes in the
presence of an inflammatory stimulus. The data obtained from this study was in accordance with
previous work demonstrating an expansion in the intermediate monocyte subset in the
presence of acute, systemic inflammation 31, and | have been able to show that all of the tested
anti-platelet agents were able to counteract this response.

Part of the rationale behind choosing both P2Y1; inhibitors and aspirin was to ascertain whether
attenuation of the CD14"e"CD16* subgroup was occurring primarily due to an anti-platelet
effect, an anti-inflammatory effect, or a combination of these factors. The fact that all three

treatments were effective in suppressing the rise in intermediate monocytes suggests that the
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effect was primarily related to inhibition of platelet function, particularly as there was no
reduction in hs-CRP levels post-immunisation in any of the treatment groups.

22225 and

Many studies have linked CD14"¢"CD16* monocytes to increased cardiovascular events
previous work has shown a correlation between a reduction in this monocytic subset, and a
decrease in subclinical atherosclerosis in obese patients undergoing rapid weight loss # but
there is no evidence to date that a reduction in circulating CD14"8"CD16* monocyte levels,
without modifying cardiovascular risk factors, will result in attenuation of atherosclerosis.
Having shown that anti-platelet therapy can suppress the rise in intermediate monocytes in the
context of acute inflammation, the next step in this area of our research will be to assess
whether anti-platelet therapy is capable of directly attenuating circulating intermediate

monocytes in patients with atherosclerotic plague disease, which could potentially indicate a

role for these drugs in the long term management of atherosclerosis.

5.3 The role of anti-platelet therapy in modifying biomarkers of cardiovascular risk

Following on from the above research where | demonstrated that anti-platelet therapy can
attenuate pro-inflammatory monocyte levels, | went on to assess whether these agents can
similarly modify other novel biomarkers of cardiovascular risk. Data from the last 15 years
suggests that traditional indicators of cardiovascular risk, such as LDL, may soon be superseded
by measures of inflammation 3%, Hs-CRP, as a non-specific marker of inflammation, now forms
part of the standard assessment of cardiovascular risk in asymptomatic adults in the USA 3%,

In view of the emerging role of netrin-1 in both inflammatory pathways and as a novel
therapeutic target in cardiovascular disease, we selected this protein for further assessment. A
clinical study previously undertaken by other members of our research group involved

254

administering aspirin for 28 days to healthy subjects ~* —there was frozen serum available from

this cohort and | measured netrin-1 levels in these samples. | identified a small but consistent

decline in netrin-1 levels in these healthy people following aspirin therapy. Previous work had
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shown that netrin-1 levels fall in the presence of acute inflammation %' and thus these findings
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were somewhat unexpected. | subsequently confirmed a reduction in netrin-1 levels in
participants exposed to an inflammatory stimulus and was ultimately able to establish the
presence of an interaction between netrin-1 and COX, possibly through COX-derived
prostaglandin E,. Netrin-1 plays a complex role in leucocyte recruitment and, whilst this work
has shown that it is possible to modify netrin-1 levels using anti-platelet therapy, whether
pharmacological up- or downregulation of netrin-1 levels could have potential benefits in a
clinical setting has yet to be determined.

Having demonstrated the ability to manipulate the circulating levels of intermediate monocytes
with anti-platelet agents, | then performed further experiments to determine whether this could
induce changes in the levels of circulating oxLDL and IgG anti-oxLDL. Although | was unable to
show a direct link between levels of these two key biomarkers of atherogenesis and monocytic
CD16 positivity, the data did indicate that CD16" monocytes may regulate the clearance of
oxidised lipoproteins, and | have speculated that this may be via the internalisation of circulating
oxLDL / 1gG immunocomplexes mediated by CD16. In view of the differing effects of low-dose
(75 mg daily) aspirin compared with higher doses of aspirin and with clopidogrel, | hypothesised
that the latter two therapies were capable of inhibiting activated platelet-induced oxidation of
LDL but a direct link was not proven and further work will need to be done to ascertain whether

oxLDL levels can be modified by these drugs in the context of cardiovascular disease.

6.4 Future work

In view of the fact that atherosclerosis is a chronic, inflammatory process, my PhD has thus far
investigated whether anti-platelet agents are able to modify the progression of atherogenesis
via their anti-inflammatory effects. Having established further information regarding some of
the complex pathways involved in mild inflammation in healthy people, our next objective will
be to determine whether the hypothesis that platelet inhibition, achieved via administration of

anti-platelet drugs, reduces the activation of monocytes and the upregulation of pro-
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inflammatory CD14"¢"CD16* monocyte expression in patients with cardiovascular risk factors or
indeed with established cardiovascular disease is correct.

We are currently in the early stages of conducting a clinical study with the aim of identifying
whether anti-platelet therapy is capable of attenuating the expansion of circulating
CD14"e"CD16*monocytes in patients with chronic inflammation related to atherosclerosis and,
if so, whether this might be a potentially useful therapeutic strategy. The study design and
preliminary data are discussed in Appendix One.

Once the study proceeds, | hope to produce data that further elucidates the mechanisms
underlying the attenuation of monocyte CD16* acquisition following anti-platelet therapy by
measuring additional biomarkers and conducting platelet function assays. If anti-platelet
therapy is indeed capable of modifying the circulating monocyte phenotype in patients with
cardiovascular risk factors, this could have important implications for the pharmacological
management of atherosclerosis.

Furthermore, when conducting the clinical study described above | will measure levels of netrin-
1 in patients with established cardiovascular risk factors with the aim of establishing whether
their baseline levels differ from that of the general population and, if so, whether anti-platelet
agents are capable of normalising this. Measurement of additional markers of COX function may
enable a better understanding of how netrin-1 interacts with prostanoids and, given the proven
role of netrin-1 in monocyte trafficking, could contribute to the development of future targeted
therapies with the aim of modulating netrin-1 and thus leucocyte migration.

Additionally, samples from patients with cardiovascular risk or with established atherosclerosis
will allow us to establish whether alterations in baseline inflammasome activation are present
in these subjects and to further study the interactions between CD16 and oxLDL / IgG anti-oxLDL
antibodies. Such data could facilitate the ultimate development of techniques to modify the
amplification of immune responses that lead to atherogenesis.

In the future, it is hoped that the work described here may lead to a large-scale long-term

longitudinal study to definitively ascertain the effect of anti-platelet therapy on atherosclerosis

158



progression. Identification of the molecular mechanisms underlying inflammation-driven
monocytic CD16" acquisition and their subsequent interactions with other markers of
inflammation, including netrin-1 and oxLDL, may contribute to our understanding of the
pathophysiology underlying atherogenesis as well as novel pharmacological options to interrupt

the immunological pathways that lead to atheroma formation.

159



CHAPTER SIX:

REFERENCES

160



WHO fact sheet: Cardiovascular diseases
http://www.who.int/mediacentre/factsheets/fs317/en/ Accessed February 2015.

. Behan MW, Storey RF. Antiplatelet therapy in cardiovascular disease. Postgraduate medical

journal 2004;80: 155-64.

. Badimon L, Vilahur G. Thrombosis formation on atherosclerotic lesions and plaque rupture.

Journal of internal medicine 2014;276: 618-32.

. Ridker PM. High-sensitivity C-reactive protein and cardiovascular risk: rationale for screening

and primary prevention. Am J Cardiol 2003;92: 17K-22K.

. Ridker PM, Group JS. Rosuvastatin in the primary prevention of cardiovascular disease among

patients with low levels of low-density lipoprotein cholesterol and elevated high-
sensitivity C-reactive protein: rationale and design of the JUPITER trial. Circulation
2003;108: 2292-7.

. Shah T, Casas JP, Cooper JA, Tzoulaki I, Sofat R, McCormack V, Smeeth L, Deanfield JE, Lowe

GD, Rumley A, Fowkes FG, Humphries SE, Hingorani AD. Critical appraisal of CRP
measurement for the prediction of coronary heart disease events: new data and
systematic review of 31 prospective cohorts. Int J Epidemiol 2009;38: 217-31.

. Vasan RS. Commentary: C-reactive protein and risk prediction--moving beyond associations

to assessing predictive utility and clinical usefulness. Int J Epidemiol 2009;38: 231-4.

. Roifman I, Beck PL, Anderson TJ, Eisenberg MJ, Genest J. Chronic inflammatory diseases and

cardiovascular risk: a systematic review. Can J Cardiol 2011;27: 174-82.

9. van Diepen S, Newby LK, Lopes RD, Stebbins A, Hasselblad V, James S, Roe MT, Ezekowitz JA,

10

11

12

13.

14

15

16

Moliterno DJ, Neumann FJ, Reist C, Mahaffey KW, Hochman JS, Hamm CW, Armstrong
PW, Granger CB, Theroux P, Investigators AA. Prognostic relevance of baseline pro- and
anti-inflammatory markers in STEMI: an APEX AMI substudy. Int J Cardiol 2013;168:
2127-33.

. Deftereos S, Giannopoulos G, Angelidis C, Alexopoulos N, Filippatos G, Papoutsidakis N,
Sianos G, Goudevenos J, Alexopoulos D, Pyrgakis V, Cleman MW, Manolis AS, Tousoulis
D, Lekakis J. Anti-Inflammatory Treatment With Colchicine in Acute Myocardial
Infarction: A Pilot Study. Circulation 2015;132: 1395-403.

. Riley RF, Corson MA. Darapladib, a reversible lipoprotein-associated phospholipase A2
inhibitor, for the oral treatment of atherosclerosis and coronary artery disease. IDrugs
2009;12: 648-55.

. Fraser H, Hislop C, Christie RM, Rick HL, Reidy CA, Chouinard ML, Eacho PI, Gould KE, Trias J.
Varespladib (A-002), a secretory phospholipase A2 inhibitor, reduces atherosclerosis
and aneurysm formation in ApoE-/- mice. J Cardiovasc Pharmacol 2009;53: 60-5.

Crisby M, Henareh L, Agewall S. Relationship between oxidized LDL, IgM, and IgG
autoantibodies to ox-LDL levels with recurrent cardiovascular events in Swedish patients
with previous myocardial infarction. Angiology 2014;65: 932-6.

. Tsimikas S, Brilakis ES, Lennon RJ, Miller ER, Witztum JL, McConnell JP, Kornman KS, Berger
PB. Relationship of IgG and IgM autoantibodies to oxidized low density lipoprotein with
coronary artery disease and cardiovascular events. J Lipid Res 2007;48: 425-33.

. Nicholls SJ, Kastelein JJ, Schwartz GG, Bash D, Rosenson RS, Cavender MA, Brennan DM,
Koenig W, Jukema JW, Nambi V, Wright RS, Menon V, Lincoff AM, Nissen SE,
Investigators V-. Varespladib and cardiovascular events in patients with an acute
coronary syndrome: the VISTA-16 randomized clinical trial. JAMA 2014;311: 252-62.

. Investigators S, White HD, Held C, Stewart R, Tarka E, Brown R, Davies RY, Budaj A, Harrington
RA, Steg PG, Ardissino D, Armstrong PW, Avezum A, Aylward PE, Bryce A, Chen H, Chen
MF, Corbalan R, Dalby AJ, Danchin N, De Winter RJ, Denchev S, Diaz R, Elisaf M, Flather
MD, Goudev AR, Granger CB, Grinfeld L, Hochman JS, Husted S, Kim HS, Koenig W,
Linhart A, Lonn E, Lopez-Sendon J, Manolis AJ, Mohler ER, 3rd, Nicolau JC, Pais P,
Parkhomenko A, Pedersen TR, Pella D, Ramos-Corrales MA, Ruda M, Sereg M, Siddique
S, Sinnaeve P, Smith P, Sritara P, Swart HP, Sy RG, Teramoto T, Tse HF, Watson D, Weaver
WD, Weiss R, Viigimaa M, Vinereanu D, Zhu J, Cannon CP, Wallentin L. Darapladib for

161


http://www.who.int/mediacentre/factsheets/fs317/en/

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

preventing ischemic events in stable coronary heart disease. N Engl J Med 2014,370:
1702-11.

Poulsen CB, Al-Mashhadi AL, von Wachenfeldt K, Bentzon JF, Nielsen LB, Al-Mashhadi RH,
Thygesen J, Tolbod L, Larsen JR, Frokiaer J, Tawakol A, Vucic E, Fredrickson J, Baruch A,
Frendeus B, Robertson AK, Moestrup SK, Drouet L, Falk E. Treatment with a human
recombinant monoclonal IgG antibody against oxidized LDL in atherosclerosis-prone
pigs reduces cathepsin S in coronary lesions. Int J Cardiol 2016;215: 506-15.

Layne K, Di Giosia P, Ferro A, Passacquale G. Anti-platelet drugs attenuate the expansion of
circulating CD14highCD16+ monocytes under pro-inflammatory conditions. Cardiovasc
Res 2016;111: 26-33.

Gillis C, Gouel-Cheron A, Jonsson F, Bruhns P. Contribution of Human FcgammaRs to Disease
with Evidence from Human Polymorphisms and Transgenic Animal Studies. Front
Immunol 2014;5: 254.

Gavasso S, Nygard O, Pedersen ER, Aarseth JH, Bleie O, Myhr KM, Vedeler CA. Fcgamma
receptor IlIA polymorphism as a risk-factor for coronary artery disease. Atherosclerosis
2005;180: 277-82.

Zhu X, Ng HP, Lai YC, Craigo JK, Nagilla PS, Raghani P, Nagarajan S. Scavenger receptor
function of mouse Fcgamma receptor Il contributes to progression of atherosclerosis in
apolipoprotein E hyperlipidemic mice. J Immunol 2014;193: 2483-95.

Rogacev KS, Cremers B, Zawada AM, Seiler S, Binder N, Ege P, Grosse-Dunker G, Heisel |,
Hornof F, Jeken J, Rebling NM, Ulrich C, Scheller B, Bohm M, Fliser D, Heine GH.
CD14++CD16+ monocytes independently predict cardiovascular events: a cohort study
of 951 patients referred for elective coronary angiography. J Am Coll Cardiol 2012;60:
1512-20.

Zeng S, Zhou X, Ge L, Ji WJ, Shi R, Lu RY, Sun HY, Guo ZZ, Zhao JH, Jiang TM, Li YM. Monocyte
subsets and monocyte-platelet aggregates in patients with unstable angina. J Thromb
Thrombolysis 2014;38: 439-46.

van der Beek MT, Visser LG, de Maat MP. Yellow fever vaccination as a model to study the
response to stimulation of the inflammation system. Vascul Pharmacol 2002;39: 117-
21.

Doherty JF, Golden MH, Raynes JG, Griffin GE, McAdam KP. Acute-phase protein response is
impaired in severely malnourished children. Clin Sci (Lond) 1993;84: 169-75.

Doherty NS, Littman BH, Reilly K, Swindell AC, Buss JM, Anderson NL. Analysis of changes in
acute-phase plasma proteins in an acute inflammatory response and in rheumatoid
arthritis using two-dimensional gel electrophoresis. Electrophoresis 1998;19: 355-63.

Hingorani AD, Cross J, Kharbanda RK, Mullen MJ, Bhagat K, Taylor M, Donald AE, Palacios M,
Griffin GE, Deanfield JE, MacAllister RJ, Vallance P. Acute systemic inflammation impairs
endothelium-dependent dilatation in humans. Circulation 2000;102: 994-9.

Donald AE, Charakida M, Cole TJ, Friberg P, Chowienczyk PJ, Millasseau SC, Deanfield JE,
Halcox JP. Non-invasive assessment of endothelial function: which technique? J Am Coll
Cardiol 2006;48: 1846-50.

Kharbanda RK, Walton B, Allen M, Klein N, Hingorani AD, MacAllister RJ, Vallance P.
Prevention of inflammation-induced endothelial dysfunction: a novel vasculo-protective
action of aspirin. Circulation 2002;105: 2600-4.

Posthouwer D, Voorbij HA, Grobbee DE, Numans ME, van der Bom JG. Influenza and
pneumococcal vaccination as a model to assess C-reactive protein response to mild
inflammation. Vaccine 2004;23: 362-5.

Passacquale G, Vamadevan P, Pereira L, Hamid C, Corrigall V, Ferro A. Monocyte-platelet
interaction induces a pro-inflammatory phenotype in circulating monocytes. PLoS One
2011;6: e25595.

Vlachopoulos C, Xaplanteris P, Sambatakou H, Mariolis E, Bratsas A, Christoforatou E, Miliou
A, Aznaouridis K, Stefanadis C. Acute systemic inflammation induced by influenza A

162



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

46.

47.

48.

49.

50.

51.

(HIN1) vaccination causes a deterioration in endothelial function in HIV-infected
patients. HIV Med 2011;12: 594-601.

Smeeth L, Thomas SL, Hall AJ, Hubbard R, Farrington P, Vallance P. Risk of myocardial
infarction and stroke after acute infection or vaccination. N Engl J Med 2004;351: 2611-
8.

Barnes M, Heywood AE, Mahimbo A, Rahman B, Newall AT, Macintyre CR. Acute myocardial
infarction and influenza: a meta-analysis of case-control studies. Heart 2015;101: 1738-
47.

Udell JA, Zawi R, Bhatt DL, Keshtkar-Jahromi M, Gaughran F, Phrommintikul A, Ciszewski A,
Vakili H, Hoffman EB, Farkouh ME, Cannon CP. Association between influenza
vaccination and cardiovascular outcomes in high-risk patients: a meta-analysis. JAMA
2013;310: 1711-20.

Centre for Disease Control - Flu and Heart Disease & Stroke. Secondary Centre for Disease
Control - Flu and Heart Disease & Stroke. http://www.cdc.gov/flu/heartdisease/

National Health Service - Who should have the flu jab? Secondary National Health Service -
Who should have the flu jab? http://www.nhs.uk/conditions/vaccinations/pages/who-
should-have-flu-vaccine.aspx.

Falup-Pecurariu O, Man SC, Neamtu ML, Chicin G, Baciu G, Pitic C, Cara AC, Neculau AE,
Burlea M, Brinza IL, Schnell CN, Sas V, Lupu VV, Francois N, Swinnen K, Borys D. Effects
of prophylactic ibuprofen and paracetamol administration on the immunogenicity and
reactogenicity of the 10-valent pneumococcal non-typeable Haemophilus influenzae
protein D conjugated vaccine (PHiD-CV) co-administered with DTPa-combined vaccines
in children: An open-label, randomized, controlled, non-inferiority trial. Hum Vaccin
Immunother 2016: 0.

Saleh E, Swamy GK, Moody MA, Walter EB. Parental Approach to the Prevention and
Management of Fever and Pain Following Childhood Immunizations: A Survey Study.
Clin Pediatr (Phila) 2016.

Bancos S, Bernard MP, Topham DJ, Phipps RP. Ibuprofen and other widely used non-steroidal
anti-inflammatory drugs inhibit antibody production in human cells. Cell Immunol
2009;258: 18-28.

Hsia J, Tang T, Parrott M, Rogalla K. Augmentation of the immune response to influenza
vaccine by acetylsalicylic acid: a clinical trial in a geriatric population. Methods Find Exp
Clin Pharmacol 1994;16: 677-83.

Zucker MB, Nachmias VT. Platelet activation. Arteriosclerosis 1985;5: 2-18.

Patel SR, Hartwig JH, Italiano JE, Jr. The biogenesis of platelets from megakaryocyte
proplatelets. J Clin Invest 2005;115: 3348-54.

Geddis AE. The regulation of proplatelet production. Haematologica 2009;94: 756-9.

Cohen JA, Leeksma CH. Determination of the life span of human blood platelets using
labelled diisopropylfluorophosphonate. J Clin Invest 1956;35: 964-9.

Flaumenhaft R, Dilks JR, Rozenvayn N, Monahan-Earley RA, Feng D, Dvorak AM. The actin
cytoskeleton differentially regulates platelet alpha-granule and dense-granule
secretion. Blood 2005;105: 3879-87.

Escolar G, White JG. The platelet open canalicular system: a final common pathway. Blood
Cells 1991;17: 467-85; discussion 86-95.

Blair P, Flaumenhaft R. Platelet alpha-granules: basic biology and clinical correlates. Blood
Rev 2009;23: 177-89.

Rendu F, Brohard-Bohn B. The platelet release reaction: granules' constituents, secretion
and functions. Platelets 2001;12: 261-73.

Ciferri S, Emiliani C, Guglielmini G, Orlacchio A, Nenci GG, Gresele P. Platelets release their
lysosomal content in vivo in humans upon activation. Thromb Haemost 2000;83: 157-
64.

Warren BA. The platelet pseudopodium and its involvement in aggregation and adhesion to
vessel walls. BrJ Exp Pathol 1971;52: 378-87.

163


http://www.cdc.gov/flu/heartdisease/
http://www.nhs.uk/conditions/vaccinations/pages/who-should-have-flu-vaccine.aspx
http://www.nhs.uk/conditions/vaccinations/pages/who-should-have-flu-vaccine.aspx

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Davi G, Patrono C. Platelet activation and atherothrombosis. N Engl J Med 2007;357: 2482-
94.

Nieswandt B, Pleines |, Bender M. Platelet adhesion and activation mechanisms in arterial
thrombosis and ischaemic stroke. J Thromb Haemost 2011;9 Suppl 1: 92-104.

Kehrel B, Wierwille S, Clemetson KJ, Anders O, Steiner M, Knight CG, Farndale RW, Okuma
M, Barnes MJ. Glycoprotein VI is a major collagen receptor for platelet activation: it
recognizes the platelet-activating quaternary structure of collagen, whereas CD36,
glycoprotein lib/llla, and von Willebrand factor do not. Blood 1998;91: 491-9.

Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the central receptor? Blood
2003;102: 449-61.

Offermanns S. Activation of platelet function through G protein-coupled receptors. Circ Res
2006;99: 1293-304.

Hawiger J. Formation and regulation of platelet and fibrin hemostatic plug. Hum Pathol
1987;18: 111-22.

Ariens RA, Philippou H, Nagaswami C, Weisel JW, Lane DA, Grant PJ. The factor Xl V34L
polymorphism accelerates thrombin activation of factor Xlll and affects cross-linked
fibrin structure. Blood 2000;96: 988-95.

Coughlin SR. Thrombin signalling and protease-activated receptors. Nature 2000;407: 258-
64.

White RP, Chapleau CE, Dugdale M, Robertson JT. Cerebral arterial contractions induced by
human and bovine thrombin. Stroke 1980;11: 363-8.

Nakamura K, Hatano Y, Mori K. Thrombin-induced vasoconstriction in isolated cerebral
arteries and the influence of a synthetic thrombin inhibitor. Thromb Res 1985;40: 715-
20.

Horgan MJ, Fenton JW, 2nd, Malik AB. Alpha-thrombin-induced pulmonary vasoconstriction.
J Appl Physiol (1985) 1987;63: 1993-2000.

Heller R, Bussolino F, Ghigo D, Garbarino G, Schroder H, Pescarmona G, Till U, Bosia A. Protein
kinase C and cyclic AMP modulate thrombin-induced platelet-activating factor synthesis
in human endothelial cells. Biochim Biophys Acta 1991;1093: 55-64.

Kai Y, Hirano K, Maeda Y, Nishimura J, Sasaki T, Kanaide H. Prevention of the hypercontractile
response to thrombin by proteinase-activated receptor-1 antagonist in subarachnoid
hemorrhage. Stroke 2007;38: 3259-65.

Daniel JL, Dangelmaier C, Jin J, Ashby B, Smith JB, Kunapuli SP. Molecular basis for ADP-
induced platelet activation. |. Evidence for three distinct ADP receptors on human
platelets. J Biol Chem 1998;273: 2024-9.

Jin J, Quinton TM, Zhang J, Rittenhouse SE, Kunapuli SP. Adenosine diphosphate (ADP)-
induced thromboxane A(2) generation in human platelets requires coordinated
signaling through integrin alpha(llb)beta(3) and ADP receptors. Blood 2002;99: 193-8.

Jin J, Daniel JL, Kunapuli SP. Molecular basis for ADP-induced platelet activation. Il. The P2Y1
receptor mediates ADP-induced intracellular calcium mobilization and shape change in
platelets. J Biol Chem 1998;273: 2030-4.

Wallentin L. P2Y(12) inhibitors: differences in properties and mechanisms of action and
potential consequences for clinical use. Eur Heart J 2009;30: 1964-77.

Holmsen H, Weiss HJ. Hereditary defect in the platelet release reaction caused by a
deficiency in the storage pool of platelet adenine nucleotides. Br J Haematol 1970;19:
643-9.

Paul BZ, Jin J, Kunapuli SP. Molecular mechanism of thromboxane A(2)-induced platelet
aggregation. Essential role for p2t(ac) and alpha(2a) receptors. J Biol Chem 1999;274:
29108-14.

Ting HJ, Murad JP, Espinosa EV, Khasawneh FT. Thromboxane A2 receptor: biology and
function of a peculiar receptor that remains resistant for therapeutic targeting. J
Cardiovasc Pharmacol Ther 2012;17: 248-59.

164



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Dorn GW, 2nd, Delesus A. Human platelet aggregation and shape change are coupled to
separate thromboxane A2-prostaglandin H2 receptors. Am J Physiol 1991;260: H327-34.

Hirata T, Ushikubi F, Kakizuka A, Okuma M, Narumiya S. Two thromboxane A2 receptor
isoforms in human platelets. Opposite coupling to adenylyl cyclase with different
sensitivity to Arg60 to Leu mutation. J Clin Invest 1996;97: 949-56.

Gautier-Veyret E, Van Noolen L, Levy P, Pepin JL, Stanke-Labesque F. Could the thromboxane
A2 pathway be a therapeutic target for the treatment of obstructive sleep apnea-
induced atherosclerosis? Prostaglandins Other Lipid Mediat 2015;121: 97-104.

Nakahata N. Thromboxane A2: physiology/pathophysiology, cellular signal transduction and
pharmacology. Pharmacol Ther 2008;118: 18-35.

Yamamoto K, Ebina S, Nakanishi H, Nakahata N. Thromboxane A2 receptor-mediated signal
transduction in rabbit aortic smooth muscle cells. Gen Pharmacol 1995;26: 1489-98.
Zhao J, Zheng L, Fei Q, Fu Y, Weng Y, Wu H, Li H, Jun Q, Shao J, Xu Y. Association of
thromboxane A2 receptor gene polymorphisms with cerebral infarction in a Chinese

population. Neurol Sci 2013;34: 1791-6.

Kamae T, Kiyomizu K, Nakazawa T, Tadokoro S, Kashiwagi H, Honda S, Kanakura Y, Tomiyama
Y. Bleeding tendency and impaired platelet function in a patient carrying a heterozygous
mutation in the thromboxane A2 receptor. J Thromb Haemost 2011;9: 1040-8.

Catella F, Healy D, Lawson JA, FitzGerald GA. 11-Dehydrothromboxane B2: a quantitative
index of thromboxane A2 formation in the human circulation. Proc Nat/ Acad Sci U S A
1986;83: 5861-5.

Carasca C, Borda A, Incze A, Carasca E, Frigy A, Suciu H. Limb ischemia, an alarm signal to a
thromboembolic cascade - renal infarction and nephrectomy followed by surgical
suppression of the left atrial appendage. Rom J Morphol Embryol 2016;57: 547-50.

Rouzer CA, Marnett L. Cyclooxygenases: structural and functional insights. J Lipid Res
2009;50 Suppl: S29-34.

Wiemer AJ, Hegde S, Gumperz JE, Huttenlocher A. A live imaging cell motility screen
identifies prostaglandin E2 as a T cell stop signal antagonist. J Immunol 2011;187: 3663-
70.

Ricciotti E, FitzGerald GA. Prostaglandins and inflammation. Arterioscler Thromb Vasc Biol
2011;31: 986-1000.

Mubhlestein JB. Effect of antiplatelet therapy on inflammatory markers in atherothrombotic
patients. Thrombosis and haemostasis 2010;103: 71-82.

Jneid H, Bhatt DL, Corti R, Badimon JJ, Fuster V, Francis GS. Aspirin and clopidogrel in acute
coronary syndromes: therapeutic insights from the CURE study. Arch Intern Med
2003;163: 1145-53.

Maree AO, Fitzgerald DJ. Variable platelet response to aspirin and clopidogrel in
atherothrombotic disease. Circulation 2007;115: 2196-207.

Pamukcu B, Oflaz H, Oncul A, Umman B, Mercanoglu F, Ozcan M, Meric M, Nisanci Y. The
role of aspirin resistance on outcome in patients with acute coronary syndrome and the
effect of clopidogrel therapy in the prevention of major cardiovascular events. J Thromb
Thrombolysis 2006;22: 103-10.

Gum PA, Kottke-Marchant K, Welsh PA, White J, Topol EJ. A prospective, blinded
determination of the natural history of aspirin resistance among stable patients with
cardiovascular disease. J Am Coll Cardiol 2003;41: 961-5.

Santilli F, Rocca B, De Cristofaro R, Lattanzio S, Pietrangelo L, Habib A, Pettinella C, Recchiuti
A, Ferrante E, Ciabattoni G, Davi G, Patrono C. Platelet cyclooxygenase inhibition by low-
dose aspirin is not reflected consistently by platelet function assays: implications for
aspirin "resistance". J Am Coll Cardiol 2009;53: 667-77.

Grosser T, Fries S, Lawson JA, Kapoor SC, Grant GR, FitzGerald GA. Drug resistance and
pseudoresistance: an unintended consequence of enteric coating aspirin. Circulation
2013;127: 377-85.

165



91.

92.

93.

94.

95.
96.

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115

Miner J, Hoffhines A. The discovery of aspirin's antithrombotic effects. Tex Heart Inst J
2007;34: 179-86.

Mueller RL, Scheidt S. History of drugs for thrombotic disease. Discovery, development, and
directions for the future. Circulation 1994;89: 432-49.

Vane JR. The fight against rheumatism: from willow bark to COX-1 sparing drugs. J Physiol
Pharmacol 2000;51: 573-86.

Sonneville A. Current synthetic notions on aspirin induced asthma. Biomed Pharmacother
1999;53: 312-4.

Cheng TO. The history of aspirin. Tex Heart Inst J 2007;34: 392-3.

Weiss HJ, Aledort LM. Impaired platelet-connective-tissue reaction in man after aspirin
ingestion. Lancet 1967;2: 495-7.

Peterson GM, Jackson SL. Cost-effectiveness of newer antiplatelet drugs. Arch Intern Med
2003;163: 2533-4; author reply 34.

Palmer MA, Piper PJ, Vane JR. The release of rabbit aorta contracting substance (RCS) from
chopped lung and its antagonism by anti-inflammatory drugs. Br J Pharmacol 1970;40:
581P-82P.

Gryglewski R, Vane JR. Rabbit-aorta contracting substance (RCS) may be a prostaglandin
precursor. BrJ Pharmacol 1971;43: 420P-21P.

. Vane JR. Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like

drugs. Nat New Biol 1971;231: 232-5.

Vane JR, Flower RJ, Botting RM. History of aspirin and its mechanism of action. Stroke
1990;21: IV12-23.

Zaid AN, Al Ramahi R, Bustami R, Mousa A, Khasawneh S. Comparative fasting bioavailability
of two clopidogrel formulations in healthy Mediterranean volunteers: an in vitro-in vivo
correlation. Drug Des Devel Ther 2015;9: 2359-65.

Ono K, Kurohara K, Yoshihara M, Shimamoto Y, Yamaguchi M. Agranulocytosis caused by
ticlopidine and its mechanism. Am J Hematol 1991;37: 239-42.

Kovacs MJ, Soong PY, Chin-Yee IH. Thrombotic thrombocytopenic purpura associated with
ticlopidine. Ann Pharmacother 1993;27: 1060-1.

Wijeyeratne YD, Heptinstall S. Anti-platelet therapy: ADP receptor antagonists. Br J Clin
Pharmacol 2011;72: 647-57.

Marks M, Mangera Z, Cervi P. Thrombotic thrombocytopenic purpura in a patient with HIV
from Zimbabwe. BMJ Case Rep 2009;2009.

Kubica A, Kozinski M, Grzesk G, Fabiszak T, Navarese EP, Goch A. Genetic determinants of
platelet response to clopidogrel. J Thromb Thrombolysis 2011;32: 459-66.

Committee CS. A randomised, blinded, trial of clopidogrel versus aspirin in patients at risk
of ischaemic events (CAPRIE). CAPRIE Steering Committee. Lancet 1996;348: 1329-39.

Chen ZM, Jiang LX, Chen YP, Xie JX, Pan HC, Peto R, Collins R, Liu LS, group Cc. Addition of
clopidogrel to aspirin in 45,852 patients with acute myocardial infarction: randomised
placebo-controlled trial. Lancet 2005;366: 1607-21.

Sabatine MS, Hamdalla HN, Mehta SR, Fox KA, Topol EJ, Steinhubl SR, Cannon CP. Efficacy
and safety of clopidogrel pretreatment before percutaneous coronary intervention with
and without glycoprotein lib/llla inhibitor use. Am Heart J 2008;155: 910-7.

Sabatine MS, Cannon CP, Gibson CM, Lopez-Sendon JL, Montalescot G, Theroux P, Lewis
BS, Murphy SA, McCabe CH, Braunwald E, Clopidogrel as Adjunctive Reperfusion
Therapy -Thrombolysis in Myocardial Infarction I. Effect of clopidogrel pretreatment
before percutaneous coronary intervention in patients with ST-elevation myocardial
infarction treated with fibrinolytics: the PCI-CLARITY study. JAMA 2005;294: 1224-32.

Wiviott SD, Antman EM, Braunwald E. Prasugrel. Circulation 2010;122: 394-403.

Findik S. Pleural effusion in pulmonary embolism. Curr Opin Pulm Med 2012;18: 347-54.

Light RW. Pleural effusion due to pulmonary emboli. Curr Opin Pulm Med 2001;7: 198-201.

. Brandt JT, Payne CD, Wiviott SD, Weerakkody G, Farid NA, Small DS, Jakubowski JA,
Naganuma H, Winters KJ. A comparison of prasugrel and clopidogrel loading doses on

166



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

platelet function: magnitude of platelet inhibition is related to active metabolite
formation. Am Heart J 2007;153: 66 €9-16.

Wiviott SD, Trenk D, Frelinger AL, O'Donoghue M, Neumann FJ, Michelson AD, Angiolillo DJ,
Hod H, Montalescot G, Miller DL, Jakubowski JA, Cairns R, Murphy SA, McCabe CH,
Antman EM, Braunwald E, Investigators P-T. Prasugrel compared with high loading- and
maintenance-dose clopidogrel in patients with planned percutaneous coronary
intervention: the Prasugrel in Comparison to Clopidogrel for Inhibition of Platelet
Activation and Aggregation-Thrombolysis in Myocardial Infarction 44 trial. Circulation
2007;116: 2923-32.

Wiviott SD, Braunwald E, McCabe CH, Montalescot G, Ruzyllo W, Gottlieb S, Neumann FJ,
Ardissino D, De Servi S, Murphy SA, Riesmeyer J, Weerakkody G, Gibson CM, Antman
EM, Investigators T-T. Prasugrel versus clopidogrel in patients with acute coronary
syndromes. N Engl J Med 2007;357: 2001-15.

Montalescot G, Wiviott SD, Braunwald E, Murphy SA, Gibson CM, McCabe CH, Antman EM,
investigators T-T. Prasugrel compared with clopidogrel in patients undergoing
percutaneous coronary intervention for ST-elevation myocardial infarction (TRITON-
TIMI 38): double-blind, randomised controlled trial. Lancet 2009;373: 723-31.

Roe MT, Armstrong PW, Fox KA, White HD, Prabhakaran D, Goodman SG, Cornel JH, Bhatt
DL, Clemmensen P, Martinez F, Ardissino D, Nicolau JC, Boden WE, Gurbel PA, Ruzyllo
W, Dalby AJ, McGuire DK, Leiva-Pons JL, Parkhomenko A, Gottlieb S, Topacio GO, Hamm
C, Pavlides G, Goudev AR, Oto A, Tseng CD, Merkely B, Gasparovic V, Corbalan R, Cinteza
M, McLendon RC, Winters KJ, Brown EB, Lokhnygina Y, Aylward PE, Huber K, Hochman
JS, Ohman EM, Investigators TA. Prasugrel versus clopidogrel for acute coronary
syndromes without revascularization. N Engl J Med 2012;367: 1297-309.

Husted S, van Giezen JJ. Ticagrelor: the first reversibly binding oral P2Y12 receptor
antagonist. Cardiovasc Ther 2009;27: 259-74.

Dobesh PP, Oestreich JH. Ticagrelor: pharmacokinetics, pharmacodynamics, clinical
efficacy, and safety. Pharmacotherapy 2014;34: 1077-90.

Wallentin L, Becker RC, Budaj A, Cannon CP, Emanuelsson H, Held C, Horrow J, Husted S,
James S, Katus H, Mahaffey KW, Scirica BM, Skene A, Steg PG, Storey RF, Harrington RA,
Investigators P, Freij A, Thorsen M. Ticagrelor versus clopidogrel in patients with acute
coronary syndromes. N Engl J Med 2009;361: 1045-57.

Cannon CP, Husted S, Harrington RA, Scirica BM, Emanuelsson H, Peters G, Storey RF,
Investigators D-. Safety, tolerability, and initial efficacy of AZD6140, the first reversible
oral adenosine diphosphate receptor antagonist, compared with clopidogrel, in patients
with non-ST-segment elevation acute coronary syndrome: primary results of the
DISPERSE-2 trial. J Am Coll Cardiol 2007;50: 1844-51.

Storey RF, Angiolillo DJ, Patil SB, Desai B, Ecob R, Husted S, Emanuelsson H, Cannon CP,
Becker RC, Wallentin L. Inhibitory effects of ticagrelor compared with clopidogrel on
platelet function in patients with acute coronary syndromes: the PLATO (PLATelet
inhibition and patient Outcomes) PLATELET substudy. J Am Coll Cardiol 2010;56: 1456-
62.

Burki NK, Alam M, Lee LY. The pulmonary effects of intravenous adenosine in asthmatic
subjects. Respir Res 2006;7: 139.

Cattaneo M, Faioni EM. Why does ticagrelor induce dyspnea? Thromb Haemost 2012;108:
1031-6.

Wittfeldt A, Emanuelsson H, Brandrup-Wognsen G, van Giezen JJ, Jonasson J, Nylander S,
Gan LM. Ticagrelor enhances adenosine-induced coronary vasodilatory responses in
humans. J Am Coll Cardiol 2013;61: 723-7.

Kloppenborg RP, Richard E, Sprengers ME, Troost D, Eikelenboom P, Nederkoorn PJ. Steroid
responsive encephalopathy in cerebral amyloid angiopathy: a case report and review of
evidence for immunosuppressive treatment. J Neuroinflammation 2010;7: 18.

167



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Greenbaum AB, Grines CL, Bittl JA, Becker RC, Kereiakes DJ, Gilchrist IC, Clegg J, Stankowski
JE, Grogan DR, Harrington RA, Emanuelsson H, Weaver WD. Initial experience with an
intravenous P2Y12 platelet receptor antagonist in patients undergoing percutaneous
coronary intervention: results from a 2-part, phase Il, multicenter, randomized, placebo-
and active-controlled trial. Am Heart J 2006;151: 689 e1-89 e10.

Marcano AL, Ferreiro JL. Role of New Antiplatelet Drugs on Cardiovascular Disease: Update
on Cangrelor. Curr Atheroscler Rep 2016;18: 66.

Harrington RA, Stone GW, McNulty S, White HD, Lincoff AM, Gibson CM, Pollack CV, Jr.,
Montalescot G, Mahaffey KW, Kleiman NS, Goodman SG, Amine M, Angiolillo DJ, Becker
RC, Chew DP, French WJ, Leisch F, Parikh KH, Skerjanec S, Bhatt DL. Platelet inhibition
with cangrelor in patients undergoing PCIl. N Engl J Med 2009;361: 2318-29.

Bhatt DL, Lincoff AM, Gibson CM, Stone GW, McNulty S, Montalescot G, Kleiman NS,
Goodman SG, White HD, Mahaffey KW, Pollack CV, Jr., Manoukian SV, Widimsky P, Chew
DP, Cura F, Manukov I, Tousek F, Jafar MZ, Arneja J, Skerjanec S, Harrington RA,
Investigators CP. Intravenous platelet blockade with cangrelor during PCl. N Engl J Med
2009;361: 2330-41.

Bhatt DL, Stone GW, Mahaffey KW, Gibson CM, Steg PG, Hamm CW, Price MJ, Leonardi S,
Gallup D, Bramucci E, Radke PW, Widimsky P, Tousek F, Tauth J, Spriggs D, McLaurin BT,
Angiolillo DJ, Genereux P, Liu T, Prats J, Todd M, Skerjanec S, White HD, Harrington RA,
Investigators CP. Effect of platelet inhibition with cangrelor during PCl on ischemic
events. N Engl J Med 2013;368: 1303-13.

Boccardo P, Remuzzi G, Galbusera M. Platelet dysfunction in renal failure. Semin Thromb
Hemost 2004;30: 579-89.

De Luca L, Capranzano P, Patti G, Parodi G. Switching of platelet P2Y12 receptor inhibitors
in patients with acute coronary syndromes undergoing percutaneous coronary
intervention: Review of the literature and practical considerations. Am Heart J
2016;176: 44-52.

Subban V, Sarat Chandra K. Glycoprotein llb-llla inhibitors - do we still need them? Indian
Heart J 2013;65: 260-3.

Topol EJ, Moliterno DJ, Herrmann HC, Powers ER, Grines CL, Cohen DJ, Cohen EA, Bertrand
M, Neumann FJ, Stone GW, DiBattiste PM, Demopoulos L, Tirofiban TID, ReoPro Give
Similar Efficacy T. Comparison of two platelet glycoprotein llb/llla inhibitors, tirofiban
and abciximab, for the prevention of ischemic events with percutaneous coronary
revascularization. N Engl J Med 2001;344: 1888-94.

Roffi M, Chew DP, Mukherjee D, Bhatt DL, White JA, Moliterno DJ, Heeschen C, Hamm CW,
Robbins MA, Kleiman NS, Theroux P, White HD, Topol EJ. Platelet glycoprotein llb/llla
inhibition in acute coronary syndromes. Gradient of benefit related to the
revascularization strategy. Eur Heart J 2002;23: 1441-8.

Boersma E, Harrington RA, Moliterno DJ, White H, Theroux P, Van de Werf F, de Torbal A,
Armstrong PW, Wallentin LC, Wilcox RG, Simes J, Califf RM, Topol EJ, Simoons ML.
Platelet glycoprotein llb/llla inhibitors in acute coronary syndromes: a meta-analysis of
all major randomised clinical trials. Lancet 2002;359: 189-98.

O'Donoghue M, Antman EM, Braunwald E, Murphy SA, Steg PG, Finkelstein A, Penny WF,
Fridrich V, McCabe CH, Sabatine MS, Wiviott SD. The efficacy and safety of prasugrel
with and without a glycoprotein llb/llla inhibitor in patients with acute coronary
syndromes undergoing percutaneous intervention: a TRITON-TIMI 38 (Trial to Assess
Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition With Prasugrel-
Thrombolysis In Myocardial Infarction 38) analysis. J Am Coll Cardiol 2009;54: 678-85.

Kastrati A, Mehilli J, Schuhlen H, Dirschinger J, Dotzer F, ten Berg JM, Neumann FJ, Bollwein
H, Volmer C, Gawaz M, Berger PB, Schomig A, Intracoronary S, Antithrombotic Regimen-
Rapid Early Action for Coronary Treatment Study |. A clinical trial of abciximab in elective
percutaneous coronary intervention after pretreatment with clopidogrel. N Engl J Med
2004;350: 232-8.

168



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Kastrati A, Mehilli J, Neumann FJ, Dotzer F, ten Berg J, Bollwein H, Graf I, Iorahim M, Pache
J, Seyfarth M, Schuhlen H, Dirschinger J, Berger PB, Schomig A, Intracoronary S,
Antithrombotic: Regimen Rapid Early Action for Coronary Treatment 2 Trial I. Abciximab
in patients with acute coronary syndromes undergoing percutaneous coronary
intervention after clopidogrel pretreatment: the ISAR-REACT 2 randomized trial. JAMA
2006;295: 1531-8.

Mills JA, Michel BA, Bloch DA, Calabrese LH, Hunder GG, Arend WP, Edworthy SM, Fauci AS,
Leavitt RY, Lie JT, et al. The American College of Rheumatology 1990 criteria for the
classification of Henoch-Schonlein purpura. Arthritis Rheum 1990;33: 1114-21.

Harker LA, Kadatz RA. Mechanism of action of dipyridamole. Thromb Res Suppl 1983;4: 39-
46.

Kim HH, Liao JK. Translational therapeutics of dipyridamole. Arterioscler Thromb Vasc Biol
2008;28: s39-42.

Sacco RL, Diener HC, Yusuf S, Cotton D, Ounpuu S, Lawton WA, Palesch Y, Martin RH, Albers
GW, Bath P, Bornstein N, Chan BP, Chen ST, Cunha L, Dahlof B, De Keyser J, Donnan GA,
Estol C, Gorelick P, Gu V, Hermansson K, Hilbrich L, Kaste M, Lu C, Machnig T, Pais P,
Roberts R, Skvortsova V, Teal P, Toni D, Vandermaelen C, Voigt T, Weber M, Yoon BW,
Group PRS. Aspirin and extended-release dipyridamole versus clopidogrel for recurrent
stroke. N Engl J Med 2008;359: 1238-51.

Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL, Cervera R, Derksen RH, PG DEG,
Koike T, Meroni PL, Reber G, Shoenfeld Y, Tincani A, Vlachoyiannopoulos PG, Krilis SA.
International consensus statement on an update of the classification criteria for definite
antiphospholipid syndrome (APS). J Thromb Haemost 2006;4: 295-306.

Tong XL, Wu ST, Lian FM, Zhao M, Zhou SP, Chen XY, Yu B, Zhen Z, Qi LW, Li P, Wang CZ,
Sun H, Yuan CS. The safety and effectiveness of TM81, a Chinese herbal medicine, in the
treatment of type 2 diabetes: a randomized double-blind placebo-controlled trial.
Diabetes Obes Metab 2013;15: 448-54.

Massel DR, Little SH. Antiplatelet and anticoagulation for patients with prosthetic heart
valves. Cochrane Database Syst Rev 2013: CD003464.

Guo J, Chen H, Song J, Wang J, Zhao L, Tong X. Syndrome Differentiation of Diabetes by the
Traditional Chinese Medicine according to Evidence-Based Medicine and Expert
Consensus Opinion. Evid Based Complement Alternat Med 2014;2014: 492193.

De Simone C, De Sole P, Di Mario G, Venier A, Cerimele D, Serri F. Reactive oxygen species
production in circulating polymorphonuclear leukocytes in psoriasis. Acta Derm
Venereol Suppl (Stockh) 1989;146: 50-2.

Xie W, Zheng F, Zhong B, Song X. Long-Term Antiplatelet Mono- and Dual Therapies After
Ischemic Stroke or Transient Ischemic Attack: Network Meta-Analysis. J Am Heart Assoc
2015;4: e002259.

Kim JS, Bonovich D. Research on intracranial atherosclerosis from the East and west: why
are the results different? J Stroke 2014;16: 105-13.

Chen C, Zhao C, Wang X, Li W, Chen X. Mechanism and effect of shijueming (Concha
Haliotidis) on serum calcium in spontaneously hypertensive rats. J Tradit Chin Med
2013;33: 373-7.

Chen DQ, Feng YL, Tian T, Chen H, Yin L, Zhao YY, Lin RC. Diuretic and anti-diuretic activities
of fractions of Alismatis rhizoma. J Ethnopharmacol 2014;157: 114-8.

Fifth Joint Task Force of the European Society of C, European Association of E, European
Association of Percutaneous Cardiovascular |, European Heart Rhythm A, Heart Failure
A, European Association for Cardiovascular P, Rehabilitation, European Atherosclerosis
S, International Society of Behavioural M, European Stroke O, European Society of H,
European Association for the Study of D, European Society of General Practice/Family
M, International Diabetes Federation E, European Heart N. European Guidelines on
cardiovascular disease prevention in clinical practice (version 2012): the Fifth Joint Task
Force of the European Society of Cardiology and Other Societies on Cardiovascular

169



Disease Prevention in Clinical Practice (constituted by representatives of nine societies
and by invited experts). Eur J Prev Cardiol 2012;19: 585-667.

157. De Berardis G, Sacco M, Strippoli GF, Pellegrini F, Graziano G, Tognoni G, Nicolucci A. Aspirin

158

159

160

161

162

163

164

165

166

167

168

169

for primary prevention of cardiovascular events in people with diabetes: meta-analysis
of randomised controlled trials. BMJ 2009;339: b4531.

. Alifano M, Roth T, Broet SC, Schussler O, Magdeleinat P, Regnard JF. Catamenial

pneumothorax: a prospective study. Chest 2003;124: 1004-8.

.Joseph J, Sahn SA. Thoracic endometriosis syndrome: new observations from an analysis of

110 cases. Am J Med 1996;100: 164-70.

. Lacasse Y, Girard M, Cormier Y. Recent advances in hypersensitivity pneumonitis. Chest

2012;142: 208-17.

. Lepur D, Klinar I, Mise B, Himbele J, Vranjican Z, Barsic B. McKittrick-Wheelock syndrome:

a rare cause of diarrhoea. Eur J Gastroenterol Hepatol 2006;18: 557-9.

. Rothwell PM, Giles MF, Chandratheva A, Marquardt L, Geraghty O, Redgrave JN, Lovelock

CE, Binney LE, Bull LM, Cuthbertson FC, Welch SJ, Bosch S, Alexander FC, Silver LE,
Gutnikov SA, Mehta Z, Early use of Existing Preventive Strategies for Stroke s. Effect of
urgent treatment of transient ischaemic attack and minor stroke on early recurrent
stroke (EXPRESS study): a prospective population-based sequential comparison. Lancet
2007;370: 1432-42.

. Levine GN, Bates ER, Blankenship JC, Bailey SR, Bittl JA, Cercek B, Chambers CE, Ellis SG,

Guyton RA, Hollenberg SM, Khot UN, Lange RA, Mauri L, Mehran R, Moussa ID,
Mukherjee D, Nallamothu BK, Ting HH, American College of Cardiology F, American
Heart Association Task Force on Practice G, Society for Cardiovascular A, Interventions.
2011 ACCF/AHA/SCAI Guideline for Percutaneous Coronary Intervention. A report of the
American College of Cardiology Foundation/American Heart Association Task Force on
Practice Guidelines and the Society for Cardiovascular Angiography and Interventions.
Journal of the American College of Cardiology 2011;58: e44-122.

. Authors/Task Force m, Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, Falk V, Filippatos

G, Hamm C, Head SJ, Juni P, Kappetein AP, Kastrati A, Knuuti J, Landmesser U, Laufer G,
Neumann FJ, Richter DJ, Schauerte P, Sousa Uva M, Stefanini GG, Taggart DP, Torracca
L, Valgimigli M, Wijns W, Witkowski A. 2014 ESC/EACTS Guidelines on myocardial
revascularization: The Task Force on Myocardial Revascularization of the European
Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery
(EACTS)Developed with the special contribution of the European Association of
Percutaneous Cardiovascular Interventions (EAPCI). European heart journal 2014;35:
2541-619.

. Navarese EP, Andreotti F, Schulze V, Kolodziejczak M, Buffon A, Brouwer M, Costa F,

Kowalewski M, Parati G, Lip GY, Kelm M, Valgimigli M. Optimal duration of dual
antiplatelet therapy after percutaneous coronary intervention with drug eluting stents:
meta-analysis of randomised controlled trials. Bmj 2015;350: h1618.

. Cassese S, Byrne RA, Tada T, King LA, Kastrati A. Clinical impact of extended dual antiplatelet

therapy after percutaneous coronary interventions in the drug-eluting stent era: a meta-
analysis of randomized trials. European heart journal 2012;33: 3078-87.

. Bang VV, Levy MS. Duration of dual anti-platelet therapy following drug eluting stents: Less

Is More? Catheter Cardiovasc Interv 2016;87: 733-4.

. Mauri L, Kereiakes DJ, Yeh RW, Driscoll-Shempp P, Cutlip DE, Steg PG, Normand SL,

Braunwald E, Wiviott SD, Cohen DJ, Holmes DR, Jr., Krucoff MW, Hermiller J, Dauerman
HL, Simon DI, Kandzari DE, Garratt KN, Lee DP, Pow TK, Ver Lee P, Rinaldi MJ, Massaro
JM, Investigators DS. Twelve or 30 months of dual antiplatelet therapy after drug-eluting
stents. N Engl J Med 2014;371: 2155-66.

. Yeh RW, Secemsky EA, Kereiakes DJ, Normand SL, Gershlick AH, Cohen DJ, Spertus JA, Steg

PG, Cutlip DE, Rinaldi MJ, Camenzind E, Wijns W, Apruzzese PK, Song Y, Massaro JM,
Mauri L, Investigators DS. Development and Validation of a Prediction Rule for Benefit

170



and Harm of Dual Antiplatelet Therapy Beyond 1 Year After Percutaneous Coronary
Intervention. JAMA 2016;315: 1735-49.

170. Yang J, Zhang L, Yu C, Yang XF, Wang H. Monocyte and macrophage differentiation:
circulation inflammatory monocyte as biomarker for inflammatory diseases. Biomark
Res 2014;2: 1.

171. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev
Immunol 2011;11: 723-37.

172. Gao L, Chen Q, Zhou X, Fan L. The role of hypoxia-inducible factor 1 in atherosclerosis.
Journal of clinical pathology 2012;65: 872-6.

173. Jaipersad AS, Shantsila A, Lip GY, Shantsila E. Expression of monocyte subsets and
angiogenic markers in relation to carotid plaque neovascularization in patients with pre-
existing coronary artery disease and carotid stenosis. Ann Med 2014,46: 530-8.

174. Lauener RP, Geha RS, Vercelli D. Engagement of the monocyte surface antigen CD14
induces lymphocyte function-associated antigen-1/intercellular adhesion molecule-1-
dependent homotypic adhesion. J Immunol 1990;145: 1390-4.

175. O'Brien KD, McDonald TO, Chait A, Allen MD, Alpers CE. Neovascular expression of E-
selectin, intercellular adhesion molecule-1, and vascular cell adhesion molecule-1 in
human atherosclerosis and their relation to intimal leukocyte content. Circulation
1996;93: 672-82.

176. Pamukcu B, Lip GY, Devitt A, Griffiths H, Shantsila E. The role of monocytes in
atherosclerotic coronary artery disease. Ann Med 2010;42: 394-403.

177. Jaipersad AS, Lip GY, Silverman S, Shantsila E. The role of monocytes in angiogenesis and
atherosclerosis. J Am Coll Cardiol 2014;63: 1-11.

178. Shantsila E, Watson T, Lip GY. Endothelial progenitor cells in cardiovascular disorders. J Am
Coll Cardiol 2007;49: 741-52.

179. Michel JB, Delbosc S, Ho-Tin-Noe B, Leseche G, Nicoletti A, Meilhac O, Martin-Ventura JL.
From intraplaque haemorrhages to plague vulnerability: biological consequences of
intraplague haemorrhages. J Cardiovasc Med (Hagerstown) 2012;13: 628-34.

180. Michel JB, Martin-Ventura JL, Nicoletti A, Ho-Tin-Noe B. Pathology of human plaque
vulnerability: mechanisms and consequences of intraplague haemorrhages.
Atherosclerosis 2014;234: 311-9.

181. Liaskou E, Zimmermann HW, Li KK, Oo YH, Suresh S, Stamataki Z, Qureshi O, Lalor PF, Shaw
J, Syn WK, Curbishley SM, Adams DH. Monocyte subsets in human liver disease show
distinct phenotypic and functional characteristics. Hepatology 2013;57: 385-98.

182. Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, Frankenberger B, Espevik T,
Ziegler-Heitbrock L. The proinflammatory CD14+CD16+DR++ monocytes are a major
source of TNF. J Immunol 2002;168: 3536-42.

183. Wong KL, Tai JJ, Wong WC, Han H, Sem X, Yeap WH, Kourilsky P, Wong SC. Gene expression
profiling reveals the defining features of the classical, intermediate, and nonclassical
human monocyte subsets. Blood 2011;118: e16-31.

184. Krasselt M, Baerwald C, Wagner U, Rossol M. CD56+ monocytes have a dysregulated
cytokine response to lipopolysaccharide and accumulate in rheumatoid arthritis and
immunosenescence. Arthritis Res Ther 2013;15: R139.

185. Shantsila E, Wrigley B, Tapp L, Apostolakis S, Montoro-Garcia S, Drayson MT, Lip GY.
Immunophenotypic characterization of human monocyte subsets: possible implications
for cardiovascular disease pathophysiology. Journal of thrombosis and haemostasis : JTH
2011;9: 1056-66.

186. Cros J, Cagnard N, Woollard K, Patey N, Zhang SY, Senechal B, Puel A, Biswas SK, Moshous
D, Picard C, Jais JP, D'Cruz D, Casanova JL, Trouillet C, Geissmann F. Human CD14dim
monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8 receptors.
Immunity 2010;33: 375-86.

171



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Tapp LD, Shantsila E, Wrigley BJ, Pamukcu B, Lip GY. The CD14++CD16+ monocyte subset
and monocyte-platelet interactions in patients with ST-elevation myocardial infarction.
J Thromb Haemost 2012;10: 1231-41.

Schlitt A, Heine GH, Blankenberg S, Espinola-Klein C, Dopheide JF, Bickel C, Lackner KJ, 1z M,
Meyer J, Darius H, Rupprecht HJ. CD14+CD16+ monocytes in coronary artery disease
and their relationship to serum TNF-alpha levels. Thromb Haemost 2004;92: 419-24.

Poitou C, Dalmas E, Renovato M, Benhamo V, Hajduch F, Abdennour M, Kahn JF, Veyrie N,
Rizkalla S, Fridman WH, Sautes-Fridman C, Clement K, Cremer |. CD14dimCD16+ and
CD14+CD16+ monocytes in obesity and during weight loss: relationships with fat mass
and subclinical atherosclerosis. Arterioscler Thromb Vasc Biol 2011;31: 2322-30.

Naert G, Rivest S. A deficiency in CCR2+ monocytes: the hidden side of Alzheimer's disease.
J Mol Cell Biol 2013;5: 284-93.

Mickelson JK, Lakkis NM, Villarreal-Levy G, Hughes BJ, Smith CW. Leukocyte activation with
platelet adhesion after coronary angioplasty: a mechanism for recurrent disease? J Am
Coll Cardiol 1996;28: 345-53.

Harding SA, Din JN, Sarma J, Jessop A, Weatherall M, Fox KA, Newby DE. Flow cytometric
analysis of circulating platelet-monocyte aggregates in whole blood: methodological
considerations. Thromb Haemost 2007;98: 451-6.

Michelson AD, Barnard MR, Krueger LA, Valeri CR, Furman MI. Circulating monocyte-
platelet aggregates are a more sensitive marker of in vivo platelet activation than
platelet surface P-selectin: studies in baboons, human coronary intervention, and
human acute myocardial infarction. Circulation 2001;104: 1533-7.

Ishikawa T, Shimizu M, Kohara S, Takizawa S, Kitagawa Y, Takagi S. Appearance of WBC-
platelet complex in acute ischemic stroke, predominantly in atherothrombotic
infarction. J Atheroscler Thromb 2012;19: 494-501.

Gawaz M, Stellos K, Langer HF. Platelets modulate atherogenesis and progression of
atherosclerotic plaques via interaction with progenitor and dendritic cells. J Thromb
Haemost 2008;6: 235-42.

Kroll MH, Hellums JD, Mclintire LV, Schafer Al, Moake JL. Platelets and shear stress. Blood
1996;88: 1525-41.

Yong AS, Pennings GJ, Chang M, Hamzah A, Chung T, Qi M, Brieger D, Behnia M, Krilis SA,
Ng MK, Lowe HC, Kritharides L. Intracoronary shear-related up-regulation of platelet P-
selectin and platelet-monocyte aggregation despite the use of aspirin and clopidogrel.
Blood 2011;117: 11-20.

Koyama H, Maeno T, Fukumoto S, Shoji T, Yamane T, Yokoyama H, Emoto M, Shoji T, Tahara
H, Inaba M, Hino M, Shioi A, Miki T, Nishizawa Y. Platelet P-selectin expression is
associated with atherosclerotic wall thickness in carotid artery in humans. Circulation
2003;108: 524-9.

Klinkhardt U, Harder S. Flow cytometric measurement of platelet-leukocyte aggregates: a
possible target to monitor platelet function? Semin Thromb Hemost 2005;31: 400-3.

Arazi HC, Badimon JJ. Anti-inflammatory effects of anti-platelet treatment in
atherosclerosis. Curr Pharm Des 2012;18: 4311-25.

Li N, Hu H, Hjemdahl P. Aspirin treatment does not attenuate platelet or leukocyte
activation as monitored by whole blood flow cytometry. Thromb Res 2003;111: 165-70.

Klinkhardt U, Bauersachs R, Adams J, Graff J, Lindhoff-Last E, Harder S. Clopidogrel but not
aspirin reduces P-selectin expression and formation of platelet-leukocyte aggregates in
patients with atherosclerotic vascular disease. Clin Pharmacol Ther 2003;73: 232-41.

Passacquale G, Phinikaridou A, Warboys C, Cooper M, Lavin B, Alfieri A, Andia ME, Botnar
RM, Ferro A. Aspirin-induced histone acetylation in endothelial cells enhances synthesis
of the secreted isoform of netrin-1 thus inhibiting monocyte vascular infiltration. Br J
Pharmacol 2015;172: 3548-64.

172



204.

205.

206.

207.
208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Serafini T, Kennedy TE, Galko MJ, Mirzayan C, Jessell TM, Tessier-Lavigne M. The netrins
define a family of axon outgrowth-promoting proteins homologous to C. elegans UNC-
6. Cell 1994;78: 409-24.

Bongo JB, Peng DQ. The neuroimmune guidance cue netrin-1: a new therapeutic target in
cardiovascular disease. J Cardiol 2014;63: 95-8.

Culotti JG, Merz DC. DCC and netrins. Curr Opin Cell Biol 1998;10: 609-13.

Livesey FJ. Netrins and netrin receptors. Cell Mol Life Sci 1999;56: 62-8.

Bradford D, Faull RL, Curtis MA, Cooper HM. Characterization of the netrin/RGMa receptor
neogenin in neurogenic regions of the mouse and human adult forebrain. J Comp Neurol
2010;518: 3237-53.

van Gils JM, Derby MC, Fernandes LR, Ramkhelawon B, Ray TD, Rayner KJ, Parathath S,
Distel E, Feig JL, Alvarez-Leite JI, Rayner AJ, McDonald TO, O'Brien KD, Stuart LM, Fisher
EA, Lacy-Hulbert A, Moore KJ. The neuroimmune guidance cue netrin-1 promotes
atherosclerosis by inhibiting the emigration of macrophages from plaques. Nat Immunol
2012;13: 136-43.

Ramkhelawon B, Yang Y, van Gils JM, Hewing B, Rayner KJ, Parathath S, Guo L, Oldebeken
S, Feig JL, Fisher EA, Moore KJ. Hypoxia induces netrin-1 and Unc5b in atherosclerotic
plagues: mechanism for macrophage retention and survival. Arterioscler Thromb Vasc
Biol 2013;33: 1180-8.

Khan JA, Cao M, Kang BY, Liu Y, Mehta JL, Hermonat PL. Systemic human Netrin-1 gene
delivery by adeno-associated virus type 8 alters leukocyte accumulation and
atherogenesis in vivo. Gene Ther 2011;18: 437-44.

Gerszten RE, Tager AM. The monocyte in atherosclerosis--should | stay or should | go now?
N Engl J Med 2012;366: 1734-6.

Delloye-Bourgeois C, Goldschneider D, Paradisi A, Therizols G, Belin S, Hacot S, Rosa-
Calatrava M, Scoazec JY, Diaz JJ, Bernet A, Mehlen P. Nucleolar localization of a netrin-1
isoform enhances tumor cell proliferation. Sci Signal 2012;5: ra57.

Ranganathan P, Mohamed R, Jayakumar C, Ramesh G. Guidance cue netrin-1 and the
regulation of inflammation in acute and chronic kidney disease. Mediators Inflamm
2014;2014: 525891.

Mao X, Xing H, Mao A, Jiang H, Cheng L, Liu Y, Quan X, Li L. Netrin-1 attenuates cardiac
ischemia reperfusion injury and generates alternatively activated macrophages.
Inflammation 2014;37: 573-80.

Liu L, Xie S, Liao X, Zhang L, Zhong L. Netrin-1 pretreatment protects rat kidney against
ischemia/reperfusion injury via suppression of oxidative stress and neuropeptide Y
expression. J Biochem Mol Toxicol 2013;27: 231-6.

Mirakaj V, Thix CA, Laucher S, Mielke C, Morote-Garcia JC, Schmit MA, Henes J, Unertl KE,
Kohler D, Rosenberger P. Netrin-1 dampens pulmonary inflammation during acute lung
injury. Am J Respir Crit Care Med 2010;181: 815-24.

Ly NP, Komatsuzaki K, Fraser IP, Tseng AA, Prodhan P, Moore KJ, Kinane TB. Netrin-1 inhibits
leukocyte migration in vitro and in vivo. Proc Natl Acad Sci U S A 2005;102: 14729-34.

Tadagavadi RK, Wang W, Ramesh G. Netrin-1 regulates Th1/Th2/Th17 cytokine production
and inflammation through UNC5B receptor and protects kidney against ischemia-
reperfusion injury. J Immunol 2010;185: 3750-8.

Mussap M, Noto A, Fravega M, Fanos V. Urine neutrophil gelatinase-associated lipocalin
(UNGAL) and netrin-1: are they effectively improving the clinical management of sepsis-
induced acute kidney injury (AKI)? J Matern Fetal Neonatal Med 2011;24 Suppl 2: 15-7.

Ranganathan PV, Jayakumar C, Mohamed R, Dong Z, Ramesh G. Netrin-1 regulates the
inflammatory response of neutrophils and macrophages, and suppresses ischemic acute
kidney injury by inhibiting COX-2-mediated PGE2 production. Kidney Int 2013;83: 1087-
98.

Layne K, Ferro A, Passacquale G. Netrin-1 as a novel therapeutic target in cardiovascular
disease: to activate or inhibit? Cardiovasc Res 2015;107: 410-9.

173



223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.
238.

239.

Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schram| BU, Segura E, Tussiwand R,
Yona S. Dendritic cells, monocytes and macrophages: a unified nomenclature based on
ontogeny. Nature reviews Immunology 2014;14: 571-8.

Kashiwagi M, Imanishi T, Tsujioka H, Ikejima H, Kuroi A, Ozaki Y, Ishibashi K, Komukai K,
Tanimoto T, Ino Y, Kitabata H, Hirata K, Akasaka T. Association of monocyte subsets with
vulnerability characteristics of coronary plaques as assessed by 64-slice multidetector
computed tomography in patients with stable angina pectoris. Atherosclerosis
2010;212: 171-6.

Heine GH, Ulrich C, Seibert E, Seiler S, Marell J, Reichart B, Krause M, Schlitt A, Kohler H,
Girndt M. CD14(++)CD16+ monocytes but not total monocyte numbers predict
cardiovascular events in dialysis patients. Kidney international 2008;73: 622-9.

Rogacev KS, Seiler S, Zawada AM, Reichart B, Herath E, Roth D, Ulrich C, Fliser D, Heine GH.
CD14++CD16+ monocytes and cardiovascular outcome in patients with chronic kidney
disease. Eur Heart J 2011;32: 84-92.

Imanishi T, Ikejima H, Tsujioka H, Kuroi A, Ishibashi K, Komukai K, Tanimoto T, Ino Y,
Takeshita T, Akasaka T. Association of monocyte subset counts with coronary fibrous
cap thickness in patients with unstable angina pectoris. Atherosclerosis 2010;212: 628-
35.

Zawada AM, Fell LH, Untersteller K, Seiler S, Rogacev KS, Fliser D, Ziegler-Heitbrock L, Heine
GH. Comparison of two different strategies for human monocyte subsets gating within
the large-scale prospective CARE FOR HOMe Study. Cytometry A 2015;87: 750-8.

Chan LY, Yim EK, Choo AB. Normalized median fluorescence: an alternative flow cytometry
analysis method for tracking human embryonic stem cell states during differentiation.
Tissue engineering Part C, Methods 2013;19: 156-65.

Matsuura E, Atzeni F, Sarzi-Puttini P, Turiel M, Lopez LR, Nurmohamed MT. Is
atherosclerosis an autoimmune disease? BMC Med 2014;12: 47.

Jan M, Virtue AT, Pansuria M, Liu J, Xiong X, Fang P, Meng S, Wang H, Yang XF. The Role of
Immunogenicity in Cardiovascular Disease. World Heart J 2011;3: 1-29.

Underhill DM, Goodridge HS. Information processing during phagocytosis. Nat Rev Immunol
2012;12: 492-502.

Galon J, Gauchat JF, Mazieres N, Spagnoli R, Storkus W, Lotze M, Bonnefoy JY, Fridman WH,
Sautes C. Soluble Fcgamma receptor type Il (FcgammaRlll, CD16) triggers cell activation
through interaction with complement receptors. Journal of immunology 1996;157:
1184-92.

Streitz M, Miloud T, Kapinsky M, Reed MR, Magari R, Geissler EK, Hutchinson JA, Vogt K,
Schlickeiser S, Kverneland AH, Meisel C, Volk HD, Sawitzki B. Standardization of whole
blood immune phenotype monitoring for clinical trials: panels and methods from the
ONE study. Transplant Res 2013;2: 17.

Gremmel T, Koppensteiner R, Kaider A, Eichelberger B, Mannhalter C, Panzer S. Impact of
variables of the P-selectin - P-selectin glycoprotein ligand-1 axis on leukocyte-platelet
interactions in cardiovascular disease. Thromb Haemost 2015;113: 806-12.

Patrono C, Ciabattoni G, Patrignani P, Pugliese F, Filabozzi P, Catella F, Davi G, Forni L.
Clinical pharmacology of platelet cyclooxygenase inhibition. Circulation 1985;72: 1177-
84.

Flower RJ. Drugs which inhibit prostaglandin biosynthesis. Pharmacol Rev 1974;26: 33-67.

Lindholm D, Varenhorst C, Cannon CP, Harrington RA, Himmelmann A, Maya J, Husted S,
Steg PG, Cornel JH, Storey RF, Stevens SR, Wallentin L, James SK. Ticagrelor vs.
clopidogrel in patients with non-ST-elevation acute coronary syndrome with or without
revascularization: results from the PLATO trial. Eur Heart J 2014;35: 2083-93.

Vrijens B, Claeys MJ, Legrand V, Vandendriessche E, Van de Werf F. Projected inhibition of
platelet aggregation with ticagrelor twice daily vs. clopidogrel once daily based on
patient adherence data (the TWICE project). Br J Clin Pharmacol 2014;77: 746-55.

174



240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Peters RJ, Mehta SR, Fox KA, Zhao F, Lewis BS, Kopecky SL, Diaz R, Commerford PJ, Valentin
V, Yusuf S, Clopidogrel in Unstable angina to prevent Recurrent Events Trial I. Effects of
aspirin dose when used alone or in combination with clopidogrel in patients with acute
coronary syndromes: observations from the Clopidogrel in Unstable angina to prevent
Recurrent Events (CURE) study. Circulation 2003;108: 1682-7.

Investigators C-O, Mehta SR, Bassand JP, Chrolavicius S, Diaz R, Eikelboom JW, Fox KA,
Granger CB, Jolly S, Joyner CD, Rupprecht HJ, Widimsky P, Afzal R, Pogue J, Yusuf S. Dose
comparisons of clopidogrel and aspirin in acute coronary syndromes. N Engl J Med
2010;363: 930-42.

Steinhubl SR, Bhatt DL, Brennan DM, Montalescot G, Hankey GJ, Eikelboom JW, Berger PB,
Topol EJ, Investigators C. Aspirin to prevent cardiovascular disease: the association of
aspirin dose and clopidogrel with thrombosis and bleeding. Ann Intern Med 2009;150:
379-86.

Berger JS, Sallum RH, Katona B, Maya J, Ranganathan G, Xu Y, Mwamburi M. Is there an
association between aspirin dosing and cardiac and bleeding events after treatment of
acute coronary syndrome? A systematic review of the literature. Am Heart J 2012;164:
153-62 e5.

Jolly SS, Pogue J, Haladyn K, Peters RJ, Fox KA, Avezum A, Gersh BJ, Rupprecht HJ, Yusuf S,
Mehta SR. Effects of aspirin dose on ischaemic events and bleeding after percutaneous
coronary intervention: insights from the PCI-CURE study. Eur Heart J 2009;30: 900-7.

Perk J, De Backer G, Gohlke H, Graham I, Reiner Z, Verschuren M, Albus C, Benlian P, Boysen
G, Cifkova R, Deaton C, Ebrahim S, Fisher M, Germano G, Hobbs R, Hoes A, Karadeniz S,
Mezzani A, Prescott E, Ryden L, Scherer M, Syvanne M, Scholte op Reimer WJ, Vrints C,
Wood D, Zamorano JL, Zannad F, European Association for Cardiovascular P,
Rehabilitation, Guidelines ESCCfP. European Guidelines on cardiovascular disease
prevention in clinical practice (version 2012). The Fifth Joint Task Force of the European
Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in
Clinical Practice (constituted by representatives of nine societies and by invited experts).
Eur Heart J 2012;33: 1635-701.

Tsai MY, Hanson NQ, Straka RJ, Hoke TR, Ordovas JM, Peacock JM, Arends VL, Arnett DK.
Effect of influenza vaccine on markers of inflammation and lipid profile. J Lab Clin Med
2005;145: 323-7.

Christian LM, lams JD, Porter K, Glaser R. Inflammatory responses to trivalent influenza
virus vaccine among pregnant women. Vaccine 2011;29: 8982-7.

Ramesh G, Berg A, Jayakumar C. Plasma netrin-1 is a diagnostic biomarker of human
cancers. Biomarkers 2011;16: 172-80.

Yildirim ME, Kefeli U, Aydin D, Sener N, Gumus M. The value of plasma netrin-1 in non-small
cell lung cancer patients as diagnostic and prognostic biomarker. Tumour Biol 2016.
Grandin M, Meier M, Delcros JG, Nikodemus D, Reuten R, Patel TR, Goldschneider D, Orriss
G, Krahn N, Boussouar A, Abes R, Dean Y, Neves D, Bernet A, Depil S, Schneiders F, Poole
K, Dante R, Koch M, Mehlen P, Stetefeld J. Structural Decoding of the Netrin-1/UNC5
Interaction and its Therapeutical Implications in Cancers. Cancer Cell 2016;29: 173-85.

Bouhidel JO, Wang P, Li Q, Cai H. Pharmacological postconditioning treatment of myocardial
infarction with netrin-1. Front Biosci (Landmark Ed) 2014;19: 566-70.

Zhang J, Cai H. Netrin-1 prevents ischemia/reperfusion-induced myocardial infarction via a
DCC/ERK1/2/eNOS s1177/NO/DCC feed-forward mechanism. J Mol Cell Cardiol 2010;48:
1060-70.

Liu C, Ke X, Wang Y, Feng X, Li Q, Zhang Y, Zhu J, Li Q. The level of netrin-1 is decreased in
newly diagnosed type 2 diabetes mellitus patients. BMC Endocr Disord 2016;16: 33.
Floyd CN, Goodman T, Becker S, Chen N, Mustafa A, Schofield E, Campbell J, Ward M,
Sharma P, Ferro A. Increased platelet expression of glycoprotein llla following aspirin
treatment in aspirin-resistant but not aspirin-sensitive subjects. Br J Clin Pharmacol

2014;78: 320-8.

175



255

256

257

258

259

260

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

. Fu Q, Bovenkamp DE, Van Eyk JE. A rapid, economical, and reproducible method for human
serum delipidation and albumin and IgG removal for proteomic analysis. Methods Mol
Biol 2007;357: 365-71.

.Mi Q, Chen N, Shaifta Y, Xie L, Lu H, Liu Z, Chen Q, Hamid C, BeckerS, Ji Y, Ferro A. Activation
of endothelial nitric oxide synthase is dependent on its interaction with globular actin in
human umbilical vein endothelial cells. J Mol Cell Cardiol 2011;51: 419-27.

. Birukova AA, Zagranichnaya T, Fu P, Alekseeva E, Chen W, Jacobson JR, Birukov KG.
Prostaglandins PGE(2) and PGI(2) promote endothelial barrier enhancement via PKA-
and Epacl/Rapl-dependent Rac activation. Exp Cell Res 2007;313: 2504-20.

. Razandi M, Pedram A, Rubin T, Levin ER. PGE2 and PGI2 inhibit ET-1 secretion from
endothelial cells by stimulating particulate guanylate cyclase. Am J Physiol 1996;270:
H1342-9.

. Eskildsen MP, Hansen PB, Stubbe J, Toft A, Walter S, Marcussen N, Rasmussen LM,
Vanhoutte PM, Jensen BL. Prostaglandin 12 and prostaglandin E2 modulate human
intrarenal artery contractility through prostaglandin E2-EP4, prostacyclin-IP, and
thromboxane A2-TP receptors. Hypertension 2014;64: 551-6.

. Conary JT, Parker RE, Christman BW, Faulks RD, King GA, Meyrick BO, Brigham KL.
Protection of rabbit lungs from endotoxin injury by in vivo hyperexpression of the
prostaglandin G/H synthase gene. J Clin Invest 1994;93: 1834-40.

Singh RK, Tandon R, Dastidar SG, Ray A. A review on leukotrienes and their receptors with
reference to asthma. J Asthma 2013;50: 922-31.

Zhang R, Brennan ML, Fu X, Aviles RJ, Pearce GL, Penn MS, Topol EJ, Sprecher DL, Hazen SL.
Association between myeloperoxidase levels and risk of coronary artery disease. JAMA
2001;286: 2136-42.

Santucci L, Fiorucci S, Patoia L, Di Matteo FM, Brunori PM, Morelli A. Severe gastric mucosal
damage induced by NSAIDs in healthy subjects is associated with Helicobacter pylori
infection and high levels of serum pepsinogens. Dig Dis Sci 1995;40: 2074-80.

Ramesh G, Krawczeski CD, Woo JG, Wang Y, Devarajan P. Urinary netrin-1 is an early
predictive biomarker of acute kidney injury after cardiac surgery. Clin J Am Soc Nephrol
2010;5: 395-401.

Lewandowska L, Matuszkiewicz-Rowinska J, Jayakumar C, Oldakowska-Jedynak U, Looney
S, Galas M, Dutkiewicz M, Krawczyk M, Ramesh G. Netrin-1 and semaphorin 3A predict
the development of acute kidney injury in liver transplant patients. PLoS One 2014;9:
€107898.

TuY, Wang H, Sun R, Ni Y, Ma L, Xv F, Hu X, Jiang L, Wu A, Chen X, Chen M, Liu J, Han F.
Urinary netrin-1 and KIM-1 as early biomarkers for septic acute kidney injury. Ren Fail
2014;36: 1559-63.

Louthrenoo W, Kasitanon N, Wichainun R, Sukitawut W. Effect of minidose aspirin on renal
function and renal uric acid handling in healthy young adults. J Clin Rheumatol 2002;8:
299-304.

Wang W, Reeves WB, Ramesh G. Netrin-1 and kidney injury. |. Netrin-1 protects against
ischemia-reperfusion injury of the kidney. Am J Physiol Renal Physiol 2008;294: F739-
47.

Brooks PM, Cossum PA, Boyd GW. Rebound rise in renin concentrations after cessation of
salicylates. N Engl J Med 1980;303: 562-4.

Snoep JD, Hovens MM, Pasha SM, Frolich M, Pijl H, Tamsma JT, Huisman MV. Time-
dependent effects of low-dose aspirin on plasma renin activity, aldosterone, cortisol,
and catecholamines. Hypertension 2009;54: 1136-42.

Namkoong S, Lee SJ, Kim CK, Kim YM, Chung HT, Lee H, Han JA, Ha KS, Kwon YG, Kim YM.
Prostaglandin E2 stimulates angiogenesis by activating the nitric oxide/cGMP pathway
in human umbilical vein endothelial cells. Exp Mol Med 2005;37: 588-600.

Deanfield JE, Halcox JP, Rabelink TJ. Endothelial function and dysfunction: testing and
clinical relevance. Circulation 2007;115: 1285-95.

176



273.

274.

275.

276.

277.

278.

279.

280.

281.
282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

Hadi HA, Carr CS, Al Suwaidi J. Endothelial dysfunction: cardiovascular risk factors, therapy,
and outcome. Vasc Health Risk Manag 2005;1: 183-98.

Smyth EM, Grosser T, Wang M, Yu Y, FitzGerald GA. Prostanoids in health and disease. J
Lipid Res 2009;50 Suppl: S423-8.

Bouchard JF, Chouinard J, Lamontagne D. Participation of prostaglandin E2 in the
endothelial protective effect of ischaemic preconditioning in isolated rat heart.
Cardiovasc Res 2000;45: 418-27.

Di Francesco L, Totani L, Dovizio M, Piccoli A, Di Francesco A, Salvatore T, Pandolfi A,
Evangelista V, Dercho RA, Seta F, Patrignani P. Induction of prostacyclin by steady
laminar shear stress suppresses tumor necrosis factor-alpha biosynthesis via heme
oxygenase-1 in human endothelial cells. Circ Res 2009;104: 506-13.

Chen M, Divangahi M, Gan H, Shin DS, Hong S, Lee DM, Serhan CN, Behar SM, Remold HG.
Lipid mediators in innate immunity against tuberculosis: opposing roles of PGE2 and
LXA4 in the induction of macrophage death. J Exp Med 2008;205: 2791-801.

Lima J, Siqueira M, Pedro T, Ponte C, Peres L, Marinho S, Castello-Branco LR, Antas PR. The
role of host soluble inflammatory mediators induced by the BCG vaccine for the
initiation of in vitro monocyte apoptosis in healthy Brazilian volunteers. J Inflamm (Lond)
2015;12: 60.

Kalinski P. Regulation of immune responses by prostaglandin E2. J Immunol 2012;188: 21-
8.

Boutaud O, Sosa IR, Amin T, Oram D, Adler D, Hwang HS, Crews B, Milne GL, Harris BK,
Hoeksema MD, Knowllmann BC, Lammers PE, Marnett LJ, Massion PP, Oates JA.
Inhibition of the biosynthesis of prostaglandin E2 by low dose aspirin: implications for
adenocarcinoma metastasis. Cancer Prev Res (Phila) 2016.

Antibodies to oxidised LDL in atherosclerosis. Lancet 1992;339: 899-900.

Shoenfeld Y, Wu R, Dearing LD, Matsuura E. Are anti-oxidized low-density lipoprotein
antibodies pathogenic or protective? Circulation 2004;110: 2552-8.

http://www.nhs.uk/news/2014/12December/Pages/Almost-half-of-all-adults-take-
prescription-drugs.aspx Accessed February 2017.

Matsuura E, Kobayashi K, Tabuchi M, Lopez LR. Oxidative modification of low-density
lipoprotein and immune regulation of atherosclerosis. Prog Lipid Res 2006;45: 466-86.

Brouwers A, Langlois M, Delanghe J, Billiet J, De Buyzere M, Vercaemst R, Rietzschel E,
Bernard D, Blaton V. Oxidized low-density lipoprotein, iron stores, and haptoglobin
polymorphism. Atherosclerosis 2004;176: 189-95.

Nour Eldin EE, Almarzouki A, Assiri AM, Elsheikh OM, Mohamed BE, Babakr AT. Oxidized
low density lipoprotein and total antioxidant capacity in type-2 diabetic and impaired
glucose tolerance Saudi men. Diabetol Metab Syndr 2014;6: 94.

Trezzini C, Jungi TW, Spycher MO, Maly FE, Rao P. Human monocytes CD36 and CD16 are
signaling molecules. Evidence from studies using antibody-induced chemiluminescence
as a tool to probe signal transduction. Immunology 1990;71: 29-37.

Jewett A, Cacalano NA, Head C, Teruel A. Coengagement of CD16 and CD94 receptors
mediates secretion of chemokines and induces apoptotic death of naive natural killer
cells. Clin Cancer Res 2006;12: 1994-2003.

Demer LL, Tintut Y. Vascular calcification: pathobiology of a multifaceted disease.
Circulation 2008;117: 2938-48.

Sangiorgi G, Rumberger JA, Severson A, Edwards WD, Gregoire J, Fitzpatrick LA, Schwartz
RS. Arterial calcification and not lumen stenosis is highly correlated with atherosclerotic
plaque burden in humans: a histologic study of 723 coronary artery segments using
nondecalcifying methodology. J Am Coll Cardiol 1998;31: 126-33.

Pohle K, Maffert R, Ropers D, Moshage W, Stilianakis N, Daniel WG, Achenbach S.
Progression of aortic valve calcification: association with coronary atherosclerosis and
cardiovascular risk factors. Circulation 2001;104: 1927-32.

177


http://www.nhs.uk/news/2014/12December/Pages/Almost-half-of-all-adults-take-prescription-drugs.aspx
http://www.nhs.uk/news/2014/12December/Pages/Almost-half-of-all-adults-take-prescription-drugs.aspx

292.

293.

204.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

Bessueille L, Magne D. Inflammation: a culprit for vascular calcification in atherosclerosis
and diabetes. Cell Mol Life Sci 2015;72: 2475-89.

Wen C, Yang X, Yan Z, Zhao M, Yue X, Cheng X, Zheng Z, Guan K, Dou J, Xu T, Zhang Y, Song
T, Wei C, Zhong H. Nalp3 inflammasome is activated and required for vascular smooth
muscle cell calcification. Int J Cardiol 2013;168: 2242-7.

Mosig S, Rennert K, Krause S, Kzhyshkowska J, Neunubel K, Heller R, Funke H. Different
functions of monocyte subsets in familial hypercholesterolemia: potential function of
CD14+ CD16+ monocytes in detoxification of oxidized LDL. FASEB J 2009;23: 866-74.

Carnevale R, Pignatelli P, Lenti L, Buchetti B, Sanguigni V, Di Santo S, Violi F. LDL are
oxidatively modified by platelets via GP91(phox) and accumulate in human monocytes.
FASEB J 2007;21: 927-34.

Carnevale R, Bartimoccia S, Nocella C, Di Santo S, Loffredo L, Illuminati G, Lombardi E, Boz
V, Del Ben M, De Marco L, Pignatelli P, Violi F. LDL oxidation by platelets propagates
platelet activation via an oxidative stress-mediated mechanism. Atherosclerosis
2014;237: 108-16.

Hruska KA, Mathew S, Saab G. Bone morphogenetic proteins in vascular calcification. Circ
Res 2005;97: 105-14.

Griethe W, Schmitt R, Jurgensen JS, Bachmann S, Eckardt KU, Schindler R. Bone
morphogenic protein-4 expression in vascular lesions of calciphylaxis. J Nephrol
2003;16: 728-32.

Bouhlal H, Galon J, Kazatchkine MD, Fridman WH, Sautes-Fridman C, Haeffner Cavaillon N.
Soluble CD16 inhibits CR3 (CD11b/CD18)-mediated infection of
monocytes/macrophages by opsonized primary R5 HIV-1. J Immunol 2001;166: 3377-
83.

Samstad EQ, Niyonzima N, Nymo S, Aune MH, Ryan L, Bakke SS, Lappegard KT, Brekke OL,
Lambris JD, Damas JK, Latz E, Mollnes TE, Espevik T. Cholesterol crystals induce
complement-dependent inflammasome activation and cytokine release. J Immunol
2014;192: 2837-45.

Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, Abela GS, Franchi L,
Nunez G, Schnurr M, Espevik T, Lien E, Fitzgerald KA, Rock KL, Moore KJ, Wright SD,
Hornung V, Latz E. NLRP3 inflammasomes are required for atherogenesis and activated
by cholesterol crystals. Nature 2010;464: 1357-61.

Turner CM, Arulkumaran N, Singer M, Unwin RJ, Tam FW. Is the inflammasome a potential
therapeutic target in renal disease? BMC Nephrol 2014;15: 21.

Ridker PM, Rifai N, Rose L, Buring JE, Cook NR. Comparison of C-reactive protein and low-
density lipoprotein cholesterol levels in the prediction of first cardiovascular events. N
Engl J Med 2002;347: 1557-65.

Greenland P, Alpert IS, Beller GA, Benjamin EJ, Budoff MJ, Fayad ZA, Foster E, Hlatky MA,
Hodgson JM, Kushner FG, Lauer MS, Shaw LJ, Smith SC, Jr., Taylor AJ, Weintraub WS,
Wenger NK, Jacobs AK, American College of Cardiology Foundation/American Heart
Association Task Force on Practice G. 2010 ACCF/AHA guideline for assessment of
cardiovascular risk in asymptomatic adults: a report of the American College of
Cardiology Foundation/American Heart Association Task Force on Practice Guidelines.
Circulation 2010;122: e584-636.

178



APPENDIX ONE

179



Appendix 1.1 Study design

This study will aim to recruit up to 60 patients with cardiovascular risk factors but no prior
cardiovascular events from hypertension clinics at Guy's and St Thomas' NHS Foundation Trust.
Those with underlying cardiovascular risk factors, otherwise healthy, with no prior
cardiovascular event and asymptomatic for atherosclerotic disease will be screened for

recruitment.

Patients will have blood samples taken at baseline and then receive 28 days of treatment with
aspirin 75 mg once daily, at which point they will undergo further blood sampling. Participants
will additionally be assessed for increased carotid IMT and/or carotid atherosclerotic plague
disease as diagnosed on carotid ultrasound. Those with evidence of carotid plaques will be

advised to continue on lifelong aspirin and their general practitioners will be informed.

Carotid ultrasonography will be performed by Dr Ben Yu Jiang at the Clinical Research Facility of
St Thomas’ Hospital. Carotid IMT will be measured by ultrasonography (Accuson Sequoia 512
machine with an 8-MHz transducer). IMT is taken as the distance between the blood / intima
borderline and the media/adventitia borderline, and evaluated on the wall of the common
carotid arteries bilaterally, specifically in the distal 1 cm of the artery just proximal to the bulb.
Mean carotid IMT will be measured using a semi-automated computer analysis system, and
confirmed by taking the mean of three manual readings at 20mm intervals along the CCA. Mean

values of IMT in the anterior and posterior walls of both arteries are to be recorded for analysis.

Blood samples will be collected as described in Section 2.3.3. A whole blood sample in EDTA will
be sent to the Viapath laboratory at Guy's and St Thomas' NHS Foundation Trust to measure
HbA1c levels and a full blood cell count. Similarly, a serum sample will be sent to Viapath to
measure renal function, liver function, a cholesterol profile and CRP. | will retain serum and

plasma aliquots for future use, the preparation of these samples is detailed in Section 2.3.3.
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In order to assess monocyte phenotype, whole blood will be immunostained, as detailed in
Section 2.3.4, with the following antibodies: PE-mouse anti-human CD14 (BD Bioscience), 5 FITC-
conjugated anti-human CD16 (BD Bioscience), APC-mouse anti-human CD86 (BD Bioscience).
The immunostained samples will be analysed using a BD FACSCalibur (BD Bioscience) flow
cytometer to determine monocyte subset distribution. A total of 50,000 leucocyte events are to
be acquired and post-acquisition analysis will be performed using FlowJo (version 10) software.
Cells that are positive for CD86 (a pan-monocytic marker) staining will be used to gate for cells
with a typical monocytic FSC versus SSC profile, and this population will then be analysed based
on CD14 and CD16 expression, as previously described in Section 2.3.5; Figure 5.1. The minor
change in the flow cytometry methodology utilising CD86 to improve the quality of monocytic
gating has been implemented following feedback from experts in the flow cytometry field, who
explained that by gating for monocytes using CD14 and CD16 only, we would risk including

natural killer cells.
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Appendix Figure 1.1: Flow cytometry analysis

Panel A shows the gating of cells that were positive for the pan-monocytic stain, CD86. These cells were
then selected from the monocytic group, as identified on the typical FSC vs SSC plot shown in Panel B.
Finally, this population of cells were then gated into the respective monocyte populations

(CD14"¢"CD16 - marked as 1, CD14"8"CD16* - marked as 2, and CD14"°*CD16" - marked by 3).
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ELISA kits to measure the following markers have been purchased: netrin-1 (SEB827Hu, Cloud-
Clone Corp.), PGE; (ID: MBS007171, MyBioSource, Inc., USA), TXB, (ID: CSB-E08046h, Cusabio,
China), VCAM-1 (ID: DVCO00, R&D Systems, UK), and ICAM-1 (ID: 850.540.096, Diaclone, France).
All ELISA experiments will be carried out according to the manufacturer specifications.

The standard deviation for total pro-inflammatory monocytes measured within a population of
patients with cardiovascular risk factors and either increased IMT or carotid plaque disease was
6 % in our pilot data. We therefore calculated a sample size of 20 patients per group for the
clinical study described above, taking a minimum detectable difference in means between pre-
and post-treatment of 4 %, with power 0.9 and significance level 0.05. All statistical analyses will
be performed using GraphPad Prism (version 7.3) software. Parametric data will be expressed
as the mean * SEM, whilst non-parametric data will be expressed as the median with IQR.
ANOVA will be used to compare percentage variation of each study variable between the 3
treatment groups (aspirin, clopidogrel or untreated) in the study. Baseline and post-treatment
values will be compared within each group using a paired parametric or non-parametric test as

appropriate.
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Participant demographics for the initial four patients recruited into the study are reported in

Appendix Table 5.1.

Participant Demographics (n = 4)

Age (years) 62.00 (53.00 — 73.25)
Sex 2 male, 2 female
Smoking history 3 ex-smokers, 1 non-smoker
BMI (weight kg/ height m?) 32.30 (26.85 - 37.22)
Systolic blood pressure (mmHg) 158 (140 — 165)
Diastolic blood pressure (mmHg) 95 (84 - 100)

WCC (x10°/1) 5.25 (4.43 - 6.60)
CRP (mg/l) 0.5 (0.0 - 1.8)
Triglycerides (mmol/l) 1.20 (0.51 - 2.34)
HDL (mmol/l) 1.53 (1.16 — 2.08)
LDL (mmol/I) 2.44 (1.67 - 2.58)
HbA1c (mmol/mol) 39.5 (37.5 - 49.0)
Mean IMT (mm) 0.79 (0.18 — 1.01)

Appendix Table 1.1: Participant demographics
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CD14"e"CD16™ % CD14"e"CD16* % CD14'°“CD16* %

Hypertension 88.70 (83.70 — 92.35) 5.84 (2.34 - 11.84) 1.22 (0.67 — 1.44)

patients (n = 4)

Appendix Table 1.2: Preliminary data on monocyte subsets in hypertension patients

Monocyte counts are also expressed in percentages rather than absolute cell counts due to a
discrepancy with the data (results from the first participant that was studied show higher cell count
values for the three monocytic subtypes due to larger total number of events being recorded for

analysis).
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