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ABSTRACT

Despite recent advances in diagnosis and theraplgerasclerosis-related
cardiovascular disease remains a leading cause abidity and mortality
worldwide. An important challenge is to detect sileatherosclerosis in
asymptomatic people at risk, so that preventatiketegjies can be more effectively
targeted. This thesis examines the pro-inflammébooyatherogenic role of platelet
hyperactivity and the consequent interaction ofvated platelets with circulating
monocytes to form monocyte-platelet aggregates (MP#d investigates the
potential usefulness of MPA measurement and/or myRrO phenotype
characterization as surrogate markers of athenmddalisease.

Using an experimental model of inflammation, namiggt induced by influenza
vaccine administration to healthy subjects, we tbthmat MPA formation increases
in the blood under pro-inflammatory conditions, ahdt this is accompanied by
expansion of so-called CDI#'CD16" monocytes, which are distinct from
“classical” CD14CD16 cells and exhibit higher pro-inflammatory activity vitro
experiments showed that MPA formation increases @Ddxpression on
CD14'CD16 monocytes.

In an animal model of atherosclerosis (Afﬁ'olEnice), expansion of the murine
counterpart of human CD16nonocytes, namely Ly6® cells, occurred with age
and their levels strongly related to the extenaibferosclerotic disease seen in the
brachiocephalic artery.

Finally, in a clinical study conducted in clinicalhealthy patients who had one or

more underlying cardiovascular risk factors, levefscirculating CD149"CD16"



monocytes, but not of MPA, were found to increasethiose patients who had
carotid plagues compared to disease-free patiartd, also showed a direct
correlation with intima-media thickness (IMT) as atwated by carotid
ultrasonography. Unlike monocyte characterizatiwaditional cardiovascular risk
stratification using the Framingham risk equationtiee Joint British Societies 2

charts showed no relationship to IMT or to the pne of frank plaque disease.

In conclusion, our findings delineate a novel ptisesogenic effect of platelet
activation that is easily detectable in the penphblood through characterization of
circulating monocytes. Measurement of CB¥€D16™ monocytes, but not MPA,
offers a novel diagnostic approach to identify waatherosclerosis that gives
information over and above cardiovascular risk negtion using traditional

population-based assessment tools.
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Introduction

1.1 Platelets

1.1.1 Platelet structure and function

“... In examining the content of such vessels (rdlgss of whether they are veins or
capillaries) with an immersion objective, one vaitihieve the astonishing result that
a third morphological element circulates along wittd and white corpuscles. This
is constituted of disc-shaped pale platelets wéhapel surfaces, that rarely appear

like lens-shaped, oval or round structures; thddameter is a third or an half of red

cells....They are generally isolated from each nteeen if they can rarely adhere
one to another to form clusters of variable dimensi However, this is already a
sign of their alteration...”(citation from Bizzozero 1883, p 661) [translaticn

mine].

It was as far back as December 1881 when the rtgd&thologist Giulio Cesare
Bizzozero (1816-1901) made his scientific reporthi® Royal Sciences Academy of
Turin (Italy), providing the first evidence thatettithird morphological element” of
the blood, that many other authors (Hewson7#o; Donne in 1842; Beale in 1850;
Zimmermann in 1860 and Schultze in 1865) had desdrsince the late T&entury
as a blood component of dubious biological functibad an important role in
thrombosis and coagulation (Gazzaniga & Ottini, D00Indeed, his great
achievement was the demonstration that platelets bharacteristics and functions
different from those of erythrocytes and white gelind that they “constitute the
major part of the thrombus and give rise to the wwalation of the abundant
granular substance that is among leucocytes, aatl Was believed to derive from
disrupted white cells’(citation from Bizzozero 1883, p 701) . On theibasf this

observation, that was enabled by the developmeintraivital microscopy applied to
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mesenteric vessels of guinea pigs and rabbits, oBeap called these particles
“piastrine” (ltalian from the Latiremplastra meaning embedding substance), that

the English later termed “platelets” (little plates

More than a century of research in the field codplgth progress in laboratory
techniques, have provided remarkable insight imte structural and functional
complexity of platelets. These anucleate partitti@s circulate in the blood normally
at 150-400 x 1V per litre, possess a composite network of membsinetures,
including the plasmalemma, intracellular granulesl aanalicular systems, and
originate from the segmentation of megakaryocytése different cellular
compartments are regulated by an intricate celiadiong machinery that confers to
platelets cellular plasticity, in terms of shapedifioations in response to platelet
agonists, and secretory ability in many differeathpphysiological settings. For
instance, specific receptors expressed on the Iglapgasmalemma initiate an
outside-in signalling pathway that leads to actoratof protein phosphorylation
cascades ultimately resulting in actin polymermatiReedet al, 2000). This event,
that culminates in a structural re-organization tbé cytoskeleton, has been
considered for many decades as the main determinasrganelle trafficking (the
so-called “platelet release reaction”), due todbaeration of a contractile force with
consequent expulsion of intracellular granules @é/i al,1978; Painteet al.,1984;
Loftus et al,1989). More recent studies have revealed a psoockfusion between
the granule membrane and the plasmalemma, regulayed-ethylmaleimide-
sensitive factor attachment protein receptor (SNAREMIly proteins, chaperon
molecules that direct the function of the SNARE pter (such as GTPase Rab
family) and the composition of the lipid membrameviewed by Reeeét al, 2000

and Flaumenhatft, 2003).
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The activity of this regulatory apparatus is disoected from the biomolecular
mechanisms that direct platelet shape changes,saeaths to be modulated by
agonist-specific effector molecules to ensure $wiecof granule content release as
appropriate. Indeed, immunocytochemical and elactrocroscopic studies have
identified three main types of storage organelteplatelets, known as dense, alpha
and lysosomal granules. Their content can be giledsnto three main groups on the

basis of their principal function (Rext al, 2008):

- platelet agonists (adenosine diphosphate (ADPht@ein, epinephrine, 5-
hydroxytryptamine (5-HT) and calcium), containedhe dense-granules;

- adhesion molecules (P-selectin, fibrinogen, vonl&urand factor (VWF),
platelet factor 4 (PF4)), stored in alpha-granules;

- lysosomal enzymes (cathepsin, hexosaminidase)invitie lysosomes.

However, these molecules only represent a minofityie entire array of functional
mediators stored in circulating platelets, that pase growth factors (such as
vascular-endothelial growth factor, VEGF; platedetived growth factor, PDGF),
pro-inflammatory molecules (including inteleuki-aAnd CD40L) and a variety of

chemokines (reviewed by Klinger & Jelkmann, 2002).

The scenario is complicated by evidence that, tesiick of genomic DNA,
platelets contain residual mMRNA from megakaryocy&dsng with a complete
translational apparatus, thus enabling the prodaoabf newly synthesised proteins

(Harrison & Goodall, 2008).

To date, the study of platelet structure and thaetstanding of their function are far

from complete. However, the evidence to date irtdsanultiple roles for platelets,
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extending from their now well-established role memostasis and thrombosis to a

more general pro-inflammatory action, as will becdissed later.

1.1.2 Platelet activation

The classical model of platelet activation deswilze series of phenotypic and
morphological changes in resting platelets suchttiey acquire adhesiveness to the
vascular wall following exposure to pro-thromboticolecules (e.g. collagen, VWF)
(Weisset al.1978; Tschoppet al,1973; Savaget al,1996), forming platelet-to-
platelet aggregates (homotypic aggregation) throogglinking by soluble adhesive
proteins (especially fibrinogen) (Isenbeeg al, 1987) and releasing a number of
mediators that stabilize the initial aggregate amdplify thrombus formation
(Siess,1989). The widespread view that vessel yinjsirthe sole determinant of
platelet activation has been largely abandoneayit bf the evidence that a variety
of pathophysiological stimuli, including pro-inflarmatory cytokines and infective
agents (recently reviewed by Semple & FreedmanQR@% well as shear stress
(Kroll et al,1996), can activate platelets with no detectabksegl damage. Evidence
has also accumulated that, in these and other s#iveathophysiological settings,
platelets exhibit differential biological responsdse to activation of distinct
biomolecular pathways. Importantly, pro-inflammatolctivity mediated by
interaction with circulating leucocytes (heterotypaggregation) and release of
inflammatory mediators constitutes an importanteaspof platelet biology and
provides strong pathophysiological links betweeflammation and thrombosis
(Semple & Freedman,2010; Krodt al,1996; Freedman & Loscalzo,2002). As a

consequence, platelet activation is not limitethoccurrence of a local thrombotic
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event triggered by vascular damage and mainly sestdy homotypic aggregation.
On the contrary, it is often part of a systemidanfmatory response that can develop
independently of, or in addition to, local injurglated factors. Indeed, formation of
heterotypic aggregates in the peripheral circutatias been observed not only
during acute thrombotic events (Furmetnal. 1998; Michelsoret al.2001; Furman
et al.2001; Sarmeet al.2002; Marquardtet al.2009), but also in those clinical
conditions associated with high blood thrombogdawicin  the absence of
intravascular thrombosis, such as auto-immunerdigse (Josephet al.2001),
haematological disease (Jensdral.2001; Wunet al.2002), and in subjects with
cardiovascular risk factors (Hardiegjal.2004a; Hardinget al. 2004b; Gkaliagkousi
et al.2009). Given this, as well as the ongoing discow#rgver more biomolecular
mechanisms underlying the platelet response tereifit agonists, it is likely that the
signalling pathways that regulate thrombus formmatiand platelet-leucocyte
interaction may operate either together or indepetigd under different
circumstances. In keeping with this, some antigidtdrugs that effectively reduce
platelet-platelet aggregation, such as aspirin, imaye very little or no effect on

heterotypic aggregation (Klinkhardt al.2003).
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1.2 Homotypic aggr egation

Homotypic aggregation occurs at the site of a asdesion such as a ruptured
atherosclerotic plague or a traumatic injury, whereposed pro-thrombotic
molecules provide an adhesive surface for recruitn@ circulating platelets,
followed by their activation and thrombotic plugrimation (Tschoppet al.1973;
Weisset al.1978; Isenbergt al.1987; Siess,1989; Savageal.]1998).In vivo and

in vitro observations suggest that this phenomenon is aleerand dynamic multi-
step process (Furie & Furie,2005; Kulkagtial.2000; Maxwellet al.,2007). The
initial phase of adhesion of platelets to the véscwall as well as to each other
(primary reversible aggregation) is followed byex@nd phase of stabilization and
growth of the initial platelet plug (secondary ueesible aggregation). Platelet
activation has long been assumed to have a dualndhis process, as an initiating
factor in platelet arrest and as an essential rtedad the transition from reversible
to irreversible aggregation (Savageé al., 1996; Savageet al,1998; Packam &
Mustard, 1984). Technical advances in intravitatnmscopy and real-time perfusion
studies have demonstrated that primary aggregatiaralso occur without the need
for platelet activation under conditions of elevhshear stress (Maxwaedt al.,2007;
Ruggeriet al., 2006). However, when non-activated platelets adiberdhe vessel
wall they only form transient micro-aggregates thatthe absence of activation-
dependent release and generation of soluble agorf®incipally adenosine
diphosphate, ADP; thrombin and thromboxang, AXxA;), disaggregate with
translocation of platelets in the direction of figMaxwell et al.,2007). Central to
homotypic aggregation is therefore the concept ftaitelets become activated in
response to interaction with thrombogenic surfages] multiple ligand-receptor

interactions are required to stabilize and amphfir adhesion and aggregation.
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1.2.1.Biomolecular mechanisms of platelet activation leading to homotypic

aggregation

Fibrinogen, vVWF and collagen are able to initiatenpry aggregation through the
engagement of specific platelet integrins, namdiycaprotein (GP)lIb/llla (also
designatedayp3; integrin), GPIb and GPVI respectively (Savage al.1996;
Nachman & Leung, 1982; Emslet al.2000). At low shear rate (<1000)s the
interaction between GPIIb/llla and fibrinogen haet demonstrated to constitute
the predominant biomolecular event (Savagal.,1996; Ruggeret al.1997; Savage
et al.1998). However, since GPIlIb/llla is expressed ilow affinity state on the
plasmalemma of quiescent platelets, initial stirtiafaof platelets by one or more
soluble agonists in the vicinity of the lesion (eAPP released from endothelial
cells or thrombin locally produced) is required ander to activate downstream
signalling pathways (inside-out signalling) thatirahtely result in platelet shape
change and activation of GPIIb/llla (Isenbetgal.,1987). When the shear rate rises
within the range 1000 - 10000's platelet activation is not required to induce
primary aggregation, since the synergistic actibiGPllb/lIlla and GPIb suffice in
promoting tethering and transient aggregation etaid-shaped quiescent platelets
to the vascular wall. Nevertheless, the ensuingvatein of platelets induced by
integrin engagement leads to release of solublaisigy mainly ADP, which is
essential in stabilizing the initial aggregate (Ma&X et al.2007). At high shear rates
(>10000s™ ), Ruggeri et al have shown bdthvitro andin vivo that thrombus can
form efficiently through a mechanism independentptdtelet activation, that is
solely mediated by interaction between VWF and Ggtiing rise to stable local
adhesion of platelets to a thrombogenic surfacehamaotypic aggregation (Ruggeri

et al.2006).
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Thein vivo role of these ligand/receptor interactions hasnbevaluated in animal
models selectively lacking one or more of the moleg involved in these pathways.
In studies using VWE mice, platelet accumulation and thrombus growthewer
markedly delayed but not absent in a model of dechloride-induced thrombosis
(Ni et al.2000), and the thrombogenic activity of plateletdaser-induced vessel
wall injury was in fact comparable to that obserwedvild-type mice (Duboiset
al.,2007), suggesting that platelet thrombus formatian occur in the absence of
vWEF. Fibrinogen/VWF double knockout mice exhibiegerved platelet-to-platelet
interaction (Niet al.2000), via a mechanism primarily triggered by thbimand
sustained by soluble agonist release (ADP) aneérifit integrin signalling cascades
(Duboiset al.2007; Yanget al.2006). Activation of the coagulation cascade at the
site of vessel injury, with consequent generatiérnthpombin through the tissue
factor (TF) pathway, has been proposed as a majdributor to the thrombogenic
component of atherothrombotic disease (Cettal.2002; Libby, 2002). However,
recent evaluation of the dynamics of thrombus fdiomaon atherosclerotic plaques
has shown that TF has a predominant role onlyenatiplification phase of platelet
aggregation, whilst the first key event of platedetest and aggregation is crucially
regulated by engagement of the collagen receptdvlGReininger et al.2010).
Indeed GPVI blockade, but not plaque TF suppressggnificantly inhibits
thrombus development. In similar experiments pentd by Penz et al (Peret
al.,2007), GPIb was found to be a crucial effector leqgpe-induced thrombosis, a
finding in agreement with the work of Ruggeri etshbwing the importance of the
VWF/GPIb axis in thrombus formation under condisasf high shear, and further
confirmed in studies of interleukin 4-receptor/GRiansgenic mice (Bergmeiet

al.,2006), in which lack of activity of GPIb gives ris® a severe bleeding
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phenotype. However, compared to the relatively meffiect on thrombogenic
response to vascular injury observed in vVWF-knotkaice, these results are
strongly suggestive of an additional thrombogenechanism sustained by GPIb

that may interact with ligands other than vWF.

Taken together, these findings imply that, indejegt of the initial thrombogenic
stimulus and blood flow conditions, platelet-totplat interaction only results in
irreversible aggregation once stable adhesion & vidscular wall, mediated by
multiple receptor-ligand binding events, is estgiid. Figure 1.1 summarises the

main molecular interactions involved in homotypggeegation.

Thrombin  1yA2

ADP 2 g b % 2
G eckobl e o W o <R

PLATELET ACTIVATION

® vWF ™\ collagen

Figure 1.1 Ligand-receptor interactions sustaining platelet homotypic aggregation.
Fibrinogen, vWF and collagen anchor platelets ® thascular wall by engaging specific
platelet receptors (GPIIb/llla, GPIb and GPVI redpely). The ensuing activation of
platelets induced by integrin engagement, alonp thi¢ action of soluble agonists (i.e. ADP
and thrombin), leads to platelet release of solthrembogenic molecules (ADP and THA
that stabilise the initial aggregate, by inducihg tecruitment of other circulating platelets
and the conformational change of GPIIb/llla fromlaav- to a high-affinity state for
fibrinogen that acts as a bridge between platébatsled). P2Y and P2Y,: ADP- receptors;

PAR-1 and PAR-4 : thrombin-receptors; TP: TxAceptor.
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1.3 Heterotypic aggregation

By contrast with homotypic aggregation, which imfoed to the vascular wall,
heterotypic complex formation occurs in circulatibipod. The association of
platelets with leucocytes was first reported in taee 1970s and described as
“platelet satellitism”. It referred to thm vitro phenomenon of platelets rosetting
around leucocytes observed in ethylenediaminetatetic acid (EDTA)-
anticoagulated blood of patients with a wide variaif clinical conditions,
particularly immunological disorders (Kjeldsberg &wanson, 1974; Mantet
al.,1975; Whiteet al.,1978; Djaldettiet al.1978; Peterst al.1998). From these
clinical observations, scientific interest rapidiyoved to the study of platelet-
leucocyte interaction, in order to characterize thalerlying mechanisms and
elucidate the potential pathophysiological impiicas. Due to the inflammatory
nature of atherosclerosis, heterotypic aggregatiahis condition has been a major
area of research. In subjects with coronary atloégossis, leucocyte-platelet
aggregation was initially identified within the omary circulation, in close
proximity to atherosclerotic lesions (Mickelsehal.1996). The same study reported
a higher level of heterotypic complexes in the nityi of plaques with thrombotic
complications as compared to uncomplicated onesfutther clinical studies,
heterotypic complexes were observed in the systamnoulation of patients with
coronary atherosclerosis (it al.1996; Furmaret al. 1998; Michelsoret al.2001,
Furmanet al.2001, Sarmeaet al.2002), their levels being increased during acute
thrombotic events. These findings suggest thatuldtmg heterotypic aggregates
form in parallel with thrombi, as a consequencéooél platelet activation sustained
by vascular damage. However, the presence of atierotic lesions may not be

mandatory for heterotypic aggregation, as raisedl$eof such aggregates have been



Chapter One | 29
Introduction

described also in clinically healthy subjects witlrdiovascular risk factors (Harding
et al.2004a, Hardinget al.2004b, Gkaliagkousiet al.2009) — although such
subjects may well have subclinical atheroscleresas well as in patients with other
inflammatory conditions (reviewed by von Hundelsteu & Weber 2007).
Adhesion between platelets and leucocytes is staloles not require adhesion to
pro-thrombotic surfaces, and is a systemic phenomarhose extent depends on the
degree of platelet activation (Table 1.1). Edaryvitro experiments performed on
whole blood showed that platelet activation by aetg of agonists results initially
in homotypic aggregation mediated by fibrinogen-lBMla interaction, which is
followed — in the absence of an adhesive vasculafase — by platelet
disaggregation and subsequent platelet adhesioleumocytes, with monocytes
having a competitive advantage over other whités éelbinding activated platelets
(Rinderet al.1991a). Inhibition of fibrinogen binding to GPIIbA is even able to
enhance the interaction of activated platelets weticocytes, and the heterotypic
complexes so formed, that are mainly composed afiatyte-platelet aggregates
(MPA), display a strong pro-inflammatory action regdd by newly expressed
molecules such as CD40L and P-selectin on thefaseyalong with pro-thrombotic

activity sustained by the production of TF (Zlet@l.2003).
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Table 1.1 Comparison between homotypic and heterotypic aggregation [From

Passacquale & Ferro, 2011a].

Homotypic Heterotypic
aggregation aggregation

Localization

Platelet activation
required

Mechanism of
stabilization

Main effector
molecule(s)

Platelet release
reaction

Confined to the
vascular wall

Not under high shear
rate

Multiple ligand-
receptor interactions
with thrombogenic
surface
(demonstrated)

Varies depending on
hemodynamic status
and lesion
components

Required for
irreversible
stabilization, mainly
mediated by dense
granule contents

Detectable in
peripheral blood

Yes

Multiple ligand-
receptor interactions
with leucocyte
membrane
(hypothesized)

P-selectin, P-selectin
glycoprotein ligand-1

Required for
initiation, mediated
by alpha granule
contents

1.3.1 Biomolecular mechanisms of platelet activation leading to heterotypic

aggregation

30

The pioneering work of Jungi et al (Juregi al. 1986) demonstrated that platelets

acquire adhesiveness to

leucocytes when stimulatéth thrombin in a

concentration-dependent manner, whilst non-activatatelets show little tendency

to associate with white cells, any such associatiemg explained by low-grade

spontaneous activation of platelets undergoing landh vitro. A number of other
researchers confirmed these results (Hambuegeal.1990; Rinderet al.1991a;

Rinder et al.1991b), and it is now well established that pladtedetivation,
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independent of the initial stimulus, is required togger platelet-leucocyte
interaction. As part of the underlying molecular ama@nism, expression of the
adhesion molecule P-selectin on the plasmalemnectdfated platelets appears to
be crucially involved (Larsergt al.1989; Hamburgeet al.1990). P-selectin, also
designated CD62P and previously referred to as GMP-or PADGEM protein, is a
transmembrane molecule stored in the alpha-gramdilpktelets. Upon stimulation,
the granules fuse with the plasma membrane andeBtisethus translocates from
the cytosolic compartment to the extracellular acef where it acts as a receptor for
circulating white cells (Larsengt al.1989). Alpha-granule release reaction with
consequent P-selectin expression on the platetéacguis induced by a number of
different stimuli, including thrombogenic moleculgsllagen, VWF, fibrinogen) and
strong platelet agonists (thrombin, thromboxanepweler, it can also follow
stimulation with weak platelet agonists or inflantorg molecules, such as
epinephrine, prostaglandin, EPGE) and chemokines, that in the absence of other
agonists do not sustain platelet homotypic aggregatOffermanns 2006), but
rather sensitise platelets to the actions of oHwgonists (Hjemdahét al., 1994).
Hence, exposure of P-selectin on platelets canrodaung effective thrombus
formation, but also when sub-clinical platelet aation (i.e in the absence of a
thrombotic event) is sustained by different patmege stimuli. From reviewing all
the existing literature, it appears likely thatsthphenomenon can be largely
attributed to the selective and differential motiola of the platelet release reaction
by different agonists (reviewed by Passacquale &d;e2011a). Indeed, strong
platelet agonists are able to sustain thrombus ddom and concomitant platelet
heterotypic aggregation by inducing full plateletgdanulation, with consequent

release of platelet-derived pro-thrombotic agerttsresl in dense-granules and
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adhesive/pro-inflammatory molecules contained i atpha-granules (Figure 1.2).
For instance, thrombin and thromboxane activaterddemp coupled receptors
(GPCR) that feed-back on the-@&nd G zsignalling cascade whose main effector
is phospholipase C (PLC) which then activates jmdimase C (PKC). On the other
hand, weak platelet agonists, including ADP anchephrine, are characterized by a
common ability to bind GPCR that activate-dependent transduction pathways,
thus resulting in reduction of the activity of pewt kinase A (PKA) via suppression

of intracellular cyclic AMP (CAMP).

Thrombin TxA2

PAR-1
pgeq
1313
PLC-B
TEGMP Car inse n[s)ii?\.g
. {biphasic)
PKG | PKC (&
I Dense granule release

| X | = = e
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Figure 1. 2. Modéd of agonist-selective modulation of alpha and dense granulereleasein

human platelets. Different platelet agonists (ADP, thrombin and TxAactivate distinct
transduction pathways. Thrombin- and pdependent G and Gzagsignalling cascades
result in phospholipase C (PLC) activation, mathky PLCB isoform, that via hydrolysis of
membrane phospholipids and generation of two seamgsengers, IP3 and DAG, leads to
the activation of protein kinase C (PKC) enzymdasCRcomprises different isoforms: the

classical subgroupa(B) whose activation is calcium-dependent and medidigdthe
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synergistic action of IP3 ad DAG; and the calciureensitive isoforms®(0) regulated by
DAG. In human platelets activation of convention@a-dependent PKC isoforms
(a, B) stimulates effects on dense granule release anelgilaaggregation, while the Ca-
insensitive isoforms of PK@(P) inhibit these (Gilioet al.,2010). ADP, either produced at
the site of a vascular lesion by endothelial cetlseleased by platelets as a consequence of
dense-granule exocytosis, interacts with P2&ceptors that, via Gqg-proteins, trigger the
same molecular pathways regulated by thrombin ax#l,.TIn this way, ADP regulates
dense granule exocytosis. Moreover, ADP interactiith P2Y;, receptors induces a ;-G
dependent transduction pathway that inhibits PKA megative modulation of adenylyl
cyclase (AC) and intracellular cAMP. The inhibitiof AC, and the consequent reduction
in cCAMP levels, removes the self-limiting mechanisiplatelet activation sustained by
PKA activity, thus producing an amplification ofetlactivator pathways through release of
alpha-granule content. Reduction in cAMP level® alscreases the enzymatic activity of
platelet nitric-oxide synthase (NOS). NOS inhihitidown-regulates PKG and, in turn, PKA

activity. [From Passacquale & Ferro, 2011a].

Hence, distinct phosphorylation cascades that mdtiféerent cellular targets appear
to selectively regulate dense- and alpha-grandésase reaction. The intracellular
content of CAMP appears to be the main regulatoP-felectin expression and
consequent heterotypic aggregation. Table 1.2 sumsesathe effects of several
platelet agonists/inhibitors which modulate cAMP bomotypic and heterotypic

aggregation.
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Table 1.2. Effect of platelet agonistginhibitors on intraplatelet cCAMP and consequent
effects on homotypic vs heter otypic aggregation [From Passacquale & Ferro, 2011a].

cAMP Effect on homotypic | Effect on heterotypic
modulation | aggregation aggregation

Adenosine
Epinephrine

Prostaglandin E2

Prostaglandin E2

Prostaglandin E1

Prostaglandin E1

Chemokines
[3-adrenoceptors
Cilostazol

Selective
serotonin re-
uptake inhibitors

Magnolol,
Homokiol,
Curcumin

)
v

via EP3
receptor

via EP4
receptor

via EP3 \l/
receptor

via IP
receptor

V

T
T
)

Stimulatory, requires
activation of both

P2Y1and P2Y12

Inhibitory
Very little

None alone

Inhibitory

None alone

Inhibitory

None alone
Inhibitory
Inhibitory

Inhibitory

Inhibitory

Stimulatory, mainly
sustained by P2Y12

Inhibitory
Stimulatory

Stimulatory

Inhibitory

Stimulatory

Inhibitory

Likely stimulatory
Inhibitory
Inhibitory

Inhibitory

Inhibitory

The ligand for P-selectin, namely P-selectin glyotgin ligand (PSGL)-1,

is

constitutively expressed on the plasmalemma ofdeytes (Yanget al.1999).

34

Within the leucocyte population, the expressioP8fGL-1 on the cellular surface of

monocytes is highest (Kappelmayral.,2001), and this could in part explain their

preferential affinity to platelets over other whaells.
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The preferential binding of platelets to monocyteay also be ascribed to an
additional role played by other ligands specifiggllesent on the plasmalemma of
monocytes, which may play a role following on frévselectin/PSGL-1 interaction.
Indeed, PSGL-1 is not only an adhesion but als@malling molecule, as further

described in the following paragraphs.

1.3.2 Kinetics of heterotypic complex formation

The kinetics of interaction between platelets agutbcytes have been extensively
explored through botim vitro experiments anéh vivo investigations (Table 1.3),
and demonstrate that the adhesion of plateletsdolating leucocytes is a rapid and
transient event following platelet activation. 1991 Rinder et al (Rindeet
al.,1991b) developed a flow cytometric assay allowimg quantification of platelet-
leucocyte adhesion in terms of percentage of whéls binding platelets and
number of platelets per leucocyte. They co-incub#te different subpopulations of
white cells purified from peripheral blood with aldgous platelets previously
stimulated with different agonists. A time courseaswperformed to follow
heterotypic aggregation within each white cell gpbt They showed that platelet-
leucocyte complexes form within a few minutes adtelet activation (2-10 min,
dependent on the white cell subtype), and thanthmber of platelets per leucocyte

increases in a time-dependent manner.

These results appear to reproduceithgivo dynamics of heterotypic aggregation.
Indeed, a recent study performed in apafiice (Huoet al.2003) showed that
intravenous injection of activated platelets ledsémuestration of circulating white

cells within a few minutes of infusion (5 min) apdrsisting for up to 80 min for
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neutrophils (PMN) and 180 min for monocytes. Nolsatfect was reported for
lymphocytes, confirming once more the differentmhding ability of activated
platelets to different leucocyte sub-populationee Tame experiment repeated in
baboons showed similar findings (Michelsstral. 2001). After injection of activated
platelets, formation of circulating aggregates witlonocytes and PMN occurred
within 1 min. Thein vivo half-lives of circulating monocyte-platelet and RM
platelet complexes were 30 min and 5 min respdgtido heterotypic aggregates

were detectable after 2 hours.

Table 1.3. Kinetics of heterotypic aggregation. Data are from botlin vitro experiments
and in vivo investigations in different animal models. Levdl feeterotypic aggregates
obtained in vitro refers to the percentage of efgie of cell binding platelets after
stimulation with ADP or thrombin, while in animaladels it was evaluated in the peripheral

blood after intravenous injection of activated elets.

Invitro exp Cell type Heterotypic

(Humans) aggregates

Isolated cell Monocytes
fractions Neutrophils
(Rinder et al., 1991b) Lymphocytes =
Whole blood Monocytes 1-3 >30 45.25+3.20
(Rinder et al., 1991a) Neutrophils 6-10 >30 38.75+2.19
Lymphocytes No effect 36.50+2.20
Mice Monocytes 5 120
(Huoet al., 2003) Neutrophils 5 80
Lymphocytes No effect
Baboons Monocytes 1 120 ~70
(Michelson et al., Neutrophils 1 120 ~30
2001) Lymphocytes No effect

However, than vivo circulation time and the clearance of heterotymmplexes in

humans remain to be clarified. In subjects who reféered cerebrovascular events,
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including stroke and transient ischemic attack (TlAhe circulating level of
leucocyte-platelet aggregates increases dramaticaliing the acute phase, and
returns to values comparable to those observedeaitlty controls only after 3
months (Htunet al.2006). High concentrations of heterotypic aggregdtave also
been reported during the first 4 hours followingtacmyocardial infarction (Furman
et al.2001). The number of leucocyte-platelet complegaadreased with respect to
the general population also in subjects with hygresion (Gkaliagkoust al.2009),
diabetes (Hardingt al.2004b), and in smokers (Hardiegal.2004a). This suggests
that a certain degree of persistent and chronierbsfipic aggregation occurs in these

clinical conditions, even in the absence of an@tutombotic event.

1.4 Monocyte-platelet aggregates. linking thrombosis to

inflammation

Monocyte-platelet aggregation is not a simple epi@menon that accompanies
platelet activation but carries important pathopblggical implications. The
interaction between activated platelets and momsgyds occurs in the context of
thrombus formation, contributes to thrombus staailon by amplifying platelet
activation and favouring homotypic aggregationiegssof vascular injury (Furie &
Furie2005). On the other hand, heterotypic aggregatmtowing activation of
platelets in response to infectious or inflammatagents results in modulation of
the immunological response. Of note, plateletskamevn to mediate phagocytic-like
functions, internalizing bacteria and viruses (Zrekranklinet al. 1990; Youssefian
et al.2002), and to express Toll-like receptors (TLR)t thie critical for regulating

innate immune mechanisms (Medzitov & Janeway, 2000keeping with this, a
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number ofin vitro andin vivo pre-clinical studies, as well as clinical obseiwag,
have provided evidence of anti-inflammatory actiofi@nti-platelet drugs, such as

aspirin and clopidogrel (reviewed by Muhlestein1@pD

Apart from being a robust index of platelet actiwa monocyte-platelet aggregation
is therefore of functional importance with both fhoombotic and pro-inflammatory

effects.

1.4.1 Monocyte-platelet aggregates. a reliable method for assessment of degree

of in vivo platelet activation

A number of laboratory tests are available to stbthod thrombogenicity. They

include:

- morphological analysis of platelets (including vokel and mass), as shape
changes are suggestive of platelet activation;

- concentration of metabolites produced by activgwatelets (urinary 11-
dehydrothromboxane B2, serum TxXPBlasma3-thromboglobulin; PF4);

- platelet aggregometry, which measuiasvitro the clumping of platelets
either spontaneously or in response to plateletiatg

- flow cytometry analysis of molecules expressedhenplatelet plasmalemma
following activation, such as GPIIb/llla in its higffinity form or granular

products (P-selectin).

Amongst all these techniques, platelet aggregometrygarded as the gold standard
in the research setting. However, flow cytomettyotigh the use of monoclonal

antibodies that specifically bind platelet receptasffers the highest sensitivity and
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indeed it has been applied in an aggregometry gbtdemeasure micro-aggregates
in samples of platelet-rich plasma and whole blp&loramset al.1990). Indeed, the
development of whole blood flow cytometry in 19&héttilet al.1987) represented
a major technical advance in the functional testihglatelets as it minimises sample
manipulation and the unavoidable platelet activatibat occursin vitro during
platelet-rich plasma preparation. The possibility study platelets in their
physiological environment (whole blood) and theligbto simultaneously analyse
multiple activation-dependent surface markers,nly @ small sample of blood (200
ul), has favoured widespread application of thishtégue in many clinical trials.
However, its usefulness in clinical practice rersaimclear, mainly due to the lack
of an accepted gold standard assay available falespread clinical use for

comparison.

Flow cytometry also allows the quantification ofctilating MPA, based on double
immunostaining of the blood for the monocytic markd14 and the constitutive
antigen CD42b expressed on platelets. Double-pesitiells are considered to
represent the population of circulating monocytesding activated platelets.
Compared to P-selectin expression on platelets,ntbasurement of MPA in the
peripheral blood offers a number of advantages, iambw regarded as the most
sensitive and robust index of platelet activatidfichelson et al.2001). Indeed,
following degranulation, activated platelets rapildise their surface P-selectin while
continuing to circulate and function in the perigieblood (Michelsoret al.1996).
Therefore, the level of P-selectin expression @ighkts may underestimate the true
degree of platelet activation. Consistent with timstwo separate clinical studies in
patients with acute coronary syndrome, circulatiagelectin positive platelets were

not increased compared to healthy controls wherbgscontrast, the level of
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circulating MPA was higher in patients with resp&ztnormal subjects, with the
degree of MPA increase being more pronounced inptfesence of myocardial
infarction (Furmaret al.1998; Michelsoret al.2001). These results can be in part
explained by a difference in the half-life of Pes#in and MPA in the blood
(Michelsonet al.2001). In light of this and other evidence, cir¢culg MPA are
believed to be a better indicator of platelet adton than the level of CD62P-

expressing platelets.

1.4.2 Effect of platelet interaction on monocyte function

Accumulating evidence indicates that contact of ooytes with platelets regulates
their function and enhances their pro-inflammatacivity (Figure 1.3). Intercellular
signalling via adhesion molecule ligation stimuateonocytic production of various
cytokines, including tumour necrosis factor (TNF)(Weyrichet al. 1995; Weyrich
et al.1996 and TF (Celiet al.1994; Lindmarket al,2000). The expression of
chemokines, induced by thrombin-activated platelets been also reported (Gawaz
et al.1998). P-Selectin/PSGL-1 interaction sustains thesents through the
activation of both tyrosine-kinase-dependent sigmaland transcription factor NF-
KB. However, PSGL-1 engagement is not exclusivelgpoesible for these
processes. Indeed, TF expression by monocyteslised not only by a P-selectin-
blocking antibody but also by IL-10 (Calt al.1994). Moreover, ligation of TREM-
1 also induces NKB activity and subsequently secretion of monocytengotactic
protein (MCP)-1, TNFa, and IL-8 (Weyrichet al.1995; Weyrichet al.1996;

Bouchonet al.2000).
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Platelet-dependent activation of NF-kB in monocytatso regulates gene
transcription of the cyclooxygenase enzyme typeC@X-2) (Dixon et al.2006).

Following prolonged platelet interaction, a ser&#sMAPK signalling events are
activated in monocytes, leading to stabilization theé COX-2 transcript and
increased COX-2 protein expression. COX-2 is arudgitle enzyme involved in
arachidonic acid metabolism and biosynthesis ofstarmids. COX-2 and its
terminal products are cell- and tissue-specifice Bmzymatic activity of COX-2 in
monocytes principally leads to the production aakbase of PGE(Cipollone et

al.,2008), which not only exerts potent pro-inflammgtoeffects, including
enhancement of monocytic migration (Paneeral., 2004), but is also able to

stimulate platelet activatigmer se(Fitzgerald, 1991; Reilly & Fitzgerald, 1993).

Cross-talk between monocytes and platelets indyresthrombogenic activity.

Expression of P-selectin, tissue factor and CD4Dhigher on the surface of micro
aggregates compared to the levels expressed oratectiplatelets only (Zhaet

al.,2003). At the site of thrombus formation, accumolatof TF leads to
coagulation, the generation of more thrombin, drel gropagation of a fibrin clot
(Furie & Furie, 2005). Moreover, MPA formation ielieved to have a pro-
atherogenic effect due to facilitation of monocyt8ltration into the vascular wall,

as further discussed in the following paragraphs.
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Figure 1.3 Interaction with platelets stimulates pro-inflammatory activity in

monocytes. Schematic representation of the general molecuhways activated in

42

monocytes upon interaction with platelets and tlmsequent effect on their pro-

inflammatory activity. Engagement of monocytic PSGLTREM-1 and CD40 by platelet

P-selectin, TREM-1 ligand and CD40L stabilizes @ahesion and activates intracellular

signalling leading to NikB (nuclear factok B), MAPK, and COX-2 (cyclo-oxygenase 2)

activation. Their activity leads to production abpnflammatory cytokines (TNI&-and IL-

8) and synthesis of prostanoids (RG&kthe main prostanoid deriving from COX-2 acijvit

in monocytes). Over-expression of integrins, patéidy the B2 integrin CD11b/CD18

(Mac-1), further stabilizes the interaction betwea®annocytes and platelets and favours

monocyte adhesiveness to endothelial cells.
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1.5 Monocyte-platelet aggregatesin ather osclerosis

1.5.1 Evidence from in vitro experiments and in vivo animal models

Activated platelets have a dual role in atherosdist since they are responsible for
the thrombotic complications of “vulnerable plaguest also contribute to lesion
initiation and progression (Davi’ & Patrono, 200The pro-inflammatory nature of
platelets underlies their pro-atherogenic effectd @ahe ability to interact with

monocytes to form MPA constitutes a central patlysjghogical mechanism.

Upon activation, platelets adhere to the vascutalothelium where they act as a
bridge between the vascular wall and circulatingtevbells, through the release of
inflammatory mediators that exert a chemotactiGgoacbn circulating monocytes
(i.e. soluble CD40L), and/or through direct engagetmof PSGL-1 constitutively
expressed on monocytes (reviewed by McEver, 20lXigrefore, adherent platelets
facilitate monocyte recruitment into the vasculaallw In keeping with this,
interference in platelet binding to the endotheliloy blocking the platelet adhesion
molecule for vWF, namely GPIb, prevents progressibatherosclerosis (Massberg

et al.,2002).

On the other hand, monocytic PSGL-1 engagementlétglpt P-selectin induces
production of superoxide anion radicals from monesy(Tsujiet al.1994), and
tyrosine phosphorylation of various cytoplasmic tpies, including ppl125 focal
adhesion kinase, ERK, Syk, Src kinase, and paxHimari et al. 1997; Halleret
al.,1997; Urzainquiet al.2002; Wanget al., 2007). These biomolecular pathways
lead to integrin activation on monocytes, resuliimdgurther stabilization of cellular
adhesion (monocyte-platelet and monocyte-endotimeliteractions) and synthesis

and release of monocytic pro-inflammatory chemokineurther interactions are
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through CD40L/CD40, TREM-1 ligand/TREM-1 (which maiso promote integrin
expression), and CD36/CD36 via thrombospondin (@ils et al., 2009). The
multiple receptor-ligand interactions (Figure 1#he humoral factors released at the
site of vascular injury and monocytic infiltrationto the sub-endothelium amplify
the pro-inflammatory milieu within the vascular Walnd this further contributes to

and sustains atherosclerotic plaque development.

Direct in vivo evidence supporting the role of MPA in atherogenéms been
reported by Huo et al (Huet al.2003). They demonstrated that activated platelets
injected into apoE mice aggregate with circulating monocytes, therplmymoting
the onset and progression of atherosclerotic lssibg favouring monocytic

infiltration into the vessels.

1.5.2 Clinical observations

Increased formation of MPA in the peripheral ciatidn of patients with
atherosclerotic disease is now well described. HeyNels of MPA have been
reported in subjects with acute cardiovascular svas well as in asymptomatic
patients with underlying vascular disease. Apastnfrbeing an index of increased
blood thrombogenicity, it is believed that MPA mexert a pro-atherogenic effect in
humans, but this hypothesis remains to be provkd.abovementioned experiments
in apoE” mice (Huoet al.2003) suggest that interaction between platelets an
monocytes is not only a localized phenomenon oowyrat sites of vascular
damage, but occurs in the peripheral circulatioth wesultant MPA formation which
then induces a damaging effect on blood vessethidrcontext, it is noteworthy that

the level of MPA observed in patients presentinthwaeicute coronary syndrome has
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been demonstrated not only to be an indicator atiefdt activation, but also to have
predictive value for future -cardiovascular eventad ahospitalizations for

cardiovascular disease (Ashmetral. 2009).

1.6 Polymor phonuclear neutrophil (PMN)-platelet interaction

As previously discussed, activated platelets atbeee to PMN to form heterotypic
aggregates although with a lesser binding affitlign that displayed for monocytes,
thus resulting in a lower amount and a shomewrivo half-life of PMN-platelet
complexes in the peripheral blood compared to MPab(e 1.3). This has important
implications as regards the sensitivity of theidittypes of heterotypic aggregate to
reflect in vivo platelet activation (Michelsoet al., 2001). Nevertheless, as with
MPA formation, PMN-platelet interaction modulatdse tbiological function of
PMN, and this results in a distinct but importarifeet of these heterotypic

complexes on atherosclerosis-related inflammation.

1.6.1 Biomolecular mechanisms underlying PMN-platelet aggr egation

The reasons why activated platelets preferentadlyere to monocytes remain to be
elucidated. Increased expression of PSGL-1 on uhace of monocytes compared
to the levels foound on granulocytes has been gexp@s a potential explanation
(Kappelmayeret al., 2001, Bournazo®t al., 2008a). Moreover, adhesive cellular
interactions other than PSGL-1/P-selectin bindimyehbeen demonstrated to be
important in the stabilization of the initial aggede between platelets and

monocytes (as discussed above).
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However, the formation of PMN-platelet complexesvegi rise to unique
biomolecular characteristics that are not sharednloyocyte-platelet aggregation.
Unlike monocytes, in which additional adhesive dégeseem to be secondary to,
and/or sustained by, PSGL-1-dependent cellulavattbdin, the pre-activation status
of granulocytes seems to have a more decisiveinotle initial interaction with
platelets. Indeed, activated PMN have been obsdo/edddergo a re-distribution of
PSGL-1 on their extracellular surface, from a difto a more concentrated spatial
localization in uropods, and this event has be@pgsed to favour receptor/ligand
interaction with platelets (Bournazes al., 2008a). Moreover, PMN activation as
sustained by the pro-inflammatory peptide n-formmgthyl-leucyl-phenylalanine
(fMLP), induces the extracellulg82 integrin CD11b-CD18 (Mac-1) to undergo
conformational changes which lead to an increagharbinding affinity of PMN to
platelets, even in the absence of platelet actimatiEvangelistaet al., 1996,
Bournazoset al.,2008a). Indeed, Mac-1 can either establish a brgdgomplex with
platelet receptors through fibrinogen (Spangenle¢rgl., 1993) or directly interact
with molecules expressed on the platelet plasmakersoch as GPlb or ICAM
(Cerlettiet al, 1999). Following Mac-1 dependent PMN-plateletrattion, further
stabilization of the complex requires platelet \ation and the consequent
engagement of leucocyte PSGL-1 by platelet P-sel€Evangelistaet al., 1996).
Therefore, PMN-platelet interaction requires a dagilesive mechanism involving a
co-adjuvant action of PSGL-1 and Mac-1 ligation. Bgntrast with monocytes,
blockade of Mac-1, that does not exert any modofagifect on MPA formation
(Steiner et al., 2003), is able to prevent PMN@itdt aggregation with similar
efficacy to anti-PSGL-1 or anti-P-selectin blockiagtibodies (Evangelistat al.,

1999; Haselmayest al.,2007). Suggestions in to the differences in tloenailecular
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mechanisms involved in the differential binding méatelets to monocytes and to
neutrophils also come from the observed divergemafect of the anti-coagulant
sodium citrate on the levels of heterotypic compiermeasured in human samples:
blood collected into sodium citrate contains lesBAvithan that measured when
blood is anti-coagulated with heparin or hiruddye to the calcium chelating
activity that distinguishes the former which redudke calcium-dependent contact
between PSGL-1/P-selectin occurrieg vivo (Bournazoset al., 2008b). No such
difference is observed on the level of PMN-platelgregates when these different
anti-coagulants are used, thus suggesting a mieperdlency of PMN-platelet
interaction on the calcium-dependent PSGL-1/P-faléinding. Figure 1.4 and 1.5
illustrate the mechanisms involved in heterotygigragation between platelets and

both PMN and monocytes.
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Figure 1.4 Adhesive mechanisms involved in heterotypic aggregation. Molecules in red
rectangles are those necessary for heterotypiceggty formation, while molecules

indicated in green rectangles are those that fjzatizin stabilization of the complexes.

For PMN-platelet interaction, engagement of bottGPS and Mac-1 by P-selectin and
GPIb/ICAM respectively is required, and blockadeeatth of these interactions abolishes
heterotypic complex formation. Their binding affinifor platelet ligands is influenced by
PMN pre-activation status, independent of plataliebulation. For MPA formation, PSGL-1
ligation is considered the main effector, whilstaviaparticipates in further stabilization of
the initial aggregate. However, Mac-1 blockade doesexert any modulating activity on
MPA formation, which is strongly inhibited by PS@ALer P-selectin blocking agents only.
Monocyte activation status does not influence MBAration. The molecules illustrated in
this scheme activate signalling pathways as showkigure 1.5. The consequent release of
pro-inflammatory cytokines and reactive oxygen se¢ROS) positively feed-to cause
both platelet and white cell activation, thus aryptig the pro-inflammatory activity of the
heterotypic aggregate and its further stabilization
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1.6.2 Effect of platelet interaction on PMN function

As is the case with monocytes, contact with actggblatelets modulates the pro-
inflammatory activity of PMN through mutual crosdk involving adhesion
molecules and humoral factors released by activeg#ld. Reactive oxygen species
production by PMN is induced by PSGL-1 ligationistleffect being amplified by
the presence of fibrinogen (Ruét al, 1992). Since fibrinogen binds to
CD11b/CD18, it can be hypothesised that the pagtmn of Mac-1 in adhesion also
has functional consequences by sustaining platieleéndent activation of PMN. On
the other hand, PSGL-1 binding enhances the adhesioPMN to fibrinogen
through the activation @32 integrins (Xuet al.,2007) that can be further sustained
by the secretion of IL-8 from platelet-activated RNHidari et al., 1997). PSGL-1,
along with Mac-1 activation, also stimulates PMNydaulation (Hidaret al.,1997)
and enhances their phagocytic ability (Mauggral.,2009). Additionally, given the
role of Mac-1 in mediating leukocyte interactionttwiendothelial ICAM-1 and
VCAM-1, activation of CD11b on PMN secondary to tplat interaction carries
important implications in promoting PMN adherencethe vascular endothelium
and their trans-migration into inflamed tissues @€wal., 2007). In this setting, the
previously demonstrated ability of the intraceltutbomain of PSGL-1 to interact
with, and induce a re-organization of, the cytostai (Baet al., 2005) is likely to
contribute to PMN adhesion, rolling and consequmigration through the vascular
endothelium (Tauxeet al., 2008). The interaction between CD40 and CD40L,
described above as an importnat adjunctive celhdiliesive mechanism involved in
the stabilization of MPA, is also a significant yga in PMN-platelet interaction
since lack of its expression, either on plateletdencocytes, has been found to

reduce, but not abolish, the formation of PMN-gdktteheterotypic complexes
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(Lievenset al.,2010). Moreover, TREM-1-mediated interaction betw&MN and
platelets has been described as a crucial effestothe activation of PMN and
consequent IL-8 release in response to platelahadsation (Haselmayeet al.,
2007). Figure 1.5 summarises the functional effegerted by activated platelets on
PMN and monocytes as a consequence of heterotggreg@ation. The enhancement
of pro-inflammatory activity induced by plateleta both cell types suggests a co-
ordinated and concerted action of both MPA and PpliNelet aggregates in the

pathophysiology of atherosclerosis, as furtherudised in the following section.
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induced by leucocyte-platelet aggregation, whik aerows illustrate the effect of the main
mediators that, following release/production by tglet-activated cells, exert positive
feedback on the initial molecular mechanisms andsequently cell activation status.
Briefly, PSGL-1 ligation induces ROS-dependent activatioNBkB that translocates into
the nucleus to induce pro-inflammatory gene trapson. Cell release of pro-inflammatory
cytokines amplify the reaction through MCP-1-demerdecruitment of other leukocytes
and autocrine TNRE/IL-8-induced cell activation. The concomitant aation of MAPK by

PSGI-1 stabilizes the transcript of COX-2 (induded NFkB) and promotes its protein
expression, with consequent production of prostinderiving from its enzymatic activity.
These further activate the cell and sustain cefjration. Migration is also influenced by
PSGL-1 through both direct and indirect effectds(tlatter sustained by protein kinase
activation) on the actin cytoskeleton. The resgltistructural re-organization of the
cytoskeleton facilitates leucocyte adhesion andingplon the vascular endothelium and
subsequent tissue transmigration. PSGL-1 dependetitation of kinases activatgi?

integrins such as Mac-1. The concerted action oftiphel adhesion molecules, including
CD40, TREM-1 and Mac-1, further amplifies the bidemular mechanisms underlying

platelet-dependent leucocyte activation.
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1.6.3 Role of PMN-platelet interaction in atherosclerosis

The role of PMN in the pathophysiology of atheresosis has received very little
consideration compared to that given to monocykess is due to a relative lack of
evidence concerning the recruitment of PMN intonha atherosclerotic lesions, by
contrast with that regarding monocyte/macrophagen@zation within plaques
which is observable throughout the course of tlseake, in both early and advanced
vascular lesions. Initial observations that PMN detectable in atherosclerotic
arteries of primates (Trillo, 1982), and the mareent descriptions of granulocytes
infiltrating plaques in murine models of atherosotes (Zerneckeet al., 2008; van
Leeuwenet al., 2008; Rotziuet al., 2010), have never been supported by similar
histological findings in human specimens. Some wmk\Weber & Noels, 2011,
Drechsleret al.,2011) have proposed that the fact that human pkagtain positive
for myeloperoxidase (MPO) indicates the presencEMN, based on the fact that
PMN are particularly rich in MPO. However, this pmrovides indirect evidence of
potential PMN infiltration in human atherosclergsend does not exclude the
possibility that MPO could derive from monocyte-magahage cells that also contain
this enzyme, albeit in lower quantities (Daughestyal., 1994). Failure to detect
PMN within plaques might be attributable to poomsavity of the current
methodologies or to fast turnover of PMN withinsties, as recently indicated by
Drechsler (Drechslest al.,2011), or even to a differentiation programme BINPIn
the post-migration phase that might alter their nutgpe. Regardless of this
considerations, even if PMN trafficking is trulywoin vascular lesions, their
pathophysiological involvement in atherosclerosigynoccur through mechanisms
other than direct recruitment into the arterial wVidence has emerged that PMN

favour monocyte trans-migration through the releaseintracellular granules
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containing chemotactic substances such as azumo(gdiehnleiret al., 2005) and
cathepsin G (Chertogt al., 1997), that attract monocytes locally and increhse
adhesiveness to endothelial cells by inducing niegctivation. In accordance with
this, depletion of neutrophils in animal modelsattierosclerosis reduces monocyte
infiltration into vascular lesions in the early ggaof disease (Drechslet al.,2010).

In this context, it is reasonable to hypothesiss filatelet-dependent activation of
PMN that follows heterotypic aggregation may anyptiie pro-inflammatory/pro-
atherogenic activity of PMN. However, the poor dtgbof PMN-platelet complexes
makes it problematic to detect variations in theeleof these aggregates in the
peripheral blood in the context of acute and sulieathrombotic events, making
difficult the evaluation of the relationship betwetheir dynamics of formation and
the occurrence of cardiovascular events in humémshe peripheral blood of
patients with acute ischaemic stroke, MPA leveleéases with no change in the
concentration of PMN-platelet complexes, eitherimyrthe acute or convalescent
phases compared to controls (McCateal., 2004; Tsaiet al., 2009; Caoet al.,
2009). Controversial results have been reportedMlayquardt (Marquardet al,
2009) who observed that PMN-platelets are more istamgly elevated than MPA
over the 90 days following acute stroke, althoughcampletely different
methodology was used to that in the previously maetl studies, and this could
have affected the results. In the context of conpuiisease, increased formation of
PMN-platelet complexes has been detected only guroute myocardial infarction
(Linden et al.,2007) and in unstable angina (@ttal, 1996), whilst patients with
stable angina were found to have levels of PMNeidtitaggregates comparable to
control subjects (Ot al., 1996; Furmaret al., 1998b; Linderet al.,2007). On the

contrary, MPA formation increases in both stablel amstable coronary disease
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compared to healthy controls. Moreover, in patiemth underlying cardiovascular
risk factors but asymptomatic for cardiovasculaedse, in whom increased MPA
levels have been reported even in the absenceuié ahrombotic events, the
formation of PMN-platelet complexes is not affectd their levels are similar to

those measured in healthy subjects (Twtlal.,2003; Kaplaet al.,2001).

Taken together, the evidence suggests a primaeyofdPMN-platelet aggregation in
the setting of acute thrombotic events. In accardamith this, a modulatory action
of PMN-platelet complexes on the pro-thrombotic/poagulant activity of
monocytes has been described by Halvorsen (Halwoete al., 1993) who
demonstrated enhancement in TF expression on mtesotyrough PMN-derived
cathepsin G. However, the poor stability of PMNtglet complexes may
underestimate their level of formation during th#-scute and chronic phases of
atherosclerosis and, as a consequence, their loatndn to the progression of
disease. With regards to their contribution to alé&eprogression, this can be largely
ascribed to the action of PMN-platelet complexespoomoting and amplifying

monocyte pro-atherogenic activity.

1.7 Monocytes

Monocytes constitute 5-10% of peripheral blood @Eytes in humans. They
originate in the bone marrow from a myeloid preoursenter the peripheral
circulation and, after a short half-life in the dtb(approximately 3 days), migrate
into the tissues to give rise to resident macropbags well as dendritic cells. The
morphology of circulating monocytes in the perigidnlood is heterogeneous as

they vary in size, granule content and nuclear imaiqgy. Differential expression of
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surface molecules has also been reported and Hhawedl their phenotypic
classification into different subsets which displdigtinct inflammatory properties
(Auffray et al.2009). However, due to the complexity of their ntmjogical and
functional heterogeneity, monocyte characterizationhumans still remains an
active area of research and the precise pathopgbggal relevance of each subset in
different inflammatory conditions remains unclelarthe context of cardiovascular
disease, one of the major challenges is to undetstae pro-atherogenic role of
distinct subpopulations, and to determine whetheir tpattern of distribution in the

peripheral blood might be indicative of stage «edise.

1.7.1 Monocyte heter ogeneity and characterization

Monocytes were initially identified by their expsésn of the differentiation antigen
CD14 on the extracellular membrane. CD14 is a 58-gycoprotein anchored to
the membrane through glycophosphatidylinositol (Bonset al.,1989). It functions
as a receptor for bacterial lipopolysaccharide (LB&dJ acts by transferring LPS
from the circulating protein:lipopolysaccharide qdex to the Toll-like receptor
4/MD-2 on monocytes. Engagement of this complegulte in intracellular
activation of the nuclear transcription factor 8- and MAPK signalling, with
consequent up-regulation of inflammatory genes @Wtret al., 1990; Bochkovet
al., 2002). CD14 is then crucially involved in the atha immune response by
promoting innate host defence mechanisms, suchebsase of inflammatory
cytokines, and in up-regulation of co-stimulatorpletules. CD14 also recognizes
apoptotic cells and favours, in this way, the pltytmsis of such cells (Devidt al.,

1998).
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The ability of monocytes to infiltrate various ties and terminally differentiate into
distinct cellular lines with tissue-specific furmis (macrophages, dendritic and
Langherans cells and also osteoclasts) raises dlestign of whether different
subsets of monocytes in the peripheral blood comtmitspecific maturation
programmes and/or target organs. In 1989, the ifdmion of a novel
subpopulation of monocytes was reported and chexiaetl by double positivity for
the classical marker CD14 and a different surfacgleoule known as CD16
(Passlicket al., 1989). This latter is a low-affinity immunoglobuliG (IgG) Fc
receptor initially described on the extracellulaambrane of natural killer (NK) cells
and neutrophils (Fleiet al., 1982; Changet al., 1983). Flow cytometry analysis of
the peripheral blood revealed that two subsets afionytes are distinguishable on
the basis of these two differentiation antigensl mclude the “classical” monocytes
highly expressing CD14 but not CD16, and those Bopbsitive for these molecules
(although the level of CD14 expression is lowerthis compared to the classical
population). These subpopulations were then nameB14CCD16 and
CD14'CD16". The distinction was recently refined in 2003 (Atecet al., 2003)
when, within the group of CD16 positive monocyté® presence of two different
cellular subsets was described, characterized fhgreintial fluorescence intensity
for the CD14 signal: CDI#"CD16" and CD1%#"CD16', to be distinguished from

the classical CD1#"CD16 cells.

It has been demonstrated that these different sub@ibons exhibit distinct
functions in inflammation, in terms of phagocyticilay, cytokine production and
infiltrative ability (Table 1.4). This can be in ppaascribed to the distinct

combinations of chemokine receptors and adhesioteaules present on their
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cellular surface (Gordon & Taylor, 2005; Ziegleritheock, 2007; Ingersolét al.,

2010).

Table 1.4. Different functionsin inflammation displayed by human monocyte subsetsin

relation to distinct phenotypes.

FUNCTIONAL CHARACTERIZATION PHENOTYPIC CHARACTERIZATION

FUNCTION CD14*CD16" | CD14*CD16* | IMPLICATED | EXPRESSION ON | EXPRESSION ON
MOLECULES | CD14*CD16 CD14*CD16*

Cytokine IL-10 TNF TLR-2 No data No data
production 1L-12 TLR-4
IL-1
Antigen + ++ MHC class I + ++
presentation
Adhesion to + ++ CD11c + +++
endothelium CD11b ++ ++
CX3CR1 + ++
CXCR4 + ++
CCR5 + -
Migration
CX3CL1 induced + ++ CX3CR1 + ++
CCL2 induced ++ - CCR2 + -

Cytokine production reported is that obtained spnse to LPS stimulation of monocytes.

1.7.2 Monocytesin atherosclerosis: recruitment into the vascular wall

An initiating event in atherosclerosis is the acalation of macrophages within the
vascular wall and their modification into lipid-kxa foam cells (Shashkiat al.,
2005) through a process regulated by the balanteeba uptake of modified low-
density lipoprotein (LDL) cholesterol and efflux cholesterol and other lipids.
Monocytes infiltrating tissues give rise to macragbs, and therefore it is largely
accepted that monocytic colonisation of the subeémalial space is responsible for
the formation of the lipid core central to athetesatic plaques. However, monocyte

recruitment into the human vascular wall has néeen observed directly. Evidence
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comes from morphological analyses that show momascgdherent to the luminal
endothelium (Gerrity, 1981), @x vivoperfusion studies that demonstrate monocyte
adhesiveness to atherosclerotic arteries but naithyeones (Ramost al., 1999;
Huo et al., 2000). Moreoverjn vivo animal experiments have demonstrated that
silencing of different genes coding for adhesionlaooles involved in monocyte-
endothelium interaction results in beneficial effeon disease progression, and in
particular reduces accumulation of monocyte-macagplcells in the plaque (Wai

al., 2009). However, the difficulty in phenotypic cheterization of monocytes in
mouse blood (as will be illustrated in Chapter 8)l & identification of homologues

in the different species limit the direct trangiatiof evidence obtained in animal
models to human disease and, more importantly,usenbur understanding of what

monocytic subset predominates in the pathogenéisman atherosclerosis.

It is only recently that the homology between merend human monocytes has
been clarified (Table 1.5). Based on a microarnagr@ach (Ingersolet al.2010)
Ingersoll et al have identified the counterparhafman CD149"CD16" cells as so-
called Ly6C'9"CD115 murine monocytes, to be distinguished from the
Ly6C°"CD115 subset that shows a similar gene expression patterhuman
CD14°"CD16" monocytes. Ingersol’'s work refined the previousndtional
characterization of murine monocytic subsets basedheir differential ability to
migrate into the tissues, and particularly the ukmc wall. Geissmann et al
(Geissmannet al.2003) demonstrated that Grcells (corresponding to the
Ly6C°"CD115 subset) have a “patrolling” role in the vasculadivas compared to
Gri* monocytes, these findings being in agreement Ritieaux et al who showed
that atherosclerotic plaques in ApoBice (an established model of atherosclerosis

that develops as a consequence of increased LDlestkool level in these animals)
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are mainly infiltrated by Ly6E" monocytes (Potteaust al.2011). Controversial
data were obtained by Swirski et al (Swirskial., 2007) who found that Ly6®"
dominate in ApoE mice and infiltrate the plaques in greater numbentdo
Ly6C°. The different methodological strategies used ime tphenotypic
characterization of monocytes in these studiespleouwith different ages of the
animals as well as the anatomical sites studieghtraccount for the variability in
results. Indeed, stage of disease and differenceshear stress and/or tissue
microenvironment are likely to favour preferentracruitment of one monocytic
type over another through selective modulation péc#ic endothelial surface
integrin expression, monocyte chemoattractant pro(®ICP) production and
chemokine ligand accumulation (i.e. RANTES). Fastamce, early atherosclerotic
lesions are rich in endothelium-derived MCP-1 (Agky et al., 1991; Shyyet al.,
1994), while in advanced stages of disease the leighl of activated platelets at
plaque sites is responsible for local release oNRBS (von Hundelshausest al.,
2001). Moreover, trans-endothelial migration assgpeformed with human
monocytes have shown that CDCH16" and CD14CD16 cells respond differently
to agents such as macrophage inflammatory prokiR)¢1a, MIP-13, and MCP-1
(Weber et al.2000). Similarly, the expression pattern of adhesmolecules
including CD11b and CD11c, that bind ICAM-1, VCAMdnd E-selectin on the
endothelium, as well as of chemokine receptorsfemif between the two
subpopulations of human monocytes (Gordon & Tayl@905). The recent
comparison between human and murine monocytes rpextb by Ingersoll et al
(Ingersoll et al.2010) has confirmed these observations, implyinduractional
distinction of monocytic subsets in both speciegl a distinct responsiveness and

ability to infiltrate the inflamed vascular wall pending on the micro-environment
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(reviewed by Wollard & Giessmann, 2010; Leyal., 2011 and Weber & Noels,

2011).

Table 1.5 Comparison between human and murine monocyte subsets, based on

phenotypic and functional characterization.

Monocytes Human
“classical”

Murine
“non classical”

Human
“non classical”

Murine
“classical”

PHENOTYPE
cD14

D16

Ly6C

D115
F4-80
CD11b
CD11c
CX3CR1
CCR2

CCRS
FUNCTION

Vascular adhesionin
small blood vessel

+++

ND
+++
ND

++

++

Inresponse to
CCL2

++

++

+++

Inresponse to
CCL2

++

ND
+++
ND

++
+++

++

Mainly mediated
by CX3CL1

++

+++

+++

++

Mainly mediated by
CX3CL1

Chemotaxis Mainly mediated Mainly mediated Mainly mediated Mainly mediated by
by MCP-1 by MCP-1 by RANTES RANTES
Arterial vascular NA Predominate in NA Predominatein
infiltration atherosclerotic atherosclerotic
aorta brachiocephalic

artery

The listed molecules are those mainly implicatedhim pro-atherogenic activity of
monocytes. "Classical” human monocytes are CBDU6 cells and their murine
counterpart is the Ly6%¥" population. Non-classical human monoocytes are
CD14'CD16 cells and their murine counterpart is the L{¥8Gubset. CD11b and
CD11c are integrins that participate in monocytseuar infiltration via interaction
with adhesion molecules ICAM-1 and VCAM-1. CX3CRICR2 and CCR5 are
chemokine receptors that determine responsivenésmamocytes to different
chemotactic/migratory stimuli and regulate monoaytftration in atherosclerotic
arteries (Tacket al.,2007; Combadieret al.,2008). CXCR1 interacts with CXCL1
(otherwise known as fractalkine); CCR2 and CCRogeze CCL2/MCP-1 and
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RANTES respectively. CD14 and CD16 expression enaltinction of human
monocytes, whilst the murine subsets which aretifieth as CD115F4-80°" cells,
are distinguished based on Ly6C differential exgitas ND=not detected; NA=no
data available.

1.7.3 Monocyte heterogeneity and atherosclerosis: clinical observations

The characterization of human monocytes in thengetif cardiovascular disease is a
recent area of investigation, and to date very data on this have been published.
One of the first studies was performed in a coldr247 patients with coronary
artery disease (CAD), in whom a higher number otuating CD14CD16'
monocytes was found compared to controls (Sattlietl. 2004). Moreover, the level
of cells double positive for CD14 and CD16 showesigmificant and independent
association with degree of coronary atherosclerast serum concentration of the
pro-inflammatory cytokine TNFe+. The largest population study is known as the “I
LIKE HOMe study” (Rogacevet al., 2010), and was designed to assess the
correlation between the pattern of distributiortled different monocytic subsets in
the peripheral blood and the presence of obesitye€agnized cardiovascular risk
factor) and of subclinical atherosclerosis, as rofi by carotid intima-media
thickness (IMT). The study involved 622 healthy wdkers and showed a strong
association between level of CO1fonocytes and body mass index (BMI) as well
as IMT. These data are strongly suggestive of ami@l pro-inflammatory and pro-
atherogenic effect of CDI€D16" cells in humans. In line with this evidence, the
percentage of circulating CDY#CD16" cells appears to predict future
cardiovascular events, at least in dialysis pati€hieineet al., 2008) and in non-

dialysis chronic kidney disease (CKD) (Rogaeg¢wal.,2011). Moreover, a reduction
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in the baseline level of circulating CDT2D16" monocytes has been described in
healthy subjects undergoing regular exercise tginiTimmermanet al.2008),
which would be expected to protect against athézossis and cardiovascular
disease. Similarly, weight loss in obese subjeds found to significantly reduce
the level of CD14CD16" cells in parallel with a reduction of IMT (Poitcet al.,
2011). A study in subjects with type 2 diabeteslitosl reported no difference in the
different monocyte populations compared to normabgbe; however, increased
fluorescence intensity of CD14 antigen on the whwmlenocytic population was
observed in diabetics, and this correlated withi¢vel of C reactive protein and the

presence of arterial disease (Pagbal.2000).

It is clear that the pattern of distribution of neogtic subsets in the peripheral blood
is dynamic, and changes in these subsets may trdfileenflammatory status which
in turn relates to atherosclerosis. However, tlodolical significance of the changes
observed under these pathophysiological circumetamemains unclear. A recent
study was conducted to investigate the phenotypemohocytes and their
relationship with the clinical course and outconfiel® patients after stroke. Soon
after the acute event, patients showed a transiemeéase in the percentage of
circulating CD149"CD16" cells which peaked at 48h, while the subset of
CD14°"CD16" decreased and the “classical” monocytes did noangé.
Interestingly, the level of CDI4"CD16" cells was predictive of better prognosis in
terms of mortality, while increase of CDYCD16 cells was associated with poor
outcome and increased size of cerebral infarctidma(et al.2009). These results
seem to suggest a potential beneficial action ef double positive subset of
monocytes, despite the fact that a number of pusviavestigations, performed

vitro and in animal models together with the clinicabetvations abovementioned,
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support the hypothesis that they likely have aatferogenic effect. Moreover, the
pattern of distribution of the monocyte subtypeshi@ peripheral blood of the study
population prior to the acute event was unknowre @bthors of this study cite the
high migratory and phagocytic activity as well & tpro-angiogenic activity of
CD14"""CD16" cells as possible mechanisms favouring the redsoludf brain
damage in the area of infarction. However, the sametional features might exert
detrimental effects within an atherosclerotic lesiteading to progressive increase
of plaque size and destabilization. Table 1.5 suris®s the changes in circulating
monocytes seen in different clinical studies, thgetwith the association of these

changes with clinical parameters.

Table 1.6 Distribution of monocyte subtypes seen in clinical studies.

STUDY POPULATION POPULATION MONOCYTE ASSOCIATION
SIZE (n) PATTERN

Non-dialysis CKD CD14*CD16* Future CV events
(Rogacev et al., 2011)

Coronary artery disease 247 CD14*CD16* Coronary

(Schlitt et al.,2010) atherosclerosis
Obesity 622 CcD14*CD16* BMI, IMT
(Rogacev et al.,2010)

Dialysis 94 CD14* CD16* Future CV events
(Heine et al.,2008)

NIDDM 51 MFI for CD14 CRP

(Patino et al.,2000)

Stroke 46 CD14hehcD16* Good prognosis
(Urra et al.,2009) CD149mCD16*

The table shows differences observed in the stugpulation when compared to healthy
controls. Nomenclature of the monocyte populatessd in the table, as well as in the text,
is as reported by the authors in each study. CKitorac kidney disease; NIDDM: type 2
diabetes mellitus; MFI: mean fluorescence intensiBRP: C reactive protein; CV
cardiovascular; BMI: body mass index; IMT: intimaedia thickness.
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1.8 Anti-thrombotic and anti-inflammatory properties of anti-

platelet drugs

Platelet inhibition is a well established therapeubtervention in the clinical
management of atherosclerosis-related cardiovasdigarders. In patients with
prior cardiovascular events, including myocardmdarction and stroke, and in those
with symptomatic peripheral or stable coronary uémcdisease, the use of anti-
platelet drugs provides significant benefit in gevention of further thrombotic
events. More debated, and still the subject of memitroversy, is whether anti-
platelet therapy has any place in primary preveniio subjects presenting with
cardiovascular risk factors, but who are othervwhgsalthy and asymptomatic for
atherosclerotic disease. In such cases, any matallibbenefit of anti-platelet therapy
depends on the balance between prevention of @rterombosis on the one hand
versus bleeding complications on the other. Asreeg# rule, anti-platelet therapy is
recommended in cases where the risk of future@aadcular events outweights the
hazard of bleeding complications, as is generdiléy dase in secondary prevention.
Therefore, in primary prevention, the prescriptafranti-platelet therapy requires a
careful clinical evaluation on a case-by-case basfighe risks cersus benefits of

such therapy (reviewed by Passacquale & Ferro,2011

Unfortunately, currently available diagnostic apmioes for cardiovascular risk
stratification, although useful on a populationibasarry important limitations in
terms of accuracy in predicting future cardiovaacuwvents in a given individual.
This will be discussed further in Chapters 4 andf his thesis. In the following

sections, an overview of the current indicationst thuide the use of anti-platelet
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drugs in clinical practice, and the effect of diéfet anti-platelet agents on both pro-

thrombotic and pro-inflammatory activity of platedewill be given.

1.8.1. Indicationsfor the use of anti-platelet therapy in clinical practice

Aspirin, dipyridamole and the thienopyridine detivas clopidogrel and prasugrel,

are the most widely used anti-platelet drugs inicél practice.

Aspirin is a non-steroidal anti-inflammatory drdwat acts on the enzymatic activity
of cyclooxygenase (COX)-1. It acetylates a sehydroxyl group at position 529 in
COX-1, and the consequent steric modification oé tenzyme inhibits the
metabolism of arachidonic acid, thus inducing afedein the synthesis of TxA
which is the main prostanoid deriving from platelOX-1 activity (Patrignanet

al., 1982; FitzGeralet al.,1983, Patronet al, 2005) .

Dipyridamole reduces platelet activation througlvesal biochemical processes,
namely an increase in intracellular cyclic AMP (cRM alteration in the

biosynthesis of prostanoids, and potentiation efittinibitory effect of adenosine on
platelets by blocking its degradation and uptakeefyghrocytes and other vascular

cells (Harker & Kadatz, 1983).

Thienopyridines are pro-drugs that require oxidaby hepatic cytochrome P-450 to
be converted into their active metabolites. Thavactompounds selectively and
irreversibly bind the (ADP) purinergic receptor B2Y%n platelets, thus preventing
ADP-dependent platelet activation (Williares al., 2008). A similar mechanism of
action is shared by the most recently developed:f2ahtagonist ticagrelor, that

belongs to the cyclopentyl-triazolo-pyrimidine cheah class of drugs. Ticagrelor



Chapter One | 66
Introduction

induces reversible blockade of the R2Yeceptor, and has shown superiority to
clopidogrel in reducing cardiovascular events irbjescts with acute coronary
syndrome (PLATO trial, 2011; Wallentet al.,2009), as well as having a potential
advantage of shorter time of offset, which may beful for example if surgery is
contemplated: its action wears off in 24-72 hownsipared to thienopyridines which

take at least 5 days to wear off (reviewed by&ed & Podda, 2010).

The differential mechanisms of action of currerdisailable anti-platelet drugs are
summarized in Table 1.10, which also illustratesent clinical indications for their

use.
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different

cardiovascular prophylaxis. [Modified from Passacquale & Ferro, 2011b]

DRUG / MECHANISM

ACUTE CORONARY SYNDROME / PCI

STABLE ANGINA AND OTHER
CARDIOVASCULAR DISEASE

anti-platelet agents in

PRIMARY PREVENTION FOR
THOSE AT HIGH
CARDIOVASCULARRISK

Aspirin
Reduces production of
platelet agonist

Acute therapy:
with clopidogrel or prasugrel (see below)

Long-term therapy:

First line option for:
1. prior myocardial infarction
2. stable angina

ONLY when calculated 10-year
cardiovascular risk >20% and
only after adequate control of

Metabolites inhibit platelet
activation by preventing
ADP from binding to its
platelet receptor P2Yq,

Loading dose 600mg / Maintenance Dose
75mg daily

IN COMBINATION WITH aspirin 75mg daily
(UNLESS aspirin is contraindicated or not
tolerated) for 12 months.

Long-term therapy:

After 12 months discontinue (but
continuing aspirin 75mg daily) or review

1. prior stroke

2. peripheral vascular disease

3. multivessel disease

4. prior myocardial infarction (ONLY
when aspirin is contraindicated or
not tolerated )

75 mg daily long-term

thromboxane A, (TxA,) by | 75mg daily 3. transient ischaemic attack (in blood pressure
blocking enzyme combination with_dipyridamole:
cyclooxygenase-1 (COX-1) see below) 75mg daily long-term
75 mg daily long-term
Clopidogrel Acute therapy: First line option for: As for aspirin, but ONLY when

aspirinis contraindicated or not
tolerated

75 mg daily long-term

Prasugrel

Metabolites inhibit platelet
activation by preventing
ADP from binding to its
platelet receptor P2Yq,

Acute therapy:
ONLY if required urgently, or in patients

with type 2 diabetes, or if stent thrombosis
occurs while taking clopidogrel, or if
clopidogrel is contraindicated.

Loading Dose 60mg / Maintenance Dose
10mg daily

IN COMBINATION WITH aspirin 75mg daily
(UNLESS aspirin is contraindicated or not
tolerated) for 12 months

Long-term therapy:

After 12 months discontinue (but
continuing aspirin 75mg daily) or review

No data available

No data available

Ticagrelor

Inhibits platelet activation
by preventing ADP from
binding to its platelet
receptor P2Y,,

Acute therapy:

Loading dose 180mg / Maintenance Dose
90mg twice daily

IN COMBINATION WITH aspirin 75mg daily
(UNLESS aspirin is contraindicated or not
tolerated) for 12 months.

Long-term therapy:
After 12 months discontinue (but
continuing aspirin 75mg daily) or review

No data available

No data available

Modified-release
Dipyridamole

1. Potentiates inhibitory
effect of adenosine on
platelets by reducing its
degradation and uptake
2. Increases intracellular
cAMP

3. Modulates biosynthesis
of prostanoids

Not indicated

First line option for:

1. transient ischemic attack IN
COMBINATION WITH aspirin 75mg
daily (or alone if aspirinis
contraindicated or not tolerated)
2. prior stroke ONLY when
clopidogrel is contraindicated, IN
COMBINATION WITH aspirin 75mg
daily (or alone if aspirinis
contraindicated or not tolerated)
200mg twice daily long-term

Not indicated




Chapter One | 68
Introduction

1.8.1.1 Secondary prevention

According to the most recent guidelines for secondardiovascular prophylaxis,
aspirin remains the first line option for long-tetreatment (more than 12 months) of
patients with acute coronary syndrome (encompasSigMI, NSTEMI and
unstable angina) and stable angina (CG48 NICE goefe 2007; CG94 NICE
guidelines, 2010). On the other hand, clopidogsalecommended in subjects with
prior stroke or peripheral vascular disease (CG9CENguidelines, 2010). The
recommended choices of one anti-platelet agent avether are based on review of
the literature to identify the most effective tmeant in specific clinical settings,
coupled with an economic analysis of cost/bendgiiior Direct comparison of the
efficacy of aspirin and clopidogrel in long-termrdi@vascular prophylaxis has
shown no important differences between the two sIr(QAPRIE trial, 1996).
Therefore, taking into consideration cost-effecteses analyses, aspirin is
recommended as first-line and, when contraindicatedot tolerated, clopidogrel is
used as an alternative (CG48 NICE guidelines, 20Buperiority of clopidogrel in
preventing cardiovascular events in patients witetrigheral vascular disease
(subgroup analysis of CAPRIE trial, 1996) as wallracurrent stroke (PROFESS
trial) support its preference over aspirin in theseticular clinical settings (Table

1.7).

The different mechanisms of actions of anti-pldtelgents might explain their
differing effectiveness in distinct clinical condims. Moreover, with their separate
molecular targets, co-administration of these drygevides for a concerted
modulation of multiple signalling pathways involved platelet activation, that

results in superior anti-thrombotic efficacy comgzhrto that obtained with
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monotherapy. Dual anti-platelet intervention istneted to the treatment of
patients immediately after a thrombotic event, endecommended for the first 12
months following ACS and PCI (Task Force for Diagisoand Treatment of Non-
ST-Segment Elevation Acute Coronary Syndrome of opean Society of
Cardiologyet al, 2007; Van de Werf Et al.,2008; CG182 NICE guidelines 2009;
CG90 NICE guidelines 2010; CG 236 NICE guidelir2®]1), a period when more
aggressive platelet inhibition consistently reduttesrisk of a secondary event to a
level which greatly outweighs potential heamorragmenplications (CREDO trial,
2002; CURE trial, 2003; CLARITY trial 2005; COMMITTrial, 2005). Aspirin plus
clopidogrel is generally recommended in cases afeacoronary syndrome, whilst
prasugrel is preferred over clopidogrel in diabettients, in whom the greater anti-
platelet effect of prasugrel has shown clinical aadages over clopidogrel
(TRITON-TIMI 38 trial, 2007). A greater anti-platdl effect of ticagrelor over
clopidogrel has been demonstrated in the PLATO ¢vitallentin et al., 2009), and
ticagrelor is now considered a valid therapeutierahtive to thienopyridines for the
treatment of acute coronary syndrome (NC 236 NIQHEajines, 2011). However,
the anti-platelet superiority of both prasugrel amwgrelor over clopidogrel has
been demonstrated only in one clinical trial focrealrug (TRITON-TIMI38 for
prasugrel and PLATO for clopidogrel) and, becaudhis, further trials are required
to address the real benefit of these novel antef@adrugs in clinical practice. For
the long-term management of patients with acuteramy syndrome, aspirin alone
is preferred over dual anti-platelet therapy, sititeuse of dual therapy in the long
term gives rise to a risk of bleeding that outwsighe anti-thrombotic benefit

(CHARISMA trial, 2006; MATCH trial, 2004).
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For the treatment of transient ischaemic attackect guidelines indicate the use of
aspirin plus dipyridamole (CG90 NICE guidelines,1@)) whilst for stroke
clopidogrel alone is recommended, since it providgsilar efficacy to
aspirin+dipyridamole with a reduced risk of haerhagic complications (PROFESS

trial, 2008; CG90 NICE guidelines, 2010).
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Table 1.8. Efficacy and safety profile of different anti-platelet drugs and regimes.
[Modified from Passacquale & Ferro, 2011b].

TRIAL

STUDY
POPULATION

ACUTE CORONARY SYNDROME

TREATMENT

FOLLOW-UP

END-POINT  NNT  NNH

UNSTABLE ANGINA, NSTEMI, STEMI:

CREDO 2116 pts scheduled Clopidogrel vs placebo 12 months CV death, M, or 33 48
for elective PCI Aspirininall pts stroke
(81-325 mg)
CURE 12 562 pts with ACS Clopidogrel +aspirin 12 months CV death, M, or 53 91
with NSTEMI vs Placebo + aspirin stroke 333 167
(Aspirin dose 75-325mg) 26 83
CLARITY 3491 pts with STEMI Clopidogrel +aspirin 30 days Death, recurrent 16 500
vs Placebo + aspirin Mi
(Aspirin dose 150-325mg)
COMMIT 45 852 pts with Ml Clopidogrel +aspirin 15days Death 11 333
93% STEMI/7% NSTEMI vs Placebo + aspirin Re-infarction
(Aspirin dose 162 mg) Stroke
PLATO 18,624 patients with Ticagrelor +aspirin 12 months Death 59 -333
ACS (STEMI/NSTEMI) Vs Clopidogrel +aspirin Re-infarction 100
Stroke -500
PCl:
PCI-CURE 2658 pts with ACS Clopidogrel vs placebo 12 months CV death, Ml, or 31 -250
undergoing PCl Stroke -143 -
53 83
PCI-CLARITY 1863 pts with STEMI Clopidogrel +aspirin 30 days Death, recurrent 22 100
undergoing PCl vs Placebo + aspirin M, or stroke
(Aspirin dose 150-325mg)
CURRENT 25086 pts with ACS Clopidogrel double dose 30 days CV death, M, or 30 20.53
undergoing early PC vs Clopidogrel standard stroke
dose
TRITON-TIMI 38 13,608 pts with ACS Prasugrel vs clopidogrel 15 months CV death, M, or 45 45
scheduled for PC Aspirininall pts stroke

(75-162 mg)

STABLE ANGINA AND OTHER CARDIOVASCULAR DISEASE

MATCH

CHARISMA

CAPRIE

STROKE

7599 high-risk pts

15 603 pts with
multiple risk factors
orevident CV disease

19 185 pts with
previous CV events
and/or manifest
atherosclerotic
disease

Aspirinvs placebo
Clopidogrel inall pts
(75mg)

Clopidogrel vs placebo
Aspirinin all pts
(75-162 mg)

Clopidogrel vs aspirin

18 months

28 months

1.91years

Ischaemic stroke, 100 77
M, vascular

death,

rehospitalization

CV death, Ml or 200 250
stroke

CV death, M, or 111 -10000*

stroke

PROFESS

20333 pts with
stroke or transient
ischemicattack

Clopidogrel vs
Aspirin+dipyridamole

2.5years

Recurrent stroke 500 200
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Table 1.8 [continued]

Efficacy is expressed as number needed to treatT{NIdccording with to formula
NNT=1/ARR, where ARR (absolute risk reduction) = FCKcontrol event rate) — EER
(experimental event rate); CER refers to aspirith BER to the other anti-platelet drug(s) as
specified for each trial. Safety is expressed asbar needed to harm (NNH), calculated

with the same formula as NNT but on the basis eéting disorders reported in each trial.
Clinical trials are divided according to study plation:

- acute coronary syndrome (ACS) encompassing uestaigina, ST-elevation myocardial
infarction (STEMI) and non-ST-elevation myocardidhrction (NSTEMI);

- ACS undergoing percutaneous coronary intervarRCl);

- stable atherosclerotic disease including stabtgna, peripheral vascular disease and those

asymptomatic for atherosclerosis;

- stroke.
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1.8.1.2 Primary prevention

As mentioned above, by contrast to the situatioth 8econdary prevention, the
place of anti-platelet therapy in patients asymgttenfor atherosclerotic disease is
much debated. The JBS-2 guidelines recommend #hefusspirin in patients with a
calculated cardiovascular risk of greater than 20%ér 10 years (Joint British
Societies’ guidelines 2005); however, even heseyse for this indication should be
judged on an individual basis (Barnettal.,2010), and only following correction of
high blood pressure, due to the risk of major hlegdomplications in patients with
uncontrolled hypertension treated with any antigd&t medication. On the other
hand, the recent Antithrombotic Trialists’ CollaBbon meta-analysis
(Antithrombotic Trialists' (ATT) Collaboration 2009which reviewed the efficacy
of aspirin in preventing serious vascular eventssiin primary prevention trials,
showed equivocal net benefit of aspirin in subjeuthout prior disease, since the
reduced rate of vascular events in the aspirin\\aa®s counterbalanced by a higher
risk of major gastrointestinal and extracranial ebdle compared to placebo.
Therefore, the use of anti-platelet drugs in pryngrevention requires a full
comprehensive evaluation of the risk of experieqduture cardiovascular events

versus the risk related to bleeding complications.

However, parameters other than simply the rate leeding events could be
implicated in the lack of clinical benefit derivifigppm anti-platelet intervention in
primary prevention trials. An importnat aspect tehould be taken into account in
the analysis of results is the heterogeneity of $hedy populations studied.
Asymptomatic patients can be at a different stagfethe atherosclerotic disease

process, some having silent vascular lesions thghtnbenefit greatly from anti-
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platelet intervention much more than those who arethe earliest stages of
atherosclerosis development. Lack of a diagnostiol table to effectively

characterize and distinguish such sub-groups ofmtst in relation to stage of
disease makes it difficult to ascertain, in sualdigts, which patients do and which

do not benefit from anti-platelet therapy.

Moreover, in all the clinical trials, including tee designed for primary prevention,
the main outcomes have been reduction of fatalnmmdfatal cardiovascular events,
the emphasis being on the pharmacological modulati@cute thrombus formation.
It is reasonable to hypothesise that, in the esthges of atherosclerosis, when
vascular lesions are developing, targeting theipitammatory action of platelets,
for example through therapeutic modulation of hatgric aggregation, may produce
greater benefit than a pharmacological approacimlgnaffecting platelet homotypic
interaction, which associates with acute thromboticplications in the later stages
of disease. In the future, drugs which are desigoexpecifically inhibit heterotypic
aggregation may prove to be more useful in prinfagvention than those which

inhibit homotypic aggregation.

1.8.2 Anti-inflammatory effect of anti-platelet drugs

Different anti-platelet drugs display significanvergence in the pharmacological
modulation of heterotypic aggregate formation, desgimilar inhibitory effects on

platelet-platelet aggregation (and consequent thusnformation) (Passacquale &
Ferro 2011a). As described above, homotypic an@rbpic aggregation are
sustained by distinct molecular pathways that sieldy regulate the alpha and

dense granule release reactions. Homotypic aggoegappears to be mainly related
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to dense granule release, with alpha granule cbatgimg as a amplifier of platelet
activation and thrombus growth. Heterotypic aggtiegais directed by alpha
granule exocytosis and consequent P-selectin esipresan event that is not related
necessarily to dense granule release and can alstum the context of sub-clinical
platelet activation. The distinct abilities of éifent anti-platelet agents to interfere in
the biomolecular pathways that regulate alpha ael -granule release confer on

them differential anti-inflammatory and anti-throatic properties (Figure 1.6).

THIENOPYRIDINES ASPIRIN
ADP Thrambin THAZ

p2ydo P2y1 PAR-1 PAR-4 TP

it l: I IR l.. e lans i
/ J“Gi EG“ :5‘66'4 G&Gq o8- \

Gi12/13 Gi12/13 Gi12/13
c :

\.__Ag]._OJ /s,g_c_ﬁ lec-p
ATP \os T cGMP (IP3+ DAG) FREE
/ ARACHIDONICACID
cAMP J | —
TS| PKA PKC @o—@mm
Ie PROSTAGLANDIN G,
| tHox
Alpha-granule release . Densegranulerelease
* PROSTAGLANDINH,
/\\ Tissue-specific

.

TxA2

\ mainly ADP-mediated I isomerase }

Figure 1.6. Pharmacological modulation of dense and alpha-granule release reaction.
Aspirin irreversibly blocks the enzymatic activi(f COX-1 which is a key enzyme in the
metabolism of arachidonic acid to produce pros@sadCOX-1 converts arachidonic acid to
the unstable intermediate prostaglandin (BGG). Further metabolism of PGGby
hydroperoxidases (HOX) leads to prostaglandinsiththesis that is finally converted into
prostanoids by tissue-specific isomerases (platetetinly contain TxA synthase resulting

in production and release of TYAByY acting on COX-1, aspirin reduces Txdependent
platelet activation, with the main effect being dense granule release and consequent
homotypic aggregation. However, aspirin does nigicathe pathway regulated by ADP that
acts on alpha-granule release. Indeed, althoughtinety modulated by aspirin, the minimal

release of ADP stored in dense granules is abktitoulate platelets through PZYand
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P2Y; receptors. Activation of the P2¥dependent pathway leads to alpha granule
exocytosis that sustains heterotypic aggregatianPselectin translocation to the platelet
plasmalemma. Thienopyridines are able to modulai® hiomolecular pathway through
preventing ADP from binding its specific recept@2¥22. The resulting preservation of
PKA inhibitory action on both alpha and dense glanwelease negatively modulates

heterotypic and homotypic aggregation [Modifiedhfr@assacquale & Ferro, 2011a].

For instance, aspirin-mediated platelet inhibitismegulated by COX-1-dependent
modulation of dense granule release. Indeed, aly saudy reported that alpha
granule exocytosis, as detected by P-selectin egjme, VWF and beta-
thromboglobulin secretion, was not at all influeshdy COX-1 blockade, in platelets
stimulated with either ADP or thrombin (Rindetral.,1993). These data imply that
TxA, signalling is primarily involved in dense granubeit not alpha granule
secretion. In accordance with this, Li et al. répdmo effect in healthy subjects of
aspirin either on platelet P-selectin expressionroplatelet-leucocyte aggregation,
after stimulation with ADP, thrombin or plateletti@ating factor (Liet al., 2003).
Similarly, Klinkhardt et al. found that aspirin didot affect the formation of
leucocyte-platelet complexes in the circulation iffKhardt et al., 2003), and
Moshfegh et al. demonstrated a reduced effect pifiaswhen compared to other
anti-platelet drugs in reducing platelet P-seleetipression (Moshfegét al., 2000).
Since heterotypic aggregates are believed to pmrmtierosclerosis progression
through sustaining a pro-inflammatory state, teiative lack of effect of aspirin on
heterotypic aggregation may explain at least int gag lack of any clear effect on
atherosclerosis progression as well as the poasults on clinical outcome,

particularly in the setting of primary prevention.
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As regards the thienopyridines, antagonism of R2¥s been demonstrated to
directly affect homotypic aggregation, as well eBectively reduce CD40L and P-
selectin expression and consequent platelet-lete@mygregate formation (Storey
al., 2002). In accordance with these findings, thiemalryes, but not aspirin, have
been shown to reduce platelet P-selectin expressioich can be explained by their
ability to inhibit ADP-induced alpha-granule releg&linkhardtet al.,2003; Storey
et al., 2002). Prasugrel has shown greater efficacy thapidogrel in modulating
heterotypic aggregation and P-selectin expressionADP-stimulated platelets
obtained from subjects with atherosclerosis treateith the two different

thienopyridines (Brauet al.,2008).

Thus, P2Y, blockade may modulate vascular inflammation initiald to platelet
thrombosis (Antonin@t al.,2009), and this peculiar action on the pro-inflagony
activity of platelets might conceivably result inore effective cardiovascular
prophylaxis than aspirin in the early stages otase. Clinical trials are needed to
invesigate this hypothesis. So far, very littled®rice exists to show a beneficial
action of anti-platelet therapy on disease progmasdn an early clinical study,
Ranke (Rankeet al., 1993) described reduction of carotid atherossisro
progression in aspirin-treated patients followinge g/ear administration of 900 mg
aspirin daily, which is certainly above the dosénichlly used normally for
cardiovascular prophylaxis; a few years later, Knd4dKodamaet al.,1999) showed
delayed progression of carotid intima-media thigden€¢IMT) in type 2 diabetics
either on aspirin 81mg/day or ticlopidine 200 mg/dampared to untreated patients
over a 3-year follow-up period. However, no adaiib evidence supporting a
beneficial action of anti-platelet drugs on atheka®sis progression has been

reported in the following decade or more of reseancthe field. On the contrary, as
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described above, doubt has been on any role fariragp preventing cardiovascular
events. Further studies are required to establisbtiver and for what group of
patients, aspirin and/or thienopyridines or othati-platelet drugs can provide anti-
atherosclerotic activity. However, before such ssdan be done, development of
innovative modalities enabling more selective amdueate cardiovascular risk
stratification of individual patients is requirest that these studies can be carried out

in more homogenous and selective populations.
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1.9 Aims of thework

The work presented in this thesis aimed to developel biomarkers of silent
atherosclerosis, with a view to improving cardiaxdar risk stratification of
asymptomatic patients at risk of future events hedce more effectively targeting
cardiovascular preventative strategies. Given #éhevance of platelet activation in
the pathophysiology of atherosclerosis, the hymsheas that differential levels of
MPA, widely recognised as the most robust availalhelex of blood
thrombogenicity, are detectable in the peripherdbodb of patients with
cardiovascular risk factors according to degredis¢ase progression, thus enabling
the distinction between those with plaques frosedse-free patients. Moreover,
due to the functional role of activated plateletamodulating monocyte biological
activity, | felt that further investigation of MPAormation and its downstream

effects could shed further important light on timelerlying atherosclerosis.

Therefore, in the first part of my project, thepontance of monocyte-platelet
interaction in human inflammatory pathophysiologgsaexplored, in order to test
the hypothesis that formation of MPA has pro-infltaatory actions by inducing

phenotypic changes in circulating monocytes (Chadte

In the second part, the relevance of platelet-degein modulation of monocyte
phenotype to the pathophysiology of atherosclerogs investigated. For this
purpose, we conducted a study in an animal modatharosclerosis (ApoE knock-
out mice), in which the pattern of distributiontbe different circulating monocyte
subsets was analysed at different stages of dised#iser in the presence or absence

of anti-platelet therapy (Chapter 3).



Chapter One | 80
Introduction

In the third part, we investigated whether circaigtMPA level and/or monocyte
phenotype are altered in clinically healthy sulgewith underlying cardiovascular
risk factors, and whether such alterations arecattie of underlying atherosclerosis

(Chapter 4).
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2.1 Introduction

As discussed in Chapter 1, platelet activation playnajor role in the pathogenesis
of atherosclerosis and its complications througbombination of pro-thrombotic
and pro-inflammatory actions that not only promotes occurrence of acute
thrombotic events but also contributes to vasdelsion initiation (Davi’ & Patrono,
2007). Activated platelets can bind to the vascafatothelium through a number of
receptor-ligand interactions that mediate theiralogccumulation at the site of a
vascular lesion (Zimmerman, 2001; van Gaitsal., 2009). The arrest of activated
platelets on the arterial wall is an event that peetede plaque formation and acts
as a promoting factor for monocyte recruitment anbdsequent infiltration of the
sub-endothelial space (Massbet@l., 2002). The participation of activated platelets
in this early stage of disease is attributable touenber of different mechanisms.
Adherent platelets induce endothelial cells to egpadhesion molecules on the
luminal surface and synthesise chemotactic factthyat recruit circulating
monocytes (Massberg al., 2002). On the other hand, adherent platelets itotest
an adhesive surface per se for circulating monggytaough platelet P-selectin-
mediated monocytic PSGL-1 ligation (Zimmerman, 200and the release of
platelet-derived inflammatory mediators into thedbmicroenvironment exerts a
further chemotactic action on circulating monocytése. soluble CD40L).
Additionally, their contact with platelets causethanced cytokine and prostanoid
production by monocytes (Weyrich al., 1995; Weyrichet al., 1996; Dixonet al.,
2006) as well as increased adhesiveness to thelaasndothelium (da Coséhal.,
2006) by inducing integrin over-expression andvatidn; this not only increases
monocyte adhesiveness to the vascular endotheliumalso enhances trans-

endothelial migration, thus resulting in amplificet of the inflammatory response
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within the vascular wall. It is largely recognizéaerefore that local heterotypic
aggregation between monocytes and platelets asiteeof a vascular lesion has
important pro-atherogenic effects (Zimmerman, 200assbergt al., 2002; Huoet
al., 2003; Huo & Ley, 2004). However, given that MP A aletectable in peripheral
blood, it is likely that the interaction between mooytes and platelets is not a

phenomenon strictly confined to the vascular wailit also found in the systemic

circulation which may potentially exert a damageffgct on the arteries.

Since circulating monocytes comprise different populations with distinct
infiltrative and migratory properties into the ties, that can be identified by their
differential expression for CD14 and CD16 (Webkal., 2000; Belgest al., 2002),
we hypothesised that contact with platelets indueepro-inflammatory change in
monocyte phenotype towards a type more predispdsedontribute to the

atherosclerotic process.

2.2.Aims

The overall aim of this chaper was to investigate eéffect of platelet activation and

consequent formation of MPA on the phenotype of oogtes.

In the first part, we analysed levels of MPA and tformal pattern of distribution of
the different monocyte subtypes in the circulatdmealthy subjects vivo, as well
as the relationship between MPA level in the peiph blood and circulating

monocyte phenotype in response to a mild acutarmfiatory stimulus, namely that
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in response to influenza immunisation (Posthouveeral., 2004). Vaccine
administration has been demonstrated to represestighle “human model” of mild
inflammation and has been used by other investigatm examine cardiovascular

(patho)-physiology under pro-inflammatory condisqiClappet al., 2004; Donalckt

al., 2006; Wallacest al., 2010).

In the second part, we determingdvitro the underlying mechanism by which
monocyte-platelet interaction modulates monocytenpkype and adhesiveness to

the vascular endothelium.

2.3 Methods

2.3.1 Effect of influenza immunization on circulating MPA and monocyte

phenotype

MPA levels and monocyte phenotype were analyzeddohort of twelve healthy (9
male, 3 female; age 25-30 years) employees of Gaygd St Thomas’ NHS
Foundation Trust, who were attending the Trust'supational Health service to
receive influenza immunization. Participants werelied immediately before and 2
days post-immunisation. At the first visit, bloo82(ml) was taken for full blood
count and biochemistry screening, as well as fgh lsensitivity C-reactive protein
(hs-CRP) assay, measurement of CD6pRitelets (reflecting degree of platelet
activation), determination of MPA level and chaeaiztation of monocytes. At the
second visit, blood (4 ml) was once again takenrdpeat determination of hs-CRP,

CD62F platelets and MPA, as well as monocyte characttoa.
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Percentage of CD6Z2Pplatelets was analyzed by flow cytometry (FACSKal]
Becton Dickinson (BD), Oxford, UK) on whole bloodnmunostained with
fluorescein  isothiocyanate (FITC)-conjugated amtidan CD42b and
allophycocyanin (APC)-conjugated anti-human CD6Z2BD (Bioscience, UK).
10,000 events in total were acquired within theghkd gate, as identified on forward

and side light scatter plot. MPA determination amonocyte characterization were

performed by whole blood flow cytometry, as desedlitbelow.

The study was approved by St Mary’s Hospital Rese&thics Committee, London,

UK. All participants gave written informed consent.

2.3.2 Monocyte characterization and MPA measuremerih peripheral blood

More detailed monocyte and MPA characterization pagormed by whole blood
flow cytometry analysis in a additional cohort & healthy subjects (10 male, 5
female; age 25-35 yearsfamples were processed immediately after veneyenct
according to the following protocol. 10 whole blood, collected isodium citrate
(0.3% final concentration)vas transferred into polystyrene tubes (BD Biosmign
UK) and incubated with saturating concentrationstied following antibodies:
peridinin chlorophyll protein complex (PerCP)-caygiled anti-human CD14, FITC-
conjugated anti-human CD16, APC-conjugated antidrun€D42b or CDG62P,
phycoerythrin (PE)-conjugated anti-human CD11b obl1Cc (all from BD
Bioscience), APC-conjugated anti-human Toll-likeaptor (TLR)-2 or 4and APC-

conjugated anti-human CD162 (PSGL-1) (eBiosciendd). Isotype control
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antibodies were used as negative control. Thesee wadded in different
combinations to whole blood immediately after odilen, and the incubation
continued for 20 min at 4°C. Erythrocytes werentihgsed with 1ml FACS lysing
solution (BD Bioscience, UK), for 10 min at roommperature, followed by two
washes with phosphate buffered saline (PBS) supgpiesd with 0.2% bovine serum
albumin and 0.1% sodium azide. Samples were firetl% paraformaldehyde and

kept at 4°C until analysed by flow cytometry (FAC8iGur, Becton Dickinson,

Oxford, UK) within a maximum of 48 h from sample=paration.

Forward- and side-light scatter parameters wereal use access the monocyte
population, and a total of 20,000 events was aeduiThe negative and positive

delineators were determined from the isotype cofitrorescence.

Monocyte subsets were identified by double immuamiastg for CD14 and CD16.
The percentage of CD14ells also expressing CD42b (all platelets) or 2P6
(activated platelets) was also calculated and tasemepresentative of total MPA
(Figure 2.1 and 2.2). By gating for each monocytetype, we also calculated the
percentage of MPA formed by the different subsét®i@anocytes, and we analyzed
their positivity and mean fluorescence intensityHIMfor PSGL-1, in order to
identify potential differences in the ability ofstinct monocyte subpopulations to
bind platelets. The percentage of cells positiveGD11b/c or TLR-2/4 as well as
the MFI for CD11b/c or TLR-2/4 was also analyzedhm the different monocyte
gates. Post-acquisition analysis was performedguBiowJo software (Tree Star,
Ashland, OR). A schematic representation of thehowtused for flow cytometry

analysis is illustrated in Figure 2.2.
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CD42b-FITC

Figure 2.1 Monocyte-platelet aggregates.Detection of monocyte-platelet aggregates in
whole blood by immunofluorescence confocal micrpycdNhole blood was stained with
PE-conjugated anti-human CD14 (red) and FITC-caatiey anti-human CD42b (green).
The overlay shows a double-stained aggregate.
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Figure 2.2 Schematic representation of flow cytomst analysis of whole blood.Samples were
stained with PerCP-CD14, FITC-CD16 and APC-CD42te fbrward scatter light plot allowed the
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identification of the different leucocyte types.giisition was then gated for the monocyte populatio
which was distinguished into three subsets on #mesof CD14 and CD16 expression: R1,
CD14"CD16; R2, CD14%CD16"; R3, CD14“CD16. Post-acquisition analysis was performed to
study the percentage of MPA formed by each sub@pgguadrant in the right corner) indicates the
percentage of monocytes binding platelets (asatbhy double positivity for CD14 and CD42b).
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2.3. 3 Monocyte-platelet co-culture experiments

2.3.3.1 Cell isolation, MPA measurement and monoaytcharacterization

Whole blood (30 ml) collected in EDTA was subjectiedLymphoprep gradient
centrifugation. The plasma obtained was centrifuded0xg, 4 °C, 6 min) to obtain
platelets and platelet-conditioned medium (PCMatétets were resuspended, under
sterile conditions, in PBS containing 5 mmol/l EDTéentrifuged (500%g, room
temperature, 5 min) and resuspended (25 %pléelets/ml) in serum-free RPMI-
1640. PCM was obtained by stirring isolated plaseia serum-free RPMI-1640
(1200 rpm, 10 min, 4 °C), followed by removal ofatdlets by centrifugation

(10,000%g, 3 min, room temperature) and collectibsupernatant.

Mononuclear cells obtained after Lymphoprep gradieentrifugation of whole
blood underwent immunomagnetic negative selectwndD14CD16 monocytes
(kit from Invitrogen) according to the manufactusennstructions. Purity of
isolation, as determined by antigen expression €£PTD16, CD3, CD4, CDS,
CD20) using flow cytometry, was 78-82% in all experirtgensolated cells were
resuspended in serum-free RPMI-1640%&ls/ml), and transferred to polystyrene

tubes.

Aliquots of purified autologous platelets or equalumes of PCM were added to
monocyte suspensions (1 ml final volume, monocldéepet ratio 1:100 in
experiments where platelets were added) and inedbatt 37°C, 4% COfor 48 h.
Although these experiments were performed in theeabte of pharmacological

platelet agonists, the platelet isolation and celtprocedure prior to addition to
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monocytes induced platelet activation, with P-déle@xpression measured at

87+3%.

Viability of monocytes, as assessed by Trypan Blye exclusion, was95%
immediately after their isolation and after 48htord, either in the presence or
absence of platelets/PCM. CD16 expression and Mitdtion were assessed by
flow cytometry at different time points. The supaants were also collected and
soluble P-selectin measured according to the matwrgr’s instructions (R&D

System, UK).

2.3.3.2 Investigation of the role of platelet P-settin binding to monocyte

PSGL-1 in modulating MPA and monocyte phenotype

The above experiments were repeated by co-incupatonocytes with platelets or
PCM in the presence of monoclonal anti-human PSGhldcking antibody
(10ug/ml; Chemicon), and the effect compared to thahiolkd with isotype control

(mouse anti-human IgG, u@/ml; Chemicon).

Additionally, monocytes were treated for 48h witicrieasing concentrations of
soluble human recombinant P-selectin (0-240 ngR&ID System), and monocyte
CD16 expression as well as MPA formatiornvitro were measured at the end of the

incubation time.
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2.3.3.3 Monocyte adhesion to endothelial cells

Human umbilical vein endothelial cells (HUVEC) weselated from fresh umbilical
cords obtained from uncomplicated deliveries follmyvhealthy pregnancies; these
were obtained from the labour ward at St Thomassgital, with written informed
consent from the mothers. HUVEC isolation was penfed using previously
described methods (Jaféeal., 1973). When the endothelial cells were confluent at
passage three, HUVEC were seeded onto coverslip3-well plates. The following
day, HUVEC were stimulated with TNé-(10 ng/ml, Invitrogen) for 3h at 37°C,
and then washed with PBS. A cell suspension congimonocytes pre-cultured
either in medium alone or with platelets for 48hsvealded to the coverslip cultures.
After a further 2h incubation at 37°C, non-attaclketls were removed by vigorous
pipetting. Immunostaining using PE-conjugated &idit4 and FITC-conjugated
anti-CD16 was then performed at 4°C for 20 min.eAfivashing in PBS twice,
HOECHST solution was added for nuclear staining aschoved after 2 min
incubation, following which cells were fixed in 1paraformaldeyde. The coverslips
were mounted on slides with mounting medium andlyaed by fluorescence
microscopy. Cells positive for monocytic markersreveounted in ten fields (20x

magnification).

2.3.4 COX-2 expression in monocytes

We investigated COX-2 induction in monocytes cadivated for 18h with either
platelets or medium alone. Following such incubatiells were permeabilized with

Triton X100 0.01%, and immunostained for 20 min48€ in PBS/0.2% BSA
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containing PE-conjugated mouse anti-human COX-Zbady (Calbiochem,UK;
lug/ml). After washing in PBS and fixation in 1% plaranaldeyde, cells were

resuspended in 0 PBS, seeded on a microscope slide and examineiérun

fluorescence microscopy (40x magnification, ZeiS#, 510 META).

2.3.5 Thromboxane and PGE2 receptor expression onanocytes

Expression at the mRNA level of the thromboxanepéar (TP) ¢ isoform) and the
different PGE receptors (EP1, EP2, EP3 and EP4) was studieérisquantitative
reverse transcriptase polymerase chain reaction-RBR), in freshly isolated
monocytes and those cultured for 48h either in omadalone or with platelets. Total
RNA was extracted by phenol-chloroform extractigfR[ZOL, Invitrogen) and
resuspended in RNase- and DNase-free water. RNAeotration was analyzed by
NanoDrop and 500 ng total RNA used for cDNA synitheSqual aliquots of cDNA
were then PCR-amplified by Taq Polymerase (InvitgrggUK) in a 4@ reaction
containing 1x Buffer, 25M dNTPs, 4 mM MgC], 1.25uM of each primer, 2U
Taqg. The conditions of amplification were as folkvan initial 5min at 95°C for
denaturation; 36 cycles of 95°C for 1min, 60°C Tarin and 72°C for 1min 30s; and
a final extension step of 72°C for 10min. The sems& antisense primers used, and

the expected product sizes, are listed in Table 2.1
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Table 2.1 Sequence of primers used for RT-PCR.

GENE Forward primer (5'- 3’) Reverse primer (5’-3') Productsize (bp)
EP1 TTGTCGGTATCATGGTGGTG ATGTACACCCAAGGGTCCAG 160
EP2 GTCTGCTCCTTGCCTTTCAC CGACAACAGAGGACTGAACG 176
EP3 ATCTCAGTCCAGTGCCCAGT TTITCTGCTTCTCCGTGTGTG 172
EP4 CTGGTGGTGCTCATCTGCT TATCCAGGGGTCTAGGATGG 150
TP AGGTGGAGATGATGGLTCAG CGGCGGAACAGGATATACAC 220

2.3.6 Investigation of the role of COX-2 and PGEin modulating MPA and

monocyte phenotype

CD16 expression and MPA formation were analyzedofohg monocyte co-
incubation with platelets for 48h, either in theggnce or absence of different COX
inhibitors: NS-398 (1M, a COX-2-selective inhibitor) (Katet al., 2001), SC-560
(30nM, a COX-1-selective inhibitor) (Kat al., 2001) and aspirin (0.5mM, a non-
selective COX inhibitor). The effect of PGEeceptor blockade on CD16 expression
and MPA level was also examined using the EP1/ER&:8ve antagonist AH-6809
(10uM; Cayman) and the EP4-selective antagonist AH-83840uM; Cayman)
(Meyaet al., 1993), either alone or in combination. In otheperxments, monocytes
were stimulated with PGH1uM) for 48h. NS-398, aspirin and EP antagonists were
resuspended in DMSO/PBS solution (1:3), whilst $0-5vas resuspended in
ethanol. PGE was resuspended in PBS. In all experiments, thectsf of each

agonist/antagonist were compared to those obtaised) the respective vehicle.
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2.3.7 Statistical analysis

All data are presented as mean = SD. Statisticalyais was performed using
GraphPad Prism 4 software. Differences in levéiCRP, CD62Pplatelets, MPA
and monocyte phenotype before and after influeraecine were evaluated by
paired Student’s test, and the associations between these diffpaaimeters were
analyzed by least squares and multiple regressiatyses. All other statistical
comparisons were by ANOVA, with or without repeatedasures as appropriate. In

all cases, R0.05 (two-tailed) was taken to indicate statistgighificance.
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2.4 Results

2.4.1 Influenza immunisation causes an increase airculating MPA and a shift

in circulating monocytes towards CD16 positivity

Administration of the influenza vaccine induced #dnmnflammatory response in all
participants, as demonstrated by an increase @Rfs2 days post-immunisation (0.57+0.26
mg/L at baseline vs 2.94+1.44 mg/L two days postimization, p=0.002). The systemic
inflammatory response was paralleled by an increasegree of platelet activation, as
reflected by CD62Pplatelet positivity and level of MPA (Figure 2.3A)e also observed a
change in distribution pattern of monocyte subsei) an expansion of the pool of
CD14'CD16" monocytes (Figure 2.3B). Within this double puesitpool, the subset of
CD14""CD16" monocytes showed the greatest increase in pegeefitam 4.7+3.61% to
10.44+4.79%, p=0.003), whilst the CC¥E€D16" subset did not change significantly (Figure

2.3B).

In examining the relationship between the percert&aGD149CD16" monocytes and other
variables examined (hs-CRP, CDgdRtelets and MPA levels), a linear correlation was
found between the CDI#CD16" subpopulation and both hs-CRP and percentage of
CD62P platelets. However, levels of CDACD16 correlated more closely to percentage of

CD62P-expressing platelets than with hs-CRP caradient (Figure 2.3C).
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Figure 2.3 Effect of influenza immunisation on plaglet activation and monocyte
phenotype. Percentage of CD62platelets and MPAA), and monocyte characterization
(B), measured at baseline (PRE) and 2 days aftereimfla immunization (POST). Figures

show representative dot plots obtained from flowometry, as well as accumulated data



Chapter Two | 96
Monocyte-platelet interaction induces a pro-inflammatory phenotype in
circulating monocytes

from n=12 experiments. Monocytic subsets are desigh R1 (CD14CD16), R2
(CD14™"CD16") and R3 (CD14“CD16"). (C), Regression analyses for COY¥D16"
monocytes (R2ys CD62Pplatelets ands hs-CRP.

2.4.2 Detailed characterization of circulating monoytic subsets and MPA

As shown above, on the basis of CD14 and CD16 ssipre circulating monocytes were
distinguished into three subsets: CIIB16, which constituted the majority (82.74+5.99%
of total monocytes), with smaller contributions nfroCD14CD16 cells, comprising
CD14""CD16 (4.98+1.76%) and CDPACD16 subtypes (4.99+2.03%) (Figure 2.4A). Al
of these monocytic subsets expressed the adhesiecutes CD11b and CD11c on their
extracellular surface. However, the level of exgieesof CD11b was higher on CORD16
cells than on CDI#'CD16 monocytes, whereas these latter cells expressecreased level
of CD11lc compared to the CD®D16 subpopulation; the CDTHCD16 cells
demonstrated an intermediate phenotype, expressthgCD11b and CD11c at high level
(Figure 2.4B). CD1¥'CD16 cells also represented the monocytic subtype Wétthighest
expression level for both TLR-2 and TLR-4. Speailic all the different subsets of
monocytes were positive for TLR-2, but the MF! ealvas higher in CDI%'CD16 cells
than in the other monocyte subtypes. TLR-4 wasdda be expressed by 76.35+12.3% of
CD14'CD16 monocytes, 91.7+5.8% of COYACD16  (p=0.02 vs CDI4D16) and
82.03+7.26% of CDIA'CD16 cells (p>0.05 vs CDI€D16). Moreover, CD1#'CD16
cells exhibited higher MFI for TLR-4 compared t@ thther monocytic subtypes (Figure

2.4C).
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Figure 2.4 Circulating monocyte characterization.(A) Percentage of the different
circulating monocyte subpopulations, with a repnésiive whole blood flow cytometry dot
plot showing CD14 and CD16 expression, as well esurmulated data from n=10
experiments presented graphicall) (Representative flow cytometry dot plots for CD14
and CD11b (left) or CD11c (right) in the differembnocyte subsets. Graph displays MFI
values for CD11b (filled bars) and CD11lc (open pdrs each subset (n=10)C),
Representative flow cytometry dot plots for CD14l ai.R-2 (left) or TLR-4 (right) in the
different monocyte subsets. Graph displays MFI esltor TLR-2 (filled bars) and TLR-4
(open bars) in each subset (n=10). *** **&@05, <0.01 and <0.001 respectiveyR3."

¥ p<0.05 and <0.01 respectively R1.
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Circulating MPA, as defined by double positivity f6D14 and CD42b, accounted for
15.246.7% of the monocytic population. No significdifference was observed in the ability
of the different monocyte subpopulations to interaith platelets (Figure 2.5A). In
accordance with this, a similar expression of P3Gkas observed in all the distinct
monocyte subpopulations (Figure 2.5B).  However, eapected, the number of
CD14'CD62P events was less than the number of CDD425 events, most likely
attributable to P-selectin shedding from the pldsmmaia of activated platelets, as has been

previously described (Michelsetal., 1996).
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Figure 2.5 Circulating MPA characterization. (A) Representative flow cytometry dot plots for
CD14 and CD42b (left panel) or CD62P (right par@haph shows data accumulated from n=10
experiments illustrating the % MPA formed by tlifeedént monocytic subsets, as determined from
CD14CD4205 (filled bars) or CD14CD62P (open bars) events (n=10B)(Representative flow
cytometry dot plots for CD14 and CD162 (PSGL-lthim different monocyte subsets. Graph displays
MFI values for CD162 in each subset (n=10). In klaed and blue are CDI2D16 (R1),
CD14"“CD16 (R2) and CD1¥'CD16 (R3).
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2.4.3 Monocyte-platelet interaction leads to a phemypic change of CD14CD16

monocytes towards CD14CD16

An initial experiment was performed to study theekics of CD16 expression and MPA
formation, when monocytes in culture were co-intedbavith either autologous platelets or
medium alone, for up to 48h. Monocytes in medidomeashowed a progressive time-
dependent increase of CD16 cell surface expresamimcubation with platelets up-regulated
CD16 expression to a greater degree from 18h osw&idure 2.6A). MPA formation

increased in a time-dependent manner, even wheonaytea were incubated with medium
alone; this reflects an unavoidable degree ofletatentamination of the monocyte sample,
with resultant MPA formation. Nevertheless, theitemidof exogenous platelets to the culture
medium substantially augmented MPA formation, btirmle points examined from 18h

onwards (Figure 2.6B).

On the basis of these results, in subsequent eges the effect of platelets (or
corresponding medium) on CD16 expression in igblatenocytes was investigated at 24h
and 48h of co-culture, whilst the effect on MPAnfiation was measured at 48h. These
experiments confirmed that co-incubation with fégefor 48h caused significant up-
regulation of CD16 on monocytes as compared witdiune alone (Figure 2.6C), and an
increase in MPA formation (Figure 2.6D). Regressinalysis showed a direct relationship
between level of MPA formation and percentage oheogies expressing CD16 at 48h

(Figure 2.6E).
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Figure 2.6 Effect of platelets on monocyte phenotypePercentage ofCD14CD16
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percentage of CDI€D16 cells at 48h.K), Percentage of CD1@D16 cells (upper panel)
and MPA (lower panel) after co-incubation of monesywith platelets for different times,
either in the presence of isotype antibody (sain@)l or anti-PSGL-1 blocking antibody
(dotted line) (n=4). **, *** p<0.01 and <0.001 respectivaly anti-PSGL-1.

Although CD16 induction was also seen in monocytesbated with PCM for 48h, the
percentage of CDI6cells was considerably lower than that achievedhbybation with
platelets (Figure 2.7A). As expected, MPA level®fang monocyte culture in PCM was
unchanged compared to monocytes in medium alogeré2.7B), as were levels of soluble
P-selectin in the medium (Figure 2.7C). Howevdulde P-selectin levels were much greater

following monocyte co-culture with platelets (Fig.7C).

In order to ascertain whether P-selectin bindingiémocytic PSGL-1 is in itself sufficient to
induce the phenotypic changes observed in monpayesexamined the effect of co-
incubation with anti-human PSGL-1 blocking antibodysotype control. Blockade of PSGL-
1 abrogated MPA formation from monocytes in thesgamee of platelets, and also markedly
reduced the degree of induction of CD16 expreg§igure 2.6F). Similarly, anti-PSGL-1
blocking antibody abolished the PCM-induced upiegmgun of CD16 on monocytes (Figure
2.7A). However, soluble P-selectin alone, when @dioi¢he culture medium of CDXaD16
monocytes, exerted no demonstrable effect on CDypéession in monocytes, even at
concentrations as high as those found in the satpeta of monocyte-platelet co-cultures

(Figure 2.7D).
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Figure 2.7 Effect of platelet-free conditioned medim on monocyte phenotype
Percentage of£D14'CD16 monocytes A) and MPA B), following 48h incubation of
monocytes in medium alone (M), platelet-free cdodgéd medium either in the absence
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platelets (M+P) (n=3 for each)C), Soluble P-selectin measured in the supernatbnt o
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Percentage o€D14'CD16" monocytes after 48h exposure to different conegiotrs of

soluble P-selectin. *** p<0.001 vs M.
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2.4.3 CD14CD16+ monocytes exhibit increased adhesiveness ttivated endothelium

In  monocytes co-incubated with platelets as wgelhahose maintained in medium alone,
cells adhering to TNB-pre-activated HUVEC were almost exclusively CItla16"; only
occasional monocytes expressing CD14 but not Cdi@ observable (Figure 2.8A).
CD14CD16 cells showed a higher expression of both CD11C@Hlc compared with the
CD14'CD16 subtype (Figure 2.8C). Pre-treatment of monoayitssplatelets increased the

number of CD14CD16" monocytes attaching to HUVEC (Figure 2.8A and 2.8B
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Figure 2.8 Effect of platelets on monocyte adhesimess to endothelial cells and
expression of adhesion molecules. (ARhotomicrographs showing CD14-PE (red) and
CD16-FITC (green) staining of monocytes adhering fONF-a-pre-activated HUVEC
(stained with HOECHST, blue), following 48h cultuie® medium alone (M) or in the
presence of platelets (M+PB); Number of monocytes/field following 48h pre-cukuin
medium alone (M), in the presence of platelets (Meither with or without NS-398 (n=3).
** p<0.01 vs M. C), Expression of CD11b (filled bars) and CD11c (opers) in the same
cellular suspension tested in the HUVEC adhesigaygsin monocyte subpopulations

classified according to CD14 and CD16 positivity<®.05vs CD14CD16.
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2.4.4 COX-2 induction and consequent PGEgeneration underlies the phenotypic

changes observed in monocytes in response to inietfan with platelets

As previously reported (Dixort al., 2006), co-incubation with platelets for 18h inelilic
COX-2 expression in monocytes (Figure 2.9A). Sitig effect temporally preceded the
phenotypic and functional changes described abovesponse to monocyte-platelet co-
culture (Figure 2.6), we wished to determine whe@@X-2 induction was responsible for
inducing these changes, by examining the effe€X-2 inhibition on monocyte phenotype
and function. Platelet-dependent up-regulation@f&on monocytes was markedly reduced
by the COX-2 selective inhibitor NS-398, while reet was observed in response to the
COX-1 selective inhibitor SC-560; aspirin also @t platelet-dependent up-regulation of
monocytic CD16, to a degree comparable to NS-3@8r¢-2.9B). MPA formation was not
affected by SC-560, NS-398 or aspirin (Figure 2.9@&atment with NS-398 also led to a
marked reduction in the number of monocytes adipeanTNFa-pre-activated HUVEC
(Figure 2.8B) As before, we found that CD2B16™ cells exhibited an advantage in binding

to HUVEC over the CDI€D16 subset.
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Figure 2.9 Platelet-dependent COX-2 up-regulatiomimonocytes and effect of COX inhibitors on
monocytic CD16 expression and MPA formation(A), Immunofluorescence staining for COX-2
(red) in monocytes cultured in medium alone (Mvith platelets (M+P) for 18h. Photomicrographs
are representative of n=3 experiments. Change 6@kpressiorsy) and MPA () in monocytes co-
cultured with platelets, expressed as % chang®I¥CD16 and CD14CD4215 cells respectively,
as compared to monocytes cultured in medium addiiee 48h. Also shown are the effects of NS-398,
SC-560 and aspirin addition to monocyte-plateletultnre (n=3-4). *, ** p<0.05 anc0.01

respectively vs M.



Chapter Two | 106
Monocyte-platelet interaction induces a pro-inflammatory phenotype in
circulating monocytes
In order to clarify whether the effects on CD16regpion obtained with NS-398 and aspirin,
but not with SC-560, were attributable to diffel@ntesponsiveness of monocytes to the
COX-1- and COX-2-derived prostanoids thromboxape#d PGE respectively (Rothet
al., 1996), the mRNA expression of TP and EP receptassstudied (Figure 2.10A). TP
expression was found in CDT2D16 monocytes immediately after isolation, whilst ifi8h
incubation, either in medium alone or with plaglétbecame undetectable. Freshly isolated
CD14'CD16 cells expressed PGEeceptors, mainly EP2 and EP4 isoforms, with snigll
amounts of EP1 and no EP3 mRNA detectable. Aftérid8ubation in medium alone,
MRNA for EP2 and EP4 were still detectable, alimelower levels than in freshly isolated
cells; moreover, EP1 mRNA also became undetectdbtably, when monocytes were co-

incubated with platelets for 48h, the decreaseRiNdfor EP1, EP2 and EP4 was less than

that observed in monocytes cultured in medium.

We next examined the effect of different BGEceptor antagonists on platelet-dependent
CD16 up-regulation in monocytes (Figure 2.10B) &l s on MPA formation (Figure
2.10C). The EP1/EP2-selective antagonist AH680%edr reduced monocytic CD16 up-
regulation. Although the EP4-selective antagonid2848 appeared also to decrease CD16
up-regulation, this did not reach significance, thiete was no additive effect of AH23848 and
AHG6809, suggesting that EP1 and/or EP2 are predotiyninvolved in modulating
monocytic CD16 up-regulation in response to plaiakeraction. Moreover, the effect of
AHG6809 on the CD16 increase was similar to that seeesponse to NS-398, aspirin or anti-
PSGL-1 blocking antibody (Figure 2.7B). The two &fagonists also reduced formation of

MPA in vitro, with this effect being significant wh they were used in combination rather
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than singly; and their combined effect was compartabthat in response to anti-PSGL-1

blocking antibody (Figure 2.8C).
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Figure 2.10 Role of COX-2 up-regulation and of PG[Eon platelet-dependent monocytic

CD16 expression and MPA formation(A) mRNA level of EP and TP receptors in freshly
isolated monocytes (lane 1), and after 48h culaiteer with medium alone (lane 2) or
platelets (lane 3). 18S ribosomal RNA expressionstimwn as housekeeping RNA.

Experiment is representative of n=3.

Effects of AH6809 and AH3848, alone or in combioat{COMB), NS-398, aspirin or anti-
PSGL-1 blocking antibody on CD16 expressiB) &nd MPA C) in monocytes co-cultured
with platelets for 48h, expressed as % change iM430D16 and CD14CD42b as

compared to monocytes co-cultured with platelets@l * p<0.05 vs M+P.
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The role of PGEin determining platelet-dependent CD16 over-esgime in monocytes was
further explored by studying the effect of RGHone (uM) on monocyte phenotype. No
detectable modulation of level of CD16 expressian exerted by PGBlone compared with

vehicle-treated cells (Figure 2.11).
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Figure 2.11 Lack of effect of PGEalone on monocyte CD16 expressiollonocytes were incubated
in medium alone (M), in the presence of R@HEM) (M+PGE2) and with autologous platelets (M+P)
for 48h. The graph shows the expression of CD1&une@ by flow cytometry on cultured cells and
expressed as % of variation in M+PGE2 and M+P aspared to untreated cells (M) (n=3).
Representative flow cytometry dot plots shows teegmtage of CDI6monocytes (upper right
quadrant) at the end of the incubation time urdedifferent experimental conditions. *, p<0.00Mvs
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2.5 Discussion

The present data demonstrate that MPA formatioaggiise to a phenotypic change
of circulating monocytes toward CD1@ells, which display increased endothelial
adhesiveness. We have shown that this change isate@dy platelet-dependent
COX-2 up-regulation and consequent BGgnthesis in monocytes, and that this
process can be prevented by selective blockadéhareCOX-2 enzymatic activity

or EP receptors.

2.5.1 MPA formation drives the acquisition of a CD&" phenotype by “classical”

human monocytes

Our interest in the study of CD16 expression on &mmonocytes stems from the
finding that CD14CD16" cells identify a subgroup of circulating cells vihigher
pro-inflammatory activity than the “classical” CDT2D16 subpopulation (Belget
al., 2002). To date, no direct evidence exists inlifeeature that double positive
cells originate from “classical” monocytes. Thisidy is the first to show that the
presence of activated platelets, with consequenA KtiPmation, induces CD16 up-
regulation on CD14CD16 monocytes. Although other groups have reportetl tha
platelets can alter monocytic CD16 expression (Amreoal.,1998), this has been
interpreted as an effect on terminal monocytic mston toward macrophages;
however, ourin vitro results together with oun vivo data point to a change in
circulating monocyte phenotype rather than a teamidifferentiation event.
Importantly, due to the isolation techniques usegrevious studies (elutriation of

peripheral blood mononuclear cells), circulatinguble positive monocytes were
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included in the cells under investigation; and ei@D16 antigen was measured in
the cell supernatant, the prior presence of CODA6" monocytes is likely to have
affected the results obtained in such studies. @uwitro experiments were
performed specifically with isolated CDX@D16 monocytes, using flow cytometry
which allowed the direct detection of CD16 on thmstlular surface, enabling us to
measure the percentage of cells developing pdsitier the CD16 marker over
time. Moreover, we have quantified the degree téraction between monocytes
and platelets by measuring monocyte-platelet coxegléormedn vitro. Interaction
with platelets up-regulated CD16 antigen on isalateonocytes, with this effect
being directly related to the level of MPA. Althdugimple co-incubation of
CD14'CD16 monocytes with human recombinant P-selectin didimduce CD16
expression, anti-PSGL-1 blocking antibody, which eee found to abrogate MPA
formation (Gkaliagkouset al., 2009), abolished platelet-induced over-expresesion
CD16 on monocytes, demonstrating that physical aminbf monocytes with
platelets is critical in this process, most likdly P-selectin / PSGL-1 binding

sustaining multiple receptor-ligand interactionsneen these cells which trigger the

final phenotypic changes.

On the other hand, our experiments suggest thableomediators released during
the process of platelet activation also exert apoitant modulatory effect on
monocyte phenotype, since CD16 up-regulation wdsidad by PCM, albeit to a
much lower extent than platelets. Nevertheless, [IPEGlockade completely
abolished both platelet-dependent and PCM-dependedil6 up-regulation,
suggesting that engagement of monocytic PSGL-1 itheresoluble or platelet-

associated P-selectin is a crucial factor in itselinduce platelet-dependent change
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in monocyte phenotype. However, the lack of obstm#ect of soluble P-selectin
alone on monocytic CD16 expression demonstrates ttiea cross-talk between
monocytes and platelets is a complex process in clwhimultiple
mediators/interactions are likely to be requiredl.this scenario, the PSGL-1/P-

selectin axis is necessary but not sufficient gelftto drive the acquisition of the

CD16 phenotype by human monocytes.

2.5.2 Biomolecular mechanisms underlying platelete&pendent CD16 expression

in monocytes: relevance of COX-2 activity

This study has only explored a specific aspedhefmechanism by which MPA
formation modulates monocyte phenotype and funcfltre main focus was on the
relevance of COX enzymatic activity, in particuthat of COX-2 inducible isoform,
based on the evidence that dysregulation in théhegis of eicosanoids is a key
factor in sustaining chronic inflammatory condispnincluding atherosclerosis
(Smith & Langebach, 2001; Cipolloret al., 2008). Moreover, monocytic COX-2
expression has been suggested to exert pro-atimcogfects (Cipolloneet al.,
2008), and COX-2 up-regulation with consequent PGiverproduction in
circulating monocytes has been even proposed asairkem of asymptomatic
atherosclerosis (Beloqut al., 2005). Nevertheless, there is not therapeutic fiiene
of COX-2 inhibition in cardiovascular disease, andfact the overall effect is

detrimental as will be discussed in more detail€lapter 5 of this thesis.

In accordance with the findings of Dixon (Dixehal., 2006), we have found that

interaction with platelets induces COX-2 expression monocytes, and that



Chapter Two | 112
Monocyte-platelet interaction induces a pro-inflammatory phenotype in
circulating monocytes

monocytic COX-2 enzymatic activity, that leads nairnto PGE synthesis
(Cipollone et al., 2008), is a crucial mediator of platelet-dependeinange of
monocytic phenotype. Indeed, the selective COXHbitor NS-398 prevented the
increased CD16 expression on monocytes co-incubatdd platelets. In parallel
with these findings, selective blockade of RGfeceptors mirrored the effects
observed with COX-2 inhibition. Of note, we founbat aspirin counteracted
platelet-dependent up-regulation of CD16 on morexy-incubated with platelets
to a similar extent as NS-398. Others have dematestrthat aspirin, used at
concentrations similar to that used in our expentsiemodulates PGEynthesis in
monocytes and gives rise to similar effects as ahcsused by COX-2 specific
inhibition (Pengliset al., 2000); additionally, the COX-1 selective inhibiteC-560
has been found to be less effective than the CGéi&ctive inhibitor NS-398 in
reducing PGE production by bone marrow-derived dendritic c€larizi et al.,
2002). It is likely that, in our in vitro experimisn aspirin blocked monocytic PGE

production by COX-2 inhibition, since the same efffen CD16 up-regulation was

seen with NS-398 but not with SC-560.

Our results, therefore, point at a major role earby COX-2-derived PGEIn
regulating the phenotype of human monocytes inarsp to platelet interaction.
However, PGE stimulation alone did not modulate monocytic CD&xpression,
most likely because of the absence of concomitmtu§ and factors, including
those related to PSGL-1 ligation by platelet P-@lewhich we have found to be
necessary but not sufficient in itself to inducatelet-dependent change in monocyte
phenotype. Based on our findings, it can be hymsitled that concomitant activation

of the PSGL-1/ P-selectin axis and PGEceptor stimulation play a causal role in
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mediating monocytic CD16 expression following MP#rhation (Figure 2.10, each
necessary but not sufficient in themselves to mediais effect). Consistent with
this hypothesis, blockade either of heterotypic raggtion (using anti-PSGL-1
blocking antibody) or of COX-2 activity / PGEeceptors reduced platelet-dependent
CD16 expression with similar efficacy. The potehtelevance of these findings in

the therapeutic modulation of the pro-inflammateffgcts mediated by MPA will be

discussed in Chapter 5.

2.5.3 Potential implications in atherosclerosis

The phenotypic changes induced by MPA formationewtund to modulate
adhesiveness of monocytes to endothelium. Our siatgest that CDIED16
monocytes have greater potential to adhere to aetiv endothelium than
CD14'CD16 monocytes. In our adhesion assay, monocyte itiera with
endothelial cells occurred through a mechanism peddent of bridging via
activated platelets. Indeed, the presence of th&-€nhibitor in our co-culture
experiments reduced monocytic adhesion to endattalls, despite the fact that the
same level of MPA was present in the cell suspensidded. The reduction in
CD14'CD16 monocytes in response to COX-2 inhibition resuliadreduced
binding of isolated monocytes to activated endatinel The different adhesive
properties of the various monocytic subsets mayahebuted to differential
expression of adhesion molecules on their cellslsface. CD11b and CD11c have
been recognized as crucial mediators of monocytietelium interaction (Kubet
al., 2000; Wuet al., 2009). We observed that CD1éells, both those developéa

vitro and those found in the peripheral blood of heakhpjects, display higher
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levels of these integrins on their surface compaoeshonocytes positive for CD14

only.

We also observed that other molecules involved@adctivation of monocytes and
their pro-inflammatory activity (Zhang & Ghosh, 20Barton & Medzhitov, 2002),
namely TLR-2 and TLR-4, are expressed on CIZDRIU6" monocytes to a higher
degree than on other subsets. On the other havelslef PSGL-1 expression was
found to be similar among the different monocytesats, and CDI€D16" cells
did not differ from the other monocyte subpopulasioin their ability to bind
activated platelets and form MPA, at least in HBalubjects. Consistent with this,
in our influenza immunization study, similar leveis MPA formed by each subset
of monocytes were observed both at baseline andimosunization. Therefore, the
increased levels of MPA seen in the context of @arteainflammatory state, such as
that induced by influenza immunization, are ess#lgtiattributable to increased
platelet activation. In our experimental model nflammation, we found that the
increase in hs-CRP, activation of platelets andsequent MPA formation are
accompanied by an increase in the percentage of6CMdonocytes in the
circulation, mainly driven by expansion of the CHY€D16" subpopulation. It
cannot be excluded that the vaccpee se drives the phenotypic changes observed
on circulating monocytes. However, the level of @¥CD16" cells was found to
be strongly and directly related to the percentaj€D62P platelets, suggesting
that the degree of platelet activation influendes phenotype of monocytes in the

peripheral blood by shifting them towards positiviir CD16.

The fact that this phenomenon is observable inomesp to a non-specific pro-

inflammatory stimulus is indicative of poor specify for CD62P platelet and MPA
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measurement in the diagnosis of atherosclerosaseatliinflammation. Nevertheless,
these data provide evidence that a host of motiidica occur in the phenotype of
circulating monocytes in response to a pro-inflafamastimulus, rendering them
more pro-inflammatory and with increased endothelghesivenessnd that these
are strongly related to — and are likely to be @hivby — the extent of platelet
activation. In the setting of atherosclerosis, élxposure to a chronic inflammatory
stimulus, such as that which occurs in the presefamardiovascular risk factors,
may lead to a similar response. keeping with this, a characteristic pattern of
distribution of the different monocytic subtypesshaeen reported in the blood of
subjects with dyslipidemia (Rothe al., 1996), obesity (Rogacest al., 2010),
coronary artery disease (Schldt al., 2004) and kidney failure (Rogacet al.,
2011), with the population of CD1@D16" cells being expanded in those cohorts
when compared to healthy controls. In similar claiconditions, higher values of
circulating MPA have been described (Furneral., 1998; Sarmaet al., 2002;
Ashmanet al., 2003; Gkaliagkouset al., 2009), suggesting that the formation of
heterotypic aggregates between platelets and mtesayay sustain a potential pro-
atherogenic action by increasing the number ofipflammatory CD14CD16 cells

in the circulating blood, and not just at the legkthe atherosclerotic plaque. Figure

2.12 illustrates the potential contribution of MR#&mation to atherosclerosis.
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Figure 2.12 Pro-atherogenic effect of MPA formation The diagram depicts the cellular
interactions between platelets and endothelium, betlveen platelets and monocytes.
Activated platelets interact with a dysfunctionadethelium through multiple receptor-
ligand interactions. These involve adhesion mokesuicluding vVWF, PSGL-1 and ICAM-1
on endothelial cells that interact with plateletligPP-selectin and GPIIb/llla (this latter
through fibrinogen), as previously and extensivadyiewed by van Gils (van Gila al.,
2009). Adherent platelets act as a bridge betwésnlating monocytes and the arterial
wall, platelet P-selectin on activated adherentepdts engaging PSGL-1 on circulating
monocytes. The local formation of MPA promotes nwye-endothelium interaction by
inducing over-expression of adhesion molecules ah bndothelial cells (Massbegfal.,
2002) and monocytes (da Costal., 2006).

MPA formation in the peripheral circulation may @lgromote atherosclerosis through the
induction of a CD16 phenotype on circulating monocytes. This is mediahrough the P-
selectin/PSGL-1 axis and consequent activation @K€ in monocytes, with synthesis of
pro-inflammatory prostanoids such as BGECD16 cells are characterized by higher
expression of adhesion molecules such as CD11bGintilc compared with classical
CD14'CD16 monocytes, that facilitate and enhance monocytesideness to the vascular

endothelium (Passacquadét al., 2011c). In this way, activated platelets can skiteu
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monocytic vascular infiltration through a mechanisilependent of their bridging action at

the site of a vascular lesion.

2.5.4 Conclusion

In conclusion, our findings shed new light on tleéevance of platelet-monocyte
interactions in the pathophysiology of inflammatio@f particular note, MPA
formation induces a change in the phenotype/entiatizelhesiveness of monocytes
that is easily detectable in the peripheral blogdreasuring CD16 expression in
circulating monocytes. Whether variation in degséplatelet activation and number
of CD16 monocytes occurs in the context of atherosclemmsibare strictly related,
and whether this phenomenon has pro-atherogenidicetipns remain to be

clarified, and these aspects will be explored ia@érs 3 and 4.

The second noteworthy finding deriving from thisudst is that the series of
biomolecular events that follow MPA formation, whicesult in a change in the
biological function of monocytes, can be pharmagiglally modulated. This carries

potential therapeutic implications that will bealissed in details in Chapter 5.
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3.1. Introduction

3.1.1 ApoE™ mice as an experimental model of atherosclerosis

Apolipoprotein E deficient (ApoE) mice were developed by two different
laboratories (Piedrahitt al., 1992; Plumget al., 1992) as an experimental model of
atherosclerosis. ApoE is a structural component both very-low-density
lipoproteins (VLDL) (Shore & Shore, 1973) and hidénsity lipoproteins (HDL)
(Mahley, 1985), as well as a protein constituentnséstine-derived chylomicrons
(Driscoll & Getz, 1986). It acts as a ligand fomwlalensity lipoprotein (LDL)
receptors expressed on cells, thus favouring tternalisation of lipoproteins and
their removal from the peripheral circulation (Hetial., 1981). The scavenging
action of ApoE for lipoproteins is therefore a dalicregulator of cholesterol
metabolism, and lack of its expression in Apolice gives rise to severe
hypercholesterolemia and predisposes the animatherwise resistant to
atherosclerotic disease (Paiggtral., 1987), to fatty streak accumulation throughout

the vascular tree (Piedrah#gal., 1992).

An early study performed in ApdEmice to evaluate atherosclerosis progression
showed that foam cell lesions develop in the amitms at 10 weeks of age in
animals on rodent chow diet, to become fibrous ystgqgin mice aged 20 weeks.
High fat diet accelerates the process (Reddicid., 1994), although this associates
with extreme variability of lesion area (Meir & ltersdorf, 2004). However, murine
plaques generally fail to develop a perfectly fodnfkrous cap and yet occurrence
of thrombo-embolic events is unusual (Caligiwei al., 1999). Indeed, the

histological appearance of a lesion, even in a naohieanced stage of disease, is
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typical of a xanthoma, constituted of fat-filled en@phages situated in the arterial
intima (Seoet al., 1997) that can reach such dimensions that itceause vascular
occlusion (although this is a rare event) (Caligail., 1999). On the other hand in
humans, the early atheroma generally consist ofefl-defined fibrous cap
overlying a necrotic core, and lesions often pregreith evidence of erosion and
healing of the fibrous cap, complicated by locabthbus formation with consequent
distal embolisation, these events being respongablenuch of the symptomatology
and even death (Virmaret al., 2000). However, it is worth mentioning that the
majority of the histological findings describedApoE’ mice derive from studies of
the aorta and aortic sinus. An extensive analysislaque distribution in ApoE
mice has revealed that different anatomic siteplaysdistinct histological features
(Seoet al., 1997), and lesions seen within the brachiocepleatiery more closely
resemble those seen in human atherosclerosis,odtlee tpresence of an acellular
necrotic core, erosion of the necrotic mass angphique haemorrhage, features
that are not observable in aortic lesions (8eal., 1997; Rosenfeldt al., 2000).
Taken together, these considerations suggest thaE’Amice offer a good, although
not perfect, experimental model for the study afyehuman atherosclerosis, and

provide mechanistic information mainly focused dme tevents that surround

monocyte infiltration and lipid core formation withthe vessels.

3.1.2 Monocyte characterization in ApoE” mice

Since their generation in 1992, a number of reseaschave conducted studies in
ApoE” mice to investigate the mechanisms involved in oogte chemotaxis,

recruitment and transmigration into the sub-end@hespace. In recent years,
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following the discovery of monocyte heterogeneiparticular interest has been
aroused in the identification of the distinct rolpkyed by different monocytic
subpopulations in the pathogenesis of plague dpwetat. This area of research,
however, has posed major difficulties of interptieta and comparison of data
between different laboratories, mainly due to mettogical issues related to the
characterization of murine monocytes. Unlike humamsce do not express a
monocyte-specific marker, and the identificationttog cell population is generally
performed by using multiple “gating strategies” iaw cytometry based on a
combination of antibodies that allow exclusion/ussbn of white cell populations
according to their phenotype. For instance, theaincriteria to identify monocytes
were by firstly their mononuclearity and secondheit myeloid nature. Indeed,
monocytes have a low side-scatter plot profilehie flow cytometer (SS), easily
distinguishable from the high side scatter charatie of neutrophils, and higher
level of expression of CD11b (CDI¥) (de Bruijn et al., 1994; Lagasse &
Weissman, 1996; Biermanea al., 1999) compared to other mononuclear cells
belonging to the lymphocyte class (CD®¥hcells). Lagasse and Weissman also
showed that absent or low expression of the epi@p&, a myeloid differentiation
antigen (Hestdadt al., 1991), in SSE“CD118"%" cells is a discriminating criterion
to distinguish monocytes from other white cell tygeagasse & Weissman, 1996).
Based on the finding that monocyte recruitment Igtophatic tissue is mediated by
selective activation of receptors for chemokinesf(Bmanet al., 2001), Geissmann
first demonstrated the heterogeneity of circulatimgnocytes in mice (Geissmasan
al., 2003), by providing evidence that molecules imedl in monocyte adhesion to
endothelium (such as the fractalkine receptor CXBC&hd chemokine receptors are

differentially expressed on monocytes (as previpuiscussed in Chapter 1 and
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summarized in Table 1.5). In accordance with Ge@ssris results, Sunderkotter
(Sunderkotteet al., 2004) showed that murine monocytes can be diffexted into
distinct populations based on differential expmssiof Ly-6C (ER-MP20, a
monocyte/macrophage differentiation antigen). Mwuezp he demonstrated that
SSC“CD118"" are uniformly positive for the macrophage-colonjmslating

growth factor (M-CSF) CD115, which has been prodose a universal marker for

mononuclear phagocytes (Hureteal., 2002).

Recently, in an attempt to explore the extent ofilsirity between murine and
human monocytes, Ingersoll (Ingersetllal., 2010) described a “gating strategy” for
the characterization of murine monocytes in penghglood by flow cytometry, that
defines the monocytic population as CDIR4&803°" cells (both of which are
markers of monocytes-macrophages), and within trsup distinguishes two
cellular subsets based on differential expressfony6C. He reports that Ly6ts"

are the counterpart of “classical” COTGD16 human cells, and Ly6% cells

correspond to human pro-inflammatory CDE®16™ monocytes.

3.2 Aims

The aims of the current work were twofold: we fiystished to determine whether a
change in the distribution pattern of circulatingmocytes, similar to the expansion
of pro-inflammatory CD14CD16 cells observed in the clinical study of mild
inflammation described in Chapter 2, is presenth@ context of atherosclerotic
disease; and secondly, we wished to addressvo the potential contribution of

platelet activation in modulating the phenotype ,amdturn, the pro-atherogenic
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activity of circulating monocytes. ApdEmice were used as an experimental model
of atherosclerosis, and studied at different tim@nis according to disease

progression, either in the presence or absencemvienitional anti-platelet treatments

(aspirin and clopidogrel).

3.3 Methods

3.3.1 Mice and study design

Homozygous male Apo"E mice (B6.129P2—apoEtml1lUnc/J) and wild-type
C57BL/6J mice were purchased from Charles Riverotatories (Edinburgh, UK).
In the first part of the study, aiming at estabhghthe relationship between blood
monocyte phenotype and atherosclerosis progressight week-old ApoE mice
were switched to a Western high-fat diet (HFD) ttattained 21% fat from lard and
0.15% (wt/wt) cholesterol (Special Diets Servidastham, UK). ApoE™ mice were
sacrificed before (baseline) or at 4 or 8 weeks-pommencement of HFD. ApdE

mice (C57BL/6J) underwent the same procedures and used as controls.

For the second part of the study, an additionaligrof ApoE™ mice were kept on
HFD for 8 weeks either in the absence (HFD alone)iro the presence of
concomitant anti-platelet therapy: aspirin (higls€lo300 mg/ kg/ day; or low-dose,
5 mg/ kg/day) or clopidogrel (25 mg/kg/day). Theoide of drug concentrations
administered in the current study is based on pusly published work, in which
these drug concentrations have been tested in rame, provided evidence of
consistent inhibitory effect on platelet activatisnen administrated at the above

indicated concentrations (Cyresal., 2002; Hovinget al., 2010). Drugs were given
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in drinking water. Due to the instability of aspirin solution, water with aspirin
added was replaced every other day (Cytual., 2002), whereas clopidogrel has
demonstrated to be stable in solution up to 60 d&illman et al., 2010), and

therefore water containing clopidogrel was changedkly.

The following parameters were examined: phenotyfpeiroulating monocytes by
flow cytometry; plaque burden and macrophage-degenidpid content by Oil Red
O staining of the brachiochephalic artery; phenetgb monocytes infiltrating the
brachiochephalic artery by flow cytometry. The taicjues are described in details in
the following sections. All studies were performaedaccordance with the guidelines

of the United Kingdom Home Office (PPL 70/6646; HI/20776).

3.3.2 Monocyte characterization in peripheral blood

Monocyte characterization was performed by wholeodl flow cytometry as
described by Ingersoll (Ingerso#t al., 2010). Peripheral blood was drawn via
cardiac puncture using syringes containing hepasnanticoagulant, from mice
anaesthetized with isoflurane. Immediately aftetlection, 100 pl blood was
incubated for 20 min at 4°C with the following dddies: fluorescein isothiocyanate
(FITC)-conjugated anti-mouse CD115, allophycocyakPC)-conjugated anti-
mouse F4/80, phycoerythrin (PE)-conjugated antigseouLy6C, peridinin
chlorophyll protein complex (PerCP)-conjugated -amtiuse B220 (this latter was
from BD Biosciences, UK, whereas all other antilesdivere from eBiosciences,
UK). Isotype control antibodies were used as negatontrol. Red blood cells were

lysed at the end of the incubation time with FA@Sirig solution (BD Bioscience),
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and the resulting cell suspension was washed twi&BS supplemented with 0.2%
BSA and 0.1% sodium azide. Cells were finally resmsled in PBS containing 1%

paraformaldehyde, and kept at 4°C until analyzeithiwia maximum of 48h from

sample preparation.

At the flow cytometer (FACSCalibur, Becton Dickims(BD), Oxford, UK) 50 000
events in total were acquired. Monocyte characéon was performed on a post-
acquisition analysis conducted using FlowJo so#wdiree Star, Ashland, OR). In

accordance with Ingersoll's analysis strategy ftlewing steps were performed:

« gating of the SS&" cells (with consequent exclusion of S§tneutrophils);
« exclusion of B220cells, representative of B lymphocytes

« identification of CD115F4/80°" cells as the monocyte population

* analysis of Ly6C expression within this populatibm distinguish the

different monocytic subsets

Monocytes were therefore defined as $$®220 CD115 F4/80°" cells. The
number of cells expressing such a phenotype owetdfal 50 000 events acquired
was taken as an estimation of monocyte count inpdrgoheral blood. Percentage
and number of events with differential expressiéri_y6C within this population
identified the monocyte distribution pattern. A epfatic representation of the

method used for flow cytometry analysis is illugtichin Figure 3.1.
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Figure 3.1 Monocyte characterization in murine blood: gating strategy A total of 50

126

000 events were acquired (plot 1), including mormbear (monocytes and lymphocytes) and

polymorphonuclear (neutrophils) cells. On a posfsition analysis, mononuclear cells

were gated and the expression of B220 evaluateunnihis cell subgroup (plot 2). B220

cells (in blue) were then excluded, and furtheryamis was performed on the population of
B220 cells (in black). Within the population of S8B220 cells the expression of CD115
and F4/80 was studied to identify CD1EB/80°" events (plot 3) representative of the total

monocytic population (in red). Final analysis ofde of expression of Ly6C within the
SSC*" B220 CD115 F4/80¢°" cells (red) was carried out (plot 4) to calcula¢ecentage and
number of Ly6¢®" and Ly6C*" monocytes (upper and lower right quadrant resyy).
In grey is the isotype control for each combinatdm@ntibodies.
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3.3.3 Measurement of in vivo platelet activation

Due to the requirement of four-color staining foomocyte characterization, and the
availability of a four-colour flow cytometer (FAC%{bur, Becton & Dickinson,
UK) for data acquisition, addition of a fifth andily against a platelet marker (i.e
CD42d), to identify MPA (CD42d-expressing monocytess not possible. In initial
experiments, the specificity in detecting monocybgsdifferent combinations of
antibodies based on a 3-colour staining was teistddmale ApoE" mice aged 8
weeks, and compared to the classical 4-colour egfyatdescribed by Ingersoll
(Ingersollet al., 2010) and detailed above. We found that simultase®tection of
all 4 markers abovementioned (B220, F4/80, CD118 by6C) is required for
consistent interpretation. In particular, anti-meusg/6C was needed to distinguish
the monocyte subpopulations. Exclusion of anti-neo®220 from the antibody
cocktail (which was then composed of anti-mouse88G4CD115 and Ly6C) gave
rise to inclusion into the CD115-4/80 gate of ~5% of B22@ells (Figure 3.2).
Therefore, we concluded that lack of detection lof tcell type in the flow
cytometric analysis could compromise the specificior monocyte analysis,
particularly taking into consideration that expamsof so-called plasmacytoid cells,
which are B220Ly6C""cells, has been described in the peripheral blé@poE"
mice on HFD (Swirskiet al., 2007). In accordance with this, in our preliminary
experiments to standardize the whole blood stait@efnique, the presence of this
cell subtype was observable in samples collecteh fApoE” (Figure 3.2) but not
from wild-type mice (figure 3.1), although the twtrains were not sex- and age-

matched.
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Figure 3.2 Standardization of murine whole blood flow cytometry for monocyte
analysis. A preliminary experiment was conducted in femaleoBp mice to compare the
specificity of two different antibody cocktails identifying monocytes by flow cytometry.
The 4-colour staining method described by Ingeréloiyersoll et al., 2010) using anti-
mouse B220, F4/80, CD115 and Ly6C (panel 2) wagpeoet to 3-colour staining based on
F4/80, CD115 and Ly6C detection only (panel 1). disition was gated for mononuclear
cells (gate on 1A and 2A). Presence of anti-mouz20Bn the antibody cocktail enabled the
identification of a population of cells (2B) thaicluded two different subtypes (in blue and
orange in the lower plots of pnel 2). The blue salbset was B22(F4/80 CD115 (2F); the

orange cells were B2264/8¢°" and ~5% of them were positive for CD115 (2F). Tveer
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plots of panel 2 show the overlay of these two B2&ls over the population of B22€ells
(black). This latter contain the monocytic popuatidefined by double positivity for F4/80
and CD115 (2C and 2G). Absence of anti-mouse a&2®6B8n the antibody cocktail (panel
1) led to inclusion of B22®4/80°“CD115 cells in the monocyte count, resulting in

overestimation of Ly6t" number compared to the value measured in the qress anti-

mouse B220 (48.24% in 1D versus 44.07% in 2D).

In evaluating the need for the two myeloid marke4430 and CD115, we observed
that F4/80 staining alone, in combination with antuse B220 and Ly6C only,
made it difficult to distinguish positive from ndge cells due to the low level of
expression of this marker on circulating monocyfeddition of anti-mouse CD115
antibody was the optimal combination to distinguisionocytes from the non-
monocytic population by plotting F4/80 against CB1Eigure 3.3), and enabled the
identification of a few events that were F47&ut CD115 most likely representing

contaminating plasmacytoid cells (Figure 3.3).

| Anti-mouse B220; F4/80; Ly6C + CD115

|u nw

FL3-H: B220

F4-80 —>

200 400 600 800 1K 0 1 2 3 o 0 1 2 3 ¢
FBC-H: FSC-Helght

Figure 3.3. Standardization of murine whole blood flow cytometry for monocyte
analysis. Addition of anti-mouse CD115 to the antibody codktantaining anti-mouse

B220, FL4/80 and Ly6C enabled the identificatioraafmall subset of F4/8@ells that were
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CD115 (arrow). In the blood of Apofmice, where plasmacytoid (orange dots) and
monocytic cells (within the black population) exgaf®wirki et al., 2007) and are in close
proximity to each otherA), contamination from plasmacytoid cells is likety affect the
purity of the B220gate. The shift of F4/8Cells along the CD115 axiB @ndC) according

to cell positivity for this marker facilitates thdentification of monocytes (defined as B220

F4/80° CD115) in murine blood (upper right quadrant®.

As regards the staining for CD115 in the absencantifF4/80 and in the presence
of anti-mouse B220 and Ly6C, this gave good cooedpnce in the identification
of monocytes compared to complete 4-colour stainkhgwever, since it has been
demonstrated that stability of CD115 staining fgetkd by any time delay in blood
processing (Bresliret al., 2011) and, more importantly, that CD115 can unodlerg
cleavage from the extracellular membrane durinammatory processes (Ziegler-
Heitbrock et al., 2010), we decided not to rely on CD115 stainingnal in the
absence of an additional myeloid marker, due to tleed to compare animals at
different stages of atherosclerotic disease, andemuent potential differences in the
level of expression of CD115. Additionally, givehnet phenotypic correspondence
between human and murine monocytes based on Iligergating strategy, we
considered that translatability of our resultstie human setting would be greatest

from our animal study by using his methodologiggpr@ach.

Therefore, in the present experiments, the degrer @vo platelet activation was
defined as the percentage of P-selectin expregsdatglets in the peripheral blood
only. For this purpose, heparinised blood was sthiwith FITC-conjugated anti-

mouse CD42d (a constitutive platelet marker) and Bé&njugated anti-mouse
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CD62P (P-selectin), for 20 min at 4°C. After redl dgsis with FACS lysing
solution (BD Bioscience) and washing in PBS supgleted with 0.2% BSA and
0.1% sodium azide, cells were resuspended in PBStaioing 1%
paraformaldehyde, and kept at 4°C until analyzeithiwia maximum of 48h from
sample preparation. At the flow cytometer a tofab® 000 events was acquired on
logarithmic forward- and side-scatter scales andt-poquisition analysis of P-

selectin expression within the CD42d-positive géteof CD42dCD62F events)

was performed using FlowJo software (Tree Star)akgh OR).

3.3.4 Tissue harvesting

For histological analyses and phenotypic charaagan of monocytes infiltrating
atherosclerotic tissue, immediately after bloodlemion for the flow cytometry
studies as described above, mice were perfusedighrthe left ventricle with
physiological saline containing heparin 10U/L fd fnin, following which they
were culled with a ketamine/xylazine overdose. bhechiocephalic artery together
with the right subclavian artery, aortic arch asft tarotid artery was removed en
bloc and immediately transferred into 4% formalgehbefore undergoing Oil Red
O staining. For monocyte characterization, the ticmephalic artery only was

collected and processed for flow cytometry analgsislescribed below.
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3.3.50il Red O staining

Red Oil powder (Sigma, UK) was resuspended in poeéhanol at a concentration
of 5%. The working solution for staining was preszh in water at a final
concentration of 0.5%. Vessels collected as desdrabove were opened to expose
the intraluminal part and were incubated in the RBld O (ORO) staining solution
for 10min. After subsequent washing firstly in punethanol and secondly in water,
they were analysed by dissection microscopy. Rastwrere captured at 2.5x and
3.5x magnification and analysed using ImageJ soévar total and (ORO)-positive

plaque area measurement.

3.3.6 Characterization of monocytesinfiltrating the brachiocephalic artery

Immediately after collection, the brachiocephalitegy was microdissected and
digested at 37°C for 1 h, in an enzymatic cocktaittaining 125U/ml collagenase
type Xl, 60 U/ml hyaluronidase type I-s, 60 U/ml Bd¢ 1 and 450 U/ml
collagenase type 1 (all enzymes were from Sigmaigtigl in PBS supplemented
with 20 mM Hepes (Galkinet al., 2006). The artery was then mashed through a 70
um strainer to obtain a cell suspension. This latte&xs resuspended in PBS
supplemented with 0.2% BSA, and incubated at 43C20 min with a combination
of the following antibodies: Per-CP anti-mouse lyrapyte markers (Lin) including
B220, CD90, Ly6G, NK1.1; APC anti-mouse F4-80; Flaati-mouse CD115; PE
anti-mouse Ly6C or CD11b (all antibodies were freBiosciences, apart from anti-
mouse B220 which was purchased from Becton & D). A total of 50 000

events was acquired and, on post-acquisition alsaperformed by using FlowJo
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software (Tree Star, Ashland, OR), monocytes weeatified as CD11¥" F4-80
CD115 Lin [B220, CD90, Ly6G, NK1.1] and distinguished intoy8C"" and

Ly6C°" subsets (Figure 3.4). Monocyte counts were nosedlto sample weight.

Figure 3.4 illustrates the flow cytometry analysiisategy.
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Figure 3.4 Monocyte characterization in the brachiocephalic artery. Monocytes were
defined as CD115F4-80 CD118"" Lin™ cells. The figure schematises the “gating strategy
used to identify cells. Step & first distinction of double positive cells {g&) from those
negative (gate 1) for the myeloid markers F4-80 @mil15. Step 2by plotting F4-80
against Lin markers, exclusion of Lioells from gate 2 was performed and monocytes were
identified as F4-80CD115 Lin™ cells (gate 3 on right hand plot). Analysis ofi€éh gate 1
confirmed positivity for Lin markers and negativitgr myeloid F4-80 (left hand plot). Step
3: analysis of CD11b expression in both gate 1 (dnisyogram, non monocytic cells) and
gate 3 (red histogram, monocytes) confirmed the loigenature of cells identified as
monocytes (red). Monocytes were further charaadrizy differential expression of Ly6C
into Ly6C"¥"and Ly6C°".
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3.3.7 Statistical analysis

All data are presented as mean = SD. Statisticalyais was performed using
GraphPad Prism 4 software. Differences in percental total number of different
monocytic subsets between ApoERnd C57BL/6J mice were evaluated by paired
Student’st test. Comparison of monocyte characterizatiohatifferent time points
was conducted by ANOVA, with or without repeatedas@ges as appropriate. In all

cases, §0.05 (two-tailed) was taken to indicate statistgighificance.
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3.4 Results

3.4.1 Ly6C"" monocytes predominatein the peripheral blood of ApoE™ mice at

basdine

A preliminary analysis was performed to compare aogte count and phenotype in
ApoE" mice with control C57BL/6J animals at baseliner fhis purpose, four mice
per group (aged 8 weeks, prior to initiation of HRkere sacrificed and monocyte

characterization was performed as described above.

The number of monocytes circulating in the periphé&tood was similar between
the two strains (1926.5 + 178.8 and 1862.7 + 6p21850 000 total events in ApdE
and C57BL/6J respectively; p=ns). However, Apafiice showed a predominance
of Ly6C"9" over Ly6C%" cells (93.0 + 4.7% and 7.0 + 4.7% respectively atélt
monocytes; p<0.001), whereas C57BL/6J mice dematestrsimilar proportions of
Ly6C"" and Ly6C™™ monocytes (45.9 + 10.6% and 54.0 + 10.6% respagtiv
p=ns). Consequently, the absolute number of citicigd y6C"" cells was higher in
ApoE’ than control mice, and conversely absolute L'Y6@onocyte numbers were

lower in ApoE” than C57BL/6J mice (Figure 3.5).
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Figure 3.5 Monocyte characterization in ApoE™ and C57BL/6J mice at baseline (before
commencing HFD) (A) Absolute number of Ly6®" (black bars) and Ly6® (white bars)
in ApoE” and C57BL/6J (ApoE") mice; *p=0.02 vs ApoE" mice; t p=0.03 vs ApoE
mice; B) Representative flow cytometry dot plots showin§C8'B220CD115F4/8¢°"
cells in ApoE~ (left) and ApoE"" (right) mice; C) Representative flow cytometry dot plots
showing distribution pattern of Ly6t' and Ly6C®" cells in ApoE" (left) and ApoE’
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(right) mice; O) Monocyte characterization in ApHleft) and ApoE™ (right) mice aged 8
weeks; the pie charts show accumulated data froamighals. Black= LyGCgh; white=
Ly6C"°".

3.4.2 Monocyte count increases with agein ApoE™ mice

ApoE’ mice studied at 4 and 8 weeks post-commencemétiEDfexhibited a time-
dependent increase in the total number of ciraujathonocytes. As a consequence,
the absolute number of both LyB& and Ly6C™" cells circulating in the peripheral
blood increased over the 8-week period of HFD, lih increase being especially

marked in the Ly6&" population (Figure 3.6).
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Figure 3.6 Monocyte characterization in ApoE™ mice after different times on HFD
Monocyte count4) and distribution pattern of Ly&®" (black) and Ly6¢E" (white) @) in

the peripheral blood of ApdEmice at baseline and after 4 and 8 weeks of HAikoRIte
number of Ly6¢G%" (C) and Ly6C*" monocytes D) at the different time points. Pangl

compares Ly6¥"and Ly6C*" numbers directly at the different time points.
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343 Measurement of Ly6C'™ is a surrogate marker of extent of

atherosclerosis

In order to ascertain the association between laitioag monocyte count/phenotype
and disease progression ApoE” mice we harvested the brachiochepalic artery to
analyze plaque burden by Oil Red O staining atstimae time points as circulating
monocytes were characterized: baseline (n=4, Gigugnd after 4 (n=4, Group 2)

and 8 weeks (n=4, Group 3) of HFD.

As expected, atherosclerotic lesions were obsesvahhice fed with HFD for 4 and
8 weeks, but not at baseline. The extent of diseasasured as lesion area was
highly variable within each group; medians and rigigartile ranges were 0.05
(0.02-0.43) mrhand 0.20 (0.08-0.42) nin Groups 2 and Group 3 respectively (p=

ns comparing Groups 1 and 2) (Figure 3.7).
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Figure 3.7 Atheroscler osis development in ApoE™ mice. Pictures are representative of Oil
Red O staining of the brachiocephalic artery of Bpanice at baselineX), and after 48)
and 8 weeks@) from commencing HFD (3.5x magnification). Theaavs indicate plaques.
Corresponding flow cytometry dot plots illustratimgonocyte characterization in these 3
animals are also shown, along with data showirgj tabnocyte count (grey bars), Ly&&

(black bars) and Ly6® (white bars) in these same animals.

In accordance with the results described abovemtihieocyte analyses performed in
the three animals shown in Figure 3.7 demonstrptedressive monocytosis and
increase in the absolute number of both LY8Cand Ly6C®" cells after 4 and 8

weeks of HFD compared to baseline (Figure 3.8)hift svas also observed in the

distribution pattern of monocyte subsets in theobBlowith an increase in the
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percentage of Ly6®" and simultaneous decrease in the percentage @"%@&ells
compared to the predominance of LY§& monocytes at baseline. However, as
described above for extent of plaque developmergtg/ariability was seen within
each group of animals on HFD, and comparison betw@&eup 2 and Group 3
therefore showed no significant difference in teohgercentage of Ly6t" (65.07
+ 12.8% vs 59.95 + 11.3% respectively; p=ns) olLg6C"°" (34.87 +12.81% vs
40.05 = 11.3% respectively; p=ns) cells. Absolutenbers were also not different
between Groups 2 and 3 (LyB&: 2317 + 723.2 vs 3844 + 990.3 per 50 000 total
events respectively, p=ns; Ly@& 1216 + 461.9 vs 2528 £+ 620.6 per 50 000 total

events respectively, p=ns).

On the other hand, in examining the relationshippvben lesion area and circulating
monocyte characteristics, a direct correlation feamd between the lesion area and
both percentage and absolute number of '3f6€ells. By contrast, no relationship
was observed between lesion area and either totmloayte count or Ly6¢"

monocyte count (Figure 3.8).
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points. PandD shows % of monocytes which are Ly¥@t these same time points. Pah#lustrates

the correlation between lesion area and percemdg6C™ cells measured in the peripheral
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We performed similar experiments in parallel in 86/6J mice, as controls for the

ApoE’ mice that do not develop atherosclerosis on HFD.

As described above, C57BL/6J displayed similar nemslof circulating monocytes
to ApoE” mice at baseline (i.e before commencing HFD). Tle subsets of
monocytes were equally represented in the bloodh wiy6C"" and Ly6C™"

accounting for 45.90 + 10.56% and 54.00 + 10.57réspectively of total
monocytes, whereas LyB€' cells were predominant in ApdEmice at baseline

(Figure 3.9).

In order to ascertain the effect of Western diet manocyte count/phenotype
independently of the presence of atherosclerosesstwdied wild-type mice after 4
and 8 weeks of the HFD regime. As expected, C57BLdd not develop
atherosclerosis over the 8 week period of the stithwever, the phenotype of
circulating monocytes progressively changed to meqafter 8 weeks of HFD, a
pattern similar to that observed in Apbhice at baseline (Figure 3.6). Indeed, HFD
induced a progressive increase in both the pergentad absolute number of
Ly6C"" cells, with concomitant decreases in both the eyeege and count of
Ly6C°" monocytes. A simultaneous expansion of the totahaoytic population
was observed, with the degree of monocytosis bsimijar to that seen in ApdE
mice by the end of the study, whilst — unlike ino&" mice — the vast majority of

these comprised Ly6¢" cells by 8 weeks of HFD (Figure 3.9).
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) compared with ApoE” mice. (A), The pie charts show the

distribution pattern of Ly6t" (black) and Ly6¢€" (white) over the 8 week-period of HFD
in both strains. B), Total monocyte count (black bars), Ly8C (grey bars) and Ly6€¢

(white bars) count in wild-type and ApGEmice at the same time points. *p < 0.05 vs

ApoE"* mice.
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3.4.4 Anti-platelet therapy abolishes ather oscler osis-related blood monocytosis

Atherosclerosis-related monocytosis observed inEpmice at the end of the 8-
week HFD regime was significantly reduced by th@ammmitant treatment with
either clopidogrel or aspirin; in the case of agpirfficacy was similar when
administered at high- (300 mg/kg/day) or low-ddseng/kg/day) (Figure 3.10). All
these anti-platelet regimes reduced the absolutebeu of both Ly6€9" and
Ly6C'°"" cells in the peripheral blood to a level that wamparable to that seen in
ApoE” mice before commencing HFD. Moreover, the distiiutpattern of the
different monocytic subsets also was modulatechkeyanti-platelet drugs, inasmuch
as the progressive increase in percentage of Py6@ver Ly6C'" cells was
attenuated, although not to baseline levels (Figut8). Measurement of P-selectin-
expressing platelets, as a markemofivo platelet activation, demonstrated that both
aspirin and clopidogrel inhibit platelet P-selec@rpression in ApoE mice on
HFD, and the efficacy of clopidogrel in reducings€lectin positive platelets was

superior to that of aspirin at either dose (Figif).
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(C) and Ly6C*" cells D) in the peripheral blood of ApdEmice at the end of the 8 week
HFD-period, either in the absence (8 WKS) or in pinesence of concomitant anti-platelet

treatment with aspirin or clopidogrel as specifiedhe graphs. Aspirin was administrated at

high (300 mg / kg /d) and low (5 mg / kg /d) dosékpidogrel was given at a dose of 25

mg /kg /d. Level of monocytes in the peripheraldolaf ApoE" mice before commencing

HFD (baseline) is also shown. The pie chats ghow the distribution pattern of Ly8&
(black) and Ly6¢E" (white) in the different experimental conditioms# points. *, p<0.001

vs 8 WKS; 1, p<0.01 vs 8 WKS.
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345 Aspirin and clopidogrel do not inhibit plaqgue development but

differentially regulate monocyte and lipid composition of plaques

Neither clopidogrel nor aspirin inhibited ather@soltic plaque development in the
brachiocephalic artery of ApdEmice on HFD. Lesions were observable in both
treated and untreated animals at the end of theék wFD-period, and the total
plague area was similar between all groups (Fig8r&l). However, the
atherosclerotic brachiocephalic artery of mice @pirgn- but not clopidogrel -
therapy displayed a reduction in the macrophagedgnt lipid content of plaque,
as evaluated by ORO-positive plaque area (Figurg)30n further characterization
of plaque composition performed by tissue flow ay&dry analysis to specifically
assess monocyte content, the brachiocephalic estetitained from ApoE mice
treated with aspirin- but not clopidogrel - exibiteess total monocyte infiltration
compared to untreated animals. Moreover, the plgpeobf monocytes within
plaques was different between the groups. Apatice on HFD only had the highest
degree of monocyte plaque infiltration, to whicke ttwo subpopulations almost
equally contributed, with a slight predominance LysC®" over Ly6C"" cells.
Aspirin-treated animals developed plagues withdaced content of total monocytes
compared to untreated animals, this being maintyibatable to a suppressed
recruitment of Ly6&9" cells into the lesions. By contrast, clopidogril dot alter
total monocytic infiltration into the plaques, bdid significantly reduce the
percentage of Ly6Clow monocytes (46.94+6.72% irpidogrel-treated animals vs

55.21+4.4% in untreated animals; p<0.05) (Figuld B.
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Figure 3.11 Effect of aspirin and clopidogrel on plague development and composition.
(A), Pictures are representative of Oil Red O stainintp@ brachiocephalic artery of ApoE
" mice at the end of 8-week HFD-period in untreaainals (8 WKS) and those treated
with either clopidogrel (25 mg/kg/d) or aspirin Wfiodose, 5 mg/kg/d) as indicated (3.5x

maghnification, pictures on the left hand side). Better visualization, images were zoomed
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and cropped at the level of plaques (pictures ghtrand side). The flow cytometry dot
plots are representative of monocyte characteozat the brachiocephalic artery of each
group of animals (upper right quadrant and lowghtriquadrant show Ly6t8" and Ly6C?"
respectively within plaques). Accumulated data (BS\h=4; clopidogrel n=4; and aspirin
n=5) are shown in the pie charts, which show peaggnof Ly6¢9" (black) and Ly6¢E"
cells measured in the brachiocephalic artery ofi@goup of animalsB), Total (black bars)
and Oil Red O (ORO) positive area (white bars) laigpes in the different experimental
conditions. C), ORO positive area expressed as percentage alf ptaique area in the
different groups of animalsD{, (E), and E) report the absolute numbers of total, LY8C
and Ly6C°" monocytes respectively in untreated animals (83)VKnd those treated with
either clopidogrel (25 mg/kg/d) or aspirin (low ép$ mg/kg/d). *, p<0.05 vs 8 WKS.
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3.5 Discussion

3.5.1 Monocyte characterization as a biomarker of atherosclerotic disease

Our results show that expansion of circulating noyt® numbers occurs in the
peripheral blood of both wild-type and ApbEnice on HFD with age. In accordance
with previous reports (Swirskit al., 2007) predominance of Ly8€" over Ly6C*"
cells was observed at baseline in ApoBEut not in wild-type mice. However, the
major expansion with time was in LyS¢ cells in ApoE™ mice; and Ly6E"
numbers, but neither Ly8®" numbers nor total monocyte count, were prediatifze

extent of atherosclerotic disease in the brachicakpartery.

Unlike wild-type mice, ApoE animals are predisposed to develop atherosclerosis.
In our study, we observed divergence in the phemotyf circulating monocytes
between the two strains when both were fed withembdchow diet. The
compromised cholesterol metabolism in Afofice is likely to account for the
distinct monocytic pattern seen at baseline conthbareC57BL/6J mice. Indeed, it
has been demonstrated that elevated levels of steobé induce an increase in
Ly6C"" cells, by inhibiting their differentiation into BC®" and enhancing their
survival (Swirskiet al., 2007). Our results demonstrate that HFD in wildetynice
leads to a shift in the distribution of the two mowtic subpopulations in the blood,
from an equal amount of Ly&®&" and Ly6C*" cells towards a dominance of
Ly6C"" over Ly6C°" cells. In ApoE" mice this pattern was observable at baseline,
before commencing HFD, while in C57BL/6J this odiveloped after an 8 week-
period of HFD. In both cases, the change in mono@henotype preceded plaque

development, since neither ApbEnice at baseline nor C57BL/6J at the end of the
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8-week period of HFD had atherosclerotic lesion®ctable in the brachiocephalic

artery. Therefore, predominance of Ly§€ over Ly6C®" cells is likely to be a

predisposing factor for plaque development.

Previous studies have evaluated the pro-atherogdf@ct of the distinct monocytic
subpopulations in mice, by analysing the phenotypenonocytes infiltrating the
vascular wall. Swirski found that Ly8€" cells enter plaques preferentially over
Ly6C" cells (Swirskiet al., 2007), whereas Potteaux observed a preferenfiakin
of Ly6CIOW cells into the lesions (Potteagkal., 2011). The distinct anatomic site
evaluated by the two groups might have determimeddifferences seen in their
results (aortic root vs brachiocephalic arterypcsithe two cell subsets appear to
have different abilities to colonize atherosclardésions in different regions of the
arterial wall (Teupsert al., 2004), with Ly6¢" cells mainly implicated in
monocytic infiltration in the brachiocephalic agtewhilst Ly6C"" cells being
predominant in the colonization of the vascularl\aathe aortic root. These findings
are in accordance with our results, that show angtdirect relationship between
expansion of Ly6&" cells in the blood and progression of atherostiedisease as
evaluated at the brachiocephalic artery. Indee@r dkre course of 8-week HFD
period, ApoE" mice but not C57BL/6J developed plaques, andwlis paralleled

by a concomitant increase in the Ly8Csubtype, such that from representing less
than 10% of total monocytes in ApSHEnice at baseline they progressively expanded
to constitute almost half of the total circulatimgpnocytic population at 8 weeks. In
particular, the increase in absolute number of @Y6cells over time, rather than

the simple percentage of this subpopulation overtéital monocytes, was found to

be the main determinant of disease progression.
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The increase in Ly6€ cell number in ApoE mice seemed to be an effect
unconnected to the HFD regime, even though thiglacates atherogenesis in this
animal model (Reddickt al., 1994). Wild-type mice on HFD displayed an incesas
of Ly6C"" cells and a concomitant reduction of Ly8@ells, an effect opposite to
that observed in ApoE mice fed on HFD. HFD induced marked monocytosis in

both strains to similar levels, although the effeon Ly6C"" vs Ly6C°" were

divergent.

3.5.2 Anti-inflammatory effect of anti-platelet therapies

In accordance with thien vitro data described in Chapter 2, we have found ithat
vivo platelet activation has an important effect orcudating monocytes. Indeed,
treatment with either aspirin or clopidogrel resdlt in suppression of
atherosclerosis-related expansion of all monocitethie circulation, both Ly6€&"

and Ly6C'" in our model. The current study did not addréssrhechanistic basis
underlying the suppressive effect of anti-plateleigs on blood monocytosis. This
mechanistic basis may be attributable to inhibitioh monocyte precursor
proliferation within the bone marrow, or of cell bilisation from the bone marrow
to the peripheral circulation, or to a modulatidrtiee survival of these cells in the
peripheral blood. Indeed, all of these may occwetoer. Figure 3.12 shows in
schematic form the potential mechanisms of actibrardi-platelet treatment on
monocyte count and phenotype. Whatever the meahanie effects demonstrated
here of pharmacological platelet inhibition on aleting monocytes are novel and
the first timein vivo demonstration that modulating platelet activitys hiaportant

effects on circulating monocyte in the context thesosclerosis. Clopidogrel is
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likely to act through inhibition of P-selectin exgsion on the platelet plasmalemma
and consequent formation of MPA, although our stadly examined the former
because of the methodological limitations abovemaet that precluded the direct
estimation of MPA level in the peripheral blood.eTkvell described ability of
clopidogrel to decrease MPA formationvivo (Storeyet al., 2002; Klinkhardtet al.,
2003; Brauret al., 2008), along with our previous demonstration thedrference in
the physical interaction between monocytes ancelett inhibits platelet-dependent
change in the phenotype and function of human myirec(Passacquale al.,
2011c; Chapter 2), support this hypothesis. A simdction may be ascribed to
aspirin, which also decreased P-selectin expressiatirculating platelets, although
to a lesser degree than clopidogrel. However, inuitro experiments previously
conducted in human samples (Passacqeiala@., 2011c; Chapter 2), suggest an
additional mechanism by which aspirin may affecthiyte phenotype, that relates
to ability to inhibit COX activity. Even the lowelose used in our animals (5 mg'Kg
! day*, which would correspond to a daily dose of 180-8#§)in humans) may act
on both COX-1 and COX-2 isoforms (Patroeb al., 2005), thus producing a
simultaneous inhibition of platelet COX-1 activityth consequent defective TxA
mediated platelet-activation, and of monocytic C@>activity which we have
previously found to be strongly involved in plateheediated alteration in monocyte
phenotype (Passacquate al., 2011c; Chapter 2). Therefore, it is reasonable to
hypothesise that aspirin may be acting through dementary effects on both

platelet and monocyte COX activity.
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3.5.3 Pro-ather ogenicity of Ly6C"" and Ly6C'™ monocytes

As previously mentioned, several authors have ty&ed the pro-atherogenic
activity of phenotypically distinct monocyte sulsbély monitoring the trafficking of
these cells into atherosclerotic lesions, in otdeidentify whether a particular cell
population displays a preferential influx into pl@s. The conflicting data obtained
in different laboratories has made it difficultéstablish whether and how LyB&
and Ly6C*" cells differentially contribute to lesion developm (Teupseet al.,
2004; Swirskiet al., 2007; Potteauxet al., 2011). The evidence provided by
Combadiere and colleagues (Combadieteal., 2008), who showed that only
concomitant inhibition of chemokine receptors itvenl in both Ly6¢" and
Ly6C"" endothelial trans-migration can completely abolstscular lesion onset
and progression, suggests an equal contributiortheée monocyte subsets in
atherosclerosis development. In this context, treng correlation found in the first
part of our study between expansion of LY8@ells and plaque size is suggestive of
a greater pro-atherogenic activity exerted by th@ocyte subpopulation over the
Ly6C"" subtype. However, the tissue phenotype charaat@iz we carried out
appears to contradict this hypothesis. Indeed,oagfh showing perhaps a slight
predominance of Ly6® over Ly6C'9" cells, no significant differences were
detectable by vessel flow cytometry analysis betwle content of the two cell type
within plaques. Therefore, the increase of LY8Qells in the peripheral blood
seems to provide a good biomarker of disease mdthierosclerotic animal model,
whereas both Ly6®" and Ly6C®" cells appear to be involved in atherosclerosis at

the level of the plaque itself.
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3.5.4. Effect of anti-platelet drugs on plague composition

In our anti-platelet-treated ApdEmice the marked reduction in blood monocytosis,
with simultaneous decrease of both monocytic spbjadions to a level similar to
that observed in disease-free animals, did noltresa reduction in plaque size. The
multi-factorial and multi-cellular nature of athenterosis (Ross 1999; Libby 2002)
suggests that monocytes, although being fundamerdgiers in vascular lesion
development, are not the sole mediators of diseS8sailarly, the activity of
platelets, that is strongly related to atherosalisronset and progression by virtue of
their pro-thrombotic and pro-inflammatory actions,contributory but again only
part of the larger picture. As a consequence,ltbempeutic modulation of these two
cell types, as occurs with an anti-platelet treatimés not enough to abolish
development of disease in this animal model. Erglahdamage sustained by
chronic lipid dysmetabolism (Gaudreaefial., 2012) is likely to exert a fundamental
role in plaque formation, independent of the phgpetof circulating monocytes and
platelets, through the release of chemotactic dtigud expression of adhesion
molecules that promote inflammatory cell recruitin@md colonization of the

vascular wall.

However, we found that a reduction in monocyte tonrthe peripheral blood as a
consequence of anti-platelet therapy, especialtit aspirin, dramatically decreased
the monocyte-macrophage content of plaques, mkslylthrough decreasing the
number of monocytes in the blood available for uéescinfiltration. Therefore, even

if not sufficient in reducing plague size, as algeviously reported by other

investigators in different animal models (Taaisl., 2004; Schulzt al., 2008), our

data demonstrate that anti-platelet therapy care tzewvimportant effect on plaque
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composition. These findings are in agreement whibsé of previous researchers
(Cyruset al., 2002; Afeket al., 2009), and our data add important information as
regards the mechanism underlying this pharmacabgéfect, namely that it is
mediated by a systemic action of these agents ammulating monocytes, either

through an indirect mechanism sustained by platekebition, or a direct action on

monocytes themselves (Figure 3.12).
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Figure 3.12 Anti-inflammatory activity of aspirin and clopidogrel. The diagram shows

the multiple levels at which action of aspirin acldpidogrel may exert their effects on
monocytes, which after originating from the bonernma are released into the peripheral
blood and reach atherosclerotic lesions throughstregemic circulation. Release of pro-
inflammatory mediators from the vascular lesiony figeed back on bone marrow monocyte
proliferation, stimulate mobilisation of monocytiEsm the bone marrow to the peripheral
blood, and locally recruit these and other inflartonacells (Shi & Pamer, 2011). Aspirin
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and clopidogrel may modulate any or all of thespst through either direct or indirect

pharmacological actions, the latter being mediategdlatelet inhibition.

1) A direct effect of both drugs could be exertédha site of origin of monocytes, in the
bone marrow, where aspirin-dependent COX-inhibitamclopidogrel-dependent P2Y
receptor blockade could potentially inhibit sterli peoliferation (MRNA for P2, receptor

has been detected in stem cells and leukocytesdng# al., 2004).

2) Aspirin and clopidogrel could regulate monocgtebilization from the bone marrow by
acting on their phenotype, particularly on the espgion of chemokines involved in their
trans-endothelial migration at the level of the domarrow and their consequent release into

the systemic circulation.

3) Aspirin and clopidogrel could directly act onratilating monocytes by modifying
proliferation, survival, and differentiation via G@nhibition or P2Y,,-receptor blockade
respectively. Moreover, aspirin, but not clopiddgomuld exert an additional effect on the

capability of circulating monocytes to take updpin the peripheral blood (asterisked).

4) At the site of a vascular lesion, aspirin, bot nlopidogrel, could reduce endothelial

inflammation and the consequent recruitment of LY@onocytes (asterisked).

5) Both drugs could exert indirect effects on banarrow, peripheral circulation and
vascular wall mediated by platelet inhibition, witensequent suppression of release of
platelet-derived factors, MPA formation and plateléherence to the endothelial monolayer

that in turn affect monocyte phenotype and endihiehns-migration.

The reduced plaque content of monocyte-macrophatjs, avhich are the main

determinants of plague vulnerability (Shash&iral., 2005), strongly suggests that
aspirin and clopidogrel may exert beneficial eféelay reducing the susceptibility of
atherosclerotic lesions to rupture, and hence teldp superadded thrombosis.
However, the detailed mechanisms by which the twmgsl may do this is likely to

be different. Although both exert a systemic effectcirculating monocytes, aspirin
and clopidogrel seem to exert an additional actibthe site of plaques, where the

two drugs differentially regulate the influx of thewo distinct monocyte
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subpopulations. Based on the fact that the druge hasimilar effect on the count
and phenotype of circulating monocytes, it is reabte to hypothesise that they
have a distinct effect on the interaction of monesywith the vascular wall,
favouring the influx of one cell type over anothdepending on differential
modulation of endothelial adhesive phenotype. Haxevhow the different
monocytic subsets may relate to plague vulnerghgitunclear. The ORO staining
data show that aspirin, but not clopidogrel, caopsess foam cell content compared
to untreated animals. Given the reduced level d@¥" cells in plaques from
aspirin-treated animals, it is conceivable thatlladen macrophages mainly derive
from this subset of monocytes rather than L§B@ells. In accordance with this,
Swirski has shown that Ly&€" monocytes give rise to macrophages within plaques
(Swirki et al., 2007; Weber & Noels, 2011). On the other hand6@3 monocytes,
that were suppressed by clopidogrel, have been wemabed to have a greater
tendency than Ly6¥" cells to terminally differentiate into residentnditic cells
(Penget al., 2009; Giessmast al., 2010; Weber & Noels, 2011). The precise role of
these cell types in vascular wall remodelling icenain. Given the patrolling
behaviour of Ly6¢" cells in non-inflamed tissues compared to the gmédant
infiltration of Ly6C"" cells within inflamed areas reported by Geissmanthe
microcirculation (Geissmane al., 2003), one could hypothesise that aspirin may
exert a greater vascular anti-inflammatory activityan clopidogrel in the large
arteries, leading to reduced Ly&® numbers which in turn may decrease the
macrophage-dependent lipid content of plaques th@mther hand, lipid uptake by
monocytes also occurs in the peripheral circulatioefore such cells enter into

plaques (Gaudreaudt al., 2011). Therefore, the possibility cannot be exctutlet
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aspirin may act at a systemic level to modify thpability of circulating monocytes

to phagocytose lipids in the blood (Figure 3.12).

3.5.5 Conclusion

This study demonstrates that expansion of the mwaunterpart of human CD16
monocytes in the peripheral circulation occurs myithe pro-inflammatory process
that sustains and accompanies atherosclerosis,tr@ndevel of this monocyte
subpopulation in the blood reflects the extent afoular disease in the Ap6E
model of atherosclerosis. The anti-platelet drugpiran and clopidogrel reduce
atherosclerosis related-monocytosis with simildicaty, and this associates with
reduced monocyte-macrophage content in atherosiclgaques. However, the two
anti-platelet agents, despite having a similaresygt effect on circulating monocyte
phenotype and count, differentially regulate tHéuinof Ly6C"9" and Ly6C" cells
into lesions, thus altering plaque composition idigergent manner. In particular,
the reduced trafficking of Ly6t" cells into the atheroma observable with aspirin
but not clopidogrel is associated with a decreaskpid / foam cell content. This
may have important consequences on plaque vulhigyamd hence predisposing to

superadded thrombosis.
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4.1 Introduction

Atherosclerosis is a chronic and diffuse inflammgatprocess within the arterial
wall that promotes the formation of atheromatowpes composed of a lipid core
with an overlying fibrous cap (Ross, 1999). The eablsclerotic process is
accompanied by increased thrombogenicity of theodhlavhich (as reviewed in
Chapter 1) not only gives rise to the thrombotimptications (which occur when a
vulnerable plaque fissures or ruptures) but alsatrdmutes to lesion initiation by
favouring monocyte recruitment into the sub-endidhespace and, in turn, the
development of a pro-inflammatory milieu within theascular wall (Davi’ &
Patrono, 2007). Atherosclerosis progression is oy large a slow and long-term
process, which generally takes many years befobedomes clinically manifest,
when occlusive vascular symptoms occur; althougbnbotic complications can
occur at any stage of the disease, largely depémteplaque composition, degree
of inflammation and haemodynamic factors.

The need to develop more effective strategies foth bprevention and early
diagnosis of atherosclerosis has gained increaditegtion in recent years, due to
the recognition that atherosclerotic sequelaeutiolg ischaemic heart disease and
cerebrovascular events, remain major causes ofafitprand morbidity, accounting
for 30% of all deaths worldwide (World Health Orgaation, 2007). Moreover,
health projection studies on the global burden iskake for the next ten years,
predict a dramatic increase in the prevalence offierasclerosis-related

cardiovascular disease (Murray & Lopez, 1997; Weéthlth Organization, 2007).
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In patients with established atherosclerotic digse#éisat is clinically evident,
addressing cardiovascular risk factors vigorousigdking cessation, blood pressure
and glycaemic control to target, cholesterol lowgriwith statins) and reducing
blood thrombogenicity with anti-platelet therapyejirise to important reductions in
myocardial infarction and stroke, and retard thegpession of atherosclerotic
disease (Joint British Societies — JBS-2 Guideli2€95). However, a major
challenge is the difficulty in early diagnosis isyaptomatic patients, in whom
recognition of early disease and consequent vigormsk factor reduction will help
to retard progression of atherosclerosis as wetlaasequent occlusive/thrombotic
arterial events.
At present, management of asymptomatic patientm$ed on clinical assessment,
aiming to evaluate classical cardiovascular riskdes (age, sex, smoking, presence
of diabetes, lipid profile) and the presence/absesfctarget-organ damage such as
left ventricular hypertrophy and proteinuria (JBS8idelines 2005). A number of
cardiovascular risk calculators, such as the risirts provided by the JBS (JBS-2
Guidelines, 2005) or by the WHO/ISH (World Healting@nization, 2007), or the
Framingham equation (Andersehal., 1991), combine these clinical parameters to
estimate the probability for a given individualdmperience a future cardiovascular
event (including ischaemic heart disease/myocaidiakction and stroke) over a
period of time. Asymptomatic patients can therefloeedistinguished into different
categories of cardiovascular risk profile rangingnf low (<10%) to high (>20%)

risk over the next 10 years, and such stratificatioides decision-making on the
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intensity as well as the nature of preventativateties to be adopted in individual
patients.
However, since these tools are based on statistglain populations, they are of
limited usefulness in individual patients. In order determine extent/severity of
atherosclerosis in a given individual, it is neeegd0 image the vasculature using
either invasive (including angiography) or non-isive& methods (such as CT
coronary calcium score or CT angiography). These expensive and laborious
investigations, and therefore can only realisticdle used in specific groups of
patients with strong clinical indications, who ofteurn out to be at an advanced
stage of disease. There is therefore an urgent toedevelop simple, non-invasive,

relatively inexpensive tests that are widely aiie in the population for early

diagnosis, so that prevention strategies can be eiffectively targeted.

4.2 Aims

The current study aimed to investigate whether yailof platelet activation by
MPA measurement and/or characterization of the @iype of circulating
monocytes can provide a useful, non-invasive, ieespe and generally applicable
measure of silent atherosclerotic disease, andh&hetuch a measure can give
information regarding presence of atherosclerosease over and above standard

cardiovascular risk calculators.
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4.3 Methods

4.3.1 Subject recruitment and characteristics
The study was approved by the St Thomas’ ReseattuicsECommittee, London,
UK. All participants gave written informed conserforty-five patients were
recruited sequentially from the Hypertension (n=28) Diabetic (n=22) Clinics at
Guy’s & St Thomas’ Hospitals, London, UK.
Inclusion criteria:

» 18 years of age or older

» able and willing to comply with study procedures

* no previous history of cardiovascular events andgymptomatic

atherosclerotic disease.

Exclusion criteria:

patients with diagnosed secondary hypertension
» clinical evidence of atherosclerotic disease oep#ignificant co-morbidity

» previous cardiovascular events

cardiac dysrythmia
«  significant renal impairment (eGFR < 30 mL/minA.r)

» pregnancy or breastfeeding

mental disorders or inability to give informed sent.
Patients were studied at the Clinical Researchliiaof St Thomas’ Hospital. Each
participant underwent a full history and clinicabenination including measurement

of blood pressure by Omron 705CP, body weight aidht for calculation of body
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mass index (BMI). 12-lead electrocardiogram wadgoered, and blood (32 ml)
collected by venepuncture for measurement of fudoth count, full blood
biochemistry, including renal and liver profilegidls, glycated hemoglobin (HRA
and high-sensitivity C-reactive protein (hs-CRF)O [ul of this blood was also taken
for analysis of circulating monocyte phenotype MA according to the methods
described in the following section. The Framinghegpation and JBS-2 risk charts

were used for cardiovascular risk stratificationati®t characteristics are

summarized in Table 4.1.

4.3.2 Measurement of circulating MPA and monocyte char acterization

Monocyte characterization and MPA measurement wgeeformed by flow

cytometry analysis on whole blood collected in saodi citrate (0.3% final

concentration). Immediately after venepuncture, iDBlood was incubated in the
dark and at 4°C with a combination of the followiagtibodies: phycoerythrin (PE)-
conjugated anti-human CD14, fluorescein isothioeyan(FITC)-conjugated anti-
human CD16 and allophycocyanin (APC)-conjugatedi-tfamhan CD42b (all

antibodies were purchased from BD Bioscience).y[s®tcontrol antibodies were
used as negative control. After red cell lysis gsiPACS lysing solution (BD
Bioscience), samples were washed twice in PBS oongp0.2% BSA and 0.1
sodium azide, and then fixed in 1% paraformaldetamkept at 4°C until analyzed
within a maximum of 48h from sample preparation.

Using flow cytometry (FACSCalibur, Becton Dickinsaof8D), Oxford, UK),

forward and side light scatter parameters were usediccess the monocyte
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population, and a total of 20,000 events were aeduwithin the monocyte gate.
The negative and positive delineators were detexdchiftom the isotype control
fluorescence.
Monocyte subsets were identified by double immuaiosig for CD14 and CD16
which allowed the identification of three cell swipplations: CD14CD16,
CD14""CD16" and CD1%“CD16 monocytes. The percentage of CDleklls
expressing CD42b (a constitutive platelet markeas iaken as representative of

circulating MPA. Post-acquisition analysis was parfed using FlowJo software

(Tree Star, Ashland, OR).

4.3.3 Carotid ultrasonography.

Carotid ultrasonography was performed by Dr BenJ¥ng at the Clinical Research
Facility of St Thomas’ Hospital. Carotid intima-madickness (IMT) was measured
by ultrasonography (Accuson Sequoia 512 machiné ait 8-MHz transducer).

IMT was taken as the distance between the bloadantborderline and the

media/adventitia borderline, and evaluated on #rewall of the left and right

common carotid artery (CCA), specifically in thestdi 1 cm of the artery just
proximal to the bulb. Mean carotid IMT was measutsihg a semi-automated
computer analysis system over this 1 cm segmeadt,canfirmed by the mean of
five manual readings at 20mm intervals along theACiKdean values of IMT in the

near and far walls of both arteries were used rialyis.
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4.3.4 Statistical analysis

All data were expressed as median + inter-quarditege. Statistical analyses were
performed in GraphPad Prism. Between-group commasisvere made using one-
way ANOVA with Dunn’s correction. Multivariate lime regression analysis was
conducted to examine the correlation between IMd @hthe variables measured in
the study: age, systolic and diastolic blood pres¢8BP and DBP respectively),
total cholesterol and low-density and high-densipipprotein fractions (LDL and
HDL), triglycerides, HbA.; hs-CRP, BMI, estimated glomerular filtration rate
(eGFR), MPA levels and percentage of different noyt® subsets. Associations
were analysed by least squares and multiple ragressalyses. In all cases, p <

0.05 (two-tailed) was considered significant.
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4.4 Results

4.4.1 MPA level and monocyte CD16 positivity do not relate to cardiovascular
risk stratification asassessed by standard risk calculators

Using the Framingham equation, patients were dividgo three categories of
global cardiovascular risk: Group 1, low (n=22);0Gp 2, moderate (n=15); and
Group 3 high (n=8) representing 10-year calculatadiovascular risk10%, 10% -
20%, and >20% respectively. These three sub-papnfatdiffered in age,
prevalence of diabetes, SBP and renal functionl€T4li). The low risk group had
the lowest median age and SBP; 87.5% of patientthenhigh-risk group were
diabetic compared to 31.25% and 59% in the moderabel low-risk groups
respectively; and median eGFR in the high-risk grexas lower than that in the
other two groups.

No differences were seen between groups in totalocyie numbers, MPA levels
and the distribution pattern of the distinct mortecgubpopulations (Table 4.1,

Figure 4.1).
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Table 4.1 Characteristics of study patients. Participants were distinguished into different

categories of cardiovascular risk profile basedten Framingham equation (LR, low-risk;
MR, moderate-risk; HR, high-risk, corresponding<®0%, 10-20% and >20% 10-year
calculated cardiovascular risk respectively).
SBP: systolic blood pressure; DBP: diastolic blopdessure; HDL: high-density

lipoproteins; BMI: body mass index; hs-CRP: highsitvity C reactive protein; eGFR:

estimated glomerular filtration rate; ns: non sligaint.

Variables are presented as percentages or meditmmigr-quartile ranges, as appropriate.

LR MR
(n=22) (n=15)

Age (years)

Women (%)

Smokers (n)

Diabetes mellitus (%)
HbA; . (%)

SBP (mmHg)

DBP (mmHg)

Total cholesterol (mmol/L)
HDL-cholesterol (mmol/L)
BMI (kg/m?)

hs-CRP (mg/dl)

eGFR (ml/min/1.73 m?)

Triglycerides (mmol/L)
Monocytes (10%/L)

Anti-platelet therapy (%)

38(25-57)

7(31.81%)

0

13 (59%)
7.6(5.2-11.10)
135(110-165)
76(56-108)

4.6 (3.2-6.88)
1.29(1.05-1.7)
28.40 (20.2-40)
2.72(0.23-12.5)

102.5 (85-133)

1.4(0.53-2.07)
0.63 (0.45-0.65)

0

52 (47-68)

7 (43.75%)

1

5(31.25%)

5.9 (4.9-9.5)

147 (126-190)

90 (65-130)
4.23(2.75-6.27)
1.4 (1.2-1.63)
31.85 (21.7-37.5)
1.66 (0.4-6.55)

91.5(73-123)

1.15 (0.57-2.67)
0.45(0.27-0.78)

4(25%)

62 (51-73)

3(37.5%)

0

7(87.5%)

8.05 (5.6-10.5)
145.5(115-175)
78.5 (64-103)
4.2(3.41-5.9)
1.14(1.14-1.3)
32.95 (26.1-37.2)
3.13(2.5-4.08)

80 (37-100)

1.58(1.2-2)
0.69 (0.34-0.78)

2(28.57%)

<0.001
(HRvs LR
MRvs LR)

ns

0.03
(MRvs LR)

ns

ns

ns

ns

ns

<0.05
(HRvs MR)

<0.001
(HRvs LR)

ns

ns
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Figure 4.1 Level of MPA (measured as CDT2D42b events) A) and the distinct
monocyte subpopulations comprising “classical” Ctiia16 (B), CD14""CD16" (C) and

Chapter Four

Characterization of circulating monocytes as a novel diagnostic tool for
improved stratification of CV risk in asymptomatic patients

30 -

2 _

+ 204

w

-

(]

O

T 10 I

8 1

o 1T
0 T T T

HR MR LR

20

_ o _

< 154

A

w

5 —

o 104

=

°

g 54 ——/

o — I b=
0 T T T

HR MR LR

170

CD14°"CD16" (D) in the study population, stratified accordingrigk as calculated using
the Framingham equation. HR: high-risk; MD: modenagk; LR: low risk corresponding to
<10%, 10-20% and >20% 10-year calculated cardialascisk. Graphs show medians and

inter-quartile ranges of each parameter.
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When the population study was stratified accordimghe JBS-2 risk charts, all
diabetic patients were classified as being at kayldiovascular risk. In this case, no
differences were observed in age and eGFR betweripgy However, the low-risk
group had the highest median DBP and total chatgds{@able 4.2), most likely
because of a less aggressive preventative stramgyted in these patients by their
treating clinicians compared to the other groups.
A similar level of MPA was measured in the high-pdarate- and low-risk
categories. On the other hand, monocyte charaatenzshowed an increase in the

level of CD14""CD16" cells in the peripheral blood of patients at highmpared to

those at low-cardiovascular risk (Figure 4.2).
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Table 4.2 Characteristics of study patients. Participants were distinguished into different
categories of cardiovascular risk profile basedhenJBS-2 risk charts (LR, low-risk; MR,
moderate-risk; HR, high-risk, corresponding to <10%-20% and >20% 10-year calculated
cardiovascular risk respectively).
SBP: systolic blood pressure; DBP: diastolic blopdessure; HDL: high-density
lipoproteins; BMI: body mass index; hs-CRP: highsitivity C reactive protein; eGFR:
estimated glomerular filtration rate; ns: non siigaint.

Variables are presented as percentages or meditmmigr-quartile ranges, as appropriate.

I = - =

Age (years) 38(27-57) 54.5 (45-67) 50 (25-73)

Women (%) 4(57.14%) 4(50%) 12 (40%)

Smokers (n) 0 1 0

Diabetes mellitus (%) 0 0 25 (83.3%)

HbA, (%) 5.4 (5.2-5.9) 5.6(4.9-6.1) 8.2(5.6-11.10) <0.0001
(HRvs MR;
HRvs LR)

SBP (mmHg) 137(110-190) 145.5 (134-167) 137.5(110-190) ns

DBP (mmHg) 98 (85-130) 87 (76-98) 75.5 (56-115) 0.001
(HRvs LR)

Total cholesterol (mmol/L) 3.48(3.12-5.46) 3.12(1.97-4.58) 2.11(1.7-3.47) 0.05
(HRvs LR)

HDL-cholesterol (mmol/L)
BMI (kg/m?)

hs-CRP (mg/dl)

eGFR (ml/min/1.73 m?)
Triglycerides (mmol/L)
Monocytes (10°/L)

Anti-platelet therapy (%)

1.25(1.05-1.7)
30.48 (23.7-34.4)
2.72(0.23-12.5)
94(85-105)
1.37(0.53-2.07)
0.55 (0.45-0.65)

0

1.39(1.2-1.63)
30(21.7-37.24)
1.66 (0.4-6.55)
91.5(75-107)
1.27(0.57-1.53)
0.52 (0.27-0.69)

0

1.31(1.14-1.68)
29.85 (20.2-50)
3.13(2.5-4.08)
100 (37-170)
1.3(0.73-2.67)
0.59 (0.46-0.78)

6(28.57%)

ns

ns

ns

ns

ns

ns
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Figure 4.2 Level of MPA (measured as CDT2D42b events) A) and the distinct
monocyte subpopulations comprising “classical” Ctitia16 (B), CD14""CD16" (C) and
CD14°“CD16 (D) in the study population, stratified accordingrisk as calculated using
the JBS-2 risk charts. HR: high-risk; MD: moderaik; LR: low risk corresponding to
<10%, 10-20% and >20% 10-year calculated cardialascisk. Graphs show medians and

inter-quartile ranges of each parameter. *, p=@ORR.
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Due to the high prevalence of diabetes in our spmyulation, a further sub-group
analysis was conducted by dividing the high-risbugr into three categories of
patients: type 2 diabetic patients (T2; n=15), t§pdiabetic patients (T1; n=10) and
non-diabetic high-risk patients (n=5). Their clalicharacteristics, as well as MPA
levels and monocyte phenotype were compared usiegnay ANOVA multiple
comparison test with Dunn’s correction also inchgddata from moderate (n=8) and
low-risk non-diabetic patients (n=7).
Groups differed in age, renal function and blooéspure. T1 diabetic and low-risk
patients had similar age (medians were 30 (25-8@)3% (27-57) years respectively)
and were younger than the other categories. Nerdifices were detected in eGFR
between diabetic and non-diabetic patients, althaegal function was better in T1
than in T2 (eGFR 108 (37-123) ml/min/1.73ws 92 (37-123) ml/min/1.73m
respectively; p=0.01). Levels of SBP and DBP weighér in non-diabetic

compared with diabetic groups (Figure 4.3). Allatlelinical parameters, including

lipid profile, hsCRP, BMI and total monocyte couwgre similar between groups.
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Figure 4.3 Characteristics of patient sub-groups. Graphs display differences in clinical

parameters when the study population was dividéd diiebetic (type 1 (T1) and type 2
et further into high- (HR), moderate-
(MR) and low- risk (LR) in accordance with the JBSdisk charts. HR, MR and LR
correspond to <10%, 10-20% and >20% 10-year cdkieardiovascular risk.

Graphs show medians and inter-quartile ranges offi garameter. *, p<0.05 vs HR; T,
p<0.05 vs T2; f, p<0.05 vs LR.

(T2)) and non-diabetic subjects, this latter



Chapter Four | 176
Characterization of circulating monocytes as a novel diagnostic tool for
improved stratification of CV risk in asymptomatic patients
Although MPA levels were similar between groupsignificantly higher level of
CD14""CD16" monocytes was found in the peripheral blood ofetgp diabetic
compared with that measured in low-risk subjectam@arison between type 2 and
type 1 diabetic patients, as well as between therogroups, revelead no other

detectable inter-group differences in the level ppb-inflammatory monocytes

(Figure 4.4).

>
w

& 20-
\—; 40 o 15 —‘7
o - -
e a
< T . == -l:o
a S 104 |
= 20 = T
J_ J_ — = _L o s T e Y s
o A1
o M ] T T T L 0 1 | T T |
T2 T HR MR LR T2 T HR MR LR

Figure 4.4. MPA and monocyte characterization in patient sub-groups. Level of MPA
(measured as CD1@D42b events) A) and CD149"CD16" monocytesB) in patients with
type 1 (T1) and type 2 (T2) diabetes, and in nabeliic subjects stratified into high- (HR),
moderate- (MR) and low-risk (LR) according to tHeSJ2 risk charts. HR, MR and LR
correspond to <10%, 10-20% and >20% 10-year cabdileardiovascular risk.*, p=0.01 vs

LR.
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442 Carotid atherosclerotic disease correlates with levels  of
CD14""CD16"monocytes but not with cardiovascular risk as assessed by
standard risk calculators
Twenty-two of these forty-five patients underwerdratid ultrasonography for
evaluation of IMT. These included three patientshef eight classified into the high
risk group, nine of the fifteen in the moderaté ggoup, and ten of the twenty-two
in the low-risk group (as assessed using the Frgimaim equation). Atherosclerotic
plaque, as defined by a focal lesion with IMT > i, was found in ten patients:
two low-risk subject, six moderate risk subjectsd &awo high-risk subjects. These
findings suggest that the presence of carotid @atjsease has no — or very little —
relation to calculated cardiovascular risk.
We then compared level of MPA and monocyte distidsupattern between patients
with carotid plaque disease (n=10) and those with{og12). MPA levels were
similar between the two groups: 22.09% (10.89% 33%) vs 18.22% (12% -
29.23%) in patients with and without plaques respely, p=ns. By contrast, the
percentage of circulating CDY#CD16" monocytes was higher in patients with
carotid plague disease compared to those with@gugls: 7.53% (3.55%-20.12%)
vs 3.95% (2.29%-7.5%) respectively; p=0.008 (Figuts).
In a multivariate linear regression analysis incogbng age, SBP, DBP, lipid
profile, HbA,, hs-CRP, eGFR, BMI, MPA level, cardiovascular rask calculated
with the Framingham equation, and IMT, percentafgeiraulating CD149"CD16"
monocytes was found to strongly correlate with aige IMT and, to a minor extent,

with eGFR (Figure 4.5).
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Patients with and without plaque disease differecage, DBP and eGFR as shown

in table Table 4.3.

Table 4.3 Characteristics of patients with and without carotid atherosclerotic plaques.

Variables are presented as percentage or medidmsniér-quartile ranges, as appropriate.
SBP: systolic blood pressure; DBP: diastolic blopdessure; HDL: high-density

lipoproteins; BMI: body mass index; hs-CRP: highsigvity C reactive protein; eGFR:

estimated glomerular filtration rate; ns: non sligaint.

With plaques Without plaques
(n=10) (n=12)

Age (years)

Women (n)

Smokers (n)

Diabetes mellitus (n)
HbA, (%)

SBP (mmHg)

DBP (mmHg)

Total cholesterol (mmol/L)
HDL-cholesterol (mmol/L)
BMI (kg/m?)

hs-CRP (mg/dl)

eGFR (ml/min/1.73 m?)
Triglycerides (mmol/L)
Monocytes (10%/L cells)

Anti-platelet therapy (n)

61.5 (51-73)

N

6.15 (4.9-8.2)

143.5 (125-167)

85.2 (77-98)

431 (2.5-5.57)

1.49 (1.05-1.63)

34 (21.7-37.5)

3.45 (0.4-12.5)

85.5 (37-92)

0.84 (0.53-2.67)

0.45 (0.27-0.6)

4

44.5(33-56)

5.7 (5.2-7)

154.5 (135-190)

100.5 (76-130)

5.23 (3.57-6.88)

1.34 (1.14-1.7)

29.38 (23.7-50)

2.32(0.237-3.34)

96 (86-107)

1.3 (0.63-2.07)

0.63 (0.41-0.78)

0

0.002

ns

ns

0.02

ns

ns

ns

ns

0.002

ns

ns
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We next performed multivariate regression analysigig a model incorporating
age, SBP, DBP, lipid profile, Hb# hs-CRP, eGFR, BMI, MPA level, monocyte
subsets and cardiovascular risk as calculated thghFramingham equation. IMT
was found to correlate strongly with agé=0.4426; p=0.001), and, to a minor
extent, with eGFR {£0.2973; p=0.01). However, no correlation was fobetiveen
IMT and other classical cardiovascular risk factmrgardiovascular risk assigned as
calculated using the Framingham equation. On timrary, IMT was found to be
linearly related to percentage of total CDE®16  monocytes (=0.5247;
p=0.0002), particularly the level of the CD'¥ACD16" subset @=0.5505;
p=0.0001), whilst no relationship was found withe thsubpopulation of
CD14°"CD16" cells. Similarly, no relationship was observedwssn IMT and
classical CD14CD16 monocytes or MPA levels (Figure 4.6).
Using the JBS-2 charts to calculate cardiovasaugérin those patients who were
found to have carotid plaques, two were stratiietbw cardiovascular risk, five at
moderate cardiovascular risk and three at highi@aadcular risk. Again, therefore,
there appeared to be no— or very little - relatiop between the presence of carotid
plague disease and calculated cardiovascular risk.
Concerning the level of hs-CRP, only five of tha fmtients with plaques and two

of the twelve disease-free subjects had levelsabity normal range (0.2-3 mg/dL).
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4.43 CD14""CD16 ' monocytes and MPA levels: relationship to classical

cardiovascular risk factors

In all forty-five patients enrolled in this studyre relationship was studied between

levels of CD149"CD16" monocytes and other parameters: age, blood predipide

profile, hs-CRP, HbA, BMI and cardiovascular risk as calculated usihg t

Framingham risk equation. We found that CH¥@D16" levels correlated

positively with age (=0.1132; p=0.03) and negatively with DBF*=0.1627;

p=0.01), but not with the other parameters examifiédure 4.5). No correlation

was found between MPA levels and any of the pararsetxamined, in our study

population.
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Figure 4.7 Correlation between CDT#'CD16" monocytes and agéA) and DBP B) in the

whole study population.
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45. Discussion

This study demonstrates that the standard cardialarsrisk calculators examined
here (the Framingham equation and JBS-2 risk ghlaatge limited ability to predict
the presence of atherosclerotic disease at anidhdil level, when applied to a
cohort of patients with one or more cardiovascutask factors who are
asymptomatic for atherosclerotic disease. Clasdiainarkers currently used in
clinical practice to predict future cardiovascuésents, in particular hs-CRP, also
did not reliably identify those subjects with silelisease. This highlights the need to
develop novel biomarkers able to refine the sicatifon of cardiovascular risk in a
population of clinically healthy patients with cardascular risk factors, in order
that the clinical management of such subjects aanniproved and preventative
strategies be targeted in a more effective manner.

Our study suggests that evaluation of the phenotypsrculating monocytes, and
particularly the measurement of levels of pro-imftaatory CD149"CD16cells,
provides a useful adjunct for cardiovascular rigfatgication, over and above the
standard approach based on the clinical assessheatitional cardiovascular risk

factors.

4.5.1 Monocyte characterization as a surrogate marker of silent atherosclerosis

In agreement with Rogacev (Rogaatal., 2010) who has previously demonstrated
a strong correlation between levels of CBI€D16" monocytes and IMT in a
population of healthy subjects, a similar relatlipsbetween percentage of pro-

inflammatory monocytes and asymptomatic atherossigrwas found in our study
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population, comprising patients with different dakdscular risk profiles. Of note, a
major expansion of CDI4"CD16" cells was found in the peripheral blood of those
patients with carotid plaque disease, who wereny large older and had a lower
eGFR than disease-free subjects. Accordingly, $0€lCD14'9"CD16" cells were
strongly related to age and renal function, and tkilikely to reflect the well-
established effect of chronic exposure to cardiowias risk factors, as well as
impaired kidney function, on development of a prlammatory phenotype that, in
turn, favours development and progression of atdubecosis.
In keeping with this, among all the parameters @atald in our study, age and renal
function were also related to IMT. The detrimergtiect of ageing on function and
anatomical integrity of the vasculature, and theseguent age-related increase in
cardiovascular disease, is well recognized (RengsBeSiervogel, 2003). Elderly
people have increased probability of developing dicasascular disease,
independently of the presence of other cardiovascukk factors. However,
stratifying patients based only on their age camie cardiovascular predictive value
without concomitant clinical assessment of otherdicaascular risk factors,
including hypertension, dyslipidaemia, smoking ametsence of diabetes. The
correlation between IMT and age found in our stigliikely purely to reflect the
chronic nature of atherosclerotic disease andritgrpssive development over the
years.
Similarly, the relationship between IMT and eGFRsatved in our study cohort is
likely to reflect the well established increasedscaptibility of patients with

impaired kidney function to accelerated atherossisr (Hemmelgaret al., 2010).
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However, eGFR measurement does not provide a gaoklemof atherosclerosis due
to the lack of a recognized threshold above whigtthér clinical investigations,
including cardiovascular imaging, are required miadividual. Levels of eGFR,
especially where they show normal or mild impairimefn kidney function as
observed in our patients, are not reliable indisats the presence of atherosclerotic
disease. In keeping with this, two of the patiemith evidence of carotid plaques on
ultrasonography had eGFR>90 mL/min/1.73 and the remainder had levels of
eGFR ranging between 73 and 86 mL/min/1.Z3m
In this context, monocyte characterization has plogential to offer a reliable
diagnostic tool widely applicable to a populatianrisk of future cardiovascular
events, enabling the early detection of silent ratbaerosis with a superior
predictive value compared to the classical inflamomabiomarker hs-CRP and to
traditional cardiovascular risk scoring based dhegithe Framigham equation or
JBS-2 risk charts. Coupled to the fact that silearotid disease was prevalent in
subjects classified at low and moderate cardiovascisk, this is a strong case that
introduction of monocyte characterization in cladipractice might be of particular
benefit for these two categories of patients. Iddesthough preliminary, our
clinical data have shown under-estimation of prdidgbof disease by the
Framingham and JBS-2 risk charts in half of thegods with silent disease.
Conversely, the high risk group was mainly compaslediabetic patients, and only
a few of them (three out of twenty-five patients total) underwent carotid
ultrasonography. Therefore, it is difficult to ddtah if any clinically relevant

advantage may derive from the introduction of magt®c phenotypic
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characterization into cardiovascular screeningushgatients. Our data showed that
type 2, but not type 1 diabetes, associates wifmam@sion of pro-inflammatory
CD14""CD16" monocytes Furthermore, a negative linear relakigmsvas found
between pro-inflammatory monocytes and DBP, so thateased numbers of
CD14""CD16" cells were seen in those patients with the lonestls of DBP, and
these patients were in fact diabetic. However,iticeease in CDI#"CD16" cells
observed in type 2 diabetic patients reached statissignificance only when
compared to levels measured in the low-risk grdinps finding could be ascribed to
the well established higher predisposition of tyge diabetics to develop
atherosclerosis compared with non-diabetic patie(dsint British Society
Guidelines, 2005), and might therefore reflect thiegher prevalence of
asymptomatic disease in type 2 diabetes. Lack gfdifference between type 2
diabetics and high- or moderate-risk subjects immse of pro-inflammatory
phenotype of circulating monocytes might be exm@dirby the heterogeneity of

patients in these latter categories, which comgriz&tients both with and without

silent carotid disease.

4.5.2 Study limitations

The number of subjects studied here was relatiselgll, and in future studies large
numbers will be requested to confirm the findingstplated here, as well as to
establish the usefulness of this approach ovembnse current clinical practice.
Additionally, although carotid ultrasonography g@veiseful information about

atherosclerotic burden, new non-invasive imaginglafliies such as cardiovascular
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magnetic resonance imaging (CMRI) will give furtheseful information and need
to be incorporated in future studies, to overcothe multiple technical limitations
associated with carotid ultrasonography that neghti impact on data
reproducibility. Indeed, the strong dependencyMT Idata on operator experience,
the nature of scanner and the technique for IMTsmesment can give rise to much
variability of data between different researchensgd thereby affect the predictive
value of IMT for coronary atherosclerosis and fatucardiovascular events
(reviewed by Komorovsky & Desideri, 2005; Passabtgweh al., 2008; Coll &
Feinstein, 2008). In this context, extension of gnesent imaging study to other

vascular territories would shed light on the patrarognostic ability of monocyte

phenotypic characterization to detect silent atbeayosis in other vascular beds.

4.5.3 Conclusion

In conclusion, our data demonstrate that expansfo8D14""CD16" monocytes
occurs in the peripheral blood of patients withdaarascular risk factors and
asymptomatic carotid atherosclerosis, and the measant of this subset of
monocytes in the peripheral blood has strong ptedicvalue for silent
atherosclerotic disease over and above the stamdadébvascular risk stratification
methods currently used in clinical practice. Theeptal clinical applicability of

these findings, as well potential limitations, wi# further discussed in Chapter 5.
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5.1 Introduction

This thesis has explored the clinical usefulness of measuring circulating MPA, and
the resultant changes in monocyte phenotype, for the early diagnosis of
asymptomatic atherosclerosis. The methodological approach used was trandlational,
in which initial in vitro experiments (Chapter 2) were followed by a pre-clinical
investigation in a murine model of atherosclerosis (Chapter 3) and finally by a
preliminary clinical study in a population of patients at risk of cardiovascular disease
(Chapter 4). The project was designed to address the dual questions of whether
abnormal levels of MPA can provide a useful biological indicator of disease and
whether if they play a pathophysiological role in atherosclerosis development, thus
representing a potential therapeutic target for cardiovascular prevention. Taken
together, the evidence provided in this thesis supports two major conclusions.
Firtsly, MPA measurement per se is of limited usefulness in the early diagnosis of
atherosclerosis. Hence, this research has refuted our initial hypothesis level of MPA
in the peripheral blood reflects the stage of vascular disease. However, secondly,
increased MPA formation, athough of limited diagnostic value, leads to a systemic
pro-inflammatory state mediated by a change in the phenotype and function of
bound monocytes toward atype more prone to infiltrate the vasculature. This carries
important pro-atherogenic implications and, importantly, can be easily detected in
vivo by flow-cytometry-based monocyte characterization. Unlike MPA assessment,
this latter has demonstrated to have high potential as a good biomarker for early
atherosclerosis. Moreover, the possibility to intervene pharmacologically on the

sequence of events leading from MPA formation leads to the acquisition of a pro-
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inflammatory monocyte phenotype has been described in this thesis. All these

aspects will be discussed in detail in the sections below.

5.2 Need for novel biomarkers of atherosclerosis

The development of predictive models of cardiovascular risk incorporating classical
risk factors (for example the Framingham equation and JBS2 risk charts) provided a
significant improvement in the clinical management of atherosclerosis-related
cardiovascular disease, as they offered a standardised method to predict long-term
cardiovascular risk for a given patient, based on which the nature and intensity of
preventive measures needed could be assessed (JBS-2 Guidelines, 2005).
Nevertheless, multiple large population-based studies have shown the limitations of
this approach in predicting future cardiovascular eventsin individuals (Brindle et al.,
2003; Coleman et al., 2007; Ramsay et al., 2011), and attempts to discover novel
biomarkers of atherosclerosis with higher predictive ability for cardiovascular events

have been the subject of much research over the past twenty years.

In this context, a better understanding of the pathophysiology of atherosclerosis, and
in particular its pro-inflammatory nature, led to much attention being focussed on
markers indicative of inflammation. Measurement of C reactive protein (CRP),
produced by the liver in response to the pro-inflammatory cytokines IL-6, IL-1 and
TNFa (Hurlimann et al., 1966; Mackiewicz et al., 1991), has been the test most

largely applied in many clinical trials as indicative of atherosclerosis-related
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inflammation, due to the availability of a standardized methodology and the fact that
it is relatively inexpensive to measure (Pearson et al., 2003). Levels of CRP have
been shown to predict future cardiovascular events (Ridker et al., 2007; Sabatine et
al., 2007; Vidula et al., 2008). However, addition of CRP measurement to the
standard Framingham risk calculation was not found to improve the estimation of
future risk consistently (Shah et al., 2009). Moreover, despite a strong correlation
with future cardiovascular events in patients with known atherosclerosis, level of
CRP has been reported to be a poor predictor of atherosclerotic burden (Kheraet al.,
2006) thus suggesting that CRP assessment is of limited clinical utility in clinically
healthy patients with underlying cardiovascular risk factors, for whom detection of
silent atherosclerosis has important implications as regards their clinica

management.

With this backdrop in mind, the work described here set out to firstly identify a
novel biological indicator of atherosclerosis that would be easily measurable non-
invasively and inexpensively, and hence potentially applicable to at-risk
asymptomatic patients as a diagnostic tool; and secondly to verify the ability of this
biomarker to specifically detect silent atherosclerosis with applicability over and
above traditional cardiovascular risk stratification based on clinical assessment and
standard cardiovascul ar risk prediction tools.

Our interest in the study of MPA as a potential novel biomarker of silent
atherosclerosis stemmed from two important considerations:. the first relates to the

role of platelet activation in promoting inflammation and hence participating in the
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pathophysiology of atherosclerosis;, the second concerns the fact that MPA
measurement involves a ssimple blood test where analysis by flow cytometry is

relatively cheap and straightforward.

5.3 MPA and CD16-positive monocytes: from identification of their role in
atherogenesisto identification of a novel biomarker of silent atherosclerosis

We found in vitro that MPA formation is pro-inflammatory, such that it leads to
changes in the phenotype of circulating monocytes toward CD16" positivity, which
exhibit increased capability to interact with the endothelium as well as increased
expression of Toll-like receptors. Our results aso provide mechanistic insight into
how this occurs, inasmuch as we have found that the observed changes in monocyte
phenotype and function in response to MPA formation are mediated by platelet-
dependent COX-2 up-regulation and consequent PGE, synthesis in monocytes.
These findings provide novel insight into both the molecular and cellular
mechanisms underlying atherosclerosis, whilst at the same time offering the

possibility to measure a biomarker which reflects the atherogenic process.

The change observed in the phenotype of circulating monocytes mediated by
heterotypic aggregation suggested that assessment of the different monocytic
subpopulations, along with MPA measurement, both of which are easily measurable
in the periphera blood by flow cytometry, could provide a novel diagnostic

approach for detection of silent atherosclerosis even at an early stage of disease. We
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found that increased platelet activation and elevated levels of circulating pro-
inflammatory CD14"%"CD16" monocytes reflect active inflammation and, whilst not
necessarily specifically related to atherosclerosis (since we observed the same
changes in healthy subjects following influenza immunization), are seen in subjects
with underlying cardiovascular risk factors in the presence of atherosclerotic disease
as documented by carotid ultrasonography. Indeed, the data postulated here from
our clinical study conducted in patients at different levels of cardiovascular risk
(Chapter 4) strongly support the validity of monocyte phenotype analysis in the
identification of early atherosclerosis. Unlike MPA measurement, assessment of
monocyte phenotype offered predictive information in terms of presence of silent
disease, over and above both classical cardiovascular risk stratification tools and the
traditional inflammation marker hs-CRP. This is not to imply that traditiona
cardiovascular risk calculators do not have a place, but rather that their value can be
augmented considerably by also taking into account circulating CD16" monocyte
numbers.

Our preliminary clinicad data as presented here has demonstrated good
correspondence between monocyte phenotype analysis and carotid ultrasonography
in detecting subclinical atherosclerosis. Considerable evidence supports the add-on
value of carotid ultrasonongraphy to population-based cardiovascular risk estimation
in asymptomatic subjects, particularly if non-invasive imaging is applied to
individuals classified at moderate risk according to classical agorithms (Peters et
al., 2011). However, the clinical usefulness of cardiovascular screening based on a

combination of classical clinical assessment and non-invasive imaging is
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counterbalanced by the high cost as well as the logistic possibility of such an
approach. In this context, monocyte characterization offers potential advantages
inasmuch as it provides a relatively cheap biomarker, easily applied clinically and
with high predictive ability. Such an approach could be useful to select patients in
whom further imaging studies (invasive or non-invasive) are indicated.

As mentioned in Chapter 4, asymptomatic non-diabetic patients at low or moderate
cardiovascular risk were those in whom carotid ultrasonography aong with
monocyte characterization led to re-classification of many individuas, based on
detection of asymptomatic carotid plagues, such that adjustment of their therapy
(addition of statin and/or aspirin) was then indicated. Our data suggest that such
patients would benefit considerably by the introduction of a novel biomarker of
atherosclerosis. Figure 5.1 illustrates the potential applicability of monocyte

characterization into cardiovascular screening for primary prevention.
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Identify people aged 40-74 yrs
who are likely to be at risk

ESTIMATE CARDIOVASCULARRISK
by using population-based scores

Low risk
<10%
Moderate risk
10-20%
ASSESS MONOCYTE PHENOTYPE
Levels of CD14*CD16* cells > 10% [YES]

[NO]

CAROTID ULTRASONOGRAPHY
Presence of plaque and/or
increased IMT?

[NO] [YES]

|/

Institute appropriate
cardiovascular measures:
anti-platelet therapy,
statin, etc...

No further action

Figure 5.1 Potential applicability of monocyte characterization into car diovascular risk
assessment of asymptomatic patients. Full cardiovascular risk assessment should be
performed in all people aged between 40 and 74 years who present with cardiovascular risk
factors (hypertension, dyslipidemia, smoking habit). People aged 75 years and older, and
those with diabetes, left ventricular hypertrophy, peripheral vascular disease or previous
cardiovascular events are aready considered to be in the high risk category and are not
included in such risk assessment (NICE guidelines 67, 2010). Population-based tools
estimate the risk of future cardiovascular events based on clinical assessment, and provide a
classification of patients into three categories. low, moderate and high cardiovascular risk,
defined by a probability of <10%, 10-20% and >20% of developing a future event in 10
years. People classified as being a low and moderate risk would benefit from additional
diagnostic aids to indicate presence or absence of disease. An initid monocyte
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characterization would identify those with increased level of CD16™ monocytes, and such
patients could then be selected to undergo non-invasive imaging by carotid ultrasonography,
which would then guide the need for appropriate cardiovascular preventative measures.

5.4 Pro-ather ogenicity of different monocyte subsets

Our findings in vitro that human CD16" monocytes exhibit augmented adhesiveness
to the vascular endothelium and that their level increases in patients with
atherosclerosis, together with our datain ApoE” mice that the murine homologue of
CD16" monocytes, namely Ly6C'™, are elevated in relation to the extent of
atherosclerotic disease present, are highly suggestive of a pro-atherogenic effect
resulting from increased levels of pro-inflammatory monocytes. However, a
definitive answer to the question of whether CD16" cells are more pro-atherogenic
than the classical CD14"CD16  subset has not yet been provided. We have partialy
addressed this topic in the pre-clinical study conducted in ApoE” mice, by
comparing the phenotypic pattern of monocytes circulating in the peripheral blood to
those infiltrating the plaque. Our data showed that, although it is the increase in
Ly6C'™ cells in the blood that mainly reflects plague size, both monocytic
subpopulations are able to infiltrate arteria lesions. Thiswould imply that expansion
of human CD16" cells is a biological indicator of atherosclerosis only, without this
subset of monocytes being preferentially implicated in plague development despite
its increased endothelial adhesiveness compared to the classical CD14'CD16
subtype. Moreover, the evidence that aspirin decreases the trafficking of classical
Ly6C""" monocytes into lesions, thus reducing the macrophage-dependent lipid

component within plagues, suggest that Ly6C'™ and their human counterpart CD16"
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cells have a minor effect on plaque vulnerability compared to classical monocytes.
However, a direct trandlation of such data from murine to human disease would be
inappropriate, since major differences exist between the two species in their
inflammatory pathways. For instance, lymphocytes prevaill over neutrophils in
murine blood even under physiological conditions, whilst humans exibit
predominance of PMN over mononuclear cells (Doeing et al., 2003). Moreover,
ApoE™ mice develop monocytosis during atherosclerosis progression, which is
absent in the human disease. Additionally, although not confirmed by functional
assays, discrepancies has been identified between murine and human monocytes
(Ingersoll et al., 2010) in the expression profile of genes involved in phagocytosis of
apoptotic cells and lipid-dependent activation. Such differencesin white cell count
and monocyte function can alter the inflammatory milieu and give rise to distinct
inflammatory responses. As discussed in Chapter 3, ApoE” mice provide a good
anima model of atherosclerosis in which to investigate monocyte vascular
infiltration, and this has provided a reliable model for preliminary investigation of
the in vivo effect of platelet activation on monocyte phenotype and trafficking into
lesions. However, all the results collected in ApoE” mice would require
confirmation in future clinical studies, as further discussed in the following sections.
Table 5.1 summarizes and compares important findings in mice and humans, as
collected in the current thesis, and the parameters that still need to be investigated in

the human setting.
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Table 5.1 Comparison between murine and human findings in normal physiology and

atheroscler osis
White cell countin Predominance of Predominance of
blood mononuclearcells neutrophils
Atherosclerosis-related | YES NO
monocytosis
Monocyte subset Non-classical Ly6Clo¥ only Non -classical CD16* only
predicting extent of
disease
Monocyte subset Both classical Ly6Chigh Unknown
infiltrating plaque and non-classical Ly6C'o"
Effect of anti-platelet In vivo: reduction of both total | -Invivo: effectunknown
drugs monocytosis  and  Ly6C'ow | -In vitro: inhibition of CD16
oncirculating expansion over-expression
monocytes (aspirin and clopidogrel) (aspirin)
Effect of anti-platelet - Reduction of total number of | Unknown
drugs monocytes
onplaque composition | (aspirinand clopidogrel)
- Reduction of  Ly6Chieh
infiltration and macrophage-
dependent lipid component
(plaque stabilisation)
(aspirin)
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5.5. Pharmacological modulation of monocyte phenotype in cardiovascular
prophylaxis

The in vitro study described in Chapter 2 has provided evidence that platelet
activation and consequent formation of MPA influences the acquisition of a CD16"
monocyte phenotype in humans, this effect being sustained by the combined action
of multiple biomolecular mechanisms involving adhesion molecules and humoral
factors released by both platelets and monocytes in the microenvironment. Among
those, we have identified monocytic PSGL-1 ligation by platelet P-selectin and
enhanced synthesis of the COX-2-derived prostanoid PGE, as key events. In
accordance with this, either interference in MPA formation, such as that induced by
anti-PSGL-1 blocking antibody, or pharmacological inhibition of COX-2 activity, as
obtained with NS-398 or aspirin, counteracted platelet-dependent CD16 over-
expression on isolated monocytes with similar efficacy (Passacquale et al., 2011c).
These findings were confirmed by our in vivo study in ApoE™ mice, in which
administration of aspirin and clopidogrel suppressed atherosclerosis-associated
monocytosis and reduced the expansion of Ly6C'™ cells through COX inhibition
and interference in MPA formation respectively. Aspirin and clopidogrel are widely
used in cardiovascular prevention (discussed in Chapter 1). Our demonstration that
they can modulate phenotype/count of murine monocytes during atherosclerosis
progression suggests that they exert additional anti-inflammatory activity, aside from
their anti-thrombotic action, which may play a role in counteracting the progression
of atherosclerosis. Moreover, given the effect of both drugs, particularly of aspirin,

on plague composition observed in ApoE’™ mice, it is conceivable to hypothesise
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that a mgjor effect of anti-platelet therapy is on plaque stabilization with consequent
reduction of acute pro-thrombotic events triggered by plaque rupture. In future work,
we plan to investigate whether administration of aspirin and clopidogrel to healthy
subjects undergoing influenza immunization negatively modulate the expansion of
CD16" monocytes induced by such immunisation. If this will prove to be the case,
interventional studies might then be considered to explore the anti-atherosclerotic
potential of aspirin and clopidogrel in the treatment of those patients with
asymptomatic disease or those at high risk of such disease (especially if their CD16"
monocyte count is high). As discussed in Chapter 1, the dubious role of, and
conflicting results reported with, anti-platelet interventions in primary
cardiovascular prevention might be attributable to the large heterogeneity in the
study populations that have characterized previous trials, and monocyte
characterization might overcome this problem in a future study.

Unlike the analysis of circulating monocyte phenotype, it is more difficult to
evaluate the effect of anti-platelet drugs on plaque composition. Indeed, lack of a
diagnostic modality enabling the molecular and cellular characterization of
atherosclerotic lesions limits our ability to understand the impact that change in the
phenotype of circulating monocytes toward a more pro-inflammatory subset might
have in terms of disease progression in human disease. We have nw started already
working in mice on the development of a novel magnetic resonance (MR)-based
technique that would be applicable eventually to humans and enable the in vivo
study of the monocyte/macrophage component of atherosclerotic plaques. However,

this will require many years of research before it can be realistically be applied to
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humans. Meanwhile, it will be useful to conduct prospective large popul ation-based
studies to evauate the prognostic value of monocyte characterization for future
cardiovascular events, as well as interventiona clinical trials to explore the
beneficial effects of pharmacologica modulation of monocyte phenotype on

atherosclerosis progression.

5.6 Anti-platelet drugs versus selective COX-2 inhibitors

Our preliminary data suggest that inhibition of platelet heterotypic aggregation or
COX-blockade, as obtained with clopidogrel or aspirin respectively, might have a
place in the prevention of atherosclerosis progression over and above their anti-
thrombotic action, by virtue of their ability to counteract the acquisition of a pro-
inflammatory phenotype by circulating monocytes. The anti-inflammatory effect of
aspirin observed in both the in vitro and pre-clinica studies was most likely
attributable to inhibition of the COX-2 isoform, which would have occurred with the
high doses used in our investigations (the smallest dose of aspirin administrered to
mice would correspond to the equivalent of ~200mg daily in humans). The
administration of 75mg aspirin daily as recommended for long-term primary and
secondary prevention would not be enough to modulate the enzymatic activity of
COX-2 in the systemic circulation (Patrono et al., 2005). Therefore, comparison of
standard doses of clopidogrel and aspirin (75mg daily of both drugs) would merit
consideration, since it could highlight differential anti-inflammatory (and hence anti-

atherosclerotic) effectiveness of the two drugs. On the other hand, it would not be
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ethical to test the efficacy of selective COX-2 inhibitors due to the well recognized
detrimental role of these drugs in patients with (or at risk of) cardiovascular disease
(Konstam et al., 2001; Ray et al., 2002; Warner et al., 2002; Kearnery et al., 2006).
Indeed, systemic COX-2 blockade removes protective cardiovascular mechanisms,
in particular release of endothelium-derived PGl, (McAdam et al., 1999; Belton et
al., 2000) that are not affected by low-dose aspirin (Fitzgerald et al., 1983). Our in
vitro experiments demonstrate solely the pro-inflammatory effect sustained by
monocytic COX-2, thus suggesting that monocyte-targeted rather than systemic
COX-2 inhibition could be of potential benefit in cardiovascular prevention, .
Similarly, systemic PGE, receptor antagonism could be harmful due to the variety of
PGE, actions in the cardiovascular system depending on the EP receptor isoform
expressed on cellsltissues and the concentration of the prostanoid in the
microenvironment (Warner et al., 2011). For instance, low levels of PGE; inhibit
whilst high levels stimulate platelet activity, through a differential selectivity for
distinct EP receptors and activation of distinct signaling pathways (Table 1.2,
Chapter 1). Similarly, activation of endothelial EP2 and EP4 receptor isoforms, that
in our co-culture experiments we found to mediate platelet-dependent CD16 over-
expression in monocytes (Passacquale et al., 2011c), induces protective
vasodilatation (Warner et al., 2011). More detailed characterization of the
mechanisms underlying platel et-dependent changes in the phenotype of monocytes
was beyond the scope of this thesis, but should be afocus of future research work in
this area, since this will help in the identification of novel therapeutic strategies of

potential clinical usefulness.
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5.7 Future Directions

Further clinical investigations are required to extend our preliminary findings in a
larger population-based study. Moreover, it would be useful to ascertain if
measurement of CD14"9"CD16" monocytes leads to improvement of the estimation
of future cardiovascular events to a clinically important degree, in a longitudinal
long-term follow-up study. Indeed, although we found that monocyte
characterization was superior in identifying silent atherosclerosis compared to
classical tools for cardiovascular risk stratification, this does not necessarily imply
that early identification of plague and consequent intensification of preventive
measures will result in significant benefit in terms of reduction of future
cardiovascular events in a given individual, compared with the classical approach.
Finally, we only evaluated carotid atherosclerosis, so further clinica investigations
are required to define the usefulness of monocyte characterization in detecting early
asymptomatic disease in other vascular territories, in particular the coronary
vasculature. We are now planning to examine this question, using cardiac MR to
image coronary plaque burden as well as composition, and in turn to relate these to

circulating monocyte phenotype.
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