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Thesis Abstract

Introduction
Inflammation and platelet activation play a pivotal role in the pathogenesis of acute
coronary syndrome (ACS). Mounting evidence indicates that microparticles (MP) are

potent pro-coagulant molecules modulating inflammatory processes.

Aims

The aim of my study was to investigate the intracoronary and systemic microparticle
expression in patients with symptomatic coronary heart disease (CHD) and their
relationship with markers of inflammation, platelet activation and microvascular

dysfunction (MvD).

Methods

Forty eight patients with CHD (37 with ACS [23 patients with ST segment
myocardial infarction (STEMI) and 14 with non-ST segment elevation myocardial
infarction (NSTEMI)] and 11 with stable angina (SA) treated with percutaneous
coronary intervention (PCI) were recruited. Blood samples were aspirated
sequentially from the right atrium (RA) and the coronary (CO) artery (distal to the
culprit lesion). AnnexinV+ MP (AnV+MP) from platelet poor plasma were measured
using fluorescent monoclonal antibodies and flow cytometry. Markers of
inflammation (hs-CRP, IL-6, TNF-a, serum amyloid antigen (SAA) and platelet
activation (soluble p-selectin and platelet monocyte aggregates (PMA) were
measured using ELISA. MvD was assessed by measuring the index of microvascular

resistance (IMR) and coronary wedge pressure (Pw).



Results

The main novel findings of this study are the demonstration of: 1) differences
between MP levels in patients with varying severity of CHD i.e. MP levels were
overall higher in those with ACS (more specifically the highest MP levels were
observed in the STEMI patients) compared with SA; 2. differential local and
systemic AnV+ MP expression in human coronary artery disease; 3. differential local
and systemic expression of inflammatory markers in ACS patients; 4. differential
local and systemic expression of markers of platelet activation in ACS patients; 5.
positive correlation between AnV+MP and markers of inflammation, platelet
activation and myocardial necrosis in ACS patients both in the CO and RA; and 6.
positive correlation between invasive markers of microvascular dysfunction and

PMA in human coronary artery disease.

Conclusions

High levels of AnV+MP occur in the coronary artery of patients with ACS. Levels of
AnV+MP correlate with severity of the ischaemic lesion since higher MPs were
detected in the STEMI versus the NSTEMI and SA groups. Markers of platelet
activation and inflammation in ACS patients, both at the site of the culprit lesion and
in the systemic circulation, strongly correlated with total and cell specific AnV+MP.
The interaction between activated platelets and monocytes with endothelial cells and
the subsequent formation of AnV+MP and PMA during ACS would be compatible
with a direct pathogenic link between inflammatory and prothrombotic pathways in
the pathogenesis of ACS and myocardial necrosis. This may suggest a novel role for
MPs as effectors of the inflammatory response and cellular injury in ACS. Our

observations also support the hypothesis that PMA formation may be important



determinants of platelet activation, inflammation and microvascular dysfunction in
coronary artery disease. Whether these MP merely reflect the severity of the
ischaemic lesion, and/or are active participants in the pathogenesis of ACS now

warrants further study, since these could be important, novel therapeutic targets.
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1.1 Platelet activation in coronary heart disease

1.1.1 Role of platelet activation and aggregation in haemostasis

Platelets are anucleate membrane particles produced from fragmented
megakaryocytes of the bone marrow. Once they are released into the circulation,
platelets have a life span of 7 to 10 days. Platelets contain only m-RNA and as such
have limited ability to synthesize proteins. Platelet production is regulated mainly by
thrombopoietin, a glycoprotein synthesized in the liver and kidneys (1). Platelets play
a crucial role in the transformation of the ruptured or eroded atherosclerotic plaque to
an unstable lesion and the initiation of thrombosis at the site of the complicated
atherosclerotic plaque (2). Rupture, erosion or ulceration of an atherosclerotic plaque
exposes the subendothelial thrombogenic extracellular matrix (collagen and tissue
factor bearing microparticles) to circulating blood. The first step in thrombus
formation is platelet adhesion to collagen via the platelet glycoproteins GP If (a231)
and GP VI which bind directly to collagen and platelet glycoprotein GPIIB/Illa via
the von Willebrand factor (vWF) which acts as a bridge between platelet’s receptor
GPIIp/Ila and collagen. Von Willebrand factor is synthesized by endothelial cells
(storage in Weibel-Palade bodies) and megakaryocytes (alpha granules). It assembles
into multimers that range from 550 to over 10,000 kDa (3). There is considerable
difference in reactivity between circulating and anchored (in the arterial sub-intima)
VWEF which is the result of the variation of vVWF conformation. Most of the VWF
released from storage enters the circulation in a warped conformation that does not
allow contact of its platelet-binding domain to VWF receptors on the platelet surface.
Contrary to the above VWF released from the abluminal surface of endothelial cells
accumulates in the subendothelial matrix, where it binds collagen through its A3

domain and platelets through its A1 domain which is exposed (4). VWF multimers
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act as the adhesive that tethers platelets to the subendothelial matrix. Large VWF
multimers provide additional binding sites for collagen, and enhance platelet
adhesion because platelets have more VWF receptors than collagen receptors (5).
Platelet adhesion to collagen or VWF initiates signalling pathways that result in
platelet activation which is the next step in platelet plug formation. These pathways
induce cyclooxygenase-1 (COX-1)-dependent synthesis and release of thromboxane
Az (TXA?), and the release of ADP from storage granules. Both TXA, and ADP
amplify platelet activation through binding to their platelet receptors. This process
results in platelet recruitment and further expansion of the platelet plug.
Thromboxane receptor (TR) is found on platelets and on the endothelium also (6)
which explains why TXA2 is a potent vasocontrictive molecule. ADP platelet
receptors are G protein—coupled receptors on the platelet membrane (7). The most
important ADP receptor is P2Y1> which is the thienopyridine’s target, but P2Y also
contributes to ADP-induced platelet activation. Maximal ADP-induced platelet
activation requires activation of both receptors. A third ADP receptor, P2X3, is an
ATP-gated calcium channel. The final effect on platelets of TR and the ADP
receptors signal is the increase in intracellular calcium concentration. Platelet
activation leads to (a) morphological shape change via cytoskeleton rearrangement of
the platelet which increases the platelet surface area on which thrombin generation
can occur (b) degranulation of the platelet alpha and dense granules, releasing TXA.,
ADP, serotonin, p-selectin and other platelet aggregatory and chemoattractant agents
(c) increased platelet membrane expression of the GPIIBIIIa receptor followed by a
conformational change of the receptor that enhances its affinity for fibrinogen and
(d) platelet aggregation, in which fibrinogen binds to the activated platelet fibrinogen

inhibitor GPIIBIIIa, causing a growing platelet plug. Part of the platelet activation
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process is the release of platelet derived microparticle (MP formation is discussed in
section 1.3). At the same time with platelet plug formation, activation of coagulation
cascade occurs. Activated platelets promote coagulation by expressing phosphatidyl
serine on their surface; an anionic phospholipid that is highly thrombogenic and a
perfect substrate on which coagulation factors become activated. Once these clotting
factor complexes are assembled they generate thrombin. In addition to converting
fibrinogen to fibrin, thrombin enhances platelet recruitment and activation via the
thrombin receptors (protease-activated receptors types 1 and 4 [PAR1 and PARA4]
respectively) thereby promoting expansion of the platelet plug. This final step of clot
formation is facilitated by the stabilizing effects of factor XIII. Platelet aggregation is
the final step in the formation of the platelet haemostatic plug. GPIIb/Illa expressed
on the activated platelet mediates these platelet-to-platelet linkages. Divalent
fibrinogen and multivalent VWF molecules serve as bridges and bind adjacent
platelets together. Once bound to GPIIb/llla, fibrinogen and VWF trigger signals that
augment platelet activation and result in the activation of additional GPIIb/Illa
receptors, creating a positive feedback loop. Because GPIIb/llla acts as the final
effector in platelet aggregation, it is a logical target for potent antiplatelet drugs.
Fibrin, the ultimate product of the coagulation system, tethers the platelet aggregate
together and fix them to the site of injury. Therefore, an orchestrated response of
activated platelets and coagulation cascade occur that results in fibrin network
formation from thrombin action which helps anchoring the platelet-fibrin net plug
formation at the site of injury. Activated platelets also release adhesive proteins, such
as VWF, thrombospondin, and fibronectin which amplify platelet adhesion at sites of
injury, as well as growth factors, such as platelet-derived growth factor (PDGF) and

transforming growth factor-p (TGF-pB) both which promote wound healing.
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1.1.2 P-selectin and platelet activation

P-selectin belongs to the selectin family of transmembrane proteins. It has a 140 KDa
weight and is stored in the Webel-Palade bodied of the platelets and the endothelial
cells (8). P-selectin consists of three domains: N-terminal, trans-membrane and
cytoplasmic domains (9). Upon activation, endothelial cells and platelets express P-
selectin on their surface which binds to the P-selectin ligand (PSGL-1) on the
leukocytes through which P-selectin exerts its biological activities. P-selectin
mediates platelet-leukocyte interaction via the P-selectin-PSGL-1 bond which leads
to leukocyte activation and recruitment at the site of inflammation (10). Hahne et all
have shown that inflammatory mediators like as tumour necrosis factor-a (TNF-a),
lipopolysaccharide (LPS) and interleukin-4 (IL-4) increase P-selectin production
from endothelial cells in addition to upregulating P-selectin at the cell surface within
minutes after stimulation with TNF-a, both the above effects are additive (11).
Soon after P-selectin is expressed on the platelet or endothelial cell membrane, it
undergoes enzymatic cleavage at the junction between the N-terminal portion and the
transmembrane domain. The N-terminal domain is released in the circulation and
represents the soluble P-selectin (s-P-selectin) (12;13). It has been shown that soluble
P-selectin has the same biological activities as the attached to the cells P-selectin
(14). P-selectin plays an essential role in the initial recruitment of leukocytes to the
site of injury during inflammation. Endothelial cells activated by molecules such as
histamine or thrombin during inflammation express P-selectin on the endothelial cell
surface. P-selectin then interacts with PSGL on the monocytes/and leukocytes
facilitating the recruitment and activation of inflammatory cells (15). P-selectin is

also very important in the recruitment and aggregation of platelets at areas of
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vascular injury promoting platelet aggregation and activation through platelet-fibrin

and platelet-platelet binding.

1.1.3 Platelet activation and coronary thrombosis in acute coronary syndrome

Although the pathophysiology of acute coronary syndrome (ACS) is multifactorial,
atheromatous plaque rupture or erosion with superimposed thrombus is the most
common cause of ACS. Other coexisting pathophysiologic processes contributing to
the development of ACS include 1) dynamic obstruction of the epicardial coronary
artery due to a) artery spasm in the presence of surplus, in the ACS setting, of
vasoconstrictive and prothrombotic molecules released from the activated platelets,
b) peripheral embolization of debris and c) endothelial dysfunction which almost
always exist in these patients 2) severe luminal narrowing caused by progressive
coronary atherosclerosis 3) restenosis after coronary interventions 3) intracoronary
and systemic inflammation 4) coronary ischaemia related to decreased oxygen
supply (anaemia) or increased oxygen demand (fever and tachycardia) of the
myocardium. The following observations support the central role of coronary artery
thrombosis in the pathogenesis of ACS: (a) the frequent finding of thrombus with
coronary angioscopy (b) the demonstration with coronary angiography, intravascular
ultrasound and optical coherence tomography of plaque ulceration or irregularities
suggesting a ruptured plaque or thrombus (c) autopsy findings that coronary artery
thrombi usually localized at the site of the ruptured or eroded coronary plaque (16)
(d) the elevation of several serum markers of platelet activation and fibrin formation

and (e) antiplatelet and antithrombotic therapy improves the clinical outcomes.
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1.2 Platelet-monocyte interactions

1.2.1 Platelet monocyte aggregate formation

Activated platelets accumulate at the sites of atheromatous plaque rupture (17) via
interaction with the VWF of the subendothelial collagen as described above. During
platelet activation, P-selectin expression on their surface facilitates platelet binding
and interaction with leukocytes, via the PSGL-1 on the leukocyte surface, leading to
platelet-monocyte aggregate formation (PMA). This interaction between activated
platelet and leukocyte may alter leukocyte migration, recruitment and activation
patterns (18). It has also been shown that activated platelets lose their surface P-
selectin despite the fact they continue to circulate and function (19). Therefore PMA
measurement may represent a more robust marker of platelet activation than

detection of P-selectin on their surface (20-22).

1.2.2 The pathophysiologic significance of platelet-monocyte aqgregate

formation in coronary heart disease

The role of PMA formation in the pathophysiology of coronary heart disease (CHD)
remains unknown. Whether PMA formation is just a bystander of the inflammatory
and thrombotic process occurring in the setting of ACS or whether the PMA is an
effector of disease remains unclear. Nevertheless P-selectin on the surface of
activated platelets induces monocyte TF expression and binding of P-selectin to
monocytes in the setting of a ruptured atheromatous plaque during ACS which may
trigger or contribute to the cascade of thrombosis (23). In addition, pro-inflammatory
cytokines e.g. TNF-o and IL-1 also partially regulate the expression of TF on

endothelial cells and monocytes (24).
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Neumann et al showed that in patients with acute myocardial infarction (AMI)
thrombin stimulated platelets induce monocyte cytokines, IL-1p, IL-8, and monocyte
chemotactic protein-1 (MCP-1) expression, a process that is regulated by NF-kB
activity. It has also been shown that secretion of these chemokines is not, however,
directly signalled by P-selectin. Instead, tethering of the monocytes by P-selectin is
required for their activation by a platelet chemokine, RANTES (25). Weyrich et al
have demonstrated that adhesion of human monocytes to P-selectin, the most rapidly
expressed endothelial tethering factor, increased the secretion of MCP-1 and TNF-a.
by the leukocytes when they were stimulated with platelet-activating factor (PAF).
Increased cytokine secretion was specifically inhibited by G1, an anti P-selectin mAb
that prevents P-selectin from binding to its ligand, PSGL-1, on myeloid cells (25).

Activated platelets also express CD40 ligand (CD154), a molecule critical to
adaptive immune responses, which has been implicated in platelet-mediated
modulation of innate immune responses and inflammation. Binding of CD40L to
CD40 on monocytes leads to monocyte activation and secretion of pro-inflammatory
cytokines including IL-6 which is associated with unstable angina (26;27), and often
associated with increased C-reactive protein (CRP) (28). Binding of non-activated
platelets does not affect receptor expression, cytokine production, NF-kB activation,
chemotactic responses, or apoptosis. In contrast binding of activated platelets does
trigger pro-inflammatory responses in monocytes. Bournazos et al, in line with the
above, showed that in the absence of overt platelet activation P-selectin-PSGL-1
dependent monocyte-platelet interaction represents a normal physiological process
with little impact on the potential of monocytes to cause vascular injury (29). They
concluded that high levels of P-selectin on the surface of activated platelets or

binding of multiple platelets per monocyte are required to trigger monocyte
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activation via the P- selectin-PSGL-1 pathway. In addition they also suggest that
release of a range of cytokines, including IL-1B, IL-6 and IL-12 after platelet
activation might provide additional signals that lower the threshold for monocyte
responsiveness.

The extent of PMA formation depends mainly on platelet activation status rather than
the monocyte activation (30). It has been shown that prevention of platelet adhesion
to monocytes by interfering with the binding of platelet P-selectin to PSGL-1 reduces
inflammation (31). Platelet binding to monocytes via the P-selectin dependant
pathway increases the adhesive properties of monocytes by up-regulating the
expression and functionality of betal and beta2 integrins (32;33). This process is
facilitated by the presence of RANTES and CXCL10 chemokines produced by
platelets on to the monocytes (34). Binding of platelets to monocytes induce TF
expression on the monocyte surface in addition to increasing the release of pro-
inflammatory chemokines. P-Selectin-PSGL-1 interaction is important but not
exclusively responsible for this process. TF expression on the PMA is found to be
reduced by a P-selectin blocking antibody (35).

In summary, activated platelet-monocyte interaction leads to monocyte activation
which consequently transforms the monocyte into a more pro-inflammatory cell
through the production of chemokines such as IL-6 and TNF-o and more pro-

coagulant cell, via TF expression on the monocyte surface.
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1.2.3 Clinical significance of platelet-monocyte aggregate in coronary heart

disease

Increased PMA levels have been observed in patients with stable CHD compared
with normal control subjects (36). Furman et al have also found higher circulating
PMA in patients with AMI who presented within 4 hours of symptoms compared to
unstable angina patients concluding that PMA formation is an early marker of AMI
(37). Similarly Sarma et al studied 13 patients with AMI, twelve patients with
unstable angina and 27 patients with non-cardiac chest pain. They found significantly
elevated PMA in patients with AMI and unstable angina compared with those with
non-cardiac chest pain. They also reported that calcium independent PMA formation
is significantly higher in AMI group (38).

Ray et al demonstrated elevated markers of platelet activation including PMA and
soluble P-selectin in patients with CHD prior to percutaneous coronary intervention
(PCI) (20). Furthermore increased levels of PMA before PCI were associated with
increased expression of P-selectin on the platelet. They found that patients with
higher levels of PMA prior to PCI were more likely to develop an elevation of
cardiac troponin | during the first 24h after PCI and that PMA levels may identify
patients at risk for troponin elevation following PCI (20).

PMA have also been studied in patients with ACS who underwent PCI with
concurrent administration of Glycoprotein Ilb/Illa inhibitors (20;39). Both studies
have shown that inhibition of platelet-platelet adhesion and activation via
glycoprotein l11b/Illa inhibitors leads to PMA formation reduction in addition to the
reduction of platelet activation and degranulation.

Suboptimal angiographic results following coronary interventions, where PCI

achieves epicardial coronary perfusion but not myocardial perfusion occurs in a

24



proportion of patients and is called ‘no-reflow phenomenon’. No reflow phenomenon
is a poorly understood complication of PCI and is defined as transient cessation of
blood flow, due to microvascular obstruction, in the epicardial coronary artery during
PCI despite the removal of the luminal obstruction. Recently experimental and
clinical data have shown that no-reflow phenomenon occurs after reperfusion with a
variable prevalence ranging between 5 to 20% (40).

Notably the incidence of post-AMI complications including arrhythmias, adverse left
ventricular remodelling with heart failure and overall mortality is higher in patients
with no reflow phenomenon. No reflow phenomenon has a multifactorial
pathogenesis including distal embolization, ischemia injury, reperfusion injury and
individual predisposition of coronary microcirculation to injury. Distal embolization
can occur either from coronary thrombus formed in-situ or debris from the ruptured
atherosclerotic plaque during ACS (41). Ischemia related injury involves endothelial
cells swelling and protrusion in the artery lumen, myocardial cells swelling and
interstitial oedema. All the above factors lead to compromise of coronary
microcirculatory flow (42;43).

Reperfusion myocardial injury is mediated via leukocytes and platelets infiltrating
the injured reperfused myocardium which become activated. Activated neutrophils
release a variety of cytotoxic agents (i.e. oxygen free radicals, proteolytic enzymes)
and pro-inflammatory mediators that cause tissue and endothelial damage. Activated
platelets also bind leukocytes forming PMA which can cause mechanical plugging of
the capillaries blocking the flow (44;45). Additionally activated platelets, endothelial
cells and monocytes release vasoconstrictive substances contributing to local

vasoconstriction of the coronary microcirculation compromising further the
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perfusion (46). Activated platelets express P-selectin on their surface which bind to
monocyte via the p-selectin ligand as described earlier in this chapter.

PMA formation of at the site of plaque rupture with subsequent monocyte activation
and cytokine release may play an unfavourable role in the restoration of
microcirculatory flow. Ko et al have found increased levels of soluble CD40 ligand,
IL-6, serotonin, TF and factor VII in the culprit coronary artery compared to those in
peripheral blood (47). Also a positive relationship between inflammatory markers
(IL6 and CRP) and markers of platelet activation like P-selectin and PMA has been
demonstrated by Wang et al (48). Therefore the possibility that PMA may contribute
in the pathophysiology of microvascular dysfunction via exaggerating and sustaining
the coagulation cascade in addition to perpetuating local coronary inflammation
exist.

Takahashi et al have showed that neutrophilia on admission is associated with
impaired microvascular reperfusion and poor functional recovery in patients with
STEMI treated with primary PCI. Similar finding were found by Sezer et al (49). In
this study the authors studied 41 patients with anterior STEMI treated with primary
PCI. They assessed the MvD invasively using Coronary Flow Reserve (CFR), the
index of Microvascular Resistance (IMR) and coronary wedge Pressure (Pw).
Thermodilution-derived technique and a pressure-temperature sensor-tipped guide-
wire in the left anterior descending artery, within 48 h after primary PCI, was used to
calculate the CFR and IMR. Increased neutrophil count and higher mean platelet
volume are found to be associated with higher IMR lower CFR and higher coronary
wedge pressure. Therefore the association of mean platelet volume (MPV) and
impaired microvascular perfusion can represent platelet-leukocyte complex and

platelet-platelet aggregate mediated microvascular injury and endothelial dysfunction
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in coronary arterioles and capillaries. Individual predisposition of coronary
microcirculation to no-reflow can be genetic and/or acquired. Particularly diabetes
mellitus has been associated with impaired microvascular reperfusion after primary
PCI, while hypercholesterolemia in the animal model aggravates reperfusion injury

by enhancing endothelial oxidative stress (50).

1.2.4 Differential expression of platelet-monocyte aggregate in the coronary

artery and peripheral circulation

PMA formation is increased in CHD in both stable angina and unstable coronary
syndromes as discussed above (36;51). In addition patients who have had coronary
interventions, there is increased PMA expression (20). It has been suggested that
increased platelet-monocyte interaction at the site of the ruptured atheromatous
plague may well be a contributing factor in the pathogenesis of no-reflow
phenomenon. Botto et al have demonstrated increased platelet-monocyte interaction
and PMA formation in blood samples aspirated from the infarct related artery (IRA)
compared with the peripheral circulation in patients presented with AMI (52). The
concept of an active involvement of PMA in ACS has been supported with the
observations by Patel et al who demonstrated trans-coronary gradient of platelet-
leukocyte formation in patients with ACS. They found increased PMA level in the
coronary sinus samples compared to the aortic samples in both patients with ACS
and stable angina (21). The increment was 22% in ACS group and 16% in the stable
angina group.

In conclusion PMA is a sensitive marker of platelet activation but also may be the
link between platelet activation, thrombosis and inflammation via monocyte

activation in patients with CHD. The downstream effect of the increased expression

27



of PMA at the site of the ruptured plaque appears to be the link between platelet

activation, thrombosis and coronary inflammation in patients with CHD.
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1.3 Microparticles

1.3.1 Introduction

Microparticles (MP) were first described in 1967 when Wolf reported platelet
membrane fragments in human plasma (53). He called these fragments ‘platelet dust’
which are essentially cell vesicles with diameter of less than 0.1um. MP are
submicron membrane vesicles 100-1000nm derived from virtually any eukaryotic
cell during biological processes like cell activation, differentiation and apoptosis.
Microparticles differ in size and membrane formation including the phospholipids
and protein composition and their biological effects depend on the initial stimulus
which led to their formation. Mounting evidence indicates that MP are potent pro-
coagulant molecules affecting vascular endothelial function and regulate the
inflammatory process (54;55). In healthy individuals MP formation represents a
physiological process, a fine balance between MP formation and clearance. However
a variety of diseases, mainly thrombotic, disorders including atherothrombosis (56),
diabetes mellitus, preeclampsia and systemic inflammatory conditions are associated
with elevated circulating MP in the peripheral blood (57;58). The question as to
whether MP is implicated in the pathogenesis of atherothrombotic diseases or just a
bystander in these clinical disorders remains to be answered. Platelet derived
microparticles (PMP) represent 70-80% of circulating MP (59). Endothelial derived
(EMP), neutrophil derived (NMP), monocyte derived (MMP), and red blood cells
account for the rest of the MP population. While many questions about the function
of MP remained to be answered, in general MP propagates the actions of their

parental cells, the activated platelets in the case of PMP.
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1.3.2 Microparticle formation

The initial step in MP formation is plasma membrane budding. This step requires a
disruption of the asymmetrical distribution of lipids between the inner and outer
surface of the plasma membrane and cytoskeleton protein reconstruction (60). At rest
the predominant phospholipids of the outer surface of the cell membrane is
phosphatidylcholine and sphingomyelin whilst phosphatidylserine (PS) is located in
the inner monolayer of the cell membrane (61). During cell activation or apoptosis,
the combination of the activation of the ‘floppase’ protein’ and the inhibition of the
‘flippase’ protein’ of phospholipid transporters (62) triggered by the increased
concentration of the intracellular calcium, lead to a rapid and overwhelming
externalization of the PS (63). The ‘floppase’ (an ATP-dependent trans-membrane
protein that specifically transfers PS from the inner to exterior surface) mediates the
rapid outward translocation that is directly responsible for the disruption of
asymmetry when cells are activated (64). ‘Flippase’ is a trans-membrane protein
which maintains the normal resting phospholipid distribution with PS being the main
phospholipid of the inner membrane and phosphatidylcholine and sphingomyelin the
phospholipids of the external layer of the membrane (65). The above step has been
named as the flip-flop phenomenon and is the most crucial step in the MP formation
cascade. In addition, the integrity of the cell membrane, supported by the sub-
membrane cytoskeleton, is believed to contribute to the maintenance of its
asymmetry and therefore the cell shape. Cytoskeleton reorganization could therefore
help membrane budding and MP formation. Proteolytic cleavage of the cytoskeleton
proteins via calcium-activated enzymes (calpains in activated cells or caspases in
apoptotic cells) results in membrane destabilization and eventually MP formation

(66). The combined membrane phospholipids and cytoskeleton reconstruction in
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response to cell activation has been labelled as ‘membrane remodelling’. Membrane
remodelling of the cells undergoing activation or apoptosis with PS exposure appears
to be a universal feature and an underlying feature of MP release by these cells (67).
It is important to underline that the flip-flop phenomenon with rapid externalization
of PS is a naturally pro-coagulant process. PS borne by MPs provides an excellent
substrate for the assembly of the pro-thrombinase complex (which consists of the
coagulant factors Xa the cofactor Va and calcium), leading to thrombin generation
and clot formation (68).

As discussed above MP release from activated cells is generally a pro-coagulant
process. Whether PS negative MP without pro-coagulant activity exists or not is a
matter of debate. It has been reported that the majority of platelet-derived MPs
circulating in the platelet poor plasma (PPP) of healthy donors fail to bind AnnexinV
(AnV) and as such lack phospholipid-dependent pro-coagulant activity (69).
Nevertheless the nature of the platelets or endothelial cells derived AnV negative MP
detected by flow cytometry (69;70) and the mechanisms facilitate their release is
poorly understood. These findings suggest that cell-derived MPs are not only potent
procoagulant effectors in atherothrombosis but can also convey a variety of different
molecules, such as, cytokines, enzymes, bioactive lipids and mRNA to the

neighbouring cells.

1.3.3 Microparticle composition

MP composition is an important determinant of their biological effects. MP lipid and
protein composition may vary depending on the parental cell and the stimulus which
triggered their formation. For example, the phospholipid composition of MPs

isolated from patients with chronic inflammatory arthritis differs from that of MPs
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from platelet poor plasma (PPP) of healthy subjects (71). In addition, the degree of
phospholipid oxidation varies depending on the stimulus initiating the MP release

(72).

1.3.4 Biological effects of microparticles

Coagulation, inflammation and endothelial dysfunction are the main biological
effects of MP. Those mechanisms also play a central role and contribution to the
evolution of the atheromatous plaque in patients with CHD. Besides the above
mentioned deleterious MP effects, MP can transfer biological information in the
form of proteins, adhesion molecules [receptors and integrins], nucleic acids and
lipids. For those reasons they have been recently described as protagonists of
intercellular communications and signalling (57;58;73). In addition MP are involved
in the “cellular waste process” because they contain increased (compared with
parental cell) concentrations of chemotherapeutics, oxidized phospholipids, or
caspase 3 (58). Caspase 3, an intracellular cleavage enzyme, accumulates in
endothelial cells. EC which undergo apoptosis release caspases 3—containing MP
(74) indicating that the release of MP is part of a protective mechanism to prevent the

intracellular accumulation of caspase 3 at dangerously high levels (75).

1.3.4.1 Coagulation

The procoagulant effect of cell-derived MP is the most described characteristic. The
negatively charged phospholipids layer of the MP (mainly phosphatidylserine)
provides an excellent substrate for the assembly of the prothrombinase complex
(which consists of the coagulant factors Xa the co-factor Va and calcium), leading to

thrombin generation and clot formation. Interestingly, PMP surfaces have 50- to 100-
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fold higher pro-coagulant activity compared with the normal platelet surface (76).
Also circulating TF bearing MP can initiate and propagate the TF-dependant
coagulation cascade (77;78). The TF exposed on the MP appears to be in an inactive,
non-coagulant form as Damiant et al showed in patients with type 2 DM (79).
However this inactive form of TF may become procoagulant after the contact of TF-
bearing MP with the developing thrombus (80), an interaction which is believed to
be mediated by P-selectin, expressed on the activated platelets (81). This is supported
by the finding that those patients with ST-elevation ACS who had the highest plasma
level of TF-exposing MP were characterized by a procoagulant phenotype, as
reflected by increased plasma levels of thrombin-antithrombin complexes (82). The
complexity of the involvement of MP in the coagulation cascade is supported by
evidence showing the divergent coagulant effects of MP. For example in healthy
individuals PPP derived MP exert an anticoagulant activity via activation of protein
C, which, in turn, inhibits additional thrombin generation by inactivating the
coagulation factors Va and Vllla (83). Contrary to the above anti-thrombotic effects
of MP in the healthy population, in pathological situations the observed increased
levels of TF-bearing MP eliminates their anticoagulant effect resulting in a net

procoagulant effect.

1.3.4.2 Inflammation

It is now widely accepted that atherosclerotic disease is a chronic inflammatory
process (84). Patients with high inflammatory markers like CRP including those with
diabetes mellitus, metabolic syndrome and chronic inflammatory arthritis (psoriatic
or rheumatoid arthritis) are at high risk of developing CHD (85). The exact

mechanisms are not well understood however the evidence suggest various pathways
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through which MP formation may act as an inflammatory mediator. For instance in
vitro leukocytes derived MP can stimulate the expression of pro-inflammatory genes
in endothelial cells, leading to the formation of leukocyte— endothelial cell adhesion
molecules and pro inflammatory cytokines, like 1L-6 (86). Also platelet-derived MP
delivers arachidonic acid (AA) in the endothelial cells leading to up-regulation of
ICAM-1 (intercellular adhesion molecule-1, CD54) which mediates monocyte-
endothelial cells adhesion (87). In addition oxidative stress is a well-recognized
phenomenon in atherosclerosis and coronary heart disease. Oxidized modification of
low density lipoproteins (LDL) appears to play a key role during all the stages of
atherosclerosis via activation, migration and transformation of monocytes into
macrophages and scavenger cells within the atheromatous plaque (72). It has been
shown that MP derived from oxidative stress-treated-endothelial cells contains
oxidized phospholipids which can activate monocytes and neutrophils and adherence
with EC via expression of adhesion molecules. The exact mechanism by which
oxidized phospholipids are involved in this process is not clear however PAF
receptors expressed on leukocytes and platelets has been postulated as a possible

pathway (87).

1.3.4.3 Endothelial dysfunction

Endothelium is a multifunctional organ. Apart from being the mechanical barrier
between the blood cells and the subendothelial tissue preventing the coagulation
cascade activation, endothelial cells exert a variety of characteristics including anti-
inflammatory, vascular tone control, vessel wall permeability and cell growth (87).
The above functions render endothelium an important player in the pathophysiology

of CHD. Impaired endothelial function has been reported in cardiovascular diseases
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like atherosclerosis (84;88) ACS (89), heart failure (90), hypertension (91) and pre-
eclampsia and eclampsia syndromes (92). Mechanism by which MP may cause
endothelial dysfunction include a) alteration of the endothelial nitric oxide (NO)
synthase activity and the balance between NO availability and reactive oxygen
species production and 2) the post-receptor NO transduction pathway. The latter has
been shown by Boulanger et al. who found that circulating MP from patients with
acute MI cause severe endothelial dysfunction in healthy blood vessels by affecting
the post-receptor nitric oxide (NO) transduction pathway (93). Mostefai et al showed
in vitro that MP from T-lymphocytes decrease NO production and increase oxidative
stress in endothelial cells (94). These effects are associated with a reduction of
endothelial NO synthase activity, which depends on phosphatidylinositol-3-kinase
(PI3K), extracellular signal-regulated kinase 1/2, and nuclear factor-B pathways
(94). In vivo data also indicate that circulating MP from patients with type || DM
(95) and chronic renal failure (96) are associated with vascular endothelial
dysfunction.

Interestingly, in contrast to the above findings, in some situations MP can improve
endothelial dysfunction. The protective role of MP has been shown by Mostefai and
co-workers providing evidence that increased circulating MP are protective against
vascular hypo-reactivity accounting for hypotension in patients with septic shock
(97). In line with these findings Soriano et al have shown that elevated levels of
EMP and PMP predict a more favourable outcome in severe sepsis in terms of
mortality rate and organ dysfunction (98).

In summary, MP can have both detrimental and favourable effects on endothelial
function by altering the balance between NO and ROS production and release

depending on the clinical setting. It appears that the expression of those effects
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depends on the specific stimulus underlying the release of MP by their parent cells

(75).

1.3.4.4 Angiogenesis

As mentioned above atherosclerosis is a chronic inflammatory process of the
vascular wall with monocyte infiltration, lipid accumulation and modification with
subsequent focal thickening of the intima of arteries. Evolution of the atheromatous
plaque leads to vulnerable atherosclerotic plaques prone to rupture. Those vulnerable
plaques are characterized by an enlarged necrotic core containing apoptotic
macrophages, increased number of vasa vasorum, and more frequent intra-plaque
haemorrhage (99). Researchers have found that MPs isolated from human
atherosclerotic lesions express CD40L and stimulate endothelial cells after CD40
ligation promoting in vivo angiogenesis. Therefore, MPs could represent a major
determinant of intra-plaque neovascularisation and plaque vulnerability (100).
Circulating angiogenic cells (CACs) are believed to represent a cell population
enriched in monocytes and exert their angiogenic effects via paracrine and signalling
mechanisms (101). Recent reports suggested that the neo-vascularization-related
capacities of CACs are impaired in atherosclerotic patients. Also PMPs were
reported to augment the re-endothelialization capacity of CACs (102). Ohtsuka et al
isolated mononuclear cells and PMPs from peripheral blood of patients with
atherosclerotic heart disease. They generated PMP-pretreated CACs (PMP-CACSs) by
co-culturing of the mononuclear cells and PMPs. They found that although the
migration capacity of PMP-CACs was similar to that of CACs, the adhesion capacity
of PMP-CACs was greater. This augmented adhesion and neo-vascularization

capacities by PMP-CACs were canceled out by a RANTES neutralizing antibody.
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They concluded that PMP-secreted RANTES may play a role in the augmenting

adhesion and neo-vascularization capacities of CACs (102).

1.3.5 Clinical significance of microparticle formation in patients with coronary

heart disease

Clinical studies in patients with CHD or conventional risk factors for CHD have
shown that MP levels are elevated compared with healthy volunteers (56;103;104).
Endothelial dysfunction is the main contributing factor in the pathophysiology of
atherosclerosis and subsequently stable or unstable CHD. Also in ACS, where
platelet activation and thrombus formation dominates, markers of platelet activation
like total MP and PMP are expected to be markedly elevated. Therefore the
interactions between a dysfunctional endothelium, activated platelets and monocytes
may play an important role in the pathogenesis of ACS. Singh et al studied the PMP
level in 6 patients with UA. Blood samples were drawn from the patients every 4 h
over a 24 h period and PMP were estimated using flow cytometry. There was a
marked, six-fold increase of PMP levels in the unstable angina patients (p=0.001)
compared with 6 healthy, volunteers (105). Stepien et al determined the levels of
PMP, EMP, MMP and s-P-selectin in 12 AMI patients, 10 stable angina (SA)
patients and 9 healthy controls. They found that patients with AMI displayed higher
levels of total MP, PMP and TF+MP than patients with SA (104). In addition
Bernal-Mizrachi et al found that CD31+EMP and CD51+EMPs were significantly
higher in ACS than SA. Among patients with first MI, CD31+EMP was higher in
patients with MI than in patients with UA and was significantly higher than in
patients with recurring MI. CD51+EMP did not discriminate ACS from SA and

PMPs did not discriminate patients with SA from control subjects (106).
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Whether elevated MP levels play a contributory role to the pathophysiology of CAD
or the consequence of CAD or even represent a bystander is still matter of debate.
Several clinical studies have shown a correlation between MP levels and total
mortality, cardiovascular mortality, major cardiac and cerebro-vascular events,
myocardial damage and indices of myocardial dysfunction (107-111). Montoro-
Garcia et al compared MP (total MP, PMP, EMP and MMP) levels in patients with
STEMI, NSTEMI, SA and healthy individuals. They found that in NSTEMI patients,
EMP and MMP were independently predictive for future admissions related to heart
failure. They concluded that small-size MP could be potentially implicated in the
modulation of the post-ACS reparative response to injury, with prognostic
implications (111). Sinning et al determined the number of CD31+EMP in 200
patients with stable CHD and their correlation with cardiovascular outcomes. The
median follow-up for major adverse cardiovascular and cerebral event (MACCE)-
free survival was 6.1 years. MP levels were significantly higher in patients with
MACCE compared to patients without MACCE (p=0.004). In multivariate analysis
high MP levels were associated with a higher risk for cardiovascular death (HR 4.0;
p=0.04), the need for revascularization (HR 2.4; p=0.005), and the occurrence of a
first MACCE (HR 2.3; p=0.001). Inclusion of the MP level into a classical risk factor
model substantially increased c-statistics from 0.637 to 0.702 (p=0.03). They
concluded that the level of circulating AnV+CD31+EMP is an independent predictor
of cardiovascular events in stable CHD patients and may be useful for risk
stratification (108). Amabile and his team examined whether or not increases in
circulating MP levels could predict the all-cause and cardiovascular mortality (fatal
myocardial infarction, stroke, acute pulmonary edema and sudden cardiac death) in

81 stable haemodialysed patients with end-stage renal disease (ESRD). Kaplan-
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Meier analysis demonstrated significantly higher probability of all-cause (p<0.001)
and cardiovascular mortality (p<0.0001) between the lower and upper EMP tertiles
even after adjustment for confounding factors. They concluded that increased plasma
levels of EMP is a robust independent predictor of severe cardiovascular outcome in
end-stage renal failure patients (107). Jung et al tried to correlate the levels of EMP
or PMP in 36 patients with STEMI with the myocardium at risk and infarct size
which were determined by cardiac MRI (CMR) imaging one week after the index
event. They found that EMP and PMP correlated to myocardium at risk, but not to
infarct size suggesting that MP levels reflect the severity of the endothelial injury and
platelet activation during myocardial ischemia (109). Biasucci et al looked at the
AnV+MP, EMP and PMP levels in 33 patients with SA and 43 patients with ACS
undergoing PCI. They found that in the ACS group, Day 2 AnV+ MP correlated with
peak Troponin T levels (112). In line with the above findings Mavroudis et al
showed a positive correlation between systemic arterial total MP and EMPs with
markers of myocardial damage in patients with STEMI treated with pPCI (113).
Recently Porto et al studied 78 STEMI patients undergoing successful pPCI
following STEMI. They measured the systemic (aortic) and local (in the culprit
coronary artery) levels of PMP and EMP and their relation to indices of
microvascular obstruction (MVO) like Thrombolysis in myocardial infarction (TIMI)
flow, thrombus score (TS), corrected TIMI frame count (cTFC), myocardial blush
grade (MBG). Both PMP and EMP levels were significantly higher in the
intracoronary than in the aortic blood samples. They found that intracoronary EMP
and both systemic and intracoronary PMP levels correlated with TS. Moreover, the
correlation of intracoronary MP with indices of microvascular dysfunction suggests a

possible direct role of MP in the pathogenesis of MVO in addition to the role of MP
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as markers of ongoing thrombosis (110). Endothelial derived MPs have been also
correlated with angiographically high risk coronary artery lesions. Bernal-Mizrachi
et al studied 43 patients undergoing coronary angiography. Fifteen had presented
with AMI, 20 with unstable angina (UA), 5 with SA and 3 with congestive heart
failure. Coronary angiography was reviewed and coronary lesions were classified
using the Ambrose classification as high or low risk. They found that high EMP was
associated with high-risk angiographic lesions like eccentric, multiple irregular or
thrombotic lesions. They concluded that EMP may be a useful marker in detecting
endothelial injury and risk of ACS as defined by angiography (114). The levels of
circulating MP have also been linked with the remote ischemic conditioning. Nagy et
al found that PMP level is significantly elevated in patients treated electively with
PCI compared to subjects with diagnostic catheterization alone. They showed that at
15 minutes after the completion of PCI the levels of PMPs, the platelet P-selectin
expression and the ratio of platelet-monocyte heterotypic aggregates were
significantly (p<0.05) elevated in the PCI group compared to the non-stented
subjects, but no difference was found in soluble P-selectin values. They concluded
that the observed cellular changes are early and sensitive markers to detect the
platelet-activating effect of stent implantation (115). Jeanneteau et al hypothesized
that the circulating MPs are the effectors of remote ischemic conditioning. Remote
ischemic conditioning was induced by 5-min inflation and 5-min deflation of a
blood-pressure cuff causing limb ischemia. They found that CD54+EMP and
procoagulant AnV+MP are markedly increased after remote ischemic conditioning.
However, MP release did not appear to be a biological vector of remote ischemic

conditioning in their model (116).
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1.3.6 Lifespan of circulating microparticles

Another interesting aspect of the MP generation in stable and unstable CHD is the
life span of these cell fragments. Skeppholm et al measured PMP levels in 51
patients with ACS and 61 sex- and age-matched healthy controls on admission,
within 24 hours (before coronary angiography), and six months later. Plasma
concentrations of PMP were elevated on admission (p<0.001 compared to controls),
decreased significantly 24 hours later following initiation of treatment with
clopidogrel and subcutaneous anticoagulation (p<0.001), and decreased even further
six months later (p<0.01). However, PMP were still almost 2-fold higher than in
healthy controls (p<0.001). They concluded that PMP concentrations follow the
pattern of platelet activation during and after an ACS. Also PMP levels decreased
after initiation of antithrombotic treatment, but were still elevated after six months
compared to healthy control levels (117). In line with the above findings Biasucci et
al did serial measurements of AnV+MP, EMP and PMP in 33 patients with SA and
43 patients with ACS undergoing PCI. They found that AnV+MP increased until
Day 2 (P=0.001), while EMP and PMP peaked on Day 1 (p<0.01) then decreased to

baseline values (112).

1.3.7 Microparticle and inflammatory markers

Ueba et al looked at the levels of inflammatory markers IL-6, hs-CRP and their
correlation with PMP as a marker of platelet activation in 464 healthy Japanese
volunteers. They found that plasma level of 1L-6 was associated with plasma level of
PMP after adjustment for diastolic blood pressure, platelet count, and high sensitivity
C-reactive protein in men (p<0.001) and associated with plasma level of PMP after

adjustment for platelet count in women (p<0.001) (118). Biasucci et al in 33 patients
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with SA and 43 patients with ACS undergoing PCI found that EMP and PMP 24
hours after the admission correlated with hs-CRP (r=0.37, p=0.04 and r=0.33,
p=0.05; respectively) (112).

I have described in the above paragraphs the mechanisms underlie the MP formation,
composition and their biological effects which are mainly coagulation, inflammation
and vascular dysfunction. Our understanding that the above processes are also crucial
in the pathogenesis of CHD together with the correlation between elevated MP in
individuals with CHD or risk factors for CHD with markers of platelet activation and
inflammation, leads to the view that circulating MP are harmful, contributing to
CHD and risk of CHD. Furthermore, whether cell-derived MP is a cause,
consequence, or both of CHD remains to be established. Also the clinical question
whether MP is marker of CHD risk and whether they can be used as independent
predictors of CHD outcome remains unanswered. In addition, it is fair to state that
the data from the clinical studies referenced, which are looking into MP levels and
clinical outcomes in patients with clinically manifested CHD, have potentially
important limitations as the number of patients recruited is small. As such firm
conclusions cannot be drawn.

Recently, the association of the Framingham risk score and numbers of platelet-,
leukocyte- and endothelium derived MP were reported in two retrospective
(119;120) and one prospective study (121). The addition of endothelial CD144+MP
to the Framingham risk model improved the classification of risk and appeared as a
significant and independent predictor of future CVD events in a high-risk population
(121). The above results are promising, but more prospective studies are needed to
further detail the prognostic value of cell-derived MP in individuals at high risk for

cardiovascular disease (CVD) (75).
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1.4 Role of inflammation in coronary heart disease

Atherosclerosis has both chronic and acute manifestations, affects both mid and
large-size arteries and can cause either focal or diffuse stenosis of the affected
vessels. Over the last twenty years, data have emerged showing that immune cells are
involved in the pathogenesis of formation and evolution of the atherosclerotic
plaques. Understanding of the anatomic structure and function of the normal artery
and its native cell types is essential for the understanding of the pathophysiology of

atherosclerosis.

1.4.1 Normal artery structure

Normal artery is a tripetalous structure, the inner layer-tunica intima, the tunica
media and the outer layer-adventitia (122). The intima consists of a monolayer of
endothelial cells adjacent to basal lamina which is a basement membrane containing
non-fibrillar collagen types, such as type IV collagen, laminin, fibronectin, and other
extracellular matrix molecules. The internal elastic lamina lies between the intima
and tunica media. The tunica media consist of smooth muscle cells (SMCs) and
layers of extracellular matrix (123). The composition of the extracellular matrix and
organization of the smooth muscle cells differs according to artery size. The external
elastic lamina lies between the tunica media and the adventitia. The adventitia
contains collagen fibrils like the intima but in a looser arrangement. It also contains
vasa vasorum and nerve endings. The existence of SMCs in the adventitia is very

little compared with the other layers (124).
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1.4.2 Endothelial cells

Endothelial cells (EC) of the arterial intima represent the natural barrier between
blood and the prothrombotic subendothelial matrix. Arterial endothelial cells are
effectors of many important haemostatic mechanisms including anticoagulant,
fibrinolytic activities and platelet inhibition. EC is the main anti-coagulant by
regulating thrombin generation. Amongst the various mechanisms through which
endothelial cells exert these effects are: 1) production of heparan sulphate
proteoglycans, which bind anti-thrombin 11l and tissue factor pathway inhibitor
(TFPI). Heparan sulphate-antithrombin complex increases speed the rate at which
anti-thrombin inhibits thrombin and other coagulation enzymes (125) while TFPI is a
natural inhibitor of coagulation after it binds heparan sulphate on the endothelial cell
(126), and 2) Expression on the endothelial cells surface thrombomodulin (127).
Thrombomodulin binds thrombin and this complex activates the anti-coagulant factor
protein C and S. Activated protein C inhibits the activated factors V and VIII which
are involved in process of thrombin generation (128). Endothelial cells also exhibit
fibrinolytic properties by producing and releasing tissue plasminogen activator (t-
PA) and urokinase plasminogen activator (u-PA), should the clot formation cascade
begin. Both t-PA and u-PA can initiate fibrinolysis by converting plasminogen to
plasmin (129). Endothelium also releases type 1 plasminogen activator inhibitor
(PAI-1), the main regulator of t-PA and u-PA. Thus, net fibrinolytic activity of
endothelium depends on the dynamic balance between the release of plasminogen
activators and plasminogen activator inhibitor 1 (PAI-1). As a result, healthy
coronary arteries actively oppose platelet and clotting cascade activation and prevent
thrombotic events (129). Endothelial cells produce and release into the blood

prostacyclin and NO that are not only effective platelet inhibitors but also potent
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vasodilators. In addition, endothelial cells regulate the platelet activation (130) via
the molecule CD39, an ADPase expressed on the platelet surface. CD39 degrades

ADP, a platelet agonist.

1.4.3 Smooth muscle cells

Smooth muscle cells are important cells of the normal artery wall with many pivotal
functions contributing to the normal vascular homeostasis, and also in the
pathogenesis of arterial diseases. SMC, apart from regulating blood flow through
contraction and relaxation of the coronary arteries, synthesize the extracellular matrix
that plays a crucial role in normal vascular homeostasis and in the development and
evolution of atheromatous plaques. These cells also can migrate and proliferate,
contributing to the formation of intima thickness, atherosclerosis and stent restenosis
after PCI. Imbalance between synthesis by SMCs and degradation by MMPs of
extracellular matrix can promote either stabilization or destabilization of
atheromatous plaques. In the former case the patient will present with stable angina

contrary to the latter where the presentation will be ACS.

1.4.4 Initiation and evolution of atheromatous plague

Although the initial step in the pathophysiology in human artery atherosclerosis is
still a matter of debate, observations of tissues obtained from young humans
combined with the results of experimental studies in animals suggest that the first
step in the pathophysiology of atherosclerosis is small lipoprotein particles (LDL)
accumulation in the intima (129). These LDL particles become susceptible to
oxidative and other chemical alterations after they bind to extracellular matrix.
Alterations of these lipoproteins, including oxidation and glycation, promote the

release of pro-inflammatory cytokines from SMCs. These cytokines amplify the
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expression of leukocyte and monocyte adhesion molecules like MCP-1 and
chemoattractant molecules that result in monocyte attachment and migration into the
intima (131;132). MCP-1 is produced by endothelial cells and SMCs in response to
oxidized lipoprotein and other inflammatory stimuli. MCP-1 selectively promotes the
directed migration of monocytes. Increased levels of MCP-1 are expressed on human
atherosclerotic lesions compared with uninvolved vessels. Several other cytokines
including IL-8 bind on leukocytes, and interferon-y which induces the genes
encoding T-cell chemo-attractants (123), contribute to monocyte recruitment during
atherogenesis. Normally there is minimum interaction between healthy endothelium
and leukocytes. In atherogenesis, as described above, leukocyte migration,
recruitment and accumulation within the intima is a crucial step and occurs in the
early stages. Monocytes adhere to the endothelium and move through endothelial cell
junctions or even can penetrate endothelial cells and enter the intima, where they
begin to accumulate lipids and become foam cells (133). Specific leukocyte adhesion
molecules expressed on the surface of the endothelial cell governs the interaction and
adherence of monocytes and T cells to the endothelium (134). Those are: 1) members
of the immunoglobulin family which mainly promote tighter adhesive interactions
and immobilization of leukocytes; and 2) selectins which tend to promote less tight
and rolling locomotion of leukocytes over the endothelium. The first family includes
vascular cell adhesion molecule 1 (VCAM-1 or CD106) and ICAM-1 which are the
main adhesion molecules mediating interaction between endothelium and leukocytes.
CD106 plays an important role in the early stages of atherogenesis whilst the
interaction of endothelial cells via CD54 with monocytes occurs throughout the
whole process of atherogenesis. Selectins represent the second broad category of

leukocyte adhesion molecules. The main representative of selectins is E-selectin
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(CD62E), which recruits neutrophils. Other members of this family, including P-
selectin may play a greater role in leukocyte recruitment involved in atherogenesis.
CD62P is expressed on endothelial cells overlying human atheromatous plaques.
Experimental studies in genetically altered mice have proven roles for VCAM-1 and
P-selectin (including both platelet- and endothelium-derived P-selectin) in
experimental atherosclerosis (135;136). During the last decade, the combination of
basic and clinical research has demonstrated the crucial role of inflammation in
atherothrombosis. Cell-cell interactions play a pivotal role in the evolution of
atheromatous plaque. Antigen-presenting cells like macrophages, dendritic cells and
endothelial cells allow the presented antigen to interact with and activate T cells.
Activated T cells subsequently release pro- and anti-inflammatory cytokines that can
modulate atherogenesis. There are two types of CD4+ T cells (T helper), Thl and
Th2. Thl has pro-inflammatory properties and they can secrete cytokines like
interferon-y (INF-y), TNF-a and CD40 ligand. This group of cytokines can in turn
activate immune and non-immune vascular cells and coordinate changes of the
plague homeostasis that can lead to plaque destabilization and susceptible to
thrombosis. In contrast, Th2 elaborate anti-inflammatory cytokines, such as
interleukin-10 (137). Cytotoxic T cells (CD8+ T cells) promote cytolysis and
apoptosis of macrophages, endothelial cells and SMCs. The death or apoptosis of
these cell types can occur within the atheromatous plaque and may contribute to

plaque progression and complication.

1.4.5 Evolution of plague

SMCs, under the chemoattractant effect of PDGF, migrate into the intima from the

tunica media. PDGF is a potent SMC attractant secreted by activated monocytes and

47



is vividly expressed in human atherosclerosis. SMCs in the atherosclerotic intima are
involved in the progression of atheromatous plaque including SMCs proliferation.
There are differences at sub-cellular level between SMCs of the normal arterial
tunica media and those in the intima of an evolving atheromatous plaque (138).
Intima SMCs contain rougher endoplasmic reticulum and fewer contractile fibres
than the SMCs of the normal tunica media do. Intriguingly there is a non-linear
pattern of SMCs proliferation during atherosclerosis evolution and growth of the
intima. In fact bursts of SMCs migration and replication more likely to occur.
Besides SMC proliferation, death or apoptosis (programmed cell death) of the SMCs
may also be involved in the progression of the atheromatous plaque (139;140).
Apoptosis of SMCs in the atheromatous plaque is facilitated by inflammatory cells
and mediated by death receptors like Fas. More specifically migrated T cells express
on their surface the Fas ligand while SMC under the influence of the pro-
inflammatory cytokines express Fas. Interaction between Fas ligand and Fas initiates
the process of the programmed cell death (141).

Although the anatomic and functional changes (at cellular and molecular level),
during the evolution of the atheromatous plaque in patients with CHD, follow a
continuous pattern (progressive disease), the clinical manifestations of each patient
with CHD are probably determined by distinct genetic differences. Reilly et al have
shown that specific genetic predispositions promote the development of coronary
atherosclerosis whereas others lead to myocardial infarction in the presence of
coronary atherosclerosis (142). Therefore, signalling pathways predisposing to
atherosclerosis probably differ from those contributing to plaque vulnerability. That

explains why many patients with angiographically proven CHD remain stable on
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medical management, while in other patients myocardial infarction represents the

first manifestation of CHD.

1.4.6 Arterial extracellular matrix

Extracellular matrix (ECM) which accounts most of the plaque volume is also
equally important in the evolution of the atherosclerotic plaque. Collagens (types |
and 1), proteoglycans and elastin fibres are the most important extracellular matrix
molecules of the atheromatous plaque. ECM is normally produced by the SMCs of
atheroma and this process is part of the natural development and maintenance of the
arterial wall. PDGF and TGF-f3 secreted by activated platelet and other cell types in
the atheromatous lesions are the main stimulants of SMCs for extracellular matrix
production. Extracellular matrix turnover and maintenance is the result of the
biosynthesis (by SMCs) on the one hand, and ECM breakdown by the
metalloproteinase (MMPr) enzymes on the other hand. Extracellular matrix
breakdown certainly plays a role in SMCs migration into the intima from the media.
In injured arteries, overexpression of MMPr inhibitors (known as tissue inhibitors of
metalloproteinases, or TIMPS) can delay smooth muscle accumulation in the intima
of injured arteries (143). Extracellular matrix synthesis and degradation also plays a
role in arterial wall remodelling that accompanies lesion growth. During the early
stages of atheromatous lesion development, plaque grows outwardly, in a way that
would lead to luminal stenosis. This outward growth of the intima leads to an
increase in the external diameter of the entire artery and is called positive
remodelling or compensatory enlargement. Luminal stenosis tends to occur only after

the plaque burden exceeds some 40% of the cross-sectional area of the artery.
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1.4.7 Angiogenesis in atheromatous plaques

Atherosclerotic plagues develop their own microcirculation as they grow, a process
named neovascularisation. Histologic examination with endothelial markers of the
evolving plaque reveals a rich network of capillary vessels which develop in
response to angiogenic factors (vascular endothelial growth factor [VEGF], placental
growth factor [PIGF], and oncostatin M) expressed in atheromatous plaques. These
micro-vessels within plaques have significant functional implications. They provide
a conduit so leukocytes can enter and exit the atheromatous plague. In advanced
human atherosclerotic plaque, microvascular endothelium displays mononuclear-
selective adhesion molecules such as VCAM-1 much more prominently than does
the macrovascular endothelium overlying the plague. The neovascularisation of the
atheromatous plaques also allow growth of the plaque by supplying oxygen and
nutrients. Alongside with this view, administration of inhibitors of angiogenesis to
mice with experimentally induced atherosclerosis limits the growth lesion. Also, the
plague micro-vessels may be friable and prone to rupture leading to in situ
thrombosis which can promote SMC proliferation and ECM accumulation in the area

immediately adjacent to the microvascular disruption.

1.4.8 Plague mineralization

Plaques often develop areas of calcification as they evolve, a process which shares
many mechanisms with bone formation. SMC subpopulations contribute to this by
increased secretion of cytokines such as bone morphogenetic proteins, homologues
of TGF-B. Receptor activator of NF-kB ligand (RANKL), a member of the tumour
necrosis factor family, appears to promote SMC mineral formation through a bone

morphogenetic protein 4 (BNP4)—dependent pathway (134).
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1.4.9 Arterial stenoses and their clinical implications

The sections above have considered the initiation, formation and evolution of the
atherosclerotic plaque. These phases last many years, during which the affected
individual is often asymptomatic. When the plaque burden exceeds the capability of
outward remodelling, advance of the atheromatous plaque within the arterial lumen
begins. This chronic asymptomatic or stable phase of lesion growth probably occurs
with bursts of rapid progression and periods of relative quiescence. Ultimately, the
stenosis may progress to a degree that limits the coronary artery flow. Lesions that
produce more than 60% stenosis can cause flow limitation under conditions of
increased demand. This type of atheromatous disease commonly leads to stable
angina pectoris. However in many cases of acute myocardial infarction there is no
history of stable angina prior to the acute event. Several clinical observations suggest
that many myocardial infarctions result from no-flow limiting lesions. It is now
widely accepted that many cases of acute coronary syndromes occur because of
thrombosis complicating a non-occlusive plaque (144). This has been supported by
studies showing that the culprit lesion in patients who had myocardial infarction was
less than 50% during the coronary angiography months before the acute event. Serial
angiographic studies have shown that lesions with stenosis severity more than 60%
from a previous coronary angiography account only for approximately 15% of the
acute myocardial infarctions. The above findings imply that mild to moderate lesions
cause most of the myocardial infarctions. Undoubtedly high-degree stenosis cause
myocardial infarction and critical stenoses are more likely to cause acute myocardial

infarction than do non-occlusive lesions.
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1.4.10 Atheromatous plague inflammation, rupture and thrombosis

Atherothrombosis is considered as the most important pathophysiologic mechanism
in the progression and transition of the chronic atherosclerosis to acute coronary
syndromes. We now recognize that disruption of the atheromatous plaque causes in
situ coronary thrombosis (145). Although there are several mechanisms of plaque
disruption and coronary thrombi formation, the most common mechanisms are
fracture and erosion of the fibrous cap of the plaque. Rupture of the atheromatous
plaque fibrous cap is the result of the dynamic balance between the forces that
encroach on the cap and the mechanical stability and strength of the fibrous cap to
resist. Extracellular matrix and SMCs are the factors responsible for most of the
biomechanical resistance to disruption of the fibrous cap. Therefore, production and
catabolism of the above ingredients probably play a main role in regulating the
susceptibility to disruption of the plaque. Stimuli that trigger decreased collagen
synthesis by SMCs or increase collagen metabolism can damage their capability to
maintain the integrity of the plaque’s fibrous cap. For instance, INF-y, a lymphocyte
derived cytokine, can effectively stop SMC collagen production. In contrast, as
previously mentioned, inflammatory mediators like TGF-p and PDGF released from
activated platelets increase collagen synthesis by SMCs and strengthen the plaque's
fibrous stability. Furthermore, increased catabolism of the extracellular matrix can
also contribute to weakening of the plaque’s fibrous cap and render it susceptible to
rupture. Matrix metalloproteinase and cathepsins, macrophage-derived matrix-
degrading enzymes, catalyse the breakdown of the collagen and elastin of the arterial
ECM (2;143) contributing to weakening of the fibrous cap. The result of reduced
collagen synthesis and increased degradation is thinning of the plaque’s fibrous cap, a

feature of the so called vulnerable plaque. Histologic studies (145-149) have shown
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that rupture of atherosclerotic plagues with thin fibrous caps have caused fatal
myocardial infarction. Another characteristic of the vulnerable atherosclerotic plaque
and especially regions of local inflammation within the plaque is the relative scarcity
of SMCs. As explained above, both soluble and lymphocytes associated
inflammatory factors, can provoke programmed death of SMCs. Given that SMCs is
the source of ECM collagen necessary to preserve the matrix of the fibrous cap, lack
of SMCs may contribute to weakening of the fibrous cap and hence the propensity of
that plaque to rupture (150). Another micro-anatomic characteristic of the vulnerable
atherosclerotic plaque is the accumulation of macrophages and a large lipid pool.
Activated macrophages produce pro-inflammatory cytokines and the matrix-
degrading enzymes responsible for the regulation of the matrix metabolism and SMC
apoptosis. Apoptotic macrophages and SMCs generate TF-bearing MP, a potential
trigger of coronary vascular thrombosis after spontaneous or iatrogenic plaque
rupture. Also from a mechanical viewpoint, a large lipid pool can transmit the
biomechanical forces on the shoulders of the plague, which are common sites of
disruption of the fibrous cap. The success of lipid-lowering therapy in reducing the
incidence of acute coronary syndromes in patients at risk may result from a reduced
accumulation of lipid in addition to decrease the inflammatory drive and plaque
thrombogenicity. Animal studies (151;152) and monitoring of peripheral markers of
inflammation in humans (153;154) support this concept. Therefore, the strength of
the plaque’s fibrous cap goes through a dynamic regulation, linking the inflammatory
response in the intima, the metabolism of ECM macromolecules as the determinants
of plaque stability, the response of the SMCs to inflammation and hence thrombotic

complications of the atheromatous plaque.
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1.4.11 Inflammation requlates the thrombogenicity of plaques

Tissue factor expression by plague macrophages appears essential in triggering
thrombosis that complicates plaque disruption. Even though expression of tissue
factor by a subset of plaque macrophages was well established, the stimulus to tissue
factor expression on these cells remained uncertain (155;156). Soluble cytokines
associated with atherosclerotic plaques, including IL-1 and TNF-a, weakly induced
TF expression by human macrophages. CD40-ligand (CD154), a cell-surface-
associated inflammatory cytokine, promptly triggers tissue factor production by

human monocyte/macrophages (157).

1.4.12 Superficial erosion and coronary thrombosis

Fracture of the plaque’s fibrous cap accounts for 60-70% of fatal acute myocardial
infarctions. Around 20-25% of these events result from a superficial erosion of the
intima rather than from true fracture of the fibrous cap but. Superficial erosion
appears particularly important in patients with dyslipidaemia, and in women (145).
The pathogenesis of plaque fibrous cap erosion is less well understood compared to
that of rupture. One possible mechanism is apoptosis of the luminal endothelial cells
exposing platelets to the prothrombotic subendothelial collagen. Potential direct
toxins of the endothelial cells include hypochlorous acid, produced by
myeloperoxidase (MPQO). MPO is an enzyme localized in plaques and associated
with acute myocardial infarction (158). Hypochlorous acid is also a potent trigger of
TF production by endothelial cells. Activated endothelial and SMCs also produce
enzymes capable of degrading extracellular matrix, including MMPr as mentioned
above. Overproduction of active forms of the MMPr could damage the adherence of

endothelial cells and the basement membrane, facilitating their desquamation
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providing substrate for coronary thrombosis (143). In this regard, inflammation may
promote superficial erosion and rupture of the plaque’s fibrous cap.

Thus, inflammation controls not only the evolution of atherosclerosis but also the
propensity of plaques to complicate via rupture or erosion by altering matrix
composition through the mechanisms described above. Inflammation also increases
the thrombogenicity of the plaque’s interior, promoting thrombus formation of the

ruptured/eroded plaque.

1.4.13 Diffuse and systemic nature of plague vulnerability and inflammation in

atherogenesis

The concept that mainly vulnerable atheromatous plagques cause coronary thrombosis
and ACS encouraged many to find ways of recognizing and treating such high-risk
atherosclerotic coronary lesions. Recent data, though, suggest that more than one
such high-risk plaque often exists in a given coronary tree (159;160). In addition, the
inflammation thought to be localized in the so-called vulnerable plaques appears to
extent in more than one lesion in many cases after careful analysis of angiograms of
individuals with acute coronary syndromes. Studies using various imaging modalities
have highlighted the multiplicity of such high-risk plaques (134;159). The above has
been also shown by angioscopic studies where multiple sites of coronary thrombosis
have been found in patients with ACS. Intravascular ultrasound, optical coherence
tomography and computed tomographic angiography have contributed to the better
understanding of the plaque morphology that cause acute coronary syndrome (160).
It has been found that patients demonstrating positively remodelled coronary lesions
on CT angiography were at a higher risk of ACS developing over time when

compared with patients having lesions without these characteristics (161).
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1.4.14 Inflammatory markers and myocardial necrosis in acute coronary

syndrome

Inflammation is defined as a complex biological response of vascular tissues to
harmful stimuli, such as pathogens, damaged cells, or irritants (162). It is a
stereotyped response, and therefore it is considered as a mechanism of innate
immunity, as compared to adaptive immunity, which is specific for each pathogen
(163).

During ACS with or without ST-elevation there is a degree of myocardial
damage/necrosis accompanied by ischemia reperfusion injury. Therefore, an
immediate inflammatory response to the above stimuli which is part of the
myocardium healing process takes place in the post-infarction period. In addition,
and more interestingly the inflammatory process taking place within the
atheromatous plaque as described above may well be the primary inflammatory
triggering factor of coronary instability. Mounting evidence support an important
association between increased circulating inflammatory markers (CRP, serum
amyloid-A (SSA), IL-6, and IL-1 receptor antagonist) and adverse clinical outcomes,
both in-hospital and short-term follow up (164-169). It has been demonstrated by
Liuzzo et al that in patients with ACS who had similar ischemic burden, high serum
CRP is discriminator of adverse short-term prognosis compared to those patients
with normal CRP levels (170). Also high CRP levels in ACS patients at discharge
associated with recurrent admissions and re-infarction (167). Elevated CRP levels do
not appear to correlate with the extent and burden of CHD as only 20% of patients
with severe CHD have raised CRP (171;172). In contrast, patients with ACS have a
high prevalence of elevated CRP irrespective of the CHD ischemic burden, affirming

the specificity of systemically detectable inflammation in ACS. In line with above,
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patients with severe enough peripheral vascular disease warranting revascularization
have similar CRP levels to the levels observed in patients ACS and single-vessel
CAD (173). Although high levels of CRP are not a pre-requisite for ACS and
unstable angina, CRP is elevated on admission in virtually all patients with AMI who
experienced unstable angina. Multiple studies have shown that various systemic
inflammatory markers, such as CRP, increase in patients at risk for acute coronary
syndromes. Furthermore, inflammation precedes the ACS, as shown by profiling of
the platelet transcriptome. Researchers have found that elevated serum levels of
MRP-8/14 (inflammatory marker) predicts the risk of a first cardiovascular event in
apparently healthy women, and also two of the most elevated mMRNA transcripts from
platelets of patients with ACS compared to that from patients with stable coronary
artery disease encode proteins implicated in inflammation (174). Levels of PMA and
CRP were significantly increased in patients with non ST-elevation ACS, especially
in those with troponin elevation. This increase is strongly related to the risk of in-
hospital cardiac events. A panel of PMA, CRP, and Trop | may provide important
information additional to current laboratory data for the treatment of ST-elevation
ACS (175). Therefore, a combination of imaging studies and investigations using
inflammatory markers supports the diffuse and systemic nature of instability of

atheromatous plaques in individuals with or at risk of developing ACS.
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1.4.14.1 Role of C-reactive protein in coronary heart disease

CRP exerts a variety of pro-inflammatory and pro-coagulant effects such as
stimulation of the production of TF by mononuclear cells (176), activation of the
complement system (177), and interaction with low density lipoprotein and damaged
cell membranes (178). CRP can also induce PAI-1 expression and can suppress NO
release from the endothelial cells (179).

Several studies have demonstrated that an elevated CRP in ACS is associated with a
worse prognosis (27;165;171). Elevated CRP level in patients with NSTEMI is
reported to be associated with cardiac rupture, left ventricular aneurysm and cardiac
death at one year (180). After PCI a hyper responsive reaction of the inflammatory
system defined by elevated CRP, IL-6 and SAA is considered to be a worse
prognostic factor (170). This has been confirmed by showing that persistent elevation
of CRP 72 hours after coronary artery stenting identified all patients who suffered a
later adverse outcome. In contrast no cardiac events occurred in those with normal
levels at one year follow up (181).

MONICA (Monitoring Trends and Determinants in Cardiovascular Disease Study)
showed that CRP is a strong predictor of future cardiac events in apparently healthy
men (182). Patients with the highest quintile of CRP levels were shown to have a 2.6
fold increased risk of suffering a fatal or nonfatal myocardial infarction or sudden
cardiac death. Similarly in the Women’s Health Study patients with higher baseline
hs-CRP levels than control subjects were found to be associated with cardiovascular
events, and patients with highest baseline levels were associated with five and seven
fold increase in any vascular events and combined stroke or myocardial infarction

respectively (183).
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1.4.14.2 Role of serum amyloid antigen in coronary heart disease

Serum amyloid antigen (SAA) may play a role in the pathophysiology of
atherosclerosis. SAA induces IL-1 and IL-8 production in neutrophils and interferon
gamma in lymphocytes. SAA has been shown to be chemotactic for monocytes
(184). It also promotes monocyte adhesion and chemotaxis (185-187), induces
matrix-metalloproteinase and activates NF-kB in CD4+ lymphocytes (188). These
findings raise the question whether these pro inflammatory substances play any
pathogenic local role within the coronary artery of the ACS patients. Matsubara et al
(189) have shown that the increment of SAA across the coronary circulation
correlated positively with the severity of coronary atherosclerosis. Higher adverse
outcomes including myocardial infarction, revascularization and death in ACS
patients with elevated SAA has been previously reported (171). Song et al have
demonstrated that SAA induced higher TF activity in patients with ACS, but not
stable angina patients, indicating that SAA may contribute to the procoagulant state
in patients with ACS (190). These findings suggest TF response to SAA differs in
ACS patients compared to controls, and the difference in induced TF between ACS
and stable angina highlights the significance of the prothrombotic properties of SAA.
SAA may contribute to the pathology of ACS via the induction of both TF and TNF-
a. Song et al have demonstrated upregulation of TNF-a mRNA in SAA-stimulated
peripheral blood leukocytes, indicating that TNF is an early response gene product of
SAA. They have reported, unlike TF, peripheral blood mononuclear cell-derived
TNF-a level is similar in patients and controls, and low dose SAA only, induces
TNF-a in cells from ACS patients (190). They concluded that SAA induces more
TNF-a in cells from ACS patients than in cells from stable angina or controls,

suggesting SAA may be a pro-inflammatory amplifier in ACS (190).
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1.4.14.3 Role of IL-6 in coronary heart disease

One of the most widely studied inflammatory markers is IL-6. IL-6 induces the
production of CRP from the liver. It increases fibrinogen and PAI-1, and promotes
leukocyte adhesion during myocardial reperfusion. It also exerts a negative inotropic
effect on myocardium (191). IL-6 is produced by variety of inflammatory cell type
and has been shown to remain elevated up to 4 weeks after a myocardial infarction.
In patients with ACS elevated IL-6 predicts in-hospital events (192) in addition to
future adverse coronary events (193). It has also been reported that circulating I1L-6
correlates well with left ventricular remodelling in patients with reperfused AMI
(194). 1t has been reported during the first 48 h after ACS, that IL-6, CRP and TnT
levels are high in patients who subsequently had major adverse cardiac events.
However one week after admission, this prognostic value of IL-6 had been lost (195).
In apparently healthy males elevated levels of IL-6 are associated with increased risk
of future myocardial infarction which supports a role of cytokine mediated

inflammation in the early stages of atherogenesis (196).

1.4.14.4 Role of TNF-a in coronary heart disease

TNF-o contributes to plaque instability by promoting inflammatory processes and
inducing matrix metalloproteinases in atherosclerotic lesions (197). TNF-a mediates
a variety of interactions resulting in progressive inflammation, plaque destabilization
and prothrombosis. Elevated serum TNF-a levels in CHD predict adverse coronary
events in population studies (198). Reperfusion induces TNF-a expression in the
coronary microcirculation and TNF-a can impair endothelium- dependent coronary
flow reserve (199) which may adversely affect outcome. TNF-alpha can also cause

cardiac contractility depression either directly (191) or via the inducible NO synthase
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(i-NOS) pathway in cardiomyocytes (200). It is not entirely clear whether TNF-
alpha is generated locally in the coronary artery or in the systemic circulation. In
experimental and clinical (201) studies, TNF-a did not differ in paired coronary
arterial and coronary sinus blood samples, suggesting that TNF-a is not of cardiac,
but of peripheral origin. Increased TNF-o concentration contributes to vascular
dysfunction. TNF-a induces the expression of cell adhesion molecules such as E-
selectin, VCAM-1 and ICAM-1 at the endothelial surface. These molecules mediate
the adhesion and migration of leukocytes into the arterial wall. Activated leukocytes,
following interaction with platelets, produce TNF-a which induces TF expression on
macrophages, neutrophils, and endothelial cells (202-204) influencing the extrinsic
pathway of the coagulation cascade via TF (205). TF mediates thrombin formation,

leading to fibrin clot formation and intravascular fibrin deposition.
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1.5 Microvascular dysfunction in coronary artery disease

1.5.1 Introduction

Microvascular dysfunction (MvD) is a powerful independent predictor of long term
outcomes, and mortality in patients presented with ACS and revascularization after
PCI. Despite a successful angiographically coronary artery stenting, potential
compromise of the coronary microcirculation during or after PCI is associated with
“slow flow” or “no flow” with subsequent impaired myocardial tissue oxygenation.
A number of different non-invasive and invasive techniques have been developed to
evaluate the functional reserves of the coronary microvasculature. Among the
invasive methods in the catheter laboratory the ‘Index of microvascular resistance’
(IMR) which is derived using a Doppler or a pressure-temperature sensing wire, has
emerged as a novel index for the assessment of the coronary microcirculation. This

has been validated in the experimental model and has been shown to be reproducible.

1.5.2 Coronary circulation and coronary blood flow control

The coronary circulation plays a unique role by not only generating the required
arterial pressure to perfuse the systemic circulation but at the same time having its
own perfusion hindered during systolic phase of the cardiac cycle. Myocardial
contraction is closely connected to coronary blood flow and oxygen delivery. The
balance between myocardial oxygen supply and demand is the main determinant of
the normal heart function. Therefore any disruption of the coronary flow will disrupt
the oxygen-demand balance precipitating a vicious cycle, whereby ischemia-induced
contractile dysfunction causes hypotension and further myocardial ischemia.

Coronary arterial blood flow increases during diastole whilst at the same time

coronary venous outflow decreases. During systole there is reduction of the diameter
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of intra-myocardial micro-vessels (arterioles, capillaries and venules) impeding
coronary arterial blood flow, which reaches a nadir, whereas the venous outflow
peaks during systole (206). In contrast to other vascular beds, myocardial oxygen
extraction is near-maximal at rest reaching close to 75% of the arterial oxygen
content (207). As such increase in myocardial oxygen consumption happens
predominantly by proportional increases in coronary blood flow and oxygen
delivery. Heart rate, systolic pressure (or myocardial wall stress), and left ventricular
(LV) contractility are the major determinants of myocardial oxygen consumption
(208). Studies in animals have shown that at basal state subendocardial coronary
blood flow is auto-regulated and can remain constant as coronary artery pressure
reduces to as low as 40 mmHg of mean coronary artery pressure (or 30 mmHg of
diastolic pressure) (208). In contrast, the lower auto-regulatory limit for sub-
epicardial coronary flow is a mean coronary artery pressure of 25 mmHg. This
phenomenon is termed auto-regulation.

The resistance to coronary blood flow can be divided into three major components.
R1 is epicardial arteries resistance, which is normally not significant (<5% pressure
drop). Rz arises from microcirculatory resistance arteries (mainly arterioles with
diameter 20 to 200 um) and Rs is the compressive resistance which varies during the
cardiac cycle that is higher in subendocardial than sub-epicardial myocardium. In
hearts without obstructive CHD, R2 is the main contributor to the coronary blood
flow resistance. During pharmacologic vasodilation, like intravenous administration
of adenosine, the arteriolar resistance (R2) becomes negligible. Therefore, under the
above circumstances, severe epicardial stenosis becomes the main contributor to
coronary blood flow resistance. Coronary artery resistances at any segment of the

coronary microcirculation represent the integration of anatomical, metabolic and
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neural mediators. It has been shown by Kuo et al that the diameter of coronary
arterioles respond to changes in local stress, a mechanism termed as flow-mediated
vasodilation and is mediated via endothelium-derived relaxing factor (EDRF or NO)
and endothelium-dependent hyperpolarizing factor (EDHF) (209). In addition, the
capacity of vascular smooth muscle to oppose changes in coronary arterial diameter
enables the coronary microcirculatory resistance arteries to relax when coronary
arterial pressure decreases and to constrict when coronary arterial pressure increases.
The above response has been termed as myogenic regulation and believed to be
mediated via L-type Ca++ channels (210). Apart from the physical factors regulating
the coronary artery resistance metabolic mediators like hypoxia, acidosis, adenosine
and ATP-sensitive K+ channels are also important. In addition the sympathetic and
parasympathetic innervation of the coronary arteries and arterioles affecting the
vascular smooth muscle tone also contributes to the regulation of the coronary
resistance. A wide variety of paracrine vasoactive factors secreted by platelets,
endothelial cells and smooth muscle cells also modulate the coronary vascular tone.
The most important factors are NO, EDHF, prostacyclin, serotonin, thromboxane A2,

ADP, endothelin and thrombin.

1.5.3 Physiologic assessment of epicardial coronary artery stenosis and coronary

microcirculation

Physiologic assessment of the epicardial coronary stenosis is an essential element in
the clinical decision making process and management of patients with CHD (211).
The chronic process of atherogenesis leads to atherosclerotic plaque formation and
angiographically epicardial artery stenosis which increases the coronary resistance

(R1). This in combination with the impaired coronary microcirculation which is also
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common in patients with CHD or risk factors for CHD does reduce maximal
myocardial perfusion which can also contribute to causing myocardial ischemia.
Separating the role of a stenosis from coronary resistance vessels can be
accomplished by simultaneously assessing coronary flow and distal coronary
pressure using intracoronary transducers that are currently available for clinical care
(212). The relationship between stenosis severity and pressure drop has been
validated in animals as well as humans and can be described by the Bernoulli
equation which essentially states that the resistance is inversely related with the
square of the cross-sectional area at the stenosis point. As such small changes in
luminal area can cause significant changes in the stenosis pressure-flow relationship
and reduce distal (to the stenosis) coronary pressure which is the main determinant of
myocardial perfusion. The length of the stenosis is another factor which contributes
to the epicardial coronary resistance. The pressure drop (AP) also varies with the
square of the flow velocity, which means increased pressure drop across a stenosis
during vasodilation (conditions of coronary hyperaemia).

At rest, due to coronary auto-regulation, coronary flow remains stable as stenosis
severity increases. As such it is impossible to identify thermodynamically significant
stenosis with resting myocardial perfusion imaging in contrast the maximally
vasodilated pressure-flow relationship which is much more sensitive in detecting
pressure drop and stenosis severity (it is easy to understand this from the Bernoulli
equation). Normally there is considerable coronary flow reserve with almost a
fivefold increment of the resting coronary flow during conditions of hyperaemia. The
increase in epicardial coronary artery resistance is very small until stenosis severity
progresses to a 50% internal diameter reduction (75% cross-sectional area). As a

result, there is no significant pressure drop across a stenosis until stenosis severity is
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more than 50% under circumstances of both resting coronary flow and coronary
hyperaemia. As stenosis severity increases further due to the steep curvilinear
coronary pressure-flow relationship small increases in stenosis severity will lead to
significant increases of pressure drop across the stenosis. The curve becomes even
steeper for stenosis >70%. Ultimately the distal coronary pressure reduces with a
parallel decrease of the vasodilated coronary flow. In critical stenosis, coronary
stenosis of more than 90%, the subendocardial flow reserve is diminished and under
these circumstances coronary hyperaemia achieved by pharmacologic vasodilation
results in reduction of the distal coronary pressure. This leads to a transmural steal
phenomenon where there is redistribution of coronary flow towards the

subepicardium.

1.5.4 Fractional Flow Reserve

Fractional flow reserve (FFR) is obtained by calculating the ratio of the driving
pressure for microcirculatory flow distal to the stenosis (distal coronary pressure
minus coronary venous pressure) to the coronary driving pressure available in the
absence of a stenosis (mean aortic pressure minus coronary venous pressure). This
technique is based on the principle that the distal coronary pressure measured during
vasodilation is directly proportional to maximum vasodilated perfusion and assumes
linearity of the vasodilated pressure-flow relationship, which is known to be
curvilinear (213). Also it assumes that coronary venous pressure is zero. This results
in the simplified FFR index of mean distal coronary pressure/mean aortic pressure
(Pd/Pa). FFR measurement as a physiological assessment of a moderate degree
stenosis can help in the decision management regarding coronary intervention and is

unaffected by alterations in resting flow. FFR can also be used to assess the
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functional effects of a residual lesion after PCI. A significant advantage of FFR is
that there is now considerable prognostic information. Recent data from a large
prospective randomized study, indicating that FFR measurements more than 0.8 are
associated with excellent outcomes with deferred rather than prophylactic
intervention (214). This study demonstrated that physiologically guided PCI using
FFR versus angiographic criteria is safe and cost- effective and reduces the number
of major adverse cardiac events at one year (13.2% versus 18.3% in angiographically
guided treatment) (214). FFR although simple and clinically useful has several
limitations. Contrary to CFR, FFR cannot assess the microcirculatory contribution
but can only assess the significance of the epicardial stenosis. Also FFR
measurement is dependent on achieving maximal pharmacologic vasodilation
(underestimating stenosis severity if maximal vasodilation not achieved) during
measurement. In addition the assumption that the vasodilated pressure-flow
relationship is linear and that the venous pressure is zero FFR can underestimate the
physiological significance of an epicardial stenosis. Besides by inserting the guide-
wire across a stenosis can in theory artifactually overestimate stenosis severity
caused by the reduction in cross sectional area. By assessing both the physiological
significance of epicardial stenosis with FFR and the microcirculatory flow with CFR
using a single wire has the potential to identify circumstances where mixed
abnormalities contribute to clinical symptoms and discriminate which one is the
cause of patients symptoms. Left ventricular hypertrophy (LVH) and impaired
endothelial dependant vasodilation are the two most common pathological conditions
affecting the microcirculatory resistance independently from the severity of the
epicardial stenosis. In the former (acquired LVVH) there is increased left ventricular

mass with the microcirculatory vessels remain unchanged (215). Also the resting
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coronary flow per gram of myocardium remains stable and for this to happen the
resting coronary flow increases (more flow to maintain the blood flow per
myocardium gram constant). During maximum hyperaemia the coronary flow
remains unchanged and as a result of this (relatively increased resting and decreased
hyperaemic flow) the coronary flow reserve decreases. In the latter case which is
common in almost all risk factors for CHD like diabetes mellitus, hypertension,
hypercholesterolemia and smoking, there is inability of the coronary microcirculation
to maximum hyperaemia due to impaired NO-mediated endothelial vasodilation.
Also the coronary pressure/flow curve shifts towards the right leading to an
increment of the minimum coronary pressure required to keep coronary flow stable
(216). The net effect of the above is an accentuation of the functional effects of
epicardial stenosis rendering myocardium prone to ischemia at higher coronary

pressure and less workload (217).

1.5.5 Role of collaterals in coronary microcirculation

Coronary collaterals are a complimentary source of blood supply when an epicardial
coronary artery occlusion or stenosis jeopardizes myocardial blood supply. Several
studies have demonstrated that collateral blood flow is sufficient to prevent ischemia
when collateral flow calculated from mean aortic pressure (Pa), coronary wedge
pressure (Pw) and central venous pressure (Pv) exceeds 25% (218). Also during
coronary angioplasty and balloon occlusion, ischemia does not develop if FFR
(based on coronary wedge pressure during occlusion minus venous pressure) is
greater than 0.25 (219). Pressure derived collateral flow index (CFlp) is calculated as
(Pw-Pv) / (Pa-Pv). CFl is used as an index of collateral circulation and can be easily

measured with a pressure wire during PCI. High collateral flow has a beneficial
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effect on the occurrence of future major ischemic events and less severe myocardial
ischemia during PCIl. On the other hand higher collateral flow also has been
associated with increased risk of in-stent restenosis after PCI (220-222) probably due
to competing hemodynamic forces for antegrade flow at the traumatised site. A CFI>
0.25 indicates a circulation with good collateral support and CFI< 0.25 indicates a
circulation with less collaterals. In a large observational study lower cardiovascular
event rate and improved survival was observed in patients with elevated distal
coronary pressure arising from recruitable collaterals (223). In patients with stable
angina higher CFI indicates the presence of a good collateral circulation as in a non-
infarcted heart the pressure signals obtained distal to the occluded artery invariably
originates from collateral channels. However, in the acute myocardial infarction
setting CFI is unlikely to represent collateral flow but seems to increase with severity
of microvascular dysfunction. Yamamoto et al demonstrated higher CFI in acute
myocardial infarction is associated with poorer functional recovery. In the acute
myocardial infarction, the observed increase in systolic coronary wedge (Pw)
pressure may be explained by congested blood flow in the coronary microcirculation.
In the non-infracted heart intra-myocardial blood is smoothly squeezed into the
venous circulation in systole but this ejection of blood to the venous circulation is

impeded owing to the extensive microvascular obstruction in the infarct zone (224).

Collateral circulation develops in response to recurring myocardial ischemia. This is
a process dependent on hemodynamic forces and angiogenic growth factors, mainly
VEGF. Although several interventions like the use of recombinant growth factors or
endothelial progenitor cells have been successful in angiogenesis of capillaries and
improve myocardial function, randomized human clinical trials have been

disappointing (225). It is believed that relief of ischemia might be expected to lead to
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regression of collaterals. Several studies have suggested rapid loss of collateral
function after PCI (226-229). Some of these results could be due the fact that during
the estimation of CFI either central venous pressure was not measured or adequate
hyperaemia was not achieved. Pw alone does not represent collateral flow; right
atrial pressure and mean aortic pressure need to be considered to measure CFI
accurately. Perera et al showed that assuming a fixed value of right atrial pressure for
the measurement of CFI can alter the results substantially (230). The same group
have demonstrated coronary collateral flow remains undiminished for at least 24
hours after successful PCI and functional collateral support subsequently declines but

does not regress completely (231).

1.5.6 Coronary flow reserve

Coronary flow reserve (CFR) is equal to the ratio of the hyperaemic (during
maximum vasodilation) to resting coronary flow. Coronary blood flow increases
automatically from resting to a maximum level in response to increase myocardium
oxygen demand. CFR reflect both epicardial and microcirculatory contribution
though it cannot discriminate the two. CFR can be obtained with non-invasive
methods like PET or CMR and invasive methods by measuring the intracoronary
flow (CFRpoppier) Velocity or by thermodilution using a pressure-temperature sensing
wire (CFRThermo) in the catheter laboratory. CFR quantifies the ability of coronary
flow to increase above the resting value. In individuals without LVH and normal
coronary circulation, CFR varies from 4 to 6. CFR values of less than 2 are
pathological and become clinically important (219). Coronary flow reserve is altered
by factors that either affects 1) the hyperaemic coronary flow (e.g., heart rate and

arterial pressure, stenosis severity and also impaired microcirculatory response) or 2)
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the resting coronary flow like haemoglobin, resting arterial pressure, heart rate, and
the resting oxygen extraction. Because CFR quantifies the flow reserves of the
coronary vascular bed it is impossible to extract conclusions about the importance of
an epicardial stenosis and dissociate the magnitude of the stenosis from impaired
microcirculatory function which are common in patients with risk factors for CHD
like hypertension, diabetes mellitus and hypercholesterolemia. Simultaneous
measurements of FFR and CFR give the clinician additional information about the
respective contribution of the epicardial vessel and microvasculature to the total
resistance to myocardial blood flow. In patients with CHD without a significant
pressure drop along the epicardial artery (i.e. normal FFR) a low CFR value indicates

microvascular involvement.

1.5.7 Measurement of coronary flow reserve by Doppler flow wire

A Doppler wire is placed in the distal coronary artery to obtain optimal traces.
Continuous average peak velocity is recorded at baseline and at maximum
hyperaemia. Angiographic views in two orthogonal planes are also taken at baseline
and at maximum hyperaemia for measurement of coronary artery diameter. Changes
in coronary artery diameter are calculated using an automated QCA edge detection
system approximately 2.5 mm distal to the tip of the Doppler wire in a 2.5-5mm
length segment. Absolute coronary flow is calculated from the product of
corresponding average peak flow velocity (APV) values and QCA derived coronary
artery diameter (1/2 x APV x [coronary cross-sectional area]) at baseline and
maximal flow. The percentage change in coronary blood flow is obtained from the
ratio of baseline and maximal blood flow values (232). Pijls et al studied 103 arteries

from 50 patients and demonstrated a fair correlation between CFRthermo and
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CFRpoppter (233). They found CFRthermo = 0.84 x CFRpoppler + 0.17 (r=0.80; P<0.001).
The average absolute difference between both indexes was 17+14% (range, 0% to
51%). In 26% of all studies the difference between the both parameters was > 20%.
For post-stenotic coronary flow velocity reserve several studies reported strong
correlations with myocardial stress perfusion imaging and 2D echocardiographic
stress imaging (234). Coronary flow velocity reserve <2 corresponded to reversible
ischemia with myocardial perfusion image and stress-induced wall motion
abnormality. These studies had high sensitivity (86% to 92%), specificity (89% to
100%), predictive accuracy (89% to 96%) and positive predictive value (94% to

100%) and negative predictive value (77% to 95%) (211;212;235;236).

FFR and CFR have excellent correlation with non-invasive stress test at cut off
values of 0.72 to 0.75 for FFR and 1.7 to 2.0 for CFR (211;234;237). Meuwissen et
al studied 150 intermediate coronary lesions in 126 consecutive patients with stable
angina they found concordant outcomes in 109 lesions (73%) and discordant
outcomes in 41 lesions (27%). Out of the 41 discordant cases 26 had FFR <0.75 and
CFR >2; 15 had FFR> 0.75 and CFR < 2. They also measured a velocity based index
of microvascular resistance during hyperaemia (h-MRv) as a ratio of mean distal
pressure to average peak flow velocity (APV). Between the two discordant groups h-
MRv was significantly higher in the second group in comparison to first. This
suggests the observed variability in the microvascular resistance plays a significant
role in the discordance between FFR and CFR. Both FFR and CFR are influenced by
the combination of coronary artery stenosis and microvascular resistance. In absence
of coronary stenosis variability of h-MRv will have little effect on FFR but it will be

reflected in CFR (238).
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1.5.8 Limitations of coronary flow reserve

As CFR represents a ratio between peak hyperaemic and resting coronary flow, CFR
measured by thermodilution has some limitations such as dependency on heart rate,
blood pressure, myocardial contractility, previous myocardial infarction, valvular
heart disease, LV hypertrophy, age, individual variability between persons and
dependency on achieving true hyperaemic coronary blood flow (233;239-241). A
previous study (240) has shown that CFRpoppier is significantly reduced by
tachycardia and by increased contractility. Although these different methods for
assessment of the coronary microcirculation have methodological flaws, the
influence of different confounding clinical factors and sometimes poor
reproducibility represented limitations for their routine use in clinical practice. With
the introduction of a pressure wire with temperature and pressure sensors assessment
of coronary microvasculature has become much easier. With the single wire it is now
possible to measure CFR, FFR and IMR. IMR has emerged as a novel index of
measuring the microcirculation (233;242). This saves the need for a separate Doppler

flow wire which is needed to measure the h-MRv.

1.5.9 Measuring the index of microvascular resistance and coronary flow

reserve with pressure-temperature sensor wire

IMR and CFR can be measured by a commercially available 0.014 inch floppy
pressure wire (pressure wire 3, Radi Medical system) by using the thermodilution
technique. The pressure wire has a microsensor at a location 3 cm from the floppy
tip, which measures simultaneously pressure and temperature at the location of the
sensor with an accuracy of 0.2° C. The shaft of the wire can be used as an additional

thermistor, providing the input signal at the coronary ostium of any fluid injection
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with a temperature difference from blood. All signals can be displayed on the regular
catheter laboratory recording system or at a suitable interface (Radi analyzer). In this
way the mean transit time of the injected saline down the coronary artery can be
calculated from a coronary thermodilution curve. Thermodilution curves in the
coronary artery are obtained by short manual injections of 3 mls 0.9% saline at room
temperature. Measurements of transit time are calculated 3 times at base line and 3
times at maximum hyperaemia. The mean transit time at baseline and maximum
hyperaemia are calculated. Maximum hyperaemia is achieved by adenosine infusion
through the femoral vein at a rate 140 microgram/kg/minute. Distal coronary
pressure (Pd) is recorded from the pressure wire. Mean aortic pressure (Pa) is
measured from the coronary catheter and central venous pressure (Pv) is measured
from the right heart catheter at maximum hyperaemia. Coronary wedge pressure
(Pw) is also measured at maximum hyperaemia by inflating a semi-compliant
balloon (Lmm smaller that the vessel diameter) in the coronary artery and the IMR is
calculated. In absence of epicardial stenosis (and therefore collaterals) and assuming
Pv is close to zero, IMR is calculated as hyperaemic distal coronary pressure divided
by inverse of hyperaemic mean transit time (Tm) (a correlate to absolute flow). This
can be represented in a simplified manner as a product of distal coronary pressure
and mean hyperaemic transit time (Pd x Tm). Fearon et al demonstrated there was
significant correlation between mean IMR (distal coronary pressure/Inverse of mean
hyperaemic transit time) and true microcirculatory resistance (TMR calculated as a
ratio of distal coronary artery pressure and hyperaemic flow measured with external
ultrasonic Doppler) in experimental animals (243). Coronary collaterals, in the
presence of a coronary epicardial stenosis, might lessen the drop in distal coronary

pressure without a change in coronary blood flow and also may increase the coronary
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Pw. The combination of the above in turn can lead to an increase in the measured
coronary microvascular resistance (243). Therefore, in presence of a coronary
stenosis with collaterals, myocardial flow is not equal to coronary flow but exceeds
the coronary flow because of collateral flow. Tm is no longer representative of
myocardial flow and the contribution of collaterals needs to be considered and the
IMR= Pa x Tm x [(Pd-Pw) + (Pa-Pw)] (assuming Pv=0). This could be again
represented by IMR=Pa x Tm X FFRcor. In the presence of abnormal Pv the equation
should be represented as IMR= (Pa-Pv) x Tm x [(Pd-Pw) + (Pa-Pw)] (Pa=Aortic
pressure, Pv =Right atrial pressure, Pw=coronary artery wedge pressure, Pd=distal
coronary pressure, all the above measurements during maximum hyperaemia).
Clearly the presence of functional collaterals will increase Pw, but there is an
argument that Pw below 25 mmHg implies the presence of hemodynamically
insignificant collaterals. The cut off of 25mmHg is in line with previous clinical
studies found that collateral flow is essentially absent when Pw is lower than 25
mmHg as discussed above. (213;244-247) The vascular volume of the epicardial
artery between the ostium and the location where pressure and temperature are
measured should remain constant throughout the measurements. This can be
achieved by prior administration of 200mcg of intracoronary nitroglycerine. It is of
paramount importance to position the sensor at the same distance from the ostium of
the coronary artery while measuring the transit time because more distal the sensor is
the longer the transit time will be. CFR can be calculated as a ratio of average transit
time at baseline and average transit time at maximum hyperaemia provided that the
time for analysis of the thermodilution equals at least one cardiac cycle, and
variability between values of the 3 transit times < 20%. Flow equals VV/Tm, where V

represents the vascular volume between injection site of the indicator (tip of the
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guiding catheter and the location of sensor). Previous studies have demonstrated
transit time of intracoronary room temperature saline derived from thermodilution
curves is inversely proportional to coronary flow (233;242;248). Pijls et al, in an
experimental model found a strong correlation between the inverse of mean transit
time and absolute flow. Using this technique CFR can be measured as a ratio
between resting mean transit time and hyperaemic mean transit time and this

correlates well with standard CFR measurement (241).

1.5.10 Reproducibility and independence of the index of microvascular

resistance from epicardial artery stenosis

The main advantage of IMR over other indices of microcirculatory dysfunction is
that it is independent of epicardial artery stenosis, so it reflects true microcirculatory
function. Fearon et al in an experimental animal model showed that after collateral
flow is taken into account, the microvascular resistance assessed by the IMR is not
affected by increasing the epicardial artery stenosis (249). Also Aarnoudse et al
studied thirty patients with stable angina scheduled for PCI. They created 10%, 50%
and 70% artificial stenosis in the successful stented segment of the coronary artery,
by inflating a short compliant balloon with a diameter 1 mm smaller than the stent
with increasing pressures. They measured IMR at each degree of stenosis and
demonstrated when contribution of collateral flow is properly accounted for, IMR
does not change with the epicardial artery stenosis severity (250). Similarly Leyland
et al studied forty patients with stable angina undergoing PCI. They showed that
when collateral supply is accounted for, epicardial stenosis does not increase
microvascular resistance in patients with stable angina (251). Interestingly, Verhoeff

et al have shown that Pw adjusted coronary microvascular resistance calculation
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(Doppler guided calculation) overestimates the effect of potential collateral flow and
is not needed for the assessment of coronary flow-limiting stenosis characterized by

a FFR between 0.6 and 0.8 or for non-significant lesions (252).

Compared to CFR, IMR is more reproducible and is independent of hemodynamic
perturbations. Ng MKC et al assessed CFR and IMR in 15 patients at baseline and
under different hemodynamic conditions like right ventricular pacing at 110 bpm,
intravenous nitroprusside injection, and intravenous dobutamine injection. They
demonstrated intrinsic variability of IMR is much less in comparison to the CFR. Co-
efficient of variation for IMR was 6.9+ 6.5% where as for CFR it was 18.6 + 9.6%
(p<0.01). Under hemodynamic stress CFR decreased during pacing and dobutamine
infusion compared to baseline while IMR remained similar throughout all the above
hemodynamic conditions. IMR values during pacing had a significant correlation
with the baseline value. As a consequence of increased resting coronary flow with
dobutamine infusion CFR values were significantly lower than those at baseline

whereas IMR values remained unchanged (253).

1.5.11 Clinical implications of measurement of the index of microvascular

resistance

Despite adequate epicardial artery reperfusion a number of patients with STEMI
have a poor prognosis because of microvascular damage. IMR helps in assessing the
microvascular damage in the setting of pPCIl in STEMI patients. Fearon et al
demonstrated (254) positive correlation of IMR measured immediately following
pPCI for STEMI with peak CK. They also demonstrated that IMR predicted left

ventricular function and recovery of left ventricular function, assessed by wall
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motion score measured by echocardiography at 3 months follow up. Sezer et al
measured IMR two days after pPCl and demonstrated intracoronary streptokinase
administration following pPCl was associated with significantly lower IMR
compared with the patients who did not receive intracoronary streptokinase
following the pPCI. (16.29+ 5.06 U vs 32.49 + 11.04 U. p= <0.002). However at 6
months there was no significant difference in LV size or function between these two
groups (255). Payne et al measured at the end of pPCI the IMR in 108 patients
presented with STEMI. They found that microvascular resistance measured during
pPCI significantly predicts myocardial salvage, infarct characteristics, and left
ventricular ejection fraction in patients with STEMI (256). Similar findings were
found more recently in patients with anterior STEMI after pPCI (257). Also
McGeoch showed that IMR measured acutely was an independent predictor of LV
function and infarct volume in patients with STEMI treated with pPCI (258).

In patients with stable angina direct stenting has been suggested to reduce
periprocedural microcirculatory injury compared with the stenting that follows pre-
dilation of the lesion. Cuisset et al has demonstrated in patients with stable angina
who had elective PCI that direct stenting was associated with significantly lower
IMR compared to the patients who had pre-dilation with balloon (IMR 13 = 3 U vs
24+ 14 U, p=<0.01). They have also demonstrated that patients who had post PCI
troponin release had significantly higher IMR compared to the patients who did not
have post PCI troponin release (259). In addition measurement of IMR in patients
electively admitted for PCI may allow prospective identification of patients at risk of
periprocedural myocardial infarction. Pre-PCl IMR was also the strongest predictor

of post-PCI troponin release (260).
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1.5.12 Conclusions

Among the different invasive methods of assessing the coronary microcirculation in
the catheter laboratory, IMR has emerged as the most robust and independent index.
The main advantage of IMR over the other indices is that it exclusively reflects the
microcirculatory state and can be measured with a simple technique with the help of
a pressure wire. It is also independent of epicardial artery stenosis. IMR is
reproducible and is less influenced by the hemodynamic perturbations. Studies have
shown worse microcirculatory function assessed by IMR is a predictor of poor LV

function in patients with ST elevation myocardial infarction.
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1.5 AIMS OF THIS THESIS

The aims of this study were:

1. To investigate the expression of the total AnVV+ microparticles (MPs) and their
cell-specific phenotype in patients presenting with symptomatic CHD, either ACS or
stable angina. The possibility of a trans-myocardial gradient between coronary and
periphery of MP release was explored by determining MP levels in the local
intracoronary (CO) artery distal to the culprit lesion and in the right atrium (RA) as

representative of the systemic circulation.

2. To explore the relationship between local coronary and systemic MP levels,
circulating markers of inflammation, and extent of myocardial necrosis in patients

with ACS or stable angina undergoing PCI.

3. To compare coronary artery and systemic circulating levels of platelet activation

markers, and MPs in patients with symptomatic ACS or SA treated with PCI.

4. To assess the relationship between microvascular dysfunction and the level of

PMA expression, intracoronary and systemic (aorta and right atrium) in patients

presenting with NSTEMI or stable angina treated with PCI.
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Chapter 2: Patients and Methods

2.1 Coronary heart disease patients
2.2 ldentification of platelet-monocyte aggregates

2.3 lIsolation and analysis of total Annexin V positive microparticle and
microparticle subpopulations

2.4 Estimation of the inflammatory markers and Soluble P Selectin

2.5 Measuring the Index of microvascular resistance, coronary flow reserve and
coronary wedge pressure

2.6 Recruitment limitations and practical considerations
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2.1 Coronary heart disease patients

Eleven patients with stable angina (SA) admitted for coronary angioplasty, fourteen
patients presented with non-ST-elevation myocardial infraction (NSTEMI) and
twenty one patients presented with ST-elevation myocardial infraction (STEMI)

were recruited for the study.

2.1.1 Stable angina patients

Eleven patients with symptoms of stable angina (SA) pectoris who electively
admitted for coronary angiography and percutaneous coronary angioplasty (PCI)
were recruited for the study. SA patients had been reviewed in the cardiology
outpatient clinic with a diagnosis of angina pectoris based on typically ischaemic
sounding chest pain and a positive non-invasive test such as exercise tolerance test,
stress echocardiography or myocardial perfusion scan (MPI). All SA patients were
treated with anti-angina medications and aspirin 75mg od. The decision for
diagnostic angiography was made by a cardiologist. SA patients were also treated
with Clopidogrel 75mg od per day for 7 days prior to the angioplasty as per hospital
protocol. All patients were treated with weight adjusted unfractionated heparin
before the intervention to achieve an activated clotting time (ACT) between 200 and
250 sec. Informed consent was obtained prior to the procedure from 25 stable angina
patients outside the cardiac catheterisation laboratory. However, only eleven stable
angina patients were studied as the other nine had non-significant CHD from the
diagnostic coronary angiogram. Ethical permission was granted by the local ethics
committee of the Royal Free Hospital, and all participants provided fully informed

written consent.
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2.1.2 Non ST elevation myocardial infarction patients.

Fourteen patients presented with non-ST elevation myocardial infarction (NSTEMI)
and were treated with PCI were recruited for the study. The diagnosis of NSTEMI
was based on the history of cardiac chest pain at rest with or without ischemic ECG
changes and a 12 hour troponin T value > 0.03 ng/l (261). On arrival at our hospital
all NSTEMI patients were treated with 300 mg of Aspirin and 600 mg of Clopidogrel
and weight adjusted low molecular weight heparin (enoxaparin 1mg/kg twice daily).
Angiography was performed in all NSTEMI patients within 72 hours of onset of
chest pain. All NSTEMI patients also received weight adjusted unfractionated
heparin in the catheter laboratory before PCI to maintain the ACT between 200 and
250 sec. Informed consent was obtained prior to the procedure from all NSTEMI
patients outside the cardiac catheterisation laboratory. Ethical permission was
granted by the local ethics committee of the Royal Free Hospital, and all participants

provided fully informed written consent.

2.1.3 ST elevation myocardial infraction patients.

Twenty three consecutive patients presented with ST elevation myocardial infarction
(STEMI) were recruited for the study. Standard diagnostic criteria were followed for
the diagnosis of STEMI according to current guidelines (262). All patients with acute
STEMI were treated immediately with primary PCIl as the preferred and
recommended method of treatment for acute myocardial infarction. All STEMI
patients were given 300 mg of Aspirin by the ambulance paramedics and received
600 mg of Clopidogrel on arrival outside the catheterisation laboratory. Intravenous
morphine was administered to alleviate symptoms of chest pain as necessary.

Patients were given weight adjusted unfractionated heparin to keep the ACT between
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200- 250 sec duration pPCI. Informed consent was obtained prior to the procedure
from all STEMI patients outside the cardiac catheterisation laboratory. Ethical
permission was granted by the local ethics committee of the Royal Free Hospital, and

all participants provided fully informed written consent.

2.1.4 Exclusion criteria

Patients with renal failure, prior coronary artery bypass grafts and who had received

Glycoprotein I1b/I1la antagonists prior to sampling were excluded.

2.1.5 Percutaneous coronary interventions (angioplasty)

Standard techniques were followed for the diagnostic coronary angiography via the
right femoral artery through a 6F sheath. A 6F venous sheath was also inserted via
the right femoral vein. Left coronary artery angiography was performed with a 5F
Judkin’s left 4 (JL4) diagnostic catheter (Cordis ®, internal diameter 0.11 cm). Right
coronary angiography was performed with a 5F Judkin’s right 4 (JR4) diagnostic
catheter (5F Cordis ®, internal diameter 0.11 cm). Through the femoral vein a 5F
multipurpose catheter (5F, Cordis ®, internal diameter 0.11cm) was been placed in
the right atrium. Following the diagnostic angiography the culprit lesion was
identified and weight adjusted unfractionated heparin was given prior to the PCI.
After identification and wiring of the culprit lesion an aspiration catheter (Medtronic
® Export catheter, internal diameter 0.10 cm) was advanced distal to the culprit
lesion and 10 ml blood sample was aspirated through the aspiration catheter with a
syringe. In the SA and NSTEMI groups blood samples (10 ml from each site) were
sequentially aspirated through the diagnostic 5F catheter from the right atrium and

the ascending aorta prior to sampling the coronary artery. However in the STEMI
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group due to the clinical priority of restoring the coronary blood flow in the infarct
related artery, the coronary artery was sampled first and then the right atrium and
aorta. In order to maintain similar shear stress during aspiration of the blood samples
from the three compartments and minimise shear stress related in vitro platelet
activation blood samples from the different sites were aspirated carefully through
catheters of similar internal diameter. In NSTEMI and stable angina patients if the
advance of the aspiration catheter was difficult initially due to technical reasons, pre-
dilation of the lesion with a semi compliant balloon was performed prior to the
sampling. All the samples were collected before patients were treated with GP
IIb/Illa antagonists. Angioplasty was performed according to standard procedures
following collection of samples.

Blood samples collected from the three sites were used for estimation markers of
platelet activation i.e. s-P selectin, platelet-monocyte aggregates (PMA), P-selectin
positive (PMA), microparticle (MP) and inflammatory parameters i.e. C-reactive
protein (CRP), tumour necrosis alpha (TNF-a), IL-6 and serum amyloid antigen
(SSA). Trans-culprit lesion gradient of the above parameters was calculated by the

difference between the median values from coronary artery and the right atrium.

2.2 ldentification and analysis of platelet-monocyte aggregates

2.2.1 Collection of whole blood for platelet-monocyte aggregate estimation

Ten millilitre of whole blood was collected from the coronary artery and right
atrium. Four mls out of the 10mls was poured into a separate sterile vacutainer tubes
containing a combination of 3.2% sodium citrate and EDTA for flow cytometric
analysis of total PMA and P-selectin positive PMA (CD62P+PMA). Sodium citrate

was added to EDTA to stop in vitro calcium dependent PMA formation. Samples
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were immediately put onto ice and transferred to the haematology laboratory for
preparation for flow cytometry. P-selectin positive PMA implies the presence of
activated platelets, expressing p-selectin on their surface, within the PMA.
Difference between the median values of the coronary artery and right atrium were
calculated to obtain a trans-culprit lesion gradient of the above mentioned

parameters.

2.2.2 Preparation of whole blood for platelet-monocyte aggregates estimation

Blood samples collected from the two samples were immediately transferred to the
haematology laboratory and prepared for flow cytometry and PMA estimation.
Analysis of all the samples was complete within 2 hours of collection. Five pl of
anti-CD61 FITC, anti-CD14 PerCP and anti-CD62P PE were added in the two (one
tube for each compartment) round bottom polystyrene tubes (BD Falcon 12 x75 mm
style). One hundred pl of whole blood was aliquoted into each of the tubes. The
samples were incubated in a dark place at room temperature for 20 minutes. After
that erythrocytes were lysed by addition of 2 mls of easy lyse™ solution (Dako) (1 in
10 dilution) for 15 minutes at room temperature in dark place. Red blood cells were
washed with addition of 1ml of FACS flow and centrifuged at 300g for 5 minutes.
After that the supernatant was discarded and the cells resuspended in 500ul of FACS
flow for immediate flow cytometric analysis (FACS Calibur equipped with Cell

Quest ® software — BD Biosciences, Oxford, UK).

2.2.3 Flow Cytometric identification of platelet-monocyte aggregates

Events were acquired on a 2D dot plot arraying CD14 (logarithmic scale abscissa)

and SSC height (linear scale ordinate). Monocytes were identified as CD14 positive
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events and distinctive intermediate side scatter height as shown in Figure 2.1. A
minimum of 5000 CD14 positive events were acquired from each sample. The
monocyte population was gated and named as analysis region (R1). Events within R1
plotted again on a 2D dot-plot arraying CD 61 signal width (linear scale abscissa)
and CD14 signal height (logarithmic scale abscissa). To exclude false-positive PMA
arising from co-incident analysis of free platelets adjacent but not interacting with
monocytes, the events with a narrow CD61 width was drawn (R2 in Fig 2.1b).
Events falling within both R1 and R2 regions were subsequently plotted onto another
2D dot-plot arraying CD61 FITC signal height (logarithmic scale abscissa ) and CD
62 PE (logarithmic scale ordinate) (Fig 2.1c). Co- incident cells demonstrate longer
time of flight to pass through the laser and can be distinguished by eliciting signals
which lasts longer than the single complex. This was reflected in the wider width of
the signal. Double positive CD14+ and CD61+ events were consider as PMA were
expressed as percentage of the total monocytes. Out of the total PMA the events
which were expressing CD62P were identified as P-selectin positive PMA and were
expressed as percentage of the total PMA. The process was standardised in our
laboratory with the percentage of PMASs in the peripheral circulation of normal

healthy individuals was found to be 2.57+ 0.31 (CV 13.96+ 8.30 %).

87



10*

1023

103

ERE

- g
'%D c
T g
O A
@ 8
=
Q
T T =
2 3 ‘ -
10 10 10 0 o
a CD14-PerCP b CD61-Width

10*

j0®

a0°

CD62P+ PMA

CD62P-PE

10

i CD62P- PMA

10°

° 10 10° 0 10°
c CD61-FITC

Figure 2.1 Identification of PMA and CD62P+ PMA with flow cytometry
a. Monocyte population was identified by CD14 positivity and distinctive
intermediate side scatter. R1 analysis region was drawn around the monocyte
population.
b. Events within R1 were plotted again on a 2D dotplot arraying CD61 signal
width (linear scale abscissa) and CD14 signal height (logarithmic scale
abscissa). To exclude false-positive PMC arising from co-incident analysis of

free platelets and monocytes, a region R2 was drawn around the cells with
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narrow CD61 width. Cells with wider CD61 width (R3) were identified as co-
incidents.

Events falling within both R1 and R2 were subsequently plotted onto another
2D dotplot arraying CD6-FITC signal height (logarithmic scale abscissa ) and
CD62P-PE (logarithmic scale ordinate) (Fig 2.1c). Double positive events for
CD14 and CD61 were identified as PMA. PMA positive for CD62P were
identified as P-selectin positive complexes (CD62P+ PMA) (right upper

quadrant figure- 2.1c).
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2.3 lIsolation and analysis of total Annexin V positive microparticle and

microparticle subpopulations

2.3.1 Preparation of platelet poor plasma

3.5 mls of whole blood was collected into bottles containing 3.2% trisodium citrate
(Becton Dickinson). Platelet poor plasma (PPP) was obtained by immediate
centrifugation of the whole blood at 5000G for 5 minutes twice. PPP was then stored
at —80° Celsius for later analyses of microparticle (MP) estimation and enzyme-

linked immunosorbent assay (ELISA) studies (see below).

2.3.2 Isolation of microparticles from platelet poor plasma

Platelet poor plasma was defrosted in a water bath at 37 ° Celcius. Exact volumes of
plasma (200 microlitres) were then centrifuged at 17000 G for 60 minutes and the
supernatant decanted to obtain the microparticle (MP) pellet. The MP were then
reconstituted in 280 microlitres of annexin V buffer (Becton Dickinson), and divided
into seven 40-microlitre aliquots plated onto the first 7 wells of a 96 well U-

bottomed plate.

2.3.3 Labelling of microparticles with annexin VV and monoclonal antibodies

The labelling and quantification of MP was achieved as follows. 5 microlitres of a 1
in 10 dilution of FITC-conjugated (or PE-conjugated for Tissue factor positive
monocyte derived MP (TF+MMP) Annexin V in buffer (Becton Dickinson) was
added to every well. In addition, antibodies against platelet, endothelial, neutrophil
and monocyte surface markers conjugated to red (PE) or far-red (PerCP-Cy5)

fluorochromes were used to identify MP of different cell origin. Platelet markers
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examined were the constitutively expressed platelet marker CD42a (mouse IgG1l
anti-human CD42a-PerCP-Cy5, Becton Dickinson), and the platelet activation
marker P-selectin (mouse IgGl anti-human CDG62P-PE, Becton Dickinson).
Endothelial surface markers examined were E-selectin (mouse 1gG1 anti-human
CD62E-PE Becton Dickinson); CD105 (“Endoglin”; mouse anti-human IgG1l
CD105-PE, Invitrogen); ICAM-1 (mouse IgGl anti-human CD54-CYC, Becton
Dickinson); and PCAM-1 (mouse IgG1 anti-human CD31-PE, Becton Dickinson).
Neutrophil surface marker examined was Integrin Alpha M (mouse IgG1 anti-human
CD66b-PE, eBioscience). Monocyte surface markers examined
were lipopolysaccharide receptor (LPS-R) (mouse IgGlanti-human CD14- PerCP-
Cy5, AbD Serotec) and tissue factor (mouse IgG1l anti-human CD142-FITC,
American Diagnosis). Five microlitres of a 1:10 dilution of each antibody was added
to individual wells. The final volume of each well was 55 microliters and the final
dilution for each of the conjugated antibodies was 1:55. MP were incubated with the
labelled antibodies and annexin V for 10 minutes at room temperature with gentle
shaking. The incubation was then terminated by adding 200 microlitres of annexin V
buffer to each well, and the samples transferred to tubes prior to flow cytometry.
Using this methodology it was possible to define the following types of
microparticles thus: total AnV+ MP, platelet derived MP (PMP; AnV+CD42a+),
endothelial derived MP (EMP; dual positive for AnV+ and CD62E or CD105; or
AnV+CD42a-CD31+), neutrophil derived MP (NMP; AnV+CD42a-CD66b+) and

tissue factor positive monocyte derived MP (MMP; AnV+CD14+TF+).
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2.3.4 Flow cytometric analysis of microparticles

All analysis was performed on a FACS Calibur flow cytometer equipped with Cell
Quest ® software (BD Biosciences, Oxford, UK). To obtain optimal forward and
side scatter instrument settings for MP, 1 micrometer and 3 micrometer latex beads
(Sigma) were run and logarithmic forward and side scatter plots (Fig 2.2a) obtained
(263). Gates were then set to include particles less than approximately 1.5
micrometers, but to exclude the first forward scatter channel containing maximal
noise. Optimal compensation was set for green, red and far-red fluorescence.
Specific binding for each antibody was determined using isotype control antibodies
with equal protein: fluorochrome ratios, and at the same final dilution as per
manufacturer recommendation. Since annexin V is a protein and not an antibody
(and hence no isotype control antibody exists), the threshold for annexin V binding
was determined by using the fluorescence threshold established for MP in the
absence labelled annexin V. Particles less than 1.5 micrometers in size and binding
annexin V were then gated (Fig 2.2b), and histograms obtained for this gated
population for binding to individual monoclonal antibodies to determine the cell of
origin of the MP (Fig 2.2c). MP samples were run at medium flow rate with a cut-off

time of 30 seconds.
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Fig 2.2 Flow cytometric identification and analysis of AnV+ microparticles

a.

Logarithmic forward and side scatter plot obtained after cytometric
acquisition of a coronary artery stained sample from a patient with NSTEMI.
Microparticles were identified, as Annexin V-FITC (Fluorescein
Isothiocyanate) (FL1-H) positive events, and gated.

Particles less than 1.5 micrometers in size and binding annexin V were then
gated and histograms obtained for this gated population for binding to
individual monoclonal antibodies (FL2-H and FL3-H colours) to determine
the cell of origin of the microparticle.

3 micrometer latex beads were run concurrently with the microparticle
samples for conversion of the flow cytometer counts to an estimate of the

number of microparticle per ml of plasma.
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2.3.5 Determination of absolute microparticle number per ml of plasma

To convert flow cytometer counts to an estimate of the number of MP per ml of
plasma, a predetermined number (always 200000, calculated as per manufacturer
recommendations) of 3 micrometer latex beads (Sigma) were run concurrently with
the microparticle samples (Fig 2.2d). The absolute number of annexin V binding
microparticles per ml of plasma was then determined by using the proportion of
beads counted and the exact volume of plasma from which the microparticles were
analysed, as described by (263). The following equation was thus derived to convert
flow cytometer counts to an estimate of the number of MP per ml of plasma (Figure
2.3).

Since samples from each individual were run 7 times, microparticle counts from
individual subjects were expressed as the mean number per ml of plasma, with
standard error of the mean based on 7 measurements. To determine the absolute
number of MP derived from different cellular populations (i.e. platelet, or
endothelial) the absolute number of total MP derived from the above equation was

multiplied by the percentage positivity for that particular marker.
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Total number of MP/ ml of plasma =

A

no. of beads counted))X (no. of MP counted per well) X@

@D G ot st oo

A

Number of beads added per well

Number of mls of plasma

| Usually 7000-9000 beads |

200uL

The number of wells into
which the sample was
divided

Figure 2.3 Conversion equation for calculation of MP number from flow cytometer

counts
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Cellular source | Marker Alternative Clone Isotype | Company
of MPs name
Platelets
CDA42a- GPIX Bebl lgG1 BD
PerCP-Cy5
CD62P-PE P-selectin AK-4 IgG1 BD
Endothelial
cells
CD31-PE PCAM-1 WM59 IgG1l BD
CD105-PE Endoglin SN6 IgG1l Invitrogen
CD62E-PE E-selectin 68-5H11 IgG1 BD
CD54-PE ICAM HAS58 IgG1 BD
Neutrophils
CD66b-PE Integrin alpha | CBRM1/5 | IgG1 eBioscienc
M e
Monocyte
CD14- LPS-R 61D3 lgGlk AbD
PerCP-Cy5 Serotec
CD142-FITC | Tissue Factor
Isotype
controls
PE 1gG1 MOPC-21 BD
PECy5 IgG1 MOPC21 | IgG1l BD
PerCP X40 IgG1 BD
Annexin V FITC BD

Other reagents:

10 x Annexin-V binding buffer (BD Cat NO: 66121E)

96-Well U-bottom Multiplate (Greiner, polypropylene, Cat 650201)

FACS insert tube (Greiner Cat NO: 101101)

Sarstedt screw cap micro-centrifuge tubes (Simport T338-4S)

Latex beads (Sigma 3 um:LB30; 1.1 um: LB11; 0.3 pm: LB3)

Table 2.1 Cell specific monoclonal antibodies and other reagents used
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2.4 Estimation of inflammatory markers and soluble p-selectin

2.4.1 Collection and preparation of blood samples

3.5 mls of whole blood was collected into bottles containing 3.2% trisodium citrate
(Becton Dickinson). PPP was obtained by immediate centrifugation of the whole
blood at 5000G for 5 minutes twice. PPP was then stored at —80° Celcius for later
analyses of IL-6 and TNF-a, s P-selectin with ELISA (R&D systems); hs-CRP and
SAA using a high sensitivity automated microparticle enhanced latex turbidimetric

immunoassay (COBAS MIRA; Roche Diagnostics GmbH).

242 ELISA

2.4.2.1 Estimation of TNF-a and IL.-6

TNF-o and I1L-6 were measured using a quantitative enzyme immunoassay technique
(R&D Systems). Monoclonal antibobies specific for TNF-a or IL-6 were precoated
onto a microplate. Standards and samples were pipetted into the wells and any TNF-
a or IL-6 present was bound by the immobilized antibody. After washing away any
unbound substances, an enzyme-linked polyclonal antibody specific for TNF-a or
IL-6 was added to the wells. Following a wash to remove any unbound antibody-
enzyme reagent, a substrate solution was added to the wells and colour developed in
proportion to the amount of TNF-a or IL-6 bound in the initial step. The colour
development was stopped and the intensity of the colour was measured.

A standard curve was constructed by plotting the mean absorbance for each standard
on the y axis against the concentration on the x-axis and a best fit curve was drawn
through the points on the graph. The data was linearized by plotting the log of TNF-a
or IL-6 concentrations versus the log of optical density and the best fit line was

determined by the regression analysis. The CV of intraassay precision of this
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particular TNF-a Kit varied between 4.6% and 5.2% and the CV of interassy
precision varied between 5.4% and 7.4%. The mean minimal detectable dose of
TNF-o was 1.13 pg/ml. The CV of intra assay precision of the IL-6 was between
1.6% and 4.2% whereas CV of interassay precision varied between 3.3% to 6.4%.

The minimal detectable dose of IL-6 was typically less than 0.06 pg/ml.

StdCurve
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Figure 2.4 Standard curve for TNF-a (a) and IL-6 (b). Standard curve was produced
by plotting the log of TNF-a (a) and IL-6 (b) concentrations (x axis) and the log of

optical densities (y axis). The best fit line was determined by regression analysis.

2.4.2.2 Estimation of soluble P-selectin

Soluble P-selectin was assayed by the quatitative sandwich immunoassay technique
using the R& D Systems kit. A monoclonal antibody specific for s P-selectin was
precoated into the wells together with a polyclonal antibody specific for s-P-selectin
which has been conjugated to horseradish peroxidase. After removal of unbound
conjugated antibody, a substrate was added and colour was developed which was
proportional to analyte concentration.

A standard curve was drawn by plotting the mean absorbance for each standard on

the y axis against the concentration on the x axis. For samples the concentration
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determined from the standard curve was multiplied by 20 (dilution factor). The CV
of intra assay precision of this kit was between 4.9 % and 5.6 % and the CV of
interassay precion of this test was between 7.9% and 9.9%. Minimal detectable dose
of s P-selectin was less than 0.5 ng/ml. Mean value from healthy individual was 29

ng/ml (x 1sd range 18-40 ng/ml).
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Figure 2.5 Standard curve for soluble P-Selectin (s P-selectin). Standard curve for s
P-selectin was drawn by plotting the mean absorbance on the y axis against the
concentration on the x axis. Values of the samples obtained from the standard curve
were multiplied by the dilution factor of 20 to get the true s P-selectin

concentration.
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2.4.3 Estimation of high sensitive CRP and SAA

CRP was measured in plasma using a high sensitivity automated microparticle
enhanced latex turbidimetric immunoassay (COBAS MIRA; Roche Diagnostics
GmbH). The lower limit of detection was 0.2 mg/l with an interassay CV of 4.2% at
4 mg/l and 6.3% at 1 mg/l. SAA was measured in plasma by latex nephelometry
(BNII autoanalyser; Dade Behring, Marburg, Germany) (264). The lower limit of
detection was 0.7 mg/l, with an inter-assay CV of 2.6% atl5 mg/l and 3.7% at
80 mg/l. Standardisation of both CRP and SAA assays was based on the respective

WHO International Reference Standards (265;266).
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2.5 Measuring the index of microvascular resistance and coronary flow reserve

with pressure-temperature thermistor pressure wire

The index of microvascular resistance (IMR) and coronary flow reserve (CFR) were
measured in 7 patients with NSTEMI and 7 patients with stable angina using a
commercially available 0.014 inch floppy pressure wire (pressure wire 3, Radi
Medical system) by using the thermodilution technique. The pressure wire has a
microsensor at a location 3 cm from the floppy tip, which measures simultaneously
pressure and temperature at the location of the sensor with an accuracy of 0.2° C. The
shaft of the wire can be used as an additional thermistor, providing the input signal at
the coronary ostium of any fluid injection with a temperature difference from blood.
All signals can be displayed on the regular catheter laboratory recording system or at
a suitable interface (Radi analyzer). In this manner the mean transit time of the
injected saline down the coronary artery can be calculated from a coronary
thermodilution curve. Thermodilution curves in the coronary artery are obtained by
short manual injections of 3 ml 0.9% saline at room temperature. Measurements of
transit time are calculated 3 times at base line and 3 times at maximum hyperaemia,
provided that the time for analysis of the thermodilution equals at least one cardiac
cycle and variability between the values of the 3 transit times was <20%. The mean
transit time at baseline and maximum hyperaemia are calculated. Maximum
hyperaemia is achieved by adenosine infusion through the femoral vein at a rate 140
microgram/kg/minute. Distal coronary pressure (Pd) is recorded from the pressure
wire. Mean aortic pressure (Pa) is measured from the coronary catheter and central
venous pressure (Pv) is measured from the right heart catheter at maximum
hyperaemia. Coronary wedge pressure (Pw) is also measured at maximum

hyperaemia by inflating a semi-compliant balloon (Imm smaller that the vessel
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diameter) in the coronary artery and the IMR is calculated. In absence of epicardial
stenosis, collaterals and assuming Pv is close to zero, IMR is calculated as
hyperaemic distal coronary pressure divided by inverse of hyperaemic mean transit
time (Tm) (a correlate to absolute flow). This can be represented in a simplified
manner as a product of distal coronary pressure and mean hyperaemic transit time
(Pd x Tm). Fearon et al demonstrated there was significant correlation between mean
IMR (distal coronary pressure/Inverse of mean hyperaemic transit time) and true
microcirculatory resistance (TMR calculated as a ratio of distal coronary artery
pressure and hyperaemic flow measured with external ultrasonic Doppler) in
experimental animals (243). Coronary collaterals, in the presence of a coronary
epicardial stenosis, might lessen the drop in distal coronary pressure without a
change in coronary blood flow and also may increase the coronary Pw. The
combination of the above in turn can lead to an increase in the measured coronary
microvascular resistance (243). Therefore, in presence of a coronary stenosis with
collaterals, myocardial flow is not equal to coronary flow but exceeds the coronary
flow because of collateral flow. Tm is no longer representative of myocardial flow
and the contribution of collaterals needs to be considered and the IMR= Pa x Tm x
[(Pd-Pw) + (Pa-Pw)] (assuming Pv=0). This could be again represented by IMR=Pa
x Tm x FFR cor. In the presence of abnormal Pv the equation should be represented
as IMR= (Pa-Pv) x Tm x [(Pd-Pw) + (Pa-Pw)] (Pa=Aortic pressure, Pv =Right atrial
pressure, Pw=coronary artery wedge pressure, Pd=distal coronary pressure, all the
above measurements during maximum hyperaemia). Clearly the presence of
functional collaterals will increase Pw, but there is an argument that Pw below 25

mmHg implies the presence of hemodynamically insignificant collaterals. The cut off
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of 25mmHg is in line with previous clinical studies found that collateral flow is

essentially absent when Pw is lower than 25 mmHg (213;244-247).

2.6 Recruitment limitations and practical considerations

There are several recruitment limitations with this project including the difference in
the number of patients recruited between the three study groups. As mentioned above
25 SA patients were consented however only 11 were studied (the reasons have been
discussed above). Also only 14 out of the 25 ACS patients (NSTEMI and SA) were
studied with IMR. The reason being is the fact that the procedure (blood sampling
the sites, completing the PCI and then measuring the IMR and CFR) was long,
becoming uncomfortable for the patient. In addition there were occasions where |
had to stop/interrupt the procedure as a patient with STEMI was admitted and needed
to be treated with pPCI. Also the differences in the timing of the blood sampling
between the three study groups should be noted as potentially could have affected the
MP results (i.e. sampling of the coronary artery in the stable angina and NSTEMI
patients after the aorta and the right atrium as opposed to the STEMI patients where
the coronary artery was sampled before the aorta and the right atrium).

Lastly, power calculations were not done as the initial intentions of this study were
exploratory. Cell derived MP in patients with clinically manifested IHD has not been
studied in so much details i.e all cell derived MP, different clinical setting (ACS vs

stable angina) and several sites (coronary artery, aorta and right atrium).
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Chapter 3: Phenotypic characterisation of local and
systemic microparticle expression in patients with acute

coronary syndrome and stable coronary artery disease

3.1 Summary

3.2 Introduction and aims
3.3 Patients and methods
3.4 Results

3.5 Discussion

3.6 Conclusions
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3.1 Summary

Introduction and aims

Inflammation plays a pivotal role in the pathogenesis of atherosclerotic disease.
Increasing evidence indicates that microparticles (MP) are potent pro-coagulant
molecules contributing to endothelial dysfunction and modulating inflammatory
processes. The aim of this study was to investigate the intracoronary and systemic
microparticle expression in patients presenting with symptomatic coronary heart
disease (CHD).

Methods

Forty eight patients with CHD (23 patients with ST segment elevation myocardial
infarction (STEMI), 14 with non-ST segment elevation myocardial infarction
(NSTEMI), and 11 with stable angina (SA) treated with percutaneous coronary
intervention (PCI) were recruited. Blood samples were aspirated sequentially from
the right atrium (RA) and the coronary (CO) artery (distal to the culprit lesion).
AnnexinV+ MP (AnV+ MP) from platelet poor plasma was measured using
fluorescent monoclonal antibodies and flow cytometry.

Results

AnV+ MPs in the CO and RA were expressed as medians per ml of plasma with
interquartile range. The absolute number of the total AnV+ MP in the STEMI group
in the CO and RA were 5.3 (3.0-12) and 1.7 (0.6-5.7) (p=0.01) respectively. In the
NSTEMI group the total AnV+ MP in the CO and RA were 2.8 (1.9-4.5) and 0.3
(0.1-1.2) (p=0.004) respectively. In the SA group the total AnV+ MP in the CO and
RA were 2.51 (0.9-2.7) and 1.1 (0.1-1.5) (p=0.03) respectively. Platelet derived MP
(PMP), endothelial derived MP (EMP) and neutrophil derived MP (NMP) were also

higher in the CO vs the RA site in the three groups. Total AnV+ MPs, both in the CO
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and RA, were higher in the STEMI group compared with the NSTEMI and SA.
Index event to PCI time correlated moderately negatively with PMP and EMP in the
NSTEMI group.

Conclusions

High levels of AnV+ MP occur in the coronary artery of patients with ACS. Levels
of AnV+MP correlate with severity of the ischaemic lesion since there were higher
MPs detected in the STEMI versus the NSTEMI and SA groups. Whether these MP
merely reflect the severity of the ischaemic lesion, and/or are active participants in

the pathogenesis of ACS now warrants further study.
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3.2 Introduction and aims

Atherosclerotic disease is a chronic inflammatory process (123). Over the last twenty
years, data have emerged showing that immune cells are involved in the pathogenesis
of formation and evolution of atherosclerotic plaques causing either stable angina
(SA), or acute coronary syndrome (ACS) (267). Interactions between inflammatory
and non-inflammatory cells within the atheromatous plague may lead to cell
activation and differentiation, a process that has been traditionally known to be
mediated via interleukins and adhesion molecules (2). Microparticle (MP) release
may occur both within the atheromatous plaque and/or systemically (81;268). MP are
submicron membrane vesicles (100-1000nm) derived from virtually any eukaryotic
cell and platelets during biological processes such as cell activation, differentiation
and apoptosis (269). Microparticles differ in surface marker phenotype, and their
biological effects depending upon the parent cell of origin and nature of the stimulus
which led to their formation (269). Mounting evidence indicates that MP possess
potent pro-inflammatory and pro-coagulant properties, and may themselves
contribute to endothelial dysfunction via pro-inflammatory mechanisms (54;55).
Clinical studies in patients with coronary heart disease CHD or conventional risk
factors for CHD have shown that circulating MP levels are elevated compared with
healthy volunteers (56;103;104). Also, previous studies suggest a positive correlation
between MP levels and clinical outcomes, including: all-cause mortality;
cardiovascular mortality; major cardiac events; markers of myocardial damage; and
indices of myocardial dysfunction after an ACS (107-112). Whether elevated MP
levels play a true contributory role to the pathophysiology of CHD, or represent a

purely secondary epiphenomenon is still a matter of debate. In addition, there are
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only limited information about MP expression in the coronary artery locally versus
systemically in patients with ACS and SA.

I hypothesised that: 1) AnV+MP levels are higher in the ACS versus stable angina
patients; 2) AnV+MP expression is higher in the coronary artery versus systemically
i.e. the main source of the circulating MP is the complicated atheromatous plaque
and/or associated clot. The aim of my study was therefore to investigate the
expression of the total AnV+ microparticles (MPs) and their cell-specific phenotype
in patients presenting with symptomatic CHD, either ACS or stable angina. The
possibility of a trans-myocardial gradient between coronary and periphery of MP
release was explored by determining MP levels in the local intracoronary (CO) artery
distal to the culprit lesion, and in the right atrium (RA) as representative of the
systemic circulation. Lastly, | also studied the relationship between the index event
(onset of symptoms/chest pain) to PCI time and MP expression in the NSTEMI

patients.

3.3 Patients and methods

3.3.1 Study population

Forty eight patients with CHD were prospectively recruited from our institution
(Royal Free Hospital, London, UK) to the study. The CHD patients included 23
consecutive patients presenting with ST segment elevation myocardial infarction
(STEMI), 14 patients with non ST segment elevation myocardial infarction
(NSTEMI), and 11 patients with stable angina (SA). The standard criteria for the
diagnosis of STEMI were followed according to the European Society of Cardiology
guidelines i.e. chest pain and ST elevation > 2mm in >2 contiguous chest leads, or

> mm in >2 contiguous limb leads on the ECG (262). All STEMI patients were
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treated immediately with primary percutaneous coronary intervention (PCI). The
diagnosis of NSTEMI was based on the history of chest pain with or without
ischaemic ECG changes (other than ST elevation) and a troponin T value > 0.03 ng/I
(261). SA patients with symptoms were admitted electively for PCI. SA patients had
been reviewed in the cardiology outpatient clinic with a diagnosis of angina pectoris
based on typically ischaemic sounding chest pain and a positive non-invasive test
such as exercise tolerance test, stress echocardiography or myocardial perfusion
scan. The decision for diagnostic angiography was made by a cardiologist as part of
routine clinical care. Informed consent was obtained prior to the procedure from all
recruited patients outside the cardiac catheterisation laboratory. Ethical permission
was granted by the local ethics committee of the Royal Free Hospital, and all

participants provided fully informed written consent.

3.3.2 Exclusion criteria

The exclusion criteria have been described in Chapter 2 (Paragraph 2.1.4)

3.3.3 Coronary angiography, coronary angioplasty and blood sampling

Diagnostic coronary angiography and percutaneous coronary intervention (PCI) were
performed according to contemporary guidelines. A 6F venous sheath was also
inserted via the right femoral vein. Through the femoral vein a 5F multipurpose
catheter (5F, Cordis ®, internal diameter 0.11cm) was placed in the right atrium. Left
and right coronary artery angiography was performed with a SF Judkin’s Left 4
diagnostic catheter (Cordis ®, internal diameter 0.11 cm) and SF Judkin’s Right 4
diagnostic catheter (5F, Cordis ®, internal diameter 0.11 c¢cm) respectively. Blood

samples (10 ml from each site) were aspirated through the diagnostic 5F catheter
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from the right atrium. Following the diagnostic angiography the culprit lesion was
identified and weight adjusted unfractionated heparin was given prior to the PCI to
achieve an activated clotting time (ACT) between 200 and 250 seconds. After
identification and wiring of the culprit lesion an aspiration catheter (Medtronic ®
Export catheter, internal diameter 0.10 cm) was advanced distal to the culprit lesion
and 10 mls blood sample was aspirated through the aspiration catheter with a
syringe. Blood samples from the different sites were aspirated carefully through
catheters of similar internal diameter in order to maintain similar shear stress during
aspiration and minimise shear stress related to platelet activation. In NSTEMI and
stable angina patients if the advance of the aspiration catheter was difficult initially
due to technical reasons, pre-dilation of the lesion with a semi compliant balloon was
performed prior to the sampling of the coronary artery. All the samples were
collected before the administration of GP Ilb/llla antagonists. Angioplasty was
performed according to standard procedures following collection of samples. Blood
samples from the healthy volunteers were collected from the antecubital vein using a
19G needle.

STEMI patients were given 300 mg of Aspirin by the ambulance paramedics and
received 600 mg of Clopidogrel on arrival outside the catheterisation laboratory.
Intravenous morphine was administered to alleviate symptoms of chest pain as
necessary. NSTEMI patients were treated with 300 mg of Aspirin and 600 mg of
Clopidogrel and weight adjusted low molecular weight heparin (enoxaparin 1mg/kg
twice daily). SA patients were treated with anti-angina medications; aspirin 75mg od
and clopidogrel 75mg od for 7 days prior to the angioplasty as per hospital protocol.

The index event to PCI interval was expressed in minutes.
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The differences in timing of blood sampling of the three sites between the three

groups have been described in chapter 2 (section 2.1)

3.3.4 MP identification and characterization using flow cytometry

MPs were identified by flow cytometry as previously described. Blood was collected
in 3.2% buffered citrate and centrifuged at 5,000 g for 5 minutes twice to obtain
platelet-poor plasma (PPP). MPs were sedimented from 200uL of PPP after
centrifugation at 17,000 g for 60 minutes and resuspended in An V binding buffer
(BD PharMingen, Oxford, UK) prior to incubating with fluorescent monoclonal
antibodies: fluorescein isothiocyanate (FITC) or Phycoerythrin (PE) labeled annexin
V (BD PharMingen), mouse PE-labeled antihuman CD62E (clone 68-5H11, BD
PharMingen), mouse PE-labeled antihuman CD31 (clone L133.1, BD PharMingen),
mouse IgG1 anti-human CD66b-PE (clone G10F5, eBioscience), mouse Cy5-labeled
antihuman CD14 (clone 61D3,AbD Serotec), mouse FITC-labeled antihuman TF
(clone VD8, American Diagnostica), and mouse PE-labeled antihuman P-selectin
glycoprotein ligand 1, PSGL-1 (clone KPL1, BD PharMingen). Additional labelling
with mouse antihuman CD42a-PERCP (BD PharMingen) to exclude platelet origin
was conducted. Using this methodology we defined the following types of
microparticles thus: total AnV+ MP, platelet derived MP (PMP; AnV+CD42a+),
endothelial derived MP (EMP; dual positive for AnV+ and CD62E or CD105; or
AnV+CD42a-CD31+), neutrophil derived MP (NMP; AnV+CD42a-CD66b+) and
tissue factor positive monocyte derived MP (MMP; AnV+CD14+TF+). Samples
were analysed with a FACS Calibur flow cytometer (BD PharMingen). The flow

cytometric gating strategy is summarised in figure 2.3 (chapter 2).
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3.3.5 Statistical analyses

Continuous variables were expressed expressed as medians with interquartile range
(IQR) Categorical variables were expressed as percentages with 95% confidence
intervals (95% Cls). Comparisons of continuous variables between the three groups
were performed using Kruskal-Wallis test followed by Mann-Whitney U test for
intergroup analyses. Comparisons between the two compartments (CO and RA) were
performed using the Mann-Whitney U test. Chi-square test was used for comparing
proportions between the three groups. Spearman rank correlation factor r was used
for correlations. Differences with a 2-sided p value <0.05 were considered to be
statistically significant. All statistical analyses were performed with GraphPad Prism

5 statistical software.

3.4 Results

The demographics and baseline characteristics of the study population are shown in
table 3.1. Briefly, the majority of the study population was male (79%) median age
(IQR). The SA patients were more likely to have medical history of hypertension
compared to the STEMI and NSTEMI groups (p=0.01). Also the NSTEMI patients

were more likely to have family history of CHD (p=0.04).
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STEMI | NSTEMI | Stable Angina | p value
(n=23) | (n=14) (n=11)
Age (median), years 60 60.5 58 0.7
Male 17 12 9 0.7
Female 6 2 2 0.7
Risk Factors
Hypertension 11 3 9 0.01
Diabetes 6 3 2 0.8
Dyslipidaemia 10 9 4 0.3
Smoking 9 4 2 0.4
Family History of CHD 7 10 4 0.04
Angiographic characteristics 0.7
1 vessel disease 17 8 6
2 vessel disease 4 3 3
3 vessel disease 2 3 2
Culprit vessel 0.3
Left Anterior Descending 9 5 6
Left Circumflex 3 4 0
Right Coronary Artery 11 5 5
Onset of symptoms to PCIl | 258.5 4320 N/A <0.0001

interval, Median (mins)

Table 3.1 Baseline characteristics, demographics and angiographic data of the study

groups. Chi-square test was used for comparison of proportions between the three

groups and Kruskal-Wallis test for continue variables. P values < 0.05 were

considered significant. Coronary Heart Disease (CHD).

3.4.1 AnV+ MP expression in the coronary artery in the STEMI, NSTEMI and

SA patients

Table 3.2 summarises the CO MP levels between the three patient groups. Total

AnV+ MP in the CO were higher in the STEMI population compared with NSTEMI
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(p=0.02). AnV+CD42a+ PMP and AnV+CD42a+CD62P+ PMP were also higher in

the STEMI group compared with the NSTEMI (p=0.04 and p=0.003 respectively),

and SA (p=0.04 and p=0.0008 respectively) groups; Fig 3.1a. Also all types of AnV+

EMPs were higher in the STEMI patients compared with the NSTEMI and the SA

patients, Fig 3.1b. NMP and TF+ MMP were also higher in the STEMI population

compared with the NSTEMI and SA groups, Fig 3.1c.

Cco
Kruskal-Wallis
STEMI NSTEMI SA test
Median (IQR) Median (IQR) Median (IQR) p value
Total AnV+ MP 5.35(3.00-12.0) |2.85(1.96-4.50) |2.51 (0.91-5.75) 0.04
CD42a+AnV+ PMP 2.20(0.72-4.81) |1.05 (0.51-1.71) |0.71 (0.20-1.28) 0.04
CD62P+CD42a+AnV+ PMP [0.95 (0.28-2.45) (0.18 (0.11-0.42) |0.08 (0.02-0.15) 0.0003
CD62E+CD42a-AnV+ EMP [0.69 (0.18-1.70) [0.33(0.11-0.67) [0.17 (0.07-0.67) 0.02
CD66b+CD42a-AnV+ NMP  |0.17 (0.08-0.44) |0.11 (0.04-0.21) |0.04 (0.03-0.20) 0.01
CD54+CD42a-AnV+ EMP 0.64 (0.28-0.88) 10.20 (0.11-0.34) ]0.11 (0.05-0.18) 0.0008
CD105+CD42a-AnV+ EMP  [0.76 (0.37-1.91) (0.45(0.11-0.78) |0.38 (0.07-0.77) 0.02
CD31+CD42a-AnV+ EMP 0.75 (0.35-1.40) |0.32 (0.09-0.47) [0.24 (0.10-0.33) 0.0005
CD14+TF+AnV+ MMP 0.15 (0.07-0.31) |0.18 (0.07-0.25) ]0.07 (0.03-0.15) 0.04

Table 3.2 Differences of microparticles expression (*10° /ml of plasma) in the three

groups in the coronary artery (CO). MP levels expressed as medians with

interquartile range (IQR). Statistical analysis performed using Kruskal-Wallis test.
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Figure 3.1 Differences of the total AnV+MP and MP subpopulations in the coronary
artery (CO) between the three groups of patients. ST elevation myocardial infarction

(STEMI), non ST elevation myocardial infarction (NSTEMI), stable angina (SA).

3.4.2 AnV+MP expression in the right atrium in the STEMI, NSTEMI and SA

patients

Table 3.3 summarises the RA MP levels between the three patient groups. Total
AnV+ MP in the RA were higher in the STEMI population compared with NSTEMI
(p=0.02). AnV+CD42a+ PMP and AnV+CD42a+CD62P+ PMP were also higher in
the STEMI group compared with the NSTEMI (p=0.02 and p=0.01 respectively) and
SA (p=0.03 and p=0.001 respectively) groups; Fig 3.2a. Also all subtypes of AnV+
EMPs were higher in the STEMI patients compared with the NSTEMI and the SA

patients; Fig 3.2b. NMP were also higher in the STEMI population compared with
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the NSTEMI and SA groups, Fig 3.2c. TF+ MMP were higher in the STEMI group

vs the SA but not vs the NSTEMI patients, Fig 3.2

RA
Kruskal-
STEMI NSTEMI SA Wallis test
Median (IQR) Median (IQR) Median (IQR) p value
Total AnV+ MP 1.72 (0.64-5.78) | 0.29 (0.11-1.2) 1.11 (0.14-1.49) 0.058
CD42a+AnV+ PMP 0.84 (0.26-3.97) | 0.11 (0.03-0.54) 0.28 (0.02-0.60) 0.025
CD62P+CD42a+AnV+ PMP | 0.17 (0.07-0.66) | 0.03 (0.005-0.14) | 0.03 (0.001-0.04) 0.001
CD62E+CD42a-AnV+ EMP | 0.23 (0.06-0.44) | 0.02 (0.01-0.12) 0.04 (0.009-0.07) 0.009
CD66b+CD42a-AnV+ NMP | 0.08 (0.04-0.14) | 0.01 (0.004-0.09) | 0.01 (0.002-0.02) 0.002
0.009 (0.004-
CD54+CD42a-AnV+ EMP 0.07 (0.05-0.16) | 0.04 (0.008-0.10) | 0.04) 0.007
CD105+CD42a-AnV+ EMP | 0.16 (0.06-0.43) | 0.04 (0.01-0.09) 0.07 (0.008-0.18) 0.02
CD31+CD42a-AnV+ EMP 0.11 (0.04-0.31) | 0.04 (0.01-0.20) 0.05 (0.003-0.09) 0.1
CD14+TF+AnV+ MMP 0.09 (0.02-0.41) | 0.05 (0.01-0.13) 0.03 (0.005-0.05) 0.04

Table 3.3 Differences of microparticles expression (10° /ml of plasma) in the three

groups in the right atrium (RA). MP levels expressed as medians with interquartile

range (IQR). Statistical analysis performed using Kruskal-Wallis test
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Figure 3.2 Differences of the total AnV+MP and MP subpopulations in the right
atrium (RA) between the three groups of patients. (ST elevation myocardial
infarction (STEMI), non ST elevation myocardial infarction (NSTEMI), stable

angina (SA)

3.4.3 AnV+ MP expression in the coronary and right atrium in the three groups

In the STEMI group the absolute number of the Total AnV+ MP in the CO was
5.35x10%ml (41% PMP, 13% EMP, 3% NMP, 3% TF+ MMP and 40% other AnV+
MP). In the RA site the number of AnV+ MP was 1.72x10%/ml (49% PMP, 8% EMP,
5% NMP, 5% TF+ MMP and 33% other AnV+ MP). In the CO site 43% of the PMP
were CD62+ PMP vs 20% in the RA site (p=0.0007).

In the NSTEMI group the absolute number of the Total AnV+ MP in the CO was

2.85*108/ml (27% PMP, 8% EMP, 3% NMP, 5% TF+ MMP and 57% other AnV+
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MP). In the RA the number of AnV+ MP was 0.29*10%/ml (38% PMP, 10% EMP,
4% NMP, 17% TF+ MMP and 31% other AnV+ MP). In the CO 17% of the PMP
were CD62+ PMP vs 27% in the RA (p=0.1).

In the SA group absolute number of the Total AnV+ MP in the CO was 2.51*108/ml
(28% PMP, 9% EMP, 2% NMP, 3% TF+ MMP and 58% other AnV+ MP). In the
RA site the number of AnV+ MP was 1.1*10%/ml (25% PMP, 4% EMP, 1% NMP,
3% TF+ MMP and 67% other AnVV+ MP). In the CO site 11% of the PMP were
CD62+ PMP vs 10% in the RA site (p=ns).

Total AnV+ MP, CD42a+CD62P+ PMP, all EMP subpopulations and AnV+CD42a-
CD66b+ NMP were higher in the CO compared to the RA for all patient groups
(table 3.4). AnV+CD42a+PMP and TF+MMP were higher in the CO site compared

to RA in the NSTEMI group only (table 3.4).
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STEMI NSTEMI SA

Co RA Cco RA Cco RA

Median (IQR) Median (IQR) pvalie [Median (IQR) Median (IQR) pvalie [Median (IQR) Median (IQR) p vale
Total AnV+ MP u.ﬂ (3.00-12.0) |1.72(0.64-5.78) 001 |2.85(1.96-450) ]0.29(0.11-12) 0.004 [2.51(091-5.75) |1.11(0.14-1.49) 0.03
CD42a+AnV+PMP 20 (0.72- ;5 0.84(0.26-3.97) 006 |1.05(051-1.71) |0.11(0.03-0.54) 0.01 ]0.71(0.20-1.28)  |0.28 (0.02-0.60) 0.06
CD62P+CD42a+AnV+ 3% 95 (0.28-2.45) |0.17(0.07-0. me 0.009 10.18(0.11-042)  [0.03 (0.005-0.14) 0.01 ]0.08 (0.02-0.15)  |0.03 (0.001-0.04) 0.02
CD62E+CD42a-AnV+EMP |0.69 (0.18-1. .:5 23(0.06-0.44) | 0.009 |0.33(0.11-067) ]0.02(0.01-0.12) 0.009 0.17 (0.07-0.67)  |0.04 (0.009-0.07) 0.007
CD54+CD42a-AnV+ EMP o i (0.28-0.88) o 3 (0.05-0.16) | <0.0001 |0.20 (0.11-0.34)  |0.04 (0.008-0.10) | 0.002 |0.11(0.05-0.18) |0.009 (0.004-0.04) | 0.01
CD105+CD42a-AnV+EMP 0.76 (0.37-1.91) |0.16(0.06-0.43) | 0.0002 [0.45(0.11-0.78) |0.04 (0.01-0.09) 0.003 (0.38(0.07-0.77) [0.07 (0.008-0.18) 0.02
CD31+CD42a-AnV+ EMP  |0.75 (0.35-1.40) |0.11(0.04-0.31) |<0.0001 [0.32(0.09-0.47) |0.04 (0.01-0.20) 0.02 ]0.24 (0.10-0.33)  ]0.05 (0.003-0.09) 0.007
CD66b+CD42a-AnV+NMP 0.17 (0.08-0.44) |0.08 (0.04-0.14) 001 ]0.11(0.04-021) ]0.01 (0.004-0.09) 0.02 ]0.04 (0.03-0.20)  0.01(0.002-0.02) 0.007
CD14+TF+AnV+ MMP 0.15(0.07-0.31) |0.09(0.02-0.41) 02 |0.18(0.07-025) 0.05(0.01-0.13) 0.04 10.07 (0.03-0.15)  |0.03 (0.005-0.05) 0.2

Tahle 2.4 Differences of the total Anv+HARP and MP subpopulations (*10° /ml of plasma) between coronary {C0 and right
atrium (R&) inthethree groups, 5T segment elevation myocardial infarction (STERIY, non-5T segment elevation myocardial

infraction (MNSTEMI) and stable angina (SA), Statistical analysis performed usingthe Mann-YWhitney test,
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3.4.4 MP expression and index event to PCI time

The median (IQR) of the index event to PCI time (defined as time from onset of
symptoms to PCI, expressed in minutes) in the STEMI and NSTEMI groups were
285 (116-360) and 4320 (2100-6060) respectively (p<0.0001). In the CO of the
NSTEMI group there was a moderately negative correlation between the the index

event to PCI time and the expression of total and cell specific AnV+MP Fig 3.3.
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Figure 3.3 Negative correlations between the index event to PCI time and AnV+MPs
in the coronary artery in the non ST segment elevation myocardial infarction group
suggesting a time dependant mode of MP expression during acute coronary

syndrome.

3.5 Discussion

The main novel findings of this study are 1. the demonstration of differences
between MP levels in patients with varying severity of CHD: MP levels were overall
highest in those with STEMI as compared with NSTEMI and SA; and 2. Differences
in local and systemic AnV+MP expression in human coronary artery disease. It is
highly likely that the source of these MP was the culprit lesion since total AnV+MP
and AnV+MP subpopulations were higher in the coronary artery (CO blood sampled

distal to the culprit lesion) compared with the systemic (RA) circulation in the three
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study groups. There was also a differential expression of the MP subpopulations in
the three patient groups between the CO and RA (table 3.4). Overall these
observations confirm that MP release occurs from culprit atheromatous lesions in
ACS, and that total AnV+MP number and subpopulation phenotype could relate to
clinical severity of ACS. Whilst, the concept that these MP directly contribute to the
pathogenesis of ACS cannot be inferred from this study, these findings could have
important implications in this context since AnV+MP are known to be both pro-
inflammatory and pro-thrombotic (77;78).

In line with previous studies PMP levels were higher compared with the other cell
specific MP subpopulations. The above trend was more prominent with respect to the
CD62P+PMP in the STEMI patients, especially sampled from the coronary artery.
This observation can be explained by the fact that the hallmark of ACS is disruption
(rupture, fissure or erosion) of the atheromatous plaque in a coronary tree, with
subsequent platelet activation (upregulation of P selectin) and thrombus formation
(81). The observation of high levels of AnV+CD62P+PMP in the CO raises the
possibility that these could amplify vascular inflammation and thus contribute to
lesion progression by further recruitment of inflammatory cells expressing P-selectin
glycoprotein ligand (PSGL), which binds CD62P (P-selectin) (29;30). Since high
CO AnV+CDG62E+ EMP were also detected, almost certainly derived from activated
coronary endothelium, it is likely that E-selectin-PSGL binding could further mediate
the interaction between inflammatory cells and activated endothelial cells and
contribute to lesion progression (270). In addition, the high CO NMP we observed
could further amplify vascular inflammation since NMP can bind activated

endothelium and contribute to further endothelial activation (271).
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As well as amplifying inflammation, MP are also prothrombotic (76). The finding of
high CO TF+MMP could implicate their role in clot propagation, since higher levels
were observed in STEMI and NSTEMI patients than those with SA. Expressed TF
on activated monocytes results in the release of TF+MMP, which promote the
clotting cascade (77). Furthermore, irrespective of TF, AnV+MP are themselves
prothrombotic (272) and were significantly elevated in the CO of STEMI patients.
Thus MP, either total AnV+, and/or TF+ subpopulations could contribute to clot
progression in ACS.

Min et al have recently demonstrated locally increased MPs in coronary arteries of
patients with STEMI compared to controls. The data from this study now also
strongly suggests that MP release in other symptomatic patients with CHD (NSTEMI
and stable angina) is mainly locally driven, since CO MP levels at the site of the
complicated plaque were higher than systemic (RA) MP levels (110;273). This
observation does not, however, preclude the possibility that MP release also takes
place in the systemic circulation since atheromatous vascular disease is usually
widespread. That said, these findings support the hypothesis that the complicated
atheromatous plaque is the predominant source of the circulating microparticles, and
that a topographic pattern of microparticle expression appears to exist depending on
where you sample the microparticles i.e. the closer to the culprit lesion, the higher
the level of microparticles.

A time dependant mode of microparticle expression appears to exist from this study.
There was a negative correlation between the index event to PCI time and total MP,
PMP, EMP AnV+MP release in the CO in the NSTEMI group. This suggests that, in
line with previous studies (112;117), there is a peak in MP release during the first 24-

48 hours and thereafter MP levels fall. Arguably, earlier sampling (on admission) of
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the NSTEMI patients would have yielded an expression of MP levels similar to that
of the STEMI patients. Antiplatelet and anti-coagulation therapy could have in
addition influenced MP production.

This study has a number of limitations. Firstly, the study sample was relatively small
making the statistical analysis and interpretation of correlations less reliable in
addition to statistical error. Also the presence of selection bias cannot be excluded.
Secondly, it is difficult to obtain blood samples exclusively from the coronary artery
with aspiration catheters therefore contamination with blood from non-affected
coronaries or the systemic circulation cannot be excluded. The effects of antiplatelet
and anticoagulant therapy on MP production, even though standardised for all patient
groups, was not fully analysed and needs further study. In addition sampling of the
infarct related artery proximally to the culprit lesion or sampling of a bystander
coronary artery could have strengthened my hypothesis that the complicated

atheromatous coronary plaque is the predominant source of microparticle release.

3.6 Conclusions

This study demonstrates higher MP levels in patients with STEMI versus those with
NSTEMI or SA. In addition, higher MP levels were observed in the CO versus RA in
all three patient groups, strongly suggesting that the source of these MP is the culprit
atheromatous lesion. We cannot yet conclude that these MP have a direct pathogenic
role; however, data from other studies have demonstrated important pro-
inflammatory and prothrombotic effects of MP. This leads us to speculate that AnV+
microparticle levels may be indicative of coronary artery plaque instability, and

could directly contribute to this pathological process.
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Chapter 4 Microparticle expression in patients undergoing
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4.1 Summary

Introduction and aims

Inflammation plays a crucial role in the pathophysiology of acute coronary syndrome
(ACS). Mounting evidence indicates that microparticles (MPs) released from
activated cells are potent pro-coagulant molecules contributing to endothelial
dysfunction and modulating inflammatory processes. The aim of this study was to
investigate the relationship between MP expression, markers of inflammation, and
myocardial necrosis in patients with ACS or stable angina (SA).

Methods

Forty eight patients with coronary heart disease (37 with ACS and 11 with SA)
treated with coronary percutaneous coronary interventions (PCI) were studied. Blood
samples were aspirated sequentially from the right atrium (RA) and the coronary
artery (CO) (distal to the culprit lesion) at the time of PCI. AnnexinV+MPs
(AnV+MPs) from platelet poor plasma were measured using fluorescent monoclonal
antibodies and flow cytometry. AnV+ MPs in the CO and RA were expressed as
medians per ml of plasma with interquartile range. Markers of inflammation: hs-
CRP, IL-6, TNF-a, serum amyloid A (SAA) and myocardial injury (Troponin T)
were measured using ELISA.

Results

Total and cell specific AnV+MP expression was higher in the ACS versus the SA
group in both the CO and RA. CO AnV+MP levels were higher than the RA in both
groups. In the ACS group all inflammatory markers except IL-6 were higher in the
RA vs CO. There were no differences in the inflammatory markers between patients
with ACS or SA (either in the RA or the CO). In the CO and RA of the ACS group,

but not the SA group, markers of inflammation correlated positively with AnV+MP.
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In the CO, SAA correlated with total AnV+MP (r=0.5; p=0.01), platelet MP (r=0.5;
p=0.02) and endothelial MP (EMP) (r=0.6; p=0.005). IL-6 also correlated positively
with total AnV+ MP (r=0.6; p=0.004), AnV+EMP (r=0.4, p=0.04) and neutrophil
derived AnV+MP (r=0.5; p=0.008). In the RA of the ACS group IL-6 correlated with
AnV+EMP (r=0.5; p=0.03) and tissue factor positive AnV+MP (r=0.6, p=0.01).
Troponin T levels correlated positively with platelet MP in both CO and RA of the
ACS group (r=0.4 for both; p=0.04 and p=0.03 for CO and RA respectively).
Conclusions

During ACS inflammatory markers correlated positively with local CO AnV+MP
levels and also to a lesser extent with peripheral circulating AnV+MP. This may
suggest a pathogenic role for MPs as effectors of the inflammatory response and

cellular injury in ACS.
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4.2 Introduction and aims

Inflammation plays a pivotal role in the pathogenesis of coronary heart disease
(CHD) and acute coronary syndrome (ACS) (123). Inflammation controls not only
the evolution of atheromatous plaque but also its propensity for rupture or erosion,
by altering the matrix composition (2). In addition, inflammation, through the
activation and differentiation of the inflammatory cells involved, increases the
thrombogenicity of the plaque’s interior by promoting tissue factor bearing
microparticle (MP) release with subsequent thrombus formation of the
ruptured/eroded plaque (55;62). Patients with diseases associated with chronic
inflammation such as diabetes mellitus and metabolic syndrome, or chronic
inflammatory autoimmune diseases (such as psoriatic or rheumatoid arthritis) are at
high risk of developing CHD (274). Inflammatory activity has been assessed mainly
by measuring the levels of inflammatory markers like C-reactive protein (CRP),
serum amyloid antigen (SAA) or pro-inflammatory cytokines such as TNF-a. (tumour
necrosis factor a) and IL-6 (Interleukin-6). It has also been shown that increased
levels of inflammatory markers are associated with adverse outcomes in patients with
ACS (171;204,;275;276). Whether the increased levels of these inflammatory
markers have any causal relationship with the pathogenesis of ACS (277) is not
clear. For instance, elevated CRP levels do not correlate with the extent and burden
of CHD (171;172). Furthermore, whether the inflammatory markers originate solely
from the site of plaque rupture, or represent a systemic response is still a matter of
debate. It has been shown that IL-6 is increased locally in the coronary artery
compared with the systemic arterial circulation in patients with ACS (278;279).
Therefore assessment of inflammatory markers in the peripheral circulation may not

truly reflect the burden of the intracoronary inflammatory process. Even though it is
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believed that inflammation is a systemic effect of ACS and inflammatory markers
are mostly synthesised in the liver, the above evidence supports the concept of an
intracoronary production of inflammatory markers, and local paracrine inflammatory
effects close to the culprit lesion.

Mounting evidence indicates that microparticles (MP) released from activated cells
and platelets are potent pro-coagulant and pro-inflammatory molecules that may
contribute to thrombus formation (55), as well as directly causing endothelial
activation and dysfunction (54). Locally produced MPs may therefore participate in
the local coronary inflammatory processes involved in ACS (68;268;280), although
the exact mechanisms are currently poorly understood. Several clinical studies have
shown a correlation between circulating MP levels and all-cause mortality,
cardiovascular mortality, markers of myocardial damage, and indices of myocardial
dysfunction (108;110-112). Previous reports have also suggested a link between
circulating pro-inflammatory cytokines and MPs in health and disease. For instance,
plasma IL-6 correlated with plasma level of platelet MP in healthy volunteers (118).
Furthermore, endothelial and platelet derived MPs correlated with circulating hs-
CRP levels in patients with ACS undergoing percutaneous coronary intervention
(PCI) (112). Similarly, we have previously demonstrated that tissue factor positive
MPs in patients with ST elevation myocardial infarction (STEMI) correlate strongly
with circulating IL-6 levels (manuscript in preparation).

I hypothesized that: 1. Local inflammatory processes in the coronary including MP
production are important in the pathogenesis of ACS and 2. Local levels of
inflammatory mediators including MP correlate with extent of myocardial necrosis.

The aim of this study was therefore to explore the relationship between local
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coronary and systemic MP levels, circulating markers of inflammation, and extent of

myocardial necrosis in patients with ACS or stable angina undergoing PCI.

4.3 Patients and methods

4.3.1 Study population

Thirty seven patients with ACS (23 patients with STEMI, 14 with NSTEMI) and 11
patients with stable angina (SA) treated with percutaneous coronary intervention
(PCI) were recruited for the study. The diagnosis of ACS was based on the history of
chest pain with or without ischemic ECG changes and a troponin T value > 0.03 ng/I
(261). Patients with STEMI underwent primary PCI and patients with NSTEMI had
PCI 3-5 days after the hospital admission. SA patients had been reviewed in the
cardiology outpatient clinic with a diagnosis of angina pectoris based on typically
sounding chest pain and a positive non-invasive test such as exercise tolerance test,
stress echocardiography or myocardial perfusion scan. SA patients admitted
electively for PCIl. The decision for diagnostic angiography was made by a
cardiologist as part of routine clinical care. Informed consent was obtained prior to
the procedure from all recruited patients outside the cardiac catheterisation
laboratory. Ethical permission was granted by the local ethics committee of the

Royal Free Hospital, and all participants provided fully informed written consent.

4.3.2 Exclusion criteria

The exclusion criteria have been described in Chapter 2 (Paragraph 2.1.4)
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4.3.3 Coronary angiography, PCI and blood sampling

The methodology of coronary angiography and angioplasty has been described in

chapters 2 (section 2.1) and 3 (section 3.3).

4.3.4 Preparation of platelet poor plasma (PPP) MP Cytometric identification

and ELISA

3.5 mls of whole blood was collected into bottles containing 3.2% trisodium citrate
(Becton Dickinson). Platelet poor plasma was obtained by immediate centrifugation
of the whole blood at 5000G for 5 minutes twice. PPP was then stored at —80°
Celcius for later analyses of microparticle estimation and enzyme-linked

immunosorbent assay (ELISA) studies (see below).

4.3.5 MP identification and characterization using flow cytometry

The methodology of MP identification and characterization has been described above

in chapters 2 (paragraph 2.3) and 3 (paragraph 3.3).

4.3.6 Estimation of TNF-a., IL-6, hs-CRP and SAA

TNF-a and IL-6 levels were measured using a quantitive sandwich enzyme
immunoassay technique using a kit from R&D systems (Europe). CRP was
measured in plasma using a high sensitivity automated microparticle enhanced latex
turbidimetric immunoassay (COBAS MIRA; Roche Diagnostics GmbH). SAA was
measured in plasma by latex nephelometry (BNII autoanalyser; Dade Behring,

Marburg, Germany).
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4.3.7 Statistical analyses

Continuous variables were expressed as medians with interquartile range (IQR).
Categorical variables were expressed as percentages with 95% confidence intervals
(95% ClIs). Comparisons between the two groups and the two (coronary and right
atrium) compartments were performed using the Mann-Whitney U test. Fisher exact
test was used for proportions and Spearman factor r for correlations. Differences with
a 2-sided p value <0.05 were considered to be statistically significant. All statistical

analyses were performed with GraphPad Prism 5 statistical software.

4.4 Results

The demographics and baseline characteristics of the study population are shown in
the table 4.1. Briefly, the majority of the study population was male (79%). The SA
patients were more likely to have a medical history of hypertension compared with
the ACS group (p=0.01). Otherwise there were no significant differences between

patients with ACS and SA.
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ACS SA p value
Number of patients (n) 37 11
Age (mean), years 60 61 0.8
Male 29 9 0.7
Female 8 2 0.7
Risk Factors
Hypertension 14 9 0.01
Diabetes 9 2 0.9
Dyslipidaemia 19 4 0.4
Smoking 13 2 0.5
Family History of CHD 17 4 0.7
Angiographic characteristics 0.7
1 vessel disease 25 6
2 vessel disease 7 3
3 vessel disease 5 2
Culprit vessel 0.3
Left Anterior Descending 14 6
Left Circumflex 7 0
Right Coronary 16 5

Table 4.1. Baseline characteristics, demographics and angiographic data of the acute
coronary syndrome (ACS) and stable angina (SA) groups. Fisher exact test was used

for comparison of proportions between the groups.

4.4.1 High levels of local CO AnV+MP are detected in patients with ACS

Table 4.2 summarises the CO MP levels between the two patient groups. Total
AnV+ MP in the CO were higher in the ACS population compared with SA
(p=0.04). AnV+CD42a+ PMP and AnV+CD42a+CD62P+ PMP were also higher in
the ACS group compared with the SA group (p=0.03 and p=0.0008 respectively); Fig
4.1a. Also all types of AnV+ EMPs were higher in the ACS patients compared with
the SA patients, Fig 4.1b. NMP and TF+ MMP were also higher in the ACS

population compared with the SA group, Fig 4.1c.
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Cco RA

ACS SA ACS SA

Median (IQR) Median (IQR) p value [Median (IQR) Median (IQR) p value
Total AnV+ MP 5.22 (3.11-8.22)  |2.51 (0.91-5.75) 0.04  [1.4(0.67-4.02) 1.11 (0.14-1.49) 0.1
CD42a+AnV+ PMP 1.61 (0.89-3.23)  [0.71 (0.20-1.28) 0.03  10.67 (0.24-2.56)  [0.28 (0.02-0.60) 0.02
CD62P+CD42a+AnV+ PMP (0.4 (0.2-1.7) 0.08 (0.02-0.15) 0.0008 [0.17 (0.06-0.61)  |0.03 (0.001-0.04) 0.001
CD62E+CD42a-AnV+ EMP 0.65 (0.225-1.06) [0.17 (0.07-0.67) 0.03  ]0.12 (0.03-0.42)  [0.04 (0.009-0.07) 0.02
CD54+CD42a-AnV+ EMP  0.42 (0.18-0.76) 0.11 (0.05-0.18) 0.001  0.07 (0.02-0.15) 0.009 (0.004-0.04) 0.008
CD105+CD42a-AnV+ EMP |0.76 (0.29-1.01) 0.38 (0.07-0.77) 0.04 0.11 (0.04-0.38) 0.07 (0.008-0.18) 0.1
CD31+CD42a-AnV+ EMP  |0.51 (0.31-1.15)  |0.24 (0.10-0.33) 0.005 [0.08 (0.02-0.26)  |0.05 (0.003-0.09) 0.09
CD66b+CD42a-AnV+ NMP |0.14 (0.07-0.39)  [0.04 (0.03-0.20) 0.04  [0.08 (0.02-0.12)  |0.01 (0.002-0.02) 0.004
CD14+TF+AnV+ MMP 0.17 (0.07-0.27)  |0.07 (0.03-0.15) 0.02  ]0.07 (0.02-0.18)  [0.03 (0.005-0.05) 0.02

Table 4.2. Differences of the total AnV+MP and MP subpopulations (*10°/ml of

plasma) between the acute coronary syndrome (ACS) and stable angina (SA) groups

in the coronary (CO) and the right atrium (RA). Statistical analysis performed using

the Mann-Whitney U test.
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Fig 4.1 Differences of the total AnV+MP and MP subpopulations in the coronary

artery (CO) between the two groups, acute coronary syndrome (ACS) and stable

angina (SA). Statistical analysis performed using the Mann-Whitney U test.
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4.4.2 Platelet, endothelial and leucocyte MP levels are higher in the systemic

(RA) circulation of patients with ACS compared with SA

Table 4.2 summarises the RA MP levels between the two patient groups. There was

no difference in the total AnV+ MP levels in the RA in the ACS group compared

with the SA group. However, AnV+CD42a+ PMP and AnV+CD42a+CD62P+ PMP

were higher in the ACS group compared with the SA group (p=0.02 and p=0.001

respectively); Fig 4.2a. Also AnV+ EMPs (CD62E+ and CD54+ EMP) were higher

in the ACS patients compared with the SA patients, Fig 4.2b. NMP and TF+ MMP

were also higher in the ACS population compared with the SA group, Fig 4.2c.
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Fig 4.2. Differences of the total AnV+MP and MP subpopulations in right atrium

(RA) between the acute coronary syndrome (ACS) and stable angina (SA) groups.

Statistical analysis performed using the Mann-Whitney U test
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4.4.3 High coronary AnV+MP levels and IL-6 are observed in ACS patients

The absolute numbers of the total AnV+MP and MP subpopulations were higher in
the CO versus the right atrium in both patient groups (ACS and SA), but particularly

so for those with ACS as shown in table 4.3.

ACS SA

CO RA CO RA

Median (IQR) Median (IQR) p value |Median (IQR) Median (IQR) p value
Total AnV+ MP 5.22 (3.11-8.22) |1.4(0.67-4.02) 0.0002 [2.51 (0.91-5.75) 1.11 (0.14-1.49) 0.03
CD42a+AnV+ PMP 1.61(0.89-3.23)  |0.67 (0.24-2.56) 0.01 |0.71(0.20-1.28)  |0.28 (0.02-0.60) 0.06
CD62P+CD42a+AnV+ PMP |0.4 (0.2-1.7) 0.17 (0.06-0.61) 0.006  |0.08 (0.02-0.15)  [0.03 (0.001-0.04) 0.02
CD62E+CD42a-AnV+ EMP |0.65 (0.225-1.06) [0.12 (0.03-0.42) <0.0001 [0.17 (0.07-0.67)  |0.04 (0.009-0.07) 0.007
CD54+CD42a-AnV+ EMP  10.42 (0.18-0.76) 0.07 (0.02-0.15) <0.0001 |0.11 (0.05-0.18) 0.009 (0.004-0.04) 0.01
CD105+CD42a-AnV+ EMP |0.76 (0.29-1.01)  |0.11 (0.04-0.38) <0.0001 [0.38(0.07-0.77)  |0.07 (0.008-0.18) 0.02
CD31+CD42a-AnV+ EMP  0.51 (0.31-1.15)  [0.08 (0.02-0.26) <0.0001 [0.24 (0.10-0.33)  |0.05 (0.003-0.09) 0.007
CD66b+CD42a-AnV+ NMP |0.14 (0.07-0.39)  [0.08 (0.02-0.12) 0.002  ]0.04 (0.03-0.20)  [0.01 (0.002-0.02) 0.007
CD14+TF+AnV+ MMP 0.17 (0.07-0.27)  0.07 (0.02-0.18) 0.03  [0.07 (0.03-0.15)  ]0.03 (0.005-0.05) 0.2

Table 4.3. Differences of the total AnVV+MP and MP subpopulations (*10°/ml of

plasma) between coronary (CO) and right atrium (RA) in the acute coronary
syndrome (ACS) and stable angina (SA) groups. Statistical analysis performed using

the Mann-Whitney U test

Table 4.4 summarizes the differences between the inflammatory markers in the CO
and RA in the two patient groups. In patients with ACS IL-6 was higher in the CO vs
the RA (p=0.01); in contrast, SAA, hs-CRP and TNF-a were higher in the RA vs the
CO (p=0.003, p=0.0005 and p=0.03 respectively). In the SA patients there were no
differences in any of the inflammatory markers between the CO and RA.

There were also no differences in the inflammatory marker levels in the CO between
ACS and SA patients. However, hs-CRP and SAA levels in the RA of the ACS
group were higher than the SA group (p=0.03 for both hs-CRP and SAA
respectively).

TNF-o and IL-6 levels in the RA did not differ between ACS and SA groups.
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ACS SA

RA CO RA CO

Median (IQR) Median (IQR) p value |Median (IQR) Median (IQR) p value
IL-6 (pg/mL) [5.03 (1.53-13.06) |6.3 (3.7-13.6) 0.01 |2.29(1.53-6.26) |2.01 (0.38-16.1) ns
SAA (mlL) 5.5 (2.6-12.8) 3.3(1.8-9.5) 0.003 |2.5(1.6-2.8) 2.4 (1.1-2.72) ns
hs-CRP (mg/L) |2.8 (0.9-6.1) 2.1(0.77-5.82) 0.0005 [0.8 (0.7-2.1) 0.8 (0.57-1.55) ns
TNF-a (pg/ml)|18.77 (7.4-33.92) |14.62 (5.9-28.86) | 0.03 |[22.77 (8.61-38.98) |9.16 (6.92-30.83) ns

Table 4.4 Differences of the inflammatory markers (medians (IQR)) between the
acute coronary syndrome (ACS) and stable angina (SA) patients in the coronary
(CO) and right atrium (RA). Statistical analysis performed using the Wilcoxon test.
IL-6 (interleukin 6), SAA (serum amyloid A), TNF-a (tumour necrosis alpha) and

hs-CRP (high sensitivity C-reactive protein).

4.4.4 Coronary inflammatory markers correlate with MP levels and troponin T

in ACS

In the CO markers of inflammation correlated moderately positively with total
AnV+MP, PMP, EMP and NMP. SAA correlated with total AnV+MP (r=0.5;
p=0.01), AnV+CD42a+PMP (r=0.5; p=0.02), AnV+CD42a-CD62E+EMP (r=0.6;
p=0.005) and AnV+CD105+EMP (r=0.7; p=0.002), Fig 4.3. Similarly, IL-6 levels in
the CO correlated positively with total AnV+MP, AnV+CD42a-CD62E+EMP and
AnV+CD66b+NMP. There was also a positive correlation between troponin T and

CO AnV+CD62P+PMP (r=0.4; p=0.03); Fig 4.3.
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Fig 4.3 Positive correlation between AnV+MP and markers of inflammation (I1L-6
and SSA) and myocardial injury in the coronary in the acute coronary syndrome

(ACS) groups. Spearman factor r was used for correlations.

4.4.5 Right atrial IL-6 levels correlate with MP levels and troponin T in ACS

In the RA of the ACS group there was a moderately positive correlation between IL-
6 and AnV+CD31+EMP (r=0.5; p=0.03) and AnV+TF+MMP (r=0.6; p=0.01).
Troponin T levels correlated positively with RA AnV+CD62P+PMP (r=0.4; p=0.04),

(Fig 4.4).
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Fig 4.4 Positive correlation between AnV+MP and markers of inflammation and
myocardial injury in the right atrium (RA) in the acute coronary syndrome (ACS)

groups. Spearman factor r was used for correlations.

In contrast to the above, in the SA patients markers of inflammation and troponin T

levels did not correlate with total AnV+MP, or cell specific AnV+MP.

4.5 Discussion

The data from chapter 3 showed that high levels of AnV+MP occur in the coronary
artery of patients with ACS and that levels of AnV+MP correlate with severity of the
ischaemic lesion since the highest MPs levels were detected in the STEMI patients.
Total AnV+MP and MP subpopulations were higher in ACS patients compared with
SA patients in both the CO and RA. In particular, platelet, endothelial and leucocyte
MP (NMP and MMP) levels were higher in the systemic (RA) circulation of ACS
patients with compared with SA patients. CO IL-6 was also higher than RA IL-6 in
ACS patients. Overall, coronary inflammatory markers correlated with MP levels
and myocardial injury in ACS (as assessed by troponin T levels); in addition RA IL-
6 levels correlated with MP levels and troponin T in ACS. Taken together, these

results suggest that patients with more severe ACS have higher levels of local and

139



systemic inflammation, and higher levels of local and systemic circulating MP.
Whilst these data suggest that these indices correlate with extent of myocardial
injury, and that it is indeed likely that these are causally linked, I cannot yet infer

from these data that a causal association is definite.

These data are in agreement with previous reports demonstrating that during ACS,
circulating platelet and endothelial MPs are elevated (104-106). This study has also
now demonstrated that the same is true for leukocyte (neutrophil and monocyte) MP,
since higher levels were observed in ACS compared to SA patients. Furthermore,
these data demonstrate that although the magnitude of MP expression occurs
predominantly locally at the site of the culprit atheromatous plaque, there is also a
significant systemic response with high levels of MP in the RA. The increased MP in
the systemic circulation are likely to be derived the local culprit CO atheromatous
lesion, with additional contribution from systemic release secondary to the systemic

inflammatory response observed in the ACS patients.

In addition to changes in MP levels, the second important finding of this study is the
differential expression of inflammatory markers in the CO and in the systemic
circulation during ACS. In line with previous reports (278;279) the data from this
study has shown that during ACS, local intracoronary IL-6 is increased compared
with the systemic circulation. This IL-6 is likely to be derived from coronary
endothelium (281), and/ or from plaque leucocytes. The rest of the inflammatory
markers hs-CRP, SAA and TNF-a were higher in the peripheral circulation, which is
unsurprising since CRP and SAA are produced and released from the liver; while

TNF-a is produced from leukocytes and therefore is likely to have a predominant
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(although not exclusive) systemic source. In the SA group there were no differences
of the inflammatory markers between CO and RA. In addition, the higher levels of
SAA and hs-CRP in the RA which has been observed in the ACS group compared
with SA group are consistent with an exaggerated systemic inflammatory response in

ACS patients.

A potentially important finding is the positive correlation between total AnV+
microparticles and MP subpopulation with markers of inflammation. Intracoronary
inflammatory markers correlated with total AnV+ microparticles and MP
subpopulations (including platelets, endothelial and leukocytes derived MP) whilst in
the RA markers of inflammation correlated only with endothelial and monocyte
derived TF+MMP. The fact that in SA the markers of inflammation did not correlate
with MP formation could suggest a pivotal role of intracoronary inflammation as a
driver of MP release from the culprit plaque in the pathogenesis of ACS. However,

these data do not yet allow us to definitively prove a causal association.

The finding of this study, that SAA correlates with PMP and EMP may also provide
a novel explanation for the previously reported pro-coagulant and pro-inflammatory
amplification properties of SAA (190). The association between NMP and IL6 could
be consistent with the previous suggestion that NMP can induce endothelial IL6
production by inducing endothelial cell activation (271). Furthermore, it has been
shown that platelet MP deliver arachidonic acid to endothelial cells leading to the up-
regulation of the intercellular adhesion molecule-1 (ICAM-1, or CD54) which
mediates monocyte-endothelial cell adhesion (87). Ueba et al found that plasma IL-6

correlated with PMP levels in healthy Japanese volunteers (118). In addition
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Biasucci et al reported a positive correlation between hs-CRP and microparticles in
patients with ACS undergoing PCI 24 hours after the admission (112). Matsubara et
al have shown that the increment of SAA across the coronary circulation correlated
positively with the severity of coronary atherosclerosis (189). Higher adverse
outcomes including myocardial infarction, revascularization and death in ACS

patients with elevated SAA has also been previously reported (204).

Another important finding from this study is the positive correlation between p-
selectin positive AnV+ PMP with marker of myocardial necrosis. Interestingly in
both CO and RA, troponin T correlated with P-selectin positive PMP only,
emphasizing the crucial role of platelet activation in the pathogenesis of ACS and
myocardial damage during ACS. These observations could therefore suggest the
pathogenic role of MP as effectors linking inflammatory and prothrombotic

pathways in ACS.

The study limitations have been described in chapter 3 (paragraph 3.5) with the main
one being the small number of patients. This can potentially explain the unexpected
observation that there were no differences of the measured inflammatory markers in

the coronary artery between ACS and stable angina patients.

Conclusions

Markers of inflammation in ACS patients, both at the site of the culprit lesion and in
the systemic circulation, strongly correlated with total AnV+, platelet, endothelial,
and neutrophil MP. The interaction between activated platelets and monocytes with

endothelial cells and the subsequent formation of AnV+ MP during ACS would be
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compatible with a direct pathogenic link between inflammatory and prothrombotic
pathways in the pathogenesis of ACS and myocardial necrosis. Future studies should
now address potential MP mediated pathogenic mechanisms in ACS to investigate

whether these are directly pathogenic, or merely epiphenomena.
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Chapter 5 Microparticle expression in human coronary
heart disease: relationship to platelet-monocyte interaction

and platelet activation

5.1 Summary

5.2 Introduction and aims
5.3 Patients and methods
5.4 Results

5.5 Discussion

5.6 Conclusions
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5.1 Summary

Introduction and aims

Platelets play a pivotal role in the pathogenesis of acute coronary syndrome (ACS).
Mounting evidence indicates that microparticles, released from activated cells, are
potent pro-coagulant and pro-inflammatory molecules. The aim of this study was to
investigate the relationship between markers of platelet activation and microparticle
(MP) expression in patients presenting with ACS or stable angina.

Methods

Forty eight patients with coronary heart disease (37 with ACS and 11 with stable
angina (SA) treated with percutaneous coronary intervention (PCI) were recruited for
the study. Blood samples were obtained sequentially from the right atrium (RA) and
the coronary artery (CO) (distal to the culprit lesion). AnnexinV+MP (AnV+MP) and
platelet-monocyte aggregates (PMA) were estimated using flow cytometry. Soluble
p-selectin (s-P-selectin) was measured using ELISA.

Results

Total and cell specific AnV+MP were higher in the ACS versus the SA group in both
the CO and RA. CO AnV+MP levels were higher than the RA levels in both groups.
CD62P+PMA were higher in ACS vs the SA group in both CO (p=0.0003) and RA
(p=0.04). S-P-selectin was also higher in ACS vs SA in the CO (p=0.01). In the CO
and RA of the ACS group, but not the SA group, markers of platelet activation
correlated positively with AnV+MP. In the CO s-P-selectin correlated positively
with total AnV+MP (r=0.61; p=0.001), platelet derived AnV+CD42a+MP (r=0.6;
p=0.002), endothelial derived AnV+CD62E+MP, (r=0.62; p=0.001) and neutrophil
derived AnV+CD66b+MP (r=0.54; p=0.006). CD62P+PMA also correlated

positively with platelet derived AnV+CD42a+MP and endothelial derived
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AnV+CD62E+MP (r=0.5; p=0.04 for both). In the RA soluble P-selectin correlated
positively with total AnV+MP (r=0.81; p=0.001), platelet derived AnV+CD42a+MP
(r=0.77; p=0.003), endothelial derived AnV+CD62E+MP (r=0.78; p=0.002) and
tissue factor positive AnV+CD66b+MP (r=0.72; p=0.007).

Conclusions

Markers of platelet activation correlated positively with total AnV+MP, platelet,
endothelial and leukocyte derived MP, both at the site of the culprit lesion and in the
systemic circulation during ACS. These novel observations suggest a potential
important interaction between activated platelets, monocytes and endothelial cells via
MP formation. Future studies are now required to explore how MP could be directly
involved in the pathogenesis of ACS, since these could be important, novel

therapeutic targets.
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5.2 Introduction and aims

Platelets play a pivotal role in the pathogenesis of ACS, with or without ST
elevation. Recent data has demonstrated the crucial role of platelets in the pathology
of atherothrombosis (282;283). Atherosclerotic disease is a chronic inflammatory
process involving complex interactions between immune (leukocytes) and non-
immune cells (platelets and endothelial cells) (283). Many traditional risk factors for
coronary heart disease (CHD) such as diabetes mellitus, hypertension and
hyperlipidaemia are associated with endothelial dysfunction and endothelial cell

activation (284-288).

Upon activation, endothelial cells secret P-selectin (CD62P) and von-Willebrand
factor (VWF), both stored in Weibel-Palade bodies, mediating platelet-leukocyte and
platelet-endothelial cell interactions respectively. In addition E- selectin (CD62E) is
expressed early in the process of atherosclerosis on the endothelial cell surface. The
P-selectin-PSGL-1 bond leads to platelet monocyte aggregate (PMA) formation,
which is a sensitive marker of platelet activation (21). Leukocytes also interact with
endothelial cells via the P-selectin-PSGL-1 pathway facilitating the inflammatory
process within the vessel wall (10;18;289). This process of leukocyte rolling on the
activated endothelial cells activates the leukocyte integrin Mac-1, a process mediated
by PAF-4 (290). The above enhance the firm leukocyte adhesion to the endothelial
cells through binding to fibrinogen, a molecule that is also bound to platelets via the
integrin 11b/Illa (291). This leukocyte-endothelial cell interaction and adhesion leads
to further endothelial activation and expression of intracellular and vascular adhesion
molecules (ICAM (CD54) (87) and VCAM (CD106) respectively (135). P-selectin

undergoes enzymatic cleavage at the junction between the n-terminal portion and the
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trans-membrane domain leading to release of the N-terminal domain in the
circulation which represents the soluble P-selectin (s-P-selectin) (292;293). It has
been shown that s-P-selectin has the same biological activities as the P-selectin
attached to the cells (294). During the adhesion to endothelium, platelets become
activated and, in addition to pro-thrombotic molecules, release a variety of pro-
inflammatory cytokines such as P-selectin, CD40L, RANTES protein (CCL5) and

platelet factor 4 (PAF-4 or CCL4) (295).

It is obvious from the above that platelets are important modulators of the early and
late stages of atherosclerosis, ultimately including atherothrombosis, the hallmark of
ACS (267;296;297). Activated and/ or apoptotic cells (platelets, endothelium and
leukocytes) release microparticles (MP) with important pro-thrombotic and pro-
inflammatory effects (55;271;298). Consequently, mounting evidence indicates that
MP may directly contribute to the pathogenesis of ACS by providing an important
link between pathological thrombogenicity and vascular inflammation (299;300).

| therefore hypothesized that: 1) markers of platelet activation and MP expression in
patients with ACS would be higher in the coronary versus the systemic circulation;
and 2) markers of platelet activation may correlate causally with microparticle levels.
The aims of this study were therefore to compare coronary artery and systemic
circulating levels of platelet activation markers, and MPs in patients with

symptomatic ACS or SA treated with PCI.
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5.3 Patients and methods

5.3.1 Study population

Thirty seven patients with ACS [23 patients with ST segment elevation myocardial
infarction (STEMI), 14 with non-ST segment elevation myocardial infarction
(NSTEMI)] and 11 patients with stable angina (SA) treated with percutaneous
coronary intervention (PCI) recruited for the study. The study population has been

described in sections 3.3.1 (chapter 3) and 4.3.1 (chapter 4).

5.3.2 Exclusion criteria

The exclusion criteria have been described in Chapter 2 (Paragraph 2.1.4)

5.3.3 Coronary angiography, PCI and blood sampling

The coronary angiography and angioplasty procedures have been extensively

described in chapters 2 (2.1) and 3 (section 3.3).

5.3.4 Preparation of whole blood for PMA Cytometric identification

The methodology of PMA cytometric identification and analysis has been described

in chapter 2 (section 2.2).

5.3.5 Preparation of platelet poor plasma (PPP) MP Cytometric identification
and ELISA

3.5 mls of whole blood was collected into bottles containing 3.2% trisodium citrate
(Becton Dickinson). Platelet poor plasma was obtained by immediate centrifugation
of the whole blood at 5000G for 5 minutes twice. PPP was then stored at —80°
Celcius for later analyses of microparticle estimation and enzyme-linked

immunosorbent assay (ELISA) studies (see below).
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5.3.6 MP identification and characterization using flow cytometry

MPs were identified by flow cytometry as previously described in chapter 2 (section

2.3), chapter 3 (section 3.3) and chapter 4 (section 4.3).

5.3.7 Estimation of soluble P-selectin (s P-selectin)

Soluble p-selectin was measured using a quantitive sandwich enzyme immunoassay
(ELISA) technigue using a kit from R&D systems (Europe) as described in chapter

2 (section 2.4.2.3).

5.3.8 Statistical analyses

Continuous variables were expressed as medians with interquartile range (IQR).
Categorical variables were expressed as percentages with 95% confidence intervals
(95% ClIs). Comparisons between the two groups and the two (coronary and right
atrium) compartments were performed using the Mann-Whitney U test. Fisher exact
test was used for proportions and Spearman factor r for correlations. Differences with
a 2-sided p value <0.05 were considered to be statistically significant. All statistical

analyses were performed with GraphPad Prism 5 statistical software.

5.4 Results

The demographics and baseline characteristics of the study population are shown in

the table 4.1, section 4.4 (chapter 4).
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5.4.1 High levels of local CO AnVV+MP are detected in patients with ACS

Table 4.2 in chapter 4 summarises the CO MP levels between the two patient groups.
Total AnV+MP, AnV+PMP, AnV+EMPs, AnV+NMP and TF+MMP in the CO

were higher in the ACS population compared with SA (Figure 4.1, chapter 4).

5.4.2 Platelet, endothelial and leucocyte MP levels are higher in the systemic

(RA) circulation of patients with ACS compared with SA

Table 4.2 in chapter 4 summarises the RA MP levels between the two groups. There
was no difference in the total AnV+ MP level in the RA in the ACS group compared
with SA. However AnV+PMP, AnV+EMPs, AnV+NMP and TF+MMP in the CO

were higher in the ACS population compared with SA (Figure 4.2, chapter 4).

5.4.3 High CD62P+PMA (in both CO and RA) and high CO s-P-selectin were

observed in the ACS group.

Figure 5.1 illustrates the total PMA and CD62P+PMA in the two groups.
CD62P+PMA were higher in the ACS group vs the SA group in both the CO
(p=0.0003) and RA (p=0.04). Total PMA in the CO and RA did not differ between
ACS and SA. Also, CD62P+PMA in the CO were higher vs the RA in the ACS
group (p=0.001) but not in the SA group. There was no difference between total
PMA in the CO vs the RA in both groups.

Coronary, but not RA, s-P-Selectin was higher in the ACS group vs the SA (Fig 3).

There was no difference between CO and RA s-P-selectin in both groups.

151



100+

— p=0.04
" —
804 u .
- e Total CO PMA
60 m  CD62P+ CO PMA
< A Total RAPMA
z p=ns . ¢ CD62P+ RA PMA
404 — *
A
204 AA %
@ ¢k
>
- 4 . . - . 2 100- p=0.001 ® Total PMA ACS
ACS SA ACS SA ACS SA ACS SA L_| m  CD62P+ PMA ACS
Fig 5.1a 80- A Total PMA SA
¢ CD62P+ PMA SA
60+
<
E p=ns
40 ~
— p=ns
A
200 p=0.01 20 ¢ A ak o
I.—| ® CO s P-Selectin $ ‘ﬂ‘%‘ 3 ‘Jm‘
= RAs P-Selectin 0 *

[y

a

o
1

T T T T T T T
CO RA CO RA CO RA CO RA
p=ns
" Fig 5.1b
[ |

| |1
T T T
SA ACS SA
Fig 5.1c

Figure 5.1. Differences in total PMA, CD62P+PMA and soluble p-selectin in the

[y

o

o
1

s P-selectin (ng/ml)
g
L ]

8‘0

acute coronary syndrome (ACS) and stable angina (SA) groups. Total PMA were
expressed as percentage of the total monocytes. P-selectin positive PMA
(CD62P+PMA) were expressed as percentage of the total PMA. Statistical analysis

performed using the Mann-Whitney test.

5.4.4 Coronary AnV+MP correlate with markers of platelet activation in ACS

In the ACS group markers of platelet activation in the coronary artery correlated
moderately positive with total AnV+MP, PMP, EMP and NMP. Soluble p-selectin
correlated with total AnV+MP (r=0.61; p=0.001), AnV+CD42a+PMP (r=0.6;
p=0.002) and AnV+CD42a+CD62P+PMP (r=0.64; p=0.0009) Table 5.1. Similarly
there was a moderate positive correlation between soluble p-selectin with
AnV+CD62E+EMP, AnV+CD105+EMP, AnV+CD54+EMP and

AnV+CD31+EMP (r=0.62; p=0.001, r=0.56; p=0.005, r=0.48; p=0.02 and r=0.61;
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p=0.001 respectively). There was also a positive correlation between CD62P+PMA

and AnV+CD42a+PMP (r=0.5; p=0.04), AnV+CD42a-CD62E+EMP (r=0.5; p=0.04)

and AnV+CD42a-CD31+EMP (r=0.5; p=0.03) Table 5.1.
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Fig 5.2. Positive correlation between AnV+MP and markers of platelet activation

(platelet monocyte complexes (PMA)

and soluble P-Selectin) in the coronary (CO) in

the acute coronary (ACS) group. Spearman factor r was used for correlations.
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Soluble P- CD62P+
Coronary samples | selectin PMA

Spearman r p value Spearman r p value
Total AnV+ MP 0.61 0.0016 0.28 0.230
CD42a+ MP 0.60 0.0020 0.46 0.044
CD62P+ MP 0.64 0.0009 0.40 0.089
CD62E+ MP 0.62 0.0016 0.46 0.046
CD66b+ MP 0.54 0.0067 0.21 0.374
CD54+ MP 0.48 0.0202 0.15 0.513
CD105+ MP 0.56 0.0052 0.39 0.096
CD31+ MP 0.61 0.0018 0.49 0.030
TF+ MP 0.22 0.3034 0.008 0.970

Table 5.1. Spearman correlations between AnV+MP and markers of platelet

activation (platelet monocyte complexes (PMA) and soluble P-Selectin) in the

coronary (CO) in the acute coronary syndrome (ACS) group.

5.4.5 Right atrial soluble P-selectin correlate with MP levels in ACS

In the RA of the ACS group there was a strong positive correlation between soluble
p-selectin and total AnV+MP, AnV+CD42a+PMP and AnV+CD42a+CD62P+PMP.
(r=0.81; p=0.001, r=0.77; p=0.003 and r=0.69; p=0.01 respectively) (Fig 5.3) There
was also a strong correlation between soluble p-selectin and the EMP (Fig 5.3).

AnV+TF+MMP correlated positively with soluble P-selectin r=0.72; p=0.007 (Fig

5.3).
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Fig 5.3 Positive correlation between AnV+MP and soluble P-selectin in the right

atrium (RA) in the acute coronary (ACS) group. Spearman factor r was used for

correlations.

In contrast to the above in the SA group markers of platelet activation (total PMA

and soluble P-selectin) did not correlate with total or cell specific AnV+MP.

5.5 Discussion

In chapters 3 and 4, higher expression of total AnV+MP and MP subpopulations in

patients with ACS compared with stable angina patients both locally at the site of the

culprit lesion and in the systemic circulation have been shown. Furthermore,

coronary inflammatory markers correlated with MP levels and myocardial injury in

ACS (as assessed by troponin T levels); in addition RA IL-6 levels correlated with

MP levels and troponin T in ACS. These observations suggest that patients with
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more severe ACS have higher levels of local and systemic inflammation, and higher

levels of local and systemic circulating MP.

The novelty of the study described in this chapter is the positive correlation between
total AnV+MP and MP subpopulations with markers of platelet activation in ACS
patients, both at the site of the culprit lesion and the systemic circulation. Previous
research has shown positive correlation between soluble p-Selectin and platelet,
endothelial and monocyte derived MP in patients with hypertension and diabetes
mellitus (301). However this is the first study to show that a positive correlation
between MP formation and markers of platelet activation exist in both the coronary

artery and right atrium in ACS patients but not in patients with stable angina.

The role of PMA formation in the pathophysiology of CHD remains unknown.
Activated platelets express P-selectin on their surface which mediates the platelet-
leukocyte interaction via the P-selectin-PSGL-1 bond leading to PMA formation
with leukocyte activation, migration and recruitment at the site of inflammation
(10;18). The platelet-monocyte interaction via the P-selectin-PSGL-1 pathway
increases further the adhesive and pro-thrombotic properties of monocytes by up-
regulating the expression and functionality of betal and beta2 integrins (32;33) and
by TF expression on the monocyte surface respectively (23;35). It has been shown
that activated platelets lose their surface P-selectin despite the fact they continue to
circulate and function (19). Therefore PMA measurement may represent a more
robust marker of platelet activation than detection of P-selectin on their surface
(21;22). Increased PMA levels have been observed in patients with stable angina

(36;51), ACS patients (37) and also after coronary interventions (20). The extent of
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PMA formation depends mainly on platelet activation status rather than the
monocyte activation (30). Also a positive relationship between inflammatory
markers (IL6 and CRP) and markers of platelet activation like P-selectin and PMA
has been demonstrated by Wang et al (48). Studies in patients with ACS who
underwent PCI after administration of glycoprotein Ilb/Illa inhibitors have shown
that inhibition of platelet adhesion and activation via glycoprotein Ilb/Illa inhibitors
leads to PMA formation reduction in addition to the reduction of platelet activation
and degranulation (20;39). It has also been shown that prevention of platelet
adhesion to monocyte by blocking the P-selectin-PSGL-1 interaction reduces
inflammation (31). Patel et al have demonstrated a trans-coronary gradient of
platelet-leukocyte formation in patients with ACS. They found increased PMA in the
coronary sinus compared with the aortic samples in patients with ACS (21). The
above observations support an active involvement of PMA in the pathophysiology of
ACS possibly via exaggerating and sustaining the coagulation cascade in addition to

perpetuating local coronary inflammation.

The data from this study has shown higher CD62P+PMA in patients with ACS
compared with SA in both CO and the RA, in addition to the fact that CD62P+PMA
were higher in the CO vs the RA only in ACS (Fig 5.1). In contrast, there was no
difference in total PMA expression between ACS and SA in both CO and RA sites.
In addition, CD62P+PMA correlated with AnV+ MP (platelet and endothelial MP)
only in the coronary sample in the ACS group. These findings arguably support the
hypothesis that platelets can trigger a pro-inflammatory monocyte response, via
platelet-monocyte interaction and PMA formation, only when platelets are activated

(platelets expressing P-selectin). Also the correlation between CD62P+PMA, a
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marker of platelet activation and a link between platelet activation and inflammation,
and endothelial MP underlines the crucial role of endothelial cells in the
pathophysiology of ACS. Previous reports have shown that the presence of
hemodynamically significant coronary stenosis (lesion with fractional flow reserve
(FFR) < 0.75) does not alter platelet reactivity in patients with stable coronary artery
disease, nor the platelet-monocyte complexes in the systemic circulation (302). In
addition, Bournazos et al have reported that in the absence of overt platelet
activation, P-selectin-PSGL-1 dependent platelet-monocyte interaction represents a
normal physiological process with little impact on the potential of monocytes to
cause vascular injury (303). They concluded that high levels of P-selectin on the
surface of activated platelets or binding of multiple platelets per monocyte are
required to trigger monocyte activation via the P-selectin-PSGL-1 pathway. Also, it
has been shown that intravenous administration of a P-selectin antagonist
(inclacumab) in patients with ACS scheduled for PCI reduces myocardial damage
(304). They found that peak Troponin | and creatine kinase reduced by 23%. This
raises the possibility that PMA may contribute to the pathophysiology of ACS
possibly via exaggerating and sustaining platelet activation and coagulation cascade
in addition to perpetuating local coronary inflammation. Therefore, targeting PMA
formation in ACS may interrupt the platelet-monocyte interactions and limit intra-

coronary inflammation and thrombus formation.

Increased levels of s-P-selectin in the plasma have been previously demonstrated in
patients with CHD, peripheral vascular disease and hypertension, with some
relationship to prognosis (305;306). The observations from this study have shown

higher CO s-P-selectin and platelet MP in the ACS vs SA with a positive correlation
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between CO s-P-selectin and platelet MP underlining the importance of
intracoronary platelet activation in the pathophysiology ACS. Also the strong
correlation between endothelial MP and s-P-selectin emphasizes the role of the
activated endothelial cells and endothelial MP as inflammatory mediators in

pathogenesis of ACS.

Interestingly TF+MP is the only MP subpopulation which did not correlate with
markers of platelet activation in the CO despite the fact that TF+MP was higher in
ACS vs SA in both CO and RA. Nevertheless there was a positive correlation
between TF+MP and s-P-selectin in the systemic circulation (right atrium). The
above could be due to the fact that the interaction between activated platelet and
monocytes via the P-selectin-PSGL-1 pathway with subsequent PMA formation and
TF expression on the monocyte is relatively delayed as opposed with the imminent
platelet activation and s-P-selectin in the coronary during ACS. It could also be due
to a systematic response of the platelet activation and inflammation with PMA and

MP formation in the systemic circulation.

The above observations raise the possibility that MP and PMA may contribute to the
pathophysiology of ACS possibly via exaggerating and sustaining platelet activation,
coagulation and intracoronary inflammation. Therefore, targeting MP release and
PMA formation in ACS may limit intracoronary inflammation and thrombus

formation.
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5.6 Conclusions

Markers of platelet activation correlated positively with total AnV+MP, platelet,
endothelial and leukocyte derived MP, both at the site of the culprit lesion and in the
systemic circulation during ACS. These novel observations suggest a potential
important interaction between activated platelets, monocytes and endothelial cells via
MP formation. Future studies are now required to explore how MP could be directly
involved in the pathogenesis of ACS, since these could represent important novel

therapeutic targets.
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Chapter 6: P-Selectin Activated Platelet Monocyte
Aggregates and Microvascular Dysfunction in patients with
stable angina and non-ST elevation myocardial infarction
undergoing PCI

6.1 Summary

6.2 Introduction and methods

6.3 Patients and methods

6.4 Results

6.5 Discussion

6.6 Conclusions

161



6.1 Summary

Introduction and aims

Microvascular dysfunction (MvD) is a powerful independent predictor of outcomes
in patients with acute coronary syndrome (ACS) undergoing percutaneous coronary
intervention (PCI). Activated platelets interact with leukocytes forming platelet
monocyte aggregates (PMA). PMA represent a sensitive marker of platelet
activation. Our aim was to assess the relationship between MvD and PMA
expression in patients with non-ST elevation myocardial infarction (NSTEMI) and
stable angina (SA) treated with PCI.

Methods

Twenty five patients (14 patients with NSTEMI and 11 patients with SA were
recruited. Blood samples were aspirated sequentially from the right atrium (RA),
ascending aorta (AO) and coronary artery (CO) distal to the culprit lesion. MvD was
assessed by measuring the index of microvascular resistance (IMR), coronary flow
reserve (CFR) and the coronary wedge pressure (PwC) in 14 patients (7 NSTEMI
and 7 SA). Monoclonal fluorescent antibodies and flow cytometry were used for
platelet monocyte estimation (PMA).

Results

Total PMA and CD62P+ PMA did not differ between CO, AO and RA in the two
groups. CD62P+ PMA expression in the CO and AO of the ACS group was higher
compared to the SA group (p=0.005 and p=0.03 respectively). CwP (median) was
higher in the ACS group (52.5 mmHg) compared to the SA group (18 mmHg) p=
0.01. IMR did not differ between ACS and SA. CwP and IMR in both groups

correlated positively with the total PMA in the three compartments (r?=0.3; p=0.009
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and r?=0.4; p=0.01 for CwP and IMR respectively in ACS; r?=0.2; p=0.03 and
r’=0.3; p=0.01 for CwP and IMR respectively in SA).

Conclusions

Elevated CD62P+ PMA is a hallmark of ACS. PMA correlate with measured
microvascular dysfunction in both stable angina and ACS patients. This study
supports the hypothesis that PMA formation may be important determinants of

platelet activation, inflammation and microvascular dysfunction in coronary disease.
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6.2 Introduction and aims

Microvascular dysfunction (MvD) is a powerful independent predictor of long term
outcomes, left ventricular function and mortality in patients presenting with acute
coronary syndrome (ACS) and undergoing revascularization with PCI. Despite
angiographic successful coronary artery stenting potential compromise of the
coronary microcirculation during or after PCI is associated with “slow flow” or “no
flow” with subsequent impaired myocardial tissue oxygenation. A number of
different non-invasive and invasive techniques have been developed to evaluate the
coronary microvasculature. Among the invasive methods in the catheter laboratory
the ‘Index of microvascular resistance’ (IMR) which is derived using a Doppler or a
pressure-temperature sensing wire, has emerged as a novel index for the assessment
of the coronary microcirculation (233;240;243).

Activated endothelial cells and platelets express P-selectin on their surface which
mediates the platelet-leukocyte interaction via the P-selectin-PSGL-1 bond leading to
platelet monocyte aggregate (PMA) formation with leukocyte activation, migration
and recruitment at the site of inflammation (10;18). It has been shown that
inflammatory mediators such as tumour necrosis factor-o (TNF-a) and LPS increase
P-selectin production from the endothelial cells in addition to up-regulating P-
selectin at the cell surface (11). It has also been shown that activated platelets lose
their surface P-selectin despite the fact they continue to circulate and function (19).
Therefore PMA measurement may represent a more robust marker of platelet
activation than detection of P-selectin on their surface. In addition, P-selectin on the
surface of the activated platelets, within the PMA complex, induces monocyte TF
expression which, in the ACS setting with a ruptured atheromatous plaque, may

trigger or contribute to the cascade of athero-thrombosis (23). The amount of PMAs,
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both at the site of the coronary lesion and systematically, has been described as a
sensitive marker of platelet activation and inflammation. Increased PMA levels have
been observed in both stable angina and (36;51) ACS patients (37). However, the
role of PMA formation in the pathophysiology of ACS remains unknown. Whether
PMA is just a bystander of the inflammatory and thrombotic process occurring in the
setting of ACS or whether the PMA is an effector of the disease remains unclear.
Also recent data suggest that platelet monocyte interaction is a normal physiological
process in the absence of overt platelet activation with little impact on the potential
of monocytes to cause vascular injury (29). This subpopulation of PMA was
identified as P-selectin positive PMAs (CD62+PMASs). | hypothesized that 1) PMA
is higher in the ACS group compared with the stable angina and 2) a positive
correlation should exist between PMA expression and markers of microvascular
dysfunction. The aim of my study was to assess the relationship between
microvascular dysfunction and the level of PMA expression, intracoronary and
systemic (aorta and right atrium) in patients presenting with NSTEMI or stable

angina treated with PCI.

6.3 Patients and methods

6.3.1 Study population

Twenty five patients (14 patients with NSTEMI and 11 patients with stable angina
(SA) presenting to our hospital with symptomatic coronary heart disease and treated
with PCI were recruited for the study. The diagnosis of NSTEMI was based on the
history of chest pain with or without ischaemic ECG changes (other than ST
elevation) and a troponin T value > 0.03 ng/l (261). SA patients with symptoms were

admitted electively for PCI. SA patients had been reviewed in the cardiology
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outpatient clinic with a diagnosis of angina pectoris based on typically ischaemic
sounding chest pain and a positive non-invasive test such as exercise tolerance test,
stress echocardiography or myocardial perfusion scan. The decision for diagnostic
angiography was made by a cardiologist as part of routine clinical care. Informed
consent was obtained prior to the procedure from all recruited patients outside the
cardiac catheterisation laboratory. Ethical permission was granted by the local ethics
committee of the Royal Free Hospital, and all participants provided fully informed

written consent.

6.3.2 Exclusion criteria

The exclusion criteria have been described in Chapter 2 (Paragraph 2.1.4)

6.3.3 Coronary angiography, coronary angioplasty and blood sampling

The coronary angiography, angioplasty procedures and blood sampling have been

extensively described in chapters 2 (2.1) and 3 (section 3.3).

6.3.4 Measuring IMR and CFR with pressure-temperature sensor wire

Thermodilution technique (233) using a 0.014 inch floppy pressure wire (pressure
wire 3, Radi Medical system) was used to measure IMR and CFR, in 14 patients of
the study group (7 NSTEMI and 7 SA). The pressure wire has a microsensor which
measures simultaneously pressure and temperature at the location of the microsensor.
The shaft of the wire can be used as an additional thermistor, providing the input
signal at the coronary ostium of any fluid injection with a temperature difference
from blood. In this manner the mean transit time of the injected saline down the

coronary artery can be calculated from a coronary thermodilution curve.
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Thermodilution curves in the coronary artery are obtained by short manual injections
of 3 mls 0.9% saline at room temperature. Measurements of transit time are
calculated 3 times at base line and 3 times at maximum hyperaemia. The mean transit
time (Tm) at baseline and maximum hyperaemia were calculated. Maximum
hyperaemia was achieved by adenosine infusion through the femoral vein at a rate
140 pg/kg/min. Distal coronary pressure (Pd) is recorded from the pressure wire.
Mean aortic pressure (Pa) is measured from the coronary catheter and central venous
pressure (Pv) is measured from the right heart catheter at maximum hyperaemia.
Coronary wedge pressure (Pw) is also measured at maximum hyperaemia by
inflating a semi-compliant balloon (Imm smaller that the vessel diameter) in the
coronary artery. IMR measurements were calculated after the completion of the PCI.
Previous research has shown that Pw below 25 mmHg implies that collateral flow is
essentially hemodynamically insignificant (213;244-247). Therefore the complete
IMR formula, which takes into account the contribution of the coronary collaterals,
was used to calculate the IMR i.e. IMR= Pa x Tm x [(Pd-Pw) + (Pa-Pw)] as
described before (243). All the above measurements were taken during maximum
hyperaemia. CFR can be calculated as a ratio of the average transit time at baseline
and average transit time at maximum hyperaemia provided that the time for analysis
of the thermodilution equals at least one cardiac cycle, and variability between

values of the 3 transit times < 20%.

6.3.5 Flow Cytometry and PMA methodology

The methodology of PMA cytometric identification and analysis has been described

in chapter 2 (section 2.2) and 5 (section 5.3.4).
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6.3.6 Statistical analysis

Continuous variables were expressed as medians with interquartile range (IQR).
Categorical variables were expressed as percentages with 95% confidence intervals
(95% Cls). Comparisons between the two groups and the two (coronary and right
atrium) compartments were performed using the Mann-Whitney U test. Fisher exact
test was used for proportions. Linear regression was used to correlate the markers of
microvascular dysfunction and PMA. A 2-sided p value <0.05 were considered to be
statistically significant. All statistical analyses were performed with Graph Pad Prism

5 statistical software.

6.4 Results

The demographics and baseline characteristics of the study population are shown in
table 6.1. Briefly the majority of the study population was male (83%). The SA
patients were more likely to have past medical history of hypertension compared to
the NSTEMI group. Also the NSTEMI patients were more likely to have family
history of CHD. The study population was well balanced with respect to other risk

factors, diabetes mellitus, dyslipidaemia and smoking.

168



NSTEMI | Stable Angina | p value
Number of patients (n) 14 11
Age (mean), years 62 61 0.8
Male 11 9 0.7
Female 2 2 0.7
Risk Factors
Hypertension 3 9 0.01
Diabetes 3 2 0.8
Dyslipidaemia 9 4 0.3
Smoking 4 2 0.4
Family History of CHD 9 4 0.04
Angiographic
characteristics
1 vessel disease 8 6 0.8
2 vessel disease 3 3 0.8
3 vessel disease 2 2 0.9
Culprit vessel
Left Anterior Descending 5 6 0.8
Left Circumflex 4 0 N/A
Right Coronary Artery 4 5 0.8
Onset of symptoms to PCI | 4320 N/A <0.0001
interval (median), (mins)

Table 6.1 Baseline characteristics, demographics and angiographic data of the
NSTEMI (non ST elevation myocardial infarction) and stable angina groups. Fisher

exact test was used for comparison of proportions between the groups.

6.4.1 Total PMA expression in the CO, AO and RA sites in ACS and SA groups

Within NSTEMI and SA groups there were no difference seen in the expression of
total PMA and CD62P+ PMA levels between the three sites (CO, AO and RA). In
comparing total PMA expression in the CO, AO and RA sites between the NSTEMI
and SA groups no difference was seen (Fig 6.1). However the expression of CD62P+
PMA in the CO site of the NSTEMI patients was higher compared to SA patients
(p=0.005) Fig 6.1a. Similarly in the AO site of the NSTEMI patients the expression

of the CD62P+ PMA was higher compared to SA (p=0.03) Fig 6.1b. There were no
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differences in the expression CD62P+ PMA in the RA site between the two groups
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Fig 6.1 Total PMA and CD62P+ PMA in the coronary artery (CO) Fig 1la, aorta

(AO) Fig 6.1b and the right atrium (RA) Fig 6.1c (total PMA expressed as % of

monocytes and CD62P+ PMA as % of total PMA). PMA (platelet monocyte

complexes), ACS (acute coronary syndrome), SA (stable angina).

6.4.2 IMR, CFR and Pw in the two groups

Pw (median (IQR) was higher in the NSTEMI group [52.5 mmHg (34.2-65.5)]

compared with the SA group [18 mmHg (17-32)] p= 0.01] Fig 2. IMR (median

(IQR) did not differ between NSTEMI [19.6 mmHg*sec (14.4-34.2)] and SA group
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[19.9 mmHg*sec (17.6-26.8)] Fig 2. CFR also did not differ between the two groups

(data not shown).

Fig 6.2 Differences of IMR and Pw in patients with NSTEMI and SA (IMR in
mmHg*sec, Pw in mmHg). IMR (index of microvascular dysfunction), Pw (coronary
wedge pressure), NSTEMI (non ST elevation myocardial infarction), SA (stable

angina).

6.4.3 Correlations between IMR, Pw and PMA

Using linear regression analysis Pw and IMR in the NSTEMI correlated positively
with the total PMA levels in the three compartments (r>=0.3; p=0.009 and r?=0.4;
p=0.01 for Pw and IMR respectively). In addition there was a strong positive

correlation between Pw and CD62P+ PMA (r?=0.5; p=0.007).
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Fig 6.3 Correlation between Pw and IMR with PMA in NSTEMI patients. IMR
(index of microvascular dysfunction), Pw (coronary wedge pressure), NSTEMI (non

ST elevation myocardial infarction), PMA (platelet monocyte aggregates).
In the SA group there was a weak to moderate correlation between Pw and IMR with

the total PMA (r?=0.2; p=0.03 and r?>=0.3; p=0.01 for CwP and IMR respectively).

CD62P+ PMA in the SA did not correlate with Pw or IMR.
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Fig 6.4 Correlation between Pw and IMR with PMA in SA patients. IMR (index of
microvascular dysfunction), Pw (coronary wedge pressure), PMA (platelet monocyte

aggregates), SA (stable angina).

6.5 Discussion

The unique finding of this study is the positive correlation between invasive markers
of microvascular dysfunction and PMA in patients with NSTEMI or stable angina. In
line with previous studies CD62P+ PMA in the coronary, were higher in ACS
patients compared with stable angina. The above findings support the knowledge that
platelet activation is pivotal in ACS and as such CD62P+ PMA which is a sensitive
marker of platelet activation is the hallmark of ACS. It also supports the notion that
PMA formation is dependent on platelet activation and that PMA expression and
platelet activation follow the same pattern of expression. Furthermore these
observations strengthen our understanding that PMA formation in the setting of acute
coronary syndrome occurs mainly intracoronary, at the site of the ruptured plaque,
rather than in the peripheral circulation. The fact that the NSTEMI patients were
studied, blood sampling and IMR measurements, 2-4 days after the onset of
symptoms whilst receiving treatment with anti-platelet and anti-coagulant

medications may have altered the expression of total PMA and contributed to our
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observations that total PMA did not differ between the 2 groups. This may also
explain the fact that only Pw was higher in the ACS group compared to the SA group
whilst IMR and CFR did not differ between the 2 groups.

During ACS, PMA formation at the site of plaque rupture with subsequent monocyte
activation and cytokine release may contribute to the impairment of microcirculatory
flow. Ko et al have found increased levels of soluble CD40 ligand, IL-6, serotonin,
TF and factor VII in the culprit coronary artery compared to those in peripheral
blood (307). Also a positive relationship between inflammatory markers (IL6 and
CRP) and markers of platelet activation like P-selectin and PMA has been
demonstrated by Wang et al (48). Takahashi et al have showed that neutrophilia on
admission is associated with impaired microvascular reperfusion and poor functional
recovery in patients with myocardial infarction treated with primary PCI. Similar
finding were found by Sezer et al (49) who showed that neutrophilia and higher
mean platelet volume were found to be associated with higher IMR, lower CFR and
higher coronary wedge pressure in patients with ACS treated with PCI. The results of
this study are in line with the above findings. Both total PMA and CD62P+ PMA
correlated positively with the coronary wedge pressure in the ACS patients. Also
IMR correlated positively with total PMA. Contrary to the above, in the SA group
IMR and Pw correlated positively with total PMA only but not with CD62P+ PMA.
Clinical studies in animal models, with coronary artery occlusion and reperfusion,
have shown that administration of recombinant monoclonal PSGL-1 antibodies
targeting the P-selectin-PSGL interaction results in inhibition of leukocyte-platelet
and leukocyte-endothelial binding with subsequent improvement of reperfusion in
addition to the reduction of the infarct size (308-310). However in human beings

administration of recombinant PSGL in patients with STEMI as an adjunct to
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thrombolysis have failed to improve clinical outcomes like TIMI flow (Thrombolysis
in myocardial infarction), infarct size and mortality (311). This can be explained by
the fact that in both studies the recombinant antibody was given intravenously and as
such may have failed to reach the coronary circulation. This is because the
recombinant antibody was human antibody and as such was probably absorbed by
the antibody receptors expressed on the macrophages in the liver and spleen.
Recently, Tardif et al have shown that intravenous administration of a P-selectin
antagonist (inclacumab) in patients with ACS scheduled for PCI reduced myocardial
damage (304). They found that peak Troponin I and creatine kinase reduced by 23%.
The findings from this study may explain the mechanism behind the above positive
findings. This raises the possibility that PMA may contribute to the pathophysiology
of microvascular dysfunction via exaggerating and sustaining platelet activation and
coagulation cascade in addition to perpetuating local coronary inflammation.
Therefore, targeting PMA formation in ACS may interrupt the platelet-monocyte

interactions and limit intra-coronary inflammation and thrombus formation.

As discussed in the chapters above the main limitation of this study is the number of

patients making the statistical analysis and the interpretation of correlations difficult.

Also the presence of patient’s selection bias cannot be excluded.

6.6 Conclusions

In conclusion PMA are increased in patients with ACS compared with stable angina
with CD62P+ PMA being a hallmark of ACS. PMA and CD62P+ PMA correlated
positively with indices of microvascular dysfunction. Hence PMA may represent a

marker of both platelet activation and microvascular dysfunction.
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Chapter 7: General discussion and Conclusions

7.1 General discussion

7.2 Conclusions
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7.1 General discussion

The studies outlined in this thesis have investigated the intracoronary and systemic
microparticle expression in patients presenting with ACS and SA and their
relationship with markers of inflammation, platelet activation and myocardial
necrosis. The relationship between PMA, a marker of platelet activation, and MvD

was also studied.

There are important limitations to the data presented in this thesis many of which
have been discussed in the chapters above in addition to many unanswered questions.
This chapter will highlight these limitations and proposes areas of future experiments
that may address some of these unresolved issues. There had also been many
difficulties running this project from designing the study to recruiting and collecting

the blood samples and preparing them for flow cytometry.

The main novel findings of this study are the demonstration of: 1) differences
between MP levels in patients with varying severity of CHD i.e. MP levels were
overall higher in those with ACS (more specifically the highest MP levels were
observed in the STEMI patients) compared with SA; 2. differential local and
systemic AnV+MP expression in human coronary artery disease; 3. differential local
and systemic expression of inflammatory markers in ACS patients; 4. differential
local and systemic expression of markers of platelet activation in ACS patients; 5.
positive correlation between AnV+ MP and markers of inflammation, platelet
activation and myocardial necrosis in ACS patients both in the CO and RA; and 6.
positive correlation between invasive markers of microvascular dysfunction and

PMA in human coronary artery disease.
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In chapter 3 higher levels of total AnV+MP and MP subpopulations were
demonstrated in patients with ACS compared with SA patients in both the CO and
RA. It is highly likely that the source of these MP was the culprit lesion since total
AnV+MP and MP subpopulations were higher in the coronary artery (blood sampled
distal to the coronary culprit lesion) compared with the systemic (RA) circulation in
the study groups. Overall these observations confirm that MP release occurs from
culprit atheromatous lesions in ACS, and that total AnV+MP number and
subpopulation phenotype could relate to clinical severity of ACS. These findings,
which are consistent with previous reports (110;273), strongly suggest that MP
release in symptomatic patients with CHD is mainly locally driven, since CO MP
levels at the site of the complicated plaque were higher than systemic MP levels.
Whilst a causal relationship cannot be established from these data, that these MP
directly contribute to the pathogenesis of ACS, the above findings could have
important implications in this context since AnV+MP are known to be both pro-
inflammatory and pro-thrombotic (77;78). These observations do not, however,
preclude the possibility that additional contribution of MP release also takes place in
the systemic circulation since atheromatous vascular disease is usually widespread
and a systemic inflammatory response is observed during ACS. That said the
findings from this study support the hypothesis that the complicated atheromatous
plaque is the predominant source of the circulating microparticles, and that a
topographic pattern of microparticle expression appears to exist depending on where
you sample the microparticles i.e. the closer to the culprit lesion, the higher the level

of microparticles.
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The limitation of this project had been discussed in chapter 3. However it is
worthwhile mentioning in this chapter the difficulty of obtaining blood samples
exclusively from the coronary artery distal to the culprit lesion with aspiration
catheter. Therefore contamination with blood from non-affected coronaries or
systemic circulation cannot be excluded. The effects of antiplatelet and anticoagulant
therapy on MP production, even though standardised for all patient groups, was not
fully analysed and needs further study. In addition sampling of the infarct related
artery proximally to the culprit lesion or sampling of a bystander coronary artery
could have strengthened my hypothesis that the complicated atheromatous coronary

plaque is the predominant source of microparticle release.

PMP levels were higher compared with the other cell specific MP subpopulations but
particularly so in with respect to the CO P-selectin positive PMP in the STEMI
patients. This observation can be explained by the fact that the hallmark of ACS is
disruption of the atheromatous plaque in the coronary tree, with subsequent platelet
activation and thrombus formation (81). The observation of high levels of
CD62P+PMP in the CO raises the possibility that these could amplify vascular
inflammation and thus contribute to lesion progression by further recruitment of
inflammatory cells expressing P-selectin glycoprotein ligand (PSGL), which binds
CD62P (P-selectin) (29;30). Since, high CO CD62E+EMP, almost certainly derived
from activated coronary endothelium, was also detected, it is likely that E-selectin-
PSGL binding could further mediate the interaction between inflammatory cells and
activated endothelial cells and contribute to lesion progression (270). In addition, the

high CO NMP which were observed could further amplify vascular inflammation
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since NMP can bhind activated endothelium and contribute to further endothelial

activation (271).

As well as amplifying inflammation, MP are also prothrombotic (76). The finding of
high CO TF+MMP could implicate their role in clot propagation, since higher levels
were observed in ACS patients than those with SA. Expressed TF on activated
monocytes results in the release of TF+MMP which promote the clotting cascade
(77). Furthermore, irrespective of TF, AnV+MP are themselves prothrombotic (272)
and were significantly elevated in the CO of STEMI patients. Thus MP, either total

AnV+, and/or TF+ subpopulations could contribute to clot progression in ACS.

A time dependant mode of microparticle expression appears to exist from this study.
There was a negative correlation between the index event to PCI time and total MP,
PMP and EMP in the CO in the NSTEMI group. This suggests that, in line with
previous studies (112;117), there is a peak in MP release during the first 24-48 hours
and thereafter MP levels fall. Arguably, earlier sampling (on admission) of the
NSTEMI patients would have yielded an expression of MP levels similar to that of
the STEMI patients. Antiplatelet and anti-coagulation therapy could have in addition

influenced MP production.

In chapters 4 and 5 the study population was divided in 2 groups (ACS, which
includes STEMI and NSTEMI patients, vs SA). The observation, that total AnV+MP
and MP subpopulations are elevated in patients with ACS compared with SA patients
in both the CO and RA have been extensively discussed at the beginning of this

chapter. CO IL-6 was higher than RA IL-6 in ACS patients, contrary to the other
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inflammatory markers which were studied. Overall, coronary inflammatory markers
correlate with MP levels and myocardial injury in ACS (assessed by troponin T
levels); in addition RA IL-6 levels correlated with MP levels and troponin T in ACS.
Taken together, these results suggest that patients with more severe ACS have higher
levels of local and systemic inflammation, and higher levels of local and systemic
circulating MP. Whilst these data suggest that these indices correlate with extent of
myocardial injury, and that it is indeed likely that these are causally linked, I cannot

yet infer from our data that a causal association is definite.

These data are in agreement with previous reports demonstrating that during ACS,
circulating platelet and endothelial MPs are elevated (104-106). This pattern appears
to exist for leukocyte (neutrophil and monocyte) derived MP, since higher levels
were observed in ACS compared to SA patients. The observed increased MP in the
systemic circulation are likely to be derived the local culprit CO atheromatous lesion,
with additional contribution from systemic release secondary to the systemic

inflammatory response we observed in the ACS patients.

In addition to the differences in MP expression, the second important finding from
chapter 4 is the differential expression of inflammatory markers in the CO and in the
systemic circulation during ACS. In line with previous reports (278;279) increased
intracoronary IL-6 was observed during ACS, compared with the systemic
circulation. This IL-6 is likely to be derived from coronary endothelium (281), and/or
from plaque leucocytes. The rest of the inflammatory markers i.e. hs-CRP, SAA and
TNF-a were higher in the peripheral circulation, which is unsurprising since CRP

and SAA are produced and released from the liver; while TNF-a is produced from
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leukocytes. In the SA group there were no differences of the inflammatory markers

between CO and RA.

The unexpected observation that there were no differences of the measured
inflammatory markers in the coronary artery between ACS and stable angina patients

have been discussed in chapter 4.

Positive correlation between total AnV+ MP and MP subpopulations with markers of
inflammation in ACS patients was also shown in chapter 4. Intracoronary
inflammatory markers correlated with total AnV+MP and MP subpopulations
(including platelets, endothelial and leukocytes derived MP) whilst in the RA
markers of inflammation correlated only with endothelial and monocyte derived
TF+MMP. The fact that in the SA patients inflammatory markers did not correlate
with MP formation could suggest a pivotal role of intracoronary inflammation as a

driver of MP release from the culprit plaque in the pathogenesis of ACS.

The finding from this study that SAA correlates with platelet and endothelial MP
may also provide an explanation for the previously reported pro-coagulant and pro-
inflammatory amplification properties of SAA (190). Matsubara et al have shown
that the increment of SAA across the coronary circulation correlated positively with
the severity of coronary atherosclerosis (189). Higher adverse outcomes including
myocardial infarction, revascularization and death in ACS patients with elevated

SAA has also been previously reported (204).
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Another potentially important finding from my study is the positive correlation
between P-selectin positive PMP with markers of myocardial necrosis both in the CO
and RA, emphasizing the crucial role of platelet activation in the pathogenesis of
ACS. These data could therefore suggest a pathogenic role of MP as effectors linking

inflammatory and prothrombotic pathways in ACS.

In chapter 5 a positive correlation between total AnV+MP and MP subpopulations
with markers of platelet activation was reported in ACS patients, both at the site of
the culprit lesion and the systemic circulation. Previous research has shown positive
correlation between soluble p-Selectin and platelet, endothelial and monocyte
derived MP in patients with hypertension and diabetes mellitus (301). However this
is the first study to show that a positive correlation between MP formation and
markers of platelet activation exist in both the coronary artery and right atrium in

ACS patients but not in patients with stable angina.

The mechanism of PMA formation, their biological effects their role in the
pathophysiology of CHD has been extensively discussed in chapters 2, 5 and 6.
Higher CD62P+PMA in patients with ACS compared with SA in both CO and the
RA, in addition to the fact that CD62P+PMA were higher in the CO vs the RA only
in ACS have been shown in this chapter. Furthermore, CD62P+PMA correlated with
AnV+MP (platelet and endothelial MP) only in the coronary sample in the ACS
group. The correlation between CD62P+PMA (a marker of platelet activation and a
link between platelet activation and inflammation) and endothelial MP underlines the

crucial role of endothelial cells in the pathophysiology of ACS.
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Increased levels of s-P-selectin in the plasma has been previously demonstrated in
patients with CHD, peripheral vascular disease and hypertension, with some
relationship to prognosis (305;306). Coronary s-P-selectin was higher in the ACS vs
SA. The positive correlation between CO s-P-selectin and MP (platelet and
endothelial) underlines the importance of local intracoronary platelet and endothelial
activation with MP formation as inflammatory mediators in the pathophysiology
ACS. Interestingly TF+MMP are the only MP subpopulation which did not correlate
with markers of platelet activation in the CO. Nevertheless there was a positive
correlation between TF+MMP and s-P-selectin in the systemic circulation (right
atrium). The above could be due to the fact that the interaction between activated
platelet and monocytes via the P-selectin-PSGL-1 pathway with subsequent PMA
formation and TF expression on the monocyte is relatively delayed compared with

early platelet activation via s-P-selectin in the circulation.

In chapter 6, a positive correlation between invasive markers of microvascular
dysfunction and PMA in patients with NSTEMI or stable angina was observed.

Takahashi et al have showed that neutrophilia on admission is associated with
impaired microvascular reperfusion and poor functional recovery in patients with
STEMI treated with primary PCI. Similar findings were found by Sezer et al (49)
who showed that neutrophilia and higher mean platelet volume were found to be
associated with higher IMR, lower CFR and higher coronary wedge pressure in
patients with ACS treated with PCI. The results of this study are in line with the
above findings. Both total PMA and CD62P+PMA correlated positively with the

coronary wedge pressure in the ACS patients. Also IMR correlated positively with
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total PMA. Contrary to the above, in the SA group IMR and Pw correlated positively

with total PMA only but not with CD62P+PMA.

Possible explanations of the failure, of the clinical studies of recombinant PSGL
administration in patients with STEMI as an adjunct to thrombolysis (311), to
improve clinical outcomes like TIMI flow, infarct size and mortality have been also
discussed in chapter 6. The observations in chapters 5 and 6 may explain the
mechanism of the positive findings reported by Tardif et al. They have shown that
intravenous administration of a P-selectin antagonist (inclacumab) in patients with
ACS scheduled for PCI reduce myocardial damage (304) by 23% peak Troponin |
and creatine kinase. This raises the possibility that PMA may contribute to the
pathophysiology of microvascular dysfunction via exaggerating and sustaining
platelet activation and coagulation cascade in addition to perpetuating local coronary

inflammation.

The observations from this study raise the possibility that MP and PMA may
contribute to the pathophysiology of ACS possibly via exaggerating and sustaining
platelet activation, coagulation and intracoronary inflammation. Therefore, targeting
MP release and PMA formation in ACS may limit intracoronary inflammation and

thrombus formation.
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7.2 Conclusions

The study described in this thesis demonstrates higher MP levels in patients with
STEMI versus those with NSTEMI or SA. In addition, higher MP levels were
observed in the CO versus RA in all patient groups, strongly suggesting that the
source of these MP is the culprit atheromatous lesion. Moreover, markers of
inflammation and platelet activation in ACS patients, both at the site of the culprit
lesion and in the systemic circulation, strongly correlated with total AnV+, platelet,
endothelial, and leukocyte MP. CD62P+PMA also expressed higher in patients with
ACS compared with stable angina and correlated positively with invasive indices of
microvascular dysfunction in both ACS and stable angina. The interaction between
activated platelets and monocytes with endothelial cells and the subsequent
formation of AnV+MP and PMA during ACS would be compatible with a direct
pathogenic link between inflammatory and prothrombotic pathways in the
pathogenesis of ACS and myocardial necrosis. | cannot yet conclude that these MP
have a direct pathogenic role; however, data from other studies have demonstrated
important pro-inflammatory and prothrombotic effects of MP. This leads us to
speculate that AnV+MP levels may be indicative of coronary artery plaque
instability, and could directly contribute to this pathological process. Also PMA may
represent a marker of both platelet activation and microvascular dysfunction. Future
studies are now required to explore how MP and PMA could be directly involved in
the pathogenesis of ACS, since these could represent important novel therapeutic

targets.

186



Reference List

1)

)

©)

(4)

()

(6)

(")

(8)

(9)

(10)

(11)

(12)

(13)

Kaushansky K. The molecular mechanisms that control thrombopoiesis.
Journal of Clinical Investigation 2005 Dec;115(12):3339-47.

Libby P. The molecular mechanisms of the thrombotic complications of
atherosclerosis. Journal of Internal Medicine 2008 May;263(5):517-27.

Turner NA, Nolasco L, Ruggeri ZM, Moake JL. Endothelial cell ADAMTS-
13 and VWEF: production, release, and VWEF string cleavage. Blood 2009 Dec
3;114(24):5102-11.

Watson SP. Platelet Activation by Extracellular Matrix Proteins in
Haemostasis and Thrombosis. Current Pharmaceutical Design 2009
Apr;15(12):1358-72.

Sadler JE. von Willebrand factor assembly and secretion. Journal of
Thrombosis and Haemostasis 2009 Jul;7:24-7.

Nakahata N. Thromboxane A(2): Physiology/pathophysiology, cellular signal
transduction and pharmacology. Pharmacology & Therapeutics 2008
Apr;118(1):18-35.

Cattaneo M. The platelet P2Y receptors as targets for new antithrombotic
drugs. Journal of Thrombosis and Haemostasis 2003 Jun;1(6):1133-5.

Woollard KJ. Soluble bio-markers in vascular disease: Much more than
gauges of disease? Clinical and Experimental Pharmacology and Physiology
2005 Apr;32(4):233-40.

Johnston GI, Cook RG, Mcever RP. Cloning of Gmp-140, A Granule
Membrane-Protein of Platelets and Endothelium - Sequence Similarity to
Proteins Involved in Cell-Adhesion and Inflammation. Cell 1989 Mar
24;56(6):1033-44.

Galkina E, Ley K. Double jeopardy - How soluble P-selectin activates
leukocytes in peripheral arterial occlusive disease. Circulation Research 2006
Jan 6;98(1):12-4.

Hahne M, Jager U, Isenmann S, Hallmann R, Vestweber D. 5 Tumor
Necrosis Factor-Inducible Cell-Adhesion Mechanisms on the Surface of
Mouse Endothelioma Cells Mediate the Binding of Leukocytes. Journal of
Cell Biology 1993 May;121(3):655-64.

Fox JEB. Shedding of Adhesion Receptors from the Surface of Activated
Platelets. Blood Coagulation & Fibrinolysis 1994 Apr;5(2):291-304.

Ishiwata N, Takio K, Katayama M, Watanabe K, Titani K, lkeda Y, et al.
Alternatively Spliced Isoform of P-Selectin Is Present In-Vivo As A Soluble
Molecule. Journal of Biological Chemistry 1994 Sep 23;269(38):23708-15.

187



(14)

(15)

(16)

7

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

Woollard KJ, Kling D, Kulkarni S, Dart AM, Jackson S, Chin-Dusting J.
Raised plasma soluble P-selectin in peripheral arterial occlusive disease
enhances leukocyte adhesion. Circulation Research 2006 Jan 6;98(1):149-56.

Wein M, Sterbinsky SA, Bickel CA, Schleimer RP, Bochner BS. Comparison
of Human Eosinophil and Neutrophil Ligands for P-Selectin - Ligands for P-
Selectin Differ from Those for E-Selectin. American Journal of Respiratory
Cell and Molecular Biology 1995 Mar;12(3):315-9.

Davies MJ. The composition of coronary-artery plaques. New England
Journal of Medicine 1997 May 1;336(18):1312-4.

Fitzgerald DJ, Roy L, Catella F, Fitzgerald GA. Platelet Activation in
Unstable Coronary-Disease. New England Journal of Medicine 1986 Oct
16;315(16):983-9.

Neumann FJ, Marx N, Gawaz M, Brand K, Ott I, Rokitta C, et al. Induction
of cytokine expression in leukocytes by binding of thrombin-stimulated
platelets. Circulation 1997 May 20;95(10):2387-94.

Michelson AD, Barnard MR, Hechtman HB, MacGregor H, Connolly RJ,
Loscalzo J, et al. In vivo tracking of platelets: Circulating degranulated
platelets rapidly lose surface P-selectin but continue to circulate and function.
Proceedings of the National Academy of Sciences of the United States of
America 1996 Oct 15;93(21):11877-82.

Ray MJ, Walters DL, Bett JNH, Cameron J, Wood P, Aroney CN. Platelet-
monocyte aggregates predict troponin rise after percutaneous coronary
intervention and are inhibited by Abciximab. International Journal of
Cardiology 2005 May 25;101(2):249-55.

Patel PB, Pfau SE, Cleman MW, Brennan JJ, Howes C, Remetz M, et al.
Comparison of coronary artery specific leukocyte-platelet conjugate
formation in unstable versus stable angina pectoris. American Journal of
Cardiology 2004 Feb 15;93(4):410-3.

Gawaz M, Reininger A, Neumann FJ. Platelet function and platelet-leukocyte
adhesion in symptomatic coronary heart disease. Effects of intravenous
magnesium. Thrombosis Research 1996 Sep 1;83(5):341-9.

Celi A, Pellegrini G, Lorenzet R, Deblasi A, Ready N, Furie BC, et al. P-
Selectin Induces the Expression of Tissue Factor on Monocytes. Proceedings
of the National Academy of Sciences of the United States of America 1994
Sep 13;91(19):8767-71.

Shebuski RJ, Kilgore KS. Role of inflammatory mediators in
thrombogenesis. Journal of Pharmacology and Experimental Therapeutics
2002 Mar;300(3):729-35.

Weyrich AS, Elstad MR, Mcever RP, Mcintyre TM, Moore KL, Morrissey
JH, et al. Activated platelets signal chemokine synthesis by human
monocytes. Journal of Clinical Investigation 1996 Mar 15;97(6):1525-34.

188



(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

Alderson MR, Armitage RJ, Tough TW, Strockbine L, Fanslow WC, Spriggs
MK. Cd40 Expression by Human Monocytes - Regulation by Cytokines and
Activation of Monocytes by the Ligand for Cd40. Journal of Experimental
Medicine 1993 Aug 1;178(2):669-74.

Biasucci LM, Vitelli A, Liuzzo G, Altamura S, Caligiuri G, Monaco C, et al.
Elevated levels of interleukin-6 in unstable angina. Circulation 1996 Sep
1,94(5):874-7.

Bataille R, Klein B. C-Reactive Protein-Levels As A Direct Indicator of
Interleukin-6 Levels in Humans Invivo. Arthritis and Rheumatism 1992
Aug;35(8):982-3.

Bournazos S, Rennie J, Hart SP, Fox KAA, Dransfield I. Monocyte
functional responsiveness after PSGL-1-mediated platelet adhesion is
dependent on platelet activation status. Arteriosclerosis Thrombosis and
Vascular Biology 2008 Aug 1;28(8):1491-8.

Li NL, Hu H, Lindqvist M, Wikstrom-Jonsson E, Goodall AH, Hjemdahl P.
Platelet-leukocyte cross talk in whole blood. Arteriosclerosis Thrombosis and
Vascular Biology 2000 Dec;20(12):2702-8.

Sprague DL, Sowa JM, Elzey BD, Ratliff TL. The role of platelet CD154 in
the modulation in adaptive immunity. Immunologic Research 2007;39(1-
3):185-93.

Martins PAD, van Gils JM, Mol A, Hordijk PL, Zwaginga JJ. Platelet binding
to monocytes increases the adhesive properties of monocytes by up-
regulating the expression and functionality of beta(1) and B-2 integrins.
Journal of Leukocyte Biology 2006 Mar;79(3):499-507.

Yago T, Tsukuda M, Minami M. P-selectin binding promotes the adhesion of
monocytes to VCAM-1 under flow conditions. Journal of Immunology 1999
Jul 1;163(1):367-73.

Atarashi K, Hirata T, Matsumoto M, Kanemitsu N, Miyasaka M. Rolling of
Th1 cells via p-selectin glycoprotein ligand-1 stimulates LFA-1-Mediated
cell binding to ICAM-1. Journal of Immunology 2005 Feb 1;174(3):1424-32.

Lindmark E, Tenno T, Siegbahn A. Role of platelet P-selectin and CD40
ligand in the induction of monocytic tissue factor expression. Arteriosclerosis
Thrombosis and Vascular Biology 2000 Oct;20(10):2322-8.

Furman MI, Benoit SE, Barnard MR, Valeri CR, Borbone ML, Becker RC, et
al. Increased platelet reactivity and circulating monocyte-platelet aggregates
in patients with stable coronary artery disease. Journal of the American
College of Cardiology 1998 Feb;31(2):352-8.

Furman MlI, Barnard MR, Krueger LA, Fox ML, Shilale EA, Lessard DM, et
al. Circulating monocyte-platelet aggregates are an early marker of acute
myocardial infarction. Journal of the American College of Cardiology 2001
Oct;38(4):1002-6.

189



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

Sarma J, Laan CA, Alam S, Jha A, Fox KAA, Dransfield I. Increased platelet
binding to circulating monocytes in acute coronary syndromes. Circulation
2002 May 7;105(18):2166-71.

Furman MI, Kereiakes DJ, Krueger LA, Mueller MN, Pieper K, Broderick
TM, et al. Leukocyte-platelet aggregation, platelet surface P-selectin, and
platelet surface glycoprotein Illa after percutaneous coronary intervention:
Effects of dalteparin or unfractionated heparin in combination with
abciximab. American Heart Journal 2001 Nov;142(5):790-8.

Niccoli G, Burzotta F, Galiuto L, Crea F. Myocardial No-Reflow in Humans.
Journal of the American College of Cardiology 2009 Jul 21;54(4):281-92.

Skyschally A, Leineweber K, Gres P, Haude M, Erbel R, Heusch G.
Coronary microembolization. Basic Research in Cardiology 2006
Sep;101(5):373-82.

Reffelmann T, Kloner RA. The no-reflow phenomenon: A basic mechanism
of myocardial ischemia and reperfusion. Basic Research in Cardiology 2006
Sep;101(5):359-72.

Tranumjensen J, Janse MJ, Fiolet JWT, Krieger WJG, Dalnoncourt CN,
Durrer D. Tissue Osmolality, Cell Swelling, and Reperfusion in Acute
Regional Myocardial Ischemia in the Isolated Porcine Heart. Circulation
Research 1981;49(2):364-81.

Engler RL, Schmidschonbein GW, Pavelec RS. Leukocyte Capillary
Plugging in Myocardial Ischemia and Reperfusion in the Dog. American
Journal of Pathology 1983;111(1):98-111.

Ambrosio G, Tritto I. Reperfusion injury: Experimental evidence and clinical
implications. American Heart Journal 1999 Aug;138(2):S69-S75.

Ito BR, Schmidschonbein G, Engler RL. Effects of Leukocyte Activation on
Myocardial Vascular-Resistance. Blood Cells 1990;16(1):145-66.

Ko YG, Jung JH, Park S, Choi E, Joung B, Hwang KC, et al. Inflammatory
and vasoactive factors in the aspirate from the culprit coronary artery of
patients with acute myocardial infarction. International Journal of Cardiology
2006 Sep 10;112(1):66-71.

Wang JH, Zhang SZ, Jin YP, Qin GM, Yu L, Zhang JN. Elevated levels of
platelet-monocyte aggregates and related circulating biomarkers in patients
with acute coronary syndrome. International Journal of Cardiology 2007 Feb
14;115(3):361-5.

Sezer M, Okcular I, Goren T, Oflaz H, Nisanci Y, Umman B, et al.
Association of haematological indices with the degree of microvascular
injury in patients with acute anterior wall myocardial infarction treated with
primary percutaneous coronary intervention. Heart 2007 Mar;93(3):313-8.

190



(50) Golino P, Maroko PR, Carew TE. The Effect of Acute Hypercholesterolemia
on Myocardial Infarct Size and the No-Reflow Phenomenon During Coronary
Occlusion-Reperfusion. Circulation 1987 Jan;75(1):292-8.

(51) Ott I, Neumann FJ, Gawaz M, Schmitt M, Schomig A. Increased neutrophil-
platelet adhesion in patients with unstable angina. Circulation 1996 Sep
15;94(6):1239-46.

(52) Botto N, Sbrana S, Trianni G, Andreassi MG, Ravani M, Rizza A, et al. An
increased platelet-leukocytes interaction at the culprit site of coronary artery
occlusion in acute myocardial infarction: A pathogenic role for "no-reflow™
phenomenon? International Journal of Cardiology 2007 Apr 12;117(1):123-
30.

(53) Wolf P. Nature and Significance of Platelet Products in Human Plasma.
British Journal of Haematology 1967;13(3):269-&.

(54) Hugel B, Carmen M, Martinez MC, Kunzelmann C, Freyssinet JM.
Membrane microparticles: Two sides of the coin. Physiology 2005
Feb;20:22-7.

(55) Morel O, Morel N, Freyssinet JM, Toti F. Platelet microparticles and vascular
cells interactions: A checkpoint between the haemostatic and thrombotic
responses. Platelets 2008;19(1):9-23.

(56) Leroyer AS, Tedgui A, Boulanger CM. Role of microparticles in
atherothrombosis. Journal of Internal Medicine 2008 May;263(5):528-37.

(57) Diamant M, Tushuizen ME, Sturk A, Nieuwland R. Cellular microparticles:
new players in the field of vascular disease? European Journal of Clinical
Investigation 2004 Jun;34(6):392-401.

(58) Nomura S, Ozaki Y, Ikeda Y. Function and role of microparticles in various
clinical settings. Thrombosis Research 2008;123(1):8-23.

(59) Flaumenhaft R, Dilks JR, Richardson J, Alden E, Patel-Hett SR, Battinelli E,
et al. Megakaryocyte-derived microparticles: direct visualization and
distinction from platelet-derived microparticles. Blood 2009 Jan
29:113(5):1112-21.

(60) Zwaal RFA, Schroit AJ. Pathophysiologic implications of membrane
phospholipid asymmetry in blood cells. Blood 1997 Feb 15;89(4):1121-32.

(61) Seigneuret M, Zachowski A, Hermann A, Devaux PF. Asymmetric Lipid
Fluidity in Human-Erythrocyte Membrane - New Spin-Label Evidence.
Biochemistry 1984;23(19):4271-5.

(62) Morel O, Jesel L, Freyssinet JM, Toti F. Cellular Mechanisms Underlying the

Formation of Circulating Microparticles. Arteriosclerosis Thrombosis and
Vascular Biology 2011 Jan;31(1):15-26.

191



(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

Freyssinet JM, Toti F. Formation of procoagulant microparticles and
properties. Thrombosis Research 2010 Apr;125:546-S48.

Bevers EM, Comfurius P, Dekkers DWC, Zwaal RFA. Lipid translocation
across the plasma membrane of mammalian cells. Biochimica et Biophysica
Acta-Molecular and Cell Biology of Lipids 1999 Aug 18;1439(3):317-30.

Daleke DL. Regulation of transhilayer plasma membrane phospholipid
asymmetry. Journal of Lipid Research 2003 Feb;44(2):233-42.

Freyssinet JM, Toti F. Formation of procoagulant microparticles and
properties. Thrombosis Research 2010 Apr;125:546-S48.

Zwaal RFA, Comfurius P, Bevers EM. Surface exposure of
phosphatidylserine in pathological cells. Cellular and Molecular Life
Sciences 2005 May;62(9):971-88.

Morel O, Toti F, Hugel B, Bakouboula B, Camoin-Jau L, Dignat-George F, et
al. Procoagulant microparticles - Disrupting the vascular homeostasis
equation? Arteriosclerosis Thrombosis and Vascular Biology 2006
Dec;26(12):2594-604.

Connor DE, Exner T, Ma DDF, Joseph JE. The majority of circulating
platelet-derived microparticles fail to bind annexin V, lack phospholipid-
dependent procoagulant activity and demonstrate greater expression of
glycoprotein Ib. Thrombosis and Haemostasis 2010 May;103(5):1044-52.

Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS.
Endothelial cells release phenotypically and quantitatively distinct
microparticles in activation and apoptosis. Thrombosis Research 2003 Feb
15;109(4):175-80.

Weerheim AM, Kolb AM, Sturk A, Nieuwland R. Phospholipid composition
of cell-derived microparticles determined by one-dimensional high-
performance thin-layer chromatography. Analytical Biochemistry 2002 Mar
15;302(2):191-8.

Huber J, Vales A, Mitulovic G, Blumer M, Schmid R, Witztum JL, et al.
Oxidized membrane vesicles and blebs from apoptotic cells contain
biologically active oxidized phospholipids that induce monocyte-endothelial
interactions. Arteriosclerosis Thrombosis and Vascular Biology 2002
Jan;22(1):101-7.

Boulanger CM, Amabile N, Tedgui A. Circulating microparticles - A
potential prognostic marker for atherosclerotic vascular disease. Hypertension
2006 Aug;48(2):180-6.

Hussein MNA, Nieuwland R, Hau CM, Evers LM, Meesters EW, Sturk A.
Cell-derived microparticles contain caspase 3 in vitro and in vivo. Journal of
Thrombosis and Haemostasis 2005 May;3(5):888-96.

192



(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

Tushuizen ME, Diamant M, Sturk A, Nieuwland R. Cell-Derived
Microparticles in the Pathogenesis of Cardiovascular Disease Friend or Foe?
Aurteriosclerosis Thrombosis and Vascular Biology 2011 Jan;31(1):4-9.

Sinauridze El, Kireev DA, Popenko NY, Pichugin AV, Panteleev MA,
Krymskaya OV, et al. Platelet microparticle membranes have 50-to 100-fold
higher specific procoagulant activity than activated platelets. Thrombosis and
Haemostasis 2007 Mar;97(3):425-34.

Biro E, Sturk-Maquelin KN, Vogel GMT, Meuleman DG, Smit MJ, Hack
CE, et al. Human cell-derived microparticles promote thrombus formation in
vivo in a tissue factor-dependent manner. Journal of Thrombosis and
Haemostasis 2003 Dec;1(12):2561-8.

Giesen PLA, Rauch U, Bohrmann B, Kling D, Roque M, Fallon JT, et al.
Blood-borne tissue factor: Another view of thrombosis. Proceedings of the
National Academy of Sciences of the United States of America 1999 Mar
2;96(5):2311-5.

Diamant M, Nieuwland R, Pablo RF, Sturk A, Smit JWA, Radder JK.
Elevated numbers of tissue-factor exposing microparticles correlate with
components of the metabolic syndrome in uncomplicated type 2 diabetes
mellitus. Circulation 2002 Nov 5;106(19):2442-7.

Furie B, Furie BC. Mechanisms of disease: Mechanisms of thrombus
formation. New England Journal of Medicine 2008 Aug 28;359(9):938-49.

Leroyer AS, Isobe H, Leseche G, Castier Y, Wassef M, Mallat Z, et al.
Cellular origins and thrombogenic activity of microparticles isolated from
human atherosclerotic plaques. Journal of the American College of
Cardiology 2007 Feb 20;49(7):772-7.

Biro E, Nieuwland R, Tak PP, Pronk LM, Schaap MCL, Sturk A, et al.
Activated complement components and complement activator molecules on
the surface of cell-derived microparticles in patients with rheumatoid arthritis
and healthy individuals. Annals of the Rheumatic Diseases 2007
Aug;66(8):1085-92.

Tans G, Rosing J, Christella M, Thomassen LGD, Heeb MJ, Zwaal RFA, et
al. Comparison of Anticoagulant and Procoagulant Activities of Stimulated
Platelets and Platelet-Derived Microparticles. Blood 1991 Jun
15;77(12):2641-8.

Libby P, Ridker PM, Hansson GK. Inflammation in Atherosclerosis From
Pathophysiology to Practice. Journal of the American College of Cardiology
2009 Dec 1;54(23):2129-38.

Peters MJL, Symmons DPM, McCarey D, Dijkmans BAC, Nicola P, Kvien
TK, et al. EULAR evidence-based recommendations for cardiovascular risk
management in patients with rheumatoid arthritis and other forms of
inflammatory arthritis. Annals of the Rheumatic Diseases 2010
Feb;69(2):325-31.

193



(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

(97)

Mesri M, Altieri DC. Leukocyte microparticles stimulate endothelial cell
cytokine release and tissue factor induction in a JNK1 signaling pathway.
Journal of Biological Chemistry 1999 Aug 13;274(33):23111-8.

Barry OP, Pratico D, Savani RC, Fitzgerald GA. Modulation of monocyte-
endothelial cell interactions by platelet microparticles. Journal of Clinical
Investigation 1998 Jul 1;102(1):136-44.

Neunteufl T, Katzenschlager R, Hassan A, Klaar U, Schwarzacher S, Glogar
D, et al. Systemic endothelial dysfunction is related to the extent and severity
of coronary artery disease. Atherosclerosis 1997 Feb 28;129(1):111-8.

Liao JK. Endothelium and acute coronary syndromes. Clinical Chemistry
1998;44(8):1799-808.

Fang ZY, Marwick TH. Vascular dysfunction and heart failure:
Epiphenomenon or etiologic agent? American Heart Journal 2002
Mar;143(3):383-90.

Contreras F, Rivera M, Vasquez J, De la Parte MA, Velasco M. Endothelial
dysfunction in arterial hypertension. Journal of Human Hypertension 2000
Apr;14:520-S25.

Roberts JM. Endothelial dysfunction in preeclampsia. Seminars in
Reproductive Endocrinology 1998;16(1):5-15.

Boulanger CM, Scoazec A, Ebrahimian T, Henry P, Mathieu E, Tedgui A, et
al. Circulating microparticles from patients with myocardial infarction cause
endothelial dysfunction. Circulation 2001 Nov 27;104(22):2649-52.

Mostefai HA, Agouni A, Carusio N, Mastronardi ML, Heymes C, Henrion D,
et al. Phosphatidylinositol 3-kinase and xanthine oxidase regulate nitiric
oxide and reactive oxygen species productions by apoptotic lymphocyte
microparticles in endothelial cells. Journal of Immunology 2008 Apr
1;180(7):5028-35.

Tushuizen ME, Nieuwland R, Rustemeijer C, Hensgens BE, Sturk A, Heine
RJ, et al. Elevated endothelial microparticles following consecutive meals are
associated with vascular endothelial dysfunction in type 2 diabetes. Diabetes
Care 2007 Mar;30(3):728-30.

Amabile N, Guerin AP, Leroyer A, Mallat Z, Nguyen C, Boddaert J, et al.
Circulating endothelial microparticles are associated with vascular
dysfunction in patients with end-stage renal failure. Journal of the American
Society of Nephrology 2005 Nov;16(11):3381-8.

Mostefai HA, Meziani F, Mastronardi ML, Agouni A, Heymes C, Sargentini
C, et al. Circulating Microparticles from Patients with Septic Shock Exert
Protective Role in Vascular Function. American Journal of Respiratory and
Critical Care Medicine 2008 Dec 1;178(11):1148-55.

194



(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

Soriano AO, Jy WC, Chirinos JA, Valdivia MA, Velasquez HS, Jimenez JJ,
et al. Levels of endothelial and platelet microparticles and their interactions
with leukocytes negatively correlate with organ dysfunction and predict

mortality in severe sepsis. Critical Care Medicine 2005 Nov;33(11):2540-6.

Virmani R, Kolodgie FD, Burke AP, Finn AV, Gold HK, Tulenko TN, et al.
Atherosclerotic plaque progression and vulnerability to rupture -
Angiogenesis as a source of intraplaque hemorrhage. Arteriosclerosis
Thrombosis and Vascular Biology 2005 Oct;25(10):2054-61.

Leroyer AS, Rautou PE, Silvestre JS, Castier Y, Leseche G, Devue C, et al.
CDA40 ligand+ microparticles from human atherosclerotic plaques stimulate
endothelial proliferation and angiogenesis. Journal of the American College
of Cardiology 2008 Oct 14;52(16):1302-11.

Vaughan EE, Chen XZ, Creane M, Nogues CS, Liew A, Duffy A, et al.
Osteopontin Treated Circulating Angiogenic Cells Enhance Functional
Recovery in a SCID Model of Hindlimb Ischemia. Molecular Therapy 2012
May;20:S60.

Ohtsuka M, Sasaki K, Ueno T, Seki R, Nakayoshi T, Koiwaya H, et al.
Platelet-derived microparticles augment the adhesion and neovascularization
capacities of circulating angiogenic cells obtained from atherosclerotic
patients. Atherosclerosis 2013 Apr;227(2):275-82.

Tan KT, Tayebjee MH, Macfadyen RJ, Lip GYH, Blann AD. Elevated
platelet microparticles in stable coronary artery disease are unrelated to
disease severity or to indices of inflammation. Platelets 2005 Sep;16(6):368-
71.

Stepien E, Stankiewicz E, Zalewski J, Godlewski J, Zmudka K, Wybranska 1.
Number of Microparticles Generated During Acute Myocardial Infarction
and Stable Angina Correlates with Platelet Activation. Archives of Medical
Research 2012 Jan;43(1):31-5.

Singh N, Gemmell CH, Daly PA, Yeo EL. Elevated platelet-derived
microparticle levels during unstable angina. Canadian Journal of Cardiology
1995 Dec;11(11):1015-21.

Bernal-Mizrachi L, Jy W, Jimenez JJ, Pastor J, Mauro LM, Horstman LL, et
al. High levels of circulating endothelial microparticles in patients with acute
coronary syndromes. American Heart Journal 2003 Jun;145(6):962-70.

Amabile N, Guerin AP, Tedgui A, Boulanger CM, London GM. Predictive
value of circulating endothelial microparticles for cardiovascular mortality in
end-stage renal failure: a pilot study. Nephrology Dialysis Transplantation
2012 May;27(5):1873-80.

Sinning JM, Losch J, Walenta K, Bohm M, Nickenig G, Werner N.
Circulating CD31(+)/Annexin V+ microparticles correlate with
cardiovascular outcomes. European Heart Journal 2011 Aug;32(16):2034-41.

195



(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

Jung C, Sorensson P, Saleh N, Arheden H, Ryden L, Pernow J. Circulating
endothelial and platelet derived microparticles reflect the size of myocardium
at risk in patients with ST-elevation myocardial infarction. Atherosclerosis
2012 Mar;221(1):226-31.

Porto |, Biasucci LM, De Maria GL, Leone AM, Niccoli G, Burzotta F, et al.
Intracoronary microparticles and microvascular obstruction in patients with
ST elevation myocardial infarction undergoing primary percutaneous
intervention. European Heart Journal 2012 Dec;33(23):2928-38.

Montoro-Garcia S, Shantsila E, Tapp LD, Lopez-Cuenca A, Romero Al,
Hernandez-Romero D, et al. Small-size circulating microparticles in acute
coronary syndromes: Relevance to fibrinolytic status, reparative markers and
outcomes. Atherosclerosis 2013 Apr;227(2):313-22.

Biasucci LM, Porto I, Di Vito L, De Maria GL, Leone AM, Tinelli G, et al.
Differences in Microparticle Release in Patients With Acute Coronary
Syndrome and Stable Angina. Circulation Journal 2012 Sep;76(9):2174-82.

Mavroudis CA, Eleftheriou D, Majumder B, Sapsford R, North J, Lowdell M,
et al. Demonstration of Intracoronary Microparticle Expression and Their
Association with Activated Platelet Monocyte Aggregate in Human St
Elevation Myocardial Infarction. Heart 2012 May;98:A71-A72.

Bernal-Mizrachi L, Jy W, Fierro C, Macdonough R, Velazques HA, Purow J,
et al. Endothelial microparticles correlate with high-risk angiographic lesions
in acute coronary syndromes. International Journal of Cardiology 2004
Dec;97(3):439-46.

Nagy B, Szuk T, Debreceni 1B, Kappelmayer J. Platelet-derived microparticle
levels are significantly elevated in patients treated by elective stenting
compared to subjects with diagnostic catheterization alone. Platelets
2010;21(2):147-51.

Jeanneteau J, Hibert P, Martinez MC, Tual-Chalot S, Tamareille S, Furber A,
et al. Microparticle release in remote ischemic conditioning mechanism.
American Journal of Physiology-Heart and Circulatory Physiology 2012
Oct;303(7):H871-H877.

Skeppholm M, Mobarrez F, Malmqvist K, Wallen H. Platelet-derived
microparticles during and after acute coronary syndrome. Thrombosis and
Haemostasis 2012 Jun;107(6):1122-9.

Ueba T, Nomura S, Inami N, Nishikawa T, Kajiwara M, Iwata R, et al.
Correlation and association of plasma interleukin-6 and plasma platelet-
derived microparticles, markers of activated platelets, in healthy individuals.
Thrombosis Research 2010 Jun;125(6):E329-E334.

Chironi G, Simon A, Hugel B, Del Pino M, Gariepy J, Freyssinet JM, et al.
Circulating leukocyte-derived microparticles predict subclinical
atherosclerosis burden in asymptomatic subjects. Arteriosclerosis Thrombosis
and Vascular Biology 2006 Dec;26(12):2775-80.

196



(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

Ueba T, Nomura S, Inami N, Nishikawa T, Kajiwara M, Iwata R, et al.
Plasma Level of Platelet-Derived Microparticles Is Associated with Coronary
Heart Disease Risk Score in Healthy Men. Journal of Atherosclerosis and
Thrombosis 2010;17(4):342-9.

Nozaki T, Sugiyama S, Koga H, Sugamura K, Ohba K, Matsuzawa Y, et al.
Significance of a Multiple Biomarkers Strategy Including Endothelial
Dysfunction to Improve Risk Stratification for Cardiovascular Events in
Patients at High Risk for Coronary Heart Disease. Journal of the American
College of Cardiology 2009 Aug 11;54(7):601-8.

Lusis AJ. Atherosclerosis. Nature 2000 Sep 14;407(6801):233-41.

Libby P. Inflammation in atherosclerosis. Nature 2002 Dec
26;420(6917):868-74.

KINGSBUR.KJ. Concept of Human Atherosclerosis. Nature
1969;224(5215):146-&.

Li JP, Vlodavsky I. Heparin, heparan sulfate and heparanase in inflammatory
reactions. Thrombosis and Haemostasis 2009 Nov;102(5):823-8.

Lwaleed BA, Bass PS. Tissue factor pathway inhibitor: structure, biology and
involvement in disease. Journal of Pathology 2006 Feb;208(3):327-39.

Esmon CT. Inflammation and the activated protein C anticoagulant pathway.
Seminars in Thrombosis and Hemostasis 2006 Apr;32:49-60.

Esmon CT. Structure and functions of the endothelial cell protein C receptor.
Critical Care Medicine 2004 May;32(5):5298-S301.

Rijken DC, Lijnen HR. New insights into the molecular mechanisms of the
fibrinolytic system. Journal of Thrombosis and Haemostasis 2009 Jan;7(1):4-
13.

Marcus AJ, Broekman MJ, Drosopoulos JHF, Olson KE, Islam N, Pinsky DJ,
et al. Role of CD39 (NTPDase-1) in thromboregulation, cerebroprotection,
and cardioprotection. Seminars in Thrombosis and Hemostasis 2005
Apr;31(2):234-46.

Charo IF, Ransohoff RM. Mechanisms of disease - The many roles of
chemokines and chemokine receptors in inflammation. New England Journal
of Medicine 2006 Feb 9;354(6):610-21.

Gleissner CA, von Hundelshausen P, Ley K. Platelet Chemokines in Vascular
Disease. Arteriosclerosis Thrombosis and Vascular Biology 2008
Nov;28(11):1920-7.

Muller WA. Mechanisms of Transendothelial Migration of Leukocytes.
Circulation Research 2009 Jul 31;105(3):223-30.

197



(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

Galkina E, Ley K. Vascular adhesion molecules in atherosclerosis.
Anrteriosclerosis Thrombosis and Vascular Biology 2007 Nov;27(11):2292-
301.

Woollard KJ, Geissmann F. Monocytes in atherosclerosis: subsets and
functions. Nature Reviews Cardiology 2010 Feb;7(2):77-86.

Libby P, Nahrendorf M, Pittet MJ, Swirski FK. Diversity of denizens of the
atherosclerotic plaque - Not all monocytes are created equal. Circulation 2008
Jun 24;117(25):3168-70.

Ait-Oufella H, Taleb S, Mallat Z, Tedgui A. Cytokine network and T cell
immunity in atherosclerosis. Seminars in Immunopathology 2009
Jun;31(1):23-33.

Mulvihill ER, Jaeger J, Sengupta R, Ruzzo WL, Reimer C, Lukito S, et al.
Atherosclerotic plague smooth muscle cells have a distinct phenotype.
Anrteriosclerosis Thrombosis and Vascular Biology 2004 Jul;24(7):1283-9.

Clarke MCH, Figg N, Maguire JJ, Davenport AP, Goddard M, Littlewood
TD, et al. Apoptosis of vascular smooth muscle cells induces features of
plaque vulnerability in atherosclerosis. Nature Medicine 2006
Sep;12(9):1075-80.

Geng YH, Libby P. Progression of atheroma - A struggle between death and
procreation. Arteriosclerosis Thrombosis and Vascular Biology 2002
Sep;22(9):1370-80.

Kavurma MM, Tan NY, Bennett MR. Death receptors and their ligands in
atherosclerosis. Arteriosclerosis Thrombosis and Vascular Biology 2008 Oct
1;28(10):1694-702.

Reilly MP, Li MY, He J, Ferguson JF, Stylianou IM, Mehta NN, et al.
Identification of ADAMTS7 as a novel locus for coronary atherosclerosis and
association of ABO with myocardial infarction in the presence of coronary
atherosclerosis: two genome-wide association studies. Lancet 2011
Jan;377(9763):383-92.

Dollery CM, Libby P. Atherosclerosis and proteinase activation.
Cardiovascular Research 2006 Feb 15;69(3):625-35.

Libby P, Theroux P. Pathophysiology of coronary artery disease. Circulation
2005 Jun 28;111(25):3481-8.

Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the vulnerable
plagque. Journal of the American College of Cardiology 2006 Apr
18;47(8):C13-C18.

Herrick JB. Landmark Article - Clinical-Features of Sudden Obstruction of

the Coronary-Arteries (Reprinted). Jama-Journal of the American Medical
Association 1983;250(13):1757-62.

198



(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

Finn AV, Nakano M, Narula J, Kolodgie FD, Virmani R. Concept of
Vulnerable/Unstable Plaque. Arteriosclerosis Thrombosis and Vascular
Biology 2010 Jul;30(7):1282-92.

Falk E. Why do Plaques Rupture. Circulation 1992 Dec;86(6):30-42.

Constantinides P. Plaque Fissures in Human Coronary Thrombosis.
Federation Proceedings 1964;23(2P1):443-&.

Clarke MCH, Littlewood TD, Figg N, Maguire JJ, Davenport AP, Goddard
M, et al. Chronic apoptosis of vascular smooth muscle cells accelerates
atherosclerosis and promotes calcification and medial degeneration.
Circulation Research 2008 Jun 20;102(12):1529-38.

Aikawa M, Rabkin E, Sugiyama S, Voglic SJ, Fukumoto Y, Furukawa Y, et
al. An HMG-CoA reductase inhibitor, cerivastatin, suppresses growth of
macrophages expressing matrix metalloproteinases and tissue factor in vivo
and in vitro. Circulation 2001 Jan 16;103(2):276-83.

Fukumoto Y, Libby P, Rabkin E, Hill CC, Enomoto M, Hirouchi Y, et al.
Statins alter smooth muscle cell accumulation and collagen content in
established atheroma of Watanabe heritable hyperlipidemic rabbits.
Circulation 2001 Feb 20;103(7):993-9.

Ridker PM, Rifai N, Pfeffer MA, Sacks F, Braunwald E. Long-term effects of
pravastatin on plasma concentration of C-reactive protein. Circulation 1999
Jul 20;100(3):230-5.

Ridker PM, Cannon CP, Morrow D, Rifai N, Rose LM, Mccabe CH, et al. C-
reactive protein levels and outcomes after statin therapy. New England
Journal of Medicine 2005 Jan 6;352(1):20-8.

Wilcox JN, Smith KM, Schwartz SM, Gordon D. Localization of Tissue
Factor in the Normal Vessel Wall and in the Atherosclerotic Plaque.
Proceedings of the National Academy of Sciences of the United States of
America 1989 Apr;86(8):2839-43.

Edgington TS. Surfing tissue factor - From the predicted to the discovery and
elucidation of unanticipated functions and biology of potential significance.
Thrombosis and Haemostasis 2007 Jul;98(1):36-7.

Mach F, Schonbeck U, Bonnefoy JY, Pober JS, Libby P. Activation of
monocyte/macrophage functions related to acute atheroma complication by
ligation of CD40 - Induction of collagenase, stromelysin, and tissue factor.
Circulation 1997 Jul 15;96(2):396-9.

Sugiyama S, Kugiyama K, Aikawa M, Nakamura S, Ogawa H, Libby P.
Hypochlorous acid, a macrophage product, induces endothelial apoptosis and
tissue factor expression - Involvement of myeloperoxidase-mediated oxidant
in plague erosion and thrombogenesis. Arteriosclerosis Thrombosis and
Vascular Biology 2004 Jul;24(7):1309-14.

199



(159)

(160)

(161)

(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

Lombardo A, Rizzello V, Natale L, Lombardi M, Coli S, Snider F, et al.
Magnetic resonance imaging of carotid plaque inflammation in acute
coronary syndromes: A sign of multisite plaque activation. International
Journal of Cardiology 2009 Jul 24;136(1):103-5.

Choi SH, Chae A, Chen CH, Merki E, Shaw PX, Tsimikas S. Emerging
approaches for imaging vulnerable plaques in patients. Current Opinion in
Biotechnology 2007 Feb;18(1):73-82.

Motoyama S, Sarai M, Harigaya H, Anno H, Inoue K, Hara T, et al.
Computed Tomographic Angiography Characteristics of Atherosclerotic
Plaques Subsequently Resulting in Acute Coronary Syndrome. Journal of the
American College of Cardiology 2009 Jun 30;54(1):49-57.

Ferrero-Miliani L, Nielsen OH, Andersen PS, Girardin SE. Chronic
inflammation: importance of NOD2 and NALP3 in interleukin-1 beta
generation. Clinical and Experimental Immunology 2007 Feb;147(2):227-35.

Packard RRS, Lichtman AH, Libby P. Innate and adaptive immunity in
atherosclerosis. Seminars in Immunopathology 2009 Jun;31(1):5-22.

Berk BC, Weintraub WS, Alexander RW. Elevation of C-Reactive Protein in
Active Coronary-Artery Disease. American Journal of Cardiology 1990 Jan
15;65(3):168-72.

Toss H, Lindahl B, Sieghahn A, Wallentin L. Prognostic influence of
increased fibrinogen and C-reactive protein levels in unstable coronary artery
disease. Circulation 1997 Dec 16;96(12):4204-10.

Rebuzzi AG, Quaranta G, Liuzzo G, Caligiuri G, Lanza GA, Gallimore R, et
al. Incremental prognostic value of serum levels of troponin T and C-reactive
protein on admission in patients with unstable angina pectoris. American
Journal of Cardiology 1998 Sep 15;82(6):715-9.

Biasucci LM, Liuzzo G, Grillo RL, Caligiuri G, Rebuzzi AG, Buffon A, et al.
Elevated levels of C-reactive protein at discharge in patients with unstable
angina predict recurrent instability. Circulation 1999 Feb 23;99(7):855-60.

Morrow DA, Rifai N, Antman EM, Weiner DL, Mccabe CH, Cannon CP, et
al. Serum amyloid A predicts early mortality in acute coronary syndromes: A
TIMI 11A substudy. Journal of the American College of Cardiology 2000
Feb;35(2):358-62.

Heeschen C, Hamm CW, Jens B. Predictive value of C-reactive protein and
troponin T in patients with unstable angina: A comparative analysis.
Circulation 1999 Nov 2;100(18):371.

Liuzzo G, Buffon A, Biasucci LM, Gallimore JR, Caligiuri G, Vitelli A, et al.
Enhanced inflammatory response to coronary angioplasty in patients with
severe unstable angina. Circulation 1998 Dec 1;98(22):2370-6.

200



(171)

(172)

(173)

(174)

(175)

(176)

177)

(178)

(179)

(180)

(181)

Liuzzo G, Biasucci LM, Gallimore JR, Grillo RL, Rebuzzi AG, Pepys MB, et
al. The Prognostic Value of C-Reactive Protein and Serum Amyloid-A
Protein in Severe Unstable Angina. New England Journal of Medicine 1994
Aug 18;331(7):417-24.

Horne BD, Muhlestein JB, Carlquist JF, Bair TL, Madsen TE, Hart NI, et al.
Statin therapy, lipid levels, C-reactive protein and the survival of patients
with angiographically severe coronary artery disease. Journal of the
American College of Cardiology 2000 Nov 15;36(6):1774-80.

Ridker PM, Stampfer MJ, Rifai N. Novel risk factors for systemic
atherosclerosis - A comparison of C-reactive protein, fibrinogen,
homocysteine, lipoprotein(a), and standard cholesterol screening as predictors
of peripheral arterial disease. Jama-Journal of the American Medical
Association 2001 May 16;285(19):2481-5.

Healy AM, Pickard MD, Pradhan AD, Wang YM, Chen ZP, Croce K, et al.
Platelet expression profiling and clinical validation of myeloid-related
protein-14 as a novel determinant of cardiovascular events. Circulation 2006
May 16;113(19):2278-84.

Zhang SZ, Jin YP, Qin GM, Wang JH. Association of platelet-monocyte
aggregates with platelet activation, systemic inflammation, and myocardial
injury in patients with non-ST elevation acute coronary syndromes. Clinical
Cardiology 2007 Jan;30(1):26-31.

Cermak J, Key NS, Bach RR, Balla J, Jacob HS, Vercellotti GM. C-Reactive
Protein Induces Human Peripheral-Blood Monocytes to Synthesize Tissue
Factor. Blood 1993 Jul 15;82(2):513-20.

Volanakis JE, Narkates AJ. Interaction of C-Reactive Protein with Artificial
Phosphatidylcholine Bilayers and Complement. Journal of Immunology
1981;126(5):1820-5.

Pepys MB, Rowe IF, Baltz ML. C-Reactive Protein - Binding to Lipids and
Lipoproteins. International Review of Experimental Pathology 1985;27:83-
111.

Verma S, Wang CH, Li SH, Dumont AS, Fedak PWM, Badiwala MV, et al.
A self-fulfilling prophecy - C-reactive protein attenuates nitric oxide
production and inhibits angiogenesis. Circulation 2002 Aug 20;106(8):913-9.

Anzai T, Yoshikawa T, Shiraki H, Asakura Y, Akaishi M, Mitamura H, et al.
C-reactive protein as a predictor of infarct expansion and cardiac rupture after
a first Q-wave acute myocardial infarction. Circulation 1997 Aug
5;96(3):778-84.

Gaspardone A, Crea F, Versaci F, Tomai F, Pellegrino A, Chiariello L, et al.
Predictive value of C-reactive protein after successful coronary-artery
stenting in patients with stable angina. American Journal of Cardiology 1998
Aug 15;82(4):515-+.

201



(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

Koenig W, Sund M, Frohlich M, Fischer HG, Lowel H, Doring A, et al. C-
reactive protein, a sensitive marker of inflammation, predicts future risk of
coronary heart disease in initially healthy middle-aged men - Results from the
MONICA (Monitoring Trends and Determinants in Cardiovascular Disease)
Augsburg Cohort Study, 1984 to 1992. Circulation 1999 Jan 19;99(2):237-42.

Ridker PM, Buring JE, Shih J, Matias M, Hennekens CH. Prospective study
of C-reactive protein and the risk of future cardiovascular events among
apparently healthy women. Circulation 1998 Aug 25;98(8):731-3.

Badolato R, Wang JM, Murphy WJ, Lloyd AR, Michiel DF, Bausserman LL,
et al. Serum Amyloid-A Is A Chemoattractant - Induction of Migration,
Adhesion, and Tissue Infiltration of Monocytes and Polymorphonuclear
Leukocytes. Journal of Experimental Medicine 1994 Jul 1;180(1):203-9.

Badolato R, Wang JM, Stornello SL, Ponzi AN, Duse M, Musso T. Serum
amyloid A is an activator of PMN antimicrobial functions: induction of
degranulation, phagocytosis, and enhancement of anti-Candida activity.
Journal of Leukocyte Biology 2000 Mar;67(3):381-6.

Furlaneto CJ, Campa A. A novel function of serum amyloid A: A potent
stimulus for the release of tumor necrosis factor-alpha, interleukin-1 beta, and
interleukin-8 by human blood neutrophil. Biochemical and Biophysical
Research Communications 2000 Feb 16;268(2):405-8.

Yavin EJ, Preciado-Patt L, Rosen O, Yaron M, Suessmuth RD, Levartowsky
D, et al. Serum amyloid A-derived peptides, present in human rheumatic
synovial fluids, induce the secretion of interferon-gamma by human CD4+ T-
lymphocytes. Febs Letters 2000 Apr 28;472(2-3):259-62.

Lee HY, Kim MK, Park KS, Bae YH, Yun J, Park JI, et al. Serum amyloid A
stimulates matrix-metalloproteinase-9 upregulation via formyl peptide
receptor like-1-mediated signaling in human monocytic cells. Biochemical
and Biophysical Research Communications 2005 May 13;330(3):989-98.

Matsubara T, Ishibashi T, Hori T, Ozaki K, Mezaki T, Tsuchida K, et al.
Association between coronary endothelial dysfunction and local
inflammation of atherosclerotic coronary arteries. Molecular and Cellular
Biochemistry 2003 Jul;249(1-2):67-73.

Song CJ, Shen Y, Yamen E, Hsu K, Yan WX, Witting PK, et al. Serum
amyloid A may potentiate prothrombotic and proinflammatory events in
acute coronary syndromes. Atherosclerosis 2009 Feb;202(2):596-604.

Finkel MS, Oddis CV, Jacob TD, Watkins SC, Hattler BG, Simmons RL.
Negative Inotropic Effects of Cytokines on the Heart Mediated by Nitric-
Oxide. Science 1992 Jul 17;257(5068):387-9.

Biasucci LM, Liuzzo G, Fantuzzi G, Caligiuri G, Rebuzzi AG, Ginnetti F, et
al. Increasing levels of interleukin (IL)-1Ra and IL-6 during the first 2 days
of hospitalization in unstable angina are associated with increased risk of in-
hospital coronary events. Circulation 1999 Apr 27;99(16):2079-84.

202



(193)

(194)

(195)

(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)

Koukkunen H, Penttila K, Kemppainen A, Halinen M, Penttila I, Rantanen T,
et al. C-reactive protein, fibrinogen, interleukin-6 and tumour necrosis factor-
alpha in the prognostic classification of unstable angina pectoris. Annals of
Medicine 2001 Feb;33(1):37-47.

Ohtsuka T, Hamada M, Inoue K, Ohshima K, Suzuki J, Matsunaka T, et al.
Relation of circulating interleukin-6 to left ventricular remodeling in patients
with reperfused anterior myocardial infarction. Clinical Cardiology 2004
Jul;27(7):417-20.

Cusack MR, Marber MS, Lambiase PD, Bucknall CA, Redwood SR.
Systemic inflammation in unstable angina is the result of myocardial
necrosis. Journal of the American College of Cardiology 2002 Jun
19;39(12):1917-23.

Ridker PM, Rifai N, Stampfer MJ, Hennekens CH. Plasma concentration of
interleukin-6 and the risk of future myocardial infarction among apparently
healthy men. Circulation 2000 Apr 18;101(15):1767-72.

Galis ZS, Muszynski M, Sukhova GK, Simonmorrissey E, Libby P.
Enhanced Expression of Vascular Matrix Metalloproteinases Induced In-
Vitro by Cytokines and in Regions of Human Atherosclerotic Lesions.
Atherosclerosis lii: Recent Advances in Atherosclerosis Research
1995;748:501-7.

Tuomisto K, Jousilahti P, Sundvall J, Pajunen P, Salomaa V. C-reactive
protein, interleukin-6 and tumor necrosis factor alpha as predictors of incident
coronary and cardiovascular events and total mortality - A population-based,
prospective study. Thrombosis and Haemostasis 2006 Mar;95(3):511-8.

Lefer AM, Tsao P, Aoki N, Palladino MA. Mediation of Cardioprotection by
Transforming Growth-Factor-Beta. Science 1990 Jul 6;249(4964):61-4.

Kelly RA, Smith TW. Cytokines and cardiac contractile function. Circulation
1997 Feb 18;95(4):778-81.

Munger MA, Johnson B, Amber 1J, Callahan KS, Gilbert EM. Circulating
concentrations of proinflammatory cytokines in mild or moderate heart
failure secondary to ischemic or idiopathic dilated cardiomyopathy. American
Journal of Cardiology 1996 Apr 1;77(9):723-7.

Khan MM, Liu YC, Khan ME, Gilman ML, Khan ST, Bromberg M, et al.
Upregulation of tissue factor in monocytes by cleaved high molecular weight
kininogen is dependent on TNF-alpha and IL-1 beta. American Journal of
Physiology-Heart and Circulatory Physiology 2010 Feb;298(2):H652-H658.

Eisenreich A, Bogdanov VY, Zakrzewicz A, Pries A, Antoniak S, Poller W,
et al. Cdc2-Like Kinases and DNA Topoisomerase | Regulate Alternative
Splicing of Tissue Factor in Human Endothelial Cells. Circulation Research
2009 Mar 13;104(5):589-U59.

203



(204)

(205)

(206)

(207)
(208)

(209)

(210)

(211)

(212)

(213)

(214)

(215)

Saadi S, Holzknecht RA, Patte CP, Stern DM, Platt JL. Complement-
Mediated Regulation of Tissue Factor Activity in Endothelium. Journal of
Experimental Medicine 1995 Dec 1;182(6):1807-14.

Gebhard C, Stampfli SF, Gebhard CE, Akhmedov A, Breitenstein A, Camici
GG, et al. Guggulsterone, an anti-inflammatory phytosterol, inhibits tissue
factor and arterial thrombosis. Basic Research in Cardiology 2009
May;104(3):285-94.

Canty JM, Brooks A. Phasic VVolumetric Coronary Venous Outflow Patterns
in Conscious Dogs. American Journal of Physiology 1990
May;258(5):H1457-H1463.

Feigl EO. Coronary Physiology. Physiological Reviews 1983;63(1):1-205.

Canty JM. Coronary Pressure-Function and Steady-State Pressure-Flow
Relations During Auto-Regulation in the Unanesthetized Dog. Circulation
Research 1988 Oct;63(4):821-36.

Kuo L, Davis MJ, Chilian WM. Endothelium-Dependent, Flow-Induced
Dilation of Isolated Coronary Arterioles. American Journal of Physiology
1990 Oct;259(4):H1063-H1070.

Kanatsuka H, Lamping KG, Eastham CL, Marcus ML. Heterogeneous
Changes in Epimyocardial Microvascular Size During Graded Coronary
Stenosis - Evidence of the Microvascular Site for Autoregulation. Circulation
Research 1990 Feb;66(2):389-96.

Joye JD, Schulman DS, Lasorda D, Farah T, Donohue BC, Reichek N.
Intracoronary Doppler Guide-Wire Versus Stress Single-Photon Emission
Computed Tomographic T1-201 Imaging in Assessment of Intermediate
Coronary Stenoses. Journal of the American College of Cardiology 1994
Oct;24(4):940-7.

Deychak YA, Segal J, Reiner JS, Rohrbeck SC, Thompson MA, Lundergan
CF, et al. Doppler Guide-Wire Flow-Velocity Indexes Measured Distal to
Coronary Stenoses Associated with Reversible Thallium Perfusion Defects.
American Heart Journal 1995 Feb;129(2):219-27.

Spaan JAE, Piek JJ, Hoffman JIE, Siebes M. Physiological basis of clinically
used coronary hemodynamic indices. Circulation 2006 Jan 24;113(3):446-55.

Tonino PAL, De Bruyne B, Pijls NHJ, Siebert U, Ikeno F, 't Veer M, et al.
Fractional Flow Reserve versus Angiography for Guiding Percutaneous
Coronary Intervention. New England Journal of Medicine 2009 Jan
15;360(3):213-24.

Bache RJ. Effects of Hypertrophy on the Coronary Circulation. Progress in
Cardiovascular Diseases 1988 May;30(6):403-40.

204



(216)

(217)

(218)

(219)

(220)

(221)

(222)

(223)

(224)

(225)

(226)

Jones CJH, Kuo L, Davis MJ, Defily DV, Chilian WM. Role of Nitric-Oxide
in the Coronary Microvascular Responses to Adenosine and Increased
Metabolic Demand. Circulation 1995 Mar 15;91(6):1807-13.

Duncker DJ, Bache RJ. Inhibition of Nitric-Oxide Production Aggravates
Myocardial Hypoperfusion During Exercise in the Presence of A Coronary-
Anrtery Stenosis. Circulation Research 1994 Apr;74(4):629-40.

Pijls NHJ, Bech GJW, Elgamal MIH, Bonnier HIRM, Debruyne B,
Vangelder B, et al. Quantification of Recruitable Coronary Collateral Blood-
Flow in Conscious Humans and Its Potential to Predict Future Ischemic
Events. Journal of the American College of Cardiology 1995 Jun;25(7):1522-
8.

Kern MJ, Lerman A, Bech JW, De Bruyne B, Eeckhout E, Fearon WF, et al.
Physiological assessment of coronary artery disease in the cardiac
catheterization laboratory - A scientific statement from the American Heart
Association Committee on Diagnostic and Interventional Cardiac
Catheterization, Council on Clinical Cardiology. Circulation 2006 Sep
19;114(12):1321-41.

Wahl A, Billinger M, Fleisch M, Meier B, Seiler C. Quantitatively assessed
coronary collateral circulation and restenosis following percutaneous
revascularization. European Heart Journal 2000 Nov;21(21):1776-84.

Probst P, Baumgartner C, Gottsaunerwolf M. The Influence of the Presence
of Collaterals on Restenoses After Ptca. Clinical Cardiology 1991
Oct;14(10):803-7.

Urban P, Meier B, Finci L, Debruyne B, Steffenino G, Rutishauser W.
Coronary Wedge Pressure - A Predictor of Restenosis After Coronary
Balloon Angioplasty. Journal of the American College of Cardiology 1987
Sep;10(3):504-9.

Meier P, Gloekler S, Zbinden R, Beckh S, de Marchi SF, Zbinden S, et al.
Beneficial effect of recruitable collaterals - A 10-year follow-up study in
patients with stable coronary artery disease undergoing quantitative collateral
measurements. Circulation 2007 Aug 28;116(9):975-83.

Yamamoto K, Ito H, Iwakura K, Shintani Y, Masuyama T, Hori M, et al.
Pressure-derived collateral flow index as a parameter of microvascular
dysfunction in acute myocardial infarction. Journal of the American College
of Cardiology 2001 Nov 1;38(5):1383-9.

Simons M. Angiogenesis - Where do we stand now? Circulation 2005 Mar
29;111(12):1556-66.

Zimarino M, Ausiello A, Contegiacorno G, Riccardi I, Renda G, Di lorio C,
et al. Rapid decline of collateral circulation increases susceptibility to
myocardial ischemia - The trade-off of successful percutaneous
recanalization of chronic total occlusions. Journal of the American College of
Cardiology 2006 Jul 4;48(1):59-65.

205



(227)

(228)

(229)

(230)

(231)

(232)

(233)

(234)

(235)

(236)

(237)

Werner GS, Richartz BM, Gastmann O, Ferrari M, Figulla HR. Immediate
changes of collateral function after successful recanalization of chronic total
coronary occlusions. Circulation 2000 Dec 12;102(24):2959-65.

Petronio AS, Baglini R, Limbruno U, Mengozzi G, Amoroso G, Cantarelli A,
et al. Coronary collateral circulation behaviour and myocardial viability in
chronic total occlusion treated with coronary angioplasty. European Heart
Journal 1998 Nov;19(11):1681-7.

Fujita M, Nakae I, Fudo T, Tanaka T, Iwase T, Tamaki S, et al. Fate of
collateral vessels after successful coronary angioplasty in patients with effort
angina. Journal of the American College of Cardiology 1997 Mar
1;29(3):544-8.

Perera D, Biggart S, Postema P, Patel S, Lambiase P, Marber M, et al. Right
atrial pressure: Can it be ignored when calculating fractional flow reserve and
collateral flow index? Journal of the American College of Cardiology 2004
Nov 16;44(10):2089-91.

Pereira D, Patel S, Blows L, Marber M, Redwood S. Coronary collateral
support remains recruitable following percutaneous coronary intervention.
Circulation 2004 Oct 26;110(17):404.

Melikian N, Kearney MT, Thomas MR, De Bruyne B, Shah AM, MacCarthy
PA. A simple thermodilution technique to assess coronary endothelium-
dependent humans: validation and flow reserve. European Heart Journal 2007
Sep;28(18):2188-94.

Pijls NHJ, De Bruyne B, Smith L, Aarnoudse W, Barbato E, Bartunek J, et al.
Coronary thermodilution to assess flow reserve - Validation in humans.
Circulation 2002 May 28;105(21):2482-6.

Miller DD, Donohue TJ, Younis LT, Bach RG, Aguirre FV, Wittry MD, et al.
Correlation of Pharmacological Tc-99M-Sestamibi Myocardial Perfusion
Imaging with Poststenotic Coronary Flow Reserve in Patients with
Angiographically Intermediate Coronary-Artery Stenoses. Circulation 1994
May;89(5):2150-60.

Danzi GB, Pirelli S, Muri L, Testa R, Ciliberto GR, Massa D, et al. Which
variable of stenosis severity best describes the significance of an isolated left
anterior descending coronary artery lesion? Correlation between quantitative
coronary angiography, intracoronary Doppler measurements and high dose
dipyridamole echocardiography. Journal of the American College of
Cardiology 1998 Mar 1;31(3):526-33.

Heller LI, Cates C, Popma J, Deckelbaum LI, Joye JD, Dahlberg ST, et al.
Intracoronary Doppler assessment of moderate coronary artery disease -
Comparison with T1-201 imaging and coronary angiography. Circulation
1997 Jul 15;96(2):484-90.

Pijls NHJ, Debruyne B, Peels K, VanderVoort PH, Bonnier HIRM, Bartunek
J, et al. Measurement of fractional flow reserve to assess the functional

206



(238)

(239)

(240)

(241)

(242)

(243)

(244)

(245)

(246)

(247)

severity of coronary-artery stenoses. New England Journal of Medicine 1996
Jun 27;334(26):1703-8.

Meuwissen M, Chamuleau SAJ, Siebes M, Schotborgh CE, Koch KT, de
Winter RJ, et al. Role of variability in microvascular resistance on fractional
flow reserve and coronary blood flow velocity reserve in intermediate
coronary lesions. Circulation 2001 Jan 16;103(2):184-7.

Kern MJ, Debruyne B, Pijls NHJ. From research to clinical practice: Current
role of intracoronary physiologically based decision making in the cardiac
catheterization laboratory. Journal of the American College of Cardiology
1997 Sep;30(3):613-20.

Debruyne B, Bartunek J, Sys SU, Pijls NHJ, Heyndrickx GR, Wijns W.
Simultaneous coronary pressure and flow velocity measurements in humans -
Feasibility, reproducibility, and hemodynamic dependence of coronary flow
velocity reserve, hyperemic flow versus pressure slope index, and fractional
flow reserve. Circulation 1996 Oct 15;94(8):1842-9.

Pijls NHJ, Aengevaeren WRM, Uijen GJH, Hoevelaken A, Pijnenburg T,
Vanleeuwen K, et al. Concept of Maximal Flow Ratio for Immediate
Evaluation of Percutaneous Transluminal Coronary Angioplasty Result by
Videodensitometry. Circulation 1991 Mar;83(3):854-65.

De Bruyne B, Pijls NHJ, Smith L, Wievegg M, Heyndrickx GR. Coronary
thermodilution to assess flow reserve - Experimental validation. Circulation
2001 Oct 23;104(17):2003-6.

Fearon WF, Balsam LB, Farouque HMO, Robbins RC, Fitzgerald PJ, Yock
PG, et al. Novel index for invasively assessing the coronary microcirculation.
Circulation 2003 Jul 1;107(25):3129-32.

Wustmann K, Zbinden S, Windecker S, Meier B, Seiler C. Is there functional
collateral flow during vascular occlusion in angiographically normal coronary
arteries? Circulation 2003 May 6;107(17):2213-20.

van Liebergen RAM, Piek JJ, Koch KT, de Winter RJ, Schotborgh CE, Lie
KI. Quantification of collateral flow in humans: A comparison of
angiographic, electrocardiographic and hemodynamic variables. Journal of
the American College of Cardiology 1999 Mar 1;33(3):670-7.

Piek JJ, VanLiebergen RAM, Koch KT, Peters RJG, David GK. Clinical,
angiographic and hemodynamic predictors of recruitable collateral flow
assessed during balloon angioplasty coronary occlusion. Journal of the
American College of Cardiology 1997 Feb;29(2):275-82.

Mohri M, Egashira K, Kuga T, Shimokawa H, Takeshita A. Correlations
between recruitable coronary collateral flow velocities, distal occlusion
pressure, and electrocardiographic changes in patients undergoing
angioplasty. Japanese Circulation Journal-English Edition 1997
Dec;61(12):971-8.

207



(248)

(249)

(250)

(251)

(252)

(253)

(254)

(255)

(256)

(257)

(258)

Fearon WF, Farouque HMO, Balsam LB, Cooke DT, Robbins RC, Fitzgerald
PJ, et al. Comparison of coronary thermodilution and Doppler velocity for
assessing coronary flow reserve. Circulation 2003 Nov 4;108(18):2198-200.

Fearon WF, Aarnoudse W, Pijls NHJ, De Bruyne B, Balsam LB, Cooke DT,
et al. Microvascular resistance is not influenced by epicardial coronary artery
stenosis severity - Experimental validation. Circulation 2004 May
18;109(19):2269-72.

Aarnoudse W, Fearon WF, Manoharan G, Geven M, Van de Vosse F, Rutten
M, et al. Epicardial stenosis severity does not affect minimal microcirculatory
resistance. Circulation 2004 Oct 12;110(15):2137-42.

Layland J, Maclsaac Al, Burns AT, Somaratne JB, Leitl G, Whitbourn RJ, et
al. When Collateral Supply is Accounted For Epicardial Stenosis Does Not
Increase Microvascular Resistance. Circulation-Cardiovascular Interventions
2012 Feb;5(1):97-102.

Verhoeff BJ, van de Hoef TP, Spaan JAE, Piek JJ, Siebes M. Minimal effect
of collateral flow on coronary microvascular resistance in the presence of
intermediate and noncritical coronary stenoses. American Journal of
Physiology-Heart and Circulatory Physiology 2012 Aug;303(4):H422-H428.

Ng MKC, Yeung AC, Fearon WF. Invasive assessment of the coronary
microcirculation - Superior reproducibility and less hemodynamic
dependence of index of microcirculatory resistance compared with coronary
flow reserve. Circulation 2006 May 2;113(17):2054-61.

Fearon WF, Shah M, Ng M, Brinton T, Wilson A, Trernmel JA, et al.
Predictive value of the index of microcirculatory resistance in patients with
ST-segment elevation myocardial infarction. Journal of the American College
of Cardiology 2008 Feb 5;51(5):560-5.

Sezer M, Oflaz H, Goren T, Okcular I, Umman B, Nisanci Y, et al.
Intracoronary streptokinase after primary percutaneous coronary intervention.
New England Journal of Medicine 2007 May 3;356(18):1823-34.

Payne AR, Berry C, Doolin O, McEntegart MB, Woodward R, Saul A, et al.
Myocardial Salvage During Primary Pci Can be Predicted in the Cath Lab.
Heart 2011 Jun;97:A73-A74.

Yoo SH, Yoo TK, Lim HS, Kim MY, Koh JH. Index of Microcirculatory
Resistance as Predictor for Microvascular Functional Recovery in Patients
with Anterior Myocardial Infarction. Journal of Korean Medical Science
2012 Sep;27(9):1044-50.

McGeoch R, Watkins S, Berry C, Steedman T, Davie A, Byrne J, et al. The
Index of Microcirculatory Resistance Measured Acutely Predicts the Extent
and Severity of Myocardial Infarction in Patients With ST-Segment Elevation
Myocardial Infarction. Jacc-Cardiovascular Interventions 2010 Jul;3(7):715-
22.

208



(259)

(260)

(261)

(262)

(263)

(264)

(265)

(266)

(267)

(268)

(269)

Cuisset T, Hamilos M, Melikian N, Wyffels E, Sarnia J, Sarno G, et al. Direct
stenting for stable angina pectoris is associated with reduced periprocedural
microcirculatory injury compared with stenting after pre-dilation. Journal of
the American College of Cardiology 2008 Mar 18;51(11):1060-5.

Layland JJ, Whitbourn RJ, Burns AT, Somaratne J, Leitl G, Maclsaac Al, et
al. The index of microvascular resistance identifies patients with
periprocedural myocardial infarction in elective percutaneous coronary
intervention. Heart 2012 Oct;98(20):1492-7.

Taylor J. Updated ESC Guidelines for managing patients with suspected non-
ST-elevation acute coronary syndromes. European Heart Journal 2011
Dec;32(23):2909-10.

Steg G, James SK, Atar D, Badano LP, Blomstrom-Lundqvist C, Borger MA,
et al. ESC Guidelines for the management of acute myocardial infarction in
patients presenting with ST-segment elevation. European Heart Journal 2012
Oct;33(20):2569-619.

Combes V, DignatGeorge F, Mutin M, Sampol J. A new flow cytometry
method of platelet-derived microvesicle quantitation in plasma. Thrombosis
and Haemostasis 1997 Jan;77(1):220.

Ledue TB, Weiner DL, Sipe JD, Poulin SE, Collins MF, Rifai N. Analytical
evaluation of particle-enhanced immunonephelometric assays for C-reactive
protein, serum amyloid A and mannose-binding protein in human serum.
Annals of Clinical Biochemistry 1998 Nov;35:745-53.

Poole S, Walker D, Das REG, Gallimore JR, Pepys MB. The first
international standard for serum amyloid A protein (SAA). Evaluation in an
international collaborative study. Journal of Immunological Methods 1998
May 1;214(1-2):1-10.

Corran P, Griffiths E, Grachev V, van den Besselaar AMHP, Poller L,
Tripodi A, et al. WHO Expert Committee on Biological Standardization -
Introduction. Who Expert Committee on Biological Standardization - 48Th
Report 1999;889:1-111.

Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circulation
2002 Mar 5;105(9):1135-43.

Mallat Z, Hugel B, Ohan J, Leseche G, Freyssinet JM, Tedgui A. Shed
membrane microparticles with procoagulant potential in human
atherosclerotic plaques - A role for apoptosis in plaque thrombogenicity.
Circulation 1999 Jan 26;99(3):348-53.

Fourcade O, Simon MF, Viode C, Rugani N, Leballe F, Ragab A, et al.
Secretory Phospholipase A(2) Generates the Novel Lipid Mediator
Lysophosphatidic Acid in Membrane Microvesicles Shed from Activated
Cells. Cell 1995 Mar 24;80(6):919-27.

209



(270)

(271)

(272)

(273)

(274)

(275)

(276)

(277)

(278)

(279)

(280)

Huo YQ, Xia LJ. P-selectin Glycoprotein Ligand-1 Plays a Crucial Role in
the Selective Recruitment of Leukocytes Into the Atherosclerotic Arterial
Wall. Trends in Cardiovascular Medicine 2009 May;19(4):140-5.

Hong Y, Eleftheriou D, Hussain AAK, Price-Kuehne FE, Savage CO, Jayne
D, et al. Anti-Neutrophil Cytoplasmic Antibodies Stimulate Release of
Neutrophil Microparticles. Journal of the American Society of Nephrology
2012 Jan;23(1):49-62.

Eleftheriou D, Hong Y, Klein NJ, Brogan PA. Microparticle mediated
thrombin generation: a novel mechanism of thrombotic propensity associated
with systemic vasculitis of the young. Clinical and Experimental
Rheumatology 2011 Mar;29(2):445.

Min PK, Kim JY, Chung KH, Lee BK, Cho M, Lee DL, et al. Local increase
in microparticles from the aspirate of culprit coronary arteries in patients with
ST-segment elevation myocardial infarction. Atherosclerosis 2013
Apr;227(2):323-8.

Peters MJL, Symmons DPM, McCarey D, Dijkmans BAC, Nicola P, Kvien
TK, et al. EULAR evidence-based recommendations for cardiovascular risk
management in patients with rheumatoid arthritis and other forms of
inflammatory arthritis. Annals of the Rheumatic Diseases 2010
Feb;69(2):325-31.

Monaco C, Rossi E, Milazzo D, Citterio F, Ginnetti F, D'Onofrio G, et al.
Persistent systemic inflammation in unstable angina is largely unrelated to the
atherothrombotic burden. Journal of the American College of Cardiology
2005 Jan 18;45(2):238-43.

Mulvihill NT, Foley JB, Murphy RT, Curtin R, Crean PA, Walsh M. Risk
stratification in unstable angina and non-Q wave myocardial infarction using
soluble cell adhesion molecules. Heart 2001 Jun;85(6):623-7.

Lagrand WK, Visser CA, Hermens WT, Niessen HWM, Verheugt FWA,
Wolbink GJ, et al. C-reactive protein as a cardiovascular risk factor - More
than an epiphenomenon? Circulation 1999 Jul 6;100(1):96-102.

Deliargyris EN, Raymond RJ, Theoharides TC, Boucher WS, Tate DA,
Dehmer GJ. Sites of interleukin-16 release in patients with acute coronary
syndromes and in patients with congestive heart failure. American Journal of
Cardiology 2000 Nov 1;86(9):913-8.

Maier W, Altwegg LA, Corti R, Gay S, Hersberger M, Maly FE, et al.
Inflammatory markers at the site of ruptured plaque in acute myocardial
infarction - Locally increased interleukin-6 and serum amyloid A but
decreased C-reactive protein. Circulation 2005 Mar 22;111(11):1355-61.

Distler JHW, Pisetsky DS, Huber LC, Kalden JR, Gay S, Distler O.
Microparticles as regulators of inflammation - Novel players of cellular
crosstalk in the rheumatic diseases. Arthritis and Rheumatism 2005
Nov;52(11):3337-48.

210



(281)

(282)

(283)

(284)

(285)

(286)

(287)

(288)

(289)

(290)

(291)

(292)

Bevilacqua MP, Schleef RR, Gimbrone MA, Loskutoff DJ. Regulation of the
Fibrinolytic System of Cultured Human Vascular Endothelium by
Interleukin-1. Journal of Clinical Investigation 1986 Aug;78(2):587-91.

Burger PC, Wagner DD. Platelet P-selectin facilitates atherosclerotic lesion
development. Blood 2003 Apr 1;101(7):2661-6.

Wagner DD, Burger PC. Platelets in inflammation and thrombosis.
Aurteriosclerosis Thrombosis and Vascular Biology 2003 Dec;23(12):2131-7.

Sabatier F, Darmon P, Hugel B, Combes V, Sanmarco M, Velut JG, et al.
Type 1 and type 2 diabetic patients display different patterns of cellular
microparticles. Diabetes 2002 Sep;51(9):2840-5.

Preston RA, Jy W, Jimenez JJ, Mauro LM, Horstman LL, Valle M, et al.
Effects of severe hypertension on endothelial and platelet microparticles.
Hypertension 2003 Feb;41(2):211-7.

Ferreira AC, Peter AA, Mendez AJ, Jimenez JJ, Mauro LM, Chirinos JA, et
al. Postprandial hypertriglyceridemia increases circulating levels of
endothelial cell microparticles. Circulation 2004 Dec 7;110(23):3599-603.

Heloire F, Weill B, Weber S, Batteux F. Aggregates of endothelial
microparticles and platelets circulate in peripheral blood. Variations during
stable coronary disease and acute myocardial infarction. Thrombosis
Research 2003 Jun 1;110(4):173-80.

Koga H, Sugiyama S, Kugiyama K, Watanabe K, Fukushima H, Tanaka T, et
al. Elevated levels of VE-cadherin-positive endothelial microparticles in
patients with type 2 diabetes mellitus and coronary artery disease. Journal of
the American College of Cardiology 2005 May 17;45(10):1622-30.

Ramos CL, Huo YQ, Jung US, Ghosh S, Manka DR, Sarembock 1J, et al.
Direct demonstration of P-selectin- and VCAM-1-dependent mononuclear
cell rolling in early atherosclerotic lesions of apolipoprotein E-deficient mice.
Circulation Research 1999 Jun 11;84(11):1237-44.

Weyrich AS, Mclintyre TM, Mcever RP, Prescott SM, Zimmerman GA.
Monocyte Tethering by P-Selectin Regulates Monocyte Chemotactic Protein-
1 and Tumor-Necrosis-Factor-Alpha Secretion - Signal Integration and Nf-
Kappa-B Translocation. Journal of Clinical Investigation 1995
May;95(5):2297-303.

Weber C, Springer TA. Neutrophil accumulation on activated, surface-
adherent platelets in flow is mediated by interaction of Mac-1 with fibrinogen
bound to alpha Ilb beta 3 and stimulated by platelet-activating factor. Journal
of Clinical Investigation 1997 Oct 15;100(8):2085-93.

Fox JEB. Shedding of Adhesion Receptors from the Surface of Activated
Platelets. Blood Coagulation & Fibrinolysis 1994 Apr;5(2):291-304.

211



(293)

(294)

(295)

(296)

(297)

(298)

(299)

(300)

(301)

(302)

(303)

(304)

Ishiwata N, Takio K, Katayama M, Watanabe K, Titani K, lkeda Y, et al.
Alternatively Spliced Isoform of P-Selectin Is Present In-Vivo As A Soluble
Molecule. Journal of Biological Chemistry 1994 Sep 23;269(38):23708-15.

Woollard KJ, Kling D, Kulkarni S, Dart AM, Jackson S, Chin-Dusting J.
Raised plasma soluble P-selectin in peripheral arterial occlusive disease
enhances leukocyte adhesion. Circulation Research 2006 Jan 6;98(1):149-56.

von Hundelshausen P, Weber KSC, Huo YQ, Proudfoot AEI, Nelson PJ, Ley
K, et al. RANTES deposition by platelets triggers monocyte arrest on
inflamed and atherosclerotic endothelium. Circulation 2001 Apr
3;103(13):1772-7.

Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-
Berghaus G, et al. CD40 ligand on activated platelets triggers an
inflammatory reaction of endothelial cells. Nature 1998 Feb
5;391(6667):591-4.

Andre P, Nannizzi-Alaimo L, Prasad SK, Phillips DR. Platelet-derived
CD40L - The switch-hitting player of cardiovascular disease. Circulation
2002 Aug 20;106(8):896-9.

Hong Y, Eleftheriou D, Savage CO, Hussain AAK, Klein NJ, Brogan PA.
ANCA induced neutrophil microparticles: effect on endothelial cell activation
and angiogenesis. Clinical and Experimental Rheumatology 2011
Mar;29(2):431-2.

Hugel B, Carmen M, Martinez MC, Kunzelmann C, Freyssinet JM.
Membrane microparticles: Two sides of the coin. Physiology 2005
Feb;20:22-7.

Morel O, Morel N, Freyssinet JM, Toti F. Platelet microparticles and vascular
cells interactions: A checkpoint between the haemostatic and thrombotic
responses. Platelets 2008;19(1):9-23.

Nomura S, Inami N, Shouzu A, Urase F, Maeda Y. Correlation and
association between plasma platelet-, monocyte- and endothelial cell-derived
microparticles in hypertensive patients with type 2 diabetes mellitus. Platelets
2009;20(6):406-14.

Sels JWEM, Rutten B, van Holten TC, Hillaert MAK, Waltenberger J, Pijls
NHJ, et al. The Relationship between Fractional Flow Reserve, Platelet
Reactivity and Platelet Leukocyte Complexes in Stable Coronary Artery
Disease. Plos One 2013 Dec 31;8(12).

Bournazos S, Rennie J, Hart SP, Fox KAA, Dransfield I. Monocyte
functional responsiveness after PSGL-1-mediated platelet adhesion is
dependent on platelet activation status. Arteriosclerosis Thrombosis and
Vascular Biology 2008 Aug 1;28(8):1491-8.

Tardif JC, Tanguay JF, Wright SS, Duchatelle V, Petroni T, Gregoire JC, et
al. Effects of the P-Selectin Antagonist Inclacumab on Myocardial Damage

212



(305)

(306)

(307)

(308)

(309)

(310)

(311)

After Percutaneous Coronary Intervention for Non-ST-Segment Elevation
Myocardial Infarction Results of the SELECT-ACS Trial. Journal of the
American College of Cardiology 2013 May 21;61(20):2048-55.

Blann AD, Nadar SK, Lip GYH. The adhesion molecule P-selectin and
cardiovascular disease. European Heart Journal 2003 Dec;24(24):2166-79.

Zeiger F, Stephan S, Hoheisel G, Pfeiffer D, Ruehlmann C, Koksch M. P-
selectin expression, platelet aggregates, and platelet-derived microparticle
formation are increased in peripheral arterial disease. Blood Coagulation &
Fibrinolysis 2000 Dec;11(8):723-8.

Ko YG, Jung JH, Park S, Choi E, Joung B, Hwang KC, et al. Inflammatory
and vasoactive factors in the aspirate from the culprit coronary artery of
patients with acute myocardial infarction. International Journal of Cardiology
2006 Sep 10;112(1):66-71.

Kumar A, Villani MP, Patel UK, Keith JC, Schaub RG. Recombinant soluble
form of PSGL-1 accelerates thrombolysis and prevents reocclusion in a
porcine model. Circulation 1999 Mar 16;99(10):1363-9.

Wang K, Zhou XR, Zhou ZM, Tarakji K, Qin JX, Sitges M, et al.
Recombinant soluble P-selectin glycoprotein ligand-lg (rPSGL-Ig) attenuates
infarct size and myeloperoxidase activity in a canine model of ischemia-
reperfusion. Thrombosis and Haemostasis 2002 Jul;88(1):149-54.

Hansen A, Kumar A, Wolf D, Frankenbergerova K, Filusch A, Gross ML, et
al. Evaluation of cardioprotective effects of recombinant soluble P-selectin
glycoprotein ligand-immunoglobulin in myocardial ischemia-reperfusion
injury by real-time myocardial contrast echocardiography. Journal of the
American College of Cardiology 2004 Aug 18;44(4):887-91.

Mertens P, Maes A, Nuyts J, Belmans A, Desmet W, Esplugas E, et al.
Recombinant P-selectin glycoprotein ligand-immunoglobulin, a P-selectin
antagonist, as an adjunct to thrombolysis in acute myocardial infarction. The
P-Selectin Antagonist Limiting Myonecrosis (PSALM) trial. American Heart
Journal 2006 Jul;152(1).

213



Publications from this thesis

1.

Mavroudis C, Eleftheriou D, Majumder B, Sapsford R, North J, Lowdell M,
Brogan P, Rakhit R. Demonstration of intracoronary microparticle expression
and their association with activated platelet monocyte aggregate in human ST
elevation myocardial infarction Heart 2012; 98: A127

Mavroudis C, Majumder B, Lowdell M, Rakhit R. Platelet Monocyte
Aggregates Correlate with Indices of Microvascular Dysfunction (Coronary
Wedge Pressure and Index of Microvascular Resistance) During PCI for
Stable Angina and Non-ST Segment Elevation Acute Coronary Syndrome.
Circulation 2011; 124: A11630

Mavroudis C, Majumder B, Lowdell M, Rakhit R. Platelet monocyte
aggregates are determinants of microvascular dysfunction during
percutaneous coronary intervention for stable angina and non-ST segment
elevation myocardial infarction. Heart 2011; 97: A20

Manuscripts submitted pending review

Phenotypic characterisation of local and systemic microparticle expression in
patients with acute coronary syndrome and stable coronary artery disease

Microparticle expression in patients undergoing PCI for acute coronary
syndrome and stable coronary disease: correlation with intracoronary
inflammation and myocardial necrosis

Microparticle expression in human CHD: relationship to platelet-monocyte
interaction, and platelet activation

P-Selectin activated platelet monocyte aggregates and microvascular

dysfunction in patients with stable angina and non-ST elevation acute
coronary syndrome undergoing PCI

214


http://heart.bmj.com/search?author1=C+A+Mavroudis&sortspec=date&submit=Submit
http://heart.bmj.com/search?author1=D+Eleftheriou&sortspec=date&submit=Submit

