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I. Abstract

Chronic oral anticoagulation (OAC) is an important decision related with stroke
thromboprophylaxis in non-valvular atrial fibrillation (NVAF). Almost a decade after the
approval of Non vitamin K oral anticoagulants (NOACSs) for prevention of thromboembolic
events in NVAF, there is now confidence regarding their efficacy and safety as real word
evidence complements the findings from the phase Il pivotal trials. NOACs favourable
safety profile against warfarin have changed the threshold of starting OAC, even with lower
risk for systemic thromboembolism. Apixaban, one of the four licenced NOACs for stoke
prevention in NVAF, even at the higher recommended dose (5mg BID), has significantly
reduced the haemorrhagic complications but there is still a considerable risk of intracranial
bleeding. This MD research thesis studies the influence of antithrombotics (aspirin, warfarin
and apixaban) on the fibrin polymerisation and fibrinolysis pathway. To highlight
antithrombotic activity variances, this analysis is based on dynamic assays and biomarker
quantification related with clot structure features. Additionally, explores possible relationship
between microparticle levels and physical status in NVAF patients. My findings suggest that
NVAF is associated with impaired haemostasis and each antithrombotic class is related to
different clot structure characteristics. Apixaban has distinctive anticoagulation dynamics and
induces a reduction of coagulation biomarkers. My results also support that microparticles
levels may be a useful marker of physical status as suggested by the relation between
objective (cardiopulmonary exercise test) and subjective (quality of life questionnaire —

EQ5D5L) evidence of fitness level.
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1.1 Introduction

The prevalence of atrial fibrillation (AF) is estimated around 2% in the Western world®.
Considering that AF increases by 5-fold the risk of ischaemic stroke and strokes related to AF
tend to be more severe, debilitating and require longer hospitalisation, this arrhythmia causes
a significant burden to healthcare systems?. AF is sometimes the consequence or manifests
itself in combination with other cardiac conditions, such as heart failure or coronary artery

disease, which increases further the thromboembolic risk?®.

Undoubtedly, the last decade was revolutionary regarding the oral anticoagulation (OAC) in
AF. For over 60 years, Vitamin K antagonists (VKA) were the only available agents for long-
term, effective OAC. They have significantly influenced the management of AF but they also
have shortcomings®. In order to improve the standards of care, the non-vitamin K antagonists
oral anticoagulants (NOACSs) were developed. Apixaban, one of the four licenced NOACSs, has
showed consistent efficacy and safety in non-valvular AF (NVAF) stroke prevention phase 111
trials and real world data®>®. NVAF is the most common type of AF which is not associated
with mitral stenosis or prosthetic heart valve (and valve repair in North American guidelines

only)’.

Evidence supports that clot structure characteristics are important determinants for the course
of cardiovascular diseases®. Fibrin polymerisation and lysis has fundamental role in
haemostasis®. At present, there are no standardised techniques to assess clot structure
features'®. The traditionally used laboratory tests are of limited value in order to assess the full
spectrum of the haemostatic dynamics that are related with antithrombotics 1. For NOACs,

such as apixaban, the direct thrombin inhibitor assay, ecarin clotting time and chromogenic
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anti-Xa assay which currently are the recommended methods to assess their serum
concentration have weaknesses and are not standardised*2. A more mechanistic scope of how
antithrombotics influence the thrombosis and thrombolysis pathway may give further insights
about important parameters affecting the fine balance between AF associated

hypercoagulopathy and bleeding related to OAC.

In order to assess the risk of AF associated thromboembolism, various risk factors have been
identified™ and amalgamated into a risk stratification models to guide physicians towards
optimal use of oral anticoagulation (OAC). Several blood-based biomarkers have been
proposed to further refine estimation of stroke risk*>-*’. Microparticles are a distinctive group
of small vesicles, without nucleus, which are involved as significant modulators in several
physiological and pathophysiological mechanisms, including thrombosis. The strong
correlation of microparticle levels with several outcomes in cardiovascular diseases has led to
their utilisation as biomarkers. The role of microparticles in the pathophysiology and clinical
manifestations of AF has been described but with conflicting evidence!®!°. Although there are
robust data for relationship between microparticles and thrombosis?, their involvement in AF

thromboembolic tendency remains unclear.

The purpose of this thesis is to assess the clot dynamics under the influence of different OAC
and investigate a potential significance of microparticles levels in patients with NVAF. With
the view to set the full background for the current thesis, this chapter will initially discuss the
role of oral anticoagulants in AF, with emphasis on NOACs, and explore the current data
(literature review) related with microparticle involvement as biomarkers in cardiovascular

conditions.
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1.2.1 Pathophysiological aspects of hypercoagulopathy in atrial fibrillation

Several cardiac pathologies and underlying systemic conditions may promote electrical
instability on atrial myocardium and induce AF?L. Thromboembolic events is by far the most

severe complication of AF?2,

German physician, Rudolph Virchow?? described in 1856 the pathophysiology of deep venous
thrombosis. His theory, which still stands among physicians a basic concept to interpret the
pathophysiology of thrombosis®*, consists of three elements (triad). Blood stasis, endothelial

injury and coagulopathy, related with abnormal blood constituents, complete his triad 2°.

Loss of atria contraction in AF is the mechanical result of chaotic atria electrical activity. The
haemodynamic consequences, as a result of blood stasis, can be assessed by
echocardiography?®. Pulse doppler interrogation of blood velocities in left atrium appendage
suggest loss of the quadriphasic pattern seen in sinus rhythm?’. In addition, the presence of
spontaneous echo contrast, seen most commonly with 2D transoesophageal echocardiography,

in the left atrium during AF, indicates low flow and alteration of haematological dynamics?®,

Inflammatory changes in atrial tissue have been demonstrated at microscopic and molecular
levels?®. Markers of low grade systemic inflammation such as high-sensitivity C-reactive
protein (hs-CRP) and Interleukin 6 (IL-6), indicate the activity of an inflammatory process

which in conjunction with impaired endothelial integrity, promote haemostatic imbalance®.
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The final part of Virchow's triad, abnormal procoagulant blood constituents, is well recognised
in AF resulting to a chronic hypercoagulable state®!. These molecules, usually part of the
coagulation pathway, were found in higher levels among AF subjects. Typical examples are

D-Dimer, von Willebrand factor (VWF), tissue factor and fibrinogen®.

1.2.2 Risk factors for stroke in atrial fibrillation: A brief overview

The most common risk factors associated with stroke (eg, heart failure, hypertension, diabetes,
age, prior stroke) were initially identified from treatment of naive cohorts in randomized trials
conducted 2 decades ago®. These trials only randomised <10% of patients screened and many

common stroke risk factors were not recorded or consistently defined.

A systematic analysis from the Stroke in AF Working Group searched for independent risk
factors for stroke related to AF using information from 27 studies. Of the 24 studies (although
many were from trial cohorts), age was found to be an independent risk of stroke, associated
with an incremental increase in risk of 1.5-fold per decade [Relative Risk (RR) 1.5 per decade;
95% Confidence Interval (Cl), 1.3-1.7]. Overall stroke risk increased 2.5-fold in patients with
prior stroke / transient ischaemic attack (TIA) (RR 2.5; 95%CI, 1.8-3.5). Hypertension was
independently associated with stroke in 13 of 20 studies (RR, 2.0; 95% CI, 1.6-2.5)!3. In
another systematic review, history of hypertension was present in 42% to 53% (mean of 48%)
of analysed subjects and was independently related to stroke in all studies included. Diabetes
mellitus was present in 14% to 18% (mean of 15%) of the study cohorts and it was a significant

independent risk factor for stroke (RR 1.7, 95% ClI, 1.4 to 2.0)**. Interestingly, heart failure
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(HF) and coronary artery disease did not emerge as independent predictors for stroke risk in

this analysis.

Other data suggest that recent decompensated HF is indeed related to higher risk of stroke in
AF, whether left ventricular (LV) ejection fraction (LVEF) was reduced or preserved®%,
However, moderate-to-severe systolic LV dysfunction on cardiac imaging is associated with a
higher stroke risk even if asymptomatic®’. One systematic review found that although
moderate-severe LV systolic impairment on echocardiography is an independent risk factor for
stroke/systemic embolism, the magnitude by which it increases the risk of stroke cannot be
precisely quantified. Overall, although a clinical diagnosis of HF have not been universally
predictive of stroke in AF, significant impairment of LV contractility or previous admission
due to HF decompensation irrespective of LV systolic function clearly increases risk of

stroke®.

Female sex was also associated with an increased risk of stroke, especially in women aged >65
or in presence of an additional stroke risk factor. Meta-analysis of 17 studies revealed a 1.31-
fold (95% Cls) elevated risk of stroke in women with AF; especially in those aged >75 years®.
Overall, female sex plays limited role in prognostication in AF at age of <65 years when there

no other risk factors (i.e., risk of ischaemic stroke <1%/year)*04142,

A systematic review by Anandasundaram et al supports a significant association between a
history of myocardial infarction (MI) and the risk of thromboembolism in AF (in 5 of 6 studies).
Angina was reported as a stroke risk factor in AF by two studies*®. Furthermore, the presence
of AF in association with peripheral arterial disease (PAD) and presence of complex plaque in

the descending aorta are independent predictors for stroke and thromboembolism in AF*,
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Renal failure has been assessed as a risk factor for stroke in AF patients. A correlation between
decreasing glomerular filtration rate and stroke risk in conjunction with proteinuria has been
reported as an independent stroke risk factor®. The Swedish Atrial Fibrillation cohort study
confirmed such association using the composite endpoint, that included unspecified stroke,

TIA and systemic embolism (SE) but not with ischaemic stroke alone?®.

Standard echocardiography contributes to refinement of stroke risk stratification. Moderate-
severe LV dysfunction from 2-D echocardiography was the strongest independent predictor of
later thromboembolism*’. LV hypertrophy, defined as a LV mass >110 g/m? in women and
>134 g/m? in men, was found to be a significant independent risk factor for stroke in two
studies™. Non-unexpectedly, demonstration of left atrial thrombi, complex aortic plaque,
spontaneous echo contrast or low velocities in left atrial appendage have also been associated

with an increased risk of thromboembolism in AF*.

1.2.3 Risk Stratification Models for stroke

Co-existence of several risk factors for stroke potentiates the overall risk, thus prompting
development of various Risk Stratification Models. Some of these models categorize AF
patients into ‘high’, ‘moderate’, and ‘low’ risk strata; however, stroke risk is a continuum of

risk, and thus approaches based on risk quantification appear the preferred option*.

In 2001, an amalgamation of the AF Investigators and Stroke Prevention in AF schemes from

the original historical trials led to introduction of the CHADS; score*®. The CHADS; acronym

was derived from the individual stroke risk factors: Congestive heart failure, Hypertension,
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Age> 75 years, Diabetes mellitus, and prior Stroke or TIA. Two points were given for prior
stroke or TIA (hence, the subscripted “2”), and 1 point was assigned for each of the other

factors®.

The CHA2DS>-VASc score (Table 1) extends stroke prognostication in AF by including
additional common stroke predictors to the older CHADS: score (ages 6574, vascular disease,
and female sex)*’. The CHA,DS,-VASc score particularly improves the risk prediction in
many patients deemed ‘low risk’ based on the CHADS, schema (Table 2)%2°3. The CHA,DS,-
VASc tool has been validated in multiple independent populations and is now recommended

by the European®, US®® and UK (NICE)®® guidelines.

Other risk stratification schemes that have been developed, such as the ATRIA® and the
QSTROKE®®, have included further clinical and/or demographic factors, as well as different
weighing strategies for primary or secondary prevention of stroke. However, perceived
marginal benefits (at least statistically) of these scores are outweighed by their complexity and
thus limited practicality for everyday use. All suggested risk stratification schemes have their
own limitations but the major guidelines emphasize the role of CHA2DS>-VASc score for
clinical use, in view of its better capability to identify patients with genuinely low risk who do
not need any antithrombotic therapy along with ability to accurately quantify risk of stroke in

subjects with multiple risk factors®3,
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Table 1. CHA,DS,VASc score®®

Condition or characteristic points
Congestive heart failure 1
Hypertension 1
Age>T75y 2
Diabetes mellitus 1
Stroke/TIA/SE 2
Vascular disease (prior ACS, PAD, or aortic plaque) 1
Age 65-74y 1
Sex category (ie, female sex) * 1
Maximum score 9

* Counts only in the presence of another risk factor.

Abbreviations: TIA Transient Ischaemic Attack, SE Systemic Embolism, ACS Acute

Coronary Syndrome, PAD Peripheral Arterial Disease.
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Table 2. Event rates (95% CI) of hospital admission and death due to thromboembolism per 100 person years
[Based on Olesen et al *’]

Score/risk category

1 year’s follow-up

5 years’ follow-up

CHA:DS,-VASc:

0 0.78 (0.58 to 1.04) 0.69 (0.59 to 0.81)
1 2.01 (1.70 to 2.36) 1.51 (1.37 t0 1.67)
2 3.71 (3.36 to 4.09) 3.01 (2.83 t0 3.20)
3 5.92 (5.53 t0 6.34) 4.41 (4.21t0 4.61)
4 9.27 (8.71 to 9.86) 6.69 (6.41 to 6.99)
5 15.26 (14.35 10 16.24) 10.42 (9.9510 10.91)
6 19.74 (18.21 t0 21.41) 12.85 (12.07 to 13.69)
7 21.50 (18.75 to 24.64) 13.92 (12.49 t0 15.51)
8 22.38 (16.29 to 30.76) 14.07 (10.80 to 18.33)
9 23.64 (10.62 to 52.61) 16.08 (8.04 to 32.15)
CHA:DS,-VASc:
Low risk (0) 0.78 (0.58 to 1.04) 0.69 (0.59 t0 0.81)
Intermediate risk (1) 2.01 (1.70 to 2.36) 1.51 (1.37to 1.67)
High risk (2-9) 8.82 (8.55 t0 9.09) 6.01 (5.88 to 6.14)

CHA:DS,-VASc : C, congestive heart failure, H, hypertension, Az,age at least 75 years, D, diabetes, Sy, previous
stroke, TIA, or systemic embolism, V, vascular disease, A, age 65 through 74 years, Sc, sex category female sex.

1.2.4 Risk of Bleeding

Despite the clinical benefit of OAC for stroke prevention in AF, major bleeding events
(especially intra-cranial bleeds) may be devastating events. Identification of patients at high
risk of bleeding and delineation of conditions and situations associated with bleeding risk can

help to refine antithrombotic therapy in individual cases to minimize bleeding risk®®.

The first bleeding risk prediction score (ORBI score) was published in 1998 and it was
developed in patients newly started on warfarin after hospitalisation for venous
thromboembolism®. Since then, various bleeding risk scores have been described but only four
HAEMORR,AGES®!, HAS-BLED®?, ATRIA®® and ORBIT®*) were developed and verified in

AF populations.
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The HAS-BLED score (Table 3) demonstrated good discriminatory performance for "any
clinically relevant bleeding” in anticoagulated patients with AF®. It also performs well in
predicting bleeding events compared with older bleeding scores and the ATRIA score®®. Other
scores, such as ATRIA or ORBIT may falsely categorise some patients as “’low risk’” with no
action needed, whilst the HAS-BLED score would flag up those subjects, particularly if labile

international normalised ratios(INR) are evident®’.

Additionally, the simple HAS-BLED score was highly predictive of bleeding events in patients
managed with NOACs®, patients on triple antithrombotic therapy post percutaneous coronary
intervention(PCI) (i.e., dual anti-platelets therapy and warfarin)®® and during bridging of
chronic oral anticoagulants with unfractionated or low molecular weight heparin prior to

surgery®°.

A HAS-BLED score >3 indicates high risk of bleeding and suggest some caution with OAC in
such patients with their regular review following the initiation of antithrombotic therapy*®. A
high HAS-BLED score is not a reason to withhold anticoagulation but it emphasises the need
to correct potential causes of bleeding such as uncontrolled hypertension, concomitant use of
other medications that can contribute to bleeding and falls, excessive alcohol consumption,

etc®3.

A large number of patients with high risk of stroke/SE (i.e., CHA2DS>-VASc Score >3) also
have a high risk of bleeding’. This is partly since both scores have some characteristics in
common (e.g., age, hypertension and previous stroke). Nonetheless, HAS-BLED outperforms

CHADS; and CHA,DS,-VASc for predicting bleeding®. Thus, a bleeding risk score (HAS-

20



BLED) should be used to predict bleeding, and stroke risk assessed using a specific stroke risk
score (CHA2DS,-VASc)”. From a large observational study the adjusted net clinical benefit

favoured OAC in patients irrespective of HAS-BLED or CHA2DS,-VASc score’?,

Many clinicians are reluctant to initiate appropriate antithrombotic therapy in patients with AF
and risk or history of falls. In a large "real world" cohort, prior history of falls was uncommon
and it was independently associated with increased risk of stroke/thromboembolism, bleeding,
and mortality but not with haemorrhagic stroke in the presence of anticoagulation’. In another
cohort, patients on oral anticoagulants at high risk of falls did not have any significant increase
in risk of major bleeds, and risk of falls is usually not a valid reason to avoid OACs in AF
patients. In a modelling analysis, Man-Son-Hing et al. estimated that elderly patients need
to fall 295 times per year for the benefit of stroke reduction to be outweighed by serious

bleeding’™.
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Table 3. HAS-BLED score®?

Condition or characteristic points
Hypertension 1
Abnormal renal and liver function (1 point each) lor2
Stroke 1
Bleeding tendency /predisposition (anaemia) 1
Labile INRs (eg, TTR<60%) 1
Elderly (eg, age >65 vy, frail condition) 1
Drugs* or alcohol excess (1 point each) lor2
Maximum score 9

* Concomitant antiplatelet drugs, Steroids, Non-Steroidal Anti-inflammatory drugs

Abbreviations: VKA Vitamin K Antagonist, NOAC Non-Vitamin K Oral Antagonist, TIA Transient
Ischaemic Attack, SE Systemic Embolism, ACS Acute Coronary Syndrome, PAD Peripheral Arterial
Disease, INR International Normalised Ratio, TTR Time in Therapeutic Range
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1.2.5 Oral anticoagulants for stroke prevention in atrial fibrillation

Vitamin K antagonists

VKAS have been the “gold standard” for prevention of stroke and SE in AF patients for more
than 3 decades*. A meta-analysis?? of the 6 initial (and now historical) randomised controlled
trials (2900 patients), comparing warfarin with placebo or control, demonstrated that the
incidence of all strokes was reduced by 64% (95% CI, 48%-72%) with a significant reduction
in mortality (RR 26%, 95% CI, 3-43%). For primary prevention the number needed to treat
(NNT) for 1 year patients to prevent one stroke was 37; the NNT was 12 for secondary

prevention?,

Prothrombin time was the initial assay which was used to monitor the intensity of the OAC
therapy*. In 1983 the World Health Organisation introduced the international normalised ratio
(INR) to promote standardization of assessment of anticoagulation®. The measured
prothrombin time is converted into the INR by using the reagent-specific international
sensitivity index’®. Optimal OAC with INR between 2 and 3 is essential in order to achieve the
benefits of thromboprophylaxis and to minimize the risk of bleeding”®. Many factors affect the
pharmacokinetics and pharmacodynamics of VKASs, such as genetic polymorphisms, various
drugs and dietary habits, several disease states and alcohol intake®. The quality determinant of
OAC is the estimated time spent in therapeutic range (TTR)*. A Swedish national registry’’ for
patients on warfarin for thromboprophylaxis included 68797 patients with AF with the reported
average TTR was 76,5%. With this high quality of OAC the event rates of systemic embolic
events among patients with AF were 1.54% and of major bleeding 0.38%’. Generally, an

average individual TTR above 70% is considered satisfactory®.
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Non-Vitamin K oral anticoagulants

The usage of NOACs in daily clinical practice is increasing and all the major guidelines
recommend them as first line OAC therapy for stroke prevention in AF patients. Fixed dose
administration, no need for routine monitoring of anticoagulation parameters and fewer drug

and food interactions make these agents attractive to both physicians and patients[Table 4]".

The first NOAC that gained approval for stroke and systemic embolism prevention in patients
with NVAF was dabigatran etexilate (DE). DE is the prodrug of dabigatran, a direct thrombin
inhibitor’. The RE-LY trial & was a large, multicenter, phase 11 trial which compared DE
with warfarin in patients with AF. The RE-LY trial was followed by the ROCKET-AF trial®!
for rivaroxaban, the ARISTOTLE trial® for apixaban and the ENGAGE-AF trial®? for
edoxaban. Rivaroxaban, apixaban and edoxaban belong to another group of NOACs, the factor
Xa inhibitors®. All the above phase Il trials of NOACs had similar hypothesis and were
designed to assess the non-inferiority of the index NOAC against warfarin. The primary
efficacy endpoint was stroke or SE and the primary safety endpoint was major bleeding (plus
non-major clinically relevant bleeding in the ROCKET-AF trial)>%82 The baseline

characteristics and the principle results of the trials are summarized in Table 5.

In the RE-LY?® and the ENGAGE-AF® studies two doses of DE (150mg and 110mg BID)
and edoxaban (60mg and 30mg OD) respectively were compared with adjusted dose warfarin
in a three arm trial design. The mean TTR for the warfarin group in the RE-LY study was 64%
and 68.4% in the ENGAGE-AF trial. In the ROCKET-AF trial®, patients were randomly

assigned to receive either fixed-dose rivaroxaban (20 mg daily with a dose adjustment to 15
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mg daily in patients with a creatinine clearance of 30 to 49 ml/min; n= 1490) or adjusted-dose
warfarin. The mean TTR for the warfarin group was 55%. In the ARISTOTLE trial®, warfarin
was compared to apixaban 5-mg BID, in a two-arm trial (with a dose adjustment where 2.5mg
BID was used in patients with two or more of the following criteria: age >80 years, a body
weight <60 kg, or serum creatinine level of 133 pmol/L or higher; n=831). The mean TTR for

the warfarin group was 62.2%.

All tested NOAC doses were at least non-inferior to warfarin regarding the primary efficacy
and safety endpoint and demonstrated statistically significant reduction in risk of intracranial

haemorrhage (ICH)>*.

A meta-analysis of the 4 pivotal phase Il trials (42411 patients on NOAC vs 29272 on
warfarin), showed that NOACs significantly reduced stroke (RR 0.81, 95% CI 0.73-0.91;
p<0.0001), all-cause mortality (0.90, 0.85-0.95; p=0.0003) and ICH (RR 0.48, 95% CI 0.39-
0.59; p<0.0001) compared with warfarin. Low dose of NOACs demonstrated equivalent
reductions in the primary endpoint compared to warfarin (1.03, 0.84-1.27; p=0.74) and a better
bleeding profile (RR 0.65, 95% CI 0.43-1.00; p=0.05), but a higher incidence of ischaemic
strokes (RR1.28, 95% CI 1.02-1.60; p=0.045). Thus, low dose NOAC:S is an option for patients
with high risk of bleeding®®. The benefits for efficacy and safety may be even greater in Asians,
compared to non-Asians. In the meta-analysis by Wang et al®, standard dose of NOACs found
to reduce the incidence of stroke or SE (Odd Ratio [OR]=0.65 [0.52-0.83] versus 0.85 [0.77-
0.93], P interaction=0.045) and major bleeding (OR=0.57 [0.44-0.74] versus 0.89 [0.76-1.04],

P interaction=0.004) more in the Asian compared to non-Asian population.
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There are no direct head to head comparisons between different NOACs and indirect
comparisons based on the phase 111 trials are not sufficiently reliable due to differences in the
characteristics of the recruited populations, for example, demographic characteristics,
comorbidities, risk factors for stroke and TTR®. The use of different NOACs in various
subgroups of patients, participated in the above trials, was subject of several meta-analyses and
post-hoc analyses. The results of these studies and knowledge of pharmacodynamics and
pharmacokinetics of different NOACs can be helpful in guiding NOAC prescription in

challenging clinical scenarios (Table 4)2°.

Nonetheless, randomized controlled trials recruit patient populations that may not strictly
reflect patients seen routine practice®. Real-world observational studies and registries provide
valuable confirmation of the trial results and give insight into potential inconsistencies between
the data from daily clinical practice and the trials®’. The first real world evidence cohort studies
for NOACs showed lower rates of ischaemic stroke and bleeding compare to VKAS, however,
they were criticized for selection bias®. Cross sectional studies provided further information
about OAC practices, such as identifying NOAC underdosing and the OAC prescription

trends®®%0,

Large registries, including the regional Dresden NOAC Registry, the national ORBIT AF I/II
(Outcomes Registry for Better Informed Treatment of Atrial Fibrillation) registries and the
multinational GARFIELD-AF (Global Anticoagulant Registry in the FIELD-Atrial
Fibrillation), and GLORIA-AF (Global Registry on Long Term Oral Antithrombotic Treatment
in Patients with Atrial Fibrillation) registries, presented useful assessments of cost
effectiveness and outcomes®*~%*. Similar information with registries revealed by observational

analyses from electronic health record studies®’.
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In summary, multiple types of real world data are consistent with the results of the pivotal
phase 11l trials of NOACS®’. Despite limitations of the observational studies®®, these data
provide an extra support to physicians for prescribing NOAC as first line OAC therapy and

tailor OAC therapy according to patient risk factor profile®®.

Table 4. Pharmacokinetic properties and other profile features of Non-Vitamin K Oral
Antagonists®

Drug Dabigatran Rivaroxaban Apixaban Edoxaban
Mechanism of Direct Direct factor Direct factor Direct factor
action thrombin Xa inhibitor Xa inhibitor Xa inhibitor
inhibitor
Fixed Dose Twice daily Once daily Twice daily Once daily
Half-life (h) 12-17 5-9 9-12 8-11
Time to peak effect | 2 2-3 1-2 1-2
(h)
Renal elimination 80% 33% 25% 35%
Drug interactions Strong P-gp Strong CYP3A4 | Strong inhibitors | Strong P-gp
inhibitors and inducers, strong | and inducers of inhibitors
inducers inhibitors of CYP3A4 and P-
both CYP3A4 ap
and P-gp
Coagulation assay | aPTT, dTT PT Chromogenic Chromogenic anti-
Ecarin clotting | Chromogenic anti-Xa assay Xa assay
time anti-Xa assay

Abbreviations: P-gp-permeability glycoprotein, aPTT-activated Partial Thromboplastin Time, dTT-
dilute Thrombin Time, PT-Prothrombin Time.
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Table 5. Baseline characteristics and results of the phase 111 trials of the approved non-vitamin K Oral Anticoagulants against warfarin>8°-82

Dabigatran Rivaroxaban Apixaban Edoxaban

Phase Il trial RE-LY ROCKET-AF ARISTOTLE ENGAGE-AF

Type of study Randomized, open-label Randomized, double-blind | Randomized, double-blind Randomized, double-blind

Dose 150mg BID 110mg warfarin 20mg OD warfarin 5mg BID warfarin 60mg OD 30 mg BID warfarin

BID

Participants 6076 6015 6022 7131 7133 9120 9081 7035 7034 7036

mean TTR 64% 55% 62.2% 68.4%

Dose reduction Rivaroxaban 15 mg once Apixaban 2.5 mg twice daily Edoxaban 30 mg reduced to 15 mg once
daily if CrCl 30-49 if at least 2 of: age >80 years, daily, if any of the following: creatinine
mL/min body weight <60 kg or serum clearance of 30-50mL/min, body weight

creatinine level >133 pmol/L <60 kg, concomitant use of verapamil or
quinidine or dronedarone

% of elderly patients (>75years) 40 38 39 43 43 31 31 41 40 40

% of patients with moderate CKD, 19 19 19 21 21 17 17 20 19 19

30ml/min<CrCI<50ml/min
Mean CHADS: score 2.2 2.1 2.1 3.5 3.5 2.1 2.1 2.8 2.8 2.8
Event rate, Event rate, Event Event rate, Event rate, | Event rate, Event rate, Event rate, Event rate, Event rate,
%lyear %lyear rate, %lyear %lyear %lyear %lyear %lyear %lyear %lyear
%lyear

Stroke or systemic embolism 1.12 1.54 1.72 1.6 24 1.27 1.6 157 2.04 1.8
P<0.001 for P<0.001 for P<0.001 for P <0.001 for P <0.001 for | P =0.005
non- non-inferiority non- non- non- for non-
inferiority inferiority inferiority, inferiority inferiority
and P =0.01 for
superiority superiority

Ischaemic stroke 0.93 1.34 1.22 1.34 1.42 0.97 1.05 1.25 1.77 1.25
P=0.03 P=0.42 P=0.58 P=0.42 P=0.97 P,0.001

Haemorrhagic stroke 0.1 0.12 0.38 0.26 0.44 0.24 0.47 0.26 0.16 0.47
P<0.001 P<0.001 P=0.024 P<0.001 P<0.001 P<0.001

Intracranial Haemorrhage 0.32 0.23 0.77 0.49 0.74 0.33 0.8 0.39 0.26 0.85
P<0.001 P<0.001 P=0.02 P<0.001 P<0.001 P<0.001

Major Bleeding 3.4 2.92 3.61 3.6 3.45 2.13 3.09 2.75 1.61 3.43
P=0.41 P=0.003 P=0.58 P<0.001 P<0.001 P<0.001

Gastrointestinal major bleeding 1.6 1.13 1.09 2.0 1.24 0.76 0.86 151 0.82 1.23
P<0.001 P=0.74 P<0.001 P=0.37 P=0.03 P<0.001

Myocardial infarction 0.81 0.82 0.64 0.91 1.12 0.53 0.61 0.7 0.89 0.75
P=0.12 P=0.09 P=0.12 P=0.37 P=0.6 P=0.13

All-cause mortality 3.64 3.75 4.13 1.87 221 3.52 3.94 3.99 3.8 4.35
P=0.051 P=0.13 P=0.07 P=0.047 P=0.08 P=0.006

Abbreviations: CHADS2=stroke risk factor scoring system in which one point is given for history of congestive heart failure, hypertension, age >75 years, and diabetes, and two points are given for history of

stroke or transient ischaemic attack, TTR=time in therapeutic range, OD= once daily, BID=twice daily, CKD= chronic kidney disease, CrCl= creatinine clearance
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Antiplatelet Therapy

A meta-analysis of 11 randomised controlled trials demonstrated that adjusted-dose warfarin
reduced the RR for all strokes by 37% (95% CI 23-48%) and for ischemic strokes by 52%
(95% CI 41-62%) compared with aspirin?2. From the same study, the absolute risk of ICH was
only mildly increased from VKAs compared to aspirin (0.2% per year) with no overall
mortality benefit from antiplatelets if they used for thromboprophylaxis in AF patients?. In the
elderly, aspirin does not diminish the absolute risk of stroke and does not possess a lower risk
for major bleeding or ICH!®, Different doses of aspirin appear to have similar efficacy in AF
thromboprophylaxis!®. Other antiplatelets, such as clopidogrel are probably inferior to
warfarin in the prevention of ischemic stroke and bear a risk of bleeding similar to that of
aspirin monotherapy%2. Aspirin combined with clopidogrel shows only modest benefit in

stroke prevention compared with aspirin monotherapy in patients with AF1%2,

Aspirin may be considered in combination with OAC plus clopidogrel in AF patients post
myocardial infarction or percutaneous coronary intervention'®, Addition of any antiplatelet
drug to OAC increases the risk of bleeding%. The duration of the antiplatelet agents should be
balanced between the risk of stroke and the risk of bleeding regardless the stent type!®. In
patients receiving VKA, the TTR should be maintained above 70% to avoid excess in stroke
or haemorrhage!®. The lower tested dose of the NOACs for stroke prevention is advisable (ie.
Dabigatran 110mg BID, rivaroxaban 15 mg OD, apixaban 2.5mg BID, edoxaban 30mg OD),
when they are used in combination with antiplatelet therapy. The combination of OACs with

prasugrel or ticagrelor should be avoided®,
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1.2.6 Net clinical benefit of oral anticoagulants

A decision to advise OAC should be based upon the individual risks for stroke or other
thromboembolic events and bleeding, with estimation of resultant net clinical benefit (NCB)
of treatment. Whilst there are various ways to define NCB, it is most commonly estimated by
balancing the risk of ischemic stroke without OAC against the risk of intracranial haemorrhage

with OAC5,

NCB is clearly in favour of OAC in patients with CHADS: score >1 or CHA2DS>-VASc score
>2. NCB is positive or neutral for VKA therapy in patients with >1 stroke risk factor(s) (i.e.
CHA:DS,-VASc score >1). Regardless of HAS-BLED score, there is negative NCB for OAC

in patients with ‘truly low risk’ (i.e., CHA2DS,-VASc score 0)*%,

NCB analyses from recent randomised trials as well as modelling analyses applying the clinical
trial data to patient cohorts all show a positive NCB for the NOACs vs warfarin, aspirin or no
treatment. Indeed, one analysis estimated that the use of NOACs has lowered the threshold for
starting OAC is an ischaemic stroke rate of 0.9 %/year'®’. In one modelling analysis with
CHA2DS,-VASc=1, apixaban and both doses of dabigatran (110 mg and 150 mg bid) have a
positive NCB. In patients with CHA2DS,-VASc>2, all three analysed NOACs (dabigatran,
rivaroxaban and apixaban) had NCB superior to warfarin, regardless of risk of bleeding as

determined by HAS-BLED score!®1%,
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1.2.7 Assessment of the effect of antithrombotics on the fibrin clot

Increasing evidence support that abnormalities in fibrin clot structure may reflect a potential
risk for thromboembolic disease!!?. Many factors influence fibrin clot structure such as genetic,
environmental, platelets, glucose concentration, smoking, inflammation and
medications.!°Atherothrombotic disease and clot structure characteristics outcomes have

strongly been altered by oral antithrombotics. 111112

Oral antithrombotics may be divided in 2 broad groups, the antiplatelets and the anticoagulants.
The main antiplatelet which has been used for decades as primary or secondary prevention of
thrombosis related with atherosclerotic disease and as thromboprophylaxis for NVAF, is
aspirin. Clopidogrel has also been used in conjunction with aspirin or alone, for the same
reasons!®. Despite that antiplatelets are not supported by strong evidence as mode of
thromboprophylaxis in NVAF, they do affect the fibrin clot characteristics'. In contrast,
VKAs and NOACs have robust data for significant reduction of embolic events in AF?°, OACs
affect the coagulation pathway by inhibition of different molecules in the fibrin polymerisation
/ fibrinolysis cascade (figure 1)*°. Thromboelastography (TEG), a technique that measures the
viscoelastic properties of fibrin clot in vitro, has been used to assess the clot structure under
the influence of different conditions and antithrombotics®®. Several useful information can be
provided by TEG for the dynamics of fibrin polymerisation and lysis process!’. However,
TEG as a single method to interpret coagulation parameters has limitations and it is evident in

clinical practise!!®.

In research setting, another method to quantify fibrin polymerisation is turbidity analysis!*®. In

a similar assay, when plasma of an individual is exposed to both hypercoagulable and
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hyperfibrinolytic solution, it is possible to determine fibrin thrombus lysis potential. Fibrin clot
structure has direct impact on fibrinolysis rate.!? Both of these assays can be combined and
performed in a 96 well plate [microplate assay (MPA)], so the amalgamation of turbidity and

fibrinolysis can give a more comprehensive analysis of plasma clot structure properties?®.

MPA uses standard doses of exogenous thrombin and tPA to quantify turbidity and fibrinolysis
potential of a plasma sample'®. A complementary to MPA method for assessment of clot
structure features, is by establishing the plasma concertation of tPA2, Increased levels of tPA
are related with endothelial cell imbalance and reflect the presence of underlying endothelial
injury'?2. Most of tPA in plasma circulates in complex with Plasminogen Activator Inhibitor 1
(PAI-1)'2, The advantage of the complex is the bidirectional activity, mainly to prevent
systemic haemorrhage while permitting local clot lysis. PAI-1 levels are significantly elevated

during vascular injury and the presence of thromboembolic disease?*.

Different methods and clot phenotype indices have been used for the assessment of the clot
structure, predominantly, in case-control studies. Turbidity, lysis assays, permeation and
microscopy suggest that short lag phase of thrombosis and prolonged lysis time are consistently

associated with the presence of cardiovascular diseases and worst outcomes, 112
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Figure 1. Oral anticoagulants and inhibitory activity on the coagulation pathway.
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1.3.1 Definition of microparticles and their nomenclature

Knowledge on extracellular vesicles have significantly expanded over the last 2 decades.
However, their definition remains problematic. Even at the last meeting of International
Society of Extracellular Vesicles in 2018, there was no definitive consensus about the

definition of microparticles?®.

The broad term to describe particles released from cells by natural process such that their
cytosol is enclosed by a lipid bilayer and lacking synthetic capacity, is “extracellular vesicles”.
The term ‘microparticles’ has been used for a variety of extracellular vesicles in the past. The
distinction of exosomes and ectosomes (Figure 2) is important in order to approach the nature
of microparticles. Exosomes are formed after an inward bledding of the plasma membrane and
stored into a bigger intracellular vesicle, the multivesicular body. Later, exosomes can be
released in the extracellular environment by exocytosis. On the contrary, ectosomes are
vesicles which directly released from the paternal cell by outwards rearrangement of the
cellular membrane'?’. Of note, there is a significant overlap regarding size (diameter),
membrane protein composition and cellular origin of the extracellular vesicles which at present
makes difficult their categorisation'?8, Even their characterisation as ectosomes or exosomes is
generally not advisable unless particle biogenesis is documented by a live imaging

technique?®.

Other types of extracellular vesicles are the apoptotic bodies which have usually a diameter
between 1-5um. Formation of apoptotic bodies is exclusively linked to the latest stages of
apoptosis where there is cellular shrinkage and nuclear fragmentation. Nuclear material, cell

organelles and a permeable membrane are distinguishable characteristics of apoptotic
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bodies'?®. In general, ectosomes are larger than exosomes (30-100nm) and smaller than
apoptotic bodies (Figure 1). Additionally, the content may be different. For example, exosomes
contain some membrane specific markers which are related with their formation process, such
as lysosomal-associated membrane protein 1 and the membrane protein CD63. For
microparticles, externalisation of the negatively charged phospholipid phosphatidylserine is
the rule but for exosomes it is a rare structural condition. Also exosomes might contain
cytosolic RNA but not like microparticles nuclear material’®®. The above “rules” have
exceptions to the degree that specific identification criteria based on size and/or markers seems

to be causing more confusion than consensus®!.

In this chapter, we have included research articles related with extracellular vesicles which
their diameter is between 100nm-1um and they have at least one marker to describe their
membrane biochemical composition. Furthermore, the cell(s) of origin are usually known to
be related either with the biomarker or with the experimental process and the analysis method.

In most of the literature these vesicles are called “microparticles” and thus, we kept that term.
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Figure 2. Extracellular vesicles origin

Activation
Yl
® — o
O
e &

Plasma membrane blebs

l

¢ =(») -

(@) O Apoptotic bodies

O O Microparticles

~~ T~ Exocytosis

Intracellular
Ectosomes Vesicle

1.3.2 Biological functions of microparticles

Inducers and mechanisms of formation

Potentially, any cell of an eukaryotic organism can produce microparticles!3. In the blood, the

most common (70-90%) of the circulating microparticles are platelet derived microparticles.

The rest of the blood containing microparticles are from endothelial, granulocyte, erythrocyte
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and smooth-muscle cells!33. Microparticles from epithelial, tumour cells, fibroblasts and other

cellular origin have been also isolated**135,

Apart from the formation of the microparticles under normal circumstances, which is mainly
linked with growth, differentiation and apoptosis®*®, there are other non-physiological
conditions that promote microparticle production. These conditions include hypoxia'®’, shear
stress'®, inflammation*® and a variety of prothrombotic or proapoptotic factors*’(Table 6).
Usually, the first result after exposure of the cell to these factors, is an increase of Ca*?
influx**'(Figure 2). High concentration of the intracellular Ca*? induces molecular processes

resulting in the release of the microparticles in the extracellular media*.

The general assumption is that loss of the phospholipid asymmetrical set up of the plasma
membrane, which is present during cellular relaxation, leads to the production of the
microparticles!*?, Externalisation of phosphatidylserine, a negative charged phospholipid,
primarily located on the inner surface of the plasma membrane of the non-activated cell, results
in the membrane asymmetry*3. Several phospholipid transporters regulate the inwards (flip)
or outwards (flop) translocation of the plasma membrane lipids. An ATP-dependent “floppase”
is responsible for the outwards translocation of the phosphatidylserine with simultaneous
inhibition of flippase(s)!*. Non-specific, bidirectional lipid transporters, the “scramblases” 14°
along with the formation of transient membrane pores constitute another pathway of the

membrane remodelling4.

The intracellular influx of Ca*?is also involved in the shaping of the plasma membrane

protrusions which results in the formation of microparticles!?. This process begins with

degradation and reconfiguration of the cytoskeleton proteins!*’. The proteolysis of specific
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cytoskeleton network part, by calpain activation, causes separation of the membrane protrusion
from the parental cell as independent vesicle into the extracellular medial*. Another group of
proteases, the capsases, is also associated with cytoskeleton ingredient lysis like talin, filamin,
and gelsolin'*®. Capsases are involved in the actin-myosin cytoskeletal network reorganisation
by interacting with various Rho-kinases isoforms*%!°1, Rho- kinases mediated microparticle
shedding, with possible cellular nucleic acid redistribution, appears to be involved in apoptotic

processes?®?.

Phosphatidylserine exposure is commonly involved in microparticle formation from activated
or apoptotic cells*>3, However, there are less controlled situations where stress or injury induce
cellular necrosis and loss of membrane integrity with production of microparticles'>*. Also,
there are populations of microparticles that are phosphatidylserine (-)ve (i.e., they do not bind
Annexin-V), suggesting alternative formation processes'®. Further evidence of other ion
channel involvement in the microparticle formation cascade, apart from Ca*?, support the

presence of unknown mechanisms associated with plasma membrane shedding®.

38



Table 6. Stimuli causing generation of microparticles in vitro or in vivo

157140

Type of cell | Endothelial Platelet Neutrophil T-Cell Monocyte Smooth cell
cell and Macrophage

Stimuli
Modified LDL Flow conditions Pro-inflammatory Pro-inflammatory Cigarette extract Modified LDL

cytokines cytokines
HDL cholesterol Thrombin Phytohemagglutinin Pro-inflammatory HDL cholesterol
cytokines
Uremic toxin Collagen Phorbol ~ myristate | Staurosporin Calcimycin
acetate

Flow conditions

Homocysteine

Etoposide

Flow conditions

Thrombin

Pro-inflammatory

Anti-neutrophil

Actinomycin D

Lipopolysaccharides

Activated protein

cytokines cytoplasmic C

antibodies

Homocysteine Calcimycin Bacterial infection Phorbol myristate | Etoposide Pro-inflammatory
acetate cytokines

Activated protein C collagen N-Formyl- Fas Ligand Fas-ligand

Methionyl-Leucyl-

Phenylalanine
Plasminogen activator | Lipopolysaccharides Platelet  derived
inhibitor growth factor
Pro-inflammatory Shiga toxin
cytokines®
Oxidative stress sCD40 Ligand
High glucose Erythropoietin

Uremic toxins

Noradrenaline

Lipopolysaccharides

acid phosphatase 5

Camptothecin

Reactive oxygen species

Angiotensin 11

Plasminogen Activator

Inhibitor 1

C Reactive Protein
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Figure 3. Mechanisms involved in the generation of the Microparticles
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Structure and content

Microparticles contain a wide variety of biological molecules as part of their phospholipid
membrane or within the cytosol that they enclose (Figure 4). These molecules are proteins
(signal proteins, receptors, effector proteins), lipids and nucleic acids %, Various
techniques have been tried in order to characterize the components of the microparticles 161162,
Irrespective of the origin of microparticles, the plasma membrane is negatively charged due to
translocation of phospholipids such as phosphatidylserine and phosphatidylcholine from
internal to external surface!®®'%  Other phospholipids of the membrane include
lysophosphatidylcholine, sphingomyelin, lysophosphatidylethanolamine,

phosphatidylethanolamine, lysophosphatidylserine, and phosphatidylinositol®. It appears that
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the bi-lipid layer of the microparticles affects the attached protein activities and the general

properties of the vesicles'®®.

The origin of the microparticles influences their composition. For example, platelet derived
microparticles are enrich in various membrane proteins that are important in the coagulation
process such us GPIb, GPII-lIIb, P-selectin, intergrins'®-1%°. Similarly, microparticles from
endothelial cells carry characteristic endothelial proteins (vascular endothelium cadherin, E-
selectin)'’® and leucocyte derived microparticles are enriched in metalloproteinases and other
proteolytic enzymes'’* involved in inflammation process. Antigenic clusters of differentiation
(CD31, CD105, etc) which arise directly from the parental cell, are present in the plasma

membrane of the microparticles!’? (Table 7).

The stimuli that triggers the formation of the microparticles regulates the ratio and the
composition of the expressed membrane proteins. For example, monocytes have been
stimulated by various substances in vitro (lipopolysaccharide, soluble P-selectin chimera,
phosphate-buffered saline) and the produced microparticles expressing different membrane
proteins. Similar findings were reported for microparticles derived from other cellular lines
such as T cells'’3, endothelial cells!’? and leucocytes’®. However, all microparticles shared

some common molecules*’.

The nucleic acids contained into the microparticles are usually result of apoptotic process®’®.
Different types of RNA (ribosomal, micro and messenger) and DNA are enclosed into
membrane vesicles which are protected from nuclease exposure and might be activated into

the target cells. RNA packaging is influenced by the variation of the stimuli that trigger
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microparticle formation'’”. This selective translocation of nucleic acids contributes to

intercellular communication’817°,

Figure 4. Microparticle content
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Table 7. Main antigen markers used for Microparticle cell
origin determination

Cell Cluster of differentiation (CD)
Endothelial CD31'*

CcD51#

CD105"

CDG62E**

CD144'®

CD34#
Platelet CD41'®

CD42a™*

CD42b*’

CD61'#
Red Cell CD235'
Leukocyte CD45'%
Monocyte CD14'
Neutrophil CD66bh'®
T cell CD4™°

CD8191
CD31, CD51, CD105 are not specific for endothelial
cells. CD31 is also expressed on platelets, CD51 on
platelets and macrophages and CD105 in activated
monocytes/macrophages. For MP detection, markers are
usually combined to discriminate this population from
other MPs. For example, platelet MPs are CD31 positive
/ CD42b positive whereas endothelial MPs are CD31
positive / CD42b negative.

1.3.3 Functions related with cardiovascular physiology

Transfer of Biological information

Several biological functions of microparticles can be summarised with the title “factors of
intercellular communication and information exchange”. In principle, there are 2 ways
microparticles may contribute to intercellular signalling. The first is mediated by activation of
receptors on the plasma membrane of the target cell by presentation of molecules which result
in alteration of the cellular function. The second way of interaction is by direct transfer to the
target cell bioactive components such as proteins, lipids and nucleic acids (Table 8). The target

cell can utilise these molecules which alters its biological function by activation of certain

43



pathways or by phenotypic modification®®192193 Phenotypic modification is achieved usually
by transferring membrane receptors to the recipient cell. These receptors interfere with stimuli

that before the transfer did not influence cellular activity at all or not by the same way*%.

Proteins can also be carriers of biological signal. Apart from membrane proteins, microparticles
might have proteins in their cytosol in various forms. After incorporation of the microparticles
into the target cell by phagocytosis, the proteomic load can be in an activated form or can be

cleaved and activated by proteolytic enzymes into the target cell'%1%,

Reverse transcription polymerase chain reaction and microarray analysis demonstrated that
microparticles carry a specific subset of messenger RNA or microRNA from the origin cell*®®.
By this manner, microparticles transfer to the target cell transcriptional information, analogous
to the stimulating factor. The recipient cell will promote several processes, such as

differentiation, proliferation and apoptosis by expressing different gene'® 1%,

Lipids are not only components of the plasma membrane of the microparticles but actively
determine the role of the ectosomes and their interaction with other cells'®®. This function is
mediated by the surface provided by microparticle membrane and from bioactive lipids such

as arachidonic acid, cyclooxygenase 2 and prostacyclin%0-2%,

44



Table 8. Bioactive molecules of microparticles

Molecule

Type of cell producing Microparticles

Target cell or environment

Receptor/Membrane molecule

chemokine receptor CCR5'* peripheral blood mononuclear cells Various cells
CXCR4 receptor???2 Platelets Various cells
Glycoprotein Ilb/llla receptors®® Platelets neutrophils
oncogenic receptor EGFRVIII (epidermal growth factor receptor | Tumor Cells Various cells
variant 111)

major histocompatibility complex (MHC) class 11'%® Immune cells Immune cells
Tissue Factor® Monocytes Platelets
Peroxisome proliferator-activated receptor gamma®* Platelets Monocytes
Cytokines

interleukin-1beta27196195208 Various cells Various cells
Chemokine (C-C motif) ligand 5°* Platelets Endothelial cells

Growth factors

Vascular endothelial growth factor*%22

Platelets/Tumor Cells

Endothelial cells

Basic fibroblast growth factor*%>!*

Platelets/Tumor Cells

Endothelial cells

Platelet-derived growth factor?* Platelets Endothelial cells
Lysis enzymes

Matrix metalloproteinases®*? Tumor Cells extracellular matrix
Extracellular matrix metalloproteinase inducer®? Tumor Cells extracellular matrix
Caspase 1°* Monocyte Smooth muscle cell
Lipids

Arachidonic acid¥92°0215 Platelets Various cells
Platelet activated factor?*6% Various cells Platelets
Ribonucleic acid (RNA)

Messenger RNA?Z818 Stem cells Various cells
Micro RNA#9220221 Stem cells Various cells
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Coagulation

The involvement of microparticles in the coagulation process was noticeable from the time of
their discovery??. The strongest procoagulant activity is mainly related to the negatively
charged, external surface of their plasma membrane due to the presence of phosphatidylserine.
The phosphatidylserine electrostatically attracts the positively charged segment of clotting
proteins such as factors VII, IX and X, and prothrombin. The presence of y-carboxyglutamic

acid (GLA) domains creates the cationic features of these clotting factors??(Figure 5).

Additionally, tissue factor as plasma membrane protein of the microparticles appears to play
key role in the coagulation process. Tissue factor is an integral protein of the coagulation
cascade and acts as a receptor of the FVII/VIla complex, which activates both factors IX and
X to initiate thrombin formation (figure 5). Tissue factor + microparticles may derive from
monocytes, neutrophils, endothelial cells and platelets as response to various pathological
conditions??*, P-selectin, a cell adhesion receptor, interacts with tissue factor positive
microparticles, through P-selectin glycoprotein ligand 1 (PSGL-1) on monocytes and causes
further tissue factor positive microparticles generation which carry PSGL-1. These
microparticles bind to activated platelets on the site of vascular injury and contribute further to

thrombus expansion??.

Finally, another mechanism of microparticles induced thrombogenic substrate is inhibition of
the fibrinolytic process. Expression of proteins on the plasma membrane of microparticles like
plasminogen activator inhibitor-1 and protein S, leads to amplification of thrombogenesis by

suppression of fibrinolysis?2®2%,
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Figure 5. Mechanisms and molecules related with Microparticle induced coagulation

e ==  TLROMBOGENESIS

CLOTTING INHIBITIONO
PROTEINS - OF0
FIBRINOLYSIS

NEGATIVELYO & | TISSUE
CHARGED®S FACTOR

MICROPARTICLE
MEMBRANE

Inflammation and immune regulation

Microparticles possesses intercellular communication features which are related with the
immune regulation. Immune and non-immune cells may produce microparticles which carry
antigens. In this context, microparticles can influence immune responses to foreign®? or self-
antigens??®. All immune cell types under certain stimuli can generate microparticles but the
most effective, with regard to the regulation of immune response, are the “professional”
antigen-presenting cells, such as dendritic cells, macrophages, and B cells?®, This is achieved

by binding the antigen to the cell surface or by phagocytosis?31:2%2,

Microparticles have pro-inflammatory effects mainly by inducing the production of cytokines

and chemokines and by the activation of inflammatory cells*>’(Table 9). This recruitment of
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inflammatory mediators can be done without the presence of micro-organisms?3,
Administration of endothelial microparticles to rats is associated with release of pro-
inflammatory cytokines IL-1p and TNF-o, acute lung injury and histological damage as

evidence from the neutrophil infiltration into the perivascular space*,

In vitro studies reported release of cytokines IL-6 and monocyte chemotactic protein from
endothelial cells after stimulation by neutrophil microparticles?®. Furthermore, pro-
inflammatory cytokine secretion, such as IL-8, TNF-a and IL-1pB, have been described from

other cellular cultures after exposure to microparticles¢32%,

In addition to chemotactic factors, microparticles are involved in the production of specific
cellular membrane proteins which promote adhesion of inflammatory cells to endothelium.
Examples are the intercellular adhesion molecule-1, vascular cell adhesion molecule-1 and E-
selectin?®>2%"_ Bioactive lipids produced by platelet derived microparticles, like thromboxane
A2 and cyclooxygenase, may act as mediators of inflammation. The target tissue is usually the

endothelium*®°,

Cases have been described where microparticles from polymorphonuclear leukocytes
antagonise parallel pro-inflammatory stimuli by releasing cytokines like transforming growth
factor beta 1. Polymorphonuclear derived microparticles also contain annexin 1, a protein with
anti-inflammatory properties. Annexin-1 and transforming growth factor beta 1 inhibit
macrophages. This action usually occurs during the early stages of the inflammatory
process?®®2°  Microparticles from monocytes were found to induce macrophages and
monocytes expression of peroxisome proliferator-activated receptor gamma (PPAR-y) protein

with anti-inflammatory action. In the same study, monocyte microparticles promoted
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inflammatory [reactive oxygen species (ROS), cytokines] or anti-inflammatory (PPAR-y)

molecules in dose dependant manner?%.

Another mechanism which associated with

polymorphonuclear derived microparticles mediated inflammatory process is activation of

complement. Purified complement proteins like C1q from serum were found to be carried by

polymorphonuclear derived microparticles'’.

Table 9. Inflammation and Microparticles (MPs)

Type of cell producing | Target cell Molecules involved in the pathogenesis of
MPs inflammation mediated by MPs
Cytokines
Endothelial Various inflammatory cells | IL-1B and TNF-0***
Leucocytes Endothelial IL-6 and MCP-12*
T cells monocytes IL-8, TNF-a and IL-1p%**%®
Adhesion molecules
Monocytes endothelial intercellular adhesion molecule-1,
Platelet vascular cell adhesion molecule-1
E-selectin®#
lipids
Platelet endothelial thromboxane A2 and cyclooxygenase'*®
Other
Polymorphonuclear macrophage transforming growth factor betal%%®
Annexin V¥
Monocytes macrophage peroxisome proliferator-activated receptor gamma
protein®*
Polymorphonuclear Various cells complement proteins (C1q)*"™

Abbreviations: IL interleukin, TNF tumor necrosis factor, MCP-1 Monocyte chemoattractant protein-1,

49




Angiogenesis

The platelet derived microparticles were the first group of microvesicles demonstrated
angiogenetic properties in vitro. Platelets are known carriers of neovascularisation factors.
Bioactive lipids from platelet derived microparticles (Table 10) are the main inducers of
proliferation and tube formation in human umbilical vein endothelial cells?%?*!, Experiments
in rat models reported angiogenesis in ischaemic myocardium after injection of platelet derived
microparticles. The process was facilitated by vascular endothelial growth factor, basic
fibroblast growth factor and inhibition of platelet factor-42'1, Also, tissue factor +
microparticles can induce endothelial cell proliferation through a beta 1-integrin and

extracellular signal regulated kinase activation?#2,

Another microparticle related neovascularisation mechanism is possibly associated with the
morphogen Sonic Hedgehog pathway. T-cell derived microparticles, harbouring the Sonic
Hedgehog antigen, promote in vitro and in vivo formation of new vascular network by
regulating the nitric oxide pathway and stimulate genes coding expression of adhesion

molecules and proangiogenic factors?43:244,

Endothelial derived microparticles have also angiogenic properties. Plasmin formation on the
surface of the endothelial derived microparticles might activate proteolytic pathways and
generation of factors which promote tube formation from endothelial cells?®®. In addition,
matrix metalloproteinases carried by endothelial derived microparticles contribute to matrix-
degrading proteolytic activity necessary for the angiogenic process®*®. Neovascularization
programming by endothelial derived microparticles appears to be conducted in relation with

direct transfer of mRNA to target endothelial cells which codifies the formation of capillary-
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like structures!™®. In vivo demonstration of the angiogenic features of microparticles was
reported by Leroyer et al®*’. Microparticles derived from ischaemic muscle injected into

ischemic legs in a rat model resulted in enhanced neovascularization.

Adipose cell derived microparticles from rats was also found to be carriers of angiogenic
molecules, such as leptin, fibroblast growth factor alpha (FGFa) and TNFa and in collaboration

with tissue matrix metalloprotease (MMP)-2 and MMP-9 may promote neovascularization?,

A combined signal transmission from microparticles that regulates the functions of
angiogenesis, apoptosis, differentiation and migration might contribute to tissue regeneration
and remodelling®*°. After permanent middle cerebral artery occlusion in rats, administration of
platelet derived microparticles increased neurogenetic and angiogenetic activity, followed by

behavioural improvement but no changes in infracted volumes?®,

The role of microparticles in angiogenesis is not always promotive but may be inhibitory. There
are reports about prevention of neovascularization by microparticles. For example, vascular
network proliferation from human umbilical vein endothelial cells was inhibited by the
presence of endothelial derived microparticles®!. Similarly, lymphocyte-derived
microparticles were found to cause overexpression of the CD36 anti-angiogenic receptor while
significantly downregulated protein levels related with angiogenesis?>2. The generation of
reactive oxygen species such as hyperoxide is likely to be involved in the inhibitory process.
The balance between inhibition and promotion of neovascularization, for different types of
microparticles, appears to be affected by their concentration along with other potential

unknown factors 246:252,:253
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Table 10. Angiogenesis and Microparticles (MPs)

Type of cell producing MPs

Target cell or environment

Molecules involved in the

angiogenesis mediated by MPs

Promotion of neovascularization

Platelets Human  umbilical  vein | bioactive lipids*%**

endothelial cells

Platelets Ischaemic myocardium vascular endothelial growth factor
(VEGF),
basic fibroblast growth factor
(BFGF),
inhibition of platelet factor-4**

Various cells  expressing | Endothelial betal-integrin,

membrane Tissue Factor extracellular ~ signal  regulated
kinase**?

T-cells Endothelial Activation of morphogen Sonic
Hedgehog (Shh) pathway which
promotes synthesis of adhesion
molecules and  proangiogenic
factors?4%24

Endothelial Endothelial Plasmin activating factors®*®

Endothelial Matrix metalloproteinases®*®

Endothelial endothelial Messenger RNA?*

Adipose cells Human  umbilical ~ vein | Leptin, fibroblast growth factor

endothelial cells

alpha (FGFa), Tumor Necrosis
Factor a, matrix metalloprotease
(MMP)-2 and MMP-9 mediated
activation®®

Inhibition of neovascularization

Lymphocyte |

Endothelial

| CD36 antiangiogenic receptor®>

Abbreviations: CD cluster of differentiation, RNA Ribonucleic acid
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Regulation of vascular tone

Several studies have established a link between endothelial activity, expressed by modification
of vascular tone and microparticles. Microparticles may affect the regulation of nitric oxide
synthetase resulting in impaired production of nitric oxide in vivo??24, Endothelial derived
microparticles may also impair vasorelaxation. This was demonstrated in patients with end
stage renal failure and type 2 diabetes, where different sonographic indices of arterial function
have been assessed!®1:2%%, Furthermore, endothelial relaxation was impaired in aortic rings after
exposure to endothelial derived microparticles from patients with recent myocardial infarction,

in contrast with endothelial derived microparticles from non-ischaemic patients?®.

Lymphocyte derived microparticles also affect the nitric oxide synthetase activity?®"?8, The
mechanism driven the synthetase downregulation is related with the phosphorylation of the
extracellular signal-regulated kinase 1/2 via phosphatidylinositol-3-kinase and nuclear factor
k-light-chain-enhancer of activated B cell pathways®’. Additionally, lymphocyte derived
microparticles may induce endothelial overexpression of the integral membrane protein

caveolin-1 which inhibits the nitric oxide synthetase®®®.

Endothelial and platelet derived microparticles are carriers of endothelial nitric oxide synthase
and in patients with cardiovascular risk factors the isolated microparticles found to have
significant less levels of the synthase compared with healthy subjects?®®. Platelet derived
microparticles can also influence the vascular tone as they are involved in the production of
vasoactive molecules such as prostacyclin (vasodilator)?® or thromboxane (vasoconstrictor)
260 In experimental models, microparticles can modify cyclo-oxygenase metabolites levels

through the Fas antigen and its natural ligand FasL pathway?®?.
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Apoptosis

Microparticles production can be the result from an apoptotic process along with the formation
of apoptotic bodies. Additionally, microparticles can also induce programmed cellular death of
remote cells?22%3 Anti-apoptotic stimulation showed a reduction in the cell “blebbing” and
microparticle formation in Human tonsil germinal center B cells in vitro. B cell blebs appear
to have chemo-attractive properties to macrophages which carry out the apoptotic cell
removal®®*. Endothelial derived microparticles can initiate apoptosis in angiogenic cells. The
rich in arachidonic acid microparticles are phagocytosed by the angiogenic cells and signalise
apoptosis. This action, as other characteristics of microparticles, is concentration dependant?®®.
Apoptosis mediated by the lipid synthesis of the microparticle is also possible, even without
involvement of phagocytosis. Ptdins(3,5)BP is a specific inhibitor of the acid
sphingomyelinase which can inhibit the apoptosis pathway via upregulation of the capsase-8.
Inhibition of the extracellular signal regulated kinase 1 prevents the apoptosis of macrophages
in vitro. Extracellular signal regulated kinase 1 as microparticle membrane protein activate
target cell membrane phospholipases and contributes to formation of arachidonic acid from
phospholipids?®®. Capsase-3 protein is also involved in apoptosis?®’ and has been identified as
membrane protein in platelet derived microparticles and endothelial derived

microparticles?%8-26°,

The signal for programmed cellular death to remote cells can be transmitted by microparticles

through the Fas antigen and its natural ligand FasL. This mechanism was demonstrated in

human tumour cells in vitro?’°. Additionally, tumour derived microparticles contain matrix
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metalloproteinases responsible for matrix degradation but also adhesion molecules and

receptors like the CX3CL1/fractalkine system which regulates migration and apoptosis?’*.

Oxidative stress

Oxidative stress is caused when there is an imbalance between production of reactive oxygen
species and the antioxidant defence mechanisms?’2. Controlled production of reactive oxygen
species is important as contributes to cell growth, adhesion, differentiation, and apoptosis?’2.
Brodsky et al?>* reported an active role of endothelial derived microparticles in the formation
of superoxide. The p22(phox) subunit of NADPH oxidase has been detected in endothelial
derived microparticles. Also, microparticles from other cellular origins, such as lymphocytes
and monocytes, may lead to the production of reactive oxygen species??2’#, Monocyte derived
microparticles can induce nitrosative stress in endothelial cells in vitro. This occurs by
increasing the nitration of several proteins in endothelial cells after regulating calveolin-1
expression or activation of phosphatidylinositide-3 kinase and other extracellular signal-

regulated kinases?’.
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1.3.4 Microparticles and cardiovascular risk factors

Essential Hypertension

Mechanisms linked with microparticles, have been described to be involved in the pathogenesis

of endothelial dysfunction as a result of hypertension?’62'"

The Renin-angiotensin system in known to have a fundamental role in the regulation of arterial
hypertension?’®, Angiotensin I, a potent vasoconstrictive hormone can induce the formation
of microparticles from monocytes in vitro. The derived microparticles expressed tissue factor
on their membrane and demonstrated procoagulant activity?’®. Procoagulant features of
microparticles reported by Preston et al®®® in patients with severe hypertension. The
hypertensive cohort had increased levels of platelet and endothelial derived microparticles with
strong positive correlation between two types circulating microparticles (CD31+ endothelial
derived microparticles and CD62P + platelet derived microparticles) and absolute levels of
systolic and diastolic blood pressure. Tissue factor expression on endothelial derived
microparticle and platelet factor 3 on platelet derived microparticles might explain the

procoagulant features of microparticles and thrombogenicity of hypertension.

High levels of circulating endothelial derived microparticles with synchronous reduction of
endothelial progenitor cells (EPC) as expressed by increased ratio of endothelial derived
microparticles/EPC were detected in hypertensive patients with reduced glomerular filtration
rate and microalbuminuria. The endothelial progenitor cells are considered to promote

endothelial integrity and vascular repair. On the other hand, the CD31/annexin V+ apoptotic
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microparticles were related with atherosclerotic disease and further deterioration of the renal

function281:282,

Diabetes mellitus

Endothelial derived microparticles(CD62E+) are higher in a pre-diabetic cohort along with
elevated biomarkers of endothelial dysfunction?®®(Table 11), suggesting an involvement of
microvesicles in the pathogenesis of the disease. In patients with established diabetes, the
absolute number of microparticles was also found to be elevated. Kurtzman et al?® reported
increased number of several microparticle phenotypes in diabetics compared with healthy
controls?®*. Similar findings were demonstrated by a metanalysis of 48 studies involving 2,460

patients with Type 2 diabetes?®,

Different types of microparticles, such as endothelial, platelet, erythrocyte and monocyte
derived microparticles have also been found to be elevated in diabetic populations!®!286-288,
Monocyte, endothelial and platelet derived microparticles are significantly higher in diabetic
patients with related vascular complications such as nephropathy, retinopathy or neuropathy

compared with diabetic patients without complications®3287:289.2%0

Patients with type 1 diabetes mellitus have not only higher but also different types of circulating
microparticles compared with patients with type 2 diabetes mellitus and healthy people!®®.
Platelet, endothelial and apoptotic cell (annexin V+) derived microparticles were significantly
elevated in type 1 diabetes. The different microparticle phenotypes between the two conditions
reflect differences in their functional and particularly their procoagulant properties. For type 2

diabetes patients, these microparticles have limited procoagulant action but for type 1 diabetes
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their prothrombotic properties were positively correlated with the glycaemic control
[HbA1c]*. The relation between glycaemic control and microparticles have been
demonstrated in a study of overweight subjects with type 2 diabetes. The levels of the
circulating microparticles have been reduced after bariatric surgery with synchronous

normalization of glycaemic control 1%,

The pathophysiology of hypercoagulopathy in diabetes has been linked with the presence of
microparticles!®2°12%2 In vitro studies have shown that microvesicles influence coagulation
and immune pathways by abnormal production of reactive oxygen species along with protein
expression on their membrane?®?. Tissue factor antigens on the membrane of circulating
microparticles in patients with type 2 diabetes was reported by Cimmino et al?®! and is likely
to be involved in the prothrombotic activity along with other athero-imflammatory processes
observed in diabetic populations. Microparticle coagulability (expressed by the density of
membrane tissue factor and membrane tissue factor pathway inhibitor ratio) was found to be
high in diabetic patients with severe foot ulcers and manifestations of coronary artery
disease?®. Similar findings regarding hypercoagulability of plasma microparticles in diabetic
patients reported by Tripodi et al?®* as measured and correlated by conventional coagulation

tests such us antithrombin and protein C activity and levels of factors Il and VIII.

Diabetic vascular complications are associated with vascular inflammation and endothelial
dysfunction?®®. Endocytosis of platelet derived microparticles from endothelial cells in vitro
induced expression of von Willebrand factor on the plasma membrane of the endothelial cells,
which promoted adhesion of platelets and excessive production of reactive oxygen species
leading to inflammation'®’. Microparticles mediated reactive oxygen species production in

diabetics is involved in downregulation of NO activity affecting the vascular tone and
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contribute to leukocytes chemotaxis to endothelium by expression of surface antigens?®¢?’, In
clinical studies, type 2 diabetes, is associated with high levels of endothelial/apoptotic cell

derived microparticles and asymptomatic coronary atherosclerotic disease?®,

Microvesicles have been demonstrated to be involved in impaired neovascularization process
affecting diabetic populations. Incubation of human umbilical vein endothelial cells with
extracellular microvesicles from patients with diabetic foot or diabetic retinopathy induced the
formation of tube networks, suggesting an important role of the vesicles in the process of
angiogenesis?®3, Tissue factor positive microparticles in well controlled diabetic patients are
not always involved in coagulation process and potentially have a role in signal transmission,
including angiogenesis!®?%°. MiR-126, a type of RNA, which is contained in microparticles
was reported to play important role in endothelial integrity and angiogenesis®®. Reduced
expression of miR-126 in endothelial derived microparticles from diabetic patients might
contribute to endothelial injury, abnormal vascular remodelling and impaired

angiogenesis01302,

Various medications were investigated regarding their effects in the levels of circulating
microparticles in diabetes. Apart from the antidiabetic drugs, anti-hypertensives, statins and
anti-platelets have been demonstrated to decrease the microparticles in various populations

with diabetes®® .
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Table 11. Studies with Microparticles (MPs) in Diabetic populations or high glucose concentration conditions

Type of MPs

Conclusion

Reference

Endothelial derived microparticles CD62E +,
CD62P +, CD142 +, CD45 + circulating MPs,
their apoptotic (AnnexinV +) fractions and
miRNA-126 expression.

CD62E + MPs level and miR-
126-3p content in MPs are
abnormal in subjects with pre-
diabetes.

Giannella A et al*®

CD3 + T- Lymphocyte MPs, CD105 + EMPs,
Annexin V + MPs, CD31 + MPs, CD41a + and
Annexin V/CD31/ CD41a +

Increased number of MPs in
diabetic patients compare with
healthy control group

Kurtzman N et al. 2%

PMPs

Association  with  vascular
changes in T2DM/ endothelial
dysfunction and activated
platelets/PMPs

Nomura S et al.?%

Monocytes derived MPs Annexin V/CD14 +,
PMPs GPI +

higher in diabetic patients of
with related vascular
complications

Omoto S et al®’

annexinV +, PMP CD31/CD42 +, LMP CD45+ ,
CD31+/CD42negative EMP, CD51+ EMP

MPs increased in patients with
T2DM. EMPs levels are
associated  with  vascular
dysfunction.

Feng B et al'®

CD36 +

CD 36 + MPs in DM patients
were from erythrocyte origin
compare with healthy subjects,
originated from endothelial
cells.

Alkhatatbeh MJ et al?®

PMPs CD41 +, EMPs CD51 +, leukocytes derived
MPs CD45 +, neutrophil derived MPs CD66b +,
monocyte derived MPs CD14 + and total annexin
V-+ MPs.

Different phenotypes
identified between T1, T2 DM
and healthy subjects.

Differences in properties and
particularly the procoagulant
activities.

Sabatier F et al*®®

Annexin V +, MPs from non- activated platelet
(CD41+), MPs from activated platelets (CD62p
+), EMPs (CD144 +)

MPs properties and type
(composition, content and
cellular origin) are related with
the type of  vascular
complications due to DM.

Tsimerman G et al®®

MPs from Human umbilical vein endothelial cells

Raised glucose levels is a
potent stimulus for MP
formation that affects their
molecular composition and
may cause endothelial injury

Burger et al. >

PMPs CDA41 +, Annexin V MPs, MPs expressing
tissue factor (CD142)

DM is associated with high
levels circulating MPs with
procoagulant features

Tripodi A et al®**

EMPs CD144 +, PMPs CD42b +, monocyte
derived MPs CD14 +

MPs from T1DM patients
promoted platelet/endothelial
cell interaction with an
intensity correlated with the
degree of the associated
vascular complications

Terrisse Ad et al*®’

Lymphocyte and plasma MPs (Surface markers:
CD3, CD11a, GP1b, CD31)

Lymphocyte-derived MPs
from diabetic patients or in

Martin S
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vivo circulating MPs from

diabetic  patients  reduced

endothelial NO  synthase

expression.
Surface markers: CD4la, CD64, CD144, | Apoptotic endothelial ~cell- | Berezin et al. 2®
CD144/CD31, Annexin V, CD144/annexin V and | derived were significantly

CD144/CD31/annexin V.

increased in diabetic patients
and associated with
asymptomatic atherosclerosis

human coronary endothelial cells derived MPs

High glucose environment
increases NADPH oxidase
activity in EMPs and promotes
endothelial dysfunction

Jansen F et al®’

EMPs (surface markers: CD31, CD42b, annexin
V, and CD62E)

EMP levels are associated with

Jung K-H et al*®

PMPs CD41 (GPllb) +, EMPs CD144 (VE-
Cadherin) +

different risk of diabetic
vascular complications

Unstable  coronary  artery
plaques in diabetics are

associated with elevated EMPs

Bernard S et al*®®

PMPs (Surface marker: GPIX

monoclonal antibody)

antiplatelet

Plasma PMPs are significantly
higher in patient with DM
compare with normal controls.
Antiplatelet therapy reduces
the level of PMPs.

Omoto S et al®®*®

EMPs CD 144 +, Monocyte derived MPs CD 14
+, PMPs tissue factor and CD 41 +

Normalisation of glycaemic
control in DM patients after
bariatric surgery leads to
reduction of the MPs levels

Cheng V et al*®

PMPs, T-lymphocytes derived MPs and leukocyte
derived MPs (surface markers: quadruple-stained
with annexin V, CD61, anti-TF, and CD15 (ligand
for P-selectin), CD66e (granulocytic marker), or
CD62P  (P-selectin), or with CD4 (T-
lymphocytes), anti-TF, and CD11b (leukocyte
marker)

TF on MPs from DM patients
may be involved in processes
other than coagulation such as
angiogenesis

Diamant M et al*®

TF bearing MPs from human renal mesangial cells
and human dermal microvascular endothelial cells

MPs expressing TF might be a
mediator to neovascularisation
due to elevated glucose levels

Ettelaie C et al®®

MPs from Human umbilical vein endothelial cells

Reduction of miR-126 from
plasma vesicles might explain
the impaired neo-angiogenesis
in DM patients

Zampetaki A et al®®

CD cluster of differentiation, EMP endothelial derived MP, PMP platelet derived MP, T2DM Type 2 diabetes mellitus, , GP
glycoprotein, LMP leukocyte derived MP, TF Tissue factor, miR micro Ribonucleic acid, NADPH Nicotinamide adenine

dinucleotide phosphate, NO Nitric monoxide
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Smoking

Smokers have significantly higher levels of plasma tissue factor concentrations*®*, Human
monocytes and macrophages produce microparticles and demonstrated apoptotic activity in
vitro, after exposure to tobacco smoking extract. These microparticles were found to be tissue

factor positive, reflecting their procoagulant properties®®.

Smokers with normal spirometry but reduced diffusing capacity of the lung for carbon
monoxide have also elevated levels of endothelial derived microparticles, likely derived from
apoptotic endothelial capillary cells®®. Another mechanism which appears to be induced by
tobacco smoke inhalation is microparticle gelatinolytic and collagenolytic activities. After
exposure to tobacco smoking extract in vitro, human macrophages produce microparticles with
transmembrane matrix metalloproteinase 14 (MMP14). These microparticles may induce
extracellular matrix destruction leading to inflammation, atherosclerotic plaque vulnerability
and tissue necrosis®®’. Elevation of endothelial derived microparticles was also observed in
passive smokers along with endothelial dysfunction, as assessed by flow-mediated dilation
using ultrasound. In the same study, the endothelial progenitor chemotaxis toward vascular
endothelial growth factor was impaired resulting in reduction of nitric oxide production and

endothelial dysfunction3®,

Dyslipidaemias

Endothelial derived microparticles were found to be elevated in patients with uncomplicated

type 2 diabetes mellitus after consumption of high-fat meals. This elevation was correlated

with other dysmetabolic changes such as high levels of glucose, insulin, and triglycerides and
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low levels of high density lipoprotein®®. Hypercholesterolaemia along with endothelial derived
microparticles has inhibitory activity in cardiac angiogenetic mechanisms through imbalance
of the endothelial nitric oxide synthetase regulation®®. Hypercholesterolaemic conditions may
induced endothelial damage associated with microparticles but there is evidence that can also
promote generation of prothrombotic vesicles. Aggregated low density lipoprotein was found
to induce release of tissue factor positive microparticles from human vascular smooth muscle
cells®*1. Similarly, monocytes enriched by cholesterol in vitro, appear to expose
phosphatidylserine on their cellular membrane along with induction of apoptosis and release
increased levels of tissue factor positive microparticles®'?. Additionally, phosphatidylserine
expression mediated by oxidative low density lipoprotein in diabetic population was associated

with elevated levels of platelet derived microparticles®,

The relation between the endothelial protective role of high density lipoprotein and
microparticles has been investigated!3314, High density lipoprotein was reported to inhibit the
binding of the T cell derived microparticles to monocytes and sequelae monocyte activation.
Furthermore, high density lipoprotein partially inhibited production of pro-inflammatory

cytokines from monocytes.

In several studies which recruited patients with type 2 diabetes and hyperlipidaemias there was
a reduction of the circulating microparticles after treatment with statins. For example, in
patients with type 1 diabetes mellitus and hyperlipidaemia, treatment with atorvastatin reduced
gpllla, P-selectin- and tissue factor-containing microparticles®’®. For patients with type 2
diabetes and hyperlipidaemia, treatment with pravastatin for 8 weeks did not significantly alter
the blood cholesterol concentrations but reduced the gplib/llla membrane receptor in the

circulating platelet derived microparticles. Gpllb/llla is an important receptor for fibrinogen
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involved in thrombus formation. Downregulation of this receptor which is partially induced by
changes to platelets and microparticles lipids membrane composition might contribute to less
thrombotic risk!®. Fluvastatin reduced microparticles in vitro from cultured human coronary
artery endothelial cells by inhibition of the Rho kinase pathway which is responsible for

alteration of cytoskeleton®!®,

High triglycerides levels is a component of metabolic syndrome among with
hyperinsulineamia, hypertension and low high-density lipoprotein cholesterol levels®’.
Elevation of endothelial®'8, platelet®® and leukocytes derived microparticles®? in patients with
metabolic syndrome contribute to vascular inflammation and hypercoagulant status 2. In an
observational study®?!, patients with metabolic syndrome and dyslipidaemia have higher levels
of endothelial derived microparticle (CD144+) and erythrocyte microparticle (CD235a+)
compared with healthy control subjects. Obesity influenced the levels of platelet (Gplib/llla+)
and endothelial derived microparticles and hypertension only the endothelial derived
microparticles. Levels of Annexin V+ microparticles were affected by each of the different

components of metabolic syndrome.

1.3.5 Microparticles and atherosclerosis

Various mechanisms contributing to initiation, progression and clinical manifestations of
atherosclerotic disease are associated with the presence and formation of microparticles (Figure
6). The disruption of the normal levels and composition of the microparticles might represent
one of the initial steps of the atherosclerotic disease. The link between apoptosis and

microparticle production is well-established?®?, Reduced laminar shear stress is also reported
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as a signal for endothelial apoptosis®?? which potentially contributes to microparticle

production and imbalance of the normal endothelial features3?,

Endothelial permeability occurs during the first phase of the atherosclerotic process®*.
Findings suggest a link between endothelial permeability and microparticles. Injection of
endothelial derived microparticles in rats significantly increases the pulmonary capillary
permeability and causes acute lung injury. This action is likely mediated through inhibition of
nitric oxide generation and sequelae impaired vasodilation3?. Abnormal endothelial
homeostasis related with nitric oxide production have been reported with endothelial derived
microparticles®™® and T lymphocyte-derived microparticles in vitro?®®, Another mechanism,
induced by CD54 antigen, might play a role in atherogenesis. It was described in patients with
multiple sclerosis where endothelial derived microparticle CD54+ induce inflammation and
increase migration of monocytes through the endothelium3?. Additionally, platelet derived
microparticles can affect the endothelial cell barrier integrity, in a manner related with their

size and protein composition®?’.

Chemo-attraction of leukocytes to the inflamed endothelial segment is essential for the
progression of atherosclerosis®?®. Microparticles from different cellular origins may trigger
production of pro-inflammatory cytokines from the endothelium, such as IL-6 and IL-8, which
attract and activate leukocytes?*>32°, Another suggested mechanism which contributes to the
progression of the atheroma is linked to microparticles-induced expression of adhesion
molecules on the endothelial cells. An example is platelet derived microparticles mediated
upregulation of intercellular adhesion molecule-1 on the endothelial cell membrane?>3%°,
Plaque microparticles isolated from endarterectomy specimens could transfer ICAM-1 to

endothelium®. Also microparticles induce integrin expression on the surface of the
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leukocytes, such as CD11a and CD11b, which interact with intercellular adhesion molecule-
121% Chemokines delivered from microparticles to inflamed or atherosclerotic endothelium
promote further leukocyte recruitment. Mause et al described a platelet derived microparticle-
associated delivery of the chemokine RANTES (regulated on activation, normal T cell
expressed and secreted) to human microvascular endothelial cells which promotes monocyte

adhesion?%°,

Microparticles concentrations are 200 times higher in atherosclerotic plaques than in blood332,
Microparticles derived from leukocytes have the higher levels in plaques; 29% found to be
from macrophages, 15% from lymphocytes and 8% from neutrophils. Other significant
populations of microparticles concentration delivered from erythrocytes (27%), smooth muscle
(13 %) and endothelial cells (8%)332. Microparticle origin in atherosclerotic plaques was not

found to be affected by symptoms of ischaemia®?

. All plague microparticles, regardless their
origin, possess pro-coagulant activity as they express tissue factor on their external plasma

membrane surface33.

Furthermore, atherosclerotic plaque microparticles was described that contain
immunoglobulins. The immunoglobulins they expressed were found to be different from the
plasma circulating microparticles®**. Co-labelling of 1gG and CD14 demonstrated that the vast
majority of microparticles (93+£7%) containing 1gG were CD14+, revealing their macrophage
origin®*. High macrophage infiltration was observed also in raptured atherosclerotic lesions
with concurrent macrophage apoptosis®®®. Microparticles are involved in macrophage
apoptosis but is unknown if this mechanism contributes to rapture or characterise vulnerability
of the fibrous cap of the atheromatous plaques®*®. Additionally, as macrophages have been

involved in the clearance of microparticles, defective phagocytosis due to increased

66



macrophage apoptosis may lead to accumulation of microparticles®*7-33°. A point towards this
hypothesis is the acceleration of atherosclerotic lesions in mice which lack lactadherin

activity34. Lactadherin is essential protein for the removal of the microparticles®!.

Atherosclerosis is a complex immune-inflammatory disease which several type of cells are
involved, including lymphocytes (T, B, Natural killer T), dendritic cells, and mast cells®#, In
vitro, endothelial derived microparticles induced dendritic cell maturation and secretion of pro-
inflammatory cytokines, contributing to CD4 T cells activation and proliferation®*, In the same
study, microparticles from activated T cells or platelets failed to stimulate dendritic cell
maturation®*3, Polymorphonuclear neutrophil-derived microparticles were reported to interact
with human monocyte-derived dendritic cells and to promote morphologic changes which
reduce monocyte phagocytic activity and increase cytokines excretion®*. Additionally,
microparticles from activated dendritic cells can interfere with resting dendritic cells and
transfer antigens to them®®. These antigens can be presented to lymphocytes leading to their
activation and proliferation®¥. Microparticles from T cells may also stimulate mast cells. This
action can take place by transfer of membrane biomolecules via microparticles instead of

cellular contact3*®.

Smooth muscle cell proliferation and migration from the media to intima is essential for the
formation of the atheroma®?®, Platelet derived microparticles were found to have mitogenic
effect on smooth muscle cell in vitro, with no chemotactic contribution®¥’. The mitogenic effect
increased synergically if platelet derived microparticles were combined with serotonin or
thromboxane A23%8, The chemotaxis for smooth muscle cell migration is strongly facilitated

by tissue factor receptors®*%3%°, Microparticles isolated from atherosclerotic plaques express
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tissue factor in their surface®? and might act as a chemo-attractive factor for smooth muscle

cell migration and proliferation.

The intraplagque neovessel formation due to hypoxia and inflammation influences the stability
of the atherosclerotic lesion®**2 Microparticles might play a significant role in the
neovascularization. They can carry proteolytic enzymes on their membrane and they have
ability to induce the production of metalloproteases from other cells, so the endothelial tissue
would be able to penetrate the surrounding interstitial matrix®>3-%° Furthermore, plagque
microparticles mainly of macrophage origin can induce endothelial cell proliferation in vivo®®.
On the contrary, in this study circulating microparticles were unable to induce endothelial cell
proliferation®®, CD40/CD40 ligand system appears to play an important role in the
microparticles endothelial cell interaction®®. Patients with symptoms of cardiac ischaemia
expressed more CD40L than asymptomatic patients and their microparticles were more potent

endothelial proliferation inducers in vitro®®.

Studies of patients with early atherosclerosis and chronic coronary artery disease showed
increased levels of CD144+/CD31+ endothelial derived microparticles expressing T-cadherin
compared with healthy volunteers. T-cadherin was found to reflect endothelial dysfunction as
measured by reactive hyperaemia following brief peripheral flow occlusion®’. Plasma levels
of CD144+/ CD42b- endothelial derived microparticles predicted the presence of coronary

artery disease in asymptomatic diabetic patients 3,
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Figure 6. Microparticles and atherosclerotic process
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1.3.6 Atrial Fibrillation

Patients with atrial fibrillation have increased risk of ischaemic stroke and were found to have
higher levels of platelet derived microparticles (CD42b+/CD61+) in contrast with healthy
subjects. There was no difference in the levels of circulating platelet derived microparticles
between patients with permanent or paroxysmal atrial fibrillation or between patients on
treatment with aspirin or warfarin. In the same analysis there were no significant differences
in platelet derived microparticles for patients in atrial fibrillation and patients with established
coronary artery disease and sinus rhythm®®. In another observational study, annexin V+
microparticle levels were higher in atrial fibrillation patients compare with healthy controls
and with patients with sinus rhythm but cardiovascular risk factors (disease control). On the
contrary, platelet derived microparticles (anti-glycoprotein Ib+) and endothelial derived
microparticles (CD31+) were similar in patients with AF and disease control group but higher
compared with healthy control subjects®®. A recent study investigating microparticles of the
same origin reported opposite results®*°. Platelet (CD41+) and endothelial (CD31+/CD41-)
derived microparticles were higher in AF patients but annexin+ microparticles were similar
compared to healthy subjects. The discrepancy from the above studies is likely related with
different methodology. The presence of higher levels phosphatidylserine+ microparticles,
which are labelled with annexin V, has been reported in other studies with NVAF subjects.
Blocking the phosphatidylserine with lactadherin resulted in inhibition of plasma procoagulant

activity3®%°,
P-selectin microparticles were also found to be elevated in AF cohorts. P selectin has an
essential role in activation of leukocytes in inflammatory process and platelets in vascular

injury361’362.
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In patients with chronic AF due to mitral stenosis CD41+ platelet derived microparticles levels
were higher compared to healthy controls and there was a significant direct relationship
between the mitral valve area and the levels of circulating platelet derived microparticles®?,

suggesting higher risk of thromboembolic events with increasing severity of mitral stenosis.

Induction of AF during electrophysiology studies increased the P-selectin+ microparticles
compared with chronic AF and control patients which might reflect different procoagulant

mechanism between chronic and paroxysmal AF*%?,

1.3.7 Prognostic value of microparticles related with cardiovascular diseases

Several studies have demonstra