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Summary

Venous thromboembolism (VTE) is a common disease with an incidence of 1-2 per 1000
individuals. VTE is a collective term for deep vein thrombosis and pulmonary embolism.
Extracellular vesicles (EVs) are lipid-membrane-bound spherical vesicles that bud off from the
cells upon activation and apoptosis. Their size varies between 30 nm and 1 um. Recent advances
in experimental and observational studies suggest a pivotal role of EVs in VTE.

The main goals of the present thesis were to assess plasma levels, the cellular origin and the
morphological characteristics of P-selectin Glycoprotein Ligand-1 (PSGL-1) positive
microvesicles (MVs) in patients with unprovoked VTE. We investigated the potential of
microRNA (miRNA) plasma levels as biomarkers for unprovoked VTE, as well as the impact
of pre-analyses handling and fasting status on plasma EVs. We also developed a cost-effective
modified assay to measure procoagulant phospholipid (PPL) activity.

In the study described in Paper I, we evaluated plasma levels and parental origins of PSGL-1"
MVs in patients with unprovoked VTE and controls. The results showed that high plasma
PSGL-1" MV levels were associated with an increased risk of unprovoked VTE. In Paper II,
we analyzed the effect of anticoagulant choice on EVs, and found no difference between
anticoagulants in terms of total EVs plasma concentrations and size distribution. Postprandial
lipidemia was not accompanied by apparent changes in plasma EVs concentration, but an
increase in the mean size of VLDL particles interfered with EV measurements in the
postprandial phase. The results of the study described in Paper III revealed that plasma miRNA
profiling could provide novel biomarkers for unprovoked VTE. In Paper IV, we showed that a
modified PPL assay performed as well as a commercial competitor (STA-Procoag-PPL assay),
with advantages of being insensitive to postprandial lipoproteins and tissue factor positive (TF")

EVs and lower cost, making it suitable for large-scale studies.
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Abbreviation

(Ago2)- Argonaute-2

(APC)- Activation of protein C

(CTAD)- Citrate —theophylline- Adenosine-Dipyridamole
(CV)- Coefficient variation

(DVT)- Deep vein thrombosis
(EPCR)-Endothelial protein C receptor
(EV)- Extracellular Vesicle

(EVDP)- Extracellular vesicle-depleted plasma
(FC)- Flow cytometry

(miRNA)- microRNA

(MV)- Microvesicles

(NTA)- Nanoparticle tracking analysis
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(PBS)- Phosphate buffer saline

(PE)- Pulmonary Embolism

(PFP)- Platelet free plasma

(PolyP)- Polyphosphate

(PPL)- Procoagulant Phospholipids

(PPP)- Platelet poor plasma

(PS)- Phosphatidylserine

(PSGL-1)- P-Selectin Glycoprotein Ligand-1
(SEM)- Scanning Electron Microscopy

(TEM)- Transmission Electron Microscopy
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(TF)- Tissue factor
(TFPI)- Tissue factor pathway inhibitor
(VLDL)- Very Low Density Lipoproteins

(VTE)- Venous Thromboembolism
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1. General introduction

1.1 Venous thromboembolism

Venous thromboembolism (VTE) is a common term for pulmonary embolism (PE) and deep
vein thrombosis (DVT). DVT involves the generation of a thrombus inside a deep vein,
commonly in the deep veins of the lower extremities that can obstruct venous blood flow. PE
occurs when a fragment of the blood clot dislodges from the place it was formed, and is
transported by the bloodstream to the arteries of the lungs. The origin of PE remains undetected
inup to 50% of PE-patients [1], and recent findings suggest that approximately 20% of the PEs

may originate from right atrium thrombi due to atrial fibrillation [2].

VTEs can be classified into provoked and unprovoked (idiopathic) events depending on the
presence of predisposing factors at the time of the VTE. Provoked events may occur due to
transient or persistent risk factors such as major general surgery or orthopedic surgery, spinal
cord injury, fracture of the pelvis, hip or long bones, myocardial infraction, stroke, congestive
heart or respiratory failure and cancer [3]. Unprovoked VTE occurs in the absence of

malignancy or other predisposing factors.

VTE is the third most common cardiovascular disorder after myocardial infarction and stroke ,
with an annual incidence of 1-2 per 1000 inhabitants in developed countries [4]. Cohen et al.
reported that the estimated annual incidence of symptomatic VTE events across Europe, based
on extrapolation of the six modeled countries, exceeded 1.7 million [5]. The incidence of DVT
is higher than PE and the incidence of VTE has slightly increased during the last two decades
[6]. Few studies display trends over time in the incidence of VTE. However, Wiener et al.
reported an 81% increase in the incidence of PE after the introduction of CT pulmonary

angiography (CTPA) [7]. Huang et al. stated that incidence rates of VTE in the USA increased
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by 82% between 1985 and 2009 [8], principally because of an increase in the incidence of PE.
The overall age-adjusted incidence of VTE increased from 158 per 100, 000 in 1996/1997 to

201 per 100, 000 in 2010/2011 in a large cohort study in Norway (Tromse) [6].

The long-term complications of VTE are post-thrombotic syndrome (PTS) and chronic
thromboembolic pulmonary hypertension (CTPH). PTS is the most common complication of
DVT, affecting 20-50% of patients with a lower limb DVT [9]. Classical symptoms of PTS
include chronic pain and swelling of the affected extremity [10]. Severe PTS develops in
approximately 10% of subjects with PTS, and they may develop venous leg ulcer, which can
be very difficult to treat and impairs patient mobility [10]. The presence of PTS has a significant
impact on disease-specific quality of life [11]. Braekkan et al. reported that DVT was associated
with a 60% increased risk of disability pension [12]. Risk factors such as proximal DVT, male
gender, and high D-dimer levels are independently associated with development of PTS after

first DVT [13] and ipsilateral recurrence of DVT increased the risk of PTS six-fold [14].

The hallmark of CTPH, affecting 1-4% of the patients with PE [15], is fibrotic transformation
of pulmonary arterial thrombus, leading to mechanical obstruction of the major pulmonary
arteries. CTPH is characterized by dyspnea and pleuritic-type chest pain [16]. In advanced

stages, CTPH can cause right heart failure symptoms and ultimately death [17].

VTE is a complex disease with severe complications, including recurrence and death. The
cumulative incidence of recurrent VTE is reported to be 11 % after one year, 20% after 3 years
and 30% after 5 years and 40% after 10 years [18]. Independent clinical predictors of VTE
recurrence include male sex, increasing age and body mass index, active cancer and neurologic
disease with extremity paresis [19]. A recent Norwegian study reported an overall cumulative
mortality rate of 19.4% at 30 days and 62% at one year in VTE related cancer patients, and 9%

and 16.6% in VTE-cancer-free patients, respectively [20]. Up to 10% of acute PE patients die
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suddenly [21]. The mortality rate is higher in subjects with provoked VTE than in those with
unprovoked VTE. This may relate to older age and the presence of comorbidities, such as

cancer.

1.2 Pathophysiology of venous thromboembolism

The terms ‘thrombosis’ and ‘embolism’ were first named and defined for VTE by the German
physician Rudolf Virchow. He proposed a mechanistic link between DVT and pulmonary
embolism in 1856 [22], and a triad involving hypercoagulability, altered blood flow (stasis and
turbulence) and vessels walls changes as key elements in the pathogenesis of venous thrombosis

(Figure 1).
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Figure 1. Virchow’s Triad.
Most recognized risk factors for VTE apply to one or more of the elements proposed by Virchow
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Venous thrombi orginate in the slow-flowing venous systems, often in the valvular sinuses of
the veins of the lower legs [23]. The thrombi mainly consists of red blood cells and fibrin [24].
The valvular sinuses are susceptible to haemoglobin desaturation and hypoxia when blood flow
ceases because blood is trapped in a vortex [25]. In the healthy vasculature, the endothelium
has an antithrombotic and profibrinolytic surface that prevents clot formation [23]. Under
normal physiological conditions the endothelial lining expresses high levels of anticoagulant
proteins such as thrombomodulin, tissue factor pathway inhibitor (TFPI) and endothelial
protein C receptor (EPCR) [23]. Furthermore, endothelial cells inhibit coagulation activation
by the proteoglycans heparan sulfate and dermatan sulfate which bind and activate the
anticoagulants anti thrombin and heparin cofactor activity [26]. Hypoxia and stasis activate the
endothelial cells and induce a prothrombotic state [27]. The endothelial cells are activated by
hypoxia whereby the transcription nuclear factor-kB (NF- kB) is activated, and this induces the
adhesiveness of endothelium and regulates the expression of tissue factor (TF) [28, 29]. The
activated endothelial cells translocate P-selectin from Weibel-Palade bodies to the outside of
cell membranes. P-selectin is a membrane glycoprotein stored within the secretory granules of
platelets and endothelial cells [30]. Activated endothelial cells capture leukocytes (mainly
monocytes), platelets and leukocyte-derived microvesicles (small plasma membrane vesicles
that are shed from many cell types) to the active sites by a P-selectin and PSGL-1-dependent
mechanism [31]. Subsequently, there is recruitment of TF and negatively charged
phospholipids-positive extracellular vesicles [32, 33]. These events lead to activation of the

coagulation pathway (Figure 2).
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Figure 2.

Intermittent hypoxia and stasis are key elements in the pathophysiological mechanisms of venous
thromboembolism: According to Virchow’s Triad, hypercoagulability, hemodynamic changes, and endothelial
dysfunction predispose for thrombus formation. Blood is caught in a vortex flow within the valve pockets and
becomes desaturated. Hypoxia promotes prothrombotic and proinflammatory processes in endothelial cells and
expression of cell adhesion molecules such as P-selectin and E-selectin accompanied by recruitment, and activation
of leukocytes, especially monocytes, and platelets. Activated monocytes and leukocytes bud-off procoagulant (TF

positive) extracellular vesicles, which can activate the coagulation cascade.

1.3 The Coagulation System

In 1964, two groups simultaneously proposed a “cascade” or “waterfall” model of blood
coagulation. This cascade comprises a series activation of serine proteases and cofactors that
culminate in thrombin generation and conversion of fibrinogen to fibrin (Figure 3). The cascade
can be triggered by the TF-VIla complex (extrinsic pathway) [34] or by factor Xlla
(intrinsic/contact pathway) (Figure 3). However, both pathways result in the formation of factor

Xa. In the presence of co-factor Va, Phospholipids (PS) exposed on activated cells, especially
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activated platelets, and calcium ions, FXa forms a prothrombinase complex with prothrombin
(FII). This complex converts FII to thrombin (FIla). Thrombin cleaves the plasma-soluble
protein fibrinogen into Aa and BP polypeptide chains, which release fibrinopeptide A and
fibrinopeptide B, respectively. The release of these fibrinopeptides results in the formation of
fibrin monomers, which are still soluble. Fibrin monomers, comprising o,  and y chains,
polymerize spontaneously to form a polymer gel that traps blood cells. Thrombin also triggers
conversion of FXIII to FXIIIa, which in turn mediates covalent binding between the fibrin

polymers to form a stable fibrin clot [35, 36].

Extrinsic pathway

Common pathway

Figure 3. Outline of coagulation cascade.
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The extrinsic pathway is activated at the site of tissue injury, due to exposure of TF on
extravascular cells. It involves TF (FIII), FVIL, FX and Ca*" (FIV). In vessel damage, plasma
FVII and FVIla bind to TF expressed at perivascular cells such as fibroblasts, pericytes and
smooth muscle cells forming a TF-FVII/FVIla complex that activates FX and FIX [37, 38].
Under physiologic conditions, TF exists in a “hemostatic envelope” within the vasculature, and
is therefore inaccessible to flowing blood [34]. According to previous studies, activated
monocytes serve as the primary (predominant) source of TF in whole blood [39]. Although TF
expression has also been reported in endothelium [40], platelets [41], neutrophils [42],
eosinophils [43] and T-cells [44], but TF expression on these cells are controversial due to non-

specific assays [45].

The intrinsic pathway (contact activation) is activated by negatively charged surfaces in vitro
(such as glass) and involves factors XII, XI, IX, VIII and X, as well as prekallikrein (PK), high-
molecular weight kininogen (HMWK), Ca*" and phospholipids. During the initial contact
phase, factors PK, HMWK, XII and XI are exposed to a negatively charged activating surface.
FXII is activated to FXIla at a limited rate by autoactivation, with HMWK as a cofactor. When
a small amount of FXIla accumulates, it converts PK to kallikrein and catalyzed by HMWK as
cofactor. This newly produced kallikrein accelerates the conversion of FXII to FXIIa through a
positive feedback loop. FXIla (along with HMWK as cofactor) converts FXI to FXIa then FXIa
activates FIX to FIXa. FIXa in the presence of thrombin activated FVIII, and negatively charged

phospholipids (phosphatidylserine: PS) and Ca?" (tenase complex) converts FX to FXa [46].

In short, the hemostatic mechanism can be outlined as follow: TF exposed at the vessel wall
injury binds FVII/FVIIa whereby more FVII is converted to FVIIa. This complex activates FX
and FIX, and formed FXa interacts with FVa and PS, forming the prothrombinase complex that

converts prothrombin to thrombin. The first traces of thrombin activates plasma FV and FVIII
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and platelets whereby FIXa and FVIIla generates more FXa that interacts with FVa and PS on
more activated platelets and a burst of thrombin which is generated now activates FXI, and
resultant FXIa activates more FIX. The initial formation of FIXa formed by TF-FVIIa complex
is thought to be important for the amplification of thrombin generation, as FIXa is slowly
inactivated by antithrombin, and the TF is rapidly inactivated in the quaternary complex of TF-
FVIla-TFPI-FXa. A threshold of thrombin appears to be important for the activation of FXI on
activated platelets. In addition to form the final fibrin net, thrombin is also activating FXIII
which stabilize the fibrin clot. Therefore, thrombin generation in the hemostatic mechanism is

independent of FXII, prekallikrein and HMWK.

In the thrombotic mechanism, most of the activation steps are similar to hemostasis, but the
contact activation through FXII, prekallikrein and their co-factor HMWK, plays an important
role in the thrombin formation. Recently, focus on using inhibitors to block FXII or FXI in VTE
has been discussed. This could reduce the risk of venous thrombosis and at the same time avoid

adverse bleeding [47].

The coagulation system in vertebrates is regulated at several levels by three major anticoagulant
pathways. Inactivation or loss of any of the three genes involved are lethal to embryos [48-51].
TFPI is a single-chain polypeptide produced by endothelial cells, that inhibits the extrinsic
pathway by forming the inactive complex of TF-FVIla-TFPI-FXa whereby TF is blocked and
TFPI also reversibly inhibits FXa [52]. Antithrombin is the main inhibitor of thrombin.
Antithrombin is a serine protease inhibitor that binds to and inactivates the activated
coagulation proteases FIXa, FXa, FXIa, FXIla and FVIla in complex with TF [53]. The protein
C anticoagulant pathway inhibits the propagation phase of the coagulation cascade. Binding of
thrombin to the endothelial surface protein thrombomodulin (TM) alters the substrate

specificities of the enzyme, leading to loss of its procoagulant activities. Protein C binds to
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EPCR, which presents it to the thrombin—TM complex. The thrombin-TM complex acts as an
anticoagulant through the activation of protein C (APC), which leads to the dissociation of APC

from EPCR. APC binds to its cofactor protein S and inactivates FVa and FVIIla [54](Figure 4).

Figure 4:

The three major anticoagulant mechanisms regulating the coagulation system.

APC: Activated Protein C. TFPI: Tissue Factor Pathway Inhibitor.
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1.4 Risk factors for VTE

VTE is a complex disease with both inherited and environmental risk factors. Family and twin
studies indicate that 50-60% of the VTE events are due to inherited risk factors [55, 56]. Two
main mechanisms are involved: (i) loss-of-function of antithrombotic pathway agents
(involving impaired functioning of antithrombin, protein C, or protein S); or (ii) gain-of-
function of procoagulant factors (e.g. increased synthesis of proteins such as prothrombin

G20210A) [57].

Many environmental factors increase the risk of VTE. The classic environmental risk factors
for VTE include hospitalization, surgery and trauma, immobility, estrogen therapy, oral
contraceptives, and pregnancy/post-partum. Moreover, comorbidities such as congestive heart
failure, myocardial infraction, stroke, chronic kidney disease, acute infections, chronic
inflammatory disease, exacerbation of chronic obstructive pulmonary disease, and cancer are
associated with increased risk of VTE. Advancing age, body height and obesity are clinical risk

factors for VTE [3, 58-61].

1.4.1. Inherited risk factors

1.4.1.1. Loss-of-function mechanisms

Antithrombin deficiency: Antithrombin is the main inhibitor of thrombin (factor Ila) and
additional target proteases such as factors Xa, IXa, XIa, XIIa and FVIIa in complex with TF.
Its effect is facilitated by the presence of heparin or glycosaminoglycans (GAGs) at the

endothelial surface. However, antithrombin deficiency is rare with a prevalence of 5—17 per
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10,000 in the general population. These subjects are susceptible to a 10-50-fold increased risk

of VTE due to inefficient inhibition of activated coagulation factors [62, 63].

Protein C deficiency: Protein C is a natural anticoagulant protein, activated by the thrombin—
thrombomodulin complex. Activated protein C inactivates factors Va and VIIla and stimulates
fibrinolysis by inhibiting plasminogen activator inhibitor (PAI-1). Mutations resulting in
protein C deficiency are rare, occurring in less than 1% of the general population. There is a 4-

8 fold higher risk of VTE in subjects with protein C deficiency [62, 63].

Protein S deficiency: Mutations in the PROS1 gene results in reduced levels of protein S, which
is a cofactor of APC. The APC-Protein S complex inactivates FVa and FVIIla. Protein S
deficiency is also rare, occurring in only 1-5 per 1000 of the population. It is associated with a

10-fold increased risk of VTE [62, 63].

1.4.1.2. Gain-of-function mutation of procoagulant factors

Prothrombin G20210A: This mutation was discovered in 1996. It involves a single-nucleotide
mutation in the 3'-untranslated region of the prothrombin gene, which results in high plasma
levels of prothrombin. This variant is present in 1-2% of the population and is associated with

2-3-fold increased risk of VTE [64, 65].

Factor V Leiden: A SNP missense mutation (arginine to glutamine) of factor V Leiden causes
resistance of factor V to the anticoagulant action of APC. Factor V Leiden occurs in
approximately 5% of the general population of European descent origin [66] and heterozygous
carriers have a 2-3-fold increased risk of VTE. The prevalence of homozygous carriers in the

white population is 1 in 5000 and is associated with 80-fold increased risk of VTE [67].
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1.4.1.3 Other inherited risk factors

Several novel single-nucleotide polymorphism (SNP) associated with VTE have been identified
through genome-wide association studies (GWAS). GWAS seeks to identify the association of
huge number of SNPs with a phenotype in studies with large sample size [68]. VTE-associated
SNPs have mainly been found in or near genes encoding for proteins in the coagulation or
fibrinolytic pathways that have a role in modifying the function and plasma levels of proteins
[69]. Most of these SNPs have a modest effect on the VTE risk, and alone they may have limited
clinical utility. However, multiple SNP testing might improve the predictive ability of risk

prediction models for VTE [70].

1.4.2. Environmental risk factors

Age: There is extensive evidence that the incidence of VTE increases steeply with age. The
annual rate of VTE increases from less than 5 cases per 100,000 among children under 15 years,
to 500 cases per 100,000 adults aged 80 years [71]. In the Tromse study, subjects aged 70+
years had an 11-fold higher risk of VTE than those below the age of 50 [72]. The reasons for
this increased risk with age are not fully understood, but may relate to an accumulation of
classic environmental risk factors such as immobility, surgery and malignant diseases. In
addition, overall muscle strength declines with aging, which affects the calf-muscle pump.
There are also age-related vascular changes, such as dilation of the venous wall and valve
dysfunction, leading to blood stasis and elevation of distal venous blood pressure [73-76].
Changes in the proteins of the coagulation system, prothrombotic markers, anticoagulant

proteins and platelet function might also be involved [77, 78].
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Obesity: Obesity is defined as a body mass index (BMI) >30 kg/m?. It is associated with a 2—
3-fold higher risk of VTE compared to normal weight subjects [79]. Comparison of obese and
non-obese subjects shows differences in blood-flow dynamics of the deep veins in the lower
extremities [80], as the femoral vein diameter was significantly increased in obese subjects.
This could be explained by elevated intra-abdominal pressure leading to vein wall distension,
increased stasis and reduced forward flow velocity in obese subjects [81]. Adipose tissue
synthesizes various proinflammatory and antifibrinolytic substances, such as plasminogen
activator inhibitor-1 (PAI-1)(primary inhibitor of circulating plasminogen activators) [82],
leading to inhibition of fibrinolysis and a prothrombotic state [83]. Obesity increases the
probability of high-level platelet aggregation and TF-mediated coagulation [84], and higher

levels of fibrinogen and certain coagulation factors [85].

1.5 Extracellular Vesicles

In 1967, Peter Wolf identified extracellular vesicles (EVs) during his coagulation research as a
product of platelets and he termed them “platelet dust” [86]. Initially, EVs were considered to
be cell debris, generated by cell-handling procedures [87]. Later studies have highlighted EVs
as a potential biomarker in various diseases, especially in cardiovascular, bleeding and
thrombotic disorders [88]. Notably, EVs is a general term involving exosomes (40-120 nm) and
microvesicles (100-1000 nm) released from blood cells and different tissues upon activation or
apoptosis [89]. EVs can be sorted according to size, quantities, cellular origin and composition
in different body fluids such as plasma, ascites fluid, urine and saliva [90]. They are
characterized by a bilayer phospholipid membrane without nucleus, and a membrane skeleton,

and possess cytosolic components, such as enzymes, transcription factors, and RNA or DNA
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molecules derived from their parental cells [91]. Pathological mechanisms that may trigger EV's
shedding include inflammation, activation of the coagulation or complement systems, inducers

of apoptosis, and shear stress in the circulation [92].

1.5.1 Formation and uptake of extracellular vesicles

The cytoplasmic membrane of eukaryotic cells is characterized by an asymmetric distribution
of phospholipids. Negatively charged phospholipids, such as PS, are located in the inner leaflet
of the membrane. The asymmetry is maintained by three enzyme systems: flippase, floppase
and scramblase. Activation of floppase and the increased calcium dependent activity of
scramblase in activated or apoptotic cells, leading to transfer of phospholipids from the inner
to the outer membrane leaflet [93]. Flopping (externalization) of negatively charge
phospholipids to the outer surface of the membrane is the key event in EV shedding [94]. The
high calcium concentration stimulates intracellular signaling molecules, such as calpain and
gelsolin. Calpain hydrolyzes and disassociates actin in the membrane, and gelsolin is involved

in the cleavage of actin-capping proteins (in platelets only) [95](Figure 5).
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Figure 5: The formation of extracellular vesicles.

(A) In resting cells, phospholipids in the plasma membranes showed an asymmetrical distribution. In particular,
negatively charged phospholipids such as phosphatidylserine are located in the inner leaflet. This distribution of
the membrane lipids is the result of an active process under the dependence of complementary phospholipid
transporters governing either the inward (flip) or the outward (flop) translocation. (B) Cell undergoing activation
or apoptosis. Two key events occurred. First, the disruption of phospholipid membrane asymmetry leads to
exposure of phosphatidylserine (blue circles) on the outer leaflet. This is a consequence of the activation of
floppase, the increased calcium dependent activity of scramblase and the inhibition of translocase/flippase.
Second, cytoskeletal reorganization takes place. (C) These events eventually lead to microvesicle release into the
extracellular space. (Reproduced with permission from Taylor & Francis) [96].
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Apparently, several mechanisms are involved in cellular uptake of EVs and they may enter to
cells via more than one route depending on the recipient cell types and EVs concentration [97].
EVs are usually taken up into endosomal compartments via endocytic pathways including
endocytosis (clathrin-dependent, caveolin-dependent, lipid-raft-mediated), macropinocytosis,
and phagocytosis. In addition, EVs can be taken up by the cells through the direct membrane

fusion (figure 6).

Several experimental studies suggested that EVs are mostly taken up into endosomal
compartments via endocytosis [98, 99]. Clathrin-mediated endocytosis involves engulfment of
receptors associated with their ligands. Dynamin2 is a GTPase protein that it is required in
membrane binding in the clathrin-dependent process. In phagocytic cells, blocking of dynamin2
prevented uptake of EVs [97]. It seems that clathrin-independent pathway (caveolin-dependent)
exist in eukaryotic cells. Caveolae are cup-shaped invaginations of plasma membrane that are
rich in cholesterol, sphingolipids and caveolins. Caveolin-1 is a protein that is essential for the
formation of caveolae [100]. Lipid rafts are distinct membrane microdomins which are rich in
protein receptors, cholesterol and sphingolipids. It has been reported that annexin I and annexin
VI may have roles in anchoring of EVs to these microdomains, and in trafficking of EVs to the
late endosomal compartment, respectively [101]. Macropinocytosis is a kind of endocytic
uptake pathway that involves the formation of membrane ruffles that then pinch off into the
intracellular compartment [100]. This mechanism is dependent on Racl, actin and cholesterol,
and requires Na/H exchanger activity [102]. Phagocytosis pathway involves the internalization
of opsonized vesicles by specialized cells (e.g. macrophages) [100]. PS can facilitate the entry
of EVs during phagocytosis, and Phosphatidylinositol-3-kinase (PI3Ks) has a key regulatory

role in phagocytic processes, especially in the formation of phagosomes [97].
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The other possible mechanism in which EVs populations gain entry into cells is direct fusion
of the EV membrane with the cell plasma membrane [103]. In this process two distinct lipid
bilayer membrane are merged in an aqueous environment and the acidic PH condition presented

in the endosomes is fundamental for fusion [103].
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Figure 6: Mechanisms of EV uptake

Pathways shown to participate in EV uptake by target cells. EVs transport signals between cells. EVs have been
shown to be internalized by cells through phagocytosis, clathrin- and caveolin-mediated endocytosis. There is also
evidence to support their interaction with lipid rafts resulting in EV uptake. Lipid rafts are involved in both clathrin-
and caveolin-mediated endocytosis. EVs can be internalized by macropinocytosis where membrane protrusions or
blebs extend from the cell, fold backwards around the EVs and enclose them into the lumen of a macropinosome;
alternatively EVs are macropinocytosed after becoming caught in membrane ruffles. EVs may also deliver their
protein, mMRNA and miRNA cargo by fusion with the plasma membrane. Alternatively, intraluminal EVs may fuse
with the endosomal limiting membrane following endocytosis to enable their EV contents to elicit a phenotypic
response

(Reproduced from Journal of Extracellular Vesicles, Volume 3, 2014-Issue 1 [97]).
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1.5.2 Procoagulant functions of extracellular vesicles

EVs are highly procoagulant due to the large quantity of surface-exposed negatively charged
phospholipids (e.g. PS), TF and polyphosphate (polyP) [104]. The procoagulant activity and
function of EVs were first described by Sandberg et al. in 1982 [105]. EVs are present under
both normal and pathophysiological conditions, and plasma levels of TF+ EVs are very low, or
undetectable, in healthy individuals [106]. The presence of TF on EV membranes increases
their procoagulant activity, as exposed TF readily binds to FVII/FVIla. TF/FVIla complexes
on EVs are inhibited by TFPI, which is synthesized in endothelial cells and prevents
inappropriate activation of the coagulation cascade [107]. Cancer patients have an increased
risk of VTE [108], and a role for TF+ EVs in the pathogenesis and prognosis of cancer-

associated VTE has been suggested by several studies [109, 110].

PolyP is an anionic linear polymer of inorganic phosphate derived from ATP (adenosine
triphosphate) [111]. Mammalian platelets contain short-chain polyP polymers (60-100
phosphate units) while bacteria produce long-chain polymers (several thousand phosphate
units). Human platelets accumulate a high concentration of polyP in dense granules [112].
Platelet-derived polyP have different functions in the coagulation cascade [113]. Platelet-
derived polyP is associated with accelerating the activation rate of FXI by thrombin, elevate
FV activation by FXIla, enhance the inhibition of TFPI by FXla and enhance fibrin clot structure
[113]. In a study on mice, Muller et al. reported that platelet-derived polyP induces fatal PE,

increases vascular permeability, and induces fluid extravasation [114].

PS facilitates the assembly of protease complexes in the clotting cascade [115], as it has a
pivotal role in the binding of the Gla domains in vitamin K-dependent proteins [116]. There is

an electrostatic interaction between the EV membrane PS and the y-carboxyglutamic acid
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domain of proteins in the coagulation cascade. Factors VII, IX, X and prothrombin contain a
carboxyglutamic acid domain. PS enhances the catalytic efficiency of prothrombinase
(FVa/FXa) and tenase (FVIIIa/FIXa) complexes by a factor of 1000- and 200-fold, respectively
[117]. Generally, an increase in total EV concentration is associated with shorter whole-blood
clotting times [118, 119].These findings suggest that the procoagulant function of negatively
charged phospholipids on the EV surface may serve as a biomarker for identifying patients at
increased risk of VTE. Therefore, assessing the phospholipid-dependent procoagulant activity
of isolated EVs may be a reliable method for evaluating their procoagulant function, and for

determining the role of EVs in the pathogenesis of thrombosis.

1.5.3 Plasma level of extracellular vesicles and risk of venous
thromboembolism

Plasma concentrations, cellular origin and the composition of circulating EVs may provide
valuable information relating to the diagnosis and prognosis of various diseases and monitoring
responses to treatment. Previous studies have reported significant associations between elevated
plasma EVs, especially MVs, in patients with sickle cell anemia [120], antiphospholipid
antibody syndrome [121], heparin-induced thrombocytopenia [122], cardiovascular disease
(e.g. atherosclerosis [123], hypertension [124], myocardial infarction [125], stroke [126]) and

infectious diseases (e.g. sepsis [127] and HIV infection [128]).

Although some studies have indicated a role of EVs in cancer-related VTE [109, 110, 129], the
association between EVs and VTE in patients without cancer is less clear. Previous reports have
demonstrated that plasma levels of total EVs, platelet-derived EVs (PEV), and annexin V' EVs

are associated with an increased risk of VTE [130-133]. However other studies found no
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relation between total EVs, annexin V™ EVs and PEV levels with VTE risk [134, 135] (Table

1.

Growing evidence from observational studies [136, 137] and experiments [32, 138, 139]
suggests that EVs in general, and EV receptor—ligand interactions in particular, play a
fundamental role in the pathogenesis of VTE. Cell adhesion molecules (CAMs) are located on

EV membranes, and are involved in cell—cell or cell—EV interactions.

Among the well-known transmembrane CAMs is the selectin family [140]. There are three
subsets of selectins: E-selectin (endothelial cells), P-selectin (platelets and endothelial cells),
and L-selectin (lymphocytes) [141]. Selectins are distinguished from each other by their
variable numbers of consensus repeats [ 141]. P-selectin is the longest selectin with nine motifs;
E-selectin contains six motifs; and L-selectin has just two consensus repeats. Their common
structure consists of an N-terminal lectin-type domain (the main ligand-binding sites), a

transmembrane region, and a short cytoplasmic C-terminal [141].

The role of P-selectin in thrombus formation was discovered in 1992 [142]. P-selectin is stored
in granule membranes of unstimulated platelets (o granules) and endothelial cells (Weibel—
Palade bodies) [118]. It initiates the leukocyte—endothelial cell interactions and facilitates
extravasation of neutrophils in response to inflammation of blood vessel walls or VTE [143,
144]. Additionally, it plays a role in fibrin generation and propagation during VTE [145]. P-
selectin antagonists have similar efficacy to enoxaparin in term of re-opening venous occlusion
in animal models [139]. Soluble (circulating) P-selectin is significantly elevated in DVT
patients with or without PE [137]. High circulating levels of P-selectin are associated with

recurrent VTE [136] and may be a suitable marker for diagnosing of VTE [137].

PSGL-1 is the high affinity counter-receptor for P-selectin. It has a lower affinity for L-selectin

and E-selectin [147]. Its expression on platelets can be 25—100-fold lower than on leukocytes,

32



and on the EVs derived from these cells [148, 149]. The mucin-like domain and sulphated
tyrosine residue of PSGL-1 have an impact on ligand-binding affinity. The interaction of PSGL-
1 and P-selectin has a significant role in leukocyte—platelet interactions during inflammation

and thrombus formation [139].

An in vivo study in mice showed that the interaction between leukocyte-derived PSGL-1"EVs
(particularly monocyte-derived EVs) and P-selectin-positive activated cells (platelets and
endothelium) lead to development of a thrombi [32]. In a P-selectin overexpressed mouse
model, elevated plasma levels of TF™ EVs correlated with reduced clotting time and larger
thrombi, which disappeared after intervention with a PSGL-1 inhibitor [138]. These findings
suggest an important role for a P-selectin—PSGL-1 axis in thrombus formation. Until now, no
study has conducted to evaluate the role of PSGL-1"EVs as a risk factor for unprovoked VTE

in humans.
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Table 1. Association between plasma levels of EVs with a particular origin and venous
thromboembolism (case-control studies).

without cancer (n=25);
healthy controls (n=25).

derived TF*EVs in recurrent DVT vs
healthy subjects. tEndothelial cells
TF*EVs and total EVs in recurrent DVT
vs initial DVT patients.

Author Year Study Population Method Main Results Ref.
Martinez et al. (2007) | Behcet’s disease (n=72)—20 FC 1 PEV between subjects with and [130]
with and 52 without history without VTE
of VTE; Healthy controls
(n=25)
Flores-Nascimento DVT at diagnosis (n=9) FC 1Total number of EVs 1-3 years after [133]
etal. (2009) 1-3 years after warfarin withdrawal of warfarin therapy vs
withdrawal (n=10);associated healthy controls. No difference of the
\S’\S;Z%nrggr(]ﬁggil)'p'd EVs cellular origin comparing patients to
asymptomatic Factor VV controls.
Leiden (n=7);healthy controls
(n=30)
Ay et al. (2009) History of recurrent VTE P.A. No difference in EV PS activity between | [134]
without cancer (n=116); VTE patients and controls.
healthy controls (n=129)
Bal et al. (2010) Acute PE (n=45) —3 cancers FC TAnnexin V* EVs and PEVs in acute PE [132]
Healthy control subjects with vs controls without risk factor, but no
(n=45) and without (n=45) association vs controls with risk factors.
various risk factors.
Owen et al. (2011) History of VTE without CAT No difference in PEV/ annexin V* EVs [135]
cancer (n=36);healthy FC levels between subjects and controls.
controls (n=51)
Bucciarelli et al. VTE without cancer (n=186), FC TAnnexin V*and CD41*EVs in VTE [131]
(2012) healthy controls (n=418). patients vs healthy subjects.
Yeetal. (2012) Initial DVT without cancer TF# tplatelets derived TF*EVs in recurrent [150]
(n=25), Recurrent DVT FC DVT vs initial DVT patients. tMonocyte

Abbreviations: PEV (platelets derived extracellular vesicles); VTE (venous thromboembolism); DVT (deep vein thrombosis);
PS*EVs (phosphatidylserine positive extracellular vesicles); CAT (Calibrated Automated Thrombogram). FC (Flow cytometry) TF# (TF
Chromogenic Activity Assay Kit); P.A. (Prothrombinase assay)




1.5.4 Isolation and measurements of extracellular vesicles in
plasma

Pre-analysis handling parameters include blood collection, plasma isolation, type of
anticoagulant, storage and EV isolation procedures. The effect of these parameters has not been
extensively studied [151], and there is not a consistent handling protocol in published studies
(Table 2). Pre-analysis conditions are a major source of variability, with the potential to
introduce artifacts in EVs analysis [151]. Standardized pre-analysis protocols are necessary for

obtaining accurate and comparable results in EV research.

Transportation of samples is an important pre-analysis parameter because it may promote in
vitro production of EVs [151]. Ideally, blood samples should be collected and analysed in the
same laboratory room to prevent X Vivo activation of blood cells and release of EVs. Samples
should be collected using a large-diameter needle (e.g. 19-gauge) to allow appropriate flow into
the collection tubes and contribute to minimization of pre-analysis variability [152].
Furthermore, the first 1-2 mL of blood should be discarded to avoid contamination with
endothelial EVs that arise from vascular injury [152]. Different anticoagulants are used for
studying EVs. It is essential that the chosen anticoagulant should inhibit in-vitro production of
EVs. It was reported that calcium chelators’ anticoagulants facilitate rapid bindings between
EVs and platelets, thus the platelet and endothelial derived EVs in blood treated with sodium
citrate, ethylenediaminetetraacetic acid (EDTA) and acid citrate dextrose (ACD) decrease
significantly [153]. They suggested heparin preserve EV concentration in plasma samples
[153]. Although a previous study suggested that heparin might stimulate the release of platelet-

and erythrocyte-derived EVs [154].
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Table 2: Pre-analytical variables to detect and characterize EVs.

Blood Specimen Plasma Preparation Storage Extracellular Vesicles Ref.
Collection Isolation
Needle Type of Speed Time | Tem | Tem Speed(g) | Time | Tem
Size(G) | Anticoagulant . .
® (min) (min)
19 EDTA 151200 15 20 -70 2x100,000 | 60 20 [155]
204:12000 12 20

n.s Citrate 1550 20 20 -80 18,890 30 20 [110]
19 Citrate 3000 15 ns. | -40 20,000 30 n.s [156]
21 Citrate 2x2000 2x10 | 20 n.s. 18,890 30 20 [157]
n.s Citrate 1550 20 20 n.s. 17570 30 20 [158]
n.s Citrate 2x2000 2x30 | n.s. | -70 20800 45 10 [159]
n.s Citrate 1550 20 20 -80 17570 30 20 [160]
19 Citrate 1550 20 20 -80 18890 30 20 [161]

n.s.: not specified, Tem: Temperature.

Figure 7 represents an overview of various technical approaches for isolating and quantifying

plasma EVs. Accurate measurement is challenging due to the low refractive index of EVs and

their great heterogeneity. Quantification by conventional flow cytometry (FC) was clearly

affected by EV size and the choice of probe. The older versions of commercial FC systems (e.g.

Becton-Dickinson FACScan) recognized the degree of light scattering and was exclusively used

for particles with diameters in excess of 500 nm [162]. More recent technologies and

fluorescence probes significantly improve the signal-to-noise ratio, and are more reliable and

valid than light-scatter models [163].
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Direct imaging is the preferred method for exploring EV nanostructure. Conventional optical
microscopes use visible light, which has wavelengths (390-700 nm) that exceed the nanometric
size of EVs. In contrast, electron microscopes use electron beams with a resolution of less than
1 nm. The two main types of electron microscopy (EM) are transmission electron microscopy
(TEM) and the scanning electron microscopy (SEM). TEM produces a beam of electrons that
pass through thin specimens, and is the most commonly used technique in this field. SEM
detects secondary electrons emitted by atoms that are excited by an electron beam. The
resolution of SEM is lower than that of TEM, but SEM can provide three-dimensional images

of the EV surface [164, 165].

Nanoparticle tracking analysis (NTA) is a useful alternative for measuring EV concentration
and size distribution in plasma. It detects Brownian motion of individual particles in the sample,
from which particle size can be calculated using the Stokes-Einstein equation [166]. The
majority of plasma EVs are less than 200 nm and EVs with diameters between 50 nm and 1 pm
can be analyzed by NTA [167]. However, current experimental protocols for NTA are unable
to differentiate EVs from protein aggregates and large very-low-density lipoproteins (VLDL).
Therefore, more studies are warranted to improve EV isolation, characterization and

downstream analysis, and to evaluate pre-analytical parameters for measuring EVs by NTA.
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Some technologies recently introduced for the preparation and characterization of EVs
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Figure 7: Technologies recently introduced for the preparation and characterization of EVs

Abbreviations: Transmission electron microscopy (TEM), Scanning electron microscopy (SEM), Nanoparticle
tracking analysis(NTA), Atomic force microscopy(ATM), Enzyme-linked immunosorbent assay(ELISA), Flow
cytometry (FC), Procoaagulant phospholipid activity (PPL assay), Tissue factor activity (TF activity), Physical
characterization (Size and concentration analysis methods), Downstream analysis (EVs molecular content, biomarkers and
functional analysis methods), W.B. (western blotting).
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1.6 microRNA

1.6.1 Structure and biogenesis of miRNA

Ambors and colleagues discovered a single-stand, regulatory RNA molecule in Caenorhabditis
elegans in 1993 [168]. The first microRNA in humans was discovered sometime later in 2000
[169]. miRNAs are non-coding small RNAs that impact on messenger RNAs (mRNAS)
deadenylation, translational repression and degradation [170]. A single miRNA can influence
hundreds of different mMRNA transcripts, which is why they are implicated in a wide range of
biological and pathological processes [171, 172]. They inhibit the target genes by pairing to 3
untranslated regions (3"UTRs) and regulate the protein expression [173]. 3"UTRs perform a
critical regulatory role by increasing poly (A) site efficiency [174] and by pairing with miRNA

[175].

MiRNAs are transported in the extracellular environment by different carriers, such as MVs
(microvesicles), exosomes, lipoproteins, and other ribonucleoprotein complexes [176-178]. In
plasma, miRNAs are remarkably stable and protected from endogenous RNase activity when

they are associated with carriers [179].

It has been shown that miRNA genes may be located within the exons or introns of protein-
coding genes or non-coding regions [180]. RNA polymerase I1/111 transcribes miRNA gene or
intron within the nucleus to a primary miRNA (pri-miRNA), after which Dorsha and DGCR8
(Pasha) cleave pri-miRNA to precursor miRNA (pre-miRNA), with a stem-loop structure of
around 70 nucleotides. Exportin-5-Ran-GTP transports pre-miRNA from the nucleus to the
cytoplasm, where RNase Il enzyme (Dicer), in complex with the double-stranded RNA-
binding protein TRBP, cleaves pre-miRNA to its mature length (of around 22 nucleotides).

Generally, one strand is retained as the mature miRNA, while the other is degraded. The
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functional strand together with argonaute 2 (Ago2) proteins, interacts with the RNA-induced
silencing complex (RISC) and guides RISC to silence target mRNAs [181]. miRNAs interact
with target mRNAs through a ‘seed’ region (a common motif with a 2-7 nucleotide sequence).
When the binding of the ‘seed’ region is not sufficiently strong for stabilizing the whole
interaction, a bond forms between residues 13-16 of miRNA and target mRNA [170] (Figure
8). New evidence suggests that the interaction between miRNA and the target gene may take
place at different binding sites, such as 5S'UTR [182], and the promoter regions [183]. Any
modification in the sequence of miRNA alters miRNA expression and/or maturation. Recent
studies have shown that SNPs at miRNA sequences, especially at the seed region or mRNA
target site, may eliminate or generate a new target gene. Such alterations lead to an increase or

decrease in protein products [184].
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Figure 8: The miRNA processing pathway

The miRNA processing pathway has long been viewed as linear and universal to all mammalian miRNAs.
This canonical maturation includes the production of the primary miRNA transcript (pri-miRNA) by RNA
polymerase II or III and cleavage of the pri-miRNA by the microprocessor complex Drosha-DGCRS8 (Pasha)
in the nucleus. The resulting precursor hairpin, the pre-miRNA, is exported from the nucleus by Exportin-5—
Ran-GTP. In the cytoplasm, the RNase Dicer in complex with the double-stranded RNA-binding protein TRBP
cleaves the pre-miRNA hairpin to its mature length. The functional strand of the mature miRNA is loaded
together with Ago2 proteins into the RNA-induced silencing complex (RISC), where it guides RISC to silence
target mRNAs through mRNA cleavage, translational repression or deadenylation, whereas the passenger
strand (black) is degraded.

Reproduced with permission from copyright clearance center’s rights Link service. [185]
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1.6.2 Association between miRNA and venous thromboembolism

Recently, circulating miRNAs have attracted attention because of their predictive value in
disease states, emerging as a promising class of biomarkers. Earlier studies reported that many
coagulation factors are regulated by miRNAs, such as FVIII (miR-1246) [186], FXI (miR-
181a-5p) [172], fibrinogen (the miR-409-3P, -29 family) [187], and TF (miR-17-92 cluster,
-223) [188, 189]. Similarly, miRNAs also regulates inhibitors of the coagulation pathway
including antithrombin (miR-18a) [190], protein-S (miR-492) [191], TFPI (miR-27a/b, -494)
[192], and plasminogen-activator inhibitor-1 ( miR-421, -30c, -143/-145, -181b, -449a/b) [193,

194].

Many studies have highlighted the role of circulating miRNAs as predictors of diseases, but
there is limited evidence on altered miRNAs in VTE patients. Wang et al. reported that DVT
patients had high plasma level of miR-424-5p and a low level of miR-136-5p. The miR-424-5p
level is associated with hypercoagulability, increased production of cell adhesion molecules,
metalloprotease enzymes, platelet-activating factor, and cell division regulators [195]. Kong et
al. established an in vivo vein thrombosis rat model in which overexpression of miR-let-7e-5p
in endothelial progenitor cells caused enhanced ability of homing and thrombus
revascularization [196], while overexpression of miR-483-3p decrease ability of endothelial

progenitor cells homing and thrombus resolution in a rat model [197].

The VTE-related miRNAs identified to date may potentially provide novel predictive
biomarkers that could optimize current risk assessment models for VTE. However, due to
heterogeneity in designs, populations and methodologies of previous studies, as well as the
limited quantities of screened miRNA, there is still no consensus on the definition of VTE-

related miRNA clusters.
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2. Aim of the study

Current knowledge about risk factors and mechanisms involved in VTE do not adequately
predict the majority of future VTE events. It is therefore necessary to identify new risk factors
and expand our knowledge about the pathogenesis of VTE in order to improve risk
stratification, and facilitate targeted prevention and treatment, thereby reducing the burden of

VTE.

The specific aims of the project were:

1. To assess and compare the plasma levels, cellular origin and the morphological
characteristics of PSGL-1" MVs in patients with unprovoked VTE.

2. To investigate the impact of pre-analytical conditions, such as the choice of
anticoagulants, plasma preparation and fasting status, on plasma concentration and size
distribution of EVs determined by NTA.

3. To determine the plasma expression profile of miRNAs in patients with unprovoked

VTE.

4. To develop a cost-effective modified clot-based assay for measuring procoagulant

phospholipid (PPL) activity.
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3. Methods

3.1 Isolation of extracellular vesicles and leukocytes

The most widely used method for isolating EVs from plasma or other body fluids is differential
centrifugation, in which the vesicles are separated according to their physical properties (such
as molecular weight), and their movement through the suspending medium [198]. Thery et al.
proposed a protocol for sequential centrifugation, and this is still widely used with minor

modifications [199].

In all studies described in these four papers, we used a low speed centrifugation (3000 x g for
10 minutes at 22°C) to obtain platelet-poor plasma (PPP) followed by 13,500 x g for 2 minutes
to separate the remaining cells and debris to obtain platelet-free plasma (PFP). It is
recommended that high-viscosity biofluids should be diluted with buffer prior to EV isolation
[200]. In order to isolate plasma EVs, we used PFP diluted with phosphate-buffered saline
(PBS) without Ca** and Mg?* (1:20 dilution) and centrifuged samples at 20,000 x g for 30
minutes at 22°C. However, previous studies used high-speed ultracentrifugation (100,000 x g)
to pellet the EVs [201], which may have produced pellet exosomes along with MVs [202]. With
differential centrifugation methods, EVs pellets may co-precipitate with lipoprotein
contaminants such as HDL, LDL, VLDL, and Ago2. Lipoproteins [203, 204] and Ago2 carry a

specific subset of miRNAs that are independent of EVs [205].

No consensus has been reached on a standard methodology for isolating EVs. One
recommendation is to increase the EV purity using sucrose gradient-density floatation together
with ultracentrifugation [206].

In order to isolate the peripheral blood mononuclear cell (PBMCs) for confocal microscopy in
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the study described in Paper I, we used a density-gradient medium (Lymphoprep, Axis-Shield
PoC AS, Oslo, Norway). Granulocytes and erythrocytes have a higher density than PBMCs,
thus they separate during centrifugation on Lymphoprep. EDTA-anticoagulanted whole blood
samples were used in this study, as EDTA results in minimal monocyte-platelet aggregation,
and is less cytotoxic [207]. The whole-blood samples with Lymphoprep were centrifuged at
800 x g for 20 minutes and the PMBCs were retained at the interphase between the plasma and
the Lymphoprep, washed with endotoxin-free PBS twice at 150 x g and once at 250 x g at room
temperature. These low-speed centrifugation steps serve to eliminate the majority of
contaminated platelets. To avoid platelets activation and monocyte aggregation, maintaining a
constant room temperature was essential during the experiments [208, 209]. PBMCs were then

resuspended in RPMI-1640 medium.

3.2 Plasma concentrations and cellular origin of
extracellular vesicles assessed by flow cytometry

FC is an optimal and high-throughput method for quantification and multi-parameter
characterization of EVs [210]. The principle of FC is to measure forward- and side-scattered
light, as the ratio of particle size to laser wavelength alters this scattering behavior. Side-scatter
signals provide information about the internal structure and composition of EVs, and forward-
scatter signals detect particle diameter. The antibody concentration, clonality and the use of
proper isotype control has a notable effect on the FC output [211].

In the studies described in Paper I and Paper IV, we used annexin V to measure the
concentration of EVs in plasma by FC. Annexin V is a collagen-binding protein initially
isolated from chondrocytes. It appears to be a suitable marker for PS-positive EVs, and dead

and apoptotic cells. However only a small proportion of circulating EVs bind to annexin V and
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lactadherin (PS-binding proteins). This may be due to a lack of, or insufficient, expression of
PS on EV membranes [212]. Therefore, some of the previous studies identified the EVs
populations by staining for the interested biomarker without considering annexin V expression
[213, 214]. However, it appears that these studies reported imprecise total EV plasma
concentration due to false-positive signals of protein complexes, especially insoluble immune
complexes [215]. In this context, we highly recommend for labelling EVs by annexin V in order

to a reliable differentiate between EVs and cell debris or precipitates.

In Paper I, we analyzed PSGL-1"MVsand their cellular origin by immunostaining the total MV
fraction. We incubated 50ul of isolated MVs in PBS with antibodies at room temperature for
30 minutes. After incubation, 450 pl of PBS was added and samples were analyzed by a
FACSAria-1 flow cytometer. A size-specific gate for MVs (<1 pum) was set using megamix
beads (mix of 0.5, 0.9, and 3 um). Data were collected in logarithmic scale, and a minimum of

10,000 MVs gate events were recorded.

3.3 Analysis of concentration and size distribution of
extracellular vesicles by nanoparticle tracking analysis

NTA is a new and commonly used technique with a resolution suitable for detecting small
vesicles, especially EVs. NTA is capable of measuring EVs concentration and size distribution
in a short processing time. The lowest detection threshold of NTA for measuring the size is 50
nm, which could cover broad rage size distribution of EVs. This technique is suitable to assess
the quality of EVs isolation process by tracking EVs aggregation or co-precipitation of cells in
the sample. However, accurate measures rely on the diameter and refractive index of EVs [163].
When assessing EVs in polydisperse specimens (such as blood plasma) larger-sized particles

are overestimated as they scatter more light which may mask the presence of smaller particles
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[216]. It is therefore necessary to dilute the samples to a particle concentration <10° per ml until
a clear image of the particle population (at least 100 particles in the scattering volume) is
obtained. Other parameters, such as the camera level and settings, may also effect the accuracy
of size and concentration measurements [163].

In Paper II, we used the NanoSight NS300 system to quantify EV concentration and size
distribution. Samples were thawed in water at 37°C [217] immediately before analysis, and
diluted with PBS. To obtain a clear image of the EVs, we prepared three separate dilutions for
each sample, and each dilution was video-recorded three times for 60 seconds. The nine videos
were analysed by NTA software version 3.0 with a detection threshold of 5. The mean results

were obtained for EV plasma concentration and size distributions.

3.4 Visualizing the three-dimensional and ultrastructure of
EVs by electron microscopy

The main limitation of FC is its inability to detect EV populations with diameters of 30-150 nm
that can be easily detected by TEM and SEM techniques. SEM is suitable for analyzing EV
topography pattern and morphology. TEM or immune-electron microscopy (IEM) techniques
are used to assess bilayer phospholipid membrane, surface markers and cell or vesicles size.
Both size and surface markers may be used to differentiate exosomes and MVs from
lipoproteins. However, specimen preparation, labeling and pre-analysis prior to imaging with
TEM and SEM are time-consuming and may lead to EV dehydration, thus giving imprecise
data on EV size and morphology. Nonetheless, TEM and SEM remain the “gold standard” for

studying EVs [218].
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3.4.1 Negative staining

This technique was performed on isolated and fixed EVs according to Harris’ recommendations
[219]. Grids were floated on sample drops for 30 minutes and blocked with 1% Fish Skin
Gelatin (FSG, Sigma-Aldrich, Cat: G7756) and 1.5% BSA buffer for 20 minutes. In Papers I
and II, the grids were immunolabeled for target markers. Immunolabeled EVs were conjugated
with protein-A gold particles (PAG) for 15 minutes and stained/dried by adding 1.8% methyl

cellulose and 0.3 % uranyl acetate.

3.4.2 TEM ultrathin section

EVs have nanometric diameters and form invisible pellets, which makes it difficult to find EV
particles in EPON resin. The grids were embedded in a very thin layer of EPON, between two
layers of aclar, and polymerized at 60 °C for 48 hours. The EVs were adsorbed to the EPON-
coated EM grids in a manner similar to that with negative staining. The grids were fixated in
glutaraldehyde, post-fixated in osmium tetroxide (OsO4) on ice for 5 minutes and stained with
uranyl acetate, then dehydrated in a graded series of ethanol and infiltrated in EPON
equivalents. Finally, grids were embedded in EPON and polymerized at 60 °C for 48 hours and

ultrathin sectioned using a Leica Ultracut-S (Vienna, Austria) microtome (Figure 9).
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Figure 9: Schematic illustration of ultrathin section method in transmission electron microscopy.

Grids embedded in a very thin layer of EPON between two layers of aclar and polymerized at 60°C for 48 hours.
Afterwards, they labeled with PAG and coated with polylysine and Formvar. EPON coated grids incubated with
EVs similar to negative staining method. Then, they washed, fixed and stained; followed by dehydration in a
graded series of ethanol and infiltrated in Epon equivalents. Grids were embedded in EPON, polymerized and
finalized by cutting.

EV: Extracellular vesicles, PAG: Protein A-gold.
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3.4.3 Scanning Electron Microscopy (SEM)

To validate the impact of isolation and handling processes on EV morphology and biomarker
expression, we immunolabeled samples according to established standard protocols [219].
Formvar coated nickel grids were floated on fixed EVs, grid on drop, for 30 minutes. After the
washing and blocking steps, samples were incubated with mouse primary antibody for 20
minutes at room temperature. The corresponding secondary antibody was then loaded for 15
minutes. Immunolabeled EVs were conjugated with PAG and treated with 1% glutaraldehyde,
and postfixated in 1% OsO4 in double distilled water (DDW). They were dehydrated using
ethanol gradients of 60-100% before being dried in HMDS (Hexamethyldisilazane). Images

were taken by Zeiss Merlin VP Compact microscope (GmBH, Jena, Germany).

3.5 Measuring the level of negatively charged phospholipid
in extracellular vesicles

Recent studies suggest that EV procoagulant activity may be associated with a higher risk of
VTE [135, 220]. Currently, the STA-Procoag-PPL commercial assay is available for studying
EV procoagulant activity. This assay is quick (<4 minutes) and easy with excellent
reproducibility. The assay detects PPL activity in platelet-poor plasma, platelet-rich plasma and
whole blood using a clot-based assay. Phospholipase-treated (PPL-depleted) plasma must be

used, which is an expensive step within the protocol.

In Paper IV, we developed a cost-effective modified assay to measure PPL activity in FXa-
dependent clotting assay. We substituted phospholipase-treated plasma with EV-depleted

plasma (EVDP) to obtain phospholipid-depleted plasma. To obtain EVDP, citrated PFP was
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centrifuged at 100,000 x g for 60 minutes at 4 °C. Duplicate clotting tests were performed on a
StarT4 analyzer (Diagnostica Stago, Mount Olive, New Jersey, USA). Equal amounts of the
specimen and EVDP were mixed in a start cuvette containing a steel ball, and pre-warmed for
2 minutes at 37 °C. The reaction was initiated by the addition of 100 ul of pre-warmed assay
buffer, using a cabled pipette that automatically starts the timer upon pipetting, to measure
clotting time. The assay buffer contained bovine FXa (0.01 U/ml) in calcium chloride (15 mM),
sodium chloride (100 mM) and HEPES buffer (20 mM). The STA-Procoag-PPL assay was

performed according to the manufacturer’s protocol.
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4. Main Results

Paper I: Elevated Plasma Levels of P-Selectin
Glycoprotein Ligand-1 (PSGL-1) Positive Microvesicles in
Patients with Unprovoked Venous Thromboembolism

MVs express antigens from their parental cells and have a highly procoagulant surface. Animal
studies suggest that PSGL-1" MVs play a role in the pathogenesis of VTE.

The aim of this study was to determine the plasma levels, the cellular origin and the
morphological characteristics of PSGL-1" MVs in patients with unprovoked VTE.

We conducted a population based case-control study in 20 patients with a history of unprovoked
VTE and 20 age- and sex-matched healthy controls recruited from the general population.
Plasma levels, the cellular origin, and the morphological characteristics of PSGL-1" MVs was
evaluated using flow cytometry, electron microscopy and confocal microscopy.

Plasma levels of PSGL-1" MVs were associated with increased risk of VTE. The odds ratio
(OR) per one standard deviation increase in PSGL-1" MVs was 3.11 (95% CI: 1.41-6.88) after
adjustment for age and sex, and 2.88 (95% CI: 1.29-6.41) after further adjustment for BMI. The
PSGL-1"MVs originated mainly from monocytes and endothelial cells determined by double-
staining with markers of parental cells using FC and TEM. SEM of PSGL-1 labeled plasma-
derived MVs displayed dominantly spherical vesicles that varied between 50 nm and 300 nm
in diameter.

In conclusion, increased plasma levels of PSGL-1" MVs were associated with the risk of
unprovoked VTE. Large population-based prospective studies are warranted to validate our

findings.
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Paper II: Impact of preanalytical conditions on plasma
concentration and size distribution of extracellular vesicles
using Nanoparticle Tracking Analysis

Optimal pre-analytical handling is essential for valid and reproducible measurements of plasma
concentration and size distribution of EVs. NTA is able to measure small EVs (50-200 nm in
diameter), but the method has methodological concerns. We aimed to investigated the impact
of plasma preparation, various anticoagulants in commercial blood collecting tubes (Citrate,
EDTA, Sodium Citrate-Theophylline-Adenosine-Dipyridamole (CTAD), and Heparin), and
fasting status on plasma concentration and size distribution of EVs measured by NTA.

Blood was drawn from 10 healthy individuals from the research staff to investigate the impact
of various anticoagulants, and forty individuals from the Tromse study to investigate the impact
of VLDL particles during postprandial lipidemia. Plasma concentration of EVs were measured
by NTA after isolation from plasma by high speed centrifugation and size distribution of EVs
assessed by both NTA and SEM. TEM was used to confirm the presence of bilayer membranes.
Proton nuclear magnetic resonance (NMR) spectroscopy was used to determine the
concentration and mean particle sizes of VLDL.

The plasma concentrations, determined by NTA, and size distributions, determined by NTA
and SEM, were essential similar in plasma anticoagulated by various anticoagulants. The EVs
retained a round-shaped morphology after isolation from plasma by high speed centrifugation
evaluated by TEM and SEM. Postprandial lipidemia was not accompanied by apparent changes
in plasma EVs, but increased the mean sizes of VLDL particles (p<0.001) which interfered with
EV measurements and explained 66% of the variation in plasma EVs in the postprandial phase.
In conclusion, we found similar concentrations and size distribution of plasma EVs detected by
NTA across the different anticoagulants. Optimization of procedures for separating VLDL

particles and EVs in plasma is needed in order to use EVs detected by NTA.
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Paper III: Differential expression of plasma miRNAs in
patients with unprovoked VTE and healthy control
individuals

Venous thromboembolism (VTE) remains the third most common cardiovascular disease with
a vague pathogenesis. Circulating miRNAs are small regulatory RNAs found in plasma, serum
and other body fluids in an apparently stable form. Although circulating miRNAs, a novel
family of regulatory molecules, emerge as a promising class of biomarkers in many
cardiovascular diseases and malignancies, knowledge on plasma miRNA levels in VTE remains
sparse. The present work was conducted, as a pilot study, to estimate the plasma expression

profile of miRNAs in patients with unprovoked VTE.

Twenty patients with a history of unprovoked VTE 1-5 years prior to inclusion in the study and
twenty age- and sex-matched healthy control participants were enrolled in a case—control study
(Tromsg 1V). Plasma levels of 742 miRNAs were assessed after RNA extraction and reverse
transcription. Profiling of miRNA was conducted on the Universal RT microRNA PCR Human
panels I and II (Exiqon, Denmark). For normalization of the data, the average of the assays
detected in all samples (n=40 samples) was applied.

Ninety-seven miRNAs were detected throughout all samples. Of these, miR-10b-5p, —320a,
—320b, —424-5p, and —423-5p were upregulated, whereas miR-103a-3p, —191-5p, —301a-3p,
and 199b-3p were downregulated in plasmas of VTE patients versus controls (P < 0.05). These
miRNAs were confined to the extracellular vesicles-depleted plasma fraction, and yielded clear
clustering distinguishing samples from the VTE and control groups.

The results of this pilot study may suggest that plasma miRNAs profiling can provide novel

biomarkers of unprovoked VTE.
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Paper IV: A readily accessible and robust assay to measure
levels of procoagulant (P) activity of negatively charged
phospholipids (PL) — a modified clot-based PPL assay

Growing evidence support a role of extracellular vesicles (EVs) in haemostasis and thrombosis
partly due to exposure of negatively charged procoagulant phospholipids (PPL) which facilitates
coagulation activation. Current clotting assays uses resource-demanding chemically phospholipid-

depleted plasma to measure PPL activity in a FXa-dependent clotting assay.

We aimed to modify the FXa-dependent clotting assay to measure PPL activity by substituting
phospholipid-depleted plasma by EV-depleted plasma obtained by ultracentrifugation and the
introduction of a standardized PPL reagent to allow for comparisons of results between

laboratories.

Blood was collected from healthy volunteers. Assay properties of our modified assay were
compared to a commercial PPL assay. The two PPL assays displayed essentially similar sensitivity
to exogenously added standardized phospholipids and the PPL activity measured by the two assays
in plasma samples from healthy volunteers (n=10) were highly correlated (R?>=0.95, p<0.0001).
The intraday- and between-days coefficients of variation (CV) varied between 2-4% depending on
the PPL activity. The modified PPL activity was insensitive to increased postprandial lipoproteins
in plasma after a standard fat tolerance test and to tissue factor-positive EVs isolated from whole
blood exposed to Lipopolysaccharide (LPS)-stimulation (5 ng/ml) and PMA (30 ng/ml) for 4 hrs.
The PPL activity in the modified assay was positively associated with annexin V' EVs determined
by flow cytometry (R?=0.55). The modified PPL assay performed equally to the comparator, was
insensitive to postprandial lipoproteins and TF" EVs, and had low assay costs making it suitable

for large-scale applications.



5. Discussion

Previous mouse model studies have shown that thrombus development is strongly dependent
on the interaction between circulating PSGL-1" MVs and cellular expression of P-selectin [32,
138, 139, 221]. In Paper I, we explored the plasma concentration, cellular origin and
morphological characteristics of PSGL-1" MVs in patients with unprovoked VTE compared
with healthy controls. We found that plasma concentrations of PSGL-1"MVs in VTE patients
was higher than in controls. PSGL-1"MVs were mainly derived from monocyte and endothelial
cells and displayed a round-shaped morphology with a diameter of 50-300 nm. Our findings

support the concept that PSGL-1"MVs may have an important role in the pathogenesis of VTE.

To date, there have only been a handful of studies exploring the association between plasma
MYV concentration and the risk of unprovoked VTE [96]. A case—control study in DVT patients
quantified the total plasma concentration of MVs, showing higher levels of circulating MVs 1—
3 years after warfarin withdrawal [133]. Bucciarelli et al. reported that patients with elevated
annexin V" MV levels (above the 95% percentile), had a 2.2-fold increased risk of VTE
compared to cases with MV concentrations below the 95% percentile [131]. A study on acute
PE patients revealed that levels of annexin V' EVs were higher in patients than in controls
subjects with no history of VTE or vascular risk factors [132]. We found that the risk of
unprovoked VTE increased by 1.6-fold per one standard deviation (SD) increase in plasma
concentration of annexin V™ MVs. However, another study found no significant difference
between plasma MV concentration in VTE patients and controls [135]. The diverging results
of these studies could potentially be explained by differences in time between VTE and blood

sampling.

Our case—control study is, to the best of our knowledge, the first to explore plasma

concentrations and cellular origins of PSGL-1" MVs in patients with unprovoked VTE. The
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elevated plasma levels of PSGL-1" MVs that we observed in unprovoked VTE patients may
facilitate accumulation of MVs at the site of activated endothelial cells and platelets expressing
P-selectin. Genetically engineered mice that over-express P-selectin showed increased levels of
circulating TF™ MVs in association with shorter clotting times, which were abolished after
injection of inhibitory anti-PSGL-1 antibodies [138, 221]. In addition, P-selectin blockers were
associated with a dose-dependent decrease in thrombosis and spontaneous recanalization in
animal models [139]. These findings provide evidence for a role of the PSGL-1—P-selectin
axis in thrombosis. Del Conde et al. [222] reported that monocyte-derived MVs are enriched
with TF and PSGL-1 proteins (80% and 120%, respectively) compared to monocytes. These
MVs subset bud off from lipid-rich raft regions of monocytes and they are selectively enriched
in both TF and PSGL-1 [222]. Furthermore, the circulating MVs accumulate at the site of injury
via the interaction of P-selectin with PSGL-1 and may participate in the thrombin generation
through the expression of active TF at their surface as shown in animal study [33]. Similar
animal studies have shown that plasma M Vs that co-express TF and PSGL-1 [223] have a role

in thrombus formation via the interaction of P-selectin with PSGL-1 [32].

The PSGL-1 expression varies significantly between various leukocytes, with the highest
expression on monocytes, followed by T cells and natural killer cells, as well as neutrophils (to
a lesser extent) [224]. PSGL-1 expression on platelets is 25-100-fold lower than on leukocytes
[148]. PSGL-1 expression on endothelial cells has a functional role in facilitating tethering and
firm adhesion of monocytes and platelets to activated endothelium [225]. The MVs derived
from these cells are expected to express PSGL-1 on their membranes. In our study, we aimed
to identify the main parental origin of PSGL-1" MVs in unprovoked VTE patients. Using FC
with MVs co-labelled with PSGL-1 and specific markers of potential parent cells, we found
that monocytes and endothelial cells were the main source, whereas platelet-derived MVs were

only slightly positive for PSGL-1. The FC findings were verified by IEM and confocal
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microscopy. Confocal microscopy with immunofluorescent-labelled targets showed that

monocytes display scattered signals of PSGL-1 expression on the cell membranes.

Previous studies have reported that M Vs have a short half-life in circulating blood compared to
parent cells [226]. The enhanced levels of MVs even long time after an unprovoked VTE event
suggest that ongoing activation of the monocytes/endothelial cells and to lesser extent platelets
still take place. However, the >1-year gap between the VTE event and the blood sampling was
performed to minimize the impact of the VTE event itself on the status of cellular activation in
blood samples. Even though a case-control study design is unable to establish the temporal
sequence between PSGL-1" MV and VTE risk, the >1-year gap between the event and blood
sampling may suggest that high levels of PSGL-1" MV are associated with risk of VTE.
However, further research using a prospective design is warranted to investigate whether high

plasma PSGL-1" MV concentrations are associated with future risk of VTE.

In Paper II, we focused on the impact of pre-analytical conditions of blood samples, such as
fasting status, centrifugation methods, and the choice of anticoagulant, on plasma concentration
and size distribution of EVs assessed by NTA. We found that plasma concentrations and size
distributions of EVs were similar with all four anticoagulants (Sodium citrate, Sodium heparin,
EDTA, and CTAD). Two different TEM methods (negative staining and ultra-thin sectioning)
confirmed the presence of EV bilayer membranes with all four anticoagulants. EV size
distribution, detected by NTA, was validated by SEM. Using SEM, a similar morphology was

observed for all four anticoagulants.

Direct measurement of concentration and size distributions of EVs without centrifugation and
washing would have been optimal to avoid morphological changes. However, with these
methods other plasma particles (e.g. triglyceride-rich lipoproteins) can interfere with the

accuracy of EV measures, as they have similar sizes and light-scattering properties [227]. In
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our study, we used high-speed centrifugation followed by re-suspension of EV pellets in
particle-free buffer, to maximize isolation and to minimize interference from triglyceride-rich
particles. The triglyceride concentrations were unchanged after high-speed centrifugation in
plasma supernatants, while serum triglyceride and concentrations of VLDL particles in the
plasma of fasting participants was moderately correlated with EV concentration (13—-19% of
the variation in plasma EVs). We used SEM to confirm the size distribution that was determined
with NTA. We found that the size distribution of EVs isolated from plasma was essentially
similar when measured by NTA and SEM. The mean EV diameter was 80-90 nm. Using NTA,
we showed that only 3.5-5% of EVs had a diameter above 200 nm, and only 0.7-1.3% had a
diameter above 300 nm. The EV plasma concentration varied between 1.6 x 10'°/mL and 2.0
x 10! /mL, with an interquartile range of 1.3-2.7 x 10'° /mL. These findings were consistent
with the results of Dragovic et al. [166] who evaluated EV concentrations by directly labeling
EVs in plasma using a cell tracker peptide. They reported that the vesicle size ranged from 50
nm to 300 nm with a peak size around 80 nm. The total concentration of unlabeled vesicles
(1.49 x 10'?) differed greatly from the labeled concentration (1.2 x 10'%) [166]. This may be

due to the presence of other plasma particles, such as chylomicrons and VLDL, in the samples.

An oral fat-tolerance test was conducted to assess the impact of postprandial lipemia on plasma
concentration of EVs, as measured by NTA. After eating a standardized fat-rich meal, the
plasma samples showed an increase in triglyceride that peaked after 4 hours and returned to
baseline levels after 8 hours. VLDL concentrations did not change significantly, but the mean
VLDL size was significantly higher in postprandial samples than in fasting samples (55 + 9 nm
to 42 + 6 nm, respectively). NTA is capable of measuring particles with a lower detection limit
of around 50 nm [166], suggesting that even partial sedimentation of VLDL particles during
high-speed centrifugation influences EV levels, especially under postprandial conditions. In our

study, plasma concentrations of EVs and VLDL particles correlated strongly 4 hours post-
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ingestion of the meal, and explained 59—66% of the variation in plasma EVs. Our present result
is in the line with the findings of a previous study [228], which investigated the impact of pre-
prandial and post-prandial lipidemia on plasma levels of EV assessed by FC. They reported that
the majority of circulating particles within the size range of EVs, lacked common EVs markers

and most of these particles were lipoproteins.

As well as high-speed centrifugation, magnetic beads have been used for separating VLDL
particles from EVs [229]. However, antibody-mediated removal of ApoB-expressing
lipoproteins from plasma using magnetic beads has some limitations, such as removing EVs,
most probably due to the formation of LDL-EV complexes [228], and causing a shift in particle
size due to aggregation of antibodies and lipoproteins [229]. Future studies should optimize
centrifugation procedures, antibody-mediated removal or combined procedures in order to
separate EVs and VLDL particles so that NTA could accurately and reliably be applied to

measure plasma concentrations of EVs.

We established a unique SEM/TEM protocol for capturing high-resolution SEM images and
for clear visualisation of EV bilayer phospholipid membranes, in order to distinguish EVs from
lipoproteins. In our study, the majority of the extracted particles were EVs as they had a visible

bilayer membrane and a lower electron density than lipoproteins.

Some studies using FC have investigated the impact of various anticoagulants on plasma EV
concentrations, showing that EV levels were higher in heparin-treated tubes than in samples
treated with sodium citrate, ACD or CTAD as anticoagulants [151, 230]. Using NTA, we found
that levels of large EVs (>300 nm), which are detectable by FC, were twice as high in heparin
samples than in samples exposed to other anticoagulants. Citrated plasma samples showed the
lowest median plasma EV concentrations in all size categories, compared with heparin, EDTA

and CTAD.
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In Paper III, our aim was to detect circulating miRNAs as potential biomarkers for predicting
the risk of unprovoked VTE. Dysregulation of a single miRNA or a panel of miRNAs is closely
associated with various diseases, including cancer [231] and cardiovascular disease [232]. No
previous investigation has profiled miRNA expression in unprovoked VTE. Plasma levels of
742 miRNAs were assessed after RNA extraction and reverse transcription and 97 miRNAs
were detected throughout all samples, of which nine showed levels that were significantly
different between patient and control groups. We observed that five miRNAs involving miR (-
10 b-5p, -320a, -320b, -424-5p and -423-5p) were upregulated in VTE patients, and four (miR-
103a-3p, -191-5p, -301a-3p, and 199b-3p) were downregulated.

Prior to our investigation, only a few studies profiled miRNA expression in VTE patients. Xiao
et al. analyzed miRNAs in plasma samples of 32 acute PE patients and 32 healthy controls with
the Human TagMan miRNA microarray panel. Among 30 differentially expressed miRNAs
across PE patients and controls (miR-134, -410, -520g, -485-3p, -362-5p, -382, -548b-5p, -139-
3p, -197, -574-3p, -190, -489, -146a and -320) were over-expressed in patients, and miRNA-
134 was stated to be a potential marker for diagnosing PE [233]. Interestingly, higher expression
of miRNA-320a and -320b was present in this study, which was confirmed in our study. Platelet
activation has been related to the pathogenesis of arterial thrombosis, and in myocardial
infarction, a couple of miRNAs have been associated with platelet activation, including miR-
320a, -320b, -423-5p, -185 [234]. This finding corresponds with our own results, as we
observed over-expression of miR-320a, -320b, and -432-5p in the VTE patient group. Several
experimental and observational studies supports the role of platelets in VTE [235, 236]. An
experimental study showed early accumulation of platelets at the head of the thrombus, but as
the thrombus aged, acquisition of platelets slowed and the thrombus became predominantly
composed of fibrin and erythrocytes [234]. In addition, a large population-based cohort study

reported that subjects with mean platelet volume (MPV) >9.5 fL. was associated with a 1.5-fold
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higher risk of unprovoked VTE [236], and a randomized controlled trial showed that platelet

inhibition with aspirin reduced the risk of recurrent VTE (34% risk reduction) [237].

Another study reported the over-expression of miR-582, -195 and -532 in 18 patients with
orthopedic postoperative DVT, compared to 20 controls [238]. None of these miRNA
differences were significant in the report by Xiao et al. [233], or in our study. The variation in
miRNA expression may relate to the type of VTE (acute PE, postoperative DVT) or the time
since the initial thrombotic event, (long-term after a single VTE event), existing comorbidities,

or the type of biofluid (plasma or serum) used in the various studies.

According to previous reports, miRNAs are localized within membrane-derived vesicles
including MVs and exosomes, lipoproteins (HDL and LDL) and ribonucleoprotein complexes
(e.g. AGO-2), which protects them from degradation [176, 178]. It was reported that the vast
majority of plasma miRNAs are localized and packed in MVs [177]. However, when we
pelleted EVs by high-speed centrifugation (20,000 x g for 30 minutes) in a subsample of the
study subjects the expression of EVs in EV-depleted plasma remained essentially similar.
However, we could not rule out a role of exosomes, as they would still be present in EVDP
samples. Another plausible explanation might be the influence of ultracentrifugation during
isolation, which elevates the amount of multilayer MVs. During high-speed centrifugation,
multilayer MVs can burst and release their contents into the plasma [239]. Our findings in this
regard were in line with the data of Arroyo et al. [205], suggesting that miRNAs -424, -320a
and -423-5p were not expressed in MV plasma fractions, while miR-193a-5p, -103 and -191

were present at same level in both MVs and plasma proteins.

We investigated the possible targets genes regulated by the miRNAs that were differentially
expressed among cases and controls in our study. The possible targets were signaling and

adhesion proteins, growth factors and their corresponding receptors, and several proteases with
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roles in the activation of blood clotting. In conclusion, we identified a substantial miRNA
cluster in unprovoked VTE patients, and this may give new insights into the molecular
mechanisms underlying development of VTE. Further experimental studies are warranted to
provide novel insight in the role of miRNA in the pathophysiology of VTE. A prospective study

is required for validating our results.

Several assays are developed to measure the PPL activity in human plasma, and we can classify
them into two main groups: (i) assays that are based on the ability of annexin V to bind PS in
the presence of Ca*" [240, 241], and (ii) clotting assays which utilizes the ability of PPL to
accelerate the conversion of prothrombin to thrombin. Currently, there are two commercially
available assays, the STA-Procoag-PPL assay from Diagnosis Stago (Mount Olive, New Jersey,
USA) and XACT assay from Haematex (Hornsby, NSW, Australia) which are both clotting

assays.

As explained in Paper IV, we modified and validated a FXa-dependent PPL clotting assay for
both plasma and isolated EVs samples. In this procedure, sequential centrifugation was used
rather than an enzyme-based treatment to deplete PPL from plasma. To determine whether the
assay data were comparable, our results were fully validated using a STA-Procoag-PPL assay
(Stago Company) under various analytical conditions. Statistical analysis showed a strong
correlation (R? = 0.95) between the output of our assay and the STA-Procoag-PPL. Our
modified assay costs less than the commercially available assay, and yielded high sensitivity

and reproducibility.

The high cost of commercial STA-Procoag-PPL assay relates to the use of lipase to remove
PPL from plasma samples. We found that sequential centrifugation, rather than enzyme-
dependent depletion, resulted in depletion of the majority of PPLs from pooled plasma. In

addition, we decided to use a physiological source of PPL that has a stable phospholipid

63



concentration (UPTT reagent). UPTT consists of rabbit brain cephalin extract, and appears to
be a reliable choice for the general calibration. Today, there are no common calibration
solutions for use with the commercial assays, and the reference range for clotting time is not
well-defined. For instance, the XACT assay has a synthetic PPL calibrator and the STA-
Procoag-PPL assay leaves it to the operator to define a reference range for clotting time [242].
The similarity between the modified PPL assay and the STA-Procoag-PPL was quantified by
using a UPTT reagent, showing a high degree of similarity. The consistency of the modified
PPL assay was also calculated using within-day and between-day variation of results, and these
were within acceptable limits [243], with a CV of 2.8-4.1%. Another study showed similar
results using the XACT assay with intra-assay CVs of 3.3% and 3.1% for normal pooled plasma
and patient plasma, respectively, and inter-assay CVs of 3.9% and 4.2% [244]. Stago reports
intra-assay CVs of 0.3-0.6% and inter-assay CVs of 1.3-2.1% for the STA Procoag-PPL assay

in the assay manual.

We analyzed the sensitivity of the assay using EVDP samples and since there is a possibility
that the test results were affected by the presence of activated clotting factors. We examined
the effect of different concentrations of coagulation factors (such as TF, FVIla and FVa) in the
modified PPL assay. Interestingly, physiological concentrations of these coagulation factors did
not affect clotting times in the PPL assay. Taken together, these findings suggest that the
modified PPL assay is a rather specific assay where preanalytical variation of these factors do

not influence the assay.

As expected the PPL activity in plasma mediated by EVs led to a shortening of the clotting
time. This was confirmed by blocking PS activity using lactadherin, which resulted in
prolonged clotting times. Moreover, PPL activity was correlated with annexin V* EVs, but not

with total EV count (R 2= 0.13), which highlights the role of PS* EVs in the coagulation cascade.
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In the next validation step, we aimed to determine whether the lipid profile of the blood samples
taken under fasting and non-fasting conditions had any effect on the results of the modified
assay [245]. We found no significant change in clotting times between fasting and postprandial
samples (51.1£12.4 vs 48.949.3 sec) so fasting status of individuals are not a requirement.
Biobanked plasma samples from large population studies, where pre-analytical conditions may
vary, can therefore be used with confidence. Further, we observed a reliable output from
isolated EVs at different concentrations, thus confirming the assay’s reliability for measuring
PPL activity on isolated EVs. Overall, the modified assay proved to be sensitive and reliable

for measuring negatively charged phospholipids in plasma and isolated systems.
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6. Conclusions

1. The findings of our pilot population-based case—control study suggest that increased plasma
levels of PSGL-1" MVs are associated with the risk of unprovoked VTE. PSGL-1" MVs ranged
in size between 50 nm and 300 nm, had a round shape structure, and originated mainly from

monocytes and endothelial cells (and from platelets, to a lesser extent).

2. Using NTA to investigate the impact of pre-analysis handling variables, we found no
significant change in plasma concentrations or size distribution of EVs using four different
anticoagulants. Postprandial lipemia was not associated with significant changes in plasma EV
concentration, but was associated with an increase in the mean size of VLDL particles, which

interfered with EV measurements particularly in postprandial samples.

3. Our pilot study of 97 expressed miRNAs in plasma showed that miR-10b-5p, -320a, -320b,
-424-5p and -423-5p were upregulated, whereas miR-103a-3p, -191-5p, -301a-3p and 199b-3p
were downregulated in the plasma of VTE patients versus controls. The results of this pilot
study indicate that plasma miRNAs profiling can provide novel biomarkers of unprovoked
VTE.

4. Our results revealed that sequential centrifugation to precipitate and deplete procoagulant
phospholipids is an appropriate alternative to treating plasma with phospholipase. The modified
assay significantly reduces the cost of such a resource-demanding experiment, and is more
practical for large-scale investigations. Our results were validated with a commercial PPL assay
and showed high reproducibility. Interestingly, the developed assay was insensitive to

postprandial lipoproteins and TF" EVs.
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