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Abstract

Pulmonary arterial hypertension (PAH) is a progressive disease that involves pathological
remodeling, vasoconstriction, and thrombosis. Alterations in hemostasis, coagulation, and platelet
activation are consistently observed in PAH patients. Microparticles derived from platelets,
inflammatory cells, and the endothelium are an increasingly well-recognized signal in a variety of
cardiovascular diseases, including PAH. This review will focus on the role of coagulation,
thrombosis, platelet activation, and microparticles in the pathology and progression of PAH.

Introduction

Pulmonary arterial hypertension (PAH) is characterized by increased vascular resistance and
the progressive loss of the pulmonary circulation [1]. The pathogenesis of PAH involves in
situ thrombosis [2], excess vasoconstriction [3], inflammation [4,5], and a loss of the normal
balance between apoptosis and proliferation within the intima, media, and adventitia [6];
these pathologic processes combine to narrow the lumen and increase pulmonary vascular
resistance, leading to dyspnea and eventual right ventricular heart failure.

Evidence for Thrombosis in PAH

Thrombotic arteriopathy, the significant presence of thrombotic lesions in the pulmonary
vasculature, is a common pathological finding in PAH. Thrombosis was first proposed to
play a causative role in the mechanism of PAH in 1984 [7]. In this long-term, retrospective,
natural history study, they found that 57% of patients who met the criteria for primary
pulmonary hypertension exhibited thromboembolic type change upon autopsy. Five years
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later, an autopsy series from the National Heart, Lung and Blood Institute (NHLBI), Primary
Pulmonary Hypertension (PPH) Registry examined the histopathologic features of
pulmonary blood vessels from 58 carefully phenotyped patients [8]. Nineteen of these
patients had thrombotic lesions (33%), and 9 of the 25 patients with plexiform lesions also
had recanalized thrombi. The co-existence of classic plexiform arteriopathy with recanalized
thrombi in patients who clearly did not have clinical pulmonary thromboembolic disease
cemented a role for thrombosis in the disease pathogenesis. Similarly, three earlier studies
also reported high frequencies (20%, 30%, and 56%) of thrombotic lesions in the
histopathological classification of hypertensive pulmonary vascular disease [9-11].

Although there is consensus that thrombosis is a common pathological feature of PAH, its
role in PAH remains controversial [12]. Some support the view that the activation of
coagulation contributes to the pathogenesis of PAH through luminal narrowing (both from
the fibrin clot itself and related vascular remodeling, likely driven by proteases, TF, factor
Xa, and thrombin). The alternate view is that thrombotic arteriopathy is an epiphenomenon
of pulmonary vascular remodeling. Although there is no question that thrombosis is
consistently observed in PAH, it is still unclear whether thrombosis contributes to PAH
disease progression or evolves as a bystander of the more relevant disease processes.

Evidence for Coagulation in PAH

Tissue factor (TF) is a transmembrane glycoprotein not normally expressed on the
endothelium, but abundantly expressed on fibroblasts [13]. TF exposure during injury
initiates the coagulation cascade through complex formation with Factor V1la, which in turn
catalyzes the activation of Factor X, leading to generation of thrombin. TF is normally
expressed at low levels in the pulmonary vessel wall, and we have shown that it is greatly
increased in vascular lesions of PAH patients [14]. Aberrant expression of TF on the luminal
surface of arteries would certainly predispose patients to in situ thrombosis, in addition to its
role in initiating smooth muscle cell migration and proliferation. We have also proposed a
role for TF and downstream thrombin signaling in the development of plexiform lesions by
mediating disorganized angiogenesis and endothelial cell migration [15]. Additionally,
Bakouboula et al. demonstrated increased TF-expressing endothelial cell microparticles
released from the pulmonary circulation of PAH patients, further implicating TF as a key
mediator in the vascular injury of PAH [16].

Eisenberg et al. demonstrated evidence for increased thrombin activity (downstream of TF),
by observing elevated levels of fibrinopeptide-A (FPA) in PAH patients [17]. FPA is
generated when thrombin cleaves fibrinogen to form a fibrin clot and was previously used as
a marker of fibrin generation and degradation prior to the availability of the D-dimer assay.
Although a separate smaller study did not confirm the FPA data [18], a more recent study
using calibrated automated thrombogram demonstrated that PAH patients have increased
thrombin generation and exhibit a hypercoagulable state [19]. A limitation of the
thrombogram methodology is its failure to account for fibrinolysis, but it is likely that both
fibrin generation and fibrinolysis contribute to the hypercoagulable state in PAH. In fact,
several studies have shown elevated levels of plasminogen activator inhibitor-1 (PAI),
which inhibits the generation of plasmin, thus decreasing fibrin clot degradation [20,21].
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Purified fibrinogen from PAH patients has also been shown to be resistant to lysis in vitro
compared to patients with chronic thromboembolic pulmonary hypertension (CTEPH) or
control subjects who had a prior pulmonary embolism without pulmonary hypertension [22].
This intriguing data suggests that a structural change within the fibrin clot exists, which
prevents the interaction with plasmin to facilitate degradation.

A second regulatory pathway involves the inhibition of thrombin subsequent to its
generation by TF. Thrombomodulin exists in membrane bound and soluble forms and binds
thrombin, thus inhibiting its activity. Furthermore, the interaction of thrombomodulin with
thrombin activates protein C, which then inhibits further thrombin production (by
inactivating factor V). Two studies have demonstrated that PAH patients have lower levels
of thrombomodulin compared to controls, consistent with the hypercoagulable state
observed in PAH patients [20,23].

The procoagulant phenotype observed in PAH patients suggests a beneficial use of
anticoagulation therapy. The American College of Chest Physicians clinical guidelines
recommends the use of anticoagulants in PAH patients with a ‘moderate’ degree of certainty
[24]. This recommendation is based on limited data from non-randomized trials of warfarin.
To date, five observational studies have demonstrated a survival benefit associated with
warfarin [7,25-28], while two studies did not observe any significant benefit [29,30]. In
light of these studies and expert opinions, the goal of anticoagulation therapy is to reduce the
observed hypercoagulable state in PAH patients by using warfarin to maintain an
international normalized ratio (INR) of 1.5-2.5 for PAH patients (European authorities
generally recommend more intense anticoagulation).

Recently, Delbeck et al. examined the effect of rivaroxaban, an oral direct factor Xa
inhibitor, on the prevention of monocrotaline-induced experimental pulmonary hypertension
in rats [31]. In this model, rivaroxaban prevented RV dysfunction and hypertrophy without
significantly increasing bleeding. In contrast, warfarin and enoxparin dose-dependently
increased bleeding in this model. Interestingly, rivaroxaban did not reduce muscularization
of the pulmonary arteries. The report is primarily of interest as it underscores the fact that
coagulation proteases contribute to the development of pulmonary vascular remodeling in
this limited model of human disease.

Evidence for Altered Platelet Activation in PAH

Thrombocytopenia is observed in some patients with PAH, although the etiology is cryptic
[32]. It is not clear whether thrombocytopenia originates due to defects in platelet
production and/or as a result of peripheral platelet clearance. Herve et al. proposed a
mechanism involving pulmonary microangiopathy, whereby platelets shear upon flow
through fibrin clots and plexiform lesions [33]. A study of 22 patients with PAH
demonstrated that the PAH subjects had significantly higher (p= 0.006) mean platelet
volume (MPV) than 25 healthy controls [34]. MPV is a basic measure of platelet production
and stimulation, as younger platelets are larger, contain more granule contents and are
generally more prothrombotic [35]. Increases in MPV with concomitant decreases in platelet
count may indicate platelet consumption in the periphery and a subsequent increase in
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thombopoiesis. Additionally, a separate study reported higher levels of the thrombopoiesis-
stimulating hormone, thrombopoietin, in the pulmonary vasculature [36]. Taken together
with controversial data suggesting that thrombopoiesis can occur in the lung from
pulmonary megakaryocytes [37], it is possible that PAH patients have both production and
destruction of platelets within the lung vasculature.

Hemostasis is a tightly regulated process and an imbalance between stimulatory and
inhibitory signals can cause excess or insufficient platelet activation. Patients with PAH are
known to have excess stimulatory signals and insufficient inhibitory signals. Thromboxane
A2 (TXA2) is a platelet-derived vasoconstrictor and proinflammatory mediator that is
elevated in PAH patients [38]. Conversely, decreased endothelial-derived prostacyclin and
nitric oxide (NO) in PAH patients can potentiate platelet activation and lower the threshold
for activation [39]. There is abundant evidence for a reduction in bioavailable NO within the
pulmonary circulation of PAH patients [40,41], and drugs that increase activity in the NO
signaling cascade are of benefit to PAH patients [42]. As NO is an important negative
regulator of platelet activation, one consequence of decreased NO bioavailability is a likely
increase in platelet activation. Similarly, prostacyclin synthase is reduced in the lungs of
PAH subjects [43], and prostanoid replacement is a cornerstone of PAH therapy [44].
Prostacyclin was first identified biologically because of its ability to inhibit platelet
aggregation [45,46], and experts still consider platelet inhibition to be a part of the
mechanism by which prostacyclins favorably influence the pulmonary circulation. Thus,
there is ample evidence that the signaling imbalance in the lung (excess thromboxane,
insufficient NO and prostacyclin) should have intra-pulmonary platelet activation. We and
others postulate that this contributes to the progression of PAH.

Inflammation and Platelet Activation in PAH

Platelets are the second most numerous cell in the blood and contain many proinflammatory,
angiogenic, and prothrombotic mediators, which are released upon activation. Platelets and
endothelial cells are the only cells that carry von Willebrand Factor (VWF), a large
multimeric glycoprotein involved in facilitating the interaction between the two cell types.
Endothelial cells and platelets release vVWF upon activation, and circulating vVWF levels are
known to be increased in PAH patients. Higher levels of vVWF independently predicted
worse outcome in one large cohort of treatment-naive patients [47]. In a separate study,
higher VWF levels were also associated with decreased survival in a group of PAH patients
whose disease was associated with congenital heart defects [48].

CDA40L is a proinflammatory mediator contained inside platelets and is expressed on the
surface of activated platelets then subsequently cleaved to the soluble form (sCD40L).
Approximately 95% of the circulating SCD40L is platelet-derived. Patients with PAH have
higher levels of SCD40L and those who do not take warfarin have even higher levels [49].
Additionally, these patients had higher plasma levels of monocyte chemoattractant protein 1
(MCP-1) and interleukin 8 (IL-8). In fact, in vitro treatment of human umbilical vein
endothelial cells (HUVECs) with recombinant sCD40L substantially increased MCP-1 and
IL-8 levels. These data suggest that sSCD40L may interact with its receptor, CD40, on
endothelial cells to drive vascular remodeling in PAH, similar to other inflammatory
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vascular diseases, such as atherosclerosis [50]. Fibroblasts express CD40 and engagement
by CD40L can up-regulate cyclooxygenase-2 (COX-2), leading to the production of
proinflammatory prostaglandins, cytokines, and connective tissue degrading enzymes
[51,52]. This can facilitate immune cell recruitment, inflammation, proliferation, and
vascular remodeling.

Serotonin (5-hydroxytryptamine) is synthesized in the central nervous system and is taken
up by platelets in the plasma [53]. It can stimulate the second wave of platelet aggregation
by activating platelets in combination with ADP after dense granule release. Furthermore,
serotonin is a potent vasoconstrictor and over-expression of one of its receptor, 5HTog, in
the pulmonary vasculature in mice and humans has been linked to the development of PAH
[54]. Normally, platelets sequester free serotonin, preventing vascular exposure and possibly
smooth muscle cell proliferation, vasoconstriction, and thrombosis. There is mounting
evidence that serotonin is key to the development of PAH, as increases in plasma serotonin
caused by the anorexigen, fenfluramine, markedly increased the chances of developing
PAH, and in at least one study, increased serotonin transport was causally linked to smooth
muscle cell hypertrophy [55,56]. More recently, a small study demonstrated a negative
transpulmonary platelet serotonin gradient in PAH patients, while control subjects exhibited
a positive gradient [57]. These data are suggestive that the lungs of PAH patients may take
up serotonin from platelets or that altered hemodynamics in the lungs of PAH patients cause
degranulation and release of serotonin into the blood. This study did not find any differences
between plasma levels of serotonin, while other studies have reported increased plasma
concentrations in some cases [58].

It is known that platelets from PAH patients have altered aggregation in vitro, while their in
vivo activation status is largely unknown [59]. To address this question, Maeda et al.
examined tyrosine phosphorylation of platelets as a marker of in vivo activation [60]. They
found a 79% increase in protein-associated tyrosine phosphorylation and a 57% increase in
pp125FAK compared to controls. Phosphorylation of pp125FAK is thought to be a late
signaling event in platelets, which occurs after allbf3 signaling, and leads to platelet
adherence, spreading, and migration [61]. A separate study demonstrated that platelets from
PAH patients had diminished aggregation in response to thrombin receptor-activating
peptide, TRAP, but not to ADP as compared to controls [59]. This suggests that these
platelets have an intrinsic defect in the thrombin-signaling pathway, while the ADP
signaling pathway is largely intact. This is particularly interesting in light of the evidence
that PAH patients have higher levels of thrombin, which may suggest some level of
compensation or “platelet exhaustion” to thrombin stimulation. This is in contrast to the data
demonstrating that platelets from PAH patients release more sSCD40L in response to TRAP
than control platelets[49], further complicating the alterations in platelet signaling in PAH
patients.

Genome wide RNA expression profiling in the lungs of PAH patients provides enticing data
that platelets may have an altered endogenous activation status [62]. This microarray,
confirmed by quantitative PCR, demonstrated elevated levels of the platelet-specific
chemokine, platelet factor 4 (PF4), and the surface receptors, purinergic receptor P2Y
(P2RY1) and coagulation factor Il receptor-like 3 (F2RL3). P2YRL1 is expressed on the
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surface of platelets and functions as a receptor for ADP and ATP while F2RL3 is necessary
for platelet activation by thrombin [63,64]. Importantly, PF4 is known to bind to and
neutralize heparin-like molecules on endothelial cells, thus promoting coagulation. These
data are particularly compelling that platelet activation is mechanistically linked to the
development of PAH, as patients with pulmonary hypertension associated with idiopathic
pulmonary fibrosis (World Health Organization Group I11) did not exhibit increased
expression of F2RL3, P2RY1, or PF4.

One randomized, double-blinded, placebo-controlled study evaluated the effectiveness of
anti-platelet agents in 19 PAH patients. Patients randomized to receive either aspirin or
clopidogrel had significantly diminished platelet aggregation in vitro, suggesting a beneficial
anti-platelet effect; aspirin blocked thromboxane production but clopidogrel did not [65].
These patients were not on warfarin, but about half were on intravenous epoprostenol.
However, a separate randomized, double-blinded, placebo-controlled study of 92 PAH
patients found no beneficial effects of aspirin treatment on a 6-minute walk test at 6 months
[66]. Mechanistic studies demonstrated that thromboxane production was suppressed in the
aspirin treated group as compared to controls, but platelet aggregation was not inhibited.
Although there is considerable evidence to suggest that platelets contribute to the
pathophysiology of PAH, the exact mechanisms have yet to be determined, and thus a clear
treatment goal is impossible. One possible conclusion from the available data is that
thromboxane production is not as important to ongoing disease as platelet aggregation or
some other feature of platelet activation.

Role of Microparticles in PAH

Transcellular communication between blood cells, endothelial cells, and smooth muscle
cells is almost certainly a vital aspect of pulmonary vascular physiology, and thus by
extension, pathophysiology. This can occur through cell-to-cell contact, diffusion of soluble
mediators, and by microparticles. Microparticles are small (0.1 to 1 micron) membrane-
derived vesicles that are generated from cells through activation or apoptosis [67].
Approximately 80% of blood microparticles are platelet-derived microparticles (PMPs),
while the remaining 20% are derived from red blood cells (RMPs), endothelial cells (EMPs),
and leukocytes (LMPs). The composition of microparticles is largely determined by the
parent cell from which they are generated, as well as the conditions under which they were
made (for helpful review, [68]). The number and composition of microparticles play an
important role in physiological and pathological processes. Microparticles generally express
phosphatidyserine on their surface in addition to various receptors, lipids, and signaling
molecules. They can interact with neighboring cells through direct extracellular interactions,
and have also been shown to deliver their cytosolic contents to target cells as a means of
altering cellular function [69].

Microparticle numbers are known to increase in pathological conditions, such as
atherosclerosis [70], type 2 diabetes [71], and cancer [72]. Recently, the number and
composition of microparticles have been examined in the context of PAH [73]. Several
groups reported increased numbers of circulating PMPs and EMPs in PAH patients
compared to controls [74]. Interestingly, one group reported that EMPs and small PMPs
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(0.3-0.5 microns) were elevated in all PAH patients studied, regardless of the etiology
(idiopathic PAH, secondary PAH, or PAH due to BMPR2 mutation), suggesting either a
common pathological mechanism or merely a common marker of vascular dysfunction [75].

PMPs are approximately 100 times more prothrombotic than platelets [76]. The presence of
phosphatidyserine on their surface acts as a catalytic site for clotting enzyme assembly and
thrombin generation. Interestingly, PAH patients have significantly higher levels of
procoagulant phosphatidyserine positive microparticles in the pulmonary artery compared to
the jugular vein, in addition to CD105+ EMPs [16]. This suggests either increased
production of microparticles in the pulmonary arteries or reduced sequestration. In either
case, it is reasonable to hypothesize that these procoagulant microparticles exert localized
proinflammatory and prothrombotic effects in the lung. Moreover, PAH patients had
elevated levels of TF on the surface of microparticles compared to controls in this study,
although no differences were observed between the pulmonary arteries and jugular veins.
PMPs express high levels on CD40L on their surface, similar to activated platelets. This
represents a large pool of circulating CD40L in addition to soluble CD40L, which can act on
vascular cells to mediate activation.

Patients with PAH also have increased expression and activity of CD39 on the surface of
microparticles [77]. CD39 is an extracellular membrane bound ectonucleotidase, which
catalyzes the dephosphorylation of ATP to ADP and AMP. ATP has potent vasodilatory
effects through its stimulation of NO production. Thus, decreased levels of ATP could
increase pulmonary resistance in PAH while increased AMP can contribute to platelet
activation. On the other hand, adenosine, which is generated from the dephosphorylation of
AMP by CD73, is generally anti-inflammatory, anti-thrombotic, and vasodilatory. Thus,
increased CD39 expression on microparticles may contribute to the pathogenesis of PAH at
its early stages or may rather represent a compensatory mechanism in a patient with severe
disease. The clinical significance of altered microparticle number and composition in PAH
is unclear, but the data thus far suggest that this is an important area of research to identify
1) potentially important mechanisms of disease establishment and progression; 2)
biomarkers that might show response to therapy; 3) a new target for therapeutic intervention.

Conclusion

In summary, alterations in hemostasis and coagulation are consistently observed in PAH
patients and in preclinical models of PAH. A schematic representation of the potential roles
of altered hemostasis, coagulation, and platelet activation in the development and
progression of PAH is depicted in Figure 1. Although warfarin is generally recommended
for PAH patients, rigorous randomized trials examining its potential benefit are lacking. The
recent introduction of novel oral direct factor Xa and thrombin inhibitors offers an attractive
strategy for assessing the risks and benefits of anticoagulation therapies in trials with PAH
patients. Excess platelet activation has repeatedly been observed, and there are sound
theoretical grounds for hypothesizing that excess platelet activation contributes to disease
progression. However, further studies are needed to fully understand the role of platelets in
the establishment and progression of disease so that we can better design and test a
therapeutic approach. Until these studies are completed, we will continue to debate whether
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platelet activation is primary and contributory or merely an epiphenomenon. Microparticles,
platelet, endothelial, and otherwise, are highly pro-thrombotic and often pro-inflammatory.
Recent studies suggest that these microscopic structures might be a powerful force in PAH,

an

d several labs are already exploring microparticles for their value as biomarkers or

therapeutic targets.
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Figure 1. Potential role of plateletsin the development and progression of PAH
Endothelial dysfunction and altered hemostasis leads to an imbalance of inhibitors and

activators of platelets. Activated platelets release proinflammatory and prothrombotic
mediators and generate highly bioactive platelet microparticles. Activated platelets adhere to
endothelial cells via CD62P and its ligand, PSGL1. Large amounts of sSCD40L are released
from platelets. which induces proinflammatory mediator release, leading to immune cell
recruitment. Soluble CD40L further induces smooth muscle cell (SMC) proliferation and
hypertrophy. Platelets and platelet microparticles bind to and activate immune cells.
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