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Summary

Microparticles are small circulating vesicles originating from circulatory system and vascular
wall cells released during their activation or damage. They possess different roles in regulation
of endothelial function, inflammation, thrombosis, angiogenesis, and in general, cellular stress.
Microparticles are the subject of intensive research in pulmonary hypertension, atherosclerotic
disease, and heart failure. Another recently emerging role is the evaluation of the status of
vasculature in end-stage heart failure patients treated with implantable ventricular assist
devices. In patients implanted as destination therapy, assessment of the long-term effect of
currently used continuous-flow left ventricular assist devices (LVADSs) on vasculature might be
of critical importance. However, unique continuous flow pattern generated by LVADs makes
it difficult to assess reliably the vascular function with most currently used methods, based
mainly on ultrasound detection of changes of arterial dilatation during pulsatile flow. In this
respect, the measurement of circulating microparticles as a marker of vascular status may help
to elucidate both short- and long-term effects of LVADs on the vascular system. Because data
regarding this topic are very limited, this review is focused on the advantages and caveats of
the circulating microparticles as markers of vascular function in patients on continuous-flow

LVVAD:s.



Introduction

Left ventricular assist devices (LVADS) and heart transplantation are the leading therapeutic
approaches to manage end-stage heart failure that is unresponsive to medical therapy (Kirklin
et al. 2012). New developments in design of LVADs has facilitated their durability,
effectiveness, and long-term reliability (Holman et al. 2013). The number of LVAD
implantations for long-term destination therapy continues to increase each year as the
acceptance of this therapy increases (Kirklin et al. 2014). Consequently, use of the latest
generation of LVADs has had positive influence on overall patient survival rates (Rogers et al.
2010, Kirklin et al. 2013, Kirklin et al. 2014). Despite extensive experience in the management
of patients with implanted LVADs, the occurrence of device-related complications and their
prediction have become a new challenge in patients with long-term mechanical circulatory
support therapy. Likewise, the assessment of vasculature and endothelium status by
conventionally utilized methods, such as measurement of pulse wave velocity and endothelial
dysfunction in peripheral vessels, is problematic because these devices generate non-pulsatile
flow, thus making these methods much less reliable. Continuous blood flow is generally
assumed to be non-physiological and, therefore, may produce increased stress on endothelial
and circulating cells. Pathophysiological mechanisms of this phenomenon and impact of
continuous-flow LVADs on blood and endothelial cells remain unclear.

To delineate the effect of LVADs on the vasculature, newly detectable biomarkers
related to cellular injury, stress, and apoptosis — microparticles - have become an important
focus of research.

Microparticles are complex vesicular structures that are anuclear fragments of cellular
membrane and cytoplasmic material with a diameter of 0.1 to 1.0 um. The plasma membrane
surface of the microparticle contains phospholipids, and the microparticle itself encompasses

proteins and cytoplasmic material from the cell of origin - both blood and endothelial cells



(Burger and Touyz, 2012). Microparticle formation encompasses loss of physiological
phospholipid asymmetry of plasma membrane. Phosphatidylserine (PS) and
phosphatidylethanolamine are usually located on the inside surface of plasmatic membrane,
while phosphatidylcholine and sphingomyelin are present on outer surface of the membrane.
Balance between these substances is sustained by enzymes flippase, floppase and scramblase
(McGinn et al. 2016). Cell activation followed by increase of cytoplasmic calcium leads to
dysregulation of these enzymes causing externalization of phosphatidylserine. Externalized PS
can not only induce endothelial damage in inflammatory conditions (Amabile et al. 2013,
Burger et al. 2012), but is also essential in initiating and propagating the coagulation at sites of
vascular injury (Nomura et al. 2001, Sinauridze et al. 2007, Zhou et al. 2010).

Considered as the end-product of apoptosis and injury of different cell types, especially
platelets, leukocytes, erythrocytes, and endothelial cells, circulating microparticles can act as a
strong dysregulators of endothelial function (Dignat-George and Boulanger 2010). Shedding of
microparticles is process that can also occur independently of apoptosis (Sapet et al. 2006).
Microparticle release is stimulated by both physiological and pathological stimuli linked to cell
activation, for example in platelets and endothelial cells shear stress represents such stimulus
(Mc Ginn et al. 2106). Therefore, on one hand, the production of microparticles is believed to
be a part of physiologic cell function, but on the other hand, significant increase of
microparticles was described in several pathological conditions. Regarding the latter, elevated
levels of microparticles correlate with cardiovascular diseases such as atherosclerotic disease
(Van Wijk et al. 2003, Burnier et al. 2009), including coronary artery disease (Bernal Mizrachi
et al. 2003, Bernal Mizrachi et al. 2004, Singh et al. 2012), carotid artery disease (Schiro et al.
2014), or stroke (Williams et al. 2007). Raise of microparticle concentrations is also associated
with hypertension (Preston et al. 2003), atrial fibrillation (Ederhy et al. 2007) or pulmonary

hypertension (Diehl et al. 2011). Increased levels microparticles were further found in



metabolic diseases such as obesity, diabetes (Sabatier et al. 2002, Tramontano et al. 2010,
Franca et al. 2015), and dyslipidemia (Boulanger et al. 2006). Furthermore, elevated
microparticles could be strong predictor for complications in pregnancy, namely in the case of
life threatening preeclampsia (Van Wijk et al. 2002, Bretelle et al. 2003, Gonzales-Quinteiro et
al. 2004), but also in septic shock in general population of patients (Zafrani et al. 2013, Zhang
et al. 2016). In addition, levels of circulating microparticles are also affected by various drug
therapies, which may also play role in their use as a diagnostic tool. Reduction of microparticle
levels was observed in patients treated by aspirin, calcium channel blockers or statins (McGinn
et al. 2016).

In general, plasma microparticles are increased in most cardiovascular diseases,
probably reflecting activation or damage of circulating cells or cells of the vasculature itself
(Piccin et al. 2007) and this increase might be associated with increased risk of major
cardiovascular clinical complications (Bernal Mizrachi et al. 2004). Microparticles may also
act as an independent predictor of cardiovascular diseases (Amabile et al. 2014). Thereby,
according to recent scientific literature, microparticles have potential to become diagnostic tool
not only in cardiovascular diseases, but also in other pathological states associated with
coagulation, endothelial dysfunction and metabolic or infectious diseases, and also
complications in pregnancy. However, because of great complexity and variability regarding
the origin and structure of microparticles, particular methods used for their determination could
be of extreme importance.

Currently there are several methods used to detect microparticles; the two leading
methods are flow cytometry and enzyme-linked immunosorbent assay (ELISA). A key
advantage of flow cytometry is its specificity to surface antigens, which allows identification
of the maternal cells and, therefore, by this method it is possible to assess the origin of the

microparticles. The analysis of plasma samples clearly detects and differentiates microparticles



of endothelial, platelet, leukocyte, and erythrocyte origins (Jy et al. 2004, Lacroix et al. 2010).
The greatest advantages of the other technique, ELISA, are its high sensitivity and low cost.
This methodology is based on measurement of concentration of phosphatidylserine, and
aminophospholipids typically found on the inner surface of the plasmatic membrane, which is
externalized by creation of macrovesicles, by outward blebbing of the membrane (Burger et al.
2013, Shah and Kontos 2014). However, the advantages are counterbalanced by the lower
specificity of the method (Piccin et al. 2007, Jy et al. 2004).

Particular assay used for microparticle detection also determines which types of
microparticles are detected and measured (Amiral and Seghatchian 2015). Results could be
influenced by capture ligand selected, especially in flow cytometry. Previously published
studies suggest that capture-based assays such as ELISA method correlate better with disease
evolution and severity than flow cytometry (Connor et al. 2009, Owen et al. 2011, Aleman et
al. 2011, Amiral and Seghatchian 2015). Design of capture-based assays has also great
influence on nature and size of measured microparticles. Flow cytometry assays detect usually
microparticles of size over 0.4 um (Amiral and Seghatchian 2015). However, main advantage
of flow cytometry could be its ability to define the cell origin of circulating microparticles more
precisely. Such approach is very important, because levels of microparticles of different cell
origin are elevated in different pathological states. Platelet microparticle levels increase in states
related to bleeding and thrombotic disorders, such as heparin-induced thrombocytopenia
(Warkentin et al. 1994, Hughes et al. 2000). In contrast, the increase of endothelial
microparticles has been observed to correlate with loss of flow — mediated dilatation and arterial
stiffness (Viera et al. 2012) and endothelial dysfunction (Bruyndonckx et al. 2014, McGinn et
al. 2016) as well as with hyperlipidemia (Boulanger et al. 2006). Elevations of both platelet and
endothelial microparticles were observed in thrombotic diseases, such as venous

thromboembolism, antiphospholipid syndrome or thrombotic thrombocytopenic purpura



(Burnier et al. 2009). This pattern of changes is also frequently found in hypertension and
atherosclerotic disease including acute coronary syndromes (Burnier et al. 2009), but also in
sepsis (Zhang et al. 2016). Nevertheless, it should be mentioned that microparticles are also
released from other cell types. Leukocyte derived microparticles play role in pathophysiology
of cardio-vascular diseases (monocytes) and infectious diseases (HIV - lymphocytes).
Erythrocyte derived microparticles are elevated in various clinical situations, particularly in
those characterized by hemolysis (Rubin et al. 2012). In general, proportions of types of
circulating levels of microparticles may differ between various diseases and it could be
advantageous to assess not only total levels of circulating microparticles, but also to determine
their cellular origin.

Taking all presented observations into account, assessment and especially interpretation
of microparticle levels has become a complex issue, which could be particularly interesting to

study in unique population of patients with end-stage heart failure, treated with LVADs.

Recent knowledge about microparticles and ventricular assist devices

The role of left ventricular assist devices (LVADSs) is rapidly growing beyond the original role
of bridging the patient to heart transplantation. The devices have become an alternate
permanent therapy known as the destination therapy, which poses the question as to how these
devices impact long-term properties of blood components and vessels.

Circulating cells are not only impacted by a milieu of non-pulsatile blood flow but also
by the device itself. Mechanical stress produced by the rotary pump can cause possible ongoing
disruption of cellular integrity. Therefore, circulating microparticles, as products of cellular
damage, apoptosis, and stress, have recently attracted considerable research interest as an
important biomarker tool or even a harbinger of cardiovascular adverse events. Table 1

summarizes current knowledge on this subject.



Microparticles as predictor of adverse events in LVAD patients

Aim of the first study of microparticles in patients with implanted LVADs was to establish
microparticles as surrogate markers for platelet, leukocyte, and endothelial activation and
vascular inflammation (Diehl et al.2010). Microparticles of these origins were measured by
flow cytometry in 12 patients with LVADs and compared to healthy controls. Patients with
LVAD support had significant (p = 0.002 for platelet and p < 0.001 for leukocyte and
endothelial microparticles) increased concentration of all measured microparticles, suggesting
increased vascular inflammation, platelet activation, cellular apoptosis and endothelial
dysfunction, which may accelerate pro-atherothrombotic changes in blood vessels and increase
risk of thromboembolic and bleeding complications. Importantly, the analysis used in this study
implicates a role of platelet specific microparticles, which are believed to give rise to most of
released tissue factor as a surrogate factor of pump thrombosis. In summary, this study
underscores a need for more origin specific assays to discern vascular and endothelial related
properties in contrast to systemic, e.g. pump contact surfaces — blood activation associated
microparticle deviations. However, a limitation of this study was that it comprised different
LVAD systems (axial, centrifugal, short-term, etc.).

In another study including 20 patients (Nascimbene et al. 2014), the concentration of
microparticles was established by flow cytometry and the concentration of aforementioned
phosphatidylserine. Results showed that the concentration of microparticles was significantly
higher (p < 0.001) in patients who developed an adverse event as defined by the Interagency
Registry for Mechanically Assisted Circulatory Support (INTERMACS) (Kirklin et al. 2014).
In patients without adverse events, no significant change in the concentration of microparticles

was observed after LVAD implantation and at 3 months following implantation. These results



suggest that microparticle detection is a promising predictor of LVVAD-associated adverse

events.

Microparticles as a marker of vascular status

In our pilot study, we did not observe significant changes in concentration of circulating
microparticles 3 months after implantation of an axial LVAD (Pitha et al. 2012). However, in
our expanded study of 30 enrolled patients (lvak et al. 2014), plasma levels of circulating
microparticles were significantly decreased after 3 months following implantation (p = 0.003).
No difference was observed between patients with ischemic and non-ischemic etiology of heart
failure (p = 0.53) or between men and women (p = 0.9). In both aforementioned studies,
concentrations of circulating microparticles have been assessed by the ELISA method. Results
of this study suggest improvement of vascular function after VAD implantation. The decrease
of microparticles at 3 months after VAD implantation reflects potential improvement in
vascular function. However, the results are not able to address in detail which specific biological
mechanisms connected with the vascular system are involved in these processes. The ELISA
assessment method is rather non-specific and cannot reliably determine cell origin of the
microparticles. In addition, prediction of adverse events using microparticles was not analyzed
in these studies. Another limitation could be the fact, that microparticle levels were not assessed
at the time of possible adverse events, as in previously conducted study by Nascimbene et al.
Observed results could be explained by a wide range of changes, including improved circulatory
status and organ perfusion, improved endothelial function and/or alteration of thrombogenic
factors, or combination of all these factors. This explanation is also supported by a recently
published study, which reported improved microvascular circulatory parameters measured
during reactive hyperemia in forearm (Sansone et al. 2015). In this study, also microparticles

of different origin were assessed by flow cytometry in 14 patients with implanted centrifugal



LVADs 3 months after implantation. Results showed higher concentration of blood cell- and
endothelium-derived microparticles when compared to healthy controls and controls with stable
coronary artery disease. Authors propose explanation, that higher concentrations of blood cell-
origin microparticles are most probably the result of lower shear stress accompanied by
higher/unique mechanical forces exerted on circulating blood cells. Significantly increased
levels of endothelium-derived microparticles (CD317/CD41", CD62e", CD144") compared to
healthy controls and patients with stable coronary artery disease may suggest possible negative
impact of the generated continuous flow on endothelial function. Major limitation of this study
was the absence of baseline values for longitudinal comparison. Assumingly, implantation of
ventricular assist device led to an activation of endothelium cells and platelets, described as
higher plasmatic levels of microparticles of these origins.

When comparing above discussed studies, not only type of used assay, but also the type
of ventricular assist device might have effect on concentrations of microparticles.

To the best of our knowledge, there are no published studies, which describe more
exactly the representation of specific microparticles by their origin. Therefore, it is not clear,
whether status of vasculature or even prediction of clinical adverse events is associated more
robustly with overall concentrations of microparticles or rather with concentrations of cell-

specific microparticles.

Conclusions

Circulating microparticles play an important role in the regulation of inflammation, thrombosis,
or endothelial function. Plasmatic levels of microparticles are increased in most cardiovascular
diseases, probably reflecting activation or damage of circulating cells or cells of the vasculature
itself. Cellular origin of circulating microparticles may predict their role and potential

regulatory function in endothelial regulation, thrombus formation, and inflammatory response.
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Sparse data exist regarding levels and the role of circulating microparticles in patients with end-
stage heart failure, and even less data are available in patients after implantation of a ventricular
assist device. Recent developments in implantable LV ADs offer possibilities for long-term use
of these devices as an alternative to the heart transplant in the near future. Because most of these
devices utilize the principle of continuous flow, long-term impact of this flow pattern on
bloodstream and vasculature remains unclear. Several studies describe only small effect of
continuous flow on end-organ function (Rogers et al. 2010, Bhimaraj et al. 2015); however,
the impact of LVADs on large arteries is, according to histological findings, mainly unfavorable
including decrease in the number of smooth muscle cells in tunica media, higher medial
degeneration, fragmentation of elastin fibers, medial fibrosis, and even atherosclerotic changes
(Westaby et al. 2007, Segura et al. 2013).

Measurement of the concentration of circulating microparticles in peripheral blood
might be of significant importance in assessment of vasculature status in patients with
continuous-flow LVADs. In spite of many questions regarding the routine clinical use of this
methodology, such direction of research is highly promising for future management of patients
with LVADs and for more detailed understanding of vascular physiology in general. On the
basis of continuing intensive research and long-term observations, the clarification of the role
of circulating microparticles in assessment of vascular function can be expected in the near
future. In particular, the correlation of these parameters with clinical data, including major
clinical adverse events, could prove useful in detection and management of adverse events in

patients with LVADs.
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Table 1:

Studies analyzing an effect of LVADs on presence and profile of microparticles

Author, Date,  Number of Type of LVAD Microparticles  Sample collection Key results
Country patients assessment period
Diehl et al., 12 HeartMate Il (6) Flow Not specified Microparticles levels significantly higher in LVAD
2010, Thoratec VAD (2) cytometry patients compared to healthy controls.
Germany Ventrassist (2)
Circulite (1)
ECMO (1)
Pitha et al., 8 HeartMate Il ELISA Baseline No significant changes in concentration of circulating
2012, Czech (axial) 3 months microparticles before and 3 months after LVAD implant.
Republic
Nascimbene et 20 HeartMate Il Flow Baseline Higher levels of phosphatidylserine positive
al., 2014, USA (axial) cytometry Discharge microparticles in patients before LVAD implant
3 months after compared to healthy controls.
implant Significantly higher levels of microparticles in patients
who developed an adverse event.
Ivak et al., 30 HeartMate I ELISA Baseline Significant decrease in concentration of circulating
2014, Czech (axial) 3 months after microparticles before and 3 months after LVAD implant.
republic implant
Sansone etal., 14 HeartWare LVAS  Flow 3 months after Microparticles levels of both platelet and endothelial
2015, (centrifugal) cytometry implant origin were significantly increased in LVAD patients

Germany

when compared to healthy controls and controls with
stable coronary artery disease.
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