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Highlights
« We demonstrate prothrombotic synergistic functional interaction of i) cytokine-
mediated inflammatory activation of endothelial cells (ECs) and ii) shear-mediated

platelet activation

« We suggest that these mechanisms are operative in vivo and contribute to

endoventricular thrombosis and thromboembolic complications in LVAD patients

« Our findings open the potential for the development of new therapeutic strategies
specifically targeting prothrombotic EC-platelet interactionssto modulate platelet
prothrombosis and prevent intraventricular thrombosis-inithe/setting of mechanical

circulatory support
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ABSTRACT

Background: We systematically analyzed the synergistic effect of: i) cytokine-mediated
inflammatory activation of endothelial cells (ECs), and ii) shear-mediated platelet activation
(SMPA) as a potential contributory mechanism to intraventricular thrombus formation in
the setting of Left Ventricular Assist Device (LVAD) support.

Methods: Intact and shear-activated human platelets were exposed to nonactivated and
cytokine-activated ECs. To modulate the level of LVAD-related shear activation, platelets
were exposed to shear stress patterns of varying magnitude (30, 50, 70 dynés/cm?, 10min)
via a Hemodynamic Shearing Device. ECs were activated via expaosure to inflammatory
Tumor Necrosis Factor-o (TNF-a, 10 and 100 ng/mL, 24h);"consistent with inflammatory
activation recorded in patients on LVAD circulatory support.

Results: Adhesivity of shear-activated platelets to ECs was significantly higher than that of
intact/unactivated platelets, regardless of the initial activation level (70 dynes/cm? shear-
activated platelets vs. intact platelets: “+80%, p<0.001). Importantly, inflammatory
activation of ECs amplified platelet prothrombinase activity progressively with increasing
shear stress magnitude and TNF-¢ concentration: thrombin generation of 70 dynes/cm?
shear-activated platelets. was-2.6-fold higher following exposure and adhesion to 100
ng/mL TNF-o—activated ECs (p<0.0001).

Conclusions: We demonstrated synergistic effect of SMPA and cytokine-mediated EC
inflammatory activation to enhance EC-platelet adhesion and platelet prothrombotic
function/ These mechanisms might potentially contribute to intraventricular thrombosis in

the setting of mechanical circulatory support.



INTRODUCTION

Mechanical circulatory support devices, i.e., Left Ventricular Assist Devices (LVADs), are
increasingly utilized for hemodynamic restoration in patients with advanced and end-stage
heart failure.® The latest generation of miniaturized, continuous-flow LVADs has afforded
enhanced patient survival and quality of life compared to earlier pulsatile pneumatic
systems, and is now approved for both bridge-to-transplant as well as/for definitive
destination therapy.® Despite clinical efficacy of these devices, LVAD thrombosis, either in
the form of pump thrombosis or as thromboembolic events, remains’a common and vexing
complication, severely affecting long-term outcomes.?

Clinical studies to date have identified a range of contributing factors that increase the
likelihood of LVAD thrombosis.®*? Nevertheless, the mechanisms underlying and driving
thrombosis have only been partially elucidated, “limiting the development of effective
therapeutic strategies to prevent adverse clinical’events.

Shear-mediated platelet activation (SMPA)uis a major driver of LVAD thrombosis.** SMPA
iIs defined as the prothrombetic activation of platelets due to accumulation of
supraphysiologic shear stress=mediated injury over time, as a result of platelet recirculation
through the device.'*

We have previously reported that SMPA may occur directly in free-flowing blood regions of
the LVAD characterized by high levels of intermittent or sustained shear exposure and that
platelets fregister” and accumulate shear damage via repetitive exposure to shear
stress.™*%.We have also reported that LVAD hemodynamic shear stress has a sensitizing
effect, in that platelets exposed to very high shear stress — i.e. during passage through an
LVAD - continue to activate despite subsequent exposure to low shear stress - as is
encountered downstream of the LVAD - with a residual incremental response

compounding that of the initial high shear pulses.?® Moreover, we identified specific



hemodynamic components of the shear stress, namely high shear temporal oscillations,
that is the “dynamicity” of the shear stress, as major contributors to SMPA.**
Complementing these preclinical studies, we have recently reported a clear relationship
between progressive accumulation of LVAD-mediated platelet injury in vivo and post-
implant thromboembolic complications.?>** Notably, our analysis of shear-mediated
platelet prothrombinase activity correlates well with other studies that described altered
platelet function and enhanced thrombotic propensity in response to nen-physiological
shear stress of blood contacting medical devices, including LVADs.>> >

An important issue in LVAD thrombosis is the site of thrombus initiation and propagation.
Thrombus formation has been clinically observed to .nitiate; often within the LVAD-
implanted ventricle, at the LV apex, with ingestion of,endoventricular thrombi into the
pump.?* Ingested thrombi may drive and worsen pump thrombosis, leading to severe
pump dysfunction, low pump output and cardiogenic shock, seriously jeopardizing patient
survival. Further, ingested thrombi propelled downstream through the LVAD may result in
thromboembolic events, ischemic(stroke and severe neurologic dysfunction.*

A range of mechanisms have been suggested to promote specifically endoventricular
thrombus formation, including: i) the reduced contractility of the dysfunctional left ventricle,
where activated and/or ‘sensitized platelets may accumulate in the apical region, being
exposed to additional’prothrombotic factors, i.e., low dynamic shear stress for elongated
durations/ areas of blood stasis, and stagnant/recirculation flow;***! ii) the surgical LVAD
implantation technique, e.g., particular LVAD inflow cannula placement and angulation;**34
and iii) biomaterial/device factors, i.e., surface contact activation of the coagulation
cascade associated with the LVAD inflow cannula material.** On the other hand, the role

of the ventricular endothelium in LVAD thrombosis, specifically the role of inflammatory

activation of endocardial endothelial cells (ECs), has not been examined.



Previous studies have reported high plasma levels of inflammatory cytokines such as
Tumor Necrosis Factor-a. (TNF-a) in patients with end-stage heart failure, and even higher
values have been recorded in patients on LVAD circulatory support.*® TNF-a is known to
enhance the procoagulant activity state of ECs: TNF-a. binds the cognate EC receptor
TNF-R1, which in turn leads to rapid translocation of the transcription factor NF-kB from
the cytoplasm to the cell, promoting the expression of proadhesive and! precoagulant
molecules, including integrin avB3*’, intercellular adhesion molecule-14ICAM-1), vascular
adhesion molecule-1 (VCAM-1), and endothelial selectin (E-Selectin).®*1As such, TNF-a-
mediated EC activation induces a switch from a quiescent bystander phenotype to a more
proinflammatory, proadhesive and procoagulant behavior.

In the present study, we hypothesized that exposure to high TNF-a levels might result in
EC inflammatory activation of the LVAD-implanted- ventricular apex and that it may
synergize with  SMPA in enhancing EC-platelet adhesion and further drive platelet
activation and thrombin generation, thus“contributing to enhanced overall prothrombosis.
As such, being these mechanisms  concomitantly operative in the LVAD-implanted
ventricle, this synergistic = effect may mechanistically contribute to progressive
intraventricular thrombosis. Accordingly, in the present study we sought to dissect and
systematically analyze) ‘the synergistic effect of SMPA and TNF-o-mediated EC
inflammatory. activation as for the development of progressive prothrombotic conditions.
We first examined the adhesivity of intact and shear-activated platelets to nonactivated
and TNF-a treated ECs. We then examined potential synergies of shear- and cytokine-
mediated prothrombosis as for platelet thrombin generation and associated prothrombotic

activity.



MATERIALS AND METHODS

To evaluate EC-platelet prothrombotic interaction mechanisms, three experimental
protocols were performed. Protocol 1: the effect of differing extents of SMPA induced by
platelet exposure to 30, 50 and 70 dynes/cm? time-constant shear stress patterns for 10
min in a Hemodynamic Shearing Device** was examined as for platelet‘adhesion to
untreated ECs. Platelet prothrombinase activity was also evaluated via thesPAS assay.'*?°
Protocol 2: the effect of cytokine-mediated EC activation (TNF-a.«Concentrations: 10 and
100 ng/mL; incubation time: 24 h) was evaluated as to its impact on platelet adhesivity and
prothrombinase activity (both intact and shear-activated platelets). Protocol 3: the
combined effect of SMPA and TNF-o-mediated. EC__activation was examined to
demonstrate synergistic platelet-EC adhesivity and prothrombotic function.

Full experimental details related to i), platelet isolation, shear activation, and
characterization of platelet prothrombinase activity, ii) EC culture and inflammatory
activation via T NF-q, iii) characterization of EC-platelet adhesion, and iv) characterization

of EC soluble markers of activation, and EC and platelet surface markers of activation are

reported as Supplementary Material.

RESULTS

Shear-mediated platelet activation

The extent'of SMPA increased progressively with increasing shear stress magnitude. In
detail, PAS values of platelets stimulated in the HSD with different levels of shear stress
(30, 50 and 70-dynes/cm?) were significantly higher than basal values measured in
control/non-stimulated platelet samples (Fig. 1A; p<0.0001). PAS values of platelets

stimulated with 30 and 50 dynes/cm? were comparable (Fig. 1A; p>0.05), while thrombin



generation of platelets stimulated with 70 dynes/cm? was significantly higher (Fig. 1A;
p<0.0001).

Consistent with PAS data, expression of P-selectin and phosphatidylserine externalization
(annexin V binding) of 50 and 70 dynes/cm?-stimulated platelets were significantly higher
than basal values measured in control samples (Fig. 1B; P-selectin: p=0.0015; Annexin V:
p=0.0007). Furthermore, these values increased with increasing shear stressimagnitude,
with both P-selectin expression and phosphatidylserine externalization ‘measured in 70
dynes/cm?-stimulated platelets being significantly higher than those ‘measured following
stimulation with 50 dynes/cm? (Fig. 1B; p<0.05). In contrast, P-Selectin expression
increased at a lower rate when compared with annexin¢V=externalization: specifically, a
5.5-fold increase of P-Selectin expression was .observed in 70-dynes/cm? sheared
platelets vs. controls, while annexin-V externalization was 34-fold higher in 70-dynes/cm?

sheared platelets vs. controls (Fig. 1B).

TNF-a inflammatory activation.of endothelial cells

We observed significant TNF-e'dose-dependent EC inflammatory activation, as indicated
by the increased expression of activation markers with increasing TNF-a concentration. In
detail: ICAM-1, VEAM-1 and E-Selectin soluble expression of ECs incubated with 1 ng/mL
TNF-a was_not significantly different with respect to untreated control cells (Fig. 2A;
p>0.05); conversely, we observed a significantly greater expression of these markers in
ECs incubated with 10 ng/mL TNF-a in comparison to untreated control cells (Fig. 2A; I-
CAM: p<0.001, V-CAM: p<0.01, E-Selectin: p<0.0001). Furthermore, significantly higher
expression of I-CAM1, V-CAM1 and E-Selectin was found in ECS incubated with 100
ng/mL TNF-a vs. those stimulated with 10 ng/mL TNF-a (Fig. 2A; I-CAM: p<0.05, V-CAM:
p<0.05, E-Selectin: p<0.0001). Expression of surface activation markers assessed via flow

cytometry showed analogous TNF-a dose dependent expression of EC activation
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markers: incubation with 1 ng/mL TNF-a did not induce significantly higher expression of
ICAM-1, VCAM-1, and E-selectin with respect to control (i.e., nonactivated) ECs (Fig. 2B;
p>0.05); expression of activation markers was significantly higher in ECs incubated with
10 ng/mL TNF-avs. control cells (Fig. 2B; I-CAM: p<0.0001; VCAM-1: p<0.001; E-
Selectin: p<0.01); ECs incubated with 100 ng/mL TNF-a exhibited comparable expression
of surface markers of activation with respect to samples incubated with 10 ng/mL (Fig. 2B;

p>0.05).

Prothrombotic interaction of unactivated endothelial cells /and nonstimulated
platelets

Unstimulated platelets bind minimally to nonactivated ECs.(Fig. 3A, left) and preserve their
basal physiologic, discoid shape (Fig. 3A, right). Flow cytometry confirmed low adhesivity,
consistent with comparable avp3 integrin expression of ECs incubated with unstimulated
platelets vs. ECs alone (positive cells % = 11.40+1.20 vs. 15.60+0.70, respectively;
p>0.05); in addition, PAS values of.unstimulated platelets incubated with nonactivated ECs
were not statistically different with respect to those of unstimulated platelets alone (PAS =

0.03+0.02 vs. 0.01+0.004, respectively; p>0.05).

Prothrombotic interaction of unactivated endothelial cells and shear-activated
platelets

Shear-activation of platelets significantly enhanced adhesivity to ECs. Extensive EC-
platelet adhesion was observed for 70 dynes/cm? shear-activated platelets (Fig. 3B, left),
which was accompanied by morphological changes of adherent platelets that switched
from nonactivated, smooth disc-shape morphology to an activated morphology displaying
blebs and pseudopodia (Fig. 3B, right). Consistent with SEM images, flow cytometry

revealed that platelet adhesivity to ECs increased with shear-activation: in detail, EC av3
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integrin expression of ECs incubated with shear-activated platelet was significantly lower
than that of ECs incubated with intact platelets (Table 1; p<0.0001), with this reduction of
surface expression being the result of platelet occupancy of EC adhesion sites; av3
integrin expression of ECs incubated with platelets stimulated with 50 and 70-dynes/cm?
shear stress was comparable (Table 1). On the other hand, the PAS assay revealed that
exposure of shear-activated platelets to nonactivated ECs did not enhance their
prothrombinase activity (PAS = 0.22+0.08 vs. 0.26+0.09 in 70 dynes/cm?®activated
platelets and 70 dynes/cm?®-activated platelets incubated with untreated ECs, respectively;
p=0.39). These results suggest that ECs provide a proadhesive ‘'substrate for sear-

activated platelets.

Prothrombotic interaction of activated endothelial cells and nonstimulated platelets

We observed diffuse adhesion of intact platelets to activated ECs (Fig. 3C,D). Analysis of
avpB3 integrin expression revealed low platelet occupancy of EC adhesion sites, which was
comparable to that of intact platelets incubated with nonactivated ECs (Table 1; p>0.05).
Analysis of PAS values showed a significant, 3.5-fold increase in platelet prothrombinase
activity following expostre to activated ECs (10 ng/mL and 100ng/mL TNF-a) vs. that of
intact platelets alone- (p<0.0001). PAS values of platelets exposed to 10 ng/mL and
100ng/mL TNF-o. activated ECs were comparable (0.035+0.022 and 0.034%0.019,
respectively). These results suggest that EC inflammatory activation ampifies platelet

prothrombotic activity.

Prothrombotic interaction of activated endothelial cells and shear-activated
platelets
Analysis of the synergistic effect of shear-activation of platelets and TNF-a activation of

ECs showed extensive EC-platelet adhesivity (Fig. 3E,F), which increased with increasing
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shear-stress and EC inflammatory activation: in detail, a significant decrease in avp3
levels was measured in 10ng/mL TNF-o activated ECs incubated with 50 and 70
dynes/cm?-activated platelets vs. that of activated ECs incubated with intact platelets
(Table 1: p=0.0006); likely, a significant decrease in avB3 levels was measured in
100ng/mL TNF-o activated ECs incubated with 50 and 70 dynes/cm?-activated platelets
vs. that of activated ECs incubated with intact platelets (Table 1. p=0.0004).“Moreover,
SMPA and EC TNF-a-activation synergistically contributed to “increased platelet
prothrombinase activity: comparison of PAS values before and after. exposure of platelets
to TNF-a-activated ECs showed a progressive increase of.platelet thrombin generation
with increasing shear stress magnitude and TNF-a concentration (Fig. 4); specifically, PAS
values measured in 70 dynes/cm?-activated platelets exposed to 10 and 100 ng/mL TNF-
a-activated ECs were higher than those measured. in’platelets stimulated with lower shear
stresses (30 and 50 dynes/cm?) but exposed to analogous EC prothrombotic environments
(i.e., 10 and 100 ng/mL TNF-a; Fig-4). In addition, PAS values of 70 dynes/cm? activated
platelets exposed to 100 ng/mL TNF-a-activated ECs were 2.6-fold, 1.4-fold and 1.24-fold
higher than those of 70.dynes/cm?-shear-activated platelets alone, 70 dynes/cm?-shear-
activated platelets incubated with nonactivated ECs, and 70 dynes/cm?®-shear-activated
platelets incubated with 10 ng/mL TNF-o activated ECs, respectively (Fig. 4). These
results suggesta-combined role of the activated endothelium and of (high) mechanical -

shearsmediated - platelet activation to further enhance prothrombosis.
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DISCUSSION

We examined the potential synergistic effects of mechanical - shear-mediated - platelet
activation (SMPA) and inflammatory - cytokine-mediated - endothelial cell (EC) activation
as to their functional interaction to enhance EC-platelet surface adhesion and
prothrombosis.

We found that shear-activated platelets bind to ECs, regardless of the level of shear-
activation as well as of EC activation, i.e., they bind to non-activated ECs as‘well. As such,
ECs are a pro-adhesive substrate for shear-activated platelets, with significant EC avp3
integrin occupancy and ligand-binding activity mediating firm adhesion‘(Table 1). However,
importantly, we demonstrated that EC activation amplifies platelet activation resulting in
enhanced platelet thrombin generation. Indeed, analysis .of prothrombinase activity of
shear-activated platelets as measured via the PAS.assay demonstrated that PAS values
of platelets exposed to high shear stress.magnitude (i.e., 70 dynes/cm?®) were further
modulated by the prothrombotic milieu~of TNF-o activated ECs, and increased
progressively concomitant with the increase of EC inflammatory activation (Fig. 4). In
particular, the highest PAS+«values were measured in platelets activated with high shear
stress stimulation (70 dynes/cm?) and exposed to highly-inflamed (100 ng/mL TNF-a)) ECs
(Fig. 4). These data-suggest, a possible synergistic contribution of EC inflammatory
activation compounding that of SMPA alone in promoting platelet thrombin generation.
While it has been reported that EC activation will bind and activate previously quiescent
platelets; the demonstration that binding of shear-activated platelets to activated ECs
leads to enhanced platelet thrombin generation has not been reported. Here we
demonstrated that the extent of prothrombinase activity is dependent upon the extent of
both EC activation and SMPA.

We hypothesized that our findings might have functional implications as an additional
contributory mechanism operative in vivo in the setting of mechanical circulatory support,
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specifically, a potential role in endoventricular thrombus formation and thromboembolic
complications in patients with implanted LVADs. Indeed, i) SMPA has been shown to

correlate with LVAD-related thrombosis,!42229:31.32

and ii) high pro-inflammatory TNF-a
plasma concentrations have been measured in LVAD patients,* and might contribute to
triggering an activated prothrombotic phenotype for the endocardium, which might serve
as the prothrombotic substrate allowing shear-activated platelets to adhere and, promoting
progressive thrombosis.

Accordingly, our results suggest that anatomically, the ventricular.@apex, that is the site of
direct LVAD-left ventricle interfacing, where shear-activated circulating platelets come in
direct contact with activated endocardial ECs, may have a mechanistic role in LVAD
endoventricular thrombosis (Fig. 5). Clinical imaging‘and, surgical studies have previously
shown this interface site to be a nidus for thrombus_localization and accumulation.?*#34°
Our findings are consistent with, and provide @ mechanistic rationale for, these clinical
observations suggesting that shear activated platelets adhere to activated ECs within the
LVAD-implanted ventricular apex; with'subsequent apposition on the LVAD inflow cannula
(Fig. 5).

John et al. have previously, reported activation of vascular ECs in LVAD-supported
patients.*® Moreover; Diehl and colleagues reported an increased extent of platelet-,
leukocyte- and EC-activation in LVAD patients.*” However, a paucity of data exists as to
the direct contributory interaction of shear-activated platelets with activated ECs to LVAD
thrombosisy” Here we demonstrate that inflamed endothelium increases platelet
prothrombinase activity additively with shear mediated activation, potentially contributing to
endoventricular thrombus formation, with the LVAD-implanted activated endocardium
serving as the substrate for prothrombotic activity of shear-activated platelets.

In addition, our results further corroborate our previous findings, which analyzed the

mechanistic effect of LVAD-related shear stress upon platelet function and thrombosis.?*?*
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Our present report provides insight into a potential contributory mechanism that may be
involved in the pathogenesis of LVAD thrombosis, linking the mechanobiological
responsiveness of circulating shear-activated platelets to the synergistic effect provided by
the prothrombotic milieu of inflammatory ECs.

These results also suggest that prothrombotic EC-platelet functional interactions may be a
possible therapeutic target to prevent intraventricular thrombosis. In this context, recent
studies have questioned the actual efficacy of current antiplatelet therapeutic strategies in
the setting of LVAD therapy as a means of preventing LVAD-related thrombosis,**>* Thus,
anatomic device targets, i.e., LV apex-LVAD interactions, as 'suggested by our findings,
offer the potential for modulation of thrombosis in the setting of mechanical circulatory
support.

The experimental design utilized in this study allowed us to examine in vitro the selective
and mutual contribution to thrombus formation of SMPA and EC cytokine-mediated
activation. First, the Hemodynamic Shearing Device-based protocol for platelet activation
allowed effective modulation of<{the level of SMPA (Fig. 1). Our findings agree with
previous studies showing“ithat ) shear-activated platelets increases shedding of
GPlIb/llla,”?® increases.the telease of specific proteins contained within a-granules (beta-

thromboglobulin and platelet factor 4)," as well as d-granules® are characterized by

abnormal ristocetin-induced aggregation,?® upregulate expression of pro-adhesive
proteins, such as P-selectin,® and significantly expose negatively charged phospholipids
phosphatidylserine and phosphatidylethanolamine, thus providing a catalytic surface for
thrombin generation contributing to prothrombotic state formation and propagation.®? This
study also shows that platelet annexin V externalization is dominant vs. P-Selectin
expression in response to shear stress exposure (Fig. 1). Moreover, although time-
constant shear stress patterns where employed in this study, which differ from those

generating within the LVAD system,”* PAS values measured in platelets stimulated with
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shear stress patterns of greater stress magnitude were comparable to those reported
when dynamic shear stress waveforms pertinent to commercial LVADs were used to
stimulate platelets.*”*®>* Accordingly, the stimulation protocol utilized in this study was
relevant to replicate and analyze prothrombinase activity of LVAD-stimulated platelets.

Secondly, despite use of non-physiologic TNF-a. concentrations to activate ECs, our
results about EC activation are consistent with those reported by Bruggink et al. in vivo in
LVAD patients: indeed, in that study the authors reported high levels of circulating TNF-a
in LVAD patients,* which we hypothesized to induce endocardial-inflammatory activation:
accordingly, we replicated in vitro this condition and incubated [ECs with 10 and 100ng/mL
TNF-a. TNF—a concentrations used in this study were selected based on literature studies
that have previously focused on in vitro expression. of '\EC activation markers (ICAM-1,
VCAM-1, E-Selectin) in response to TNF-a activation.”>>® Moreover, modulation of EC
activation with differing concentrations 'of, TNF—a utilized in this study facilitated
examination of the platelet response to. differing proadhesive and prothrombotic EC
inflammatory milieu (no EC .activation, mild EC activation, strong EC activation).
Consistent with previous works; we observed TNF—a dose-dependent activation of ECs,
that is, higher expression of “activation markers following EC exposure to progressively
higher TNF-o. coneentrations (Fig. 2).>>>° Jain and colleagues have previously reported
that the altered expression of ICAM-1, VCAM-1 and E-selectin by TNF-a-activated ECs
have a rolenin-Hemostatic disorders and support thrombus formation.®® Similarly Girdhar et
al. previously demonstrated that EC activation with other inflammatory mediators
increases E-selectin and coordinate platelet adhesion and activation.®* Here, we suggest
relevance of this mechanism in enhancing platelet prothrombosis in the LVAD-implanted

ventricle.
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Study limitations

In this study, Human Umbilical Vein Endothelial Cells (HUVECSs) were utilized as a model
for endocardial ECs to examine the effect of cytokine activation. Despite differences
between the two cell types, HUVECs are a general but reliable model to the study of TNF-
o-mediated activation of endocardial ECs. Indeed, HUVECs have been shown to be
responsive to physiological and/or pathological stimuli and to express thosewendothelial
markers and signaling molecules we sought to analyze here, i.e., ICAM<1, VCAM-1 and E-
selectin.®® Accordingly, under proper conditions, HUVECs may beceffectively employed in
advanced models to better understand the behavior of ECs in vivo. 'On the other hand,
further confirmation employing primary endocardial ECs<obtained from ventricular biopsy
in patients undergoing LVAD implantation, as well<as validation studies using platelets

from LVAD patients are warranted.

CONCLUSIONS

We provide new mechanistic insights'into the prothrombotic interaction of mechanical -
shear-mediated - stimulation’ of platelets with inflammatory activation of ECs. Our findings
demonstrate a synergy-of this,interaction in enhancing overall prothrombosis. Specifically,
our results provide evidence that EC activation, here cytokine-mediated, combine with
shear-mediated platelet activation to drive and sustain platelet adhesion to the inflamed
endothelium and further prothrombotic activity. Indeed, we demonstrate that, besides
being \completely adhesive for activated platelets, the inflammatory activated EC
environment contributes to a further increase in thrombin production by shear-activated
platelets. The conditions studied - both anatomically and functionally - might reflect in vivo
conditions in the cardiac ventricular apex of patients implanted with LVADs . As such, our
observations might offer new insight as to a possible additional contributory mechanism

operative in the pathogenesis of intraventricular LVAD thrombosis. Further, our findings
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underscore the importance of looking at LVAD and - in general mechanical circulatory
support - thrombosis as s “system” issue composed of many local, regional contributors,
beyond the “pump” alone. Our findings also open the potential for development of new
therapeutic strategies specifically targeting ventricular prothrombotic EC-platelet
interactions as a means of reducing the burden of life-threatening thrombotic complications
in LVAD patients. Future studies performing experiments with platelets”from LVAD
patients, and examination of explanted hearts to localize thrombus formation at the LVAD

inflow cannula-left ventricle interface are important next steps to validate inwvitro results.
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FIGURE CAPTIONS
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Figure 1. Prothrombinase activity (A), P-selectin_expression and phosphatidylserine
externalization (annexin V binding) (B) of platelets activated with increasing shear stress
magnitude as compared to basal values of\intact platelets (control). Data are reported as

mean * SD. *p<0.05; *p<0.001; **p<0.0005; ****p<0.0001.
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Flow Cytometry
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Figure 2: Expression of EC soluble (A) and surface’(B) activation markers following 24h
incubation with different concentrations_of\TNF-a (0, 1, 10 and 100 ng/mL). Data are

reported as mean + SD. * p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 3: Scanning electron microscopy images.acquired following 60 min of EC-platelet
incubation. (A) Intact platelets exposed to nonactivated ECs; (B) Shear-activated platelets
(70 dynes/cm?) exposed to nonactivated ECS; (C) Intact platelets exposed to 10 ng/mL
TNF-o activated ECs; (D) Intact platelets exposed to 100ng/mL TNF-a activated ECs; (E)
Shear-activated platelets (70.dynes/em?) exposed to 10 ng/mL TNF-a activated ECs; (F)

Shear-activated platelets (70 dynes/cm?) exposed to 100ng/mL TNF-a activated ECs.
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Figure 4. Platelet prothrombinase_activity mediated by the combined synergistic effect of
shear stress activation and EC inflammatory cytokine activation. 30P, 50P and 70P
indicate 30 dynes/cm? /50 dynes/cm?® and 70 dynes/cm?® shear-activated platelets,
respectively; ECs, 10ECs and 100ECs indicate nonactivated, 10 ng/mL and 100 ng/mL

TNF-a-activated*ECS, respectively. Data are reported as mean + SD. * p<0.05; ** p<0.001.
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Figure 5: Proposed schema of prothromboticvinteraction between inflamed ECs and
shear-activated platelets in the LVAD-implanted ventricle. (A) the LVAD-implanted
ventricle; (B) cross-sectional view_.of,.the LVAD-implanted ventricular apex: here, shear-
activated circulating platelets that follow secondary/peripheral blood flow not entering the
LVAD inflow cannula accumulate’and get trapped, facing with (C) inflammatory activated
endocardial endothelial, cells (ECs), with associated integrin-mediated platelet adherence

and apposition on the LVAD inflow cannula.
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TABLES

Table 1. Endothelial Cell (EC) expression of avp3 integrin as modulated by shear-
mediated platelet activation (50 and 70 dynes/cm® and TNF-o. EC inflammatory

activation (10 and 100 ng/mL TNF-a)

ECs+nP ECs+50P ECs+70P p-value

avp3 positive cells (%) 22.73+2.44 8.70+0.84 5.70+£0.28 <0.0001
10ECs+nP 10ECs+50P 10ECs+70P p-value

avp3 positive cells (%)  18.08+2.01 9.05+1.20 9.77+£1.21 0.0006

100ECs+nP  100ECs+50P 100ECs+70P p-value

avp3 positive cells (%) 26.55+5.54 5.73£1.05 4.10+2.26 0.0004

ECs: nonactivated ECs; nP: nonactivated platelets; 50P: 50 dynes/cm®-activated
platelets; 70P: 70dynes/cm?®-activated platelets; 10ECs: ECs activated with 10ng/mL

TNF-a; 100ECs: ECs activated with 100ng/mL TNF-a..
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