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Abstract

Ventricular assist devices (VADs), the most prominsolution for the treatment of heart
failure (HF), are still burdened with several pomsplant complications, such as pump failure,
infections or thrombotic events. Among these, ttet are largely due to the interaction
between VADs and blood, requiring a challengingegmation of technical, clinical and
biological expertises to be solved. Increased sistasses are a hallmark of the flow
conditions in blood recirculating devices, and @atis implanted with such devices require
lifelong anti-thrombotic therapies to counteraa thgh risk of thromboembolism.

Although antiplatelet agents have proven their atifeness as biochemical inhibitors of
platelet activation, their behavior under sheaessy i.e. in response to physical forces
encountered when the blood flows through VADs, Itesen only marginally investigated.

In the present dissertation, cutting-edge bioeraging techniques are employed to
investigate the ability of pharmacological treattseto reduce VADs thrombogenicity after
exposure to complex dynamic shear stress profilag. studies involve a methodology,
developed in the last decade, which integrate cexphumerical and experimental
approachesn silico andin vitro, allowing a comprehensive investigation of dewviekted
platelet activation. Platelet activity state in Isumonditions was monitored using a specific
prothrombinase assay, the PAS assay. Differentplatgiet drugs that are commonly
administered to VADs patients were tested, bothviddally and in combination, and
quantitatively compared. Results suggest that slralgs are only partially able to protect
platelets from the activation effects exerted bysital forces acting within cardiac assist
devices.

New mechanisms of action were also studied as Ipleskiture solutions to overcome
the limitations associated with current therapf@sr studies indicate that a paradigm shift is
required in the development of new antiplateletgdréor the treatment of shear-mediated
platelet activation. In particular, the discovefynew agents able to affect platelet membrane
fluidity might reduce the need for high-impact #mibmbotic therapies, offering an effective

protection to platelets when exposed to high skiass conditions.
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1.1 Background

Heart Failure (HF) is having a growing diffusiontime world and can be considered one of
the most serious public health burden of th& @ntury. It affects nearly 5.8 million people
in the United States and over 23 million worldw{dléu et al., 2014). HF is accompanied by
increasing clinical costs and a need for devicés t@brestore the correct function of the heart.
So far, heart transplant represent the most pramis@ution for the treatment of HF (Roger
et al., 2012). However, the paucity of heart doncospared to the large need of heart
replacement, have brought to the development of blead recirculating devices. The latter
include mechanical circulatory support (MCS) impé&arsuch as ventricular assist devices
(VADs) and total artificial hearts (TAHs) (Maclnget al., 2000; Konstam MA, 2000).

The implementation of MCS devices nowadays repteseprominent technological solution
for the treatment of HF, requiring a challengingegration of technical, clinical and
biological expertises. In this scenario, bioengiagsday a key role in the attempt of matching
the requirement of clinicians, who call for new dretter performing devices able to allow
the treatment of HF, and the economic dynamicschvktill register extremely high costs for
the development or the optimization of such devié¥sspite enormous investment of both
human and financial resources for the realizatioM©S devices, the latter are still burdened
with several complications such as recurrent puhtpmbosis, stroke or thromboembolic
events, which still have been only marginally stad{Slaughter et al., 2010; Gregoric ID,
2012; Kirklin et al., 2013). These adverse evemgslargely due to the interaction between
these devices and the blood. This aspect is oftatetd with a mostly empirical approach by
the MCS manufacturers, who use different methodetodor the characterization of the
technological performances of the devices (CFD ktans) or the investigation of their
effect on the biological environment in which thaye meant to operaten(vitro campaign,
animal models). It appears clear that a compretieregpproach should rather be pursued,
involving a combination of technical and biologiedforts interacting with each other to give
birth to better devices, capable of restoring tbiemal blood flow in the body without having
an excessive impact on the biological structures.

In order to achieve this goal, in the first phasel@evelopment of new devices, CFD
simulations of the interaction between blood caustits, flow fields, and blood-contacting
surfaces should be performed to characterize theeake thrombogenicity (Bluestein et al.,
2010; Goodman et al., 2005; Xenos et al., 2010)refgher, in an ideal methodological

setting, such computational approaches should tegrated with methods able to reproduce
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in vitro the fluid dynamic conditions encounter@d vivo. The need to investigate the
thrombogenicity of cardiac assist devices using toeimbined approach has led to the creation
of the Device Thrombogenicity Emulator (DTE), a hwt developed by Stony Brook
University (Prof. Danny Bluestein) in collaboratiavith the University of Arizona (Prof.
Marvin J. Slepian). This technology facilitates iopzation of devices performing firsn
silico analysis in the modeling domain (in which virtai@sign modifications are examined),
followed by experimental emulation of the deviceedfpc stress loading histories
(waveforms)in vitro using the hemodynamic shearing device (HSD). &kterl consists of a
computer controlled cone-and-plate viscometer \lhth capability of exposing platelets to
highly-controlled dynamic shear stress patternsdi@ir et al., 2008). The DTE, coupled with
the platelet activity state (PAS) assay (Jesty.e1899) that allows to determine a one-to-one
relation between thrombin formation and plateldivity state, became an extremely robust
tool to assess the thrombogenicity of differentdir devices. Several studies combining
experimental and predictive approaches have beaducted based on the DTE method
(Nobili et al., 2008; Sheriff J, Bluestein D et,&010; Sheriff et al., 2013; Girdhar et al.,
2012).

This methodology can be also used to assess ilitg abantiplatelet agents to inhibit
platelet activation after exposure to shear stpessles, such as the ones encountered within
VADs. Up to now, only a few studies in the liten@docused on this research topic (Moake
et al., 1988; Sheriff et al., 2014; Minami et 4B97; Tomizawa et al., 2013).

This approach would allow to define new stratedias the inhibition of shear-
mediated platelet activation, paving the road talsdhe development of more effective anti-

thrombotic pharmacological agents.



1.2 Aims of the thesis

The DTE methodology allows investigating the effetseveral chemical agents on platelets
using a platform (HSD) able to reproduce with Hiiglelity the shear stress profiles that blood
encounters within VADs. With this approach, shartidong term aims could be achieved
with the goal of discovering new feasible solutidosreduce the burden of antithrombotic
therapies, that are up to now essential for adafieal use of MCS devices.

In the present thesis a detailed investigationeidgpmed to assess the ability of traditional
and unconventional antiplatelet treatments to ptgiéatelet from shear-mediated activation.
In this context, one of the short term aims isefst the major antiplatelet agents nowadays on
the market, thus allowing to determine whether atrthey are able to provide protection to
platelets exposed to shear stress profiles. Moresee study the ability of an unconventional
chemical agent, the dimethyl sulfoxide (DMSO), fteoa protection from shear-mediated
activation by acting on platelet membrane. Thieaffmay offer a paradigm shift in the
development of new drugs for the treatment of pgatctivation.

The long term aim of this study is thus to deteemihe major triggers involved in
shear-mediated platelet activation. This discowvenyld lead to define better therapies able to
face the burden of massive antithrombotic reginreseciated with MCS implants.

Finally, to extend the possible clinical use of P&sSay in detecting platelet activation
state, we performed a set of pilot studies inv@uits use bothn vitro with whole blood or

purified platelets anth vivo with animal models.

The aims described above will be pursued by thdementation of specific goals achieved
using a variety of experimental tools. These speaims are broken down as follows:

Aim 1. To determine the degree of platelet activationeeigmced by platelets exposed to
defined high (“hotspot”) and low dynamic shear séravaveforms extracted from CFD
simulations within the DeBakey VAD.

Aim 2. To examine the ability of current anti-plateleeats to limit the activation of platelets
exposed to both constant and dynamic stress loadged from the shear profiles of the
DeBakey VAD.



Aim 3. To verify the capacity of DMSO to inhibit platelectivation, an effect that we
hypothesized owing the DMSO’s property of enhanamgmbrane fluidity, thus allowing
platelets to better face shear stress profileb@asies encountered within VADs.

Aim 4. To validate the PAS assay as method to deteatletadctivation, in order to use the

assay in further diagnostic devices able to momulatelet activity state of MCS patients.

1.3 Outline of the thesis

The thesis is focused on three main aspects astcuistured as follows:

Chapter 2 describes the state of the art regardeagt failure treatments. Moreover, MCS
devices and the historical evolution of methodstfe assessment of their thrombogenicity
will be discussed, as well as the major mechanisfaction that characterize antiplatelet

therapies.

In Chapter 3, the ability of several antiplatelgéts to provide a protective effect over shear-
mediated platelet activation is investigated. Redifplatelets pre-incubated with drugs are
exposed to both constant and dynamic shear strefilep via HSD. The effect of drugs on
platelet activation is monitored using a chemicsay already described in literature, the PAS
Assay (Jesty et al., 1999).

Chapter 4 analyzes the effect of different conaiain of DMSO on shear-mediated platelet
activation. The ability of DMSO to increase platateembrane fluidity and to protect platelets
from shear stress exposure is investigated usig tte HSD and the syringe-capillary
shearing device (SCSD). The latter consists in -agmtrolled syringe pump coupled to a
series of capillaries with defined geometries ablesubject platelets to hyper shear stress
conditions (> 70 dyne/cfj not achievable with the HSD. Even during thegeeements, the
platelet activity state of samples pre-treated idMSO and exposed to shear is assessed

using the PAS assay.

Chapter 5 reports two pilot studies conducted tmlate the PAS assay as possible diagnostic
method for platelet activation related to MCS desic



The first study consists of am vitro investigation of two VADs (Debakey VAD and
HeartAssist 5) in appropriate bench loops, usint lyel-filtered platelets (GFP) and whole
blood (WB) as experimental fluids.

HAGS is further investigated with an vivo campaign on calves, where the VAD is implanted
and its effect on platelet activation monitoredngsPAS assay for a total of 2 hours after the

implant.

In the last Chapter, a general discussion of the &ksertation and the conclusive remarks

are presented.

The work described in this dissertation arises framintense collaboration between the
Biomechanics Group of Politecnico di Milano (Mildtagly) and the Bioengineering Group of

the University of Arizona (Tucson, Arizona).






Background



2.1 Heart failure: pathophysiology, treatments andthe role of mechanical
circulatory support (MCS) devices

Heart failure (HF) is typically a chronic diseaggnerally characterized by a progressive
deterioration occurring over a period of years @ere decades. Due to its increasing
incidence, nowadays HF is a large public healtldénr It affects nearly 5.8 million people in
the United States and over 23 million worldwidegréby representing a new epidemic of
cardiovascular disease (Liu et al., 2014). Whendd€urs, the heart cannot pump enough
blood to meet the body's needs. It can be the @ittser that the heart cannot fill with enough
blood, that it does not have adequate force to phlopd to the rest of the body, or both of
them. A schematic description of HF pathophysioleggescribed in Table 2.1 (Dickstein et
al, 2008).

The leading causes of heart failure are diseas#gsasicoronary heart disease (CHD),

high blood pressure and diabetes.

Heart failure is a clinical syndrome in which patients have the following features

» Symptoms of heart failure

(breathlessness at rest or on exercise, fatigeelrngss, ankle swelling)
and

« Signs of heart failure

(tachycardia, tachypnoea, pulmonary rales, pleaffsion, raised jugular venou

[%2)

pressure, peripheral oedema, hepatomegaly)

and
* Objective evidence of a structural or functional almormality of the heart at rest
(cardiomegaly, third heart sound, cardiac murmuehnormality on the

echocardiogram, raised natriuretic peptide conagéoir)

Table 2.1. Definition of Heart Failure (Dickstein et al, 2008

As the heart's pumping action grows weaker, heattire becomes more severe. This
condition can affect one side of the heart only ttwe majority of the cases involve both
sides. Right-side heart failure occurs if the heart't pump enough blood to the lungs to pick
up oxygen. On the other hand, left-side heart failbappens when the heart can't pump
enough oxygen-rich blood to the rest of the bodye Thost common causes of functional
deterioration of the heart are damage or loss afth@uscle, acute or chronic ischemia,

increased vascular resistance with hypertensiorth@rdevelopment of a tachyarrhythmia
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such as atrial fibrillation (AF) (Kannel MWB, 2000f0 far the most common cause of
myocardial disease is CHD, being the trigger patplin almost 70% of patients with HF.

Valve disease accounts for 10% and cardiomyopatbreanother 10%. The remaining 10%
is due to the effect of drugs or nutritional dissgsas well as endocrine dysfunctions.
(Dickstein et al, 2008).

The purpose of diagnosing and treating HF is ntiemint from any other medical
condition, namely to reduce mortality and morbidiBue to the dramatic outcomes of this
pathology, particular emphasis has been put onetidspoint in clinical trials. However, for
many patients, the desire to maximize the duratiolife is as much important as the ability
to lead an independent life, free from excessivaipleasant symptoms and with low re-
admission to hospital. Prevention of heart diseaseayell as the ability of correctly manage
its progression, remains an essential part of memagt. Figure 2.1 (Dickstein et al, 2008)
provides a treatment strategy for the use of dargs devices in patients with symptomatic

HF and systolic dysfunction.

| Symptomatic Heart Failure + Reduced Ejection Fraction

l

Diuretic + ACEI (or ARB)
Titrate to clinical stability

B-Blocker

Persisting signs
and symptoms?

Detect Co-morbidities
and Precipitating Factors
Non-cardiovascular
Anaemia

Pulmonary disease
Renal dysfunction
Thyroid dysfunction
Diabetes
Cardiovascular
Ischaemia/lCAD
Hypertension

Valvular dysfunction
Diastolic dysfunction
Atrial fibrillation
Ventricular dysrhythmias
Bradycardia

LVEF <35%>
<,|'>

Consider: Consider: digoxin, . No further treatment
CRT-P or CRT-D hydralazine/nitrate, LVAD, Cansiger1CD indicated
transplantation

Figure 2.1. A treatment algorithm for patients with symptorodieart failure and reduced ejection fraction (Siekn et al.,
2008).
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In recent years, studies have demonstrated a isgnif potential for improved clinical
outcomes in treatments with medical therapies ochaeical cardiac devices (Macintyre et
al., 2000; Konstam MA, 2000). The possibility ofntoining drugs and mechanical devices
has increased the survival rates and the clinigidames of patents previously suffering from
severe debilitating medical conditions (Simon et2008).

Pharmacological therapies include drugs that aietlgtpalliative and can foreshorten
life like outpatient intravenous inotropic agent$is therapy should be reserved for those
patients who have a reproducible and marked impnev in symptoms after introducing this
drugs. Besides pharmacological treatments, hearisptantation remains the definitive
solution for advanced and refractory HF. Howevearh transplantation remains challenged
by inadequate donor supply, finite graft survivand long-term complications of
immunosuppressive therapy. Thus, there is a neethéoe refined and durable mechanical
circulatory support (MCS) options. The recent depeient of smaller, more durable, and
safer ventricular assist devices (VADs) has enal&dS to emerge as a practical and
effective form of therapy, either until heart trptstation can be performed (as bridge to
transplantation [BTT]) or increasingly as an altgive to transplantation as Destination
Therapy (DT) (Slaughter et al., 2009; Sheikh et 2011). In particular, in Figure 2.2 is
reported a flow chart developed for helping cliais to decide which type of device to use

based on patient’ clinical conditions (Peura et2012).

I Advanced Heart Failure |
Listed for OHTx Ineligible for OHTx
| | Acute Cardiogenic Shock I gﬂ |
N Unknown OHTx Status W
\\ l 1ABP, ECMO ,l
AN Abiomed ABS000, BYS5000 /
“ Thoratec pVAD, CentriMag /
N\ TandemHeart, Impella

| Short Term Mechanical ,'

Circulatory Support

Abiomed AB5000, BVS5000

Thoratec pVAD, IVAD 4 BTD Bl
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Figure 2.2. Device selection flow chart. OHTx indicates ortht heart transplantation; IABP, intraaortic baligpump;
ECMO, extracorporeal membrane oxygenation; pVAD, aPamporeal Ventricular Assist Device; BTT, bridge to
transplantation; DT, destination therapy; and BTide to decision (Peura et al., 2012).
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Among MCS devices, Total Artificial Heart (TAH) waeveloped during the last 60 years in
order to replace the entire cardiac structure enttbatment of severe heart failure that cannot
be partially restored with the use of simple VAO#$e early development efforts and first
reports of successful use of a TAH in animal steigvere by Akutsu and Kolff in the 1950s at
the Cleveland Clinic (Nosé Y., 2008).

At the University of Utah, Kolff worked with a teaon what became the Jarvik-7 TAH; in
1982, the device was first used as permanent @istmtherapy when DeVries implanted the
Artificial Heart in Barney Clark (DeVries et al.984), a retired dentist who survived 112
days with the device. Subsequent permanent TAHaniplprovided support for up to 620
days. To increase the reliability of the Jarviketat artificial heart, The Utah-100 total
artificial heart was designed. This device achiebetier fit and minimized device associated
thrombus formation. The Utah-100 heart was tesyeliboshita and colleagues in 28 calves
and 3 sheep. The smallest animal at the time ofamgation weighted 54 kg. Mean survival
duration was 78 days (1-331 days), with 14 animsalyiving longer than 60 days. Multiple
organ function was maintained in normal range aeadnmmplasma free hemoglobin values in
the calves that survived longer than 100 days Vessethan 10 mg/dl.

Despite the ability of the TAH to provide long-tersupport, the adverse events and
compromised quality of life that patients expergshevhile on device soon redirected the use
of the TAH to bridge patients to heart transplather than as destination therapy. The first
use of the Jarvik-7 model TAH as BTT was perforrbgdCopeland in 1985 (Copeland et al.,
1989). A pneumatic TAH developed at Penn State alss implanted shortly afterward in
two patients as BTT (Magovern et al., 1986). Sib@85, the Jarvik-7 TAH has been renamed
the SynCardia temporary TAH. The latter becameotilg FDA-approved TAH in the world
and has been implanted more than 1100 times (Slepial., 2013).

It appears clear as despite their efficacy, MCSiadsvremain plagued by post-
implantation limitations including pump thrombosihromboembolic complications and
stroke (Slaughter et al., 2010). In fact, contiru@nticoagulative therapy is necessary for
both surgically and percutaneously placed MCS dsyitiowever, for surgically implanted
devices, there is usually a delay before startihg anticoagulation, due to risk of
postoperative bleeding. This can result in throngokthe device, cardiac chambers, or aorta
(Gregoric ID, 2012).

In the 2013 INTERMACS report, 70% of patients imp&d with a VAD had
experienced some complication within the first yeaimplantation (Kirklin et al., 2013).

Furthermore, Starling et al. outline a rising ratehrombosis with the HeartMate 11 (HMII),
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with low levels prior to 2011 and a significant iease of devices related failure of the
implant from that point to date (Starling et aD12).

The high incidence of thromboembolic events in Md&vices occurs largely due to
non-physiological flow past constricted geometneghin a device, where platelets, the
principal cellular clotting elements in blood, &eposed to rapid high shear stress spikes and
exposure times (Alemu et al., 2007). Under non-jahggical conditions of flow through
VADs, platelets are exposed to varying shear stessds, turbulent stresses, longer residence
times in pathological flow regions (“hot-spots™s avell as repeated passages through the
device that may precipitate activation, aggregatiand free emboli formation. The
investigation of these flow patterns inside the idewv results mandatory to evaluate the
performances of different cardiac mechanical treatisiand to find possible solution to their

drawbacks.
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2.2 Thrombosis: the Virchow's triad

Thrombosis is the major pathology derived from hstasis. In thrombosis, a pathological
clot, due to abnormal coagulation reactions, unodiably enlarges and occludes the lumen
of a blood vessel (Kyrle et al., 2009). In 1856 dBIfi Virchow postulated that injury to the
vessel wall, hypercoagulability of the blood and@imalities in blood flow are the three

factors that influence thrombus formation (Figurg)2

Endothelial
injury

|

<
| Thrombosis
A

/ N

Abnormal Hypercoagulability

bloodflow -~

Figure 2.3.The Virchow's triad (Golan et al., 2011).

Endothelial injury is the main cause of thrombusnfation in the heart and the arterial
circulation (Wu et al., 1996). There are many passcauses of endothelial injury, including
changes in shear stress associated with hyperter@icturbulent flow, hyperlipidemia,
elevated blood glucose in diabetes mellitus, traiomaascular injury, and some infections
(Gaxiola E., 2012). Endothelial injury predispo#ies vascular lumen to thrombus formation.
This phenomenon can happen through three diffgremses. First, platelet activators, such as
exposed sub-endothelial collagen, promote platadéesion to the injured site. Second, the
exposure on injured endothelium of thromboplastiprotein present in subendothelial tissue,
initiates the coagulation cascade. Third, natunéittrombotic agents, such as t-PA and PGl
become depleted at the site of vascular injury bseathese mechanisms rely on the
functioning of an intact endothelial cell layer (&o et al., 2011). This lack of antithrombotic
agents, combined with platelet activation at th@red site lead to formation of vascular
thrombi that eventually generate a severe cardiftooogy.

Hypercoagulability is generally less important thendothelial injury in predisposing
to thrombosis, but this condition can be anothepartant factor in some patients.

Hypercoagulability refers to an abnormally heigle@ncoagulation response to vascular
14



injury, resulting from either: primary (genetic) s&condary (acquired) disorders. The genetic
form of this disorder affects people born with treghological tendency to form blood clots.
Those hereditary conditions include: Factor V Laid#dhe most common), prothrombin gene
mutation, deficiencies of natural proteins thatvpré clotting (such as antithrombin, protein
C and protein S), elevated levels of homocysteielevated levels of fibrinogen or
dysfunctional fibrinogen (dysfibrinogenemia), el levels of factor VIII (still being
investigated as an inherited condition) and othetdrs including factor IX and XI (Wolberg
et al., 2012). On the other hand, acquired conustiare usually a result of surgery, trauma,
medications or a medical condition that increadas tisk of hypercoagulable states.
Conditions that would lead to acquired disordees eancer, recent trauma or surgery, central
venous catheter placement, obesity, pregnancy, lsmeptal estrogen use, hormone
replacement therapy, prolonged bed rest or immgphieart attack, congestive heart failure,
heparin-induced thrombocytopenia (Schafer Al, 1985)

Abnormal blood flow refers to non-physiological iludynamic conditions in the
vessels. Such conditions include pathological skasses that can occur also in presence of
laminar flow. Nonetheless, atherosclerotic plagassyvell as bifurcations of blood vessels,
can create areas of turbulent flow. Non-physiolabilow can also create local pockets where
stasis of fluid occurs. Local stasis can resultmfrformation of an aneurysm (a focal out-
pouching of a vessel or a cardiac chamber), dthallation and from myocardial infarction.

In the latter condition, a region of non-contraeijinfarcted) myocardium serves as a favored
site for stasis (Golan et al., 2011). Disruption miysiological blood flow promotes
thrombosis by several major mechanisms. In theepes of laminar blood flow and
pathological shear stresses, platelets are pusheatds the vessel wall, where they can be
activated, promoting thrombi formation (Du et &014). On the contrary, stasis associated
with low shear stress inhibits the flow of freslodd into the vascular bed, so that activated
coagulation factors in the region are not removediloted. Abnormal blood flow may also
promote endothelial cell activation, which leadsatprothrombotic state (Zhao et al., 2007).
As described in the previous paragraph, one otrdement of HF is the use of mechanical
circulatory support devices as Intra-Aortic Ballddamps (IABP) or VADs. Because of their
intrinsic mechanisms of action, these devices ereamines of non-physiological flow
conditions. Coagulation in the setting of artificidevices involves three areas of
interdependence: the blood (platelets, the coagulaascade, fibrinolysis), the flow over the
material, and the blood-contacting material (Kornetsal., 2012). Flow fields and shear

stresses in VADs vary dramatically among differgqies of pumps and even in different
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regions within the same pump. High-shear regiona pump may become problematic as
passing platelets are transiently activated bystiear. Moreover, areas of recirculation in a
pump may trap platelets, increasing their exposime to the artificial surface while also
increasing the local concentrations of agonistsas#d from previously adhering platelets.
Hemocompatibility has always been a goal in pumggite along with efforts to maximize
blood flow without clinically significant hemolysisareas of stasis, turbulent flow, or
retrograde flow (Eckman et al., 2012). Nonethel#ss,problem of VAD-related thrombosis
remains a burden in the HF treatment. Recent "wad®trying to overcome the limitations of
the actual devices in an attempt to ideally redtie®@r thrombogenicity and the need of
concomitant antithrombotic pharmacotherapy thadate are essential for a safe clinical use
of VADs (Girdhar et al., 2012).
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2.3 The DTE: a novel methodology to investigate ththrombotic effect of
different cardiac devices

The development of tools for predicting thrombusrfationin silico during the design of
medical devices have been helped by the recentnadsain computing power and
mathematical modeling (Bluestein et al., 2010; Goad et al., 2005). Complex simulation of
interaction between blood constituents, flow fieldsd blood-contacting surfaces involves a
balanced effort to improve both the accuracy of themerical simulations and the
experimental methods necessary for providing imalies and validating outcomes (Xenos et
al., 2010). The success of such a tool may greatlyce the cost of developing a VAD while
possibly improving the performance of the devicADvdesign typically consists of a trial-
and-error methodology to reduce the thrombogenioitythe pump; often many design
generations are necessary because of the contirisesvery of unforeseen thrombogenic
areas. This upgrade of devices’ design needs cotisecound of testing, driving up the cost
of the product. Even after multiple design iteraiand expensive preclinical animal testing,
clinical trials free of thrombotic events are nasered (Goldstein et al., 2003). As discussed
previously, progress in VAD CFD research has helpmdelucidate some of the non-
physiologic flow fields present in mechanical vavand rotating impellers (Alemu et al.,
2010); if these results are combined with expertaletieterminations of protein and platelet
interactions with given materials, it may be poksito define relationship between the
flowing blood and the VAD characteristics. In tlastl decades, researchers from Stony Brook
University (Prof. D. Bluestein), in collaborationitiv the bioengineering group of the
University of Arizona (Prof. M.J. Slepian) have diped a thrombogenicity predictive
technology (Device Thrombogenicity Emulator, DTE)r foptimizing the thrombogenic
performance of blood recirculating devices, with thtimate goal of eliminating the need for
life-long anticoagulation therapies. The rationaéhind this methodology will be utilized as a
tool to design better devices. It offers a paradginit, by integrating cutting-edge numerical
and experimental approachessilico andin vitro (Jesty et al., 2003). The possibility to
finally attest the behavior of the results prediatevitro with in vivo animal study will better
certify the effectiveness of the utilized approachrecent years some manufacturers started
employing CFD to optimize their device designs. &itiveless, those research efforts are still
focused on improved hydrodynamics anticipated ttuce thrombogenicity with no direct
correlation to coagulation markers. The DTE methaghp bridges this gap by integrating the

pertinent hemodynamics with the corresponding thogenic markers, facilitating for the
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first time an actual optimization of the thrombomgeperformance (Girdhar et al., 2012;
Bluestein et al., 2010).

The optimization process is performed primarilythe modeling domain, which is
interfaced to a universal experimental system,(device independent) that starts from
numerical simulations of blood flow in the devicedareplicates the device hemodynamics
with great accuracy. After testing the differentnfigurations, measures regarding the
resulting thrombogenic potential vitro before and after iterative design modificationd wi
permit to optimize the thrombogenic performanceaupflated VADs. Specifically, the DTE
method combines stress loading waveforms extrafcted the numerical flow modeling, a
computer-controlled hemodynamics-emulating deviagseld on a viscometer concept
(Hemodynamic Shearing Device, HSD) (Girdhar et2008), and a specific Platelet Activity
State (PAS) assay (Jesty et al., 1999) Both the HI&IDPAS assay will be described in this
and the next chapters.

With this approach it is possible to use this infation to design out the “hotspots”
predicted in the model, optimizing the punmmpsilico for a fraction of the cost of previous
design methods. The further possibility of usingc@mputer-controlled viscometer to
reproducan vitro the shearing profiles extracted from the numestalulation allows to test
specific flow conditions, as well as antiplateladeats in an attempt to systematically
investigate their effectiveness. This area of neseeesults vital to limit adverse events after
implant of the devices, thus improving outcomes quadlity of life for VAD patients, as the

technology continues to evolve bringing new sohidor the treatment of HF.
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2.4 Characterization of shear-mediated platelet astation

2.4.1 Platelet morphology, production and structure

Resting platelets are discoid enucleate cells amdk la smooth, rippled surface with an
average diameter of 2 - 4 um. Normal platelet caosinh the range 150000 — 350000 pl/ul
and they have a life span of approximately 8-10sdé@eorge JN, 2000; Bautista et al.,
1984). Platelets are derived from the fragmentatibmegakaryocytes’ cytoplasm, which in
turn undergo a process of differentiation from tlaemopoietic stem cell in the bone marrow.
Platelet production is under the control of humagénts such as thrombopoietin.

The outermost layer of the platelet (the glycocalix a surface coat made up of
glycoproteins (GP) (McEver RP, 1990). This layeaysl a very important role in platelet
function, including adhesion and aggregation, dng t contributes to hemostasis. There are
several receptors on this glycoprotein layer, whluhd to different adhesive agents,
aggregating agents, inhibitors and procoagulanbfac These include the selectins (such as
GMP 140, or P-selectin), the integrins (such asIGBP II, GP lll, GP IV, GP V), the
immunoglobulins and other receptors, such as tHoseadenosine diphosphate (ADP),
collagen, epinephrine or thrombin (Packham MA, 19%l these elements assist platelets
during the adhesion or aggregation process. In @etlb-llla contributes towards adhesion
to fibrin and the binding of fibrinogen that fatdie platelet—platelet interaction, while GPIb
is important in the attachment of platelets to Wdillebrand Factor (VWF) and the vascular
sub-endothelium. Furthermore, glycoprotein GPlafdlitates adhesion to collagen (Kainoh
et al., 1992).

Platelets intracellular organelles in the cytoplasegiude alphad) granules, electron
dense granules, the mitochondria, a dense tubyisters, peroxisomes and lysosomes.
Although a-granules are not entirely specific to plateletigse molecules store a variety of
proteins such as platelet factor 4 (a heparin amig, platelet-derived growth factor
(PDGF), beta thromboglobulin, fibrinogen, VWF, Bibectin and other clotting factors (White
et al., 1980). Some of these molecules are alsetsecby the endothelial cells (for example,
VWEF), or are already present in the plasma (filger. Platelet factor 4 has anti-heparin
activity and its binding to the specific sites datelets’ surface may modulate aggregation
and secretion induced by low level of platelet agtsn(Kamath et al., 2001). Finally, dense

platelet granules contain calcium, serotonin andeutides, such as adenosine diphosphate

19



(ADP). Among all molecules stored in platelet orgiées, the ones that can be considered

specific to platelets are the beta thromboglobulins

2.4.2 Platelet and Thromboembolism in MCS devicesfrom contact with artificial
surfaces to thrombus formation

Platelets, the primary cellular clotting elemem®lood, are vital to hemostasis and critical to
issues related to MCS device hemocompatibility. Taiger refers to the interaction of
prosthetic material with blood and can be measumeterms of impact on hematologic,
inflammatory, or immunologic parameters. Such eleisidnave been observed clinically as
significant for endothelial and coagulation systeafter VADs implantation (Eckman et al.,
2012). The interaction of platelets with the vessalls and its subsequent contribution to
thrombosis is of pivotal importance in the etiolagyd pathogenesis of peripheral, coronary,
cerebrovascular or other vascular diseases (Dasl.,eR007). In the case of contact with
artificial surfaces, as within VADs, platelet adioesand activation are even emphasized. The
increasing realization that inappropriate platalgtvation plays a prime role in the increasing
heart diseases led to several studies regarditglgtiactivation and the relationship between
this phenomenon and thrombus formation (Fitzgeealdl., 1986). At the moment of VADs
implant, the first hemostatic reaction, in case \dscular endothelial damage, is
vasoconstriction. Thereafter, platelets come inttioa and the coagulation system is
activated. Through disruption of the endotheliglelaof the vessel wall, tissue factors are
exposed, initiating the coagulation cascade (Saeagd, 1998). In the presence of artificial
surfaces, as within VADs, platelets form a thin wiayer over the material which help the
release of chemical factors stored in plateletsh sas ADP, C#, serotonin ang-TG. This
monolayer serves as a base for thrombin generatioh platelet aggregation. Such micro
aggregates attract more activated platelets by essprg negative charged membrane
phospholipids (Nieswandt et al., 2011). This pheaoom speeds up the coagulation cascade
which would lead to thrombus formation by incregskactor Xa activation and converting
prothrombin into thrombin (Wu et al., 1994). In fa@dhered platelets undergo shape change,
form podocytes, and start to secrete thromboxan€TRAA,). Platelet activation promotes
alteration of the membrane makeup, with exposurphaisphatidylserine (PS) on the outer
leaflet of the membrane, being of particular impode to driving the pro-coagulant reactions.
Platelet activation also results in a conformatiamange in integrimllibp3, which then binds
fibrinogen and contributes to the formation of plat aggregates (Shattil et al., 1985). The
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final step in the thrombus formation is represerigdhe thrombin-mediated conversion of
fibrinogen in fibrin, whose polymerized form repeass the majority of the clot structure. It is
therefore clear that platelet activation resultsrfra cascade of events, which begins with the
binding of an agonist to its receptor and ends \pitiielet shape change, aggregation, and

secretion (Mazepa et al., 2013).

2.4.3 Response of platelets to different shear sg®conditions:in vitro studies

Within MCS devices, the most relevant mechanicalngsi to platelet-mediated thrombosis
formation is represented by fluid mechanical sksti@ss. In fact, the latter plays a synergistic
role with other agonists in platelet activation aisdalways present in circulation. In
physiological conditions, the shear stresses rehahéhe vessel wall range from 1 dynefcm
in veins to approximately 30 dyne/€in large arteries. Higher level of stress is apphed in
arterioles (60 dyne/cfjy reaching 380 dyne/chin stenotic vessels. Even though physiologic
low shear stresses (2 — 3 dynefrdp not significantly activate platelets, higheagnitude as
well as longer duration of the shear stress may tea detectable level of platelets activation
(Ku DN, 1997; Sheriff J, 2010).

Early bio-rheological studies focused on stressat$fon measures of platelet function.
Subsequent studies instead have elucidated basicamiems of platelet activation and have
shown that platelets follow very different biocheali pathways at elevated shear stresses
compared to a low shear stress environment (Hellln4.994; Kroll et al., 1996).

In 1975, within a research program created withgbal of developing a new atrtificial
heart, Brown and colleagues first reported thectlie¢fect of shear stress on platelets in a
cone-plate viscometer (Brown et al., 1975). Theggeements were undertaken with the
hypothesis that shear stress generated by intiacadévices leads to mechanical platelet
damage. These investigators observed that paticoleggls of shear stress (> 50 dynesjcm
applied to platelet-rich plasma (PRP) induced ckanig platelet morphology, along with
secretion and aggregation. The cause of these ebavas although uncertain, as well as lysis
observed was minimal at shear stresses below 2%8sthn.

The rising awareness that platelet adhesive pragedsr flow is tightly regulated by multiple
ligand-receptor interactions has encouraged thetuspifluorescence and Scanning Electron
Microscopy (SEM) to evaluated the real-time changesplatelet morphology under

physiological high shear flow in a perfusion chamfd@wahara et al., 2002). Kuwahara and
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co-workers tested washed platelets resuspendedEPERS buffer (137 mmol/L NaCl, 2.7
mmol/L KCI, 1 mmol/L MgC}, 3 mmol/L NaHPOy, 5.5 mmol/L glucose, 0.35% albumin,
and 3.5 mmol/L HEPES, pH 7.2) containing 5 pmolfLaocytoplasmic marker: calcein
acetoxymethyl (AM). The actual working fluid usedrithg the experiments was reconstituted
blood, consisting in platelets resuspended in HERWr, washed erythrocytes and Ca(l
mmol/L). The inclusion of red blood cells in theoastituted blood was due to the fact that
they are the main suppliers of phosphatidylserxmesing membranes needed for
coagulation resulting in fibrin formation. The wargi fluid was thus aspirated through the
chamber by a syringe pump at a constant flow rat@285 ml/min, producing a wall shear
rate of 1500 S at 37°C in a thermostatic air bath. The authomsthat platelets exposed to
physiological rapid blood flow changes dynamicatpdify their shape at distinct phases of
the adhesive process to complete successful thrpemesis.

The importance of testing whole blood compared &shved platelet solution has been
highlighted by Lu and colleagues. The authors caoethbthe sensitivity of human and bovine
platelet to shear stress stimulation using multgégelet activation markers (Lu et al., 2013).
A cone-plate rheometer was used to test fresh wloted samples at shear stresses up to 400
dynes/crf for 2 min. Platelet markers used to assess tionse of the biological samples to
shear were platelet counts, platelet surface Rtselexpression and serotonin release into
blood plasma. The results indicated that exposarshear stresses above 200 dyneS/cm
caused significant changes in all three plateletkera for human blood. In contrast, for
bovine blood, the markers did not change with slst@ass stimulation except for plasma
serotonin in heparin anticoagulated blood. Thesdirigs suggest that bovine blood is more
resistant to shear-mediated platelet activations Thifference should be taken into account
because understanding and correlating the intelespéifferences of platelet reactivity may
be crucial in optimizing the design of MCS devibeshin vitro andin vivo.

In the literature, it was shown that more recentligs combined predictive and experimental
approaches. Jesty et al., (1999) developed anlamztyprothrombin-based assay where the
platelet activation state (PAS) was calculated o rate of thrombin generation (formerly
known as PF3 activity). Bluestein and colleaguesfggmed several studies using vitro
VAD loops or a modified cone-plate viscometer in attempt to address the lack of
information regarding the correlation between slsti@ss profiles and correspondent level of
platelet activation (Jesty et al., 2003; Nobiliaét 2008; Sheriff J, Bluestein D et al., 2010).
Human platelets were circulated in flow loops comtey a variable length of 0.97 mm PTFE

tubing (Small Parts Inc, Miami Lakes, FL) to minsienotic flow conditions. The exposure to
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shear stress within the loops was adjusted by ew#gntly varying flow rate, viscosity, and
time of exposure to shear. The results showed ttatstenotic conditions dramatically
increased the level of platelet activation compawéti the non-stenotic control. The level of
platelet sensitivity compared with different shetress conditions was instead investigated
using a cone-plate viscometer. In the study of Nabial. (2008), platelets were uniformly
exposed to flow shear representing the lower enth@ftress levels encountered in devices,
and platelet activity state (PAS) was measuredeBponse to six dynamic triangular and
square shear stress waveforms representing repel@dpassages through a device. PAS
results was then correlated to predictions extetpdl from a damage accumulation model.
Experimental results demonstrated an increase i ®RAen the “relaxation” time between
pulses was decreased, showing a good agreementhgittnodel predictions. Finally, most
recent studies performed by Sheriff and co-workenge investigated the behavior of platelets
after higher level of shear stress exposure (Sh&riBluestein D et al., 2010; Sheriff et al.,
2013). In their protocols, purified platelets wepgposed to short periods (5 — 40 s) of high-
shear stress (up to 70 dynefgnand then exposed to longer periods (15 — 60 wiripw
shear. Their activation state was measured usidP#&S assay. Platelets shortly exposed to
an initial high shear stress (e.g., 60 dyné/éon 40 s) showed a little activation, but when
exposed to subsequent low shear stress, they @&ctiahleast 20-fold faster than platelets not
initially exposed to high shear. The results shotimes that platelets exposeuvitro to shear
beyond a defined threshold are primed for subsecaivation under normal cardiovascular
circulation conditions, and they do not recovenirthe initial high shear insult. These results
are of vital importance to understand the mechamidmhind VAD-mediated platelet
activation. In fact, the possibility to correlathear exposure and platelet activation have
allowed to create powerful experimental predictiwedels with which may be characterized

not only different devices but also new antiplatelgents.

2.4.4 Bench devices for studying platelet responseshear stress

Implantable blood recirculating devices, artifidnarts and heart valves are currently used as
life-saving alternatives for people affected byesevcardiovascular diseases. However, such
devices require complex anticoagulation theraphes tn turn can provoke post-implant

complications, among which hemorrhage is the masimment. Moreover, it is worth
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mentioning that the risk for cardio-embolic strole not completely canceled by the
anticoagulation therapy.

More than one factor contribute to the efficacycafdiac recirculation devices: their
biocompatibility is extremely important, but alsm aptimized geometric design is a
necessary requisite to avoid flow-induced traumdltmnd. Research works over the years
demonstrated a definite link between fluid sheaesstinduced damage and activation of
blood constituents such as platelets and red btmdid. Recently, irregular flow patterns
arising around complex geometries (some exampéetharhinge regions of mechanical heart
valves [MHV] or VAD internal geometries) have beaaracterized by numerical
calculations and non-invasive flow measurementsghvproved their contribution in causing
flow-induced thromboembolism (TE). Since the reswoit such numerical analysis should be
verified by experimental data, it is necessary ¢évalopin vitro systems able to replicate
specific flow conditions, including the ones cagsithe maximum thrombogenic damage. For
this purpose, different devices have been builpeédorm bench studies on shear-mediated
platelet activation. Among the methods used inrdiigre, optical Light Transmission
Aggregometry (LTA) is often applied (Born G, 196R)consists in a method able to measure
platelet activation in association with differerthemical agonists. This assay requires a
citrated blood sample, which after centrifugatiesults in platelet-rich plasma (PRP, with a
platelet count of 200-300 x ¥0). To perform the assay, the platelet-rich plasina
positioned in an aggregometer cuvette along wikatelet agonist, such as ADP, arachidonic
acid or collagen, to induce platelet aggregatiosti#e platelets aggregate, the turbidity of the
PRP in the cuvette decreases. Thus, LTA allowsuentify this phenomenon by measuring
the increased light transmittance over time.

During the last decades, not only methods ableneasure platelet activation and
aggregation, but also devices capable of subjegilatglets to shear stress and measuring
their reactivity have been extensively describedll{kins JD, 1994). Among them, cone-plate
viscometers (CPV) have been used in many studiappty to a fluid sample a uniform and
well-characterized shear field. The indicators latglet activity are usually measured after an
exposure time that can range from many secondgdw aninutes. Since the early 1980s, this
type of viscometer has been extensively used tamtgatvely measure platelet activation,
blood viscosity and RBC damage (e.g. hemolysispi@o et al., 1988). The CPV consists of
a rotating cone that is located on top of a flatesplate, with the fluid of interest interjected
between the conical surface and the base-plate.ambalar separation between the former

and the latter is typically 0.5°-3°. This allowsgimarantee a uniform shear stress on the fluid
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of interest, independent from both the radial posiand the gap clearance. In cutting-edge
versions of the CPV, the rotation of the cone candipnamically controlled with a motor
connected to a programmable interface (Girdhan.e2@08). Additional advantages of the
cone-and-plate viscometer with respect to traddioones are (1) the ability to place a
monolayer of cells on the plate to examine thegdatadhesion behavior and (2) the presence
of an open suspension for platelets, which alloevsdpid removal of the analyzed liquid. A
CPV device endowed with a 0.5° rotating cone fagasimg platelets was used by Shankaran
and colleagues (Shankaran et al.,, 2001) (model UTHtake, Paramus, NJ). The main
objective of such work was to examine platelet®ession properties with von Willebrand
factors in suspension. With this device, the aghdaimed that the minimum shear stress
requirement for platelet activation, either in cageisolated platelets or in case of whole
blood, is approximately 80 dyne/énmiThe most recent studies use computer programmed
viscometers in order to replicaite vitro the fluid dynamic conditions that blood encounters
while passing through cardiac assist devices (8hkrmBluestein D et al., 2010; Sheriff et al.,
2013). The possibility of replicating high shearest levels inside these viscometers
represents a break-through in bench studies, lnxatves the risk of formation of secondary
flows that may affect the experimental conditioBsitera et al., 1988). Bluestein’s group in
Stony Brook (New York) have described a computertradled cone-plate viscometer able to
replicated the flow shear stress extracted fromrmoersial VADs. This device, called HSD,
was designed to ensure the shear stress to bemnifsough the device, with a modified
Reynolds number kept below the limit of seconddowfeffect (Re < 0.5) (Sdougos et al.,
1984). The HSD, used for the studies of the preshssertation, carries significant
improvements with respect to the most commonly u€#V and will be extensively

described in the following paragraph.

2.4.5 The Hemodynamic Shearing Device

As described in Paragraph 2.3, DTE method allowsutgiect platelets to realistic shear stress
profiles obtained from complex computational fluiynamic (CFD) analysis performed
within different cardiac devices (Figure 2.4). Thexhnology facilitates optimization of
devices performing firsin silico analysis in the modeling domain (in which virtukdsign
modifications are examined), followed by experina¢imulation of the device specific stress

loading histories (waveformsin vitro using the hemodynamic shearing device (HSD). The
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subsequent platelet activation after shear expasurenitored using the PAS assay, already
described in literature (Jesty et al., 1999), thifitbe discussed in chapter 3.

Figure 2.4. DTE Methodology. Fronin silico modelling to extraction of shear stress profilesteéd with HSD and analysis
of platelets activation via PAS assay. Adapted f(@indhar et al., 2012).

The HSD is an innovative tool for measuring theaiyic response of cells under fluid shear
conditions and represents a significant improvenoeet the traditional and more commonly
used cone-plate viscometers (CPV). Indeed, most §Rtems generate only constant shear-
stress over time. However, platelets flowing thtowtgvices are exposed to dynamically
varying shear levels. The main innovative and paceharacteristic of HSD is its capability
of reproducing shear stress profiles derived frofbGnalysis able to extract trajectories of
individual platelets through cardiac assist devid@gnamic shear stress waveforms can be
programmed in BASIC by using the supplied Motionclitect software, before being
transferred via a ZETA6104 micro-stepping drivetite HSD (Sheriff J, 2010). The HSD
realistically emulates the effects of a cardiacickvsince it is able to perform particular flow
conditions. In the HSD, platelets are uniformly esed to various dynamic loading
waveforms and their resultant activity is measuMdre details on the procedures to extract
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the shear stress profiles from CFD simulations iwithADs and to reproduce them within the
HSD are reported in chapter 3.

Studies involving the analysis of platelet actigatiusing the PAS assay after exposure to
shear within the HSD can be used to compietétro bench investigation performed using
actual VADs. In fact, during studies where PAS wgs&a coupled with VAD systems,
measurements are performed of bulk properties atejgts sampled from circulation loops,
without anya priori knowledge about the stress histories that theselgla were subjected to
during the passages in the device (besides threulation time when they are sampled). On
the other hand, in the HSD the entire platelet paipan is uniformly exposed to prescribed
dynamic shear stress waveforms. This is performedapidly changing the cone rotational
speed. These two systems complement each othde thiei VAD can provide a measure of
the platelet activity under flow conditions in dess, the HSD brings out the effects of
platelet activation in the so called “hotspots”jngsthe stress loading histories along the
trajectories defined by CFD.

The HSD consists of a programmable high-torque csenotor-controller system (Baldor
Electric Company, AR) that drives the cone in tbeeeCouette viscometer setup, as shown
in Figure 2.5.

Computer
controlled

Couette 4 :

Figure 2.5. A schematic view of the HSD, a computer-controltamhe-plate and Couette viscometer that is capable o
emulation dynamic shear stress conditions. Adafted (Girdhar et al., 2012).

The HSD was specifically designed to guarantee itonm flow field within the device.
According to this feature, shear stresses areuwigorm, thereby equating the shear stresses
in both cone-plate and Couette regions (Nobililet2z®08; Girdhar et al., 2008), as described
in the following equation:

TCone—Plate = TCouette >

® R2R? /1
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This characteristic of the HSD removes possibléutain” effects and variable shear stresses,
which are instead present in capillary flow loopse parameters of the equation are the
following: u, indicating the viscosity, has a value of aboutPl as measured for gel-filtered
platelets (GFP) in a modified Tyrode’s buffer aG7w, the angular velocity of the cone,
varies depending on the shear rate of interestgahe angle: is equal to 1°; finally, Ris the
inner radius of the ring and; fhe outer radius of the cone. The cone angle wates the
shear rate in the upper annular region (SherzDl0).

It is worth mentioning that the uniformity of thbesar stress could be affected by periodical
acceleration and deceleration exerted by the deMoretheless, this risk can be prevented by
ensuring specific conditions. In particular, the dified Reynolds numbet = (r?wa?)/
12v, has to be below 0.5, which is the limit of secanydflow effects, condition respected in
the HSD (Sdougos et al., 1984, Shankaran et @1)20

This device gives the user the possibility to cleatige shear stress with step-like
patterns (3 ms resolution). The accuracy in repcodusuch shear conditions is extremely
elevated (close to 100%). In fact, the driving nnoteludes an encoder that allows to record
the actual velocity profiles reproduced by the devirhose profiles can be used as a feedback
control and compared to the CFD simulations to kheleether discrepancies between input
and output velocity waveforms are present. The exm@atal parameters can thus be adjusted
to reproduce the expected stimulation with highrecision (Xenos et al., 2010).

The constructive materials of the platelet-contartsurfaces of the HSD consist in
ultra-high molecular weight polyethylene (UHMWPHEdted with silicone (in heptane
solution, Sigmacote, Sigma-Aldrich, St. Louis, Mi@)an attempt to eliminate the effect of
platelet-surface interactions on platelet activatibhe HSD can be heated at 37°C in order to
replicate temperature inside the body. The volumplatelets used during the experimental
campaign has to be high enough so sufficient voluereained when multiple platelet
samples are taken, but not too much, thus ensdhagno spilling occurs at high cone
velocities (Sheriff J, 2010). At the defined timeirgs, the platelets are withdrawn from the
Couette region using pipette tips, before beinggssed for the PAS assay.
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2.4.6 The syringe-capillary pump system for the sty of platelet activation under hyper
shear conditions

Despite many advantages, the current version oH®E© allows a sustained maximum shear
stress of 70 dyne/cinfar from the actual shear stresses experiencegldtglets within
VADSs, which can reach up to thousands of dyné/@Birdhar et al., 2012). In an attempt to
overcome this limitation, a different device, cdllgyringe-capillary shearing device (SCSD),
can be used to reach hyper shear stress duringexperiments. This device, built in
collaboration between Stony Brook University (Piof.Bluestein) and University of Arizona
(Prof. M. J. Slepian) is a syringe-capillary pumystem. Within the device, platelets are
exposed to different shear stresses by cyclicallgsmg through capillaries with defined
geometries at a controlled flow rate (Figure 2’B)e main advantage of using this device
compared with HSD is the ability to reach hyper ahstress conditions (up to 1400
dyne/cnf) with little adjustment of flow rate and geomeslienodification of the capillaries
coupled with the pumping system. In fact, to insgethe shear stress peak obtainable within
the HSD, an additional expensive and complex cosystem should be added to the device.
On the other hand, this solution entails the riskemlucing the versatility of the already
described rotational viscometer.

Despite the advantages of the SCSD, no controlledrdic shear patterns extracted
from CFD simulations can be reproduce using thisage For this reason, combined studies
with the HSD has to be performed to investigateltleavior of platelets in a setting that is
closer to the real conditions encountefadvivo. Furthermore, the use of capillaries for
subjecting platelets to shear stress implies auroformity in shear stress within the tubes.

The pump (PSD/8, Hamilton, Reno, NV) used in the&sBGs composed of 2 stepper
motors: the first drives the 5 mL glass syringewatLuer fitting (Hamilton, Reno, NV) via a
connected plunger, while the second controls theniog and closing of the input/output
valves (Figure 2.6). All the surfaces that conthlood are composed of PVC or PTFE,
thereby reducing platelets activation or interacttwith them. Only the syringe is made of
glass. To prevent the platelets from sticking te sirface, the glass syringe is coated with
Sigmacote (Sigma- Aldrich, St. Louis, MO) daily. el'blatelets have to be exposed just for
very brief durations to the ceramic valve portsainvay that they have minimal activation
effects on them (Sheriff J, 2010). The maximum wwduof sample that can be used for each
experiment is 5 ml.

The diameter of the tubes used for the experimeatge from 1.6 mm, which

corresponds to the lowest shear stress conditof,4 mm for the highest (1440 dynefym
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In one cycle within the device platelets are exgddsethe actual shear stress for variable time
intervals between 0.044 to 0.212 s. To allow piteto experience shear stress for prolonged
period of time, platelets are recirculated withive tdevice, from a minimum of 12 to a
maximum of 477 loops, according to the experim&he device uses an inflow tube to refill
the syringe pump after shear exposure during egde ¢Figure 2.6). The inflow consists in a
silicon tube with inner diametef = 2 mm and length L = 200 mm. Flow rate within the
inflow tube and the geometrical characteristicsthe# conduit allow to consider the shear
stress in that section almost irrelevant compacedhiear stresses experienced by platelets
passing through the outflow capillaries (140 — 14dyne/cn). Further detail on the
parameters used with SCSD are reported in chapter 4

Downstream of the outflow valve port (Port 5) thexe pressure transducer (range: 0 —
100 psi, Omega Engineering Inc., Stamford, CT),clvthas to ensure that the pressure drop
across the length of the test tubing does not ektee limit for the valve ports of 100 psi.
LabView 9 (National Instruments, Austin, TX) is dséo control the commands of the
system. Furthermore, a USB data acquisition (DA&yick (National Instruments, Austin,
TX) allows to download the pressure measuremeiasiire control software.

A deep description of the fluid dynamics equatidhat characterize the operating
principles of the SCSD can be found in (Sheri2J10).

Pressure
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Figure 2.6. The syringe-capillary shearing device, a lineamwflsystem for reproducing hyper-shear conditiondagted
from (Sheriff J, 2010).
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2.5 Antiplatelet Therapies

2.5.1Mechanisms of action of antiplatelet therapies

Because of the central role of platelets in carasoular atherothrombosis, different
antiplatelet drugs have been developed in an attearidock most of the mechanisms behind
platelet activation, thus allowing physicians todi#e to create personalized antithrombotic
therapies (Jackson SP, 2011). Antiplatelet thenaygynly includes ADP P2Y¥ receptors
antagonists (thienopyridines as ticlopidine, clogial, ticagrelor), cyclooxygenase [COX-1]
inhibitors (aspirin), GPllb-llla antagonists (epidtide) or phosphodiesterase receptor
inhibitors (dipyridamole, pentoxifylline, cilosta(Michelson AD, 2011)(Figure 2.7).

Ticlopidine

Clopidogrel

Ticagrelor

Aspirin

Eptifibatide

Dipyridamole

Pentoxifylline

Cilostazol

Figure 2.7.Classification of the main antiplatelet agents.

The mechanisms with which these different drugsaacantiplatelet agent are very different,
as is described in Figure 2.8 (Kalantzi et al.,201
Both COX inhibitors and thienopyridines selectivaehhibit a single pathway of
platelet activation: aspirin affects the thromboxaf, (TxA;) pathway by irreversibly
inhibiting COX-1, while thienopyridines affect t#DP pathway by antagonizing one of the
two platelet ADP receptors, P2x(Cattaneo M, 2013). The good antithrombotic efficat
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these drugs, despite their selective mechanisnetadra is explained by the fact that both the
TxA, pathway and the ADP pathway contribute to the dmalion of platelet activation and
are essential for the full aggregation respongelaitlets. Phosphodiesterase inhibitors block
one or more of the five subtypes of the enzyme plhodiesterase (PDE), thereby preventing
the inactivation of the intracellular second megges cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP)tH®y respective PDE subtype(s)
(Michelson AD, 2011). Finally, eptifibatide (trademked as Integrilin) inhibit GPllb-llla
receptors, platelet membrane glycoproteins invoineninding fibrinogen, a key factor in the
coagulation cascade (Clappers et al., 2007). Dedpéir effectiveness, clinical evidences
report still a not negligible incidence of thromlsom patients treated with currently available
antiplatelet therapy (Jing et al., 2013). A possiskplanation to this phenomenon is related to
the intrinsic mechanisms of action of these drudpyeloped to only chemically inhibit
platelet activation. The non-physiologic fluid dymia conditions that characterize blood flow
within cardiac devices may actually overcome thetgmtion effect provided by current
antiplatelet agents.
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Figure 2.8.Sites of action of antiplatelet agents used inicéil practice. (Kalantzi et al., 2012)
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2.5.2 COX Inhibitors: Aspirin

Aspirin (acetylsalicylic acid) produces its antiglet effects through the irreversible
inhibition of the cyclooxygenase (COX) prostaglandi-synthase-1 and H-synthase-2. Low-
dose aspirin selectively inhibits COX-1, and higisé aspirin inhibits both COX-1 and COX-
2 (Patrono et al., 2008). Blocking the function@DX prostaglandins, aspirin inhibit the
conversion of arachidonic acid to prostaglandinogedoxide (EPOx, PG+ This results in
down-regulation of the synthesis of both thromb@&xaa (responsible for platelet activation)
and prostacyclin PGl(responsible for endothelial deactivation) (Figar®) (Gasparyan et
al., 2008; Ensor et al., 2010; Pettigrew LC, 20049pirin is eliminated by degradation to
acetic and salicylic acids in the gut. The effestduration of action of aspirin is the lifespan
of each platelet, approximately 8 to 10 days. Reppwef thromboxane Ageneration is faster
than the rate of platelet turnover after prolongleerapy; however, this action should not
substantially affect the antiplatelet effects gbiee. The common starting dosage of aspirin
in the Multitargeted Antithrombotic Approach (MTAR systematic thromboprophylaxis
regimen, is 81 mg daily. In order to maintain s@gsed platelet coagulability on LTA and
normocoagulability on Thromboelastography (TEG) tltsage can reach the 325 mg/day
(Ensor et al., 2010).
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Figure 2.9.Mechanisms of action of Aspirin. Adapted from (@aan et al., 2008; Ensor et al., 2010).
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2.5.3 Phosphodiesterase inhibitors: Dipyridamole, bstazol and Pentoxifylline

Platelet activation and aggregation can be intdbggher by interaction with intracellular
signaling pathways or by the blockade of membraoeptors (Gresele et al., 2011). Cyclic
adenosine Phosphodiesterases (PDES), by catalffzngydrolysis of 35-monophosphate
(cAMP) and cyclic guanosin€,8-monophosphate (cGMP), two critical intracellulacend
messengers, limit the intracellular levels of aychucleotides, thus regulating platelet
function. In fact, cAMP and cGMP have a strong lmiairy activity on platelet functions; this
Is the reason why the action mechanisms provide®Dis may be considered extremely
important. Platelets possess three PDE isoformERPDE3 and PDES5), with different
selectivity for cAMP and cGMP. Several nonselectivesoenzyme-selective PDE inhibitors
have been developed, and some of them are nowiigdidic as antiplatelet agents (Gresele
et al., 2011). The phosphodiesterase inhibitorseshgate in the present study are
dipyridamole (trademarked as Persantine), cilo$t@zd pentoxifylline (Figure 2.10).

Agents stimulating AC Agents stimulating sCG
(e.g. ILOPROST) sttt (Nitric Oxide)

| CILOSTAZOL : ‘ DYPIRIDAMOLE
IPENTOXIFYLLINE

Figure 2.10.Schematic representation of a platelet and theham@sms regulating intraplatelet levels of cyclicleotides
(cAMP and cGMP). Mechanisms of action of pentoiifyd, cilostazol and dipyridamole (Gresele et20]11).

Dipyridamole (2,6-bis (diethanolamino)-4,8-dipiginopyrimido 5,4-d pyrimidine) affects
platelet function by acting at several differengts. Primarily it inhibits the reuptake of
adenosine by red blood cells. In this way it enleanibie plasma concentration of adenosine,
which is considered both a vasodilator and a matelhibitory nucleoside. Adenosine is
released by tissues in the extracellular spacebasakdown product of ATP during ischemia,

or by erythrocytes stressed by elevated sheardoksker its release, adenosine is recruited
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by erythrocytes to keep plasma levels low. Inhapitof adenosine reuptake by dipyridamole
is concentration dependent and reaches 90% at lomtMpyridamole in whole blood, a
concentration in the range of those attained aftal administration to humans (0.5-6 mM)
(Klabunde RE, 1993).

Dipyridamole also acts as an inhibitor of PDE5 BME3, thus increasing intraplatelet
cAMP and/or cGMP. The slight PDE3-inhibitory actiohdipyridamole increases the effects
of adenosine and Pg&lboth stimulators of adenylyl cyclase, leadingroibition of platelet
activation (Harker et al., 1983). By inhibiting PBEdipyridamole increase the production of
vasodilator-stimulated phosphoprotein, an estaitigharker of the NO/cGMP effects (Aktas
et al., 2003), botln vitro andin vivo. Nitric oxide (NO) is a potent vasodilator andilmtor
of platelet activation. NO stimulates production a8MP and activates cGMP-dependent
protein kinase (G kinase), which leads to inhilnitaf Gog-phospholipase C-inositol 1,4,5-
triphosphate signaling and intracellular calciumbitipation for several important agonists,
including thromboxane A2 (TXA2) (Wang et al., 1998pwever, even if certified by several
studies, the inhibition of PDES driven by dipyridale is detectablen vitro only at
concentrations of 100—200 mM, much higher thandtaitainable after oral administration.

Cilostazol, a 2-oxo-quinoline derivative (6-(4-(fetohexyl-1H-tetrazol-5-yl)butoxy)-
3,4-dihydro-2(1H)-quinolinone), inhibits PDE3 inaptlets and smooth muscle cells. Its
capacity of diminish intracellular calcium can causmooth muscle cell relaxation and
platelet activation inhibition (Gresele et al., 201 One potential benefit of the use of
cilostazol over conventional antiplatelet therapythe short duration of its effect on platelet
function. In fact, studies have demonstrated tHatefets recover their normal reactivity
within 12-16 hours after suspension of the druga(iwto et al., 2003). Cilostazol inhibits the
expression of monocyte chemoattractant proteinalindial trigger in the development of
atherosclerosis, by increasing intracellular cAMERilostazol reaches peak plasma
concentrations (775 ng thE 2.09 mM) at about 2.4 h after oral administratim plasma it
is largely bound to proteins (95-98%), primarilpwahin (Bramer et al., 1999). Specifically,
metabolism of cilostazol occurs primarily via CYP3And, to a lesser extent, CYP2C19,
while < 1% of the administered dose is excretechanged in urine (Akiyama et al., 1985).
After oral administration, cilostazol and its medhtes, 3,4-dehydrocilostazol and 4-trans-
hydroxycilostazol, show a half-life of approximatelO h, with a twofold accumulation
during repeated administration (Schror K, 2002).

Pentoxifylline (3,7-dimethyl-1-(5-oxohexyl)-xantl@h is a non-selective PDE

inhibitor which reduce whole blood viscosity andprove erythrocyte deformability. Its
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inhibitory effect was confirmedn vitro with platelet-rich plasma (PRP), even if tested at
elevated concentration normally not usedvivo. (Nenci et al., 1981). However, because
pentoxifylline platelet inhibitory effect was poteated by PG/, it was suggested that its
antiplatelet activity could be stronger vivo compared tan vitro (Weithmann KU, 1980).
Moreover, due to the contribution of adenosine kgtahibitory effect on erythrocytes,
pentoxifylline was found more efficient in the ibition of platelet aggregation in whole
blood compared to PRP.

2.5.4 GPllb-llla inhibitors: Eptifibatide

The human glycoprotein GPIIb-llla belongs to a figmof cation-dependent adhesion
molecules with a common heterodimeric structurevkmas integrins. The primary function
of GPlIb-llla is to transmit bidirectional signadsross the plasma membrane, assisting in this
way platelet aggregation (Lippi et al., 2011). Plet membrane activated receptor
glycoprotein GPlIb-llla can bind fibrinogen, stadi the final common pathway of platelet
aggregation. Since the GPlIb-llla receptor is tresmmportant integrins involved in platelet
aggregation, the development of GPllb-llla antag@nilike eptifibatide (trademarked as
Integrilin) has become an attractive strategy faipdatelet therapy with an expected strong
and specific effect (Figure 2.11). Eptifibatideai€yclic heptapeptide inhibitor of GPllIb-llla.

It has an active pharmacophore derived from thecire of barbourin, a GPIIb-llla inhibitor
extracted from the venom of the southeastern pigattiesnake. Like barbourin, eptifibatide
Is a specific and robust inhibitor of the GPIllballleceptor function. Its low affinity for other
integrins makes eptifibatide a strong platelet aggtion inhibitor. Preclinical pharmacologic
studies have established that eptifibatide carbintirombosis effectively, reducing the risk
of ischemic complications with only modest effectsbleeding time measurements (Phillips
et al., 1997). Furthermore, large-scale clinicalsrhave demonstrated a clear clinical benefit
and good safety profile in high-risk patients usimgegrilin, especially those undergoing
percutaneous coronary intervention (IMPACT Il trib®97). However, adverse events related
to thrombosis or bleeding are still reported inigrats undergoing therapy with GPIIb-llla
antagonists, suggesting how the drug reflects iablarinter-individual responsiveness.
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Figure 2.11.Mechanisms of action of Integrilin. Source: wwweigrilin.com

2.5.5 ADP-receptor blockers: Ticagrelor

Thienopyridines, once metabolized both in the li@ed intestines, can covalently bind to the
P2Y1, receptor causing irreversible platelet inhibit{gallentin L, 2009).

Ticagrelor, often listed with thienopyridines inhdys, reversibly interact with the
platelet P2Y, ADP-receptor to prevent signal transduction aratgbbt activation (Figure
2.12).
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P2Y1, is considered the primary target of thienopyridirantiplatelet agents and plays an
important role in regulating platelet aggregation dunction. Inhibition of the platelet ADP
P2Y1, receptor has shown to be associated with a margkdeduction of atherothrombotic
events in high-risk settings, including patientghwacute coronary syndromes and those
undergoing mechanical circulatory support devicaeplant (Cattaneo M, 2011). Ticagrelor
(AZD6140) is the first drug of a new chemical classled cyclo-pentyl-triazolo-pyrimidine,
which is administered orally. (Van Giezen et al0?). Ticagrelor has shown a rapid, greater
and consistent antiplatelet effect compared toradinegs both in preclinical and early-phase
clinical studies. Furthermore, ticagrelor has bpewved to be more effective in preventing
ischemic events in acute coronary syndrome patieiiteout an increased risk of protocol-
defined major bleeding. Although characterized bya@orable safety profile, the use of
ticagrelor has been associated with an increasleeimate of not procedure-related bleeding,
compared with currently recommended treatment regsn(Capodanno et al.,, 2010).
Absorption of ticagrelor occurs with a medianxtof 1.5 hours (range 1.0-4.0), with a nearly
complete platelet inhibition (> 85%) at 2 to 4 h@twllowing oral administration of 100 mg
twice daily. Ticagrelor has a half-life of 7 to &burs, with the metabolite lasting up to 12

hours (Nawarskas et al., 2011).
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2.6 Limitations of thein vitro experimental campaign on purified platelets

In the present study, the effect of different datiglet agents on shear-mediated platelet
activation is investigated. In our experimentsiqitets were exposed to shear stress using the
HSD, the SCSD or VADs within flow loops. Plateleattigity state was assessed using the
PAS assay. The latter requires purified plateletsaaworking fluid and uses acetylated
prothrombin to block the feedback action of the eyated thrombin on the platelets, thus
ensuring linear kinetics during the assay and dizive measurement of PAS (Jesty J. et al.,
1999).

Despite the novelty of the methodology adoptedti@r investigation, such approach
presents some limitations. First, by using purifigatelets instead of whole blood (WB), we
neglected the contribution of red blood cells (RBGshite cells (WCs) and plasmatic
proteins to platelet activation process.

When flowing in WB, platelets transport is reguthtey both diffusion and convection.
RBCs have been shown to increase platelet diffiys&s a function of 1) shear rate and
hematocrit through platelet margination and 2) shate through localized mixing and cell-
cell collisions (Aarts et al., 1984; Goldsmith &t 4986; Jordan et al., 2004). Margination
refers to the lateral migration of platelets tovgatde wall in a conduit under laminar flow
(Zhao et al., 2007). In laminar condition, bloodoasity and flow resistance decrease due to
the RBCs axial migration (or Fahraeus effect) (Mareughel et al., 1992). The highly
deformable and biconcave-shaped erythrocytes meigoathe center of the flow and platelets
are concentrated on the edge of the vessel wallgiDal., 2014). Under high shear stress,
erythrocytes slightly elongate in the directiontbé flow; instead, when subjected to slow
shear rates, erythrocytes tend to form aggregatéshe peripheral distribution of platelets
disappears (Du et al., 2014). Zhao and colleageesodstrated that hematocrit plays a key
role in lateral distribution of platelets under ddarons of augmented shear stress. In fact, the
authors observed no margination in the samples metio hematocrit (Zhao et al., 2007).
Furthermore, Du and colleagues stated that eleviagmdatocrit provides the transport of
platelets and coagulation factors towards vessh] thareby increasing collisions of platelets
with the vasculature and with one another. Sincauinstudies purified platelets were used in
place of WB, according to what reported in therdéitare we implicitly assumed that platelet
margination didn’t play a major role during our eximnents.

Andrews and colleagues pointed out that an increabematocrit results in increased

blood viscosity (Andrews DA et al., 1999). AveragéB viscosity is 3-4 cP. During our
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experiments, we used purified platelets dilutedHepes-modified Gafree Tyrode’s buffer,
reaching a final viscosity of 1cP. Such reducedosgy led to a lower level of shear stress
within the devices used for our investigation. Hiere, when interpreting the results we
should take into account that the shear stressesith platelets were exposed were lower
than in the WB environment.

RBCs can contribute to thrombosis and hemostasielleasing substances that act as
platelet agonists. In fact, when hemolysis occRBCs mainly release hemoglobin, ADP and
LDH in the blood plasma. These elements have diffeeffect on thrombosis but they all
enhance platelet activation (Helms CC et al., 2013)

WB includes also plasmatic proteins that contrildot@latelet activation. In fact, some
of the prothrombinase complex factors (factor Xa2"¥; which are normally present in the
blood plasma in their inactive form, play a keyeroh the platelet activation process by
enhancing the conversion of prothrombin to thromimour study, due to the absence of
these factors in GFP solutions, this mechanisncvation was not considered. Nonetheless,
the absence of the positive feedback on platelavation provided by prothrombinase
complex factors was necessary for the correct padace of PAS assay (more details can be
found in paragraph 3.3.5).

The level of platelet reactivity may be influencaldo by their concentration. In fact,
prior studies examining platelet activation haveveh that cross-talks between platelets can
occur at high concentration (Schulz-Heik et alQ2)0 Moreover, activated platelets can cause
quiescent platelet activation (Sheriff J, Bluest&net al., 2010). With the objective to
maximize the sensitivity range of the PAS assayleMitiniting platelet collisions and cross-
talks, platelet concentration used for our studies maintained at a level of 20000 pl/ul
(Jesty et al., 2003).

The limitations described above can be appliethéoentire thesis except from chapter
5, where a few preliminary tests using WB as waygKinid are reported.

It is worth mentioning that the goal of our work smMaot to study platelet behavior by
replicating the biological environment presemtivo. Instead, we wanted to assess the effect
of antiplatelet agents on platelet activation byamging their ability to protect platelets under
shear stress conditions. To this end, GFP was aderesi the best marker for the detection of
platelet activation using the PAS assay.

As described in paragraph 2.4.5, during our expenisiwe used the HSD to subject platelets

to different shear conditions. This device is abdereproduce shear stress waveforms
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extracted from CFD simulations within VADs with &rtain fidelity. Nonetheless, due to
operating limitations, HSD is only able to reacleahpeaks of 90 dyne/énThis value is one
order of magnitude lower compared to actual shesesses within VADs (1-5 x£0
dyne/cn). A factor scale of 15 was thus used as tradéooféduce the shear stress obtained
from CFD simulations to levels feasible for the tmae, but still interesting for the purpose
of the study. Despite this limitation, the HSD meg@nts a unique solution to mimic the
extremely rapid dynamic behavior of the trajectwribat platelets undergo while passing
through VADs. The investigation of the effect oftiptatelet agents on platelet activation
under such dynamic shear stress conditions is-aeprgsite for a full comprehension of the

benefits and drawbacks of these treatments.
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Do current antiplatelet agents truly protect
platelets against actual shear exposure
experienced in passage through ventricular assist
devices?

This Chapter is based on:

1. Valerio L.*, Tran P.L., Sheriff J.*, Brengle W., @6h R., Chiu W.C., Redaelli A,
Fiore G.B., Pappalardo F., Bluestein D., Slepian).MAspirin as a Means of
Modulating Shear-Mediated Platelet Activation OwerRange of Shear Stress”.
Journal of Thrombosis and Thrombolysis. *sharedalighor. Under submission.

2. Valerio L., Brengle W., Tran P.L., Hutchinson MhiG W.C., Sheriff J., Redaelli A.,
Fiore G.B., Pappalardo F., Bluestein D., SlepianJ.MDo Current Anti-Platelet
Agents Truly Provide Protection Against Shear-Meztia Platelet Activation in
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3.1 Introduction

In the present chapter the comparison of diffeeemiplatelet agents is presented under both
constant and dynamic shearing profiles, with thal @b understanding the behavior of these
drugs in protecting shear-activated platelets.

Platelets provide the initial hemostatic plug aesiof vascular injury. They also
participate in reactions that lead to atherosclsraisd pathologic thrombosis, especially when
subjected to shear stress conditions as through sCes. Antagonists of platelet function,
or antiplatelet drugs, have been used in an attémpirevent thrombosis and to alter the
natural history of atherosclerotic vascular disesasehe investigation of fluid dynamic
conditions of blood passing through ventricularisisdevices (VADs) results extremely
important in order to verify the capacity of anéifglet agents to prevent platelet activation.
These pumps allow blood to circulate in the bodemkhe heart has no longer the ability to
accomplish its function. Despite their efficacy, D& are burden with several complications
as recurrent pump thrombosis, stroke or thrombodémbuents. These events occur largely
due to non-physiological flow past constricted getmas within the device, where platelets
are exposed to rapid high shear stress spikes xgmus@re times. Under non-physiological
conditions of flow through VADs, platelets are egpd to varying shear stress levels,
turbulent stresses and prolonged residence timegpathmological flow regions called
“hotspots”, as well as repeated passages througligkice that may precipitate activation,
aggregation, and free emboli formation (Alemu et2007). In an attempt to overcome these
limitations, during the last decades both devicenufacturers and clinicians have tried to
develop more updated versions of VADs, as well e& pharmacological treatments. In
particular, the latter have been considered of domehtal importance because of the actual
impossibility to create devices that relieve pasenfrom the need for complex
pharmacological anticoagulation therapy. To dateremt antiplatelet therapy, designed
primarily to modulate biochemical pathways of pletectivation, have been poorly studied
in combination with physical forces, such as shpsofiles that mimic fluid dynamic
condition inside VADs. The investigation of the exff of recent therapies in platelets
protection from shear stress results fundamentan&ure a correct characterization of the
products.

For this reason, the present study aims at inwastithe effect of antiplatelet therapies
on shear-induced platelet activation after exposuifgoth constant and dynamic shear stress

profiles via the hemodynamic shearing device (HSIe latter consists of a programmable
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high-torque servo motor-controller system (BalddecEic Company, AR) that drives the
cone in the cone-Couette viscometer setup withcépability of expose platelets to highly-
controlled dynamic shear stress patterns (Girdhiaalg 2008). Specifically, for what
concerned the dynamic fashion, stress loading wanvef were extracted from detailed
numerical flow modeling of the clinical used DeBgRéAD. Computational fluid dynamics
(CED) analysis allowed to model flow path in the MAvith a high fidelity two-phase FSI
(fluid-structure interaction) simulation. Thegesilico analysis resolved all components of the
stress tensor that are relevant to flow-inducednttiogenicity and subsequently traced down
and captured the loading history of platelets mftbw field along trajectories that may drive
them beyond the activation threshold.

Extreme cases of platelet stress loading wavefaansbe tested in the HSD. For the
purpose of the study, platelets were exposedlitro to both established high (“hotspot”)
stress and low dynamic shear stress profiles agid diegree of activation was characterized,;
then, we tested current anti-platelet agents, iddally and in combination, to examine their
ability to modulate platelet reactivity after beiagposed to shear. These tests allowed us to
assess the ability of common clinically-used aatglet drugs to inhibit platelet reactivity
after shear exposure, so providing useful inforarato VAD’s manufacturers, clinicians and
pharmaceutical companies to determine the threstwd which physical forces overwhelm

the drug’s protective action.
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3.2 Antiplatelet Agents: the effect of different mehanisms of action on
platelet activationin vitro andin vivo

Traditionally, platelet function tests have beeadufor either screening or diagnosing platelet
defects. Such tests are not only difficult to perfpbut are also expensive, time consuming,
and require relatively large volumes of fresh bloAthong them, several techniques are also
employed to monitor the efficacy of pharmacotherapyreducing risk of thrombosis
(Harrison et al., 2007). The most common are Libtainsmission Aggregometry (LTA), the
Prothrombin Time (PT) test, the activated Partiadkomboplastin Time (aPTT) test, the
International Normalized Ratio (INR) and flow cytetry (Wever-Pinzon et al., 2012;
Slaughter et al., 2011; Sheriff et al., 2014). kernnore, the growing importance of studying
platelets in order to reduce the incidence of thyosms has led to the development of point-
of-care devices as Thromboelastography (TEG), lelatanction analyzer (Mammen et al.,
1998) and cone-and-plate(let) analyzer (Varon gt1898). However, a real standardized
approach that objectively determines pharmacotkeertap efficacy is still lacking (Von
Ruden et al., 2012). Moreover, just few studiesdtrio investigate the effectiveness of
antiplatelet therapies in response to shear stessshe majority of drugs are intended as
chemical-inhibitors rather than physical protect@@eriff et al., 2014). As mentioned in
Chapter 2, antiplatelet drugs are divided into gaties based on their mechanisms of action.
In the present work, agents representing eacheoptimcipal classes were investigated under
several shear stress conditions, with the objectivdully characterizing those different
mechanisms. The latter, as well as the actual dstugied in the present work are reported in
Table 3.1.

Mechanisms of action Antiplatelet Agents

COX Inhibitors Acetylsalicylic Acid (ASA,Aspirin)

Dipyridamole (trademarked as Persantine)
Phosphodiesterase receptor inhibitors Cilostazol

Pentoxifylline

GPIIb-llla receptor inhibitors Eptifibatide (trademarked as Integrilin)

P2Y(12) receptor inhibitors Ticagrelor

Table 3.1.Mechanisms of action of the antiplatelet agentsstigated in the study.
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Aspirin  (ASA) inhibits platelet function by permanentlyesglating the cyclooxygenase
(COX) that forms prostaglandins. Blocking the fuoctof COX prostaglandins, aspirin
inhibit the conversion of arachidonic acid to paggandin endoperoxide (EPOx, PG}G
This results in down-regulation of the synthesioth thromboxane A(TxA; responsible
for platelet activation) and prostacyclin BGresponsible for endothelial deactivation).
Several studies have been conducted to studyfestedlone or in combination with other
antiplatelet agents both vitro andin vivo. Burch et al. determined the sensitivity of pletel
to aspirin in normal subjects by measuring [3HdA¢etypirin-susceptible cyclooxygenase in
washed platelets obtained at various times aftgiriasngestion. The authors proved that a
single 325-mg aspirin dose inactivated 89% of pdateyclooxygenase. The inhibition
persisted for 2 days, suggesting that oral aspmlso inactivated megakaryocyte
cyclooxygenase. Thereafter, active enzyme retummghl a time-course reflecting platelet
turnover (life-span 8.2+2 days) (Burch J.W., 197B)e effect of aspirin has been always
guestioned, especially regarding shear-mediatedelpta activation. In fact, Moake
demonstrate that shear-induced platelet aggregatomediated by ADP and large or
extremely large VWF multimers and is poorly inhéloitby aspirin. Authors described as the
selectivity of its mechanism of action would indeeot protect platelets from high shear
stress profiles like the ones experienced withirDéAMoake et al., 1988).

More recently ann vitro study conducted by Sheriff compared the efficacyaggdirin
on platelets subjected to shear stress. In paatictiie drug solution was either created in lab
or was metabolized by human volunteers who weredgk ingest aspirin before blood
donation (Sheriff et al., 2014). In the study preed, purified human platelets were circulated
for 30 min in a flow loop containing the DeBakey BAMicroMed Cardiovascular, Houston,
TX, USA). The results obtained proved thawitro treatment with antiplatelet drugs such as
aspirin is as effective as vivo metabolized aspirin in testing the effect of redgcshear-
induced platelet activation (Sheriff et al., 2014).

Another category of antiplatelet agents that haaenhinvestigated in the present study
was the one of phosphodiesterase receptor inhgbifonong those agents, great attention has
been lately focused odipyridamole (trademarked as Persantine), even if there i litt
clinical evidence that dipyridamole alone exerts amithrombotic effect. Instead, several
studies have been carried out in combination wstiran. Dipyridamole associated with low-
dose aspirin provides stroke risk reduction ingyas with ischemic cerebrovascular disease
(Gresele et al., 2011). This was confirmed in targé clinical studies: the first is ESPS2
(Diener et al., 1996; Lentz et al., 2000), in wh&02 patients with prior stroke or transient
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ischemic attack were randomized to aspirin (25-B0daily), slow release dipyridamole (200
mg twice a day), the two agents in a combined féatran, or placebo; the second is the
ESPRIT trial (Halkes et al., 2006), in which 273&ients with previous transient ischemic
attack were randomized to aspirin (30—325 mg daf) wr without dipyridamole (200 mg
twice daily). A meta-analysis supports the highféicacy of combination therapy over aspirin
alone (Verro et al., 2008). Based on these finditige 2008 American College of Chest
Physicians (ACCP) guidelines recommended dual phyerawith extended-release
dipyridamole plus aspirin over aspirin monotherégystroke prevention after a first transient
ischemic attack or stroke (Adams et al., 2008).

In a further clinical study involving 294 patierismonths after CABG, 192 patients were
taking aspirin alone (75 mg/day) and 102 patiergsevtaking both aspirin (75 mg/day) and
dipyridamole (100 mg t.i.d.). No significant difeerce was observed between patients who
were taking aspirin alone or in combination withydidamole in terms of hemostatic reaction
of aggregation. Additionally, coagulation or clealsilization did not differ between patients
and controls. The effective dosage of aspirin foevpnting thromboembolic events that
emerged from the study was >300 mg/day (Ratnat@Ba 1992).

Among phosphodiesterase receptor inhibitoitsstazolhas been proved to inhibit both
primary and secondary platelet aggregation indumedollagen, ADP, arachidonic acid and
adrenaline (Kimura et al., 1985). It also suppreske expression of P-selectin (Kariyazono
et al., 2001, Inoue et al., 1999), TxB2 productiglajelet factor 4 and platelet-derived growth
factor release. Cilostazol inhibits shear stregsieed platelet activatiaim vitro, with an 1IC50
of 15.0 mM (Minami et al., 1997), arex vivo is not dissimilar from ticlopidine plus aspirin.
The effect of cilostazol was studied vivo by Tsukikane. During this investigation, 211
patients with 273 lesions who underwent succeRTULA were randomly assigned to the
cilostazol (200 mg/d) group or the aspirin (250 dyglontrol group (Tsuchikane et al., 1999).
Cilostazol appeared to significantly reduce restenand target lesion revascularization rates
after successful PTCA compared to aspirin, thusingathis drug a powerful tool for platelet
activation inhibition also in patients with VADSs.

Pentoxifylline has also been studied by several research greither alone or in
combination with other agents. Magnusson and agliea found that this phosphodiesterase
receptor inhibitor and its metabolites (rac-M1, R;M5-M1 and M4) significantly inhibit
ADP induced platelet aggregation in whole blood vitro (Magnusson et al., 2008).
Pentoxifylline has also demonstrated a powerfldaih vivo, even if adjunctive treatment in

combination with other antiplatelet agents (cilastaand aspirin) is not associated with
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increased platelet inhibitory effects in DiabetesllfNus (DM) patients with coronary artery
disease receiving dual antiplatelet therapy (DARJI&no et al., 2011).

The discovery that one of the final common stepglatelet aggregation is the binding
of fibrinogen to the activated platelet integriyagprotein (GP) lib/llla has opened the door
to the development of novel and potentially morteaive antithrombotic therapies like
eptifibatide (trademarked as Integrilin). Nannizzi-Alaimo andlleagues showed that
eptifibatide inhibited platelet aggregation by @&dt 80%. Integrilin also inhibitdd vitro a
soluble form of CD40 ligand (sCD40L), a prothromband pro-inflammatory protein with
GP lIb/llla binding activity and an established erah atherosclerotic lesion progression
(Nannizzi-Alaimo et al., 2003). Moreover, in clinicstudies as the phase Il IMPACT-
(Integrilin to Minimize Platelet Aggregation and ©aary Thrombosis)-II trial and PURSUIT
(Harrington RA, 1997) (Platelet GP llb-llla in Uable Angina: Receptor Suppression Using
Integrilin Therapy) trial, eptifibatide was found teduce coronary events significantly in a
broad range of low-, medium-, and high-risk pasenith acute coronary syndromes, without
significantly increasing the risk of bleeding ohet complications (Scarborough RM, 1999).

P2Y1, inhibitor ticagrelor has been studiea vitro to assess its efficacy. Ticagrelor is
often listed with thienopyridines (ADP receptor itnitors) and has similar indications for use
but is not a thienopyridine. Tomizawa and colleagsi@owed that ticagrelor (3 and 10 mg/kg)
has significant antiplatelet effects, even if itasyer diminished at 24 hours after the dosing.
The proposedn vitro and ex vivo studies showed strong correlations between ptatele
aggregation and phosphorylation of vasodilator skated Phosphoprotein (VASP) for
several P2Y, inhibitors comprising ticagrelor (Tomizawa et &013), thus certifying the
need to further investigate the ability of theserdg to protect also shear-mediated platelet
activation.

Despite these consideratiosgveral antiplatelet agents in combination with gsrin
have been investigatedn fact, studies have highlighted that the po$siof blocking more
than one mechanism of platelet activation simubbase would lead to a magnified
protection effect.

Theoretically, inhibition of the two main amplifiten pathways of platelet aggregation, the
ADP and the arachidonate/Txfathways, is superior to inhibition of either pa#ty alone in
preventing thrombus formation (Cattaneo, 2004)tad&o has measured platelet function
vivo by monitoring the bleeding time, whereas, in miostances, platelet function vitro has
been measured by Light Transmission AggregometmAjLor by other global techniques

that evaluate primary hemostasis. All these teclesgare sensitive to several variables.

49



Among these, platelet TxAproduction, which is the pharmacological targetaspirin, is
usually of marginal importance, and one should exqbtect aspirin to inhibit completely
platelet functions that are not regulated by TxAly. The author showed that measuring the
bleeding time represents a highly inaccurate anatlypaeproducible technique, which is
dependent on several variables, including plafelettion, platelet count, plasma factors, red
blood cells, and the vessel wall. Cattaneo showat dspirin does not prolong the bleeding
time of many individuals because the inhibitionTofA,-dependent platelet function can be
easily outweighed by other variables that cannoatected by aspirin. LTA measures the
increase in light transmission through a plateletpgnsion that occurs when platelets are
aggregated by an agonist. Arachidonic acid, bduegprecursor of Tx4 is certainly a more
suitable platelet agonist than ADP for studying #ffects of aspirin (Taylor et al., 1992).
However, the final platelet aggregation inducedabgchidonic acid is the sum of the effects
of synthesized TxAand other agonists secreted by the platelet ggan@attaneo M, 2004).
Although the limitations of the tested methods, al¢ghor proved that aspirin and other ADP
receptor inhibitors as ticlopidine and clopidogikplay good antithrombotic activity,
especially if tested in combination with each othdespite several cases of patients’
resistance to these agents that can affect tHetefeness.

The effect of COX or ADP receptors inhibitors hagi also studiech vivo. Cooke and
co-workers reported a study in which 60 patientsewassigned randomly to ASA 325
mg/day, clopidogrel 75 mg/day, or both. After 1(/slaplatelet function was studied using
LTA. The authors reported as clopidogrel providedrgyer platelet inhibition than ASA with
adenosine diphosphate as the agonist, and condmnéerapy resulted in greater inhibition
than either inhibitor used alone (p < 0.0001). Tise of ASA resulted in greater inhibition
compared with clopidogrel with epinephrine (p <D0) and collagen as agonists (p <
0.0001). The combination of ASA and clopidogrel egs superior to either agent alone in
inhibiting platelet function (Cooke et al., 2006).

Furthermore, Alexander (1999) conducted a studyithaestigated the effect of aspirin
on patients enrolled in the “Platelet llb/llla im&table angina: Receptor Suppression Using
Integrilin Therapy” (PURSUIT) trial (Alexander et.,.a1999). In particular, he examined
whether eptifibatide had a differential treatmefifié@ in prior aspirin users. In a multivariable
model, eptifibatide did not have a different treatineffect in prior aspirin users compared

with nonusers (p = 0.534).
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As emerged from this analysis, there are conflictipinions regarding the effectiveness of
antiplatelet therapies, especially for what consesimear-mediated platelet activation. In fact,
most of the current antiplatelet agents were oalfyndeveloped as antipyretics (ASA) and
vasodilators (cilostazol). Moreover, certain drulijse eptifibatide were developed as
antiplatelet agents but never investigated in aadon with MCS devices. Thus, a complete
investigation is necessary to provide a systemsttidly of this phenomenon and describe
different scenarios that up to now have been ondygmally discussed in literatur@he
purpose of the present study was to investigate theffect of antiplatelet agents on shear-
mediated platelet activation, with the objective ofdefining different properties of
commonly clinical used drugs and finding a thresha over which their protecting effect
may be overwhelmed by the physical forces that cdre encountered within VADS.
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3.3 Materials and methods

3.3.1 Experimental concept

The experimental concept of this study is graphicaescribed in Figure 3.1. After
centrifugation of whole blood, from which platekath plasma (PRP) was obtained, platelets
were extracted using a gel chromatography colunel.fikered platelets were subsequently
diluted to a standard count of 20000 pl/ul usinmadified Tyrode’s buffer, then they were
subjected to shear stress according to the expetaineonditions. More details about the

single procedures performed will be given in thikofeing paragraphs.

Centrifugation of

Whole Blood (WB) in R .

10% ACD-A (healthy Filter Platelet Rich Count Gel-Filtered Normalize to 20,000

donor, UofA-IRB Plasma (PRP) w/ Gel Platelets (GFP) w/ GFPs/uLin HEPES-

approved protocol), Chromatography Z2 Particle Counter Modified Tyrode’s

1300 rpm, 15min, RT (Sepharose CL-2B) Buffer + 3 mM CaCl,
Physical Agonist <4=mmmm | Incubation with Antiplatelet Agents J

Agonist Activation Aggregation

Va xa

Va
. . G b
Prothrombinase Complex

Acetylated

Prothrombin /

Hemodynamic Shearing
Device (HSD)

Figure 3.1.Overall Experimental Concept. Platelets were suibjeto several experimental conditions in ordeadsess their
reactivity to external stimuli. Details regardirigetprocedures performed are reported in Parag@pts— 3.3.5.
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3.3.2 Experimental protocol: platelet preparation

In the present chapter, the experimental prototitized to obtain purified platelet refers to a
protocol described in previous studies reportethenliterature (Sheriff J, Bluestein D et al.,
2010; Schulz-Heik et al., 2005; Jesty et al., 199)netheless, our protocol has slight
differences due to the instrumentation presenthi laboratory facilities at University of
Arizona, as well as depending on the experimeetsl gerformed.

Briefly, informed consent was obtained from healthgult volunteers of either sex as
approved by the University of Arizona IRB. A volumae30 ml of whole blood was drawn by
antecubital venipuncture, collected in 3.8% trisodli citrate (ACD-A) (9:1,V/V) and
centrifuged at 1300 rpm for 15 min.

The obtained PRP, which underwent a separationeduoe from red blood cells, was
gel-filtered through a 175-ml column of Sepharofe #ads (60-20Qum diameter, 2%
agarose; Sigma-Aldrich, St. Louis, MO) equilibrated platelet buffer. The latter was a
Hepes-modified GAfree Tyrode’s buffer, consisting of (final conceattons) 135 mM NaCl,

1 mM MgChL, 5 mM D(+)-glucose, 0.5 mM NBEPQO,, 1 mM NaCgHs (Trisodium Citrate),
2.7 mM KCI, 0.1% bovine serum albumin (BSA), andm®l Hepes (Neuenschwander et al.,
1988). NaOH was used to adjust the pH to 7.4. Eselt of the filtration process, i.e. gel-
filtered platelets (GFP), was counted using Z2 iElartCounter (Beckman Coulter, Miami,
FL) and diluted with platelet buffer to a concetitm 20,0004l, unless otherwise stated.
After proper dilution, platelets were maintaineat fand occasionally they were gently mixed
while not used during experiments.

At this point of the procedure, the test soluti¢fhsnl) were incubated with or without

the antiplatelet agents for 10 min at 37 °C befdrear stress exposure via HSD.

3.3.3 Drugs preparation for the experimental campan

As mentioned in Paragraph 3.2, the antiplatelehtsgmvestigated in the present study were
aspirin, dipyridamole, cilostazol, pentoxifyllineptifibatide and ticagrelor.

Following a protocol already described in the &tere (Sheriff et al., 2014), aspirin
was dissolved in a sodium bicarbonate solution aseg of 180 mg ASA (Sigma-Aldrich
Corp.), 270 mg of citric acid and 349 mg of sodibyalrogen carbonate in 10 ml of double-

distilled water (ddHO), thus obtaining a final concentration of 0.1 M.
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Dipyridamole was obtained from a stock of Persa®irrontaining dipyridamole (5 mg/ml),
polyethylene glycol (PEG) 6000 (50 mg/ml) and tactacid (2 mg/ml) dissolved in water.
This injection solution was then diluted to obtdie concentrations desired.

A solution containing cilostazol was obtained aftaetverization of commercial tablets
of cilostazol (50 mg, Apotex Corp.). The powder wiken dissolved into 10 ml of
dimethyilformamide (DMF), obtaining a final conceatton of cilostazol in the stock solution
of 0.1 M.

280 mg of pentoxifylline (Sigma-Aldrich Corp.) wedessolved in 10 ml of dd#D for a
final concentration of 0.1 M. The pH of the stoakusion was rebalanced to 7.4 using a
solution of NaOH 0.1 M.

The eptifibatide (Integrilin®, Merck & Co.) infusiovial used for the experiments was
supplied as a 100 ml vial containing 0.75 mg/mépfifibatide.

Finally, ticagrelor was obtained after pulverizatiof commercial tablets of Brilinta®
(90 mg, AstraZeneca). The powder obtained was ldsdan 10 ml of ddHO obtaining a
final concentration of ticagrelor of 0.1 M.

Actual drug concentrations used during the expeartalecampaign are reported in
Table 3.2.

Antiplatelet Agent Working Dosage Stock Concentrabn Working Volume - 4 ml

25 uM (~ 81 Lul
Acetylsalicylic Acid mg/day) 01 M H
(Aspirin) 125 uM (~ 325 ' -
mg/day) H
Eptifibatide 0.25 pg/ml 0.75 mg/ml 1.33 pl
Pentoxifylline 100 uM 0.1 M 4 ul
S uM 2 ul
Dipyridamole
. 10 uM 5 mg/ml 4 ul
(Persantine)
25 uM 10 pl
Cilostazol 50 uM 0.1 M 2 ul
. 10 uM 0.4 ul
Ticagrelor 0.1 M
100 uM 4 ul

Table 3.2.Concentration of Antiplatelet agents used in thelst References: aspirin: Ensor et al., 2010; Betcal., 1978;
eptifibatide: correct dosage calculated from cathdxperience; pentoxifylline: Kullmann et al., 3986lipyridamole: Meester
et al., 1998; cilostazol: Kariyazono et al., 200dagrelor: Tomizawa et al., 2013.
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With the exception of eptifibatide and dipyridamotbe other agents tested in the present
study were diluted before the experiments followspgecific protocols. In order to test the
solution made during the preparation of the drug$ta control the effectiveness of the drug
used in then vitro campaign, an experiment involving aspirin was cateld. As described in
Paragraph 3.2, aspirin inhibits the conversion m@chidonic acid (AA) to prostaglandin
endoperoxide (EPOx, PGy thus blocking the function of COX prostaglandinde
therefore tested the reactivity of GFP pre-incutbatéth ASA after spiking with a certain
concentration of AA. In particular, after incubatiof platelets with or without aspirin (125
pnM) for 10 min, AA (25 uM) was introduced in thengale tubes and PAS assay performed
after 0, 10 and 30 min. This type of experimengiification was due on aspirin because it
was easily possible to correlate the effect of dhey, whose mechanism of action directly
inhibits the AA action, with the platelet activisyate derived from the PAS assay. The results

obtained are reported in Figure 3.2 and Table 3.3.

0.20 -=@=AA 25 M A
0.18 —f—AA 25 pM + ASA 125 uM
0.16 ASA 125 uM

0.14
0.12
0.10
0.08
0.06

004 o i &

PAS Normalized

0.02
0.00

0 10 20 30
Time (min)

mAA 25 uM B
0.20 M AA 25 uM + ASA 125 uM
0.18 * ASA 125 uM

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

PAS Normalized

10
Time (min)

Figure 3.2. The effect of ASA on platelets spiked with AA. Rlatelets activation in time after treatment witA Alone
(Black), ASA and then AA (Red) or ASA alone (GreeB).Platelets activation level after 10 min in tlaeng conditions as
A.*p<0.01.
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Experimental Conditions PAR 0-10 min [él]

AA alone - 25 uM 0.000095
AA + ASA - 25 uM + 125 pM 9.17E-06
ASA alone - 125 uM 1.83E-07

Table 3.3.Platelet Activity Rate (PAR) calculated for each enimental conditions between 0 and 10 min.

As visible in Figure 3.2, the sample treated with showed an increase in platelet activity
state between 0 and 10 min, compared to samplesgated with ASA. Both PAS values
(0.12 vs 0.04, p < 0.01) and PAR calculated betwkenl0 min (Table 3.3) attested that the
protective effect of the drug was maintained afi@min of incubation with AA. PAS values
of the AA-treated platelets showed a slight nomifigant decrease after 10 min of
incubation. This trend was considered not importémt the assessment of aspirin
effectiveness and suggest that after 10 min of exgoto AA, platelet samples were no
longer suitable for our investigation. This teshimons the suitability of PAS assay for testing
the effect of chemical mediators and inhibitors.rétaver, the results suggested that 10 min of
pre-incubation with the antiplatelet agent was pprapriate amount of time for drug-platelet

interaction prior to shear stress exposure.

3.3.4 Shear stress profiles: constant and dynamicawveforms isolated from DeBakey
VAD

As described in chapter 2, the DTE method allowsuigject platelets to realistic shear stress
profiles obtained from complex computational fluignamics (CFD) analysis performed
within different cardiac devices (Girdhar et aD,12). This technology facilitates optimization
of devices performing firgin silico analysis in the modeling domain (in which virtdaisign
modifications are examined), followed by experina¢imulation of the device specific stress

loading histories (waveform#) vitro using the HSD (Figure 3.3).
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Figure 3.3DTE Methodology Fromin silico modelling to extraction of shear stress profikEestad with HSD: example with
the Debakey VAD. Adapted from (Girdhar et al., 2012

Flow path in the VAD is modeled with a high fidglitwo-phase FSI (fluid-structure
interaction) simulation, resolving all componentshe stress tensor that are relevant to flow-
induced thrombogenicity and subsequently trackiogrd and capturing the loading history
(shear stress accumulation) of platelets in the field along trajectories that may drive them
beyond the activation threshold. An example ofedédttrajectories in the flow field of a VAD
is shown at the top of Figure 3.3, while stressliog waveforms corresponding to the four
platelet trajectories, are shown in the center pfitie Figure 3.3.

Cumulative stresses that may drive platelets beytwed activation threshold were
calculated along multiple flow trajectories (thonda of simulated platelet) and collapsed into
probability density functions (PDFs) (plotted ingi&fe 3.4) representing the device
‘thrombogenic footprint’ (Girdhar et al., 2012).

Such shearing profiles can be extracted from the Bl tested in the HSD: platelet activity

for these waveforms can thus be quantified withRIAS assay. Figure 3.4 displays the PDF
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of the DeBakey VAD (red) and its optimized versitine Micromed HeartAssist 5 (HA5,

blue). The yellow region represents the Hellumséshold, that is the shear level over which
platelets are considered activated35 dyne s /cf) (Hellums et al., 1987). A difference

between the two PDFs is clear; in particular, therbdmed HeartAssist 5 has a peak of the
probability function close to the lower stress analation levels, thus indicating that this
optimized device is characterized by an improvednugry with respect to the DeBakey
VAD. The better characteristics of the former skioldad to less invasive fluid dynamic

conditions during the treatment with VAD.
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Figure 3.4 Probability Density Function (PDF) obtained frormslation within the DeBakey VAD (red) and HA5 (bjue
Yellow region represent the shear stress interealiclered harmless for platelets (Hellum's thredhoThe red arrows
indicate points in the PDF function that correspomapecific percentiles of Total Stress Accumolatcharacterizing the
stress profiles within DeBakey VAD. Adapted from (@iar et al., 2012).

In the present study, we decided to investigatdo#teavior of several antiplatelet agents after
subjecting GFP pre-treated with drugs to differenear stress profiles, either constant or
dynamic, extracted from the PDF of the DeBakey VAIr what concerns the constant
conditions, platelets were subjected to 30 andyf@ktnt for a total time of 10 min via the
HSD. On the other hand, the used dynamic shearagforms were extracted from certain
stress accumulation (SA) levels corresponding fterint percentiles of the PDF. For the
purpose of the study, two loading waveforms comesing to the SA found at the 3@nd
50" percentiles (Figure 3.5 - B) were implemented lie HSD. Hereinafter, these shear
profiles will be dubbed Dynamic_30 and Dynamic_®8pectively. Such shear conditions

were chosen because they were close to the pehle IRDF function (Figure 3.4), that was
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reached at the H‘Spercentile. In this way we investigate shear comls that most of the
platelets experienced passing within the DeBakeypVéccording to the CFD simulations.

The limitations of the HSD didn’t allow us to regdie ranges of shear stress peaks of
10° dyne/cni, as CFD simulations within VADs enlightened. Thasactor scale of 15 was
used as trade off to reduce the shear stress edtfiom CFD simulations to levels feasible
for the machine but still interesting for the puspof the study, which was to investigate the
effect of antiplatelet agents under shear profiiesilar to what platelets encounter vivo.
Despite this limitation, the HSD allowed to reproduthe extremely rapid dynamic shear
stress profiles that platelets are subjected tdewtassing through VADs. The possibility to
investigate platelet activation under such dynaouaoditions results fundamental. In fact,
studies have stressed out as platelets are morgtigento dynamic shearing profiles
compared to constant ones (Sheriff J, Bluestein &.£2010; Sheriff et al., 2013).

Since the exposure time characterizing such exaptofiles was in the order of few
milliseconds, the waveforms were then looped witiBD to match the total exposure time
experienced by platelets during experiments undastant shear stress conditions (10 min).

An example of the tested shear profiles is reparidegure 3.5.
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Figure 3.5 Constant and dynamic shear stress waveforms. AarS$teess patterns during the whole experiment unde
constant conditions. B. Dynamic shear stress wanefaepresenting a single cycle of generic Debakap VThis cycle
was looped within the HSD for the entire duratidrih@ experiment (10 min).

After incubation with antiplatelet agents, platetaimples were thus subjected to the shear
stress conditions via HSD. For each sample, a abakperiment consisting of platelets not
treated with drugs and subjected to the same sloegitions was performed.

500 pul of solution were extracted from the HSD rage5 and 10 min of exposure to shear

stress and prepared for the Platelet Activity S{B&S) assay (Paragraph 3.3.5).
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Each experiment, consisting in exposing a sampldaiélets (4 ml) incubated with one drug
to shear stress via HSD, needed 20 min to be peedr Assuming that a gradual decay of
platelet vitality occurs few hours after GFP cdiles (5 to 6 hours), a maximum of 15

experiments were conducted each day.

3.3.5 The Platelet Activity State (PAS) Assay

Platelet activity state (PAS) was measured usingnadified prothrombinase method
developed at Stony Brook University (D. Bluestemdal. Jesty) (Jesty et al., 1999). This
method is particularly well suited for identifyirggtivation due to physical forces, such as
fluid shear or turbulence, encountered by the blpadsing through cardiac devices. This
assay utilizes a novel stoichiometric relationgidigntified in a clinical coagulopathy known
as “Prothrombin Quick disorder”. Although thrombgeneration is a powerful marker of
platelet activation in response to several biocleairand mechanical agonists, the produced
thrombin has a positive feedback response on ptaaetivation. In the PAS assay, there is a
linear relationship between platelet activity ahe inducer, a modified prothrombin (Ac-
Flla) which does not feedback on the factor Xa dempo further activate additional platelets
or convert fibrinogen to fibrin. In the assay, ttesearch group in Stony Brook mimics
Prothrombic Quick disorder by acetylating prothramkhus creating the reagent for this
assay. The removal of the positive feedback aatimdiy thrombin is essential for measuring
platelet activation, which results in “linear” tinbin generation such that a one-to-one
correspondence is established between the indugonist) and platelet activity. Such
modification to the thrombin generation cascadauremarized in Figure 3.6.
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Figure 3.6 The Platelet Activity State (PAS) assay. Fibrinnfiation, as well as the positive thrombin feedbéwit further
activates platelets, are prevented by the prothiombetylation. This allows for a direct correlatibetween the agonist, in
this case shear stress, and PAS, measured by tirgeteration (Sheriff J, 2010).

In order to obtain the acetylated prothrombin (A@fF 10 uM prothrombin was treated for
20 min at room temperature in a solution of 100 INEHCQ; + 5 mM CaCj} with 3 mM
sulfo-N-succinimidyl acetate (Jesty et al., 200B)atelet samples obtained during the
experiments were taken at different time pointsnfrthe experimental setup and assayed
using the PAS assay. For an initial platelet cotregion of 20,00Qil, PAS was measured as
in the following. A tube of 10@l, containing 5,000 plateleid/ 100 pM Factor Xa (FXa), 5
mM Ca', and 200 nM Ac-Flla was incubated for 10 min at@7A sample of 1Qul was
taken from the incubated tube and assayed for thirongeneration by using 0.3 mM
Chromozym TH (CH-TH, Tosyl-Gly-Pro-Arg-4-nitranikd acetate, Roche Diagnostics,
Indianapolis, IN) in a 96-well microplate reademf¥x, Molecular Devices, Sunnyvale, CA),
at 25°C. Thrombin generation was analyzed over 17 ahian absorbance wavelength of 405
nM (Sheriff J, 2010). The changes in absorbanceim@re computed at each time point and
normalized with respect to the thrombin generatae of fully activated platelets obtained
by sonication (75 W for 10 s, Branson Sonifier &t microprobe, Branson, MO). Thus, all
PAS values were expressed as a fraction of thermawithrombin-generating capacity, with
a maximum of 1.0. This assay allows for a 1.1 datien between the applied shear stress
and thrombin generation, and activation changésvags 0.1 % can be detected.
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Hepes-buffered saline (HBS) with 0.1% BSA (HBS:BS&) a physiological pH of 7.4, was
used as buffer solution for the tubes in whichegdkis were incubated with Ac-Flla, £aand
FXa in the concentrations reported above. For theraplate wells, Chromozym TH,
dissolved in 0.15 M NaCl, adjusted to a concerdratif 1 mM, was buffered with HBS:BSA
+ 5 mM ethylenediaminetetraacetic acid (EDTA) athof 7.4 (Sheriff J, 2010).

3.3.6 Statistical analysis

Statistical tests were performed using SigmaPIgstgd Software Inc). Shapiro Normality test
was run for all population of data before significa tests. Samples treated with antiplatelet
agents were compared with their controls after 10 of stimulation. Either parametric or
non-parametric (Kruskal-Wallis) one-way ANOVA wengerformed depending on the
distribution of the data analyzed. Single compariddest was used in two-population
comparisons when possible, while Mann-Whitney R&uikn Tests were performed when
non-parametric analysis between two groups weralatkeDifferences were considered
significant if p < 0.05.
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3.4 Results

3.4.1 Characterization of shear-mediated plateletcivation

Platelets were first exposed to experimental skieass profiles without any antiplatelet drug,
in order to characterize the shear-mediated leveplatelet activation and define the
experimental conditions to test with the differdniigs. Platelets were subjected to 10, 30, 50
and 70 dyne/cfnfor a total time of 10 min. Samples (500 pl) weaken at 2, 5 and 10 min
using a 1 ml syringe appropriately connected to H®D. Concerning the dynamic
waveforms, different shearing profiles correspogdio SA levels at the 30and 5¢'
percentiles of the DeBakey VAD PDF were uploaded eepeated cyclically for a total of
1100 loops, equal to 10 min inside the HSD. Thelte®btained, normalized with respect to
fully activated platelets (paragraph 3.3.5), apgesented in Figure 3.7.
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Figure 3.7 Platelets activation under constant (A) and dynafBicshear stress conditions via HSD. N Expt = fnfrat
least 7 different donors. Data are reported as nie2EM.

As evident in Figure 3.7, platelet activation degeetoth on the level of shear and on the
duration of the stimulation. In fact, platelet aation level after 10 min of experiment span

from 20% to 84% at 10 dyne/éror at 70 dyne/cfy with respect to fully activated platelets.
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In accordance with the results obtained we decidasse just the 30 and 70 dynefcshear
stress levels in the constant shear stress coafigar Indeed, it was not relevant to keep all
four shear profiles, even because no significamt data would emerge from a such detailed
experimental scenario. Instead, regarding the dymaexperiments, both the loading
waveforms extracted at the™@nd 58' percentiles of the Debakey VAD PDF were utilized
for testing the antiplatelet agents. All data pnésé in the present chapter are represented as

mean + SEM, unless otherwise stated.

3.4.2 Effect of COX Inhibitors on shear-mediated mtelet activation

The concentration of aspirin (ASA) chosen for tRpegiments was 25 and 125 uM in 4 ml of
platelet sample, thus corresponding to clinical dssage of 81 mg/day or 325 mg/day (Ensor
et al., 2010). Results obtained are describedgargi3.8, where A-B correspond to 30 and 70
dyne/cnf and C-D to the dynamic waveforms extracted fromusation in the Debakey VAD
(Dynamic_30 and Dynamic_50). For each ASA-treatéaiefet sample, a paired control
experiment with untreated platelets subjected ¢osme shear conditions was performed on
the same day.

The number of experiments performed differs amdmgas conditions (range 10-38),

with blood samples from at least 6 donors.
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Figure 3.8.The effect of aspirin on shear-mediated platetéivation. The effect of aspirin (25 — 125 uM) wasestigated
after exposure to 30 dyne/8rtA), 70 dyne/crh (B), Dynamic_30 (C), Dynamic_50 (D). N Expt = 10T at least 6
different donors. Data are reported as mean + SEM.
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The effect of ASA on platelets activation was difiet between shear stress conditions. In
fact, from the statistical analysis of constantdibon experiments, it emerged that ASA
offers a protection effect at low shear, i.e. 3®@gnt (p < 0.004 compared to control for
both concentration), but no significant effect asieved at 70 dyne/énip > 0.5). A similar
behavior was found in the dynamic conditions, whaspirin showed a slightly lower
reduction at Dynamic_30 stimulation (p < 0.05 ofdy ASA 125 uM compared to control),

with no effect for the most invasive condition.

3.4.3 Effect of phosphodiesterase inhibitors on saemediated platelet activation

Cyclic adenosine phosphodiesterases (PDEs) limé& thtracellular levels of cyclic
nucleotides, thus regulating platelet function aadtivation. Several nonselective or
isoenzyme-selective PDE inhibitors have been dgeelpand some of them are currently
used in clinic as antiplatelet agents (Greselel.e2811). The phosphodiesterase inhibitors
investigated in the present study were dipyridamaiéstazol and pentoxifylline. The
number of experiments performed at each concenitrati drugs tested in this section were at
least 6, with blood samples obtained from at |8adifferent donors.

Dipyridamole acts as an inhibitor of PDES, thusréasing intraplatelet cGMP and in
turn leading to platelet activation inhibition. Shdrug was tested at three concentrations (5,
10, 25 uM). The results are reported in Figure 3.9.
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Figure 3.9.The effect of dipyridamole on shear-mediated fdatactivation. The effect of dipyridamole (5, X% pM) was
investigated after exposure to 30 dyné/d#), 70 dyne/crh (B), Dynamic_30 (C), Dynamic_50 (D). N Expt = 6+ rfrcat
least 3 different donors. Data are reported as nieEM.
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The protective effect provided by dipyridamole wesncentration dependent only after
exposure to 30 dyne/énand decreased at higher shear stress conditida. dbéained at 30
dyne/cnf after 10 min of shear exposure showed a significediuction in the activation level
of platelets treated with the drug with respecthi® control (p < 0.05). On the other hand, in
the other tested conditions dipyridamole presemcdconsistent protective action in time,
with low differences compared to non-treated sami@at cannot be considered relevant to
the study.

Cilostazol has the capacity of diminish intracellucalcium and can cause smooth
muscle cell relaxation and platelet activation Inithon (Gresele et al., 2011). Results obtained
after incubating platelets with cilostazol at a cemtration of 50 uM are illustrated in Figure
3.10.
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Figure 3.10.The effect of cilostazol on shear-mediated platet¢ivation. The effect of cilostazol (50 uM) wiasestigated
after exposure to 30 dyne/ér(A), 70 dyne/crh (B), Dynamic_30 (C), Dynamic_50 (D). N Expt = 6+ rioat least 3
different donors. Data are reported as mean + SEM.

A clear difference emerged for low shear stressditimms between the level of platelet
activation for the control group used for cilostieatber 10 min compared to the control group
obtained for the tests of previous drugs (0.12620s 0.45 + 0.03 for 30 dyne/ém0.07 +
0.01 vs 0.54 + 0.04 for the Dynamic_30).

This discrepancy was due to the use of a lesstaensicetylated prothrombin during
the PAS assay, thus in turn leading to a reducesnhin release detection for both samples

treated with the drug and their control.
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Despite this difference, data were analyzed asepéages of reduction provided by the
antiplatelet agents compared to their correspondinig-treated samples. In this scenario,
cilostazol showed a protection effect in both tbastant conditions, with a reduction of 66%
provided by the drug at 10 min for the 30 dyne&/¢m< 0.001) and 44% for 70 dyne/tp <
0.002). Concerning the dynamic condition, the dstayided a reduction of 63% compared to
control at Dynamic_30, with a p < 0.001, while ngng#icant protection effect was obtained
at Dynamic_50 (p = 0.09).

The last phosphodiesterase (PDE) receptors inhibita@lied was pentoxifylline. It is a
non-selective PDE inhibitor that reduces whole Hlagscosity and improves erythrocyte
deformability. Samples treated with pentoxifyllimere tested after shear exposure via the

HSD. The results are represented in Figure 3.11.
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Figure 3.11.The effect of pentoxifylline on shear-mediatedtglet activation. The effect of pentoxifylline (1QMM) was
investigated after exposure to 30 dyné/d®), 70 dyne/crh (B), Dynamic_30 (C), Dynamic_50 (D). N Expt = 6-tin at
least 3 different donors. Data are reported as nie2EM.

Data indicated that pentoxifylline only slightly dieced platelet activation at low shear
condition, with a maximum significant inhibition &0%, obtained for 30 dyne/énfp <
0.027). Similar values were reached after subjgcpiatelets to the Dynamic_30, with
consistent reduction and p < 0.03 compared to cbn&n opposite trend was instead
achieved at high shear stress condition (70 dyrfe/Dynamic_50), with a slight increase in
platelet activity state of the samples treated whhdrug compared to the control group, thus

indicating at least no protection effect providgdlie drug at high shear conditions.
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3.4.4 Effect of GPlIb-llla inhibitors on shear-mediated platelet activation

Platelet membrane activated receptor glycoprotéiilssiila can bind fibrinogen, starting the
final common pathway of platelet aggregation. Sitloe GPlIb-llla receptor is the most
important integrin to be involved in platelet aggagon, the development of GPllb-llla
antagonists like eptifibatide (trademarked as Inliey) has become an attractive strategy for
antiplatelet therapy with an expected strong aretifp effect. In this study, we deemed
opportune to study the effect of eptifibatide oreahmediated platelet activation (Figure
3.12).
Also in this case, the minimum number of experimgmrformed was 6, with blood

samples obtained from at least 4 different donors.
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Figure 3.12. The effect of eptifibatide on shear-mediated pdtactivation. The effect of eptifibatide (0.25/mf) was
investigated after exposure to 30 dyne/¢#), 70 dyne/crh (B), Dynamic_30 (C), Dynamic_50 (D). N Expt = 6+ rficat
least 3 different donors. Data are reported as ntesEM.

The concentration of eptifibatide tested in thesprg study was 0.25 pg/ml. This amount was
considered correct for the investigation, basedresults obtained from an experiment in
which different concentration of eptifibatide weested to identify the one that may be both
effective and non-toxic for platelets.

As seen with several antiplatelet agents, eptifilzgashowed a remarkable platelet
protection when subjected to low shear stimulatiwith an overall reduction of platelet
activation of 50% after 10 min for both the 30 digme® and the Dynamic_30 (p < 0.003).
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The protection effect provided by the drug resuliestead overwhelmed by the physical

forces at higher shear stress conditions.

3.4.5 Effect of ADP-receptor blockers on shear-medied platelet activation

Ticagrelor reversibly interact with the platelet YR2 ADP-receptor to prevent signal
transduction and platelet activation. The effecttiohgrelor was studied at two different
concentration, 10 and 100 uM (Tomizawa et al., 2063he same experimental condition
described for the investigation of the previousragieThe obtained results are represented in
Figure 3.13.
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Figure 3.13. The effect of ticagrelor on shear-mediated platakdivation. The effect of ticagrelor (10 — 100 uMas
investigated after exposure to 30 dynéfd#), 70 dyne/crfi (B), Dynamic_30 (C), Dynamic_50 (D). N Expt = 6+rfrcat
least 3 different donors. Data are reported as ntesEM.

Ticagrelor showed a stronger protection action caneqb to all antiplatelet drugs tested in the
present study. In fact, the reduction provided g tdrug appeared consistent for all shear
profiles. In constant condition, both concentrasiamhibit platelet activation. At 30 dyne/ém
the reduction compared to control after 10 min luéas exposure was > 80% (Figure 3.15),
with p < 0.05. Different was the response of pkteelsubjected to 70 dyne/gnwith an
overall reduction of activation provided by ticagreof 40%, still statistically significant for
the study (p < 0.05). The results obtained with dy@amic conditions showed a strong
response provided by both concentrations of thg ésuDynamic_30 (> 80% reduction, p <

0.05). At higher dynamic shear stress conditiocagrelor showed a consistent protection
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action when used at high concentration (100 puMjhwi reduction with respect to control
even stronger compared to the effect obtained thighconstant counterpart stimuli (68% vs
40% reduction at 10 min), with p < 0.05. On theeotihand, the tests performed using
ticagrelor at a concentration of 10 uM found nogigant platelets inhibition with respect to
control condition (p > 0.05), despite a mean reiducof 19% at 10 min after shear stress

exposure.

3.4.6 Effect of aspirin in combination with other dugs on shear-mediated platelet
activation

The use of aspirin in combination with other argtiplet agents has been studied by several
research groups (Cattaneo M., 2004; Taylor etl&92; Cooke et al., 2006; Gresele et al.,
2011; Diener et al., 1996; Lentz et al.,, 2000; Weet al., 2008; Adams et al., 2008;
Ratnatunga C.P., 1992). This combined approactvéas introduced in clinical management
of MCS patients. With the aim of investigating &#féectiveness of these therapies, we studied
the level of platelet activation inhibition provididy low concentration aspirin (25 pM) in
combination with PDEs inhibitors like dipyridamol®uM) (Gresele et al.,, 2011) and
pentoxifylline (100 uM) (Ueno et al., 2011) or GIB-llla inhibitor like eptifibatide (0.25
pg/ml) (Nannizzi-Alaimo et al., 2003). Finally, wiested the combination of aspirin +

pentoxifylline + eptifibatide on platelet reactiyifFigure 3.14).
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Figure 3.14. The effect of aspirin in combination with othertiplatelet agents on shear-mediated platelet aaivaThe
effect of aspirin (25 uM) in combination with efiditide (0.25 pg/ml), pentoxifylline (100 uM), dipggamole (5 uM), or
eptifibatide + pentoxifylline were investigated eftexposure to 30 dyne/énfA), 70 dyne/crh (B), Dynamic_30 (C),
Dynamic_50 (D). N Expt = 6+ from at least 3 differelonors. Data are reported as mean + SEM.
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The results showed a potentiated effect offereddyie drugs in combination with low dose
aspirin, but only for the 30 dyne/énand the Dynamic_30 conditions. In fact, platelets
protection was increased when aspirin was usedombmation with dipyridamole or
eptifibatide, with a percent reduction after 10 rain30 dyne/cequal to 84% and 57%
respectively, versus a reduction of 47% providedabpirin alone. Differently, the use of
pentoxifylline in combination with aspirin showedpatentiation effect of shear-mediated
platelet activation. The behavior of platelets tiedawith different combination of drugs and
subjected to Dynamic_30 was similar to constantd@ms. Unlike the effect of aspirin alone
at a concentration on 25 uM, which provided no ghtprotection at 10 min after shear
exposure (3.4.2), the combination with other agemtsvided a reduction of platelet
activation. 42%, 49% and 40% reduction (Figure B.Mere indeed obtained for ASA
combined with dipyridamole, eptifibatide and perntygkne respectively, with p < 0.005. The
use of aspirin in combination with both eptifiba&idnd pentoxifylline demonstrate a mean
reduction of platelet activation of 18% comparedadatrol, but no statistical differences was
found among the two populations of data (p = Q\b) protection was provided by antiplatelet
agents for high shear stress exposure conditidms.fihding supports the theory that there is
a level of shear-induced platelet activation tteatrot be modified by the effect of antiplatelet
drugs, because of the inadequacy of their mechaniémrotection after exposure to elevated

mechanical stimuli.

3.4.7 Percent reduction of platelet activation proved by antiplatelet agents after 10 min
of exposure at different shear stress profiles

As emerged from the results, the protection effeovided by the antiplatelet agents was
strongly dependent on the shear stress level tohnpiatelets were exposed. In an attempt to
analyze the behavior of all the agents testedp#reentage of platelet activation reduction
was calculated for all kinds of samples treatechwitugs compared to control, after being
subjected to the four shear stress profiles desdriim Paragraph 3.3.4. The graphical

representation of these data is reported in Figurg.
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Figure 3.15.Mean % of platelet activation reduction providaddifferent antiplatelet agents (A1-G1) tested raft@ min
exposure to 30 dyne/énA), 70 dyne/crfi (B), Dynamic_30 (C) and Dynamic_50 (D). % reductéoe intended compared
to control group. Negative numbers indicate analdhcrease of platelet activation after treatmeitih the drug: see text for
discussion of such specific cases. (* p < 0.05)ifAatelet agents: A: aspirin alone (Al - 25 uM, A225 uM); B:aspirin in
combination with other drugs (B1- ASA 25 uM + diglaimole 5 uM, B2 - ASA 25 uM + eptifibatide 0.25 pg/BB3- ASA
25 uM + pentoxifylline 100 pM, B4- ASA 25 uM + ejihtide 0.25 pg/ml + pentoxifylline 100 uM); C: tgralor (C1 -
ticagrelor 10 uM, C2 - ticagrelor 100 uM); D: dimamole (D1 - dipyridamole 5 uM, D2 - dipyridamadl® uM, D3 -
dipyridamole 25 pM); E1: eptifibatide 0.25 pg/ml:pentoxifylline 100 pM; G1: cilostazol 50 pM.

As emerged from Figure 3.15, antiplatelet agentsiged a stronger protection to platelets
subjected to lower shear profiles than to highefiles (70 dyne/crhor Dynamic_50). In
particular, at 30 dyne/chthe majority of the tested agents showed a prioteetffect, with a
mean reduction of 55%. The same trend was foundh \piatelets subjected to the
Dynamic_30 condition, where most drugs provided ignicant inhibition of platelet
activation and a mean reduction of 50% comparezbtdrol. Platelets treated with aspirin in
combination with pentoxifylline actually displayeth abnormal behavior, consisting in an
increase in platelet activation. This was probahlg to errors in the dosage chosen for the
experiments performed.

Results obtained when platelets were tested aehigihear stress conditions showed a
different trend. In fact, poor protection was eeslby antiplatelet agents at 70 dynefciithe
only drugs that were found to be effective alsoh& shear stress level were ticagrelor and
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cilostazol, which ensured a statistically significeeduction of platelet activation of 40% (p <
0.05). Even worse was the effect granted by anéf@hagents after subjecting platelets to
Dynamic_50 shearing profile. Indeed, in this cdle,only condition that seems to provide a
certain inhibition of platelet reactivity was theatment with ticagrelor, at a concentration of
100 pM.
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3.5 Discussion

In the present study we compared the effect obdifit antiplatelet agents after exposure to
both constant and dynamic shearing profiles, whth goal of understanding the behavior of
these drugs in protecting shear-activated platelets

To date, current antithrombotic therapies, desigm@arily to modulate biochemical
pathways of platelet activation, have been podugied in combination with physical forces,
such as shear profiles that mimic fluid dynamicdibans inside VADs. To the best of our
knowledge, only few research groups have triedulgjext platelets treated with currently
used antiplatelet drugs to physical stimuli foressing the ability of those agents to protect
platelets (Moake et al., 1988; Minami et al., 199Heriff et al., 2014; Tomizawa et al., 2013).
This kind of investigation resulted thus mandatimryensure a correct characterization of the
drugs’ ability to protect platelets from mechanistmnuli.

First, platelets were subjected to physical forfmsa total exposure time of 10 min
without drugs. The results showed that plateleivatton depends both on the level of shear
and on the duration of the stimulation, reachinig\wel up to 84% of maximum activation
obtained via sonication at 75 W for 10 s.

After this preliminary characterization of sheaguiced platelet activation, we subjected
platelets incubated with several antiplatelet agefitable 3.1) to different shear stress
profiles, both constant and dynamic, via the HSD.

As a COX-inhibitor, aspirin was studied at two diffnt concentrations of interest, i.e.
25 UM and 125 uM (Ensor et al., 2010). The protectffect of aspirin was found only after
exposure to low shear stress profiles (30 dyn8/cwith poor platelet activation reduction at
higher shear waveforms.

Another category of antiplatelet agents investidatas the phosphodiesterase receptor
inhibitors. Among them the drugs analyzed were wilmole, cilostazol and pentoxifylline
(Kullmann et al., 1993; Meester et al., 1998; Karigno et al., 2001). A study performed by
Weithmann (1980) assessed that pentoxifylline, a8 as dipyridamole, should manifest a
stronger platelet protection effactvivo compared ton vitro condition because their platelet
inhibitory effect are enhanced by Prostacyclin (& lipid molecule mainly presents in the
blood vessel walls. Platelets reactivity once iratad with dipyridamole and subjected to
shear stress in oun vitro set up was concentration dependent only after xpoto 30
dyne/cnt and decreased at higher shear stress conditiata.dbtained after 10 min of shear

exposure at 30 dyne/énshowed a significant reduction in the activatienel of platelets
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treated with the drug (p < 0.05). On the other hatigyridamole presented no consistent
protective action in time at both 70 dynefcrand Dinamic_50, with low differences
compared to non-treated samples that cannot badeved relevant to the study. A similar
effect was provided by pentoxifylline, that onlylaiv shear stress seemed to protect platelets.
Different was the behavior of cilostazol. The Initedeed showed a protection effect in both
the constant conditions, with a reduction of 66%vped by the drug at 10 min for the 30
dyne/cnf (p < 0.001) and 44% for 70 dynefenp < 0.002). Concerning the dynamic
condition, cilostazol provided a reduction of 63%tnpared to control at Dynamic_30, while
no significant protection effect was obtained ahBwyic_50 (p = 0.09). The vasodilatory and
antiplatelet actions of cilostazol are due mairdythe inhibition of phosphodiesterase 3
(PDE3) and subsequent elevation of intracellulaM@Alevels. Recent preclinical studies
have demonstrated that cilostazol also possessealtity to inhibit adenosine (ADO)
uptake, a property that may distinguish it fromestPDE3 inhibitors (Liu Y. et al., 2001).
Adenosine, as well as adenosine diphosphate (AD&xadenosine triphosphate (ATP) plays
an important role in the biochemical process. Adem® also plays a role in regulation of
blood flow to various organs through vasodilatibtore important, ADP is considered a key
factor in the starting phase of platelet activatibhe ability action of cilostazol to inhibit both
PDE3 and ADO may be the reason of its strongereptimin of platelets exposed to shear
stress.

As mentioned in paragraph 3.2, GPIlIb-llla recep®rone of the most important
integrin to be involved in platelet aggregationcsint enables to bind fibrinogen, a key
element in blood clot formation. In the presentdgiueptifibatide showed a great platelet
protection when subjected to low shear stimulatith an overall reduction of platelet
activation of 50% after 10 min for both the 30 digmeé® and the Dynamic_30 (p < 0.003).
Nonetheless, the protection effect provided by figatide resulted overwhelmed by the
physical forces at higher shear stress conditiimss confirming the idea that antiplatelet
agents poorly protect platelet from shear-mediatetvation. This behavior is due to the
process of development of new drugs, in which pomicattention is focused on providing
chemical inhibition of platelet activation insteaflprotection from external physical forces,
like the ones experienced passing through cardisistadevices as VADs or TAH.

Aspirin alone provided a limited protection to jgllets subjected to all kind of shear
stress in the present investigation. In the lasirgjea combined approach consisting of
coupling low dosage of aspirin in combination wibther antiplatelet agents has been

introduced in clinical management of MCS patierisqor et al., 2010). We thus studied
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aspirin in combination with dipyridamole, pentoxiiiye and eptifibatide. Results showed a
partial decrease in platelet activation but onlyost shear stresses. Moreover, when aspirin
was combined with pentoxifylline, PAS assays shoaegemingly paradoxical behavior, i.e.
a potentiation effect of shear-mediated platelétvatton. This finding may be explained in
different ways. One hypothesis is that the drugceatration chosen was already toxic for the
cells, while an alternative is that the mechanigraadion provided by the two drugs may be
antagonist for what concern platelets protectidnerherged therefore how delicate is the
process of developing complicated antithromboterapies. The latter combine several drugs
with the goal of potentiating the effect on platedetivation. Besides these treatments are
mandatory in certain cases, a great attention dhioglpaid to avoid the occurrence of side
effects harmful for platelets.

The only drug that provided an effective reductadter exposure to every shear stress
profiles tested in our work was ticagrelor. Thedatreversibly interacts with the platelet
P2Y1, ADP-receptor to prevent signal transduction aradgbét activation. Ticagrelor showed
a consistent protection action when used at higiceatration (100 uM), with a reduction
with respect to control after exposure to a dynawaweform even stronger compared to the
effect obtained with the constant counterpart sliif®8% vs 40% reduction at 10 min), with
p < 0.05.

The antiplatelet agents that offered the best hehd&wr what concern the reduction of
platelet activation after 10 min of exposure tohhélpear stress were ticagrelor and cilostazol.
These two agents have a common effect that isnthibition of ADO or ADP receptors. As
explained above in fact, aside from its capacitinbfbit PDE3, cilostazol is able to block the
effect of adenosine. The results obtained frompitesent study seem to confirm the need of
acting on this mechanism to better protect pladeldten exposed to shear stress.

Finally, the ability of modifying the mechanicalgperties of platelets membrane may
positively affect their response to physical stim8luch ability was provided by none of the
antiplatelet agents tested in the present studyb®leve that increasing membrane fluidity
may help platelets when subjected to shear stredeg as within VADs. So far, results
suggest that the most common antiplatelet agemtishvare normally used in anticoagulation
management for patients treated with mechanicaliaardevices, are only partially able to
protect platelets from the activation effects oygibal forces encountered by flowing through
cardiac assist devices. Therefore, new solutioresi te be found to solve the burden of

serious antithrombotic therapies, which are nowadggential for MCS patients.
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4.1 Introduction

As emerged in the previous chapter, shear-medgaitadlet activation is poorly reduced by
common antiplatelet agents that can be found omilwket. The fact that these agents were
mainly developed to chemically inhibit platelet é@ilon may help in explaining why they are
often unable to protect platelets from physicatésr as the ones to which cells are subjected
when flowing through MCS devices. Platelet functisnmediated by several membrane
proteins that are responsible for the transposdigrials from the outside of the platelet to the
inside organelles (Figure 4.1). The fluid dynaminditions occurring within VADs, which
are far from being physiological, may stimulate sthemembrane proteins, which in turn

would activate platelets. This mechanism is cattethanotransduction.

VWF Thrombin
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% GPIb/IXIV

Fibrinogen
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signaling signaling
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Figure 4.1.Mechanisms of mechanotransduction: the role of brare protein in shear-mediated platelet activafiRimera
et al., 2009).

One of the mechanisms that can help to modulatend@hanotransduction effect mediated by
membrane proteins is the introduction of chemigangsts which are able to affect platelet
membrane fluidity, thus reducing the sensitivityptdtelets to physical stimuli.

Dimethyl sulfoxide (DMSQO), a small amphiphilic molde with a hydrophilic sulfoxide
group and two hydrophobic methyl groups (Figurg,41ay be one of these agents. DMSO is
an effective cryoprotectant and vasodilator (Mangdahet al., 2011; Roth CA, 1968).
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Moreover, DMSO has been used as transmembran@darésof biochemical agents, as well
as versatile solvent of several antiplatelet agéviesddock et al., 1966; Butenas et al., 2001).
For what concern the latter effect, we believe BtSO action may actually potentiate the
ability of drugs to protect platelets from sheaneation.

In our study, DMSO was used to modulate intactnesand fluidity of the platelet
membranes with the final goal of reducing shear-meadted platelet activation. In fact, the
membrane integrity and its capacity to respond Xiereal stimuli play a key role in the
mechanotransduction apparatus, which is responsildbear-mediated platelet activation.

The effect of DMSO on the membrane hydrophobic dbrelity and its ability to
induce transient water pores into the membrane waeaby/zed, to check whether this drug can

be employed to reduce platelet reactivity to phaisicrces.

O c

H3C/S\CH3 «

Figure 4.2.Chemical structure of DMSO. Adapted from http://ecooms.wikimedia.org/wiki/File:DMSO-elpot.png.
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4.2 The effect of DMSO on structural and functionalproperties of cell
membranes

Mechanotransduction refers to the mechanisms bghwdells convert mechanical stimuli into
chemical activity. The major membrane proteins imed in this process are integrins, which
are transmembrane receptors that bring informasibaut the chemical composition and
mechanical status of the extracellular medium (E@NY the cell. In addition to transmitting
mechanical forces across membranes, they are idatvcell signaling and regulation of cell
cycle, shape and motility. The chemical inhibitminthis signaling process, which consists of
enhancing membrane fluidity and consequently deangahe sensitivity of these receptors to
shear stress, may allow platelets to raise thestiold of their activation, thus reducing the
need of antithrombotic therapies in associatioM@S devices.

DMSO has been used for several pharmacological acities in cell biology, such as
cryoprotection, vasodilation, membrane penetrationand transport (Mandumpal et al.,
2011; Roth CA, 1968; Kolb et al., 1967; Denko et 4067; Rammler and Zaffaroni, 1967;
Elfbaum et al., 1968; Sulzberger et al., 1967;Rarl et al., 1966; Maddock et al., 1966

Since in the present study we wanted to evaluated M5O interaction with
platelets, we focused our attention on its abilityto 1) dissolve antiplatelet agents, 2)
affect cell membranes and 3) act as antagonist tdgbelet aggregation.Such applications
of DMSO will be described below.

In the literature DMSO was often used asodvent of several chemical compounds
Indeed, DMSO has been used to dissolve antiplatglents duringn vitro investigations
aimed at assessing the agents effectiveness, pygtatentiating their effect.

Butenas and colleagues studied platelet inhibitoestissue factor (TF)—initiated model
of whole blood coagulation. In particular, they disew concentration of DMSO (1.6%) to
dissolve dipyridamole in their investigation (Buasnet al., 2001). Furthermore, Smith used
DMSO to dissolve dipyridamole and proved that mgktndin D receptors (DP) inhibitor
potentiates the effect of a pyrolopyrimidine-basatifolate LY231514 (MTA) by inhibiting
the transport of thymidine, essential to reverseAWjfowth inhibition in leukemia and colon
cancer cells (Smith et al., 2000).

Cilostazol, was found to inhibit both primary andcsndary platelet aggregation
induced by collagen, ADP, arachidonic acid and raiee, as well as to suppress the
expression of p-selectin (Kariyazono et al., 2001 Yheir study, authors prove that the effect

of cilostazol can be potentiated by the combinatath forskolin dissolved in DMSO.
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Forskolin is an organic compound commonly usedctivate the enzyme adenylyl cyclase
and increase intracellular levels of cAMP.

Moreover, Buzaid evaluated botin vitro and clinically the effects of adding
dipyridamole to fluorodeoxyuridine (FUDR) in colatal cancer, showing a drug-enhanced
antitumor activity of FUDR. In the study, dipyridate was dissolved in 100% DMSO and
then utilized in combination with FUDR (Buzaid &t 4989).

For what concern theffect of DMSO on cell membranesGurtovenko and colleagues
performed atomic-scale molecular dynamics (MD) sations in which they observed that
DMSO exhibits three distinct modes of action, easfer a different concentration range
(Table 4.1). At low concentrations, DMSO inducesmwheane thinning and increases fluidity
of the membrane hydrophobic core. At higher conagisins, DMSO induces transient water
pores into the membrane. At still higher concemrs, individual lipid molecules are
separated from the membrane followed by disintegradf the bilayer structure (Gurtovenko
et al., 2007). These findings indicate that thei@haf DMSO concentration for a given
application is critical, as the concentration de$irthe specific mode of the solvent action. We
believe that such results may be applied to platela fact, an extensive knowledge of the
distinct modes of action of DMSO, which in turn deds on its concentration, may promote
the role of DMSO as mechanotransduction proces#hitoh in shear-mediated platelet
activation.

Cruso - I area per lipid  DMSO mode
system  [mol %] [rum] [rum?] of action

1 0.0 3.62+£001 0.690+ 0002

2 2.5 342 £ 001 0766+ 0002 membrane

3 5.0 323L001 0848+£0002 thinmng

4 1.5 305L£002 09258 £0.003

5 10.0 2354+ 003 membrane

[+] 12.5 2.13 4+ 005 thinning

7 15.0 1.53 £ 006 and

8 200 052 £ 008 pore formation
a 250

10 30.0

11 35.0 membrane

12 40.0 disintegration
13 60.0

14 100.0

Table 4.1 Concentration-dependent modes of action of DMS@tarspholipid membranes (Gurtovenko et al., 2007).
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The effect of DMSO on platelet aggregatiorwas investigated by several research groups
(Deutsch E, 1966; Jacob et al., 1986; Fratantonalet1983). In particular, Fratantoni
examined the effect of DMSO (0.1 to 10%) on platelggregation, release, and prostaglandin
synthesis (as indicated by malondialdehyde formatia response to thrombin, collagen,
arachidonic acid and calcium ionophore. Inhibitias observed at the lowest levels of
DMSO, varied with the type of stimulus, and wasermed by washing the platelets.
Inhibition of aggregation, release and malondiaydiehformation were dose dependent with
thrombin or collagen. DMSO did not inhibit malonidiehyde formation stimulated by
arachidonic acid, nor did it consistently inhibityafunction stimulated by calcium ionophore
(Fratantoni et al., 1983). When platelets wereest@s platelet-rich plasma at 20 to 24°C for
48 hours, with and without 5% DMSO, and subseqyentshed, the platelets stored with
DMSO were more reactivie vitro. The results obtained by the authors indicate pleatelet
function inhibition provided by DMSO not only wagwversible, but also protected the
platelets during storage. In fact, they provedhasfactor limiting the use of DMSO in platelet
storage is the potential toxicity provided by tlodvent (Hanslick et al., 2009) in the whole
circulatory system rather than on platelets.

In the light of what emerged in the studies descttilabove about the versatility of
DMSO for cell biology purposeghe present study aims to investigate the effectfo
different concentration of DMSO on shear-mediated [atelet activation. In fact, a good
awareness of DMSO intrinsic behavior is fundamenbkdbreover, the investigation of
platelets incubated with different percentages BISD and subjected to well described shear
stress profiles may eventually reveal a new appdinaof DMSO related to shear-mediated
platelet protection.
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4.3 Materials and methods

4.3.1 Experimental concept

A schematic representation of the experimental ephts reported in Figure 4.3. Details on

the single steps of the procedure are explaineithenfollowing Paragraphs (from 4.3.2 to

4.3.4).
Platelet Rich Plasma (PRP) Gel Filtered Platelets (GFP)
Whole blood Isolated AddingPLT-B~ — —3 —3
il PRP Platelets
ACD-A PRP { separate
| from

Centrifuge PRP plasma

1300rpm + Remove
15min Hematocrit PRP -> Beads

—_— > >

ﬁ

GFP incubation with different concentrations of DMSO for 10’ at 37 °C

|

!

}

!

GFP (20000 pl/ul) incubated
with 0-60% DMSO

V

PAS Assay + SEM Imaging

GFP (20000 pl/ul)
incubated with 0 - 60
% DMSO

V

Shear Stress exposure
via Hemodynamic
Shearing Device (HSD)

|

PAS Assay

GFP (20000 pl/pl)
incubated with 0 - 5%
DMSO

V -

\
Shear Stress exposure Ly
via Syringe-Capillary y
Shearing Device (SCSD)

|

PAS Assay

Figure 4.3. Experimental Concept. After obtaining PRP or GF&sg§age through Sepharose Beads), platelets samgies w
either subjected to shear via HSD or SCSD and platdactivity was assessed using PAS assay. Adaipoed
http://www.glycotope.com/immunodiagnostics/clinichhgnostics-research-reagents/thrombocytest-imfthuoenbocytest-

immune-handlinghttp://www.chemguide.co.uk/analysis/chromatogsdpblumn.html. Sephadex CL-2B.
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4.3.2 Platelet samples preparation

As already mentioned in Paragraph 3.3.2, the exyarial protocol utilized to obtain purified
platelet refers to a procedure described in prevgiudies reported in the literature (Sheriff J,
Bluestein D et al., 2010; Schulz-Heik et al., 200&sty et al., 1999), with slight differences.
Sixty healthy adult volunteers of either sex whal lmt taken aspirin or Ibuprofen for 2
weeks, participated to the study. Each of themesigm written informed consent, previously
approved by the University of Arizona IRB. A voluroé 30 ml of whole blood was drawn
from each subject by antecubital venipuncture,ectdld in 3.8% trisodium citrate (ACD-A)
(9:1,V/V) and centrifuged at 1300 rpm for 15 minith\this procedure, platelet-rich plasma
(PRP) was separated from red blood cells. At thisitp PRP was used for producing gel-
filtered platelets (GFP) by filtration through a5tihl column of Sepharose 2B beads (60-200
um diameter, 2% agarose; Sigma-Aldrich, St. Louig)Mequilibrated in platelet buffer
(Neuenschwander et al., 1988). The resulting GFRe weunted using Z2 Particle Counter
(Beckman Coulter, Miami, FL) and diluted with pliatebuffer to a concentration of 20,000
pl/ul. At this point of the procedure, the testing $imns were incubated with or without
DMSO at different concentrations for 10 min at 3746d samples were then ready for

experimental campaigns.

4.3.3 Experimental Campaign

The experimental campaign performed in this studlysisted in three experiments. In the
static condition experiment, platelets were incatdatith different percentages of DMSO and
platelet activity state detected.

In the hemodynamic shearing device (HSD) dynamjgegarents, platelets incubated
with DMSO were subjected to both constant and dyoaimear stress profiles using the HSD.

In the syringe-capillary shearing device (SCSD) algic experiments, to assess the
ability of DMSO to protect platelets after expostweshear stress peaks not reachable via
HSD, samples were exposed to hyper shear usingGisD.

After each experiment, platelet activity state wasasured using the platelet activity
state (PAS) assay (Jesty et al., 1999), a modifrethrombinase method that was described

in Paragraph 3.3.5. A detailed description of ésple of experiment is reported hereinafter.
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4.3.3.1 Effect of DMSO on platel et activation under static condition

The reactivity of platelets to different concentvas of DMSO was first tested under static
conditions. 4 ml of GFP solution (20000 pl/ul) waneubated for 10 min at 37 °C with 0%,
0.95%, 2,5%, 5%, 10%, 15%, 20%, 25%, 40% and 609MEO, where percentages are
referred to total volume of sample solution. PASagswas performed at each concentration
of DMSO tested. Platelets incubated with DMSO welso fixed and prepared for SEM
imaging, as described in Paragraph 4.3.4.

4.3.3.2 Effect of DMSO on platel et activation after exposure to shear stress via HSD

A set of experiments was performed to find out keel of sonication to be used for

normalization of PAS data resulting from the DMS¢hamic experiment. As in the static

experiment, 4 ml of platelets (20000 pl/ul) wereubated for 10 min at 37 °C with 0%,

0.95%, 2,5%, 5%, 10%, 15%, 20%, 25%, 40% and 60ZM$O. Then, they were subjected
to different sonication levels using a Branson 8enil50 with microprobe (Branson, MO)

for 10 s. The tested conditions were 0, 20, 2533040, 45 and 50% of the maximum output
power, that is 150 W. The 0% sonication conditiamresponded to the static condition
explained in Paragraph 4.3.3.1.

After definition of the correct level of sonicatiém use for the normalization of the data
obtained from PAS assay, new experiments were ateduto investigate the effect of
DMSO after platelets exposure to different sheagsst profiles in the HSD. The results
obtained in each experiment were compared to ttezergce value of platelets subjected to
shear and incubated without DMSO.

Before each experiment, GFP solutions (20000 m@fuilibrated using platelet buffer) were
incubated with different aliquots of DMSO for 10mat 37 °C. The percentages in volume of
DMSO were 0%, 0.95%, 2.5%, 5%, 10%, 15%, 20%, 2&%t the exception of particular

conditions for which we investigated the effect 4i% and 60% DMSO as well. After

incubation with DMSO, samples were subjected to ghear stress conditions via HSD.
Details regarding the HSD are reported in litemt(Girdhar et al., 2008), as well as in
Chapter 2. A graphical explanation of the sheaprgjiles to which platelets were subjected

through the device is represented in Figure 4.4.
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Figure 4.4. Constant and dynamic shear stress waveforms. [Bekfi platelets were exposed to (A) variable miagiei of
constant shear stress and (B) dynamic waveform watieble angular velocities representing a singlelec of generic
Debakey VAD (58 percentile of PDF). Time exposure for both shemrditions were equalized to a total experimental
duration of 5 min. The dynamic shear stress pr¢Blevisualized in Figure correspond to one cycle.match the exposure
time of constant waveform, the dynamic profile weyseated 550 times within the HSD.

The dynamic shear stress profiles extracted froenDdkBakey VAD and used in the study
were implemented thanks to the application of tAi&@Device Thrombogenicity Emulator),
developed by research groups in Stony Brook (Newk)@nd University of Arizona
(Tucson) already described in literature (Girdhaale 2012). DTE allows to model flow path
within VADs using CFD simulations, thus trackingwdoand capturing the loading history of
platelets in the flow field along trajectories thatay drive them beyond the activation
threshold. These cumulative stresses are thenpseltainto probability density functions
(PDFs) representing the device ‘thrombogenic faotprThe extraction of particular profiles
from PDFs waveforms and the implementation of ssichar stresses via HSD allowed to
assess the effect of DMSO in protecting plateleiden conditions that are similar to those
encountered in MCS devices.

In the present study, the effect of DMSO on pldseleas investigated by subjecting

GFP pre-treated with the agonist to different stedaass profiles, either constant or dynamic,
87



extracted from the PDF of a Debakey VAD. Anyhowe timitations of HSD did not allow to
replicate range of shear stress peaks Jf dye/cni, as CFD simulations within VADs
underlined. Thus, a factor scale of 15 was usddads off to reduce the shear stress to levels
feasible for the machine but still interesting fille purpose of the study, that was to
investigate the effect of DMSO under shear profiliesilar to the ones encounteriedvivo by
platelets. Despite this limitation, the HSD mimidkthe extremely rapid dynamic loading
waveforms that platelets experience along trajextorhile passing through VADs, allowing
to investigate platelets behavior under shear t¢iomdi never investigated before in literature.
For what concerns the constant conditions, phstelere subjected via HSD to 30 and
70 dyne/crh for a total time of 5 min. On the other hand, five tdynamic condition, the
loading pattern implemented via HSD was extractechfthe PDF of a DeBakey VAD and
corresponded to the stress accumulation level fatnithe 58 percentile of the total PDF
waveform (Dynamic_50, further details were exposedChapter 3). Since the actual
exposure time characterizing such extracted prefds few ms, the loading waveform was
repeated cyclically for a total of 550 loops witHtED to match the total duration of the

experiments under constant shear stress condifomsn).

4.3.3.3 Effect of DMSO on platelet activation after exposur e to shear stressvia SCSD

To overcome the limitations of the HSD in termshtdximum shear stress peak, we studied
DMSO-treated platelets also through the SCSD, aihahis device was less able to subject
platelets to complex dynamic shear stress profi®SSD, built in collaboration between
Stony Brook University (Prof. D. Bluestein) and Uaiisity of Arizona (Prof. M. J. Slepian) is
a syringe-capillary pump system. Within the devigkatelets are exposed to different shear
stresses by cyclically passing through capillawél defined geometries at a controlled flow
rate. In the SCSD, platelets were exposed to thperenental shear stress while passing
through capillaries positioned downstream of a cat@pcontrolled syringe pump (outflow
position). In order to refill the pump and allow gyclic exposure of platelets to the
experimental conditions, an inflow conduit was atemnected to the system. Further details
about this device was provided in Chapter 2, a$ agein (Sheriff J, 2010). All parameters of
the experiments with SCSD corresponding to the@uttonfigurations are reported in Table
4.2. The inflow conduit was the same for all shei@ess investigated, and consisted in a

silicon tube with inner diametér= 2mm and length L = 200 mm. Flow rate within thbe
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was 71 ml/min, thus subjecting platelets to an alcshear stress of 15 dynefcrior an

exposure time of 0.53 s each cycle.

Shear Stress  Capillary Flow Single N Total Duration
Rate pass Loops  texposure  EXperiment
L] L texposure
[dyne/cnf]  [mm] [mm] [ml/min] [s] [s] [s]

140 0.8 30 43 0.212 12 2.544 108

400 0.8 30 122 0.074 37 2.738 198

680 0.8 30 203 0.044 74 3.256 339

880 0.8 40 265 0.045 74 3.33 319

1440 0.38 30 46 0.044 74 3.256 639

880 0.8 40 265 0.045 477 21.5 2056

Table 4.2 Parameters used for the SCSD experiment. The darafieach experiment was calculated as (N Loopgie),
where t cycle was the duration of a single cycléhinithe device, that was different among sheasstconditions and took into
account both inflow and outflow passages.

The effect of DMSO was assessed at high shearsssteaulations, corresponding to 140,
400, 680, 880 and 1440 dynefcrithe choice of such high shear stresses was tchrpaiks
that platelets experience through VADs, which fighie order of 1ddyne/cni. The volume
of sample used for each experiment was 4 ml. Inayoée within the device platelets were
exposed to the actual shear stress for variable tmervals between 0.044 to 0.212 s. To
allow platelets to experience shear stress foropged period of time, we thus looped the
experiments within the SCSD. For example, the texplosure time to the actual hyper shear
experienced by platelets at 880 dynefamas 3.33 s, corresponding to 74 loops within the
device (Figure 4.5).

In the SCSD experiments, to preserve plateletgyiityewhile extending the results
obtained during the HSD campaign, only plateletsulrated with 0%, 0.95%, 2.5% and 5%
of DMSO were studied.
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Figure 4.5. Shear stress profiles in the SCSD. Example wittheais stress peak equal to 880 dyné/cBeometrical
characteristics of the inflow and outflow tubesrdidhllow to subject all platelets to the same ststeess for all duration of
the two phases. The duration of a single loop ¢tedywas 4.31 s.

We also decided to increase the shear stress expesth the SCSD at 880 dyne/gm
expanding the exposure time in the device to 21li%®s477 loops (Table 4.2 — last row). In
this configuration, the Total Stress Accumulatidi®f) to which platelets were exposed in
the SCSD was of the same order of magnitude obtieeexperienced after 5 min of exposure
at 30 dyne/crhin the HSD. Because the time necessary to réfdlgyringe pump for each
cycle was 3.4 s, the whole experiment lasted 34. fAlRS assay was again performed to
assess the thrombin release level after exposuhe imvestigated shear profiles.

Finally, for a selected condition (Table 4.2 — lestv) we checked the viability of
platelets after treatment with DMSO and hyper ststgass exposure. This assessment was
performed by further incubating samples pre-tre&elayper-shear (with and without DMSO
(5%, VIV)) with arachidonic acid (AA) (0.5 mM) fot min. AA was meant to elicit the

activation of viable platelets; activation was assel with PAS assay.
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4.3.4 Preparation for SEM imaging of platelets treted with different percentages of
DMSO

During the experimental campaign, SEM images dfefés in several conditions of interest
were acquired. A detailed visual inspection of DMB€ated platelets was mandatory to
better investigate the effect of DMSO. The procedor fixing platelets and performing SEM
imaging will be described hereinafter.

After DMSO exposure, 15@1 of living platelets (20,000 pl/ul) were added dtass
coverslips and incubated for 15 min. After removiathe excess sample, a thin film atop the
slide was left by using a transfer pipet, to whs€® uL. of 100% Fixator solution (2% V/V of
Glutaraldehyde in platelet buffer) was added. Tdiateon obtained in this way was incubated
under hood for 30 min and the subsequent washiagehtarted. In particular, samples were
first washed with distilled water, later with 100%thanol and finally with 100%
Hexamethyldisilazane (HMDS). Each different washsvp@rformed 5 min apart from the
others. After the just mentioned procedure, sampkae left to air-dry overnight, mounted on
double-sided carbon tape and brought to the imafgiaiities for SEM.

4.3.5 Statistical analysis

Statistical tests were performed using SigmaPIgstgd Software Inc). Shapiro Normality test
was runned for all population of data before sigatfice tests. Data corresponding to platelets
incubated with different percentages of DMSO waeralyed after exposure to shear stress
profiles via HSD or SCSD and compared with conf@@ DMSO). Either parametric or non-
parametric (Kruskal-Wallis) one-way ANOVA were parhed depending on the distribution
of the data analyzed. Single comparison t-testwgasl in two-population comparisons when
possible, while Mann-Whitney Rank Sum Tests werefop@med when non-parametric
analysis between two groups were needed. Diffeeemgere considered significant if p <
0.05.
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4.4 Results

4.4.1 The effect of DMSO on platelet activity undestatic condition

The results of the static condition experiment gitewn in Figure 4.6, where the thrombin
generation curve is plotted. This curve was obthingth the spectrophotometer in a total
reading period of 7 min that followed the phasénafibation with different concentrations of
DMSO (Figure 4.6). The reactivity of platelets tdfetent DMSO percentages can be
assessed by looking at the change in sample abs®bger unit time. The number of

experiments performed was 6, with blood samples fab least 3 donors.
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Figure 4.6. The effect of DMSO on the activity of plateletsden static condition. Human platelet activity statben
exposed to varying DMSO concentration ((%V/V), 1 rexposure). N Expt = 6 from at least 3 differdonors. Data are
represented as mean = SEM.

As emerged from the results obtained, plateletsveldono activation when incubated with a
total volume of DMSC< 5%. For 10< % DMSO< 40, platelets resulted activated, with a
peak of thrombin release at a concentration of DMfg0al to 20%. This phenomenon may
be due to a platelet sensitization provided by DM&@hose concentrations, thus resulting in
an increased level of activation detected withRA& assay. Platelet solutions with content of
DMSO > 40% seemingly showed a diminishing platelet ativatrend. It should be noted
that activation is calculated as thrombin releagbereas the toxicity of DMSO at high
concentrations may cause platelet membrane lybiss taffecting platelet viability or

responsiveness at least. Such effect is cleariglgis the SEM images in Figure 4.7.
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Figure 4.7. SEM of platelets at 20000x of magnification inctdshwith different concentration of DMSO for 10 nfi - 1).
In J is represented an SEM image of a fully actigigilatelet.

In fact, for concentration of DMSO < 40%, plateleembrane appeared intact, with no
changes in shape. At higher concentration of DMB8€ead, as visible in Figure 4.7-H,I, a
damage of the cell occurred, with disruption oftgiet membrane and release of all granules
or other platelets content on the carbon tapeiguré 4.7-J is represented a platelet activated
via sonication, where changes in shape and preseriaaicro granules and pseudopods are

clearly evident.
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4.4.2 The effect of DMSO on platelet activity undedifferent level of shear performed
via HSD

Preliminarily, platelets incubated with DMSO wengpesed to different level of sonication

and the thrombin generation curves relative toegeriment are shown in Figure 4.8.

140 Sonication Level

——0 ——-20% 25% ——30% —+—35% 40% 45% 50%

120

100

o]
(=]

Raw PAS (min‘l)
)]
o

20

0% 0.95% 2.50% 5% 10% 15% 20% 25% 40% 60%
DMSO (%V/V)

Figure 4.8. The effect of DMSO on the activity of plateletspesed to different % of sonication. Human plateletivity
state after exposure to varying DMSO concentra{@bv/VV), 10 min exposure) and then sonicated afedéht level (0 —
50%, i. e. 0 — 75 W, 10 s exposure). N Expt= 6 fairteast 3 different donors. Data are represegdadean + SEM.

The data obtained displayed a tendency to the tieduim thrombin generation for platelets
treated with 2.5% of DMSO (difference not statialig significant), with a subsequent raise
to a level of activation similar to the startingiqtovalues. The final drop in samples treated
with DMSO > 25% has to be intended as the achienemiea level of toxicity provided by
DMSO harmful for cells, as already evidenced fon4sonicated samples. Despite data
obtained showed non statistically significant diéfeces for all DMSO concentration tested (p
> 0.2), 20% of the maximum power supplied by theicator, i.e. 30 W, appeared to maintain
the level of platelet activation almost constamttfe range of DMSO of interest for the study
(0 — 25%). We thus decided to normalize plateletsvation obtained during the experiments
with shear stress exposure using samples activaesbnicator at 30 W for 10 s.

Platelets incubated with different DMSO concentnasi were then subjected to shear
stress profiles via HSD. The results obtained atly3@e/cni, 70 dyne/crhand after exposure
to a shear profile extracted from the PDF of thédkey VAD corresponding to the B0
percentile of the total waveform, scaled for thmitation of the device, are exposed
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hereinafter. After 5 min in the HSD, samples (50D were taken using a 1 ml syringe
appropriately connected to the shearing device. HA8 values detected were normalized

with respect to platelets fully activated via setor at 30 W. The platelet activation trend

obtained at 30 dyne/ctis shown in Figure 4.9.
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Figure 4.9. Ability of DMSO to modulate shear-mediated huméatqiet activation. Pre-treatment with DMSO at sfed
concentrations (10 min., S€). Shear exposure via HSD (30 dynefctmin., 3PC). N Expt = 8+ from at least 3 different
donors. Data are represented as mean + SEM. *.f5% 0

The range of concentrations of DMSO tested in tasfiguration was 0% - 60%. Data
showed as DMSO already provided a reduction in efdat activation at very low
concentration (0.95%) with major effects betweeB%.and 10% (p < 0.05). At higher
concentrations of DMSO (15% - 25%) platelets wastdad activated at levels corresponding
to samples non treated with DMSO. Moreover, conations of DMSO > 40% showed a
toxic behavior, with a reduction in thrombin releasonitored by the PAS assay that was
attributed to the lysis of platelets membrane mdtef protection after shear stress exposure.

A similar pattern was found at 70 dynefcas reported in Figure 4.10.
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Figure 4.10.Ability of DMSO to modulate shear-mediated huméatqiet activation. Pre-treatment with DMSO at sfiedt
concentrations (10 min., S€). Shear exposure via HSD (70 dynefctmin., 3PC). N Expt = 8+ from at least 3 different
donors. Data are represented as mean + SEM. *.f5% 0

Based on results of both the experiment in statiodgion (Paragraph 4.4.1) and after
exposure to 30 dyne/dnthe effect of DMSO on platelet subjected to highkear stress
conditions via HSD was investigated in the rang8%f- 25%. The results obtained showed a
similar behavior compared to 30 dynefcrhow concentrations of DMSO resulted able to
protect platelet from shear-mediated platelet atiwm, with a statistical significance at
concentrations < 15% (p < 0.05).

Results obtained after exposure of platelets taymamic shear profile extracted from

the DeBakey VAD are described in Figure 4.11.
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Figure 4.11.Ability of DMSO to modulate shear-mediated huméatqiet activation. Pre-treatment with DMSO at sfied
concentrations (10 min., 8€). Shear exposure via HSD {5percentile of PDF from Debakey VAD, 5 min.,%&). N Expt
= 8+ from at least 3 different donors. Data areesented as mean + SEM. * p < 0.05

DMSO showed a protection effect even after expogiladelets to this shear stress profile,
confirming its powerful contribution in shear-medid platelet activation inhibition at low
concentrations (DMSO < 15%, p < 0.05 compared tdarod). Finally, Figure 4.12 shows the
comparison of the platelet activation patterns ioleth subjecting platelet samples incubated

with 0 — 25% DMSO to the three different shear pesfvia HSD.
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Figure 4.12. Ability of DMSO to modulate shear-mediated humdatgiet activation. DMSO pre-treatment at specified
concentrations (10 min., S€). Comparison between shear stress profiles (5 ®BG). Data are represented as mean *
SEM.
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4.4.3 The effect of DMSO on platelet activity afteexposure to hyper shear

The effect of DMSO on shear-mediated platelet atitm was investigated with the SCSD.
The shear stresses to which platelets were expoae8CSD were 140, 400, 680, 880 and
1440 dyne/c for a total exposure time that varied dependingtiie shear stress. Both

exposure time and stress accumulation (SA) testete present study via HSD and SCSD

were summarized in Table 4.3 A-B.

Shear Stress Conditions Exposure Time Total Stress Accumulation
(Tw) (texposura (TSA)
[dyne/cnd] [s] [dyne s/cr]

120 3600

30 dyne/cnt 300 9000
600 18000

120 8400
70 dyne/cn? 300 21000
600 42000

120 (220 cycles 96

50" percentile of PDF ( yeles)
300 (550 cycles) 239
Debakey VAD

600 (1100 cycles) 478

Table 4.2-A. Description of shear stress conditions testedH88.

The TSA for the constant shear stress performedH&®D was calculated through the

following equation:
TSA = T texposure

Where 1 is the shear stress (30 or 70 dynéjciand bxposure IS the exposure time,
calculated in seconds.

For what concern the dynamic shear stress wavetotmacted from the PDF of the
DeBakey VAD, the Stress Accumulation (SA) obtairiedeach cycle within the HSD was

determined using:
Tiy1 T T;
SA, cycle = Z.(ti+1 - tl)(%)
L
Where i indicate the time step in which the wavefowas divided and the shear stress

calculated at each time point. According to thdelatequation, TSA for the dynamic
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waveform was thus calculated by multiplying the; S to the number of cycles performed
in the HSD.

Shear Stress Average Exposure Time Total Stress
Condition Shear Stress (texposure Accumulation (TSA)
(Tw) (Tavg)
[dyne/cnf] [dyne/cnf] [s] [dyne s/cr]
140 70 2.544 226
400 200 2.738 695
680 340 3.256 1414
880 440 3.33 1776
1440 720 3.256 2660

Table 4.2-B. Description of shear stress conditions tested @8[3. All parameters correspond to the outflow canfdjon.
Total Stress Accumulation (TSA) is calculated cdeging also the shear stress due to the refillinthe syringe (Inflow
exposure) for each cycle of exposure to actualrsttezsses tested.

The TSA obtained during the experiments with SCS3 walculated as:

TSA = (Tavg—in texpiy + Tavg-out texpout) Nloops

Wheretayg - in andray - o are the average shear stress calculated in thevimr outflow
capillaries while texp and texp,; are the exposure time during a single passagkat#i@ts in
the inflow and outflow tubes.

Assuming that the shear stress decreases lineartyd maximum at the walt) to 0

at the center (Sheriff J, 2010), the average stteass was approximately calculated as:

It appears clear that the TSA experienced via H2B wonsistently more elevated compared
to the one tested with SCSD.

The experiments performed with the SCSD were diffecompared to the ones realized
using the HSD. The investigation of the effect d1®0O under hyper shear conditions, not
achievable via HSD, provided a fundamental furtihéormation for the characterization of
DMSO as platelet activation inhibitor. During tlsist of experiments we studied the effect of

DMSO on platelets after exposing samples incubatddconcentrations of DMSO of 0.95%,
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2.5% and 5% to hyper shear. The results obtaingt thie HSD established how this
particular range of DMSO concentrations was alwalke to protect platelet from shear
mediated platelet activation, thus indicating thaise concentrations were of the most interest
for further investigations.

Results obtained with the SCSD are representedjuré-4.13.
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Figure 4.13.Ability of DMSO to protect platelets exposed tgky shear conditions. Pre-treatment with DMSO atHied
concentrations (10 min., 8€). Shear exposure via SCSD (140,400,680,880,144&clyn37°C). N Expt = 6+ from at least
3 different donors. Data are represented as meEM * p < 0.05

As displayed in figure 4.13-B, platelets pre-trelargth DMSO showed a reduced activation
after exposure to shear stress, with significafieidinces compared to control after exposure
to 880 and 1440 dyne/ém
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A further experiment was conducted in an attemptdmpare the data obtained with HSD
and the SCSD. Indeed, the SCSD, although ableh@wax higher shear stress peaks during
experiments, did not provide platelets with the s&8#A experienced during the experimental
campaign with HSD. In order to reach a TSA that wamilar to what experienced by
platelets after 5 min of exposure at 30 dyné/eia HSD, we subjected platelets to a shear
stress level of 880 dyne/éngia SCSD for a total exposure time of 21.5 s. Thleulated SA
obtainable in this condition was actually highempared to the one reached via HSD, but of
the same order of magnitude (11446 vs 9000 dymend./This experiment allowed to test
platelets at different shear stress peaks buta&irBih. The results of the comparison between

samples subjected to shear in the two configuratawe represented in Figure 4.14.
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Figure 4.14.Characterization of platelet activation after esqp@ to similar TSA via HSD and SCSD — N Expt = fonf at
least 3 different donors. Data are representedeasia SEM. * p < 0.05
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The behavior of platelets exposed to shear stretfgeitwo different devices seemed different.
In fact, although the SA was comparable in the twafiguration tested, control samples
obtained with SCSD displayed a significantly highmatelet activity state compared to
control samples obtained via HSD (0.53 vs 0.24, @G5). The level of PAS detected after
platelets exposure of 30 dynefcria HSD for 5 min was comparable to the one oleiat
880 dyne/criivia SCSD in the previous configuration (Figure3},Wwhere the exposure time
was only 3.33 s (0.24 vs 0.25). Anyway, platelets-tpeated with 5% DMSO showed a
consistent reduction in platelet activation fortbexperiments compared to their respective
controls (p < 0.05), confirming the protective effeffered by the reagent investigated.

In order to verify the viability of platelets aftesxposure to hyper shear stress
conditions, we perform an assessment in which wthdu incubate samples pre-treated to
hyper-shear for 1 minute with arachidonic acid (AAA was meant to elicit the activation of
viable platelets. Platelets incubated with 5% DM@&@re subjected to 880 dyne/tmia
SCSD and then further incubated with 0.5 mM of A&dre PAS assay. We investigated the
effect of 5% DMSO in solution because this wasadbecentration that provided the largest
reduction during the previous experiments. For g¢asha control sample without DMSO was

run and the results obtained are shown in Figurg.4.
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Figure 4.15.Different platelets response to mechanical andnita activation at 800 dyne/érin the SCSD (TSA = 11446
dyne s/crf). N Expt = 6+ from at least 3 different donorst®are represented as mean + SEM. * p < 0.05

There was a significant difference between thecei®® DMSO with respect to mechanical or
mechano-chemical stimuli. Platelets treated with BISO and subjected only to a
mechanical stimulus presented a reduced activabompared to the control group, while no
differences between the two groups were detectedamples extracted from the same
experiment and afterwards mixed with AA. PAS datatited a platelets reactivity to the
chemical agonist after shear exposure, thus comfgtie viability of cells.

Moreover, it was proved that DMSO provides a goadtgrtion against platelets
activation driven by physical forces, but it hagwdttle effect when the activation is
mediated by a mechano-chemical process.

This method is not the only one that can be usealssess platelets viability. In fact,
SEM images of platelets in the different experimaérdonditions will provide extremely
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important information about platelets morphologyd ashape changes, allowing to check
whether DMSO in combination with shear stress effean actual visible modification of
platelets structure.
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4.5 Discussion

In the present study we assessed the ability of DM® protect platelets from shear stress
exposure, a potentially beneficial effect that wkate to the capability of DMSO to modify
platelet membrane structural characteristics.

DMSO is a powerful chemical compound, used in badlogy for several purposes
including platelet aggregation inhibition and ac@émbrane modification. Moreover, studies
regarding antiplatelet antagonists mainly used DM#S(Ga vehicle to help drugs penetration
into the cellular membrane, or as a solvent (Pé&eset al., 2004; Kariyazono et al., 2001).

To the best of our knowledge, there is only onedytyperformed by Asmis and
colleagues, regarding the ability of DMSO to imghinombus formation (Asmis et al., 2010).

Based on its chemical properties, we decided testgate the effect of DMSO on
shear-mediated platelet activation. Low percentagfe®MSO in solution are known to
increase cell membrane fluidity (Gurtovenko et aRp07), thus affecting the
mechanotransduction apparatus. The effect of DMS$Oplatelet membrane fluidity is
currently being studied using fluorescence poléopa(FP) and dielectrophoresis (DEP)
techniques at University of Arizona (unpublishetgjla

The toxicity of DMSO for human application has béamely investigated in literature.
Studies performed in the 70’'s showed no significabhormalities in extensive physical
examinations or analyses of blood and urine durapgated applications of large amounts of
DMSO to the skin of humans (Brobyn RD, 1975). Fenthore, Hull and colleagues found no
DMSO-related effects in any of 38 humans, age 21w received a topical application of
an 80% DMSO gel in a single daily dose of 1 g/kg I8 weeks (Hull et al., 1969). More
recent investigations have instead proved that DM&8®be harmful or dangerous. Hanslick
and co-workers performed a study in which they ronthe fact that DMSO in dosage of 0,3
ml/kg could produce apoptotic degeneration in dgwelg mouse brain. This finding
suggested that DMSO might produce similar damaghuiman children once exposed to
DMSO during bone marrow transplantation (Hanslickle 2009).

A toxic effect of DMSO for platelets has been congd by the SEM investigation
present in our study, where platelets treated @MSO concentrations < 25% didn’t display
morphological changes in static conditions. On dtitleer hand, when the percentages of
DMSO in solution were > 40%, platelets appearetssly damaged, with membrane lysed
and intracellular compound clearly visible outside platelets. More detailed toxicity studies

should be carried out to verify possible sub letteahages at lower concentrations.
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To verify the ability of DMSO to protect plateldt®m physical forces, we subjected samples
pre-incubated with different concentrations of DM&Dconstant and dynamic shear stress
profiles via the HSD. Exposure of samples to bdha8d 70 dyne/cfnfor 5 min showed a
dependency between platelet activation and theeptages of DMSO in solution. In fact,
platelets treated with concentrations of DMSO < 1pPésented a statistically significant
reduction in platelet activation compared to cangg@up. In our opinion, this phenomenon
may be related to the ability of DMSO to increasambrane fluidity, thus helping platelets to
better respond to shear stress exposure. Platedeted with DMSO concentrations > 15%
presented a level of activation similar to conggmdup. This range of DMSO concentrations
may have sensitized platelets by creating poresugir the double layered lipid platelet
membranes (Gurtovenko et al., 2007), thus incrgasie platelet responsiveness to shear
stress, which lead to an increased activation légtdcted with the PAS assay.

In addition, the versatility of the HSD allowed ts expose platelets to extremely
dynamic shear stress profiles. The importance isftdsts derived from the observation that
changes of shear amount in MCS devices are ragidiamable. Moreover, platelets respond
in different ways to constant or dynamic stimulhi§'is due to the fact that platelets exposed
to dynamic patterns of stimulation present a loweeshold of activation (Sheriff et al.,
2013). We exposed platelets to a dynamic shearlgrektracted from the PDF of the
Debakey VAD corresponding to the t’SQ)ercentiIe of the total waveform. The results
obtained confirm what established by the experisiender constant shear conditions, where
concentrations of DMS@ 15% protected platelet from shear-mediated aatimaf his shear
stress profile extracted from CFD simulations witthe DeBakey VAD was the same used in
our previous study aimed at assessing the abifitgoonmonly used antiplatelet agents to
reduce platelet activation. Unlike the results ofgd during the experimental campaign on
antiplatelet drugs, where almost all the agents’tioffer a protection to platelets under the
dynamic condition tested, data obtained in the gmestudy showed a better behavior of
DMSO as possible inhibitor of shear-mediated pédtattivation.

The protection effects of DMSO were further invgated using the SCSD, a device
able to subject platelets to shear stress peatkouosands of dyne/chaluring experiments, as
those experienced by platelets when passing throdgbs. Data obtained showed significant
differences between the PAS of control groups amdpdes treated with DMSO only during
experiments at shear stress peaks > 680 dyAefdnis can be related to the fact that during
the experiments with exposure to lower shear péak8380 dyne/crf) the minimum Stress

Accumulation (SA) threshold needed for triggeringtg@let activation was not achieved, thus
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in turn leading to a non-significant differentiatibetween control and samples treated with
DMSO. Anyway, data obtained at 880 and 1440 dynetmnfirmed the ability of DMSO to
protect platelet from activation after exposuréyper shear.

As already mentioned, samples exposed to shearitiomsd via SCSD were not
subjected to the same SA as within HSD (Table 4B)An an attempt to compare the results
obtained with the two devices and to assess thaevimmhof DMSO after exposure to hyper
shear stress for a prolonged period of time, weegwed the number of loops performed with
the SCSD. This allowed to compare the SA experighyeplatelets at 30 dyne/érfor 5 min
in the HSD with the one within SCSD at 880 dyne/éan 21.5 s of actual exposure to hyper
shear. The results obtained showed that the avetatet activity state of the control groups
obtained with SCSD was higher compared to the obwir the HSD experiments. In both
cases samples treated with 5% DMSO displayed afisgmt reduction in PAS compared to
their controls. Interesting considerations arisarfithe results obtained. First, it was possible
to compare the results obtained with two differelevices (HSD end SCSD) and to
demonstrate a similar behavior of DMSO in the twafgurations tested. Furthermore, the
assumption reported in the literature that dynashear stress exposure has a larger impact on
platelets activation was hereby confirmed (Shetfél., 2013). In fact, it is worth to mention
that the level of activation detected for platelakposed to 30 dyne/érfor 5 min within the
HSD was comparable with the one detected for @tteéxposed to shear peaks of 880
dyne/cnf in the SCSD for shorter exposure times, like tmesocharacterizing the first
experimental campaign with SCSD (Figure 4.13).his tase, although the level of platelets
activation was comparable between samples expasadconstant shear pattern (HSD) or a
dynamic shear pattern (SCSD), the TSA experienceglatelets at constant shear was
exceptionally higher with the respect to the lewaisained at dynamic conditions (9000 vs
1776 dyne s/ch), thus indicating how platelets are more sensitivevariable shear stress
patterns compared to constant ones.

To check whether the reduction in the thrombinaséedetected in samples treated with
DMSO was due to the protective effect of chemicahpound or caused by a reduction in
platelets function, we verified the viability ofgtelets after exposure in the SCSD. Samples
incubated with DMSO and exposed to shear were durihcubated with arachidonic acid
with the aim to assess that, even after continaagxposure to DMSO and physical forces,
platelets may adequately respond to chemical stinRédsults obtained showed a normal

platelets reactivity to the chemical agonist, tbasfirming the viability of cells. It was also
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proved that DMSO provides a good protection agateelets activation driven by physical
forces, but it has very little effect when the aation is mediated by a chemical process.

Besides the results obtained, further investigatiead to be carried out to confirm the
ability of DMSO to protect platelet exposed to shsiess. Moreover, we think that other
chemical compounds should be tested to assess ah#ity in protecting platelets when
passing though cardiac devices. Among them, noit-joadar lipid compounds may be able
to penetrate platelet membranes, thus increasigig filaidity. Our analysis indicates that a
paradigm shift is required in the development ok raatiplatelet agents for the treatment of
shear mediated platelet activation with resped¢héconventional approach to the treatment
of chemical-mediated activation.

We Dbelieve that the discovery of new compounds albte affect the
mechanotransduction apparatus will potentially oedihe need of large antithrombotic
therapies in the use of VADs and MCS devices, offean effective protection to platelets

when exposed to high shear stress conditions.
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Prospective applications of Platelet Activity State
(PAS) assay. from in vitro investigation of
ventricular assist devices to the possibility of
clinical use



5.1 Introduction

The development of mechanical circulatory suppMCSg) devices, i.e. ventricular assist
devices (VADSs) and total artificial hearts (TAHsjfers a valid solution for heart failure (HF)
treatment, either as a bridge or as an alternét@ament to heart transplantation (Copeland
et al.,, 2004). However, current devices have maniydtions, including the propensity for
thrombosis and thromboembolism. These adverse ®veftén introduce clinical post-
operative complications that further increase thalthcare burden for the patient and society.
Recipients of VADs and mechanical heart valves (MMH\are always faced with the
requirement of a lifetime complex and risky antgolation regimen. Although the current
generation of MCS devices shows a vast improvenremiemodynamic performance over
their predecessors, reducing flow-induced thrombagy still remains a major challenge.
Such important goal may be achieved through theldpment of new generation devices that
are optimized to be thromboresistant (i.e., witteduced need for antithrombotic therapy).
Nevertheless, hemodynamic studies employed forcdemptimization during the R&D stage
have no iterative synergy between numerical ancex@ntal methods, thus leading to a
significant limitation regarding device thrombosgaince optimization.

The DTE method, deeply described in both Chaptend® Chapter 3, tries to overcome
these limitations in the optimization of MCS dewdbrombogenicity. However, the ability to
investigate the devices of interest not amlilico andin vitro with tests performed in bench
shearing devices, but al$o vivo, within animal models or clinical trials, is manoly to
certify the improvement brought by new devices, dleped with the goal of reducing the

need of lifelong antithrombotic therapies (Figurg)s
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Figure 5.1. The importance of DTE method in the strategy dfrojzing cardiac devices. The possibility of invgating the
thrombogenicity of VADs with both CDF simulationscaim vitro studies may allow to avoid useless in vivo campaigth
devices that are not optimized.

In this chapter, a more hybrid approach will besprdged to investigate actual VADs bath
vitro andin vivo. In fact, a hypothetical connection line will haded among the reported
investigations, in the attempt to retrace the phamdightened in Figure 5.1. The results
obtained and presented hereinafter are still notptete, but permit to draft preliminary
considerations on the utility of PAS also for dtiali use.

In particular,the first study consisted of anin vitro investigation of two VADs
(Debakey VAD and HeartAssist 5) in appropriate benls loops, using both gel-filtered
platelets (GFP) and whole blood (WB) as experimenkdluids.

Instead of using shearing profiles extracted frofRDGimulation and tested via HSD,
we characterized the thrombogenicity of real conumérzed devices in flow loops.
Moreover, the study allowed to validate the PASgdsehavior with GFP compared to WB.

The HeartAssist 5 (HA5) was further investigated wth an in vivo campaign on
calves, where the VAD was implanted and its effecin platelet activation was monitored
using PAS assay for a total of 2 hours after implamn This investigation tried to assess the
ability of PAS assay to detect changes in platebttivity state during animal studies, which
are mandatory during the characterization phasarmfiac devices.

So far, to the best of our knowledge, the onlyragieto connect the PAS assay to
clinical relevant issues was described in the stafljRamachandran and colleagues, in
collaboration with Stony Brook University, in whictihhe effect of nicotine on platelet
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activation was assessed (Ramachandran et al., .2D@4pite being preliminary, the studies

here described represent a further applicationA& BRssay for clinical purposes.
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5.21n vitro comparison between DeBakey VAD and HAS5

5.2.1 Mock loops for the study of VADs

In vitro evaluation of VADs is of vital importance duringth the prototypal and post-
production phases, as well as during and aftemtineduction of new and updated versions of
previously developed devices. This is the main aeashy several research groups have
created mock loops for the fluid dynamic charaztgion of VADs (Schampaert et al., 2014;
Timms et al., 2005a-b; Pantalos et al., 2004).

In particular, Schampaert and colleagues develagedntegrated mock circulation
system able to reproduce physiological fluid dymamonditions for testing cardiovascular
devices. The model included a systemic, pulmonang, coronary circulation, as well as an
elaborate heart contraction and a realistic he&eteontrol models (Figure 5.2).
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Figure 5.2.Schematic representation of timevitro mock circulation model proposed by Schampaert.e{2014) including
a systemic, pulmonary and coronary vascular bed.

Authors tested their system in response to chamgdsft ventricular contractile states,
loading conditions and heart rate. Such versatdach simulators are extremely useful
especially when characterizing VADSs, since thergjrmteraction between these devices and
the ventricle cannot be properly modeled withow #ppropriate response of the heart and
circulation. The possibility to reproduce barorefleontrol allowed to mimic the contractile
properties of the heart under pathological condgidvioreover, a simple lead-lag controller
proved to be capable of mimicking left ventricufanction, enabling realistic evaluation of

cardiovascular devices in phantom studies (Scharnegal., 2014).
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A different approach was followed by Timms and eafjues. They described the realization
of a complete and compact mock loop for testinglieardevices, with a particular feasibility
for the investigation of VADs (Timms et al., 2005ydeed, the author showed that the
different pumps inserted into a complete systemid @ulmonary mock circulation rig
provided suitable non-pulsatile or simulated pullsdeft heart failure environments (Timms
et al.,, 2005a). The LVAD pump investigated in thedg demonstrated the ability to re-
establish hemodynamic parameters of pressure afasos, returning from pathological to
normal conditions. One of the most prominent charatics of the mock loop presented by
Timms and co-workers was the ability to easily parf transition between physiological and
pathological states, representing both conditiohsrest and heart failure, furthermore
instantly recording volume changes due to fluid aiyic conditions tested (Timms et al.,
2011b) (Figure 5.3).

Figure 5.3.Schematic representation of mock circulation loepedoped by Timms et al. (2005a). ACI, left air coegsor;
ACr, right air compressor; AoC, aortic compliance;, Uéft atrium; LV, left ventricle; PAC, pulmonarytarial compliance;
PQ, pulmonary flow rate; PVC, pulmonary venous cdamgle; PVR, pulmonary vascular resistance; RA, rightim; RV,
right ventricle; SVC, systemic venous compliance;R$\8ystemic vascular resistance; SQ, systematic fate; VAD,
ventricular assist device.

Although these mock loops mimic the physiologicavieonment with high precision, their

complexity makes them not suitable for studyingcepmlly VAD-related platelet activation.
Up to now, just a fewn vitro studies have been performed to investigate theatryfa

the MSC devices in terms of platelet activation.

Voorhees and colleagues reported that platelet ganmeextracorporeal circuits is mainly due

to the interaction between biological fluids andefgn surfaces within devices, as well as

non-physiological shear stress conditions. Theithioe allowed to assign a numerical score

to platelet damage assessed by direct visualizai@rphase contrast microscopy. Authors
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observed the influence of materials and hemodynategign on platelet damage, thereby
allowing evaluation of the impact of different cercldevices (Voorhees et al., 1990).

As detailed explained in Paragraph 3.3.5, the @ttenon MCS related platelet
activation was increased by the development inySRBnook University of a chemical assay,
dubbed Platelet Activity State (PAS) assay, whilkbwaed a series oifn vitro investigations
on VADs or other biomedical devices, where platletere subjected to mechanical or
biochemical stimuli and their activation was detelcby the assay (Jesty et al., 1999). In
2003, Jesty and co-workers circulated human platekghin loops where exposure to shear
stress was adjusted by independently varying flate, rviscosity, and time of shear exposure.
The study confirmed that low-level platelet actiwatcaused by shear stress in a circulation
loop may be quantitatively assessed using PAS abs@iymore importantly it emerged that
exposure of platelets to shear conditions of tlreesarder as found in the vasculature causes
significant platelet activation, opening the wayptssible further applications of PAS assay
to the study of more subtle or less traumatic casesving shear-mediated activation (Jesty
et al., 2003).

More recently, anin vitro study conducted by Sheriff compared aspirin sohgio
created in lab forn vitro tests with its metabolized version obtained framman volunteers
in terms of their efficacy on platelets subjectedghear stress exposure (Sheriff et al., 2014).
In the study, purified human platelets were cirtedafor 30 min in a flow loop containing the
DeBakey VAD. The results proved that vitro treatment with antiplatelet drugs such as
aspirin is as effective as vivo metabolized aspirin in testing the effect of redgcshear-
induced platelet activation in the VAD (Sheriffadt, 2014).

Except from (Voorhees et al., 1990), all the absttelies on platelet activation were
conducted using GEMo studies of different VADs involving WB were perfned in flow
loops, using the PAS assay as a method to assateteplactivation. To compensate this
methodological lackwe decided to realize two sets of experiments thased both GFP
and WB. Samples were circulated within already chaacterized flow loops (Sheriff et al.,
2014) with both DeBakey VAD and HA5 and the platele activity state was

quantitatively assessed using the PAS assay.
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5.2.2 Experimental Concept

The experimental concept of the study is describdegure 5.4. Further details are provided

in paragraph 5.2.3.

WB Experiments
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Figure 5.4.Experimental Concept. WB or GFP solutions were usdtbw loops with DeBakey VAD and HAS, in order to
assess devices thrombogenicity over a total pesfaiime of 120 min. Adapted from (Girdhar et alQ12; Sheriff et al.,
2014).

GFP Experiments

5.2.3 Experimental protocols

The experiments were conducted as follows. BothA& GFP were tested using appropriate
flow loops, within which Debakey VAD and HeartAdsis(HAS) were used in order to shear
samples.

WB was obtained from an abattoir in collaboratiothwJniversity of Arizona, one
hour prior to the experiments. A total volume 005€l of calf blood was collected into 3.8%
trisodium citrate (9:1,v/v) for each experiment. ISwas obtained from 30 ml of human
blood, which was drawn from the antecubital veiemconsent from the subjects and the
Institutional Review Board (IRB) of University ofrikona, following the protocol already
described in Paragraph 3.3.2. The choice of cahstsad of humans for the experiments with
WB derived from the excessive amount of blood ndddeeach experiment, which made not
possible to perform loop studies with human WB. @@ other hand, it was interesting to
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investigate human GFP using the same loops in aodeompare data obtained in a previous
study performed in the same conditions at StonyBtdniversity (Girdhar et al., 2012).

For each flow loop, the total volume of either WBluted GFP in buffer solution
used was 100 ml. GFP or WB mixtures were exposed fotal time of 120 min at 37°C in a
flow loop containing a DeBakey VAD (MicroMed Cardascular Inc., Houston, TX) or its
DTE-optimized version, the HeartAssist 5 (HA5, Mibted Cardiovascular Inc., Houston,
TX). VADs inlet and outlet ports were connectedshmrt 0.5” Internal Diameter (ID) Tygon
R3603 loop tubing and a 0.25” ID Tygon R3603 flasistor tubing of 47" length (Fig. 5.4,
center box. Girdhar et al., 2012; Sheriff et aD142). VAD pump conditions were set at 4
I/min of cardiac output and 9000 rpm, correspondmaverage physiological and clinical
operating ranges, and they were controlled usirgMicroMed Clinical Data Acquisition
System (CDAS). These settings corresponded tosspre rise of ~ 70-80 mmHg across the
pump (Sheriff et al., 2014). Platelets were takeh=a0, 5, 10, 30, 60 and 120 min for the
Platelet Activation State (PAS) assay (Jesty et1#199) through a silicone sampling port
upstream of the VAD. To study platelet functiordievices, it was mandatory to use an assay
where platelet function in terms of thrombin getieracan be measured as a direct function
of shear stress alone, as PAS assay. For each \kpBriment, the obtained values were
normalized to maximum activation obtained by samica (Schulz-Heik et al., 2005). The
Platelet Activation Rate (PAR) was calculated frtima slopes of best-fit lines of normalized
PAS values.

WB obtained from calves was used in loops withawt dilution. 15 ml of blood were
drawn at each time point. This sampling volume was to the fact that WB needed to be
filtered each time through Gel-Sepharose Chromapdgr columns to obtain GFP, necessary
to correctly perform the PAS assay. The minimum @amhoof blood sample that was
considered enough was thus 15 ml.

To avoid depression within the loop at the momensampling for the assay, each
volume of WB was substituted by platelet-poor plasf@PP), obtained centrifuging WB at
4000 rpm for 20 min.

On the other hand, human GFP used for the expetsameas equilibrated to a final
concentration of 15000 pl/ul in platelet buffer smting of HEPES-modified Ca2+-free
Tyrode’s buffer containing 0.1% fatty-acid-free bo serum albumin (Neuenschwander et
al., 1988). We decided to dilute GFP because oflithigation in platelet concentration and

volume obtainable from human donors, since IRB aygirallowed to drain a maximum of
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30 ml of blood at each donation. The volume of @IF&ned at each time point was 2 ml and

it was substituted with platelet buffer in the loop

In order to compare data obtained from GFP with Mtps, the amount of platelets analyzed
during PAS assay at each time point was 5000 plfik removed the discrepancy between
the two different concentrations of platelets dgrioops, i.e. 200-300 x @I/ul for WB and

15 x 1@ pl/pl for GFP experiments.

5.2.4 Results

The results obtained with WB (Figure 5.5 - A) anBRG(Figure 5.5 - B) are represented in

Figure 5.5.
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Figure 5.5. In vitro flow loop. WB (A) and GFP (B) were recirculated ilov loops with DeBakey VAD and HAS.
Experiments were conducted for a total exposure 6fl20 min. N Expt = 6+ from at least 3 differ&fwod samples. Data

are represented as mean * SEM. * p < 0.05. **@G001.

The experiments performed with WB showed no difiees in the platelet activation trend
between the two devices investigated, even if thee a statistical significant reduction in
the platelet activity state of samples tested WéBakey VAD compared to the HAS after 60
min of experiment. Nonetheless, this behavior watfound at 120 min.

Data obtained with GFP showed instead a differetivation trend between the two
VADs. In fact, despite PAS values of the experirsemitth GFP were lower compared to the
ones obtained with WB, we found that the platetdivation level provided by the HAS5 was
significantly reduced with the respect of the De®ak’/AD, after 120 min of experiment (p <

0.0001).
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5.2.5 Observations

Recently, Girdhar and co-workers used the DTE nuilogy to compare two rotary LVADsS
(DeBakey VAD vs HA5, Micromed Houston, TX) undeinatal conditions in flow loops
with GFP. Their primary aim was to demonstrate thab, which was an optimized version
of the DeBakey VAD developed using engineering esigh modifications, had a less
thrombogenicity impact compared to its predeceg&irdhar et al., 2012). The results
obtained showed that platelet activity rate fordpémized device was an order of magnitude
lower.

In our study, we compared the same devices (DeB¥ké&y vs HAS), but in flow loops
containing either GFP or WB. The comparison resudiised between the two experimental
conditions. In fact, when the WB was used, sigaificdifferences between DeBakey VAD
and HA5 (p < 0.05) emerged only after 60 min of@syre, with a reduced platelet activation
detected during the experiment with the former VARDis reduction was not detected at 120
min. The comparison between VADs performed wittvealblood reported a higher platelet
activity state compared to GFP loops (0.5 vs 010528 min). Nevertheless, no significant
differences in terms of platelet activity rate (PAfalculated between 0 — 120 min were found
between DeBakey VAD and HAS5.

The results obtained with GFP confirmed the ondained by Stony Brook University
(Girdhar et al., 2012; Sheriff et al., 2014) andhtcadicted the results of WB experiments,
since a better behavior of HA5 compared to DeBakap emerged in terms of both PAR
(0.0039 vs 0.0122 mif) and PAS values at 120 min (0.02 vs 0.07, p <@LPO

Additional considerations regarding the resultsaoted are reported in paragraph 5.4.
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5.31n vivo assessment of the thrombogenicity of HAS in bovineodel

5.3.1 Animal study for VADs validation

In the process of development of new MCS deviaggel animal trials allow to test devices in
a physiologic environment mimicking the final destion in humans. In fact, the interaction
of mechanical parts with biological fluids need®investigated not onlger se, but also in
the presence of the reactivity of the whole organi3his, for instance, is key to provide
information about possible harmful inflammatory aéans that in turn may lead to thrombi
formation and pump damage.

In the last decades, smaller and less invasive punawe been developed with the
objective of overcoming limitations of previous d®s and animal tests have been performed
during their whole evaluation processes.

HeartWare developed a miniaturized passive magiitisuspended centrifugal VAD.
Core and colleagues evaluated the new pump desigrseries of 22 animal experiments, for
a total of 618 cumulative implant days (Core et2004). The animal studies were conducted
for a variety of purposes, including anatomical fiesign iteration and confirmation of
hemocompatibility. In particular, five long termestp implants led to the final pump design.
All experiments were conducted over a mean perfdBat 12 days without anticoagulation.
Animals were electively terminated after 90 daysept one, which had an electrical failure
in a controller prototype. Overall pump performaatea rotational speed of 3000 revolutions
per minute (rpm) was excellent, with a mean puropftate of 6.1 + 1.4 I/min. The whole
flow range investigated was from 3 to 11 I/min. bgrthe study, no pump thrombus
formation or pump failures occurred. Animals nespevealed clean pumps and no signs of
pump related end-organ damage. Initial animal erparts demonstrated excellent
performance of the proprietary HeartWare pump teldgy. Based upon these results, pump
design was finalized and now the HVAD has been am@dd in more than 2000 patients
worldwide.

HeartWare HVAD was also investigated by Tuzun anotworkers. Devices
hemocompatibility and long term end-organ effecesevevaluated in 6 healthy sheep. The
implant duration was 90 days; after that, animalsrewsacrificed. Hematologic and
biochemical tests of liver and kidney functions evererformed, both preoperatively and
throughout the study. During the 90 days, HVAD skdwexceptional hemocompatibility and

reliability, with no significant complications (Tum et al., 2007). After the first human

121



implant performed in 2006, HVAD underwent otherraal trials in order to confirm its
feasibility and reliability, as well as to assebke behavior of newer versions developed.
Slaughter and other clinicians have implanted arAB\Mn a calf to monitor hemodynamic
and device’s performance over 30 days (Slaughtat.,€2009). This study confirmed that no
mechanical failure and thrombi formation occurrg@dm explantation of the VAD. The good
results obtained underlined the HVAD beneficiakets, such as the increased availability to
a broader patient population, the lower risk okation, simplified implantation procedures
and improved durability.

As emerged above, animal studies are an essetgahst only during the process of
new cardiac device manufacturing, but also in thgnuzation of VAD previous version,
because they provide key information for obtairtaegter clinical outcomes.

Concerning the DeBakey VAD (MicroMed Cardiovasculbrc.,, Houston, TX),
extremely precise CFD simulations, as well as gepeof limited VAD parts, allowed to
modify the original device, thus obtaining its epized version, the HeartAssist 5 (HAS5,
MicroMed Cardiovascular Inc., Houston, TX). The \poeis DeBakey pump was made of
titanium; rpm ranged from 7,500 to 12,500, withwfloates up to 10 I/min. The first human
implant of the MicroMed DeBakey VAD was performedBerlin in November 1998. Up to
2010, there have been 451 implants (155 of thosieeitd.S.) of DeBakey VAD, including 19
pediatric (Noon et al., 2010). Because of sporadses when pump thrombi formation was
evidenced, some changes have been incorporatethmtesign over the years, in regard to
the prevention of adverse events. The improvemeststing from multiple iterations of the
pump have been incorporated into the new designHikb. After these pump modifications,
animal tests in calves were performed without aaiguilation. The new device was implanted
in 10 calves, each implant lasting 60 days. Ingh@smal tests, authors have not encountered
any thrombus formation (Noon et al., 2010). Thethbogenicity of the DeBakey VAD and
its optimized version, the HA5, were further chéedeed using the DTE technology by
means of both simulations ama vitro experiments in which the platelet activity statasw
detected using the PAS assay (Girdhar et al., 28t&riff et al., 2014). Since the latter was
never used to assess the platelet activation lefvéhe above mentioned VADs (DeBakey
VAD and HA5) on animal studiesin the present section weinvestigated the
thrombogenicity of the HA5 using the PAS assay wiih an in vivo campaign on calves,
allowing also to verify the effectiveness of usinthis assay forin vivo application. The

integration of the results obtainable fromin vivo campaign andin vitro studies may offer
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additional information for a better characterization of the thrombogenicity of current

and future cardiac assist devices.

5.3.2 Experimental Concept

The experimental concept of the study is describdelgure 5.6. Further details are provided

in Paragraph 5.3.3.

Figure 5.6. Experimental Concept. Surgical procedure for thplamt of the VAD was characterized as follows: @alf
heart apex exposure, (B) creation of a hole in trexdor VAD inflow insertion, (C) connection of thé&/AD to the apex,
(D) Successful implantation of the LVAD, with theaf correctly connected to the outflow of the puamul anastomosed to
the aorta. After VADs implant, blood samples (E)evéaken at 0, 5, 30, 60 and 120 min and GFP wtsrs after Gel-
filtration (F). Platelet activity State was asselsdgough PAS assay (G).

5.3.3 Experimental Protocols

All surgery procedures were performed at the UsitgrAnimal Care Facility (UACF) of the
Arizona Health Science Center (AHSC). In particulimur HA5 were implanted in four
young adult calves (115 + 25 Kg).

In the preparation room, each calf was placed adleatch restraint and pre-medicated
with xylazine (0.1-0.2 mg/kg) and butorphanol (B@@2 mg/kg). Once sedation was
achieved and cannulation was performed to moniitervital parameters during surgery, the
animal was considered ready for the procedure.datdnleft intercostal thoracotomy was
performed between the 4th and 5th rib by surgeadsoa UACF veterinarian. After exposure

of the heart, surgeons implanted the LVAD on thexapf the left ventricle. During the
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surgery, the animal was heparinized at 150 unitsdkgpaintain an Activated Clotting Time
(ACT) > 250 seconds. At the end of the implant, phenp was turned on at low speed (7500
rpm) first. After verifying that the pump was fuiwting, with no leakages and kinks, VAD
velocity was increased at 9000 rpm, typically cepanding to a flow of approximately 4
I/min. 20 ml of blood were sampled from the anirhafore sedation, as well as at 5, 30, 60
and 120 min after starting the pump. Blood obtaiae@ach time point was centrifuged at
1300 rpm for 15 min and GFP were extracted follgnmine protocol described in Paragraph
3.3.2. After 120 min from implant of the devicejraals were euthanized by UAC veterinary
staff. In particular, calves were heavily sedateithwKetamine (3-4 mg/kg) to ensure
recumbency and then treated with a barbiturate dmger (Beuthanasia-D or similar, 0,22
mi/kg).

This animal study was approved by the Institutiohaimal Care and Use Committee
(IACUC) of the University of Arizona.

5.3.4 Results

The platelet activity state (PAS) values at différéime points after the implant of HAS

(Figure 5.7 A-D) in calves are reported hereinafter
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Figure 5.7.A - D. Platelet activity stata vivo after exposure to HA5. The VAD was implanted inadves (case 1 - 4) and
the results obtained in each case are representethi of PAS values.
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We decided to represent the results obtained bwisigoeach single PAS trend. Data obtained
seemed different among all cases. However, somemoomconsiderations regarding the
whole pool of experiments can be drawn. First,remease in platelet activation was detected
for all cases after the VAD implant compared to blaselines, thus pointing out the ability of
PAS assay to detect an abrupt or isolated eventcdra cause platelet activation, like the
initial blood passages through a VAD.

However, this platelet activation cannot be celyamttributed to the VAD impact. More
likely, in fact, the discrepancy between the leviehctivation detected before the sedation of
the animal and the level after 5 min of VAD implanay be due to the operative stresses to
which the animal was subjected during surgery. édd@o repeatable PAS trends were found
between 5 and 60 min after the device implantatwhere PAS seemed increasing or
decreasing depending on the specific case. Inieghst after 120 min, a platelet reactivity
reduction was detected by PAS assay in three oudbwf cases. A possible explanation
regards the occurrence of some mechanism of plaetevation inhibition provided by the
animal organism over time. In fact, except for @ase (Figure 5.7 - C), PAS values at 120
min resulted similar to the ones obtained whenddlges blood was tested before sedation
(baseline condition).

Unfortunately, the obtained results did not allowyaconsideration about the
thrombogenicity of the device investigated. Indeth@, duration of the experiment was too
limited for systematically characterizing the eteof different devices on platelet activation.
Further information may arise from the performamédong term chronic studies, during
which the effect of VADs could be assessed foraddomged period of time.
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5.4 Discussion

In the present chapter, we investigated the abilfftAS assay to detect platelet activation
after exposure to shear stress in battitro flow loops or animal VAD implants.

The results obtained showed preliminary trends @alatved us to make hypotheses that
need to be further verified. The vitro experimental campaign confirmed that PAS assay has
a better sensitivity when testing platelets aloather than WB. In fact, the presence of a
myriad of other elements in blood, together witl &xperimental condition tested, in which a
small amount of blood (100 ml) was recirculatedhmtVADs at high speed rate (9000 rpm,
4,5 |/min), may have led platelets to activate amywthus masking the effect of device
modification in HAS.

Furthermore, during the experiments with WB, theifpee activation feedback due to
the prothrombinase complex (factor Xa, Va*Canionic phospholipids) was not inhibited.
On the contrary, the use of purified platelets (5BRoided this possible mechanism of
activation. This phenomenon may have increaseelptadctivation, thus resulting in a higher
PAS level detected with the assay during the erpent with WB with respect to the ones
with GFP.

As mentioned in paragraph 2.6, there are otheofa¢hat can explain the differences
between WB and GFP experiments (Zhao et al., 20079. hematocrit (Ht) and viscosity
values in WB may have increased the overall mecharstress exerted on platelets; in
addition, a platelet margination effect may haverbéncluded (Du et al., 2014). In the
presence of RBCs, platelets exposed to laminar slreamarginated towards the outer edges
of the tubing constituting the circuit, thus beimgposed to higher wall shear stress regimens
compared to the experiments with GFP. This wouldigdly explain the higher platelet
activation values we found during WB experimentarébver, it should be mentioned that
platelet concentration during WB experiments wageartban 10 times higher compared to
GFP studies (100-300x1@s 20x16 pl/pl). Although we tried to minimize this effebty
standardizing platelet concentration during the PasSay (5000 pl/ ul), an uncontrolled
contribution related to platelet concentration rhaye been present.

Thein vivo animal studies pointed out even a stronger vditatietween results. All
the animal cases showed an elevated platelet totivstate after the VAD implant. This may
be related to the sensitivity of calf blood to soadj procedures. Such phenomenon has been
elucidated in sham studies. Snyder and colleaguakiaed platelet behavior in 8 calves

undergoing a sham surgical procedure, thus allowiregseparation of surgical effects of
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VAD placement from blood contact with the operatitbgvice (Snyder et al., 2002). The
invasive nature of the implantation procedure,udetg coring the left ventricle and creating
the aortic anastomosis, produced platelet actimatidhe early postoperative period. The data
collected from the surgical sham procedure on caldearly demonstrated a significant
increase in all of the activated platelet indicat@fter the operations and a return to
preoperative values only after 17 days. These teesldrify the substantial early contribution
to platelet activation induced by the implantatjprocedure, demonstrating the need to be
cautious when attributing increases in activatestepdts to device operation in this early
postoperative period (Snyder et al., 2002).

Comparing the results obtain@d vivo andin vitro, it emerged that during the bench
investigation the level of platelet activation whigher compared to then vivo data.
However, this discrepancy was expected becausedothé volume of blood recirculated
during the loop assessments was lower (100 ml) eoedpto the animal modet 6 1), thus
intrinsically magnifying the effects exerted on le@edividual particle.

Finally, the use of WB has a procedural drawbaaksisting in the delay between the
sample extraction and the performance of PAS admafact, the PAS assay can test only
purified platelets, which forced us to filter eaolood samples before measuring thrombin
release. This delay between blood sampling ancdpeédnce of the assay may have further
affected the platelet activity state of the testanhples.

The results reported in the present chapter shalnadPAS assay can be used to assess
platelet activation starting from either WB or GH¥onetheless, the ability to detect slight
variations of platelet activity state obtainablengSGFP suggested that the latter is preferable.
The results obtained with WB pointed out the cagaof PAS assay to detect marked
differences of activation, but not to offer theiabllity needed in experimental campaigns for
VAD assessment. Nonetheless, we believe that futun®r modification of the PAS assay
might make it more reliable when used in assoaiatidh WB, becoming suitable for clinical
applications. To further investigate the use of B#S assay as clinical asset, we started a
pilot study on three patients that underwent meiclahncirculatory support devices
implantation (HeartWare HVAD, Thoratec HeartMateatd Syncardia TAH). Their platelet
activity state was monitored via PAS assay fortal tduration of three days after the surgery.
The obtained results are reported in the AppenBwen if very preliminary, this study
demonstrated a good feasibility of the PAS assayléecting platelet activation from MCS

patients’ blood. In the future, we envision the asa modified PAS assay for the assessment
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of MCS patient platelets activation level after lam, thus providing a real time monitoring

of the device behavior for a safer control of théignts’ blood condition.
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Conclusive remarks



6.1 Main Findings

Mechanical circulatory support (MCS) devices, theshprominent solution for treatment of
heart failure (HF), are still burdened with sevepalst-implant complications like pump
failure, thrombotic events, infections or embolrnf@tion. In the attempt to reduce both
thrombosis and other clotting disorders, severaipkatelet agents have been developed in the
last decades (Simon et al., 2008). Although su@nisghave been extensively tested in static
conditions, up to now their effectiveness underasistress, i.e. in relation to physical forces
encountered when the blood passes thorough VABspblan only marginally investigated.
One of the methods developed to reproducetro the fluid dynamic conditions encountered
in vivo is the DTE method (Girdhar et al., 2012). Testihg effects of several chemical
agents on platelets through a platform (HSD) ableeproduce with high fidelity the shear
stress profiles that blood encounters within VAB®xtremely important, since it provides a
comprehensive view of the pharmacological treatmémé DTE method in combination with
the PAS assay, which is able to determine a ormorelation between thrombin formation
and platelet activity state, represents an extrgisiebng tool to assess the thrombogenicity of
different cardiac devices and to test new soluti@ed at reducing the need of
antithrombotic therapies.

In this scenario, we focused on the assessmenheofability of pharmacological
treatments to reduce MCS devices thrombogenicitye Wus conducted a systematic
campaign ofin vitro experiments to provide a comprehensive charaetésiz of the
interaction between those treatments and the expasdiplatelets to shear stress conditions.
Within this completan vitro study, the platelet activity state was monitoreth@ a specific
chemical procedure, the PAS assay. With the visibextending the use of this assay for
further clinical diagnostic applications, we conthetalso a set of preliminary studiesvitro

andin vivo within animal models.

Among the pharmacological approaches developedde the pathological interaction
between platelets and MCS devices, we studied aokednti-thrombotic drugs, both
individually and in combination, that are nowadaysthe market. All these drugs have been
developed to chemically inhibit platelet activatiomith reduced effect on shear-mediated
platelet activation. The effect of these agents stvear-induced platelet activation was
assessed after exposure to both constant and dynahear stress profiles via the

hemodynamic shearing device (HSD). Platelets wepesedn vitro to 1) low dynamic shear
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stress profiles and 2) established high (“hotspsirgsses, then their degree of activation was
characterized. Afterwards, we tested the anti-f@gatagents currently on the market, to
examine their ability to modulate platelet readyiafter being exposed to shear. In an attempt
to extend the scope of the investigation, we tletisip a specific branch of the study to verify
the capability of an unconventional chemical ad®MSO) to inhibit platelet activation after
exposure to external mechanical stimuli.

The antiplatelet agents investigated were aspirtipyridamole, cilostazol,
pentoxifylline, eptifibatide and ticagrelor. Theuds that offered the better behavior in terms
of platelet protection were ticagrelor and cilostaZ hese two agents have a common effect,
which is the inhibition of Adenosine (ADO) or Adesine Diphosphate (ADP) receptors. This
mechanism of action should be further investigatedonfirm its eventual ability of really
protect platelets from shear stress effects. Howekie obtained results suggest that the most
common antiplatelet agents, which are normally usednticoagulation management for
patients treated with MCS devices, are only maitlyinable to protect platelets from the
activation effects of physical forces exerted bydec assist devices.

New mechanisms of action were studied to solvebtivelen of heavy antithrombotic
therapies that are currently necessary for MCSeptti As previously described, we
investigated the effect of DMSO alone as possitdéefet membrane fluidity enhancer, thus
preventing platelets activation mediated by sheass. DMSO-treated platelets were exposed
to both constant and extremely dynamic shear ciomgit the same that were used to assess
the ability of common antiplatelet agents to inhjtdatelet activation. Moreover, we exposed
platelets pre-treated with different concentratiohMSO to hyper shear using the SCSD.
In contrast with the results obtained testing défé common drugs, DMSO proved to protect
platelets also at the worst shear stress conditions

Despite the effectiveness of DMSO in reducing simeediated platelet activation, its
toxic effect on cells precludes any use on huméns. results should thus be taken as a
suggestion that the effect of other organic nonet@wompounds able to penetrate platelet
membranes, thus increasing their fluidity, showddrivestigated. Our analysis indicates that a
paradigm shift is required in the development ok ratiplatelet drugs for the treatment of
shear mediated platelet activation. In particulae, discovery of new agents able to affect the
mechanotransduction apparatus may reduce the nkddrge antithrombotic therapies,
offering an effective protection to platelets wheposed to high shear stress conditions.
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The in vitro experimental campaigns conducted to investigageeffect of both traditional
(antiplatelet agents) or alternative (DMSO) pharohagical treatments, on shear-mediated
platelet activation, represented the core experiatemork of this dissertation. In both these
experimental sets, the platelet activity state awssessed using a modified prothrombinase
method, the PAS assay, which is well suited fonidiging platelets reactivity due to physical
forces, such as fluid shear or turbulence. In fdut, PAS assay provides a correspondence
between the platelet activity state, caused by ipusv shear stress exposure, and the
consequent thrombin generation, which is detectethd the assay. This methodology was
always used for research purposes, with reducedtath to its clinical potentialities. For this
reason, in this thesis, some additional experinheftarts were spent to tackle a more hybrid
approach, investigating actual VADs bathvitro andin vivo with calves modelising the
PAS assay. The obtained results permitted to graftiminary considerations on the utility of
PAS assay also for clinical use. In particularemerged that this methodology can be
successfully used to assess platelet activatioms Tihding could pave the road for the
development of future evolutions of PAS assay meisha of action, able to spot platelet
sensitization in humans, e.g. helping patientsatelg control their platelet activation level

after the implant of a MCS device.
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6.2 Future Directions

In the present work we investigated the effect @fesal antiplatelet agents on platelets
exposed to defined shear stress profiles usingctwaputer-controlled shearing devices. The
subsequent platelet activity state was monitoraédgughe PAS assay. This experimental
approach resulted to be an extremely reliable noetlogy, able to precisely assess the
different levels of thrombogenicity of cardiac asslevices. The future improvements should
aim at extending the application of the presenthology to other devices, such as stent
grafts or heat exchangers. In fact, the use of DiEly allow the development of devices able
to have a less thrombotic impact on the biologiftaids, thus reducing the need for
antithrombotic therapies. The use of the aboverdest experimental approach for studying
the interaction between antiplatelet drugs and robh@medical devices, apart from VADs,
may eventually pave the way for the assessmentawnelopment of more effective universal
anti-thrombotic treatments.

Moreover, pharmacological research may get reaéfitefrom a deeper investigation
of the mechanisms involved in the dynamic aspeétplatelet activation using platelet
damage accumulation models (Nobili et al., 2008erBhet al., 2013). This combined
approach may help in redefining the previous thokklof platelet activation, above which
most of the biochemical agents tested appearedit@to protect platelets from shear stress.

Concerning the possibility of better understanding mechanisms that lie under the
mechanotrasduction response to shear-mediatecattiy a new pharmacological strategy
that does not implicate the use of DMSO may beymdsindeed, new connections between
the mechanotrasduction apparatus and plateletasictiv should be investigated to better
characterize the interaction between plateletsshradr stress and to find new strategies for
modulating the membrane biochemical response tsigdlystimuli.

Finally, the possibility to develop new diagnosticsstems able to measure the efficacy
of antiplatelet drugs and detect platelet actigiigte, as the PAS assay does, is at the cutting
edge of technology. Indeed, such systems, espegiakther implemented into miniaturized
devices, might give birth to a new family of pot&llinical devices for the monitoring of

blood flow conditions, which may significantly ingare the quality of life of MCS patients.
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Appendix. Preliminary use of PAS assay with MCS pa¢nts’ blood

Platelet activity state of three patients that um@at mechanical circulatory support devices
implantation (HeartWare HVAD, Thoratec HeartMatehd Syncardia TAH) was monitored
via PAS assay for a total duration of three daysrdahe surgery. This pilot study with three
patients was conducted to provide preliminary infation about the usefulness of PAS assay

among the methods used to characterize VAD thromfiody.

Experimental protocol

The patients’ clinical condition before implant MCS devices, as well as the protocol used
for the study, are described hereinafter.

Patient A was a 59 years old female with past history obeias mellitus, pulmonary
hypertension and atrial myxoma. She gradually dped mitral regurgitation with
incompetent mitral valve leading to extremely dithieft ventricle with an ejection function
of 10%. HeartWare HVAD was thus chosen for the treatment of the seveaet fiagilure
condition and surgery was performed through a riobwiplant.

Patient B was a 49 years old male, who arrived to the Sadeart Center in Tucson
with LVAD thrombosis. He underwent removal of tieambosed device and placement of a
new LVAD (Thoratec HeartMate Il (HM 11) ).

Patient C was a 40 year old male with history of dilated diamyopathy and
biventricular failure, who underwent a Total Artill Heart Syncardia TAH) implant as a
bridge to cardiac transplantation.

15 ml of blood were drawn from patients before W#&D implant, as well as at day O,
1, 2 and 3 after the surgery. Blood obtained edasywas treated as described in the previous
chapters and GFP extracted as reported in Para8tdih as well as in the literature (Sheriff
J, Bluestein D et al., 2010; Schulz-Heik et alQ20
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Results

Results obtained, including both platelet actigitgte and platelets count, are represented in
Figure 1.
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Figure 1. Sensitization of platelets from MCS implanted paseduring 3 days after implant of HYAD, HMII andAR. A-
C. PAS of patients monitored up to day 3 after surgD. Platelets count.
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Data obtained from each patient were evaluatedraegha Patient A with HVAD (Figure 1-
A) showed a platelet activity state level that ramad constant before and after pump implant,
with a partial decrease following day 1.

Interesting was the trend obtained with the HMIg(ffe 1-B), where platelets appeared
highly desensitized after the pump implant, howel@mnonstrating a progressive increase in
the following days. The significantly higher preplant platelet activity state detected by the
PAS assay of the patient treated with HMII may bespmably due to the fact that the patient
presented a pump thrombosis that urgently calleddbstitution with a new VAD.

A different trend was found for the TAH patientdbre 1-C), where an actual increase
in PAS values was detected the day of surgery ailubsequent decrease in the next days.
The increase described the day of the implant neagde to the most invasive procedure
characterizing a TAH implant, where the whole cacdstructure was substituted with a
mechanical device, thus creating an inflammatospoese that needed to be controlled with
strong medications. This platelet reactivity, ph@eaon that was correctly described by the
PAS assay, was progressively reduced in the foligwliays.

For what concerns platelet count, a decrease wsergdd after all the three implants.
This phenomenon can be due to the loss of bloomhglsurgery that may have brought to a
reduction in platelet count. However, the lattemagned stable after day 1, except for the
patient with HMII, whose platelet count continuestmhtly decrease.

In conclusion, blood from actual MCS patients westdd over a period of 3 days after
implant, with the goal to investigate their pospiant platelet sensitization. Among the
studies that focus on heart failure treatment, was the first clinical attempt to connect a
pure research method, as PAS assay is, to clipicglitvant diagnostic. We believe that data
reported need to be supported by a larger poohsés to further correlate PAS values with
clinical data normally used in routinely analysés anti-coagulant regimens. This would
allow a better evaluation of the behavior of PASagsas a future method to assess the
thrombogenic state of MCS patients’ blood. Thisetyy investigation may potentially pave
the way for further research studies aimed atziegjidiagnostic devices for monitoring the

MCS patients’ health conditions.
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