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ABSTRACT

MICROFLUIDIC APPROA®GES TO THROMBOSIS AID HEMOSTASIS: A
GLOBAL INVESTIGATION OF ANTIPLATELET THERAPEUTICS AND THE
ASSESSMENT OF BLEEMNG AND COAGULOPATHY IN HEMOPHILIC AND
TRAUMA PATIENTS

Ruizhi (Richard) Li
Scott L. Diamond

Current in vitro or ex vivo models of hemostasis and thrombosis fail to recapitulate the
hemodynamiconditionsand biorhelogic phenomena found throwgitithe vasculature.
Microfluidic technology enabf@s/siologic hemodynarsior the study oplatelet
deposition and coagulatiasingminimum volumes dfuman whole blood. This

dissertabn describes the applicatiomotmofluidicassayshe manipulation of surface
patterned procoagulaarid subkendotheliaproteins, anttoagulation, and flow conditions
to investigatplatelefunctionand coagulation under flow. First, we demonstrate a novel
method to assefi®ein vivoor in vitrotherapeutic efficacy of aptateletherapies on
platelet aggregates adhering to collagen type | surfapbendigped individual healthy
donor platelet function responseftaivo or in vitroaspirin, a common antiplatelet
therapy overdallagen type | surfaces at venous shearUétesng the samiow assaye
alsocharacterized mechanibased resistance to aspirin conferred bygteooidal anti
inflammatory drug&urthermore, we have also developed a new model to assess the
intrinsic pathway of coagulation under fhbomecollagen type | surfa@asl investigatdate

role of the intrinsic pathwayrecombinant coagulation factor Vlla (rFVtl@rapeutic
efficacy We then extended this mechanistic investigation of rF\fltavtassays/here
clottingis initiated byollagen and immobilizépidatedtissue factoio evaluaténe role of

the intrinsic tenase conjunction with exogenous rF\VANaensurfacdriggeredextrinsic
%



pathway is preseriinallywe continued to assess coagulopathic pdiiehtst mimicking
resuscitatiodriven hemodilution, hyperfibrinolysis, and plasmhibitor therapy under

flow. We then evaluated downregulation of platelet functrdmie blood from trauma
patients during the acute phase of tranth&ced coagulopathyhe development of
microfluidics, microfabricaticand its applications Imlemostasis and thrombosis is essential
in advancing our knowledgectihical and pathadical disordersuch as myocardial

infracts, hemophilia, and deep vein thromb&®yond this worknicrofluidiglatformsin
hemostasis and thrombosasipotentially be used dug screening platfosfor

antiplateleor clotting factor therapies, apoint of caraliagnostic tesor bleeding and

pin-pointing the therapeutic index of novel biopharmaceutics

Vi
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1 INTRODUCTION TO PLATELETS, BLOOD COAGULATION,

AND MICROFLUIDICS

1.1 Hemostasis and theRole of Platelets

Human blood iprimarilycomprised of plasma proteins, platelets, red blood cells,

and white blood cells. human whole blogglatelets are the primary anucleatetballs
are responsible for hemostasisrecommonlydescribe@s thephysiologibalance
between bleeding anxtessive blood clottirfthrombosis)Healthy whole blood on
average contains 150,000,000 platelets per microjitgThese anucleate cells stay in a
guiescent statarculatinghe bloodvasculature patrolling themanbodyfor vessel wall
damage and exposure of the subendoth&linoedamage occurs to thiessel wall, tissue
factor (TF) is exposed and the coagulaasnade (to be described in detalil later) is
triggered. This cascgateduces aotent serine protease thrombin (lla) which activates
platelet]. The final downstream prodwt the cascade is fibrin, which is a fibrous
biopolymer network that stabilizesiseals a blood c[8{

Platelets are able to remain in a quiescent state as they are inhf@redaly
mediators from thendothelim, prostacyclin (PGl and nitric oxid (NO,)[4]. Additionally,
platelets have numerous receptors and respawctivtating stimusiuch as collagergn
Willebrand Factor (vWF@pinephrineand histamirjé]. In the presence of these agonists
platelet beome activated throughseries dfansmembrane receptors oeitlsurfacerhis
thenresults in an increase in intracellular calcium that cause changes in platelet morphology
and the platelet cytoskeld&jnin addition to platelet shape change, platelet activation also
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results in the secretion of additional agdnistsplatelet alpha and dense granules. These
granules are packaged prior to platelet release by megakaryocytes during
megakaryopoief$ Secretion of these agon[gtdenosine DiphosphataDP),
Thromboxane A(TXA,)] results in both autocrine and paracrine signaling which are
biochemical signalipgocesses important for the recruitment of additional platelets to the

site of injury and the stabilization of previously deposited platefegsbthod clding.
1.2 Thrombosis

Once the delicate balance of blood clotting is pertukszssive clot growbin
thrombosis then occurShrombosis is the cessation of blood flow through a vessel due to
an occlusive blood cld@iwo clinicallyrelevantypes of thrombosis acitsthat emanate
from the venous circulation dotsthat emanate from the arterial circulation of the
vasculatureThe most prevalent venous thrombogieép vein thrombosis (DVDeep
vein thrombosis usually occduge tocontinuous immobilization, surgery, or heart
failurd7]. Medical treatment for DVT consists of anticoagulant drugs such as heparin or
vitamin K antagonigig. Arterial thrombosis is pathologically different from venous
thrombosis and occurs within arterif@g# prime examplef arterial thrombosis is
myocardial infarction (MI), otherwise commonly known as a heart attack. This sudden
occlusiveevent prevents blood flow to the heart. The major causes of Ml are usually genetic
riskfactors atherosclerotic plaque buildland rupturegr a combination of high blood
pressure, cholesterol and obEit¢ommon treatment for arterial thrombosis inslude
antiplatelet therapies, drelgting stents, and bypass surgery. A major concevenatrs

and artaal thrombosis is the risk tfombaembolism. Thromboembolism is a scenario



where an occlusive clot dislodges from the injury site and eventually travels downstream and
becomes lodged in another vascularBedmboembolism is a major concern with

patiens who have DVT or have experighaeute MI. Thrombus dislodgement followed by
adherence either in the lungs or brain could put an individual at risk for pulmonary

embolism or strok&he investigation of the biophysical and biochemical characteristics of

venous and arterial thrombi isgwing and much additional research is still (&ded
1.3 Hemostatic clot growth under flow: platelet adhesion biology &

receptor interactions

Hemostastic clot growth under physiologic flow environmmeruss in three stages,
initial platelet adherence to subendothelial progeaveth of the clot through autocrine
and paraine signaling, and stabilization of the platelet aggfégate 1-1). Platelets
initially adhere to either collagen or vVWF at the site of iHjisynitial adhesion is
medi at ed t hr ou gAhangdlyaopretéirevi (GRVirccellageroands &
glycoprotein 1B (GPIB) for vWFespective[f0] Beyond this initial monolayer of platelet
adhered to collagen and VWF, local platelet secretion of agoRistsd TXA help
activate more platelets ardruis thoseadditional platelets to the site of irffjLty
Furthermore, platelet calcium levef s due to its release from intracellular stores.
RisingC4l evel s resul t ghaocnt ipvaattied re.t p/Nitnarageglre tn ian
integrin nvolved in platelet aggregation, it undergoes a conformational change which then
facilitates its binding to fibrinogenmajor plasma protein in blcow VWIFL2] The high
copy numbemphaordd phualtteil @lte d4bi ndi ng sWht es on f
then ensure platelet aggregation, extension of the hemostatic blood clot and the cessation of
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bleedingThis is tirther supported by platelet mechanosensing as increases in platelet
activation and changes in the local flow environment results in single platelet and platelet

aggregate contraction teatureghe clot against the vessel wall and stops bld&dit

a. b. platelet adhesion c. platelet shape change and

) . activation
inactive platelets

a9 - Thrombin, ADP, TXA,

NO, Prostaglandin l

Endothelial Cells
| © oﬁ O

Subendothelium

o O O

d. ADP release, TXA, generation,  e. weak aggregation f. stabilization &
procoagulant activity thrombus retraction

ADP, Fibrinogen, TXA,

FIXa/FVllla
FXa/FVa

ol O
A A A [0 B & & A
GPIb-IX  o,B, P,y a,pB; Collagen VWF  Fibronectin  Fibrinogen

Figure 1-1Hemostatic Plug Formation, Aggregation, and Contraction

(&) Circulating plateletse kept quiescent by B@hd NO released from endothelial cddl& ¢) At sites of
vesseinjury, plateles adhere to proteins of tlexposedubendothelium through interactions with collagen,
VWFthrought hei r r e c exnandGP respectivelggonists ACE and thrombirthencause

platelet shape chan{i.Activated platelets release ADP and fibrinogen from their intracellular granules. ADP

and TXA recruits additional platelets to the site of injury through autocrine and paracrine (@gRkiatpt



anAs becomes engaged and activated plateletitbindgen or VWF resulting in platelet aggreg4tjatiot

contraction then leads to a stable thrombus under flow.

A final important role of platelets during blood clotting is the ability of their
phospholipid membrane surfaces to support coagulBtiesurface of activated platelets
becomes negatively charged due to phosphatidylserine (PS) and phosphatidycholine (PC)
exposure as these phospholipids are transferred from tHeafiaeof the platelet
membrane to the outer leaflet of the plateéehbrangl5] This negatively chargeuiface
then provides a surface for the adherence of plasma proteins which then cahesupport

coagulation casc§tié}
1.4 Coagulation

Blood coagulation is a series of biochemical, enzymatic pathways that is governed by
zymogens, serine proteases, and enzymes. This serious of reactions results in generation of a
master enzyme, thrombin and the formation of a biopolymer network, filmimth&h
stabilizes the clofThe coagulation cascade is divided into two pathways, the contact
(intrinsic) pathway and the tissue factor (extrinsic) paitheag.two pathways converge to
the formation of clotting factor Xa (FXa). The subsequent stiepgrig FXa generation
are known as the ocommon pathwayo. This | e
then acts ofibrinogen to convert fibrinogen into fibrin monomer which then polymerize
into fibrin. Fibrin fibers stabilize the loose plateleegatgThese pathwaypgcurin the
presence of serine protease inhibitors that limit the activity of active proteases. The

coagulation cascade is schematically depicted in
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Figure 1-2 Schematic Depictionof the Coagulation Cascade

The coagulation cascade involves a series of sequential plasma reactions that lead to the generation of

thrombin. The cascade is triggered either by exposure of TF at the site of injury (extrinsic pathway) or by

exposure to nagjvely charged surfa@nd activation of FXII (intrinsic pathway). Both pathways lead to

thrombin formation and then fibrin production.

In in vivo scenarios, the extrinsic pathway is the predominant trigger of the

coagulation cascadéis involves thexposure of TF at the site of vascular injury. TF is

commonly expressed by smooth muscle cells and fibroblasts. TF exposure to flowing blood

in vivo then allows binding of activated soluble clotting factor seven (FVIla). FVIl is a

member of the vitamin-Hependent clotting factors, the others are FIX, FIX, and proteins
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C and §18] Most coagulation factors have garmardoxyglutamic aaidsidues in theN
termnalregion (Gladomain) of their protein structure which then enables them to bind
calcium and assembletbaphospholipid surface$ plateletsOnce the TF/FVlla

complex forms it can activate FIX via limited proteolysis. HoWe&Y€Y,lla complex can
directly activate FX and thisikeavilyavored pathway inw. Once FIX is activated, it

can also activate FX as long as FVllla is present. Factor Vllla is the cofactor for FIXa and
the assembly of these two active factors tagetheomote FXa generation is known as the
dntrinsict e n a s e 0 Asalbsermé peokedises and clotting cofactors in the coagulation
cascade exist as zymogens in the plasmareamgf whole blood, it is surprising how

such potent biocatalytic raans can be triggered via the ensemble of thespramntsors
However, previous studies have shown thataudmolar concentrations of FVlla does

exist in circulatiowhileactive forms of other clotting factors are even more miniscule in
comparisonExposure of TF to this small but nevertheless potent amount of FVlla then
sets up autocatalytic feedback where VII bound to TF is activated. Furtlotheore

clotting enzymes can also acti#zatié which thus makes the coagulation cascade a network
of sdf-amplifying, feedforward, and feedback reactions.

I n a traditional sense, the other arm o
pat hway. I'ts name is derived from the 6int
glass tube. Specificajgaking, blood derived from the human blood tends to clot in vitro
when in direct contact with negatively charged suffaarephysiologic surfaces for
contact activation of blood include glass, clay, and kaolin, while physiologic substrates for

contact ativation include DNA, RNA, and histong€ke contact pathway has been viewed



previously as ngphysiologic as severe deficiencies in the most upstream source of this
pathwa(FXII) causes no severe bleeding déféctn fact, studies havieasvn inadequate
levels of FXII may actually result in increased risk of throf2bpst®wever, recent in
vivo models have shown that mice deficient in FXII have a tendency to form unstable
thrombi, thus suggesting that this previously overlooked part of the coagulation cascade may
have an important psiglogic role. The intrinsic pathway is activated once zymogen FXI|
comes into contact with negatively charged surffdceeheavy chain of FXII is the portion
that binds to negatively charged surfaces which then leads to increases in local enzyme
concentration, autoactivation, and activation of FXI. Then FIX is activated by dimerized
FXla.

Nevertheless both the intrinsind extrinsic pathway converge to FXa generation.
Factor Xa along with its cofactor FVa converts prothrombin into thrdralstor Xa
assembly with FVa in the presence of calcium on a phospholipid surface results in a 300,000
fold increase in thrombinmggration as compared to FXa aldieombin is central to the
formation of the haemostatic blood clot as it controls its own generation and inhibition by
acting on numerous substrates such as fibrifogeRVIll, FIX, platelet receptors,
protein S, andrptein C.One major role of thrombin is its cleavage of fibrinogen, a heavily
abundant protein in both plasma and platelet granules. Thrombin cleavage of fibrinopeptide
A and Bof fibrinogen results in a salsociation and restructuring of fibrin mongi@&}
The progressive lengthening of initial fibrin monomers into dimers and beyond occurs

initially through half ovexp of fibrin mmomers which then forms long, thin fibrin strands.



Factor Xllla can then crosslink these loose fibrin strands and confers degradation by

plasmin.
1.5 Anticoagulation for in vitro and ex vivoresearch

1.5.1 Citrate or Ethylenediaminetetraaceticacid (EDTA)

Citrate or EDTA are potent calcium chelators that can completely inhibit thrombin
production and plateletlasionunder flow. Thus these reagents are ideally used for pure
biorheological studies of platéletd blood cell interaction undiew. The addition of
exogenous Cafor recalcification carecoverextracellulacalcium levels, however EDTA
tends to destrogi,As function and citrate also significantly im@aids after
recalcificatigi22] Basic scientific and clinical studies of TF or contact pathway triggered
coagulation predominantly usést@ as an anticoagulant. However, it is important to note

thatFXlla can be generated in the absence of calcium.

1.5.2 Corn Trypsin Inhibitor (CTI)

CTl is an intrinsic pathway inhibitor which when used in th2@®Qg/ml range
can inhibit I&hhe solllecieavage productffornfed flom sertaced
aFXlla. As CTIl does not i nhi b60minafFXI I a,
inhibition of the contact pathway without interfering with the cation levels required for
extrinsic pathway medied coagulation. Thiaggh exogenous concentration€of are
commonly used to test difitiated coagulation under flow given that btaodbdested in
vitro immediately following phlebotorfyrthermore, recent studhes/e showthat alow
level of CTI (4ug/ml) canpatrtially delay the contact pathway allowing study of FXlla and

its subsequent reactions ex vivo provided that blood is perfused ex vivelgitmim&btes
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of phlebotomf23,24] Otherreagents have also been used to control in vitro contact
activation. Monoclonal functidocking antibodies have been uggihat FXlla and
FXIa[25] Infestind has been used to antagonize FXlla, while domains from protease nexin
2 have been used to inhibit H2EH28]
1.5.3 FPR-Chloromethylketone PPACK), Direct FXa inhibitors, Heparin

PPACK is amall molecule inhibitor of thrombin. PPACK (100 uM) provides strong
and irreversible inhibition of thrombar in vitrostudies of platet function. This
approach is useful to solely examine platelet activation, adhesion, aggregation, and function
in the absence of thrombin and fibrin. Furthermore, with the advent of novel oral direct
FXa inhibitors (apixaban), these new anticoagulartits aaad in vitro for direct inhibition
of FXa. The use of apixab@n253 1 uM)becomes particularly useful when examining the
effect of exogenolysaddedhrombin on platelet activatiand intracellular calcium
signalinf29]

1.6 Microfluidic Technology

1.6.1 Motivation

Microfluidic technology was invented dua teed imndustrial applications and
academitaboratorieto minimize reagent usage, evaluate novel drug therapeutic efficacy
and toxicityand increase throughpuhile maintaingthe physiologic conditiomswhich
most biological systerasist Since blood flow occurs in a closed, high pressure,
continuouly circulatingystem, in vitror ex vivomodels that can capture the
hemodynamics and flow characterisfies better opportunities to accurately investigate

the biological phenomena that occurs induvong thrombus formatiofrurthermore,
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current in vivo animal models of hemostatic and vascular injury are stiluratevsibod
and the small volumethiood collected from difficult to breed genetically modified
animals mandates a low volume test of hemostasis and thi[@oBadsis

Several previous technologies have been used to study the hemostatic process under
flow ex vivo. Such technologiesludeparallel plate flow chambers, capillary flow
chambersand cone and plate viscometers. These technalbbieee theiown pitfalls
with respect teolumerequirementgxperimentatontrol and physiologic hemodynamics.
By couplingzeryweltlestablished micropatterning techniques with soft photolithography
microfluidic assays can be developed for whole blood perfusiorelbdefined
biomimetic injuriedVith control over flow conditions, micropatterpestein/enzyme
surface composition and inlet bldmachemistrythrombi can be formed in vitro and
examined with real time epifluoreseemicroscopy by a host of maonal antibodies,
novel biosensors, and fluorescently conjugated peptides or pgrieilys the ability to
measure multiple outputsreaitimewith various fluorescent probes from a single blood
sample over the course of an experiment provideslamdrreproducibility critical to the
variable nature of hemostatic studiéss couldsereas a basis for futuaeitomated
preclinical diagnostic platforms.

A thorough discussion of PDMS and microcontact printing techniques is out of the
scope of this dissertation and extensive reviews can be found ¢&&v@emerally
speakingmicrofluidic devices are made out of polydimethylsil@XBMS)that was cured
over master molds fabricated by photolithographic techniques. In brief, a ptie¢oresi

substrate is spitbated onto a silicon wafer in a process known asoging. This process
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enables substrate adherence to the wafer to a height that will réqeresienvfluidic

channel depth. The sginated wafer is then brought into close contact with-a high

resolution transparency of the desired microfluidic geometry and channel device. UV light is
then shun on the sample which then dinks the photaesisive substrate. Unexposed
photoresist is then removed with a developing solution. This master mold can then be used

to make PDMS casts of the microfluidic devices.

1.6.2 Microfluidic open systemsfor the study of hemostasis and thrombosig-ocal

Injury Models, High Throughput Testing

Openmicrofluidicsystems allow for exchange with the outside environment and
offer excellent spatial and temporal control of the flow regime, surface protein/enzyme
concentration, and perfused blood biochemistry. Such flowssgtawfor high replicate
testing of clotting events in vitro and utilizes low volumes of blood (< 1 ml). Microfluidic
assayprovidecontrol of local flow environments by perfusion of whole blood over well
defined geometries and excellent command ofesfiawp ratesiapre-programed syringe
pumps that can also be automataéxternal LABVIEW interfafE3] Physiological
venoug100800s?) and arterial shear rat@8062000s?) can be used in microfluidic
devices, and pathological shear (46e80€200,00@") have also been investigated too.
Most microfluidic devices agis are single path perfusions and for square rectangular
channels, the-directed velocity field for steady flow over a domaw/@fy w/2 and 0 z

h is given by
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PDMS allows for the creation of rectangular flow channels with microscopic features down
to approximately @m. Microcontact starimg has also allowed microprinting of proteins or
lipids on various substrates down to a spatial resolution of <Negwues et al. have

previously demonstrated the use of micropatterned collagen surfaces in a PDMS
microchanngB3] Collagen Type | was patterned onto a glass slide using a single channel
devicehat was then removed to allow placement of a second 13 channel fl§88flevice

The resulting protocol was an assay of thrombi formed over 13 individual flow paths each
with a precisely patterned injury site where collagen was exposed to the flowing blood.
Maloney et al. further advanced this design by makirgpanr| device through which

blood was perfused by withdrawal through a singld tjtletirthermore, Colace et al. also
improved the biological complexfythe surface triggertinis model &hannel

microfluidic systenWith regards to micropatternjmgicrochannels are usually filled with a
protein of interest and rinsed with physiologic buffer before sample petfokioa.et al.

used this technique to generate thrombogenic surfaces of collagen and immobilized TF in
PDMS microchanngB5] Briefly, Colace et al. modified thebEaring liposomes

described by Smith et al. to producéb&&ring biotinylated liposomal constructs which

then could be bound to a collagen surface via biotinylatedllagign antibody and
13



streptawdin[36] Such techniques are vital to study the simultaneous effect of platelet
depodion and thrombin production under flow and characterize the roles of thrombin in
platelet adhesion and fibrin generation in platelet plug fof@atiBemally it is important

to note that the use of external syringe pumps only generates constant flow rate
environments. Under these flow conditions, growing thrombi only obstruct the flow as large
pressure drops develop eventually leading the partial and complete embolismeMeriots as
occlusive structures under flow cannot stop a syringe pump. Thus Colace et al- used the 8
channel device previously described to create a constant pressure drop flow regime by
developing thrombi in four of eight channels which then diverted flogvdthér four

bifurcated channels due to the unreactive Eda&ed blood that was being perfused
simultaneoudl§7] This was verified computationally with fluid dynamics simulations

showing a drastic difference between clots formed in the presence or absence of fibrin.
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2 MICROFLUIDIC ASSAY OF PLATELET DEPOSITION ON
COLLAGEN BY PERFUSION OF WHOLE BLOOD FROM

HEALTHY INDIVIDUALS TAKING ASPIRIN

2.1 Introduction

Antiplatelet therapies are commonly us#tkiacute treatment of coronary diseases
and longterm prevention of cardiovascular ey88idnhibition of platelet cyclooxygenrase
1 (COX1) by aspirin (acetylsalicylic acid, ASA) arsliisequerattenuation of
thromboxane ATXA;) production causes a decrease in secondary platelet aggregation and
reduces excessive thrombus formpg®JnASA aes not severely reduce the primary
platelet response to the damaged vessel wall needed for homeostasis. Currently, about 50
million patients in thenited Statetake ASA at typical doses of 81 ori®25per day to
reduce cardiovascular rjgk$

Aspirin reduces thactivation of platelets by irreversibly acetylating serine 529 of
cycloxygenaskand therefore reducing TX#oductioid39] The inhibition of COXL is
irreversible and permanent for the lifetime of plabeeause platelets lack the synthetic
machineryd producenew proteif¥#1] Recently he bleeding risks associated with aspirin
led to the developmeof anttinflammatory drugs selective for G@XSeveral COX
selective inhibitors cause less gastrointestinal side effects than tradisoeraidananti
inflammatory drudg2] but they cause cardiovascular risks via inhibition of2COX
dependent endothelial prostacyclin. All approvedZi@Nibitors have eitherdre

withdrawn or their prescription restri¢43]
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Howeverwith regards to COA inhibitorspatients show a marked variability in
laboratory responses to aspirin. Depending on the platelet function test, aspirin resistance
has been reported ir66% of patien{d4046] Failure to actually take the pill is a-well
documented cause of [47pi@ Mutagondin thiedhsomboxanen r e s i
receptor would also cause aspirin insensitivity, but such mutations result in a modest
bleedingphenotype that would be a contraindication for aspirin tpEShPatients may
alsofail to benefit from aspirin therapy owing to increased platelet turnover, increased
sensitivityo ADP and collagé#l] or increased COX synthesis. However, an association
between aspirin resiace detected by a laboratory test in patients and a higher vascular
event rate in a group of resistant individuals has yet to be convincindyO0&1gwn

Determination of the anrpilatelet effectiveness of pharmacological agents often
occurs in closed systems, with or without flow. Measurement of platelet calcium
mobilization upon TP stimulation is an example of a closed system witl5jo Rtatelet
aggregometry is a closed system with a poorly defined flow field. The efficacy of
pharmacological agein closed systems may not always prediplatetetherapeutic
benefits under flow conditions. For example, apyrase is a potent intabitbe ibut can
potentiate thrombosis under flow due to the dynamics of local levels of ATP and ADP in a
conentration boundary lay@4] During platelet deposition under flow conditions, the
platelet deposit can reach platelet densities that are S5@aid g@€ater than that of
platelet rich plasma. Because of this dense mafmsit, the potency of pharmacological
agents may depend on the local concentration of platelet release products that occur under

flow conditionf62] The advent of microfluidic technology has enabled such platelet
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deposits to be built under flg34,53Microfluidic patterning techniques\alfor spatially

confined injury models distinct from current technologies such as perfusion of whole blood
through coated glass capillary flow chambers or parallel plate flow chambers. Furthermore,
microfluidic devices recreate the progression of sigaradinigrombotic pathways as they
progress from a surface trigger, i.e. collagen and/or thrombin produced at the wall to
secondary aggregation processes driven by ADP ag87,82] Here we investigatdte

utility ofan 8channel miafluidic device in assessing ASA phenotype using fluorescently
labeled platelets with ASA added to whole owittpeither before ASA intake or at 24 h

after ASA intake by healthy individuals. We show a novel method to measure residual COX
1 functionand evaluation of the C@Xmediated thromboxane pathway in a

microfluidic platelet function test under venous flow conditions.

2.2 Materials and Methods

2.2.1 Blood Collection, Labeling, and Drug Administration

Blood was collected at 0 h and 26 fadnypuncture from 28 healthy subjectsb@L8
years), who saiéported norsmoking, free from oral medication and abstained from,
caffeine, alcohahnd high fat food for 24 h prior tiee study and throughotlte duration
of thestudy. All volunteers reeed a 328ng loading dose of aspirin by mouth at 2 h.
Subjects returned after a 2 week washout period for a third blooEigwasvX1A). For
arteral flow studies, blood was collected by venipuncture from 4 vehiticpialsvho
were free of oral medication for 10 days andegalfted free from disease or bleeding

disorders. All blood samples were drawn iAl3PhePro-Arg-chloromethylketone (@0
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UM PPACK final concentration, Haematologic Technologies). PPACK is aptversite
inhibitor of thrombin that irreversibly and specifically inactivates thrombin. All volunteers
provided informed consent in accordance with IRB approval and thatioectdr

Helsinki. The blood was treated with PE Mousetntima n G2 ahtibgd (BD
Biosciences) in a ratio of 1:50. PPAf@ted whole blood was perfused through the
microfluidic device within 1 h of phlebotomy. iRaritr@dditions to whole blood,
acetylsalicylic acid (Sigma Aldrich) was dissolved in DMSOré.5@0lutions of ASA

were then made to the desired final concentration in HBS within 1 h of the test. Final ASA
concentrations used wereN), Q.05 M, 0.5 M, 1pM, 5 M, 10 M, 50 M, 500 M (final

0.1 % DMSO in all samples). Blood was incubated for 30 min in ASA before initiation of

the assay.

2.2.2 Fabrication of microfluidic devices, platelet deposition, and redime imaging
Microfluidic devices were fabricategoly(dimethylsioxane) (PDMS, Sylgard 184,
Ellsworth Adhesives) according to previously described tecl3difjibe device was fed
by 8 distinct wells, with perfusion by withdrawal into a syringe pump (Harvard Apparatus)
from a single outleFigure 2-1B). The channels were spaced in close proximity to allow all
channels to be imaged simultaneously withodj2Ktivdens using an inverted microscope
(IX81, Olympus America) equipped with a cheogpled camera (Hamamatsu). A custom
stage insert held 3 microfluidic devices allowing 24 simultaneous clotting events to be
imaged in 15 sec intervalsnisropatterninglevce with a single channel (5 cm x 250 pm x
50 um) was used for patterning collagen. Equine fibrillar collagen type 1 (Chronopar,

Chronolog) was diluted to 250 pg/mL in isotonic glucose solution (Chronopar, Chronolog).
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Prior to perfusion, channels were bdacwith 0.5% bovine serum albumin (BS2&)[4h
(2-hydroxyethyl)piperazinyllethanesulfonic acidEPES buffered saline (HBS, 20
mmol/L HEPES, 160 mmol/L NaCl, pH 7.5) for 30 min. Samples were perfused at a
initialvenous wall shear rate of 20(231L/min per channel) for 5 min. For arterial studies,
an initial wall shear rate of 1000(30 pL/min per channel) was used for 5 min. The
respective shear rates for venous and arterial studies were established previously in other
assays with the samerofluidic devid&4,37]
2.2.3 ICsoCalculation and ASA Sensitivity

Backgroungtorrected fluorescence values were fit with a four parameter dose
responseurve((Equation2-1):

(Equation2-1)

with C representing the ASA concentration, FI the background corrected fluorescence of the
corresponding regiaf interestA andB the minimum and maximum intensities,

respectively, arid the Hill coefficient. The data were fit using a log(inhibitor) vsnsespo

routine by GraphPad Prism 5.00 (GraphPad Software). Analysis of platelet depbsition

total platelet accumulation collagen was also calculated using the change in the
backgroungtorrected fluorescence values over time between time intervalSGeeo for

collagen deposition and 150 to 300 sec for-tX&pendent secondary agg
F/ & t b d30wex eril580® Bec). A ratio of these two slopega|Re) was then

taken as an internally normalized value for each subject witiwRern secondary
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aggregation was prominent and R < 1 when secondary aggregation was attenuated relative to

the primary response to collagen (primary depogiiguje 8-2, Table 6).

Period 1 Period 2
ASA (325 mg)
* 2 weeks
on] Iowl [ zem|—>?
blood blood blood
+ PPACK + PPACK + PPACK
microfluidic microfluidic microfluidic
phenotyping phenotyping phenotyping
+[ASA] +[ASA] +[ASA]
C —— 250 M random position D dose response
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T EREERE ,
' ' llllﬁ
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Figure 2-1ASA phenotyping protocol and quantification of ASA concentratien

response

(A), Study protocol. Blood samples were taken att =0 h and t = 26 h with ASA administration to each healthy
donor att = 2 h, followed by a second blood draw 2 weeks laterch-bloea sample, increasing amounts of

in vitrdASA was added to PPA@ihibited WB prior to microfluidic testing (3 replicate tests per blood
sample).R), Photograph of the@annel microfluidic device with the micropatterned collagen strip digitally

indicated.€ & D), Epifluoresence images of fluorescently labeled platelet accumulation on the collagen and
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platelet interaction zone with variousitrdASA concentrations, either in randomized posit®ner (ordered
by ASA concentratio®]. €), Platlet fluorescence values over time for each in vitro ASA concenffgtion. (
Schematic summary of secondary platelet aggregation and definition of R value on the basis of platelet

deposition rates (F0&6).
2.3 Results

A protocol was establishédgure 2-1A) for the recruitment of healthy
donors (n = 28Table 1) to obtain 3 venous blood gales. Relevant characteristics of the
subjects are reportethple 1). The first blood sample was collected at t = 0 h, followed by
ASA ingestion at 2 h, and collection of a second sample at t = 26 h, 24 im aftey
ingestion of 32g of ASA by all subjects (Period 1). A third venous sample was collected
after a 2 week washout period at t = 0 h (Period 2). With each of the 3 blood samples
obtaned from each donor during Period 1 and 2, ASA wasiaddkeat increaing doses
from 0 to 500 UMASA prior to running the 300 sec microfluidic test (8 doses run in
triplicate per blood draw @ initialall shear rate of 200 ,sfor a total of 234 individual

clotting events. All results shown are an average of triplicate measurements.

21



Platelet Count

Platelet Count

SuIlIJDjeCt Age | BMI Gender in;iggol F)((f(rll(())((j)o2 HemZ?[ocrit
platelets/uL) platelets/pL)
217 25 27.08 M 190 187 43
246 30 24.28 F 183 171 36
272 22 2165 F 280 275 39
259 43  20.14 M 220 247 39
262 37 2418 M 274 233 41
225 31 2447 F 216 217 36
250 44 2477 F 227 216 38
241 26 1947 F 204 227 40
283 37 28.28 F 206 176 38
268 31 27.59 M 293 262 44
203 33 29.71 M 216 226 44
248 33 2084 F 300 288 38
239 52 2458 F 225 301 37
216 27 2498 F 182 195 36
226 51 2351 F 226 222 34
235 21 20.73 F 189 216 36
238 26 1754 F 150 183 37
240 48 31.79 M 182 149 40
255 25  20.02 F 183 181 44
212 29 2392 M 272 191 44
231 35 27.33 M 209 209 45
243 23  19.46 F 235 230 40
278 22 20.37 F 261 258 36
293 37 20.59 F 283 285 39
253 44  26.18 M 224 245 46
256 29 19.12 M 176 176 40
277 25 2034 F 196 182 36
282 44  28.52 M 243 234 45
23.62
33+t
Average 9 3.70 11M/17F 223 +£40 220 £ 39 40+ 3.5

Table 1 Donor Attributes
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Healthy subject age, BMI, gender, platelet count for period 1 and 2, and %Hematocrit were measured and data

is presented above.

2.3.1 ICsofor ASAduring thrombosis under flow

Ex vivaddition of ASA to whole blood was tested in the devia®ncantration
dependentnanner to calculatesf¥alues for collagen induced platelet depodtiguré
2-1). In each experiment, a total of 24 ganelously forming thrombi were imaged in real
time. Fluorescently labeled platelets aggregated only at thmisiapatternedollagen,
with noplateledeposition upstream or downstream oftirgpatterned collageRigure
2-1C,D). Platelet adhesion due to collagen occurred within 60 sec and secondary platelet
accumulation/aggregation continued after 150 sec of perfigime @-1E, Figure 8-2).
Inhibition of secodary platelet adhesion by ASA was measured throughiaghe R
(Figure 2-1F). Determination gblatelesurface fluorescence at 300 seg.§Fllloved a
measuremeimtf an 1Go of 22 |M ASA Figure 2-2AFigure2-1) for anin vitrdASA
incubation time of 30 min for Subject 272. The coliagaced platelet activation was
temporally separatand preceded the AS&nsitive deposition regime. A ddspendent
decrease in platelet deposition rate (FO&6 f
ASA concentration while the iniptdteled e posi ti on rate (FO0O bet we:
ASA insensitivé={gure 2-2B). Finally, internal normalizatidiigure 2-2C) of late stage
F'isea00sdivided by early stagesEosprovides a Ralue of 1.0 near the ASAsJ6f 10 M.
This R value showed more dynamic range and sensitivitytoedatamhdary platelet
aggregation due to TX#elease causing a minor left shift in theviBue to 1M. The

ASA doseaesponse was also obtainethbytraddition of ASA to whole blood 24 h after a
23



single 328ng dose was ingested by subjects. f&apative subject 255 lacked response to
in vitraddition of ASA demonstrating strong inhibition of platelet-C@ivity by the

325 mg dosd={gure 2-2D).

A B
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4000 ) . i 20 .
Subject 272 Subject 272
2000 aspirin . 10 aspirin —e— 300-150s ]|
IC5= 21.97 uM IC5=12.65 uM —©— 150-60s
0 T T T T T T 0 T T T | T T
0 0.01 0.1 1 10 100 1000 0 0.01 0. 1 10 100 1000
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T e ] Subject 255 ¢ Ohr
S ) . \ 8000— O 26 hr(ASA)
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2 1.0 o
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“n . - ®
2 . 4000
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o aspifin 2000+
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Figure 2-2 Platelet deposition from PPACKinhibited WB treated with increasing/n

vitro ASA at 200 Sinitial wall shear rate over fibrillar collagen for period 1 (t8 h, no

ASA ingestion).

(A), Representative d§turve forin vitro ASA doseesponseB|), In order to separate C&Xmediated

TXA; production from thelatelet ol | agen response, F6 = 'F/ !t was cal
60 to 150 sec and secondary aggregpgimhet deposition rate was calculdtghg the time interval of 150

to 300 sec. Initiglateledeposition rate from 60 to 150 sec was-ifaSénsitive (), Normalization of

subject response ito vitr(ASA using the Ralue. D), In vitraaddition of A at 26 h (open circle) had no

efficacy after donors took ASA (325mg) at 2 h
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2.3.2 Microfluidic ASA Phenotyping and in vitro addition of aspirin after oral
administration
Microfluidic phenotyping of whole bloodi24fter a single 32bg dose was
ingested showed that 27 of 28 subjects had some reduction in total platelet accumulation
relative tdotal platelet accumulatioreasured in blood prior to ASA ingestkigyre
2-3A). Only Donor 253 displayed a slight increase in platelet dizgosgtiich was not
statistically significant. Marked hst#ibject variation ithe amount of baseline platelet
deposition was observed, witkhgValues ranging from below 4000 to above 12000 FI.
However, the microfidic assagietectedhe decrease in total platelet accumulation
followingin vivéASA ingestion. Platelet deposititom blood obtained 24 h after ASA
ingestion (no additionial vitrd(ASA added) was inhibited relative to the platelet deposition
measured for blood prior to ASA ingestligyre 2-3B). The degree of inhibition of
platelet deposition for these 28 subjects at 24 h after ASA dosage ranged from 10 to 90 %
(45 % = 23%P< 0.001, n = 28)Higure 2-3B). When comparing each subject at 26 h to
their response at O h, subjects with O 25
statistically significant inhibitidfigure 2-3B, P< 0.05). In comparing platelet deposition
(Flso09 in response tim vitrdOOpUM ASA addition relative to vitr®d uM ASA addition, the
in vitraddition of high dose AS#as very potent in blood obtained from subjects prior to
ASA ingestion where 24 of 28 subjects respondeditmASA additionKigure 2-3C, solid
ba). Only 4 of 28 subjects (Donors 217, 250, 240, 253) lacked significant inhibition with

VitroASA addition to blood obtained prior to in vivo ASA ingestion. In contrast, only 7
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subjects of 28 displayed sensitivity 10trdcO0UM ASA addition 24 h after ASA ingestion

(Figure 2-3C, open bar
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Figure 2-3 Microfluidic ASA Phenotyping of donors

(A), Ingestion of ASA att = 2 h resulted in smaller platelet deposits compared to the response obtained from
blood prior to ASA ingestion att =0 h (28 donoR¥% 9.05, relative to each donor att =0 h. Percent

inhibition of platelet deposition as a measureww@&SA efficacy at 26 h, as assesseecbgrdhel

microfluidic assayP% 0.05, relative to each donor at t = OB). Comparison of high dosevitro addition

of 500 M ASA measured for whole blood obtained before (h)=0026 h after oral ASA administratibn (

2 h) C). Data are mean + SD (3 replicates).
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2.3.3 Microfluidic Assay for measuring platelet deposition in the presence of aspirin

For the28 healthy donors with platelet counts in the normal range, no correlation
between the extent of platelet deposition on collagen and platelet count was observed
(Figure 2-4A). Subject platelet counts were highly correlated between period 1 and period 2,
indicating the ability of the bodytightly regulateotal platelet counE{gure 2-4B). Total
platelet deposition (fd) showed a weak but positive correlation between period 1 and
period 2 Figure 2-4C).

Using the Rralue as a normalized metric of secondary aggregation for each subject,
22 of 28 subjects had R > 1 in Period 1 and 23 of 28 subjects had R > 1 in Piguoel 2 (
2-4D). Interestingly, only 2 of 28 subjects had R < 1 in both trial p&igde @-4D,
lower left quadrasutggesting that almost all donors have a secondary aggregation response
(i.,e. R > 1) that was detectable in a microfluidic assay when aspirin was absent. All 28
cohorts as a group had an averageddRE+ 0.34 and 1.16 + 0.22 in period 1, 0 h and
period 2, 0 h respectively from 168 determinations of this metric displaying sensitivity and
specificity to score secondary aggregation ugarvit@ASA treatment in this microfluidic
assayR < 0.05, n= 28). In contrast, with 5QM ASA addedh vitg only 3 of 28 donors
displayed R(5QfM ASA) > 1 in both Period 1 andFAdure 2-4E) demonstrating that
almost all dajects had platelet functithmat were sensitive to inhibition by ASA. With
respect to than vivactivity of ASA, 21 out of 28 subjects had R < 1 aa®érhingestion
of a 328mg dose (no ASA addedvitrp (Figure 2-4F). In these subjects, the addition of
500uM ASAIn vitodid not further inhiltiplatelet function since the platelets had already

beeninhibited byASAin vivo Interestingly, the 7 of 28 subjects who had R>1 following
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ASA ingestion also displayed insensitivity follawwmtgdASA additionypper right quadrant
Figure 2-4F).

A detailedReceiveOperator Curve (ROC) analysig(re 8-3, Figure 8-4Figure
8-3) indicated that an-falue = 1 cubff resulted in a true positive rate of 71 % (sensitivity)
and a false positive rate of 36 % (or 64 % specificity) when comparing donors pre and post
ASA ingestion. Similarly, when comparing donors pre and piosASA addition, the R
value = 1 cubff resulted in a true positive rate of 75 % (sensitivity) and a false positive rate

of 33 % (or 67 % specificity).
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Figure 2-4 Microfluidic assay characterization of in vitro ASA response: R value

(A), Final thrombus size measure(irmaf platelet fluorescence without in vitro ASA at t = 300 sec vs. donor
platelet count in period 1 (no ASA ingesti@)).[Donor platelet count in period 1 vs. donor platelet count in
period 2 after-fveek ASA washout perio@)(Final thrombus size withantvitr(ASAadditionat t = 300

sec in period 1 vs. final thrombus size witlmoutraASAadditionat t = 300 sem period 2.10), R value for
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secondary platelet aggregation (no ASA ingestionvitrdASA added) in both periodg)( R value for high
dosein vitrdASA inhibition of secondary platelet aggregation in both periods 1 and 2 (no ASA ikgeRtion) (
value for higidosein vitrdASAadditionvs zero in vitro ASAdditionin period 1 in blood exposedvivdo

ASA (ASA ingestion at 2 h).
2.3.4 Effect of in vitro ASA at arterial flow conditions

ASA is used to reduce the incidence of arterial thrombdbesdmicrofluidic
assay we have observed that arterial shear rates of 1000 to 2@ads®anstable
thrombi with pronounced embolism, especially when thrombin or fibrin is absent (19). This
is especially relevant for experiments conducted antdliostaate (as opposed to
constant pressure drop) where clot growth can cause high shear stresses to occur as the clot
partially occludes the flow path. To investigate the pharmacological potency of ASA at
arterial shear ratesgd€@urves were calcuddtusing theame microfluidic assay by
measuringlatelet accumulatiam collagen under the influencearo¥itrdASAadditionat
1000 3. Comparison of the same 4 donors who did not participate in the study protocol
previously mentioned at both venrigure 2-5A) and arteriaFHjgure 2-5B) shear rates
indicate the efficacy of ASA under Wititlwv conditions. The slightly lowersd@t 1000°%
although not significantly different, compardti¢osalue foundt venous sheeate may

be due to the reduced levels of TiAhe boundary layer at higher shearf8dfesg-urther
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work will be necessary to determine if tigd€pends on wall shear rate.
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Figure 2-5 Response ton vitro ASA dosing: a comparison of venous vs. arterial

initial wall shear rate

Representative 4gcurves for ASA at venous) @nd arteriaB) wall shear rates (4 donors). A total of 9

microfluidic assays wetm at eacimitialwall shear rate for the 4 donors.

2.4 Discussion

We demonstrated thahole bloodnicrofluidicassays and the data generated from
these assays gqanoducean aspirin doseesponse curve under flow conditions based upon:
final platelet florescence (kbsin Figure 2-2A), platelet deposition rate between 150 and
300 sec (koisodn Figure 2-2B), or he Rvalue which is a normalized metric of secondary
plateletaggregatiori-{gure 2-2C). For each of these metrics, thg ¢€aspirin was
between 1@nd 2QuM which is quite consistent with the knowr=K.5uM of ASA
against COX [54] The effect of COA inhibitionon donorplatelet functiomafter 150 sec
in this flow assdyg consistent with previous findings in the sammfluidicdevice and a

multisa@le neural network and Monte Carlo simulation of platelet deposition under flow
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[52] Furthermore, this onset of action of ASA is consistent with aggregometry results
showing action of COX inhibitors at the later stages after primary aggrd§atidrne
assay partially detecteditheivefficacy of ASA ingestion on platelet GO%hen whole
blood was testesk viv{lFigure 2-3). Lack of statistical significancenofivonodulation of
platelet COXL activity due to ASA ingestion in 12 of the 28 subjects tested could be
attributed to varying interdonor functionality of TP,.P@Yd P2Y:receptors. Interdonor
changes in P2¥nd P2Y:receptor response modulate ADP fhaxf the growing
thrombus under flow conditions hence causing variations in total platelet accumulation and
the R value. Healthy subjects who ingesteth§25SA displayed 45 % smaller platelet
deposits on average when the blood was tested 24 h afte(Fipsie@-3B). Whereas
healthy donors have platelets that display thrombdgpaadent secondary aggregation in
the flow assay (only 2 of 28 dorfmad R < 1Figure 2-4D), healthy donors have platelets
that respond to ASA administesadviv(only 3 of 28 donors had R1>in duplicate tests of
500uM ASA adde@x vivd-igure 2-4E).

Thesemicrofluidic assayring together contributiofi®m platelet collagen signalj
granule release, ADP signaling, thromboxane synthesis, and adhesion strength under flow
conditions. Thus, the pharmacological effects of-C@Kibition were investigated under
far more complex conditions than an assay that measures thromboxagie. switle the
effects of aspirin ingestioninwvitraspirin addition are clearly detectable in our assay, the
capabilities of this microfluidic assay to detect "aspirin resistance" for patients with

cardiovascular diseases remains unknown, asdyiwasuimited to healtbybjects
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Several platelet function tests currently exist, however these techhataggesss
aspirin sensitivity in whole blood have limitations, especialiggaitti$o running a dose
response assay requiring multiple tests:@ggense assays are fundamental
pharmacologattoolsto quantify drug potency or remaining enzyme activity. The Platelet
FunctionAnalyzer (PFA00) and VerifyNow are tests used to asgek#ion of platelet
function by aspirin using whole blood. PIFO® deploys a cartridge to create flow and
measure puncture closure time with an activating coating of collagen/ADP or
collagen/epinephrin®6] The assay is highly dependent on pla@fahigh shear stress,
and epinephrine thus presenting difficulties in isolating the inhibitory effects ¢b@gpirin
VerifyNow Aspirin is a point of care assay utilizing whole blood in standard cartridges
containing a preparation of human fibrinegmated beads and arachidonic acid as agonists
[56] VerifyNow Aspirin is an assay based on light transmittance but lacks a hemodynamic
flow field. Most recently development of a perfusion chamber allows for study of ASA
depenent changes in platelet depositi@) Our methodology is distinct from Stephens et
al. where whole blood waesrfused through an entire glass capillary coated with human type
1l fibrillar collagen at 1000 or 1500°sed collagertoated capillary creates a long distance
of many centimeters of collagen for platelets to activate, adhere, embolize, andrecapture
the surface. Platelet deposition is a function of distance from the entrance in this assay due
to boundary layer depletion of platelets over the long length of collagen. Since only one
capillary is run at a time, dossponse testing is particuladygnbersome. In contrast, our
8-channel microfluidic perfusion of whole blood over fibrillar collagen exposes platelets to a

spatiallyconfined 25@mIlong "injury” site where all the dsteollectedvith no
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dependence on distance downntingrofluidicchannel. The-8hannel microfluidic device
facilitated thex vivtesting of ariplatelet drugs in a dedependent manner over a large
cohort of healthy donors.

The biology of thrombosis includes the interaction of platelets with poterwakssel
derived stimuli including collagen and thrombin. As a layer of platelets becomes activated
on collagen, they recruit additional platelets via release of ADP andBy Xageting the
secondary wave of platelet recruitment withRR%gonists afar cyclooxgenase
inhibitors, an anthrombotic effect is achieved with reduced risk of bleeding in comparison
to other antithrombotic therapies that target biologically active clotting factors like warfarin.
Few assays recreate the sequential podoediagen adhesion followed by the release of
autocrine factors. Since platelet recruitment, adhesion, and the catilfasioreof
autocrine agents are dictated by prevailing hemodynamic coj@dijiomsrofluidic assay
partially recreate the disease environment in whigiedsiet agents must act. We
demonstrate the use of microfluidic atsagvaluate healthy subject response to aspirin.
Supplemental discussion about this chapter, including additional disqissiand data,

is presented in the appendix of this dissertation.
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3 DETECTION OF PLATELET SENSITIVITY  TO INHIBITORS
OF COX-1, RYy, and RY12USING A WHOLE BLOOD

MICROFLUIDIC ASSAY

3.1 Introduction

Antiplatelet therapies are used in a variety of clieittagjs from management of
unstable angina to risk reduction of myocardial infarction or stroke. Aspirin is used by over
50 million patients in the United States to reduce the risk of cardiovasculd®kvents
Aspirin irreversibly acetylates serine 529 of cyckomegl) (COX1), blocking the enzyme
active site for arachidonic acid and inhibiting the generation of prostagiandithids
thromboxane A(TXA;) production from platel¢&9] Inhibition of platelet TX#synthesis
prevents platelet activation throughptlagelefT XA, receptor (TP), a receptor encoded by
the TBXAZ2R gene.

In addition to TXA, adenosine disphosphate (ADP) receptors are another target of
antiplatelet therapies. The platelet plasma membrane contains two ADP recepdois, P2Y
P2Y:,, which are purinergi& protein coupled receptors. R&vlinked to Gand ADP
signaling through this pathway results in ragich@dilization anglatelet shape change
[11,60] P2Y.qis linked to a Gorotein. ADP binding to P2¥inhibits adenylatg/clase and
stabilizes secondary platelet aggregation. Current therapies that targetrdoeRaly
rangerom prodrugs that irreversibly antagonize the.P&déptor to direct, reversible
antagonis{60,61] The hienopyridines clopidogrel and prasugrel are examples of the
former, while ticagrelor is an example of the latter. Currentlyy renB®jonists are on

theUnited States drugarket, however, combined Pamd P2Y; antagonists are in
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developmeii®2] To mimic the action of P2¥nd P2Y. antiplatelet therapiesaxo, 2-
deoxyN6-methyl adenosine 3‘dhphosphate (MRS 2179) anm&hylthioadenosine 5
monophosphate (2MeSAMP) are used in this study as highly selectiad P2Y>
antagonists, respectively.

Targeting signaling pathways such as pix¥ductionand ADP/P2Y, signaling
reduces secondary platelet aggregation while not severely alteringepnioséagis
However, the delicate balance between preventing excessive clotting and increasing bleeding
risks requires careful monitoring of antiplateledjies. The evaluation of the effect of
pharmacological agents on platelet function often rely on tests with poorly defined fluid
mechanics and flow fields (eg. aggregometry) that fail to replicate platelet adhesive
mechanisms under realistic wedl georatricallydefined hemodynamic conditions. Under
flow conditions, the efficacy of pharmacological agents greatly depend on granule release,
platelefplatelet contacts, and convective removal of autocrinic agonists from the injury site.
Microfluidic devicesan recreate the hemodynamic conditions required to styulatatdt
agents. These devices offer spatially controlled focal injuries with collagen or collagen with
tissue factor bearing surf4d86s37] Microfluidic deices have also been used to study clot
contraction and clot permeability with precise control of wall shear stress anohitausth
pressure gradierjs3,63] In fact, the corshell hierarchy of clots observed in vivo
following laser injury [9] can be replicated in vitro with such {&8jices

Here we continue the development of microflaissaynetrics found previou§ba]
and extend these metrics to examine two &id&yonists and validate this assay for

detection of anfplatelet therapies through Rece¥perator Characteristic (ROC) analysis.

35



For flow assays to become a relevant clinical tool a large cohort of healthy donors must be
tested with respect to resperio antiplatelet agents. Toward that goal, we tested healthy
subject platelet function with 38 donors and 66 independedtdshws (2 combined

studies) followingx vivo addition of ASA. While coagulation assays can rely on stable
pooled plasma for ldaration, live platelet function assays have no available standard to
calibrate the assay. We sought to definerosmiélized parameter, thes&lue, to score

platelet accumulation on collagen surfacesafsingle blood sample test without reference

to a prior test value or calibration fluid.

3.2 Materials and Methods

3.2.1 Blood collection, labeling, and antiplatelet agents

Blood was collected via venipuncture from 11 healthy subjects wéyostdtl as
nortsmoking, free of oral medication, and abstained from alcohol 48 h prior to donation. All
subjects were free from illnassibleeding disorders. Blood samples were dinéovH-D-
PhePro-Arg-chloromethylketone (100 uM PPACK final concentration, Haematologic
Technologies). All volunteers provided informed consent in accordance with IRB approval
and the Declaration of Helsinki. Whole blood was treated with Phycoerythkio(B&
Anti-Hu ma n  GdApahtibgd (BD Biosciences) in a ratio of (1:50) 7 min prior to
perfusion. This ant i pfefehgtiontinalismiarofluide flofve ct o n
assay. PPACGifeated whole blood was perfused through the device within 25 min of
phlebotomy. Blood was incubated with vehicle (0.1% DMSO final concentration) or

indicated concentrations of ASA, 2MeSAMP, MRS 2179, or combined 2MeSAMP and MRS
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2179 20 mimprior to the assay. This time scale is consistent with previous studies done with
these compounf},52,64] Acetylsalicylic acid (ASA, Sigma Aldrich) was dissolved in
DMSO at 500 mM,-thethylthioadenosin&gonophosphate triethylammonium salt
hydrate(2MeSAMP, Sigma Aldrich) was dissolved in HEPES buffered saline (HBS, 20 mM
HEPES, 160 mM NaCl, pH 7.5) at 1 mM/L, andedxyN6-methyladenosine 3'; 5'
bisphosphate ammonium salt (MRS 2179, Tocris Bioscience) at 0.1 mM in HBS. A dilution
of ASA wa then made to the desired final concentration in HBS within 1 h of the test. Final
concentrations of antiplatelet therapies used were: 500 uM ASA, 100 uM 2MeSAMP, and 10
MM MRS 2179, well in excess of thegsld the assay of-P0 uM ASA, 2.56 uM
2MeRMP, and 0.23 uM MRS 21ré8pectivel$4,64] Antiplatelet agent concentrations
were used well in excess of their respectiyealGes to completely antagonize ADP
receptors or abate C@lXcerived TXA.
3.2.2 Microfluidic devices and real time platelet deposition imaging

Microfluidic devices were fabricated in polydimethylsiloxane (PDMS, Sylgard 184,
Ellsworth Adhesives) according to previously described teckiBdg6&pThe microfluidic
device has 8 parallel channels (250 um wide by 60 um high) that converge to a common
outle{Figure 3-1A). The device was fed by 8 distinct wells, with perfusion achieved by
withdrawal into a single syringe pump (Harvard Apparatus). The channels run
perpendicularly over a 250 um long stripgatérned equine fibrillar collagen type 1
(Chronopar, Chronolog). Channels were spaced in close proximatyet@ll 8 eight
channelsimultaneously with a 2X objective lens using an inverted microscope (1X81,

Olympus Americlnc.) equipped with a CCaumera (ORCAR, Hamamatsu). A custom
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stage insert held 3 microfluidic devices alldasingation of24 simultaneous thrombi to be
imaged in 15 sec intervals. Prior to microfluidic assay, all channels were blocked with 0.5%
bovine serum albumin (BSA) in Hiffer. Blood samples were perfusexhanitial

venous wall shear rate of 20€s 5 min (2rL./min per channel).

3.2.3 Platelet accumulation analysis

Background corrected fluorescence values were measured using MATLAB
(MathWorks) as previously descrii3dd Briefly, all eight platelet deposits on a single
microfluidic device were identified and corrected with their corresponding background
regions downstream of each platelet deposit by a custom MATLAB script. To calculate
oveaall percent inhibition after a 300 s perfugitatelefluorescence values were
normalized to each dondnaselin@latelet adhesion to collagendFDrug)/Flsoo.
Additionally, a Ralue for ASA (Rx) was defined as a ratio of platelet deposities that
normalized the late stage platelet deposition rateddto early stage deposition ratedF'
s09 for all ex vivo ASA additions, as previously estalpighetheRcox value is an internal
intradonor standard to score secondary aggregation due;tee€hedion, with values of
Rcox> 1 indicating when secondary platelet aggregation was prominegk &ntl\hen
secondary aggregation atsnuated by ex vivo Af&atment{Figure 3-1C). In a
previous work, a doskependent decrease in the ohtgecondary platelet aggregatias
found with increasing ex Vi&&@A concentrations whereas the initial platelet deposition rate
on collagen was unaffected by ASA. We now define an additional intradonor normalization
metric R.vas a ratio of platelet depositiates normalizing late stageondarplatelet

aggregatiorate due to ADP releasesdfmos) to earlier stage platelet depositade(Fosso)
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(Figure 3-1D). The temporal onset foreRwas based on previous wb&establishing
that the effect of ADP antagonism occurred after 100 sec,laewasfirmed irplatelet
dynamidraces for ADP antagonists the 11 donors ithispresent studfFigure 3-1B).

Finally, sensitivity and specificity for detection of ASA, 2MeSAMP, or MRS 2179
was found through Reiver Operator Characteristic (ROC) an@y5iROC curves were
generated to detect the presence of each drug in the micrafiséyi through evaluation of
thetrue positive and false positive fractions and the area under the curJ63AWGNHIs
anaysis, for each antiplatelet therapy tested, ROC curves were generated comparing 10
average fRalues, one from each of theh#@lthysubjectsvith no ex vivo inhibitioto 10

average measurements of theaRe for each artlatelet drugested
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Figure 3-1Eight-channel device, measured platelet fluorescence dynamics, anebi

Rroyschematic summaries.

(A), Photograph of the-éhannel microfluidic device, the device is fed by 8 wells conieogingjigle

outlet.(B), Platelet fluorescence values over time in the presence of aspirin, 2MeSAMP, and MRS 2179. Error
bars indicate standard deviation from 6 measurements at each tirf@) pGirdphic representation ofdx

based on a ratio pfateleteposition rates (F') of secondary platelet aggregation to initialdeptsliéion

on collagen(D), Graphic representation ofR

3.3 Results

Ex vivo testing of anplatelet agents occurred in duplicate on 3 separate microfluidic
devices run simultamesly. For 11 subjects, a total of 432 individual thrombi were formed

under flow on collagen, resulting in 108 events eacmftivi@ualconditions (control,
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2MeSAMP, and MRS 2179), 60 events for ex vivo ASA addition, and 48 events for ex vivo
additionof 2MeSAMP and MRS 2179. Statistical analysis was conducted to evaluate
intradonor variations for duplicate control conditions on a single microfluidiod8vice
devices run simultaneously (6 conditions). Total platelet accumulaioan@ksecondgar
aggregation [Rx(0)] values for whole blood perfusion with vehicle buffer were tabulated
from 11 blood samples and the coefficient of variation for eamhdidimed as standard
deviation divided by tlmean was foun@able 7, Table 8). Coefficients of variation for
Flsosranged from 5.3% to 35.8% (mean = 13.1%) for replicate channels on a single device
while values varied from 5.3% to 24.4% for triplicate microfluidic testing (mean = 16.3%).
For Reox (0), coefficient of variation values were all < 20% for a singleuidarafévice

or triplicate device testing with the exception of donor 4 and donor 10. In 3 comparisons
evaluating ex vivo ASA efficg€igure 3-5), prior supplementary data for 28 individuals
[64]obtained in the same manner as this study was combined with data from 10 subjects
from this work. Only 1 subject partook in both studies.

Platelets adhere substantially to the localized collagen surface within 1 minute and
subsequent secondary platelet accumulation via-platelet interactions over the 300 s
perfusion time has beesmllestablished in previous studigs52] Growth in platelet
coverage oces in two dimensions on the collagen surface betweHdbGsec. After 105
sec, thrombus growth continues in the third dimensiothamdbus heighinder flow
increases significandlye to secondary platgidditelet aggregation mediated by soluble

agonists such as ADP and éRAapproximately 105 s and 150 s, respectively.
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3.3.1 Platelet inhibition by ASA, 2MeSAMP, and MRS 2179

Platelet adhesion and subsequent secondary plagedefation were significantly
reduced upon ex vivo addition of ASA, 2MeSAMP, or MRSR§u@(3-1B). Using Rox
or Re,v (Figure 3-1C, D), 8 out of 10 subjects displayed significant secqhataigt
aggregation [R(0 drug) > 1] before ex vivo drug additguré 3-2A-C). In contrast, 9
out of 10 subjects haddr < 1 upon ex vivo treatment with AGAgure 3-2A).
Furthermore, 9 out of 10 subjects hag ®1 with ex vivo 2MeSAMP addition,
demonstrating that most subjects had secondary platelet aggregation and primary platelet
deposition that wasssitive to P2)¥ antagonismHigure 3-2B). R->ywas less reliable in
scoring MRS 2179 inhibition of R2¥%th only 6 out of 10 subjects havirgrR 1 Figure
3-2C), in part (ironically) due to the high potency of MRS 2179 in reduting Ca
mobilization through P28ignaling. Hence MRS 2179 dralyi reduces primary platelet
deposition in comparison to 2MeSAMP, thus the associated difficulty of taking a ratio of
two small numbemssboth primaryplateletdeposition and secondatgiteletaggregation
rate werénhibitedby MRS 2179.

ROC curvesvere generated to examine the inhibitory effects of ASA, 2MeSAMP,
and MRS 2179 in this asgagyre 3-2D-F). In comparing 10 measurementsk(®)
(true full COX1 activitytruefull P2Y;; and P2Yfunction) to 10 measurements ef;R
(500 uM ASA) (true full COXinhibition), the ROC curve had an AUC of 0(8igure
3-2D). Comparison of 10K values at baseline to 1Q\&.00 uM 2MeSAMP) (true full
P2Y:; antagonism) gave an ROC curve AUC of @FEg6re 3-2E). Finally, in comparing

the same 10 baseling\Ralues to R(10 uM MRS 2179) an ROC curve AUC of 0.889 was
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obtained. Calculated ROC AUC values indicate excellent diagnostic disorivatnaten
populations upon ex vivo treatment with ASA, 2MeSAMP, or MRS 2179. ASA, 2MeSAMP,
or MRS 2179 all decreased total platelet accumulation at 300 sec when normalized against
baseline collagen response reaching statistical significance for tuherit{ge< 0.01, n

= 10 subjects) and each antiplatelet agigniré 3-3). The % inhibition of platelet function

was much greater for 2MeSAMP and&MR79 than ASA. However, the effect of ex vivo
2MeSAMP and MRS 2179 were not statistically different from each other. While the %
inhibition is very useful for measuring drug potency following ex vivo drug addition, it
requires reference to a separateatdd blood sample which may not necessarily be
available clinically with patients. In contrast,treUR is seliormalized and can be used

for a single blood sample obtained from a patient without the need to reference to a prior

blood test to obtai% inhibition.
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Figure 3-2 Microfluidic assay sensitivity and specificity of Box and R-,y to detect

inhibition of primary platelet adhesion to collagen or secondary platelet aggregation

(A), Roxfor ex vivo ASA additiorfB), Re2y for ex vivo 2MeSAMP additiai€), Re2vfor ex vivo MRS 2179
addition(D) ROC curve for detection of ex vivo ASA additj&), ROC curve for detection of ex vivo
2MeSAMP additiorfF), ROC curve for detection of exaiMRS 2179 addition. Error bars indicate standard

deviation from 6 measurements efpr Reoyfor each donor. Dashed lines are 95% confidence intervals.
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Figure 3-3 Effect of ex vivo ASA, 2MeSAMRr MRS2179 on final platelet aggregate

size normalized by baseline platelet aggregate size formed on collagen.

Ex vivo addition of ASA, 2MeSAMI?,MRS2179 resulted in smaller final platelet aggregate size compared to

response measured with no drug (pG4, n = 10 donors)

3.3.2 Platelet inhibition by combined 2MeSAMP and MRS 2179 ex vivo addition

To investigate the effects of combined.R2d P2Y. inhibition by MRS 2179 and
2MeSAMP respectively, 7 of the 10 subjects from the above study of ex viamédditio
either P2Y, P2V, or COX1 inhibitor alone were-emrolled along with new subject #11.
Platelet fluorescence traces over time representing thrombus buildup during the microfluidic
assay were reduced in the case of combine@m®2F2Y: inhibition of platelet function in
comparison to ex vivo P28t P2Y.;inhibition aloneRigure 3-4A). Using MRS 2179 and
2MeSAMP together, both primary dejpmsirate and secondaohateletaggregation rates
were strongly reducadiencompared to control or when MRS 2179 or 2MeSAMP were

used individually inhibit platelet functiofFigure 3-4A).
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Combined ex vivo addition of 2MeSAMP and MRS 2179 dramatically reduced total platelet
accumulation at 300 sec when normalized against control platelet response to collagen
(Figure 3-4B). The platelet mass at the end of 300 sec due to combineth@P2Y

inhibition was significantly smaller than the platelet masses due to sirayl®Pgay

inhibition (p< 0.001, n = 8 subjectdjigure 3-4B). Because the primary deposition rate

was so strongly attenuateghy Ras not suited to score combined REAIP2Y;. inhibition

(Figure 3-4C). This is due to the high efficacy of combined MRS 2179 and 2MeSAMP
treatment on the primary platelet deposition rate on collagen in this microfluidic thrombosis
model. The primary deposition rate becomes exceedingly low once ADP is completely
attenuatednder flow conditionthrough inhibitindoth P2Y.and P2Y signaling

pathways. ADP is a potent modulator of platelet recruitment to the initial monolayer of
platelets adherent to collagen. ThealRe was originally intended to score secondary
aggregatigrhence the difficulties in using\Ro detect a ratio of platelet deposition rates

over the two temporal ranges.
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Figure 3-4 Effect of combined ex vivo addition of 2MeSAMP and MRS2179 on
platelet function in comparison to ex vivo addition of 2MeSAMP or MRS2179 alone.
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(A) Platelet fluorescence dynamics over time in the presence of ex vivo 2MeSAMP, MRS 2179, or combined
2MeSAMP and MRS 217B) Ex vivo addition of 2MeSAMP and MRS 2179 reduced final thssize

more significantly than 2MeSAMP or MRS 2179 treatment alone when normalized against final control
thrombus size over collagen (p < 0.01, n = 8 dorf@)siRe2yfor combined ex vivo 2MeSAMP and MRS

2179 addition. Error bars indicate standard amviat 6 measurements offRfor each donor.

3.3.3 Statistics of platelet phenotyping with microfluidics using ASA

Finally, we incorporate and quantify historical supplementary data from a previous
work[64]into this study with intent to show the full distribution of microfluidic platelet
functionmetrics (total platelet accumulation, primary and secondary platelet deposition rates,
Rcox). Distribution of these metrics is optimahwitaximum data in assessing the
capabilities of this microfluidic assay to d#tednhhibitory effects of ex vikBAonN
platelet function

Microfluidic phenotyping of 37 donors, 10 from the current study and 28 from a
previous studjs4]showed a broad distribution of primary platelet deposition rates on
collagen with no ex viviSAtreatmen(Figure 3-5A). Late stage secondary platelet
aggregatioalso distributed broadlyigure 3-5A). Binning of total platelet accumulation
showed varied intsubjecplatelet functiomesponse to collagen withdelvalues ranging
from 2,000 to 16,0q@igure 3-5B). Interestingly, the 10 healthy subjects from this study
exhibited Fhosvalues all below 6000 while the larger unique subset of 28 subjects from the
previous study shed a wider range ofskvaluesThe stochastiGaussiatike
distribution of Rox(0) values centered above 1 indicated thatMas a robust

measurement of secondplgteleaggregation response in untreated whole {ffoqare
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3-5C). The use of &x = 1 as the decision value was previously reported as the microfluidic
assay for detection of in vivo and ex vivo ASA had high discrimination éhjgsttive

rate with low false positive rate) at this anchoring[pdintin a total of 66 determinations

of Rcox(0), 52 measurements were abovedhe=RL cutoff demonstrating a majority of
donors had a strong secondaageletaggregation response in the assay. Observation of 14
values of Bx < 1 indicate some donors lack detectable secondary aggregation by this assay,
a phenomena potentially atitdble to low levels of released ADP and;lixXfe

boundary layer formed above the platelet d¢bdkitn contrast, with 500 uM ASA added

ex vivo, 49 of 66 determinations e6;R 1 demonstratethatmost subjects had platelets

that were sensitive to ASA inhibitidrptatelet TXA production(Figure 3-5C). The 17
determinations of &x where Rox > 1 with 500 uM ASA added ex vivo could be due to

non COX1 mediateé ASA effects on platelets when they are activated by collagen with
autocrinic ADP preseft6] Such blood samplesyrbe worthy of further study with

respect to the phenotype of functional insensitivity to ASA despité @c&¥ylation. A

notable left shift of the distribution away frogexf®) was evident for the 66

determinations of &8x(500 uM ASAjFigure 3-5C).
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3.4 Discussion

We demonstrated the utility of whole bloodrofluidic assays run on&ohannel
microfluidic device to ass#ss effect olvarious aniplatelet agents on platelet function
under flow We extended from a previous s{édythe Roxvalue, a normalized metric to
detect reduction in secondplateletaggregation due to ex vivo ASA addifogure
3-1C). We now define fva ratio of secondary platelggregatiorate to primary platelet
deposition rate (with a different temporal profile thag) B quantify P2¥and P2Y.
antagonisté~igure 3-2). Examination of Byand ROC curve testing establish 2MeSAMP
and MRS 2179 as potent gquditelet drugs that tardetthinitial platelet adhesion to
collagen and secondatstelet aggregai by attenuating the autocrine ADP pathway

(Figure 3-6).

flow >

P2Y,, P2Y,, inhibitor P2Y,, P2Y,, inhibitor  COX-1 inhibitor

N V4 <
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.\‘ . - —_— @\DP,TXAz

I | I I I I
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Figure 3-6 Effect of P.Y,, P.Y.antagonists and ASA on primary platelet adhesion to
collagen and secondary platelet aggregation due to ADP and thromboxane autocrine

and paracrinesignaling.

50



COX-1 inhibitor ASA reduced secondary aggregation between 150 and 300 s without an efi@gt on pri

platelet deposition to collagen from 60 to 150 s. 2MeSAMP and MRS 2179 reduced primary deposition
between 60 and 105 s and secondary platelet aggregation between 105 and 300 s. Time intervals marked are
indicators for Box and R2y,60- 150 sec & 158ee300 sec and 605 sec & 105 s&00 sec respectively. X

axis is not to scale.

The effect of ASA on secondary plateletelet interactions has been-well
characterized in platelet aggregoneiyUnder flow, ADP and TXAare complex and
interacting modulators since both can become elevated in a concentration boundary layer
[52] Additionally, Ry was shown to be unsuitedscoethe potency of combined P2Y
and P2Y; antagonism of platelet function because primary deposition rate was so strongly
inhibited in this microfluidic thrombosis model. Measured platelet fluorelycames
and normalization of final platelet mass agaongol platelet masses formed over collagen
for 8 healthy donors showed ex vivo dual treatment withd@@iyP2Y inhibitors to be
significantly more potent than single ex viva B2F¥2Y., antagonisnfFigure 3-4B).

We report findings with some similarities and differences to the prior flow studies of
Lucitt et al[67]and Medolicchioet al[68] Lucitt et al. found ndfect on the rate of
platelet coverage of the collagen surface with in vitro ASA addition dt 16@0vsver,
percent surface coverage may be a less sensitive measure of secondary aggregation which
also increases the heighplatelet depositdMenolicchio et al. also reported a limited
reduction of platelet aggregate growth above the layer of platelets adherent to collagen with
in vitro addition ASA at 1500. s Since there was no thrombin/fibrin generation allowed in

Lucitt[67]who used 300 ATU hirudin or Menoliccl@8]who used 68 USP heparin,

51



arterial shear rates of 1506nhay limit the detection of ASA action because thrombin/fibrin
dramatically stabilize the platelet deposit at arterial cof@ifidxsa plateledeposit
grows in height in a flow channel, the shear rates bexoseelinglizigh during a constant
flow rate perfusion and embolization is likely, especially at an imahlalleshear rate
with or without fibrin presej7] At the venous shear rate used with antiplatelet agents in
the present study, partially occlusive deposits formed in theeadfsarombin/fibrin are
more reliably measured since there is no embolization, even under constant flow conditions.
In prior work, we have shown that the, i8¢ ASA measured at venous shear rates was quite
similar to that measured at arterial shess{64{ In addition, the I§&of 2MeSAMP and
MRS 2179 at venousllshear rates were also on the same order of magnitude to that
found at arterial shear rates (190@sgure 8-5).

Lucitt et al. also reported an effect of in vitro 2MeSAMP on initial platelet
recruitment on collagenrfaceslelaying the time to reach 2 pf#telet surface coverage to
56 sec as compared to 33 sec for the control case in an 8 min assay. auti0etsal.
found that in vitro ASA had no effect on this initial stage of platelet adhesion. We report
findings consistent with Lucitt et alt bt 200§ We found that ASA does not affect
primary platelet deposition to collagefs{id, while 2MeSAMP and MRS 2179 inhibit
primary platelet response to collagesd® but more significantly affects secondary
platelet aggregationsgbios) requiring Ry as a new internally normalized metric to
characterize platelet response to ADP antagonists under flow. ADP antagonists were found
to inhibit platelet function by ~ 105 sec as compared to ~ 150 sec due to ASA inhibition of

TXA; releaséAlso, Lucitt et al. determined 2MeSAMP significantly reduced the rate of
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platelet aggregdbrmation on collagen by impairing recruitment of additional platelets.
Menolicchio et al. repedmarked reduction of platelet aggregation above the inigkdtplat
surface on collagen due to in vitro addition of 2MeSAMP. Both report these results at 1500s
L. This is consistent with our findings at 200 R-.yand ROC curves detecting
significant impairment of secondary platelet aggregationeithet@ MEAMP or MRS
2179

Monitoring of P2Y; inhibition by clopidogrel or other P2#&ntagonists can be
achieved through assays such as vasedilatotated phosphoprotein phosphorylation
(VASP), turbidometric platelet aggregometthe VerifyNow P2Y12 $& Although
platelet aggregometry remains the gold standard for platelet function testing, several
disadvantages exist such as poor reproducibility, high sample volume, and complex sample
preparatiof#4] Turbidometric platelet aggregometry testing uses ADP induced platelet
aggregation to measure the effect of clopidogrel. However, Allieicplatelet
aggregation through P2a¥hile VASP requires flow cytometry and an experienced
techniciaf44} Point of care assays are especially advantageous in clinical settings as they
enable immediate decision making for dosing of antiplatelet drugs.ifyNOWP2Y 12
is the only device that meets the various constraints to bemzhaigoint of care assay.
Interestingly, in comparing the clinical utility of this microfluidic assay to the VerifyNow
P2Y12 system, ROC curve AUC values were strikingly similar. A ROC curve value of 0.929
was found in the assessment of the VerifyND¥\LP assay to detect antiplatelet effects
during clopidogrel therapy, comparable to the 0.966 value found for 2MeSAMP in this

study69]
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With regards to micfluidic flow assaysyicrofluidic chamberdtenutilize a single
flow path comprised of a millimeter length collagen coated cover slip or capillary tube
enabling platelets to tether, activate, aadhrere along the entire lefig With such
long zones available for adhesion, the platelet coverage is often a function of distance along
the collagen. The current microfluidic injury model exposes platelearrow 250m
long collagen strip with no dependency on distance down the "injury"” site as the image
capture zone is the entire prothrombotic surface. Furthermore, the type of collagen used as
the adhesive substrate impacts plagetéce interaoins. Previous reports utilize bovine
soluble collagen type I, porcine type | collagen, or equine tendon fibrillar type |
collageflL3,37] The equine fibrillar type | collagen used in this study is a thoroughly
established prothrombogenic surface as a recent study examined sources of variability ove
this collagen type in microfluidic flow assays for n = 104 healthy[d@nors

Several previous flow systgehave been examined for the detection of P2Y,.
antagonists and COXeffects under various shear [G#%68,71However, distinct in our
studies are the aigchannels comprising this single microfluidic device capable of
performing doseesponse experiments for 8 different concentrations on a single antiplatelet
agent or high throughptéstingof three antiplatelet agents in duplicate with simultaneous
testng across three devices. Single channel platelet function measurements make dose
response testing and high replicate testing of multiple drugs cumbersome. Dose dependent
testing of the inhibitory effectsanftiplatelet therggs on platelet functios aucial in
narrowing the therapeutic window for these diitigs would be an additional steywards

personalized medicine in a clinical setting.
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While antiplatelet agents are used for the prevention of arterial thrombosis, the
monitoring of antiplatet agents in anticoagulated whole blood (that lacks fibrin
stabilization) is perhaps most precisely detected at venous shear rate, especially when
constant flowrate perfusion is used. The action of antiplatelet agents on thromigus build
in the preserecof fibrin generation at arterial shear rates remains an area of active
investigation. Such arterial thrombosis studies will be best conducted under microfluidic
conditions of constant pressure drop (not constant flow rate) where channel occlusion is a
naural and important endpoint to the experinigrnt Further work would be required to
examine whether the presence of thrombin and fibrin in this microfluidic thrombosis model
affeds the inhibitory capabilities of 2MeSAMP and MRS 2179 on platelet funcéisn and
well as the compoundsspective I values at venous and arterial wall shear rates. A
constant pressure drop microfluidic thrombosis modateliatarterial wall sheeates
would be more physiologically relevant. This could be a future avenue to investigate the
efficacy of P2¥and P2Y.inhibitors over increasingly complex surface triggered
prothrombogenic surfaces suchmdated recombinatissue factoon collage[35]

The 8channel microfluidic phenotypinghefalthy subject responseattiplatelet
therapies in this study was able to reproduce the biochemical signaling pathways and
transport processes under which antiplatelet therapies must act. Quarthfizagjon
plateletleposition rates, total platelet fluorescence and the all encompassing R value self
normalizes donors without requiring donor specific measurements of VWF levels, platelet
count, and hemoatocrit. However, quantification of secondamst plgtgegation using.R

or Rcox has not been tested with patients on clopidogrel or combined clopidogrel and
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aspirin regiments. Translation of these values to quantify patients treated for coronary heart
disease remains an area of future study. Thisepogkents another step towards a
functional high throughput point of care platelet function assay to detecspatiat

response to various antiplatelet therapies.
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4 MICROFLUIDIC ASSAY OF HEMOPHILIC BLOOD
CLOTTING: DEFICITS IN PLATELET AND FIBRIN
DEPOSITION AT LOW FACTOR LEVELS AND
POTENTIATION OF rFVlla-INDUCED FIBRIN DEPOSITION

BY THE CONTACT PATHWAY

4.1 Introduction

Hemophilia A and B are-liked genetic disorders fésg in deficiencies of
coagulation factor VIII (FVIII) or FIX, respectijéB] The inheritance of FXI deficiency,
also known as hemophilia C, is autosomal, and mostly leads to a bleeding risk during
traum#73] Bypass therapies are used when neutralizing antibodies develop against FVIII,
FIX, or less commonly FXth hemophilic patientBypass therapies, including activated
prothrombin complex concentrates (aPCC) and recarhfantor FVila (rFVIla) supplant
FXa generation from the intrinsic tenase (FIXa/FVllla) by increasing prothrombinase levels
or activating FX on the platelet surftag therleadto thrombin generatigrd]
Evalations of responses to infused rFVlla in hemophilia A and B patients reveal
phenotypic differences in the drug's capacity to restore heffii@$tRsessious studies
show that addition of rFVIla to washed platelets increases platelet adhesion and aggregation
to collagen at arterial shear rates attributable to the binding of rFVlla to activated
plateletg’6] Others showed a significant decrease in lag time and an increase in total fibrin

depositiofi77] However, the effect of rFVIla on fibrin generatiader flow conditions
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and the potential role of the contact pathway in rFVlla efficacy has not yet been
investigated.

Recent developments in microfluidics have allowed low ybighthroughput
hemostatic assessment of platelet furi28¢6v,78We have pweously described a
microfluidic model evaluatingntact pathwagrivencoagulation using whole blood (WB)
from patients with congenital bleeding disorders perfused over collagen without exogenously
added tissue facf@B] Platelet and fibrin deposition in WB from patients with FVIIl and
FIX-deficiencies displayed deficits in both platelet and fibrin deposition at <1% critical
fador level activi{23]

In the current study, the efficacy of rFVIla was tested in high and low corn trypsin
inhibitor (CTI, 4 040 pg/ml)inhibitedWB from healthy or clotting factdeficient
hemophilia patients. CTI i s[7f9 Ngnatoent and s
hemophilic WB was perfused over collagen type | surfaces at an initial venous wall shear rate
of 1008. We observed rFVlla potentiation of platelet adhesion to collagen in hemophilic
patiens and healthy donors independent of CTI. However, with strong inhibition of the
contact pathway (high CTI), exogenous rFVlla was unable to rescue fibrin generation in
cases of severe or moderate fadgdficiencies. The low levels of thrombin generated by
rFVlla alone indicate a novel role for the contact pathway in potentiatingrptidet
function. Thus in the absence of exogenous tissue factor, rFVIla promotes platelet
deposition on collagen by production of "signaling" levels of thrombin, boote=scue

fibrin deposition to normal levels unless the contact pathway participates.
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4.2 Materials and Methods

4.2.1 Blood collection, labelling, rFVIla addition and patient recruitment

Blood was drawn from healthy donors (n = 10) and coagulopathic patiedits (n =
under Internal Review Board approval of the University of Pennsylvania. Information
regarding patient sex, age, bleeding phenotype, and recent therapy wéSatnéet)ted
Laboratory testing of hemophpatients included a platelet count, residual coagulation
factor activity, prothrombin time (PT), and activated partial thromboplastin time (aPTT).
Residual FVIII, FIX, or FXI activity were measured in Hemophilia A and VWD disease,
Hemophilia B, and Hemoitia C diagnoses respectively. The aPTT test assesses contact
pathway function by measuring the time to clot formation in pfatetgtlasma in the
presence of contact activators. aPTT values (reference raryedXe8) were negatively
correlated wth residual factor activity levels as previously estg@ijhddalthy donors
were seffeported free of oral medication fatags and abstained from alcohol 48 h prior

to blood donations.

Timing
Residual of Most
Patient Coagulation aPTT Platelets| Recent Replacement
ID# Diagnosis Factor %* (Sec) (1G/puL) Therapy | Therapy Dosage
Moderate
50 Hemophilia C 3% 58.7 274 None N/A
51 Severe Hemophilia 4 <1% 78.6 233 1wk 35 IU/kg rFVIII
52 Severe Hemophilia 4 15% 43.5 204 20 hr 26 1U/kg rFVII
53 Severe Hemophilia 4 15% 39.9 239 24 hr 30 IU/kg rFVIII
Moderate Hemophilig
54 B 5% 48.2 250 30 hr 50 IU/kg rFIX
55 Severélemophilia A 3% 51.8 201 4 days | 30 I1U/kg rEVIII
Moderate Hemophilig
56 A 10% 46 333 4 wk 51 1U/kg rFVIII
57 Severe Hemophilia 4 9 57.1 145 3days | 27 1U/kg rFVIII

Table 2. Eight patients were examined with respect to ex vivo rFVlla addition in the

microfluidic hemostasis model with high or low CTFinhibited WB.
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Time since last hemostatic therapy, % residual coagulation factor activity, PTT, and platelet count are as

reported. *Rflects in some cases recent administration of factor concentrate.

WB was drawn into 4 pg/ml and 40 pug/ml CTI (Haematologic Technologies, Essex
Junction, VT) containing polypropylene test tubes, a materianivhimhllyactivates the
contact pathway. A low 4 pg/ml CTl is a concentration sufficient to prevent visible clotting
in the test tube for approximately 30 min but insufficient to completely inhibit contact
pathwayactivation at thenicropatterned microfluidiejury sit¢23] A high 40 pg/ml CTI
concentration, while not perfect in abolishing contact activation, will prevent visible clotting
for 60 to 120 min allowing studies ofdépendent extrinsic pathway with minimal
participation of the contact pathy&®y37,80]Both concentrations of CTI allow sufficient
time for completion of all assays with no clotting in the 35 pL entrance reservoirs of the
microfluidic devices.

Blood samples were treated with 0.125 pg/ml fluorescently conjugdtauttion
blocking antCD41a antibody (clone ¥AL2, Becton Dickson, Franklin Lakes, NJ, 0.125
pg/ml final concentration) to label platelets and fluorescently conjugdibdraatitibody
(clone T2G1, Dr. Mortimer Poncz laboratory, Children's Hospital of Philadelphia, 0.5 pg/ml
final concentration) to label fibrin. WB samples were also treated with vehicle HEPES
buffered saline (HBS, 20 mM HEPES, 160 mM NaCl, pH 7.5) or indicatedttions
of rFVIla. Recombinant FVlla (NovonSeven, Novo Nordisk, Plainsboro NJ, 1 mg/ml final
concentration) was reconstituted in histidine diluent. A dilution of rFVIla was made to the
final desired concentration in HBS within 1 hr of the assays. Mdum perfusion in

microfluidic devices started within 15 min of venipuncture.
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4.2.2 Microfluidic haemostasis model
Microfluidic devices were fabricated in polydimethylsiloxane (PDMS, Sylgard 184,

Ellsworth Adhesives) according to previously described texf®3B4] The 8channel
microfluidic device has 8 channels fedwgIB with perfusion by withdrawal from a single
outlet into a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA). The channels
(250 pum by 60 pm) run perpendicularly over a 250 um wide strip of patterned equine fibrillar
collagen type | (Chronop&fronolog). A custom stage insert held two microfluidic devices
allowing replicate testing of 4 conditions at each concentration of CTI in 60 sec intervals.
Microfluidic devices were mounted on an inverted microscope (1X81, Olympus, Center
Valley, PA). Mrofluidic channels were spaced in close proximity to allow two channels to
be imaged simultaneously with a 10X objective lens equipped with a CCD camera (ORCA
ER, Hamamatsu, Bridgewater, NJ). Prior to initiation of the flow assay, all channels were
blockel with 0.5% bovine serum albumin (BSA) in HBS buffer. Blood samples were
perfused at an initial local wall shear rate ot (Dp&/min per channel) for 15 min. In
constant flow rate modie local wall shear rate monotonically increases as thrombi grow
to the channel heidB¥]
4.2.3 Platelet and fibrin accumulation analysis

Platelet and fibrin fluorescence intensities, which are proportional to the total platelet
and fibrin massessggectively were measured in 60 sec intervals for 15 min through Image J
software (Image J, NIH, Bethesda, MD). The initial image was taken as background and
subsequent images were background corrected. Platelet and fibrin masses were measured in

an area guprising of 70% center zone of the 250 um by 250 um collagen surface due to the

61



slightly noruniform shear profiles along the side of the microfludic cHa@8hé&latelet
adhesion and fibrin formation was not observed upstream or downstream of the collagen
strip prior to full channel occlusion. Statisticafis@nte was assessed using a two tailed

Student's t test.

4.3 Results

4.3.1 Exogenous rFVila enhances platelet adhesion to collagen, but does not restore

fibrin generation in a moderately FXtdeficient patient

The hemostatic effect of rFVIla was evaluated biy@xddition to the WB of
hemophiligatients. High or low CHiteated WB from a moderately Faéficient patient
(#50) with 3% FXI activity produced no detectable levels of fligur¢ 4-1B,D). As
expected, high or low CTI had little effect on fibrin generation, which was already strongly
attenuated in this patient becaudbefXI deficiencyln the flow assay over collagen,
fibrin generation i s dependent on contact
nearlyabsent in this patient. Fibrin generation due to the contact pathway was confirmed
with perfusion of low CHireated recalcified healthy pooled plasma or-fieficient
plasma over collagdfiqure 8-6).

Exogenous rFVlla addition increased platelet deposition on collagen at high and low
CTI (Figure 4-1A,C). However, ex vivo supplementation with rFVIla failed to rescue fibrin
formation at either CTI concentratidiigure 4-1B,D). Withoutcontact pathway
engagement (high CTI and FXI deficiency), rFVlla strongly promoted platelet deposition

with little effect on fibrin productiomo rule out inhibitn of rFVIla function by CTI, a
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fluorogenic substrate for FVlla was tested with rFVIla and high or low CTI showing no

effect of CTI on rFVlla functiorH{gure 8-7).
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Figure 4-1 Moderately FXI-deficient (3%) patient #50 response to exogenous rFVila

(A & B), Platelet and fibrin fluorescence at various exogenous rFVlla concentrations in high CTI (40 pug/ml).
(C & D), Platelet and fibrin fluorescence with ex vivo rFVIla addition in low CTI (4 pg/ml). Shaded traces are
the standard deviation of two clotting éyemeasured in 60 sec intervals over 15 min. InshenBel

microfluidic device with location of the collagen strip as indicated.
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4.3.2 Exogenous rFVlla enhances platelet adhesion to collagen, but does not restore
fibrin generation in a severely FVIItdeficient patient

WB from a severely FVitleficient patient (#51; <1% FVIII) tested at one week following

administration of FVIII concentrate, showee@ficdin fibrin production that was not

rescued by rFVlla at either CTl concentration. Recombinant F¥iHaced platelet

deposition but had no effect on fibrin productiigyre 4-2). Despite FXa generation due

to rFVlla binding to activated platela@tsufficient thrombin was produced to cause robust

fibrin formation. Robust fibrin formation, especially in the abseexegahoutssue

factor, requires intrinsic tenase formation (FIXa/FVIlla) which clearly did not occur with

<1% FVIII levels. The lal of CTI had no effect since the contact pathway can proceed

downstream from FXlla to FIXa but will not result in sufficient intrinsic tenase.
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Figure 4-2 Severely FVIll-deficient (<1%) patient #51 response to exogenous rFVlla

(A & B), Platelet and fibrin fluorescence over time in high CTI at indicated concentrations of ex vivo rFVlla.
(C & D), Platelet and fibrin fluorescence over time in low CTI at indicated concentrationsaf&tlgi
Timing of recent hemostatic therapy is as indicated. Shaded traces are the standard deviation of two clotting

events measured in 60 sec intervals over 15 min.

4.3.3 Moderate deficiency of FVIII or FIX allows rFVlla to enhance platelet and
fibrin generation when the contact pathway is available
In high CTI, rFVIla augmented platelet deposition in a severelydefitient
patient (#55; 3% FVIII) who was treated with FVIII concentrate 4 days prior to testing
(Figure 4-3A, upper lefl). However, ex vivo rFVlla addition again did not produce

substantial fibrin accumulation with strong inhibition of the contact pafyueg 4-3A,
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lower left). In contrast, fibrin generation occurred upon addition of rFVlla at low CTI
(Figure 4-3A, lowerright. Cont act pat hway engagement ( F?
intrinsic tenase assembly was productive enough to make sufficient thrombin to generate
fibrin when rFVIla was used at a 3% FVIII deficiency.

Similarly, a moderately Ftéficient patient (#54; 5%) displayed nearly identical
results as patient (#55)dqure 4-3B). Recombinant FVlla potentlynplifiedplatelet
deposition in either CTI concentrati&ig(re 4-3, upper panel$ whereas fibrin formation
was highly dependent on contact pathatayita (low versus high CHigure 4-3, lower
panels) A similar role for the contact pathway was discovered when two additional severely
FVIII -defcient patients treated with FVIII concentrate were tested (#57(Bidi6k 8-8).
In three of these patients a peak in platelet dep@stiopasured by plateletfeszence
with contact pathway engagement and rFVlla was fourid aihin followed by a drastic
dip in he signéPatient #54,57,56). This is due to downstream movement of the platelet
fibrin aggregates past the collagen surface as the clotsuftdereal constant flow regime

cannot stop flow driven by a syringe pump.
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Figure 4-3 Effect of ex vivo rFVlla in severelyFVIII -deficient patient #55 and
moderately FIX-deficient patient #54 after recovery of critical factor levels to 3 and

5% respectively
(A), Platelet and fibrin fluorescence over time in highno€Il Finhibited WB for patient #5%B), Platelet

and fibrin fluorescence in high or low @¥ibited WB for patient #54Timing of recent hemostatic therapy
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is as indicated. Shaded traces are the standard deviation of two clotting events measurigdiervald over

15 min. Dashed lines indicate full channel occlusion.

4.3.4 Recovery of FVIII levels to 15% in patients allows rFVlla to potentiate both
platelet and fibrin deposition with less requirement for the contact pathway

When severely FVHieficient patients (#53 and #52) were recently treated (<24 hr)
with therapy to increase their FVIII levels to I&egenoud-Vlla additioncaused
substantiahcreases iplatelet deposition and fibrin generation. The two feifitent
patients displayed identical responses to rFVlla. Increases in platelet deposition, fibrin
initiation, and fibrin generation were measured in both patients; concentration dependent
increases in platelet and fibrin accumulation were statisticibaisigni4 nM rFVlla
(Figure 4-4). As residual clotting factor levels reach 15%, a level clinically considered as a
mild deficiency, the influendeFXlla was less prominent. However, the effects of FXlla
were still detectable as fibrin was generated faster and more abundantly in low CTI
compared to high CTI in both patierigy(ire 4-4A, B, lower panel3.

In examining total platelet accumulation at 15 min (or prior to full channel
occlusion), rFVlla increased final platelet accumulation independent of CTl in all 8 patients
(#50-57) Figure 4-5A). Recombinant FVlla showed robust effects on total fibrin
accumulation with contact pathvimjiated coagulation at low CTIl and >3% factor levels
andminimum effect with strong inhibition of the contact pathway (high CTI) or at <3%
factor levelsHigure 4-5B). The levels of fibrin production in FVIII or Fdéficient
patients in low CTI and the lack of fibrin generation in high CTI with rFVlla indicate a

novel role for contact pathway potentiation of plateléta function.
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Figure 4-4 Effect of ex vivo rFVlla in 2 severely FVIltdeficient patients after

recovery of FVIII activity to 15%

(A), Platelet and fibrin fluorescence dynamics in high or leimi@idited WB for severely FVIII deficient

patient #53(B), Platelet and fibrin fluorescence dynamics in low or high CTI inhibited WB for severely
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FVIII -deficient patient #52. Timing of recent hemostatic therapy is indicated. Shaded traces are the standard

deviation of two clotting events measured in 60 segistever 15 min.
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Figure 4-5rFVlla response in CTl-inhibited WB from 8 factordeficient patients
(#50-57; Table 2. Eight patients were examined with respect to ex vivo rFVila
addition in the microfluidic hemostasis model with high or low CTtinhibited WB.):
Platelet and fibrin accumulation at t = 15 min or just prior to full channel occlusion

sorted by residual factoactivity and aPTT results

(A), Average final platelet mass as measupdtbletsurface fluorescence at 0 or 4 nM rFVlla in 8 intrinsic
clotting factor deficient patients. Error bars are standard deviation of a minimum of 4 clottifg)events.

Average final fibrin mass as measured by sfibi@céuorescence at 0 or 4 nM rFVlla in 8 intrinsic clotting
factor deficient patients. Error bars are standard deviation of a minimum of 4 clotting events. (*p<0.05,

**p<0.01, ns: nosignificant)
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4.3.5 Contact activation and rFVlla enhance platelet and fibrin deposition in healthy

blood

Eight healthy donors were subsequently tested in the same manner as the
coagulopathic patients to further investigate the role of the contact pathway in exogenous
rFVlla fundion. Consistent with the platelet response to rFVila in hemophilic patients,
healthy donor platelet deposition increased due to rFVlla addition independent of the
contact pathway (high or low CTH)gure 4-6A, upper panel3. However, the contact
pathway (low CTI) was required to generate sufficient levels of thrombin for robust fibrin
formation Figure 4-6A, lower panel$. Similar to someemophiligpatients (#54, 56, 57), a
combination of the contact pathway and ex vivo rFVlla resulted in peak platelet deposition
at 7 min followed by a drastic diogsignal. This is indicative of increasing shear stresses on
the clots which eventually causes them to tear from the collagen surface, restructure, and
embolize downstream.

Recombinant FVlla significantly increased total platelet accumulation atrl5 min o
prior to full channel occlusion in low CTI, showing efficacy in enhancing platelet deposition
independent of the contact pathwiigyre 4-6B; p<0.0). Total fibrin accumulation
increased by three fold with rFVIla when FXlla was endaigede(4-6C; p<0.01)while

no increase wabservedvhenFXlla was strongly inhibited.
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Figure 4-6 Healthy donor WB (n = 8 donors) platelet and fibriraccumulation

response to rFVlla

(A), Platelet and fibrin fluorescence over time as a function of rFVlla concentrations in high or low CTI.
Dashed line indicates full channel occly@ipnAverage final platelet mass at t = 15 min or just prior to full
channel occlusion in the presence aratesof ex vivo rFVIla in high or low Ghhibited WB(C), Average

final fibrin mass at t = 15 min in the presence or absence of ex vivo rFVlla in high orildvib@dd WB.

Bars are average and standard deviation from n = 8 healthy donors attithglévelots. (*p<0.05,

**p<0.01, ns: nosignificant)
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4.4 Discussion

Microfluidic models of hemostasis comprised of high or low CTloagtilated WB
perfused over collagen at venous shear rates were used to assess platelet and fibrin
deposition in respoado exogenous rFVlla. Under these conditions, we investigated the
role of rFVIla under flow. We observed significantly increased platelet adhesion in the
presence of rFVIla batn inability of FVIla to potentiate fibrin formation unless the
contact pathey was engaged.

Results from hemophilic patients (#50,51,54,55,56,57) indicate that rFVlla function
on platelets generate low "signaling"” levels of thrombin to amplify platelet deposition but
these levels were insufficient to generate fibrin. If contggeanent was blunted in the
case of severe FXI or F\AdleficiencyRigure 4-1,Figure 4-2) or at high CTl in FVIII or
FIX-deficient patient$-{gure 4-3A, B, lower lef), rFVIla did not lead to agste fibrin
formation. However, with engagement of the contact pathway (low CTI), rFVlla may
crosstalk with the contact pathway to facilitate strong fibrin production in FVIll-or FIX
deficient patient$igure 4-3A, B lower right).

In addition, rFVIla can generate FXa on the platelet surface and to a very minimal
extent in solutid81] In severely FVHteficient WB (< 1%), thrombin made distally from
plateletoound rFVlla (4 nM added) is sufficient to promote greater platelet activation but is
insufficient to generate fibririgure 4-2). In moderately hemophiliac blood (3% FVIII or
5% FI1X), strong inhibition of the contact pathway prevdibtead formation although
platelet deposition was still enhanced by rFFigaie 4-3). The initiation of the contact

pathway in low CTdramatically enhanced fibrin formation in moderate hemophiliac blood
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(3% FVII or 5% FIX) treated with rEVIf@&igure 4-3). Similar results were foundnild
hemophilic blood (15% FVIlI}{gure 4-3) and even in healthy WHdure 4-6) where
strong inhibition of the contact pathway significantly blunted fibrin production following
exogenoud-Vlla treatment.

Recombinant FVlla can enhance FXa generation at the site of bleeding by a variety of
pahways. If TF is exposed to WB, formation of the extrinsic tenase TF/rFVIla would be
extremely procoagulant. Furthermore, the heterogeneous response to rFVila amongst
hemophiliacs can also be potentially attributable to variable quantities of cipd&ting |
procoagulant THontaining microparticles, two variables known to put hemophiliacs at risk
for cardiovascular diseases as th¢§§2a8@&] However, hemophiliacs bleed into joints,
which argoresumablgites of low cellularity ataw TF[84] The results derived from FXI
deficient bloodRigure 4-1) argue against bloodbornedda kinetically significant trigger
that produces detectable changes in our intrinsically driven microfluidic hemostasis model
In contrast to the present study, prior work by Onakargss etlaperfused rFVika
supplemented hemophiliac blood oveic®ftaining collagen to drive thrombin and fibrin
production77]

We predict that for in vivo situations where-glezived TF and contact activation are
both minimal, rFVIla can promote hemostasis in severe hemophilia via platelet activation by
low levels of thrombin (distal of platelet bound rFVIla) in the absence of substantial fibrin
generation. When the contact pathway is engaged throu@dJFetllage[86] activated

platelet7] or nucleic acjdl8] it can promote the efficacy of rFVlla by providing
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additional FXa or by inactivation of an inhibitor, suckcasitly reporteBXla-mediated
cleavage of tissue factor pathimdibitor (TFPI)89]

A level of 4 nM rFVlla enhanced platelet deposition under flow byfaltbir3 all
patients testedrigure 4-5A; p<0.05. At <10% factor level (aPTT > 45 sec), the contact
pathway alone (no rFVIlla) at either high or low CTI produced essentially nBifjoren (
4-5B). However, for <10% factor levidw CTlinhibition of WBpotentiated the ability of
rFVlla to promote fibrin formation. Distinct from hemophilia, conditions of trauma that
promote contact activation menjhancehe ability of rFVlla to cause fibrin generation.
Furthermore, while incidences of venous thromhesiara in factedeficient patienfd0]
we quantified partial movement and remodeling of clots at low CTI with €XAigan 3
hemophilic patients. As embolized thrombi are clinically significant, future work should
assess the risk of venous thromboembolism with rFVIla under a pressure relief flow regime
in this microfluidic devif#7] In pressure relief mode, full channel occlusion is a natural
endpoint as flow diversion to open channels allows thrombi to grow to full occlusion.
This work highlights the ability of rFVIla to generate lovsle/€Xa on platelets to drive
platelet deposition via thrombin even when that thrombin is sufficient to drive fibrin
deposition under flow. If the contact pathway is not engaged and TF is absent, rFVila may

display its efficacy in severe hemophiliacs)(kf¥nhancing only platelet function.
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5 RECOMBINANT FACTOR VII A ADDITION TO SEVERE
HEMOPHILIC BLOOD PERFUSED OVER
COLLAGEN/TISSUE FACTOR CAN SUFFICIENTLY BYPASS
THE FACTOR IX A/VIII ADEFECT IN ORDER TO RESCUE

FIBRIN

5.1 Introduction

Hemophilia A and B alélinked genetic disorders resulting in deficiencies in
coagulation factor VIII (FVIII) or factor IX (FIX), respectij/Ey These deficiencies cause
a wide range of bleeding phenotypes depending on $é%e¢3i»3] Current treatment
strategies for hemophilic patients include recombinant clotting factors or bypass therapies.
Bypass therapies such as activated prothrombin complex concentrates (aPCC) or
recombinant factor Vlla (rFVlla) were developed to texabphilic patients who develop
inhibitorg74} Bypass therapies can supplant FXa generation from the intrinsic tenase
(FIXa/FVllla) by increasing prothrombinase levels or by activating FX on the platelet
surface @ rFVlla. Though rFVlla is approved for treating hemophilia patients with
antibodies to FIX or FVIII, its mechanism of action is corfgagPast work has indicated
that rFVlla requires tissue factorwodtion and its requisite high doses are due to its
competition with endogenous FVII for[8B,96] Other studies indicate that rFVlla can
also bind monocytes and activated platelets to generate FXa independl@rdo®h] TF

Thus, further studies can help elucidate the roles of intrinsic tenase, extrinsic tenase,

and rFVlla in platelet rich thrombus formation and fibrin generation in hemophilic patients
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under the hemodynamics conditions foundvio. ¥ hemophilia, deficits in thrombin
generation impact platelet activ4fiof] fibrin formatioffll01] and clot stabilizatif02]
In vitro flow models with perfusion of human blood deficient in FVIII or with inhibition of
FVIII resulted in dereased platelet aggregation and fibrin formation at low shear
condition§l03105] With in vivo models of vascular injury (ferric chloride or laser injury),
mice deficient in FVIII or FIX produce unstable thrombi that fail to reach full vessel
occlusiofil0108] While the extrinsic pathway is classically thought of as the arm of the
coagulation cascade that mitigates deficits in hemophilia A and B, TF expression varies
greatly in human tiss{#39,110]High TF levels may compensate for a lack of FVIII or
FIX in some but not all subendothelial vascular beds. Studies have shown bleeding in
hemophilia is common in the joints where TF expression is considered {18 Hve
contribution of FXa and thrombin stemming from residual intrinsic tenase in various TF
laden backgrounds has not been studied extensively using hemophilic blood. Previous
studies only asssed the most severe cases of human FVIII or FIX deficiency (<1%) often
with FXlla function uncontrolled or utilized blood from mice deficient in FVIII or
FIX[104,105,111Few have examined how mild or moderate deficiencies in FVIII or FIX
levels affect platelet adherence, clot stability, and fibrin formation under flqgwesethee
or absence of bypass thef@dpjand surfee TF.

Previously we have developed a contact patinivag microfluidic model that
evaluated the role FVIII and FIX in patients with congenital bleeding dj28r2é}s
Platelet adhesion and fibrin formation under flow was significantly reduced in whole blood

from these patients at <1éftical factor level actijiyd] Furthermore, in a second study
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we concluded that rFVIIla generates | ow
platelet depositioon collagen, but is insufficient to drive fibrin polymerization unless the
contact pathway is engaged. In this present study, we aimed to unify our previous two
studies and firmly establish the role of the intrinsic tenase and rFVIla in the regulation of
plateletfibrin thrombus development under flde measured healthy or hemophilic WB
perfusion over collagen type | surfaces bearingon#iblled low or high concentrations of
lipidated tissue factor at an initial venous wall shear rate af\l/@0fso measured the
differential effect of exogenously added rFVIla on platelet deposition, fibrin initiation, and
fibrin accumulation. This study confirms that FIXa/FVllla is required for fibrin generation
under healthy WB flow, even when TF is abunddm atall. In severe hemophilic blood
with CTHinhibited FXlla, high levels of rFVlla are required to rescue fibrin formation

through the combined generation of FXa via TF/rFVIla and platelet/rFVIla function.

5.2 Materials and Methods

Blood was drawn from healthy donors &) andhemophiligatients (n 0 under
Internal Review Board approval of the University of Pennsyatiaieegarding patient

bleeding phenotypedrecent therapy was collecieab{e3)
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Timing
Residual of Most | Replacement
Patient Coagulation| aPTT Platelets| Recent Therapy
ID# Diagnosis Factor %* | (Sec)| PT | (10%uL) | Therapy| Dosage
Severe rEVIIIL (35
62 Hemophilia A 3 56.1 | 13.3 172 3 days 1U/kg)
Severe rvIl (25
63 Hemophilia A 32 32.7 | 129 291 5 hrs 1U/kg)
Severe rFIX
64 Hemophilia B 14 34.4 | 13.7 252 96 hrs | (unknown)
Severe rFIX (47
65 Hemophilia B 6 51.2 | 149 200 3 days 1U/kQ)
None in
Mild Hemophilia past 5 rEVII
67 A 18 374|129 244 years (unknown)
None in
Moderate past 10
68 Hemophilia A 6 50.8 | 14.1 173 months N/A
None
Moderate since
69 Hemophilia A 2 53.5 | 12,5 217 2012 N/A
Severe rFVIIL (50
70 Hemophilia A 24 40.1 | 12.8 273 26 hrs 1U/kg)
None in
Moderate past 5
71 Hemophilia B 5 51.1 | 15.9 208 years N/A
Severe rFIX (50
29 Hemophilia B **<] 133.6| 14.5 125 8 hrs IU/kg)

Table 3. 10 patients were examined with respect to exogenous rFVlla efficacy by
perfusion of high CTl inhibited WB on TF., and TFigx collagen surfaces.

Time since last hemostatic therapy, % residual coagulation factor activity, PTT, and platelet count are as

reported. *Reflects in some cases recent administration of factor concentrate.

Laboratory testing siemophiligpatients included a platelet count, residual coagulation
factor activity, prothrombin time (PT), and activated partial thromboplastin time (aPTT).
Residual FVIII, FIX, or FXI activity were measured in Hemophilia A and \a&#&se,

Hemophilia Bor Hemophilia C diagnoses respectively. The aPTT test antassies
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pathway function by measuring the time to clot formation in ppstetgtlasma in the
presence aéxogenous intrinsic pathwativatorsuch as kaolihl2] aPTT values
(reference range: 232.4 sec) were negatively correlated with residual factor activity levels
as previously establisf8] Healthy donors were sedported free of oral medication for 7
days and abstained from alcohol 48 h prior to blood donations.

WB was drawn into 40 pg/ml CTIl (Haematologic Technologies, Essex Junction,
VT) containing polypropylepéastic syringea material which activates the contact
pathway minimally. t40 pg/ml| CTI will almost completefpolishcontact pathway
activatiorandprevent visible clotting f80to 45min allowing studies efirfacerigged
TF-dependentoagulation under flowith minimal participation &iXIla[80] This
concentration of CTI all@sufficient time for completion of all assays with no clotting in
the 35 pL entrance reservoirs of the microfluidic devices.
Preparation of TF bearing collagen surfaces

Glass slides were first functionalized with Sigmacote (Sigma, St. Louis, MO) to create
a hydrophobic surface. Aagoluble equine type | collagen fibrils (Chféaio Chrone
log, Havertown, PA) were introdudett a previously described single channel microfluidic
patterning device (250 um by 1 [88)34] This patterning device was then filled with 5 pL
of Dade Innovin PT reagef8iemens Healthcare USA, Malvern, PA. 20 nM stock
concentration) diluted 300 or 5 fold wit#-22-hydroxyethyl)piperazinyl] ethanesulfonic
acid(HEPES)buffered saline (HBS, 20 mM HEPES, 160 mM NacCl, pH 7.4) to obtain low
or high TF surface concentrations. TF surface concentrations were measured by the staining

of TF vesicles with fluorescein isothiocynate labeled annexin V as previouslgf O3 crib

80



In all microfluidic expenents TF bearing collagen surfaces were incubated for 30 minutes
in the absence of flow and then washed with 5 pl of 0.5% bovine serum albumin (BSA) in
HBS. Nominal low and high TF surface concentrations{) Mére ~0.1 and ~2
molecules per fnresgctively, as previously repoftd@] This single channel patterning
device was then removed to allow placement of microfluidic flow devices onto the
micropatterned TF bearing collagen strip.
Extrinsic pathway triggered mifimflladsay on TF bearing collagen surfaces

An 8chanmrel microfluidic deviowasfabricated in polydimethylsiloxane (PDMS,
Sylgard 184, Ellsworth Adhesives) according to previously described tE&R3)61judse
device has 8 channels fed by 8 wells with perfusion by withdrawal from a single outlet into a
syringe pump (PHD 2000, kard Apparatus, Holliston, MAhis 8channel device was
placed over TF bearing collagen surfaces and reversibly sealed by hou3égacuum.
channels (250 um by 60 ohjhe deviceun perpendicularly over a 250 pm wide strip of
patterned agjne fibrilla collagen type | bearing TF. This forms platelet and prothrombotic
protein interaction zones measuring 250 um by 259 qustonizedstage insert held two
microfluidic devices allowing replicate testidgohditions in 60 sec intervals. Microfluidic
devices were mounted on an inverted microscope (IX81, Olympus, Center Valley, PA).
Microfluidic channels were spaced in close proximity to allow two channels to be imaged
simultaneously with a 10X objective lens equipped ehitiigeetoupled devic€ORCA
ER, Hamamatsu, Bridgewater, NJ). Prior to initiation of the flow assay, all channels were

blocked with 0.5% bovine serum albumin (BSA) in HBS.
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Blood samples were treated with fluorescently conjugateaaton blocking
anttCD41a antibody (clone ¥AL2 Becton Dickson, Franklin Lakes, NJ, 0.125 pg/ml final
concentration) to label platelets and fluorescently conjugaféatiargntibody (clone
T2G1, Dr. Mortimer Poncz laboratory, Children's Hospital of Philadelphia, 0.5 pg/ml final
concentration) tabel fibrinWB samples were atseatedwvith vehicleHBSor indicated
concentrations of rFVIla. Recombinant FVIla (NovonSeven, Novo Nordisk, Plainsboro NJ,
1 mg/ml final concentration) was reconstituted in histidine dWBrdamples were treated
with detection antibodies and rFVIla 5 min prior to initiation of flow agsdystion of
rFVlla was made to the final desired concentration in HBS within 1 htesfgthé/hole
blood perfusion in microfluidic devices started within 15 min of venipuBtiore.
samples were perfused at an initial local wall shear rate' ¢f 100sin per channel) for
15 min. In constant flow rate mode the local wall shear rate monotonically increases as
thrombi grow to the channel hei@d
Platelet and fibrin accumulation analysis

Platelet and fibrin fluorescence intensities, which are proportional to the total platelet
and fibrin masses respectively were measured in 60 sec intervalsftrrdgh ImageJ
software (ImageJ.atonal Institute of HealtBethesda, MD). The initial image was taken
as background and subsequent images were baclagmoaoted. Platelet and fibrin masses
were measured in an area comprising of 70% centeff gfoem@%0 pum by 250 i
collagen surface due to the slightlyumaform shear profiles along the side of the

microfludic channe]83,34] Platelet adhesion and fibrin formation was not observed
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upstream or downstream of ffe collagen strip prior to full channel occlusion. Statistical

significance was assessed ugimng &iled Student's t test.

5.3 Results

5.3.1 Surfacetriggered extrinsic pathway under flow does not rescue platelet
adherence or fibrin generation at <3% factor activity.
The hemostatic potential of surfaiiggered TF under flow to rescue deficits in

FVIII or FIX was evaluated through perfusion of hemophilic or healthy WB over collagen

bearing Tk or Thg surfaces.

A Low TF C High TF
3000 T T T T T 3000 T T T T T
—e— Healthy Donor (5 donors, 10 clots)
2500 | —— severe Hemophilia (3 patients, 6 clots) 2500} 9

Platelet FI
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3000 —_— 3000 —
2500 | { 2500}
T 2000} {1 2000}
£ 1500} 1 1500}
i a0l 1 1000
500 - 1 500
| — e —
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time (sec)

Figure 5-1 Comparison of severely and moderately factoleficient (1-3%) patients

against healthy donor response to Tk or TFhgn bearing collagen surfaces
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(A & B), Platelet adherence and fibrin deposition dynamics measured by platelet and fibrin fluorescence
respectively. WB inhibited with 40 pg/ml CTI was perfused oyeb&kring collagen surfaces at £0([Bs

& C), Platelet adherence and fibrin deposition dynamics over time. WB inhibited with 40 pg/ml CTIl was
perfused over Tgn bearing collagen surfaces at #0Qises with shaded traces and points are the mean and
standard deviation of 6 clotting events measured in 60 sec intervals over 15 min for three distinct hemophilic
patients (red) or 10 clotting events measured in 60 sec intervals over 15 min for five distinct healthy subjects

(black).

High CTHinhibited WBrom two severely factdeficient patients and one
moderately factateficient patient (#62, 69, 29) with 3, 2, and <1 % factor activity
respectively produced no detectable levels of fguré 5-1B,D, red lines) as opposed
to healthy controls where robust platelet deposition and fibrin generation was measured
regardless of surface TF concentrakayu(e 5-1B, D: black lines). Fully consistent with
TF/FVlla as the primary trigger of coagulation in this microfluidic model, time to fibrin
initiation in healthy donors decreased when surfamen€Entration increasdtigure
5-1B, D: black lines). Platelet deposition over time was also elevated,gecdllagen
surfaces indicating that thrbin generation was occurring at a concentration sufficient to
drive platelet deposition and facilitate fibrin formafiguie 5-1C,D: black line).
Interestingly, at < 3% factor activity, hemophilic patient platelet deposition was reduced
compared to healthy blood independent of surface TF concenkgfima 5-1A, C: red

lines).
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Figure 5-2 Comparison of 314% clotting factor activity patients against healthy

donor response to Thkw or TFhgh bearing collagen surfaces

(A & B), Plateleadherence and fibrin deposition dynamics measured by platelet and fibrin fluorescence
respectively. WB inhibited with 40 pg/ml CTIl was perfused oygb&kring collagen surfaces at £0([Bs

& C), Platelet adherence and fibrin deposition dynamidsneevB inhibited with 40 pg/ml CTI was

perfused over Tgn bearing collagen surfaces at #0Qises with shaded traces and points are the mean and
standard deviation of 6 clotting events measured in 60 sec intervals over 15 min for threendistittict he
patients (red) or 10 clotting events measured in 60 sec intervals over 15 min for five distinct healthy subjects

(black).

5.3.2 Extrinsic pathway triggered coagulation under flowpartially restores platelet
adhesionand fibrin generation at 3-14% facto activity.

Perfusion of moderately and mildly FVIII or F&ficient patient WB (#64, 65, 68, 71)

resulted in poorly detectable or low levels of fibrin accumulation under floywon TF
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TFnigh Surfaces, respectivdiygure 5-2C,D: red lines). Additionally, significant decreases in
platelet adhesion on TF collagen surfaces were again observed in these patients independent
of surface TF concentratidaidure 5-2A, B: red lineg. However, these levels of platelet

adhesion were higher than those observed witk3#tefdctor activity groupigure 5-1A,

C: red lineg. These results indicate that engagement of the intrinsic tense (FIX&FVllla

FXa) in combination with FXa production from TF/FVIla under flow ogyidellagen

surfaces was sufficient to initiate some fibrin formation and produce low amounts of fibrin

accumulatiorHigure 5-1D: red lines).

A Low TF C High TF
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L 2000
<@
o 1500
et
o
o 1000
500
0 1 1 1 1 1
0 150 300 450 600 750 900 0 150 300 450 600 750 200
3000 T T T T T DSOOO . . T T T
2500} e 2500 ’.\‘/—
L 2000} . 2000 4
c
£ 1500t 1500 | APy
L 1000} 1000 F .
500 500 B
_d?"“z;-': 1 1 1 0 ! 1 1 1 1
0 150 300 450 600 750 900 0 150 300 450 600 750 900

time (sec) time (sec)

Figure 5-3 Comparison of >149% clotting factor activity against healthy donor

response to Thw or TFhwgn bearing collagen suraces
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(A & B), Platelet adherence and fibrin deposition dynamics measured by platelet and fibrin fluorescence
respectively. WB inhibited with 40 pg/ml CTI was perfused oyeb&kring collagen surfaces at £0([Bs

& C), Platelet adherence and fildposition dynamics over time. WB inhibited with 40 pg/ml CTI was
perfused over Tgn bearing collagen surfaces at #0Qises with shaded traces and points are the mean and
standard deviation of 6 clotting events measured in 60 sec intervals avésrithnee distinct hemophilic

patients (red) or 10 clotting events measured in 60 sec intervals over 15 min for five distinct healthy subjects

(black).
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Figure 5-4 Total platelet or fibrin accumulationfor different clinical severities of
hemophilia
(A & B), Maximum platelet or fibrin accumulation ogwltbearing collagen surfaces at 0@esasured by

platelet or fibrin fluorescence at t = 15 min or just prior to full channel occlusion. Datadsgrsleverity
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of factor deficiency 3%, 314% & >14%) and compared to mean healthy subject maximum platelet or fibrin
accumulation(C & D), Maximum platelet or fibrin accumulation opgfBearing collagen surfaces at-100s
measured by platelet dorfin fluorescence at t = 15 min or just prior to full channel occlusion. Data is ordered
by severity of factor deficiency3@b, 314% & > 14%) compared to mean healthy subject maximum platelet
or fibrin accumulation. Error bars are the standard dewatorlotting events for each clinical severity of

hemophilia and 10 clotting events for five healthy subjects. (** p < 0.01, * p < 0.05siggifiv@mt)

5.3.3 Platelet adhesion is partially rescued by the extrinsic pathway independent of
TF concentration while fibrin formation is fully restored on Tk collagen
surfaces at >14% factor activity
Plateleteposition from WB of mildly FVIII or Fbdeficient patients (#63, 67, 70)

remained attenuated in comparison to the platelet deposition from heaibhy altmugh

it was not statistically significant with low surface TF concentraigume 5-3A, C).

Interestingly, we observed residual defect in fibrin production at >149% factor activity in the

presence of T collagen surfacdsigure 5-3B: red line). Time to fibrin initiation and

total fibrin accumulation under flow was fully restored withddHagen surfacdsigure

5-3: red line). The influence of FVIlla and FIXa become more prominent as residual

clotting factor levels reach >14%.

In examining total platelet and fibrin accumulation under flow at 15 min for all
cohorts platelet and fibrin accumulation onJ&nd Thigh surfaces was highly defective
for blood from patients withh3% normal factor level when compared to healthy blood
(Figure 5-4A-D). High levels of TF do not rescue clotting in severely-daticient

patientskigure 5-4D) whose blood generated essentially no fibrin.
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Figure 5-5 Effect of in vitro rFVIla (0-20 nM) in severely FVIIkdeficient patient

(A & B), Platelet adherence and fibrin deposition in the presence or absence of exogenous rFVila measured by
platelet and fibrin fluorescence at t = 15 min or just prior to full channel occlusion. WB treated with exogenous
rFVila (0-:20 nM) and inhibited with 40 pgl CTI was perfused over §fbearing collagen surfaces at 100 s

1 (C & D), Platelet adherence and fibrin deposition in the presence or absence of exogenous rFVlla
measured by platelet and fibrin fluorescence. WB treated with exogenous-2B\AiM)&hd inhibited with

40 pg/ml CTI was perfused overpfkbearing collagen surfaces at £0Qises with shaded traces and points

are the mean and standard deviation of 2 clotting events measured in 60 sec intervals over 15 min for each
concentration ofFVlla (colored) or 10 clotting events measured in 60 sec intervals over 15 min for five

distinct healthy subjects (gray).
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Figure 5-6 Total platelet or fibrin accumulation in response to in vitro rFVlla (€20

nM) for different clinical severities of hemophilia

(A & B), Maximum platelet or fibrin accumulation in the presence or absence of exogenous rFVila measured
by platelet or fibrifluorescence. WB treated with exogenous rF\B8 (M) and inhibited with 4@/ml

CTI was perfused over §kbearing collagen surfaces at-1(Data is ordered by severity of factor deficiency
(2-3%, 314% & >14%) and compared to mean healthy subgedmum platelet or fibrin accumulati¢@.

& D), Maximum platelet or fibrin accumulation in the presence or absence of exogenous rFVlla measured by
platelet or fibrin fluorescence. WB treated with exogenous rFZ0af®) and inhibited with 4@/ml CTI

was perfused on s bearing collagen surfaces at-1Data is ordered by severity of factor deficiency (1

3%, 314% & >14%) and compared to mean healthy subject maximum platelet or fibrin accubatation.
ordered by severity of factor defimy (43%, 314% & > 14%) compared to mean healthy subject maximum

platelet or fibrin accumulation. Error bars are the standard deviation of 6 clotting events for each clinical
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severity of hemophilia and 10 clotting events for five healthy subjectsO(®1p* p < 0.05, ns: nen

significant)

5.3.4 Exogenous rFVila enhances plateledeposition on collagen with TF and

TFhigh, but only fully restores fibrin accumulationat 20 nM on Thkg collagen

in a severely FIXdeficient patient

Perfusion of WB from severely FIXleficient patient (#29; <1% FIX) showed
negligible fibrin accumulation that was only partially rescued by even 20 nM rFVlla on
TFew/collagen Figure 5-5B). Addition of rFVIla strongly enhanced platelet deposition at
either TF concentratioRiure 5-5. 5A,0. The combination of highxogenous rFVila
(20 nM) and Tig/collagen was able to fully restore fibrin initiation and accumulation under
flow (Figure 5-5D).

The effect of ogenously added rFVlla was tested on patients with a range of
hemophilic severity usingiifand Thigh surfaces. A level of 20 nM rFVlla significantly
increased final platelet and fibrin accumulatio3%t factor activityHfgure 5-6) to levels
commensurate with that observed with untreated healthy blood. With increasing rFVlila
supplementation, healthy whole blood also displayed increaseampiatiglien deposition

on Thewand Thig{Figure 5-6).
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Figure 5-7 Signaling pathways of hemophilic blood when triggered by surface

TF/collagen in the presence or absence of rFVlla.

In hemophik blood clotting under flow conditions over TF, most FXa comes from the intrinsic tenase
(FIX/FVIlla) even when some FXa can be initially generated by the extrinsic tea#=eIEFand

platelet/rFVlla.
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Condition

Clotting at 1003

Phenotype

Moderate

(310%)

Surface

Collagen

Contact
pathway

rFVila

Platelets

Fibrin

No (high 0 modest
CTI)

No (high + rescue none
CTI)

Yes (low 0 modest very low
CTI)

Yes (low| + rescue rescue

CTI)

[ref.]

[24]




Collagen + + rescue rescue
[TF]high
Collagen + 0 modest modest *
[TF]low No (high
CTI)
Moderate | Collagen + + modest modest
[TF]low
(310%) Collagen + 0 moderate | moderate
[TF]high
Collagen + + moderate | moderate
[TF]high

Table 4. Clotting potential of severe or moderat@emophilic A or B blood when
triggered by the low or high levels of contact activation or extrinsic activation in the

presence and absence of rFVlla.

Rescimdicates return to response levels of healthy blood. Low CTI: 4 pg/mL psimitdyibitor; High CTI:
40 pg/mL corn trypsin inhibitor. Mild hemophilic blood ¢2546) preforms without large functional deficit
when compared to healthy blood in this assay under conditions of contact or extrinsic activation with reduced

sensitivityo added rFVlla. *, this study.

5.4 Discussion and Conclusion

Microfluidic assays consisting of high CTI (40 pghhibited WB perfusion on
TFow Or Thigh/collagen surfaces at venous wall shear rates were used to evaluate platelet
deposition and fibrin fanation in hemophilic patients. A broad cohort of patients were
tested representing a large spectrum of clinical phenotypes of hemophilia A or B (severe,
moderate, and m{Bable3). Under these ex vivo hemodynamic conditions, we observed

significantly decreased platelet deposition and fibrin formation.cen@F Figh collagen
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surfaces in severe hemophilic samplegen together, these resutscatethat in tealthy
blood clotting under flow conditions over TF, most Factor Xa comes from the intrinsic
tenase (FIXa/FVllla) even when some FXa caniballygenerated by the extrinsic tenase
TF/FVlla (Figure 5-7).

With respect to factateficient patients at3P6 factor activityHigure 5-1), we
observed severe deficits in platelet adherence and fibrin formation that was not rescued by
perfusion on Tkys collagen surfaces. With the intrinsic tenase severely blunted as in the case
of severe FVIII or FIXdeficiency, surface fkggered coagulatidailed to produce
adequate levels of thrombin for detectable fibrin form&iguré 5-1B,D). At high
surface TF concentrations of ~ 2 TF molecylesas measured in a prior st{th3, the
extrinsic tenase could not support fibrin formation when critical residual clotting factor
activity was <3%H{gure 5-1D). Interestingly, we did not observe similar trends when we
tried to recreate the conditions of acquired severe hemophilia in these microfluidic assays
through the use of functidaslocking atibodies against FVIII or FIXl&ta not showr)
added to healthy blood. Under flow conditions ag, ®FTF.g collagen surfaces, normal
blood treated with functignlocking antibodies against FVIII or FIX only displayed
decreases in fibrin formation oR.lcollagen surfaces while no effect was seen on platelet
deposition. This suggests large functional differences between true factor deficiencies, factor
deficiencies plus inhibitors, and laboratory experiments with antibodies added to healthy
blood.

At 3-14% factor activity, TF collagen surfaces were able to partially restore platelet

adhesion and fibrin formation under flow, yet these levels were still significantly below
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healthy WB control&igure 5-2). This restoration of platelet adhesion and fibrin generation
was likely due to sufficient intrinsic tenase (FVllla/FIXa) functioning on platelets to
generate sufficient FXa for thrombin and fiproduction. Finally, at >14% factor activity,
platelet adhesion was moderately suppressed wihileoliggen fully restored fibrin
formation Figure 5-3). This is consistent with previous studies which report adequate local
thrombin concentrations that support fibrin formation under flow in the case of mild FVIII
deficiencies and high surfaéeconcentratiorig7] These findings are also ¢stest with
previous studies that report FVIII/FIX dependent enhancement of platelet procoagulant
activity as a limiting step in fibrin formation under fib%j

We also assessed the role of rFVllaatelgt deposition and fibrin formation under
flow in hemophilic and healthy WB samples. Results from a severe hemophilic patient
indicate that rFVIla amplifies platelet deposition but was not fully sufficient to support
fibrin generation if the contact pafty was inhibited=igure 5-5) [24] However, a
combination of 20 nM egenous rFVlla and Ti/collagen facilitated strong fibrin
production in the severely F\Ateficient patienFHgure 5-5D). A consideration of final
platelet and fibrin deposit size in the presence of exogenous rFVlla indicates enhancement
of platelet and fibrin accumulation in the severely-figfiorent hemphilic patients tested
(Figure 5-6). A similar trend was observed when rFVlla was exogenously added to the WB
of healthy donors followed by perfustonTF.wand Thighcollagen surfacesigure 5-6).
In summary, we took a systems approach by modulating the following inputs: contact
pathway engagentgthe procoagulant surface trigger, and exogenous concentrations of

rEVila. We then explored the impact of these inputs and found distinct changes in platelet
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deposition and fibrin generation under flow as a function of these Tiajlesdj. Based
on this study and our earlier sf@dy rFVlla cannot rescue fibrirposition via the cellular
pathway alone, unless FXlla or TF is participating.

Distinct from the studies of Swieringa et al. who added TF directly into blood prior to
perfusion, the micropatterning of-fi€h collagen surfaces generates localized refgions
thrombosis in microfluidic channels which ensures that blood does not come into contact
with extraneous prothrombogenic surfaces prior to the region of interest. This enables study
of platelet deposition in conjunction with surtaggered coagulatiakin to the laser
cremaster injuf¥14116] In contrast, addition of exogenous TF into blood fails to recreate
the hemodynamic aspects of thrombosis which are highly dependent on surface presentation
of TF to the flowing blod85] Furthermore, the present work extends previadestby
directly examining the contribution of platelet bound rFVlla on platelet and fibrin formation
under flow in a wide range of hemophilic pafiéfits

In conclusion, our microfluidic assay results from WB of FVIII odEfiient
patients indicate a critical role of the intrinsic tenase in gtatelgt adhesion and fibrin
formation on THaden collagen substrates at venous sheaFmgtes §-7). FVII/FIX
dependent thrombin production on the platelet surface and the subsequent thrombin
activation of platelets along with fibrin formation are potent, key pathways in thrombus

formation under flow.
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6 EXVIVO RECAPITULATION OF TRAUMA -INDUCED
COAGULOPATHY UNDER FLOW AND PRELIMINARY
ASSESSMENT OF PLATELET FUNCTION FOLLOWING

TRAUMA USING MICROFLUIDIC TECHNOLOGY

6.1 Introduction

Trauma is the leading cause of death in people under the age of 3¢3drs old
Many severely injured patients exhibit trauma induced coagulopathy (TIC), a hemorrhagic
state that accounts for 40% of trauma ddtii] TIC is multifactorial and associated with
tissue injury, inflammation, shoakmodilution, acidosis, hypoxia, and hypothgrbTih
Tissue injury and shock resulyperfibrinolysis due to the acute release of tissue
plasminogen activator (tPA) from endothelial cells. Systemic fibrinolysis results in fibrinogen
consumption and limits clot formation and stability at the site of vascular injury, resulting in
increasetlleeding rigk 18] Furthermore, blood loss followed by resuscitation with colloids
or packed red blood cells (PRBCs) leads to the hemodilution of clottisg facto
Currentresearch in TIC has focused on coagulation factors and proteases, with the
role of platelet furtion during trauma not as waifined119,120]Platelet function studies
of trauma patients have been difficult to implement due to the technical dempfexit
current platelet function tests. Although recent advances in platelet aggregometry and
thromboelastography (TEG) have enabled important studies of platelet function and clot
strength in trauma patiefii219125] These techniques, however, are closed systents lacki

flow orare comprised gioorly defined flow fields.
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Microfluidic systems are open systems where blood flows over a zone of defined
procoagulant surface, thereby recreating the unique spatial and compositional attributes of
blood clotting found in viv{23] Microfluidic technology in conjunction with

micropatterning techniques enable low volume and high throughput testitededf pl

function and fibrin generation over a range of physiological shear[8#¢35d 21 28]
Microfluidic whole blood assays have been previously used to evaluate platelet and clotting
function in hemophiliacs and healthy donors taking antiplatelet therfg#®adcs7,129]

In regards to current resuscitation strategies, the administration of PRBCs with or
without fresh frozen plasma (FFP) and the optimal FFP:PRBCs ratio remain active areas of
investigatiofl30] Prospective studies have shown that platelets may serve as the third
component of resuscitation stratg@@®133] PRBC administration not only increases
hemoglobin, but also contributes biorheologically by driving platelet margination towards
the vessel wall.

In this study, we applied microfluidic technology to investigate resusiritztion
hemodilution, hyperfibrinolysis, and plagnfiibitor therapy, all topics relevant to TIC risk
and treatment. Additionally, we evaluated platet¢toiuninder flow using whole blood

from trauma patientiuring the acute phase of TIC

6.2 Methods

6.2.1 Microfluidic evaluation of hemodilution and hyperfibrinolysis
Following approval from the Internal Review Board approval at the University of

Pennsylvania, akhy donors (n = 15) were recruited to donate whole blood using standard
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phlebotomy techniques. Donors were required to refrain from all oral medications for 7 days
and abstain from alcohol for 48 h prior to donation. Blood was drawn into corn trypsin
inhibitor (CTI, Haematologic Technologies, Essex Junction, VT, 40 pug/ml final
concentration) or FREhloromethylketone (PPACK, Haematologic Technologies, Essex
Junction, VT, 100 uM final concentration). CTI inhibits the contact pathway for studies of
surfacedriggered coagulation while PPACK inhibits thrombin generation in order to
examine platelet function in the absence of thrombin in vitro. Blood samples were treated
with fluorescently conjugated &@i61a antibody (clone ¥L2, Becton Dickson,

Franklin lakes, NJ, 0.125 pg/ml final concentration) to label platelets and fluorescently
conjugated fibrinogen (Invitrogen, Life Technologies, Carlsbad, CA, 75 ug/ml) to label
fibrin(ogen) 5 min prior to initiation of flow assays. All healthy donor microfluidic
experiments were completed within 45 min of phlebotomy.

Microfluidic fabrication methods and device specifications were previously described
[24,33,34]Microfluidic channels ran perpendicularly over a 250 um wide strip of patterned
equine fibrillar collagen type | (Chronopar, Chogn@r Tissu€actor (TF) bearing
collagen type | surfaces (Dade Innovin, Siemens Healthcare USA, Malvern, PA).
Epifluorescent microscopy and image acquisition were performedtinmeraalpreviously
described23,24] Dilution of the hematocrit to simulate resuscitatidnced hemodilution
was achieved with exogenous addition of HERESréd saline (HBS, 20 mM HEPES,

160 mM NacCl, pH 7.5), donor specific platelet poor plasma (PPP) or platelet rich plasma
(PRP). Isolation of PRP or PPP was previously degedh@d] HBS, PPP or PRP was

added in 1:3, 1:1, 3:1 ratio to whole blood to obtain Hct levels of 309)%0%, 1
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respectively 5 min prior to initiation of the flow assay. Fibrinolysis was promoted by
exogenously adding 10X stock solutions of tPA (abcam, Cambridg&0uiiv))0Blood
samples were perfused at an initial venous wall shear rate' of 200rstal arterial wall
shear rate of 1222 is a previously designed pressure relief mode for 287inRlatelet

and fibrin accumulatiomere analyzed pseviously describ¢2i]

6.2.2 Microfluidic Assessment of Trauma patient platelet function

Following Institutional Review Board approval, blood was collected from trauma
patients (n = 20) who had sustaiimgaries requiring evaluation at the Hospital of
University of Pennsylvania (HUP) Level 1 Trauma Center. Exclusion criteria included failure
to obtain an initial blood draw and death within 24 h of admission. Patient demographics,
clinical laboratory testsults, and outcomes were recor@iadlé 5). All trauma patients
had Hct levels and platelet counts within physiologic raiagéss). All clinical laboratory
tests were obtained at the same time as the microfluidic assessment of trauma patient platelet
function. All trauma patient samples weiected within one hour of injury. A blood
sample was drawn upon patient arrival ustgg&je or larger needle into a 10 ml plastic
syringe (Becton Dickson, Franklin Lakes, NJ) containing no anticoagulant. Blood samples
were aliquoted into vacationtensclinical assays and residual blood was transferred into a
single vacutainer containing 100 uM PPACK. The effects of this collection method and the
delay between phlebotomy and inhibition by PPACK (average ~ 3 min) were assessed and
found to have negilge effects on platelet activation and thrombin generaigomg 8-16

Figure 8-17).
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Table 5. Twenty trauma patient characteristics and clinical data

102



Twenty trauma patients were examinafBrmicrofluidic assays with PPA@HibitedWB perfusion over

collagen. Trauma patient characteristics and clinical datepogtad, blood products post microfluidic testing

were administered within the first hour of evaluation by Hospital of University of Pennsylvania (HUP) Level 1
Trauma Center. Medications altering coagulation, blood product-agistioge conditionsict, platelet count,

Injury Severity Score (ISS), diagnosis of traumatic brain injury (TBI), PT, PTT, INR, blood alcohol level, and
blood products post microfluidic testing are as reported. (MCC, motorcycle crash; MVC, motor vehicle crash;

GSW: gun shot wmd; SW, stab wound.)

PPACKanticoagulateslood samples were treated with fluorescently conjugated anti
CD61a antibody (clone ¥AL2, Becton Dickson, Franklin Lakes, NJ, 0.125 pg/ml final
concentration) to label platelets andramian CD62P (Belectipantibody (BioLegend,
San Diego, CA, 4 ug/ml final concentration) to stain-8el€ctin. Blood samples were
subsequently treated with either HBS or 100X stock solutions of the indicated antagonists.
MRS 2179 (2leoxyN6-methyladenosine 35BSphospate ammonium salt (MRS 2179,
Tocris Bioscience, Minneapolis, MN\itBosoglutathione (GSNO, Santa Cruz
Biotechnology, Dallas TX), and iloprost (Tocris Bioscience) were the antagonists used and
dissolved at 0.1 mM, 10 mM, 0.2 mM in HBS respectively B perfusion in
microfluidic devices started within 10 min of blood collection in constant flow mode at 100
st
6.2.3 Statistical significance analysis

Statistical significance was assessed usintpddd/anpaired Studenttest. Data
sets were caidered significantly different from each other if the calculasdalep< 0.05.

Exact pvalues are reported in the results where p > 0.001, otherwise p < 0.001 is denoted.
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6.3 Results

6.3.1 Hemotocrit reduction: dilution reduces platelet deposition on collagn (no
thrombin) and plateletfibrin accumulation on TF/collagen
Our healthy volunteer study population had a mean age 26.2 £ 1.52y (10M/5F). The
effect of hematocrit dilution on platelet deposition was evaluated by ex vivo dilution of
healthy whole bloodith either saline, PPP, or PRRy(re 8-11. In the absence of
thrombin with PPACKnhibitedwhole blood at 200" splatelet deposition was strongly
inhibited by hemodilution with saline (p < 0.001), PPP (p < 0.001), or PRP (h 4@&0
20% Hct, p = 0.01: 30% Hcgigure 6-1A,C,E). As expected in tmeicrofluidicflow
assay over collagen, fibrin generation was dependemtnaiinhproduction and was
negligible in PPACGKhibited whole blood in the absence of sugaterned TF on

collagenKigure 6-1B, D, F).

104



Platelets Fibrin

>
vy

600
3000 —40% Hct n =40 clots, 5 donors
2500 — 30% Hct
O - 2000 | ——20% Het Aol
cC =+ | ——10% Het T
= 2 1500 £ 300
© = S
) o 1000+ T 150 —
500 —
0 T T . o LR
C 0 150 300 450 600 D 0 150 300 450 600
3000 ——40% Hct n = 32 clots, 4 donors 600
2500 — 30% Hct 450
- ———20% Het —
O v 2000~ __ 409 Het T
D_ % 1500 — = 300 —
0. 3 10004 S
o 500 L 150 —
0 I 'W'TM’VI —ed 0 —$|¢
E 0 150 300 450 600 F 0 150 300 450 600
3000 —40% Hct n =40 clots, 5 donors 600
2500 — 30% Het 0
- ———20% Hct 450 —
al = 2000 4 __ %09 Het T
0’ 3 1500 c 300
o T 1000 — S
o 500 L 150 —
D =T | T 0 [ e —— |
0 150 300 450 600 0 150 300 450 600

time (sec) time (sec)

Figure 6-1 Platelet accumulation on collagen in healthy donors following Hct
dilution in the absence of thrombin.

(A & B), Platelet and fibrin fluorescence intensities vs. time with saline dilutior(Gf&IEX), Platelet and
fibrin fluorescence vs. time with PPP dilution of (fic& F), Platelet and fibrin fluorescence intensities vs.

time with PRP dilution of Hct. Shaded traces are the mean and standard deviation of 10 clotting events from 5

donors.
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Smilarly, in the presence of surfaggered coagulatiofigure 6-2), we detected
significant decreases in platelet accumulation for all lowetedelécwhen whole blood
was diluted with saline (p < 0.001: 10 & 20% Hct, p = 0.0154: 30% Hct), PPP (p < 0.001: 10
& 20% Hct, p = 0.002: 30% Hct or PRP (p < 0.001: 10% Hct, p = 0.0035: 20% Hct, p =
0.0316: 30% Hctlrigure 6-2A, C, E). Total fibrin accumulation at lower Hct levels was
also significantly reduced when whole blood was supplemented with saline (p < 0.001: 10, 20
& 30% Hct) or PPP (p ©€.001: 10% Hct, p = 0.005: 20% Hct, p = 0.0064: 30% Hct) or
PRP (p < 0.001: 10% & 20% Hct, p = 0.3576: 30% Hct) to redudeigice(6-2B, D).
The reluced fibrin accumulation observed with reduced Hct cannot be due to a reduction in
coagulation factors since the concentration of coagulation proteins remains constant when
whole blood is diluted with PPP or PRP (as opposed to saline dilution). xjretimsest,
reduced platelet deposition was highly correlated with reduced fibrin production as Hct was

reduced, regardless of how Hct was lowErgdré 6-2).
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Figure 6-2 Platelet and fibrin accumulation on TF bearing collagen in healthy donors

following Hct dilution

(A & B), Platelet and fibrin fluorescence intensities vs. time with saline dilutio(©f&BX), Platelet and
fibrin fluorescence intensities vs. time with PPP dilution ofeH&tF), Platelet and fibrin fluorescence
intensities vs. time with PRP dilutioHot. Shaded traces are the mean and standard deviation of 10 clotting

events from 5 donors.
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