BLOOD MICROENVIRONMENT OF VASCULAR DISEASES AND DEVICES

By

Tia Casandra Lynn Kohs

A DISSERTATION

Presented to the Department of Biomedical Engineering
Of the Oregon Health & Science University

School of Medicine

In partial fulfililment of the requirements for the degree of

Doctor of Philosophy

In Biomedical Engineering

March 2023
© Tia Kohs
All Rights Reserved



OREGON HEALTH & SCIENCE UNIVERSITY
SCHOOL OF MEDICINE - DEPARTMENT OF BIOMEDICAL ENGINEERING

CERTIFICATE OF APPROVAL

This is to certify that the Ph.D. Dissertation of
Tia Casandra Lynn Kohs
“Blood Microenvironment of VVascular Diseases and Devices”

has been approved

Mentor: Owen J.T. McCarty, Ph.D.
Professor and Chair
Department of Biomedical Engineering

Member/Chair: Yali Jia, Ph.D.
Professor
Ophthalmology and Biomedical Engineering

Member: Fikadu G. Tafesse, Ph.D.
Associate Professor
Molecular Microbiology and Immunology

Member: Jonathan W. Nelson, Ph.D.
Instructor of Medicine
Division of Nephrology and Hypertension

Member: Philip F. Copenhaver, Ph.D.



Professor
Cell, Developmental and Cancer Biology

In dedication to...

David Lyle Kohs, my father and role model, who taught me to always trust the man upstairs and
to keep it simple stupid. Although his was cut short here on Earth, his lessons will never be

forgotten.



Table of Contents

Certificate Of APPIOVAL..... ..ot I
[ =Te [ToF=1 £ o] o ISR I
L= L] (o) @0 g1 =] o | £ SRR PR ii
LEST OF FIQUIES. ..ttt bbbttt ettt bbb xiii
LIST OF TADIES ..ttt es Xvii
LiSt OFf ADDIEVIALIONS ..o et sre e enes Xviili
ACKNOWIBAGEMENTS ...ttt b bbb ene s XXii
N 0] 1 (o PSP R 1

Chapter 1. Introduction to the Interactions of the Blood Microenvironment with Vascular

DiISEASES AN DBVICES .......veiiitieiieiete ittt sttt sttt e e bbbt bttt b e e e b e b nbe b aneeneas 5
L1 OVEIVIBW ..ttt bbbttt bbb bbbt bbbttt enes 5
1.2 Vascular ENdOtNeliUM ..o s 7

1.2.1 Barrier Function and Vascular Permeability ... 7
1.2.0.1 GAP JUNCLIONS ...ttt bbbt bbb 8
1.2.1.2  AJNEIENS JUNCLIONS ....oviiiiiiiiieiieeeie et 9
1.2.1.3 THGNE JUNCEIONS ... 10

1.2.2 Regulation 0f VasCUlAr TONE.......cccoiiiiiiiiieieeie e 13
1.2.2.1 NIIFC OXIUB ...ttt bbb 13
1.2.2.2 Prostacyclin and ThromboXane Av.........ccccueiiieiiieiene s 13
1.2.2.3  ENAOTNEIIN-L ..o e 14
1.2.2.4 Endothelium-Derived Hyperpolarizing Factor............cc.ccoovvvviiiiiieniienc e 14



L3 PIAERIEES oot e e e e e ————— e e e a e — 14

1.3.1 Platelet Adhesion to Extracellular Matrix Proteins ...........ccccoovveviiineneininciecnnn 15
1.3.1.1  von Willebrand Factor..........ccoiiieiiiiiiciceseeeseees e 15
1.3.1.2 COAQEN ..ot e 16
1.3.1.3  FIBIIN(OQEN) ...ttt et eereere e naeae s 16

1.3.2 Platelet Signaling During ACHIVatiON...........c.coiiieiieie e 17
1.3.2.1 Adhesion Receptor-Mediated Signaling .........cccccoeveiieiiiiieiieeie e 18

1.3.2.2 Soluble Agonist-Mediated Signaling Through G-Protein Coupled Receptors... 19

1.3.2.3 Convergence of Platelet Signaling Pathways.............ccccceoveiieeriiiiciicie e 22
1.3.3 Platelet AQQregation .........ccciieiiiiieieeie e 24
R O - To U] - 4 o] [ SRS RUOSRSSOR 25
1.4.1 Extrinsic Pathway of CoaguIation ...........c.cccveiiiiiiieieiie e 25
1.4.2 Intrinsic Pathway of CoaguUIAtioN ............ccccveiiiiiiicic e 26
1.4.2.1 Coagulation FACtor XI.........ccccveiiiiieiiee e 27
1.4.2.2 Coagulation FACtOr Xl .......c.ooiviiieieiie et 29
1.4.3 Convergence of Platelet Signaling Pathways ............ccccccevveiiiiiieeie e 30
1.5 Coagulation and Endothelial Cell INteractions.............ccccoveiiiieiieiicie e 31
1.6 Coagulation and Platelet INteractions............cccvevueiieieere i 33
1.7 Coagulation and INflammation............c.cocoeiiiiiiciieccc e 35
1.7.1 Coagulation and the Kallikrein-Kinin System.............ccccoviiiiiiiiie e, 35
1.7.2 Coagulation and the Complement SYStem..........ccccoeviviiiiiiiicii e 36
1.8 ALNEIOSCIEIOSIS .....eiuiieiie ettt be b 37



1.8.1 Progression Of AthErOSCIEIOSIS .......cccueiuiiieiieiie ettt ra e 37

1.8.2 Current Treatment StrateQIeS.......ccueieerieiierieeiesiese et e e see e se e sre e e e eee s 39
1.9 MUILIPIE SCIBIOSIS. .. .icuiiiiieiecie ettt et raeae e e sraeee s 40
1.9.1 Increased Blood-Brain Barrier Permeability ..........cccccooeiiieiiiieiecie e 40
1.9.2 Demyelination and Axonal Degeneration ............ccceeceivieiieeriesiiesieesesee e eseeseeseeneens 41
1.9.3 Current Treatment StrateQIES.......ccueieerieiieieeieeeese et e e e sre e e eee s 43
1.10 Extracorporeal Membrane OXYgenation ...........ccceeveieerieiieiieie e 44
1.10.1 Applications of Extracorporeal Membrane Oxygenation Therapy .........c.ccccocveevennene 44
1.10.2 Potential Thrombotic and Hemorrhagic Complications...........c.cccceevvvieiveveciieseennns 45
1.10.3 Current Treatment StrateQIES.......ccueieeiieiieie e e et sraene s 46

1.11 Current and Emerging Therapies for Vascular Diseases and Device-Related Thrombosis

47

1.11.1 TEC Family Kinases as TherapeutiC Targets .........ccccvvveeiieieiieieeie e se e 47
1.11.2 Coagulation Factors XlI(a) and Xll(a) as Therapeutic Targets............cccoevevrervereenne 50
1.12  DiSSErtation OVEIVIBW. .......oviuiiiiiiiieiietisieiieie sttt ettt sb b 52
Chapter 2. General Materials & Methods............cccooviiiiiiiieic e 56
2.1 Ethical CONSIAEIALIONS. .....c.eiiiiieeieieiertee ettt 56
2.2 COMMON REAGENTS ....eiiiieiiiie it stet ettt e e e et e e s e e e ssb e e e sab e e e nsbeeansaeeesneeenes 56
2.3 ANLIDOGIES ... 57
2.4  Blood Collection and ProCESSING ........ccueiviiiuiiiiieiiieiie et 57
2.4.1 Human BIood COlIECION .......c.eiiiiiieiicc s 57



2.4.2 Nonhuman Primate SAMPIES .........ccoiveiiiiicice e 57

2.5  Flow Cytometry for Platelet ACIVALION ...........cccoiiieiicii e 58
2.6 Nonhuman Primate Model of Obesity and Hyperlipidemia............ccceeveviiiveivcrnsnenne. 59
2.6.1 Lipid Levels and Complete BIOOd COUNLS ......c.cccvvveeiiieieiieie e 59
2.6.2 Inflammatory BIOMArKErS.........ccviieiieieiic ettt 59
2.6.3 Contrast Enhanced Ultrasound Molecular Imaging .........cccccccvevevvevvciesiese e 60
2.7 StatiStICAl ANAIYSIS .. .ecvviieeeie ettt ns 61

Chapter 3. Ibrutinib inhibits BMX-dependent endothelial VCAM-1 expression in vitro and

proatherosclerotic endothelial activation and platelet adhesion in Vivo.............ccccccceveieenens 63
Bl ADSIFACT 1ttt bbbt reare s 63
3.2 GraphiCal ADSIIACE.........cccveiiiiiiiiece et ns 64
TR N 1011 70T [FTox {To] o IS USSP PRSP 65
I 7. ot o | (o] o [P RPSROOR 65
3.5 Materials and MEthOUS .........coiiiiiiiiiie e areas 68

R TN A o (- Vo =] o PSPPSR 68
35,2 ANTIDOGIES......cviiiieiieiee e et 68
3.5.3 Flow Cytometry for VCAM-1 EXPreSSiON .......ccccoeieeieeiieiieieeie s eie e 69
3.5.4 Immunopreciptation and Western BIOtNgG .........ccccceeviiiiiciiciie e 70
3.5.5 Human Platelet 1SOIation ...........cooiiiiiii e 71
3.5.6 Platelet AQQregation .........coouiiiieiie ettt 72
3.5.7 Flow Cytometry for Platelet ACtIVAtion ............cccccviiiiiiiiiiicce e 72

Vi



3.5.8 Nonhuman Primate Model of Early Atherosclerosis...........cccoovevvvieieeriesieiieeseenn, 73

3.5.9 Nonhuman Primate BIood COlIECTION..........ccoiviiiiiiiiiicee e 74
3.5.10 Hematological Analysis for Lipid Profiles and Inflammatory Biomarkers ............... 74
3.5.11 Targeted Molecular Imaging Agent Preparation .............cccccevvevesieesieeninsieseese e 75
3.5.12 Carotid Molecular IMaging .......cccoovuiiieiiiie e 76
3.5.13 StatiStICAl ANAIYSIS .. .eeiveeieiiesiiee e 77
B8 RESUILS ...t 77
3.6.1 Effects of VEGF-A on Endothelial Cell VCAM-1 EXPression..........cccccvevvevvereesnnenn. 77
3.6.2 Effects of BMX Inhibition on Endothelial Cell VCAM-1 Expression ...................... 78
3.6.3 Effects of TFK Inhibition on Platelet Aggregation .............cccocveveiieeneeresie s 80
3.6.4 Effects of TFK Inhibition on Platelet P-selectin and PAC-1 Expression................... 80

3.6.5 Effects of TFK Inhibition on Body Weight, Lipid Profiles, and Inflammatory
BIOMAIKELS ...ttt ettt renneere s 83

3.6.6 Effects of TFK Inhibition on Carotid Endothelial Activation and Platelet Adhesion 84

.7 DUHSCUSSION ..ottt e e et e e e e e e e e e e et e e e e e e e e e e eeaeaeaaaaaa 85

Chapter 4. Pharmacologically targeting of coagulation FXI in a hyperlipidemia model

inhibits endothelial inflammation and priming of platelet activation.................ccccccoovevvennins 89
A1 ADSITACT ...ttt n s 89
4.2 INEFOTUCTION .ottt r bbb 90
4.3 BaCKQIOUNG ...t et e e e e re e 91
4.4 Material and Methos. ..........ooiiiiiii s 93

o S T Vo [T | ST 93



A.4.2  ANTIDOUIES. ..cceeee ettt e e e et e e e e et e e e e e e e e e eaaaens 93

4.4.3 Generation of Anti-FXI Monoclonal Antibodies ...........cccooviiiiiiiiiiccce 93
4.4.4 Nonhuman Primate (NHP) Model of Hyperlipidemia ..........cccccooevvevveinieiienec, 94
4.4.5 Blo0d COHECHION ..o 95
4.4.6 Hematological Analysis for Complete Blood Counts and Lipid Levels.................... 95
4.4.7 Plasma Clotting Assays and Quantification of Coagulation Factor Activation ......... 96
4.4.8 Flow Cytometry for Platelet ACIVILY ........cccccveiiiiiiieiece e 96
4.4.9 Hematological Analysis for Inflammatory Biomarkers ............cccocevveveiciicviecnenn, 97
4.4.10 Nanoparticle Tracking ANAlYSIS ........ccocoiiiiiiieiice e 98
4.4.11 Nanoscale Flow Cytometry of Extracellular Vesicles............ccooiveviveiiviiciiciecn, 98
4.4.12 Targeted Molecular Imaging Agent Preparation .............cccoceevveveiieieesesiee e s 99
4.4.13 Contrast Enhanced Ultrasound (CEU) Molecular Imaging..........ccccccceviveveiieieennns 100
4.4.14 StatiStiCal ANAIYSIS ....occveieieiiece et 101
4.5 RESUITS ..ottt 101

4.5.1 Effects of Diet-induced Hyperlipidemia on Platelet Activity and Thrombin
GBNEIALION ...tttk b bbbt bbbt bt b bbb et 101
4.5.2 Effects of Diet-induced Hyperlipidemia on Inflammation................ccccoeviiiennennnns 106
4.5.3 Effects of Pharmacological Targeting of FXI on the Thromboinflammatory
Phenotype of HYperlipidemia..........ccooiiiiiiiiii e 108
4.5.4 Effects of Pharmacological Targeting of FXI on Endothelial Inflammatory Markers

113

A0 DISCUSSION .ceeeeeeeeeeeeee ettt 114

viii



Chapter 5. Pharmacological targeting of coagulation factor XI attenuates experimental

autoimmune encephalomyelitiS IN MICE ......ccocoeiiiii e 120
5.1 ADSIITACT 1 et bbb ne e 120
5.2 INTFOQUCTION ..o bbbttt bbb ne e 121
5.3 BACKQIOUNG ..ot te et e e e sba e teeaesneenneeneeas 122
5.4  Material and MethodS........ccviiiiiiiiiii e 124

I o B (=TT [T | SRR PR 124
542 ANIMAIS.....eoiiiiii ittt bbbttt bbb ene s 125
5.4.3 EAE Induction and 14E11 Treatment .......cccoerererierieniesiesiesiseeee e 125
5.4.4 FIOW CYLOMEIIY ...viiiiecie ettt sttt et e e aeenesne e raenne s 126
5.4.5 IMMUNONISTOCHEMISIIY ......oiiiiiccce e 126
5.4.6  StatiStiCAl ANAIYSIS ....eccveiieiieie et 128
5.5 RESUILS ..ttt bbbt ne e 129
5.5.1 Effect of FXI Inhibition on Clinical Signs of EAE ...........cccooeiiiiiie e 129
5.5.2 Effect of FXI Inhibition on EAE-Induced Inflammation ...........ccocooevviiiininnnnnns 130
5.5.3 Effect of FXI Inhibition on Demyelination in the Thoracic Spinal Cord................. 132
5.5.4 Effect of FXI Inhibition on Fibrin(ogen) Accumulationinthe CNS ....................... 133
5.6 DISCUSSION ...ttt sttt sttt sttt e s bt et e e st e e be et e e neesbeenbeeneesneenbeenbens 134

Chapter 6. Development of coagulation FXII antibodies for inhibiting vascular device-

FEIATEO TNTOMDIOSES ...ttt et e e esesenesenenennnnnnnnnn 139

0.1 ADSIIACT .. 139



B.2  INETOUUCTION <.ttt e e et e ettt e e e e e e e e e et eeeeeeeeae e eeeeneeeeaaans 140

6.3 BACKQIOUNG ...ttt e e e e e teeaesnnenreenee s 141
6.4  Material and MethOdS..........ccvoiiiiiiie e 144
6.4.1 Generation of Anti-FXII Monoclonal Antibodies ... 144
6.4.2 Expression of Recombinant FXII and Antibody Mapping.........cccceeeeevveieiieeneennns 145
6.4.3 Western Blot of Plasma FXIT ..o 145
6.4.4 Activated Partial Thromboplastin Time (aPTT)......cccooevieieiiiiieee e 146
6.4.5 Non-activated Thromboelastometry Analysis (NATEM ) .....ccccccooviieviiiiciiiecnennn, 147
6.4.6 FXII Activation and FXHa INNIDItION ... 147
6.4.7 Flow Chamber ANAIYSIS .......cooveiiiiiiieie et 148
6.4.8 Anticoagulation of BabOONS ..........ccccveiiiiiie e 149
6.4.9 Baboon Model of Thrombogenesis in Extracorporeal Membrane Oxygenators...... 149
8.5 RESUILS ..ot 150
6.5.1 Generation and Characterization of Monoclonal FXII Antibodies .............ccccceeee. 150
6.5.2 Cross-reactivity of Monoclonal FXII Antibodies..........cccooviieiiiiiiiiccecic e 152
6.5.3 Effect of Monoclonal FXII Antibodies on Clotting TIMES .......ccccccevvvevveiciieieennns 154
6.5.4 Effect of Monoclonal FXII Antibodies on FXII Activation and FXlla Activity ..... 159

6.5.5 Effect of Monoclonal FXII Antibodies on an In Vitro Model of Thrombus Formation

L0 a0 (=T g 1 (o)1 TR 160

6.5.6 Effect of Monoclonal FXII Antibodies on an In Vitro Model of VVascular Device-

INItIAtEd ThrOMBDUS FOIMATION ...ttt eeenenennnnes 161

0.6 DISCUSSION < ..o 164



Chapter 7. Severe thrombocytopenia in adults undergoing extracorporeal membrane

oxygenation is predictive of thromMbDOSIS...........ccovveiiiiiec e 169
T L ADSIFACT . bbb bbb 169
A 111 7o [¥Tox {To] o PSSRSO 170
A TN = 7 ot o[ (o] T IS SOSSSRSSIN 170
7.4 Material and MethodS........ccviiiiiiiii e 172

7.4.1 Study Design and Data SOUICE ..........c.civeiueiieieeie e s e se et se e sre e 172
7.4.2 StUdY POPUIALION........iiiieie e 172
7.4.3 Data COIBCLION ......oveiiiiiiciiee ettt eneas 172
7.4.4 ECMO Anticoagulation ProtOCOIS...........ccceiieieeiiiie it 173
7.4.5 StatiStiCal ANAIYSIS ....ccueeivieieiicce e 173
7.5 RESUILS ..ttt bbb reene e 174
7.5.1 Patient Demographics and Clinical OUtCOMES ..........ccceeveeiiiieii e 174
7.5.2 Thrombotic and Hemorrhagic EVENTS..........ccciveiiiiiiicce e 176
7.5.3 Incidence and Clinical Ramifications of Thrombocytopenia............ccccccoviieiiennnn. 177
T8 DISCUSSION ..ieiiieieite sttt sttt b ettt be st er e e st et et e nbesbesbeareane e 180

Chapter 8. Predictors of venous thrombosis in VV ECMO: an analysis of the ELSO

RegISTIY 2015-2009.... ittt e e e e e e rreera e 185
8L ADSIIACT ... 185
8.2 GraphiCal ADSIIACE.........ceiiiiiic et 186
8.3 INTFOAUCTION ... 186



8.4 BACKQIOUN .......eoiieiecee et te et e b e e esre e teeaesnaenreaneeas 187

8.5  Material and MethOdS........ccviiiiiieie e 188
8.5.1 Study Design and Dat@ SOUICE ..........cceiuveriiiieieeiiesieeseese e see e eee e sreesaeseesreenaeas 188
8.5.2 ThrombOtiC EVENLS ......cciiiiiiiiicee et 189
8.5.3  StatiStiCal ANAIYSIS ....ccueeiieieiiici et 190

B8 RESUILS ...ttt bbb ne e 191
8.6.1 Primary Analysis Population CharaCteristiCs ..........cccoovevieviiiieeiiiie e 191
8.6.2 Prevalence of Thrombotic CompliCations............ccccevvveieeiiiiiieie e 193
8.6.3 Predictors of Thrombosis (As a Composite of All Thrombotic Events).................. 194
8.6.4 Predictors of Circuit Thrombosis and Membrane Lung Failure............c.ccccoveeenins 195
8.6.5 Predictors of In-Hospital Mortality ............ccccooiveiiiiiiiiiiceceee e 198

8.7 DISCUSSION ..ttt sttt sttt b bbbt b b e et e b nbesbesbe b e ane e 199

Chapter 9. Conclusions and Future DIreCtioNS...........ccceviiiiii e 201

0.1 CONCIUSIONS ...ttt bbbt s et e et nbeebe b reene e 201

0.2 FULUIE DIFBCHIONS. ... .iitiitieiietietieie ettt bbbttt bbb e ne e 204

9.2.1 Platelet Priming for Activation as a Product of FXI Activation or FXla Activity... 204

9.2.2 The Role of FXI Activation or FXla Activity in Inflammation .................c.ccccece... 205
] (] =] (o0 PRSP TRPRP 207
BIographical SKETCN ...........ooiiie e e 236

xii



List of Figures

CHAPTER 1

Figure 1.1 Role of endothelial cells, platelets, and coagulation factors in vascular devices and
AISBASES ..tttk t bbb bbb bbb R R AR £ e e R R Rt Rt Rt R b et bbb b neenes 6
Figure 1.2 Intercellular junctions regulate endothelial cell barrier function and vascular
QLT LT= o1 1] PSSR 8

Figure 1.3 Junctional adhesion molecule facilitate interactions between ECs, platelets, and

JEUKOCYLES ...ttt et b et e s et e e e e se e e ae e beesseete e teeseeaseesteennenneenteeneeas 12
Figure 1.4 Key receptors and ligands that contribute to the activation of platelets..................... 17
Figure 1.5 Platelet signaling through G-protein coupled receptors ..........cccovvevevieiieieiiieseennens 20
Figure 1.6 Platelet integrin alIbB3 signals through "inside-out” and "outside-in" pathways...... 24
Figure 1.7 The structure of coagulation FXII(2).........cccveviiiieiieie e 28
Figure 1.8 The structure of coagulation FXI(@) ..........cccveviiieiiiiie i 30
Figure 1.9 Progression Of atheroSCIErOSIS ........ccuiviiiiiiiic e 39
Figure 1.10 Pathologies associated with the progression of multiple sclerosis. ............c.ccccvenen. 43
Figure 1.11 Extracorporeal membrane OXYgeNation ............ccccveiveiieeieerieieeseeseseese e see e 45
Figure 1.12 TEC family kinases and their domains............c.ccccvveieiieiicic i 48
Figure 1.13 Function and substrates of coagulation factor Xla............cccoocevvviviiiiiicic e, 51
Figure 1.14 FXla as a central regulator of hemostasis, thrombosis, and inflammation............... 52
CHAPTER 2

Figure 2.1 Statistical tests based on GraphPad Prism 9 guidance ...........cccccoovevieiiieiie e, 62

Xiii



CHAPTER 3

Figure 3.1 VCAM-1 expression in human aortic endothelial cells following exposure to VEGF-
F N0 U\l X o ST RPUPRPUPRPR 78
Figure 3.2 Effect of ibrutinib on VEGF-A-induced VCAM-1 expression in human aortic
ENAOLNEHIAI CEIIS ... 79
Figure 3.3 Platelet aggregation and activation in response to the GPVI-agonist, CRP-XL ........ 82

Figure 3.4 Experimental design and targeted contrast-enhanced ultrasound molecular imaging 85

CHAPTER 4

Figure 4.1 Hyperlipidemia primes platelet activation by GPVI or PAR-1 agonists.................. 104
Figure 4.2 Levels of activated FXI were elevated in a model of hyperlipidemia...................... 104
Figure 4.3 Diet-induced hyperlipidemia increased markers of systemic inflammation ............ 107
Figure 4.4 FXI inhibition prolonged aPTT clotting times in a model of hyperlipidemia.......... 109

Figure 4.5 The sensitization of platelets for activation by GPVI or PAR-1 agonists in the setting
of hyperlipidemia was reversed following treatment with a FXI inhibitor ................c.ccccooee. 110
Figure 4.6 FXI inhibition prevented the increase in C-reactive protein levels in a model of

)Y 0T [T o Lo (=1 0 (V- A USSP 112

Figure 4.7 Treatment with a FXI inhibitor reduced VCAM-1 expression at the inflamed vessel

wall surface in the setting of hyperlipidemia............ccccoveiiiiiiicie e 114
CHAPTERS
Figure 5.1 EAE symptoms attenuated by treatment with 14E11..........ccccoeiiiiiiiiiic e, 130

Figure 5.2 Treatment with 14E11 reduced inflammation caused by EAE in the CNS, but not in

SPIENIC MACTOPNAGES ...ttt et e e e et e e b e et e e s be e et e e e beeebeesneeanes 131

Xiv



Figure 5.3 Axonal damage and demyelination in the thoracic spinal cord is reduced following
treatment WIth LAELL .. ....ooiiiiiii bt b bbb ene s 133

Figure 5.4 Effects of pharmacologic targeting of FXI by 14E11 treatment on fibrin(ogen)

deposition in the SPINAI COMO .........cooiiiiiic e 134
CHAPTER G

Figure 6.1 Human FXII. (A) Primary and secondary structure of FXII..........ccccocovvveiviininennn. 144
Figure 6.2 Western blots of human and mouse FXII ... 152
Figure 6.3 Western blots of FXII from mammalian plasmas ..........c.cccocveveiieii e, 154
Figure 6.4 Clotting times were measured USING aPTT .......cccoooeiieiiiiieseere e 156

Figure 6.5 Thrombus formation and growth was measured using non-activated

trOMDBDOBIASIOMELIY ...t s e et et esreeste e e e sreere s 158
Figure 6.6 Anti-FXII antibodies inhibit FXIa actiVity...........cccccveviiieiieiecc e, 160
Figure 6.7 Effect of anti-FXII antibodies on fibrin and thrombus formation under shear ........ 161

Figure 6.8 Time course of coagulation parameters after 1B2 or 1D7 administration in a

NONNUMAN PIIMALE ....c.viiiiceic et e et e et e e e st e e sreeseesbeesteeneesreesreenee e 162
Figure 6.9 Effect of 1B2 on platelet deposition and fibrin formation in ECMO........................ 164
CHAPTER Y
Figure 7.1 Platelet counts stratified by VA and VV ECMO.........ccccoeiiveiiic i 180
CHAPTER 8
Figure 8.1 Exclusion criteria used for defining the primary analysis population...................... 189

Figure 8.2 Violin plot showing the flow rate at 24 hours for patients stratified by the incidence
of thrombotic events or in-hospital MOrtality ............ccccevii i 194
Figure 8.3 Clinical characteristics and cannulation sites associated with thrombotic events.... 195

XV



Figure 8.4 Clinical characteristics and cannulation sites associated with circuit clots or air

Figure 8.5 Clinical characteristics and cannulation sites associated with in-hospital mortality 198

CHAPTER 9

Figure 9.1 FXI inhibition blunts C-reactive protein levels...........cccooevveveiie v, 205

XVi



List of Tables
CHAPTER 3

Table 3.1 Body weight, lipid profiles, and inflammatory biomarkers in obese NHPs at baseline

and after one week of ibrutinib treatMeNt ...........cooeiiiiiii e 84
CHAPTER Y

Table 7.1 Demographic and clinical characteristics of 67 adult patients on ECMO ................. 176
Table 7.2 Site of thrombotic and hemorrhagiC eVENts ...........ccccoveveiiiiiccc s 177

Table 7.3 Univariate logistic regression assessing the relationship between platelet count and

relevant CliNICal OUICOMES. .......ooviiiiiieicest et 178
Table 7.4 Multivariate logistic regression to predict outcome variables ..............ccccoevvveinennnns 179
CHAPTER 8

Table 8.1 Demographic information for adult patients on VV-ECMO .........ccccccceviveviiieieenns 192
Table 8.2 Thrombotic complications for adult patients on VV-ECMO...........cccccevveviiieinennns 193

XVii



List of Abbreviations

ACT Activated clotting time

ADP Adenosine diphosphate
ALKP Alkaline phosphatase

ALT Alanine transaminase

APC Activated protein C

aPTT Activated partial thromboplastin time
AST Aspartate aminotransferase
AT Antithrombin

BBB Blood brain barrier

BK Bradykinin

BMI Body mass index

BMX Bone marrow tyrosine kinase gene in chromosome X
BSA Bovine serum albumin

BT Bleeding time

BTK Bruton’s tyrosine kinase
BUN Blood urea nitrogen

CAS Contact activation system
CBC Complete blood count

CDI Cumulative disease index
cDNA Complementary DNA

CEU Contrast-enhanced ultrasound

xviii



CFT Clot formation time

CFH Complement factor H
Cl Confidence interval
CNS Central nervous system

COVID-19 Coronavirus disease 2019

CRP-XL Cross-linked collagen-related peptide

CT Clotting time

CvD Cardiovascular disease

EAE Experimental autoimmune encephalomyelitis
ECs Endothelial cells

ECMO Extracorporeal membrane oxygenation
ECOS Extracorporeal organ support

EGF Epidermal growth factor

ELSO Extracorporeal Life Support Organization
ETC Endocrine Technologies Core

EV Extracellular vesicle

F Factor

GCT Glucose challenge test

GPCR G-protein coupled receptor

GPIba Glycoprotein-Iba

GPVI Glycoprotein VI

HAEC Human aortic endothelial cell

h1A6 Humanized 1A6

XiX



HGFA Hepatocyte growth factor activator

HK High molecular weight kininogen
ICAM-1 Intercellular adhesion molecule 1
IgG Immunoglobulin G

IL Interleukin

IP Intraperitoneal

ITAM Immunotyrosine activation motif
mADb Monoclonal antibody

MCF Maximum clot firmness

MMP Matrix metalloproteinase

MOG Myelin oligodendrocyte glycoprotein, peptides 35-55
MPO Myeloperoxidase

NATEM Non-activated thromboelastometry
NHP Nonhuman primate

ONPRC Oregon National Primate Research Center
OPC Oligodendrocyte progenitor cell
OR Odds ratio

PAR Proteinase-activated receptor

PCR Polymerase chain reaction

PK Prekallikrein

polyP Polyphosphate

PPP Platelet poor plasma

PRP Platelet rich plasma

XX



PS

PT

PTX

RFU

RT

STAT3

sVCAM-1

TAT

TEC

TFKs

TFPI

TNF

TNFR

TRAP-6

UFH

VA

VAD

VCAM-1

VE-cadherin

VEGF

VEGFR

VWF

\YAY

Phosphatidylserine

Prothrombin time

Pertussis toxin

Relative fluorescent units

Room temperature

Signal transducer and activator of transcription 3
Soluble vascular cell adhesion molecule 1
Thrombin-antithrombin complex

Tyrosine Kinase expressed in hepatocellular carcinoma
TEC family kinases

Tissue factor pathway inhibitor

Tumor necrosis factor

Tumor necrosis factor receptor

Thrombin receptor activator peptide 6
Unfractionated heparin

Veno-arterial

Ventricular assist device

Vascular cell adhesion molecule 1
Vascular endothelial-cadherin

Vascular endothelial growth factor
Vascular endothelial growth factor receptor
von Willebrand factor

Veno-venous

XXI



Acknowledgements

First and foremost, | would like to express my gratitude for my Ph.D. advisor, Dr. Owen
McCarty. From sitting in the microscopy suite tinkering to long brainstorming sessions in his
office, his support as a mentor is nothing short of remarkable. Perhaps some of the most
memorable experiences with Owen come from times where he is fully embracing his role as
‘theplateletwalker’. Those of you that know Owen know that the only thing that rivals his love of
science is his love of long-distance hiking. Whether it be calling me with patchy cell signal in the
midst of his infamous thru-hiking trips or chatting animatedly with a full entourage jogging to
keep pace with his stride, there has never been a boring moment working for him. His
impeccable ability to see the larger picture and knack for providing just the right amount of

structure are truly admirable.

I would also like to thank my Dissertation Advisory Committee. Dr. Yali Jia, serving as the
Chair of my committee, has been a phenomenal role model as a fellow woman in science and has
helped refine my data analysis skills. Dr. Fikadu Tafesse has been a visionary and inspiration,
pioneering novel research endeavors to study the SARS-CoV-2 variants. Dr. Jonathan Nelson
has gone above and beyond, taking the time to meet with me before each committee meeting to
chat about not only science, but also about personal development throughout the graduate school
process. Last but not least, Dr. Philip Copenhaver graciously agreed to serve as my last

committee member.

| am grateful for Drs. Florea Lupu, Ravi Keshari, and Robert Silasi (Oklahoma Medical
Research Foundation) for the continued collaboration and for generating data that helped define

the contact pathway activity. | thank Dr. David Gailani (Vanderbilt University) as well as Drs.

XXIi



Erik Tucker, Michael Wallisch, Christina Lorentz, Norah Verbout, and Brandon Markaway
(Aronora Inc.) for the illuminating discussions surrounding FXI and continued project support. |
thank Dr. Jodo Seixas (Targtex), Dr. Gong¢alo Bernardes (University of Cambridge), and
Barbara Sousa (Universidade de Lishoa), for teaching me about drug development and testing.
| thank Dr. Mark Larson (Augustana University) for teaching me the ways of platelet

aggregation and building my confidence with wet lab skills.

The opportunity to conduct studies at the Oregon National Primate Research Center would not
have been possible without: Drs. Monica Hinds, Jonathan Lindner, David Erickson, Paul Kievit,
and Michelle Pounder. Technical support from Jennifer Johnson, Carrie McArthur, Melissa

Kirigiti, Aris Xie, James Hodovan, Matthew Muller was greatly appreciated.

A special thank you to the Department of Biomedical Engineering, especially the members of the
McCarty group who welcomed me and made the lab feel like a second home: Drs. Cristina Puy,
Joseph Aslan, Anh Ngo, Stephanie Reitsma, Hari Lakshmanan, Tony Zheng, Ivan Parra-
Izquierdo, Si Han Wang, and Chih Jen Yang. | thank Meghan Fallon for all the of long chats and
fun calendar invites over the years. | thank Alexander Melrose for showing me the ropes in the
lab and for running increasingly long races with me. | thank Gavin Young and Benjamin Weeder
for rescuing me when R was being fickle. | thank Victoria Duke and Sami Moellmer for never
failing to make me laugh and for being the sisters | never had. Jiaging Pang, Nhu Nguyen, Helen
Vu, and Kelley Jordan also contributed greatly with their technical support. Last but not least,
Angelyn Kimball, Caitlin Currie, and Catherine Hogan played key roles in supporting the

McCarty group.

xXxiii



It has also been a pleasure to work with the clinicians: Drs. Sven Olson, Patricia Liu, Vikram
Raghunathan, Michael Pfeffer, Luke Masha, Malinda West, Bishoy Zakhary, and David Zonies.
A special thanks to Dr. Joseph Shatzel and his extensive mentorship during my time in the

program.

I would also like to express my gratitude for my parents, Carrie and Matthew Knight, for always
believing in me and encouraging me to keep going. After this defense, you will no longer need
the binder with my publications. A huge thanks to my second family, the Bodenhamer’s—our
crazy ‘cow ideas’ make for the best stories. The unwavering support from my fiance, Andrew
Obst, has also been instrumental in my success. | look forward to starting our life together in

Washington D.C.

XXV



Abstract

Blood Microenvironment of VVascular Devices and Disease

Tia C.L. Kohs

Department of Biomedical Engineering
School of Medicine

Oregon Health & Science University

March 2023

Dissertation Advisor: Owen J.T. McCarty, Ph.D.

The blood microenvironment is a dynamic system consisting of a diverse range of cells
and plasma proteins that function together to maintain homeostasis. In my dissertation, I
explored the intricate interplay amongst the different components of the blood
microenvironment (e.g. endothelial cells, platelets, and coagulation factors) in studies
ranging from in vitro experiments, to in vivo studies with nonhuman primates (NHPs),
and clinical studies. My objective was to leverage knowledge of complex blood
microenvironment interactions to develop tools targeting the intracellular and
extracellular pathways that contribute to the manifestation of vascular diseases and

responses to vascular devices.



My dissertation began by examining the role of Tec family kinases (TFKSs) and
coagulation factor (F) X1 in the thromboinflammatory milieu associated with diet-
induced hyperlipidemia. In our in vitro studies, we showed that VEGF-A induced
endothelial activation dependent on the TFK, bone marrow tyrosine kinase on
chromosome X (Bmx). In a pilot study using a nonhuman primate (NHP) model of diet-
induced hyperlipidemia, we observed a reduction in platelet deposition and endothelial
cell activation following treatment with the TFK inhibitor, ibrutinib. These data suggest
that TFKs may be complicit in the pathologies underlying thromboinflammatory

diseases, such as atherosclerosis, making them a promising therapeutic target.

As an alternative mechanism, we investigated the role of FXI in maintaining the
thromboinflammatory phenotype observed in chronic hyperlipidemia. NHPs from the
diet-induced hyperlipidemic cohort were treated with the anti-FXI monoclonal antibody,
humanized 1A6 (h1A6). This blocked FXIla-mediated activation of FXI, as well as FXla-
mediated activation of FIX and FV. Following treatment with h1A6, we observed: 1) a
reduction in the inflammatory biomarker, C-reactive protein; 2) decreased platelet
reactivity to activation by GPVI and PAR-1 agonists; and 3) endothelial cell activation as
measured by VCAM-1 levels. These findings imply that therapeutic agents targeting FXI
may extend beyond anticoagulation to include both antiplatelet and anti-inflammatory

benefits.

The next set of studies evaluated if the benefits of pharmacologically targeting FXI could
extend to the murine model of multiple sclerosis (MS), experimental autoimmune

encephalomyelitis (EAE). As such, EAE mice were treated with the monoclonal
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antibody, 14E11. Note, this antibody selectively inhibits FXIla-mediated activation of
FXI and the reciprocal FXla-mediated activation of FXII in vitro.> We found that
treatment with 14E11 reduced disease severity, immune cell migration, axonal damage,
and BBB disruption in mice with EAE. Based on these findings, therapeutic agents

against FXI and/or FXII may be used to treat autoimmune and neurologic disorders.

We then performed a series of functional assays to characterize select anti-FXII
antibodies developed by our group. From our preliminary analysis, we selected 1B2 for
additional screening in a baboon model of vascular device-initiated thrombosis.
Following treatment with 1B2, we observed a reduction in platelet deposition and fibrin
formation. These results provide the rationale for targeting coagulation factors to reduce
or prevent vascular-device associated thrombosis in a variety of clinical settings,

including extracorporeal membrane oxygenators (ECMO).

In the concluding chapters of my dissertation, multivariate logistic regression models
were used to identify predictors of clinically relevant outcomes for patients on ECMO,
including thrombotic and hemorrhagic events. The first retrospective cohort analysis was
a single-center study investigating the incidence, predictors, and clinical consequences of
severe thrombocytopenia in ECMO patients. It was determined that severe
thrombocytopenia was predictive of thrombosis in adult ECMO patients. In a subsequent
retrospective cohort study, we queried the Extracorporeal Life Support Organization
(ELSO) Registry from 2015 to 2019. We found that patients with ECMO runs that
exceeded 14 days and higher pump flow rates were at an increased thrombotic risk.

Moreover, our multivariate regression indicated that thrombosis increased the likelihood



of in-hospital mortality. Although it remains difficult to ascertain associations between

clinical factors and thrombosis, this work was hypothesis-generating.

Overall, the studies included in my dissertation provided new insights regarding the
contribution of TEC family kinases and blood proteins, specifically coagulation factors
(F) X1 and XII, to our understanding of vascular diseases and devices. Findings from this
work may be used to create novel biochemical tools and inform directional changes in

thrombosis research.



Chapter 1. Introduction to the Interactions of the Blood Microenvironment with
Vascular Diseases and Devices

1.1 Overview
The blood microenvironment is a complex milieu of cells and plasma proteins that work
in concert to maintain homeostasis. Under physiological conditions, the vascular
endothelium serves as a selective and dynamic regulator of membrane permeability and
vascular tone.>> Meanwhile, platelets quiescently circulate in blood, patrolling for
vascular leaks.® In the event of vascular damage or injury, the blood vessel vasoconstricts
and endothelium becomes activated. This in turn exposes blood cells and coagulation
factors to the extracellular matrix (ECM) proteins and tissue factor (TF) expressing cells
that comprise the extravascular space. When circulating platelets detect that the
endothelial barrier has been compromised, they begin repairing the vasculature through a
process known as hemostasis.® Initially, platelets tether to the exposed ECM proteins and
activate through a series of intercellular signaling processes that facilitate the formation
of a temporary platelet plug. In concert, the coagulation cascade is initiated upon
exposure to tissue factor, ultimately leading to thrombin generation. Thrombin acts as a
potent platelet agonist, thus amplifying the platelet activity; it also is the main serine
protease that cleaves fibrinogen into fibrin, which facilitates the formation of a stable

fibrin clot.”®

In the following chapters, | will describe the interplay between endothelial cells, platelets,
and coagulation in the blood microenvironment. | will narrate how these interactions

impact both physiological processes (e.g. endothelial barrier function, hemostasis) and



pathological processes (e.g. chronic inflammation, autoimmune disease, vascular device-

related thrombosis) (Figure 1.1.).
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Figure 1.1 Role of endothelial cells, platelets, and coagulation factors in vascular
devices and disease. The blood microenvironment is a dynamic system comprised of
various cells and plasma proteins that together regulate maintain homeostasis. In the
coming chapters, | outline my studies: 1) examining the intricate interplay of endothelial
cells, platelets, and coagulation factors in hemostasis; and 2) investigating how these
interactions impact the development of vascular diseases like atherosclerosis and multiple
sclerosis, as well as responses to vascular device-related thrombosis. My work aims to
create effective tools targeting intracellular and extracellular pathways within the blood
microenvironment, while identifying key factors that predict adverse clinical outcomes to
enhance patient care. Figure created with BioRender.com by Tia C.L. Kohs.



1.2 Vascular Endothelium

The vascular endothelium is a monolayer of cells that line the interior of blood vessels,
serving as a barrier between circulating blood in the lumen and the surrounding tissues. It
is comprised of cobble-stone shaped endothelial cells (ECs) anchored to an 80 nm thick
basal lamina (BL). While EC morphology varies widely based on its position in the
vascular tree, ECs typically measure 10-30um in width, 30-50um in length, and 0.1—
10pm in thickness.® The luminal surface is directly exposed to circulating blood
components and cells, whereas the basolateral surface is anchored to a glycoprotein
basement membrane. To mitigate the shear stress exerted by the flowing blood, the ECs
orientate themselves along the axis of the vessel walls.® While initially thought to be an
inert and hemocompatible barrier, the utility of the vascular endothelium extends to other
processes that dynamically regulate vascular permeability and vascular tone.*® In the
following sections, | will describe the integral role of the endothelium in the vascular

microenvironment.

1.2.1 Barrier Function and Vascular Permeability

Endothelial barrier function and vascular permeability are modulated by intercellular
junctions (e.g. gap, adherens, or tight junctions) that form a selective barrier against the
egress of plasma and macromolecules from the circulation (Figure 1.2).34 These
junctions also play key roles in other cellular functions, including cell differentiation,
proliferation, migration, signal transduction, and gene expression.'® Herein, I will

summarize the molecular underpinnings that regulate these junctions.
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Figure 1.2 Intercellular junctions regulate endothelial cell barrier function and
vascular permeability. Endothelial cells use intercellular junctions as mediators of
endothelial cell barrier function and vascular permeability. These junctions include: gap
junctions (e.g. connexins), adherens junctions (e.g. VE-cadherin), and tight junctions (e.g.
occludin, claudin, JAM). VE, vascular endothelial. JAM, junctional adhesion molecule.
Figure created with BioRender.com by Tia C.L. Kohs.

1.2.1.1 Gap Junctions

Gap junction (GJ) channels are intercellular communication structures that provide a
passageway for solutes with low molecular weights.!! These channels are comprised of
connexins (Cxs). In the human genome, there are 21 different connexin genes that encode
Cx proteins. Each of these Cx proteins have molecular weights ranging from 20-62 kDa
and share the same protein topology, including: four transmembrane domains, two
extracellular loops, a cytoplasmic loop, and N- and C-terminal domains.2!2 They are
synthesized in the endoplasmic reticulum (ER), oligomerized into hexameric connexons
in the endoplasmic reticulum or the Golgi apparatus, and shuttled along microtubules by
vesicles to the plasma membrane. When hemichannels from adjacent ECs dock, they

form GJ channels that can facilitate ion and small metabolite exchange.*? Although GJs

are traditionally understood to regulate membrane permselectivity and conductivity, it is



important to note that emerging evidence indicates that connexins also play a role in

endothelial barrier function through crosstalk with other junction proteins.4%°

Vascular ECs predominantly express the following connexins: Cx37, Cx40, Cx43, and
Cx45.121315 However, the expression of GJs in vascular endothelium differ based on their
location and the type vessel. For example, Cx37 and Cx40 are highly co-expressed in the
straight regions of healthy ECs in arteries where they are exposed to high shear stress
from laminar blood flow, and downregulated at bifurcations due to turbulent blood flow.
In this setting, Cx37, Cx40, and Cx43 are typically located between the ECs, whereas
Cx43 and Cx45 are located between smooth muscle cells. Conversely, Cx43 expression is
induced at these arterial branchpoints. With respect to ECs on venous valves, Cx43 is
expressed on the upstream side, whereas Cx37 is expressed on the downstream side.!?
Note, both Cx expression and gap junction function in ECs is influenced by pro-

inflammatory stimuli and closely correlated with activation of ECs.

1.2.1.2 Adherens Junctions

Adherens junctions (AJs) provide ECs with mechanical anchorage by regulating actin
polymerization and actomyosin contraction.!>!® When the ECs are quiescent, junctional
actin filaments either run parallel or perpendicular to the cell surface, with AJs indirectly
anchoring actomyosin stress fibers to the membrane.*® AJs are transmembrane adhesion
proteins belonging to the cadherin family that form multimeric complexes in the
peripheral regions of cells. In the case of ECs, vascular endothelial (VE)-cadherin is
strongly localized to the AJs.!! VE-cadherin binds directly to - or y-catenin

(plakoglobin) or catenin p120, and indirectly to o-catenin via - or y-catenin.®'® When



dimeric a-catenin binds to actin filaments, Arp2/3 activity is inhibited and formin is
activated, resulting in suppressed actin branching and the formation of linear actin cables,
respectively. Concomitantly, B-catenin regulates actin polymerization and actomyosin
contractility through Rho family GTPases, Rac and Rho. Note, increased contractility of
myosin can compromise barrier function in the EC allow free passage of cells and
molecules; however, it has been demonstrated that inhibition of Rho activity can spare
EC junctional stability. Taken together, the dynamic reorganization local of AJs can
create functional units that allow ECs to withstand the stress of hemodynamic changes
and junctional remodeling in the setting of inflammation, transmigration of leukocytes,
and angiogenic responses.'® Of note, neural cadherin (N-cadherin) and placental cadherin
(P-cadherin) are also present in EC; however, these cadherins are dispersed on the cell

surface.l’

1.2.1.3 Tight Junctions

The endothelial barrier is principally regulated by tight junctions (TJs) sealing the
transcellular space.'® These junctions support the structural integrity of both endothelial
and epithelial tissues and form highly polarized barriers that are selectively permeable to
solutes and various cells.*® Tight junctions consist of proteins such as occludin, claudins,

and junctional adhesion molecules. Each of these TJs will be detailed below.

Occludin: Occludin is a 65 kDa tetraspan protein found localizing to epithelial and
endothelial TJs by Furuse et al. in 1993,'° making it the first integral membrane TJ
protein to be identified. It is comprised of four transmembrane domains, a short

intracellular turn, two extracellular loops, and a long carboxy- and a short amino-terminal
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cytoplasmic domain.?° The N-terminal extracellular region contributes to the adhesive
function of occludin. Meanwhile, at the C-terminal, serine/threonine and tyrosine
residues are phosphorylated by multiple kinases and SH3 and PDZ-containing zonula
occluden (ZO) proteins are recruited, thereby anchoring occluding to actin fibrils.*® Thus,
the reversible phosphorylation of these residues is functionally a switch that regulates the
assembly and maintenance of TJ. Nonetheless, while early studies led people to believe
that occluding was the core transmembrane protein of TJ, later investigations demonstrate

that occluding is actually dispensable in TJ strand formation.?°

Claudins: Claudins are the largest family of tight junction proteins, with at least 24
claudins present in the human genome. They are comprised of four transmembrane
proteins and, with the exception of claudin-12, include a PDZ-binding domain at the C-
terminal that binds to scaffold proteins.'® The role of claudins in regulating barrier
function and intercellular interactions in endothelia or epithelia is mediated by claudins
dimerizing through homophilic- and heterophilic-trans/cis interactions. It has been
hypothesized that the larger first extracellular loop is critical for regulating paracellular
tightness and selective ion permeability, whereas the second extracellular loop is shorter
and may reduce the size of the paracellular cleft and hold opposing cell membranes
together.?! These interactions appear to be calcium-independent, unlike those regulated
by cadherins.’® Based on the degree of sequence homology and the sequence-structure
function relationships, claudins are classified as either classic claudins (1-10, 14, 15, 17,

19) or non-classic claudins (11-13, 16, 18, 20-24).2!
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Junctional Adhesion Molecules: Junctional adhesion molecules (JAMSs) are members of

the immunoglobin (Ig) superfamily and are comprised of: two extracellular Ig-like
domain, one transmembrane domain, and a short cytoplasmic domain.?? Within the
cytoplasmic domain is the PDZ domain that serves as a scaffold to bind to proteins (e.g.
Z0O-1, AF-6, MUPP1, PAR-3) that allow JAMs to mediate barrier function and regulate
interactions between ECs, platelets, and leukocytes (Figure 1.3).1%23 JAMs are not only
expressed endothelial cells, but also in leukocytes and platelets, and support a number of

homophilic and heterophilic interactions.?*
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Figure 1.3 Junctional adhesion molecule facilitate interactions between ECs,
platelets, and leukocytes. (a) Interactions published in the literature are designated with
solid lines and interactions predicted are designated with dashed lines. (b) Homophilic
and heterophilic interactions between JAMs and/or integrins support binding of
leukocytes to the endothelium, platelet adhesion to leukocytes and the endothelium, and
intercellular EC connections. JAM, junctional adhesion molecule. LFA1, lymphocyte
function-associated antigen 1. VLAA4, very late antigen 4. Figure reprinted with

permission from Weber et al., Nat Rev Immunol, 2007 June;7:467-477.%*
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1.2.2 Regulation of Vascular Tone
The endothelium regulates vascular tone by maintaining a balance of vasoactive factors.

In the subsequent subsections, 1 will outline key vasodilators and vasoconstrictors.®

1.2.2.1 Nitric Oxide

Nitric oxide (NO) is a key vasodilator that is formed when the enzyme nitric oxide
synthase (NOS) converts the amino acid r-arginine to NO. NO potentiators (e.g.
bradykinin, acetylcholine, ATP, ADP, thrombin) influence eNOS activation and release
of Ca?* from the endoplasmic reticulum. Alternatively, eNOS can be activated by protein
kinases, shear stress resulting from increased blood flow, or blood-borne agonists
signaling through EC receptors to increase intracellular Ca®* levels. Once synthesized,
NO diffuses across the EC into the adjacent smooth muscle, which leads to a downstream

decrease in smooth muscle tension.®

1.2.2.2 Prostacyclin and Thromboxane A;

Prostacyclin (PGI2) and thromboxane A2 (TXA>) belong to a family of lipid mediators
known as prostanoids and are generated through cyclooxygenase (COX) activity. In a
healthy vessel, PGl and TXA: are concomitantly regulated to mediate vessel tone. On
one hand, PGl functions as a vasodilator by binding to prostacyclin receptors (IP) on
vascular smooth muscle cells. When PGI> binds to smooth muscle cell IP receptors, it
activates adenylate cyclase, leading to the synthesis of cyclic adenosine monophosphate
(cAMP). cAMP then activates protein kinase A, causing relaxation of the smooth muscle.
Note, PGl can also bind IP receptors on the surface of platelets, thereby inhibiting

platelet aggregation. Conversely, TxA: functions as a vasoconstrictor by binding to
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thromboxane-prostanoid (TP) receptors on smooth muscle cells. Upon binding to smooth
muscle cell TP receptors, intracellular Ca?* levels are increased, resulting in the
constriction of the smooth muscle. When TxA: binds to TP receptors on the surface of
platelets, platelet aggregation is induced. Taken together, both PGl and TXA; are

important mediators of vessel tone.®

1.2.2.3 Endothelin-1

Endothelin-1 (ET-1) is a vasoconstrictor that is both produced and released in response to
inflammatory signals (e.g. interleukins and TNF-a). ET-1 induces vasoconstriction by
binding to ET-1 receptors on ECs (ET-g1) and smooth muscle cells (ETa and ET-g>).
Upon binding these receptors, the endothelium releases NO and PGI2 and smooth muscle

cells open their Ca?* channels to allow for an influx of extracellular Ca?*.>

1.2.2.4 Endothelium-Derived Hyperpolarizing Factor

Endothelium-derived hyperpolarizing factor (EDHF) describes vasodilator substances
that signal through pathways that alter the membrane potential of smooth muscle cells.®
For example, EDHF-mediated signaling leads to increased intracellular Ca?* levels in the

endothelium, which subsequently causes an efflux of K*, and EC hyperpolarization.?®

1.3 Platelets

Platelets are anuclear, discoid cells that circulate in blood at concentrations of 150 to 400
million per milliliter for approximately 10 days. They are derived from megakaryocytes
that originate in the bone marrow.® Under physiological conditions, quiescent platelets
circulate in the bloodstream and patrol the vasculature for sites of damage. At sites of

vessel wall damage, platelets play a pivotal role in repairing the vasculature through a
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process known as hemostasis. This process is achieved through the adhesion and
activation of platelets, as well as the coagulation cascade.® In this section, I will summate
the contribution of platelet adhesion, activation, and aggregation in bleeding cessation at

the site of injury.

1.3.1 Platelet Adhesion to Extracellular Matrix Proteins

When the vasculature becomes damaged, platelets are exposed the extracellular matrix
(ECM) proteins.® These proteins can either be synthesized by vascular wall cells (e.g. von
Willebrand Factor [VWF], collagen, laminin, fibulin, thrombospondin) or become
immobilized onto the ECM upon injury (e.g. fibrinogen, fibrin, vitronectin).?® Below |

have highlighted some key ECM proteins that interact with platelets.

1.3.1.1 von Willebrand Factor

von Willebrand factor (VWF) is multimeric glycoprotein synthesized by ECs and
megakaryocytes. It is stored in: 1) EC Weibel-Palade bodies and platelet a-granules, 2) in
a soluble form in plasma, or 3) in the subendothelial matrix.?’ Structurally, mature vVWF
contains identical subunits of 2050 amino acid residues and up to 22 carbohydrate side
chains that are joined by disulfide-bonds to make ~500 kDa dimers. These dimers are

then joined by additional disulfide-bonds to form multimers up to 20 MDa.?®

The domains of VWF are responsible for different functionalities of the protein. Indeed,
the D’-D3 domains bind to the procoagulant factor, FVIII; the A1 domain contains the
only binding site for platelet receptor glycoprotein (GP) Iba of the GPIb-1X-V complex;
the A2 domain is cleaved by the plasma metalloprotease, a disintegrin and

metalloprotease with thrombospondin type motifs 13 (ADAMST13), which inactivates
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VWF; the A3 domain binds to collagen, the C1 domain that contains the RGD sequence

recognized by platelet allbB3 and avf3 integrins.5:282°

1.3.1.2 Collagen

Collagen is the most abundant fibrous protein in the extracellular matrix.*° There are 28
members in the collagen superfamily, each with three o chains forming a triple helix.
While there is great functional diversity of collagens, we will focus on fibrillar collagens
as they not only play key roles in regulating the structural and mechanical properties of
tissues, they also serve as potent triggers for thrombosis.®! It is important to note that
these fibrillar collagens are differentially expressed in the ECM. For example, fibrillar
collagens localized to the deeper layers of the ECM (e.qg. type I, 111, and V) are not
exposed following superficial injuries. Conversely, fibrillar collagens type IV, VIII, and
XVIII are closer to the endothelial layer and expressed in the basement membrane. When
the endothelium is damaged, platelets are captured by GPIb-vWF interactions and roll
along deposited VWF (see Section 1.3.1.2). This allows collagen-specific platelet
receptors, platelet glycoprotein VI (GPVI) or integrin a2f1, to bind to the exposed

collagen and induce platelet activation.?’

1.3.1.3 Fibrin(ogen)

Fibrinogen is a 340-kDa homodimeric glycoprotein that is predominantly synthesized in
hepatocytes. It is comprised of 2Aa, 2Bp, and 2y polypeptide chains linked by 29
disulfide bridges.? Under physiological conditions, fibrinogen circulates in plasma at
relatively high concentrations (2-5 mg/mL); in the setting of acute inflammation,

however, levels of fibrinogen can exceed 7 mg/mL.%3 In the event of vascular injury,
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fibrinogen binds to the platelet surface receptor, allbB3 (also known as glycoprotein
GPIIb/111a), to facilitate stable platelet adhesion and platelet-platelet interactions that are

necessary for thrombus formation.25:3

Fibrin, the cross-linked insoluble polymer of fibrinogen, is generated when fibrinogen is
proteolytically cleaved by the serine protease, thrombin, during coagulation. This in turn
provides a meshwork of fibrin that helps in stabilizing the emerging blood clot.*® Fibrin

can also facilitate platelet adhesion by synergizing with immobilized VWF.®

1.3.2 Platelet Signaling During Activation
Platelet activation is driven by a myriad of intracellular signaling events that are mediated
through the binding of platelets to adhesive proteins in the ECM, as well as soluble

agents that signal through platelet surface receptors (Figure 1.4).
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Figure 1.4 Key receptors and ligands that contribute to the activation of platelets.
Platelet activation is triggered by specific receptors on the platelet surface, including
glycoprotein Ib/IX/V (GPIb/1X/V), glycoprotein VI (GPVI), integrin a2B1, protease-
activated receptors (PARs), thromboxane A2 (TXA:>) receptors, P2Y receptors, and
integrin allbB3. These receptors bind to ligands such as von Willebrand factor (vVWF),
collagen, thrombin, adenosine diphosphate (ADP), and fibrinogen, ultimately leading to
platelet activation. Reprinted from “Platelet Activation”, by BioRender.com (2023).
Retrieved from https://app.biorender.com/biorender-templates.
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1.3.2.1 Adhesion Receptor-Mediated Signaling

During the initial stages of hemostasis, activated platelets are recruited to the damaged
endothelium where various platelet surface receptors facilitate adhesive interactions.
These receptors include the platelet GPIb-I1X-V receptor complex that binds vVWF and the

platelet GPVI receptor that binds to collagen.®

GPIb-1X-V: GPIb-I1X-V is a receptor complex found on the surface of platelets, which
plays a critical role in platelet function and regulation. The GPIb-1X-V complex consists
of four subunits: GPIba, GPIbf, GPIX, and GPV. These subunits are classified as type |
transmembrane proteins and consist of a large N-terminal extracellular domain with a
leucine-rich repeat (LRR) domain that varies in length, a single-pass transmembrane

helix and a short cytoplasmic tail.

The primary function of the GPIb-1X-V complex is to mediate platelet adhesion to the
subendothelial matrix following vascular injury under conditions of high shear stress. In
this setting, platelets initially adhere transiently to the endothelium by forming ‘catch
bonds’ or ‘flex bonds’ via the interaction between GPIbo and the A1 domain of vVWF.%
Indeed, the cytoplasmic domain of GPIba interacts with the Src family kinases (SFK)
Lyn, phosphoinositide 3-kinase (PI3K), and Akt, which leads to elevated levels of Ca?*

and activation of platelet integrins downstream.®’

GPVI: Glycoprotein VI (GPVI) belongs to the Ig superfamily of receptors and is
exclusively expressed in megakaryocytes and platelets, with 3,000—4,000 copies per
human platelet. It contains two Ig domains (D1, D2), a mucin-like stalk, and a

cytoplasmic tail containing calmodulin- and Src kinase—binding sites. Note, both the
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expression and signaling of GPVI require GPVI to be bound to a dimeric Fc receptor y-
chain (FcRy) that contains an immunoreceptor tyrosine—based activation motif (ITAM)

signaling motif.®

When collagen binds to platelet GPVI, the Src family kinases (SFK), Fyn and Lyn,
induce tyrosine phosphorylation of the FcR y-chain ITAM. This results in downstream
activation of Syk, which in turn phosphorylates a number of substrates bound to the
transmembrane adapter, linker for activation of T cells (LAT) signalosome. The LAT
signalosome includes Bruton's tyrosine kinase (BTK), Tec family kinases,
phosphoinositide 3-kinase (PI3K), and phospholipase C y2 (PLCy2).®8 Together, these
kinases signal downstream to activate protein kinase C (PKC) and release intracellular
Ca?* stores, This leads to secretion of intracellular a-granules and dense granules, as well
as activation of ‘inside-out’ activation platelet integrins, which culminates in platelet

aggregation.®®

1.3.2.2 Soluble Agonist-Mediated Signaling Through G-Protein Coupled Receptors
G-protein coupled receptors (GPCRS) represent the largest family of proteins in the
human genome and consist of seven transmembrane-spanning domains, with an
extracellular N-terminus and an intracellular C-terminus.*>*! They are aptly named as
GPCRs signal through heterotrimeric G proteins that are bound to the intracellular loop.
The G protein has three subunits (a, B, and y) and can be further classified based on

the « subunits (Gi2i13, Gq, Gi, and Gs).*” Following the activation of the receptor, the o

subunit is converted from a GDP-bound form to the active GTP-bound form. This allows
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the active Ga and the GBy subunits to dissociate from the receptor and interact with

downstream targets in the GPCR signaling pathway.

At the site of a new vessel injury, platelet activation of nearby platelets will be amplified
via feedback activation pathways mediated by GPCRs to further the formation of a
hemostatic plug.® Indeed, soluble factors that are released when platelets are activated
(e.g. such as adenosine diphosphate [ADP] and thromboxane [TXAz2]), as well as
thrombin from the coagulation cascade, are key components that signal through GPCRs
to amplify platelet activation and recruitment.®” Note, these cell-signaling pathways lead
to platelet cytoskeleton remodeling, granule secretion, and integrin activation (Figure
1.5).% In the following subsections, | will detail select GPCRs that amplify platelet

activation or mediate inhibition.

Thrombin ADP TXA;

PAR1 P2Y1 ool
PAR4 l I P2Y12 HH ,
; !“ji J

o@ o@ @

Shape change
' }
PKCs — @ Akt
1 |

Granule secretion, Integrin activation, Aggregation

Figure 1.5 Platelet signaling through G-protein coupled receptors. At the site of a
vascular injury, feedback activation of platelets mediates aggregation and propagation to
form a hemostatic plug. GPCRs bind to soluble factors released from activated platelets
themselves (e.g. adenosine diphosphate [ADP], thromboxane Az [TxAz]) or thrombin
generated during coagulation processes. Downstream GPCR signaling initiates platelet
shape change, granule secretion, integrin activation, and aggregation. Figure created in
BioRender.com by Dr. Stephanie E. Reitsma.
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Protease Activated Receptors 1 and 4: Thrombin is a serine protease that serves as the

main effector in the blood coagulation system and is generated cellular surfaces,
including the surface of activated platelets.*® Thrombin potently activates platelets
through protease activated receptors (PAR) 1 and 4 coupled directly to Gis, Gq and
possibly Gi. Signaling through Gi3 results in activation of the RhoA/Rho-kinase pathway,
which ultimately induces platelet shape change.*° In the Gq-mediated signaling pathway,
phospholipase C (PLC) is activated, which then hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) to release inositol trisphosphate (1P3) and diacyglycerol (DAG).3
This allows protein kinase C (PKC) to be activated downstream and intracellular Ca®* to

be released, thus contributing to platelet activation and aggregation.

P2Y: and P2Y1,: ADP is stored in platelet dense granules at high concentrations and is

released when platelets are activated.*® Released ADP binds to the Gg-coupled receptor,
P2Y1, and the Gi-coupled receptor, P2Y12.% Signaling through P2Y activates
phospholipase C (PLC), which produces diacylglycerol (DAG) and inositol tris-
phosphate (IP3). This in turn leads to the downstream activation of protein kinase C
(PKC) and release of intracellular Ca?*. Concomitantly, the P2Y 1,-mediated signaling
results in the activation of phosphoinositide 3-kinase (PI3K)-dependent pathways and
inhibition of cyclic adenosine monophosphate (CAMP).*! Although the signaling
pathways for P2Y1 and P2Y 1> differ, they both play a role in platelet activation and

aggregation.

Thromboxane: Thromboxane (TXAy), like ADP, plays an important role in the positive-

feedback mediator during platelet activation. It is produced through the metabolism of
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arachidonic acid mediated by cyclooxygenase-1 (COX-1) and thromboxane synthase.**
The resulting thromboxane binds to thromboxane receptors, TPa and TPB; however, it is
important to note that TPa is the predominant isoform in human platelets, which is
coupled to Giz and Gq.2"*° Consequently, TXAz-mediated signaling will activate the
RhoA/Rho-kinase pathway and PLC-mediated signaling events that induce platelet shape

change as well as platelet activation and aggregation.

1.3.2.3 Convergence of Platelet Signaling Pathways
As outlined in the previous sections, platelets can signal through a multitude of receptors,
each triggering unique mechanisms; however, platelet signaling converges on common

events (e.g. granule secretion and integrin activation).

Granule Secretion: When platelets are activated, they secrete over 300 bioactive

substances from intracellular granules that amplify platelet activation and recruitment of
other platelets to form a stable.*? There are at least three distinct types of granules housed

in platelets, including: alpha (o)) granules, dense (8) granules, and lysosomes.*>*3

-
granules are the most abundant, with approximately 50-80 a-granules per platelet. a-
granule-derived mediators play a pertinent role in hemostasis, as well as in the innate
immune system (e.g. platelet adhesion receptor expression, cytokine release that affects
leukocyte function).* The contents of a-granules include: adhesive glycoproteins (e.g. P-
selectin, fibrinogen, VWF); coagulation and fibrinolytic factors; cytokines and
chemokines; mitogenic factors; and angiogenic factors (e.g. vascular endothelial growth

factor [VEGF]).344244 Dense granules also contribute to coagulation, with an additional

role in cancer metastasis. They are comprised of hemostatically active, non-protein
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molecules including: nucleotides (e.g. ADP, ATP, GTP); catecholamines (e.g. serotonin,
histamine); divalent cations (e.g. Ca®*) pyrophosphates; and polyphosphates.®** Unlike
a-granules and dense granules, lysosomes demonstrate bactericidal activity through their

proteolytic enzymes (e.g. glycosidases, acid proteases, and cations).**

Integrin Signalling:

There are five platelet integrins expressed at the surface: allbf3 (fibrinogen receptor),
a5B3 (vitronectin and collagen receptor), a2B1 (collagen receptor), a5B1 (fibronectin
receptor) and a6B1 (laminin receptor).3**> Of these different types of integrins, allbp3 is
the most abundant.®* Indeed, there are 50,000—100,000 copies of alIbp3 located on the
surface of unstimulated platelet surfaces alone, with even more stored in intracellular a-

granule membranes.*®

When platelets are activated, allbB3 transitions from a resting low-affinity state into an
activated high-affinity state. This conformational change is facilitated through a process
referred to as “inside-out” signalling, and ultimately results in active allbp3 binding to
the Arg-Gly-Asp (RGD) sequence of its ligands, which include fibrinogen, fibronectin,
von Willebrand factor, and vitronectin (Figure 1.6A).*” Once bound by its respective
ligand, alIbB3 triggers a number of cellular processes (e.g. cytoskeletal reorganization,

granule secretion, stable adhesion) via “outside-in” signaling (Figure 1.6B).3447
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Figure 1.6 Platelet integrin alIbf3 signals through *inside-out’ and *"outside-in"
pathways. (A) The platelet integrin, ounfs, transitions from a low- to high-affinity state
when platelets are activated, either through adhesion to the extracellular matrix or via
soluble agonists (e.g. ADP, thrombin, etc.). This process is referred to as "inside-out"
signalling since information is being passed from within the cell to the extracellular
domain of allbB3. (B) A number of cellular processes are initiated by way of "outside-in"
signalling when the integrin alIbB3 receptor is occupied by its respective ligand. Figure
reprinted from Joo, Korean Circ J, 2012 May;42(5):295-301.*" Permission is not required
by the publisher for this type of use.

1.3.3 Platelet Aggregation

Platelet aggregation is a multi-step process by which platelet-platelet interactions
facilitate the formation of a hemostatic plug. Following platelet adhesion to the site of
vascular injury, platelets are activated by various agonists (Section 1.3.2), which
ultimately increases the concentration of intracytoplasmic calcium ions and facilitates
adhesion receptor-ligand interactions.?” With respect to the increased levels of
intracellular calcium, this induces platelet shape change, a process during which platelets
transition from a discoid shape to a sphere with a spiny appearance.?” Concomitantly, the
adhesion receptor-ligand interactions result in aggregate formation. In the traditional

understanding of platelet aggregation, this process is driven by the homodimeric adhesive

protein, fibrinogen, forming a noncovalent bridge between the platelet integrin allbp3
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(also known as GPlIb/111a) on adjacent platelets.*® However, it has now been shown that
von Willebrand factor (VWF) and fibronectin bind to allbf3 in place of fibrinogen under
high shear conditions (e.g. in cases of rapid blood flow where wall shear rates exceed
1000 s?) to facilitate the initial tethering of platelets. Nonetheless, the fibrin(ogen)-

integrin aIIbB3 interaction remains imperative for the formation of stable aggregates.?”48

1.4 Coagulation

In the cell-based model of hemostasis, the coagulation cascade can be divided into three
distinct, yet overlapping phases.® During the initiation phase, active coagulant factors are
generated in low amounts via the extrinsic pathway on TF-bearing cells. In the
amplification phase, the level of activated coagulation factors increases through a positive
feedback of thrombin on platelets. During the propagation phase, thrombin is generated
on a larger scale when activated coagulation factors bind the procoagulant surface

activated platelets via the intrinsic pathway.”®

1.4.1 Extrinsic Pathway of Coagulation

The initiation phase begins when a blood vessel is injured, triggering the extrinsic
pathway of coagulation. In this setting, plasma FVIla forms a complex with tissue factor
(TF), a membrane protein that is constitutively expressed by cells underlying blood
vessel endothelium. The resulting complex proteolytically cleaves both FIX and FX,
resulting in FIXa and FXa, respectively. Subsequently, FXa forms a prothrombinase
complex on TF-expressing cells through an association with FVa, thus resulting in
prothrombin (FI1) being converted to thrombin.” This activity is limited, however, by

fibrin and platelets accumulating at the site of vessel injury and by endogenous inhibitors
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including tissue factor pathway inhibitor (TFPI) and antithrombin (AT).*° During the
amplification phase, trace amounts of thrombin from the initiation phase induce a higher
level of procoagulant activity by further activating platelets adhered to the injury site.
Concomitantly, thrombin activates the cofactors FV and FVI1I1I on the platelet surface,

thus amplifying prothrombinase activity and supporting generation of FXa, respectively.’

1.4.2 Intrinsic Pathway of Coagulation

During the propagation phase, thrombin generation occurs in large bursts on surfaces
containing procoagulant phospholipids (e.g. activated platelets) to facilitate the formation
of a fibrin clot via the intrinsic pathway.® The intrinsic pathway, also known as the
contact activation system, consists of: coagulation factor (F) XII, prekallikerin (PK), FXI,
and high-molecular-weight kininogen (HK). It is triggered when a primary complex
forms on exposed collagen during endothelial damage. When this occurs, activated FXII
(FXIla) activates FXI, subsequently activating FIX and feeding into the common
pathway. This sequence of reactions ultimately leads to thrombin generation and fibrin

formation.

Concomitantly, FXIla can cleave PK to generate active plasma kallikrein, which
catalyzes the activation of FXII into FXlla and cleaves high molecular weight kininogen
(HK) to liberate bradykinin (BK), a pro-inflammatory molecule.>® This promotes
systemic inflammation and vascular permeability. Recent evidence suggests that FXI also
plays a role in activating FXI1 and PK, in vivo.? This bidirectional relationship provides a

mechanism by which the intrinsic pathway extends beyond thrombin generation and
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fibrin deposition to include regulation of inflammatory pathways, such as the kallikrein-

Kinin system.

1.4.2.1 Coagulation Factor XII

Section 1.4.2.1 is adapted from a work originally published by
American Society of Hematology.

Silasi R, Keshari RS, Regmi G, Lupu C, Georgescu C, Simmons JH, Wallisch M,
Kohs TCL, Shatzel JJ, Olson SR, Lorentz CU, Puy C, Tucker EI, Gailani D,
Strickland S, Gruber A, McCarty OJT, Lupu F. Factor XII plays a pathogenic role in
organ failure and death in baboons challenged with Staphylococcus aureus. Blood. Jul
15 2021;138(2):178-1809.

Reprinted with permission

FXII (Hageman factor) is the 80-kDa zymogen precursor of serine protease, FXlla. FXII
comprised of seven structural domains: a fibronectin domain type Il, two epidermal
growth factor (EGF) domains, a fibronectin domain type 1, a kringle domain, a proline-
rich region, and a protease (catalytic) domain.>! Activation of FXII is facilitated through
interactions with kallikrein, FXla, or through auto-activation in the presence of
negatively charged surfaces and HK.? During infections, such charged surfaces may
include: pathogen surfaces and bacterial wall products, bacterial or platelet
polyphosphate, subendothelial collagen, misfolded proteins, neutrophils,
glycosaminoglycans and nucleic acids released from dying cells or from neutrophil

extracellular traps.>®

Upon activation, FXII is cleaved resulting a 353-residue heavy chain (a-FXI1a)
connected to a 243-residue light chain (B-FXIla) via a disulfide bond (Figure 1.7).5%*
The resulting FXlla protease is positioned at the nexus of the kinin-kallikrein,
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complement, coagulation and fibrinolytic pathways. With respect to the kallikrein-kinin
and complement systems, a-FXIlla can activate prekallikrein to a-kallikrein, which can
then convert FXII to a-FXlla in a reciprocal feedback mechanism. Moreover, a-FXlla
can activate the complement cascade via activation of the C1qrs complex,>® while
kallikrein has been shown to activate factor B, C3 and C5.% Additionally, o-FXlla plays
a role in coagulation by activating FXI to FXla, which accelerates production of thrombin
that drives platelet activation, fibrin formation, and exerts effects on a variety of cells.>>’
When a-FXIIa is cleaved after Arg334, the resulting B-FXIla can generate kallikrein,
which cleaves HK to release bradykinin, a systemic vasoregulatory and inflammatory
mediator.>®°° B-FXIla is unable to activate FXI and thus does not participate in the

coagulation system.>!

Factor XII HN{ F2 [EGF1| F1 [EGF2] K | PRR | | FCOOH
Rm."a [ Y. Sars44
a-Factor Xlla WMl F2 [EGF1| F1 [Eer2| Kk [ PRR| | | -coom
R334 R353 Seried
55
| | -cooH
B-Factor Xlla Py

R334 RI53
Figure 1.7 The structure of coagulation FXII(a). When factor XII is activated,
cleavage of a disulfide bond results in two separate fragments- a heavy chain (a-FXIla)
and a light chain (B-FXIla). Figure adapted from Kohs et al., Cell Mol Bioeng, 2020 Oct

13;14(2):161-175.5° Reprinted with permission.
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1.4.2.2 Coagulation Factor XI

Section 1.4.2.2 is adapted from a work originally published by
Thieme Medical Publishers.

Lira AL, Kohs TCL, Moellmer SA, Shatzel JJ, Mccarty OJT, Puy C. Substrates,
Cofactors, and Cellular Targets of Coagulation Factor Xla. Seminars in Thrombosis
and Hemostasis, 2023: In Press.

Reprinted with permission

Regarding structure, FXI and PK are both comprised of four apple domains (Al to A4)
and a trypsin-like protease domain.'® Uniquely, FXI is a homodimer with two identical
80 kDa subunits covalently linked by a disulfide bond connecting the A4 domains,
whereas PK is a monomeric protein.'®* In 2006, Papagrigoriou et al. were the first to
report that each FXI apple domain consists of seven -strands that form an antiparallel
sheet that supports a single a-helix with three internal disulfide bonds that compel the
domains.*® The apple domains form a planar structure, proximally 60 A wide, with the N-
terminal of the A1 domain linking to the A4 domain. They are inclined to each other,
assuming an inverted “V” form, while the protease domain is configured in a ‘cup and

saucer’ adjustment on the apple domains.!’18

The apple domains are essential for FXI activation and activity. FXlla, FXla, and
thrombin generate FXla by cleaving the Arg369-11e370 bond located in the protease
domain of FX1.1%?° The activation of FXI to FXla induces a conformational change,
which exposes an exosite located at the A3 domain of FXla that is specific for FIX

interaction, thereby allowing for FXla to activate FIX (Figure 1.8).16:1
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FACTOR XI

Figure 1.8 The structure of coagulation FXI(a). FXI(a) consists of two identical 80
kDa subunits, each comprised of four apple domains (Al to A4) and a trypsin-like
protease domain, also known as the catalytic domain (CD). These subunits are covalently
joined by a disulfide bond between the A4 domains to form a homodimer. FXla is
generated when the Arg369-11e370 bond in the protease domain of FXI is cleaved, thus
inducing a conformational change. Figure adapted from Mohammed et al., Thromb Res,
2018 Jan;161:94-105.%* Reprinted with permission.

At present, the FXI binding sites for thrombin and FXIla remain uncertain. Nonetheless,
studies suggest that thrombin binds residues in the A1 domain near the activation loop

containing the cleavage site,®?! whereas FXlla likely binds to the A4 domain.?> The A2
domain also appears to be the binding site for FXlIla, as an anti-FXI A2 antibody blocks

FXIla-mediated activation of FX|.2

1.4.3 Common Pathway

The intrinsic and extrinsic pathways of coagulation converge on the common pathway.
This pathway involves the activation of FX to FXa. FXa in the presence of its cofactor,
FV, as well as tissue phospholipids, platelet phospholipids and calcium ions form the
prothrombinase complex that converts of prothrombin (FII) to thrombin (Flla). The

resulting thrombin cleaves circulating fibrinogen to insoluble fibrin and concomitantly
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activates factor XIII, thereby forming a mesh-like structure of crosslinked fibrin polymers
around platelets and red blood cells.®? The resulting hemostatic plug stops the bleeding

and allows for tissue repair and healing to occur.

1.5 Coagulation and Endothelial Cell Interactions

Serine proteases regulate endothelial cell (EC) signaling pathways responsible for
physiologic processes (e.g. maintenance of vessel barrier function).’® In the setting of
hemostasis, the endothelium can limit thrombin generation and platelet activation both
directly as well as indirectly, thereby preserving physiologic blood flow while preventing
vessel occlusion.”””® Meanwhile, and relevant to the contact pathway, the physiological
processes of vasoconstriction and vasodilation are regulated in part by generation of
bradykinin.” This proinflammatory peptide is generated by the assembly of the serine
proteases, FXlla and plasma kallikrein, on the endothelial cell surfaces by the urokinase
receptor, cytokeratin 1, and complement protein C1q receptor (gC1g-R). % An
understanding the role of FXI in regulating endothelial cell function is just now

emerging.

In 1992 Berrettini and colleagues were the first to report that FXI and FXla interact with
ECs. In this study it was shown that HK serves as the primary binding partner mediating
FXI-endothelial cell interactions.®! Follow up studies demonstrated that FXI or FXla
could also bind directly to ECs in the absence of HK,®2 indicating that the endothelium
expresses receptors for FXI(a). The binding of FXI to the endothelium appears to be
species-dependent. For example, a non-circulating pool of FXI associated with

glycosaminoglycans is observed in mice, but not in primates.®® The ability of FXI and
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FXIla to bind to ECs was confirmed in a study by Mahdi et al., yet they found that this
interaction did not contribute significantly to thrombin generation.®* Baird et al. even
claimed that the FXI-EC interaction reported in the literature was due to an artifact of the
binding assay and that ECs do not support FIX activation by FX1a.85% In short, the

mechanism by which ECs may regulate FXla activity has remained an open question.

Our group recently confirmed that even though FXla binds to ECs, this interaction does
not support the procoagulant activity of FXla. Instead, our group found that the
endothelium promotes the activation of the kallikrein-kinin system (KKS), yet inhibits
FXla through its interaction with plasminogen activator inhibitor-1 (PAI-1).8” Indeed,
these observations support the concept that the endothelium exhibits an anticoagulant
phenotype with PAI-1 playing a major role in inhibiting the enzymatic activity of FXla.
The observation that ECs selectively block FXIa, yet not the KKS, provides a mechanism
that reconciles the previously assumed contradictory findings. Still, while the team
detected FXla-PAI-1 complexes in the circulation of nonhuman primates after
administration of a lethal dose of S. aureus, the significance of PAI-1 inhibition of FXla
in vivo is still unknown. Our group is actively pursuing the hypothesis that the
internalization and trafficking of EC-PAI-1 complexes regulates endothelial cell biology

including barrier function.

Our group observed that the interaction of FXla with ECs effect the anticoagulant
properties and integrity of the endothelium. For example, our group demonstrated that
FXla cleaves the principal inhibitor of the TF/FV1la complex on endothelial cells, TFPI-
B, thereby enhancing the rate of activation of the extrinsic pathway of coagulation.*’

Moreover, Ngo et al. recently found that FXla decreases the expression of VE-cadherin
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on ECs in vitro, and that the inhibition of FXI preserved the expression of VE-cadherin in
aortic sinus lesions of low-density lipoprotein receptor-deficient mice.® These results
suggest that aberrant activation of FXI in the setting of atherosclerosis and other
inflammatory diseases may contribute to vascular damage and loss of EC barrier
function. If this tenet proves true, inhibition of FXI activation or activity may serve to

preserve EC integrity in the setting of cardiovascular disease.

1.6 Coagulation and Platelet Interactions

Serine proteases regulate blood platelet activation and physiologic to pathological
functions, ranging from essential roles in preserving endothelial cell barrier function to
sinister roles in thrombotic complications.®® As an active participant in this process,
exposure of phospholipids dominated by phosphatidylserine (PS) on the surface of
activated platelet serves as a site of catalysis for the activation of coagulation factors that
including prothrombin and FX.5485 As a structural outsider looking in, FXI’s lack of a
Gla domain precludes it from the million-fold increase in enzymatic rate of activation
experienced by FX and prothrombin by way of the tenase and prothrombinase
complexes, respectively.®® Still, platelets express receptors that are implicated in binding
and perhaps mediating FXI activation, or shielding FXla from inactivation; *>!%20 taken

together, these interactions increase the overall effective enzymatic activity of FXla.

Walsh and colleagues were the first to report interactions between FXI and platelets more
than 30 years ago.®” Subsequent studies have found that FXI has approximately 1,500
FXI binding sites per activated platelet.*? Notably, the A3 domain of FXI interacts with

the leucine-rich repeat (LRR) on the NH-terminal of GPIba.*? Additional receptors
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including apolipoprotein E receptor 2 (ApoER2), a member of the low-density
lipoprotein (LDL) receptor family, have been found to mediate FXI-platelet interactions.
As FXI circulates as a homodimer, it is plausible that FXI concurrently binds to multiple
receptors. %8 Still, FXI binding to these two receptors alone seems to still offer an
incomplete mechanism describing FXI interactions with platelets, or if these or additional

platelet surface receptors serve to catalyze FXI activation.

Historical studies first claimed that platelets, and in particular the platelet receptor GPIba,
facilitated FXI activation by thrombin. However, the amplification of thrombin-mediated
activation of FXI in the presence of platelets was not able to be reproduced, resulting in
the retraction of these works.5®"° This topic was revisited by Kossmann et al., who
showed in vivo evidence that platelet-localized FXI induced vascular inflammation and
arterial hypertension in a GPIba -dependent manner.”* The same group also identified
platelet CD36, a receptor that is constitutively expressed on the platelet surface, also
amplifies FXI-dependent thrombin generation when the levels of exposed procoagulant
phospholipids are limited.’? It is also possible that polyP, secreted by or retained on the
surface of activated platelets, serves as a cofactor for FXI activation by thrombin or

FXlla 27,28,73

While these studies report that platelets amplify FXI activation, the exact mechanism by
which platelets regulate FXla-dependent thrombin generation remains unclear. In contrast
to FXI, FXla-platelet interactions appear to be independent of GPIba, with the platelet
receptor for FXla still unknown.”* Still, despite this lack of knowledge of the receptors
involved, our group recently demonstrated that the platelet surface can modify FXla

allosterically by enhancing FXla-mediated FIX activation and even preventing FXla
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inhibition by inhibitors released from activated platelets themselves.” While this
protective effect is independent of presence of either polyP or PS on the membrane of
activated platelets, it remains to be seen if this is dependent on platelet CD36. This in turn
could explain the additional function by which CD36 amplifies the aforementioned

feedback activation of FXI by thrombin in the absence of procoagulant phospholipids. "

1.7 Coagulation and Inflammation

1.7.1 Coagulation and the Kallikrein-Kinin System

In the traditional model of the kallikrein-kinin system (KKS), plasma kallikrein cleaves
HK, which leads to the generation of the proinflammatory peptide, bradykinin, a pain
mediator and strong vasodilator.®® Concomitantly, FXIla activates FXI, which leads to
the generation of thrombin.®? However, this model is being revised to highlight FXI(a) as
the central node between the KKS, complement, and coagulation systems.® In this
updated model, FXIla activates FXI11 and cleaves HK to generate bradykinin.®** While
plasma kallikrein mediates these reactions more efficiently than FXI, FXI predominantly
incites the cytokine storm in response to an inflammatory challenge. This is evidenced by
the fact that FXI-deficient mice exhibited a blunted cytokine response with reduced
consumption of FXI1 and PK compared to wild type mice in a model of sepsis induced by
cecal ligation and puncture.®®

In subsequent work by our group, we observed that the anti-FXI A2 antibody which
blocks activation of FXI by FXIlla also blocked the activation of FXII and PK.
Additionally, this antibody prevented the cleavage of HK following a lethal dose of heat-

inactivated S. aureus injected into baboons.®® These data suggest that FXla generation
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may occur prior to FXII activation during systemic inflammation; in this case, FXla may

be an activator of the KKS in vivo, perhaps by activating FXII.

1.7.2 Coagulation and the Complement System

The crosstalk between the complement system and coagulation cascade implicate one
another as deficiency or altered function in complement or coagulation proteins lead to
thrombotic and inflammatory diseases;* yet, the mechanisms behind this are still not
fully understood. In vivo evidence suggests that the activation of FXII or FXI promotes
complement activation during systemic inflammation. Moreover, in vitro studies show
that FXIla and plasma kallikrein activate the complement system. FXlla initiates the
classical complement pathway by activating the C1qgrs complex, whereas plasma
kallikrein supports the alternative complement pathway by activating factor B, C3, and
C5.%98 Novel interactions of FXla with components of the complement system have
recently emerged as well. Indeed, we have observed that FXla inhibits complement factor
H (CFH), the primary inhibitor of the alternative complement pathway. FXla cleaves
CFH at the Arg341/Arg342 bond, which reduces the cleavage of C3b by factor I and the
decay of C3bBb and amplifies the alternative pathway.*® Another group recently
demonstrated that FXI can also bind another regulator of the alternative complement

pathway, properdin.t®

FXla could also regulate inflammation by cleaving other inflammatory proteins,
including beta2-glycoprotein I (B2GP1) and prochemerin.1%%192 B,GP1 is structurally
related to CFH and is the primary antigen recognized by autoantibodies in patients with

antiphospholipid syndrome. B2GPI exhibits anticoagulant properties, including the

36



inhibition of FXI activation by thrombin.*®® Notably, FXIa can cleave p2GPI at the C-
terminus (Lys317/Thr318) to form cB2GPI, which mitigates its anticoagulant effects.
Accordingly, elevated levels of ¢f2GPI are found in patients with lupus anticoagulant or
disseminated intravascular coagulation;1%+1% indeed, FXla could even be the major
protease responsible for this cleavage. Following this theme of FXIla cleaving
inflammatory proteins, Ge et al. found that FXla can cleave prochemerin to generate the
chemoattractant and adipokine chem158K in plasma.'%? As the active form of
prochemerin, chem158K contributes to: 1) leukocyte recruitment into the thrombus, 2)
proliferation of smooth muscle cells and adipocytes, and 3) apoptosis of vascular
ECs.1021% Thys, the generation of chem158K by FXla provides yet another link between
FXla activity and inflammation. Indeed, levels of chem163S, the inactive prochemerin,
found in the plasma of FXI-deficient patients has been shown to be significantly higher
compared to a healthy control group. However, it remains to be seen if pharmacological

inhibition of FXIla in ongoing clinical trials reduces these inflammatory markers.

1.8 Atherosclerosis

Thromboinflammation associated with hyperlipidemia and resultant atherosclerosis is an
underlying driver in cardiovascular disease (CVD) that contributes to significant
morbidity and mortality worldwide. In the United States, CVD accounts for nearly 30%

of deaths annually, with estimated direct healthcare cost of $200 billion per year.635

1.8.1 Progression of Atherosclerosis
Chronic vascular inflammatory disease results, in part, from lipoprotein accumulation in

the artery walls. In this hyperlipidemic state, vascular inflammation and endothelial cell
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dysfunction result in the localized loss of endothelial barrier function.®>¢° The resultant
atherogenesis involves the upregulation and secretion of select chemokines and
chemoattractants. This in turns promotes the recruitment of monocytes and other
leukocytes to the surface of inflamed ECs and eventually into the intima.%® There,
monocytes differentiate into macrophages and internalize modified lipoprotein particles
to generate foam cells (the hallmark of the nascent atheroma), which in turn secrete
additional inflammatory cytokines and reactive oxygen species, among other mediators.
The accumulation of dying macrophages leads to the formation of a necrotic core of the
mature plaque. Erosion, and ultimately rupture, of atherosclerotic plaques is highly

thrombogenic and is a common cause of myocardial infarction and stroke.’>"

Meanwhile, activation of the coagulation cascade culminates in thrombin generation,
inciting platelet activation and pathological thrombus formation. Indeed, endothelial
dysfunction serves as a basis for inflammation and thrombosis that leads to terminal
complications in the setting of atherosclerosis.”"* When the endothelium is damaged,
blood is exposed to extracellular matrix proteins (e.g. collagen, VWF, tissue factor),
which in turn activates platelet adhesion receptors (e.g. GPVI, GPIb, CLEC-2) and allows
TF to bind FVII-FVIla to initiate the extrinsic pathway of coagulation.”
Concomitantly, the inflamed endothelial cells activate platelets and support platelet-
platelet binding interactions (e.g. GPlb-1X-V to VWF, GPIIb/llla to fibrinogen).””
Activated platelets release a number of substances that further drive endothelium

degradation and activation. These processes have been summarized in Figure 1.9.
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Figure 1.9 Progression of atherosclerosis. Atherosclerosis is a chronic inflammatory
disease that is characterized by a hyperlipidemic state and activation of the endothelium,
which culminates in atheromatous plaque formation. When the endothelium is damaged,
blood is exposed to extracellular matrix proteins, which activates platelet adhesion
receptors and facilitates the release of soluble agonists. This, in turn, both amplifies
platelet activation and facilitates the recruitment of monocytes and other leukocytes to the
inflamed endothelial cell surface. By way of diapedesis, monocytes are translocated into
the arterial intima and differentiate into macrophages that internalize modified lipoprotein
particles to generate foam cells. This results in the downstream formation of a mature
plague with a necrotic core. In late-stage atherosclerosis, plaque rupture activates the
coagulation cascade and leads to pathologic thrombus formation. ADP, adenosine
diphosphate. PAR, protease-activated receptor. PS, phosphatidylserine. GPIb/IX/V,
glycoprotein 1b/1X/V. GPVI, glycoprotein VI. vVWF, von Willebrand factor. VCAM-1,
vascular cell adhesion molecule-1. LDL, low-density lipoprotein. oxLDL, oxidized low-
density lipoprotein. Figure created with BioRender.com by Tia C.L. Kohs.

1.8.2 Current Treatment Strategies

Many current treatment options, such as antiplatelet and anticoagulant therapies,
moderately alleviate thrombotic events of atherosclerosis, yet carry a risk for bleeding
and hemorrhagic complications.”®° Thus, there remains an unmet clinical need to
develop effective cardioprotective therapies with reduced bleeding other than aspirin and

current antiplatelet therapies for primary and secondary prevention of CVD.8! Guidelines
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currently recommend indefinite aspirin therapy for patients with prior CVD events,? with
additional antiplatelet agents in combination with aspirin or as monotherapy as needed;
however, long-term use of dual antiplatelet therapy is undesirable because its 20%
increase in antithrombotic efficacy is eventually outweighed by a larger increase in
bleeding. Bleeding rates are cumulative and prohibit aggressive combination antiplatelet
therapies. Moreover, the combination of anticoagulation and dual antiplatelet therapy
doubles the rate of major bleeding when compared to dual antiplatelet therapy alone.*84
Thus, there remains a clear unmet clinical need that warrants further investigations into
the molecular underpinnings of hemostasis and thrombosis to develop safer and more

effective therapies.

1.9 Multiple Sclerosis

Neurological disorders are the second leading cause of death worldwide, accounting for
16.5% of deaths.®> The most prevalent neuroinflammatory disorder, multiple sclerosis
(MS), affects over 2.2 million individuals worldwide and is the most common disabling
neurological disease of young adults.® Clinical and experimental evidence suggest that the
pathologies associated with MS can be worsened by the involvement of coagulation
components.®’# For example, plasma FXII levels are elevated in MS patients,® whereas
FXI1 deficiency is protective in EAE.?® However, the exact mechanism of how the intrinsic

pathway of coagulation contributes to MS pathologies remains unclear.

1.9.1 Increased Blood-Brain Barrier Permeability
One of the key features of the blood-brain barrier (BBB) is its relative impermeability to

molecules that do not freely diffuse across membranes to maintain brain homeostasis.®
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The tightness of the BBB is largely regulated by tight junctions (TJs) and adherens
junctions (AJs), and together these junctions create a rate-limiting barrier to the diffusion

of solutes between endothelial cells (Section 1.2.1).%%%

BBB disruption in the setting of MS is often attributed to interactions between activated
immunocompetent cells with the cerebral endothelial cells. Once the central nervous
system (CNS) is activated in MS, antigen-presenting cells and Thl-type lymphocytes
release pro-inflammatory cytokines that alter microvascular endothelial cells, resulting in
increased leukocyte adhesion and vascular permeability. This remodeling is largely the
result of various cytokines (e.g. IL-1B, TNFa, IFN-y), chemokines (e.g. CXCL8, CCL2),
matrix metalloproteinases (e.9. MMP-2, MMP-9), and adhesion molecules (e.g. ICAM-
1).% As a result of the increased BBB permeability, hemostatic components can leak into
the brain parenchyma.®® These hemostatic components will then signal through both the
extrinsic and intrinsic pathways of coagulation to facilitate fibrin formation, systemic

inflammation, and further increase vascular permeability of the BBB.%

1.9.2 Demyelination and Axonal Degeneration

A hallmark of immune-mediated, neurodegenerative disorders such as MS is the
destruction of the myelin sheath that surrounds axons, a process known as demyelination.®’
Remyelination is an endogenous repair mechanism whereby new myelin is produced
following the proliferation, recruitment, and differentiation of oligodendrocyte precursor
cells (OPCs) into myelin-forming oligodendrocytes.? This process is necessary to protect
axons from further damage, and to restore saltatory electrical impulse conduction and

metabolic/trophic support.®-1% However, remyelination is limited or fails altogether in the
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progressive phase of MS, which is considered to contribute to the axonal damage and loss
that correlates to sensory, motor and cognitive decline.® Given that there are no approved
therapies to drive remyelination in MS, identifying the cellular and molecular drivers of

remyelination is key in the development of novel therapeutics.®

Remyelination relies upon maturation of oligodendrocyte progenitor cells (OPCs) into
myelinating oligodendrocytes. Microglia and astrocytes play key roles in oligodendrocyte
development and myelination. Under physiologic conditions, microglia and astrocytes
continuously survey their microenvironment for stimuli that might indicate injury or
infection, and are ready to respond to this by entering an activated state characterized by
cytokine secretion and phagocytosis.®*1°! However, under pathological and demyelinating
conditions, reactive astrocytes and activated microglia/macrophages can support both
beneficial and deleterious effects, the balance of which appears to be critical for tissue

regeneration. %
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Figure 1.10 Pathologies associated with the progression of multiple sclerosis. A
hallmark of multiple sclerosis is increased permeability of the blood-brain barrier (BBB).
When the BBB permeability increases, various hemostatic components (e.g. leukocytes,
blood proteins) are able to leak into the CNS. There, T-cells can interact with both B-
cells and microglia, resulting in the release of antibodies and cytokines. Concomitantly,
increased activity of blood plasma factors in the CNS facilitates additional microglial
activation, further contributing to the inflammatory milieu. Taken together, this results in
the demyelination and degeneration of axons. Figure created with BioRender.com by Tia
C.L. Kohs.

1.9.3 Current Treatment Strategies

Current treatment strategies for managing acute MS include: 1) steroids to promote BBB
integrity, 2) inhibitors of inflammatory mediators such as cytokines, chemokines, or
adhesion molecules; 3) small molecules or monoclonal antibodies directed at modulating
adaptive immune responses; and 4) agents directed at stabilizing intracellular brain

endothelial interactions and/or the signaling molecules involved in remodeling junctional
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complexes.?° While these therapies have shown clinical efficacy, relapses still occur
during which patients develop new symptoms or old symptoms worsen; moreover, most
disease modifying therapies predispose patients to infection, autoimmune conditions, and
malignancy.'%? Thus, there remains an unmet need for safe and effective therapies for the

treatment and management of MS.
1.10 Extracorporeal Membrane Oxygenation

1.10.1 Applications of Extracorporeal Membrane Oxygenation Therapy

Extracorporeal membrane oxygenation (ECMO) is a modified form of cardiopulmonary
bypass that can provide adequate oxygen delivery to vital tissues in patients with severe
cardiac and/or respiratory failure.1%® This is accomplished by removing the blood from
venous circulation, passing it through an artificial lung that adds oxygen while removing
carbon dioxide, and then returning the blood to circulation at venous or arterial sites.
While there are many configurations, a standard ECMO circuit includes a mechanical
blood pump, a membrane oxygenator (gas exchange device), and a heat exchanger all
connected with circuit tubing that extends from the access cannula to either an arterial

(VA) or venous (VV) infusion cannula (Figure 1.11).1%4
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Figure 1.11 Extracorporeal membrane oxygenation. (A) Extracorporeal membrane
oxygenation (ECMO) circuits facilitate gas exchange by oxygenating blood and
removing carbon dioxide to provide support for patients with severe respiratory or
cardiac failure. Although there are numerous ECMO circuit configurations, this figure
depicts a venovenous extracorporeal membrane oxygenation circuit. The image has been
adapted with permission from ASAIO Journal 68(2):133-152.1% (B) The intrinsic
pathway of coagulation is activated following the exposure of blood to the surface of a
vascular device. Once activated, coagulation factor (F) XII triggers a series of sequential
reactions, leading to downstream thrombosis formation, vasodilation, regulation of
vascular permeability, and activation of the complement system.

1.10.2 Potential Thrombotic and Hemorrhagic Complications

Despite the potentially lifesaving benefits associated with ECMO treatment, %1% ECMO
represents an exceptionally complex hemocompatibility problem, encompassing both
vascular device-associated thrombus formation and anticoagulation-associated
bleeding.%”-1%° ECMO is a key adjunctive therapy for cardiogenic shock, acute
respiratory distress syndrome (ARDS), as well as some forms of major trauma. 10111
However, in addition to frequent thrombotic device failures, major bleeding
complications associated with ECMO include surgical site bleeding (17%), cannulation

site bleeding (14%), and intracranial hemorrhage (11%).1'? Thrombotic events include

clots in the circuit (15%) and the oxygenator (12%) as well as hemolysis (10%).13114
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These coagulation-related morbidities and mortalities demonstrate the need for agents

that effectively inhibit thrombosis without causing bleeding.

1.10.3 Current Treatment Strategies

The standard of care requires the administration of anticoagulants to prevent thrombotic
occlusions of the oxygenator and the associated tubing in the circuit. Anticoagulant and
antiplatelet drugs reduce device-initiated thrombus formation,'*® but, at the relatively low
doses administered, remain insufficient since “breakthrough thrombosis” still occurs.
However, serious bleeding also remains the dose-limiting toxicity of all current
antithrombotic agents,!® placing limits on the intensity of anticoagulation therapy. Thus,
there exists a critical unmet need to discover and develop safer antithrombotic strategies
to limit vascular device-initiated clotting without comprising the patient’s hemostatic
capability. Efforts to address this dilemma have historically focused on pacifying the
surface of vascular devices.!*"'® Though it has improved the biocompatibility in
numerous devices, systemic anticoagulation is often still necessary in settings such as

hemodialysis, cardiopulmonary bypass, ventricular assist devices, or ECMO.19-122

A deeper understanding of risk factors in this population may lead to better informed
decision-making in hemostasis management. At present, there is a knowledge gap
regarding predictors of thrombosis in adult patients on ECMO. Prior studies have been
limited by small sample size,*? have been restricted to pediatric populations?*, or limited
to one ECMO modality.*?> Additionally, querying recent data may reflect updates in
technologic advances and practice changes, which is crucial in refining treatment

strategies and determining risk factors for thrombosis in this population.
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1.11 Current and Emerging Therapies for Vascular Diseases and Device-Related

Thrombosis

1.11.1 TEC Family Kinases as Therapeutic Targets

The TEC family kinases (TFKSs) are a subfamily of the non-receptor protein tyrosine
kinases (PTKSs). This family consists of five distinct members (TEC, BTK,
ITK/EMT/TSK, ETK/BMX, and TXK/RLK).*?® TFKs share a common domain
organization that consists of a N-terminal pleckstrin homology (PH) domain that
mediates membrane association. This is followed by a TEC homology (TH) domain,
which contains a BTK motif (BH) that is involved in the binding of GTP to the Ga
subunit of the heterotrimeric G protein, and one to two proline-rich (PR) regions that
intramolecularly binds SRC homology (SH) 3 domain to affect protein targeting and
enzyme activation. The SH3 domain that follows also mediates protein-protein
interactions and houses all autophosphorylation sites for the TFKs. Next, there is a SH2
domain that hyperphosphorylates docking proteins and stabilizes PR-SH3 interactions.
Finally, there is a carboxy-terminal catalytic kinase domain (SH1).126-128 Interestingly, the
residues in the ATP binding site of the kinase domain share 40-65% identity and 60-80%
similarity, which may explain the promiscuity of TFK inhibitors.?® A schematic
representation of these domains is provided in Figure 1.12. For my dissertation, | will
focus on Bruton’s tyrosine kinase (BTK) and bone marrow tyrosine kinase on

chromosome X (ETK/BMX).
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Figure 1.12 TEC family kinases and their domains. There are five distinct members of
the TEC family kinases (TFKs): TEC, BTK, ITK/EMT/TSK, ETK/BMX, and
TXK/RLK. This family shares a common domain organization, depicted in this
schematic representation. BH, Btk homology. PR, proline-rich. SH, SRC homology. TH,
TEC homology. CS, cysteine. PH, pleckstrin homology. Reprinted from Yin et al.
2022.1% permission is not required by the publisher for this type of use.

Bruton’s Tyrosine Kinase (BTK): A pediatrician at Walter Reed Army Hospital reported

the first case of congenital agammaglobulinemia (also known as X-linked
agammaglobulinemia [ XLA]) in an 8-year-old male in 1952. Then, in 1993, it was
discovered that this disease was related to mutations in a tyrosine kinase belonging to the
Tec family. This protein was named Bruton’s tyrosine kinase (BTK) and has since
demonstrated critical roles in autoimmune diseases and B-cell receptor signaling
(BCR).1261%0 Indeed, BTK has been implicated in a number of intracellular signaling
pathways, including the adaptive immune response and trafficking of lymphocytes;
however, the role of BTK extends beyond B-cells, to include other hematopoietic cells

(e.g. myeloid cells, platelets).'3
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The first human BTK inhibitor, ibrutinib (PCI-32765), was developed in 2009 and
demonstrated utility in treating B-cell malignancies. It was subsequently approved by the
Food and Drug Administration for the treatment of chronic lymphocytic leukemia (CLL),
mantle cell lymphomas, and lymphoplasmacytic lymphoma (Waldenstrom’s
macroglobulinemia).t3! This inhibitor reacts with a cysteine residue (C481) in the ATP
binding site of BTK, which blocks the catalytic activity, and forces the kinase domain to
assume an inactive conformation.'3 Nevertheless, while ibrutinib is often referred to as a
first generation BTK inhibitor, ibrutinib can inhibit the kinase activities of numerous

TFKs by irreversibly binding a conserved cysteine residue.**?

Bone Marrow Tyrosine Kinase on Chromosome X (BMX): BMX is a protein that was

initially discovered in granulocytic monocyte lineages within the hematopoietic
system.?° It was later revealed that BMX is widely expressed in epithelial and
endothelial lineages, as well as brain, prostate, lung and heart.*?° In these capacities,
BMX can function as a regulator in the immune response, secrete inflammatory
mediators, and maintain stem-cells. Additionally, BMX has been found to be

overexpressed in cancers (e.g. prostate, breast, colon, cervical carcinoma).26:129

One of the most potent inhibitors of BMX is BMX-IN-1. This is a covalent inhibitor that
binds to reacts with a cysteine residue (C496) in the ATP binding site. It is important to
note that this residue is found in all members of the TFKs. Likewise, BMX-IN-1 has a
high affinity for BTK, as well as members from the EGFR family (EGFR, HER2, HER4),
JAK3, BLK and MAP2K7.1?° It is possible that the structural homology of these

receptors allow covalent inhibitors to promiscuously bind other TFKs.
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1.11.2 Coagulation Factors Xl(a) and XII(a) as Therapeutic Targets

Human epidemiological data suggest an important pathogenic role for FXI in the
development of CVD, including stroke and heart attack.'**% Despite early studies
failing to find a link between FXI deficiency and protection against myocardial
infarction, follow on biomarker studies demonstrated that FXla is associated with the risk
of cardiovascular events in stable coronary artery disease patients. Along these lines,
components of the kallikrein-kinin system, including FXI, have been shown to interact
directly with multiple pathways complicit in CVD, including platelet activation and
thromboinflammation.>>*3” Furthermore, previous studies by our group have
demonstrated that FXI inhibition improves outcomes using in vivo mouse models of
atherosclerosis,'® sepsis,>3°140 jschemic stroke and ischemia-reperfusion injury.>!4
Indeed, inhibiting FXI is antithrombotic in a primate model of thrombosis and is

protective in sepsis.?4?

Based on the effectiveness of FXI inhibition in these models, it is possible that the
mechanism of action of FXla in vascular biology includes, but is not limited to, the
enzymatic cleavage of FIX. In fact, FXla substrates include members of the complement
cascade,*® TFPI,1441% and regulators of endothelial cell procoagulant activity, including
ADAMTS-13.246 The promiscuity of FXla is also observed through its “‘upstream’
activation of FXII, thus in part redefining the traditional model of the coagulation cascade

(Figure 1.13).
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This activity suggests a novel pathway for FXla as a reciprocal activator of FXII and the
kallikrein-kinin system; thus, FXI may function as a bidirectional interface between
thrombin generation and FXII activation (Figure 1.14).
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Figure 1.13 Function and substrates of coagulation factor Xla. FXla is an enzyme
that acts upon substrates (outer circle) to regulate physiological and pathological
processes (inner circle). All substrates are downstream targets unless otherwise specified.
FXI receptors and co-factors are distinguished by an underline. Upstream FXI interaction
partners are distinguished by bolded text. TFPI, tissue factor pathway inhibitor; CFH,
complement factor H; HK, high-molecular-weight kininogen; 2GPI, beta2-glycoprotein
I; GPIbo, platelet glycoprotein Iba; polyP, polyphosphate; PAI-1, plasminogen activator
inhibitor-1; VE-cadherin, vascular endothelial-cadherin. Reprinted with permission from
Lira et al., Semin Thromb Hemost, 2022: in Press.'4’
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Figure 1.14 FXla as a central regulator of hemostasis, thrombosis, and
inflammation. Activated coagulation factor XI (FXIa) is positioned at the node between
hemostasis and thrombosis/inflammation. FXla responsible for amplifying thrombin
generation, resulting in fibrin formation and platelet activation. When the balance tips in
the setting of disease, the crossover and the activation of FXII (FXIla) stimulates the
activation of the kinin-kallikrein system and the complement system, resulting in
thrombosis and inflammation. Figure created with BioRender.com by Tia C.L. Kohs.

The multifaceted function of FXIla provided a rationale for testing if FXI inhibition
prevents thromboinflammation. Given the relatively mild bleeding disorder associated
with FXI deficiency and the extremely low rates of bleeding observed in clinical trials of
FXI inhibitors, 4814 FXI inhibition does not seem to significantly compromise
hemostasis. Moreover, individuals born without FXII have no apparent pathology,
including bleeding diathesis or immunocompromise, and are generally identified through
incidental detection of a prolonged activated partial thromboplastin time (aPTT);
however, hyperactivity of FXII appears to be pathologic, as certain mutations in exon 9
provoke a rare form of hereditary angioedema.>® Taken together, both FXI and FXI1 may

represent attractive therapeutic targets.

1.12 Dissertation Overview
In my dissertation, | examined the complex interactions within the blood

microenvironment, and how these interactions play integral roles in the settings of
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vascular diseases and medical devices. Chapter 1 introduces some of the key players in
the blood microenvironment - endothelial cells, platelets, and coagulation - and the
mechanisms that govern the interactions between the various constituents. These
interactions are discussed both under physiological conditions, as well as in the presence
of foreign surfaces or in different models of disease. Chapter 2 then outlines the general
materials and methods relevant to the subsequent research chapters. Chapters 3-8
highlight my first-author papers that were published/submitted during my time in

graduate school.

In Chapter 3, | present the mechanisms by which TEC family kinases (TFKSs) contribute
to the thromboinflammatory processes in the setting of diet-induced obesity. For these
studies, our team first investigated the role of TFKSs in endothelial cell activation in

vitro and found that VEGF-A induces VCAM-1 expression in a BMX-dependent manner.
We then performed a pilot study in a nonhuman primate (NHP) model in vivo and
observed that treatment with the TFK inhibitor, ibrutinib, inhibited platelet deposition
and endothelial cell activation in vivo. Taken together, the findings detailed in Chapter 3
suggest that TFKs may contribute to the pathologies underlying atherosclerosis and could

represent a novel therapeutic target.

Chapter 4 describes our study that investigated the role of coagulation factor (F) Xl in
sustaining the thromboinflammatory phenotype associated with chronic hyperlipidemia.
For these experiments, we used the same NHP model of diet-induced obesity described in
Chapter 3 and examined the effect of diet-induced obesity on platelet sensitivity and

inflammatory markers. Pharmacological targeting of FXI using the monoclonal antibody,
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humanized 1A6, reduced platelet priming for activation and inflammation. Taken
together, this study demonstrates that FXI activation promotes vascular dysfunction in

hyperlipidemia.

To further investigate the role of FXI in thromboinflammation, | turned my attention to
thromboinflammation in the setting of multiple sclerosis (MS). In Chapter 5, | present the
work evaluating if treatment with the anti-FXI monoclonal antibody, 14E11, could improve
neurological function and attenuate CNS damage in a murine model of MS, experimental
autoimmune encephalomyelitis (EAE). We found that pharmacological inhibition of FXI
reduces disease severity, immune cell migration, axonal damage, and BBB disruption in
mice with EAE. Thus, therapeutic agents targeting FXI and FXII may provide a useful

approach for treating autoimmune and neurologic disorders.

Taking what | learned from targeting the intrinsic pathway of coagulation in disease
settings, | shifted my focus to study vascular device-related thrombosis. In Chapter 6, |
describe the development of over 400 antibodies that target FXII activation and FXlla
activity. Our team performed functional assays to characterize seven of the antibodies.
Based on our findings, 1B2 was selected for further testing in a baboon model of vascular
device-initiated thrombosis. We found that treatment with 1B2 inhibited platelet
deposition and fibrin formation, which suggests that targeting the intrinsic pathway may
reduce or prevent vascular-device associated thrombosis in a variety of clinical settings,

including extracorporeal membrane oxygenators (ECMO).

In Chapter 7, | present the results from a single-center retrospective cohort study of
patients on ECMO at Oregon Health & Science University. It is well established that
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although ECMO treatment can provide lifesaving benefits to critically ill patients;%1%
however, the issue of hemocompatibility is highly nuanced, as ECMO is associated with
both vascular device-associated thrombosis and anticoagulation-associated bleeding.'%”
109 Our work here focused on defining the incidence, predictors, and clinical
consequences of severe thrombocytopenia (platelet count <50 x 10%L) in patients on
ECMO. Interestingly, we found that severe thrombocytopenia in adults undergoing
ECMO treatment is predictive of thrombosis using a multivariate logistic regression
model. Overall, this study provides insight into the prevalence and clinical consequences

associated with severe thrombocytopenia in patients on ECMO.

The retrospective cohort study outlined in Chapter 8 was performed by querying the
Extracorporeal Life Support Organization (ELSO) Registry from 2015 to 2019 to obtain a
larger primary analysis population. Of the 16,453 ECMO patients documented during the
designated study period, 9,538 of them were included in our analyses and thrombosis
occurred in nearly a quarter of the cohort. We found that ECMO runs longer than 14 days
and higher pump flow rates were associated with an increased risk of thrombosis, and
that thrombosis increased likelihood of in-hospital mortality. Although this work is
hypothesis generating, further studies are required to determine the true associations

between clinical factors and thrombosis.

Finally, Chapter 9 provides conclusions from each of these studies and offers future

directions for the projects detailed in my dissertation.
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Chapter 2. General Materials & Methods

2.1 Ethical Considerations

Human studies were performed in accordance with an approved protocol from the
Institutional Review Board of Oregon Health & Science University. Written consent was

obtained from all subjects in accordance with the Declaration of Helsinki.

All studies using rodents and nonhuman primates, including rhesus macaques, were
approved by the Institutional Animal Care and Use Committee of the Oregon Health &
Science University prior to initiation. Rhesus macaques were housed at the Oregon
National Primate Research Center (ONPRC) at Oregon Health & Science University.
Wild-type male mice were housed in the Animal Resource Facility at the Portland

Veterans Affairs Medical Center.
2.2 Common Reagents

Crosslinked collagen-related peptide (CRP-XL) was from Dr. Richard Farndale
(Cambridge University, Cambridge, UK). Adenosine diphosphate (ADP) was from
Sigma-Aldrich (St. Louis, MO, US). Thrombin receptor activator peptide 6 (TRAP-6)
was from Tocris Bioscience (Bristol, UK). The activated partial thromboplastin time
(aPTT) reagent and prothrombin time (PT) Dade Innovin were from Thermo Fisher
Scientific (Middletown, VA, US) and Siemens Healthcare Diagnostics (Munich,
Germany), respectively. Prostacyclin was obtained from Cayman Chemical (Ann Arbor,
M1, USA). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA)

or previously cited sources.'®
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2.3 Antibodies

The mouse anti-human PE CD62P (P-selectin) antibody used for flow cytometry was
obtained from BD Biosciences (San Jose, CA, US). The mouse anti-human monoclonal
IgG1 against VCAM-1 (1.G11B1) used for contrast-enhanced ultrasound (CEU)

molecular imaging was obtained from Bio-Rad Antibodies (Hercules, CA, US).
2.4 Blood Collection and Processing
2.4.1 Human Blood Collection

Human venous blood was drawn by venipuncture from healthy subjects into 3.8%
sodium citrate (1:10). To isolate platelets, acid-citrate-dextrose (85 mM sodium citrate,
100 mM glucose, 71 mM citric acid, 30°C) was added to the anticoagulated blood
samples (1:10). Next, the samples were centrifuged at 200 g for 20 min to obtain platelet
rich plasma (PRP). The PRP was centrifuged at 1000 g for 10 min in the presence of
prostacyclin (0.1 pg/mL) and the platelet poor plasma (PPP) was decanted to obtain
platelets. The platelet pellet was re-suspended in modified HEPES-Tyrode buffer (129
mM NacCl, 0.34 mM NaHPO4, 2.9 mM KCI, 12 mM NaHCOs3, 20 mM HEPES, 5 mM
glucose, 120 mM MgClz, pH 7.3), and washed via centrifugation at 1000 g for 10 min in
the presence of prostacyclin (0.1 pug/mL). The washed platelets were re-suspended in

modified HEPES-Tyrode buffer to the desired concentration
2.4.2 Nonhuman Primate Samples

Whole blood samples were collected from rhesus macaques by venipuncture into 3.2%
sodium citrate, EDTA, or plastic vacutainers at designated study intervals. To isolate

platelet poor plasma, blood samples anticoagulated with 3.2% sodium citrate or EDTA
57



were centrifuged at 2000 g for 8-10 min. The supernatant was removed and the remaining
blood was centrifuged at 1000-2000 g for 3-10 min. To isolate serum, blood was drawn
into a plastic vacutainer and allowed to sit for 30 min at room temperature. The blood
clot was then removed by centrifuging the sample at 1000 g for 10 min. Blood plasma
samples that were not immediately used for analyses were banked at -80°C for batch

testing.
2.5 Flow Cytometry for Platelet Activation

Platelet function was measured by measuring integrin activation, granule secretion, and
phosphatidylserine (PS) expression by flow cytometry. Whole blood samples
anticoagulated with sodium citrate (3.2%-3.8%) were diluted in modified HEPES-Tyrode
buffer (1:4). The samples were then incubated with an anti-CD62P PE (1:10), an anti-
PAC-1 FITC (1:10) antibody, or FITC bovine lactadherin (1:10) for 20 min at 37°C in
the presence of agonists that signal downstream of immunotyrosine activation motif
(ITAM)- or G-protein coupled receptor (GPCR)- mediated pathways. These agonists
included: the GPV1 agonist, cross-linked collagen-related peptide (CRP-XL); the P2Y
agonist, adenosine diphosphate (ADP); and/or the PAR-1 agonist, thrombin receptor
activator peptide 6 (TRAP-6). The agonist concentrations can be found in the methods
section for the research chapters. Reactions were stopped with the addition of
paraformaldehyde (2%). Flow cytometry was performed on a FACSCanto Il (BD
Biosciences, Franklin Lakes, NJ, US) and analyses were performed on FlowJo software
(version 10.7.1). The platelet populations were identified using logarithmic signaling
amplification for forward and side scatter and platelet activation was presented as either

mean fluorescence intensity or positive cell percentages.
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2.6 Nonhuman Primate Model of Obesity and Hyperlipidemia

Adult male rhesus macaques were fed a high fat diet (45% carbohydrates, 18% protein,
and 36% fat by caloric content LabDiet 5LOP, Purina Mills) for >2 years and were
selected on the basis of having carotid intimal-medial thickening as a marker of early
atherosclerotic changes. Anesthesia was induced with ketamine (10 mg/kg
intramuscularly) and maintained with isoflurane (1.0-1.5%) to facilitate contrast
enhanced ultrasound molecular imaging. At designated study intervals, animals
underwent phlebotomy for analysis of lipid levels and inflammatory biomarkers, platelet

aggregation studies, and whole blood flow cytometry.

2.6.1 Lipid Levels and Complete Blood Counts

Nonhuman primate blood samples obtained by venipuncture were used to measure lipids
and inflammatory biomarker profiles. These assays were performed by the Clinical
Pathology Laboratory at the Oregon National Primate Research Center using an ABX

Pentra 400 Clinical Chemistry System (Horiba Medical, Irvine, CA, US).
2.6.2 Inflammatory Biomarkers

Inflammatory biomarkers were measured in either plasma or serum samples isolated from
NHP samples obtained through venipuncture. Samples were analyzed for cytokines using
custom Luminex panels (ThermoFisher, Waltham, MA, US; Millipore Sigma
HNDG3MAG-36K, Burlington, MA) and an ELISA kit for C-reactive protein (ALPCO,
Salem, NH, US). These analyses were performed in the Endocrine Technologies Core at
the Oregon National Primate Research Center following the manufacturer’s instructions.

Briefly, 25 uL of each serum sample was diluted in assay diluent and incubated overnight
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with antibody-coated, fluorescent-dyed capture microspheres specific for each analyte,
followed by detection antibodies and streptavidin-phycoerythrin. Washed microspheres
with bound analytes were resuspended in reading buffer and analyzed on a Milliplex LX-
200 Analyzer (EMD Millipore, Billerica, MA, USA) bead sorter with XPonent Software
version 3.1 (Luminex, Austin, TX, USA). Data were calculated using Milliplex Analyst

software version 5.1 (EMD Millipore).

2.6.3 Contrast Enhanced Ultrasound Molecular Imaging

This molecular imaging technique relies on microbubbles with a gain-of-function VWF
Al domain or an antibody to VCAM-1 conjugated to the surface to target platelet GPIba
in vascular beds or inflamed endothelial cells, respectively.®>>* The microbubbles were
prepared by sonicating a gas-saturated aqueous suspension of
distearoylphosphatidylcholine (2 mg/mL), polyoxyethylene-40-stearate (1 mg/mL), and
distearoylphosphatidylethanolamine-PEG (2000) biotin (0.4 mg/mL). Ligands were
conjugated to the microbubble surface using either a 15-amino acid cyclic peptide (CCP-
015b) biotinylated at an added C-terminal lysine residue or a monoclonal antibody
against VCAM-1 (1.G11B1). Microbubble concertation and size distribution between
agents for each experiment were monitored using electrozone sensing (Multisizer 111,

Beckman-Coulter, Brea, CA, US).

Imaging was performed at the carotid bifurcation along the longitudinal access using
multi-pulse, contrast-specific imaging at 7 MHz, a mechanical index of 1.9, a dynamic
range of 55 dB, and a frame rate of 1 Hz (Sequoia, Siemens Medical Imaging, Mountain
View, CA, US). Following the injection of the targeted microbubbles (1x108, i.v.), the
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ultrasound was paused while a 2-D ultrasound at low power (mechanical index<0.10)
was used to locate the carotid artery. Contrast-specific imaging was used to capture
several frames and the first two frames were digitally averaged to quantify the signal for
the retained microbubbles. To reduce the signal from microbubbles freely circulating,
several frames acquired after >5 destructive pulse sequences (mechanical index 1.3) were

averaged and subtracted.

2.7 Statistical Analysis

For datasets obtained from in vitro and in vivo experiments, data were first tested for

normality and sphericity using Shapiro-Wilk and F-tests, respectively. Statistical analyses
were performed using GraphPad Prism 9 (San Diego, CA, US) and statistical significance
was considered for P<0.05. Statistical tests were chosen according to the criteria outlined

in the flow diagram below (Figure 2.1).

For retrospective analyses, patient demographics were reported using standard descriptive
statistics. Continuous variables were presented as a mean value plus or minus the
standard deviation (SD) or standard error of mean (SEM). Categorical and dichotomous
variables were presented as frequency and the percentage of total. To compare
differences between cohorts, P-values were calculated Welch’s t-tests, Fisher exact tests,
Wilcoxon-Mann-Whitney tests. Statistical significance was defined as P<0.05 for simple
demographic comparisons. Multivariate logistic regression was used to determine
clinically meaningful predictors of both bleeding and thrombosis. Select risk factors for
hemostatic compromise and thrombosis were selected a priori based on known relevance
for the regression model. For multiple logistic regression models, statistical significance
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was defined as an adjusted P<<0.05. All statistics for retrospective analyses were

calculated using R (R Foundation for Statistical Computing, version 3.6.2).

Experimental ., Gaussian i Equal ot

No Matching or
Pairing

Matched or
Repeated
Measures Data

— RES

— B¢}

— RS

o Yes

Unpaired t-test

— m —_— Unpaired t-test with Welch's Correction

m Yes

— RS

Mann-Whitney
Kolmogorov-Smirnov
Ordinary One-Way ANOVA
Dunnett Post Hoc Test
Brown-Forsythe and Welch ANOVA with
Dunnett T3 Post Hoc Test
Kruskal-Wallis with Dunn's Post Hoc Test
Paired t-test
Wilcoxon Matched-Pairs Signed Rank
Mixed-Effects Analysis with Geisser-Greenhouse
Correction and Dunnett Post Hoc Test
Friedman Test with Dunn’s Post Hoc Test

Figure 2.1 Statistical tests based on GraphPad Prism 9 guidance. GraphPad Prism 9
detects which type of data are entered (e.g., continuous, categorical, or survival data) and
suggests appropriate statistical analyses based on the data type and experimental design.
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Chapter 3. Ibrutinib inhibits BMX-dependent endothelial VCAM-1 expression in

vitro and proatherosclerotic endothelial activation and platelet adhesion in vivo
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3.1 Abstract

Inflammatory activation of the vascular endothelium leads to overexpression of adhesion
molecules such as vascular cell adhesion molecule-1 (VCAM-1), contributing to the pro-
thrombotic state underpinning atherogenesis. While the role of TEC family kinases
(TFKSs) in mediating inflammatory cell and platelet activation is well defined, the role of
TFKs in vascular endothelial activation remains unclear. We investigated the role of
TFKs in endothelial cell activation in vitro and in a nonhuman primate model of diet-
induced atherosclerosis in vivo. In vitro, we found that ibrutinib blocked activation of the
TFK member, BMX, by vascular endothelial growth factors (VEGF)-A in human aortic

endothelial cells (HAECs). Blockade of BMX activation with ibrutinib or
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pharmacologically distinct BMX inhibitors eliminated the ability of VEGF-A to stimulate
VCAM-1 expression in HAECs. We validated that treatment with ibrutinib inhibited
TFK-mediated platelet activation and aggregation in both human and primate samples as
measured using flow cytometry and light transmission aggregometry. We utilized
contrast-enhanced ultrasound molecular imaging to measure platelet GPIba and
endothelial VCAM-1 expression in atherosclerosis-prone carotid arteries of obese
nonhuman primates. We observed that the TFK inhibitor, ibrutinib, inhibited platelet
deposition and endothelial cell activation in vivo. Herein, we found that VEGF-A signals
through BMX to induce VCAM-1 expression in endothelial cells, and that VCAM-1
expression is sensitive to ibrutinib in vitro and in atherosclerosis-prone carotid arteries in
vivo. These findings suggest that TFKs may contribute to the pathogenesis of
atherosclerosis and could represent a novel therapeutic target.

3.2 Graphical Abstract
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3.3 Introduction

In this chapter, our studies focused on elucidating the mechanisms by which TEC family
kinases (TFKs) contribute to the thromboinflammatory processes in the setting of diet-
induced obesity. We first investigated the role of TFKs in endothelial cell activation in
vitro and found that VEGF-A induces VCAM-1 expression in a BMX-dependent manner.
We then performed a pilot study in a nonhuman primate (NHP) model in vivo and
observed that treatment with the TFK inhibitor, ibrutinib, inhibited platelet deposition
and endothelial cell activation in vivo. Note, the rhesus macaque is a unique model for
diet-induced obesity, as well as insulin resistance and pre-diabetes, based on metabolic
similarities between humans and rhesus macaques.*® These commonalities (e.g. white
adipose tissue deposits, pattern of hyperlipidemia, control of lipolysis, and islet cell
structure and function) are not shared by rodents.'*® Taken together, the findings detailed
in this chapter suggest that pathways driven by the activation of select TFK pathways
may contribute to the pathologies underlying atherosclerosis and could represent a novel

therapeutic target.

3.4 Background

Atherosclerosis is a chronic inflammatory disease characterized by the accumulation of
lipoproteins and smooth muscle cells in the arterial intima, endothelial cell activation, and
leukocyte recruitment culminating in atheromatous plaque formation.*®” During the later
stages of atherosclerosis, patients may experience significant complications from plagque
rupture and thrombus formation.*>”1°® Despite medical advances, atherosclerosis remains

the leading cause of mortality in the United States. 1%
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Endothelial activation contributes to the pro-thrombotic and pro-inflammatory milieu
underlying atherogenesis. As platelets adhere to the vascular endothelium, pro-
inflammatory endothelial activation occurs in concert with an overexpression of adhesion
proteins involved in cell-cell interactions, such as intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1).16%162 Eycidating the
mechanisms that govern platelet-endothelial interactions, the release of endothelial-cell
derived inflammatory factors and the expression of cell adhesion molecules may identify

novel therapeutic targets to mitigate the progression of atherogenesis.

Due to their role in systemic inflammation and cytokine signaling, TEC family kinases
(TFKSs) represent promising targets for mitigating inflammatory disorders and
autoimmune diseases.%31% The TFKs represent the second largest group of non-receptor
tyrosine kinases and consist of five members: 1) BTK (Bruton’s tyrosine kinase); 2) RLK
(resting lymphocyte kinase; also known as TXK); 3) ITK (interleukin-2-inducible T-cell
kinase); 4) TEC (tyrosine kinase expressed in hepatocellular carcinoma); and 5) BMX
(bone-marrow tyrosine kinase gene on chromosome X; also known as ETK).*?” BTK is
mainly expressed in B-cells, whereas RLK/TXK, and ITK are exclusively expressed in
myeloid hematopoietic cells. TEC is expressed in certain somatic cells and BMX is
specifically expressed by the cardiac endothelium and arterial endothelial cells. 6567
BTK and TEC play important signaling roles in glycoprotein VI (GPVI1)-mediated

platelet activation, spreading, and aggregation.®®

Within the last decade, the TEC family kinase and critical B-cell signaling molecule BTK

has become a novel and effective therapeutic target in many hematologic malignancies.'®°
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Indeed, the first-generation BTK inhibitor, ibrutinib, has demonstrated efficacy in
treating several hematological malignancies, such as chronic lymphocytic leukemia, and
chronic inflammatory conditions, such as graft-versus-host disease.'®*1° However,
ibrutinib also imparts anti-platelet effects as BTK contributes to platelet signaling, with
accumulating clinical data demonstrating the effects of TFK inhibition in platelets.**
Additionally, ibrutinib exhibits off-target effects through inhibition of several other TFKs

including TEC and BMX.1%

Vascular endothelial cells express BMX but not BTK.!%5 Both BMX and BTK play a role
in systemic inflammation and cytokine signaling, leading to the investigation of several
TFK inhibitors for inflammatory and autoimmune diseases.*%*%* In particular, inhibition
of inflammatory cytokine activity has been demonstrated to mitigate cardiovascular
morbidity in a major clinical trial.}’* Although it has been shown that BMX plays a role
in signaling via the vascular endothelial growth factor receptors 1 and 2 (VEGFR1,
VEGFR?2) and that tumor necrosis factor-o. (TNFa) induces a reciprocal activation
between BMX and VEGFR?2, it remains unknown if these mechanisms are sensitive to
TFK inhibitors such as ibrutinib.t’217 Since ibrutinib can also inhibit BMX activity by
irreversibly binding a conserved cysteine residue,*** we used ibrutinib as a functional tool

to investigate the role of TFKs in the pathogenesis of atherosclerosis.

While TFKs appear to be novel, druggable targets to inhibit key pathways that mediate
platelet signaling and activity, the effects of inhibiting these pathways on platelet-
endothelial interactions and overall cardiovascular risk in vivo remain undescribed. We

hypothesized that TFKSs play a critical role in atherosclerosis formation via several
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independent pathways: 1) pro-atherosclerotic vascular endothelial functions; 2) platelet
function; and 3) regulation of pro-atherosclerotic cytokine production and systemic
inflammation. We therefore aimed to evaluate the role of TFKSs on these biochemical

pathways.

3.5 Materials and Methods

3.5.1 Reagents

Primary human aortic endothelial cells (HAECs) and 0.1% gelatin solution were obtained
from American Type Culture Collection (Manassas, VA, USA). VascuLife VEGF
Endothelial Medium Complete Kit was obtained from Lifeline Cell Technology
(Frederick, MD, USA). The irreversible BTK inhibitor, ibrutinib, was obtained from
Selleck Chemicals (Houston, TX, USA). The irreversible BMX inhibitor, BMX-IN-1,
was obtained from MedChemExpress (Monmouth Junction, NJ, USA). Recombinant
human vascular endothelial growth factor (VEGF) and TNFa were obtained from R&D
System (Minneapolis, MN, USA). CRP-XL was obtained from Dr. Richard Farndale
(Cambridge University, Cambridge, UK). Protein A/G Sepharose and Protein A/G
PLUS-agarose beads were from Santa Cruz Biotechnology (Dallas, TX, USA). Laemmli
Sample Buffer was obtained from Bio-Rad Antibodies (Hercules, CA, USA). Accutase
and human endothelial serum free media were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Prostacyclin was obtained from Cayman Chemical (Ann Arbor,
M1, USA). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA)

or previously cited sources.'®

3.5.2 Antibodies
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The 15-amino acid cyclic peptide (CCP-015b) and the mouse anti-human monoclonal
IgG1 against VCAM-1 (1.G11B1) used for contrast-enhanced ultrasound (CEU)
molecular imaging were obtained from Dr. Gray D. Shaw (Quell Pharma Inc., Plymouth,
MA, USA) and Bio-Rad Antibodies (Hercules, CA, USA), respectively. The PE mouse
anti-human CD62P (P-selectin) and FITC mouse anti-human PAC-1 antibodies used for
flow cytometry were obtained from BD Biosciences (San Jose, CA, USA). The APC anti-
human CD62P (P-selectin) antibody used for flow cytometry was obtained from
BioLegend (San Diego, CA, USA). The PE-Cyanine7 CD106 (VCAM-1) antibody used
for flow cytometry was obtained from ThermoFisher Scientific (Waltham, MA, USA).
The anti-p-Tyr antibody used for immunoprecipitation assays was from Santa Cruz
Biotechnology (Dallas, TX, USA). The anti-ETK/BMX antibody and anti-p-STAT3 used
for immunoprecipitation assays were from Cell Signaling Technology (Danvers, MA,
USA). The anti-p-BMX antibody used for immunoprecipitation assays was from Abcam
(Cambridge, UK). The anti-VCAM-1 antibody used for Western blotting was from Santa

Cruz Biotechnology (Dallas, TX, USA).

3.5.3 Flow Cytometry for VCAM-1 Expression

HAECSs were grown to confluence in 0.1% gelatin-coated 6-well plates with VascuL.ife
VEGF Endothelial Medium Complete Kit. HAECs were serum-starved for 4 h and then
pre-incubated with vehicle (DMSO) or ibrutinib (10 uM) for 30 min at 37°C. Cells were
then stimulated with VEGF-A (100 ng/mL) or TNFa (5 ng/mL) in serum-free medium
with 0.5% bovine serum albumin (BSA) for 6 h at 37°C. HAECs were washed with PBS,
incubated with accutase to detach cells for 2 min at 37°C, and centrifuged at 1000 g for 5

min. Samples were re-suspended in 0.5% BSA in PBS and incubated with an anti-
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VCAM-1 PE/Cy7 antibody (1:50) for 30 min at 37°C at 200 rpm. Samples were then
diluted with 0.5% BSA in PBS, centrifuged at 1000 g for 5 min, and re-suspended in 2%
PFA. Samples were analyzed by flow cytometry (FACSCanto Il, BD Biosciences,
Franklin Lakes, NJ, USA) and VCAM-1 expression was determined by flow cytometry

analysis using FlowJo software (version 10.7.1).

3.5.4 Immunopreciptation and Western Blotting

HAECSs were grown to confluence in 0.1% gelatin-coated 12-well plates with VascuL.ife
VEGF Endothelial Medium Complete Kit. HAECs were serum-starved for 4 h before
being stimulated with vehicle, VEGF-A (100 ng/mL), or TNFa. (5 ng/mL) in serum-free
medium with 0.5% BSA for 6 h at 37°C. Prior to stimulation, cells were pre-incubated
with vehicle (DMSO) or the TFK inhibitors, JS25 (20, 40, 80 uM), BMX-IN-1 (20, 40
M), or ibrutinib (10 uM) as indicated for 30 min at 37°C. Cells were lysed in Laemmli
sample buffer containing 200 mM dithiothreitol. Protein sample were separated by SDS-
PAGE, transferred to polyvinylidene difluoride (PVVDF) membranes, and blotted with an
anti-VCAM-1 antibody (0.4 pg/mL) and a horseradish peroxidase-conjugated secondary

antibody (1:10,000).

For immunoprecipitation experiments, cells were seeded in 12-well plates and serum-
starved for 4 h before being stimulated with vehicle or VEGF-A (100 ng/mL) in serum-
free medium with 0.5% BSA for 5 to 60 min at 37°C. Cells were lysed with cold lysis
buffer (10mM Tris/HCI, pH 7.4; 150 mM NaCl; 2 mM EDTA,; 1% Triton X-100)
containing PMSF (1:100) and phosphatase inhibitor (1:100) for 30 min at 4°C. HAEC

lysates were then pre-cleaned with Protein A/G Sepharose and incubated with 2 pg of an
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anti-p-Tyr antibody or nonspecific IgGs overnight at 4°C. Antibody-protein complexes
were then captured with Protein A/G PLUS-agarose beads at 4°C for 2 h. At the end of
the incubation period, the beads were washed three time in a lysis buffer. Precipitates
were then eluted with Laemmli sample buffer supplemented with 200 mM dithiothreitol.
Protein sample were separated by SDS-PAGE, and transferred to PVDF membranes and
blotted with an anti-BMX antibody (0.1 pg/mL), an anti-p-BMX Y566 antibody (0.03
pg/mL), or an anti-p-STAT3 Y705 antibody (0.2 ug/mL), and horseradish peroxidase-
conjugated secondary antibodies. Films were scanned and blots representative of 3-4

independent experiments are shown.

3.5.5 Human Platelet Isolation

Human venous blood was drawn by venipuncture from healthy subjects into 3.8%
sodium citrate (1:10) and acid citrate dextrose (1:10) as previously described.’417°
Written informed consent from volunteers was obtained in accordance with an approved
protocol from the Institutional Review Board of Oregon Health & Science University.
Platelet rich plasma (PRP) was isolated from whole blood by centrifugation at 200 g for
20 min. PRP was then centrifuged at 1000 g for 10 min in the presence of prostacyclin
(0.1 pg/mL) and the platelet poor plasma (PPP) was decanted to obtain platelets. The
platelet pellet was re-suspended in modified HEPES-Tyrode buffer (129 mM NacCl, 0.34
mM NazHPOys, 2.9 mM KCI, 12 mM NaHCOs, 20 mM HEPES, 5 mM glucose, 120 mM
MgCl,, pH 7.3), and washed via centrifugation at 1000 g for 10 min in the presence of
prostacyclin (0.1 pg/mL) and acid citrate dextrose (1:10). The washed platelets were re-

suspended in modified HEPES-Tyrode buffer to the desired concentration.
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3.5.6 Platelet Aggregation

Platelet aggregation was measured in response to GPVI-agonist, cross-linked collagen-
related peptide (CRP-XL). Platelet aggregation studies were performed by pre-incubating
300 pL of human washed platelets (3x108/mL) with inhibitors for 10 min at room
temperature. Platelets were then stimulated with CRP-XL (1 pg/mL) and monitored
under continuous stirring at 37°C. Platelet aggregation was measured by changes in light
transmission using an aggregometer (Chrono-Log Corporation, Havertown, PA, USA).
Data were presented as representative aggregation tracings. The averages of maximal
platelet aggregation for 3 different experiments were analyzed for statistical significance
by one-way ANOVA using GraphPad PRISM 8 software. For the NHP studies, 300 pL
of PRP was warmed to 37°C and then stimulated with CRP-XL (1 pg/mL) under
continuous stirring. Platelet aggregation was measured by changes in light transmission
using an aggregometer (PAP-4, Bio/DataCorporation, Horsham, PA, USA). Data were

presented as representative aggregation tracings.

3.5.7 Flow Cytometry for Platelet Activation

Platelet integrin activation and granule secretion in response to CRP-XL were measured
using flow cytometry. Flow cytometry studies were performed with human whole blood
anticoagulated with 3.8% sodium citrate and pre-incubated with either vehicle (DMSO)
or ibrutinib (10 uM) for 10 min at 37°C. Human whole blood samples were diluted in
modified HEPES-Tyrode buffer (1:4) and incubated with anti-CD62P PE (1:20) or anti-
PAC-1 FITC (1:20) antibody for 20 min at 37°C in the presence of CRP-XL (5 pg/mL).
Whole blood from rhesus macaques was also diluted in modified HEPES-Tyrode buffer

(1:4) and incubated with anti-CD62P PE (1:10) or anti-PAC-1 FITC (1:10) antibody for
72



20 min at 37°C in the presence of CRP-XL (5 ug/mL). The reactions were stopped by
adding 2% PFA and analyzed by flow cytometry (BD FACSCanto Il, BD Biosciences,
Franklin Lakes, NJ). Platelet activation was determined by flow cytometry analysis using

FlowJo software (version 10.7.1) and presented as mean fluorescence intensity.

3.5.8 Nonhuman Primate Model of Early Atherosclerosis

This study was approved by the Institutional Animal Care and Use Committee of the
Oregon Health & Science University (Approval Number: IP00002332) prior to initiation.
Rhesus macaques (Macaca mulatta), were cared for and housed at the Oregon National

Primate Research Center (ONPRC) at Oregon Health & Science University.

Adult male rhesus macaques (n=2; ages 14 and 18 years) were fed a high fat diet (45%
carbohydrates, 18% protein, and 36% fat by caloric content LabDiet 5LOP, Purina Mills)
for >2 years and were selected on the basis of having carotid intimal-medial thickening as
a marker of early atherosclerotic changes. Animals were administered ibrutinib orally
daily for 7 days at a dose of 10 mg/kg/day and studied at baseline and days 1 and 7 after
drug administration. The dose used in this study was selected to test the maximal
response of ibrutinib within the dose range of 1.25-12.5 mg/kg/day used in clinical
studies ibrutinib.'’® Anesthesia was induced with ketamine (10 mg/kg intramuscularly)
and maintained with isoflurane (1.0-1.5%) at two discrete time points during the study to

facilitate CEU molecular imaging.

At designated study intervals, animals underwent phlebotomy for analysis of lipid levels
and inflammatory biomarkers, platelet aggregation studies, and whole blood flow

cytometry. Hematological analyses were also performed on adult male rhesus macaques
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(n=3; ages 8, 12,15 years) fed a standard diet (58.52% carbohydrates, 26.82% protein,

and 14.65% fat by caloric content LabDiet 5LOP, Purina Mills) as lean controls.

3.5.9 Nonhuman Primate Blood Collection

For the NHP studies, venous blood samples were collected from rhesus macaques by
venipuncture into 3.2% sodium citrate or plastic vacutainers at baseline and days 1 and 7
following ibrutinib treatment. Platelet rich plasma (PRP) was isolated from blood
samples anticoagulated with 3.2% sodium citrate by centrifugation of whole blood at 200
g for 8 min. The supernatant was removed, and platelet poor plasma (PPP) was obtained
by further centrifugation of the remaining blood at 1000 g for 3 min. To isolate serum,
blood was drawn into a plastic vacutainer and allowed to sit for 30 min at room
temperature. The blood clot was then removed by centrifuging the sample at 1000 g for

10 min.

3.5.10 Hematological Analysis for Lipid Profiles and Inflammatory Biomarkers

Venous blood samples collected from rhesus macaques by venipuncture were used to
measure lipids and inflammatory biomarker profiles. Serum samples were analyzed for
lipid levels by the Clinical Pathology Laboratory at the ONPRC using an ABX Pentra
400 Clinical Chemistry System (Horiba Medical, Irvine, CA, USA). C-reactive protein
(CRP) concentrations were assessed by an enzyme-linked immunosorbent assay (ELISA)
kit, following the manufacturer’s instructions (30-9710S, ALPCO, Salem, NH, USA).

The assay range was 0.95-150 ng/mL and intra-assay CV was 3.6%.

Serum samples were analyzed for cytokines using a custom 9-plex monkey cytokine

Luminex panel (ThermoFisher, Waltham, MA, USA), which included IL-1p, IL-2, IL-4,
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IL-6, IL-8, IL-10, IL-12/IL-23p40, IFN-y, and IFN-a. The analysis was performed by the
Endocrine Technologies Core at the ONPRC. Briefly, 25 pL of each serum sample was
diluted in assay diluent and incubated overnight with antibody-coated, fluorescent-dyed
capture microspheres specific for each analyte, followed by detection antibodies and
streptavidin-phycoerythrin. Washed microspheres with bound analytes were resuspended
in reading buffer and analyzed on a Milliplex LX-200 Analyzer (EMD Millipore,
Billerica, MA, USA) bead sorter with XPonent Software version 3.1 (Luminex, Austin,
TX, USA). Data were calculated using Milliplex Analyst software version 5.1 (EMD
Millipore). An in-house generated rhesus macaque serum pool was run in quadruplicate
as a quality control. Intra-assay CVs were as follows: IL-1pB, 4.7%; 1L-2, 12.7%; IL-8,
1.6%; 1L-10, 4.3%; IL-12/1L-23p40, 6.6%; IFN-y, 12.8%; IFN-a, 3.2%. Intra-assay CVs
for IL-4 and IL-6 were not calculated, as they were undetectable in the QC. Since all

samples were analyzed in a single assay, no inter-assay variation was calculated.

3.5.11 Targeted Molecular Imaging Agent Preparation

For CEU molecular imaging, microbubbles targeted to platelet glycoprotein-Iba. (GPIba),
endothelial vascular cell adhesion molecule-1 (VCAM-1), or control microbubbles were
prepared as previously described.}””1"® In brief, biotinylated lipid-shelled
decafluorobutane microbubbles were prepared via sonication of a gas-saturated aqueous
suspension of distearoylphosphatidylcholine (2 mg/mL), polyoxyethylene-40-stearate (1
mg/mL), and distearoylphosphatidylethanolamine-PEG (2000) biotin (0.4 mg/mL).
Microbubbles targeted to platelet GPIba or endothelial VCAM-1 were prepared by
conjugating biotinylated ligands to the microbubble surface using either a 15-amino acid

cyclic peptide (CCP-015b) biotinylated at an added C-terminal lysine residue or a
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monoclonal antibody against VCAM-1 (1.G11B1), respectively. Microbubbles targeted
to platelet GPIba and endothelial VCAM-1 were previously validated using in vitro flow
chamber assays and immunohistochemistry of spleen and carotid artery from rhesus
macaques that were fed a high fat diet for 2 years, respectively.r’"1’® Control
microbubbles were unconjugated with no targeting ligand. Electrozone sensing was used
to measure microbubble concentration and to ensure similar size distribution between

agents for each experiment (Multisizer 111, Beckman-Coulter, Brea, CA, USA).

3.5.12 Carotid Molecular Imaging

We utilized CEU molecular imaging at the carotid bifurcation to measure endothelial
VCAM-1 and platelet GPIba before and after treatment with the TFK inhibitor ibrutinib
as previously described.’"17 In brief, longitudinal-axis imaging at the carotid bifurcation
was performed using multi-pulse, contrast-specific imaging at 7MHz, a mechanical index
of 1.9, a dynamic range of 55dB, and a frame rate of 1 Hz (Sequoia, Siemens Medical
Imaging, Mountain View, CA, USA). Intravenous injections of microbubbles targeted to
endothelial VCAM-1 or platelet GPIba (1x108) were performed in a random order.
Following injection of targeted microbubbles, the ultrasound was paused for 1 min before
locating the carotid artery using two-dimensional ultrasound at low power (mechanical
index<0.10) and activating contrast-specific imaging for several frames. The signal for
the retained microbubbles was quantified by digitally averaging the first two frames
acquired and then subtracting several averaged frames acquired after >5 destructive pulse
sequences (mechanical index 1.3) to mitigate signal from freely circulating microbubbles.
Data from regions-of-interest at the near and far walls of the common carotid artery were

averaged.
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3.5.13 Statistical Analysis

Data were tested for normality using a Shapiro-Wilk test. Two group data presented in
the study were not normally distribution and were analyzed by a Mann-Whitney test. For
three or more groups, data were analyzed by one-way ANOVA with a Dunnett’s post-hoc
test. Statistical significance was considered for P<0.05. For all the experiments, n
indicates the number of independent experiments performed. Individual data from the
NHP experiments were not evaluated statistically to avoid overpowering the analysis
given the small size of the animal cohort. Statistical analyses were performed using

GraphPad PRISM 9 (San Diego, CA, USA).

3.6 Results

3.6.1 Effects of VEGF-A on Endothelial Cell VCAM-1 Expression

Tyrosine Kinases play a central role in endothelial cell signal transduction by
phosphorylating cellular proteins to facilitate growth and differentiation signal cascades,
as well as to regulate vessel tone, expression of adhesion molecules, and
chemoattractants.'®® Endocardial and arterial endothelial cells express the TEC family
kinase (TFK), BMX. BMX is known to be involved in signaling downstream of VEGFR1
and VEGFR2.172173 Since VEGF-A, the ligand for the aforementioned receptors, is
upregulated in atherosclerotic plagues and enhance atherosclerosis, we studied whether

VEGF-A-mediated VCAM-1 expression by endothelial cells was mediated by BMX.

First, we validated that VCAM-1 expression was increased in response to VEGF-A using
flow cytometry. As seen in Figure 3.1A, VCAM-1 expression was upregulated in

response to VEGF-A (100 ng/mL) compared to vehicle; VCAM-1 expression was
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confirmed to be upregulated by the cytokine TNFa (5 ng/mL). We next confirmed that
VEGF-A-induced phosphorylation of BMX (Figure 3.1B) Previous studies have shown
that BMX mediates STAT3 activation,'®318 and that STAT3 contributes to a number of
cardiovascular diseases, including atherosclerosis, cardiac hypertrophy, and heart
failure.!8! Indeed, as shown in Figure 3.1B, VEGF-A stimulation of HAECs upregulated
phosphorylation of both BMX and STAT3 as a function of time, providing a mechanistic
link between the initiator involvement of BMX as well as the pathological roles of

STATS3 in atherosclerosis.

A) Vehicle VEGF-A TNFa B) IP:p-Tyr VEGF-A
300 ‘ DVehidle | 300 I Vehicle | 300 Vehicle ) )
A VEGF-A ,H [ Ibrutinib £ Ibrutinib kba 0 15 30 60 Time (min)
TNF ‘
2001 || “ 200 M 2001

BMX

,_ 80 [ & bt s &

1004 4 1004 B4 100+ Lk
j’ | | " m" ‘k 80
oL . oL A oL AN prat

-0° 0 10° 10¢ 105  -10° 0 10° 10¢ 105  -10° O 10° 10¢ 10°
PE/Cy7 VCAM-1 90 [ i B |, <773

Count

Figure 3.1 VCAM-1 expression in human aortic endothelial cells (HAECs) following
exposure to VEGF-A or TNFa. (A) Representative flow cytometry histograms from
HAECs stimulated with vehicle, VEGF-A (100 ng/mL), or TNFa (5 ng/mL). In select
experiments, HAECs were pre-incubated with ibrutinib (20 uM). (B) Phosphorylation of
BMX (p-BMX) and STAT3 (p-STAT3) immunoprecipitated from HAECSs stimulated
with VEGF-A (100 ng/ml) for 0, 15, 30, or 60 min. Representative blots for at least n=3.
IP indicates immunoprecipitation.

3.6.2 Effects of BMX Inhibition on Endothelial Cell VCAM-1 Expression

When the endothelium is activated, adhesion molecules (e.g. E-selectin, ICAM-1, and
VCAM-1) are expressed on the surface. VCAM-1 represents the most prevalent adhesion
molecule in atherosclerosis and is present in early atherosclerotic lesions.*%? Since VEGF-

A stimulates VCAM-1 expression in HAECs (Figure 3.1A) and VEGF-A signals through
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BMX and STAT3 (Figure 3.1B), we next tested if the kinase pathway downstream of
VEGF-A stimulation is sensitive to BMX inhibition. Our results show that
pharmacological inhibition of BMX with the BMX inhibitors, JS25 and BMX-IN-1,
reduced VCAM-1 expression in response to VEGF (Figure 3.2A). Along these lines,
VEGF-A-induced VCAM-1 expression was also sensitive to ibrutinib (Figure 3.2A).
With the exception of the higher concentration of JS25 (40 uM), VCAM-1 expression in
response to TNFa was not affected by any of the aforementioned inhibitors (Figure
3.2B). Taken together, our data demonstrate that VEGF-A-mediated endothelial VCAM-

1 expression is sensitive to pharmacological inhibition of BMX.
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Figure 3.2 Effect of ibrutinib on VEGF-A-induced VCAM-1 expression in human
aortic endothelial cells (HAECs). (A) HAECs were stimulated with either VEGF-A
(100 ng/mL) or (B) with TNFa (5 ng/mL) for 6 h in the presence of different
concentrations of BMX inhibitors (JS25 or BMX-IN-1) or ibrutinib (10 uM).
Representative blots for at least n=3.
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3.6.3 Effects of TFK Inhibition on Platelet Aggregation

To advance toward in vivo testing in a nonhuman primate (NHP) model, we first
validated the effect of ibrutinib on known platelet pathways in response to ITAM-
mediated agonists, including CRP-XL. CRP-XL mediates platelet activation in a receptor
tyrosine kinase-dependent manner.'®2 We found that pre-incubation of human washed
platelets with ibrutinib significantly abrogated platelet aggregation in response to CRP-
XL (1 pg/mL) (Figure 3.3A) (P=0.029). Next, we examined the effect of TFK inhibition
on NHP platelet aggregation in response to CRP-XL. Our data show robust aggregation
of NHP platelets in response to CRP-XL (1 pg/mL) prior to administration of ibrutinib
(Figure 3.3B, Baseline). Platelet aggregation in response to CRP-XL (1 pg/mL) was
abrogated following one week of treatment with the BTK inhibitor, ibrutinib (Figure
3.3B, Ibrutinib). These data validate that ibrutinib inhibits GPVI-mediated platelet

aggregation.

3.6.4 Effects of TFK Inhibition on Platelet P-selectin and PAC-1 Expression

Upon activation, platelets release a-granules containing numerous substances including
P-selectin (CD62P).17>18 Therefore, we used flow cytometry to quantify P-selectin
expression as a marker of GPVI-mediated platelet activation. We first pre-incubated
human whole blood with ibrutinib (10 puM) before stimulating with CRP-XL and staining
with an anti-P-selectin antibody. Flow cytometry analyses confirmed that ibrutinib
significantly decreased P-selectin expression in response to CRP-XL relative to control
(P=0.012) (Figure 3.3C). Stimulation of NHP whole blood with CRP-XL upregulated P-

selectin surface expression at baseline, and dramatic inhibition of CRP-XL-induced P-
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selectin expression was observed as early as one day following the initial dose of

ibrutinib (Figure 3.3D).

Downstream of the initial GPVI-mediated platelet activation, intracellular signaling
events promote “inside-out” activation of platelet integrins such as allbB3 that bind to
fibrinogen, VWF, and matrix proteins with RGD-like sequences.® These processes
mediate stable platelet adhesion and aggregation, as well as thrombus formation.'” To
monitor platelet surface integrin allbp3 activation, whole blood samples were treated as
previously described and an anti-PAC-1 antibody was used to recognize the active
conformation of platelet integrin allbp3. We confirmed that PAC-1 expression in human
samples treated with ibrutinib decreased relative to control (P=0.042) (Figure 3.3E).
Indeed, PAC-1 expression in the NHP samples was elevated at baseline and dramatically
inhibited as early as one day following the initial dose of ibrutinib (Figure 3.3F). Taken
together, these results confirm that inhibiting TFK blocks platelet GPVI-mediated a-

granule secretion and integrin activation.
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Figure 3.3 Platelet aggregation and activation in response to the GPVI-agonist,
CRP-XL. (A) Human washed platelets (3x108/mL) were pre-treated with ibrutinib for 10
min at room temperature and stimulated with CRP-XL (1 pg/mL). Representative
tracings from human washed platelets pre-incubated with ibrutinib (n=3) prior to
stimulation with CRP-XL (arrow). Maximal aggregation from human washed platelets
pre-incubated with ibrutinib (n=3). (B) Platelet rich plasma from obese NHPs (n=2) was
stimulated with CRP-XL (1 pg/mL). Traces are shown for primates at baseline and after
one week of ibrutinib treatment following the addition of CRP-XL (arrow). Flow
cytometry analysis of P-selectin (C-D) and PAC-1 (E-F) expression from human (n=3) or
NHP (n=2) whole blood samples stimulated with CRP-XL (5 pg/mL). MFI, mean
fluorescent intensity. * indicates P<0.05. ** indicates P<0.01. n indicates the number of
independent experiments using blood from different donors. Error bars indicate SEM.
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3.6.5 Effects of TFK Inhibition on Body Weight, Lipid Profiles, and Inflammatory
Biomarkers
Although TFKs represent an attractive target to reduce platelet activation, the effects of
inhibiting these pathways on platelet-endothelial interactions and overall cardiovascular
risk in vivo remains unknown. Having validated the efficacy of ibrutinib with respect to
platelet activity in vitro, we next sought to perform a pilot experiment examining the
systemic effects of BTK inhibition using a model of obese NHPs exhibiting an
atherosclerotic phenotype (Figure 3.4A). The two rhesus macaques in this pilot study
were fed a high fat diet for a minimum of two years, resulting in the development of

detectable atherosclerotic lesions in the aorta, coronary, carotid and renal arteries.*”

At baseline, animals on the high fat diet had a greater body mass compared to lean
control animals. The obese animals had elevated levels of C-reactive protein and
interleukin (IL)-4 compared to the lean control animals, while IL-8 levels were not
elevated compared to lean controls. Treatment of obese animals with ibrutinib for one
week did not consistently alter the body mass, lipid levels, or levels of various

inflammatory biomarkers (Table 3.1).
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Table 3.1 Body weight, lipid profiles, and inflammatory biomarkers in obese NHPs
at baseline and after one week of ibrutinib treatment. LDL, low-density lipoprotein;
HDL, high-density lipoprotein; CRP, C-reactive protein; IL, interleukin. Data are shown
as mean = SD. *Historic data from Chadderdon et al.1"

Obese
Lean Animal A Animal B
Baseline Ibrutinib Baseline Ibrutinib

Weight, kg 11.0+19* 20.5 20.5 23.8 23.9
Total Cholesterol, mg/dL 134+21* 137 138 162 187
LDL Cholesterol, mg/dL 58 +11* 67 75 74 98
HDL Cholesterol, mg/dL 65+15* 30 34 72 82
CRP, ng/mL 380.53 + 150.29 890.60 1109.00 924.80 922.20
I1L-4, pg/mL 1.14+0.13 1.53 2.06 5.47 5.18
1L-8, pg/mL 196.9+95.2 914 74.4 175 135

3.6.6 Effects of TFK Inhibition on Carotid Endothelial Activation and Platelet Adhesion
Previous studies have demonstrated that obese NHPs exhibit a significant increase in
platelet GPIba and endothelial VCAM-1 compared to lean control animals, indicating
local platelet adhesion and endothelial inflammation.t’” It has also been shown that
endothelial expression of VCAM-1 increases over time in NHPs feed a high fat diet.1”®
We performed a pilot study to determine the effects of TFK inhibition on local platelet
activation and endothelial inflammation, we used a non-invasive molecular imaging
technique to measure platelet GPIba and endothelial VCAM-1 at the carotid bifurcation
before and after treatment with ibrutinib in a NHP model of diet-induced obesity. On
visual inspection, a decrease in VCAM-1 expression was observed in the presence of
ibrutinib (Figure 3.4B). Quantification of intensity per unit area showed a decrease from
intensity levels at or above 1.8 /U to below 1.6 /U in the presence of ibrutinib. The
guantification of platelet deposition at baseline indicated a variable response with a high
of 19.5 V/U to a low of -2.5 V/U. The maximum intensity recorded for GPIba was near

2.3 V/U in the presence of ibrutinib VV/U (Figure 3.4C).
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Figure 3.4 Experimental design and targeted contrast-enhanced ultrasound
molecular imaging. (A) Experimental design for the in vivo study using an NHP model
of early atherosclerosis. (B) Examples obtained at baseline and after 1 week of ibrutinib
showing non-contrast, two-dimensional image of the carotid artery at the bifurcation
(left) and a background-subtracted color-coded image (right) obtained after injecting
VCAM-1-targeted microbubbles. (C) Background subtracted video intensity for VCAM-
1 and GPIba-targeted microbubbles in obese rhesus macaques (n=2) treated with TEC
family kinase inhibitor, ibrutinib, compared to vehicle. Floating bar plots illustrating the
median (bar), and the maxima and minimum (box) for CEU molecular imaging. NHP,
nonhuman primate; CEU, contrast-enhanced ultrasound.

3.7 Discussion

This study examined the effects of TFK inhibition on endothelial activity in vitro and
makers of endothelial cell activation in atherosclerosis-prone arteries in NHPs in vivo.
Our findings suggest that the TFK inhibitor, ibrutinib, inhibited VEGF-A-mediated
endothelial VCAM-1 expression, as well as GPVI-mediated platelet aggregation, integrin
activation, and granule secretion in vitro. In a pilot study using an NHP model of diet-
induced atherosclerosis, ibrutinib also decreased markers of vascular endothelial cell

activation and platelet adhesion compared to baseline in vivo. While the systemic and
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global platelet inhibition demonstrated in this work can be a major cause of bleeding risks
in vivo, previous studies have shown that inhibition of BTK with ibrutinib analogs in an
NHP model did not result in bleeding, capillary abnormalities, or thrombocytopenia.'8
Similarly, clinical trials for ibrutinib reported predominantly low-grade bleeding events
in humans.'%184 The sample size for this pilot experiment was small (n=2) due to the
limited resources available to study NHP models of early atherosclerosis. This is a caveat
to the findings from these preliminary studies that generate a hypothesis that TFKs

contribute to the pathogenesis of atherosclerosis and that BTK represents an efficacious

and safe target to prevent atherothrombosis.

During the progression of atherosclerosis, a number of pro-inflammatory signaling
cascades are implicated through the release of cytokines and growth factors (e.g.
interleukins, TNF, VEGF), and the expression of adhesion proteins (e.g. E-selectin,
ICAM-1, VCAM-1).162185 For example, VEGF can signal through the PLCy-sphingosine
kinase-PKC cascade or the PI3K/AKT/MAPK cascade to activate NF-kB and induce
VCAM-1 expression.t8-187 Furthermore, VEGF signals through the TEC family kinase
member, BMX, via VEGFR1 and VEGFR2.172173 Indeed, our in vitro studies showed that
VEGF-A-mediated VCAM-1 expression is sensitive to pharmacological inhibition of
BMX with selective BMX inhibitors or ibrutinib. The fact that ibrutinib inhibited
VCAM-1 expression induced by VEGF-A may explain the effect of ibrutinib on the
endothelium in vivo. Alternatively, TNFa can induce activation of BMX via TNFR2, and
the formation of a reciprocally activated complex between BMX and VEGFRZ2; this in
turn elicits the common PI3K/AKT pathway.'”® Of note, TNFR2 is tightly regulated

compared to its ubiquitous counterpart, TNFR1. TNFR1-mediated pathways have been
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extensively studied as the main receptor for TNFa on endothelial cells; nevertheless,
induction of VCAM-1 expression by TNFa-TNFR1 seems to be independent of

BMX.173’188

Although it has been suggested that both TNFa and VEGF increase phosphorylation of
BMX on Y566, our studies indicate that TNFa-mediated VCAM-1 expression is not
affected by pharmacological inhibition of BMX. One possible explanation is that,
compared to VEGF, TNFa induces phosphorylation at fewer tyrosine residues. More
specifically, TNFa induces Tyr(P)-1054/1059 on VEGFR?2, but neither TNFa nor BMX
induce phosphorylation at Tyr(P)-1175, a site that is critical for VEGF-mediated
activation of PI3K/AKT and PLCy pathways upstream of VCAM-1.1%° Taken together,
this suggests that while BMX is dispensable in TNFa-mediated VCAM-1 expression,
BMX plays a role in VEGF-mediated VCAM-1 expression on aortic endothelial cells,
and as such is sensitive to ibrutinib. Furthermore, the observed decrease in VCAM-1
expression following one week of treatment with ibrutinib suggests that ibrutinib disrupts
an inflammatory signaling pathway driving endothelial cell activation, or at least markers

of activation, in vivo.

Although ibrutinib is often referred to as a first generation BTK inhibitor, previous
studies showed that ibrutinib inhibits the kinase activities of numerous TFKSs including
BMX by irreversibly binding a conserved cysteine residue.'®® The TFKs share a common
domain organization that consists of: 1) an N-terminal pleckstrin-homology domain; 2) a
TEC-homology domain with a BTK motif and one to two proline-rich regions; 3) SRC

homology 3 and 2 domains; and 4) a carboxy-terminal kinase domain.'?"128 Within the
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kinase domain, the residues in the ATP binding site share 40-65% identity and 60-80%
similarity.*?® Ibrutinib reacts with a cysteine residue (C481) within the ATP binding site,
thus blocking the catalytic activity of BTK by forcing the BTK kinase domain to adopt an
inactive conformation.*®? Similarly, the covalent BMX inhibitors, BMX-IN-1 and JS25,
bind a cysteine residue (C496) in the ATP binding site. This residue is a unique
occurrence found in the ATP binding pocket and is present in all five members of the
TFKs (BTK, ITK, RLK/TXK and TEC), as well as members from the EGFR family
(EGFR, HER2, HER4), JAK3, BLK and MAP2K7.1%° By virtue of structural homology,
BMX-IN-1 and JS25 could also be covalent inhibitors of the other kinases in the TEC

family.?®

Beyond compromised endothelial function, atherosclerosis is characterized by
dysregulated platelet-endothelial interactions, which encourages aberrant leukocyte
recruitment.*>:18 In this setting, platelets facilitate monocyte adhesion to the vascular
endothelium and subsequent transmigration through the endothelial cell layer to facilitate
the shift of lipid-laden macrophages to foam cells. Additionally, neutrophils as well as
neutrophil-platelet interactions are implicated in the progression of atherogenesis. %1%
Although the pro-atherosclerotic phenotype imparted by endothelial cell activation and
the secretion of growth factors/chemokines/cytokines by platelets to facilitate leukocyte
recruitment has been extensively studied, the role of TFKSs in this system as a whole
remains poorly defined. Since TFKSs are not only expressed by hematopoietic cells, but
also by other somatic cells, and ibrutinib promiscuously inhibits TFKSs, the utility of
ibrutinib could extend beyond its use in treating hematological malignancies and quelling

endothelial dysfunction to more global effects within the blood microenvironment.
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Chapter 4. Pharmacologically targeting of coagulation FXI in a hyperlipidemia

model inhibits endothelial inflammation and priming of platelet activation
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Joseph E. Aslan, Michael Wallisch, Christina U. Lorentz, Erik I. Tucker, Cristina Puy,

David Gailani, Jonathan R. Lindner, and Owen J.T. McCarty

This work is currently under review by

Research and Practice in Thrombosis and Haemostasis.

4.1 Abstract

Background: Hyperlipidemia is associated with chronic inflammation and
thromboinflammation. This is an underlying cause of several cardiovascular diseases,
including atherosclerosis. In diseased blood vessels, rampant thrombin generation results
in the initiation of the coagulation cascade, activation of platelets, and endothelial cell
dysfunction. Coagulation factor (F) XI represents a promising therapeutic target to reduce
thromboinflammation as it is uniquely positioned at an intersection between

inflammation and thrombin generation.

Objectives: Investigate the role of FXI in promoting platelet and endothelial cell

activation in a model of hyperlipidemia.

Methods: Nonhuman primates (NHPs) were fed a standard chow diet (lean, n=6) or a

high-fat diet (obese, n=8) to establish a model of hyperlipidemia. Obese NHPs were
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intravenously administered a FXI blocking antibody at 2mg/kg and studied at baseline, 1,
7, 14, 21, and 28 days after drug administration. Platelet activation and inflammatory
markers were measured using FACS or ELISA. Molecular imaging was used to quantify

vascular cell adhesion molecule 1 (VCAM-1) expression at the carotid bifurcation.

Results: Obese NHPs demonstrated increased sensitivity for platelet P-selectin
expression and phosphatidylserine exposure in response to platelet GPVI or PAR
agonists compared to lean NHPs. Obese NHPs exhibited elevated levels of C-reactive
protein, cathepsin D, and myeloperoxidase compared to lean NHPs. Following
pharmacological inhibition of FIX activation by FXla, platelet priming for activation by
GPVI or PAR agonists, C-reactive protein levels, and endothelial VCAM-1 levels were

reduced in obese NHPs.

Conclusions: FXI activation promotes the proinflammatory phenotype of hyperlipidemia

by priming platelet activation and inciting endothelial cell dysfunction.

4.2 Introduction

Hyperlipidemia and obesity are associated with chronic vascular inflammation and
thrombosis. Thus, the studies outlined here were designed to investigate the role of
coagulation factor (F) X1 in sustaining the thromboinflammatory phenotype associated
with chronic hyperlipidemia. For these experiments, we used the same nonhuman primate
(NHP) model of diet-induced obesity described in Chapter 2 and examined the effect of
diet-induced obesity on platelet sensitivity and inflammatory markers. Pharmacological

targeting of FXI using the monoclonal antibody, humanized 1A6, reduced platelet
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priming for activation and inflammation. In conclusion, our study demonstrated that

inhibition of FXI activation reduces vascular dysfunction in hyperlipidemia.

4.3 Background

Thromboinflammation associated with hyperlipidemia is an underlying cause of
cardiovascular diseases (CVD), including atherosclerosis.®® In the setting of
atherosclerosis, lipid accumulation within the blood vessel walls prompts endothelial cell
dysfunction.®®¢79 Concomitantly, select chemokines and chemoattractants are
upregulated and secreted, which results in aberrant recruitment of leukocytes into the
intima.®>%° Circulating lipoproteins are readily oxidized and internalized by macrophages,
thereby generating foam cells in the nascent atheroma and secreting additional
inflammatory cytokines and reactive oxygen species.’® Mature plaques with a necrotic
core form following the accumulation of dying macrophages. The rupture of these
plaques is highly thrombogenic and is a common cause of myocardial infarction or

stroke.”t72

Thrombin generation is central for the homeostasis and regulation of barrier function and
protection against vessel damage. In the setting of diseased blood vessels, rampant
acceleration and propagation of thrombin generation results in: 1) occlusive thrombus
formation; 2) onset of inflammation; and 3) deleterious loss of endothelial barrier
function.®? By way of amplifying thrombin generation, coagulation factor (F) XI has
been shown to play a detrimental role in promoting thromboinflammation, in part by
creating a thrombin amplification loop. FXI is activated by thrombin, which by then

activating FIX, FXla feeds forward to generate more thrombin.'*® Yet, the enzymatic
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function of FXIla has been shown to extend beyond an exclusive partnership with FIX.
These functions range from degradation of inhibitors of thrombin generation (e.g. tissue
factor pathway inhibitor [TFPI]) to activation of ‘upstream’ members of the coagulation
cascade (e.g. FXI1).2144145 |n fact, it has become apparent that FXIa acts on a litany of
substrates to amplify local thrombin generation, platelet activation, and endothelial cell
barrier function, thereby serving as a valued member in the maintenance of
homeostasis.** In the setting of hyperlipidemia, these processes are imbalanced, creating

a pathologic thromboinflammatory phenotype.

The multifaceted function of FXla has provided the rationale for testing if inhibition of
FXI activation or FXla activity is anti-inflammatory in addition to being antithrombotic.
Indeed, it has been observed that FXI inhibition improves outcomes in in vivo mouse
models of atherosclerosis, 3 sepsis,>*13°140 jschemic stroke and myocardial
infarction.>4! Moreover, inhibition of either FXII or FXI activation prevented an acute
inflammatory response, platelet consumption, and reduced markers of endothelial
dysfunction in a baboon model of systemic inflammatory response syndrome.2°242 This
anti-inflammatory signature of FXI inhibition was observed in clinical trials, wherein a
reduction in C-reactive protein levels was observed in end-stage renal disease patients on
chronic hemodialysis on a FXI inhibitor.!** Based on these observations, we interrogated
if pharmacological inhibition of FXI activation by FXlla and FIX activation by FXla
with the anti-FXI antibody, humanized 1A6 (h1A6), would reduce thromboinflammation

in a nonhuman primate model of hyperlipidemia.
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4.4  Material and Methods

441 Reagents

Crosslinked collagen-related peptide (CRP-XL) was from Dr. Richard Farndale
(Cambridge University, Cambridge, UK). Adenosine diphosphate (ADP) was from
Sigma-Aldrich (St. Louis, MO, US). Thrombin receptor activator peptide 6 (TRAP-6)
was from Tocris Bioscience (Bristol, UK). The activated partial thromboplastin time
(aPTT) reagent and prothrombin time (PT) Dade Innovin were from Thermo Fisher
Scientific (Middletown, VA, US) and Siemens Healthcare Diagnostics (Munich,
Germany), respectively. The polystyrene bead standards used for nanoscale flow
cytometry, Megamix-Plus FSC and Megamix-Plus SSC, were from BioCytex (Marseille,

France).

4.4.2 Antibodies

The mouse anti-human PE CD62P (P-selectin) antibody used for flow cytometry was
obtained from BD Biosciences (San Jose, CA, US). The FITC bovine lactadherin used for
flow cytometry was obtained from Haematologic Technologies (Essex Junction, VA, US)
and BioLegend (San Diego, CA, US), respectively. The mouse anti-human monoclonal
IgG1 against VCAM-1 (1.G11B1) used for contrast-enhanced ultrasound (CEU)

molecular imaging was obtained from Bio-Rad Antibodies (Hercules, CA, US).

4.4.3 Generation of Anti-FXI Monoclonal Antibodies

The anti-FXI monoclonal antibody, 1A6, was generated as previously described.'®® This
antibody binds to the apple 3 domain of FXI, and blocks FXlla-mediated activation of
FXI as well as FXla-mediated activation of FIX and FV. Note, although 1A6 does not

inhibit feedback activation of FXI by thrombin, and thus does not block the generation of
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FXIla, the downstream enzymatic action of FXla on FIX in particular is eliminated. The
humanized form of the antibody, h1A6 (BAY 1831865), was a generous gift from Bayer

AG (Wuppertal, Germany).

4.4.4 Nonhuman Primate (NHP) Model of Hyperlipidemia

All rhesus macaque (Macaca mulatta) studies were approved by the Oregon Health &
Science University Institutional Animal Care and Use Committee (IP00002332). The

rhesus macaques were housed and cared for by the Oregon National Primate Research

Center (ONPRC) at Oregon Health & Science University.

Adult male rhesus macaques were placed in lean (n=6) and obese (n=8) cohorts. The lean
cohort was fed a standard diet (58% carbohydrates, 27% protein, and 15% fat by caloric
content LabDiet 5LOP, Purina Mills), whereas the obese cohort was fed a high-fat diet
(45% carbohydrates, 18% protein, and 36% fat by caloric content LabDiet 5LOP, Purina

Mills) for an average of 7.6+1.6 years.

From the obese cohort, five rhesus macaques were administered the humanized anti-FXI
monoclonal IgG 1A6 (h1A6) at 2mg/kg on day 0. This dose was selected based on prior
works showing that 1A6 administered to a baboon at 2mg/kg inhibited >99% of FXI
activity for at least 10 days.'®® Thus, to ensure maximal inhibition was maintained
throughout a 28-day time course, we administered an additional maintenance dose of
h1A6 (2 mg/kg) on day 14 following blood collection. Hematological analyses were

performed at designated study intervals (Supplemental Figure 4.1).
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Supplemental Figure 4.1 Experimental design for nonhuman primate studies. The
first part of this study compared adult male rhesus macaques were administered either a
standard chow diet (n=6, lean) or a high-fat diet (n=8, obese). In the second part of this
work, obese rhesus macaques (n=5) were administered the anti-FXI monoclonal 1gG
humanized 1A6 (h1A6) at 2 mg/kg intravenously. Contrast enhanced ultrasound imaging
was performed at days -5/6 and 28+ relative to the first dose of h1A6. Hematological
analyses were performed at designated study intervals.

4.45 Blood Collection

Blood Collection

Venous blood samples were collected by venipuncture into 3.2% sodium citrate or EDTA
vacutainers prior to administration of h1A6 at time = 0 (day 0), and at days 1, 7, 14, 21,
and 28 following h1A®6 treatment. Platelet poor plasma (PPP) was obtained by
centrifugation of whole blood for 10 min at 2000g, removal of the supernatant, and
centrifugation of the remaining plasma for 10min at 2000g. Plasma samples that were not

immediately used for analyses were banked at -80°C for batch testing.

4.4.6 Hematological Analysis for Complete Blood Counts and Lipid Levels
Whole blood samples were analyzed for lipid levels and complete blood counts by the
Clinical Pathology Laboratory at the ONPRC using an ABX Pentra 400 Clinical

Chemistry System (Horiba Medical, Irvine, CA, US).
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4.4.7 Plasma Clotting Assays and Quantification of Coagulation Factor Activation
Clotting times were measured in PPP isolated from whole blood anticoagulated with
3.2% sodium citrate. In brief, PPP was incubated with activated partial thromboplastin
time (aPTT) reagent for 3 min at 37°C. Clotting was initiated by the addition of CaCl,
(25 mM) and measured using a KC4 Coagulation Analyzer (Bray, Co. Wicklow, Ireland).
To measure the prothrombin time (PT), clotting of PPP was initiated by the equivolume

addition of Dade Innovin reagent.

FXlla-antithrombin (AT), FXla-AT, and T-AT complexes were quantified in PPP
isolated from whole blood anticoagulated with EDTA as described previously 2. FXIla-
AT, FXla-AT, and T-AT standards were prepared by incubating FXlla (1uM) or FXla
(1uM) or thrombin (1uM) with antithrombin (5uM), EDTA (1mM) and heparin (5U/mL)
for 2h at 37°C. Standards were defined as 1uM of protease-antithrombin complex.1%

Terminal complement complex (C5b-9) was quantified as described previously.®’

4.4.8 Flow Cytometry for Platelet Activity

Platelet activation state was assessed by measuring a-granule secretion and
phosphatidylserine (PS) expression by flow cytometry. Whole blood anticoagulated with
3.2% sodium citrate was diluted in modified HEPES-Tyrode buffer (1:4). Platelet P-
selectin (CD62P) expression was used as a marker for a-granule secretion and was
analyzed with an anti-CD62P PE (1:20) antibody at baseline or following stimulation
with in the GPVI agonist CRP-XL (0.3, 1.0pg/mL), ADP (1.0, 3.0uM), or a PAR-1
agonist TRAP-6 (30, 100uM) for 20 min at 37°C. PS exposure on the membrane was
used as a marker of a procoagulant platelet phenotype and analyzed with FITC bovine

lactadherin (1:10) in the presence of a combination of CRP-XL (1.0ug/mL) and TRAP-6
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(100uM). To stop reactions, samples were diluted with paraformaldehyde (2%). Flow

cytometry was performed on a FACSCanto Il (BD Biosciences, Franklin Lakes, NJ).

Data were analyzed using FlowJo software (version 10.7.1). To measure platelet
activation, platelet populations were first identified by logarithmic signal amplification
for forward and side scatter. Using a within-subject design, with each animal serving as
its own control to minimize individual variations, data were presented as percentage of
platelets expressing CD62P or PS on the membrane. Activated platelets on the surface of
leukocytes were determined by quantifying staining for CD62P+ platelets in the

leukocyte population.

4.4.9 Hematological Analysis for Inflammatory Biomarkers

NHP EDTA-plasma samples were analyzed for inflammatory biomarkers by the
Endocrine Technologies Core (ETC) at the ONPRC. Plasma samples were analyzed for
C-reactive protein using an ELISA kit (ALPCO, Salem, NH, US) following the
manufacturer’s instructions. The assay range was 0.95-150 ng/mL and intra-assay CV
was 2.7%. The inter-assay CV for the C-reactive protein ELISA was 11.1%. Plasma
samples were also analyzed for cathepsin D, myeloperoxidase, and soluble VCAM-1
using a custom Luminex panel (Millipore Sigma HNDG3MAG-36K, Burlington, MA).
The analysis was performed following the manufacturer’s instructions. Briefly, 25uL of
each plasma sample was diluted in assay diluent and incubated overnight with antibody-
coated, fluorescent-dyed capture microspheres specific for each analyte, followed by
incubation with detection antibodies and streptavidin-phycoerythrin. Washed

microspheres with bound analytes were resuspended in reading buffer and analyzed on a
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Milliplex LX-200 Analyzer (EMD Millipore, Billerica, MA, US) bead sorter with
XPonent Software version 3.1 (Luminex, Austin, TX, US). Data were calculated using
Milliplex Analyst software version 5.1 (EMD Millipore). Intra-assay CVs were as
follows: cathepsin D, 5.6%; MPO, 9.0%; sVCAM-1, 8.0%. Since all the samples were

analyzed in a single assay, no inter-assay variation was calculated for this study.

4.4.10 Nanoparticle Tracking Analysis

Total particle concentrations in EDTA-plasma samples were measured by nanoparticle
tracking analysis using the ZetaView PMX-420 instrument (Particle Metrix, Germany)
according to manufacturer guidelines. The instrument was calibrated daily using 100nm
alignment particles supplied by Particle Metrix. Plasma samples were diluted 10,000-fold
in 0.1um-filtered PBS. Settings of 70% camera sensitivity and 30 frame rate were
selected based on manufacturer recommendations and maintained constant through all
runs. Recorded concentrations were adjusted for dilution factor to obtain the particle

concentration in the original undiluted plasma and expressed as particles per mL.

4.4.11 Nanoscale Flow Cytometry of Extracellular Vesicles

Nanoscale flow cytometry imaging and counting of stained extracellular vesicles (EVS)
was performed as previously described.'%2% Briefly, PPP was isolated from whole blood
anticoagulated with EDTA and was obtained by centrifugation of whole blood for 10 min
at 25009, removal of the supernatant, and centrifugation of the remaining plasma for 10
min at 2500g. EVs were stained with an anti-CD62P APC (1:100), anti-CD41 FITC
(1:500), anti-CD41 APC (1:2000), anti-CD9 PE (1:100), or anti-CD31 BV421 (1:1000)

antibody for 1h at RT. Samples were then diluted 1:200 with 200 nm bead buffer (FACS
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sorting 200 nm beads in PBS) to avoid coincident events and keep the abort rate under
10%. The 200 nm bead sample dilution buffer was used to provide both an internal
relative size and volume of sample tested standard for all stained samples. Megamix
(100-900 nm, GFP-labeled polystyrene beads) and molecules of equivalent soluble
fluorophores (MESF) beads for each fluorophore conjugate were also used to standardize
instrument settings. Flow cytometry was performed on a FacsAria Fusion (BD
Biosciences, Haryana, India) with a ZenPure PureFlow Mini Capsule PES 0.1 um filter

(Manassas, Virginia, US).

Relative EV sizes were approximated by comparing EV side scatter with polystyrene
beads and assuming the refractive index of small EVs is >1.5 and large EVs closer to 1.4.
Positive antibody staining was used to distinguish EVs from other unlabeled, similarly
sized nanoparticles (e.g. lipoproteins, non-specific cell fragments). The expression of
CD62P*/CD41*/CD9* and CD31*/CD41 expression were used as markers for EVs
derived from activated platelet and endothelial, respectively. Stained PBS, conjugated
isotype controls, and unstained plasma samples served as negative controls. Data were
collected based on uniform 200 nm bead sample dilution buffer bead counts, which
provided test volumes for each sample. Data were reported as gated events per microliter
of starting plasma. The mean of duplicate experiments for each sample was employed for
statistical analyses. Data were log transformed to adjust for geometric variance with the

mean.

4.4.12 Targeted Molecular Imaging Agent Preparation
Lipid-shelled decafluorobutane microbubbles targeted to endothelial vascular cell

adhesion molecule-1 (VCAM-1) were prepared as previously described.t”"17%2 Briefly,
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the microbubbles were derived by sonicating a gas-saturated aqueous suspension of
distearoylphosphatidylcholine (2mg/mL), polyoxyethylene-40-stearate (1mg/mL), and
distearoylphosphatidylethanolamine-PEG (2000) biotin (0.4mg/mL). Targeting was
achieved using a streptavidin bridge to conjugate a biotinylated anti-VCAM-1 antibody
(1.G11B1) to the microbubble surface. The cross reactivity of the VCAM-1 antibody
with macaque epitopes was evaluated by immunohistochemistry of banked spleen and
carotid artery samples from animals that were fed a high-fat diet for two years 17°.
Control microbubbles were unconjugated with no targeting ligand. Electrozone sensing
was used to measure microbubble concentration and to ensure similar size distribution
between the agents for each experiment (Multisizer 111, Beckman-Coulter, Brea, CA,

us).

4.4.13 Contrast Enhanced Ultrasound (CEU) Molecular Imaging

Contrast enhanced ultrasound (CEU) molecular imaging at the carotid bifurcation was
used to measure endothelial VCAM-1 as a marker of endothelial cell activation before
and after treatment with h1A6, as previously described.t”"17°2% |n brief, we performed
longitudinal-axis imaging at the carotid bifurcation using multi-pulse, contrast-specific
imaging at 7 MHz, a mechanical index of 1.9, a dynamic range of 55 dB, and a frame rate
of 1 Hz (Sequoia, Siemens Medical Imaging, Mountain View, CA, US). Microbubbles
targeted to endothelial VCAM-1 (1x108) were intravenously injected and the ultrasound
was paused for 1 min before locating the carotid artery. We located the carotid artery
using 2-D ultrasound at low power (mechanical index <0.10) and activated contrast-
specific imaging for several frames. The signal for retained microbubbles was quantified

by taking a digital average of the first two frames acquired. To distinguish the signal from
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microbubbles freely circulating, we subtracted several averaged frames that were
acquired after >5 destructive pulse sequences (mechanical index 1.3). Data from regions-

of-interest at the near and far walls of the common carotid artery were averaged.

4.4.14 Statistical Analysis

Data were tested for normality and sphericity using Shapiro-Wilk and F-tests. Two group
data that were normally distributed with equal standard deviations were analyzed by an
unpaired t-test. If the standard deviations were not equal, then Welch’s correction was
applied. Data that were not normally distributed were analyzed by a Mann-Whitney test.
For three or more groups, normally distributed data were analyzed by a repeated
measures one-way ANOVA with a Dunnett’s post-hoc test. Data that were not normally
distributed were analyzed by a Friedman test with a Dunn’s post-hoc test. Statistical
significance was considered for P<0.05. For all experiments, n indicates the number of
independent experiments performed. Statistical analyses were performed using GraphPad

Prism 9 (San Diego, CA, US).

45 Results

45.1 Effects of Diet-induced Hyperlipidemia on Platelet Activity and Thrombin
Generation

We first sought to examine biomarkers of platelet activation and coagulation factor

activation in a model of diet-induced hyperlipidemia. When platelets are activated, the

contents of their granules, including P-selectin and ADP, which are stored in platelet

alpha and dense granules, respectively, are translocated to the platelet surface.’>183

Therefore, for both obese and lean cohorts, we quantified P-selectin expression at

baseline as well as in response to subthreshold concentrations of platelet agonists that
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signal downstream of immunotyrosine activation motif (ITAM)- or G-protein coupled
receptor (GPCR)-linked receptors, GPVI or PAR-1, respectively (Figure 4.1A-B, D).
While the baseline level of platelet activation was equivalent for both lean and obese
cohorts, hyperlipidemia primed platelet activation in response to the GPVI agonist, CRP-
XL, or PAR-1 agonist (TRAP-6), as evidenced by a substantial increase in platelet P-
selectin expression observed in the obese cohort compare to the lean cohort at an
equivalent dose of agonist. Platelet P-selectin expression in response to ADP was

variable and insensitive to hyperlipidemia (Figure 4.1C).

When platelets become activated, intracellular signaling events facilitate
phosphatidylserine (PS) exposure on the platelet surface. These processes confer a
procoagulant scaffold for coagulation factors to assemble, a requisite step for thrombin
generation and subsequent fibrin formation.2%22% Thus, systemic platelet coagulability
was measured by quantifying PS exposure in response to agonists that signal through
GPVI and PAR-1. We found that agonist-induced PS expression levels were elevated in
NHP platelets on a high-fat diet compared to platelets from NHPs on a standard chow
diet (Figure 4.1E). Taken together, these results confirm that hyperlipidemia increases

the sensitivity of platelets for activation by either GPVI- or PAR-1 agonists.

We next examined the effect of hyperlipidemia on coagulation factor activity. We did not
observe any differences in activated partial thromboplastin time (aPTT) or prothrombin
time (PT) in plasma from the obese or lean cohorts (Figure 4.2A-B). The level of FXlla-
AT and T-AT complexes were insensitive to diet-induced hyperlipidemia (Figure 2C,
2E). However, when profiling the procoagulant phenotype of our obese NHP cohort, we

found an increase in FXla-AT complexes at baseline in the obese cohort (Figure 4.2D).
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Figure 4.1 Hyperlipidemia primes platelet activation by GPVI or PAR-1 agonists.
The platelet population was identified using forward versus side scatter (FSC-A vs. SSC-
A) gating (A). Whole blood samples from NHPs on a standard chow diet (n=6, lean) or
NHPs on a high-fat diet (n=8, obese) were stained with an anti-CD62P PE antibody (B-
D) or FITC bovine lactadherin (E). Samples were then stimulated with a GPV1 agonist
(0.3, 1.0 pg/mL), a P2Y agonist (1.0, 3.0 uM), or a PAR-1 agonist (30, 100 puM). Flow
cytometry was used to measure platelet surface expression of P-selectin and
phosphatidylserine (PS) as markers of platelet activation or coagulability, respectively.
Statistical analyses were conducted using an unpaired t-test, Welch’s t-test, or a Mann-
Whitney test. Statistical significance is indicated by one asterisk (*) for P<0.05. Data are
shown as mean = SEM.
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Figure 4.2 Levels of activated FXI were elevated in a model of hyperlipidemia.
Platelet poor plasma (PPP) was isolated from NHPs on a standard chow diet (n=6, lean)
or NHPs on a high-fat diet (n=8, obese). Clotting times were measured by incubating PPP
with an aPTT reagent followed by CaCl. to initiate clot formation (A) or stimulating PPP
with Dade Innovin reagent to measure prothrombin time (PT). Activated coagulation
protease species, FXlla-AT, FXla-AT, and T-AT were measured using a custom ELISA
(C-D). Statistical analyses were conducted using a Mann-Whitney test or an unpaired t-
test. Statistical significance is indicated by one asterisk (*) for P < 0.05. Data are shown
as mean £ SEM. aPTT, activated partial thrombospondin time; prothrombin time (PT).
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4.5.2 Effects of Diet-induced Hyperlipidemia on Inflammation

Hematological analyses showed that relative to the lean controls, NHPs with diet-induced
hyperlipidemia had significantly higher levels of hemoglobin, hematocrit, and red blood
cells; interestingly, however, the obese NHPs showed a reduction in white blood cells
(Supplemental Table 4.1). On biochemical analysis, obese NHPs also had elevated
levels of alanine transaminase, chloride, total cholesterol, low-density lipoprotein and
high-density lipoprotein relative to lean NHPs (Supplemental Table 4.2). These findings

are in line with previous studies comparing lean versus obese NHPs 179204,

Supplemental Table 4.1 Complete blood counts in a model of hyperlipidemia
following FXI inhibition. Complete blood counts for lean (n=6) and obese (n=5) NHPs
at baseline (day 0) and at days 1, 7, 14, 21, and 28+ following treatment with humanized
1A6 (h1A®6). Statistical significance is indicated by one asterisk (*) for P < 0.05. One
asterisk (*) is used to designate P < 0.05 for lean NHPs versus obese NHPs at day 0. One
dagger () is used to designate P < 0.05 for obese NHPs at day O versus days 1, 14, 21, or
28. Note, neutrophils in obese NHPs at day 0 were not compared to day 7 measurements
due to an insufficient number of samples at day 7 (n=1). Data are presented as mean +
SEM. NHP, nonhuman primate; WBC, white blood cell; HGB, hemoglobin; HCT,

hematocrit; RBC, red blood cell; PLT, platelet; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
RDW, red cell distribution width; MPV, mean platelet volume.

Lean Obese NHPs + h1A6 (2 mg/kg)

NHPs 0 1 7 14 21 28
WBC (k/p) 5.8+0.5 40+03* 6.5+02 7 5.6 £0.5 6.0+0.5 6.4+ 0.6 49+0.1
HGB (k/p) 13.4+0.3 153+05* 152+04 15.9+£0.3 150+04 150+04 146 +£0.3
HCT (k/W) 40.9+0.9 465+15* 46.7+13 476+05 456+1.0 46.2+1.2 44.7+0.8
RBC (k/W) 5.55+0.13 6.17+0.15* 6.22+0.14 6.32 +0.00 6.06 + 0.09 6.13+0.11 5.96 + 0.09
Lymphocyte (k/p) | 2.37+0.38 | 1.48+0.18 3.75+£023% | 325+0.41 | 3.00+0.44 351+0471 | 212%0.12
Monocyte (k/p) 0.29 + 0.05 0.24 +0.03 0.41+0.08 0.28+0.05 | 0.44+0.07 t 0.40 + 0.06 0.34 +0.06
Neutrophil (k/p) 2.99+0.31 2.21+£0.32 2.15+0.27 1.68 2.37+£0.34 2.27+£0.22 2.24+0.14
Eosinophil (k/p) 0.11+0.03 0.11+0.04 0.20+0.10 0.38+0.19 0.19+0.10 0.24+0.12 0.14 +0.07
Basophil (k/p) 0.03+0.01 0.02 + 0.00 0.05+0.01 0.04 £ 0.00 0.02+0.01 0.04 +0.01 0.02 + 0.00
PLT (k/p) 310 +23 311+32 355 + 30 241 +55 350 + 25 327 +48 35528}
MCV (fL) 74+1 75+1 75+1 76+1 75+1 75+1 75+1
MCH (pg) 24.2+0.4 24.7+0.4 24.4+0.3 25.1+04 24.7+0.3 245+04 245+0.3
MCHC (g/dL) 32.7+0.1 328+0.1 32.6+0.2 33.3+0.2 329+0.1 325+0.2 327+0.1
RDW (%) 128+0.1 12.9+0.3 12.7+0.3 125+0.3 126 £0.3 12.7+04 126+03 t
MPV (fL) 9.2+0.3 8.8+0.3 8.8+0.3 9.6 £0.3 8.8+0.2 9.2+05 8.8+0.3
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Supplemental Table 4.2 Lipid profiles and metabolic changes in the setting of
hyperlipidemia following FXI inhibition. Chemistry panels for lean (n=6) and obese
(n=5) NHPs at baseline (day 0) and at days 1, 7, 14, 21, and 28 following treatment with
humanized 1A6 (h1A6). One asterisk (*) is used to designate P < 0.05 for lean NHPs
versus obese NHPs at day 0. One dagger (1) is used to designate P < 0.05 for obese
NHPs at day 0 versus days 1, 7, 14, 21, or 28. Data are presented as mean + SEM. NHP,
nonhuman primate; ALKP, alkaline phosphatase; ALT, alanine transaminase; AST,
aspartate aminotransferase; GCT, glucose challenge test; BUN, blood urea nitrogen;
LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Obese NHPs + h1A6 (2 mg/kg)
Lean NHPs
0 1 7 14 21 28

Total Protein (g/dL) 6.5+0.2 6.7+0.2 6.9+0.2 73%0.2 72+01 73+0.17% 70+£0.1
Albumin (g/dL) 40+0.1 3.7+01 40+0.1 40+01 40+0.1 39+0.1 40+0.1
ALKP (U/L) 178 + 35 87+9 88+6 90+7 97+11 90+9 86+7
ALT (U/L) 25+4 92+15* 98 +13 87+14 93+13 89+ 13 74+9
AST (U/L) 402 47+ 4 47+6 32+67 44 +5 36+4 40+5
GGT (IU/L) 51+4 65+6 65+7 62+7 65+6 62+6 60+5
Total Bilirubin (mg/dL) 0.18 +0.01 0.20+0.03 | 028+0.08 | 019+004 | 0.17+0.02 | 021+0.03 | 0.17+0.02
Glucose (mg/dL) 50+4 62 +13 86+ 13 9+17 ¢ 71+16 93 +16 60 + 10
BUN (mg/dL) 16.2+0.5 14.0+0.8 14.0+1.6 13.2+0.8 13.8+0.9 12.6 £0.9 12.4+0.8
Creatine (umol/L) 0.8+0.0 09+0.1 0.8+0.1 0.8+0.0 0.8+0.1 0.8+0.0 09+0.1
Potassium (mmol/L) 36+0.1 3.7£0.1 3.7+0.1 41+£0.1 41+0.1 42+£0.1 3.7+0.1
Sodium (mmol/L) 144+ 0 145+1 144 +1 1430 145+ 0 144 +1 145+1
Chloride (mmol/L) 104+1 109+1* 107+1 1071 108 +1 1071 109+1
Magnesium (mg/dL) 1.7+0.1 16+0.1 1.8+0.0 1.8+0.1 1.7+0.0 1.7+0.0 1.6+0.1
Phosphate (mg/dL) 48+0.2 42+0.2 54+04 47+03 44+0.3 44+03 43+0.3
Cholesterol (mg/dL) 1167 280 47 * 274 £ 35 273 £43 272 £40 279 £41 283 + 39
LDL (mg/dL) 58+ 6 160 +43* 147 + 31 144 + 37 144+ 34 145+ 35 156 + 35
HDL (mg/dL) 60+5 105+10* 110+ 12 102 +12 105+ 11 110+ 13 117 +12
Triglycerides (mg/dL) 48+9 142 +57 174 + 62 236 +85 T 207 £ 69 203 + 69 147 +43

4.5.3 Effects of Diet-induced Hyperlipidemia on Inflammation

Systemic inflammation is a hallmark of hyperlipidemia and is accompanied by the

upregulation of cytokines and the release of growth factors.?%>2% Accordingly, we

measured inflammatory markers known to contribute to plaque instability and the

inflammatory tone of atherosclerotic lesions. Confirming the findings from our previous

study where NHPs were transitioned to a high-fat diet,’® an increase in plasma levels of

C-reactive protein levels were observed in the obese cohort as compared to the lean

animals (Figure 4.3A). Cathepsin D and myeloperoxidase levels also increased in obese

NHPs compared to lean NHPs (Figure 4.3B-C). Complement activation, as measured by
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levels of C5b-9 soluble terminal complement complex, was elevated in in the setting of
hyperlipidemia (Figure 4.3D). While the release of extracellular vesicles (EVS) is
reflective of a pro-inflammatory state, we did not observe any differences in total EV or
endothelial (CD317/CD41") or activated platelet (CD62P*/CD417/CD9") EV subset
particle count between obese and lean cohorts (Figure 4.3E-G). These data confirmed
that hyperlipidemia increased select markers of inflammation, including C-reactive

protein, and the complement system in our NHP model.
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Figure 4.3 Diet-induced hyperlipidemia increased markers of systemic inflammation.
Platelet poor plasma (PPP) samples were isolated from NHPs on a standard chow diet
(n=6, lean) or NHPs on a high-fat diet (n=8, obese). Plasma levels of C-reactive protein
(A), cathepsin D (B), myeloperoxidase (C), and C5b-9 (D) in NHPs on a standard chow
diet (n=6, lean) or NHPs on a high-fat diet (n=8, obese) were measured. For the analysis
of extracellular vesicles, we measured total particle concentration (E), endothelial EVs
(F), or platelet EVs (G). Statistical analyses were conducted using an unpaired t-test,
Welch’s test, or a Mann-Whitney test. Statistical significance is indicated by one asterisk
(*) for P<0.05. Data are shown as mean = SEM.
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4.5.4 Effects of Pharmacological Targeting of FXI on the Thromboinflammatory
Phenotype of Hyperlipidemia
As hyperlipidemia was associated with an increase in circulating markers of FXI
activation in our model, we evaluated whether pharmacological targeting of FXI would
provide an antiplatelet and anti-inflammatory benefit. We first confirmed that aPTT
clotting times were increased following treatment of obese primates with the anti-FXI
antibody, h1A6, which inhibits FXI activation by FXlla as well as FIX and FV activation
by FXla (Figure 4.4A). Conversely, h1A6 did not affect PT clotting times, confirming
that this antibody does not affect the extrinsic pathway coagulation (Figure 4.4B). Along
these lines, h1A6 was unable to reduce the degree of activated FXla in the obese primate
cohort, in line with the fact that this antibody does not prevent thrombin-mediated
activation of FXI (Figure 4.4C). Likewise, we did not observe a reduction in T-AT levels

in the presence of h1A6 (Figure 4.4D).

We next examined the effect of FXI inhibition on platelet reactivity in our model of
hyperlipidemia. As seen in Figures 4.5A and 4.5C, the increase in P-selectin expression
in responses to GPVI or PAR-1 agonists was diminished after one day of treatment with
the FXI antibody, h1A®6, relative to baseline (day 0). These findings suggest that the
sensitization of platelets for activation in the setting of hyperlipidemia was reversed by a
FXI inhibitor. Yet, this inhibitory effect was only seen at the 24h timepoint, while
changes in PS exposure at 24h in the presence of the FXI mAb h1A6 were not
statistically significant (Figure 4.5D). Platelet P-selectin expression in response to ADP
stimulation remained varied and was largely insensitive to the presence of hA16 (Figure

4.5B).
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Figure 4.4 FXI inhibition prolonged aPTT clotting times in a model of
hyperlipidemia. Platelet poor plasma (PPP) was isolated from NHPs on a high-fat diet
(n=5) treated with a FXI function-blocking antibody. Clotting times were measured by
incubating PPP with an aPTT reagent followed by CaCl: to initiate clot formation (A) or
stimulating PPP with Dade Innovin reagent to measure PT (B). Activated coagulation
protease species, FXla-AT and T-AT, were measured using a custom ELISA (C-D).
Statistical analyses were conducted using a Friedman test with a Dunn’s post-hoc test or a
repeated measures one-way ANOVA with a Dunnett’s post-hoc test. Statistical
significance is indicated by one asterisk (*) for P < 0.05. Data are shown as mean = SEM.
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Figure 4.5 The sensitization of platelets for activation by GPVI or PAR-1 agonists in
the setting of hyperlipidemia was reversed following treatment with a FXI inhibitor.
The platelet population was identified using forward versus side scatter (FSC-A vs. SSC-
A) gating (A). Whole blood samples from NHPs on a high-fat diet (n=5) were stained
with an anti-CD62P PE antibody (B-D) or FITC bovine lactadherin (E). Samples were
then stimulated with a GPV1 agonist (0.3, 1.0 pg/mL), a P2Y agonist (1.0, 3.0 uM), or a

PAR-1 agonist (30, 100 uM). Flow cytometry was used to measure platelet surface
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expression of P-selectin and phosphatidylserine (PS) as markers of platelet activation or
coagulability, respectively. Statistical analyses were conducted using a a mixed-effects
analysis with Geisser-Greenhouse correction or a Friedman test with a Dunn’s post-hoc
test. Statistical significance is indicated by one asterisk (*) for P<0.05. Data are shown as
mean + SEM.

Additional hematological analyses showed that there was a significant increase in white
blood cells and lymphocytes after one day of treatment with the FXI antibody, h1A®6,
relative to baseline (day 0). This was followed by later increases in monocytes, platelets,
red cell distribution width, glucose, and triglycerides, and a decrease in aspartate
aminotransferase at day 7 (Supplemental Tables 4.1-4.2). However, note that there were

substantial variations in these markers over the study period.

We next evaluated if pharmacological targeting of FXI would reduce the inflammatory
phenotype observed in our diet-induced obese primate cohort. Akin to our observations
that a function blocking anti-FXI mAb reduced C-reactive protein levels in end-stage
renal disease patients on dialysis,'** we observed a decrease in C-reactive protein levels
after three and continuing to four weeks relative to baseline (day 0) of treatment with the
anti-FXI mAb, h1A6 (Figure 4.6A). Yet, we did not observe any additional effects of
FXI1 therapy on the elevated plasma levels of cathepsin D, myeloperoxidase, or C5b-9
soluble terminal complement complex nor levels of platelet- or endothelial cell-derived

EVs found in this model of hyperlipidemia (Figure 4.6B-G).
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Figure 4.6 FXI inhibition prevented the increase in C-reactive protein levels in a
model of hyperlipidemia. Platelet poor plasma (PPP) was isolated from NHPs on a high-
fat diet (n=5) treated with a FXI function-blocking antibody. Plasma levels of C-reactive
protein (A), cathepsin D (B), myeloperoxidase (C), and C5b-9 (D) in NHPs on a high-fat
diet (n=5) treated with a FXI function-blocking antibody were measured. For the analysis
of extracellular vesicles, we measured total particle concentration (E), endothelial EVs
(F), or platelet EVs (G). Data presented at Day 0 served as the baseline for comparison,
allowing us to establish a reference point for evaluating the effects of FXI inhibition.
Statistical analyses were conducted using a repeated measures one-way ANOVA with a
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Dunnett’s post-hoc test or a Friedman test with a Dunn’s post-hoc test. Statistical
significance is indicated by one asterisk (*) for P<0.05. Data are shown as mean + SEM.
CRP, C-reactive protein; MPO, myeloperoxidase; EV, extracellular vesicle.

45.5 Effects of Pharmacological Targeting of FXI on Endothelial Inflammatory
Markers
Endothelial cell dysfunction is one of the hallmarks of hyperlipidemia leading to
atherosclerosis. This is recapitulated in the primate model of hyperlipidemia used in the
current study; we have previously shown that NHPs on a high-fat diet have increased
expression of endothelial cell vascular cell adhesion molecule-1 (VCAM-1) compared to
NHPs on a standard-chow diet.}”® Using a non-invasive molecular imaging technique to
quantify local VCAM-1 expression at the carotid bifurcation, we confirmed that obese
primates were characterized by a positive though variable increase in endothelial cell
VCAM-1 expression levels at baseline. When evaluated following four weeks of
treatment with the anti-FXI mAb, h1A6, we found an absence of VCAM-1 signal
(Figure 4.7A). Congruent with prior studies showing that diet-induced obesity induced a
reduction in soluble levels of VCAM-1 as compared to lean animals,'”® presumably due
to the fact that VCAM-1 remains endothelial cell surface associated in the setting of
chronic inflammation,?°” we found a decrease in circulating VCAM-1 levels in our
hyperlipidemic cohort as compared to our lean cohort. Yet, the anti-FXI mAb, h1A6, was
unable to reverse this trend in sSVCAM-1 levels, suggesting that using sSVCAM-1 as a
biomarker is unable to detect the ability of pharmacological targeting of FXI to acutely

pacify endothelial cell VCAM-1 levels (Figure 4.7B).
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Figure 4.7 Treatment with a FXI inhibitor reduced VCAM-1 expression at the
inflamed vessel wall surface in the setting of hyperlipidemia. We used a non-invasive
ultrasound-based molecular imaging technique to measure VCAM-1 expression at the
vessel wall surface as a marker of local activation in NHPs on a high-fat diet (n=5)
treated with a FXI function-blocking antibody Data are presented as box and whisker
plots showing the background subtracted video intensity for control (MBc) and VCAM-
1-targeted (MByv) microbubbles (A). Systemic activation was determined by measuring
circulating levels of VCAM-1 (sVCAM-1) in both NHPs on a standard chow diet (lean)
and NHPs on a high-fat diet (obese) treated with a FXI function-blocking antibody (B).
Statistical analyses were conducted using a Wilcoxon test, an unpaired t-test, or a
Friedman test with a Dunn’s post-hoc test. Statistical significance is indicated by one
asterisk (*) for P<0.05. Data are shown as mean + SEM.

4.6 Discussion

This study investigated the role of FXI in sustaining thromboinflammation associated
with chronic hyperlipidemia. Using a function blocking antibody that prevented FXI
activation by FXlla as well as FIX and FV activation by FXla, we found that
pharmacological targeting of FXI reduced the levels of C-reactive protein, platelet
reactivity to activation by GPVI and PAR-1 agonists, and endothelial cell activation as
measured by VCAM-1 levels. These data suggest that the therapeutic effects of targeting

FXI may extend beyond anticoagulation and include antiplatelet and anti-inflammatory

benefit.
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Herein, we observed a selective reduction in markers of inflammation in a NHP model of
diet-induced hyperlipidemia. Indeed, we found that the elevated C-reactive protein levels
in an obese NHP cohort were reduced by a ~25% following 4-weeks of anti-FXI therapy.
These results are consistent with the findings of Lorentz et al., which reported that
administration of the anti-FXI antibody, AB023, decreased C-reactive protein levels and
also attenuated T-AT levels in end-stage renal disease patients on hemodialysis.*** Along
these lines, preliminary results from our clinical trial evaluating FXI inhibition for
prevention of catheter-associated thrombosis also found that treatment with AB023
blunted the increased levels of C-reactive protein as well as T-AT levels following
central line placement.?%® The efficacy of FXI inhibition observed in those studies may be
in part attributed to the mechanism-of-action by which medical devices activate FXII to
initiate thrombin generation in a FXI-dependent manner. The mechanism-of-action of the
procoagulant and inflammatory phenotype observed in the setting of hyperlipidemia is
perhaps multifaceted and includes several inciting factors, including tissue factor (TF)
expressed on inflamed endothelium and circulating leukocyte or EVs. Along the lines of
T-AT levels being insensitive to FXI inhibition in this model, the markers of activated
leukocytes including elevated levels of cathepsin D and MPO observed in the obese NHP
cohort were not affected by treatment with the anti-FXI antibody. It appears that FXI
inhibition was unable to reduce the baseline levels of procoagulant and select

inflammatory activity in this model of hyperlipemia.

While C-reactive protein is a useful biomarker for inflammation, the either direct or
indirect mechanisms by which C-reactive protein levels are regulated or related to FXla

activity remain to be defined. Perhaps a partial explanation lies in the crosstalk between
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FXI1, inflammation, and the complement cascade. Indeed, we have previously shown that
FXla neutralizes complement factor H (CFH) by specific cleavage of the R341/R342
bonds, leading to enhanced cleavage of complement components, including C3b.1*3 This
may in part explain why inhibiting either FXI or FXII activation in a baboon model of
systemic inflammatory response syndrome prevented complement activation including
C3b and C5b-9.21%? As CFH is known to bind C-reactive protein to attenuate its
proinflammatory activity,? perhaps inhibiting FXI with h1A6 disturbed the crosstalk
between CFH and C-reactive protein, as well as activation of the complement cascade.
Taken together, the reduction in C-reactive protein levels may represent both a
biomarker, as well as a mechanism, for the anti-inflammatory effects observed following
the blockade of FXI. Additionally, platelet inhibitors (e.g. clopidogrel and eptifibatide)
have been shown to provide an anti-inflammatory benefit in patients, including the
reduction of C-reactive protein levels ¥, It may be that the antiplatelet effects of FXI
inhibition likewise cause a reduction in inflammatory markers, including C-reactive

protein.

By way of accelerating and propagating thrombin generation, we have shown that FXI
promotes platelet activation and single platelet consumption in shear flow.?** For
instance, in a NHP model of thrombus formation on a collagen-coated vascular graft, we
found that pharmacological inhibition of FXla activation of FIX with h1A6 reduced
single platelet consumption in the bloodstream distal to a site of thrombus formation.?!
This mechanism was conserved in a baboon model of systemic inflammatory response
syndrome, where inhibition of FXI activation by FXlla prevented Staphylococcus

aureus-induced platelet and fibrinogen consumption.>? Along these lines, the current
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study demonstrates that pharmacological targeting FXI with h1A6 reduced platelet
reactivity, as measured by expression of P-selectin in response to GPVI and PAR-1
agonists, in a NHP model of hyperlipidemia. Given the variable expression of platelet P-
selectin in response to a P2Y'1 agonist, future studies may benefit from measuring
additional markers of platelet activation (e.g. GPIIb/Il1a). It is important to highlight that
while the interaction of FXla with the platelet surface may induce an allosteric
modulation of FXIa, our previous experiments demonstrate that these anti-FXI
monoclonal antibodies do not exhibit any observable effects on FXI-platelet binding or
activation.?'?-214 Moreover, since platelets provide a procoagulant surface to amplify and
propagate thrombin generation, perhaps pharmacological targeting of FXI produces an

antiplatelet benefit via both direct and indirect means.

By serving to facilitate adhesion and transmigration of inflammatory cells to sites of
endothelial cell damage or dysfunction, VCAM-1 represents both a proinflammatory
biomarker and perhaps even a therapeutic target for vascular diseases including
atherosclerosis. Endothelial cell VCAM-1 expression is known to be induced by
angiotensin 11 and thrombin.?*>2'® More recently, Kossman et al. described a role for
thrombin-mediated FXI activation in potentiating vascular inflammation and dysfunction
in a rodent model of arterial hypertension.?'® Moreover, while FXla can directly bind and
be internalized by the vascular endothelium,?’ there may be signaling mechanisms
downstream that depend on FXla beyond its role in amplifying thrombin generation.
Indeed, endothelial cell inactivation of FXla may indirectly regulate endothelial barrier
function by way of activation of the membrane-bound metalloproteinase, ADAM10. This

proposed mechanism may explain our prior observation that pharmacological targeting of
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FXI preserved endothelial barrier function in a murine model of atherogenesis **8, and
herein reducing endothelial cell VCAM-1 expression in non-human primate model of

hyperlipidemia associated with early atherosclerosis.

To evaluate coagulation activation, we measured aPTT, PT, FXlla-AT, FXla-AT and T-
AT complexes. Following treatment with h1A6, we observed prolonged aPTT clotting
times up to day 14 post-treatment. Despite the maintenance dose of h1A6 following the
day 14 blood draw and the unexplained elevation in T-AT levels at day 21, the aPTT
prolongation did not reach statistical significance on days 21 and 28. This inconsistency
may be attributed to an usually high aPTT measured for one of the animals in the day 0
group. Unfortunately, due to limited sample volume, we were not able to measure
additional serine-protease complexes. It is worth noting that we specifically chose to
measure FXla-AT complexes due to their longer half- compared to other inhibitory
complexes (e.g. Cl-esterase inhibitor, alpha-1-antitrypsin and alpha 2-antiplasmin) and
based on our prior experience measuring FXla-AT in NHP plasma.?!4? Although our
findings provide insights into the role of FXla activity in the setting of diet-induced
hyperlipidemia, future work would benefit from assessing downstream effects of FXla

activity, including the activation of FIX as measured by FIX-AT levels.

Our study has several limitations. One of the limitations is that this work was designed as
a composite study comprised of two parts- one comparing lean versus obese NHPs and
the second examining the effect of inhibiting FXI. This experimental design choice was
largely due to a scarcity of resources available to study NHP models of hyperlipidemia.
Thus, the small sample size did not allow us to evaluate inhibition of FXI in the lean

cohort, nor account for sex or age as biological variables. Indeed, only male NHPs were
118



used in these studies, as nonhuman primates are recognized by the National Institute of
Health as an “acutely scarce resource”, with females being prioritized for breeding.
Additionally, NHPs in the lean cohort were significantly younger on average than NHPs
in the obese cohort (8.2 vs.18.6 years, P<0.0001). An additional limitation of this study is
the use of a single pharmacological agent, h1A6, for these studies. As FXla has been
shown to act on substrates involved in the regulation of inflammation, platelet activation,
barrier function and the immune response, a comprehensive understanding of the role of
FXI in hyperlipidemia-induced thromboinflammation will require use of additional tools
including reducing FXI levels and targeting the active site of FXla. Even taking these
limitations into account, our findings indicate that FXI may represent a safe therapeutic

target to quell the thromboinflammatory mechanisms that promote atherogenesis.
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5.1 Abstract

Multiple sclerosis (MS) is the most common disabling neurological disorder in young
adults worldwide. MS pathophysiologies include the formation of inflammatory lesions,
axonal damage and demyelination, and blood brain barrier (BBB) disruption. Coagulation
proteins, including factor (F)XII, can serve as important mediators of the adaptive
immune response during neuroinflammation. Indeed, plasma FXII levels are increased
during relapse in relapsing-remitting MS patients, and previous studies showed that
reducing FXII levels was protective in a murine model of MS, experimental autoimmune
encephalomyelitis (EAE). Our objective was to determine if pharmacological targeting of
FXI, a major substrate of activated FXII (FXIla), improves neurological function and
attenuates CNS damage in the setting of EAE. EAE was induced in male mice using

murine myelin oligodendrocyte glycoprotein peptides combined with heat-inactivated
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Mycobacterium tuberculosis and pertussis toxin. Upon onset of symptoms, mice were
treated every other day intravenously with anti-FXI antibody, 14E11, or saline. Disease
scores were recorded daily until euthanasia for ex vivo analyses of inflammation.
Compared to the vehicle control, 14E11 treatment reduced the clinical severity of EAE
and total mononuclear cells, including CD11b*CD45M9" macrophage/microglia and CD4*
T cell numbers in brain. Following pharmacological targeting of FXI, BBB disruption
was reduced, as measured by decreased axonal damage and fibrin(ogen) accumulation in
the spinal cord. These data demonstrate that pharmacological inhibition of FXI reduces
disease severity, immune cell migration, axonal damage, and BBB disruption in mice
with EAE. Thus, therapeutic agents targeting FXI and FXII may provide a useful

approach for treating autoimmune and neurologic disorders.

5.2 Introduction

To further investigate the role of factor (F) XI thromboinflammation, we turned our
attention to thromboinflammation in the setting of multiple sclerosis (MS). In this chapter,
we evaluated if treatment with the anti-FXI monoclonal antibody, 14E11, could improve
neurological function and attenuate CNS damage in a murine model of MS, experimental
autoimmune encephalomyelitis (EAE). It is important to note that although the EAE lesions
lack the heterogeneity and spontaneity of MS lesions, EAE is the most extensively studied
animal model of autoimmune disease; moreover, EAE has been used to develop three
approved MS treatments (glatiramer acetate, mitoxantrone and natalizumab).?*® Thus, EAE
remains a suitable model for questions related to the function of immune and inflammatory
components, as well immune-mediated tissue injury, during autoimmune CNS disease. In

our studies, we found that pharmacological inhibition of FXI reduces disease severity,
121



immune cell migration, axonal damage, and BBB disruption in mice with EAE. Thus,
therapeutic agents targeting FXI and FXII may provide a useful approach for treating

autoimmune and neurologic disorders.

5.3 Background

Multiple sclerosis (MS) is a neurodegenerative, demyelinating disease of the central
nervous system (CNS) that affects approximately 2.2 million individuals globally.8® MS
is characterized by inflammatory lesions, axonal damage, and leukocyte trafficking
across the blood-brain barrier (BBB). The pathophysiology of MS is believed to be
caused in part by increased BBB vascular permeability, leading to the transmigration of
peripheral T cells into the brain parenchyma that induce lesions and subsequent

demyelination.

Recent evidence suggests that in addition to immune cells, other factors contribute to the
pathophysiology of MS. In particular, clinical observations of MS patients and studies
using animal models have advanced a connection between the coagulation cascade and
inflammatory processes in MS.8” The coagulation cascade is a series of enzymatic
reactions in which a zymogen precursor becomes activated to its enzyme form, which
then catalyzes the next reaction in the pathway, ultimately activating thrombin and

forming a fibrin clot.

Two distinct activation pathways are recognized to lead to the formation of thrombin,
with elements of both pathways found to be associated in the pathogenesis of MS. For
example, increased levels of thrombin activity have been documented within the plasma
of MS patients.?1°2??0 |ikewise, studies using an animal model of MS, experimental
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autoimmune encephalomyelitis (EAE), suggest that thrombin activity may contribute to
MS pathology by influencing BBB permeability and myelination.??-?2® Prothrombin, the
zymogen precursor of thrombin, and coagulation factor X (FX) have also been found to
be elevated in the plasma of patients with MS.21%224 |n addition, relapsing-remitting MS
patients experiencing relapse were found to have markedly higher plasma levels of
coagulation factor XI1 (FXI1), which was correlated with their disease activity.??® Further
evidence that components of the coagulation system play a role in the MS disease state is
described in studies demonstrating the presence of the blood plasma factors fibrinogen,
tissue factor, and protein C inhibitor in active MS lesions and plaques.??52% These
observations from MS patient studies are further supported by data from disease models,
in which constituents of the blood coagulation system, including platelets, fibrinogen,
activated coagulation factor X (FXa), FXII, as well as the proinflammatory kallikrein-

kinin system have been shown to contribute to EAE pathologies.%-230-2%2

Therapeutic strategies that inhibit thrombin activity reduce disease severity in both MS
patients and EAE models. Historically, the anticoagulant heparin was used to treat MS
with mixed success.?®23 In experimental models, anticoagulation with heparin, warfarin,
or rivaroxaban have been shown to ameliorate the clinical course of EAE. 228235236
Similarly, treatments that directly target FXa,?322% platelets,? fibrin formation,?3’ or
FXI11 2% have been shown to ameliorate EAE. Though effective in disease models,
traditional anticoagulants may pose additional risks to MS patients, in particular
increased bleeding. Thus, they may be unsuitable for long-term clinical use. Strategies
that target both inflammation and fibrin formation within the CNS without impairing

hemostasis significantly may have therapeutic value.
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Coagulation factor XI (FXI) is a major substrate of activated FXII (FXIla), the initiator of
the intrinsic pathway of coagulation. In various animal models, decreasing or eliminating
FXI activity through gene knockout, pharmacologic inhibition, or antisense
oligonucleotide mediated knockdown has been shown to be antithrombotic without
impairing hemostasis.1%2%%-242 \We have previously demonstrated that targeting FXI with
14E11, a mouse monoclonal antibody that selectively inhibits the activation of FXI by
FXlla and reciprocal activation of FXII by FXla in vitro,'? has antithrombotic effects in
multiple disease models. 14E11 improves outcomes in mouse polymicrobial sepsis,>*
acute ischemic stroke,?*® acute myocardial ischemia,! atherosclerosis,**® and deep vein
thrombosis.?** Additionally, the humanized version of 14E11, AB023, has been shown to
reduce markers of thrombin generation and inflammation in renal failure patients
undergoing hemodialysis (Lorentz 2021), underscoring the potential utility of
pharmacologic inhibition of FXI in conditions where thrombin activity is increased. In
the present study, we evaluated if treatment with 14E11 improves neurologic outcomes in
a mouse model of EAE. We found that 14E11 improved disease scores and prevented
both axonal damage and fibrin accumulation in the spinal cord. Our results show that
pharmacologic inhibition of FXI reduces disease severity in EAE and suggests that
contact activation of FXI through FXlla has a pathogenic role in the progression of

autoimmune disorders of the CNS.

5.4 Material and Methods
5.4.1 Reagents
The anti-FXI monoclonal antibody, 14E11, was generated and purified as previously

described.??
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5.4.2 Animals

The animal care and procedures in this study were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and the
regulations of the Oregon Health & Science University Institutional Animal Care and Use
Committee.?* The male C57BL/6 mice used in this study were housed at the Portland
Veterans Affairs Medical Center in the Animal Resource Facility (Portland, OR, US)
according to guidelines set by the National Research Council and the Committee on Care

and Use of Laboratory Animals of the Institute of Laboratory Animal Resources.

5.4.3 EAE Induction and 14E11 Treatment

EAE was induced by inoculating C57BL/6 mice subcutaneously with mouse myelin
oligodendrocyte glycoprotein, peptides 35-55 (MOG35-55) combined with complete
Freund’s adjuvant containing heat-inactivated M. tuberculosis, as previously described.?#
On days 0 and 2 relative to immunization, mice were intraperitoneally injected with 75
ng and 200 ng of pertussis toxin (PTX), respectively. To quantify the symptoms of EAE,
a disease score was assigned to each mice daily. The scale used to assess EAE symptoms
was as follows: 0, normal; 1, limp tail or mild hind limb weakness; 2, moderate hind limb
weakness or mild ataxia; 3, moderately severe hind limb weakness; 4, severe hind limb
weakness or mild forelimb weakness or moderate ataxia; 5, paraplegia with no more than
moderate forelimb weakness; and 6, paraplegia with severe forelimb weakness or severe

ataxia or moribund condition.

At the onset of clinical signs of EAE (disease score > 2.5, typically between days 10-13),

mice were randomized into two groups. The mice were then administered either the anti-
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FXI antibody, 14E11 (1 mg/kg, n=9), or vehicle (saline, n=7) at the same volume
intravenously (Figure 5.1a). The 14E11 dose level was selected based on previous work
212 The mice were monitored for changes in disease score by an investigator blinded to
treatment status until mice were euthanized for ex vivo analyses. In accord with efforts to
replace, reduce, and refine the use of animals, the saline-treated animal cohort
concurrently served as a vehicle control for two treatment arms: 1) 14E11 presented
herein and 2) the thrombin mutant W215A/E217A. These three cohorts were run
simultaneously; the data from the vehicle cohort was previously published as part of
Verbout et al. study comparing the vehicle and the W215A/E217A cohort and thus

technically used herein as a historic control.

5.4.4 Flow Cytometry

Flow cytometry was used to measure markers of inflammation in the CNS and periphery
during EAE just prior to euthanasia. To quantify the population of mononuclear cells in
the CNS, Percoll density gradient centrifugation was used to isolate mononuclear cells.?*’
The CNS cells (n=3 per group) were then pooled to achieve sufficient numbers for the
antibody staining protocol. To measure the activation of the macrophage subpopulation
of splenocytes, spleen tissue was homogenized and single cell suspensions were
prepared. Cells (1x108) were washed with a staining media comprised of PBS with NaNg3
(0.1%) and BSA (1%) and stained with combinations of anti-CD4, anti-CD45, anti-
ICAM-1 and anti-CD11b antibodies. These antibodies were obtained from sources

previously described.?*8

5.4.5 Immunohistochemistry
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To perform ex vivo analyses following vehicle or 14E11 treatment, mice were euthanized
with an isoflurane overdose until respiration ceased. They were then heparinized,
transcardially perfused with 100 mL of 4% paraformaldehyde (mass/volume in sodium
phosphate buffer [0.1 M, pH 7.4]), and fixed at 4°C for 24 hours. Mice then underwent
necropsy, and intact spinal columns were removed. Spinal cord sections 1-2 mm in length
were dissected from the thoracic and lumbar regions from one representative animal per

treatment group to analyze CNS pathology and fibrin(ogen) accumulation, respectively.

To assess CNS pathology, thoracic spinal cord tissues were re-fixed in 5% glutaraldehyde
(mass/volume in sodium phosphate buffer [0.1 M, pH 7.4]) at 4°C for 72 hours, post-
fixed in 1% osmium tetroxide for 3.5 hours, rehydrated in ethanol, and embedded in
plastic. Then, 0.5 pum semithin sections were obtained with a microtome, mounted onto
precleaned microscope slides, and stained with toluidine blue to visualize nerve
structures. Spinal sections were imaged at 20x and manually stitched into a complete
composite of the section. To assess for axonal damage within the thoracic tissue,
composite images were analyzed by a trained, blinded user as described previously.?4°
Briefly, regions of interest within the white matter tracts were segmented for areas of
tissue damage, which included demyelinated axons, degenerating axons, and disrupted
compact myelin. Percent area of tissue damage was quantified by measuring area of

damaged white matter and total area of white matter (damaged and intact).

To assess fibrin(ogen) accumulation within the CNS, lumbar spinal cord tissues were
fixed and embedded in paraffin for sectioning. Sections were blocked in 10% normal goat

serum containing 1% bovine serum albumin and 0.025% Triton-X at room temperature

127



for 45 minutes to decrease nonspecific staining. Tissue sections were then incubated with
a primary antibody to fibrin(ogen) (1:50 in goat serum, rabbit polyclonal, MP
Biomedicals) overnight at 4°C followed by goat anti-rabbit IgG Alexa Fluor 488
(Molecular Probes). Slides were rinsed, mounted in aqueous media, and imaged at 20x
with a Zeiss Axiovert fluorescent microscope. 20x images were processed identically in
SlideBook (ver. 5.5) and manually stitched into a composite of the entire section using
Photoshop. Quantitative analysis of fibrin(ogen) accumulation was performed on
composite images using ImageJ (ver. 2.3.0). Color channels were split, and the green
channel intensity histogram data were obtained and utilized to determine the background
threshold value. Mean gray values corresponding to fibrin(ogen) signal were measured
above the threshold value. Corrected integrated density was determined by subtracting

background and accounting for area of fibrin(ogen).

5.4.6 Statistical Analysis

Shapiro-Wilk and F-tests were used to test for normality and compare variances in the
data. If the data were normally distributed with equal standard deviations, unpaired t-tests
were used to compare vehicle and 14E11-treated mice. If the data were not normally
distributed, the data were compared by a Mann-Whitney test. A P value less than 0.05
was considered statistically significant. GraphPad Prism 9 (ver. 9.5.0) was used to

perform statistical analyses.
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5.5 Results

5.5.1 Effect of FXI Inhibition on Clinical Signs of EAE

Patients with MS experience discrete episodes, also referred to as ‘attacks’ or ‘relapses’,
during which they present with varying clinical symptoms (e.g. changes in gait, muscle
weakness, and incoordination).?®® Clinical rating scales are commonly used to assess the
severity of neurological dysfunction and inform treatment strategies in humans, as well as
monitor disease progression in animal models.?®%? To quantify the effects of FXI
inhibition on EAE symptoms, EAE mice were administered 14E11 or vehicle control at
peak disease every other day for four days (Figure 5.1a). Mice treated with 14E11 had an
average peak disease score of 2.4, whereas mice in the control cohort had an average
peak disease score of 3.5, which represents a 31.4% reduction (Figure 5.1b). To further
quantify this effect, we calculated cumulative disease index (CDI) by summing daily
disease scores for each cohort. Mice treated with 14E11 had a mean CDI of 15.3, while
mice in the control group had a mean CDI of 26.9, representing a 43% decrease in mean
CDI with 14E11 treatment (Figure 5.1c). These data confirm that targeting FXI reduced

clinical symptom severity in a mouse model of MS.
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Figure 5.1 EAE symptoms attenuated by treatment with 14E11. Male C57BL/6 mice
immunized with MOG/CFA/PTX were monitored and assigned a disease score daily. At
peak disease onset (disease score > 2.5), mAb 14E11 (1 mg/kg) was administered every
other day for four days (a). The mean disease scores (b) and the cumulative disease index
(c) for 14E11-treated mice were significantly lower compared to mice treated with
vehicle (c). Data are presented as mean £ SEM for two independent experiments, where n
= 7-9. Statistical analyses were performed using Mann-Whitney tests on GraphPad Prism
9. Statistical significance is indicated by a single asterisk (*) for P <0.05.

5.5.2 Effect of FXI Inhibition on EAE-Induced Inflammation

Since activated macrophages and microglia have been shown to upregulate demyelination
in the early stages of MS (Wang et al. 2019), we next evaluated the role of FXI in
mediating the inflammatory response in EAE. To do this, we first quantified the
population of activated macrophages/microglia (CD11b/CD45"9" cells) and CD4+ T-
cells in brain samples from vehicle control and 14E11 treated mice. Note, to overcome
the lower limit of CNS cells required for the antibody staining protocol, the CNS cells
(n=3 per group) were pooled (n=1 per group) before flow cytometry analyses. Compared
to the vehicle-treated group, total numbers of mononuclear cells recovered from the
14E11 treated group were reduced by ~50% (from 3.2M to 1.6M cells) and absolute

numbers of infiltrating CD11b/CD45"%" cells in the CNS were reduced by 24% (from
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188,800 to 142,880 cells) and CD4" T cells by 44% (from 115,520 to 65,120 cells),
respectively (Figure 5.2a-b). Additionally, we measured macrophage subpopulation
activation in splenocytes harvested from mice with EAE. No differences were observed
for CD11b" macrophages expressing TNFo or ICAM-1 following treatment with 14E11
(Figure 5.2c-d). These results suggest that FXI plays a role in reducing EAE-induced

inflammation in the CNS, but not in the peripheral splenocytes.
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Figure 5.2 Treatment with 14E11 reduced inflammation caused by EAE in the CNS,
but not in splenic macrophages. CNS cells and splenocytes were obtained from mice
with EAE treated with either vehicle or 14E11 (1 mg/kg, i.v.). To achieve sufficient cell
numbers for antibody staining, CNS cells were pooled (n=3 per group). Flow cytometry
was used to measure the population of activated macrophages/microglia
(CD11b*/CDA45"9M (a) and T cells (CD4*) (b) within the brain. Data are presented as the
absolute numbers of infiltrating cells in the pooled CNS samples. To study macrophage
activation in the spleen, flow cytometry was used to measure the expression of TNFa (c)
and intercellular adhesion molecule-1 (ICAM-1) (d) on CD11b* macrophages. Data are
presented as mean = SEM from n = 3. Statistical analyses were conducted using unpaired
t-tests on GraphPad Prism 9. Statistical significance is indicated by a single asterisk (*)
for P <0.05.
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5.5.3 Effect of FXI Inhibition on Demyelination in the Thoracic Spinal Cord

The progression of MS is marked by increasing instances of demyelinated lesions in the
CNS that result in the debilitating loss of nervous system function.?® To determine the
effect of FXI inhibition on myelination, we stained spinal cord cross sections with
toluidine blue and used light microscopy to assess myelination. As shown in Figure 5.3,
there appeared to be a notable reduction in demyelination in the spinal cord sections of
mice treated with 14E11 compared to mice in the control group. Indeed, we quantified
demyelination damage as percent of damaged white matter in a representative spinal cord
image (n=1) from each group. The percent of white matter area damaged was reduced
from 13.6% in vehicle treated controls to 2.14% in 14E11 treated mice, representing an
84.3% decrease in damage with 14E11 treatment. Note, due to the limitation of a single
sample size per group, cautious interpretation of these findings is warranted. Nonetheless,
these results suggest that targeting FXI may preserve myelination in the spinal cords of

EAE mice.
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A) Vehicle B) 14E11

Figure 5.3 Axonal damage and demyelination in the thoracic spinal cord is reduced
following treatment with 14E11. Damage to the myelin in spinal cord sections was
assessed by staining the tissues with toluidine blue and using light microscopy to image
the semithin sections at 20x. A complete view of the spinal cord cross section was
obtained by stitching photographs together in Adobe Photoshop. The representative
images shown are from mice treated with 14E11 (a) and vehicle (a). Tissue damage in the
white matter is denoted in red. The scale bar in the composite image is 100 um and the
scale bar in the magnified view (63%) is 10 um.

5.5.4 Effect of FXI Inhibition on Fibrin(ogen) Accumulation in the CNS
Accumulation of the plasma protein fibrin(ogen) in the CNS is a prominent feature of
BBB disruption and MS pathology. Studies have shown that fibrinogen accumulation
correlates with axonal damage in the mouse models of EAE.?*’ Since we saw a reduction
in the percent area of damaged white matter, we investigated the effects of FXI inhibition
on fibrin(ogen) deposition in the lumbar region of the CNS (Figure 5.4). Percent area
positive for fibrin(ogen) signal was reduced from 4.88% in the vehicle control to 2.55%
for 14E11 treatment. Additionally, we found the corrected fluorescent integrated density

reduced from 5.48E7 RFUs to 2.59E7 RFUs for vehicle and 14E11 treatments,
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respectively. This corresponds to a 52.7% reduction in intensity of fibrin(ogen) signal for
14E11 treatment compared to vehicle control. These preliminary findings suggest that

pharmacological targeting of FXI may preserve barrier function in the setting of EAE.

a) Vehicle b) 14E11

~.100 pym

Zoom

Figure 5.4 Effects of pharmacologic targeting of FXI by 14E11 treatment on
fibrin(ogen) deposition in the spinal cord. Sections of the lumbar region of the spinal
cord were stained for fibrin(ogen) deposition from one representative animal per
treatment group. 20x images were manually stitched into composites and thresholded for
background fluorescence for vehicle (a) or 14E11 treatment (b). Representative images
show a reduction in area positive for fibrin(ogen) signal as well as corrected fluorescent
integrated density for 14E11 treatment compared to vehicle. Scale bar indicates 100 pm.

5.6 Discussion

Clinical and experimental evidence suggest that coagulation components play a role in
exacerbating the pathologies associated with MS.87882%3 |ndeed, the intrinsic pathway of
coagulation has been implicated in MS and EAE pathologies, as plasma FXII levels or
activity have been shown to be elevated in MS patients,® and FXII deficiency is
protective in EAE.®® However, the mechanism by which the intrinsic pathway of
coagulation contributes to EAE through FXII remains ill-defined. Therefore, we
evaluated the effects of pharmacologically targeting of FXI on autoimmune responses in

EAE. At the onset of symptoms (disease score > 2.5), EAE mice were treated with the
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anti-FXI monoclonal antibody, 14E11. Following treatment with 14E11, we observed a
reduction in the clinical severity of EAE symptoms, axonal damage and demyelination,
and fibrin(ogen) accumulation in the CNS. Our findings indicate that FXI may be a
potential therapeutic target in treating the progression of autoimmune disorders of the

CNS.

Our results indicate that pharmacological targeting of FXI improves disease scores of
EAE. Treatment with 14E11 significantly attenuated clinical symptom severity over the
course of eight days, which corresponded to approximately a 40% reduction in the
cumulative disease index. These data are consistent with other studies in which targeting
components of the coagulation cascade improved disease severity in EAE, including
FXI11,2* FXa,?* thrombin,??32 fibrin,?® and activated protein C (APC).??® Previous
findings by Gdbel et al. showed that there were no significant differences in clinical
disease scores between FXI-deficient mice and wild-type mice.?* One possible
explanation for the difference between these studies is that Gobel et. al. evaluated the
effect of complete FXI deficiency, while our study employed a strategy to
pharmacologically target FXI at peak disease. Incorporating prophylactic 14E11
treatment as a future direction may resolve the discrepancies between our current study
and the prior work using a FXI-null mouse model and provide valuable mechanistic

insights.

Treatment with 14E11 also resulted in a trend towards a reduction in EAE-induced
inflammation. During the early stages of MS, fibrinogen infiltrates the CNS and activates

microglia through the integrin receptor, CD11b/CD18,%% resulting in an M1-like
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activation and pro-inflammatory phenotype.??:22%25" Therefore, CD11b+ macrophage
expression of TNFa and ICAM-1 were measured as markers of activated
macrophages/microglia found to be causative in early stages of EAE. Interestingly, only
modest decreases of TNFo or ICAM-1 macrophage expression were observed between
14E11 and vehicle treatment. This observation may be due to an evaluation of cells
isolated from peripheral splenic tissue rather than within the CNS itself. Nonetheless, this
suggests that inhibition of FXI by 14E11 does not provoke significant attenuation of the
primary, peripheral immune response after EAE induction. We next quantified the
population of activated macrophages/microglia (CD11b/CD45"9" cells) and CD4+ T cells
in pooled murine brain samples. Not only did treatment with 14E11 reduce the total
number of mononuclear cells in the brain by 50%, but we also observed reduced
percentages of activated CNS macrophages/microglia and T cells. These results strongly
support the conclusion that inhibition of FXI plays an important role in limiting EAE-

induced inflammation.

Additionally, we found that 14E11-treated mice had reduced demyelination in the white
matter of spinal cord tissue compared to the vehicle cohort. Previous studies have found
that the inhibition of oligodendrocyte progenitor cell (OPC) maturation contributes to
demyelination processes, and that OPC maturation and recruitment to demyelinating
lesions is negatively regulated by thrombin in a PAR1-dependent manner.?2#2%® Since
thrombin activity is upregulated in the CNS of MS patients, and FXI is positioned
upstream of thrombin generation, it is possible that targeting FXI reduces the amount of
thrombin generated.??° Indeed, the reduction in demyelination observed in the 14E11-

treated mice may be attributed to decreased levels of FXla-mediated thrombin generation.
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However, we did not evaluate thrombin activity nor the effect of 14E11 on thrombin

generation in this study.

FXI inhibition also reduced BBB disruption, as measured by fibrin(ogen) accumulation in
the spinal cord. Under physiological conditions, BBB integrity is modulated by
intercellular junction proteins (e.g. gap, adherens, or tight junctions) and matrix
metalloproteinases (MMP). These proteins can signal through a number of receptors on
the surface of cerebral vascular endothelium, including the thrombin receptors PAR-1
and PAR-4.% Previous studies have demonstrated that blocking PAR-1 in the setting of
EAE prevents BBB disruption by downregulating MMP9 and attenuating the loss of tight
junctions.?® Therefore, it is possible that targeting FXI reduces BBB permeability by
reducing the amount of thrombin generated. Alternatively, we have recently shown that
FXla activity increases endothelial permeability both in vitro and in vivo by
downregulating vascular endothelial-cadherin (VE-cadherin) expression and increasing
endothelial permeability.'*® Thus, targeting FXla activity with 14E11 may have elicited a

protective effect on barrier function by preventing VVE-cadherin inhibition.

There are several limitations of this study. One issue is that limited numbers of
mononuclear cells in CNS required pooling of cells from three mice in order to overcome
detection thresholds needed for FACs analysis of cell subtypes. Although such pooling
gave a greater sampling of smaller subsets, it also precluded biological replicates. Pooling
samples can decrease study power, modify the mean values and standard deviations of
the data, and mask outliers within a heterogeneous population. Another limitation of this

study is that we evaluated treatment with 14E11 at one dose level and at one timepoint,
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which precludes a full evaluation of the treatment window and effect level. It is
conceivable that prophylactic treatment with 14E11, which would more closely mimic
therapeutic strategies to combat and treat disease clinically, could have strengthened our

findings.

Overall, treatment with 14E11 decreased severity of EAE clinical signs, axonal damage,
and fibrin(ogen) deposition within the CNS. However, no significant differences were
found in splenic immune responses, indicating that FXI may have a limited role in
peripheral EAE-associated inflammatory responses. Taken together, 14E11 may be
acting as a BBB-protective agent to influence EAE pathology. Yet, a caveat to BBB-
protective agents in therapeutic use is that if they are administered after the initial
disruption of the BBB, they will not target insoluble fibrin deposited in the CNS prior to
treatment. Therefore, future work should investigate the role of feedback activation of
FXla by thrombin in EAE pathology to further delineate the function of the intrinsic
pathway in EAE pathology and progression. In conclusion, the results reported herein
support pharmacological targeting of FXI as a therapeutic strategy to facilitate the

treatment of MS and other neurological autoimmune diseases.
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6.1 Abstract

Vascular devices such as stents, hemodialyzers, and membrane oxygenators can activate
blood coagulation and often require the use of systemic anticoagulants to selectively
prevent intravascular thrombotic/embolic events or extracorporeal device failure.
Coagulation factor (F)XII of the contact activation system has been shown to play an
important role in initiating vascular device surface-initiated thrombus formation. As FXII
is dispensable for hemostasis, targeting the contact activation system holds promise as a
significantly safer strategy than traditional antithrombotics for preventing vascular
device-associated thrombosis. The objective of this study was to generate and
characterize anti-FXII monoclonal antibodies that inhibit FXII activation or activity.
Monoclonal antibodies against FXII were generated in FXII-deficient mice and evaluated

for their binding and anticoagulant properties in purified and plasma systems, in whole
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blood flow-based assays, and in an in vivo nonhuman primate model of vascular device-
initiated thrombus formation. A FXII antibody screen identified over 400 candidates,
which were evaluated in binding studies and clotting assays. One non-inhibitor and six
inhibitor antibodies were selected for characterization in functional assays. The most
potent inhibitory antibody, 1B2, was found to prolong clotting times, inhibit fibrin
generation on collagen under shear, and inhibit platelet deposition and fibrin formation in
an extracorporeal membrane oxygenator deployed in a nonhuman primate. These results
suggest that selective contact activation inhibitors hold potential as useful tools for
research applications as well as safe and effective inhibitors of vascular device-related

thrombosis.

6.2 Introduction

Taking what we have learned from the previous studies targeting the intrinsic pathway of
coagulation in disease settings, we shifted our focus to study vascular device-related
thrombosis. In this chapter, we report the development of potent neutralizing monoclonal
antibodies targeting FXII activation and FXIla activity. FXII(a) was selected as the drug
target because individuals born without FXI1I have no apparent pathology, including
bleeding diathesis or immunocompromise; however, hyperactivity of FXII appears to be
pathologic, as certain mutations in exon 9 provoke a rare form of hereditary
angioedema.'® In our screen of over 400 candidates, we performed functional assays for
the characterization of seven select antibodies. Based on our preliminary findings, 1B2
was selected to assess the effects of in a model of vascular device-initiated thrombosis in
a pediatric membrane oxygenator inserted into a high flow arteriovenous shunt in a

baboon. We found that treatment with 1B2 inhibited platelet deposition and fibrin
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formation, which suggests that targeting the intrinsic pathway may reduce or prevent
vascular-device associated thrombosis in a variety of clinical settings, including

extracorporeal membrane oxygenators (ECMO).

6.3 Background

Vascular devices, including ventricular assist devices (VAD), stents, and extracorporeal
membrane oxygenators (ECMO), are prone to surface-initiated thrombus formation.%%°
While these devices provide needed cardiovascular support to patients, their use
inevitably exposes blood to non-biological surfaces and non-physiological shear stress,
creating a highly pro-coagulant environment.>” The current standard of care to prevent
thrombotic complications for some vascular devices, including venous and arterial
thromboembolism, or occlusions within extracorporeal vascular device circuits
(extracorporeal organ support, ECOS) sometimes mandates the administration of
anticoagulation. Currently available anticoagulants (e.g. heparin, warfarin, direct
coagulation factor (F) X inhibitors) target enzymes in the extrinsic, intrinsic, and

common pathways of blood coagulation. While these anticoagulants prevent vascular
device-associated thrombosis, the extrinsic and common pathways are critical for
hemostasis, their inhibition universally increase the risk of bleeding, including life-
threatening hemorrhage.®® Therefore, there is an urgent need to develop new strategies for
safer anticoagulation capable of preventing vascular device-associated thrombosis. Our
study was designed to develop and characterize inhibitors of the contact activation system
(CAS), and in particular, FXII, which is activated by foreign surfaces, including vascular
devices, yet is not required for normal hemostasis.>” Our efforts in developing exclusively

intrinsic pathway inhibitors, including FXII, are consistent with the original concept that
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an anticoagulation strategy targeting FXII or activated FXII (FXIla) could provide

thromboprotection without hemostasis impairment.260-262

FXII (Hageman factor) is an 80 kDa, 596 residue long single-chain glycoprotein
proenyzme that is produced and secreted by hepatocytes. It is encoded by a 12 kb gene
comprised of 13 introns and 14 exons, located at chromosome 5q33-qter. Upon
activation, it is cleaved into a 353-residue heavy chain joined to a 243 residue long light
chain, which contains part of the catalytic domain joined by a disulfide bond (a-FXIla)
(Figure 6.1A). There are seven structural domains: a fibronectin domain type I, 2
epidermal growth factor (EGF) domains, a fibronectin domain type I, a kringle domain, a
proline-rich region, and the protease (catalytic) domain.® The physiologic plasma
concentration of FXII in humans is in the range of 30-40 pg/mL.2%3 Phylogenetic studies
have demonstrated that FXII likely arose as a genetic duplication event; FXII is
conserved across a number of species, including human, opossum, platypus, and frog, but
is absent in birds and many sea creatures.?®* Humans and mice with congenital
deficiencies in FXII exhibit in vitro prolongation of the activated partial thromboplastin
time (aPTT), yet lack an abnormal bleeding phenotype, in stark contrast to other
coagulation factor deficiencies such as FVIII and FIX (hemophilia A and B,
respectively).?®® Pharmacologic inhibition or genetic knockout of FXII has been shown to
reduce thrombus formation in both in vitro and in vivo experimental models, again whilst

leaving hemostasis intact.266:267

When blood contacts negatively charged surfaces, including a number of biological

molecules and artificial materials such as those that comprise vascular devices, the
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zymogen FXII is cleaved after Arg353, which generates the serine protease a-FXlla.?%8

The fate of a-FXlla is several-fold: 1) a-FXIlla cleaves factor XI (FXI) to form FXla and
ultimately produces thrombin (factor Ila [Flla]) to drive platelet activation and fibrin
formation; 2) a-FXIIa activates prekallikrein (PK) to form a-kallikrein, which both
converts FXII to a-FXlla in a reciprocal feedback mechanism, and activates major
components of complement system C3 and C5, which subsequently activate both the
classical and alternative complement activation pathways;>’ moreover, kallikrein cleaves
the cofactor high molecular weight kininogen (HK) to release bradykinin (BK), a
systemic vasoregulatory and inflammatory mediator;%®*° 3) o-FXlla is cleaved after
Arg334 to generate 3-FXIlla, which is comprised of the a-FXlla catalytic domain and a 2
kDa heavy chain remnant (Figure 6.1B); and 4) B-FXIlla, while unable to generate FXla,

is additionally able to activate PK to form a-kallikrein.
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Figure 6.1 Human FXII. (A) Primary and secondary structure of FXII. (B) Schematic
diagrams comparing the domain structures of FXII, a- FXIIa, and - FXlla. (C) Chimera and
deletion constructs. Dark gray shading indicates the HGFA domains introduced into FXII to
create FXII /HGFA chimeras.

Herein, we describe the generation and characterization of antibodies against FXII used
to study FXII activation pathways and the function of FXII in promoting thrombus

formation under shear flow. We also validate that inhibiting FXII activity prevents

platelet deposition and fibrin formation in blood perfused membrane oxygenators.

6.4 Material and Methods

6.4.1 Generation of Anti-FXII Monoclonal Antibodies

Antibodies against FXI1 were generated as previously described.>! In brief, three FXII-
deficient Balb-C mice were immunized with an intraperitoneal (IP) injection of a 30 ug
mixture of recombinant murine and human FXII in Freund’s complete adjuvant on day 0,
and 20 pg mixture in Freund’s incomplete adjuvant on day 18. A 10 g booster dose in

saline was administered on day 46. Spleens were harvested on day 49, and a standard
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polyethylene glycol-based protocol was used to fuse lymphocytes with P3X63Ag8.653
myeloma cells. Production runs of 50 — 400 mL hybridoma cultures were grown and

antibodies were purified using a protein A matrix.

6.4.2 Expression of Recombinant FXII and Antibody Mapping

Complementary DNA (cDNA) from human FXI1 was inserted into vector pJVCMV.2%4
Using polymerase chain reaction (PCR), the sequence encoding individual domains from
the FXII homolog hepatocyte growth factor activator (HGFA) was amplified from the
human HGFA cDNA and used to replace the corresponding sequence in the FXI1I cDNA
(Figure 6.1C).%%° HEK293 fibroblasts (ATCC-CRL1573) were transfected with
pJVCMV/ FXII-HGFA constructs as described.?®* Anti-FXI1 monoclonal antibodies were
used as the primary antibody in Western blots to detect FXII in human and mouse
plasma, as well as purified a- and B-FXII. Purified FXII antibodies were size-fractionated
on 10% polyacrylamide—sodium dodecyl sulfate gels, and chemiluminescent Western
blots were prepared using 1D7, 5C12, 7G11, 9G3, 15D10, or goat polyclonal-anti-human

FXII immunoglobulin G (IgG) for detection.

6.4.3 Western Blot of Plasma FXII

Platelet-poor plasma (PPP) was obtained as previously described from the following wide
range of species: giant anteater (Myrmecophaga tridactyla), cattle (Bos taurus), horse
(Equus ferus caballus), pig (Sus scrofa domestica), rabbit (Oryctolagus cuniculus),
raccoon (Procyon lotor), Amur tiger (Panthera tigris altaica), human (Homo sapiens),
baboon (Papio anubis), domestic cat (Felis silvestris catus), chicken (Gallus gallus

domesticus), domestic dog (Canis lupus familiaris), African elephant, (Loxodonta
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africana), llama (Lama glama), cynomolgus monkey (Macaca fascicularis), rhesus
macaque (Macaca mulatta), rat (Rattus norvegicus domestica), African green monkey
(Chlorocebus aethiops), and marmoset (Callithrix jacchus).?*2 One uL PPP was size
fractionated on SDS-polyacrylamide gels under reducing or non-reducing conditions,

followed by Western blotting using the different monoclonal antibodies.

6.4.4 Activated Partial Thromboplastin Time (aPTT)

Nine parts venous blood was drawn by venipuncture from healthy male and female adult
volunteers into one part 3.2% sodium citrate in accordance with the OHSU (Oregon
Health & Science University) Institutional Review Board (No. 1673). Informed consent
was received from all human blood donors. Platelet-poor plasma was prepared by
centrifugation of citrated whole blood at 2150%g for 10 minutes. Further centrifugation of
the plasma fractions at 2150xg for 10 minutes yielded platelet-poor plasma, which was

pooled and stored at —80°C until use.

aPTT measurements were made in duplicate using SynthASil (Instrumentation
Laboratory, Bedford, MA, USA) and a KC4 Analyzer. Activated clotting time (ACT) of
blood was determined in duplicates using LupoTek KCT (r2-Diagnostics, South Bend,
IN, USA). Prothrombin time (PT) assay was conducted with Dade® Innovin® (Siemens
Healthcare Diagnostics, Flanders, NJ, USA) according to the manufacturer’s protocol. PT
of plasma samples was quantified using a KC4 Analyzer. Plasma thrombin-antithrombin
complex (TAT) were measured with ELISA kits from Siemens (Flanders, NJ, USA) as

previously described.
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In separate studies, citrated platelet-poor plasma was obtained from the following
species: human (Homo sapiens), baboon (Papio anubis), cynomolgus monkey (Macaca
fascicularis), rhesus macaque (Macaca mulatta), mouse (Mus musculus), rat (Rattus
norvegicus), and rabbit (Oryctolagus cuniculus) was serially diluted into FXII-depleted
human plasma (Affinity Biologicals). These dilutions were incubated with 20 pg/mL
anti-FXI1 monoclonal antibody and aPTT was measured using a KC-4 coagulometer
(Tcoag, Ltd, Ireland; SynthasiL Reagent, Instrumentation Laboratory) as described

above.

6.4.5 Non-activated Thromboelastometry Analysis (NATEM )

NATEM was measured immediately after venous blood collection (within 5-10 minutes).
Human blood was taken into syringes containing 3.2% (w/v) sodium citrate (one-tenth of
blood volume) and FXI1 antibodies (40 pg/mL, final concentration) were added prior to
recalcification (300 pL blood re-calcified with 20 uL. 200 mM CacCly) for use in the

NATEM assay following standard protocols.

6.4.6 FXII Activation and FXlla Inhibition

FXII activation and FXIla inhibition were measured as previously described.?' In brief,
to measure activation of FXII, human FXII (40 nM; Haematologic Technologies, Inc.,
Essex Junction, VT) was incubated with an anti-FXII monoclonal antibody (mAb) (0-80
nM) for 10 minutes at room temperature, followed by dextran sulfate (1 pg/mL) for 20
minutes at 37°C. Spectrozyme FXlla (0.5 mM; Sekisui Diagnostics GmbH, Germany)
was then added to measure hydrolysis by activated FXII (FXI1a). To assess the effect on

FXI1 activation by polyphosphates, FXII (100nM) was co-incubated with an anti-FXII
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mADb (0-200 nM) for 10 minutes at room temperature. The mixture was diluted 50/50
with HK (12.5 nM, Enzyme Research Laboratories, South Bend, IN), PK (12.5 nM,
Enzyme Research Laboratories, South Bend, IN), and polyphosphates [long (> 1000
phosphate units) or short (~70-100 phosphate units)].2%° The antibody solution (10 pM,
final concentration) was incubated for 60 minutes at 37°C. Polybrene (120 pug/mL,
Sigma-Aldrich, Saint Louis, MO) and soybean trypsin inhibitor (Img/mL, Sigma, Sigma-
Aldrich, Saint Louis, MO) were added to the antibody solution and the amidolytic
activity was quantified. To test FXlla inhibition, Spectrozyme FXlla was added to
mixtures of FXlla (20 nM) and anti-FXII mAb (0-40 nM). The samples were read at 405

nm.

6.4.7 Flow Chamber Analysis

Glass capillary tubes (0.2 x 2 x 50 mm; VitroCom, Mountain Lakes, NJ, USA) were
coated with 100 pg/mL of fibrillar type I collagen (Chrono-Log Corp, Havertown, PA,
USA) for 1 hour at room temperature (RT), then washed with PBS and blocked with 5
mg/mL denatured bovine serum albuminutes for 1 hour at RT. The capillary tubes were
connected to a blood reservoir and a syringe pump. Human venous blood was collected
by venipuncture into syringes containing 3.8% (w/v) sodium citrate (one-tenth of blood
volume). Blood was incubated with 100 pg/mL 1B2, 1D7, or 5A12 for 10 minutes at RT.
Re-calcification buffer (1:9, buffer:blood; 75 mmol/L CaCl, and 37.5 mmol/L MgCl>)
was added to allow for coagulation prior to perfusion at venous shear rate of 300 s for
10 minutes at 37 °C. Capillaries were washed with PBS, fixed with 4% paraformaldehyde
and sealed with Fluoromount-G Mounting Medium (ThermoFisher Scientific). Platelet

aggregates and fibrin formation in the capillaries were imaged for analysis using a 63x
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Zeiss Axio Imager M2 microscope (Carl Zeiss Microlmaging GmbH, Germany) as

previously described.>?

6.4.8 Anticoagulation of Baboons

All animal experiments were approved by the Institutional Animal Care and Use
Committee of Oregon Health & Science University. To establish the time course of
coagulation parameters, one anti-FXII antibody that binds the FXII catalytic domain
(1B2), and one that bind the FXII heavy chain (1D7) were selected. 1B2 (n = 2) or 1D7
(n = 1) were administered to baboons (Papio anubis) in subsequent i.v. doses of 1 mg/kg
every 40 minutes over a 4-hour period, totaling six doses. A baseline measurement was
made prior to drug administration at time = 0. Blood samples were collected for up to
three weeks post administration and aPTT, ACT, PT, TAT levels were measured.
Complete blood count (CBC) was also measured to determine platelet count, hematocrit

concentration, white blood cell count, and red blood cell count.

6.4.9 Baboon Model of Thrombogenesis in Extracorporeal Membrane Oxygenators
All animal experiments were approved by the Institutional Animal Care and Use
Committee of Oregon Health & Science University. Two juvenile baboons (Papio
anubis) were repeatedly employed for the perfusion experiments. Baboons were
implanted with exteriorized femoral arteriovenous shunts as described
previously.?%270271 |n prief, 'In-labeled autologous platelets and 1%1-labeled
homologous fibrinogen were used for measurement of thrombus formation in the saline-
primed oxygenator cartridge that was interposed in the exteriorized shunt loop (Terumo-

CAPIOX® RXO05, coated hollow fiber design, Terumo Cardiovascular Group, Ann
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Arbor, MI). Animals were administered 1B2 intravenously at a 5 mg/kg initial dose with
2 mg/kg daily maintenance dose. The vehicle control experiments were performed in
week one, prior to antibody treatment in week two. Platelet radioactivity within the
oxygenator was recorded in real-time using gamma camera imaging (GE-Brivo NM 615
interfaced with Xeleris 3.1 software, GE Healthcare, Chicago, IL). Platelet deposition
was calculated as previously described.!95239271.272 Eor quantification of 2°1-fibrin
content at the 60 minutes endpoint, the cartridge was removed, rinsed, dried, and stored
refrigerated until processing. In brief, the oxygenators were filled with digest buffer (10
mM Tris-H3PO4 pH 7.0, 35 mM SDS) for 3 days. The radioactivity of the digest solution
was measured using a gamma counter (Wizard-3, PerkinElmer, Shelton, CT), and the
amount of trapped fibrin/fibrinogen was calculated as previously described.?%272
Bleeding times were evaluated twice during each administration of 1B2 using the adult
Surgicutt® device (International Technidyne, Piscataway, NJ), as described previously.
Template bleeding time (BT) was recorded twice during each experiment and
averaged.?’>2"* Briefly, a pressure cuff at 40 mm Hg was applied to the upper arm, and a
5 mm long x 1 mm deep incision was made on the volar surface of the lower arm. Blood
drops were collected on a Whatman® filter paper every 30 seconds until the bleeding

stopped.

6.5 Results

6.5.1 Generation and Characterization of Monoclonal FXII Antibodies

FXI1 antibodies were generated by immunization of FXII knock-out mice with a mixture
of human and mouse FXI1 zymogen. A total of 463 monoclonal antibodies were

identified in an ELISA screen as binders of murine and/or human FXII. Using an aPTT
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clotting assay, we screened the cell culture supernatants using platelet-poor plasma
serially diluted into FXII-deficient plasma (1:128 dilution), which gave a baseline aPTT
of ~50-70 sec. Of these, 78 clones were shown to prolong aPTT of human platelet-poor
plasma (>2-fold increase in clotting times over baseline); these antibodies were then
tested for cross-reactivity with mouse FXII in plasma. We identified two antibodies that
robustly prolonged aPTT of human plasma only (1B2 and 5C12) and four that prolonged
the aPTT of both human and mouse plasma (1D7, 7G11, 15D10, and 9G3). Additionally,

5A12, despite binding FXII, did not prolong the aPTT of human platelet-poor plasma.

The binding epitopes for these antibodies on human and mouse FXII were determined by
Western blot. We used plasma-derived a- and B-FXIlla to identify the binding region. Our
data showed that only two human-specific antibodies, 1B2 and 5C12, recognized [3-
FXIla, which only contains the catalytic domain of a-FXII; neither bound to murine
FXII. The antibodies 1D7, 7G11, 9G3, 15D10, and 5A12 recognized both human and
mouse FXII and did not bind B-FXlla, which suggests that they bind to the heavy chain

of FXII (Figure 6.2A-B).

We next used FXII/HGFA chimeras to identify the FXII regions containing the binding
sites for the anti-FXII antibodies. As the F12 gene arose from a duplication of the HGFA
gene, FXII and HGFA have similar domain structures with the exception that FXII has a
proline-rich region not found in HGFA. We prepared FXII with individual domains
replaced by corresponding HGFA domains as previously described (Figure 6.1C).%% The
antibody 1D7 was the only antibody which recognized both the reduced and non-reduced

forms of human FXII (Figure 6.2A); 1D7 was found to recognize the second epidermal
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growth factor (EGF2) domain, as evidenced by the reduction in detection when this

domain was swapped out for the H4 domain of HGFA. Similarly, 5A12 detected the

second EGF2 domain of FXII. Deletion or exchange of the fibronectin type 2 (F2), as

well as the first and second EGF domains (EGF1, EGF2) of FXII regions with the HGFA

homologous region reduced the detection of these FXII chimeras by the antibodies 7G11,

9G3, and 15D10 by Western blot (Figure 6.2C).
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Figure 6.2 Western blots of human and mouse FXI1. (A) Western blots of FXII
unreduced and reduced human recombinant FXII (R), human plasma FXII (P), and
mouse recombinant FXII (M)-fractionated by sodium dodecyl sulfate-PAGE. (B)
Western blots of human o- and - FXII. (C) Western blots of FXII and FXII/HGFA

chimeras.

6.5.2 Cross-reactivity of Monoclonal FXII Antibodies

As antibodies were raised in FXII-deficient mice, it is possible that some of them

recognize epitopes on FXII that are conserved between species. We evaluated the species
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cross-reactivity of the anti-FXII antibodies with FXII derived from a range of vertebrate
animals (Figure 6.3A). The most universal antibodies in our set were 7G11 and 15D10,
which recognized FXII from giant anteater, cattle, horse, pig, raccoon, tiger, baboon, dog,
elephant, and llama. A slight band was detected by 7G11 and 15D10 for rabbit FXII.
Despite 9G3 binding to the same three domains as 7G11 and 15D10, 9G3 was only found
to detect FXII in plasma from raccoon, tiger, dog, elephant, and llama. 9G3 detected FXII
from human but not baboon plasma. The antibody 1D7 detected FXII in the plasma from
cattle, horse, rabbit, raccoon, tiger, baboon, dog, elephant, llama, and uniquely, cat FXII.
The antibody 5A12 detected FXII in plasma from cattle, pig, rabbit, tiger, baboon,
elephant, and llama. The antibodies 1B2 and 5C12 were shown to detect FXII in plasma
from giant anteater and baboon. All of the antibodies were shown to detect both the
positive control (human FXII), with FXII-depleted plasma serving as a negative control
(Figure 6.3A). These studies confirm that immunizing mice with a protein in which they
are deficient can generate antibodies that cross-react with presumed conserved epitopes

across species.

We extended our study to characterize the binding of a subset of anti-FXII antibodies to
plasmas from animals commonly used in preclinical research including NHPs. Our data
showed that 1B2 and 5C12 detected FXII in plasma from African green monkeys in
addition to baboons and humans (Figure 6.3B). Likewise, the antibodies 1D7 and 5A12
detected FXII in plasma from baboons and humans as well as cynomolgus monkey, rat,
and marmoset; a slight band was shown for both antibodies for detection of rhesus
macaque FXII. 5A12 detected FXII from African green monkey, while 1D7 detected

FXI1 in beagle plasma (Figure 6.3B).
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Figure 6.3 Western blots of FXII from mammalian plasmas. Western blots of non-
reducing 7.5% polyacrylamide gels of FXII for a variety of animal species (A) and
commonly used preclinical research animal models (B).

6.5.3 Effect of Monoclonal FXII Antibodies on Clotting Times of Plasma and Whole
Blood
We measured the effect of each antibody on the aPTT using pooled human platelet-poor
plasmas (PPP) that were serially diluted with human FXI1I-depleted PPP. Our reference
data, serially diluted normal pooled human plasma with FXII-depleted plasma alone,
showed that aPTT remained near 30 secs until the level of FXII was reduced by >95%, at
which point there is a sharp increase in aPTT that exceeded 250-300 sec as the amount of
FXII remaining fell near or below 1% of normal (Figure 6.4A). This pattern was
conserved across the seven species tested (human, baboon, mouse, rat, cynomolgus,

rhesus macaque, and rabbit (Figure 6.4B-H).

The diluted aPTT assay was employed to detect the potential inhibitory effects of the
FXII antibodies on clotting. In human plasma, the aPTT began increasing upon reduction

of FXI1to 10% or less, and plateaued at approximately 260 sec once FXII was reduced to
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0.01%. Of note, the antibodies were used at a concentration of 20 ug/mL (125 nM), thus
roughly four times lower than the concentration of FXII in plasma (~40 pg/mL, 500 nM).
The anti-FXII mAbs 1B2 and 5C12 caused a leftwards shift in the curve for human and
baboon plasma clotting times indicative of an inhibitory effect (Figure 6.4B-C).
Antibodies 1D7, 7G11 and 15D10 inhibited the aPTT in human, baboon, cynomolgus,
rhesus macaque, mouse, rat, and rabbit plasmas (Figure 6.4B-H), although it should be
noted that the degree of inhibition as reflected by the aPTT prolongation in human and
baboon plasmas was less than observed for 1B2 and 5C12. An inhibitory effect was also
observed for 9G3 in human, baboon, cynomolgus, rhesus macaque, and mouse plasmas
(Figure 6.4B-F). The FXII antibody 5A12 did not affect clotting times in any of the

plasmas tested (Figure 6.4B-H).
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Figure 6.4 Clotting times were measured using aPTT. Platelet-poor plasma from (A)
human, (B) baboon, (C) cynomolgus, (D) rhesus, (E) mouse, (F) rat, or (G) rabbit was
serially diluted into FXII-deficient human plasma. These dilutions were incubated with
20 pg/mL of FXII antibody candidates. Clotting times were measured following addition
of an aPTT reagent. Changes in aPTT were plotted as a function of FXII levels on a
logarithmic scale.
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We next employed non-activated thromboelastometry analysis (NATEM) to measure the
effect of the panel of FXII antibodies on clotting time (CT), clot formation time (CFT),
the time to reach a clot strength of 20 mm force, maximum clot firmness (MCF), time to
reach maximum clot firmness (MCF-t), and the time from start of clotting to maximum
velocity (a-angle). We first performed an aPTT assay using whole human blood, wherein
we confirmed that the FXII antibodies 1B2, 5C12, 1D7, 7G11, 15D10, and 9G3
prolonged clotting times, with the greatest level of inhibition observed for 1B2 and 5C12
(Figure 6.5A). For NATEM assay (for schematic, see Figure 6.5B), we used an antibody
concentration of 40 pg/mL, thus roughly half the equimolar concentration to antigen FXII

levels in whole blood.

The clotting time (CT), and the CT added to the clot formation time (CT+CFT) measured
via NATEM, was prolonged for 1B2, 5C12, 1D7, 7G11, and 15D10, whereas 9G3 and
5A12 did not affect the CT (Figure 6.5C, E). No increases for CFT alone, MCF-t, MCF
or a-angle were observed for 1B2, 5C12, 1D7, 7G11, and 15D10 (Figure 6.5D, F-H).

5A12 did not affect any of the parameters measured (Figure 6.5C-H).

157



aPTT
250 KKk KRR
200
1504
‘G 1007 kkk hkk kkk
] |
60 . 3? 5 %
40 o
ol B =~
0_
POIr N ,\0 O'b ,\’L
IS O R
CT
*kk  kk
30004
wox s
— L| S
[&]
g 2000, 4} z %
o
g
1000 o A
S VAL NSO
GO&S "Q)%d\ '\0 ,@0\'\0\ (be) @V"\
F
MCF-t
o
30004
o [ ] *
™ '
Q &
E 5 T3
~ 2000 X o -
o ‘e
10004
B ’b fL
c,\“(J @ 3 \0 6\60\ ey

(sec)

(mm)

mm

Force (mm)

0 20 30 40 50 min
Time (min)
CFT CT +CFT
kkk hkk
4000+
a *%
1000{ < . =
. 5 3000 o
o a M
iy u =%t
5001 LI TS
. o . 20001 o , o
% o =
8 o
ol 1000
K 5 o A N
SIS 0 g S S
ey (éx
MCF Alpha Angle
60- 501
© e -
feded
501 8 —} [u]a] m 404
SRE: P
. o a —A—
Co - % —% *
40{ ¢ = o 230 §
A
*
301 201 © -
[m]
N !\Q "-’ '3’ 4\0 ,g;" \"/\0 Co\ 0\5 Q”—’ ,\q,

cP\KO 8)@0 \Q,\O & Ty

CT+CFT

[« > a-Angle

cT

MCF

MCF-t

Figure 6.5 Thrombus formation and growth was measured using non-activated
thromboelastometry (NATEM). Human plasma from healthy volunteers was inhibited
with 40 pg/mL antibody. (A) FXII inhibition confirmed by aPTT; (B)
thromboelastometry curve explaining the parameters reported below; (C) clotting time;
(D) clot formation time, (E) time to 20 mm clot firmness; (F) maximum clot firmness;
(G) time to maximum clot firmness; (H) time to maximum velocity. Data represents
mean + SEM and were analyzed using one-way ANOVA (GraphPad Software, San
Diego, CA) with Dunnett’s posthoc analysis versus control. * P<0.05, ** P<0.01, ***

P<0.001.
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6.5.4 Effect of Monoclonal FXII Antibodies on FXII Activation and FXIla Activity

We assessed the ability of the anti-FXII antibodies to inhibit FXII activation or activity.
Dextran sulfate or long- or short-chain polyphosphates (polyP) were added to purified
FXI1I to induce FXII activation and amidolytic activity toward a FXlla-specific
chromogenic substrate. We found that FXII activation or activity was inhibited by 1B2,
5C12, 1D7, 7G11, and 15D10 as measured by the amidolytic activity of FXlla (Figure
6A-C) regardless of whether FXII was activated by long- or short-chain polyP or dextran
sulfate. Differing degrees of efficacy were observed for the antibodies with the greatest
potency being reported for 1B2 and 5C12. 1D7 was observed to inhibit FXII activation
by short-chain polyP as compared to long-chain polyP or dextran sulfate, whereas 9G3
was ineffective in blocking FXII activation by dextran sulfate while exhibiting inhibitory
effects against long- or short-chain polyP-mediated activation of FXII (Figure 6.6A-C).
FXI1I activation was unaffected 5A12. Lastly, we characterized the effect of the anti-FXII
antibodies on inhibiting FXIla activity directly in a purified system. Only the antibodies
that bound to the catalytic domain of FXII, 1B2 and 5C12, were capable of inhibiting the

amidolytic activity of purified FXlla (Figure 6.6D).
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Figure 6.6 Anti-FXI1 antibodies inhibit FXIla activity. Increasing concentrations of
anti-FXI1 antibodies were added to a solution of purified FXII. FXII was activated by
either long PolyP (A), short PolyP (B), or dextran sulfate (C). Amidolytic activity was
quantified as hydrolysis of the chromogenic substrate Spectrozyme FXlla. Activated
FXII (FXIla; 20 nM) was incubated with increasing concentrations of anti-FXII
antibodies for 5 minutes before addition of Spectrozyme FXlla. The velocity of
hydrolysis was measured for 20 minutes and Vmax Was calculated for each reaction (D).
Each data point was measured in duplicate. Data represent mean = SEM from n = 2.

6.5.5 Effect of Monoclonal FXII Antibodies on an In Vitro Model of Thrombus

Formation Under Flow

Experiments were designed to examine the effect of anti-FXII antibodies on fibrin

generation and platelet deposition in an in vitro model of thrombus formation under flow.
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Sodium citrate-anticoagulated whole human blood was recalcified prior to perfusion over
immobilized collagen for 10 minutes at a shear rate of 300 sec™ to produce fibrin- and
platelet-rich clots (Figure 6.7). Consistent with a necessary role for FXII activation and
activity in this assay,*>?’ the anti-FXII antibodies 1B2, 5C12, and 1D7 abrogated fibrin
formation on collagen under flow; only platelet aggregates were observed in the presence
of these antibodies. In contrast, the anti-FXII antibody, 5A12, did not affect the extent of

fibrin deposition or thrombus formation.

Anti-FXIl Antibodies

Collagen

Figure 6.7 Effect of anti-FXII antibodies on fibrin and thrombus formation under
shear. Re-calcified, citrated whole blood pretreated with anti-FXII antibody (100 pg/mL,
10 minutes) was perfused through collagen-coated chambers at 300s™. Representative
images from n = 3.

6.5.6 Effect of Monoclonal FXII Antibodies on an In Vitro Model of Vascular Device-
initiated Thrombus Formation

We next selected two anti-FXII antibodies for advancement for testing in a baboon NHP

model. We have already demonstrated the efficacy of antibody 5C12 in this model.%®

Based on favorable binding and inhibitory profiles in the in vitro assays, we chose one

antibody that binds the FXII catalytic domain (1B2), and one that binds the FXII heavy

chain (1D7). In a preliminary dose range finding study, both 1B2 and 1D7 were

administered to baboons in a stepwise manner consisting of six doses of 1 mg/kg given

Direction of Flow



40 minutes apart. Our results show that 1D7 caused a 1.5 fold increase in the plasma
aPTT above baseline after the sixth dose, while 1B2 caused a greater than three-fold
increase in the plasma aPTT from baseline after the second dose (Figure 6.8A).
Corresponding increases in activated clotting time (ACT) were noted after 4 hours
(Figure 6.8B). Neither of the antibodies altered the PT, circulating TAT levels, platelet
count, hematocrit, or WBC or RBC levels (Figure 6.8D-H). Based on the favorable
pharmacodynamic profile of 1B2 over 1D7, 1B2 was chosen for use in the baboon model

of vascular device-initiated thrombus formation.
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Figure 6.8 Time course of coagulation parameters after 1B2 or 1D7 administration
in a nonhuman primate. Baboons were administered i.v. doses of 1 mg/kg 1B2 or 1D7
every 40 minutes over a 4-hour period. Blood samples were collected for up to three
weeks post administration. (A) aPTT, (B) ACT, (C) PT, and (D) TAT levels were

measured. Complete blood count (CBC) was measured: (E) platelet counts, (F)
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hematocrit, (G) white blood cell count, and (H) red blood cell count. The upper and lower
limits of reference values are indicated by dashed lines. aPTT, activated partial
thromboplastin time; ACT, activated clotting time; PT, prothrombin time; TAT,
thrombin-antithrombin complex.

A pediatric extracorporeal membrane oxygenator was inserted into the loop of an
exteriorized arteriovenous shunt implanted in a baboon. We quantified autologous
radiolabeled platelet deposition in the oxygenator in the absence of an anticoagulant,
finding that after 30 minutes over 1.5 billion platelets per minute were being deposited in
the oxygenator, resulting in the retention of upwards of 80 billion platelets in the
oxygenator by 60 minutes (Figure 6.9A-B). Robust fibrin formation was observed in the
oxygenator at the 60-minute time point under non-anticoagulant conditions (Figure
6.9C). Our data show that pretreatment of the baboon with 1B2 resulted in a significant
reduction in both the rate (0.86 + 0.03 billion platelets per minute) and the extent of
platelet deposition and fibrin formation (Figure 6.9A-C). We did not detect any change
in template bleeding time following treatment with 1B2 as compared to vehicle control

(Figure 6.9E).
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Figure 6.9 Effect of 1B2 on platelet deposition and fibrin formation in ECMO. (A)
Real-time platelet deposition was monitored in an ECMO device inserted in the extended
loop of a chronic AV shunt. Study arms included vehicle control (n = 2) or 1B2 (5 mg/kg
initial day + 2 mg/kg on the following days 30 minutes before perfusion, n = 4). (B)
Average platelet deposition rate was calculated from 30 to 60 min. (C) Measurement of
terminal fibrin content in the oxygenator and (D) correlation of fibrin and platelet
content. (E) Two Surgicutt® bleeding time measurements were performed during each
experiment and each data point represents the average of the two measurements. ECMO,
extracorporeal membrane oxygenator; AV, arteriovenous; FXII, factor XII.

6.6 Discussion

In this study, a library of monoclonal antibodies against FXII were generated in FXII-
deficient mice. One non-inhibitory and six inhibitory antibodies were selected for further
characterization. The relative potencies of the inhibitors on FXII activation and activity
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were determined using functional assays. These antibodies exhibited cross-reactivity with
FXII from a variety of vertebrate animals as assessed by Western blots of mammal
plasmas. We used aPTT and NATEM assays to characterize the inhibitory effects of the
antibodies on initiation, strengthening, and growth of clots. A series of activity assays,
including an in vitro flow chamber model, were employed to define the effect of the
antibodies on FXII activation and activity. Based on the results, two antibodies that bind
to the catalytic domains of FXII, a-FXIIa and B-FXIlla, 1B2 and 5C12, were chosen to
assess the effects of FXII inhibition in a model of vascular device-initiated thrombus
formation using a pediatric membrane oxygenator inserted into a high flow arteriovenous
shunt in a baboon. Results for 5C12 were reported previously.?®® Here we discuss results

with antibody 1B2.

Vascular interventions that involve placement of artificial devices such as intravenous
access catheters, stents, vascular grafts, valves, and ventricular assist devices (VADS)
may be complicated by thrombosis. Prothrombotic effects of some vascular devices,
which can cause both device failure and thromboembolic complications, include: 1) non-
physiologic, shear-stress induced platelet activation as shown by an increase in soluble P-
selectin and enhanced platelet aggregation; 2) release of thrombotic platelet
microparticles; 3) excessive red blood cell hemolysis; 4) complement activation; 5)
inflammation; and 6) exaggerated coagulation via contact-driven FXII activation and
thrombin generation.?’%%”” Several of these effects also paradoxically contribute to the
non-trivial bleeding diathesis occasionally encountered with some types of vascular
devices, most notably: consumptive coagulopathy; platelet shedding of hemostatic

surface molecules including GPVI, GPIb, and CD63; and non-physiologic shear-
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mediated loss of high molecular weight von Willebrand factor multimers.2®2® As a
result, both thrombosis and major bleeding rates encountered in patients with VADs,
ECMO, or CPB are high. For instance, rates of oxygenator thrombosis, arterial
thrombosis, and major bleeding in ECMO approach 16%, 10%, and 30%,
respectively.?’%2’7 Here we found that inhibiting the contact activation system by
blocking FXlla activity has an anti-platelet effect in a model of vascular device-initiated
thrombus formation. This suggests that when blood comes in contact with foreign
surfaces such as an ECMO circuit, inhibiting the initial events that trigger activation of
the coagulation cascade that lead to thrombin generation may be an effective route for

dampening deleterious platelet activation.

Vascular-device associated thrombosis or outright device failure remain important
complications of these medical technologies, and systemic anticoagulation during their
use has traditionally been mandated. Although numerous potent anticoagulant drugs are
widely available that can reduce the incidence of these complications if given at effective
doses, all have dose-limiting hemorrhagic toxicities.?® This has inspired researchers to
develop vascular technologies with improved biocompatible surfaces, alternative dosing
protocols for anticoagulants, and entirely new therapeutic agents aimed at blunting the
pathologic processes implicated in bleeding and thrombosis.?’®27" FXII, of the CAS, has
emerged as a promising target due to an abundance of pre-clinical and early clinical data
supporting the efficacy and safety of agents targeting the protein. Murine and NHP
models have demonstrated that pharmacologic inhibition or genetic knockout of FXII
substantially reduces collagen- and FeCls-induced experimental venous and arterial

thrombosis, respectively.?*2255 Perhaps more compelling is the demonstration that
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inhibiting FXI1 activation or activity is useful in reducing device failure in animal models
where membrane oxygenators were perfused with blood to induce clot formation.5”2¢8
Herein, we validate this hypothesis by demonstrating that the anti-FXII monoclonal
antibody 1B2 inhibits platelet deposition and fibrin formation in an extracorporeal
membrane oxygenator deployed in nonhuman primates. These studies, and our prior

work with the anti-FXII mAb 5C12, suggest that targeting the catalytic domain of FXII

may be a useful approach for limiting vascular-device associated thrombosis.

In addition to inciting thrombosis, vascular devices including ECMO and hemodialysis
circuits induce a pro-inflammatory process similar in some aspects to that observed in
sepsis. Indeed, in patients with extracorporeal devices or sepsis, excessive cytokine
release as part of the overwhelming inflammatory response may result in organ damage
and contribute to morbidity. We observed that the CAS, and specifically crosstalk
between FXII and FXI, serves as a nexus between thrombosis and inflammation in
animal models of severe infection and bacterial challenge.?>* In these models, selective
inhibition of FXII activation significantly blunted the inflammatory response,
exemplified by a nearly 6-fold reduction in interleukin (IL)-6 levels. Since increased IL-6
levels are associated with poorer survival in patients undergoing ECMO,?8128 the CAS
may prove an effective target to reduce vascular device-associated inflammation, in

addition to its anticoagulant properties.

Translational approaches for reducing vascular device-associated thrombosis by targeting
and inhibiting the CAS must take into account the effects of anti-FXII antibodies on FXII

activation and activity in the absence of a surface. In the absence of surface, some
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antibodies directed at the FXII heavy chain accelerate the reciprocal activation of PK and
FXII in plasma. While this does not lead to clotting, it could potentiate the release of
bradykinin as a consequence of kallikrein cleavage of HK. An example of this effect was
observed for the anti-FXII antibody, 15H8, which interferes with contact activation by
preventing FXII from binding to surfaces. Previously, we demonstrated that 15H8
prevented thrombus formation in vitro on collagen as well as in vivo in an AV shunt
thrombosis model.?%? Yet, addition of 15H8 to human plasma was found to potentiate
FXII-mediated activation of PK leading to the complete cleavage of the HK. In the
absence of a surface the FXII heavy chain serves an important regulatory function that
prevents FXII from activating. 15H8 interferes with that function, setting off brisk
reciprocal activation with PK. 15H8 binds to the N-terminal fibronectin type 2 domain of
FXI1I, which has been shown to be important in preventing FXII activation in the absence
of a surface.?®* Thus, caution is advised when developing therapies directed at the FXII

heavy chain, as they may promote activities with a detrimental effect on patients.

In summary, we have generated a panel of anti-FXII antibodies with varying affinity and
specificity for FXII; the functional effects of these antibodies were screened and
evaluated for their anticoagulant and antithrombotic properties in in vitro, ex vivo, and in
vivo models. Our data provides rationale for targeting the contact activation system to
reduce or prevent vascular-device associated thrombosis in a variety of clinical settings,

including ECMO.
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7.1  Abstract

Extracorporeal membrane oxygenation (ECMOQO) provides lifesaving circulatory support
and gas exchange, although hematologic complications are frequent. The relationship
between ECMO and severe thrombocytopenia (platelet count <50 x 109/L) remains ill-
defined. We performed a cohort study of 67 patients who received ECMO between 2016
and 2019, of which 65.7% received veno-arterial (VA) ECMO and 34.3% received veno-
venous (VV) ECMO. All patients received heparin and 25.4% received antiplatelet
therapy. In total, 23.9% of patients had a thrombotic event and 67.2% had a hemorrhagic
event. 38.8% of patients developed severe thrombocytopenia. Severe thrombocytopenia
was more common in patients with lower baseline platelet counts and increased the
likelihood of thrombosis by 365% (OR 3.65, 95% CI 1.13-11.8, P=0.031), while the type
of ECMO (VA or VV) was not predictive of severe thrombocytopenia (P=0.764).

Multivariate logistic regression controlling for additional clinical variables found that
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severe thrombocytopenia predicted thrombosis (OR 3.65, CI 1.13-11.78, P=0.031). Over
a quarter of patients requiring ECMO developed severe thrombocytopenia in our cohort,
which was associated with an increased risk of thrombosis and in-hospital mortality.
Additional prospective observation is required to clarify the clinical implications of

severe thrombocytopenia in the ECMO patient population.

7.2 Introduction

In this chapter, we continued our study of extracorporeal membrane oxygenators
(ECMO) by performing a retrospective cohort study at Oregon Health & Science
University. It is well established that although ECMO treatment can provide lifesaving
benefits to critically ill patients;'%>1% however, the issue of hemocompatibility is highly
nuanced, as ECMO is associated with both vascular device-associated thrombosis and
anticoagulation-associated bleeding.X°”-2%° Our work here focused on defining the
incidence, predictors, and clinical consequences of severe thrombocytopenia (platelet
count <50 x 10%L) in patients on ECMO. Interestingly, we found that severe
thrombocytopenia in adults undergoing ECMO treatment is predictive of thrombosis
using a multivariate logistic regression model. Overall, this study provides insight on the
prevalence and clinical consequences associated with severe thrombocytopenia in

patients on ECMO.

7.3 Background
Extracorporeal membrane oxygenation (ECMO) can provide lifesaving circulatory
support and gas exchange via a cardiopulmonary bypass circuit to critically ill and

postsurgical patients; however, significant rates of hematologic complications
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compromise its use. There are two predominant types of ECMO: veno-arterial (VA) and
veno-venous (VV). In VA ECMO, deoxygenated blood is directed through the ECMO
circuit and an external oxygenator before returning to the body via arterial cannulation,
thus replacing both oxygenation and circulatory support. In contrast, VV ECMO provides

only gas exchange via VV cannulation techniques.

Thrombosis and hemorrhage are exceedingly common, with overall bleeding rates as
high as 60% reported in patients on ECMO.!?® The pathophysiology of ECMO-associated
hemorrhage is complex, involving the mandated use of parenteral anticoagulation,
consumption of coagulation factors, acquired deficiency of von Willebrand factor,
platelet activation/dysfunction, and subsequent platelet consumption leading to
thrombocytopenia.®® 28 Paradoxically, thrombosis (both venous and arterial) is similarly
common in the critically ill population requiring ECMO, with rates of cannula-associated
deep vein thrombosis approaching 85%.2%¢ Thus, ECMO results in a precarious balance
between hemostasis and thrombosis, contributing to high rates of morbidity and

mortality.

Thrombocytopenia is a well-described phenomenon associated with ECMO, with an
estimated prevalence of 21%:; severe thrombocytopenia (platelet count <50 x 10%/L) in
patients on ECMO, however, is not as well characterized and has a reported prevalence of
6.3-26.6% in the literature.?8” While thrombocytopenia and severe thrombocytopenia
have been associated with reduced survival in patients on ECMO, the relationship
between severe thrombocytopenia and specific clinical outcomes such as bleeding and

thrombosis has not been fully evaluated.?®” Additionally, the contribution of platelet
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counts to the complex milieu of ECMO-associated bleeding and thrombosis is poorly

understood.

We performed the following retrospective cohort study to better define the incidence,

predictors, and clinical consequences of severe thrombocytopenia in patients on ECMO.

7.4 Material and Methods

7.4.1 Study Design and Data Source

This study protocol was approved by the Oregon Health and Science University (OHSU)
Institutional Review Board prior to study initiation (Study Number 00019765). We
performed a retrospective cohort study of adults (age >18 years) who received ECMO
(either VA or V) for any indication at OHSU between March 1, 2016 and September
30, 2019. All data were obtained by extraction from the hospital’s electronic medical

record.

7.4.2 Study Population
A total of 69 patients were treated with ECMO during the study period. Patients who had
a documented ECMO course between 1 and 90 days were included, resulting in a final

study population of 67 adult patients.

7.4.3 Data Collection

Data were extracted by direct medical record review including patient demographics,
laboratory parameters, clinical indication for ECMO use, duration of treatment, ECMO
parameters, anticoagulant and antiplatelet use and monitoring parameters (partial
thromboplastin time (aPTT) and anti-Factor Xa assay (anti-FXa), and safety. Clinical

outcomes assessed included overall survival, rate of hemorrhage, thrombosis, and blood
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transfusion requirements while on ECMO. Hemorrhage was defined by the International
Society on Thrombosis and Haemostasis (ISTH) consensus criteria.?® Both venous and
arterial thrombosis were included, as well as thrombotic events within the extracorporeal
circuit that mandated a circuit exchange. The first 30 complete blood counts obtained
while on ECMO were evaluated in order to determine the incidence of thrombocytopenia
and platelet trends over time. On average, there were 3.7 platelet checks per day in the

cohort. The average duration of ECMO treatment in the cohort was 7.0 + 5.0 days.

7.4.4 ECMO Anticoagulation Protocols

In the absence of a major contradiction (bleeding within a critical site or life-threatening
bleeding), heparin is administered in conjunction with ECMO to achieve a therapeutic
anti-FXa level of 0.35-0.70 IU/mL for VA ECMO and 0.30-0.50 1U/mL for VV ECMO.
Antiplatelet therapy and cannulation strategy were determined at the discretion of the
treating physicians. The majority of patients received ECMO via the Maquet Cardiohelp

life support system.

7.4.5 Statistical Analysis

Patient demographics were reported in total and by type of ECMO (VA vs. VV) using
standard descriptive statistics. Continuous data were presented as a mean value with
standard deviation (SD). Continuous and dichotomous variables were compared between
VV and VA ECMO with Welch’s t-tests and Fisher exact tests, respectively. Statistical
significance was defined as a two-sided P value of <0.05 for all analyses.

Univariate logistic regression analysis was used to identify risk factors for the following

specific clinical outcomes of interest; the presence of documented bleeding events, major
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hemorrhage by ISTH criteria,?®

and thrombosis. The following variables were selected
apriori to be assessed in the model: (i) mean platelet count, (ii) platelet count range, or

(i) severe thrombocytopenia (platelet count <50 x 10%/L).

Multiple logistic regression analysis was then used to identify risk factors for the
aforementioned outcomes, and for the development of severe thrombocytopenia. The
following variables were selected apriori and considered as independent predictors in the
model: (i) age, (ii) concurrent use of antiplatelet drugs, (iii) duration of ECMO, (iv) body

mass index (BMI), (v) severe thrombocytopenia, and (vi) mean albumin level.

All statistics were calculated using R (R Foundation for Statistical Computing, version

3.6.2).

7.5 Results

7.5.1 Patient Demographics and Clinical Outcomes

During the 43-month study period, 67 adult patients treated with ECMO met inclusion
criteria. Within this cohort, 44 (65.7%) received VA ECMO and 23 (34.3%) received VV
ECMO. The cohort had a mean age of 51.1 years and 65.7% of the entire study
population identified as male. The mean duration of ECMO was 7.0 days. The mean
platelet count while on ECMO was 118 x 10%/L. However, patients who went on to
develop severe thrombocytopenia had lower baseline platelet counts (199 x 10%/L vs. 110
x 10%/L, P<0.001). In total, only 58% of patients on ECMO survived, with similar
survival rates between VV and VA ECMO. Additional demographic characteristics and

treatment parameters are outlined in Table 7.1.
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Within the cohort, patients on VA ECMO were older than those on VV ECMO (55.5
years vs. 42.7 years, P=0.002), with higher mean albumin levels (2.2 g/dL vs. 1.8 g/dL,
P=0.016) and higher incidences of bleeding (77.3% vs. 47.8%, P=0.027). Patients on VV
ECMO had higher mean platelet counts (138.8 x 10%L vs. 107.3 x 10%L, P=0.033),
therapeutic anti-FXa levels (54.6% vs. 33.9%, P=0.002), days on ECMO (9.0 days vs.
5.9 days, P=0.033), and mean daily heparin use (35,268 units/day vs. 20,282 units/day,
P=0.033). The average platelet count for the entire cohort at the first thrombotic event
was 105 + 45 x 10%L, and the average platelet count for individuals who had at least one
instance of severe thrombocytopenia and developed a thrombus was 85 + 32 x 10%/L. Of
the 69 patients in the cohort, 13 patients had PF4 and 4 patients had SRA labs sent.
Among these patients, 3 (21%) were PF4-positive and 1 (8%) had a confirmatory SRA.
Patients undergoing cardiac surgery were more likely to have severe thrombocytopenia
(P=0.008) while those with ARDS were less likely (P=0.047) (Table 7.1). The most
common indications for ECMO were acute respiratory distress syndrome (25.4%), post-
cardiotomy circulatory support (23.9%), acute myocardial infarction (19.4%), and
decompensated heart failure (13.4%). Less common indications are also detailed in Table

7.1.
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Table 7.1 Demographic and clinical characteristics of 67 adult patients on ECMO.

No Severe Severe
Variable Total (n=67) Thrombocytopenia | Thrombocytopenia P-Value
(n=41) (n=26)

Patient Demographics
Age, years 51.1+159 51.6 +16.0 50.4+16.0 0.759
Male, n (%) 44 (65.7) 28 (68.3) 16 (61.5) 0.606
Body Mass Index, kg/m? 32.7+£9.7 33.0+10.3 32.3+8.9 0.762
Weight, kg 99.2+329 99.9+344 98.2+31.1 0.833
Patients on Antiplatelet Drugs, n (%) 17 (25.4) 12 (29.3) 5(19.2) 0.403

Aspirin, n (%) 16 (23.9) 11 (26.8) 5(19.2) 0.565

Clopidogrel, n (%) 7 (10.4) 2(4.9) 5(19.2) 0.099

Prasugrel, n (%) 1(1.5) 1(2.4) 0 (0.0) N/A
Mean Initial Platelet Count, x 10%/L 164.6 £91.5 199.0+91.2 1105+61.9 <0.001F
Mean Platelet Count, x 10%L 118.1 +49.6 122.0 +43.7 111.4+£58.1 0.414
Mean aPTT, seconds 95.3+37.2 93.4 £ 38.6 98.4+35.3 0.587
Therapeutic anti-FXa*, % 40.7 £25.0 40.3+£26.3 415+23.1 0.854
Mean Albumin, g/dL 20+£05 21+05 20+£05 0.421
Reason for ECMO
Post-cardiotomy, n (%) 16 (23.9) 5(12.2) 11 (42.3) 0.008
Acute myocardial infarction, n (%) 12 (17.9) 10 (24.4) 2(7.7) 0.109
Decompensated heart failure, n (%) 9 (13.4) 6 (14.6) 3(11.5) 1.000
Sepsis, n (%) 2 (3.0) 1(2.4) 1(3.8) 1.000
Refractory arrhythmia, n (%) 2 (3.0 2(4.9) 0(0.0) N/A
Pulmonary embolism, n (%) 2 (3.0) 0(0.0) 2(7.7) N/A
Acute respiratory distress, n (%) 17 (25.4) 14 (34.1) 3(11.5) 0.047 +
Pneumonia, n (%) 4 (6.0) 2(4.9) 2(7.7) 0.638
Trauma, n (%) 2 (3.0) 1(2.4) 1(3.8) 1.000
Parameters of ECMO Treatment
Venoarterial ECMO, n (%) 44 (65.7) 24 (58.5) 20 (76.9) 0.187
Average Flow Rate, mL/hour 3846 + 643 3889 + 697 3776 £ 551 0.467
Duration, days 7.0+5.0 74+55 6.2+4.2 0.310
Mean Daily Heparin, units/day 25427 + 15341 25507 + 15562 25301 + 15290 0.958
Average Number of Platelet Checks/Day 38+17 35+1.4 41+£19 0.174
Efficacy and Safety
Incidence of Bleeding, n (%) 45 (67.2) 25 (61.0) 20 (76.9) 0.196
ISTH Major Bleed, n (%) 37 (55.2) 19 (46.3) 18 (69.2) 0.082
Thrombosis, n (%) 16 (23.9) 6 (14.6) 10 (38.5) 0.039 t
Number of RBCs 8.9+10.1 8.1+9.7 10.3+10.8 0.390
Survive ECMO, n (%) 39 (58.2) 24 (58.5) 15 (57.7) 1.000

T Significant at P=0.05
Data represents mean + SD
Note: several patients received multiple antiplatelet agents while on ECMO

7.5.2 Thrombotic and Hemorrhagic Events

Thrombotic and hemorrhagic events were common within our cohort. Documented
bleeding was recorded in 45 (67.2%) patients, and of these, 37 (55.2%) patients suffered
a major bleed, as defined by the ISTH consensus criteria.?® Clinically evident thrombosis
occurred in 16 (23.9%) patients. Additional clinical outcomes are described in Table 7.1.

The mean number of units of red blood cells transfused was 8.9 units and 17 (25.4% of
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patients) received concurrent antiplatelet therapy while on ECMO. Due to the limitations

of the retrospective analysis we were unable to evaluate the platelet transfusions.

Of our entire study population, thrombotic events most commonly occurred in arterial
sites (10.4%), followed by venous (9.0%) Major hemorrhagic events were common in the
cannula site (7.5%) and the Gl tract (7.5%). Additional sites of thrombotic and

hemorrhagic events are outlined in Table 7.2.

Table 7.2 Site of thrombotic and hemorrhagic events.

Variable Total (n=67) VA (n=44) VV (n=23) P-Value
Site of thrombotic event

Venous 6 (9.0) 0 (0.0) 6 (26.1) N/A
Arterial 7(10.4) 6 (13.6) 1(4.3) 0.408
Device 1(1.5) 1(2.3) 0(0.0) N/A
Intracardiac 3(4.5) 3(6.8) 0(0.0) N/A
Cerebrovascular accident 1(1.5) 1(2.3) 0 (0.0) N/A
Other 1(1.5) 0(0.0) 1(4.3) N/A
Site of any hemorrhagic event

Retroperitoneum 2(3.0) 1(2.3) 1(4.3) 1.000
Mediastinum 2 (3.0) 2 (4.5) 0(0.0) N/A
Gl tract 6 (9.0 6 (13.6) 0(0.0) N/A
Cannula site 6 (9.0) 5(11.4) 1(4.3) 0.656
Other 18 (26.9) 12 (27.3) 6 (26.1) 1.000
Pulmonary 5(7.5) 2 (4.5) 3(13.0) 0.330
Surgical Site 6 (9.0) 6 (13.6) 0(0.0) N/A
Site of major hemorrhagic event

Retroperitoneum 2(3.0) 1(2.3) 1(4.3) 1.000
Mediastinum 1(15) 1(2.3) 0(0.0) N/A
Gl tract 5 (7.5) 5(11.4) 0(0.0) N/A
Cannula site 5(7.5) 4(9.1) 1(4.3) 0.653
Other 17 (25.4) 9 (20.5) 8 (34.8) 0.243
Pulmonary 3(4.5) 2 (4.5) 1(4.3) 1.000
Surgical Site 3(4.5) 3(6.8) 0(0.0) N/A

Note: several patients had multiple sites of thrombotic and hemorrhagic events while on ECMO

7.5.3 Incidence and Clinical Ramifications of Thrombocytopenia

In our cohort, 26 patients (38.8%) developed severe thrombocytopenia (platelet count
<50 x 10%/L) for at least one day while on ECMO. Of the 26 patients that developed
severe thrombocytopenia, 20 (76.9%) were receiving VA ECMO and 6 (23.1%) were
receiving VV ECMO. The mean daily heparin dose was not significantly different in

patients who developed severe thrombocytopenia versus those who did not (25,301 vs.
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25,507 units, P=0.958). Antiplatelet drug usage was not statistically significant between

those who developed severe thrombocytopenia compared to those who did not (23.1% vs.

43.9%, P=0.403). Univariate analysis showed that developing severe thrombocytopenia

significantly increased the odds of a thrombotic event (OR 3.65, 95% CI 1.13-11.77,

P=0.031) and decreased the odds of surviving hospitalization (OR 0.288, 95% CI 0.100-

0.835, P=0.022) (Table 7.3). Additionally, the development of severe thrombocytopenia

significantly increased the odds of a major hemorrhagic event in patients on VA ECMO

(OR 5.59, 95% CI 1.27-24.58, P=0.023). Using multivariate logistic regression and

controlling for age, concurrent use of antiplatelet drugs, duration of ECMO, body mass

index (BMI), and mean albumin level, we found that age and severe thrombocytopenia

were risk factors for thrombotic events (Table 7.4).

Table 7.3 Univariate logistic regression assessing the relationship between platelet

count and relevant clinical outcomes.

Outcome Total (n=67) VA (n=44) VV (n=23)
OR 95% ClI P-Value OR 95% CI P-Value OR 95% CI P-Value

Mean Platelet Count
Thrombosis 1.003  0.992-1.014 0.570 0.996  0.976-1.016 0.675 1.004  0.989-1.019 0.635
Major Bleed 1.001  0.991-1.011 0.807 0.995  0.981-1.010 0.541 1.010  0.995-1.027 0.198
Incidence of Bleeding 1.002 0.991-1.012 0.751 1.001 0.984-1.019 0.882 1.010 0.995-1.027 0.198
Platelet Count Range
Thrombosis 0.992  0.983-1.001 0.098 0.995  0.982-1.008 0.422 0.991  0.978-1.004 0.166
Major Bleed 0.999  0.992-1.005 0.640 0.991  0.981-1.000 0.061 1.007  0.997-1.018 0.174
Incidence of Bleeding 1.001  0.994-1.007 0.869 0.993  0.984-1.003 0.170 1.007  0.997-1.018 0.174
Severe
Thrombocytopenia
Thrombosis 3.646 1.129-11.774 0.031F | 4714 0.832-26.723 0.080 6.500 0.850-49.687 0.071
Major Bleed 2.605  0.926-7.331 0.070 5.600 1.432-21.894 0.0131 | 0.444  0.063-3.112 0.414
Incidence of Bleeding 2.133 0.705-6.456 0.180 4500 0.831-24.373 0.081 0.444 0.063-3.112 0.414

T Significant at P=0.05
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Table 7.4 Multivariate logistic regression to predict outcome variables.

Outcome Total (n=67) VA (n=44) VV (n=23)
OR 95% CI P-Value | OR 95% CI P-Value OR 95% CI P-Value

Predictors of Any
Bleeding *
Age 1.02  0.98-1.06 0.400 1.06  0.98-1.14 0.170 091 0.83-1.01 0.070
Antiplatelet Drugs 0.60 0.15-2.34 0.459 0.47 0.07-2.89 0.411 0.44 0.02-9.65 0.602
Duration of ECMO 1.07 0.94-1.23 0.322 1.16 0.86-1.58 0.330 1.36 0.97-1.92 0.078
Body Mass Index 1.02  0.96-1.09 0.442 1.08  0.95-1.21 0.234 0.92 0.79-1.08 0.326
Severe Thrombocytopenia | 2.46  0.74-8.22 0.144 6.61  0.93-46.84 0.059 0.25 0.01-5.24 0.375
Albumin 3.00 0.89-10.16 0.077 5.43 0.86-8.08 0.073 0.08 0.00-4.82 0.223
Predictors of Major
Bleeds *
Age 0.99 0.96-1.03 0.65 1.00 0.94-1.07 0.904 0.91 0.83-1.01 0.070
Antiplatelet Drugs 0.35 0.09-1.35 0.13 0.22 0.04-1.21 0.082 0.44 0.02-9.65 0.602
Duration of ECMO 1.05 0.93-1.18 0.40 095 0.76-1.18 0.632 1.36 0.97-1.92 0.078
Body Mass Index 1.00 0.95-1.06 0.93 1.00 0.94-1.08 0.889 0.92 0.79-1.08 0.326
Severe Thrombocytopenia | 2.68  0.87-8.25 0.09 559 1.27-24.58 0.023 0.25 0.01-5.24 0.375
Albumin 1.67 0.55-5.04 0.37 1.77  0.39-8.08 0.463 0.08 0.00-4.82 0.223
Predictors of
Thrombosis *
Age 0.94  0.90-0.99 0.0111 | 095 0.87-1.03 0.216 0.91 0.80-1.04 0.165
Antiplatelet Drugs 249 0.49-12.70 0.274 450 0.48-42.09 0.187 1.39 0.05-37.61 0.844
Duration of ECMO 103 0091-1.18 0.629 0.93 0.69-1.24 0.608 0.98 0.79-1.21 0.847
Body Mass Index 1.00 0.93-1.08 0.945 0.93 0.82-1.06 0.258 1.08 0.90-1.30 0.401
Severe Thrombocytopenia | 5.30 1.30-21.68 0.02 ¥ 5.82 0.74-46.09 0.095 665.09  0.71-620026.09 0.062
Albumin 120 0.35-4.09 0.771 0.78 0.12-5.17 0.799 146.33 1.16-18499.85 0.043 +
Predictors of Severe
Thrombocytopenia **
Age 1.00 0.96-1.03 0.933 098  0.93-1.04 0.561 0.94 0.85-1.04 0.234
Antiplatelet Drugs 050 0.13-1.94 0.316 0.58  0.13-2.57 0.475 0.00 0.00-Inf 0.996
Duration of ECMO 091 0.80-1.04 0.182 0.98 0.80-1.21 0.879 0.76 0.49-1.18 0.220
Body Mass Index 0.98 0.93-1.04 0.521 098  0.92-1.05 0.627 1.12 0.94-1.33 0.214
Albumin 0.77  0.26-2.25 0.628 0.71 0.17-2.89 0.632 0.00 0.00-1.22 0.058

ECMO, extracorporeal membrane oxygenation; Body Mass Index, body mass index; OR, odds ratio; Cl, confidence interval. For continuous

variables, odds ratios are in terms of changes in odds as a result of a one-unit change in the variable.

T Significant at P=0.05

* Adjusted for age, antiplatelet drugs, duration of ECMO, Body Mass Index, severe thrombocytopenia, and albumin level
** Adjusted for age, antiplatelet drugs, duration of ECMO, Body Mass Index, and albumin level

The mean platelet count lay outside the physiologic range (150-400 x 10%L) nearly 100%
of the time and tended to decrease over time on ECMO (Figure 7.1). When analyzed by
type of ECMO, patients on VA ECMO trended consistently below the physiologic range,
whereas patients on VV experienced an initial dip followed by a rise in platelet count. No
statistically significant difference in platelet count was observed between patients with

and without thrombotic events (P=0.630) (Figure 7.1).
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Figure 7.1 Platelet counts stratified by VA and VV ECMO. Consecutive platelet
counts while undergoing ECMO treatment (A-C). Platelet counts stratified by
hemorrhagic (D-F) and thrombotic (G-1) events. The gray region represents the
physiologic platelet count range (150-400 x 10%/L).

7.6 Discussion

In the outlined cohort study of 67 patients, we found that severe thrombocytopenia was
common in patients undergoing ECMO and is predictive of mortality. After controlling
for possible confounding variables in multivariate analysis, severe thrombocytopenia also
predicted major bleeding in VA ECMO (although not in the entire cohort), and
surprisingly was a risk factor for thrombotic events in the entire cohort. Our study
provides new insight on the prevalence and clinical consequences of severe

thrombocytopenia in patients on ECMO that have not previously been reported. Of the
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patients in our study, 38.8% developed severe thrombocytopenia. Notably, of the 26
patients that developed severe thrombocytopenia, 20 (76.9%) were receiving VA ECMO
and 6 (23.1%) were receiving VV ECMO. While limited by the small sample size, the
duration of ECMO was not associated with the development of thrombocytopenia,

consistent with previous studies.?8"2%

Thrombocytopenia is not uncommon in critically ill patients. Prior analysis have
suggested incidences of thrombocytopenia up to 50% at some time point in critically ill
patients admitted to the intensive care unit, with 5% to 20% of patients developing severe
thrombocytopenia.?®* Multiple potentially overlapping mechanisms have been suggested
to explain the worsening thrombocytopenia seen in critically ill patients including platelet
clumping, hemodilution, underproduction, destruction or consumption.?®? Prior analysis
have also suggests thrombocytopenia to be a predictor of both mortality and hemorrhage
in critically ill patients, similar to our findings in patients on ECMO.?* While
disproportionately composed of patients on VA-ECMO, the overall survival of 58% in
our cohort is similar to the survival reported by the Extracorporeal Life Support
Organization Registry International Report 2016 of 58.7% in all adults on VV and VA

ECMO.%

At first glance, it may seem counter intuitive that subjects with severe thrombocytopenia
developed more thrombotic complications; however, there is some literature to suggest
that the association between thrombocytopenia and ECMO use is confounded by the
subjects’ severity and duration of critical illness. One study found that 22% of subjects

developed severe thrombocytopenia while receiving ECMO, but they also showed that a
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higher initial severity of critical illness, lower baseline platelet count, and the
development of hepatic or renal failure accounted for that association. It is possible that
severe thrombocytopenia develops in patients who are more systemically ill and in more
severe underlying proinflammatory and prothrombotic states.?*Alternatively, it is
plausible that the finding of severe thrombocytopenia led to less aggressive
anticoagulation strategies and increased risk of thrombosis. Indeed, while the level of
anticoagulation appeared to be unaffected in our cohort, the use of antiplatelet therapy
was numerically diminished in patients who developed severe thrombocytopenia. Lastly,
as we did not evaluate the temporal relationship of thrombocytopenia to thrombosis,
thrombocytopenia may be a result of thrombosis rather than a cause. Equally plausible is

the possibility that thrombocytopenia was a harbinger of still-occult thrombosis.

In regards to bleeding, several studies have demonstrated impaired platelet function
during ECMO. Reduced expression of adhesion receptors GPIba and GPVI and
decreased levels of biomarkers of platelet activation, PF4 and 3-thromboglobulin during
ECMO have been suggested as mechanisms for disrupted functional and structural

thrombocyte integrity and aggregation in ECMO patients.?%>2%

The findings from this study are hypothesis generating and clinically relevant for several
reasons. First, thrombosis and hemorrhage are common and severe complications of
ECMO, and while acquired platelet dysfunction has previously been implicated,’
platelet count remains a practical variable that can be easily tracked, and adjusted with
transfusion or risk factor modification. However, previous studies have suggested that

platelet transfusion may paradoxically increase the risk of thrombosis.?® For instance,
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Cashen et al. used a multivariable analysis to demonstrate that platelet transfusion

volume was independently associated with increased daily thrombotic risk.?%°

Additionally, the role of anticoagulation in ECMO is not fully clear, given increasing
reports of ECMO ran without anticoagulation highlighting the complex hemostatic milieu
brought about by blood-device interactions and non-physiologic blood rheology
provoked by the extracorporeal circuit.3%3% As anticoagulant free ECMO seems
increasingly feasible, it may seem plausible that severe thrombocytopenia is an indication
to safely pause anticoagulation. However, our study found that the differences in mean
daily heparin dose and the use of antiplatelet drugs were not statistically significant in
patients who developed severe thrombocytopenia versus those who did not (P=0.958,
P=0.403), suggesting that, at least at our center, there is a perceived need to continue
heparin as much as possible. Although the ideal anticoagulation strategy for patients on
ECMO therapy remains unclear, recommendations from the Extracorporeal Life Support
Organization (ELSO) recommend UFH in all patients on ECMO.3%2-304 A clinical trial is
underway comparing traditional anticoagulation to anticoagulant free VV-ECMO which
may provide insight into the true risks and benefits of anticoagulation in this population
(NCT04273607). While further analysis is needed before definitive conclusions can be
drawn, the finding that severe thrombocytopenia is associated with thrombosis suggests
that continuing anticoagulation may be a consideration in ECMO patients who develop

severe thrombocytopenia.

These findings should be taken in the context of the limitations of the analysis, including

the small size of our cohort and the retrospective nature of our analysis. The
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generalizability of these findings is likely constrained due to the small sample size.
Furthermore, the data were collected retrospectively and therefore, one cannot control for
all clinical factors that may have affected outcomes or may serve as residual confounders.
A proportion of ECMO patients may have received left ventricular impellas as well,
which were unaccounted for in this analysis. As impellas may represent an independent
risk factor for bleeding, thrombosis, and thrombocytopenia this may be a confounder to
our analysis. Moreover, due to the limitations of our data capture methods, we considered
only the first 30 consecutive platelet counts when evaluating if patients developed severe
thrombocytopenia; however, only two patients developed severe thrombocytopenia for a
non-sustained period of time beyond the first 30 counts. In addition, asymptomatic
ECMO patients were not routinely screened for thrombotic events; it is possible that
more event would have been observed with this diagnostic strategy. Future studies should
also incorporate validated ECMO risk scores such as APACHE Il, SAVE, or PRESERVE
to provide further information on disease severity and prediction of survival.
Nonetheless, the results from this analysis should be considered as a larger prospective
analysis evaluating the complex derangements of hemostasis and thrombosis associated
with ECMO. As further data are generated, clinicians should be conscious of platelet
count in patients on ECMO and consider potential strategies to mitigate the significant

risks of hemorrhage and thrombosis associated with ECMO.
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Chapter 8.  Predictors of venous thrombosis in VV ECMO: an analysis of the

ELSO Registry 2015-2019
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Zonies, Bishoy M. Zakhary, and Joseph J. Shatzel

This work is currently under review by the Journal of Thrombosis and Thrombolysis.

8.1 Abstract

Venovenous extracorporeal membrane oxygenation (VV-ECMO) is a life-saving therapy
for critically ill patients, but it carries an increased risk of thrombosis due to blood
interacting with non-physiological surfaces. While the relationship between clinical
variables and thrombosis remains unclear, our study aimed to identify which factors are
most predictive of thrombosis. The Extracorporeal Life Support Organization (ELSO)
Registry was queried to obtain a cohort of VV-ECMO patients aged 18 years and older
from 2015 to 2019. Patients who were over 80-years-old, at the extremes of weight, who
received less than 24 hours of ECMO, multiple rounds of ECMO, or had missing data
were excluded. Multivariate logistic regression modeling was used to assess predictors of
thrombosis and mortality. Of the 16,453 patients who received VV-ECMO during the
inclusion period, 9,538 patients were included in the analysis, with a mean age of
47.0£15.1 years and an average ECMO run time of 305+347 hours. Thrombosis occurred
in 23% of the cohort, with circuit thrombosis and membrane lung failure being the most

common. Multivariate analysis showed that ECMO runs over 14 days (OR: 3.18,
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P<0.001) and higher pump flow rates (OR: 1.05, P=0.048) were associated with an
increased risk of thrombosis. Additionally, patients with thrombosis were at increased
likelihood of in-hospital mortality (OR: 1.49, P<0.001). This study confirmed well-
known thrombotic risk factors in VV-ECMO and suggested that higher ECMO flow rates
may increase the risk of thrombosis. Future studies investigating the impact of pump flow

rate on blood rheology and hemostasis would be illuminating.

8.2 Graphical Abstract
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8.3 Introduction

For the last chapter of my dissertation, we performed additional multiple logistic
regression analyses to assess predictors of thrombosis and mortality. In this retrospective
cohort study, we queried the Extracorporeal Life Support Organization (ELSO) Registry
from 2015 to 2019 to obtain a larger primary analysis population. Of the 16,453 ECMO
patients documented during the designated study period, 9,538 of them were included in

our analyses and thrombosis occurred in nearly a quarter of the cohort. We found that
186



ECMO runs longer than 14 days and higher pump flow rates were associated with an
increased risk of thrombosis, and that thrombosis increased likelihood of in-hospital
mortality. Although this work is hypothesis generating, further studies are required to
determine the true associations between clinical factors and thrombosis. Nonetheless,
these findings highlight the importance of effectively identifying, preventing and treating

thrombotic events.

8.4 Background

Venovenous extracorporeal membrane oxygenation (VV ECMO) is a form of mechanical
life support for patients with severe respiratory failure.3® The use of VV ECMO has
increased significantly in recent years, in part to support patients with coronavirus disease
2019 (COVID-19) experiencing severe respiratory failure.3% 3" However, despite the
potentially lifesaving benefits of ECMO,%1% pathologic blood clotting (thrombosis) is a
well-known complication of ECMO, with reported incidences of over 25% in some
studies.®%8-31° Clot buildup can lead to decreased or ceased circuit blood flow, membrane
lung failure, and pulmonary or systemic emboli, all of which can result in significant

morbidity and mortality.3%®

The incidence of thrombotic complications during ECMO can be influenced by a variety
of patient-, circuit-, and management-related factors. For example, patients receiving
frequent transfusions of blood products or who develop severe thrombocytopenia, a
marker of critical illness, are at increased risk for thrombotic events while on
ECMO.3%83 Additionally, ECMO exposes blood to non-biologic material and non-

pulsatile flow; this in turn leads to platelet activation and initiation of the intrinsic
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pathway of coagulation and systemic inflammatory responses 32313, Inappropriate
maintenance of the circuit (e.g. insufficient monitoring for air bubbles, tube compression
or kinks, etc.) can contribute to thrombosis.®%” Lastly, the intensity and duration of
anticoagulation therapy, as well as the type of anticoagulant used, may also impact the
risk of clotting in ECMO, although these decisions underscore the precarious balance
regarding the risk of bleeding imparted by anticoagulation.3%® At present, there is no
evidence-based consensus for anticoagulation practices or monitoring coagulation status
in ECMO patients.®!331 The risk of clotting with ECMO use is a multifactorial issue that
requires careful attention to patient-, circuit-, and management-related factors to optimize
outcomes. Additionally, our current ability to identify the subset of patients with the
highest risk of thrombosis, and who could benefit the most from prophylaxis or targeted

interventions, is limited.

Our hypothesis is that by utilizing data from the ELSO Registry, we will be able to
identify clinically relevant variables that accurately predict thrombosis in adult patients
receiving VV-ECMO for respiratory failure. Specifically, the objective of this work is to
determine which clinical factors are most predictive of thrombosis in this patient

population.

8.5 Material and Methods

8.5.1 Study Design and Data Source

We queried the ELSO Registry for adults (> 18 years old) on VVV ECMO between
1/1/2015 and 12/31/2019. Data included information on patient demographics,

cannulation strategies, ECMO specific factors, and clinical outcomes. Patients were
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excluded if their records were missing critical data, including: age, weight, sex, race,
history of cardiac arrest and transplant, duration and year on ECMO, primary diagnosis,
discharge status (survival), support type, run number, and cannulation site. We also
excluded patients if they were > 80 years old, had a weight outside of the limits defined
by the ELSO Registry (< 10.0 kg or > 500.0 kg), or received multiple ECMO runs

(Figure 8.1).

Total VV-ECMO Patients
(n=16,453) Exclusion Criteria (n = 4,302)

« Weight < 10.0 kg or > 500.0 kg
« Age of 280 Years
— « Multiple Runs
« Cardiac or ECPR Support
v e <24 Hours on ECMO
« Arterial, Central Cannulation
Study Population
(n=12151) Excluded Missing (n = 2,613)
« Age « Pump Flow
« Weight o Primary Diagnosis
L 5 Sex « Survived ECMO
« Race « Year on ECMO
v o Prior Cardiac Arrest » Cannulation Site

o Prior Transplant « Run Number
« Time on ECMO

Primary Analysis Population

(n=9,538)
v v
No Thrombosis Thrombosis
(n=7.288) (n = 2,250)

Figure 8.1 Exclusion criteria used for defining the primary analysis population. VV
ECMO, venovenous extracorporeal membrane oxygenation. ECPR, extracorporeal
cardiopulmonary resuscitation.

8.5.2 Thrombotic Events

We defined thrombotic events using the Complications Codes and the Registry Data
Definitions provided by ELSO (Supplemental Table 8.1).315316 Thrombotic events were

classified as: circuit thrombosis, membrane failure, circuit exchange, hemolysis, CNS

infarction, hemofilter clot, ischemia, or pump failure.
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Supplemental Table 8.1 ECLS Codes used to define the thrombosis subgroups
included in the analyses.

Code Description
101 Membrane Lung Failure
104 Blood Pump Failure
114 Hemofilter Clot
132 Circuit Change
133,134 Circuit Thrombosis
321 CNS Infarction
211, 822, 823 Hemolysis
901 Ischemia

8.5.3 Statistical Analysis

For continuous variables, data were reported as mean + standard deviation (SD). For
categorical variables, data were reported as frequency and the percentage of total. Since
pump flow rates were correlated to body weight (Supplemental Figure 8.1), normalized
flow rates were calculated for unadjusted analyses by dividing the pump flow rates at 24
hours by the weight of the patients. To compare differences between cohorts, P-values
were calculated using Fisher exact tests, Wilcoxon-Mann-Whitney tests, or t-tests.

Statistical significance was defined as P <0.05 for simple demographic comparisons.

10.0 1 . R=0.37, p<0.001

Flow Rate {L/min)

0.0

100 200 300
Weight (kg)

Supplemental Figure 8.1 Scatterplot showing a positive correlation between pump
flow rate at 24 hours and body weight.
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A multivariate logistic regression model was used to determine clinically meaningful
predictors of thrombosis. Select risk factors for thrombosis were selected a priori based
on known relevance for the regression model. Variable categories with a low frequency
of observations (< 1%) were binned as “other”, with the exception of cannulation sites as
these were primary predictors of interest. For multiple logistic regression models,
statistical significance was defined as an adjusted P<0.05. The covariates in the final
model were evaluated for collinearity using the variance inflation factor. All statistics

were calculated using R (R Foundation for Statistical Computing, Version 4.2).

8.6 Results

8.6.1 Primary Analysis Population Characteristics

There were 16,453 ECMO patients in the ELSO Registry during the five-year study
period. After excluding patients missing data or met exclusion criteria, the primary
analysis population was 9,538 patients. This population was stratified by incidence of a
thrombotic event (Figure 8.1). The mean age of patients in the primary analysis
population was 47.0 (+ 15.1) years old and the cohort was predominantly male (61.2%).

A full list of the cohort demographics is included in Table 8.1.
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Table 8.1 Demographic information for adult patients on VV-ECMO
VV-ECMO, venovenous (VV) extracorporeal membrane oxygenation. VAD, ventricular

assist device.

Characteristic

Age (years)
Weight (kg)
Sex
Male
Female
Race
White
Black
Asian
Middle Eastern or North African
Native American
Native Pacific Islander
Hispanic
Multiple
Other
Prior Cardiac Arrest
Prior Transplant
Time on ECMO (hours)
Pump Flow Rate (L/min)
Primary Diagnosis
Diseases of the respiratory system
Injury and poisoning
Infectious and parasitic diseases
Diseases of the circulatory system
Pregnancy related complication
Endocrine, nutritional and metabolic diseases
Other
Survived ECMO
Year on ECMO
2015
2016
2017
2018
2019
Cannulation Site
Femoral Vein
Internal Jugular Vein
Subclavian Vein
Discontinuation Reason
Expected Recovery
Died or Poor Prognosis
Organ Transplant
ECMO Complication
Resource Limitation
Transition to VAD Support
Unknown
1 Mean (SD); n (%)

2 Wilcoxon rank sum test; Pearson's Chi-squared test

All Patients
N = 9538
46.99 (15.11)
89.63 (29.82)

5,838 (61.2%)
3,700 (38.8%)

5,682 (59.6%)

1,217 (12.8%)

1,161 (12.2%)
138 (1.4%)
36 (0.4%)
15 (0.2%)
717 (7.5%)
318 (3.3%)
254 (2.7%)
829 (8.7%)
516 (5.4%)

304.55 (346.88)

4.08 (0.91)

7,055 (74.0%)
469 (4.9%)
453 (4.7%)
452 (4.7%)
130 (1.4%)
121 (1.3%)
858 (9.0%)

6,340 (66.5%)

1,123 (11.8%)
1,550 (16.3%)
1,703 (17.9%)
2,375 (24.9%)
2,787 (29.2%)

6,513 (68.3%)
7,367 (77.2%)
122 (1.3%)

6,771 (71.0%)
2,497 (26.2%)
104 (1.1%)
81 (0.8%)
13 (0.1%)

6 (0.1%)
66 (0.7%)
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No Thrombosis
N =7,288*
47.26 (15.18)
88.94 (29.33)

4,427 (60.7%)
2,861 (39.3%)

4,319 (59.3%)
949 (13.0%)
910 (12.5%)

91 (1.2%)
21 (0.3%)
14 (0.2%)
533 (7.3%)
260 (3.6%)
191 (2.6%)
674 (9.2%)
391 (5.4%)
245.37 (256.14)
4.05 (0.90)

5,367 (73.6%)
353 (4.8%)
345 (4.7%)
362 (5.0%)

89 (1.2%)

93 (1.3%)

679 (9.3%)
5,046 (69.2%)

814 (11.2%)
1,125 (15.4%)
1,311 (18.0%)
1,862 (25.5%)
2,176 (29.9%)

4,985 (68.4%)
5,600 (76.8%)
103 (1.4%)

5,366 (73.6%)
1,710 (23.5%)
91 (1.2%)
52 (0.7%)

8 (0.1%)

5 (0.1%)
56 (0.8%)

Thrombosis
N = 2,250*
46.13 (14.85)
91.86 (31.27)

1,411 (62.7%)
839 (37.3%)

1,363 (60.6%)
268 (11.9%)
251 (11.2%)

47 (2.1%)
15 (0.7%)
1 (0.0%)
184 (8.2%)
58 (2.6%)
63 (2.8%)
155 (6.9%)
125 (5.6%)
496.24 (499.57)
4.19 (0.92)

1,688 (75.0%)
116 (5.2%)
108 (4.8%)
90 (4.0%)
41 (1.8%)
28 (1.2%)
179 (8.0%)

1,294 (57.5%)

309 (13.7%)
425 (18.9%)
392 (17.4%)
513 (22.8%)
611 (27.2%)

1,528 (67.9%)
1,767 (78.5%)
19 (0.8%)

1,405 (62.4%)
787 (35.0%)
13 (0.6%)
29 (1.3%)

5 (0.2%)

1 (0.0%)
10 (0.4%)

P-Value?

0.002
<0.001

0.094
0.097

0.269
0.170
0.097
0.005
0.017
0.218
0.185
0.022
0.653
<0.001
0.709
<0.001
<0.001

0.197
0.540
0.910
0.061
0.037
1.000
0.052
<0.001
<0.001
0.001
<0.001
0.550
0.009
0.014

0.678
0.095
0.041

<0.001

<0.001
0.007
0.012
0.202
1.000
0.111



8.6.2 Prevalence of Thrombotic Complications

Of the patients in the primary analysis population, 2,250 patients had a qualifying
thrombotic event (23.6%). The most common thrombotic events were circuit thrombosis
(8.6%) followed by membrane lung failure (6.1%). Other, less frequent patient-specific
thrombotic events include CNS infaction (1.4%), hemofilter clot (1.1%), ischemia
(1.0%), and blood pump failure (0.9%). The full breakdown of thrombotic events is listed

in Table 8.2.

Table 8.2 Thrombotic complications for adult patients on VV-ECMO.

Characteristic All Patients

N = 9538!
Circuit Thrombosis 819 (8.6%)
Membrane Lung Failure 579 (6.1%)
Circuit Change 514 (5.4%)
Hemolysis 482 (5.1%)
CNS Infarction 131 (1.4%)
Hemofilter Clot 103 (1.1%)
Ischemia 95 (1.0%)
Blood Pump Failure 85 (0.9%)

1 Mean (SD); n (%)

Patients were more likely to have a thrombotic event if they were on ECMO longer
(P<0.001), had a higher weight (P<0.001), or had a higher flow rate at 24 hours after
starting ECMO (P<0.001). Unadjusted data visualizing the distributions of pump flow
rates at 24 hours is presented in Figure 2. Higher blood flow rates at 24 hours were
associated with an increased incidence of hemolysis, circuit exchange, and mortality

(P<0.001 for all).
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Figure 8.2 Violin plot showing the flow rate at 24 hours for patients stratified by the
incidence of thrombotic events or in-hospital mortality. Violin plot showing
normalized flow rates stratified by the incidence of a thrombotic event (A), circuit clot/air
emboli (B), membrane lung failure (C), circuit change (D), hemolysis (E), or in-hospital
mortality (F). Statistical significance is indicated by one asterisk (*) for P<0.05.

8.6.3 Predictors of Thrombosis (As a Composite of All Thrombotic Events)

After controlling for potential risk factors for thrombotic events, risk factors included
higher body weight (OR: 1.02 [1.01-1.04], P<0.001), higher pump flow rates at 24 hours
(OR: 1.05 [1.00-1.10], P=0.048), being on ECMO greater than 14 days (OR: 3.18 [2.82-
3.58], P<0.001), and a primary diagnosis of pregnancy-related complications (OR: 1.57

[1.04-2.33], P=0.028). Patients that were older (up to 80 years old) (OR: 0.96 [0.93-
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1.00], P=0.028) or on ECMO for less than 7 days (OR: 0.52 [0.46-0.60], P<0.001) were

at a lower risk for thrombotic events (Figure 8.3).

Thrombotic Event

* Age (per 10 years)

* Weight (per 5 kg)

Female A

* Pump Flow Rate (mL per kg/min) 4
* <7 Days + >

*>14 Days o

Black 1
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* Multiple 1

Other Race A1

Prior Cardiac Arrest 4

Diseases of the Circulatory System o
Infectious and Parasitic Diseases
Injury and Poisoning 1

Endocrine, Nutritional, or Metabolic Diseases o
* Pregnancy-Related Complication —
Other Diagnosis 4

Femoral Vein 1

Internal Jugular Vein

Subclavian Vein A

+i_*___._+_._o_.

fittty

iy

2 3 4
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Figure 8.3 Clinical characteristics and cannulation sites associated with thrombotic
events. Forest plot showing the effect of covariates on the incidence of a thrombotic
event. The closed symbol represents the odds ratio and the whiskers represent the 95%
confidence interval. The dashed line indicates the covariate had no effect compared to the
reference patient. Statistical significance is indicated by one asterisk (*) for P<0.05.

8.6.4 Predictors of Circuit Thrombosis and Membrane Lung Failure

Risk factors for circuit thrombosis included higher pump flow rates at 24 hours (OR: 1.07
[1.00-1.15], P=0.039), being on ECMO greater than 14 days (OR: 2.18 [1.83-2.59],
P<0.001), a primary diagnosis of a pregnancy-related complications (OR: 2.69 [1.66-
4.21], P<0.001), a primary diagnosis of injury or poisoning necessitating ECMO use
(OR: 1.81 [1.34-2.42], P<0.001), and cannulation of the internal jugular vein relative to
cannulation of the femoral vein (OR: 1.25 [1.02-1.54], P=0.037). Patients on ECMO for
less than 7 days (OR: 0.50 [0.41-0.62], P<0.001) or had a cannula placed in the femoral
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vein (OR: 0.82 [0.69-0.97], P=0.018) were at a lower risk for of circuit thrombosis

(Figure 8.4A).

Risk factors for membrane lung failure included higher body weight (OR: 1.02 [1.00-
1.04], P=0.022) and being on ECMO greater than 14 days (OR: 3.73 [3.03-4.61],
P<0.001). Patients that were older (up to 80 years old) (OR: 0.93 [0.87-0.99], P=0.018),
on ECMO for less than 7 days (OR: 0.35 [0.26-0.48], P<0.001), or female (0.73 [0.61-

0.89], P=0.002) were at a lower risk for membrane lung failure (Figure 8.4B).
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Figure 8.4 Clinical characteristics and cannulation sites associated with circuit clots
or air emboli. Forest plot showing the effect of covariates on the incidence of a circuit
clot/air embolus (A) or membrane lung failure (B). The closed symbol represents the
odds ratio and the whiskers represent the 95% confidence interval. The dashed line
indicates the covariate had no effect compared to the reference patient. Statistical
significance is indicated by one asterisk (*) for P<0.05.
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8.6.5 Predictors of In-Hospital Mortality

Risk factors for in-hospital mortality included thrombosis (OR: 1.49 [1.33-1.65],
P<0.001), older age (OR: 1.38 [1.33-1.42], P<0.001), being on ECMO greater than 14
days (OR: 1.95 [1.73-2.19], P<0.001), having a history of cardiac arrest (OR: 1.69 [1.45-
1.97], P<0.001) or organ transplant (OR: 1.26 [1.04-1.53], P=0.040), a primary diagnosis
of infectious and parasitic diseases necessitating ECMO (OR: 1.35 [1.10-1.65],
P=0.012), and cannulation at the internal jugular vein (OR: 1.15 [1.02-1.30], P=0.040).
Patients with a higher body weight (OR: 0.98 [0.97-0.99], P=0.022) were at a lower risk

for in-hospital mortality (Figure 8.5).

In-Hospital Mortality
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Figure 8.5 Clinical characteristics and cannulation sites associated with in-hospital
mortality. Forest plot showing the effect of covariates on the incidence of in-hospital
mortality. The closed symbol represents the odds ratio and the whiskers represent the
95% confidence interval. The dashed line indicates the covariate had no effect compared
to the reference patient. Statistical significance is indicated by one asterisk (*) for
P<0.05.
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8.7 Discussion

In this analysis of patients on VV ECMO, we corroborated other studies which found that
time on ECMO and weight are predictive of thrombosis.?'’-!° Likewise, our analysis
identified well known thrombotic risk factors, such as pregnancy.?° Unique to our
analysis, we found that pump flow rate at 24 hours was predictive of thrombotic device
failure, hemolysis, and mortality, which, to the best of our knowledge, has not been
reported previously. This work adds to the growing literature showing that both patient-
specific and device-specific risk factors are predictive of thrombosis in VV ECMO.
Notably, we found that patients who developed a thrombotic event had a higher
mortality, highlighting the critical need to effectively identify, prevent and treat

thrombotic events.

Multiple variables determine ECMO blood flow rate including patient size, native cardiac
output, and target arterial oxygen content.®?* After controlling for patient weight and
other confounders, we determined that higher ECMO blood flow rates at 24 hours were
predictive of thrombotic device occlusion. This is initially counterintuitive as blood stasis
and low flow states are well-known risk factors for thrombosis;*??3% however,
extracorporeal devices have significant and often unpredictable effects on blood rheology
and hemostatic balance. For instance, preclinical work using ex vivo ECMO models
demonstrate that lower flow rates (2.5 L/min vs. 4 L/min) increased hemolysis and lead
to the loss of low high-molecular weight VWF multimers and ristocetin-induced platelet
aggregation.®?* This observation by Ki et al. suggests that lower flow rates may tip the
hemostatic balance towards bleeding. There are potential confounders for this

observation that we were unable to measure due to a lack of available data in the ELSO
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Registry. For instance, it is possible patients on higher blood flow rates are less
predisposed to be on anticoagulation or receive lower doses of anticoagulation then those

receiving lower flow rates.

There are several limitations of our analysis that should be noted. While comprehensive,
the ELSO Registry has the potential for incomplete data, biases that can limit the
translatability of the findings, and limited clinical variables that may impact study
findings. For instance, the inability to control for anticoagulation use (to assess for the
absence of anticoagulation, as well as the type and dose used) and to assess for peripheral
thrombosis (e.g. deep vein thrombosis, pulmonary embolism) is a major limitation.
Another limitation is the ability to only assess blood flow rate at a finite time point, as

mean blood flow rates for longer observation periods may be more informative.

In conclusion, this large analysis of patients on VV-ECMO showed that higher pump
flow rates at 24 hours correlated with an increased risk of circuit thrombosis. Thus, larger
translational work assessing the impact of blood flow rate on blood rheology and
hemostasis would be illuminating. This work is hypothesis generating, but requires
further study to determine the true associations between ECMO blood flow rate and

thrombosis.
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Chapter 9. Conclusions and Future Directions

9.1 Conclusions

In my dissertation, I investigated the nuanced interactions between the various players in
the blood microenvironment (e.g. endothelial cells, platelets, coagulation factors), and
how these interactions impact vascular diseases and responses to medical devices. These
efforts were directed toward developing tools to target both the intracellular and
extracellular pathways implicated here, as well as identifying relevant predictors of

adverse clinical outcomes to inform patient care.

In the first two studies, we utilized a nonhuman primate (NHP) model of diet-induced
hyperlipidemia to study the contributions of Tec family kinases (TFKSs) and coagulation
factor (F) XI to the thromboinflammatory milieu. More specifically, we initially focused
on targeting platelet activation through the TFK, Bruton’s tyrosine kinase (Btk), using
ibrutinib. Although ibrutinib is regarded as a first generation Btk inhibitor with known
effects on platelet signaling,*®! ibrutinib can also bind to the conserved cysteine residue
and inhibit the kinase activities of numerous TFKs.**3 Indeed, our preliminary in vitro
work led us to a discovery on endothelial cell signal transduction in which VEGF-A
induced endothelial activation, as measured by VCAM-1 expression, in a manner that
was dependent upon the endothelial TFK, bone marrow tyrosine kinase on chromosome
X (Bmx). We then observed that treatment ibrutinib inhibited platelet deposition and
endothelial cell activation our NHP model. Taken together, this suggest that TFKs may
contribute to the pathologies underlying atherosclerosis and could represent a novel

therapeutic target.
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Building upon what we observed with the TFK work in the NHP model, we next
investigated the role of FXI in sustaining the thromboinflammatory phenotype associated
with chronic hyperlipidemia. In this study, we pharmacologically targeted FXI using the
monoclonal antibody, humanized 1A6. This antibody prevents FXI activation by FXlla
as well as FIX and FV activation by FXla. We found that treatment with h1A6 reduced:
1) levels of inflammatory biomarker, C-reactive protein; 2) platelet reactivity to
activation by GPVI and PAR-1 agonists; and 3) endothelial cell activation as measured
by VCAM-1 levels. These data suggest that therapeutic agents targeting FXI may extend

beyond anticoagulation to include both antiplatelet and anti-inflammatory benefits.

We continued our investigation of FXI in the setting of thromboinflammation as we
pivoted to a murine model of multiple sclerosis (MS), experimental autoimmune
encephalomyelitis (EAE). For this work, we treated EAE mice with the monoclonal
antibody, 14E11, which has been shown to selectively inhibits the activation of FXI by
FXlla and reciprocal activation of FXII by FXla in vitro.? The objective was to evaluate
if pharmacological targeting of FXI could improve neurological function and attenuate
CNS damage. Our results demonstrated that targeting FXI reduced disease severity,
immune cell migration, axonal damage, and BBB disruption in mice with EAE. These
findings suggest that therapeutic agents targeting FXI and FXII may also provide a useful

approach for treating autoimmune and neurologic disorders.

We next shifted our focus from the role intrinsic pathway of coagulation in the setting of
diseases to the setting of vascular devices. More specifically, we performed functional

assays to characterize anti-FXII antibodies developed by our group. Based on the
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findings from initial screenings, 1B2 was selected for further testing in a baboon model
of vascular device-initiated thrombosis. Following treatment with 1B2, we observed a
reduction in platelet deposition and fibrin formation. Thus, targeting FXII activation and
FXIlla activity may reduce or prevent vascular-device associated thrombosis in a variety

of clinical settings, including extracorporeal membrane oxygenators (ECMO).

Following in on this, the next section detailed a single-center retrospective cohort study
of patients on ECMO at Oregon Health & Science University (OHSU). The objective of
this study was to define the incidence, predictors, and clinical consequences of severe
thrombocytopenia (platelet count <50 x 10%L) in ECMO patients. Using a multivariate
logistic regression model, we found that severe thrombocytopenia is predictive of
thrombosis in adults undergoing ECMO treatment. This finding is important because it
provides insight on the prevalence and clinical consequences associated with severe

thrombocytopenia in patients on ECMO.

We then performed a retrospective cohort study that built upon the analyses from the
single-center study described above. For this set of analyses, we queried the
Extracorporeal Life Support Organization (ELSO) Registry from 2015 to 2019 to obtain a
larger primary analysis population. During the designated study period, there were 16,453
ECMO patients, of which 9,538 of them were included in our analyses. We then
developed a multivariate logistic regression model to identify predictors of thrombosis.
We found that ECMO runs that exceeded 14 days and higher pump flow rates were
associated with an increased thrombotic risk, and that thrombosis increased likelihood of
in-hospital mortality.
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Overall, these studies provide new insights regarding the interplay between endothelial
cells, platelets, and coagulation in the blood microenvironment. The studies described in
the ‘Future Directions’ section are suggested to better delineate if FXI activation or FXla

activity drives inflammation and platelet function.

9.2 Future Directions

9.2.1 Platelet Priming for Activation as a Product of FXI Activation or FXla Activity
In Chapter 4, we showed that platelets in hyperlipidemic primates are sensitized toward
activation, as measured by platelet P-selection expression to a GPVI agonist (CRP-XL)
or a PAR-1 agonist (TRAP-6), as compared to platelets from a lean cohort (Figure 4.1B,
D). Following treatment of obese primates with h1A6, an antibody that blocks FXlla-
mediated activation of FXI and FXla-mediated activation of FIX and FV, platelet
sensitization to CRP-XL and TRAP-6 was reversed (Figure 4.5A, C). Despite these
findings, it remains unclear if the platelet sensitization was dependent on FXI activation
or FXla activity, as thrombin can still feedback to activate additional FXI and platelets.
Thus, to better delineate the mechanistic underpinnings driving platelet function, future
studies may benefit from comparing 3G3 (an antibody that blocks FXIla-mediated
activation of FXI) to abelacimab (MAA 868, an antibody that locks FXI into a zymogen
state and inhibits FXla activity). In addition to measuring P-selectin expression as a
marker of platelet activation, it may also be useful to measure platelet aggregation and
platelet-leukocyte interactions. This would include tasks such as quantifying cytokine
levels, leukocyte activation, and markers of NETs formation including MPO and

citrullinated histones.3?320
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9.2.2 The Role of FXI Activation or FXla Activity in Inflammation

In Chapter 4, we demonstrated that pharmacological inhibition of FXI reduced
inflammatory markers, including the hallmark biomarker C-reactive protein, in our NHP
model of diet-induced obesity. More specifically, we showed that the elevated levels of
CRP in the obese cohort were reduced by ~25% following 4-weeks of anti-FXI therapy
(Figure 9.1A). Moreover, our team has demonstrated that pharmacological inhibition of
FXI lowered CRP levels in a clinical trial in end-stage renal disease patients on
hemodialysis (Figure 9.1B).*%* Continuing this theme, preliminary data from our clinical
trial evaluating FXI inhibition for the prevention of catheter-associated thrombosis show
that inhibition of FXI activation blunted the rise in CRP levels following placement of an
indwelling catheter (Figure 9.1C). Taken together, these findings provide evidence of a

link between the FXI activation and inflammation.
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Figure 9.1 FXI inhibition blunts C-reactive protein levels. (A) FXI inhibition with
h1AG6 decreases CRP levels in a nonhuman primate model of diet-induced
hyperlipidemia. (B) FXI inhibition with AB023 blunts CRP levels in patients on dialysis.
CRP levels on study day 0- and 24-hours post-dose, expressed as % of baseline in
placebo or 0.25 or 0.5 mg/kg AB023 group. Reprinted with permission from Lorentz et
al., Blood 2021 Dec 2;138(22):2173-2184.1%4 (C) FXI inhibition with AB023 blunts CRP
in patients following catheter insertion. CRP levels measured on study day 0 and 1 and 14
days after insertion of an indwelling catheter, expressed as fold-change from baseline in
the placebo group and the 2 mg/kg AB023 group. Unpublished data. Data are shown as
mean + SEM. *P<0.05.
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Although CRP levels can be an informative biomarker for gauging inflammatory
responses, the mechanisms relating C-reactive protein and coagulation FXI remain ill-
defined. To date, we know that C-reactive protein dissociates to regulate the innate
immune system by way of the complement cascade and to serve as an effector in
thrombosis 327-32°_ Indeed, our group has shown that FXla can inactivate one of the
central inhibitors of the complement system, complement factor H (CFH).#
Furthermore, inhibition of FXI activation in a NHP sepsis model abrogated the rise in
C3b and C5b-9 levels in response to a bacterial challenge.?*? Thus, we hypothesize that
inhibiting FXI activation or FXla activity will preserve the active state of CFH, which

will enhance complement activity by preserving CRP-CFH interactions.

To test this hypothesis, one could measure levels of CFH and complement system
members, (e.g. C3b and C5b-9) in the obese primates at baseline and following treatment
with FXI activation or FXla activity inhibitors. It would also be illuminating to study the
converse of this hypothesis—that inhibition of the complement system will reduce levels
of FXla as well as kallikrein and FXIla in this model of diet-induced hyperlipidemia, as
measured in enzyme complexes with C1-INH. Defining the mechanisms by which FXI
has a role in propagating inflammation would provide insight into if FXI inhibition has
potential therapeutic anti-inflammatory benefits in CVD and in particular,

hyperlipidemia.
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