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ABSTRACT OF DISSERTATION

PROTEIN S IN COAGULATION AND INFLAMMATION

Protein S (PS) is a key regulator, which links inflammation and coagulation and
performs multiple proposed functions in both processes. PS exists in the blood as a free
soluble form (~40%), bound to complement component 4b-binding protein/ C4BP
(~60%), and packaged in platelet a-granules (~2.5%). Subendothelial tissue factor (TF),
upon exposure to blood, initiates coagulation, a proteolytic cascade which results in the
activation of thrombin, the enzyme responsible for formation of a fibrin clot. PS is a
critical anticoagulant that inhibits multiple steps of this process. Only the free fraction of
PS has full anticoagulant properties, as C4BP blocks this activity. PS also negatively
regulates complement system activation via its association with C4BP, and is a ligand for
the anti-inflammatory TAM (Tyro3, Axl, and Mer) tyrosine kinase receptors expressed by
monocytes, macrophages and other cell types. Congenital deficiency of PS is rare in the
general population and is associated with increased thrombotic risk, whereas acquired
PS deficiency commonly occurs secondary to several viral infections, including HIV-1 and
SARS-CoV-2, both of which are associated with an increased risk of life-threatening
thrombotic events. The mechanisms of this deficiency and its association with
thrombosis are unclear.

HIV-1-infected individuals have an ~10-fold increased risk for thromboembolic
diseases, and antiretroviral therapy does not reduce this risk. While HIV-1 infection is
associated with various hematological changes, acquired PS deficiency is the most
common coagulation abnormality, occurring in up to 76% of infected individuals. PS
deficiency correlates with disease progression, and both total and free plasma PS are
decreased. However, despite this high prevalence, its pathologic consequences were
unclear because PS concentration does not correlate with plasma thrombin generation
ex vivo. We developed a PS-sensitive plasma thrombin generation assay, utilized it to
measure thrombotic potential in HIV-1 patient plasmas, and showed that plasma PS
negatively correlates with and contributes to the thrombotic risk in this population.

SARS-CoV-2 infection (COVID-19) is associated with a much higher thrombotic risk
than HIV-1, occurring in up to 30% of hospitalized patients. We identified a specific
deficiency of free PS in COVID-19 patients, which was not explained by known PS-
binding proteins, such as C4BP. We next determined that this free PS deficiency is
caused by a shear-dependent interaction with von Willebrand Factor (VWF), a
previously unrecognized PS-binding protein. Using mass spectrometric and
immunoblotting analyses we showed that PS binding to VWF is increased >10,000,000-
fold by shear-induced unfolding of VWF, and that sheared VWF dose-dependently
inhibits free PS, but not total PS, antigen measurements and interferes with PS
anticoagulant activity. Thus, we identified a novel mechanism of acquired PS deficiency,
which occurs in COVID-19 patients, reducing the available anticoagulant pool and



shifting the hemostatic balance. This mechanism also likely contributes to PS deficiency
in other inflammatory conditions where vascular shear flow is elevated, including viral
infections and autoimmune diseases.

The goal of this thesis is to identify the molecular and cellular mechanisms of
anticoagulant PS deficiency and its contribution to virus-associated thrombotic risk, using
HIV-1 and SARS-CoV-2 as models. In addition, we also evaluated the contribution of
procoagulant Tissue Factor (TF), which is the initiator of coagulation often elevated during
inflammation, to thrombotic risk, not only in viral infections but also in traumatic brain
injury. This study, which utilizes novel assays including PS-sensitive thrombin generation,
provides new insights into the molecular mechanisms of thrombosis in viral infections in
general and in HIV-1 and SARS-CoV-2 specifically, and informs on the potential of PS as a
biomarker, and on potential therapeutic approaches. We provided the first description of
VWE-dependent PS deficiency and are now working to fully understand its physiological
and pathological implications. Based on our results, it is likely that this interaction
contributes to the thrombotic events that are among the leading causes of death in this
pandemic, and may contribute to thrombosis in many other inflammatory conditions that
share similar features to COVID-19. Finally, the implications extend beyond pathological
conditions. VWF is exposed to shear and unfolds at injury sites as part of the normal
hemostatic response, so the VWF-PS interaction may represent a regulatory step in
normal clot formation, which we are only now beginning to recognize.

KEYWORDS: Protein S deficiency, immunothrombosis, viral infection, HIV, SARS-CoV-2,
von Willebrand Factor, traumatic brain injury

Martha Mega Silvia Sim

05/05/2023

Date



PROTEIN S IN COAGULATION AND INFLAMMATION

By
Martha Mega Silvia Sim

Jeremy Paul Wood

Co-Director of Dissertation

Sidney Waldo Whiteheart

Co-Director of Dissertation

Trevor Creamer

Director of Graduate Studies

05/05/2023

Date



DEDICATION

To my family



ACKNOWLEDGMENTS

First and foremost, | would like to express my utmost gratitude and my deepest respect
to my mentor, Dr. Jeremy Wood, for his expertise and support in helping me with the
work presented in this dissertation. He has been incredibly patient and understanding
with my training, with an enviably positive outlook and infectious enthusiasm for science.
It has been my absolute privilege to receive guidance from such an excellent scientist and
communicator, and | genuinely appreciate the encouragement he gave me when making
career decisions. | am incredibly grateful to all members of my dissertation committee;
my co-mentor Dr. Wally Whiteheart, Dr. Rebecca Dutch, Dr. Beth Garvy, and the late Dr.
Susan Smyth. Their multidisciplinary expertise and wisdom assisted me tremendously in
this project. | will never forget the life advice Dr. Smyth gave me during our last committee
meeting. Special thanks for Dr. Val Adams for being my outside examiner, Dr. Trevor
Creamer for all the help | received as a graduate student in the department, and Dr. Erin

Garcia for her mentorship during my master’s program.

| am thankful to past and present lab members of the Wood and Whiteheart lab. | want
to give special thanks to Dlovan D.Mahmood, Xiaohong Song, and Dr. Xian Li, for your
support and contribution for my project. | am incredibly thankful to Shravani Prakhya and
Dr. Daniélle Coenen for helping me with the microfluidics experiments and Dr. Meenakshi
Banerjee, Hammodah Alfar, and Chi Peng for helping me with sample collection,

processing, and experiments for this project. | am thankful to all the collaborators who



made the work in this dissertation possible. | am thankful to Dr. José Lopez and his lab
members in the University of Washington and Bloodworks Northwest Research Institute
for their support and expertise, Dr. Molly Mollica for performing the microfluidics, and
Dr. Dominic Chung for performing the nano-LC-MS/MS for this project. | am thankful to
all the collaborators in the University of Kentucky College of Medicine Virus-Induced
Thrombosis Alliance (VITAL), Melissa Hollifield, Siva Gandhapudi, and Dr. Jerold
Woodward in the Department of Microbiology, Immunology and Molecular Genetics, Dr.
Zach Porterfield and Ryan Weeks in the division of Infectious Disease, and Dr. Kenneth
Campbell, Dr. Jamie Sturgill, Gail Sievert, and Marietta Barton-Baxter in the Center of
Clinical and Translational Science, for assisting with patient recruitment, sample
collection, and various experiments related to this project. | am thankful to the members
of the Saha Cardiovascular Research Center Smyth and Morris lab, Li lab, Daugherty lab,
and Dr. Congqing Wu, and to the members of the Versiti Blood Research Institute and
Medical College of Wisconsin Cheesehead Clotters Club, Dr. Alan Mast, and Dr. Ze Zheng,
for supporting this project with their expertise and technical contributions. | learned so

much from all of you.

Finally, thank you to my friends and family members for your prayers and support over
the years. Special thanks to the University of Kentucky Badminton Club members. Lastly,
| would also like to thank the American-Indonesian Exchange Foundation and the

Fulbright program, for | would not have accomplished this without them.



TABLE OF CONTENTS

ACKNOWLEDGIMENTS ..ottt eetetiirse s s s e e e et eraaies e s e s e eeeeaarasasseseeesenasssssssssssesennns iii
LIST OF TABLES ... .ttt ettt e ettt e e e e e e s e e e e e e s e s aataaeeeeeeeessansnnaneeaaaaaeas ix
LIST OF FIGURES ...ttt ettt ettt e e e e e et e e e e e e e e e ata e e e e e e e e sannannsneeeaaaeeans X
LIST OF ABBREVIATIONS ... ottt ettt e et s e e e et s e e e et s s e eata s e esasaneaaes Xii
CHAPTER 1. INTRODUCTION L.ittiiiiiiiiiieiieiiiineeetiiie e eeeiieeeettiieseesetnsessesnessesssnnnsesessnnsesssnnnns 1
1.1 Coagulation SYSTEM OVEIVIEW ....ccceeiieei e 1
1.1.1 [ T aa oLV o U= g o Ty - 1Y PPN 1
1.1.2 Secondary hemostasiS.......ccceevviiiiii 2
1.1.3 ANticoaguUIAtioN .....oce e, 5
1.1.3.1  PS cofactor activity With TFPl........cceiiiiiiiiiiiiiieeeeeeeiiecee e 7

1.1.3.2  PS cofactor activity With APC ........cooiiiiiiiiiiiieiiee e 8

1.1.3.3 PSdirect anticoagulant actiVity......ccccccoerviiiriiieeeiiiiiiiiiiieeee e 10

1.1.4 Other regulators of coagulation .........ccccvvviiiiiiiieieiei e, 10

1.2 PSroles in coagulation and inflammation ........cccceeviiiiiiiiiiiiinii 11
1,21 PS DIOIOGY cerveeeeeeeeeeeeeeeeeeeeeeeeee e teeeee e eee et eeee e s ees e es s eer e eeneeean 12
1.2.1.1  PS synthesis and regulation .........cccccevvrriiiiiieieee s 14

1.2.1.2  Structural features of PS......cooeiviiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 17
1.2.1.3  Congenital PS defiCienCy .....ccccuuiiiieiieei e 19

1.2.2 PS non-anticoagulant fuNCLioNS ........ccovvvciiiiiiiee e, 22
1.2.2.1  PSWItR CABP ...ttt ettt e e e e e e e 22
1.2.2.2  PS With TAM r€CEPLOIS cevvveeerieieieeeieeeeeereeeeeeeeeeeeeeeeeeereeeeeeereeeeeereeeeeeeeees 23

1.3 ImMUNOthrombOSIS OVEIVIEW......ccciiiiiiiiiiiiieee et 30
1.3.1 Interplay between coagulation and inflammation ..........ccccceeeviiiiinnnnn.n. 30
1.3.2 Immunothrombosis mechanisms in inflammatory conditions.................. 31
1.3.2.1 Immunothrombosis in HIV-1 infection.........ccccceeeeeeiiiiiiieeiee e, 32
1.3.2.2 Immunothrombosis in SARS-CoV-2 infection..........cccccvvvveeeeeeeiiccnnnnen. 35

1.3.2.3 Immunothrombosis in traumatic brain iNjury......cccccevvvveeeieeeeeieeeeennne. 37

1.3.3 Acquired PS deficiency secondary to inflammation .......ccccccvvvvvevveinnennnnnn. 38
1.3.3.1  Acquired PS deficiency in HIV-1 infection .......cccccvvveveveeeiieriieeeeneeeneennn, 39
1.3.3.2  Acquired PS deficiency in SARS-CoV-2 infection ......ccccccvvevveveeveeeeeennnnn. 40

1.3.4 LI S <] o] Lo =4V 49
1.3.4.1 TFstructure and function ..........coeeeeriiiiiiieiiieeieeeeeeeeeeeeeereeeeeeee e 49

1.3.4.2 TF synthesis and regulation ..........ccoeveeevvieeiieiieeeiieeieeeeeeeeeeeeeeee e 51

1.3.4.3 TFrolesin immunothrombosis .........cevvveeeeiieiiieeiieeiieeceeeeeeeeeeeeeee e, 55



1.3.5 VATV S o1 ] [o =4V 56
1.3.5.1 VWEF structure and function.........cccceeeieeeiiiiiieeeee e 59
1.3.5.2  VWEF synthesis and regulation........ccccceeeeeveeeiieeiiieiiiieiiieieeeeeeeeeeeeeeeeeee, 60
1.3.5.3  VWHF roles in immunothrombosis ..........ccccouvrieeeeeeiiiiciiiieeee e, 62

1.4 The focus of this dissertation........ccccceeeeieee e, 63
CHAPTER 2. MATERIALS AND METHODS ...ttt e e e e e 64
D R Y/ - =Y 4 -1 U UPPPR 64
B2 A Y/ =1 d o Yo L3P UPPPRN 64

2.2.1 Human subject study approval and blood collection ...........ccccvvvvvvvvvnnnnnns 64

2.2.2 Plasma tissue factor aCtiVity ........uuueeueueririiiiiiiiiiiiiiiiiiieeeeeeeeeeaeae 66

2.23 Plasma thrombin generation..........cccccveuiieeiiieiiiiiiiiieeeeeeeaaee 67

2.2.4 Enzyme-linked Immunosorbent ASSayS..........uevverrurerrurrmerenrernnerenennnennnennnn 68

2.2.5 Spike protein IgG measurement........cccceeeeeieee e, 69

2.2.6 oS A oL o o =Y o oY 69

2.2.7 L 1ok YT T I - 111 = 70

2.2.8 Native PAGE and immunoblotting..........ccccvvueiiieiiiiiiiiiiiiiiiieveeeeeenenns 71

2.2.9 SDS PAGE and immuNnoblotting .......cc.uuvviieiieiiiiiiiiieeeee e 71

2.2.10  VWF MUILIMEr @nalysSiS.....uuiiiieiiiiiiiiiiiieeeeeessiiieeee e e siiieeeee e e s s 72

2.2.11 Identification of VWF-binding proteins .........ccccvveeveiiiiiiiiiiieeeee s 73

2.2.12 VWF cleavage by ADAMTSI13 ...t 74

2.2.13  VWF/PS COMPIEX ELISA ..ottt ettt ettt 74

D S |V Vol o i [ o | ol 75

2.2.15 Animal study approval and mouse TBI experiments ........cccccceeeeeevrninnnnnen. 76

2.2.16  Mouse Factor VIIa activation.........ocoeeeviiiiiieiiieiciiiiiiien e eeeeees 78

2.2.17  Platelet activation ..........uuviiiiiiiiiee e 78

2.2.18 Factor Xa actiVity @SSaY ceuueeiiiiiiiie i e 79

2.2.19 Continuous thrombin generation assay .......cccceeeeeeeeieeeiieeiieeieeeeeeeeeee e, 79

2.2.20 Discontinuous thrombin generation assay......ccccceeeeeeeeieeeieeiieeeieeeeeee e, 80

2.2.21  FVacleavage DY APC...... ittt e e e e 80

2.2.22  Statistical @nalysis cooeieeee oo 81

CHAPTER 3. TOTALPLASMA PROTEIN SIS APROTHROMBOTIC MARKER IN PEOPLE LIVING

WITH HIV oottt et e e et e e e tae e e s e ata e e e e ennaaee e e nnnes 82

0 B [ oY o Yo LW ot 1 o o FS S 83
3.2 RESUIES ceeeeee e e e e e e e e br e e e e e eennnnes 86
3.2.1 StUAY POPUIALION ceeiieieeeee e 86
3.2.2 Total plasma PS is reduced in untreated PLWH.........ccccccoiiviiiiiiiieeeeieen, 90
3.2.3 Free PS and PC show trends toward depletion ..........ccccevvvvvvnvrnnnrnnnnnnnnnnn. 94
3.24 Development of @ PS-sensitive TG asSay ......uveeeeeeeeeeiiiiiieeeeeeesssiineeeeeeeenn 97
3.2.5 Plasma PS deficiency correlates with increased TG.........cccvvvvvvvvvvevvveennnns 100
3.2.6 Antiretroviral treatment has no direct effect on plasma TG .................. 107

Vi



3.2.7 Plasma TF activity does not correlate With TG ..........cevvvvvvvvvvivevvveeireinnnnn, 111
30 T @0 o] [T o o 13U PEPP 115

CHAPTER 4. VON WILLEBRAND FACTOR CONTRIBUTES TO FREE PROTEIN S DEFICIENCY IN

(OO LY 1t 116

s N 12 o o 11 Tt o o TS 118
.2 RESUIES «uuuuuutuii e nnnn 119
4.2.1 StUAY POPUIATION ceeieei e 119
4.2.2 Thromboinflammatory markers in COVID-19 patients..........ccccceeeeeennn.. 121
4.2.3 Free PS deficiency cannot be explained by known PS-binding proteins..125
4.2.4 Free PS deficiency correlates with higher thrombotic potential ............. 128
4.2.5 Protein S has multiple binding partners in plasma.........ccccvvvvvvvvvevvveennnnn. 133
4.2.6 VWEF is elevated in COVID-19 patients.......ccccccvvvveiiiiiiieiiiiiieeiieeeeeeeeee, 136
4.2.7 VWEF interacts with PS in a shear-dependent manner..........ccccccccoeee. 139
4.2.8 PS/VWF complex is stable under arterial flow conditions....................... 147
4.2.9 VWEF/PS complex forms under flow, in a calcium-sensitive manner ....... 149
4.3 CONCIUSIONS. ... s 154

CHAPTER 5. TISSUE FACTOR RELEASE FOLLOWING TRAUMATIC BRAIN INJURY

CONTRIBUTES TO THROMBOSIS IN MICE ....ccceeeeiiiiiieeeeeeeeerreeeee e 155

Lot R [0 o Yo 111 4 o Y o 1Pt 156
5.2 RESUIS e e e e e e e e e aaaaaaaan 158
5.2.1 Development of mouse plasma TF activity assay ......ccccvvevvevvvvevvveveveennnnns 158
5.2.2 Post-TBI plasma TG is not altered when exogenous TF is added............. 160
5.2.3 Post-TBI TG is not mediated by increased PL ............vvvvvvevvvvevvevvveveveennenns 162
5.2.4 Acute TF release post-TBI drives TG ....coovvvveeiiieiiieiieeieeeeeeeeeeee, 164
5.2.5 Early increase in TF is observed in mild TBI model ..........ccccvvvvvivivivnnnnnns 167

LT T €T 1ol [T [ o - PPNt 169
CHAPTER 6. DISCUSSION ....otiiiiieieeieiiiiiiiee e e e e e eecsiitee e e e e e e e e earaaeeeeaaeeeeesansnsaseeeseeeeenannnns 170
6.1 Partl: Total Protein S Deficiency in HIV Infection..........ccccccovviiiiil 170
6.2 Partll: Free Protein S Deficiency in COVID-19 Infection..........ccccoeeel. 174
6.3 Part lll: Tissue Factor Release in TBI-Associated Inflammation......................... 179
CHAPTER 7. SUMMARY AND FUTURE DIRECTIONS ....cceiiiiiiieeeee e e 182
28 YU [ 0 T=1 RNt 182
Y 1411 (T or=1 1 Lo =TSP PPPPPPPPPPPPPRt 184
2 T UL (U =l D = Tol o] o U UPPRPR 188

Vii



APPENDICES ...ttt 191
APPENDIX I. SHEARED VWF PARTIALLY INTERFERES WITH PS ANTICOAGULANT

COFACTOR ACTIVITY sttt ettt e e ettt e e e e e e et e e e e e e e e s nsaaaeeeeeeeeeannnnnaeeaeaaeaans 191
T e Yo 111 4T o SRR 191
ReSUIts and diSCUSSION ...ccieeiiiiiiiiieee e e e e e e e e e e aae e 191
1. Sheared VWF interferes with TFPla-cofactor activity of PS.................... 191
2. Sheared VWF has minimal effect on APC/PS prothrombinase inhibitory

= o Y 1 Y 2N 193
3. The effect of sheared VWF on FVa-cleavage by APC/PS might be context

[0 1= 0= g Vo [T o 196
4. The effect of sheared VWF on APC/PS prothrombinase inhibition on

activated platelet surface shows donor variability................................L. 198
CoNCIUSIONS oo 201

APPENDIX Il. LONGITUDINAL OBSERVATIONS OF COVID-19 PATIENT STUDY............ 202
Ta T o Yo TN o1 1 o S PPPPPRE 202
U 13T e e [ ol U 1Y Lo o PPNt 203
1. Reduction in free PS recovers after three months, except in a subset of

OULPATIENTS et e e e 203

2. Elevation of the ETP ratio recovers after three months............ccccvvveeee 205
CoNCIUSIONS ..o 207
REFERENCES ...ttt ettt e ettt e e e e e e e ettt b e e e e e e e e e e anaaaeeeeeeeeeenannsaaeaeaaaaaans 208
VT A e e e e e e e e e e ————eeaeeeeeaa———aaaaaeeeeeaaaabraaaaaeeeaaaannes 236

viii



LIST OF TABLES

Table 1.1. Phenotypes of relevant transgenic MIiC.........uuvvrrrrrrrrrrrrvriierirrnrirerirnrrenen... 21
Table 3.1. Description of HIV-1 study population...........ccccueeemeiniiiiiiiiiniiieeeeenennnns 88
Table 3.2. Therapeutic regiment of ART-treated patients.......ccccecvvrenivnerieerinniinnnnennnnn, 89
Table 4.1. Description of COVID-19 study population .......cccceeeveeeveeiieeiieeiieiiieeieeeeeeeennns 120



LIST OF FIGURES

Figure 1.1. Overview of the coagulation CasCade .......cooeevveeeeeeiieeiieiieeeieccceececc e 4
Figure 1.2. Protein S anticoagulant functions. ........ccccooioiiiiiiiiiiiiiccccc 6
Figure 1.3. Diverse functions of Protein S..........cceviiiiiiiiiiiiiiiec e 13
Figure 1.4. Domain configuration of PS and predicted interaction sites ...........cccecvvvvnnnns 18
Figure 1.5. Protein S-Mer tyrosine kinase receptor signaling pathways.........cccccvveeeen.. 27
Figure 1.6. Possible mechanisms of acquired PS deficiency in COVID-19............cccuvunnee 43
Figure 1.7. Possible causes of specific free Protein S deficiency in COVID-19 ................. 48
Figure 1.8. Domain organization and multimerization of VWF monomer.............cc....... 58
Figure 3.1. Schematic of protein S role in APC pathwWay........cccccevvvvvrrmneremerrnnninernennennnnnnn, 85
Figure 3.2. Total plasma PS is deficient in PLWH ...........uuviiiiiiiiiiiieeveneens 91
Figure 3.3. Analyses of age-dependent PS differences.......ccccccvevveciivieeeeeieeiicciiiieeeee, 93
Figure 3.4. Free PS and PC show similar trend toward depletion...........ccccceuvvvvvvvnrvnnnnnnn. 95
Figure 3.5. Development of PS-sensitive TG @SSAY ......ueverereerrrmermrmrrnrennerrnerennennrennnennnnnnne. 98
Figure 3.6. Plasma PS deficiency correlates with increased TG .........cccceeevvvvciiiiieeeeeen. 102

Figure 3.7. There is no correlation between total PS and lag time when TM s

SUPPIEMENLEA e, 104
Figure 3.8. Free PS and PC negatively correlate with plasma TG when TM is supplemented
...................................................................................................................................... 105
Figure 3.9. ART had no direct effect on plasma TG in PLWH ......ccooeiiiiiiiiiieiiieiieeiieennn, 108
Figure 3.10. ART had no direct effect on plasma TG in healthy plasma in vitro............. 109
Figure 3.11. Plasma TF activity is not increased in PLWH ........ccoooiiiiiiiiiiiiieiicciieeceeeenn, 112
Figure 3.12. Plasma TF activity does not correlate with TG unless no exogenous TF is added
...................................................................................................................................... 114
Figure 4.1. COVID-19 inpatients show signs of immunothrombosis............ccccuvveeeeeennn. 123
Figure 4.2. Free PS deficiency in COVID-19 patients is not explained by increases in known
PS-DiNAING PrOTEINS .. nan 126
Figure 4.3. Free PS deficiency contributes to higher thrombotic potential in COVID-19
[T L T=] o1 £ UUPPPTPR 129
Figure 4.4. Plasma TG in COVID-19 inpatients shows less APC/PS activity .................... 131

X



Figure 4.5. Native gel electrophoresis shows that PS has many binding partners in plasma

...................................................................................................................................... 134
Figure 4.6. Plasma VWF is higher in patients with severe COVID-19........cccceeeieeiiiennnn. 137
Figure 4.7. VWF interacts with PS in a shear-dependent manner .........ccooeeeeeeieeiieeennnn. 141
Figure 4.8. PS co-migrates with lower molecular weight VWF multimers.........ccooeuu..... 143
Figure 4.9. Sheared VWEF interferes with free PS measurements.......ccccccoevvuvrriveeenennn. 144
Figure 4.10. Shearing does not interfere with VWF ELISA measurements ..........c......... 146
Figure 4.11. PS/VWF complex is stable under arterial flow conditions ...........cc.......... 148
Figure 4.12. VWF interacts with PS under flow in a calcium-dependent manner.......... 150
Figure 4.13. Time-lapse images of VWF interaction with PS under flow ........cccccoeunn.... 152
Figure 5.1. Development of mouse plasma TF activity assay .....ccccoeeeeieeeiieiieeiieeiieeiinnn, 159
Figure 5.2. Post-TBI plasma TG is not altered when exogenous TF is added ................. 161
Figure 5.3. Post-TBI TG is not mediated by increased PL.......cccoooveeeveeiiiieiiciieeeieeeieeennn, 163
Figure 5.4. Acute TF release post-TBI drives TG in severe TBI model ........ccccceeeeiiennnnn. 165
Figure 5.5. Early increase in TF is observed in mild TBI model .........ccccceeeeviiiiiiiieennenn. 168

Figure 7.1. The roles of PS/VWF shear-dependent interaction in hemostasis and
18 01 o] 2] < Yo 11 P PPPPPRt 187

Figure 8.1. Sheared VWF dose dependently reverses FXa inhibition by TFPla/PS......... 192

Figure 8.2. Sheared VWF had minimal impact on APC/PS prothrombinase inhibitory

=T 0 Y 1 Y S 194
Figure 8.3. The impact of sheared VWF on FVa cleavage by APC/PS might be context
(o 1= oT=T o Lo =T o | PP PP PUPPPPRIN 197
Figure 8.4. The effect of sheared VWF on APC/PS prothrombinase inhibition on platelet
surface shows donor variability........ccccoeviiiiiii 199
Figure 8.5. Longitudinal observation of free PS in COVID-19 outpatients ..........ccceun.... 204
Figure 8.6. Longitudinal observation of ETP ratio in COVID-19 outpatients.................. 206

Xi



LIST OF ABBREVIATIONS

ADAMTS13 A disintegrin and metalloprotease with thrombospondin motif, member

13
AIDS Acquired Immunodeficiency Syndrome
APC Activated Protein C
ART Antiretroviral treatment
Cc3 Complement component 3
C4BP Complement component 4b-binding protein
C5a Complement component 5a
CAT Calibrated Automated Thrombography

COVID-19 Coronavirus Disease 2019

CCl Controlled Cortical Impact

CHI Closed Head Injury

DVT Deep vein thrombosis

EC Endothelial cell

EGF Epidermal Growth Factor

EPCR Endothelial Cell Protein C Receptor
ETP Endogenous Thrombin Potential
EV Extracellular vesicles

Fll Coagulation factor Il (also prothrombin)
FV Coagulation factor V

FVII Coagulation factor VI

Xii



FVIII

FIX

FX

Gas6

LG

PAI

PAR

PBDMs

PBMCs

PC

PL

PLA

PLWH

PPP

PS

PtdSer

Pz

SARS-CoV-2

SHBG

TAFI

TAM

TBI

Coagulation factor VIII

Coagulation factor IX

Coagulation factor X

Growth arrest-specific factor 6

Laminin G

Plasminogen Activator Inhibitor
Protease-Activated Receptor
Peripheral blood-derived macrophages
Peripheral blood mononuclear cells
Protein C

Phospholipids (phospholipid vesicles)
Platelet-leukocyte aggregation

People Living with HIV

Platelet-poor plasma

Protein S

Phosphatidylserine

Protein Z

Severe Acute Respiratory Syndrome Coronavirus 2
Sex Hormone Binding Globulin
Thrombin-Activatable Fibrinolysis Inhibitor
Tyro3, Axl, Mer

Traumatic Brain Injury

Xiii



TF

TFPI

TG

™

tPA

TSR

uPA

VTE

VWD

VWEF

WPBs

ZPI

Tissue Factor

Tissue Factor Pathway Inhibitor
Thrombin generation
Thrombomodulin

Tissue-type Plasminogen Activator
Thrombin Sensitive Region
Urokinase-type Plasminogen Activator
Venous thromboembolism

von Willebrand Disease

von Willebrand Factor
Weiber-Palade bodies

Protein Z-dependent Protease Inhibitor

Xiv



CHAPTER 1. INTRODUCTION

1.1 Coagulation system overview

The average human adult has about 5 liters of blood in his or her body. Blood consists of
cells (red blood cells, white blood cells, and platelets; ~45%), suspended in plasma (~55%),
surrounded by a wall of endothelial cells (ECs). Plasma consists of “90% water along with
various proteins, including an array of coagulation factors. Blood coagulation or clotting
occurs as soluble fibrinogen is converted to an insoluble fibrin clot, changing blood from
a liquid to gelatinous form. This process involves both cellular components (platelets) and
protein components (coagulation factors). Hemostasis, derived from the Greek haima
(blood) and stasis (stopping), is the bodily response to stop bleeding and the loss of blood.
As a response to blood vessel injury, primary and secondary hemostasis processes occur,
involving platelet and coagulation cascade activation, with the goal of patching the injury
site with a platelet and fibrin clot, or thrombus, in order to stop the bleeding [1].
Thrombosis is the formation of a thrombus within a blood vessel, which may partially or

completely block the flow of blood.

1.1.1 Primary hemostasis

Primary hemostasis promptly occurs within seconds to minutes after injury. This involves
platelet plug formation, generated via platelet adhesion, activation, and aggregation [2].
Platelets are anucleate cellular fragments derived from megakaryocytes in the bone
marrow, which circulate in the blood at 150-450 x 10° platelets/mL. Platelets contain
three types of secretory organelles: (1) a-granules, which store various proteins including

coagulation factors V and Va (FV/Va), FXI, Protein S (PS), and von Willebrand Factor
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(VWF); (2) dense granules, which store ADP and calcium, among other small molecules
and ions; and (3) lysosomes, which store hydrolases. Upon vascular injury, platelets
adhere to exposed subendothelial collagen, VWF, and other components of the
extracellular matrix, which serve as initial agonists for their activation. As platelets
activate, they secrete their granule contents, such as ADP and thromboxane A2, which
activate additional platelets and grow the platelet clot. This also results in the activation
of the integrin aubPs. Fibrinogen then binds to activated aPs3 receptor on platelets,
forming fibrinogen bridges to aggregate platelets, resulting in an unstable platelet clot

[2]. The clot is stabilized through secondary hemostasis.

1.1.2 Secondary hemostasis

Secondary hemostasis, also called the coagulation cascade, occurs concurrently with
primary hemostasis, with the goal of fibrin generation on the surfaces of platelets and
endothelium within the injury site, which then crosslinks platelets and traps other blood

cells, creating a more stable fibrin clot (Figure 1.1).

Under hemostatic conditions, the extrinsic or tissue factor pathway is initiated by
exposure of the extravascular membrane protein Tissue Factor (TF) to flowing blood [3].
TF binds circulating coagulation factor Vlla (FVlla), forming extrinsic tenase, and promotes
the activation of factors IX and X to factors IXa (FIXa) and Xa (FXa), respectively [4]. FIXa,
in complex with factor Vllla (FVIlla), forming intrinsic tenase, activates additional FXa. In
the alternative contact pathway, sequential activation of FXII, FXI, and FIX also leads to
the intrinsic tenase formation [5]. The contact pathway is activated when blood comes

into contact with negatively charged surfaces such as artificial biomaterials or microbial
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surfaces [5]. FXa forms the prothrombinase complex with factor Va (FVa), which generates
thrombin from its precursor prothrombin [6]. Thrombin is the serine protease that
converts fibrinogen to fibrin, among other functions. In the initiation phase of
coagulation, TF-FVlla activity leads to a small amount of thrombin generation at the site
of injury. In the propagation or amplification phase, this initial thrombin primes
subsequent coagulation reactions through feedback activation of FV, FVII, FVIII, and FXI
along with activation of platelets [7]. Activated platelets, ECs, and other cell types, as well
as plasma membrane-derived microvesicles, express phosphatidylserine (PtdSer),
providing the negatively charged phospholipid membranes necessary for coagulation
reactions to take place; calcium ions bind to the negatively charged phospholipids and
enable the assembly of the coagulation complexes. Thrombin activates circulating
fibrinogen by cleavages at the ends of fibrinogen A and B chains, allowing fibrin to
polymerize and aggregate laterally [7]. Thrombin also activates FXIIl in a proteolytic
reaction that is enhanced by fibrin. Fibrin molecules self-associate to form a fibrin clot
and are covalently cross-linked by the transglutaminase factor Xllla, generating a stable

fibrin clot [8].
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Figure 1.1. Overview of the coagulation cascade

Overview of the coagulation cascade, showing basic components of extrinsic and intrinsic
tenase, prothrombinase complex, with the goal of thrombin activation and fibrin
generation. The zymogens (shown in grey): FIX = factor IX; FX = factor X; and prothrombin
(FIl) The serine proteases (shown in green): FVlla = factor Vlla; FIXa = factor IXa; FXa =
factor Xa. The cofactors (shown in blue): TF = Tissue Factor; FVa = factor Va; FVIllla = factor

Vllla. Image created with BioRender.com.



1.1.3 Anticoagulation

As excessive or insufficient thrombin generation leads to thrombosis or bleeding,
respectively, the coagulation system is tightly regulated by anticoagulants, including TF
pathway inhibitor (TFPI), activated Protein C (APC), and Protein S (PS) [3] (Figure 1.2). We
will be focusing on the many anticoagulant functions of PS, as a cofactor for TFPl and APC

and through direct anticoagulant activity.
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Figure 1.2. Protein S anticoagulant functions.

Protein S anticoagulant functions. Protein S is a master anticoagulant regulating all three
coagulation complexes, via its cofactor function with Tissue Factor Pathway Inhibitor-a
(TFPla) and activated Protein C (APC), and its direct anticoagulant acitivity. (TF = Tissue
Factor; FVlla = factor Vlla; FVllla = factor Vllla; FIXa = factor I1Xa; FVa = factor Va; FXa =
factor Xa; C4BP = complement component 4b-binding protein). Image created with

BioRender.com.



1.1.3.1 PS cofactor activity with TFPI

The anticoagulant TFPI is the main inhibitor of the extrinsic pathway of coagulation. It
inhibits Vlla and FXa by binding to the TF/FVlla/FXa ternary complex [9]. TFPI is produced
by endothelial cells (ECs) as two major isoforms, TFPla and TFPIB. TFPIB, containing
Kunitz-1 (K1), K2, and glycosylphosphatidylinositol (GPl)-anchor-encoding domains, is the
major form, and exists as a membrane-associated protein, anchored to cell surfaces via
GPI linkages [10]. Out of ~2 nM total TFPI in plasma, ~10-20% is the full-length TFPla
isoform, consisting of K1-K2-K3 domains, which circulates as a free soluble form and as a
content of platelet granules [10]. PS binds K3 and is a cofactor for TFPla, but not TFPIB
[11]. Both TF expression and TFPI inhibitory action are constitutive; TFPI rapidly inhibits
low levels of TF expressed on activated ECs and monocytes, preventing uncontrolled
intravascular thrombosis under a certain physiological threshold [12]. TFPla, but not
TFPIB, is also an early prothrombinase (FVa/FXa) inhibitor [13]. Several studies suggested
that the role of PS as cofactor is to bring TFPla into proximity of the FXa active site on
phospholipid surfaces, thereby decreasing the required concentration of TFPla needed
for efficient inhibition of FXa. [14]. PS enhances TFPla direct inhibition of FXa by ~10 fold
[11] and TFPla inhibition of TF/FVIla-mediated FXa generation, as well as FXa-dependent

inhibition of FIXa generation, by ~9 fold [15].

TFPI also has non-anticoagulant activity, as TFPla and TFPIPB have been reported to exert
anti-apoptotic effects and to inhibit angiogenesis, tumor growth, and metastasis [16, 17].
As these effects seem to pertain mainly to TFPIB which does not bind PS, PS may not play

a role in these activities.



1.1.3.2 PS cofactor activity with APC

Activated protein C (APC) is another endogenous anticoagulant that is essential for the
downregulation of coagulation in the propagation phase of thrombin generation. It does
this by inactivating FVa and FVIlla, the cofactors in the prothrombinase and the intrinsic
tenase complexes, respectively. Protein C (PC) and low levels of APC circulate in plasma
at ~70 nM and <40 pM concentrations, respectively. PC is a vitamin K-dependent protein
homologous to factors VI, IX, and X. PC activation requires the

thrombin/thrombomodulin complex and endothelial protein C receptor (EPCR) [18].

Thrombomodulin (TM) is an integral membrane protein expressed on the surface of ECs
which binds to thrombin and alters its substrate specificity, blocking the exosites for
procoagulant substrates and PAR1, such that thrombin can then bind and activate PC into
APC [19]. TM is a required cofactor, amplifying PC activation >1,000-fold. When
complexed with TM, thrombin activity in activating fibrinogen, FV, FVII, or platelet
protease-activated receptors (PARs) is reduced, and it is inactivated 20 times faster by
plasma protease inhibitors. The thrombin-TM complex is also responsible for the
activation of thrombin-activatable fibrinolysis inhibitor (TAFI), which interferes with
fibrinolysis by modifying fibrin. PC activation by thrombin-TM is further enhanced by ~20-
fold via PC binding with EPCR, a PC cell surface receptor expressed by ECs, monocytes,
neutrophils, and dendritic cells. Platelet factor 4 (PF4) may augment PC activation further
by inducing a conformational change in PC which increases its affinity for thrombin-TM

[18].



Once activated, APC dissociates from EPCR and binds PS on phospholipid surfaces, such
as on activated platelets and ECs where it inactivates FVa and FVIlla. APC inactivates FVa
by cleavages at Arg306, Arg506, and Arg679; Arg506 cleavage by APC rapidly occurs,
whereas Arg306 cleavage is slower but required for complete inactivation [20]. PS
enhances APC enzymatic function of FVa inactivation by increasing its binding to
negatively charged phospholipids by 2-14-fold, depending on the presence of its substrate
FVa [21]. PS increases the rate of proteolysis at Arg306 by 20-30-fold, compared to a 1-5-
fold modest enhancement for Arg506 [22]. Factor V Leiden, caused by a single nucleotide
polymorphism of Arg506GIn, prevents efficient inactivation of FVa by APC, leading to
hypercoagulability [23]. For APC-mediated FVIlla inactivation, which occurs by cleavages
at Arg336 and Arg562 in FVIlla, PS moderately enhances the rate of reaction by ~1.5 fold,
with less clearly defined molecular mechanisms [24]. FV appears to also be a synergistic

cofactor for APC/PS inactivation of FVa [25] and FVIlla [26].

APC also promotes fibrinolysis by neutralizing plasminogen activator inhibitor-1 (PAI-1),
the main inhibitor of tissue-type- (tPA) and urokinase-type plasminogen activators (uPA),
an activity shown to be dependent on PS, phospholipid, and calcium ions [27]. The
APC/EPCR complex also signals through PAR-1 activation, stimulating an anti-
inflammatory cytoprotective effect, with other PARs (-2 and -3) participating in different
contexts [28]. TM is also expressed by various other cell types, including monocytes,
neutrophils, platelets, mesothelial cells, and keratinocytes and during development [18].
Via its lectin-like domain, TM also directly downregulates inflammation by preventing

neutrophil adhesion with the ECs, dampening complement activation, and exerting anti-



apoptosis and pro-survival activity via suppression of the MAPK-ERK1/2 pathway [18]. The

role of PS in these other activities is unknown.

1.1.3.3 PS direct anticoagulant activity

In addition to being a cofactor for APC and TFPIla, PS also exhibits direct prothrombinase
(FVa/FXa) and intrinsic tenase (FVllla/FIXa) inhibitor activity. For inhibition of intrinsic
tenase, PS might directly impair the assembly of the complex by interacting with FIXa [29].
FIXa, in the absence or presence of FVllla, interacts with PS with a Kg of 40 nM, and PS
inhibits FX activation by the intrinsic tenase [30]. PS inhibits FIXa in vivo by associating
with the FIXa heparin-binding exosite, which requires residues K132, K126 and R170 [31].
These studies demonstrated a role for PS in regulating the propagation step of thrombin
generation. Furthermore, a K132A/R170A FIXa mutant, which does not bind PS, causes
an increased rate of thrombus formation in Hemophilia B (FIX-deficient) mice, showing
the physiological relevance of these mechanisms in maintaining hemostasis and

preventing thrombosis [31].

1.1.4 Other regulators of coagulation

The coagulation cascade is a complex, delicately balanced, and tightly regulated process
involving dozens of proteins and molecules in the blood, platelets, ECs, and surrounding
tissues. Several other regulators of thrombin generation exist. Antithrombin (also called
antithrombin 1ll) is a serine protease inhibitor which inactivates the serine proteases
thrombin, FVlla, FIXa, and FXa, and binding to its targets is greatly enhanced by the
anticoagulant drug heparin [32]. Inactivation of the proteases results from irreversible

binding with antithrombin in which the active site serine of the protease becomes
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covalently bonded to antithrombin. This antithrombin-protease complex is then rapidly
removed from the circulation by hepatocytes [33]. Another anticoagulant pathway is the
protein Z (PZ) and PZ-dependent protease inhibitor (ZPl). PZ is a vitamin K-dependent
protein cofactor of ZPI, which inhibits prothrombinase [34]. ZPI inhibits FXa through a
similar mechanism as antithrombin and the presence of PZ enhances this process by

1,000-fold; however, many of the details remain to be elucidated [35].

The various components of the fibrinolysis system are also interconnected with the pro-
and anticoagulant pathways, determining clot density, stability, and clearance [8]. Fibrin
is digested by plasmin, which is activated from the inactive zymogen plasminogen by
tissue plasminogen activator (tPA) and urokinase (uPA). Plasminogen, tPA, and uPA
circulate in the blood and become incorporated into a growing thrombus due to their
affinity for lysine residues on fibrin. This binding can be inhibited by thrombin-activatable
fibrinolysis inhibitor (TAFI), which removes lysine plasmin-binding residues on fibrin.
Fibrin degradation is also regulated by plasminogen activator inhibitor-1 (PAI-1), which
inhibits tPA and uPA activity by active site binding and enhancing their degradation [8].
When cross-linked fibrin is degraded by plasmin, a distinct set of molecular products,

including a fragment known as D-dimer, is released [8].

1.2 PSrolesin coagulation and inflammation

In 1977, PS was discovered as a new vitamin K-dependent plasma glycoprotein in Seattle,

and hence, named after the city of its discovery [36]. PS is an important natural
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anticoagulant with multiple proposed functions in regulating coagulation and

inflammation [14, 37-40] (Figure 1.3). Here, PS is described in more detail.

1.2.1 PS biology

PS is a Vitamin K-dependent glycoprotein that circulates in plasma as a free soluble form
(~40% or ~5-15 mg/L or ~150 nM) or as part of a high-affinity complex with complement
component 4b-binding protein/ C4BP (~60% or ~10-20 mg/L or ~300 nM) — bringing the
total plasma PS to 15-35mg/L — and is also packaged in platelet alpha-granules (~2.5%)
and released upon platelet activation [41-43]. Platelet PS is derived from megakaryocyte
expression, resembles plasma PS, and was demonstrated to limit platelet activation and

thrombin generation in venous but not arterial thrombosis [43].

PS lacks enzymatic activity and functions primarily as an anticoagulant cofactor by
enhancing binding to negatively charged membranes. Here, we review synthesis and

regulation of PS, as well as its structural features.
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Figure 1.3. Diverse functions of Protein S

Protein S consists of an N-terminal Gla domain, a thrombin sensitive region (TSR), four
Epidermal Growth Factor (EGF)-like domains, and a sex hormone binding globulin (SHBG)-
like region. These domains provide Protein S with functions in regulating coagulation,
complement activation, cell signalling, and efferocytosis. APC = activated Protein C; TFPla
= tissue factor pathway inhibitor-a; TAM = Tyro3, Axl, Mer; PtdSer = phosphatidylserine;
C4BP = complement component 4b-binding protein; C4b = complement component 4b.

Image created with BioRender.com.



1.2.1.1 PS synthesis and regulation

Human PS is a single-chain (75 kDa) glycoprotein of 635 amino acids in its mature form,
resulting from post-translational modifications of a 676 amino acids precursor [44]. The
human genome contains two PS genes; the active gene PROS1 or aPS and a pseudogene
PROS2 or BPS, located on chromosome 3 at position 3q 11.1-3q 11.2 [44]. Human PS is
encoded by the PROS1 gene which is composed of 15 exons [44]. Exons 1 and 2 code for
a 24-amino acid (aa 1-24) signal peptide, containing a hydrophobic sequence for its
targeting to the rough endoplasmic reticulum, and a 16 amino acid (aa 25-41)-propeptide
for its carboxylase recognition, which are both removed by proteolytic cleavage prior to
secretion. The secreted mature protein contains the Gla domain (aa 42-86 or residues 1-
37) encoded by both exon 2 and 3, which contains 11 post-translationally modified y-
carboxyglutamic acid residues which bind to calcium ions [45]. Gla domain carboxylation
is required for binding to negatively charged phospholipids and is important for all known
functions of PS. Like other vitamin K-dependent proteins (Fll, FVII, FIX, FX, PC, and Protein
Z), PS Gla-domain carboxylation occurs mainly in the liver, involving y-glutamyl
carboxylase and a reduced form of vitamin K produced by vitamin K epoxide reductase
[45]. Exon 4 codes the thrombin sensitive region (TSR; aa 87-113 or residues 46-72), a
domain not found in other vitamin K-dependent proteins. The TSR contains two cysteine
residues (residues 47 and 72) linked by a disulphide bridge forming a thumb loop motif,
with three peptide bonds sensitive to cleavage by thrombin and FXa [46-48]. Cleavage of
PS at this region results in the Gla domain remaining linked to the rest of the molecule by

a disulphide bond, yet unable to adopt the calcium-dependent conformation required for
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phospholipid binding, resulting in a loss of APC cofactor activity [46]. Exons 5 to 8 encode
four epidermal growth factor (EGF)-like domains (aa 114-283 or residues 76-242) in
tandem, which assist in Ca* binding by virtue of post-translationally modified amino acids
[49]. The first EGF domain contains B-hydroxylated Asp residue while the next three
contain B-hydroxylated Asn. Ca?* binding induces conformational changes in these
domains that enhance PS anticoagulant functions [49]. In contrast to other vitamin K-
dependent coagulation proteins, exons 9 to 15 of PS code for a large domain homologous
to sex hormone-binding globulin (SHBG) (aa 284-676), consisting of two laminin G-like
modules often found in extracellular matrix components such as laminin and perlecan,
and in signaling molecules such as Gas6 and SHBG [50]. This domain contains N-linked
glycosylation sites at Asn499, 509, and 530, which are important determinants of PS half-
life [51]. PS remains challenging to crystallize, and the only structural determination
available to date is limited to the EGF3 and 4 domains, obtained by nuclear magnetic
resonance (NMR) [52]. Theoretical models of Gla-TSR-EGF1 and SHBG-like domains have
been constructed by computer modelling, based on structural homologies with domains
of other vitamin K-dependent coagulation factors and with Gas6, respectively [19, 53].

Functional PS in plasma is mainly synthesized by hepatocytes, although other cells such
as megakaryocytes, ECs, Leydig and Sertoli cells, osteoblasts, dendritic cell, macrophages,
T cells, vascular smooth muscle cells, and tumor cells also synthesize and secrete PS [40].
As plasma PS circulates as either a free or C4BP-B-bound form, PS concentration is
regulated by factors affecting the concentration of either protein. PS synthesis is strongly

influenced by hormonal state, liver function, and the presence of intravascular
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coagulation consumption, inflammation, or hypoxia. The PROS1 proximal promoter
region contains four consensus binding sites for the transcription factor Sp1, which acts
to activate PROS1 transcription, and two binding sites for Sp3, which may repress
transcription [54]. Sp1/Sp3 binding to the PROS1 promoter might play important dual
roles in PS transcription regulation. Estrogen E2 (17beta-estradiol) has been shown to
repress PROS1 transcription via an Spl-dependent mechanism [55]. Estrogen receptor
alpha interacts with Spl and recruits nuclear factor receptor-interacting protein 140
(RIP140), which associates with the HDAC3 complex, leading to deacetylation of histones
in the PROS1 promoter, which turns off gene expression [55]. The repressive effect of
estrogen is consistent with the general observation that PS concentration is lower in pre-
menopausal females compared to males and is reduced during pregnancy and oral
contraceptive use, as well as with higher thrombosis risk seen in these conditions [56]. On
the other hand, progestins directly upregulate PROS1 transcription [57]. Signal transducer
and activator of transcription (STAT3) transcription factor is another important activator
of the PROS1 promoter [58]. STAT3 induces transcription by binding to the interleukin
(IL)-6 responsive element within the promoter. IL-6, a proinflammatory cytokine
upregulated as a part of systemic inflammatory responses, locally stimulates cell survival
via STAT3 and PS synthesis within the inflammation site [40, 59]. More recently, hypoxia
inducible factor 1a (HIFla), a transcription factor upregulated by hypoxia, has been
shown to directly downregulate PS expression in the liver, and to contribute to decreased

PS in patients with diabetes [60, 61].
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1.2.1.2 Structural features of PS

PS contains an N-terminal Gla domain, a thrombin sensitive region (TSR), four epidermal
growth factor (EGF)-like domains, and a sex hormone binding globulin (SHBG)-like region,
which consists of two laminin G-type (LG) domains [14] (Figure 1.4). These domains
provide PS with functions in the coagulation and inflammatory responses. The Gla domain
mediates interaction with membrane phosphatidylserine and is critical for all known
functions of PS. TSR renders PS susceptible to cleavage by FXa and thrombin, which
abolishes PS activity [62]. The EGF domains bind APC, and the LG domains bind C4BP-j,
TFPla, TAM receptors, and FIXa [14]. Most of the domains of PS have been shown to be
important for the APC-cofactor function of PS, with all four EGF domains shown to be
involved in their interaction [63-67]. For FV-dependent APC inactivation of FVllla, the
second laminin G domain was shown to be important [65, 66]. For the inhibition of
prothrombinase, it is suggested that residues in the Gla domain are implicated in the
interaction with FVa [68] and the TSR region in the interaction with FXa [69], with an
unclear mechanism which involves retention of zinc particularly by zinc-containing
protein S [70]. The laminin G domains of PS are involved in C4BP [71] and FIX interactions
[72] and specifically the first laminin G domain has been shown to mediate TFPla [73, 74]
and TAM receptor interactions [53, 75]. TFPI cofactor function has been shown to be
competitively regulated by C4BP [74]. In contrast to APC and TFPla cofactor activity of PS,
PS direct inhibition of prothrombinase is unaffected by C4BP-binding [76]. However, CABP
binding blocks most PS anticoagulant function, and thus free PS is considered to be the

anticoagulant pool [77, 78].
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Figure 1.4. Domain configuration of PS and predicted interaction sites

Domain configuration of PS and predicted molecular interaction sites. PS = Protein S;
SHBG = sex-hormone binding globulin; EGF = epidermal growth factor; TSR = thombin
sensitive region; FXa = factor Xa; LG = laminin G; APC = activated Protein C; FVa = factor
Va; PSer = phosphatidylserine; C4BP = complement component 4b-binding protein; FIXa
= factor IXa; TFPla = tissue factor pathway inhibitor-a; FVIlla = factor Vllla. Image created

with BioRender.com.
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1.2.1.3 Congenital PS deficiency

PS is a key anticoagulant regulator, congenital deficiency of which is associated with
increased thrombotic risk [79]. To date, there are over 360 reported mutations of the
PROS1 gene, resulting in missense or nonsense substitutions, splice site mutations,
insertions, or deletions, which might lead to PS deficiency [80]. Homozygous PS deficiency
is associated with life-threatening purpura fulminans shortly after birth and heterozygous
with a 5-11.5-fold increased risk of thrombosis, most commonly in the form of lower
extremity deep vein thrombosis and pulmonary embolism [81, 82]. Hereditary PS
deficiency manifests as an autosomal dominant trait and is classified into three subtypes:
type | (decreased total PS and free PS concentrations, and PS activity), type Il (normal
total PS and free PS concentrations, decreased PS activity), and type Il (normal total PS,
decreased free PS concentration and PS activity). The majority (95%) of patients with
hereditary PS deficiency develop type | or lll. Genetic studies involving a number of
thrombophilic Danish families with PS deficiency type | and lll were one of the most robust
characterizations of hereditary PS deficiency, uncovering an array of pathogenic to likely-
benign variants, with the c.1168G>A mutation in exon 11 resulting in Glu390Lys
substitution identified to be the founder variant, present in ~¥26% of study participants.
Another relatively common polymorphism among subjects of European ancestry is PS
Herleen (Ser460Pro), which results in reduction of half-life and a type Il deficiency [83].
PS Tokushima (Lys155Glu) has also been described, resulting in a slightly higher molecular

weight PS with no cofactor activity and a type Il deficiency [84].
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While genetic PS deficiency in the general population is relatively rare (~0.03-0.13% allelic
frequency) [85], it is more prevalent in East Asian populations, and in populations with
familial history of venous thrombosis [86]. Several biological factors also influence plasma
PS concentration: men have higher free PS and total PS than women, neonates have lower
total PS but higher free PS than adults, and total PS increases further with age [87].
Acquired PS deficiency is discussed further in section (1.3.3). Phenotypes of transgenic
mouse models relevant to PS [88] and PS functions; Gas6 [89], TAM receptors [90], PC

[91], and TFPI [92] are summarized in Table 1.1.
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Genotype

Characteristics

PS/- (global)

Embryonic lethality (at E.17.5 to full term) by coagulopathy
with macroscopic blood clots and extensive hemorrhages,
defective vascular development.

PS*/- (global)

~44% decrease in PS levels, defective vascular development,
undescribed effect on inflammation.

PS*
specific)

(tissue

Hepatocytes PS*- mice show 55% decrease in PS level, fibrin
deposition in blood vessels.

Endothelial and hematopoietic cells PS*- mice show 43%
decrease in PS level and less severe fibrin deposition.
Undescribed effect on inflammation.

Gas6” (global)

Normal mice without spontaneous bleeding, have defects in
platelet aggregation, activation, secretion, and clot stability,
protected against venous and arterial thrombosis with reduced
clot size and stability, and have pronounced anti-inflammatory
phenotype: reduced inflammation upon liver injury, reduced
leukocyte and macrophages infiltration, increased fibrosis,
with enhanced autoimmunity.

Mer”- (global)

Reduced thrombus formation and clot stability, SLE-like
autoimmunity, efferocytosis defects leading to blindness (due
to impaired phagocytosis of photoreceptor outer segment by
retinal pigment epithelial cells), infertility (due to defective
spermatogenesis), and enlarged spleen.

Tyro3,Axl,Mer”
(global)

More severe phenotype than Mer”, with recurrent thrombosis
and bleeding (associated with antiphospholipid antibodies),
thrombocytopenia (due to defective megakaryopoiesis),
neural degeneration with seizure and paralysis in aged mice.

PC/ (global)

Stillbirth or fatal perinatal consumptive coagulopathy, normal
development, microvascular thrombosis in the brain and liver.

PC*/" (global)

Normal phenotype, ~63% PC compared to WT at adult age.

TFPI(K1)7 (global)

~60% embryonic lethality (at E9.5-E11.5) with yolk sac
hemorrhage, perinatal lethality in survivors beyond E11.5;
organ development is normal, central nervous system
hemorrhage.

TFPI(K1)* (global)

Normal phenotype, ~50% TFPI activity compared to WT.

Table 1.1. Phenotypes of relevant transgenic mice

Phenotypic characteristics of various relevant knockout mice. PS = protein S; PC = protein

C, TFPI(K1) = Tissue Factor Pathway Inhibitor lacking Kunitz domain-1 which is required

for TF/FVlla inhibition; WT = wild type.
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1.2.2 PS non-anticoagulant functions
PS also possesses anti-inflammatory functions in addition to its role as an anticoagulant.
Here, PS regulatory roles with the complement pathway and anti-inflammatory TAM

(Tyro3, Axl, and Mer) receptors are discussed.

1.2.2.1 PS with C4BP

Approximately 60% of plasma PS circulates in a noncovalent high-affinity complex with
C4BP, as shown by Dahlback and Stenflo using barium citrate adsorption (a method often
used to purify vitamin K-dependent plasma proteins) and ion exchange chromatography
in 1981 [93]. Only the free fraction of plasma PS has full anticoagulant properties, as C4BP
blocks APC and TFPla cofactor activity of PS [77, 78]. Due to the high affinity interaction
(Kg of ~0.1 nM), the concentration of free PS is largely dictated by the plasma
concentration of C4BP B-chain, the PS-binding component [41, 94, 95]. C4BP is a 570 kDa
protein composed of seven a-chains that are the binding sites for C4b and one B-chain
that binds PS, held together by disulfide bonds. C4BP is synthesized mainly in the liver
with a plasma concentration of ~200 mg/L (300 nM) and several isoforms: 7 a-chains and
1 B-chain (the most abundant; 80% or ~160 mg/L), 6 a-chains and 1 B-chain, and 6 a. or 7
a-chains without B-chain [94, 96]. In vitro, successful secretion of C4BP B-chain depends
on its intracellular complex formation with PS in the endoplasmic reticulum [94]. C4BP
inhibits the C3 convertase, the C4b2b complex of the complement system, by promoting
degradation of C4b. C4BP is an acute phase protein and its level may increase up to 4-fold
during an inflammatory response [41]. This rise in C4BP largely pertains to an increase in

a-chain synthesis, while synthesis of the B-chain is less affected, due to differential
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regulation of expression by cytokines [96]. As such, an increase in C4BP during

inflammation will not necessarily result in a decrease of free PS.

While the exact function of the PS-C4BP complex is largely unknown, PS is proposed to
regulate the complement system by localizing C4BP to negatively charged phospholipids
present on the surface of apoptotic cells [97]. PS has been shown to enhance C4BP
binding to neutrophils and to control complement activation at sites where coagulation
is activated [98]. Cell surface-associated PS-C4BP can bind to C4b and inhibit phagocytosis
[99]. C4BP also binds to necrotic cells via PS-PtdSer binding [100]. Furthermore, C4BP
binds DNA via a patch of positively charged amino acids on the second component control
domain of its a-chains, limiting DNA release from necrotic cells and inhibiting DNA-
mediated complement activation in vitro [100]. It is unclear whether PS binding affects
the C4BP/DNA interaction. Overall, however, the PS/C4BP complex reduces the pro-

inflammatory state.

1.2.2.2 PS with TAM receptors

In addition to its functions with C4BP, PS has C4BP-independent anti-inflammatory
activity, which is mediated through its SHBG domain. PS and its homolog, growth arrest-
specific factor 6 (Gas6), are ligands of TAM (Tyro3, Axl, and Mer) receptor tyrosine
kinases, key modulators of the innate immune system and part of an important anti-
inflammatory signaling axis [101]. Gas6 is a homolog of PS with identical domain
composition and 43% sequence identity. It is widely expressed by endothelium,

fibroblasts, and smooth muscle cells and its synthesis can be induced by growth arrest or
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serum starvation. It is not expressed by the liver and its plasma concentration is 1,000-
fold lower than PS. PS activates Tyro3 and Mer, with limited evidence of effect on Axl,
while Gas6 binds to all three TAM receptors [102]. Both proteins interact with the TAM
receptors via their SHBG-like region. TAM receptor activation leads to intracellular
signaling pathways regulating cell differentiation, metastasis, angiogenesis, and other
processes that culminate in cell survival, proliferation, and anti-inflammatory effects
[103-106]. PS and Gas6 are also bridging molecules that facilitate binding between
exposed phosphatidylserine on apoptotic cells and TAM receptors on macrophages,
triggering receptor activation and subsequent cell signaling to promote efferocytosis, the
phagocytosis of dead or apoptotic cells, which is essential for normal homeostatic cell-
turnover and for clearance of infected cells [107].

Monocytes, macrophages, and all immune cells are shown to express all TAM receptors
(Tyro3, Axl, and Mer). All three TAM receptors share structural domains: two extracellular
Ig-like domains and fibronectin type Ill domains, a transmembrane domain, and an
intracellular tyrosine kinase domain. Known TAM receptor ligands are: Protein S, Gasé6,
Tubby, Tubby-like protein-1, and Galectin-3. PS-Mer and Gas6-Axl| interactions are of
higher affinity and lead to more pronounced effects. New understandings are still
emerging for the role of each of these ligands with macrophages.

Signaling pathway of PS-Mer in macrophages (Figure 1.5)

PS-Mer in efferocytosis mediation [107, 108]: A dimer of protein S binds to a homodimer

of Mer on macrophages. PS interacts with Mer with its SHBG-domain and with PtdSer on

apoptotic cells with its Gla-domain. The binding activates the receptor, causing
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autophosphorylation of the intracellular tyrosine kinase domain. The kinase
phosphorylates PI3K (phosphatidylinositol-3 kinase), which induces phosphorylation of
PIP2 (phosphatidylinositol 4,5-bisphosphate) to PIP3 (phosphatidylinositol 3-4-5-
triphosphate), and activation of phospholipase Cy2 (PLCy2), which hydrolyses plasma
membrane PIP2 generating diacylglycerol (DAG) and IP3 (inositol 1,4,5-triphosphate). IP3
binds to its receptor on the endoplasmic reticulum and induces calcium cytosolic release,
while DAG activates protein kinase C (PKC). This leads to activation of the Rho GTPase
Racl. Activated Mer also directly phosphorylates Vavl, which activates Racl and other
Rho GTPases Cdc42 and RhoA. Together, these proteins regulate cytoskeleton dynamics
and promote engulfment of the apoptotic cell [107].

PS-Mer in anti-inflammatory signaling [109-114]: Mer activation following PS binding

leads to the activation of multiple signaling pathways, with certain details still unknown.
(1) The tyrosine kinase domain phosphorylates PI3K, which phosphorylates Akt [111]. This
leads to glycogen synthase kinase 3B (GSK3B) phosphorylation and suppression of NFkB
nuclear transclocation. Receptor activation also induces Twist transcriptional repressor
activation, which suppresses NFkB-dependent transcription. The overall cellular outcome
is reduced proinflammatory cytokine production and increased anti-inflammatory
cytokines by lifting NFkB inhibition, including stimulating macrophage GAS6 and PROS1
expression [112]. (2) Together with Interferon-a/p receptor (IFNAR)/ signal transducer
and activator of transcription 1 (STAT1), Mer induces the transcription of suppressor of
cytokine signaling protein 1 (SOCS1) and SOCS3, which inhibit cytokine receptor and Toll-

Like Receptor (TLR) signaling, resulting in anti-inflammatory effects [110, 114]. (3) Mer
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activation also inhibits mitogen activated protein kinase (MAPK), extracellular signal
regulated kinase-1 (ERK1)/Erk2, and tumor necrosis factor (TNF)-receptor-associated
factor 3 (TRAF3) and TRAF6, which further block NFkB nuclear translocation [109]. Overall,
PS- and Gas6-Mer signaling contributes to phenotypic changes or macrophage
reprogramming into an M2-like resolution phase phenotype, characterized by a reduction
of proinflammatory cytokines and increase in anti-inflammatory cytokines.

Activation of Tyro3 and Mer by PS attenuates the response of macrophages and dendritic
cells to pathogens and reduces the secretion of proinflammatory cytokines such as IL-6,
TNF, and type 1 interferons [115]. Gas6- or PS-stimulated efferocytosis contains cell death
and dampens the innate immune response within the affected tissue, preventing
inflammation and autoimmunity and protecting the surrounding healthy tissues [113,

116].
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Figure 1.5. Protein S-Mer tyrosine kinase receptor signaling pathways

Current understanding of the signaling pathways involved in PS-Mer efferocytosis (left
side) and anti-inflammatory (right side) activity. PLCy2 = phospholipase Cy2; PKC = protein
kinase C; IFNAR = Interferon-a/B receptor; TLR = toll-like receptor; STAT1 = signal
transducer and activator of transcription-1; SOCS = suppressor of cytokine signaling
protein; Erk = extracellular signal regulated kinase; MAPK = mitogen activated protein
kinase; NFkB = Nuclear factor kappa-light-chain-enhancer of activated B cells. Image

created with BioRender.com.
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In the tumor microenvironment, Gas6 and PS stimulate TAM activation and efferocytosis,
promoting tumor growth, metastasis, and evasion of anti-tumor immunity [105]. During
resolution of inflammation, macrophages, T cells, and dendritic cells express PS and TAM
receptors to limit inflammation and promote efferocytosis [101]. Peritoneal macrophages
were shown to upregulate PROS1, the PS gene, during the resolution phase of a murine
peritonitis model [112]. Selective knockout of PROS1 in the myeloid lineage
downregulated macrophage anti-inflammatory properties and efferocytosis activity
[112]. Activated T cells were also shown to produce PS, which signals through the TAM
receptors in dendritic cells and down-regulates theirimmune responses [117]. In a murine
model of lipopolysaccharide-(LPS) induced acute lung injury, alveolar macrophages were
shown to express Gas6 and promote the efferocytosis of neutrophils in response to IL-4
and IL-13 cytokine signaling by regulatory T cells in a transcription factor signal transducer
and activator-6 (STAT-6) dependent manner [116].

The immune system also uses efferocytosis as a way to protect the host from pathogens,
by mediating phagocytic clearance of infected cells. For example, PS and Gas6 mediate
macrophage efferocytosis of HIV-1-infected T cells by bridging phosphatidylserine
exposed on the infected cells to macrophage-expressed Mer tyrosine kinase [118]. In this
in vitro study, efferocytosis was shown to remove not only dead infected T cells, but also
live virus-producing cells [118].

The viral envelope is derived from plasma membrane, as enveloped viruses exit by
budding out of intact host cell membrane. Viral infection often leads to the induction of

apoptosis and exposure of phosphatidylserine (PtdSer) on infected cells [119].
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Additionally, viral particles likely do not have the flippases necessary to reverse the
membrane transverse diffusion that causes PtdSer exposure on the outer leaflet. PtdSer
exposure is a general apoptotic “eat me” signal that calls for engulfment by patrolling
phagocytes [119]. When newly mature virions exit the cell and envelope themselves with
host cell membrane, viruses can disguise as apoptotic debris and use phagocytic
properties of many types of cells to avoid immune detection and infect other cells. As
efferocytosis triggers anti-inflammatory properties and the dampening of immune
responses, this viral “apoptotic mimicry” is highly advantageous for perpetuating
infection [120]. PS/Gas6 and the TAM receptors have been shown to mediate Dengue,
West Nile, and Yellow Fever virus entry in vitro [121]. Gla-domainless Gas6 or Axl mutated
for the Gas6 binding site did not enhance viral infection [121]. Another study showed that
PS/Gas6 enhanced viral tranduction of Sindbis virus and various viral vectors in a manner
dependent on the presence of the Gla domain and calcium ions, and was reversible by
the addition of soluble Axl as a decoy [122]. Gas6 was shown to enhance virus binding in
an envelope protein-independent manner, but did not mediate entry, suggesting that the
envelope protein is necessary for the fusion step [122]. However, other studies have
proposed that TAM receptors are not required for infection [120] and that TAM activation
remains beneficial for its anti-inflammatory effects, as TAM receptors, especially Mer,
protect mice against the CNS infection of neuroinvasive viruses, protect the blood brain
barrier integrity, and relieve brain lesions during encephalitis [123]. The metalloprotease

ADAM17 cleaves Mer and Axl to shut down signaling, shedding soluble ectodomains of
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Mer (sMer) and Axl (sAxl), which can be measured in circulation as a marker of increased

receptor activity in inflammation.

1.3 Immunothrombosis overview

Thrombosis, pathological intravascular blood clot formation, likely occurs through a
similar pathway to hemostasis, though the initiator of the process is less clear. Here, we
review the interplay between the inflammation and coagulation systems, and the
mechanisms of immunothrombosis in specific inflammatory conditions, including HIV-1,
SARS-CoV-2, and traumatic brain injury (TBI), with particular focus on the roles of PS, TF,

and VWEF.

1.3.1 Interplay between coagulation and inflammation

Coagulation and inflammation evolved from a common ancestor, as in lower vertebrates
the two systems are unified. Simple organisms have blood cells that carry out the immune
response, inflammation and phagocytosis, and coagulation processes. In response to
injury, hemostasis is necessary to prevent excessive bleeding while inflammation is
important for defending against invading pathogens and clearing tissue damage. As both
being the first line of defense against trauma and invaders, and as injuries usually come
with infections, extensive cross talk between the two systems has existed throughout
evolution. Infection triggers innate immune responses that also lead to activation of
coagulation, activated coagulation factors also activate inflammatory cells and the
complement system, and the fibrin clot, the main product of coagulation, also limits or

traps the spread of infectious pathogens.
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1.3.2 Immunothrombosis mechanisms in inflammatory conditions

Infection and inflammation lead to recruitment of cells and molecules which facilitate
both innate immune response and coagulation. TF expression and activity is central in this
cross-talk. TF cellular expression and microvesicle-associated release by monocytes and
other cell types occur under infection and inflammatory conditions, providing a trigger
for coagulation initiation [124]. TF and its roles in immunothrombosis are reviewed
further in section (1.3.4). Alternatively, thrombin may be produced through the intrinsic
or contact pathway, in which exposure of negatively charged molecules, such as DNA, can
lead to TF-independent activation of FXlla [125]. The fibrinolysis system also plays a major
role in immunothrombosis. Plasmin generation induces expression of proinflammatory
mediators, such as tumor necrosis factor (TNF), IL-1, and IL-6, and plasmin can directly
activate the complement system via C3 and C5 cleavage [126]. Lipopolysaccharides, IL-1,
TNF, tumor growth factor- (TGF-B), very low-density lipoprotein (VLDL), lipoprotein(a),
and thrombin increase PAI-1 levels without a counteracting increase in tPA or uPA,
promoting thrombosis [8]. The complement system is a major contributor to
immunothrombosis. The activated products C3a and C5a act as anaphylatoxins, mediating
various inflammatory processes by inducing endothelium activation and recruitment, as
well as activation of innate immune cells, altering vascular permeability [126]. C5a
mediates TF expression on neutrophils and neutrophil extracellular traps (NETs) release
by neutrophils, as well as VWF secretion from ECs. NETs contain DNA, histones, proteases,
TF, and microbicidal proteins, exerting proinflammatory and procoagulant effects and

providing a means of pathogen entrapment [126, 127]. Histones promote platelet and
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endothelium activation, induce the release of procoagulant polyphosphate from platelets
via toll-like receptor (TLR)-2 or TLR-4-dependent mechanisms [128], and bind to PC and
TM inhibiting APC generation [129]. TLRs, expressed by ECs, platelets, and antigen
presenting cells such as macrophages and dendritic cells, are pattern recognition
receptors that mediate the innate immune response against various molecules [130]. TLR-
2 and TLR-4 recognize various microbial antigens, while TLR-9 recognizes microbial DNA
[131]. Activation of these TLRs leads to induction of TF expression. Inflammation also
induces the production of microvesicles, cell membrane-derived vesicles of 0.05-1 um
diameter shed from many types of cells [132]. Microvesicles may contain TF and other
receptors facilitating coagulation and inflammation. In the next subsections,
immunothrombosis in HIV-1 and SARS-CoV-2 infections, and in traumatic brain injury (TBI)

are discussed in more detail.

1.3.2.1 Immunothrombosis in HIV-1 infection

Human Immunodeficiency Virus (HIV)-1 infection is caused by the HIV-1 virus, which is an
enveloped retrovirus of the genus Lentivirus classified as a reverse transcribing virus
[133]. The other subtype of HIV virus, HIV-2, has lower infectivity and virulence and is
largely confined to West Africa. HIV-1 infects CD4* cells: CXCR4* T cells or CCR5*
macrophages and dendritic cells, and is transmitted by contact with certain bodily fluids
[133]. The HIV-1 virion contains two copies of single-stranded, positive-sense RNA
genome, which may be reverse transcribed into double-stranded DNA and integrated into
the host genome during infection [133]. Once integrated, the provirus can become latent

for years while avoiding immune detection. HIV-1 infection typically begins with an acute
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viremia with flu-like illness following inoculation of the virus, which gradually subsides
after ~14 days as the infection becomes latent [134]. To date, there is no cure for HIV-1
and the chronic infection is controlled with lifelong medication, although there have been
several reports of an apparent cure using stem cell transplant strategies involving CCR5

receptor deletion [135].

Since the beginning of its epidemic, HIV-1 infection has caused over 35 million deaths
worldwide and there are currently 38 million people living with HIV-1 (PLWH) [136].
However, with the advent of the antiretroviral therapy (ART), which cannot cure but can
slow down or prevent the progression to acquired immunodeficiency syndrome (AIDS),
HIV-1 infection is now a manageable chronic disease with its patients having near normal
life expectancy [137]. In this aging patient population, the causes of death have shifted
from AIDS-related complications to comorbidities, including cardiovascular disease and
cancer [138]. PLWH have a 5-16-fold and 2-8-fold increased risk for venous and arterial
thrombosis, respectively, with 0.19%-7.63% yearly venous thromboembolism frequency
(compared to ~0.1% in the general population), and this risk does not subside even with
long-term ART treatment, suggesting that it is not solely related to viral load [139, 140].
The cause of the thrombophilia has been proposed to be multifactorial; where chronic
immune activation, the presence of opportunistic infections, traditional cardiovascular
risk factors, and side effects of lifelong medication might all contribute [141]. Increased
plasma thrombin generation is a strong predictor of mortality in this population [142],

and yet, the exact mechanisms leading to thrombosis are unclear.
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HIV infection is associated with various hematological changes: decrease of plasma PC (0-
14% in study populations) and PS (27-76%), as well as increases of plasma and cell surface
TF, VWF, soluble P-selectin, tPA, PAI-1, and even NETs have all been reported [141, 143].
While antiretroviral therapy has been very effective at achieving clinical viral clearance
and preserving CD4+ T cell counts, even long-term ART treatment does not always
normalize levels of biomarkers associated with inflammation and coagulation in PLWH,

and these individuals remain at greater risk for both venous and arterial thrombosis [138].

PLWH are treated with a combination of several classes of ART drugs: protease inhibitor
(PI), nucleoside and non-nucleoside reverse transcriptase inhibitors (NRTI and NNRTI),
integrase inhibitor and entry inhibitor. Certain drugs belonging to protease inhibitor (PI)
and nucleoside reverse transcriptase inhibitor (NRTI) classes have been shown to exert
procoagulant properties in patients [144, 145]. Many of the protease inhibitors are known
to induce dyslipidemia and are associated with an increased risk of myocardial infarction
[140]. Moreover, even as protease inhibitors inhibit viral aspartyl proteases, it has been
suggested that they might cross react with coagulation factor serine proteases and impact
their activity. The drug Abacavir, which is an NRTI, is also associated with increased
cardiovascular disease risk with compelling evidence for its vascular inflammatory effects
[146]. As a purine analog, the drug is thought to interfere with purine signaling pathways
leading to EC dysfunction and increased platelet activation [146]. For most of the other
drugs, however, it is unclear whether they contribute to thrombosis, nor the mechanisms

that may be involved.
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Acquired PS deficiency is the most consistently observed coagulation abnormality in
PLWH with prevalence up to 74% in study populations and ~12% of these PLWH
developing venous thrombosis [147-150]. PS deficiency in HIV infection is found in almost
all subjects who develop venous thrombosis and correlates with disease progression. In
section (1.3.3.1), we further review acquired PS deficiency in HIV-1 infection. Increased
expression of procoagulant TF on circulating monocytes has also been described in PLWH
[151]. In infection or inflammation, monocytes may express TF after stimulation by
inflammatory cytokines, which may lead to intravascular coagulation and thrombosis
[151]. Monocytes also release TF-bearing microvesicles into plasma, which may impact
coagulation measurements ex vivo [152]. Similarly, EC activation might also occur and
contribute to intravascular coagulation and the release of TF-bearing microvesicles. In
chapter 3, we delineate the roles of PS deficiency and plasma TF activity in regulating

thrombin generation in a cohort of PLWH.

1.3.2.2 Immunothrombosis in SARS-CoV-2 infection

Coronavirus Disease 2019 (COVID-19) is the acute respiratory illness caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 is a single-stranded
positive-sense RNA virus of the genus Betacoronavirus, the cause of the current pandemic
which was first identified in Wuhan, China in 2019 [153]. The virus is transmitted by close
contact and via aerosols and respiratory droplets, and infects the respiratory epithelium

by binding to angiotensin-converting enzyme 2 (ACE2) receptor [154].

Almost immediately at the beginning of the pandemic, COVID-19 patients were reported

to have a markedly increased risk of thrombotic complications associated with poor
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prognosis [155, 156], with many different proposed mechanisms. COVID-19 patients have
a higher frequency and severity of thrombosis compared to other common respiratory
viral infections. Systematic review and meta-analyses reported an incidence of 17-28%
for venous thromboembolism (VTE), 7-12.1% for deep vein thrombosis (DVT), and 7.8-
19% for pulmonary embolism (PE) among hospitalized patients, and the incidence of VTE
was as high as 32-33% when assessed based on ultrasound screening [157-159]. COVID-
19 thrombosis manifests as micro- and macrothrombosis and occurs in multiple organs,

including lungs, heart, and the brain.

The pathogenesis of COVID-19 thrombosis seems to involve vascular endothelial cell
dysfunction, hyper-inflammatory immune response, and hypercoagulability [160].
COVID-19 is associated with elevated plasma concentrations of D-dimer, C-reactive
protein, soluble P-selectin, fibrinogen, and an increase in TF expression by activated
monocytes, NETs from neutrophils, and complement activation within the lung [161].
Neutrophils of COVID-19 patients showed high TF expression and released NETs carrying
active TF, which can be blocked in vitro by thrombin or NETosis inhibition or C5aR1
blockade [162]. Increased platelet activation and aggregation is also seen, often
accompanied by elevated levels of soluble platelet activation markers, such as platelet
factor 4, and increased platelet-leukocyte aggregation [163]. As SARS-CoV-2 binds to
ACE2 on lung epithelium, local ACE2 deficiency might occur, resulting in decreased kinin
degradation by ACE2 and increased kinin activity and vascular permeability [164].
Vascular inflammation and increased endothelial activation result in elevation of VWF,

soluble E-selectin, TM and EPCR [165-167]. Shedding of TM and EPCR may induce
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impairment of APC generation and impaired PAR1 and PAR3 anti-inflammatory signaling

by APC/EPCR [165, 166].

Approximately 20-30% of COVID-19 survivors develop long COVID or Post-Acute Sequelae
of COVID-19 (PASC), in which symptoms including fatigue, shortness of breath, “brain
fog,” chest pain, persistent loss of smell or taste, and various other persist or arise months
after the acute infection [168]. Viral persistence, autoimmunity, and persistent
inflammation have been proposed as overlapping mechanisms that contribute to the

pathogenesis of PASC [169], and coagulation activation may play a role [314].

Dysregulation of PS in COVID-19 is reviewed in more detail in section (1.3.3.2). In chapter
4, we evaluate thromboinflammatory markers and coagulation parameters in a cohort of

COVID-19 patients and identify a cause of free PS deficiency.

1.3.2.3 Immunothrombosis in traumatic brain injury

Traumatic brain injury (TBI) is caused by a blunt or penetrating head injury which disrupts
the normal function of the brain [170]. It is classified as mild, moderate, or severe based
on the post-resuscitation Glasgow Coma Scale (GCS) assessment, the duration of post-
traumatic amnesia, and the duration of loss of consciousness [170]. In the USA, ~80% of
TBI incidences are mild, with moderate and severe TBI each estimated to account for
~10%. TBI is a leading cause of death and disability around the world with 100-600 per
100,000 yearly incidence and the case fatality rate reaching ~21% [171]. About 90% of
patients who die from TBI, do so within 48 hours of injury due to the primary injury, while

the mortality and morbidity for survivors are mainly due to secondary brain injury
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pathologies [171]. Therefore, the prevention and management of secondary brain injury

are significant areas of research receiving a lot of attention [172].

TBI leads to a myriad of secondary pathology propagated by the initial injury. Early blood-
brain barrier (BBB) disruption initiates mechanisms of thromboinflammation and
coagulopathy by releasing brain-derived molecules into the systemic circulation [173,
174]. As tissue injury and shock provoke endothelial, immune system, platelet, and
coagulation activation, TBIl-induced coagulopathy often manifests as disseminated
intravascular coagulation, producing systemic blood clots that can cause secondary
ischemic events after TBI [175]. In the early hours post TBI, hypocoagulability typically
occurs, resulting in bleeding, whereas later timepoints are characterized by a
hypercoagulable and hyperfibrinolytic state associated with VTE, delayed intracranial
hemorrhage, and multiple organ failure [176]. TBl-induced coagulopathy is common in
penetrating head injuries [177] and has also been reported following blunt head trauma
[178]. Studies found a 3-4-fold increased risk of DVT in TBI patients independent of
anticoagulant therapy [179]. The presence of coagulopathy following TBI is strongly
associated with poor prognosis [180]. In chapter 5, we compare the thrombotic potential
of plasma microvesicle-associated TF, which is released into the systemic circulation, in

mouse models of mild and severe TBI at early and late timepoints post-TBI.

1.3.3 Acquired PS deficiency secondary to inflammation
Acquired PS deficiency is more common than hereditary deficiency and is associated with
conditions such as pregnancy, nephrotic syndrome, liver disease, disseminated

intravascular coagulation, certain autoimmune diseases, multiple myeloma, the use of
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oral contraceptives, chemotherapy, or vitamin K-antagonists, and certain viral infections
[37, 85]. Autoantibodies against PS can be found in antiphospholipid syndrome [148, 181]
and are common findings in systemic lupus erythematosus, in which PS deficiency is
associated with a hyperinflammatory response [182, 183]. Acquired PS deficiency is a
relatively common complication of infection with HIV-1 [141, 184-186], varicella [187],
dengue [188], and SARS-CoV-2 [189, 190], all of which are associated with an increased
risk of thrombosis. PS deficiency with autoantibodies against PS and severe thrombosis is
occasionally observed following varicella infection in children [187], while dengue
infection is associated with PC and PS deficiency of unclear mechanism, and
thrombocytopenia and bleeding are the hallmarks of dengue hemorrhagic fever [188].
Here, we will review acquired PS deficiency in HIV-1 and SARS-CoV-2 infections in more

detail.

1.3.3.1 Acquired PS deficiency in HIV-1 infection

Acquired PS deficiency is the most common coagulation abnormality in PLWH, with
frequency as high as ~76% [141]. It correlates with decreased T-cell count and progression
to acquired immunodeficiency syndrome [185]. As Brummel-Ziedins et al. showed that
increased thrombin generation correlates with all-cause mortality in PLWH [142], this
suggests that PS deficiency is a contributing risk factor [141, 150]. The cause of the
acquired PS deficiency is unknown, but may involve decreased synthesis by ECs,
hepatocytes, and megakaryocytes which could be affected in HIV infection, increased

coagulation consumption, production of inhibitory PS autoantibodies, increased C4BP,
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efferocytosis, loss due to nephropathy, or a combination of these mechanisms [118, 148,

150, 191].

1.3.3.2 Acquired PS deficiency in SARS-CoV-2 infection

Soon after the identification of thrombotic risk in COVID-19 patients, acquired PS
deficiency was hypothesized to be a contributing factor. Since then, multiple studies have
described PS deficiency in this population, lending credence to this hypothesis. In chapter
4 of this dissertation, we propose a novel mechanism of acquired PS deficiency, as we
investigated the cause of specific free PS deficiency in a cohort of COVID-19 patients.
Here, we review the existing literature in greater detail for the evidence of PS deficiency
in COVID-19 and discuss the mechanisms that have been proposed for this dysregulation.
Stoichitoiu et al. reported a decrease in PS activity in 65% of a 91-inpatient cohort at
admission [189], which was confirmed to be secondary due to COVID-19 by a follow up
measurement at ~2.5 months post infection [190]. This deficiency correlated with the
extent of pulmonary damage, disease severity and mortality. Ferrari et al. found a 20%
prevalence of PS deficiency in a cohort of 89 hospitalized COVID-19 patients [192]. A case
report by Ali et al. discussed a patient with PS deficiency and COVID-19 infection
presenting with a recurrent stroke [193]. Lemke et al. suggested that procoagulant
activity and immune hyper-reaction in COVID-19 might be exacerbated by PS deficiency
[194].

Martin-Rojas et al. [195] reported a free PS reduction (median 56.6%) in 206 hospitalized
COVID-19 patients, with 33% of patients showing levels below 50%. The lowest levels of

free PS were observed in patients receiving low-flow oxygen therapy (p<0.001) [195].
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Panigada et al. measured free PS antigen in eleven ICU patients with mechanical
ventilation and saw a marginal decrease (69 IU/dL; reference range 60-140) as well. On
the other hand, Voicu et al. [196] measured PS activity and free PS antigen concentrations
in their cohort of 82 mechanically ventilated COVID-19 patients and found a slightly
reduced activity (58 IU/dL; reference range 50-130) with preserved antigen level (79
IU/dL; reference range 50-130). Here, they compared the PS activity or antigen level to
the absence or presence of venous thromboembolic event and found no statistical
difference [196].

In a cohort of thirty ICU patients, Corréa et al. [197] reported low free PS at baseline that
occurred to a similar extent in patients with SOFA (Sequential Organ Failure Assessment)
scores <10 or > 10. The low free PS was observed to recover over time up to 14 days post-
ICU admission [197]. Sehgal et al. [198] showed that free PS is reduced in a cohort of
eighty hospitalized patients, but is not different between the non-survivors and survivors,
between those with SOFA scores of 0 or 21, or between those with or without Acute
Respiratory Distress Syndrome. Free PS concentration was in the 60-70% range (reference
range 60-140%) and remained so through day 7 and at discharge [198]. Hardy et al. [199],
on the other hand, followed ICU stay of 21 severe patients and observed that free PS
antigen levels were still within normal range, albeit lower at day 1-10 (median 80%),
compared to either day 11-20 (median 114%) or day 21-30 (median 110%) of care [199].
White et al. [200] also looked at free PS antigen and compared it between 34 noncritical
and 75 critical COVID-19 patients and observed similar extents of reduction (mean 52.1

vs 54.5 |U/dL; reference range 65-135). Fan et al. [201] also looked at PS activity between
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10 mild and 10 severe patients and found mild reduction, but no difference between mild
and severe patients (median 74% vs 71%; reference range 55-130%). Bauer et al. [202]
analysed 58 hospitalized adult patients with clinically suspected COVID-19 and reported
no statistical difference in PS activity in 41 non-COVID-19 (mean 93%) and 17 COVID-19
(mean 74%) patients (p = 0.06), with 22% of non-COVID-19 and 35% of COVID-19 patients
being below reference range [202].

Overall, these studies demonstrate a mild to moderate decrease in either free PS antigen
or PS activity in COVID-19 patients. This decrease is dependent on infection, but appears
in many studies to be independent of disease severity. This suggests that, while PS
deficiency may make a patient more susceptible to thrombosis, a second procoagulant
hit is required for a thrombotic event to occur.

Possible mechanisms of acquired PS deficiency

There are many potential causes of acquired PS deficiency, which vary depending on
whether Total PS or only free PS is reduced. Total PS deficiency (Figure 1.6) may result
from increased consumption, clearance, or degradation, or from decreased synthesis. By
contrast, free PS deficiency is caused by binding of PS to another protein, generally

presumed to be C4BP.
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Figure 1.6. Possible mechanisms of acquired PS deficiency in COVID-19

Plasma PS can be dysregulated through coagulation consumption, decreased liver
synthesis or Gla activation, sequestration by the TAM (Tyro3, Axl, Mer) receptors or by
complement component 4b-binding protein (C4BP), inactivation by autoantibody or by
viral papain-like protease (PLpro), or by increased association with other plasma

protein(s). Image created with BioRender.com.

43



1. Loss due to consumption

PS may be consumed through any of its described functions, all of which are relevant to
COVID-19 pathology. COVID-19 has been associated with macro- and microthrombosis,
along with disseminated intravascular coagulation-like pathophysiology [203, 204].
Dysregulation of coagulation factors has been widely reported, as well as consumption of
fibrinogen in severely ill patients [205], indicating that PS may be consumed through its
actions as an anticoagulant.

COVID-19 s also associated with a local and systemic hyperinflammatory response, which
includes dysregulation of the PS/Gas6-TAM receptor tyrosine kinase axis and activation
of the complement system. Morales et al. found that higher plasma Gas6 and Axl were
predictive of COVID-19 severity and mortality [206]. In a more recent study, Tonello et al.
showed that baseline plasma Gas6 concentration was higher in patients with adverse
outcomes while soluble Mer was lower in patients who had quicker resolution of the
disease [207]. While both studies did not look at PS, the contribution of PS as a ligand for
TAM receptors in COVID-19 has been acknowledged [194, 208]. In COVID-19,
hyperactivation of the complement system is also evident [209, 210]. Patients with severe
COVID-19 have high circulating levels of complement activation markers C5a and C5b-9,
which correlate with disease severity [211, 212]. Complement component C5 and C5a
receptor activation on ECs, neutrophils, monocytes and macrophages and the resulting
release of TF on neutrophil extracellular traps are recognized to be important drivers of
COVID-19 thromboinflammation [162, 213]. Data from the University of Kentucky

Biobank indicate single-nucleotide variants in the gene encoding the C4BP a chain as risk
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factors for morbidity and death from SARS-CoV-2 infection [214]. More studies are
needed to understand the extent of PS depletion that might result from activation of TAM

receptors and the efferocytic process, along with complement dysregulation.

2. Loss due to degradation by viral protease

Studies have also suggested that PS may be degraded directly by a SARS-CoV-2 protease.
Group IV and VI viral cysteine proteases specifically recognize conserved cleavage site
sequences of ~6-8 amino acids and have been shown to target approximately 40 host
proteins [215]. SARS coronaviruses, including CoV-2, encode two cysteine proteases: 3C-
like protease and papain-like protease [216]. The papain-like protease of SARS-CoV-2 has
been shown to target PS in vitro. Ruzicka et al. identified a prospective cleavage site in
the first laminin G domain, which would result in removal of ~80% of the SHBG domain
from PS, likely eliminating most of its function [217]. Reynolds et al. showed cleavage of
PS following prolonged treatment with the papain-like protease (65-72 h at room
temperature) [215]. By contrast, treatment of pooled human serum with the protease did
not result in readily detected cleavage products [215]. Thus, it is not clear whether PS may

be proteolytically degraded by the papain-like protease in vivo.

3. Loss through antibody-mediated clearance

Acquired PS deficiency with autoantibodies against PS has been observed in varicella
infection [187], and has been suggested to contribute to PS deficiency in HIV-1 patients

[148]. While autoantibodies against PS have not been demonstrated with COVID-19,
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there is evidence of other autoantibody formation. The persistent presence of lupus
anticoagulant, anti-cardiolipin or P2-glycoprotein antibodies are risk factors for
thrombosis in patients with antiphospholipid syndrome and have been associated with
coagulation abnormalities and hyperinflammation in COVID-19 [218]. Antiphospholipid
antibodies (aPL) target phospholipids and phospholipid-binding proteins, including
proteins involved in coagulation, such as prothrombin, thrombomodulin, antithrombin lll,
protein C, and PS [218, 219]. Oosting et al. investigated IgG fractions from patients with
aPL who suffered thrombotic complications, and found subpopulations of IgG directed to
prothrombin, APC, and PS, and confirmed the inhibitory effects of these antibodies [181].
Ferrari et al. found a 20% prevalence of PS deficiency and 72% prevalence of
antiphospholipid antibodies, mainly lupus anticoagulant, in a cohort of 89 hospitalized
COVID-19 patients. However, these findings did not correlate with abnormal coagulation

activation markers [192].

4. Loss due to decreased synthesis

Apart from increased consumption or clearance, decreased total PS could be caused by
reduced synthesis, resulting from the inflammatory and respiratory nature of COVID-19.
Chatterjee et al. showed that hypoxia and interleukin-6 downregulate PS hepatic
expression via stabilization of transcription factor hypoxia inducible factor 1 [60, 220].
Mast, et al. [221] showed evidence of downregulation of PS gene expression (~54-fold
transcript reduction) in broncho alveolar lavage fluid samples of COVID-19 patients.

Dofferhoff et al. found evidence of extrahepatic vitamin K insufficiency in a cohort of
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hospitalized COVID-19 patients, which was related to poor outcome [222]. Vitamin K is
necessary for synthesis of PS. As vitamin K is preferentially transported to the liver for the
activation of vitamin K-dependent procoagulant factors, including PS, this mechanism
might result in a loss of PS activity [223, 224]. Finally, it is possible that PS is co-
translationally processed by the papain-like protease, resulting in either intracellular
degradation or secretion of an inactive protein [215].

Specific free PS deficiency (Figure 1.7)

The majority of studies that have reported PS deficiency in COVID-19 patients have either
reported free PS or PS activity, a measure of the APC cofactor activity of free PS [189, 190,
192-202]. It is possible for total PS antigen to remain normal but free PS, and PS
anticoagulant activity, to decrease. Indeed, we recently reported specific free PS
deficiency in a cohort of 82 COVID-19 patients, including mild and severe patients [225].

Due to its diverse functions, PS interacts with many proteins discussed above, including
C4BP, APC, TFPla, FIX, Tyro3, and Mer. C4BP is known to block PS anticoagulant activity
and is commonly increased during infection. This increase can lead to a shift between the
free and bound PS pools and result in reduced PS anticoagulant function, as was shown
in an HIV-1-infected patient cohort [191]. In that study, Bello et al. showed that free PS
deficiency correlated with elevated C4BP. The patients also showed evidence of
thrombophilia, as indicated by a prolonged euglobulin clot lysis time compared to
controls [191]. Conversely, CABP deficiency can result in increased PS activity, as reported
by Mulder et al., in a patient with ischemic retinopathy, who had increased free PS and

decreased C4BP and PS-C4BP complex [226].
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Figure 1.7. Possible causes of specific free Protein S deficiency in COVID-19

Free PS deficiency can occur through increased sequestration of plasma PS by either
complement component 4b-binding protein (C4BP), TAM (Tyro3, Axl, Mer) receptors, or
by increased association with other plasma protein(s). Image created with

BioRender.com.
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C4BP is well-described to decrease free PS and block anticoagulant activity, but other as-
yet-unidentified proteins could have similar effects. In chapter 4, we identified VWF as a

PS binding protein and showed how it contributes to a specific free PS deficiency.

1.3.4 TF biology

Tissue Factor (TF, also coagulation factor Ill, CD142, or thromboplastin) is a member of
the originally hypothesized 4-factor coagulation system, which exists in primitive species,
with four components consisting of fibrinogen (Fl), prothrombin (Fll), thromboplastin
(FIN), and calcium ion (FIV) [227]. Indeed in 1904, placental tissue-derived reagents,
termed thromboplastin, were shown to induce the conversion of plasma prothrombin to
thrombin and were used to measure prothrombin time [228]. Studies in the 1960s
determined that the protein component of thromboplastin requires phospholipid for its
activity [229, 230], and in 1970, TF was purified [231, 232]. TF is a transmembrane protein
that serves as a receptor for coagulation factor Vlla (FVIla), forming the TF/FVIla complex,
which is the primary initiator of the coagulation cascade [233]. Here, details regarding TF

structural and functional features, as well as its synthesis and regulation, are discussed.

1.3.4.1 TF structure and function

TF is a type | integral membrane protein, consisting of a single polypeptide chain of 263
amino acids [234-236]. It is a member of the class 2 cytokine receptor superfamily. TF
structural analysis shows homology in sequence and topology with characteristic
antiparallel beta-sandwich fold with a Greek key, a motif found in the extracellular

domains of receptor family proteins such as interferon-a/B and the immunoglobulin
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superfamily [234-236]. The first 219 residues of the N-terminal part represent the
extracellular domain which contains two fibronectin type Il modules critical for its
membrane and ligand binding function (with FVIla and FX) [236]. Each module spans
approximately 100 amino acid residues [235]. They also contain two disulfide bridges at
position Cys*-Cys®’ and Cys'®-Cys?%, the latter of which is a characteristic allosteric
disulfide bond critical in the encryption and decryption of TF [237], which is discussed

further in the next section (1.3.4.2).

TF is a transmembrane glycoprotein cofactor that serves as a high affinity receptor and
promotes the catalytic activity of FVlla [238]. Upon vascular injury, TF becomes exposed
to blood and binds circulating FVlla to initiate coagulation by activating both FX and FIX
[239]. TF also binds to FVII; which triggers its activation to FVlla by various coagulation
proteases, mainly via autoactivation by trace amounts of FVlla. The TF/FVIla complex also
has signaling activity via PAR2, a member of the G protein-coupled receptor family [240].
TF/Vlla signaling activity is mainly studied in cancer, where PAR2 activation by TF/FVlla
has been shown to induce proangiogenic and immune modulating cytokine expression

[241].

TF is essential for survival, as deletion of TF in mice leads to universal embryonic lethality.
For a while, TF was the only coagulation factor for which a human genetic defect had
never been described, until Schulman et al. [242] described a heterozygous frameshift
variant with an abnormal bleeding haploinsufficiency phenotype. They estimate that

heterozygous TF deficiency is present in at least 1 in 25,000 individuals [242].
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1.3.4.2 TF synthesis and regulation

TF is encoded by the F3 gene consisting of six exons, of which exons 2 to 5 translate for
the extracellular domain and exon 6 translates for the transmembrane and cytoplasmic
domains [243]. An alternatively spliced TF, in which exon 5 is skipped, lacks the
transmembrane domain and was shown to be secreted and functional [243]. However,
more recent studies have contradicted that report and concluded that this soluble TF is
not normally secreted and is coagulant inactive [244], although it may have a role in tumor

cell angiogenesis [245].

TF is constitutively expressed by many types of cells surrounding the blood vessels, such
as pericytes, smooth muscle cells, stromal cell, fibroblasts, and keratinocytes of the skin.
However, many types of cells such as monocytes, neutrophils, ECs - either healthy or
inflammatory - and tumor cells, can be stimulated by various agents - such as LPS, certain
cytokines, and oxygen free radicals - to express detectable levels of TF [246-250]. These
cells might also release TF into the circulation, either as the soluble extracellular form or
as full-length protein incorporated into microvesicles [247, 250]. Mouse and human
studies show that circulating TF is important for thrombosis and fibrin formation, and its
activation is implicated in microvascular and large artery as well as venous thrombosis

[251-255].

To date, there are numerous inconsistencies regarding the synthesis and expression of TF
on blood cells and within the plasma as a soluble protein or on circulating microparticles.
In part, this is due to the low physiological concentration of TF in tissues where sub-

picomolar concentrations of TF can lead to efficient clotting within minutes, and is
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possibly further complicated by sample collection artifacts and the sensitivity of assays
used to measure it. It is commonly accepted that the concentration of active TF in healthy
human plasma is very low and does not exceed 20 fM [256, 257]. As there is a discrepancy
between antigen expression and procoagulant activity of cell surface TF, it has been
proposed that circulating TF and most of cell surface TF is encrypted or coagulation
inactive [258]. Activation of TF from the encrypted to the de-encrypted form is thought
to involve a conformational change induced by rearrangement of an allosteric disulfide
bond and the mechanism remains controversial [259]. An allosteric bond controls protein
function by triggering conformational changes depending on its reduction or oxidation
state. Cys'® and Cys?®° have been observed in several redox states on the cell surface: as
free thiols, disulfide bonded, S-nitrosylated, or in mixed disulfide bond with glutathione
or with protein disulfide isomerase (PDI) [259, 260]. Formation of this disulfide bond was
shown to correspond with the active conformation of TF, whereas free thiol or thiol-
modified forms correspond with encryption [259]. Exact mechanisms of the encryption
process are unclear. In vitro, encryption may involve reduction and maintenance of the
reduced free-thiol form by thioredoxin or the thioredoxin reductase (TR)/NADPH system
and the natural asymmetrical phospholipid environment, as well as cell surface level
control by active dynamin-mediated TF internalization [261, 262]. On the other hand, the
chaperoning and redox activity of extracellular PDI and procoagulant PtdSer exposure are

also implicated in the de-encryption process [263].

Different pathways leading to de-encryption have been described. Stimulation of

purinergic receptor 7 (P2X7) stimulation by ATP de-encrypts cell surface TF on human
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monocytes stimulated by LPS and increases the release of TF-bearing microparticles
[264]. The de-encryption can be inhibited by thiol blocker 5,5'-dithiobis-(2-nitrobenzoic)
acid (DNTB) and nitric oxide. The microparticle release can be inhibited by anti-PDI
antibody and the procoagulant potential of the microparticles is attenuated by DNTB
[264]. Another reported mechanism involves anti-thymocyte globulin potently de-
encrypting TF on monocytic cells, which depends on lipid raft integrity and complement
C5 activation resulting in cell-surface PDI oxidation [265]. The de-encryption by anti-
thymocyte globulin is inhibited by thiol alkylators, anti-PDI antibody and PDI inhibitor, and
does not require maximal PtdSer membrane exposure [265]. It is generally accepted that
exposure of phosphatidylserine (PtdSer) is required for maximal TF activity. However,
PtdSer exposure by itself is insufficient and the details of a PtdSer-independent
mechanism in de-encryption are still unclear, but are shown to involve thiol-disulfide
exchange and protein disulfide isomerase (PDI) action on specific cysteine residues in the
membrane proximal of the extracellular domain [266]. Furthermore, in some cell types,
TF associates with caveolae, or areas of the cell surface with altered lipid composition,

and forms dimers or oligomers which are proposed to reduce its activity [267, 268].

In pancreatic cancer, which is considered to be the most prothrombotic cancer type, there
is a clear correlation between TF activity of cancer-derived microvesicles with the risk of
DVT, and tumor microvesicles can induce thrombosis in animal models [269]. However, it
was shown that TF on microvesicles is not sufficient by itself to cause DVT and synergistic

EC-expressed TF is required. Furthermore, the procoagulant properties of the pancreatic
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cancer-derived microvesicles surprisingly depend on surface exposure of the

phospholipid phosphatidylethanolamine (PEth) and not PtdSer [269].

Other traditional stimuli that lead to TF de-encryption include cell disruption, TFPI
inhibition, and calcium ionophore and oxidizing agent (for example HgCl,) treatment. TF
procoagulant activation can also be triggered by numerous signals in the disease process.
Degradation of TFPI by neutrophil proteases, activation of complement factors,
extracellular PDI released by injured cells, and NETs can trigger TF activation [270, 271].
Neutrophils release NETs which consist of DNA, histones, and granular enzymes through
a programmed cell death pathway, and this may serve as a solid-state reactor by
sequestering circulating platelets and coagulation factors, including TF, from the
circulation. NET-associated effectors also induce EC expression of TF through interleukin

1a and cathepsin G-dependent pathway [272].

TF procoagulant activity is also regulated by other factors. Krippel-like factor-11, a
transcription factor known as maturity-onset diabetes mellitus of the young type 7, with
mutations implicated in early-onset type 2 diabetes mellitus, has anti-inflammatory
effects in ECs [273]. KLF11 binds to the F3 promoter to inhibit its transcription. In basal
conditions, endogenous KLF11 is abundant enough to maintain low levels of TF in vascular
smooth muscle cells and ECs. Vascular smooth muscle-specific TF knockout inhibited
thrombus formation in the ferric chloride model, while smooth muscle-specific KIf11 KO
mice have increased TF and a prothrombotic phenotype. Overexpression of KIf11 potently
inhibited TNF-a induced TF expression in human umbilical vein ECs at both the mRNA and

protein levels [273].
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TF binding affinity to FVlla is greatly increased upon de-encryption (Ko < 1nM), whereas
the TF/FVIla complex binding and cleavage of its substrate factor X (FX) only meaningfully
occurs after de-encryption [270, 271]. In the liver hepatocytes, which are the primary site
of synthesis of several coagulation factors including FVII(a), have direct exposure to the
plasma due to the liver vasculature fenestrated endothelium. Consequently, liver
hepatocytes express TF complexed with FVlla although this complex exists in an
encrypted state. Bile acids stimulate the de-encryption of this TF/FVIla complex in animal
cholestasis model, explaining the hypercoagulability seen in patients with liver diseases

[274].

The endogenous anticoagulant TFPI is the inhibitor of the TF/FVIla complex, with action
dependent on the presence of FXa [9]. TFPI contains binding sites for FVlla and FXa and it
may either initially bind and inhibit FXa followed by TF/FVlla or it preferentially binds to
the TF/FVlla/FXa ternary complex resulting in a fully inhibited complex [9]. TFPI is
produced mainly by ECs and megakaryocytes and is expressed constitutively. Both TF
expression and TFPI inhibitory action are constitutive: TFPI rapidly inhibits low levels of
TF expressed on activated ECs and monocytes preventing uncontrolled intravascular

thrombosis unless a threshold of stimulus is reached [12].

1.3.4.3 TF roles in immunothrombosis

As TF is normally only expressed by perivascular tissues, it is proposed that TF serves as a
hemostatic envelope around blood vessels [275], allowing for rapid activation of
coagulation after injury. Due to its high procoagulant activity in coagulation initiation and

hemostasis, intravascular procoagulant TF is present only at very low levels and is tightly
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regulated or inhibited [246, 256]. Studies have suggested that intravascular TF may
contribute more to thrombosis than hemostasis [251]. TF is involved in both arterial and
venous thrombosis [276]. Monocyte TF contributes to thrombosis in many diseases [151,
249]. Other intravascular TF sources include macrophages in atherosclerotic plaques, TF-
bearing microvesicles which are mostly monocyte/ macrophage-derived, neutrophil
extracellular traps (NETs), activated endothelium, and perivascular cells that are exposed
due to anincrease in vascular permeability during inflammation [124, 152, 162, 252]. C5a
and platelet-derived thrombin induce both neutrophil TF expression and generation of
NETs carrying active TF, in a C5aR1 and PAR1 dependent manner, respectively [162].
Monocyte TF activation can be induced by complement C5 activation, which requires cell
surface PDI oxidation as well as complement C7-dependent PtdSer expression [277].
Antiphospholipid antibodies, implicated in antiphospholipid syndrome which causes
thrombosis, upregulate cell surface TF activation in a complement C3-dependent manner
[278]. Overall, TF expression and activation play a central role in linking coagulation

activation and the inflammatory response.

1.3.5 VWEF biology

Von Willebrand Factor (VWF) is named after Professor Erik Adolf von Willebrand, an
internist who first described an inherited form of bleeding disorder, “a new form of
hemophilia,” which bears his name (von Willebrand Disease, VWD) in 1925 [279]. In 1971,
Zimmerman and collaborators identified a newly discovered protein, VWF, as the cause
of the bleeding diathesis in these patients [280, 281]. VWF is a multimeric glycoprotein

present in plasma, in storage granules of platelets (a-granules) and ECs (Weibel-Palade
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bodies, WPBs), and in the subendothelial matrix [282] (Figure 1.8). It is best known for its
hemostatic role in serving as a bridge linking platelets to exposed subendothelial matrix
components, such as collagen, following vascular injury [283]. Here, more details
regarding VWF structural and functional features, as well as synthesis and regulation of

its activity, are discussed.
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Figure 1.8. Domain organization and multimerization of VWF monomer

Domain organization of von Willebrand Factor (VWF) monomer, with protease cleavage
sites and protein binding sites indicated. VWF monomers dimerize between the cystine
knot (CK) domains and multimerize between the D3 domains by disulfide bonds. Image

created with BioRender.com.
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1.3.5.1 VWF structure and function

The VWF monomer (molecular mass of ~270 kDa) consists of four repeated domains (A,
B, C, and D) present in tandem copies of each and arranged in the following order: D1-
D2-D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-C3-C4-C5-C6-CK [283]. The A domains of VWF
are homologous to segments in complement factor B, complement factor C2, and
cartilage matrix protein, whereas the C domains are homologous to thrombospondin and
all-procollagen type | and Il [284]. The A domains of VWF contain regions which are
sensitive to vascular shear; in particular the A2 domain, which undergoes a proline cis-
trans isomerization and is not protected from unfolding by medium- or long-range
disulfide bonds [285]. Circulating VWF is found as a series of multimers (from low
molecular weight to high molecular weight, or ultra-large) ranging in size from about ~500
to 20,000 kDa (or up to ~100 monomers), with the larger multimers being more
hemostatically active [284]. VWF participates in hemostasis by stabilizing coagulation
factor VIII (FVIII) and by recruiting platelets to the injured vessel wall via GPIb and ayiuB3
binding [283, 284]. VWF protects FVIII from proteolytic clearance, prolonging its half-life

while also localizing it to the site of vascular injury [286].

VWEF-mediated platelet adhesion is dependent on fluid shear stress. In low-shear
conditions and in intact blood vessels, VWF circulates in a globular form; however, in high
shear rates (above 5,000 s!) VWF rapidly unfolds, elongates into a long thread
conformation, and self-associates [287]. At lower shear rates of veins and intact arteries,
platelet adhesion is not stimulated by VWF. At higher shear rates (above 1,000 s

threshold) and upon vascular injury, platelet adhesion is strongly dependent on VWF as
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the VWF-GPIb interaction enables platelet rolling on damaged endothelium to establish
a preliminary adhesive interaction [288]. The slow rolling action allows time for the
activation of aupPs integrin, which in turn binds to VWEF, fibrin(ogen), and various
extracellular matrix proteins resulting in a more stable platelet adhesion and aggregation

[289].

Via binding sites in the A1 and A3 domains, VWF binds to fibrillar collagen types | and lll,
which also facilitate platelet adhesion and aggregation [290, 291]. VWF has been
observed to bind to other ECM components, such as fibronectin, vitronectin, sulfatides,
and heparin, and is predicted to interact with various other plasma proteins, including P-
selectin, prothrombin, and coagulation factor IX [284]. VWF has also been shown to
facilitate leukocyte recruitment, rolling, adhesion, and extravasation on ECs via
interaction with leukocyte B2-integrins [292]. As the shear sensitive-A2 domain is
homologous to complement factor B, unfolded VWF binds to the activated complement

component C3b, which promotes alternative complement pathway activation [293].

1.3.5.2 VWF synthesis and regulation

VWEF is synthesized by ECs and megakaryocytes and is encoded on the short arm of
chromosome 12 (12p13.31) [284]. The VWF gene, 180 kb in length, contains 52 exons
which code for a 2,813-residue precursor referred to as pre-pro-VWF [283]. Among these
residues, 234 (8.3%) are cysteines, which are conserved in mammals and abundant in all
domains except in the A domains, which altogether contain only six cysteine residues
[294]. The monomers dimerize in a tail-to-tail fashion between the cystine knot (CK)

domains in the endoplasmic reticulum and multimerize in the Golgi and post-Golgi
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compartments by disulfide bonds between the D3 domains [284]. This precursor can then
be cleaved into mature VWF and the pro-polypeptide (~97 kDa). The pro-polypeptide,
termed VWF antigen I, is secreted into plasma with unknown function, and has been
shown to assist in multimer assembly of mature VWF [295]. Mature multimers of VWF
are packaged in helicoidal structures and stored in WPBs in ECs and a-granules in
megakaryocytes and platelets [296]. In ECs, VWF is the main cargo and is secreted from
WPBs in both a constitutive and regulated (i.e. via endothelial activation) manner. VWF
secretion by ECs can be stimulated by a variety of agents, such as histamine, thrombin,
fibrin, certain cytokines, and calcium ionophores [292]. In platelets, platelet activation is
necessary for VWF secretion from a-granules and no observed constitutive release occurs
[297]. The multimeric size of VWF, the main determinant of its activity, is regulated by the
plasma metalloprotease, a disintegrin and metalloprotease with thrombospondin type 1
motif, member 13 (ADAMTS13), which cleaves it at a single site (Tyr1605-Met1606) in the

A2 domain [298].

VWD is an autosomally inherited genetic bleeding disorder with abnormal primary
hemostasis and bleeding time prolongation caused by a deficiency of functional VWF
[299]. There are four types of hereditary VWD: type | (reduced VWF antigen, the most
common), type Il (reduced VWF activity), type Il (absence of VWF due to being
homozygous for a defective gene; one per million frequency) [299], and platelet-type
VWD, an autosomal dominant type of pseudo-VWD caused by gain of function platelet

GPIba mutations, which lead to abnormally high GPlba-VWF binding affinity [300].
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1.3.5.3 VWF roles in immunothrombosis

In response to inflammatory stimulus, ECs activate and release the content of the WPBs
via exocytosis [292]. VWF is a positive acute phase reactant and a universal marker for EC
activation in systemic inflammation and metabolic disorders like diabetes and obesity
[301]. On the other hand, ADAMTS13 is a negative acute phase reactant; its activity
declines in systemic inflammation [302]. Inflammatory mediators promote an increase in
VWEF by various mechanisms; IL-8 and TNF stimulate the release of ultra-large VWF by
ECs, while IL-6 inhibits cleavage of the ultra-large multimers by ADAMTS13 [303].
Increased high molecular weight multimers results in higher VWF activity at lower shear
threshold and leads to thrombosis. Increased VWF activity or ADAMTS13 deficiency may

result in microvascular obstruction and thrombotic microangiopathy [304].

The increase in plasma VWF is predominantly EC-dependent, as the contribution of
platelets is limited by the much lower VWF content in platelets and the necessity of
platelet activation for VWF release [292]. Multiple studies have reported correlations of
VWEF total antigen concentration, ratio of VWF antigen to VWF pro-polypeptide, and VWF
activity with clinical severity and mortality in acute systemic inflammatory conditions,
such as sepsis, acute respiratory distress syndrome (ARDS), or systemic inflammatory

response syndrome (SIRS) [292, 305].

In COVID-19, elevated plasma VWF concentration is strongly associated with thrombotic
complications and may be a predictor of disease severity [306]. Systematic review and
meta-analysis showed over 300% higher VWF:Ag (antigen), VWF:Ac (activity), and

VWEF:RCo (ristocetin cofactor activity), and lower ADAMTS13 activity (~“60% of healthy
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controls) in ICU patients [306]. Plasma VWEF is associated with mechanical ventilation
need and is higher in intensive care unit patients [304]. Longitudinal observations found
normalization of plasma VWF in mild patients six months post hospitalization, while
patients with respiratory sequelae still had increased VWF and thrombotic complications

[307].

1.4 The focus of this dissertation

This dissertation focuses on the roles of PS and TF in thrombosis, which occurs secondary
to inflammation. The overarching hypothesis of this dissertation is that PS deficiency,
secondary to viral infections, significantly contributes to thrombotic mechanisms in HIV-
1 and SARS-CoV-2 patients, and that increased plasma TF activity significantly contributes
to thrombosis in TBI. To test this hypothesis, we utilized cohorts of HIV-1 and SARS-CoV-
2 human patients and mouse models of mild and severe TBI. In chapters 3 and 4, we
examine the contributions of PS and TF to thrombin generation potential and thrombotic
risk in HIV-1 and SARS-CoV-2 patients. In chapter 4, we describe a previously unrecognized
role for VWF as a PS-binding protein, and evaluate the contribution of this interaction to
acquired PS deficiency. In chapter 5, we examine the contribution of TF and extracellular
vesicles released post-TBI to thrombin generation potential in mouse models of different

severity of TBI.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

Pooled normal human plasma (control plasma N) and human tissue factor (Dade Innovin)
were from Siemens Healthineers (Erlangen, Germany). Human VWF from Haematologic
Technologies, VT, USA (HCVWF-0191). Human thrombomodulin was from PeproTech (NJ,
USA). Human PS, FVlla and FX were from Enzyme Research Laboratories (IN, USA).
Phosphatidylcholine (PCho), phosphatidylethanolamine (PEth), phosphatidylserine
(PtdSer) were from Avanti Polar Lipids (AL, USA) and were used to prepare
PCho:PEth:PtdSer (40:40:20) vesicles (phospholipids, PL) according to the protocol of
Morrissey [308]. PS-, PC-, and Fibrinogen-depleted plasma were from Affinity Biologicals
(Ontario, Canada). Thrombin calibrator and FluCa substrate for Calibrated Automated
Thrombography (CAT) were from Diagnostica Stago (Asniéres-sur-Seine, France). o-
Phenylenediamine dihydrochloride substrate was from Sigma Aldrich (P-6912;
Darmstadt, Germany), and Spectrozyme FXa and Spectrozyme TH were from BioMedica
Diagnostics (CT, USA). Recombinant mouse tissue factor (mTF) and factor VII (mFVIl), and
bacterial thermolysin were from R&D systems (MN, USA). 1,10-Phenanthroline was from

Sigma Aldrich (Darmstadt, Germany). Brij-35 was from Milipore Sigma (MA, USA).

2.2  Methods
2.2.1 Human subject study approval and blood collection
Human subject studies were approved by the Institutional Review Board of the University

of Kentucky. Written informed consent was received from subjects prior to participation.
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Blood was collected and platelet-poor plasma (PPP) and washed platelets were isolated.
Whole blood was collected into 3.2% buffered sodium citrate from donors by
venipuncture. Blood was diluted with PBS (NaCl 137 mM, KCI 2.7 mM, Na;HPOs 10 mM,
KH2PO4 1.8 mM, pH 7.4), supplemented with 0.2 U/mL apyrase (A6410; Sigma Aldrich, St.
Louis, MO, USA) and 10 ng/mL prostaglandin 12 (18220; Cayman Chemical, Ann Arbor,
Michigan, USA) or prostaglandin E1 (Enzo Life Sciences, Framingdale, New York, USA), and
centrifuged (190 x g, 15 m) to generate platelet-rich plasma (PRP), which was centrifuged
again (700 x g, 15 m) to yield PPP and platelets. PPP was freshly frozen at -80°C. Washed
platelets were counted with a Beckman Coulter Z2 Particle Counter (Beckman Coulter, IN,

USA).

For HIV-1 related projects, blood was collected from consenting healthy control donors
and HIV-1+ patients. The patients were in good general health at the time of blood draw,
and patients with history of cardiovascular disease or cigarette smoking were excluded.
Subjects were grouped into either healthy controls (n = 9), naive (patients on first
diagnosis prior to receiving treatment, n = 17) or ART (patients on antiretroviral
treatment, n = 13). A portion of the whole blood utilized for flow-cytometric
measurement of platelet-leukocyte aggregation (PLA) and washed platelets lysates were
prepared for immunoblotting. The cohort has been partially described in a published

study by Banerjee et al. [309].

For SARS-CoV-2-related projects, blood samples were collected from consenting adults:
SARS-CoV-2 negative controls (n=38, 56% male, age 59.9+14.1 y) and SARS-CoV-2 positive

outpatients (patients with mild or no symptoms, post-quarantine) (n=52, 31% male, age
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48.4+15.5 y) and inpatients (ICU patients) (n=30, 69% male, age 61.5+14.2 y). A portion
of the whole blood was utilized for flow-cytometric measurement of platelet-leukocyte
aggregation (PLA), preparation of platelets lysates for immunoblotting, and peripheral
blood derived mononuclear cells isolation for the flow-cytometric measurement of
monocyte tissue factor expression. Biosafety cabinets were used for manipulation of

potentially infectious samples when aerosol generation was deemed probable.

2.2.2 Plasma tissue factor activity

TF activity was measured using a spectroscopic Factor Xa generation assay, adapted from
the protocol of Hisada and Mackman [310, 311]. For human studies, 50 pL PPP was diluted
with 1 mL HBSA (HEPES-buffered saline supplemented with 0.1% bovine serum albumin/
BSA) and centrifuged (20,000 x g, 45 min, 4°C) to isolate plasma microvesicle-associated
TF. The pellet was washed by centrifugation with HBSA and resuspended in 100 uL HBSA.
FXa activity assay was measured immediately following isolation. 50 pL of each sample
were added into 96-well plate microplate wells. Standards of TF (0-500 fM) were
prepared. 12.5 nM of FVlla and 375 nM of FX in HBSA buffer supplemented with 10 mM
CaCl; were added into every well, with final addition of 0.5 mM chromogenic substrate of
FXa (Spectrozyme FXa). Cleavage of Spectrozyme FXa was monitored at 405 nm for 2 h at
37°C and compared to a TF standard curve to calculate TF activity, using nonlinear

regression (GraphPad Prism v.8.0.2). Results were normalized to plasma total protein.

For mouse experiments, PBS-diluted PPP as described in (2.2.15) was diluted with 1 mL
HBSA, pelleted by centrifugation (20,000 x g, 45 min, 4°C), and washed by

recentrifugation as described with human PPP. Immediately following isolation, samples
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were incubated with mFVlla (12.5 nM) and 0.5 mM Spectrozyme FXa, and reactions
initiated by addition of hFX (375 nM in HBSA with 10 mM CaCly), and FXa activity
monitored at 405 nm for 2 h at 37°C. Results were compared to standards of hTF (0-500
fM) to calculate TF functional concentration. Initial experiments determined that human
FVlla (12.5 nM) does not function with mouse TF, necessitating the need to use mouse
FVlla for subsequent experiments. Standard curves generated using mFVlla (2.5 nM) with
mouse or human TF revealed that the standards were more sensitive and reproducible
using human TF. Thus, experimental data using mouse samples are presented as the

equivalent human TF activity.

2.2.3 Plasma thrombin generation

Thrombin generation was measured in PPP using Calibrated Automated Thrombography
(CAT), as described [13], with modifications. For human studies, 40 pL PPP was incubated
with 10 pL of (a) thrombin calibrator; (b) phospholipid vesicles (4 uM final concentration),
(c) phospholipid vesicles and TF (1 pM), or (d) phospholipid vesicles, TF and
thrombomodulin (20 nM). Samples were incubated for 10 min at 37°C, and thrombin
generation was initiated with the addition of 10 uL of a mixture of calcium and fluorogenic
thrombin substrate. Results were the average of three measurements. Thrombin activity
was measured for up to 2 h using a Fluoroskan Ascent Microplate Reader (Thermo

Scientific) and quantified using Thrombinoscope software (Diagnostica Stago).

For mouse experiments, CAT was performed using PBS-diluted PPP as described in section
(2.2.15). Forty microliters of diluted-PPP were incubated with 10 pL of (a) thrombin

calibrator; (b) phospholipid vesicles (4 uM final concentration), (c) TF (1 pM), or (d)
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phospholipid vesicles and TF, subsequent steps were identical to the protocol with human

samples described here, with thrombin activity measured for up to 1 h.

2.2.4 Enzyme-linked Immunosorbent Assays

Total PS (PS-EIA; Enzyme Research Laboratories), PC (PC-EIA; Enzyme Research
Laboratories), free PS (REAADS monoclonal free protein S kit; Corgenix, CO, USA), C4BP-B
(LS-F22498; Lifespan Biosciences, WA, USA), soluble Mer (Human Mer DuoSet; R&D
Systems, MN, USA), C5a (Human C5a DuoSet; R&D Systems), D-dimer (Asserachrom D-
dimer; Diagnostica Stago, Asniéres-sur-Seine, France), myeloperoxidase (DY3174; R&D
Systems), soluble E-selectin (DY724; R&D Systems), and VWF (DY2764-05 by R&D Systems
and VWF-EIA by Enzyme Research Laboratories) were measured by ELISA, following
manufacturer’s instructions. Plasma IL-6 and TNF-a were measured using Milliplex MAP
Kit (Millipore Sigma). Total PS, PC, and VWF-EIA (Enzyme Research Laboratories matched-
pair antibody set) measurements were compared to standards of control plasma N
(Siemens Healthineer), whereas all the other ELISAs used standards provided with the
kits. Results were normalized to plasma total protein concentration determined by
bicinchoninic assays (BCA; by bioWORLD, Dublin, OH, USA or by Pierce, IL, USA) of each
sample to account for dilution during processing, and further normalized to the average

of controls.

For some experiments, purified VWF was mixed with purified PS, or into control plasma
N, with or without vortex-induced shearing (~2,500 rpm at RT for 30 s). For some
experiments, 5 mM CaCl, was added to plasma samples after 1 mM hirudin (Sigma

Aldrich, St. Louis, MO, USA) and 5 mM GPRP (GenScript Biotech, Piscataway, NJ, USA)

68



peptide addition. For some experiments, 2 mg/mL Ristocetin A sulfate (MP Biomedicals,

Irvine, CA, USA) was mixed with plasma.

2.2.5 Spike protein IgG measurement

Antibodies against SARS-CoV-2 spike protein were measured using an ELISA based on that
of the Krammer group [312, 313]. Briefly, purified spike protein was synthesized by the
University of Kentucky Protein Core Facility utilizing plasmid provided by Florian
Krammer. Nunc-Immulon plates were coated with spike protein (2 pg/mL), washed,
blocked, and heat-inactivated (56°C, 1 h) serum (1:10% to 1:10° dilutions) was added to
wells (2 h, RT). Plates were washed, and HRP-conjugated goat anti-human IgG antibody
was added (1 h, RT). Plates were washed, developed for 10 min using OPD substrate with
acid stop, and read on a SpectraMax (Molecular Devices, San Jose, CA, USA) microplate
reader at 490 nm. Endpoint titer was determined as the last dilution producing a signal

+3SD background.

2.2.6 Flow cytometry

Peripheral blood derived mononuclear cells were freshly isolated from whole blood using
the RosetteSep Human Monocyte Enrichment Cocktail kit (Stemcell Technologies,
Vancouver, Canada) per manufacturer’s protocol. Briefly, 15 mL of Lymphoprep density
gradient medium was prepared in a labeled 50 mL conical for each blood sample. 10 mL
of EasySep Buffer was added to each blood sample with a 25 mL pipet and mixed, and
then gently transferred to the top of the Lymphoprep. The conical was then centrifuged
at 1200 x g for 20 min at 20°C with brake acceleration set at 5/9 and deceleration at 0/9.

The resulting upper plasma layer was then removed to isolate the buffy coat containing
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the cells of interest. The isolated buffy coat was then brought up to 10 mL volume with
EasySep buffer and spun down at 300 x g for 10 min at 20°C with both brake acceleration
and deceleration at 9/9, incubated with 1 mL ACK (ammonium-chloride-potassium) for
1m, washed with 10 mL HBSS (Hanks’ Balanced Salt Solution) with 1200 rpm for 10 min
at 10°C, and further washed with 10 mL PBSA (PBS, 0.5% BSA). The cells were then
counted using trypan blue staining and hemocytometer. Flow cytometry was performed
using the Cytoflex flow cytometer by Beckman Coulter (Brea, CA, USA). Briefly, cells were
incubated with 5 pL primary antibodies for 20 min at 4°C in the dark, washed with 1 mL
PBSA at 1200 rpm for 10 min at 10°C, fixed with formalin for 20 min at RT in the dark,
further washed with 2 min L PBSA at 1200 rpm for 10 min at 10°C, and finally resuspended
in 1 mL HBSS to run on the flow cytometer. Antibodies used were anti-CD11b-PerCP, anti-
CD163-PE-Cy7, anti-CD64-APC, anti-CD206-(MR)-e450, anti-CD14-Sb600, and anti-CD16-
SB780 from Life Technologies (Carlsbad, CA, USA), and anti-TF-PE by Abcam (Cambridge,

UK).

2.2.7 Thioflavin T staining

Thioflavin T fluorescent staining was utilized to measure fibrin amyloid microclots in PPP,
using a protocol adapted from Pretorius, et al [314], and modified to run in a microplate
format. Briefly, fibrinogen-immunodepleted plasma or PPP samples were incubated with
5 uM Thioflavin T for 30 min at RT, protected from light. Five microliters of samples was
then diluted with HBS-PEG (20 mM HEPES, 150 mM NaCl, 0.1% PEG8000, pH 7.4) to 50 pL
and plated onto a 96-well plate. Total fluorescence with excitation at 450 to 488 nm and

emission at 499 to 529 nm was then measured using a BioTek Cytation 5 fluorescence
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plate reader and Gen5 software (Agilent Technologies, Santa Clara, CA, USA). Results
were normalized to the fluorescence value of fibrinogen-immunodepleted plasma as a

negative control and to total protein. All samples were measured in triplicate.

2.2.8 Native PAGE and immunoblotting

Human protein S (HPS; Enzyme Research Laboratories, IN, USA) and plasma in native
sample buffer were subjected to SDS-PAGE on 4-20% Mini-PROTEAN TGX precast protein
gels (BioRad, Laboratories, CA, USA) and transferred to nitrocellulose membrane, using a
Mini-PROTEAN Tetra Cell system (Bio-Rad) per manufacturer recommendations.
Immunoblotting was performed using 2 pg/mL sheep anti-human PS (CL20105A;
Cedarlane Laboratories, Burlington, Canada), sheep anti-human PC (PAHPC-S;
Haematologic Technologies, Essex Junction, VT, USA), mouse anti-human Mer (MAB8911;
R&D Systems, MN, USA), rabbit anti-human-C4BP (Abcepta, San Diego, CA, USA), rabbit
anti-human-TFPI (ProteinTech, Rosemont, IL, USA), mouse-anti-human-FV HC+LC
monoclonal antibodies (Haematologic Technologies, Essex Junction, VT, USA), or 1 ug/mL
sheep anti-human VWF (Abcam, Cambridge, UK) primary antibodies, with 0.5 ug/mL HRP-
conjugated donkey anti-sheep IgG (Jackson ImmunoResearch, West Grove, PA, USA),
horse anti-mouse IgG (Vector Laboratories, Newark, CA, USA), and goat anti-rabbit I1gG

(Vector Laboratories, Newark, CA, USA) secondary antibodies.

2.2.9 SDS PAGE and immunoblotting
Platelet lysate samples were subjected to SDS-PAGE on 4-20% polyacrylamide gel and
transfer to nitrocellulose membranes, using a Mini-PROTEAN Tetra Cell system (Bio-Rad

Laboratories, CA, USA) per recommended protocol. Immunoblotting was performed using
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sheep anti-human PS (CL20105A; Cedarlane Laboratories, Burlington, Canada) and rabbit
anti-human RabGDI [309] primary antibodies, with secondary antibodies donkey anti-
sheep 1gG (Jackson ImmunoResearch, PA, USA) and goat anti-rabbit IgG (Vector
Laboratories, CA, USA), respectively. Computational densitometric analyses were
performed using the Image Lab software (Bio-Rad Laboratories, CA, USA).

2.2.10 VWF multimer analysis

Plasma VWF multimer distribution was assayed by SDS-agarose gel electrophoresis and
immunoblotting, adapted from protocols by Thomazini, et al [315] and Ott, et al [316].
Electrophoresis and membrane transfer were using the Mini-PROTEAN Tetra
electrophoresis system and Mini Trans-Blot electrophoretic transfer cell (Bio-Rad,
Hercules, CA, USA). Briefly, buffers for SDS-agarose gel electrophoresis were prepared for
a 0.8-1.6% (w/v; stacking-resolving) discontinuous gel electrophoresis using Seakem HGT
Agarose (Lonza, Basel, Switzerland). Gel glass cassette and stand, gel comb, and
serological pipet were prewarmed (50°C, 15 m) prior to pouring of the microwave-heated
gel solutions into the gel cassette, then the comb was inserted onto the stacking gel, and
maintained at RT until solidification. Agarose gels were then kept at 4°C for 30 m. Plasma
samples were normalized by the VWF:Ag ELISA results with agarose sample buffer to
reach a final concentration of 1 ug/mL in 10 uL loading per well, whereas purified PS was
25 ng and VWF 10 ng. Shearing of samples was performed by vortexing at ~2,500 rpm for
30 s. Recalcification of plasma entailed the addition of 1 mM hirudin (Sigma Aldrich, St.
Louis, MO, USA), 5 mM GPRP peptide (GenScript, Piscataway, New Jersey, USA), and 5

mM CaCl,. Freshly prepared samples were heated at 56°C for 30 min prior to loading.
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Electrophoresis of the samples was then conducted at 10 mA constant current at 9°C
using precooled electrode buffer until the dye front had migrated to the bottom of the
gels. To increase transfer efficiency of the higher multimers, the gel was incubated in 1
mM B-mercaptoethanol in transfer buffer for 30 m. Transfer to nitrocellulose membrane
was conducted at constant 120 V and 4°C for 1 h. Immunoblotting was performed with
either the LiCor system with IRdye antibodies (LiCor Biosciences, Lincoln, NE, USA) or the
BioRad enhanced chemiluminescence with horse radish peroxidase (HRP)-conjugated
antibodies, as described previously in section (2.2.9). Primary antibodies used were sheep
anti-human PS (Cedarlane Laboratories, Burlington, Canada), mouse anti-human-VWF-A2
(R&D Systems), and rabbit anti-human C4BP-a (LifeSpan Biosciences, Seattle, WA, USA)
IgG at 2 ug/mL. Secondary antibodies used were IRdye 800CW donkey anti-goat, IRdye
680LT donkey anti-mouse, and IRdye 800CW donkey anti-rabbit IgG (LiCor Biosciences,
Lincoln, NE, USA) at 0.1 pg/mL, and HRP-conjugated donkey anti-sheep (Jackson
ImmunoResearch, PA, USA) and horse anti-mouse 1gG (Vector Laboratories, CA, USA) at
0.5 pg/mL. Images were taken using either Image Studio (LiCor Biosciences) or ChemiDoc

MP (BioRad).

2.2.11 Identification of VWF-binding proteins

Recombinant biotinylated VWF, expressed by stably transfected HEK293 cells, was
immobilized onto streptavidin magnetic beads (New England Biolabs) [317]. The VWF-
bound beads were exposed to pooled or single-donor human plasma, under static
conditions and under shear (vortexing at 37°C for 30 min) in the presence of 10 mM EDTA.

The beads were washed five times with PBS then subjected to on-bead trypsin digestion
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and the released peptides were analyzed by nano-liquid chromatography coupled with
tandem mass spectrometry (nano-LC-MS/MS), as described [318]. Proteins were
identified by the presence of at least two tryptic peptides and the average peak area of
the three most abundant unique peptides was used to calculate abundance of the
captured protein, expressed as the shear-to-static ratio. Bead-bound proteins were
electrophoresed on reducing 4-20% SDS-PAGE gels, transferred to nitrocellulose, and

probed with antibodies against PS, C4BP-$3, and C4BP-a.

2.2.12 VWEF cleavage by ADAMTS13

VWEF cleavage by recombinant ADAMTS13 was assayed with constant shearing (~2,500
rpm) at RT for 60 min with a tabletop mixer followed by immunoblotting, following
protocol adapted from Han, et al [319]. Briefly, for each well, one microliter of control
plasma N was diluted to 20 pL and supplemented with 150 nM purified VWF, 5 mM GPRP
peptide, 2 mM AEBSF (Thermo Scientific, Waltham, MA, USA), 5 mM CacCl,, with or
without 20mM EDTA, 50 nM recombinant ADAMTS13 (Novus Biologicals, Centennial, CO,
USA), or 150 nM PS, in 0.2 mL PCR tubes. Samples were then sheared for 60 min using
Retsch MM301 mixer mill (Glen Mills, Clifton, NJ, USA), mixed with agarose sample buffer,
heated at 56°C for 30 min, and SDS-agarose electrophoresis, transfer, and
immunoblotting performed according to the previously described procedure in section

(2.2.9).

2.2.13 VWF/PS complex ELISA
A VWF/PS complex ELISA was developed, using goat anti-human VWF (Enzyme Research

Laboratories) as the capture antibody and HRP-conjugated goat anti-human PS (Enzyme
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Research Laboratories) as the detecting antibody. 96-well microplates were coated
overnight with anti-VWF and blocked for 2 h with 2.5% casein (Sigma Aldrich, St. Louis,
MO, USA). Purified protein samples in HBSA buffer or control plasma N, with or without
shearing (~2,500 rpm for 30 s) or the addition of 1 mM hirudin, 5 mM GPRP peptide, and
5 mM CaCl,, were added to the wells and incubated for the indicated times. After quick
removal of the samples, the wells were washed five times with HBSAT (20 mM HEPES,
150 mM NaCl, 1% BSA, 0.1% Tween20) wash buffer, incubated with anti-PS for 90 min at
RT, further washed five times, and finally mixed with freshly prepared OPD substrate.
Color development was allowed to occur for 5-15 min and stopped with the addition of

50 pL of 2.5 M H,S0..

2.2.14 Microfluidics

Microfluidic experiments were conducted using two systems. First, BioFlux 200 system by
Fluxion Biosciences (Oakland, CA, USA) was utilized to visualize thrombus formation
under flow. A 48-well (0-200 dyne/cm?) bioflux plate was incubated and coated with 40
ug/mL collagen (Chrono-Log Corporation, Havertown, PA, USA) for 1 h at RT, prior to
blocking with PBSA. Freshly drawn whole blood was supplemented with 10 ug/mL Alexa
Fluor 555-conjugated VWF and 200 nM Alexa Fluor 488-conjugated PS, either with or
without prior shearing at ~2,500 rpm for 30 s. Alexa Fluor 555 and 488 were from Thermo
Fisher Scientific (Waltham, MA, USA). Samples were then anticoagulated with 4 U/mL
hirudin (Sigma Aldrich, St. Louis, MO, USA), recalcified with 1 mM CaCl,, and perfused into
the channel at 35 dyn/cm?. After PBSA washing, images were taken with a Nikon Eclipse

Ti2 microscope using the NIS elements software (Nikon, Tokyo, Japan).
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Second, a polydimethylsiloxane (PDMS) microfluidic device was utilized to visualize PS
binding to self-associated VWF. The PDMS microfluidic channel had a width of 60 um and
a 30 x 30 um block in the center of the channel, as to previously described [320]. PDMS
microfluidic channels were fabricated by casting Sylgard 184 (prepared at a 10:1 base to
curing agent ratio by weight, Dow Corning) onto a silicon master structure. Devices were
curedina 110°C oven for 30 mins. Channel inlet and outlets were punched and the device

was sealed onto a plasma-treated coverslip.

VWF was diluted in Tris-buffered saline (TBS, with or without 2 mM CaCl2) to 7.5 pug/mL
and was flowed through the channel at a flow rate of 0.02 mL/min, resulting in VWF self-
associated over the PDMS block. PS (80% unlabeled, 20% labeled with Alexa Fluor-488)
was diluted to 7.5 pg/mL (in TBS with or without 2 mM CaCl2) and flowed into the
channel. VWF self-association was visualized with differential interference contrast (DIC)
microscopy and PS binding was visualized with epifluorescence microscopy. Z-stacks
extending the height of the channel were captured after VWF and PS had been flowed
through the channel; PS binding was quantified by creating a background-subtracted
maximum intensity-projection and summing pixel intensity. Area of VWF self-association

was quantified by manually outlining the DIC image.

2.2.15 Animal study approval and mouse TBI experiments

Animal studies were approved by the University of Kentucky Institutional Animal Care and
Use Committee (IACUC), in compliance with the guidelines of the Association for the
Assessment and Accreditation for Laboratory Animal Care, International and the NIH

Guide for the Care and Use of Laboratory Animals [321].
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All experiments were conducted using male C57BL/6J mice (2-3 months old; Jackson
Laboratories, Bar Harbor, ME). The animals were housed 5 per cage, maintained in a 14h
light/ 10h dark cycle, fed a balanced diet ad libitum. Animals were randomly assigned to
groups and all data analyses were performed blinded to treatment groups. Experimental
groups were euthanized at either 6 or 24 h after TBI or sham injury. For all outcomes,

experiments were conducted with biological replicates of n=5-8/ group.

Controlled Cortical Impact (CCl)

The CCl procedure was performed according to past studies [322, 323]. Briefly,
anesthetized (2.5% isoflurane) mice were fixed with ear bars in a stereotaxic frame. After
scalp incision, a 3 mm craniotomy was performed lateral to midline and mice received a
pneumatic impact (TBI-0310 Impactor, Precision Systems and Instrumentation, Fairfax,
VA, USA: 1.0 mm depth; 3.5 m/sec velocity; 500 msec dwell) directly to brain using a 2
mm impactor tip. Sham animals received a craniotomy but no impact. Following impact,
the craniotomy was covered with absorbable hemostat (Surgicel) and a plastic cap. Mice

recovered on a heating pad until the animals were fully responsive.

Closed Head Injury (CHI)

Mice were subjected to CHI based on previous studies [324, 325]. Briefly, anesthetized
mice (2.5% isoflurane) were fixed in a stereotaxic frame with non-rupture Zygomar ear
cups (Kopf Instruments, Tujunga, CA). A scalp incision was made and mice received an

impact at midline between bregma and lambda sutures using a pneumatic impactor (TBI-

77



0310 Impactor: 2.0 mm depth; 3.5 m/sec velocity; 500 msec dwell) fitted with a silicone

tip. Sham-injured mice received all procedures except impact.

Isolation of Platelet Poor Plasma (PPP)

At either 6 h or 24 h post-injury, animals were asphyxiated with CO; and up to 1 mL blood
was collected via cardiac puncture. Blood was harvested using 0.38% sodium citrate
solution (supplemented with 0.2 U/mL apyrase and 10 ng/mL prostacyclin (Cayman
Chemical, Cat #18220)) in a 26 G 3/8 syringe. Whole blood was centrifuged according to
Hubbard, et al. [326]. Isolated platelet-rich plasma (PRP) was diluted 1:10 with
prostacyclin (prepared at 1 mg/mL in 50 mM Tris, pH 9.5) in phosphate/glucose buffer (50
mL PBS, 45 mg glucose (5 mM)). The samples were centrifuged at 2,000 x g for 6 min at

RT. The supernatant (PPP) was used for subsequent analyses.

2.2.16 Mouse Factor Vlla activation

Recombinant mouse FVII was activated using bacterial thermolysin. Briefly, mFVIlI was
incubated at 100 pg/mL with 10 pg/mL Thermolysin in TNBC activation buffer (50 mM
Tris, 10 mM CaCl,, 150 mM NaCl, 0.05% (w/v) Brij-35, pH 7.5). After incubation, the
reaction was stopped with 1,10-phenanthroline at a final concentration of 10 mM in
activation buffer. The reaction mixture was further incubated at 37°C for 5 min, and the

final concentration of mFVlla was 2 uM.

2.2.17 Platelet activation
Washed platelets were prepared from whole blood withdrawn from healthy human

donors as in (2.2.1). 2x108/mL of washed platelets in HEPES-buffered Tyrode’s (HT)
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solution were activated with 50 nM a-thrombin (Enzyme Research Laboratories) in the
presence of 5 mM RGDS peptide and 2 mM GPRP peptide for 2 min at 37°C, stopped with
75 nM hirudin, pelleted by centrifugation (700 x g, 15 min), and resuspended in HT

supplemented with 5 mM RGDS peptide.

2.2.18 Factor Xa activity assay

Factor Xa activity was assayed using a chromogenic method in a 96-well plate. One
nanomolar of TFPla, 100 nM PS, and/or 10 pug/mL VWF, with or without shear, were
incubated in HBS-PEG-Ca for 20 min, with 20 uM phospholipid vesicles, prior to initiating
the reactions with 5 nM FXa and Spectrozyme FXa, a chromogenic substrate for FXa.
Shearing of PS/VWF was done by vortexing for 30 s at ~2,500 rpm, at RT. Color

development at 405 nm was monitored for 15 min using a SpectraMax plate reader.

2.2.19 Continuous thrombin generation assay

Continuous thrombin generation or prothrombinase activity was assayed using a
chromogenic method in a 96-well plate. One nanomolar of APC, 100 nM PS, and/or 10
ug/mL VWEF, with or without shear, and 20 pM phospholipid vesicles or 2x10%/mL washed
platelet for some experiments, were incubated in HBS-PEG-Ca buffer for 15 min, prior to
the addition of 1.4 uM prothrombin, Spectrozyme TH, a chromogenic substrate for
thrombin, and 5 nM FXa. Shearing of PS/VWF was done by vortexing for 30 s at ~2,500
rpm, at RT. Color development at 405 nm was monitored for 30 min using a SpectraMax

plate reader.
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2.2.20 Discontinuous thrombin generation assay

Discontinuous thrombin generation or prothrombinase activity was assayed using a
chromogenic method in a 96-well plate. To assay APC/PS activity on FVa cleavage, we
used a limiting FVa concentration and initiated the reaction with excess FXa. Twenty
micromolar PL, 3 uM DAPA (dansylarginine N-(3-ethyl-1,5-pentanediyl)amide;
Haematologic Technologies), 0.5 nM FVa, 1 nM APC, 100 nM PS, and/or 10 ug/mL VWF,
with or without shear, were incubated in HBS-PEG-Ca buffer for 15 min at RT, prior to
initiating the reaction with 1.4 uM prothrombin and 5 nM FXa. FXa-uninitiated reactions
served as the zero timepoint. At the indicated times (20, 40, 60, 80, 100, and 120 s),
reactions were stopped by mixing with HBS-PEG-EDTA (HBS-PEG solution supplemented
with 50 mM EDTA, pH 7.4). Thrombin activity was measured as (2.2.19), using 20 uL of
each samples and 80 plL of 0.4 mM Spectrozyme TH. Thrombin activity standards were
generated using half dilutions of a 200 nM thrombin stock solution in HBS-PEG-EDTA.
Thrombin concentration was extrapolated using nonlinear regression and the slope of

thrombin concentration kinetics was calculated using GraphPad Prism.

2.2.21 FVa cleavage by APC

FVa cleavage was assayed with immunoblotting. Synthetic phospholipid vesicle (20 uM)
or 2x108/mL activated platelets were incubated with 100 nM PS and/or 10 pg/mL VWF,
with or without shearing, in HT buffer for 10 min at RT, and reactions were initiated with
the addition of 1 nM APC. At indicated times (1, 3, 5, 10, and 30 min), reactions were
stopped with 50 mM EDTA and 1x protease inhibitor cocktail (EZBlock EDTA-free,

BioVision, Milpitas, CA, USA). Platelet pellets were removed with centrifugation at 700 x

80



g for 10 min, and supernatants were added with 1x SDS-PAGE sample buffer. The samples
were boiled for 10 min at 80°C. SDS-PAGE and immunoblotting was carried out as

previously described in section (2.2.9).

2.2.22 Statistical analysis

Power analysis was conducted for experimental data a priori based on effect size and
expected data variance. All experiments were performed in triplicate and results are
presented as mean * standard deviation (SD). Statistical analyses were performed using
GraphPad Prism version 8.0.2 (GraphPad Software, CA, USA). Differences between two
groups were assessed by unpaired nonparametric Mann-Whitney test. For multiple
comparisons, nonparametric Kruskal-Wallis with Dunn multiple comparison test was
carried out. Correlation coefficients were calculated according to the method of

Spearman. For all analyses, the significance of differences was set at p < 0.05.
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3.1 Introduction

Human Immunodeficiency Virus (HIV)-1 infection has caused over 35 million deaths
worldwide, and there are currently 37 million people living with HIV-1 (PLWH) [136].
However, with the advent of antiretroviral therapy (ART), HIV-1 infection is now a
manageable chronic disease where PLWH have near normal life expectancy [137]. The
causes of death in HIV-1-infected individuals have shifted from Acquired
Immunodeficiency Syndrome (AIDS)-related complications to comorbidities, including
cardiovascular disease [138, 327]. PLWH have higher risk of venous (5-16-fold) and
arterial (2-8-fold) thrombosis, and this risk does not completely reverse even with long-
term ART treatment, suggesting that it is not solely related to viral load [139, 140]. The
thrombophilia has been proposed to be multifactorial in origin, potentially including:
chronic immune activation, opportunistic infections, traditional cardiovascular risk
factors, and the side effects of lifelong medication [141]. However, the exact mechanisms

leading to thrombosis are unclear.

HIV-1 infection is associated with many different types of procoagulant changes: (1)
decreased plasma anticoagulants protein S (PS), protein C (PC), tissue factor pathway
inhibitor (TFPI), and antithrombin Ill; (2) increased procoagulants tissue factor (TF) (cell
surface and microvesicle-associated), fibrinogen, factor VIII, and von Willebrand factor;
(3) platelet hyperactivity; and (4) increased neutrophil extracellular traps (NETs) [150].
Acquired PS deficiency is the most common coagulation abnormality in PLWH, with
frequency as high as ~76% [141], and correlates with disease progression [185].

Congenital homozygous PS deficiency is associated with life threatening thrombosis
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shortly after birth [41] and heterozygous PS deficiency with a 5-10-fold increased risk of
thrombosis [81], suggesting that PS deficiency could contribute to the thrombotic risk in

PLWH.

PS circulates as a free protein (~40%) or bound to the B-chain of complement factor C4b-
binding protein (C4BP-B; ~60%), and in the a-granules of platelets (~2.5%) (Figure 3.1A).
Both total and free plasma PS are reduced in PLWH [139, 150]. Free PS is a critical
anticoagulant cofactor for activated PC (APC) and the alpha isoform of TFPI (TFPla),
promoting inhibition of coagulation factors Va (FVa) and Xa (FXa), respectively [11, 328,
329]. FVa and FXa activate thrombin, the enzyme that converts fibrinogen into an
insoluble fibrin clot [6]. Regulation of thrombin generation is essential, as excess thrombin
produces potentially fatal occlusive thrombi. A recent study, which did not look at PS,
showed that increased ex vivo plasma thrombin generation is predictive of all-cause
mortality in PLWH, and that the best predictors of increased thrombin generation were
PC and factor V, the target of APC/PS [142]. Despite the high prevalence of PS deficiency
in HIV-1 infection [150], its pathologic consequences are unclear because PS
concentration does not correlate with ex vivo plasma thrombin generation in the standard
assay [23]. We hypothesized that this is due to a lack of PC activation. PC is activated
through a negative feedback loop, and requires that thrombin bind the EC receptor
thrombomodulin [18] (Figure 3.1B). Consistent with our hypothesis, we have previously
shown that an inhibitory antibody against APC has no effect on plasma thrombin

generation unless exogenous APC is added to the sample [23].
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Total protein S in plasma: B
Free protein S (~40%)

v Anticoagulant \
Function TF +FVila ’i

— C4BP-bound (~60%)

Fva + FXa

+ Thrombomodulin i
APC

Thrombin

Figure 3.1. Schematic of protein S role in APC pathway

Schematic of (A) PS distribution in plasma and (B) PS role as cofactor for APC in
prothrombinase (FVa+FXa) inhibition. As thrombin binds to thrombomodulin, PC is
activated to APC, and together with PS inhibit prothrombinase activity in generating
thrombin. C4BP binding inhibits APC cofactor activity of PS. (TF = Tissue Factor, FVlla =
factor Vlla, FVa = factor Va, FXa = factor Xa, APC = activated protein C, C4BP = C4b-binding

protein). Image created with BioRender.com.
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Increased expression of TF on circulating monocytes has also been reported in PLWH
[151]. TF binds circulating factor Vlla (FVIla) and initiates coagulation [4]. However, the
contribution of increased TF expression on circulating monocytes to thrombin generation
in PLWH has never been established. While monocytes are not present in plasma-based
thrombin generation assays, they can release TF-bearing microvesicles, which would be
present [152]. In addition, recent in vitro studies have shown that Herpes Simplex Virus
virions can incorporate TF into their envelope [330]. If this same process occurs with HIV,
then the virions represent an additional source of TF in the assay. As increased plasma
thrombin generation is a strong predictor of mortality in PLWH [142], we sought to define

the contributions of PS and TF to ex vivo plasma thrombin generation in this population.

Here, we present a refined PS-sensitive thrombin generation assay and show that PS
deficiency strongly correlates with increased thrombin generation. We did not observe
any increase in plasma TF, suggesting that it does not significantly contribute to ex vivo

plasma thrombin generation in the population studied.

3.2 Results

3.2.1 Study population

The study population were previously described, in part, by Banerjee et al [309]. Subjects
were classified as either healthy control (n = 9), naive (PLWH on first diagnosis prior to
receiving treatment, n = 17), or ART (PLWH on antiretroviral treatment, n = 13) (Table 3.1,
Table 3.2). Due to the PLWH population seen in the Kentucky Clinic, the cohort is mostly

male, with only 2 female PLWH recruited.
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Group Control Naive ART-treated

Number 9 17 13

Male/Female 7/2 15/2 13/0

Age 35.2+10.2 27.3+6.1 495+8.7

Race or ethnicity | 3/1/5/0 2/5/8/2 0/3/10/0

(A/AA/C/H)

Viral Load (copies | N.D. 413.6 +1080.1 12 of 13 subjects

x103/mL) were B.D.L., one
subject was 7.4

Platelet Count | N.D. 225.1+75.6 226.0£53.0

(x10%/uL)

Table 3.1. Description of HIV-1 study population

Abbreviations: Asian (A), African American (AA), Caucasian (C), Hispanic (H); ART:
antiretroviral therapy; N.D.: not determined; B.D.L.: below detection limit. Data are in

mean £ SD.
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Subject ART regiment
1 FTC (NRTI), TDF (NRTI), DRV (PI), RTV (PI)
2 ABC (NRTI), DTG (I1), 3TC (NRTI)
3 FTC (NRTI), TAF (NRTI), DTG (11)
4 ABC (NRTI), DTG (I1), 3TC (NRTI), MVC (El)
5 FTC (NRTI), TDF (NRTI), RAL (1)
6 EVG (Il), FTC (NRTI), TAF (NRTI)
7 ABC (NRTI), DTG (I1), 3TC (NRTI), RPV (NNRTI)
8 FTC (NRTI), TDF (NRTI), RAL (1)
9 FTC (NRTI), TDF (NRTI), RAL (1)
10 EFV (NNRTI), FTC (NRTI), TDF (NRTI)
11 FTC (NRTI), RPV (NNRTI), TAF (NRTI)
12 BIC (I1), FTC (NRTI), TAF (NRTI)
13 EVG (I1), FTC (NRTI), TAF (NRTI)

Table 3.2. Therapeutic regiment of ART-treated patients

Nucleoside Reverse Transcriptase Inhibitors (NRTI): emtricitabine (FTC), tenofovir
disoproxil fumarate (TDF), abacavir (ABC), lamivudine (3TC), tenofovir alafenamide (TAF);
Protease Inhibitor (Pl): darunavir (DRV), ritonavir (RTV); Integrase Inhibitor (ll):
dolutegravir (DTG), raltegravir (RAL), elvitegravir (EVG), bictegravir (BIC); Entry Inhibitor
(El): maraviroc (MVC); Non-Nucleoside Reverse Transcriptase Inhibitor (NNRTI): rilpivirine

(RPV), efavirenz (EFV).
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3.2.2 Total plasma PS is reduced in untreated PLWH

We measured total plasma PS (Figure 3.2A) and found that it was significantly reduced in
PLWH compared to healthy controls (P = 0.009), with 50% of PLWH (15 of 30) having
clinical deficiency (below 70% reference value) (100+£25.57% in controls vs 69.59+35.29%
in PLWH). The deficiency was particularly pronounced in naive PLWH samples, 58.8% of
which (10 of 17) were below 70% (average 58.87+23.99% total PS, P = 0.0093, relative to
healthy controls). By contrast, only 38.5% (5 of 13) of ART-treated PLWH had clinical PS
deficiency, and the average PS concentration in this group was not different than healthy
controls (83.6+43.21%, P = 0.3911). These data suggest that ART treatment restores PS
deficiency in most, but not all, PLWH, consistent with previous reports [139]. PS
concentration did not correlate with PLA (P = 0.6005) (Figure 3.2B), platelet count (P =
0.3991) (Figure 3.2C), or viral load in naive PLWH samples (P = 0.3774) (Figure 3.2D). The
ART-treated PLWH were older than the naive PLWH (Table 3.1), total PS concentration
did not significantly change with age, and there was no difference in the slopes of total
PS with age between groups (P = 0.14; Figure 3.3A), consistent with the report of Ellery et

al, who observed that PS increases with age in females but not males [87].
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Figure 3.2. Total plasma PS is deficient in PLWH

(A) Total plasma PS of 9 healthy controls, 13 PLWH on first diagnosis prior to treatment
(naive), and 17 PLWH on antiretroviral treatment (ART) in citrated platelet poor plasma
measured by ELISA (mean + SD). Values were compared to a standard curve of control
plasma. (B-D) Total plasma PS plotted against (B) platelet-leukocyte aggregation (PLA)
measured by flow cytrometric analyses, (C) platelet count measured by particle counter
method, and (D) viral load of naive PLWH derived from medical record. Every data point
is the average of three measurements. Every data point is the average of three
measurements. P-values are according to Mann-Whitney and Kruskal-Wallis with Dunn’s
multiple comparison test in panel A. P-values and correlation coefficients are according

to Spearman correlation analysis in panel B-D. (**, p<0.01)

PLA flow cytometric analyses and platelet count measurements were conducted by Dr.
Meenakshi Banerjee. The study population were previously described, in part, by

Banerjee et al [309].
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Figure 3.3. Analyses of age-dependent PS differences

(A) Total PS or (B) free PS plotted against age in controls (green square), naive (purple
circle), and ART-treated PLWH (orange triangle) with individual linear fits. Differences in

slopes were analyzed for significance.
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3.2.3 Free PS and PC show trends toward depletion

We also measured free plasma PS (Figure 3.4A), which were lower in HIV-1 patients, albeit
not reaching significance (controls vs PLWH, P = 0.1695; controls vs naive, P = 0.1022;
naive vs ART, P = 0.0973; and controls vs ART, P > 0.9999). Free and total plasma PS
measurements show significant positive correlation (Figure 3.4B), and the ratio of free to
total plasma PS was not different between groups (Figure 3.4C), indicating an overall
depletion of PS rather than a shift between free and C4BP-bound pools. Therefore, we
proceeded with a focus on total PS as the main component of analysis. C4BP-B was
unchanged in PLWH (Figure 3.4D), and PC trended towards a decrease in naive PLWH,
though this was not statistically signficant (P = 0.1204; Figure 3.4E). ART-treated PLWH

had higher PC than naive PLWH (P = 0.0437).
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Figure 3.4. Free PS and PC show trends toward depletion

(A) Free PS measured by ELISA, (B) Free PS plotted against total PS, (C) Ratio of free to
total PS. (D) C4b-binding protein-B measured by ELISA, (E) Protein C measured by ELISA.
Every data point is the average of three measurements. P-values are according to Kruskal-
Wallis with Dunn’s multiple comparison test in panel A and C-E. P-values and correlation
coefficients are according to Spearman correlation analysis in panel B. (¥, p<0.05; ****,

p<0.0001).
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3.2.4 Development of a PS-sensitive TG assay

Despite the high prevalence of PS deficiency in HIV-1 infection [150], its pathologic
consequences are unclear because PS concentration does not correlate with plasma
thrombin generation ex vivo [23]. We hypothesized that the standard plasma thrombin
generation assay could be insensitive to PS, because PC activation requires EC
thrombomodulin (TM) [18]. Consistent with this, addition of 150 nM exogenous PS to PS-
depleted plasma had very little effect on TF-initiated thrombin generation, causing only
an 8% decrease in peak thrombin and a 12% decrease in total thrombin produced (Figure
3.5A). We next supplemented the assay with 20 nM recombinant human soluble TM,
which contains the extracellular region of TM required for thrombin-mediated PC
activation. In the absence of PS, TM had little effect on thrombin generation (Figure 3.5B).
However, we observed a dose-dependent decrease in thrombin generation when the
plasma was supplemented with PS. As PS concentration increased, peak thrombin (Figure
3.5C) and endogenous thrombin potential (ETP) (Figure 3.5D) decreased, with 150 nM PS
causing 75% and 74% decreases, respectively. By contrast, the lag time was unaffected
(Figure 3.5E), consistent with the need for some thrombin generation before PC can be
activated. We confirmed the importance of APC in this assay using PC-depleted plasma,

in which TM-supplementation had little or no effect (Figure 3.5F).
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Figure 3.5. Development of PS-sensitive TG assay

(A, B) Plasma thrombin generation in respect to time, measured using fluorogenic
substrate to thrombin according to the Calibrated Automated Thrombography
(Thrombinoscope) method (Diagnostica Stago) (A) of PS-depleted plasma without
thrombomodulin supplementation and (B) of PS-depleted plasma with 20 nM
thrombomodulin supplementation, initiated with 1 pM Tissue factor and 4 pM
phospholipid (PE:PC:PS = 40:40:20) vesicles, in the absence or presence of purified PS. (C-
E) Concentration of supplemented PS plotted against (C) peak thrombin concentration,
(D) endogenous thrombin potential (ETP), and (E) lag time (mean * SD, n = 3). (F) Plasma
thrombin generation in respect to time of control plasma and protein C-depleted plasma,
with and without 20 nM thrombomodulin supplementation. Every data point is the

average of three measurements.
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3.2.5 Plasma PS deficiency correlates with increased TG

We utilized this modified assay to measure PS-independent and PS-dependent thrombin
generation in PLWH samples. We measured plasma thrombin generation under three
conditions: (1) initiated with phospholipids alone; (2) initiated with TF and phospholipids;
and (3) initiated with TF and phospholipids in the presence of TM. In PLWH samples, total
plasma PS did not correlate with phospholipids-initiated thrombin generation (peak
thrombin and ETP: P =0.8419 and P = 0.5220, respectively) (Figure 3.6A-B) or TF-initiated
thrombin generation in the absence of TM (P = 0.2659 and P = 0.4033) (Figure 3.6C-D),
consistent with previous reports [23]. In the presence of TM, there was a negative
correlation, with decreased PS associated with increased peak thrombin (Figure 3.6E) (R?
= 0.1338, P = 0.003) and ETP (Figure 3.6F) (R? = 0.1643, P = 0.0025). Total PS did not
correlate with lag time of thrombin generation when no exogenous TF was added (P =
0.2413) (Figure 3.7A) or when TF and TM were added (P = 0.6126) (Figure 3.7B). However,
there was a positive correlation between PS and lag time when thrombin generation was
initiated with exogenous TF without TM (R?=0.1411, P = 0.0153) (Figure 3.7C). This may
reflect the TFPI cofactor activity of PS [11], or the recently described anti-factor IXa
activity [294], which may be masked when the full anticoagulant system is present.
Finally, raw thrombin generation curves of PLWH with highest (mean = 91.37%) and
lowest (mean = 25.83%) values of plasma PS showed that there was no trend seen in
thrombin generation when TM was not added (Figure 3.7D), whereas, when TM was
added, thrombin generation of PLWH with the lowest PS showed a decreased sensitivity

to TM compared to PLWH with higher PS (Figure 3.7E). This finding was true for both naive
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and ART-treated PLWH samples. Thus, total plasma PS deficiency did contribute to
increased thrombin generation in this PLWH population, in an assay sensitive to PS.
Similarly, free PS and PC negatively correlated with plasma thrombin generation when

TM was present (Figure 3.8).
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Figure 3.6. Plasma PS deficiency correlates with increased TG

(A-F) Total plasma PS plotted against (A) peak thrombin concentration and (B)
endogenous thrombin potential (ETP) in phospholipids (4 pM)-initiated; (C) peak
thrombin concentration and (D) ETP in phospholipids (4 pM)/TF (1 pM)-initiated; and (E)
peak thrombin concentration and (F) ETP in phospholipids/TF-initiated with 20 nM
thrombomodulin supplementation; plasma thrombin generation measurements. Every
data point is the average of three measurements. P-values and correlation coefficients

are according to Spearman correlation analysis (**, p<0.01).
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Figure 3.7. There is no correlation between total PS and lag time when TM s

supplemented

(A-C) Total plasma PS plotted against lag time of plasma thrombin generation in (A)
phospholipids-initiated, (B) phospholipids/Tissue Factor (TF)-initiated with 20 nM
thrombomodulin supplementation, and (C) phospholipids/TF-initiated assays. (D, E)
Thrombin generation in respect to time, of three patient plasma samples with low plasma
PS (P2, P6, P7; mean = 25.83%) and high plasma PS (P10, P11, P17; mean = 91.37%), (D)
in the absence and (E) in the presence of 20 nM thrombomodulin supplementation. Every
data point is the average of three measurements. P-values and correlation coefficients

are according to Spearman correlation analysis (*, p<0.05).
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Figure 3.8. Free PS and PC negatively correlate with plasma TG when TM is supplemented
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Figure 3.8. Free PS and PC negatively correlate with plasma TG when TM is supplemented

(A-D) Free plasma PS and (E-F) protein C plotted against (A-B, E-F) peak thrombin
generation and (C-D, G-H) endogenous thrombin potential (ETP) in (A, C, E, G)
phospholipids/Tissue Factor (TF)-initiated and (B, D, F, H) phospholipids/TF-initiated with
20 nM thrombomodulin supplementation. Every data point is the average of three
measurements. P-values and correlation coefficients are according to Spearman

correlation analysis.
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3.2.6 Antiretroviral treatment has no direct effect on plasma TG

Plasma thrombin generation was not different in ART-treated and naive PLWH in the
absence of TM (peak thrombin = 150.5+£39.4 nM vs 131.0+41.3 nM, P =0.1833; and ETP =
1425+326.5 nM*min vs 1247+289.1 nM*min, P = 0.1227) (Figure 3.9A-B) or in the
presence of TM (P =0.9671 and P = 0.9671) (Figure 3.9C-D). Consistent with this, none of
the most common ART drugs used by our patient population (Table 3.2) had any direct
effect on plasma thrombin generation at therapeutic concentrations (Figure 3.10A-B),
with the exception of ritonavir, an inhibitor of the HIV protease, which slightly inhibited
thrombin generation, likely indicating an off-target effect on one of the coagulation

enzymes (Figure 3.10B).
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Figure 3.9. ART had no direct effect on plasma TG in PLWH

Plasma thrombin generation parameters; peak thrombin generation and endogenous
thrombin potential (ETP), respectively, are shown according to antiretroviral treatment
status, in assays that are (A, B) phospholipids/TF-initiated and (C, D) phospholipids/TF-

initiated supplemented with 20 nM thrombomodulin. Every data point is the average of

three measurements. P-values are according to Mann-Whitney test.
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Figure 3.10. ART had no direct effect on plasma TG in healthy plasma in vitro

(A, B) Phospholipids/TF-initiated plasma thrombin generation was measured in control
plasma N (Siemens Healthineers) after 1 hour incubation with various antiretroviral drugs
in separate experiments. (C) Total plasma PS of ART-treated PLWH grouped in an inclusive
manner by ART regiment, for drugs with at least n = 3. Every data point is the average of
three measurements. ART drug or class abbreviations: Nucleoside Reverse Transcriptase
Inhibitors (NRTI): emtricitabine (FTC), tenofovir disoproxil fumarate (TDF), abacavir (ABC),
lamivudine (3TC), tenofovir alafenamide (TAF); Protease Inhibitor (Pl): darunavir (DRV),
ritonavir (RTV); Integrase Inhibitor (I1): dolutegravir (DTG), raltegravir (RAL), elvitegravir
(EVG); Entry Inhibitor (El): maraviroc (MVC); Non-Nucleoside Reverse Transcriptase

Inhibitor (NNRTI): rilpivirine (RPV), efavirenz (EFV).
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3.2.7 Plasma TF activity does not correlate with TG

Monocytes, while not present in these plasma assays, can release TF-bearing
microvesicles, which would be present and could contribute to plasma thrombin
generation [152]. In addition, based on studies of Herpes Simplex Virus, it is possible that
HIV-1 virions may also contribute TF to this assay [330]. We isolated plasma TF with high-
speed centrifugation, and measured its activity using an assay sensitive to low
femtomolar concentrations (Figure 3.11A). TF activity was not different between PLWH
and controls (80.1+60.6 fM vs 108.2+47.4 fM, P = 0.08) or between naive and ART-treated

PLWH (75.11+61.5 fM vs 86.58+61.4 fM, P > 0.9999) (Figure 3.11B).

There was no correlation between plasma TF and either peak thrombin (P = 0.4135) or
ETP (P = 0.7295) (Figure 3.12A-B), or with any of the thrombin generation parameters
when exogenous TF was added (Figure 3.12C-H). Plasma TF did correlate with a shorter
lag time for thrombin generation, but only when no exogenous TF was added (R?=0.1539,
P =0.0039) (Figure 3.11C, Figure 3.12A-B), consistent with the low concentrations of TF

detected in the samples.

111



Ao [TF] (fM)
‘ — 2000
1.0 ; — 1000
[=) 500
0.8
e — 200
§ 0.6 1 — 100
S 0.4 — 50
< — 20
0.2 10
0.0 4 . . : —0
0 20 40 60 80 100 120
Time (min)
B 350-
p=0.156
300+ r )
= { L
£ 250-
5200 m N *
5 A L 4
*g*, 150
— ‘
T) 100— A
§ 50 Ala
|— C L T A T ‘ - L] .
o Control  Naive  ART  AllHIV
50~
[ ]
a0*® R2=0.154
= b p = 0.004 **
€ 304 .
£ - ‘e
i; 204 # .,
S ® ° - Py A
3 104 ¥ S S
C T T 1
0 50 100 150
TF (fM)

Figure 3.11. Plasma TF activity is not increased in PLWH
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Figure 3.11. Plasma TF activity is not increased in PLWH

(A-B) TF activity measured by Factor Xa generation assay, using a chromogenic substrate
cleavage monitored by absorbance at 405 nm (optical density). (A) Factor Xa generation
and standard curves of recombinant TF in HBSA, shown as absorbance in respect to time
(B) Plasma TF activity of healthy controls and PLWH. (C) Lag time of plasma thrombin
generation measured in phospholipids-initiated assays. Every data point is the average of
three measurements. P-values are according to Kruskal-Wallis with Dunn’s multiple
comparison test in panel B, P-values and correlation coefficients are according to

Spearman correlation analysis in panel C (**, p<0.01).
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Figure 3.12. Plasma TF activity does not correlate with TG unless no exogenous TF is added

Plasma TF activity plotted against plasma thrombin generation parameters; peak

thrombin concentration, endogenous thrombin potential (ETP) and lag time, respectively,

in measurements that are (A-B) phospholipids-initiated, (C-E) phospholipids/TF-initiated,

or (F-H) phospholipids/TF-initiated supplemented with 20 nM thrombomodulin. Every

data point is the average of three measurements. P-values and correlation coefficients

are according to Spearman correlation analysis.
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3.3 Conclusions

In conclusion, we describe here a PS-sensitive plasma thrombin generation assay, and
show that PS deficiency in PLWH contributes to increased thrombin generation potential,
and likely to increased thrombotic risk. By contrast, we did not observe changes in plasma
TF in our patient population. We propose using total plasma PS as a marker to identify

and manage individuals with the highest risk of developing thrombotic complications.
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4.1 Introduction

Hemostasis, the process of blood clot formation in response to vascular injury, is initiated
by exposure of extravascular TF to the blood, which binds circulating coagulation FVlla.
The TF/FVlla complex activates factors IX and X to factors IXa and Xa, respectively [4].
FIXa, in complex with FVllla, activates additional FXa. FXa with FVa forms the
prothrombinase complex, which generates thrombin from circulating prothrombin [6].
Thrombin is the serine protease responsible for the conversion of soluble fibrinogen to
an insoluble fibrin clot. Thrombosis, pathological blood clot formation, occurs due to
hypercoagulability of the blood. As excessive thrombin generation leads to thrombosis,
the coagulation system is tightly regulated by several anticoagulants, including PS,

congenital deficiency of which is associated with increased thrombotic risk [79].

PS circulates in plasma and in platelet a-granules [43]. Plasma PS exists in two pools. ~60%
circulates bound to the beta chain of complement component 4b-binding protein (C4BP-
B) and is thought to promote its anti-inflammatory functions. The remaining ~40% is
called “free PS” and is considered the anticoagulant pool [93]. It is a cofactor for the
anticoagulants activated protein C (APC), which degrades FVa and FVllla [331], and tissue
factor pathway inhibitor-alpha (TFPla), which inhibits FVIla and FXa [329]. PS also has

direct anticoagulant activity inhibiting FIXa [29].

Coronavirus Disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, is associated with increased inflammation and

coagulation, and an increased risk of thrombotic complications [156], with many different
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proposed mechanisms. Acquired PS deficiency has been reported by multiple studies

[189, 190, 192-194] and is thought to be a contributing factor.

Due to its functions in regulating the inflammatory and coagulopathic responses, acquired
PS deficiency is a common complication of severe viral infections, including human
immunodeficiency virus [184-186], varicella [187], and dengue [188] infections, all of
which are associated with an increased risk of thrombosis. As we recently reviewed [332],
acquired PS deficiency in COVID-19 patients may result from increased consumption
[205], antibody-mediated clearance [181, 192, 218, 219], degradation by viral protease
[215, 217], decreased synthesis [60, 220, 221, 223, 224], or increased C4BP binding [191],
among other mechanisms. Here, we assessed the mechanism of acquired free PS
deficiency in COVID-19 patients and identified von Willebrand Factor (VWF) as a

previously unrecognized PS-binding protein.

4.2 Results

4.2.1 Study population

Subjects were enrolled between April 2020 and January 2021 through Kentucky Clinic and
the University of Kentucky Center for Clinical and Translational Science. Blood samples
were collected from adult patients (Table 4.1): SARS-CoV-2 negative controls (n = 38) and
SARS-CoV-2 positive (COVID-19) outpatients (patients with mild or no symptoms, post-

guarantine) (n = 52) and inpatients (ICU patients) (n = 30).
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Group Control Outpatients Inpatients
Number 38 52 30

Male % 53% 31% 69%

Age (year) 55.3+17.4 48.4+15.5 61.5+14.2
Race or ethnicity | 3/1/32/2 3/7/20/3/19 0/2/8/20
(A/AA/C/H/U)

Table 4.1. Description of COVID-19 study population

Abbreviations: Asian (A), African American (AA), Caucasian (C), Hispanic (H), U

(unreported); Data are in mean * SD.
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4.2.2 Thromboinflammatory markers in COVID-19 patients

As expected, COVID-19 patients had elevated anti-spike protein IgG (Endpoint Titer =
18.5x10° + 23.2x10°% in inpatients (P < 0.0001) and 14.2x103 + 22.8x103 in outpatients (P <
0.0001), compared to 1994361 in controls; expressed in reciprocal dilution) (Figure 4.1A).
Anti-spike 1gG was detected in some controls who had received the first dose of the
COVID-19 vaccine, while a few patients did not have a detectable IgG response. Inpatients
displayed more inflammation, marked by increased TNF (1.33+1.01 pg/mg total protein,
P =0.006), than outpatients (0.62+0.56 pg/mg, P > 0.9999) or controls (0.78+0.87 pg/mg)
(Figure 4.1B), as well as increased IL-6 (2.56%5.18, P < 0.0001; 0.053+0.081, P > 0.9999;
vs. 0.043+0.039 pg/mg total protein; in inpatients, outpatients, compared to controls,
respectively) (Figure 4.1C). Complement system activation, measured by increased C5a,
was also evident, particularly in the inpatients (1,195+1,021 pg/mg, P < 0.0001;
271.84273.3, P = 0.222; vs 179.8+174.6 pg/mg total protein) (Figure 4.1D), as well as
increased plasma myeloperoxidase (MPO), indicative of leukocyte activation (15.98+9.19,
P < 0.0001; vs 3.02+1.32, P > 0.9999; vs 2.72+1.15 pg/mg total protein) (Figure 4.1E).
Plasma tissue factor (TF) activity, enriched by high-speed centrifugation for the
extracellular vesicle fraction, was increased in the inpatients (2.55+4.15, P = 0.027; vs
1.14+1.79, P > 0.9999; vs 0.76+0.7 fmol/g total protein) (Figure 4.1F), and monocyte TF
expression was similarly increased in the inpatients (2,360+1,669, P < 0.0001; vs
1,792+1,125, P = 0.012; vs 1,259+403 MFI) (Figure 4.1G). Moreover, inpatients had
elevated D-dimer (72.67+141.7, P < 0.0001; vs. 6x5.67, P > 0.9999; vs. 5.18+4.39 ng

FEU/mg total protein) (Figure 4.1H), as well as elevated plasma Thioflavin T staining, a
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fluorescent dye which stains aggregated protein and has been shown to detect microclots
[314] (0.072+0.092, P < 0.0001; 0.024+0.014, P > 0.9999; 0.03+0.051; expressed as ratio
to fibrinogen-depleted plasma fluorescence signal) (Figure 4.11). All of these were
consistent with the hypercoagulable and hyperinflammatory state reported in COVID-19

[161, 333-335].
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Figure 4.1. COVID-19 inpatients show signs of immunothrombosis
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Figure 4.1. COVID-19 inpatients show signs of immunothrombosis

Citrated plasma samples and peripheral blood derived mononuclear cells were collected
from healthy controls (n = 38), COVID-19 inpatients (n = 30), and COVID-19 outpatients (n
= 52). Due to sample limitations, some measurements could not be performed with all
subjects. (A-E, H) Shown are ELISA measurements of plasma (A) anti-spike protein IgG, (B)
tumor necrosis factor (TNF), (C) interleukin-6 (IL-6), (D) Complement Component 5a (C5a),
(E) Myeloperoxidase (MPO), and (H) D-dimer Fibrinogen Equivalent Units, (F) plasma
Tissue Factor (TF) activity as measured by factor Xa activity assay, (G) monocyte TF
expression as measured by flow cytometry, and (I) plasma thioflavin T fluorescence
staining which measures fibrin as adapted from [314]. Green squares represent controls,
blue circles represent COVID-19 outpatients, and red triangles represent COVID-19
inpatients. All data were normalized to total protein. Every data point is the average of
three replicates (mean + SD). P-values are according to Kruskal-Wallis with Dunn’s

multiple comparison test (n.s., non-significant; *, P < 0.05; **, P < 0.01; ****, P <0.0001).

Anti-spike protein ELISA experiments were conducted by Dr. Siva Gandhapudi; TNF, IL-6,
and MPO ELISA were conducted by Hammodah Alfar; Monocyte TF flow cytometry

experiments were conducted by Melissa Hollifield.
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4.2.3 Free PS deficiency cannot be explained by known PS-binding proteins

Because severe viral infections are associated with acquired PS deficiency [184-190, 192-
194], we measured PS in our samples. Total plasma PS was measured with polyclonal
antibody-based ELISA, while free PS was measured using a monoclonal capture antibody
which does not recognize C4BP-bound PS (Figure 4.2A). Total PS was not different
between the three groups (P = 0.235) (Figure 4.2B), but free PS (Figure 4.2C) was
decreased in both inpatients (81+40.6%, P = 0.008) and outpatients (81.5+38.7%, P =
0.001) compared to controls (100+33%). A decrease in free, but not total, PS indicates an
increase in a PS-binding protein, with C4BP-B usually implicated [191, 226]. However,
neither C4BP-B nor PC was elevated in these patients (Figure 4.2D and 4.2E). Soluble Mer
tyrosine kinase, a PS-binding receptor shed from macrophages and other cell types [336],
was increased in inpatients compared to controls (135.8+80.1, P = 0.001; 90+75.91, P >
0.9999; 77.3%+45 pg/mg total protein) (Figure 4.2F), but not nearly enough to explain the
decreased free PS as the low picomolar concentration of this protein (~70-1000 pM in
controls and inpatients) makes it unlikely to have a meaningful impact on free PS

concentration (normal range 5-15 pg/mL or ~150 nM).
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Figure 4.2. Free PS deficiency in COVID-19 patients is not explained by increases in known

PS-binding proteins
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Figure 4.2. Free PS deficiency in COVID-19 patients is not explained by increases in known

PS-binding proteins

Citrated plasma samples were collected from healthy controls (n = 38), COVID-19
inpatients (n = 30), and COVID-19 outpatients (n = 52). Due to sample limitations, some
measurements could not be performed with all subjects. Shown are (A) schematic
diagram of PS plasma distribution and (B-F) ELISA measurements of plasma (B) total PS,
(C) free PS, (D) Complement Component 4b-Binding Protein (C4BP) beta chain, (E) protein
C, and (F) shed soluble Mer tyrosine kinase. All data were normalized to total protein.
Every data point is the average of three replicates (mean + SD). Green squares represent
controls, blue circles represent COVID-19 outpatients, and red triangles represent COVID-
19 inpatients. P-values are according to Kruskal-Wallis with Dunn’s multiple comparison

test (n.s., non-significant; *, P < 0.05; **, P < 0.01).
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4.2.4 Free PS deficiency correlates with higher thrombotic potential

We then measured the contribution of PS to plasma thrombin generation using calibrated
automated thrombography as we have previously published [186]. In this assay, plasma
is supplemented with thrombomodulin to allow evaluation of the APC/PS system. Despite
several inpatients receiving heparin prophylactic treatment at the time of sample
collection, there were significant differences in plasma thrombin generation between
groups, especially when TM was supplemented (peak thrombin without TM, P = 0.047;
peak thrombin with TM, P = 0.015; ETP without TM, P = 0.525 ; ETP with TM, P = 0.045),
with TF-initiated plasma thrombin generation parameters trending higher in COVID-19
inpatients compared to controls (peak thrombin without TM, P = 0.173; peak thrombin
with TM, P = 0.017; ETP without TM, P > 0.9999; ETP with TM, P = 0.057) (Figure 4.3A-B,
Figure 4.4B,4D-E). There was no difference between groups in the absence of exogenous
TF (Figure 4.4A, C). Peak thrombin and ETP ratio, defined as the respective value with TM
divided by without TM, were also increased in the inpatients compared to controls (peak
thrombin ratio; P = 0.023; ETP ratio; P = 0.003) (Figure 4.3C and Figure 4.4B). These
indicate reduced APC/PS pathway activity in the more severe COVID-19 patients.
Consistent with our previous report (18), free PS did not correlate with peak thrombin or
ETP in the absence of TM (Figure 4.3D-E), but negatively correlated in the presence of TM
(peak thrombin, r = -0.317, P = 0.007; ETP, r = -0.443, P = 0.0002) (Figure 4.3F-G),

indicating a functional consequence of the free PS deficiency.
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Figure 4.3. Free PS deficiency contributes to higher thrombotic potential in COVID-19

patients
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Figure 4.3. Free PS deficiency contributes to higher thrombotic potential in COVID-19

patients

Plasma thrombin generation was measured using fluorogenic substrate to thrombin
according to the Calibrated Automated Thrombography (Thrombinoscope) method
(Diagnostica Stago) in citrated plasma samples collected from healthy controls (n = 38),
COVID-19 inpatients (n = 30), and COVID-19 outpatients (n = 52). Several inpatients were
receiving heparin prophylactic dose at the time of blood collection. (A-C) Shown are peak
thrombin concentrations in assays initiated with 4 uM phospholipids and 1 pM tissue
factor (TF), (A) without, and (B) with 20 nM thrombomodulin (TM) supplementation to
evaluate the contribution of APC/PS activity, and (C) the ratio of peak thrombin
concentration (with TM/without TM). Every data point is the average of three replicates
(mean + SD). P-values are according to Kruskal-Wallis with Dunn’s multiple comparison
test (n.s., non-significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001). (D-G) Free PS plotted
against (D, F) peak thrombin concentration and (E, G) Endogenous Thrombin Potential
(ETP) in assays (D-E) without and (F-G) with TM supplementation. P-values and r
correlation coefficients are according to Spearman correlation analysis. Green squares
represent controls, blue circles represent COVID-19 outpatients, and red triangles

represent COVID-19 inpatients.
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Figure 4.4. Plasma TG in COVID-19 inpatients shows less APC/PS activity

Plasma thrombin generation was measured using fluorogenic substrate to thrombin
according to the Calibrated Automated Thrombography (Thrombinoscope) method
(Diagnostica Stago) in citrated plasma samples collected from healthy controls (n = 38),
COVID-19 inpatients (n = 30), and COVID-19 outpatients (n = 52). Several inpatients were
receiving heparin prophylactic dose at the time of blood collection. Shown are (A) peak
thrombin concentrations and (C) Endogenous Thrombin Potential (ETP) in assays initiated
with 4 uM phospholipids without tissue factor (TF); and (B) the ratio of ETP (with
TM/without TM) and the ETP values in assays (D) without, and (E) with 20 nM
thrombomodulin (TM) supplementation, as initiated with 4 uM phospholipids and 1 pM
TF. Every data point is the average of three replicates (mean * SD). Green squares
represent controls, blue circles represent COVID-19 outpatients, and red triangles
represent COVID-19 inpatients. P-values are according to Kruskal-Wallis with Dunn’s

multiple comparison test (n.s., non-significant; **, P < 0.01).
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4.2.5 Protein S has multiple binding partners in plasma

To understand the cause of free PS deficiency and test for other PS-binding proteins,
plasma samples from patients and controls were separated on a native, non-denaturing
gel and immunoblotted for PS (Figure 4.5A), with purified PS used as controls. PS self-
associates and fully dimerizes at high (17 uM) concentrations [337], far above the plasma
concentration of free PS (~¥150 nM), whereas calcium induces monomerization of PS, such
that PS dimers or multimers are scarce in plasma [338]. Interestingly, plasma PS migrated
differently than purified PS (left 3 lanes), with no bands running at the same apparent size
as either the PS monomer (Figure 4.5A, *) or dimer (Figure 4.5A, **). Instead, several new
bands appeared, mostly above the monomer, and many toward the top of the gel. The
darkest band co-migrated with C4BP-B (Figure 4.5B), consistent with reports that ~60% of
PS is bound to C4BP, while some of the other bands appear to co-migrate with Mer (Figure
4.5C), PC (Figure 4.5D) TFPI (Figure 4.5E), VWF (Figure 4.5F), and factor V (Figure 4.5H).
We probed for VWF, because it is a large multimeric protein with many protein binding
sites that can be exposed under high shear [339], as well as it being a prothrombotic acute

phase protein elevated during inflammation, including in COVID-19 [302, 340].
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Figure 4.5. Native gel electrophoresis shows that PS has many binding partners in plasma

Purified PS (50 ng), with either 20 mM CaCl, or 5 mM EDTA, or 4 L citrated plasma (C1-
2: healthy controls, O1: COVID-19 outpatient, 11-3: COVID-19 inpatients), with/wo 1 uM
Hirudin, 5 mM GPRP peptide, and 20 mM CaCl,;, were separated with native gel
electrophoresis and probed with (A) anti-PS, (B) anti-C4BP-B, (C) anti-protein C, (D) anti-
TFPI, (E) anti-Mer, (F) anti-VWF antibody. In a separate experiment, the immunoblot was
probed with (G) anti-PS and (H) anti-factor V. (*, apparent monomer band; **, apparent

dimer band).
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4.2.6 VWFis elevated in COVID-19 patients

Plasma VWF antigen concentration (VWF:Ag) was elevated in inpatients (353+187%, P <
0.0001) compared to outpatients (102+42%, P >0.9999) and controls (100+38.2%) (Figure
4.6A), as others have reported. Soluble E-selectin (Figure 4.6B) was also elevated in
inpatients (191+72.5 vs 123.4+43.4 and 133+32 pg/mg total protein in outpatients and
controls, respectively), consistent with increased VWF secretion from activated
endothelium. No differences were observed in VWF multimer distribution (Figure 4.6C).

VWEF:Ag did not correlate with free PS concentration (Figure 4.6D).
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Figure 4.6. Plasma VWF is higher in patients with severe COVID-19
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Figure 4.6. Plasma VWF is higher in patients with severe COVID-19

(A) VWF:Ag and (B) E-selectin were measured using ELISA in citrated plasma samples
collected from controls (n = 38), COVID-19 inpatients (n = 30), and outpatients (n = 52).
Every data point is the average of three replicates (mean * SD). P-values are according to
Kruskal-Wallis with Dunn’s multiple comparison test (n.s., non-significant; **, P < 0.01;
**** P <0.0001). (C) Healthy normal plasma (HNP) from Siemens and citrated plasmas
from VWD type 3 patient (VWD3), healthy controls (Cont.; 1-4), COVID-19 outpatients
(Out.; 1-4), and COVID-19 inpatients (In.; 1-4) were normalized to 10 pg/mL of VWF:Ag,
and 1 plL of each samples were separated for VWF multimer analysis using SDS-agarose
gel electrophoresis and anti-VWF probing. (D) Free PS plotted against VWF:Ag. P-values
and r correlation coefficients are according to Spearman correlation analysis. Green
squares represent controls, blue circles represent COVID-19 outpatients, and red triangles

represent COVID-19 inpatients.
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4.2.7 VWEF interacts with PS in a shear-dependent manner

To directly assess VWF/PS binding, we incubated plasma with VWF-coated beads in the
presence or absence of shearing and identified bead-bound proteins by mass
spectrometry (MS). In all three samples tested (two pooled plasmas, one single-donor
plasma), the quantity of PS bound to VWF increased upon shearing (>10,000,000-fold in
2 of 3 samples), suggesting that shear-induced unfolding of VWF exposes a PS-binding site
(Figure 4.7A and B), as it does for platelet glycoprotein Ib (GPlb) (43) or ADAMTS13 (46).
C4BP-a was also enriched under shearing conditions (Figure 4.7C), though to a lesser
extent than PS, based on MS quantification. However, C4BP-f3, the subunit of C4BP which

binds PS, was not detected in any pull-down condition, either by immunoblotting or MS.

PS (~69 kDa as monomer) was also observed on VWF multimer gels (Figure 4.7F, Figure
4.8A) and ran as a ladder of bands, similar to VWF. While the lowest molecular weight
band migrated similarly to C4BP, the remaining bands co-migrated with the low molecular
weight VWF multimers (~0.5-20 mDa multimers) (Figure 4.8B). This was apparent
regardless of shearing or calcium supplementation, implying either a presence of some
pre-existing PS/VWF complex in plasma, or that VWF-unfolding in the presence of SDS

allows for PS binding.

Sheared VWF dose-dependently interfered with the detection of free, but not total, PS,
using purified protein in plasma (Figure 4.9A). The concentrations of VWF
supplementation we used (0, 10, 20, and 40 pg/mL) were chosen to simulate the
physiological (~¥10 pg/mL) to pathological (~40 pug/mL) range of VWF antigen seen in our

COVID-19 patients. Furthermore, shearing of plasma reduced free PS measurements
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(Figure 4.9B). The effect of shearing was similar either in the absence or presence of
calcium, when measured with either purified proteins or plasma (Figure 4.9C). By

contrast, shearing did not alter the VWF concentration (Figure 4.10A and B).

The PSinteraction site on VWF appears distinct from the site which binds GPIb. Ristocetin,
which exposes the GPIb binding site on VWF, did not reduce free PS (Figure 4.9D).
Furthermore, exogenous PS did not interfere with VWF cleavage by recombinant
ADAMTS13 (A Disintegrin And Metalloproteinase with a ThromboSpondin type 1 motifs,
member 13) (Figure 4.9E). Finally, we developed a PS/VWF complex ELISA in which we
capture with a polyclonal anti-human VWF antibody and detect with a polyclonal
antibody against PS. In this assay, captured VWF binds PS out of plasma in a time-
dependent manner. Interestingly, however, this did not occur with purified proteins,
suggesting that an additional plasma component(s) may enhance the PS/VWF interaction
(Figure 4.9F). Shearing and calcium had no effect in this detection system, consistent with

the hypothesis that immobilizing VWF can induce exposure of protein binding sites [341].
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Figure 4.7. VWF interacts with PS in a shear-dependent manner
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Figure 4.7. VWF interacts with PS in a shear-dependent manner

Streptavidin beads-immobilized biotinylated VWF were exposed to pooled human plasma
or single donor plasma, under static conditions or under shear, and bound proteins were
analyzed with nano-LC-MS/MS, and probed for PS and C4BP-a by immunoblot, serum
albumin (SA) is used as a control. (A) Mass spectrometry analysis of VWF pull-down in
pooled normal plasmas (Pooled plasma 1 from Innovative Research, Pooled plasma 2
from Precision Biologics) and single donor. (B) Western blot of VWF pull-down probed for
PS. (C) Reprobing of blot for C4BP-a. (D) 25 ng of PS or 10 ng of VWF purified proteins,
and 1 pL of healthy normal plasma (HNP) from Siemens, with or without shearing (~2,500
rpm for 30 s), or 1 uM Hirudin, 5 mM GPRP peptide, and 5 mM CaCl2 supplementation,
or additional 10 pg/mL of purified VWF, were separated for VWF multimer analysis using
SDS-agarose electrophoresis. The highest band on the molecular weight marker was 460
kDa. VWF is shown on red channel, PS on green, and zoomed-in inset of the merged image

is presented for clarity. N.D.; non-detectible.

VWEF plasma pull-down and nano-LC/MS-MS were conducted by Dr. Xiaoyun Fu and Dr.

Dominic Chung in the Bloodworks Northwest, Seattle, Washington.
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Twenty-five nanograms of PS or 10 ng of VWF purified proteins, and 1ul of healthy normal
plasma (HNP) from Siemens, with or without shearing (~2,500 rpm vortexing for 30 s), or
1 uM Hirudin, 5 mM GPRP peptide, and 5 mM CaCl, supplementation, or additional 10
ug/mL of purified VWF, were separated for a VWF multimer analyses using SDS-agarose
electrophoresis. The highest band on the molecular weight marker was 460 kDa. (A)
Shown is PS in green, tuned up in fluorescence intensity. (B) The same blot reprobed for

C4BP-a in green.
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Figure 4.9. Sheared VWF interferes with free PS measurements
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Figure 4.9. Sheared VWF interferes with free PS measurements

(A) Free PS and total PS ELISA measurements of healthy normal plasma (HNP) from
Siemens, with additions of purified VWF, under shear (~2,500 rpm for 30 s). (B) Free PS
ELISA measurements of healthy control plasmas (1-3) with or without shear. (C) Free PS
ELISA results of purified proteins (200 nM PS and 10 pg/mL VWF in HBSA), HNP1
(Corgenix), and HNP2 (Siemens), with or without shear or 1 uM Hirudin, 5 mM GPRP
peptide, and 5 mM CaCl2 supplementation. (D) Free PS ELISA results of purified PS (200
nM), with or without purified VWF (10 pg/mL) or 2 mg/mL Ristocetin, with or without
shear (~2,500 rpm for 30 s). (E) VWF multimer blot of 0.25 uL healthy normal plasma with
additional 150 nM purified VWF, with or without 50 nM recombinant ADAMTS13, 200 nM
PS, or 1 uM Hirudin, 5 mM GPRP peptide, and 5 mM CaCl,, supplementation with or
without shear (~2,500 rpm for 60 m). (F) PS ELISA results of either purified proteins (200
nM PS, 10 ug/mL VWF, 5 mM CaCl,, as indicated, in HBSA) or healthy normal plasma (HNP)
from Siemens, with or without shear or 1 uM Hirudin, 5 mM GPRP peptide, and 5 mM
CaCl; supplementation, after the indicated incubation time with anti-VWF capture

antibody.
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Figure 4.10. Shearing does not interfere with VWF ELISA measurements

VWF:Ag ELISA (A, R&D systems; B, Enzyme Research Labs) results of pooled normal
plasmas (Sie, Siemens control plasma from Siemens; Ref, Reference plasma from
Corgenix), with additions of purified VWF, and several COVID-19 in- (P1, P2) and

outpatients (P3, P4), with or without shear.
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4.2.8 PS/VWF complex is stable under arterial flow conditions

Whole blood microfluidics experiments were performed using the BioFlux 200 system in
order to visualize thrombus formation under flow. Freshly drawn whole blood was
supplemented with fluorescently tagged VWF and PS, either with or without prior
shearing, recalcified, and perfused into the channel at 35 dyn/cm? (~arterial) flow rate
(Figure 4.11). In the absence of shearing, no apparent colocalization of PS and VWF was
observed, as PS and VWF were observed to bind independently to different thrombi
structures. However, when PS and VWF were sheared to form the complex prior to
addition to blood, the two proteins co-localized on platelet thrombi, indicating that the

complex, once formed, is stable under flow.
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Figure 4.11. PS/VWF complex is stable under arterial flow conditions

Whole blood

+ VWF +PS +shear

Whole blood was supplemented with 10 pg/mL AlexaFluor555-conjugated VWF and 200
nM AlexaFluor488-conjugated PS and flowed through collagen-coated channels at 35
dyn/cm?. Experiments were performed either without or with PS/VWF vortexing. Images

taken after flushing with buffer (scale bar = 100 um).

BioFlux microfluidic experiments were conducted by Dr. Daniélle Coenen, Shravani

Prakhya, Dlovan D. Mahmood, and Martha Sim.
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4.2.9 VWEF/PS complex forms under flow, in a calcium-sensitive manner

To further investigate VWF/PS binding under shear, we perfused VWF through a
polydimethylsiloxane (PDMS) microfluidic device [342] that allows visualization of VWF
self-association around a PDMS block (Figure 4.12A). VWF and fluorescently labeled PS
were perfused into the PDMS device in the absence (Figure 4.12B, Figure 4.13A) or
presence (Figure 4.12C, Figure 4.13B) of 2 mM calcium chloride. We observed PS binding
to VWF under shear and found that PS binding was significantly higher in the absence of
calcium (Figure 4.12D). As expected, we observed no fluorescence intensity above noise
in conditions without VWF (with PS) or without PS (with VWF) (Figure 4.12D, Figure
4.13C), indicating that PS binding was VWF-specific. To account for differences in VWF
self-association with and without calcium, we also normalized PS binding for the amount
of VWEF self-association in each channel. We found that even when accounting for the
area of VWF self-association, PS binding was significantly higher in the absence of calcium

(Figure 4.12E).
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Figure 4.12. VWF interacts with PS under flow in a calcium-dependent manner
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Figure 4.12. VWF interacts with PS under flow in a calcium-sensitive manner

(A) VWF and PS were flowed into a PDMS microfluidic device. (B-C) In the absence (B) or
presence of 2 mM calcium (C), VWF self-association and Alexa Fluor 488-PS binding were
visualized differential interference contrast (non-fluorescence image) and
epifluorescence microscopy. (D) Raw pixel intensity above noise was summed for these
conditions and controls without VWF (but with PS) and without PS (but with VWF). PS
binding was significantly higher in the absence of calcium than all other conditions, (E)
when accounting for the area of VWF self-association, PS binding was significantly higher
than all other conditions. Error bars are standard deviation. Statistical significance was
determined with an ANOVA and Tukey post hoc test (n.s., non-significant; **, P < 0.01;

*** P<0.001; **** P<0.0001). Scale bar = 25 um.

VWEF self-association experiments using a PDMS microfluidic device were conducted by

Dr. Molly Mollica in the Bloodworks Northwest, Seattle, Washington.
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Figure 4.13. Time-lapse images of VWF interaction with PS under flow
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Figure 4.13. Time-lapse images of VWF interaction with PS under flow

Representative images captured over time (0 min, 5 min, 10 min, and 20 min) of (A) VWF
+ PS without calcium, (B) VWF + PS with calcium (2 mM CaCly), and (C) PS without VWF
(and without calcium). VWF is added at time = 0 and VWF self-association is visible around
the block in the DIC images. At time = 10 minutes, fluorescently labeled PS is added and
is observed binding to VWF, especially in the absence of calcium (A and B). Intensity in

the fluorescent channel is not observed in the absence of VWF (C).

VWEF self-association experiments using a PDMS microfluidic device were conducted by

Dr. Molly Mollica in the Bloodworks Northwest, Seattle, Washington.
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4.3 Conclusions

Collectively, we observed a shear-dependent interaction between PS and VWF in human
plasma, which can contribute to acquired free PS deficiency in COVID-19, and correlated
with higher thrombotic potential in these patients. This novel mechanism is likely
applicable to other inflammatory conditions as elevation of VWF activity and pathological

vascular shear are common clinical complications.
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CHAPTER 5.  TISSUE FACTOR RELEASE FOLLOWING TRAUMATIC BRAIN INJURY
CONTRIBUTES TO THROMBOSIS IN MICE
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5.1 Introduction

Traumatic brain injury (TBI) leads to a myriad of secondary pathology propagated by the
initial head insult. Early blood-brain barrier (BBB) disruption initiates mechanisms of
thromboinflammation [173] and TBl-induced coagulopathy [174]. Coagulopathy
manifests as disseminated intravascular coagulation, producing systemic blood clots that
can cause secondary cerebral injury and ischemia after TBI [175]. Patients with TBI are at
higher risk of blood clot formation [176]. TBl-induced coagulopathy is common in
penetrating head injuries, [177] but there are also reports of coagulopathy following blunt
head trauma [178]. The presence of coagulopathy following isolated TBI is strongly

associated with poor patient prognosis [180].

Limitations of clinical practice in treating TBl-induced coagulopathy highlight the urgent
need to identify new therapies [343]. The creation of experimental models that
recapitulate clinical findings will help identify the specific etiology related to delayed
thrombosis. Further, understanding of the pathobiology of coagulopathy in these models
will inform researchers of potential therapeutic targets to reduce secondary brain injury
and improve outcomes following TBI and will aid in identifying biomarkers for predicting

which patients are most at-risk for thrombosis.

Following clinical TBI, procoagulant microparticles containing phosphatidylserine (PtdSer)
and tissue factor (TF) are released into the blood early after injury [344]. In clinical TBI
plasma samples, microparticles derived from ECs are more highly elevated than those
from platelets or leukocytes [345]. It has been proposed that TF drives coagulopathy

following clinical TBI [177, 346-348]; however, direct evidence to support this claim is
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lacking. Tian, et al. showed that brain-derived extracellular vesicles (BDEV) are released
following fluid percussion injury (FP1) and that BDEVs have both TF and PtdSer that result
in thrombosis [174, 349]. However, there is no clear evidence whether TF or PtdSer is the

driving factor.

For this investigation, we utilized two distinct preclinical TBI models to recapitulate
coagulopathy of clinical TBI. Neurovascular damage is a major endophenotype of TBl and
propagates pathways of coagulopathy. The controlled cortical impact (CCl) model
involves impact directly to the dura of the brain producing a relatively defined, focal
cortical contusion that results in vascular injury, BBB breakdown, and acute hemorrhage
at the site of impact. Intracerebral hemorrhage and vascular damage lead to local immune
and inflammatory responses. The closed head injury (CHI) model involves a midline
impact to the skull, which generates a relatively diffuse, mild brain injury that produces
neuroinflammation and deficits in brain metabolism. CHI is non-hemorrhagic and does
not produce overt cell death but can lead to diffuse vascular damage. These models were

used to examine thrombin production and TF activity following injury.

A major component of thrombosis following brain injury is release of EVs by damaged
neurovasculature. EVs play a role in the pathogenesis of TBl and have been used as brain-
specific injury markers [350]. EVs can be procoagulant and contribute to TBIl-induced
coagulopathy, either through the expression of PtdSer or coagulation proteins, such as
TF. Indeed, brain-derived microvesicles are present in plasma after FPl and promote

coagulopathy following brain injury [349]. As described by Tian et al. [349], both TF and
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PtdSer are expressed on brain-derived EVs following experimental TBIl. Here, we assess

the role of TF and EVs in TBI-induced thrombosis.

5.2 Results

5.2.1 Development of mouse plasma TF activity assay

Initial experiments determined that human FVlla (12.5 nM) does not function with mouse
TF (Figure 5.1A), necessitating the need to use mouse FVlla for subsequent experiments.
We activated mouse FVlla using bacterial Thermolysin per recommended protocol.
Standard curves generated using mFVlla (2.5 nM; Figure 5.1B-C) with mouse or human TF
revealed that the standards were more sensitive and reproducible using human TF. Thus,
experimental data using mouse samples are presented as the equivalent human TF

activity.
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Figure 5.1. Development of mouse plasma TF activity assay

Validation of mouse TF activity and thrombin generation assays. (A-B) mTF was incubated
with (A) hFVlla (12.5 nM) or (B) mFVlla (2.5 nM). Reactions were initiated by addition of
hFX (375 nM), and cleavage of a FXa substrate (500 uM) was monitored by measuring
absorbance at 405 nm for 2 hr at 37°C. The maximum slope of substrate cleavage is

presented (Mean + S.D.; n > 3). (C) hTF was incubated with mFVlla (2.5 nM), and FXa

activation was measured as in A.
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5.2.2 Post-TBI plasma TG is not altered when exogenous TF is added

We used a model of focal brain injury to investigate the role of TF and PL in TBIl-induced
coagulopathy. We first assessed whether coagulation factors downstream of TF
contributed to thrombin generation after TBI. For this experiment, we measured
thrombin generation in the presence of excess TF and PL (Figure 5.2). There were no
significant differences between groups in any parameter of thrombin generation at 6 h
(Figure 5.2A) or 24 h (Figure 5.2B) post-injury. This suggests that CCl-induced

coagulopathy is not mediated primarily by coagulation components downstream of TF.
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Figure 5.2. Post-TBI plasma TG is not altered when exogenous TF is added

Mice received either sham injury or severe CCl followed by euthanasia at either 6 or 24 h
post-injury. PPP was assayed for thrombin generation. Lag time, ETP, peak thrombin, time
to peak, and velocity index were calculated under addition of TF+/PL+. CCl does not result
in a change in any parameters in the presence of TF+/PL+. n=8/group. Mean + SEM and
data points.
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5.2.3 Post-TBI TG is not mediated by increased PL

We next assessed the contribution of procoagulant phospholipids (PL) by measuring
thrombin generation in the presence of excess TF, but no additional PL (Figure 5.3),
making the assay dependent on PL present in the plasma samples. Under these
conditions, no significant differences were observed between sham and CCl mice, either
at 6 h (Figure 5.3A) or 24 h (Figure 5.3B) post-injury, suggesting that increased PL is not

the driving force in acute thrombin production following brain injury.
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Figure 5.3. Post-TBI TG is not mediated by increased PL

Mice received either sham injury or severe CCl followed by euthanasia at either 6 or 24 h
post-injury. PPP was assayed for thrombin generation. Lag time, ETP, peak thrombin, time
to peak, and velocity index were calculated under addition of TF+/PL-. CCl does not result
in a change in any parameters in the presence of TF+/PL-. n = 8/group. Mean = SEM and

data points.

163



5.2.4 Acute TF release post-TBI drives TG

We next measured thrombin generation in the presence of excess PL, with no added TF
(Figure 5.4). At both 6 h (Figure 5.4A) and 24 h (Figure 5.4B) post-injury, lag time and time
to peak were significantly decreased in plasma from CCl mice compared to sham mice.
Further, plasma from CCl mice displayed higher ETP 6 h post-injury and higher ETP and
velocity index 24 h post-injury compared to sham mice. Overall, thrombin generation was
significantly faster and higher following CCI. To confirm the contribution of TF to this
mechanism, we determined that plasma TF activity following CCl was increased two-fold
at both 6 h and 24 h post-injury and this increase was statistically significant at 24 h post-

injury, supporting a TF-driven mechanism of acute coagulopathy following TBI.
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Figure 5.4. Acute TF release post-TBI drives TG in severe TBI model



Figure 5.4. Acute TF release post-TBI drives TG in severe TBI model

Mice received either sham injury or severe CCl followed by euthanasia at either 6 or 24 h
post-injury. PPP was assayed for thrombin generation. Lag time, ETP, peak thrombin, time
to peak, and velocity index were calculated under addition of TF-/PL+. Tissue factor
activity was also measured in the same samples. There was significantly decreased lag
time and time to peak in PPP from CCl mice as compared to sham mice at both 6 h and
24 h post-injury. ETP was significantly elevated in PPP from CCl mice as compared to sham
mice at both 6 h and 24 h post-injury. There was a significant increase in the velocity index
in PPP from CCl mice as compared to that from sham mice at 24 h post-injury. There was
a non-significant increase in TF at 6 h post-CCl and significant increase in TF at 24 h post-
CCl. 6 h: lag time ** p = 0.007; ETP * p = 0.026; time to peak * p = 0.015. 24 h: lag time *
p =0.041; ETP * p = 0.037; time to peak * p = 0.028; velocity index * p =0.039; TF * p =

0.028. n = 6-8/group. Mean + SEM and data points.
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5.2.5 Earlyincrease in TF is observed in mild TBI model

To fully attribute changes in TF activity to brain damage in a non-hemorrhagic
environment, we performed thrombin generation and TF activity assays in a CHI model
(Figure 5.5). CHI does not produce overt hemorrhage but can result in diffuse vascular
disruption [351]. Plasma from CHI mice generated detectable thrombin in 2/5 mice
compared to 0/5 sham at 6 h post-injury (Figure 5.5A). This coincided with significantly
elevated plasma TF activity in the CHI group compared to sham, in which mice with >140
fM TF activity producing detectable thrombin. No differences were observed 24 h post-
CHI (Figure 5.5B), suggesting a time-dependence to TBI, consistent with reports in

patients following TBI or extracranial trauma [346].
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Figure 5.5. Early increase in TF is observed in mild TBl model

Mice received either sham injury or mild CHI followed by euthanasia at either 6 or 24 h
post-injury. PPP was assayed for thrombin generation. Lag time, ETP, peak thrombin, time
to peak, and velocity index were calculated under addition of TF-/PL+. Tissue factor
activity was also measured in the same samples. There is a significant increase in TF in
PPP from CHI mice as compared to sham mice at 6 h post-injury. There was no difference
in thrombin generation or TF between groups at 24 h post-CHI. * p = 0.029. t = 2.741.

n=5/group. Mean + SEM and data points.
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5.3 Conclusions

Our data in CCl and CHI models of TBI show that thrombin generation is mediated, at least
in part, by increased microvesicle TF, and that the TF increase is transient and dependent
on the type or severity of injury. These findings support the clinical hypothesis that TF
drives acute coagulopathy after brain injury, and suggests microvesicle TF may be a
valuable biomarker for identifying patients most at-risk for thrombotic complications of

TBI and for guiding therapeutic interventions.
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CHAPTER 6.  DISCUSSION

6.1 Part|: Total Protein S Deficiency in HIV Infection

In Chapter 3, we evaluated the contribution of PS deficiency, a commonly occuring
hematologic abnormality in PLWH, to increased thrombotic risk seen in this patient
population. In these studies, we demonstrated that decreased total PS contributes to
increased thrombin generation in PLWH, suggesting that PS deficiency is a direct
contributor to thrombotic risk in this population. Clinical PS deficiency occurred in 50% of
our PLWH population, including 58.8% of the PLWH for which samples were collected
prior to the start of ART treatment. The PS deficiency in our PLWH population is consistent
with both the frequency and the extent of acquired PS deficiency in HIV-1 infection
reported by previous studies [150, 352]. Acquired PS deficiency has been reported to
occur secondary to viral infections, in the case of dengue [188], varicella [187], SARS-CoV-
2 [189, 353], and HIV-1 [147, 149]. In HIV, acquired PS deficiency is thought to be caused
by decreased synthesis by ECs, hepatocytes, and/or megakaryocytes, antibody-mediated
clearance of PS, and loss due to nephropathy, among other possible mechanisms [148-
150]. PS deficiency correlates with disease progression to AIDS [185], and both total and
free plasma PS are decreased [149, 184]. The variability of PS deficiency reported in PLWH
(~27-76%) [150] likely depends on the participant’s health prior to initiation of ART, and
on the particular ART regiment used [185]. Our study population included PLWH without
AIDS, who were otherwise generally healthy at the time of sampling. We observed that
PS deficiency was more pronounced in the untreated PLWH, with restoration to normal

levels in most ART-treated PLWH. This is consistent with previous studies that suggest the
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role of acute inflammation and immunothrombosis mechanisms. However, PS deficiency
remained in 5 of 13 ART-treated PLWH, indicating that other pathological mechanisms
might also play a role. Others have reported that even long-term ART treatment does not
completely normalize the levels of some coagulation biomarkers [354] and treated PLWH

remain at greater risk for thrombosis [140].

Acquired PS deficiency is the most common coagulation abnormality found in PLWH
[150]. However, despite this high prevalence (~27-76%) [150], its pathologic
consequences were unclear because PS concentration had not correlated with plasma
thrombin generation ex vivo in the standard CAT assay [23]. One recent study, which did
not look at PS, showed that the best predictors of increased plasma thrombin generation
in PLWH were PC and factor V, the target of APC/PS anticogulant activity [142]. We
hypothesized that PS also contributes, and, therefore, developed a PS-sensitive CAT assay
to investigate this hypothesis. We showed that thrombin generation was sensitive to
plasma PS when samples are supplemented with TM but not when TM is absent, and that
PS concentration negatively correlates with thrombin generation, if measured by a PS-
sensitive assay. Hence, plasma PS likely contributes to thrombotic risk in PLWH. It is
important to mention that other techniques for assessing PS activity exist, as summarized
[355], which are typically clot endpoint-based assays with exogenously added APC in
which its activity or promotion by PS is used as a proxy to measure PS activity. By
modifiying the standard CAT assay, we have developed a PS-sensitive plasma thrombin

generation assay that relies on thrombin-thrombomodulin to activate PC, reflecting the
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in vivo mechanism, and provides more detailed kinetic insight into the full dynamic range

of thrombin generation.

HIV-1-induced expression of TF on circulating monocytes has also been described [151].
In infection or inflammation, blood cells such as monocytes may express TF after
stimulation by inflammatory cytokines. Monocytes can release TF-bearing microvesicles
into plasma, which could contribute to plasma thrombin generation measurements [152].
In addition, viral particles may incorporate procoagulant TF into their envelope, providing
a second possible source for plasma TF in samples from PLWH with active infection [330].
Similarly, EC dysfunction can also contribute to intravascular coagulation and the release
of TF-bearing microvesicles [356]. In the HIV population, increases in both the activity and
antigen level of TF have been documented, yet the significance to thrombotic risk is
unknown. We did not observe any increase in plasma TF in our patient population. The
low amount of plasma TF that was detected did contribute to thrombin generation, but

only in the absence of exogenous TF, correlating with decreased lag time.

People living with HIV are treated with a combination of several classes of ART drugs:
protease inhibitors (Pl), nucleoside and non-nucleoside reverse transcriptase inhibitors
(NRTIand NNRTI), integrase inhibitors and entry inhibitors. Certain Pl and NRTI drugs have
been shown to exert procoagulant properties in PLWH [144, 146]. Many of the protease
inhibitors are known to induce dyslipidemia and are associated with an increased risk of
myocardial infarction [144]. Moreover, even though the protease inhibitors target viral
aspartyl proteases, it is plausible that they might cross react with and inhibit coagulation

factors. The drug Abacavir, an NRTI, is also associated with increased cardiovascular
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disease risk, and has vascular inflammatory effects [146]. And thus, there has been
inconsistency in the field in regards to the consequence of ART treatment to thrombotic
risk. While ART effectively achieves clinical viral clearance and preserves CD4+ T cell
counts, even long-term ART treatment does not completely normalize the levels of some
coagulation markers [354]. and these PLWH remain at greater risk for thrombosis [139,
140]. In our patient group, treatment with ART effectively reduced the viral load
(undetectable in 12 of 13 treated PLWH) and decreased plasma markers of inflammation
to levels observed in healthy controls [309]. However, plasma thrombin generation was
not different between naive PLWH and those on ART, consistent with the inability of

treatment to eliminate the thrombotic risk.

We acknowledge limitations with this study. We have only a limited number of female
PLWH (n = 2 out of 30 PLWH), which is reflective of the overall PLWH population in the
state of Kentucky, but limits our ability to translate our results to female PLWH. Females,
on average, have reduced PS compared to males and thus may be more susceptible to an
acquired PS deficiency. Other sex-specific coagulation factor differences may also alter
the sensitivity of the modified thrombin generation assay to PS concentration. In addition,
a larger study would allow us to determine the interaction of PS with other thrombotic
risk factors, some of which are sex-dependent, and to assess the potential predictive

value of PS for thrombotic events.
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6.2 Partll: Free Protein S Deficiency in COVID-19 Infection

In Chapter 4, we described a specific free PS deficiency in a cohort of COVID-19 patients
and investigated its possible mechanisms. In this study, we demonstrated an acquired
free PS deficiency in COVID-19 patients, which occurs with similar frequency in patients
with mild or severe disease, correlates with higher plasma thrombin generation ex vivo,
and cannot be explained by an increase in well-described PS-binding proteins. Subsequent
experiments using mass spectrometry, immunoblotting, ELISA, and microfluidics revealed
a shear-dependent interaction between PS and VWF, which we propose as a previously
unrecognized mechanism of acquired PS deficiency. Consistently, we detected PS/VWF

comigration in control and patient samples by native agarose gel electrophoresis.

Severe viral infections, including HIV-1, dengue, and varicella, are associated with
acquired PS deficiency [184-190, 192-194]. Other groups have reported acquired PS
deficiency in COVID-19 patients, measuring either free PS antigen or PS activity, an APC
activity-based measurement of free PS, and have proposed a variety of potential
mechanisms for this deficiency, which we recently reviewed [332]. In this cohort, we did
not observe reduction in total PS, suggesting that the deficiency is not due to decreased
synthesis, increased consumption, or antibody-mediated clearance, as others have
proposed. Instead, we report a specific decrease in free PS, which occurs at a similar
frequency in both outpatients and inpatients. This is striking as our outpatients were for
the most part mildly symptomatic, whereas all inpatients had severe disease and were

under intensive care.
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The specific decrease in free PS suggests a concurrent increase in a plasma PS-binding
protein, with C4BP-B being the most likely candidate. The major isoform (~80%) of CABP
in plasma consists of 7a and 1B chains, with the other isoforms containing either 6a and
1B or exclusively 7a or 6a [357]. We measure C4BP-B, as this is the chain that binds PS.
However, C4BP- was unchanged in COVID-19 patients, as was PC. PS is also involved in
anti-inflammatory signaling and efferocytosis by monocytes/macrophages, as a ligand for
the TAM (Tyro3, Axl, Mer) receptors, which are implicated in COVID-19 [194, 208]. While
we did see a slight elevation of plasma soluble Mer, the low picomolar concentration of
this protein makes it unlikely to have a meaningful impact on free PS concentration

(normal range 5-15 pg/mL or ~150 nM).

To understand the cause of free PS deficiency and test for other PS-binding proteins, we
visualized PS in plasma from patients and controls by non-denaturing gel electrophoresis
and immunoblotting. PS dimerizes at high concentrations [337], and this dimer is
disrupted by calcium [338]; therefore, high concentrations (~10 uM) of purified PS,
dialyzed to calcium-free buffer, with calcium or EDTA supplementation, were used as
controls to observe the locations of PS monomer and dimer. While the purified protein
separated as the expected monomer and dimer species, a multitude of bands toward the
top of the gel were observed in all plasma samples, some of which co-migrated with C4BP-
B, PC, TFPI, Mer, factor V, or VWF. VWF was included, as it is an abundant, large
multimeric protein with numerous protein binding sites that can be exposed under high

shear [339], and a prothrombotic acute phase reactant during inflammation, including in
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COVID-19 [302, 340]. Consistent with other studies, we also observed elevation of

VWEF:Ag in our inpatients, despite no apparent change in multimer distribution.

Mass spectrometry analyses revealed that the amount of PS bound to VWF increases
>10,000,000-fold upon exposure to shear. We hypothesize that shear-induced unfolding
of VWF exposes a binding site, as it does for platelet GPIb [339] or ADAMTS13 [358], which
interacts either directly or indirectly with PS and contributes to acquired free PS
deficiency. Consistent with this, addition of sheared VWF to control plasma dose-
dependently inhibited free, but not total, PS antigen measurement, and shearing of
plasma lowered free PS detection in healthy donor samples. Additionally, PS co-migrated
with the lower molecular weight VWF multimers. This comigration was apparent either
in the presence or absence of shearing, suggesting that either some of this complex exists
normally in plasma or exposure to SDS and electrophoresis induces sufficient VWF
unfolding for PS to bind. This also suggests that the PS/VWF interaction is strong enough
to withstand electrophoresis. In addition, PS/VWF complexes can be pre-formed by
shearing and stably maintained in recalcified whole blood, and co-localize on platelet
thrombi under a flow system. Finally, PS binds to VWF after it unfolds and self-associates
in situ under flow. The calcium sensitivity of the PS-VWF binding under flow could be due
to calcium effects on VWF unfolding, VWF self-association, and/or PS monomerization.
The lack of sensitivity to calcium when VWEF is vortexed suggests that process induces
higher effective shear forces than the microfluidic system, which are sufficient to

overcome the limitations imposed by calcium.
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As shearing reduces free PS in healthy control plasma, and free PS concentration did not
correlate with increased VWF antigen, the effect of VWF on free PS is likely mediated
primarily by shear-dependent unfolding, rather than changes in VWF antigen. Shear-
induced unfolding of VWF increases with elevated wall shear stress and therefore would
become progressively greater in the arterial system as the vessels become smaller.
Unfolding and self-association of VWF also is favored in regions of flow acceleration as
occur in stenotic arteries or valves and in resistance vessels [359], especially during
hypertension. It is noteworthy that in two studies published early in the COVID-19
pandemic, hypertension was the most common comorbidity associated with severe

disease [360, 361].

The exact PS binding site on VWF is unknown, but appears distinct from the platelet
binding site, as treatment with Ristocetin, which exposes the GPIb binding site on VWF,
did not reduce free PS. The shear-dependent association between PS and VWEF is
supported by mass spectrometry and immunoblotting analyses of VWF-interacting
proteins, ELISAs, and microfluidics experiments. It is less clear whether any PS circulates
bound to VWF in healthy individuals. We observed PS/VWF co-migration by both non-
denaturing gel electrophoresis and VWF multimer gels.. A VWF/PS complex ELISA also
detected this complex in healthy normal plasmas. However, the complex increased
rapidly over incubation time. Thus, it is unclear whether the complex pre-exists in plasma
or was induced by the experimental conditions. Similarly, electrophoresis may unfold

VWF enough to allow for PS association. Regardless, this complex was apparent in plasma
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samples but not in studies performed with purified proteins, suggesting that additional

plasma component(s) may help mediate the interaction, in the absence of excess shear.

The free PS deficiency that develops in COVID-19 patients appears to be functionally
relevant. In a PS-sensitive plasma thrombin generation assay [186], free PS deficiency
correlated with increased plasma thrombin generation. TF-initiated thrombin generation
was measured in the presence and absence of exogenous thrombomodulin, an
endothelial receptor protein necessary for PC activation. Despite prophylactic heparin
anticoagulation received by some inpatients, plasma thrombin generation was not
decreased in patients and trended toward increased, though this was not statistically
significant. In the presence of thrombomodulin, peak thrombin and endogenous
thrombin potential were elevated in patients, signifying lower sensitivity to
thrombomodulin and reduced APC/PS pathway activity. The inpatients received an array
of different therapeutic regiments, including anticoagulant, as the hospital treatment
procedures were evolving during the initial phases of the pandemic. As such, we are not
able to precisely account for the effect of anticoagulation on thrombin generation. Only
one of the inpatients in this study had a clinically identified thrombotic event, a
pulmonary embolism which occurred days prior to sample collection. Otherwise, our
patient population was similar to other reports, in terms of inflammatory markers,

immune response, EC activation, and tissue factor expression [161, 333-335].

In conclusion, these data suggest that shear-induced unfolding of VWF exposes a binding
site for PS, localizes PS, and blocks free PS antigen measurement in patients with COVID-

19. Thus, elevated shear forces can cause free PS deficiency in a VWF-dependent manner,
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which is associated with increased thrombin generation ex vivo. We anticipate that this
mechanism also contributes to acquired PS deficiency in other inflammatory conditions
in which VWEF is exposed to elevated vascular shear forces, and that VWF may modulate

PS anticoagulant activity under normal hemostatic conditions.

6.3  Partlll: Tissue Factor Release in TBI-Associated Inflammation

In Chapter 5, we examined the role of systemic release of TF and EVs in TBI-induced
thrombosis mechanisms in mice. A major component of thrombosis following brain injury
is release of EVs by damaged neurovasculature. EVs play a role in the pathogenesis of TBI
and have been used as brain-specific injury markers [350]. EVs can be procoagulant and
contribute to TBI-induced coagulopathy, either through the expression of PtdSer or
coagulation proteins, such as TF. As described by Tian et al. [349], both TF and PtdSer are

expressed on brain-derived EVs following experimental TBI.

To expand on these findings, we used a model of focal brain injury to investigate the role
of TF and PL in TBI-induced coagulopathy. We first assessed whether coagulation factors
downstream of TF contributed to thrombin generation after TBI. There were no significant
differences between groups in any parameter of thrombin generation at 6 h or 24 h post-
injury. This suggests that CCl-induced coagulopathy is not mediated primarily by
coagulation components downstream of TF. We next assessed the contribution of
procoagulant phospholipids (PL) by measuring thrombin generation in the presence of
excess TF, but no additional PL, making the assay dependent on PL present in the plasma

samples. Under these conditions, no significant differences were observed between sham
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and CCl mice, suggesting that increased PL is not the driving force in acute thrombin

production following brain injury.

One limitation of the CCl model is the requirement of a craniotomy procedure, which can
induce local blood flows changes and damage to the superficial vessels underlying the
skull. To fully attribute changes in TF activity to brain damage in a non-hemorrhagic
environment, we performed thrombin generation and TF activity assays in a CHI model.
CHI does not produce overt hemorrhage but can result in diffuse vascular disruption
[351]. Plasma from CHI mice generated detectable thrombin in 2/5 mice compared to 0/5
sham at 6 h post-injury. This coincided with significantly elevated plasma TF activity in the
CHI group compared to sham, in which mice with >140 fM TF activity producing
detectable thrombin. No differences were observed 24 h post-CHI, suggesting a time-
dependence to TBI, consistent with reports in patients following TBI or extracranial

trauma [346].

These results are consistent with our group’s observation of early changes in platelet
coupling efficiency after CCl, pointing to TBI-induced alteration of platelet metabolism
[326]. Thrombin activates platelets and influences platelet metabolism, as shown by
Aibibula, et al [362]. In addition, TF+ BDEVs, which can be derived from neurons and
astrocytes in the TF-rich brain, can also activate platelets [349]. EVs from ECs were also
elevated after TBI in one clinical study [345], suggesting a mechanism of TF release from

damaged neurovasculature.
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Future directions are poised to examine the on-going and/or chronic nature of thrombin
generation in these models. Patients who are admitted to the emergency department can
develop coagulopathy over the first several days following brain injury [180], indicating
possible delayed mechanisms. Further, early mechanisms that lead to fibrin production
could contribute to long-term fibrin(ogen) deposition after brain injury. In clinical and
preclinical studies, BBB disruption after TBI leads to fibrin(ogen) deposition in cortical
vessels, leading to gliosis, reduced neuronal density, and worsened neurological
performance [363-366]. Therefore, fibrin(ogen) can drive poor outcomes and early

targeting of thrombin generation could mitigate these outcomes.

Our data in CCl and CHI models of TBI show that thrombin generation is mediated, at least
in part, by increased microvesicle TF, and that the TF increase is transient and dependent
on the type or severity of injury. These findings support the clinical hypothesis that TF
drives acute coagulopathy after brain injury, and suggests microvesicle TF may be a
valuable biomarker for identifying patients most at-risk for thrombotic complications of

TBI and for guiding therapeutic interventions.
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CHAPTER 7. SUMMARY AND FUTURE DIRECTIONS

7.1 Summary

Part I: Total Protein S Deficiency in HIV Infection

1.

In the presence of TM, plasma thrombin generation is very sensitive to plasma PS
concentration. With this modified CAT assay, we can examine PS-dependent impacts
in thrombin generation of donor plasmas, enabling us to evaluate the impact of
antigenic or functional PS deficiency in HIV-1 and SARS-CoV-2 infection.

In PLWH, despite successful treatment with ART, both total and free PS are reduced,
along with PC, indicating an overall depletion of PS and decreased PC/PS pathway
activity. Consistent with existing literature, ~50% of PLWH plasmas were deficient in
PS, while ART-treatment partially restored total PS, with ~27% patients remaining
deficient.

PS deficiency, the most common coagulation abnormality in PLWH, contributes to
increased thrombin generation, and likely thrombotic risk, observed in this
population, despite the opposite observation in a previous study.

Reduction of total PS, free PS, and PC in HIV-1, individually correlate with increased
thrombin generation potential, therefore, PS and PC may serve as prothrombotic
biomarkers that could be monitored in PLWH patients, in order to evaluate
thrombotic risk as well as to help determining prophylactic anticoagulant therapeutic
needs.

Plasma TF activity is unlikely to contribute to the thrombotic risk associated with HIV

infection.
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Part Il: Free PS Deficiency in COVID-19 Infection

1. Unlike HIV-1, SARS-CoV-2 (COVID-19) patients develop free PS, but not total PS
deficiency. PS-interacting proteins C4BP-3, PC, and soluble Mer were not sufficiently
altered to explain the free PS deficiency.

2. Despite anticoagulation, COVID-19 inpatients had comparable plasma thrombin
generation to healthy controls and elevated D-dimer, indicating a prothrombotic
state, which is likely exacerbated by the free PS deficiency.

3. Using our COVID-19 patient cohort as a model for specific free PS deficiency, we
identified a previously unrecognized shear-dependent and calcium-sensitive
interaction between PS and VWF, a prothrombotic acute phase reactant often
elevated in COVID-19 and other inflammatory conditions.

4. VWEF antigen concentration is markedly elevated mostly in the inpatients, whereas
free PS deficiency occurs in the out- and inpatients to a similar extent, suggesting that
it is the pathological vascular shear pattern, rather than a particular VWF antigen
concentration, that induces the unfolding of VWF, which in turn sequesters PS.

5. We see evidence of co-migration of PS with lower molecular weight multimers of
VWEF, which is unaffected by calcium or shear, possibly implying either pre-existing

PS/VWF complexed in plasma or induced by experimental conditions.

Part Ill: TF Release in TBl-associated Inflammation

1. In controlled cortical impact (CCl), a mouse model for a severe form of TBI, which

causes acute hemorrhage, cortical neurovascular damage, and blood-brain barrier
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breakdown, post-TBI coagulopathy is not caused directly by coagulation components
downstream of TF nor by an increase in circulating phospholipids. Instead, an acute
TF release occurs, with an approximately two-fold increase in plasma TF activity at
both 6 h and 24 h post-TBI, which drives faster and higher thrombotic potential. This
TF increase is reflective, at least in part, of a release of brain-derived extracellular
vesicles, with increased expression and activity of microvesicle-associated TF into the
systemic circulation.

2. In closed head injury (CHI), a mouse model for a milder form of TBI, which is non-
hemorrhagic but causes diffuse neuroinflammation and brain metabolism deficits,
elevated plasma TF activity occurs at 6 h post-TBI, without significant effect on plasma
thrombotic potential, and subsides at 24 h post-injury, suggesting a time-dependency.
The post-TBI plasma TF activity in CCl mice was notably higher by as much as 5-fold

compared to the CHI mice, consistent with the severity of TBI.

7.2 Significance

1. With the modified CAT assay, we can examine PS-dependent impacts on thrombin
generation potential of patient samples to evaluate the impact of antigenic or
functional PS deficiency in various clinical conditions.

2. Acquired PS deficiency secondary to viral infection occurs with different contributing
mechanisms and might differentially affect either total antigenic or free functional PS
concentration, supporting the merit of measuring both total and free PS as part of the

coagulation panel when evaluating the thrombotic risk in the clinic.
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Depletion of anticoagulant proteins is a prominent consequence of HIV-1 infection
correlating with increased thrombotic risk. Hence, periodic monitoring of
anticoagulant proteins should be considered as a part of thrombotic risk assessment
in HIV-1 patient care.

In COVID-19, we observed free PS deficiency in mildly symptomatic outpatients that
is comparable to severe ICU-hospitalized patients, indicating notable and possibly
specific mechanisms implicating PS in COVID-19 pathogenesis. While the other
mechanisms such as decrease in synthesis, loss due to consumption, viral protease
degradation, or autoantibody-mediated clearance might all play a role, the specific
loss in free PS indicates that there is a shift of proportion between the free
anticoagulant and bound PS polls. This shift in PS fraction could not be explained by
an increase in well-described PS-binding proteins, such as by an increase in C4BP-
binding which has been previously reported in HIV-1. Here, we describe a novel
explanation of specific free PS deficiency, via an increase in VWF-binding, another
acute phase reactant with previously unrecognized PS-binding activity.

As elevation of VWF antigen and activity via inflammation, endothelial activation, and
decreased ADAMTS13 activity is a prominent consequence of severe SARS-CoV-2
infection, the PS/VWF interaction and its effects might be a significant feature in
COVID-19 pathogenesis with important physiological consequences in patients
affected by this pandemic. There are similarly many other viral infections as well as
inflammatory conditions that are associated with VWF elevation and a pathological

shear pattern that occurs as a consequence of severe endothelial activation and
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dysfunction in these inflammatory states. The PS/VWF interaction and impacts might
be significant in these other conditions as well, leading to acquired free PS deficiency
and thrombophilia (Figure 7.1B).

The PS/VWF shear-dependent interaction not only affects free (functional
anticoagulant) PS measurement, but also at least partially interferes with PS
anticoagulant cofactor activity (see Appendix ). This suggests further physiological
relevance to this interaction under pathologic conditions. Moreover, based on VWF
prothrombotic role in primary hemostasis, it is possible that the PS/VWF interaction
is also a part of the normal vascular injury response. As VWF unfolds within the locally
elevated or disrupted shear of the injury site and binds to collagen and platelets, VWF
might also play an additional role in recruiting PS to where coagulation activation is
occurring, and locally regulate anticoagulant activity (Figure 7.1A).

Our ongoing longitudinal data indicates that free PS deficiency persists for up to three
months post-infection in some patients (see Appendix Il). Thus, we propose that PS
deficiency and/or the PS/VWF interaction might play a role not only during the acute
phase of infection, but also in the pathogenesis of its sequelae or as a contributing
mechanism in long COVID-19 syndrome.

Microvesicle-TF released post-TBI drives thrombin generation in a temporal manner
and dependent on the severity of the injury. Measurement of microvesicle-associated
TF or plasma TF activity may serve as biomarkers for evaluating thrombotic risk in TBI

patients.
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Figure 7.1. The roles of PS/VWF shear-dependent interaction in hemostasis and

thrombosis

A postulated model of the roles of PS/VWF interaction in physiological (hemostatic) and

pathological (immunothrombotic) conditions. Image created with BioRender.com.
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7.3  Future Directions
1. To determine the interaction characteristics of PS/VWF; binding affinity, binding sites
on both PS and VWF, calcium sensitivity, shear-dependency, and other determinants.

a. One way we have been undertaking this is by utilizing a crosslinking and biotin
label transfer method with the Sulfo-SBED (Sulfo-N-hydroxysuccinimidyl-2-(6-
[biotinamido]-2-(p-azido benzamido)-hexanoamido) ethyl-1,3'-dithioproprionate)
technology. With this method, it is possible to separately label either PS or VWF
with NHS-ester and biotin, incubate the labeled protein with plasma, while
applying shear or other conditions, induce crosslinking to transfer the biotin label
to interacting proteins, and evaluate the results using either immunoblotting or
mass spectrometry. This assay is an unbiased approach to confirm PS/VWF
binding, identify amino acids near the binding site, and identify other plasma
proteins that bind either PS or VWF.

b. We have also communicated and established collaborative plans with several
research labs to provide us with reagents and expertise in regards to VWF-related
experimentations. Through these collaborations, we can gain access to patient
plasmas from von Willebrand disease with known domain mutations, a phage
display library of various domains of VWF, and various truncations of VWF protein.
With these reagents, we can examine further the binding characteristics of
PS/VWE.

c. Similarly, we have the capacity to purify the EGF1-2 and the Laminin G domains of

PS. We also have access to Gla-domainless PS and various binding proteins of PS
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2.

3.

4.

5.

(full-length C4BP, C4ABP-B, Mer, TFPla, and PC), each of which having established
binding sites on PS. We can utilize these proteins in competition-based assays to
study PS/VWEF interaction characteristics.
To study the functional effects of the PS/VWF interaction on PS anticoagulant activity.
We continue to delineate the impact of VWF binding on PS cofactor activity with APC
and TFPla, as well as PS direct FIXa inhibitory activity using enzyme activity assays,
with chromogenic as well as with immunoblotting methods. Our preliminary data
suggests that sheared VWF at least partially interferes with PS anticoagulant cofactor
activity (see Appendix I).
To study the functional effects of the PS/VWF interaction on VWF hemostatic
functions. We aim to also determine the impact of PS/VWF binding on VWF activity;
with collagen binding, platelet binding, and ADAMTS13 activity assays in the presence
or absence of PS, shear, calcium, and other determinants.
To study this interaction in the platelet environment. Platelet a-granules contain both
PS and VWF which are released during platelet activation. Platelet VWF has both
similarities and distinct features compared to endothelium-released plasma VWF, and
little is known regarding the PS/VWF interaction in platelets. Moreover, there are
differences in the activity of the coagulation complexes, as well as the anticoagulants,
on the surface of phospholipid vesicular membranes and on platelets.
We continue with patient recruitment in both the HIV-1 and COVID-19 project.
a. Ourlabis part of the VITAL (Virus-Induced Thrombosis Alliance) of the College of

Medicine. We have approved IRB protocols in both HIV-1 and COVID-19 patient
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recruitment and studies. We aim to also follow our patients longitudinally in order
to evaluate the coagulation parameters as well as the long-term thrombotic risk.
In an ongoing COVID-19 patient study, we observed a persistence of PS deficiency
in a subset of outpatients after three months post-infection (see Appendix Il).

For COVID-19, the University of Kentucky and our lab personnels are part of the
NIH RECOVER (Researching COVID-19 to Enhance Recovery Initiative) study, which
recruits and follows COVID-19 patients in order to study the development and

mechanisms of long COVID-19 or PASC (Post-Acute Sequelae of COVID-19).
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APPENDICES

APPENDIX I. SHEARED VWF PARTIALLY INTERFERES WITH PS ANTICOAGULANT
COFACTOR ACTIVITY

Introduction

We previously observed a shear-dependent interaction between PS and VWF, in which
shear-induced VWF unfolding binds PS and blocks free PS antigen measurement. We next
aim to delineate the functional effects of the PS/VWF interaction on PS anticoagulant
activity. Here, we investigated the impact of sheared VWF on PS cofactor activity with
APC and with TFPla using chromogenic enzyme activity assays, as well as comparing the
effect of sheared VWF on FVa cleavage by APC/PS, on synthetic phospholipids and on

activated platelets using chromogenic and immunoblotting assays.

Results and discussion

1. Sheared VWF interferes with TFPla-cofactor activity of PS

We investigated the impact of sheared VWF on FXa inhibitory activity of TFPla/PS using
chromogenic enzyme activity assay. We utilized 10 and 40 pg/mL concentrations of VWF,
to simulate the physiological and pathological conditions, respectively. We observed that
sheared VWF reversed FXa inhibition by TFPIa/PS only at higher (40 ug/mL), but not at

physiological VWF concentration (Figure 8.1).
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Figure 8.1. Sheared VWF dose dependently reverses FXa inhibition by TFPla/PS

Shown is 5nM factor Xa (FXa) activity measured by chromogenic substrate cleavage, in
respect to time, in the absence or presence of 1 nM TFPla, 100 nM PS, and 10 or 40 pg/mL
VWEF, sheared by vortexing (~2,500 rpm for 30 s). Every data point is the average of three

replicates. Shown is representative image of at least three independent experiments.
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2. Sheared VWF has minimal effect on APC/PS prothrombinase inhibitory activity

We next investigated the impact of sheared VWF on prothrombinase inhibitory activity of
APC/PS using chromogenic enzyme activity assays. We utilized 10 and 40 pg/mL
concentrations of VWF, to simulate the physiological and pathological conditions,
respectively. In a continuous TG assay (Figure 8.2A), sheared VWF had no effect on
prothrombinase activity. Assessing the kinetics further with a discontinuous TG assay, we
observed a slight reversal of prothrombinase inhibitory kinetics during the early phase of
TG, especially with the higher (40 pug/mL), but not at physiological VWF concentration
(Figure 8.2B-C). Overall, sheared VWF had minimal effect on APC/PS prothrombinase

inhibitory activity.
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Figure 8.2. Sheared VWF had minimal impact on APC/PS prothrombinase inhibitory

activity
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Figure 8.2. Sheared VWF had minimal impact on APC/PS prothrombinase inhibitory

activity

(A) Continuous and (B-C) discontinuous thrombin generation (TG) or prothrombinase
activity was measured in the presence or absence of 0.5 nM FVa, 5 nM FXa, 1.4 uM FlI, 1
nM APC, 100 nM PS, and 10 or 40 pg/mL VWF, sheared by vortexing (~2,500 rpm for 30
s), using chromogenic enzyme activity assays. For each condition, shown are (B) thrombin
concentration in respect to time and (C) the slope of TG. Every data point is the average
of three replicates. Shown is representative image of at least three independent

experiments.
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3. The effect of sheared VWF on FVa-cleavage by APC/PS might be context dependent

We also investigated the impact of shearedVWF on FVa cleavage by APC/PS. APC with PS
as its cofactor inactivates FVa, a cofactor component of prothrombinase complex, by
cleavage at R506 and R306, which generates a ~30 kDa fragment. We monitored FVa
cleavage with immunoblotting, in the context of a synthetic phospholipid surface
(PC:PE:PS = 40:40:20) or on the activated platelet membrane. Plasma FVa is readily
cleaved by APC while platelet-derived FVa is more resistant to APC inactivation on
thrombin-activated platelets [367, 368]. We observed a slight enhancement of FVa
cleavage in the presence of sheared VWF in the context of synthetic phospholipid vesicles
using plasma-purified FVa (Figure 8.3B). On the contrary, we saw a slight inhibition of
cleavage in the context of activated platelet membrane (Figure 8.3C), which displayed

donor variability (n = 3).
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Figure 8.3. The impact of sheared VWF on FVa cleavage by APC/PS might be context

dependent

(A) Schematic representation of FVa domain configuration and APC cleavage sites. (B-C)
FVa cleavage was assayed by the generation of ~30 kDa cleavage product by
immunoblotting, in the presence or absence of 1 nM APC, 100 nM PS, 5 nM FXa, or 10
ug/mL VWF, in the context of (B) 20 uM synthetic phospholipid vesicles (PC:PE:PS =
40:40:20) and (C) in 2x108/mL thrombin-activated washed platelet from healthy human

donor. Shown is representative image of at least three independent experiments.
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4. The effect of sheared VWF on APC/PS prothrombinase inhibition on activated platelet
surface shows donor variability

We measured the effect on thrombin generation or prothrombinase activity using

activated washed platelet from healthy donors (n = 3). We observed donor variability to

the effect consistent with previous results on FVa cleavage activity. These differences

might be due to normal variation in the biology of platelet activation or secretion of the

platelet’s own FVa, VWF, or PS, among other things.
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Figure 8.4. The effect of sheared VWF on APC/PS prothrombinase inhibition on platelet

surface shows donor variability
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Figure 8.4. The effect of sheared VWF on APC/PS prothrombinase inhibition on platelet

surface shows donor variability

Prothrombinase activity was measured with a chromogenic thrombin generation assay in
the presence or absence of 1 nM APC, 100 nM PS, or 10 pug/mL VWF with shearing,
incubated with 1.4 uM prothrombin (FIl), 2x108/mL activated washed platelet from three

healthy human donors (A-C), initiated with 5 nM FXa and Spectrozyme TH.
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Conclusions

Sheared VWF at least partially interferes with anticoagulant cofactor function of PS,
significantly reversing TFPla cofactor activity, suggesting a physiological relevance to the
PS/VWF interaction. We continue to delineate these effects using various other

modalities to gain more understanding regarding the role of PS/VWF interaction in

circulation.
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APPENDIX II. LONGITUDINAL OBSERVATIONS OF COVID-19 PATIENT STUDY

Introduction

Long COVID or Post-Acute Sequelae of COVID-19 (PASC) is a recognized long-term health
problem affecting ~20-30% of COVID-19 survivors, in which post-acute symptoms
including fatigue, shortness of breath, “brain fog,” chest pain, persistent loss of smell or
taste, and various others, persist or arise months after the acute infection [168]. Viral
persistence, autoimmunity, and persistent inflammation have been proposed as
overlapping mechanisms that contribute to the pathogenesis of PASC [169], which we
hypothesize to involve coagulation activation [314]. We are currently enrolling COVID-19
patients for longitudinal studies with approved IRB protocols. We aim to follow our
patients longitudinally in order to evaluate coagulation parameters as well as the long-
term thrombotic risk. Along with the laboratories of Drs. Whiteheart, Porterfield, and
Garvy, we are part of the NIH RECOVER (Researching COVID-19 to Enhance Recovery
Initiative) study, which separately recruits and follows COVID-19 patients in order to study
the development and mechanisms of PASC. Through the VITAL (Virus-Induced Thrombosis
Alliance), we have longitudinal cohorts of (1) ICU inpatients (n = 4) and outpatients (n =
10) who are observed at baseline and at 14, 28, and 40 days post-recruitment, and (2)
healthy controls (n = 24) and outpatients (n = 25) who are observed at baseline and at 3,
6, and 12 months after. Here, preliminary data of these observations of the second cohort
are shown. Outpatients in this cohort were mildly symptomatic PCR-test confirmed

COVID-19 patients.
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Results and discussion

1. Reduction in free PS recovers after three months, except in a subset of outpatients
We observed PS deficiency in a subset of outpatients at baseline, albeit the difference
between groups not reaching significance. For the most part, this deficiency resolves at

the 3-month follow up, except in a small subset of patients. This argues that acute

inflammation is the main cause of PS deficiency.
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Figure 8.5. Longitudinal observation of free PS in COVID-19 outpatients

Free PS was measured with an ELISA in healthy controls (green square; n = 24) and COVID-
19 outpatients (purple circle; n=25) at baseline (0), 3 months (3mo), and 6 months (6mo)
post recruitment. (A, B) Free PS measurements shown in a (A) before-after graph for every
subject and (B) scatter dot graph of individual data points (error bar represents mean +
SD). There is no statistical significance in the difference between groups at any time point.

Every data point is an average of three measurements.
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2. Elevation of the ETP ratio recovers after three months

We measured plasma thrombin generation using the fluorogenic calibrated automated
thrombography and observed elevation of the endogenous thrombin potential (ETP) ratio
in a subset of outpatients at baseline, albeit the difference between groups not reaching
significance. The ratio of endogenous thrombin potential (ETP) values is defined as ETP
with thrombomodulin (TM) divided by ETP without TM, in assays initiated with 4 uM
phospholipids and 1 pM TF, with or without 20 nM TM supplementation. ETP ratio
quantifies the contribution of APC/PS pathway activity in inhibiting thrombin generation,
with higher ratio corresponding to lesser APC/PS pathway activity. We observed elevation
of ETP ratio in several outpatients at baseline which, for the most part, resolves at the 3-
month follow up, except in a small subset of patients. Due to a lack of clinical information,
we could not explain the outlier controls at the 3-month time point. These data support

the acute nature of COVID-19 immunothrombosis in the outpatients.
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Figure 8.6. Longitudinal observation of ETP ratio in COVID-19 outpatients

Plasma thrombin generation is measured using fluorogenic substrate to thrombin
according to the Calibrated Automated Thrombography (Thrombinoscope) method
(Diagnostica Stago) in citrated plasma samples of healthy controls (green square; n = 24)
and COVID-19 outpatients (purple circle; n = 25). (A,B) The ratio of endogenous
thrombin potential (ETP) values, defined as ETP with thrombomodulin (TM) divided by
ETP without TM, in assays initiated with 4 uM phospholipids and 1 pM TF, with or
without 20 nM TM supplementation, shown in a (A) before-after graph for every subject
and (B) scatter dot graph of individual data points (error bar represents mean + SD).
There is no statistical significance in the difference between groups at any time point.

Every data point is an average of three measurements.
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Conclusions

Our preliminary data suggest that free PS deficiency and increased ETP ratio are observed
at baseline in some COVID-19 outpatients compared to healthy controls. While both free
PS deficiency and ETP ratio elevation resolve at the 3-month follow up, the former still
persist in a subset of patients. We continue to observe our cohorts to up to a year post-
infection to assess the coagulation and inflammatory changes and long term thrombotic

risk, while also monitoring the development of long COVID symptoms.
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