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Abstract

Platelet Signaling in Hemostasis and Vascular Inflammation

Anh Tran Phuong Ngo

Department of Biomedical Engineering
School of Medicine

Oregon Health & Science University

October 2020

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

Formation of a hemostatic clot is essential for minimizing blood loss upon injury and is
mediated, in part, by tightly regulated activity of and crosstalk between platelets and
plasma proteases of blood coagulation. Dysregulation of this otherwise protective
clotting mechanism provokes thrombosis, which is caused by pathologic intravascular
progression of some hemostatic mechanisms, and manifests as the common underlying
pathology of major cardiovascular diseases. Pathological communication between
platelets and coagulation proteases exerts inflammatory effects on the vascular
endothelium. Chronic inflammation defines the development and progression of
atherosclerotic plaques, from the early stages to plaque rupture and atherothrombosis,

the main cause of mortality associated with cardiovascular diseases. Unfortunately,
1



current antithrombotic strategies increase bleeding risk; thus, there remains an unmet
clinical need for safer therapeutics that are effective while also preserving hemostasis.
The present research defines signaling mechanisms underlying the role of platelet and

coagulation proteases in hemostasis and vascular inflammation.

Driven by Rho GTPases and their regulators, Rho-specific guanine nucleotide
dissociation inhibitors (RhoGDls), platelets undergo cytoskeletal reorganization
essential to hemostasis at sites of vascular injury. In this thesis | first investigate the
roles for RhoGDls in platelet function by determining the spatial organization of
RhoGDls relative to Rho GTPases and identifying molecular signaling pathways in
regulating RhoGDI functions. | demonstrate that protein kinase C (PKC) phosphorylates
RhoGDls to spatially anchor Rho GTPases at specific intracellular locations within
platelets and fine tune Rho GTPase-driven hemostatic function. As many Rho GTPase
regulatory proteins remain uncharacterized, this study provides mechanistic insights into
RhoGDls as master regulators of the platelet cytoskeletal dynamics underlying

hemostatic plug formation.

Next, this thesis delves further into signaling pathways around PKC and mitogen-
activated protein kinase (MAPK) associated with platelet cytoskeletal dynamics,
procoagulant activity and inflammatory responses. Roles for MAPK p38 has been
implicated in thrombosis and inflammation, yet little is known regarding mechanistic p38
targets in the platelet activation program. Utilizing causal pathway tools to map protein

phosphorylation events upon platelet activation, | discover the p38-MK2-RNT4-Bcl-xI
2



signaling axis as a crucial mediator of platelet procoagulant phenotype, whose signaling
mechanism was unknown prior to my study. As omics tools and informatics databases
continue to mature, this study demonstrates utility of causal pathway tools in modeling,
organizing and discovering signaling routes and therapeutic targets in platelets and

other cell and tissue systems.

Over the last decade, it has become clear that neonatal and adult megakaryocytes
produce platelets with distinct functionality due to ontogenic changes in the
megakaryocyte-platelet linage. However, drug dosing of antiplatelet agents for neonates
still relies on data extrapolated from adult clinical trials. To further investigate neonatal
platelet hemostatic response, | focus on platelet functions downstream of G-protein-
coupled receptors (GPCRs), as the thrombin receptors protease-activated receptors
(PARs) and ADP receptors P2Y1/P2Y 2 are major targets of antiplatelet therapies. |
observe blunted granule secretion and integrin activation in neonatal compared to adult
platelets, attributed in part to the lower expression of PARs. Interestingly, | find neonatal
platelet responses downstream of P2Y1/P2Y 2 to be robust, perhaps as a compensatory
mechanism for the hyporeactivity downstream of PARs in order to maintain neonatal
hemostasis. In light of such distinct functional neonatal platelet phenotypes, this study
provides new considerations for the management of bleeding complications through

transfusion of adult platelets into neonates.

Finally, due to the pathologic involvement of coagulation factor (F) Xl of the intrinsic

pathway in thrombosis and inflammation, | describe a role for FXI in potentiating
3



atherosclerosis, a chronic inflammatory disease driven by platelets, coagulation and
endothelial dysfunction. While the link between coagulation and atherothrombosis is
well known, contribution of coagulation in the early steps of atherosclerosis remains
unclear. | investigated whether FXI promotes atherogenesis and already established
atherosclerosis in LdIr’- mice by pharmacological targeting of FXI with antibody 14E11
or FXl-antisense oligonucleotide. Inhibition of FXI reduces atherogenesis without
affecting plasma cholesterol levels, inflammatory monocyte levels, platelet activation or
monocyte infiltration into the plaque. | find that exposure of cultured endothelium to
activated FXI disrupts VE-cadherin expression at the endothelial cell junctions,
enhancing the traverse of lipoproteins through the endothelium. Such inflammatory
effects on endothelial VE-cadherin, exerted by FXI, is also observed in vivo. This study
demonstrates therapeutic potential for targeting FXI in atherosclerosis, perhaps along

with the use of cholesterol-lowering drugs and antiplatelet therapy.

Overall, these studies explore new signaling mechanisms for platelets and coagulation
in hemostasis and vascular inflammation and provide insights into the rational design

and development of safer antiplatelet and anticoagulant agents.



Chapter 1. Introduction to key vascular components in hemostasis, thrombosis

and inflammatory diseases

11 Overview

Platelets are anucleate cell fragments of megakaryocytes and the smallest cellular
elements of circulating blood. As the primary cellular mediators of hemostasis, upon
detection of vessel damage, platelets tether and adhere to the exposed extracellular
matrix proteins, organize their cytoskeleton to undergo drastic morphological changes
and aggregate with other platelets to protect vascular integrity. Concomitantly, the blood
coagulation cascade is activated upon exposure of tissue factor present in the
subendothelial space, culminating in the generation of thrombin. The platelet
procoagulant surface and granule releasate upon platelet activation facilitate and
enhance activation of coagulation enzymes; vice versa, thrombin directly activates
platelets and facilitates fibrin formation that allows platelet-platelet interaction into a
tightly-packed hemostatic plug. In the following sections, | will explore various cellular
and acellular components of the vasculature and appreciate their synergistic actions in
regulating hemostasis, a crucial physiological response to restore blood flow and
prevent further damage in the case of injury. Furthermore, | will examine the role of
platelets and coagulation proteases in diseased settings such as in thrombosis and

vascular inflammation (Fig. 1.1).
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Figure 1.1. Roles of platelets and coagulation in hemostasis, thrombosis and
vascular inflammation. Healthy endothelium expresses and secretes antiplatelet
(prostacyclin-PGl2, nitric oxide-NO, CD39) and anticoagulant (tissue factor pathway
inhibitor-TFPI, thrombomodulin-TM) agents. Exposure of the extracellular matrix (ECM)
proteins (collagen, von Willebrand factor-VWEF, tissue factor-TF) to blood upon injury
activates platelet adhesion receptors (GPIb, GPVI, CLEC-2) and allows TF binding to
FVII/FVlla to initiate the TF (extrinsic) pathway. Signaling downstream of platelet
adhesion receptors triggers platelet secretion of soluble agonists, amplifying platelet
activation via G-protein-coupled receptors (protease-activated receptors-PARs,
thromboxane A2 receptor-TP, P2Y1/12) and integrin ouBs. Calcium signaling
downstream of receptor-mediated platelet signaling facilitates integrin inside-out
activation, cytoskeletal reorganization driving spreading and platelet aggregation.
Sustained cytosolic calcium flux leads to membrane phosphatidylserine (PS) exposure,
enhancing thrombin formation via assembly of the tenase and prothrombinase complex
on the platelet procoagulant surface. TF:FVlla complex activates FX into activated FX
(FXa). FXa:Va (cofactor) prothrombinase complex induces thrombin generation.
Thrombin cleaves fibrinogen into fibrin, stabilizing platelet aggregate under shear.
Thrombosis, the main cause of mortality due to cardiovascular disease, occurs when
vascular inflammation induces dysregulated clotting that can occlude vessels. The
intrinsic pathway is implicated in thrombosis, initiated by activation of FXII, leading to
FXI, FIX activation and thrombin generation. FXI can also activate FXII, promoting
inflammation through bradykinin formation by FXlla cleavage of kallikrein. Platelets also
express and secretes various ligands, cytokine and chemokines that facilitates vascular
inflammation, leukocyte recruitment and thrombosis.
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1.2 The unmet clinical need

Atherosclerosis-associated cardiovascular complications remain the leading cause of
morbidity and mortality in the Western world. According to the Global Burden of Disease
Study 2010, ischemic heart disease and stroke caused 1 in 4 deaths worldwide, with
thrombosis being the common underlying pathology.[1] The link between platelets,
coagulation and atherothrombosis has been demonstrated in numerous animal and
clinical studies;[2-8] however, despite tremendous efforts in thrombosis prevention and
intervention, the burden from this epidemic continues to represent a challenging public
health problem. Currently used antiplatelet and anticoagulation therapies, although are
effective, increase bleeding risks.[9,10] Understanding platelet signaling mechanisms
and their cross-talk with other components of the vasculature such as coagulation and
the endothelium in regulating hemostasis, thrombosis and inflammation would aid in the
development of safer antithrombotic that still preserves hemostasis while effectively

target thrombosis and inflammatory processes.

1.3 Platelet adhesion to extracellular matrix proteins

Platelets are anucleate, discoid fragments of bone marrow megakaryocytes that
circulate in blood as sentinels of vascular integrity, a protective mechanism of clotting to
prevent further bleeding and restore blood flow upon endothelial damage. Circulating at
150-400 x 10%L of blood with a lifespan of 8-10 days, platelets adhere to the damaged

endothelium when endothelial cells are altered or extracellular matrix (ECM) proteins
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are exposed as a critical initial step in hemostasis, thrombosis, inflammation and
immunopathogenic responses.[11] Platelets then undergo numerous receptor-mediated
signaling events driving platelet activation, cytoskeletal reorganization - namely the
formation of actin-rich filopodia and lamellipodia, granule secretion and recruitment of
other platelets and leukocytes that participate in fibrinogen-dependent platelet
aggregation, hemostatic plug formation and set off host defense responses.[12,13]
Selective adhesion and recruitment of more platelets and leukocytes (aggregation) to
the site of vascular injury is orchestrated by adhesive interactions of platelets to the
extracellular matrix proteins, local soluble agonists being released from platelets,
leukocytes and endothelial cells and the expression of adhesive molecules on the

platelet surface capable of attracting surrounding circulating cells.[14]

The extracellular matrix components that are exposed during vessel injury include
multiple types of collagen, von Willebrand Factor (VWF), fibronectin, laminin, fibulin,
nidogen and thrombospondin that are synthesized by vascular wall cells, and those that
become immobilized onto the ECM upon injury or introduction to foreign materials
(medical devices) such as fibrinogen/fibrin and vitronectin.[14] Static adhesion
experiments with purified ECM proteins as performed in Chapters 3-5 are essential for
establishing specific mechanisms of platelet action, although relative contribution of
several adhesive interactions to platelet adhesion and spreading remains to be explored
further, as ECM proteins may differ in their structure and conformation when assembled

into complex matrices compared to when circulating in soluble forms in plasma.



1.3.1 von Willebrand factor

Platelets adhere to VWF by tethering of glycoprotein (GP) Iba., part of the platelet
membrane GPIb-IX-V complex [15,16] to the A1 domain of immobilized VWF.
Subendothelial VWF associates with collagen type VI as constitutive components of
endothelial cell matrix and can support platelet adhesion directly. Hemostasis is still
preserved in the absence of endogenous endothelial VWEF if plasma VWEF is present, as
plasma VWF can become immobilized by binding ECM proteins.[14,17-19] Platelets
have no measurable interaction with soluble VWF but adhere promptly to immobilized
VWEF, and VWF molecules appear as elongated filament under high shear stress rather
than loosely coiled structures as seen under static or low shear conditions. Ultra-large
multimers of soluble VWF are released from endothelial cells and platelet granules,
which can function locally but do not accumulate in circulating blood due to the
presence of protease ADAMTS-13.[20,21] When VWEF is bound to collagen, transition
from rolling to adhesion occurs more rapidly at high shear rates than on collagen
without VWEF, highlighting the synergistic function of the VWF-collagen complex.[22]
Platelets have two main binding sites for VWF, namely GPlba and the integrin ouinps
(GPIIb/Illa).[23] Integrin awvP3 may contribute to platelet adhesion to VWF through the
ligand Arg-Gly-Asp (RGD) sequence as shown on endothelial cells,[24] although avf3is
present at much lower density than ouinf3.[23] Approximately 25,000 copies of GPIb-1X
and 12,000 copies of GPV are expressed on resting platelets, with the ligand-binding

site for VWF located within the 45 kDa N-terminal region of GPlba.. GPlba interacts with



thrombin,[25,26] high molecular weight kininogen,[27] coagulation factor (F) XI, FXII
[28,29] and thrombospondin-1.[30] The GPIb-V-IX complex also facilitates the
interaction of resting platelets with activated leukocytes through Mac-1 binding [31] and
activated endothelial cells through P-selectin binding,[32] contributing more to platelet

inflammatory responses.

Deficiency in the platelet GPIb-V-IX complex results in a strong bleeding diathesis found
in Bernard-Soulier Syndrome (Giant Platelet Syndrome), characterized by
macrothrombocytopenia and absent ristocetin-induced platelet agglutination. VWF
deficiency or defective VWF results in von Willebrand disease (VWD), the most

common bleeding disorder affecting up to 1% of the United States population.

1.3.2 Collagen

The platelet membrane expresses several collagen receptors, including integrin a2,
GPVI, GPIV (CD36) and p65 specifically for type | collagen.[33-37] Only a2f1and GPVI
have defined roles in platelet-collagen interactions. Integrin o231 requires activation and
divalent cations to engage its ligand with high affinity, although this may not be
necessary for initial collagen contact. Even in the low affinity state, a2p+ can still mediate
platelet adhesion to collagen preceding GPVI-induced activation, similarly to non-
activated ouibPs mediating adhesion to fibrinogen.[17,38] GPVI plays a major role in

collagen-induced platelet activation, specifically recognizing the sequence Gly-Pro-Hyp
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(collagen-related peptide) and is considered indispensable for platelet-collagen
interactions.[39-41] Mouse GPVI"- platelets exhibit normal adhesion onto insoluble type
| collagen, but activation-dependent platelet spreading is abolished, resulting in
defective platelet aggregation.[41] Perhaps GPVI-deficient platelets can still bind
collagen via a2p1 or through GPIba binding VWF that forms a functional unit with
collagen. Regardless, collagen-induced platelet activation is blocked in the absence of
GPVI, although congenital deficiency of either a2p1or GPVI in humans only results in a
mild bleeding diathesis.[42,43] This indicates that GPVI may be an ideal antiplatelet
therapy because of the receptor’s narrowly-defined thrombotic role, in addition to a mild

bleeding phenotype manifested by GPVI deficiency.

1.3.3 Fibronectin

Platelets express two main receptors for fibronectin, asp1and ouibps.[22,44] Soluble
plasma fibronectin can assemble into fibrillar networks on the surface of fibroblasts,
platelets and other cells to support platelet initial adhesion by association with collagen
and/or VWF and platelet aggregate stabilization.[45,46] Mice with a conditional
depletion of plasma fibronectin exhibit delayed thrombus growth and decreased
aggregate stability.[47] Interestingly, in ex vivo experiments, purified fibronectin does
not cause platelet adhesion, suggesting that supramolecular assembly with other

ligands is necessary for fibronectin to exert a synergistic adhesive function to platelets.
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1.3.4 Fibrinogen/fibrin

Fibrinogen facilitates platelet aggregation and is a substrate for platelet arrest under
shear flow. Adherent platelets become activated and spread on surfaces coated with
immobilized fibrinogen/fibrin, mediated by ouibP3.[48] Fibrin, the cross-linked polymer of

fibrinogen can also support platelet adhesion by synergizing with immobilized VWF.[49]

1.3.5 Laminin and nidogen

Laminin is highly expressed in the subendothelial ECM and facilitates platelet adhesion
at sites of vascular injury. Platelets contain and secrete laminins 8, 10 and 11 (a431vy1,
a5B1y1 and a5B2y1, respectively), while subendothelial forms are laminins 8 and
10.[50] Laminin induces platelet adhesion, filopodia and lamellipodia formation via
integrin asB1 and GPVI, suggesting synergistic roles for aef31 and GPVI as laminin

receptors.[51]

Nidogen is a sulfated monomeric glycoprotein that acts as a bridging adapter protein for
the association of collagen and laminin in the ECM. My group has demonstrated that
recombinant human nidogen-1 supported platelet adhesion and activation dependent on
GPVI and asB+1. Nidogen may play a redundant hemostatic role by activating platelets

downstream of GPVI.[52]
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1.3.6 Other adhesive proteins

Thrombospondin-1 (TSP-1) is a glycoprotein contained in platelet o granules and is
secreted upon activation, which then binds to the platelet membrane and mediates
platelet adhesion.[53] Although the significance of TSP-1 in thrombus formation is

unclear, it is noteworthy that TSP-1 is abundant in atherosclerotic plaques.

Thrombospondin-2 (TSP-2) is a constituent of the ECM and not present in platelets.
TSP-2 deficiency has been associated with congenital hemostatic defect in mice,[54]
although the extent to which such abnormality is related to adhesion remains unclear.
TSP-2 is required for mouse megakaryocytes to produce platelets that can be fully

activated by agonists.[55]

Vitronectin is present in the plasma, ECM and platelet o granules and binds integrin
avPs. Vitronectin and fibrin co-distribute in fibrin clots [56] and a role for vitronectin in the
stabilization of thrombi has been demonstrated in vivo.[57] Vitronectin mediates platelet-
clot interactions through association between platelet-bound vitronectin and fibrin-
incorporated vitronectin.[58] Interactions between adhesive proteins, soluble agonists
and platelet receptors facilitate initial platelet recruitment and further platelet deposition

to the site of injury prior to platelet activation signaling.

1.4 Platelet aggregation, spreading and procoagulant phenotype
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1.4.1 Aggregation

Aggregation is a multistep adhesion process by which platelet adhere to each other at
sites of vascular injury and involves distinct receptors and adhesive ligands whose
interactions are highly dependent on shear flow conditions. Fibrinogen binding to o3
is not the only relevant interaction for platelet aggregation. High shear stress alone can
lead to VWF-mediated platelet aggregation via GPIba and ouinPs.[59] However, without
fibrinogen, thrombi grow rapidly but are unstable, detaching from the surface and
embolize causing vascular occlusion downstream of the lesion in mice. In VWF-deficient
mice, stable platelet aggregates eventually develop although were markedly
delayed.[60] Therefore, both VWF and fibrinogen are required for functional and stable

platelet aggregation (Fig. 1.2).
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Figure 1.2. Multiple adhesion receptor-ligand interactions culminate in platelet
aggregation under high shear flow. Initial tethering of platelets to the immobilized
platelet surface involves VWF-GPIb interaction, although this interaction does not
readily support platelet-platelet adhesion, resulting in translocation of platelet across the
thrombus surface. Platelet stimulation by secreted soluble agonists during translocation
promotes binding of VWF and fibronectin to integrin cuibps, allowing sustained platelet-
platelet adhesion. At elevated shear rates, fibrin(ogen)- auibBs interaction stabilizes
platelet aggregates. Figure adapted from Jackson, Blood 2007; 109(12):5087-5095.
Reprinted with permission.
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1.4.2 Shape change and spreading

Platelet activation is associated with rapid changes in the actin cytoskeleton following
adhesion to increase contact area at the site of injury. Spreading occurs when platelets
are stimulated and is dependent on Gg-mediated calcium elevation or G13 that couples
to small GTPase Rho. Reorganization of actin cytoskeleton is characterized by
uncapping, severing and nucleation of actin filaments and their interaction with myosin
I1.[61] Rho mediates cytoskeletal reorganization through activation of myosin light chain
kinase, enabling the reorganization of granules and organelles within platelets and
formation of filopodia and lamellipodia that enable platelet secretion and spreading,
along with other regulators such as Rac, Cdc42, VASP and protein kinase C.[12,61,62]
Spreading is dependent on the activity of phospholipase C, calcium mobilization,

generation of phosphoinositide and activation of platelet integrin a3 (Fig. 1.3).[63-65]

1.4.3 Procoagulant phenotype

Even after strong activation, not all stimulated platelets become procoagulant. There
exists heterogeneity in platelet response to agonists, manifesting in two distinct
phenotypes discernible in the literature: 1) a procoagulant phenotype that externalizes
phosphatidylserine, binds tenase and prothrombinase complex and accelerates
coagulation and 2) an aggregating and contractile phenotype characterized by active
integrin that binds fibrin to tighten the clot.[66-68] Procoagulant platelets show

overlapping features such as ballooning or mitochondrial permeability transition pore
16



phenotypes, achieved by sustained calcium rise from mobilization from intracellular
stores.[69,70] Platelet age or level of oxidative stress may also prime platelets to

aggregatory or procoagulant phenotypes.[71-73]
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Figure 1.3. Real time imaging of platelet spreading on immobilized fibrinogen.
Upon initial contact with fibrinogen, platelet undergo rounding before generating short
filopodial protrusions. Sheet-like lamellipodia then proceed to fill in the gap between
filopodia, resulting in a fully spread platelet at 25-min timepoint. Figure adapted from
Aslan et al., Methods in Molecular Biology: Platelets and Megakaryocytes 2012; 788:91-

100. Reprinted with permission.
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1.5 Signaling during platelet activation

Signaling processes that occurs during platelet activation are classified into 3 stages: 1)
early activation, 2) common signaling events (amplification) and 3) integrin inside-out
activation and outside-in signaling.[74] Platelet adhesion at the site of vessel injury
activates adhesion receptor-mediated signaling via the VWF receptor GPIba, collagen
receptor GPVI, podoplanin receptor CLEC-2 and fibrinogen receptor auinps. Soluble
signaling molecules from damaged cells (ADP), coagulation activation (thrombin),
atherosclerotic plaques (lysophosphatidic acid) and platelet secretome (ADP, thrombin,
thromboxane A2, serotonin) bind G-protein-coupled receptors (GPCRs) on neighboring
platelets to aid in early activation, act as endogenous amplification mechanisms and
facilitates integrin outside-in signaling to achieve an appropriate level of response to

vascular injury.

Adhesion receptor-mediated signaling (early activation)

Several major platelet adhesion receptors share similarities in their signal transduction
mechanisms involving Src family kinases (SFKs - Fyn, Lyn), phosphoinositide 3-kinase
(PI3K) and the immunoreceptor tyrosine-based activation motif (ITAM) signaling

pathways.

1.56.1 GPIb-IX-V-mediated signaling
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Platelet bind to VWF under high shear rate flow conditions present in arteries and
arterioles via “catch bonds”, ultimately leading to integrin activation and integrin-
dependent platelet adhesion and aggregation.[75,76] The cytoplasmic domain of the
GPIba interacts with SFK Lyn, PI3K and its downstream effector Akt, triggering
intracellular calcium flux and integrin activation independent of other platelet
receptors.[77-80] Downstream of Lyn/PI3K/Akt pathway, elevation of intracellular cGMP
levels also occurs, resulting in the activation of protein kinase (PK) G, mitogen-activated
protein kinase (MAPK) p38 and extracellular signal-regulated kinase (ERK) that
activates nitric oxide (NO) synthase.[81-84] NO stimulates platelets at low
concentrations while inhibiting platelets at high concentrations in addition to modulating
vascular dilator tone, allowing robust hemostatic thrombus formation. Some studies
suggest GPIb-1X is associated with the ITAM receptor FcyRIIA (FcRy),[85,86] although
loss of FcRy,LAT and Syk does not affect GPIb-IX-dependent integrin activation and
platelet adhesion to VWF under shear. [79,80,85] Deletion of ITAM signaling molecules
FcRy, Syk, LAT, SLP-76 and Btk abrogates secretion-dependent platelet
aggregation,[87,88] suggesting that ITAM pathway rather functions as a signal
amplification mechanism in GPIb-IX signaling. Overall, the Lyn-PI3K-Akt-cGMP-PKG-
MAPK signaling axis plays a crucial role in VWF-GPIb-I1X-mediated platelet activation

(Fig. 1.4).

1.56.2 GPVI, CLEC-2 and FcyRlla-mediated signaling
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While integrin azf31 mediates platelet adhesion to collagen, GPVI is required for
collagen-induced platelet activation.[89] GPVI is noncovalently coupled to FcRy, and a
conserved sequence (YxxL/I-X6 to 8-XXL/I) ITAM region within the FcRy cytoplasmic
domain is tyrosine phosphorylated by SKFs, mainly Lyn and Fyn bound to the
cytoplasmic domain of GPVI.[90-93] ITAM phosphorylation leads to activation of Syk,
which phosphorylates LAT and SLP-76 downstream, inducing the formation of the LAT
signalosome complex consisting of LAT, SLP-76, Btk, Gads and phospholipase C
(PLC)y2. PLCy2 also interacts with phosphatidylinositol 3,4,5-trisphosphate, a product of
PI3K that facilitates PLCy2 recruitment to the platelet plasma membrane and
activation.[94-98] Overall, signaling events downstream of GPVI leads to thromboxane
A2 (TXAz) synthesis, granule secretion and integrin activation mediated by MAPK, PI3K

and PKC.

C-type lectin-like receptor IlI-type (CLEC-2) is a more recently discovered platelet
receptor, with the only confirmed endogenous ligand being podoplanin expressed by
lymphatic endothelial cells, certain types of cancer cells, type | lung aveolar cells and
kidney podocytes.[99,100] Other CLEC-2 agonists include snake venom protein
rhodocytin and seaweed extract fucoidan.[101,102] Platelet responses to agonists via
CLEC-2 has a slower onset of action, about 1- to 2-minute lag time before full
activation.[102,103] CLEC-2 intracellular domain contains a unique single YxxL motif
(hemITAM) that activates platelets through Syk, LAT and SLP-76 upon ligand

engagement, leading to PI3K and PLCy2 activation. CLEC-2 contributes to blood-
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lymphatic separation during lymphatic vascular development, vessel integrity
maintenance during inflammation, tumor metastasis and plays a role in thrombus

formation and wound healing (Fig. 1.4).[104-108]

FcyRlla (CD32a) is a low-affinity Fc receptor (FcR) for the constant region of IgGs that
recognizes immune complexes and IgG-opsonized cells and is well-known to play a role
in drug-induced thrombocytopenia.[109-111] Interestingly, FcyRIla is not expressed in
mice, and drug-induced prothrombotic events and thrombocytopenia can only be
recapitulated in human FcyRlla-transgenic mice.[112] FcyRlla-mediated platelet
activation and secretion facilitate direct antimicrobial function of platelets by means of
amplifying integrin outside-in signaling. FcyRlla becomes rapidly phosphorylated by
tyrosine kinases upon crosslinking of the receptor.[113-115] Phosphorylated ITAM
region provides a docking site for Syk and its tyrosine kinase activity,[114,116] which is
required for downstream activation of PLCy2 leading to inositol-1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG) production, followed by calcium mobilization and activation of

PKC (Fig. 1.4).[115,117]
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Figure 1.4. ITAM signaling in platelets. GPVI and a2+ are activated by collagen,
while FcyRlla recognizes IgG immune complexes to induce integrin activation. CLEC-2
contains a hemITAM that is activated by podoplanin. Ligand binding to GPVI or FcyRlla
results in Syk and PLCy2 activation leading to platelet aggregation mediated by active

integrin ouPs. Figured adapted from Yeung et al., Pharmacological Reviews 2018;
70(3): 526-548. Reprinted with permission.
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Soluble agonists-mediated signaling (early activation and amplification)

Soluble platelets agonists such as ADP and thrombin play a critical role in platelet
activation and thrombus formation. In addition to soluble agonists, platelet secretome
released from granules also interact with G-protein-coupled receptors (GPCRs) to

amplify activation signals via integrin outside-in signaling.

1.56.3 G-protein-coupled receptor-mediated signaling

GPCRs are 7-transmembrane domain receptors that signal through heterotrimeric G
proteins consisting of 3 subunits (a, B and y) that bind to GPCRs to form a complex. The
o subunit is converted from GDP- to GTP-bound active form upon receptor ligation,
dissociating from the receptor and interact with downstream targets for signal
transduction.[118] The B and y complex can also interact with effectors including
PI3Ky.[119] platelets express Gq, G12/13, Gi/Gz and Gs. G proteins are coupled to
agonist receptors (GPCRs) that stimulate platelet activation, except for Gs that is
coupled to platelet inhibitors (prostacyclin and adenosine) to mediate inhibitory signals

via cAMP synthesis (Fig. 1.5).

Thrombin, a product of coagulation, activates protease-activated receptor (PAR) 1 and
4 in human platelets, directly coupled to Gq and G12/13.[120] In mice, PAR3 sensitizes
PARA4 to thrombin.[121] TXA2, secreted from platelet dense granules, activates platelets
via the TXAz/prostaglandin H2 receptor (TP) that is coupled to Gq and G13.[122,123]

Serotonin activates platelets via SHT2A receptor that is coupled to Gq.[118] ADP
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induces platelet activation via P2Y1 (coupled to Gq) and P2Y 12 (coupled to Gi).[118,124]
Epinephrine activates platelets via the epinephrine (a2) coupled to Gz, another Gi

subtype.[125]

Gq transmits signals through interaction with and stimulation of PLCp, and is important
for GPCR-mediated platelet granule secretion, integrin activation and platelet
aggregation. Furthermore, Gq is important in ADP-induced platelet shape change via
the calcium/calmodulin- and RhoA-dependent platelet contractility.[126] Gi is also
required for ADP-induced platelet activation and promotes TXA2 and low dose thrombin-
induced platelet activation in synergy with Gq.[127,128] P2Y12>-coupled Gi activates

PI3K and subsequently small GTPase Rap1b critical for integrin activation.[129]

Platelet express both Ga12 and Ga13, although only Ga13 is important for thrombin-
and TXA2-induced platelet shape change, granule secretion and stable
aggregation.[130,131] Ga13 interacts with and activates guanine nucleotide exchange
factor (GEF) p115RhoGEF for the small GTPase RhoA, converting RhoA into the active
GTP-bound form.[131] Activation of RhoA by GTP-bound Ga13 facilitates the activation
of Rho kinase that enhances myosin light chain phosphorylation-dependent platelet
contraction by inhibiting myosin light chain phosphatase, therefore stimulating platelet
shape change and granule secretion.[132] Ga13 binds the cytoplasmic domain of

integrin Bz and plays a critical role in outside-in signaling.[133]
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Figure 1.5. GPCR signaling in platelets. Upon agonist-induced platelet activation,
release and activation of Ga subunits from of Gy subunits activate downstream targets
to induce platelet granule secretion, TXA2 synthesis and integrin activation. Figure
adapted from Xiang et al., Platelets in Thrombotic and Non-Thrombotic Disorders 2017;
932-936. Reprinted with permission.
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Major common signaling events (amplification pathways)

Although initial platelet signaling mechanisms differ between receptors, they ultimately
merge into common signaling events driving calcium mobilization and granule secretion

for signal amplification.

1.6.4 Calcium signaling

Section 1.5.4 is adapted from an editorial originally published by Ngo et al.,

Arteriosclerosis, Thrombosis & Vascular Biology 2018; 38(2):285-286.

Permission is not required by the publisher for this type of use.

Originally identified as coagulation factor IV, calcium is now well established as a key
cofactor in the formation of the tenase and prothrombinase complexes on the
extracellular surfaces of procoagulant platelets to ultimately mediate fibrin generation
and hemostasis.[134] Similarly, calcium has long been known to serve an important
intracellular role in orchestrating the cell biological responses of platelets in hemostatic
plug formation.[13,71,74,135] Changes in intracellular calcium concentrations that
trigger the cellular responses driving platelet function are solicited downstream of a
variety of receptors that differentially activate PLC family members (PLCy2 and PLC[33),
resulting in IP3 production and IP3R (IP3 receptor)-mediated release of calcium from
intracellular stores (i.e., dense tubular system).[74,136-139] In addition to mobilization
from internal stores after IP3 generation, extracellular calcium also enters platelets via
store- and receptor-operated calcium entry (SOCE and ROCE, respectively) routes

involving more recently described players such as Orai1, STIM1 (stromal interaction
27



molecule 1), and transient receptor potential (TRP) family channels (Fig. 1.6).[71]
Calcium and DAG activate actin-myosin interaction, PKC o and §3, calmodulin, NO
synthase, calcium-dependent proteases, small GTPases and their regulators and

facilitates TXAz synthesis and granule secretion.
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Figure 1.6. TRP kinase domain interacts with PLC family members to regulate
intracellular calcium (Ca?*) responses and platelet function. Platelet activation
downstream of GPVI, CLEC-2, PARs and other receptors results in intracellular
signaling events that upregulate PLC phosphorylation and activity to drive the
metabolism of phosphatidylinositol 4,5-bisphosphate (PIP2) on the cytosolic face of the
platelet plasma membrane to produce inositol-1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). TRP channels (TRPC) and other associated processes serve as a
constitutively active Mg?*/Ca?* channel or regulating DAG-mediated receptor-operated
calcium entry (ROCE), in addition to mediating Ca?* mobilization and STIM1-Orai1-
mediated store-operated calcium entry (SOCE), ultimately modulating intracellular Ca?*
concentrations and associated Ca?* responses underlying platelet function. lllustration
provided by Inky Mouse Studios ©2018—all rights reserved. Reprinted with permission.
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1.5.5 Granule secretion

Platelets contain three major types of granules: a granules containing adhesion
proteins, coagulation and fibrinolytic factors, cytokines, growth factors and adhesion
receptors; dense granules containing nucleotides, serotonin, histamine and divalent
cations; and lysozymes containing proteolytic enzymes.[140] Granule secretion is
important in the amplification of platelet activation, recruitment of other platelets to form
aggregates and thrombus stabilization. Furthermore, platelet secretome plays a
plethora of roles in inflammation, atherosclerosis, immunity, wound healing,
angiogenesis and cancer.[140-142] Granule secretion is culminated by numerous
signaling events involving calcium mobilization, PKC-dependent phosphorylation of
soluble N-ethylmaleimide-sensitive fusion protein attachment receptor (SNARE)
complexes, integrin outside-in signaling, TXA2 generation and small GTPases
signaling.[143] In addition, SFK Lyn activates PI3K/Akt pathway and downstream
NO/cGMP/PKG pathway, which activates MAPK (p38)/ERK/JNK axis to phosphorylate

SNARE proteins leading to granule secretion.[144-150]

Inteqrin signaling

Platelet integrins o3 (fibrinogen receptor), avps (vitronectin and collagen receptor),
a2P1 (collagen receptor), asp1 (fibronectin receptor) and aesf+1 (laminin receptor) share
similar signal transduction mechanism, transforming from a resting low-affinity state into

an activated high-affinity state following platelet activation. ocuinP3is the most abundant
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integrin on the platelet surface and plays a crucial role in hemostasis. With over 80,000
copies on the platelet surface, together with an additional pool that can be trafficked to
the membrane during platelet activation, oubp3 is complexed from the calcium-

dependent association of the a and  integrin subunits that require inside-out signaling

events to modulate their function in a temporal and spatial manner.[94,151]

1.5.6 Integrin inside-out signaling

Section 1.5.6 is adapted from an editorial originally published by Ngo et al., Platelets

2020; 1-3. Permission is not required by the publisher for this type of use.

Intracellular signaling mechanisms that induce changes in the extracellular ligand-
binding domain of integrins is commonly referred to as “inside-out” signaling. Platelet
inside-out signaling is triggered by platelet agonists including ADP, thrombin, or
extracellular matrix proteins ranging from major to minor constituents including collagen,
laminin, and nidogen, respectively.[51,152] These agonists drive a cytosolic calcium flux
resulting in a conformational change of the integrin from a low affinity state at rest to a
high affinity state upon activation requisite for ligation of adhesive proteins including
fibrinogen and fibronectin.[139] Upon ligation, auibPB3 then returns the favor by inciting

outside-in signaling events to maintain or even further promote platelet activation.

oubPB3 inside-out signaling requires the binding of talin and kindlins to the cytoplasmic

domain of B3, disrupting the interaction between membrane proximal regions of
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cytoplasmic domains of b and 3 and subsequent conformational changes in oubps that
propagate the extracellular ligand-binding domain, transforming ouibps into the active
conformation.[74,153] Conformational change in cuP3 from a bent to an extended
position activates the ligand-binding function of the integrin, allowing ouibB3 to bind the
RGD sequence in their ligands.[154] Ras family of small GTPases signaling pathway
has been demonstrated to play an important role in inside-out signaling. CalIDAG-GEF1
activates Rap1, which interacts with the Rap1-GTP-interating adaptor molecule (RIAM)
to partially promote ouibBs-talin interaction and integrin activation.[74,153] The
procoagulant activity of platelets is dependent on the pattern, duration, and amplitude of
calcium spikes,[155-157] and spatiotemporal pattern of cuib33 activation is correlated to

the direction of the transient calcium waves (Fig. 1.7).[94,151]
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Inside-out signaling

Figure 1.7. Integrin auinPs inside-out signaling. Adhesion and soluble agonist
stimulation of GPIb, GPVI and GPCRs triggers PLC activation, generating diacylglycerol
(DAG) and IP3 leading to calcium release. DAG and calcium activate PKC, which allows
activation of Rap1. Rap1-GTP and talin form the Rap1/RIAM/talin complex that interacts
with B3 integrin, leading to integrin activation. Kindlin also binds the 3 tail, and ADAP
serves as bridging molecule between kindlin and talin, promoting platelet integrin
activation. Figure adapted from Huang et al., Journal of Hematology & Oncology 2019;
12, 26. Reprinted with permission.
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1.5.7 Integrin outside-in signaling

Conversely, interactions between integrins and their ligands induces “outside-in”
signaling across the platelet membrane that allows ouibPs clustering during platelet
aggregation.[158] In the propagation phase of platelet plug formation, calcium
mobilization and accompanied secretion of ADP and TXA: form a coalition mediated by
P2Y1, P2Y 12, and thromboxane prostanoid receptors to recruit, activate, and form
aggregates with other platelets. Tyrosine phosphorylation of specific substrates is one
of the earliest events occurring during outside-in signaling. The G-protein subunit Ga13
interacts with the cytoplasmic domain of 33, and upon ligand binding and subsequent
integrin clustering, stimulates the activation of SFKs.[133,159] SFKs mediate outside-in
signaling by phosphorylation of the two NXXY motifs in the cytoplasmic tail of (3,
regulating talin binding and protecting 33 from calpain cleavage.[160-162] SFK c-Src
phosphorylates and activates p190RhoGAP,[163] a major RhoA GTPase activating
protein, which inactivates RhoA during the early phase of platelet spreading on
fibrinogen that is critical for integrin outside-in signaling leading to platelet
spreading.[164] Following thrombus formation, cleavage of c-Src-f3 interacting site by
calpain relieve the inhibitory effect on RhoA, leading to RhoA activation and clot
retraction.[164] SFK also activates Syk via FcyRIIA-mediated Syk recruitment to the
integrin signaling complex [165] and activation of downstream substrates include the
RhoGEFs Vav1 and Vav3 and SLP-76. Syk activation facilitates the assembly of SLP-

76/Btk/Vav complex that phosphorylates PLCy2, focal-adhesion kinase (FAK) and
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degranulation promoting adapter protein (ADAP).[153,166-168] Furthermore, signaling
functions of PI3K are indispensable and complementary to PLC-mediated signaling in
driving the cytosolic calcium flux crucial for maintaining o.ibs activation. Altogether,
SFK-mediated signals modulate activities of downstream Syk, PI3K and other small
GTPases such as Ras, Rac and Rho in a manner analogous to the GPVI-mediated
ITAM signaling (but without the involvement of LAT) to regulate platelet activation and

spreading (Fig. 1.8).[165]

1.6.8 Crosstalk between GPCR and integrin signaling

Integrin outside-in signaling amplifies platelet responses to GPCR agonists; vice versa,
GPCR signaling promotes outside-in signaling by inducing integrin activation.
Sophisticated cross-talk between integrins and GPCRs orchestrates platelet
cytoskeletal dynamics by regulating Rho GTPases-dependent cytoskeletal
reorganization that is critical for platelet shape change, granule secretion, spreading

and clot retraction (Fig. 1.9).
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Figure 1.8. Integrin auiPs outside-in signaling. Following ligand binding to the
extracellular domain of cuibBs, integrin clustering promotes Src activation by
autophosphorylation. Calpain cleaves integrin B3 tail and leads to dissociation of Src
from the integrin. Src phosphorylates and supports the activation of multiple signaling
proteins including FAK, Syk, RhoGAPs and GEFs and PI3K. Talin, kindling, tensin and
vinculin links integrin signaling to actin dynamics to drive cytoskeletal reorganization.
Figure adapted from Huang et al., Journal of Hematology & Oncology 2019; 12, 26.
Reprinted with permission.
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Figure 1.9. Synergy between P2Y1 and P2Y+; are required for integrin activation
and fibrinogen binding. P2Y1-mediated calcium transients downstream of PLC and
P2Y1>-mediated PI3K activation synergize to facilitate ouibp3 activation and subsequent
polarized fibrinogen binding in a manner correlating to the amplitude and frequency of
calcium waves during platelet inside-out signaling. Reprinted with permission.
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1.6 Rho GTPases regulate platelet secretion and spreading

Over several decades, numerous reports have highlighted the crucial role of the Rho
family of GTPases members Rac1, Cdc42 and RhoA as major components of the
intracellular signaling network leading to platelet cell shape change and maotility, thus
playing a major role in platelet spreading, secretion, aggregation and thrombus
formation. Small GTP binding proteins of the Aplysia Ras Homologous (ARH), or Rho
GTPase family play critical roles in platelet responses that ultimately orchestrate key

features of platelet activation and thrombus formation.[12]

Rho GTPases and Rho-requlating proteins

The Rho GTPases family consists of small GTP-binding proteins that range from 20-40
kDa in size, and includes over 20 members divided into classic and atypical
members.[12] Classic Rho GTPases such as RhoA, Rac1, and Cdc42 are regulated by
Rho-specific guanine nucleotide exchange factors (GEFs), GTPases-activating proteins
(GAPs), and guanine nucleotide dissociation inhibitors (GDls). Rho GTPases
themselves are not directly regulated by reversible phosphorylation mediating platelet
activation; rather, a profound phosphorylation of GEFs, GAPs and other Rho regulators

likely specify the activities of Rho GTPases in contexts of platelet activation.[169]

The Rho GTPases cycle between active GTP-bound state and inactive GDP-bound
state, regulated by GEFs that activate GTPases by promoting exchange of GDP for

GTP; GAPs that inactivate GTPases by promoting GTP hydrolysis; and, GDIs that
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shuttle inactive GTPases throughout the cell.[170] Interactions between active GTP-
bound GTPases and their effector molecules lead to activation of downstream signaling
pathways that are crucial for regulating cellular functions including migration, secretion,
and spreading. In platelets, the Rho GTPase family members Cdc42, Rac1 and RhoA

are known to play critical roles in platelet hemostatic responses (Fig. 1.10).[12,171]
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Figure 1.10. Rho GAPs, Rho GEFs and RhoGDIs regulate Rho GTPases function
in mediating cytoskeletal dynamics underlying thrombus formation. Classic Rho
GTPases such as RhoA, Rac1, and Cdc42 are regulated by Rho-specific guanine
nucleotide exchange factors (GEFs), GTPases-activating proteins (GAPs), and guanine
nucleotide dissociation inhibitors (GDIs). The Rho GTPases cycle between active GTP-
bound state and inactive GDP-bound state, regulated by GEFs that activate GTPases
by promoting exchange of GDP for GTP; GAPs that inactivate GTPases by promoting
GTP hydrolysis; and, GDlIs that shuttle inactive GTPases throughout the cell.
Interactions between active GTP-bound GTPases and their effector molecules lead to
activation of downstream signaling pathways that are crucial for platelet activation and
thrombus formation.
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1.6.1 Ract

Rac1 has well established roles in actin assembly, lamellipodia formation and clot
stability. Following the engagement of platelet receptor, intracellular signaling events
through SFKs and the LAT signalosome as well as RhoG and other mediators support
the activation of Rac1 GEFs (Vav1/3, P-Rex1, ARHGEF6 and Dock family members)
that ultimately leads to the activation of Rac1.[171] GTP-bound active Rac contributes
to PLCy activation, supporting calcium signaling events that play important roles in
CalDEG-GEF1 and Rap1 GTPase activation to facilitate “inside-out” integrin
activation.[172,173] Rac1 and Cdc42 support the activation of downstream effectors
including WASPs, WAVEs, Arp2/3, PAKs and their substrates in cytoskeletal
organization. Rac1 also interacts with the NADPH oxidase p67°" to mediate platelet

reactive oxygen species (ROS) production.[174]

1.6.2 RhoA

The subclass Rho of the Rho GTPases family is composed of three highly conserved
proteins: RhoA, RhoB and RhoC. Among them, RhoA has been the most studied
member. Although the three isoforms were discovered contemporarily, proteomic and
transcriptomic studies revealed that RhoA is the dominant member expressed in human
platelets as compared to RhoB and RhoC.[175,176] Whereas Rac1 and Cdc42 are
critically involved in the regulation of lamellipodia and filopodia formation, RhoA

regulates actomyosin contractility as well as actin-myosin stress fiber and focal
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adhesion formation.[177] The signaling events leading to RhoA activation involve the
activation of upstream G12 and G13 proteins and downstream Rho-associated coiled-
coil containing protein kinase (ROCK) activation, subsequently promoting myosin light
chain (MLC) phosphorylation, which is a major promoter of platelet shape change in
both human and mouse platelets.[131,132] Activation of GPCRs by thrombin promotes
Gaqg and p115RhoGEF activation, which triggers the subsequent formation of a RhoA-
GTP complex and promotes platelet contractile activity as well as granule

secretion.[178]

In a secondary step of platelet activation, Gaq activates c-Src to promote a negative
feedback loop that involves p190RhoGAP, stimulating the hydrolysis of RhoA-GTP to
RhoA-GDP and therefore diminishing RhoA-induced contraction which in turn facilitates
cell spreading.[179] RhoA-mediated signaling pathways downstream of GPCRs are also
regulated though proline-rich tyrosine kinase (Pyk2) and scaffolding protein Disabled-2
(Dab2).[180,181] RhoA and Rac1-associated pathways are activated by integrin
signaling via B3-binding protein and Sec1/Munc18 family member VPS33B [182] to
further link platelet integrin and Rho GTPase activation in mediating platelet
function.[166] RhoA-mediated phosphorylation of the NADPH oxidase p47°Phox

contributes to platelet ROS production along with Rac1.[174]

1.6.3 Cdc42
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Cdc42 has less apparent roles in platelet function, most likely orchestrating with and
mirroring Rac1 activities to control filopodia formation.[12] Rac and Cdc42 signaling
converges on the p21-activated kinases (PAK) system including GIT1, BPIX and
GEFH1 and downstream PAK effectors required for thrombin-mediated activation of the
MEK/ERK pathway, Akt, calcium signaling and phosphatidylserine exposure critical for
platelet hemostatic function.[183] Cdc42 also cooperates with Rac1 and their effectors

WASP and WAVE in regulating actin assembly upstream of the Arp2/3 complex.[184]

Platelets Rho GTPases are regulated by a larger set of over 60 proteins that catalyze
the exchange of GDP for GTP on Rho GTPases (GEFs) as well as over 70 proteins that
promote GTP to GDP hydrolysis (GAPs) yet only two Rho dissociation inhibitor proteins
(Rho GDls) that sequester Rho GTPases in the cytoplasm. Quantitative proteomics
studies of protein phosphorylation highlight the complexity in Rho GTPase regulation,
with over 300 proteins found to change phosphorylation state upon ADP-mediated

activation being Rho regulatory proteins.[185]

1.6.4 Rho GEFs

Rho GEFs such as ARHGEF1 (p115RhoGEF) and LARG regulate RhoA activity
downstream of GPCRs.[12,186] Vav, a target of Src phosphorylation, regulates Rac1
downstream of GPVI and integrin signaling. Vav and P-Rex1 cooperate to regulate
platelet neutrophil recruitment.[187] ARHGEF6 (Cool-2 or aPIX) is associated with the

Rho GAP GIT1 (ArfGAP1) to regulate Rac activity. ARHGEF6 phosphorylation also
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promotes binding with the Cdc42 interacting protein CIP4 to regulate platelet actin
nucleation.[188] The fourteen GEFs identified as part of the platelet activating program

include Vav3, KALRN, GEF1, ARHGEF7, ARHGEF10, LARG and DOCK proteins.[185]

1.6.5 Rho GAPs

ARHGAP17 (Nadrin or Rich1) inhibits Rac1 activation and platelet function following
phosphorylation by PKA or PKG.[188] Oligophrenin (OPHN1) regulates Rac1, RhoA
and Cdc42 downstream of GPVI and GPCRs.[189] The twenty-seven GAPs contributing
to the platelet activation program include ARHGAP4, ARHGAP6, ARHGAP15,
ARHGAP32, IQGAP and OPHN1.[185] These GEFs and GAPs phosphorylation events
are largely uncharacterized and will require further investigation to determine their

physiological roles.

1.6.6 Rho GDIs

Rho GDls and their roles in regulating platelet activation and function have remained
largely ignored. Platelets express two of the three Rho GDI family members, Rho GDI
(ARHGDI1) and Ly-GDI (ARHGDI2).[171] Chapter 3 entails the characterization of Rho

GDI regulation in human platelets.

1.6.7 Non-canonical Rho GTPases
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Whereas the “classical” Rho GTPases are regulated by GDP/GTP cycling,
noncanonical Rho GTPases are also regulated by other mechanisms such as
transcriptional regulation (by microRNAs) and post-translational modifications and
therefore may not require GEFs and GAPs.[190,191] Recent omics analyses also
suggest other Rho GTPases may have roles in platelets such as the Rnd subfamily,
RhoB, RhoC, RhoH, RhoQ, RhoBTB and mitochondrial Rho GTPases

(MIRO2).[186,192]

1.7  Current and emerging antiplatelet therapies

Sections 1.7 and 1.9 are adapted from an editorial originally published by Ngo et al.,
Journal of Thrombosis and Haemostasis 2019; 17(2):247-249.

Permission is not required by the publisher for this type of use.

Research in the past couple decades has made remarkable progress in identifying
fundamental mechanisms of platelet function and signaling pathways for platelet
activation, aiding in the development of antiplatelet therapies for the treatment of
thrombosis. Multiple drug classes currently exist to reduce platelet activity, including
TXA:2 synthesis/ cyclooxygenase inhibitors (aspirin), phosphodiesterase inhibitors
(dipyridamole), cuib33 antagonists (abciximab, eptifibatide, tirofiban) and the P2Y 2
receptor antagonists (clopidogrel, ticagrelor and prasugrel).[193] Aspirin and P2Y 12

receptor antagonists are widely used in clinical practice in the acute treatment of
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myocardial infarction (Ml), secondary prevention of future MIs and as dual antiplatelet

therapy (DAPT) when combined.[194]

Despite availability of antiplatelet and DAPT as a standard of care, high morbidity and
mortality associated with acute coronary syndrome and recurrent thrombosis in
coronary artery disease remain. Furthermore, drugs that block fundamental platelet
functions such as integrin blockers cause bleeding in 0.5-1.5% of patients. Therapeutics
involving platelet-directed antibodies run the risk of patients developing immune-
mediated thrombocytopenia.[195,196] Aspirin and P2Y 12 receptor antagonists are also
associated with drug resistance and bleeding. Emerging drug classes include targeting
protease-activated receptor-1 (PAR1) and prevents cleavage of PAR1 by
thrombin,[197,198] GPVI inhibitors (monoclonal antibodies) [199] and GPla/lla inhibitor
(EMS16).[200] Small molecule inhibitors targeting Rho GTPases (Rac and RhoA) and
their interaction with the NADPH oxidase complex to mediate cellular oxidative stress

are also a recent topic of research as antithrombotic therapies.[201,202]

1.8 Platelets as mediators of inflammation

Increasing knowledge on platelets’ role in the vasculature has yielded insights not only
into how platelets interact with the vessel wall but also how they convey changes in the
environment to other circulating cells. Platelets participate in the immune response
against microbial organisms and foreign materials via specific receptors, granule

release, RNA transfer and mitochondrial secretion.[203] When the endothelium is under
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stress, platelet adhesion occurs through endothelial intercellular adhesion molecule 1
(ICAM-1) or through endothelial aVB3 and platelet auibBs in a fibrinogen-dependent
manner. Platelet secretion of CD40 ligand (CD40L) or cytokines such as interleukin
(IL)1B upregulates endothelial inflammation and endothelial expression of E-selectin,
vascular cell adhesion molecule 1(VCAM-1) and ICAM-1 and secretion of monocyte
chemoattractant protein (MCP-1) and IL-8.[204,205] IL-1pB also enhances endothelial

permeability and recruitment of leukocytes to the endothelium.[206]

Platelet CD40 and P-selectin are recognized by leukocyte PSGL-1 and CD154, leading
to platelet-leukocyte aggregates, predominantly circulating with monocytes or
neutrophils, contributing to innate immune response. Platelets also interact with and
activate dendritic cells through CD40-CD154 interaction, causing dendritic cells to
present antigen to T-cell, contributing to adaptive immunity. Platelet granule secretion
releases serotonin and RANTEs that are known to mediate T-cell activation and
differentiation. Platelets also express functional Toll-like receptors (TLRs), which can
initiate thrombotic responses.[207-209] Platelet TLR4 and TLR2 can interact with
neutrophils. Interestingly, platelet stimulation with TLR7 agonists results in smaller
platelet groups, with fewer pseudopodia as compared to thrombin-mediated hemostatic
response resulting in long filipodia and drastic shape change, indicating that platelet
exhibit different levels of activation depending on the stimuli and functional response

(Fig. 1.11).[203,207]
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Figure 1.11. Platelet interactions with vascular and circulating cells. Platelets
interact with endothelial and immune cells to orchestrate responses to microbes,
inflammatory stimuli and vessel injury. Platelets engage immune cells by surface
expression of TLRs and granule content release, interacting with dendritic cells,
controlling T-cell function, enhancing endothelial permeability and mediating leukocyte
trafficking. Proteins in bold represent changes of expression on the platelet surface.
Continuous lines represent direct binding; dotted lines represent interaction through
secretion. SHT indicates serotonin; CMV-cytomegalovirus; ICAM-1-intercellular
adhesion molecule 1; IL-interleukin; PF4-platelet factor 4, PSGL1-P-selectin
glycoprotein ligand 1; RANTES-regulated on activation, normal T cell expressed and
secreted; TGF-B-transforming growth factor-f3; VCAM-1-vascular cell adhesion molecule
1. Figure adapted from Koupenova et al., Circulation Research 2018; 122:337-351.
Reprinted with permission.
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1.9 Coagulation

The vertebrate coagulation system is essential for the maintenance of a closed, high
pressure circulatory system, responding to vascular injury by amplifying platelet
activation and reinforcing the platelet plug through deposition of the insoluble fibrin
network.[210] Activated platelets come in a procoagulant state after prolonged elevation
in cytosolic calcium, exposing phosphatidylserine (PS) at their outer surface that
strongly propagates coagulation by facilitating the assembly and activation of the tenase

(FIXa-FVllla) and prothrombinase (FXa-FVa) complexes on the platelet surface.[211]

1.9.1 The extrinsic pathway

Coagulation can be initiated via the intrinsic and extrinsic pathways that converge at FX
as part of the common pathway. The extrinsic pathway is rapidly activated when blood
comes in contact with tissue factor (TF), a transmembrane receptor for FVII/Vlla that is
present in subendothelial tissue.[212] The TF pathway (extrinsic pathway) requires an
exogenous agent (i.e., TF) for activation of the coagulation factors in plasma.[213] The
TF:FVlla complex activates FIX to activated FIX (FIXa) and FX to FXa, leading to the
formation of low amounts of thrombin, the central protease of the coagulation cascade.
Thrombin activates the cofactors FV and FVIII, activates platelets by cleaving protease-
activated receptors, cleaves fibrinogen into fibrin, activates the transglutaminase FXIlI
that cross-links fibrin and activates FXI of the intrinsic pathway to amplify thrombin

generation (Fig. 1.12).[214,215]
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Figure 1.12. Schematic overview of the intrinsic and extrinsic (tissue factor)
pathways of coagulation. In the extrinsic pathway, exposure of subendothelial TF
complexes with FVlla to catalyze FXa generation. In the intrinsic pathway, sequential
activation of FXII, FXI and FIX leads to formation of the tenase complex (FIXa and
cofactor FVllla) that also catalyzes FXa generation. FXa in complex with its cofactor
FVa forms the prothrombinase complex that catalyzes thrombin generation, catalyzing
the formation of insoluble fibrin through cleavage of soluble fibrinogen and activation of
the transglutaminase FXIII. Dotted lines represent amplification pathways that involve
crosstalk between the extrinsic and intrinsic pathways, which converge at FX (common
pathway). aKK indicates a-kallikrein; HK-high molecular weight kininogen; TF-tissue
factor. Figure adapted from Grover et al., Arteriosclerosis, Thrombosis, and Vascular
Biology 2019; 39:331-338. Reprinted with permission.
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1.9.2 The intrinsic pathway

The intrinsic pathway is initiated by FXII activation into FXlla, which cleaves
prekallikrein (PK) to generate active kallikrein that in turn feeds back to amplify FXII
activation. In addition, FXII can readily be activated by exposure to negatively charge
molecules and surfaces, including RNA, DNA and polyphosphate,[216-218] although
kallikrein-mediated activation of FXII is 30-fold more efficient than autoactivation of FXII
on negative surfaces.[219] FXlla then activates FXI, which in turn activates FIX,
resulting in thrombin generation and fibrin formation via the common pathway.[220] FXI
also facilitates clot formation through auxiliary mechanisms outside the well-established
intrinsic pathway. FXI can be activated by thrombin to amplify thrombin generation, a
process that can be enhanced by platelet polyphosphate by 3,000-fold.[221] FXla can
also activate cofactors V and VIII, FX and inactivate tissue factor pathway inhibitor to

further promote thrombin generation (Fig. 1.12).[215,222-226]

1.10 Current and emerging anticoagulants

Millions of patients in the United States use anticoagulation for numerous indications
such as in the prevention of stroke in those with atrial fibrillation and for treatment and
prevention of venous thrombosis. The history of anticoagulants has been shaped by
coumarin and heparin derivatives. For over six decades, vitamin K antagonists such as
warfarin were the only available oral anticoagulants for the long-term treatment of

coronary artery disease, whose efficacy was demonstrated in the WARIS and ASPECT
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studies.[227,228] Warfarin is easy to reverse and has well-established reversal
protocols using prothrombin complex.[229] However, several well-known problems with
warfarin include the need for frequent Internal Normalized Ratio monitoring,[230,231]

numerous food and drug interactions and bleeding risks.[232-234]

Now, new direct oral anticoagulants (DOACs) that specifically inhibit thrombin or
activated factor X combine advantages of their progenitor drugs and hence are
revolutionizing the landscape of antithrombotic therapy.[235] In 2010, the Food and
Drug Administration approved its first DOAC, dabigatran (direct thrombin inhibitor),
followed by rivaroxaban (FXa inhibitor) in 2011, apixaban in 2012 and edoxaban in
2015, both are FXa inhibitors. As of 2016, DOAC prescriptions exceeded those for
warfarin, with rivaroxaban being the most frequently prescribed DOAC. In spite of this
increased use, many clinicians remain reluctant to prescribe DOACs due to bleeding
risks and reversibility issues, as routine coagulation assays cannot be used to reliably
monitor therapeutic anticoagulation with DOACs,[236,237] and more reversal agents

are still being developed.[238]

1.11 FXl as a therapeutic target

1.11.1 FXI deficiency and hemostasis

FXI deficiency (hemophilia C), most often caused by mutations in the F11 gene for

making FXI protein, is estimated to affect 1 in 1 million people worldwide, although the
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severe deficiency disorder is much more common in people with central and eastern
European (Ashkenazi) Jewish ancestry, occurring in about 1 in 450 people.[239,240]
The most common feature of FXI deficiency is prolonged bleeding following surgery or
trauma, especially involving the oral and nasal cavities or the urinary tract.[241-245]
Mild cases of FXI deficiency often do not come to medical attention due to a lack of
bleeding symptoms, suggesting that the actual prevalence of the disorder may be

higher than reported.

The activated partial thromboplastin time (aPTT) assay, which measures thrombin
generation in platelet-poor plasma following intrinsic pathway activation and is a
common diagnostic test, has not been found to accurately predict the bleeding
phenotype of FXI-deficient patients, presenting a serious dilemma for clinicians and
patients when it comes to FXI replacement therapy. Recently, a study demonstrated
that using a thrombin generation assay in platelet-rich plasma, in which intrinsic
pathway is inhibited (by corn trypsin inhibitor) while the extrinsic pathway is activated by
TF, was able to discriminate between control subjects and FXI-deficient individuals, and
between FXI-deficient bleeders and non-bleeders.[246] This suggests that FXI| does not
play a role in hemostasis via the intrinsic pathway, but rather that FXI can initiate
coagulation via the extrinsic pathway in the presence of platelets and TF. Other studies
have shown that patients deficient in FXII, prekallikrein and high-molecular-weight
kininogen do not exhibit bleeding symptoms as do FXI-deficient patients, supporting the

role of FXI in the extrinsic, TF-mediated pathway rather than the intrinsic pathway.[242]
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1.11.2 FXI as an antithrombotic target

A role for FXI in thrombosis has been postulated due to the fact that an elevated level of
FXI is an independent risk factor for deep vein thrombosis, ischemic stroke and
myocardial infarction,[247,248] while patients with severe FXI deficiency were reported
to exhibit protection from ischemic stroke and venous thromboembolism
(VTE).[249,250] Congenital FXI deficiency is not clearly associated with bleeding
disorders, indicating that FXI does not seem to be essential for hemostasis.[251]
Reducing FXI levels using an antisense oligonucleotide approach in patients
undergoing unilateral total knee arthroplasty prevented post-operative VTE, suggesting
FXI inhibition or reduction as an effective method of anticoagulation in surgery.[252]
Studies have shown that inhibition of FIX activation by FXla reduced thrombus
formation in vivo,[253] and inhibiting FXI activation by FXlla was protective in mouse

models of thrombosis and ischemic stroke.[254-256]

1.11.3 FXI as an anti-inflammatory target

Uniquely located at the interface between thrombin generation and FXII activation, FXI
supports activation of FXIl and PK in vivo, potentially as a mechanism driving
inflammatory responses. The intrinsic pathway activation promotes bradykinin formation
via the kallikrein-kinin system.[257,258] Bradykinin binds to its receptor on endothelial
cells and subsequently promotes vascular permeability through endothelial nitric oxide

and prostacyclin synthesis.[259] Increased vascular permeability allows extravasation of
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coagulation factors that come in contact with TF expressed in the subendothelial space
and can initiate coagulation. Inhibition of FXI activation attenuates inflammation while
improving survival of mouse and non-human primate sepsis.[260-262] FXI deficiency
also protects against atherothrombosis and atherogenesis in mice.[256,263] Together
with cytokine production and complement activation, intrinsic pathway activation

contributes to the local or systemic inflammation in addition to its role in thrombosis.

1.12 The vascular endothelium

1.12.1 Endothelial homeostatic functions

Endothelial cells (ECs) line the entire circulatory system and embody a wide range of
homeostatic functions including fluid filtration (in the kidney glomeruli), blood vessel
tone, hemostasis and hormone trafficking.[264] The roles of ECs are carried out by the
presence of membrane-bound receptors for numerous molecules including proteins,
lipid-transporting particles, metabolites and hormones, as well as by junctional proteins
and receptors that regulate cell-cell and cell-ECM interactions.[265] Under physiological
conditions, ECs prevent thrombosis by means of anticoagulant and antiplatelet

mechanisms (Fig. 1.13).[266-268]

1.12.2 Endothelial antiplatelet agents
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Intact and inactive endothelium releases prostacyclin (PGl2), a product of arachidonic
acid metabolism with vasodilating properties and inhibits platelet aggregation by
elevating cAMP intracellular levels.[266,267] Prostacyclin synergizes with NO, the most
important endothelial vasodilator, and inhibits platelet activation by enhancing
production of guanosine monophosphate (GMP), resulting in decreased platelet
intracellular calcium level and suppressing auibB3 binding with fibrinogen. Furthermore,
CD-39 (ecto-ADPase) on EC surface hydrolyzes ATP and ADP to generate AMP,

attenuating platelet activity.[269]

1.12.3 Endothelial anticoagulant agents

Thrombomodulin is a vasoactive factor highly expressed on the EC surface, exerting
potent anticoagulation effect by binding to thrombin to reduce levels of circulating
thrombin, and inactivates FVa and Vllla by potentiating the generation of activated
protein C.[270,271] Tissue factor pathway inhibitor (TFPI) is another major endogenous
anticoagulant protein, inhibiting TF activation by inhibition of FXa and prevents FVlla/TF
activities.[272] Plasminogen activator inhibitor-1 (PAI-1) is a serine protease inhibitor
produced by the endothelium; elevated PAI-1 is a risk factor for thrombosis and
atherosclerosis.[273] | recently demonstrated that endothelial PAI-1 binds FXla and
facilitates degradation of FXla via endocytosis, suggesting dual role of endothelial PAI-1

in regulating thrombosis and inflammation.[274]
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Figure 1.13. Endothelial regulation of thrombosis. Endothelium separates blood
platelets and coagulation proteases from exposure to subendothelial ECM components.
Endothelial cells secrete and expresses vasoactive factors that modulate platelet
reactivity, coagulation, fibrinolysis and vascular tone. APC indicates activated protein C;
GP-glycoprotein; NO-nitric oxide; PAl-plasminogen activator inhibitor; TF-tissue factor;
tPA-tissue-type plasminogen activator; uPA-urokinase-type plasminogen activator;
VWEF-von Willebrand factor. Figure adapted from Wang et al., Arteriosclerosis,
Thrombosis, and Vascular Biology 2018; 38:€90-€95. Reprinted with permission.
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1.12.4 Endothelial dysfunction and vascular inflammation

Endothelial dysfunction is characterized by a shift in the actions of ECs toward reduced
vasodilation and a proinflammatory and prothrombotic state associated with most forms
of cardiovascular disease such as hypertension, coronary artery disease, chronic heart
failure, peripheral artery disease, diabetes, chronic kidney failure and some viral
infections. Under inflammatory conditions, platelets may interact with ECs even in the
absence of any apparent morphological damage to the endothelium. Platelet and
leukocyte recruitment are mediated by the major constituents of the endothelial Weibel-
Palade bodies, VWF and P-selectin, which are the most active promoters of platelet and
leukocyte adhesion. Initial contact between leukocytes, platelets and ECs is mediated
by P-selectin (CD62P), E-selectin and P-selectin glycoprotein ligand 1 (PSGL-1).[275-
277] P-selectin initiates leukocyte rolling, adhesion and transmigration into inflamed
tissue.[278-280] Activated ECs also produce other vasoconstrictive and prothrombotic
substances such as TXAy, fibronectin, thrombospondin, prostaglandins and
procoagulant factors such as FV. Chronic inflammation defines the development and
progression of atherosclerotic plaques, from the early stages till plaque rupture and

atherothrombosis.

1.12.5 Platelet-coagulation-endothelium interactions regulate atherosclerosis

Pathologic stimuli like hypertension, diabetes mellitus, smoking and dyslipidemia drives

vascular inflammation and triggers the atherosclerotic process. Atherosclerosis is
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characterized by infiltration of inflammatory cells and lipid accumulation in the intima of
the arterial wall.[281] Atherothrombosis, a complication of atherosclerosis following
exposure of thrombogenic, lipid-rich necrotic core of the ruptured plaque, is the main

cause of mortality due to cardiovascular disease.

Platelet and coagulation factors, through complex interactions with activated ECs and
inflammatory cells, drive the pathology of atherosclerosis.[280,282] Low-density
lipoprotein (LDL) accumulation reduces NO levels, triggers inflammatory
pathways,[283,284], enhances endothelin-1 expression and increases secretion of
fibronectin, thrombospondin and glycoproteins to reinforce leukocyte and platelet
adhesion.[285] ECs also express ADAM-15 that binds platelets through allbf3,

promoting platelet activation.[286]

Activated platelets can secrete inflammatory and mitogenic factors leading to EC
activation and monocyte recruitment.[287] Activated platelets release chemokines such
as platelet factor 4/CXCL4, RANTES/CCLS5, CXCL12/SDF-1, monocyte chemoattractant
protein (MCP-1), interleukins and TGF-p1 that further promotes the pathology of
atherosclerosis.[286,288-294] Furthermore, there is evidence for associated activation
of both coagulation and inflammation during atherogenesis. Thrombin,[295,296] tissue
factor pathway inhibitor,[297] FVII11,[298] FXa [299], FXII and FXI [263,300] have all

been shown to contribute to atherosclerosis plaque development in mice.
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1.13 Thesis Overview

In this thesis, | examine the role of platelets and the intrinsic pathway of coagulation in
regulating hemostasis, thrombosis and inflammatory disease. The following studies
investigate platelet cytoskeletal signaling, molecular mechanisms underlying platelet
procoagulant phenotype, developmental differences between neonatal and adult
platelets, and the contribution of coagulation factor Xl in vascular inflammation and

atherosclerosis.

In Chapter 3, | investigated the roles for Rho-specific guanine nucleotide dissociation
inhibitors (Rho GDIs) in platelet function, uncovering the expression and co-localization
of Rho GDls relative to Rac1, Cdc42, microtubules and PKC in platelets. | then utilized
interactome and pathway analyses to investigate the signaling link between PKC and
Rho GTPases, identifying crucial roles for PKC in mediating phosphorylation and spatial
regulation of Ly-GDI relative to Rac1 and Cdc42 downstream of the platelet collagen
receptor GPVI. Results from this study provided insights into the “lesser-known” Rho
GDI functions and how platelet activation events may be spatially organized relative to

the dynamic cytoskeleton of activating platelets.

To further support the use of pathway tools in the analysis of omics data set to generate
mechanistic hypotheses for platelet studies, in Chapter 4, | utilized a combination of
interactome, pathway analysis and other systems biology tools to gain insights into the

molecular events underlying platelet function. Particularly, | analyzed proteins that are
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functionally modified by phosphorylation upon platelet activation and discovered
multiple signaling relations around PKC and MAPKSs associated with cytoskeletal
dynamics, hemostatic functions and inflammatory responses. Specifically, a MAPK p38-
MK2-RTN4-Bcl-xI pathway was identified as a crucial mediator of platelet procoagulant
phenotype. This study highlights the values of causal pathway tools in organizing,
modeling, and discovering novel signaling routes and targets in platelets and other

physiologically relevant cell and tissue systems.

In Chapter 5, | take a step back and investigated developmental differences between
neonatal and adult platelets, as neonatal platelets exhibit transient hyporeactivity to
agonists compared to adult platelets while not displaying a bleeding tendency. | utilized
small-volume, whole blood platelet function assays to assess neonatal platelet GPCR-
mediated granule secretion, integrin activation and spreading, as well as platelet
thrombin generation and procoagulant phenotype under shear stress. | discovered that
neonatal platelets exhibit an enhanced reactivity to ADP, potentially as a compensatory
mechanism to maintain neonatal hemostasis. Results from this study provide
considerations for diagnosis and treatment of hemostatic disorders as well as the

development of platelet transfusion guidelines in the neonatal population.

In Chapter 6, | investigated the contribution of the intrinsic pathway, specifically factor
(F) Xl in regulating atherosclerosis, a chronic inflammatory process. | treated LdIr’- mice
with FXI antibody (14E11) and an antisense oligonucleotide (FXI-ASO), concomitantly

with high-fat diet (HFD) for eight weeks after HFD was initiated (established disease
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model). | demonstrated that FXI inhibition reduced atherosclerotic lesion area when
14E11 and FXI-ASO were administered concomitantly with HFD. Meanwhile, FXI
inhibition exhibited modest effects on lesion area in the established disease model,
highlighting the importance of prevention and early treatment of atherosclerosis. | then
cultured endothelial cells and exposed them to FXla, demonstrating that FXla exposure
disrupted endothelial junction marker (VE-cadherin) expression and increased
endothelial permeability to lipoproteins. Overall, data from this study suggest that
interference with the intrinsic coagulation pathway reduces development and
progression of atherosclerosis, implicating roles for intrinsic pathway of coagulation in

driving vascular inflammation and cardiovascular disease.

Finally, Chapter 7 presents conclusions from these studies and future perspectives to
extend my understanding of platelet small GTPases signaling beyond cytoskeletal
dynamics to membrane trafficking of endocytosis and exocytosis compartments within
platelets and megakaryocytes. The overall goal of the presented work is to elucidate
signaling mechanisms of platelet activation underlying hemostasis and vascular

inflammation.
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Chapter 2. General Methods

2.1 Ethical considerations

Experiments using human donors were performed in accordance with Oregon Health &
Science University and Stony Brook University Institutional Review Board-approved
protocols. All human adult donors and/or parents of neonates gave full informed
consent in accordance with the Declaration of Helsinki prior to blood sample collection.
All blood samples were de-identified prior to sample processing. Experiments using
animals were performed in accordance with the regulations of the Institutional Animal

Care and Usage Committee of Oregon Health & Science University.

2.2 Blood collection

2.2.1 Human adult blood collection

Blood was drawn by venipuncture from healthy adult donors into sodium citrate (0.38%

w/v) or 10% acid citrate dextrose (for shear experiments).

2.2.2 Human neonate and cord blood collection

Blood was drawn from healthy, full-term neonates at 24 h of life via heel stick into

sodium citrate (0.38% w/v) following a 3 min application of an infant heel warmer.
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Samples were collected after obtaining blood for a newborn screen and were obtained
by scooping blood from the puncture site. Umbilical cord blood samples were obtained
from healthy, full-term neonates immediately after clamping post-Caesarean section
delivery and mixed with sodium citrate (0.38% w/v) or citrate phosphate dextrose (for

shear experiments).

2.2.3 Mouse blood collection

Whole blood was drawn from the retro-orbital sinus into 5nM final concentration of

EDTA in PBS or with sodium citrate (0.32% wi/v) for plasma isolation.

2.3 Blood sample preparation

2.3.1 Human washed platelets

Warmed acid-citrate-dextrose (85 mM sodium citrate, 100 mM glucose, 71 mM citric
acid, 30°C) was added to the anticoagulated whole blood and then centrifuged at 200
x g for 20 min to separate platelet-rich plasma (PRP). The PRP was further purified by
centrifugation in the presence of PGl2 (0.1 pg/ml) at 1,000 x g for 10 min. Purified
platelets were resuspended in modified HEPES/Tyrode buffer (129 mM NaCl, 0.34 mM
NazHPOg4, 2.9 mM KCI, 12 mM NaHCO3, 20 mM HEPES, 1 mM MgClz, pH 7.3;

supplemented with 5 mM glucose) containing 0.1 pg/ml PGl». Platelets were washed
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once by centrifugation at 1,000 x g for 10 min and resuspended in HEPES/Tyrode buffer

at indicated concentrations.

2.3.2 Human sheared platelets

Platelets, PRP, and whole blood were exposed to constant shear stresses (1, 10, 30,
50, 70 dyn/cm?) for 4 min in a computer-controlled hemodynamic shearing device
(HSD). Samples were collected using a LabView-controlled syringe pump (PSD/8,

Hamilton, Reno, NV) connected to the HSD via a 28-ga Polytetrafluoroethylene tube.

2.3.3 Mouse platelet-poor-plasma

Plasma was isolated by centrifuging whole blood (mixed with sodium citrate, 0.32% w/v)

at 2,000 x g for 10min at RT and stored at -80°C.

2.5 Static adhesion assay

Glass coverslips or glass-bottom dishes were coated with fibrinogen or poly-I-lysine,
washed with phosphate-buffered saline (PBS) and blocked with fatty acid-free bovine-
serum albumin (BSA) prior to platelet treatment with vehicle, inhibitors and/or select
agonists in solution. Treated platelets were seeded onto immobilized surfaces for 45
min at 37°C, and adherent platelets were fixed with 4% paraformaldehyde. Coverslips

were mounted onto glass slides with Fluoromount G, and platelets were imaged using
65



Kohler-illuminated Nomarski differential interference contrast optics with a Zeiss x63 oil
immersion 1.40 numerical aperture (NA) plan-apochromat lens on a Zeiss Axio Imager

M2 microscope.

2.6 Immunofluorescence and superresolution microscopy

2.6.1 Platelets

Following platelet spreading and PFA fixation as above, adherent platelets were
permeabilized with blocking solution (1% BSA and 0.1% SDS in PBS) and stained with
indicated primary antibodies overnight at 4°C in blocking buffer. Alexa Fluor secondary
antibodies or TRITC (Tetramethylrhodamine)-phalloidin were added in blocking buffer
for 2 h. Coverslips were mounted with Fluoromount G on glass slides. Platelets were
imaged using a Zeiss Axio Imager M2 microscope. Adherent platelets were also imaged
using superresolution structured illumination microscopy (SR-SIM) with a Zeiss x100 oll

immersion 1.46 NA lens on a Zeiss Elyra PS.1 microscope.

2.6.2 Platelet annexin V staining

Washed human platelets were pretreated with inhibitors as described and then
incubated on fibrinogen-coated coverglass dishes in the presence or absence of bovine
thrombin (0.25 U/ml) for 45 min at 37°C. Next, annexin V-Alexa Fluor 488 and

CaCl; were added to platelets for an additional 30 min. Following washing in
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HEPES/Tyrode buffer supplemented with CaCly, platelets were immediately imaged by

fluorescence microscopy and DIC optics at x63 magnification.

2.6.3 Endothelial cells

Human umbilical vein endothelial cells (HUVECs) were grown to confluence on 0.1%
gelatin-coated glass coverslips with Vasculife VEGF Endothelial Medium Complete Kit.
HUVECs were incubated with vehicle (serum-free media, SFM), purified human FXI,
FXla, a-thrombin, FXla or thrombin in the presence of the serine-protease-inhibitor
PPACK (D-Phenylalanyl-L-prolyl-L-arginine chloromethyl ketone) for 3 h at 37°C in SFM
with 10 uM ZnCl». Treatments with FXI or FXla were performed in the presence of the
potent thrombin inhibitor hirudin in order to prevent any thrombin-mediated effects.
HUVECs were then washed with PBS and fixed in 4% PFA for 15 min at RT prior to
blocking with 1% BSA and 2% fetal bovine serum in PBS. Primary antibody (VE-
Cadherin/CD144) was incubated overnight at 4°C. Slides were then washed with PBS
and secondary Alexa Fluor anti-mouse IgG and TRITC-phalloidin were incubated for 2 h
at RT in 1% BSA in the dark. Hoechst 33342 was incubated in PBS for 30 min prior to
mounting onto glass slides using Fluoromount G. HUVECs were imaged using a Zeiss

x20 Plan-APOCHROMAT 0.8 NA objective on a Zeiss Axio Imager M2 microscope.

2.7 Interactome and neighborhood in silico analyses
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High-probability (low false discovery rate) predicted Ly-GDI (ARHGDIB) protein-protein
interactions were determined through FpClass queries for molecules with a non-zero
feature combination score and visualized as an interactome by GeNets

(see https://apps.broadinstitute.org/genets). ChiBE was used to query and visualize the
literature-curated protein-protein interaction neighborhood of Ly-GDI (ARHGDIB), MK2
(MAPKAP2) and RTN4 in Pathway Commons. In addition to Pathway Commons data,
LyGDI phosphorylation sites were curated from PhosphoSitePlus. The “controls-state-
change-of” binary relation type to was used to capture signaling, and “in-complex-with”
and “interacts-with” relation types were used to capture protein interactions on the
Simple Interaction Format (SIF) network, with length limit 1. These two interaction types

were merged for simpler visualization.

2.8 Signaling pathway analysis

CausalPath was utilized to identify pathway fragments that can explain correlated
changes in the phosphoproteomic data set from previous literature, by processing the
Pathway Commons database using the BioPAX-pattern library, searching for patterns
that capture potential binary cause-effect relations between protein activity, abundance
and modifications. Then, select subset of the causal relations that fit the given data
were rendered with the ChiBE visualization tool, which is available

at https://github.com/PathwayCommons/chibe. In addition to Pathway Commons data,
manual literature curation was performed for some of the phosphorylation sites that

were not covered by Pathway Commons. CasualPath was used in either 1) default
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mode or 2) by relaxing site-matching constraints. The site-matching constraint requires
the phosphorylation site position to be mentioned in the pathway model and has to
match with the site position identified and measured in the phosphoproteomic data set
of interest, generating a higher-confidence subgraph of the signaling network and
therefore more specific mechanistic information. CausalPath is available

at https://github.com/PathwayAndDataAnalysis/causalpath.

2.9 Fluorescence-activated cell sorting

2.9.1 Platelet activation

P-selectin and PAC-1 expression on the platelet surface were detected using FACS.
Adult, neonatal, and cord citrated whole blood was diluted with modified
HEPES/Tyrode’s buffer. Diluted whole blood was then incubated with Abs against P-
selectin (APC-CD62P) and activated integrin GPIIb/llla (FITC-PAC1) in the presence of
select agonists or vehicle control (HEPES/Tyrode's buffer) for 20 min at room
temperature (RT). BD Cytofix Buffer was added to each sample and incubated for

5 min. Samples were finally diluted with PBS, measured by FACS, and analyzed using

FlowdJo software.

2.9.2 Platelet receptor screening
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Diluted adult and neonatal whole blood were incubated with anti-PAR4 Abs (14H6 and
5F10), anti-PAR1 blocking Ab (ATAP2), P2Y1 (APR-009), or P2Y12 (APR-121) Abs at
RT. Next, samples were stained with a polyclonal FITC anti-IgG Ab, followed by
measurements on a FACS Canto Il system and analyzed using FlowJo. Number of
molecules per platelet was extrapolated by comparing the mean fluorescence intensity
(MFI) of the sample to the MFI of a calibrator system using beads coated with

increasing and accurately known quantities of immunoglobulins IgG.

2.9.3 Platelet activation and phosphatidylserine exposure under shear

Sheared whole blood and platelet-rich plasma (PRP) suspensions were assessed for
platelet activation using anti-CD62P (phycoerythrin (PE)-CD62P) and Annexin V (FITC-
Annexin V). Unsheared suspensions were used as controls. Whole blood or PRP
samples were diluted with platelet buffer and FcR blocking reagent and stained with
anti-CD62P for 15 min in the dark at 4°C. Separately, whole blood or PRP samples
were diluted with Annexin V buffer and stained with Annexin V for 15 min in the dark at
RT. Samples were supplemented with platelet buffer or Annexin V buffer to a final
volume of 500 ul at 4°C, scanned using FACS BD Accuri C6 system, and analyzed
using Kaluza software. Nonspecific signals were eliminated using PE and APC anti-

IgG1k as controls.

2.9.4 Inflammatory monocytes and platelet-monocyte aggregates
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Whole blood was drawn from the mouse retro-orbital sinus into 5 mM final concentration
of EDTA. Blood was then incubated with FITC-CD45R/B220, FITC-CD335 and FITC-
Ly6G antibodies at RT to exclude B cells, NK cells and granulocytes, respectively, from
the analysis. Monocytes were identified using PE-CD11b antibody. Inflammatory
monocytes and monocyte-platelet aggregates were quantified using APC-Ly6C and
BV421-CD41 antibodies, respectively. Samples were washed with PBS, fixed and

stored in 1% PFA until flow cytometry analysis.

2.10 Immunoprecipitation

Washed human platelets (0.5-1 x 10%/ml) were pretreated with inhibitors for 10 min
before stimulation with agonists as indicated at RT. Following stimulation, platelets were
lysed with the addition of 0.1% Triton X-100 together with protease and Sigma
phosphatase inhibitor cocktail 2 and 3 and sonication. Platelet lysates were precleared
with protein L agarose before the addition of antibodies or nonspecific IgG/IgM.
Captured proteins were precipitated with protein A/G/L agarose. Agarose beads were
washed three times with HEPES/Tyrode (with 0.1% Triton X-100) before elution in

Laemmli sample buffer and Western blot analysis for captured proteins.

211 Western blotting

2.11.1 In human platelets
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Protein samples were resolved by SDS-PAGE and transferred to polyvinylidene
difluoride membranes and blotted with indicated antibodies and horseradish peroxidase-
conjugated secondary antibodies. Protein was detected using enhanced

chemiluminescence.

2.11.2 In mice

One microliter samples of mouse platelet-poor plasma (PPP) were size-fractionated
under non-reducing conditions on 7.5% polyacrylamide-SDS gels. Proteins were
transferred to nitrocellulose membranes and the blot was developed with biotin-
conjugated anti-mouse FXI IgG 14E11. Blots were developed with Strepavidin-HRP and

chemiluminescence.

212 Dense granule secretion

Human washed platelets (2 x 108/ml) were incubated with inhibitors as indicated or
vehicle alone at RT. Platelets were then incubated with orbital shaking in a white flat
bottom 96-well plate in the presence of platelet agonist for 30 s at 37°C. Detection
reagent Chronolume was added to the wells and sample luminescence was detected

using an Infinite M200 Tecan spectrophotometer.

2.13 Atherosclerosis analysis
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2.13.1 Total cholesterol and fast performance liquid chromatography

Pooled mouse plasma (based on sex) very-low-density lipoprotein (VLDL), low-density
lipoprotein (LDL), and high-density lipoprotein (HDL) were separated using FPLC.
Cholesterol levels from plasma and FPLC fractions were determined by colorimetric

assays using colorimetric kit.

2.13.2 En face analysis in proximal aortas

Proximal aortas were removed and fixed for 48 h at 4°C with 4% paraformaldehyde
(PFA), then stored in saline until en face analysis. Images of proximal aortas, cut

longitudinally, were obtained and lesion areas were quantified using ImageJ.

2.13.3 Oil-red-0 staining in aortic sinus

Frozen sections of the aortic sinus were fixed with 4% PFA for 10 min, incubated with
100% propylene glycol for 10 min and stained with Oil-Red-O for 24 min at 55°C.
Sections were then rinsed with 85% propylene glycol for 3 min, followed by 10 s of
hematoxylin staining. Sections were mounted with glycerol gelatin mounting media and
imaged using Fisherbrand AX800 series compound microscope and Moticam 3.0MP

camera with Motic Imaging software.
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2.14 Permeability assay

HUVECs were grown to confluence in gelatin-coated upper chambers of Transwell
devices (0.4 um polyester membrane) prior to incubation with purified human, FXla, a-
thrombin, FXla or thrombin together with PPACK in SFM supplemented with 10 uM
ZnClzand 0.3% BSA for 3 h at 37°C. Treatments with FXI or FXla were performed in the
presence of the potent thrombin inhibitor hirudin. Evans Blue dye (0.67 mg/ml) in 4%
BSA in SFM was added to the upper chamber at RT, and samples were removed from
the bottom chamber every 10 min. Samples were then diluted with PBS, and
absorbance was measured at 650 nm using a spectrophotometer. In separate
experiments, Alexa Fluor 488-labeled acetylated LDL (4 ug/ml) was added to the upper
chamber and incubated for 24 h at 37°C. Samples were removed from the bottom
chamber, diluted with water in a black-bottom 96-well plate and fluorescence intensity

was measured at 495/519 Ex/Em using a spectrophotometer.

2.15 Immunohistochemistry

Five serial cryosections (10um) of the aortic root, adjacent to sections used to quantify
atherosclerosis, were fixed in 4% PFA for 15 min at RT, washed with PBS and
permeabilized with 0.1% sodium citrate and 0.1% Triton X-100 for 3 min at RT. Sections
were then blocked in Background Buster for 1 h at 37°C and incubated with primary

antibody at 4°C overnight. Slides were then washed with PBS and incubated with Alexa
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Fluor secondary antibody for 1 h at 37°C. Samples were mounted using Vector Shield

containing DAPI and imaged using confocal microscopy.
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Chapter 3. Platelet cytoskeletal signaling and function regulated by the Rho-

specific guanine nucleotide dissociation inhibitor Ly-GDI
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3.1 Abstract

On activation at sites of vascular injury, platelets undergo morphological alterations
essential to hemostasis via cytoskeletal reorganizations driven by the Rho GTPases
Rac1, Cdc42, and RhoA. Here | investigate roles for Rho-specific guanine nucleotide
dissociation inhibitor proteins (RhoGDIs) in platelet function. | find that platelets express
two RhoGDI family members, RhoGDI and Ly-GDI. Whereas RhoGDI localizes
throughout platelets in a granule-like manner, Ly-GDI shows an asymmetric, polarized
localization that largely overlaps with Rac1 and Cdc42 as well as microtubules and

protein kinase C (PKC) in platelets adherent to fibrinogen. Antibody interference and
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platelet spreading experiments suggest a specific role for Ly-GDI in platelet function.
Intracellular signaling studies based on interactome and pathways analyses also
support a regulatory role for Ly-GDI, which is phosphorylated at PKC substrate motifs in
a PKC-dependent manner in response to the platelet collagen receptor glycoprotein
(GP) Vi-specific agonist collagen-related peptide. Additionally, PKC inhibition diffuses
the polarized organization of Ly-GDI in spread platelets relative to its colocalization with
Rac1 and Cdc42. Together, my results suggest a role for Ly-GDI in the localized
regulation of Rho GTPases in platelets and hypothesize a link between the PKC and

Rho GTPase signaling systems in platelet function.
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3.2 Introduction

Platelets are anucleate cell fragments of megakaryocytes that are well known as the
primary cellular mediators of hemostasis.[301-304] Circulating quiescently in a discoid
shape, platelets undergo drastic changes in morphology on detection of vessel damage
and aggregate with other platelets to protect the integrity of the vasculature. After their
attachment to extracellular matrix proteins, platelets reorganize their cytoskeleton,
leading to the formation of actin-rich filopodia, which are later filled in to make sheets of
lamellipodia. The actin regulatory Rho GTPase proteins Cdc42, Rac1, and RhoA all
play critical roles in platelet responses that ultimately allow for the formation of a
hemostatic plug.[12] For instance, Rac1 facilitates the formation of lamellipodia to
support platelet spreading as well as thrombus stabilization.[172,173,305,306] Cdc42
also has described roles in filopodia formation, platelet spreading, and granule
secretion.[306-309] RhoA mediates actin stress fiber formation, actin contractility, and
platelet shape change on activation and is essential for the stabilization of thrombi
under shear.[310] In addition, more recently characterized molecules such as RhoG

also have been shown to regulate platelet secretion and thrombus formation.[311,312]

The diverse functional outputs of Rho GTPases are mediated by a cycling between
guanosine triphosphate (GTP)-bound “active” and guanosine diphosphate (GDP)—
bound “inactive” states, as regulated by Rho GTPase-activating proteins (RhoGAPs),
which inactivate Rho GTPases by accelerating the hydrolysis of GTP to GDP, and Rho

guanine nucleotide exchange factors (RhoGEFs), which facilitate the exchange of GDP
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for GTP to drive Rho GTPase activation.[12] In addition to GAPs and GEFs, a set of
Rho-specific guanine nucleotide dissociation inhibitor proteins (RhoGDIs) also bind to
Rho GTPases to block GDP dissociation from Rho GTPases, maintaining the inactive
state while anchoring Rho GTPases in specific intracellular locations, serving as an
“invisible hand” in the regulation and coordination of Rho GTPase activities
intracellularly.[170] In mammalian cells, Rho GTPase activities are coordinated by ~70
Rho GAP proteins and 60 GEFs, whereas only three RhoGDI genes are expressed in
mammalian cells to mediate Rho GTPase sequestration.[307,313] RhoGDI1 (also
known as RhoGDIla or ARHGDIA—referred to here as “RhoGDI” in this study) is
ubiquitously expressed, interacts with a number of Rho GTPases, and is considered to
be the best characterized RhoGDI family member.[314] RhoGDI2 (also known as Ly-
GDI, RhoGDIB, D4-GDI, or ARHGDIB—referred to as “Ly-GDI” in this study) is highly
expressed in lymphocytic and hematopoietic cells and is typically found to be more
closely associated with the cytoskeleton.[170,315] Loss of RhoGDI activities has
multiple functional effects on different cell types, ranging from decreased rates of
spreading in mesangial and melanoma cells [316] to increased migration in cancer cells
and increased permeability of the pulmonary vasculature,[317] consistent with
increased RhoA and Rac activities. RhoGDls are regulated by a number of modalities,
including reversible, posttranslational phosphorylation by Src family kinases, protein
kinase C (PKC), and p21-activated kinases.[170,318,319] RhoGDI localization and
function is also regulated by prenylation modifications.[319] More recently, reversible
lysine acetylation has also been demonstrated to regulate differential aspects of

RhoGDI function.[320]
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Despite the critical roles of Rho GTPases and their regulation in platelet function, many
relevant Rho GTPase regulatory proteins such as RhoGDlIs remain uncharacterized for
roles in platelet Rho GTPase regulation and platelet function.[12] Here | investigate the
expression, localization, and regulation of RhoGDI proteins in human platelets,
uncovering the GDI family member Ly-GDI as a putative target of protein kinase C
(PKC) in the organized regulation of Rho GTPase proteins in platelets. My data suggest
that Ly-GDI may serve as a cytoskeletal-localized regulator of Rac1 and Cdc42 at
specific intracellular locations in a PKC-dependent manner, offering Ly-GDI as a novel
regulatory protein relevant to developing models of platelet cytoskeletal signaling in

hemostatic function and thrombus formation.

3.3 Materials and Methods

3.3.1 Reagents

All reagents were from Sigma-Aldrich except as noted. Prostacyclin (PGl2) was from
Cayman Chemical (Ann Arbor, MI). For static adhesion assays, fluorescence
microscopy, and immunoprecipitation, human fibrinogen (FIB3) was from Enzyme
Research (South Bend, IN). Anti-Cdc42 (610928), D4-GDI (556498), PKC (610107),
and Rac1 (610650) were from BD Biosciences (San Diego, CA). Anti-RhoGDI (sc-360),
P-selectin (sc-271267), RhoA (26C4), integrin B3 (sc-51738), mouse 1gGs (sc-2025),

rabbit IgGs (sc-2027), and protein A/G PLUS-agarose beads (sc-2003) were from Santa
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Cruz Biotechnology (Dallas, TX). Phospho-(Ser) pan-PKC substrate antibody (2261)
was from Cell Signaling (Danvers, MA). tetramethylrhodamine (TRITC)-phalloidin and
the a-tubulin (T6199) antibody were from Sigma. Integrilin (eptifibatide) was from Merck
& Co. (Whitehouse Station, NJ). Alexa Fluor secondary antibodies were from Life
Technologies (Carlsbad, CA). Collagen-related peptide (CRP) was from R. Farndale
(Cambridge University, Cambridge, UK). Ro 31-8220 and Go 6976 were from Tocris

(Bristol, UK). Chariot reagent was from Active Motif (Carlsbad, CA).

3.3.2 Preparation of human washed platelets

Blood was drawn by venipuncture from healthy human donors in accordance with an
Oregon Health & Science University IRB-approved protocol into a final concentration of
0.38% sodium citrate as previously described.[321,322] Warmed acid-citrate-dextrose
(85 mM sodium citrate, 100 mM glucose, 71 mM citric acid, 30°C) was added to the
anticoagulated whole blood and then centrifuged at 200 g for 20 min to separate
platelet-rich plasma. The platelet-rich plasma was further purified by centrifugation in
the presence of PGI2 (0.1 pg/ml) at 1,000 g for 10 min. Purified platelets were
resuspended in modified HEPES/Tyrode buffer (129 mM NaCl, 0.34 mM NaxHPO4, 2.9
mM KCI, 12 mM NaHCO3, 20 mM HEPES, 1 mM MgCl,, pH 7.3; supplemented with 5
mM glucose) containing 0.1 pg/ml PGIz. Platelets were washed once by centrifugation
at 1,000 g for 10 min and resuspended in HEPES/Tyrode buffer at indicated

concentrations.
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3.3.3 Static adhesion assay

For platelet spreading experiments, 12-mm no. 1.5 glass coverslips (Fisher Scientific or
Warner Instruments) or cover glass-bottom dishes (MatTek) were coated with human
fibrinogen (50 pg/ml) followed by surface blocking with filtered fatty acid-free BSA (5
mg/ml). Vehicle (0.1% DMSO) or inhibitors (Ro 31-8220, 10 yM; Go 6976 1 uM) were
added to platelets in solution (2 x 107/ml) for 10 min before seeding onto immobilized
surfaces at 37°C for 45 min followed by washing with PBS. Adherent platelets were
fixed with 4% paraformaldehyde (PFA) at room temperature for 10 min before mounting
on glass slides with Fluoromount G (Southern Biotech). Platelets were imaged using
Kohler-illuminated Nomarski differential interference contrast optics with a Zeiss x63 oil
immersion 1.40 numerical aperture (NA) plan-apochromat lens on a Zeiss Axio Imager
M2 microscope using Slidebook 5.5 image acquisition software (Intelligent Imaging

Innovations, Denver, CO) as previously described.[13]

3.3.4 Fluorescence microscopy

After platelet spreading and PFA fixation as above, adherent platelets were
permeabilized with blocking solution (1% BSA and 0.1% SDS in PBS). Platelets were
then stained with indicated primary antibodies overnight at 4°C at a 1:100 dilution in
blocking buffer. Alexa Fluor secondary antibodies (1:500) or TRITC-phalloidin (1:500)
were added in blocking buffer for 2 h. Coverslips were mounted with Fluoromount G on

glass slides. Platelets were imaged using a Zeiss Axio Imager M2 microscope.
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Adherent platelets were also imaged using superresolution structured illumination
microscopy (SR-SIM) with a Zeiss x100 oil immersion 1.46 NA lens on a Zeiss Elyra
PS.1 microscope as previously described.[322] For two-channel colocalization
analyses, immunofluorescence overlap was quantified using an in-house Matlab
application to calculate the Pearson’s coefficient as previously described.[323] Data are
shown as means * SE. Statistical analyses were performed using the two-tailed

Student’s t-test; P values < 0.05 were considered significant.

3.3.5 Immunoprecipitation, Ly-GDI protein capture and Western blotting

Purified platelets (0.5—-1 x 10%/ml) were incubated with the glycoprotein (GP) IIbllla
inhibitor Integrilin (20 pug/ml) before the addition of vehicle (0.1% DMSO) or Ro 31-8220
for 10 min at room temperature. Platelets were then stimulated with CRP (10 pg/ml) for
10 min at room temperature before the addition of lysis/immunoprecipitation (IP) buffer
[10 mM Tris'HCI pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% (vol/vol) Triton X-100]
supplemented with phenylmethylsulfonyl (PMSF) and Sigma Phosphatase Inhibitor
Cocktail 3. Platelet lysates were precleared with protein A/G Sepharose and then
incubated with 2 pg of RhoGDI, D4-GDI antibodies, or nonspecific IgGs overnight at
4°C. Antibody protein complexes were then captured with protein A/G PLUS-agarose
beads (2 h, room temperature) and washed three times in IP buffer. RhoGDI and Ly-
GDI precipitates were then eluted through the addition Laemmli sample buffer (Bio-Rad,
Hercules, CA) containing 200 mM DTT. Rac1—glutathione S-transferase (GST) protein

capture assays were performed as previously described.[183] Protein samples were
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resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes and
blotted with indicated antibodies and horseradish peroxidase-conjugated secondary
antibodies. Protein was detected using enhanced chemiluminescence (Thermo

Scientific).

3.3.6 Chariot antibody delivery

Chariot antibody interference experiments were performed following the methods of
Diagouraga et al.[324] with minor modifications. Briefly, 2 ug of RhoGDI, Ly-GDI (D4-
GDI) primary antibodies, or control IgGs were incubated with Chariot agent (2 mg/ml
stock solution, diluted 1:25 with sterile H.O before use) at room temperature for 45 min.
Platelets (6 x 107/ml) were added to the Chariot antibody solution at equal volume. The
platelet-Chariot-antibody solution was then incubated at 37°C for 1 h. Samples were
diluted with modified Tyrode buffer at equal volume before seeding onto fibrinogen-
coated glass coverslips at 37°C for 45 min. Coverslips were then washed with PBS,
fixed with 4% PFA, mounted, and visualized by differential interference contrast
microscopy to measure and analyze platelet surface areas and adhesion as previously

described.[322]

3.3.7 In silico analyses

High-probability (low false discovery rate) predicted Ly-GDI (ARHGDIB) protein-protein

interactions were determined through FpClass queries [325] for molecules with a non-
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zero feature combination score and visualized as an interactome by GeNets

(see https://apps.broadinstitute.org/genets). ChiBE [326] was used to query and
visualize the literature-curated interaction neighborhood of Ly-GDI (ARHGDIB) in
Pathway Commons [327] and Ly-GDI phosphorylations in PhosphoSitePlus [328]. The
“controls-state-change-of” binary relation type to capture signaling and “in-complex-with”
and “interacts-with” relation types were used to capture protein interactions, and these

two interaction types were merged for simpler visualization.

3.4 Results

3.4.1 Expression of RhoGDI and Ly-GDI in human platelets

The Rho GTPases Rac1, Cdc42, and RhoA have several reported roles in platelet
function, yet whether they are associated with or regulated by Rho-specific guanine
nucleotide dissociation inhibitor (RhoGDI) proteins in platelets remains unexamined.[12]
| first sought to determine whether platelets express RhoGDI family members, including
RhoGDI and Ly-GDI. Washed human platelets were prepared from citrated whole blood
from healthy donors and lysed directly into Laemmli sample buffer before SDS-PAGE
and Western blot (WB) analysis for RhoGDI and Ly-GDI expression. Whole cell lysates
of MDA-MB-231 cells, a breast cancer cell line that expresses functional RhoGDI as
well as Ly-GDI,[329] served as a positive control for GDI protein expression and

immunoreactivity. As seen in Fig. 3.1A, Western blotting determined that human
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platelets express RhoGDI as well as Ly-GDI at levels similar to MDA-MB-231 cells

relative to the expression of actin, which served as a loading control.

3.4.2 RhoGDI and Ly-GDI specifically distribute in platelets

To examine the expression and intracellular localization of RhoGDI and Ly-GDI proteins
in platelets, | next performed immunofluorescence microscopy analyses of platelets
adherent to a surface of fibrinogen. Washed human platelets were incubated on
fibrinogen-coated coverglass (37°C, 45 min) before fixation, blocking and staining with
RhoGDI or Ly-GDI antibodies and TRITC-phalloidin to visualize the platelet actin
cytoskeleton. In platelets adherent to fibrinogen, RhoGDI showed a distributed,
granular-type staining pattern, while Ly-GDI displayed an uneven or “polarized”
localization, often adjacent to or emanating from the centralized platelet granulomere at

nascent lamellipodia-like structures (Fig. 3.1B).
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Figure 3.1. Expression and localization of RhoGDI proteins in human platelets.

A: WB analysis of RhoGDI and Ly-GDI expression in human platelet and MDA-MB-231
cell lysates. Actin serves as a loading control. Positions of 28-kDa and 48-kDa
molecular mass markers are indicated with tick marks as shown. Data were generated
by Jiaqing Pang (OHSU). B: platelets were spread on glass coverslips coated with
fibrinogen before fixation, blocking, and staining for RhoGDI or Ly-GDI (green) together
with actin (red, stained with TRITC-phalloidin) and visualization by immunofluorescence
microscopy (scale bar = 10 ym). Representative platelets (white box) from each set of
staining are also shown at an enhanced x3.5 magnification.
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3.4.3 Rac1 and Cdc42 colocalize with Ly-GDI in platelets

As GDI proteins bind to Rho GTPases to sequester and release their activities at
specific membrane and intracellular compartments,[170,319] | next examined the
intracellular localization of RhoGDI or Ly-GDI together with the Rho GTPases Rac1,
Cdc42, or RhoA in fibrinogen-bound platelets by immunofluorescence superresolution
structured illumination microscopy (SR-SIM). Cdc42 and Rac1 showed minimal overlap
with RhoGDI in platelets spread on fibrinogen (Fig. 3.2A). Interestingly, Rac1 and
Cdc42 both showed a polarized distribution largely overlapping with Ly-GDI and
suggestive of structural elements (Fig. 3.2B) resembling the localization of microtubules
in platelets adherent to fibrinogen, as previously described.[330-335] Unlike Cdc42 and
Rac1, however, RhoA showed a more evenly distributed staining pattern throughout the
platelet cell body that did not overlap with RhoGDI or Ly-GDI (Fig. 3.2, A—C). Pearson’s
correlation-based colocalization analyses revealed more colocalization between Ly-GDI
and Rac1 as well as Ly-GDI and Cdc42 (Fig. 3.2D) relative to RhoGDI and the Rho
GTPases (Fig. 3.2D). Pearson’s analyses also supported a greater extent of
colocalization between Rac1 and GDI proteins in general compared with Cdc42 in a
manner reflective of the qualitatively more structured organization of Cdc42 in adherent
platelets (Fig. 3.2, C and D). As a functional control to confirm that platelet Ly-GDI can
interact with Rho GTPases, | captured Ly-GDI protein from platelet lysates with
immobilized Rac1-GST protein. As seen in Fig. 3.2E, GST-Rac1 captured Ly-GDI from

resting as well as CRP-stimulated platelet lysates at equivalent levels, consistent with
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the role of Ly-GDI in Rho GTPase sequestration. GST protein alone failed to capture

any detectable Ly-GDI protein from platelet lysates (Fig. 3.2E).
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Figure 3.2. Localization of RhoGDI and Ly-GDI with Rac1 and Cdc42 in platelets
adherent to fibrinogen.

A and B: platelets were spread on glass coverslips coated with fibrinogen before
fixation, blocking, and staining for RhoGDI (A) or Ly-GDI (green) (B) together with
Rac1, Cdc42, or RhoA (red) and visualization by SR-SIM (scale bar = 2 ym).

C: magnified images of individual platelets representative of the colocalization of Ly-GDI
(green) and RhoA, Rac1, or Cdc42 (red) (scale bar = 2 ym). D: Pearson’s correlation of
GDI and Rho GTPase overlay demonstrates significantly increased colocalization of Ly-
GDI and Rac1 or Cdc42 relative to RhoGDI; determined by Student’s t-test, and *P <
0.05. E: Ly-GDiI protein capture by Rac1-GST and GST alone from resting and CRP-
activated platelet lysates analyzed by WB. For WB panels, tick marks indicate position
of 28-kDa molecular mass marker. GST protein loading for protein capture shown by
PAGE and Coomassie (Coom.) staining. For the Comassie gel, the tick marks indicate
position of 28 kDa (bottom), 35-kDa (middle), and 48-kDa (top) molecular mass
markers. Data were generated by Jiaqing Pang (OHSU).
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3.4.4 Ly-GDI colocalizes with polarized cytoskeletal elements in platelets

Recent models of platelet function suggest a polarized role for Rho GTPase activities in
platelet attachment, spreading, and secretion during hemostatic plug or thrombus
formation,[304,336,337] but cell biological mechanisms to account for polarized Rho
GTPase activities have not yet been set forth. Intriguingly, the microtubules of adherent
platelets, originating from a specific unwinding and reorganization of the marginal band
during activation,[324,338-340] often show a shifted or polarized distribution as platelets
spread on surfaces such as fibrinogen.[335] | therefore next examined whether Ly-GDI
colocalized with microtubules in platelets. Platelets adherent to fibrinogen were stained
for Ly-GDI and a-tubulin and processed for immunofluorescence microscopy. As seen
in Fig. 3.3A, the microtubules in platelets adherent to fibrinogen displayed a partially
unwound structure shifted in a polarized-like manner. Costaining experiments
demonstrated a colocalization of these polarized microtubules together with Ly-GDI
(Fig. 3.3A). Superresolution microscopy studies further supported a specific
colocalization of Ly-GDI together with specific microtubule structures (Fig. 3.3B). To
further investigate the punctate, granular-like staining pattern of RhoGDI, | next
examined the colocalization of RhoGDI or Ly-GDI together with the a-granule marker P-
selectin. As seen in Fig. 3.3C, Ly-GDI staining showed relatively more overlap with P-
selectin compared with RhoGDI. RhoGDI and Ly-GDI showed minimal colocalization

with the platelet integrin B3 (Fig. 3.3D).

92



walLl Figure 3.3. Localization of
‘ X RhoGDIs with structural
elements in platelets adherent
to fibrinogen.
3. _« A platelets were spread on

goc M _  glass coverslips coated with
204 o . .

802 fibrinogen before fixation,
to0 $ o Dblocking, and staining for

¥« RhoGDI or Ly-GDI (green) and
a-tubulin (red) and visualization
by SR-SIM (scale bar = 2 ym).
Pearson’s correlation reveals
B GDI a-tubulin significantly increased
' colocalization of Ly-GDI and a-
tubulin relative to RhoGDI and
a-tubulin (indicated by *).
B: magnified images of
individual platelets
representative of the
colocalization RhoGDI or Ly-
GDI (green) and a-tubulin (scale
bar =2 ym).
C and D: other sets of
coverslips were stained for
c el PSaleetn RhoGDI or Ly-GDI (green)
together with the platelet a-
granule marker P-selectin (red)
(C) and integrin B3 (red) (D) and
1.4 —— Visualized by conventional

RhoGDI

Ly-GDI

RhoGDI

soo Ml @ fluorescence microscopy (scale
204
802 bar =10 pym).

= a 0.0

8 *00\ 000\

> IR

-

RhoGDI

Ly-GDI




3.4.5 Ly-GDl interference inhibits platelet spreading

The localization of Ly-GDI together with Rac1 and Cdc42 at polarized cytoskeletal
elements suggested a role for Ly-GDI in the sequestration, localization, and regulation
of Rho GTPase function in platelets. Accordingly, | next sought to examine whether
interfering with Ly-GDI or RhoGDI would impact platelet function. To interfere with
RhoGDI accessibility and any putative Rho GTPase—associated functions in platelets, a
Chariot agent permeabilization protocol [324] was used to introduce antibodies that bind
to the NH> terminal, Rho GTPase binding domains of RhoGDI or Ly-GDlI into live,
washed human platelets before spreading on fibrinogen-coated coverslips. As seen

in Fig. 3.4, A and B, Chariot-permeabilized platelets treated with nonspecific IgGs or
RhoGDI antibodies spread on fibrinogen normally with mean surface areas of 20.7 +
0.23 um? and 22.7 + 1.69 um?, respectively; in contrast, treatment of platelets with anti-
Ly-GDI antibodies dramatically reduced spreading on fibrinogen (9.48 = 0.71 um?).
Chariot-permeabilized platelets treated with Ly-GDI antisera also exhibited a reduced
binding to fibrinogen (24.7 + 2.91 bound platelets per field vs. 69.7 + 15.5 and 65.3 £

11.7 bound platelets per field for IgG and anti-RhoGDI-treated platelets, respectively).

94



B C
70 100
> 60 —IgG ©
© 807
3 » 50 ---RhoGDI £
. g 46 —Ly-GDI S 60;
- 5 30 5
5 = 2 40 :
@ xX 20 N I
S NEVAR W o 20
0 = 0
0 10 20 30 40 50 \cg') 00\ 00\
surface area (um?) Qs\o &

Figure 3.4. Ly-GDI interference inhibits platelet spreading on fibrinogen.
Antibodies directed against the NH2-terminal Rho GTPase binding domains of RhoGDI
or Ly-GDI or control IgGs were introduced into washed human platelets using the
Chariot system. A—C: platelets were spread on fibrinogen-coated coverglass for 45 min
before fixation, mounting, and visualization by DIC Nomarski microscopy (A) to assess
the statistical distribution of surface areas of platelets adherent to fibrinogen (B) and to
quantify the numbers of adherent platelets per field (C). Scale bar = 10 pym.
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3.4.6 Ly-GDI phosphorylation in platelet activation

A number of signaling proteins such as the Src family tyrosine kinases and the p21-
activated kinases serve regulatory roles in platelets upstream and downstream of Rac1-
GTP and Cdc42-GTP formation, respectively.[12,319] However, in platelets, Rac1 and
Cdc42 themselves are not typically regulated by phosphorylation, but rely on the
phosphorylation of regulatory proteins such as GEFs and GAPs to translate intracellular
signals into Rho GTPase functional outputs. To begin to investigate and visualize how
Ly-GDI may regulate platelet function mechanistically, | next examined Ly-GDI protein-
protein interactions and functional covalent modifications using both predicative and
curated bioinformatics tools. An in silico analysis of Ly-GDI (termed “ARHGDIB”)
binding partners based on modeled, folded domain structures using FpClass predicted
19 high-probability protein-protein interactions with Rac1, Cdc42, and RhoA as well as
several other Rho GTPases and Rho GTPase regulators such as Vav1 (Fig. 3.5A).
These and other functional interactions were additionally evident in curated protein
interaction data in Pathway Commons, which also suggested roles for Caspase-3 (Fig.
3.5B) as well as specific protein kinases (PKCa, Src) in Ly-GDI regulation (Fig.

3.5, B and C).

To investigate whether RhoGDI and Ly-GDI serve as substrates of these kinases with
known roles in Rac1 and Cdc42 regulation in the platelet activation program, | next
examined the phosphorylation status of RhoGDI and Ly-GDI in resting and CRP-

stimulated platelets by Western blot analysis following Ly-GDI immunoprecipitation.
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Washed human platelets were treated with the GPVI-specific agonist CRP for 10 min
before lysis into IP buffer and immunocapture with RhoGDI, Ly-GDI or control IgG
antisera. After protein A/G agarose precipitation, Western blot analysis revealed that Ly-
GDI was readily captured from platelet lysates (Fig. 3.5D). Western blotting with
antisera directed against phosphorylated consensus protein kinase C (PKC)
(R/IKXpSX[R/K]) substrate motifs determined that Ly-GDI was phosphorylated at PKC
motifs following stimulation with CRP. Although Ly-GDI has been previously reported to
be regulated by tyrosine phosphorylation in other cellular systems to influence
physiological processes such as cancer cell metastasis,[341] no tyrosine
phosphorylation of platelet Ly-GDI was detectable by IP and Western blot analysis with
4G10 antisera under the conditions of my study (data not shown). Similarly, | did not
detect any caspase-mediated proteolysis of Ly-GDI in CRP-activated platelets using
antisera that specifically recognize the cleaved form of Ly-GDI (data not shown). While
RhoGDI readily precipitated from platelet lysates, no phosphorylation of the platelet
RhoGDI protein was detected by Western blot analysis under the conditions described

(data not shown).

The detected phosphorylation of Ly-GDI at PKC motifs raised the possibility that PKC
may also localize with Ly-GDI to regulate platelet function. Accordingly, | next examined
the localization of Ly-GDI together with PKC in platelets adherent to fibrinogen. While
PKC showed some colocalization with RhoGDI, Ly-GDI colocalized more significantly
with PKC in adherent platelets in a polarized manner as determined by fluorescence

microscopy (Fig. 3.5E), SR-SIM (Fig. 3.5F), and Pearson’s correlation analyses.
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Figure 3.5. Ly-GDl is
phosphorylated at PKC
substrate motifs following
platelet activation and
colocalizes with PKC in
platelets.

A: FpClass predicted interaction
partners for Ly-GDI

(ARHGDIB). B: Neighborhoods of
curated Ly-GDI interaction
partners and regulatory proteins.
Directed edges (arrows) indicate
signaling steps and undirected
edges indicate protein
interactions. C: ChiBE “detailed
view” of the specific
phosphorylation of Ly-GDI by
PKCa (PRKCA) as well as Src
and Syk. Data were generated by
Dr. Ozgun Babur (OHSU). D:
platelets were stimulated with
CRP or vehicle alone before
collection into IP buffer and
immunocapture with Ly-GDI
antibodies or nonspecific rabbit
lgGs. After IP, protein A/G eluates
were analyzed for PKC substrate
phosphorylation and total Ly-GDI
protein capture by WB. For WB
panels, tick marks indicate
position of 28-kDa molecular mass
marker. Data were generated by
Jiaging Pang (OHSU). E: platelets
were spread on glass coverslips
coated with fibrinogen before
fixation and staining for RhoGDI or
Ly-GDI (green) together with PKC
(red) and visualized by
conventional fluorescence
microscopy (scale bar = 10 ym).
Pearson’s correlation reveals
significantly increased

colocalization of Ly-GDI and PKC relative to RhoGDI and PKC (indicated by *). F: wide-
field (scale bar = 5 ym) and magnified (scale bar = 2 ym) SR-SIM imaging of adherent
platelets stained for Ly-GDI (green) and PKC (red).
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3.4.7 PKC regulates Ly-GDI phosphorylation and distribution in platelets

The colocalization of Ly-GDI with PKC suggested a role for PKC in regulating Ly-GDI
function in the coordination of platelet Rho GTPase activities. To further investigate the
regulation of Ly-GDI by PKC, | next examined the phosphorylation of Ly-GDI under
PKC-inhibited conditions. Purified platelets were pretreated the pan-PKC inhibitor Ro
31-8220 and the PKCa-specific inhibitor Go 6976 or vehicle alone (0.1% DMSO) for 10
min before stimulation with CRP (10 ug/ml, 10 min), lysis into IP buffer, and
immunocapture with Ly-GDI or control IgG antisera. Western blot analysis of
precipitates revealed that Ly-GDI was readily enriched from platelet lysates under all
treatment conditions (Fig. 3.6, A and B) and that PKC substrate phosphorylation of Ly-
GDI increased following CRP treatment, but not under PKC-inhibited conditions.

To examine whether PKC influences the intracellular, polarized distribution of Ly-GDI in
platelets, | visualized Ly-GDI together with actin in platelets adherent to fibrinogen under
control and PKC-inhibited conditions. As seen in Fig. 3.6C, compared with vehicle
alone, Ro 31-8220 and Go 6976 treatment partially inhibited platelet spreading on
fibrinogen and disorganized the polarized, concentrated localization of Ly-GDI in
adherent platelets, as visualized by SR-SIM and measured by the increased Pearson’s
correlation of Ly-GDI overlap with actin. However, PKC inhibition had no significant
effect on the distribution of the Rho GTPases Rac1 and Cdc42, as also determined by
SR-SIM and Pearson’s correlation of Rho GTPase and Ly-GDI colocalization (Fig.
3.6D). While Ly-GDI showed a less structured and more diffuse distribution in platelets

spread on fibrinogen in the presence of Ro 31-8220 and Go 6976 (Fig. 3.6, D and E),
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both Rac1 and Cdc42 remained polarized, suggesting a role for PKC in spatially
coordinating regulatory interactions between Ly-GDI and Rac1 or Cdc42 in activating

platelets.
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Figure 3.6. PKC inhibition
blocks Ly-GDI phosphorylation
and disorganizes Ly-GDI
localization in adherent
platelets.

A and B: platelets were
pretreated with the PKC inhibitors
Ro 31-8220 or Go 6976 or vehicle
before stimulation with CRP and
IP with Ly-GDI or nonspecific IgG
antisera. Eluates were analyzed
for PKC substrate
phosphorylation and total Ly-GDI
protein capture by WB. For WB
panels, tick marks indicate
position of 28-kDa molecular
mass marker. Data were
generated by Jiaqing Pang
(OHSU). C: platelets were spread
on glass coverslips coated with
fibrinogen before fixation and
staining for Ly-GDI (green)
together with actin (red) in the
presence of Ro 31-8220, Go
6976, or vehicle alone (scale bar
=5 um). Pearson’s correlation of
Ly-GDI and actin colocalization
serves as a measure of the loss
of Ly-GDI polarization.
Significance (*P < 0.05)
determined by Student’s t-test.

D: other sets of coverslips were
stained for Ly-GDI (green)
together with Rac1 (red) or Cdc42
(red) as visualized by SR-SIM
(scale bar =5 um).

E: representative, magnified SR-
SIM visualization of Ly-GDI
(green) and Rac1 (red)
colocalization and distribution in
platelets adherent to fibrinogen
(scale bar = 2 ym).



3.5 Discussion

Here | report that platelets express the Rho-specific guanine nucleotide dissociation
inhibitor proteins RhoGDI and Ly-GDI and provide data supporting roles for Ly-GDlI, a
GDI family member commonly found in lymphocytic and hematopoietic cells, in platelet
function. | found that while platelets express both RhoGDI and Ly-GDI proteins at
similar levels, these GDI proteins show distinct intracellular granular and “polarized”
cytoskeletal localizations, respectively, in platelets. Ly-GDI colocalized with the Rho
GTPase proteins Rac1 and Cdc42 as well as a-tubulin, consistent with a role in
regulating Rho GTPase activities at areas of dynamic cytoskeletal remodeling. Antibody
interference experiments also supported a role for Ly-GDI in platelet spreading and Rho
GTPase function, as antibodies targeting the NH> terminal, Rho GTPase binding
domain of Ly-GDI introduced into live, purified platelets inhibited platelet spreading on
fibrinogen. Biochemical experiments demonstrated that Ly-GDI is also a target of
signaling systems in the platelet activation program, including PKCs, which may
promote the phosphorylation of platelet Ly-GDI directly downstream of platelet GPVI
engagement or secondarily in response to the release of agonists such as ADP
following CRP stimulation. In addition to Rac1 and Cdc42, cytoskeletal-associated Ly-
GDI also colocalized with PKC in adherent platelets, and | found that PKC inhibition
abrogated Ly-GDI phosphorylation and polarization while leaving Rac1 and Cdc42
polarization intact. Together, my results support roles for Ly-GDlI in platelet function and

suggest that PKC may orchestrate the regulation of Rac1 and Cdc42 in platelets
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through Ly-GDI phosphorylation to spatially coordinate and fine tune Rho GTPase—

associated processes during platelet activation (Fig. 3.7).
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Figure 3.7. Model of hypothesized role of Ly-GDI in platelet function. After the
engagement of platelet receptors (GPVI, integrin aupPs, etc.), Src family kinases (SFKs)
drive the protein kinase C (PKC)-mediated phosphorylation, activation, and localization
of Ly-GDI to organize Rho GTPase (Rac1, Cdc42, etc.) activities in concert with Rho
GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) to
direct cytoskeletal remodeling and platelet function.
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In mammalian cells, over 20 different functionally diverse Rho GTPase proteins are
regulated by ~60 different GAP and GEF proteins; yet only a total of three RhoGDI gene
products serve to direct Rho GTPase activities intracellularly.[313,319] In platelets,
three Rho GTPase family members, Rac1, Cdc42, and RhoA, play critical roles in
platelet function. Moreover, recent studies have identified a role for Rho proteins such
as RhoG in regulating platelet physiology.[12,312] While a number of signaling systems
such as tyrosine kinases have been shown to regulate Rho GTPase activities in
platelets and other cells, the Rho GTPases themselves are not directly regulated by
phosphorylation in regards to platelet function. Accordingly, as is the case in other cell
types, a number of Rho GTPase regulatory proteins most likely serve as targets of
signaling pathways to mediate Rho GTPase activation, organization, and function in
platelets. Notably, the Rho GEF Vav, a component of the linker for activation of T cells
signalosome and target of early phosphorylation events in platelet activation, has been
shown to play a role in regulating platelet Rac1 activation and platelet
function.[12,94,342] Other GEFs such as phosphatidylinositol 3,4,5-triphosphate-
dependent Rac exchanger, leukemia-associated RhoGEF, TIAM, p21-activated kinase-
interacting exchange factor, and GIT proteins have been investigated for roles in
platelet function.[12] Studies of GAPs such as IQGAP, ARHGAP17, Nadrin, and
oligophrenin-1 have described functions for these proteins in platelets. Yet, despite their
interactions with Rho GTPases and a number of other proteins and signaling systems
critical to platelet function,[12,170,341,343,344] RhoGDIs have remained largely

overlooked in studies of platelet Rho GTPase regulation. Here | find that platelets
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express RhoGDI and Ly-GDI and provide data suggesting specific roles for Ly-GDI in

platelet function.

In an effort to understand how platelet RhoGDI proteins may be regulated by
intracellular signaling systems associated with platelet activation programs, | used a set
of bioinformatics tools to determine predicted and known GDI binding partners and
modifying enzymes (Fig. 3.5, A-C). PhosphoSitePlus-based Pathways Commons
analyses of Ly-GDI regulation noted the regulation of Ly-GDI by PKC. In vitro IP-
Western blot analyses demonstrated that Ly-GDI is phosphorylated at PKC consensus
sites in activating platelets and that Ly-GDI colocalized with PKC as well as Rac1 and
Cdc42 in spreading platelets, potentially linking PKC signaling to platelet Rho GTPase
regulation (Fig. 3.5). In other cell types a number of regulatory mechanisms are known
to converge on RhoGDls to effect cellular outputs. For instance, prenylation serves to
link RhoGDls to specific membranes. 14-3-3 protein binding and release has also been
proposed to regulate RhoGDI localization and function. Ly-GDI has also been shown to
be regulated by proteolytic cleavage.[345] Reversible lysine acetylation as catalyzed by
lysine acetyltransferases such as p300 and deacetylase enzymes such as histone
deacetylase 6 (HDACG6) and sirtuin (SIRT) proteins have also been shown to modify
RhoGDls to regulate their function.[320] Indeed, my recent characterization of the
platelet lysine acetylome identified Ly-GDI as a lysine-acetylated protein in platelets with
a putative role in regulating actin-mediated platelet processes.[346,347] Future work is
needed to better understand how the phosphorylation and lysine acetylation of Ly-GDI

as well as specific Ly-GDI protein-protein interactions regulate platelet function.
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Present models of Rho GTPases in platelet cell biological functions account for a
temporal sequence of platelet activation events, specifically attachment, secretion,
spreading—generally medicated by Rac1 and Cdc42—and early and late contractile
events such as shape change and retraction as mediated by RhoA—Rho-associated
protein kinase signaling.[12] Although the global, temporal regulation of these events in
platelets has been investigated over the past decade, more recent studies suggest that
platelet activation is spatially regulated to solicit specific secretory and cytoskeletal
outputs within a tightly packed “core” or more loosely associated expanding “shell” of a
growing hemostatic plug or thrombus.[304,336] Along these lines, hypotheses of
differential Rho GTPase activation within a growing hemostatic plug or thrombus are
supported by studies demonstrating that the spatial context of adhesive matrix
substrates translates into specific, organized Rac1-dependent intracellular cytoskeletal
and secretory platelet responses.[336,337] However, mechanisms regarding how the
polarization of such signaling events may come about in platelets have not been
proposed. Intriguingly, | find that Ly-GDI localizes in a polarized manner in adherent
platelets, in an intracellular area overlapping with microtubules, Rac1, Cdc42, and PKC,
proposing that Ly-GDI acts as a putative, spatially defined regulator of Rac1 and Cdc42
activities in platelets. Together with studies showing an organized cross talk of the
platelet actin and microtubule cytoskeletons,[331,335,339,348] my findings provide
insights into how signaling events may be spatially organized relative to the dynamic
cytoskeleton of activating platelets through Ly-GDI in the physiological context of

hemostatic plug and thrombus formation (Fig. 3.7).
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Chapter 4. Platelet p38-MK2 axis phosphorylates the Bcl-xl sequestering protein

RTN4 in establishing and organizing platelet procoagulant activities
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Physiology, 2018; 314(5): C603-C615.
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4.1 Abstract

Upon encountering physiological cues associated with damaged or inflamed
endothelium, blood platelets set forth intracellular responses to ultimately support
hemostatic plug formation and vascular repair. To gain insights into the molecular
events underlying platelet function, | used a combination of interactome, pathway
analysis, and other systems biology tools to analyze associations among proteins
functionally modified by reversible phosphorylation upon platelet activation. While an

interaction analysis mapped out a relative organization of intracellular mediators in
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platelet signaling, pathway analysis revealed directional signaling relations around
protein kinase C (PKC) isoforms and mitogen-activated protein kinases (MAPKs)
associated with platelet cytoskeletal dynamics, inflammatory responses, and hemostatic
function. Pathway and causality analysis further suggested that platelets activate a
specific p38-MK2 axis to phosphorylate RTN4 (reticulon-4, also known as Nogo), a Bcl-
x| sequestration protein and critical regulator of endoplasmic reticulum (ER) physiology.
In vitro, | find that platelets drive a p38-MK2-RTN4-Bcl-xI pathway associated with the
regulation of the ER and platelet phosphatidylserine exposure. Together, my results
support the use of pathway tools in the analysis of omics data sets as a means to help
generate novel, mechanistic, and testable hypotheses for platelet studies while

uncovering RTN4 as a putative regulator of platelet cell physiological responses.
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4.2 Introduction

Blood platelets are the primary cellular mediators of hemostasis and contribute to
inflammation and thrombosis in vascular disease.[349,350] For over the past 20 years,
biochemical and molecular studies of platelets have established critical roles for a
number of intracellular signaling systems driving cell biological outputs underlying
platelet function.[74,351,352]. Traditionally, mechanistic findings regarding the
molecular bases of platelet physiology are built on hypothesis testing around insights
afforded from the evolving literature and studies of other molecular regulatory systems
generalized over a variety of other cell types. While such endeavors to define the
molecular events of platelet regulation continue to be fruitful, they may be, in part,
skewed by the bias of investigators or the surreptitious availability of pharmacological
agents or genetically manipulated mice and typically neglect to account for how the
majority of the >5,000 proteins that constitute the platelet proteome potentially

contribute to platelet function.[353-356]

Concurrent with efforts to understand platelet physiology at the molecular level, a range
of systems biology and omics-based projects provide an ever-growing variety of
increasingly rich data sets associated with platelet physiological function.[353,356,357]
Mass spectrometry-driven proteomics experiments have been especially critical in
cataloging the expression and modification of platelet proteins under resting, stimulated,
and disease conditions.[185,192,357] Surveying the results of platelet proteomics

studies, it is immediately apparent that platelets express abundant cytoskeletal,
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metabolic, and signaling proteins as well as proteins specific to platelet function and
hemostasis.[192,357] More rigorous computational analyses of the platelet proteome
focused on mapping physical and functional protein-protein interactions (PPIs) have
additionally established that entire (sub)networks of proteins critical to G protein-
coupled receptor, intracellular calcium, cyclic nucleotide and phospholipid signaling are
also present in platelets and likely critical to platelet function.[353,355-357] Specialized
informatics platforms such as PlateletWeb [357] now allow investigators to access and
take advantage of a variety of omics data sets aimed at addressing specific questions in
the context of platelet physiology; however, other systems modeling tools that take into
account how exact protein phosphorylation modifications and other events are causally

linked to one another remain underutilized or unavailable in platelet studies.

To better understand the molecular physiology of platelets and the biochemical
pathways and systems regulating platelet function, | interrogated a set of platelet
proteins functionally modified by reversible tyrosine and serine/threonine
phosphorylation using a complementary set of informatics and pathway analysis tools to
highlight potentially unrecognized, causal events underlying platelet biology. Using high-
detail pathway information from Pathway Commons together with pathway tools such as
CausalPath and ChiBE,[326,327] | find that, in addition to noting established signaling
steps in platelet function, pathway resources can help to uncover novel, testable, and
potentially critical relations underlying the regulation of platelet form and function. In this
study, to demonstrate the utility of pathway tools in platelet studies, | present modeling

and in vitro experimental findings detailing the sequential p38-MK2 phosphorylation of
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the Bcl-xl sequestering protein RTN4 (also termed reticulon-4, RTN-4S, RTN-XS, Nogo,
ASY; referred to as RTN4 here going forward) in regulating molecular events in platelets
at the level of the endoplasmic reticulum (ER) associated with establishing and

organizing platelet procoagulant activities.

4.3 Materials and Methods

4.3.1 Reagents

All reagents were from Sigma-Aldrich except as noted. Human fibrinogen was from
Enzyme Research. Antibodies and other labeling agents were sourced as follows: p38
(sc-7972), Nogo/RTN4 (sc-271878), protein disulfide isomerase (PDI) (sc-20132), and
mouse IgM (sc-3881) were from Santa Cruz Biotechnology; p-p38 (no. 4511), p-MK2
(no. 3007), MK2 (no. 3042), RXXpS*/T* (no. 9614), and Bcl-xI (no. 2764) were from Cell
Signaling; p-Bcl-xI (44-428G) and anti-mouse IgM heavy chain horseradish peroxidase
(62-6820) were from ThermoFisher; a-tubulin (T6199) and TRITC-phalloidin (P1951)
were from Sigma; goat anti-mouse IgM Alexa Fluor 488 (A21042), goat anti-rabbit IgG
Alexa Fluor 546 (A11010), and annexin V-Alexa Fluor 488 (A13201) were from
Invitrogen (ThermoFisher Scientific). The P2Y1 antagonist MRS 2179, the P2Y12
antagonist AR-C 66096, the p38 inhibitor SB202190, and the MK2 inhibitor PF3644022

were from Tocris.
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4.3.2 Interactome and neighborhood analysis

To generate protein-protein interaction (PPI) networks, | used ChiBE to query Pathway
Commons. | used the “paths-between” query on the Simple Interaction Format (SIF)
network, selecting “interacts-with” as the relation type, with length limit 1. For the
neighborhood analysis of MK2 (MAPKAP2) and RTN4, | queried the Pathway
Commons database using ChiBE in SIF mode selecting relation types “controls-state-

change-of” and “in-complex-with” using length limit 1.

4.3.3 Pathway analysis

| used CausalPath to identify the pathway fragments that can directly explain correlated
changes in the phosphoproteomic data set from Beck et al.[185] CausalPath first
processes the Pathway Commons database [327] using the BioPAX-pattern
library,[358] searching for graphical patterns that capture potential binary cause-effect
relations between protein activity, abundance, and modifications. CausalPath then
selects the subset of the causal relations that fit the given data. In addition to Pathway
Commons data, | performed a manual literature curation for some of the
phosphorylation site effects that were not covered by Pathway Commons. | used
CausalPath in two modes: 1) default mode; and 2) by relaxing site-matching constraints.
The site-matching constraint requires the phosphorylation site position to be mentioned
in the pathway model and to match with the site position identified and measured in the

phosphoproteomic data set of interest. CausalPath is available
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at https://github.com/PathwayAndDataAnalysis/causalpath. CausalPath result networks
are rendered with the ChiBE visualization tool,[326,359] which is available

at https://github.com/PathwayCommons/chibe.

4.3.4 Platelet preparation

Washed human platelets were prepared from venous blood drawn from a rotating pool
of >20 healthy, adult (>18 yr old) male and female volunteers by venipuncture into 1:10
sodium citrate (3.8%), as previously described.[13,321] Written informed consent was
obtained from the subjects and the protocol was approved by Oregon Health & Science
University Institutional Review Board. Blood was centrifuged at 200 g for 20 min to
obtain platelet-rich plasma (PRP), and platelets were isolated from PRP by
centrifugation at 1,000 g for 10 min in the presence of prostacyclin (0.1 ug/ml). Platelets
were resuspended in modified HEPES/Tyrode buffer and washed once via
centrifugation before resuspension in modified HEPES/Tyrode buffer. Following platelet
preparation, platelet samples from different donors were not mixed or pooled for any of

the experiments reported in this study.

4.3.5 Immunoprecipitation

Washed human platelets (5 x 108/ml) were pretreated with inhibitors for 10 min before
stimulation with agonists as indicated. Following stimulation, platelets were lysed with

the addition of 0.1% Triton X-100 together with protease and Sigma phosphatase
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inhibitor cocktail 2 and 3 and sonication. Lysates were precleared with protein L
agarose (4°C, 1 h) before the addition of RTN4 antibodies or mouse IgM (2 ug, 4°C,
overnight). Captured proteins were precipitated with protein L agarose (Santa Cruz
Biotechnology) (4°C, 2 h). Agarose beads were washed three times with HEPES/Tyrode
(with 0.1% Triton X-100) before elution in Laemmli sample buffer and Western blot
analysis for captured proteins. For Bcl-xI coimmunoprecipitation, platelets were
incubated with 2 mM DTBP cross-linker as previously described [360] (30 min, room
temperature) before lysis by sonication into 0.1% Triton X-100, immunoprecipitation,
and Western blot analysis as previously described.[361] Band densitometry
measurements were performed in ImageJ, and data were analyzed by one-way ANOVA
with post hoc Tukey’s comparison test. P < 0.05 was considered statistically significant
for all tests. Statistical analyses were performed using GraphPad PRISM (San Diego,

CA) as previously described.[361]

4.3.6 Static adhesion assays

Platelet spreading, differential interference contrast (DIC), and super resolution
structured illumination microscopy (SR-SIM) microscopy experiments were carried out
as previously described.[13] Briefly, for platelet spreading experiments, 12-mm no. 1.5
glass coverslips (Fisher Scientific) or coverglass-bottom dishes (MatTek) were coated
with human fibrinogen (50 pug/ml) followed by surface blocking with filtered fatty acid-
free BSA (5 mg/ml). Vehicle (0.1% DMSO) or pharmacological inhibitors were added to

platelets in solution (2 x 107/ml) for 10 min before seeding onto immobilized surfaces at
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37°C for 45 min followed by washing with PBS. Adherent platelets were fixed with 4%
paraformaldehyde (PFA) at room temperature for 10 min before mounting on glass
slides with Fluoromount G (Southern Biotech). Platelets were imaged using Kohler-
illuminated Nomarski DIC optics with a Zeiss x63 oil immersion 1.40 numerical aperture
(NA) plan-apochromat lens on a Zeiss Axio Imager M2 microscope using Slidebook 5.5
image acquisition software (Intelligent Imaging Innovations, Denver, CO) as previously

described.[13]

4.3.7 Fluorescence microscopy

Following platelet spreading and PFA fixation as above, adherent platelets were
permeabilized with a blocking solution (1% BSA and 0.1% SDS in PBS). Platelets were
then stained with indicated primary antibodies overnight at 4°C at a 1:100 dilution in
blocking buffer. Alexa Fluor secondary antibodies (1:500) or TRITC-phalloidin (1:500)
were added in blocking buffer (2 h). Coverslips were mounted with Fluoromount G on
glass slides. Platelets were imaged using a Zeiss Axio Imager M2 microscope.
Adherent platelets were also imaged using super resolution structured illumination
microscopy (SR-SIM) with a Zeiss x100 oil immersion 1.46-NA alpha plan-apochromat

lens on a Zeiss Elyra PS.1 microscope as previously described.[322]

4.3.8 Annexin V staining of adherent platelets
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Following preparation as described above, washed human platelets were pretreated
with inhibitors as described and then incubated on fibrinogen-coated coverglass dishes
in the presence or absence of bovine thrombin (0.25 U/ml) for 45 min at 37°C. Next, 5 pl
annexin V-Alexa Fluor 488 and 2.5 mM CaCl, were added to the 100 pl platelets for an
additional 30 min. Following washing in HEPES/Tyrode buffer supplemented with 2.5
mM CaCly, platelets were immediately imaged by fluorescence microscopy and DIC

optics at x63 magnification as described above.

4.3.9 Platelet secretion

Platelet secretion was measured using a plate reader-based assay of ATP released
from platelet dense granules, measured as the light output generated by an ATP-
luciferin-luciferase reaction as previously described.[362] Briefly, human washed
platelets (2 x 108/ml) were incubated with inhibitors as indicated or vehicle alone (15
min, 37°C). Platelets were then incubated with orbital shaking in a white flat bottom 96-
well plate (Corning Costar, Tewksbury, MA) in the presence of platelet agonist for 30 s
at 37°C. Detection reagent Chronolume (Chrono-Log) was added to the wells and
sample luminescence was detected using an Infinite M200 spectrophotometer (TECAN,
Mannerdorf, Switzerland). A grouped analysis was performed using two-way ANOVA

with post hoc Tukey’s comparison test in GraphPad PRISM.

44 Results
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4.4.1 Interactome analysis of the platelet phosphoproteome

Over the past several years, proteomics studies have detailed the expression and
functional modification of platelet proteins in a number of contexts.[192,357,363]
Recently, a systematic analysis of differentially abundant phosphoproteins in stimulated
platelets revealed regulated nodes and functional subnetworks around platelet
cytoskeletal dynamics, degranulation, and aggregation as well as more novel nodes
suggesting roles for ubiquitin modifications and small GTPase regulatory systems in
platelet regulation.[185] To determine whether a protein-protein interaction (PPI)
analysis of proteins that undergo significant changes in phosphorylation can likewise
provide novel insights into specific mechanistic steps underlying platelet activation, | first
carried out a ChiBE-based query of databases associated with Pathway Commons—the
largest detailed human pathway database indexing more than 4,000 pathways and 1.3
million genetic and protein associations and biochemical modifications, including site-
specific protein phosphorylation events from a number of databases such as
PhosphoSitePlus.[364] As seen in Fig. 4.1, a PPI network analysis of dynamically
phosphorylated platelet proteins connects a number of established effectors of platelet
function, including myosin light chain phosphatase (indicated by gene

name PPP1R12A), filamin (FLNA), and protein kinase C (PKC) isoforms (PRKCD,
PRKCQ). Other more novel signaling systems of emerging interest to platelet
physiological studies were also apparent, including higher density nodes around the
ArfGAP AGFG1, the Rac/Cdc42 GEF Cool-1/-PIX (ARHGEF7), and the mitogen-

activated protein (MAP) kinase p38 (MAPK14). However, while this PPI analysis begins
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to organize some novel nodes and terminal effectors into the logic of platelet regulation,
it does not immediately offer directional, mechanistic details for hypothesis-driven

studies of platelet function.
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Figure 4.1. Interactome analysis of the regulated platelet phosphoproteome. A
protein-protein interaction (PPI) network of dynamically regulated platelet
phosphoproteins identified by Beck et al. [185] was generated from an interaction query
of Pathway Commons using ChiBE. Node colors indicate the relative intensity of the
reported phosphorylation change (red =increase; blue = decrease). Selected proteins of
interest to this study, including the MAP kinase p38 (MAPK14), the MAP kinase-
activated protein kinase MK2 (MAPKAPK2), and RTN4 are indicated with stars. Data
were generated by Dr. Ozgun Babur (OHSU).
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4.4.2 Pathway and causality analysis of platelet protein phosphorylation

In addition to building interaction networks, more specific pathway analysis tools can
offer further mechanistic insights into signaling networks from omics data
sets.[327,353,365] | next analyzed the set of platelet proteins modified by
phosphorylation described above with CausalPath to identify potential cause-effect
relations using an integration of publicly available pathway data provided by Pathway
Commons.[327,365] As seen in Fig. 4.2A, a pathway model built from causal enzyme-
substrate relationships recapitulated details of pathways in platelet activation
downstream of platelet receptors, which feed into PKC, MAPK, and other prominent
signaling systems and effectors. Notably, some nodes of this resulting model such as
p38 MAPK (MAPK14) and PKC (PRKCD, PRKCQ) are centrally integrated into
intracellular signaling networks associated with a diversity of platelet responses. For
instance, p38 MAPK is phosphorylated and activated downstream of ASK1 (MAP3K5)
activation as well as activities associated with PLCy3, Syk, and the tyrosine kinase
adaptor/scaffold protein Nck2. Following phosphorylation and activation, p38 is
predicted to regulate a diverse set of substrates associated with MAPK signaling,
intracellular physiology, and platelet hemostatic and procoagulant responses, including
the MAP kinase-activated protein kinase MK2 (MAPKAPK2), GSK3[3, and ADAM17. In
addition to MAPKs and PKC isoforms, platelet activation upregulates the
phosphorylation of Syk and Syk effectors associated with ITAM signaling and the LAT
and PI3K signalosome (BTK, Vav3, PLCB3, DAPP1). More terminal targets

downstream of several signaling systems with roles in platelet activation are also
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apparent, including cytoskeletal regulators and elements such as myosin light chain
kinase (MYLK), myosin phosphatase (PPP1R12A), cortactin (CTTN), moesin (MSN),
zyxin (ZYX), and a-adducin (ADD1) as well as cytoskeletal-associated proteins with
uncharacterized roles in platelets, including the centrosomal protein CEP131, Merlin
(NF2), WAS/WASL-interacting protein WIPF1, and the actin organizing protein girdin
(CCDCB88A). Dynamic, feedback-like modifications on receptors and proteins
associated with platelet activation as well as immunologic and metabolic processes are
also apparent, including phosphorylation of thromboxane A2 receptor (TBXA2R), the
disintegrin ADAM17, chemokine receptor (CXCR4), glucocorticoid receptor (NR3C1),
insulin receptor substrate (IRS1), IL-6 receptor (IL6ST), and the caspase recruitment
adaptor protein CARD9, which connects ITAM and Toll-like receptor (TLR) signaling in
myeloid cells.[366] Interestingly, mitochondria-associated proteins, including dynamin-1-
like protein (DNM1L) and the neurite outgrowth inhibitor protein RTN4, were also
integrated into select pathways. Other proteins with more traditional roles in the nucleus
were modified within the pathway context of platelet activation, including NFATC1,
NFATC2, and DDX5. Together, this analysis suggested a concerted association
between a number of platelet cytoskeletal, secretory, and inflammatory outputs
associated with PKC, MAPK, and other signaling systems, offering a means and
rationale to build and test novel hypotheses potentially relevant to platelet physiology

not immediately apparent by other analyses.

Next, to extract more specific mechanistic information, | included a phosphorylation site

matching requirement between detected phosphorylation sites and the sites in the
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pathway model, to generate a higher-confidence subgraph of the pathway network

in Fig. 4.2A. As seen in Fig. 4.2B, in addition to highlighting cascades terminating in
NFATC1, NFATC2, cortactin, and CXCR4 phosphorylation, this analysis predicted a
specific MAPK signaling axis (ASK1 Ser1033—p38 Thrigo, Tyrig2—MK2 Thrsza) resulting in
the phosphorylation of RTN4 Ser1o7. Together, these models demonstrate that pathway
analysis of phosphoproteomics data can predict causal, mechanistic information around

regulators and effectors of platelet activation.
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Figure 4.2. Pathway and
causality analysis of the
activated platelet
phosphoproteome.
Results from CausalPath
identifying pathway
fragments and associated
changes in platelet protein
phosphorylation to show
potential cause-effect
relations as visualized with
ChiBE. The unrestricted
model in (A) is based on
generalized
enzyme:substrate
relations, independent of
phosphorylation site
localization details. The
stringent model

in (B) requires the
matching of enzymatic
events with
phosphorylation site
details. This model
highlights a putative
p38—MK2—RTN4 axis
associated with platelet
activation (light blue
background).

Nodes represent proteins
(conventionally labeled
with gene names), and
edges represent either
causal phosphorylation
(green) or
dephosphorylation (red)
events. Protein
phosphorylation sites are

shown with smaller “p” circles, where a green border = activating site and red border =
inactivating site. The background color of phosphorylation sites indicates their
differential measurement from data, red = increase and blue = decrease. The grouped
nodes in a compound node indicate that all members have the same graph topology
and are grouped for complexity management. Relative targets of the p38 inhibitor
(SB202190) and MK2 inhibitor (PF3644022) used in this study are indicated in the
context of this model. Data were generated by Dr. Ozgun Babur (OHSU).

126



4.4.3 p38 and MK2 activation and function in platelets

The biology associated with p38 MAPK signaling in platelets is complex, as a variety of
agonists and physiological stimuli are well known to upregulate the phosphorylation of
p38 and p38 substrates in platelets, yet specific functions for platelet p38 remain
unclear.[367] While p38 Thr1so, Tyris2 phosphorylation has been extensively documented
in platelets under a number of experimental conditions, limited details are known
regarding the phosphoregulation of the p38 substrate MK2 in platelets. As a first step in
determining whether the causal pathway model above reflects and predicts signaling
relations in platelets, | next examined platelet p38-MK2 activation and signaling in vitro
using biochemical and cell biological methods. Washed human platelets (5 x 108/ml)
were pretreated with pharmacological inhibitors of p38-associated signaling pathways or
vehicle alone (0.1% DMSO) and stimulated with thrombin (0.5 U/ml, 5 min) before lysis
in Laemmli sample buffer, separation by SDS-PAGE, and Western blot analysis with
p38 Thrigo, Tyrig2 and MK2 Thrssz4 phosphospecific antisera. As seen in Fig.

4.3, A and B, thrombin stimulation significantly upregulated p38 as well as MK2
phosphorylation (P = 0.0036 and P = 0.0001, respectively), as determined by Western
blot analysis of platelet lysates with p38 and MK2 phosphorylation site-specific antisera.
Pretreatment of platelets with the p38 inhibitor SB202190 (2 uM, previously reported to
inhibit p38 activity in platelets [368]) significantly abolished the p38-driven
phosphorylation of MK2 Thrzas in response to thrombin stimulation with minimal effects
on the upstream phosphorylation of p38 itself at Thrigo, Tyr1s2. Likewise, pretreatment of

platelets with the MK2 inhibitor PF3644022 significantly limited the phosphorylation of
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MK2. As seen in Fig. 4.3, A and B, pretreatment with of platelets with PF3644022 also
appeared to have some minor although not statistically significant inhibitory effects on
p38 phosphorylation in response to thrombin, consistent with previous reports in other
cell types suggesting a feedback interaction between MK2 and p38 activation.[369,370]
In vivo, in addition to serving as a chemotactic agent that activates platelets at select
sites of injury or inflammation in the vasculature, ADP is secreted by platelets and binds
to purinergic P2Y1and P2Y+2 G protein-coupled receptors.[371] Consequently, ADP
amplifies platelet responses in response to physiological agonists such as thrombin
downstream of protease-activated receptors (PARs) to support a number of cell
biological outputs associated with p38 activation, including “inside-out” activation of
integrins, thromboxane generation, procoagulant phosphatidylserine (PS) exposure,
thrombin generation, and other platelet functional outputs.[371] Accordingly, | also
examined the phosphorylation states of p38 and MK2 in platelets under P2Y1/P2Y12-
inhibited conditions. As seen in Fig. 4.3, A and B, combined pretreatment of platelets
with the P2Y1/P2Y12 antagonists MRS 2179 (10 uM) and AR-C 66096 (10 pM)
significantly inhibited the phosphorylation of p38 as well as MK2 in response to
thrombin. Together, these results show that following stimulation with thrombin, platelets
phosphorylate MK2 Thrsz4 in @ manner dependent on p38 activity as well as purinergic

signaling.

Previous studies of platelet MAPKs have hypothesized roles for p38 activity in platelet
secretion downstream of phospholipase A (cPLAZ2) phosphorylation, as p38 inhibition

or ASK1 genetic deletion inhibits secretion in response to various platelet
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agonists.[368,372,373] To investigate roles for p38 and MK2 in platelet secretion, |
pretreated washed human platelets with SB202190, PF3644022, vehicle alone (0.1%
DMSO), or the PKC inhibitor Ro 31-8220 before stimulation and measured ATP
released from platelet dense granules with an assay of ATP-luciferin-luciferase
reactivity. As seen in Fig. 4.3C, PKC and p38 inhibition both significantly impaired
platelet secretion in response to thrombin stimulation; however, MK2 inhibition had no
significant effect on secretion in response to thrombin (Fig. 4.3C). Roles for p38 activity
in platelet cytoskeletal dynamics remain more controversial, as some studies have
reported that p38 inhibition interferes with actin regulation in platelets while others
conclude that p38 has no major role in the regulation of the platelet cytoskeleton.[374-
376] Hence, | next examined the ability of platelets to adhere to and spread on
fibrinogen and form actin-rich lamellipodia under basal as well as p38- and MK2-
inhibited conditions to assay platelet cytoskeletal function. As seen in Fig. 4.3D,
pretreatment of platelets with the lysine acetyltransferase inhibitor C646, a previously
described inhibitor of platelet actin cytoskeletal dynamics and lamellipodia
formation,[346] readily prevented the spreading of platelets on a surface of fibrinogen.
Conversely, inhibition of either p38 or MK2 had no effect on the ability of platelets to
adhere to and spread on immobilized fibrinogen and establish phalloidin-positive actin
structures, suggesting that p38 as well as MK2 are not critical to events driving platelet
cytoskeleton regulation downstream of the fibrinogen receptor integrin aisp3. Together,
these results show that platelets phosphorylate MK2 in a p38-dependent manner and

that p38 activity has roles in platelet secretion independent of MK2 activation, likely
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through MK2-diverging substrates such as cPLA2 that are associated with eicosanoid

metabolism.
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Figure 4.3. p38
and MK2
phosphorylation
and function in
platelets.

A: platelets were
pretreated with
the p38 inhibitor
SB202190, MK2
inhibitor
PF3644022, a
combination of
the P2Y1 and
P2Y12
antagonists MRS
2179 and AR-C
66096, or vehicle
before stimulation
with thrombin,
lysis into Laemmli
sample buffer
and WB analysis
of phospho-p38
Thrigo, Tyris2 (p-
p38) and
phospho-MK2
Thrazs (p-MK2)
immunoreactivity.
Total a-tubulin
levels serve as a
loading control.
Tick marks
indicate the
relative positions

of 40-kDa MW (for p-p38) 50-kDa MW (for p-MK2 and a-tubulin). Data were generated
by Jiaqing Pang (OHSU). B: densitometry analysis of p38 (black bars) and MK2 (gray
bars) phosphorylation (arbitrary units; AU). *P < 0.05 relative to thrombin stimulated
platelets. C: platelets were incubated with vehicle, SB 202190, PF 3644022, or Ro 31-
8220 before activation with thrombin. Platelet dense granule secretion was measured
as function of ATP release generated by an ATP-luciferin-luciferase reaction. Values
are mean = SEM of raw luminescence. *P < 0.05, platelets compared with vehicle in the
presence of thrombin. D: platelets were treated with SB202190, PF3644022, the lysine
acetyltransferase inhibitor C646 or vehicle before incubation on fibrinogen-coated
coverglass, fixation, staining and imaging by DIC, and fluorescence microscopy (scale
bar=10 pym).
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4.4.4 RTN4 expression, localization and phosphorylation in platelets

Following from functional studies of RTN4 phosphorylation by MK2 in cell line models
[377] as well as >350 separate records of RTN4 Serio7 phosphorylation from proteomics
studies curated in PhosphositePlus,[364] a causality and pathway analysis of
differentially phosphorylated platelet proteins [185] through Pathway Commons
revealed RTN4 as a specific, putative, and differentially active target of p38—MK2
signaling in platelets (Fig. 4.2). While proteomics studies have detected RTN4 protein in
human platelets,[185,192,357] roles for RTN4 in platelet biology remain unknown. In
mammalian cells, a number of RTN4 splice variants are expressed in a cell-specific
manner [378] to effect specific cell biological functions, including the regulation of ER
morphology, cell migration, and cell fate.[379,380] Accordingly, | next examined RTN4
expression in human platelet lysates and immunoprecipitates by Western blotting
relative to nucleated MDA-MB-231 human breast adenocarcinoma epithelial cells and
human umbilical vein endothelial cells (HUVECS). As seen in Fig. 4.4A, MDA-MB-231
cells, HUVECs, and washed human platelets all express abundant levels of the
predominant 55-kDa Nogo-B/RTN4B isoform of RTN4. Following lysis and preclearing
with protein L agarose, RTN4-immunoreactive proteins matching the molecular weight
of expressed RTN4 isoforms were readily immunoprecipitated from platelets with RTN4

antisera but not with nonspecific mouse IgM (Fig. 4.4A).

To better understand potential roles for RTN4 in platelet function, | next examined the

intracellular localization of RTN4 in adherent platelets by super resolution-structured
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illumination microscopy (SR-SIM). As seen in Fig. 4.4B, in platelets spread on a surface
of fibrinogen, RTN4 displayed a specific, reticular staining pattern similar to that
observed in other cell types that partially colocalized with the platelet endoplasmic
reticulum (ER) and dense tubular system (DTS) marker protein disulfide isomerase
(PDI) (Fig. 4.4B). The addition of thrombin to adhering platelets, which activates
phospholipases and mobilizes calcium from the ER downstream of G protein-coupled
receptors, condensed the ER-like RTN4 staining pattern together with PDI, suggesting
that the RTN4 protein is regulated at the platelet ER in a functional manner in the

context of platelet activation (Fig. 4.4B).

To determine if an upregulation of RTN4 Ser107 phosphorylation following platelet
activation is readily detected by more common biochemical methods, | assayed RTN4
immunoprecipitates from resting and thrombin-stimulated platelets for RXX-
phosphoserine motif immunoreactivity by Western blotting. Notably, RTN4 Serio7 is
found within an acidophilic kinase RXXS substrate motif (. . . A101PERQPS107WDP110 . .
.) previously described using similar antisera in a number of phosphoproteomics studies
from other cell and tissue types.[364] As seen in Fig. 4.4C, RTN4 was readily
immunoprecipitated from resting and thrombin-stimulated platelets while nonspecific
mouse IgM alone did not precipitate detectable RTN4 beyond background levels.
Western blot of RTN4 immunoprecipitates with RXXpS motif antisera showed positive,
overlapping immunoreactivity for thrombin-stimulated platelets that was not detectable
on RTN4 from resting platelets (Fig. 4.4C). To examine whether RTN4 Ser1o7 is

phosphorylated in a p38- and MK2-dependent manner in accordance with the site-
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matched pathway model from causality analysis above, | also pretreated platelets with
the p38 and MK2 inhibitors SB202190 (2 uM) or PF3644022 (2 uM), respectively,
before stimulation with thrombin, lysis, RTN4 immunoprecipitation and Western blot
analysis. As seen in Fig. 4.4C, pretreatment with SB202190 or PF3644022 completely
abrogated RXXpS immunoreactivity associated with RTN4 immunoprecipitated from
thrombin-stimulated platelets. Together, these results show that platelets express
RTN4, which colocalizes to the platelet ER/DTS upon platelet activation, and that RTN4
is phosphorylated in platelet at an RXXS motif corresponding to RTN4 Ser1o7 in a p38-

and MK2-dependent manner in response to thrombin stimulation.

134



A B Cc

wide field merge (100x)

NS
> &8 & <& Thrombin

O E
IP:RTN4 - - + + _+_ (1 U/ml)
RTN4PS\07 1
(RXXp§) - 3
wB
TG

+ Thrombin

surface: fibrinogen

Figure 4.4. RTN4 expression, localization and phosphorylation in platelets.

A: MDA-MB-231 cell lysates, HUVEC lysates, human platelet lysates, and RTN4 and
nonspecific IgM immunoprecipitates from platelets were separated by SDS-PAGE,
transferred to nitrocellulose and examined for RTN4 immunoreactivity by WB. Positions
of MW markers are indicated. Data were generated by Jiaging Pang (OHSU). B:
platelets were incubated on fibrinogen-coated coverglass in the absence or presence of
1 U/ml thrombin before fixation, staining for RTN4 (green) and PDI (red), and imaging
by SR-SIM at wide field (scale bar=10 pym) and x100 (scale bar =2 ym)

magnification. C: platelets were pretreated with SB202190, PF3644022 or vehicle
before stimulation with thrombin and lysis. RTN4 and nonspecific IgM
immunoprecipitates were examined for total RTN4 and RTN4 phospho Ser1o7 (RXXpS)
immunoreactivity by WB. Tick marks indicate position of 50-kDa MW marker. Data were
generated by Jiaqing Pang (OHSU).
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4.4.5 Bcl-xI associates with RTN4, p38 and MK2 in platelets

As specific roles for RTN4 as well as MK2 in platelets have not yet been examined, |
next queried Pathway Commons for proteins expressed in platelets in the physical and
functional vicinities of MK2 and RTN4 to visualize a RTN4 + MK2 neighborhood with
ChiBE. As seen in Fig. 4.5A, this neighborhood model places MK2 between p38 and
RTN4 and notes that MK2 may change the functional state of a number of downstream
targets, including RTN4 [377] as well as Bcl-xI (BCL2L1),[381] a prosurvival Bcl-2 family
member well known in the regulation of mitochondria permeabilization, ER mitochondria
communication, and apoptosis-related pathways in platelets regulating procoagulant
phosphatidylserine exposure.[382] This model also noted that Bcl-xI has previously
been described as an RTN4-interacting protein from studies of apoptosis in cell
culture.[360] Accordingly, | next examined the interaction of RTN4 and Bcl-xl in platelets
by coimmunoprecipitation. As seen in Fig. 4.5B, immunoprecipitation of RTN4 from
resting platelet lysates readily captured RTN4 as well as coprecipitating Bcl-xI. Although
not identified in platelet proteomics analyses,[185] pathway and neighborhood analyses
also noted an interaction between MK2 and Bcl-xI (Fig. 4.5A), as MK2 has been
reported to phosphorylate Bcl-xl Serez in vitro.[381] | next examined the phosphorylation
of Bcl-xlI Sere in platelets with phosphospecific antisera, finding that like RTN4, Bcl-xl is
also phosphorylated in thrombin-stimulated platelets in a manner significantly inhibited
by the inclusion of SB202190 or PF3644022 (P = 0.0025 and 0.0038, respectively) (Fig.

4.5C).
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Figure 4.5. Proximity of Bcl-xI to p38, MK2, and RTN4 in platelet function.

A: signaling and protein binding relations in the neighborhood vicinity of MK2 and RTN4
in Pathway Commons, as queried and rendered by ChiBE. Directed relations (arrows)
indicate that the source protein controls a state change of the target protein. A state
change can be a modification on the protein, on its location, or a change to the complex
that the target protein is a member. Undirected edges (connecting lines) indicate that
two proteins appear as members in the same complex. Data were generated by Dr.
Ozgun Babur (OHSU). B: platelets were incubated with DTBP cross-linker before lysis
and processing for IP. Following IP with RTN4 or control IgM antisera, samples were
analyzed for RTN4 capture and Bcl-xI coimmunoprecipitation by WB. Tick marks
indicate relative positions of 30- and 50-kDa MW markers for Bcl-xI and RTN4,
respectively. C: platelets were pretreated with SB202190, PF3644022 or vehicle before
stimulation with thrombin. Following lysis into Laemmli sample buffer, samples were
examined for Bcl-xI phospho-Sers2 (p-Bcl-xl) immunoreactivity by WB Total Bcl-xl levels
serve as a control for equal protein loading. Tick marks indicate relative positions of 30-
kDa MW. WB data were generated by Jiaqing Pang (OHSU).
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4.4.6 p38-MK2 regulates the intracellular organization of RTN4 in platelets

Next, to examine the intracellular association or colocalization of RTN4 together with
Bcl-xl in platelets, platelets were treated with the p38 and MK2 inhibitors SB202190 or
PF3644022, respectively, or vehicle alone (0.1% DMSO) before adhering to fibrinogen
in the absence or presence of thrombin and visualization by immunofluorescence SR-
SIM (Fig. 4.6A). As seen in Fig. 4.6A, Bcl-xlI showed a diffuse localization throughout
platelets, partially colocalizing with RTN4-stained reticular structures. Similar to the
results above (Fig. 4.4B), thrombin stimulation promoted the condensation of RTN4
together with Bcl-xl in the region of the platelet granulomere (Fig. 4.6A). Strikingly, p38
or MK2 inhibition had profound effects on RTN4 localization and organization under
control conditions, as the ER-like RTN4-positive elements in platelets adherent to
fibrinogen were severely diffused under p38- as well as MK2-inhibited conditions
relative to vehicle alone. Similarly, RTN4 as well as Bcl-xI collapse was dramatically
less in response to thrombin in platelets pretreated with SB202190 or PF3644022 (Fig.

4.6A).
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Figure 4.6. p38-MK2-RTN4-Bcl-xI axis in procoagulant platelet function.

A: platelets were pretreated with SB202190, PF3644022 or vehicle before incubation on
fibrinogen-coated coverglass in the absence or presence of thrombin. Following fixation
in PFA, samples were processed for SR-SIM visualization of RTN4 (green) and Bcl-xI
(red) at wide field (x63, scale bar =10 ym) and x100 magnification (scale bar =2 ym).
B: platelets were pretreated with SB202190, PF3644022, the intracellular calcium
chelator BAPTA or vehicle before incubation on fibrinogen-coated cover glass in the
absence or presence of thrombin. Following an additional 30 min in the presence of
annexin V-Alexa Fluor 488 and 2.5 mM calcium, platelets were visualized for PS
exposure and general morphology by DIC and fluorescence microscopy (scale bar=10
pMm). Results are representative of n = 3 experiments.
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The platelet ER/DTS serves as a reservoir for intracellular calcium mobilization and has
critical roles in the initial steps of platelet activation as well as later phases where Bcl-xI-
regulated apoptotic pathways promote platelets to take on a procoagulant phenotype
through PS exposure.[71,155,383] Previous studies have demonstrated that
pharmacological inhibition of p38 activity or knockout of the p38-activating MAP3K
ASK1 has no significant effect on intracellular calcium mobilization.[373,374] Despite
the striking alterations in RTN4-positive ER morphology under p38- and MK2-inhibited
conditions, | similarly detected no alterations in intracellular calcium mobilization in
Alexa Fluor 488-Fura-2-loaded platelets in response to thrombin under p38- or MK2-

inhibited conditions (data not shown).

| found that calcium-dependent signaling events, specifically the activation of PKC
isoforms and PKC substrate phosphorylation, can localize proximal to the platelet
ER/DTS in a manner that may have roles in regulating the intracellular spatiality of
platelet signaling and activation processes (see Chapter 3). While previous studies have
suggested that p38 has no role in regulating phosphatidylserine exposure in response
to strong platelet agonists (i.e., dual PAR + glycoprotein VI stimulation), p38 inhibitors
have been noted to prevent procoagulant blebbing of platelets adherent to fibrinogen as
well as PS exposure in other contexts.[384,385] Moreover, the morphology of
procoagulant platelets under MK2-inhibited conditions has not yet been described. |
next imaged thrombin-stimulated platelets adherent to fibrinogen for PS exposure
through annexin V staining and microscopy. As seen in Fig. 4.6B, treatment of adherent

platelets with 0.25 U/ml thrombin for 45 min, followed by the addition of annexin V and
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2.5 mM CaCl,, promoted a characteristic rounded or “ballooning”-like morphology [69]
and upregulated PS exposure as determined by annexin V stain. Pretreatment of
platelets with either SB202190 or PF3644022 limited the number of platelets exhibiting
a rounded, PS-positive morphology associated with a procoagulant phenotype, as p38
or MK2 inhibition promoted an increase in PS-positive spread platelets, suggesting
either a disruption of intracellular processes that promote procoagulant activity or kinetic
delays in platelet proapoptotic signaling. Only background levels of annexin V staining
were observed on platelets adherent to fibrinogen in the absence of thrombin
stimulation or in the presence of the intracellular calcium chelator BAPTA (Fig. 4.6B).
Together with the causal pathway model and other data detailed above, my results
suggest that p38 and MK2 target RTN4 as well as Bcl-xI proximal to the platelet
ER/DTS to help orchestrate platelet cell biological responses associated with platelet

activation.

4.5 Discussion

Over the past decade, proteomics and informatics studies have begun to build a wealth
of data associated with platelet biology in experimental and physiological contexts. In
general, analyses of omics data associated with platelet physiology rely on PPI-driven
tools such as STRING or PlateletWeb that cluster physical and functional protein
associations to reveal network-level details underlying platelet function.[357,386] While
such analyses are valuable in demonstrating the presence and organization of

regulatory (sub)networks in platelets, mechanistic insights are more limited. Here, | use
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a cause-effect-oriented pathway analysis approach to interrogate a set of platelet
phosphoproteins regulated in response to platelet stimulation, highlighting potentially
novel signaling pathways in platelet activation programs. Unlike PPl methods, this
approach considers site-specific protein phosphorylation and other events driving the
activation (or inhibition) of effectors that, in turn, modify and regulate other target
proteins within a signaling pathway model. As an example of the utility of this approach,
| identify a novel arm of a MAPK signaling network in platelets and provide mechanistic,
biochemical, and cell biological evidence that p38 MAPK targets RTN4 to regulate the

cellular physiology of the endoplasmic reticulum in platelet activation programs.

The causal pathway model resulting from my analysis of regulated platelet
phosphoproteins noted the MAP kinase p38 (MAPK14) as a putative central, highly
connected node in platelet signaling networks. Numerous studies have determined that
p38 is phosphorylated and activated in platelets in a variety of contexts, yet specific
roles for p38 in platelet function remain enigmatic.[367] Importantly,
megakaryocyte/platelet-specific knockout models have recently demonstrated a role for
platelet p38 in thrombotic and inflammatory pathologies associated with ischemia and
myocardial infarction.[387] Earlier knockout studies of p38 function in platelets were
hindered by embryonic lethality; however, heterozygous p38*~ mice exhibited reduced
thrombus formation in a ferric chloride-induced model of carotid arterial injury.[388]
Likewise, genetic deletion of the p38-activating MAP3K ASK1 (MAP3KSY) limits platelet
p38 activation, thromboxane generation, secretion, and thrombus formation.[373]

Studies taking advantage of specific p38 inhibitors similarly support roles for p38 in
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thromboxane generation via phosphorylation and activation of the cytosolic
phospholipase cPLA2.[368,389] However, roles for p38 in platelet hemostatic function
remain less apparent and controversial.[374,375,390] Using pharmacological inhibitors
against p38 and MK2, | provide evidence that p38 has roles in platelet secretion
independent of MK2 activation, which regulates cell physiological events at the platelet
ER through the phosphorylation of RTN4 and RTN4 interactions with the antiapoptotic

Bcl-2 family member Bcl-xI.

While a number of putative p38 substrates are expressed in platelets,[192,357] little is
known regarding mechanistic p38 targets in platelet activation programs beyond
cPLAZ2.[391] In addition to cPLAZ2, the MAP kinase-activated protein kinase MK2 has
been assumed to serve as a p38 substrate with roles in platelets via the
phosphorylation of the heat shock protein Hsp27;[392-394] however, evidence for MK2
phosphorylation in platelets has only been recently demonstrated.[387] In other cell
types, p38 phosphorylates and activates MK2 in response to specific cellular stresses,
leading to the phosphorylation of MK2 substrates such as RTN4 and Bcl-xI.
Interestingly, RTN4 is also known as a Bcl-xl-interacting and sequestration protein with
roles in regulating ER morphology and physiology as well as ER-mitochondria
communication underlying apoptotic regulation. In platelets, the endoplasmic reticulum
(often referred to as the dense tubular system, or DTS) is highly specialized and
interconnected with the platelet open canicular system, microtubule cytoskeleton, and
other ultrastructural components. Here | show that in response to thrombin stimulation,

platelets upregulate the phosphorylation of RTN4 Ser1o7 as well as Bcl-xl Sere2 in a
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manner dependent on p38 and MK2 activity that may organize the ER/DTS relative to
the mitochondria and other intracellular targets to facilitate localized calcium signaling

events that form the basis for platelet activation processes.

Given the requisite roles of RTN4 in regulating ER morphology and physiology in other
cell types [395] together with the role of Bcl-xl in mediating platelet PS exposure through
apoptosis-related pathways,[384,396] the p38-MK2-RTN4 axis afforded by causal
pathway analysis offered an intriguing target for in vitro studies. Following activation
with procoagulant stimuli, platelets elevate cytosolic calcium through a variety of
mechanisms in a manner requisite for PS exposure and procoagulant activity.[383]
However, the signaling mechanisms regulating and driving platelet PS exposure and
procoagulant activity are unknown. Here, | show that in addition to preventing RTN4 and
Bcl-xI phosphorylation in response to thrombin, inhibition of p38 and MK2 dramatically
relaxed and expanded the characteristic reticular staining pattern of RTN4 in adherent
platelets and altered the morphology and phosphatidylserine surface distribution of
procoagulant platelets. These results suggest that p38 signaling may have specific roles
in specifying the proaggretory or procoagulant fates of platelets within the context of a
growing thrombus in a manner hypothesized by recent studies.[397,398] Such
prohemostatic roles for p38 via MK2 and other targets would help to understand the
multifaceted and disparate roles for p38 reported in the literature. In addition to better
placing p38 into the context of platelet activation programs, my model and results may
also help to better understand the role of p38 signaling in other contexts where RTN4

regulates vascular remodeling,[399] endothelial cell function,[400] pulmonary
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hypertension,[401] and a growing list of other physiological and metabolic processes
generally rooted in ER-mitochondria communication. Indeed, future efforts to investigate
and target other components of the ER-mitochondria axis beyond RTN4 such as
mitofusin-2 [402] and PACS-2 [403,404] may also help to advance studies of platelets

for basic science and translational efforts.

Beyond roles in organizing platelet signaling in hemostasis, thrombosis, and immunity,
p38 provides an interesting target for extending platelet lifetime in storage for
transfusion. Indeed, a number of studies have noted that p38 is activated in stored
platelets and that p38 inhibition can decrease PS exposure in aging platelets [405] as
well as in response to UV treatment.[384] Interestingly, oxidative stress activates
ADAM17/TACE (a p38 target noted in my pathway analysis in Fig. 4.2) and induces
target receptor shedding in platelets in a p38-dependent fashion, and p38 inhibition has
been suggested to increase platelet lifetime.[406] Given the predicted diverging and
more specific roles of MK2 downstream of p38 described herein, MK2 inhibition may
serve as a more optimal strategy to extend platelet lifetime. Even more specialized
RTN4 inhibitors that disrupt ER organization in cancer cells in a manner similar to that
observed in platelets with MAPK inhibition in this study may also help to limit platelet PS

exposure and extend the viability of platelets in storage.[407]

In addition to the MAPK-RTN4 axis described herein, causal pathway analysis
highlighted several other targets and systems of interest to platelet physiological

function for future studies (Fig. 4.2). For instance, DAPP1, a recently described
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component of the platelet PI3K signalosome, was noted as a functionally
phosphorylated target in the context of platelet activation.[408] Furthermore, a number
of receptors associated with platelet activation and inflammatory signaling are
suggested to be phosphorylated in an “inside-out” signaling-like manner, including
thromboxane receptor TBXAR2 as well as the disintegrin ADAM17, chemokine receptor
(CXCR4), glucocorticoid receptor (NR3C1), insulin receptor substrate (IRS1), and IL-6
receptor (IL6ST). Along these lines, an ASK1-p38 axis was recently demonstrated to
have a role in phosphorylating the P2Y12 receptor to support signaling processes
through ADP that sustain Akt activation in platelets.[372] While my work highlights some
potential novel signaling steps in platelet regulation for future studies, it should be noted
that pathway models such as those generated herein are dependent on several
developing factors, including advancing proteomics tools, informatics technologies, data
curation methods, and the careful description and cataloging of gene/protein functions.
Nonetheless, despite any current limitations, as omics tools and informatics databases
continue to mature, causal pathway tools will become an invaluable tool in organizing,
modeling, and discovering novel signaling routes and targets in platelets and other

physiologically relevant cell and tissue systems.
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Chapter 5. Distinct differences in platelet function between neonates and

adults: implications for the clinical management of neonatal transfusions
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5.1 Abstract

Despite the transient hyporeactivity of neonatal platelets, full-term neonates do not
display a bleeding tendency, suggesting potential compensatory mechanisms which
allow for balanced and efficient neonatal hemostasis. This study aimed to utilize small-
volume, whole blood platelet functional assays to assess the neonatal platelet response
downstream of the hemostatic platelet agonists thrombin and adenosine diphosphate
(ADP). Thrombin activates platelets via the protease-activated receptors (PARs) 1 and

4, whereas ADP signals via the receptors P2Y1 and P2Y 12 as a positive feedback
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mediator of platelet activation. | observed that neonatal and cord blood-derived platelets
exhibited diminished PAR1-mediated granule secretion and integrin activation relative to
adult platelets, correlating to reduced PAR1 expression by neonatal platelets. PAR4-
mediated granule secretion was blunted in neonatal platelets, correlating to lower PAR4
expression as compared to adult platelets, while PAR4-mediated GPIIb/llla activation
was similar between neonatal and adult platelets. Under high shear stress, cord blood-
derived platelets yielded similar thrombin generation rates but reduced
phosphatidylserine expression as compared to adult platelets. Interestingly, | observed
enhanced P2Y4/P2Y12-mediated dense granule trafficking in neonatal platelets relative
to adults, although P2Y1/P2Y 12 expression in neonatal, cord, and adult platelets were
similar, suggesting that neonatal platelets may employ an ADP-mediated positive
feedback loop as a potential compensatory mechanism for neonatal platelet

hyporeactivity.
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5.2 Introduction

Activation of platelets requires agonist stimulation of several G protein-coupled
receptors (GPCRs), resulting in rapid calcium mobilization, a- and dense granule
release, cytoskeletal reorganization, thromboxane A2 (TxA2) release, and
conformational changes in the glycoprotein (GP) lIb/llla complex to facilitate platelet
aggregation.[409] Thrombin is the most potent platelet GPCR activator, signaling
through protease-activated receptors (PARs), and structural differences between PAR1
and PARA4 result in distinct functional responses in human platelets.[410] The
coordinated action of PAR1 and PAR4 leads to intracellular signaling in adult platelets
that is critical for the downstream secretion of adenosine diphosphate (ADP) from
platelet dense granules.[409,410] ADP release results in a positive feedback loop via
the GPCRs P2Y4 and P2Y+,.[411] The secreted ADP activates P2Y1/P2Y 12, further

potentiating PAR-mediated platelet activation.[362]

As platelet P2Y+1/P2Y 12 receptors are known to synergize with PARs to amplify platelet
activation,[362,411] several antiplatelets have been developed targeting these
receptors. Clopidogrel was developed as an ADP-receptor antagonist and has been
used as a successful antiplatelet therapeutic since the late 1990s; the PAR1 antagonist
SCH 530348 (Vorapaxar) was developed as an antiplatelet drug, and while early clinical
trials were halted due to increased major bleeding events, this drug received FDA
approval in 2014 for use in reducing thrombotic cardiovascular events in patients with a

history of myocardial infarction or with peripheral arterial disease.[7] As running
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comparable clinical trials is not feasible in the neonatal population, the
recommendations for use and dosage for antiplatelet agents are often extrapolated from
studies in adults despite the fact that in pediatric patients, and in particular neonates,
the hemostatic system is still maturing and the platelet response to thrombin and ADP is

ill-defined.[412]

Currently, neonatal platelets are characterized as being hyporesponsive as compared to
adult platelets. Several studies have linked neonantal platelet hyporesponsiveness with
deficient synthesis of TxA2 [413] and impaired signal transduction downstream of TxA2
receptors,[414] impaired mobilization of intracellular calcium,[415] and decreased
PAR1, PAR4,[416] and GPIIb/llla expression [417] levels by neonatal platelets as
compared to adults. In my previous work evaluating platelet function in healthy
neonates, neonatal platelet a-granule secretion and GPlIb/llla activation were markedly
reduced in response to PAR1 stimulation while still responsive to P2Y1/P2Y 12 receptor
stimulation with ADP.[418] These findings suggest that PAR1-mediated responses are
impaired in neonatal platelets; yet, the amplification of platelet activation via ADP
feedback loop is still functional. Questions remain with regard to the potential
explanation for the impaired neonatal PAR1 response, whether neonatal PAR4
response is also impaired, and the degree of PAR1 and PAR4 crosstalk with

P2Y41/P2Y 12 in mediating neonatal platelet activation.

Understanding the mechanisms underlying neonatal hyporeactivity is requisite in part

for pediatric clinical practice to inform decisions on the management of bleeding
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complications as well as management or prevention of thrombosis and use of
antiplatelet agents, especially in the neonatal intensive care unit. In the present study, |
set out to assess the neonatal platelet response downstream of the hemostatic platelet

agonists thrombin and ADP utilizing whole-blood functional assays.

5.3 Materials and Methods

5.3.1 Reagents

All reagents were from Sigma-Aldrich except as noted. For static adhesion assays and
super-resolution microscopy, anti-CD63 (MX-49) was from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-MRP4 (D1Z23W) was from Cell Signaling (Danvers, MA, USA).
Alexa Fluor secondary antibodies (Abs) were from Life Technologies (Carlsbad, CA,
USA). ADP and TRAP-6 (SFLLRN) were from Tocris Biosience (Bristol, UK). PAR4
peptide (AYPGKF) was from Abgent (San Diego, CA, USA). For platelet receptor
screening, PAR4 Abs (14H6 and 5F10) [419] were a generous gift from Dr. Marvin
Nieman (Case Western Reserve University, Cleveland, OH, USA). P2Y1 (APR-009) and
P2Y12 (APR-012) Abs were from Alomone Labs (Jerusalem, Israel). Flow cytometry Abs
for P-selectin (CD62P), PAC-1, and phosphatidylserine (PS) (Annexin V) staining were

obtained from BD Biosciences (Franklin Lakes, NJ, USA).

5.3.2 Study population
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Full-term neonates were at least 38 weeks of gestational age, with APGAR scores
ranging from 7 to 9 at 1 min, and 9 to 10 at 5 min. Neonates were excluded from the
study if presenting with a major congenital anomaly, maternal history of diabetes
mellitus, maternal history of immune thrombocytopenia, known drug or alcohol
exposure, intraventricular hemorrhage, intravenous antibiotics, pre-eclampsia, or

chorioamnionitis.

The adult control group consisted of self-reported healthy adults aged 18-50 years.
Adults were excluded from the study if presenting with a history of abnormal hemostasis
or had taken medication known to affect platelet function in the 2 weeks prior to
participation. Prior to blood sample collection, consent was obtained from the adult
donors and/or parents in accordance with Oregon Health and Science University and
Stony Brook University Institutional Review Board-approved protocols. All blood

samples were de-identified prior to sample processing.

5.3.3 Blood collection and preparation

Briefly, blood was drawn by venipuncture from healthy adult donors into sodium citrate
(0.38% wi/v) or 10% acid citrate dextrose (ACD-A; for shear experiments). Blood was
drawn from healthy, full-term neonates at 24 h of life via heel stick into sodium citrate
(0.38% wl/v) following a 3-min application of an infant heel warmer. Samples were
collected after obtaining blood for a newborn screen and were obtained by scooping

blood from the puncture site as previously described.[418] Umbilical cord blood samples
153



were obtained from healthy, full-term neonates immediately after clamping post-
Caesarean section delivery and mixed with sodium citrate (0.38% w/v) or citrate

phosphate dextrose (for shear experiments).

After collection of cord blood samples, three suspensions were prepared: whole blood,
platelet-rich plasma (PRP), and gel-filtered platelets (GFP). For high shear experiments,
PRP was prepared by centrifuging whole blood for 4.5 min at 650 x g. GFP samples
were prepared by filtering PRP through a column of Sepharose 2B beads into HEPES-
buffered modified Tyrode’s solution with 1 mM sodium citrate and 0.1% bovine serum
albumin (“platelet buffer”), as previously described.[420,421] GFP and PRP were diluted
to a final platelet count of 20000/ul in platelet buffer, whereas whole blood was diluted in
platelet buffer in a similar proportion to that of the diluted PRP. All suspensions were
mixed with 3 mM CacClz for 10 min prior to shear experiments. Platelet suspensions
were prepared in polypropylene tubes using buffer containing 0.1% bovine serum
albumin and placed on a gentle rocker after recalcification to minimize contact activation

effects.

5.3.4 Platelet activation in response to biochemical agonists

P-selectin and PAC-1 expression on the platelet surface were detected using
fluorescence-activated cell sorting (FACS) as previously described.[418] Briefly, adult,
neonatal, and cord citrated whole blood was diluted with modified HEPES/Tyrode’s

buffer (129 mM NaCl, 12 mM NaHCO3, 2.9 mM KCI, 20 mM HEPES, 1 mM MgClz, 0.34
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mM NazxHPO4, pH 7.3; supplemented with 5 mM glucose). Diluted whole blood was then
incubated with Abs against P-selectin (Allophycocyanin [APC] CD62P) and activated
integrin GPIIb/llla (Fluorescein isothiocyanate [FITC] PAC-1) in the presence of select
agonists (10 uM ADP, 10 uM TRAP-6, 200 uM AYPGKEF) or vehicle control
(HEPES/Tyrode's buffer) for 20 min at room temperature (RT). BD Cytofix Buffer was
added to each sample and incubated at RT for 5 min. Samples were finally diluted with
PBS, measured by FACS, and analyzed using FlowJo software (Ashland, OR). A
platelet-size gate was set based on forward (FSC) and side scatter (SSC) to exclude
larger white blood cell and red blood cell populations. All samples were subjected to
flow cytometry for the same duration, and percentage of P-selectin expression of PAC-1
binding was normalized to the total platelet count (at least 5000 platelets) detected from
each sample. Nonspecific signal was eliminated using APC and FITC anti-IgG as

controls.

5.3.5 Platelet dense granule secretion

ATP released from platelet dense granules was used as a surrogate marker for ADP
secretion and measured as light output generated by an ATP—luciferin—luciferase
reaction as previously described.[362] Briefly, adult, neonatal, and cord citrated whole
blood was diluted with modified HEPES Tyrode’s buffer prior to incubation with select
agonists (10 uM ADP, 10 uM TRAP-6, 200 uM AYPGKEF) or vehicle (HEPES/Tyrode’s
buffer) for 30 s at 37°C under orbital shaking in a white, flat bottom 96-well plate

(Corning Costar, Tewksbury, MA, USA). Detection reagent Chronolume (Chrono-Log
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Corporation, Havertown, PA, USA) was added to the wells and sample luminescence
was immediately detected using an Infinite M200 spectrophotometer (TECAN,

Mannerdorf, Switzerland).

5.3.6 Static adhesion assay and Superresolution-Structured Illlumination microscopy

Glass-bottom dishes (MatTek) were coated with poly-I-lysine and washed with PBS.
Vehicle (HEPES/Tyrode’s buffer) or select agonists (10 uM ADP, 10 uM TRAP-6,

200 uM AYPGKF) were incubated with adult or neonate whole blood for 10 min prior to
fixation with 4% paraformaldehyde (PFA) for 10 min and seeded onto immobilized poly-
I-lysine for 1 h at RT. Adherent platelets were permeabilized with blocking solution (1%
Fraction V BSA and 0.1% SDS in PBS), then stained with indicated primary Abs (anti-
CD63 and anti-MRP4 in blocking solution) overnight at 4°C. Alexa Fluor secondary Abs
were added in blocking solution for 2 h prior to mounting with Fluoromount G (Southern
Biotech, AL, USA). Platelets were imaged using super-resolution structured illumination
microscopy (SR-SIM) with a Zeiss 100x oil immersion 1.46 NA lens on a Zeiss Elyra

PS.1 microscope.

5.3.7 Platelet receptor screening

Diluted whole blood was incubated with 10 ug/mL anti-PAR4 Abs (14H6 and 5F10),
anti-PAR1 blocking Ab (ATAP2), P2Y1 (APR-009), or P2Y2 (APR-121) Abs. Next,

samples were stained with a polyclonal FITC anti-IgG Ab (Biocytex Kit, Marseille,
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France), followed by measurements on a FACS Canto Il system (Beckton Dickinson,
CA, USA) and analyzed using FlowJo. Number of molecules per platelet was
extrapolated by comparing the mean fluorescence intensity (MFI) of the sample to the
MFI of a calibrator system using beads coated with increasing and accurately known

quantities of immunoglobulins 1gG.

5.3.8 Exposure of platelets to shear conditions

GFP, PRP, and whole blood preparations were exposed to constant shear stresses for
4 min in a computer-controlled hemodynamic shearing device (HSD).[422] For thrombin
generation measurement, only GFP suspensions were exposed to shear stresses of 1,
10, 30, 50, and 70 dyn/cm?, and samples were collected every minute using a LabView-
controlled syringe pump (PSD/8, Hamilton, Reno, NV) connected to the HSD via a 28-
ga polytetrafluoroethylene (PTFE) tube.[423] For flow cytometry measurements, PRP
and whole blood suspensions were exposed to high shear stresses of 70 dyn/cm? for

4 min, with samples collected prior to and at the end of shear exposure.

5.3.9 Thrombin generation in sheared platelets

Thrombin generation for sheared GFP samples was measured using a modified
prothrombinase-based platelet activation state (PAS) assay that uses acetylated
prothrombin to measure rate of thrombin generation.[424] PAS absorbance readings

were normalized against fully activated GFP, generated by sonicating quiescent GFP at
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10 W for 10 s with a Branson Sonifier 150 with a microprobe (Branson, MO, USA) [421]
on each day. Normalized PAS values represent the PAS as a fraction of the full
activation and allow comparison of data obtained on different days regardless of the full
thrombin generation potential for each sample. The change in PAS, APAS, was

calculated over the 4-min duration of shear-stress exposure.

5.3.10 Platelet P-selectin expression and PS exposure under shear

Sheared whole blood and PRP suspensions were assessed for platelet activation using
anti-CD62P (PE) and Annexin V (FITC). Unsheared suspensions were used as controls.
Whole blood or PRP samples were diluted with platelet buffer and FcR blocking reagent
(human, Miltenyi Biotec, Auburn, CA) and stained with anti-CD62P for 15 min in the
dark at 4°C. Separately, whole blood or PRP samples were diluted with Annexin V
buffer and stained with Annexin V for 15 min in the dark at RT. Samples were
supplemented with platelet buffer or Annexin V buffer to a final volume of 500 pl at 4°C,
scanned using FACS (BD Accuri C6, BD Biosciences, Franklin Lakes, NJ), and
analyzed using Kaluza (Beckman Coulter Life Sciences, Indianapolis, IN). Nonspecific

signals were eliminated using PE and APC anti-lgG1k as controls.

5.3.11 Statistical analysis

Data were analyzed using GraphPad PRISM 4.0 software (San Diego, CA, USA). To

determine statistical significance, one-way ANOVA, or two-tailed Student’s t-test and
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Tukey post-hoc tests were used for comparison between treatments. Data are
represented as mean + standard error of the mean of at least three independent

experiments. For all comparisons, P < 0.05 was used to establish significance.

5.4 Results

5.4.1 Measurement of platelet a-granule secretion

Platelet activation initiates a-granule secretion resulting in P-selectin expression on the
platelet surface.[412] | first investigated the neonatal hemostatic system by assessing
platelet activation and a-granule secretion in the presence of agonists to the PAR1/4 or
P2Y1/P2Y 12 receptors. Citrated adult, neonate peripheral, and cord whole blood were
incubated with an APC-labeled anti-CD62P mAb in the presence of platelet agonists or
vehicle prior to fixation and evaluation by flow cytometry. The platelet population was
gated from the red blood cell and leukocyte populations based on size (forward scatter-
FSC) and granularity (side scatter-SSC) (Fig. 5.1A). Resting platelets were used to
determine baseline P-selectin expression levels, with eFluor-labeled anti-CD31 mAbs
used as the platelet marker. The same population gates defined using resting platelets
were used to determine the degree of platelet activation in stimulated samples (Fig.
5.1A). Baseline levels of platelet activation were equivalent for adult, neonatal, and cord

blood samples (n = 3).
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Figure 5.1. Effects of G-
protein-coupled receptor
agonists on platelet a-
granule secretion.

A: Representative
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TRAP-6, respectively, in
adult, neonatal peripheral
and cord blood.

B: P-selectin expression in
adults, neonatal, and cord
blood in response to
vehicle or ADP, TRAP-6,
AYPGKEF or a combination
of agonists. C: P-selectin
expression in PRP and
whole blood in response to
vehicle or high shear
stress of 70 dyn/cm?. Data
are represented as

mean + SEM of at least
three independent
experiments; *P < 0.05
compared to adult
vehicle; TP < 0.05
compared to cord vehicle;
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Adult platelet P-selectin expression significantly increased in response to the PAR1
agonist TRAP-6, PAR4-agonist AYPGKF, P2Y1/P2Y 12-agonist ADP, or a combination of
ADP and TRAP-6 or AYPGKF (P < 0.001; Fig. 5.1B). | then investigated the response of
neonatal peripheral platelets to these agonists, as measured by P-selectin expression
levels, and observed no significant increase above baseline in P-selectin expression in
response to TRAP-6, AYPGKF, or a combination of ADP and TRAP-6 or AYPGKEF. In
contrast, cord blood-derived platelet P-selectin expression significantly increased above
baseline upon stimulation with TRAP-6, AYPGKF, ADP, or a combination of ADP and
TRAP-6 or AYPKGF (P < 0.001). However, the degree of a-granule secretion remained
blunted as compared to adult platelets for agonists TRAP-6, ADP, or the combination of
ADP and TRAP-6 (P < 0.01; Fig. 5.1B), while responses to AYPGKF or the combination

of AYPGKF and ADP were equivalent for cord and adult platelets.

| then subjected adult and cord blood samples to high shear stress using a HSD. P-
selectin expression was monitored in response to 4 min of shear exposure of

70 dyn/cm?. Platelet activity was defined as the percentage of platelets staining positive
for PE-labeled CD62P. In PRP, P-selectin-positive events were similar for both sheared
adult and cord blood-derived platelets (n = 3, Fig. 5.1C). Similar results were observed
in whole blood (Fig. 5.1C), suggesting that cord-derived and adult platelet a-granule

secretion in response to shear was similar at the conditions tested.
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5.4.2 Measurement of platelet integrin activation

“Inside-out” signaling following platelet activation causes conformational changes that
facilitate the conversion of GPlIb/llla to a high affinity state for ligand binding, primarily
fibrinogen.[425] Conformational changes in GPIIb/llla can be quantified by measuring
the binding of the Ab PAC-1, which selectively recognizes the active form of GPIIb/llla.
Citrated adult, neonate, and cord whole blood were incubated with a FITC-labeled PAC-
1 mAD in the presence of platelet agonists or vehicle prior to fixation and evaluation by
flow cytometry (Fig. 5.2A). | did not observe any differences in PAC-1 binding among all
samples at resting conditions (Fig. 5.2B). Adult platelets exhibited a significantly
increased level of activated GPIllb/llla in response to TRAP-6, AYPGKF, ADP, or the
combination of ADP and TRAP-6 or AYPGKF (P < 0.0001). Neonatal platelets also
exhibited a significant increase in GPIlIb/llla activation above baseline in response to
AYPGKEF, ADP, or the combination of ADP and TRAP-6 or AYPKGF (P < 0.05). In
contrast, neonatal platelet GPIIb/Illa activation remained blunted in response to TRAP-6
as compared to adult platelets (P < 0.0001), while AYPGKEF elicited a similar response
in neonates as compared to adult platelets. Addition of exogenous ADP in combination
with TRAP-6 or AYPGKF neonatal platelets induced the same degree of PAC-1 binding
as compared to adult platelets under these conditions (Fig. 5.2B). Cord-derived platelet
integrin activation increased significantly in response to AYPGKF, ADP, and ADP in
combination with TRAP-6 or AYPGKF (P < 0.05), but not in response to TRAP-6

stimulation alone (Fig. 5.2B). Integrin activation in cord blood-derived platelets, while
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being slightly lower, remained statistically similar to adult platelets, except in response

to TRAP-6 (P < 0.05).
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Figure 5.2. Effects of G-protein-coupled receptor stimulation on platelet integrin
activation. A: Representative flow cytometry of activated GPIIb/llla (FITC PAC-1) and
eFluor CD31 fluorescence intensity of resting and TRAP-6-activated adult, neonatal
peripheral and cord blood. B: PAC-1 expression in resting and stimulated adult,
neonatal and cord platelets in response to ADP, TRAP-6, AYPGKF or a combination of
agonists. Data are represented as mean + SEM of at least three independent
experiments; *P < 0.05 compared to adult vehicle; #P < 0.05 compared to neonatal
vehicle; TP < 0.05 compared to cord vehicle; ®P < 0.05 adults versus neonatal/cord
blood.
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5.4.3 Measurement of platelet dense granule secretion

ADP is stored at high concentrations in platelet dense granules and is secreted upon
platelet activation to further amplify platelet activation downstream of the P2Y4 and
P2Y 12 receptors.[118] | next assessed neonatal, cord, and adult blood-derived platelet
dense granule secretion by measuring ATP release.[362] Since the constant ratio of
ATP:ADP in dense granules is 2:3, ATP can be used as a surrogate marker for ADP
secretion. | observed no differences in baseline ATP level among all samples

(n =5, Fig. 5.3A).

Adult platelet dense granule release increased significantly in response to TRAP-6,
AYPGKEF, or a combination of ADP and TRAP-6 or AYPGKF (P < 0.0001) (Fig. 5.3A). A
significant increase in dense granule release was observed following stimulation of
neonatal platelets with ADP, or the combination of ADP and AYPGKF (P < 0.01), but
not to TRAP-6, AYPKF alone, or the combination of ADP and TRAP-6. Neonatal platelet
dense granule secretion was reduced as compared to adult platelets in response to
TRAP-6, AYPGKEF, or a combination of ADP and TRAP-6 (P < 0.001). Cord blood-
derived platelets secreted ATP in response to ADP, or a combination of ADP and
TRAP-6 or AYPGKF (P < 0.0001), but not to TRAP-6 or AYPGKF alone. Compared to
adult platelets, cord blood-derived platelets exhibited a similar degree of dense granule

secretion in response to all agonists, except AYPGKF (P < 0.05; Fig. 5.3A).
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| then utilized an immunofluorescence approach and SR-SIM to quantify trafficking of
platelet dense granules in adult and neonatal platelets, using the dense granule marker
CD63 (red) together with a marker for the multidrug resistance protein 4 (MRP4, green),
a signaling molecule transporter in platelets. Under resting conditions, | observed
punctate, granular-like staining structures (red) for both adult and neonatal platelet
dense granules (Fig. 5.3B). TRAP-6 induced translocation of CD63 toward the platelet
plasma membrane in adult platelets and to a lesser extent in neonatal platelets (Fig.
5.3B). Interestingly, ADP induced a dramatic translocation of CD63 in neonatal
platelets, while no differences were observed in adult platelets (Fig. 5.3B). Stimulation
of platelets with the PAR4 agonist AYPGKEF elicited a higher expression of dense
granule markers at the platelet periphery in adult platelets, while no differences were
observed in neonatal platelets (Fig. 5.3B). Ortho images of dense granules along the Z-
axis indicate that TRAP-6 elicits degranulation of dense granules in adult platelets, while
ADP promotes the greatest degree of degranulation in neonatal platelets, resulting in a
decrease in the concentration and dispersion of CD63 observed at the platelet

membrane (Fig. 5.3C).

To quantify the translocation of dense granules to the cellular periphery, | next
performed an analysis of SR-SIM images using Imaris (Bitplane AG, Zurich,
Switzerland). Each dense granule was rendered using a spot detection algorithm, and
the platelet center of mass was also determined by the software. In Fig. 5.3D, | show
the distance between each dense granule and the platelet center of mass, quantifying

the translocation of dense granules within each platelet. In adult platelets, | found that
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the distance of granules from the center of the platelet significantly increased in
response to TRAP-6 (n = 3, P < 0.0001) but not to ADP or AYPGKEF in adults. Neonatal
platelet granule movement significantly increased in response to ADP and TRAP-6

(n =3, P<0.0009), but not to AYPGKF. As compared to adult platelets, neonatal
platelets exhibited significantly higher translocation of dense granules in response to
ADP, while a reduced extent of granule movement in response to TRAP-6 (P < 0.05);
both adult and neonatal platelet dense granule trafficking were largely unresponsive to

stimulation with AYPGKF (Fig. 5.3D).

5.4.4 Quantification of platelet receptors

| next utilized flow cytometry to measure levels of PAR1, PAR4, P2Y4, and

P2Y 12 receptors on adult (n = 6), neonatal peripheral (n = 5), and cord-derived platelets
(n = 4). My data confirm that neonatal platelets express significantly lower PAR1 levels
than adult platelets and show that neonatal platelets also express significantly lower
levels of PAR4 receptors as compared to adult platelets (P < 0.005). The levels of

P2Y or P2Y 12 receptors were similar between neonate and adult platelets (Fig. 5.4A).
Similarly, the levels of P2Y4 or P2Y12 receptors expressed by cord blood-derived
platelets were equivalent to those observed as for adult platelets. Yet, PAR1 and PAR4
receptor expression levels on cord blood-derived platelets were significantly lower as
compared to adult platelets (P < 0.05, Fig. 5.4A). These data demonstrate that cord and

neonate platelets express significantly less PAR1 and PAR4 as compared to adult
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platelets, providing a potential mechanism in part for the blunted response to PAR

agonists observed for neonate and cord platelets as compared to adult platelets.
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Figure 5.4. Quantitative assessment of select platelet G-protein-coupled receptors
and shear-induced platelet activation. A: Protease activated receptors (PARs) 1 and
4, and ADP receptors (P2Y+4, P2Y12) expression levels in adult platelets, measured by
flow cytometry. Data are represented as mean + SEM of at least three independent
experiments; ®P < 0.05 adults versus neonatal/ cord blood. B: Platelet activation state
(PAS) was measured every minute for the 4-min duration in adult and cord platelets
(left). Change in PAS (APAS) was calculated over the exposure, normalized to the
respective 1 dyn/cm? control; *P < 0.05 versus adults at 1 dyn/cm? TP < 0.05 versus
cord blood at 1 dyn/cm?. PAS values were normalized with thrombin generation values
obtained by sonication of adult and cord-derived platelets (right). ®P < 0.05 adult versus
cord blood. C: Sheared whole blood and PRP suspensions were stained for Annexin V
(FITC) and subjected to flow cytometry. *P < 0.05 versus adult vehicle; TP < 0.05 versus
cord vehicle; ®P < 0.05 adult versus cord blood. Data under shear stress were
generated by Dr. Jawaad Sheriff (Stony Brook University).
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5.4.5 Thrombin generation and platelet procoagulant activity under shear

Activated platelets facilitate blood coagulation by flipping of plasma membrane leaflets
and exposing procoagulant PS. It has been demonstrated that fluid shear stress
significantly enhances agonist-induced PS exposure in platelets.[426] Binding of
coagulation factors (F) Xa and Va to PS promotes prothrombinase assembly on the
platelet surface and enhances proteolytic activity of FXa to catalyze thrombin
generation.[427,428] To quantify thrombin generation, | acetylated human prothrombin
such that upon activation by prothrombinase, this species retains the ability to bind to
the platelet surface and cleave a chromogenic peptide substrate yet is incapable of
cleaving PAR receptors to activate platelets.[424,429] GFP from both adult and cord-
derived blood were exposed for 4 min to five levels of constant shear stress (n = 6, Fig.
5.4B, left). Both adult and cord blood-derived platelets (Fig. 5.4B, left) yielded similar
increases in PAS, a measure of normalized thrombin generation rate, consistent with
prior reports.[430] Adult platelets showed a significant increase in PAS after a 4-min
exposure to 50 and 70 dyn/cm? as compared to baseline levels at 1 dyn/cm?. The
baseline levels for cord blood-derived platelets were lower, and as a result, a significant
PAS increase was observed at all shear-stress levels (Fig. 5.4B). Still, the total thrombin
generation rate, a measure of the full platelet activation potential, for adult platelets was
80.73 £ 4.30 mAbs/min (n = 42), but significantly lower at 50.90 + 2.82 mAbs/min

(n =33, P<0.05) for cord blood-derived platelets (Fig. 5.4B, right), suggesting that cord

blood-derived platelets may be less procoagulant overall.
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Negatively charged PS was quantified by measuring Annexin V binding via flow
cytometry analysis. In PRP, a significant increase in Annexin V binding was observed in
response to shear for adult but not cord-blood derived platelets (n = 3, P < 0.01, Fig.
5.4C). The level of Annexin V binding observed for cord blood-derived platelets
following exposure to shear was significantly lower as compared to adult platelets

(P <0.01, Fig. 5.4C). In whole blood, sheared cord blood-derived platelets exhibited a
small yet significant increase in Annexin V positive events as compared to the
unsheared control (n = 3, P < 0.01), while the dramatic increase in shear-induced
Annexin V binding to adult platelets observed in PRP was lost in whole blood (Fig.

5.4C).
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5.5 Discussion

Several studies have indicated that neonatal platelets have blunted responses to
platelet agonists, decreased granule secretion, reduced fibrinogen binding, and
decreased platelet aggregation as compared to adult platelets and that this
hyporesponsive phenotype persists for up to several weeks after birth.[412,431,432]
Nevertheless, despite my observation that neonatal platelets were less procoagulant in
response to shear, bleeding times and platelet function analyzer-100 (PFA-100) closure
times under shear in healthy full-term neonates are shorter than in adults, indicating that
neonates exhibit more effective primary hemostatic functions.[433] This may be due in
part to enhanced neonatal platelet interactions with the vessel wall due to higher
hematocrits, higher mean corpuscular volumes, higher vVWF concentrations, and the
presence of ultra-large vVWF multimers in neonatal blood as compared to
adults.[432,434,435] Yet, while most healthy newborns do not manifest a bleeding
tendency, an increased prevalence of hemostatic disturbances including
thrombocytopenia and coagulopathy is observed in premature and sick newborns,
which may result in life-threatening bleeding.[432] The potential role of the inherent
neonatal platelet hyporeactivity to these hemostatic disturbances has not been fully
examined in the clinical management of this population. Understanding the functional
phenotype of neonatal platelets may help guide diagnosis and inform treatment options

specifically tailored to the neonatal population.
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This study focused on the neonatal platelet response downstream of thrombin and ADP
as their respective receptors, PAR1/4 and P2Y1/P2Y 12, are major targets of antiplatelet
therapies in the adult population. Of relevance, drug dosing of antiplatelet agents in the
neonatal population still largely relies on data extrapolated from adult clinical trials. In
agreement with previous reports,[417,418,436,437] despite similar total P-selectin
content and GPIlIb/llla expression, | observed significantly blunted granule secretion and
integrin GPIlIb/llla activation in response to the PAR1 agonist TRAP-6 in cord and
peripheral neonatal platelets as compared to adult platelets. These functional
differences may be attributed in part to the observation that neonatal platelets express
lower levels of PAR1 as compared to adult platelets.[437] A similar narrative of
hypofunctional response to PAR4 agonists and correspondingly reduced PAR4 levels
was observed for neonatal platelets. Yet, neonatal platelets still exhibit robust GPIIb/llla
activation and dense granule secretion but not a-granule secretion to ADP, which may
be due to different regulatory effects that the actin cytoskeleton exerts on dense
granules as compared to a-granules.[438,439] Perhaps this shift in responsiveness from
thrombin to ADP provides a selection advantage during development and the trauma of
birth. The functional difference and responsiveness of neonatal platelets as compared
to adult platelets should be considered when managing bleeding complications through
transfusion of adult platelets prophylactically into neonates for fear of potentiating a

hypercoagulable, prothrombotic state.

There are several limitations to this study. The sample sizes used in my current study

were limited to 3-4 samples per test due to limited availability of neonatal samples,
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together with the inherently small volume constraint in heel-stick samples. Moreover,
the mode of blood collection differed between neonatal, cord-blood derived, and adult
samples. Subsequently, limited conclusions can be drawn from this study with regards
to the normal population distribution of neonatal platelet functional responses and
comparison of similarities and differences between neonatal, cord blood-derived, and
adult platelets. In light of these limitations, | aimed to assess platelet responses to PARs
and P2Y4/P2Y 12 receptor agonists using whole blood assays as compared to cord,
neonatal peripheral, and adult peripheral platelets, demonstrating utility and feasibility of
my small-volume assays. Neonatal platelets exhibited a hyporeactive phenotype in
response to PAR1/4 agonists, indicative of a loss of sensitivity to the potent platelet
agonist thrombin. Neonatal platelets may compensate for this to retain their hemostatic
function by enhancing their dense granule trafficking and secretion in response to ADP.
Understanding the functional differences between neonates and adults and the
mechanisms during development is necessary for the diagnosis and treatment of
hemostatic disorders in the neonatal population as well as the development of platelet

transfusion guidelines.
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Chapter 6. Pharmacological Targeting of Coagulation Factor Xl Mitigates the

Development of Experimental Atherosclerosis
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data, interpreted the results, prepared figures and wrote the manuscript.

This work has been accepted for publication in the Journal of Thrombosis and
Haemostasis, 2021.

Permission is not required by the publisher for this type of use.

6.1 Abstract

Human coagulation factor (F) Xl deficiency, a defect of the contact activation system,
protects against venous thrombosis, stroke, and heart attack, while FXII, prekallikrein or
kininogen deficiencies are asymptomatic. FXI deficiency, inhibition of FXI production,
activated FXI (FXIa) inhibitors, and antibodies to FXI that interfere with FXI/FXII
interactions reduce experimental thrombosis and inflammation. FXI inhibitors are

antithrombotic in patients, and FXI and FXII deficiencies are athero-protective in
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apolipoprotein-E-deficient mice. In this study, | the effects of pharmacological targeting
of FXI in experimental models of atherogenesis and established atherosclerosis. Low-
density lipoprotein receptor-knockout (LdIr"") mice were administered high-fat diet (HFD)
for 8 weeks; concomitantly FXI was targeted with anti-FXI antibody (14E11) or FXI
antisense oligonucleotide (ASO). 14E11 and FXI-ASO reduced atherosclerotic lesion
area in proximal aortas when compared to controls, and 14E11 also reduced aortic
sinus lesions. In an established disease model, wherein therapy was given after
atherosclerosis had developed, LdIr’- mice were fed HFD for 8 weeks and then
administered 14E11 or FXI-ASO weekly until 16 weeks on HFD. In this established
disease model, 14E11 and FXI-ASO reduced atherosclerotic lesion area in proximal
aortas, but not in aortic sinus. In cultures of human endothelium, FXla exposure
disrupted VE-Cadherin expression and increased endothelial lipoprotein permeability.
Strikingly, | found that 14E11 prevented the disruption of VE-Cadherin expression in
aortic sinus lesions observed in the atherogenesis mouse model. In conclusion,
pharmacological targeting of FXI reduced atherogenesis in LdIr’- mice. Interference with
the contact activation system may safely reduce development or progression of

atherosclerosis.
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6.2 Introduction

Atherosclerosis is a chronic inflammatory disease, characterized by endothelial
dysfunction leading to lipid and calcium accumulation in the subendothelial space,
followed by leukocyte recruitment into the subintima.[440] Here, monocytes differentiate
into macrophages that internalize modified lipoproteins and become foam cells that form
early atherosclerotic lesions.[441,442] Over time, apoptotic foam cells coupled with their
defective clearance lead to the formation of a necrotic core, and advanced plaques
become vulnerable to erosion and rupture which trigger atherothrombosis that is
clinically manifested as myocardial infarction, peripheral artery disease, or ischemic

stroke.[443]

Atherosclerosis-associated cardiovascular complications remain the leading cause of
morbidity and mortality in the Western world and developing countries.[444] The link
between coagulation and atherothrombosis has been demonstrated in numerous animal
[2-4] and clinical studies,[5,6] supporting the idea that anticoagulation in addition to
antiplatelet therapy [8] may be a form of intervention for atherothrombotic events;
however, the role of coagulation in promoting the early steps of atherosclerosis and
therefore therapeutic potential of anticoagulants for impeding early onset of
atherosclerosis and its progression remains unclear. Evidence now suggests that
numerous coagulation components are present in human atherosclerotic lesions,
strongly indicative of roles of coagulation activity during early plaque development.[445]

Furthermore, there is evidence for associated activation of both coagulation and
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inflammation during atherogenesis. Indeed, thrombin,[295,296] tissue factor pathway
inhibitor,[297] coagulation factor (F) VII1,[298] and activated FX (FXa) [299] have all
been shown to contribute to plaque development in mice. Components of the intrinsic
pathway, such as factor XlI (FXII) and more recently factor XI (FXI), have also been
shown to play a role in atherogenesis in ApoE” mice [263,300] through unclear

mechanisms.

Factor Xl is an interesting therapeutic target due to its unique role at the interface
between thrombin generation and FXII activation. Thrombin, initially generated via the
tissue factor pathway, can feed back to activate FXI, a process that further amplifies FXI
activation and thrombin generation.[222] Recent evidence suggests FXI also supports
activation of FXII and plasma prekallikrein (PK) in vivo.[262] Activated FXII (FXlla) then
initiates the contact activation system by activation of FXI and PK to ultimately generate
thrombin, and promote bradykinin via plasma kallikrein cleavage of high molecular
weight kininogen. Bradykinin subsequently induces endothelial nitric oxide and
prostacyclin production, which drives vascular permeability, and together with
complement activation and cytokine production result in local or systemic
inflammation.[257,258] Such bidirectional relationships between FXI-thrombin and FXI-
FXlla provide means by which the role of coagulation FXI extends beyond just thrombin
generation, platelet activation and clotting, to include regulation of inflammatory

pathways as well.
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While the contact activation system does not seem to be essential for hemostasis, as
congenital FXI deficiency is not clearly associated with bleeding disorders, high FXI
levels are associated with increased risk of M| [446] and marginally associated with risk
of stroke.[248] Due to FXI involvement in experimental and human
thrombosis,[252,447-449] experimental inflammation,[260,450,451] and atherogenesis
but only a supportive role in hemostasis,[452] pharmacological inhibition of FXI levels,
activity, or activation by thrombin or FXlla could attenuate multiple mechanisms that
promote atherosclerosis. Since the mechanism of contact activation system in
potentially promoting atherogenesis remains unclear, | sought to investigate the role of
FXI in atherogenesis and established atherosclerosis through pharmacological
reduction of FXI levels by two means in LdIr”- mice: administration of the anti-FXI
antibody (14E11) or a FXI antisense oligonucleotide (FXI-ASO) that reduces FXI
synthesis by the liver. Furthermore, | sought to define the direct relationships between
FXI activity and endothelial inflammation and permeability in vitro, as compromised
endothelial barrier integrity driven by inflammation is a hallmark of the onset of early

atherosclerosis.

6.3 Materials and Methods

6.3.1 Factor Xl antisense oligonucleotide (ASO) synthesis and dosing
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FXI-ASO used in this study was a second-generation ASO, fully phosphorothioate (PS)-
modified with a central gap region of 10 PS DNA nucleotides flanked on either end with
5 2’-O-methoxyethyl RNA (MOE) nucleotides. Synthesis, purification, and testing of
GalNAcs-conjugated FXI-ASO were done as previously described.[453] GalNAcs-
conjugation facilitates specific delivery and uptake of FXI-ASO by hepatocytes via high-
affinity binding to the hepatocyte-specific asialoglycoprotein receptor. GalNAcs-
conjugated FXI-ASO dosage for this study was determined based on previously
reported in vivo safety assessment, FXI plasma activity assessment and FXI mRNA
expression analysis to achieve significant reduction (~95%) in liver FXI mRNA and
plasma FXI protein.[453] Plasma was serially collected from mice to analyze the FXI

levels following the administration of FXI-ASO.

6.3.2 Factor XI Antibody (14E11) derivation and dosing

Derivation and activity of the murine anti-mouse FXI monoclonal antibody, 14E11, used
in this study have been described elsewhere.[255] Briefly, the antibody was generated
by immunizing FXI-deficient mice with recombinant mouse FXI. Clone 14E11 was
expanded in a CL1000 bioreactor (Integra Biosciences, Hudson, NH) and
immunoglobulin G (IgG) was purified by cation exchange and thiophilic agarose

chromatography.

Dosage of 14E11 for this study to achieve its maximal effect on prolonged activated

partial thromboplastin time (aPTT), used as a marker of pharmacological inhibition of
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the contact system activation over the course of the study, was determined based on a
dose-finding experiment wherein C57BL/6 mice were injected with a single
subcutaneous (SC) dose of 14E11 (4 mg/kg) and aPTT was monitored over a period of
10 days. Whole blood was collected into sodium citrate (0.32% w/v) at days 0, 3, 6, and
10 post-injection. Platelet-poor-plasma (PPP) was isolated by centrifuging whole blood
at 2,000xg for 10 min at room temperature (RT). PPP was mixed 1:1 with aPTT reagent
and incubated for 3 min at 37°C. CaClz (8.3 mM final) was added in equal volume to
PPP and aPTT reagent and time to clot formation was measured using KC4 coagulation
analyzer (Trinity Biotech, Jamestown, NY). Throughout the study, plasma was serially

collected from mice to analyze the FXI levels following the administration of 14E11.

6.3.3 Factor Xl Western Blot

One microliter samples of mouse PPP were size-fractionated under non-reducing
conditions on 7.5% polyacrylamide-SDS gels. Samples are from saline-treated mice
(vehicle, n=3), 14E11-treated mice (n=3), and FXI-ASO-treated mice (n=3). All samples
are from animals after 4 weeks or 8 weeks of HFD together with saline, 14E11 or FXI-
ASO treatments. Control samples are wild type (WT) mouse plasma, FXI-deficient (FXI
) mouse plasma and WT mouse plasma supplemented with 14E11 (50-100ug/ml) ex
vivo. Proteins were transferred to nitrocellulose membranes and the blot was developed
with biotin-conjugated anti-mouse FXI IgG 14E11. Blots were developed with

Streptavidin-HRP and chemiluminescence.
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6.3.5 Mouse model of atherogenesis

All animal care and experimental procedures in this project were performed in
accordance with the regulations of the Institutional Animal Care and Usage Committee

of Oregon Health & Science University.

Eight-week-old male (n=25) and female (n=25) LdIr’"- mice on C57BL/6 background
(Jackson Laboratory, Bar Harbor, ME) were fed a high-fat diet (HFD) (42% kcal from fat,
Envigo, Indianapolis, IN) for 8 weeks while concurrently receiving either vehicle (saline,
n=16), 14E11 (4mg/kg, n=16) or FXI-ASO (GalNAcsz-conjugated; 7.5mg/kg, SC, n=16)
once weekly based on prior safety and dose-finding screening studies in C57BL/6

mice.[260,453]

Treatment of GalNAcs-conjugated FXI-ASO was initiated with 3 SC loading doses the
week prior to the study. Eight weeks after HFD together with vehicle, 14E11, or FXI-
ASO treatments, mice were euthanized for hematological analysis, whole blood flow
cytometry, plasma lipid levels, and atherosclerosis analysis. Plasma was serially

collected from mice to analyze the FXI levels following the administration of FXI-ASO.

6.3.6 Mouse model of established atherosclerosis

A separate cohort of eight-week-old male (n=25) and female (n=25) LdIr’" mice on

C57BL/6 background were fed HFD for 8 weeks prior to being administered vehicle
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(saline, n=16), 14E11 (4mg/kg, n=16) or GalNAcs-conjugated FXI-ASO (7.5mg/kg,
n=16) once weekly starting at week 8 HFD and continuing to week 16 HFD. During
week 7 HFD, plasma was collected and animals were randomized to vehicle, 14E11,

and FXI-ASO treatments based on total cholesterol levels (Fig. 4A).

Treatment of GalNAcs-conjugated FXI-ASO was initiated with 3 SC loading doses the
week prior to the start of injections (at week 7 HFD) (Fig. 4A). At week 16 of HFD
together with 8 weeks of administration of vehicle, 14E11, or FXI-ASO treatments, mice
were euthanized for hematological analysis, whole blood flow cytometry, plasma lipid

levels and atherosclerosis analysis.

6.3.7 Hematological Analysis

Whole blood was drawn from the retro-orbital sinus and diluted 1:1 with 10mM EDTA in
phosphate-buffered saline (PBS). Complete blood counts were obtained using a Scil
Vet ABC hematology analyzer (ScilVet, Viernheim, Germany) within 1h of blood

collection.

6.3.8 Atherosclerosis Analysis

The extent of atherosclerosis was determined both by en face analysis in proximal

aortas and by Oil-red-O (ORO) staining of cross sections from the aortic valves to a
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region in the ascending aortic arch, as previously recommended and

described.[454,455]

En face analysis

Proximal aortas were removed and fixed for 48h at 4°C with 4% paraformaldehyde
(PFA), then stored in saline for at least 24h prior to en face analysis. Images of proximal
aortas, cut longitudinally, were obtained and lesion areas were quantified using ImageJ.
Quantified area includes the aortic root, ascending aorta, aortic arch and 3 cm below

aortic arch in the descending aorta region.

Oil-Red-0O analysis

The hearts were embedded in optimal cutting temperature compound and stored at -
80°C. Cryosections were orientated relative to the disappearance of the aortic valve
cusps, and five (10um) serial sections at 80um intervals were placed on a single slide.
Frozen serial sections of the aortic sinus were fixed with 4% PFA for 10 min at RT,
incubated with 100% propylene glycol for 10 min and stained with ORO for 24 min at
55°C. Sections were then rinsed with 85% propylene glycol for 3 min, followed by 10
sec of hematoxylin staining at RT. Sections were mounted with glycerol gelatin
mounting media and imaged using Fisherbrand AX800 series compound microscope
and Moticam 3.0MP camera with Motic Imaging software. Data were collected from 5
serial sections on a single slide for each mouse heart sample and averaged. ORO

areas were quantified using ImageJ. Sections without the presence of 3 aortic valve
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leaflets were excluded from the analysis. Atherosclerotic lesions were quantified in a

blinded manner by 2 observers.

Cholesterol analysis

PPP was isolated by centrifuging whole blood (mixed with sodium citrate, 0.32% w/v) at
2,000 x g for 10 min at RT and stored at -80°C until further analyses. Pooled plasma
(based on sex) very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL), and
high-density lipoprotein (HDL) were separated using fast performance liquid
chromatography (FPLC). Cholesterol levels from PPP and FPLC fractions were
determined by colorimetric assays using colorimetric kit (Cholesterol Reagent Set;
Pointe Scientific C7510120, Canton, MI). Samples obtained from blood draws with

complications were excluded from the study.

6.3.9 Flow Cytometry

Whole blood was drawn from the retro-orbital sinus into 5nM final concentration of
EDTA in PBS. Blood was then incubated with FITC-CD45R/B220 (553087, BD
Biosciences, San Jose, CA), FITC-CD335 (560756, BD Biosciences), and FITC-Ly6G
(561105, BD Biosciences) antibodies to exclude B cells, NK cells and granulocytes,
respectively, from the analysis. Monocytes were identified using PE-CD11b (BD
Biosciences) antibody. Inflammatory monocytes and monocyte-platelet aggregates

were quantified using APC-Ly6C (56272, BD Biosciences) and BV421-CD41 (133912,
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Biolegend, San Diego, CA) antibodies, respectively. Samples were washed with PBS,

fixed and stored in 1% PFA until flow cytometry analysis.

6.3.10 Immunohistochemistry

Serial cryosections (10um) of the aortic root, adjacent to sections used to quantify
atherosclerosis, were fixed in 4% PFA for 15 min at RT, washed with PBS and
permeabilized with 0.1% sodium citrate and 0.1% Triton X-100 for 3 min at RT. Sections
were then blocked in Background Buster (Innovex Biosciences, Richmond, CA) for 1 h
at 37°C and incubated with markers of monocytes/macrophages (CD68, Abcam,
Cambridge, MA), fibrin (US Biological, Salem, MA) and VE-cadherin (CD144, US
Biological) together with CD31 (Abcam) at 4°C overnight. Slides were then washed with
PBS and incubated with Alexa Fluor anti-rabbit IgG for 1 h at 37°C. Samples were
mounted using VECTASHIELD containing DAPI (Vector Laboratories, Burlingame, CA)

and imaged using confocal microscopy.

Area fraction was calculated as percent area threshold positive after using a Phansalkar

local autothreshold with radius of 5 pixels using Fiji software. Data were collected from

at least 3 sections for each mouse and averaged.

6.3.11 Immunofluorescence
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Human umbilical vein endothelial cells (HUVECs, ATCC, Manassas, VA) were grown to
confluence on 0.1% gelatin-coated glass coverslips with Vasculife VEGF Endothelial
Medium Complete Kit (Lifeline Cell Technology, Frederick, MD). HUVECs were
incubated with vehicle (serum-free media, SFM), purified human FXI (30nM,
Haematologic Technologies, Essex Junction, VT), FXla (30nM, Haematologic
Technologies), a-thrombin (10nM, Haematologic Technologies), FXla or thrombin in the
presence of the serine-protease-inhibitor PPACK (100uM) for 3h at 37°C in SFM with
10uM ZnCl.. Treatments with FXI or FXla were performed in the presence of the potent
thrombin inhibitor hirudin (25ug/ml) in order to prevent any thrombin-mediated effects.
HUVECs were then washed with PBS and fixed in 4% PFA for 15min at RT prior to

blocking with 1% bovine serum albumin (BSA) and 2% fetal bovine serum in PBS.

Primary antibodies (VE-Cadherin (CD144), 2ug/ml in 1% BSA, Santa Cruz
Biotechnology, Dallas, TX) were incubated overnight at 4°C. Slides were then washed
with PBS and secondary Alexa Fluor anti-mouse IgG (4ug/ml, Life Technologies,
Carlsbad, CA) and TRITC-phalloidin (1:500 dilution, Sigma-Aldrich, St. Louis, MO) were
incubated for 2h at RT in 1% BSA in the dark. Hoechst 33342 (Life Technologies) was
incubated in PBS for 30min prior to mounting onto glass slides using Fluoromount G
(Southern Biotech, Birmingham, AL). HUVECs were imaged using a Zeiss x20 Plan-
APOCHROMAT 0.8 NA objective on a Zeiss Axio Imager M2 microscope.
Representative images were collected from at least 3 field-of-view per experimental

condition.
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6.3.12 Permeability in Transwell Assay

HUVECs were grown to confluence in gelatin-coated upper chambers of Transwell
devices (0.4um polyester membrane, Corning) prior to incubation with purified human
FXI (30nM), FXla (30nM), a-thrombin (10nM), FXla or thrombin together with PPACK
(100uM) in SFM supplemented with 10uM ZnCl, and 0.3% BSA for 3h at 37°C.
Treatments with FXI or FXla were performed in the presence of hirudin (25ug/ml) in
order to prevent any thrombin-mediated effects. The integrity of the endothelial
monolayer prior to the start of experiment was assessed by light microscopy for ~90%

confluency. Each experimental condition was performed in duplicates.

To assess HUVEC permeability to BSA following exposure to FXI, FXla, and a-
thrombin, Evans Blue dye (0.67mg/ml) in 4% BSA in SFM was added to the upper
chamber at RT, and samples were removed from the bottom chamber every 10min.
Samples were then diluted with PBS, and absorbance was measured at 650nm using a

spectrophotometer (Tecan).

To assess HUVEC permeability to lipoproteins following exposure to FXI, FXla, and a-
thrombin, Alexa Fluor 488-labeled acetylated LDL (acLDL, 4ug/ml, ThermoFisher
Scientific, Waltham, MA) was added to the upper chamber and incubated for 24h at
37°C. Samples were removed from the bottom chamber, diluted with water in a black-
bottom 96-well plate and fluorescence intensity was measured at 495/519 Ex/Em using

a spectrophotometer (Tecan). A standard curve to transform fluorescence intensity
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(arbitrary unit, A.U.) into acLDL concentration (ng/ml) was generated by spiking
selected concentrations of acLDL (4, 2, 1, 0.5, 0.25 ug/ml) into 0.3% BSA to measure
fluorescence intensity.

6.3.13 Statistical Analyses

Data are presented as mean + SEM. The Shapiro-Wilk normality test was used to
determine whether group data were distributed normally, and Levene’s test was used to
determine equality of variances. One-way ANOVA with Tukey’s post hoc test was used
to compare between treatment groups. Kruskal-Wallis with Dunn post hoc test was used
to compare between groups when the data did not qualify for parametric statistics.
ANOVA with repeated measures were used when comparing animal body weight over
time and absorbance of Evan’s Blue dye over time in Transwells. P < 0.05 was
considered significant. All statistical analyses were conducted using GraphPad Prism 8

(San Diego, CA).

6.4 Results

6.4.1 The anti-FXI mAb 14E11 and FXI-ASO reduce FXI levels in mice

Based on my dose-finding experiment, | observed that a single dose of 4 mg/kg 14E11
significantly prolonged mouse clotting time, measured by aPTT assay, by 2.75-fold
compared to baseline (Day 0) through day 6 after treatment (Figure 6.1A). Therefore, |

chose to inject 14E11 on a weekly basis throughout this study. | then designed
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experiments to characterize the effects of the anti-FXI mAb 14E11 and the FXI-ASO on
the contact activation system in mice. My data show that weekly administration of both
the anti-FXI mAb 14E11 and FXI-ASO reduced FXI levels in mice as measured by
Western blot when assessed at 4 weeks HFD (Figure 6.1B) and 8 weeks HFD (Figure

6.1C).

To determine the extent of the observed FXI reduction by 14E11 and FXI-ASO, |
supplemented human FXI”- plasma with increasing concentrations of purified human
FXI and subjected the plasma to clotting time assays (aPTT). Prolonged clotting times
by 2.75- fold compared to 100% FXI (30nM), similarly to mice injected with 14E11,
correlated to ~1-2nM or ~5% concentration of FXI in human plasma (Figure 6.1D). This
would suggest that 14E11 and FXI-ASO treatments achieved ~95% reduction in the
plasma FXI protein levels in mice. | then used these two distinct tools to determine the

effect of pharmacological targeting of FXI on atherogenesis.
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6.4.2 Effects of pharmacological targeting of FXI on atherogenesis

LdIr’"- mice were fed a HFD for 8 weeks to incite atherogenesis; meanwhile select
cohorts were concurrently treated for 8 weeks with either 14E11 or FXI-ASO. In
proximal aortas of LdIr- mice on HFD, mice treated with 14E11 and FXI-ASO showed
39% and 36% reduction, respectively, in lesion areas as measured by en face
(5.1£0.3% and 5.3+0.5% aortic arch area, respectively; n=15 for vehicle, n=16 for
14E11 and FXI-ASO; P<0.005) compared to vehicle control (8.3+1.0% aortic arch area)
(Figure 6.2B). As a secondary measure of atherosclerosis, aortic sinus sections were
stained with ORO and counterstained with hematoxylin for the determination of total
lesion area and plaque lipid content. Aortic sinus lesion areas and ORO (lipid) areas
were normalized to the averaged total aortic sinus area to account for variability in aortic
sizes between sections and animals. Compared to vehicle (lesion area=3.9+0.5
x10*um?, lipid area=3.4+0.4 x10*um?), 14E11 reduced lesion area by 33% (2.6+0.2
x10*um?, P<0.05) (Figure 6.2C, left) and lipid area by 38% (2.1+0.2 x10*um?, P<0.005)
(Figure 6.2C, right). Interestingly, treatment with FXI-ASO indicated a slight but not
statistically significant reduction in lesion area (3.3+£0.3 x10*um?) (Figure 6.2C, left) and
lipid area (2.6+0.2 x10*um?) (Figure 6.2C, right) compared to vehicle control (n=12 for

vehicle, n=15 for 14E11- and n=12 for FXI-ASO-treated animals).

Eight weeks of HFD led to an increase in body weight (Figure 6.3A) and total plasma
cholesterol levels compared to lean animals in all treatment groups (145+9mg/dI

baseline, n=6 vs. 1044+ 122mg/dl in vehicle-treated males, n=6, 989+53mg/dl in 14E11-
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treated males, n=8, 941+62mg/dl in FXI-ASO-treated males, n=8, 786+ 39mg/dl in
vehicle-treated females, n=8, 685+32mg/dl in 14E11-treated females, n=8, or
803+46mg/dl in FXI-ASO-treated females, n=8) (Figure 6.3B, P£<0.0001). Similarly,
plasma separated by FPLC analyses demonstrated neither 14E11 nor FXI-ASO
significantly altered plasma lipoprotein levels compared to vehicle controls in male

(Figure 6.3C) and female (Figure 6.3D) mice on 8 weeks of HFD.

Early plaque formation is associated with monocyte influx mostly consisting of the
Ly6CMs" monocytes. Moreover, platelets have been implicated in facilitating monocyte
recruitment at sites of atherosclerotic plaque development.[456] | next sought to
investigate whether pharmacological targeting of FXI would alter levels of circulating
Ly6CMs" monocytes, as well as platelet activation using monocyte-platelet aggregates

as a surrogate marker measured by flow cytometry.

In my model of atherogenesis, there was a significant increase in platelet activation
upon HFD, determined as an increase in monocyte-platelet aggregates in animals
treated with vehicle (14.1+£1.61% total monocytes) compared to baseline (8.7+£0.5% total
monocytes, P<0.05); similar levels were observed in animals treated with 14E11
(14.4£1.5% total monocytes) or FXI-ASO (13.4+1.0% total monocytes) (Figure 6.3E).
HFD showed a slight but not significant increase in circulating Ly6C"9" monocytes as
compared to baseline (45.4+2.9% total monocytes in lean animals versus 55.5£3.4% in

HFD animals under vehicle conditions); equivalent increases in Ly6C"9" monocyte
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levels were observed for 14E11- and FXI-ASO-treated HFD animals (563.5+£3.5% and

57.8+1.5%, respectively) (Figure 6.3F, n=8 for all treatment groups).
Additional hematological analyses showed no differences in levels of platelets,

leukocytes, or other relevant hematological components of LdIr’- mice treated with

14E11 or FXI-ASO compared to vehicle (Table 1, n=8 for all treatment groups).
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Figure 6.2. Atherosclerosis assessment in 14E11- and FXI-ASO-treated LdIr-/-
mice on 8 weeks HFD. A: 14E11 (4mg/kg) and FXI-ASO (7.5 mg/kg) were
administered weekly while LdIr"- mice were fed HFD for 8 weeks. B: Atherosclerotic
lesion area in the proximal aortas, quantified under light microscopy. Scale bar = 1Tmm.
C: Cross-sections of aortic sinus were obtained and atherosclerotic lesion area was
determined by Oil-Red-O staining (red, x10* pm?). Scale bar = 200um. Data were
analyzed using Kruskal-Wallis with Dunn post hoc test. *P < 0.05; **P < 0.005; ***P <
0.0001. *P<0.05; **P<0.005; ***P<0.0001.

197



2000+

‘& Vehicle *kk Fkk
38, @ 14E11 = |
v FXIASO 5 Male 2 1500 o
S g8 = S
= o § 10001 0%8 e o W
AT e TS Female =
= pegeeee® 2 500 "
151 ©
OT T T T 1 0 &1 T T T T T T
e N e N
0 2 4 6 8 Q,}\Qe Q}.\\c} & ?(:OO Q}‘\\c} & ?(:OO
Week 3 N Y N N
& & <k
Week 8 HFD
c D
Male Female
VLDL VLDL
= 1007 — |pL _ =107 " .
L2 — —o— Baseline S
o 3]
g 751 -0~ Vehicle g
g —o— 14E11 9
= 501 HDL 2
S — —¥— FXIASO S
Q 0]
w251 7
9 Ko,
2 . o? g 2
&) O oot 2 a2 0 VoY VPR S g2 B0
10 20 30 40 10 20 30 40
FPLC Fraction FPLC Fraction

m
-

80

60 - fls 02 | w
<o gg Vﬁv
=

40 A " 8

20 A

CD41*CD11b* (% of monocytes)
Ly6C hi (% of monocytes)

S

N N\

MR il I il
Week 8 HFD Week 8 HFD
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ASO-treated LdIr’"- mice on 8 weeks HFD. A: Animal body weight recorded weekly
and B: total cholesterol levels (mg/dl) from LdIr’- mice (males and females) at baseline
and following 8 weeks HFD were measured. C-D: Lipid profiles, performed by FPLC for
total cholesterol (ug per FPLC fraction) from pooled plasma at 8 weeks HFD. E:
Monocyte-platelet aggregates and F: Ly6C"9", shown as % of total monocytes at
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were analyzed using ANOVA with repeated measures and Kruskal-Wallis with Dunn
post hoc test. *P<0.05; ***P<0.0001 vs. baseline.
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Table 6.1. Complete blood counts at 8 weeks HFD. Whole blood was drawn from the
retro-orbital sinus into EDTA and subjected to hematological analysis within 1 h from
collection.

Vehicle 14E11 FXI-ASO
WBC (/) 10.9 +0.84 11.6 £ 0.68 11.2 £ 1.08
HGB (k/p) 18.1 £ 0.32 18.2 +0.49 18.1 + 0.31
HCT (k/p) 59 +0.98 59 + 1.58 59 +1.02
RBC (k/p) 11.7 £0.20 11.7 £ 0.31 11.5 £ 0.20

Lymphocyte (k/p) 6.73 + 0.41 7.95+0.38 8.15+0.71

Monocyte (k/u) 0.58 + 0.05 0.63 +0.06 0.53 +0.09

Granulocyte (k/p) 2.70 + 0.33 3.05+0.28 2.53+0.33
PLT (k/p) 980 + 36.8 1031 £ 20.0 1025 + 46.8
MCV (fl) 50.13 £ 0.13 50.50 + 0.27 51.13 £ 0.23
MCH (pg) 15.40 + 0.09 15.55 + 0.17 15.70 + 0.12
MCHC (g/dl) 30.7+0.18 30.9+0.17 30.7+0.13
RDW (%) 11.9 £ 0.11 12.2 £ 0.11 12.1£0.18
MPV (fl) 5.28 + 0.02 5.29 + 0.04 5.33+0.05
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6.4.3 Effects of pharmacological targeting of FXI on atherosclerosis in a model of

established disease

To study the effects of pharmacological targeting of FXI on the progression of already
existing atherosclerotic plaques, LdIr- mice fed a HFD for 8 weeks were treated with
either 14E11 or FXI-ASO starting at week 8 and continuing for an additional 8 weeks
while on HFD (Figure 6.4A). En face analysis of proximal aortas at week 16 of HFD
revealed that compared to saline-treated animals (19.5+1.1% aortic arch area), 14E11
and FXI-ASO treatment for the final 8 weeks caused 23% and 20% reduction,
respectively, in lesion area (15.1+1.5% and 15.6+0.7% aortic arch area, respectively)
(n=17 for vehicle, n=16 for 14E11- and FXI-ASO-treated animals, P<0.005) (Figure

6.4B).

| also determined the effect of delayed 14E11 and FXI-ASO administration on
atherosclerotic lesion area in the aortic sinus at 16 weeks of HFD. Compared to saline-
treated animals (lesion area=4.9+0.1 x10*um?, lipid area=4.2+0.1 x10*um?), treatment
with 14E11 and FXI-ASO starting at week 8 HFD did not result in reduced lesion area
(4.8+0.2 x10*um? and 4.9+0.2 x10*um?, respectively) (Figure 6.4C) or lipid area
(4.1£0.2 x10*um? and 4.2+0.1 x10*um?, respectively) (Figure 6.4C) in the aortic sinus

(n=16 for saline, n=14 for 14E11- and n=16 for FXI-ASO-treated animals).

At 16 weeks of HFD, total plasma cholesterol significantly increased compared to week

8 (712+26mg/dl, P<0.0001) in untreated animals (Figure 6.4D). Similarly to what was
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seen with my 8-week atherogenesis cohort, administration of 14E11 (897+116mg/dl) or
FXI-ASO (958+94mg/dl) starting at week 8 HFD did not alter total cholesterol levels
compared to vehicle (1114£88mg/dl) (Figure 6.4D, n=49 for week 8 HFD n=17 for

vehicle, n=14 for 14E11-, and n=16 for FXI-ASO-treated animals at week 16 HFD).

In this cohort of established atherosclerosis, there was a significant increase in platelet
activation compared to week 8 HFD, as quantified as increased monocyte-platelet
aggregates in animals treated with vehicle (53.61£6.4% total monocytes) compared to
week 8 (14.1+£1.6% total monocytes, P<0.005); an equivalent increase was observed for
14E11- (46.5+5.9% total monocytes) and FXI-ASO-treated animals (49.8+6.1% total
monocytes). Neither treatment had a demonstrable effect on in vivo platelet activation
compared to vehicle at week 16 HFD (Figure 6.4E, n=8 for baseline, n=15 for vehicle,
n=16 for 14E11 and FXI-ASO). Similarly to my atherogenesis cohort, there was a slight
but insignificant increase in levels of Ly6C"9" monocytes compared to week 8 HFD for
all treatments (55.5+3.4% total monocytes versus 60.1+5.3% in vehicle- and 62.3%

4.8% in 14E11- and 54.615.6% in FXI-ASO-treated animals) (Figure 6.4F).

In addition, 14E11 or FXI-ASO did not alter relevant hematological components at 16

weeks HFD (Table 2, n=16 for all treatment groups).
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Figure 6.4. Atherosclerosis assessment in 14E11- and FXI-ASO-treated LdIr’"- mice
on 16 weeks HFD. A: At 8 weeks HFD, hyperlipidemic LdIr’- mice were randomized
and administered 14E11 (4mg/kg) and FXI-ASO (7.5 mg/kg) weekly until 16 weeks
HFD. B: Atherosclerotic lesion area in the proximal aortas, quantified under light
microscopy. Scale bar = Tmm. D: Cross-sections of aortic sinus were obtained and
atherosclerotic lesion area was determined by Oil-Red-O staining (red, x10°% um?). Scale
bar = 200um. D: Total plasma cholesterol at week 8 before randomization into
treatment groups and 16 weeks HFD in LdIr’-mice. E: Monocyte-platelet aggregates
and F: Ly6CMd", shown as % of total monocytes at 8 weeks HFD before treatments and
8 weeks HFD in vehicle-, 14E11-, and FXI-ASO-treated animals. Data were analyzed
using Kruskal-Wallis with Dunn post hoc test. **P<0.005. ***P<0.0001.
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Table 6.2. Complete blood counts at 16 weeks of HFD. Whole blood was drawn from
the retro-orbital sinus into EDTA and subjected to hematological analysis within 1 h from

collection.

Vehicle 14E11 FXI-ASO

WBC (k/u) 9.5+0.26 11.2+£0.53 9.8 £0.53
HGB (k/p) 16.3 £ 0.18 16.2 £ 0.24 16.3 £ 0.24
HCT (k/p) 50.9 £ 0.63 514 +0.78 51.3+0.77
RBC (k/u) 10.2+0.14 10.3+£0.15 10.1 £ 0.16
Lymphocyte (k/p) 6.6+0.2 7.58 £ 0.31 7.36 £ 0.28
Monocyte (k/u) 0.51+£0.02 0.69 £ 0.06 0.54 £0.03
Granulocyte (k/p) 2.36 £ 0.08 2.86 +0.27 213 +0.11

PLT (k/p) 1147 £ 20 1078 £ 49 1191 £ 66
MCV (fl) 50.12 £ 0.12 50 £0.20 50.75 £ 0.23
MCH (pg) 16.11 £ 0.05 15.72 £ 0.09 16.13 £ 0.08
MCHC (g/dl) 32.1+£0.08 31.5+0.08 31.8+0.12
RDW (%) 12.4 £ 0.05 12.4+ 0.09 12.5+0.11
MPV (fl) 5.33 £ 0.01 5.37 £ 0.03 5.33 £ 0.04
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6.4.4 Effects of pharmacological targeting of FXI on atherosclerotic lesion macrophage

accumulation

Since | did not observe any difference in circulating levels of inflammatory Ly6C"
monocytes upon 14E11 and FXI-ASO administration, | then investigated whether
infiltration of monocytes and accumulation of lesion macrophages in the aortic sinus

were altered upon FXI inhibition.

When either 14E11 or FXI-ASO was administered concomitantly with HFD, higher
expression of the macrophage marker CD68, normalized to atherosclerotic lesion area,
was observed in LdIr” mice treated with 14E11 (33.3 + 0.99% lesion area, P < 0.001)
but not FXI-ASO (29.2 + 1.42% lesion area) as compared to vehicle control (25.6
1.05% lesion area). This was due to the fact that 14E11 reduced aortic lesion area
compared to vehicle control (Figure 6.5A, n=11 for saline, n=15 for 14E11 and n=11 for

FXI-ASO).

In the established atherosclerosis model, a similar trend was observed, wherein CD68
levels did not differ between treatment groups (30.88 + 0.84% in vehicle-, 30.38 £+

1.00% in 14E11- and 31.38 + 0.96% lesion area) (Figure 6.5B, n=17 for vehicle, n=16
for 14E11 and n=14 for FXI-ASO). These results suggest that infiltration of monocytes

into lesion area was not altered due to FXI inhibition in LdIr’- mice.
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Figure 6.5. Macrophage accumulation and fibrin deposition into atherosclerotic
lesions in 14E11- and FXI-ASO-treated LdIr’- mice. A-B: Cross-sections of aortic
sinus were obtained and macrophage accumulation was determined by CDG68 staining
(red) together with nuclei (blue) in the atherogenesis model (A) and established
atherosclerosis model (B). C-D: Cross-sections of aortic sinus were obtained and fibrin
deposition was determined by fibrin staining (red) together with nuclei (blue) in the
atherogenesis model (C) and established atherosclerosis model (D). Area fraction was
calculated as percent lesion area threshold positive after using a Phansalkar local
autothreshold with radius of 5 px using Fiji software. Data were analyzed using Kruskal-
Wallis with Dunn post hoc test. *P<0.05. Scale bar = 200um
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6.4.5 Effects of pharmacological targeting of FXI on atherosclerotic lesion fibrin

deposition

Histologically, fibrin(ogen) is a prominent component of progressive lesions, particularly
the lesions that appear to be precursor of fibrous plaques. Fibrin(ogen) provides a
scaffold for migration and proliferation of smooth muscle cells into the intima.[457] Fibrin
and fibrinogen degradation product are byproducts of thrombin breakdown, and their
presence in atherosclerotic lesions as well as circulating levels have been shown to add
significant risk discrimination for incident of cardiovascular events.[458] | therefore
investigated whether pharmacological inhibition and reduction of FXI altered fibrin

deposition in aortic sinus lesions.

In the atherogenesis model, fibrin deposition did not differ between treatment groups
(3.38 £ 0.38% in vehicle-, 2.95 + 0.26% in 14E11- and 2.97 + 0.26% lesion area in FXI-
ASO-treated animals) (Figure 6.5C, n=14 for saline, n=15 for 14E11 and FXI-ASO). A
similar trend was observed in the model of established atherosclerosis (5.46 + 0.46% in
vehicle-, 5.96 £ 0.54% in 14E11- and 5.51 £ 0.49% lesion area in FXI-ASO-treated
animals) (Figure 6.5D, n=15 for vehicle, n=14 for 14E11 and n=16 for FXI-ASO). These
results suggest that fibrin deposition into lesion area was not altered by FXI inhibition in

LdIr’- mice.
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6.4.6 Role of FXla activity on endothelial cell barrier integrity

One of the hallmarks of atherosclerosis is endothelial dysfunction, characterized by
disruption in endothelial barrier integrity manifesting as down-regulation of endothelial
junction markers and consequently enhanced endothelial permeability to
macromolecules and infiltration of white blood cells into the subendothelial space. |
sought to qualitatively determine whether the enzymatic activity of FXla affects the
expression of endothelial transmembrane adhesion molecules controlling cellular

junctions; | focused my experiments on VE-Cadherin (CD144) expression in vitro.

In HUVECs under vehicle conditions, a continuous, undisrupted pattern of VE-Cadherin
was observed. Incubation of ECs with FXla (in the presence of hirudin) or a-thrombin
disrupted the surface expression pattern of VE-Cadherin (Figure 6.6). In contrast, the
zymogen FXI had no effect on VE-Cadherin expression pattern on HUVECs, similar to
vehicle control (Figure 6.6). In the presence of PPACK, which binds irreversibly to the
active site of serine proteases and therefore inhibits catalytic activities of FXla and a-
thrombin, no change in VE-Cadherin expression pattern on HUVECs was observed
(Figure 6.6). Together, these results suggest that the enzymatic activity of FXla induces

endothelial cell-cell junction weakening and compromised barrier integrity.
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Figure 6.6. VE-Cadherin expression on the surface of endothelial cells following
exposure to FXla. HUVECs were seeded onto gelatin-coated glass coverslips and
grown to confluence in a 24-well plate prior to exposure to vehicle, FXla (30nM), FXI
(30nM), a-thrombin (10nM), or FXla or thrombin in the presence of PPACK. Cells were
fixed and stained for VE-Cadherin (green), together with actin (red), nuclei (blue) and
visualized by immunofluorescence microscopy. Scale bar = 50um.
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6.4.7 Role of FXla activity on endothelial cell permeability

Since VE-Cadherin is known to play an essential role in maintaining endothelial cell
permeability, | next designed experiments to determine whether the enzymatic activity

of FXla increased endothelial cell permeability.

Incubation of ECs with FXla caused a significant increase in the leakage of Evans Blue
dye, quantified as an increase in absorbance at 650nm over time from the lower
chamber of Transwells (P<0.05; Figure 6.7A). A similar effect was observed for a-
thrombin. Inhibition of the active site of FXla and a-thrombin with PPACK prevented

Evans Blue dye leakage (P<0.05; Figure 6.7A).

Furthermore, exposure of endothelial cells to FXla also resulted in an increased rate of
acLDL transport across the endothelial monolayer towards the lower chamber of
Transwells (P<0.005; Figure 6.7B). Inhibition of FXla activity with PPACK prevented the
transmission of acLDL across the endothelial monolayer (Figure 6.7B). Together, these
experiments suggest that structural changes in HUVECs upon exposure to FXla
correlates to an increase in endothelial permeability to lipoproteins, mediated by the

enzymatic activity of FXla.
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integrity was determined by VE-Cadherin (red) and CD31 (green) staining together with
nuclei (blue). Scale bar = 200um. White arrows indicate regions with disrupted VE-
Cadherin staining pattern. White boxes highlight regions chosen for Zoomed images.
Data were analyzed using One-way ANOVA with Tukey’s post hoc tests to compare
treatment groups. *P<0.05 Thrombin vs. vehicle. #P<0.05 FXla vs. vehicle. **P<0.005

FXla vs. vehicle.
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6.4.8 Effects of pharmacological targeting of FXI on lesion VE-Cadherin expression in

LdIr"~ mice

| then qualitatively investigated whether the disruption of VE-Cadherin expression,
induced by FXla, in cultured human endothelial cells observed in vitro would correlate to
disrupted VE-Cadherin expression in the aortic sinus lesions in vivo in the
atherogenesis mouse model. | performed immunohistochemistry staining for VE-

Cadherin and the endothelial marker CD31 in aortic sections of LdIr’- mice.

Vehicle-treated animals exhibited lesions with marked disruption in VE-Cadherin
expression along the luminal side of atherosclerotic plaques. FXI-ASO-treated animals
also exhibited lesions with some degree of disruption in VE-Cadherin staining pattern.
Strikingly, 14E11-treated animals exhibited continuous and undisrupted VE-Cadherin
expression on the lesion luminal surface (Figure 6.7C). Altogether, these results
suggest, as a proof-of-concept, that FXI activity may contribute to atherosclerosis
development and progression through enhancing endothelial permeability to

macromolecules.
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6.5 Discussion

Almost all coagulation factors, including FXI of the contact activation complex, are
present in human atherosclerotic plaques, raising the possibility of a causal link
between thrombin generation and atherosclerosis.[445] The role of FXI in atherogenesis
remains ambiguous as compared to its role in thrombosis in acutely ruptured plaques
and inflammation.[256,260,451] Therefore, | investigated whether FXI promotes
atherosclerosis development and plays a role in already established atherosclerosis in
LdIr" mice by targeting FXI with 14E11 or FXI-ASO. Previously, Ganor et al. was the
first to investigate whether lack of FXI affects atherogenesis using ApoE/FXI double
knockout mice.[263] Herein, my study utilized a pharmacological approach to inhibit and
reduce FXI levels in a mouse atherosclerosis model. A significant reduction in
atherosclerotic lesions was observed in the proximal aortas of 14E11- and FXI-ASO-
treated animals when 14E11 and FXI-ASO were administered at the start of HFD, or in
my model of established disease. Similar to FXI-deficiency in ApoE" mice,[263]
lowering FXI levels had no effect on plasma cholesterol levels or lipoprotein distribution,
suggesting that the effects of 14E11 or FXI-ASO were not mediated by changing the

lipid profile of LdIr’- mice.

In the aortic sinus, 14E11-treated animals exhibited significant lesion area reduction
relative to vehicle at 8 weeks HFD; however, this effect is no longer observed in the
sinus when 14E11 was administered once lesions have already developed. On the

contrary, en face analysis shows a significant lesion area reduction in the proximal
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aortas, regardless of when FXI inhibition was administered relative to HFD. This
suggests that there exist selective modulations at multiple vascular sites that regulate
site-specific atherosclerosis development and therefore influence pharmacological
effects of FXI inhibition. For instance, hemodynamic factors can prime endothelial gene
expression at particular vascular locations and therefore regulate lipoprotein oxidation
and adhesion of inflammatory cells,[459] as an example of atherogenic mechanisms
beyond the scope of my study. Furthermore, FXI-ASO did not alter atherosclerotic
lesion area in the aortic sinus in either atherosclerosis models. The difference may be
explained by the slow onset of action of ASO-s as compared to the antibody-mediated
clearance of FXI by 14E11, as initiation of the pathological process may have happened
by the time pharmacological activity of FXI-ASO became significant.[453] My study also
highlights notable differences between rodents and primates, as far as FXI is
concerned, including the presence of a non-circulating FXI reserve associated with the
endothelium in mice,[460] and the observation presented herein that 14E11 rapidly
clears FXI in mice, all of which may affect the translational relevance of the experiments

in mice.

Several studies have implicated the involvement of FXI in certain forms of inflammation
and infections,[260,262,450,451] which prompted us to investigate platelet activation
and LyB6CM9" inflammatory monocyte levels, together with the accumulation of CD68*
macrophages in aortic sinus lesions as surrogate markers for systemic and local lesion
inflammation, respectively. 14E11 and FXI-ASO treatments had no effect on platelet

activation or Ly6C"9" monocyte levels in whole blood, and macrophage accumulation
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was not altered in aortic lesions upon FXI inhibition. Targeting FXI also did not affect
complete blood counts compared to vehicle-treated mice. These findings indicate that
FXI does not seem to play a role in regulating systemic inflammatory responses or the
local plaque inflammatory state in experimental atherogenesis, in contrast to the
observed role for FXII in these processes. For instance, although the role of FXII in
vascular inflammation remains controversial, it has been shown that ApoE/FXII double
knockout mice exhibit reduced lesion area, and that FXII functions as a strong inducer
of pro-inflammatory cytokine release by T-cells and macrophages in those mice.[300]
Since LdIr’- mouse model largely depends on hepatic receptor defect to induce
hypercholesterolemia, while deficiencies in ApoE in hepatocytes, macrophages and
other cells also contribute to hyperlipidemia in ApoE"- mice, future studies using
pharmacological approaches to target FXI in ApoE” mice may yield further insights into

the role of FXI in atherogenesis.

Lastly, my in vitro data indicating that FXla exposure to endothelial cells induces
permeability to lipoproteins, together with the fact that reducing FXI levels with 14E11
reversed the hallmark distribution of VE-Cadherin expression observed in vehicle-
treated LdIr"- mice suggest that FXla-induced vascular permeability may contribute to
the pathology of atherosclerosis by altering endothelial junctional regulation. This further
supports the hypothesis that FXI activation and activity exerts inflammatory effects on
the endothelium that may promote infiltration of macromolecules into the subendothelial

space, which may in part facilitate atherogenesis. Altogether, my data implicate the
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importance of early intervention in order to gain athero-protective benefits when

targeting FXI.

Currently, antiplatelet agents and anticoagulants remain the cornerstone for primary and
secondary prevention of cardiovascular diseases, despite the fact that risk of bleeding
often outweighs benefits, especially in the case of combination therapies.[9,10,461-463]
Since the role of the contact activation system, specifically FXI, appears to be limited in
hemostasis,[464] interference with contact activation of FXI or FXI production may help
prevent or slow down the development of atherosclerosis without an associated major
risk of bleeding. My results obtained from experiments using 14E11- and FXI-ASO-
treated LdIr”- mice suggest athero-protective benefits of contact system inhibition by
lowering FXI levels. It may well be that targeting FXI, along with the use of cholesterol-
lowering drugs, could yield additive benefits in inhibiting the progression of

atherosclerosis.
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Chapter 7. Conclusions and Future Directions

71 Conclusions

The studies outlined in this thesis explore platelet signaling mechanisms underlying
hemostasis and vascular inflammation with the goal of improving rational design and
development of antiplatelet and anticoagulant therapies. Platelet activation is associated
with major changes in the actin cytoskeleton driven by small GTPases. The first chapter
investigated the spatial and functional regulation of Rho GTPases by RhoGDls,
uncovering signaling mechanism of PKC in regulating platelet cytoskeletal dynamics.
The second chapter further explored signaling pathways related to PKC and MAPK p38
associated with platelet cytoskeletal dynamics, procoagulant activity and inflammatory
response, as little is known regarding p38 targets in platelet activation. Utilizing causal
pathway tools, | modeled, organized and discovered new PKC and MAPK signaling
routes that may be potential therapeutic targets in platelets activation. My next chapter
was motivated by developmental differences between adult and neonatal platelets that
manifested in neonatal platelet hyporeactivity to agonists. | investigated neonatal
platelet response downstream of GPCRs, discovering neonatal platelets exhibiting
enhanced sensitivity to the secondary mediator ADP. My study highlights distinct
functional neonatal platelet phenotype that must be considered in the management of
neonatal platelet transfusion with adult platelets. My last chapter examined the role of

factor (F) Xl of the intrinsic pathway in driving early development of atherosclerosis. |
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found that reducing FXI level in atherogenic LdIr"- mice reduced atherosclerotic lesion

area, potentially via inhibition of FXI modulation on endothelial permeability.

In this chapter, | summarize the results and describe future work to investigate signaling
mechanisms underlying membrane trafficking orchestrated by Rab-GTPases as an

elaboration of existing roles for small GTPases in platelet hemostatic function.

7.2 Summary

7.2.1 Platelet Rho GTPase-driven cytoskeletal function regulated by PKC

| observed that platelets express two RhoGDI members, RhoGDI and Ly-GDI that have
not been characterized before in the context of platelet activation. | found that RhoGDI
and Ly-GDI had distinct localization throughout platelets, with Ly-GDI exhibiting
polarized localization that overlaps with Rho GTPases Rac1 and Cdc42, together with
microtubules and PKC. Biochemical assays demonstrated that Ly-GDl is
phosphorylated in a PKC-dependent manner downstream of GPVI, orchestrating the co-
localization of Ly-GDI with Rac1 and Cdc42 along platelet microtubules. Such spatial
organization of Rho GTPases and RhoGDlIs by PKC signaling fine tunes Rho GTPase-

driven hemostatic response upon platelet activation.

7.2.2 Platelet procoagulant phenotype regulated by MAPK signaling
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Utilizing a combination of interactome, pathway analysis and systems biology tools, |
investigated signaling relations around PKC and MAPK associated with cytoskeletal
dynamics, hemostatic function and inflammatory responses. Pathway and causality
analysis identified MAPK p38 as a putative central, highly connected node in the platelet
signaling network. Using biochemical assays, | confirmed and further detailed
sequential p38-MK2 phosphorylation of RTN4 and sequestration of Bcl-xI to organize
platelet procoagulant activity at the endoplasmic reticulum level. This study
demonstrates utility of omics tools to generate testable hypothesis and discover new
signaling mechanisms and therapeutic targets in platelets and other cell and tissue

systems.

7.2.3 Distinct differences in platelet function between adults and neonates

| utilized small-volume, whole blood functional assays to investigate neonatal platelet
response downstream of GPCRs. | demonstrated that neonatal and cord blood-derived
platelet exhibited diminished response to protease-activated receptor stimulation yet
enhanced sensitivity to ADP, a secondary mediator important for amplification of platelet
activation. Neonatal platelets may employ ADP-mediated feedback activation loop as a
compensatory mechanism for hyporeactivity downstream of PARs. This study highlights
the distinct functional phenotypes between adults and neonates that may come to
relevance in the management of neonatal bleeding complications through transfusion of

adult platelets into neonates.
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7.2.4 Pharmacological targeting of coagulation factor XI mitigates atherosclerosis

| investigated the effects of FXI inhibition and reduction in experimental models of
atherogenesis and established atherosclerosis. Early treatment of FXI antibody (14E11)
or FXI antisense oligonucleotide (FXI-ASO) reduced atherosclerosis in the proximal
aortas of LdIr” mice, and 14E11 also reduced lesion area in the aortic sinus. Delayed
FXI inhibition (established atherosclerosis model) still demonstrated reduced lesion area
in the proximal aortas, yet no effect in the aortic sinus of LdIr"- mice. Cultured
endothelial cells exposed to activated FXI showed enhanced permeability to lipoprotein,
suggesting that pharmacological targeting of FXI reduced atherogenesis potentially by
modulating endothelial barrier function. This study provided a rationale for interference
with the contact activation system as a safer approach to target development and

progression of atherosclerosis and potentially other inflammatory diseases.

7.3 Future Directions

7.3.1 Platelet membrane trafficking

Trafficking of vesicles is essential for granule biogenesis and maturation and facilitates
exocytosis and endocytosis processes crucial for platelet activity.[465-467] It has
become increasingly apparent that small GTPases play crucial roles in the regulation of
membrane vesicle trafficking. | previously explored Rho GTPase signaling pathways

underlying platelet cytoskeletal dynamics in Chapters 3 and 4, which are tightly
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interconnected processes with vesicle trafficking in orchestrating platelet hemostatic
function. Recent work utilizing biochemical, phosphoproteomics and systems analysis
approaches has highlighted over 40 unmapped proteins associated with Rab GTPases,
the most abundant family of small GTPases comprising of almost 70 human members
that are master regulators of vesicle trafficking within exocytosis and endocytosis
pathways.[169] Rab GTPases are regulated by phosphorylation events upon platelet
stimulation,[169,468] yet the functional significance of such regulation by
immunomodulatory kinases is unknown. Studies characterizing the functionality of Rabs
remain limited and therefore reflecting the lack of pharmacological or molecular tools to
target Rabs within platelets. Utilizing similar approaches as in Chapters 3 and 4, |
hypothesize that the roles of yet-to-be-characterized Rab GTPases in platelets may in
part overlap with Rho GTPases and therefore provide further insights into signaling

pathways and crosstalk underlying platelet hemostatic function.

7.3.2 Small GTPases in platelet membrane trafficking

Rab GTPases

Human platelets contain 40 Rab members that function to provide specific membrane
identity and ensuring that cargoes are trafficked correctly to cellular
compartments.[192,469] Rabs exist in both soluble and membrane-bound forms. When
activated, GTP-Rabs can interact with numerous effectors, adaptor, motor proteins,

kinases and phosphatases to regulate trafficking events (Fig. 7.1).[469,470] Studies in
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mice lacking Rab27A and Rab27B, the most highly expressed Rab member, show that
these Rab GTPases are important for dense granule secretion and biogenesis.[471-
473] GTP-loaded Rab27B and Rab27A have been shown to interact with SNARE
tethering factor Munc13-4 in platelets.[474,475] Other studies have shown the actin
motor protein, myosin Va, can interact with Rab27.[476] Rab8 has been shown to
regulate dense granule secretion, and Rab4 has been found to associate with a-
granules and facilitate VWF secretion from a-granules.[477,478] Many other Rabs have
been found based on proteomic expression in platelets and their association with
exocytotic vesicles such as Rab3, Rab26 and Rab37, yet functional roles of these Rab

proteins remain uncharacterized within the platelet activation program.[469]

Investigating the spatial localization of Rabs relative to their effectors, adaptors, GAPs,
GEFs and GDls that participate in vesicle tethering and how they regulate SNARE-
mediated fusion of vesicles with the cell membrane would yield insights into subcellular
communications between Rabs during platelet secretion. This can be achieved using
biochemical assays utilizing immunofluorescence and immunoprecipitation approaches
in platelets, or in megakaryocytes using live-cell imaging and FRET-based assays to
asses spatio-temporal regulation of Rab trafficking throughout the subcellular

compartments.

Internalized cargo is trafficked through Rab4 (early endosomes) positive compartments
prior to being targeted to Rab11 (recycling endosomes) and a-granules compartments

in platelets (Fig. 7.1). Rab7A is often associated with vesicle transport to the lysosomes,
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while Rab7B controls endosomal transport to the Golgi complex. So far, proteomic data
only supports the expression of Rab7A in platelets,[169,479] whose function still
remains to be determined. In megakaryocytes, Rab1B plays a role in early vesicle
transport from the ER to the Golgi complex and subsequent a-granules.[480] Rats
lacking Rab38 have no dense granules within megakaryocytes and platelets. Rab32
and Rabg38 differentially regulate dense granule biogenesis and trafficking to immature
Rab7A positive late endosomes.[481,482] Rab10 and Rab14 are highly expressed in
platelets while their trafficking roles remain unknown.[470] Other uncharacterized Rabs
and their regulators in platelets include the GEFs Rab3A-interacting protein (regulates
Rab8), Rabex-5 (regulates Rab5A) and the GAPs RabGAP1 (regulates Rab6),
RabGAP1-like (regulates Rab22A) and Rab3GAP1 (regulates Rab3).[192] | hypothesize
that each Rab isoform exhibits specific subcellular localization and distinct regulators
and effectors within platelets with some redundancy. Investigating how Rabs
communicate with each other to specify functions and territories within platelets would
aid in the differentiation between signaling mechanisms applicable to all Rab-regulated
pathways versus Rab isoform-specific pathways. Knockout and knockdown animal
models of various Rab isoforms will further help to reveal the common and unique
functions of each Rab isoforms in the context of hemostasis, thrombosis and vascular

inflammation.

Overall, | propose to utilize platelet biochemical assays and phosphoproteomics
methods to characterize Rab spatio-temporal organization and profile signaling

mechanisms regulating Rab GTPases within platelets. Together with literature-guided
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causal interference tools, | can narrow down site-specific signaling relations of Rabs
and their regulators and potential crosstalk with Rho GTPases during platelet

endocytosis, granule biogenesis and secretion following receptor stimulation.
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Figure 7.1. Membrane trafficking pathways within megakaryocytes and platelets
involving Rab, Arf and Ras GTPases. A: Granule biogenesis. B: Endocytosis
pathways. C: Exocytosis. Granule biogenesis and endocytosis culminate in cargo
packaging into early endosomes before sorting in immature MVB to mature endosomes
or lysosomes. Following biogenesis, AG, LY and DG mature within platelets before
exocytosis upon platelet activation. AG indicates a-granule; LY-lysosome; DG-dense
granules; MVB-multi-vesicular bodies. Trafficking roles for megakaryocytes/platelets
GTPases are highlighted in green. Roles for GTPases inferred from other cell systems
are in red. Figure adapted from Walsh et al., Platelets 2019; 30(1):31-40. Reprinted with
permission.
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Other small GTPases in membrane trafficking

The ADP-ribosylation factor (Arf) family of small GTPases include six members (Arfs 1-
6) that form part of a larger family containing over 20 proteins.[483] Arfs are regulated
functionally and spatially by GEFs and GAPs, but they exhibit distinct myristoylation at
the N terminus that brings Arf in close contact with the cell membrane for biological
activity.[484] GTP-Arf effectors include proteins involved in endocytosis, membrane
tethers, lipid enzymes and scaffold proteins, but GTP-Arf can also interact with effectors
to regulate trafficking events.[485] Arf family also plays important role in cytoskeletal
remodeling, similarly to Rho GTPases.[486] | hypothesize that there exists tightly
regulated crosstalk between Rabs, Arfs and Rho GTPases in regulating platelet
hemostatic function. Immunofluorescence and super-resolution microscopy approaches
investigating spatial localization of these small GTPases relative to each other, to all
granular compartments and to the platelet cytoskeleton would yield insights into the

orchestration of platelet membrane trafficking driven by Arf upon platelet activation.

The Ras sarcoma (Ras) GTPases are the second largest family of the Ras superfamily,
consisting of 36 members associated with cell proliferation, differentiation and
survival.[487] Mutations in four genes associated with Ras signaling result in Noonan
Syndrome with a bleeding diathesis.[488,489] Rap1 (A and B) are the most abundantly
expressed Ras GTPases in platelets and play crucial roles in platelet adhesion,
secretion and integrin activation.[490,491] The Ras-like (Ral) GTPases (A and B) have

been implicated as regulators of vesicle trafficking.[492] Ral is associated with dense
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granules and can be activated by various platelet agonists in a calcium-dependent
manner.[493,494] Ral activity is regulated by Ras GTPases, including Rap1, and
RalGAP that regulates Ral-GTP hydrolysis.[495] Interestingly, murine platelets deficient
in RalA or RalB have no defect in dense granule secretion, and RalA/B double knock-
out platelets have only mild defect that does not alter aggregation and thrombus
formation.[496] | hypothesize that the potential crosstalk and redundant trafficking roles
for Ral, Ras and other small GTPases in platelets can be explored using pathway
analysis to generate signaling models from omics datasets and testable hypotheses for

future platelet studies.

7.3.2 Clinical significance

Platelet proteomic datasets have provided expression data on an array of small
GTPases, whose functional relevance to platelet signaling and activity remains to be
determined.[192,470,497] Combination of causal pathway analysis and other omics
tools will aid in the identification of specific targets underlying exocytic and endocytic
processes in platelets. Understanding the mechanistic basis of endocytosis in
megakaryocytes and platelets will expand the potential clinical use of in vitro-grown
platelets for transfusion applications. Several groups have reported progress towards
production of platelets derived from in vitro-grown megakaryocytes.[498]

Such in vitro-grown megakaryocytes are cultured in media with virtually all of proteins
normally endocytosed or pinocytosed by megakaryocytes; therefore, supplementation of

missing proteins into the media can restore platelet storage pool deficiencies. In vitro-
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grown platelets may eventually displace donor-derived platelets for transfusion, and
new insights into endocytosis and membrane trafficking of megakaryocytes and
platelets will enhance the variety of clinical settings where modified in vitro-grown
platelets could be uniquely useful, such as in modulating tissue regeneration and cancer

metastasis.
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