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ABSTRACT

The active state of plasminogen activator inhibitor type-1 (PAI-1) is prolonged when it
forms a complex with vitronectin (VN), a major serum protein. Active PAI-1 in the PAI-1:VN
complex serves many functions related to fibrinolysis and cell migration but key to these effects
is its extracellular distribution. PAI-1:VN complexes can bind to exposed vimentin (VIM) on
activated platelet and platelet microparticles, resulting in the assembly of PAI-1:VN:VIM ternary
complexes. However, the manner in which the vimentin cytoskeleton is presented extracellularly
is not well understood.

I hypothesized that PAI-1:VN:VIM temary complex assembly occurs on cell surfaces
when microparticle release leads to exposure of vimentin cytoskeleton which can lead to either
assembly of the ternary complex or become involved in an autoimmune response specific for
vimentin.

To follow the intracellular and extracellular fate of PAI-1, I constructed an expression
vector encoding PAI-1-dsRed, a fluorescent form of PAI-1, which would permit live cell
tracking of PAI-1 in megakaryocytes and endothelial cells. Secondly, to study how vimentin is
expressed on platelets and platelet microparticles, flow cytometry was used to isolate vimentin
positive platelets or PMP’s and atomic force microscopy was performed to image platelets or
PMP’s at nanoscale resolution. From these studies, I propose a model of vimentin expression in
which the junction of microparticle release results in the exposure of cytoskeletal vimentin on
both the cell and the microparticle. This exposed vimentin could potentially induce VN
multimerization on the same cell surface leading to incorporation of multiple PAI-1:VN

complexes.
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Finally, I investigated how anti-vimentin antibodies can induce platelet:leukocyte
conjugate formation. To achieve this, in vitro tests were performed to determine the binding site
of anti-vimentin antibodies (AVA’s) and how they induce blood cell activation. Overall, my
results suggest that vimentin exposure in our model of microparticle release can lead to ternary
complex assembly if suitable quantities of PAI-1 are released during platelet activation. In the
setting of transplant vasculopathy with high titres of AVA’s, vimentin-positive granulocytes can
bind these autoantibodies, which then leads to platelet activation and the formation of

platelet:leukocyte conjugates.
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CHAPTER I. INTRODUCTION

The overall objective of this thesis is to understand the extracellular fates of a ternary
complex composed of PAI-1, vitronectin and vimentin. These proteins both individually and
together serve a broad scope of cellular functions related to cell motility and extracellular matrix
metabolism, but the primary benefit of this ternary complex is to localize PAI-1 activity to sites

of thrombus formation, specifically to sites of activated platelets and platelet microparticles.

1.1. Plasminogen activator inhibitor type-1 (PAI-1)

1.1.1. Overview — As its name implies, PAI-1 is a major inhibitor of plasminogen
activators, such as tissue-type plasminogen activator (tPA) and urokinase plasminogen activator
inhibitor (uPA) [1]. Inhibition occurs when PAI-1 forms a covalent bond with the PA via its
reactive center loop, resulting in the formation of a PAI-1-PA complex, either tPA or uPA [1-3].
The premier feature of PAI-1 is its reactive centre loop (RCL) which dictates its activity and
forms covalent bonds with serine proteases such as PA’s [1-3] and form an acyl-enzyme
complex in a positional conformation such that the catalytic sites on the PA’s are blocked
(Figure 1.1). Inhibition of t-PA prevents the conversion of plasminogen to its active form,
plasmin, a protease with broad substrate specificity such as fibrin [4], fibronectin,
thrombospondin, and von Willebrand Factor [S]. Inhibition of t-PA can prevent fibrinolysis as
well as reduce certain facets of extracellular matrix metabolism (ECMM) [6, 7]. Similarly,
inhibition of u-PA also results in decreased cell adhesion and cell motility [8] and its effects are
highly relevant in angiogenesis and tissue remodeling [9].

1.1.2. Biochemical properties — PAI-1 is a 50 kDa protein belonging to the serine

protease inhibitor (serpin) family that possesses a RCL that dictates its activity and inhibitory



Tissue type 1. RCL of PAI-1
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Figure 1.1. Summary of PAI-1’s interactions with vitronectin (VN) and tissue-type
plasminogen activator (tPA). PAI-1 contains a reactive centre loop (RCL) that when free, can
bind to tPA via formation of a covalent bond (1). This interaction will cause dissociation of VN
from PAI-1 (2) [10]. The inhibition of tPA occurs when the RCL is reinserted into PAI-1 molecule
while the tPA is transferred to the other side of PAI-1, sterically hindering the active sites of tPA.

ability. For instance, during tPA inhibition, the RCL and P1 site on PAI-1 will interact with tPA
and form an intermediate Michaelis complex. This is followed by a cleavage in the P1-P1” bond
on PAI-1 and the formation of a covalent acyl PAI-1-tPA complex [1-3]. This will also result in
the insertion of the once-free RCL back into the body of the PAI-1 molecule. Once the RCL is
completely re-inserted, tPA becomes catalytically inactive in the final PAI-1-tPA complex.
However, when the RCL slowly re-inserts into the PAI-1 molecule, PAI-1 can dissociate from
the enzyme-inhibitor complex, leaving behind an inactive tPA molecule that may or may not
contain a part of the RCL [11].

The position of the RCL dictates PAI-1 activity; active PAI-1 has a free and exposed
RCL, but when the RCL is re-inserted into the PAI-1 molecule, it becomes the inactive or latent
conformation of PAI-1 that is unable to bind and inhibit tPA. Because of the RCL’s propensity
to re-insert back into the PAI-1 molecule, the half-life of active PAI-1 is ~1-2 hours [12]. Latent
PAI-1 can be converted back to active PAI-1 by chemical denaturation and subsequent refolding
of purified latent PAI-1 [13, 14]. PAI-1 can also form complexes with vitronectin (VN) and oy-
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acid glycoprotein which stabilize the active conformation of PAI-1 [15]. In particular, the
binding interaction between PAI-1 and vitronectin (VN) allows it to follow similar localization
fates as vitronectin, thus broadening its participation and effects in various environments.

1.1.3. Synthesis and cellular fates — PAl-1 is synthesized by a wide range of cell types
such as megakaryocytes, endothelial cells, adipocytes, smooth muscle cells and fibroblasts — all
of mesenchymal origin [16, 17] as well as some epithelial cell types [18]. Post-synthesis, the
intracellular fate of PAI-1 has only been described in megakaryocytes, platelets, endothelial cells
and to a lesser extent, epithelial cells [19-21]. In terms of intracellular compartmentalization,
PAI-1 is processed into storage granules such as a-granules in platelets and megakaryocytes.
Stimulation by thrombin, collagen or calcium ionophore lead to immediate exocytosis of o
granules and release of PAI-1 [19]. A large percentage of PAI-1 stored within a-granules is of
the latent and inactive conformation, perhaps indicative of the length of time spent in storage,
which is beyond the half-life of active PAI-1 [22]. Endothelial cells are thought to synthesize the
majority of circulating levels of active and latent PAI-1 in plasma [21] and variations in these
PAI-1 plasma levels have been correlated with a variety of diseases such as obesity,
thromboembolic disease and atherosclerosis [23-26]. However, the manner in which PAI-1 is
intracellularly compartmentalized and stored within endothelial cells is unclear and
controversial; one report points to the Golgi as the main storage organelle [27], whereas another
report describes a loose cytoplasmic storage within endothelial cells while others report
compartmentalization into storage granules [28], albeit in immortalized cell lines. Reports also
demonstrate a mechanism of constitutive secretion into the lumen, however, it is unclear whether

this secretion is mediated by exocytosis or passive release [29, 30].



1.1.4. PAI-1 in disease — Because of the inhibitory nature of PAI-1 on plasminogen
activators (tPA and uPA), it is often implicated in the pathogenesis of a variety of diseases
ranging from cancer metastasis to thrombosis as underscored by their pivotal roles in hemostasis
and ECM metabolism, respectively. High plasma concentrations of PAI-1 which have been
observed in individuals with insulin resistance and obesity can also lead to impaired fibrinolysis
and an increased risk for cardiovascular disease [31]. Specifically, the long-term elevation of
PAI-1 in plasma or intramurally (within a thrombus or vessel) can induce fibrosis of vessels or
atherosclerotic lesion development and may even induce thrombotic disorders [32-34]. It is also
believed that high plasma levels of PAI-1or an intracoronary thrombus with high PAI-1 content
may counter the effects of thrombolytic therapy during its administration to patients undergoing

an acute myocardial infarction [35, 36].

1.2. Vitronectin (VN)

1.2.1. Overview - Vitronectin is a major plasma glycoprotein predominantly synthesized
by the liver but is also synthesized at low levels by other tissues such as adipose, brain,heart, and
skeletal muscle [37]. In plasma it exists at concentrations of 3-5 uM [38] and is also found in
abundance within the extracellular matrix (ECM) [39, 40]. Apart from its ability to stabilize
PAI-1 [41], VN also interacts with heparin [42, 43], collagen [39], urokinase plasminogen
activator receptor (uPAR) [44], components of the complement system [45] and thrombin/anti-
thrombin III complexes [46]. Because of this wide range of biochemical interactions, VN plays
an important mediating role in hemostasis, the innate immune system, angiogenesis and wound

repair by either acting as a ligand parter for other proteins and determining the distribution or



substrates for these VN-ligand complexes. Key to the majority of these interactions is the
presence of the somatomedin B domain and an Arg-Gly-Asp (RGD) sequence [47].

1.2.2. Biochemical properties and interactions - Vitronectin exists in two major
conformations: monomeric and multimeric VN [48]. Monomeric VN is found in two
conformations, a 75 kDa form and a 65+10 kDa two-chain form. The 65+10 kDa form is formed
by proteolytic cleavage of the 75 kDa form, but remains intact post-proteolytic cleavage [49].
The majority of plasma VN exists in the monomeric form, whereas <2% of VN circulates as
multimeric VN by virtue of several disulfide bridge linkages. These high molecular weight
multimers of vitronectin [50] are highly active forms of VN [51] that are more readily available
to bind to ligand partners such as PAI-1, which maintains PAI-1 activity. Because of its multi-
ligand partner (adhesive) properties, multimeric VN can potentiate the inhibition of fibrinolysis
by associating with PAI-1 and mediating its binding to fibrin clots and vimentin [52, 53].

By using sequence homology, the VN molecule can be defined by three major domains:
the N-terminus which contains the somatomedian B domain; the central domain containing
several hemopexin-like repeats; and the C-terminal domain. Within the N-terminus domain, the
somatomedin B domain (aa 1-44) harbors functional groups that are largely responsible for its
binding interactions with PAI-1 [54]. Because of this interaction, VN participates in pericellular
proteolysis of ECM through its localization and binding to PAI-1 and subsequent inhibition of
plasmin formation. Immediately upstream of this is the RGD sequence (aa 45-47), a key element
in mediating cell motility and cell adhesion on ECM and adjacent cells via its binding
interactions with various integrin receptors. Pericellular distribution and supply of VN can also
regulate the extent of cell spreading and motility [55]. Adjacent to the RGD motif'is the heparin

binding site, as well as a domain responsible for anti-thrombin III binding (aa 53-64) [56], and



two collagen binding sites [40] that mediate vitronectin’s binding to matrix. Because of this
region, VN may act as a pro-coagulant because of its ability to neutralize and clear heparin out of
the circulation [40]. When this occurs, less heparin becomes available to anti-thrombin, resulting
in higher thrombin levels and higher incidences of coagulation and fibrin formation [40].

Beyond the N-terminus and within the central domain lie stretches of acidic and basic
elements that, by ionic interaction, are likely involved in maintaining the 3-D structure of the VN
molecule. This vast stretch of VN (aa 132-459) contains 6 hemopexin-like repeating domains
that contain several cysteines that participate and are [57] central to disulfide bridge formation,
VN molecular structure and VN multimerization. Other than these structural contributions, a
biological role for hemopexin-like repeats on VN remains unclear; although some reports
describe binding interactions with S. pyogenes to the extent where vitronectin “coats” the
majority of the bacterial surface, hence suggesting an opsonization function for plasma VN[58].

The C-terminus end of VN contains a binding site for plasminogen (aa 332-348), and a
second heparin binding site (aa 348-379) [59]. A second binding site for PAI-1 has also been
determined at aa 348-370 [60], which enables VN to form both 1:1 or 1:2 stoichiometric ratio
complexes with PAI-1[61].

1.2.3. Synthesis and cellular fates — Initially classified as “serum spreading factor”, VN
is synthesized by a variety of cell types, but is predominantly synthesized within the liver and
secreted into the bloodstream to plasma concentrations of 200-400 ng/mL (3-5uM). VN is
primarily synthesized by hepatocytes [37] but extra-hepatic synthesis of VN is known to occur in
brain, fibroblasts, adipose tissue, heart and skeletal muscle albeit at a 25- to 100-fold lower
amount compared to liver [37]. In vitro VN synthesis also occurs in macrophages, monocytes

and human umbilical vascular endothelial cells (HUVEC). VN is a major constituent of ECM,



which exists predominantly in its multimeric form and bound to matrix and glycosaminoglycans
(heparin) [62]. Tissue injury and wound healing is characteristically marked by VN
accumulation, within necrotic cells [63] or in the provisional matrix, subsequently promoting
fibrosis via its interactions with PAI-1 [64-67].

A vitronectin knockout mouse has been developed [68] for studies on the role of
vitronectin in hemodynamics and thrombus formation. It has also been used for studies on
wound healing and myocardial infarction. When compared to wildtype models, the vitronectin -
/- mice generate highly unstable thrombi that dissolve quickly [69] and demonstrate markedly
reduced wound healing as a result of decreased cell migration [70].

1.2.4. VN in disease — VN is part of a group of proteins called acute phase response
proteins [71] whose plasma concentrations vary in response to the extent of inflammation. An
acute phase response that follows a typical inflammatory response can result in local
vasodilation, platelet aggregation, neutrophil chemotaxis, and the release of lysosomal enzymes,
histamines, kinins and oxygen radicals [71]. Systemic events can result in fever, hormonal
changes and even alterations in metabolism. For example, studies in rats and humans
demonstrate substantial changes in these levels during the acute phase response following tissue
injury [37, 72]. One such example of tissue injury is acute myocardial infarction (AMI), in
which a thrombotic occlusion within a major coronary artery halts fresh blood perfusion of
myocardium served downstream of the occlusion. This condition also triggers an acute phase
response [71] with a concomitant increase in VN plasma levels [73]. In the event of an AMLI, it
is conceivable that increased acute phase reactant proteins such as VN act as heparin-binding
proteins, serving to non-specifically bind heparin in circulation [74] which may decrease the

anticoagulant effect of heparin because of its deposition into ECM and clearance from plasma —



a distribution which presents less heparin to anti-thrombin III. Abnormal plasma levels of VN
are also present in patients with theumatic disease [75]. In detail, increased VN present in
synovial fluid and inflamed joints may promote cell motility and accelerate wound healing.
Higher rates of VN synthesis in differentiating neuroblastic tumors have also been reported,

implicating its roles in cell motility and adhesion on matrix [76].

1.3. Vimentin

1.3.1. Overview — Vimentin is a cytoskeletal protein that forms intermediate filaments
(IF), a major component of a cell’s cytoskeleton. Intermediate filaments composed of vimentin
provide a substantial amount of structural rigidity within a cell and structurally supports the
organelles and nucleus of a cell [77-79]. Moreover, intermediate filament networks are
cortically distributed underneath the cell membrane to provide much needed mechanical support
during cell-to-cell and cell-to-ECM interactions. IFs are so called because their diameter (8-12
nm) is intermediate between thin actin microfilaments (7 nm) and thick microtubules (25 nm)
[77-79].

There are various classes of IFs with classification being based on sequence similarities.
Prime examples of type I and II intermediate filament proteins are keratins; vimentin and desmin
are examples of type I IF proteins; and neuronal proteins are examples of type IV IF proteins.
Vimentin IFs are found in cells of a mesenchymal lineage: endothelium, fibroblasts, smooth
muscle cells, erythrocytes, leukocytes, platelets, etc. [77-79]. Conversely, cardiac and skeletal
muscle synthesize desmin IF’s in which the main function is to specifically stabilize and
organize sarcomeres by associating with the Z-disk of sarcomeres and connecting them with the

Z-disks of other neighboring sarcomeres [80]. Vimentin IF networks resemble a radial



distribution alongside the shape of the cell, with IF's terminating at nuclear membranes and
desmosomes at cell membranes as well wrapping around organelles and the nucleus to provide
spatial distribution [77].

1.3.2. Biochemical properties and interactions —Assembly of type III IF’s can
incorporate either vimentin or desmin, often occurring in immature myoblasts but not in fully
differentiated cell types [81, 82]. Tetramers of vimentin are the basic subunit for IF assembly
and these will form long chains, two of which will associate with each other to form an a-helical
dimer chain, resulting in a complete vimentin IF with a diameter of 8-12 nm [78]. Intermediate
filament protein monomers have a common structural component, called the coiled-coil region
(300-330 aa long) and the diversity of IF’s lies within the diversity of sequence and length of the
N-terminus and C-terminus. The coiled-coil region is largely responsible as a longitudinal
spacer and/or a lateral packing module, hence providing rigidity and structural integrity. The
amino-terminal has been shown to be essential for proper assembly of filaments [83-85] and is
also highly susceptible to proteolytic attack usually leading to posttranslational modification. N-
terminal structural modifications of vimentin IF’s may possibly dictate its intracellular
distribution and molecular organization in various physiological and pathological conditions
[86]. Extracellularly, exposed vimentin IF’s in activated or apoptosed cells may also undergo
citrullination, a process that alters the biochemistry of vimentin in which arginine residues are
deiminized and converted into citrulline [87, 88]. This deiminization of vimentin has been found
to take place within the synovial fluid within joints, largely mediated by macrophages and
monocytes in disease contexts such as rheumatoid arthritis [87, 88].

Apart from proteolytic modifications of vimentin, there are a number of important

proteins that associate with vimentin, one group being proteins such as kinesin and dynein that



bind to vimentin and traverse along microtubules to help vimentin IF’s generate their radial
network throughout the cell [89, 90]. Another set of proteins also associate with vimentin but
with each interaction providing a different function: VN has been shown to multimerize when
monomers first interact with exposed vimentin in the extracellular space [53]. This
multimerization of vitronectin is not well understood but the binding site on vimentin responsible
for this multimerization is found within the first 133 aa of the vimentin N-terminus and likely
upstream of the thrombin cleavage site (94 aa) on vimentin [53]. The observation of VN
multimerization as induced by exposed vimentin IF has many implications, particularly in
explaining how VN multimers are established within ECM and its origins.

The Fc receptors of heavy chain immunoglobulins have also been described with the
ability to bind to vimentin IF’s, an interaction that proposes immune-targeted clearance of
activated and dead cells exposing vimentin to plasma [91, 92]. The first reports of this binding
interaction were observed on endothelial cells and implicated complement-mediated lysis as the
primary means of clearing dead endothelial cells [91, 92], a proposed mechanism preceding the
now accepted pathways of apoptosis as a means of clearing cells.

1.3.3. Vimentin as the cell surface receptor for PAI-1- PAI-1:VN complexes account
for 95% of active PAI-1 in plasma, at a normal concentration of 20 ng/mL [93]. The magnitude
and percentage of circulating active PAI-1 can vary significantly, particularly during
coagulation, tissue injury and wound healing. PAI-1:VN complexes have been observed in
abundance on fibrin fibils in clots and activated platelets with strong, high affinity binding
interactions in which K4 >> 107 [52, 53]. Other reports have also demonstrated low affinity
binding interactions with PAI-1, ligands such as the Ao chain of fibrinogen (16210568), alpha;-

acid glycoprotein (16156651), but of a low affinity binding interaction (<<10®). PAI-1 binding

10



interactions with vitronectin, more likely to occur given its plasma concentration, mediates the
localization of PAI-1 to fibrin and activated platelets by interaction with YA/y’fibrinogen
monomers within fibrin fibrils [52] and exposed vimentin cytoskeleton on the surface of
activated platelets and platelet microparticles [S3]. More specifically, the N-terminus head of
vimentin interacts with vitronectin that results in multimerization of vitronectin on the vimentin
filament, with pre-existing PAI-1:VN complexes in plasma ready to be incorporated into the
multimerized VN via VN homotypic interactions (Figure 1.2) [94].
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Figure 1.2. Summary of PAl-1-vitronectin-vimentin ternary complex formation. Upon
platelet activation, platelet stores of VN and PAI-1 are released into plasma and is accompanied
by the exposure of vimentin IF’s via an unknown mechanism. This exposed vimentin is
susceptible to vitronectin multimerization which provides a form of vitronectin amenable to
homotypic interactions with pre-existing PAI-1:VN complexes in plasma. PAI-1:VN complexes
become bound to this multimerized VN and the PAI-1-VN-VIM ternary complex is formed.

Extracellular presentation of PAI-1 occurs when it forms a ternary complex with
vitronectin and vimentin cytoskeleton that is exposed on the surface of an activated cell but this

mechanism of cell surface expression occurs without the requirement for a transmembrane
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protein receptor. However, it does provide a mechanism as to how active PAI-1 in complex with
vitronectin can be bound to cell surfaces, i.e., platelets and platelet microparticles. Moreover,
because VN has self-association properties to form VN multimers, PAI-1-VN complexes can
bind to the growing VN aggregate, due to VN-VN homotypic interactions, thus incorporating
both circulating plasmaVN, pre-exiting PAI-1:VN plasma complexes and PAI-1:VN complexes
exocytosed during platelet activation [94]. Thus, physical exposure of platelet vimentin
cytoskeleton results in the PAI-1 localized on cell surfaces within thrombi, formation of ternary
complexes that require multimerized VN,

1.3.4. Vimentin in disease — Vimentin was initially used as a histological marker of
tumor malignancy and the extent of cancer progression in breast carcinomas and melanomas.
Morphologically, tumor growth and its cytoskeleton assembly can outpace cell surface
adaptability, leading to the exposure of internal structure to the extracellular environment, thus
evoking the description of cancer as “tumors: wounds that do not heal” [95]. Because IF protein
composition is a defined characteristic for all cell types, IF type I-VI composition can reveal the
extent of tumor cell differentiation and previous cell-type identities of the cancer cell mass [96].
In terms of actual function, the abundance of vimentin IFs as observed in tumor cells both in
vitro and in vivo may yield augmented motility and invasiveness of tumor cells [97] with a
fibrillary pattern of distribution. Although not yet shown or determined, it is reasonable to
speculate that if vimentin is exposed on the surface of tumor cells, it may mediate binding of
multimerized vitronectin, thus providing an added element of cell adhesion, particularly at sites
of cell damage or cell activation. Nonetheless, the hypothesis that over-expression of vimentin

in some tumor cells confers a selective advantage remains to be elucidated.
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Auto-antibodies specific for vimentin are a common diagnostic feature of diseases such
as systemic lupus erythematosus (SLE) [98], rheumatoid arthritis (RA) [99] and transplant
vasculopathy [100]. The pathogenesis of SLE is not well defined but it is hypothesized that
impaired clearance of apoptosed cells may be the source of vimentin that leads to anti-vimentin
antibody (AVA) production [101]. It is suspected that IF-nuclear complexes from incompletely
apoptosed cells are responsible [98, 102]. To date, a pathogenic role for AVA has not been
described in SLE patients.  Patients with theumatoid arthritis also develop anti-vimentin
antibodies, but these are specific for citrinullated vimentin, its deiminated form. This
citrinullated autoantigen may be generated from chronic destruction of synovial tissue, the soft
connective tissue between joints. Inflammation of synovial tissue is often accompanied by
mesenchymal fibroblast and chondrocyte proliferation, leading to vimentin release in the
upwelling of synovial fluid within the cavity [103]. It is within this fluid-filled cavity that
macrophages can release proteolytic enzymes that modify and citrullinate vimentin, which may
possibly be processed by the immune system to generate an AVA responée [87]. Again, no

pathological function of autoantibodies specific for citrullinated vimentin has been determined.

1.4. Organ Transplant Vasculopathy

1.4.1. Introduction - Once commonplace, acute organ rejection has now been limited to
<10% of all transplant recipients [104] due to the introduction of “immuno-suppresant” drugs.
For example, Cyclosporin™ inhibits the synthesis of proliferative cytokines in immune cells,
such as IL-2, that would have resulted in the proliferation of more lymphocytes that would
induce a prolonged allo-immune response against the graft [105, 106]. However, despite a low

incidence of acute rejection and an immunosuppressant regiment, these highly vascularized
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grafts often succumb to another form of rejection, known as chronic rejection, and this occurs at
3-10 years post-transplantation [107]. Chronic rejection of heart and kidney grafts is
characterized by obliterative arteriosclerosis as a result of chronic inflammation, medial necrosis
and intimal thickening of all the vessels of the graft [108, 109].

1.4.2. Chronic organ rejection and MHC-mismatches - Chronic rejection, also known
as transplant vasculopathy (TV) disease, is a multi-factorial disease that is distinct from
conventional lipid-induced atherosclerotic lesions [108, 109]. Conventional atherosclerosis is
morphologically distinct, as lesions are eccentric in their cross-sectional morphology and contain
lipid-rich, necrotic cores. Furthermore, these lesions are only found in some of the larger arteries
of the heart. On the contrary, TVD lesions are concentric in cross-section, and all vessels of the
heart are uniformly narrowed, including the microvasculature and veins [108, 109]. Although
there is a noticeable lack of a lipid-rich core in the early to middle stages of the disease, lipid-
lowering agents have demonstrated pleiotropic and anti-inflammatory effects, contributing to
enhanced management of TVD [110-112]. However, considering that only the vasculature of the
graft is affected whereas other vessels in the body are not, the suppressed host immune system is
implicated in the chronic development of atheromatous lesions in all graft vasculature.

Key to most immune responses are the MHC Class I (presents virally produced proteins
and self antigens) and II (presents phagocytosed/endocytosed antigens that undergo proteolytic
processing) complexes which function to present foreign or self-antigen on the cell surface that
will subsequently generate a cellular and humoral immune response [113, 114]. MHC
complexes are synthesized and found on the surface of every nucleated cell, but not all MHC
complexes are identical; in fact, there are two major classes of human MHC molecules in which

there are up to 100 different MHC molecules. Each person contains an exclusive set of 6 MHC
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Class I complexes and 6 MHC Class II complexes and in the event of an organ or tissue
transplant, efforts towards identifying the set of MHC molecules of a graft and finding a near-
compatible host is critical in order to minimize the amount of MHC mismatch [113, 114].
Although organs are allocated to patients as to minimize MHC mismatches between the host and
donor, there will usually be a minor mismatch and the host will develop an allo-immune
response against the graft [113]. Despite immunosuppression, a dampened immune response
will nevertheless target the organ; in which two major immune outcomes will result: maturation
of T-cells (cell-mediated immunity) and antibodies (humoral immunity) against the foreign
MHC molecules [115-117] and in some cases, the damaged graft itself (non-MHC antibodies).

1.4.3. Antibody-mediated rejection and non-MHC autoantibodies - Chronic rejection is
the result of long term damage caused by low levels of activated graft-specific lymphocytes due
to immunosuppression and antibody-mediated targeting of the graft. These antibodies can be
grouped into: MHC and non-MHC antibodies wherein MHC antibodies are specific for non-host
MHC molecules. Some prime examples of non-MHC antibodies are structural proteins such as
myosin, collagen and vimentin [100, 118, 119]. Both MHC and non-MHC antibodies exert their
effects on the graft by inducing complement-mediated lysis as seen by the abundance of
complement split products deposited within the graft vasculature [120]. This antibody-mediated
complement lysis of endothelium results in inflamed vasculature and dysfunction, thus
promoting atherogenic mechanisms and further immune cell deposition into the graft vasculature
[121].

Many studies have identified the intermediate filament vimentin as an important
autoantigen after allotransplantation [122] leading to the formation of non-MHC antibodies

specific for vimentin. Significant levels of these non-MHC anti-vimentin antibody titres after
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heart transplantation are associated with the development of graft vasculopathy [123], and these
patients also have self-restricted vimentin-specific CD8+-T-cells [124]. Recipients of renal
allografts suffering from chronic rejection also have significant titres of anti-vimentin antibodies
[125]. Moreover, renal allografts placed in recipients with previously high titers of anti-vimentin
antibodies have a higher predisposition to suffer from steroid-resistant acute rejection [125].

The source of vimentin autoantigen is uncleaf in the context of transplant vasculopathy,
but is suspected to originate from the cleavage of vimentin fragments off the surface of
apoptosing endothelial cells [126], leukocytes [127], and activated platelets [53], all of which
exist during the pathogenesis of TVD [126, 127]. As apoptotic cells and antigens released from
these cells are processed by host dendritic cells and presented to self-MHC restricted recipient T-
cells [126, 127], an antibody response may be mounted due to the high inflammatory state of the
patient and associated coactivated T-cell population [128]. Moreover, long ischemic times
increase apoptosis in the graft, which is associated with increased levels of caspase-3 [129], that
cleave vimentin in the cytoskeleton early in apoptosis [130].

The potentially pathogenic contribution of anti-vimentin antibodies cannot be ignored.
Moderate to high levels of anti-vimentin antibody titres (AVA) in patients with cardiac grafts
demonstrate a strong correlation with the incidence of coronary artery disease [123]. However,

the mechanisms of its pathogenic effects on the graft and hemostasis remain unknown.
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CHAPTER II: RATIONALE, HYPOTHESIS, AND EXPERIMENTAL AIMS

2.1. Rationale

The extracellular distribution of PAI-1 has been determined to be governed by its
interactions with VN and vimentin, and together they form a ternary complex that localizes onto
the surface of activated cells. What is not understood is how intracellular stores of PAI-1 from
platelets become localized to the surface of activated platelets and platelet microparticles and the
source of vimentin for this surface distribution. What is also unknown is the conformation of
vitronectin required for the formation of the ternary complex: monomeric or multimeric VN.
Although the extracellular presentation of vimentin cytoskeleton is prerequisite for ternary
complex formation, the manner of vimentin presentation the mechanism of vimentin auto-
antibody formation is unknown. Lastly, do these anti-vimentin antibodies have downstream

effects on cells that naturally express vimentin in the circulation?

2.2. Hypothesis

Ternary complex formation is dependent on the formation and release of microparticles
from the activated cell, morphologically termed microparticles. At the broken junction between
a platelet microparticle (PMP) and platelet that released the PMP, vimentin becomes briefly
exposed and vulnerable to, 1) vitronectin multimerization followed by, 2) PAI-1 and PAI-
l:complex incorporation into the VN multimer aggregate. This exposed vimentin cytoskeleton

becomes the site of anti-vimentin antibody binding, leading to complement-mediated lysis.
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2.3. Specific Aims

1. To develop a fluorescently red form of PAI-1 protein and to characterize this fusion
protein and verify its functionality as a PAI-1 analogue. This protein will be used to
track the intracellular and extracellular fate of endogenously synthesized PAI-1 upon
stimulation of various transfected cell lines.

2. To visualize the ultrastructure of purified ternary complex components and these
components on activated platelets and platelet microparticles.

3. To determine what cell type anti-vimentin antibodies bind to and what effects these

antibodies exert on those cells.

2.4. Methodology Overview

In the first project, cell culture, RT-PCR, nucleic acid ligation, subcloning, selective
bacterial culture and DNA sequencing to construct the fusion vector of PAI-1-dsRed was
performed. Following this, cell transfection on cultured cells, confocal microscopy and live cell
culture wide field fluorescence microvideography to track the PAI-1-dsRed protein
intracellularly and extracellularly was performed. To validate the protein chimera, western
immunoblotting and ligand immunoblotting was performed to characterize the binding
interactions of the fusion protein. In vitro fibrin clot formation was used to characterize PAI-1-
dsRed binding and fibrinolysis. In the second project, flow cytometry and atomic force
microscopy to select platelet microparticles that expressed some if not all components of the
ternary complex was performed. In the third project, a variety of in vitro treatments on whole

blood were performed to compare the effects of anti-vimentin antibodies compared to positive-
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control complement-fixing antibodies which were subsequently analyzed by flow cytometry.

Cell cytotoxicity tests were used to assess cell type specificity of antibodies.

2.5. Potential Relevance of Findings

The cytoskeleton of platelets, neutrophils and endothelial cells is gaining more respect as
a cause and effector for a variety of diseases and pathological processes. This thesis provides a
novel look at how vimentin can interact with components of hemostatic mechanisms and
immune mechanisms by virtue of its biochemical properties. Proteins that interact and associate
with vimentin will gain more importance and provide insights in the treatment and management
of disease.  Although many questions remain due to the conventional intracellular
understandings of vimentin, this research combined with heightened understandings of it within
various cellular contexts such as cell activation or senescence [53, 131] will provide an impetus

to focus on the cytoskeleton’s role in natural processes and disease.

30



CHAPTER 1II: TARGETING OF RECOMBINANT PAI-1-dsRED AND VITRONECTIN
TO _STORAGE GRANULES IN ENDOTHELIAL AND MEGAKARYOCYTE CELL

LINES

3.1. Introduction:

Plasminogen activator inhibitor type-1 (PAI-1) is a serpin inhibitor family and an
inhibitor of both urokinase-type and tissue-type plasminogen activator (WPA/tPA) [1, 2]. PAI-1
plays a pivotal role in clot stabilization by inhibiting the fibrinolytic activities of fibrin-bound
tPA. PAI-1 is expressed by a number of cell types, most notably endothelial cells {3-5],
megakaryocytes [6, 7] and platelets [8, 9]. The active form of PAI-1 is stabilized when it forms
a complex with vitronectin (VN), which prevents the re-insertion of the PAI-1 reactive center
loop back into the body of the molecule [10]. PAI-1-VN complexes are present in o-granules of
platelets, and this complex assembly occurs when VN is endocytosed into o-granules that
contain endogenously synthesized PAI-1 [7, 11].

In platelets and megakaryocytes, PAI-1 is organized into o-granules, along with other

resident o-granule proteins such as VN, vWF and P-selectin [7, 9, 11]. Exocytosis of o-granules
and hence PAI-1, has also demonstrated to be secretogogue dependent [12]. In the context of
endothelial cells, studies to date do not report compartmentalization of PAI-1 to storage granules
such as Weibel-Palade bodies (WPB’s) [13]. However, both endothelial cells and

megakaryocytes are of mesenchymal lineage, and their storage granules - Weibel-Palade bodies

' A version of this chapter will be submitted for publication. Leong, HS, Bateman RB, Walinski H, and Podor T.J.
Targeting of Recombinant PAI-1-dsRed and Vitronectin to Storage Granules in Endothelial and Megakaryocyte Cell
Lines.
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and o-granules, contain similar resident proteins such as vVWF and P-selectin. Although PAI-1 is
present within o-granules, it has not been determined to reside in an endothelial storage vacuole,
except for the Golgi. For example, Rosnoblet et al. have demonstrated that intracellular stores of
PAI-1 are confined to the Golgi, with a more recent report describing PAI-1 colocalization with
Giantin, a Golgi protein marker in HUVEC cells [14].

In this study, a fluorescent form of PAI-1 was developed to examine its intracellular
compartmentalization in endothelial and megakaryocytic cell lines without the use of epitope
specific antibodies. Intracellular PAI-1 may evade antibody detection because epitopes may be
masked due to complex formation with VN. We constructed a red fluorescent form of PAI-1
which exhibits a spectral excitation/emission profile of 553/584 nm. This fusion protein consists
of a dsRed fluorescent protein fused to the C-terminus of the PAI-1 protein. The possibility of
protein-tag interference and its potential impact on PAI-1 active-inactive states was addressed by
assessment of the ability of PAI-1-dsRed to bind to tissue-type plasminogen activator (tPA) and
vitronectin (VN), and its ability to attenuate fibrin clot lysis. Following this assessment, we then
determined PAI-1 compartmentalization in an endothelial cell line (Eahy926) and subsequently
its fate after TNF-o treatment. These properties were then compared in a transfected
megakaryocyte cell line (MEG-01) in which PAI-1 organization into storage granules had been

previously described.
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3.2. Materials and Methods:
3.2.1. PAI-1-dsRed plasmid construction

RNA isolation was performed with Trizol reagent (Invitrogen Inc., Carlsbad, CA) on
Eahy926 cell culture grown to 80% confluency. Human plasminogen activator inhibitor type-1
cDNA (PAI-1; GI accession number: 189541) was amplified via RT-PCR (Forward: 5° GGA
TCC GGG TTC CAT CAC TTG GCC CA 3’ Reverse: 5’GAA TTC GTC TTT GGT GAA GGG
TCT GC 3’) using SuperScript Il RNaseH™ RT and Platinum HiFi Taq polymerase (Invitrogen
Inc.). PCR product was ligated into a TOPO vector (Invitrogen Inc.) and upon transformation
into chemically competent cells, the PAI-1 cDNA was subcloned into the pDsRedN1 plasmid
(Clontech Inc., Mountain View, CA) in which PAI-1-dsRed transgene expression is
transcriptionally controlled by a pCMV promoter. Sequencing was performed to verify the

identity and frame of the insert into the pDsRedN1 plasmid.

3.2.2. Transfection of Eahy926 and MEG-01 cell cultures

Human endothelial hybridoma Eahy926 were used because it is an endothelial cell line
that can be transfected (obtained from Dr. C Edgell, University of North Carolina) and were
cultured on 30 mm six well plates grown to ~70% confluency with DMEM supplemented with
10% FBS. For transfections, ~1 pg of PAI-1-dsRed plasmid and 3 pL of FuGENE6 (Roche
Diagnostics Inc., Indianapolis, IN) was used per well, and was incubated without serum for 24
hours. After 24 hours, the cells were washed and replenished with DMEM + 10% FBS. At
specified timepoints post-transfection (0, 6, 12, 24, 48, 72 hours), 1 mL conditioned media was

collected for immunoblot analysis.
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3.2.3. Immunoblot analysis of conditioned media from transfected Eahy926 cells

SDS-PAGE of samples of conditioned media on 8% polyacrylamide gels was followed
by transfer onto nitrocellulose membrane using a Bio-Rad mini-gel and transfer apparatus
(BioRad Inc., Hercules, CA). Membranes blocked with 5% dry milk powder in TBS+0.05%
Tween were subsequently probed with either: sheep o human PAI-1 IgG (1:1000 dilution;
Affinity Biologicals Inc., Ancaster, ON), mouse o dsRed IgG (1:500 dilution; Clontech Inc.),
sheep o human tPA IgG (1:1000 dilution — Affinity Biologicals Inc.), or sheep o0 human VN
(1:1000 dilution — Affinity Biologicals Inc.). This was followed by secondary antibody detection
with IgG-linked AP antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and the AP
developing kit (BioRad Inc).

VN ligand blots were performed by running lanes of 50 ng purified vitronectin (Affinity
Biologicals Inc.) in 8% SDS-PAGE gels with the mini-gel apparatus and then transferred onto
nitrocellulose membrane. Individual strips of membrane each representing a lane of
electrophoresed VN were individually cut, incubated and shaken overnight with 1 mL of
conditioned medium at room temperature. After incubation, the strips were immunoblotted with
antibodies specific for PAI-1 or dsRed. Positive and negative controls were strips that were

immunoblotted with antibodies specific for VN and IgG-AP respectively.

3.2.4. Confocal microscopy of tPA-Pacific Blue:PAI-1-dsRed complexes in fibrin clot lysis
To assess PAI-1-dsRed functionality in terms of binding to tPA and its ability to attenuate
fibrin clot lysis, tPA (Alteplase, Genentech, South San Francisco, CA) was labeled with Pacific

Blue-Maleimide agent as previously described (Molecular Probes Inc., Eugene, OR) [15].
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Conditioned media containing PAI-1-dsRed (~2 mg/mL total protein) was incubated with 10 nM
tPA-Pacific Blue for 5 minutes at 37°C and then added to a reaction mix consisting of 3 mM
purified fibrinogen, 0.1 mM fibrinogen-alexa488 (Molecular Probes Inc.) in Tyrode’s buffer at
pH 7.4. The clot was formed on a 24 x 50 mm coverslip by addition of 1.0 pL of 10 U/mL
thrombin and then quickly overlaid with a 22 x 22 mm coverslip and incubated at 37°C in the
dark for 30 minutes. The 22 x 22 mm coverslip was cleaved off the larger coverslip and
confocal microscopy used to visualize the distribution of PAI-1-dsRed and tPA-Pacific Blue on
the Alexa488-labeled fibrin lattice. To initiate clot lysis, 100 uL of platelet-poor plasma (PPP)
warmed to 37°C was overlaid onto the clot and field of view. Immediately after addition of PPP,
confocal scans of PAI-1-dsRed, tPA-Pacific Blue and fibrinogen-Alexa488 were acquired
sequentially every 30 seconds for 20 minutes. For confocal microscopy, a Leica inverted
DMIRE2 microscope fitted with a TCS SP2 AOBS scanner was used. A Leica 63X/NA=1.20
HCS PL APO objective for water immersion optics (cat. # - 506131) was used for all widefield

and confocal microscopy.

3.2.5. Immunofluorescence staining of transfected MEG-01and Eahy926 cultured cells

The human megakaryoblastic cell line MEG-01 (ATCC, Manassas, VA) was cultured
onto fibronectin coated glass coverslips with RPMI 1640 media supplemented with 10% FBS
and 1 mM sodium pyruvate. Cells were pre-treated with 1.0 nM of phorbol 12-myristate 13-
acetate (PMA) (Sigma-Aldrich Inc., Oakville, ON) prior to transfection to induce cell flattening
and maturation(8001904). The transfection protocol is as described above. Transfected cells
were fixed with 4% paraformaldehyde for 10 minutes and then incubated with PBS+ 0.01%

Triton-X for 10 minutes. Immunofluorescence staining was performed with the previously
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described primary antibodies at the same dilutions. Alexa488 conjugated secondary antibodies
were used according to the primary antibody used (Molecular Probes Inc.)). Cells were
counterstained with Hoechst 33342 nuclear stain.

Eahy926 cells were cultured onto coverslips in 30mm six well culture plates to a 75-80%
confluency and transfected as described above. Transfected cells were fixed with 4%
paraformaldehyde for 10 minutes and then incubated with PBS+ 0.01% Triton-X for 10 minutes.
Transfected cells were stained with these antibodies: rabbit anti-human vWF (1:250 dilution,
Dako, Mississauga, ON) with donkey anti-rabbit IgG-Alexa488 (Molecular Probes Inc.), or with
goat anti-human CD62P (1:500 dilution, Biovision, MountainView, CA) with donkey anti-goat

IgG-Alexa633 (Molecular Probes Inc.).

3.2.6. Immunofluorescence staining of TNF-a activated transfected Eahy926 cell cultures
Eahy926 cells were cultured onto glass coverslips and cultured to 70% confluency with
DMEM supplemented with 10% FBS. Three days following transfection with PAI-1-dsRed
vector, cells were activated with 100 ng/mL of TNF-a for 12 hours prior to paraformaldehyde
fixation and staining. After blocking with sheep and donkey normal serum (5% in PBS), wells
were immunostained with sheep o-human VN IgG and donkey anti-sheep IgG-Alexa488 or
mouse o-human vimentin (3B4) IgG with goat anti-mouse IgG-Alexa488. Sheep IgG or mouse
IgG was used as isotype antibody controls. A Hoechst 33342 nuclear counterstain was used at

1:1000 dilution post-antibody labeling.
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3.2.7. Videomicroscopic analysis of exocytosis of fibrinogen-Alexa488 and PAI-1-dsRed from o-
granules in MEG-01 cells

To examine whether stored PAI-1-dsRed could be rapidly released upon thrombin
stimulation in megakaryocytes, stably transfected PMA-treated MEG-01 cells were cultured with
Alexa488-labeled fibrinogen (50nM final) for 6 hours. Fibrinogen-Alexa488 is known to be
endocytosed into a-granules via glycoprotein IIb-IITa [16], and was used as a positive control for
o-granule exocytosis. Endocytosis tracing of fluorescently labeled VN was impractical for these
studies that required monomeric, native VN due to the multimerization of the protein during
conjugation, thus fibrinogen was used as a surrogate marker for an internalized o-granule
protein. The cells were then counterstained with Hoechst 33342 for 10 minutes and then gently
washed with RPMI 1640 media. A temperature and CO, gas regulated stage specimen setup was
used to allow for time-lapse fluorescence imaging of exocytosis of PAI-1-dsRed and fibrinogen-
Alexa488. Cells were stimulated by the addition of 100 pL of thrombin (1.0 U/mL in PBS pH
7.2). For wide-field fluorescence microscopy, a Leica DMIRE2 inverted microscope fitted with
a 515-560/580/590 (nm) dichroic filter set for dsRed excitation/emission, and a 450-490/510/515
(nm) dichroic filter set for Alexa488 excitation/emission was used. Wide field images were
sequentially acquired every 5 seconds for 10 minutes with a Retiga EXi mono CCD camera
(QImaging, Inc., Burnaby, BC) with an exposure time of 20 milliseconds per frame and the
camera set on automatic gain. Heat mirrors and a neutral density filter (3% transmittance)

minimized sample overheating and fluorophore photobleaching.
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3.3. Results
3.3.1. PAI-1-dsRed synthesis and secretion by transfected Eahy926 cell culture

Human PAI-1 cDNA was cloned by RT-PCR amplification using mRNA from cultured
Eahy926 cells to generate a ~1.2 kb PCR product that was ligated into the pDsRedN1 vector.
Restriction enzyme digest analysis confirmed successful insertion (Figure 1A). DNA sequence
analysis of this insert confirmed 100% identity with the published amino acid sequence of PAI-1
(GI accession number: 189541). The resulting vector was named pDsRed-PAI-1 in which the
PAI-1 ¢DNA sequence was fused with a 6 alanine residue sequence followed by the dsRed
sequence (5’ to 3’ end).

Transfection of Eahy926 cells with the pDsRed-PAI-1 vector resulted in the synthesis
and secretion of two distinct forms of PAI-1, native PAI-1 (~45 kDa) and PAI-1-dsRed (~70
kDa). As shown in Figure 3.1, conditioned media was collected at various time points post-
transfection and upon western immunoblot analysis with a polyclonal antibody specific for PAI-
1, both forms of PAI-1, PAI-1-dsRed and native PAI-1 were detected. Since both forms of PAI-
1 are under different transcriptional control, detection of PAI-1-dsRed protein expression and
secretion was not evident until 24 hours post-transfection. There was gradual accumulation of
native PAI-1 over all time points as well as PAI-1-dsRed accumulation in later time points as
evidenced by increasing intensity of bands over time at the 45kDa and 65kDa size level. To
assess potential bleedthrough for each fluorophore used, spectral control images were acquired
by collecting signal in wavelength ranges lower than the incident light used to excite the
fluorophore or higher than the predicted emission range. For example, spectral controls for
dsRed were: 530-560nm when using 563nm incident light; 600-650nm when using 488nm

incident light for FITC/Alexa488.
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Figure 3.1. Construction of pDsRed-PAl-1 vector and synthesis of chimeric PAIl-1-
dsRed protein in transfected cells. Panel A) is a restriction digest of pDsRed-PAlI-1
vector to confirm insertion of human PAI-1 cDNA clone. Panel B) is an immunoblot of
conditioned media from cultured Eahy926 cells transfected with the pDsRed-PAl-1
vector. A PAI-1 polyclonal antibody detected both native PAI-1 and PAl-dsRed in
conditioned media.

3.3.2. PAI-1-dsRed forms a complex with addition of exogenous tPA

Purified tPA (200 ng) was added to 40 uL of conditioned media from the 48 hour time
point, to determine if exogenous tPA could form complexes with both secreted PAI-1-dsRed and
native PAI-1. Upon immunoblotting with a tPA primary antibody, a doublet band was observed
at the ~110 and ~135 kDa size range (Figure 3.2), thus representing tPA complex formation with
native PAI-1 (~110 kDa) and PAI-1-dsRed (~135 kDa). Moreover, immunoblotting with the
dsRed primary antibody only recognized the PAI-1-dsRed fusion protein which was the upper
band of the doublet. The matching intensities of both bands at ~110 kDA and ~130 kDa also

indicates that exogenous tPA has similar binding affinities to both PAI-1 and PAI-1-dsRed.
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Figure 3.2. PAl-1-dsRed chimeric protein forms covalent complexes with
exogenous tPA. Lane 1 was immunoblotted with a dsRed monoclonal antibody and
lane 2 was immunoblotted with a tPA polyclonal antibody. The dsRed antibody
detected one band representing PAI-1-dsRed-tPA complexes, whereas the tPA
antibody detected both PAI-1-tPA and PAI-1-dsRed-tPA complexes.

3.3.3. PAI-I1-dsRed binds to immobilized vitronectin (VN)

A VN ligand blot was performed to determine if the dsRed tag on the PAI-1-dsRed
molecule could hinder PAI-1-dsRed binding to immobilized VN [9]. Figure 3.3 demonstrates
PAI-1-dsRed binding interaction with immobilized VN as confirmed by dsRed and PAI-1
antibodies. Nitrocellulose lanes of electophoresed VN were incubated with conditioned media
so that both PAI-1 and PAI-1-dsRed could bind to immobilized VN. The positive control in the
first lane was not incubated with conditioned media and was stained with VN primary antibody
to demarcate the doublet banding pattern of VN. The doublet pattern present in the lane as
stained by the polyclonal PAI-1 antibody suggests that both native and fusion forms of PAI-1
binded to the immobilized VN. The third lane was immunoblotted with dsRed antibody and the
doublet banding pattern confirmed the ability of PAI-1-dsRed to bind to both bands of
immobilized VN. The negative control was a lane of immobilized VN incubated with mouse

IgG followed by secondary antibody detection with goat anti-mouse IgG AP.
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Figure 3.3. PAI-1-dsRed chimeric protein binds to immobilized vitronectin.
Purified VN was electrophoresed and transfected to nitrocellulose. Each individual strip
was then incubated with conditioned media from transfected Eahy926 cells and then
immunoblotted with antibodies specific for (lane 1) vitronectin, or PAl-1(lane 2), or
dsRed (lane 3), or a mouse IgG; isotype control (lane 4). Lane 1 highlights the position
of immobilized two-chain vitronectin (75- and 65-kDa). Lane 2 demonstrates the binding
of both PAI-1 and PAI-1-dsRed present in the conditioned media that binded to
immobilized vitronectin. Lane 3 demonstrates the binding of only PAI-1-dsRed to
immobilized vitronectin from conditioned media.

3.3.4. PAI-1-dsRed attenuates clot lysis in the presence of exogenous tPA

For production of PAI-1-dsRed alone, CHO cells were grown to ~90% confluency and
transfected with the vector according to transfection protocols used for Eahy926 cells.
Conditioned media was collected and used as a source of PAI-1-dsRed in these experiments.
Fibrin clots were formed with purified human fibrinogen and trace amounts of fibrinogen-
Alexad88, tPA-Pacific Blue, and in some clots to inhibit tPA-Pacific Blue, PAI-1-dsRed was

also added. To initiate tPA-Pacific Blue mediated clot lysis, platelet poor plasma (PPP) was
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overlaid onto these fibrin clots to initiate plasminogen conversion into plasmin, leading to clot
lysis. Three channel fluorescence images of tPA-Pacific Blue, fibrinogen-Alexa488, and PAI-1-
dsRed were acquired every 30 seconds to determine the effect of PAI-1-dsRed on tPA-mediated
clot lysis. Figure 3.4 illustrates the distribution of tPA-Pacific Blue, PAI-1-dsRed on an
Alexa488-fibrin clot (Figure 3.4A-E) and the rate of clot lysis (Figure 3.4F) as measured by the
amount of Alexa488-fibrinogen fluorescence intensity in the field of view remaining at each time
point. Confocal microscopy revealed PAI-1-dsRed co-localization to areas of tPA-Pacific Blue
signal which were present intermittently throughout the fibrin clot as a punctate signal (Figure
3.4C). Figures 3.4A-B depict the distribution of tPA-Pacific Blue and PAI-1-dsRed respectively
and a composite of these channels in Figure 3.4C, demonstrates a high degree of colocalization.
Figure 3.4E represents a composite of PAI-1-dsRed and fibrin-Alexa488 channels, and yellow
signal represents PAI-1-dsRed bound to Alexa488-labelled fibrils. In an experiment to
determine rates of clot lysis with or without PAI-1-dsRed (Figure 3.4F), clots supplemented with
PAI-dsRed prior to PPP addition displayed a lower rate of clot lysis compared to the clot
supplemented with just tPA-Pacific Blue. At 10 minutes, fibrinolysis as mediated by tPA-Pacific
Blue resulted in ~80% dissolution of the original clot (black plot line) compared to ~10%
dissolution of the clot supplemented with both tPA-Pacific Blue and PAI-1-dsRed (red plot line).
The difference in initial RFI of Alexa488-fibrinogen/area is explained by the greater amount of
Alexa488-fibrin present within the field of view (black plot line vs. red plot line) prior to

addition of plasma.
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Figure 3.4. PAIl-1-dsRed attenuates t-PA mediated fibrin clot lysis. Figures 4A-B
depict the distribution of tPA-Pacific Blue and PAI-1-dsRed respectively in the fibrin
clots formed with 0.1 U/mL thrombin, and trace amounts of fibrinogen-Alexa488 and 0.1
mM tPA-Pacific Blue. Figure 3.4C depicts a composite of the pseudocolored Figures
3.4A-B and reveals the colocalization of tPA-Pacific Blue and PAI-1-dsRed (depicted as
magenta signal). Figure 3.4D is a pseudocolor image of the Alexa488-fibrin clot, and
again depicted in green in Figure 3.4E which is a composite of Figure 3.4B & D with
yellow signal indicating areas of colocalization of PAI-1-dsRed on fibrin fibrils. In Figure
3.4F, (i) is the rate of fibrinolysis in a fibrin clot treated with tPA-Pacific Blue (n=1), while
(i) is the rate of fibrinolysis in a fibrin clot treated with t-PA and PAI-1-dsRed (n=1).
Lysis was measured by the total relative fluorescence intensity of Alexa488-fibrin(ogen)
in a randomly selected field of view.

o

3.3.5. PAI-1-dsRed localizes with P-selectin and vWF in Eahy926 cells

Figure 3.5 depicts the intracellular localization of PAI-1-dsRed protein in relation to vVWF
(Figure 3.5A) and P-selectin (Figure 3.5B) in Triton X-100 permeabilized Eahy926 cells. PAI-1-
dsRed was shown to significantly co-localize to granules containing P-selectin and vWF, both
resident Weibel-Palade body (WPB) proteins. Calculations to assess colocalization determined

that PAI-1-dsRed demonstrated strong colocalization correlations for P-selectin (R=0.65) and
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vWF (R=0.77) (Figures 3.5A-B). Colocalization correlation values were determined with

Imagel software.
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Figure 3.5. Intracellular compartmentalization of PAI-1-dsRed in Eahy926 cells.
Confocal microscopy of immunofluorescence stained Eahy926 cells transfected with the
PAI-1-dsRed vector. Figure 3.5A depicts colocalization of PAI-1-dsRed (red) to
granules containing VWF (green). The composite image reveals colocalization of
R=0.65 between VWF and PAI-1-dsRed. Figure 3.5B depicts colocalization of PAI-1-
dsRed (red) to granules containing P-selectin (green) in another transfected Eahy926
cell. The composite image reveals a colocalization R=0.77 between P-selectin and PAI-
1-dsRed. Each scale bar represents 10.0 um. The bottom images represent spectral
controls for PAI-1-dsRed (two bottom right) and isotype labeling controls (Rabbit IgG for
VWF and Goat IgG for P-selectin).
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3.3.6. Activated endothelial cells express extracellular PAl-1-dsRed associated with vimentin
Transfected Eahy926 cells were activated with TNF-a to induce PAI-1 exocytosis and to
determine the nature of extracellular PAI-1 distribution on the activated endothelial cell surfaces
[17-20]. In Figure 3.6A, PAI-1dsRed was found to co-localize with VN present on the surface of
non-permeabilized activated Eahy926 cells, suggesting that PAI-1 is bound to the surface via a
PAI-1:VN complex interaction. Figure 3.6B demonstrates the distribution of surface exposed
vimentin on non-permeabilized Eahy926 cells which is exposed as a result of cell activation by
TNF-o treatment. PAI-1-dsRed was shown to co-localize with VN (Figure 3.6A) and was
associated with exposed vimentin intermediate filaments (Figure 3.6B) suggesting that VN and

vimentin surface expression is a requirement for PAI-1 binding on cell surfaces [9].
| .. | .
Figure 3.6. TNF-a treated Eahy926 cells express PAIl-1-dsRed:vitronectin:vimentin
complexes on their cell surface. Eahy926 cells transfected with the PAI-1-dsRed
vector were activated with 12 hours incubation of 100 ng/mL TNF-a. Non-permeabilized
cells were immunostained for either vitronectin or vimentin (green) and a Hoechst
33342 counterstain. Figure 3.6A represents a TNF-a activated transfected Eahy926 cell
revealing colocalization of vitronectin (green) and PAI-1-dsRed (red) on the cell surface.
Figure 3.6B represents the distribution of PAI-1-dsRed relative to exposed vimentin

(green) on the surface of the activated Eahy926 cells. The arrow heads highlight sites
of PAI-1-dsRed binding to exposed vimentin cytoskeleton. Scale bar, 7.0 pm.
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3.3.7. PAI-1-dsRed is targeted to a-granules in MEG-01 cells for rapid exocytosis

Transfected MEG-01 cells were also stained with a variety of antibodies to confirm PAI-
1-dsRed co-localization to resident o-granule proteins such as VN (Figure 3.7). The PAI-1
polyclonal antibody was able to detect the majority of PAI-1-dsRed as shown by the strong
yellow colocalization signal in the channel composite image. The disparate signal in Figure
3.7A is due to the pseudopodial extensions on that particular cell. Staining with VN and vWF
antibodies demonstrated strong yellow colocalization signal in both channel composite images,
confirming that PAl-dsRed is compartmentalized to o-granules. PAI-1-dsRed fluorescence

signal did not appear alone and was generally found to colocalize with PAI-1, VN and vWF.

A

Figure 3.7. Intracellular compartmentalization of PAI-1-dsRed in MEG-01 cells.

As represented in whole image projections, transfected MEG-01 cells were stained with
antibodies specific for PAI-1 (A), vitronectin (B), and VWF (C) and each antigen was
localized to a-granules. The far right image of each panel is the overlay composite in
which yellow signal denotes colocalization of PAI-1-dsRed and the antibody stain.
Scale bar, 10.0 pum.
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3.3.8. Exocytosis of a-granules containing stores of PAI-1-dsRed in MEG-01 cells

To examine real-time exocytosis of PAI-1-dsRed from storage granules, transfected
MEG-01 cells were incubated with 0.1 mM Alexa488-fibrinogen overnight to use as a positive
marker for the dynamics of a a-granule protein. MEG-01 cells endocytosed Alexa488-fibrinogen
into o-granules and exhibited significant colocalization with PAI-1-dsRed stores (Figure 3.8A-
B). Thrombin-induced (1.0 U/mL) exocytosis resulted in rapid (~1 minute) release of large
granules containing both fibrinogen—Alexa488 and PAI-1-dsRed.

In contrast, a second subpopulation of granules positive for both fluorophores within the
cytosol demonstrated signal depletion over a longer time period (~5 minutes); suggesting
mobilization and externalization of this second subpopulation of granules. Additionally, a third
subpopulation of granules positive for both fibrinogen-Alexa488 and PAI-1-dsRed remained
stationary throughout the acquisition time period. In Scan A&B, the peaks of the line scan
represent the signal of granules containing both Alexa488-fibrinogen (in green) and PAI-1-
dsRed (in red). Scan A represents granules that eventually become exocytosed and another
granule that remains stationary throughout the acquisition period. This stationary granule may
represent immature granules that are not able to undergo exocytosis. Scan B represents two

granules that become exocytosed by depletion of signal and loss of a doublet peak.
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Figure 3.8. Exocytosis of PAI-1-dsRed and Alexa 488-fibrinogen from MEG-01 a-
granules. MEG-01 cells with stores of Alexa 488-fibrinogen and PAI-1-dsRed were
activated with thrombin (10 U/mL) to observe exocytosis of granules containing PAI-1-
dsRed. Figures 3.8A-B depict wide-field fluorescence images of fibrinogen-Alexa 488
(upper panels in 3.8A-B) and PAI-1-dsRed (lower panels in 3.8A-B) in two different
MEG-01 cells at various time points (min:sec) after thrombin stimulation. The
accompanying graphs (right side) for Figures 3.8A-B depict spectral line scans of PAI-1-
dsRed signal (deep red curve: t=0 secs, red curve: t=45 secs, red dashed curve: t=405
secs) and Alexa488-fibrinogen signal (deep green curve: =0 secs, green curve: t=50
secs, dashed green curve: =410 secs). The yellow and white arrowheads in the
images represent the scan line used to analyze the image, and this data is presented in
the graphs to the right of the images.
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3.4. Discussion:

3.4.1. Overview

In this report, we reveal that a novel PAI-1-dsRed fusion protein is targeted to granules
containing vitronectin within endothelial and megakaryocyte cell lineages respectively. PAI-1-
dsRed was able to form complexes with VN on nitrocellulose, formed SDS-stable complexes
with tPA in conditioned media, and on the fibrin fibril surface PAI-1-dsRed attenuated clot lysis.
Moreover, PAI-1-dsRed was sorted into o-granules in megakaryocytic cell cultures, and was
exocytosed upon thrombin stimulation. Interestingly, in the context of the Eahy926 cells, PAI-1-
dsRed was found to colocalize with vWF- and P-selectin- containing granules, which has not
been previously described. Upon TNF-o activation, PAI-1 was found to translocate to surface
bound VN, and exposed vimentin intermediate filaments. These findings are consistent with
previous flow cytometry and immunogold studies on activated human and bovine endothelium in
vitro [19]. The vitronectin-dependent binding of PAI-1 to vimentin has also been demonstrated
in activated platelets and platelet microparticles generated in vitro and in subjects with heart
disease undergoing acute exercise stress [9].

PAI-1-dsRed is the first fluorescent protein form of PAI-1 for investigating protein-
protein binding interactions, biogenesis and maturation of secretory granules, and the
constitutive and regulated pathways of exocytosis in megakaryocytic cells and endothelium. Our
finding of PAI-1-dsRed colocalizing with vWF and P-selectin in WPB-like granules in Eahy926
cells raises the question regarding the role of the fluorescent dsRed protein in regulating the
sorting of the fusion protein. As a protein tag, dsRed was significantly large enough (~23 kDa)
to cast concerns about its potential steric interference effect on PAI-1, a serpin highly dependent

on the position of its reactive center loop (RCL) relative to its body. However, recognition of
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both native and fused forms of PAI-1 by a polyclonal specific for PAI-1 now suggests that the
dsRed tag does not interfere with the PAI-1 antibody binding epitopes. In terms of VN binding
interactions with PAI-1-dsRed, positioning the dsRed tag at the C-terminus end of the PAI-1
enabled the VN binding site (aa 115-167) [21] to remain unobstructed, thereby allowing active to
inactive latent phases of the PAI-1 molecule to be primarily dependent on its interactions with
VN. Similar strategies in fusing a GFP tag with vimentin and cathepsin B also preserved
functionality [22, 23].

Previous studies for tracking PAI-1 entailed the chemical conjugation of FITC or biotin
to the PAI-1 molecule [24, 25]. In detail, specific conjugation of fluorophores such as FITC to
the P1’ [26], P3 and P18 domain of PAI-1 [27] by insertion of a cysteine residue by site-directed
mutagenesis permitted labeling of this sulfhydryl group with iodoacetamide derivatives of
fluorophores such as FITC without any observed inhibition of PAI-1:tPA interactions; in fact,
these strategies further stabilized PAI-1 activity [24]. Biotinylation of PAI-1 also resulted in
minimal loss of PAI-1 inhibitory activity as determined by VN ligand blotting and ELISA [7].
In terms of protein tags, we have previously constructed a recombinant human PAI-1 fusion
protein containing the 6 residual peptide consensus sequences for heart muscle kinase (HMK) at
the amino terminus and shown it to be fully functional, while also allowing for radiolabelling
with **P for quantitative binding studies [25]. However, our use of the PAI-1-dsRed fusion now
gives us the same advantages as all the other forms of labeled PAI-1 plus the advantage of its use

in real-time secretory granule biogenesis tracking studies.
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3.4.2. Thrombin induced MEG-01 cell a-granule exocytosis

Time-lapse video microscopy confirmed that thrombin stimulation of MEG-01 cells
induced rapid exocytosis of a large majority of o-granules storing PAI-1, PAI-1-dsRed and
fibrinogen within <45 seconds. A second population of o-granules containing PAI-1-dsRed
remained static but demonstrated depletion of signal over a longer period of time. It appears that
there are two classes of o-granules: larger more mature o-granules which possessed both
fibrinogen and PAI-1-dsRed stores primed for exocytosis, and smaller more peri-nuclear vesicles
that only contained PAI-1-dsRed. It is conceivable that the lack of fibrinogen in these smaller
granules may suggest an immature stage of these granules, perhaps containing freshly
synthesized PAI-1 shuttled from the Golgi apparatus. Therefore, it is a possibility that PAI-1-
VN complexes are assembled in fully mature granules nearest the cell membrane because VN
would be expected to follow a similar endocytotic fate as fibrinogen [9, 28]. Similar observations
regarding differential fates of storage granules have been found in cultured HUVECs and their
WPB’s when activated by thrombin. Vinogradova et al., observed two main fates of vWF-
containing Weibel-Palade bodies, immediate exocytosis or centrosome-directed translocation to

the peri-nuclear space [29].

3.4.3. PAI-1 colocalizes with vWF in Eahy926 cells

After establishing the properties of PAI-1-dsRed as a native equivalent of PAI-1, we
determined that it colocalizes with vWF and P-selectin in large, heterogeneous shaped granules
in Eahy926 cells. Given that vWF and P-selectin are well-described Weibel-Palade body (WPB)
resident proteins, it is apparent that PAI-1-dsRed is internalized into these granules just as it is in

megakaryocytic cells and platelets [7]. Perhaps more relevant is that these results challenge
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previous reports describing PAI-1 intracellular distribution [13, 14], in that our technique of PAI-
1 intracellular colocalization does not require antibody detection of PAI-1. This is an advantage
for in vitro and in vivo tracing studies given the disadvantages of using an antibody that may
have a poor binding signal because of steric hinderance from VN or other WPB proteins,
masking binding epitopes on the PAI-1 molecule. Using the PAI-1-dsRed protein, we were able
to observe the punctate or ring-like distribution of exposed vimentin [32] and the distribution of
vimentin-vitronectin-PAI-1 ternary complexes at these sites on the surface of TNF-o activated
Eahy926 cells. More specifically, PAI-1-dsRed was found to be primarily associated with VN
and the exposed vimentin intermediate filament cytoskeleton, a finding only previously observed
on activated platelets and platelet microparticles [9]. Overall, the punctate distribution of PAI-1-
dsRed and VN (Figure 3.6A) indicates that cell activation results in the binding of PAI-1-
dsRed:VN complexes from the conditioned media binding to this exposed vimentin cytoskeleton,
forming the ternary complex as previously described [9]. To validate the ring-like, punctate
distribution of VN and PAI-1, previous reports have also described this observation of surface
exposed vimentin in a ring-like morphology [32, 33]. Surface vimentin exposed to plasma, will
act as a site for VN multimerization [9] and to an extent, PAI-1-dsRed:VN complex
incorporation into this VN multimer via VN-VN homotypic interactions [34].

The construction of the first endogenous red fluorescent form of functionally active
human PAI-1 is a catalyst for studying the cell biology of PAI-1 and its role in vascular
fibrinolysis. In addition to real-time fluorescence imaging in cultured cells, the PAI-1-dsRed
fusion protein can be used for in vivo applications with transgenic mice, and as purified protein

for ELISA assay design, and for studying interactions between PAI-1 and target ligands.
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CHAPTER 1V: DISTRIBUTION OF PAI-1:VITRONECTIN:VIMENTIN TERNARY
COMPLEXES ON ACTIVATED PLATELETS AND PLATELET MICROPARTICLES

BY ATOMIC FORCE MICROSCOPY.

4.1. Introduction:

Elevated plasma levels of plasminogen activator inhibitor type-1 (PAI-1) have been
found to be correlated with thrombotic events, a likely association due to its ability to inhibit the
fibrinolytic branch of hemostasis [1-6]. PAI-1 can attenuate fibrinolytic breakdown of thrombi
by inhibiting the key initiators of fibrinolysis, tissue-type and urokinase-type plasminogen
activators (tPA and uPA) [7], and the inhibitory activity of PAI-1 is further prolonged when it
forms a complex with vitronectin (VN), an abundant plasma protein [8]. While VN can stabilize
PAI-1 activity, VN can also direct PAI-1 localization in thrombi by mediating its binding to two
major components: the surfaces of activated platelets and fibrin [9, 10].

The assembly of the PAI-1:VN:vimentin ternary complex is largely responsible for the majority
of cell-surface bound PAI-1 on activated cells, namely activated platelets and platelet
microparticles (PMP’s). In detail, VN binds with high affinity to vimentin [9], a cytoskeletal
intermediate filament protein expressed by mesenchymal cell lineages such as platelets [9, 11],
endothelial cells [12, 13] and leukocytes [14]. We have previously determined that the head
domain of vimentin is exposed on the surface of activated platelets, acting as a site for
multimerization of VN and incorporation of PAI-1:VN complexes [9]. In theory, PAI-1:VN

complexes can also be incorporated into these vimentin-induced multimers due to homotypic

'A version of this chapter will be submitted for publication. Leong, HS, Bateman RB, Walinski H, van Eeden SV
and Podor T.J. Distribution of PAI-1:Vitronectin:Vimentin Ternary Complexes on Activated Platelets and Platelet
Microparticles by Atomic Force Microscopy.
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VN-VN interactions [15]. Although the exact proportion of each component is not fully
understood, the extent of vimentin-induced multimerization of VN is thought to dictate the extent
of PAI-1 localization onto activated cell surfaces.

Platelet microparticles (PMP’s) are vesicular bodies that are released during platelet
activation and have been postulated to play a pro-thrombotic role in acute coronary syndromes
[16, 17]. It is thought that PMP’s are shed from the tip or median of platelet pseudopodia [18,
19], therefore we hypothesized that vimentin exposure occurs at the broken junction between the
released PMP and the pseudopod of the activated platelet, which subsequently becomes available
for PAI-1:VN:vimentin ternary complex formation. To understand this exposure of vimentin, we
used atomic force microscopy to visualize PMP’s that expressed some, if not all, components of
the ternary complex. To do this, we isolated and imaged PMP’s generated from expired platelet
concentrates or platelet-poor plasma (PPP) from post-myocardial infarction patients. PMP’s
were isolated by FACS and their topography visualized by atomic force microscopy (AFM). A
similar strategy was performed on isolated activated platelets in order to visualize VN-vimentin
multimers on the activated platelet surface. Finally, we used AFM to visualize VN-vimentin
multimers formed in vitro in a cell-free preparation to understand the ultrastructure of VN-
vimentin multimers and to determine if these multimers have a distinct molecular organization

that allows them to be recognized on the surface of activated platelets and PMP’s.
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4.2. Materials and Methods:
4.2.1. Ethics, blood preparation and PAI-1 ELISA

Ethics approval was obtained from the University of British Columbia Clinical Research
Ethics Committee to collect whole blood from patients at 24, 48, and 72 hours post-myocardial
infarction. Whole blood was collected into 4.5 mL acid citrate dextrose vacutainers (BD
Biosciences, Mississauga ON). Blood samples were then centrifuged at 1500xg for 15 minutes
and the upper layer representing the platelet-poor plasma (PPP) fraction was removed and stored
at -80°C. Expired platelet concentrates (10 days post-preparation) were provided by the National
Blood Service (UK, Harefield Hospital). An ELISA kit to measure active PAI-1 in patient PPP
was used, in which 5 pL of PPP diluted in 20 pL of reaction buffer was assayed for in triplicate

(Molecular Innovations, Ann Arbor, MI).

4.2.2. Electrophoresis of High Molecular Weight Protein Complexes from Patient Plasma
Samples

Diluted PPP samples (4 pL PPP + 16 pL of PBS + 4 uL 6X sample buffer) and
electrophoresed on a native 8% acrylamide gel with a 5% acrylamide stacker gel. Native protein
separation was visualized by staining with Coomassie blue, and acrylamide gel pieces with
positive staining in the stacker well interface were excised and then incubated in 400 pL of
elution buffer (0.25 mM Tris-HCI buffer, pH=6.8; 0,1% (w/v) SDS) at 4°C overnight. This
preparation was then ultrafiltrated with a Nanosep Centrifuge tube column (0.28 um pore size;
Pall Life Sciences, Ann Arbor, MI) by centrifugation at 8000xg for 20 minutes. After elution,
the samples were boiled in sample buffer containing 5% 2-mercaptoethanol, and fractionated in

10% SDS-PAGE gels. Separated proteins were transferred to nitrocellulose membrane, and after
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blocking with blotting buffer (1X PBS, pH 7.4, containing 2% milk powder and 0.05% w/v
Tween-20), the membranes were incubated for 1 hour with antibodies directed against PAI-1,
VN, and vimentin at a final concentration of 5 ug/mL (Affinity Biologicals Inc., Hamilton, ON).
After washing, membranes were incubated with a 1:2000 dilution of alkaline phosphatase-
conjugated rabbit anti-sheep IgG (Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 1 hour
and then developed with AP Color Development Reagent Kit (BioRad Corporation Inc.,

Hercules, CA).

4.2.3. FACS isolation of platelet microparticles and activated platelets expressing ternary
complex

FACS analysis was used to assay PMP populations in PPP collected from patients at 48
hours post-AMI. PPP (20 uL) was incubated for 15 minutes with a combination of: 1) mouse o-
human CD41a IgG;-RPE (BD Biosciences, Burlington, ON), sheep a-human vimentin IgG
(Affinity Biologicals Inc, Hamilton, ON) with donkey a-sheep-FITC IgG (BD Biosciences), and
rabbit a-human VN IgG (Affinity Biologicals Inc.) with goat a-rabbit Alexa633 IgG (Molecular
Probes, Eugene, OR); or 2) mouse o-human CD41a IgG,-RPE (BD Biosciences), sheep a-human
vimentin (Affinity Biologicals Inc.) with donkey a-sheep FITC IgG (BD Biosciences) and mouse
a-human PAI-1 IgG (Molecular Innovations, Ann Arbor, MI), or mouse o-human CD62P
IgG(BD Biosciences) both labeled with goat a-mouse Alexa633 IgG (Molecular Probes Inc.)
secondary antibody. The forward scatter (FS) PMT threshoid was minimized to measure all
particles of any size with both significant FITC and Alexa633 fluorescence. Microspheres with a
1.0 um diameter (Molecular Probes Inc.) were analyzed to define a size standard in terms of

forward scatter of microparticles. For PMP sample isolation, only particles that exhibited an FS
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below that of the 1.0 pm microsphere forward scatter with significant dual FITC+Alexa633
fluorescence was sorted onto mica for AFM imaging.

Human blood was drawn into ACD tubes and PRP was prepared by centrifugation of
anti-coagulated blood at 200xg for 10 minutes and the supernatant transferred into another tube.
This PRP fraction was centrifuged at 1000xg for 10 minutes, the resulting supernatant removed
and the platelet-rich pellet was gently washed twice with calcium-free Tyrodes buffer and
resuspended with modified Tyrodes buffer to a final cell concentration of 1x10* platelets/uL.
One aliquot of diluted washed platelets was activated with 2 uL of 10 U/mL of thrombin and
incubated for 30 minutes. Activated platelets were incubated for 15 minutes with a combination
of mouse a-human CD4la IgGl1-RPE (BD Biosciences, Burlington, ON), sheep a-human
vimentin IgG (Affinity Biologicals Inc, Hamilton, ON) with donkey a-sheep-FITC IgG (BD
Biosciences), and rabbit a-human VN IgG (Affinity Biologicals Inc.) with goat o-rabbit
Alexa633 IgG (Molecular Probes). CD41+ve platelets with the highest FITC+Alexa633 dual

signal were gated and isolated by FACS.

4.2.4. Atomic Force Microscope (AFM) Specifications

The instrument used for atomic force microscopy was a BioScope (Digital Instruments
Inc., Santa Barbara, CA), which is an AFM head piece mounted onto an inverted microscope
(Axiovert 100, Zeiss Inc.). For sample preparation, proteins and cells were adsorbed onto a
piece of freshly cleaved mica (2 cm?, Ted Pella Inc., Redding, CA). Tapping mode AFM was
used for all microscopy and was performed in ambient temperature and humidity using Veeco
Tapping Mode Etched Silicon cantilevers (k=40 N/m). A slow scan rate of 1-3 Hz was used to

minimize sample disturbances giving a scan rate that was much slower (<25 000x) than the tap
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rate. A maximum resolution of 512x%512 pixels was used. The x- and y-scan directions were
calibrated with a 10x10 pm2 grid. The z-direction was calibrated with 5 nm diameter gold
particles (Ted Pella Inc.) on a cleaved mica surface. The scans were tested for imaging artifact by

varying scan direction, scan size, and by rotating the sample.

4.2.5. Atomic force microscopy of platelet microparticles, VN-vimentin multimers and activated
platelets

PMP’s and activated platelets that presented significant expression of antibodies used
were gated and sorted directly onto freshly cleaved mica sheets for AFM imaging (Ted Pella,
Inc.). Approximately 200 particles were absorbed onto the mica sheet. AFM imaging of
protein-protein interactions of VN and vimentin required pretreatment of mica sheets with a
dH20 wash, then adsorption of 10 pL of 5 mM MgCl, on the center of the mica sheet for 5
minutes. Excess MgCl, was washed off with dH,O and then gently blow dried with dry nitrogen
gas. To form vitronectin-vimentin multimers, purified human VN (Molecular Innovations Inc.,
Southfield, MI) and purified vimentin head domain protein [9] were incubated at varying molar
ratios and the multimerization reactions were carried out in PBS (pH 7.4) at 37 °C for 24 hours.
To prepare protein samples for AFM imaging, 20 uL of sample was plated on the center of the
coverslip and then left to adsorb onto the mica at room temperature for 10 minutes. Protein was
fixed by addition of 2 uL of EM grade 0.025% w/v paraformaldehyde for 5 minutes. The sample
was gently washed three times with 0.1 M ammonium acetate (Ultrasigma grade, Sigma-Aldrich,
St. Louis, MO) and then gently dried with dry nitrogen gas. To quantify VN-VIM multimer
structure, images were processed using MATLAB and quantified by fractal analysis. The image

processing algorithm consisted of background signal subtraction, median filter, image
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thresholding (Otsu’s method [20]) and binarization. Fractal dimension was calculated using the
box dimension estimation method. The box dimension, Db, is defined as the exponent of N(d) ~
1/dDb, where N(d) is the number of boxes of linear size (d) required to cover a set of points

distributed in a 2D plane.

4.2.6. Platelet-Rich Clot Formation and Staining for Vimentin, Vitronectin and PAI-1

Human blood was drawn into ACD tubes and PRP was prepared by centrifugation of
anti-coagulated blood at 200xg for 10 minutes and the supernatant transferred into another tube.
This supernatant was recalcified with 1 M CaCl, to a final concentration of 10 mM Ca®" prior to
clot formation. To generate a platelet-rich clot, 2 uL of 10 U/mL human thrombin (Chronolog,
Havertown, PA) was added to 20 pL of platelet-rich plasma and then quickly pipetted onto a 1
mm thickness glass coverslip and left to incubate for 60 minutes at 37°C. The clot was incubated
for 1 hour for both primary and secondary antibody incubations with these antibodies: sheep
anti-human vimentin IgG antibody with donkey anti-sheep IgG-FITC secondary antibody, and
mouse anti-human VN IgG (clone - 1244) with goat anti-mouse IgG-Alexa594 secondary
antibody. After several PBS washes (1X, pH=7.4), the sample was mounted with a coverslip and

anti-fade mounting media (Molecular Probes, Eugene, OR).
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4.4. Results:
4.4.1. High molecular weight complexes in post-AMI platelet-poor plasma contains elevated
PAI-1, vitronectin, and vimentin

Two PPP sets of patient samples (samples collected at t=24, 48, 72 hours post-AMI) were
electophoresed on a non-reducing, native PAGE gel in order to separate the high molecular
weight protein fraction from plasma, which also contains platelet microparticles. Coomassie
blue stain revealed the accumulation of HMW protein complexes in the stacker gel (Figure
4.1A). These HMW complexes were eluted from the native gel and further fractionated by
SDS-PAGE and subjected to Western blot analysis. At all three time points, levels of PAI-1, VN
and vimentin expression were greater or equal to levels found in normal human plasma. The
multiple bands (>47kDa) detected by the PAI-1 polyclonal antibody represents cleavage
fragments of covalently-formed complexes that contain some of the PAI-1 molecule. Table 1
presents the levels of active PAI-1 in the PPP in a group of patients 48 hours post-AMI. Patient

#1 and #2 are part of this group. Levels of active PAI-1 in control PPP are <2.0 U/mL.

Number of subjects (N) 6
Male/Female 6/0
Age(yrs) 57+3.3
Cicarette smoker 16.70%
Conplications post-analysis 33.30%
Patient plasma Active PAI-1 (U/mD) 5.2411
Contral plasnma Adtive PAI-1 (UMD N=9 1.110.1

Table 4.1. Clinical data of patients with Acute Myocardial Infarction (AMI).

Active PAI-1 levels were determined in PPP collected from patients 48 hours post-AMi
with an ELISA assay specific for PAI-1.
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Figure 4.1. Platelet poor plasma (PPP) from post-acute ischemic infarction (post-
AMI) patients contain_high molecular weight protein complexes consisting of
vimentin, vitronectin and PAI-1. A) illustrates the migration of PPP in a native PAGE
gel and the entrapment of high molecular weight protein complexes in the stacker well
interface.  Following excision and elution of this high molecular weight fraction,
immunoblot analysis in a 8% SDS-PAGE in B) demonstrates vimentin, vitronectin and
PAI-1 protein levels to be higher in both post-AMI patients compared to control PPP.
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4.4.2. Platelet microparticles express vitronectin, vimentin and PAI-1 on their surface as
determined by FACS Analysis

Figure 4.2 is an overview of the FACS analysis performed on a representative 48 hour
post-AMI PPP sample (Figure 4.2A) and a control PPP sample (Figure 4.2B). In the left panel,
use of a CD41 antibody detected a population of CD41-positive particles with lower forward and
side light scatter compared to beads with a diameter of ~1.0 um, representing PMP’s. With this
gating, a minimum of 10,000 counts were analyzed. The middle and right panels represent co-
expression scatter plots of these CD41-positive PMP’s that also co-express vimentin and
vitronectin (middle histoplot); as well as vimentin and PAI-1 (right histoplot). These histoplots
suggest that at least two components of the ternary complex are present on a subpopulation of

CD41-positive PMP’s in greater quantities (Figure 4.2A) compared to control PPP (Figure 4.2B).

Vimentin
w w

; ,
3ol

Vimentin

o

Vimentin
Vimentin

g el
PRUTTEN S

AT

Vitronactin

Figure 4.2. Flow Cytometric Analysis of PPP from post-AMI patients. Flow
cytometry was performed to determine the amount of vitronectin, vimentin and PAI-1 on
CD41-positive particles present in platelet-poor plasma. Each forward/side scatter
histogram represents a combination of PAI-1, vitronectin, vimentin vs. CD41 or vimentin
co-expression. Each inset box in the FS vs. SS histrogram depicts the cell population
sorted for atomic force microscopy as determined by the upper limit of forward scatter of
UV microspheres with a diameter of 1.0 um.
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4.4.3. AFM ultrastructural analysis of PMP'’s positive for ternary complex

As determined in Figure 4.2, PMP’s positive for vimentin-vitronectin or vimentin-PAI-1
were sorted onto mica coverslips for atomic force microscopy. Image analysis of these patient
PMP’s reveal a heterogeneous population of granular, round and vesicular particles with a
diameter range of 350-900 nm. In Figure 4.3A, AFM images of PMP’s expressing
CD41+vimentin, as well as VN (top), or PAI-1 (second from top) or P-selectin (third from top)
are presented in two images: a height dimension channel with a pseuodocolour LUT (nm) and a
amplitude channel in grayscale that represents the topographical detail of the PMP. A
substantial proportion of sorted patient PMP’s exhibited extensive surface protein aggregation
which may in part, reflect localization of the antigen-antibody complexes specific for multimeric
VN, vimentin and PAI-1. In these sample patient samples, a population of PMP’s expressing
CD41+vimentin+VN exhibited minor phospholipid membrane appendages extending from base
of the microparticle (Figure 4.3A second from top). These short membrane appendages or
“skirts” had a low height approximating ~5-7 nm and attached to the base of the microparticle.

PMP’s isolated from post-AMI patient PPP exhibited substantial surface topography as
manifest by the presence of many proteinaceous structures on the surface of the PMP’s. In
contrast, PMP’s generated in vitro by expired platelets did not present with such topography and
permitted ultrastructural analysis in assessing expression of ternary complex on the surface of
PMP’s. In Figure 4.3B, PMP’s co-expressing vimentin or vimentin-vitronectin also exhibited
extensive phospholipid appendage-like structures attached to the base of the microparticle. It
was determined that 68% (17/25) of PMP’s expressing VN+VIM had membrane flaps that

exhibited an average thickness of 6.3£1.3 nm. Moreover, 45% (5/11) of PMP’s expressing
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vimentin exhibited membrane flaps with a thickness of 5.8+0.2 nm. Figure 4.3C demonstrates
the manner in which a PMP expressing CD41+vimentin is analyzed in terms of (panel from left
to right) a height dimension, amplitude dimension, a scan line of the height dimension of the
PMP, and a 3-dimensional perspective of the PMP depicting the height difference between the
PMP and its membrane flaps. In this particular PMP, the scan line graph reveals that the
membrane thickness to be ~5.6 nm thick, which is within the 4-7 nm thickness range determined
by previous observations [21].

In Figure 4.4, one particular PMP that expressed CD41 and vimentin was chosen for
height profile analysis because of filamentous structures associated with membrane flaps
attached to the PMP (As seen in Figure 4.3B second from the top). In Figure 4.4A&B, these
filamentous were analyzed via scan line analysis (green scan line in A and grey scan line in B).
Figure 4.4C represents the height profile of this scan line and when compared to the membrane
height of 6.3nm, the two major peaks had thickness values of 11.3 and 9.1 nm, which is within
the range of reported diameters of vimentin intermediate filaments (9 — 11 nm)[22].

4.4.4. Microscopy of vitronectin-vimentin multimers on activated platelets

As previously described in [9], a subpopulation of activated platelets are known to
express high amounts of vimentin and vitronectin on their surface, observations that lead to a
proposed mechanism wherein vimentin expression is requisite for vitronectin multimerization
and consequent ternary complex formation. Extracellular distribution of the ternary complex on
activated platelets was imaged with confocal microscopy as shown in Figure 4.5A-D and with
AFM in Figure 4.5E. Panels B and C illustrate the staining distribution of vimentin and

vitronectin of an activated platelet and in panel D, yellow signal represents areas of co-
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platelet-poor plasma. A) depicts images of PMP’s as isolated from post-AMI plasma
that express CD41+PAl-1+vimentin (VIM), CD41+VN+VIM, CD41+CD62P+VIM, (top to
bottom). B) depicts images of PMP’s isolated from expired platelet concentrates that
express CD41+VIM, CD41+VN+VIM, CD41+PAI-1+VIM (top to bottom). In B), the
majority of PMP’s expressing CD41+VIM presented membrane appendages at the base
of the PMP. Each PMP is presented as two types of images, the left column a height
image channel as measured in nanometers (nm) and the right column an amplitude
channel as measured in volts (V). The height channel provides a quantitative Z-plane
perspective while the amplitude channel provides a superficial topographical
perspective.
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Figure 4.4 — Scan line analysis of filament-like structures present within
membrane flaps of PMP’s expressing CD41+vimentin. A) depicts the amplitude
channel of PMP and B) depicts the height dimension of the PMP. The green and grey
scan line in A) and B) respectively marks the scan line used to analyze the filamentous
structures. In C), the peaks represent the heights of the filaments when the membrane
height is considered. The two major peaks identified represent filament structures with
a diameter of 11.3 and 9.1 nm (left to right). This is within the reported diameters of
intermediate filaments (9-11 nm in diameter).
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localization of vimentin and VN throughout the activated platelet. In this same image, discrete
VN signal was also observed as minor protrusions extending from the vimentin cytoskeleton.
This latter observation is consistent with our previous findings demonstrating multimerized VN
at sites of exposed vimentin intermediate filaments [9]. Panel A represents another activated
platelet stained with isotype negative controls with their respective FITC- and RPE- IgG
conjugates. Ultrastructural analysis using AFM was performed on thrombin-activated platelets
coexpressing vimentin and vitronectin as shown in Figure 4.5E. Height dimension analysis
identified the structures as being two platelets adhering to the mica surface, each having a
maximal height of ~720 nm (data not shown). Panel E is a merged image of the trace and

retrace deflection channel. An organized field of globular proteins can be observed on the
highest plateau of each platelet, and this distribution of protein is distinct from rest of the flat
surface of the platelet. It is believed that the distribution of vimentin-VN complexes is
represented on the cortical region of the activated platelet and similar to the distribution of
vimentin-VN complexes in Panel D. In general, activated platelets with strong VN and vimentin
surface immunoreactivity exhibited a disc-like morphology with a central depression.
Furthermore, the perimeter of these activated platelets was elevated and supported a distribution

of carpet-like vimentin and VN multimers disproportionate to one side of the platelet.

4.4.5. Multimers of vitronectin-vimentin form a highly ordered ultrastructure
Cell-free experiments with purified proteins were performed to simulate the formation of
VN multimers bound to the platelet vimentin cytoskeleton that become exposed during platelet

activation. The AFM was used to visualize the ultrastructure of the polymeric VN-vimentin
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Figure 4.5. Distribution of vitronectin-vimentin multimers on the cell surface of
activated platelets. A-D) depicts images of an activated platelet as acquired by
confocal microscopy. A) is an isotype antibody stained activated platelet, red signal B)
represents vimentin and green signal C) represents vitronectin. The formation of
vitronectin-vimentin multimers is highlighted by yellow colocalization in D). E) is a
merged AFM image of the trace and retrace deflection channel of an aggregate of
activated platelets. Washed platelets were activated with thrombin and then stained
with antibodies for vimentin and vitronectin. Only dual-labelled platelets were isolated
by flow cytometry sorting for AFM imaging. The distribution of vimentin-vitronectin
complexes on the cortical regions of the activated platelets as highlighted by the inset
boxes is analogous to the distribution of the vimentin-vitronectin complexes in D).

complex at a nanometer resolution. The reaction was primarily carried out in PBS (pH 7.4),
while similar results were achieved with distilled water. Moreover, varying the incubation times
from 15 minutes to 24 hours did not affect the overall ultrastructure of the VN-vimentin
multimers (data not shown). Figure 4.6A demonstrates an AFM image of monomeric VN plated
at a concentration of 5 pg/mL (1.3 uM). VN monomers on average are ~3 nm in height as seen
in the corresponding scan line height analysis graph (right). Figure 4.6B represents vimentin
head domain protein (VIM133) which is approximately 13 kDa, at a height dimension of ~0.8

nm. Polymeric VN-vimentin aggregates as imaged by AFM illustrated a highly organized lattice
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Figure 4.6. AFM analysis of the ultrastructure of vitronectin-vimentin multimers.
The head domain of vimentin (VIM133) and purified vitronectin was used to form
vitronectin-vimentin multimers. The above images represent height dimensions. A)
represents monomeric vitronectin (0.8 nM) and B) represents monomeric VIM133 (0.6
nM). Fractal dimension analysis (Db) of A) and B) are 1.32 and 1.11 respectively. C)
Represents ultrastructure of vitronectin-vimentin multimers at a 3:2 molar ratio with a
fractal dimension of 1.74. D) represents vitronectin-vimentin multimers formed at a
molar ratio of 6:1 with a fractal dimension analysis of 1.20.
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ultrastructure in which no free protein was found unbound to the lattice (Figure 4.6C). In this
image, no structures had a height that exceeded ~3nm, suggesting that vimentin induces a
conformational change such that VN height becomes <1.6 nm. This would indicate that
vimentin induces a structural change in VN that destabilizes its intramolecular structure.

Fractal dimension analysis calculations were performed to determine the order and
organization of imaged structures by AFM. Fractal dimension analysis of monomeric VN and
VIM133 protein generates Db’s of 1.32+0.30, 1.11+0.30 indicating that the images have no
significant structural organization. The image of polymeric VN-VIM aggregates (Figure
4.6C&D) has a fractal Db value of 1.74+0.21, 1.63+0.70 exceeding the minimum Db value of
1.5 required for significant order and degree of organization and thus suggesting the polymeric
structures contain a high degree of structural organization. Figures 4.6E&F also had Db values
lower than 1.5, indicating that there was no major structural organization or pattern of

multimerization.

4.5. Discussion

This study is a continuation of previous work describing the manner in which vitronectin
mediates the binding of PAI-1 to the surface of activated platelets and PMP’s by binding to
exposed vimentin on the surface of activated platelets and PMP’s [9]; moreover, the expression
of vimentin and vitronectin on PMP’s has been verified by proteomic analysis [23]. We provide
further support for this mechanism with observations regarding the ultrastructure of PMP’s and
the nature of vimentin exposure. The source of PMP’s for these experiments was platelet-poor
plasma from expired platelet concentrates [24, 25] and platelet-poor plasma from post-acute

myocardial infarction patients [26]. In summary, vimentin may become exposed when a PMP is
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Figure 4.7. Proposed model of vimentin exposure on activated platelets and
platelet microparticles and subsequent assembly of the PAI-1:VN:vimentin
ternary complex. Microparticles can be released at the tip of pseudopods in activated
platelets, A). We describe vimentin exposure at the interface of the broken junction
between the pseudopod and PMP. This exposure of vimentin will cause plasma-
derived VN to undergo multimerization, which will be followed by incorporation of either
free PAI-1 or PAI-1:VN complexes to this multimerized VN. This assembly of ternary
complex can occur on both the microparticle and activated platelet.
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released from the pseudopod of an activated platelet, resulting in a broken junction between the
two vesicular bodies. This broken junction can then lead to a very brief disruption of membrane
at which there is exposure of vimentin cytoskeleton to the lumen. However, any membrane
disruption will immediately re-seal due to the hydrophobic nature of the phospholipid tail in
bilayer membranes, but some vimentin may become partially exposed as illustrated in a proposed
model in Figure 4.7. Exposed vimentin on both the PMP and activated platelet becomes the
assembly site of vitronectin multimerization and subsequent PAI-1 incorporation, hence the
formation of the PAI-1:VN:vimentin ternary complexes. We have also visualized the
ultrastructure of vimentin-vitronectin multimers in a cell-free environment to further understand
the organization of the ternary complex when assembled on activated platelets and PMP’s.
Despite the wealth of literature supporting PMP counts as a potential diagnostic marker,
the ultrastructure of PMP’s and their formation from platelets is somewhat unclear due to optical
limitations of real-time imaging of microparticle release (diameter <1.0um) from cells as small
as platelets (diameter of approximately 3 um). However, various reports utilizing scanning
electron microscopy and confocal microscopy have described PMP formation occurring at the tip
and/or median of platelet pseudopodia [18, 19, 27], as well as at the edge of the platelet body
[28, 29]. Currently, flow cytometry is the primary methodology for high-throughput analysis of
PMP’s but this methodology is beset by a major caveat wherein the incident light (488 nm) and
forward scatter detector in commercially available flow cytometry instruments do not accurately
analyze and size particles with diameters smaller than the incident wavelength [30-33]. The
angular distribution of light scatter from sub-micron particles analyzed by the 488nm incident
light does not accurately yield consistent size readouts [31, 33]. However, impedance flow

cytometry instruments can overcome this physical limitation to permit accurate quantification of
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PMP size dimensions [34] and is based on a technology that is free of optical limitations.
Despite the physical limitations associated with conventional flow cytometry, we performed a
FACS isolation of CD41(+)ve particles with a diameter < 1.0 um that expressed vimentin,
vitronectin and PAI-1 which were then imaged by AFM to provide accurate morphological
analysis.

Vimentin intermediate filaments are not normally present on the surface of viable cells.
Vimentin intermediate filaments are intracellular with a cortical distribution underneath the cell
membrane with intimate associations with microfilament and microtubule networks [35-37].
During platelet activation, cytoskeleton reorganization results in the formation of platelet
pseudopods, as evidenced by filamentous rings at the greatest circumference of the pseudopod
[38-40] and treatment with cytoskeleton inhibitors such as cytochalasin D can prevent pseudopod
formation and microparticle formation [19, 41]. In this report, we isolated vimentin-positive
PMP’s from expired platelet concentrates and observed minor phospholipid membrane
appendages attached to the base of the PMP as visualized by AFM. Topographically, the
surfaces of these vesicles were smooth and continuous, with little suggestion of filament-like
structures on their surface. We infer that these vesicles are the tips of pseudopods and the origin
of vimentin lies at the base of the PMP between the phospholipid membrane flaps at the base of
the PMP as visualized by AFM. In Figure 4.5, intermediate filament-like structures were
observed within these membrane flaps, providing insight as to how vimentin may be exposed
underneath the base of the PMP.

The membrane flaps observed via AFM are of artifactual nature, because the amphipathic
nature of phospholipid molecules in aqueous solutions strongly dictates an arrangement that

accommodates the non-polar hydrophobic tails so that they are oriented towards each other while
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the polar hydrophilic heads are oriented outside. In the event of membrane disruption, gaps will
quickly re-seal as hydrophobic tails rearrange themselves and membrane is reorganized to
maintain surface continuity and minimize phospholipid tail interactions with water.

One key requirement for membrane sealing is the presence of free Ca*, in which Ca®*-
dependent exocytosis mechanisms within a cell recruit internal stores of phospholipid in the form
of endomembranes to the cell surface, providing more phospholipid for re-sealing [42, 43].
However, PMP’s formed in expired platelet concentrates contain citrate (~9 mM), which
neutralizes the ability of Ca” to recruit and mobilize stores of endomembrane, if exists within
the PMP to its surface [44]. Most importantly, PMP’s formed in vivo will not express membrane
appendages at their base because physiological concentrations of Ca®* will contribute to
resealing of membrane over or around vimentin. The membrane appendages visualized at the
base of PMP’s isolated in expired platelet concentrates (Figure 4.3) are artifactual due to: 1) the
spreading of PMP membrane adjacent which is adjacent to exposed vimentin spreading on the
mica coverslip and to a lesser extent, 2) storage conditions such as high citrate plasma
concentrations that retard recruitment of phospholipid to the surface of PMP’s. However, these
artifacts have also provided some insight regarding a potential mechanism describing vimentin
expression on PMP’s and activated platelets.

The ultrastructure of in vitro formed VN-vimentin multimers revealed a tightly knit
lattice structure that rapidly incorporated all free VN and vimentin molecules. The AFM is an
excellent means to understand protein-protein interactions, particularly the manner in which
vimentin can induce structural changes in VN, a normally globular protein stabilized by its di-
sulfide bridges into a tertiary structure ~3 nm in height. It is concievable that the ionic

interactions between the highly charged VIM133 peptide and VN resulted in the unravelling of
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vitronectin into a more linear structure, thus resulting in a VN monomer height of <1.6nm.
Furthermore, the unravelling of VN from a globular to a linear structure could reveal cryptic
binding sites for other ligands. The AFM has the potential to explore these possibilities of how
proteins can induce tertiary structure change without the use of epitope-specific antibodies
combined with ELISA or surface plasmon resonance analysis. Considering that no structure in
the VN-vimentin multimers produced a height >3nm, it is clear that vimentin is a key activator or
“unraveling” agent for vitronectin and warrants further experimentation onto itself.

The VN-vimentin multimer is a tightly knit and highly organized lattice and resembled
other similar patterns of VN and vimentin distribution as imaged by confocal and AFM on
activated platelets expressing high amounts of VN and vimentin (Figure 4.6). In particular, the
uniform fields of protein-like structures distributed over the surface of the vitronectin-rich
platelet in Figure 4.5E are analogous to this tightly knit lattice. However, no such lattice-type
structures are observed on VN-positive PMP’s as imaged by AFM (Figure 4.3B and 4.4),
indicating that activated platelets are more likely to present with VN-vimentin multimers due to a
greater availability of vimentin on a cell much larger than a PMP. Although the lattice is highly
organized, an obvious structural signature representing VN-vimentin multimers was not
delineated. However, it can be concluded that PMP’s may be limited in the amount of PAI-1
expressed on their surface because of the low proportion of vimentin that may be extracellularly
presented, while activated platelets have both a higher capacity of vimentin extracellular
presentation and a larger surface for which VN-vimentin multimers can spread out onto.

Vimentin exposure may be relevant when considered in the context of thrombus
formation, in which PAI-1 is bound to the surface of activated platelets and PMP’s by way of

multimerized VN. Presumably, the extent of vimentin exposure dictates the amount of PAI-1
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presentation within thrombi which will determine the extent of thrombus stabilization against
plasminogen activators. It also dictates the amount of multimerized VN within the thrombus,
possibly contributing to thrombus structural integrity by homotypic interactions with other cells
or fibrin with multimerized VN on its surface [15]. Recent murine studies of intravital imaging
models of photochemically-induced thrombosis have highlighted the requirement of VN for clot
stabilization. Photochemically induced clots require more time to reach vessel occlusion in VN-
/- mice and these clots are unstable and have earlier clot dissolution times compared to wild type
models [45]. However, mice with both a VN-/- and PAI-1 -/- genotype generate comparable
clot formation and clot lysis times when compared to VN-/- mice [46] but the basis for this
similarity is still unclear. It was previously hypothesized that VN had dual contributory roles in
inhibiting fibrinolysis as well as stabilizing thrombi by binding to integrins anB3 and asB3. The
lack of variation between PAI-1-/- & VN-/- mice and their single gene knockout counterparts
strongly suggests that VN plays a primary, if not central role in fibrinolysis and that perhaps
absence of VN leads to inactive PAI-1 and subsequent lack of clot stabilization. These intravital
studies also support the requirement of VN multimerization for the deposition of active PAI-1
onto the surface of activated platelets as a means to contribute to the stability of a growing
thrombus during blood shear and plasminogen activator secretion by endothelium.

Due to the high affinity of PAI-1-VN complexes to vimentin intermediate filaments,
thromboembolic fragments with high PAI-1 content can resist significant clot lysis despite
treatment with thrombolytic therapy [47-50]. Moreover, PAI-1 present on platelet microparticles
(PMP’s) may act as a secondary pool of active PAI-1 and potentiate other downstream
thrombogenic events due to their sub-micron size and clot stabilizing properties [9]. However,

the extent of these clot stabilitory properties on activated platelets and platelet microparticles will
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be dependent on the extent of VN-vimentin multimerization on the activated cell surface and the
amount of PAI-1-VN incorporation into this ternary complex. Hence, the expression and
proportion of ternary complex will differ between PMP’s and activated platelet populations due

to cell surface availability and vimentin exposure.
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CHAPTER V: VIMENTIN AUTO-ANTIBODIES INDUCE PLATELET ACTIVATION

AND FORMATION OF PLATELET-LEUKOCYTE CONJUGATES VIA PLATELET-

ACTIVATING FACTOR

5.1. Introduction

Auto-antibodies to the intermediate filament vimentin are associated with rheumatoid
arthritis (1), systemic lupus erythematosus (SLE) (2-4) and rejection of solid organ transplants
(5-9). Vimentin is a cytoskeleton intermediate filament protein present in cells of mesenchymal
origin; these include leukocytes, endothelial cells and smooth muscle cells. More recently,
vimentin has been observed on the cell surface of apoptotic cells (10-12) and thrombin-activated
platelets (13). The production of anti-vimentin antibodies (AVA) in certain diseases is probably
caused by excessive exposure to vimentin on apoptotic cells, since it is known that caspase
dependent cleavage of vimentin, with exposure of vimentin on the cell surface, are necessary
requisites for apoptosis (14). The functions of AVA are unknown, and in particular whether they
have an active role in disease pathogenesis.

Prevalence of coronary artery disease in SLE patients is high, with heightened states of
immune activation and pro-thrombotic activity thought to be key contributory factors to disease
pathogenesis in these patients (15). Lupus autoantibodies have been implicated as observed by
immune deposits present in kidney and heart (16). In the context of transplantation, AVA have
been associated with a different type of atherosclerosis, namely graft vascular disease (GVD) (9).

GVD is the most common complication following heart or renal transplantation; it is

'A version of this chapter has been published/accepted for publication. Leong HS et al. Vimentin Auto-Antibodies
Induce Platelet Activation and Formation of Platelet-Leukocyte Conjugates via Platelet-Activating Factor. J Leuko
Biol, Feb 1, 2008; 83(2): 263-71.
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characterized by intimal occlusion and fibrosis of donor arteries and veins (17;18).

A pro-coagulant microvasculature is associated with pathogenesis of GVD. The presence
of fibrin deposition (19) and depletion of t-PA (20) in the microvessels of the heart, is predictive
of heart transplant recipients who will develop GVD. Similarly, deposition of the complement
component C4d within allografts is characteristic of GVD (21). These studies suggest that
synergy between thrombotic events and complement fixing antibodies contribute to GVD and
possibly to atherosclerosis in patients with autoimmune diseases. We hypothesize that
antibodies to the autoantigen vimentin, particularly of the IgM subclass, may interact with
vimentin expressing platelets with possible pathogenic consequences. This hypothesis was
tested in vitro, by adding AVA to normal whole blood, platelet-rich plasma and leukocyte-rich
plasma, and investigating its effect on formation of platelet/leukocyte conjugates and platelet

microparticles.
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3.2. Materials and Methods:
5.2.1. Blood collection and patient serum

MHC (major histocompatibility complex) Class I HLA A2+ve A3-ve subtype individuals
consented to provide normal whole blood which was collected into 4.5mL CTAD tubes and then
diluted 1/10X in Tyrodes buffer. Platelet-rich plasma (PRP) was obtained by collecting the
supernatant fraction of blood centrifuged at 200g for 10mins. Post-transplant serum collected
from cardiac transplant recipients for diagnostic reasons was used with permission from Royal
Brompton and Harefield Hospital ethics committee and University of British Columbia ethics
board. Patient serum had been screened for presence of anti-vimentin and HLA antibodies as

previously described (9;22).

5.2.2. Preparation of recombinant human vimentin

The cDNA for human vimentin was isolated from a human umbilical vein endothelial
cell cDNA expression library by PCR, introducing a 5° Ndel restriction site and a BamHI site at
the 3’ end of the cDNA (Primers: forward 5° ATA GAG CAT ATG TCC ACC AGG TCC GTG
TCC; reverse 5° GCG CTC GGA TCC TCT TAT TCA AGG TCA TCG TG). The PCR product
was sub-cloned into Ndel / BamHI of pET15b (Novagen; Merck Biosciences, Nottingham, UK),
a bacterial expression vector, and transformed into BL21 E.coli (BL21/vimentin; Novagen).
Crude preparations of recombinant human vimentin were prepared and extracted according to the
pET System Manual (Novagen) and purified on a His-Bind resin column under denaturing
conditions, using a His-Bind Purification Kit (Novagen). Purification was confirmed by SDS

PAGE (a single band at 58kD was observed) and mass spectrometry (not shown).
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5.2.3. Depletion of AVA’s from patient sera

Recombinant human vimentin protein (I mg/mL in 6 M urea, preparation) was
conjugated to agarose beads as described in kit instructions (AminoLink Plus Immobilization
Kit). Vimentin-conjugated agarose beads (50uL) were incubated with 50 pL of patient serum at
25°C overnight and then centrifuged at 1000g for 10mins and the supernatant fraction and was
collected, termed depleted patient serum. ELISA assays [10] demonstrated that this treatment
reduced AVA titres to ~15% of original titres (Mean non-depleted 1061+52.9; mean depleted

160+29.3).

5.2.4. Flow cytometry and monoclonal antibodies (mAb)

Equal amounts (25 pg/mL final concentration) of mAb mouse IgM antibody (to A2, A3,
from One Lambda), anti-vimentin antibodies (AVA) 13.2-IgM, V9-IgG (both mouse anti-human
- Sigma) or sheep anti-vimentin (Affinity Biologicals) were added to 20uL of diluted (1/10X)
whole blood and incubated at 37°C for 30 or 45mins. 20uL of patient sera was added to 20uL of
diluted blood for 30 or 45mins. CD41-RPE, C3d-FITC, or fibrinogen-FITC antibodies (mouse
anti-human, rabbit anti-human, rabbit anti-human respectively - BD Biosciences) at a final
concentration of 25ug/ml were used to label each sample to detect platelets and expression of
C3d or fibrin. CD62P-APC (mouse anti-human - BD Biosciences) and tissue factor-FITC
antibodies (rabbit anti-human - American Diagnostica) were also added to blood at similar
concentrations. Isotype controls, FITC rabbit IgG (Beckman Coulter), APC-mouse IgGl
(Beckman Coulter) and RPE-mouse IgGl (BD Biosciences), were added at the same

concentrations. To label leukocytes, Hoechst 33342 (Molecular Probes) diluted in PBS (1 pg/L
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final concentration) was subsequently added for another 30mins. Labelled leukocytes were
identified as ‘Hoechst-positive cells’ during flow cytometric analysis. To track binding of mAb
IgM antibodies in whole blood, FITC-donkey-anti-mouse IgM (Sigma) was added at a final
concentration of 25 pg/mL. In order to determine numbers of vimentin-positive cells in whole
blood, 13.2 IgM was added to washed buffy coat leukocytes. Washing buffy coat leukocytes
were resuspended in 100uL of PBS, to which 13.2 IgM was added at a final concentration of 25
pg/mL. After 30 mins incubation at 4°C, cells were washed again and FITC-goat anti-mouse
IgM was added (final concentration 10 pg/mL) for another 30 mins at 4°C. Cells were analyzed
using a BD FACS-Aria instrument with 405, 488 and 635 nm single line lasers was used and
>30,000 events were analyzed for every sample. Measurement of platelet microparticles was
performed using 1.0 pm beads (Invitrogen cat#F13080). The PAF inhibitor, CV-6209, was

obtained from Calbiochem (Nottingham, UK).

5.2.5. Complement dependent cytotoxic assay on AVA treated purified leukocytes

To prevent contamination by platelets, a modified method of purifying leukocytes was
performed. Normal blood was collected into acid citrate dextrose tubes (BD Biosciences) and
leukocyte-rich preparation (LRP) was prepared by centrifugation of 10 mL of whole blood for 10
minutes at 200g and the platelet rich plasma (PRP) supernatant removed. An additional 1.0 mL
of Tyrodes buffer was added to the remaining whole blood, mixed by inversion and then
centrifuged again under the same conditions. The supernatant was again removed and remaining
blood was lightly layered onto Lympholyte H solution (Cedarlane Labs, Hornby, ON) in a 15
mL Falcon tube. This was centrifuged at 200g for 20 minutes. Upon centrifugation, four layers

were present and a Pasteur pipette was used to suction out the leukocyte layer (typically 2 mL
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from a 10 mL whole blood preparation). This layer was centrifuged at 200g for 5 minutes to
remove residual platelets which was confirmed by flow cytometry. The supernatant containing
platelets was discarded and the pellet was resuspended in modified Tyrodes buffer. Flow
cytometry demonstrated that these leukocytes were ~60% neutrophils; the remainder were
monocytes and lymphocytes and used for two tests, the cytotoxic assay and preparation of
supernatants from AVA activated neutrophils.

Leukocytes were diluted with modified Tyrodes buffer to 5x10° cells/uL and 1uL
aliquots were placed in single wells of a Terasaki plate. To these were added 1 pL of HLA-A2
IgM, HLA-A3 IgM or 13.2-IgM antibody (0.5 pg/mL) in each well in duplicate. After 30mins,
SuL of rabbit complement (Cedarlane Labs) was added and incubated for another 30mins. Cell
viability was assessed by adding 2uL of FluoroQuench (One Lambda) to each well. A Zeiss
inverted microscope fitted with a QImaging Retiga EXi colour cooled camera and QCapture Pro
software (QImaging Inc.) was used to acquire images. A live/dead filter set (Chroma
Technology Corp) was used to visualize the ethidium bromide and acridine orange viability
stains in which viable cells demonstrated a fluorescent green nuclear signal and dead cells

demonstrated a fluorescent orange nuclear signal.

5.3. Results:
5.3.1. Effect of monoclonal and patient AVA'’s on whole blood

Treatment of whole blood with AVA 13.2-1gM resulted in a depletion of platelet counts
(determined by numbers of CD41-positive cells) as well as an increase in %platelet:leukocyte

conjugates (calculated as a percentage of CD41+Hoechst cells/ Hoechst-positive cells) compared
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to whole blood treated with AVA V9-IgG antibody or not (Figs 5.1A vs. 5.1B&C). The effect of
AVA 13.2 IgM was inhibited in the presence of recombinant human vimentin (Fig 5.1D).

Fibrinogen and C3d deposition was evaluated on leukocytes and platelets before and after
treatment with AVA 13.2 IgM. Post AVA13.2-IgM treatment, fibrin(-ogen) expression on
leukocytes increased from 9.6+1.3% to 33.0+8.6% and fibrin(-ogen)expression on platelets
increased from 7.8+1.2% to 89.3+2.2% (Fig 5.1E). When assessing C3d expression, increases
from 12.942.1% to 59.2+6.3% on leukocytes and increases from 4.2+1.2% to 41.1+13.6% were
observed after AVA 13.2-IgM treatment (Fig 5.1E). Control experiments showed that AVA 13.2
IgM treated blood cells do not non-specifically bind FITC rabbit IgG (Fig 5.1F&G). These
results demonstrate that whole blood treatment with AVA induces platelet:leukocyte (P:L)
conjugate formation, and deposition of fibrin and C3d on platelets and leukocytes. For negative
control, A3 IgM did not induce deposition of fibrin and C3d on platelets and leukocytes (data not
shown).

To compare the activity of the AVA monoclonal with AVA from transplant patient sera,
normal blood was then treated with patient sera containing high titre IgM AVA (mean titre
1061+52.9) or the same sera depleted of AVA (mean titre 160 +29.3), using vimentin coated
agarose beads. These sera did not contain alloantibodies of AVA of the IgG subclass. Patient
sera containing high AVA titre lead to a decrease in the ratio of free platelets to leukocytes
compared to whole blood treated with control serum or sera depleted of AVA IgM (Fig 5.2A).
In Fig 5.2B, an increase in platelet/leukocyte conjugates was observed when whole blood was
treated with patient sera with high AVA IgM compared to normal blood incubated with control
serum (from a transplant patient negative for AVA) or sera depleted of AVA IgM. To control

for the possibility that vimentin coated beads may remove immunoglobulin non-specifically, we
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treated patient serum known to contain high titres of antibodies to HLA (human leukocyte
antigens) with vimentin coated agarose beads, this had no effect on the HLA antibody titre (not
shown). These results demonstrate that the AVA’s in patients’ sera can also induce formation of

P:L conjugates.

5.3.2. Effect of other IgM antibodies on whole blood

In view of the fact that the AVA V9 IgG had no effect on platelets and that the majority
of transplant patients produce IgM and not IgG AVA (9), the remainder of the study focused on
IgM antibodies. We next determined whether the effect of AVA was comparable to the effects
seen with IgM antibodies to another cell surface ligand such as the Major Histocompatibility
Complex (MHC) antigen subtypes, HLA-A2 and HLA-A3. All leukocytes express MHC
antigens. Hence, AVA 13.2-IgM was tested against two other IgM mAbs specific for HLA-A2
and HLA-A3 and blood used for these experiments were from individuals who were HLA-A2
positive and HLA-A3 negative. Treatment of whole blood with AVA 13.2-IgM and HAL-A2
IgM resulted in significant P:L conjugate formation (Fig 5.3A,B), compared to untreated blood
(Fig 5.3D). The HLA-A3 antibody had no effect on blood from the HLA-A2 positive individual
(Fig 5.3C). Upon flow cytometric analysis (Fig 5.3E), the percentage of P:L conjugates were
higher in whole blood treated with AVA13.2-IgM (17.2+2.6%) and HLA-A2 IgM (64.3+2.7%)
compared to treatment with HLA-A3 IgM (4.8+0.5%) and endogenous levels in untreated whole

blood (5.9+0.5%). In order to investigate the phenotype of platelets attached to leukocytes,
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expression of P-selectin and tissue factor was examined on platelets within P;L conjugates. After
HLA-A2 IgM treatment, 27.2+5.1% and 35.6+2.9% of platelets within P:L conjugates were
tissue factor and P-selectin positive (Fig 5.3F). Following AVA 13.2 IgM treatment, 10.8+1.3%
and 10.1x1.2% of platelets within P;L conjugates were also tissue factor and P-selectin positive
respectively (Fig 5.3F). In contrast, untreated whole blood and HLA-A3 IgM treated whole
blood, which contained few P:L conjugates had very few platelets that were also positive for
tissue factor or P-selectin (<5%). Addition of HLA-A2 or 13.2 IgM antibody to whole blood
did not cause non-specific binding of FITC rabbit IgG or APC-mouse IgG respectively (Fig

5.3G&H for HLA-A2 IgM), data not shown for 13.2 IgM AVA.

5.3.3. Effect of AVA IgM and anti-HLA-A2 IgM on purified platelets

In order to compare the effects of IgM antibodies on platelets in the absence of
leukocytes, platelet rich plasma (PRP) was used. In Fig 5.4, panels A-D show forward/side
scatter plots from a single experiment to illustrate formation of platelet microparticles after
addition of AVA and anti-HLA IgM antibodies to PRP. Platelet microparticles (PMP) are
released by activated platelets and are characterized as exhibiting significant CD41-PE signal
with a forward scatter less than a 1.0 pm bead particle. Platelets were unaffected by AVA 13.2-
and HLA-A3 IgM treatments but addition of HLA-A2 IgM induced platelet microparticle
formation. In Fig 5.4E, the results of 4 experiments are summarized. Analysis of normal
platelet-rich plasma yielded 11.0+1.1% PMP, indicating that ~11% of CD41-PE positive
particles in the sample were of microparticle size and morphology. When this plasma was
treated with AVA 13.2 IgM, the %PMP at 4.8+0.8% was lower than the %PMP observed in

PRP. Treatment with HLA-A2 IgM resulted in 40.0+7.5% PMP, presumably a result of
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Figure 5.4. AVA-IgM does not directly induce platelet activation. Panels A-D are
forward/side scatter plots in a density contour format. Results of platelet activation are
expressed as “% PMP”; in which # of CD41-positive patrticles with a diameter below
1.0pm, over the total number of CD41-positive events. Results of %PMP after
treatment of PRP with 13.2 igM(B), A2 (C) and A3 IgM(C) compared to untreated (A) for
30 mins are summarized in (E). Representative of 4 experiments. * denotes (p<0.05; t-

test) compared to normal treatment.
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complement-mediated lysis by the HLA-A2 IgM (23). Treatment of PRP with the A3-IgM
resulted in 7.9+1.3%, a level similar to untreated PRP. These observations strongly suggest that
unlike A2-IgM, the 13.2 IgM has a negligible effect on resting platelets which are negative for
cell surface vimentin, but constitutively express MHC class I antigens. Overall, the results
suggest that the platelet depletion observed in the whole blood and not in PRP by AVA-IgM
were caused by an initial interaction of AVA-IgM with leukocytes with no platelets binding to

them; subsequently leading to platelet activation and vimentin surface expression on platelets.

5.3.4. Effect of anti-vimentin antibodies (AVA) on purified neutrophils

To determine which leukocytes in whole blood bind the various mAb IgM antibodies,
anti-mouse IgM-FITC secondary antibody was used to track localization of HLA-A2 IgM, HLA
A3 IgM and AVA 13.2 IgM antibodies which had been added to whole blood (Fig 5.5A-D).
HLA-A2 IgM was found to bind to all leukocytes (Fig 5.5A). In contrast, the HLA-A3 IgM was
not found to specifically bind to any cell population (Fig 5.5B). The 13.2-IgM antibody was
shown to specifically bind to monocytes, neutrophils, and activated platelets (Fig 5.5C), as
determined by the light scattering properties of these cells. Minimal binding of the secondary
antibody alone was observed in untreated blood (Fig 5.5D). These results were confirmed by
addition of AVA 13.2 IgM to washed buffy coat leukocytes, followed by FITC anti-mouse IgM
(Fig 5.5E), in which it can be seen that approximately 15% of leukocytes binded to AVA 13.2

IgM. These vimentin-positive cells were predominantly of neutrophil identity as determined
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Figure 5.5. Localization of IgM to granulocytes and activated platelets and their
cytotoxic effect on leukocytes. FITC goat anti-mouse IgM was added to whole blood
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population denotes cells with positive IgM binding. Representative of 3 experiments.
Panel E presents flow cytometry of whole blood to which has the polyclonal sheep anti-
vimentin antibody has been added to normal whole blood. A2 IgM, A3 IgM and 13.2
IgM were added to purified leukocytes and incubated with excess complement to induce
antibody-mediated cell death (F). Viability was assessed by ethidium bromide/acridine
orange labelling of treated cells. Representative of 3 experiments.
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by their light scattering properties. Hence, a subpopulation of leukocytes expressing vimentin
are the potential binding site for AVA-IgM antibodies.

In order to determine whether AVA were cytotoxic and could mediate complement
dependent cell lysis, purified leukocytes from an HLA-A2 positive individual were incubated
with AVA 13.2-IgM, HLA-A2 IgM or HLA-A3 IgM in the presence of exogenous rabbit
complement (Fig 5.5F); not surprisingly, incubation with HLA-A2 IgM, resulted in >75% cell
death and incubation with HLA-A3 IgM resulted in minimal cell death. Interestingly, the AVA
13.2-IgM induced substantial cell death (~50-75%) upon addition of excess exogenous
complement. Patient sera containing high AVA titres (but negative for antibodies to HLA
antigens) were also tested for complement dependent cytotoxicity; 18/21 sera were cytotoxic for
leukocytes (killing 20-100% of cells), in contrast 12/54 sera without AVA showed

leukocytotoxic activity (data not shown).

5.3.5. Supernatant of AVA-activated leukocytes induces platelet activation

To determine if AVA-bound granulocytes release mediators that subsequently activate
platelets, leukocytes were purified and treated with AVA13.2-IgM, HLA-A2 IgM or HLA A3
IgM for 30 mins and the supernatant was transferred to purified platelets (PRP). Platelet
activation was assessed by generation of platelet microparticles (PMP) at 30 mins. Supernatant
from HLA-A3 IgM did not result in significant PMP formation (Fig 5.6B) compared to untreated
control (Fig 5.6A). Supernatant from leukocytes treated with AVA 13.2-IgM resulted in
substantial platelet microparticle formation (Fig 5.6C). Quantitative data from these experiments
are presented in Fig 5.6E. The large amount of PMPs generated by transfer of supernatant from

HLA-A2 IgM treated leukocytes is probably partially due to carry over of HLA-A2 IgM
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antibody, which causes direct activation of HLA-A2 positive resting platelets (Fig 5.4C).
Although the supernatant from AVA 13.2 IgM treated neutrophils contains both released
inflammatory mediators and the AVA IgM, we demonstrated previously (Fig 5.4B,E) that the
AVA IgM alone does not have an activating effect on platelets. Hence, the activation observed
in Fig 5.6C indicates activation is due to the released inflammatory mediators and not the AVA

13.2 IgM.
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Figure 5.6. Effect of supernatant (SN) from IgM treated leukocytes on platelet
activation. Results are expressed as an analysis of platelet particles according to size
and only CD41+ particles are presented above. Data points in black are CD41-positive,
and data points in white are CD41-positive cells with a forward scatter lower than a 1.0
pm diameter fluorescent counting bead, which are considered to be platelet
microparticles. Panel A shows untreated platelets. In B), SN from A3-IgM treatment did
not result in platelet microparticle formation greater than control (A). Treatment of PRP
with SN from AVA-IgM resulted in platelet aggregation and PMP formation (C), while SN
from A2-IgM resulted in the highest generation of platelet microparticles compared to all
treatments. Quantitative data shown in E. Representative of 3 experiments. * denotes

(p<0.05; t-test) compared to no treatment.
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5.3.6. AVA IgM-bound leukocytes release PAF

The previous experiments demonstrated that AVA binding to neutrophils results in
release of factor(s) that cause platelet activation and formation of PMP’s, one of which may be
Platelet-Activating Factor (PAF). To test this hypothesis, blood was briefly pretreated with CV-
6209, an inhibitor of the PAF receptor (PAFR) at a final concentration of 1uM before being
incubated with AVA13.2-IgM. Preliminary experiments had shown that 1uM CV-6209 is
sufficient to produce 100% inhibition of thrombin mediated platelets activation (not shown).
After 45 minutes of IgM incubation, normal blood treated with the AVA13.2-IgM demonstrated
platelet depletion (Fig 7B), but when CV-6209 pre-treated blood was incubated with AVA 13.2-
IgM, platelet counts were not depleted and were similar to levels found in untreated blood (Fig
7C,D). Interestingly, although PAF-inhibition prevented disappearance of whole platelets, it did

not prevent them becoming covered in C3d (Fig 7E).
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Figure 5.7. PAF inhibition attenuates platelet activation and blood cell
agglutination. Whole blood was untreated (A), or incubated for 45 minutes with 13.2
IgM AVA in the absence (B) or presence (C) of the PAF receptor inhibitor CV-6209.
Flow cytometry of treated blood was used to determine platelet depletion (summarized
in D) and C3d expression (summarized in E, where white bars represent leukocytes and
black bars represent platelets). The white coloured data points in scatterplots A-C
represents platelets with C3d-positive signal, and the position of platelets is marked as
a bracket in (A). Pretreatment of whole blood with CV-6209 attenuated platelet
depletion, but an increase in C3d deposition on platelets was still observed (A vs. C).
Platelet counts were determined by analyzing 5000 leukocyte events for each sample.
Representative of 4 experiments. * denotes (p<0.05; t-test) compared to no treatment.
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S.6. Discussion:

Anti-vimentin antibodies have been described in a number of diverse conditions
including autoimmunity (1;2;24), chronic infections (25), and clinical rejection of solid organ
allografts (5-9). It has been recently demonstrated that vimentin immunised mice undergo
accelerated rejection of their cardiac allografts (26) but the mechanisms were not elucidated.
This is the first study to demonstrate interactions between IgM anti-vimentin antibodies and
leukocytes and suggest a mechanism for their pathogenicity. The study was initiated by the
observation that activated platelets express cell surface vimentin (13) leading us to hypothesize
that AVA would have an effect on platelet activation or thrombosis. Treatment of normal whole
blood with the AVA13.2-IgM monoclonal resulted in platelet:leukocyte conjugate formation and
depletion of platelet counts. This was accompanied by induction of P-selectin on platelets
attached to leukocytes (Fig3F), and deposition of fibrinogen, C3d and tissue factor on platelets
and leukocytes. P-selectin is known to be a crucial molecule in P:L conjugate formation (27).
That these effects can be produce by patient’s antibodies was demonstrated by use of serum from
cardiac transplant recipients, which were selected on the basis of their high IgM AVA titre; when
these serum samples were depleted of AVA'’s, the formation of platelet:leukocyte conjugates was
prevented and platelet counts were unaffected.

To compare the effects of the AVA IgM to other antibodies known to bind to platelets,
IgM molecules specific for HLA antigens were chosen. Antibodies to A2, but not A3 had an
effect on blood from an A2 individual, confirming the importance of the antigen binding part of
the IgM molecule and discounting the possibility that IgM antibodies could non-specifically
activate platelets to form P:L conjugates. Experiments using purified platelets as opposed to

whole blood described an important difference between A2-IgM and AVA-IgM, namely that
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only anti-HLA antibodies bind to purified platelets and AVA IgM did not. This is not surprising,
since it is known that only activated and not quiescence platelets express surface vimentin (13).
Podor et al. also described vimentin expression on platelet microparticles (13); this would
explain the decrease in %PMP observed when AVA 13.2 IgM was added to purified platelets
(Figs 4A,B). We suggest that AVA IgM binds to the vimentin-positive PMPs in normal platelet-
rich plasma, resulting in complement-mediated lysis and further degradation of platelet
microparticles.

Using whole blood and a secondary antibody detecting 13.2-IgM, it was determined that
AVA’s bind to approximately 12 % of circulating neutrophils; this has been verified by Moisan
et al who described a similar number of vimentin positive neutrophils in normal blood and
demonstrated them to be spontaneously apoptosing neutrophils (28). We have not formally
proven that the neutrophils that bind 13.2 IgM are undergoing apoptosis, but in view of the
literature describing the presence of vimentin on apotosing cells of various types (10;12;29), this
seems a probable explanation for the association between AVA and neutrophils. The possibility
that AVA’s bind to neutrophils that subsequently release factors to activate resting platelets was
confirmed by using supernatant from AVA treated leukocytes and adding it to platelets and
observing PMP formation. Thus, platelet activating factor (PAF) was implicated as a primary
factor leading to platelet activation because it can be rapidly synthesized and released by
activated neutrophils. In our studies leukocytes expressed tissue factor following AVA treatment
of whole blood (Fig 3F); this is also likely to have originated from activation of neutrophils by
AVA (30;31); however, unlike PAF which has direct platelet agonist effects Tissue Factor does
not directly activate platelets (32). PAF binds to Platelet-Activating Factor Receptor (PARF)

present on platelets and leukocytes (33). Upon PAF binding, calcium channels are opened,
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initiating activation of the platelet. In our experiments, although the platelet count was normal
with the inhibitor, platelets were still expressing C3d; this is probably because the PAF inhibitor
did not affect release of activating factors from the neutrophils, but inhibited opening of the
calcium channels necessary for cell lysis. It is unlikely that PAF is the only mediator released by
AVA-activated granulocytes. In summary, we hypothesize that AVA induce platelet activation
and PMP formation via four stages; 1) activation of neutrophils and release of platelet activating
factors, expression of tissue factor 2) induction of P-selectin, vimentin and tissue factor on
platelets 3) binding of fibrinogen to activated platelets (via GPIIplIl,) and formation of P:L
conjugates and 4) binding of AVA to activated platelets and generation of PMP’s. The latter
process is likely to be mediated by complement as demonstrated by the presence of C3d on
platelets and ability of AVA to fix complement and cause leukocyte lysis in vitro (Fig 5C).
Previous studies have shown sensitivity of platelets to complement mediated lysis (23;34). We
have not yet formally demonstrated the complement dependence of this process using
complement inhibitors.

The formation of platelet:leukocyte conjugates by AVA is an observation that sheds light
on possible hemostatic mechanisms leading to GVD development in allografts. It may also be
important for atherosclerotic disease progression in autoimmune diseases such as SLE, which are
characterised by AVA. When platelet:leukocyte conjugates are formed, the effectiveness of
these leukocytes to roll and tether to activated endothelium is substantially increased (35;36).
The release of tissue factor or its expression on activated granulocytes may also potentiate T-cell
activation (37) alongside its pro-coagulation effects.

This study has described effects of IgM AVA on leukocytes which are antigen dependent.

In 1984, Hansson et al. demonstrated Fc dependent binding of non-specific IgG to vimentin
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exposed on the surface of damaged endothelial cells (38); in the current study the failure of V9 to
bind to senescent neutrophils. The fact that A3-IgM and A2-IgM behave in a different way to
13.2-IgM and the fact that vimentin coated agarose beads deplete only AVA from patients serum
(and not IgG HLA antibodies) argues against vimentin acting as a general Fc receptor for
circulating immunoglobulin. Whether IgG AVA interact with leukocytes in a similar manner
warrants further investigation.

It is interesting to speculate that the effects of AVA’s described here, in vitro, may be
partly responsible for the neutropenia and thrombocytopenia typically present in lupus patients.
Indeed the effects of AVA on vimentin positive senescent neutrophils, may be analogous to the
effect of anti-neutrophil cytoplasmic autoantibodies which are associated with specific forms of
systemic vasculitis (39). In the latter case, it is known that cytokine treatment exposes these
autoantigens proteinase-3 and myeloperoxidase on the neutrophil surface, although the in vivo
stimulus of such exposure is not known. In conclusion, the mechanism we describe here may

reflect a novel mechanism of how autoantibodies lead to thrombosis and atherosclerosis.
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CHAPTER VI: CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Overall themes of dissertation

In this dissertation, I present data on the dissection of the intracellular and extracellular
fates of a ternary complex composed of vimentin, vitronectin and PAI-1. First, I constructed a
fluorescent form of PAI-1 to track the intracellular localization of the anti-fibrinolytic component
of the ternary complex within cells such as megakaryocytes (MEG-01 cell line) and endothelial
cells (Eahy926 cell line). I later determined that the majority of synthesized PAI-1 did not bind
to the surface of megakaryocytes post-thrombin activation but did bind to the surface of activated
endothelial cells. Previous to these observations, we demonstrated that PAI-1 synthesized by
endothelial cells was organized into storage granules that also contained vWF and P-selectin.
This was a novel observation, as previous work had shown that PAI-1 was not
compartmentalized to a storage granule, but was instead loosely dispersed within the cytoplasm
of transfected endothelial cells and megakaryocytes. It was previously determined that PAI-1
was bound to the surface of activated cells such as platelets and platelet microparticles by first
binding to vitronectin (VN) in PAI-1:VN complexes, the VN mediating its localization to
exposed vimentin on the cell surface. Hence, it became important to understand the mechanism
of vimentin exposure on activated endothelial cells and platelets.

A morphological analysis ensued whereby a novel technique was devised to visualize
surfaces of platelets and platelet microparticles at a high resolution (nanometer level) to identify
vimentin and multimers of vitronectin as sites of ternary complex assembly. Using a
combination of FACS and atomic force microscopy, only PMP’s expressing CD41a and a
combination of PAI-1, VN and vimentin were isolated and individually imaged. @AFM

morphological analysis revealed platelet microparticles with a diameter range from 350-800 nm,

113



and surface morphology differed between PMP’s isolated from expired platelet concentrates or
from AMI-patient plasma. PMP’s from expired platelet due to Platelet Storage Lesion (PSL)
concentrates demonstrated continuous, smooth surfaces with sparse protein distribution whereas
PMP’s from patient-AMI plasma demonstrated a highly irregular and decorated surface
characterized by protein distribution. The surface morphology of PMP’s generated by PSL
reflects their in vitro origin and instrinsic mechanism of activation whereas PMP’s in patient-
AMI plasma are generated in vivo and thus more susceptible to association with other plasma
proteins such as acute phase proteins, coagulation proteins such as fibrin and Factor VII, as well
as interactions with apoptotic or necrosed cells and their releaseates. In contrast, PMP’s formed
in vitro by platelet storage lesion present with far less surface irregularities, likely due to the lack
of possible binding partners released in an activated in vivo setting. Another key observation
was membrane flap-like appendages that extended from the base of vimentin positive PMP’s of
which some contained intermediate filament structures as verified by AFM. The height
dimension of these membrane flaps corresponded to previous AFM measurements of
phospholipid bilayer membrane of ~5 nm.

We have also uncovered a mechanism of how vimentin can induce vitronectin activation
as determined from the cell-free experiments with purified VN and VIM133 peptide and AFM.
The purified VN imaged by AFM demonstrated a height of 3 nm, presumably the native and
inactive conform of VN. However, addition of VIM133 peptide which contains extensive
regions of basic amino acid residues, caused the formation of VN-vimentin multimers with a
maximum observed height of 1.6 nm, a noticeable lack of 3 nm VN monomer structures. These
observations also hold true for conditions in which molar ration of VN:vimentin was 3:2 or 6:1.

In Figure 6.1, we propose a mechanism of how VN activation may occur via the unraveling of
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the VN molecule when the basic resides of VIM 133 ionically interact with the 340-380 aa region
of VN that contains acidic residues, thus revealing the basic resides contained in 50-100 aa on
VN. This unravelling and subsequent exposure of basic resides can induce further
destabilization of intramolecular ionic bonds in another VN molecule, inducing co-operative

binding between VN to induce VN multimerization.
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Figure 6.1. Proposed mechanism of vimentin-induced vitronectin multimerization.
Vitronectin contains a region of basic amino acids (50-100 aa) and a region of acidic
amino acids (340-380 aa) that interacts in an ionic binding interaction that contributes to
folding and its globular tertiary structure. When the region of basic amino acids on
vimentin interacts with the acidic region on VN, it may induce a major conformationai
change such that the VN molecule “unravels” and in doing so, reveals the endogenous
basic amino acid region to other inactive VN, subsequently inducing further “unravelling’
on another inactive VN, thus propagating VN-VN interactions to the extent of VN
multimerization.
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From the observations made in Chapters III and IV, I propose a model that supports our
initial hypothesis of how the ternary complex is assembled on activated platelets and platelet
microparticles in Figure 6.2. Essentially, the model describes how the ternary complex is formed
at the sites of microparticle release whereby vimentin cytoskeleton of platelet pseudopods that
release PMP’s become externalized at the pseudopod-PMP breakage junction. At these
psuedopod-PMP junctions, this exposed vimentin may be readily susceptible to a range of
protein interactions such as VN multimerization and incorporation PAI-1-VN complexes, which
may originate from pre-existing plasma sources or from exocytosis during platelet activation.

Vimentin is typically not exposed to plasma because of its properties as a cytoskeleton
protein; my proposed mechanism of vimentin exposure provides a hypothesized manner of
vimentin presentation that may be relevant in discussions involving vimentin autoantibody
generation during organ transplant vasculopathy. Moreover, the effects of these anti-vimentin
antibodies (AVA’s) were not understood, and whether or not they exert any pathogenic effect in
the context of organ transplant vasculopathy. We were able to determine that AVA’s in normal
whole blood specifically bind to a subpopulation of senescent granulocytes expressing vimentin
on their surface. As shown in Figure 6.2, when AVA’s bind to this subpopulation of senescent
granulocytes, they induce complement-mediated cell lysis leading to cell death and during this
process, the release of platelet agonists such as tissue factor and platelet-activating factor (PAF)
may occur. The release of these platelet agonists lead to platelet activation, platelet:leukocyte
conjugate formation and PMP formation. Lastly, these observations are in agreement with other
published reports describing elevated levels of markers of platelet activation in the literature and

the contribution of activated platelets to atherogenesis in transplant vasculopathy [1, 2].
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6.2. Strengths and limitations of thesis research

6.2.1. Chapter Il

The primary aim of this dissertation was to understand the role of vimentin in hemostasis
and antibody-mediated complement fixation and how vimentin is exposed on the surface of cells.
The means in understanding how vimentin is exposed on the surface of cells, did not yield to the
typical conventions or techniques of biomedical research. One of the main findings of this
dissertation is that the majority of synthesized PAI-1 is not bound to the surface of the activated
megakaryocyte, a cell model analogous to its much smaller associate, the platelet. These
observations were made by constructing a chimeric form of PAI-1, fusing a fluorescent red
protein, dsRed, to the C-terminus of the PAI-1 cDNA sequence. Although not an extraordinary
process, extensive validation was performed to ensure its suitability as an intracellular marker of
PAI-1. This process of validation is comparable to work performed on other GFP/dsRed fusion
chimeras such as tPA-GFP [1, 2], granzyme B-GFP [3], keratins K8-GFP K11-GFP [3],
vimentin-GFP [4], thrombopoietin receptor Mpl-dsRed [5]. This is considered a strength of this
dissertation, a validation that enabled investigation of PAI-1 trafficking and
compartmentalization in megakaryocytes and endothelial cells, observations that are an
important contribution to vascular biology, hemostasis and ECM metabolism.

One of the key limitations in chapter III of this dissertation was the lack of PAI-1-dsRed
quantification on the surface of activated megakaryocytes, which proved to be difficult during
flow cytometric analysis. Both thrombin- and calcium-ionophore- activated megakaryocytes
proved to be unamenable to flow cytometry due to a subpopulation of large cellular aggregates
obstructing fluidics; aggregation possibly due to thrombin and cell adhesion. Our inability to

perform flow cytometric analysis did not allow for PAI-1-dsRed signal comparison at pre- and
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post-activation states of megakaryocytic and microparticle fractions. However, judging by the
general lack of PAI-1-dsRed on the surface of thrombin-activated megakaryocytes as visualized
by videomicroscopy (Figure 3.8.), the proportion of surface-bound PAI-1-dsRed is minimal.
However, more work needs to be done to determine why ternary complex is expressed on
activated endothelium as determined in Figure 3.6. Major determinants in ternary complex
formation may depend on two major criteria: 1) cell surface area available for microparticle
release and; 2) cortical vimentin cytoskeleton network underneath the cell membrane.
Endothelial cells may hold a greater capacity in ternary complex assembly because of their larger
surface area and the density of underlying vimentin cytoskeleton network compared to platelets

and megakaryocytes [6-8].

6.2.2. Chapter IV

Another key strength of this dissertation is the use of AFM to visualize individual platelet
microparticles (PMP’s). Prior to this work, imaging of PMP’s was limited to transmission
electron microscopy but with no ability to specifically image PMP’s expressing just ternary
complex. These images provided insight as to how vimentin may be exposed on the surface of
activated cells, which can lead to extracellular ternary complex assembly. The combination of
FACS-mediated isolation of ternary complex-positive PMP’s for AFM imaging is a novel
technique that can be extended to visualizing protein distribution on the surface of larger cells
such as endothelial cells, cardiomyocytes, and leukocytes.

My proposed model (Figure 4.6) describing the mechanism of vimentin cell surface
expression also provides insights relating to the origin of vimentin autoantibody production. I

believe allograft implantation induces immune responses that immediately target graft
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endothelium, inducing the production of endothelial microparticles [9, 10]. The formation of
these endothelial microparticles may result in vimentin expression on both the microparticle and
endothelial cell and upon processing by antigen processing cells, potentially leading to an auto-
immune response against vimentin. We have also determined the binding site of these vimentin
autoantibodies in normal whole blood and determined how they can induce blood cell activation
(Figure 6.1). The model of vimentin surface expression by microparticle release requires further
investigation, for example, imaging of vimentin-positive platelets with cryo-electron microscopy.
However, I propose a model in Chapter IV in which AFM images of platelet microparticles
(PMP) provide insight as to how vimentin is formed, albeit interpretations based on artifactual
membrane appendages attached to the base of the PMP.

There is another important limitation to be considered in Chapter IV regarding atomic
force microscopy of activated platelets. Although only CD41+ve platelets with high vitronectin
signal were sorted for AFM imaging, it was difficult to translate surface topography with our in
vitro observations on purified vitronectin and vimentin multimers. Furthermore, the fields of the
supposed vitronectin-vimentin multimers also contain antibodies specific for vitronectin and
vimentin, causing interpretation to be even more speculative. Despite these potential artefacts, it
is possible that the areas of high topographic activity are fields of multimerized protein
containing vitronectin and vimentin. Overall, this chapter showcases the potential of atomic
force microscopy in providing insights with the ultrastructure of protein-protein complexes, and
submicron ultrastructure of biological samples such as microparticles.

6.2.3. Chapter V

Another strength of this dissertation is the comprehensive evaluation of anti-vimentin

antibodies (AVA’s) and their pathogenic effects on whole blood, a role previously unknown and
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thought to be benign in effect. By using an in vitro effect but using both commercially available
and patient-derived AVA'’s, I was able to determine the mechanism of AVA-induced blood cell
activation. Similar reports describing the cytotoxic effects of other autoantibodies such as anti-
neutrophil cytotoxic antibodies (ANCA) have established pathological effects of auto-antibodies
while others such as anti-dsDNA antibodies and their effects remain unclear. Although their
presence remains associative in relationship to the actual pathogenesis of vasculitis in kidneys;
they are postulated to activate and induce neutrophils to release their proteolytic contents, thus
causing inflammation of the vessel wall [11, 12]. Chapter V described a mechanism of how
AVA can induce blood cell activation by determining the binding site of AVA in normal whole
blood — neutrophils.

The limitations associated with this chapter are primarily application-related and stem
from the fact that this work was performed in vitro. Some of the key experiments we designed
had utilized mouse whole blood of a vimentin -/- genotype. We initially hypothesized that AVA
would not have any effect on vimentin-/- blood when compared to AVA on normal blood.
Surprisingly, AVA did not exert any effect in terms of activation on both normal and vimentin-/-
whole blood (data not shown). Similar comparisons with isolated leukocytes and AVA
cytotoxicity tests also generated inconclusive results, bringing into doubt a cross-species
relevance of AVA and pathogenesis. Definitive studies based on AVA specificity for vimentin
on activated murine platelets and leukocytes must be performed, both from washed and plasma
sources. As well, it is conceivable that other murine plasma proteins bind to exposed vimentin,
sterically hindering AVA binding to surface exposed vimentin on platelets and leukocytes.
However, it has been determined by our laboratory that immunization of mouse models with

human vimentin does not lead to murine AVA production and brings to light a cross-species
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difference in vimentin homologues, a 446/453 amino acid residue similarity between Mus
musculus and Homo sapiens. Hence, all future in vitro tests should use enough murine specific
AVA in order to adequately compare the observed in vitro effects in normal human blood and

murine blood.

6.3. Evaluation of current knowledge and proposals for future directions

PAI-1 exerts its pleiotrophic effects in both plasma and on extracellular membrane
surfaces, but the mechanism of its localization to cell surfaces is still unclear despite continued
progress. One major mechanism of PAI-1 extracellular presentation is related to its interactions
with a classical receptor, uPAR (urokinase-type plasminogen activator receptor). In detail, PAI-
1 binds to uPA (urokinase-type plasminogen activator) that is already associated with the cell
surface receptor, uPAR, which coordinates both intracellular signals and extracellular proteolysis
for cellular motility. In this classical receptor-based mechanism, PAI-1 binds directly to uPA,
thus inhibiting uPA and preventing the formation of plasmin[13]. At this site, VN can also bind
to uPAR via its somatomedin B domain, although it is not definitively understood whether VN
can mediate PAI-1 binding to the VN-uPAR complex. It is also unclear whether or not a uPA
vacancy is required for VN complex formation with the uPAR receptor [14, 15] in order for VN
to recruit PAI-1 localization to the uPAR receptor.

There is also a non-classical receptor mechanism of PAI-1 localization in which Podor et
al. revealed the ability of VN to mediate PAI-1 localization to activated cell surfaces by binding
to exposed vimentin cytoskeleton on activated platelets and platelet microparticles[16]. This
non-classical receptor based mechanism partially explains PAI-1 expression on activated cells

such as platelets, thus implicating PAI-1’s anti-thrombolytic effects within thrombi. However,
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the acceptance of this mechanism became dependent on the understanding of how vimentin is
extracellularly presented. The proposed model in Figure 6.1 provides a plausible model for 1)
vimentin surface expression leading to 2) PAI-1:vitronectin:vimentin ternary complex assembly
on cells such as platelets and endothelial cells. Future studies must determine the proportion of
PAI-1 bound to either the uPAR or vimentin receptor; studies that can utilize the PAI-1-dsRed
intracellular probe. This is the ultimate objective of the PAI-1-dsRed probe, to permit the
understanding of the extracellular fate of PAI-1 and the mechanism of its localization: whether
by the exposure of vimentin or by a receptor-based mechanism such as uPAR. I believe that the
extracellular fate of PAI-1 will differ between cell types offering another dimension of the
pleiotrophic effects PAI-1 exerts in the areas of cell motility, cell adhesion and fibrinolysis.

The PAI-1-dsRed probe also catalyzed the understanding of PAI-1 trafficking within
endothelial cells, which will bring forth new ventures in controlling this factor via modulation of
PAI-1 secretion, hence regulating pathways such as hemostasis, fibrosis and vascular patency.
This intracellular marker will also rejuvenate studies once centered on intracellular trafficking of
PAI-1 in platelets and endothelial cells as well as extracellular imaging studies on hemostasis via
intravital imaging by photochemical induced thrombosis animal models. This probe will permit
real-time evaluation of pro-thrombotic factors and their spatial distribution during thrombus
formation in these intravital imaging experiments. In disease models of pulmonary fibrosis, the
generation of lentiviral vectors or murine models with endothelium expressing only PAI-1-dsRed
can provide further understanding of the endothelium’s role in disease progression in this
disease.

Atomic force microscopy of PMP’s has proved to be an exciting contribution in the field

of microparticle biology, shedding light on the morphology of PMP’s. Once referred to as

123



“platelet dust” [17] and primarily assessed by flow cytometry, we have provided the first
definitive images of PMP’s providing major insight to their origin, structure and potential as
“miniature envoys”, expressing other important proteins, e.g. tissue factor [18]. Moreover, their
small size (<1.0pm in diameter) renders their level of interactions to an almost soluble phase and
it would be of interest to evaluate the functionality of CD41 integrin to determine its capability to
bind to fibrin/fibrinogen. The ability of PMP;s to bind to fibrin/fibrinogen will determine their
ability to be incorporated into thrombi and whether they can contribute to clot strength in a
manner analogous to activated platelets in a thrombus. If not, then their ability to express PAI-1
may only be realized at a soluble level and not within a cell surface/cell adhesion/cell motility
environment.

Investigations regarding the requirement of vimentin for ternary complex formation on
the surface of platelets and endothelial cells can be readily determined by pre-treating platelets or
cultured endothelial cells with inhibitors such as cytochalasin D [19]. These inhibitors cause the
vimentin intermediate filament cytoskeleton to collapse and reorganize tightly around the
nucleus, dissolving the original cortical distribution of the intermediate cytoskeleton. When
these pre-treated platelets or endothelial cells are treated with agonists such as thrombin or TNF-
o, the surface expression of ternary complex (PAI-1:VN:VIM) can be evaluated as
microparticles are released from pseudopods formed via activation. This is one example in
which pharmacological vimentin inhibition may provide an avenue of downregulated surface
expression of PAI-1.

This vimentin inhibition or general cytoskeleton inhibition via cytochalasin D or other
inhibitors may provide avenues of insight as we continue to build on the knowledge gained from

vimentin exposure from activated endothelium and endothelial microparticles. A collapse of
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vimentin cortical cytoskeleton and actin cytoskeleton by these inhibitors in graft endothelium
will decrease microparticle formation [20] and may prove beneficial by preventing the release of
graft endothelial microparticles available for antigenic processing. However, grafts would
require this treatment prior to implantation to prevent cytoskeleton disruption in the host blood
cells. Aims toward reducing the processing of graft microparticles may result in the decreased
formation of non-MHC antibodies, or autoantibodies. Although there are no current strategies to
prevent the formation of antibodies targeting the MHC molecules of organ grafts, cytoskeletal
reorganization by pharmacological inhibitors may be a means to limit the formation and impact
of non-MHC antibodies, which are thought to arise from the destruction of graft cells caused by
the host immune system. This experimental methodology would also prove to be beneficial in
preventing the assembly of ternary complex on the surface of endothelium, and decreasing the
amount of PAI-1 bound to the activated cell surface. Whether the origin of PAI-1 is platelet or
endothelial derived, the absence of a vimentin anchor for the ternary complex would ultimately
decrease the incorporation of PAI-1 into atherosclerotic lesions, thus decreasing future

thrombotic complications [21-23].

6.4. Three most significant contributions
6.4.1 Mechanism of microparticle release from activated blood cells and endothelium
Microparticles are sub-micron sized (< 1.0pm) vesicles that are released from the surface
of activated cells such as platelets, leukocytes and endothelial cells. I set forth a mechanism of
microparticle release and how PAI-1 may be bound to the surface of these activated cells and on

the surface of microparticles. This mechanism is important because it explains in part how a
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variety of proteins such as PAI-1 can be bound to the surface of activated cells without a

classical receptor, ie. integrins.

6.4.2. The role of neutrophils in thrombus stabilization and structural integrity.

I have performed microscopic and biophysical assessments on thrombi collected via
aspiration of intracoronary culprit lesions from infarct patients. 1 have determined that
neutrophils are specifically bound to thrombus fibrin via CD11b on their surface. This binding
interaction contributes to ~15% of clot strength and can be inhibited via inhibitory antibodies
against the CD11b integrin. I have also shown that neutrophils may be partially responsible for
thrombolytic resistance because azurophilic granule release can result in the biochemical

modification of fibrin, rendering it unrecognizable by other proteins or fibrin-specific antibodies.

6.4.3. Formation of platelet:leukocyte conjugates in transplant vasculopathy.

Anti-vimentin antibodies (AVA) are a prognostic indicator of cardiovascular disease in
cardiac transplant recipients but their mechanism of action in the pathogenesis in chronic organ
rejection was unclear. [ determined that anti-vimentin antibodies specifically bind to a
population of senescent leukocytes, primarily of neutrophil and monocyte cell type. When
AVA’s bind to these leukocytes, platelet-activating factor was secreted which in turn, activated
platelets. This activation of platelets subsequently led to the formation of platelet:leukocyte
conjugates. When these platelet:leukocyte conjugates are present in the circulation of these
patients, it is postulated that there may be increased infiltration of leukocytes and platelets into
the graft vasculature. This increased infiltration may exacerbate graft function, resulting in

cardiovascular disease and validating use of AVA titres as a prognostic indicator of graft life.
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