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Abstract 

Thrombosis is initiated by platelets and leads to cardio-, cerebro-, and peripheral 

vascular disease, the leading causes of morbidity and mortality in the western world. 

Antiplatelet drugs have improved clinical outcomes for thrombosis patients. However, 

their expanded use is limited by hemorrhage at high concentrations and sub-therapeutic 

activity at lower doses. Thus, development of new antiplatelet agents with improved 

safety and efficacy is a medical priority.  

VWF is a multimeric plasma glycoprotein that plays a critical role in platelet-

mediated thrombus formation and presents an attractive target for antiplatelet therapy. To 

this end, I have isolated and characterized aptamer molecules that bind to VWF with high 

affinity and have shown that some of these aptamer molecules could inhibit platelet 

activation/aggregation in vitro and in vivo. Furthermore, I designed antidote molecules 

that can reverse the effects of the aptamer molecules, restoring platelet function quickly 

and effectively. This project has yielded the first antidote controlled antiplatelet agent and 

may lead to significant improvements in thrombosis therapy.  

Thrombin is a plasma protein that plays a critical role in thrombosis. Currently, 

available antithrombin agents are efficacious in preventing coagulation but do not 

significantly affect platelet activation and aggregation, both essential components of 

thrombus formation. Therefore, I tested two aptamer molecules that bind to mutually 

exclusive exosites on thrombin and, when used together, synergistically inhibit both 
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coagulation and platelet activation. I demonstrated that this method could potentially lead 

to the development of effective antithrombotic therapies. 

With an ever-increasing number of people taking multiple medications, the need 

to safely administer drugs and limit unintended side effects has never been greater.  

Antidote control remains the most direct means to counteract acute side effects of drugs 

but unfortunately it has been challenging and cost prohibitive to generate antidotes for 

most therapeutic agents. Therefore, I described the development of a set of antidote 

molecules that are capable of counteracting the effects of an entire class of therapeutic 

agents, i.e. aptamers, including those that I generated against VWF. I demonstrated that 

protein and polymer-based molecules that capture oligonucleotides can reverse the 

activity of aptamers in vitro and in vivo.  
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1. Introduction 

1.1 Thrombosis 

1.1.1 Thrombosis & Hemostasis  

Hemostasis is the result of a number of well-regulated steps that accomplish two 

important functions: The first one is to maintain blood flow in vascular bed in a clot free 

state. The second is to arrest bleeding from an injured blood vessel in a rapid and 

localized manner. Both of these steps require a dynamic interaction between vascular, 

platelet, and plasma factors (Becker 2005; Nimjee, Rusconi et al. 2005; Hoffman and 

Monroe 2007). However, undesirable clot formation can occur in these vessels due to a 

number of reasons, leading to thrombus formation and occlusion in an otherwise patent 

blood vessel.  This acute condition, known as pathologic thrombosis, can lead to 

coronary, cerebral and peripheral vascular stenosis, and represents the most common 

cause of morbidity and mortality in the United States today (Bhatt and Topol 2003; 

Jackson and Schoenwaelder 2003; Nimjee, Rusconi et al. 2005; Thom, Haase et al. 

2006). Hemostasis and thrombosis is regulated by three main components; the 

coagulation cascade, platelet activity and the vascular bed. 

During normal hemostasis, following vascular injury, subendothelial extracellular 

matrix is exposed, creating a highly thrombogenic environment. This leads to the 

adhesion and activation of platelets to the area and secretion of numerous platelet factors. 

Within minutes, more platelets are recruited, platelet aggregation follows leading to the 

formation of a hemostatic plug through a process called primary hemostasis. Tissue 
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factor (TF), a membrane bound pro-coagulant factor, is also exposed at the site of 

vascular injury triggering the coagulation cascade in conjunction with the platelets. 

Through a series of steps, described in more detail below, TF leads to the activation of 

thrombin which converts soluble fibrinogen to insoluble fibrin, resulting in the formation 

of the fibrin meshwork and a stable clot (Hoffman and Monroe 2005). Moreover, 

thrombin is involved in inducing further recruitment and activation of platelets and 

coagulation factors. This process, known as secondary hemostasis, takes longer than the 

primary hemostasis and leads to the formation of a stable blood clot to prevent 

hemorrhage at the area of injury. 

 

1.1.2 The Role of Coagulation in Thrombosis and Hemostasis 

Coagulation plays a key role in hemostasis and thrombosis. The coagulation starts 

with the TF/ Factor VII activation and through a series of enzymatic steps culminates the 

formation of thrombin. There are two main theories of coagulation—“the classical 

coagulation cascade” presents clotting as two distinct pathways that meet downstream to 

form a common pathway. The second theory known as “the cell based model of 

coagulation” takes into account the procoagulant environment and proposes that clotting 

occurs on the surface of tissue factor presenting cells and on platelets.  

 

The Coagulation Cascade 

 Traditionally, the coagulation cascade has been divided into two distinct 

pathways, extrinsic and intrinsic. The intrinsic pathway is initiated by the activation of 
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factor XII (F XII), also known as the Hageman factor, while the extrinsic pathway is 

activated by the TF and factor VIIa (FVIIa) at the site of injury. These two factors 

converge where factor X (FX) is activated leading to subsequent thrombin production. 

However, such a division is mainly an artifact of in vitro testing and there are, in reality, 

numerous interconnections happening between both pathways. A more realistic theory of 

blood coagulation is the cell-based model of coagulation. 

 

The Cell-based model of coagulation 

The cell-based model of blood coagulation takes into consideration of the 

procoagulant environment around the area of insult and characterizes coagulation in three 

distinct steps: initiation, priming and propagation (figure 1.1) (Hoffman and Monroe 

2005; Roberts, Hoffman et al. 2006; Hoffman and Monroe 2007).  In the initiation step, 

tissue factor (TF) comes into contact with activated coagulation factor VII (FVIIa) and 

this, in turn, results in activation of factors IX and X. Factor Xa (FXa) then binds to 

factor Va (FVa) on a TF-bearing cell, which produces a sufficient amount of thrombin to 

activate platelets around the area of injury; this leads to the priming step of coagulation.  

During priming, thrombin induces platelet activation by cleaving protease activated 

receptors 1 & 4 (Par1 and Par4), and also activates factors V, VIII and XI.  Factor VIIIa 

(FVIIIa) then assembles on the platelet surface to form the IXa/VIIIa complex (tenase 

complex) which leads to further production of FXa and thrombin, and the beginning of 

the propagation phase.  The propagation phase generates large amounts of thrombin 
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through the Xa/Va complex (prothrombinase complex), resulting in a stabilized fibrin and 

platelet-rich clot.  

 

Figure 1.1: Cell-based Model of Coagulation. This model takes into account both the 
role of cell surface and coagulation factors involved in coagulation. Figure adapted from 
Hoffman M., J. Thromb. Thrombolysis, 2003 (16) 1-2: 17-20.(Hoffman 2003) 

 

1.1.3 The Role of Platelets in Thrombosis and Hemostasis 

Platelets are anuclear, disk-shaped cells that play a key role in hemostasis and 

thrombosis. Hemostasis is the product of well-regulated steps that maintain blood flow in 

a clot-free state in vessels. Platelets circulate throughout the vascular system searching 
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for and responding to areas of vascular injury. At the site of an insult, “surveying” 

platelets become activated, adhere to the vessel wall, and aggregate, forming a platelet 

plug to prevent hemorrhage.  

Over the past decade, much research has also elucidated the important role of 

platelets in thrombosis. Excessive accumulation of platelets on atherosclerotic plaques is 

an essential aspect of thrombus formation, which in turn, is responsible for the 

development of acute coronary syndromes such as stroke and arterial thrombosis (Fuster, 

Badimon et al. 1992; Fuster, Badimon et al. 1992; Falk, Shah et al. 1995; Jackson and 

Schoenwaelder 2003). Cholesterol-rich accumulations, or atherosclerotic plaques, form 

on the endothelial surface over time and are accelerated by smoking, hypertension or 

hyperlipidemia and hypercholesterolemia. These plaques disturb the laminar flow of 

blood, causing turbidity and high shear stress resulting in inappropriate platelet 

activation, thrombus formation and occlusion in an otherwise patent blood vessel. This 

acute condition can lead to coronary, cerebral and peripheral vascular stenosis, and 

represents the most common cause of morbidity and mortality in the United States today 

(Bhatt and Topol 2003) (Jackson and Schoenwaelder 2003). According to the American 

Heart Association, 60 million people in the United States have heart disease, and a high 

proportion of these patients are under increased risk of arterial thrombosis (Falk, Shah et 

al. 1995; Jackson and Schoenwaelder 2003). There are a number of platelet 

receptors/ligands that play an important role in platelet function and represent attractive 

targets for inhibition as antithrombotic therapy. The important platelet related targets for 

antithrombotic therapy are summarized below. 
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Glycoprotein Ib-IX-V 

Glycoprotein Ib-IX-V (GP Ib-IX-V) is a platelet adhesion receptor belonging to a 

leucine-rich repeat family and is expressed on the cell surface at a concentration of 

approximately 25,000 copies per platelet (Canobbio, Balduini et al. 2004). GP Ib-IX-V is 

the second most common platelet receptor after GP IIb-IIIa and it initiates platelet 

attachment, activation and aggregation to the vessel wall via interaction with its ligand 

von Willebrand factor (VWF) and is the main receptor leading to thrombus formation at 

high-shear stress in flowing blood (Andrews, Gardiner et al. 2003). GP Ib-IX-V consists 

of 4 different subunits: GP Ibα is disulfide linked to GP Ibβ, and non-covalently attached 

to GP IX and GP V in a ratio 2:2:2:1. GP Ibα contains 610 amino acids and has seven 

tandem leucine rich-repeats with conserved N- and C-terminal flanking sequences 

(Berndt, Gregory et al. 1985; Lopez, Chung et al. 1987; Berndt, Shen et al. 2001). The N-

terminal end of this multifunctional receptor contains the binding sites for adhesive 

protein von Willebrand factor (VWF), coagulation factors IIa, XI and XIIa, high-

molecular-weight-kininogen, Mac-1 and P-selectin (Andrews, Gardiner et al. 2003). GP 

Ibα promotes coagulation and thrombus formation via platelet activation and aggregation 

(Celikel, McClintock et al. 2003). 

Interaction between the GP Ibα subunit of GP Ib-IX-V and VWF is essential in 

primary hemostasis as it leads to platelet adhesion to sub-endothelial matrix at the sites of 

injury, especially at high flow and high shear conditions. GP Ib-IX-V – VWF binding is 

crucial in platelet adhesion in arterioles and small arteries in addition to large arteries 

since it is the only interaction that efficiently takes place under high shear-stress and high 
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flow conditions. Binding of GP Ib-IX-V to VWF triggers signaling pathways leading to 

“inside-out” activation of GP IIb-IIIa, which in turn mediates the platelet aggregation and 

formation of a platelet plug (Canobbio, Balduini et al. 2004). Moreover, GP Ibα binds to 

clotting factors IIa, XI, XIIa and high-molecular-weight-kininogen and plays a significant 

role in regulating coagulation. It is clear from the role of GP Ib-IX-V in initial platelet 

adhesion to sub-endothelial matrix and subsequent primary thrombosis that it is an 

optimal target for inhibition by an antithrombotic agent. 

 

Von Willebrand Factor 

Von Willebrand Factor is a multimeric plasma glycoprotein that has two known 

functions critical for primary hemostasis. The first is a direct role to allow platelets to 

attach to the sites of vascular injury through their GP Ib-IX-V receptors and to aid in the 

platelet plug formation by enabling platelet-platelet interactions through GP IIb-IIIa. The 

second is to bind to coagulation factor VIII and protect it from proteolytic degradation 

and rapid clearance during plasma circulation (Cadroy, Hanson et al. 1994; Yamamoto, 

Vreys et al. 1998; Budde and Schneppenheim 2001; Sadler 2005). Mature VWF is 

composed of identical subunits, each 2050 amino acids long, disulfide linked to each 

other to form large multimers. Two subunits joined at their carboxyl terminal ends by 

disulfide bonds form dimers which are then joined in tail-tail fashion creating multimers 

ranging from 540,000 daltons to several million daltons for the largest molecules. The 

effectiveness of these VWF multimers to aggregate platelets increase with their 

increasing size and if uncontrolled, these “unusually-large VWF” molecules can cause 
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spontaneous platelet aggregates leading the way for pathological disorder, Thrombogenic 

Thrombocytopenic Purpura (TTP) (Jackson and Schoenwaelder 2003).  

VWF protein has a number of well-studied subunits that are involved in 

thrombosis and hemostasis. Domains A1 and A3 are the most relevant as targets for 

antithrombotic  drugs since they are the major residues involved in platelet tethering, 

activation and aggregation. VWF A1 domain contains the binding site for GP Ibα subunit 

of GP Ib-IX-V along with collagen IV, heparin and the antibiotic ristocetin. VWF A3 

domain plays an important role in VWF binding to collagen. As mentioned above, 

platelets cause arterial thrombosis by prematurely forming platelet plugs around areas of 

thrombotic plaques under high shear stress conditions and VWF plays an important role 

in this process by acting as molecular glue for platelets. Furthermore, qualitative or 

quantitative deficiencies of VWF lead to a bleeding phenotype in humans and in animal 

models validating VWF as a good target for antithrombotic therapy.  

 A number of studies showed that inhibiting VWF using antibodies and small 

molecules can inhibit arterial thrombosis. There have been a number of attempts to 

develop anti-VWF antithrombotics using these molecules but all of these approaches 

have serious short comings that impede their clinical development (Cadroy, Hanson et al. 

1994; Yamamoto, Vreys et al. 1998; Wu, Vanhoorelbeke et al. 2002). None of these 

molecules are reversible and at high enough doses can cause severe bleeding 

undermining patient safety. In addition, antibodies could be immunogenic and their 

bioavailability is hard to modify which can further complicate their use as antithrombotic 

agents. 
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Glycoprotein IIb-IIIa 

 Glycoprotein IIb-IIIa (GP IIb-IIIa) is a heterodimeric integrin receptor composed 

of an alpha and beta subunit. It is the best characterized of the 5 integrins located on the 

surface of platelets and is estimated that there are about 80,000 GP IIb-IIIa receptors on a 

platelets, representing ~15% of the total surface protein. GP IIb-IIIa is the major platelet 

adhesion receptor and plays a pivotal role in promoting platelet-platelet adhesion and 

aggregation in thrombus growth (Hodivala-Dilke, McHugh et al. 1999; Harrington, 

Armstrong et al. 2000; Chew and Bhatt 2001).  

 When quiescent (on an un-activated platelet), GP IIb-IIIa exhibits minimal 

binding affinity for its main ligands, plasma fibrinogen and VWF. Following vascular 

injury, especially in stenosed arteries where shear stress is high, VWF binds to 

Glycoprotein Ib-IX-V triggering a number of pathways and activating the platelet. 

Following platelet activation, “inside out” signaling mechanism induces conformational 

change in GP IIb-IIIa leading to high affinity binding to fibrinogen and VWF. In turn, 

this leads to the formation of a stable platelet plug. Furthermore, this major platelet 

receptor represents “the final common pathway” for platelet aggregation. This critical 

involvement of GP IIb-IIIa in primary hemostasis and also in thrombus formation makes 

it an optimum target for inhibition. 
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Glycoprotein VI and Glycoprotein Ia-IIa 

 Fibrillar collagens type I and III are among the most potent activators of platelets 

and play a key role in thrombus formation, especially around atherosclerotic lesions. 

Recent evidence indicates that Glycoprotein VI (GP VI) and Glycoprotein Ia-IIa (GP Ia-

IIa) are the main receptors supporting platelet adhesion and thrombus growth (Bhatt and 

Topol 2003; Jackson and Schoenwaelder 2003).  

 GP VI is a member of the immunoglobulin superfamily of receptors and is non-

covalently associated with the immunoreceptor tyrosine-based activating motif (ITAM)-

bearing receptor, the FcR γ-chain. GP VI plays a role in activation of platelets through 

the ITAM receptor and is critical for platelet attachment to the area of insult on blood 

vessels using collagen. A deficiency of GP VI causes a mild bleeding diathesis in humans 

and immunodepletion of this receptor on mouse platelets leads to a distinct defect in 

occlusive thrombus formation in vivo (Cadroy, Hanson et al. 1994; Moroi and Jung 2004; 

Arthur, Dunkley et al. 2007). 

 GP Ia-IIa is also a well-defined collagen receptor involved in platelet attachment 

to collagen during thrombus formation and growth. The deficiency of this receptor, 

similar to GP IV in humans, leads to a mild bleeding diathesis. Developing collagen 

antagonists would have a profound effect on antithrombotic therapy since such a drug 

will target platelet adhesion, the first step in thrombus formation. The development of 

these antagonists have been hampered by the lack of suitable experimental models but 

nonetheless, GP VI and GP Ia-IIa represent an attractive class of targets suitable for 

antithrombotic therapy. 
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P2Y1 and P2Y12  

 Platelet activation and aggregation by adenosine diphosphate (ADP) plays a major 

role in thrombosis and hemostasis. ADP is present in high concentrations in platelet 

dense granules and is released when platelets are activated to enforce their aggregation. 

Direct stimulation of platelets by ADP results in activation, conformational change and 

reversible aggregation (Bhatt and Topol 2003; Jackson and Schoenwaelder 2003; 

Horiuchi 2006; Jacobson, Costanzi et al. 2006; Cattaneo 2007). 

 There are two important receptors involved in ADP induced platelet 

activation/aggregation in the G-protein coupled P2Y receptor family; P2Y1 and P2Y12. 

These receptors selectively contribute to platelet aggregation. The human P2Y1 receptor 

contains 373 amino acid residues and has a classical G-protein coupled receptor structure.  

This receptor is responsible for ADP-induced shape change and weak and transient 

aggregation by triggering calcium mobilization from internal stores.  The human P2Y12 

receptor contains 342 amino acid residues, also is a classical G-protein coupled receptor 

with a tissue distribution restricted to platelets, and subregions of the brain. The P2Y12 

receptor is responsible for the completion and amplification of the response to ADP and 

to a number of platelet agonists (TXA2, thrombin and collagen) (Cattaneo 2007). 

 The coactivation of both P2Y1 and P2Y12 receptors is necessary for normal ADP-

induced platelet aggregation but these receptors are differentially involved in thrombus 

formation. The separate inhibition of these receptors by selective antagonists results in 

dramatic inhibition of aggregation. P2Y1 and P2Y12  represent attractive targets for 

antithrombotic therapy. 
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PARs 

 Thrombin plays a key role in thrombus formation by inducing fibrin deposition 

and activation of platelets through their protease-activated receptors (PAR). Thrombin 

binds to g-protein coupled PARs which in turn initiates platelet activation through 

intracellular signaling. PARs are activated when thrombin cleaves their NH2-terminal 

exodomain to unmask a new receptor NH2-terminus. This new NH2-terminus then serves 

as a tethered peptide ligand, binding intramolecularly to the body of the receptor to effect 

transmembrane signaling. The synthetic peptide SFLLRN, which mimics the first six 

amino acids of the new NH2-terminus unmasked by receptor cleavage, functions as a 

PAR1 agonist and activates the receptor independent of proteolysis. Because thrombin 

plays such an important role in thrombus formation, inhibitors against thrombin 

associated platelet receptors would prove to be useful antithrombotics (Leger, Covic et al. 

2006). 

 

1.1.4 Development of Antithrombotics 

 Hemostasis is the product of well-regulated steps that prevents blood loss 

following injury to blood vessels; it is therefore a vital process.  However, undesirable 

clot formation can occur in these vessels due to a number of reasons, leading to thrombus 

formation and occlusion in an otherwise patent blood vessel (thrombosis). 

Antithrombotics are used commonly in clinics and play a key role in preventing thrombus 

formation in patients. Furthermore, there are a number of procedures (i.e. percutaneous 

coronary intervention (PCI), cardiopulmonary bypass surgery (CPB), hemodialysis, 
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cardiac valve replacement, etc.) where controlled inhibition of coagulation with 

antithrombotics is necessary.   

A number of pharmacological agents have been developed to inhibit thrombus 

formation by targeting clotting factors (Figure 1.2) and platelets (Table 1.1). Despite the 

progress that has been made in the development of these therapies, their use is associated 

with an increased risk of bleeding and adverse immune reactions (i.e. heparin-induced 

thrombocytopenia), which limits their clinical utility.  Thus, development of new 

anticoagulant agents against targets with improved safety and efficacy is a medical 

priority. The figure below summarizes the commonly used anticoagulants and their 

targets. 



 

14 

 

Figure 1.2: Coagulation Factors and Their Inhibitors. The classical coagulation 
cascade is depicted here in grey. The commonly used inhibitors of coagulation factors are 
depicted in black. 

 

1.1.5 Current Antiplatelet Therapy 

Navigating between Scylla and Charybdis 

Scylla and Charybdis are two sea monsters of Greek mythology that were situated 

on opposite sides of the Strait of Messina between Sicily and Italy. They were located in 

such proximity to each other that they posed an inescapable threat to passing sailors; 

avoiding Charybdis meant passing too closely to Scylla and vice versa. Scylla was a 

creature who dwelt in a rock and had six heads, while Charybdis had a single gaping 
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mouth that sucked in huge quantities of water and belched them out, thus creating 

whirlpools. In Homer's The Odyssey, Odysseus is forced to choose the monster to which 

to steer the closest while passing through the strait; rather than risk the loss of his entire 

ship in the whirlpool, he elects to pass by Scylla and lose only a few sailors. The phrase 

"between Scylla and Charybdis," though rarely used today, has come to mean having to 

choose between two very unattractive choices (this story is adapted from Homer’s The 

Odyssey and Bhatt DL., N Engl J Med. 2007 Nov 15;357(20):2078-81) (Bhatt 2007). 

Today’s clinician, in a similar manner to Odysseus, has to make choices to 

manage and balance thrombosis, the leading cause of death in the developed world, 

against hemorrhage, the most feared complication of antiplatelet therapy. Over the last 20 

years, a number of antiplatelet drugs have emerged as more information about platelet 

biology revealed novel targets for therapeutic inhibition. These drug targets range from 

platelet adhesion receptors (i.e. GP IIb-IIIa) to agonist receptors (i.e. P2Y12) to signaling 

pathways (i.e. Cyclooxygenase). Although these agents have had a major impact on 

reducing the complications of cardiovascular disease, their therapeutic effect is marred by 

safety issues, mainly bleeding, that makes it complicated for the clinician to decide which 

agent to use. Below is a summary of current antiplatelet therapy. 

 

GP IIb-IIIa Antagonists 

 GP IIb-IIIa is commonly referred as the final common pathway of platelet 

aggregation. This receptor is involved in platelet adhesion and platelet signaling and 

represents an attractive target for antiplatelet therapy. The intravenous GP IIb-IIIa 
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inhibitor abciximab, the Fab fragment of a monoclonal antibody, was the first in this class 

of these agents. Abciximab was followed by eptifibatide, a cyclic heptapeptide with a 

KGD sequence, and tirofiban, a non-peptide tyrosine derivative (Scarborough, Kleiman 

et al. 1999; Bhatt and Topol 2003).  

All three molecules are routinely used during percutaneous coronary intervention 

(PCI) and confer a significant long-term mortality benefit to patients. However, these 

agents also have significant drawbacks that limit their widespread use including 

hemorrhage, poor rapid reversibility, thrombocytopenia and sensitization (Jackson and 

Schoenwaelder 2003). 

 

ADP Receptor Antagonists 

 The ADP receptor P2Y12 is involved in amplification of platelet activation and 

aggregation and secretion. Clopidogrel and its predecessor ticlopidine are 

thienopyridines that antagonize ADP binding to P2Y12. Clopidogrel binds to P2Y12 

irreversibly and is active for the life of the platelet (Jackson and Schoenwaelder 2003; 

Horiuchi 2006; Michelson 2008). This agent represents a significant advancement in 

antiplatelet therapy.  It is a well-tolerated oral drug (when used as monotherapy) that can 

be used in a broad population of patients. Moreover, compared to aspirin alone, 

Clopidogrel has shown a 8.7% relative risk reduction in vascular death, ischemic stroke 

or myocardial infarction in the CAPRIE clinical trial. Unfortunately, this drug has a 

relatively weak antithrombotic effect, and has increased bleeding risk when used as a 

combination therapy. Furthermore, Clopidogrel is a prodrug which greatly varies its 
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overall efficiency in the patient population (Thebault, Kieffer et al. 1999; Bhatt and 

Topol 2003; Jackson and Schoenwaelder 2003).  

A new thenopyridine named prasugrel has recently been developed to improve on 

clopidogrel in antiplatelet therapy. Prasugrel has a better binding affinity for P2Y12 and 

has been shown in Phase I & II clinical trials to inhibit platelet aggregation more 

efficiently than Clopidogrel. Unfortunately, recent phase III clinical trial data comparing 

Prasugrel versus Clopidogrel suggests that in patients with acute coronary syndromes 

with scheduled PCI, Prasugrel therapy was associated with significantly reduced rates of 

ischemic events, including stent thrombosis, but with an increased risk of major bleeding, 

including fatal bleeding. Because of this, the authors of this study claimed that the 

“overall mortality did not differ significantly between treatment groups.” (Niitsu, 

Jakubowski et al. 2005; Wiviott, Braunwald et al. 2007; Michelson 2008). Thus, there is 

a price to pay for greater platelet inhibition and the accompanying reduction in ischemic 

events: higher rates of serious bleeding.  

 

Platelet Signaling Inhibitors 

 Aspirin is the foundation of antiplatelet therapy and has proved its efficacy in 

reducing the risk of thrombosis, especially in patients with established coronary disease. 

Sir John Vane received the Nobel Prize in 1982 for delineating the mechanism of action 

of aspirin. By inactivating cyclooxygenase (COX) enzymes, aspirin prevents the 

synthesis of thromboxane A2 by activated platelets. This leads to inhibition of platelet 

activation and aggregation and thrombus growth. The Antiplatelet Trialists’ 
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Collaboration (ATC), through a number of clinical trials, found an approximately 25% 

relative risk reduction of cardiovascular disease by aspirin versus placebo. Although a 

very widely used antiplatelet agent with many benefits, aspirin is a weak antithrombotic 

agent and patients who are taking aspirin may nevertheless sustain a thrombotic event. 

Furthermore, even aspirin as compared with placebo, is associated with an excess of 

hemorrhage, predominantly gastrointestinal, and, rarely, intracranial (Jackson and 

Schoenwaelder 2003).  

 

Thrombin  Inhibitors 

Thrombin is a key serine protease in fibrin formation and also plays an important 

role in platelet activation by cleaving PARs. Although, antithrombotic effects of 

thrombin inhibitors such as heparin, bivalirudin and hirudin are mainly due to the 

inhibition of fibrin generation, they also have an indirect effect inhibiting platelet 

activation through PARs. 
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Table 1: Current Antiplatelet Therapeutics 

Target Antiplatelet Agent Characteristics 
 

Abciximab 
 

Tirofiban  
G

P 
II

b-
II

Ia
 

 
Eptifibatide 

- - Powerful antithrombotics, particularly effective in 
patients undergoing PCI 

-  
- - Used only as intravenous agents, no clinical benefit 
for orally available agents 

-  
- - Significant incidence of bleeding at high doses, long 
term use is associated with nuisance bleeding 

 
         Ticlopidine 

 
Clopidogrel 

- - Well tolerated oral drugs  
-  
- - Antithrombotic effect marginally better than aspirin 
-  
- Significantly more expensive than aspirin  

A
D

P 
R

ec
ep

to
rs

 

 
 
 

Prasugrel 

- - More effective antiplatelet agent compared to 
clopidogrel  

-  
- Associated with significant bleeding in a subset of 
patients, including fatal bleeding 

DTIs 

PA
R

s 

Heparins 

- Indirect dampening of platelet activation through 
inhibition of thrombin 

 
C

O
X

 

 
 
 
 

Aspirin 

- - Well tolerated oral drug with proven clinical benefit 
in a wide range of cardiovascular disease 

 
- Highly cost effective 
 
- Weak antithrombotic action with limited efficacy 
 
- Gastrointestinal and renal toxicity, particularly in 
elderly patients 

 
PD

E 
   

   
   

   
   

  

 
 
 

Dipyridamole 

- - Well tolerated oral drug, no increased bleeding risk 
when coupled with aspirin 

 
- Limited efficacy as monotherapy, used in 
combination with aspirin in prevention of stroke 

 
- Causes hypotension, blood pressure liability and 
gastrointestinal irritation 
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Cilostazol 

- - Well tolerated drug, used for the secondary 
prevention of cerebral infarction and for intermediate 
claudication 

 
- Weak antithrombotic action 

 

PCI=Percutaneous Coronary Intervention; PAR=Protease Activated Receptor; 
DTI=Direct Thrombin Inhibitor; COX=Cyclooxygenase; PDE=Cyclic Nucleotide 
Phosphodiesterase 
 

Many of these antiplatelet drugs have been directed at a specific pathway (i.e. 

aspirin to thromboxane A2) or a receptor (i.e. abciximab to GP IIb-IIIa) in platelet 

activation. Despite the progress that has been made in the development of antiplatelet 

therapies, a largely unmet clinical need still exists for new antiplatelet treatments. A 

fundamental problem with targeting a specific pathway is that platelet aggregation can 

still occur via alternate pathways. Although GP IIb-IIIa inhibitors overcome this problem 

by targeting the final common pathway in platelet activation, their therapeutic efficacy is 

limited by bleeding at peak concentrations and sub-therapeutic activity at lower doses 

(Wu, Meiring et al. 2002). Thus, development of new antiplatelet agents against other 

targets with improved safety and efficacy is a medical priority.  

To improve over the efficiency of current antiplatelet agents, we focused on 

developing a VWF inhibitor. VWF plays a key role in the initial platelet 

activation/aggregation step, especially in stenosed arteries. Inhibition of VWF has been 

shown to prevent arterial thrombosis in numerous animal models and it represents a very 

attractive target for antiplatelet therapies. To this end, we isolated a number of aptamers 
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that bound to VWF with high affinity and high specificity using SELEX. We tested these 

aptamers in in vitro and ex vivo assays to assess inhibition of platelet activity.  

Hemorrhage is the largest limitation in the clinical utility of antiplatelet agents. 

Antidote development represents a key strategy to overcome this obstacle of hemorrhage 

and is at the core of this dissertation. By designing antidote controlled antiplatelet agents, 

we propose to give clinicians more control over the action of the drugs, thus improving 

safety. To this end, we designed antidote oligonucleotides to reverse the function of anti 

VWF aptamers. Lastly, we tested VWF inhibiting aptamers in cross-reactivity and in vivo 

studies to prepare for preclinical experiments. 

 

1.2 Aptamers and SELEX  

1.2.1 Aptamers  

Aptamers are single-stranded nucleic acid molecules that fold into three-

dimensional structures and can directly inhibit protein function by binding to their targets 

with high affinity and specificity. Aptamers represent an attractive class of therapeutic 

compounds for numerous reasons.  They are relatively small (8 kDa to 15 kDa) synthetic 

compounds that possess high affinity and specificity for their target proteins (equilibrium 

dissociation constants ranging from 0.05-10 nM). Thus, they embody the affinity 

properties of monoclonal antibodies with the chemical production properties of small 

peptides (Becker, Rusconi et al. 2005; Nimjee, Rusconi et al. 2005; Nimjee, Rusconi et 

al. 2005). In addition, pre-clinical and clinical studies to date have shown that aptamers 
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and compounds of similar composition are well tolerated, exhibit low or no 

immunogenicity, and are suitable for repeated administration as therapeutic compounds 

(EyetechStudyGroup 2002; EyetechStudyGroup 2003; Nimjee, Rusconi et al. 2005; 

Dyke, Steinhubl et al. 2006).  

Moreover, bioavailability and clearance mechanisms of aptamers can be rationally 

altered by molecular modifications to the ligand. Research conducted by our laboratory 

and by other groups has demonstrated that conjugating an aptamer to a high molecular 

weight inert carrier molecule such as polyethylene glycol (PEG) can increase its 

circulating half-life substantially. Sullenger and colleagues have demonstrated that the 

circulating half-life of an aptamer can be increased from ~10 mins to 6-12 hrs by a PEG 

modification to the 5’ end (Rusconi, Scardino et al. 2002; Rusconi, Roberts et al. 2004). 

These properties of aptamers, coupled with antidote-mediated control, make them ideal 

for a reversible antiplatelet drug. 

Over the last decade, a number of aptamers have been developed that have 

substantial therapeutic value. Macugen, an anti-VEGF RNA aptamer, received approval 

for treating age-related macular degeneration in December 2004, setting the precedent for 

further nucleic acid therapies. Aptamers have been generated to numerous other targets 

and a number of them are in clinical and pre-clinical development (Nimjee, Rusconi et al. 

2005; Dyke, Steinhubl et al. 2006; Gilbert, DeFeo-Fraulini et al. 2007).  In order to 

isolate aptamers, an in vitro selection technique called systematic evolution of ligands by 

exponential enrichment (SELEX) was developed simultaneously by Tuerk and Gold, and 

Ellington and Szostak (Ellington and Szostak 1990; Tuerk and Gold 1990; Ellington and 
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Szostak 1992). Theoretically, aptamers can be isolated to any protein target.  Moreover, 

using a number of strategies (i.e. “convergent” SELEX, “toggle” SELEX), aptamers can 

be efficiently identified that cross-react in multiple organisms and modified to facilitate 

pre-clinical studies (White, Rusconi et al. 2001; Layzer 2007; Oney, Nimjee et al. 2007). 

In addition, in order to develop tightly-controlled therapeutics, rationally-designed 

antidotes can be developed that control aptamer activity (Rusconi, Scardino et al. 2002; 

Rusconi, Roberts et al. 2004; Nimjee, Rusconi et al. 2005; Nimjee, Rusconi et al. 2005; 

Nimjee, Keys et al. 2006). 

 

1.2.2 SELEX 

Aptamers that have high affinity and specificity for a target protein can be 

selected from a combinatorial library of more than 1014 random nucleic-acid sequences. 

Tuerk and Gold and Ellington and Szostak first developed the process of selecting an 

aptamer that best “fits” to a target protein (Ellington and Szostak 1990; Tuerk and Gold 

1990). This library of RNA molecules is incubated with a target protein and the 

molecules that bind to the target protein are separated from those that do not. The RNA 

molecules that bind to the target are amplified by RT-PCR and in vitro transcribed to 

generate an enriched pool of RNA molecules with increased affinity for the target. This 

selection process is repeated (usually 8-12 rounds) under increasingly stringent 

conditions until the RNA molecules with the highest affinity for the target protein are 

isolated. In order to produce nucleic acids that are nuclease-resistant, RNA molecules in 

the combinatorial library are transcribed with 2’-modified nucleotides such as 2’-fluoro-
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pyrimidines. Over the past decade, the SELEX technology has yielded numerous 

aptamers that antagonize a broad spectrum of different proteins, ranging from reverse 

transcriptases to cell adhesion molecules to growth factors (Nimjee, Rusconi et al. 2005). 

This technology has been employed successfully in our lab in generating potent 

antagonists of proteins involved in thrombus formation, including factors VIIa (Rusconi, 

Yeh et al. 2000), IXa (Rusconi, Scardino et al. 2002), Xa, X, IX (Layzer 2007) 

(unpublished data), thrombin (White, Rusconi et al. 2001; Layzer 2007), prothrombin and 

VWF(Oney, Nimjee et al. 2007). The diagram below illustrates the SELEX process. 
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Figure 1.3: Systemic Evolution of Ligands by Exponential  Enrichment (SELEX). 
The classical depiction of the SELEX process. Figure adapted from Nimjee et al. Ann Rev 
Med; 2005; 56:555-83.(Nimjee, Rusconi et al. 2005) 

 

Toggle SELEX 

Aptamers isolated using SELEX, exhibit a high degree of specificity for their 

target protein. Although advantageous in inhibiting a particular protein, this property of 

aptamer molecules can pose a significant problem in pre-clinical studies. An aptamer that 

only binds to a human ortholog has limited future in becoming a clinically relevant 

compound. The Sullenger Laboratory has developed a strategy called “toggle” SELEX 

(White, Rusconi et al. 2001) to overcome this issue.  Briefly, the RNA library is exposed 
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to the human form of a given protein and, in the subsequent round of selection, is bound 

to the animal ortholog from the species in which preclinical studies will be conducted.  

 

Convergent SELEX 

  “Complex” SELEX is a term coined by Morris et al. in 1998 (Morris, Jensen et al. 

1998), that involves targeting of a collection of molecules instead of an individual 

protein. A combinatorial library of aptamers is exposed to a repertoire of molecules (i.e. 

tumor cell line surface or plasma) to yield high affinity ligands to a set of proteins of 

interest. Although the selection process involves complex mixture of molecules, it yields 

high affinity aptamers that are specific for their respective targets. This principle has been 

applied successfully to yield aptamers specific to single targets present on a wide range of 

repertoires including red blood cell ghosts (Morris, Jensen et al. 1998), U251 

glioblastoma cell line (Daniels, Chen et al. 2003) and in our laboratory to unfractionated 

plasma and pooled GLA proteins (Layzer 2007) [unpublished data] .  To further improve 

this technique and make it more suitable for our goals, we designed a cross-over 

procedure between SELEX and “complex” SELEX called “convergent” SELEX. In short, 

“complex” SELEX is used to achieve a focused library for a specific protein repertoire 

(i.e. human plasma) and then SELEX is performed using the focused library with a 

purified protein target such as VWF (plasma concentration ~40nM) to rapidly pull out a 

specific aptamer molecule with high affinity. These focused libraries can be amplified 

using RT-PCR and used numerous times for the selection of different targets that are 

present in the initial “complex” SELEX pool.  Experiments done in our lab have shown 
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that “convergent” SELEX is a quick selection procedure yielding high affinity ligands in 

2-4 rounds compared to 8-12 round with traditional SELEX (Layzer 2007; Oney, Nimjee 

et al. 2007). 

  

1.3 Development of Antidote Control 

1.3.1 Oligonucleotide Antidote Control 

Sullenger and colleagues developed the concept of rationally designed antidotes 

to inhibit aptamer activity (Rusconi, Scardino et al. 2002). The theory is based on the 

hypothesis that any molecule that can critically change the aptamer’s three-dimensional 

structure will inhibit its function. By exploiting the property of Watson-Crick base 

pairing between the aptamer and its complimentary oligonucleotide, the three-

dimensional shape of the aptamer is altered and becomes functionally inactive (figure 

1.4). The outcome of this research generated the first antidote-mediated regulation of a 

molecule and produced the first rationally designed reversible anticoagulant. This 

molecule will be explained in more detail in the next section. 
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Figure 1.4: Mechanism of Antidote Oligonucleotide Action on FIXa Aptamer. The 
aptamer binds to activated factor IX and prevents the proteolytic cleavage of factor X 
(left). In the presence of the antidote (blue sequence), the aptamer is released from factor 
IXa (right). Figure adapted from Famulok M., Nature Biotechnology  22, 1373 - 1374 
(2004) 

 

A number of antiplatelet drugs exist that are routinely used in clinics.  Aspirin 

inhibits thromboxane A2 and was the first anti-platelet agent used clinically (Bhatt and 

Topol 2003).  Clopidogrel and Ticlopidine inhibit ADP receptors P2Y1 and P2Y12 and 

Abciximab, Eptifibatide and Tirofiban are GP IIb-IIIa inhibitors, the most potent class of 

anti-platelet compounds to date (Bhatt and Topol 2003).  These drugs have shown 

remarkable clinical efficiency in reducing the morbidity and mortality associated with 

thrombosis. However, these agents also have a number of drawbacks, most significant of 

which is hemorrhage, which is the largest limitation in their clinical utility. Therefore, a 
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pressing need exists for antiplatelet drugs with improved safety profiles that are targeted 

against a platelet receptor/ligand interaction involved in the common platelet activation 

pathway. Antidote development represents a key strategy to overcome the obstacle of 

hemorrhage and is at the core of this dissertation. 

  

1.3.2 Universal Antidote Control 

Many therapeutic agents are associated with adverse effects in patients and 

antidote control provides the safest means to regulate drug action and minimize these side 

effects. The novel approach, described above, yielded the first rationally designed 

drug/antidote pair and opened the field for the design of safer drugs (Rusconi, Scardino et 

al. 2002; Rusconi, Roberts et al. 2004; Nimjee, Keys et al. 2006).  

Although this approach has the potential to improve the safety of a number of 

drugs, especially in cases where drug side effects (i.e. bleeding) are common and 

potentially life threatening, there are a number of potential pitfalls such as the overall cost 

of designing/testing/synthesizing a new antidote for each specific aptamer, difficulty of 

designing oligonucleotide antidotes to some aptamers and potential immune response of 

double stranded RNA formed when an antidote oligonucleotide is used systemically that 

prevent this approach from becoming broadly useful. 

Due to these potential drawbacks, we started working on a new approach in 

designing antidote molecules to oligonucleotide based therapeutics. We have made a 

number of observations in the laboratory that led us to hypothesize that a universal 

antidote could be designed to reverse the effects of aptamers (or other oligonucleotide 
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therapeutics) regardless of sequence specificity. We have tested a number of molecules 

varying from protamine to gene carrier polymers in in vitro and in vivo assays to test this 

hypothesis. 

 

1.4 Aptamers in Prevention of Thrombosis 

Factor VIIa Aptamers 

Coagulation is initiated by the binding of tissue factor (TF), an integral membrane 

protein, to coagulation factor VIIa (FVIIa).  This TF/FVIIa complex formation represents 

an important step in hemostasis and thrombosis, and inhibition of it represents an 

attractive target for the development of anticoagulants. 

Previously, a 2’-amino modified RNA aptamer that binds to Factor VIIa with high 

affinity and specificity and inhibits Factor IX (FIX) and FX activation was isolated 

(Rusconi, Yeh et al. 2000).  This aptamer significantly prolonged the prothrombin time 

(PT) in in vitro clotting assays in a dose dependent manner.  While this aptamer was not 

tested in in vivo models, it was the first aptamer generated against a coagulation protein 

involved in thrombin generation and suggested that aptamers targeting such upstream 

coagulation factors may represent potential therapeutics.  Recently, a 2’-fluoropyrimidine 

modified aptamer has been developed against Factor VII (FVII) that has potent 

anticoagulant activity as determined by PT clotting times in human plasma (Layzer and 

Sullenger 2007). 
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Factor IXa Aptamer-antidote pair 

In the cell based model of coagulation, thrombin generation occurs on the surface 

of platelets during the propagation phase.  The FIXa/VIIIa (tenase) complex plays a vital 

role in activating Factor X (FX) on the platelet surface, leading to FXa/Va 

(prothrombinase) complex formation.  This complex then generates a burst of thrombin, 

leading to stable clot formation (Hoffman and Monroe 2005; Roberts, Hoffman et al. 

2006; Hoffman and Monroe 2007).  A number of studies to date have demonstrated that 

activation of FX by the FIXa/VIIIa complex is ~50 times more efficient than its 

activation by the Factor VIIa/TF pathway (Lawson and Mann 1991).  In this model, 

factor IXa (FIXa) is a very potent initiator of thrombin generation and represents a very 

exciting target for anticoagulant therapy. 

Sullenger and colleagues developed a 2’-fluoropyrimidine modified RNA aptamer 

of 31-nucleotides (9.3t) that binds to FIXa and inhibits the activity of the FIXa/FVIIIa 

complex.  In vitro studies have demonstrated that this molecule can effectively inhibit FX 

activation, thereby prolonging clotting times in activated partial thromboplastin time 

(APTT) assays using plasma from humans and several relevant animal models (Rusconi, 

Scardino et al. 2002).  Furthermore, the circulating half-life and stability of this 

compound was increased by attaching a cholesterol (Ch-9.3t) or polyethylene glycol 

(PEG) (PEG-9.3t) molecule to the 5’ end of the RNA.  In vivo studies have shown that 

this molecule, delivered systemically, can anticoagulate animals and inhibit thrombus 

formation in an animal vascular injury model (Rusconi, Roberts et al. 2004). 
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To improve the safety profile of this molecule, an antidote molecule was designed 

using properties inherent to nucleic acids.  Binding of the antidote to the aptamer by 

Watson-Crick base pairing prevents the aptamer from folding into its appropriate 

conformation, which is necessary for binding to its target protein (i.e. FIXa); therefore, 

the activity of the aptamer is diminished, and aptamer inhibition of the target is thus 

reversed (figure 1.4).  The antidote oligonucleotide 5-2C was able to reverse Ch-9.3t-

induced anticoagulation of human plasma rapidly and durably in a dose dependent 

manner (Rusconi, Scardino et al. 2002).  This aptamer-antidote pair was further tested 

and validated in a number of animal models.  Administration the Ch-9.3t aptamer 

resulted in increased bleeding when mice were surgically challenged (Rusconi, Roberts et 

al. 2004).  This increased bleeding was prevented, and the effects of the aptamer were 

completely reversed, by administration of the antidote immediately following tail injury 

(Rusconi, Roberts et al. 2004).  Moreover, Nimjee et al. tested this aptamer-antidote pair 

in a porcine cardiopulmonary bypass model as a replacement therapy for unfractionated 

heparin and protamine (Nimjee, Keys et al. 2006).  The aptamer was able to anticoagulate 

the animal while keeping the bypass circuit patent throughout the entire procedure.  Upon 

antidote administration, the activity of the aptamer was rapidly reversed, for a prolonged 

period of time.  This study also suggested that the FIXa aptamer-antidote pair may have 

advantages over using heparin and protamine (which is currently used during CPB), 

including improved inflammatory and cardiac profiles and lower thrombin generation. 

These seminal studies paved the way for this aptamer-antidote pair to move into clinical 

trials. 
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Dyke et al. demonstrated that the aptamer-antidote pair approach is both safe and 

effective in a phase 1a blinded, dose-escalation, placebo-controlled clinical trial with 85 

healthy volunteers. An optimized version of the FIXa aptamer (RB006) demonstrated a 

clear anticoagulant effect at 30, 60 and 90 mg doses with mean APTT values 1.3-, 2.1- 

and 2.9-fold higher than pretreatment times, respectively.  Administration of its 

complementary antidote (RB007) 3 hours later through an intravenous bolus resulted in a 

rapid and durable return of the APTT value to baseline.  During this study, no major 

hemorrhagic events were observed, and adverse effects were similar to placebo (Dyke, 

Steinhubl et al. 2006).  This study is the first of its kind in that an RNA aptamer and its 

complementary oligonucleotide antidote were evaluated in humans.  The results of this 

study validate the potential utility of this emerging technology.  Moreover, this is the first 

published report of the systemic administration of any aptamer to a patient. 

 

Thrombin Aptamers 

Thrombin plays a key role in coagulation by converting fibrinogen to fibrin, 

which is the building block of a thrombus.  In addition, thrombin also activates upstream 

procoagulant factors such as factors IX and XI.  Because of these functions, thrombin has 

been considered an attractive target for anticoagulation therapy. 

A number of groups to date, starting as early as 1992, have developed aptamers 

that bind to thrombin.  Bock and colleagues isolated a family of single-stranded DNA 

aptamers with binding affinities to thrombin ranging from 25 to 200 nM. The most 

promising of these aptamers, termed GS-522 (later renamed ARC 183 by Archemix 
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Corp.), a 15-nucleotide long ssDNA molecule of ~5000 Da, was studied further in in 

vitro and in vivo experiments (Bock, Griffin et al. 1992; Griffin, Tidmarsh et al. 1993).  

Bock et al. demonstrated that this aptamer could inhibit the thrombin-catalyzed 

conversion of fibrinogen to fibrin.  Furthermore, they illustrated aptamer prolongation of 

clotting times in pure fibrinogen and plasma assays. 

Griffin et al. investigated the anticoagulant effects of ARC 183 in a series of 

experiments using cynomolgus monkeys and sheep undergoing hemofiltration with an 

extracorporeal circuit. This aptamer prolonged the prothrombin time in both of these 

models and also inhibited thrombin induced platelet aggregation (Bock, Griffin et al. 

1992; Griffin, Tidmarsh et al. 1993).  This aptamer was also tested in a canine 

cardiopulmonary bypass model to determine its efficiency and pharmacokinetics, and 

subsequently move it closer to clinical trials.  During this experiment, at an infusion rate 

of 0.5 mg kg-1 min-1, the aptamer prolonged PT, APTT and activated clotting time (ACT) 

assays, which rapidly returned to baseline following discontinuation of the drug.  The 

calculated plasma half life of the aptamer was 1.9 minutes pre-CPB and 7.7 minutes 

during CPB.  This change in plasma half life could have been due to altered renal 

clearance or the effects of the bypass circuitry.  There were no significant adverse effects 

of this aptamer compared to the heparin control group during or after the operation 

(DeAnda, Coutre et al. 1994).  This data suggested the potential clinical use of a thrombin 

aptamer.  Nearly a decade later, ARC 183 was taken to phase I clinical trials by 

Archemix Corporation in late 2005 for use in on-pump coronary artery bypass graft 

surgery.  Rather than using an antidote-based strategy of regulation, they focused on the 
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short half-life of the drug, such that when the infusion is turned off, the drug would clear 

quickly and the patient’s clotting parameters would quickly return to normal.  

Unfortunately, results from this study have not been published, so it is currently unclear 

how effective and practical this approach is in humans. In recent years, a number of new 

aptamers (both DNA and modified RNA) that bind to the different exosites of thrombin 

have been selected by different groups.  These aptamers are currently being tested in vivo 

and in vitro models.  

 

VWF Aptamers  

 In the last 20 years, a number of antiplatelet agents have emerged as more 

information about platelet biology revealed novel targets for therapeutic inhibition.  

Although these agents have had a major impact on reducing the complications of 

cardiovascular disease, none of the current antiplatelet therapies prevent the initiating 

step for thrombus formation, platelet adhesion, which is principally mediated by 

circulating VWF and subendothelial matrix proteins (Bhatt and Topol 2003; Jackson and 

Schoenwaelder 2003; Oney, Nimjee et al. 2007).  Furthermore, many patients on aspirin 

and clopidorel are advised to stop taking their medication 7-10 days prior to surgery in 

order to prevent bleeding complications.  This places the patient at risk for thrombosis 

and creates a therapeutic dilemma for surgeons.  Moreover, the use of antiplatelet agents 

in the setting of cardiopulmonary bypass surgery is counter-indicated since lack of 

control of such agents places patients at a high risk for developing uncontrollable 

bleeding. 
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 As described in detail in chapter 2, to generate a safer antiplatelet agent, we 

performed a modified version of SELEX against VWF (Oney, Nimjee et al. 2007). This 

method yielded aptamers that bind to VWF with high affinity.  Two of these molecules 

were selected and tested in in vitro and ex vivo assays.  Both of these molecules 

completely inhibited VWF-mediated platelet aggregation in ristocetin induced platelet 

aggregation (RIPA) and platelet function analysis (PFA-100) assays using human plasma 

and human whole blood respectively (Oney, Nimjee et al. 2007). Because the 

aforementioned VWF aptamers inhibit platelet function to the same degree as seen in the 

VWD population, specific antidotes for the VWF aptamers were designed using 

properties inherent to nucleic acid molecules. Once further developed, this aptamer-

antidote pair can potentially provide physicians and surgeons a quick, effective and 

continual way to regulate antiplatelet therapy and thus allow for effective and safe 

treatment of their patients.  Currently, this aptamer-antidote pair is being tested in in vivo 

models. 

 Recently, Archemix Corporation has announced the development of an aptamer 

molecule targeted towards VWF’s function in platelet aggregation (Gilbert, DeFeo-

Fraulini et al. 2007). This aptamer molecule (ARC1779) is currently being developed to 

treat patients diagnosed with Acute Coronary Syndrome (ACS) who undergo a 

percutaneous coronary intervention (PCI).  According to the Archemix press release, 

phase I testing for ARC1779 was initiated in December 2006, and a phase 2 study for 

patients with ACS is planned to begin by the end of 2007 (www.archemix.com). 
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Aptamers in Prevention of Intimal Hyperplasia 

 As a result of atherosclerosis leading to myocardial ischemia, many patients have 

to undergo coronary artery bypass surgery and angioplasty in order to restore blood flow 

to the heart and prevent further infarction.  These operations involve engraftment of a 

blood vessel from another location in the body to positions proximal and distal to the site 

of occlusion, or the placement of a mechanical stent to keep the vessel patent, 

respectively.  Intimal hyperplasia is a common cause of long term bypass graft and stent 

failure due to pathological migration, proliferation, and accumulation of vascular smooth 

muscle cells (VSMCs) in the intima of the treated vessel.  This accumulation of cells 

narrows the lumen, thus decreasing blood flow and concomitantly causing turbulent flow; 

this increases the propensity of platelets to become activated and thus causes thrombus 

formation, which may again occlude the vessel.   

 There are, of note, two aptamers that have been shown to prevent intimal 

hyperplasia in animal models of vascular injury.  Giangrande et al. selected an RNA 

aptamer against E2F3, a transcriptional activator whose accumulation correlates with 

increased cell proliferation in most cell types.  In a murine model of venous bypass 

grafting, they were able to achieve 50-70% uptake of the aptamer into the graft, which 

then produced a 52% decease in the intimal-to-medial ratio (Giangrande, Zhang et al. 

2007).   In addition to targeting the E2F family of transcription factors, one can look to 

inhibit growth factors to prevent intimal hyperplasia.  Leppänen et al. developed an 

aptamer against the B-chain of platelet derived growth factor (PDGF), which is a growth 

factor and chemoattractant for all cells of mesenchymal origin (which includes fibroblasts 
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and macrophages, in addition to the platelet precursor, megakaryocytes). They showed 

that daily intraperitoneal administration of their aptamer, NX1975, for two weeks 

following balloon injury of the common carotid artery reduced the intimal lesion size by 

50% (Leppanen, Janjic et al. 2000).  
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2. Isolation and Characterization of Aptamers to von Willebrand’s Factor 

2.1 Introduction 

Platelets are anuclear, disk-shaped cells that play a key role in hemostasis and 

thrombosis. They survey the blood vessels, arrest bleeding around areas of damage and 

are a critical factor in maintaining hemostasis. However, they can also lead to thrombosis 

which is the leading cause of morbidity and mortality in the western world (Jackson and 

Schoenwaelder 2003; Thom, Haase et al. 2006).  

In the last 20 years, a number of antiplatelet drugs have emerged as more 

information about platelet biology revealed novel targets for therapeutic inhibition. 

Although these agents have had a major impact on reducing the complications of 

cardiovascular disease, their therapeutic effect is incomplete for many high risk patients 

(Bhatt and Topol 2003; Jackson and Schoenwaelder 2003). Many of these drugs have 

been directed at a specific pathway in platelet activation (i.e. aspirin and clopidogrel). A 

fundamental problem with targeting a specific pathway is that platelet aggregation can 

still occur via alternate pathways, leading to a relatively mild antithrombotic effect. It is 

estimated that ~8-18% of patients treated with aspirin experience recurrent vascular 

events after two years (Mason, Jacobs et al. 2005). Although platelet receptor 

Glycoprotein IIb-IIIa (GP IIb-IIIa) inhibitors overcome this problem by targeting the 

final common pathway in platelet activation, their therapeutic efficacy is limited by 

bleeding at peak concentrations and sub-therapeutic activity at lower doses (Wu, Meiring 

et al. 2002). Furthermore, none of the current antiplatelet therapies prevent the initiating 

step for thrombus formation: platelet adhesion (Bhatt and Topol 2003; Jackson and 
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Schoenwaelder 2003). The current classes of antiplatelet agents (aspirin, thienopyridines 

and the glycoprotein IIb/IIIa inhibitors) target metabolic or aggregatory properties of 

platelets, but do little to interfere with platelet-vessel wall interactions; it is in these 

interactions that circulating VWF and sub endothelial matrix proteins play an important 

role. 

VWF is a multimeric plasma glycoprotein that is critical for primary hemostasis. 

It plays a direct role in allowing platelet attachment to sites of vascular injury through 

their GP Ib-IX-V receptors and aids in platelet plug formation by enabling platelet-

platelet interactions through GP IIb-IIIa (Ruggeri, Dent et al. 1999; Ruggeri 2003). 

Qualitative or quantitative deficiencies of VWF can lead to von Willebrand’s Disease 

(VWD), in which patients present with a mild to severe bleeding phenotype (Sadler 2005; 

Sadler 2005). Numerous studies have shown that inhibiting the VWF – GP Ib-IX-V 

interaction using antibodies can decrease arterial thrombosis in animal models, but these 

approaches have serious short comings that impede their clinical development (Miller, 

Thiam-Cisse et al. 1991; Cadroy, Hanson et al. 1994; Chang, Lin et al. 1998; Yamamoto, 

Vreys et al. 1998; Cauwenberghs, Meiring et al. 2000; Wu, Vanhoorelbeke et al. 2002; 

Bhatt and Topol 2003; Jackson and Schoenwaelder 2003). None of these molecules are 

reversible, and at doses that can effectively inhibit VWF activity, they transiently 

engender a VWD-disease state which can cause severe bleeding, thus undermining 

patient safety (Cadroy, Hanson et al. 1994; Yamamoto, Vreys et al. 1998; Wu, 

Vanhoorelbeke et al. 2002). The fact that von Willebrand Disease (VWD) results in 

patients with bleeding disorders that can require medical therapy certainly validates VWF 
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as an attractive target for platelet inhibition, but one that would require stringent control 

so as to provide clinical benefit without the risk of hemorrhage.   

The case for antidote control of antiplatelet agents is no clearer than in the 

surgical arena where minimizing co-morbidities improves outcomes.  Many patients on 

aspirin and clopidorel are advised to stop taking their medication 7-10 days prior to 

surgery so as to prevent bleeding complications. This places the patient at risk for 

thrombosis and creates a therapeutic dilemma for surgeons. Moreover, a number of 

studies have shown that coupling antiplatelet agents with anticoagulant therapies can 

improve patient outcomes but carries a significant risk of hemorrhage (Huynh, Theroux 

et al. 2001). It is this increased risk of major bleeding that lowers the clinical benefit of 

such combination therapies. An antidote-controlled antiplatelet drug would provide the 

flexibility of protecting the patient from thrombotic complications and allow for rapid 

reversal of the drug’s activity in a life threatening hemorrhage situation or in order to 

perform an invasive procedure.   

To generate a safer, antidote-controllable VWF inhibitor, we decided to exploit 

the properties of nucleic acid ligands termed aptamers. To isolate RNA aptamers against 

VWF, we performed a modified version of SELEX (Systematic Evolution of Ligands by 

EXponential enrichment) termed “convergent” SELEX. These aptamers bind to VWF 

with high affinity (Kd < 20nM) and inhibit platelet aggregation in Platelet Function 

Analyzer (PFA-100) and ristocetin induced platelet aggregation (RIPA) assays. 

Moreover, we have rationally designed an antidote molecule that can quickly reverse 
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above said aptamers’ function. This antidote molecule can give physicians better control 

in clinics, enhancing the aptamers’ safety profile. 

 

2.2 Materials and Methods 

Generation of Aptamers 

“Convergent” SELEX 

The sequence of the starting RNA combinatorial library was 5'-

GGGAGGACGATGCGG-N40-CAGACGACTCGCTGAGGATCC-3', where N40 

represents 40 completely random nucleotides. 2’F cytidine triphosphate and 2’F uridine 

triphosphate (Trilink Biotechnologies, San Diego, CA) were incorporated into the RNA 

libraries by in vitro transcription in order to confer nuclease resistance. The selection was 

carried out in selection buffer E (20 mM HEPES, pH 7.4, 50 mM NaCl, 2 mM CaCl2, and 

0.1% bovine serum albumin (BSA)) at 37°C until round P5V2 and then continued in 

selection buffer F (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl2, and 0.1% 

bovine serum albumin (BSA)). RNA-VWF complexes were separated from unbound 

RNA by passing them over a nitrocellulose filter (BA 85, Whatman Inc, NJ). 

Five rounds of SELEX were performed on the plasma proteome followed by four 

rounds of convergent SELEX as described by Layzer et al. (Layzer 2007). Briefly, the 

starting aptamer library (Sel2) was incubated with diluted normal human plasma at 37°C 

for 15 minutes in selection buffer E. Yeast tRNA was used to inhibit non-specific binding 

of the aptamer library to the plasma proteome. Bound RNA aptamers were separated 

from unbound aptamers using a nitrocellulose filter. Following round 5 of plasma 



 

43 

SELEX, convergent SELEX using VWF was performed for 4 rounds (2 rounds in 

selection buffer E followed by 2 rounds in selection buffer F). 

 

Antidote Oligonucleotides 

Antidote oligonucleotides were synthesized and purified by Dharmacon Research, 

Inc. 2’-O-methyl purines and pyrimidines were incorporated into the antidote 

oligonucleotides. 

 

Binding Assays 

Affinity constants (Kd values) were determined using double-filter nitrocellulose 

filter binding assays (Rusconi, Yeh et al. 2000). All binding studies were performed in 

either binding buffer E (20 mM HEPES, pH 7.4, 50 mM NaCl, 2 mM CaCl2, and 0.1% 

BSA) or binding buffer F (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl2, and 

0.1% BSA) at 37°C. Human purified VWF (factor VIII free) was purchased from 

Haematologic Technologies Inc. (Essex Junction, VT) and used in the double-filter 

nitrocellulose filter binding assay to determine the Kd of every other round and individual 

clones. Briefly, RNA were dephosphorylated using bacterial alkaline phosphatase (Gibco 

BRL, Gaithberg, MD) and end-labeled at the 5’ end with T4 polynucleotide kinase (New 

England Biolabs, Beverly, MA) and [γ32P] ATP (Amersham Pharmacia Biotech, 

Piscataway, NJ) (Fitzwater and Polisky 1996).  Direct binding was performed by 

incubating 32P-RNA with VWF in physiological buffer + 1 mg/ml BSA at 37 ºC for 5 

min.  The fraction of the nucleic acid-protein complex which bound to the nitrocellulose 
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membrane was quantified with a phosphoimager (Molecular Dynamics, Sunnyvale, CA).  

Non-specific binding of the radiolabeled nucleic acid was subtracted out of the binding 

such that only specific binding remained (Wong and Lohman 1993). 

Platelet Function Analysis 

PFA-100 

The Platelet Function Analyzer, PFA-100 (Dade Behring, Deerfield, IL), 

measures platelet function in terms of clot formation time. In this assay, we utilized 

collagen/ADP cartridges to activate the platelets and measure the amount of time taken to 

form a clot in anticoagulated whole blood (collected in 3.2% citrated tubes) (Harrison 

2005).  Briefly, 840 µL of whole blood was mixed with aptamer in platelet binding buffer 

(150 mM NaCl; 20 mM Hepes pH: 7.4; 5 mM KCl; 1 mM MgCl2 and 1mM CaCl2) and 

incubated for 5 minutes at room temperature. This mixture was then added to a 

collagen/ADP cartridge and tested for its closing time. The maximum closing time of the 

PFA-100 is 300 seconds. Antidote activity of the aptamer was measured by mixing whole 

blood with aptamer, incubating for 5 minutes followed by addition of antidote or buffer, 

and testing the mixture in the PFA-100. 

 

Platelet Aggregometry   

A Chrono-log Whole Blood Lumi Ionized Aggregometer (Chrono-log, Haverton, 

PA) was used to provide a measurement of platelet aggregation in platelet-rich plasma. 

Briefly, platelet-rich plasma (PRP) was isolated from whole blood collected in 3.2% 

buffered trisodium citrate tubes (BD Vacutainer Systems, Franklin Lakes, NJ); aptamer 
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was added and incubated with the blood for 5 minutes before testing.  After calibrating 

the instrument, 5 µL of agonist was added and transmission was measured for 10 

minutes. 

 

Ristocetin-induced platelet aggregation (RIPA) 

Ristocetin-induced platelet aggregation was performed using platelet rich plasma 

(PRP) from healthy volunteers. Clone VWF R9.3 or VWF R9.14 was mixed with 400 µL 

of PRP in a flat bottom glass tube; ristocetin (Helena Laboratories, TX) was added to a 

final concentration of 1.25 mg/mL. The PRP was stirred using a steel stir bar at 37°C and 

turbidity was monitored as percent light transmitted for 10 minutes. 

 

Collagen-induced platelet aggregation (CIPA) 

Collagen-induced platelet aggregation was performed using platelet rich plasma 

(PRP) from healthy volunteers. Clone VWF R9.3 or VWF R9.14 was mixed with 400 µL 

of PRP in a flat bottom glass tube and collagen was added to a final concentration of  2 

ug/mL. The PRP was stirred using a steel stir bar at 37°C and turbidity was monitored as 

percent light transmitted for 10 minutes. 

 

ADP-induced platelet aggregation (AIPA) 

ADP-induced platelet aggregation was performed using platelet rich plasma 

(PRP) from healthy volunteers. Clone VWF R9.3 or VWF R9.14 was mixed with 400 µL 

of PRP in a flat bottom glass tube and ADP was added to a final concentration of 10 uM. 
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The PRP was stirred using a steel stir bar at 37°C and turbidity was monitored as percent 

light transmitted for 6 minutes. 

 

Thrombin-induced platelet aggregation (TIPA) 

Thrombin-induced platelet aggregation was performed using platelet rich plasma 

(PRP) from healthy volunteers and SFLLRN peptide. Clone VWF R9.3 or VWF R9.14 

was mixed with 400 µL of PRP in a flat bottom glass tube and SFLLRN was added to a 

final concentration of 2 nM. The PRP was stirred using a steel stir bar at 37°C and 

turbidity was monitored as percent light transmitted for 6 minutes. 

 

2.3 Results 

Five rounds SELEX followed by four rounds of “convergent” SELEX yielded aptamers 

that bind to VWF with high affinity. 

To isolate RNA aptamers against VWF, we performed a modified version of 

SELEX (Systematic Evolution of Ligands by EXponential enrichment). First, an RNA 

library containing 2’-flouropyrimidines was incubated with total plasma proteins; the 

RNA ligands that bound to this proteome were recovered. Four additional rounds of 

SELEX were performed against the plasma proteome to generate a focused library that 

was highly enriched for RNA ligands that bound plasma proteins. Next, convergent 

SELEX (Layzer 2007) was performed to isolate those RNA aptamers from the focused 

library that specifically bound VWF. Such convergent SELEX progressed rapidly; the 

affinity of the round 4 pool of aptamers had a Kd of 4.5 nM for VWF (figure 2.1). Next, 
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the identity of the individual aptamers was determined by cloning and sequencing. As 

shown in table 2.1, two sequences dominated following round 4 of convergent SELEX 

against VWF (clones 9.3 and 9.4). These dominant clones, along with two less abundant 

clones (9.18 and 9.14), were chosen for further evaluation. To characterize the binding of 

these aptamers to VWF, we performed nitrocellulose filter binding assays. As shown in 

table 2.1 and figure 2.2, three of the four clones (9.3, 9.4 and 9.14) bound to VWF with 

high affinity (Kd < 20 nM) (figure 2.2). Thus, by performing 5 rounds of SELEX on the 

plasma proteome followed by 4 rounds of convergent SELEX against VWF using the 

plasma proteome focused library, we identified aptamers that bound to VWF with high 

affinity. 

Table 2: P5V4 Aptamer Sequences 

Clone ID Variable Region Sequence Freq. 

(%) 

Kd 

(nM) 

VWF R9.3 5’-ATCGCGCTCTCCTGCTTAAGCAGCTATCAAATAGCCCACT-3’ 39 1.2  

VWF R9.4 5’-TATAGACCACAGCCTGAGATTAACCACCAACCCAGGACT-3’ 36 1.9  

VWF R9.18 5’-TGCTCCTTGGCCTTAGCCCTGGAACCATCAATCCTCTTCG-3’ 3 278  

VWF R9.14 5’-TGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCA-3’ 1 12  

VWF R9.90 5’-ACGGTANACCTGCTACAATANCAGCCTAAATGGCCCACT-3’ 1 N/D 

VWF R9.66 5’-ATCCCTGCCAAACATACTTTCGCTTTGGCTAGGACTCCCT-3’ 3 N/D 

VWF R9.37 5’-GCACCCCCTCGACAACGACCTGTGCCCCTCGATCGACCA-3’ 2 N/D 

VWF R9.54 5’-CCCATTACGGCTT-CCTTGTATTCTTGGACAAGCCGCGACT-3’ 2 N/D 

VWF R9.35 5’-ACCCTTGACAACAACCCTTCCTCACCAACCCCTCCCAAC-3’ 1 N/D 

VWF R9.81 5’- ATACCCTCGACAACGACCCTATTCGCATGACACCTCTGTG-3’ 1 N/D 

VWF R9.33 5’- ATGAATCCTCCTGTCGAACAACAGCTGTTTCAGCCCAACT-3’ 1 N/D 
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VWF R9.93 5’-GACCGACTGATTCGCACCAGACCACGACGTTATGGCCCAA-3’ 1 N/D 

VWF R9.74 5’-GTCGACTTAGCCCCGTGCTCGGCGCTTCACAGTCGACTAT-3’ 1 N/D 

VWF R9.41 5’-CGAGATCACACTGCCCCAATAGCCACTGAACTAGCGCGCA-3’ 1 N/D 

VWF R9.46 5’-ACCATTCGCGAGCACAACGCTTTGTACTCAACACTCCACG-3’ 1 N/D 

VWF R9.49 5’-ACCGTTCAGAAATGACCCCACGCACATCCATCCCTGAGCT-3’ 1 N/D 

VWF R9.97 5’-ACGTGATCCTCGGACCCAGCATTGCATTATATGCGCCCCT-3’ 1 N/D 

VWF R9.95 5’-ACTCTCAGCCCATGTGCCTCAACCAAGGCACGGCTTGCTC-3’ 1 N/D 

VWF R9.62 5’-CACCCTTCACCCGAACCCTGCCC-ACGACCCCACACCCCGC-3’ 1 N/D 

VWF R9.57 5’-ATGACCAGCCCCTCGACAACGCCCTGCTGGCTCAACCGTT-3’ 1 N/D 

VWF 

R9.118 
5’-GACCGCCGCNNCCGACCCNAGNNTGCTGTGTCGCTCCGCC-3’ 

1 N/D 

N/D=Not Determined 
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Figure 2.1: “Convergent” SELEX yielded aptamers that bind to VWF with high 
affinity. a) Progress of the “convergent” SELEX was followed using a nitrocellulose 
filter binding assay. Inverted triangles (▼) represent the starting RNA library (Sel2). 
Squares (■) represent the plasma focused library. Triangles (▲) represent “convergent” 
SELEX round 2 and diamonds (♦) represent “convergent” SELEX round 4. The X-axis 
represents VWF concentration and the Y-axis represents the fraction of RNA bound to 
the protein. 
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Figure 2.2: Clones VWF R9.3, R9.4 and R9.14 Bind to VWF with High Affinity. 
Binding affinities of VWF aptamers R9.3, R9.4 and R9.14 were determined using a 
nitrocellulose filter binding assay. Squares (■) represent R9.3, triangles (▲) represent 
R9.4 and inverted triangles (▼) represent R9.14. Each data point was done in triplicate; 
error bars represent the SEM (standard error of the mean) of the data. 

 

Clones VWF R9.3 and VWF R9.14 but not VWF R9.4 inhibited platelet function 

measured by PFA-100. 

To determine whether the isolated aptamers had any effect on platelet activity, 

they were evaluated for their ability to limit platelet-induced clot formation in a PFA-100 

assay. The PFA-100 instrument uses small membranes coated with collagen/ADP or 

collagen/epinephrine to screen for the presence of platelet functional defects. As shown 
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in figure 2.3, VWF aptamers R9.3 and R9.14 inhibited platelet dependent clot formation 

completely in the PFA-100 assay (closing time > 300 s) at a concentration of 1 µM.  In 

contrast, VWF aptamer R9.4, while having a Kd similar to R9.3 and R9.14, had no 

activity (figure 2.3).  Next, to determine the minimum effective dose of VWF aptamer 

R9.3 and VWF aptamer R9.14, we performed a dose titration study.  As shown in Figure 

2.4, both aptamers completely inhibited platelet function (CT > 300 s) at concentrations 

greater than 40 nM in normal whole blood in the PFA-100 assay (Figure 2b). Thus, at 

concentrations above 40 nM, these two aptamers inhibit platelet function to the level seen 

in patients with severe VWD. 
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Figure 2.3: VWF aptamers R9.3 and R9.14 inhibit platelet aggregation. The function 
of VWF aptamers R9.3, R9.4 and R9.14 was measured at a 1 µM concentration in a PFA-
100 assay. Platelet buffer and starting aptamer library (Sel2) were used as negative 
controls. Error bars represent the range of data. Each data point was done in triplicate. 
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Figure 2.4: VWF aptamers R9.3 and R9.14 inhibit platelet aggregation at low 
concentrations. Varying concentrations of VWF aptamers R9.3 and R9.14 were added to 
normal whole blood; closing times were measured in a PFA-100 assay using 
collagen/ADP cartridges. Error bars represent the range of data. Each data point was done 
in triplicate. 

 

Clones VWF R9.3 and VWF R9.14 inhibited platelet aggregation measured by RIPA but 

not with CIPA, AIPA and TIPA. 

To confirm these findings and to determine the specificity of the VWF aptamers, 

we performed platelet aggregation studies. First, we investigated the effects of VWF 

aptamers R9.3 and R9.14 in a ristocetin induced platelet aggregation (RIPA) assay to 

determine if the aptamers inhibit platelet function by blocking VWF’s ability to interact 
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with GP Ib-IX-V. Ristocetin was used as a VWF antagonist because it binds specifically 

to VWF in platelet rich plasma (PRP) and assists in VWF-mediated platelet 

activation/aggregation through the GP Ib-IX-V receptor.  We also evaluated other 

antagonists (collagen, ADP and thrombin) that activate platelets through pathways that 

are not dependent on the VWF-GP Ib-IX-V interaction to determine if the aptamers had 

any inhibitory effect on these additional activation pathways. As shown in Figure 2.5, 

VWF aptamers R9.3 and R9.14 completely inhibited RIPA (at a concentration of 250 

nM), illustrating that the aptamers can potently inhibit the VWF-GP Ib-IX-V interaction. 

In contrast, the aptamers had no effect in collagen, ADP or thrombin induced platelet 

aggregation (figure 2.5). Thus, VWF aptamers R9.3 and R9.14 inhibit platelet function 

by specifically blocking VWF-GP Ib-IX-V-mediated platelet activation and aggregation. 
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Figure 2.5: VWF aptamers R9.3 and R9.14 inhibit platelet aggregation by blocking 
the VWF – GP Ib-IX-V interaction. VWF aptamers R9.3 and VWF R9.14 were tested 
in ristocetin, collagen, ADP and thrombin (SFLLRN) induced platelet aggregation. Filled 
bars represent percent aggregation in normal platelet rich plasma. Error bars represent the 
range of data; each data point was done in triplicate. 

 

Antidote oligonucleotide 6 (AO6) can reverse VWF R9.14 binding to VWF to background 

levels. 

Six different antidote oligonucleotides (AO1-6) were designed to bind to VWF 

aptamer R9.14 through Watson-Crick base pairing rules (figure 2.6). This strategy has 

been successfully employed in our laboratory to design an antidote to control the activity 

of an aptamer to factor IXa (Rusconi, Scardino et al. 2002; Rusconi, Roberts et al. 2004; 

Nimjee, Keys et al. 2006). To determine if the antidote oligonucleotides could inhibit 
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aptamer binding to VWF, we evaluated them in a nitrocellulose filter binding assay. As 

shown in figure 2.7, the most effective antidote for VWF aptamer R9.14 is AO6.  This 

antidote can reverse VWF aptamer R9.14’s ability to bind VWF to background levels 

(figure 2.7). 

 

 

Figure 2.6: Cartoon depicting the antidote design to aptamer VWF R9.14.  Black 
bars depict the positions of sequence complementarities. 

Figure 2.7: Antidote oligonucleotides to R9.14 can inhibit aptamer binding to VWF. 
Reversal of aptamer VWF R9.14 binding to VWF was accomplished by antidote 
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oligonucleotide 6 (AO6) (triangles) but not by AO5 (inverted triangles). AO6 and AO5 
together (diamonds) also inhibit aptamer binding to VWF. The starting library (Sel2; 
circles) was used as a control. 

 

AO6 can reverse the effects of VWF R9.14 completely in a PFA-100 assay. 

Since AO6 can reverse VWF aptamer 9.14 binding to VWF, we wanted to next 

determine if the antidote could also reverse the aptamer’s activity in a whole blood 

clinical lab assay. To that end, we demonstrated the ability of AO6 to inhibit VWF 

aptamer 9.14 in a PFA-100 assay (figure 2.8).  As shown in figure 2.9, the antidote can 

reverse the activity of the aptamer in a dose dependent manner. Moreover, the antidote is 

able to completely reverse the antiplatelet effects of the VWF aptamer R9.14 at a 40-fold 

excess of aptamer concentration. In contrast, a scrambled version of the antidote 

oligonucleotide (Scr AO6) had no effect on aptamer activity (figure 2.9). Thus, antidote 

AO6 is able to restore platelet function in a whole blood assay back to normal levels, 

even in the presence of enough VWF aptamer 9.14 (40 nM) to impede platelet function to 

an extent consistent with VWD. 
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Figure 2.8: Antidote oligonucleotides to aptamer VWF R9.14 can reverse aptamer 
function rapidly. AO6 achieved complete reversal of aptamer VWF R9.14 function in a 
PFA-100 assay in 2 minutes. AO6 was used at 40:1 ratio to VWF R9.14 (40 nM). Error 
bars represent the range of data. Each data point was done in triplicate. 
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Figure 2.9: Antidote oligonucleotides to aptamer VWF R9.14 can reverse aptamer 
function in a dose dependent manner. AO6 completely reverses aptamer function in a 
PFA-100 assay (black bars) at a 40:1 ratio. A scrambled antidote oligonucleotide is used 
as a negative control (grey bars). Error bars represent the range of data. Each data point 
was done in triplicate. 

 

AO6 can quickly reverse the effects of VWF R9.14 for a sustained period of time in a 

PFA-100 assay. 

For such an antidote to be useful clinically, the antidote should be able to act 

quickly and for a prolonged period of time. To determine how rapidly AO6 could reverse 

the aptamer and how long such reversal is sustained, we performed a time course assay 

using the PFA-100 (figure 2.8). As shown in figure 2.8, AO6 can rapidly reverse the 
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effects of VWF aptamer R9.14 in less than 2 minutes.  Moreover, once the antiplatelet 

activity is reversed, the antidote maintained its ability to sustainably inhibit the aptamer 

for greater than 4 hours (figure 2.10). We could not test AO activity for more than 4 

hours due to platelet degradation over such time. These results demonstrate that AO6 can 

rapidly and durably reverse the effects of VWF aptamer R9.14. 

 

 

Figure 2.10: Antidote oligonucleotides to aptamer VWF R9.14 can reverse aptamer 
function for a prolonged period of time. AO6 inhibits aptamer VWF R9.14 function for 
4 hours in a PFA-100 assay (black bars). A scrambled antidote oligonucleotide was used 
as a negative control (grey bars). Error bars represent the range of data. Each data point 
was done in triplicate. 
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2.4 Discussion 

Aptamers are single-stranded nucleic acid molecules that can directly inhibit 

protein function by binding to their target with high affinity and specificity. To date, a 

number of proteins involved in coagulation have been targeted by aptamers, successfully 

yielding anticoagulant molecules with therapeutic potential (Rusconi, Yeh et al. 2000; 

Rusconi, Scardino et al. 2002; Becker, Rusconi et al. 2005; Nimjee, Rusconi et al. 2005). 

Antiplatelet agents currently used in clinics can have a major bleeding side effect which 

can increase mortality and morbidity and significantly limit their use (Jackson and 

Schoenwaelder 2003). Using antidotes is the most effective and reliable way to control 

drug action and can reduce bleeding associated with current antiplatelet agent use in 

clinics, enhancing safety and reducing morbidity and mortality. 

We used a technique termed “convergent” SELEX and isolated a number of 

aptamers that bind to VWF with high affinity. Furthermore, we showed that two of these 

clones inhibit VWF mediated platelet activation and aggregation in ex vivo assays. To test 

the characteristics of these aptamers in functional assays, we utilized a PFA-100 

instrument. PFA-100 simulates platelet function in whole blood under high shear stress 

and is particularly sensitive to VWF defects (Harrison 2005). Both clone R9.3 and R9.14 

completely inhibited platelet plug formation in PFA-100 at concentrations >40nM 

(closing time > 300s). Moreover, we tested these aptamers in ristocetin, ADP, thrombin 

(SFLLRN peptide) and collagen mediated platelet aggregation assays for pathway 

specificity. Both of these clones inhibited RIPA at >250nM concentration but had no 

significant effect in other agonist mediated aggregation assays. These experiments show 
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that both clone R9.3 and clone R9.14 bind VWF with high affinity and inhibit platelet 

aggregation through inhibition of GP Ib-IX-V – VWF interaction. This interaction is 

especially important around areas of high shear stress (i.e. stenosed arteries) and is a valid 

target for antiplatelet therapy. 

Antidote control gives physicians added control over drug activity and provides a 

safer means for antiplatelet therapy. To further improve the safety of the lead molecule 

R9.14, we rationally designed an antidote oligonucleotide using the properties inherent to 

nucleic acids (Rusconi, Scardino et al. 2002; Rusconi, Roberts et al. 2004; Nimjee, Keys 

et al. 2006).  Antidote oligonucleotides bind to their target aptamer through Watson-Crick 

base pairing, thus changing the aptamer’s conformational shape and inhibiting binding to 

its target, therefore reversing its activity. We designed six different antidote 

oligonucleotides and tested their activity in nitrocellulose filter binding assay. Antidote 

oligonucleotide 6 (AO6) was the most effective in inhibiting aptamer binding to VWF, 

completely reducing it to nonspecific, background levels. To test the effect of antidote 

AO6 on clone R9.14, we tested the pair in PFA-100. AO6 completely reverses the 

antiplatelet effect of R9.14 in less than 2 minutes and is effective for at least 4 hours. This 

aptamer-antidote pair can potentially give physicians a rapid, effective and continual way 

to regulate antiplatelet therapy. 
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3. Binding Site Characterization, Cross-reactivity and In Vivo Studies of VWF 

Aptamers. 

3.1 Introduction 

Platelet-von Willebrand Factor Interface 

The platelet-expressed GP Ib-IX-V complex adhesive receptor is central to both 

platelet adhesion and activation. Damage to the blood vessel wall exposes subendothelial 

VWF and collagen to the circulating blood. This form of vascular injury occurs within 

the microcirculation and stenosed arteries. The GP Ib-IX-V complex expressed on the 

platelet surface binds to exposed VWF, causing platelets to adhere to the subendothelium 

at the site of injury (figure 3.1). In addition to anchoring the platelet to the injured vessel 

wall, engagement of the GP Ib-IX-V complex leads to the transduction of signals 

contributing to platelet activation. Von Willebrand factor–bound GP Ib-IX-V induces a 

conformational change in the GP IIb-IIIa receptor, transforming it from an inactive low-

affinity state to an active receptor that binds additional VWF or fibrinogen with high 

affinity (Freedman 2005). Thus, VWF plays a pivotal role in platelet adhesion, activation 

and aggregation in vivo. 

 

Von Willebrand Factor and Arterial Thrombosis   

The natural history and clinical expression of coronary artery disease have several 

distinct pathobiologic underpinnings. The most compelling is the relationship between 

endothelial injury, inflammation, atherogenesis and thrombogenesis (Hansson and Libby 

2006). Because VWF is synthesized and stored in both endothelial cells and platelets, 
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released in response to injury and platelet activation and participates in site-specific 

thrombus formation (Yamashita, Asada et al. 2003), it may well represent a 

multidimensional biomarker of underlying pathological events. Previously, we have 

isolated a number of aptamers that bind to VWF with high affinity and specificity 

(Chapter 2) (Oney, Nimjee et al. 2007). These aptamers have the potential to be useful 

tools in understanding and preventing VWF related pathological thrombus formation. 

 

Figure 3.1: The Role of VWF in Thrombus Formation. Given the biological relevance of 
von Willebrand factor (VWF) and the GP Ib-IX-V complex in platelet -dependent 
thrombosis, they represent a very attractive target for pharmacotherapy. 

 

VWF as a Marker for Thrombosis  

Polymorphisms of the VWF gene influence plasma levels (or response to stimuli) 

(van der Meer, Brouwers et al. 2004) and provide at least one explanation for the 
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observed association between VWF levels and both incident myocardial infarction (MI) 

and cardiovascular death among patients with angina pectoris or prior MI (Sadler 2005). 

Elevated VWF levels among patients with ACS and those undergoing PCI correlate 

closely with ischemic/thrombotic events, as does increased platelet aggregation in 

response to shear stress in acute MI survivors (Goto, Sakai et al. 1999; Heper, Murat et 

al. 2004; Fuchs, Frossard et al. 2006). Coronary thrombi subjected to 

immunohistochemical staining contain VWF at sites of platelet accumulation, fibrin 

deposition and inflammatory cell migration, suggesting a regulatory role for VWF, not 

only in platelet-vessel wall interactions, but tissue factor-mediated events as well 

(Hoshiba, Hatakeyama et al. 2006).  

Although significantly low levels of VWF (i.e. VWD type III) causes bleeding, 

two major studies screening school children (Castaman, Eikenboom et al. 1999) and 

preoperative patients (Biron, Mahieu et al. 1999) concluded that no serious bleeding is 

associated with moderately low VWF levels. Moreover, large prospective studies of 

coronary artery disease have demonstrated that the risk of stroke, myocardial infarction 

and death has increased with every standard deviation increase in VWF level (figure 3.2) 

(Kamphuisen, Eikenboom et al. 2001; Conway, Pearce et al. 2003). In light of these 

studies, a number of scientists proposed the use of VWF level as a biomarker for 

thrombotic risk in a clinical setting (Sadler 2005). To this end, we screened our VWF 

aptamer library for the potential aptamer molecules that could be used as imaging agents. 

The potential candidates for an imaging agent would preferably bind tightly to a domain 

on VWF not involved in thrombus formation and would not interfere with VWF binding 
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to its natural ligands. Furthermore, these studies have led us to propose that “controlled” 

inhibition of VWF using an aptamer-antidote pair in high-risk patients can inhibit 

thrombus formation without eliciting a major bleeding condition. 

 

 

Figure 3.2: Hemorrhage, thrombosis and VWF mutations as a function of plasma 
VWF level. The thick solid line indicates the frequency distribution of VWF levels 
(IU/dL) for the population, and 95% of values lie between 50 IU/dL and 200 IU/dL. Also 
shown are approximations of the relative risk of bleeding (short-dashed line), thrombosis 
(long-dashed line), and mutation within the VWF gene (thin-solid line) as a function of 
VWF level; the relative risk is defined as 1.0 at the population mean VWF level of 100 
IU/dL. Figure adapted from Sadler JE., J Thromb Haemost. 2005 Aug;3(8):1702-9(Sadler 
2005). 
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VWF Subunits 

Mature VWF is composed of identical subunits, each 2050 amino acids long, 

disulfide linked to each other to form large multimers. Two subunits joined at their 

carboxyl terminal ends by disulfide bonds form dimers which are then joined in tail-tail 

fashion creating multimers ranging from 540,000 daltons to several million daltons for 

the largest molecules. VWF protein has a number of well-studied subunits that are 

involved in thrombosis and hemostasis. Domains A1, A2 and A3 are the most relevant to 

this project since they are the major residues involved in platelet tethering, activation and 

aggregation.  

VWF A1 domain contains the binding site for GP Ibα subunit of GP Ib-IX-V 

along with collagen IV, heparin and the antibiotic ristocetin. The interaction between the 

A1 domain and GP Ibα is essential to form a stable blood clot in vessels with rapid flow 

and high shear stress (Ruggeri 2003). The forces involved in these vessels oppose the 

formation of stable thrombi to firmly attach to the areas of tissue damage. Upon the 

establishment of vascular lesion, VWF molecules become attached to the injured area 

through their A3 domains and initiate platelet tethering by the VWF A1 domain first 

slowing down and then binding to the GP Ib-IX-V via its GP Ibα domain. This 

interaction reduces the velocity of platelets substantially and enables them to bind 

irreversibly to the area of tissue damage through their integrin receptors (i.e. GP IIb-IIIa). 

Based on numerous studies, we hypothesized that aptamers binding specifically to A1 or 

A3 domains have the potential to become antithrombotic agents.  
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The importance of the interaction between A1 domain and GP Ibα under high 

shear stress conditions has been demonstrated by complete abolition of thrombi 

formation in in vivo and in vitro experiments with the use of inhibitory antibodies 

(Ruggeri, Dent et al. 1999; Cauwenberghs, Meiring et al. 2000; Wu, Meiring et al. 2002; 

Wu, Vanhoorelbeke et al. 2002; Ruggeri 2003). Ruggeri et al. demonstrated that under 

venous wall shear rate of ~100s-1 to 300s-1, blocking GP Ibα with monoclonal antibodies 

had no effect on thrombus formation but under arterial wall shear rate of 1,500s-1, 

blocking GP Ibα hindered the thrombus formation completely (Ruggeri, Dent et al. 1999; 

Ruggeri 2003). They also showed that blocking VWF A1 domain with antibodies had a 

very similar effect in in vitro experiments. In vivo experiments using monoclonal 

antibodies inhibiting the GP Ibα and A1 domain interaction showed a marked decrease in 

thrombus size and a substantial increase in the clot formation time in various arterial 

thrombosis animal models ranging from hamsters to baboons (Yamamoto, Vreys et al. 

1998; Cauwenberghs, Meiring et al. 2000; Wu, Meiring et al. 2002; Wu, Vanhoorelbeke 

et al. 2002).  Since the hemodynamic environment is very challenging in stenotic arteries, 

the interaction between the A1 domain and GP Ibα becomes very important for designing 

specific and potent therapies against arterial thrombosis. In light of the experiments 

mentioned above, we can assume that safe and effective molecules developed to inhibit 

VWF A1 domain interacting with platelet receptor GP Ib-IX-V can be used as effective 

antiplatelet agents. In this project, we decided to screen our VWF aptamer library to 

identify aptamers binding to A1 and A3 domains as potential antiplatelet agents. 
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Von Willebrand’s Disease (VWD) is caused by either qualitative or quantitative 

deficiency of VWF and is the most common inherited bleeding disorder in our population 

(1%-2% of total population) (Budde and Schneppenheim 2001). VWD is classified into 

three main phenotypes. Moderate quantitative deficiencies (5-30% of normal plasma 

level) of VWF characterizes VWD type 1 (accounts for 60% to 80% of clinical cases) 

and is associated with mild bleeding. VWD type 2 (accounts for 20% to 30% of clinical 

cases) is caused by qualitative abnormalities of VWF, causing mild to moderate bleeding 

phenotype depending on the severity of mutation on the VWF gene. VWD Type 3 

(accounts for 1% to 5% of cases) is characterized by very low or undetectable levels of 

VWF (<1% of normal plasma level) and have severe bleeding symptoms similar to 

moderately severe hemophilia A (Mannucci 2004; Sadler 2005; Sadler 2005).  

VWF A2 domain plays an important role in VWF cleavage by ADAMTS 13 (A 

Disintegrin And Metalloproteinase with a ThromboSpondin type 1 motif, member 13). 

ADAMTS 13 is a zinc-containing metalloprotease enzyme that is secreted in blood and 

degrades large VWF multimers, decreasing their activity. The effectiveness of VWF 

multimers to aggregate platelets increase with their increasing size and if uncontrolled, 

the “unusually-large VWF” molecules can cause spontaneous platelet aggregates leading 

the way for pathological disorder, Thrombogenic Thrombocytopenic Purpura (TTP). An 

aptamer binding to the A2 domain and inhibiting ADAMTS 13 activity could potentially 

be used in in vitro and in vivo to better understand the effects of TTP.  
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VWF SP I and SP III Fragments 

VWF SP I and SP III are V8 protease fragments of VWF from the N-terminus of 

the protein. SPIII is 1365 residues in length (aa 1-1365) containing domains from D' mid-

way through D4, including the A1 domain. SPI represents the C-terminal 455 residues of 

SPIII and contains mainly domain A3 and a part of domain D4 (figure 3.3)(Ulrichts, 

Vanhoorelbeke et al. 2005). VWF is a highly glycosylated protein and we decided to use 

protease fragments of VWF rather than VWF recombinant subunits due to aptamers’ high 

level of specificity in being able to distinguish between glycosylated and unglycosylated 

forms of the same protein (unpublished data, personal communications with Dr. 

Sullenger).  

 

Figure 3.3: Cartoon depicting VWF, its subunits and SP I and SP III fragments. 
Binding sites for various ligands are also indicated. Figure adapted from Oney S. et al., 
Oligonucleotides. 2007 Fall;17(3):265-74. 

 

As mentioned above, platelets cause arterial thrombosis by prematurely forming 

platelet plugs around areas of thrombotic plaques under high shear stress conditions and 
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VWF plays an important role in this process by acting as molecular glue for platelets. A 

number of studies showed that inhibiting VWF using antibodies and small molecules can 

inhibit arterial thrombosis in animal models but these approaches have serious short 

comings that impede their clinical development. None of these molecules are reversible 

and at high enough doses can cause severe bleeding undermining patient safety. In 

addition, antibodies in general are immunogenic and their bioavailability is hard to 

modify which can further complicate their use as anti-platelet agents. Furthermore, 

monitoring VWF levels and VWF deposition in patients has the potential to provide 

physicians with many clues in atherosclerotic disease risk and disease progression. To 

this end, we tested our VWF aptamer library using VWF SPI and SPIII fragments to get a 

better understanding of the binding sites of these aptamers on VWF. 

 

Cross-reactivity Studies 

One of the main goals of this dissertation is to develop a therapeutic molecule that 

can eventually be used as an antiplatelet agent in humans. Previously, we have tested a 

number of aptamers against VWF in in vitro and ex vivo assays and demonstrated 

positive results for two of these molecules (Oney, Nimjee et al. 2007). However, it often 

occurs that these in vitro results are difficult to correlate with in vivo results because they 

can not mimic the myriad of molecular interactions that occur during the generation, 

propagation and lysis of thrombi in vivo. In addition, the potential side effects such as 

bleeding or drug toxicity require the evaluation of these novel antiplatelet agents in 

animal models prior to testing in humans. The modern drug discovery process generally 
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consists of target identification (i.e. VWF), screening of potential molecules (i.e. 

SELEX), chemical optimization (i.e. addition of Cholesterol and 2’Ome groups on 

aptamers) and evaluation of select compounds in animal models of disease (figure 3.4). 

For anti-platelet agents in general, following selection, they are evaluated further using 

human plasma and whole blood in platelet “functional” assays such as platelet 

aggregation and PFA-100. These test are often referred as functional tests because they 

monitor clot formation or platelet aggregation, as opposed to isolated enzyme activity or 

receptor binding. The compounds that meet preset potency criteria (i.e. inhibition of 

platelet plug formation in PFA-100) are then evaluated for in vitro and ex vivo anti-

platelet activity using plasma and whole blood obtained from species that will be used for 

efficacy testing in vivo. As discussed in detail in chapter 2, some aptamers over the years 

have demonstrated marked species-specificity (White, Rusconi et al. 2001; Rusconi, 

Roberts et al. 2004), and it is important to evaluate the activity in vitro using 

plasma/blood from the chosen species prior to evaluating these aptamers in animal 

models. 
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Figure 3.4: Modern drug discovery process and our current progress. 

 

If the in vitro functional assays using rodent plasma/blood are acceptable, rodents 

are usually chosen for primary in vivo evaluation of compounds. Some of the important 

factors that make rodents desirable for the primary evaluation of compounds are: 1) their 

small size decreases the amount of compound required for testing and they are relatively 

cheap to acquire and house. These factors lower the costs and minimize the initial 

investment needed to perform these experiments. 2) Many animal models of thrombosis 

have been developed for rodents and there are many detailed techniques and a large 

collection of data in the scientific literature to help perform these experiments. One of the 

most commonly performed experiments in evaluating antithrombotics in rodents is the 
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tail transection bleeding time/volume model. In this model, a controlled incision is made 

on the tail of an anesthetized mouse and effects of the antithrombotic compound are 

observed (either by bleeding time or blood volume lost) on primary hemostasis.  

Generally, after initial evaluation in rodent models proves that a compound is a 

valid antithrombotic agent (high efficacy and low toxicity), other models of thrombosis 

using larger animals are employed to confirm and extend the rodent results. More 

advanced experimental models include canine, porcine and non-human primate 

thrombosis models. Although these models provide a better understanding of the efficacy 

and toxicity of the molecule studied, they are complex, resource intensive and require a 

high degree of expertise to perform. A molecule is tested in these models only after it has 

successfully completed primary animal experiments. 

Over the last two decades, great advances have been achieved in antithrombotic 

therapy. Throughout this innovative period, animal models of thrombosis have been 

essential in helping scientists discover and validate novel targets, select new agents for 

clinical evaluation and provide dosing and safety information for the clinical trials. In this 

chapter, we have evaluated the VWF aptamers’ specific binding sites on VWF, optimized 

the lead compounds, tested them in cross-reactivity studies and studied VWF aptamer 

R9.14 in a murine tail transection bleeding model in vivo. 

3.2 Materials and Methods 

Binding Assays 

Affinity constants (Kd values) were determined using double-filter nitrocellulose 

filter binding assays (Rusconi, Yeh et al. 2000). All binding studies were performed in 
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binding buffer F (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl2, and 0.1% BSA) 

at 37°C. Human purified VWF (with factor VIII and factor VIII free) was purchased from 

Haematologic Technologies Inc. (Essex Junction, VT) and used in the double-filter 

nitrocellulose filter binding assay to determine the Kd of individual clones. VWF SPI and 

VWF SPIII domains were kindly provided by Dr. J. Evan Sadler (Washington University 

in St. Louis).  Briefly, RNA was dephosphorylated using bacterial alkaline phosphatase 

(Gibco BRL, Gaithberg, MD) and end-labeled at the 5’ end with T4 polynucleotide 

kinase (New England Biolabs, Beverly, MA) and [γ32P] ATP (Amersham Pharmacia 

Biotech, Piscataway, NJ) (Fitzwater and Polisky 1996).  Direct binding was performed by 

incubating 32P-RNA with VWF in physiological buffer + 1 mg/ml BSA at 37 ºC for 5 

min.  The fraction of the nucleic acid-protein complex which bound to the nitrocellulose 

membrane was quantified with a phosphoimager (Molecular Dynamics, Sunnyvale, CA).  

Non-specific binding of the radiolabeled nucleic acid was subtracted out of the binding 

such that only specific binding remained (Wong and Lohman 1993). 

 

Antidote Oligonucleotides 

Antidote oligonucleotides were synthesized and purified by Integrated DNA 

Technologies Inc. (IDT Inc., Coralville, Indiana). The antidotes were synthesized as 

deoxyribose oligonucleotides to lower the costs associated with antidote design and 

synthesis. 
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Aptamer Truncates 

 The primers used in the truncation of the aptamers were synthesized and purified 

by IDT Inc (Coralville, Indiana).  An RNA secondary structure predicting software 

(Mfold by M. Zuker) was used to aid in the design of truncates. 

 

Platelet Function Analysis (PFA-100) 

The Platelet Function Analyzer, PFA-100 (Dade Behring, Deerfield, IL), 

measures platelet function in terms of clot formation time. In this assay, we utilized 

collagen/ADP cartridges to activate the platelets and measure the amount of time taken to 

form a clot in anticoagulated whole blood (Harrison 2005).  Briefly, 840 µL of whole 

blood was mixed with aptamer in platelet binding buffer (150 mM NaCl; 20 mM Hepes 

pH: 7.4; 5 mM KCl; 1 mM MgCl2 and 1mM CaCl2) and incubated for 5 minutes at room 

temperature. This mixture was then added to a collagen/ADP cartridge and tested for its 

closing time. The maximum closing time of the PFA-100 is 300 seconds. Normal and 

VWD canine and porcine blood was kindly provided by Dr. Timothy Nichols at The 

University of North Carolina at Chapel Hill. Whole blood was collected in BD citrated 

vacutainer glass tubes (Sodium Citrate Tube, .105M / 3.2%) and rested for 30 minutes 

before testing. 

 

Botrocetin Induced Platelet Aggregation (BIPA) 

Botrocetin induced platelet aggregation was performed using platelet rich plasma 

(PRP) from healthy rats. Clone VWF R9.3 or VWF R9.14 was mixed with 400 µL of 
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PRP in a flat bottom glass tube; botrocetin (Helena Laboratories, TX) was added to a 

final concentration of (0.4 mg/mL). The PRP was stirred using a steel stir bar at 37°C and 

turbidity was monitored as percent light transmitted for 10 minutes. 

 

Mouse Tail Transection Bleeding Model 

Normal C57/B6 mice (ages ranging between 6-12 months), received either Ch-

VWF R9.14 T10 (200µL total volume) or saline (PBS, 0.9% NaCl) by tail vein injection. 

10 minutes later, mice were anesthetized by intraperitoneal injection of phenobarbital 

(100 mg/kg) and placed in a restraining chamber from which the tail protruded. The distal 

1 mm of the tail was amputated and the tail was immersed for 15 minutes in 1 mL of 

0.9% NaCl warmed to 37°C. Blood loss was determined by measuring the absorbance of 

saline at 550 nm and comparing the result to a standard curve constructed from known 

volumes of mouse blood.  

 

3.3 Results 

Aptamers VWF R9.3 and VWF R9.14 bind to the VWF SPIII fragment but not to the VWF 

SPI fragment; aptamer VWF R9.4 binds to both the SPI and SPIII fragments. 

To determine the specific binding domains of the aptamer clones on VWF, we 

performed studies using VWF SPI and VWF SPIII fragments (figure 3.3). The results for 

representative clones VWF R9.3, VWF R9.4 and VWF R9.14 are shown below (figure 

3.5). Clones VWF R9.14 and VWF R9.3 bound to the SPIII fragment but not to the SPI 

fragment (figure 3.5). These results suggest that these aptamers bind proximal to the 
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positively charged A1 domain of VWF. The A1 domain is mainly involved in platelet 

aggregation since it makes the contact with the GP Ibα subunit of platelet receptor GP Ib-

IX-V. Clone VWF R9.4 bound to both SPI and SPIII domains, mapping its binding 

proximal to the VWF A3 domain.  

 

Figure 3.5: VWF aptamers bind to different domains on VWF. Binding of aptamers 
to VWF, VWF SPI and VWF SPIII fragments was determined using a nitrocellulose filter 
binding assay. Aptamers R9.3 and R9.14 bind to both full length VWF and the VWF 
SPIII fragment but not to the VWF SPI fragment. Aptamer R9.4 binds to full length 
VWF, the VWF SPIII and the VWF SPI fragment. Figure adapted from Oney S., et al. 
Oligonucleotides. 2007 Fall;17(3):265-74. 
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Overall, 27 different aptamer clones were tested in binding studies against VWF 

(with F VIII), VWF (FVIII free), VWF SPI fragment and VWF SP III fragment. The 

results are summarized in table 3.1. In this experiment, we have demonstrated that all of 

the functional aptamers bind near the A1 domain of VWF. 

Table 3: VWF Aptamer Mapping 

 Binding   

Clone ID 
VWF 

(F VIII free) 
VWF 

(w/ F VIII) 
VWF 
SP I 

VWF 
SPIII 

PFA-100 Kd 

(nM) 

VWF R9.3 X X 0 X Yes 1.2 

VWF R9.4 X X X X X  No 1.9 

VWF R9.14 X X X X 0 X Yes 12 

VWF R9.90 X X X X 0 X Yes N/D 

VWF R9.70 X X X X 0 X Yes N/D 

VWF R9.37 X X X X X X No 15.8 

VWF R9.58 XX X X 0 X Yes 0.7 

VWF R9.35 X X X 0 0 No 28.5 

VWF R9.81 X X X X X N/D N/D 

VWF R9.33 X  X 0 X Yes N/D 

VWF R9.93 X X X X 0 X  N/D N/D 

VWF R9.74 X X X X 0 X N/D N/D 

VWF R9.41 X X X X 0 X N/D N/D 

VWF R9.46 X X X X 0 X N/D N/D 

VWF R9.49 XX X X 0 X N/D N/D 

VWF R9.97 XX X X 0 X N/D N/D 

VWF R9.62 X X X X X N/D N/D 
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VWF R9.57 X X X X X N/D N/D 

VWF R9.118 XX X X 0 X N/D N/D 

X=Binding observed; XX=Strong binding observed; 0=No binding observed; N/D=Not 
determined; PFA-100=Complete platelet inhibition in PFA-100 at 250nM aptamer 
concentration.  
 
 
Aptamers VWF R9.3 and VWF R9.14 cross-react with canine and rat VWF but not with 

porcine VWF 

To determine whether the isolated aptamers had any effect on platelet activity of 

select animals, they were evaluated for their ability to limit platelet-induced clot 

formation in a PFA-100 assay using dog and porcine blood and in botrocetin induced 

platelet aggregation (BIPA) using rat platelet rich plasma (PRP). As shown in figure 3.6, 

VWF aptamers R9.3 and R9.14 inhibited platelet dependent clot formation completely in 

the PFA-100 assay (closing time > 300 s) at a concentration of 500nM in canine blood 

but had no effect in porcine blood. VWD canine and porcine blood were used as negative 

controls in this assay.  
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Figure 3.6: Aptamers VWF R9.3 and VWF R9.14 cross-react with canine but not 
with porcine. Error bars represent the range of data. Each data point was done in 
triplicate. 

 

In addition, VWF R9.3 inhibited BIPA completely in rat PRP and VWF R9.14 

delayed the onset of thrombus formation compared to negative control (figure 3.7). Thus, 

these two aptamers cross-react with canine and rat VWF and inhibit VWF mediated 

platelet aggregation but they do not cross-react with porcine VWF. 
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Figure 3.7: Aptamers VWF R9.3 and VWF R9.14 inhibit BIPA. Line (1) represents 
buffer control with no botrocetin. Due to the easily activated state of rodent platelets, 
~60% of aggregation is observed with buffer control. Line (2) represents botrocetin 
control. 100% platelet aggregation is observed with botrocetin over 6 minutes. Line (3) 
represents botrocetin with aptamer VWF R9.14 at 250nM concentration. Although 
botrocetin induced thrombus formation is delayed by 4 minutes, ~70% aggregation is 
observed. Line (4) represents botrocetin with aptamer VWF R9.3 at 250nM 
concentration. No platelet aggregation is observed over 6 minutes. This figure is a 
representative of three different experiments all showing similar results. 
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Truncation and Cholesterol Modification of VWF aptamers yielded a shorter and in vivo 

stable VWF aptamer; Ch-VWF R9.14 T10 

 Aptamers VWF R9.14 and VWF R9.3 were selected (based on their functional 

profile) to be truncated and still retain their ability to inhibit VWF binding to GP Ib-IX-V 

and platelet aggregation. Initially, we employed a rational approach to truncate both of 

these aptamers using an RNA secondary structure predicting software (Mfold, by 

M.Zuker). Although Mfold was helpful previously in our laboratory during truncation, in 

this particular project, none of the truncated molecules designed by this software had 

appreciable binding or functional activity. Following these results, we employed a 

different approach where we designed truncates based on progressive deletion of 

nucleotides from the 3’ and 5’ ends of the molecule. Briefly, we designed primers to 

make shorter and shorter DNA templates for aptamer molecules. We than used T7 RNA 

polymerase to transcribe RNA aptamers and tested each of these in binding assays. We 

managed to truncate VWF R9.14 from 80nt to 57nt and VWF R9.3 from 80nt to 60nt. 

Both of these truncates, named VWF R9.14 T10 and VWF R9.3 T28, retained full 

binding to VWF (data not shown). 

All of the assays described in chapter 2 were repeated with the truncated aptamers 

to ensure that their activity as a platelet antagonist with the same potency as the full-

length aptamer was retained. VWF R9.14 T10 (57nt) retained full binding and function 

but VWF R9.3 (60nt), although retaining full binding, lost function completely. 

Following these results, a cholesterol-modified version of VWF R9.14 T10 (Ch-VWF 

R9.14 T10) was synthesized by IDT Inc. to be tested in in vivo studies. This cholesterol 
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modified, truncated version of VWF R9.14 showed complete inhibition of platelet 

aggregation in a PFA-100 assay (figure 3.8).  

 

Figure 3.8: Aptamer Ch-R9.14 T10 inhibits platelet aggregation in PFA-100. 

 

Aptamer Ch-VWF R9.14 T10 Inhibits Platelet Plug Formation in a Murine Tail-

transection Bleeding Model 

 To evaluate the ability of aptamers to inhibit platelet aggregation in mice, we used 

a murine tail-transection bleeding model. Aptamer Ch-VWF R9.14 T10 was administered 

to mice, and 10 minutes later their tails were clipped and the volume of blood lost from 

the tail over the next 15 minutes was determined. As anticipated from the bleeding 
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diathesis observed in VWF-knockout mice (Denis, Methia et al. 1998; Pergolizzi, Jin et 

al. 2006), animals treated with high doses of aptamer (10mg/kg-1mg/kg) exhibited 

significant bleeding in response to this trauma as compared to control animals treated 

with PBS (figure 3.9). Furthermore, most of the aptamer treated animals did not stop 

bleeding for the duration of the experiment whereas all of the PBS treated animals 

formed a platelet plug and stopped bleeding as expected. These results show that Ch-

VWF R9.14 T10 is not only stable in vivo, but can also cross-react with mouse VWF, 

inhibit VWF mediated platelet plug formation and interfere with normal hemostasis 

resulting in a severe VWD phenotype.  

 

Figure 3.9: Aptamer Ch-VWF R9.14 T10 inhibits platelet aggregation in the murine 
tail transection bleeding model. Mice were treated with Ch-VWF 9.14 T10 (triangles) 
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or PBS (circles), their tail tips were amputated and then blood loss measured. Each data 
point represents a single mouse. 

 

3.4 Discussion 

We have already isolated a number of aptamers against VWF and tested them in 

binding and platelet “functional” tests such as PFA-100 and RIPA (Oney, Nimjee et al. 

2007)(chapter 2). To get a better understanding of the binding sites of these aptamers on 

VWF, we used SP I and SP III subunits. Our results showed that a majority of these 

aptamers bind to SP III but not to SP I mapping their binding site proximal to the A1 

domain of VWF (figure 3.4 & table. 3.1). This result is not surprising to us since there is 

a highly positively charged patch on the A1 domain. Aptamers have a negatively charged 

backbone and a number of crystal structures demonstrated that they tend to bind to the 

positively charged patches on proteins (chapter 4). Coincidentally, all of the aptamers 

binding around this region showed a degree of platelet inhibition in PFA-100. These 

aptamers are good candidates as potential antiplatelet agents. 

There were a number of aptamers that bound to the VWF SP I subunit placing 

their binding region proximal to the A3 domain. However, these aptamers did not show 

any antiplatelet activity in the functional assays. These aptamers could potentially be 

useful as imaging agents and also as diagnostic tools for detecting VWF levels in 

patients. 

A problem often encountered with the therapeutic development of aptamers is that 

they can be so specific for the human version of a target protein that they do not have 
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cross-reactivity with orthologs of the target from other animal species, making their 

preclinical evaluation difficult (White, Rusconi et al. 2001; Rusconi, Roberts et al. 2004). 

Two of the aptamers that showed positive results in the platelet functional assays (VWF 

R9.3 and VWF R9.14) were selected for cross-reactivity studies. Both VWF R9.3 and 

VWF R9.14 showed platelet inhibition in a PFA-100 assay with canine blood with a 

potency and specificity observed with human blood. Interestingly, neither of the aptamers 

showed cross-reactivity with porcine blood in this assay. We also used blood from VWD 

dogs and pigs as positive controls and validated PFA-100 as a suitable assay for these 

studies.  

Rodents are usually chosen for primary in vivo evaluation of compounds and to 

this end, we tested VWF R9.3 and VWF R9.14 using platelet rich plasma from rats in a 

botrocetin induced platelet aggregation. Both of these aptamers inhibited platelet 

aggregation to a degree in this assay. These results combined with the results from the 

previous chapter gave us the confidence to move forward with the chemical optimization 

of aptamers VWF R9.3 and VWF R9.14 and subsequent in vivo studies. 

Aptamers VWF R9.14 and VWF R9.3 were selected to be truncated to their 

shortest length while still retaining their ability to inhibit VWF function in platelet 

aggregation. Truncation of these aptamer molecules was necessary for increasing 

efficiency of chemical synthesis and reducing costs associated with this process. These 

aptamers, at their original length of 80 nucleotides (nt), are cost prohibitive to be 

chemically synthesized and used in in vivo studies. Moreover, truncation can simplify the 

design process for antidote molecules. Initially, we used a rational approach to truncate 
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both of these aptamers using a RNA folding prediction software (Mfold). Although 

Mfold was employed successfully previously in our laboratory, truncates designed using 

this approach had no appreciable binding or functional activity in this project. To get 

around this problem, we designed truncates based on progressive deletion of nucleotides 

from the 3’ and 5’ ends of the aptamer molecules. Using this approach, we truncated 

VWF R9.14 from 80nt to 57nt and VWF R9.3 from 80nt to 60nt. All of the assays 

described in chapter 2 were repeated with the truncates to ensure that these aptamers 

retained their activity as platelet antagonists. We tested a number of truncates that 

showed good binding towards VWF in a PFA-100 assay. VWF R9.14 truncate T10 at 

57nt long, was the shortest molecule that had full activity in PFA-100. Unfortunately, 

none of the VWF R9.3 truncates were functional. 

Once we identified the shortest version of the aptamer, we appended to the 5’ end 

of the lead aptamer a cholesterol (Ch) moiety to further protect it for in vivo studies and 

reduce its renal clearance in vivo. This Ch-conjugated VWF aptamer, named Ch-VWF 

R9.14 T10, was tested for its ability to bind VWF and inhibit platelet function. This 

aptamer showed complete inhibition of platelet aggregation in a PFA-100 assay. 

Following these results, we moved forward and evaluated the cross-reactivity and effects 

of Ch-VWF R9.14 T10 on primary hemostasis in an in vivo model. 

One of the most commonly performed primary experiments in evaluating 

antithrombotics is the tail transection bleeding time/volume model in mice. In this model, 

a controlled incision is made on the tail of an anesthetized mouse and effects of the 

antithrombotic compound are observed (either by bleeding time or blood volume lost) on 
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primary hemostasis. In this study, aptamer Ch-VWF R9.14 T10 was administered to 

mice, and 10 minutes later their tails were clipped and the volume of blood lost from the 

tail over the next 15 minutes was determined. As anticipated from the bleeding diathesis 

observed in VWF knockout mice in response to tail transection (Denis, Methia et al. 

1998; Pergolizzi, Jin et al. 2006), animals treated with the high doses of aptamer 

exhibited significant bleeding in response to this trauma as compared to control animals 

(PBS). These results showed that: 1) Ch-VWF R9.14 T10 cross-reacts with murine VWF, 

2) The aptamer is stable in vivo for at least 30 minutes and 3) inhibiting VWF activity 

using this aptamer can inhibit platelet plug formation. Furthermore, these results 

demonstrate the importance of antidote control of VWF aptamers. This particular 

molecule, at high doses, caused a VWD Type III (or complete VWF knockout) 

phenotype in mice leading us to believe that it needs to be controlled tightly to prevent 

bleeding associated morbidity and mortality. 
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4. Synergistic Effect of Aptamers to Exosite 1 and Exosite 2 on Thrombin 

4.1 Introduction 

Thrombin is a serine protease involved in coagulation, platelet activation and 

aggregation and endothelial cell activation (Coughlin 2000; Celikel, McClintock et al. 

2003). Prothrombin (FII) is converted to thrombin (FIIa) upon activation of coagulation 

via activation of tissue factor and factor VIIa complex resulting from vascular injury 

(Coughlin 2000). Thrombin, in turn converts fibrinogen into fibrin, the matrix of a blood 

clot. Moreover, it triggers platelet activation, releasing activators such as ADP, serotonin, 

thromboxane A2 and expressing P-selectin and CD40 ligand on the platelet surfaces 

(Coughlin 2000). Thrombin’s procoagulant activity on the platelet surface also acts 

through several positive feedback loops to generate additional thrombin. The pathological 

manifestation of excess or inappropriately localized thrombin generation is thrombosis. 

Clinical manifestations include myocardial infarction, deep vein thrombosis, stroke and 

peripheral vascular disease.  

Thrombin has three main binding sites — the catalytic or active site, where its 

primary plasma inhibitor, antithrombin (AT) binds and inhibits its coagulation activity; 

and two anion-binding sites, exosite 1 and exosite 2.  Exosite 1 binds to fibrinogen, 

thrombomodulin, hirudin and the amino terminus of heparin cofactor II (HCII) (Becker, 

Fredenburgh et al. 1999).  Exosite 2 mediates binding of thrombin to heparin and to 

platelet receptor GP Ib-IX-V subunit of  GP Ibα. Ligand binding to either exosite 1 or 

exosite 2 may also influence reactivity of the active site of thrombin (Fredenburgh, 

Stafford et al. 1997).  Recently, two groups independently solved the crystal structure of 
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thrombin bound to its platelet receptor GP Ibα (Celikel, McClintock et al. 2003; Dumas, 

Kumar et al. 2003). Based on their structure work, Celikel et al. postulated that exosite 2 

binding of thrombin was essential in order to potentate exosite 1-dependent modulation 

of fibrinogen clotting (Celikel, McClintock et al. 2003).  

Aptamers are single-stranded nucleic acid molecules that can directly inhibit 

protein function by binding to their targets with high affinity and specificity. Two 

aptamers have been isolated to thrombin — ARC 183, a DNA aptamer (15 nucleotides) 

that binds to thrombin on exosite 1 (Holland, Henry et al. 2000) and data has shown its 

potential as an anticoagulant in CABG surgery (Bock, Griffin et al. 1992; Griffin, 

Tidmarsh et al. 1993; DeAnda, Coutre et al. 1994).  TOG25 is 2’fluoropyrimidine-

modified RNA aptamer (26 nucleotides) that binds to exosite 2 (Jeter, Ly et al. 2004) and 

has a nominal effect on bleeding times but appears to have a considerable effect on 

platelet activation (White, Rusconi et al. 2001).   

Given the different roles of exosites 1 and 2 binding sites on thrombin during the 

coagulation process and platelet activation, we hypothesized that these aptamers might 

have different clinical benefits. Moreover, we theorized that utilizing both aptamers as a 

‘drug cocktail’ may provide advantages over using each one alone and elicit the desired 

effects of antithrombin therapy, namely anticoagulation and antiplatelet activity. 
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4.2 Materials and Methods 

Proteins and Reagents 

Prothrombin, factor IX and antithrombin (AT) were purified from human plasma 

as described previously (Oliver, Monroe et al. 1999). Factors V, VII, and XI were 

purchased from Haematologic Technologies Incorporated (South Bend, IN).  Factor X 

was purchased from ERL (South Bend, IN).  Prothrombin, factor X, and factor IX were 

treated with an inhibitor mixture (1 µM each of N-tosyl-L-lysine chloromethyl ketone 

[TLCK], N-tosyl-L-phenylalanine chloromethyl ketone (Nakashima, Sasaki et al.), 1,5-

dansyl-glu-gly-arg chloromethyl ketone [DEGRCK], D-phe-pro-arg-chloromethyl ketone 

[PPACK], and phenylmethylsulfonyl fluoride [PMSF]) for 1 hour, then repurified on Q 

Sepharose fast flow using calcium chloride elution as described previously (Hoffman, 

Monroe et al. 1995; Oliver, Monroe et al. 1999). Factor VIII with von Willebrand factor 

(Profilate, Alpha therapeutics) was purchased from the hospital pharmacy, University of 

North Carolina and further purified by gel filtration on Sepharose CL-2B and the 

concentration determined by clotting assays compared to a standard curve.  Full length 

thrombin activatable fibrinolysis inhibitor (TFPI) was the generous gift of Dr. Ulla 

Hedner.  CI esterase inhibitor was purified according to a modification of previously 

published procedures (Davis, Aulak et al. 1993). Chromozyme TH (thrombin substrate), 

pefachrome Xa (factor Xa substrate), recombinant hirudin, and convulxin were purchased 

from Centerchem (Norwalk, CT).  

 

 



 

93 

Synthesis of DNA and RNA aptamers 

The DNA aptamer ARC183 (5’-GGTTGGTGTGGTTGG-3’) was synthesized by 

Trilink Biotechnologies (San Diego, CA).  The 2’-fluoromodified RNA aptamer TOG25 

(5’-GGGAACAAAGCUGAAGUACUUACCC-3’) was synthesized by Dharmacon 

Research Inc (Lafayette, CO). 

 

Binding Studies 

Dissociation constants (Kd) of both ARC183 and TOG25 were determined using a 

double-filter, nitrocellulose being method (Wong and Lohman 1993)  Briefly, DNA and 

RNA were dephosphorylated using bacterial alkaline phosphatase (Gibco BRL, 

Gaithberg, MD) and end-labeled at the 5’ with T4 polynucleotide kinase (New England 

BIolabs, Beverly, MA) and [γ32P]ATP (Amersham Pharmacia Biotech, Piscataway, 

NJ)(Fitzwater and Polisky 1996).  Direct binding was performed by incubating 32P-ARC 

183 with thrombin (Haematologic Technologies, Essex Junction, VT) concentrations 

ranging from 5µM to 85 ρM in binding buffer (20 mM Hepes pH: 7.4; 150 mM NaCl; 2 

mM CaCl2; 0.01% BSA) at 37 ºC.  The fraction bound of the nucleic acid-protein 

complex was quantified with a Phosphoimager (Molecular Dynamics, Sunnyvale, CA).  

The non-specific binding of radiolabeled nucleic acid was substracted (Wong and 

Lohman 1993) and reported as the mean and standard error of the mean from three 

experiments.  
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Clotting Assays 

Activated partial thromboplastin time (APTT) assays were carried out using a 

model ST4 mechanical coagulameter (Diagnostica Stago, Parsippany, NJ). Aptamer in 

Dulbecco’s Phosphate Buffered Saline (Invitrogen, Grand Island, NY) (5µl) or DPBS 

alone was added to pooled normal human plasma (50µl) (George King Biomedical, 

Overland Park, KS), and incubated for 5 mins at 37°C. Than, MDA Platelin (50µl) 

(bioMerieux, Durham, NC) was added to activate plasma and incubated for 5 mins at 

37°C. Addition of 25 mM CaCl2 (50µl) (bioMerieux, Durham, NC) to inititate the 

clotting reaction followed and clot formation time was recorded. All reactions were 

performed in duplicate, and only duplicates differing by <10% were used in analysis.  

Prothrombin time (PT) assays were carried out using a model ST4 mechanical 

coagulometer (Diagnostica Stago, Parsippany, NJ). Aptamer in Dulbecco’s Phosphate 

Buffered Saline (Invitrogen, Grand Island, NY) (5µl) or DPBS alone was added to pooled 

normal human plasma (50µl) (George King Biomedical, Overland Park, KS), and 

incubated for 5 mins at 37°C. Then, MDA Simplastin L (bioMeriux, Durham, NC) was 

added to initiate the clotting reaction and clot formation time was recorded. All reactions 

were performed in duplicate, and only duplicates differing <10% were used in analysis. 

Thrombin clot time (TCT) assays were carried out using model ST4 mechanical 

coagulometer (Diagnostica Stago, Parsippany, NJ). Aptamer in Dulbecco’s Phosphate 

Buffered Saline (Invitrogen, Grand Island, NY) (5µl) or DPBS alone was added to pooled 

normal human plasma (50µl) (George King Biomedical, Overland Park, KS), and 

incubated for 5 mins at 37°C. Clotting was initiated using 50 µl of TCT solution (50 
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U/ml thombin in PBS) and clot formation time was recorded.  All reactions were 

performed in duplicate, and only duplicates differing <10% were used in analysis. 

 

Platelet activation assay 

Platelets were purified from freshly drawn blood from healthy volunteers 

(Hoffman, Monroe et al. 1992).  Briefly, platelets were isolated by density gradient 

centrifugation, then separated from plasma proteins by gel-filtration over 50 mL column 

of Sepharose Cl-2B in Tyrodes buffer (15 mM HEPES, pH 7.4; 3.3 mM Na2PO4; 138 

mM NaCl, 2.7 mM KCl; 1mM MgCl2, 5.5 mM dextrose) with 1mg/mL bovine serum 

albumin.  In each experiment, 25 µL of platelets were incubated with 25 µl of aptamer in 

PBS or PBS alone and 50 µl of thrombin to a final concentration of 1 nM.  Platelet 

activation was measured by platelets with α-granule protein phycoerythrin antibody 

CD62P (Becton Dickenson, San Jose, CA) and analyzed by flow cytometry (FACScan, 

Becton Dickenson) (Stenberg, McEver et al. 1985).  Platelet activation was expressed as 

the mean and standard error of the mean of percent positive cells from two experiments. 

 

Cell-based model system of coagulation 

A cell-based model system that included tissue factor (TF) bearing cells, platelets, 

plasma concentration of the procoagulant proteins and clotting factor inhibitors was 

prepared as described previously (Kempton, Hoffman et al. 2005).  Briefly, monocytes, 

isolated from freshly drawn blood of healthy donors (Oliver JA, 1999) were cultured 

overnight in 96-wells plates in MAC SFM containing 500 ng/ml lipopolysaccharide, 
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5x103 monocytes/well. Platelets were purified from freshly drawn blood of healthy 

donors who did not use any antiplatelet drugs during 10 days before phlebotomy as 

described above, and used at 105 platelets/mL. To eliminate the activity of trace amount 

of contaminating zymogens proteases, coagulation proteins were incubated with 

inhibitors overnight at 4oC. The final concentration of proteins was as following:  

prothrombin 100 mg/mL, FV 7 mg/mL, FVII 0.5 mg/mL, FVIII 1 U/mL, FIX 4 mg/mL, , 

FX 8 mg/mL, FXI 5 mg/mL,  antithrombin 200 mg/mL, TF pathway inhibitor 0.07 

mg/mL, C1 esterase inhibitor 0.8 mg/mL. The final concentration of convulxin was 100 

ng/nL, calcium 3 mM/L, DNA aptamer from 0.1 nM to 103 nM, RNA aptamer from 2 nM 

to 200 nM.  

 

Thrombin and FXa assay in cell-based model system 

The coagulation reactions were initiated by combining unstimulated or convulxin-

activated platelets and proteins in the presence or absence of aptamer (aptamers) with 

tissue factor expressing monocytes. At timed intervals aliquots of the reaction mixture 

were diluted 1:13.3 in assay buffer (chromogenic substrate 1mmol/L, NaCl 150 mmol/L, 

EDTA 5 mmol/L, HEPES 20 mmol/L, final concentration).  To prevent cleavage of 

pefachrome Xa by thrombin we added hirudin 100 nmol/L to Fxa assays. The reaction 

was terminated after 9.5 min by dilution 1:1 with 50% acetic acid. Thrombin or FXa 

concentration was assessed by comparison of OD405 (SoftMax plate reader, Molecular 

Devices) with standard curve.   
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Statistical Analysis 

We expressed most data as the mean ± standard error.  We used two-way 

ANOVA to compare APTT, PT, TCT and platelet activation between ARC 183 and 

TOG25 and each compound compared to administering them together in each assay at 

various doses.  We compared individual points using two-tailed student t test.  We 

considered differences statistically significant when P value was 0.05 or less.  The effects 

of the DNA aptamer on parameters of thrombin generation in the model system were 

fitted to a right hyperbola using Prism software (GraphPad software, San Diego, CA). 

 

4.3 Results 

DNA and RNA aptamers bind to thrombin on different exosites 

The structure of the DNA aptamer bound to thrombin was published in 2000 

(Holland, Henry et al. 2000), followed by the structure of the RNA aptamer to thrombin 

in 2004 (Long et al., unpublished results) (Jeter, Ly et al. 2004).  Using the coordinates 

from the literature, we developed a proposed structure of both aptamers binding to 

thrombin.  It supports the assertions made by others about the landscape of exosites 1 and 

2 and the potential for ligands that bind to either epitope to do so without interfering with 

one another (figure 4.1). 



 

98 

 

Figure 4.1: DNA and RNA aptamers bind to human α-thrombin. Space-filling 
structure of the DNA and RNA aptamer bound to thrombin.  The structure illustrates the 
mutually-exclusive binding of the DNA aptamer (ARC183) for exosite 1 and RNA 
aptamer (TOG25) for exosite 2.  The active site represented by (*) sits between the 
exosites. 

 

 

Aptamers have different binding affinities to thrombin 

Binding experiments carried out using double filter nitrocellulose method showed 

that the RNA aptamer TOG25 exhibited a higher binding affinity for thrombin with 

dissociation constant (Kd) of 224 ± 7 ρM (figure 4.2) compared to the DNA aptamer 

ARC183, which had a Kd of 113 ± 20 nM (Figure 4.3).     
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Figure 4.2: The RNA aptamer binds to thrombin with a Kd of 224± 7 pM.  The RNA 
aptamer has a 500-fold higher binding affinity compared to the DNA aptamer. 
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Figure 4.3: The DNA aptamer binds to thrombin with an affinity (Kd) of 113 ± 20 
nM. 

 

DNA aptamer and RNA aptamer function differently in APTT, PT and TCT. When used 

together, these aptamers have a synergistic effect in these Clotting assays 

 

Activated partial thromboplastin time (APTT) 

Having verified the binding of DNA and RNA aptamers to human α-thrombin, we 

next sought evaluate the effect of each aptamer in three thrombin-sensitive clotting 

assays, activated partial thromboplastin time (APTT), prothrombin time (PT) and 

thrombin clot time (TCT).   For all three experiments, one or both drugs were added to 
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platelet poor plasma at concentrations ranging from 31.25 to 2000 nM.  In experiments 

where only one compound was tested, a nonsense oligonucleotide was also added to 

serve as a negative control.  There was a significant difference in APTT between DNA, 

RNA and DNA + RNA aptamers together (P < 0.0001) (figure 4.4).  At a concentration 

of 2000 nM, the DNA aptamer increased the APTT from a baseline of 32.3 ± 0.1 s to 

143.5 ± 4.5 s, which decreased in a dose-dependent manner to 44.8 ± 0.3 s at an aptamer 

concentration of 31.25 nM.  At a concentration of 2000 nM, the RNA aptamer increased 

the APTT to 100.7 ± 0.8 s and like the DNA aptamer, decreased in a dose-dependent 

manner to 41 s.   

When both aptamers were used together, each at a concentration of 1000 nM for a 

total aptamer concentration of 2000nM, the APTT increased to 278 ± 0.8 s, which was 

greater than the APTT of each aptamer individually (figure 4.4).  This apparent 

synergistic effect of both aptamers was also seen at total concentration of 1000 nM.  At 

500 nM, however, there was no significant difference between the values of the sum of 

the APTT of the DNA and RNA and both compounds tested together (166.4 ± 2.6 s vs. 

167.5 ± 0.4 s, P = 0.72).  At doses below 500 nM, the effect of both the DNA and RNA 

ligands in the APTT remains greater than each aptamer alone, but there is no longer an 

observed synergistic effect. 
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Figure 4.4: Clotting activity with the DNA+RNA aptamers better than DNA or RNA 
alone in activated partial thromboplastin time assay. (■) = DNA aptamer; (▲) = RNA 
aptamer; (▼) = DNA+RNA aptamer.  Y-axis is APTT time in seconds. Statistically 
significant difference between all three groups in all assays (P < 0.0001).   
 

Prothrombin Time (PT) 

The results from the prothrombin time (PT) share similar trends to the APTT, 

however the results are even more pronounced.  There was a statistically significant 

difference in the PT between the DNA, RNA and DNA + RNA aptamer together in the 

assay (P < 0.0001) (figure 4.5).  At a concentration of 2000 nM, the DNA aptamer 

increased the PT from a baseline of 13.2 ± 0.1 s to 82.0 ± 0.8 s.  This decreased in a dose-

dependent manner to 14.1 ± 0.2 s, which was statistically insignificant from baseline (P = 
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0.06).  At a concentration of 2000 nM, the RNA aptamer nominally increased the PT to 

16.4 s and at a concentration of 62.5 nM, had essentially returned to baseline (13.4 s, P = 

0.18 compared to baseline).  However, when both aptamers were tested together at 2000 

nM total concentration, the PT was 177.6 ± 0.4  s and unlike the results from each 

aptamer returning to baseline at the lowest-tested concentration of 31.25 nM , the PT for 

the DNA + RNA remained statistically significant above baseline (17.0 ± 0.1 s, P = 

0.0007) (figure 4.5). 

 

Figure 4.5: Clotting activity with the DNA+RNA aptamers better than DNA or RNA 
alone in prothrombin time assay. (■) = DNA aptamer; (▲) = RNA aptamer; (▼) = 
DNA+RNA aptamer.  Y-axis is PT time in seconds. Statistically significant difference 
between all three groups in all assays (P < 0.0001).   
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The Thrombin Clot Time (TCT) 

The thrombin clot time (TCT) is a specific assay that measures the conversion of 

fibrinogen to fibrin in the presence of thrombin and is therefore sensitive to inhibitors that 

interfere with the catalytic activity of thrombin. There was a statistically significant 

difference between the DNA, RNA and DNA+RNA aptamer on the TCT (P < 0.0001) 

however the picture was quite different from that observed in the other two thrombin-

sensitive clotting assays.  The effect of the DNA aptamer on TCT was quite pronounced 

and at concentrations from 2000 to 62.5 nM, exceeded the upper limit of the assay (>999 

s) achieving clot times similar to baseline at a concentration of 1.95 nM (figure 4.6).  The 

RNA aptamer on the other hand, did not have a potent effect on TCT, with a clot time of 

79.1 ± 0.7 s at a concentration of 2000 nM and decreased in a dose-dependent manner to 

baseline at a concentration of 7.8 nM (figure 4.6).  The effect of DNA+RNA aptamers on 

the TCT was similar to that seen in the DNA group, however, it was interesting to see 

that the effect of the DNA was potentated by the addition of the RNA aptamer—whereas 

the upper limit of the assay was exceeded through to 62.5 nM with addition of the DNA 

aptamer, it remained so at 31.25 nM with the DNA+RNA ligand.  Moreover, with the 

addition of both nucleic acids, even at 1.95 nM, the TCT did not return to baseline (49.7 

± 0.4 s, P < 0.005 versus baseline). 
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Figure 4.6: Clotting activity with the DNA+RNA aptamers better than DNA or RNA 
alone in thrombin clot time assay. (■) = DNA aptamer; (▲) = RNA aptamer; (▼) = 
DNA+RNA aptamer.  Y-axis is PT time in seconds. Statistically significant difference 
between all three groups in all assays (P < 0.0001). 

 
 

DNA aptamer and RNA aptamer function differently in the CD62P platelet activation 

assay. When used together, these aptamers have a pronounced synergistic effect in this 

assay. 

As previously mentioned, thrombin is a potent activator of platelets and upon 

binding to the protease activated receptor (PAR) on the surface of the platelet, induces 

the upregulation of p-selectin (Coughlin 2000).  In order to measure the effect of the 
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DNA and RNA aptamers on platelet activity, we utilized a flow cytometry assay with a 

P-selectin antibody (CD62P) to assess platelet activation.   

In experiments in which platelets were activated by the direct addition of 

exogenous thrombin, the DNA aptamer, RNA aptamer and DNA+RNA aptamers 

together all had a significant effect on down modulating platelet activation, although 

statistically significant differences existed between all three groups (P < 0.0001) (figure 

4.7).  At the highest concentration, the DNA aptamer inhibited platelet activation to that 

equal to unstimulated platelets (P = 0.65) and this effect responded in a dose-dependent 

manner to dilutions of DNA aptamer to 41.7 ± 3.7 % (+) CD62P cells at a concentration 

of 31.25 nM DNA aptamer.  The RNA aptamer inhibited platelet activation with much 

lower variation than the DNA aptamer, ranging from 21.2 ± 1.6% to 31.5 ± 0.5% at the 

highest and lowest concentration tested.  As with the clotting assays, platelet activation 

was most potently inhibited by DNA+RNA, remaining close to baseline at all 

concentrations tested.  This was particularly interesting given that in the clotting assays, 

this was not the case and indicates the role of exosite 1 and 2 inhibition on effective 

control of platelet activation for potential clinical application 



 

107 

 

Figure 4.7: Platelet activation by direct addition of thrombin is suppressed most 
effectively with DNA+RNA measured by a CD62P assay.  Solid bar = DNA aptamer; 
open bar = RNA aptamer; hatched bar = DNA+RNA.  Statistically significant differences 
between all three groups (P < 0.0001) 

 

Effect of DNA and RNA aptamers in a Cell-Based Model of Coagulation. 

Plasma clotting assays such as the PT and APTT are commonly used clinically.  

However, since they are performed with platelet poor plasma, they do not reflect the 

contributions of platelets and tissue factor-bearing cells to the coagulation process as it 

occurs in vivo. Therefore, In collaboration with Dr. Maureane Hoffman’s laboratory, we 

used a cell-based model system of coagulation to investigate the effects of the thrombin 

aptamers in a more physiologically relevant setting (Hoffman, Monroe et al. 1995; 
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Kempton, Hoffman et al. 2005) . In this model system, small amounts of cell-associated 

TF and unactivated platelets are combined with plasma levels of purified coagulation 

factors and inhibitors (synthetic plasma) as detailed in “Methods” section to initiate the 

coagulation process. Timed samples during the coagulation process allow us to monitor 

platelet activation and thrombin and FXa generation. In this model, a lag period precedes 

progressive platelet activation, which is then followed by a burst of thrombin generation.  

In collaboration with Dr. Hoffman’s laboratory, we first repeated studies on the 

effects of aptamers on platelet activation in this cell-based model of coagulation. In vivo, 

platelets are activated by thrombin produced at sites of injury.  Platelet activation requires 

only small amounts of thrombin generated during the early phases of the coagulation 

process.  It is possible that the thrombin aptamers might have a different effect on the 

response to thrombin generated in situ than to exogenously added thrombin. In this 

model, platelet activation was abolished in the presence of a 2 µM concentration of DNA 

aptamer; while 200 nM RNA aptamer only slightly delayed platelet activation (Figure 

4.8).  
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Figure 4.8: Platelet activation in a cell-based model system is blocked by a DNA 
aptamer against thrombin exosite 1 and delayed by an RNA aptamer against exosite 
2. Samples were taken from model system experiments at the indicated time points and 
assayed for platelet activation by CD62 expression.  These experiments were performed 
in the absence of convulxin.  The RNA aptamer had a minimal effect on platelet 
activation, while the DNA aptamer abolished platelet activation. 

 

 

In vivo, platelets bind to exposed collagen at sites of injury.  This leads to partial 

platelet activation.  Full activation to a highly procoagulant state is accomplished by the 

synergistic action of collagen plus thrombin (Alberio and Dale 1999).  In order to 

examine the effects of the thrombin aptamers on platelet surface thrombin generation in a 

model relevant to collagen-bound platelets in vivo, we added a collagen receptor agonist, 
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convulxin, to the model system (Kehrel, Wierwille et al. 1998). Convulxin stimulates 

partial platelet activation independent of thrombin. In the presence of convulxin, full 

platelet activation (>90% CD62 expression) occurred within 1-2 minutes after initiation 

of the coagulation reactions even in the presence of 2 mM DNA aptamer (data not 

shown).  In this setting we can assess the effects of the thrombin aptamers on the positive 

feedback loops mediated by thrombin on the platelet surface independent of the effects of 

the aptamers on platelet activation.   

As shown in figure 4.9, in the absence of convulxin stimulation, the DNA aptamer 

dramatically reduced thrombin generation – probably largely due to its ability to prevent 

platelet activation.  In the presence of convulxin, the addition of 2 mM DNA aptamer 

delayed initiation of thrombin generation, and also delayed time to reach the peak (TTP) 

of thrombin activity.  However, once thrombin generation commenced, the peak level of 

thrombin attained in a given experiment was not significantly affected by the presence of 

the DNA aptamer.  A representative experiment is shown in figure 4.9.  It is very difficult 

to combine data from separate experiments with different platelet donors, since the 

amount and rate of thrombin generation varies significantly between donors (Sumner, 

Monroe et al. 1996; Oliver, Monroe et al. 1999). However, the pattern of the aptamer 

effects was consistent in three experiments performed.  
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Figure 4.9: Effect of aptamers on thrombin generation in a cell-based system. The 
top panel shows the effect of DNA and RNA aptamers in the absence of the platelet 
collagen receptor agonist convulxin and the bottom panel shows the effects in the 
presence of convulxin. The open circles represent the pattern of thrombin generation in 
the absence of aptamers. The closed circles/hatched line represents the pattern in the 
presence of 200 nM RNA aptamer; open squares 2 µM DNA aptamer and solid 
squares/hatched line 200 nM RNA + 2 µM DNA aptamer. A saturating concentration of 
RNA aptamer (200 nM) alone had little effect on thrombin generation either in the 
presence or absence of convulxin. DNA aptamer could nearly abolish thrombin 
generation in the absence of convulxin, but only delayed thrombin generation in the 
presence of convulxin.  In the presence of convulxin the RNA aptamer synergized with 
the DNA aptamer to reduce thrombin generation.  Note the scale is different on the Y-
axes of the two panels, since more thrombin is produced in the presence of convulxin.  
The data shown in this figure are from one model system experiment and are 
representative of three experiments performed. 
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4.4 Discussion 

We have described the inhibitory effects on several aspects of the coagulation 

process of blocking thrombin’s exosites 1 and 2 using aptamers. The structural data 

illustrate that these nucleic acid ligands used in this experiment bind to mutually 

exclusive sites and do not overlap.  Furthermore, using both DNA and RNA aptamers to 

inhibit thrombin’s activity showed a synergistic effect in the APTT, PT and TCT plasma 

clotting assays, as well as in a cell-based model system.  

In the clotting assays, the endpoint is the formation of a fibrin clot after thrombin 

cleaves fibrinogen. The explanation for the synergistic effects of the two aptamers may 

have to do with the role that exosite 2 plays in fibrinogen cleavage.  While the majority of 

thrombin binding to fibrinogen is mediated by exosite 1, Pospisil et al. found that binding 

of thrombin to a variant of the gamma chain of fibrinogen, gamma’, is mediated by 

exosite 2 (Pospisil, Stafford et al. 2003). Fibrinogen bearing the gamma’ chain represents 

up to about 15% of circulating fibrinogen (Lovely, Falls et al. 2002). Thus, the aptamer 

that binds exosite 2 might reduce thrombin binding to a subpopulation of fibrinogen 

molecules to cause a modest increase in clotting times and exert a synergistic effect with 

the aptamer that binds exosite 1.   

The two aptamers also exert a synergistic inhibitory effect on platelet activation, 

both when thrombin was directly added to a platelet suspension and when thrombin was 

generated in situ in a cell-based model of coagulation.  Our current understanding of 

thrombin-mediated platelet activation is that its initial high-affinity binding to platelet 

surface GP Ibα is via exosite 2, which facilitates subsequent binding of a second 
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thrombin molecule via exosite 1 (Li, Vindigni et al. 2001; Celikel, McClintock et al. 

2003; Dumas, Kumar et al. 2003). The interaction with GP Ibα also promotes thrombin 

binding to its protease activated receptor-1 (PAR-1) via exosite 1, which leads to receptor 

cleavage (De Candia, Hall et al. 2001; De Cristofaro, De Candia et al. 2001). Both GP 

Ibα binding and PAR-1 cleavage play roles in thrombin-mediated platelet activation 

(Coughlin 2000; Dicker, Pedicord et al. 2001). We found that blocking exosite 1 with the 

DNA aptamer was more effective in inhibiting platelet activation, but that the RNA 

aptamer could also inhibit platelet activation to a lesser extent. Thus, our findings are 

consistent with the literature in indicating that interactions mediated both by exosite 1 

and exosite 2 are involved in platelet activation.  Since activated platelet surfaces are 

required for activity of the coagulation enzymes, the ability of the DNA aptamer to 

inhibit platelet activation is directly reflected in its ability to dramatically inhibit 

thrombin generation in the cell-based model. 

Thrombin not only directly catalyzes fibrin clot formation and platelet 

activation/aggregation but it also amplifies an initially weak procoagulant signal via 

several positive feedback loops.  For example, thrombin activates factor XI (Oliver, 

Monroe et al. 1999) and factor VIII (Pieters, Lindhout et al. 1989) on the surface of 

platelets in reactions mediated by its binding to GP Ibα (Baglia, Shrimpton et al. 2004). 

To define the effects of the thrombin aptamers on these positive feedback mechanisms in 

the coagulation process independent of their effects on platelet activation, we added a 

collagen receptor (GPVI) agonist to the model system experiments.  In this experimental 

design the platelets were initially activated by convulxin in a thrombin-independent 
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manner - as they would be when bound to collagen at sites of injury in vivo.  Neither 

aptamer delayed or decreased platelet activation by convulxin. Under these conditions the 

effects of the aptamers on thrombin-dependent platelet activation do not dominate their 

effects on thrombin generation.  Rather, the effects on thrombin-mediated coagulation 

factor activation on the already-activated platelet surface are revealed.  We think this is a 

better model of the potential effects of the aptamers on thrombosis in vivo, since during 

the process of arterial thrombosis platelets are likely initially bound and activated by 

collagen exposed at sites of vascular injury.  We found that the DNA aptamer delayed the 

burst of platelet-surface thrombin generation in the presence of convulxin – probably by 

reducing activation of FV and FVIII on the platelet surface.  The burst of thrombin 

generation may only occur once enough of the activated cofactors have accumulated on 

the platelet surface. While thrombin inhibition by the DNA aptamer delayed the burst of 

thrombin generation on convulxin-stimulated platelets, it did not reduce the rate of 

thrombin generation or the amount of thrombin formed. The RNA aptamer (exosite 2) 

alone did not alter thrombin generation on convulxin-stimulated platelets, but did reduce 

thrombin generation when added in combination with the DNA aptamer. 

There are numerous thrombin inhibitors clinically available today.  Heparin, the 

most common anticoagulant, functions by acting a as a cofactor to antithrombin (AT) and 

facilitating its binding to thrombin’s active site. Other thrombin inhibitors either bind 

solely to the active site or span the active site and exosite 1 (Hirsh, O'Donnell et al. 2005; 

Linkins and Weitz 2005). Current thrombin inhibitors do not address platelet activation, 
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moreover, development has not exploited exosite 2 inhibition as a more effective means 

to control thrombosis. 

The high degree of specificity of aptamers for their targets, and the ability to 

modify their bioavailability, circulating half-life and clearance makes them attractive 

compounds to tailor as drug candidates for specific clinical indications (Rusconi, Roberts 

et al. 2004). We believe that the approach of combining two specific aptamers with 

synergistic inhibitory effects may provide a highly effective approach to preventing 

thrombosis in a variety of clinical settings. 
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5. Development of a Universal Antidote to Reverse Aptamer Function 

5.1 Introduction 

In the last 15 years, aptamer therapeutics have gained much interest in the 

treatment of many diseases including macular degeneration, infectious disease, cancer 

and thrombosis (Nimjee, Rusconi et al. 2005). Aptamers are single-stranded nucleic acid 

molecules that fold into three-dimensional structures and can modulate protein function 

by binding to their targets with high affinity and specificity. Sullenger et al. were the first 

to show the potential therapeutic utility of aptamers by inhibiting HIV-replication with a 

TAR aptamer (Sullenger, Gallardo et al. 1990).  In building on this principle, a number of 

aptamers have been developed in the last decade that have substantial therapeutic value 

(Nimjee, Rusconi et al. 2005).  Macugen, an anti-VEGF RNA aptamer, received FDA 

approval for the treatment of age-related macular degeneration in December 2004, setting 

the precedent for further aptamer-based therapeutics (EyetechStudyGroup 2002; 

EyetechStudyGroup 2003). Currently, there are numerous aptamer molecules going 

through early- to mid-stage clinical trials. 

Aptamers have several properties that make them attractive as therapeutic 

compounds. They have high affinity and specificity for their target molecules decreasing 

their off-target side effects. They also display low to no immunogeneicity and their 

bioavailability in vivo could be adjusted expanding their clinical utility. More 

importantly, the ability to develop antidotes to aptamers enables safe, tightly controlled 

therapeutics. This characteristic of aptamers plays an important role in the development 

of antithrombotics. A number of aptamers targeting blood coagulation factors and 
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platelets have been selected recently that are good candidates as antithrombotic 

therapeutics (Becker, Rusconi et al. 2005; Nimjee, Rusconi et al. 2005; Nimjee, Rusconi 

et al. 2005). Although these molecules are effective in inhibiting thrombus formation in 

in vitro and in vivo models, there still exists a bleeding side effect that can cause 

increased morbidity and mortality in patients (Rusconi, Scardino et al. 2002; Rusconi, 

Roberts et al. 2004; Dyke, Steinhubl et al. 2006; Nimjee, Keys et al. 2006; Gilbert, 

DeFeo-Fraulini et al. 2007; Oney, Nimjee et al. 2007). One way to ameliorate this 

problem and to minimize side-effects is to use an antidote molecule. 

 

Need for antidote control 

Many therapeutic agents are associated with adverse effects in patients (i.e. 

anticoagulants that can engender acute complications such as significant bleeding that 

increases patient morbidity and mortality) and aptamers are no exception (Rusconi, 

Scardino et al. 2002; Nimjee, Keys et al. 2006). One approach in minimizing these side 

effects is to formulate aptamers to have a short half-life in vivo. Although bioavailability 

of aptamers could be adjusted to be cleared quickly in a patient, such a clearance relies on 

the patients’ hepato- and renal-systems. Many patients have multiple organ dysfunction 

which can pose a significant problem with aptamer clearance. Relying on a individual’s 

clearance mechanisms could lead to variability in clearance and requires constant 

monitoring to follow the effects of the therapeutic compound (i.e. constantly monitoring 

heparin induced anticoagulation in a patient). Antidote control provides the safest means 

to regulate drug action and minimize these side effects. The ability to design antidotes to 
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alter the activity of aptamers is unique. We believe this property distinguishes aptamers 

from other classes of antagonists, such as antibodies, peptides or small molecules.  

 

The first rationally designed drug-antidote pair – FIXa aptamer/antidote 

To render aptamer activity independent of biological clearance, Sullenger et al. 

developed the concept of rationally designed antidote control of aptamers. This approach 

relies on Watson-Crick base pairing and has created a novel niche for aptamer 

therapeutics. Sullenger and colleagues developed an aptamer against coagulation factor 

IXa (Ch-9.3t) as an anticoagulant and also designed an antidote by using characteristics 

inherent to nucleic acids (Watson-Crick base pairing). This novel approach yielded the 

first rationally designed drug/antidote pair and opened the field for the design of other, 

safer drugs (Rusconi, Scardino et al. 2002; Rusconi, Roberts et al. 2004; Nimjee, Keys et 

al. 2006).  

This aptamer-antidote pair was tested in vitro and validated in a number of animal 

models in vivo. Briefly, administration of the Ch-9.3t aptamer resulted in increased 

bleeding when mice were surgically challenged (Rusconi, Roberts et al. 2004).  This 

increased bleeding was prevented, and the effects of the aptamer were completely 

reversed, by administration of the antidote immediately following tail injury (Rusconi, 

Roberts et al. 2004).  Moreover, Nimjee et al. tested this aptamer-antidote pair in a 

porcine cardiopulmonary bypass model as a replacement therapy for unfractionated 

heparin and protamine (Nimjee, Keys et al. 2006).  The aptamer was able anticoagulate 

the animal while keeping the bypass circuit patent throughout the entire procedure.  Upon 
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antidote administration, the activity of the aptamer was reversed rapidly for a prolonged 

period of time.  This study also suggested that the FIXa aptamer-antidote pair may have 

advantages over using heparin and protamine (which is currently used as the standard 

therapy during CPB), including better inflammatory and cardiac profiles and lower 

thrombin generation. These seminal studies paved the way for this aptamer-antidote pair 

to move into first in human clinical trials. 

Dyke et al. demonstrated that the aptamer-antidote pair approach is both safe and 

effective in a phase 1a blinded, dose-escalation, placebo-controlled clinical trial with 85 

healthy volunteers. An optimized version of the FIXa aptamer (RB006) demonstrated a 

clear anticoagulant effect at 30, 60 and 90 mg doses with mean APTT values 1.3-, 2.1- 

and 2.9-fold higher than pretreatment times, respectively.  Administration of its 

complementary antidote (RB007) 3 hours later through an intravenous bolus resulted in a 

rapid and durable return of the APTT value to baseline.  During this study, no major 

hemorrhagic events were observed, and adverse effects were similar to placebo (Dyke, 

Steinhubl et al. 2006).  This study is the first of its kind in that an RNA aptamer and its 

complementary oligonucleotide antidote were evaluated in humans systemically.  The 

results of this study validate the potential utility of this emerging technology.  Moreover 

this study is the first published report of a successful systemic administration of any 

aptamer to a patient. 
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Need for a universal antidote 

Although this novel approach has the potential to improve the safety of a number 

of drugs, especially in cases where drug side effects are common and potentially life 

threatening (i.e. bleeding), there are a number of potential pitfalls that prevent this 

approach from becoming broadly useful. These include overall cost of 

designing/testing/synthesizing a new sequence specific antidote for each aptamer, 

difficulty of designing oligonucleotide antidotes to some aptamers and potential immune 

response of double stranded RNA formed between the aptamer and antidote pair. 

 

Cost associated with oligonucleotide antidotes 

Designing antidote molecules using Watson-crick base pairing creates a specific 

antidote for each specific aptamer. The antidote is designed to the primary sequence of 

the aptamer and is ineffective against an oligonucleotide drug with a different sequence. 

During the drug development phase, this becomes a costly approach since each aptamer-

antidote pair is treated as two separate entities and they have to be tested as separate 

drugs increasing the total overall cost of the clinical trials. Furthermore, because antidotes 

are safety switches, most indications will not require an antidote for the reversal of drug 

action at every use and designing and testing an antidote for rare cases of side effects 

would be cost prohibitive. A class of novel aptamer drugs recently being studied caters to 

this point. Immune modulating aptamers (RNA agonists) have the potential in improving 

cancer treatment and patient outcomes. These aptamers bind to receptors on T-cells and 

help activate them into destroying cancer cells (McNamara, Kolonias et al. 2008). One 
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potential drawback is the possibility of an adverse immune reaction. This has been 

observed with antibody drugs before where antibodies raised against CD28 caused a 

cytokine storm in patients receiving the drug leading to self immunity and multiple organ 

failure (Suntharalingam, Perry et al. 2006). Although the agonistic aptamers have 

demonstrated a favorable immunogenic profile in in vitro and in vivo studies, an antidote 

molecule would give added control to physicians and provide an additional safety net in 

case of rare but dangerous adverse effects. 

 

Difficulty in designing oligonucleotide antidotes 

In addition to above mentioned drawbacks, we have experienced difficulty in 

designing oligonucleotide antidotes to highly structured RNA aptamers. In a number of 

cases, the design of a good antidote oligonucleotide was complex and required repeated 

trials (Oney, Nimjee et al. 2007) (unpublished data). Furthermore, we have failed in our 

laboratory to design an antidote against a highly structured RNA aptamer in at least one 

case (VWF aptamer R9.3, unpublished data). 

 

Potential immune response caused by the aptamer/antidote pair 

Moreover, potential immune response of introducing a double stranded RNA 

systemically such as the RNA/oligonucleotide antidote pair has not been studied 

rigorously. A number of studies have demonstrated that double stranded RNA can bind to 

TLR receptors (mainly TLR3) and elicit an immune response (Schroder and Bowie 2005)  

(Beutler 2004; Kleinman, Yamada et al. 2008). Although both the RNA aptamer and the 
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antidote oligonucleotide are comprised of modified oligonucleotides (i.e. 2’-F and 2’-

Ome RNA), there still exists a potential danger of these molecules eliciting an immune 

response through TLR-3 receptor activation. The effects of the previously mentioned 

aptamer/oligonucleotide antidote pair are currently being tested in phase I and phase II 

clinical trials in humans (Dyke, Steinhubl et al. 2006). An adverse reaction caused by 

double stranded RNA eliciting an immune response through TLR receptors would most 

likely not be sequence specific and could derail this promising approach for all of the 

aptamer/oligonucleotide antidote pairs. 

 

Universal antidote approach 

We have made a number of observations in the laboratory that led us to believe 

that a non-oligonucleotide based universal antidote could be designed to inhibit aptamer 

(or other oligonucleotide therapeutic) function regardless of sequence specificity. 

Oligonucleotide therapeutics, due to their common backbone structure have a number of 

characteristics that are common throughout. More importantly, we recognized that the 

oligonucleotide drug, when administered systemically, is the sole oligonucleotide that is 

free in circulation. In theory, a molecule that can sequester oligonucleotide-target 

interaction in a sequence independent manner should be able to function as a universal 

antidote. 

Aptamers (and most other oligonucleotide therapeutics) have a negatively charged 

backbone that can be targeted by a molecule that is positively charged using charge to 

charge interactions. Such interactions are common in nature and most of the DNA or 
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RNA binding proteins have a net positive charge that improve their interactions. A 

sufficiently polycationic molecule should, in theory, bind to the aptamer dependent on 

charge density and independent of sequence specificity. Such a molecule should be able 

to change aptamers’ structure releasing it from its target protein and achieving reversal. 

In addition, we noted that a number of aptamers selected previously (i.e. thrombin and 

VEGF) have been shown to interact with the heparin binding domain (HBD) on the target 

proteins (White, Rusconi et al. 2001; Lee, Canny et al. 2005)(Unpublished data, personal 

communications with Steve long and Bruce Sullenger).  

 

Potential Universal Antidotes 

Protamine 

Protamine is a polycationic DNA binding polypeptide that substitute for histones 

in spermatogenesis in vertebrates. The multiple positive charges on the protamine 

molecule allow it to bind to the negatively charged phosphate groups of DNA (and other 

oligonucleotides). Heparin on the other hand is a negatively charged glycosaminoglycan 

that is used extensively in clinics as an anticoagulant drug. Because of their highly 

charged nature, these molecules bind to each other electrostatically forming a tight 

connection (Carr and Silverman 1999). As mentioned above, two separate aptamers have 

been shown to behave like heparin before and initially, we wanted to test our hypothesis 

that protamine would work as a sequence independent universal antidote. 

The interaction between protamine and heparin has been exploited in the setting 

of CABG surgery, where heparin is given as an anticoagulant to prevent intravascular 
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coagulation and clot formation and protamine is administered to reverse the 

anticoagulation at the conclusion of the operation to prevent excessive bleeding. It is 

estimated that over 2 million people each year are given heparin and protamine mainly in 

the setting of CABG (Stanker, Wyrobek et al. 1993; Carr and Silverman 1999). Although 

there are a number of side effects of protamine neutralization of heparin (i.e. increased 

pulmonary artery pressures, decreased systolic and diastolic blood pressure, myocardial 

oxygen consumption, cardiac output, heart rate and systemic vascular resistance) (Carr 

and Silverman 1999; Nimjee, Keys et al. 2006), protamine has favorable characteristics 

that engender it as a potential universal antidote to reverse aptamer function. Protamine is 

a polycationic polypeptide that has evolved for the purpose of binding oligonucleotides, it 

has been given to patients as an antidote for over 50 years and it is cost effective in a 

wide range of applications. Because of these reasons, we set out to do proof of principle 

studies using protamine to reverse the effects of a number of RNA aptamers with 

different primary sequences, different secondary structures and different targets. 

 

Gene carrier polymers 

We also became interested in various existing gene carrier polymers containing 

cationic amino (NH) groups that bind with the anionic phosphodiester backbone on the 

nucleic acids through electrostatic interactions (table 4.). This non-specific binding of the 

polymers allows them to form complexes to various oligonucleotides and to be used as a 

universal antidote. Among them, cyclodextrin containing polymers (i.e. CDP), 

polyamidoamine (PAMAM) and dendrimer polyphosphoramidate (PPA) provide a 
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platform for us to study the desired features of a universal antidote systematically. These 

polymers can be modified to improve their function and could provide an ideal starting 

point to test our theory. All of these molecules carry a net positive charge, are designed to 

bind oligonucleotides tightly and have favorable profiles in vivo. Furthermore, with 

added modifications, these polymers could provide a good foundation for the next 

generation of universal antidote molecules. Below is a summary of commonly used gene 

carrier molecules (table 4.). 

Table 4. Gene Carrier Molecules 

Compound Abbreviation Structure Remark 
Poly- 

Phosphor- 
amidate  

polymer series 

PPA-SP 
PPA-BA 
PPA-EA 

PPA-MEA 
PPA-DMA 
PPA-DEA 
PPA-TMA 
PPA-DPA 

P

n

O

R

O CH

CH3

CH2 O

R  = H2N (CH2)3 N (CH2)4 NH2

NH (CH2)4 NH2

NH (CH2)2 NH2

NH (CH2)2 NH CH3

NH (CH2)2 N
CH3

CH3

NH (CH2)2 N
CH2CH3

CH2CH3

NH (CH2)2 N

CH3

CH3

CH3

PPA

PPA-SP

PPA-BA

PPA-EA

PPA-MEA

PPA-DEA

PPA-DMA

PPA-TMA

N
(CH2)3 NH2

(CH2)3 NH2

PPA-DPA

 

1.  Polymers with an 
identical backbone but 
different side chains ranging 
from primary to quaternary 
amines. Provide a 
platform for systematic 
study. 
 
2. Lower cytotoxicity 
compared with 
polyethylenimine (PEI) 
and poly-L-lysine (PLL). 
 

Poly-L-lysine PLL 

NH CH

(H2C)4 NH2

C

O

n  

1. Commercially available. 
 

2. Carbonyl moiety could 
permit additional 
stabilization through 
hydrogen bonds with DNA. 



 

126 

Polyethylenei
mine 

 

PEI 
CH2 CH2 NH

n  

1. Commercially available. 
 
2. PEI with branched 

structure condenses DNA 
to a greater extent than 
linear ones. 

 
3. high cytotoxicity. 
 

polyamidoami
ne dendrimer 

PAMAM 
Dendrimer 

G2 

H2N

CH2

CH2

H

N

C

CH2

CH2

N

CH2

CH2

N
H

C

CH2

O

O

H2C

N

CH2

CH2

H

N

C

CH2

CH2

CH
2

CH2

C

N
H

CH
2

CH
2

CH3

O

H2C

CH2

C

H

N

CH2

CH2

NH2

O

O

N

CH
2

CH
2

C

H
N

CH
2

CH
2

H
2
N

CH
2

CH
2

C

H
N

CH
2

CH
2

H
2
N

O

O

 

1. Commercially available. 
 

2. Branched spherical shape 
and a high density surface 
charge. 

 
3. Low cytotoxicity. 
 

Cyclodextrin 
Containing 
Polymers 

CDP 

 

1. GMP grade could be 
obtained 
 
2. Very low cytotoxicity. 

 

 To test our hypothesis, we first utilized 3 completely unrelated aptamer molecules 

(with different primary sequences and length), targeting different proteins, and tested a 

number of potential universal antidote molecules including protamine and gene carrier 

polymers in in vitro studies. Moreover, we tested the binding strength of these molecules 

against aptamer molecules in a calorimetric assay to get a better understanding of the 

oligonucleotide-antidote interactions. Following these results, we picked protamine and 

CDP to further test our theory in vivo.  To this end, we tested protamine and CDP’s 

ability to reverse FIXa aptamer function in a pig systemic anticoagulation/reversal study. 
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5.2 Materials and Methods 

Clotting assays 

Activated partial thromboplastin time (APTT) assays were performed using a 

model ST4 mechanical coagulometer (Diagnostica Stago Inc.). Pooled normal human 

plasma (50 µl) (George King Biomedical) was incubated at 37ºC for 5min followed by 

the addition of platelin reagent (50µL) (Trinity Biotech) and aptamer (in wash buffer) 

(5µL) or wash buffer alone, and incubated for 5min at 37ºC. Antidote molecule or buffer 

(5µL) was than added and incubated at 37ºC for 5min followed by the addition of 25mM 

CaCl2 (50µL) to initiate the clotting reaction (Rusconi, Scardino et al. 2002). Aptamers 

used in this study are: FIXa aptamer 9.3t, Ch-9.3t, Bi-9.3t (biotinylated). FXa aptamer 

11F7T. Data is shown as the change in clot time. All reactions were performed in 

triplicate. 

 

The Platelet Function Analyzer 

 PFA-100 (Dade Behring, Deerfield, IL), measures platelet function in terms of 

clot formation time. In this assay, we utilized collagen/ADP cartridges to activate the 

platelets and measure the amount of time taken to form a clot in anticoagulated whole 

blood. 800 µL of whole blood was mixed with aptamer (VWF R9.3) in platelet binding 

buffer (40µL) (150 mM NaCl; 20 mM Hepes pH: 7.4; 5 mM KCl; 1 mM MgCl2 and 1 

mM CaCl2) and incubated for 5 min at room temperature. Antidote molecule or platelet 

buffer (40µL) was then added and incubated for 5 min at room temperature. This mixture 

was then added to a collagen/ADP cartridge and tested for its closing time (Harrison 
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2005). The maximum closing time of the PFA-100 is 300 seconds. Data is shown as the 

change in closing time. All reactions were performed in triplicate. 

 

Isothermal Calorimetry 

The isothermal calorimetry measurements (ITC) were conducted by using a 

thermostatic and fully computer-operated MCS-ITC calorimeter from MicroCal, LLC. 

Aliquots of 10 µL were titrated into the calorimetric cell every 5 min over a 2 hours 

period at 298K. We carried out a blank run for each system studied where the titrant was 

titrated into a cell containing only PBS to allow corrections for the heat effects due to 

dilution to be made. Data analysis was performed using the customized ITC module of 

the Origin 5.0 software package and a least squares fitting procedure to fit the data to the 

appropriate binding model. 

 

Oligonucleotides 

 FIXa aptamer coupled to cholesterol with a 6-carbon spacer (Ch-R9.3t) was 

synthesized by RNATec Inc. (Leuven, Belgium). All of the other oligonucleotides used 

were synthesized by IDT Inc. (Coralville, IA). 

 

Polymers 

 Polymers CDP and CDP-Im were kindly provided by Dr. Mark Davis at the 

California Institute of Technology. All of the remaining polymers were kindly provided 

by Dr. Kam Leong at Duke University Medical Center. 
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Swine systemic anticoagulation and reversal study  

Swine (2.5-3.5 kg) were randomly assigned to treatment groups.  For all groups, 

anesthesia was induced by intramuscular injection of ketamine (22 mg/kg) and 

acepromazine (1.1 mg/kg).  A catheter was then placed in the ear vein, through which 

anesthesia was maintained with fentanyl, first with a 100 µg/kg bolus, and then with a 

continuous infusion of 60 µg · kg-1 · h-1.  The swine were then intubated and mechanically 

ventilated.  Following placement of the esophageal or rectal temperature probe and SPO2 

monitor, the femoral artery and vein were cannulated.  The arterial line was used as a 

means to continuously monitor mean arterial blood pressure and heart rate, as well as 

removal of blood samples for evaluation of APTT and ACT.  After determining baseline 

APTT and ACT values, the venous line was used to administer the Factor IXa aptamer 

(Ch-R9.3t) (0.5 mg/kg).  Blood samples were then drawn from the arterial line at 5, 15, 

and 30 minutes post aptamer administration. The APTT and ACT values were measured 

by using Hemochron Jr. Signature Microcoagulation System (ITC, Edison, NJ). For 

experiments involving antidote administration, 40 mg protamine (10mg/mL) was given 

over five minutes via the femoral vein catheter at 30 minutes post aptamer injection.  For 

all animals, subsequent blood samples were at taken at 35, 40, 55, 60, 75, and 90 minutes 

post aptamer administration. All data points are done in duplicate per animal. At the 

closure of the experiment, swine were euthanized with Euthasol (175 mg/kg) via femoral 

vein. All animals received humane treatment in accordance with the Guide for the Care 
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and Use of Laboratory Animals published by the National Institutes of Health, as 

approved by the Duke University Animal Care and Use Committee. 

 

5.3 Results 

Protamine can reverse the effects of both FIXa and FXa aptamers in an APTT assay; 

furthermore, it can also reverse the combined effect of both of these aptamers 

simultaneously. 

In the APTT assay, protamine neutralized the anticoagulant effects of the factor 

IXa aptamer back to baseline for a prolonged period of time (figure 5.1). In addition, 

protamine also neutralized the effects of the Factor Xa aptamer in a similar fashion 

(figure 5.2). Furthermore, the added anticoagulant effect of both of these aptamers was 

neutralized by protamine at the same time in a swift manner (in 5mins) for a prolonged 

period of time (>1hr) (figure 5.3). FIXa and FXa aptamers have completely different 

primary sequences and consequently, different secondary structures. The aptamers also 

target different factors in the coagulation cascade with low structural similarity. 
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Figure 5.1: Protamine can reverse the effects of FIXa aptamer in an APTT assay. 
Data shown are the average range of independent quadruplicate measurements. 
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Figure 5.2: Protamine can reverse the effects of FXa aptamer in an APTT assay. 
Data shown are the average range of independent quadruplicate measurements. 
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Figure 5.3: Protamine can reverse the effects of both FIXa and FXa aptamers 
simultaneously in an APTT assay. Data shown are the average range of independent 
quadruplicate measurements. 

 

Gene carrier polymers can reverse the effects of FIXa aptamer in an APTT assay 

Following these results, we screened for and tested a number of molecules 

(mainly polymers) designed specifically to bind to nucleic acids in an APTT assay. A 

number of these polymers also demonstrated favorable neutralization effects in this assay. 

The results of these experiments are summarized in table 5. As a point of reference, we 

needed 7 µg of protamine (in a final volume of 160 µL) to completely neutralize heparin 

function (comparable to the aptamer) in APTT. 
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Table 5: Potential Universal Antidotes 

Molecule Characteristics Complete Reversal 
Achieved in APTT? 

Effective 
Dose 

Protamine Naturally occurring 
oligonucleotide binding 
protein 

Yes 2.5 µg 

Spermine Naturally occurring 
oligonucleotide binding 
protein 

No N/A 

Poly-Lysine A series of positively 
charged amino acids 

Yes 1.3 µg 

CDP Cyclodextrin containing 
polymer 

Yes 1 µg 

CDP-Im Cyclodextrin containing 
polymer 

Yes 1 µg 

PPA-DPA 
(8 KDa) 

Polycationic polymer No N/A 

PPA-DPA 
(30 KDa) 

Polycationic polymer Yes 1.3 µg 

PEG-b-PPA Polycationic polymer with 
PEG attached 

No N/A 

HDMBr Polycationic polymer Yes 1.3 µg 
PAMAM Polycationic polymer Yes 1.3 µg 

PEI Polycationic polymer No N/A 
PAH Polycationic polymer No N/A 
SMD Polycationic polymer No N/A 

SP Polycationic polymer No N/A 
Ch-PEI Polycationic polymer with 

cholesterol attached 
No N/A 

 

 

Polymers CDP and PPA-DPA reverse the effects of VWF aptamer R9.3 in a PFA-100 

assay 

The PFA-100 instrument uses small membranes coated with collagen/ADP or 

collagen/epinephrine to screen for the presence of platelet function defects. To 
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demonstrate the generalizability of the universal antidote strategy, we tested a number of 

polymers in a PFA-100 assay to neutralize the antiplatelet effects of VWF R9.3. 

Polymers PPA-DPA and CDP reversed VWF R9.3 activity back to baseline level in a 

dose dependent manner (figure 5.4 and figure 5.5). These experiments demonstrate the 

sequence and setting independent manner of neutralization by these polymer antidotes. 

Furthermore, these results point to the broad applicability of this approach. CDP was 

more effective in this assay compared to PPA-DPA. 

 

Figure 5.4: Polymer PPA-DPA reverses VWF R9.3 aptamer function in a PFA-100 
assay. Data shown are the average range of independent duplicate measurements. 
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Figure 5.5: Polymer CDP reverses VWF R9.3 aptamer function in a PFA-100 assay. 
Data shown are the average range of independent duplicate measurements. 

 

CDP has the highest binding affinity to FIXa aptamer followed by PPA-DPA as 

measured by isothermal titration calorimetry 

Binding affinities of FIXa aptamer with different polycations have been studied 

by isothermal titration calorimetry (ITC). In the measurements, polymer solution was 

titrated into the FIXa aptamer by a computer-controlled microsyringe at 298K in PBS. 

Binding constants and some thermodynamic parameters are summarized in table 5.2. 

Among the chosen polymers, the strongest binding was observed (K = 2.63 × 107 M-1) 

between CDP and FIXa aptamer. This may due to the presence of cyclodextrin in the 
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polymer which adds extra stability to the polymer/aptamer complex through 

complimentary hydrophobic interactions. PAMAM dendrimer, PPA-DPA 30k and PLL 

also demonstrated significant affinity with FIXa aptamer; whereas, the binding constant 

of this aptamer to PPA-DPA 8k is much lower, at 8.47 × 105 M-1. No significant binding 

was observed for the natural polyamines, spermine and spermidine (table 6). These 

results are consistent with the in vitro and in vivo studies which proved that having a 

strong affinity towards aptamers is a primary criterion as a universal antidote.    

 

Table 6: Binding Affinities of Universal Antidotes 

Host Potential 
antidotes 

Binding 
constant 

(M-1) 

ΔG 
(kJ mol–1) 

ΔΗ 
(kJ mol–1) 

TΔS 
(kJ mol–1) 

            CDP-Im 2.7 × 107 – 42.4 – 43.5 – 1.1 

CDP 2.4 × 107 – 42.1 – 27.9 + 14.1 

Polybrene 1.6 × 105 – 29.6 + 71.3 + 101.0 

PAMAM 1.7 × 106 – 35.5 – 198.5 + 163.0 

Spermine 8.8 × 103 – 22.5 – 1.18 + 21.3 

PPA-DPA 8k 2.7 × 105 – 31.0 + 24.7 + 55.7 

Aptamer  

PPA-DPA 30k 1.3 × 107 – 40.5 + 138.24 + 178.8 
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Protamine can reverse the effects of the FIXa aptamer in a swine systemic 

anticoagulation model. 

After successfully determining protamine’s ability to reverse the activity of the 

Factor IXa and Factor Xa aptamers for at least 60 minutes in vitro using APTT, we next 

evaluated the ability of protamine to reverse aptamer anticoagulation in vivo.  As seen in 

figure 5.8, pigs were successfully anticoagulated with 0.5 mg/kg of the Factor IXa 

aptamer, as demonstrated by an immediate increase in the ACT from 105 s. to 

approximately 170 s. and from 20 s. to 70 s. in APTT assessments. When no antidote was 

administered, the level of anticoagulation gradually decreased in accordance with the 90-

minute half-life of the molecule (Rusconi, Roberts et al. 2004).  However, following 

administration of 10 mg/kg of protamine (approx. 40 mg per animal), clotting times as 

measured by both ACT and APTT quickly returned to pretreatment baseline levels within 

five minutes, indicating complete reversal of anticoagulation (figure 5.6).  In addition, 

this reversal was sustained for the duration of the experiment (at least one hour); all ACT 

and APTT values attained post reversal are below the level needed for adequate 

anticoagulation. Therefore, a bolus injection of the Factor IXa aptamer resulted in 

immediate anticoagulation that was successfully reversed with protamine.  

Although animals seemed to tolerate protamine well, in some cases, we observed 

a drop of ACT and APTT times below baseline. This could be due to effects of protamine 

on coagulation cascade or on the coagulometer. Overall, we did not observe any 

physiologic untoward effects with the animals receiving protamine and all the parameters 

measured (blood pressure, heart rate, blood oxygen level) stayed within the normal range.  



 

139 

 

Figure 5.6: Protamine can reverse FIXa aptamer function in vivo. The change in clot 
time and residual anticoagulant activity is assessed in ACT assays in whole blood. Data 
shown are the average range of independent duplicate measurements for each animal. 
There were 5 animals in each group. 

 

CDP can reverse the effects of the FIXa aptamer in a swine systemic anticoagulation 

model 

After successfully determining CDP’s ability to reverse the activity of the Factor 

IXa aptamers for at least 60 minutes in vitro using APTT, we next evaluated this polymer 

in vivo.  As seen in figure 5.7, pigs were successfully anticoagulated with 0.5 mg/kg of 

the Factor IXa aptamer and following administration of 1 mg/kg of CDP (approx. 4 mg 

per animal), clotting times as measured by both ACT and APTT quickly returned to 
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pretreatment baseline levels within five minutes, indicating complete reversal of 

anticoagulation (figure 5.9).  In addition, this reversal was sustained for the duration of 

the experiment (at least one hour); all ACT and APTT values attained post reversal are 

below the level needed for adequate anticoagulation. Therefore, a bolus injection of the 

Factor IXa aptamer resulted in immediate anticoagulation that was successfully reversed 

with CDP. 

Overall, CDP showed more potency and better end results than protamine. We 

used 1mg/kg/animal of CDP as compared to 10 mg/kg/animal with protamine. There 

were no toxicities observed with the animals receiving CDP and all the parameters 

measured (blood pressure, heart rate, blood oxygen) stayed within the normal range. The 

coagulation parameters measured, unlike protamine, never went below the baseline.  
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Figure 5.7: CDP can reverse FIXa aptamer function in vivo. The change in clot time 
and residual anticoagulant activity is assessed in ACT assays in whole blood. Data shown 
are the average range of independent duplicate measurements for each animal. There 
were 5 animals in each group.  

 

5.4 Discussion  

Many therapeutic agents, including aptamers, could have side effects that increase 

morbidity and mortality in patients. Antidote control is the safest way to regulate drug 

action and minimize these side effects. We have demonstrated in this project that 

characteristics unique to oligonucleotides could be used to design a universal antidote 
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that can selectively sequester aptamer function regardless of aptamers’ primary sequence. 

To achieve this, initially, we tested a number of candidate molecules in in vitro assays.  

Activated partial thromboplastin time (APTT) assay is used regularly in clinics 

for diagnosing coagulation factor anomalies and also for monitoring heparin 

anticoagulation therapy. We have previously demonstrated that this test could be utilized 

to monitor for the anticoagulant properties of Factor IXa and Factor Xa aptamers 

(Rusconi, Scardino et al. 2002; Rusconi, Roberts et al. 2004) (unpublished results). These 

aptamers have significantly different primary and secondary structures, fold into different 

tertiary structures (as predicted by mFold) and target different proteins in the coagulation 

cascade. As can be seen in figures 5.3, protamine can reverse the effects of FIXa and FXa 

aptamers simultaneously regardless of aptamer primary sequence.  Furthermore, this 

reversal is rapid and sustained for the duration of the experiment. In addition, we 

achieved similar results with a number of gene carrier polymers including CDP (table 5). 

We have previously demonstrated the selection of an aptamer to von Willebrand’s 

Factor that inhibit platelet activity (Oney, Nimjee et al. 2007). This aptamer (VWF R9.3) 

has no sequence, structure or function similarity to the previous aptamers tested in this 

project. Furthermore, due to its highly structured form, we have had difficulty in 

designing functional oligonucleotide antidotes to reverse its function. We used a PFA-

100 assay to test the potential universal antidotes’ ability to reverse aptamer VWF R9.3 

function in this assay. Although we tried to test protamine in this assay, we were not able 

to get consistent results probably due to protamine’s off-target effects on platelet 
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reagents. However, polymers CDP and PPA-DPA showed complete reversal of aptamer 

VWF R9.3 function. In addition, CDP was more effective compared to PPA-DPA. 

Aptamers interact with targeted proteins through non-covalent bonds and 

sequester their function by inhibiting protein to protein interactions. In order to reverse 

the aptamer function, an antidote has to be able to compete with the target protein by 

binding to the aptamer with higher affinity.  We studied the binding affinities of FIXa 

aptamer with different polycationic proteins and polymers using isothermal titration 

calorimetry (ITC). Binding constants and some thermodynamic parameters are 

summarized in table 6. Among the chosen polymers, the strongest binding was observed 

between CDP and FIXa aptamer (K = 2.63 × 107 M-1). This may be due to the presence 

of cyclodextrin in the polymer which adds extra stability to the polymer/aptamer complex 

through complimentary hydrophobic interactions. PAMAM dendrimer, PPA-DPA 30k 

and PLL also demonstrated significant affinity with FIXa aptamer; whereas, the binding 

constant of FIXa aptamer to PPA-DPA 8k is much lower, at 8.47 × 105 M-1. No 

significant binding was observed for the natural polyamines, spermine and spermidine. 

These results are consistent with the in vitro and in vivo studies which proved that having 

a strong affinity towards aptamers is a primary criterion as a universal antidote.    

Immediate anticoagulation and prompt reversal is necessary during several 

cardiovascular procedures, the most common being cardiopulmonary bypass (CPB), as 

employed during coronary artery bypass grafting (CABG).  Without potent 

anticoagulation, blood clots would form and blood would not circulate in an 

extracorporeal circuit.  However, following the procedure, these values must return to 
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pretreatment levels to prevent massive hemorrhage from the surgical site. After 

successfully determining protamine’s ability to reverse the activity of the Factor IXa and 

Factor Xa aptamers for at least 60 minutes in vitro using APTT, we next evaluated the 

ability of protamine to reverse aptamer anticoagulation in vivo.  As seen in figure 5.5, 

pigs were successfully anticoagulated with 0.5 mg/kg of the Factor IXa aptamer, as 

demonstrated by an immediate increase in the ACT from 105 seconds to approximately 

170 seconds and from 20 seconds to 70 seconds in APTT assessments (data not shown). 

When no antidote was administered, the level of anticoagulation gradually decreased in 

accordance with the 90-minute half-life of the molecule (Rusconi, Roberts et al. 2004) 

(data not shown).  However, following administration of 10mg/kg of protamine (approx. 

40 mg per animal), clotting times as measured by both ACT and APTT quickly returned 

to pretreatment baseline levels within five minutes, indicating complete reversal of 

anticoagulation (figure 5.5).  In addition, this reversal was sustained for the duration of 

the experiment (at least one hour); all ACT and APTT values attained post reversal are 

below the level needed for adequate anticoagulation. Therefore, a bolus injection of the 

Factor IXa aptamer resulted in immediate anticoagulation that was successfully reversed 

with protamine.  

Moreover, in our quest to find a universal antidote with favorable characteristics 

such as low toxicity, rapid and effective onset and prolonged and uniform action, we have 

tested the ability of a number of gene carrier polymers (designed to bind to 

oligonucleotide molecules) to reverse aptamer function. Similar results to protamine were 

attained using a number of polymer molecules in vitro. Additionally, CDP had the 
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highest binding affinity for aptamers (table 5.2) and very low toxicity in vivo (Mark 

Davis, personal communications) so we tested it in swine systemic 

anticoagulation/reversal studies. CDP was able to reverse aptamer function more 

efficiently than protamine and also showed more favorable coagulation parameters.  

Because compounds that sequester oligonucleotides can act as universal antidotes 

and based on the observation that only free oligonucleotides in circulation are those that 

are administered as a drug, we believe this approach has the potential to lead to the 

clinical development of safer regulatable therapeutics based upon oligonucleotide drugs 

for indications in which the side effects of treatment could lead to increased morbidity 

and mortality. Furthermore, we believe this approach would be cheaper, quicker and 

easier to develop than the previously reported strategies. 
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6. Conclusions and Perspectives 

6.1 Isolation and Characterization of Aptamers to von Willebrand’s Factor 

Aptamers can be selected that bind to VWF with high affinity and inhibit 

platelet aggregation. VWF is a plasma glycoprotein that plays a key role in hemostasis 

and thrombosis, especially around the areas of high shear stress. It plays a direct role in 

allowing platelet attachment to sites of vascular injury through their GP Ib-IX-V 

receptors and aids in platelet plug formation by enabling platelet-platelet interactions 

through GP IIb-IIIa. Numerous studies have shown that inhibiting the VWF – GP Ib-IX-

V interaction can prevent arterial thrombosis in animal models, but these approaches 

have serious short-comings that impede their clinical development. None of these 

molecules are reversible, and at doses that can effectively inhibit VWF activity, they 

transiently engender a VWD-disease state which can cause severe bleeding, thereby 

undermining patient safety. The fact that von Willebrand Disease (VWD) results in 

patients with bleeding disorders that can require medical therapy certainly validates VWF 

as an attractive target for platelet inhibition, but one that would require stringent control 

so as to provide clinical benefit without the risk of hemorrhage. Furthermore, none of the 

current antiplatelet therapies prevent the initiating step for thrombus formation: platelet 

adhesion. The current classes of antiplatelet agents (aspirin, thienopyridines and the 

glycoprotein IIb/IIIa inhibitors) target metabolic or aggregatory properties of platelets, 

but do little to interfere with platelet-vessel wall interactions; it is in these interactions 

that circulating VWF and sub endothelial matrix proteins play an important role. 
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In light of the complications of current antiplatelet therapy, my dissertation work 

focused on developing an antidote controlled antiplatelet agent targeting VWF. After a 

total of 9 rounds of selection, we isolated 26 aptamer molecules that bind to VWF. All 

the tested molecules bind to VWF with high affinity and specificity and at least three of 

these inhibit platelet aggregation measured by PFA-100 and RIPA. These aptamer 

molecules have the potential to be good antiplatelet agents due to their high efficacy, low 

immunogeneicity and flexible bioavailability. Furthermore, a number of interesting 

molecules were isolated that could be used to improve our understanding of VWF 

function or utilized for imaging/diagnosis purposes. The results we got from various in 

vitro and ex vivo studies so far in this project have been very encouraging.  

Antidote Molecules can be designed that can rapidly reverse aptamer 

function. Antidote control represents the safest and most effective approach in 

controlling drug action. Using the principle of Watson-Crick base pairing, 6 

oligonucleotide antidotes (AO) to VWF aptamer R9.14 were designed and tested in 

binding and platelet function assays. AO6 had the best binding profile and reversed 

aptamer function in a PFA-100 assay rapidly (<5mins) and for a prolonged period of 

time. The benefit of this method of reversal is that it is independent of the patient’s 

hepatic and renal drug clearance mechanisms. This method gives total control of 

antiplatelet drug function to clinicians in an event of an emergency or at the conclusion of 

an invasive procedure (i.e. CABG), where the effect of the antiplatelet agent can readily 

be switched off. This aptamer-antidote pair represents the first antidote-controlled 

antiplatelet agent published. An effective and antidote controlled antiplatelet agent of this 
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nature has the potential to improve patient outcomes in the treatment of cardiovascular, 

cerebrovascular and peripheral vascular disease. 

Future studies in in vivo models will enable us to better understand the benefits 

and limitations of this aptamer-antidote pair. Before proceeding to in vivo studies, there 

needs to be improvements on the formulation of the aptamer and the antidote molecules 

(discussed in detail in chapter 3). The aptamer molecule needs to be truncated to below 

45 nucleotides long to improve on chemical synthesis. Additionally, all of the possible 

nucleotides should be replaced by 2’Ome modified nucleotides to improve stability in 

vivo. Furthermore, a carrier molecule such as cholesterol or PEG needs to be added to 

improve the aptamer’s circulating half-life. The antidote molecule currently inhibits 

aptamer function in a 40:1 ratio. This ratio should be 5:1 or better to improve the efficacy 

of this approach. There are a number of approaches to improve antidote efficacy that 

could be employed once the aptamer is truncated to the shortest length possible. These 

approaches include designing antidotes to the unpaired regions of the aptamer, addition 

of landing site wings on the aptamer molecule and improving the chemistry of the 

antidote molecule. Nevertheless, this research represents a significant step forward in 

developing safer anti-platelet agents and improving patient outcomes. 
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6.2 Binding Site Characterization, Cross-reactivity and In Vivo Studies of VWF 

Aptamers 

Aptamers that inhibit platelet function bind to the A1 Domain of VWF. VWF 

protein has a number of well-studied subunits (i.e. A1, A2 and A3) that are involved in 

thrombosis and hemostasis. In this project, we screened our VWF aptamer library to 

identify aptamers binding to different domains using SP I and SP III fragments. At the 

end of this screen, we characterized molecules that could be useful as antiplatelet agents, 

diagnostic tools or imaging agents.  

Aptamers possesses a high level of specificity in being able to distinguish 

between glycosylated and unglycosylated forms of the same protein (unpublished data, 

personal communications with Dr. Sullenger). Since VWF is a highly glycosylated 

protein and because glycosylation varies between different recombinant protein 

production systems, we decided to use protease fragments of VWF rather than 

recombinant subunits. In the first part of this project, we demonstrated that aptamers 

binding proximal to the A1 domain exhibited good function in inhibiting platelet 

aggregation as expected. These molecules are very effective in inhibiting VWF mediated 

platelet aggregation and are promising antiplatelet agents. This result is not surprising 

due to the presence of a net positive charge and a heparin binding domain on the A1 

domain. Both of these characteristics indicate a favorable binding domain for aptamers. 

Furthermore, we analyzed a number of aptamer molecules that bind to VWF with 

high affinity but have no inhibition of platelet aggregation. These molecules, although 
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ineffective as platelet inhibitors, could be used as imaging or diagnostics agents and 

could be utilized to dissect many functions of VWF in patients. Previous studies have 

demonstrated that VWF level and arterial thrombosis in patients are correlated. These 

aptamer molecules could be used to monitor VWF levels in a patient’s blood as a disease 

marker. Moreover, VWF localizes around the areas of thrombus formation in arterial 

thrombosis and these molecules would be useful as imaging agents to pinpoint locations 

of developing thrombus formation.  

Aptamers cross-react with canine and rat VWF. One of the main goals of my 

dissertation work is to develop a therapeutic molecule that can eventually be used as an 

antiplatelet agent in humans. Previously, we have tested a number of aptamers against 

VWF in in vitro and ex vivo assays and demonstrated positive results for two of these 

molecules (chapter 2) (Oney, Nimjee et al. 2007). However, it often occurs that these in 

vitro results are difficult to correlate with in vivo results. In addition, the potential side 

effects such as bleeding or drug toxicity require the evaluation of these novel antiplatelet 

agents in animal models prior to testing in humans. To this end, we tested VWF aptamers 

R9.3 and R9.14 in whole blood from normal dogs and pigs in PFA-100. Also, we used 

blood from VWD dogs and pigs as a positive control to validate this assay. Both of these 

aptamers inhibited platelet aggregation completely in dog blood but not in pig blood. 

These results are very encouraging because there are a number of well-studied 

thrombosis models in dogs that could be used as a platform to test our aptamers. 

Rodents are animals of choice for initial in vivo studies due to their small size and 

relatively low cost to acquire and house. To this end, we tested VWF R9.3 and VWF 
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R9.14 using platelet rich plasma from rats in a botrocetin induced platelet aggregation. 

Both of the aptamers tested inhibited platelet aggregation to a degree in this assay. VWF 

R9.3 especially showed complete inhibition of BIPA whereas VWF R9.14 delayed 

platelet aggregation compared to buffer control. This difference in aptamer function (the 

first time observed) could be due to either a difference in binding between these two 

molecules or to this comparatively artificial platelet function assay. We have tried to use 

rat whole blood in a PFA-100 but were unable to do so due to hyper coagulability of rat 

platelets compared to humans (PFA-100 is designed and calibrated to work with human 

platelets). These results combined with the results from the previous chapter provided 

sufficient data to move forward with the chemical optimization of aptamers VWF R9.3 

and VWF R9.14 and subsequent in vivo studies. 

VWF R9.14 is modified to improve chemical synthesis and overall stability in 

vivo. VWF aptamer R9.14, at its original length of 80 nucleotides, is too long to be 

chemically synthesized at a large scale for in vivo studies. Also, at about 20 KDa in size, 

its circulating half life is measured in minutes. To overcome these problems, we 

truncated VWF R9.14 from 80nt to 57nt long and attached a cholesterol molecule on the 

5’ end to improve plasma stability (Ch-VWF R9.14 T10). Although this molecule has 

lost some efficacy at very low concentrations compared to the original molecule, it can 

still completely inhibit platelet aggregation at 250 nM. After testing this molecule in all 

the platelet function assays described before and designing a new antidote molecule to 

reverse its function, we decided to move forward with the preliminary in vivo studies in 

mice.  
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Ideally, we would like to truncate this molecule further (<40nt long) for chemical 

synthesis and exchange as many original nucleotides with 2’Ome modified nucleotides to 

improve nuclease resistance. Furthermore, appending a PEG moeity as a carrier to 

replace cholesterol would improve circulating half-life depending on the clinical need. 

These modifications would further improve the potential of this molecule to be a 

successful antiplatelet agent. 

Aptamers can inhibit platelet plug formation in a murine tail transection-

bleeding model. One of the most commonly performed primary experiments in 

evaluating antithrombotics is the tail transection bleeding time/volume model in mice. In 

this study, aptamer Ch-VWF R9.14 T10 was administered to mice, and 10 minutes later, 

their tails were clipped and the volume of blood lost from the tail over the next 15 

minutes was determined. As anticipated from the bleeding diathesis observed in VWF 

knockout mice in response to tail transection (Denis, Methia et al. 1998; Pergolizzi, Jin et 

al. 2006), animals treated with the high doses of aptamer exhibited significant bleeding in 

response to this trauma as compared to control animals (PBS). These results showed that: 

1) Ch-VWF R9.14 T10 cross-reacts with murine VWF, 2) The aptamer is stable in vivo 

for at least 30 minutes and 3) inhibiting VWF activity using this aptamer inhibits platelet 

plug formation. 

Furthermore, these results demonstrate the importance of antidote control of VWF 

aptamers. This particular molecule, at high doses, caused a complete VWF knockout 

phenotype in mice, leading us to believe that it needs to be controlled tightly in clinics to 

prevent morbidity and mortality associated with bleeding. Although testing of the 
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oligonucleotide antidote in this model is also desirable, we were not able to perform these 

experiments in our laboratory due to technical skill required for the retro-orbital venous 

plexus injection which is the preferred mode of antidote delivery.  

Following this proof-of-principle study, we set up collaborations with a number of 

experts in the field of animal models of thrombosis to study the aptamer/antidote pair in 

more detail. We will be collaborating with Dr. William Fay at The University of Missouri 

to test this aptamer/antidote pair in the murine tail transection bleeding model. We expect 

the VWF aptamer to cause bleeding (as mentioned above) and the antidote 

oligonucleotide to prevent this diathesis following the injury. Positive results already 

exist with the FIXa aptamer/antidote pair in this model and we expect to achieve similar 

results. Furthermore, we will be evaluating the VWF aptamer/antidote pair in murine 

Rose-Bengal and ferric chloride arterial and venous thrombosis models in collaboration 

with Dr. Herb Whinna at The University of North Carolina at Chapel Hill. From previous 

experiments in this field, we expect the VWF aptamer to be effective in inhibiting 

thrombus formation in arterial but not in venous thrombosis. Furthermore, we expect to 

see differences in efficacy in ferric chloride versus Rose-Bengal models. The rose-bengal 

model injures the blood vessel from inside out where as ferric chloride injury goes from 

outside in. A number of studies have previously shown that because of these differences, 

differential effects on the outcome should be expected. In addition, Dr. David Motto at 

the University of Iowa will be evaluating this compound in a mouse model of TTP. 

After the completion of these studies, we would like to move into a more 

clinically relevant model in dogs such as CPB and PCI. These are the two cases where 
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the VWF aptamer/antidote pair would clinically be most useful. These acute cases 

present a real life setting to test the efficacy and safety of the VWF aptamer/antidote pair 

in a clinically relevant setting. 

 

6.3 Synergistic Effect of Aptamers Binding to Exosite 1 and Exosite 2 on Thrombin 

Aptamers bind to different exosites on thrombin and have a synergistic effect 

on inhibition of thrombin function. Thrombin plays an important role in thrombosis 

and hemostasis and has long been validated as a target for anticoagulation. It is also an 

excellent target for aptamers; it is an extracellular, circulating protein that has positively 

charged residues. In this project, we tested 2 different aptamers binding to exosite 1 and 

exosite 2 on thrombin in a number of coagulation and platelet function assays. The first 

aptamer is an RNA molecule named Tog 25 and it has been found to bind to exosite 2 

whereas the second aptamer is a DNA molecule and binds to the exosite 1.  

The structure of the complex of the DNA and RNA aptamers to thrombin 

suggests that they can bind to exclusive sites on thrombin without interfering with one 

another. We demonstrated that the aptamers have different binding affinities for thrombin 

and behave differently in functional assays. The DNA aptamer has a Kd of around 50-

200 nM to thrombin and significantly inhibits APTT, PT and TCT whereas the RNA 

aptamer, with a Kd of 200-400 pM, is unable to inhibit thrombin’s activity significantly 

in these coagulation assays.  On the other hand, we demonstrated that these aptamers 

have a synergistic effect in clotting assays APTT, PT and TCT as well as in the platelet 

activation assay CD62P. We also tested these aptamers in a cell-based coagulation model 
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and showed that platelet activation is blocked by the DNA aptamer but delayed by the 

RNA aptamer and that there is a marked difference between these two aptamers in 

thrombin generation in platelets. 

The functional data from this project supports one of two hypotheses. 1) The 

RNA aptamer binding to exosite 2 improves the DNA aptamer binding to exosite 1, 

therefore increasing thrombin inhibition. We tested this hypothesis by titrating in 

unlabelled RNA aptamer and measuring the binding of DNA aptamer to thrombin and 

vice versa. We did not observe any appreciable improvement in the binding of either 

aptamer in the presence of the other. 2) Both exosite 1 and 2 play an important role in 

thrombin function and blocking both at the same time leads to a synergistic effect 

rendering thrombin inactive. Previous studies by a number of groups support the 

possibility of this hypothesis. Becker and colleagues demonstrated that both thrombin 

exosites are essential for thrombin-fibrin complex formation and that this protects 

thrombin from inhibition by antithrombin. Furthermore, Celikel and Dumas have shown 

the importance of both exosites in platelet activation in two separate studies. Our results 

support and strengthen the claims made by this hypothesis. 

This project has also brought forth the possibility of drug cocktail therapy using 

multiple agents to inhibit thrombin function and to achieve a desired therapeutic effect 

(i.e. blocking both coagulation and platelet activation by thrombin). The dynamic 

properties of aptamers make them a very good candidate to be utilized this way. Further 

in vivo studies are needed to test these in vitro results.  
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6.4 Development of a Universal Antidote to Reverse Aptamer Function 

Protamine and gene carrier polymers could be used as universal antidotes to 

sequester aptamer function in vitro.  Many therapeutic agents, including aptamers, 

could have side effects that increase morbidity and mortality in patients. Antidote control 

is the safest way to regulate drug action and minimize these side effects. We have 

demonstrated in this project that characteristics unique to oligonucleotides could be used 

to design a universal antidote that can sequester aptamer function regardless of the 

aptamers’ primary sequence. Initially, we tested a number of candidate molecules such as 

protamine against three completely different aptamer molecules in in vitro assays.  

Protamine is a polycationic polypeptide that has evolved for the purpose of 

binding to oligonucleotides, it has been given to patients as an antidote for over 50 years 

and it is cost effective in a wide range of applications. Because of these reasons, we 

initially set out to perform proof-of-principle studies using protamine to reverse the 

effects of a number of RNA aptamers with different primary sequences, different 

secondary structures and different targets. 

Our results showed that protamine can reverse the effects of both FIXa and FXa 

aptamers in an APTT assay; furthermore, it can also reverse the combined effect of both 

of these aptamers simultaneously. Additionally, this reversal is rapid and sustained for the 

duration of the experiment. We achieved similar results in these assays with a number of 

gene carrier polymers including CDP. Moreover, we have previously demonstrated the 

selection of an aptamer to von Willebrand’s Factor that inhibit platelet activity (Oney, 

Nimjee et al. 2007) but due to its highly structured form, we have had difficulty in 
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designing functional oligonucleotide antidotes to reverse this aptamer’s function. We 

used a PFA-100 assay to test the potential universal antidotes’ ability to reverse aptamer 

VWF R9.3 function. Polymers CDP and PPA-DPA showed complete reversal of aptamer 

VWF R9.3 function in this assay. Unfortunately, we could not get consistent results using 

protamine due to its effects on platelet reagents used. These studies demonstrated that a 

universal antidote could be designed to reverse aptamer function. 

We also studied the binding affinities of FIXa aptamer with different polycationic 

proteins and polymers using isothermal titration calorimetry (ITC). We hypothesized that 

the stronger the binding, better the universal antidote would be. Among the chosen 

polymers, the strongest binding was observed between CDP and FIXa aptamer (K = 2.63 

× 107 M-1). These results are consistent with the in vitro and in vivo studies which proved 

that having a strong affinity towards aptamers is a primary criterion for a universal 

antidote.  

Protamine can reverse aptamer function in vivo. After successfully 

determining protamine’s ability to reverse the activity of the Factor IXa and Factor Xa 

aptamers using APTT, we next evaluated the ability of protamine to reverse aptamer 

function in vivo.  Pigs were successfully anticoagulated with 0.5 mg/kg of the Factor IXa 

aptamer, and following administration of 10mg/kg of protamine (approx. 40 mg per 

animal), clotting times as measured by both ACT and APTT quickly returned to 

pretreatment baseline levels within five minutes, indicating complete reversal of 

anticoagulation. In addition, this reversal was sustained for the duration of the experiment 
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(at least one hour); therefore, a bolus injection of the Factor IXa aptamer resulted in 

immediate anticoagulation that was successfully reversed with protamine.  

Polymer CDP can reverse aptamer function in vivo. Protamine has favorable 

characteristics that engender it as a potential universal antidote to reverse aptamer 

function in proof-of-principle studies. Unfortunately, protamine use in clinics also has a 

number of side effects such as increased pulmonary artery pressures, decreased systolic 

and diastolic blood pressure, myocardial oxygen consumption, cardiac output, heart rate 

and systemic vascular resistance (Carr and Silverman 1999; Nimjee, Keys et al. 2006). In 

our quest to find a universal antidote with favorable characteristics such as low toxicity, 

rapid and effective onset and prolonged and uniform action, we tested the ability of a 

number of gene carrier polymers (designed to bind to oligonucleotide molecules) to 

reverse aptamer function. Similar results to protamine were attained using a number of 

polymer molecules in vitro. Additionally, CDP was tested in vivo due to it’s strong 

binding affinity for aptamers and very low toxicity in previous in vivo experiments (Dr. 

Mark Davis, personal communications). CDP was able to reverse aptamer function more 

efficiently than protamine and also showed more favorable coagulation parameters. 

Furthermore, we did not observe any toxicity associated with CDP during this 

experiment. 

Because compounds that sequester oligonucleotides can act as universal antidotes 

and based on the observation that only free oligonucleotides in circulation are those that 

are administered as a drug, we believe this approach has the potential to lead to the 

clinical development of safer regulatable therapeutics based upon oligonucleotide drugs 
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for indications in which the side effects of treatment could lead to increased morbidity 

and mortality. Furthermore, we believe this approach would be cheaper, quicker and 

easier to develop than the previously reported strategies. 

 

6.5 Potential Challenges Facing Aptamers in Thrombosis 

 Aptamers as a class of therapeutic agents have traversed large distances during the 

last 17 years.  With pegaptanib (Macugen) available to treat macular degeneration, and a 

number of other molecules in the clinical pipeline, their usefulness is incontrovertible.  

However, there are a number of challenges that will need to be addressed in order to 

realize the potential of these compounds, including toxicity and immune reactions, off-

target effects, oral delivery and cost.  

 Pre-clinical data exists that indicates that no toxic effects are elicited by aptamers 

as a class of agents when they are administered systemically.  In contrast, very limited 

clinical data exists to support this conclusion in patients.  Pegaptanib benefits from being 

a therapeutic agent that is locally delivered.  Compounds like the FIXa and VWF 

aptamers will face the challenge of proving that they have limited systemic toxicity; 

however in doing so, should the data be favorable, they would set the precedent for 

systemically administered therapeutic RNA agents.  With respect to reversible drugs, the 

potential of immune reactions is a realistic consideration in aptamer-antidote 

development.  Data has shown that double-stranded RNA molecules can induce innate 

immune responses via the toll-like receptor pathway.  Aptamer-antidote pairs 

theoretically could induce such a response. Also, as with all drugs, there is the potential 
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for off-target effects.  Aptamer binding is believed to be mediated by their three-

dimensional conformation, and they tend to bind to positively charged surfaces on 

proteins.  Therefore, aptamers could potentially bind to positively charged moieties on 

other proteins and elicit undesirable effects. In vitro binding studies suggest that aptamers 

are highly specific, but in vivo and clinical specificity data remain limited. 

 The current inability to orally deliver aptamers is perhaps the greatest limitation 

of aptamers as therapeutic agents.  This is especially true in the field of cardiovascular 

disease. As patients often require chronic therapy, oral medication would provide the 

most convenient delivery method.  It seems reasonable that, like low molecular weight 

heparin, aptamers could be delivered subcutaneously.  Oral or lung delivery would, 

however, expand the role of aptamers in cardiovascular disease.  Finally cost will be 

another consideration in moving an aptamer compound from the bench-top to the 

bedside.  This challenge is being helped by the demand for siRNA synthesis for research 

and clinical development; as a result, the cost of synthetic RNA production has decreased 

dramatically in even the last 10 years.  As large scale production of synthetic RNA 

continues to improve, we believe the cost of aptamers will compare favorably to that of 

antibody and small peptide production. 

 

6.6 Conclusions 

In conclusion, aptamers represent a promising class of therapeutics and in this 

dissertation, we exploited their characteristics to develop safer antithrombotics. Our 

research lead to the development of the first antidote controlled antiplatelet agent. This 
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aptamer molecule targets VWF and inhibits platelet aggregation in vitro, ex vivo and in 

vivo. Furthermore, we developed an antidote molecule that can reverse the effects of the 

aptamer effectively. This aptamer antidote pair has the potential to become an antiplatelet 

agent with improved efficacy and safety in clinics. Additionally, our research illustrated 

that specific inhibition of thrombin at two important epitopes may prove to be an 

effective strategy to develop a drug cocktail that can inhibit both fibrinogen cleavage and 

platelet activation. Finally, we were able to improve on the existing antidote strategy by 

developing universal antidotes for oligonucleotide therapeutics and potentially improving 

the overall safety of this class of therapeutic compounds. 
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