
 

 

 

Development and Characterization of Monovalent and Bivalent RNA Aptamers 
Targeting the Common Pathway of Coagulation 

by 

Erin Elizabeth Soule 

Department of Pharmacology & Cancer Biology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Bruce Sullenger, Supervisor 
 

___________________________ 
Gowathami Arepally 

 
___________________________ 

Gerard Blobe 
 

___________________________ 
Timothy Haystead, Chair 

 
___________________________ 

Bernard Mathey-Prevot 
 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Pharmacology & Cancer Biology in the Graduate School 

of Duke University 
 

2016 
 

 



 

 

ABSTRACT 

Development and Characterization of Monovalent and Bivalent RNA Aptamers 
Targeting the Common Pathway of Coagulation 

by 

Erin Elizabeth Soule 

Department of Pharmacology & Cancer Biology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Bruce Sullenger, Supervisor 
 

___________________________ 
Gowathami Arepally 

 
___________________________ 

Gerard Blobe 
 

___________________________ 
Timothy Haystead, Chair 

 
___________________________ 

Bernard Mathey-Prevot 
 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Pharmacology & Cancer Biology in the Graduate School of 
Duke University 

 
2016 

  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Erin Elizabeth Soule 

2016 
 



 

 

iv 

Abstract 
 Anticoagulant agents are commonly used drugs to reduce blood coagulation in 

acute and chronic clinical settings. Many of these drugs target the common pathway of 

coagulation because it is critical for thrombin generation and disruption of this portion 

of the pathway has profound effects on the hemostatic process. Currently available 

drugs for these indications struggle with balancing desired activity with 

immunogenicity and poor reversibility or irreversibility in the event of hemorrhage. 

While improvements are being made with the current drugs, new drugs with better 

therapeutic indices are needed for surgical intervention and chronic indications to 

prevent thrombosis from occurring. 

 A class of therapeutics known as aptamers may be able to meet the need for safer 

anticoagulant agents. Aptamer are short single-stranded RNA oligonucleotides that 

adopt specific secondary and tertiary structures based upon their sequence. They can be 

generated to both enzymes and cofactors because they derive their inhibitory activity by 

blocking protein-protein interactions, rather than active site inhibition. They inhibit their 

target proteins with a high level of specificity and bind with high affinity to their target. 

Additionally, they can be reversed using two different antidote approaches, specific 

oligonucleotide antidotes, or with cationic, “universal” antidotes. The reversal of their 

activity is both rapid and durable. 
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 The ability of aptamers to be generated to cofactors has been conclusively proven 

by generating an aptamer targeting the common pathway coagulation cofactor, Factor V 

(FV). We developed two aptamers with anticoagulant ability that bind to both FV and 

FVa, the active cofactor. Both aptamers were truncated to smaller functional sizes and 

had specific point mutant aptamers developed for use as controls. The anticoagulant 

activity of both aptamer-mutant pairs was characterized using plasma-based clotting 

assays and whole blood assays. The mechanism of action resulting in anticoagulant 

activity was assessed for one aptamer. The aptamer was found to block FVa docking to 

membrane surfaces, a mechanism not previously observed in any other anticoagulant 

aptamer. 

 To explore development of aptamers as anticoagulant agents targeting the 

common pathway for surgical interventions, we fused two anticoagulant aptamers 

targeting Factor X and prothrombin into a single molecule. The bivalent aptamer was 

truncated to a minimal size while maintaining robust anticoagulant activity.  

Characterization of the bivalent aptamer in plasma-based clotting assays indicated we 

had generated a very robust anticoagulant agent. Furthermore, we were able to 

simultaneously reverse the activity of both aptamers with a single oligonucleotide 

antidote. This rapid and complete reversal of anticoagulant activity is not possible with 

unfractionated heparin and protamine sulfate, only partial reversal is possible. 
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1. Introduction 

1.1 Coagulation, Hemostasis, & Thrombosis 

Hemostasis, which is the process of normal clot formation upon injury to a blood 

vessel to prevent excessive blood loss, is essential to living organisms. Coagulation is the 

biochemical process through which clot formation is realized. The process of coagulation 

is highly regulated within the body to ensure blood loss is stopped, but without forming 

an excessively large clot that could occlude the blood vessel, or an unstable clot that 

could embolize to another location in circulation. The balance between hemorrhage 

(excessive bleeding) and thrombosis (pathological clot formation) is regulated by many 

proteins, which have both pro- and anticoagulant functions to maintain clot formation at 

the site of injury. 

Thrombosis, pathological clot formation, can occur in both the venous and 

arterial portions of the circulatory system and are associated with different types of 

clots. A thrombus does not originate with an injury to a blood vessel, instead 

coagulation is inappropriately triggered in response to a disease state, such as 

hypercoagulability, alteration in blood flow causing stasis or turbulence, and 

endothelium changes. The thrombus (the pathological clot) can partially or fully occlude 

the blood vessel, depriving the downstream tissues of oxygen. Venous thrombosis 

typically occurs in the large veins of the legs (deep vein thrombosis or DVT) near the 

vein valves where blood flow is not laminar [1]. These clots are termed red clots because 
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of red blood cell inclusion and are often associated with embolism to distant sites in the 

body. These emboli can travel to the pulmonary system, called a pulmonary embolism 

(PE), which can be fatal [1]. 

Arterial thrombosis generates white clots, which typically include platelets, 

giving them their distinct white color [1]. Cardiovascular disease is highly associated 

with arterial thrombosis and is a growing health issue in the world. In atherosclerosis, 

when a plaque ruptures blood clot formation is initiated in response to this event and 

often leads to myocardial infarction (MI) or stroke [1]. 

Extensive study of the hemostatic system has led to the generation of many 

anticoagulant and antiplatelet agents that inhibit a wide variety of protein and platelet 

surface targets. Use of these agents in thrombotic conditions can help restore the correct 

balance between thrombosis and hemorrhage. However, because these agents are 

naturally associated with bleeding, careful dosing is essential for patient safety. 

1.1.1 Models of Coagulation 

Coagulation is the general term applied to the activation of a series of enzymatic 

steps that results in clot formation. Observations of blood clotting have occurred for 

thousands of years [2]. In approximately 400 BCE, Hippocrates made the first blood 

clotting observations in animals and wounded soldiers that bleeding stopped from small 

wounds, but bleeding would restart if the observed “skin” was removed [2]. Since then, 

many more observations were made and the coagulation process was better understood. 
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Plasma samples from patients with unidentified bleeding disorders were critical for the 

discovery of many clotting factors. Initially, several factors were named after the families 

where the deficiency was discovered. However, the coagulation factors were renamed 

with a Roman numeral for easier communication in the field [3]. 

The process of coagulation and maintenance of hemostasis is a natural process in 

response to injury to reduce and, eventually, stop blood loss. Loss of regulation of this 

process leads to two pathological conditions: hemorrhage (excessive bleeding) and 

thrombosis (inappropriate or excessive clot formation). Given the intricate balance 

between pro- and anticoagulant factors in the body, understanding the process in vivo 

has been challenging. Years of research have been devoted to understanding the 

interactions between all of the proteins and the following models attempt to cohesively 

explain how these interactions result in maintenance of hemostasis and clot formation. 

The Cascade/Waterfall Model 

The Cascade/Waterfall Model of coagulation was proposed almost 

simultaneously in two papers by Davie and Ratnoff and by Macfarlane in 1964 [4, 5]. 

Both of these models present coagulation as a series of sequential enzymatic activations 

ultimately resulting in fibrin clot formation [4, 5]. Additionally, both models only show 

the contact pathway of activation, initiating with FXII down to fibrin cleavage, but both 

mention FVII and its ability to activate FX. Additionally, both acknowledge the omission 

of the naturally occurring anticoagulant proteins from the model [4, 5].  



 

 4 

Ultimately, this stepwise, waterfall model was expanded to include tissue factor 

(TF) and FVII into a “Y” shaped model to explain coagulation (Figure 1) [6]. The portion 

of the cascade initiated with FXII was named the contact or intrinsic pathway because it 

is activated by charged particles such as glass, kaolin, silica, and polyphosphates (to 

name a few) and factors already present in the bloodstream [7, 8].  

 

Figure 1: The Waterfall Model of Coagulation. Adapted from Hoffman and Monroe, J 
Thromb Hemost, 2001. [6]. PL = phospholipids. 

The “extrinsic” pathway is initiated by FVIIa in concert with TF, which forms the 

extrinsic tenase complex responsible for activating FX to FXa [9]. Both pathways 

converge on the aptly named common pathway, where FXa and FVa assemble to form 

the prothrombinase complex. This complex cleaves prothrombin into thrombin, which 

cleaves fibrinogen into fibrin allowing for a clot to form [10, 11]. While this model does 

an excellent job explaining clot formation in the aPTT and PT coagulation assays, which 
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assay the intrinsic and extrinsic pathways, respectively, it falls short in explaining 

important observations, such as why hemophiliacs bleed, but individuals deficient in 

FXII or prekallikrein do not generally have bleeding tendencies [6]. Furthermore, the 

model suggests the process of coagulation is driven only by the kinetics of each reaction 

step with cells simply providing a surface with phosphatidylserine to allow for 

enzymatic complex assembly [6]. 

The Cell-Based Model 

While the expanded waterfall model does accurately reflect the general step-wise 

activation of the coagulation factors, it fails to account for important aspects of 

coagulation. One issue in particular is that the expanded waterfall model does not 

explain why hemophiliacs (both A and B types) have such a strong bleeding tendency 

[6]. The waterfall model suggests that the extrinsic tenase complex should be able to 

produce enough FXa to generate thrombin, however this does not match clinical 

observation [6]. The cell-based model localizes complexes to different cell surfaces to 

account for these observed differences and reconcile the observations that not all cell 

surfaces contribute to coagulation in the same way [6]. 

The cell-based model proposes there are three different phases of the coagulation 

process that occur on different cell surfaces (Figure 2) [12]. Initiation occurs on TF-

bearing cells with the FVIIa-TF complex playing a central role in generating sufficient 

amounts of FIXa and FXa to generate some thrombin to allow for the coagulation 
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stimulus to proceed to the amplification stage [6]. Amplification is proposed to occur on 

platelet surfaces where FXa can assemble with platelet FVa and thrombin-activated 

platelets bind to vWF/FVIII to allow for FVIIIa activation so the intrinsic tenase complex 

can assemble. Thrombin also activates FXI to FXIa allowing for additional signaling 

through the intrinsic pathway [6].  

 

Figure 2: The Cell-Based Model of Hemostasis. Adapted from Hoffman and Dargaud, J 
Thromb Haemost, 2012. [12]. 

Finally, in the propagation step, large amounts of thrombin are generated on 

platelet surfaces, which allows for fibrinogen cleavage to fibrin and the meshwork of the 

clot begins to set up [6]. This new model helps to account for many new observations 

related to the coagulation factors and the different enzymatic complexes. First, it gives a 

better explanation for how the natural anticoagulants exert their effect and dampen 

prothrombotic stimuli to keep clot formation localized to the site of injury. By proposing 
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a move from TF-bearing cells to platelets, sufficient FIXa and FXa must be generated to 

overcome TFPI inactivation of FXa and AT-III inactivation of several contact pathway 

proteases, allowing only strong thrombotic stimuli to proceed to the next step [6]. This 

threshold for moving between cell types explains why hemophiliacs bleed; they are 

unable to generate sufficient activated protein to move between cell types [6]. These 

overlapping phases also explain the cross-talk and redundancy between the intrinsic 

and extrinsic pathways. Thrombin has the ability to activate platelets and several 

coagulation factors and the TF-FVIIa complex activates both FXa and FIXa. A simple 

step-wise activation scheme does not explain these additional interactions particularly 

well, but the movement between cell surfaces gives some temporal resolution to when 

the different interactions are occurring and how they are important for hemostasis [6]. 

Finally, it explains why patients deficient in FXI, FXII, prekallikrein, and high molecular 

weight kininogen rarely display a bleeding tendency. The hemostatic stimulus is likely 

not stemming from exposure to contact activators, but originates from the exposure of 

tissue factor [6]. 

As we continue to study the hemostatic process in vivo as tools improve, we may 

need to revise this model for hemostasis. Hoffman and Monroe suggest the primary role 

of the endothelium is to act as a surface where natural anticoagulant, such as AT-III and 

thrombomodulin, exert their effect to keep the coagulation process localized to the site 

of injury [6]. However, a recent study shows that the prothrombinase complex is able to 
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form on the endothelial surface at the site of injury and downstream of the site of injury 

[13]. Furthermore, reduction in platelet binding by eptifibatide treatment did not 

significantly alter the amount of prothrombinase complex formation suggesting that the 

platelet surface may not be the primary location for the prothrombinase complex [13]. 

As this new role for the endothelium is explored further, it may lead to another 

paradigm-shifting model for how hemostasis is maintained in the body. 

 

1.1.2 Platelets 

Platelets play an important role in coagulation that was first recognized shortly 

after their discovery in the 1880s by Dr. Giulio Bizzozero [14]. Platelets circulate in the 

bloodstream in a quiescent state and do not participate in hemostasis until activated 

[15]. Activation of platelets can be achieved in a variety of ways; thrombin can cleave the 

protease-activated receptors (PAR) on the platelet surface and exposure of the 

extracellular matrix receptors, such as collagen or vWF through damage or 

inflammation allows for platelet adhesion [15]. Platelet activation promotes a change in 

shape and degranulation, a massive release of substances to assist with the hemostatic 

process [14]. Platelets have two types of storage compartments: dense granules and α-

granules, which contain many substances important for hemostasis [14]. Dense granules 

contain such substances as ADP, serotonin, calcium, and polyphosphates; all of these 

substances are important for additional platelet recruitment and signaling (ADP and 
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serotonin) and coagulation (calcium and polyphosphates) [14, 15]. The α-granules also 

contain many proteins important for the hemostatic process including the procoagulant 

proteins FV, FXI, FXIII, prothrombin, and fibrinogen, as well as the anticoagulant 

proteins, such as TFPI, protein S, and plasmin [14, 15]. 

The importance of platelets in hemostasis can be appreciated by the variety of 

platelet-related conditions that have hemostatic defects associated with them. 

Glanzmann thrombasthenia, Bernard-Soulier syndrome, and von Willebrand disease all 

arise from platelet adhesion-related issues; Glanzmann thrombasthenia from lack of 

GpIIb/IIIa, Bernard-Soulier syndrome from lack of GpIb, and von Willebrand disease 

from lack of von Willebrand factor (vWF) [14]. Gray platelet syndrome, Quebec platelet 

disorder (α-granule related), and Hermansky-Pudlak syndrome (dense granule related) 

arise from issues with the platelet granules [14]. These are just a few of the disorders 

with platelet anomalies that occur in humans. The breadth of conditions with platelet 

anomalies that are associated with hemostatic defects indicates how important they are 

in this role. It also has provided a variety of drug targets for the generation of anti-

platelet agents for therapeutic use in the case of thrombosis [14]. Some of the major anti-

platelet agents include aspirin (cyclooxygenase enzyme inhibitor), clopidogrel (Plavix) 

and ticagralor (Brilinta) that target the P2Y12 receptor, and eptifibitide (Integrilin), which 

is a GpIIb/IIIa inhibitor [14]. Inhibiting various aspects of platelet function in hemostasis 

has been very important in treating patients with thrombosis. 
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The role of platelets in the human body extends far beyond participating in 

hemostasis. Their potential role as immune cells has just started being appreciated and 

understood in recent years. Given the large platelet population and their distribution 

throughout the vasculature coupled with the breadth of receptors and secreted 

molecules, platelets are perfectly poised for immune surveillance and recruitment. 

Platelets have been shown to internalize pathogens and have differential secretory 

responses to different species of bacteria [15]. On their surface, platelets display an 

impressive array of “immune” receptors including several Toll-like receptors and 

chemokine receptors [16, 17]. Furthermore, platelet RNA can be transferred to other cells 

and mediate their responses [18]. 

In addition to their role in hemostasis and interactions with pathogens in the 

body, platelets have been implicated in the metastatic process in cancer. Indeed, there is 

a huge body of evidence supporting the role of platelets in cancer progression. Examples 

of the interaction between platelets and cancer include the fact that cancer cells have 

been observed to cause platelet aggregation in vitro [19] and murine models with platelet 

receptor defects showed reduced metastasis [20, 21]. Platelets carry many growth factors 

and chemokines that would be beneficial to tumor growth upon seeding at a new 

location [22, 23]. In cancer patients, increased platelet counts have been linked to poorer 

prognoses [24, 25].  
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The importance of platelets in the hemostatic system is now considered their 

“classic” role, but their importance in inflammation, cancer, and the immune system will 

continue to be explored in the future. The close interplay between the hemostatic factors 

and inflammation will continue to be defined as further research is performed. While 

this is a highly interesting interaction, it will not be discussed further as it is outside the 

scope of this dissertation. 

 

1.1.3 Modulation of Thrombosis in Acute Settings 

Several different surgical interventions necessitate the use of powerful 

anticoagulant agents to prevent clot formation during the surgery. Cardiopulmonary 

bypass is the most challenging situation to maintain the hemostatic system in a 

quiescent state. During bypass, the patient’s blood volume is passed through an 

oxygenator membrane, heat exchanger, and filter by a mechanical pump; all aspects of 

the bypass circuit are a strong hemostatic stimulators, making powerful anticoagulation 

essential to maintain patency during the procedure [26]. The most common application 

for cardiopulmonary bypass is coronary artery bypass grafting (CABG) surgery. Since it 

was first used in 1953, nothing has been able to replace unfractionated heparin as the 

anticoagulant of choice during bypass surgery [26]. Percutaneous coronary intervention 

(PCI) also requires robust anticoagulation to maintain blood patency [27, 28]. 
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The first class of anticoagulants used in acute settings is the heparins, which is 

used in two basic forms: unfractionated or low molecular weight. Heparin is a 

glycosaminoglycan that is present in high levels in the intestines and mucosa of cows 

and pigs [29]. Because it can be derived from animals used for food, the cost of the drug 

is very low, but it can contain impurities and there is high batch-to-batch variability [29]. 

Unfractionated heparin (UFH) is so named because it contains highly size-dispersed 

saccharide chains. Low molecular weight heparin (LMWH) has been enzymatically 

and/or chemically treated and fractionated to reduce the amount of size dispersion [28]. 

The heparins derive their anticoagulant effect through binding to antithrombin 

III (AT-III) and accelerating its ability to inactivate thrombin and FXa in particular. 

Other clotting factors inhibited by heparin include FIXa, FXIa, and FXIIa [30]. Heparin 

chains must be at least 18 saccharides long to simultaneously bind to AT-III and 

thrombin [30]. FXa requires only a very short saccharide sequence to be inactivated by 

AT-III and heparin; a pentasaccharide sequence is sufficient to achieve inactivation [30]. 

Because LMWH is more restricted in its size dispersion coupled with the 18 saccharide 

chain minimum to inhibit thrombin, LMWH heparin derives more of its anticoagulant 

activity from FXa inhibition because many of the chains are unable to inhibit thrombin 

because they are too short [28]. 

Heparin is only bioavailable when administered through intravenous or 

subcutaneous routes [28]. The half-life is dependent upon the dose administered because 
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it binds to many proteins; as the dose is increased the binding sites are saturated and the 

half-life increases [28]. Since it is a very powerful anticoagulant best administered via 

continuous infusion with the need for careful monitoring, heparin is generally restricted 

to use in hospitals. However, LMWH can be administered subcutaneous and used for 

long-term anticoagulation, though newer anticoagulants for chronic anticoagulation are 

replacing this indication for LMWH [31]. 

Hirudin derivatives are also used for acute anticoagulation of patients. The 

naturally occurring anticoagulant, hirudin, was discovered in leeches, which use it to 

maintain blood patency while they feed [32]. Two derivatives were generated from this 

natural anticoagulant: lepirudin and bivalirudin [32]. Lepirudin is no longer 

commercially available and will not be discussed further. Bivalirudin binds to both the 

active site of thrombin and exosite I, preventing thrombin from exerting its enzymatic 

activity, or binding fibrinogen [32]. The half-life is very short, approximately 25 minutes 

because it is slowly cleaved by thrombin, so it must be administered via continuous rate 

infusion to maintain its anticoagulant effect [32]. While it is not suitable for 

cardiopulmonary bypass, bivalirudin has been approved for use in percutaneous 

coronary intervention in conjunction with aspirin or a GpIIb/IIa inhibitor [32]. 

In patients who cannot tolerate heparin anticoagulation due to the development 

or suspected development of heparin-induced thrombocytopenia (HIT), other 

anticoagulants must be used. While development of HIT is rare, re-exposure to heparin 
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can cause thrombosis to occur [33]. One anticoagulant option for HIT or suspected HIT 

patients undergoing PCI is argatroban, a direct thrombin inhibitor [34]. However, it is 

not a powerful enough anticoagulant to replace heparin in the cardiopulmonary bypass 

setting [35]. Like bivalirudin, it has a very short half-life and is administered 

intravenously [34]. Finding suitable anticoagulants for patients with HIT is a major 

challenge for physicians. Development of non-immunogenic agents with robust 

anticoagulant activity would be very beneficial to this patient population. 

 

1.1.4 Modulating Thrombosis in Chronic Settings 

There are several clinical indications that warrant long-term use of anti-

coagulants as a way to manage thrombotic risk. Such conditions include pulmonary 

embolism, deep vein thrombosis, and atrial fibrillation [31, 36]. Management of 

recurrent thrombosis and long-term anticoagulation comes with a risk of bleeding. 

Currently, the some of anticoagulant agents used in the chronic setting are not rapidly 

reversible in the event of a bleeding emergency; however, they can be discontinued 

ahead of planned surgical intervention to minimize bleeding risk. 

Warfarin and dicoumerol are vitamin K antagonists that derive their 

anticoagulant effect by inhibiting the synthesis of several clotting factors in the liver [37]. 

The drug does not directly inhibit vitamin K, but inhibits vitamin K epoxide reductase, 

the enzyme that oxidizes reduced vitamin K for recycling; the lack of reduced (active) 
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vitamin K disrupts coagulation factor synthesis [38, 39]. Vitamin K is necessary for the γ-

carboylation of FII, FX, FIX, and FVII; without this the proteins are unable to bind to 

membrane surfaces, which is necessary for their function [40] The onset of action takes 

4-5 days as the fully functional coagulation factors are degraded and synthesis of new 

coagulation factors is impaired [37]. Dicoumerol anticoagulant activity was discovered 

by farmers who were losing livestock to unexplained internal bleeding [41]. Ultimately, 

the bleeding was linked to spoiled sweet clover hay where coumarin was converted into 

the active dicoumerol upon spoiling [41]. The level of anticoagulation achieved while on 

warfarin can be altered by food interactions and pharmacogenetics [41, 42]. Foods rich in 

vitamin K will supply the body with a functional form of the vitamin for coagulation 

factor synthesis [37]. Dietary restrictions are necessary to keep vitamin K levels low; 

leafy greens such as kale, collard greens, spinach, and mustard green are all very high in 

vitamin K and should not be eaten while on warfarin. Additionally, patients who harbor 

polymorphisms in some cytochrome P450 genes, as well as genes related to the vitamin 

K pathway have variable responses to warfarin dosing, putting the patient at risk for 

bleeding or a thrombotic event [42]. Dose variability is also unexplained by genetics in a 

large percentage of patients making careful monitoring essential to ensure patients are 

within the therapeutic INR range [42]. A study of nearly 125,000 patients at 100 Veterans 

Health Administration sites found that patients were at a therapeutic INR 58% of the 

time [43]. Despite the dietary restriction and routine monitoring requirements, warfarin 
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remains a commonly prescribed chronic anticoagulant agent because it is far cheaper 

than the direct inhibitors currently on the market [44]. 

Recently, direct inhibitors of thrombin and FXa have become commercially 

available for use as chronic anticoagulant agents for management of atrial fibrillation 

and prevention of venous thromboembolism [45]. These newly developed direct oral 

anticoagulants (DOACs) are an improvement over warfarin therapy because they do not 

require routine monitoring, which improves patient compliance [45]. Additionally, they 

target a single coagulation factor, rather than several like the heparins and warfarin. 

Dosing has shown to be more reliable with less major bleeding events than warfarin 

[31]. Unfortunately, there are few studies that directly compare the inhibitors to each 

other. Instead the studies focus on comparing a specific DOAC to warfarin or LMWH 

[31]. This makes it challenging for physicians to recommend one DOAC over another. 

The direct thrombin inhibitor currently available in the United States is 

dabigatran etexilate. It reversibly inhibits thrombin by binding to the active site and 

inhibits both free and clot-bound thrombin [46]. Given the very low inhibition constant 

for thrombin, 4.5 nM, dabigitran can be considered nearly irreversible [46]. Current data 

suggests that direct thrombin inhibitors may carry a higher risk of myocardial infarction 

[47]. Another direct thrombin inhibitor, ximelagatran, was available and approved in 

Europe [48]. However, it was pulled from the market because of excessive hepatotoxicity 
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[48]. It was the first orally available direct thrombin inhibitor and represented a major 

step forward in long-term anticoagulant treatment, but ultimately fell short of the mark. 

There are several direct FXa inhibitors currently available including rivaroxaban 

(Xarelto), apixaban (Eliquis), and edoxaban (Savaysa). They all bind to the active site of 

FXa and inhibit its enzymatic function in the prothrombinase complex [49]. Their current 

indications are for stroke prevention in patients with atrial fibrillation, as well as 

prevention of venous thromboembolism [49]. All have been shown to be equally 

effective as warfarin and have a reduced risk of bleeding relative to warfarin [45]. 

Another FXa inhibitor that works through an alternative mechanism is fondaparinux 

(Atrixa). Fondaparinux binds to AT-III and enhances its ability to inhibit FXa by 

allowing for tertiary complex formation [50]. It is approved for use in preventing 

thrombosis following orthopedic surgeries, deep vein thrombosis, and acute coronary 

syndrome [50]. While it generates an anticoagulant effect on FXa in the same manner as 

appropriately sized saccharide chains in UFH and LMWH, it is not powerful enough for 

use in surgical settings. 

 

1.1.5 Current Anticoagulant Therapy Limitations 

The biggest limitation associated with acute or chronic anticoagulant therapies is 

the lack of reversibility. However, pharmaceutical companies have started to realize this 

is a major issue and have been working towards making their drugs reversible. 
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However, the reversal agents are designed for use only in case of an emergency. By 

contrast, aptamers were designed and intended for use as rapid onset and rapidly 

reversible anticoagulant agents. Development of emergency reversal agents improves 

patient safety, which is always of the utmost importance in drug development. 

The use of the heparins, both unfractionated and low molecular weight, for use 

in acute, surgical settings is partially reversible. Protamine sulfate is used to reverse the 

effects of UFH, but its use produces a host of side effects including pulmonary 

hypotension, bradycardia, and anaphylaxis [51, 52]. Additionally, excessive doses of 

protamine sulfate show an anticoagulant effect [53]. Protamine sulfate can also be used 

to reverse LWMH, but it does so incompletely [54]. The effect of LWMH is only partially 

reversed because protamine sulfate cannot completely reverse the inhibitory effects 

exerted on FXa, the primary mechanism by which LWMH derives its anticoagulant 

activity [54]. While both UFH and LMWH are powerful anticoagulant agents, they 

would both benefit from an improved reversal agent with a superior therapeutic index. 

In addition to the difficulty with protamine sulfate, dosing of the heparins can be quite 

variable. The size dispersion of both UFH and LMWH varies between lots of drug, 

meaning the anticoagulation level achieved between vials is not consistent. Because of 

this dosing with heparin, particularly UFH, requires careful monitoring [28, 30]. 

The hirudin derivatives used in surgical settings do not have a reversal agent 

available. While they are considered reversible inhibitors because they do not 
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irreversibly alter thrombin, their affinity for thrombin is incredibly high, meaning it does 

not readily diffuse off the molecule until it is removed via enzymatic cleavage [55].  

However, the hirudin derivatives have short half-lives and reversal of its effect is 

achieved by cessation of dosing and supportive therapy while the drug is eliminated 

from the patient [56]. Recombinant FVIIa has been shown to be effective in reversing the 

effects of bivalirudin in whole blood thromboelastography, but does not appear to have 

been adopted for use in clinical settings [56, 57]. 

Treatment with warfarin is typically reversed with vitamin K administration, 

which allows for correct carboxylation of the coagulation factors currently present in the 

liver [40]. An increase in FII, FX, FIX, and FVII can be observed in less than two hours, 

but the effect levels off until more protein is synthesized [58]. Serious bleeding crises 

while on warfarin are treated with vitamin K and prothrombin-complex concentrate or 

fresh frozen plasma to further assist with reconstitution of functional forms of the 

affected proteins [59].  

A reversal agent has been developed for dabigitran; an antibody, idarucizumab, 

that specifically binds the inhibitor and reverse its action [60]. While this makes the drug 

reversible, the cost for the anticoagulant and the reversal agent is quite high because 

antibody-based therapies are very expensive [61]. A reversal agent is being developed 

that should work on all the FXa inhibitors, making it a “universal” antidote for any of 

these drugs [62]. Andexanet is a catalytically inactive form of FXa designed to act as a 
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molecular sponge for the direct FXa inhibitors [62]. This compound is currently in Phase 

3b and 4 studies and has been designated as a breakthrough therapy by the FDA [62]. 

Development of fully and durably reversible anticoagulant agents will represent 

a major step forward in the field. Currently, many drugs have to find the middle ground 

between balancing thrombotic risk with bleeding risk. By rapidly controlling bleeding 

events with antidotes, doctors should be able to better manage thrombotic risk in both 

acute and chronic settings. 

 

1.2 Aptamers 

The term “aptamer” was coined by Ellington and Szostak in their seminal paper 

initially describing the SELEX process [63]. The name derives from the Latin word 

“aptus” meaning “to fit” because their selected RNAs were specific to the dye for which 

they were selected [63]. While Ellington and Szostak and Tuerk and Gold both used 

RNA libraries to describe the SELEX process, the term aptamer can be applied to a DNA 

or RNA oligonucleotide. Because of their oligonucleotide composition, aptamers form 

secondary and tertiary shapes specifically based upon their sequence. The specificity of 

their adopted shape allows them to very specifically bind with their target. Synthetic 

generation of aptamers to specific targets has allowed for the generation of a variety of 

tools and potential therapeutics that comprise the aptamer field.  
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1.2.1 Generation of Aptamers with SELEX 

The combinatorial chemistry technique known as SELEX, or systematic evolution 

of ligands by exponential enrichment, was first described in 1990 by two different 

groups [63, 64]. The two groups were attempting to understand two very different 

questions, but used a similar technique to find RNA oligonucleotides that bound to their 

targets. Tuerk and Gold were attempting to determine the binding sequence recognized 

by bacteriophage T4 DNA polymerase by screening a random library for sequences 

which bound to their protein [64]. Ellington and Szostak were interested in identifying 

RNAs with specific binding properties based upon stable structure formation to 

different dye targets by screening through randomized libraries [63]. Both groups 

engineered their screening process to allow for enrichment of bound sequences, rather 

than the unbound sequences. This form of SELEX is the simplest form of soluble SELEX, 

where binding of an aptamer to a single target in solution is the goal. Since its 

development in 1990, SELEX has been modified to allow for aptamer selection in more 

complex ways, however, selections still start with a randomized library and the 

progression between rounds is driven based on binding affinity to the target. 

SELEX is characterized by a series of rounds, where the RNA or DNA pool is 

exposed to and allowed to bind the target, bound and unbound RNAs and DNAs are 

partitioned, and the bound RNAs and DNAs are amplified to generate an enriched 

library towards the target (Figure 3) [65].  
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Figure 3: Schematic of Soluble SELEX Procedure. Adapted from Nimjee et al, Annu Rev 
Med, 2005. [65]. 

The architecture of the library contains fixed 5’ and 3’ regions allowing for 

amplification of the entire pool flanking a randomized region, which provides the 

sequence diversity [63, 64]. In an RNA selection, RT-PCR and in vitro transcription are 

used to generate the enriched pool for the next round; in a DNA selection, only PCR 

amplification and strand separation are necessary to generate the enriched pool [63, 64, 

66]. The stringency for pool binding is increased during each round by altering salt 

concentration and the RNA or DNA to protein ratio during binding to the target [67]. 

Other, unintentional selection pressures include the ability to be reverse transcribed into 

DNA, PCR bias, and in vitro transcription bias [67, 68]. As each round is completed, the 

number of sequences in the enriched pool is reduced until (theoretically) only the 

tightest binding sequences remain [69]. In reality, the unintentional selection pressure 
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can allow other sequences to persist in the pool [69]. A selection driven to full 

completion would contain a single family of sequences. In practice few selections are 

driven to full completion because functional selection (selection of aptamers with a 

specific, desired activity) is not currently possible and represents a major challenge in 

the field. A somewhat diverse pool is maintained and the remaining sequences are 

identified in two ways: insertion of PCR products into plasmid vectors for DNA 

sequencing, or direct sequencing of the PCR products by high-throughput sequencing 

techniques. Individual sequences are then assayed for the desired functional activity and 

individual binding affinity and lead aptamers are identified and characterized. When 

selecting for anticoagulant aptamers in the Sullenger lab, we periodically screen the 

entire round pool of RNA in an aPTT to look for anticoagulant activity, usually around 

rounds 8-9 when binding affinity would become physiologically relevant. Once the 

anticoagulant activity has been identified, we then proceed through aptamer sequence 

identification as described above. 

Beyond traditional, soluble SELEX, increasingly complex targets have been 

subject to selections. More complex targets include the plasma proteome [70], Gla-

domain containing proteins from plasma [71], entire organisms [72], and cell surfaces 

[73]. Complex selections generate aptamers to multiple targets making sequence target 

identification somewhat more challenging. However, a variety of strategies can be used 

to generate aptamers to a desired target from a complex pool. In the case of the Gla-
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domain selection, aptamers targeting prothrombin were of highest abundance because 

prothrombin circulates at approximately 1.4 µM, making it the most abundant protein 

target [71]. A DeSELEX strategy was employed which involved adding a 

complementary oligonucleotide targeting the identified prothrombin aptamers, 

preventing those RNA sequences from participating in protein binding and resulted in 

their elimination from the pool [71]. This allowed aptamers to less abundant Gla-domain 

containing proteins to emerge, such as FXa [71]. The plasma proteome selection has also 

been used as a starting point for convergent selections, which start with RNA from the 

complex selection followed by exposure of the pool a single target of interest, which 

allowed generation of aptamers to von Willebrand Factor, FXIa, and FXII [70, 74] (and 

unpublished data). 

In cell-SELEX, a strategy of positive and negative selection is often employed. 

Usually, a cancerous cell line is the positive selection with an immortalized “normal” 

cell line of the same type being used at the negative selection with the hopes of 

generating an aptamer that will specifically target the cancer cells. Sequences that bind 

to the positive (cancerous) cell type, but do not bind to the negative (“normal”) cell type 

are maintained during this selection. This method is completely unbiased, however, 

identification of the target protein can be very difficult. Additionally, selection of an 

improper negative selection line has the potential to eliminate aptamers of interest. 

Recently, our lab has employed a combination of soluble and cell-based selection to 
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generate an aptamer to nucleolin that is able to be internalized by cells. The selection 

was started by performing soluble selection to nucleolin followed by two rounds of 

selection to PANC-1 cells, which are known to express high levels of nucleolin on their 

surface (unpublished data). Cell-based SELEX is a powerful tool that is showing a lot of 

promise in the areas of imaging and targeted therapeutics. 

Aptamers are highly specific to the targets against which they are generated. This 

is of particular importance when aptamers are generated to human forms of a protein 

with a future clinical application in mind. Animal studies are essential to move a 

potential therapeutic from the bench to the bedside. Aptamers have to be screened for 

cross-reactivity with the desired animal model protein. The “toggle” SELEX method was 

developed to address this challenge [75]. As the name suggests, toggle selection is 

performed by alternating the target protein from one species to another between rounds. 

Thereby identifying aptamers with the ability to bind to the target protein from both 

species [75]. Unfortunately, this type of selection is only possible when protein from 

both species is readily available, which can present a significant challenge particularly if 

the model organism is small, like a mouse or rat. Despite these challenges, this strategy 

can be employed to direct broader reactivity of aptamers. 

In vivo SELEX represents one of the most challenging selection schemes. 

Recovery of input sequences can be challenging and incredibly low yield. Recently, an in 

vivo selection identifying brain-penetrating aptamers was performed [76]. The brain is a 
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highly privileged site in the body and the blood-brain barrier provides a significant 

challenge to drug delivery [77]. Cheng et al injected their RNA library into the 

peripheral vasculature and recovered RNA aptamers by harvesting the mouse brains 

and extracting total RNA [76]. Stringency was applied by altering total circulation time 

before extraction and a negative selection was performed with brain extracted RNAs at 

round 12 by exposing it to mouse serum prior to re-amplification [76]. While they did 

not identify an aptamer target, they did determine the likely mechanism of entry was via 

cellular uptake in the brain capillaries to ultimately gain entry into the brain 

parenchyma [76].  Additionally, they noted that generation of aptamer sequences that 

successfully entered the brain took much longer than other strategies they employed, 

such as phage-panning [76]. This is likely because conditions experienced in the body 

are much harsher than in vitro-based selections and there are many more “confounding” 

targets present. This study highlights the power of SELEX and how aptamers can be 

generated in unique and difficult conditions.  Additionally, this is probably the closest 

example to a functional selection that currently exists; they wanted to identify aptamers 

that entered the brain, which is a specific function, rather than the traditional target-

based approach. True, functional SELEX will not be achieved until a selection merging a 

specific target and aptamer can be designed. 
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1.2.2 Aptamer Properties 

Both DNA and RNA aptamers have been generated since the concept of SELEX 

was published in 1990. RNA was initially used by Ellington and Szostak because they 

wanted to understand whether three dimensional structures could be generated from 

short RNA sequences as this is an important aspect of the “RNA world” hypothesis [63]. 

The use of RNA, especially modified RNAs, as the starting library necessitates the use of 

in vitro transcription with a modified RNA polymerase (RNAP) from a DNA template to 

regenerate the enriched pool for the following round of selection. Obtaining these 

modified RNAPs can be a challenge. The first DNA selection was performed to see if 

single-stranded DNA was able to show aptamer properties [66]. The benefit of DNA in a 

selection is the enriched pool can be amplified using PCR primers targeting the 5’ and 3’ 

fixed regions, without the need for an in vitro transcription step. Bock et al were 

successful at selecting a DNA aptamer that bound to human thrombin and inhibited its 

activity [66]. The Sullenger lab elects to use RNA-based libraries for several reasons. 

First, RNA is known to make a variety of complex, tertiary interactions such as 

pseudoknots [78], loop-loop [79] and loop-helix interactions [80]. tRNA and ribosomal 

RNAs are both well known and well characterized highly structured RNA 

oligonucleotides [81, 82]. Furthermore, naturally occurring “aptamers” have been 

described as well. Riboswitches is the name given to catalytic RNAs that are able to 

sense their environmental surrounding and control gene expression directly [83]. Since 
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the earliest observations that RNA could act as a catalyst on its own, riboswitches have 

been discovered in all domains of life [83, 84]. As they became better understood, 

synthetic riboswitches have been generated and have allowed for better understanding 

of how natural riboswitches interact with their target [85, 86]. Taking advantage of the 

fact that RNA is known to be in gene expression control, Sullenger et al were able to 

potently inhibit HIV-1 replication by overexpressing a trans-activating response element 

(TAR) RNA decoy and prevent productive interaction of tat with gene expression 

elements [87]. These naturally occurring RNA aptamers suggest that modulation of 

RNA-based interactions can be harnessed for a variety of applications. DNA, on the 

other hand, has only had a few non-traditional interactions observed [88]. The G-

quadruplex or G-quartet structure is perhaps the most well known DNA tertiary 

structure, with G-quartet motifs being identified in a nucleolin aptamer [89], an 

endotoxin aptamer [90], and a thrombin aptamer [91], to name a few. Given the 

enormous diversity of RNA interaction, our RNA-based selection libraries have the 

capability of forming a wide array of shapes for identifying aptamers to many targets. 

1.2.2.1 RNA Stability Modifications 

Focusing specifically on RNA, it is incredibly sensitive to degradation when it is 

in its “natural” form with hydroxyl groups located at the 2’ position on the ribose sugar 

ring. In order to use RNA aptamers for any application, stability of the molecule needs 

to be improved. Modification of the sensitive 2’ hydroxyl group with an O-methyl, 
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amine, or fluorine group on some or all bases greatly increases an aptamer’s resistance 

to enzymatic cleavage [92, 93]. Use of mutated RNAP can allow for “front-loading” of 

these base modifications into the starting library [94]. This allows for increased stability 

during the selection process and prevents loss of activity of the selected aptamer if 

modifications are introduced at the end of the selection. We have observed loss in 

aptamer activity when attempting to convert the 2’-hydroxyl purines to 2’-O-methyl 

groups after aptamer truncation. Libraries front-loaded with 2’F modified pyrimidines 

generated by Y693F RNAP are utilized for SELEX in the Sullenger lab. Modification on 

these bases has given our aptamers long lasting stability (>24 hours) in the presence of 

plasma nucleases at 37°C [95]. 

A host of additional modifications can be applied to yield highly stable aptamers, 

though they can make aptamer and library generation more difficult and costly. 

Spiegelmers, from the German word “spiegel” meaning mirror, do not modify the 

hydroxyl group on the ribose [96]. Instead, this type of aptamer relies on reversing the 

chirality of the nucleotides from the naturally occurring D- form to L- [96]. The initial 

paper selecting for a spiegelmer used L-arginine as the target with a D-RNA pool. A 

lead aptamer was identified and converted into an L-RNA and was found to bind to D-

arginine [96]. This selection method, using a L- target to identify aptamer sequences 

followed by conversion of the aptamer into the L- chirality has become the selection 

scheme for this type of aptamer. Because the spiegelmers have the opposite chirality of 
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naturally occurring RNAs, they are invisible to proteases in biological fluids. Recently, a 

spiegelmer targeting hepcidin has been shown to reduce inflammation-driven anemia in 

two cynomolgus monkeys [97]. The other targets of spiegelmers developed by Noxxon 

Pharma include monocyte chemoattractant protein 1 (MCP-1 or CCL2) and stroma cell-

derived factor-1 (SDF-1 or CXCL-12). This hepcidin spiegelmer represents the third 

spiegelmer to enter clinical development [97].  

Another modification used in aptamers is locked nucleic acids (LNAs). These 

modified nucleotides include a bridge across the ribose ring that locks it into a specific 

conformation, hence the name [98]. Initially, only a few LNA bases were incorporated 

into aptamer sequences to enhance stability, but also improve overall affinity for the 

target [99]. Currently, incorporation of LNAs is not compatible with any of the enzymes 

used during the SELEX process, so this remains a post-SELEX modification applied to 

aptamer sequences [98]. These modifications have been successfully incorporated into 

DNA and RNA aptamers and are known to generate highly stable secondary and 

tertiary structures. However, given that this modification is currently restricted to post-

SELEX addition, and aptamer functionality must be re-verified and can be lost, this 

modification scheme is somewhat more challenging than those front-loaded into 

selection libraries. 

New, completely synthetic types of nucleotides are being generated and are 

being called XNAs, short for xeno-nucleic acids [100]. A very elegant study by Pinheiro 
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et al developed selectively mutated polymerases from Thermococcus gorgonarius capable 

of faithfully incorporating these XNAs when given a DNA template [100]. Given the 

variety of alternative structures these other, synthetic nucleic acids can adopt, this 

provides a method for generating completely new aptamer shapes. The generation of 

polymerases capable of handling these xeno-nucleic acids has pushed these 

modifications into the SELEX process [100].  A recently published study describes a 

selection performed with a library containing only 2’deoxy-2’fluoroarabinonucleotides 

(FANA) nucleotides. The identified aptamer targets HIV-1 reverse transcriptase with 

picomolar-level affinity [101]. As xeno-nucleotides and enzymes capable of 

incorporating them become more readily available, selection libraries front-loaded with 

these modifications should be possible. 

1.2.2.2 Circulating Half-life Modifications 

Aptamers are relatively small when compared to other therapeutic agents such 

as antibodies. Due to their small size, they are subject to renal clearance, which would 

potentially limit their use to continuous infusion. Fortunately, aptamers are highly 

amenable to the addition of molecular weight carriers that can be used to extend their 

half-life beyond the 10-15 minute mark associated with renal clearance. Nucleotides 

exposed on both the 5’ and 3’ locations provide a useful “handle” to add these carriers. 

Common modifications to extend the circulating half-life include cholesterol and, very 

commonly and polyethylene glycol (PEG) ranging from 20-40 kDa [102]. Cholesterol 
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modification, despite adding only about 300 Da, which is roughly equivalent to adding 

an additional nucleotide, is able to increase the circulating half-life into the hours range 

[103]. PEG addition can increase the half-life from hours to many days, depending on 

the route of administration (intravenous versus subcutaneous) [104, 105]. This half-life 

increase would make an aptamer suitable for administration as a long acting bolus on a 

weekly basis [105]. As hypersensitivity reactions to PEG are becoming more common, 

modification with other molecules will need to be explored [106, 107]. Albumin is the 

most highly abundant plasma protein in circulation and is being tested in drug 

development as a carrier; humanized mouse models expressing human serum albumin 

and human neonatal Fc receptor are allowing for preclinical pharmacokinetic testing of 

albumin-linked drugs [108, 109]. A collaboration between the Sullenger lab and the 

Chilkoti lab is exploring using elastin-like polypeptides to increase molecular weight. 

These polypeptides are all naturally occurring amino acids linked together to provide a 

carrier for the aptamer. Additionally, the Sullenger lab is exploring multimerization of 

the aptamer on a central core. This strategy attaches multiple copies of the aptamer (2-3) 

via 5’ linkage to a central core molecule and multiple copies of the aptamer itself would 

allow for extension in half-life (unpublished data). Current data suggests that all three 

aptamers on the core are functional because the dose administered in vivo can be 

dropped to one-third of the dose needed with a monomeric aptamer (unpublished data). 

Modification selected to increase half-life are often related to the desired application of 
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the aptamer itself. Just as new xeno-nucleic acids have emerged, new carrier options 

designed with limited to no immunogenicity will likely replace PEG in the future. 

1.2.2.3 General Mechanisms of Action 

Aptamers are a unique class of therapeutics that exert their inhibitory effect by 

binding to protein exosites, rather than to the active site of an enzyme like a small 

molecule. In the Sullenger lab, sites of protein-protein interaction seem to be the 

preferred location for generation of aptamers with the desired functional activity [95, 

110, 111]. Additionally, we have found that all of our anticoagulant aptamers bind to the 

active protease and the unactive zymogen form of the protein. These locations tend to 

harbor residues that provide locations where the aptamer can bind via pi-stacking and 

hydrogen binding of the nucleic acids [112, 113]. DNA aptamers also bind at similar sites 

of protein-protein interaction. The first DNA aptamer generated to human thrombin by 

Bock et al, was found to inhibit protein-protein interaction by competing a known anion-

exosite binding protein, hirudin [66, 114]. Bompiani et al used the same technique to 

localize the binding of R9D-14t to exosite I [95]. Aptamer binding to locations other than 

the active site allows for broader range of potential therapeutic targets, including 

cofactors, which, by definition, completely lack an active site. This makes them an 

attractive class of potential therapeutics. 
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1.2.3 Aptamer Control with Antidotes 

A major benefit of aptamers as a therapeutic is the ability to directly reverse their 

activity with an antidote. Our lab has developed two methods for controlling aptamer 

activity: oligonucleotide antidotes and universal antidotes. Both strategies will be 

discussed here. 

The oligonucleotide antidote strategy takes advantage of the fact that the 

aptamers are comprised of an RNA sequence. Using the principles of Watson-Crick 

base-pairing, antidotes can be designed that complement the aptamer’s sequence. The 

idea is that the base-pairing event between the aptamer and antidote would have a 

lower free energy than the aptamer remaining folded into its functional form. By driving 

the creation of the aptamer-antidote duplex, aptamer activity is eliminated because it is 

no longer in the correct form to bind its target. Figure 4 shows the mFold predicted 

structure of the 9.3t aptamer, developed by the Sullenger lab to target FIXa, and what a 

duplex between the aptamer and its antidote may look like [115]. The specific antidote 

strategy has been successful with aptamers targeting: FIXa, FXa, FII, and FXII [95, 115, 

116] (unpublished data). The limitation of this strategy is the antidote is specific to the 

aptamer it targets and combinations of aptamers would require multiple antidotes to 

eliminate function of all aptamers administered. 
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Figure 4: Reversal of an RNA Aptamer with an Oligonucleotide Antidote. Adapted 
from Rusconi et al, Nature, 2002. [113]. 

The universal antidote strategy was developed by the Sullenger lab specifically 

to address the limitation presented by the oligonucleotide antidote strategy. In the drug 

development process, both the aptamer and the antidote would need to be verified to be 

safe and well tolerated in patients individually. The use of a universal antidote would 

alter future aptamer trials because antidote safety would only need to be verified in one 

trial, reducing the size of future studies. The universal antidote strategy also takes 

advantage of aptamers being an RNA-based therapeutic, but focuses on the 

phosphodiester backbone of the aptamer, rather than the specific nucleotide sequence 

[117]. The backbone gives the aptamer an overall negative charge; to neutralize its 

activity a positively charged antidote would be needed to induce a charge-charge 

interaction. Oney et al demonstrated the ability to reverse several anticoagulants 

aptamers with different cationic molecules fitting this universal antidote role [117]. The 
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primary limitation with several of the tested universal antidotes is toxicity when given 

at high doses systemically. However, protamine sulfate was used successfully as a 

universal antidote in this study and is currently used to reverse heparin anticoagulation 

in patients despite its side effect profile. 

 

1.2.4 Use and Potential as Therapeutics 

Aptamers are a very unique type of therapeutic. They do not derive their activity 

by targeting active sites, making them similar to antibodies, but have several distinct 

advantages over antibodies. A primary advantage is they are selected in vitro and can be 

chemically synthesized once a final aptamer sequence is decided upon. Antibodies are 

generated in vivo making them costly to produce. Additionally, antibodies need to be 

“humanized” from their species of origin for use in humans, a process that adds to the 

cost of the final therapeutic. Antibodies are also significantly larger in overall molecular 

weight than aptamers, which allows aptamers to be generated to epitopes precluded to 

antibodies based upon their size. However, despite their smaller size, aptamers are able 

to bury large areas on protein surfaces similar to the area buried by an antibody, giving 

them good functionality. 

Because of the flexibility of aptamer modification, the potential therapeutic 

applications are vast. In the Sullenger lab, one branch of therapeutic aptamer 

development is for use as anticoagulants. They are also being developed as targeting 
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and delivery agents, where the aptamer is conjugated to a cytotoxic agent with the hope 

of delivering the agent to cancer cells. Other groups are conjugating siRNAs and other 

cytotoxic agents to aptamers for use as cancer treatments [118, 119]. This field is also 

experiencing rapid growth as more targeted cancer treatments are sought to reduce the 

off target effects associated with traditional chemotherapy agents. 

Aptamers are also useful tools for diagnostics and imaging agents. Localization 

of clot formation is a major field of development because the current imaging modalities 

do not allow doctors to see the clot as it develops. Also in the Sullenger lab, fluorescent 

dyes have been conjugated to a thrombin aptamer to explore it as a clot-imaging agent. 

Preliminary studies look incredibly promising for this particular application. Aptamers 

are also being used as an imaging agent in cancer. The first application in this setting 

was with the tenascin C RNA aptamer. The aptamer was found to bio-accumulate in 

xenografts of glioblastoma and breast cancer [120]. The field has expanded greatly since 

then with the phrase “aptamer tumor target” pulling up 271 results in PubMed. 

As a diagnostic agent, aptamers are making great strides. A DNA aptamer was 

recently developed as a tuberculosis diagnostic agent. The benefit over currently used 

diagnostics is that it can be used in instances beyond active pulmonary tuberculosis 

[121]. Additionally, aptamer technology has been fused with microfluidics technology 

for tracking hemoglobin and glycated hemoglobin for monitoring diabetes over time 
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[122]. As the cost of chemical synthesis becomes even lower in the future, aptamer use as 

therapeutic agents, tools for imaging, and as diagnostics will continue to increase. 

 

1.3 Factor V 

1.3.1 Role in Hemostasis 

The FV protein is encoded by the F5 gene, which is located on the long arm of 

chromosome 1 at position 1q23 [123]. The cDNA was completely sequenced in 1987 by 

Jenny et al who used the DNA sequence to infer the amino acid sequence of the protein 

[124]. By the time the sequence was determined, much was already known about the 

protein’s function. The protein contains six domains arranged in the following manner: 

A1-A2-B-A2-C1-C2 and is structurally homologous to Factor VIII and ceruloplasmin 

[124, 125]. Like the other coagulation cascade factors, the liver is the primary site of 

protein synthesis, however, megakaryocytes can produce some FV as well [126, 127]. 

Once secreted, plasma FV circulates at approximately 20-25 nM and makes up 80% of 

the available FV pool [128]. The remaining 20% is taken up by megakaryocytes and are 

transferred to mature platelets where it is stored in α-granules [128]. 

Like all of the numbered coagulation proteins, FV circulates in an inactive state, 

termed “procofactor” rather than “zymogen” because it does not have protease activity 

once activated. This activation requirement prevents inappropriate thrombin generation 

and clot formation in the absence of a stimulus. Plasma FV can be activated by two 
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coagulation proteases: α-thrombin and FXa [129-131]. While α-thrombin was considered 

the most physiologically relevant activator of FV to FVa, recent studies have shown the 

importance of FXa activation of FV. Both activation mechanisms will be discussed here. 

During the activation process in the presence of α-thrombin, cleavages at three 

arginine residues occur in an ordered fashion at the following residues: 709, 1018, 1545 

(Figure 5) [131-134]. The preferred order of activation is reflected in the presentation of 

the residue number’s [135]. Cleavage by α-thrombin at these residues liberates the B 

domain of the protein creating the active cofactor FVa with a molecular weight of 174 

kDa [133]. Because α-thrombin cleaves FV into FVa faster than FXa, thrombin activated 

FVa appears to be the predominant form of FVa once a small amount of α-thrombin is 

present [130]. 

 

Figure 5: FV Activation to Procoagulant FVa or Anticoagulant FVAPC. Adapted from 
Cramer and Gale, Thromb Haemost, 2012. [134]. 



 

 40 

A series of elegant studies by the Camire lab have revealed that cofactor activity 

can be achieved by the removal of specific sequences in the B domain, rather than 

cleavage at specific residues [136-139]. While the B domain is very poorly conserved 

between species, particular portions of the B domain, named the acidic and basic 

regions, appear to be conserved [140, 141]. Interaction between these regions were 

thought to be important for maintaining FV in the procofactor state, however, exactly 

how cofactor activity was realized remained uncertain [136]. The two possibilities that 

existed were: proteolysis followed by conformational changes results in procofactor 

activation, or specific sequences sterically hinder important binding sites and their 

removal via any method results in activation [136]. Data supporting both mechanisms 

existed when these studies were begun because activation studies must be performed in 

purified system because FV is proteolyzed via several feedback mechanisms. Toso and 

Camire used recombinant forms of FV to assist with sorting through the evidence [136]. 

With their truncated B domain variants, with and without arginine mutations for 

proteolysis, they found that constitutively active cofactor activity was present because 

prothrombinase assembly occurred in a manner indistinguishable from when plasma-

derived FVa was assayed [136]. Further B domain variants revealed that removal of 

portions of the B domain could eliminate or restore cofactor activity, and the basic and 

acidic regions working together may be responsible for maintaining FV as a procofactor 

[137-139]. Recent work on nine highly conserved residues in the basic region of the 
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protein have been shown to be crucial for mediating conversion from procofactor to 

functional cofactor [141]. The Wiencek et al studies take into account the known arginine 

cleavages and how they may play a role in removal of the basic region to generate an 

active cofactor [141]. Ultimately, further studies are still needed to parse out the full 

mechanism for conversion from procofactor to cofactor, but much understanding has 

been gained in the past ten years. 

As mentioned before, α-thrombin is not the only mechanism for procoagulant 

FVa activation. While FXa cleavage of FV has been recognized for quite some time, the 

relevance to actual contributions to hemostasis in the physiological setting have been 

questioned [142]. However, the discovery of a tick anticoagulant peptide specifically 

blocking FXa activation of FV has suggested it is relevant during hemostasis [142]. The 

tick peptide, TIX-5, very specifically inhibits FXa activation of FV, but not α-thrombin or 

meizothrombin activation of FV [142]. The B domain was pinpointed as being 

particularly important for inhibition of FXa activation of FV; the B domain needed to be 

present for successful inhibition of activation [142]. Ticks allowed to feed on rabbits 

immunized with a recombinant form of TIX-5 were significantly less engorged than ticks 

that were allowed to feed on ovalbumin immunized rabbits [142]. This indicates this 

peptide must be a productive anticoagulant that is important for successful feeding of 

Ixodes scapularis ticks. The authors reconciled their findings with the peptide versus 

consensus in the field on FXa activation in the following way: FXa activation of FV likely 
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plays an important role in hemostasis during the initiation step of coagulation, rather 

than the propagation phase when thrombin is highly abundant [142]. 

The pool of platelet FV is distinct from the circulating plasma FV in its function 

and physical characteristics. The FV stored in the α-granules of platelets is released in a 

partially proteolyzed form that exhibited cofactor activity without the need for 

additional activation [143]. Cleavage by thrombin only modestly increased the cofactor 

activity of platelet-derived FV [143]. This pool of FV has been posited to be highly 

important for vascular repair because it emerges from platelets ready to function in the 

prothrombinase complex [143]. Ayombil et al showed that the proteolysis occurs as soon 

as FV is endocytosed from the plasma pool, however the protease responsible could not 

be specifically identified [144]. 

Inactivation of FV and prothrombinase activity is important to localize thrombin 

generation and maintain the balance between hemorrhage and thrombosis. Once 

activated into FVa, activated protein C (APC), with its cofactor protein S (PS), is 

primarily responsible for inactivation of FVa so it can no longer participate in 

prothrombinase complex formation. Like α-thrombin, APC cleaves at arginine residues, 

specifically arginines 506, 306, 679, with that order being preferred based on kinetic 

studies, and results in complete inactivation of all cofactor activity (Figure 5, p. 39) [134]. 

Individuals with a mutation at arginine 506 have a common mutation called FV Leiden 

and increased thrombotic risk, which is discussed in detail in Section 1.3.2.2. Cleavage at 
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506 partially inactivates cofactor function and cleavage at 306 is required for complete 

inactivation of cofactor activity [134]. At this time, no specific physiologic significance 

has been attributed to the cleavage at arginine 679 [134]. Two naturally occurring 

mutations occur at arginine 306 have been identified thus far: FVHong Kong (R306G) and 

FVCambridge (R306T) [145, 146]. While severe thrombophilia might be expected for these 

mutations given this site is necessary for complete inactivation FVa procoagulant 

function, individuals with these mutations experience only mild thrombophilia, perhaps 

because the cleavage at arginine 506 occurs much faster than the 306 cleavage [134]. 

APC-resistant mutations have not been linked to mutations at arginine 679 [134]. 

Prothrombinase complex activity can be regulated when it assembles with FXa-

activated FVa, but not with thrombin-activated FVa. The prothrombinase complex can 

assemble with FVa cleaved by FXa that contains the acidic portion of the B domain [130]. 

The acidic domain of FVa facilitates binding of TFPIα to these early forms of the 

prothrombinase complex [147]. Ultimately, the presence of TFPIα results in inactivation 

of FXa by binding of the K2 kunitz domain [148]. This ensures only a low level of 

thrombin generation during the initiation phase of coagulation [148]. 

In addition to inactivating FVa, APC has the ability to cleave FV into an 

anticoagulant form that has cofactor activity for APC (FVAPC) [134]. To generate the 

anticoagulant form of FV, APC still cleaves at the same arginine residues with cleavage 

at arginine 506 being indispensible for anticoagulant activity [134]. Additionally, a 
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portion of the B domain of the protein must be present for anticoagulant function; once 

α-thrombin cleaves FV at arginine 1545 the C-terminal portion of B domain is released, it 

is not longer able to function in an anticoagulant manner (Figure 5, p. 39) [134]. To exert 

its anticoagulant activity, PS must be present with APC for FVAPC to function within this 

complex. The APC-PS-FVAPC complex is responsible for inactivating FVIIIa and reducing 

the activity of the intrinsic tenase complex [134]. While APC can inactivate FVIIIa alone, 

the presence of protein S and FVAPC increase the rate of inactivation by 11-fold [149]. 

Additionally, the APC-PS-FVAPC complex has been shown to be responsible for 

inactivation of FVa [134]. The presence of dual pro and anticoagulant functions of FV 

makes it a highly complex protein to study. 

 

1.3.2 Role in Human Diseases 

This section will focus on diseases where the FV protein itself is mutated, rather 

than all diseases where FV may be affected. Diseases not discussed include grey platelet 

syndrome (platelet granule defect so FV is not released from platelets) and LMAN-1 

mutations (where secretion of FV and FVIII is abrogated due to an ERGIC-53 mutation). 

1.3.2.1 Parahemophilia 

Factor V deficiency or parahemophilia was first described in 1947 by Dr. Paul 

Orwen, MD from Oslo, Norway [150]. His patient was a 29 year old woman from 

Norway named Mary who had suffered from hemorrhagic tendencies her entire life 
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[150]. He named her clotting factor Factor V because he determined she was not 

deficient in prothrombin, thrombokinase, calcium, or fibrinogen, the four known 

clotting factors at the time [150]. The incidence of parahemophilia is approximately one 

in a million [151]. Incidence is higher in cultures with consanguineous marriages and is 

inherited in a recessive manner [152]. While patients with FV deficiency have greatly 

reduced FV, to date no patients have been described that contain major deletions in the 

gene [153]. Murine studies have shown that a complete deficiency of FV is not 

compatible with life [154]. Embryos completely lacking FV either died at embryonic day 

9-10, or if they survive to birth die within two hours, due to massive blood loss [154]. 

This was at odds with the relatively mild bleeding tendencies observed in patients with 

FV deficiency; further work showed that mild leakage of the transgene to produce very 

low levels of FV partially rescued the lethal phenotype, suggesting patients with 

parahemophila are not completely deficient in FV [154, 155]. 

Mutations in the F5 gene have been localized across all domains of the protein, 

however, very few have been found in the B domain. Beyond the basic and acidic 

regions that are well conserved, the B domain is poorly conserved between species, 

varying greatly in total length. The lack of conservation suggests an ability to tolerate 

amino acid variability and has been posited as the reason why few mutations resulting 

in coagulation defects have been localized to this region [156]. Later sequencing work 

with Mary’s DNA (Dr. Orwen’s patient) localized her mutation to the C2 domain of the 
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protein [157]. A small study of just ten parahemophiliacs revealed mutations in the A1, 

A3, B, and C2 domains [156].  

FV deficiency is usually classed as a Type I deficiency where patients suffer from 

reduced levels of the protein, though rarely it stems from a qualitative defect in the 

protein (Type 2) [151]. While patients have very low or undetectable levels of FV in their 

plasma pool, the amount of FV present in their platelets can vary widely [158]. Studies 

suggest that the amount of FV present in a patient’s platelets is correlated with their risk 

of bleeding [158]. In an extraordinarily rare case, a patient with no detectable plasma or 

platelet FV and low TFPI has been described who suffered from severe bleeding 

episodes [159]. This patient indicates the level of FV necessary for development is likely 

extraordinarily low because while mRNA of FV was found, no functional protein could 

be detected in his plasma or platelets [159]. Given the relatively rarity of 

parahemophilia, the link between platelet FV and bleeding tendencies has not been 

studied extensively. 

Diagnosis of parahemophilia usually occurs after presentation with abnormal 

bleeding incidence such as severe nose bleeds, bleeding after oral surgery, or, in women, 

excessively heavy menses [150, 153, 159]. Both the aPTT and PT are prolonged because 

of FV’s location in the common pathway and mixing with normal plasma returns 

clotting time to the normal range [160]. A FV-deficient mixing PT assay has been 

developed to validate FV deficiency; known FV deficient plasma is mixed with the 
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patient’s plasma and approximate activity of FV can be estimated from the results [138]. 

Treatments for severe bleeding episodes involve infusion of fresh frozen plasma because 

FV concentrates are not available [152]. Figure 6 was taken from an excellent review 

article on parahemophila by Thalji and Camire [160].  

 

Figure 6: Types of Bleeds Experience by Parahemophliacs. Adapted from Thalji and 
Camire, Semin Thromb Hemost, 2013. [160]. 

This figure highlights the fact that many parahemophiliacs are asymptomatic 

(32%) and another 34% suffering from only minor bleeding events, which can be 
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controlled with antifibrinolytics or hormone-based therapies known for prothrombotic 

side effects for women [160]. Spontaneous major bleeding and prophylaxis prior to 

surgery are controlled with fresh frozen plasma administration to raise FV levels to 20-

25% of normal [160]. 

1.3.2.2 Factor V Leiden 

The most common mutation in F5 leads to the generation of a variant of FV 

known as FV Leiden [161]. The mutation leads to an amino acid substitution at arginine 

506 resulting in delayed inactivation of FVa by activated protein C (APC) [162, 163]. This 

delay in FVa inactivation leads to a prothrombotic phenotype and increased risk of 

thrombotic episodes, including deep vein thrombosis, pulmonary embolism, and stroke 

[164]. The mutation is inherited in an autosomal dominant fashion and patients can be 

either heterozygous or homozygous for FV Leiden. Carriers who are homozygous for 

this mutation are at an even higher risk for thrombotic complications than heterozygotes 

because heterozygotes make some normal FV protein, which is inactivated by APC [165, 

166]. Very rarely, FV Leiden is inherited with a FV-null mutation leading to a pseudo-

homozygous presentation of FV Leiden; these patients do not express any normal FV 

protein and present with APC resistance equivalent to homozygous carriers [167]. 

The mutation leading to FV Leiden is highly specific to the Caucasian population 

and is due to a founder effect. The event happened approximately 21,000 years ago, after 

human populations had branched out into Europe [168]. The event occurred during the 
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end of the glacial age in the Caucasian population [168]. The mutation is extremely rare 

in Asian and black populations, but is present in a heterozygous state in nearly 5% of the 

Caucasian population [169]. 

Despite associations with thrombophilia, the FV Leiden mutation has been 

described to be beneficial to the carriers. Research has shown that carriers of the 

mutation have increased survival and reproductive advantages [170]. For a focused 

discussion on this topic, see the review by van Mens et al [170]. For this mutation to be 

maintained at such a high level, certain advantages must have been present when the 

original mutation occurred, as well as now. When the mutation occurred, the 

advantages of this mutation would have primarily been survival-based with less blood 

loss during injury or after child birth [170]. With the assistance of modern medicine, this 

early advantage is less of a benefit, but carries of the mutation have higher sperm counts 

(men), a faster time to pregnancy than non-carriers (men and women), and higher 

success with in vitro fertilization (women) [170]. This mutation is likely to remain in the 

Caucasian population for a long time despite the elevation in thrombotic events. 

Diagnosis of this mutation usually occurs after certain clinical observations, 

including a history of venous thromboembolism (VTE), an unprovoked thrombotic 

event before age 50, and in women, VTE with use of oral contraceptives or during 

pregnancy [171]. Family members of those with a history of or recurrent thrombosis 

events are often tested as well because the mutation is passed in an autosomal dominant 
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inheritance pattern. Diagnostic tools include APC resistance assays (plasma-based) or 

DNA sequencing of the F5 gene to screen for mutations resulting in R506Q amino acid 

substitution, or other mutations known to confer APC resistance (FVCambridge, FVHongKong, 

and FVLiverpool) [171]. Patients who are identified with this mutation are also screened for 

the presence of additional thrombophilic mutations (prothrombin 20210G>A) so their 

risk of thrombotic events can be better assessed. Elimination of other risk factors, such as 

oral contraceptives, hormone replacement therapy, and selective estrogen receptor 

modulators reduces the risk of thrombosis [171]. 

Management of FV Leiden is somewhat complicated. The first thrombotic event 

is treated according to standard guidelines. For patients who have not yet had a 

thrombotic event, but are known carriers of the mutations, prophylactic anticoagulation 

is not usually recommended [171]. Long-term anticoagulation is recommended for 

patients homozygous for FV Leiden, or who have additional thrombophilic mutations; 

anticoagulants include warfarin, fondaparinux, and the thrombin and FXa DOACs [171].  

Unfortunately, there is lack of consensus on how to prevent initial and treat recurrent 

VTE in FV Leiden patients to best mitigate both thrombotic risk and bleeding risk. 

1.3.2.3 East Texas Bleeding Disorder and FV Amsterdam 

East Texas Bleeding disorder was first described in 2001, making it a very 

recently discovered bleeding disorder [172]. It was recognized in a large family in East 

Texas that showed a moderate bleeding disorder characterized by an autosomal 
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dominant inheritance pattern [172]. Initial studies revealed prolonged aPTT and PT 

times for affected family members, but all coagulation factors presented at normal levels 

[172]. Linkage studies combined with the autosomal dominant inheritance lead to an 

initial hypothesis suggesting a constitutively active anti-thrombin III protein [172]. 

Further sequencing analysis identified a novel mutation resulting in a serine to glycine 

mutation at position 756 in the FV protein [172]. Interestingly, this mutation localizes to 

the B domain of the protein, a region noted for its sequence variability and the source of 

very few mutations [172]. At this point, no further studies were completed. 

Subsequent studies on plasma from both affected and unaffected patients 

revealed a new form of FV found only in the plasma of affected family members, that 

was aptly named FV short because of its smaller size [173]. The novel, shorter form of FV 

suggested that a splicing mutation was occurring and a variant form of exon 13 was 

identified [173]. The aberrant splicing event resulted in the deletion of amino acids 756-

1458 and the FV short protein [173]. Studies with the protein revealed it forms a very 

high affinity complex with TFPIα, causing a dramatic increase in the amount of TFPIα 

present in circulation [173]. The exact method by which FV short, in conjunction with 

higher circulating concentrations of TFPIα, causes this bleeding disorder was not 

determined in the study by Vincent et al [173]. However, it has been hypothesized that 

the increased concentrations of TFPIα results in rapid inhibition of FXa in the 

prothrombinase complex as an explanation for the bleeding observed in affected family 
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members [174]. At the time of this dissertation, this represents all of the research on East 

Texas bleeding disorder. 

Even more recently discovered than East Texas bleeding disorder, another 

mutation has been localized to the B domain of FV with a similar paradoxical bleeding 

phenotype. This mutation is being called FV Amsterdam and was discovered in a small 

Dutch family [175]. Similar to the East Texas disorder, TFPIα is markedly increased in 

the affected patients [175]. The causative mutation for this disorder is C2588G, resulting 

in an amino acid change of alanine to glycine at position 863; like East Texas bleeding 

disorder, this mutation results in an aberrant splicing event and the generation of a FV 

short protein slightly different in size than the East Texas FV [175]. The difference 

between FV Amsterdam and East Texas bleeding disorder lies in the expression of the 

short form of FV; the East Texas FV short protein has been shown to be present in 

affected and healthy individuals, but at different levels if the mutations is present [173, 

175]. The FV Amsterdam version of FV short is only present in individuals with the 

mutation [175]. It is interesting that two different, private mutations have been found in 

families with very similar bleeding phenotypes. The discovery of shortened FV protein 

variants and what their role in coagulation is will be a source of much research in the 

coming years. 
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1.3.3 As A Therapeutic Target 

As of the writing of this dissertation, there are no drugs designed specifically to 

target FV or FVa. As discussed earlier, FVa is a cofactor with no active site, making small 

molecule development impossible. An antibody targeting the protein would be possible, 

and there are rare instances of autoantibody development towards FV and FVa [176]. 

However, intentional drug development to this target has not been attempted outside of 

the Sullenger lab. Initial attempts to develop and aptamer to FV were unsuccessful 

because of the highly labile nature of the protein. Because the input protein was 

degraded, aptamers targeting the whole protein were not generated. The assistance of 

Drs. Krishnaswamy and Camire providing stabilized forms of FV and FVa made the 

development of aptamers to this target possible. 

FV has the potential to be a useful therapeutic target. It circulates at a low 

concentration (~25 nM), potentially indicating that a low drug concentration would be 

needed to inhibit a large percentage of the available pool. While bleeding is a highly 

feared complication with any anticoagulant or antiplatelet agent, targeting a cofactor, 

rather than a protease, may be beneficial. Very little FVa is necessary to allow for 

assembly of functional prothrombinase complex. Additionally, given the relative mild 

bleeding tendencies of parahemophilacs with high platelet FV, this suggests inhibition 

of this target may not carry as high of a bleeding risk as a FXa or thrombin inhibitor. The 

low circulating concentration coupled with the low percentage of functional FVa needed 
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for nearly normal hemostasis suggests that an antithrombotic agent developed towards 

this target may be clinically useful. 
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2. Development of an RNA Aptamer Targeting Factor 
V/Va 

2.1 Introduction 

An essential component of the hemostatic process is the conversion of 

prothrombin to thrombin by the prothrombinase complex in the common pathway of 

coagulation. The prothrombinase complex is comprised of FXa, FVa, phospholipid 

surfaces, and calcium and rapidly activates prothrombin into α–thrombin to maintain 

hemostasis [10]. FVa is a necessary cofactor for FXa in the prothrombinase complex to 

achieve maximal rates of α–thrombin generation, which is essential for bioamplification 

of the coagulation cascade and repair of vascular damage in the event of an injury [10]. 

Reduced activity of this complex leads to impaired thrombin generation and an elevated 

risk of bleeding. However, in patient populations at risk for thrombotic events such as 

pulmonary embolism (PE), reducing the activity of this complex is an important aspect 

of managing their risk [49]. Anticoagulants such as warfarin and direct thrombin or FXa 

inhibitors have been used to manage their increased thrombotic risk. While direct 

inhibitors of FXa are commercially available for use as anticoagulants, there have been 

no drugs developed to target FVa. FVa inhibitory autoantibodies, while uncommon, 

have been observed in a few instances and are usually acquired after exposure to bovine 

thrombin [177]. 

While FVa is critical for thrombin generation and the maintenance of hemostasis, 

hyperactivity can lead to serious thrombotic complications. The most common mutation 
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in FV leading to a thrombophilic state is FV Leiden, where the circulating half-life of the 

protein is increased due to reduced inactivation by activated protein C (APC) [161]. 

Patients that are heterozygous or homozygous for this mutation carry an elevated risk 

for deep vein thrombosis, pulmonary embolism, and stroke [161]. Additionally, patients 

with cancer who have the FV Leiden mutation suffer from a higher incidence of venous 

thromboembolism (VTE) [178]. 

In sharp contrast to patient with thrombophilia due to FV Leiden, are patients 

with parahemophilia who have very low or undetectable levels of FV circulating in their 

plasma [151]. Interestingly, despite these very low levels of FV, their bleeding tendency 

can vary widely and can be mild, especially when compared to deficiencies in other 

clotting factors [156, 158]. Studies examining platelet FV levels in patients with 

parahemophila indicate that hemostasis can be maintained near normal with very little 

circulating FV and the variations in platelet FV lead to the range of bleeding tendencies 

[153, 155]. However, because FV circulates at a low concentration and hemostasis can be 

maintained near normal with very little functional FV, this protein may be a potentially 

useful anticoagulant target. As a cofactor, FVa lacks an active site and has not been the 

target of small molecule development as a result. Aptamers, RNA therapeutics that do 

not require active sites to exert inhibitory activity, may be the perfect tool to generate an 

anticoagulant directed at a cofactor. Additionally, because only a small amount is 

needed for normal hemostasis, FVa may represent a safer target for anticoagulant 
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development. Here, we generate RNA aptamers able to inhibit the procoagulant 

function of FVa using the combinatorial chemistry technique of SELEX. The biochemical 

and anticoagulant properties of the developed aptamers were analyzed and a unique 

method of anticoagulant activity was discovered. 

 

2.2 Materials and Methods 

Aptamer Generation 

Soluble SELEX was used to generate aptamers to modified FV and FVa in 

parallel [71]. The modifications to FV and FVa have been described previously and 

validated to behave like plasma-derived FV and FVa [136, 137, 139]. Modified forms of 

the proteins were utilized because FV and FVa are highly sensitive to proteolysis for 

activation and inactivation of the cofactor activity. Generation of a functional aptamer 

from the SELEX process is dependent upon the quality of the target protein. 

The architecture of the starting library, Sel2, included fixed regions on the 5’ and 

3’ ends flanking a 40 nucleotide randomized region. The randomized region was 

generated with equal molar amounts of each base, which allows for diversity of up to 440 

sequences. The starting round contained approximately 1014 sequences based on the 

amount of input RNA for the first round of selection. While this did not cover all 

possible sequences, this amount of diversity was sufficient to allow for identification of 

anticoagulant aptamers targeting FV and FVa. 
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Additional modification to the starting library included 2’F-modified 

pyrimadines (2’-fluorouracil and 2’-fluorocytosine) for increased stability in the presence 

of plasma proteases. Nine rounds of selection with increasing stringency were 

performed and rounds eight and nine were assayed for anticoagulant activity using an 

activated partial thromboplastin time (aPTT) clotting assay. To identify aptamer 

sequences, round eight and nine PCR products were digested with EcoR1 and BamH1, 

inserted into a pUC19 vector, mini-prepped, and sent for DNA sequencing at Eton 

Biosciences (Research Triangle Park, NC). Individual sequences were tested for 

anticoagulant activity in an aPTT and binding affinity of sequences with anticoagulant 

activity was approximated using a nitrocellulose-based binding assay (see assays 

descriptions below). A lead aptamer was identified for each selection (FV, R8c7 and FVa, 

R9c11) based on anticoagulant activity and binding affinity relative to other functional 

sequences (Table 1).  

 

Aptamer Truncation 

Each lead aptamer was systematically truncated to a shorter, functional length. 

The FVa R9c11 aptamer was reduced to 49 nucleotides directly from the full length of 80 

nucleotides. The truncated aptamer was renamed 11HMT to reflect a difference in 

sequence from the parent aptamer (Table 1). This truncated aptamer was used for 

further characterization studies. 



 

 59 

Truncation of FV R8c7 was attempted by reducing stem length in the parent 

aptamers, with particular emphasis placed on eliminated AU base pairs. Additionally, 

antidotes to 18 nucleotide stretches of the parent aptamer R8c7 were used to identify 

sequences dispensable for activity, which generated a truncate that was 60 nucleotides 

long and named T18 (sequence not shown). From this shorter truncate, a panel of 

truncates were created and the truncation strategy was switched back to the elimination 

of AU base pairs. The T18.3 aptamer was designated as the final truncated aptamer 

generated from R8c7 and was 58 nucleotides in length and used for all further 

characterization studies (Table 1). 

 

Generation of Mutant Aptamers 

Two or three mutant aptamers were created by transversion of three nucleotides 

in the predicted loops of each aptamer (Table 1). The mutants for each aptamer were 

assayed for anticoagulant function and ability to bind the target protein using 

nitrocellulose-based binding assays. Mutants were selected if they showed zero 

anticoagulant activity and no ability to bind the target protein above that observed by 

the starting library. The mutant aptamer for T18.3 was designated 18.3Mut1 and the 

mutant aptamer for 11HMT was designated 11Mut2 (Table 1). 
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Table 1. Full length, truncated, and mutant FV and FVa Aptamer Sequences 

Aptamer Sequence Length 
(nts) 

FVa R9c11 5’-GGGAGGACGAUGCGGUCACGCCCCUCAGGAUCC 
AACGCACAAUUACGUGCCUUGUCAGACGACUCGU
GAGGAUCCGAGA-3’ 

80 

11HMT 5’-GGAUCCAACGCACAAUUACGUGCCUUGUCAGA 
CGACUCGCUGAGGAUCC-3’ 

49 

11Mut2 5’-GGAUCCAACGCACAAUUACGUGCCGGUUCAGA 
CGACUCGCUGAGGAUCC-3’ 

49 

FV R8c7 5’ GGGAGGACGAUGCGGUCGCCCAAACUUGGAUA 
ACCUCACCGCAAUGGCGGCUUGUCAGACGACUCG
CUGAGGAUCCGAGA-3’ 

80 

T18.3 5’-GGACUUGGAUAACCUCACCGCAAUGGCGGCUU 
GUCAGACGACUCGCUGAGGAUCCGAG-3’ 

58 

18.3Mut1 5’-GGACUUGGAUAACCUCACCGCAAUGGCGGAGG 
GUCAGACGACUCGCUGAGGAUCCGAG=3’ 

58 

XXX: Location of nucleotides mutated to generate point mutant controls 

 

Dephosphorylation & 5’-end Radiolabeling 

Bacterial alkaline phosphatase (Life Technologies, Carlsbad, CA) was used to 

dephosphorylate the in vitro transcribed RNAs. Individual or pooled (SELEX round) 

RNAs were incubated at 65°C for 1 hour followed by phenol/chloroform/isoamyl 

alcohol extraction and ethanol precipitation. T4 polynucleotide kinase (New England 

Biolabs, Ipswich, MA) was used to add a 5’-[γ32P] ATP (Perkin Elmer, Waltham, MA) to 

radiolabel the dephosphorylated RNAs. Counts per million (CPM) readings for 

individual and pooled radiolabeled RNAs were obtained using the Tri-Carb 2800TR 

Liquid Scintillation Analyzer (Perkin Elmer, Waltham, MA). An online calculator from 
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GraphPad Prism was used to calculate percent decay of radiolabeled samples when 

labeled RNAs were used more than 1-2 days after the initial labeling reaction to ensure 

the correct number of counts were used in each binding experiment. 

 

Double Filter Nitrocellulose Binding Assay 

Apparent binding affinity of the aptamers to a purified protein was determined 

using double filter nitrocellulose binding assays. Binding of the radiolabeled pooled 

RNA, 11HMT, and 11Mut2 to modified FV and FVa was assessed by incubating trace 

amounts of radiolabeled RNA with serial dilutions of the purified target protein. For 

SELEX round binding, pooled RNAs were incubated with modified FV or FVa diluted 

two fold from 0 nM to 750-800 nM for both proteins. For 11HMT, the radiolabeled RNAs 

were incubated with both proteins from 0 nM to 500 nM. The radiolabeled RNAs were 

denatured and re-folded in Hepes-buffered saline (HBS) with CaCl2 (20 mM Hepes pH 

7.4, 150 mM NaCl, 2 mM CaCl2), 0.01% bovine serum albumin (BSA), and 0.1% w/v 

polyethylene glycol 8000 (PEG 8000) by incubating at 95°C for 3 minutes followed by 

cooling to room temperature for 3 minutes. The radiolabeled RNA alone was incubated 

at 37°C for 5 minutes, followed by incubation with the protein in HBS with CaCl2, 0.01% 

BSA, and 0.1% w/v PEG 8000 at 37°C for 5 minutes. The RNA-protein complexes were 

partitioned from unbound RNA with a 0.45 µm nitrocellulose (VWR, Radnor, PA) and 

nylon (Perkin-Elmer, Waltham, MA) membrane sandwich followed by a 100 µL wash 
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with HBS with CaCl2 without BSA or PEG 8000. Bound and unbound RNA was 

quantitated using a Storm 825 phosphoimager (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK) and quantified via densitometry. The corrected fraction bound 

was determined for each protein concentration and a non-linear regression one site 

binding fit was applied in GraphPad Prism 6 to determine the apparent KD. 

 

Surface Plasmon Resonance (SPR) 

 The T18.3 binding constants were determined using surface plasmon resonance 

(SPR) with a BiaCore3000 (GE Healthcare). This method was used to determine apparent 

KDs for T18.3 to modified FV, modified FVa, the FV heavy chain, and the FV light chain. 

The T18.3 aptamer was synthesized (Biosynthesis, Lewisville, TX) and included a biotin 

and PEG 11 spacer on the 5’ end to allow for immobilization of the aptamer on a biotin 

CAPture chip kit (GE Healthcare). Prior to chip coating, the biotinylated T18.3 was 

refolded using the same protocol as the in vitro transcribed T18.3 by heating to 95°C for 3 

minutes followed by 3 minutes at room temperature. Aptamer conjugation onto the chip 

was achieved by flowing aptamer solution over the chip at a rate of 2 µL/min for 5 

minutes. For binding to the modified FV, FVa, and purified FV heavy chain, 5.0 ng of 

aptamer was coated onto the chip. For the purified FV light chain experiments 15.3 ng of 

aptamer was coated onto the chip. Binding experiments using SPR was performed at 

25°C in HBS with CaCl2, without the addition of BSA or PEG 8000. The proteins were 
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diluted immediately prior to running the experiment and remained at room temperature 

until autoinjected into the microfluidics chamber for binding using the Inject or BigInject 

command in the BiaCore software. Table 2 details protein ranges assayed, flow rates, 

and contact times. Increasing concentrations of protein were flowed over the T18.3-

coated chip and apparent KD was determined by calculating the differences in response 

units (RU) from buffer for each protein concentration immediately before the end of 

each protein injection and plotted as ΔRU versus protein concentration. The resulting 

points were fitted to a rectangular hyperbola to calculate the apparent KD. Each protein 

was tested in triplicate and the apparent KD for each run was reported. 

Table 2. BIAcore 3000 Binding Parameters for Biotinylated T18.3 

Protein Range Assayed 
(nM) 

Flow Rate (µL/min) Injection (min) 

FVa 0-60 8-12 15-25 
FV 0-200 8-12 15-25 

Heavy Chain 0-400 20 25 
Light Chain 0-300 8 20-37 

 

Coagulometer Assays 

The effects of the aptamers on an activated partial thromboplastin time (aPTT) 

and prothrombin time (PT) assays were determined using a STart4 coagulometer 

(Diagnostica Stago, Asnières sur Seine Cedex, France). Aptamers were denatured and 

re-folded in HBS with CaCl2 by incubation at 95°C for 3 minutes then cooling to room 

temperature for 3 minutes. For the aPTT, 50 µL of pooled normal human platelet poor 
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plasma (PPP) (George King Biomedical, Overland Parks, KS) was incubated with 5 µL of 

aptamer(s) for 5 minutes at 37°C, then 50 µL of aPTT-XL reagent (Pacific Hemostatics) 

was added and incubated for another 5 minutes at 37°C. Clotting was initiated by 50 µL 

of 0.025 M CaCl2 and the time to clot formation was recorded. For the PT, 50 µL of 

pooled normal human PPP was incubated with 5 µL of aptamer for 5 minutes at 37°C 

before 100 µL of TriniClot PT Excel reagent was added to initiate clotting. When reversal 

of 11HMT and T18.3 was assayed in an aPTT, a third 5-minute incubation with 5 µL of 

protamine sulfate was performed prior to initiation of clotting with CaCl2. The 

protamine sulfate was serially diluted in HBS with CaCl2 and added in 5 µL to the assay 

to achieve the designated µg amount indicated on the X axis. 

Species cross reactivity for T18.3 and 11HMT was determined using an aPTT 

assay. Pooled, mixed gender, platelet-poor animal plasmas (Biochemed) were incubated 

with 2.5 µM (final concentration) of functional and mutant aptamer for 5 min at 37°C, 

followed by addition of 50 µL of aPTT-XL reagent and incubated for an additional 5 min 

at 37°C. The addition of 50 µL of 0.025 M CaCl2 initiated clotting. Clot times for the 

functional and mutant aptamers were plotted with the baseline clot times for each 

species. Species tested for aptamer cross reactivity included common laboratory model 

species, as well as non-human primates. 
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Thromboelastography 

 Freshly drawn human blood from healthy volunteers was obtained following an 

approved IRB protocol. Blood was collected into 3.2% sodium citrate tubes and kept at 

room temperature for use in whole blood thromboelastography (TEG) assays with a 

TEG 5000 (Haemonetics, Braintree, MA). Aptamers were diluted in HBS with CaCl2 and 

denatured and refolded at 95°C for three minutes followed by cooling to room 

temperature for three minutes. Clotting was stimulated in TEG assays using 10 µL of 

citrated kaolin (Haemonetics, Braintree, MA) from the 40 µL aliquots available from 

Haemonetics. Because the kaolin was a suspension, not in solution, when more than 

four assays were being run, 40 µL kaolin aliquots were combined and vortexed to ensure 

even distribution of activator within the suspension and to reduce variability between 

experiments. Prior to the addition of the blood solution, 20 µL of CaCl2 was added to the 

TEG cup to ensure thorough mixing upon addition of the blood. Addition of 340 µL 

blood solution, containing 320 µL of blood with 10 µL of aptamer and 10 µL of citrated 

kaolin, to the 20 µL of CaCl2 brought the assay to the correct volume and final 

concentrations. Prior to running any experimental assays, normal blood clot formation 

was validated by following a tracing of blood with of HBS with CaCl2 for 20-30 minutes, 

with particular emphasis placed on the lag time being in the normal range of 2-8 

minutes. Experimental assay tracings were followed for 15 to 180 minutes after 

validation of normal blood clot tracing in the presence of HBS with CaCl2. Parameters of 
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interest include R, lag time before clot formation, α, the angle indicating the rate of clot 

formation, and MA, the maximum amplitude, which is a surrogate for clot strength. 

 Thromboelastography was also performed on platelet-rich and platelet-poor 

plasma samples with slight modification. When running platelet-rich samples, the 

number of platelets/µL must be normalized to 150,000 platelets/µL by dilution with PPP 

generated from the same individual. The 20 µL of CaCl2 was added to the cup prior to 

the addition of 340 µL of a solution containing 20 µL kaolin, 10 µL aptamer, and 310 µL 

of PRP or PPP, making the reaction volume the same as with whole blood. The 

parameters of interest remain the same, however, the MA parameter is greatly reduced 

in PPP due to the lack of platelets. 

 

Prothrombin Cleavage 

Reaction mixtures of 200 µL containing FVa, T18.3, 18.3Mut1, 11HMT, or 11Mut2 

at varying concentrations, 75:25 phosphatidylcholine and phosphatidylserine (PCPS) 

extruded vesicles, a prothrombin-like substrate, and FXa were incubated at 25°C. For 

reactions with Q271 prothrombin, the aptamers were pre-incubated with FVa and 

reaction buffer (20 mM Hepes, 150 mM NaCl, 0.1% w/v PEG 8000, 0.03% Tween 20, pH 

7.5) for 4 minutes at 25°C in a circulating water bath. Reactions were removed from the 

bath and PCPS vesicles and FXa were added and vortexed together. The t=0 timepoint 

was removed diluted into quench buffer (20 mM Hepes, 150 mM NaCl, 50 mM EDTA, 
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pH 7.5) in a 96 well flat-bottom plate. The reaction mixture was initiated with the 

addition of the Q271 prothrombin. For reactions with desGlaQ271 prothrombin, the 

same pre-incubation scheme of aptamer with FVa was followed. After incubation, PCPS 

vesicles and desGlaQ271 was added to the reaction mixture, vortexed, and the t=0 

timepoint removed to quench buffer. The reaction was initiated by the addition FXa. At 

30, 60, 90, 120, and 180 seconds aliquots of the reaction mixture was removed and mixed 

into quench buffer stop further cleavage of prothrombin. Quenched reactions were 

further diluted in quench buffer and immediately prior to scanning at 405 nm in a 

Gemini kinetic plate reader (Molecular Devices), the thrombin substrate, S2238 (Sigma 

Aldrich, St. Louis, MO), was added to the plate. Hydrolysis of this substrate generated a 

chromogenic substrate detectable at 405 nm. The rate of thrombin generation for each 

aptamer concentration was determined by use of a thrombin generation standard curve 

where S2238 was hydrolyzed by known amount of thrombin. 

For the Q271 prothrombin substrate, T18.3 and 11HMT were assayed at 14 

concentrations from 0 to 1000 nM. The mutant aptamers 18.3Mut1 and 11Mut2 were 

assayed in seven points over the same concentration range. For the desGlaQ271 

substrate, T18.3 was assayed in 14 points from 0 to 30 nM and 11HMT was assayed in 14 

points from 0 to 120 nM. The mutant aptamer for each functional aptamer was assayed 

in seven points over the same range as the functional aptamer. 
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Light Scattering 

 Membrane docking of modified FVa was assayed using light scattering was 

measured at 25°C with a PTI QuantaMaster fluorescence spectrophotometer (Photon 

Technology International, Birmingham, NJ). Vesicles were prepared by sonication to 

contain a ratio of 75:25 phosphatidylcholine and phosphatidylserine and quantitated 

using a phosphate assay. Quartz cuvettes with a 0.5 mL volume were washed with HCl 

and methanol, rinsed with milliQ water, and finally rinsed with 100% methanol before 

drying with canned air. The outsides of the cuvettes were polished with lint-free cloth. 

The scattering machine was calibrated with HBS with CaCl2 so the maximum scattering 

intensity did not exceed 7.75 units. The excitation wavelength was set to 2.0 nm and the 

excitation slit was 1.1 mm. The emission wavelength was set to 1.2 nm and the emission 

slit was 1.1 mm. Four cuvettes were utilized for the experimental set up: buffer + PCPS, 

buffer + 200 nM FVa + PCPS, buffer + 200 nM FVa + T18.3 + PCPS, and buffer + 200 nM 

FVa + 18.3Mut1 + PCPS. PCPS vesicles were added in 2.0 uM increments to each cuvette 

using a Hamilton syringe fitted with a repeat pipettor with the assay ranging from 0 to 

60 µM. Scattering intensity and errors for each data point were recorded. 

 

Fluorescent Anisotropy 

 Prothrombinase complex assembly was assayed using fluorescent anisotropy 

with Alexa-488 FXa at 25°C with a PTI QuantaMaster fluorescence spectrophotometer 
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(Photon Technology International, Birmingham, NJ). The machine settings were as 

follows for slit A: 1.4 mm, 0.93 mm, high volt at 850, gain at 10-3. Slit B was 1.5 nm, high 

volt at 790, gain at 10-1. All four 0.5 mL quartz cuvettes were utilized in the experimental 

set up with the following conditions: buffer (HBS with CaCl2) + PCPS, buffer + PCPS + 

FXa, buffer + PCPS + FXa + T18.3, buffer + PCPS + FXa + 18.3Mut1. The final 

concentrations for PCPS was 10 µM, 100 nM Alexa-488 FXa, 2.0 uM T18.3 or 18.3Mut1, 

and FVa was assayed from 0-200 nM. Scattering intensity and errors for each data point 

were recorded. 

 

2.3 Results 

2.3.1 SELEX Results & Lead Aptamer Selection 

Individual aptamer sequences from the FV and FVa selections were determined 

by DNA sequencing from rounds 8 and 9. For Round 9, 25 sequences from each selection 

were sent for sequencing. Only sequences which were verified by colony PCR as 

containing a DNA insert corresponding to the length of the round PCR product were 

sent for sequencing. For the FVa selection, 23 sequences were resolved well enough for 

alignment and comparison of their randomized regions. These 23 sequences clustered 

into two distinct families, where a family was defined as having no more than three 

nucleotides that differed between the sequences. Initial screening of aptamers yielded 
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zero functional sequences, which prompted re-testing of the Round RNA in a 

micronized silica stimulated aPTT (Figure 7). 

 

 Figure 7: aPTT Assay of Round RNA from FV and FVa Selections 

At this time, Round 8 RNA for the FV selection was also included; however, 

Round 8 RNA for the FVa selection was not included because there was not enough on 

hand. Interestingly, it was noted that the anticoagulant activity of Round 8 RNA from 

the FV selection was much stronger than that of Round 9 ( Figure 7). Given the large 

difference in activity between rounds, cloning out of Round 8 was initiated for the FV 

selection. For Round 8, 28 clones were sent out for sequencing and 20 of the resulting 

sequences were usable for sequence analysis. 

At this point, an error in the end of the 3’ fixed region was discovered where six 

nucleotides were mistakenly omitted from the sequence. Discovery of the mistake 

prompted retesting of all identified sequences to properly include these nucleotides. 

Rectification of this mistake yielded a variety of aptamers from both selections with 

anticoagulant activity. These candidates were screened for activity at a single 
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concentration in an aPTT and binding to both FV and FVa. Based upon performance in 

both of these assays, a single lead aptamer was chosen from each selection; for the FV 

selection the lead aptamer was designated FV R8c7 (Round 8 clone 7) and for the FVa 

selection the lead aptamer was designated FVa R9c11 (Round 9 clone 11) (Figure 8). 

 

Figure 8: Predicted mFold Structures of Full Length Aptamers. Left: FV R8c7. Right: 
FVa R9c11. 

 

2.3.2 Aptamer Truncation and Point Mutant Creation 

Aptamer Truncation 

Reduction of aptamer size to a shorter, functional length is an integral part of 

aptamer development. The identified lead sequences were 80 nucleotides in length 

because all sequences from the starting library are this length to allow for the generation 
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of complex shapes. However, portions of these sequences are dispensable without loss 

of the desired anticoagulant activity. The FVa R9c11 aptamer was reduced to 49 

nucleotides directly from the full length of 80 nucleotides (Table 1). A large portion of 

the aptamer was removed based upon predicted structure similarity to other 

anticoagulant aptamer. The 5’ portion of the predicted mFold structures looked very 

similar for several aptamers with anticoagulant activity (as seen in Figure 8). However, 

the randomized and 3’ fixed regions had different structures and each aptamer differed 

greatly in its ability to anticoagulate, suggesting the functional portion of the molecule 

lay in the regions that were structurally dissimilar. This suggested the 5’ portion was not 

contributing to the overall anticoagulant activity of the aptamer. Elimination of this part 

of the sequence yielded a much smaller aptamer with similar anticoagulant activity. The 

predicted structure of the truncated aptamer 11HMT can be seen in Figure 9. 

The truncation strategy utilized for FVa R9c11 was not possible with the FV R8c7 

aptamer because the attempt yielded an aptamer lacking anticoagulant activity. Because 

of this, truncation was attempted by reducing stem length in the parent aptamers, with 

particular emphasis placed on eliminated AU base pairs as they are less stable due to the 

presence of two hydrogen bonds versus the three present in GC pairs. Mismatched pair 

and bulge nucleotides were not eliminated in any potential truncates as these bases 

could have been important for the formation of the aptamer’s tertiary structure. 

Ultimately, none of these truncates had functional anticoagulant activity. 
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The next truncation strategy utilized antidotes to different portions of the parent 

aptamer FV R8c7. The antidotes were designed to bind overlapping regions of the 

parent sequence, preventing it from participating in the overall folded shape of the 

aptamer. Using this strategy, a portion of the 5’ region was identified as being 

dispensable for aptamer anticoagulant function. The partially truncated aptamer was 

named T18 and was 60 nucleotides in length. From this shorter truncate, the strategy 

was switched back to the elimination of AU base pairs. The T18.3 aptamer was 

designated as the final truncated aptamer generated from R8c7 and was 58 nucleotides 

in length and used for all further characterization studies (Table 1). The truncated 

aptamer structures as predicted by mFold can be seen in Figure 9. 

 

Figure 9: Truncated Lead Aptamers. Left: T18.3. Right: 11HMT 

 

Mutant Aptamer Generation 

Once the truncation process was finalized for each selection, mutant aptamers 

were generated to serve as aptamer-specific controls for further characterization. Two or 
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three mutant aptamers were created by transversion of three nucleotides in the looped 

regions of each aptamer. Mutation of loop nucleotides was selected as folding of these 

mutant sequences with mFold generated the same structure or a nearly identical 

structure as the functional aptamer. Comparison of the mFold structures of the 

functional and mutant aptamers from each selection can be seen in Figure 10 and Table 1 

contains the sequences of both the functional and mutated truncated aptamers, as well 

as the full-length parent aptamers.  

 

Figure 10: Comparison of mFold Structures of Functional versus Mutant Aptamers. 
Left: functional aptamers. Right: mutant aptamers. 

T18.3	

11HMT	

18.3Mut1	

11Mut2	
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2.3.3 Binding Affinities and Target Specificity 

Binding Affinity to FV and FVa 

 Binding affinities for 11HMT and T18.3 were obtained using two different assays: 

double-filter nitrocellulose binding for 11HMT and surface plasmon resonance (SPR) 

using T18.3. SPR is considered the gold standard for obtaining binding affinities and 

was only used for T18.3 because complete mechanism of action studies were performed 

for only this aptamer. However, the double-filter nitrocellulose binding assay does give 

a good approximation of the binding affinity of an aptamer for its target. 

 

Figure 11: Representative Binding Data of 11HMT Binding FV 

 Affinity of 11HMT to modified FV and FVa was obtained by screening over a 

concentration range of 0 to 500 nM for both proteins. In each binding assay, the affinity 

of 11HMT to each protein was performed in triplicate. Data from three experiments was 

compiled and analyzed using a one-site specific binding fit in GraphPad Prism 6 and is 

reported as KD ± SEM. The measured apparent KD of 11HMT to FV was 23.16 ± 2.716 nM 

and 0.8220 ± 0.3569 nM to FVa, indicating a high level of affinity of the aptamer for its 
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target. As seen in Figure 11, the limitations of this particular binding assay become 

apparent. The graphed points for the modified FV protein give the appearance of a two-

site binding event (a sigmoidal shape followed by another rise after the plateau). This is 

an artifact of the assay, likely caused by the partitioning step in the assay. While the 

protein and RNA interact in solution, they are portioned through a membrane sandwich 

and potentially adopt other conformations while on the membranes. Indeed, we have 

seen this same two-site binding pattern with other aptamers and their targets, however, 

we do not have any data suggesting the aptamers are binding in a two-site manner. 

 Additionally, in Figure 12, a poor Bmax (highest achieved percentage of RNA 

bound) is poor for FVa. While working with this protein, a fair amount of variability in 

the Bmax was attained across assays, however, reasons for this are unknown. Freeze-

thaw cycles were minimized for the protein and different lots of nitrocellulose and nylon 

were used over the course of the selections and assays screening affinity of full length 

clones, potential truncates, and this final truncate. Because the overall percentage of 

RNA bound is very low, it is likely that this apparent KD is more inaccurate, as 

evidenced by the greater standard error of the mean, because it is very difficult to 

generate a sigmoidal shape to be analyzed by the program. 
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Figure 12: Representative Binding Data of 11HMT Binding FVa 

 Affinity of T18.3 was assessed using the BiaCore 3000 and SPR rather than the 

nitrocellulose-based binding assay. In addition to measuring the affinity to FV and FVa, 

affinity towards the light and heavy chains of FV was assessed. The heavy and light 

chains were purified and provided by the Krishnaswamy lab and to allow for these 

experiments. The apparent KD for each protein was determined by flowing increasing 

concentrations of each protein over the aptamer on the chip. The RUs four seconds 

before the end of each protein injection was captured and converted to a ΔRU value 

using the buffer injection at the beginning of the experiment. The ΔRU value was 

graphed versus protein concentration to generate a rectangular hyperbola. This curve 

was fitted in Prism 6 to determine the apparent KD for each protein. Figure 13 shows the 

subtraction sensogram (top panel), the ΔRU versus protein concentration graph (lower 

left), and an abbreviated data analysis table generated by Prism 6. 
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Figure 13: Using SPR Data to Determine the Affinity of T18.3 for a Protein. Top: 
Subtraction sensogram from BiaCore 3000. Bottom left: ΔRU versus protein 

concentration rectangular hyperbola graph. Bottom right: Abbreviated data analysis 
table generated by Prism 6. 

The apparent KD of T18.3 for FV and FVa, as seen in Table 3, was quite good, 

with the affinity for FVa being approximately 6 nM and 10 nM for FV. T18.3 was able to 

bind the light chain of FV with a KD of approximately 5 nM, making it very similar to the 

affinities of FV and FVa. The affinity towards the heavy chain of the protein was 

significantly lower with the KD being somewhere between 60 and 100 nM, 

approximately an order of magnitude weaker than the affinity for all other FV-related 

proteins assayed. 
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Table 3. Binding Affinities of T18.3 for FV derivatives 

Protein Run KD (nM) Std Dev R Square 
FV 1 16.55 1.665 0.9872 

 2 10.00 0.9592 0.9875 
 3 8.213 1.12 0.9758 

FVa 1 6.222 0.4668 0.9918 
 2 5.408 0.4018 0.9918 
 3 5.115 0.3720 0.9921 

Heavy Chain 1 105.1 8.054 0.9958 
 2 59.46 5.909 0.9937 
 3 57.77 4.371 0.9960 

Light Chain 1 1.926 0.1596 0.9880 
 2 1.504 0.1560 0.9816 
 3 7.997 0.8176 0.9865 

 

Target Specificity 

 Unlike many of the other coagulation proteins, FV is not directly homologous to 

any other proteins that participate in hemostasis. FV does share domain arrangement 

homology with FVIII; both proteins are set up in the following fashion: A1-A2-B-A3-C1-

C2 [124]. However, these two genes did not arise from a gene duplication event, 

indicating the homology between the two proteins is restricted to their domain 

arrangement [125]. Because only T18.3 was taken forward for complete characterization 

of the mechanism of anticoagulation, only this aptamer and mutant were screened for 

interaction with FVIII. Other work I performed indicated that the FVIII protein exhibits a 

high affinity towards all types of RNA. Because of this observation, affinity of T18.3, 

18.3Mut1, and Sel2 (the starting library for this aptamer) was assessed using 

nitrocellulose-based binding assays. Radiolabeled T18.3, 18.3Mut1, and Sel2 were 
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assessed for binding to FVIII over a protein range of 0-250 nM. All RNAs were able to 

bind to FVIII as seen in Figure 14. The Sel2 RNA was included as an important control in 

this experiment; both T18.3 and 18.3Mut1 bound to FVIII with an apparent KD within 3.0 

nM of Sel2. This indicated that the binding of both T18.3 and 18.3Mut1 was not 

productive. 

 

Figure 14: Representative Binding Data of T18.3, 18.3Mut1, and Sel2 Binding FVIII 

Because the FV aptamers bound in a similar fashion as the starting library, we 

concluded that their binding is merely a function of the sticky nature of FVIII rather than 

specific binding resulting in inhibitory activity. Though Figure 14 shows non-specific 

binding of T18.3, as well as two other aptamers, to FVIII, we are confident that it is 

specific only to FV and FVa based upon our experience with the specificity of the other 

aptamers generated by our lab. Indeed, it is my thought that all our coagulation 

aptamers would exhibit similar binding affinities to FVIII if screened. 

 The other protein screened in the aptamer specificity process was FXa. Because 

FXa and FVa form the prothrombinase complex, questions about the ability of the FV 
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aptamers to interact FXa are raised. T18.3, 18.3Mut1, and Sel2 were screened for binding 

to human FXa from 0-1000 nM (Figure 15). None of the three RNAs were able to bind to 

FXa at even the highest concentration testing, indicating that T18.3 binding was specific 

to the FV and FVa proteins and that FXa did not exhibit the “stickiness” that was 

characteristic of FVIII. 

 

Figure 15: T18.3, 18.3Mut1, and Sel2 Binding to FXa 

Aptamer Competition 

 Using the truncated aptamers binding site location was assessed using a 

competition nitrocellulose-binding assay. Both T18.3 and 11HMT were radiolabeled 

with 32P as described for the other nitrocellulose binding assays. FV protein 

concentration was fixed at the binding affinity of each aptamer for FV (15 nM for T18.3 

and 20 nM for 11HMT). Cold RNA was serially diluted starting at a 64-fold excess of 

cold RNA down to 1/64th the binding affinity concentration. Cold 11HMT was able to 

compete with hot T18.3 for binding to FV. Additionally, the reciprocal is also true. Cold 

T18.3 was able to compete with hot 11HMT for binding to FV (Figure 16). Competition 
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for binding between the two aptamers indicates their binding epitopes on FV are 

identical or share significant overlap. 

 

Figure 16: Competition of T18.3 and 11HMT for Binding to FV. A. Cold 11HMT 
competition with hot T18.3. B. Cold T18.3 competition with hot 11HMT. 

 

2.3.4 Plasma-Based Coagulation Assays 

Because FV is located in the common pathway of coagulation, both the aPTT and 

PT assays were used to assess the ability of each aptamer to extend clotting time beyond 

normal. Using an ellagic acid stimulator in the aPTT, both aptamers were able to dose-

dependently increase clotting time relative to their mutant (Figure 17). The FV deficient 

donor utilized by George King Biomedical has an aPTT clot time that ranges from 90-120 

seconds. Both aptamers were able to achieve this level of anticoagulation, however 

higher concentrations of 11HMT were necessary to reach this range. The slightly 

increased clot time observed for both mutants was a result of the non-specific 

anticoagulant effect of a large amount of RNA and not a result of any anticoagulant 

effect of the mutant aptamers themselves. By normalizing the clot time extension to fold 
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over mutant activity, it was possible to observe a leveling off of aptamer activity (Figure 

17, B and D). 

 

Figure 17: Ellagic Acid Stimulated aPTT Titration of T18.3 and 11HMT. A. T18.3 
versus 18.3Mut1 titration curve. B. T18.3 fold increase in clot time over mutant. C. 

11HMT versus 11Mut2 titration curve. D. 11HMT fold increase over mutant. 

In the PT assay, like in the aPTT, both aptamers dose-dependently increased 

clotting time, but in a less robust manner. The maximum achievable increase over 

mutant activity was two-fold, rather than the four-fold increase observed in the aPTT 

(Figure 18). This observation likely stemmed from the difference in pathway activation; 

the PT is stimulated with tissue factor derived from rabbit brain and is much stronger 

than the stimulus in the aPTT. This is demonstrated by the differences in normal clotting 

time; 10-12 seconds for the PT and 28-34 seconds for the aPTT. While the effect was not 
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as dramatic in the PT, both functional aptamers showed an increase in clotting time 

relative to their mutants. 

 

Figure 18: Prothrombin Time Titration of T18.3 and 11HMT. A. T18.3 versus 18.3Mut1 
dose titration. B. T18.3 fold increase in clot time over mutant. C. 11HMT versus 11Mut2 

dose titration. D. 11HMT fold increase in clot time over mutant. 

 The most common mutation in the FV protein results in the thrombophilic 

condition known as FV Leiden. Using platelet poor plasma from a donor with the FV 

Leiden mutation, T18.3 and 11HMT were assayed for the ability to extend clot time 

relative to their point mutants. Both aptamers were able to bind the FV Leiden plasma 

and extend the clot time in a dose dependent manner (Figure 19). This indicates either 

aptamer would be functional in patients with this mutation and would be appropriate 

for use in all patients. 
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Figure 19: Ellagic Acid Stimulated aPTT with Congenital FV Leiden Plasma. 

 

2.3.5 Whole Blood and Plasma Thromboelastography 

While both aptamers had strong anticoagulant activity in plasma-based 

coagulometer assays, platelet-poor plasma lacks an important part of the hemostatic 

system: platelets. This is particularly important when characterizing these FV/FVa 

targeting aptamers because platelets are another source of FV. Whole blood 

thromboelastography assays (TEGs) allows for assaying aptamer activity against both 

sources of FV. 
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Figure 20: Whole Blood Thromboelastography with T18.3 and 11HMT. A and B. buffer 
control. C. T18.3 at 300 nM. D. 18.3Mut1 at 300 nM. E. T18.3 at 1.0 µM. F. 18.3Mut1 at 1.0 
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µM. G. 11HMT at 300 nM. H. 11Mut2 at 300 nM. I. 11HMT at 1.0 µM. J. 11Mut2 at 1.0 
µM 

The first dose of each aptamer and mutant tested was 300 nM; this dose was 

selected because it was ten-fold higher than the circulating concentration of FV and 

should inhibit nearly all of the FV and FVa present in the whole blood. Surprisingly, 

neither aptamer had any effect on the lag time (time to clot formation, normal lag time = 

2-8 minutes) relative to the mutant aptamers or the buffer control (Figure 20, panels A-

D, G, and H). Using blood from the same donor, the dose was then increased to 1.0 µM, 

thirty-fold higher than the circulating concentration of FV. Again, there was no 

difference in lag time relative to the mutant aptamers (Figure 20, panels E, F, I, and J). To 

ensure this was a true observation and not a donor specific effect, the same experiment 

was performed using another blood donor. This experiment confirmed that neither 300 

nM nor 1.0 µM of either aptamer was able to extend the lag time (data not shown). This 

observation potentially suggested that the aptamers were unable to bind to platelet-

derived FV, so TEG experiments with both platelet-rich and platelet-poor plasma were 

carried out. 

In platelet-poor plasma, T18.3 at 1.0 µM was able to increase the lag time to 14.8 

minutes, which was outside the normal range and approximately two-fold longer than 

the buffer control and mutant lag times (Figure 21, panels A, C, and E). In platelet-rich 

plasma, the same amount of T18.3 increased the lag time to 12.2 minutes, which was just 
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slightly outside the normal range and was just less than a two-fold increase relative to 

mutant and buffer controls (Figure 21B, D, and F).  

 

Figure 21: PPP and PRP TEG Tracings with 1.0 µM T18.3. A. PPP buffer control. B. PRP 
buffer control. C. PPP with 1.0 µM T18.3. D. PRP with 1.0 µM T18.3. E. PPP with 1.0 µM 

18.3Mut1. F. PRP with 1.0 µM 18.3Mut1. 

Using the same platelet-rich and platelet-poor plasma, a single dose (0.5 µM) 

aPTT assay was run to compare clotting times. Clot time extension was in good 

agreement with the same dose of T18.3 in pooled platelet-poor plasma and the values 

obtained from the platelet-rich and platelet-poor plasmas were within a few seconds of 

A.	 B.	

C.	 D.	

E.	 F.	
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each other (Figure 22). The data obtained from the plasma-based TEG experiments and 

the aPTT experiment indicated that T18.3 was able to anticoagulate platelet-derived FV. 

However, this did not explain the lack of lag time extension observed when whole blood 

was used. 

 

Figure 22: T18.3 Anticoagulation of PPP and PRP in an aPTT. T18.3 and 18.3Mut1 at 0.5 
µM in PPP and PRP. Projected clot time estimated from titration curve of T18.3. 

To see if the differences between functional and mutant aptamer could be 

distinguished better by reducing the amount of clot stimulating agent, the kaolin 

activator was diluted to 75% strength and the PPP and PRP TEGs were repeated. This 

dilution pushed the buffer control lag time 0.2 minutes outside the normal range (8.2 

minutes), but the difference in lag time for PPP and PRP were essentially the same as the 

experiment with full strength activator (data not shown). Again, an aPTT was run at a 

single concentration in both PPP and PRP to compare anticoagulant ability, and the 
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results were the same as the previous experiment with no observable difference in 

aptamer functionality between the two types of plasma (data not shown). 

One final whole blood thromboelastography experiment was attempted and 

included a five minute incubation of the aptamer with whole blood at 37°C, prior to the 

addition of kaolin activator and CaCl2. T18.3 was tested at 1.0 and 2.5 µM to see if a 

further increase in concentration would have any effect on the lag time. The lag time of 

the 1.0 and 2.5 µM doses were 14.0 and 14.4 minutes, respectively, compared to 6.6 and 

5.8 minute lag times of the mutant aptamer at the respective doses. Given the inability of 

T18.3 to extend beyond the 11-14 minute lag time threshold, it appeared that the 

aptamer was unable to inhibit all of the FV and FVa present in the sample. Using a 

combination of FV deficient and pooled normal plasma, 100%, 99%, and 95% FV 

deficient plasma samples were prepared and tested in a TEG. Surprisingly, both the 

100% and 99% FV deficient assays were unable to clot during the entire 180 minute 

experiment (data not shown). The 95% FV deficient assay had a lag time of 17.8 minutes, 

very close to the previously observed maximum lag time extension achieved by the 

aptamers in whole blood. This data suggested that a minimum of 95% of the available 

FV/FVa needed to be bound by the aptamer in order to achieve even a modest increase 

in the lag time of this assay. However, given that the 2.5 µM dose had a lag time that 

was only 0.4 minutes longer than the 1.0 µM dose, this suggested that incrementally 

higher doses of the aptamer could only negligibly increase the lag time and a dose 
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grossly higher would be needed to achieve greater than 95% inhibition. Because the dose 

required to show an extension of lag time would be prohibitively and unreasonably 

high, this particular assay was not pursued further as a tool to demonstrate the 

anticoagulant effect of T18.3 and 11HMT. 

 

2.3.6 Aptamer Reversal 

A major benefit of the aptamer class of therapeutics is the ability to reverse their 

functional activity. One method of reversal takes advantage of their RNA composition; 

oligonucleotide antidotes can be designed based upon the aptamer’s sequence and bind 

the aptamer through Watson-Crick base-pairing [115]. For T18.3 and 11HMT, antidotes 

were designed to run the length of the aptamer with a new antidote starting five 

nucleotides closer to the 3’ end than the previous antidote. All antidotes were 18 

nucleotides long, which has been shown to be long enough to abrogate aptamer function 

without potentially forming a stable structure on its own. Antidote functionality was 

assayed using an ellagic acid stimulated aPTT by adding a third incubation step prior to 

the initiation of clotting. Antidotes were screened at a three-fold excess relative to the 

aptamer concentration. Interestingly, none of the oligonucleotide antidotes were able to 

reverse the anticoagulant activity of the T18.3 aptamer (data not shown). To ensure the 

antidotes had the ability to reverse the aptamer, the aptamer and antidote were melted 

together by heating to 95°C for 3 minutes and allowed to cool to ambient temperature 
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for 3 minutes. When melted together, all antidotes were able to fully reverse the activity 

of T18.3 (data not shown). When the aptamer and antidote were melted and folded 

separately, but allowed to pre-incubate at room temperature prior to addition to the 

plasma, only some were able to partially reverse aptamer activity, while others were 

completely unable to reverse aptamer function (data not shown). This indicated that the 

inability of antidotes to reverse the aptamer once it bound to FV and FVa was likely due 

to a combination of the aptamer’s tertiary structure and the affinity of the aptamer for its 

target. 

The 11HMT aptamer was screened for an antidote using the same overlapping 

strategy as T18.3. The screen revealed one antidote that was able to partially abrogate 

the aptamer’s function. Increasing the antidote to aptamer ratio did not result in more 

complete reversal of the aptamer’s activity. The inability to reverse either aptamer with 

the oligonucleotide strategy was a new observation for our lab. All previous aptamers 

the lab has developed were able to be reversed using this particular method. The lack of 

success with this method could be attributed to two factors: the aptamer’s tertiary 

structure, or the antidote could not access the aptamer due to complex binding 

interactions between the aptamer and the cofactor. 

Despite the fact that the oligonucleotide antidotes were unsuccessful, our lab has 

also described another method for aptamer reversal that takes advantage of the overall 

negative charge of the aptamer. This strategy was termed a “universal antidote” because 
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these antidotes worked on any aptamer sequence, rather than being sequence specific 

and involves using a cationic polymer [117]. A commonly administered drug that is a 

cationic protein is protamine sulfate, which is used as a reversal agent for heparin 

anticoagulation. This protein was screened for use as a universal antidote for both 

aptamers because it is already used in patients. Using the protamine sulfate, the 

anticoagulant activity both aptamers was reversed (Figure 23).  

 

Figure 23: Protamine Sulfate Reversal of T18.3 and 11HMT. Left: T18.3 versus 
18.3Mut1 reversal. Right: 11HMT versus 11Mut2 reversal. 

Reversal was graphed in a µg to µg amount of protamine sulfate to aptamer 

because protamine sulfate is somewhat size dispersed making molarity calculations 

inaccurate. Somewhat unsurprisingly, it took more than 1 µg of protamine sulfate to 

reverse 1 µg of aptamer because protamine sulfate is approximately 5 kDa, whereas the 

aptamers are approximately 19 kDa (T18.3) and 16 kDa (11HMT). Ultimately, aptamer 

activity could be completely reversed at higher ratios of protamine sulfate to aptamer 

and anticoagulant activity of the aptamers could be “tuned” by addition of less 

protamine sulfate. The protamine sulfate was also observed to slightly shorten the clot 
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time when added in increasing amounts to the mutant aptamers. However, the slight 

reduction in clot time was small enough that it would not be cause for concern in a 

patient. 

 

2.3.7 Cross Reactivity with Other Species 

Both T18.3 and 11HMT were generated using modified forms of human FV and 

FVa. However in order to move the aptamers forward as potential anticoagulants, we 

must determine which preclinical animal models are compatible with the aptamers. 

Based on previous experience in the lab, cross-reactivity of a specific aptamer with the 

target protein from another species cannot be predicted with protein homology. To 

determine if the aptamers could bind to the FV/FVa of any other species, we utilized the 

ellagic acid-stimulated aPTT using a much higher dose of aptamer than generally used 

in human plasma. This increased dose would allow us to observe even modest cross-

reactivity in another species, which is influenced by affinity to the alternate protein and 

any differences in plasma concentration relative to human plasma. Pooled mixed gender 

plasmas from various species were used in this assay to best mimic the pooled normal 

human plasma used in the aPTT and PT assays. Figure 24 shows the results of the cross-

reactivity panels for each aptamer. Interestingly, the cross-reactivity was not identical 

for T18.3 and 11HMT. The biggest difference in cross-reactivity of the two aptamers was 

with rabbit plasma. T18.3 showed very strong anticoagulation of rabbit plasma at 2.5 µM 
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with a clot time of approximately 160 seconds, which was nearly indistinguishable from 

the anticoagulation level achieved in human plasma at the same concentration. 

However, 11HMT was only able to extend the clot time to approximately 50 seconds, 

only ten seconds longer than the mutant aptamer at the same concentration. 

Additionally, T18.3 worked better in canine plasma, extending clot time to 

approximately 75 seconds versus approximately 40 seconds for 11HMT. In murine 

plasma, 11HMT was the superior anticoagulant over T18.3, achieving a clot of time 

approximately 100 seconds versus 75 seconds, respectively. The mutant aptamers 

extended clotting time to approximately 43 seconds. These differences could be 

explained by the slightly different sizes of each aptamer (58 versus 49 nucleotides). 

Given their different sizes and likely different tertiary structures, it is possible that the 

aptamers bury slightly different surfaces on the FV and FVa proteins. The area buried by 

T18.3 made it a better anticoagulant to the rabbit forms of the protein, whereas 11HMT 

was more successful with murine FV and FVa. Both aptamers showed good activity in 

rhesus plasma, moderate activity in rat plasma, and neither aptamer worked in swine 

plasma. This cross-reactivity information allows us to select appropriate models for any 

animal studies that may be undertaken. 
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Figure 24: Cross Reactivity of T18.3 and 11HMT with Animal Plasmas. Top: T18.3. 
Bottom: 11HMT. Colors represent the same species in both graphs. 
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2.3.8 Mechanism of Action Studies 

All of these experiments were performed in Dr. Sriram Krishnaswamy’s 

laboratory at the University of Pennsylvania. I traveled to Penn to work in his lab on two 

separate occasions, for six weeks in the summer of 2014 and for three and a half weeks in 

October and November 2015. I performed all of the experiments unless otherwise noted.  

2.3.8.1 Generation of Meizothrombin in a Purified System 

Inhibition of FV and FVa function should result in an overall reduction in 

thrombin generation by the prothrombinase complex. Using a thrombin chromogenic 

substrate that is cleavable by (an α-thrombin precursor), we were able to assess the 

amount of thrombin generated by the prothrombinase complex in the presence of T18.3 

and 11HMT. We utilized prothrombin variants that could generate only meizothrombin, 

rather than wild-type prothrombin, to eliminate having α-thrombin and meizothrombin 

present in the assay with the ability to hydrolyze the thrombin chromogenic substrate, 

S2238. 

The first prothrombin variant tested was a Q271 prothrombin, where the 

arginine at position 271 was mutated to a glutamine so cleavage could only occur at the 

arginine 320. This prothrombin variant was membrane dependent similar to wild-type 

prothrombin and needs to be membrane-bound in order to be cleaved by the 

prothrombinase complex. Using a purified protein system containing HBS with 5 mM 

CaCl2, FVa, either T18.3 or 11HMT, phospholipid surfaces, the Q271 variant, and 
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initiated with FXa, meizothrombin generation was measured over a range of aptamer 

concentrations, 0-1000 nM. Both aptamers showed a marked decrease in the rate of 

thrombin generation as the aptamer concentration increased (Figure 25).  

 

Figure 25: Rate of Thrombin Generation from Q271 Prothrombin Substrate. Left: T18.3 
and 18.3Mut1. Right: 11HMT and 11Mut2. 

Neither mutant aptamer was able to significantly reduce meizothrombin 

generation over the same concentration range (Figure 25). Additionally, the presence of 

the aptamers did not alter the hydrolysis of the chromogenic substrate by 

meizothrombin, suggesting the reduction in meizothrombin generation was a result of 

FVa inactivity rather than a disruption of chromogenic substrate cleavage (data not 

shown). The overall reduction in the rate of meizothrombin generation was more 

pronounced with the T18.3 aptamer than the 11HMT aptamer, indicating that T18.3 had 

better inhibitory effects on FVa. 

A second prothrombin variant was also used to screen for meizothrombin 

generation: a desGlaQ271. This prothrombin variant carried the same arginine to 

glutamine mutation as the previous variant, but lacked the membrane docking 
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dependence due to the removal of the Gla-domain. Again, both aptamers were able to 

reduce meizothrombin generation with T18.3 showing superior inhibitory activity 

(Figure 26). T18.3 was able to greatly reduce meizothrombin generation over the 0-40 

nM range, whereas 11HMT had to be screened over a range from 1-120 nM to achieve 

the same level of inhibition (Figure 26). It was verified that the aptamer did not alter the 

ability of this prothrombin variant to cleave the chromogenic substrate and no 

alterations in hydrolysis were observed (data not shown). Computer modeling 

performed by Dr. Krishnaswamy suggested the aptamers may have been functioning as 

competitive inhibitors of prothrombin binding to FVa. This modeling data was utilized 

to direct later experiments to determine the mechanism of action. 

 

Figure 26: Rate of Thrombin Generation from desGla Q271 Prothrombin Substrate. 
Left: T18.3 and 18.3Mut1. Right: 11HMT and 11Mut2. 

2.3.8.2 Prothrombinase Complex Assembly FRET Studies 

Prothrombinase complex assembly with its substrate prothrombin can be 

assayed using fluorescent resonance energy transfer (FRET) with specifically labeled 



 

 100 

proteins. The experiments described in this section (2.3.8.2) were performed by Dr. 

Shekhar Kumar, a postdoctoral fellow in Dr. Krishnaswamy’s laboratory. 

The first pair of labeled proteins included Alexa488-FXa in the FXa active site as 

the donor, and prothrombin with an Alexa532 on the 271 cleavage site that was attached 

by mutating the arginine to a cysteine. If the complex did not assemble, or the donor 

was not able to interact with prothrombin in its usual manner, transfer between the 

fluorophores would be lost. When either 2.5 or 4.5 µM of the T18.3 aptamer was added 

to the system, there was no change in the percentage of emission (buffer = 62.0%, 2.5 µM 

T18.3 = 65.4%, and 4.5 µM T18.3 = 64.9%). As a negative control, 10 mM EDTA was 

added and the emission percentage dropped to 3.95% as was expected since FVa, FXa, 

and prothrombin all require Ca++ to fold correctly. 

The second FRET pair of proteins assayed was FVa with Alexa488 on the 539 

residue paired with the Alexa532 prothrombin. This pair of proteins directly probed the 

interaction between prothrombin and FVa. When 2.5 µM T18.3 was added to this FRET 

pair, no changes in emission percentage were observed relative to the buffer control 

(17.5% with T18.3, 16.3% with buffer). This indicated FVa was still able to interact with 

prothrombin and disproved the earlier hypothesis about the aptamer blocking the FVa-

prothrombin interaction as the mechanism of action. 
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2.3.8.3 Membrane Docking of FVa 

While showing a reduction in the generation of thrombin and its precursors was 

important, it did not give any indication of the aptamers mechanism of inhibition. 

Because T18.3 was the more potent inhibitor of the two aptamers that were developed, 

further mechanistic studies were carried out with only this aptamer and its 

corresponding mutant. One of the potential mechanisms of this aptamer was blocking 

the interaction of FVa with membrane surfaces. Human FVa requires docking to 

membranes in order to assemble into the prothrombinase complex (FXa and FVa dock 

separately and then come together to form the complex) [179]. Without membrane 

docking of FVa, complex assembly does not occur. Using a light scattering assay, the 

ability of T18.3 to abrogate FVa membrane binding was probed. As seen in Figure 27, in 

the presence of T18.3, FVa showed delayed and reduced binding to phospholipid 

surfaces as the concentration of membranes was increased. In contrast, the mutant 

aptamer did not alter membrane binding of FVa and that curve was superimposable on 

the buffer control curve (Figure 27). Screening of the full-length parent aptamer, FV 

R8c7, at 2.0 µM showed a robust ability to inhibit the interaction of FVa with 

phospholipid surfaces, indicating the potency of the aptamer was not significantly 

reduced during the truncation process and the mechanism of action appeared to remain 

the same (data not shown). Given the robust ability of T18.3 to block the FVa-membrane 
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interaction, this was identified as the primary mechanism through which T18.3 derived 

its anticoagulant activity. 

 

Figure 27: Light Scattering of FVa Docking to PCPS Vesicles 

2.3.8.4 Prothrombinase Complex Assembly 

Because T18.3 strongly prevented FVa from interacting with phospholipid 

surfaces, a consequence of this would be abrogation of prothrombinase complex 

assembly. Unlike the FRET experiments discussed above, fluorescence anisotropy was 

used to interrogate complex assembly. The only fluorescently labeled protein in this set 

up was FXa, tagged with Alexa488. During assay optimization, we discovered that the 

aptamer interacted with the Oregon Green label on the OG488-FXa and prevented the 

fluorophore from responding to complex assembly. However, the Alexa488-FXa 

emission was not altered by the aptamer making it suitable for use in this assay. 

In this assay, FXa, phospholipid surfaces, and T18.3 or 18.3Mut1 were added to 

the cuvette and allowed to interact. Increasing amounts of FVa preincubated with 

buffer, T18.3, or 18.3Mut1 was added to each cuvette and changes the anisotropy 

readings were recorded. Because such a small volume of FVa was being added, the 
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overall concentration of aptamer in the cuvette changed negligibly over the course of the 

experiment. FVa concentrations assayed from 0-200 nM protein. The presence of T18.3 

delayed complex assembly and reduced the overall amount of complex that was able to 

assemble, while 18.3Mut1 and buffer did not alter complex assembly (Figure 28 and data 

not shown). This result confirmed that by blocking the membrane interaction of FVa, 

T18.3 disrupts prothrombinase complex assembly. 

 

Figure 28: Fluorescent Anisotropy of Prothrombinase Complex Assembly in the 
Presence of 2.0 µM of T18.3 and 18.3Mut1 

 

2.4 Discussion  

The results show that it is possible to develop an anticoagulant aptamer targeting 

coagulation cascade cofactor FV/FVa. The mechanism of the T18.3 aptamer is derived 

from its ability to abrogate FVa docking to membrane surfaces and, consequently, 

disrupt prothrombinase complex assembly. However, this aptamer can be controlled by 

administration of protamine sulfate, making it a directly reversible anticoagulant. 
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The observed mechanism of anticoagulation for T18.3 matches with the binding 

data obtained by SPR. The C1 and C2 domains have been shown to be involved in 

membrane-docking of FVa and are localized to the light chain of the protein [180-182]. 

The high affinity of the aptamer for the light chain, in addition to the light scattering 

data, suggest this is the primary region of interaction between the aptamer and protein. 

The presence of several exposed hydrophobic residues in this domain would support 

aptamer development to this region [182]. Aptamers can interact with proteins through 

pi-stacking interactions between side chains and the nucleotides [112]. The tryptophan 

residues at 2063 and 2064, tyrosine 1956, and leucine 1957 would support such 

interactions [182, 183]. Additionally, the A3 domain from the light chain has been 

implicated in membrane binding [184]. It is possible that T18.3 is primarily binding to 

the C domains of the protein with a small portion interacting with this domain as well. 

Without a crystal structure of T18.3 bound to FVa the exact sites of interaction remain 

unknown. 

The T18.3 aptamer mimics the type I deficiency present in most patients with 

parahemophilia. These patients suffer from a reduction in the total amount of FV 

present, rather than a functional defect in the protein [151]. Aptamer binding to FV and 

FVa results in a reduction in the amount of protein able to participate in prothrombinase 

complex assembly and, ultimately, thrombin generation. The degree of anticoagulation 

observed in plasma-based clotting assays is controlled by the amount of T18.3 
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administered and is highly reproducible between pooled plasma samples. While 

experiments with the FV/FVa targeting aptamers were unsuccessful in whole blood, this 

is likely due to a combination of the stimulating agent and the percentage of FV/FVa that 

must be inhibited. The need for such a high percentage of inhibition is likely caused by 

the fact that FV is a coagulation cofactor, and not an enzyme. Relatively small amount of 

FVa allow for prothrombinase assembly and nearly normal hemostasis.  

The patient first described by Dr. Orwen where FV was first identified has been 

identified as having a mutation in the C2 domain of the FV protein [157]. Insertion of 

this mutation into the membrane-dependent FV from Pseudonaja textilis shows a 

membrane-binding defect (unpublished data). Additionally, acquired inhibitors to FV 

have also been described targeting this region of the protein [176]. These studies 

highlight the absolute importance of the C domains for proper protein function and 

ultimately, proper maintenance of hemostasis. 

Given that acquired inhibitors and natural mutations develop in this region, with 

observable bleeding phenotypes, indicates targeting of this portion results in productive 

anticoagulation. A therapeutic that binds to this particular region would also be a useful 

anticoagulant provided its level of anticoagulation varied little between patients. 

Because very little FVa is needed for prothrombinase assembly coupled with the high 

affinity of FVa for phosphatidylserine, this may be a safer class of therapeutic that takes 

advantage of the properties associated with cofactor function. While the aptamer’s 
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effects can be directly reversed, at the site of injury, some FVa may preferentially bind to 

phosphotidylserine-containing membranes rather than the aptamer, and maintain 

hemostasis without the need for reversal. This anticoagulant may be of particular use in 

patients with homozygous or heterozygous FV Leiden mutations who would benefit 

from safe, low-level anticoagulation. Management of patients with FV Leiden includes 

chronic anticoagulation, however none of the currently used anticoagulant actually 

target the protein that is mutated because no drugs exist that inhibit FV/FVa. An 

anticoagulant that is able to reduce the overall number of FVa molecules that can create 

a functional complex could reduce their risk of thrombotic morbidities. An aptamer 

targeting FVa activity may also be useful in acute anticoagulation with patients who 

have any form of thrombophilia need additional anticoagulation to reduce the risk of 

thrombosis. Further studies of the T18.3 aptamer would be necessary to determine its 

ability to work as an anticoagulant in vivo in both chronic and acute settings, and to 

determine if direct reversal of its activity would be needed. Additional studies may also 

reveal why the oligonucleotide antidote strategy was unable to reverse the activity of 

either aptamer. 
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3. Development of a Bivalent Aptamer 

3.1 Introduction 

Maintenance of the hemostatic system is a highly regulated process involving the 

coordination of coagulation proteases and platelets, which results in the generation of a 

fibrin clot in response to tissue injury or prothrombotic stimuli [4-6]. When 

inappropriately activated, this response can lead to morbidities, such as deep vein 

thrombosis, stroke, and pulmonary embolism. Clinical use of anticoagulants in both 

chronic and acute settings can dampen the activation of the coagulation cascade to 

prevent fibrin clot formation. All anticoagulants carry an inherent bleeding risk and few 

can be rapidly and reliably reversed in the event of hemorrhage. Some clinical settings, 

such as surgery, require robust anticoagulants that mandate inhibition of multiple 

coagulation enzymes. Unfractionated heparin (UFH) is able to target multiple enzymes, 

however, there are several drawbacks to using it, including the non-linear relationship 

between dosing and anticoagulant effect and risk of bleeding [30]. Development of 

newer therapeutics in these clinical settings may require combining two or more target-

specific anticoagulants. Quick, easy, and reliable reversal of anticoagulant agents 

represents a clinically unmet need. The only directly neutralizable clinical anticoagulant 

is UFH; however, in addition to heparin side effects, antidote reversal with protamine 

sulfate has many side effects including hypotension, vasodilation, and cardiac 
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dysfunction [28]. An anticoagulant that is potent, specific, and easily reversible would 

have an improved therapeutic index relative to the currently used anticoagulants. 

Aptamers are single-stranded oligonucleotides that bind with high affinity and 

specificity to their target making them a good candidate for therapeutics. Using 

systematic evolution of ligands by exponential enrichment (SELEX), we have generated 

several RNA aptamers targeting coagulation cascade enzymes and their unactivated 

proteins known as zymogens [63, 64, 71, 95, 110, 115]. These aptamers have 

anticoagulant activity derived from their ability to inhibit protein-protein interactions 

[95, 110, 111]. By modulating critical protein-protein interactions, these aptamers are 

able to reduce thrombin generation, resulting in a delay in clot formation. Aptamer 

activity is easily modulated through two methods: sequence-specific oligonucleotide 

antidotes and universal antidotes [115, 117]. The oligonucleotide antidotes are 

complementary to the aptamer sequence and are thought to form Watson-Crick base 

pairing duplexes that disrupt the function of the aptamer [115]. Alternatively, cationic 

universal antidotes can reverse aptamer activity via charge-charge interactions [117]. 

The positively charged antidote interacts with the negatively charged phosphate 

backbone of the RNA aptamer, abolishing the aptamer’s function [117]. Clinical studies 

have indicated that an aptamer/antidote pair targeting coagulation enzyme FIXa can 

control clot formation during percutaneous coronary intervention [185]. This aptamer-

antidote pair was pursued for this indication through Phase IIb clinical trials; the trials 
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were halted due to hypersensitivity reactions to the high molecular weight carrier, not 

due to poor anticoagulant activity [185-188]. Our previous studies have indicated that 

combinations of multiple aptamers targeting individual coagulation enzymes are 

required to prevent fibrin clot formation during circulation of blooding in clinical 

surgical equipment [189]. Combinations of two aptamers resulted in synergistic 

anticoagulation and show promise as a novel class of anticoagulants that can be used in 

synergistic combinations, yet still safely controlled with antidotes in the event of 

bleeding. 

The creation of multimerized aptamers and bivalent aptamers often results in a 

greater overall effect compared to a single aptamer [190]. This process is utilized because 

it can result in increased binding affinity and increased local concentration of the ligand 

once one of the ligands binds its target [190]. An aptamer targeting the tumor necrosis 

factor receptor family member OX40 was unable to stimulate OX40 function alone, but 

multimerization of the aptamer on a DNA scaffold was able to achieve protein activation 

[191]. In another example, Kim et al was able to dramatically increase anticoagulant 

activity when using a bivalent aptamer simultaneously targeting the two different 

surfaces on thrombin [192]. Additionally, they found that linking two copies of the 

15mer thrombin aptamer to an “anchor” thrombin aptamer resulted in even better 

anticoagulation than bivalent aptamer [193]. The same exosite-targeting strategy was 

employed by Nimjee et al with one DNA and one RNA aptamer that were unlinked 
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[194]. This combination resulted in dramatically more potent anticoagulation when used 

in tandem compared to each individual aptamer [194]. Linkage of two thrombin 

aptamers into a weave-tile conformation resulted better anticoagulant activity than 

when the aptamers were tested individually [195]. Altering the spatial arrangement of 

the aptamers within the tile also affected the activity in clotting assays indicating that 

simply linking the aptamers is not sufficient for increasing anticoagulant activity [195]. 

All of these strategies are comprised of aptamers to a single target, either OX40 or 

thrombin. While more copies generate increased activity, they still only inhibit a single 

target, which is insufficient to achieve bypass-level anticoagulation. 

Targeting of the prothrombinase complex with two individual anticoagulant 

aptamers is able to achieve heparin-level anticoagulation [189]. The prothrombinase 

complex contains activated Factor X (FXa) and activated Factor V (FVa), along with 

calcium ions and requires a phospholipid surface for assembly [196, 197]. This complex 

is responsible for converting prothrombin into the active enzyme α-thrombin, resulting 

in bioamplification of the coagulation cascade, activation of platelet receptors, and the 

conversion of fibrinogen to fibrin for clot formation [6]. Here, we have expanded upon 

the idea of targeting two different coagulation proteases by combining them into a 

single, bivalent aptamer construct. We have taken two anticoagulant aptamers and 

combined them into a single RNA molecule that is able to achieve potent 

anticoagulation. The advantage of making a single, bivalent aptamer instead of giving 
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the two individual aptamers is twofold. First, the anticoagulant activity of both aptamers 

can be controlled with a single antidote. This allows the anticoagulant activity of both 

aptamers to be reversed in the event of a bleeding crisis. Second, from a drug 

development standpoint, the development of one bivalent aptamer and antidote pair 

would be far less expensive than two aptamer-antidote pairs because fewer clinical trials 

would be necessary. Additionally, it would be much more practical to dose a single drug 

followed by a single antidote in a clinical setting. 

 

3.2 Materials and Methods 

Bivalent Aptamer Constructs 

 A series of four bivalent aptamers were created by linking the FXa aptamer, 

11F7t, and the prothrombin aptamer, R9D-14t with a three adenosine linker [95, 110]. 

Sequences and predicted mFold structures for all constructs can be found in Table 4 and 

Figure 29. 
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Table 4: Parent Aptamer and Bivalent Aptamer Construct Sequences 

Aptamer Sequence Length (nts) 
R9D-14t 5’-GGCGGUCGAUCACACAGUUCAAACGUAAUAAGC 

CAAUGUACGAGGCAGACGACUCGCC-3’ 
58 

11F7t 5’-GAGAGCCCCAGCGAGAUAAUACUUGGCCCCGCU 
CUU-3’ 

36 

RNABA1 5’-GGGGCGGUCGAUCACACAGUUCAAACGUAAUA 
AGCCAAUGUACGAGGCAGACGACUCGCCCCAAAA
CGUAGAGAGCCCCAGCGAGAUAAUACUUGGCCCC
GCUCUUUACGU-3’ 

111 

RNABA2 5’-GGCGGUCGAUCACACAGUUCAAACGUAAUAAGC 
CAAUGUACGAGGCAGACGACUCGCCAAAGAGAGC
CCCAGCGAGAUAAUACUUGGCCCCGCUCUU-3’ 

97 

RNABA3 5’-GGGUCGAUCACACAGUUCAAACGUAAUAAGCCA 
AUGUACGAGGCAGACGACUCCAAAAGCCCCAGCG
AGAUAAUACUUGGCCCCGCU-3’ 

87 

RNABA4 5’-GGUCGAUCACACAGUUCAAACGUAAUAAGCCA 
AUGUACGAGGCAGACGACAAAGCCCCAGCGAGAU
AAUACUUGGCCCCGCU-3’ 

82 

RNABA4M 5’-GGGGAUCACACAGUUCAAACGUAAUAAGCCAA 
UGUACGAGGCAGACCCCAAAGCCCCAGCGAGAUA
AUACUUGGCCCCGCU-3’ 

81 

 

Four bivalent aptamers were generated to identify the shortest bivalent aptamer 

that successfully functioned as an anticoagulant. The shortest construct, RNABA4, was 

further modified to contain four 5’ guanosines to increase in vitro transcription yields 

and was named RNABA4M. RNABA4 and RNABA4M have identical functional activity. 

The aptamers were in vitro transcribed and purified for use as previously described [71]. 

All aptamers include 2’-fluoro modifications on the pyrimidine nucleotides because our 

selection libraries were front-loaded with these modifications to lend increased stability 
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in the presence of plasma proteases; the parent aptamers also contain the same 2’fluoro 

modifications. Mutant bivalent aptamers were created where single nucleotides 

previously shown to be important for aptamer activity were mutated [95, 110]. Mutant 

controls contained either mutations in either the FXa aptamer (FII functional BA), the 

prothrombin aptamer (FXa functional BA) (partial mutants), or both aptamers (Non-

functional BA) (double mutant) (Table 5).  

Table 5. Mutant Bivalent Aptamer Sequences 

Aptamer Sequence Length 
(nts) 

FII 
Functional 

BA 

5’-GGUCGAUCACACAGUUCAAACGUAAUAAGCCA 
AUGUACGAGGCAGACGACAAAGCCCCAGCGAGAU
AAUACUUGUACCCGCU-3’ 

82 

FX 
Functional 

BA 

5’-GGUCGAUCACACAGUUCAAACGUAAUAAGCCG 
GCGUACGAGGCAGACGACAAAGCCCCAGCGAGAU
AAUACUUGGCCCCGCU-3’ 

82 

Non-
Functional 

BA 

5’-GGUCGAUCACACAGUUCAAACGUAAUAAGCCG 
GCGUACGAGGCAGACGACAAAGCCCCAGCGAGAU
AAUACUUGUACCCGCU-3’ 

82 

 

Antidotes for R9D-14t and 11F7t were previously identified and validated to 

fully reverse aptamer activity [95] (unpublished data). Two antidotes were designed to 

the sequence of RNABA4 and were 24 or 28 nucleotides in length. The bivalent aptamer 

antidotes were designed to overlap with portions of both aptamers via the adenosine 

linker between them. This type of antidote would allow for simultaneous reversal of 

both aptamers. 
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Dephosphorylation & 5’-end Radiolabeling 

Bacterial alkaline phosphatase (Life Technologies, Carlsbad, CA) was used to 

dephosphorylate the in vitro transcribed RNAs. RNA was incubated at 65°C for 1 hour 

followed by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. T4 

polynucleotide kinase (New England Biolabs, Ipswich, MA) was used to add a 5’-[γ32P] 

ATP (Perkin Elmer, Waltham, MA) to radiolabel the dephosphorylated RNAs. Counts 

per million (CPM) readings for each radiolabeled RNA were obtained using the Tri-Carb 

2800TR Liquid Scintillation Analyzer (Perkin Elmer, Waltham, MA). An online 

calculator from GraphPad Prism was used to calculate percent decay of radiolabeled 

samples when labeled RNAs were used more than 1-2 days after the initial labeling 

reaction to ensure the correct number of counts were used in each binding experiment. 

 

Double Filter Nitrocellulose Binding Assay 

Apparent binding affinity of the aptamers to protein was determined using 

double-filter nitrocellulose binding assays. Binding of the radiolabeled RNABA4 aptamer 

to proteins was assessed by incubating trace amounts of radiolabeled RNA with serial 

dilutions of the purified target protein, either human α-thrombin or human FXa over a 

range of 0-60 nM when comparing the parent aptamers to RNABA4, or 0-500 nM when 

comparing RNABA4 to the partial and double mutant bivalent aptamers (Haematologic 

Technologies Inc, Essex Junction, VT). The radiolabeled RNA was denatured and re-
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folded in Hepes-buffered saline (HBS) with CaCl2 and 0.01% bovine serum albumin 

(BSA) (20 mM Hepes pH 7.4, 150 mM NaCl, 2 mM CaCl2) by incubating at 95°C for 3 

minutes followed by cooling to room temperature for 3 minutes. The radiolabeled RNA 

alone was incubated at 37°C for 5 minutes, followed by incubation with the protein in 

HBS with CaCl2 and 0.01% BSA at 37°C for 5 minutes. The RNA-protein complexes were 

partitioned from unbound RNA with a 0.45 µm nitrocellulose (VWR, Radnor, PA) and 

nylon (Perkin-Elmer, Waltham, MA) sandwich, followed by a 100 µL wash with HBS 

with CaCl2 without BSA. Bound and unbound RNA was quantitated using a Storm 825 

phosphoimager (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and quantified 

via densitometry. The corrected fraction bound was determined for each protein 

concentration and a non-linear regression one site binding fit was applied in GraphPad 

Prism 6 to determine the apparent KD. 

 

Coagulometer Assays 

The effects of the aptamers on an activated partial thromboplastin time (aPTT) 

and prothrombin time (PT) assays were determined using a STart4 coagulometer 

(Diagnostica Stago, Asnières sur Seine Cedex, France) as described earlier in this 

dissertation in Section 2.2. However, a micronized silica based activator (Trinity Biotech, 

Bray, Co Wicklow, Ireland) was used in these aPTT assays, rather than the ellagic acid 
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based activator used with the FV and FVa aptamers. The prothrombin time reagent was 

the same for all assays measuring this coagulation portion of the coagulation cascade. 

Aptamers were denatured and re-folded in HBS with CaCl2 by incubation at 

95°C for 3 minutes then cooling to ambient temperature for 3 minutes. For experiments 

where combinations of aptamer were tested, the aptamers were folded separately, and 

then mixed together at equal molar concentrations.  Additionally, assays with more than 

one aptamer contained equal molar amounts of each aptamer and were graphed 

according to single aptamer concentrations. When antidotes were tested in the aPTT, a 

third 5-minute incubation with antidote was performed prior to initiation of clotting 

with 0.02M CaCl2. The antidotes were treated the same as the aptamers; they were 

diluted in HBS with CaCl2 and denatured and re-folded according to the same protocol. 

 

Whole Blood Assays 

 For a complete description of whole blood thromboelastography see the 

“Thromboelastography” subsection in Chapter 2. Briefly, freshly drawn human blood 

from healthy volunteers was obtained following an approved IRB protocol. Aptamers 

were diluted in HBS with CaCl2 and denatured and refolded as previously discussed. 

Clotting was stimulated using 10 µL of citrated kaolin (Haemonetics, Braintree, MA). 

Before the addition of the blood, 20 µL of CaCl2 was added to the TEG cup, followed by 

the addition of 340 µL blood solution, containing 320 µL of blood with 10 µL of aptamer 
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and 10 µL of citrated kaolin. Experimental assay tracings were followed for 15 to 180 

minutes after validation of normal blood clot tracing in the presence of HBS with CaCl2.  

 

Animal Studies 

Aptamers (9.3t and RNABA4) and antidotes (5-2C and BA AO) for the animal 

studies were synthesized by and purchased from Biosynthesis (Lewisville, TX). 

Cholesterol modifications were added to the 5’ end of the aptamers to increase the 

circulating half-life into the hours range. The modified aptamers used for the animal 

studies are denoted as Ch-9.3t and Ch-RNABA4 to indicate the presence of the cholesterol 

modification. 

All synthesized oligonucleotides were delivered from Biosynthesis in a 

lyophilized state allowing for resuspension in a solution of our choosing. Hepes-EDTA 

(He) with a final concentration 10 mM Hepes, pH 7.4 and 0.1 mM EDTA was selected as 

the resuspension buffer. Hepes added a physiological pH to the buffer and EDTA 

chelated out any divalent ions present to prevent the oligonucleotides from being 

damaged during freeze-thaw cycles. However, a minimal amount of EDTA was used to 

achieve chelation without being present in such abundance that aptamer dilution and 

re-melting prior to injection would be affected. 

Stock solution concentration for each oligonucleotide was set at a 10x 

concentration based on the dose in milligrams required for a piglet weighing 3.0 kg per 
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milliliter of He used. Biosynthesis provided the amount in milligrams of each 

oligonucleotide and the full amount was resuspended in the glass vial provided by the 

company to prevent loss of any of the material. Initially, the cholesterol-modified 9.3t 

and 5-2C (9.3t antidote) went into solution based on the described concentrations. 

However, the bivalent aptamer and bivalent aptamer antidote would not solubilize 

based on these calculations despite extensive vortexing, heating, and sonication of the 

samples. Additional He was required along with sonication and heating to solubilize 

these oligonucleotides. All aptamers and antidotes were aliquoted and stored at -20°C. 

Aliquots of each aptamer and antidote were thawed and tested using micronized 

silica aPTT reagent in Yorkshire swine plasma and diluted to determine the 

concentration using spectrometry. Reversal of each aptamer was achieved using both 

antidotes at the planned doses for the animal experiments. However, neither Ch-9.3t nor 

Ch-RNABA4 was able to extend the aPTT as much as was anticipated (data not shown). 

The spectrometry data provided an explanation for this observation; neither aptamer 

was at the projected concentration based upon the previous calculations. Additionally, 

upon freezing, both aptamers crashed out of solution and were very difficult to 

resolubilize. At this point, dimethyl sulfoxide (DMSO) was added to the solutions to 

assist with solubility of each aptamer. The difficulties with solubility were likely a result 

of the addition of the cholesterol modification to the 5’ end of each aptamer to increase 

the circulating half-life. Biosynthesis sent additional lyophilized oligonucleotides that 
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were resuspended with DMSO from the outset. This assisted with the solubilization 

process, but it was still very difficult overall. DMSO concentrations were carefully 

tracked so the amount being administered to each animal could be calculated. The 

maximum amount of DMSO we were prepared to deliver intravenously was 10% based 

upon literature searches on what could be safely tolerated by a variety of animals, 

including swine. 

The antidotes were synthesized with 2’O-Methyl DNA nucleotides for increased 

stability in the presence of plasma proteases and resuspended as discussed above and 

did not require the addition of DMSO. All animal studies were performed under an 

approved animal protocol. Yorkshire swine neonates of no older than one week and 

weighing approximately 2-5 kgs, were purchased from Looper Farms (Granville, NC) 

and transported to Duke for use in experiments. Animal gender was not specified and 

both male and female animals were used in the study. During the surgery, all animals 

were intubated and maintained on a fentanyl drip with lactated Ringer’s solution (LRS) 

for fluid support. A blunt dissection down to the femoral artery and vein was performed 

to allow for both venous and arterial access via intravenous ports. The experiment was 

initiated upon anticoagulant infusion in 3.5 mL or 7 mL into the venous port and ran for 

two hours. Each test group contained three animals and there were a total of six 

experimental groups: heparin at 5 U/mL, heparin + protamine sulfate, Ch-9.3t at 0.5 

mg/kg, Ch-9.3t + 5-2C, Ch-RNABA4 at 6.0 mg/kg, and Ch-RNABA4 + BA AO. Heparin and 
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protamine sulfate were diluted in pharmaceutical grade saline for infusion into the 

animal. The aptamers and antidotes were diluted to a 1x concentration in filter-sterilized 

10x HBS with CaCl2 and pharmaceutical grade water. Aptamers were denatured and 

refolded at 95°C followed by cooling for 3-5 minutes at room temperature and were kept 

at room temperature until infusion into the animal.  

In anticoagulant only studies, blood samples were collected right before infusion 

of the anticoagulant (t=0) and at the following times post-infusion: 5, 10, 20, 40, 60, 80, 

100, 120 minutes. In anticoagulant and reversal agent studies blood samples were 

collected right before infusion of the anticoagulant (t=0) and at the following times post-

infusion, with the reversal agent being given as a bolus at t=20: 5, 10, 25, 35, 50, 80, 100, 

120 minutes. Studies with protamine sulfate as the reversal agent did not use a bolus 

approach for that infusion; instead the protamine sulfate was given as a continuous rate 

infusion via syringe pump from t=10 to t=20 to minimize the side effects of this 

particular drug and no side effects occurred. To obtain a blood sample, a 5 mL syringe 

was used withdraw 3 mL of “dead volume” from the arterial access port to prevent 

hemodilution of the sample by supportive fluids; this volume was then re-infused into 

the animal after the sample was collected. The freshly drawn, non-anticoagulated blood 

was used for the ACT+ assay on the Hemochron Jr (Accriva Diagnostics, San Diego, CA) 

and the remainder was added to a 1.8 mL 3.2% citrate tube (Becton Dickinson, Franklin 

Lakes, NJ). Heparinized animals had a citrated aPTT performed with a citrated aPTT 
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cartridge for the Hemochron Jr. All other aPTT values were obtained using the aPTT S 

reagent (Trinity Biotech, Bray, Co. Wicklow, Ireland) and the STart4 coagulometer due 

to the faster clot times of swine relative to humans. Use of the cartridges with non-

heparin anticoagulants gave a reading of “Out of Range – Lo” because the animal blood 

was clotting in 10 seconds or less. 

Upon completion of the study the citrated blood was spun down into platelet 

poor plasma using a StatSpin Express 3 (Beckman Coulter, Pasadena, CA) by two five-

minute spins at 2685xg and two 500 µL aliquots were labeled and flash frozen with 

liquid nitrogen for storage at -80°C. Fresh platelet poor plasma was used to perform 

aPTT assays in duplicate using Triniclot aPTT S reagent as noted above. As a control to 

ensure the aptamer was functional every time it was infused into an animal, 10 µL of the 

remaining prepared aptamer was tested in duplicate in t=0 plasma prepared from that 

animal.  

 

3.3 Results 

3.3.1 Bivalent Aptamer Constructs and Mutants 

To generate a bivalent aptamer that can target both prothrombin/thrombin and 

Factor X/Xa, we utilized the FXa aptamer, 11F7t, and prothrombin/thrombin aptamer, 

R9D-14t, we previously developed and described (Figure 29, A and B) [95, 110]. Four 

bivalent aptamer constructs (RNABA1-4) of different sizes were designed to try to 
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identify one(s) that allow each aptamer to independently fold into its respective active 

structure and function as an anticoagulant. These variants were generated to determine 

the minimum bivalent aptamer length that still retains function from both aptamers 

(Table 4 and Figure 29). RNABA1 (111 nts) was generated by elongating and joining the 

two stems of the parent aptamers to created a bivalent structure with one aptamer on 

each end of the molecule (Table 4 and Figure 29).  

 

 

Figure 29: Predicted mFold Structures for Parent Aptamers and Bivalent Aptamers. A. 
R9D-14t. B. 11F7t. C. RNABA1. D. RNABA2. E. RNABA3. F. RNABA4. G. RNABA4M. H. Point 

mutant locations in RNABA4. 

  

A.	 B.	 C.	 D.	

E.	 F.	 G.	 H.	



 

 123 

Additionally, three extra adenosine nucleotides were added as a linker between 

the two parent aptamers to create a flexible hinge and improve the possibility that the 

bivalent aptamer could interact with both targets simultaneously. RNABA2 (97 nts) is 

similar, but does not contain the stem elongation. RNABA3 (87 nts) has two base pairs 

from the prothrombin aptamer removed and three base pairs of the FXa aptamer stem 

were eliminated. For RNABA4 (82 nts), two additional base pairs and a bulged uracil 

were removed from the prothrombin aptamer and one hinge adenosine was removed 

(Figure 29). The FXa aptamer remained unchanged from RNABA3 to RNABA4 (Figure 29).  

 

 

Figure 30: Comparison of Bivalent Aptamer Constructs in an aPTT 

The functionality of all bivalent RNAs was tested in an aPTT assay and all were 

able to dose dependently increase clot time (Figure 30). RNABA4 was chosen for further 

study as it was the shortest construct that retained very potent anticoagulant activity 

and additional shortening of RNABA4 resulted in a complete loss of anticoagulant 

activity. Due to the current cost of RNA synthesis, the most important factor in selecting 
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a bivalent aptamer was length. Optimization of the RNABA4 sequence to increase in vitro 

transcription yields produced RNABA4M in which the first four nucleotides were 

converted to guanines that base pair with cytosine (Table 4 and Figure 29G). 

Additionally, mutant versions of RNABA4 were generated through point mutation of 

each aptamer at previously identified locations known to completely abrogate aptamer 

function (Table 5, Figure 29H) [95, 110]. 

 

3.3.2 Binding Affinities 

The apparent binding affinity of RNABA4 towards purified FXa and α-thrombin 

proteins was compared to the parent 11F7t (FXa) and R9D-14t (prothrombin) aptamers 

to determine if the aptamers embedded in the bivalent structure retained full binding 

affinity (Table 6). In both cases, RNABA4 showed equivalent or slightly tighter binding to 

its targets relative to the parent monovalent aptamers; RNABA4 bound α-thrombin with 

a KD of 1.34 nM ± 0.24 nM versus 0.77 nM ± 0.22 nM for R9D-14t and to FXa with a KD of 

1.72 nM ± 0.40 nM versus 2.59 nM ± 0.56 nM for 11F7t (Table 6).  

Table 6. Affinity of RNABA4, 11F7t, and R9D-14t for FXa and FIIa 

Aptamer KD to FXa (nM ± SEM) KD to FIIa (nM ± SEM) 
RNABA4 1.72 ± 0.40 1.34 ± 0.24 

11F7t 2.59 ± 0.56 n/a 
R9D-14t n/a 0.77 ± 0.22 
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Additionally, the partial mutant bivalent aptamers and the double mutant 

aptamer were evaluated and, as expected, retained binding to only one protein (partial 

mutants) or neither protein (double mutant), indicating that point mutations can 

inactivate one side of the molecule without disrupting the folding of the other aptamer 

in the bivalent molecule (Figure 29H and Table 7). The prothrombin partial mutant 

bivalent aptamer, which could not bind to α-thrombin due to mutation of three 

nucleotides in the prothrombin aptamer, was only able to bind to FXa (11.48 nM ± 8.15 

nM versus 4.37 nM ± 0.91 nM for RNABA4) and the FXa partial mutant bivalent aptamer, 

which could not bind FXa due to mutation of three nucleotides in the FXa aptamer, was 

only able to bind α-thrombin (1.70 nM ± 0.04 nM versus 0.88 nM ± 0.12 nM for RNABA4) 

[95, 110]. The double mutant bivalent aptamer was unable to bind to either FXa or α-

thrombin because that bivalent aptamer contained point mutations in both aptamers 

(Figure 29H and Table 7).  

Table 7. Affinity of RNABA4 and mutant bivalent aptamers for FXa and FIIa 

Aptamer KD to FXa (nM ± SEM) KD to FIIa (nM ± SEM) 
RNABA4 4.37 ± 0.91 0.88 ± 0.12 

FXa Functional BA 11.48 ± 8.15 DNB 
FII Functional BA DNB 1.70 ± 0.04 

Non-functional BA DNB DNB 
DNB: does not bind 
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These filter-binding assays indicated the FXa and thrombin aptamers within the 

RNABA4 aptamer were still able to bind to their targets with an affinity similar to the 

parent aptamer, indicating that incorporation into a larger, fused structure did not 

significantly impact aptamer folding or target binding. 

 

3.3.3 Plasma-Based Coagulation Assays 

While the RNABA4 bivalent structure allowed the aptamers to bind their 

respective targets, next we wanted to study the anticoagulant ability of this bivalent 

aptamer and its derivatives in human plasma in more detail. As with the double filter 

binding assays, we tested if each portion of the bivalent aptamer still functioned as an 

anticoagulant in comparison to the single parent aptamer. The anticoagulant activity of 

RNABA4, its single or double mutant variants, and the parent aptamers was assayed 

using a clinical coagulation assay: the activated partial thromboplastin time (aPTT). This 

assay measured the time to fibrin clot formation by activating the intrinsic pathway. 

First, RNABA4 was compared to the partial mutant bivalent aptamer or double mutant 

bivalent aptamer to test if each individual aptamer could increase clotting time similar 

to the parent monovalent aptamers. The bivalent aptamer with FXa aptamer mutated 

anticoagulated human plasma to a similar extent as the prothrombin aptamer alone 

(Figure 31). Similarly, the bivalent aptamer with a mutated prothrombin aptamer 

anticoagulated human plasma to a similar extent as the monovalent FXa aptamer 
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(Figure 31). Finally, the double mutant bivalent aptamer did not show any coagulant 

activity as compared to RNA of similar size (Figure 31). These results indicated each 

aptamer within RNABA4 retains anticoagulant activity equivalent to the parent aptamers. 

 

Figure 31: RNABA4 Compared to Partial Mutant Bivalent Aptamers and Parent 
Aptamers in an aPTT. 

 

Figure 32: Dose Titration of RNABA4 versus Combined Parent Aptamers in Plasma-
Based Clotting Assays. Left: aPTT. Right PT. 

Because each portion of the bivalent aptamer anticoagulated plasma to the same 

extent as the cognate parent aptamer, we tested the anticoagulant ability of the fully 

functional RNABA4 aptamer relative to a combination of the individual FXa and 

prothrombin aptamers using both the aPTT and PT (prothrombin time) assays (Figure 

32). For both assays, the free aptamers were added at equal molar concentrations as 

compared to the individual aptamers within the bivalent aptamer. For example, 1 µM of 
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the RNABA4 aptamer was compared to 1 µM of the FXa aptamer plus 1 µM of the 

prothrombin aptamer. In the aPTT assay, at concentrations around 0.1 µM, the 

combination of individual parent aptamers was slightly more potent than RNABA4 

(Figure 32). However, at concentrations above 0.2 µM, RNABA4 was able to anticoagulate 

plasma at least as efficiently as the individual aptamers (Figure 32). In a PT assay, at 

very low doses (0.0625-0.25 µM) the combination and RNABA4 were indistinguishable in 

their anticoagulant ability; however, at 0.5 µM, the combination was able to 

anticoagulate human plasma better than RNABA4 (Figure 32). Once the combination and 

RNABA4 doses reached 1.0 µM, their ability to anticoagulate plasma once again became 

equivalent (Figure 32). 

 

Figure 33: Oligonucleotide Antidotes Targeting RNABA4 and Reversal of RNABA4 with 
Oligonucleotide Antidotes. Circles: Antidote to R9D-14t. Squares: Antidote to RNABA4. 

Triangles: Antidote to 11F7t. 
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Using a modified aPTT, we assayed the ability of each aptamer within RNABA4 

and fully functional RNABA4 to be reversed by either the individual FXa aptamer or 

prothrombin aptamer specific antidotes, or an antidote that can simultaneously target 

both aptamers within RNABA4 (Figure 33A). Two bivalent aptamer oligonucleotide 

antidotes were created based on the RNABA4 sequence to attempt to reverse both 

aptamers simultaneously, one antidote being 24 nucleotides long and the other being 28 

nucleotides long. Both antidotes took advantage of the RNA sequence of the aptamers 

they targeted. The antidotes were designed to be complementary to the aptamer and are 

thought to form a double-stranded duplex upon interaction [115]. Initially, we tested the 

ability of the parent aptamer antidotes to reverse the activities of each individual 

aptamer embedded in RNABA4. When the FXa aptamer antidote (11F7t AO) was added 

to RNABA4, the anticoagulant ability of RNABA4 was reduced and became equivalent to 

that of the prothrombin parent aptamer alone. The reciprocal was also true, when the 

prothrombin aptamer antidote (R9D-14t) was added, RNABA4 anticoagulated plasma to 

a similar degree as to the FXa parent aptamer alone (Figure 33A). To avoid using two 

oligonucleotide antidotes to reverse each functional half of the construct, we designed 

and tested two, new oligonucleotide antidotes that spans the junction of the bivalent 

aptamer and has the ability to bind and disrupt both aptamers simultaneously (Figure 

33B). Both antidotes were able to reverse the activity of the bivalent aptamer, however, 

neither could return clotting completely to baseline (data not shown). The cause of this 
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was likely because of the fairly high concentration of DNA and RNA present in each 

cuvette. We have observed that high concentrations of RNA and DNA have non-specific 

anticoagulant activity when micronized silica is used as the stimulating agent. However, 

using ellagic acid as a stimulator, which is less effected by RNA concentration, did not 

change this result. While we were unable to return the clotting time to the normal range 

(28-34 seconds), we considered both antidotes capable of completely reversing the 

bivalent aptamer’s activity. We pursued the 24mer oligonucleotide antidote for further 

studies because we believed it would be less likely to form secondary and tertiary 

structures due to its slightly smaller size. All references to the RNABA4 antidote 

oligonucleotide refer to the 24mer antidote. The RNABA4 antidote oligonucleotide was 

able to completely reverse anticoagulant activity of RNABA4 at 1:2 stoichiometry (Figure 

33B and Figure 34). Furthermore, as the antidote to RNABA4 stoichiometry was 

decreased, the anticoagulant activity of RNABA4 scaled accordingly, allowing for tunable 

anticoagulation to be achieved with the RNABA4 aptamer-antidote pair (Figure 34). 
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Figure 34: Reversal of RNABA4 or Sel2 with an Oligonucleotide Antidote Targeting 
RNABA4. 

 

3.3.4 Whole Blood-Based Coagulation Assays 

While plasma-based clotting assays are an excellent way to show the 

anticoagulant activity of an aptamer, the plasma is platelet-poor, which leaves out a very 

important part of the hemostatic system, platelets. Whole blood thromboelastography 

(TEG) assays, while still missing the endothelial surfaces present in a blood vessel, does 

contain platelets, so this assay can be useful for assessing if the anticoagulant aptamer 

would be effective in vivo. The bivalent aptamer, RNABA4 was initially screened at 2.2 

µM in a TEG assay because this was the highest achievable dose based on RNA 

concentration. We were unsure if this dose would have any effect in a TEG because 

experiments with R9D-14t required doses of 5.0 µM to show a modest effect in this assay 

[189]. However, consistent with the synergy observed in previous studies, the presence 

of two anticoagulant aptamers was able to act as a robust anticoagulant while fused into 



 

 132 

a single bivalent molecule or when the parent aptamers were combined, resulting in no 

clot formation during the 180 minute long assay [189].  We then wanted to determine 

how low we could drop the concentration and still maintain zero clot formation for the 

duration of the assay. The next concentration tested was 1.5 µM, where the total RNA 

concentration of RNABA4 was 1.5 µM and each parent aptamer was present at 1.5 µM for 

a total RNA concentration of 3.0 µM. This was also able to maintain patency for 180 

minutes, so we immediately tested 1.0 µM using blood from the same donor (data not 

shown). At this concentration neither the bivalent aptamer nor the combination of 

parent aptamers were able to maintain patency for 180 minutes, however, we were 

concerned the blood had “expired” at this point (data not shown). After six hours, the 

hemostatic ability of the blood begins to break down. The experiment was repeated at 

the same concentration with blood from another donor and RNABA4 maintained patency 

for 180 minutes, while the parent combination clotted at 73.1 minutes (data not shown). 

This indicated the bivalent construct may be a more potent anticoagulant than the 

combination of parent aptamers. 

Based upon these studies, we planned upon doing a head to head comparison of 

the free parent aptamers versus RNABA4 in a TEG at a single concentration at 1.5 µM to 

show it worked as well in this assay. Additionally, we planned on a single donor 

titration where a titration of RNABA4 concentrations (1.0, 1.25, 1.50, 1.75 µM) to show the 

robust anticoagulant activity of the bivalent aptamer can be “tuned” depending upon 
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the dose administered. Each experiment would be performed in triplicate for inclusion 

in the manuscript and to select a dose appropriate for an ex vivo circuit. Anticipating 

large scale studies, especially the ex vivo circuits, we had RNABA4 synthesized by 

Biosynthesis (Lewisville, TX) with an inverted deoxythymidine (idT) on the 3’ end for 

stability in the TEGs and ex vivo circuits.  The first comparison study at 1.5 µM between 

the bivalent aptamer and the free combination resulted in neither anticoagulant 

maintaining patency for 180 minutes; RNABA4 clotted in 24.2 minutes and the free 

combination clotted in 58.8 minutes (data not shown). Because this result was 

unexpected, the bivalent aptamer concentration was recalculated to ensure the initially 

determined was accurate. A small adjustment from 707.6 µM to 692.8 µM (2.091% 

change) was made to the concentration for future studies. With the adjusted 

concentration, the first titration study was completed. At the highest dose, 1.75 µM, the 

bivalent aptamer was able to maintain patency for 180 minutes. At 1.50 µM, the bivalent 

aptamer maintained patency for 153.8 minutes, which was nearly the entire length of the 

assay and significantly longer than the first study. As the dose decreased to 1.25 µM and 

1.0 µM, the lag time shortened to 127.9 and 36.8 minutes, respectively, exactly as we 

hypothesized (data not shown). Even at the lowest dose, in this study the bivalent 

aptamer was able to maintain patency for longer than in the first experiment with the 

synthesized aptamer. This was somewhat puzzling, but could be explained by donor-to-
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donor variability; different donors were utilized for each of these experiments and it is 

well documented that individuals vary in their hemostatic potential. 

Since the previous comparison study between the bivalent aptamer and the free 

combination at 1.5 µM was unable to maintain patency for the duration of the assay, we 

opted to increase the concentration to 1.75 µM to match the highest dose we were testing 

in the single donor titration. Unfortunately, even at 1.75 µM patency was not maintained 

by the bivalent aptamer when tested in duplicate; the bivalent aptamer in channel 1 

clotted in 70.2 minutes and channel 2 clotted in 58.3 minutes. Using the same donor, we 

increased the dose to 2.0 µM in channel 1 and 2.5 µM in channel 2. However, the results 

were even more startling; the channel at 2.0 µM clotted in 30.6 minutes and the channel 

at 2.5 µM clotted in 20.8 minutes. The only logical explanation that could be attributed to 

these results was the donor’s platelets were spontaneously activating over time, which 

would show a hypercoagulable state in the TEG, despite the presence of a powerful 

anticoagulant. Based upon this explanation, this donor was excluded from further 

studies (data not shown). 

Because of the difficultly in establishing an appropriate dose for the single 

concentration of bivalent aptamer to maintain patency, we returned to completing the 

replicates of the single donor titration. The same donor was recalled for this experiment 

and the same doses (1.75, 1.50, 1.25, and 1.0 µM) of bivalent aptamer were assayed. 

However, in this replicate, the results were completely different than in the first. The lag 
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times for clotting were as follows: 18.2 minutes for 1.75 µM, 24.8 minutes for 1.50 µM, 

19.9 minutes for 1.25 µM, and 17.7 minutes for 1.0 µM. The lag time for the 1.75, 1.50, 

and 1.25 µM were all over 100 minutes shorter than previously recorded. The lag time 

for 1.0 µM was about 50% shorter than before, but this value was significantly closer 

than the lag times for the other concentrations. There is no explanation for the enormous 

discrepancy between these replicates. Donors must not have taken any medications that 

might alter blood clotting (NSAIDs, aspirin, or acetaminophen) in the seven days prior 

to donating and this is always verbally confirmed prior to venipuncture. 

Using another donor, we began testing escalating doses of the bivalent aptamer 

for the ability to maintain patency in a TEG for 180 minutes. Doses of 3.0 µM and 3.5 µM 

were tested and clotted in 77.2 and 104.3 minutes, respectively. Assays with 4.0 µM and 

5.0 µM clotted in 94.9 minutes and 108.4 minutes, respectively. At 5.0 µM, we were 233% 

higher than the initial dose that was able maintain patency, but the synthetic aptamer at 

this dose was unable maintain patency. At this point, we began to doubt whether this 

assay was going to be appropriate for inclusion in a manuscript because it appeared the 

doses required were going to be excessively high. Additionally, we use the ability to 

maintain patency in a TEG for 180 minutes as a way to screen for doses that would be 

appropriate in an ex vivo circuit. Because we were unable to find a dose to reliably 

maintain patency, we did not pursue these experiments further because of their costly 

nature. These experiments require 30+ mL of blood, a large amount of compound, and 



 

 136 

very expensive oxygenator membranes. Analysis of the membrane is performed with 

scanning electron microscopy, representing another significant cost. The following 

possibilities were considered at this point: writing up the experiments into a small, 

proof-of-principle manuscript, attempting an animal study with neonatal swine and 

using serial blood sampling to show the effect of the anticoagulant, or using supra-

therapeutic doses of 10.0 µM or higher in a TEG and then writing up the manuscript. 

The committee believed that it would be worthwhile to attempt the animal study, which 

is described in the following section. 

 

3.3.5 Neonatal Swine Study 

Swine were picked at the test species for this animal study because both parent 

aptamers were able to cross-react with the porcine FX/FXa and prothrombin/thrombin 

proteins. We elected to use neonates for their smaller size relative to adult animals (2-5 

kg versus 30-50 kg). The bivalent aptamer was screened for its ability to anticoagulate 

Yorkshire porcine plasma. A large titration range was used because neither parent 

aptamer was able to anticoagulate porcine plasma as well as human plasma. Based upon 

this titration, three potential doses were selected and back-calculated into milligrams per 

kilogram doses, which is the traditional method for reporting doses in animal studies. 

These calculations use the assumption that an animal has 70 mL of blood per one 

kilogram of body weight. The three potential doses were 1.5 µM, 2.0 µM, and 3.0 µM, 



 

 137 

which converts to 2.84 mg/kg, 3.79 mg/kg, and 5.68 mg/kg that was rounded up to 3.0 

mg/kg, 4.0 mg/kg, and 6.0 mg/kg. Ultimately, the 6.0 mg/kg dose was selected to give us 

the best chance of robustly anticoagulating the animal and potentially allowing for 

heparin-level anticoagulation in the animal. 

A total of six experiment groups existed for this study as discussed in the Animal 

Studies subsection of the Materials and Methods section. In the heparin group showed a 

rapid increase in ACT+ and citrated aPTT values by five minutes after bolus 

administration of the anticoagulant and sustained maximum anticoagulant activity 

through the 10 minute time point (Figure 35).  

 

Figure 35: Heparin Piglet Group ACT+ and citrated aPTT Values. A. ACT+ values for 
the heparin piglet group. B. Citrated aPTT values for heparin piglet group. 

After this point both ACT+ and citrated aPTT values dropped over the remaining 

monitoring period and returned to normal range by the end of the experiment (Figure 

35B). Why the values for the citrated aPTT cartridges for piglet 3 do not better match the 

other animals in the groups is unknown. In the heparin reversal group, all animals 

reached the same maximum anticoagulation in five minutes that was maintained 
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through the 10 minute time point (Figure 36). Protamine sulfate was administered over 

10 minutes from minute 10 to minute 20 in the surgery. Systemic anticoagulation was re-

checked at minute 25, five minutes after delivery of the reversal agent was completed. 

All animals showed complete reversal of the heparin anticoagulation in both their ACT+ 

values and citrated aPTT values (Figure 36). Complete reversal of the heparin 

anticoagulation was maintained for the duration of the surgery. 

 

Figure 36: ACT+ and Citrated aPTT Data for Heparin Reversal with Protamine Sulfate 
Group. A. ACT+ values for heparin reversal group. B. Citrated aPTT clot time for 

heparin reversal group. 

The next groups tested were the Ch-9.3t and Ch-9.3t + 5-2C to show how a single 

aptamer was able to alter the ACT+ and aPTT values. For these animals we used a 

micronized silica stimulated aPTT reagent on the coagulometer. The citrated aPTT 

cartridges are designed specifically for human testing. Humans clot in the 25-35 second 

range whereas swine clot in the 10-13 second range, making the cartridges unsuitable for 

measuring the anticoagulant ability of an aptamer lacking the potency of heparin. At the 

dose administered, 0.5 mg/kg, the ACT+ values were not altered from the normal range 

(Figure 37A). This was slightly unexpected given previous data from the laboratory 
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published by Nimjee et al, however the animal studies for the publication were 

completed many years ago and likely were a different specific breed of swine and the 

distributor may have been different [198]. However, all animals achieved a doubling of 

clot time as measured in the coagulometer-based aPTT assay, a benchmark that is 

considered clinically significant anticoagulation (Figure 37B). While the extension in clot 

time in the aPTT was maximal at the 5 and 10 minute time points and dropped over the 

course of the experiment, none of the animals were fully back to baseline clotting time 

suggesting that while Ch-9.3t cannot achieve heparin-level anticoagulation (which was 

never expected) the half-life of the aptamer was longer than that of heparin. 

 

Figure 37: 9.3t Group ACT+ and Coagulometer aPTT Data. A. ACT+ values for 9.3t 
group. B. Coagulometer aPTT clot times for 9.3t group. 

The Ch-9.3t reversal group showed the same lack of change in ACT+ values, 

indicating in this experiment, this particular dose does not have the potency to alter this 

particular assay (Figure 38A). Like in the Ch-9.3t group, all animals achieved a doubling 

of clot time as measured in a coagulometer-based aPTT assay at the 5 and 10 minute 

time points. The antidote 5-2C was administered as a bolus at minute 20 of the surgery 

and ability to reverse the anticoagulant affect was checked at minute 25 as in the heparin 
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+ protamine sulfate group. Complete reversal was achieved at minute 25, but by minute 

35 a slight increase in clot time was observed for all animals (Figure 38B). The increase in 

clot time was approximately 20% higher than the baseline clot time at minute 0 and 

minute 25, putting it one second outside the normal range for this species. This very 

slight extension was observed through the end of the surgery for all animals indicating a 

slight loss in control of the aptamer’s anticoagulant activity, but to a level that likely 

would not have side effects in the form of uncontrollable bleeding for any of the 

animals. 

 

Figure 38: 9.3t Reversal with 5-2C ACT+ and Coagulometer aPTT Data. A. ACT+ 
values for 9.3t reversal group. B. Coagulometer aPTT clot times for 9.3t reversal group. 

To ensure the maximum amount of DMSO infused into any given animal 

remained under 10%, we had to increase the anticoagulant infusion to start the study to 

7 mLs, otherwise everything for the Ch-RNABA4 remained the same as with the previous 

groups. Approximately one minute after infusion of the bivalent aptamer, the blood 

pressure of neonate began to drop steadily until the mean arterial pressure was less than 

20. Epinephrine solution was prepared to boost the animal’s blood pressure, but was 
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ultimately unnecessary because the pressure recovered rapidly without any medical 

assistance. Surprisingly, the ACT+ values were unchanged over the course of the 

experiment, especially because we were expecting the anticoagulant level to be similar 

to that achieved by heparin. Upon running the coagulometer-based aPTT since the 

ACT+ values were unchanged, we discovered that the clot time barely shifted at all; 

baseline clot time was 9.3 seconds and t=5 was 12.4 and t=10 was 11.1 seconds. As with 

every other animal tested with an aptamer anticoagulant, the activity of the aptamer was 

verified by adding 10 µL of the leftover infusion directly to the aPTT reagent and t=0 

plasma and strong anticoagulant activity was observed (data not shown). The DMSO 

percentage for this particular animal was lower than others, so we ruled this out as the 

cause for the blood pressure drop and the potential lack of activity. Unsure of what 

might have caused the issue, we went ahead with a second animal in the group keeping 

all parameters the same, including the increase in infusion volume for the aptamer. The 

animal was carefully monitored following aptamer infusion. The animal’s mean arterial 

pressure initially increased from 53 to 62 and held steady for three minutes at which 

point the pressure dropped until the animal’s blood pressure and heart rate were zero. 

Administration of approximately 0.2 mL epinephrine solution resulted in rapid recovery 

of the blood pressure and heart rate with no further medical intervention required and 

the animal remained stable for the duration of the surgery. Like the previous animal in 

this experimental group, the ACT+ values were unchanged for the duration of the 
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experiment. In the coagulometer-based aPTT, the clot time was nearly double at minute 

5, but decreased from there and was back to baseline by minute 40. Again, the aptamer 

infusion was checked for activity by adding it directly to the aPTT reagent and t=0 

plasma and strong anticoagulant activity was observed (data not shown). 

Given that two animals reacted to the infusion of Ch-RNABA4 and we were 

observing a minimal anticoagulant effect, we elected to stop the animal study. We were 

unable to explain the discrepancy between the lack of anticoagulant activity in vivo, but 

a strong anticoagulant activity in vitro. To rule out that the aptamer was falling out of 

solution and being spun out during plasma preparation, blood was collected from an 

anesthesized neonate and Ch-RNABA4 was diluted and refolded as it was for the animal 

surgeries. A portion of the collected blood had Ch-RNABA4 added at the same mg/mL 

final concentration that was present in each neonate and allowed to incubate for 20-30 

minutes at room temperature prior to preparation of platelet poor plasma. Another 

portion of the blood was made directly into platelet poor plasma and Ch-RNABA4 was 

added and allowed to incubate for the same amount of time. All samples were run in a 

micronized silica stimulated coagulometer aPTT. Regardless of addition of Ch-RNABA4 

to blood or directly to platelet poor plasma, none of the samples showed strong 

anticoagulant activity, with samples barely achieving a doubling of clot time, but the 

stock solution of Ch-RNABA4 at 2 mg/mL showed moderate anticoagulant activity (data 

not shown). Given that the stock showed anticoagulant activity, we next tried increasing 
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the overall dose of Ch-RNABA4 into the blood by five-fold followed by platelet poor 

plasma preparation. This resulted in very strong anticoagulant activity, with clot times 

of greater than 500 seconds (data not shown). The observation that a much greater dose 

of aptamer was required for anticoagulant activity in the neonate’s plasma versus the 

amount required in the initial screening for the animal study allowed us to reach the 

likely conclusion for the lack of activity in the surgeries: neonates and adults in all 

species are known to have differences in their hemostatic systems with neonates being 

predisposed to being both more hypercoagulable and hypocoagulable due to differences 

in amounts of pro- and anticoagulant factors as well as differences in post-translational 

modifications resulting in altered function [199-201]. However, despite prolongations in 

test values relative to adults, without an additional challenge such as surgery or severe 

infection, neonates do not present with spontaneous bleeding or thrombosis; this makes 

the coagulation system in the neonate even more complex and challenging than the 

adult system [200, 201]. 

 

3.4 Discussion 

In this study, we have taken two anticoagulant aptamers and combined them 

into a single bivalent molecule that retains the activities of both aptamers to generate a 

potent anticoagulant agent [189]. The shortest construct that retained activity, RNABA4, 

is able to achieve the same level of anticoagulation as that of the two free parent 
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aptamers when dosed equivalently. This observation suggests that the FXa and 

prothrombin aptamers are still able to synergistically anticoagulate human plasma 

despite being fused into a single molecule as we previously observed evaluating the 

monovalent versions of these aptamers [189]. The availability of a single bivalent 

molecule is important from a safety and drug development standpoint. The most feared 

complication when giving anticoagulants is hemorrhage that cannot be controlled. By 

combining the aptamers into a single bivalent molecule, we have shown that the 

anticoagulant activity of the RNABA4 construct can be controlled with a single 

oligonucleotide antidote at a 1:2 molar ratio. This control allows for rapid reversal of 

anticoagulant activity to limit bleeding risk. Moreover, the cost of drug development for 

two independent aptamers and two antidotes is likely to be prohibitive, whereas the 

development of a single bivalent molecule and its antidote should be easier to achieve 

even though the synthesis of long RNAs is currently challenging. 

Bivalent aptamers have already been reported to be useful in preclinical cancer 

studies. For example, we recently reported that a tumor-targeting aptamer can be used 

to deliver a second therapeutic aptamer into cancer cells [202]. Kotula et al used a 

combination of the nucleolin aptamer to bring an aptamer targeting β-arrestin 2 into 

blast-crisis chronic myelogenous leukemia cells [202]. Using the nucleolin aptamer, we 

were able to deliver the bivalent aptamer selectively to cancerous cells versus normal 

lymphoblastoid cells because the cancerous cells expressed 30 times more nucleolin than 
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normal cells [202]. Bi-specific aptamers have also proven useful as antitumor 

immunotherapeutic agents compared to antibodies. Agonistic stimulation of 4-1BB has 

been explored as a way to boost cancer patients’ immunity towards their tumors. 

However, antibodies targeting 4-1BB have been associated with cytokine storm issues 

resulting in dysfunction of multiple organs. Schrand et al conjugated a 4-1BB aptamer to 

aptamers that recognize either vascular endothelial growth factor or osteopontin, 

proteins commonly found in the tumor stroma [203]. This resulted in preferential 

accumulation of the bivalent aptamers in the tumor stroma and localized stimulation of 

the immune system. Superior antitumor immunity was seen in several cancer types. 

The bivalent aptamer, RNABA4, joins this growing list of potentially useful 

bivalent aptamers and adds a new facet to this emerging approach in that it targets two 

different proteins in the same pathway resulting in potent pathway inhibition. Most of 

the bivalent aptamers employ one aptamer to deliver a “payload” aptamer into the 

proper location to execute its function. The RNABA4 aptamer results in the disruption of 

a critical enzymatic complex in the coagulation cascade: the prothrombinase complex. 

The FXa aptamer functions by blocking the FVa-FXa interaction, which prevents the 

complex from assembling resulting in greatly reduced thrombin generation [110]. The 

prothrombin aptamer then can inhibit even these low levels of thrombin generated [95]. 

While a powerful level of anticoagulation is necessary if heparin is going to be 

replaced, control of this effect is of paramount importance. Aptamers are currently the 
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only class of anticoagulant that can theoretically be used in synergistic combinations, yet 

directly controlled with antidotes. We have shown that a single oligonucleotide antidote 

can be used to turn off both aptamers in a bivalent construct simultaneously; this could 

only be achieved by fusing the aptamers into a bivalent molecule. While dosing the 

aptamers individually and controlling them individually is possible, making a single 

bivalent molecule allows for simpler dosing and reversal. Additionally, with the 

individual aptamer antidotes and the mutants, we have shown that each portion of the 

aptamer is still able to function as an anticoagulant on its own. 

The lack of success of the neonatal swine study highlights a fundamental 

challenge in the aptamer field. Both the FXa and FII aptamers were developed to the 

human coagulation factors and cross-reactivity of the aptamer with other species is not 

predictable by homology, however, studies using animal models is necessary for pre-

clinical development. Additionally, we utilized a neonate rather than an adult animal 

due to cost constraints of synthesizing the amount of the large, bivalent aptamer 

necessary to complete the study. Clearance of neonates versus adults in both humans 

and swine has been observed to be somewhat higher given their higher volume of 

distribution for the drug [199, 200, 204]. Studies on animal models by Massicotte et. al 

comparing adult animals to neonates on day 1 and day 7 of life highlight the differences 

between adult and neonate coagulation [199]. Specifically related to this study, their 

studies showed as statistically significant increase in both FII and FX levels from day 1 to 
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day 7, with the day 7 levels reaching approximately 2.4 and 1.2 times the adult level of 

the protein [199]. Our observation that more of the bivalent was able to achieve strong 

anticoagulant activity was congruent with the measurements in this study. 

Anticoagulants that can match the ability of heparin in cardiopulmonary bypass 

and percutaneous coronary intervention have been sought for quite some time, however 

many promising candidates have fallen short, primarily because they have been unable 

to achieve sufficient anticoagulation. They likely have missed the mark because they are 

unable to target as many proteins within the coagulation cascade as heparin. Our lab has 

shown that anticoagulant synergy can be achieved through specific combinations of 

anticoagulant aptamers [189]. We have taken that a step further by combining two such 

synergistic anticoagulant aptamers into a single bivalent molecule with anticoagulant 

ability that is equivalent to dosing of the individual aptamers. This suggests that the 

fusion of anticoagulant aptamers into a single molecule may be a way to achieve 

heparin-like anticoagulation with a lower side effect profile.  
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4. Conclusions 

4.1 FV and FVa Aptamers 

We have developed an aptamer targeting FV and FVa that is novel in two 

important ways. First, this is the first time an aptamer has been generated to target a 

coagulation cofactor rather than one of the coagulation serine proteases. This 

definitively demonstrates that aptamers can be used to inhibit cofactor activity, a target 

that cannot be inhibited via small molecule. The second unique aspect of this aptamer is 

that it blocks a protein-membrane interaction rather than a protein-protein interaction. 

Of the aptamers generated by the Sullenger lab that also have a known mechanism of 

action, this is the first time an aptamer has been found to block a protein-membrane 

interaction. Given that FVa, like many of the coagulation factors, are dependent upon 

membrane binding to function correctly, blockade of this interaction is able to abrogate 

its ability to participate in the hemostatic process and generate an anticoagulant effect. 

Consequences of blocking the FVa-membrane interaction are disruption of 

prothrombinase complex assembly and, subsequently, reduced thrombin generation. An 

advantage of blocking this particular interaction is despite how much FVa is generated, 

unless it is membrane bound it remains non-functional. However, the FVa-membrane 

interaction is high affinity, so the aptamer must exhibit high affinity to FVa to compete 

with this interaction. 
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There are several interesting routes to further pursue with the aptamers 

generated to FV and FVa. Modifications to the whole blood studies would yield better 

insight into whether this would be a robust enough anticoagulant to pursue 

development of this aptamer for clinical use. The plasma-based studies indicate both 

aptamers are able to robustly anticoagulate plasma in a dose-dependent manner. 

However, whole blood and PPP or PRP-based thromboelastography did not yield 

similar results. Even at very high concentrations of aptamer, the lag time until clot 

formation was minimally effected. To ensure an inability to target platelet-derived FVa 

was not the issue, aPTTs with PPP and PRP from the same donor were performed and 

T18.3 was able to anticoagulate both plasma types equally well. This suggests that the 

stimulator used in the thromboelastography studies (citrated kaolin) is somehow 

masking the anticoagulant ability of the aptamer. Thromboelastography can be 

performed using trace amounts of tissue factor as the initiator. Studies with tissue factor 

as the activator of clotting may be more beneficial with this particular aptamer. Because 

only a small percentage (approximately 5%) of functional cofactor is required to 

generate a nearly normal thromboelastography tracing, the difference in stimulating 

agent could make a difference in the results of the assay. 

Thrombin generation assays were also attempted with both aptamers while at 

Penn, with mixed results. Both aptamers were able to increase the lag time and reduce 

overall thrombin formation, but compared to their point mutants, overall thrombin 
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generation was not consistent despite using the same plasma and the mutants also 

reduced overall thrombin generated. This effect was not observed when several full-

length aptamers were assayed with a scrambled control. Discussion with other members 

of the Sullenger lab revealed they also had issues with point mutants not behaving as 

predicted, and they did not have those same issues when a scrambled control was used. 

However, since these assays were attempted in the Camire lab, they have developed 

another way to stimulate these assays. Given that both aptamers inhibit thrombin 

generation, it is potentially worth revisiting this assay with the new stimulator to see if 

the odd behavior of the mutant continues. We prefer to use point mutants for all controls 

rather than scrambled controls because in theory the shape of the mutant and functional 

aptamers should be the same. To avoid confusion and excessive explanation in a 

manuscript, we prefer to use only one type of mutant. TGAs are a very useful tool for 

demonstrating the consequences of target inhibition with an aptamer, but until we can 

resolve the point mutant versus scrambled control issue, we will make limited use of 

this assay. 

Mechanistic studies were started for 11HMT, but not completed. It was shown to 

inhibit thrombin generation in a purified system, but not as potently as T18.3, which is 

why it was not pursued further at the time. Given that the two aptamers compete with 

each other, it is likely they work by the same mechanism. This would need to be verified 

by performing a light scattering experiment with non-PEG containing buffer, FVa, and 
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PCPS vesicles. Because the two aptamers show different cross-reactivity profiles, it may 

be useful to determine if they share a mechanism. Then 11HMT could be used to further 

study the viability of the aptamers as an anticoagulant in mice, a species it cross-reacts 

with, but T18.3 does not. 

These aptamers were unique in that traditional oligonucleotide antidotes were 

not successful at reversing their anticoagulant effect. However, the universal antidote, 

protamine sulfate, was able to reverse the activity of the aptamers. This potentially 

suggests that the interaction with the aptamer provides a more stable conformation that 

the duplex between the aptamer and the antidote. Dr. Shekhar Kumar in Dr. 

Krishnaswamy’s lab has been attempting to crystalize T18.3 with FVa. Perhaps between 

the crystal structure and the current knowledge of FV and FVa we might be able to 

better hypothesize why oligonucleotides are not successful with this aptamer, but have 

been successful for all of our other aptamers.  

The feasibility of T18.3 as an anticoagulant likely lies in the chronic anticoagulant 

field, rather than the acute anticoagulation field. Patients with FV Leiden, particularly 

those who are homozygous benefit from low-level anticoagulation. However, the agents 

used to achieve this do not actually target the protein that exhibits aberrant activity 

because no anticoagulants targeting FV or FVa currently exist. Additionally, long-term 

anticoagulation is not recommended until recurrent VTE becomes a problem, likely due 

to the side effects associated with both warfarin and LWMH. Dabigatran and 
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rivaroxaban are also options, but both suffer from increased bleeding risks. Long-term, 

reversible, and consistent anticoagulants are needed for treatment of those with FV 

Leiden, particularly if they are homozygous for the mutation. Dependent upon animal 

study results, the T18.3 aptamer may provide a safer alternative to the anticoagulants 

currently being used for this indication. 

 

4.2 Bivalent Aptamer 

With this project we have demonstrated that aptamers targeting two different 

coagulation cascade proteins, can be fused into a single molecule and still successfully 

inhibit both targets. While separate the two aptamers synergize and this synergy 

appears to still be retained upon fusion into a single molecule. This bivalent aptamer 

was different than others generated before because the two aptamers target different 

proteins, rather than two different spots on the same protein. 

One major challenge that exists with the combination of the FXa aptamer and the 

FII aptamer into a single molecule is the large difference in circulating concentration of 

the two proteins (0.14 µM versus 1.4 µM). This issue is compounded in animal studies 

because the aptamers show differential cross-reactivity to the same species, i.e. one 

aptamer may be more compatible with its porcine target than the other. These issues 

coupled with the variation in coagulation factors between adult and neonates made the 

animal study of this bivalent aptamer unsuccessful. Should an animal study be revisited, 



 

 153 

it may be useful to generate a mouse with the human versions of FX and FII knocked 

into the murine genome. The mouse should survive and the only remaining issue is the 

circulating protein concentrations. Given how powerful an anticoagulant the bivalent 

aptamer proved to be in plasma studies along with the variety of murine models of 

bleeding and thrombosis that exist, this would likely be a better way to demonstrate the 

power of this anticoagulant in an animal. 

Taking this bivalent aptamer idea and the knowledge gained from synergy 

studies performed by Dr. Bompiani, a former Sullenger lab graduate student, it may be 

useful to combine the FX and FV aptamers into a bivalent aptamer. While the circulating 

concentrations of the two aptamers are 140 nM versus 30 nM, this is much closer than FX 

and FII, which are an order of magnitude different. The combination of these two 

aptamers would generate an incredibly powerful anticoagulant because both proteins of 

the prothrombinase complex would be targeted. The FX aptamer blocks the ability of 

FXa to bind to FVa while the FV aptamer blocks membrane docking. Complete loss of 

functional prothrombinase complex may be a way to achieve heparin-level 

anticoagulation. Additionally, the fusion of the FV aptamer into a bivalent molecule may 

make it more amenable to reversal with an oligonucleotide antidote. The antidote for the 

FX-FII bivalent aptamer simultaneously targeted both aptamers; perhaps this would 

now allow the FV aptamer to be reversed because the antidote could nucleate its 

reversal on the FX portion of the molecule. Assuming it demonstrated heparin-level 
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anticoagulation, the ability to completely and quickly reverse with an oligonucleotide 

antidote would make it safer than heparin. 

Due to the importance of the common pathway in coagulation, targeting 

multiple proteins would generate the most robust anticoagulation because both the 

intrinsic and extrinsic pathways converge here. The success of UFH lies in its ability to 

target so many different proteins in the coagulation cascade; however, it is not 

completely able to eliminate thrombin generation, which can cause issues in the patient 

after its use. Focusing in on inhibiting the common pathway proteins and eliminating 

thrombin generation may be the key to replacing heparin with a safer, alternative drug. 

Despite the setback with the hypersensitivity reactions to the PEG on the FIXa molecule, 

aptamers could still be potentially useful as anticoagulant agents. Many options beyond 

PEG addition to prevent renal clearance are being explored and developed. As the safety 

of the new DOACs is improved by the availability of antidotes, the focus may return to 

replacing heparin with a safer alternative. Combinations of aptamers have the ability to 

meet this need. 
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