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Abstract 
Thrombosis, or pathological blood clot formation, is intimately associated with 

cardiovascular disease and is the leading cause of morbidity and mortality in the 

western world. Antithrombotics are commonly prescribed as prophylactic medications 

or as rapid onset anticoagulants in acute care clinical settings. Although a number of 

antithrombotics are clinically available, their use is limited by immunogenicity, toxicity, 

and inability to be controlled with an antidote in the event of hemorrhage. Therefore, 

new antithrombotics that are effective, yet can be rapidly controlled are urgently 

needed.  

Aptamers are oligonucleotides that form complex secondary and tertiary 

structures based on intramolecular base pairing and nucleic acid folding that allows 

them to bind to molecular targets with high affinity and specificity. Aptamers can be 

isolated that bind to proteins, such as clotting proteins, and modulate protein function. 

However, unlike most currently used antithrombotics, aptamers can be directly 

controlled with an antidote and therefore represent a safer class of therapeutic agents.  

To generate a novel anticoagulant, we developed an aptamer-antidote pair 

against prothrombin. Prothrombin is a blood protein that plays an essential role in clot 

formation. I truncated, optimized, and studied the mechanism of an aptamer that can 

bind to prothrombin and inhibit prothrombin function, thereby severely impeding clot 

formation. Moreover, to increase the safety profile of this anticoagulant aptamer, I 

developed an antidote that can quickly reverse aptamer function and restore normal 

clotting. This aptamer and antidote pair is the first antidote reversible anticoagulant that 

targets prothrombin and may prove to be a valuable clinical anticoagulant. 

A number of anticoagulants are in development, and a wide debate regarding 
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the optimal protein target for anticoagulation is underway. We have previously 

generated anticoagulant aptamers to human coagulation factor VII, factor IX, factor X, 

and prothrombin. I compared the effects of these four anticoagulant aptamers to 

determine their impact on thrombin generation and clot formation. Each aptamer exerts 

its own unique effect on thrombin generation/clot formation, depending on the role that 

its protein target plays in coagulation. These studies provide valuable data regarding 

target validation and the anticoagulant effects of different therapeutic aptamers. 

Robust anticoagulation is required during acute clinical surgical procedures to 

treat thrombosis. Currently used anticoagulants have several untoward side effects and 

most are not antidote controllable. I tested the effects of combining two anticoagulant 

aptamers to assess potential drug synergy. Several combinations of two anticoagulant 

aptamers were synergistic and severely impaired blood clot formation. One specific pair 

of aptamers that targeted factor X (FX) and prothrombin in combination was extremely 

potent and could keep blood fluid in an ex vivo model of extracorporeal circulation. 

Additionally, this pair of aptamers could be functionally modulated with two different 

types of antidotes. In conjunction with antidote reversal, this strategy of combining 

aptamer anticoagulants may prove useful in a variety of highly prothrombotic acute 

clinical settings.  

Finally, to explore the potential of aptamers to regulate platelet function, I 

isolated and characterized an aptamer toward platelet glycoprotein VI. Glycoprotein VI 

is a platelet surface receptor that plays a key role in platelet activation and platelet plug 

formation. I isolated several aptamers that bind to glycoprotein VI, and show that the 

lead aptamer binds to platelets with high affinity and causes platelet activation and 

aggregation. This aptamer could potentially be further developed for topical 
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administration to manage bleeding, or for biomarker detection of soluble glycoprotein 

VI in patient plasma.    
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1. Introduction 

1.1 Coagulation 

1.1.1 Hemostasis and Thrombosis 

Hemostasis, or non-pathological clot formation, is a protective measure where a 

blood clot forms in response to physical damage. When there is mechanical damage to a 

blood vessel, this information must be relayed and transmitted into a biochemical 

response termed coagulation. Coagulation, or blood clot formation, generates a physical 

plug that prevents additional blood loss, thereby protecting the organism from severe 

damage. Hemostasis is crucial to life, and this protective response is conserved even in 

simple organisms, such as insects and worms.  

Thrombosis, in contrast, is defined as pathological clot formation. Instead of a 

blood clot forming near vessel damage to arrest bleeding, a thrombus is typically formed 

within a vessel and may eventually grow and occlude (block) the vessel. An occlusive 

thrombus can severely impair blood flow, which deprives the downstream tissue of 

oxygen. Thrombosis can be broadly divided into two types, based upon the site of clot 

formation in the body. Venous thrombosis is defined as the formation of a blood clot in a 

vein, typically in the large veins in the legs. Deep vein thrombosis is often associated 

with clot embolism, where part of the thrombus physically breaks off and travels 

through the circulatory system to a distal site. Emboli frequently travel to the lungs and 

lodge in a pulmonary artery (pulmonary embolism, PE), which can be fatal. Venous 

thrombosis is associated with diseases such as cancer and obesity, or genetic factors such 

as elevated levels of clotting factors or point mutations in clotting factor genes. Venous 

thrombi, which are commonly referred to as “red clots”, are typically treated with 

anticoagulants [1, 2]. 
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Arterial thrombosis is defined by the formation of a blood clot in an artery; these 

blood clots are often called “white clots” because they are rich in platelets [1]. Arterial 

thrombosis is intimately associated with cardiovascular disease, which is currently the 

leading cause of morbidity and mortality in the Western world [3]. Diseases such as 

atherosclerosis – the accumulation of lipids within arteries – may result in plaque 

formation and rupture, which triggers blood clot formation [4]. Cardiovascular disease 

and arterial thrombosis can result in acute conditions such as myocardial infarction 

(heart attack) and stroke. Typically, anticoagulants and antiplatelets are used to decrease 

thrombus growth during acute thrombotic events or prevent the development of 

additional thrombi [1]. 

1.1.2 Coagulation Models 

Coagulation is a series of hierarchical enzymatic reactions that ultimately result 

in clot formation. Initial reports describing blood coagulation date as far back as 

Hippocrates and Aristotle, where they noted that blood released from wounded animals 

or soldiers formed a “skin” around the site of injury [5]. Since that time, there have been 

numerous theories as to what stimulates clotting outside of the body, including changes 

in temperature, air exposure, acidity, and blood flow. Virchow’s triad, which is often 

cited in modern medicine, states that thrombosis can be caused by three main 

mechanisms: i) blood composition, ii) vessel wall and cellular components, and iii) blood 

flow [6]. Initial studies in patients with bleeding disorders helped to identify the genetic 

factors (clotting proteins) that participate in coagulation. Several modern coagulation 

models, which are outlined below, have been proposed and are still debated. 
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Waterfall model 

The “waterfall” or “cascade” model of coagulation was proposed by Davie and 

Ratnoff, as well as Macfarlane in 1964 [7, 8]. The cascade model depicts coagulation as a 

linear, hierarchical series of enzymatic reactions where each enzyme cleaves and 

activates the next protein in the pathway. The clotting factors circulate in the blood as 

inactive proteins (zymogens) that, upon stimulation, are cleaved to generate an active 

enzyme. Additional components that are important for coagulation include lipids (cell 

membranes) and calcium. 

Expansions on the original cascade models depict coagulation as two separate 

pathways that ultimately converge into a final common pathway (Figure 1). The 

“extrinsic” or tissue factor pathway is stimulated when tissue factor (TF) is released 

from an extravascular source or diseased area (e.g., atherosclerotic plaque or tumor cell). 

TF complexes with activated FVIIa and this “extrinsic tenase” complex cleaves FX. FVII 

activation to FVIIa is not addressed, and it is assumed that FVIIa circulates at low levels 

to initiate extrinsic activity [9]. The “intrinsic” or contact pathway is activated when 

charged particles (e.g., glass, silica, kaolin, polyphosphates, and collagen) bind to factor 

XII. This binding causes FXII to autoactivate, and FXIIa in turn cleaves FXI. FXI is also 

generated via the initial small amounts of thrombin formed. FXIa subsequently cleaves 

FIX, which then binds its cofactor (FVIIIa) to form the “intrinsic tenase” complex that 

cleaves FX [10].  
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Figure 1: The waterfall model of the coagulation cascade. Adapted from Hoffman and 
Monroe, Thromb and Haemost, 2001 [11].  

During the common step, where the extrinsic and intrinsic pathways converge, 

FXa binds its cofactor FVa to form the prothrombinase complex, which cleaves 

prothrombin. Thrombin, which is the final protease formed during coagulation, cleaves 

fibrinogen to form the stable clot fibrin meshwork. Thrombin also cleaves other 

coagulation factors, including FV, FXI, and FXIII. FXIIIa subsequently cross-links the 

fibrin strands to increase clot stability [9]. 

Cell-based model 

Although the cascade model accurately depicts the general sequence of events, 

the model cannot adequately describe hemostasis in vivo. For example, the model fails to 

predict why hemophiliacs (FVIII or FIX deficiency) who are deficient in only one 

pathway have a severe bleeding tendency. Moreover, humans deficient in FXII do not 
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have a severe bleeding tendency, while FXI deficient patients have a moderate or 

variable bleeding tendency that can be tissue specific. To address the limitations of 

previous models, Hoffman, Roberts, and Monroe developed a cell-based model where 

coagulation is regulated by cell surface properties, rather than the individual 

coagulation factors [11]. In this model, coagulation is divided into three overlapping 

phases on discrete cellular surfaces: initiation, amplification, and propagation (Figure 2).  

 

Figure 2: The cell based model of coagulation. Adapted from Hoffman and Monroe, 
Hematol Oncol Clin North Am, 2006 [12]. 

In the cell-based model, TF is considered the sole physiological activator and 

contact activation via FXII is not addressed. During initiation, injury to the vessel allows 

FVII circulating in the blood to bind to extravascular cells that express TF (e.g., 

monocytes). FVII is activated to FVIIa, and the cell-bound TF/FVIIa, or extrinsic tenase 
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complex, locally cleaves and activates factors IX and X. FXa subsequently locally binds 

its activated cofactor (FVa, which is activated by FXa) to form the prothrombinase 

complex on the TF-bearing cell surface, cleave prothrombin (FII), and generate small 

amounts of thrombin (FIIa) [11].  

During amplification, platelets adhere to the damaged site via interactions with 

the exposed extracellular matrix. The low level of thrombin generated on TF-bearing 

cells catalyzes several reactions that prime the system for additional thrombin 

generation. Thrombin activates platelets through surface receptors (PARs), releasing FV 

from internal platelet stores and changing the platelet lipid membrane composition, 

which facilitates the assembly of procoagulant protein complexes. Moreover, thrombin 

activates several upstream coagulation factors (i.e., factors V, VIII, and XI), thereby 

establishing a positive feedback loop that can generate higher levels of thrombin 

necessary for stable clot formation [11].  

During the propagation phase several key complexes assemble on the activated 

platelet surface. FIXa (generated distally by TF/FVIIa or locally by FXIa) diffuses to the 

platelet surface and binds to FVIIIa to form the intrinsic tenase complex. The platelet-

bound tenase complex cleaves FX and generates FXa on the platelet. This is a key aspect 

of the cell-based model: the FXa generated on the TF bearing cell cannot diffuse and 

generate thrombin on the platelet surface because it is rapidly inhibited by a natural 

serine protease inhibitor that circulates in the blood - antithrombin (AT). Thus, FXa must 

be generated locally on the platelet surface, where it is protected from AT, via the 

intrinsic tenase complex (FIXa/FVIIIa). Platelet FXa in turn binds platelet bound FVa 

and forms the prothrombinase complex, which generates a strong burst of thrombin on 

the platelet surface. In contrast to the minor amounts of thrombin formed on the TF-
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bearing cell, the large amount of thrombin generated rapidly on the platelet surface is 

sufficient to result in massive fibrinogen cleavage and stable fibrin clot formation [11]. 

New models for contact pathway and TF activation 

Classical models state that TF is physically separated from the blood by intact 

blood vessels, and that mechanical disruption of these barriers allows TF to physically 

interact with FVIIa and initiate clotting. However, recent studies have shown that small 

amounts of TF circulate on microparticles that are present in the blood [13, 14]. These 

microparticles can be derived from a number of cell types (i.e., leukocytes, platelets, 

endothelial cells, and monocytes) that can trigger thrombin formation. However, unlike 

extravascular TF, microparticle TF appears to circulate as a latent, encrypted form of the 

protein that is not procoagulant [15]. A model recently proposed by the Furies describes 

TF activation on microparticles inside the vessel [16]. The enzyme protein disulfide 

isomerase (PDI) plays a key role in TF disulfide bond formation, which may play a role 

in the conversion of TF to the active form [17]. The Furie model proposes that PDI, 

which is released from activated endothelial cells and platelets, converts inactive 

microparticle TF to active TF, thereby initiating intravascular coagulation. In contrast, 

direct tissue damage may release TF already in its activated form and PDI may not be 

required. Thus, the Furies hypothesize that TF is the sole initiator of thrombus formation 

in vivo and that the contact pathway is not required. 

Although the contact pathway (i.e., FXII) isn’t specifically addressed or is omitted 

in a number of current models, recent studies have sought to identify the mechanism of 

contact pathway activation in vivo and its role in clot formation. Previous studies have 

clearly indicated that exogenous charged particles (kaolin, dextran sulfate, etc.) can 

activate FXII, although the physiologic activator remains unknown [18]. However, 

recent studies have suggested that RNA, polyphosphates, and nucleosomes (histones in 
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complex with DNA) may activate FXII and FXI and promote coagulation [19-22]. 

Interestingly, studies have also suggested that RNA may also activate factor seven 

activating protein (FSAP) [23], which cleaves FVII to produce FVIIa in the presence of 

low TF levels [24] and may catalyze nucleosome release [25]. Thus, the current literature 

suggests that large charged molecules that are typically absent in healthy vasculature 

(RNA, nucleosomes, etc.) may activate both the extrinsic and intrinsic pathways in 

disease states. Interestingly, diseases where these molecules may be released into the 

blood stream, such as sepsis, may be associated with thrombosis and inflammation via 

contact activation. 

1.1.3 Procoagulant Clotting Factors 

Tissue Factor (TF) and Factor VII (FVII) 

TF, which is currently considered the primary physiologic activator of 

coagulation, is a 45 kDa glycosylated integral membrane protein that contains two 

extracellular fibronectin type III domains (for a review see [26]). TF is predominantly 

present on the surface of extravascular cells, although recent studies have also shown 

that TF circulates on microparticles in the blood [13, 14]. Current studies suggest that TF 

is present in two different forms: an inactive encrypted form and an active form [15]. 

Although the exact structures of these inactive and active forms are unknown, several 

studies have suggested that disulfide bond formation plays a role in transformation to 

the active form [17]. Active TF forms a membrane-bound complex with FVIIa, where TF 

increases the catalytic activity of FVIIa toward FX and FIX [26].  

FVII is a soluble coagulation protein that is synthesized by the liver and 

circulates at a plasma concentration of approximately 10 nM (for a review see [26]). With 

a MW of 50 kDa, FVII contains numerous protein domains, including a gamma 

carboxyglutamic acid (GLA) domain, two epidermal growth factor-like (EGF) domains, 
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and a serine protease domain. The GLA domain mediates calcium dependent membrane 

binding, while the serine protease domain contains the catalytic active site. The EGF 

domains appear to provide structural integrity and have extended surfaces that are 

required for macromolecular binding. FVII can be activated by a number of enzymes, 

including FIXa, FXa, FXIIa, thrombin, and FSAP, and it can also autoactivate upon TF 

binding. However, current data suggest that low levels of activated coagulation factors 

are constantly present [27, 28], and this small amount of constitutive FVIIa presumably 

initiates coagulation. FVIIa consists of a light chain (GLA and EGF domains) and a 

heavy chain (serine protease domain) that are joined by disulfide bonds. Although FVIIa 

is an active enzyme on its own, complex formation with TF increases the enzymatic 

activity more than a million-fold [26]. As previously stated, the TF/FVIIa complex 

cleaves both FIX and FX, although FX is the preferred substrate. 

FVII deficiency in humans is a rare disorder that affects approximately 1 in 

500,000 individuals, while TF deficiency has not been reported. FVII-deficient patients 

exhibit mucosal bleeding, easy bruising, increased menstrual blood flow, epistaxis, post-

surgery bleeding, and excessive postpartum bleeding [29]. Strikingly, TF and FVII 

knockout mice are not viable and die during embryonic development or shortly after 

birth, indicating that these are essential proteins [30-32]. Genetic studies have identified 

several FVII polymorphisms that are associated with the FVII protein level and may be 

associated with myocardial infarction (MI) and coronary/cardiovascular disease risk, 

although these associations are debated [33-35]. Similarly, TF polymorphisms have been 

associated with circulating TF plasma concentrations and risk of venous thrombosis 

and/or ischemic stroke [36-38]. 
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Factors XII (FXII) and XI (FXI) 

Similar to the other clotting proteins, FXII is a soluble factor that is synthesized 

by the liver and circulates at a plasma concentration of approximately 375 nM (for a 

review see [39]). With a molecular weight of 80 kDa, FXII contains two EGF domains, a 

kringle domain, a fibronectin type I and type II domain, and a serine protease domain. 

FXII can be cleaved by kallikrein, or can autoactivate upon binding to negatively 

charged surfaces (dextran sulfate, kaolin, collagen, etc.)[40-42]. FXIIa contains two chains 

held together via a disulfide bond, and studies indicate that this enzyme plays a role in 

both coagulation and innate immune responses. FXIIa, in complex with PK and HMWK, 

cleaves PK to amplify the initial response, which results in bradykinin formation and 

innate immune response. Moreover, FXIIa cleaves FXI to initiate the intrinsic pathway of 

coagulation. Current models suggest that FXIIa formation is not essential for initial clot 

formation, although it may contribute to continued thrombus stability [43]. 

FXI is a liver-synthesized coagulation factor that circulates as a homodimer (160 

kDa) in complex with HMWK at a plasma concentration of 30 nM (for a review see [44]). 

Each FXI monomer contains four tandem repeat apple domains, which confer binding to 

other proteins, and a serine protease catalytic domain. FXI can be activated on the 

platelet surface by FXIIa or by thrombin. FXIa, which contains a heavy and a light chain 

that are joined by disulfide bonds, in turn cleaves FIX, which subsequently forms the 

intrinsic tenase complex on platelets. The current data suggest that the role of FXIa is to 

generate additional FIXa on the platelet surface and promote thrombus stability [43]. 

FXII deficiency is a relatively rare disorder where deficient patients typically do 

not have a bleeding tendency, although the data conflict as to whether FXII deficiency 

correlates with thrombosis. Initial reports suggested that a FXII deficiency in humans is 

prothrombotic and associated with PE [45], while recent reports suggest that thrombosis 
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in these patients is related to other factors [46, 47]. However, the plasma level of FXIIa 

appears to be elevated in acute coronary syndrome patients [48]. Similarly FXII deficient 

mice do not have a bleeding tendency [49], yet they are protected against lethal 

thrombosis. Specifically, FXII deficient mice form non-occlusive thrombi that are 

unstable and break apart [50]. The murine data, in conjunction with human data 

regarding PE in FXII deficient patients suggests that a FXII deficiency may inherently 

protect against thrombus formation, but may increase the risk of embolus formation.  

FXI deficiency is a rare coagulation disorder that affects approximately 1 in 

1,000,000 people, although the frequency can vary among different populations [39]. 

Termed “Hemophilia C”, FXI patients show an extremely variable inter-individual 

bleeding tendency and may have increased bruising and nosebleeds, menorrhagia, 

postpartum bleeding, and surgical or trauma associated hemorrhage. However, unlike 

Hemophilia A and B (FVIII or FIX deficiency), spontaneous bleeding in FXI deficient 

patients is rare [51]. Human genetic studies have indicated that FXI levels are associated 

with thrombosis, as individuals with elevated FXI levels have an increased risk for 

venous thrombosis and stroke [52-54]. FXI knockout mice are viable and do not show 

severe bleeding tendencies, yet appear to be protected against thrombosis. Similar to 

FXII deficient mice, FXI deficient mice form unstable, non-occlusive thrombi that 

embolize [55].  

Factors IX (FIX) and VIII (FVIII) 

FIX is a soluble coagulation factor that is approximately 55 kDa, is synthesized 

by the liver, and circulates in plasma at a concentration of 90 nM (for a review see [56]). 

Similar to FVII, FIX contains a GLA domain, two EGF domains, and a serine protease 

domain [57]; FIX can be activated by either the TF/FVIIa complex on TF-bearing cells, or 

by FXIa on platelets [11]. FIXa, the active enzyme, contains a heavy chain (serine 
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protease domain) and a light chain (GLA and EGF domains) that are covalently attached 

by a disulfide bond [56]. 

FVIII is a 330 kDa cofactor that is structurally unrelated to the GLA proteases (for 

a review see [58]). FVIII is synthesized by the liver and circulates at an approximate 

plasma concentration of 0.3 nM; the majority of FVIII circulates in complex with the 

plasma protein von Willebrand factor (VWF) [59]. FVIII contains six domains (A1, A2, 

A3, B, C1, and C2) and is cleaved by thrombin or FXa to generate FVIIIa [60, 61]. FVIIIa 

contains one heavy and one light chain that are non-covalently attached by calcium 

binding and hydrophobic interactions, which makes FVIIIa unstable [62]. FVIIIa on a 

lipid surface binds to FIXa to form the tenase complex, which subsequently cleaves FX. 

Similar to FVIIa, FIXa alone has very weak enzymatic activity, and FVIIIa cofactor 

binding exponentially increases FIXa activity toward its substrate FX [63].  

FVIII and FIX deficiencies are among the most common genetic coagulation 

disorders. FVIII deficiency, which is termed Hemophilia A, is an X-linked genetic 

disorder that affects approximately 1 in 10,000 male births, while FIX deficiency, termed 

Hemophilia B, affects approximately 1 in 25,000 male births. Hemophilia deficiencies 

can be clinically classified according to the severity level (mild, moderate, or severe) 

based on the level of FVIII or FIX activity present. Hemophilia patients classically bleed 

at sites with low levels of TF expression, such as the joints and muscles. These patients 

also bruise easily and hemorrhage after trauma, surgery, or childbirth [64]. Hemophilia 

A and B mouse models exist, and these mice display a relatively high rate of survival 

compared to other coagulation deficiencies (e.g., TF, FVII, FX, and FII). Hemophilia mice 

have obviously impaired hemostasis, although their frequency of joint and muscle 

bleeding is decreased compared to humans [65-67]. Studies have indicated that genetic 
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polymorphisms in the FVIII gene and elevated FIX levels are associated with the risk of 

venous thrombosis [68-70]. 

Factors X (FX) and V (FV) 

FX is a 59 kDa soluble coagulation protein synthesized by the liver that circulates 

in the blood at an estimated plasma concentration of 136 nM (for a review see [71]). FX 

contains a GLA domain, two EGF-like domains, and a serine protease domain. 

Activation of FX by either the extrinsic (TF/FVIIa) or intrinsic (FIXa/FVIIIa) tenase 

complex generates the FXa enzyme, which contains two chains (heavy and light) that are 

held together by a disulfide bond.  

FV is a 330 kDa soluble coagulation protein cofactor that is synthesized by the 

liver (for a review see [72]). Approximately 80% of FV circulates in the blood (estimated 

plasma concentration of 30 nM), while the remaining 20% is stored in the alpha granules 

of platelets [72, 73]. The FV protein structure is dramatically different from the GLA 

enzymes, but is homologous to FVIII. FV contains six domains (A1, A2, A3, B, C1, and 

C2) and is cleaved by either FXa or thrombin to generate FVa. FVa contains a heavy 

chain, which is important for FXa and prothrombin binding, and light chain, which is 

important for membrane binding. The two chains are non-covalently associated by 

calcium ion binding and hydrophobic interactions, which makes FVa extremely labile 

[74].  

Upon platelet activation, the alpha granules are released and FV is upregulated 

on the platelet surface. Plasma and platelet bound FV is activated to form FVa, which 

binds FXa on a lipid surface to form the prothrombinase complex [75]. Similar to the 

TF/VIIa and FVIIIa/FIXa complex, FVa cofactor binding increases FXa enzyme activity 

several orders of magnitude toward its substrate prothrombin [76, 77]. The 
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prothrombinase complex cleaves prothrombin to generate thrombin, which is the final 

protease formed during coagulation.  

FX and FV deficiencies are both rare disorders that affect approximately 1 in 

1,000,000 people. FX deficient patients have variable bleeding tendencies [78]. 

Completely deficient patients have not been described, and FX knockout mice die in 

utero or shortly after birth [79]. Common symptoms of FX deficiency include easy 

bruising, menorrhagia, trauma or surgical associated bleeding, and in some cases severe 

postoperative or central nervous system hemorrhage [78]. FV deficiencies have also been 

described, although the degree of bleeding varies among individuals [80, 81]. Mutations 

in the FV gene have been reported, although deficiencies can arise because of defects in 

platelet FV storage and processing [81]. No patients completely devoid of FV activity 

have been reported, and FV knockout mice die in utero or shortly after birth [82]. 

Decreased FV levels are loosely correlated with clinical bleeding, although partially 

deficient patients have a less severe bleeding phenotype than Hemophilia patients. 

Common symptoms include mucosal bleeding and postoperative hemorrhage and may 

include intracranial and intramuscular hemorrhage [81]. 

Genetic studies have shown that polymorphisms in both the FX and FV genes are 

associated with elevated protein levels, which are associated with an increased risk of 

venous thrombosis [83].  However, the most well known FV mutation, termed FV 

Leiden, produces a mutant FV protein with increased stability that is resistant to 

proteolytic degradation [84]. Thus, FV Leiden patients have an increased risk of 

thrombosis because FVa stability is increased, not due to changes in FV protein levels. 

Prothrombin (FII) 

Prothrombin, which is a 76 kDa soluble coagulation protein that is synthesized 

by the liver, circulates at a plasma concentration of approximately 1.4 µM [85]. Thought 
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to be the ancestral clotting factor protein, the previous clotting factors likely arose by 

prothrombin gene duplication, gene modification, and exon shuffling [57]. Similar to the 

previous clotting enzymes, prothrombin contains a GLA domain, which facilitates 

binding to cellular membranes, and a serine protease domain. However, prothrombin 

does not contain EGF domains, but rather two kringle domains [57]. 

Prothrombin is cleaved by the prothrombinase complex, which is comprised of 

the FXa enzyme and FVa cofactor complex assembled on a lipid surface [75]. Thrombin, 

which is the active enzyme form of the protein, is comprised of two peptide chains 

(alpha and beta) that are connected by a disulfide bond. Similar to the other clotting 

factors, the thrombin beta chain contains the serine protease domain (enzymatic active 

site). When prothrombin is cleaved, the GLA domain is released, which results in 

thrombin diffusion away from the membrane [86].  

Thrombin is an extremely important enzyme that catalyzes numerous 

interactions in vivo and plays a key role in both coagulation and inflammation. For a 

review on thrombin’s numerous interactions, see [87]. Related to coagulation, thrombin 

functions as a procoagulant by activating platelets (i.e., cleaves PARs), generating a 

positive feedback loop to produce more thrombin (i.e., cleaves FV, FVIII, and FXI), and 

cleaving fibrinogen, which is subsequently cross-linked by FXIIIa to form the clot 

meshwork. Moreover, thrombin can function as an anticoagulant and dampen 

coagulation. Upon binding to thrombomodulin (TM), thrombin cleaves protein C to 

form activated protein C (APC), which in turn cleaves and inactivates FVa and FVIIIa to 

dampen coagulation.  

Prothrombin deficiency is a rare congenital disorder that affects approximately 1 

in 1-2 million people, although there are no reports of complete deficiency [88]. 

Similarly, complete prothrombin deficiency in mice results in embryonic and neonatal 
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lethality [89, 90]. The clinical manifestations of (incomplete) prothrombin deficiency in 

humans include mucosal and surgical trauma associated bleeding, as well as joint and 

intracranial hemorrhage [88]. Moreover, studies have also shown that polymorphisms in 

the prothrombin gene are associated with elevated prothrombin levels and increased 

susceptibility to venous thrombosis [91-93]. 

1.1.4 The Role of Platelets 

Platelets are anuclear, discoid shaped cells that are an integral component of 

blood clot formation. In their resting state, platelets circulate in the blood and survey the 

vasculature for damage. Upon encountering vessel damage, platelets become activated, 

adhere to the damaged area, and aggregate to form a plug that helps arrest bleeding 

[94]. Moreover, activated platelets provide a lipid membrane that is crucial for the 

formation of procoagulant protein complexes [95]. There are a number of platelet 

receptors that play a key role in platelet activation, adhesion, and aggregation that are 

described in detail below. 

Although platelet activation and platelet-rich clot formation are typically 

separated into two general phases (adhesion and aggregation), a current model defines 

the process as occurring in three separate phases: initiation, extension, and stabilization 

[96]. During initiation, damage to the blood vessel exposes the extracellular matrix 

(ECM), which contains key molecules that are essential for platelet activation/adhesion, 

such as collagen, laminin, and proteoglycans. Under high shear, the plasma protein von 

Willebrand factor (VWF) binds to exposed collagen and undergoes a conformational 

shape change [97, 98]. Collagen-bound VWF under high shear has an increased affinity 

for the platelet surface receptor glycoprotein (GP)Ib-IX-V, and GPIb-IX-V/VWF binding 

adheres the platelet to the damaged site [99]. VWF/GPIb-IX-V binding is dynamic, and 

the platelet rolls across the damaged surface. As the platelet rolls along the damaged 
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VWF coated vessel, additional platelet receptors interact with the vessel wall 

components [100]. The platelet surface receptors GPVI and α2β1 bind to collagen and 

laminin and further anchor the platelet. Moreover, GPVI/collagen binding stimulates a 

phosphorylation signaling cascade that activates the platelet [101]. Additionally, the 

thrombin generated via the soluble clotting factors activates platelets.  

After an initial platelet layer has adhered to the damaged site, additional 

platelets must be recruited to form a stable clot. During the extension phase, the 

activated platelets that have adhered to the damaged area release internal stores of 

proteins and small molecules (i.e., ADP and TXA2) that activate and recruit additional 

platelets. Moreover, integrin platelet surface platelet receptors, such as GPIIb-IIIa, 

change conformation in response to “inside-out” signaling. Activated GPIIb-IIIa binds 

VWF and fibrinogen to form stable bridges between platelets [96]. 

During the final phase, stabilization, there is a late wave of signaling events that 

is mediated by platelet aggregation and is important for thrombus growth and stability. 

“Outside-in” signaling occurs, where platelet receptor binding to ligands triggers 

platelet cytoskeleton rearrangements and changes in the lipid membrane composition 

that support soluble coagulation factor complex assembly, thrombin generation, and 

fibrin formation [96].   

VWF and GPIb-IX-V 

Von Willebrand Factor (VWF) is a large, multimeric protein that contains 

monomers tandemly arranged and held together by disulfide bonds; the VWF multimer 

can range in size from 260 kDa – 20 MDa, depending upon the number of monomers 

integrated (for a review see [102]). VWF contains a number of domains that are critical 

for in vivo function. Domains A1 and A3 play a role in platelet adhesion to GPIb-IX-V 

and collagen, respectively, whereas domain A2 is important for multimer cleavage by 
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metalloproteases [103]. VWF circulates in the blood bound to FVIII and is stored within 

platelets and released upon platelet activation [59]. 

GPIb-IX-V is a leucine-rich platelet surface receptor that is comprised of four 

different glycoprotein subunits: GPIbα, GPIbβ, GPIX, and GPV. GPIbα and GPIbβ are 

covalently linked via a disulfide bond and non-covalently associated with GPIX and 

GPV at a ratio of 2:4:2:1, respectively (for a review see [104]). The GPIbα subunit, which 

is also termed “glycocalicin”, contains the binding surface for numerous coagulation 

proteins (i.e., kininogen, FXI, FXII, thrombin, VWF, P-selectin) [96]. GPIb-IX-V is a 

relatively abundant platelet receptor and is expressed at approximately 25,000 copies per 

platelet [105]. 

The main roles of VWF and GPIb-IX-V are to mediate platelet binding to the 

damaged vasculature during platelet adhesion; moreover, VWF binding to FVIII shuttles 

FVIII around the vasculature and prevents FVIII degradation. When a blood vessel is 

damaged, plasma VWF binds to the exposed collagen and changes conformation. 

Collagen-bound VWF subjected to high shear exhibits an increased affinity towards 

platelet GPIb-IX-V, and subsequent VWF/GPIb-IX-V binding localizes the platelet to the 

damaged vasculature. In essence, VWF binding to collagen creates a molecular “Velcro” 

landing strip, where platelets initially adhere, dissociate, and slowly roll along the 

immobilized VWF as bonds between VWF/GPIb-IX-V are continually formed and 

dissociate. VWF/GPIb-IX-V binding temporarily tethers the platelet to the damaged 

area and slows it down, which allows for additional platelet receptors to interact with 

the local environment [96]. Some data also suggests that VWF/GPIb-IX-V binding 

stimulates a phosphorylation signaling cascade, similar to other glycoprotein receptors, 

that aids in platelet activation [106]. 
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Von Willebrand disease (VWD), or VWF protein deficiency is a relatively 

common genetic disease that affects approximately 1 in 100-1,000 humans [107]. VWD 

can be divided into three types (1, 2 and 3) based upon the level of deficiency. VWD 

patients typically present with easy bruising, oral cavity bleeding, menorrhagia, post-

surgical or postpartum bleeding, and, in severe cases, joint and soft tissue bleeding. 

Similarly, VWF deficient mice demonstrate moderate to severe bleeding and some have 

spontaneous bleeding events. These mice are protected against arterial thrombus 

formation and have delayed clot formation [108, 109]. Genetic studies in humans have 

indicated that VWF gene polymorphisms are associated with the plasma VWF level and 

are associated with an increased or reduced risk of thrombosis, MI, and stroke [110, 111].  

Bernard-Soulier syndrome (BSS), or GPIb-IX-V deficiency, is a rare genetic 

disorder that affects approximately 1 in 1,000,000 people [112]. BSS presents with 

thrombocytopenia and decreased platelet adhesion, low platelet counts, and large 

abnormal platelet structures. Studies in knockout or modified mice have shown that 

GPIbα is required for in vivo thrombosis and there is no platelet tethering to the 

damaged area in its absence; similar to humans, BSS mice have a severe bleeding 

phenotype and the platelet abnormalities previously described [113]. Genetic studies in 

humans have identified several polymorphisms that appear to correlate with an 

increased risk for arterial thrombosis [114, 115]. 

GPVI 

GPVI is an immunoglobulin-like 65 kDa platelet glycoprotein surface receptor 

that is present on the platelet surface as a homodimer (for a review see [116]). Each GPVI 

subunit contains an extracellular region with two IgG-like domains, a mucin rich stalk, a 

transmembrane region, and a cytoplasmic tail. Each GPVI monomer forms a salt bridge 

with the FcRγ platelet surface receptor, which contains cytosolic immunotyrosine 
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activation motifs (ITAMS) [101]. GPVI is expressed at a relatively low level of 

approximately 1,000-5,000 copies per platelet [117]. 

GPVI is considered to be the main platelet receptor for collagen, where 

GPVI/collagen binding after VWF/GPIb-IX-V binding further anchors the platelet to the 

vessel and activates the platelet. Numerous mechanistic data indicate that collagen 

activates platelets by binding to several GPVI dimers and clustering the receptor on the 

platelet surface [118]. Ligand mediated clustering results in dense FcRγ overlay and 

subsequent ITAM phosphorylation, which stimulates a phosphorylation signaling 

cascade that activates the platelet and promotes platelet aggregation. 

GPVI deficiency is a rare genetic disease that was only recently identified. Only a 

handful of GPVI patients have been reported, and these patients do not display a severe 

bleeding phenotype [119-121]. Similarly, GPVI deficient mice do not have an overt 

bleeding phenotype. Strikingly, these mice are also protected against thrombus 

formation in vivo, which suggests that GPVI may play a role in thrombosis, but not 

hemostasis [122, 123]. Finally, genetic studies in humans have indicated that GPVI 

polymorphisms are associated with MI and stroke [124].  

α2β1 

α2β1, which is also called GPIa-IIb, is a platelet surface integrin receptor. Both the 

α and β domain fold into N terminal globular structures that together form the ligand 

binding surface. α2β1 expressed is a relatively low level of approximately 2,000-4,000 

copies per platelet [125]. 

Like the other platelet surface integrins, α2β1 displays enhanced binding affinity 

toward its substrate upon conformational activation during inside-out signaling. Similar 

to GPVI, after activation α2β1 binds collagen to support platelet adhesion, and 

α2β1/collagen binding triggers a signaling cascade that reinforces platelet activation. 
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Although GPVI is considered to be the central collagen receptor, researchers 

hypothesize that GPVI and α2β1 may act synergistically to promote optimal platelet 

activation and adhesion to collagen. 

Deficient humans have a mild bleeding phenotype with no major hemostatic 

defects, although they may display chronic mucocutaneous bleeding and their platelets 

are less responsive to collagen [96, 126]. In vivo thrombosis studies with α2β1 mice present 

conflicting results and report either no change in thrombus formation or delayed, 

reduced, or unstable thrombus formation [127, 128].  

P2Y1 and P2Y12 

 P2Y1 and P2Y12 are G-protein coupled platelet surface receptors (GPCRs) that 

belong to the rhodopsin-like family of structures, which play a key role in signaling 

during a number of biological functions [129]. GPCRs are integral membrane proteins 

that contain seven transmembrane helical domains connected by three intracellular and 

three extracellular loops. The extracellular loops are stabilized by disulfide bonds and 

form the ligand binding region. A conformational change in the GPCR is induced upon 

ligand binding that ultimately stimulates intracellular signaling.  

P2Y1 and P2Y12 play a key role in the extension phase of platelet activation, where 

soluble agonists are released and amplify the platelet response. These receptors are 

stimulated by ADP, which is released from internal platelet stores (δ-granules) upon 

platelet activation [130]. Studies suggest that these two receptors may play different, but 

complementary roles in platelet activation where P2Y1 plays a role in activation 

initiation, while P2Y12 plays a role in sustaining activation/aggregation. P2Y1 and P2Y12 

stimulation supports platelet activation and results in calcium mobilization, granule 

secretion, and integrin activation [96].  
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Interestingly, there are no reports of P2Y1 deficient patients, and only a few 

reports of P2Y12 deficiency in humans. The few P2Y12 patients described demonstrate a 

bleeding phenotype and impaired platelet activation/aggregation in response to ADP 

[131]. P2Y1 deficient mice have a minor increase in bleeding time, no spontaneous 

hemorrhage, and a reduced platelet response to ADP, while P2Y12 deficient mice have a 

significantly prolonged bleeding time, decreased response to other platelet agonists, and 

are protected against arterial thrombosis [132, 133].  

PARs 

Platelet protease activated receptors (PARs) are also GPCRs that are present on 

the platelet surface (for a review see [134]). However, unlike the P2Y receptors, PARs 

contain their own ligand that is unmasked during receptor activation/cleavage. There 

are four main PAR receptors (PAR1, PAR2, PAR3, and PAR4). PAR1 and PAR4 are 

expressed on human platelets, while PAR3 and PAR4 are expressed on mouse platelets. 

PAR1, 3, and 4 are all activated by the serine protease thrombin, while PAR2 is activated 

by FVIIa and Xa. 

Unlike other platelet receptors, the PAR ligand is encoded by the receptor, 

although it is only accessible after proteolysis. Enzyme binding and cleavage alters the 

N-terminus of the PAR receptor, which subsequently functions as a tethered ligand that 

binds and activates the receptor. The activating enzyme (e.g., thrombin) is subsequently 

released and recycled to cleave additional PAR receptors. PAR receptor signaling results 

in platelet activation, degranulation, and aggregation [135]. 

There are currently no reports of PAR deficient patients [96]. PAR3 knockout 

mice have platelets that cannot be activated with low amounts of thrombin, although 

this defect can be overcome with high amounts of thrombin [134]. PAR4 knockout mice 

have a markedly prolonged bleeding time, their platelets are no longer responsive to 
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thrombin, and they are protected against arterial thrombosis [136, 137]. A dual-receptor 

model for PAR activation has been proposed, where PAR3 is activated at low thrombin 

concentrations and results in transient platelet activation, while PAR4 is activated at 

high thrombin concentrations and results in stable platelet activation. 

GPIIb-IIIa 

GPIIb-IIIa, which is also referred to as αIIbβIII, is a heterodimeric platelet surface 

integrin receptor that is comprised of two subunits. The GPIIb subunit (140 kDa) 

contains a large and small chain that are linked by disulfide bonds, while the GPIIIa 

subunit (105 kDa) is a single chain (for a review see [138]). GPIIb-IIIa is expressed at the 

relatively high level of approximately 50,000 copies per platelet [139]. 

Similar to the other platelet integrin receptors, GPIIb-IIIa is activated during 

inside-out signaling and undergoes a conformational change that is associated with 

increased activity. Activated GPIIb-IIIa binds fibrinogen and VWF, which crosslink the 

platelets to form a stable platelet aggregate. Moreover, upon GPIIb-IIIa ligand binding a 

phosphorylation signaling cascade is activated; this outside-in signaling occurs during 

the stabilization/perpetuation phase and is crucial for stable thrombus growth [139]. 

Outside-in signaling results in cytoskeletal rearrangement, large platelet aggregate 

formation, and the development of a platelet procoagulant surface for coagulation 

complex assembly [96]. 

Glanzmann’s thrombasthenia, or GPIIb-IIIa deficiency, is a rare human genetic 

disorder with a widely debated prevalence. This disease can be classified into several 

types based on the molecular pathology. Glanzmann’s patients typically present with 

purpura, epistaxis, easy bruising, gingival bleeding, menorrhagia, and prolonged 

bleeding in association with trauma, although there is typically no spontaneous bleeding 

[140]. Moreover, Glanzmann’s platelets have a defect in aggregation, but not adhesion, 
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and their platelets do not aggregate in response to any natural agonist. β-3 knockout 

mice, similar to Glanzmann’s patients, have a severe bleeding phenotype, demonstrate 

spontaneous bleeding and have defective platelet function [141]. Human genetic studies 

have indicated that GPIIb-IIIa polymorphisms are associated with plaque 

instability/rupture, increased risk for arterial thrombosis, and MI [142]. 

1.1.5 Atherosclerosis, Thrombosis, and Surgical Treatment 

Cardiovascular disease is the leading cause of non-traumatic death in adults in 

industrialized societies [3]. Atherosclerosis, which is the excessive accumulation of lipids 

within arterial walls, is the most common form of cardiovascular disease and is 

associated with arterial thrombosis and inflammation [143]. Atherosclerosis is a 

progressive disease in which lipids accumulate within an individual’s arteries over their 

lifetime. “Fatty streak” lesions, or modestly sized fat deposits, are common elements that 

are found in the major arteries of all healthy humans. However, the continuous 

degenerative accumulation of lipids due to dietary, environmental, and/or genetic 

factors can lead to advanced fibrous lesions, plaque formation, and an inflammatory 

response (for a review see [4]). 

Lesion formation begins when lipoprotein particles form aggregates in the 

intima, which is the collagen and proteoglycan rich layer that contains the endothelium. 

Circulating monocytes adhere to the nearby endothelial surface, transmigrate across the 

endothelium, and proliferate into macrophages. The macrophages engulf the 

surrounding lipoproteins and form foam cells, which eventually die and release their 

lipoprotein content to form the necrotic lipid-laden core of the lesion. Smooth muscle 

cells may migrate to the lesion and release fibrous molecules that form the fibrous 

plaque. As a plaque expands and encroaches upon the blood vessel it can become 

unstable, rupture, and may damage the surrounding vessel wall. Plaque rupture may 
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trigger thrombosis as it exposes prothrombotic elements in the intima to the flowing 

blood and releases the necrotic, TF-rich plaque core. Intra-arterial thrombosis is often 

triggered by plaque rupture or erosion, and thrombi generated via this mechanism can 

occlude the blood vessel lumen and impair blood flow. Occlusive blood clot formation 

in the major arteries supplying the heart may result in myocardial infarction (MI, “heart 

attack”), while clot formation in arteries supplying the brain may cause stroke [4]. 

When a blot clot forms in a coronary artery, invasive procedures are often 

performed to circumvent or disrupt the clot to restore blood flow and oxygen supply to 

the ischemic distal vascular bed. Percutaneous coronary intervention (PCI, or 

“angioplasty”) is a minimally invasive procedure that is commonly employed to 

mechanically dilate the lumen of a stenotic coronary artery. Expansion of the stenotic or 

occluded vessel is achieved via a balloon-tipped catheter that is inserted into a 

peripheral artery (i.e., femoral, radial, or brachial) and advanced under fluoroscopic 

guidance into the lumen of the coronary artery to the site of the stenosis. The balloon is 

expanded at the stenotic site to dilate the arterial lumen and allow blood to flow past the 

stenosis and/or clot. Post-procedural arterial patency is often improved by the insertion 

of an intra-luminal stent at the angioplasty site. Some stents only provide structural 

support for the coronary vessel, while other stents also provide local delivery of a drug 

to prevent post-procedural restenosis. During PCI, the patient must be systemically 

anticoagulated to prevent clot formation on the catheter, at the lesion site, or at distal 

sites. Patients are typically anticoagulated with UFH to achieve an ACT of greater than 

300 seconds [144]. Alternative anticoagulants, such as bivalirudin may be utilized, 

especially for patients with a heparin allergy [145].  

PCI may be unsuitable treatment for some patients with coronary artery disease.  

For example, a patient who requires coronary revascularization because of significant 
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stenosis of the left main coronary artery or the proximal LAD, or who has multiple 

and/or complex stenoses in two or three coronary arteries may be better treated with a 

coronary artery bypass graft (CABG) operation than with multiple coronary 

angioplasties.  

Many CABG operations and all open cardiac operations require 

cardiopulmonary bypass (CPB), which is a form of extracorporeal circulation. A patient 

who requires CPB is first given an intravenous rapid onset systemic anticoagulant drug.  

The surgeon then inserts one cannula (a specially designed tube) into a systemic artery, 

usually the aorta, and another cannula or cannulas into the central venous circulation, 

usually via the right atrium. The systemic venous blood is diverted away from the right 

atrium through the venous cannula(s) and one system of tubes into a venous reservoir.  

A mechanical pump then drives the reservoir blood through another set of tubes into an 

artificial oxygenator, a heat exchanger, and a filter (Figure 3). The oxygenated, heated, 

and filtered blood is then returned to the systemic circulation via the arterial cannula.  

Shed operative field blood may also be returned to the venous reservoir. As the blood 

circulates continuously from the patient’s systemic vascular circuit to the oxygenator 

circuit and back to the patient’s systemic vascular circuit it “bypasses” the chambers of 

the heart and the pulmonary vascular circuit; hence the term “cardiopulmonary bypass” 

[144]. 
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Figure 3: A diagram of a basic extracorporeal circuit. Adapted from Cohn and 
Edmunds, Cardiac Surgery in the Adult, 3rd Edition, 2003 [144]. 

Like patients undergoing PCI, patients undergoing CPB require rapid onset 

systemic anticoagulation. However, the level of anticoagulation required for CPB is 

much greater than the level required for PCI. During CPB the blood is repeatedly 

exposed to the non-endothelial, synthetic surfaces of the extracorporeal oxygenator 

circuit and to non-physiologic shear as it is driven through the oxygenator membrane 

[146, 147]. Moreover, shed blood in the surgical wound becomes exposed to tissue factor 

before it is returned to the venous reservoir [148]. Each of those procoagulant stimuli 

contributes to CPB-induced thrombogenicity and inflammation [149]. Thus, potent 

anticoagulation is required to maintain the fluidity of the blood during CPB.  

The standard anticoagulant strategy for CPB is UFH for anticoagulation and 

protamine for UFH neutralization following discontinuation of CPB. Typically an ACT 

of greater than 400 sec is recommended, although some groups suggest an ACT of 480 

seconds [144]. Unfortunately, heparin has untoward side effects and can trigger an 

immune response in some patients. Heparin induced thrombocytopenia (HIT) is an 

acquired immune response that is triggered by the binding of anti-heparin/platelet 
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factor 4 (PF4) antibodies to platelets. Antibody binding both activates and destroys 

platelets. Activated platelets can trigger thrombosis, while platelet destruction results in 

thrombocytopenia [150]. Moreover, although UFH can be reversed with the polycation 

protamine, protamine itself can produce a number of unwanted side effects, including 

systemic hypotension [151], anaphylaxis [152], and decreased cardiac output and 

myocyte contractile function [153]. 

To be a viable alternative to UFH for CPB anticoagulation, an anticoagulant 

strategy must fulfill several criteria: i) the strategy must anticoagulate the patient within 

5 minutes of intravenous infusion, ii) possess an anticoagulant potency equal to UFH, iii) 

have an in vivo half-life long enough to obviate the need for continuous administration 

during CPB, iv) be non-immunogenic, v) circulate without activating platelets or 

provoking other pro-inflammatory stimuli, vi) generate an anticoagulant effect that can 

be easily monitored with point of care (POC) assays, and vii) be neutralizable post-CPB 

via a non-inflammatory mechanism with an antidote that itself has no toxicity. UFH 

fulfills several of these criteria: rapid onset, potent, durable, antidote reversibility; 

however, as previously discussed, UFH has numerous deleterious side effects. Several 

small groups of patients have received alternative anticoagulants (recombinant hirudin, 

argatroban, bivalirudin, and danaparoid) for CPB. However, these anticoagulants have 

not superseded UFH because they produce less robust anticoagulation, methods of 

dosing and monitoring their anticoagulant effects have not been established, and none 

can be controlled with an antidote [145, 154]. Thus, there is an unmet medical need for 

effective antidote reversible anticoagulants for CPB. 
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1.2 Aptamers 

1.2.1 Aptamers 

Coined by Ellington and Szostak in their seminal 1990 study, the term aptamer is 

a hybrid of the Latin word “aptus”, meaning to fit, and the Greek word “meros”, 

meaning part [155]. An aptamer is a single stranded oligonucleotide that forms intra-

molecular base pairs and folds into a complex tertiary structure. This three-dimensional 

nucleic acid structure functions as an artificial ligand that binds to its cognate structure, 

or target molecule. Aptamer target binding is often compared to a basic “lock and key” 

mechanism, where the shape of the key determines whether it will function with the 

specific lock. As each lock requires a unique key shape, each target requires a uniquely 

shaped aptamer. Although the term aptamer was originally coined for oligonucleotide 

ligands that were evolved or generated in the laboratory, naturally occurring RNA 

structures have been identified. For example, the HIV virus has evolved small structured 

RNAs (TAR RNA) that bind and recruit TAT proteins, which mediate viral replication 

[156]. Sullenger et al. showed that “decoy” TAR RNA fragments that form identical 

structures to the endogenous HIV TAR RNA structure bind and sequester the TAT 

protein target, thus preventing viral replication [157].  

Theoretically, aptamers can be created for any target of interest, including small 

molecules [155, 158], soluble and/or surface proteins [159, 160], cell fractions [161], 

whole cells [162], and even entire organisms [163, 164]. Aptamers have several 

characteristics that are similar to monoclonal antibodies and small molecules, yet have 

additional characteristics that place them in a novel class of therapeutics. Similar to 

monoclonal antibodies, aptamer binding to the target is an extremely high affinity 

interaction, with binding dissociation constants that typically range from low nanomolar 

(10-9) to high picomolar (10-12) concentrations. Moreover, aptamers are exquisitely 
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specific for their target molecule. For example, an aptamer generated against the small 

molecule theophylline shows greater than 10,000-fold specificity toward its target 

compared to the highly related molecule caffeine, which differs only by a single methyl 

group [158]. Similarly, an aptamer generated against coagulation factor Xa shows 

greater than 2,700-fold specificity for FX/FXa when compared to other related 

coagulation proteins (FVIIa, FIXa, thrombin, etc.) [165]. Thus, aptamers are ligands that 

bind with high affinity and specificity. Analogous to monoclonal antibodies, aptamer 

binding to the target often buries a surface that is important for the target’s function, and 

thereby prevents protein-ligand interactions that are essential for in vivo function [165-

167]. 

Similar to small molecule therapeutics, aptamers can be generated in the lab and 

do not require a biological system, unlike antibody production. Aptamers, like other 

oligonucleotides, can be custom designed and produced by solid phase synthesis. 

Additionally, these compounds have a stable shelf life, can be stored long-term in the 

freezer, and can withstand multiple freeze-thaw cycles. Moreover, several clinical trials 

have shown overall that aptamer therapeutics are non-immunogenic, non-toxic, and 

well tolerated [168-174].  

Another unique characteristic of aptamers is their amendable bioavailability. The 

chemical composition of the oligonucleotides can easily be adjusted to either increase or 

decrease the stability and in vivo circulation of the aptamer as desired. Generally 

speaking, aptamers are divided into two main classes: DNA or RNA. Each type of 

aptamer has different advantages/disadvantages and should be chosen based on the 

intended applications and purpose. DNA aptamers are relatively stable and extremely 

cost-effective; as a result, DNA aptamers are often used for applications that do not 

involve prolonged exposure to bodily fluids, such as analyte detection and biosensors 
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for diagnostics, environmental pollution, and food contamination [175]. In contrast, 

RNA aptamers are extremely unstable due to the labile nature of the 2’ hydroxyl 

position of ribonucleic acids. However, researchers can increase the stability of the 

molecule by incorporating modified RNA nucleotides, where the bases are engineered 

to be resistant to hydrolysis in physiologic environments. There are a number of 

different types of RNA modifications that engender stability through the inclusion of 

ribose modifications (e.g., 2’-amino or 2’-fluoro), phosphate backbone/internucleotide 

linkage modifications (e.g., phosphorothioate or boranophosphate), and nucleoside 

modifications (e.g., 5-amino acid side-chain U/T substitutions) [176, 177]. Modified RNA 

aptamers are extremely stable (more stable than DNA), and are often used for in vivo 

therapeutic applications; however, these aptamers are currently much more expensive 

than their DNA counterparts because of the high cost of modified nucleotides. Future 

advances in technology may decrease the cost of modified RNA production, thereby 

decreasing the cost of modified RNA therapeutics. 

Additional changes can be made to either DNA or RNA aptamers to increase 

their circulating half-life. An inverted deoxythymidine (idT) cap is often added to the 3’ 

end during oligonucleotide synthesis to prevent degradation by endogenous 3’-5’ 

exonucleases [178]. Moreover, because aptamers are typically small (5-30 kDa), they are 

rapidly cleared in vivo via renal filtration and have a half-life of several minutes [179, 

180]. To increase the aptamer molecular weight, improve stability, and prevent renal 

clearance, small molecules, peptides, and polymer terminal groups (e.g., cholesterol, 

polyethylene glycol, or HIV TAT peptide) can be conjugated to the oligonucleotide [179, 

181]. Pharmacokinetic and biodistribution studies by the Archemix company have 

indicated that pegylated aptamers possess a longer half-life and increased tissue 
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distribution, presumably because the compound circulates in the blood longer and can 

be distributed to highly perfused organs [179].  

In the current literature, the applications of aptamers continue to grow. As was 

previously stated, aptamers can be generated against a host of target molecules (small 

molecules, proteins, cells, etc.) and can therefore be used in numerous applications. 

Currently, aptamers are being studied for use in imaging, analytical purification, 

biosensing, arrays, diagnostic detection, and therapy [182]. 

1.2.2 SELEX 

Systematic evolution of ligands through exponential enrichment, or SELEX, is an 

in vitro evolutionary process to isolate high affinity aptamers that bind to a target of 

interest (Figure 4). Originally described by Tuerk and Gold, as well as Ellington and 

Szostak in 1990, SELEX generates high affinity aptamers to the target by screening a vast 

library of random oligonucleotide sequences (either RNA or DNA) for the most high 

affinity binders [155, 183]. Similar to phage display technology, a randomized 

oligonucleotide library that contains different sequences is incubated with the target 

(small molecule, protein, cell, etc.), and the bound oligonucleotides are extracted, 

amplified, and enriched through PCR. This selection process of binding, extraction, and 

amplification is repeated until “winning”, or high affinity aptamers are isolated [184].  
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Figure 4: A diagram of systematic evolution of ligands through exponential 
enrichment (SELEX). Adapted from Nimjee et al., Ann Rev Med, 2005 [185]. 

SELEX initiates by generating a pool of oligonucleotides that have a large 

sequence diversity, which results in differential oligonucleotide folding and therefore a 

pool of different molecular shapes. Typically, the starting pool, or “library” for SELEX 

contains approximately 1014 unique sequences/shapes. However, within each aptamer 

sequence there is a specific architecture. The 5’ and 3’ ends of each oligonucleotide 

contain a fixed sequence region that will later serve as a primer-binding site during PCR 

amplification. Sandwiched between the fixed sequences is a variable region, where 

random combinations of nucleotide sequences will fold to form different domains. Thus, 

different sequences within the variable region will influence aptamer folding and the 

overall shape, resulting in different “keys” that can be tested for their ability to fit the 

“lock”. The length of the variable region can be adjusted as desired to suit different 

needs, and typically varies between 20-80 nucleotides. Shorter variable regions ensure 

that smaller aptamers that may require less optimization are obtained, while longer 

variable regions allow for more sequence diversity and allow researchers to probe a 

larger sequence space. 



 

34 

When the original oligonucleotide pool, or “library”, is designed, researchers 

most also choose whether to use DNA or (modified) RNA oligonucleotides. As 

previously discussed, DNA and modified RNA each have unique advantages and 

disadvantages. One type of oligonucleotide must be chosen and consistently used 

throughout selection, as DNA and (modified) RNA oligonucleotides demonstrate 

different folding patterns. Thus, the type of oligonucleotide must be decided at the 

initiation of SELEX and maintained throughout the entire process.  

In addition to library design, the target must be identified. Aptamers have been 

generated via SELEX toward small molecules [155, 158], soluble proteins [159, 186], cell 

surface proteins [160, 187], whole cells [162, 188], and even whole organisms [163, 164]. 

The first round of SELEX initiates by incubating the oligonucleotide library with the 

target. After a sufficient amount of time to allow for aptamer/target interactions, bound 

oligonucleotides are separated from the unbound through a variety of means, including 

nitrocellulose filtration, chromatography, immunoprecipitation, and electrophoresis 

[189]. The unbound oligonucleotides are discarded, and the bound aptamers are 

dissociated from the protein. The dissociated aptamers are then amplified via RT-PCR 

(RNA) or PCR (DNA) with primers that anneal to the 5’ and 3’ fixed sequence regions. 

PCR amplification generates an enriched pool of oligonucleotides with increased affinity 

toward the target. This enriched pool is then re-incubated with the target and the 

process is repeated under increasingly stringent conditions. The stringency can be 

increased by decreasing the amount of target present, decreasing the target to 

oligonucleotide ratio, or increasing the buffer salt composition to decrease non-specific 

binding. Each round of SELEX consists of binding, extraction, and amplification, and 

typically 8-12 rounds of traditional SELEX are required to generate an oligonucleotide 

pool with the desired binding affinity or functionality [184].  
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Once SELEX is complete, individual aptamer sequences must be deconvoluted 

from the pool of enriched binders. The oligonucleotide pool is cloned and sequenced 

with standard molecular biology techniques to yield individual aptamer sequences, 

which are then aligned with sequence analysis software to analyze the aptamer 

sequences. Oftentimes, SELEX results in families of aptamer sequences that share similar 

stretches of nucleotide sequences, which presumably represent domains that are 

important for target binding. If SELEX is continued under increasingly stringent 

conditions, often times there is  “completion”, where the final pool is comprised of a 

single aptamer sequence. This “winner” sequence may have the highest binding affinity, 

and/or may be a sequence that amplifies well during RT-PCR or transcribes well. While 

SELEX completion produces an obvious candidate compound to further test, generation 

of sequence families can yield valuable information about important conserved 

RNA/DNA sequences and may aid in compound optimization/truncation. 

 Once the winning aptamers are sequenced and identified they can be tested and 

compared to identify the lead candidate molecule(s). In vitro studies are used to compare 

the individual aptamer sequences for their binding affinity and intended functionality 

toward the therapeutic target (enzyme inhibition, receptor-mediated signaling, etc.). 

Often, the aptamer(s) with a combination of the highest binding affinity and most potent 

functionality is(are) selected for optimization and further studies. 

Several different variations on the traditional SELEX technique have been 

designed to generate aptamers against different types of targets. Complex SELEX can be 

used to isolate aptamers against a mixture of proteins, such as human plasma [190, 191]. 

This strategy allows for simultaneous enrichment against a number of targets or even 

previously un-identified targets of interest. Convergent SELEX is the isolation of 

aptamers toward a rare protein target from a focused library that was generated via 
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selection against a pool of proteins. This strategy allows for rapid identification of 

aptamers toward rare proteins present in the initial proteome [191]. 

 Another SELEX variation is Toggle-SELEX, where aptamers are isolated that 

bind to a conserved surface on two different proteins. For example, aptamers have been 

isolated that are so specific for their human target that they do not cross-react with 

orthologous species, which makes in vivo testing in animal models a challenge. Toggle-

SELEX can therefore be performed by alternating between rounding with the purified 

human protein and non-human protein. This technique was used by White et al. to 

successfully isolate aptamers that bind to both human and porcine thrombin [192]. 

Alternatively, cell-SELEX can be used to isolate aptamers that bind to specific 

cellular receptors or specific types of cells (e.g., cancer cells) [162]. However, because 

cells display a number of proteins that aptamers can be inadvertently isolated against, 

stringent “negative” selection often must be performed prior to or following each round 

of cell-SELEX. The library is typically incubated with cells that do not express the 

receptor or are not of interest (i.e., non-cancerous), and aptamers that bind are discarded. 

The remaining pool is then applied to the target cells during the positive selection 

round, where the bound aptamers are extracted and amplified. Alternatively, the 

positive round of selection can be performed first, followed by the negative round of 

selection [188]. 

Arguably, the most complex form of SELEX is in vivo SELEX, where the library is 

injected into an animal and aptamers are recovered by isolating a specific tissue of 

interest. For example, Mi et al. used in vivo SELEX to isolate aptamers that localized to a 

tumor in xenograft mice [193]. Because the protein concentration cannot be controlled 

during in vivo SELEX, the stringency can be adjusted by sequentially increasing or 

decreasing the time between injection and tumor harvesting. This form of selection is 
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extremely challenging and it can be difficult to direct the selection toward a specific 

target of interest. However, in vivo SELEX can also allow researchers to identify 

previously unknown targets. 

A majority of the in vitro SELEX methods screen and partition the 

oligonucleotide library based on binding affinity to the target.  As a result, “winning” 

aptamer sequences demonstrate extremely high binding affinity and selectivity toward 

the target molecule. However, a high binding affinity does not always ensure that the 

resulting aptamer will have the desired functionality, as an aptamer can bind tightly to 

non-functional areas of a protein. Because of this caveat, researchers continually work 

toward redesigning the SELEX procedure to partition based on oligonucleotide 

functionality, in addition to binding affinity, during the screening process. The challenge 

for future studies will be to determine how to separate the target based on the desired 

functionality (e.g., protein inhibition or enhancement of enzymatic activity).  

1.2.3 Antidote Control of Aptamers 

Perhaps the most unique characteristic of aptamers is that their function can be 

directly controlled through the use of a second molecule, or antidote. The tenant that an 

aptamer’s three-dimensional shape is essential for target binding is crucial to the concept 

of antidote control. Theoretically, any agent that can envelope or disrupt the aptamer’s 

tertiary structure should prevent binding to the target protein. 

The original method of aptamer antidote control focused upon the biochemical 

interactions that occur between oligonucleotides, specifically nucleotide base pairing. 

Aptamers form a three-dimensional, functional structure by forming intra-molecular 

base pairs, which stabilize the tertiary structure. However, based upon the rules of 

Watson-Crick base pairing, a second complementary oligonucleotide can be designed to 

bind to the aptamer and thereby disrupt its internal base pairing/tertiary structure [186]. 
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In theory, the oligonucleotide antidote should bind to the aptamer, disrupt aptamer 

folding, and result in an inert antidote-aptamer complex (Figure 5). This simple method 

of antidote design can be applied to theoretically any aptamer, as each aptamer sequence 

encodes for a complementary antidote. 

 

Figure 5: Complementary oligonucleotide antidote reversal of the FIXa aptamer 9.3t. 
Adapted from Nimjee et al., Trends Cardiovasc Med, 2005 [194]. 

For an antidote oligonucleotide to disrupt the aptamer, the bonds formed by 

aptamer-antidote binding must be more stable than the bonds within the aptamer 

structure. The strength of the antidote binding can be adjusted simply by increasing the 

length of antidote – antidotes that form more base pairs with the aptamer will be more 

stable. Typically, antidote oligonucleotides that are approximately 15-20 nucleotides 

long can efficiently bind to the aptamer and disrupt its function. Similar to aptamers, 

antidote oligonucleotides can be comprised of either DNA or modified RNA, depending 

on the application. However, for stability reasons, modified RNA antidotes are typically 

chosen. 

In vivo and clinical trial data with aptamer antidote pairs indicate that this 

strategy of functional control is safe and effective, as no detrimental side effects have 
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been observed. Preliminary animal model data indicated that antidote reversal is stable 

for several hours, and that there was no evidence of a “rebound” effect where the 

antidote dissociated from the aptamer [195, 196]. Clinical studies since then have 

indicated that this system is safe and effective in humans [168, 170]. For example, a 

study with a FIXa anticoagulant aptamer showed that the patient can be anticoagulated 

with the FIXa aptamer, anticoagulation can be rapidly reversed with an antidote, and 

the subject can be re-anticoagulated with an additional dose of aptamer if desired. 

Moreover, dose-titration studies with the antidote have indicated that aptamer 

functionality can be incrementally modulated with sub-saturating doses of the antidote, 

rather than simply reversing aptamer function [169].  

The second type of aptamer antidote control arose from a shift in the perspective 

of aptamer interactions. Rather than focusing on oligonucleotide biochemistry, this 

approach arose from a biological perspective of aptamer administration, specifically for 

anticoagulant aptamers that are administered intravenously and circulate in the blood. 

In a healthy individual, no oligonucleotides should circulate in the blood – they are 

confined within the cell. If an aptamer is administered intravenously, it should 

theoretically be the only oligonucleotide present in circulation. Thus, the specificity 

entailed in custom oligonucleotide antidote design may be unnecessary under these 

conditions, and an antidote that can universally bind and sequester any oligonucleotide 

should suffice. 

Under these conditions, to be “universal” an antidote must non-specifically bind 

to and modulate any aptamer therapeutic. Because all aptamers are oligonucleotides, 

they share a common structural feature – they have a high density of negative charge. 

Thus, any molecule that can non-specifically bind to an oligonucleotide through 

electrostatic interactions may function as a universal antidote. Although there are a wide 
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variety of potential molecules to choose from, a universal antidote, like its aptamer 

counterpart, should also be effective and safe. Thus, a compound that dose not elicit an 

immune response, is not toxic, and rapidly and stably binds the aptamer is required. 

Original proof of principle studies in vitro and in vivo indicated that protamine – 

a small, highly positively charged protein that functions similar to histones by 

packaging nuclear DNA in salmon sperm – can reverse numerous individual aptamer 

anticoagulants, as well as combinations of aptamer anticoagulants [197]. However, 

because protamine has numerous deleterious side-effects, including hypotension [151], 

decreased myocyte contractility [153], and anaphylaxis [152], a less toxic universal 

antidote was sought. Additional molecules that were screened for universal antidote 

activity included several gene-delivery polymers, including HDMBr, PAMAM, and CDP 

[197]. Although several of these molecules could reverse aptamer anticoagulation, CDP 

was chosen as the lead candidate due to its higher affinity toward the aptamers and 

previous reports of low toxicity.  

Whereas the custom oligonucleotide antidote strategy is elegant in its specificity, 

the universal antidote strategy is attractive because of its simplicity. Theoretically, one 

antidote molecule can be used to reverse any aptamer, which makes this method of 

antidote reversal more cost effective. Moreover, a universal antidote can reverse 

mixtures of oligonucleotides if several aptamer therapeutics are combined. Each method 

of antidote control has limitations and strengths. For custom oligonucleotide antidote 

control there is specificity and precision, while for universal antidote control there is 

simplicity. Each strategy also has different applications concerning the reversal of 

aptamer combinations. Oligonucleotide antidotes can be used to specifically reverse one 

aptamer of the combination, thereby reinstating the functionality of a single pathway. In 
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contrast, a universal antidote can be used to completely reverse all aptamer components, 

thereby restoring normal system function. 

1.2.4 Therapeutic Applications of Aptamers 

There are a number of applications for which aptamers are being developed. 

Similar to monoclonal antibodies, therapeutic aptamers can be developed as artificial 

ligands that bind to their molecule or protein of interest with high affinity and 

specificity. For example, the aptamer Macugen (Pegaptanib) was developed against 

vascular endothelial growth factor (VEGF) protein to treat choroidal neovascularization 

associated with age-related macular degeneration (AMD). Similar to a monoclonal 

antibody, the aptamer binds to the VEGF-165 isoform and inhibits VEGF binding to its 

target receptor. Clinical trials with intraocular delivery showed that Macugen was safe 

and effective. In 2004 Macugen became the first FDA approved aptamer therapeutic, 

highlighting the potential for this new class of therapeutics [198].  

In contrast to aptamer inhibition of protein function, aptamers can also be 

developed as therapeutics that stimulate protein function. For example, an aptamer 

generated by McNamara and colleagues against the immune surface costimulatory 

receptor 4-1BB was designed to mimic the natural receptor ligand by binding and 

activating the 4-1BB receptor, which promotes T cell proliferation, survival, and 

expansion. McNamara et al. showed that the multimerized 4-1BB aptamer costimulated 

mouse T cell activation and mediated an in vivo immune response [187]. Currently, 

aptamers are being generated against a number of immune costimulatory receptors to 

enhance innate immune responses. 

Aptamers have also been developed as scaffolds or “chimeras” to deliver 

chemically conjugated additions to a designated cell type. Aptamer chimeras are 

generated by chemical conjugation or hybridization of an effector molecule (termed the 
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cargo), such as a toxin, siRNA, or splice-switching oligonucleotide (SSO) to the aptamer. 

The aptamer portion imparts specific binding and delivery, while the cargo imparts 

functionality. For example, an aptamer against prostate specific membrane antigen 

(PSMA) was hybridized to an anti-PLK1 or anti-BCL2 siRNA. Incubation of these 

aptamer-siRNA chimeras with PSMA positive prostate cells in vitro resulted in receptor 

binding, internalization, and gene expression silencing. Chimera treatment resulted in 

decreased cell proliferation, increased apoptosis, and tumor regression [199]. Another 

example of an aptamer chimera is the conjugation of aptamers to catalytic antibodies. 

Anti-VEGF aptamers were covalently attached to the 3B catalytic antibody to yield a 

chemically programmed antibody to target tumor cells. Aptamer binding to VEGF 

localized the chimera to the tumor region, while the Fc region of the antibody stimulated 

a robust immune response [200].  

1.3 Antithrombotic Therapeutics 

1.3.1 Anticoagulant Agents 

Anticoagulants, often referred to as “blood thinners” in the lay press, are 

therapeutics that prevent blood clot formation by inhibiting one or more coagulation 

proteins. Anticoagulants are prescribed for a number of indications and acute concerns. 

Table 1 lists common anticoagulants, their target, and their characteristics. There is a 

large spectrum of anticoagulants available, and these drugs differ in the clotting factor 

that they target and their mechanism of anticoagulation. However, the only current 

anticoagulant that can be reversed with an antidote is unfractionated heparin (UFH). 
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Table 1: A partial list of current anticoagulants in clinical use or in development. 

Target Drug Mechanism Characteristics Limitations 
Pl

as
m

a 
Se

ri
ne

 
Pr

ot
ea

se
s 

UFH 

-Glycosaminoglycan, 
increases the rate of 

AT inhibition of 
serine proteases 

 

-intravenous delivery 
-powerful anticoagulant 

-reversible with protamine 

-immune response 
-heterogeneous 
-unpredictable 

pharmacokinetics 
-bleeding 
-requires 

endogenous 
cofactor 

Pl
as

m
a 

G
LA

 
Pr

ot
ei

ns
 

Warfarin 
Small molecule, 

inhibits carboxylation 
of glutamic acid 

residues 

-oral delivery 
-robust anticoagulant 

-cost effective 
-can be partially overcome 

with Vitamin K 
administration 

-narrow 
therapeutic 

window 
-bleeding 

-food and drug 
interactions 

-osteoporosis 

Argatroban 
Small molecule, binds 

reversibly to 
thrombin active site 

-intravenous delivery 
-specific and predictable 

anticoagulation 
-bleeding 

-hypotension 

Bivalirudin 
(Angiomax) 

Peptide, binds to 
thrombin exosite I 

and active site, 
eventually degraded 

-intravenous delivery 
-predictable anticoagulation 

-potent, specific 
anticoagulation 

-reversible (proteolyzed over 
time) 

-bleeding 
-short half life 

-changes in blood 
pressure 

-potential immune 
response 

Dabigatran 
(Pradaxa) 

Small molecule, binds 
reversibly to 

thrombin active site 

-oral delivery 
-predictable anticoagulation 

-specific anticoagulation 
-bleeding 

-GI complications Th
ro

m
bi

n 

Lepirudin 
(Refludan) 

Peptide, binds to 
thrombin exosite I 

and active site 

-intravenous delivery 
-specific robust 
anticoagulation 

-more predictable 
anticoagulation than UFH 

-bleeding 
-immune response 

-impaired clearance 
in renal patients 

LMWH 
-Glycosaminoglycan, 
increases the rate of 
AT inhibition of FXa 

 

-intravenous delivery 
-lower risk of immune 

response than UFH 
-more predictable 

pharmacokinetics than UFH 

-bleeding 
-increased cost 

compared to UFH 
-requires 

endogenous 
cofactor 

Rivaroxaban 
(Xarelto) 

Small molecule, 
reversibly binds FXa 

active site 

-oral delivery 
-daily dosing 

-predictable anticoagulation 
-specific anticoagulation 

-bleeding 
-GI and hepatic 

toxicities 

Fondaparinux 
(Arixtra) 

Pentasaccharide, 
increases the rate of 
AT inhibition of FXa 

-subcutaneous injection 
-lower risk of immune 

response than UFH 
-extended half-life (daily 

injection) 
-predictable anticoagulation 

-bleeding 
-thrombocytopenia 

-increased cost 
compared to UFH 

-impaired clearance 
in renal patients 

-requires 
endogenous 

cofactor 

Fa
ct

or
 X

a 

Idraparinux 
Pentasaccharide, 

increases the rate of 
AT inhibition of FXa 

-intravenous/subcutaneous 
administration 

-prolonged half life (weekly 
injection) 

-predictable anticoagulation 

-bleeding 
-requires 

endogenous 
cofactor 
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Prophylactic anticoagulants, such as warfarin, are commonly prescribed to 

patients that have previously suffered, or are at high risk for thrombosis. These 

anticoagulants are taken to continually dampen coagulation and thereby decrease the 

risk of thrombus formation. Anticoagulation with a non-reversible anticoagulant is 

problematic if the patient requires an operation or other invasive clinical procedure in 

which bleeding is a potential complication. Patients are often told to stop taking their 

anticoagulant medications several days prior to ongoing operations or other invasive 

procedures to allow for clearance of these medications; during this pre- or post-

procedure period the risk of thrombosis is increased. Rapid onset anticoagulants are also 

administered in acute care settings to treat thrombosis during procedures such as 

angioplasty or open heart operations. Systemic anticoagulation is required for these 

surgical procedures; therefore, it is important to be able to control anticoagulation with 

an antidote or reversal agent in the event of bleeding. 

1.3.2 Antiplatelet Agents 

Antiplatelets drugs inhibit platelet adhesion, activation, and/or aggregation. 

Table 2 lists several antiplatelet drugs, their targets, and their characteristics. Similar to 

anticoagulants, antiplatelet drugs can be prescribed for a number of concerns. 

Antiplatelet agents such as aspirin can be prescribed for long-term prophylaxis, where 

the medication is taken daily to suppress platelet function in patients who have an 

increased risk of thrombosis. As is the case with prophylactic anticoagulants, patients 

may need to stop taking their antiplatelet medication prior to surgery and are at risk of 

developing blood clots during this time. Additionally, antiplatelet drugs such as 

tirofiban can be used in clinical settings for number of acute concerns, such as stroke 

treatment. However, powerful antiplatelet agents can elicit severe bleeding and must be 
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carefully monitored. There are currently no clinical antiplatelet agents that can 

controlled with a reversal agent. 

Table 2: A partial list of current antiplatelet therapeutics in clinical use or in 
development. 

Target Drug Mechanism Characteristics Limitations 

C
O

X 

Aspirin Small molecule, Inhibits 
TXA2 production 

-well tolerated 
-oral delivery 
-cost effective 

-limited efficacy 
-GI and renal 

toxicity 
-allergic reaction 

Cilostazol 
(Pletal) 

Small molecule, 
increases cAMP levels 

-well tolerated 
-oral delivery 

-limited efficacy 
-changes in heart 

rate 

PD
E 

Dipyridamole 
(Persantine) 

Small molecule, inhibits 
TXA2 production, 

adenosine reuptake, 
adenosine, cAMP and 

cGMP breakdown 

-well tolerated 
-oral delivery 

-can be partially 
overcome with 
aminophylline 
administration 

-limited efficacy 
-hypotension 
-GI irritation 
-chest pain 

Clopidogrel 
(Plavix) 

Small molecule, directly 
binds and inhibits 

receptor 

-well tolerated 
-oral delivery 

-potentially more 
robust than aspirin 

-neutropenia 
-TTP 

-bleeding 
-drug interactions 

 

Prasugrel 
(Effient) 

Small molecule, 
irreversibly binds and 

inhibits receptor 

-more robust than 
clopidogrel 

-oral delivery 
 

-bleeding 
-blood pressure 

changes 
-GI complications 

Ticagrelor 
(Brilinta) 

Small molecule, 
allosteric receptor 

inhibition 
-well tolerated 
-oral delivery 

-bleeding 
-shortness of breath 

P2
Y1

2 

Ticlopidine 
(Ticlid) 

Small molecule, directly 
binds and inhibits 

receptor 
-well tolerated 
-oral delivery 

-TTP 
-neutropenia 

-renal/hepatic 
impairment 

-bleeding 

Abciximab 
(ReoPro) 

Monoclonal antibody 
fragment, directly binds 

and inhibits receptor 

-robust 
antithrombotic 

-intravenous delivery 

-low specificity 
-bleeding 

-thrombocytopenia 
-allergic reaction 

Eptifibatide 
(Integrilin) 

Peptide, directly binds 
and inhibits receptor 

-robust 
antithrombotic 

-intravenous delivery 

-bleeding 
-impaired clearance 

in renal patients 
-hypotension G

PI
Ib

-I
II

a 

Tirofiban 
(Aggrastat) 

Small molecule, directly 
binds and inhibits 

receptor 

-robust 
antithrombotic 

-intravenous delivery 

-bleeding 
-allergic reaction 

-thrombocytopenia 
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1.3.3 Anticoagulant Aptamers 

FVII aptamer 

Because TF/FVIIa is currently thought to be the primary mechanism by which 

clotting is initiated in vivo, FVIIa is thought to be an important target for anticoagulation. 

In 2000 Rusconi et al. identified a high affinity 2’-amino modified RNA aptamer that 

binds and inhibits the enzymatic activity of FVIIa [201]. Aptamer 16.3 binds to 

FVII/FVIIa with an affinity of approximately 10 nM and inhibits TF/FVIIa complex 

assembly. At saturating concentrations, aptamer 16.3 decreased the rate of TF/FVIIa-

catalyzed activation of FX by greater than 95%, while a point mutant control aptamer 

did not impair the reaction. Moreover, the aptamer dose-dependently prolonged the PT 

clotting assay, and at saturating concentrations increased the clotting time 

approximately 1.75-fold. Stability assays showed that the modified RNA aptamer was 

stable in plasma (15 hour half-life in vitro). However, aptamer 16.3 folding and protein 

binding is temperature sensitive; the aptamer has a 25-fold decreased binding affinity 

toward FVIIa at 37°C compared to 25°C. Due to its decreased affinity for FVIIa at 

physiological temperature, this aptamer was not further developed. 

FIX aptamer 

In 2002 Rusconi et al. identified a modified 2’F RNA aptamer that binds and 

inhibits human FIXa [186]. A family of aptamers with high affinity toward FIXa was 

isolated, and aptamer 9.3 was identified as the lead compound. The truncated form of 

this aptamer, 9.3T, binds FIX/FIXa with an apparent Kd of 0.5 nM. Biochemical studies 

show that 9.3T completely inhibits FX cleavage by the intrinsic tenase (FIXa/FVIII 

complex), and dose-dependently prolongs the aPTT, but not PT clotting assay.  

Additional mechanistic studies indicate that the aptamer also binds to FIX and inhibits 

TF/FVIIa activation of FIX [202], but not FXIa activation of FIX [167]. Moreover, 9.3T 
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also binds FIXa and inhibits FIXa activation of FX in the absence and presence of FVIIIa, 

but only partially blocks FIXa active site accessibility (active site probe incorporation 

and small peptide substrate cleavage) [167]. Thus, it appears as though the aptamer 

binds to an exosite on FIX/FIXa and inhibits FIX activation as well as FX substrate 

binding, rather than the enzymatic active site.  

Rusconi et al. also designed a complementary oligonucleotide antidote that binds 

to aptamer 9.3T and modulates 9.3T’s anticoagulant effect by disrupting the aptamer’s 

folded structure [186]. That antidote oligonucleotide, designated antidote 5-2, 

completely reversed 9.3T anticoagulation in vitro within 10 minutes, and the reversal 

was stable for over 5 hours. In contrast, a scrambled control antidote had no effect. 

Additionally, Rusconi et al. showed that they could increase the aptamer’s in vivo half-

life by covalently attaching a cholesterol moiety to the 5’ terminus. Intravenous injection 

of Ch-9.3T produced systemic anticoagulation in pigs and had a half-life of 

approximately 1 hour [195]. Intravenous injection of the antidote reversed 

approximately 95% of the circulating aptamer’s anticoagulant effect within 10 minutes, 

and the aptamer remained inactive for over an hour. Additionally, Ch-9.3T prevented 

occlusive thrombus formation in a murine carotid artery injury model, and antidote 

administration prevented tail bleeding [195]. A subsequent study by Nimjee et al. also 

reported that Ch-9.3T could anticoagulate neonatal pigs during a 60-minute period of 

CPB and be rapidly reversed with the antidote 5-2. Pigs that received Ch-9.3T for CPB 

and antidote 5-2 following the discontinuation of CPB had less thrombin generation, 

lower levels of circulating pro-inflammatory cytokines, and better post-CPB cardiac 

function than pigs that received UFH for CPB and protamine following discontinuation 

of CPB [196].  
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A pegylated formulation of the 9.3T aptamer (termed RB006 or pegnivacogin) 

and an optimized formulation of antidote 5-2 (termed RB007, anivamersen) are currently 

being evaluated in clinical trials. This aptamer/antidote pair, termed REG1, has been 

tested in three Phase I clinical trials and two Phase II trials under Regado Biosciences. 

RB006, which is an optimized version of 9.3T with a 5’ PEG, was first administered to 

humans in a Phase 1a study. RB006 dose-dependently increased the aPTT clotting time 

by inhibiting greater than 98% of FIXa activity at saturating doses and stably 

anticoagulated patients for over 3 hours. RB007 administration returned the aPTT to 

baseline values within 1-5 minutes and no anticoagulation rebound was noted, 

indicating that antidote reversal is durable. The aptamer and antidote were well 

tolerated and no adverse reactions were noted [168]. A Phase 1b study indicated that the 

aptamer and antidote were well tolerated in patients with stable coronary artery disease 

who were taking an antiplatelet drug. The aptamer prolonged the aPTT, but did not 

affect platelet function in a PFA-100 assay. There were no major bleeding events, and 

antidote administration reversed aptamer anticoagulation within 1 minute [170]. A 

Phase 1c study indicated that the aptamer could be repeatedly administered in humans 

over several days with no adverse events. Antidote titration studies were also 

performed to see if decreasing molar ratios of the antidote could partially, rather than 

fully reverse aptamer anticoagulation. The data clearly show that rather than simply 

functioning as an on/off switch, antidotes can also be titrated in to partially modulate 

aptamer function, thereby intricately modulating aptamer activity [169]. Finally, Phase 2 

studies have indicated that the REG1 can provide satisfactory anticoagulation in patients 

undergoing PCI. Similar to the previous clinical trials, the compounds were well 

tolerated and there were less major bleeding events compared to UFH [203](and 

unpublished data).  
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FX aptamer 

FXa enzymatic function within the prothrombinase complex represents one of 

two non-duplicated reactions during coagulation and is therefore an attractive 

therapeutic target. FXa inhibition should inhibit prothrombinase function and decrease 

thrombin generation on both TF-bearing cells and platelets, thereby providing profound 

anticoagulation. Buddai et al. described a FXa aptamer, termed 11F7T, that was 

identified by traditional solution-based SELEX against human FXa [165]. The aptamer 

binds both FX and FXa with an apparent Kd of approximately 1 nM and significantly 

impairs both FXa generation and FXa enzymatic activity. 11F7T dose-dependently 

prolongs the aPTT and PT clotting time and at high concentrations increases the aPTT 

clotting time 5-fold and the PT clotting time 3-fold. Biochemical mechanistic studies 

show that 11F7T binds to an exosite on FX/Xa and inhibits intrinsic tenase activity by 

approximately 75%, but does not impair intrinsic tenase activity. 11F7T binding to FXa 

does not impair active site cleavage of small peptide substrates, but inhibits 

approximately 85% of prothrombinase activity at saturating concentrations. Specifically, 

the aptamer inhibits FVa incorporation in to the prothrombinase complex by inhibiting 

FXa/FVa interactions. Moreover, the aptamer prevents FXa-mediated activation of FVIII 

[165]. In vivo studies have not been performed with this aptamer as it has limited cross 

reactivity with non-human species and loses binding/functionality when bulky moieties 

are conjugated to the 5’ end to increase its circulating half-life (unpublished data). 

Thrombin aptamers 

The thrombin DNA aptamer ARC-183 (also termed HD-1) was identified via 

selection against human thrombin immobilized to an agarose column. This landmark 

study described the first generation of an aptamer toward a protein that does not 
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naturally bind oligonucleotides. In the original publication by Bock et al., a number of 

DNA ligands to human thrombin were isolated, and phylogenetic covariation analysis 

of the DNA clones indicated that a 15-mer sequence was well conserved and therefore 

required for thrombin binding/function [159]. This 15-mer, later termed HD-1 or ARC-

183, retains thrombin binding affinity and anticoagulant activity. Subsequent studies by 

Kretz et al. indicated that the aptamer binds to both prothrombin and thrombin at 

pro/exosite I with a Kd of approximately 86 nM and 34 nM, respectively [204]. However, 

the binding affinity of this aptamer varies widely depending upon the type of assay 

employed. Binding studies by Nimjee et al. suggest that the aptamer binds human 

thrombin with a Kd of approximately 200 nM, and human prothrombin with a Kd of 

approximately 1 µM [205].  

Mechanistic studies by several groups have shown that ARC-183 inhibits several 

protein-protein interactions that are essential for coagulation. By binding to 

prothrombin, at saturating concentrations the aptamer impairs greater than 90% of 

thrombin generation by inhibiting prothrombinase function in a FVa-dependent manner 

[204]. Competition studies indicate that ARC-183 directly completes with FVa for 

prothrombin binding. Furthermore, ARC-183 prolongs the TCT clot time with purified 

fibrinogen, and thus impairs thrombin cleavage of fibrinogen [206]. Saturating 

concentrations of ARC-183 increase the aPTT approximately 3-fold and increase the PT 

clotting time approximately 7-fold [207]. Moreover, at high concentrations ARC-183 

inhibits thrombin cleavage of FV. Furthermore, ARC-183 inhibits thrombin-mediated 

platelet activation [205] and platelet aggregation [208] by inhibiting thrombin exosite 

I/platelet PAR interactions [209].  

Initial ex vivo studies showed that ARC-183 inhibited greater than 80% of clot-

bound thrombin formation compared to a low dose of heparin, which inhibited only 
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35% [208]. Ex vivo studies with a balloon-angioplasty-injured rabbit aorta with 

heparinized human blood perfused over the damaged vasculature showed that, even in 

the presence of heparin, the aptamer decreased fibrin generation and platelet 

aggregation [208]. In vivo studies with cynomolgous monkeys indicated that the aptamer 

rapidly anticoagulated the monkeys and cleared quickly, where the PT doubled and 

returned to baseline within 10 minutes after the cessation of aptamer infusion. The ARC-

183 half-life was estimated to be approximately 2 minutes, and it was suggested that 

rapid clearance in vivo would negate the need for direct antidote control and 

anticoagulant reversal [180]. CPB studies in dogs were encouraging, where high 

concentrations of the aptamer were continually infused and monitored via point of care 

PT and ACT assays. Continual administration of high concentrations of ARC-183 almost 

doubled the PT and ACT clotting times and the compound was well tolerated [210]. 

Although ARC-183 eventually entered human clinical trials, the trials were stopped 

because of the aptamer’s suboptimal dosing profile, which was a result of its rapid 

clearance in vivo and the requirement for continuous infusion.  

The thrombin DNA aptamer HD-22 (also termed 60-18) was identified via 

solution based selection against human thrombin [211]. HD-22 binds to thrombin at 

exosite II (heparin binding site) with a Kd of 0.5 nM. Functional studies indicated that 

saturating concentrations of the aptamer increased the thrombin clot time approximately 

2-fold. Due to its labile nature (unmodified DNA) and limited anticoagulant function, 

this aptamer has not been subjected to clinical testing.  

Toggle-25 is a 2’F modified RNA aptamer that binds to thrombin exosite II. The 

aptamer was identified by White et al. when they performed a toggle selection between 

human thrombin and porcine thrombin to generate a cross-reactive aptamer that binds 

to thrombin from both species [192]. The aptamer binds human thrombin with an 
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apparent binding affinity of 3 nM and porcine thrombin with a Kd of approximately 0.8 

nM. The aptamer increased the thrombin clot time (TCT) by approximately 2-fold, and 

inhibited greater than 90% of thrombin-mediated platelet activation. A truncated version 

of this aptamer, termed Tog-25t, binds to human and pig thrombin with increased 

binding affinity (Kd 0.5 nM and 1.5 nM for human and pig thrombin, respectively) and 

retains functional activity.  

A crystal study of the Tog-25t aptamer in complex with human thrombin was 

recently published by Long et al. [166]. Their structure clearly shows that although Tog-

25t is a negatively charged molecule (RNA) that binds to a positively charged surface on 

thrombin (exosite II), binding is primarily mediated by van der Waals contacts and 

hydrogen bonds. The aptamer forms an Adenosine-Arginine “zipper” with thrombin 

that is stabilized by π-π stacking interactions. Tog-25t covers approximately 1200 Å2 on 

the thrombin surface and there is an exquisite shape complementarity that rivals 

antibody/antigen interactions. Because this aptamer binds thrombin exosite II it has a 

minor impact on fibrin clot formation, is a less potent anticoagulant, and has not been 

subjected to clinical evaluation. However, a subsequent study by Nimjee et al. assessed 

anticoagulation with Tog-25t in combination with ARC-183. Combining these two 

aptamers targets both thrombin exosite I and exosite II and results in synergistic 

anticoagulation that profoundly impairs coagulation [205]. A number of similar studies 

have assessed the benefits of combining thrombin exosite I and II inhibition by 

covalently joining two aptamers [212-214].  

VWF aptamers 

The mixed modified RNA/DNA aptamer ARC1779 was identified by an 

alternating selection against full-length VWF and the isolated VWF A1 domain [215]. 

With a Kd of 2 nM, ARC1779 binds and inhibits VWF dependent platelet function in a 
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PFA-100 and exceeds the assay maximum closing time of 300 seconds at saturating 

doses. Furthermore, ARC1779 decreased the binding of fluorescently labeled platelets to 

collagen-coated surfaces by greater than 90%, and inhibited platelet accumulation when 

whole blood was perfused over injured porcine arteries. ARC1779 also inhibited 

occlusive thrombus formation in a cynomolgous electrical injury model. However, there 

was a dose-dependent increase in bleeding after aptamer administration [215].  

A pegylated version of the aptamer entered clinical trials under Archemix and 

was initially tested in healthy humans in a dose escalation study. The aptamer was well 

tolerated, and no serious adverse events were reported. PK/PD studies estimated the 

half-life to be 2 hours. High doses of the aptamer inhibited greater than 95% of VWF 

activity and prolonged the PFA-100 assay to greater than 300 seconds [216] [217]. 

Although initial studies with ARC1779 looked promising, the current clinical trials have 

been suspended and/or terminated. Inhibition of VWF without an antidote control 

strategy may result in an elevated risk of bleeding.  

In contrast, a 2’F modified RNA aptamer was generated against full-length 

human VWF via convergent selection against the human plasma proteome and purified 

FVIII-free VWF [218]. A number of aptamers were isolated, but aptamer R9.14 was 

considered the lead candidate. R9.14 binds to VWF with an approximate Kd of 12 nM 

and at saturating concentrations impairs VWF platelet function in a PFA-100 by 

prolonging the closing time to greater than 300 sec (assay maximum). Binding 

localization studies indicate that the aptamer binds the VWF SPIII domain, which 

contains the A1 domain that is critical for VWF/GPIb interactions. The aptamer 

specifically impairs the VWF/GPIb axis because it impairs ristocetin induced platelet 

aggregation, but not platelet aggregation mediated by thrombin, collagen, or ADP. 

Moreover, Oney et al. generated a complementary oligonucleotide antidote (AO6) that 
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can bind and reverse R9.14 function in a PFA-100 assay within 2 minutes; antidote 

reversal was also stable for over 4 hours [218].  

Subsequent studies by Nimjee et al. tested an optimized version of this aptamer 

(Ch-9.14-T10) in murine models of thrombosis [219]. A high dose of the optimized VWF 

aptamer completely prevented occlusive thrombus formation in a ferric chloride carotid 

artery model, whereas control mice formed an occlusive clot within 10 minutes. 

Bleeding studies showed that mice that received the Ch-9.14-T10 had significantly 

increased bleeding times compared to control mice. A new antidote for the truncated 

aptamer was designed to control Ch-9.14-T10 anticoagulation. Antidote oligonucleotide 

1 (AO1) was the most potent antidote and it completely reversed aptamer 

anticoagulation in a PFA-100 assay within 2 minutes; similarly, the universal antidote 

CDP also reversed VWF aptamer anticoagulation. Administration of either antidote to 

mice that were systemically anticoagulated with Ch-9.14-T10 completely reversed 

aptamer induced tail bleeding and the blood loss volumes were returned to baseline 

[219].   

GPVI aptamer 

Regado Biosciences has recently announced the development of a modified RNA 

aptamer to GPVI, termed RB571, which has a binding affinity of approximately 5 nM. 

RB571 inhibits collagen-induced platelet aggregation and platelet adhesion to collagen 

coated surfaces with an IC50 of 30 nM. Furthermore, they have developed a 

complementary oligonucleotide antidote (RB515) that can reverse RB571 GPVI inhibition 

within 10 minutes [220]. This aptamer/antidote pair is currently being further 

characterized and developed for future clinical evaluation. 

 



 

55 

2. Developing a Prothrombin Anticoagulant Aptamer 

2.1 Introduction 
Coagulation involves a series of enzymatic reactions largely localized on vascular 

and cellular surfaces that result in fibrin clot formation [11]. Thrombin, the final protease 

formed during the common pathway of coagulation, establishes a positive feedback loop 

that generates additional thrombin by activating factors V (FV) and VIII (FVIII), as well 

as by cleaving platelet protease activated receptors (PARs) to activate platelets [134]. 

Moreover, thrombin cleaves fibrinogen and generates fibrin monomers that form the 

clot meshwork [221]. Inappropriate or excessive thrombin generation can lead to 

thrombosis, which is currently the leading cause of morbidity and mortality in the 

western world [3]. 

Thrombin’s structure possesses multiple regions that are involved in substrate 

interactions. The active site contains the catalytic triad of His57, Asp102, and Ser195 

residues located at the floor of a deep and narrow cleft. Extended surfaces with 

positively charged residues to either side of the active site, termed exosites, additionally 

play a role in thrombin activity and macromolecular ligand binding [87]. Exosite I has 

been implicated in binding fibrinogen, FV, FVIII, thrombomodulin (TM), and platelet 

PARs (for a review see [222]). Recent studies have shown that exosite I exists on 

prothrombin in a precursor state termed the proexosite, which presumably is involved 

in FVa/prothrombin interactions within the prothrombinase complex [223-225]. In 

contrast, exosite II is not structurally mature on prothrombin and is only exposed upon 

proteolysis and conversion to thrombin; exosite II has been implicated in binding FV, 

FVIII, platelet GPIbα, and heparin (for a review see [222]). 

Aptamers are single-stranded oligonucleotides that form three-dimensional 

structures that allow them to bind to several types of molecules, including proteins. By 
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binding to their target protein with high affinity and specificity, aptamer anticoagulants 

can bury a large surface area and directly inhibit protein-protein interactions that are 

essential for coagulation [165-167]. Aptamer anticoagulants have been generated against 

several clotting factors (e.g., factor VIIa, IXa, Xa, and thrombin) that demonstrate high 

affinity binding for their specific target [159, 165, 186, 191, 201]. Importantly, aptamers 

can be modulated with either a matched oligonucleotide antidote or universal antidote 

and thus represent controllable and potentially safer anticoagulants [186, 197].  

A number of aptamers have been previously generated against thrombin, 

although none have advanced clinically. ARC-183 (HD-1), a DNA aptamer isolated by 

Bock et al. that binds to prothrombin/thrombin proexosite/exosite I, demonstrated 

potential as an anticoagulant in animal cardiopulmonary bypass (CPB) models [159, 

210]. The aptamer was originally designed to have a short half-life and rapid clearance in 

vivo, thus negating the need for antidote control. However, rapid clearance of the 

therapeutic required continual administration, and as a result ARC-183 clinical trials 

were terminated due to suboptimal dosing profiles in humans. HD-22 (a DNA aptamer) 

and Tog-25t (a modified RNA aptamer) both bind to thrombin exosite II and inhibit 

thrombin-mediated activation of platelets, but only have a nominal effect on fibrinogen 

cleavage [192, 211]; thus, neither exosite II aptamer has advanced as a clinical 

anticoagulant. 

 We sought to develop a high-affinity, nuclease-resistant and antidote-

controllable anticoagulant aptamer that would limit thrombin generation and inhibit 

thrombin activity. Conversion of prothrombin to thrombin represents an attractive 

therapeutic target because it is one of two non-duplicated reactions within coagulation. 

By utilizing systematic evolution of ligands by exponential enrichment (SELEX), we 

previously generated a modified RNA aptamer (R9D-14) that binds to prothrombin and 
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is a powerful anticoagulant [191]. In this study, we examined the structure and function 

of this compound and characterized the anticoagulant mechanism(s) of an optimized 

version of this aptamer (RNAR9D-14T). Additionally, we generated an oligonucleotide 

antidote than can rapidly and stably reverse aptamer-mediated anticoagulation in vitro.  

2.2 Materials and Methods 
Materials: 

Human normal and prothrombin deficient citrated plasmas were purchased 

from George King Biomedical, Inc. (Overland Park, Kansas). The citrated animal plasma 

was purchased from Lampire Biological Laboratories, Inc. (Pipersville, PA). All of the 

purified coagulation proteins (i.e., fibrinogen, FV, FVIIa, FIXa, FXa, Protein C, Protein S, 

Protein Z, and prothrombin, as well as α, β, and γ-thrombin) were purchased from 

Haematologic Technologies, Inc. (Essex Junction, VT). Recombinant hirudin was 

purchased from Aniara (Manson, OH), unfractionated sodium heparin was purchased 

from APP Pharmaceuticals, LLC (Schaumburg, IL), and thrombin chromogenic substrate 

Pefachrome TH 8198 was purchased from Centerchem, Inc. (Norwalk, CT). Bovine 

serum albumin (BSA) was purchased from Calbiochem (Darmstadt, Germany), PEG-

8000 was purchased from Fluka Biochemika (Buchs, Switzerland), and phenol 

chloroform isoamyl (25:24:1) was purchased from Invitrogen (Carlsbad, CA).  

 

DNA/RNA Aptamers and DNA Antidote Oligonucleotides: 

The DNA aptamer ARC-183 and modified RNA aptamer Tog-25t were 

synthesized as previously described [205]. The RNAR9D-14T aptamer sequence is 5'-

GG(2'F-C)GG(2'F-U)(2'F-C)GA(2'F-U)(2'F-C)A(2'F-C)A(2'F-C)AG(2'F-U)(2'F-U)(2'F-

C)AAA(2'F-C)G(2'F-U)AA(2'F-U)AAG(2'F-C)(2'F-C)AA(2'F-U)G(2'F-U)A(2'F-

C)GAGG(2'F-C)AGA(2'F-C)GA(2'F-C)(2'F-U)(2'F-C)G(2'F-C)(2'F-C)-3', and RNAmut is 5'-
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GG(2'F-C)GG(2'F-U)(2'F-C)GA(2'F-U)(2'F-C)A(2'F-C)A(2'F-C)AG(2'F-U)(2'F-U)(2'F-

C)AAA(2'F-C)G(2'F-U)AA(2'F-U)AAG(2'F-C)(2'F-C)GG(2'F-C)G(2'F-U)A(2'F-

C)GAGG(2'F-C)AGA(2'F-C)GA(2'F-C)(2'F-U)(2'F-C)G(2'F-C)(2'F-C)-3', where (2’F-C) 

denotes a 2’Fluorocytosine and (2’F-U) denotes a 2’Fluorouracil. The aptamers were 

transcribed in vitro and purified as previously described [191]. Biotinylated ARC-183 (5’-

Biotin-GGTTGGTGTGGTTGG) and ARC-183mut (5’-Biotin-GGTGGTGGTTGTGGT) were 

purchased from Integrated DNA Technologies, Inc. (Coralville, IA). The 5’- biotinylated 

RNAR9D-14T and RNAmut aptamers were generated via in vitro transcription with the 

addition of a 4-fold molar excess of 5’-Biotin-G-Monophosphate (4 mM final) (Trilink 

Biotechnologies, San Diego, CA) [191]. Aptamer preparations were renatured prior to 

use by dilution in Hepes-saline buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, and 2 mM 

CaCl2), unless otherwise indicated, and incubation at 65°C for 5 minutes, followed by 

cooling to ambient temperature.  

The DNA antidotes (AO1: 5’-GAACTGTGTGATCGA-3’; AO2: 5’-

CGTTTGAACTGTGTG-3’; AO3: 5’-TATTACGTTTGAACT-3’; AO4: 5’-

TGGCTTATTACGTTT-3’; AO5: 5’-CCTCGTACATTGGCTTATTA-3’; AO6: 5’-

GTCTGCCTCGTACATTGGCT-3’; and scrAO 5’-TCTAAGCGATGGCTCAAGAC-3’) 

were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA).  

 

Doped pool SELEX: 

A DNA “doped pool” library template was designed from the full-length R9D-14 

DNA sequence. For the partially randomized single-stranded DNA library, the primer 

binding sequences were kept constant, and the 40 nucleotide randomized region was 

given a 36% degeneracy (12% equal probability of being mutated to one of the three 

other nucleotides). The biased DNA template was purchased from Oligos, etc. 
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(Wilsonville, OR) and used to transcribe a single-stranded modified RNA library for 

SELEX as previously described [191]. The RNA doped pool library was incubated with 

human prothrombin at 37°C for 15 minutes in Hepes-NaCl binding buffer with BSA (20 

mM HEPES pH 7.4, 25 mM NaCl, 2 mM CaCl2, and 0.01% BSA). The bound RNA was 

separated from the unbound RNA by passing the mixture over a nitrocellulose filter 

(Protran BA 85, Whatman Inc.), and the bound RNA was extracted and RT-PCR 

amplified. After three rounds of selection, the resulting sequences were purified, cloned, 

and sequenced using standard molecular biology techniques as previously described 

[191]. 

 

Binding studies - nitrocellulose filter binding and surface plasmon resonance: 

Apparent binding affinity constants (Kd) were determined with a double-filter 

nitrocellulose assay as previously described [191]. Aptamers were 32P 5’-end 

radiolabeled and incubated with protein diluted in Hepes-saline buffer with 0.01% BSA 

at 37°C for 5 minutes. The bound and unbound aptamer was separated by passing the 

mixture over a nitrocellulose filter (Protran BA 85, Whatman Inc., Florham Park, NJ), 

and the fraction of bound aptamer was quantified with a Storm 825 phosphoimager (GE 

Healthcare, Piscataway, NY). Nonspecific aptamer binding was subtracted [226], and the 

data were fit with a non-linear regression analysis for one site binding with the Prism 

software (GraphPad Software, Inc., La Jolla, CA) to calculate the apparent Kd. For the 

thrombin competition bindings, the radiolabeled aptamer was pre-bound to human α-

thrombin, various concentrations of unlabeled exosite I or II ligands were added, and 

the assay was incubated for an additional 5 min at 37°C.  

Surface plasmon resonance was performed with a BIAcore 3000 instrument, and 

data analyses were performed with the BIAevaluation 4.1 software (BIAcore Inc, 
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Piscataway, NJ). Biotinylated aptamers were refolded in Hepes-saline buffer, then 

immobilized on a streptavidin chip (BIAcore) at a flow rate of 5 µL/min at 25°C for 1-2 

min to a final immobilization level of 50-150 RU. Prothrombin (0.5-20 µg/mL) was 

diluted in degassed Hepes-saline buffer and injected over the surface at a flow rate of 30 

µL/min at 25°C for 5 minutes. The dissociation responses were monitored for 10 min, 

and the flow cells were regenerated with a pulse of 0.05% SDS. Non-specific binding 

responses of prothrombin to the mutant controls (RNAmut or ARC-183mut) were 

subtracted from the aptamer sensorgrams. The specific binding curves were fitted 

globally to a 1:1 (Langmuir) binding model to obtain the association and dissociation 

rate constants (ka and kd respectively), as well as the binding affinity (KD). 

 

Plasma clotting assays (aPTT, PT, TCT): 

Activated partial thromboplastin time (aPTT), prothrombin time (PT), and 

thrombin clot time (TCT) assays were performed on a model ST4 mechanical 

coagulometer (Diagnostica Stago, Parsippany, NJ) in Hepes-saline buffer as previously 

described [205]. For the aPTT, citrated normal human or animal platelet poor plasma 

(PPP) (50 µL) was incubated with TriniClot aPTT S (Trinity BioTech, Bray, Co Wicklow, 

Ireland) (50 µL) at 37°C for 5 min. Aptamer (5 µL) was added, the mixture was incubated 

at 37°C for another 5 min, and CaCl2 (50 µL) was added to initiate the assay. The aPTT 

DNA antidote reversal assays were run as described, except that antidote (5 µL) was 

added to the activated, anticoagulated plasma and incubated for various time points (2 

min - 2 hrs) at 37°C, which was followed by the addition of CaCl2 and assay initiation 

[186]. For the PT, human PPP (50 µL) was incubated with aptamer (5 µL) at 37°C for 5 

min. TriniClot PT Excel reagent (Trinity BioTech, Bray, Co Wicklow, Ireland) (100 µL) 

was added to initiate the reaction. For the TCT assay, aptamer (5 µL) was added to 
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purified human α-thrombin (10 nM final, 100 µL) and incubated at 37°C for 200 sec. 

Normal human PPP (50 µL), prothrombin deficient PPP (50 µL), or purified human 

fibrinogen (100 µg, 50 µL) was added to the prebound thrombin/aptamer solution (105 

µL) to initiate the reaction.  

 

Thrombin small peptide substrate and antithrombin kinetics: 

The small peptide assays were performed at room temperature in 96-well flat 

bottom microtiter plates (Corning Incorporated, Corning, NY) in Hepes-saline buffer. 

Aptamer (300 nM) was incubated with human α-thrombin (10 nM) for 5 min at 37°C, 

and thrombin chromogenic substrate Pefachrome TH 8198 (0-0.5 mM) was added to a 

total volume of 100 µL. Substrate cleavage was measured at an absorbance of 405 nm 

with a Power Wave XS2 kinetic microplate spectrophotometer (BioTek, Winooski, VT). 

The Km and Kcat were determined by a nonlinear regression analysis with the Prism 

software according to Michaelis-Menten kinetics (GraphPad Software, Inc., La Jolla, 

CA).  

The antithrombin (AT) kinetic assays were performed as previously described in 

Hepes-saline buffer with 0.01% BSA and 1 mg/mL PEG-8000 [227]. Briefly, aptamer was 

incubated with thrombin (3 nM final) at ambient temperature for 5 min. AT (500 nM 

final) was added (450 µL total), and samples (50 µL) were withdrawn at various time 

points (0-60 min). Pefachrome TH 8198 (50 µL) was added, and substrate cleavage was 

measured at 405 nm on a kinetic microplate spectrophotometer at room temperature 

(BioTek, Winooski, VT). The second order rate constant of inhibition (k2) was calculated 

as previously described [228].  
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Thrombin-mediated FV activation: 

For SDS-PAGE and silver stain analysis, aptamer (5 µM) was incubated with 

human α-thrombin (0.5 nM) for 5 min at 37°C in Hepes-saline buffer. Human factor V 

(300 nM) was added (40 µL total), and samples (5 µL) were removed at various time 

points (0-30 min) and subjected to SDS-PAGE under reducing conditions on a pre-

poured 4-15% polyacrylamide gradient gel (Bio-Rad, Hercules, CA). The gels were silver 

stained with a Bio-Rad Silver Stain kit (Bio-Rad) according to the manufacturer’s 

instructions. 

To assess FVa activity, various concentrations of aptamer (0-500 nM, 5 µL) were 

diluted in Hepes-saline buffer with 0.01% BSA and incubated with human α-thrombin (3 

nM, 5 µL) for 5 min at 37°C. Human factor V (250 ρM, 5 µL) was added, and samples (8 

µL) were removed at various time points (0-7 min) and immediately diluted into a 

prothrombinase mixture of 5 nM human FXa, 40 µM PC/PS/PE lipid vesicles, and 500 

µM Pefachrome TH 8198 (42 µL). Large, phosphatidylcholine (PC), phosphatidylserine 

(PS), and phosphatidylethanolamine (PE) (Avanti Polar Lipids, Alabaster, Alabama) 

unilamellar vesicles were prepared as previously described [229]. Human prothrombin 

(500 nM, 50 µL) was added to initiate the reaction, and substrate cleavage was measured 

at 405 nm on a kinetic microplate spectrophotometer at 37°C (BioTek, Winooski, VT). 

The data were fit during the linear portion of the reaction to obtain the rate of 

chromogenic substrate cleavage (ΔA405/time). A control assay was performed in 

parallel where FV was fully activated with thrombin in the absence of RNA and diluted 

into prothrombinase containing aptamer to correct for aptamer inhibition of 

prothrombin cleavage. The experimental rates were normalized to the respective control 

rates and the data are presented as a percentage of FVa cofactor activity of fully 
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activated FV. The lines were arbitrarily drawn with the Prism software (GraphPad 

Software, Inc., La Jolla, CA). 

 

Thrombin-mediated platelet activation: 

Platelets were purified from freshly drawn blood from healthy volunteers under 

a Duke University Institutional Review Board approved protocol. Aptamer inhibition of 

thrombin-mediated platelet activation was assessed as previously described [205, 230]. 

Briefly, aptamer (0.39 - 400 nM final, 5 µL) was diluted in Hepes-saline buffer with 0.01% 

BSA and incubated with α-thrombin (1 nM final, 20 µL) at 37°C for 5 min. Purified 

platelets (25 µL) were added, and the reaction was incubated at 37°C for 15 min. The 

platelets were stained with 75 ng of a fluorescent anti-CD62P (P-selectin) or isotype 

control antibody (eBioscience, San Diego, CA) (50 µL) at room temperature for 30 

minutes, then washed and analyzed with a FACScalibur flow cytometer (Becton 

Dickinson, Franklin Lakes, NJ). The data were analyzed with the Cell Quest analysis 

software, version 3.3 (Becton Dickinson).  

 

Thrombin generation: 

Thrombin generation in a purified system was measured as previously described 

[165]. For complete prothrombinase experiments, aptamer (0.3-5 µM, 5 µL) diluted in 

reaction buffer (Hepes-saline buffer with 0.01% BSA and 1 mg/mL PEG-8000) was 

incubated with 1.4 µM prothrombin (5 µL) at 37°C for 5 min. FXa (0.2 nM), FVa (30 nM), 

and PC/PS/PE lipids (40 µM) (10 µL total) were incubated at 37°C for 5 min to allow for 

prothrombinase complex assembly, and prebound prothrombin/aptamer was added to 

initiate the reaction. Aliquots (1 µL) were withdrawn at various time points (0-10 min), 

diluted in quench buffer (20 mM Hepes pH 7.4, 150 mM NaCl, 50 mM EDTA, and 1 
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mg/mL PEG 8000; 49 µL), and thrombin chromogenic substrate Pefachrome TH 8198 (50 

µL) was added at a final concentration of 100 µM. Substrate cleavage was measured at 

405 nm on a kinetic microplate spectrophotometer at ambient temperature (BioTek, 

Winooski, VT). The initial rates of thrombin substrate cleavage were converted to 

thrombin concentration based upon the specific activity of thrombin Pefachrome 

TH8198 cleavage, as was determined in a separate assay with known concentrations of 

purified commercial α-thrombin. The data were fit during the linear portion of the 

reaction to obtain the thrombin generation rate (µM/min). The experimental rates were 

normalized to the rate for a mock reaction (no aptamer). Partial prothrombinase 

experiments contained 100 nM FXa and 40 µM PC/PS/PE lipids (no FVa), or 2 nM FXa 

and 30 nM FVa (no lipids).  

 

Serum stability: 

The aptamer was 32P 5’-end radiolabeled as previously described (5,000 cpm/µL, 

15 µL) [191] and incubated with human serum (35 µL) at 37°C. Time points (0-24 hr, 3 

µL) were diluted in Tris-EDTA buffer (10 mM Tris, pH 7.5 and 0.1 mM EDTA; 40 µL), 

extracted with phenol chloroform isoamyl (50 µL), heated at 65°C for 5 minutes, run on a 

12% denaturing acrylamide gel, and quantified by phosphoimager analysis (Storm 825 

phosphoimager, GE Healthcare, Piscataway, NY).  

 

Antidote gel mobility shift: 

32P 5’-end radiolabeled aptamer (5,000 cpm/µL; 6 µL) was mixed with unlabeled 

aptamer (125 nM), diluted in Hepes-saline buffer with 0.01% BSA, and incubated with 

various concentrations of DNA antidote (62.5-500 nM) at 37°C for 5 minutes. 

Aptamer/antidote control duplex formation was ensured by heating the 
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aptamer/antidote mixture to 95°C and slow cooling to ambient temperature. Sample 

aliquots (6 µL) were subjected to native-PAGE on an 8% polyacrylamide gel at 4°C and 

quantified by phosphoimager analysis. 

 

Statistical analysis: 

The data were statistically analyzed with a two-tailed, paired t-test with the 

Prism software (GraphPad Software, Inc., La Jolla, CA). P-values less than 0.05 were 

considered statistically significant. 

 

Thrombin peptide alignment and sequence analysis:  

Thrombin beta-chain peptide sequences were downloaded from the NCBI 

protein HomoloGene database (http://www.ncbi.nlm.nih.gov/homologene) and 

aligned with the MacVector 7.2 software (MacVector, Inc., Cary NC). The percent 

sequence similarity (percent homology) to the human sequence was calculated with the 

Clustal W2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/). 

2.3 Results  

2.3.1 RNA Sequence Analysis and Compound Optimization 

The full-length prothrombin aptamer R9D-14 is an 80 nucleotide long, 2’Fluoro-

pyrimidine modified RNA aptamer that we originally generated by systematic evolution 

of ligands with exponential enrichment (SELEX) against the gamma carboxylic glutamic 

acid (GLA) proteome of human plasma [191]. To determine the minimal RNA sequence 

required for high affinity aptamer binding and functionality, R9D-14 was truncated by 

systematic deletion. The shortest RNA derivative that retains high affinity binding and 

anticoagulant activity is 58 nucleotides long; the M-fold predicted secondary structure of 
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this truncated aptamer (termed RNAR9D-14T) contains a terminal base-paired stem and 

two internal loops that are connected by a single-stranded linker region (Figure 6) [231].  

 

Figure 6: The M-fold predicted secondary structure of RNAR9D-14T and RNAmut. 

A “doped pool” or biased selection was performed to study the relative 

importance of the internal RNA sequences [232]. The full-length R9D-14 sequence was 

used as a template to design a biased, 2’Fluoro modified RNA library with 36% 

degeneracy in the randomized region. A new selection was performed against human 

prothrombin with this doped pool library to generate a family of aptamer sequences. 

After three rounds of selection, the resulting RNA sequences were aligned and analyzed. 

A vast majority of the clones obtained from the doped pool SELEX have a conserved 

loop 2 sequence and structure, and clones that do not have loop 2 do not bind well to 

prothrombin (data not shown). Thus, loop 2 appears to be critical for protein binding 

and/or RNA folding. A point mutant control aptamer (RNAmut) was designed by 

mutating several conserved bases in loop 2 (A35, A36, and U37) (Figure 6). The 

sequences around and within loop 1 were also conserved in a majority of the clones 
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(data not shown). Although sequence variation was noted in the single-stranded region 

that connects loops 1 and 2, deletion or shortening of this linker region resulted in a loss 

of aptamer function (data not shown), indicating that it may function as a spacer to 

allow for tertiary interactions between loops 1 and 2. 

2.3.2 Protein Binding Analysis, Localization, and Specificity 

The majority of anticoagulant aptamers bind both the zymogen and enzyme [165, 

186, 201, 204]. Nitrocellulose filter binding indicates that RNAR9D-14T binds with high 

affinity to both human prothrombin (apparent Kd=10 nM) and α-thrombin (apparent 

Kd=1 nM), while RNAmut shows weak binding toward either protein (Figure 7). 

Additional nitrocellulose filter binding studies with other structurally related human 

coagulation proteins (e.g., FVIIa, FIXa, FXa and Protein C, S, and Z) indicate that RNAR9D-

14T shows very weak binding toward these other coagulation factors (apparent Kd>1,000 

nM) and thus specifically recognizes a surface that is unique to prothrombin/thrombin 

(data not shown). Surface plasmon resonance (SPR) was also performed to obtain more 

information regarding the kinetics of RNAR9D-14T prothrombin binding, and the data were 

compared to the prothrombin/thrombin binding DNA aptamer ARC-183. Compared to 

ARC-183, RNAR9D-14T has a greater than 40-fold higher affinity for prothrombin (KD 

RNAR9D-14T=1.4 nM and ARC-183=60.7 nM), which is a result of both a faster association 

rate (Ka=8.97×105 vs. 5.03×104 1/Ms, respectively) and a slower dissociation rate 

(Kd=1.26×10-3 vs. 3.05×10-3 1/s, respectively) (Table 3). 

Table 3: Surface plasmon resonance kinetic parameters for RNAR9D-14T and ARC-183 
binding to human prothrombin. 

Aptamer Ka (1/Ms) Kd (1/s) KD (M) 

ARC-183 5.03×104 3.05×10-3 6.07×10-8 
RNAR9D-14T 8.97×105 1.16×10-3 1.40×10-9 
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Figure 7: RNAR9D-14T binds to human prothrombin and human α-thrombin with high 
affinity. Nitrocellulose filter binding of the aptamer and mutant with human 

prothrombin and thrombin. Circles () represent RNAR9D-14T with α-thrombin, squares 
() are RNAR9D-14T with prothrombin, diamonds () are RNAmut with α-thrombin, and 

triangles () are RNAmut with prothrombin. The data represent the average ± the SEM of 
triplicates. 

The thrombin structure contains three regions where an aptamer may potentially 

bind and inhibit enzyme function: the active site, exosite I, and exosite II. Aptamers have 

previously been generated against thrombin exosite I and II and have differing 

anticoagulant functions based on their respective binding site. Binding competition 

experiments with several thrombin exosite ligands were performed to localize the 

RNAR9D-14T binding site. Recombinant hirudin, thrombomodulin (TM), and ARC-183, 

which bind thrombin exosite I, all compete with RNAR9D-14T for human α-thrombin 

binding; in contrast, heparin and the RNA aptamer Tog-25t, which bind thrombin 

exosite II, do not compete with RNAR9D-14T (Figure 8a and 8b).  
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Figure 8: RNAR9D-14T competes with exosite I, but not exosite II ligands for human α-
thrombin binding. A) Binding competition between RNAR9D-14T and various thrombin 

exosite I ligands. Squares () represent the ARC-183 DNA aptamer (0-200 nM), triangles 
() represent recombinant hirudin (0-100 nM), and circles () represent rabbit 

thrombomodulin (0-100 nM). The data represent the mean ± SEM of triplicates. B) 
Binding competition between RNAR9D-14T and various exosite II ligands. Squares () 

represent the Tog-25t RNA aptamer (0-100 nM), while circles () represent heparin (0-20 
U/mL). The data represent the mean ± SEM of triplicates. 

The binding location of RNAR9D-14T on thrombin was confirmed by assessing the 

aptamer’s affinity toward several modified human thrombin proteins: human α-

thrombin, FPRck-thrombin, β-thrombin, and γ-thrombin. FPRck-thrombin is α-thrombin 

that has a Glu/Gly/Arg-chloromethyl ketone molecule irreversibly bound to the active 

site, while β-thrombin has a single cleavage event that disrupts exosite I, decreasing the 
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enzyme’s ability to cleave fibrinogen; γ-thrombin lacks an intact exosite I and has no 

activity toward fibrinogen [86, 233, 234]. While RNAmut had no affinity toward any of 

these proteins, RNAR9D-14T bound to α-thrombin (apparent Kd=1 nM) and FPRck-α-

thrombin (apparent Kd=0.5 nM) with comparable affinities, but had a decreased affinity 

for β-thrombin (Kd=20 nM) and no affinity for γ-thrombin (Kd>1,000 nM) (data not 

shown). These data agree with the binding competition studies and indicate that 

RNAR9D-14T binds to thrombin exosite I.  

2.3.3 Mechanism of Anticoagulation 

The ability of RNAR9D-14T to anticoagulate human plasma was tested with several 

clinical clotting assays. The activated partial thromboplastin (aPTT) clotting assay 

measures the intrinsic and common pathway of coagulation, while the prothrombin 

time (PT) measures the extrinsic and common pathway [235]. RNAR9D-14T dose-

dependently prolonged the aPTT and PT clotting time and was more robust than ARC-

183, while RNAmut had no effect (Figure 9a). At 4 µM, RNAR9D-14T increased the aPTT 

clotting time from 31 sec to 664 sec (21-fold), and increased the PT clotting time to from 

13 sec to greater than 999 sec (exceeded the standard assay limit). In contrast, 4 µM of 

ARC-183 only increased the aPTT time to 86 sec (2.7-fold) and the PT time to 62 sec (4.8-

fold) (Figure 9a). Thus, the clinical clotting data indicate that RNAR9D-14T is much more 

potent anticoagulant than ARC-183. Moreover, because the point mutant had no 

anticoagulant effect, RNAR9D-14T anticoagulation is specific for the aptamer RNA 

sequence, as well as prothrombin/thrombin binding. 
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Figure 9: RNAR9D-14T dose-dependently prolongs the aPTT, PT, and TCT plasma based 
clotting assays and is more potent than ARC-183. A) Effect of RNAR9D-14T, RNAmut, and 
ARC-183 on the aPTT and PT in normal human plasma. Squares () represent ARC-183 
in the aPTT, triangles () are RNAR9D-14T in the aPTT, inverted triangles () are ARC-183 
in the PT, circles () are RNAR9D-14T in the PT, pluses (+) are RNAmut in the aPTT, and X’s 

(×) are RNAmut in the PT. The data were normalized to the baseline clot time and 
represent the mean ± SEM of triplicates. B) Effect of RNAR9D-14T and RNAmut on the 

thrombin clot time (TCT). Squares () represent RNAR9D-14T in normal plasma, triangles 
() are RNAmut in normal plasma, circles () are RNAR9D-14T in prothrombin deficient 

plasma (<3% activity), and diamonds () are RNAmut in prothrombin deficient plasma. 
The data were normalized to the baseline clot time and represent the mean ± the SEM of 

triplicates. 

Fibrinogen binding to thrombin exosite I is essential for fibrin generation, which 

forms the meshwork of a blood clot [86, 234]. Because RNAR9D-14T binds exosite I, we 

tested its impact on fibrinogen cleavage in both normal and prothrombin deficient (<3% 
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activity) plasma with a thrombin clot time assay (TCT). While RNAmut had no effect, 1 

µM RNAR9D-14T increased the clot time from approximately 53 sec to greater than 999 sec 

(exceeded the standard assay limit) (Figure 9b). We also tested RNAR9D-14T in a modified 

TCT with purified fibrinogen. Similar to the plasma data, RNAR9D-14T inhibited the TCT 

clotting time with purified fibrinogen (data not shown). Thus, RNAR9D-14T binding to 

thrombin exosite I inhibits fibrinogen cleavage and impairs fibrin clot formation. 

Several exosite I ligands have been reported to have allosteric effects on 

thrombin active site activity [236-240]. We therefore studied the impact of RNAR9D-14T 

binding to exosite I on the thrombin active site by monitoring cleavage of a thrombin 

small peptide chromogenic substrate. At saturating concentrations, RNAR9D-14T binding, 

compared to RNAmut binding, decreased the Km (9 vs. 24 µM, respectively; p=0.06) and 

decreased the kcat (72.7 vs. 107.9 sec-1, respectively; p=0.04) (Table 4). Further studies 

regarding the aptamer’s impact on the thrombin active site were performed with a 

physiological, active site-binding macromolecule – the serine protease inhibitor 

antithrombin (AT). Previous aptamer studies have shown that Tog-25t exosite II binding 

decreased the second order rate constant (k2) of AT inhibition by approximately 3-fold 

[227], while ARC-183 exosite I binding had little effect [241]. Similar to ARC-183, a 

saturating concentration of RNAR9D-14T had a non-significant effect on the rate of AT 

inhibition and increased the k2 constant 1.3-fold compared to RNAmut (3.43×105 vs. 

2.56×105 M-1 min-1, respectively; p=0.09) (Table 4). Collectively, the kinetic data suggest 

that RNAR9D-14T has only a subtle impact on the structure and activity of the thrombin 

active site. Thus, we hypothesized that the primary mechanism of RNAR9D-14T 

anticoagulation is due to inhibition of thrombin exosite I protein-protein interactions. 
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Table 4: Small peptide and antithrombin kinetics in the presence of RNAR9D-14T and 
RNAmut. 

Small peptide kinetics AT kinetics  

Km (mM) Kcat (sec-1) k2 (M-1min-1) 

No Aptamer 0.020±0.002 100.5±6.7 2.18±0.29×105 
RNAR9D-14T 0.009±0.001 72.7±6.1 3.43±0.35×105 
RNAmut 0.024±0.004 107.9±8.6 2.56±0.34×105 

  

Previous studies have shown that exosite I ligands inhibit FV and FVIII cleavage 

and decrease thrombin feedback activity [204, 242]. To test the impact of RNAR9D-14T on 

cofactor activation, thrombin-mediated cleavage of purified FV was analyzed via silver 

stain analysis and FVa cofactor activity in a purified prothrombinase system. Compared 

to RNAmut, RNAR9D-14T delayed FV cleavage for greater than 10 minutes and inhibited 

Arg709 cleavage for greater than 30 minutes, thereby preventing FVa heavy chain (VaH) 

formation (Figure 10a). RNAR9D-14T also dose-dependently impaired FVa cofactor activity 

compared to a similar concentration of RNAmut (Figure 10b). Interestingly, a previous 

study by Thorelli et al. reported that a FV mutant that cannot be cleaved at Arg709 has 

similarly decreased FVa activity [243]. Thus, RNAR9D-14T binding to thrombin exosite I 

inhibits cleavage of Arg709 and decreases FVa cofactor activity.  



 

74 

 

Figure 10: RNAR9D-14T impairs thrombin-mediated activation of FV. A) Silver stain 
analysis of FV activation by thrombin in the presence of saturating RNAR9D-14T or RNAmut. 

FV denotes uncleaved factor V, VaH is the factor Va heavy chain, and VaL is the factor 
Va light chain. The numbers above the lanes indicate the assay incubation time in 
minutes (’), and the numbers on the left represent the protein standard sizes. B) 

Chromogenic assay for FVa cofactor activity. FV (250 ρM) was activated by thrombin (3 
nM) in the presence of RNAR9D-14T or RNAmut and time points were diluted into a 
prothrombinase chromogenic assay where the rate of thrombin generation was 

dependent upon the concentration of FVa formed. Squares () represent no aptamer, 
triangles () are 500 nM RNAR9D-14T, inverted triangles () are 100 nM RNAR9D-14T, 

diamonds () are 20 nM RNAR9D-14T, and circles () are 500 nM RNAmut. The data were 
normalized to a parallel control experiment where FV was fully activated in the absence 
of RNA and are expressed as a percentage of the FVa activity of fully activated FV. The 
data are single experiments that are representative of three independent experiments. 

The initial small amounts of thrombin formed activate platelets and prime the 

system for a rapid burst of thrombin generation [11]. Thrombin exosite I binds and 

mediates cleavage of platelet protease activated receptors (PARs), which results in 

platelet degranulation and upregulation of the P-selectin (CD62P) surface receptor [244, 
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245]. RNAR9D-14T prevented platelet activation by thrombin in a dose-dependent manner, 

and at saturating concentrations prevented greater than 90% of platelet activation; in 

contrast, RNAmut had no effect (Figure 11). Therefore, RNAR9D-14T also potently inhibits 

thrombin-mediated platelet activation. 

 

Figure 11: RNAR9D-14T impairs thrombin-mediated platelet activation. Thrombin was 
incubated with purified human platelets in the presence of aptamer, and platelet 
degranulation was measured via flow cytometry with an anti-CD62P (P-selectin) 
antibody. Unstim represents resting platelets (no thrombin added), the black bars 

represent RNAR9D-14T preincubated with 1 nM of human thrombin, and the gray bars 
represent RNAmut preincubated with 1 nM human thrombin. The data represent the 

mean ± SEM of duplicates and are representative of data with three different platelet 
donors. 

 Because RNAR9D-14T binds to both human prothrombin and thrombin, the 

aptamer may function as an anticoagulant by inhibiting both thrombin generation and 

thrombin activity. The impact of the aptamer on prothrombin cleavage was assessed by 

monitoring thrombin generation in a purified system with the prothrombinase complex 

(purified FXa and FVa) pre-assembled on lipid vesicles. At physiological concentrations 

of prothrombin, RNAR9D-14T caused a dose dependent decrease in the rate of thrombin 

generation and decreased the rate of thrombin generation by greater than 70% at high 
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concentrations (5 µM); similar concentrations of RNAmut had no effect (Figure 12). Thus, 

RNAR9D-14T inhibits both thrombin generation and thrombin exosite I function. 

 

Figure 12: RNAR9D-14T dose-dependently decreases the rate of thrombin generation in a 
purified system. A) Thrombin formation curves, as measured via a discontinuous 

purified prothrombinase assay with a physiological concentration of prothrombin (1.4 
µM). Circles () represent no addition of aptamer, squares () are 5 µM RNAR9D-14T, and 
triangles () are 5 µM RNAmut. The data represent the mean ± SEM of two independent 

preparations of prothrombinase. B) Dose dependent response of the rate of thrombin 
generation with increasing concentrations of RNAR9D-14T. The data were normalized to 

the rate in the absence of aptamer and represent the mean ± SEM for three independent 
experiments. 

The current literature suggests that FVa binds to prothrombin within the 

prothrombinase complex via proexosite I [223-225], and several proexosite I-binding 

ligands prevent prothrombin cleavage in a FVa-dependent manner [204, 246]. To 
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determine if RNAR9D-14T has a similar mechanism of anticoagulation, thrombin generation 

assays were repeated with various combinations of the prothrombinase components. A 

partial prothrombinase complex of FXa with FVa (no lipids) was sensitive to RNAR9D-14T 

inhibition, while FXa with lipids (no FVa) was not sensitive (data not shown). Therefore, 

similar to other proexosite I ligands, RNAR9D-14T blocks prothrombinase function in a 

FVa-dependent manner. 

2.3.4 Serum Stability and Antidote Control 

The data so far indicate that RNAR9D-14T and ARC-183 both bind to 

prothrombin/thrombin proexosite/exosite I, although RNAR9D-14T has a higher binding 

affinity and is a more robust anticoagulant. Additionally, the two aptamers differ in 

their chemical composition - ARC-183 is comprised of unmodified DNA, while RNAR9D-

14T is comprised of 2’Fluoro-pyrimidine modified RNA [159, 191]. To compare the 

stability of these oligonucleotides, the aptamers were radiolabeled and incubated with 

human serum over a period of 24 hours. Unlike the DNA aptamer ARC-183, which has a 

half-life of less than 2 hours and was completely degraded within 4 hours, RNAR9D-14T 

has an extended half-life greater than 6 hours (Figure 13). Thus, RNAR9D-14T is much more 

resistant to human serum nucleases than ARC-183. 



 

78 

 

Figure 13: The modified RNA aptamer RNAR9D-14T is more stable in human serum than 
the DNA aptamer ARC-183. Denaturing gel analysis of A) ARC-183 and B) RNAR9D-14T 
stability in human serum. The aptamers were 32P 5’-end radiolabeled (5,000 cpm/µL), 

incubated with human serum, and samples were withdrawn at the indicated times and 
run on a 12% denaturing acrylamide gel; min (’) and hours (h). 

Anticoagulant RNA aptamers can be formulated to circulate in vivo for 24-30 

hours [170]. Therefore, in the event of clinical complications, such as hemorrhage, 

physicians need to rapidly and safely reverse anticoagulation. We have previously 
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described the design of complementary oligonucleotide antidotes to modulate 

anticoagulant aptamers [186, 218]. Because RNAR9D-14T is an extremely potent and stable 

anticoagulant, we sought to design antidotes that can rapidly control its anticoagulant 

activity and improve its safety profile. 

Six complementary DNA antidote sequences were designed to bind to various 

regions across RNAR9D-14T via Watson-Crick base pairing and tested for their ability to 

disrupt aptamer binding (Figure 14a) [218]. Antidotes 5 and 6 completely reversed 

RNAR9D-14T binding to human prothrombin in a nitrocellulose filter binding assay, while 

antidotes 1-4 only partially reversed binding (Figure 14b). Native gel electrophoresis 

showed that a four-fold molar excess of antidote oligonucleotide 6 (AO6) formed a 

duplex with more than 80% of free RNAR9D-14T aptamer, while a four-fold molar excess of 

a scrambled antidote control (scrAO) did not form a duplex (data not shown). 

Additionally, a four-fold molar excess of AO6 was able to reverse 96% of RNAR9D-14T 

anticoagulation in an aPTT within two minutes, and 78% of RNAR9D-14T anticoagulation 

after two hours; in contrast, a scrambled antidote did not reverse RNAR9D-14T 

anticoagulation (Figure 14c). Thus, for clinical applications, RNAR9D-14T can be formulated 

to have an extended half-life, yet can be rapidly controlled with an antidote. 
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Figure 14: An oligonucleotide antidote can modulate RNAR9D-14T protein 
binding and anticoagulant function. A) Cartoon depicting complementary 
oligonucleotide antidote design for RNAR9D-14T. B) Nitrocellulose filter binding reversal 
of RNAR9D-14T/prothrombin binding in the presence of the various antidote 
oligonucleotides (AO). The aptamer was incubated with purified prothrombin at 37°C 
for 5 min, AO was added, the reaction was further incubated at 37°C for 5 min, and 
nitrocellulose filter binding was quantified. C) aPTT time course for AO6 reversal of 
RNAR9D-14T anticoagulation. Normal human plasma was anticoagulated with RNAR9D-14T, 
antidote was added and incubated for various time points at 37°C, and the aPTT clotting 
time was measured. Mock is a standard aPTT assay with no aptamer (baseline); aptamer 
alone is a standard aPTT assay with 1 µM of RNAR9D-14T and no antidote. The gray bars 
represent the addition of 4 µM AO6, while white bars represent the addition of 4 µM 
scrAO. The data were normalized to the baseline clotting time and represent the mean ± 
SEM of duplicates. 
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2.3.5 Animal Cross Reactivity 

Because aptamers can bind to their therapeutic targets with extremely high 

specificity, aptamers have been isolated that do not cross-react with orthologous 

proteins from other animals [192]. RNAR9D-14T was tested for its ability to anticoagulate 

plasma from several species in an aPTT assay. At 2 µM, RNAR9D-14T robustly 

anticoagulated human (19-fold increase in clotting time), rhesus (7.6-fold increase), and 

pig plasma (4.2-fold increase), but showed decreased activity in dog, rabbit, sheep, 

mouse, rat, and cow plasma (Figure 15). The apparent binding affinity of RNAR9D-14 for 

purified thrombin or prothrombin from several of these species was also assessed to 

confirm the species cross-reactivity results. RNAR9D-14T bound to porcine thrombin 

(apparent Kd=5 nM) with a similar binding affinity as human thrombin (apparent Kd=1 

nM), but showed little binding affinity toward cow thrombin, rat thrombin, or mouse 

prothrombin (apparent Kd s>1,000 nM; Figure 15b). Thus, the aptamer-binding epitope 

on exosite I appears to be conserved in humans, primates, and pigs, but not cows or 

rodents.  
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Figure 15: RNAR9D-14T cross-reacts with rhesus, porcine, and rabbit plasma, but not 
other mammalian plasma. A) aPTT assay showing the species cross reactivity of 

RNAR9D-14T. Gray bars represent the addition of 2 µM RNAR9D-14T and black bars are the 
addition of 2 µM RNAmut. The data were normalized to the baseline aPTT time for each 
individual species and represent the mean ± SEM of duplicates. B) Binding affinity of 
RNAR9D-14T toward purified protein from various species. Squares () represent human 

thrombin, triangles () are cow thrombin, inverted triangles () represent porcine 
thrombin, diamonds () are rat thrombin, circles () are human prothrombin, and open 

squares () are mouse prothrombin. The data represent single experiments that are 
representative of three independent experiments. 



 

83 

 

2.4 Discussion 
Because thrombin is the final protease formed during the coagulation cascade 

and plays a number of key roles in fibrin clot formation, thrombin has been an 

important target for anticoagulant therapy. Although several direct thrombin inhibitors 

are clinically available (e.g., lepirudin, argatroban, and bivalirudin), they can be 

challenging to use because they are associated with an increased risk of bleeding and 

cannot be easily reversed with an antidote [247]. Additionally, several aptamers have 

been developed against thrombin (e.g., ARC-183, HD-22, and Tog-25t), although none 

have advanced clinically due to chemical instability, rapid clearance in vivo, and/or 

limited anticoagulant activity [159, 192, 211]. Here we describe the structure and 

function of a 2’F-modified nuclease resistant RNA aptamer (RNAR9D-14T) that binds to 

both prothrombin and thrombin and is a potent anticoagulant. RNAR9D-14T binds 

prothrombin at the proexosite and prevents thrombin generation in a FVa-dependent 

manner. Additionally, although RNAR9D-14T binding to thrombin has only a minor impact 

on active site function, it severely impairs coagulation by inhibiting exosite I mediated 

function (i.e., fibrinogen cleavage, FV activation, and platelet activation). 

Specificity is a valid concern regarding anticoagulant therapeutics, especially for 

anticoagulants that have a therapeutic dose in the micromolar range, such as RNAR9D-14T. 

However, collectively the data indicate that RNAR9D-14T binding and anticoagulation is 

specific for both RNA sequence/structure, as well as prothrombin/thrombin binding. 

For example, assessment of the RNAR9D-14T binding affinity toward related clotting 

proteins (FVIIa, FIXa, FXa, etc.) clearly shows that the aptamer has very weak affinity 

toward other clotting factors and demonstrates greater than 1,000-fold specificity for 

prothrombin/thrombin (data not shown). Furthermore, we have also designed a point 
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mutant control RNA aptamer where three nucleotides are mutated to show that protein 

binding and anticoagulation is dependent upon the aptamer sequence/folding and 

prothrombin/thrombin binding (Figure 6). The point mutant no longer binds 

prothrombin or thrombin and does not appreciably anticoagulate human plasma, even 

at micromolar concentrations (Figure 9a). Finally, the species cross-reactivity data also 

support our claim that aptamer anticoagulation is specific. For example, the aptamer 

does not bind to bovine thrombin and correspondingly has no effect at 2 µM in an aPTT 

clotting assay with bovine plasma (Figure 15a).  

Thrombin activation of FV is essential for coagulation because it generates a 

positive feedback loop that helps form the additional burst of thrombin required for 

stable clot formation. Single chain FV is cleaved by thrombin at three bonds (Arg709, 

Arg1018, and Arg1545) to form the fully active cofactor FVa. Cleavage at Arg709 occurs 

first to form the FVa heavy chain, followed by cleavage at Arg1018, then cleavage at 

Arg1545 to form the light chain [243, 248]; the FVa heavy and light chains are held 

together via ionic interactions [249]. A previous study by Thorelli et al. studied the effect 

mutating these FV arginine residues and the species that resulted from thrombin 

cleavage of these mutants. When Arg709 was mutated to a glutamine (termed 

[Gln709]factor V), thrombin could no longer cleave the 709 residue, and the FVa heavy 

chain was not formed. Interestingly, this [Gln709]factor Va protein was active, but 

showed significantly decreased FVa cofactor activity [243]. Our data here indicate that 

RNAR9D-14T binds to thrombin exosite I and delays FV cleavage by impairing cleavage of 

Arg709 (Figure 10a). Strikingly, the FVa cofactor activity in the presence of the aptamer 

mirrors the Thorelli data with the [Gln709]factor Va mutant (Figure 10b). Therefore, the 

data suggest that RNAR9D-14T inhibits thrombin cleavage of FV Arg709, which results in 
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the formation of an alternative FVa-like species with significantly decreased cofactor 

activity. 

The binding competition studies indicate that RNAR9D-14T and the DNA aptamer 

ARC-183 bind to the same region on thrombin (exosite I). An analysis of RNAR9D-14T 

animal cross-reactivity highlights key residues within exosite I that may be important 

for aptamer binding. An alignment of the human, rhesus, porcine, bovine, rat, and 

mouse thrombin beta chain amino acid sequence shows that two exosite I amino acids 

(Ile 24 and Ile 79) are conserved in only the species that RNAR9D-14T robustly 

anticoagulates (i.e., human, rhesus, and pig) (Figure 16). Interestingly, ARC-183 binding 

forms direct contacts with these surface residues in thrombin exosite I [250], and the 

species cross reactivity data suggest that these residues may be important for RNAR9D-14T 

binding as well.  
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Figure 16: An amino acid sequence alignment of the thrombin β-peptide from various 
mammalian species. The thrombin β-chain peptide sequences were downloaded from 

the NCBI HomoloGene protein database, aligned to the human sequence, and the 
percent similarity to the human sequence was calculated. Exosite I residues Ile24 and 

Ile79 (residues 9 and 75 in this alignment, enclosed within a box) are only conserved in 
human, rhesus, and pig, which are the species that RNAR9D-14T robustly anticoagulates. 

Although RNAR9D-14T and ARC-183 have a similar mechanism of anticoagulation 

(i.e., proexosite/exosite I inhibition), RNAR9D-14T has a different chemical composition 

that results in a higher binding affinity and increased serum stability (Table 3 and Figure 

13). Moreover, RNAR9D-14T (58 nucleotides) is much larger than ARC-183 (15 nucleotides) 

and therefore may cover a larger area on the protein surface. Consequentially, RNAR9D-14T 
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appears to be a more powerful anticoagulant in plasma clotting assays than ARC-183 

(Figure 9a). Although RNAR9D-14T binds prothrombin/thrombin with high affinity, a high 

concentration is required to saturate prothrombin, which has an estimated concentration 

of 1.4 µM in human blood. Additionally, only approximately 30-40% of the aptamer 

folds into the high affinity conformation that can bind to prothrombin/thrombin (Figure 

7 and data not shown); the combination of inefficient aptamer folding and a high target 

concentration mean that the saturating dose of RNAR9D-14T is greater than 5 µM. Future 

experiments should be performed to see if aptamer folding can be improved, thereby 

reducing the dose required for robust anticoagulation, or to determine if combining 

RNAR9D-14T with another anticoagulant aptamer (i.e., FIXa and FXa aptamers) can reduce 

the dose required. 

Because RNAR9D-14T is such a robust anticoagulant, we designed several 

complementary DNA oligonucleotide antidotes to bind to the aptamer and alter its 

three-dimensional conformation, thus resulting in an inactive stable complex. RNAR9D-14T 

was rapidly and durably reversed with a complementary antidote in vitro (Figure 14c), 

which makes this compound an attractive candidate for further development as a 

robust, yet rapidly controllable anticoagulant. Future in vivo studies of anticoagulation 

with RNAR9D-14T alone, or in combination with other RNA aptamers and their antidotes 

are needed to assess the applicability of aptamer/antidote anticoagulation in clinical 

settings where safe yet effective anticoagulation is essential, such as cardiopulmonary 

bypass, deep vein thrombosis, stroke, or percutaneous coronary intervention. 
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3. Comparisons and Combinations of anti-FVIIa, FIXa, 
FXa, and Prothrombin Anticoagulant Aptamers 

3.1 Introduction 
Coagulation, or blood clot formation, is comprised of a hierarchical series of 

enzymatic reactions that occur on cellular and vascular surfaces. The coagulation 

proteins circulate in the blood in their inactive protein form, termed zymogens. Upon 

activation, each zymogen is cleaved to generate an active enzyme, which in turn cleaves 

the next zymogen in the pathway. Initial coagulation models represent the series of 

reactions as a Y-shaped “cascade” with two separate branches that ultimately converge 

into a final common pathway [7, 8]. Although the cascade describes in vitro coagulation, 

recent models hypothesize that in vivo coagulation occurs in three phases on discrete 

cellular surfaces [11].  

The treatment of patients with thrombosis, or pathological blood clot formation, 

almost always includes the administration of an anticoagulant therapeutic. In some 

settings, surgical intervention is also required to restore blood flow. Researchers 

currently debate the optimal therapeutic target for anticoagulation, and new 

anticoagulants are continually being developed against several different targets for a 

number of clinical indications [251, 252]. Systemic anticoagulation is required during a 

number of clinical procedures to treat acute clinical events, such as myocardial infarction 

(MI, or “heart attack”). The intensity or degree of anticoagulation that is required 

depends on the type of procedure. Less invasive procedures, such as percutaneous 

coronary intervention (PCI, “angioplasty”) require a lower degree of anticoagulation 

than more invasive procedures, such as coronary artery surgeries that are supported by 

cardiopulmonary bypass (CPB).  
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Cardiopulmonary bypass (CPB) is the most thrombotic indication for rapid onset 

anticoagulation. During CPB, the patient’s blood is removed from the heart and 

siphoned off into a machine that replaces heart and lung function by controlling the 

blood temperature and keeping it oxygenated and circulating to the extremities. 

Numerous stimuli combine synergistically to promote clot formation during CPB, 

including exposure of the blood to the surgical incision site, repeated and extensive 

contact of the blood with the foreign materials that comprise the extracorporeal circuit, 

and extremely high shear in the circuit. Thus, potent anticoagulation is required to 

maintain the blood fluidity during CPB [247]. However, because such an intense degree 

of anticoagulation is required for CPB post-operative bleeding is a common surgical 

complication. For those reasons, an anticoagulant strategy used for CPB must be both 

potent and reversible [253].  

Since 1953, UFH has remained the standard anticoagulant for CPB, and 

protamine has remained the standard antidote used to neutralize UFH after CPB has 

been discontinued. UFH binds to antithrombin (AT), a constitutive circulating serine 

protease inhibitor, and significantly accelerates AT-mediated inhibition of a number of 

coagulation enzymes, including FIXa, FXa, and thrombin [254-256]. Although UFH is an 

extremely effective anticoagulant that is reversible with protamine, both UFH and 

protamine have a number of untoward side effects, including heparin induced 

thrombocytopenia (HIT), hypotension, decreased cardiac output, decreased myocyte 

contractile function, and anaphylaxis [151-153, 257, 258]. Although there are a number of 

alternative rapid onset anticoagulants clinically available (i.e., bivalirudin, argatroban, 

lepirudin,) these compounds are not approved for CPB anticoagulation because they 

produce a lower level of anticoagulation during CPB compared to UFH, cannot be 

controlled with an antidote, and/or dosing and monitoring regimes have not been 
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identified [145]. Thus, a pressing medical need exists for new anticoagulants that 

function similar to UFH and robustly anticoagulate blood during CPB, yet can be 

rapidly controlled with an antidote. 

Aptamers, or single-stranded oligonucleotides, are an emerging class of 

therapeutics that rivals monoclonal antibodies and small molecules. Due to their ability 

to specifically bind therapeutic targets with high affinity, aptamers function as non-

immunogenic and non-toxic artificial ligands that can bind and inhibit target protein 

function [168-170, 172, 185, 259]. Modified RNA aptamers can be generated against 

several types of therapeutic targets, including soluble coagulation proteins, by screening 

combinatorial modified RNA oligonucleotide libraries for high affinity binding to the 

target protein [155, 183]. Our lab has employed this selection method to generate 

modified RNA aptamers that bind to a number of different coagulation factors that 

function in different enzymatic reactions within the coagulation cascade [165, 186, 191, 

201, 218, 260]. Moreover, we have pioneered the development of two independent types 

of antidotes that can rapidly modulate aptamer anticoagulant function [186, 197]. 

Currently, an optimized version of our coagulation factor IX (FIX) aptamer and its 

antidote are in phase two clinical trials for thrombotic indications [171, 203]. The clinical 

data indicate that this aptamer is well tolerated, safe, and can be rapidly modulated with 

the antidote. 

We have previously generated anticoagulant aptamers to coagulation factor VIIa 

(FVIIa) [191], factor IXa (FIXa) [186], factor X (FXa) [165], and prothrombin [191, 260]. In 

contrast to heparin, which accelerates AT binding to the enzyme active site, the 

anticoagulant aptamers directly bind to the coagulation proteins at discrete surfaces that 

are physically separate from the active site and comprise a large surface area that is 

critical for macromolecular substrate binding. By binding to these macromolecular 
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substrate binding sites, termed exosites, anticoagulant aptamers prevent protein-protein 

interactions that are essential for coagulation [165-167, 260]. Furthermore, mechanistic 

studies with several of these aptamers indicate that they bind to an exosite that is 

present on both the zymogen and enzyme and thereby inhibit both cleavage of the 

zymogen and enzymatic activity. In contrast, the UFH-AT complex inhibits enzymatic 

function, but does not impair zymogen cleavage.  

Here we compare the effects of the FVIIa, FIXa, FXa, and prothrombin 

anticoagulant aptamers in several in vitro clotting assays to assess the impact of 

inhibiting different coagulation enzymes that function at different steps within the same 

biological pathway. Additionally, we analyzed the effect of aptamer combinations on 

blood coagulation to observe the effect of inhibiting multiple proteins within the same 

pathway. Finally, to explore the clinical potential of these powerful anticoagulant 

aptamer cocktails, we further tested them in an ex vivo model of extracorporeal bypass 

circulation alongside UFH and assessed their ability to be controlled with an antidote. 

Based upon their unique ability to be used individually or in combination, yet still safely 

controlled with antidotes, aptamers may have broad clinical applicability for thrombosis 

treatment. 

3.2 Materials and Methods 
Materials:  

Normal pooled platelet poor plasma was purchased from George King 

Biomedical (Overland Park, Kansas). Phosphate buffered saline (PBS), tetramethylsilane 

(TMS), and formaldehyde were purchased from Sigma-Aldrich, (St. Louis, MO). Ethanol 

was purchased from EMD (Darmstadt, Germany) and glutaraldehyde was purchased 

from TCI America (Portland, OR). UFH and protamine sulfate were purchased from 
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APP Pharmaceuticals, LLC (Schaumburg, IL). CDP was a generous gift from Jeremy 

Heidel at Calando Pharmaceuticals (Pasadena, CA).  

 

Modified RNA aptamers and DNA antidotes: 

The FIXa aptamer [186] (9.3T; 5’-

AUGGGGACUAUACCGCGUAAUGCUGCCUCCCCAU-3’), FXa aptamer [165] (11F7T; 

5’-GAGAGCCCCAGCGAGAUAAUACUUGGCCCCGCUCUU-3’), prothrombin 

aptamer (R9D-14T7; 5’-

GGCGGTCGATCACACAGTTCAAACGTAATAAGCCAATGTACGAGGCAGACGAC

TCGCC -3’) [260], and 9.3T mutant control [186] (9.3Tmut; 5’- 

AUGGGGACUGUGCCGCGUAAUGCUGCCUCCCCAU-3’) were purchased from ST 

Pharm Co., Ltd. (Seoul, Korea). The FVIIa aptamer [191] (7S-1; 5’-

GGGAGGACGAUGCGGACUCCUCCAAGCGACCAACAUCGGUCCCGUUUCAGAU

CAACAGACGACUCGCUGAGGAUCCGAGA-3’), 11F7T mutant control [165] 

(11F7Tmut; 5’- GAGAGCCCCAGCGAGAUAAUACUUGUACCCGCUCUU -3’), R9D-

14T mutant control (R9D-14Tmut 5’- 

GGCGGTCGATCACACAGTTCAAACGTAATAAGCCGGCGTACGAGGCAGACGAC

TCGCC-3’) [260] and 7S-1 mutant control (7S-1mut; 5’-

GGGAGGACGAUGCGGACUCCUCCAAGCGACCAACAUCGGUCUUAUUUCAGA

UCAA CAGACGACUCGCUGAGGAUCCGAGA-3’) (unpublished) were transcribed 

and purified using in vitro methods previously described [191]. For all of the RNA 

aptamers the pyrimidines are modified ribonucleotides, where “C” denotes a 

2’Fluorocytosine and “U” denotes a 2’Fluorouracil. Prior to all functional assays, the 

aptamers were diluted in Hepes/saline buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, 

and 2 mM CaCl2), heated to 65°C for 5 min, and cooled to ambient temperature for 3 min 
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to re-nature the RNA. For combinations of two aptamers, the aptamers were diluted and 

heated/cooled separately and then combined on ice to prevent potential inter-molecular 

interactions. 

The 11F7T DNA antidote (5’-TATTATCTCGCTGGG -3’) and the R9D-14T DNA 

antidote (5’-GTCTGCCTCGTACATTGGCT-3’) were designed via Watson-Crick base 

pairing as previously described [260] and synthesized by Integrated DNA Technologies, 

Inc. (Coralville, IA). 

 

Plasma clotting assays: 

The activated partial thromboplastin time (aPTT) and prothrombin time (PT) 

assays were performed on a model ST4 mechanical coagulometer (Diagnostica Stago, 

Parsippany, NJ) as previously described [205]. For the aPTT, 50 µL of normal human 

platelet poor plasma (PPP) was incubated with 50 µL TriniClot aPTT S (Trinity BioTech, 

Bray, Co Wicklow, Ireland) at 37°C for 5 min. Aptamer(s) (5 µL) was added, and the 

mixture was incubated at 37°C for another 5 min, and CaCl2 (50 µL) was added to 

initiate the assay. For the PT, 50 µL of normal human PPP was incubated with 5 µL of 

aptamer(s) at 37°C for 5 min. TriniClot PT Excel reagent (Trinity BioTech, Bray, Co 

Wicklow, Ireland) (100 µL) was added to initiate the reaction. Assays with a combination 

of two aptamers contain an equimolar concentration of each individual aptamer, and the 

data shown are the total RNA concentration. 

 

Calibrated automated thrombography: 

The aptamers were diluted in Hepes-saline buffer (20 mM Hepes pH 7.4, 150 mM 

NaCl, and 2 mM CaCl2), renatured, and stored overnight at 4°C. To prepare the 1 ρM TF 

reagent, commercial 5 ρM PPP reagent (Diagnostica Stago) was diluted 1:5 with 
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commercial MP reagent (Diagnostica Stago). Normal human platelet poor plasma (80 

µL) was mixed with aptamer(s) (10 µL) in an Immunolon 2HB U Bottom Microtiter 96-

well plate (Thermo Labsystems, Franklin, MA) and incubated at 37°C for 5 min. PPP 

reagent (Diagnostica Stago, Parsippany, NJ) (either 1 ρM or 5 ρM TF, 20 µL, Diagnostica 

Stago) was added, and the mixture was incubated at 37°C for another 5 min. FluCa 

(Diagnostica Stago) (10 µL) was added to initiate the assay and thrombin generation was 

measured for 60 minutes at 37°C with a Fluoroskan Ascent fluorometer (Thermo 

Labsystems, Helsinki, Finland) according to the manufacturer’s instructions. The 

amount of thrombin generated was quantified by comparison to an assay with thrombin 

calibrator reagent (Diagnostica Stago) that has a known activity toward the fluorogenic 

substrate. The lag time, peak amount of thrombin generated, and endogenous thrombin 

potential (ETP) were automatically calculated by the Thrombinoscope software 

(Thrombinoscope BV, the Netherlands). 

 

Thromboelastography: 

Blood was drawn from healthy, consented volunteers under a Duke University 

Institutional Review Board approved protocol and anticoagulated with 3.2% sodium 

citrate. Whole blood (320 µL) was mixed with anticoagulant (heparin or aptamers) (10 

µL) and kaolin (Haemonetics, Niles, IL) (10 µL) or CAT PRP reagent (Diagnostica Stago, 

0.33 ρM TF final) (10 µL) was added to stimulate clotting. CaCl2 (20 µL) was immediately 

added to overcome the citrate, the mixture was added to a plain disposable plastic TEG 

cup (Haemonetics), and the assay was run according to the manufacturer’s instructions. 

Clot formation at 37°C was measured with a Thromboelastograph Analyzer 

(Haemonetics, Niles, IL) until a stable clot was formed (i.e., a maximum amplitude was 

reached) or for three hours with the aptamer combinations. The time lag time, α-angle, 
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and maximum amplitude were automatically calculated by the TEG® Analytical 

Software version 4.2.3 (Haemonetics). 

For the antidote reversal TEGs, whole blood was anticoagulated with a 

combination of the FXa (0.5 µM) and prothrombin (5 µM) aptamers for 1 hour as 

described, antidote (10 µL) was added, and the assay was continued until a stable clot 

was formed. For complete antidote reversal at one hour a 4-fold molar excess of 

protamine (22 µM) was added, 50 µg of CDP was added, or a 2-fold molar excess of the 

R9D-14T oligonucleotide (10 µM) in combination with a 3-fold molar excess of the 11F7T 

antidote oligonucleotide (1.5 µM) was added. For partial antidote reversal either a 2-fold 

molar excess of the R9D-14T oligonucleotide (10 µM) or a 3-fold molar excess of the 

11F7T antidote oligonucleotide (1.5 µM) was added at one hour after anticoagulation 

with the FXa (0.5 µM) and prothrombin (5 µM) aptamers. 

 

Extracorporeal membrane circuit oxygenation:  

The extracorporeal minicircuit consisted of a sample line, custom-designed 8 mL 

Plexiglas® venous reservoir, a mechanical roller pump (MasterFlex®; Cole-Parmer 

Instrument Co., Vernon Hills, IL), and a custom-designed small-volume oxygenator that 

are all connected by MasterFlex precision silicone tubing (Cole-Parmer Instrument Co.) 

[261, 262]. The 4 mL priming volume oxygenator is comprised of two Plexiglas® shells 

(12.8 cm × 12.8 cm × 2.7 cm) that cover a disposable three layer artificial diffusion 

membrane comprised of hollow polypropylene fibers glued together in a crosswise 

fashion. The surface area available for gas exchange is 558 cm2. To prevent heat loss, one 

of the shells has an integrated heat exchanger, and the temperature was maintained at 

approximately 33°C with a circulating water bath system (Gaymar Industries, Orchard 

Park, NY). A MEAS reusable temperature probe (Model 451, Measurement Specialties 
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Inc., Dayton, OH) was inserted into the reservoir to continuously measure the 

temperature, and an in-line flow probe (2N806 flow probe and T208 volume flowmeter; 

Transonic Systems, Inc., Ithaca, NY) was used to continuously measure the blood flow. 

The circuit blood O2 level was maintained at 95% and the CO2 was maintained at 5%.  

The minicircuit was primed with phosphate buffered saline (PBS) at a flow rate 

of 50 mL/min for approximately 30 min. Blood was drawn from healthy, consented 

volunteers and anticoagulated with 3.2% sodium citrate. Approximately 25 mL of 

citrated blood was incubated with 500 µL of anticoagulant (i.e., UFH or aptamer) at 37°C 

for 5 min. The PBS was drained from the minicircuit, and the blood was added and 

circulated at a rate of 50 mL/min with 95% O2/5% CO2 at approximately 33°C. CaCl2 

(660 µL, 6.45 mM final) was added to overcome the citrate and initiate the experiment. 

Blood samples (~1.5 mL) were withdrawn from the baseline citrated blood (no aptamer) 

and from the circuit reservoir at 5, 30, 60, 90, and 120 min post circuit initiation, or until 

visible clot formation. aPTT, PT, ACT-LR, and ACT+ assays (ITC, Edison, NJ) were 

immediately run with a Hemochron Jr. signature point of care device (ITC Nexus Dx, 

Edison, NJ). To analyze the citrated baseline aPTT, PT, ACT-LR, and ACT+ values, 6.45 

mM CaCl2 was added to approximately 100 µL of blood, the mixture was incubated for 

30 sec at ambient temperature, and the assay was run according to the manufacturer’s 

instructions. The venous blood gases were analyzed with a GEM Premier 3000 blood 

gas/electrolyte analyzer (model 5700; Instrumentation Laboratories, Inc, Lexington, 

MA) to determine the hematocrit, CaCl2, O2, and CO2 levels.  

 

Oxygenator membrane scanning electron microscopy: 

After 2 hours of circulation (or until there was visible clot formation), the 

minicircuit was washed with three volumes (approximately 60 mL) of PBS at a flow rate 



 

97 

of 50 mL/min. The oxygenator membrane was removed with forceps, washed with 

gentle rocking in PBS for approximately 30 sec, then removed and blotted. Three pieces 

approximately 10 mm × 10 mm were excised from different areas of the membrane with 

a clean razor blade. The membrane pieces were fixed overnight in PBS with 4% 

formaldehyde and 2% glutaraldehyde, washed two times with PBS, then dehydrated in 

an ethanol gradient (30% to 100%). The membranes were subsequently submerged in 

tetramethylsilane (TMS) for 10 min, then removed and placed in a desiccator overnight. 

Desiccated membrane specimens measuring approximately 10 mm × 7 mm were affixed 

with double sided tape to circular metal stubs approximately 14 mm in diameter. The 

specimens were gold sputter coated in a Denton Vacuum Desk IV® (Denton Vacuum 

LLC, Moorestown, NJ) according to the manufacturer’s instructions. The scanning 

electron microscopic (SEM) images were obtained with a FEI XL 30 FE SEM (FEI, 

Hillsboro, OR). 

  

Aptamer synergy calculations: 

Drug synergy for aptamer combinations in the aPTT and PT was assessed with 

the algebraic method described by Berenbaum [263]. Drug synergy was calculated 

according to the following equation: 

 

where Ae and Be are concentrations of the individual aptamers that produce equivalent 

clotting times, and “dose of A” and “dose of B” are the respective concentrations of 

aptamers when tested in combination that produce the same clotting time as Ae and Be. 

Additive aptamer combinations were defined as combinations that have a fractional 

sum equal to one, while synergistic aptamer combinations were defined as combinations 

that have a sum of less than one.  
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3.3 Results 

3.3.1 In Vitro Comparison of Individual Aptamer Anticoagulants 

We compared the anticoagulant effects of the FVIIa (7S-1) [191], FIXa (9.3T) [186], 

FXa (11F7T) [165], and prothrombin (R9D-14T) [260] aptamers, which are all 2’-Fluoro 

modified single-stranded RNA that vary in size from 34-80 nucleotides (Figure 17). 

Previous mechanistic studies with three of these aptamers indicate that the aptamers 

bind to macromolecular binding sites present on both the zymogen and enzyme form of 

the protein and thereby inhibit protein-protein interactions that are essential for 

coagulation [165, 167, 260]. Thus, aptamer binding impairs both enzyme generation 

(zymogen cleavage) and enzyme function. 

 

Figure 17: The M-fold predicted secondary structures of the four modified RNA 
anticoagulant aptamers and their point mutants. 

To compare the anticoagulant effect of these four aptamers, we performed dose-

response titrations in several clinical plasma-based clotting assays. The activated partial 

thromboplastin time (aPTT) and prothrombin time (PT) are plasma clotting assays that 

are clinically used to probe for abnormalities in the intrinsic and extrinsic coagulation 

pathways, respectively [264]. These relatively simple assays measure the time required 

for clot formation in platelet poor plasma (PPP) in response to either robust tissue factor 

(TF), or contact (i.e., silica, kaolin, celite) activation. Titrations with the individual 
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aptamers in the respective clotting assays showed that all of the aptamers produced 

dose-dependent anticoagulation and prolonged the aPTT and PT clotting time to 

varying degrees (Figure 18). At high concentrations, the prothrombin aptamer (R9D-

14T) was the most robust anticoagulant and inhibited greater than 96% of prothrombin 

activity in the aPTT and PT. At 4 µM, R9D-14T increased the aPTT clotting time 

approximately 18-fold and the PT clotting time greater than 80-fold (exceeded the assay 

limit of 999 sec). The FXa aptamer (11F7T) was also a robust anticoagulant, and at high 

concentrations (4 µM) it inhibited greater than 99% of FXa activity by increasing the 

aPTT clotting time approximately 11-fold; however, 11F7T had a diminished effect in the 

PT and only increased the clotting time approximately 8-fold. At the same dose, the FIXa 

aptamer (9.3T) inhibited greater than 99% of FIX activity and increased the aPTT clotting 

time approximately 5.5-fold, while the FVIIa aptamer (7S-1) increased the PT clotting 

time 3-fold and inhibited greater than 99% of FVII activity. Thus, these data indicate that 

all of the aptamers inhibit their target proteins extremely well in vitro. The prothrombin 

and FX aptamers are the most robust anticoagulants at high concentrations in these 

clinical assays, while the FVII and FIX aptamers are superior anticoagulants at low RNA 

concentrations.  
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Figure 18: Dose titrations with each of the four anticoagulant aptamers in clinical 
aPTT and PT plasma clotting assays. A) Dose titration response with individual 

aptamers in the activated partial thromboplastin time (aPTT) assay. B) Dose titration 
response with the individual aptamers in the prothrombin time (PT) assay. The data 
represent the mean ± SEM of duplicates; the lines were arbitrarily drawn. 7S-1: FVIIa 

aptamer; 9.3T: FIXa aptamer; 11F7T: FXa aptamer; and R9D-14T: prothrombin aptamer. 

To gain more information about the impact of aptamer anticoagulation on the 

kinetics of thrombin generation, the individual aptamers were analyzed with calibrated 

automated thrombography (CAT). The CAT assay measures real-time thrombin 

generation in plasma by monitoring cleavage of a thrombin-specific fluorogenic 

substrate in response to tissue factor (TF) stimulation [265]. The parameters of thrombin 

generation that are analyzed include: the lag time (time until thrombin generation 

begins), the peak (the maximal amount of thrombin generated at a given time) and the 

endogenous thrombin potential (ETP, the total amount of thrombin generated). Similar 



 

101 

to the aPTT and PT clotting assays, all of the individual aptamers dose-dependently 

decreased various parameters of thrombin generation (Figure 19 and Table 5). 7S-1 dose-

dependently increased the lag time, decreased the peak thrombin concentration, and 

slightly decreased the total amount of thrombin generated with 5 ρM TF PPP reagent (5 

ρM TF and 4 µM lipids). However, this aptamer was only able to partially decrease 

thrombin generation, as super-saturating concentrations greater than 30 nM did not 

produce an additional anticoagulant effect (data not shown). 9.3T minorly impacted all 

parameters of thrombin generation with the 5 ρM TF reagent, but had a dose-dependent 

effect with 1 ρM TF PPP reagent (1 ρM TF + 4 µM lipids). 9.3T did not increase the lag 

time with low TF, but decreased the peak thrombin concentration and had a small 

impact on the total amount of thrombin generated. However, even with low TF 

conditions 9.3T was only able to partially decrease thrombin generation, as super-

saturating concentrations greater than 120 nM did not produce additional 

anticoagulation (data not shown). In contrast, 11F7T and R9D-14T both had a dose-

dependent effect with 5 ρM TF and severely impaired all parameters of thrombin 

generation at high aptamer concentrations. Strikingly, 1 µM 11F7T resulted in so little 

total thrombin generation that the software was unable to compute the ETP in two of 

three independent experiments, and 5 µM of R9D-14T completely inhibited thrombin 

generation in three independent experiments (Figure 19 and Table 5).  
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Table 5: Calibrated automated thrombography parameters with various doses of the 
four individual anticoagulant aptamers. 

Aptamer RNA (nM) TF (ρM) Lag-time (min) Peak (nM) ETP (nM*min) 
--- 1 3.69 ± 0.32 167.04 ± 16.96 1384.6 ± 52.8 None 
--- 5 1.59 ±0.07 316.76 ± 10.03 1665.4 ± 58.7 

1.25 1.67 ± 0.19 314.56 ± 14.17 1657.3 ± 42.7 
2.5 2.00 ± 0.17 274.39 ± 29.71 1603.5 ± 28.0 
5 3.06 ± 0.31 214.48 ± 43.11 1517.7 ± 52.4 

10 4.51 ± 0.42 130.54 ± 14.06 1339.5 ± 21.1 
7S-1 

30 

5 

6.68 ± 0.50 129.32 ± 9.36 1251.5 ± 26.0 
15 3.06 ± 0.15 169.58 ± 27.81 1343.0 ± 101.3 
30 3.00 ± 0.10 119.77 ± 26.47 1207.7 ± 114.6 
60 2.78 ± 0.06 88.26 ± 18.45 1088.5 ± 147.8 

9.3T 

120 

1 

2.73 ± 0.06 77.54 ± 11.01 1022.3 ± 114.4 
15 1.72 ± 0.20 341.90 ± 12.54 1812.5 ± 81.0 
30 1.56 ± 0.20 316.98 ± 3.28 1723.7 ± 57.5 
60 1.56 ± 0.11 287.97 ± 1.58 1623.3 ± 28.1 

9.3T 

120 

5 

1.39 ± 0.15 286.33 ± 8.05 1595.2 ± 3.6 
125 3.28 ± 0.20 164.01 ± 27.83 1410.3 ± 97.8 
250 5.45 ± 0.39 90.34 ± 19.50 985.0 ± 188.5 
500 8.84 ± 1.39 50.41 ± 20.50 528.8 ± 286.5 

11F7T 

1,000 

5 

10.50 ± 1.43 15.22 ± 10.46 *ETP not detected 

625 1.56 ± 0.11 293.89 ± 19.36 1452.2 ± 52.8 
1,250 1.56 ± 0.11 258.45 ± 10.24 1242.2 ± 63.2 
2,500 4.78 ± 1.20 146.75 ± 23.70 1051.3 ± 83.1 

R9D-14T 

5,000 

5 

*no thrombin generation 
      

7S-1mut 30 5 1.76 ± 0.09 365.38 ± 0.88 1874.3 ± 29.3 
1 2.92 ± 0.09 235.31 ± 52.06 1489.5 ± 73.0 9.3Tmut 120 
5 1.84 ± 0.01 371.62 ± 10.00 1885.8 ± 83.3 

11F7Tmut 1,000 5 1.42 ± 0.09 398.56 ± 19.03 1898.3 ± 151.3 
R9D-14Tmut 5,000 5 1.44 ± 0.06 312.12 ± 8.89 1564.3 ± 121.2 
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Figure 19: Dose titrations with each of the four anticoagulant aptamers in calibrated 
automated thrombography. Thrombograms with various concentrations of A) 7S-1 with 
5 ρM TF; B) 9.3T with 1 ρM TF; C) 11F7T with 5 ρM TF; and D) R9D-14T with 5 ρM TF. 
For 5,000 nM R9D-14T there was no thrombin generation detected. Platelet poor plasma 
(80 µL) was incubated with aptamer (10 µL) at 37°C for 5 min, TF was added (20 µL) and 
incubated at 37°C for another 5 min. The assay was initiated with the addition of FluCa 
substrate (10 µL) and thrombin generation was measured at 37°C for 1 hour. The data 
represent the mean of duplicates. 7S-1: Factor VIIa aptamer; 9.3T: Factor IXa aptamer; 

11F7T: Factor Xa aptamer; and R9D-14T: prothrombin aptamer. 

To show that inhibition of thrombin generation is specific for the aptamer RNA 

sequence/folding and protein binding, we designed and tested the impact of point 

mutant control RNAs. Rusconi et al. showed that mutating two conserved nucleotides 

with the family of FIXa aptamers generated via SELEX completely abolished 9.3T 

activity, indicating that these nucleotides are crucial for RNA tertiary structure and/or 

protein binding. Similar point mutant controls were also designed for 11F7T, R9D-14T, 

and 7S-1 (Figure 17). Parallel CAT experiments were performed with point mutant 

control RNA sequences at the same concentrations to show that aptamer anticoagulation 

is specific and not engendered by high concentrations of modified RNA. As was 
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expected, none of the point mutant control RNAs had an appreciable impact on 

thrombin generation (Table 5).  

Although the aPTT, PT, and CAT assays provide basic information about dose-

dependent anticoagulation and the impact on thrombin generation, these assays are 

performed in an environment that lacks platelets. Platelets play a crucial role in clot 

formation by providing a membrane surface upon which the clotting factors assemble, 

by aggregating and becoming physically incorporated into the blood clot, and by 

releasing internal stores of agonists that amplify coagulation. Therefore, we also studied 

aptamer anticoagulation with thromboelastography (TEG), which provides real-time 

information about the kinetics of clot formation in whole blood [266]. The TEG assay 

uses mechanical motion to quantify the physical properties of clot formation, including 

the lag time (the time until clot formation), the α-angle (the rate of clot formation), and 

the maximum amplitude (the mechanical strength of the clot formed).  

When blood was stimulated via the “intrinsic” pathway with kaolin, the 9.3T, 

11F7T, and R9D-14T aptamers all produced a dose dependent effect and impaired clot 

formation (Figure 20). At a saturating concentration, 9.3T (1 µM) increased the lag-time 

(6.9 vs. 25.5 min), decreased the α-angle (62.4 vs. 37.6°), and decreased the maximum 

amplitude (63.5 vs. 55.4 mm). 11F7T at a saturating concentration (2 µM) had a more 

robust effect and increased the lag-time (6.9 vs. 39.6 min), decreased the α-angle (62.4 vs. 

18°), and decreased the maximum amplitude to (63.5 vs. 39.6 mm). Finally, R9D-14T at a 

high concentration (5 µM) increased the lag time to (6.9 vs. 21.5 min), decreased the α-

angle to (62.4 vs. 30°), and decreased the maximum amplitude (63.5 vs. 49.6 mm) (Figure 

20 and Table 6).  
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Table 6: Thromboelastography clot formation parameters for the individual 
anticoagulant aptamers with kaolin activation. 

Aptamer RNA (µM) Lag-time (min) Angle (deg) Max. Amplitude (mm) 
None --- 6.9 ± 0.8 62.4 ± 1.6 63.5 ± 0.9 

0.5 22.8 ± 2.0 41.4 ± 0.5 55.4 ± 3.2 
1.0 25.5 ± 1.8 37.6 ± 7.1 55.4 ± 2.6 9.3T 
2.0 29.9 ± 1.4 36.9 ± 2.9 55.9 ± 3.4 
0.5 15.6 ± 0.8 40.3 ± 1.4 52.4 ± 1.6 
1.0 20.6 ± 3.0 28.7 ± 5.0 48.2 ± 3.7 11F7T 
2.0 39.6 ± 9.1 18.0 ± 5.9 39.6 ± 4.4 

1.25 7.1 ± 1.4 60.4 ± 2.4 62.0 ± 3.0 
2.0 8.3 ± 2.0 48.1 ± 9.7 56.0 ± 6.3 R9D-14T 
5.0 21.5 ± 4.9 30.0 ± 5.7 49.6 ± 3.6 

     
9.3Tmut 2.0 7.3 ± 2.1 58.6 ± 7.8 60.1 ± 5.8 

11F7Tmut 2.0 5.1 ± 0.6 69.7 ± 1.2 65.8 ± 0.8 
R9D-14Tmut 5.0 6.5 ± 0.4 56.0 ± 4.8 61.9 ± 4.0 
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Figure 20: Thromboelastography tracings for saturating concentrations of each of the 
four anticoagulant aptamers with either kaolin or tissue factor activation. 

Thromboelastography tracings for blood anticoagulated and activated with A) buffer 
control with kaolin, B) 9.3T (1 µM) and kaolin, C) 11F7T (2 µM) and kaolin, D) R9D-14T 
(5 µM) and kaolin, E) buffer with TF, F) 7S-1 (0.5 µM) and TF, G) 9.3T (1 µM) and TF, H) 
11F7T (2 µM) and TF, and I) R9D-14T (5 µM) and TF. Blood was drawn from a healthy 
volunteer and citrated. Citrated blood (320 µL) was mixed with aptamer (10 µL) and 

either kaolin or TF (10 µL), and the assay was initiated by the addition of calcium 
chloride (20 µL). The data are representative of data for 3 different donors. 7S-1: Factor 

VIIa aptamer; 9.3T: Factor IXa aptamer; 11F7T: Factor Xa aptamer; and R9D-14T: 
prothrombin aptamer. 
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Because kaolin stimulates blood via the intrinsic pathway, it is unlikely that 7S-1 

(FVIIa aptamer) would impair clot formation with this type of stimulation; thus, we 

tested this aptamer in a modified TEG with TF stimulation. CAT platelet rich plasma 

(PRP) reagent, which contains only TF and no lipids, was diluted to a final concentration 

of 0.33 ρM TF to stimulate clotting; the control baseline assays that were simulated with 

TF produced lag-times, α-angles, and maximum amplitudes that are comparable to the 

normal kaolin baseline parameters (Figure 20 and Table 7). At a saturating concentration 

(0.5 µM), 7S-1 slightly increased the lag-time (4.6 vs. 6.6 min), but did not appreciably 

impact the α-angle (65.2 vs. 61.9°) or maximum amplitude (67.8 vs. 63.1 mm) with TF 

stimulation. Interestingly, the anticoagulant effect of this aptamer appeared to vary from 

donor to donor, where one of the three donors was less responsive to 7S-1 

anticoagulation (data not shown). A saturating concentration of 9.3T (1 µM) did not 

increase the lag time (4.6 vs. 4.5 min), the α-angle (65.2 vs. 66.3°), or the maximum 

amplitude (67.8 vs. 69.1 mm) with TF stimulation. In contrast, 11F7T at a saturating 

concentration (2 µM) increased the lag time to (4.6 vs. 51.1 min), decreased the α-angle 

(65.2 vs. 21.4°), and decreased the maximum amplitude (67.8 vs. 51.1 mm). Finally, a 

high concentration of R9D-14T (5 µM) increased the lag time (4.6 vs. 39.4 min), decreased 

the α-angle (65.2 vs. 15.2°), and decreased the maximum amplitude (67.8 vs. 36.8 mm) in 

a TF-stimulated TEG (Figure 20 and Table 7). Similar to the plasma CAT assays, the 

point mutant control aptamers did not impair TEG whole blood clot formation with 

either kaolin or TF stimulation (Tables 6 and 7). 
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Table 7: Thromboelastography clot formation parameters for the individual 
anticoagulant aptamers with tissue factor activation. 

Aptamer RNA (µM) Lag-time (min) Angle (deg) Max. Amplitude (mm) 
None ---- 4.6 ± 0.2 65.2 ± 2.4 67.8 ± 1.2 

0.12 4.5 ± 0.6 65.2 ± 5.2 63.0 ± 3.7 
0.25 5.1 ± 1.2 62.4 ± 3.7 64.0 ± 2.8 7S-1 
0.50 6.6 ± 0.8 61.9 ± 3.3 63.1 ± 2.0 

9.3T 1.00 4.5 ± 0.5 66.3 ± 1.3 69.1 ± 1.5 
11F7T 2.00 51.1 ± 12.2 21.4 ± 7.3 51.1 ± 1.6 

R9D-14T 5.00 39.4 ± 5.0 15.2 ± 2.5 36.8 ± 1.4 
     

9.3Tmut 1.00 2.7 ± 0.4 69.0 ± 4.8 67.2 ± 1.6 
11F7Tmut 2.00 3.9 ± 0.2 68.5 ± 0.5 67.9 ± 0.7 

R9D-14Tmut 5.00 2.7 ± 0.2 72.3 ± 0.7 66.1 ± 1.4 
7S-1mut 0.50 3.1 ± 0.1 67.8 ± 3.8 67.2 ± 0.7 

 

3.3.2 In Vitro Assessment of Aptamer Combinations 

To determine the effect of inhibiting multiple proteins in the coagulation cascade, 

combinations of aptamers were also analyzed. Combinations of drugs that inhibit 

several enzymes within a biological pathway may synergize; that is their combined 

inhibitory effect may exceed the additive inhibitory effects produced by each inhibitor 

acting alone [263]. Combinations of two different aptamers at equimolar concentrations 

were tested in the plasma blot-based assays to determine the effect on plasma clotting 

time and assess drug synergy. At high concentrations (≥1 µM total RNA), all of the 

aptamer combinations tested in the aPTT assay (i.e., 9.3T + 11F7T, 9.3T + R9D-14T, and 

11F7T + R9D-14T) synergistically prolonged the clotting time to greater than 999 sec, 

which is the assay maximum (Figure 21a). Similarly, the 7S-1 + 11F7T combination at 

high concentrations synergistically prolonged the PT clotting time, and at 4 µM total 

RNA increased the clotting time approximately 50-fold; however, the 7S-1 + R9D-14T 

aptamer combination did not synergistically increase the PT clotting time, and at 4 µM 
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total RNA only increased the clotting time approximately 28-fold (Figure 21b). Thus, 

several combinations of two anticoagulant aptamers result in synergistic anticoagulation 

that severely impairs clot formation in human plasma. 

 

Figure 21: Combinations of two anticoagulant aptamers in the clinical aPTT and PT 
plasma clotting assays. A) Dose titration for combinations of two aptamers in the aPTT 
assay. The x-axis represents the total RNA concentration, where each aptamer is present 
at an equimolar concentration. B) Dose titration for combinations of two aptamers in the 

PT assay. The x-axis represents the total RNA concentration, where each aptamer is 
present in an equimolar concentration. The data represent the mean ± SEM of duplicates; 

the lines were arbitrarily drawn. 7S-1: Factor VIIa aptamer; 9.3T: Factor IXa aptamer; 
11F7T: Factor Xa aptamer; and R9D-14T: prothrombin aptamer. 

Combinations of two individual aptamers were also tested in the CAT assay with 

PPP to determine the effect on thrombin formation. Although additional experiments 

are currently underway to complete the data set, some preliminary conclusions can be 

drawn from the initial data. When stimulated with 5 ρM TF, several aptamer 

combinations markedly inhibited thrombin formation and again appeared synergistic 
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(Figure 22 and Table 8). The 7S-1 + 9.3T and 7S-1 + 11F7T aptamer combinations 

increased the lag time compared to 7S-1 alone, significantly decreased the peak 

thrombin, and decreased the total thrombin generated at saturating doses of the FVII 

aptamer and sub-saturating doses of the downstream aptamer (i.e., 9.3T of 11F7T). There 

were variable results with the 7S-1 + R9D-14T combination, where in some experiments 

this combination did not appear to synergistically inhibit thrombin formation (the 

combination yields data similar to R9D-14T alone), while in other experiments the 

combination appeared synergistic. Additional experiments are currently being 

performed to validate these results. 

Interestingly, the 9.3T + 11F7T combination did not appear synergistic in the 

CAT, even at saturating concentrations of each aptamer. This combination had a 

negligible impact on the lag time and ETP compared to the individual aptamers, 

although it decreased the peak thrombin concentration. Similar to the 7S-1 + R9D-14T 

data, 9.3T + R9D-14T appeared synergistic in some CAT experiments, but not in other 

experiments. The collective data thus far show that this combination had little impact on 

the lag-time, but decreased both the peak and ETP. However, it is important to note that 

the anticoagulant effect of 9.3T is limited in the presence of high TF (5 ρM), and 

consequently combinations that contain this aptamer may not appear as powerful or 

may be variable in this system. Finally, mixed results were also noted with the 11F7T + 

R9D-14T combination. In some assays, this combination appeared synergistic and 

completely inhibited thrombin generation at sub-saturating doses of each aptamer (125 

nM and 2.5 µM, respectively); however, again the results seemed to vary from 

experiment to experiment. Collectively, it appears that combinations with R9D-14T 

produced variable results, possibly due to differences in the plasma concentration of 
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prothrombin (Figure 22 and Table 8) or variability in R9D-14T function in the presence 

of other aptamers in CAT assays. 

 

Figure 22: Combinations of two anticoagulant aptamers in calibrated automated 
thrombography. Thrombograms for plasma stimulated with 5 ρM TF and 

anticoagulated with A) 7S-1  + 11F7T; B) 7S-1  + 9.3T; C) 7S-1  + R9D-14; D) 9.3T  + 
11F7T; E) 9.3T + R9D-14T; and F) 11F7T + R9D-14T compared to similar doses of the 

individual aptamers. The data represent the mean of duplicates. WBF: Buffer control, no 
RNA; 7S-1: Factor VIIa aptamer; 9.3T: Factor IXa aptamer; 11F7T: Factor Xa aptamer; 

and R9D-14T: prothrombin aptamer. 
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Table 8: Preliminary calibrated automated thrombography parameters for 
combinations of two anticoagulant aptamers. 

Aptamer 1 
(nM) 

Aptamer 2 
(nM) 

Lag-time 
(min) 

Peak 
(nM) 

ETP 
(nM*min) 

7S-1 
(5) 

9.3T 
(60) 2.39 ± 0.24 146.79 ± 2.94 1501.8 ± 53.7 

7S-1 
(30) 

9.3T 
(60) 10.00 ± 2.76 60.18 ± 17.67 1090.3 ± 58.3 

7S-1 
(30) 

9.3T 
(120) 6.93 ± 0.76 55.49 ± 1.83 1003.0 ± 14.5 

7S-1  
(5) 

11F7T 
(125) 4.40 ± 0.59  152.33 ± 43.54 1313.5 ± 241.1 

7S-1 
(30) 

11F7T 
(125) 12.51 ± 5.11 93.74 ± 37.56 1277.5 ± 115.5 

7S-1 
(5) 

R9D-14T 
(2,500) 4.67 ± 1.23 184.34 ± 51.10 1061.5 ± 129.2 

7S-1 
(30) 

R9D-14T 
(2,500) 13.18 ± 6.19 100.7 ± 42.23 820.3 ± 225.8 

9.3T 
(60) 

11F7T 
(125) 2.83 ± 0.53 160.12 ± 42.57 1343.0 ± 151.5 

9.3T 
(120) 

11F7T 
(125) 2.63 ± 0.36 196.93 ± 28.49 1546.5 ± 16.9 

9.3T 
(60) 

R9D-14T 
(2,500) 3.00 ± 0.51 97.50 ± 34.46 748.7 ± 164.6 

9.3T 
(120) 

R9D-14T 
(2,500) 1.92 ± 0.25 101.64 ± 20.88 769.0 ± 115.5 

11F7T 
(125) 

R9D-14T 
(2,500) 5.26 ± 0.71 115.23 ± 44.27 656.9 ± 245.6 

     
7S-1 
(30) 

9.3Tmut 
(120) 5.50 ± 0.42 178.86 ± 44.81 1389.5 ± 66.1 

7S-1 
(30) 

11F7Tmut 
(125) 4.76 ± 0.07 211.49 ±14.91 1497.0 ± 8.0 

7S-1 
(30) 

R9D-14Tmut 
(2,500) 4.29 ± 0.46 195.42 ± 52.15 1446.3 ± 26.1 

11F7T 
(125) 

9.3Tmut 
(120) 2.63 ± 0.32 273.03 ± 31.75 1591.6 ± 75.9 

9.3T 
(120) 

R9D-14Tmut 
(2,500) 1.25 ± 0.08 334.74 ± 36.13 1695.5 ± 227 

11F7T 
(125) 

R9D-14Tmut 
(2,500) 2.72 ± 0.15 247.52 ± 18.02 1445.0 ± 84.3 
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Control experiments were also performed to determine if aptamer synergy is a 

result of combining two specific anticoagulants, elevated concentrations of RNA, or non-

specific interactions between two RNA species. Control experiments were performed 

where each functional aptamer was tested in combination with the appropriate point 

mutant control RNA at the relevant concentrations. As expected, the control 

combinations did not exhibit synergism and anticoagulated plasma to a degree that was 

similar to the individual functional aptamers (Table 8). 

Combinations of two individual aptamers were further analyzed with TEG to 

assess anticoagulant synergy in whole blood. The initial TEG studies showed that no 

single aptamer prevented clot formation for greater than 1 hour following either kaolin 

or TF stimulation. However, the aptamer combinations 9.3T + 11F7T, 9.3T + R9D-14T, 

and 11F7T + R9D-14T inhibited clot formation for greater than 3 hours with kaolin 

activation (Figure 23), again indicating that aptamer combinations produce powerful 

anticoagulant cocktails. In contrast, 7S-1 + 11F7T anticoagulation prevented clot 

formation for greater than 3 hours in only one of the three donors tested with TF 

stimulation (lag-time of 78.3 and 73 min) (Figure 23 and data not shown; Table 9). 7S-1 + 

9.3T anticoagulation also varied between the three different donors and was not able to 

prevent clot formation for greater than 55 min (lag time range 12.7 - 54.4 min) (Figure 23 

and Table 9), again indicating the anticoagulation with the 7S-1 aptamer in combination 

varies among donors. Similar to the data that were obtained with the plasma-based 

assays, combinations of one functional aptamer and one mutant RNA oligonucleotide in 

the TEG assay did not synergize (Table 9). 
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Figure 23: Thromboelastography tracings for combinations of two anticoagulant 
aptamers with either kaolin or tissue factor activation. Thromboelastography tracings 

for blood anticoagulated and activated with A) buffer and kaolin, B) UFH (5 U/mL) and 
kaolin, C) 9.3T (1 µM) + 11F7T (2 µM) and kaolin, D) 9.3T (1 µM) + R9D-14T (5 µM) and 

kaolin, E) 11F7T (0.5 µM) + R9D-14T (5 µM) and kaolin, F) buffer and TF; G) 7S-1 (0.5 
µM) + 9.3T (1 µM) and TF, and H) 7S-1 (0.5 µM) + 11F7T (2 µM) and TF. Citrated blood 
(320 µL) was mixed with anticoagulant (10 µL) and kaolin or TF (10 µL), and the assay 

was initiated by the addition of calcium chloride (20 µL). The data are representative of 
data for 3 different donors. 
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Table 9: Thromboelastography clot formation parameters for combinations of two 
anticoagulant aptamers with kaolin or tissue factor activation. (*=clot formation was 

observed in two of three donors.) 

Aptamer 1 
(µM) 

Aptamer 2 
(µM) Stimulant Lag-time 

(min) 
Angle 
(deg) 

Max. 
Amplitude 

(mm) 

Kaolin 7.6 ± 0.6 60.8 ± 0.4 63.8 ± 1.3 
None None 

TF 4.6 ± 0.2 65.2 ± 2.4 67.8 ± 1.2 

7S-1  
(0.5) 

9.3T  
(1.0) TF 29.7 ± 12.6 40.8 ± 9.2 60.8 ± 1.5 

7S-1  
(0.5) 

11F7T  
(2.0) TF 75.5 ± 2.8* 8.5 ± 1.5* 43.2 ± 6.6* 

9.3T  
(1.0) 

11F7T  
(2.0) Kaolin No clot formation within 3 hr 

9.3T  
(1.0) 

R9D-14T  
(5.0) Kaolin No clot formation within 3 hr 

11F7T  
(0.5) 

R9D-14T  
(5.0) Kaolin No clot formation within 3 hr 

    

7S-1  
(0.5) 

9.3Tmut  
(1.0) TF 5.6 ± 0.2 54.1 ± 4.9 67.5 ± 1.5 

11F7T  
(2.0) 

7S-1mut  
(0.5) TF 45.5 ± 11.3 23.7 ± 10.1 51.7 ± 6.1 

11F7T  
(2.0) 

9.3Tmut  
(1.0) Kaolin 77.8 ± 36.8 16.7 ± 11.2 31.8 ± 15.4 

R9D-14T  
(5.0) 

9.3Tmut  
(1.0) Kaolin 42.1 ± 1.0 17.2 ± 1.4 41.6 ± 1.4 

11F7T  
(0.5) 

R9D-14Tmut 
(5.0) Kaolin 26.7 ± 5.1 34.3 ± 8.9 52.2 ± 3.4 
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3.3.3 Aptamer Anticoagulation During Extracorporeal Circulation 

Cardiac surgery with concomitant cardiopulmonary bypass (CPB) is an 

extremely thrombogenic environment that requires robust anticoagulation. The standard 

anticoagulant for CPB – UFH – produces its principal anticoagulant effect by binding to 

AT and accelerating the rate of AT inhibition. UFH-AT complexes inhibit multiple 

enzymes within the coagulation cascade (i.e., FIXa, FXa, and thrombin) at a rate that is 

significantly faster than AT alone [254-256]. We compared the efficacy of our aptamers 

to UFH in experiments where human blood was continuously circulated within a closed 

loop, ex vivo oxygenator minicircuit for two hours. We believe that the procoagulant 

stimuli that occur in the minicircuit mimic many of the procoagulant stimuli that occur 

during CPB. The minicircuit consists of a reservoir, mini-oxygenator, and several lengths 

of tubing that connect the outflow port of the reservoir to the input port of the 

oxygenator and the output port of the oxygenator to the input port of the reservoir 

(Figure 24) [261, 262]. The blood is continually circulated from the reservoir to the 

membrane via a mechanical roller pump, and as the blood is circulated it is heated to 

approximately 33°C and a mixture of 95%O2 and 5% CO2 is supplied to the oxygenator. 

The goal of these experiments was to determine if an aptamer or combination of 

aptamers could maintain blood fluidity as well as UFH during extracorporeal 

circulation. Whole human blood was anticoagulated with the aptamers or UFH as a 

control and circulated in the extracorporeal bypass circuit for two hours or until visible 

clot formation was noted. At specified time points, blood samples were withdrawn to 

determine the aPTT, PT, low range activated clotting time (ACT-LR), and activated 

clotting time plus (ACT+) assays on a point of care device.  
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Figure 24: A picture of the ex vivo extracorporeal oxygenator minicircuit. 

As expected, UFH anticoagulation (5 U/mL) of blood from three different blood 

donors maintained blood fluidity and circuit patency for 2 hours. At 30 min, the ACT+ 

clotting time increased from an average of 134 sec (donor baseline) to a maximal clotting 

time of 423 sec, which is within the suggested range of 400-480 sec for CPB [267]. The 

ACT-LR, aPTT, and PT assays exceeded the assay limit throughout the entire 2 hour 

period (data not shown). At the end of the 2 hour experiment the circuit was flushed 

with PBS and no visible clot was observed. Scanning electron microscopy of the 

oxygenator membrane shows that there was no microscopic fibrin deposition and 

minimal cellular adhesion to the oxygenator membrane (Figure 25a).  

In contrast to UFH, no single aptamer prevented clot formation in the circuit. 

Macroscopic clots were formed either within the reservoir, on the membrane, or in both 

sites within 2 hours (data not shown). Interestingly, while in some experiments the 

clotting times (aPTT, PT, ACR-LR, and ACT+) returned to baseline values around the 

time of clot formation, in other experiments the clotting times exceeded the assay 

maximum (data not shown). It is possible that extensive clot formation within the 

circuits consumed the clotting factors. In those circuits the elevated clotting times may 
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reflect a state of consumptive coagulopathy. Scanning electron micrographs of the 

oxygenator membrane from minicircuits anticoagulated with 9.3T (1 µM), 11F7T (2 µM), 

or R9D-14T (5 µM) show obvious fibrin deposition on the membrane (Figure 25b,c, and 

d, respectively), indicating that none of these anticoagulants provided satisfactory CPB 

anticoagulation. 

Because UFH anticoagulates blood by inhibiting several procoagulant enzymes, 

we hypothesized that combinations of anticoagulant aptamers could more effectively 

mimic UFH anticoagulation in the ex vivo circuit than single aptamers. The three 

aptamer combinations that were able to keep whole blood fluid in a TEG for greater 

than three hours (9.3T + 11F7T, 9.3T + R9D-14T, and 11F7T + R9D-14T) were tested in 

the ex vivo circuit. 9.3T (1 µM) + 11F7T (2 µM) failed in the ex vivo circuit as there was 

macroscopic clotting in the reservoir and on the oxygenator membrane after the blood 

was circulated for 2 hours and the circuit was flushed with saline (data not shown). This 

combination increased the ACT+ from a baseline of 101 sec to only 182 sec and increased 

the PT from a baseline of 13.8 sec (INR 1.1) to 100.6 sec (INR 7.7) at 30 min; however, 

these clotting times steadily decreased over two hours (ACT+ = 107 sec and PT = 35.4 

sec, INR 2.7 at 120 min). The aPTT and ACT-LR clotting times exceeded the assay limit 

for the entire 2 hours.  

The 9.3T (1 µM) + R9D-14T (5 µM) aptamer combination also failed as there was 

visible clotting on the oxygenator membrane after the blood was circulated for 2 hours 

and the circuit was flushed with saline (data not shown). This aptamer combination 

increased the ACT+ clotting time from 96 sec (donor baseline) to 310 sec at 30 min, and 

the ACT-LR, aPTT, and PT clotting times all exceeded the assay maximum at that time. 

However, both the ACT+ and PT clotting time both noticeably decreased by the end of 

the experiment (ACT+ = 173 sec and PT = 68.6 sec, INR 5.3 at 120 min).  



 

119 

In contrast, 11F7T (0.5 µM) + R9D-14T (5 µM) prevented clot formation in the 

circuit for greater than 2 hours in three independent experiments with blood from three 

different donors. Moreover, this combination prolonged the ACT+ clotting time from an 

average of 115 sec (donor baseline) to 412 sec at 30 min, and exceeded the assay limit for 

the PT, aPTT, and ACT-LR clotting times throughout the entire experiment (data not 

shown). Scanning electron micrographs of the oxygenator membrane with 11F7T + R9D-

14T show minimal fibrin deposition and cellular adhesion, similar to the UFH heparin 

control membrane (Figure 25e). Thus, a combination of the FXa and prothrombin 

aptamers can emulate UFH and robustly anticoagulate human blood during circulation 

in an extracorporeal bypass circuit. 

 

Figure 25: Scanning electron micrographs of extracorporeal circuit oxygenator 
membranes from circuits with various anticoagulants. Micrograph of a membrane 

from an extracorporeal circuit anticoagulated with A) UFH (5 U/mL), B) 9.3T (1 µM), C) 
11F7T (2 µM), D) R9D-14T (5 µM), and E) 11F7T (0.5 µM) + R9D-14T (5 µM). The images 

are representative of data obtained from three different areas of the membrane. Scale 
bar: 500 µm (100X) and 50 µm (1000X). 
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3.3.4 Antidote Reversibility 

With the exception of UFH, aptamers are the only rapid onset anticoagulant 

whose anticoagulant effects are directly neutralizable/reversible. We have previously 

described two independent methods of anticoagulant aptamer control with either a 

complementary oligonucleotide antidote [186] or a universal antidote [197]. Clinical data 

to date indicate that antidote modulation of an aptamer anticoagulant is rapid and safe, 

and that aptamer anticoagulation can be fully reversed with a molar equivalent of the 

antidote, or partially modulated with sub-molar concentrations of antidote [169]. 

Because our data here show that aptamer combinations result in extremely robust 

anticoagulation, we wanted to show that the synergistic aptamer combinations could be 

effectively modulated, thereby improving the drug safety profile. Therefore, we assessed 

antidote reversal of the robust 11F7T + R9D-14T aptamer combination that was 

successful in the extracorporeal circuit. 

Whole blood was anticoagulated with 11F7T (0.5 µM) + R9D-14T (5 µM) in a TEG 

for one hour, and various antidotes were subsequently added to assess anticoagulation 

reversal and resulting clot formation. Both protamine and the β-cyclodextrin containing 

polymer (CDP) were tested for their ability to function as a universal antidote by 

simultaneously reversing both aptamers in combination [197]. After anticoagulation 

with 11F7T (0.5 µM) + R9D-14T (5 µM) for 1 hour, a 4-fold molar excess of protamine (22 

µM) resulted in stable clot formation within an average of 15 minutes (Figure 26b), while 

CDP (50 µg) reversed anticoagulation and resulted in stable clot formation within an 

average of 10 minutes (Figure 26c). Additionally, an antidote oligonucleotide cocktail 

containing a 3-fold excess (1.5 µM) of the 11F7T antidote oligonucleotide and a 2-fold 

excess (10 µM) of the R9D-14T antidote oligonucleotide reversed anticoagulation and 

resulted in clot formation within an average of 10 minutes (Figure 26d). Thus, although 
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the 11F7T + R9D-14T aptamer combination is an extremely potent anticoagulant cocktail 

that can mimic UFH anticoagulation in an ex vivo oxygenator circuit, the aptamer 

combination can be rapidly reversed with either a universal antidote or a combination of 

oligonucleotide antidotes. 

 

Figure 26: Antidote reversal of the synergistic 11F7T + R9D-14T aptamer combination 
in thromboelastography. Thromboelastography tracings for blood stimulated with 
kaolin and anticoagulated with the FXa aptamer 11F7T (0.5 µM) + the prothrombin 

aptamer R9D-14T7 (5 µM), which was reversed with various antidotes after 1 hour of 
anticoagulation. A) Buffer control (no aptamer, no antidote), B) aptamers reversed with 
protamine (22 µM) at one hour, C) aptamers reversed with CDP universal antidote (50 

µg) at one hour, D) aptamers reversed with 11F7T oligonucleotide antidote (1.5 µM) and 
R9D-14T oligonucleotide antidote (10 µM) at one hour, E) aptamers reversed with R9D-
14T oligonucleotide antidote (10 µM) at one hour, and F) 11F7T oligonucleotide antidote 
(1.5 µM) at one hour. Citrated blood (320 µL) was mixed with 11F7T (5 µL) and R9D-14T 
(5 µL) and kaolin (10 µL), and the assay was initiated by the addition of calcium chloride 

(20 µL). At approximately 1 hour, antidote (10 µL) was added. The data are 
representative of data for 3 different donors. 



 

122 

To assess partial antidote reversibility, the blood was anticoagulated with 11F7T 

(0.5 µM) + R9D-14T (5 µM) for 1 hour, and the R9D-14T oligonucleotide antidote (AO6) 

[260] or 11F7T oligonucleotide antidote (AO4) was added and clot formation was 

assessed via TEG. A 2-fold molar excess of the R9D-14T antidote (AO6) partially 

reversed anticoagulation within 10 minutes and resulted in a less stable clot with a 

partially decreased angle and slightly lower MA compared to fully reversed 

anticoagulation (Figure 26e). Interestingly, a 3-fold molar excess of the 11F7T antidote 

did not partially reverse clot formation as was expected. Although some clotting was 

detected 20 minutes after antidote addition, no stable clot was formed within 3 hours 

(Figure 26f). Although additional control studies show that a 3-fold molar excess of AO4 

reverses greater than 80% of 11F7T activity in an aPTT (data not shown), it is unclear 

why the antidote failed to partially reverse anticoagulation in the TEG with this aptamer 

combination. 

3.4 Discussion 
The coagulation cascade represents a unique biological system to study the 

effects of targeting discrete enzymatic reactions distributed throughout the cascade, as 

well as targeting multiple enzymatic reactions. Coagulation has been extensively 

characterized and modeled over the past 100 years and represents an ideal paradigm to 

study the global effects of perturbing the system in a myriad of ways. There is currently 

widespread debate regarding the optimal target for anticoagulation, as different degrees 

of anticoagulation are required for different thrombotic indications. The inhibition of 

“upstream” clotting factors may provide a lower level of anticoagulation that will impair 

thrombosis, yet not hemostasis, which may be ideal for prophylaxis. In contrast, 

targeting “downstream” clotting factors may provide more robust anticoagulation ideal 

for clinical treatment of acute conditions, such as surgery.  
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Our panel of anticoagulant aptamers represents a unique tool to study global 

changes in clot formation and thrombin generation when individual enzymes are 

functionally removed from the system. This unique collection of anticoagulants can be 

screened for efficacy in a variety of thrombotic indications with different criteria. Our 

data here show that the individual aptamers each have a unique dose-dependent impact 

on thrombin generation and clot formation in various in vitro assays. Although all of the 

aptamers specifically bind to their therapeutic target with low-nanomolar binding 

affinities [165, 186, 260], the in vitro data indicate that enough aptamer must be titrated 

in to saturate the protein target in plasma/blood to produce optimal anticoagulation. 

For example, although R9D-14T binds to human prothrombin with an apparent Kd of 10 

nM [260], micromolar concentrations are required to saturate prothrombin, which has an 

estimated concentration of 1.4 µM in human plasma. As can be predicted based upon the 

plasma concentrations of the four coagulation zymogens studied here, lower 

concentrations of aptamers targeting “upstream” coagulation factors (i.e., FVII and FIX) 

are required to saturate the zymogen compared to aptamers targeting “downstream” 

coagulation factors (i.e., FX and prothrombin). Furthermore, the collective data indicate 

that aptamers targeting upstream proteins (i.e., 7S-1 and 9.3T) are only able to partially 

impair clot formation and reduce thrombin generation, while aptamers targeting 

downstream proteins (i.e., 11F7T and R9D-14T) have a more robust anticoagulant effect. 

For example, the FVIIa aptamer (7S-1) and FIXa aptamer (9.3T) only have a modest effect 

on thrombin generation/clot formation in the aPTT, PT, CAT, and TEG assays compared 

to the FXa aptamer (11F7T) and prothrombin aptamer (R9D-14T) (Figures 18, 19, and 

20). Thus, targeting downstream clotting factors appears to produce more robust 

anticoagulation in vitro. 
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 The global impact of inhibiting two specific procoagulant proteases within 

coagulation was analyzed by assessing the effect of combining two individual aptamers. 

Combining two drugs that inhibit proteins within the same pathway has the potential to 

synergistically inhibit downstream responses [263]. Interestingly, although some of the 

aptamer combinations resulted in synergistic anticoagulation that profoundly inhibited 

thrombin generation/clot formation, not all aptamer combinations were synergistic. For 

example, the FVII + FIX, FVII + FX, and FX + prothrombin aptamer combinations all 

appeared to synergize at saturating concentrations, while the FVII + prothrombin and 

FIX + prothrombin combinations did not synergize (Figures 21 and 22). Collectively, the 

data suggest that aptamer combinations that inhibit sequential reactions synergize, 

while combinations that inhibit two non-sequential enzymatic reactions do not. Aptamer 

inhibition of two non-sequential steps may allow for signal amplification between the 

two targeted reactions, thereby reducing the effects of combining therapeutics.  

Interestingly, studies with the FVIIa aptamer alone or in combination resulted in 

variable anticoagulation that markedly differed among our three blood donors (data not 

shown). Although the exact mechanism of 7S-1 anticoagulation is unknown, variability 

in 7S-1 anticoagulation may be mediated by differences in the 7S-1 binding affinity to 

FVII/VIIa, or by differing concentrations of circulating FVII in different donors. Future 

studies are needed to determine the exact mechanism of 7S-1 anticoagulation and 

identify the cause of variable anticoagulant effects.   

Clinical studies have shown that an optimized version of the FIXa aptamer (9.3T) 

generates a Hemophilia B-like state by inhibiting greater than 99% of FIXa activity in 

vivo [171]. Moreover, 9.3T and its complementary antidote 5-2 served as an 

anticoagulant strategy in a neonatal model porcine cardiopulmonary bypass [196], and 

phase 2b clinical trials indicate that a pegylated formulation of this aptamer can provide 
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satisfactory anticoagulation for patients undergoing elective percutaneous coronary 

intervention (PCI) [171, 203]. However, our data clearly show that 9.3T has a limited 

anticoagulant effect in the presence of high TF (Figure 20 and data not shown). High TF 

concentrations may generate sufficient levels of FXa, even in the presence of FIXa 

inhibition to form a clot. Thus, 9.3T may be a less effective anticoagulant for clinical 

indications that are associated with high levels of TF, such as atherosclerotic plaque 

rupture. Moreover, although it was commonly believed that coagulation is mainly 

initiated by the contact/intrinsic pathway during extracorporeal circulation [268-270], 

several studies have indicated that TF stimulation may play a role [146, 271, 272]. 

Correspondingly, 9.3T cannot sufficiently anticoagulate human blood during ex vivo 

extracorporeal circulation (Figure 25b) and may therefore not be ideal for CPB 

anticoagulation when used alone. 

CPB presents an extremely thrombogenic stimulus that requires robust 

anticoagulation. The current regimen for CPB, UFH, anticoagulates blood by 

accelerating AT-induced inhibition of several coagulation enzymes (i.e., FIXa, FXa, and 

thrombin) [254-256]. To determine the minimal inhibition required for CPB 

anticoagulation, we first tested saturating concentrations of the four anticoagulant 

aptamers in our ex vivo model of extracorporeal circulation. No single aptamer was able 

to prevent clot formation in our ex vivo minicircuit (Figure 25b, c, and d), which suggests 

that inhibiting one coagulation protein does not provide sufficient anticoagulation in 

this thrombogenic setting. Therefore, we hypothesized that a combination of 

anticoagulant aptamers may provide better anticoagulation by mimicking UFH and 

inhibiting multiple clotting proteins. Although the previous in vitro studies indicated 

that several aptamer combinations were synergistic, of the three aptamer combinations 

that were tested in the ex vivo minicircuit, only the 11F7T + R9D-14T combination 
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provided satisfactory anticoagulation for the entire experiment duration (Figure 25e). 

This combination may be optimal because it inhibits the only two non-redundant steps 

in coagulation (rather than pathway specific steps) and thereby severely decreases total 

thrombin generation. Mechanistic studies with these two individual aptamers indicate 

that this combination blocks FX cleavage, prothrombinase enzymatic activity, and 

thrombin exosite I function [165, 260]. Thus, this combination of two robust 

anticoagulants severely impairs thrombin generation by inhibiting sequential enzymatic 

reactions that are essential for coagulation. 

Several point of care whole blood clotting assays (aPTT, PT, ACT-LR, and ACT+) 

were employed to assess anticoagulation during extracorporeal circulation. The aPTT 

assay uses kaolin and phospholipids to stimulate clotting and is typically used to 

monitor low doses of heparin (< 1.5 U/mL), while the PT uses thromboplastin (TF and 

phospholipids) to stimulate clotting and is often employed to monitor warfarin 

anticoagulation. The ACT-LR uses celite and dextrin to stimulate clotting and is typically 

used to monitor low levels of heparin anticoagulation (< 2.5 U/mL), while the ACT+ 

contains silica, kaolin and phospholipids to provide an extremely strong stimulus for 

monitoring high levels of heparin anticoagulation (<6 U/mL). Typically, heparin 

anticoagulation prior to CPB is monitored with the ACT+ assay, and patients are 

administered heparin until an ACT clotting time of 400-480 sec is achieved [144, 273]. 

Although the ACT+ clotting time is used to monitor UFH anticoagulation for 

CPB, the ACT+ data obtained with aptamer anticoagulants do not correlate well with 

the outcome of the ex vivo circuits. In our circuits, heparin yielded an average maximal 

ACT+ of 423 seconds (data not shown), which is within the recommended range. The 

prothrombin aptamer alone achieved a maximal ACT+ time of 406 seconds (data not 

shown), but did not provide robust enough anticoagulation to prevent clot formation in 
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the circuit (Figure 25). In contrast, the 11F7T + R9D-14T combination produced an 

average maximal ACT+ clotting time of 412 seconds (data not shown) and prevented 

clot formation in the circuit (Figure 25). Thus, our data suggest that while a standard 

point of care assay can be used to monitor aptamer anticoagulation, an ACT+ clotting 

time of greater than 400 seconds does not necessarily correlate with an adequate degree 

of anticoagulation for extracorporeal circulation.  

Although there are currently a number of anticoagulant and antiplatelet agents 

available, most of these drugs do not produce an optimal level of anticoagulation for 

extracorporeal bypass circulation and/or cannot be controlled with an antidote [145]. 

Current antithrombotics are not typically used in combination because of their potential 

uncontrollable drug synergy and the resulting risk of hemorrhage. In contrast, our data 

show that a powerful aptamer cocktail (11F7T + R9D-14T) can effectively anticoagulate 

blood, yet be rapidly controlled with either a universal antidote, or a cocktail of matched 

oligonucleotide antidotes (Figure 26). Interestingly, this synergistic aptamer combination 

could be partially reversed with the prothrombin aptamer antidote oligonucleotide, but 

not the FXa aptamer antidote oligonucleotide (Figure 26e and f, respectively). The FXa 

aptamer severely impairs FXa function by inhibiting greater than 99% of FXa activity in 

an aPTT. However, previous studies have shown that approximately 1% of FXa activity 

results in 70% of normal thrombin generation [274]. Thus, when the blood is 

anticoagulated with 11F7T + R9D-14T and the prothrombin aptamer is reversed with an 

antidote, enough FXa activity may remain even in the presence of the FXa aptamer to 

form a clot. Small amounts of thrombin may be initially formed after prothrombin 

aptamer reversal, and that thrombin may activate the feedback loop and cleave FV and 

FVIII to reinstate clot formation. In contrast, when only the FXa aptamer is reversed with 

an antidote, FX/Xa function is reinstated, but the presence of the prothrombin aptamer 
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still impairs prothrombin activation/thrombin activity. Unlike FX, the amount of 

thrombin generated is directly proportional to the concentration of prothrombin [274]. 

Therefore, even though FXa activity is reinstated by 11F7T antidote reversal, the 

prothrombin aptamer still significantly prevents thrombin generation/activity, which 

impairs both clot formation and thrombin feedback.   

Collectively our data indicate that aptamers represent a unique class of 

therapeutics that can be combined to produce synergistic anticoagulation by inhibiting 

multiple proteins within coagulation, yet can be rapidly modulated with an antidote. 

Future studies can be performed to determine if the addition of a third or even fourth 

anticoagulant aptamer further improves anticoagulation during CPB and limits the 

systemic inflammatory response. We believe that these aptamer cocktails, in conjunction 

with antidotes, may represent the first alternative reversible strategy for CPB 

anticoagulation since UFH and protamine were first used in 1953. Furthermore, aptamer 

anticoagulants could be given in varying concentrations in varying combinations, 

depending upon the clinical setting or individual patient response. 
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4. Development of a Platelet Glycoprotein VI Aptamer 

4.1 Introduction 
Platelets are anuclear cells that survey the vasculature for damage and play an 

integral role in clot formation to arrest bleeding. Vasculature damage exposes 

extracellular matrix components, including collagen, which is a potent platelet agonist 

that mediates both platelet adhesion and activation. Platelet glycoprotein (GP)Ib-IX-

V/VWF interactions initially tether platelets to the exposed collagen and localize them 

to the injured site. Glycoprotein VI (GPVI) subsequently binds collagen, which 

stimulates a phosphorylation cascade that results in calcium mobilization, 

degranulation, and integrin activation. Stable platelet aggregation is finally mediated by 

GPIIb-IIIa/fibrinogen and α2β1/collagen interactions (for a review see [275]). 

Expressed at approximately 1,000-5,000 copies on the platelet surface, GPVI is an 

immunoglobulin-like receptor that plays a key role in collagen-mediated platelet 

activation (for a review see [116]). The FcRγ receptor, which contains cytosolic 

immunotyrosine activation motifs (ITAMs) is co-expressed on the platelet surface and 

forms an inter-membrane salt bridge with GPVI to form a functional receptor [101]. 

Although the exact mechanism of GPVI activation in vivo remains unknown, numerous 

data indicate that GPVI is present on the platelet surface as a dimer, and that agonist 

binding clusters several GPVI receptors (for a review see [118]). Ligand-mediated GPVI 

clustering causes FcRγ ITAM phosphorylation, which initiates a signaling cascade 

mediated by the Src family kinases that ultimately results in platelet activation [276, 

277].   
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Current studies suggest that GPVI may be a novel anti-platelet target whose 

inhibition prevents thrombosis, but does not impair hemostasis. GPVI and FcRγ-

deficient mice have decreased platelet aggregation and form unstable, non-occlusive 

arterial thrombi, yet do not demonstrate severe bleeding [122, 123]; moreover, GPVI 

inhibition in experimental stroke models decreased the stroke infarct volume, but did 

not increase intracranial bleeding [278]. Reports that describe GPVI deficient patients are 

rare, although the several case reports described present only a mild bleeding phenotype 

[119-121, 279]. Additional studies have indicated that GPVI expression and receptor 

function is associated with several human diseases, including ischemic events/stroke 

[124], arthritis [280], and diabetes [281].  

Consequentially, a number of strategies have been explored to inhibit GPVI 

function. Anti-GPVI antibodies have been developed against a number of species, 

including mouse, rat, primate, and human GPVI. Nieswandt and colleagues have 

described a novel anti-mouse GPVI IgG (JAQ1) that causes long-term immunodepletion 

of GPVI from the platelet surface in vivo [282]. JAQ1 treated mice failed to form stable 

platelet-rich occlusive thrombi, were protected against lethal thromboembolism for up 

to two weeks, and displayed only moderately increased bleeding times [282, 283]. 

Similar studies in rats and primates with anti-GPVI monoclonal antibody fragments 

(Fabs) reported that GPVI inhibition protected against occlusive thrombosis, prevented 

stable platelet aggregation, and decreased the thrombus size, without significantly 

increased bleeding [284, 285]. Massberg et al. have developed a dimerized soluble GPVI-

Fc fusion protein that prevented stable platelet aggregation during murine arterial 

thrombosis [286]. This GPVI-Fc fusion protein (Revacept) is currently being assessed in 

Phase 1 clinical trials; the current data indicate that the compound is well tolerated and 

impairs collagen mediated platelet activation, but does not affect the bleeding time [287].  
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Aptamers, or single-stranded oligonucleotide ligands, are a promising class of 

emerging therapeutics. Based upon their ability to fold into a three-dimensional nucleic 

acid structure that binds specifically to a therapeutic target with high affinity, aptamers 

are often developed as artificial ligands to modulate protein function, similar to 

monoclonal antibodies [185]. Numerous aptamers are currently being developed as 

anticoagulant and antiplatelet therapeutics because these compounds are non-toxic, do 

not stimulate an immune response, and have an adjustable bioavailability [168-170]. 

Moreover, aptamer functionality can be tightly modulated through the use of antidotes 

[186, 195, 197, 260]. A recent clinical trial has validated the use of this aptamer/antidote 

technology as a reversible anticoagulant pair that inhibits coagulation factor IXa (FIX) 

function during percutaneous coronary intervention (PCI) in patients with stable 

coronary artery disease [171, 203]. Recent studies have also suggested that 

aptamer/antidote pairs can function as novel reversible antiplatelet agents [218, 219]. 

We utilized an in vitro method (SELEX) to isolate modified RNA aptamers that 

demonstrate high affinity binding toward the soluble human GPVI ectodomain. The 

lead aptamer isolated (RNAcR13-4) binds to both soluble GPVI and platelets with high 

affinity and unexpectedly causes rapid and robust platelet aggregation and 

degranulation. Biophysical studies with an optimized form of the aptamer (RNAcR13-4T) 

indicate that the aptamer forms a trimer at high concentrations in solution, which may 

explain its unexpected agonist activity. 

4.2 Materials and Methods 
Materials: 

Bovine serum albumin (BSA) was purchased from EMD Chemicals (Gibbstown, 

NJ), and CHAPS was purchased from Pierce (Rockford, Illinois). The SELEX DNA 

template sequence was 5′-TCTCGGATCCTCAGCGAGTCGTCTG-N40-
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CCGCATCGTCCTCCCTA-3′ and was purchased from Oligos, etc. (Wilsonville, OR). 

The 5’ and 3’ SELEX primers are 5’- 

GGGGGAATTCTAATACGACTCACTATAGGGAGGACGATGCGG and 5’- 

TCTCGGATCCTCAGCGAGTCGTC, respectively, and were purchased from IDT 

(Coralville, IA). The 2’Fluoro modified ribonucleotides were purchased from Trilink 

BioTechnology (San Diego, CA). DNA antidote oligonucleotides sequences were 

antidote 1: 5’-CCGTCCACGTCACCC, antidote 2: 5’-TGTCGCCGTCCACGT, antidote 3: 

5’-TGGGCTGTCGCCGTC, antidote 4: 5’-TATGCTGGGCTGTCG, antidote 5: 5’-

TGGCTTATGCTGGGC, antidote 6: 5’-ACACGTGGCTTATGC, and scrambled antidote: 

5’-TCTAAGCGATGGCTCAAGAC; all of the DNA antidotes were purchased from IDT. 

The biotinylated wing oligonucleotide 5’-Biotin-CTGGTCATGGCGGGCATTTAATTC 

was purchased from IDT, and the streptavidin-phycoerythrin (SA-PE) protein was 

purchased from Prozyme (Hayward, CA). Soluble collagen was purchased from 

Chrono-Log Corp. (Havertown, PA), convulxin was purchased from (Centerchem, Inc., 

Norwalk, CT), and cross-linked collagen related peptide (CRP) was synthesized as 

previously described [288, 289]. The soluble human GPVI collagen binding domain 

(ectodomain) was cloned, expressed, and purified as previously described [290].  

 

Selection of RNA aptamers to soluble GPVI: 

The sequence of the modified RNA starting library was 5’-

GGGAGGACGAUGCGG-N40-CAGACGACUCGCUGAGGAUCCGAGA-3’, where N40 

represents a 40 nucleotide randomized region and “C” represents 2’F cytidine 

triphosphate and “U” represents 2’F uridine triphosphate. The modified RNA was 

transcribed via in vitro transcription and purified as previously described [191]. Selection 

rounds were performed by incubating the modified RNA with soluble GPVI and 
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passing the RNA/GPVI complex over a 25-mm 0.45 µm nitrocellulose membrane 

(Protran BA 85, Whatman, Inc., Piscataway, NJ). The bound RNA was extracted and RT-

PCR amplified as previously described [191]. For rounds 1-6, 1 nmol of RNA was 

incubated with GPVI in Hepes-low NaCl binding buffer with BSA (20 mM Hepes, 2 mM 

CaCl2, 50 mM NaCl, and 0.01% BSA) at 37°C. Rounds 7-10 were incubated in a BSA-free 

Hepes/NaCl buffer with CHAPS (20 mM Hepes, 2 mM CaCl2, 50 mM NaCl, and 5% 

CHAPS) to reduce background binding. Finally, rounds 11-13 were incubated in Hepes-

high NaCl binding buffer with BSA (20 mM Hepes, 2 mM CaCl2, 150 mM NaCl, 0.01% 

BSA) to increase the selection stringency and decrease nonspecific RNA binding. 

Rounds 9, 10, 12, and 13 were cloned and sequenced as previously described to obtain 

the individual aptamer sequences [191]. 

Aptamer preparations were renatured prior to use by dilution in Hepes-saline 

buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, and 2 mM CaCl2), unless otherwise 

indicated, and incubation at 65°C for 5 minutes, followed by cooling to ambient 

temperature.  

 

Binding assays: 

Nitrocellulose filter binding with soluble GPVI: 

Apparent binding affinity constants (Kd) were determined with a double-filter 

nitrocellulose assay as previously described [191]. Briefly, the RNA was 

dephosphorylated at the 5’ end with bacterial alkaline phosphatase (Gibco BRL, 

Gaithersburg, MD) and end-labeled with T4 polynucleotide kinase (New England 

Biolabs, Beverly, MA) and [γ32P] ATP (Perkin Elmer, Waltham, MA). The binding assays 

were performed by incubating the 32P radiolabeled RNA with protein in Hepes-NaCl 

binding buffer with BSA (20 mM Hepes, 150 mM NaCl, 2 mM CaCl2, and 0.01% BSA, 
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unless otherwise indicated) at 37°C for 5 minutes. The bound and unbound aptamer was 

separated by passing the mixture over a nitrocellulose filter (Protran BA 85, Whatman 

Inc., Florham Park, NJ), and the fraction of bound aptamer was quantified with a Storm 

825 phosphoimager (GE Healthcare, Piscataway, NY). Nonspecific binding of the 

radiolabeled nucleic acid was subtracted [226], and the data shown are specific RNA 

binding. For the DNA antidote reversal binding, aptamer was incubated with soluble 

GPVI for 5 minutes at 37°C. Antidote was added, the reaction was incubated for another 

5 minutes at 37°C, and the mixture was passed over a nitrocellulose membrane.   

Flow cytometry binding with platelets: 

Blood was drawn from healthy volunteers following written informed consent 

under a Duke University Institutional Review Board approved protocol. The platelets 

were purified as previously described [230]. The full-length GPVI aptamer RNAcR13-4 was 

fluorescently labeled for flow cytometry by adding on an extension sequence (5’-

GAAUUAAAUGCCCGCCAUGACCAG) to the 3’ end of the RNA during transcription, 

annealing a complementary biotinylated DNA oligonucleotide (5’-Biotin-

CTGGTCATGGCGGGCATTTAATTC), and incubating with streptavidin-phycoerythrin 

(PE) [291]. Various concentrations of PE-labeled aptamer were incubated with the 

purified platelets in Hepes-NaCl binding buffer at 37°C for 30 min. The platelets were 

subsequently washed with PBS, centrifuged, and resuspended in PBS + 1% 

formaldehyde. Aptamer platelet binding was analyzed with a FACScalibur flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ) and the data were analyzed with the 

Cell Quest software, version 3.3 (Becton Dickinson). For antidote reversal of platelet 

binding, the aptamer was indirectly fluorescently labeled as described, and 40 nM of 

labeled RNAcR13-4 was incubated with purified platelets at 37°C for 15 min. Antidote (320 
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nM) was added, the reaction was incubated for another 15 min at 37°C, and aptamer 

platelet binding was assessed as previously described.  

  

Platelet function assays: 

Platelet Function Analyzer 100 (PFA-100): Blood was drawn from consented, 

healthy volunteers and anticoagulated with 3.2% sodium citrate (BD Vacutainer; VWR, 

Radnor, PA). RNA aptamer was diluted in Hepes-NaCl buffer (20 mM Hepes, 150 mM 

NaCl, and 2 mM CaCl2), heated to 65°C for 5 min, then cooled at ambient temperature 

for 3 minutes to denature and refold the aptamer. Citrated blood (840 µL) was incubated 

with folded aptamer (40 µL) at ambient temperature for 5 minutes, and the closing time 

was measured with a PFA-100 (Siemens, Malvern, PA) and either ADP/collagen or 

epinephrine/collagen cartridges (Siemens) according to the manufacturer’s instructions. 

Platelet aggregometry: Blood was drawn from consented, healthy volunteers, 

anticoagulated with 3.2% sodium citrate, and centrifuged at 130 g for 20 minutes at 

ambient temperature to obtain platelet rich plasma (PRP). A small sample of PRP was 

subsequently centrifuged at 13,000 rpm for 5 minutes to obtain platelet poor plasma 

(PPP) to calibrate the aggregometer for 100% aggregation. Aptamer was diluted and 

refolded prior to analysis as described above. Aptamer or collagen (20 µL) was added to 

PRP (240 µL), the assay was immediately started, and platelet aggregation was analyzed 

with a PAP-8E platelet aggregometer for approximately 30 minutes (Bio Data Corp., 

Horsham, PA). For the antidote reversal aggregometry, antidote (10 µL) was added to 

PRP (240 µL) stimulated with aptamer (20 µL) at the indicated time points, and platelet 

aggregation was measured as normal. For the “pre-complexed” aptamer and antidote 

control, aptamer and antidote were mixed, heated to 65°C for 5 minutes, and cooled to 

ambient temperature for 3 minutes to ensure duplex formation. For the low-dose 



 

136 

collagen/collagen related peptide (CRP) platelet aggregation, aptamer (10 µL) was 

incubated with PRP (240 µL) at 37°C for 5 minutes. Collagen or CRP (10 µL, 0.3 µg/mL 

final) was subsequently added to initiate the assay, and platelet aggregation was 

recorded for approximately 6 minutes. 

Flow cytometry for P-selectin expression: Blood was drawn from consented 

healthy volunteers, the platelets were purified, and platelet activation was assessed as 

previously described [205]. The platelets were incubated with aptamer at 37°C for 15 

min, then stained with 75 ng of a fluorescent anti-CD62P (P-selectin) antibody 

(eBioscience, San Diego, CA) or isotype control antibody (eBioscience) for 30 minutes at 

ambient temperature. The platelets were washed and fixed as previously described for 

flow cytometry binding assays, and P-selectin antibody binding was analyzed with a 

FACScalibur flow cytometer (Becton Dickinson). The data were analyzed with the Cell 

Quest software (Becton Dickinson). 

 

Analytical ultracentrifugation/biophysical studies: 

The analytical ultracentrifugation studies were performed in collaboration with 

Dr. Andrew Herr as previously described [292]. Sedimentation velocity and equilibrium 

experiments were carried out at 20°C in a Beckman XL-I ProteomeLab analytical 

ultracentrifuge (Beckman Coulter, Palo Alto, CA) using absorbance optics. For the 

sedimentation velocity experiments, samples with RNA aptamer alone (1-10 µM) or in 

combination with soluble GPVI (5-20 µM at a 1:1 or 2:2 molar excess to aptamer) were 

spun at 48,000 rpm. Sedimentation coefficients were determined using the program 

SEDFIT. For the sedimentation equilibrium experiments, the RNA aptamer was spun at 

speeds of 22,000, 26,000, and 40,000 rpm. The data files were trimmed and analyzed by 

global fitting using the programs WinREEDIT and WinNONLIN (Jeff Lary, University 
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of Connecticut, Storrs, CT). Values of sw, the weight-average sedimentation coefficient 

determined by SEDFIT, were fitted to a single-site binding isotherm using SEDPHAT. 

 

Human platelet circulation in NOD/SCID mice: 

The platelet circulation studies were performed in collaboration with Dr. Peter 

Newman as previously described [293]. Human blood was drawn into acid-citrate-

dextrose and supplemented with prostaglandin E1 (PGE1) at 50 ng/mL, incubated at 

room temperature for 10 minutes, then spun at 200 g for 10 minutes. PRP was collected, 

and PGE1 was added to 50 ng/mL. Platelets were incubated at room temperature for 10 

minutes and then spun at 750 g for 10 minutes. The platelets were resuspended in 

human plasma at 2.0 × 109/mL, supplemented with PGE1 to 50 ng/mL, and incubated 

at room temperature for 30 minutes. Full-length cR13-4 RNA aptamer or SEL2 RNA 

library (2 µM) diluted in Hepes-NaCl buffer (20 mM HEPES, 150 mM NaCl, 2 mM CaCl2, 

pH 7.4) was added, and the mixture was incubated for 20 minutes at room temperature. 

The platelet concentrates (200 µL) were subsequently injected into the retro-orbital 

plexus of age- and sex-matched NOD/SCID mice (Stock no. 001303; The Jackson 

Laboratory, Bar Harbor, ME). Blood samples were collected from the mice over time, 

and the platelets were purified, washed, and assessed for human platelet GPVI 

expression as previously described [293]. 

4.3 Results 

4.3.1 GPVI SELEX, Aptamer Isolation, and Compound Optimization 

To isolate aptamers that bind to human GPVI, we utilized traditional solution 

based SELEX where a library of approximately 1014 2’Fluoro-modified RNA sequences 

was incubated with soluble human GPVI protein and screened for high affinity binding 

[184]. Although the initial library binding affinity was relatively weak, the binding 
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affinity towards soluble GPVI significantly increased with progressive SELEX rounding 

(Figure 27a). By round 6, the background binding was significantly elevated, where 

greater than 10% of the RNA was binding to the BSA present in the buffer. To de-select 

for BSA binding aptamers and decrease the background, rounds 7-10 were performed in 

an alternative buffer that lacked BSA. The background binding was significantly 

decreased in these rounds, indicating that the GPVI binding aptamers were selectively 

amplified compared to the BSA binding aptamers. Once the background was decreased, 

BSA buffer was again employed for rounds 11-13. The GPVI binding affinity eventually 

plateaued in the later SELEX rounds, where the RNA pools from SELEX rounds 10-13 

have an apparent Kd for soluble human GPVI between 30-45 nM. Functional analyses of 

the rounds in a PFA-100 assay showed that the enriched RNA pools prolong the closing 

time to the maximum value at high concentrations (closing time >300 sec, Figure 27b) 

and thus modulate platelet function, indicating that SELEX produced high affinity, 

functional aptamers. 
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Figure 27: GPVI SELEX round binding affinity toward soluble GPVI and 
functionality in a PFA-100. A) Nitrocellulose filter binding of SELEX RNA rounds with 
soluble GPVI. Squares () represent the SELEX starting library, triangles ( ) represent 
round 4, circles () represent round 8, and diamonds ( ) represent the round 12 RNA 

pool. The data represent single experiments and are representative of 3 independent 
experiments. The data represent the mean ± SEM of triplicates and were fit with a non-

linear regression for one site binding. B) PFA-100 assay with SELEX RNA rounds. 
Whole citrated blood (840 µL) was incubated with 1 µM of round RNA (40 µL) for 5 

minutes at ambient temperature and the assay was run according to the manufacturer’s 
suggestions with collagen/ADP cartridges. The data are the mean ± SEM of duplicates. 

Sequence analysis of round 10 indicated that there was still RNA sequence 

diversity; however, by round 13 two clones (RNAcR13-1 and RNAcR13-4) dominated the 

population (Table 10). Interestingly, clone RNAcR13-1 showed no binding affinity towards 

soluble human GPVI (data not shown); this clone may bind to the BSA in the binding 

buffer and may have caused the high background binding that was seen in intermediate 

rounds (data not shown). Thus, RNAcR13-4 was considered the lead candidate for 

additional studies.  



 

140 

Table 10: RNA aptamer sequences from rounds 10 and 13 of soluble GPVI SELEX. 

Clone 
ID Variable region sequence Frequency 

(%) 
SELEX Round 10 

cR10-62 TCCACGGTGGGACGACGAACTAACGTCTAGCGTAAGCCCA 5.9 
cR10-64 TACCACAGCGCATCCAGCATAAGCCTCCACCGCGGT 5.9 
cR10-66 ACGGCCAAACGCCTAGCATAAGCCCATCAGTCACTCCCAC 11.8 
cR10-67 ACGGGCAGTGAGCTATCACGCCCTAACGTAAGCCGCATTG 5.9 
cR10-69 TCACTGACGGGCCATTAGCATCTGGCATAAGCCTCCACTG 5.9 
cR10-71 GTGACGTGGACGGCGACAGCCCAGCATAAGCCACGTGTGA 11.8 
cR10-72 ACGGCTTCAGCCCAGCATAAGCCGCTTACTCCCCCCCGGA  5.9 
cR10-73 CCAACAGCAAACCGTGTCTAGCATAAGCCTCTCAACACGCG  5.9 
cR10-79 ACTGGGACGACCATGGCATAAACCGCAGACCCGCCCTCCT  5.9 
cR10-81 CCAACTAATCGGGACAAGCATCCAGCATAAGCCCCCCACAT  5.9 
cR10-82 CCTTACAATCCGCGTCCAGCATAAGCCTGCCAAACAGCGC 5.9 
cR10-84 ACGGGAAACCTTGCATCAGCCGCATAATCCGTACACCATG 5.9 
cR10-86 CTCGGAGTGCCACTACGGGCATAGCATAAGCTGAACAG 5.9 
cR10-87 CAATACCGCGTCCAGCGTAAGCCTTCCAACAACTCGGGCT 5.9 
cR10-89 CCCCAAAGCCACATCTGGCATCAGCCGACCCAACGACATT 5.9 

SELEX Round 13 
cR13-1 CGAGCCGGACTTCAGCCAGTGATATGATGCGACACACTGC 33.0 
cR13-4 GTGACGTGGACGGCGACAGCCCAGCATAAGCCACGTGTGA 66.0 
 

The M-fold predicted secondary structure of aptamer RNAcR13-4 suggests that the 

RNA may fold into a stem-loop structure (Figure 28) [231]. To determine the minimal 

RNA sequence required for binding, the full-length 80 nucleotide RNAcR13-4 aptamer was 

truncated by systematically deleting the 5’ and 3’ termini, which contain the constant 

regions for primer annealing and amplification during SELEX. The shortest RNA 

truncate that retains binding and functionality (RNAcR13-4T) is predicted to form a 43-

nucleotide stem-loop secondary structure that is similar to RNAcR13-4. Three nucleotides 

within the single-stranded region of the RNAcR13-4T loop that were conserved in several 

different GPVI aptamer sequences were mutated to generate a point mutant control 

aptamer termed RNAmut (Figure 28). 
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Figure 28: The M-fold predicted secondary structure of RNAcR13-4, RNAcR13-4T, and 
RNAmut. 

4.3.2 Aptamer Binding Affinity and Cross Reactivity 

Nitrocellulose filter binding assays indicated that RNAcR13-4 binds to soluble GPVI 

in a dose-dependent manner with an apparent Kd of approximately 34 nM (Figure 29a). 

Additionally, binding studies with RNAcR13-4 and purified human platelets yielded a 

dose dependent response with an apparent Kd that ranges from approximately 5-20 nM 

(Figure 29b). Nitrocellulose filter binding assays indicated that the truncate RNAcR13-4T 

binds to soluble GPVI with a slightly higher apparent Kd of 57 nM, while RNAmut 

showed no binding affinity, which indicates that RNA/GPVI binding is sequence 

specific (Figure 29a). Competition binding studies show that other aptamers from earlier 

rounds of selection (i.e., rounds 9 and 10) compete with RNAcR13-4 for soluble GPVI 

binding, which suggests that all of the aptamers bind a similar region on soluble GPVI 

(data not shown). 
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Figure 29: GPVI aptamer RNAcR13-4 binds to soluble GPVI and platelets with high 
affinity. A) Nitrocellulose filter binding assay. Squares () represent full-length aptamer 

RNAcR13-4, triangles ( ) represent truncated aptamer RNAcR13-4T, and diamonds ( ) 
represent mutant aptamer (RNAmut). The data represent the mean ± SEM of duplicates. 
The lines were fit with a non-linear regression for one site binding. B) Aptamer binding 
to purified human platelets. Squares () represent RNAcR13-4 and triangles ( ) represent 
the SELEX starting RNA library. The RNA was incubated with purified platelets at 37°C 

for 30 minutes and binding was assessed via flow cytometry. The data represent the 
mean ± SEM of duplicates and are representative of independent experiments with 3 
different platelet donors. The data were fit with a non-linear regression for one site 

binding.  

Platelet binding studies were also performed with purified mouse platelets to 

determine if RNAcR13-4T cross-reacts with murine GPVI and can activate mouse platelets. 

Whole mouse blood was collected via cardiac puncture and immediately heparinized to 

prevent coagulation. The mouse platelets were purified using the same protocol as 

human platelet purification, and aptamer binding was similarly tested with flow 



 

143 

cytometry. The data clearly show that RNAcR13-4T does not bind to mouse platelets (data 

not shown). Moreover, RNAcR13-4 did not cause platelet aggregation in mouse PRP (data 

not shown). Thus, RNAcR13-4 recognizes an epitope on GPVI that is not conserved 

between humans and mice. 

4.3.3 Aptamer Functionality 

Similar to the SELEX rounds, aptamer RNAcR13-4 prolonged the PFA-100 closing 

time at a high concentration with both ADP/collagen and epinephrine/collagen 

cartridges (Figure 30a). Compounds that prolong the PFA-100 typically inhibit platelet 

function and thereby prolong the closing time. However, platelet aggregometry studies 

with high doses of RNAcR13-4 (≥1 µM) showed that the aptamer elicited robust platelet 

aggregation (>60% maximal aggregation) similar to collagen (Figure 30b); in contrast, 

the SELEX starting RNA library had no effect on platelet aggregation. Dose-response 

aggregometry with RNAcR13-4 indicated that there is a threshold concentration required 

for platelet activation, as lower doses of the aptamer (<1 µM) did not stimulate 

aggregation (Figure 30b). 

To verify that RNAcR13-4 is a platelet agonist, platelet activation was analyzed with 

a second independent assay. Platelet activation results in degranulation and the 

subsequent upregulation of the surface receptor P-selectin (CD62P) [244, 245]. RNAcR13-4 

was incubated with purified platelets and platelet activation was assessed by fluorescent 

antibody staining for P-selectin and flow cytometry. Platelet incubation with RNAcR13-4 

resulted in a dose-dependent increase of P-selection surface expression and increased P-

selectin antibody staining by approximately 6-fold, while platelet incubation the starting 

SELEX RNA library had no effect (Figure 30c).  
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Figure 30: RNAcR13-4 prolongs the PFA-100, causes robust platelet aggregation, and 
results in platelet degranulation and P-selectin upregulation. B) Platelet aggregometry 
assay with various agonists. Lane 1 (red) is a mock reaction (no agonist), lane 2 (green) is 
collagen (2 µg/mL), lane 3 (light blue) is RNAcR13-4 (4 µM), lane 4 (dark blue) is RNAcR13-4 

(2 µM), lane 5 (black) is RNAcR13-4 (1 µM), lane 6 (purple) is RNAcR13-4 (0.5 µM), lane 7 
(maroon) is RNAcR13-4 (0.25 µM), and lane 8 (brown) is SELEX starting library (4 µM). The 

data are representative of independent experiments with 3 different donors. B) Flow 
cytometry staining for platelet P-selectin expression after incubation with RNA at 37°C 
for 15 minutes. The triangles ( ) represent the starting SELEX library and the squares 

() represent RNAcR13-4. The data were normalized to resting platelet P-selectin 
expression level and represent the mean ± SEM of triplicates. The data are representative 

of independent experiments with 3 different platelet donors. The lines were arbitrarily 
drawn. MFI: mean fluorescence intensity. 
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The truncated aptamer RNAcR13-4T also functions as a platelet agonist, although it 

appears less potent than the full-length aptamer RNAcR13-4. Platelet aggregometry studies 

indicated that high doses of RNAcR13-4T (≥2 µM) caused robust platelet aggregation (max. 

aggregation >60%), although the lag time until aggregation initiation was delayed 

compared to the full-length aptamer (average lag-time of 5.4 min for the full-length vs. 

11.3 min for the truncate; Figure 31a). RNAmut had no effect on platelet aggregation at 

high concentrations, indicating that platelet activation is specific for RNA 

sequence/folding (Figure 31a). P-selectin flow cytometry studies also showed that 

RNAcR13-4T increased P-selectin expression by approximately 3-fold at high 

concentrations, while RNAmut had no effect (Figure 31b). 
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Figure 31: RNAcR13-4T stimulates platelet aggregation and degranulation, but is 
less potent than the full-length aptamer RNAcR13-4. A) Platelet aggregometry assay with 
various agonists. Lane 1 (red) is a mock reaction (no agonist), lane 2 (green) is collagen (2 
µg/mL), lane 3 (blue) is RNAcR13-4 (2 µM), lane 4 (purple) is RNAcR13-4T (2 µM), and lane 5 
(black) is RNAmut (4 µM). The data are representative for data with 3 different donors. B) 
Flow cytometry staining for platelet P-selectin expression after incubation with RNA at 

37°C for 15 minutes. Squares () represent RNAcR13-4T and triangles ( ) represent 
mutant aptamer (RNAmut). The data are representative of independent experiments with 

3 different platelet donors. The lines were arbitrarily drawn. MFI: mean fluorescence 
intensity. 

4.3.4 Biophysical and Initial In Vivo Studies 

Several GPVI agonists elicit platelet aggregation in their polymeric form, but 

inhibit platelet function in their monomeric form, which suggests that platelet activation 

via GPVI is mediated by receptor clustering [289, 294-296]. Collagen-related peptides 
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(CRP) do not activate platelets in monomeric form, but become robust agonists when 

cross-linked [297]. Furthermore, the snake venom convulxin is a potent GPVI agonist 

that forms a dimer and can bind to eight copies of GPVI [292]. Thus, receptor 

multimerization seems to be key for GPVI-mediated platelet activation. Analytical 

ultracentrifugation studies were performed in collaboration with the Herr lab at the 

University of Cincinnati to assess the biophysical state of RNAcR13-4T and determine if the 

RNA spontaneously multimerizes in solution. Both preliminary sedimentation velocity 

and equilibrium studies showed that RNAcR13-4T forms a multimer (i.e., trimer) at high 

RNA concentrations (≥ 1 µM) in solution (Figure 32 and data not shown). These data 

correlate with the aggregometry threshold data and imply that high concentrations of 

aptamer are required for platelet aggregation because activation is dependent upon 

aptamer multimerization.  

 

Figure 32: Analytical ultracentrifugation sedimentation velocity studies with various 
concentrations of RNAcR13-4T. (Data courtesy of Dr. A.B. Herr.) 



 

148 

Because low concentrations of RNAcR13-4T do not multimerize and do not cause 

platelet aggregation, we tested the ability of low doses of aptamer to inhibit collagen or 

collagen-related peptide (CRP) mediated platelet aggregation. Low doses of RNAcR13-4T 

(≤500 nM) were pre-incubated with PRP and a low dose of collagen or CRP (0.3 µg/mL) 

was added to initiate platelet aggregation. Interestingly, low doses of RNAcR13-4T 

enhanced CRP-mediated platelet activation by dose-dependently decreasing the lag time 

until platelet activation, increasing the primary slope, increasing the area under the 

curve (percent aggregation per minute), and increasing the maximum percent 

aggregation; in contrast, RNAcR13-4T did not appear to dose-dependently inhibit or 

enhance collagen-mediated platelet aggregation (Table 11 and data not shown). 

Nonetheless, the aptamer clearly did not inhibit collagen/CRP mediated GPVI 

activation even at low doses; therefore, the aptamer may bind to an alternative surface 

on GPVI. 

Table 11: Platelet aggregation parameters with low doses of collagen-related peptide 
or collagen in the presence of RNAcR13-4T and RNAmut. 

 CRP (0.3 µg/mL) Collagen (0.3 µg/mL) 
Aptamer (nM) PS AUC MA PS AUC MA 

None 31 243 82 42 338 92 
RNAmut (500) 35 259 84 44 284 87 
RNAcR13-4T (500) 49 356 91 47 350 97 
RNAcR13-4T (250) 43 324 86 43 320 90 
RNAcR13-4T (125) 43 309 87 42 292 87 
RNAcR13-4T (62.5) 36 266 83 40 281 87 

 

To study the in vivo effect of GPVI aptamer function, the aptamer was tested in a 

NOD/SCID murine model of human platelet circulation in collaboration with the 

Newman lab at the BloodCenter of Wisconsin. In the Newman model, human platelets 

are introduced into the retro-orbital plexus of non-obese diabetic/severe combined 
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immunodeficient (NOD/SCID) mice, allowed to circulate, and platelet circulation and 

GPVI expression levels in the presence of a GPVI agent are monitored over time. Human 

platelets were pre-incubated with either RNAcR13-4 or Sel2 RNA library (2 µM) and 

injected into mice. Blood samples were taken at 30 minutes, 1 hour, 4 hours, and 24 

hours, and the platelets were washed and stained with anti-human GPIIb-IIIa and GPVI 

fluorescently labeled antibodies. Human platelets that were preincubated with RNAcR13-4 

were cleared more rapidly from mice and had lower GPVI expression levels, which 

suggested that the aptamer may activate platelets, cause GPVI shedding, platelet 

aggregation, and rapid clearance (Figure 33). However, additional control studies 

should be performed to verify that the aptamer does not compete with the anti-GPVI 

antibody, which would artificially decrease antibody staining. Simple binding 

competition studies between the GPVI aptamer and GPVI antibody should be 

subsequently performed to rule out potential signal interference. 
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Figure 33: Human platelet GPVI expression levels after circulation in NOD/SCID 
mice in the presence of RNAcR13-4 for various periods of time. The red histograms and 
values are the data for human platelets pre-incubated with 2 µM Sel2, while the black 

histograms and data are for platelets pre-incubated with 2 µM RNAcR13-4. (Data courtesy 
of Dr. P.J. Newman.) 

4.3.5 Antidote Control 

Seminal studies with anticoagulant and antiplatelet aptamers have shown that 

complementary oligonucleotides can function as “antidotes” to modulate aptamer 

functionality both in vitro and in vivo [186, 195]. In theory, a complementary antidote 

should hybridize to the aptamer, disrupt the aptamer’s folded structure and thereby 

inhibit protein binding and aptamer function. We applied this strategy of 

complementary antidote design to determine if an antidote could similarly modulate 

RNAcR13-4 agonist activity. Six complementary DNA oligonucleotide antidotes were 

designed based on Watson-Crick base-pairing across the functional region of RNAcR13-4 

(Figure 34a). These 6 antidotes, as well as a scrambled control antidote, were tested for 
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their ability to reverse RNAcR13-4/soluble GPVI binding in a nitrocellulose filter binding 

assay. While antidotes 1, 2, 3, and 5 had a modest effect on aptamer binding, antidote 

oligonucleotide 4 (AO4) decreased RNAcR13-4 binding to soluble GPVI by greater than 

85% (Figure 34b); the scrambled antidote (scrAO) had no effect on aptamer binding. 

Antidote binding reversal studies for RNAcR13-4 binding to platelets were subsequently 

performed to determine whether the antidote could additionally reverse platelet 

binding. Interestingly, an 8-fold molar excess of AO4 was unable to reverse RNAcR13-4 

binding to purified platelets, in contrast to the soluble protein binding data (data not 

shown). Furthermore, AO4 was tested for its ability to modulate RNAcR13-4 agonist 

activity with platelet aggregometry. A 10-fold molar excess of the antidote, when added 

at the onset of aggregation, had no impact on aptamer-mediated platelet aggregation 

(Figure 34c). A control experiment was performed where the antidote was pre-annealed 

to the aptamer and the aptamer/antidote duplex was added prior to assay initiation 

(Figure 34c). The antidote/aptamer duplex had no effect on platelet aggregation, 

indicating that the antidote can, in theory, modulate aptamer agonist activity.  
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Figure 34: RNAcR13-4 complementary oligonucleotide antidote design, binding reversal, 
and functional modulation. A) Cartoon depicting oligonucleotide antidote design. The 
complementary DNA antidotes were designed based on Watson-Crick base pairing. B) 
Nitrocellulose filter binding assay for antidote reversal of RNAcR13-4 binding to soluble 

human GPVI. The data represent the mean ± SEM of triplicates. C) Platelet 
aggregometry assay with RNAcR13-4 and antidote 4 (AO4). Lane 1 (red) is a mock reaction 
(no agonist), lane 2 (green) is collagen (2 µg/mL), lane 3 (light blue) is AO4 (20 µM), lane 

4 (dark blue) is RNAcR13-4 (2 µM), lane 5 (black) is RNAcR13-4 + AO4 (2 µM and 20 µM, 
respectively) where the aptamer and antidote were pre-annealed before addition, and 
lane 6 (maroon) is RNAcR13-4 + AO4 (2 µM and 20 µM) where the antidote was added at 

time t=10% aggregation (indicated by the arrow). 
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4.4 Discussion 
Although the platelet GPVI receptor was only recently discovered and 

characterized, this receptor has gained wide interest because of its central role in 

collagen-mediated platelet activation. Several in vivo studies have indicated that 

inhibiting GPVI function prevents thrombosis and impairs stable platelet aggregation, 

but does not cause severe bleeding [282-285]. Therefore, researchers currently debate 

whether GPVI may be an ideal therapeutic target whose inhibition will impair 

thrombosis, but not hemostasis. The exact mechanism of GPVI receptor activation 

remains debated, although numerous studies with several GPVI agonists have indicated 

that agonist-induced GPVI receptor clustering is key for platelet activation. For example, 

only fibrous collagen, as opposed to soluble collagen, binds and activates platelets via 

GPVI [298]. Additionally, studies with collagen like peptides have shown that the 

peptide length, as well as peptide cross-linking and polymerization are important for 

GPVI binding and receptor activation [289, 297, 299]. Moreover, the snake venom 

protein convulxin, which is a robust GPVI agonist, forms a dimer that can bind up to 

eight GPVI receptors [292]. Finally, numerous anti-GPVI IgG antibodies activate 

platelets in their divalent form, but lose agonist activity when dissociated into 

monovalent fragments [294-296]. 

We utilized solution based SELEX to generate high affinity RNA aptamers that 

bind to the soluble collagen binding domain (ectodomain) of human GPVI. The lead 

aptamer isolated (RNAcR13-4) binds to both soluble GPVI and purified platelets with high 

affinity (apparent Kd = 5-34 nM) and prolongs the PFA-100 closing time at high 

concentrations (Figures 29 and 30a); however, at high concentrations the aptamer 

activates platelets, resulting in robust platelet aggregation and degranulation that cannot 

be controlled with the use of an oligonucleotide antidote (Figures 30b and 34c). 
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Biophysical studies with an optimized version of the aptamer that retains agonist 

activity (RNAcR13-4T) indicate that the RNA multimerizes at high concentrations (Figure 

32), which suggests that the multimerized aptamer may function similar to other GPVI 

agonists and mediate GPVI receptor clustering and consequentially activate platelets. 

The PFA-100 assay is typically used to assess deficiencies in the VWF/GPIb-IX-V 

pathway, and compounds that prolong the closing time typically impair platelet 

function and prevent platelet aggregation. Previous studies have also indicated that 

GPVI antagonists can similarly prolong the PFA-100 assay [285]. However, our data 

demonstrate that GPVI agonists can also impact the assay. Both RNAcR13-4 and the potent 

GPVI agonist convulxin prolonged the assay closing time to >300 sec, producing a false-

positive result (Figure 30a and data not shown). It is possible that during the 5-10 

minute agonist/blood pre-incubation that the agonist activates the platelets, which 

aggregate and precipitate to the bottom of the cartridge. When the assay is initiated, the 

platelet-depleted blood is aspirated and passed through the cartridge aperture, yielding 

a prolonged closing time. Thus, our results suggest that the PFA-100 is sensitive to both 

platelet antagonists and agonists, and the results should be interpreted with caution.  

Unlike previous studies with other anti-thrombotic aptamer therapeutics, a 

complementary oligonucleotide antidote was unable to modulate RNAcR13-4 function. 

Although the antidote was able to reverse soluble GPVI/aptamer binding (Figure 34b), 

the antidote could not reverse platelet/aptamer binding (data not shown), nor modulate 

aptamer-induced platelet aggregation (Figure 34c). The inability of the antidote to 

modulate aptamer platelet binding/function may be influenced by aptamer 

multimerization, which may drastically increase the binding affinity of the aptamer 

toward platelets. The method used to indirectly fluorescently label the aptamer for flow 

cytometry may result in stable aptamer multimerization, as the labeling method is 
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dependent upon biotin/streptavidin interactions. The RNA aptamer is hybridized to a 

biotinylated oligonucleotide “wing”, that is then attached to streptavidin-PE. Because 

streptavidin contains multiple biotin binding sites, it is possible that the streptavidin-PE 

protein may bind to multiple biotinylated aptamers and mediate stable aptamer 

multimerization. In contrast, the soluble GPVI binding assay uses a trace amount of 

RNA and likely contains mostly monomeric aptamer. Therefore, it is possible that the 

antidote can effectively bind and disrupt monomeric aptamer (soluble GPVI binding), 

but not multimeric aptamer (platelet binding and aggregation). Future studies are 

needed to determine if the antidote can specifically recognize and disrupt the 

multimerized RNA species observed at high RNA concentrations in the biophysical 

studies.  

Although the 43-nucleotide optimized aptamer (RNAcR13-4T) retains binding and 

functionality (Figures 29a and 31), the truncate is a less potent agonist compared to the 

full-length 80-nucleotide parent aptamer (RNAcR13-4). RNAcR13-4 exhibits a higher level of 

P-selectin upregulation (6-fold) and initiates platelet aggregation more rapidly (average 

lag-time of 5.4 min) compared to RNAcR13-4 (3-fold and 11.3 min, Figures 30 and 31, 

respectively). The optimized, truncated aptamer was created by deleting the 5’ and 3’ 

constant RNA sequences that were employed during selection for primer binding and 

PCR amplification. It is possible that the 5’ and 3’ regions of the full-length aptamer may 

stabilize aptamer folding or mediate aptamer multimerization. Interestingly, when the 5’ 

and 3’ single-stranded ends of RNAcR13-4T were deleted, the resulting 36-mer aptamer 

retained binding to soluble GPVI, but had severely impaired agonist activity (data not 

shown).  

The inability of RNAcR13-4T to inhibit collagen/CRP-mediated platelet 

aggregometry, even at low doses where the aptamer is likely monomeric, suggests that 
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the aptamer does not bind to the traditional collagen site on GPVI. Strikingly, low doses 

of aptamer seemed to dose-dependently enhance CRP-mediated, but not collagen-

mediated, platelet aggregation. Aptamer binding to GPVI may stabilize the receptor in a 

conformation that binds more readily to CRP but not collagen; alternatively, aptamer 

binding to a secondary site may partially compete with collagen, but not CRP 

binding/activation. Several studies have suggested that there may be a second collagen 

binding site on GPVI that is distinct from the CRP binding site [300, 301]; however, it is 

currently unknown whether this second site directly interacts with collagen or rather is 

critical for GPVI receptor dimerization. 

Although the biophysical data suggest that the aptamer forms a multimer that 

activates platelets via GPVI clustering, future studies are needed to confirm these 

results. While the preliminary data suggest that the aptamer can form a trimer in 

solution, additional biophysical studies with RNA in the presence of soluble GPVI are 

needed to determine if the trimer stably interacts with protein. Additionally, co-crystal 

studies with the aptamer in complex with GPVI may yield more information about 

aptamer multimerization, aptamer/GPVI binding, and the structure of activated GPVI. 

In addition to identifying the mechanism of GPVI activation, this information may also 

aid in the design of a new therapeutic aptamer that cannot multimerize and inhibits 

receptor function. 



 

157 

5. Conclusions and Perspectives 

5.1 Development of a Prothrombin Anticoagulant Aptamer 
A prothrombin aptamer that binds prothrombin and thrombin with high 

affinity is a powerful anticoagulant because it inhibits both thrombin generation (i.e., 

prothrombin activation) and thrombin activity. Prothrombin is a coagulation protein 

that plays a key role in blood clot formation. Thrombin is the final coagulation protease 

formed and is generated via prothrombinase (FXa/FVa) cleavage of prothrombin. 

Thrombin generation is one of only two non-duplicated, essential reactions in 

coagulation, and unlike the upstream protein targets, the amount of prothrombin within 

the system is directly proportional to the amount of thrombin generated. Thrombin 

plays several key roles in clotting and inflammation and is a validated anticoagulant 

target. Although a number of anti-thrombin anticoagulants exist, they have a limited 

impact on thrombin generation, are difficult to monitor, and/or are not reversible. Thus, 

a more effective anticoagulant that can impair thrombin generation, yet be modulated 

with an antidote is optimal. 

To develop a novel, safer anticoagulant, we generated a 2’F RNA aptamer that 

binds to prothrombin and thrombin. By targeting prothrombin, we hoped to bind 

prothrombin and limit prothrombin activation, thereby decreasing the total amount of 

thrombin generated. This is a novel approach because most current drugs target 

thrombin, and therefore do not decrease thrombin generation. The initial RNA aptamer 

was generated via complex selection of the GLA proteome from human plasma, where a 

number of aptamers were isolated to several different clotting factors. An optimized 58-

mer version of the prothrombin aptamer that retains binding affinity and functionality 

was further studied. The mechanistic studies suggest that this aptamer is an extremely 

robust anticoagulant because it binds prothrombin, and thereby limits thrombin 
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generation (i.e., prothrombin cleavage), and binds thrombin and inhibits thrombin 

exosite I function. Thus, the RNA aptamer may be a more robust anticoagulant than 

therapeutics that currently target thrombin alone.  

Future studies could be performed to test the efficacy of the prothrombin 

aptamer alongside several thrombin small molecule therapeutics or heparins to compare 

their efficacy. Parallel studies would indicate which type of anticoagulation produces 

the most robust anticoagulation and may provide interesting information about the level 

of anticoagulation that is associated with different mechanisms of inhibition. For 

example, a small molecule that reversibly binds the thrombin active site may be the least 

potent anticoagulant, and a heparin that mediates AT-mediated irreversible inhibition of 

thrombin may be more potent, while an aptamer that blocks both prothrombin 

activation and thrombin enzymatic activity may be the most potent.  

Genetic knockout studies cannot be performed with prothrombin because it is an 

essential gene; furthermore, there are no reports of a complete deficiency in humans. 

Thus, studying the coagulation system in the absence of prothrombin is difficult. 

However, the aptamer can be used to bind and functionally remove prothrombin from 

the system. Aptamer dose-titration studies can be performed to study coagulation in the 

presence of high, intermediate, and low levels of prothrombin and determine the 

resulting impact on coagulation. Therefore, in addition to therapeutics, aptamers can be 

used as novel research tools to study protein function within a system. Moreover, the 

aptamer could be used as a detection reagent to quantify the amount of 

prothrombin/thrombin in a sample. Because previous studies have shown that 

prothrombin concentrations correlate with the risk for MI/stroke, the aptamer could be 

used in a diagnostic procedure to quantify the patient’s prothrombin concentration as a 

potential disease marker. 
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Antidote molecules can be designed to rapidly bind and reverse prothrombin 

aptamer anticoagulation. Prothrombin is a key component of the coagulation cascade, 

and drugs that target prothrombin/thrombin are robust because they inhibit a non-

redundant pathway in coagulation. Therefore, to enhance the safety profile of anti-

thrombin therapeutics, a method of controlling anticoagulation is needed. The only 

current anticoagulant that can be directly controlled with an antidote is UFH; however, 

the anticoagulant UFH and its antidote protamine have a number of untoward side 

effects. Therefore, we focused on developing a second molecule to directly modulate the 

prothrombin aptamer, which is an extremely robust anticoagulant. Direct antidote 

control of an anticoagulant represents the safest way to modulate anticoagulation, and 

previous studies with the FIXa aptamer/antidote shows that in vivo antidote reversal is 

remarkably fast, effective, and safe.  

Several complementary oligonucleotide antidotes were designed to bind to the 

prothrombin aptamer via simple Watson-Crick base pairing. In depth studies with AO6, 

the best antidote, showed that a 2- to 4-fold molar excess of AO6 can almost completely 

reverse prothrombin anticoagulation in an aPTT. Moreover, a time course showed that a 

4-fold molar excess of antidote can reverse aptamer anticoagulation in an aPTT within 2 

minutes, and was stable for over 2 hours. Rapid and stable antidote reversal is a key 

feature for future clinical applications. Stable antidote reversibility means that there is a 

diminished risk of “rebound” anticoagulation, where the aptamer would dissociate from 

the antidote and re-anticoagulate the blood. Additionally, because antidote reversal is 

rapid, this reversal strategy is independent of hepatic or renal clearance and can be 

applied to patients with hepatic or renal insufficiency. This direct method of antidote 

control can allow physicians to completely reverse anticoagulation (which would be 

beneficial for clinical procedures such as CPB), or fine-tune anticoagulation in real time 
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(which would be beneficial for clinical procedures such as PCI). Direct modulation of an 

anticoagulant may improve patient outcome and reduce morbidity and mortality 

associated with hemorrhage.  

RNAR9D-14T cross reacts with rhesus and porcine plasma and therefore has the 

potential to be tested in animal models. The in vitro data thus far clearly show that the 

prothrombin aptamer-antidote pair is an extremely robust anticoagulant that can be 

rapidly controlled. However, to further assess its clinical applicability, this drug 

combination should be further tested in vivo with animal models to study the PK, PD, 

and toxicity profiles. The species cross reactivity data from the aPTT clearly show that 

the aptamer cross reacts with both rhesus and porcine prothrombin/thrombin, so 

systemic anticoagulation studies could be performed in either of these species. 

Interestingly, the same concentration of aptamer produces a lower level of 

anticoagulation in porcine plasma compared to human plasma. Because the aptamer 

binds to porcine thrombin with a similar Kd compared to human thrombin, it is possible 

that pigs have a higher concentration of prothrombin and therefore may require higher 

concentrations of aptamer to saturate prothrombin. A dose-titration study with the 

aptamer in porcine plasma can be rapidly performed to assess the optimal dose for this 

species. 

 An alternative approach would be to develop a variant of this aptamer that cross 

reacts with rodent prothrombin/thrombin and could be tested in well-established 

rodent thrombosis/bleeding models, which would be more cost effective. A “doped 

pool” R9D-14 randomized library could be used to perform either a toggle SELEX 

between murine (or rat) prothrombin and human prothrombin, or simply to perform 

traditional SELEX against mouse/rat prothrombin alone. The goal would be to generate 

an aptamer similar to the original prothrombin aptamer that cross reacts with rodent 
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prothrombin, binds the same region of the protein (and has a similar mechanism of 

anticoagulation), and can be tested in rodents. 

Before the prothrombin aptamer progresses to in vivo studies, the aptamer 

should ideally first be further truncated to a size of less than 40 nucleotides, if possible, 

to make the compound cheaper to synthesize on a large scale. While the current 58-mer 

can be synthesized, it is quite costly compared to other 40-mer aptamers. However, 

truncating this aptamer proved extremely difficult, as further deletions in the terminal 

sequences or internal deletions impaired binding/activity. More in-depth RNA structure 

studies need to be performed to discern the secondary and tertiary structure of the 

aptamer to enhance rational truncate design. Another optimization technique would be 

to systematically replace the 2’F modified nucleotides with 2’OMe nucleotides, which 

are less expensive. Furthermore, a cholesterol or PEG should be added to either the 5’ or 

3’ end to increase the circulating half-life in vivo. However, the initial in vitro data are 

extremely encouraging and warrant further development of this drug/antidote pair.  

5.2 Comparisons and Combinations of Four Anticoagulant 
Aptamers 

Targeting different coagulation proteins by using individual anticoagulant 

aptamers differentially impacts thrombin generation/clot formation in vitro. 

Hemostasis and thrombosis researchers currently debate the optimal procoagulant 

protease targets and the optimal mechanism(s) for inhibiting these targets. As is true 

with any biological amplification cascade, proteins that function at the top of the 

coagulation cascade circulate at a lower concentration, but per mole of protein exert a 

larger prothrombotic effect because their initial signal gets amplified. Recent studies 

have also suggested that targeting upstream clotting factors may impair thrombosis, yet 

not severely impair hemostasis and therefore not require direct antidote reversal. 



 

162 

Because most of the upstream clotting factor zymogens circulate at lower protein 

concentrations, the amount of aptamer required to saturate the target may be lower. In 

contrast, targeting the downstream validated drug targets will more profoundly impair 

thrombin formation through all coagulation pathways on all cellular surfaces, and 

inhibit both thrombosis and hemostasis. This may produce more robust anticoagulation 

and will likely require an antidote reversal strategy to control anticoagulation in the 

event of hemorrhage. However, because these downstream zymogens circulate at higher 

concentrations, more aptamer may be required to saturate the target. 

We used four of our previously generated aptamers as novel tools to study the 

effect of targeting four different proteins involved in coagulation: FVIIa, FIXa, FXa, and 

prothrombin. Genetic knockout mice of the genes that encode for three of these proteins 

(FVII, FX and prothrombin) cannot be generated because the proteins are essential for 

survival. Moreover, small molecule drug design for several of these coagulation 

enzymes has proven challenging. Thus, our aptamers represent a novel tool to study 

coagulation protein function and to compare the system response when individual 

proteins are inhibited.  

We initially compared aptamers that bind and inhibit coagulation FVII/FVIIa, 

FIX/FIXa, FX/FXa, and prothrombin/thrombin with simple plasma based clinical 

clotting assays. Each of the aptamers produced a dose-dependent effect. The aptamers 

that target downstream proteins (i.e., FXa and prothrombin) produced more robust 

anticoagulation, although higher concentrations of these aptamers were required 

because their target zymogens circulate at higher concentrations. This general trend was 

also seen in the subsequent kinetic CAT assays and whole blood TEG assays. The 

general hypothesis is that aptamers that target the downstream enzyme reactions will 

more profoundly decrease thrombin generation by inhibiting the common pathway, 
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while upstream inhibitors only impair one pathway and partially reduce thrombin 

generation.  

However, it is important to remember that coagulation is triggered via non-

physiologic mechanisms in these in vitro clotting assays. For example, the aPTT and TEG 

assays use non-endogenous charged particles (i.e., kaolin, celite, silica) to initiate 

coagulation, and these artificial surfaces may initiate clotting in a different manner than 

TF/FVIIa or polyphosphates/nucleosomes in vivo. Moreover, the aPTT and PT assays 

are performed in plasma that lacks platelets, where added lipids provide the surfaces 

upon which the clotting factors assemble. To study aptamer anticoagulation in a more 

physiologically relevant system, the four aptamers can be further compared in a cell-

based model of coagulation, where activated macrophages express TF to stimulate 

coagulation and the kinetics of thrombin formation on platelets is measured in real-time. 

Alternatively, more sophisticated models that also take blood flow into account could 

also be employed. Whatever methods are employed, it is important to understand the 

benefits and limitations of each assay, and to understand how each assay differs from in 

vivo anticoagulation to correctly interpret the results.  

Some combinations of two aptamer anticoagulants are synergistic, while other 

combinations are not synergistic. Targeting two proteins within the same biological 

cascade has the potential to result in drug synergy, where the combination of drugs 

produces an effect that exceeds the additive effects of each individual component. 

Alternatively, the two drugs may interfere with each other’s effects (antagonism), or fail 

to exhibit synergism or antagonism (additivism). Anticoagulants are typically not used 

in combination because of the potential for uncontrollable synergy and resulting 

hemorrhage. Because most anticoagulants cannot be directly controlled with antidote, 

they are not often used in combination. However, certain clinical situations (such as 
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CPB) require robust anticoagulation where one or more proteins must likely be 

inhibited. Therefore, we assessed combinations of aptamer anticoagulants to assess 

potential drug synergy and application during CPB. Inhibition of two coagulation 

proteins with a mixture of two different aptamers may produce a powerful 

anticoagulant that can be safely controlled with antidotes. 

Of the six possible combinations of two aptamers that were tested, combinations 

that inhibited sequential enzymatic reactions were more likely to be synergistic. For 

example, the combination of FXa and prothrombin inhibition is synergistic, while the 

combination of FVIIa and prothrombin inhibition is not. One hypothesis is that 

inhibiting sequential steps prevents signal amplification and thereby severely impairs 

coagulation. In contrast, inhibiting two non-sequential steps may allow for signal 

amplification and produce less-synergistic anticoagulation. 

An alternative hypothesis is that synergism may be dependent upon the specific 

anticoagulation mechanisms of the individual aptamers. For example the FVIIa and FXa 

aptamers appear synergistic in combination. Previous studies have shown that the FXa 

aptamer impairs FX activation by FIXa/FVIIIa, as well as FXa prothrombinase activity. 

Although mechanistic studies have not been performed with the FVIIa aptamer, it’s 

possible that this aptamer impairs FVIIa activity and limits FX cleavage. Therefore, this 

aptamer combination may work well because it inhibits both intrinsic and extrinsic 

tenase activity, as well as prothrombinase activity. 

These four anticoagulant aptamers can be mixed and matched to provide a 

custom anticoagulant cocktail that is suitable for different clinical indications and 

surgical procedures, or even varying patient responses to the anticoagulants. The ability 

to mix and match the aptamers, yet safely control them with antidotes makes them a 

unique class of anticoagulants with unparalleled clinical potential. Moreover, assessing 
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combinations of aptamers in vitro allows researchers to study the coagulation system 

when two or more proteins are functionally inactivated, which may aid in 

understanding how these proteins work together in complexes to form a clot, as well as 

validate drug targets.  

A synergistic aptamer combination targeting FXa and prothrombin can 

maintain blood fluidity in a clinically relevant ex vivo model of extracorporeal 

circulation. CPB provokes multiple procoagulant stimuli. Powerful anticoagulation is 

required to maintain blood fluidity throughout the extracorporeal circuit. Ideally, this 

powerful anticoagulant should be antidote reversible after CPB is discontinued. UFH 

provides robust anticoagulation in this setting and is antidote reversible; however, UFH 

and its antidote have a number of deleterious side effects. Therefore, we tested our 

synergistic aptamer combinations in an ex vivo model of CPB. Strikingly, only the FX and 

prothrombin aptamer combination was successful in this challenging environment. 

Some researchers have hypothesized that extrinsic pathway activation, in addition to 

intrinsic pathway activation promotes blot clot formation during extracorporeal 

circulation. The FIX + prothrombin and FIX + FX aptamer combinations may therefore 

not function well in this setting because they do not inhibit extrinsic pathway signaling 

as well as the FX + prothrombin combination. The FX + prothrombin synergistic 

aptamer combination mimicked UFH anticoagulation and completely prevented 

macroscopic clot formation, as well as major microscopic fibrin deposition on the 

oxygenator membrane. The initial results are encouraging and suggest that this aptamer 

combination merits further study as an alternative CPB anticoagulant strategy.  

Ideally, animal CPB models should be subsequently performed with the FXa and 

prothrombin aptamer combination; however, these studies are limited by the lack of 

species cross reactivity of the aptamers. As previously stated, the prothrombin aptamer 
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cross reacts with rhesus and porcine prothrombin/thrombin, although higher 

concentrations of the prothrombin aptamer may be required to saturate the circulating 

prothrombin concentration in these species. The FXa aptamer also reacts with rhesus FX 

and FXa, but has about a 100-fold decreased binding affinity toward pig FX/FXa and 

decreased anticoagulant efficacy in pig plasma (data not shown). A doped pool toggle 

selection between human FXa and pig FXa was performed with 11F7T to generate a 

cross-reactive aptamer, but the selection was unsuccessful as there was no enrichment 

for porcine FXa binding (data not shown). Thus, currently the only viable option is an 

expensive in vivo CPB study with rhesus monkeys. 

Additionally, the aptamers must be appropriately modified for in vivo studies. As 

previously discussed for the prothrombin aptamer, this aptamer should be further 

truncated to increase synthesis yields, and a bulky moiety must be conjugated to the end 

aptamer to increase its circulating half-life. The FXa aptamer has already been truncated 

to 36 bases and can be easily synthesized on a large scale. However, the addition of 

cholesterol to the end of the aptamer greatly decreased anticoagulant function, 

indicating that this aptamer is intolerant of terminal modifications (data not shown). An 

11F7T variant with an extended base-paired stem was designed to see if increasing the 

space between the cholesterol and functional end of the aptamer restored activity. This 

“extended stem” aptamer (11F7TES, 48-mer) retained binding and functionality, even 

when cholesterol was added to the 5’ end (data not shown). Thus, an alternative version 

of 11F7T, such as 11F7TES, would need to be modified and used for in vivo studies. 

Once the species cross-reactivity and optimization problems have been solved 

for this pair of aptamers, it could be tested in animal models of CPB and directly 

compared to UFH, as was originally done for the FIXa aptamer 9.3T. Anticoagulation 

can be monitored in real-time with a point of care ACT+ assay, and plasma samples can 
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be obtained over the duration of the experiment to assess thrombin generation, 

inflammation markers, and complement activation. During these in vivo studies, it may 

also be interesting to assess the impact of adding a third or even fourth aptamer to this 

combination to see if additional benefits are provided. For example, the addition of the 

FVIIa aptamer may further decrease thrombin generation by inhibiting extrinsic tenase 

activity, while the FIXa aptamer may further inhibit FIX activation and intrinsic tenase 

activity. The FIXa aptamer 9.3T could be tested right away, as this aptamer has been 

fully optimized for its clinical trials (as RB006) and cross-reacts with numerous species. 

The FVIIa aptamer 7S-1 has not been truncated and does not cross-react with FVIIa from 

any non-human species. 

Synergistic aptamer combinations can be reversed with either a universal 

antidote, or a combination of matched oligonucleotide antidotes that bind each 

aptamer. Synergistic aptamer combinations are extremely robust anticoagulants, as is 

apparent by the ability of the FXa and prothrombin aptamer combination to keep blood 

fluid during extracorporeal circulation. However, because these aptamer cocktails are so 

powerful, they may elicit bleeding. Direct antidote control of aptamer therapeutics 

minimizes the risk of bleeding and improves the safety profile. Although the FXa and 

prothrombin combination is an extremely robust cocktail that can anticoagulate blood in 

an extracorporeal circuit, the TEG antidote reversal studies clearly show that this 

combination can be reversed with either a universal antidote or a combination of the 

matched oligonucleotide antidotes. Although this phenomenon should be confirmed 

with the other synergistic aptamer cocktails, the initial antidote reversal data for this 

robust cocktail is quite striking and encouraging. 

For practical purposes, the simplicity of administering one universal antidote to 

simultaneously reverse both aptamers may be easier and more cost effective. Complete 
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antidote reversal of anticoagulation would be beneficial after CPB has been 

discontinued. Although the CDP universal antidote could be used for in vivo proof of 

principle antidote reversal studies, a new universal antidote that is specifically designed 

to bind the aptamers, form a stable complex, and not enter cells is needed. Current 

efforts with collaborating chemists are underway to identify a new polymer that fulfills 

these criteria.  

Alternatively, combinations of aptamers could be fully reversed with either a 

combination of the matched oligonucleotide antidotes, or partially reversed with either 

one of the oligonucleotide antidotes. Partial antidote reversal may be beneficial when 

slow, gradual reversal is desired, such as during sheath removal in PCI. However, prior 

to in vivo studies, the antidotes should be chemically modified to engender nuclease 

stability. While DNA antidotes were used here for proof of principle, 2’F or 2’OMe RNA 

antidotes should be considered for animal studies because of their increased plasma 

stability.  

5.3 Development of a Platelet Glycoprotein VI Aptamer 
SELEX against the soluble GPVI domain isolated RNA aptamers that bind to 

soluble GPVI and platelets with high affinity. GPVI is a platelet surface receptor that 

plays a key role in platelet activation and aggregation. Vasculature damage and collagen 

exposure activates platelets via GPVI, which stimulates a phosphorylation signaling 

cascade that promotes platelet activation and aggregation. Several recent studies have 

shown that GPVI may be an optimal therapeutic target because GPVI deficiency protects 

against thrombosis, but there is no increase in bleeding. The majority of current anti-

GPVI agents in development are antibodies, which may elicit an immune response. 

Therefore, we developed modified RNA aptamers toward GPVI. Because they bind with 

high affinity and specificity and are non-immunogenic, GPVI aptamers may be safer 
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therapeutics than GPVI antibodies. After 13 rounds of selection, one GPVI aptamer 

dominated the selection pool. RNA aptamer cR13-4 binds to both soluble and platelet 

GPVI with high affinity and was truncated to a 43-mer that retained binding affinity. 

The GPVI aptamer can spontaneously multimerize in solution and is a robust 

platelet activator. Although the mechanism of GPVI receptor activation remains 

unknown, numerous studies indicate that GPVI is activated by ligand-mediated receptor 

clustering. The GPVI receptor is present on the platelet surface as a dimer, and it has 

been hypothesized that large polymeric ligands such as collagen bind and cluster several 

GPVI dimers. Strikingly, our GPVI aptamer caused rapid and robust platelet 

aggregation and functions similar to the natural GPVI agonist collagen. Interestingly, the 

preliminary biophysical data indicate that the aptamer can spontaneously multimerize 

in solution and may therefore bind and cluster GPVI receptors to activate the platelet. 

These initial studies are encouraging as they corroborate with the current literature and 

support the hypothesis that receptor clustering is essential for GPVI activation. 

However, these studies need to be repeated to confirm the preliminary data. Also, more 

detailed studies need to be performed to analyze the stable RNA species formed (dimer, 

trimer, etc.) and determine the stoichiometry of RNA/GPVI binding.  

The GPVI aptamer represents a novel research tool to study GPVI receptor 

activation. The exact mechanism of GPVI activation is currently unknown, and there are 

no crystal structures of the activated receptor for this entire family of receptors. Crystal 

studies with the RNA in complex with soluble GPVI can be performed to obtain a 

molecular picture of the interaction and the structure of the activated receptor. Although 

crystallography with oligonucleotides can be challenging, several crystal structures have 

been reported for aptamers in complex with their protein.  
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Additionally, this GPVI aptamer may be useful in several clinical applications. 

The GPVI aptamer could be used as a topical pro-hemostatic agent to limit bleeding. 

However, prior to potential testing in animal models, the cross reactivity of this aptamer 

toward additional species needs to be tested. The GPVI aptamer could also be used 

clinically as a diagnostic biomarker. Several studies have suggested that GPVI 

expression is correlated with cardiovascular disease, arthritis, and diabetes. Moreover, 

the amount of soluble GPVI in the blood may be an indicator of the degree of platelet 

activation, because the GPVI ectodomain is shed from the platelet surface upon 

activation. Thus, the GPVI aptamer could be used to rapidly screen patient blood 

samples for GPVI levels as a diagnostic biomarker. 

5.4 General Mechanisms of Anticoagulant Aptamers 
Over the past 15 years, our lab has developed a number of anticoagulant 

aptamers toward several coagulation proteins. We have recently begun to dissect the 

mechanisms of these aptamers and have noticed that all of the aptamers analyzed thus 

far have a similar mechanism of anticoagulation. The FVII, FIX, FX, and prothrombin 

aptamers all bind to both the zymogen and enzyme with similar binding affinity. 

Moreover, the FIX, FX, and prothrombin aptamers all bind to exosites (macromolecular 

substrate binding sites), not the enzymatic active site. By binding to these exosites, the 

aptamer sterically blocks this important surface and thereby inhibits protein-protein 

interactions that are essential for coagulation. Furthermore, by binding to the zymogen, 

the aptamers decrease zymogen activation (i.e., the amount of enzyme formed), and by 

binding to the enzyme they decrease enzymatic activity. Therefore, the aptamers have a 

distinct mechanism of anticoagulation that differs from both small molecule 

anticoagulants and the heparins. It would be interesting to perform future studies to 

directly compare different classes of anticoagulants (aptamers, small molecules, and 
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heparins) to determine if general trends can be seen among different types of 

therapeutics. Additionally, studies could be performed to determine if combining 

aptamers with another class of anticoagulant (small molecule or heparin) results in drug 

synergy. Because the different classes of anticoagulants bind to different functional 

surfaces on the enzymes, it’s possible that two anticoagulants can simultaneously bind 

and thereby synergistically impair enzyme function. The individual anticoagulants 

could be directly compared, or combinations could be assessed using the simple assays 

used within this body of work (aPTT, PT, CAT, TEG, etc.) or more sophisticated models 

(cell-based model, flow chamber, animal models, etc.) to study their different 

mechanisms of anticoagulation and the resulting impact on coagulation. 

5.5 Future Applications and Challenges of Aptamer Therapeutics 
The field of aptamer therapeutics has grown exponentially over the past two 

decades. Since the initial reports describing aptamer selections in 1990, a number of 

therapeutic aptamers have entered clinical trials. Macugen (Pegaptanib) has gained FDA 

approval for the treatment of age related macular degeneration, setting the stage for the 

development of additional therapeutic aptamers. However, there are a few challenges 

that must be addressed in the future. First, although the current initial studies suggest 

that aptamers are non-immunogenic, additional studies are needed to confirm these 

results. Several recent studies have suggested that double stranded RNA can trigger 

innate immune responses; thus, RNA aptamers, as well as aptamer/antidote complexes 

should be strictly scrutinized for potential immunogenicity. However, the initial clinical 

data with Macugen and the FIXa aptamer/antidote REG1 suggest that modified RNA 

aptamers are well tolerated during short-term exposure. Long-term studies should be 

performed to verify that repeated administration is also well tolerated. Moreover, 

additional studies are needed to verify the specificity of aptamers in vivo. Because of 
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their high negative charge density, aptamers have the potential to non-specifically 

interact with positively charged proteins. Although the initial data clearly show that 

aptamers are specific for their protein target, micromolar therapeutic aptamer 

concentrations could potentially result in non-specific interactions. Additional animal 

and clinical studies are needed to confirm that aptamer function is mediated by RNA 

folding/tertiary structure and “lock and key” type interactions with the target proteins. 

Another major hurdle to aptamer therapeutics is cost. Most therapeutic aptamers 

are comprised of modified RNA nucleotides, which are quite expensive compared to the 

natural unmodified bases. While large quantities of homogenous, highly purified 

modified oligonucleotides can be synthesized by solid-scale synthesis for large-scale 

studies, aptamer synthesis can be quite costly, especially for aptamers that are larger 

than 40 nucleotides. However, as technology advances, the cost of production continues 

to decrease as more efficient and cheaper production methods are discovered. The cost 

of custom oligonucleotide synthesis has decreased dramatically over the past 10 years, 

and additional decreases in production costs over the next 5-10 years may make the cost 

of aptamer production similar to small peptide or antibody production. 

Currently available routes of administration are another limitation with 

aptamers and oligonucleotide therapeutics in general. Anticoagulant aptamers can be 

easily delivered intravenously, or even subcutaneously, as would be desired in acute 

clinical care settings for systemic anticoagulation. However, a large number of 

cardiovascular disease patients require daily medication to manage their disease. Most 

current prophylactic anticoagulants are oral medications, rather than self-administered 

injections. Oral delivery of aptamers (and oligonucleotides in general) continues to 

remain a major hurdle. Future studies are needed to determine if oral delivery, or even 



 

173 

inhalation are viable alternative delivery methods for oligonucleotides. Less invasive 

forms of delivery would increase patient compliance. 

5.6 Summary 
In conclusion, aptamers are novel therapeutics that have several unique 

characteristics that distinguish them from antibodies and small molecules. Based on 

these unique characteristics, we have developed aptamers as novel antidote-reversible 

antithrombotics with improved safety profiles. Our research has led to the first antidote 

reversible anticoagulant that targets prothrombin, and our data comparing aptamer 

inhibition of several coagulation proteins confirms that prothrombin is a valid 

therapeutic target. Additionally, we have shown that aptamers can be used in 

combination to synergistically impair coagulation, and that combining aptamers results 

in robust anticoagulation that can function in the clinically relevant setting of 

extracorporeal circulation. Furthermore, although these aptamer combinations are 

extremely powerful anticoagulants, they can be rapidly controlled with the use of 

antidotes, which greatly improves their safety profile. Finally, we applied aptamer in 

vitro selection to generate aptamers to platelet GPVI. The isolated GPVI aptamer binds to 

platelets with high affinity and is a robust platelet agonist. This agonist aptamer has the 

potential to be applied topically to manage bleeding, or could be used for patient 

biomarker analysis. 
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