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Abstract

With many advantages over other therapeutic agents such as monoclonal antibodies, aptamers
have recently emerged as a novel and powerful class of ligands with excellent potential for
diagnostic and therapeutic applications. Typically generated through Systematic Evolution of
Ligands by EXponential enrichment (SELEX), aptamers have been selected against a wide range
of targets such as proteins, phospholipids, sugars, nucleic acids, as well as whole cells. DNA/RNA
aptamers are single-stranded DNA/RNA oligonucleotides (with a molecular weight of 5-40 kDa)
that can fold into well-defined 3D structures and bind to their target molecules with high affinity
and specificity. A number of strategies have been adopted to synthesize aptamers with enhanced in
vitro/in vivo stability, aiming at potential therapeutic/diagnostic applications in the clinic. In
cardiovascular diseases, aptamers can be developed into therapeutic agents as anti-thrombotics,
anti-coagulants, among others. This review focuses on aptamers that were selected against various
molecular targets involved in cardiovascular diseases: von Willebrand factor (vWF), thrombin,
factor 1X, phospholamban, P-selectin, platelet-derived growth factor, integrin o,p3, CXCL10,
vasopressin, among others. With continued effort in the development of aptamer-based
therapeutics, aptamers will find their niches in cardiovascular diseases and significantly impact
clinical patient management.
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INTRODUCTION

Aptamers, typically generated through Systematic Evolution of Ligands by EXponential
enrichment (SELEX) [1,2], have quickly emerged as a novel and powerful class of ligands
with excellent potential for diagnostic and therapeutic applications [3,4]. To date, aptamers
have been selected against a wide range of targets such as proteins (e.g. cytokines, proteases,
kinases, cell-surface receptors, and cell-adhesion molecules), phospholipids, sugars, nucleic
acids, as well as whole cells [3,5-7]. In general, aptamers can be classified into two major
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categories: DNA/RNA aptamers and peptide aptamers. DNA/RNA aptamers are single-
stranded DNA/RNA oligonucleotides (with a molecular weight of 5-40 kDa) that can fold
into well-defined 3D structures and bind to their target molecules with high affinity and
specificity. Since wild-type RNA and DNA molecules can be easily degraded by nucleases,
various strategies have been adopted to synthesize aptamers with enhanced in vitro/in vivo
stability, such as the use of chemically modified oligonucleotides [8-10], unnatural
internucleotide linkages [11], polyethylene glycol (PEG) conjugation [12], Spiegelmers
(where the sugars are enantiomers of wild-type nucleic acid sugars) [13,14], among others

[3].

A peptide aptamer is consisted of a variable peptide loop attached at both ends to a protein
scaffold [15,16]. This double structural constraint significantly increases the binding affinity
of peptide aptamers to levels comparable to those of antibodies. The variable loop is
typically composed of ten to twenty amino acids, while the scaffold may be any protein with
good solubility and compacity properties. The first report on peptide aptamers appeared in
1996, where peptide aptamers recognizing different epitopes on the cyclin-dependent kinase
2 (Cdk?2) surface were selected with dissociation constants (Kq) in the nanomolar (nM)
range [17]. Comparing with DNA/RNA aptamers, the field of peptide aptamers is still in its
infancy, but has gradually emerged as an attractive area for chemists as well as biologists in
recent years.

Aptamers possess several advantages over other therapeutic agents such as monoclonal
antibodies. First, production of aptamers does not rely on biological systems hence is much
easier to scale up with low batch-to-batch variability; Second, aptamers are quite thermally
stable and can be denatured and renatured multiple times without significant loss of activity
[18]; Third, lack of immunogenicity is another favorable advantage of aptamers over
antibodies; Lastly, conjugation chemistry for the attachment of various imaging labels or
functional groups to aptamers are orthogonal to nucleic acid chemistry, hence they can be
readily introduced during aptamer synthesis. On the other hand, the disadvantages of
aptamers include faster excretion than antibodies due to smaller size, potentially weaker
binding to targets than antibodies, unpredictable toxicity and other systemic properties,
susceptibility to serum degradation when unmodified aptamers are used, and intellectual
property-related issues [3].

During the last two decades since aptamers were first selected through SELEX [1,2],
Pegaptanib (Pfizer/Eyetech), an aptamer that binds to human vascular endothelial growth
factor (VEGF), has been approved by the Food and Drug Administration (FDA) for clinical
use in treating age-related macular degeneration (AMD) [19]. In addition, a variety of
aptamers against other molecular targets are currently in clinical investigation [3]. For
applications in cardiovascular diseases, various aptamers can potentially be translated into
diagnostics and/or therapeutics for identification and management of patients with or at risk
for cardiovascular disorders. For example, aptamers can be used as anti-thrombotics and
anti-coagulants, which have been reviewed elsewhere [20-23]. In this review, we will only
focus on aptamers selected against various cardiovascular disease-related molecular targets:
von Willebrand factor (VWF), thrombin, factor 1X, among many others.

APTAMERS THAT BIND TO VWF

VWEF, a blood glycoprotein synthesized by endothelial cells, megakaryocytes, and
subendothelial connective tissue, plays a pivotal role in both hemostasis and thrombosis
[24]. Platelets could be activated by vWF binding (the A1 domain of vVWF binds to the
glycoprotein Ib [GPIb] receptor on platelets) and undergo conformational change, which
leads to thrombosis formation at sites of cardiovascular injury [25]. Plasma level of VWF, a
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predictive indicator of the state of endothelial damage, has been proposed as a marker for
cardiovascular risk in patients with acute coronary syndrome (ACS) [26]. Furthermore,
mounting preclinical/clinical evidence has suggested that VWF is a promising target for
developing new therapeutic agents in cardiovascular diseases [27].

ARC1779 (Archemix Corporation) is an aptamer that binds to the A1 domain of activated
VWF with high affinity (K4 of ~2 nM), thereby inhibiting its interaction with the GPIb
receptor on platelets (Fig. (1)) [28]. Since VWF is an important mediator in platelet adhesion
and aggregation at sites of high shear rates in the arterial side of circulation (e.g. in ACS or
ruptured atherosclerotic plaque lesions), ARC1779 can lead to an anti-thrombotic effect
without causing significant anti-coagulation. In a Phase I clinical trial with 47 healthy
volunteers, ARC1779 exhibited dose- and concentration-dependent inhibition of VWF
activity and vWF-dependent platelet function [28].

Subsequently, ARC1779 was investigated in acute myocardial infarction (AMI) in an ex
vivo dosing study [29]. Since VWF level is increased in the elderly and in the setting of
AMI, as reflected by increased shear-dependent platelet function, the goal of this study was
to evaluate whether ARC1779 can inhibit ex vivo platelet function. It was found that potent
and specific inhibition of VWF activity and vWF-dependent platelet function could be
achieved, even in the setting of AMI where VWF activity was increased. In another report, in
vitro inhibition of vWF-induced platelet aggregation, as well as in vivo activity of ARC1779
was assessed in a cynomolgus monkey carotid electrical injury thrombosis model [30].
ARC1779 not only inhibited platelet aggregation and reduced adhesion of platelets to
collagen-coated matrices, but also inhibited the formation of occlusive thrombi in
cynomolgus monkeys. Both of these studies clearly suggested that ARC1779 has therapeutic
potential as an anti-vWF agent in vWF-mediated thrombosis such as ACS.

Recently, the effect of ARC1779 on platelet function in patients with coronary artery disease
(CAD) on double anti-platelet therapy was investigated [31]. In contrast to abciximab (a
monoclonal antibody commonly used for CAD treatment [32]), ARC1779 did not
significantly affect platelet aggregation, P-selectin expression, or platelet-leukocyte
interaction. With the wide use of anti-platelet drugs in anti-thrombosis surgery, hemorrhage
has become one of the major complications [33]. The promising findings in this study
suggested that ARC1779 may be a potential replacement for traditional anti-platelet drugs
[31]. Besides theses abovementioned reports, ARC1779 has also been evaluated in
thrombotic thrombocytopenic purpura (in which ultralarge vVWF multimers bind to platelet
GPIb and lead to the formation of disseminated fibrin-poor, vVWF-rich platelet thrombi) [34—
36] and type 2B von Willebrand disease [37].

ARC1172 (Archemix Corporation), a 41-mer DNA aptamer, also binds to the A1 domain of
VWEF [38]. A derivative of ARC1172, developed to increase intravascular survival, was
shown to be able to inhibit carotid artery thrombosis in a cynomolgus macaque model, as
well as vVWF-dependent platelet aggregation in humans. In another report, a VWF-binding
RNA aptamer was demonstrated to inhibit vVWF-mediated platelet adhesion and aggregation
[39]. In addition, an antidote molecule was designed to reverse the effect of the aptamer and
restore platelet function quickly and effectively over a clinically relevant period. Such an
aptamer-antidote pair represents a reversible anti-platelet agent, an important step towards
safer drugs in the clinic.

APTAMERS THAT BIND TO THROMBIN

Thrombin (also known as coagulation factor 1), a serine protease that plays multiple roles in
endothelial and smooth muscle cell functions as well as coagulation and hemostasis, can
convert soluble fibrinogen into insoluble strands of fibrin thereby producing fibrin clots
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[40,41]. In addition, thrombin can also promote platelet activation and aggregation.
Thrombotic disorders and their common clinical phenotypes of AMI, ischemic stroke, and
venous thromboembolism cause substantial health care expenditures, morbidity, and
mortality worldwide. Inhibition of thrombin in vivo, such as the use of aptamers [42], is a
promising method to prevent and/or treat these diseases [43,44].

The first report of aptamers with thrombin-specific inhibitory activities appeared almost two
decades ago [45]. Subsequently, other DNA aptamers were also selected as thrombin
inhibitors, which can compete with their exosite binding substrates such as fibrinogen and
the platelet thrombin receptor [46]. A short-acting aptamer which binds to thrombin was
tested in a canine cardiopulmonary bypass (CPB) model to determine its anti-coagulant
efficacy and potential as a substitute for heparin in CPB and other clinical situations [47]. It
was found that this aptamer was both safe and effective as an anti-coagulant in the canine
CPB model with predictable pharmacokinetics. Combinatorial libraries and protein
engineering was also employed to produce a thrombin binding aptamer, which exhibited
potent and rapid anti-coagulation effect and was successfully used to replace heparin in a
canine CPB model [48].

The thrombin binding aptamer (TBA) folds into a well-defined quadruplex structure and
binds to its target with good specificity and affinity [49,50]. A recent study showed that a
modified TBA (mTBA), which also folds into a quadruplex structure, was more stable and
exhibited higher thrombin binding affinity than TBA [51]. Molecular dynamics simulation
studies of the aptamers provided in-depth information about the different stability behaviors
of the molecules. In addition, structural models of complexes with thrombin molecules
provided a detailed view of the interactions occurring between each aptamer and its target
(Fig. (2)), suggesting that detailed analysis of the molecular recognition process is
fundamental for rational design of aptamers.

The consensus thrombin aptamer, C15-mer, is a single-strand DNA of 15 nucleotides
selected from a large combinatorial library of oligonucleotides [45]. In a recent study,
various analogs of the original thrombin-inhibiting sequence, in which some of the
thymidylate residues were replaced by 4-thio-deoxyuridylates, were synthesized and
thoroughly investigated [52]. It was found that replacement of four thymidylate residues in
C15-mer by 4-thio-deoxyuridylates resulted in a new thrombin aptamer with increased anti-
coagulant and anti-thrombotic properties.

Taken together, these studies confirmed that thrombin-specific aptamers can be promising
anti-thrombotic agents [53]. To the best of our knowledge, two thrombin-specific DNA
aptamers have entered clinical investigation. ARCA Biopharma, Inc. is sponsoring a Phase 2
study of NU172 for anti-coagulation in patients undergoing off-pump coronary artery bypass
graft surgery (http://clinicaltrials.gov). ARC183 (Archemix Corporation), a direct thrombin
inhibitor, has also been tested in a Phase 1 clinical trial for potential use in acute
cardiovascular procedures. However, limited information is available in the literature.

APTAMERS THAT BIND TO FACTOR IX

Another attractive target in cardiovascular diseases is factor 1X, a serine protease that plays
an important role in generating the critical quantity of thrombin necessary in coagulation
[54,55]. Factor 1X is produced as a zymogen, an inactive precursor. When activated into
factor 1Xa in the presence of Ca2*, membrane phospholipids, and a Factor V111 cofactor, it
hydrolyzes one arginine-isoleucine bond in factor X to form factor Xa, which can convert
prothrombin into thrombin [56].

Curr Med Chem. Author manuscript; available in PMC 2011 November 1.
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In one study, an aptamer-antidote pair targeting factor 1Xa was investigated in a porcine
CPB model, which did not cause adverse effects on thrombin generation, inflammation, and
cardiac physiology that are typically associated with the use of heparin or protamine [57]. It
was suggested that this anti-coagulant-antidote pair may be useful in patients diagnosed with
heparin-induced thrombocytopenia or those who have been sensitized to protamine,
particularly patients with insulin-dependent diabetes.

REGL is an anti-coagulation system (Fig. (3)) that includes a factor 1Xa-specific aptamer
(RB006) and its oligonucleotide antidote (RB007) [58]. RB006 was initially discovered in a
2'-ribo purine/2’-fluoro pyrimidine transcript library using SELEX [9]. The aptamer was
then truncated to 34 nucleotides, conjugated to a 40 kDa PEG to reduce the renal clearance
rate, and capped at the 3'-terminus with an inverted nucleotide to reduce 3'-exonuclease-
mediated degradation. RB006 binds to factor 1Xa with a K4 of 2.8 nM while RB007 is a
fully 2'-O-methyl substituted 17-mer oligonucleotide that is complementary to the 5'-
terminal region of RB006. RB0O7 rapidly disrupts the structure of RB006 and inhibits its
anti-coagulation function, thereby serving as an antidote.

To determine the safety profile and characterize the pharmacodynamic responses of REG1, a
subject-blinded, placebo-controlled Phase 1a study was carried out [58]. Eight-five healthy
volunteers were randomized to each receive a bolus of drug or placebo followed 3 hours
later by a bolus of antidote or placebo. No significant differences were found in median
hemoglobin, platelet, creatinine, or liver function parameters. Both the drug (i.e. RB0O06)
and the antidote (i.e. RB007) were well tolerated and no significant bleeding was associated
with RB006. Subsequently, multiple repeat-dose safety, intra-individual pharmacodynamic
reproducibility, and graded active reversibility of REG1 was also investigated in another
study with 39 healthy volunteers [59]. Afterwards, a phase Ib study in patients with stable
CAD [60] and a phase lla trial in patients undergoing elective percutaneous coronary
intervention [61] of REG1 both gave satisfactory results, demonstrating clinical safety and
predictable pharmacodynamic effects [62]. Detailed pharmacokinetic and pharmacodynamic
modeling of REG1 has been performed, with a focus on the level of target inhibition, to
translate phase 1 results to phase 2 dose selection [63], which could guide the currently
ongoing phase Ilb trial in ACS patients undergoing cardiac catheterization [64]. This phase
I1b trial is expected to answer important questions about each component of the REG1 anti-
coagulation system and define the best strategy to support the development of adequately
powered phase 11 clinical trials. Findings from this trial are eagerly awaited.

APTAMERS THAT BIND TO OTHER TARGETS

Besides VWF, thrombin, and factor 1X(a), aptamers that specifically bind to various other
targets can potentially be used for therapeutic applications in cardiovascular diseases as
well. Mesenchymal stem cells (MSCs) represent a promising cell source for cellular
cardiomyoplasty [65,66]. Aptamer-based selection of MSCs was employed to provide
“ready to transplant” cells directly after isolation [67]. Tracking of newly isolated and
freshly transplanted MSCs with magnetic resonance imaging was carried out in a porcine
heart perfusion model, after aptamer-based isolation and appropriate labeling of the cells.
This study demonstrated that isolating MSCs by MSC-specific aptamers linked to magnetic
particles is feasible and effective, which combines specific separation and labeling into a
“one stop shop” strategy.

In another study, aptamers that can capture CD31-positive endothelial cells were used for
coating of intracoronary stents to improve endothelialization and vascular healing [68].
However, after implanted in farm-raised swine, stents coated with endothelial cell-capturing
aptamers showed similar late loss and angiographic restenosis rates as uncoated stents. No
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advantage of aptamer-coating on neointimal proliferation of intracoronary stents was
observed. A number of studies have also reported aptamers that can bind to other
cardiovascular disease-related targets such as phospholamban (a sarcoplasmic reticulum
membrane protein) [69], P-selectin [70,71], platelet-derived growth factor [72], integrin
ayP3 [73], advanced glycation end products [74], CXCL10 [75], vasopressin [76], among
many others [3].

CONCLUSIONS

A variety of aptamers that can bind to molecular targets relevant to cardiovascular diseases
have been selected and optimized, many of which have already entered clinical trials (Table
1). The major limitations of existing therapies/therapeutic agents include target non-
selectivity, variable onset and offset of pharmacodynamic effects, a narrow efficacy-safety
profile, and the absence of a safe and reliable platform for either accurate titration (based on
existing patient-specific, disease-specific, and clinical conditions) or active reversibility.
From anti-platelet to intracoronary stent coating, aptamers possess enormous potential for
biomedical applications in treating cardiovascular diseases. Perhaps aptamers can be
considered as “chemical antibodies”, in the sense that they offer high specificity and affinity
in a relatively small, chemically synthesized molecule free from cell culture-derived
contaminants, yet they do not elicit immunogenic responses in vivo.

The development of more efficient selection methods and easier strategies for aptamer
conjugation are needed for potential clinical translation. To date, researchers have identified
high affinity aptamers that bind to a broad array of targets. Since aptamers can be selected
against most protein targets, the possible therapeutic applications with aptamers or aptamer-
based agents range far and wide. One disadvantage of aptamers is the hard-to-predict and
poorly understood pharmacokinetics, toxicity, and other properties upon systemic delivery.
Therefore, although aptamers are unlikely to elicit immunogenic responses, the safety
profile of each individual aptamer (conjugate) must be examined carefully. Off-target effects
due to inhibition/activation of other proteins with similar structural conformations as the
target protein need to be investigated empirically since they will likely differ for each
aptamer. With more and more academic groups and commercial entities getting involved in
this area of research after the earliest intellectual property on aptamers expires [77], the
development of aptamer-based therapeutics will speed up and aptamers will find their own
niches in treating cardiovascular diseases and significantly impact clinical patient
management.
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aptamer

Fig. (1).
Crystal structure of the all-DNA parent of ARC1779 bound to the A1 domain of von
Willebrand factor (vWF). Adapted from [3].
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Strlijctu.ral models of the complex of thrombin binding aptamer (TBA) or modified thrombin
binding aptamer (mTBA) with two thrombin molecules. The interacting residues of exosite |
(green) and exosite Il (cyan) are shown. Adapted from [51].
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Fig. (3).
REGL is an anti-coagulation system that includes a factor IXa-specific aptamer (RB006) and
its oligonucleotide antidote (RB007).
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Table 1

Aptamers that have entered clinical investigation in cardiovascular diseases.

Aptamer Target Company Development Stage
ARC1779 VWF Archemix Phase I, 1l
ARC1172 VWF Archemix Phase |
ARC183 Thrombin Archemix Phase |
NU172 Thrombin  ARCA Biopharma, Inc. Phase I, 1l
REG1 (RB006/RB007)  Factor IXa Regado Biosciences Phase I, la, Ilb
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