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Abstract

Aptamers are single-stranded nucleic acid molecules that bind to and inhibit proteins and are
commonly produced by systematic evolution of ligands by exponential enrichment (SELEX).
Aptamers undergo extensive pharmacological revision, which alters affinity, specificity, and
therapeutic half-life, tailoring each drug for a specific clinical need. The first therapeutic aptamer
was described 25 years ago. Thus far, one aptamer has been approved for clinical use, and
numerous others are in preclinical or clinical development. This review presents a short history of
aptamers and SELEX, describes their pharmacological development and optimization, and reviews
potential treatment of diseases including visual disorders, thrombosis, and cancer.
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INTRODUCTION

Aptamers are single-stranded deoxyribonucleic acid (DNA) or ribonucleic acid (RNA)
molecules that bind to protein targets by folding into a three-dimensional conformation,
similar to antibodies. The word aptamer comes from the Latin aptus, meaning fit, and the
Greek meros, meaning part or region. Aptamers are most often isolated by a method called
systematic evolution of ligands by exponential enrichment (SELEX), first described 25 years
ago. Since then, one aptamer has received approval from the US Food and Drug
Administration (FDA) to treat macular degeneration of the eye, and numerous others are in
preclinical or clinical trials. This review covers a brief history of aptamers and SELEX,
describes postselection optimization providing pharmacokinetic flexibility, and includes
antidote oligonucleotide reversal of aptamers to regulate aptamer activity rapidly. Finally,
this review summarizes a list of therapeutic aptamer targets that are currently in preclinical
or clinical studies and offers optimism that the future potential of aptamer therapeutics
remains bright.
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A BRIEF HISTORY OF APTAMERS

The idea that nucleic acids, whether DNA or RNA, could function as ligands and modulate
the activity of target proteins was the result of research performed on viruses. Specifically,
studies into the molecular biology of human immunodeficiency virus (HIV) and adenovirus
demonstrated that these viruses encoded small, structured RNA that bind to endogenous
proteins. These RNA ligands either facilitated viral replication or mitigated antiviral activity
by the host (1, 2). A specific illustration is that HIV evolved a short, structured RNA
sequence called trans-activation response or TAR. The TAR RNA binds to the cellular and
viral proteins cyclin T1 and Tat, which are both involved in controlling gene expression and
viral replication (1) (Figure 1). These findings suggested to virologists that nucleic acid
molecules that bind proteins have the potential to become therapeutic drug agents.

In 1990, Sullenger et al. (3) published the first study demonstrating that an RNA aptamer
designed to bind a viral protein prevented viral RNA-protein binding, thereby preventing
viral replication. A TAR RNA-derived aptamer was expressed from a promoter to serve as a
decoy, binding to Tat and cyclin T1 proteins in CD4+ T cells. Cells that expressed the TAR
aptamer were made resistant to viral replication, demonstrating that RNA ligands
represented potential therapeutic agents (3, 4).

Systematic Evolution of Ligands by Exponential Enrichment

Two groundbreaking studies were performed simultaneously and independently that
demonstrated that nucleic acid ligands could be isolated against virtually any protein (5, 6).
Tuerk & Gold (6) demonstrated that a large library of RNA molecules could be screened to
find ligands that bound to T4 DNA polymerase with high affinity. Ellington & Szostak (5)
demonstrated that a large library of RNA molecules could be screened, and they isolated
RNA molecules that bound to organic dyes. Moreover, they stated that these RNA molecules
folded into specific confirmations to bind to these dyes. They subsequently used this
technique, known as SELEX, to demonstrate that this could also be performed using DNA
ligands (7) (Figure 2). SELEX is an iterative process that starts with a large library of
randomized nucleic acid sequences. In theory, the library contains two fixed ends to allow
for reverse transcription PCR (RT-PCR) with a randomized region in the middle, typically
up to 40 nucleotides. This yields a theoretical library of 4*0 different sequences. In practice,
a portion of this large library, approximately 1013 different molecules, is then incubated with
a target protein, and the nucleic acid molecules that bind to the protein are separated. To
select RNA aptamers, the bound RNAs are amplified by RT-PCR and the resulting DNA
templates transcribed subsequently. This new pool of nucleic acids is enriched for the target
protein, and the process is repeated 8—12 times until an RNA pool with high affinity for the
target protein is isolated. The pool is then sequenced and characterized to identify the
aptamers with the highest affinity (Figure 2).

The groundbreaking work performed by Sullenger et al. (3) demonstrated that nucleic acids
that bind proteins could serve potentially as therapeutic agents. The simultaneous discovery
of SELEX by Tuerk, Gold, Ellington, and Szostak enabled researchers to isolate aptamers to
virtually any target (5, 6). The subsequent work on manipulating the structure and
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formulation of aptamers has expanded their pharmacological properties to make them a
versatile class of compounds that can be tailored to specific clinical needs.

PHARMACOLOGICAL OPTIMIZATION OF APTAMERS

As with antibodies and peptide ligands, aptamers bind to their target by folding into a
specific three-dimensional conformation that is dictated largely by the nucleic acid
sequence. Similar to antibodies, nucleic acid aptamers bind to their targets with high affinity,
demonstrating dissociation constants (Ky) from the low nanomolar to high picomolar range.
In addition to high-affinity binding to their targets, aptamers also bind with high specificity,
much like small molecules, discriminating between target proteins that share similar
structural epitopes (8—11).

Aptamers can undergo chemical modification to modulate their pharmacokinetic profile.
First, the internal structure of the molecule can be modified. The 2’-hydroxyl position on
both purines and pyrimidines of RNA is a major target for nucleases. To protect against
degradation, selections are often performed using an oligonucleotide library with a fluoro
modification at the 2’-position of the pyrimidines (12, 13). To facilitate transcription of RNA
aptamer pools, a mutant T7 RNA polymerase is used that demonstrates superior synthesis of
modified oligonucleotides compared to conventional polymerase (14). With respect to the
2’-hydroxyl on purine nucleotides, performing postselection sequential replacement of
hydroxyl groups with O-methyl residues can confer additional nuclease resistance (15). In
addition to conferring nuclease resistance, modifications can also increase circulating half-
life (#;/p). For example, carrier molecules such as polyethylene glycol (PEG) or cholesterol
can be added to the ends of the aptamers and increase £, to several hours (16).

Preclinical evaluation of drug compounds is an essential part of drug development. High-
specificity binding of aptamers to their targets can result in poor or no cross-reactivity to
homologs from other species. To solve this, a process called toggle SELEX was developed
whereby the RNA pool is exposed to human protein target followed by reverse transcription
and amplification. In the following round, the RNA pool is then exposed to the animal
ortholog of the protein of interest. This iterative exposure, first to human then to preclinical
species, continues sequentially until aptamers that bind to both the human and animal
protein are identified (17) (Figure 3).

Clinical circumstances exist in which drugs need to be cleared from the system rapidly. The
three main roots of clearance rely on the kidney, liver, or saturable mechanisms. This poses a
significant problem in clinically ill patients with multisystem organ dysfunction. In order to
avoid relying on the patient’s own clearance mechanisms, Rusconi et al. (10, 18) developed
the concept of antidote oligonucleotides that bind to the aptamer by Watson-Crick base
pairing, preventing it from inhibiting its target protein (Figure 4). In preclinical studies, the
oligonucleotide antidote to coagulation factor IXa (FIXa) demonstrated complete reversal
less than 5 min after administration (18, 19).

In the course of selecting aptamers to a protein target, a single ligand can predominate early,
possibly excluding other aptamers from binding to other sites that may be better diagnostic
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or therapeutic agents. To enrich the pool of binding oligonucleotides, researchers used
complex protein mixes to enrich the initial SELEX pool, followed by a subsequent step of
deconvolution SELEX to refine aptamers that bind to specific targets from the enriched pool
(20). This concept was used to isolate therapeutic aptamers to both coagulation factors and
von Willebrand factor (VWF) (21, 22). Complex SELEX is particularly attractive in
oncology in which the aptamer chooses the targets. With this strategy, aptamer targets are
not limited to specific proteins and might include specific posttranslational modifications,
combinations of proteins, or even nonprotein targets that are unique to cancer cells. DNA
aptamers were selected against several leukemia and solid tumor cell lines using in vitro
selection against whole cells in culture (23-29). The concept was expanded further with in
vivo selection against intrahepatic colorectal cancer in mice by administering the RNA
library and subsequent enriched pools by intravenous injection. This resulted in isolation of
an aptamer that bound to p68, an RNA helicase that is upregulated in colorectal cancer (30).
A complete list of potential pharmacological advantages of aptamers is found in Table 1.

Slow Off-Rate Modified Aptamers

Aptamers are negatively charged molecules, and as such, isolating an aptamer to a
negatively charged protein or a protein that lacks a three-dimensional binding epitope owing
to heavy glycosylation can be difficult (31). To circumvent these challenges, Gold et al. (32)
developed slow off-rate modified aptamers (SOMAmers). The initial premise of SOMAmers
was to add functional groups that mimic amino-acid side chains. SELEX libraries have a
vast structural diversity based on 40 different sequences that result in a multitude of
potential shapes. These amino acid-like side chains increase the chemical diversity of
aptamers. By replacing the nucleotide at the 5’-position of uridine with hydrocarbons such
as benzene or methyl groups, modified nucleic acid libraries were generated. When
compared to nonmodified SELEX libraries, only the modified or SOMAmer libraries
isolated high-affinity aptamers (32). The second pharmacological parameter that Gold et al.
(32) sought to optimize was the off rate. To minimize nonspecific binding of SOMAmers to
their target proteins, aptamers were isolated that had dissociation rates greater than 30 min
(32).

Since 1990, research has focused on the flexibility of aptamers as drug agents, making them
customizable, reversible, and capable of serving as both diagnostic and therapeutic agents of
disease. Their potential has been fully realized in ophthalmology, for which the first aptamer
was approved by the FDA to treat macular degeneration. Other promising therapeutic areas
include thrombosis and cancer. We present a list of aptamers that have been developed with
the potential capability for diagnosis and treatment of disease in cerebrovascular,
cardiovascular, and peripheral vascular disease and oncology.

EYE DISORDERS

Vascular Endothelial Growth Factor

Neovascularization is a pathological process seen in age-related macular degeneration
(AMD), retinopathy of prematurity, and diabetic retinopathy (33-35). Vascular endothelial
growth factor (VEGF) is upregulated in all three diseases. Three RNA aptamers were
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isolated against VEGF 45 with binding affinities (Ky) between 5 and 50 pM (36). In vivo
experiments in adult guinea pigs demonstrated that the aptamer could inhibit VEGF-
mediated capillary leakage by 58% (36). The aptamer was conjugated to a 40-kD PEG
molecule at the 5’-end, and pharmacokinetic experiments were performed in rhesus
monkeys. This optimized aptamer, renamed NX-1838, demonstrated a ¢, of 9.3 h with peak
concentrations of 4.9 pg/ml at 8—12 h (16). In a rat model of retinopathy of prematurity,
NX-1838 reduced retinal neovascularization by 80% (37). Phase Ia studies demonstrated no
significant risks with a single intravitreal administration of the aptamer. Furthermore,
evaluation of patients with diabetic retinopathy 3 months after injection revealed no
deterioration in vision and, in fact, a 27% improvement in vision of 3 lines or greater when
examined by the Early Treatment of Diabetic Retinopathy Study (ETDRS) chart (37). The
Phase II clinical trial was a multi-injection study with or without photodynamic therapy,
which was the standard of care treatment at the time. Of those treated with NX-1838, now
called pegaptanib, 87.5% had stable vision or improved vision and 25% demonstrated 3 lines
or greater improvement by ETDRS. Of those patients who received both pegaptanib and
photodynamic therapy, 60% had a 3 lines or greater visual improvement by ETDRS at 3
months (38).

Two concurrent, prospective, randomized, double-blinded, multicenter, dose-ranging Phase
III controlled clinical trials were conducted comparing pegaptanib at three different doses in
one eye versus sham injections in the other eye in patients with AMD. The aptamer was
administered every 6 weeks for 48 weeks. The primary endpoint was the proportion of
patients who lost fewer than 15 letters of visual acuity at 54 weeks. The study demonstrated
that even at the lowest intravitreal injection dose of 0.3 mg, 70% of patients lost fewer than
15 letters of visual acuity, compared to 55% of the negative control group (P < 0.0001). The
beneficial effect of pegaptanib was seen as early as 6 weeks after treatment compared to
negative controls (39). Side effects of pegaptanib noted in the clinical trials included
endophthalmitis, increased intraocular pressure, and rare cases of anaphylaxis and
anaphylactoid reactions (40). These results led to pegaptanib being the first aptamer-based
drug to receive approval from the FDA to treat macular degeneration in 2004. Since then,
pegaptanib has been largely replaced by the antibody-based therapy ranibizumab that
recognizes more isoforms of VEGF. However, it is important to recognize that pegaptanib
paved the way for intraocular antiangiogenesis treatment and validated aptamer-based drug
therapy.

More recently, two additional targets have been validated to treat AMD. Pegpleranib is a
platelet-derived growth factor DNA aptamer that has been tested clinically with
ranibizumab, an anti-VEGF antibody. A Phase I study demonstrated improved vision
compared to ranibizumab alone (40). A Phase II dose escalation study of the two drugs
showed similar results (40).

The second target for AMD therapy is complement component C5. Avacincaptad pegol is a
modified RNA aptamer with a 40-kD PEG moiety on the 5’-end. An open-label Phase Ila
study in patients with AMD demonstrated that avacincaptad pegol coadministered with
ranibizumab demonstrated improved visual acuity compared to ranibizumab alone (40).
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THROMBOSIS AND VASCULAR DISEASE

Developing antithrombotic aptamers takes advantage of targets that are extracellular and
uses antidote oligonucleotides that reverse aptamer activity in the setting of hemorrhage.
Several coagulation factors and a platelet protein have been targeted for aptamer selection
and show promise to threat thrombosis.

Coagulation Factor IXa

In the classical cascade model of coagulation, FIXa becomes activated and, after binding to
FVIIIa, ultimately leads to the prodigious amount of thrombin production necessary for
thrombosis. To this end, a FIXa aptamer was selected using a 2’-fluoropyrimidine library
that inhibited the activated partial thromboplastin time (aPTT) in a dose-dependent manner.
An antidote oligonucleotide reversed the aptamer’s activity (10). Appending a cholesterol
moiety to its 5’-end optimized the aptamer further. Now named Ch-9.3t, it was tested in vivo
with antidote oligonucleotide 5-2C. The aptamer increased the aPTT reliably in a porcine
model of anticoagulation. The antidote reversed that activity rapidly and sustainably. The
aptamer also inhibited coagulation in a murine model of thrombosis, and antidote addition to
aptamer-treated mice prevented hemorrhage (18). The FIXa aptamer/antidote pair was then
compared to heparin and protamine in a porcine model of cardiopulmonary bypass. The
results from this study demonstrated that the aptamer maintained patency of the circuit for
60 min, equal to the time for heparin. The antidote reversed the activity of the aptamer
rapidly and sustainably. Finally, compared to heparin/protamine, animals treated with
aptamer/antidote had a lower production of thrombin and lower inflammatory marker
profile. Physiologically, the animals also demonstrated a lower change in cardiac output
after antidote administration compared to protamine.

These latter studies led to the initial clinical trials of the aptamer/antidote pair (19). A Phase
I study tested the aptamer, renamed RB006, and antidote, RBO07, in healthy human subjects.
Patients who received RB006 had a dose-dependent increase in aPTT. Patients who did not
receive RBO07 subsequently had sustained anticoagulation. Patients who received RB007
without RB006 had no physiological change and no quantifiable biological change. Those
who received RB007 after RBO06 administration had rapid reversal of aPTT (41). This study
was then repeated in patients with coronary artery disease on antiplatelet therapy, with
similar results (42). A Phase Ila trial studied RB0O06 and RB0O07 in patients undergoing
percutaneous coronary intervention (PCI). Named REVERSAL-PCI, the study initially
evaluated RB0O06 with a glycoprotein IIb/IIIa inhibitor as an additional antithrombotic agent,
followed by aptamer administration alone. Antidote RBO07 was administrated at a reduced
dose to prevent in-stent thrombosis that could develop from complete reversal of RB0O7.
Patients underwent PCI with RB006 alone successfully and tolerated partial and full reversal
without any clinical evidence of in-stent thrombosis (43).

The RADAR trial was a partially blinded study that evaluated the aptamer/antidote pair in
patients with acute coronary syndrome (ACS) and PCI. In addition to evaluating whether the
aptamer could serve as a stand-alone anticoagulant in ACS and PCI, it also evaluated the
percentage of antidote reversal of the aptamer that would prevent groin hemorrhages in the
setting of immediate sheath removal. The aptamer provided sufficient anticoagulation in
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both clinical settings, and 50% antidote reversal was adequate to remove the sheath safely
immediately after the procedure (44). These results paved the way for the Phase I trial,
called REGULATE-PCI. It was a randomized, open-label design that compared aptamer to
bivalirudin in PCI. The open- label design was to facilitate immediate sheath removal after
reversal. The primary endpoint was a composite of ischemic events that included heart
attack, stroke, in-stent thrombosis, and death up to 3 days after PCI. The trial ended before
completion as 10 out of 1,600 patients had a serious allergic reaction within minutes of
aptamer administration (45). In RADAR, 3 females also experienced a similar allergic
reaction (44). Further analysis of these patients led to the identification of the PEG moiety,
not the nucleic acid, as the causative agent of this reaction (46). A full study into the
REGULATE-PCI patients is currently being performed. Despite the allergic reaction to
PEG, these studies validated FIXa as a target in PCI. The aptamer prevented ischemia as
well as bivalirudin, and there was a trend toward reduced thrombosis, which was not
statistically powered as the trial was terminated at 25% percent of enrollment (45).

The conversion of prothrombin to thrombin is an essential step in thrombus formation. The
first aptamer isolated to thrombin was a DNA aptamer (47). It bound to and inhibited exocite
1 on thrombin. Robust in vivo studies demonstrated anticoagulation in canine
cardiopulmonary bypass as well as sheep and monkey hemofiltration (48, 49). The
optimized version of the aptamer called NU172 is currently in human Phase Ila clinical
trials (50).

von Willebrand Factor

Platelet adhesion occurs when platelet glycoprotein Ib/IX binds VWF that has been exposed
on the vessel surface as a result of endothelial injury such as atherosclerotic disease. It is the
first of two nonredundant pathways of platelet aggregation and an attractive target for
aptamer selection. The first of two aptamers selected against VWF was ARC1772. This
DNA aptamer bound to the gpIb domain of VWF, also known as the A-1 domain (51). A
DNA/RNA hybrid aptamer with a 20-kD PEG moiety on the 5’-end was engineered
subsequently and named ARC1779. ARC1779 showed promise in patients undergoing
carotid endarterectomy by reducing thromboembolic events as measured by transcranial
ultrasound but was also associated with hemorrhage. Furthermore, some patients had
injection site reactions, echoing the concern of potential reactions to PEGylated aptamers
(52).

More recently, an RNA aptamer was selected against VWF that bound to the A-1 domain
and inhibited platelet aggregation in vitro and ex vivo (22). To mitigate the risk of
hemorrhage, an antidote oligonucleotide was designed that reversed aptamer activity rapidly.
A truncated version of this aptamer was tested in vivo in a murine model of carotid
thrombosis and tail-bleeding model of hemorrhage. The aptamer prevented carotid occlusion
for 60 min, the measured end of the experiment, compared to the negative control animals
that occluded in approximately 10 min. In the tail-bleeding model, the aptamer-treated
animals exhibited robust bleeding, approximately 4-fold above baseline, whereas mice
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treated with aptamer and antidote exhibited a bleeding profile similar to that of the negative
control (53).

Targeted therapy is a buzzword in cancer therapy, and numerous specific inhibitors, mostly
small molecules and antibodies, are now in clinical use for various cancers. Aptamers are the
ultimate in targeted therapy with respect to specificity. In the early years of aptamers, few
aptamers were generated against cell surface proteins. Several aptamers that have shown
promise as cancer therapeutics are discussed below.

Ironically, the first aptamer to enter clinical trials for cancer therapy was not generated by
SELEX but was discovered serendipitously based on its ability to be taken up by cancer cells
(54). Its target was later determined to be nucleolin, a protein that is expressed in the nuclei
of all cells but is overexpressed in the cytoplasm and on the plasma membrane of cancer
cells relative to normal cells (55). At relatively high doses (micromolar), the 26-nucleotide
G-rich DNA nucleolin aptamer (AS1411) has direct antiproliferative effects in vitro but is
internalized efficiently even at nanomolar doses (56). Phase I studies in a variety of tumor
types demonstrated that AS1411 was safe when delivered as a continuous infusion at doses
up to 40 mg/kg/day. A subsequent Phase II study in renal cell carcinoma demonstrated a
similarly low incidence of adverse events attributable to AS1411 (57). Only one patient had
an adverse response, but it was dramatic and sustained. Dose- limiting toxicity was not
reached in the AS1411 Phase I trials, presumably because drug costs limited escalation;
therefore, higher response rates may have been achieved with higher doses.

The nucleolin aptamer is internalized and shuttled to the nucleus at a much lower
concentration than that required for direct effects. Furthermore, owing its small size and ease
of synthesis, it has received attention as a delivery agent for a variety of interesting types of
cargo. AS1411 was conjugated to cobalt-ferrite nanoparticles for magnetic resonance
imaging and concurrently labeled with ©’Ga-citrate for radionuclide imaging (58). Studies in
rat glioma xenografts demonstrated that the conjugates cleared the bloodstream rapidly and
targeted tumor cells specifically and could therefore be used for imaging and therapy in
vivo. Human serum albumin nanoparticles loaded with paclitaxel were delivered with the
nucleolin aptamer and shown to inhibit growth of glioma xenografts in mice relative to
nontargeted nanoparticles (59). AS1411 conjugated directly to doxorubicin (Dox) was
delivered intravenously in mice that had hepatocellular cancer xenografts, resulting in
inhibition of tumor growth (60). Other groups have functionalized different drug carriers
with AS1411 and demonstrated targeted delivery of chemotherapeutic agents in vitro (61,
62). AS1411 was complexed noncovalently with multiple molecules of the porphyrin
derivative TMPyP4 and used to deliver the molecules into breast cancer cells in vitro for
photodynamic therapy (63). As a different type of photodynamic therapy, photosensitive
gold nanorods were decorated with AS1411 and used to release Dox into cancer cells when
stimulated with near- infrared light (64). Finally, as proof of concept that the nucleolin
aptamer could actually deliver cargo to the nucleus, our group used AS1411 to deliver
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splice-switching oligonucleotides to cancer cells and mediate RNA splicing of a luciferase
reporter construct in vitro (65).

Prostate-Specific Membrane Antigen

A desirable feature of a cancer target is specificity, and one of the best examples is prostate-
specific membrane antigen (PSMA), a surface protein expressed in healthy prostate, prostate
cancer, and the vasculature of a variety of solid tumors. PSMA has been studied extensively
as a tumor marker as well as a target for imaging and therapy. Two nuclease-resistant RNA
aptamers (A9 and A10) against PSMA were identified and have now been studied
extensively in preclinical models (66). PSMA, also known as folate hydrolase, is typically
considered a prostate cancer marker, but a recent study demonstrated that an optimized,
truncated version of the A9 aptamer inhibited prostate cancer invasion and migration in vitro
(67). When delivered daily as an intravenous injection, the aptamer inhibited the
development of bone metastases in a mouse model in which PSMA- expressing cells were
delivered by intracardiac injection. Most studies using the PSMA aptamer, however, have
exploited the fact that PSMA is internalized. The PSMA aptamer has been conjugated
directly to the peptide toxin gelonin (68) and to Dox, which is known to intercalate into
DNA (69) for delivery and targeted killing of PSMA-expressing cells. To increase the
amount of payload that can be delivered, PSMA aptamers have been conjugated to various
nanomaterials, including quantum dots (70), iron oxide nanoparticles (71), and polymeric
(PLGA-block-PEG) nanoparticles (72). The polymeric nanoparticles were loaded with the
chemotherapeutic drug docetaxel, and the aptamer-targeted nanoparticles were shown to
eradicate prostate cancer xenografts after a single intratumoral dose. This study suggests that
the aptamer promotes intracellular delivery of the nanoparticles, but this study—Ilike many
other first-in-animal aptamer studies—is limited in that data for systemic delivery were not
provided.

As one of the first aptamers used for drug delivery, the PSMA aptamer was also used for
intracellular delivery of small interfering RNAs (siRNAs). siRNAs against a critical gene for
cell survival, polo-like kinase-1 (Plk1), were appended to the 3’ end of a PSMA aptamer to
target PSMA-expressing cells. In vitro experiments demonstrated specific silencing of Plk1
mRNA and induction of apoptosis. We observed that intratumoral injections of the PSMA
aptamer-Plk1 siRNA chimera into prostate cancer xenografts resulted in tumor regression
(73). This chimera was optimized and modified with PEG to enhance plasma stability.
Systemic delivery of this construct induced tumor regression in prostate cancer xenografts
(74). The PSMA aptamer was also used to deliver SRNA targeting nonsense-mediated
messenger RNA decay to enhance antigen expression and presentation in prostate cancer
cells and inhibit tumor growth in immunocompetent mice (75).

Human Epidermal Growth Factor Receptor 2

Another well-known cancer target is the EGF receptor family member human epidermal
growth factor receptor 2 [HER-2 (erbB2)], which is amplified and overexpressed in a
significant proportion of breast cancers as well as other epithelial tumors. HER-2
monoclonal antibodies, such as trastuzumab, are widely used clinically. The better
characterized family member EGFR is overexpressed in many solid tumors and has also
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been targeted by monoclonal antibodies, such as cetuximab. As prototypes for receptor-
mediated endocytosis, both HER-2 and EGFR have also been exploited for antibody-drug
conjugates. A DNA aptamer generated to bind HER-2 inhibits growth of gastric cancer cells
in vitro, and intraperitoneal delivery in mice of a trimeric version of the same aptamer (but
not the monomer) inhibited growth of the same cells as xenografts (76). This improved
effect is at least partly due to increased avidity (77) but may also be partly due to the
increased £ > of the trimer compared to the monomer. Cell-based SELEX was used to
identify an RNA aptamer that binds and internalizes into HER-2-expressing cells (78). Using
a similar approach to that used for the PSMA aptamer, the aptamer was linked to siRNA
against the antiapoptotic gene Bcl-2 and demonstrated that treatment of HER-2-
overexpressing breast cancer cells in vitro improved sensitivity to chemotherapy. Although
animal studies have not yet been reported, a natural RNA aptamer was generated against
EGFR that was able to deliver gold nanoparticles into EGFR-expressing cancer cells (79).
Subsequently, nuclease-resistant EGFR aptamer (E07) was internalized by and able to
inhibit growth of EGFR-expressing epidermoid carcinoma cells in vitro (80). The EGFR
aptamer was also used to deliver oligonucleotides incorporating gemcitabine, a nucleoside
analog and chemotherapeutic drug, targeted for in vitro killing of pancreatic cancer cells
81).

Although not as well known as the EGF receptor family, the AXL tyrosine kinase receptor
was identified as a transforming gene in myeloid leukemia and is overexpressed in several
solid tumor types. A nuclease-resistant aptamer against AXL was isolated using cell-based
SELEX that inhibited AXL signaling in vitro as well as growth of lung cancer xenografts in
mice when injected directly into the tumor (82). An all-nucleic acid conjugate of the AXL
aptamer was developed subsequently with let-7g, a well-characterized antitumor microRNA
(83). In vitro, the conjugate not only inhibited AXL signaling but also decreased expression
of genes regulated by let-7g. Administration of the conjugate to mice by tail vein injection
increased let-7g levels and decreased growth in AXL-expressing xenografts.

Aberrantly glycosylated forms of the mucin glycoprotein family are an important class of
tumor surface markers, and MUCI in particular is overexpressed on several epithelial cancer
cells but not normal cells (84, 85). DNA aptamers have been developed that bind MUC1
glycoforms, one of which was conjugated to the photodynamic therapy agent chlorin e6. The
aptamer delivered the agent to a variety of MUCI + cancer cell lines, including breast,
colon, lung, ovarian, and pancreatic cancers, which were killed by light activation in vitro
(86). MUC has also been labeled with 9°MTc for molecular imaging (87—-89). When imaged
by autoradiography, the MUC1 aptamers penetrated xenograft tissue quickly and uniformly
but had relatively short #, values, which will need to be improved if this approach is used
for radionuclide therapy.

Carcinoembryonic Antigen

Carcinoembryonic antigen (CEA) is a tumor-associated antigen and one of the best-known
markers for tumors of the gastrointestinal tract. Clinically, circulating levels of CEA are used
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for assessing prognosis and monitoring response to therapy. CEA is a glycosyl phosphatidyl
inositol- linked cell surface protein, and radiolabeled CEA antibodies have been studied in
animals and humans in molecular imaging and radionuclide therapy. A CEA-specific DNA
aptamer has been shown to bind to CEA-expressing cancer cell lines but not CEA-negative
cell lines in vitro (90, 91). A nuclease-resistant RNA aptamer against CEA was shown to
inhibit invasion and migration of colorectal cancer cells in vitro (92). Aversion of this
aptamer, modified with PEG, was able to inhibit liver metastasis in a mouse model in which
the cells were incubated ex vivo with the CEA aptamer prior to injection into the spleen.

Protein Tyrosine Kinase 7

p68

Using complex SELEX strategies, DNA aptamers have been isolated against several
leukemia and solid tumor cell lines using in vitro selection against whole cells in culture
(23-29). The aptamer’s specific protein target was identified in some but not all cases. One
of the most promising aptamers was generated against a T cell acute leukemia cell line, and
the target was determined to be protein tyrosine kinase 7 (PTK?7), a cell surface receptor.
The PTK7 aptamer was conjugated to Dox using an acid-labile hydrazone linkage (93). The
aptamer-Dox conjugate bound and was internalized by leukemia cells but not normal cells.
Dox is membrane permeable and is taken up by cells through passive diffusion. However,
conjugating Dox with the aptamer restricted entry to cells that express PTK7, creating a
sieve mechanism that should curb nonspecific uptake and minimize the toxic effects of Dox
on normal cells. Researchers also functionalized gold nanoparticles with the PTK7 aptamer
for delivery of additional Dox (94) and the photodynamic therapy agent chlorin e6 (95). This
aptamer and others identified by cell-based SELEX have been used for in vitro delivery in a
variety of creative ways, but unfortunately none have made significant progress in
preclinical studies.

An in vivo selection technique to identify an RNA aptamer that targets mouse liver tumors
was performed by injection of the murine colon carcinoma cell line CT26 (30). The target
was determined by affinity purification to be p68, an RNA helicase that is overexpressed in
colon cancer and believed to shuttle between the cell surface and nucleus (96, 97). The
aptamer was fluorescently labeled and injected intravenously into tumor-bearing mice. After
the tumor was harvested, fluorescence microscopy visualized the aptamer in the nucleus and
cytoplasm of tumor cells but not in normal tissue. This was the first report of this method,
and the aptamer has now been used for delivery of therapeutic cargo. The study suggests that
in vivo selection has the potential to identify novel cancer targets and target reagents
simultaneously to specific cells.

Cytotoxic T Cell Antigen-4

Aptamers have potential roles in immunotherapy as well. Our group developed a nuclease-
resistant RNA aptamer against cytotoxic T cell antigen-4 (CTLA-4), a cell surface receptor
that downreg- ulates the immune response to tumors. Two aptamers that inhibited CTLA-4
function in vitro were truncated for large-scale synthesis. The ability of the CTLA-4-binding
aptamers to enhance the potency of an antitumor vaccine was tested in an immunocompetent
mouse melanoma allograft model (98). Aptamers were injected intraperitoneally at the time
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of tumor implantation and inhibited tumor growth to an extent comparable to that seen in
mice treated with anti-CTLA-4 antibody but required a larger dose of aptamer. Potency was
improved significantly with a tetramer of the same aptamer, presumably due to improved
avidity as well as bioavailability.

T Cell Receptors OX40 and 4-1BB

Aptamers have been selected against 0X40 (99, 100) and 4-1BB (75), both of which are
costimulatory receptors that function to promote T cell responses. When assembled as
bivalent structures (using an all-nucleic acid scaffold), these aptamers were shown to have
agonistic activity on their receptors, stimulating T cell activation in vitro. The bivalent
aptamer against murine 4—1BB aptamer mediated tumor rejection when injected
intratumorally in a mouse allograft model (75). The bivalent aptamer against murine 0X40
was delivered systemically to enhance the response of a dendritic cell-based vaccine in mice
(99). No significant toxicities, such as autoimmunity, were observed in any of these in vivo
studies. However, one of the challenges of translating aptamers is that aptamers against
specific proteins from one species may not cross-react with homologs from another species,
as in this case. As mentioned above, toggle SELEX can circumvent this potential challenge.
With respect to 0X40, a new bivalent aptamer against human 0X40 had to be developed,
which has been confirmed to activate human T cells ex vivo but has not yet been studied in
human patients (100).

Angiopoietin-2

Inhibition of angiogenesis by anti-VEGF agents, such as bevacizumab, has been shown to
improve response rates and survival in many types of cancer. However, the process of tumor
angiogenesis is regulated by many factors, and inhibition of VEGF alone may not be
enough. Tie2 is an endothelial transmembrane receptor tyrosine kinase that is expressed in
vascular endothelium and is critical for embryonic blood vessel formation. Tie2 is activated
by angiopoietin-1 (Angl) (101). Angiopoietin-2 (Ang2) is a naturally occurring antagonist
of Tie2 and is expressed at sites of active angiogenesis, such as tumors, and believed to
potentiate the actions of other growth factors by destabilizing the vasculature (102). An
aptamer was selected against Ang?2 that binds with high affinity yet high specificity, as it
does not bind Angl. In vivo activity of the aptamer demonstrated inhibition of basic
fibroblast growth factor-mediated neovascularization in a rat cornea model (103). A
truncated version of the aptamer was conjugated to PEG and given systemically by
continuous infusion via an osmotic pump in a murine colon carcinoma model. The aptamer
decreased intratumoral vascular density as well as tumor growth (104). An Fc-peptide fusion
protein (AMG 386) that inhibits both Angl and Ang?2 has also shown safety and activity in
Phase I trials (105). However, there are theoretical advantages to selective inhibition of Ang2
alone.

THE FUTURE OF APTAMER THERAPEUTICS

The unique characteristics of nucleic acid aptamers that represent a combination of the best
features of small molecules and antibodies, including high binding affinity and specificity,
provide vast potential for future applications. Many in the field believe that the next
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generation of aptamers will be particularly useful for diagnostic purposes, including
molecular probes, biosensors, aptamer-based magnetic cell sorting, and immunoassays.
There is a similar level of enthusiasm for their therapeutic potential in several areas,
including but not limited to infectious disease and its complications, oncology, inflammatory
disorders and conditions, and vascular disease. In addition to chemical manipulations that
allow for heightened bioavailability and, when needed, antidote control, the emergence of
varying formulations provides diversity for numerous therapeutic applications, including
inhibition of coagulation proteases, antifibrinolytic proteins, proinflammatory proteins, and
proangiogenesis factors that facilitate proinflammatory and prothrombotic environments at
the vascular and tissue levels. The field of aptamer-based drug delivery to primary and
metastatic tumor sites; infectious materials and localized safe havens, as encountered in
tuberculosis and HIV; and diseased organs, including the brain with slow virus
encephalopathy, as well as the modulation of systemic disease through delivery of miRNAs,
is also emerging rapidly.

Finally, aptamer technology could be used as a platform for the development of a new
generation of reversal agents for new oral anticoagulant drugs. Their target specificity and
reversibility would allow an anticoagulant or platelet antagonist to be turned off for a brief
period of time, followed by antidote reversal of the inhibitory effect and restoration of
anticoagulation as the underlying condition and clinical circumstances dictate.
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Viral RNA 5' Viral RNA

TAR RNA

Tat protein

TAR decoy RNA

Figure 1.
The TAR aptamer serves as a decoy, preventing the Tat protein from binding the endogenous

TAR RNA, thereby inhibiting HIV gene expression and replication. Modified with
permission from the Annual Review of Medicine. Abbreviations: HIV, human
immunodeficiency virus; RNA, ribonucleic acid; TAR, frans-activation response.
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Figure 2.
Systematic evolution of ligands by exponential enrichment (SELEX). Modified with

permission from the Annual Review of Medicine.
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Figure 3.
Toggle SELEX, whereby the pool is toggled between orthologs of the target protein to select

an aptamer that binds to both targets. This facilitates preclinical evaluation of the aptamer.
Modified with permission from the Annual Review of Medicine.
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Figure 4.
Antidote oligonucleotide control of aptamer activity. By binding to the aptamer using

Watson-Crick base pairing, the aptamer cannot form its three-dimensional structure, thereby
preventing it from binding to its target. Modified with permission from the Annual Review
of Medicine.
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Table 1

Properties of aptamers versus antibodies

Aptamers Antibodies

Binding affinity in low nanomolar to picomolar range Binding affinity in low nanomolar to picomolar range

Selection requires a biological system, therefore difficult to raise
antibodies to toxins (not tolerated by animal) or nonimmunogenic
targets

Entire selection is a chemical process carried out in vitro and can
therefore target any protein

Can select for ligands under a variety of conditions for in vitro Limited to physiological conditions for optimizing antibodies for
diagnostics diagnostics

Screening monoclonal antibodies is time-consuming and
expensive

Iterative rounds against known target limit screening processes

Uniform activity regardless of batch synthesis Activity of antibodies varies from batch to batch

Pharmacokinetic parameters can be changed on demand Difficult to modify pharmacokinetic parameters

Investigator determines target site of protein Immune system determines target site of protein

Wide variety of chemical modifications to molecule for diverse Limited modifications to molecule

functions

Return to original conformation after temperature insult Temperature sensitive and undergo irreversible denaturation

Unlimited shelflife Limited shelf life

No evidence of immunogenicity Significant immunogenicity

Cross-reactive compounds can be isolated using toggle strategy to No method for isolating cross-reactive compound

facilitate preclinical studies

Aptamer-specific antidote can be developed to reverse the inhibitory No rational method to reverse molecules

activity of the drug
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