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Abstract
Aptamers are a special class of nucleic acid molecules that are beginning to be investigated for
clinical use. These small RNA/DNA molecules can form secondary and tertiary structures capable
of specifically binding proteins or other cellular targets; they are essentially a chemical equivalent
of antibodies. Aptamers have the advantage of being highly specific, relatively small in size, and
non-immunogenic. Since the discovery of aptamers in the early 1990s, great efforts have been
made to make them clinically relevant for diseases like cancer, HIV, and macular degeneration. In
the last two decades, many aptamers have been clinically developed as inhibitors for targets such
as vascular endothelial growth factor (VEGF) and thrombin. The first aptamer based therapeutic
was FDA approved in 2004 for the treatment of age-related macular degeneration and several
other aptamers are currently being evaluated in clinical trials. With advances in targeted-therapy,
imaging, and nanotechnology, aptamers are readily considered as potential targeting ligands
because of their chemical synthesis and ease of modification for conjugation. Preclinical studies
using aptamer-siRNA chimeras and aptamer targeted nanoparticle therapeutics have been very
successful in mouse models of cancer and HIV. In summary aptamers are in several stages of
development, from pre-clinical studies to clinical trials and even as FDA approved therapeutics. In
this review, we will discuss the current state of aptamers in clinical trials as well as some
promising aptamers in pre-clinical development.
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INTRODUCTION
Aptamers are short synthetic single-stranded oligonucleotides that specifically bind to
various molecular targets such as small molecules, proteins, nucleic acids, and even cells
and tissues. The term “Aptamer” is from the Latin word aptus, meaning “to fit”, which was
chosen to describe the lock and key relationship between aptamers and their binding targets
[1].
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Aptamer Selection
Aptamers are generally selected from a biopanning method known as SELEX (Systematic
Evolution of Ligands by Exponential enrichment), which was first independently reported
by two groups in 1990 [1,2]. The classic SELEX method starts with a random sequence
library of ssDNA or ssRNA that spans 20–100 nucleotides (nt) in length. The randomization
of nucleic acid sequences provides a diversity of 4n, with n corresponding to the number of
randomized bases. While seemingly infinite diversities can be achieved by this method, only
diversities of ~1016 aptamers can be readily generated and screened. Each random sequence
region is flanked by constant sequences required for capture or priming. The initial diverse
pool of aptamers is then exposed to a target molecule, with the expectation that a portion of
the aptamers can fold in such a way that they will specifically bind to the target molecule
(Figure 1). Non-binding aptamers are then washed away, while candidate aptamers with
high target binding affinity are enriched at each selection round by PCR amplification (DNA
aptamers) or RT-PCR followed by in vitro transcription (RNA aptamers). The enriched pool
of aptamers is then exposed to the target again, and the process repeats. During this iterative
process, the aptamer pool can also be counter-selected: where the pool is incubated with
unwanted targets in order to deplete it of non-specific binders. After multiple rounds of
target selection and enrichment, aptamer pools will show increase binding affinity and begin
to converge to one or more consensus sequences. Finally, individual aptamer clones can be
generated and tested for target binding affinity and specificity.

New varieties of aptamer selection processes have developed over the years. One, called
AptaBid, generates aptamers and finds novel biomarkers in parallel [3]. A series of counter-
and positive-selections are designed to enrich for aptamers which bind biomarkers that are
differentially expressed on cells in different states. The candidate aptamers are then used to
isolate their binding partner, or biomarker, by mass spectrometry. This is just one example
where the power of aptamer diversity and clever library screens can be used to generate new
clinical tools or assays for disease detection, management, or therapy.

Taking Nucleic Acids to the Clinic
In the 1980s, it was discovered that HIV and adenovirus contain several small RNA
sequences or regions which can specifically bind to viral or cellular proteins with high
affinity. Functional studies indicated that these viral RNA-protein interactions could be
exploited as competitive anti-viral therapeutics. In 1990, Sullenger and colleagues reported
that decoys of a small HIV RNA region, called TAR, could be used to inhibit HIV virus
replication in cellular models. This pioneering study introduced RNA-based therapies and
indicated that other small structural RNAs could be exploited as a new approach for
inhibiting proteins and enzymes [4]. With the concurrent development of SELEX in the
1990s, several aptamers were quickly developed against important clinical targets such as
von Willebrand Factor(vWF), Platelet-derived growth factor (PDGF), E-selectin, Vascular
endothelial growth factor (VEGF), Nuclear factor kB (NFkB), tenascin-C and Prostate
Specific Membrane Antigen (PSMA), to name a few[5-11]. Some of these aptamers, and
others, are now being tested in clinical trials and one has been approved by the US FDA
(Table 1). However, as these were being developed for translation to the clinic, the issue of
nucleic acid instability had to be considered.

Stabilization – Preparing Aptamers for Clinical Use
One obvious concern of RNA-based aptamers, when compared to antibodies, is their short
half life due to serum degradation by nucleases. The two main regions of susceptibility in
serum are the phosphodiester backbone, which is particularly vulnerable to serum
ribonucleases at pyrimidine residues, and the 5′ and 3′-termini, which are susceptible to
exonucleases. To overcome exonuclease degradation, aptamers can be chemically
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synthesized and capped with modified or inverted nucleotides to prevent terminal
degradation. Modified oligonucleotides can also be incorporated within the aptamer, either
during or after selection, for enhanced endonuclease stability. Some modified nucleotide
triphosphates, particularly 2′-O-modified pyrimidines, can be efficiently incorporated into
aptamer transcripts by T7 RNA polymerases. Common chemical modifications included
during selection are 2′-amino pyrimidines [12-14] and 2′-fluoro pyrimidines [15,16]. It is
critical to include these modified nucleotides during the selection process, because they can
influence aptamer folding and binding affinity. After selection, additional modifications
such as 2′-O-methyl ribose purines and pyrimidines [6,17,18], can be chemically
incorporated. However it should be noted that post-selection modifications can negatively
affect aptamer activity, so additional modifications must be tested in a trial and error
fashion. Other modifications, such as Locked-Nucleic Acids (LNAs), can be utilized to help
stabilize aptamer structures [19]. In addition to modifications for nuclease stability, other
chemical modifications such as polyethylene glycol (PEG) can be incorporated to prolong
aptamer circulation times, resulting in a more favorable pharmacokinetic profile[20,21].
Most of the aptamers described below have been modified in some way, either before, after,
or during selection, to improve stability.

CLINICAL APPLICATIONS OF APTAMERS
Clinical Trials of Anti-coagulant Aptamers

Anticoagulants are a major class of pharmaceutical agents used to prevent clotting during
certain clinical procedures or to treat cardiovascular disease. Heparin, a highly-sulfated
glycosaminoglycan, is one of the commonly used injectable anticoagulant in the clinic. One
serious complication of heparin treatment is spontaneous hemorrhage and reduction of blood
platelets. Heparin allergies can also preclude some patients from treatment. Due to these
complications, much work has been invested into the discovery of novel anticoagulants.
Below we review clinical trials of anti-coagulant aptamers (Table 1).

REG1—REG1 (Regado Biosciences Inc), is a reversible anticoagulant based on a factor
IXa binding aptamer, RB006, and a complementary antidote, RB007. This regulatable
aptamer system has been applied to clinical trials during percutaneous coronary intervention.
RB006 is a 2′-fluoropyrimidine modified aptamer originally isolated in 2002[22], that was
truncated to 34 nt, conjugated to 40 kDa PEG to reduce serum clearance, and capped at the
3′-terminus with an inverted nucleotide. RB006 specifically inhibits FX cleavage by the
FIXa–FVIIIa enzyme complex and extends blood clotting times as assessed in activated
partial thromboplastin time assays. RB007 is a fully 2′-O-methyl modified 17nt
oligonucleotide antidote which is complementary to the 5′-terminus of RB006. Upon
standard Watson-Crick binding of RB007, the conformation of RB006 is changed and its
anticoagulation function is lost. REG1 is currently in Phase II clinical trials and shows rapid
onset of anticoagulation in vivo after intravenous administration of RB006, which is
followed by a rapid return to baseline after dosing of the RB007 antidote [23]. Recently, in a
phase II study of REG1 for Acute coronary syndrome (ACS), results indicated a lower
bleeding rate than heparin in an invasively managed ACS population [24].

ARC1779—The von Willebrand factor (vWF) plays an important role in the clotting
cascade by recruiting platelets to damaged arteries. ARC1779 is a DNA aptamer selected to
bind to the A1 region of vWF from a degenerate DNA library [5]. The resulting aptamer was
further truncated to 39 nt and stabilized by backbone modifications, 20 kDa PEG
conjugation, and 3′-capping. ARC1779 specifically binds to the A1 domain of vWF and
blocks binding to platelet membrane glycoprotein Ib receptors, thus inducing antithrombotic
effects [25]. By inhibiting vWF-dependent arterial thrombogenesis, ARC-1779 provides a
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potential therapeutic benefit in acute coronary syndromes and von Willebrand disease.
Additionally, the actions of ARC-1779 can be readily reversed by binding to a
complementary sequence oligonucleotide, a feature unlike any other anti-platelet agents[26].
Currently ARC1779 is in Phase II clinical trials for thrombotic microangiopathies and in
patients with carotid artery disease undergoing carotid endarterectomy.

NU172—Thrombin is a serine protease and a key activator of several proteins in the
coagulation cascade. Nu172 is a DNA aptamer selected to bind and inhibit thrombin. Nu172
was discovered from a degenerate DNA library by SELEX and was subsequently truncated
to 26 nt without additional chemical modification [27]. Nu172 is administered intravenously
during acute cardiovascular surgical procedures to prevent formation of blood clots. This
aptamer is currently being evaluated in Phase II clinical trials for anticoagulation in heart
disease treatments by ARCA Biopharma.

Clinical Trials of Anti-angiogenic Aptamers
Angiogenesis is a vital process in growth and development, wound healing and granulation
tissue. However, angiogenesis can also contribute to diseases such as tumor growth, cancer
progression, and macular degeneration. Anti-angiogenesis agents are a class of inhibitors
which prevent or delay such unwanted neovascularization.

Pegaptanib—Pegaptanib (brand name Macugen), is an anti-vascular endothelial growth
factor (VEGF) RNA aptamer and is the first nucleic acid aptamer approved by the US FDA.
It was approved in December 2004 as a anti-angiogenic therapeutic agent for neovascular
(wet) age-related macular degeneration (AMD), a disease of the eye which does not cause
total blindness, but a loss of central vision, leaving only peripheral, or side, vision intact.
During selection of Pegaptanib, only pyrimidines were stabilized by 2′-fluoro modification.
Once a candidate aptamer was discovered, purines were stabilized by 2′-O-methyl-
modification resulting in all nucleotides being protected against nucleases [16]. To increase
half-life and stability, a 40 kDa polyethylene glycol (PEG) was added to the 5′-terminus
along with an inverted 3′-3′-deoxythymidine cap. The target of Pegaptanib is VEGF165, the
most abundant VEGF isoform that regulates vascular permeability. VEGF165 is a
homodimeric protein of two 165 amino acid polypeptide chains and it is critical in blood
vessel formation and in causing the increased permeability involved in vision loss associated
with neovascular AMD [28]. Pegaptanib binds to the heparin-binding domain of VEGF165
and efficiently inhibits VEGF binding to its receptor, resulting in inhibition in the growth of
blood vessels. Recently, a Phase 2/3 study indicated that Pegaptanib is effective in the
treatment of Diabetic Macular Edema (DME) in intent-to-treat analyses of a total of 260
subjects who received 0.3 mg pegaptanib or sham injections every 6 weeks in years 1 and 2
[29]. Pegaptanib continues to be used clinically but also competes with antibody-based
VEGF inhibitors such as Ranibizumab (trade name Lucentis, Genentech Inc, US FDA
proved 2006), a recombinant humanized monoclonal antibody with high affinity for all
isoforms of human VEGF [30].

ARC1905—ARC1905 is an RNA aptamer selected to bind complement component 5 (C5),
an important protein in AMD. The complement system is part of the innate immune system
which is based on a number of proteins produced by the liver. When the system is triggered,
a cytokine cascade is started which recruits inflammatory cells and activates the membrane
attack complex (MAC). Inhibition of C5 prevents the formation of the critical terminal
fragments responsible for tissue pathology. C5 is pro-inflammatory and pro-angiogenic, as
the MAC initiates cell lysis and releases molecules such as PDGF and VEGF. Thus
ARC1905, as an inhibitor of C5, potentially inhibits the inflammation and angiogenic
components of AMD. ARC1905 was selected from a modified RNA aptamer library and
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was later truncated to 39 nt. It is further modified by 5′-PEG conjugation and 3′-capping
[15]. ARC1905 is administered by intravitreal injection and is currently in Phase I clinical
trials by Ophthotech where it is co-dosed with the VEGF-specific antibody fragment
ranibizumab.

E10030—E10030 is a DNA aptamer selected to bind platelet-derived growth factor
(PDGF), a critical protein of maturation and recruitment of pericytes [31]. E10030 was
selected from a DNA aptamer library by SELEX and then subsequently truncated to 29 nt
with further internal modifications for stability and terminal 5′- PEG and 3′-capping for
exonuclease stability [7]. E10030 is currently in Phase II clinical trials for Age-Related
Macular Degeneration.

Clinical Trials of Aptamers in Oncology
AS1411—AS1411 is a 26 nt G-rich DNA aptamer considered to be the first anticancer
aptamer. AS1411 targets nucleolin, a nuclear matrix protein which can be found on the
surface of cancer cells. AS1411 was not discovered by the classic SELEX method, but by a
cell based screen of guanosine-rich oligonucleotides (GRO) that inhibited proliferation
[32,33]. It was later found that AS1411 bound to nucleolin on the plasma membrane.
AS1411 has been demonstrated to be effective in many different preclinical cancer and
animal models such as human breast cancer, lung cancer, pancreatic cancer, and acute
myelogenous leukemia [33-36]. The proposed mechanisms of cell death by AS1411
involves aptamer internalization via nucleolin and subcellular inhibition of nuclear factor-
κB[34] as well as destabilization of the mRNA of the anti-apoptotic protein, B-cell
lymphoma protein 2 (BCL-2) [36]. AS1411 is currently in Phase II clinical trials for acute
myeloid leukemia by Antisoma Research.

NOX-A12—NOX-A12 is one of the aptamers in clinical development by NOXXON
Pharma AG. NOX-A12 was developed by Spiegelmer technology (in German, “spiegel”
means mirror), a chiral-twist of the classic SELEX process where D-RNA aptamers are
screened against the chiral mirror image of the target [37]. Based on the principle of
reciprocal chiral substrate specificity, the reciprocal L-RNA version of the aptamer then
binds to the natural form of the target. The L-RNA aptamer is not recognized by nucleases
and is therefore stable in human plasma for over 60 hours at 37 °C. NOX-A12 was selected
to bind chemokine (C-X-C motif) ligand 12, a chemokine involved in tumor metastasis,
angiogenesis, cell homing, and tissue regeneration [38]. The resulting NOX-A12 is a 45 nt
L-RNA aptamer, conjugated with 3′-terminal PEG, which is currently in Phase I clinical
trials for the treatment of lymphoma, multiple myeloma and Hematopoietic Stem Cell
Transplantation.

Clinical Trials of Aptamers in Diabetes
NOX-E36—NOX-E36 is an L-RNA aptamer, also developed by Spiegelmer technology, to
bind chemokine (C-C motif) ligand 2, a cytokine which is involved in recruiting monocytes,
T-cells, and dendritic cells to sites of injury, infection, and inflammation [39]. NOX-E36
was further truncated to 40 nt and conjugated with 3′-terminal PEG [40]. It has been shown
to significantly reduce glomerulosclerosis of type 2 diabetes in mouse models [41]. NOX-
E36 is currently in a Phase I clinical trial for the treatment of Type 2 Diabetes Mellitus.

PROMISING PRECLINICAL APPLICATIONS OF APTAMERS
The above clinical studies show the promise of aptamers as a new class of therapeutic
agents. The majority of the clinically tested aptamers act as inhibitors, by binding and
inhibiting enzyme activities or protein-protein interactions. However, aptamers also show
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promise in therapeutic targeting or delivery. Below, we discuss some promising preclinical
studies where aptamers have been utilized to target the delivery of nanoparticles,
therapeutics, and imaging agents (Table 2).

Aptamer-targeted Nanoparticle Delivery
Nanoparticles (NPs) are engineered materials ranging in size from 5-200 nm and are being
developed for multiple medical applications [42,43]. They have advantages over traditional
therapeutics such being able to carry a large therapeutic “payload”, accommodating multiple
drug molecules simultaneously, and altering drug biodistribution, resistance, and
pharmacokinetics [44]. NP therapeutics, as well as other therapeutics, can benefit from
targeted delivery and retention within the diseased tissue. Most promising are targeted NPs
which are internalized into the cell following ligand binding (Figure 2). NP targeting has
been achieved with traditional targeting ligands, such as antibodies, antibody fragments, and
peptides. However, aptamers are becoming an excellent choice due to their size, ease of
conjugations, and their ability to evade the immune system. Below, we highlight some
preclinical studies of aptamer-targeted NPs.

AS1411-Targeted Cobalt Ferrite NPs—The AS1411 aptamer, which target nucleolin,
has been conjugated to a cobalt-ferrite NP, surrounded by fluorescent rhodamine. The
resulting conjugate is called MF-AS1411 [45]. This product can also be labeled with 67Ga to
form MFR-AS1411, a multimodal NP probe with potential use in MRI, optical, and nuclear
imaging. In vivo studies using 67Ga SPECT imaging and MRI showed specific MFR-
AS1411 uptake in C6 tumors in nude mice when compared to MFR-AS1411mt, a particle
targeted with a control aptamer. Despite being coated with PEG moieties, high nonspecific
uptake of MFR-AS1411 and MFR-AS1411mt was reported in the liver of injected animals,
which may be due to the size of the particles. Ex vivo fluorescent imaging confirmed NP
uptake in C6 tumors of MFR-AS1411 injected animals as well as the nonspecific uptake in
the liver and intestines. One can foresee the promise of this technology once particle size
can be optimized to minimize nonspecific uptake.

Muc1-Targeted Quantum Dots—Mucin 1 (Muc1) is a glycoprotein found on the
surface of normal epithelial cells and functions as a barrier against microorganisms and
degradative enzymes [46]. In cancer, Muc1 is an attractive target because its expression is
increased by at least 10-fold, when compared to normal tissue, and its distribution pattern
changes at the cell surface [47-50]. DNA aptamers, AptA and AptB, directed against Muc1
were discovered in 2006 [51] and have been implemented in ex vivo imaging and
radiotherapy [52]. Pieve and colleagues radiolabelled both aptamers with 99mTc using the
MAG2 chelator and studied their use in animal models [53]. Imaging signal accumulated in
the tumors, but the tumor/tissue ratios suggest that further development was necessary
before these radiolabeled aptamers can be applied as clinical imaging agents. Savla and
colleagues later attempted to use the Muc1 aptamers to target quantum dots (QDs) [54].
Because QD scaffolds allow one to label a single QD with multiple aptamers, targeting
efficiency may be enhanced by avidity. In a mouse model bearing A2780/AD human
ovarian cancer xenografts, more QD-Muc1 accumulated in the tumors when compared to
non-modified QD. Ex vivo analysis of organs confirmed higher uptake in tumor and lower
accumulation in other organs. This example supports that aptamer targeting may be
improved by the avidity associated with NP decoration.

PSMA-Targeted NPs for Drug Delivery—Prostate Specific Membrane Antigen
(PSMA) is a well established marker of prostate cancer with minimal expression in the
kidney, small intestine, and normal prostate. Unlike PSA, PSMA expression is inversely
related to androgen and its expression is increased after hormone ablative therapy [55,56].
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PSMA is an attractive target since it is expressed in high abundance on the surface of
prostate cancer cells, is known to internalize certain ligands, has enzymatic properties as a
glutamate carboxypeptidase, and is a verified target of a clinically applied imaging agent for
prostate cancer [57]. In 2002 we performed a 2′-fluorpyrimdine RNA aptamer screen and
identified two stabilized RNA aptamers, A9 and A10, which are capable of binding PSMA
with low nanomolar affinity [10]. These aptamers have been applied to several anti-cancer
preclinical targeting studies of NPs, toxins, therapeutics, and small interfering RNAs.

Farokhzhad and colleagues have extensively studied the use of the anti-PSMA A10 aptamer,
or its truncated version A10-3, to target NPs. In a pioneering NP-targeting study, they
demonstrated that the A10-3 aptamer can be used to target poly (lactic acid)-block-
polyethylene glycol (PEG) copolymer NPs to PSMA positive prostate cancer cells. The
resulting NP-conjugate showed 77 fold higher binding to PSMA expressing LNCaP cells
when compared to the untargeted NPs[58]. The A10-3 aptamer was again used to target
modified poly(D,L-lactic-co-glycolic acid) (PLGA) NPs to deliver Docetaxol to prostate
tumors in vivo where complete tumor regression was found in five out of seven mice after a
single intratumoral injection [59]. Further, after systemic administration, A10-3 aptamer-
targeting induced tumor accumulation of PLGA NPs by 3.7 fold when compared to the non-
targeted particle [60]. A similar polymeric formulation has been used to deliver Cisplatin to
PSMA expressing tumors where a dosage of 0.3 mg/kg of aptamer-targeted cisplatin NPs
was more efficacious than a 1mg/kg dosage of free cisplatin [61]. These preclinical studies
show the promise of aptamers as targeting ligands to alter the biodistribution, tumor uptake,
and tumor retention of therapeutic and imaging NP reagents.

Aptamer-Targeted RNA interference
Small interfering RNAs (siRNAs) are 20-28 nt long RNA molecules that can specifically
cause the cleavage of mRNA, through a cytoplasmic pathway known as RNA-interference
(RNAi) [62]. siRNAs are attractive therapeutics because they theoretically have very high
specificity and are applicable to an unlimited range of targets. For example, siRNAs can be
derived for “undrugable” targets such as transcription factors, which have been difficult to
inhibit with traditional small molecule therapeutics. Because of this, siRNA based
therapeutics have been studied in almost every disease model. However, a critical challenge
for RNAi based therapeutics is the efficient delivery of siRNAs to specific tissues or across
the plasma membrane of cells. Aptamers which bind to cell-internalizing-ligands are now
emerging as potential siRNA delivery vehicles. One appealing feature of aptamers is, as
RNA molecules, they can be readily linked to siRNAs by transcription.

A10-Targeted siRNA Therapeutics—RNA interference is particularly attractive in
cancer therapy because there are countless verified oncogene targets which have been
difficult to inhibit by traditional approaches. PLK1 and BCl2 are two pro-survival
oncogenes that are known to be over-expressed in a variety of cancers [63,64]. McNamara
and colleagues, as well as Chu and colleagues, reported in 2006 that PSMA-aptamers could
be used to deliver siRNAs to cancer cells [65,66]. By extending the anti-PSMA aptamer
A10 to include siRNAs against PLK1 and BCl2, these oncogenes could be specifically
targeted and down-regulated in PSMA positive LNCaP cells and tumors. After repeated
intratumoral administration of the A10-PLK1 siRNA chimera, a significant reduction in
tumor volume was observed in PSMA positive xenografts [65]. Several second generation
A10-Plk1 chimeras were later derived to reduce the size of chimeras by 32nt, making those
candidates for chemical synthesis [67 36]. These optimized aptamer-siRNA chimeras were
found to be much more effective, achieving targeted gene knock-down with 100 fold lower
doses. Importantly, these new configurations reveal that the PSMA aptamer can target and
deliver siRNAs after systemic administration. With 10 consecutive intraperitoneal injections
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of A-10-3.2-Plk1 chimera, PSMA positive tumors showed a statistically significant
reduction in size when compared to controls. These results may lead to novel treatments of
other diseases using aptamer-siRNA technology.

A10-3-Targeted Radiation-Sensitizing shRNAs—Other attractive targets for cancer
therapy are cellular repair pathways, which are initiated for cancer cell survival after
chemotherapy or radiation treatment. In order for these approaches to benefit cancer
patients, targeting is necessary to selectively inhibit the repair pathways in cancer cells, but
not in adjacent normal cells or non-target tissues. We recently reported that PSMA-targeted
aptamer-shRNAs (short hairpin RNAs) could be used to attenuate DNA-repair pathways,
leading to tissue-selective sensitization to Ionizing Radiation (IR) therapy [68]. In this study,
A10-3-shRNAs targeting the catalytic subunit of the DNA Protein Kinase (DNAPK) caused
a selective reduction of DNAPK RNA and protein in PSMA positive cells, xenografts, and
human prostate tissues. Intratumorally administered aptamer-targeted DNAPK shRNAs,
combined with IR, dramatically and specifically enhanced PSMA-positive tumor response to
IR. These findings support aptamer-shRNA chimeras as selective sensitizing agents for the
improved treatment of prostate cancer.

Aptamer-Targeted siRNAs for Treatment of HIV—The use of aptamer targeted RNA
interference is not limited to cancer. The HIV envelope glycoprotein gp120 plays an
important role in HIV-1 virus entry into CD4-positive cells. Cell fusion is also initiated by
the interaction of gp120 and CD4. Modified RNA aptamers isolated to bind to gp120 are
selectively internalized into cells expressing HIV-1 gp120 envelope protein [69-71]. Zhou
and colleagues have covalently linked an anti-gp120 aptamer to anti-HIV tat/rev siRNAs
and demonstrated siRNA-mediated gene knock-down and inhibition of retroviral replication.
This strategy is attractive because the aptamer not-only delivers the siRNA, but it also
inhibits gp120/CD4 interaction to block viral infection and spread [71]. In a humanized
mouse model where HIV-1 replication and T cell depletion mimic the human situation, Neff
and colleagues have found that either the anti-gp120 aptamer or the aptamer-siRNA chimera
suppressed HIV-1 replication and prevented the viral-mediated T-cell reduction [72]. In
another approach, Wheeler and colleagues constructed a human CD4 aptamer-siRNA
chimera termed AsiCs, which inhibits HIV in two ways: either by blocking viral entry to
CD4 positive cells or by knockdown of key HIV replication genes [73]. When administered
intravaginally in a humanized mouse model, these constructs inhibit HIV infection in a dose
dependent manner without triggering an immune response. These aptamer conjugates show
promise both to prevent HIV transmission as well as a complement to drugs used in highly
active antiretroviral therapy (HAART) regimens. Importantly, these studies confirm in
different experimental preclinical models and different aptamer-targets, that aptamers can be
utilized to target RNA interference.

Aptamer-Targeted Imaging Agents
Aptamers have properties which make them ideal imaging agents [74]. They are much
smaller than antibodies yet still have similar binding affinities. Aptamers are also non-
immunogenic and can rapidly diffuse from the circulation to interact with their binding
partners. Importantly, they are also rapidly cleared from the bloodstream, resulting in high
target to background ratios in short periods of time. Aptamers can be synthesized with
specific functional groups on 5′- or 3′-termini for site-specific conjugation to imaging
agents. Conjugation to the aptamer-termini generally does not significantly compromise
binding affinity. Nonetheless, modification with chelators or other moieties can be
optimized for better biodistribution and clearance. Preclinical studies of aptamer-targeted
imaging agents have been most successful in cancer, but other disease processes have also
been studied [75-77].
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Elastase-Targeted Nuclear Imaging of Inflammation—The first report using
aptamers for imaging was in 1997 to identify sites of inflammation. In inflammatory-related
diseases, neutrophils invade the inflamed areas and release elastase, an enzyme that can
degrade connective tissue proteins [78]. NX21909, a DNA aptamer which targets elastase,
was fluorescently labeled and validated for specificity in flow cytometry experiments of
neutrophils. Using a rat inflammation model, Charlton and colleagues compared the benefits
of 99mTc-labeled NX21909 aptamer imaging with a clinically proven, broad-
spectrum 99mTc-IgG-based imaging agent [75]. Radiolabelled IgG accumulated in the site of
inflammation, yet clearance from circulation was slow, leading to high background. On the
other hand, radiolabelled NX21909 was able to specifically accumulate in the site of
inflammation while excess NX21909 rapidly cleared from circulation. NX21909 was
therefore able to achieve a peak target-to-background ratio of 4-fold within two hours, as
compared to the IgG agent which only reached a ratio of 3-fold within three to four hours.
Interestingly the absolute intensity was three fold higher in the IgG agent, but this may be
due to the different targeting mechanisms (IgG recruitment to inflammation versus elastase
targeting) or nuclease degradation of the aptamer. Nonetheless, this preclinical study
demonstrated the advantage of using aptamers as imaging agents to obtain high target to
background ratios within hours as compared to antibodies which can take days to achieve
favorable target to background ratios.

Tenascin-C Targeted Nuclear Imaging for Cancer—Tenascin-C is a hexameric
protein found in the extracellular matrix. It is associated with tissue remodeling processes
such as angiogenesis, embryonic development, wound healing, and tumor growth [79-82].
Hicke and colleagues performed a modified RNA-aptamer screen using purified Tenascin-C
and U251 glioblastoma cells in a parallel SELEX strategy [8]. The resulting TTA1 aptamer
was truncated and optimized by structure activity relationship for maximal stability in vivo
and has entered clinical trials in Europe[19]. In preclinical studies, fully stabilized TTA1
aptamer-MAG2 conjugates were used to image mice bearing U251 glioblastoma tumors or
MDA-MB-435 breast tumors by 99mTc SPECT imaging. When compared to the control
aptamer, TTA1 had specific binding which peaked at 10 minutes and then stabilized in the
tumors at 3 hours [83]. A tumor-to-blood ratio of 50-fold was reached within 3 hours and
180-fold at 16 hours post injection of labeled TTA1. Different chelator modifications were
tested for their effects on biodistribution and pharmacokinetics. Interestingly, different
chelators significantly changed biodistribution and clearance of TTA1 without effecting
tumor uptake. This suggests that aptamers can be combined with multiple chelators or
linkers for imaging modalities other than SPECT.

Activatable Fluorescent Aptamer Imaging for Cancer—A recent report described
an activatable aptamer imaging probe based on the sgc8 DNA aptamer which targets a cell
membrane protein on CCRF-CEM cancer cells [84]. This strategy takes advantage of a
unique property where the aptamer is able to adopt a new conformation upon binding of its
target. The optical signal is quenched when in the unbound state, but once the aptamer binds
its target a conformational change occurs which dissociates the quencher from the
fluorophore. The probe sequence was optimized in vitro on target CCRF-CEM cells and
found to have a dissociation constant in the nanomolar-to-picomolar range. When tested in
vivo using mice bearing CCRF-CEM tumors, activation of the fluorophore occurred as early
as 15 minutes post injection and persisted until 180 minutes. This is an attractive new
application for aptamer imaging; however, it remains unclear whether or not this strategy
can be generalized or applied to other aptamers.
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CONCLUSIONS
Aptamers continue to grow as viable clinical agents. They represent a unique class of
molecules that are larger than small molecule drugs, but smaller than antibodies.
Importantly, they have unique pharmacokinetic properties which could be exploited for
various purposes. One highly attractive feature of aptamers is they appear to be non-
immunogenic. Moreover, they are amendable to chemical modification and bioconjugation
to various moieties such as nanoparticles, imaging agents, siRNAs and therapeutic drugs. As
discussed above, they are proven clinically as inhibitors with great promise as targeting
ligands for treating or diagnosing cancer, HIV, and other diseases.

As with any pharmacologic agent, aptamer translation faces some obstacles. One initial
decision is which nucleic acid sugar is best suited for the specific application. Both DNA
and RNA aptamers are capable of binding a target with high specificity and selectivity. RNA
aptamers are able to form more stable 3D structures due to the strong intrastrand RNA-RNA
interactions, yet DNA aptamers have better chemical and thermodynamic stability due to its
B-form helix structure. Therefore, RNA aptamer pools may yield more structurally distinct
agents resulting in a quicker selection. However, this may comes at a cost since RNA
aptamers require modified oligonucleotides. The cost to produce aptamers containing the
commonly used modified oligonucleotides for stabilization is rather expensive, although the
cost is decreasing. For example, the cost of 2′-fluoro, 2′-ribo and 2′-O-methyl RNA
phosphoramidites are approximately $20 per gram[85]. Increased demand or new synthesis
technology will likely further reduce these costs. Another current barrier is the difficulty to
synthesize longer modified aptamers. Current oligonucleotide synthesis technology is
limited to 50-60 nt making the larger aptamer siRNA chimeras difficult to translate into
clinical practice as chemically produced agents. Advances in nucleotide synthesis
technology will likely also overcome this limitation.

In summary, aptamers offer a very promising and unique technology with a bright future in
clinical diagnostics and therapeutics. Their rapid development over the last two decades is
notable and we anticipate that they will become a standard tool for clinicians in the near
future.
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Figure 1.
Generation of aptamers by SELEX. I) Aptamer pools are incubated with target for binding.
II) Targets are thoroughly washed to remove non-binding species. III) Target-bound
aptamers are eluted from the target. IV) Amplification of candidate aptamers by PCR
(DNA) or RT-PCR and transcription (RNA). Steps I-IV is repeated for multiple rounds to
deplete non-binders and enrich for target-binders. Following the final round of selection,
binding nucleotides are cloned and sequenced to determine the specific nucleotide
composition.
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Figure 2.
Use of aptamers to target cell surface ligands. A) Aptamers can be conjugated to various
agents such as nanoparticles, imaging agents, or siRNAs in a site-specific manner. B)
Aptamer-targeted therapeutics or imaging agents can be captured on the surface of cells or
in specific tissues. C) Receptor-mediated internalization of aptamer conjugates can result in
intracellular delivery and accumulation.
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