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Abstract

Exploiting the power of the RNAI pathway through the use of therapeutic siRNA drugs has
remarkable potential for treating a vast array of human disease conditions. However, difficulties in
delivery of these and similar nucleic acid-based pharmacological agents to appropriate organs or
tissues, remains a major impediment to their broad clinical application. Synthetic nucleic acid
ligands (aptamers) have emerged as effective delivery vehicles for therapeutic oligonucleotides,
including siRNAs. In this review, we summarize recent attractive developments in creatively
employing cell-internalizing aptamers to deliver therapeutic oligonucleotides (e.g., SIRNAS,
miRNAs, anti-miRs and antisense oligos) to target cells. We also discuss advancements in
aptamer-siRNA chimera technology, as well as, aptamer-functionalized nanoparticles for sSiRNA
delivery. In addition, the challenges and future prospects of aptamer-targeted oligonucleotide
drugs for clinical translation are further highlighted.

When RNA. was first described in mammals about a decade ago [1], there was a great deal
of enthusiasm that siRNAs, the effector molecules of the RNAI pathway [2], could be the
next new class of drugs. The broad therapeutic potential of SIRNAs stems from their ability
to deplete the expression of virtually any gene in the genome, thus providing a means of
inhibiting established target genes that have proven “undruggable’ with other approaches.
However, enthusiasm waned when it was realized that getting sSiRNAs to work as drugs was
not as straightforward as originally thought. Fortunately, after substantial efforts to address
problems with cellular uptake, considered a major obstacle to the clinical translation of
SiRNAS [3,4], there is now renewed and well-deserved optimism about RNAi-based drugs.
Over the past year, Phase | and 11 studies have shown promising gene silencing and/or
clinical benefit for several liver pathologies caused by aberrant gene expression including:
hypercholesterolemia, transthyretin-related amyloidosis, hepatitis C, and liver metastasis [5—
8]. Although promising, the application of siRNAs for treating other nonhepatic diseases
still remains elusive. In these other clinical settings, human trials have highlighted the need
for robust delivery techniques that will enable the application of RNAI therapeutics to
increasingly complex disease and organ systems. In recent years, several approaches to
enhance delivery of SiIRNAs to target tissues (besides the liver) in vivo have been
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investigated [9,10]. Among targeted approaches, aptamers (synthetic DNA/RNA ligands)
are emerging as one potential solution to the problem of siRNA delivery to specific cell-
types [11-14].

Since the first description of aptamer technology over 20 years ago [15-17] significant
progress has been made in the development of aptamers for therapeutic or diagnostic
applications. Over the years, methodological improvements, such as automated and
microfluidic-based selections, have enabled researchers to select and characterize aptamers
to multiple targets within a few weeks to days [18,19]. However, traditional selection
techniques are still more commonly used and usually require several months before
candidate aptamers can be identified. Recently, multiple research groups have used living
cells to identify cell- and receptor-specific aptamers [20-29]. Because these aptamers bind
to cell-surface proteins in their native state, they can be exploited for target validation, target
inhibition and delivery of a variety of therapeutic agents into the cell. To date, aptamers for
hundreds of targets have been discovered and investigated. For a complete list of these
aptamers we refer you to the reviews by Keefe et al. [30] and Sundaram et al. [31] and to the
aptamer database maintained by the Ellington laboratory [201]. The use of aptamers as
therapeutics was first demonstrated in 1990 by Sullenger et al. [32]. Since then, one aptamer
drug, Macugen® (pegaptanib) has been approved by the US FDA for the treatment of age-
related macular degeneration. Importantly, several other aptamers are being evaluated
clinically [30,31,33]. As more therapeutic aptamers make their way into the clinic, the
prospect of aptamer-based therapeutics is increasingly more tangible.

While aptamer-based delivery approaches have yet to be thoroughly evaluated in a clinical
setting, many outstanding preclinical studies have demonstrated the potential of exploiting
aptamers as delivery agents for RNAi-based therapeutics [34—40]. This review will provide
an overview of these studies with a focus on recent advances in aptamer-based siRNA
delivery technology (also referred to as aptamer-siRNA chimera [AsiC] technology)
(Table 1), as well as, novel developments in aptamer-targeted nanoparticles for SiRNA
delivery.

RNA-based therapeutics: advantages, challenges & progress

AsiC technology has important advantages over other approaches (e.g., protein-based or
other multicomponent conjugated methods) including its simplicity (single-component
system), ease of manufacturing, promising safety profile, robust serum stability and tissue
penetrability. Multiple in vivo studies involving low dose (<1 mg/kg), systemic
administration of AsiCs have reported efficacy, highlighting the promise of this approach
[34,35,39]. Despite the demonstration that aptamers are effective drugs, several challenges
common to most oligonucleotide drugs, must be overcome before aptamer-targeted sSiRNA
reagents can be broadly translated [11,12,14]. These include:

W Susceptibility of unmodified RNAs to nuclease-mediated degradation;

M Potential toxicity due to non-specific immune stimulation and/or unintended off-
target/on-target effects of aptamers and siRNAs;

M Current state of synthesis/conjugation technologies and large-scale production of
long, modified RNAs;

M Rapid renal clearance of small molecular weight RNAs;

W Inefficient cellular uptake and intracellular processing of endosome-targeted RNAs
(e.g., endosomal escape and processing by the RNAi machinery).

Ther Deliv. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dassie and Giangrande Page 3

Here we will briefly discuss these challenges and highlight solutions that have been
successful at overcoming several of these hurdles.

In its native, unmodified form, RNA is rapidly degraded by serum nucleases. To increase its
stability in human serum, RNA can be modified at several positions [41-43]. The most
commonly used chemical modifications are:

W Substituting S for O in the phosphate backbone (to produce RNAse-resistant
phosphorothioate [PS] linkages);

W Substituting 2’-fluoro (2/-F), 2’-O-methyl (2-OMe), or 2-/O-methyoxyethyl (2’MOE)
for the 2’-OH in the ribose;

W A 2/-0, 4-C methylene bridge modification known as a locked nucleic acid
[30,42,44-46].

PS, 2’-F and 2’-OMe modifications have been used extensively in clinically tested and FDA-
approved oligonucleotide drugs [31,43]. The 2-OMe substitution occurs naturally in rRNA
and tRNA and is therefore safe, and the 2’-F substitution is also well-tolerated [42]. Heavily
PS-modified nucleotides (nt) are sticky and, while this modification promotes binding to
serum proteins, leading to longer serum retention times, it is often associated with unwanted
side effects. In contrast, lightly modified PS-RNAs are not toxic while still retaining the
benefits imparted by the PS modification [42,44]. Chemical modifications have also been
shown to decrease nonspecific immune stimulation and off-target effects, thereby decreasing
the overall toxicity of modified RNA drugs [43,47,48]. For a more comprehensive
discussion of these chemical modifications and their application we direct you to the reviews
by Keefe and Cload [49], and by Behlke [42,43]. To date, the 2’-F modification is the
chemical modification that has been more extensively applied to AsiC technology.

The success of any therapeutic will ultimately depend on the ease with which it can
successfully be produced on a large scale. Currently, both DNA and RNA oligonucleotides
are manufactured via phophoramidite solid-phase chemical synthesis. Although highly
effective, the fidelity of this process is inversely correlated with the length of the
oligonucleotide being synthesized [50]. Therefore, any aptamer-based RNAI therapeutic
must use the shortest sequence possible (generally, under 60 nt in length) if it is going to be
evaluated clinically. Therapeutic aptamers have typically been truncated post-selection using
a trial-and-error process, which can often be time consuming and inefficient. However,
recent studies have described computer-guided approaches that promise to streamline the
process of aptamer truncations and expedite the design of functional AsiCs [21,51].
Fortunately, continued advances in nucleic acid synthesis and conjugation technologies are
expected to make the large-scale GMP synthesis of AsiCs greater than 60 nt in length, both
feasible and economical in the not so distant future [12].

While shorter aptamers and AsiCs are currently more amenable to large-scale chemical
synthesis, their smaller size decreases serum circulating times by promoting rapid renal
clearance [30,52]. Most clinically relevant aptamers are approximately 10-20 kDa in size,
resulting in excretion via the kidneys. Thus, in order to optimize the bioavailability/
circulating half-life, the overall size of the aptamer therapeutic must be increased without
modifying the length of the aptamer sequence itself. To accomplish this, aptamers have been
conjugated to various macromolecules including PEG and cholesterol [53-55]. Similar
approaches to improve the pharmacokinetics of AsiCs have been described [34]. While these
initial studies are encouraging and suggest that the PEG modification can be used to
stabilize AsiC drugs in vivo, the optimal size PEG or macromolecule will have to be
evaluated empirically for any given application.
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A final consideration for any RNAi-based therapeutic is that of its intracellular processing
[3,11,13,14,43]. Important considerations, with regards to efficient intracellular processing,
are the subcellular localization and the ability of the RNA drug to be recognized and
processed by the RNAi machinery. Most siRNA-delivery approaches direct/concentrate the
siRNAs in endosomes. This is also true for the aptamer-targeted siRNA-delivery approach.
Thus optimizing this step by facilitating or enhancing endosomal escape will undoubtedly
increase the efficacy of the RNAI drug. Although different conjugates exist for this purpose
(e.g., proton sponges) [56], to date, little work has been done to investigate the benefits of
these approaches for enhancing endosomal escape in the context of AsiC technology. In
addition, several studies have demonstrated that RNAi processing can be improved through
slight alterations in the design of their SiRNAs [34,57]. In one study, the modifications to
improve the silencing potency of a SiRNA in the context of an AsiC, translated into a 100-
fold increase in silencing of the siRNA target gene [34]. Continued progress towards
optimizing the in vivo disposition (serum stability, biodistribution and pharmacokinetics)
and efficacy (targeting and silencing efficiency) of aptamer-siRNA drugs is likely to
expedite the development of a clinically viable aptamer-targeted RNAI therapeutic.

Aptamer-siRNA cancer therapies

The first aptamer-targeted siRNA drug was described in 2006 [58]. This AsiC was designed
to target a cytotoxic, cancer-specific SiRNA to prostate cancer cells. Since then, many
groups have harnessed and expanded on this approach to develop AsiCs with the ability to
target different cancers (by varying the aptamer) [59-61], deliver sSiRNA drugs as
neoadjuvant therapy (by varying the siRNA) [40,62] or deliver tumor-immunity-enhancing
SiRNAs (by varying the siRNA) [35]. These studies highlight the flexibility and broad
clinical potential of the AsiC platform. By changing the aptamer, the AsiC platform
challenges the delivery roadblock that has thwarted the application of RNAi-based therapy
to most diseases, including cancer. In contrast, by interchanging the siRNA, the choice of
genes to be silenced can be adjusted depending on the therapeutic need or the molecular
characteristics of a diseased cell, rendering this approach ideal for personalized therapy
(e.g., cancer therapy) or for treating diseases with a high mutational rate (e.g., cancer, HIV).
In this section, we elaborate on the various studies that have employed AsiC technology as
either a cytotoxic, neoadjuvant or immune-therapy for the treatment of various cancers.

Cytotoxic AsiC drugs

The initial study to describe AsiC technology designed their chimeric RNA drug to impart a
cytotoxic insult to the target cancer cells. In this study, McNamara et al. synthesized AsiCs
by covalently linking a previously described RNA aptamer (A10) [63], which binds to
prostate specific membrane antigen (PSMA) expressed on the surface of prostate cancer
cells, to siRNAs directed against prosurvival genes Plk1 and B-cell lymphoma 2 (Bcl2),
known to promote the growth and survival of prostate cancer cells (blunt in Figure 1) [58].
The authors showed that when added to prostate cancer cells that express PSMA, the Plk1
and Bcl2 AsiCs bind to the cell surface target (PSMA), undergo receptor-mediated
endocytosis and deliver the cytotoxic sSiRNA cargo to the RNAi machinery. The authors
confirm processing of the PIk1 and Bcl2 AsiCs by the RNAi machinery by showing that the
reduction of the Plk1 and Bcl2 transcripts is through an Ago2-mediated event. Importantly,
the authors went on to show that silencing of the PIk1 prosurvival gene in these cells
resulted in death of the cancer cells in culture and in a xenograft mouse model of PSMA*
prostate cancer. Although the RNA drug was delivered intratumoraly in this study, the
therapeutic potential of this chimeric RNA drug stems from its exquisite selectivity: aptamer
targets PSMA on cancer cells while delivering a cancer specific siRNA cargo. This dual
level of specificity is imperative for developing effective cancer therapies with low-to-no
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toxicity to normal tissues. Thus, this work was an important first step in developing a one-
component (all RNA), highly specific therapeutic approach for RNAI.

In a follow up to this study, Dassie et al. made several modifications to the original A10-
PIk1 AsiC in order to achieve therapeutic efficacy following systemic administration [34].
First, the aptamer portion of the first-generation AsiC was truncated from 71 to 39 nt in
order to enable its large-scale chemical synthesis. Next, the sSiRNA was modified to increase
its silencing potency. First, a 2 nt overhang on the 3’-end of the guide strand was included to
increase Dicer recognition and overall RNAI processing (S-OVH in Figure 1). Second, the
position of the guide and passenger strands relative to the original design were swapped
(SWAP in Figure 1). This positioned the 2 nt overhang at the 3’-end of the guide strand,
thereby increasing strand bias, thus favoring loading of the desired guide strand into the
RNA induced silencing complex (RISC). These modifications resulted in a second-
generation AsiC (SWAP) that was 100-fold more potent at silencing its SiRNA target in
cells in culture. Importantly, the SWAP AsiC demonstrated therapeutic efficacy following
systemic administration (intraperitoneal injections) in a xenograft mouse model of prostate
cancer. To further optimize the in vivo disposition of the chimeric RNA drug, the authors
conjugated a 20-kDa PEG to the 5-end of the siRNA passenger strand. This modification
was intended to increase the serum circulating half-life of the chimeric RNA drug and
provide stability from terminal nucleases. The authors performed extensive in vitro studies
to confirm that the addition of the terminal PEG did not affect the ability of the chimeric
RNA drug to undergo cell-internalization or to be processed by the RNAi machinery. As
anticipated, conjugation of the 20 kDa PEG to the SWAP AsiC prolonged its circulating
half-life (from minutes to several hours). Importantly, this modification significantly
increased the in vivo efficacy of the AsiC, allowing the authors to decrease the therapeutic
dose from ~1.4 to ~0.4 mg/kg and perform fewer administrations of the drug (five injections
instead of ten). This study was the first demonstration that AsiC therapeutic technology has
the potential to be translated clinically for treating diseases, which require intravenous
delivery of the drug.

While the Giangrande group sought to improve efficacy of their AsiC primarily through
modifications of the sSiRNA component, Wullner and colleagues demonstrated that altering
the design of the aptamer/targeting component could also lead to a more effective AsiC [64].
To this end, the authors designed bivalent AsiCs by linking two PSMA aptamer (A10-3)
monomers with a double-stranded RNA linker sequence [63]. The authors also compared
different bivalent AsiC designs. One design incorporated the EEF2 siRNA sequence as part
of the double-stranded RNA linker (bivalent in Figure 1). The second design placed an
EEF2 shRNA sequence at the 3’-end of one of the monomers. The latter design is of interest
as it can be adapted to deliver multiple therapeutic SIRNAs/shRNAs at once. Both AsiC
designs were shown to accelerate PSMA recycling and thus, enhance uptake of the EEF2
SiRNA/shRNA into the target cells. Importantly, when incubated with PSMA+ cells these
reagents were found to be more effective at silencing the siRNA target gene, than a
monomeric A10-3/EEF2 AsiC. While encouraging, future studies addressing the in vivo
efficacy of bivalent AsiCs are warranted.

The PSMA AsiC proof-of-concept studies are important for demonstrating the feasibility of
the aptamer-mediated siRNA delivery approach; however, evidence that this technology can
be broadly applied to treating various cancers came with the demonstration that aptamers
directed against other cancer antigens can also function in the context of AsiCs. In one of
these studies Hussain et al. designed a cytotoxic AsiC that used a previously described
aptamer [65] targeting the a\V/B3 integrin [60]. Elevated surface expression of this integrin
has been reported in several cancers including cancers of the cervix [66], brain [67] and
prostate [68]. The authors covalently linked the aVB3 integrin aptamer to a SiRNA directed
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against the EEF2 gene transcript. When administered to cells in culture, the aVV33-EEF2
AsiC resulted in selective death of aVB3* cancer cells. Importantly, the authors
demonstrated that the aVB3-EEF2 AsiC was effective at inhibiting growth of several aVf3*
cancer cell lines including: prostate cancer (PC3), brain cancer/glioblastoma (U-87 MG),
and cervical cancer (SiHa) cells. While promising, future studies are necessary to evaluate
the efficacy and safety of this approach in preclinical, animal models of cancer.

In a different study, Zhou et al. described the use of AsiC technology to treat non-solid
cancers [59]. In this study, the authors identified a 2’-F-modified RNA aptamer (R-1APT)
that binds to the BAFF receptor (BAFF-R) with high affinity and specificity. High
expression of BAFF-R has been demonstrated in various B-cell malignancies, such as non-
Hodgkin's lymphoma (NHL) [69]. The authors demonstrated that R-1APT behaved as an
antagonist by interfering with the binding of the endogenous BAFF-R ligand to its receptor.
Importantly, this resulted in inhibition of tumor growth in the absence of any added
therapeutic cargo. The authors went on to develop a dual-function AsiC by covalently
linking the inhibitory aptamer to a cytotoxic siRNA directed against STAT3 transcript. The
AsiC was found to inhibit BAFF mediated proliferation to the same degree as the R-1APT
aptamer alone, demonstrating that sSiRNA conjugation does not interfere with the function of
the aptamer. Further studies demonstrated that this reagent could effectively deliver its
siRNA cargo and decrease expression of STAT3. However, decreased STAT3 expression
had no additional effect on cellular proliferation or apoptosis. While inhibition of STAT3
has been described to promote cell death in some settings, the precise mechanism and effect
of STAT3 inhibition in other settings (e.g., NHL cells) is not well understood. The authors
suggest that inhibition of STAT3 in NHL cells may increase sensitivity to
chemotherapeutics. However, this was not directly assessed. Importantly, this study provides
additional evidence of the broad potential of AsiC technology.

More recent examples of cytotoxic AsiCs for cancer therapy have been developed by
conjugating cancer-targeting aptamers to miRNAs. A single miRNA has the advantage of
targeting multiple transcripts, thus it can alter the expression profile of numerous genes
simultaneously [70]. miRNAs have been extensively described in cancer and several studies
have proposed that delivering miRNA mimics or anti-miRs to cancer cells can have a
dramatic effect on cancer growth and survival [71]. Esposito et al. were the first to describe
an RNA aptamer-targeted delivery of a miRNA. In a presentation given at the 4th RNAI
Research and Therapeutics Conference in San Francisco, deFranciscis described a dual-
function aptamer-miRNA chimera (AmiC) for treating cancers of the lung. The dual-
function AmiC consists of an inhibitory RNA aptamer, directed against the RTK AxI, which
is covalently linked to the miRNA, let-7g (miR in Figure 1). The aptamer had been
previously selected for its ability to inhibit the kinase activity of Axl, leading to a reduction
in the growth and motility of cancer cells [72]. Similarly, re-introduction of the let-7g
miRNA into cancer cells was shown to decrease the expression of several known
prosurvival gene targets (N-Rasand Bcl-XL) leading to cancer cell death. DeFranciscis
demonstrated the combinatorial effect of the dual-function AmiC by confirming that when
delivered simultaneously the aptamer and the miRNA were more effective at inducing cell-
specific apoptosis than either treatment alone. Importantly, the work by deFranciscis and
colleagues is the first demonstration of in vivo efficacy of an AmiC following systemic
administration in a xenograft mouse model of human lung cancer. Another important
contribution of this work is the demonstration of design flexibility and broad clinical
potential of the aptamer-targeted RNAI platform. By swapping the Ax| aptamer with the
PSMA-specific A10 aptamer (PSMA-let-7g AmiC), deFranciscis and colleagues were able
to demonstrate efficient delivery of the let-7g miRNA to PSMA* prostate cancer cells.
Similarly, conjugation of a different therapeutic miRNA (miR-16) to the AxI aptamer
resulted in a functional AxI-miR-16 AmiC capable of efficient cell-targeted miRNA
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delivery. The contribution from this study is significant because it highlights the flexibility
of the aptamer-delivery platform for developing novel and effective cancer therapies and
thus constitutes critical progress towards addressing an unmet need in the field. Taken
together, these studies highlight the utility of the aptamer-based delivery technology as a
cytotoxic therapeutic modality for the treatment of various neoplasms.

Neoadjuvant AsiC therapy

While monotherapy can be a powerful approach for eradicating cancer, many cancer patients
are currently given multiple treatments (combination therapies), such as radiation in
combination with chemotherapy, to increase the success of eradicating their cancers.
Towards this end, Ni et al. adapted the aptamer-delivery technology to target
radiosensitizing siRNAs to prostate cancer cells prior to treatment with the established
oncologic treatment of ionizing radiation (IR) [40]. It is known that IR induces DNA double
strand breaks that, if not repaired via cellular DNA repair pathways, elicit cell death. Thus,
the authors performed a high-throughput siRNA screen in order to identify siRNAs that
could inhibit DNA repair and induce radio-sensitivity. From this screen, they identified a
siRNA that targets the DNAPK gene. They then engineered an AsiC by covalently linking
the DNAPK siRNA to a truncated version of the PSMA A10 aptamer (A10-3) [63]. This
study employed a different AsiC design, from the studies detailed above. Similar to the
design first reported by Wullner and colleagues [64], the authors conjugated a ShRNA, and
not a 21-27-mer double-stranded duplex, to the aptamer (Figure 1). This allowed the AsiC
to be synthesized from a single RNA strand, rather than having to anneal the short
complementary siRNA strand to the AsiC, as is done with conventional AsiC designs. The
PSMA-DNAPK AsiC was capable of delivering the shRNA in a cell-specific manner both in
vitro and in vivo. Importantly, when this AsiC was administered (via intratumoral injections
in a xenograft mouse model of prostate cancer) as a neoadjuvant to IR treatment, it
significantly increased the radiosensitivity of all tumors assessed. Consequently, AsiC
treated tumors showed an impressive tenfold reduction in growth rate compared with control
treated tumors. Given that IR treatment is the standard-of-care for recurrent late-stage
prostate cancer, radiosensitization via neoadjuvant treatment with PSMA-DNAPK AsiCs
has the potential to significantly improve clinical outcomes.

In a further attempt to demonstrate the use of AsiC drugs as neoadjuvants for cancer
therapy, Thiel et al. described the use of cell-specific RNA aptamers to selectively deliver
chemo-sensitizing siRNAs to HER2™" breast cancer cells [62]. In the study by Giangrande
and colleagues, addition of HER2-specific AsiCs to HER2™ breast cancer cells in culture
increased the sensitivity of these cells to low-dose cisplatin. The AsiCs were engineered by
coupling various HER2-specific aptamers to siRNAs directed against Bcl2. When applied to
cells in culture, the HER2-Bcl2 AsiCs internalized via a HER2-dependent, receptor-
mediated endocytic mechanism and silenced Bcl2 expression as measured by RT-gPCR and
Ago?2 cleavage of the siRNA target gene. This resulted in moderate cell death. In contrast,
when given as a neoadjuvant with the chemo-therapeutic cisplatin, the HER2-Bcl2 AsiCs
increased sensitivity to low-dose cisplatin (albeit to varying degrees) resulting in an increase
in cell death. Importantly, this study described the first application of the aptamer selection
process termed, cell-internalization systematic evolution of ligands by exponential
enrichment (SELEX). This modified SELEX approach was developed to favor the
identification of RNA aptamers with the ability to internalize into specific cell types.
Because, the cell-internalization SELEX approach can be performed on any cell-type of
interest, in principle, this could result is a repertoire of aptamers for delivering a therapeutic
cargo (e.g., SIRNAs/miRNAS) to any diseased cell. Thus, the approach described by
Giangrande and colleagues, which couples cell-based methodologies with novel
bioinformatics analyses, is significant because it provides a platform for identifying cell-
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targeted aptamers for the broad application of targeted-RNAI therapeutics. Indeed, the
application of this selection platform to cancer is paramount given the cell-type multiformity
of this disease.

The studies by Lupold, Giangrande and colleagues expand the scope of AsiC technology as
a cancer therapeutic modality. Reduced sensitivity and acquired resistance to therapy are
common complications of many cancers that warrant the development of novel more
effective therapies. The use of cell-targeted AsiCs as neoadjuvants for cancer therapy has
the potential to greatly improve clinical outcomes for patients with unresponsive or
refractory cancers.

AsiC-based immunotherapy

In a groundbreaking study by Gilboa and colleagues, the aptamer-targeted delivery
technology was adapted to develop AsiCs for cancer immunotherapy [35]. In order to
successfully mount an immune response against tumors, unique antigens must be expressed
by tumor cells to distinguish them from normal cells. As a way to avoid an immune attack,
cancer cells intercede with the nonsense-mediated mMRNA decay (NMD) pathway to prevent
expression of aberrant mMRNASs containing premature termination codons, commonly
expressed in these cells [73]. Gilboa and colleagues used AsiC technology to show that cell-
targeted inhibition of the NMD pathway promotes the generation of unique antigens
expressed on the surface of cancer cells that can be recognized by the immune system as
foreign. This recognition results in the specific destruction of the cancer cell. The authors
conjugated the PSMA A10 aptamer [63] to siRNA directed against genes implicated in the
NMD pathway (Upf2 and Smgl). Silencing of both of these genes resulted in the expression
of aberrant epitopes on the surface of the target cells in vitro. Importantly, the authors
demonstrated therapeutic efficacy following systemic administration of the AsiCs in an
immune-competent mouse model of prostate cancer. Of note, therapeutic efficacy was
sustained following tumor challenge, implicating an AsiC-specific, immune-mediated
response against the tumors and was more effective than vaccination with GM-CSF-
expressing irradiate syngeneic tumor cells (GVAX®) [74], an established
immunomodulatory approach. The authors went on to confirm that the mechanism of tumor
inhibition was immune-mediated as silencing of Smg1l had no effect on tumor burden in an
immune-deficient mouse model. This study, was also the first to demonstrate the
effectiveness of RNA AsiCs in treating the underlying cause of cancer mortality, metastasis.
To date, this is the only study to apply the AsiC technology to cancer immunotherapy.

RNA aptamer-siRNA therapies for HIV

Since the first demonstration that aptamers can be used to target siRNAs to specific cell-
types (e.g., cancer cells) in vivo, efforts from several groups have focused on expanding the
aptamer-delivery technology to develop RNAi-drugs for the eradication of diseases other
than cancer [36-39,75]. Due to the availability of aptamers against HIV and HIV host
factors, it became possible to evaluate RNAI drugs for the treatment and prevention of HIV
infections. In this section, we will discuss the various studies that have used aptamer-
delivery technology to develop RNAi-based drugs for the treatment or prevention of HIV.
We will also highlight design optimizations and delivery formulations to streamline the
development and enhance the efficacy of AsiCs in vivo.

HIV AsiC therapy

In 2008, Rossi and colleagues described an AsiC for the treatment of established HIV
infections [57]. This AsiC was engineered by covalently linking a neutralizing aptamer
directed against the HIV glycoprotein (gp120) [76], to a SiRNA targeting tat/rev, two viral
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genes which drive viral replication. Treatment of HIV-infected cells with the HIV AsiC was
shown to decrease HIV-1 replication, as well as, overall viral infectivity in vitro.
Importantly, this was the first study to develop a dual-function AsiC, where both the
aptamer and the siRNA have therapeutic properties. Furthermore, binding of the aptamer to
gp120 expressed on infected T-cells results in the uptake of the aptamer and its therapeutic
SiRNA cargo into the cells. Silencing of tat/rev viral transcripts in the infected T-cells was
shown to abrogate viral replication. A significant contribution of this work was the
development of a one-component reagent with the ability to reduce HIV infectivity while
simultaneously inhibiting viral replication in pre-infected T cells. An additional contribution
of this work was the use of Dicer substrate (DS) siRNAs (DsiRNAs) linked to the 3’-end of
the aptamer (DS in Figure 1). DsiRNAs differ from standard siRNAs in the length of the
duplex. Previous studies by the same group demonstrated that a longer duplex (27-mer) is a
better substrate for Dicer compared with the standard 21-mer siRNA duplex [77]. Enhanced
Dicer recognition translates into more efficient loading of the siRNA duplex into RNA-
induced silencing complex and improved silencing efficiency. Based on these findings, the
authors concluded that AsiCs composed of DsiRNAs are more efficiently processed by the
RNAI machinery compared with aptamer-siRNA (23-mer) AsiCs.

A subsequent study by the same group identified novel neutralizing aptamers to gp120 and
also described a “sticky-bridge' approach for appending siRNAs to the aptamer [78]. The
“sticky-bridge' approach consists of a poly-carbon linker positioned at the 3’-end of the
aptamer, followed by a 16-nucleotide GC-rich (stick) sequence (stick in Figure 1). The
carbon linker adds rigidity to the aptamer, decreasing the likelihood that the inclusion of
additional sequences would interfere with proper aptamer folding. The 16-nt GC-rich
sequence was designed to allow facile interchange of any siRNA sequence for another, by
simply adding the complementary 16-nt sequence to the desired siRNA. This strategy is
compelling given the high mutagenic rate of HIV. In principle, the “sticky-bridge' approach
can accommodate the inclusion of next-generation sSiRNA drugs into AsiCs, in order to
rapidly target those mutant virions that developed insensitivity to the first-line AsiC
treatment.

In a 2011 follow up study, the same group demonstrated initial proof of in vivo efficacy of
an HIV AsiC. Here, Neff et al. evaluated the ability of the first-generation gp120 AsiC (non-
stick form) [57] to reduce viral load in a humanized Rag2™~ yc™/~ (Rag-hu) mouse model of
HIV [39]. The gp120 AsiC was delivered by systemic administration to mice with
established HIV infections. Of significance, viral loads in treated mice were decreased to
below detectable levels after 5 weekly intravenous AsiC injections of 0.38 mg/kg. In
addition, AsiC treatment also protected mice from a decline in CD4" helper T cells, the
contributing factor to morbidity and mortality in humans. This was specific for the gp120
AsiC and was not observed with a control AsiC composed of a nonbinding, mutant gp120
aptamer conjugated to the tat/rev DSiRNA. While treatment with the gp120 aptamer alone
was capable of significantly decreasing viral loads, conjugation to the anti-tat/rev DsiRNA
increased the duration of HIV suppression. The AsiC was therefore, more effective overall
than the aptamer alone. Importantly, this was the first in vivo demonstration of an effective
dual-function AsiC.

In a subsequent study, Rossi and colleagues evaluated the in vivo efficacy of their second-
generation “sticky-bridge' AsiCs (stick; Figure 1) [38]. Using the aptamer-stick sequence
previously described by them, the authors were able to readily engineer three distinct
therapeutic AsiCs. Each AsiC differed only by the DsiRNA that was covalently linked to the
gp120 aptamer via the stick sequence. One DsiRNA was designed to silence the expression
of HIV tat/rev (HIV stick AsiC previously described by the authors). The other two
DsiRNAs were designed to silence the expression of essential host-derived proteins, CD4
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and transportin-3, integral players in promoting HIV infectivity. What was unique about this
in vivo study was the use of chemically synthesized rather than in vitro transcribed reagents.
This is of importance since preclinical studies performed with chemically synthesized RNA
oligonucleotides promise to expedite the future clinical development of these RNA drugs.
Using the Rag-hu mice as a model for HIV infection, a reduction in the viral load and a
subsequent increase in CD4* helper T-cells was observed, particularly when the three AsiCs
were used in combination. The studies by Rossi and colleagues highlight the power of AsiC
technology as a therapeutic modality for the treatment of established HIV infections. In
addition, these studies significantly advanced the field as a whole by describing
optimizations for streamlining the design of high-potency, therapeutic AsiCs.

Prophylactics for HIV

To date, considerable effort has been placed on employing AsiC technology to develop
therapeutics for eradicating established disease (e.g., HIV and cancer). However, for those
diseases that can be easily transmitted from person to person, such as HIV, another effective
strategy is prevention, by means of a prophylactic approach. To this end, Wheeler et al. were
the first to describe AsiCs as prophylactic agents against HIV [36]. In this study, an RNA
aptamer to CD4 [79] was used to deliver anti-HIV siRNAs to CD4* T cells (HIV target
cells). The authors described two AsiCs, differing only in the SiIRNA sequence that was
conjugated to the CD4 aptamer. One AsiC used an siRNA designed to decrease expression
of C-C chemokine receptor type 5 (CCR5), a protein on the surface of white blood cells that
is critical for enabling HIV entry into cells. The other AsiC was designed to deliver an
siRNA to silence the expression of the HIV gag and vif genes, required for viral replication.
Both AsiCs were effective at cell-specific targeting and gene knock down invitroand in
vivo. Importantly, intravaginal application of these AsiCs in a humanized mouse model
prevented transmission of HIV.

In a follow up study, Wheeler et al. described the durability of gene silencing by the HIV
AsiCs [37]. The authors observed that two AsiC treatments, administered 24 h apart, were
sufficient to achieve silencing and protection from HIV infection. Importantly, silencing
persisted for several weeks following treatment. The implications of this study are
significant, as durable treatments (i.e., ones that do not have to be administered frequently),
like the one describe by Lieberman and colleagues, increase the likelihood of patient
compliance and consequently the efficacy of the prophylactic agent. In the same study, the
authors employ an FDA approved hydrogel (hydroxyethyl cellulose gel) for administering
the AsiC prophylactic agent. The use of the hydrogel has several advantages: it stabilizes the
AsiCs in vaginal fluid, it enhances cell-uptake and it facilitates the vaginal application of the
prophylactic agent. Importantly, combining the HIV AsiCs with the hydrogel did not affect
overall targeting or silencing efficiency. More importantly, the authors report an impressive
outcome where 100% of treated mice are protected from infection. Interestingly, although
silencing was demonstrated to last several weeks following the last AsiC-gel treatment,
complete protection from HIV infection was only possible if the treatment was administered
several days before HIV challenge. While the reasons for this are not clear, the authors offer
several explanations for this observation including: the migration of new CD4* cells to the
vagina after treatment that can serve as viral hosts, dilution of sSiRNAs due to activated T-
cell division and the potential for more rapid siRNA degradation in activated versus resting
T cells. In future studies, Lieberman and colleagues propose to evaluate several dosing
schedules/regimens, as well as, evaluating the efficacy and safety of the AsiC prophylactic
agents in larger preclinical models of HIV (e.g., Rhesus macaques model of HIV infection).
Together, these studies highlight the possibility of exploiting AsiC technology for
developing prophylactics for various sexually transmitted diseases including HIV.

Ther Deliv. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dassie and Giangrande Page 11

Furthermore, given the side-effects and hurdles with HIV therapy, prevention of the initial
infection is an attractive and powerful alternative for eradicating this disease.

DNA aptamer-RNA conjugates

Much like RNA aptamers, DNA aptamers can be used to deliver siRNAs or other
therapeutic oligonucleotides to cells. DNA-RNA AsiCs are typically chemically synthesized
as it is not possible to in vitro transcribe a single hybrid molecule composed of DNA and
RNA. One downside of this is that the cost of synthesis and the oligonucleotide-length
constraints limit the number of DNA-RNA AsiCs that can be thoroughly evaluated in
preclinical studies. Even so, several groups have been able to take advantage of existing,
short DNA aptamers for conjugating to therapeutic oligonucleotides for various therapeutic
applications. This section will center on recent DNA-aptamer delivery studies and comment
on the potential of this novel class of AsiCs as a therapeutic modality in the setting of
cancer, HIV infection and several immune disorders.

Kortylewski and colleagues were the first to describe the development and in vivo
characterization of a DNA-RNA AsiC [80]. Here, the authors employed the known toll like
receptor 9 (TLR9)-specific agonist (CpG 1668) as a DNA aptamer [81,82]. CpG 1668 is
known to internalize into various TLR9 positive immune cells, including those that promote
oncogenesis in the tumor microenvironment such as myeloid cells and B-cells. Upon
internalization and TLR9 binding, CpG 1668 activates TLR9 signaling cascades resulting in
immune activation [83-85]. The authors sought to further modulate immune function by
appending to the CpG DNA aptamer, an siRNA against the immune-suppressive gene,
STAT3. The CpG-STAT3 AsiC was shown to enhance immune function in vivo resulting in
antitumor immune activation. This ultimately led to an impressive reduction in tumor
burden. Importantly, the authors validated the efficacy of the CpG-STAT3 AsiC in several
mouse models of cancer, including melanoma and colon carcinoma. Of note, the studies by
Kortylewski [80], Gilboa [35] and colleagues provide strong evidence for the use of DNA-
RNA or all RNA AsiCs as future cancer immunotherapy drugs.

A different application of the DNA-RNA AsiC approach was recently described by Kotula
et al. In this study, the authors used an existing G-quartet DNA aptamer to nucleolin
(AS1411) [86,87] to deliver antisense oligonucleotides to cancer cells [88]. Nucleolin is
overexpressed on the surface of many carcinomas. In cancer cells, nucleolin rapidly cycles
from the cell surface to the nucleus where it is thought to play a transport role, shuttling
extracellular ligands to the nuclear compartment [89]. Sullenger and colleagues exploited
this property of nucleolin to deliver splice-switching oligonucleotides (SSOs) (a form of
antisense technology) to the nucleus of cancer cells. SSOs are single stranded RNA
oligonucleotides that are designed to bind their complementary sequence (splice-site or
splice enhancer) within a target pre-mRNA. Binding of the SSO to its pre-mRNA prevents
the endogenous splicing machinery from being recruited to that splice-site, giving rise to a
different splice-transcript [90-92]. In this study, the authors validated the proof-of-concept
for their approach by using the nucleolin aptamer [86,87] to deliver an SSO to the nucleus of
target cells and correct an aberrant stop codon within the Luciferase reporter gene.
Following nucleolin-mediated cellular uptake, the nucleolin-SSO AsiC redirected splicing of
the target gene in the nuclei of treated cells and restored Luciferase expression. Importantly,
the combination of the SSO with the aptamer was more effective than the SSO alone,
suggesting that proper targeting of an SSO can significantly enhance its efficiency. While
promising, future studies addressing: the ability of the nucleolin DNA aptamer to target
SSOs directed against endogenous transcripts; the splice-switching efficiency of the
nucleolin-SSO in vivo and the in vivo efficacy of a therapeutic nucleolin-SSO are warranted.
Of note, this study further highlights the flexibility of the AsiC platform for targeting a
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range of therapeutic oligonucleotides (e.g., SiRNAs, miRNAs and antisense
oligonucleotides) to cells.

In a separate study, Dai et al. [61] employed a previously characterized DNA aptamer to
Mucin (MUC1) [93], a transmembrane glycoprotein that is highly expressed on the cell
surface of adenocarcinomas of the breast, colon and lung [94], to deliver a therapeutic miR.
Specifically, the authors engineered an AmiC by covalently linking the MUC1 aptamer to
miR-29b [61]. Of note, this was the first description of AmiC technology. When applied to
OVCAR-3 cells in culture, the DNA AmiC internalized into the target cells leading to
silencing of known miR-29b target genes (e.g., DNA MT 3a and 3b). This, in turn, resulted
in decreased methylation of the tensin homolog deleted on chromosome ten (PTEN)
promoter, subsequent re-expression of the PTEN gene product and an increase in cellular
apoptosis. Given the expression profile of MUCL in many adenocarcinomas, this reagent has
the potential to be evaluated as a therapeutic for various solid cancers. Thus, future studies
addressing the in vivo efficacy of this reagent in the setting of ovarian cancer as well as other
MUCH cancers are warranted.

To date, most studies have focused on evaluating DNA-RNA AsiCs as potential cancer
agents. Recently, Zhu et al. described the synthesis of a DNA-RNA AsiC composed of a
DNA aptamer specific to CD4 and a siRNA against the HIV protease gene for the treatment
of HIV [95]. What was unique about this study is that the authors chose to convert a known
RNA aptamer against CD4 into a DNA aptamer. They then conjugated the DNA and RNA
aptamers to the therapeutic siRNA and compared the efficiency of each AsiC in HIV
infected cells in culture. While both AsiCs resulted in efficient gene silencing, the DNA
AsiC appeared to be more effective than the RNA AsiC at silencing its target gene. Future
studies will hopefully provide some insight as to why the DNA-RNA AsiC seems to work
better than the all-RNA AsiC and evaluate the efficacy of the DNA-RNA AsiC in vivo.

A more recent application of the DNA-aptamer delivery technology has been the use of
DNA-RNA AsiCs for treating various immune disorders [75]. In immune disorders such as
Stevens—Johnson syndrome, toxic epidermal necrolysis and graft-versus-host disease,
activation of cytotoxic T lymphocytes by drugs or allogeneic antigens, is thought to play a
significant role in the pathogenesis of disease [96,97]. Specifically, production of granulysin
by cytotoxic T lymphocytes has been implicated as a major cause of these disorders [98].
Wang et al. sought to exploit DNA AsiC technology as a potential therapeutic intervention
in these disorders. Initially, the authors describe the identification of a DNA aptamer
specific to the CTL marker, CD8. The CD8 aptamer was conjugated (via a “sticky-bridge")
to a DsiRNA targeting the granulysin gene (stick in Figure 1). Importantly, the CD8-
granulysin AsiC was shown to inhibit pathologic T-cell responses in several in vitro models
of Stevens—Johnson syndrome/toxic epidermal necrolysis and graft-versus-host disease. This
work has significant implications, as currently there are no safe and effective therapeutic
strategies for any of these immune disorders, therefore, future in vivo studies are warranted.

Together these studies highlight the broad potential of the aptamer-delivery technology as
many more therapeutic DNA aptamers have been described and can now be evaluated in the
contexts of AsiCs. For a complete list of these DNA aptamers we direct you to the reviews
by Zhou and Rossi [11], Thiel and Giangrande [14], or Ni et al. [99].

Aptamer-targeted siRNA/shRNA nanoparticle conjugates

Nanoparticles have been proposed as a potential means to deliver siRNA to cells [100-104].
The benefits of nanoparticles include protection of sSiRNA from serum nucleases, good
tissue penetration, relatively good cell uptake, and stability [105-107]. Different types of
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reagents that can be collectively categorized as nanoparticles or nanoplexes have been tested
for their ability to deliver nucleic acids to cells. While these reagents show promise at
enhancing cellular uptake of siRNAs in vitro and in vivo, one major problem with
nanoparticle delivery is lack of specificity for target cells. In this section we will highlight
recent studies that have taken advantage of the targeting properties of aptamers for
delivering nanoparticles to specific cell types.

One of the first studies to use aptamer-targeted nanoparticle technology to deliver
therapeutic RNAs was performed by Kim et al. [108]. Here, the authors used the PSMA
aptamer (A10-3) [63] to specifically target prostate cancer cells. Initially, the aptamer was
conjugated to a polyethyleneimine (PEI)-PEG scaffold. The aptamer-functionalized
nanoparticle was loaded with shRNAs directed against the pro-survival gene Bcl-xL to
generate the final therapeutic particle (Figure 2a). Interestingly, the authors also sought to
include the chemotherapeutic drug, doxorubicin (DOX), which, they showed, intercalated
into the PSMA aptamer itself. Importantly, addition of DOX did not affect aptamer function
(target binding and cell-internalization). Using this approach, the authors demonstrated
delivery of two therapeutic moieties (chemotherapy and shRNA) to PSMA™ target cells in
culture, leading to the death of the cancer cells. Interestingly, delivery of either the ShRNA
or DOX alone had no effect on cell viability, demonstrating the effectiveness of the
combination therapy. Although, the efficacy of this multi-component drug was only
evaluated in vitro, the encouraging results from these studies warrant future in vivo testing.

Since the first description of an aptamerfunctionalized therapeutic nanoparticle in 2004
[109], several studies have used aptamers to target nanoparticles to specific cell types. While
these studies share a common approach to targeting, the composition of the nano particle
(e.g., scaffold, aptamer, therapeutic cargo) varies between the studies. Zhao et al. used a
CD30 aptamer to deliver siRNAs against the ALK gene to human anaplastic large cell
lymphoma cells [110]. The aptamer and siRNAs were coupled to a PEl-citrate carrier, to
generate the therapeutic nanoparticle (Figure 2b). The authors confirmed binding and uptake
of the therapeutic nanoparticle into target cells in culture. In a similar study, Wu et al.
conjugated the PSMA aptamer (A10-3.2) [34] to polyamidoamine and PEG [111]. The
PSMA aptamer-functionalized nanoparticle was used to target miRNAs, miR-15a and
miR-16-1, to PSMA™ prostate cancer cells. Proof-of-efficacy was reported when the
therapeutic nanoparticle was added to PSMA™* prostate cancer cells in culture. A similar
approach was also described by Wilner et al. in 2012 [112]. In this study, the authors
coupled the transferrin receptor aptamer (c2.min) to stable nucleic acid lipid particles
(SNALPs). SNALPs have been shown to efficiently bind, stabilize and deliver siRNAs to
the cytoplasm of target cells in vitro and in vivo [113].Addition of the aptamer-SNALP
nanoparticle to cells resulted in silencing of the siRNA target gene. Given the promise of
SNALPs for RNAI therapeutics, future studies to address the in vivo efficacy and potential
advantages of aptamer-targeted SNALPs are needed.

Recently, efforts have been focused on adapting the aptamer-targeted nanoparticle
technology for developing targeted image-guided approaches for RNAI. To this end,
Baglkot and Gao describe the coupling of PSMA AsiCs onto polymer coated quantum dots
(QDs) [114]. When applied to PSMA™ prostate cancer cells, the AsiCs underwent cell-
specific uptake leading to silencing of the siRNA target gene. Given the intrinsic fluorescent
properties of QDs, QD-functionalized AsiC nanoparticles enabled the authors to visualize
internalization of their nanoparticles into PSMA™ prostate cancer cells. This approach is
significant given the paucity of information on endosomal uptake and cellular trafficking of
AsiCs. In a similar study, Kim et al. coupled the nucleolin DNA aptamer [86,87] to a
magnetic fluorescence nanoparticle [115]. This was used to deliver a miR-221 molecular
beacon (MB), which contains a fluorophore on one strand of the miR-221 dsRNA and a
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fluorescent quencher on the opposing strand. Upon binding, the guide strand is released
from its fluorescent quencher, eliciting Cy5 fluorescence. Interestingly, the miRNA MB was
designed not for the delivery of a functional miRNA but rather, to inhibit the expression of
an endogenous MiRNA via complementary binding to the miRNA MB. In this regard, the
miRNA MB functioned as an anti-miR (or antago miR). Importantly, the authors
demonstrated the efficacy of their approach both in vitro and in vivo. This study is
significant since it is the first demonstration of a targeted anti-miR therapy and it combined
aptamer-delivery technology with molecular beacon technology to enable biogenesis
tracking of miR-221 in targeted cells.

Recently, several groups have described a unique method, based on an RNA nano particle
scaffold, for coupling targeting-aptamers to therapeutic-siRNAs. These authors use what is
known as a packaging RNA (pRNA) as the scaffold for the nanoparticle. pRNAS are derived
from bacteriophage phi29 small RNAs that normally package DNA into procapsids and
contain a 5’/3" helical domain and an intermolecular interaction domain, which serves to
form dimeric pRNA molecules [116]. By substituting the 5/3” helical domains with an
aptamer on one pRNA molecule and an siRNA on another pPRNA molecule, an aptamer-
SiRNA conjugate can be generated through dimerization of the intermolecular interaction
domains of the two pRNAs (Figure 2C).

In proof-of-concept studies by Guo and colleagues, an aptamer for CD4 [117], a receptor
predominantly expressed on T cells, was used to specifically deliver a 29-mer DsiRNA
against survivin, a prosurvival gene whose expression is elevated in many cancers
[116,118]. This delivery mechanism resulted in reduced viability of a model thymocyte cell
line engineered to express CD4, but had no effect on CD4-thymocytes in culture. In
addition, when these CD4* cells were incubated with this reagent prior to injection into the
flanks of mice, a significant decrease in tumor burden was observed. Using a similar
approach, Zhou et al. designed a pRNA dimer where one monomer was conjugated to an
anti-HIV gp120 aptamer and the other monomer was coupled to a therapeutic siRNA against
the HIV tat/rev gene [119]. These monomers were combined at a 1:1 ratio. The aptamer-
siRNA-pRNA nanoparticle was shown to bind to gp120 on the surface of infected T cells,
undergo cellular uptake and silence target gene (tat/rev) expression. Future work will focus
on optimizing the dimerization efficiency and stability of these chimeric constructs. These
pRNA studies are significant given the modular nature of the technology. Theoretically,
these methods can be applied to any cell internalizing aptamer for the targeted, cell-specific
delivery of a therapeutic sSiRNA. Future studies assessing the interchangeability of diverse
aptamers and siRNAs in addition to thorough in vivo studies are warranted [120].

Conclusion

Aptamer-delivery technology promises to facilitate economical and versatile RNAi-based
treatments for a variety of disorders. In this review we have discussed preclinical studies
centered on aptamer-delivery technology, for the development of targeted oligonucleotide-
based drugs (e.g., SIRNAs, miRNAs, shRNAs, SSOs) for treating medical conditions
including: cancer, HIV, and diseases of the immune system. We highlight the therapeutic
potential of each aptamer-targeted drug and discuss advances in selection strategies and drug
design for optimizing the uptake and processing of these oligonucleotide-drugs in cells. We
have also considered major challenges facing manufacturing and utilization of chemically
modified long oligonucleotides and multicomponent aptamer-targeted nanoparticle drugs.
Fortunately, increased availability and lower costs of raw materials have significantly
reduced costs of manufacturing chemically modified oligonucleotides. Likewise, advances
in chemical strategies for incorporating modified nucleotides have dramatically improved
resistance of aptamers and other therapeutic oligonucleotides (siRNAs and SSOs) to
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nuclease-mediated degradation while, conjugation of aptamer-targeted drugs to delivery
vehicles (e.g., high-molecular-weight PEG and nanoparticles) effectively mitigates rapid
renal clearance. Although aptamer-siRNA drugs seem to display minimal toxicity, new
chemistries and conjugation strategies used for production of these chimeric
oligonucleotides warrant further toxicity studies. As investment in therapeutic
oligonucleotides (e.g., aptamers, siRNAs and antisense technology) is constantly increasing,
it is projected that clinical testing of aptamer-targeted drugs will materialize over the next 2—
5 years.

Future perspective

Before aptamer-delivery technology can be broadly translated, continued efforts in several
key areas will need to be considered. As such, one limiting factor to the broad clinical
application of this delivery technology is the relative paucity of aptamers capable of
undergoing efficient, cell-specific uptake. Traditionally, aptamers have been identified using
in vitro selection methodologies that rely on the availability of purified, recombinant
proteins. Although effective in several contexts, these in vitro selection strategies are not
optimal for identifying aptamers that: recognize cell-surface receptors in their native milieu
(cell membrane), undergo cellular uptake and are released in the cytoplasm of target cells.
Current progress in cell-based selection methodologies has made it possible to overcome
several of these hurdles. Aptamers with the ability to bind to cell-surface receptors on cells
have been described. Furthermore, by slightly modifying the conditions of the cell-selection
protocol Giangrande, McNamara and colleagues have been able to enrich for aptamers
capable of undergoing cell-specific uptake (Figure 3) [21,62,121]. In one of these studies,
the authors used the cell-internalizing aptamers to demonstrate delivery of therapeutic
siRNAs to HER2* breast cancer cells in culture [62]. While still in their infancy, these cell-
internalization approaches are certainly poised to increase the repertoire of aptamers capable
of cell-specific uptake. Modifications to the cell-internalization approach pioneered by
Giangrande and colleagues, such as the inclusion of cell-fractionation steps to enrich for
cytoplasmic material, may favor the isolation of cytoplasmic-targeting aptamers for RNAi-
delivery applications.

Alternatively, conjugation of aptamers with cationic amphipathic peptides [121-123] or
nanoparticles [124] may facilitate the release of cell-internalizing aptamers from endocytic
compartments into the cytoplasm of target cells. Nanoparticles have been extensively
investigated for their ability to deliver sSiRNAs to the cytoplasm of cells. Two recent studies
reported on the endosomal escape mechanisms of sSiRNAs delivered via lipid nanoparticles
[125,126]. While these studies did not use aptamer-functionalized nanoparticles, they
address ways to quantify the amount of siRNA that is efficiently released into the cytoplasm.
While the efficiency and mechanism of release is likely to vary based on the nature of the
nanoparticle and targeting approach (aptamer-mediated), the methodologies described in
these studies are of importance. Similar studies performed on aptamer-targeted drugs are
predicted to advance the understanding of the subcellular trafficking of these reagents and
expedite their clinical application.

Because efficient cytoplasmic delivery is a major challenge for using aptamers to deliver
siRNAs to cells, understanding the mechanism by which aptamers release their SIRNA
therapeutic cargo in the cytoplasm of target cells is critical. In a recent study, Nechaev et al.
reported that endosomal release of a DNA-RNA AsiC was dependent on TLR9 [127]. The
authors showed that the DNA-RNA AsiC was taken up into cells by a non-specific,
scavenger receptor-mediated endocytic mechanism. Rapidly after internalization, the sSiRNA
was uncoupled from the CpG DNA aptamer within Dicer and TLR9 containing early
endosomes. Here, the siRNA was bound by Dicer and shuffled to the endoplasmic reticulum
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(ER). In the absence of TLRY, the siRNA was trapped in endosomal compartments resulting
in loss of RNA.I. It is known that TLR9 can regulate the transport of endosomes toward the
ER. Previous studies have demonstrated the localization of RNAi machinery at the ER.
Thus, the authors suggest that TLR9 may be required for transportation of the therapeutic
siRNA from endosomes to the ER where it can be processed by the RNAi machinery.

In the case of aptamer-targeted drugs, where the aptamer is directly conjugated to the
therapeutic sSiRNA moiety, optimizing drug design to enhance processing by the RNAI
machinery is imperative. As discussed in previous sections, several designs have been
explored (Figure 1). These include the use of a “sticky bridge' to facilitate the exchange of
the therapeutic sSiRNA cargo without affecting aptamer function or a DsiRNA to enhance
Dicer processing. Systematic studies, which focus on the direct comparison of current AsiC
design strategies in order to identify the optimal design, are likely to accelerate the
development of novel AsiC therapeutics.

Recent advancements in the field of aptamer-delivery technology promise to bring
significant changes to the field of medicine by facilitating the development of targeted
therapeutic agents for the treatment of inherently challenging diseases (cancer and HIV) and
reducing side-effects inherent to traditional (non-targeted) therapies. With the 10 year
anniversary of the aptamer-delivery technology approaching, we look forward to the
eventual clinical evaluation of the first aptamer-targeted drug and to the successful
application of this technology in the clinic.
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Glossary
Aptamer - An aptamer-siRNA chimera is a two-component delivery vehicle
siRNA composed of a targeting moiety (aptamer) and a therapeutic moiety
chimera (siRNA). Aptamer-siRNA chimeras bearing aptamers with both
targeting and inhibitory functions have also been described.
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Executive summary

Progress and challenges of aptamer-delivery technology

W Aptamers have emerged as effective reagents for the delivery of therapeutic
oligonucleotides (siRNAs, shRNAs, antisense, miRNAs and anti-miRs) to specific
diseased tissue/cells.

W Aptamer therapeutics can be augmented to overcome various challenges such as
susceptibility to nuclease-mediated degradation, potential toxicity due to off-target
effects, efficient large-scale production via chemical synthesis, rapid renal clearance
of small molecules, and inefficient cellular uptake and intracellular therapeutic
processing.

Application of aptamer-delivery technology

MW Therapeutic aptamer-siRNA chimeras have been developed as cytotoxic, neo-
adjuvant, or immune-modulatory drugs for the treatment of various malignancies.

MW Therapeutic aptamer-siRNA chimeras have been developed as anti-viral drugs for
the treatment of established HIV infections as well as the prevention of HIV
infection through prophylactic use.

Aptamer-nanoparticle delivery platforms

W Aptamers have been successfully functionalized onto various nanoparticle
platforms complexed with therapeutic oligonucleotides as another means to
specifically deliver these therapeutic molecules.

Optimization of systematic evolution of ligands by exponential technology

W Novel cell-based selection strategies coupled with a more in depth understanding
of aptamer therapeutic processing is expected to lead to the clinical evaluation of the
first aptamer-targeted drug within the next 5 years.
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Figure 1. Aptamer-siRNA chimera design strategies

Various aptamer-siRNA chimera (AsiCs) have been described that employ different design
elements within their sSiRNA moiety. Each AsiC uses a unique aptamer, depicted here in
green as a representative structure. Some designs use a linker region (purple) generally made
up of 2-4 nucleotides (nt) in order to enable the proper folding of the aptamer structure. The
SiRNA moiety is made up of two strands. The antisense/guide strand (red) directs the RNAI
machinery to degrade its target gene, while the sense/passenger strand (blue) is rapidly
degraded. (A) The first generation AsiC contained a blunt [58]. (B) The S-OVH AsiC
employed a 2 nt 3’ overhang (yellow) on the sense strand for increased Dicer recognition
[35,36,62]. (C) The SWAP AsiC was designed by exchanging the position of the sense and
antisense strands [34,80]. This favored processing of the guide strand by the RNAI
machinery and allowed for terminal modifications (e.g., PEG conjugation) to the siRNA that
would not interfere with target gene silencing.(D) The DS AsiC was designed with a longer
27mer dsiRNA, which was shown to increase Dicer processing [39,57]. (E) The stick AsiC
was synthesized with a rigid seven three-carbon linker (black) to prevent steric interference
followed by a 16 nt, G-C rich 2’0OMe/2’F modified “stick' sequence (brown) to allow the
facile exchange of various therapeutic siRNAs [78]. The second-generation stick design
(depicted here), also included a five three-carbon linker adjacent to the therapeutic siRNA to
further prevent steric hindrance [59]. (F) The SH AsiC is synthesized from a single RNA
strand and therefore does not need to be combined and annealed with other RNAs (e.g.,
antisense strand) to form a functional AsiC [40,60,61]. Here, the siRNA moiety folds into a
short hairpin structure, which closely resembles endogenous miRNA. This has been
demonstrated to be more readily processed by the RNAi machinery. (G) This AsiC consists
of two aptamers connected by a linker region consisting of a therapeutic siRNA. The
bivalent AsiC was demonstrated to increase internalization of the reagent, resulting in a
more effective therapeutic response [64]. (H) The miR was designed to mimic the natural
structure of endogenous miRNAs. Unlike the perfect complementarity of the short hairpin
AsiC, this design contained regions of mismatched base pairing within the miRNA sequence
resulting in the two bulges [128]. Blunt: Blunted siRNA terminus; DS: Dicer substrate; miR:
miRNA AsiC; SH: Short hairpin; S-OVH: Sense-overhang; SWAP: Second-generation
AsiC.
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Figure 2. Aptamer functionalized nanoparticle design

Representative aptamer functionalized nanoparticle structure where the therapeutic sSiRNA is
(A) within the nanoparticle itself [108,112] or (B) conjugated to the nanoparticle surface
[110,114,115]. (C) Representative RNA scaffold nanoparticle structure. Exploiting the
loop-loop binding interaction of pRNA, this scaffold can be harnessed to conjugate an
aptamer to a therapeutic siRNA [116,118,119].
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Figure 3. Cdl-internalization systematic evolution of ligands by exponential methodology

This cell-based systematic evolution of ligands by exponential methodology enriches for
aptamers that bind a target cell in a more physiologically relevant setting and internalize into
cells [62]. These two properties allow any identified aptamers to more readily be used as
delivery vehicles for therapeutic reagents such as sSiRNAs, miRNAs or antisense technology.
The process starts with a complex (generally greater than 1012 individual sequences)
aptamer library (depicted as polygons) that is incubated with a non-target cell to remove
sequences that bind or internalize into cells non-specifically. Those aptamers that do not
bind the non-target cell make up the precleared aptamer library. This pool of aptamers is
then incubated on a target cell where the aptamer target is known (e.g., HER2). This can also
be performed on cells where the target receptor is unknown [21]. Following a high salt wash
to remove unbound and surface bound aptamers, internalized aptamers are extracted from
whole-cell lysates. The recovered aptamers are enzymaticaly amplified and then used as the
aptamer library in another round of selection. This iterative process is carried out for several
rounds in order to enrich for sequences that bind and internalize specifically into the selected
target cell.
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Table 1

Aptamers for cell-specific delivery of RNA therapeutics.
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DNA/RNA  Aptamer target SIRNA target/miRNA

Chimera/nanoparticle

Ref.

PIk1, Bcl-2, EEF2, DNAPK, Smgl, Upf2,

RNA PSMA Bel-xL, miR-15a MiR-16-1, EGFP Chimera and nanoparticle  [34,35,40,58,64,108,111,114]
RNA aVB3 EEF2 Chimera [60]
RNA BAFF-R STAT3 Chimera [59]
RNA MUC1 miR-29b Chimera [61]
RNA Axl let-7g Chimera t
RNA HER2 Bcl-2 Chimera [62]
RNA gp120 HIV tat/rev, CD4, TNPO3 Chimera and nanoparticle [38,39,57,78,119]
RNA CD4 CCRS5, HIV gag/vif, survivin Chimera and nanoparticle [36,37,116]
DNA TLR9 STAT3 Chimera [80]
DNA Nucleolin SSO, miR-221 MB Chimera and nanoparticle [88,115]
DNA CD4 HIV protease Chimera [95]
DNA CD8 granulysin Chimera [75]
RNA CD30 ALK Nanoparticle [110]
RNA Transferrin (CD71)  EGFP Nanoparticle [112]
RNA Malachite green dye  Survivin Nanoparticle [128]

Unless specified, the therapeutic oligonucleotide refers to an SiRNA/shRNA.

MB: Molecular beacon; PSMA: Prostate specific membrane antigen; SSO: Splice-switching oligonucleotides.

T[Esposito CL, Cerchia L, Catuogno S et al. Multifunctional aptamer-miRNA conjugates for targeted cancer therapy (2013), Submitted].
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