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The development of an aptamer-based therapeutic has rapidly
progressed following the first two reports in the 1990s, under-
scoring the advantages of aptamer drugs associated with their
unique binding properties. In 2004, the US Food and Drug
Administration (FDA) approved the first therapeutic aptamer
for the treatment of neovascular age-related macular degener-
ation, Macugen developed by NeXstar. Since then, eleven
aptamers have successfully entered clinical trials for various
therapeutic indications. Despite some of the pre-clinical and
clinical successes of aptamers as therapeutics, no aptamer has
been approved by the FDA for the treatment of cancer. This re-
view highlights the most recent and cutting-edge approaches in
the development of aptamers for the treatment of cancer types
most refractory to conventional therapies. Herein, we will re-
view (1) the development of aptamers to enhance anti-cancer
immunity and as delivery tools for inducing the expression of
immunogenic neoantigens; (2) the development of the most
promising therapeutic aptamers designed to target the hard-
to-treat cancers such as brain tumors; and (3) the development
of “carrier” aptamers able to target and penetrate tumors and
metastasis, delivering RNA therapeutics to the cytosol and nu-
cleus.
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ENHANCING ANTI-CANCER IMMUNITY
Despite the proven antitumor efficacy of immune-checkpoint
blockade by the combined use of anti-cytotoxic T lymphocyte-associ-
ated antigen-4 (CTLA-4) and anti-programmed death-1 (PD-1) anti-
bodies for the treatment of advanced melanoma, mesothelioma, and
non-small cell lung cancer, only a small fraction of these tumors re-
sponds to treatment or progress after transient disease control. To
improve immunotherapeutic effects, agonist and antagonist aptamers
have been described. They have the unique advantage to be easily con-
jugated as bispecific and multispecific molecules targeting the tumor
site and able to locally stimulate the immune response.1,2 One such
proof-of-concept study demonstrated the ability to target immuno-
modulatory aptamers specific to targets secreted into the tumor
microenvironment. Products like vascular endothelial growth factor
(VEGF) and osteopontin are highly upregulated and retained in the
tumor microenvironment, making them an attractive target to
enhance anti-tumor immunity by allowing preferential enrichment
of immunomodulatory drugs, like costimulatory 4-1BB aptamers.3

Recently, Soldevilla et al.4 demonstrated the efficacy of the combined
treatment of an anti-CTLA-4 antibody with a tumor-targeted anti-
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inducible T cell costimulator (ICOS) aptamer in vitro and in vivo.
With the multidrug resistance protein 1 (MRP1) being specifically
in cancer stem cells (CSCs), the authors took advantage of a previ-
ously described MRP1-targeting aptamer to generate a MRP1-ICOS
bi-specific aptamer (Figure 1A).5 The resulting aptamer holds two
binding sites: one specific for the MRP1-expressing cancer cells and
another one for ICOS, which can stimulate T lymphocytes in the
proximity of the tumor. These findings underscore the potentiality
of using aptamers in combined therapies involving anti-CTLA-4
blockade and an ICOS agonist.

In addition, strong evidence suggesting that tumor neoantigens are
recognized by the immune system and that their low expression
would be a possible cause for the low responsiveness of tumors to im-
mune-checkpoint blockade therapies is emerging.6 Having previously
reported the induction of neoantigens by inhibiting the nonsense-
mediated messenger RNA (mRNA) decay (NMD) pathway in tumor
cells,7 Garrido et al.8 used an elegant and broadly applicable approach
to selectively induce neoantigens in tumor cells as a promising
approach to potentiate the responsiveness of patients to immunother-
apies. As a targeting moiety for a small interfering (si)RNA specific
for the transporter associated with antigen processing (TAP) expres-
sion, the authors took advantage of the previously characterized
AS1411 aptamer.9 By folding into G-quadruplex, AS1411, originally
discovered serendipitously by developing cancer-selective therapies,
was shown to bind nucleolin. Nucleolin is an RNA-binding protein
that is mainly localized in the nucleolus in normal cells, whereas it
is found abundantly on the cell surface of most tumor cells where it
can shuttle into the cytoplasm.9–11 Indeed, TAP acts as a heterodimer
with an essential role in themajor histocompatibility complex (MHC)
class I peptide presentation. Its genetic ablation inhibits the MHC
class I canonical processing. However, TAP inhibition leads to the up-
regulation of alternative pathways leading to the presentation of neo-
antigens, named T cell epitopes associated with impaired peptide pro-
cessing (TEIPP) that can elicit effective CD8+ T cell responses.12–15

The authors show that the AS1411-siTAP chimera (AsiC), named
Nucl-TAP, exhibited high selectivity for tumor cells, leading to the
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Figure 1. Schematic depicting approaches utilizing aptamers for immune-oncology applications

(A) A bi-specific aptamer can have dual specificity in which one moiety binds to and activates receptors on tumor-infiltrating T cells (e.g., ICOS or 4-1BB, depicted here as a

dimer), whereas the second moiety acts as a tumor-targeting agent (e.g., MRP1) with the intention of limiting co-stimulation to tumor-infiltrating T cells. (B) A tumor cell

marker-specific aptamer linked to an siRNA can downregulate the target of interest in a cell-specific manner. The described siRNA can modulate immunogenicity and

enhance an anti-tumor immune response. (C) An aptamer specific to tumor-associated myeloid cells is conjugated to a drug (e.g., Dox), whereby the aptamer delivers the

drug in a cell-specific manner, reducing toxicity and killing only cells of interest.
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targeted downregulation of TAP and increased antigenicity of tumor
cells (Figure 1B). TAP downregulation promoted an antitumor im-
mune response in mice, inhibiting tumor growth in the absence of
measurable toxicity. Based on the antitumor response elicited in can-
cer cells upon TAP downregulation, Garrido and coworkers16 further
investigated a novel anti-tumor strategy of vaccination against TEIPP
induced by TAP downregulation. To this end, the authors took
advantage of a CpG oligonucleotide as the targeting moiety for a
TAP-specific siRNA. Short CpG oligodeoxyribonucleotides (ODNs)
have been previously shown to preferentially target and activate
in vivo the Toll-like receptor 9 (TLR9)-expressing dendritic cells
(DCs). Upon binding to TLR9, the CpG-TAP siRNA is taken up by
the receptor-expressing antigen-presenting cells, leading to TAP
downregulation and the induction of TEIPP neo-antigens. The au-
thors concluded that vaccination against TEIPP antigens is effective
at enhancing the antitumor response elicited against tumor cells
treated with the Nucl-TAP aptamer conjugate to induce TEIPP.16

Given the limited success of current immunotherapies against solid tu-
mors, combinatorial and synergistic therapies might be required to
fight the most difficult-to-treat tumors. A recent study by Zhang
et al.17 set out to combine different aptamer-siRNA chimeras targeting
different tumor cell regulatory pathways to enhance immunotherapy.
In this study, the authors used the previously described murine and
human targeting epithelial cell adhesionmolecule (EpCAM) aptamer,
a target frequently upregulated on triple-negative breast cancer
(TNBC). They conjugated an siRNA against the following: (1) Upf2,
a target regulating the aforementioned NMD pathway to induce neo-
antigens, (2) CD47, a cell-surface marker frequently upregulated on
tumor cells that acts as a “don’t eat me signal” to the immune system,
(3) myeloid cell leukemia 1 (MCL1), a TNBC dependency gene, or (4)
poly(ADP-ribose) polymerase 1 (PARP1), a DNA damage repair gene
that, when downregulated, can lead to genomic instability and initiate
an innate interferon (IFN) response (Figure 1B). In this study, a cock-
tail of these four aptamer-siRNA chimeras inhibited tumor growth in
the orthotopic murine 4T1 breast adenocarcinoma mouse model and
in the genetically engineered ErbB2DEx16 transgenic mice. Further-
more, the authors provided mechanistic evidence that the cocktail
therapy led to a significant increase in infiltrating CD8+ T cells and
a more functional immune response.17
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DEVELOPING APTAMERS FOR HARD-TO-TREAT
CANCERS
There are a number of factors that make cancers hard to treat. These
include the location of the tumor, such as those cancers arising in or
spread to the brain, and tumor resistance mechanisms, such as over-
expression of drug efflux pumps. Targeted drug therapies can, by
the way that they typically enter cells, abrogate the issues around
drug efflux pumps. Targeted therapies bind to cell-surface receptors
and are then internalized via receptor-mediated endocytosis.18 If these
targeted therapies carry drugs, then these drugs are internalized along-
side the targeting ligand.19 By far, the most well-characterized ap-
tamer-drug conjugate is the anthracycline, doxorubicin-HCl (Dox).

Dox has been used in the treatment of cancers for nearly 50 years and is
still on the World Health Organization’s (WHO’s) list of essential
medicines (WHO 2019).20 It has a known mechanism of action and
can be effective in some patients, although it has the typical side effects
of a non-targeted therapeutic, as well as dose-limiting cardiotoxicity.
Dox works by intercalating into double-stranded (ds)DNA, typically
in the nucleus, following successful cellular uptake. This mechanism
of action can be very simply applied to the double-stranded stem re-
gion of an aptamer as long as the correct base pairs are present (G-
C).21,22 This presents a very simplified and quick-to-assemble targeted
therapeutic. The complex is very stable at physiological pH, making
this an ideal aptamer drug conjugate, but the complex dissociates at
acidic pH, similar to the pH observed in lysosomes.21,23 This latter
property is, by far, the most important characteristic of this conjugate
because if the drug is not released from the aptamer once inside the
cell, then the drug remains inert and will have no cytotoxic effect.
Dox is not the only drug that intercalates into dsDNA. Care must be
taken to ensure that the drug chosen is able to detach from the aptamer
to intercalate into the cellular DNA.

Intercalation is not the only method for utilizing aptamers for drug
delivery but is possibly the simplest. As chemistries have developed
over time, more and more “linkers” have been developed to allow
for drugs to be attached to the aptamer.23 These linkers often require
a simple chemical reaction to be coupled to other molecules, and with
companies such as Baseclick licensing their technology, it is becoming
simpler for researchers to attach cytotoxic payloads to aptamers.
Indeed, with Dox intercalation having an effect on the tertiary struc-
ture of the aptamer and potentially affecting its specificity and sensi-
tivity, the functionalization of an aptamer through click chemistry
would likely have minor effects on these parameters.24,25

The choice of the biomarker is also an important consideration for
targeting hard-to-treat cancers. Although it is often said that there
are no perfect cell-surface receptors, because there are no unique bio-
markers to cancer cells, some cell-surface receptors are overexpressed
on cancer cells but have a low expression profile on normal cells. It is
possible that tuning the binding affinity of the aptamer to its target
could prevent binding to normal cells. This was quite nicely exempli-
fied by Münz et al.26 who performed a side-by-side analysis of Ep-
CAM antibodies. EpCAM was one of the first cancer cell biomarkers
2398 Molecular Therapy Vol. 29 No 8 August 2021
described and consequently, was the target of the first monoclonal
antibody characterized for therapeutic applications. However, clinical
trials demonstrated that patients had a poor tolerability due to
pancreatitis. Further investigations into the antibody confirmed
that it had a picomolar binding affinity and was able to bind to cells
with a fairly low expression of EpCAM such as normal pancreatic
cells. Next-generation antibodies with nanomolar binding affinity
did not have the same poor tolerability. Due to the unique nature
of aptamers, modifying binding regions so that they will only bind
to the cancer cells with a higher expression rather than to all cells
that express a particular biomarker is a fairly simple process.27 If
the sensitivity can be adjusted while maintaining the specificity
through changing some nucleotides in the loop or stem region of
the aptamer, then fewer side effects will be associated with the treat-
ment, and bioavailability at the cancer cells might be increased. With
these considerations in mind, howmay aptamers progress to enhance
survivability with treatment-retardant cancers?

Leukemias

Although there has been a great deal of success in treating leukemias
with small-molecule drugs and monoclonal antibodies, prognosis still
remains poor for a number of patients. It is often thought that leuke-
mias, being described as liquid tumors, are easier to treat than solid
tumors due to a less complex environment. However, if that were
the case, then the long-term survival rates would be much improved.
The issues surrounding drug resistance in leukemic cells relate to the
interplay among the cancerous cells, the bone marrow niche, and the
extracellular matrix. This interaction leads to changes in cell
signaling, which favors drug resistance and provides what has been
termed a “safe haven” for the stem cells.28 An additional reason for
failure with classical cytotoxic drugs is that they typically target
rapidly dividing cells, and it is thought that once leukemic cells take
up residence in the bone marrow niche, they become fairly quiescent.
This suggests that targeting biomarkers on the cell surface for drug
delivery would be highly effective. Although some leukemias have
very well defined cell-surface markers, such as CD19 in B cell acute
lymphoblastic leukemia (ALL), not all leukemias have such well-char-
acterizedmarkers,29 suggesting that a multipronged or synergistic tar-
geting approach will be required in the future.17

Probably the most well-characterized aptamers to leukemia cells are
those developed by the Tan group30 using cell-SELEX (systematic
evolution of ligands by exponential enrichment). The sgc8 aptamer
was originally selected against the T cell ALL cell line, CCRF-CEM,
and shown to have a binding affinity of 0.8 nM. Further testing
confirmed that sgc8 could also bind to other T cell ALL cell lines, sug-
gesting a common biomarker to these cell lines that was not present
on acute myeloid leukemia (AML) cell lines. Further studies sug-
gested that sgc8 binds to the protein tyrosine kinase 7 (PTK7) pro-
tein31,32 and that it could deliver daunorubicin into a T cell ALL
line and demonstrate specific cytotoxicity.33 Finally, this aptamer
was truncated from 88 nucleotides to 41 nucleotides with no loss of
binding affinity.34 Dox was then intercalated into this shortened ap-
tamer, sgc8c, which reduced the binding affinity from 0.78 nM to
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2 nM. However, this did not affect cytotoxicity, with a similar effect
observed between free Dox and aptamer-delivered Dox to the
CCRF-CEM cell line.25 Recently, through click chemistry, this ap-
tamer has also been functionalized with radionuclides for imaging,
although this could just as easily be used for therapeutic or theranostic
applications.35 Although this study tested the aptamer in an in vivo B
cell lymphoma model, it did show biodistribution in the bone, with
sustained accumulation over 3 days, suggesting potential for future
therapeutic delivery to tackle the leukemic cells in the bone marrow
niche.

There are several more aptamers that have demonstrated promise for
targeting leukemic cells that have been reviewed elsewhere.36 Howev-
er, one worth highlighting in this review is the CD117 aptamer.37

CD117 is a biomarker that appears to correlate with patient prog-
nosis, whereby a higher level of expression is associated with a poorer
prognosis. This is similar to PTK7, which is involved in resistance
mechanisms to chemotherapy.38 This would suggest that the sgc8 ap-
tamer and this CD117 aptamer have the potential to treat “hard-to-
treat” leukemias. Another reason to highlight this aptamer is that
with the use of click chemistry to attach methotrexate (MTX) to
the aptamer, Zhao et al.37 demonstrated a favorable result in patient
samples. They demonstrated that, when incubated with primary bone
marrow patient samples, the aptamer-MTX was able to kill the
leukemic cells, whereas it had no effect on the healthy bone marrow
cells.

Both Dox and MTX have been used in targeted delivery as a means to
reduce the toxicity of free drug dosing and not necessarily for over-
coming drug resistance outside of drug efflux pumps. Although a
low cellular accumulation of long-chain polyglutamates has been
associated with poor therapeutic outcome, enzyme mutations and cy-
togenetic aberrations also contribute to MTX resistance.39 Although
MTX has been used for decades and has known toxicities, simply hav-
ing a higher accumulation in specific cell populations does not fix the
inherent issue of drug resistance associated with enzyme mutations.

One of the issues with hard-to-treat cancers is that the patient may
appear in remission for an extended period but is actually relapsing.
However, the current methods of detection are not sensitive enough
to detect minimal residual disease (MRD). One very recent publica-
tion has detailed the generation of an aptamer specific to a patient
diagnosed with multiple myeloma. Their aptamer isolation process
is automatable and only requires a small amount of patient sera.
Importantly, this aptamer was 2000-fold more sensitive than immu-
nofixation electrophoresis and was able to detect MRD at 6 months,
whereas the conventional methods failed to diagnose MRD for
25 months. Although only a proof-of-principle study, it suggests
that aptamers could play a much larger role in personalized medicine
in the future.40

Carcinomas

Additional factors should be considered for the treatment of solid tu-
mors. The cancer lesion is a complex environment, consisting of not
only tumor cells but also tumor-associated cells such as macrophages,
lymphocytes, fibroblasts, blood vessels, and the lymphatic system.41

This creates a very dynamic environment that affects the bioavail-
ability of drugs. The use of the term “active targeting” or “targeted
therapy” is often a misnomer, as it is only from sheer luck that a
drug evades the numerous hurdles to finally have an effect on the can-
cer cells in a solid tumor. Although the vasculature becomes leaky
around solid tumors, there is sufficient back pressure from the
lymphatic system that will prevent large particles from entering the
tumor space. This does not mean that large molecules cannot target
tumor cells, but only a small amount is able to get through. This is
where aptamers demonstrate a clear benefit, as they are much smaller
in size to their proteinaceous counterparts.42 Given that antibody-
drug conjugates have shown some successes, it is only natural that,
in the field of aptamer therapeutics, this would be the simplest mech-
anism of targeted drug delivery.

In addition to the physical barriers that prevent adequate treatment
efficacy in solid tumors, the knowledge gains of the last 20 years
have contributed to our understanding of the dynamics of cancer.
Although the hallmarks of cancer have being collated very nicely in
review articles by Hanahan and Weinberg,43,44 more information
has been forthcoming regarding the genotyping of cancer cells. Tar-
geting single molecular events has shown some positive effects but
is unlikely to be the paradigm shift required to show positive benefits
in all patients.45 This is due to redundant pathways being activated
when one is targeted and to the intra- and inter-tumoral heterogene-
ity. Indeed, a study in 2018 found that less than 10% of cancer patients
in the United States were eligible for genome-targeted therapy and
that only about 50% of these patients demonstrated any benefit.46

For checkpoint inhibitors, these numbers were slightly better in
that approximately 43% of patients were eligible. However, less
than one-third benefited from this treatment.47 To put this into
perspective, approximately 80% of US cancer patients are eligible
for cytotoxic chemotherapy with an average response rate of 48%.48

For the patients that did respond, the benefit was durable, but, as
we have highlighted, different approaches are required to offer preci-
sion medicine to all patients.17

Malignant melanoma is one of the more aggressive and treatment-
resistant carcinomas, and the number of cases continues to rise.49

Dacarbazine was the first cytotoxic chemotherapy to be used for mel-
anoma but only provided a 20% objective response rate.50 Newer
genome-targeted therapies have also demonstrated similar response
rates, and the development of resistance within 6months of treatment
has limited their use in metastatic melanoma, although, for the pa-
tients who do respond, this can be sustained.51 Combination therapy
(nivolumab-plus-ipilimumab) has also been demonstrated to increase
progression-free survival to 11.5 months.52 Noteworthy, dacarbazine
has immunostimulatory effects, which may explain some similarities
in treatment response between the initial chemotherapeutic treat-
ment and recent immunotherapy trials.53 This suggests, as pointed
out by the authors, that combining the old with the new may offer
additional benefits. However, a phase II clinical trial of dacarbazine
Molecular Therapy Vol. 29 No 8 August 2021 2399

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
and ipilimumab was discontinued after all patients experienced
serious adverse effects and liver toxicity.54 A separate study evaluated
survival benefits from this combination and found the 5-year survival
rate to be only 18%.55

One aptamer that has already been mentioned is the MRP1 aptamer.5

This aptamer was initially selected to the MRP1 before being attached
to a previously selected CD28 aptamer that had shown agonist abili-
ties.56 This was then tested in an animal model of drug-resistant
melanoma alongside the GVAX (granulocyte-macrophage colony-
stimulating factor [GM-CSF]-secreting vaccine) and P60 peptide to
block forkhead box P3 (FOXP3). This combination resulted in higher
T cell tumor infiltration, slower growth rate, and a longer survival:
50% still alive at 50 days versus control treatment reaching the
endpoint at 28 days. This demonstrates the potential of aptamers
for future trials, especially given that the targeting of stimulating ap-
tamers to the tumor has resulted in reduced toxicity.3 This study also
highlights the changing paradigm of developing targeting agents to
biomarkers rather than specific tumors, a theme that has consistently
been applied to aptamers in cancer theranostics.57 A similar aptamer,
the F3B aptamer, developed to matrix metalloproteinase 9 (MMP9),
overexpressed in a number of malignant tumors, has been radiola-
beled and demonstrated a good uptake in the metastatic melanoma
mouse model (2% injected dose [ID]/g versus 0.7% ID/g for the con-
trol aptamer).58 Another aptamer that can be used in multiple
different cancers and potentially in patients with diabetes is the
RAGE aptamer (targeting the receptor of advanced glycation end
products).59 It suppressed liver metastasis and reduced tumor
growth.60 A final example is the CD63 aptamer that has shown
specificity to vemurafenib-resistant melanoma cells. The authors
suggested that this aptamer could be used in conjugation with thera-
peutics to detect these resistant cells and make early decisions about
treatment options.61 However, it could also be used in aptamer-drug
conjugates in resistant cells. These aptamers have all been character-
ized in malignant melanoma models. Given the ubiquitous nature of
these biomarkers, there is no reason to believe they could not be used
in other hard-to-treat carcinomas, especially given the heterogeneity
of biomarker expression. Similar to the very patient-specific study
cited previously for myeloma, these aptamers and a combination of
these aptamers could be tested against patient samples to offer a truly
personal therapeutic regimen.

Brain tumors

Given the issues already apparent with treating solid tumors, brain tu-
mors and brain metastases face an additional barrier, the blood brain
barrier (BBB). This is incredibly important in maintaining the day-to-
day health of our brains and preventing toxic substances from having
a neurotoxic effect. However, it also prevents the vast majority of
drugs passing into the brain from circulation. It is thought that the
integrity of the BBB breaks down during the development of brain
metastases, thereby allowingmore cancer cells to spread. As an upside
to this, it also means that, in the initial stages of treatment, drugs can
more readily pass into the brain. As themetastatic lesions are reduced,
however, the BBB starts to repair, and the bioavailability of drugs in
2400 Molecular Therapy Vol. 29 No 8 August 2021
the brain decreases. This typically leaves behind the more drug-resis-
tant tumor cells, which are then mostly untreatable even if drugs do
traverse the BBB. A similar situation is likely in primary brain cancers.
It does have to be acknowledged that the non-specific diffusion of
drugs into the brain will most likely have detrimental effects on the
patient.41,62,63

Given that the number of patients presenting with brain metastasis
continues to increase, the issues of how to circumvent the BBB
have become imperative to solve. A number of strategies have been
proposed, including, but not limited to, direct brain implantation, ul-
trasound, microbubbles, and transcytosis. As most of these would
lead to toxic substances also traveling into the brain, they will not
be considered here. Transcytosis is an interesting concept that high-
jacks the receptors on the BBB that deliver essential nutrients into the
brain. There are a number of well-characterized receptors present on
the BBB that have potential for transcytosing drugs into the brain.
The transferrin receptor (TfR) is probably the most well characterized
for its ability to improve the delivery of therapeutics or loaded nano-
carriers across the BBB.64,65 The group headed by DeRosa at Carleton
University exploited the safe targeting and high specificity advantages
of aptamers to promote delivery from the peripheral injection site
into the brain of two different dopamine aptamers: either a DNA ho-
molog of a previously characterized RNA aptamer,66 named DBA, or
a truncated monomer aptamer, DA20m.67 To this end, the authors
directly conjugated a short DNA aptamer ligand for TfR, named
TRA, to the surface of PEGylated liposome cargoes pre-loaded with
dopamine aptamers (DAL-TRAM). Upon systemic administration,
the efficacy of systemically administered DAL-TRAM was assessed
by functional assays in cocaine-treated animals to attenuate hyperlo-
comotion and mitigating induced behavioral changes. They showed
that chronic administration did not produce any apparent motor def-
icits or neuronal degeneration.

TfR is also overexpressed on cancer cells; thus, it is not without its
own challenges to use for transcytosis into the brain for the treatment
of tumors. In the scenario where a patient presents with classical
metastatic spread to the bones, other organs, and the brain, the
bioavailability in the brain will be much reduced. However, there is
the potential for all metastases to be treated. In the scenario where
the patient has undetected brain metastases, the reduction of these
might be a side effect of the treatment, but the treatment would be
seen as having limited efficacy in the other metastases. In the scenario
where the patient has brain cancer, the same targetingmodality would
target the tumor cells after transcytosing into the brain. In all three
scenarios, the treatment would be working as hypothesized. However,
the binding affinity would need to be very finely tuned to ensure that
it is capable of performing both roles.

The use of a single aptamer targeting theTfR for the targeted treatment
of cancer is therefore feasible but not necessarily the best approach.
Recently, Macdonald et al.68 demonstrated that a TfR aptamer could
be joined to an aptamer targeting EpCAM, a transmembrane receptor
expressed in several epithelial cancer cells.69 Specifically, in this study,
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Figure 2. Schematic depicting a bifunctional aptamer transcytosing across

the blood brain barrier (BBB)

The bifunctional aptamer-drug conjugate (1) binds to the transferrin receptor on the

BBB and transcytoses across the BBB to carry its cargo to EpCAM+ cancer cells (2)

leading to a reduction in tumor size (3).
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this bifunctional aptamer was used to target TNBC cells, and the func-
tionality of the aptamer was confirmed in vitro using a cell line-based
model of the BBB. This aptamerwas also confirmed to retain function-
ality when Dox was intercalated into the stem region. An extension of
this study also demonstrated that the aptamer-Dox conjugate could
cross the BBB, in vivo, and specifically target cancer cells that had natu-
rally metastasized into the brain (Figure 2). The authors postulated
that this represents a platform technology whereby the EpCAM ap-
tamer moiety could be switched for an aptamer targeting a different
cell-surface receptor or target.70

Other receptors, such as the glucose transporter Glut1, the leptin hor-
mone receptor LepR, CD98, and CD147, have been assessed for the
ability to cross the BBB.63 However, to date there have been no known
aptamers selected to these targets.Glut1, CD98, andCD147wouldpre-
sent the same caveats as the TfR, given that it is also expressed on can-
cer cells. LepR is also associated with breast cancer, with higher levels
observed in obese patients, suggesting that care would be required if
using this receptor for transcytosing theBBBandwith the same caveats
as previously mentioned.71 Like many other cancer cell targets, these
receptors are expressed on normal cells as well, so the use of these re-
ceptors is highly contingent on the levels of expression among normal
cells, endothelial cells on the BBB, and cancer cells. In terms of
bioavailability in the brain, a study published in 2016 by Zuchero
et al.72 compared antibody uptake into the brain targeting several of
these receptors. They observed that Glut1 antibody levels were similar
to TfR antibodies. However, CD147 antibody levels were approxi-
mately 2- to 4-fold higher, and CD98 antibody levels were about
10-fold higher than TfR antibodies. Interestingly, when they conju-
gated the anti-CD98 antibody to an anti-Beta-Secretase 1 (BACE1)
antibody, the binding affinity of the anti-CD98 moiety decreased
and led to increased accumulation in the brain. These results are
consistent with those previously observed with an antibody targeting
the TfR, suggesting that aptamers targeting receptors on the BBB for
transcytosis should have a binding affinity >100 nM to their target.73

Although aptamers do not necessarily cross the BBB easily, a number
of aptamers have been shown to have the ability to cross the BBB,
either in vitro or in vivo, as recently reviewed by Bukari et al.63 One
of the most recent derivations of the SELEX process, which is also
one pertinent to the issue of crossing the BBB, is the selection of ap-
tamers capable of crossing the BBB in vivo.74 In this study, the ap-
tamer library was injected into the tail vein of a mouse and allowed
to circulate for 1–3 h prior to the collection of aptamers that had
penetrated into the brain. The brain distribution of several aptamers,
including the A15 aptamer, was confirmed in vivo using in situ hy-
bridization. The ability of the A15 aptamer to be internalized by endo-
thelial cells was confirmed in vitro. However, no further study using
this A15 aptamer has been published, although the initial publication
is highly cited. This could be due to the modified RNA sequence being
used, which, although ensuring a good half-life, would be supplanted
by other simpler or cheaper aptamers.

Given that the number of patients presenting with brain metastases
far exceeds the number of patients presenting with high-grade gli-
omas, it is not surprising that the number of aptamers specifically
targeting these tumors is low.75 However, the known targets for these
aptamers, including AXL, CD133, epidermal growth factor receptor
(EGFR)vIII, ephrin receptor tyrosine kinase (RTK; Eph)A2, EphB3/
2, nucleolin, platelet-derived growth factor receptor (PDGFR)-a,
PDGFR-b, tenascin-C, and the TfR,76 represent a more diverse range
than any other solid tumors. These aptamers have been eloquently re-
viewed.62,75,76 Results have varied with not all studies extending to
in vivo results. When considering in vivo results, care must be taken
in their interpretation due to how the cancer cells have been delivered
to the brain. Direct implantation of cancer cells involves breaching
the BBB and allowing most substances to cross over a leaky BBB.
The BBB is also known to become leaky following establishment of
tumors in the brain, so careful selection of controls is required to
confirm that any drug or targeting ligand has breached the BBB as
part of its mechanism of action and not because the BBB is damaged.
It is important to confirm the aptamer’s ability to cross the BBB using
well-established in vitromethods or in healthy animals and with a full
range of controls, if possible, to ensure that future animal trials have a
high rate of success.

TARGETING CSCs
CSCs are present in several tumor types as a small cell population with
an enhanced capacity to initiate tumor formation and resistance to
conventional therapies. They present several stem-like characteristics
such as the ability to undergo symmetric and asymmetric cell division
and are believed to be a major cause of tumor relapse. Because of their
Molecular Therapy Vol. 29 No 8 August 2021 2401

http://www.moleculartherapy.org


Figure 3. Schematic depicting aptamer-mediated

selective targeting

The si/miRNA- and saRNA (orange)-aptamer chimeras

bind through the aptamer moiety (green) to the target cell-

surface receptor (blue) (1). Upon endocytosis, si/saRNA-

aptamer chimeras are internalized into the cell (2). Uptake

of si/saRNA-aptamer conjugates into intracellular vesi-

cles, endosomes, or lysosomes (3). Molecules escape the

endosomal compartment (4), si/saRNA-aptamer chi-

meras are recognized by the RNA interference (RNAi)

machinery, and the si/saRNA part of the conjugate is cut

off the aptamer by DICER (5). The si/saRNA is either

loaded into the RNA-induced silencing complex for spe-

cific degradation of cytosolic messenger RNAs or (6) un-

dergoes nuclear uptake for targeted gene activation (7).
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ability to drive secondary therapeutic reagents into the tumor mass,
aptamers are highly promising for CSCs targeting. Aptamers have
been raised either for CSC-specific targets such as CD133, also known
as prominin-1,77 or for tumor cell-surface markers highly expressed
in various cancer types on both CSCs and non-stem cells such as
the TfR, CD44, and EpCAM.78 With the use of an aptamer against
CD133, Qiao and others79 have recently shown that doxorubicin-
loaded aptamers (CD133-apt-Dox) can selectively deliver Dox into
hepatic CSCs, inhibiting proliferation and diethyl nitrosamine-
induced tumor growth in an immunocompetent mice model. Several
aptamers have been selected to EpCAM,80–82 with one demonstrating
similar results to the CD133 A15 aptamer used by Xiang et al.21 in an
in vivo model of colon cancer. CD44 is another cell-surface receptor
associated with CSCs for which aptamers have been generated.83

Interestingly, Zheng et al.84 combined the EpCAM aptamer with
the CD44 aptamer and tested it using an in vivomodel of ovarian can-
cer. They found that, whereas the EpCAM aptamer by itself had no
effect, possibly due to its small size (19 nt), the CD44 aptamer and
the bispecific CD44-EpCAM aptamer decreased tumor growth. Note-
worthy, these three cell-surface receptors are overexpressed, either
singly or as multiple markers in most solid tumors.78

Several reports highlight an important linkage between the presence
of glioblastoma (GBM) stem cells (GSCs) and resistance to conven-
tional therapies.85,86 The dysregulated activity or expression of a
few transcription factors and micro-RNAs, including the signal trans-
ducer and activator of transcription-3 (STAT3), is critical to initiate
and sustain the GSC population.87,88 By using two different ap-
tamer-siRNA chimeras able to selectively drive an siRNA against
STAT3 to GBM cells, two independent reports have addressed the se-
lective knockdown of STAT3 in brain tumor cells. To enhance the
2402 Molecular Therapy Vol. 29 No 8 August 2021
selectivity for brain cells, the group led by
Rossi89 at the City of Hope National Medical
Center generated an aptamer against the
PDGFR-a, an RTK involved in neural crest
development. The aptamer, named PDR3, was
conjugated to an siRNA specific to STAT3 using
a stick-based approach in which the aptamer
and the siRNA are elongated with complementary GC-rich linkers,
thereby maintaining the functional integrity of both the aptamer
and the siRNA component (Figure 3).90 Upon efficient uptake in
U251 GBM cells, the PD3-STAT3 AsiC inhibited target cell growth.89

Esposito et al.91 took advantage of the aptamer for a different isoform
of the PDGFR, PDGFR-b, named Gint4.T, which was previously
characterized and shown to be able to cross an in vitro model of
BBB. Gint4.T was conjugated using a stick-based approach to a
STAT3-specific siRNA. The treatment of patient-derived GSC lines
with the Gint4.T-STAT3 AsiC in combination with a chimera con-
taining the anti-Axl aptamer GL21.T conjugated to an antagonist
for microRNA (miR)-10b (GL21.T-10b) efficiently inhibited tumor
sphere formation of GSCs, cell propagation, and invasion.92,93

Recently, using differential cell-SELEX, Affinito et al.94,95 described
a 20 F Py-modified RNA aptamer that selectively binds patient-
derived GSCs but not the same cells grown as adherent cells. The
aptamer, named A40s, targets EphA2 on the cell surface of GSCs, in-
hibiting tumor growth stemness and migration. Upon binding to
EphA2, A40s rapidly internalizes into target cells in a receptor-medi-
ated manner, serving as a targeting carrier for the functional delivery
of short non-coding RNAs such as miR-34c and anti-miR10b to the
stem cell population.94,95 Given the intrinsic heterogeneity of GBM
tumors, the development of aptamers for the combined targeting of
multiple differentially expressed receptors in various tumor areas,
including the GSC niche, appears to be a promising RNA-based ther-
apeutic approach in gliomas.

TARGETING NUCLEAR FUNCTIONS
Over the last decades, the development of RNA drugs has greatly
increased, uncovering the possibility to post-transcriptionally down-
regulate the expression levels of disease-associated proteins. For
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example, disease-associated proteins can be inhibited by exploiting the
RNA interference (RNAi) cellularmechanismor by antisense oligonu-
cleotide (ASO)-mediated inhibition of translation, thereby reducing
disease severity or eliminating the disease. Furthermore, a number
of therapeutic oligonucleotides have emerged that modulate nuclear
functions such as splicing or mRNA transcription, including splice-
switching oligonucleotides (SSOs), short guide RNAs, and short or
small activating RNAs (saRNAs). In neoplastic diseases, RNA drugs
with the potential to activate the expression of target genes have
been developed to restore onco-suppressor gene levels, thus comple-
menting the downregulation of tumor-promoting protein levels.
However, to target nuclear functions of this class of therapeutic short
RNAs, the development of delivery carriers is required.96,97

SSOs

Among aptamers that have been shown to promote nuclear uptake of
drug conjugates (see below), the 26-mer G-rich DNA aptamer,
AS1411, has been the first widely used for nuclear targeting into cancer
cells because of its property to shuttle from cell surface into the nucleus
ofmost tumor cells. A first evidence for its use as a targetingmoiety for
nuclear uptake was provided by Sullenger et al.98 who used theAS1411
aptamer to specifically deliver SSOs into nucleolin-expressing target
cells. SSOs are single-stranded RNA oligonucleotides that are made
complementary to a splice site or a splice enhancer within a target
pre-mRNA. By binding to these sequences, SSOs interfere with the
normal splicing process at the target sites giving rise to alternative
splice transcripts and are therefore emerging as tools to generate
phenotypic changes in cells.99 The authors took advantage of
AS1411 to give the first proof of principle for aptamer-based SSO de-
livery to the nucleus of PC3/Luc 705 cells by using an SSO directed
against the pre-mRNA of the luciferase reporter gene conjugated to
the AS1411 aptamer. The AS1411 was shown to target tumor cells ex-
pressing nucleolin on the cell surface and to be efficiently translocated
to the nucleus, its final site of action.100 In a recent study, Rao et al.101

used the AS1411 to drive Dox into the nuclei of drug-resistant MCF7
(MCF7/Adr) breast cancer-derived cells. Indeed, in breast cancer, the
high levels of adenosine triphosphate-binding cassette transporter
proteins are responsible for the frequent resistance to Dox treatment
by increasing efflux across the cell surface. To enhance Dox accumu-
lation in the nucleus, the authors designed an Apt-Dox conjugate able
to internalize into MCF7/Adr and translocate to the nucleus. To this
end, the AS1411 aptamer was conjugated to Dox at approximately
1.4 Dox molecules per aptamer. The Apt-Dox molecules were then
loaded into liposomes to protect them fromdegradation by circulating
nucleases and to prevent their rapid clearance from the bloodstream.
Upon intracellular uptake of the liposome, the Apt-Dox conjugate is
released and translocated into the nucleus driven by the aptamer
AS1411. Although the results were obtained in vitro, the study pro-
vides afirst evidence that a two-stage nano-vector can enhance nuclear
uptake mediated by nucleolin.

saRNAs

The recent evidence that saRNAs are able to selectively enhance the
expression of silenced tumor-suppressor genes in tumor cells has trig-
gered a great hope in cancer medicine. Instead of genome engineering
that permanently changes the target DNA gene sequences, RNA-
mediated promoter activation has recently emerged as a novel
strategy for gene activation in mammalian cells. saRNAs are duplex,
�21-mer oligonucleotides that are imported into the nucleus in com-
plex with Argonaute family members, like AGO2, and targeted to
promoter regions within the chromosomal DNA, activating gene
expression.102,103 To date, multiple genes have been successfully tar-
geted by saRNAs, including the tumor-suppressor genes, dihydropyr-
imidinase-like 3 (DPYSL3)104 and CCAAT/enhancer-binding protein
alpha (C/EBPa) genes.105

C/EBPa is a leucine zipper containing a transcriptional factor that
regulates the expression of several genes, including p21, which is
epigenetically silenced in several cancers.106 Habib et al.105 have
recently addressed the reactivation of C/EBPa in cancer cells. The au-
thors have developed bioinformatic tools to design specific saRNA
sequences for activating transcription from targeted promoters (Fig-
ure 3). This approach allowed the identification of an saRNA, named
C/EPBa-saRNA, targeting and able to activate the C/EBPa promoter.
By using an experimental hepatocellular carcinoma (HCC) rat model,
the authors demonstrated the efficacy of the systemic injection of C/
EPBa-saRNA-dendrimer conjugates in reducing tumor burden and
improving liver functions.97 More recently, to assess the antitumor ef-
fects of C/EBPa-saRNA in non-hepatic tumors, Yoon et al.107,108

developed an aptamer-based C/EPBa-saRNA-targeted delivery to
pancreatic ductal adenocarcinoma (PDAC) experimental tumors.
By using differential cell-SELEX, they selected two 20-FY-containing
RNA aptamers as targeting moieties for PDAC, named P19 and P1,
which were conjugated to C/EBPa-saRNA, P19-C/EBPa-saRNA,
and P1-C/EBPa-saRNA.

Both conjugates were delivered systemically into human pancreatic
PANC-1 cancer cell subcutaneous xenografts. Tumor growth was
compared to that of gemcitabine-treated xenografts over a period of
4 weeks. P19-C/EBPa-saRNA presented no toxicity to the host and
was 30% more efficient to elicit the antitumor response when
compared to the current standard of care, gemcitabine. The same
group also developed a traceable in vivo model of hepatic xenografts
with luciferase-expressing PANC-1 cells (PANC-Luc). As a targeting
moiety, Yoon et al.107 developed an RNA aptamer, named TR14, for
the human (h)TfR, a receptor that is overexpressed in several tumors,
including PDAC. Once conjugated to the C/EBPa-saRNA, the TR14-
C/EBPa-saRNA was injected into tumor-bearing mice via the tail
vein. The aptamer-saRNA chimera was effectively targeted to the
PANC-1 tumors, enhancing C/EBPA expression and reducing tumor
burden, indicating that the saRNA cargo, once delivered to the nu-
clear compartment, maintains its functional integrity.

The DPYSL3 gene codes for a cytosolic phosphoprotein, also named
collapsin response mediator protein-4 (CRMP4), which has been re-
ported to act as a suppressor of invasion in several human cancers,
including in metastatic prostate cancer. The DPYSL3 gene is tran-
scribed by distinct promoter usage producing two transcripts that
Molecular Therapy Vol. 29 No 8 August 2021 2403
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result in two distinct proteins (CRMP4a and CRMP4b). The most ex-
pressed is the shorter variant, DPYSL3v2/CRMP4a, which is consis-
tently downregulated in prostate cancer tissues.104 With the aim of
developing a therapeutic agent to effectively reduce prostate cancer
cell migration and invasion, Li et al.104 took advantage of the saRNA
approach to enhance promoter activation of the DPYSL3v2 variant,
increasing the intracellular levels of the CRMP4a protein. Out of
four activating candidates studied, the saV2-9-saRNA was shown to
be the most effective in reducing in vitro cancer cell migration. The
saV2-9-saRNA was then conjugated to the RNA aptamer A10-3.2,
a widely used aptamer, which, by binding to the prostate-specific
membrane antigen (PSMA), promotes PSMA-dependent cellular up-
take in prostate cancer cells.109 The A10-3.2-saRNA conjugate was
then analyzed in an orthotopic nude mouse model of prostate cancer
for its antitumor efficacy. Results indicate the aptamer-saRNA conju-
gate was selectively delivered to prostate cancer cells; DPYSL3v2/
CRMP4a expression was enhanced, and growth of distal lung metas-
tasis was reduced in vivo.104

Although restricted to C/EBPa and DPYSL3, these studies provide a
blueprint of the potential of aptamers to act as effective delivery moi-
eties for saRNAs and epigenetic RNA drugs able to modulate local
gene expression.

APTAMERS AS TARGETING LIGANDS
Direct conjugation to therapeutic RNAs, siRNA/microRNA

(miRNA)

The efficacy and safety of treatments with several anticancer drugs
such as cytotoxic small drugs, tyrosine kinase inhibitors, or miRNA
replacement therapies are hampered by off-target effects in surround-
ing healthy cells and tissues. The selective delivery of anticancer drugs
to target cells that combine the reduction of severe, undesired effects
in healthy tissues with a greater therapeutic efficacy has thus become a
challenging need to increase the therapeutic efficacy of treatments
and the quality of life of cancer patients. Since the first reports a
decade ago, aptamers are now proving to be very attractive targeting
carriers for various therapeutic molecules, providing high tissue pene-
tration and intracellular uptake in tumors and in cells within the
tumor microenvironment.7,110,111 Indeed, upon binding to the extra-
cellular domain of the proper target receptor, aptamers undergo
receptor-mediated uptake, driving internalization of secondary ther-
apeutic reagents, including short therapeutic oligonucleotides and
small molecules. Several reports have addressed the understanding
of the internalization and transport processes that aptamers undergo
upon binding to the cell surface that largely depends on the endocytic
pathway of the receptor involved.18 In a recent study, Tan et al.112

used the single-particle tracking (SPT) technique to monitor in real
time the specific endocytic pathways and intracellular transport of
sgc8, a DNA aptamer that targets the PTK7, a receptor PTK shown
to regulate theWnt signaling pathway.113 By conjugating the sgc8 ap-
tamer to the 5-fluorouracil drug (sgc8-5FU), the authors showed that,
upon binding to PTK7, the aptamer, either alone or in the context of
the conjugate, internalizes mainly via caveolin-mediated endocytosis
although partially via clathrin-mediated endocytosis.112
2404 Molecular Therapy Vol. 29 No 8 August 2021
In contrast to neoplastic cells that can frequently develop therapy-
induced acquired resistance, cells from the tumor microenvironment
are genetically stable, representing a valuable alternative for therapeu-
tic targeting. Therefore, De La Fuente et al.114 addressed the selective
delivery of the chemotherapeutic drug, Dox, to tumor-associated
stromal cells as a strategy to suppress tumor growth (Figure 1C).
To this end, the authors developed aptamers that selectively bind to
tumor-infiltrating myeloid cells (TIMCs) that represent a great
portion of the tumor microenvironment.114 TIMCs are key therapeu-
tic targets involved in cancer cell growth and metastasis. They are
responsible for the suppression of the immune response. A great
advantage to developing drugs that target TIMC-associated antigens,
with respect to heterogeneous neoplastic cells, comes from the fact
that these cells stably express a unique phenotype that is similar in
the tumor and in the metastasis. Therefore, the authors exploited
the advantages of aptamers as targeting moieties because of their
easy penetration into tumors, poor or no-immunogenicity, high sta-
bility, half-life in biological matrices, and affordable production costs.
By using the myeloid-derived suppressor cell (MDSC)-derived mouse
cell line, MSC-2,115 as the complex target for cell-SELEX, the authors
identified four different RNA aptamers, named aptamers 3, 6, 11, and
14, as well as annexin A4 and vimentin as putative ligands for ap-
tamers 3 and 11, respectively.114 The four aptamers selectively bind
to tumor-infiltrating, but not to peripheral myeloid cells, from a vari-
ety of mouse or primary tumor specimens from human head and
neck squamous cell carcinoma (HNSCC). To investigate the in vivo
therapeutic efficacy, the authors then generated Dox-conjugated ap-
tamers showing that the four aptamers are effective targeting moieties
for the delivery of drugs to the tumor site. Dox conjugates were then
administered intravenously (i.v.) using the 4T1-derived mammary
metastatic carcinoma model. The authors demonstrated that the
TIMC-targeting aptamers can deliver Dox to both the primary ortho-
topic tumor and metastatic sites, increasing the therapeutic index.
Furthermore, because aptamers were shown to bind to different
TIMC-specific targets, Dox conjugates were administered in combi-
nation, increasing the overall specificity. The authors showed the po-
tential of this approach by demonstrating enhanced drug delivery and
reduced toxicity of chemotherapeutic agents as compared with the
systemic delivery.114

Aptamers as targeting moieties for loaded nanoparticles

Liposomes are spherical, self-closed vesicles formed by concentric
lipid bilayers that surround an aqueous core phase. Aptamer-driven
liposomes have been shown to be an effective approach for the selec-
tive delivery of therapeutic nucleic acids and drugs, improving the
functional uptake of payloads to the target-affected cells.116,117 In a
recent study, Fattal et al.83 described a liposome-based siRNA delivery
system with a core composed of the siRNA:protamine complex and a
shell designed for the active targeting of CD44-expressing cells. To
this end, the authors took advantage of a previously reported aptamer,
Apt1, raised against the CD44 receptor, a surface biomarker found
overexpressed in various tumor types.118 Apt1 was post-inserted
into neutral liposomes loaded with siRNA. The efficacy of the nano-
carrier was then evaluated for the silencing of the reporter gene
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luciferase (luc2) in vitro and in vivo using an orthotopic MDA-MB-
231 TNBC model.83

Dendrimers are synthetic symmetrical hyperbranched polymer
nanoparticles that have extensively been studied as carriers for the
effective delivery of small RNAs such as the cationic dendrimer
in vitro and in vivo.119 The polyamide-amine family of dendrimers
(PAMAM) is one of the most studied for its potential use in biomed-
icine. Making use of persistent luminescence nanoparticles (PLNPs),
Zhang et al.120 reported the design of a PLNPs-PAMAM-aptamer/
Dox nanoplatform for cancer theranostic applications. To this end,
the authors used the AS1411 aptamer that binds to nucleolin on
the cell surface of cancer cells as the targeting moiety. Owing to
the presence of the PLNP, the biodistribution of the PLNPs-PA-
MAM-AS1411/Dox nanocomposite has then been monitored by
in vivo luminescence imaging. The delivery of the anthracycline
Dox selectively to the tumor site was demonstrated. The authors
used HeLa tumor-bearing athymic nude mice as an experimental
model to evaluate the effect of PLNPs-PAMAM-AS1411/Dox’s
treatment on tumor growth inhibition. Results showed an enhanced
therapeutic effect of the targeted nanocomposite over the free Dox
or the untargeted nanocomposite.

DNA-based dendrimers have advantages over other polymers. They
are easily functionalized due to GC-rich “stick” terminal linkers on
their surface for annealing to complementary therapeutic nucleic
acids.110 To improve target specificity, Jia et al.121 developed stable ap-
tamer-conjugated, highly branched DNA dendrimers. The authors
used the sgc8 aptamer as the targeting moiety. The sgc8 aptamer rec-
ognizes the catalytically defective PTK7, a receptor PTK that is upre-
gulated in various cancers.30 The targeting aptamer was assembled by
annealing to the dendrimer nanocomposite through the presence of
the terminal sticky ends. The DNA dendrimers were then nick sealed
to increase the stability. CCRF-CEM tumor-bearing mice were used
to assess the therapeutic efficacy of sgc8-DNA dendrimers-Dox com-
plexes. The nanocomposite showed in vivo-specific targeting of
CCRF-CEM cells and uptake of doxorubicin to nuclei of target tumor
cells, significantly inhibiting tumor growth.121

APTAMERS IN CLINICAL TRIALS
Aptamers as a therapeutic modality have had limited success in clinic.
To date, only one aptamer has been US Food and Drug Administra-
tion (FDA) approved for the treatment of age-related macular degen-
eration (AMD) with no aptamer(s) approved for the treatment of
cancer. Several properties of aptamers have limited their development
into effective systemic therapies. Due to their inherent small size, ap-
tamers are cleared quickly by the renal system. To circumvent this,
aptamers have been PEGylated to increase their half-life. However,
clinically, anti-peg antibodies can interfere with and inhibit the func-
tion of aptamer binding and activity and can lead to an anaphylactic
reaction, which is mostly likely what contributed to the failure of Re-
gado Bioscience’s clinical trial.122 Further work and enhanced ap-
proaches are needed to increase the half-life and pharmacokinetics
(PK)/pharmacodynamics (PD) profile of aptamers. Additionally,
although a lot of progress has been made to stabilize, prevent degra-
dation, and reduce TLR recognition, there has been some evidence of
hepatic toxicity, specifically when phosphorothioate-modified nucle-
otides are used.123

Among the aptamers that recently entered clinical trials for anti-
cancer therapeutic indications (https://clinicaltrials.gov/), a prom-
ising molecule is represented by a variant of aptamers, named
Spiegelmers. These aptamers are produced by NOXXON Pharma
from non-natural L-nucleotides adopting a modified SELEX drug-
discovery proprietary platform.124 The L-configuration confers Spie-
gelmers’ resistance to degradation by nucleases present in circulating
plasma and non-appreciable immunogenic response, both considered
critical features for nucleic acid therapeutics.125 NOXXON Pharma is
developing Spiegelmers-neutralizing chemokines in the tumormicro-
environment. A recent example of therapeutic Spiegelmer is the
NOX-A12 (olaptesed pegol) that binds to the C-X-C motif chemo-
kine ligand 12 (CXCL12), a chemokine ligand that is secreted by
bone marrow stromal cells. Hoellenriegel et al.126 showed that
NOX-A12 inhibits CXCL12-dependent activation of the chemokine
receptor, CXCR4, interfering with intercellular signaling between tu-
mor cells and their microenvironment. NOX-A12 is in a phase 1/2
combination trial in metastatic pancreatic and colorectal cancer
together with the monoclonal antibody anti-PD-1, pembrolizumab
(KEYTRUDA). In 2019, a second combination clinical trial of
NOX-A12 with radiotherapy for brain cancer (GBM/glioma) treat-
ment was initiated.

A search of the Clinical Trials database, using the search term “ap-
tamer,” showed 47 clinical trials involving aptamers. A further re-
striction to cancer clinical trials limits this number to seven, as
shown in Table 1. Delving further into these trials, two are observa-
tional, whereas one, listed as an intervention trial (ClinicalTrials.gov:
NCT01830244), was, in fact, using the aptamer for follow-up review
of biomarkers. Of the five remaining, one was withdrawn (Clinical-
Trials.gov: NCT02780011), and one was terminated. The former was
withdrawn due to lack of funding; it should be noted that this trial
was using the aptamers in flow cytometry and not directly in the pa-
tient. Of the remaining clinical trials listed, two are listed as active
but not yet recruiting (ClinicalTrials.gov: NCT04459468 and
NCT02237183). The final trial (ClinicalTrials.gov: NCT03385148)
is listed as recruiting; initial results of this trial indicate that the
radiolabeled sgc8 aptamer with 68Gallium for diagnostic medical
imaging can be used to distinguish between benign and malignant
colorectal cancer.127 This study also demonstrated a favorable distri-
bution profile and was safe and tolerated by patients. Given the
number of aptamers that is being developed for both diagnostic
and therapeutic applications, this suggests that there will be more
clinical trials registered for these applications.128

Conclusions

RNA therapeutics is a rapidly growing field of biotherapeutics. These
emerging modalities, including aptamers, siRNAs, and mRNA-based
drugs, are based upon a powerful and versatile platform, which has
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Table 1. Cancer aptamers in clinical trials

NCT number/
phase Title Conditions Interventions Outcome measures Locations

ClinicalTrials.gov:
NCT03385148
early phase I

the clinical application of 68Ga-
labeled
ssDNA aptamer sgc8 in healthy
volunteers and colorectal patients

colorectal cancer drug: 68Ga-sgc8 diagnostic efficacy China

ClinicalTrials.gov:
NCT02780011
phase I

alisertib (MLN8237) and
brentuximab
vedotin for relapsed/refractory
CD30-positive lymphomas and
solid
malignancies

CD30-positive
lymphoma;
CD30-positive
solid tumor

drug: brentuximab vedotin;
drug: alisertib

MTD; DLTs; RP2D; antitumor
activity; area under the plasma
concentration versus time curve

USA

ClinicalTrials.gov:
NCT02237183
phase I

iloprost in preventing lung cancer
in former smokers

lung carcinoma

drug: iloprost; other: placebo
administration; other:
quality-of-life assessment; other:
questionnaire administration;
descriptive statistics for the effect on
serum proteins as quantitated by
aptamer-based analysis

incidence of clinical toxicity;
treatment compliance; response of
airway histology; serum protein
profiling; endobronchial-brushing
gene expression; gene expression of
dysplastic lesions; improvement in
chronic obstructive pulmonary
disease (COPD); whether the
in vitro response of cultured airway
epithelial progenitor cells to iloprost
is a predictor of in vivo response in
study subjects

USA

ClinicalTrials.gov:
NCT01034410
phase II

a study of AS1411 combined with
cytarabine in the treatment of
patients with primary refractory or
relapsed acute myeloid leukemia

acute myeloid
leukemia

drug: AS1411; drug: cytarabine

comparison of 40 and 80 mg/kg/day
of AS1411 in combination with
cytarabine therapy or cytarabine
alone for response rate; duration of
emission; disease-free survival;
overall survival; hematological
recovery; safety; PD and PK

Australia, China,
New Zealand,
Taiwan, USA

ClinicalTrials.gov:
NCT01830244
phase II

IST neoadjuvant Abraxane in
newly diagnosed breast cancer

breast cancer
drug: nab-paclitaxel; post-biopsy
aptamer assessment

pathological complete response in
the breast; pathologic response rate
in breast and axillary lymph nodes;
rate of pathologic complete
response and near-complete
response in the breast combined;
breast conservation rate;
progression-free survival; safety and
tolerability

Australia

ClinicalTrials.gov:
NCT04459468

identify proteomic biomarkers
for outcome prediction of
Lipiodol TACE treatment

hepatocellular
carcinoma

drug: Lipiodol

predictive accuracy of proteomic
biomarker(s) for overall survival in
hepatocellular carcinoma patients;
predictive accuracy of proteomic
biomarker(s) for progression-free
survival in hepatocellular
carcinoma patients

USA

ClinicalTrials.gov:
NCT02957370

molecular biosensors for
detection of bladder cancer

urinary bladder
neoplasms

urinary “fingerprint” for urinary
bladder neoplasms

DLT, dose-limiting toxicity; IST, immunosuppressive therapy; MTD, maximum-tolerated dose; PK, pharmacokinetics; PD, pharmacodynamics; RP2D, recommended phase 2 dose;
ssDNA, single-stranded DNA; TACE, transarterial chemoembolization.
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nearly unlimited capacity to address unmet clinical needs. RNA
therapeutics are destined to change the standard of care for many
diseases. The number of RNA drugs under development and in clin-
ical trials is growing rapidly. This rapid growth has been made
possible by solving the problems surrounding stability, delivery,
and immunogenicity of oligonucleotides. Although there is room
for further improvement and innovation in each of these areas,
the solutions have advanced to the point that RNA drugs are now
2406 Molecular Therapy Vol. 29 No 8 August 2021
feasible. Several dominating players in the RNA biopharma sector
have emerged, and new, small biotech startups as well as academic
groups with transformative ideas are also inching their way into
the clinic.

More recently, the development of RNA drugs has largely focused on
twomodalities: (1) RNAi/anti-sense RNAwhere synthetic short oligo-
nucleotides recognize and hybridize to complementary sequences in
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endogenous RNA transcripts andmodulate their processing,129,130 and
(2) mRNA where modified mRNAs encoding therapeutic proteins
elicit their transient expression in the cytoplasm (for example, to
replace defective ormissing proteins or introduce antigens for vaccina-
tion).131,132 The realization of RNA as a drug required that several ma-
jor hurdles be overcome. These hurdles include the following: (1) the
rapid degradation of exogenous RNA by extracellular and intracellular
RNases present in the serum and within tissues, (2) delivery of
negatively charged RNA across the cellularmembrane, which is hydro-
phobic in nature, and (3) strong immunogenicity of exogenous RNA,
resulting in pronounced cell toxicity (i.e., cytokine storm) and impaired
translation into therapeutic proteins (i.e., immune clearance).

These hurdles have been substantially overcome with recent advance-
ments in RNA chemistry, biology, bioinformatics, manufacturing,
and nanotechnology, thereby facilitating the recent rapid develop-
ment of RNA therapeutics. Advantages of RNA-based drugs that
are rapidly driving development include the following: (1) their ability
to act on targets that are otherwise “undruggable” with small mole-
cules or a protein-based drug; (2) their rapid and cost-effective devel-
opment and manufacturing, in contrast to that of small molecules,
recombinant proteins, and viral gene therapy approaches; and (3)
the ability to rapidly alter the sequence of the RNA drug for person-
alized treatments or to adapt to an evolving pathogen (i.e., recent
COVID-19 mRNA vaccines from Moderna and Pfizer/BioNTech).

The first approved and marketed RNA drug, patisiran (Onpattro;
Alnylam Pharmaceuticals; FDA approval in August 2018) is an
siRNA-based drug.133 Patisiran is used to treat adult patients with
polyneuropathy caused by hereditary transthyretin (TTR)-mediated
amyloidosis. This is a dsRNA that acts through the RNAi pathway
and induces degradation of mRNA encoding TTR.133 Recently,
another siRNA drug, givosiran (Givlaari; Alnylam Pharmaceuticals)
received FDA approval in November 2019 for the treatment of acute
hepatic porphyria.134 Givosiran targets aminolevulinate synthase 1
mRNA in the liver and reduces the levels of disease-causing neuro-
toxic intermediates aminolevulinic acid and porphobilinogen.134,135

The new kid on the block with respect to RNA therapeutics is syn-
thetic or in vitro-translated mRNA. mRNA is uniquely engineered
to mimic naturally occurring mRNAs.136,137 mRNA drugs consist
of a single-stranded open reading frame flanked by untranslated re-
gions (UTRs) and contain a 50 cap for translation and a 30 poly(A)
tail for stability.137–139 The exogenously delivered mRNA is translated
into protein in the cytoplasm and degrades within the cytoplasm typi-
cally within hours, thereby posing no risk of integration into the
genome. There are several therapeutic modalities that utilize
mRNA: (1) replacement therapy where the mRNA is administered
to the patient to compensate for a defective/missing protein or to sup-
ply therapeutic proteins; (2) vaccination where the mRNA-encoding-
specific antigen(s) are administered to elicit protective immunity; and
(3) cell therapy where the mRNA is transfected into the cells ex vivo to
alter cell phenotype or function, and then these cells are delivered into
the patient.
In general, the development and manufacturing of RNA therapeutics
(aptamers, siRNAs, and mRNAs) are relatively simple and a more
cost-effective process in comparison to that of recombinant protein
or small molecule drugs. In addition, RNA sequences can be easily
modified allowing for personalization of RNA therapy.

Although aptamers were the first RNA drugs to be described, only
one FDA-approved aptamer-based drug, pegaptanib (Macugen;
Bausch + Lomb Pharmaceutical Retina Portfolio; FDA approval in
December 2004) is on the market after more than 15 years.140

Although many other aptamer-based drugs are currently in clinical
trials or in various stages of development (see section above),141 their
entry into the clinical market has been slow when compared to the
development pace of siRNAs and mRNA-based drugs. Despite these
delays, aptamer aficionados vouch for the potential of aptamers to
replace monoclonal antibodies in therapeutic and diagnostic appli-
cations because they can be produced via chemical synthesis, are
more cost effective in manufacturing, are simpler to modify, and
elicit little immunogenicity.142,143 However, despite the fact that ap-
tamers have many advantages over antibodies, their clinical transla-
tion is challenging due to suboptimal pharmacokinetic properties
(highly sensitive to nucleases and readily excreted by the kidneys)
and complexity of selection techniques (a time-consuming process
with low success rates).144 Many of these hurdles can be easily over-
come with those same advancements in RNA chemistry, biology,
bioinformatics, manufacturing, and nanotechnology that have
enabled the entry of siRNAs and mRNAs into the clinic.145 Further-
more, in silico and artificial intelligence (AI)-based technologies are
rapidly being applied to aptamer selection/design to enable the rapid
and facile identification of aptamers against various therapeutic and
diagnostic targets.
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