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Simple Summary: Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype
with poor outcomes and limited therapeutic options. It is characterized by a more pronounced
immunogenicity compared with other breast cancer subtypes, suggesting immunotherapy is a viable
strategy. Aptamers are short oligonucleotides that, similar to antibodies, recognize their protein
target with high specificity and affinity. However, compared with antibodies, they present several
advantages in terms of size, production, modification, and stability, which make them excellent
candidates for the development of novel targeted anticancer therapies. Recently, in order to restore
an immunoreactive and anticancer tumor microenvironment, effective aptamer-based strategies have
been developed. Here, we discuss the most recent approaches aimed at using aptamers to enhance or
restore the anticancer immune response in TNBC.

Abstract: The immune system (IS) may play a crucial role in preventing tumor development and
progression, leading, over the last years, to the development of effective cancer immunotherapies.
Nevertheless, immune evasion, the capability of tumors to circumvent destructive host immunity,
remains one of the main obstacles to overcome for maximizing treatment success. In this context,
promising strategies aimed at reshaping the tumor immune microenvironment and promoting
antitumor immunity are rapidly emerging. Triple-negative breast cancer (TNBC), an aggressive
breast cancer subtype with poor outcomes, is highly immunogenic, suggesting immunotherapy is a
viable strategy. As evidence of this, already, two immunotherapies have recently become the standard
of care for patients with PD-L1 expressing tumors, which, however, represent a low percentage of
patients, making more active immunotherapeutic approaches necessary. Aptamers are short, highly
structured, single-stranded oligonucleotides that bind to their protein targets at high affinity and
specificity. They are used for therapeutic purposes in the same way as monoclonal antibodies; thus,
various aptamer-based strategies are being actively explored to stimulate the IS’s response against
cancer cells. The aim of this review is to discuss the potential of the recently reported aptamer-based
approaches to boost the IS to fight TNBC.

Keywords: immune system; immunotherapy; aptamer; TNBC; active cancer targeting

1. Introduction

Triple-negative breast cancer (TNBC) is an aggressive breast cancer (BC) subtype that
accounts for approximately 10–20% of all diagnosed BCs. It generally affects younger
women, is more likely to recur, and is associated with a poorer overall survival rate
compared with other BC subtypes [1,2]. The term TNBC refers to a heterogeneous group
of tumors having different histological, genomic, and immunological characteristics and
response to therapy, which have in common the lack of estrogen receptor, progesterone
receptor, and epidermal growth factor receptor 2 (HER2); thus, TNBC patients are not
eligible for hormone or anti-HER2 therapy [2,3].
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Based on gene expression profiling, Lehman et al. [4] initially classified TNBC into six
distinct molecular subtypes, namely basal-like 1 (BL1), basal-like 2 (BL2), immunomod-
ulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL), and luminal androgen
receptor (LAR). Subsequently, the IM and MSL subtypes were removed from the initial
classification because it was recognized that their transcriptomic features were not derived
from tumor cells but from tumor-infiltrating lymphocytes (TILs) and tumor-associated stro-
mal cells, respectively, abundantly present in the TNBC tumor microenvironment (TME) [5].
Another classification for TNBC was suggested by Burstein et al. [6], who confirmed four
subtypes reported by Lehman: LAR, M, and two BL. Basal subtypes described by Burstein,
on the basis of immune signaling, are divided into basal-like immune-suppressed, which
exhibits downregulation of B cell, T cell, and natural killer (NK) cell immune-regulating
pathways and cytokine pathways, and basal-like immune-activated, which is characterized
by upregulation of genes controlling B cell, T cell, and NK cell functions. Burstein and
colleagues demonstrated that immunosuppressed and immunoactivated tumors have the
worst and best prognoses, respectively. Both classifications highlight the immune system
(IS) signature as an important prognostic factor in TNBC and a potential target in the
treatment of some TNBC subtypes.

The limited options of molecular therapies and the highly heterogeneous nature of
these tumors make TNBC the most challenging BC to treat. To date, the standard of care for
both early and advanced TNBC remains chemotherapy, generally using combined regimens
of taxane, anthracycline, cyclophosphamide, cisplatin, and fluorouracil [7,8]. Unfortunately,
chemotherapy efficacy is limited by the high toxicity toward normal cells [9]. Moreover,
after a brief initial response to treatment, TNBC tends to reappear in a more aggressive
and chemoresistant form, showing a significantly high pathological remission rate [10].
Therefore, it is increasingly necessary to identify specific molecular signatures that can
be targeted to establish new effective treatments for TNBC. Years of intense research into
TNBC led to the identification of the first molecular therapies.

The first clinically validated biomarker for TNBC therapy was the BRCA mutational
status. Up to 19% of TNBC patients carry mutations in genes encoding for BRCA1 and
BRCA2, proteins involved in DNA double-strand break repair, resulting in sensitivity
to poly-ADP-ribose polymerase (PARP) inhibitors [2,11]. In 2018, the Food and Drug
Administration (FDA) approved two PARP inhibitors, Olaparib [12,13] and Talazoparib [14],
as monotherapy for the treatment of patients with BRCA-mutated tumors. Currently, the
efficacy of PARP inhibitors is also being investigated in BRCA wild-type TNBC [15].

TNBC has been shown to be more immunogenic than other BC subtypes due to
its high propensity to generate neoantigens that can be recognized as “nonself” by the
adaptive IS [16] and the presence of immune cell infiltrates, which are responsible for
developing antitumor immune responses [17,18]. In addition, approximately 20% of TNBC
expresses anti-programmed cell death-ligand 1 (PD-L1) [19], a surface protein that binds
programmed cell death protein 1 (PD-1) receptors on TILs, turning off their activity. In
this way, the PD-1/PD-L1 axis induces an immunosuppressive TME responsible for tumor
immune evasion. All these features are fundamental prerequisites for benefiting from
immunotherapy. Indeed, in 2019, the FDA approved the first immunotherapy with anti-PD-
L1 Atezolizumab monoclonal antibody (mAb) to treat PD-L1-positive unresectable, locally
advanced, and metastatic TNBC in combination with nab-paclitaxel [20,21]. In the following
2 years, Pembrolizumab, an anti-PD-1 mAb, was also approved by FDA in combination
with standard chemotherapy: first, in 2020, for patients with locally recurrent inoperable or
metastatic TNBC and later, in 2021, for newly diagnosed and operable early-stage TNBC by
adding the antibody to both neoadjuvant and adjuvant chemotherapy [22]. However, the
mentioned therapies are approved only for TNBC expressing high levels of PD-L1, making
it necessary to find new strategies to expand the applications of immunotherapy for TNBC.

More recently, the FDA approved the first antibody-drug conjugate (ADC) as a second-
line treatment for patients with unresectable locally advanced or metastatic TNBC who have
received two or more prior systemic therapies, at least one of them for metastatic disease.
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The name of this ADC is Sacituzumab govitecan, which is composed of a humanized
trophoblast cell surface antigen-2 antibody coupled via a linker to the SN-38 payload, the
active metabolite of the topoisomerase 1 inhibitor irinotecan [23].

Oligonucleotide aptamers are highly selective compounds emerging as alternative
or complement to mAbs for active cancer targeting, and the application of aptamers as
innovative therapeutic agents in different human cancers, including TNBC, is increasing
rapidly [24]. In this review, we will first discuss the features of aptamers against cancer-
related biomarkers as innovative therapeutics. Then, we will focus on the recently emerged
aptamer-based strategies that can prevent immune evasion and stimulate anticancer im-
mune responses, discussing their potential to manage TNBC in the next future.

2. Aptamers for Targeted Cancer Therapy

Aptamers are synthetic, short, single-stranded DNA or RNA oligonucleotides that
fold into unique three-dimensional (3D) structures interacting at high affinity and speci-
ficity with targets of different natures. Aptamers were first discovered in 1990 when two
papers [25,26] described the in vitro SELEX (systematic evolution of ligands by exponential
enrichment) technology for aptamer’s generation and introduced the term aptamer, which
derives from the Latin word “aptus” (to fit) and the ancient Greek word “meros” (part),
thus meaning “fitting parts” (Figure 1).
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the sequences are directly amplified by PCR in the case of DNA-SELEX or first reverse-

Figure 1. Schematic representation of aptamer binding to its target and key steps of the SELEX
method. (a) The aptamer adopts a 3D structure to bind to its target; (b) The SELEX starts with random
libraries of ssDNA or RNA sequences and comprises reiterated rounds of binding to the target,
partitioning of the target bound sequences from unbound and amplification of the bound sequences.
Finally, the enriched library is analyzed by cloning and sequencing or, in the most recent approaches,
high-affinity ligands are identified by next-generation sequencing (NGS) and bioinformatics. Created
with BioRender.com (accessed on 2 March 2023).

The in vitro selection starts with the generation of a combinatorial library of oligonu-
cleotides, each containing a central random sequence, approximately 20–100 nucleotides
in length, flanked by two fixed regions necessary for primers annealing during amplifica-
tion and in vitro transcription (to select RNA aptamers). The library is incubated with a
target molecule, and a partitioning step is performed to separate oligonucleotides bound to
the target from unbound nonspecific sequences. Targets for SELEX can include peptides,
proteins, metabolites, carbohydrates, small organic molecules, other structured RNAs, and
even whole cells or organisms, and different selection schemes that have been described so
far adapted to the nature of the target [27–29]. Once eluted from the target, the sequences
are directly amplified by PCR in the case of DNA-SELEX or first reverse-transcribed and
then amplified in the case of RNA-SELEX. The amplified sequences are used to generate a
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new oligonucleotide library, which is subjected to a further round of selection. By repeat-
ing multiple rounds of incubation, partition, and amplification, this process leads to the
generation of sequences with high affinity and specificity for the target (Figure 1).

Aptamers can be considered the nucleic acid version of protein antibodies because
they share with them a high binding affinity and specificity for the target (Kd values,
10−8–10−12 M) and, analogous to antibodies, have a variety of applications as recognition
elements, including therapeutics, biosensors, and diagnostics [30].

Aptamers discriminate among highly similar members of the same protein family,
protein isoforms, and also proteins that differ in a single amino acid [27]. For example, by a
contrast SELEX screening with agarose beads and magnetic beads coupled with wild-type
and mutant proteins, respectively, RNA aptamers have been generated able to bind to
p53R175, one of the hot spots of p53 mutation, discriminating the mutant protein from
wild-type p53 [31].

Aptamers may function as anticancer therapeutics by different modalities (Figure 2).
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surface targets, inhibiting protumoral pathways. (b) Targeted drug delivery: aptamers conjugated to
drug-loaded nanoparticles or linked to drugs bind to cell surface targets and internalize into cancer
cells, resulting in selective intracellular drug delivery. (c) Gene therapy: aptamers decorating small-
interfering RNA (siRNA)-loaded nanoparticles or conjugated directly to siRNA, bind to cell surface
targets and internalize into cancer cells, resulting in selective gene silencing. (d) Immunotherapy:
aptamers stimulate immune cells against cancer cells (see text for details). Created with BioRender.
com (accessed on 2 March 2023).

As it happens for an antibody, the action of the aptamer as a cancer therapeutic
basically relies on its ability to bind to a cancer-related protein target and interfere with its
correct functioning, thus ultimately inhibiting tumor development and progression [27,32].
Alternatively, similar to mAbs linked with payloads in ADC [33], aptamers against unique
cancer biomarkers can be applied as anticancer tools by exploiting them as targeting
agents to transport therapeutic molecules specifically to tumor sites [28,34]. In this regard,
the capability of a subset of cell-targeting aptamers to actively internalize into target
cells via receptor-mediated endocytosis or micropinocytosis [35,36] has fueled an area of
intense research aimed at developing smart aptamer-based modalities for targeted TNBC
treatment by conjugation aptamers with chemotherapeutics [37], therapeutic RNAs [38],
small inhibitors [39] or nanosystems loaded with drugs [40,41], which need to enter into the
cell to exert their anticancer function. Furthermore, recent approaches are also attempting
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to confer to the aptamers the effector functions, typical of the antibody, of activation of
the complement system [42]. Moreover, radiolabeling methods applied to antibodies can
be easily used for conjugating aptamers with radionuclides, and the resulting conjugates
have great potential in innovative theranostic applications [43]. Even if aptamers can
be compared with antibodies for their mode of action, there is no doubt that they have
several advantages to successfully replace or complement traditional antibodies for active
cancer targeting (Table 1) [44,45]. First, they have smaller sizes (5–15 kDa) and more
flexible structures compared to classical antibodies that allow them to penetrate into
solid tumors more easily and bind to small and hidden targets otherwise inaccessible to
antibodies [46]. Importantly, the production of identified aptamers by chemical synthesis
allows to avoid batch-to-batch variability and overcome expensive and labor-intensive
steps that are required for antibody production.

Table 1. Comparative aspects between the aptamers and antibodies for cancer therapy.

Aptamer Antibody

Molecular feature

− Composition Nucleotides Amino acids

− Molecular weight 5–15 kDa 150–180 kDa

− Resistance to harsh conditions
(i.e., pH, temperature) High Low

Manufacturing

− Production Easy and cheap Labor-intensive and expensive

− Batch-to-batch variation None Significant

− Versatility tochemical modifications High Limited

− Discovery time ~2–8 weeks ~6 months

Target recognition

− Binding affinity High (Kd, pM-nM) High (Kd, pM-nM)

− Minimal target size ~60 Da ~600 Da

− Target activity modulation Yes Yes

In vivo behavior

− Nuclease resistance Sensitive (chemically unmodified) Resistant

− Tissue penetration High Low

− Renal excretion Rapid (chemically unmodified) Slow

− Immunogenicity Low or absent High

In addition, aptamers tolerate several chemical modifications that improve target-
ing efficacy, pharmacokinetic profile, and stability in biological environments, which are
required for their in vivo applications [47]. As extensively reviewed elsewhere [27,48],
the most used modifications applied to aptamers, either during SELEX or post-SELEX,
to increase their resistance against nucleases include (Figure 3): the replacement of the
2′-OH groups of ribose with fluoro, methoxy, thiol or amino groups; the capping or the
cyclization of the oligonucleotides’ ends; the substitution of the phosphodiester backbone
with a phosphorothioate backbone; and the introduction of locked nucleic acids. Moreover,



Cancers 2023, 15, 2010 6 of 17

L-aptamers, called spiegelmers, can be generated that are not recognized by nucleases
because they are enantiomers of natural nucleic acids. Chemical modifications are also
applied to overcome the rapid renal filtration of small-size aptamers by conjugating them
to bulky molecules, such as polyethylene glycol (PEG) or cholesterol, thus increasing their
circulation time without affecting the accessibility to the target. Sophisticated approaches
have also been developed to chemically conjugate aptamers with secondary therapeutics
in combination therapy, and interestingly, innovative strategies have been explored to
introduce exotic chemical groups in the aptamer molecule to extend their functionality and
overcome the lack of chemical diversity in nucleic acids [49]. Another strategy to improve
binding affinity, target selectivity, and in vivo bioavailability of aptamers is represented by
the generation of slow off-rate modified aptamers (SOMAmers). These are DNA aptamers
that bear chemically modified nucleotides functionalized at the 5-position of uridine with
moieties that can not only participate in interactions with the target protein but also form
novel secondary and tertiary structural motifs that greatly increase the repertoire of targets
accessible to aptamers [50].
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Figure 3. Schematic representation of the most common strategies for chemically modifying ap-
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2 March 2023).

To date, one extensively chemically modified aptamer (named Macugen), targeting the
isoform 165 of vascular endothelial growth factor, has been approved for the treatment of
age-related macular degeneration, and eleven aptamers are in clinical trials for the treatment
of different human diseases [51,52]. Among them, the anti-nucleolin AS1411 aptamer and
the anti-stromal cell-derived factor 1 NOX-A12 aptamer have already completed phase II
clinical trials for cancer therapy. Moreover, the anti-protein tyrosine kinase-7 Sgc8 DNA
aptamer, labeled with 68 Ga, is in early phase I for assessing its diagnostic value in colorectal
patients (ClinicalTrials.gov Identifier: NCT03385148).

3. Aptamer-Based Immune Strategies for TNBC Treatment

Genetic and epigenetic mutations in cancer cells lead to the presence of many tumor-
associated antigens that the IS recognizes as nonself and, therefore, destroys mutated
cells. However, it is well known that cancer cells evolve several mechanisms for escaping
from immune destruction and changing the surrounding microenvironment in their favor,
resulting in tumor growth, invasion, and metastasis [53–55].

The goal of cancer immunotherapy is to enhance or restore the IS’s ability to detect and
destroy cancer cells by overcoming the mechanisms by which tumors evade and suppress
the immune response. Striking aptamer-based strategies have been developed in the very
last few years to restore the IS toward an antitumor condition in TNBC. As discussed below,
increasing evidence shows aptamer’s ability to potentiate the cytotoxic activity of immune
cells, block immune checkpoints, or recruit immune cells to cancer cells (Figure 4).
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3.1. Tumor-Infiltrating Lymphocytes

The major types of immune cells in the TNBC microenvironment are TILs, and their
presence is significantly associated with better survival outcomes in patients with early-
stage untreated tumors [56]. TILs include all CD3+ T cells, which may promote tumor
destruction (CD8+ cytotoxic T cells) and an antitumor response (CD4+ T-helper 1) or limit
antitumor immune responses (CD4+ T-helper 2, including Forkhead box P3 (FOXP3) CD4+
regulatory T cells) [57,58].

Recently, Zhao et al. proposed an original strategy that exploits the targeting capa-
bility of aptamers to construct a “super-cytotoxic T lymphocyte” for enhanced antitumor
response in cancer immunotherapy [59]. They generated acid-degradable metal–organic-
based and lysosome-targeting nanoparticles that were loaded with perforin and granzyme
B, two antitumor toxins contained in lysosomes of CD8+ T cells, and functionalized with an
aptamer targeting the CD63 receptor on lysosome. Ca2+ was deposited on the nanoplatform
to improve its biocompatibility and stability and potentiate toxin activity. The authors
succeeded in using such an aptamer-guided platform (named LYS-NPs) for enriching
lysosomes’ cytotoxic content of CD8+ T cells. When tested in the TNBC 4T1 mouse model,
T cells preactivated with processed 4T1-specific antigens and recombined by LYS-NPs and
released the lysosomal content into immunological synapses, triggering a strong antitumor
reaction (Figure 4). The proposed aptamer-based immunotherapy has great potential to
overcome significant challenges in T cell immunotherapy for solid tumors mainly rep-
resented by strong immunosuppressive signals, which induce low T cell activation and
decreased synthesis and release of cytotoxic proteins [60].

3.2. Immune Checkpoint-Expressing Cells

Alatrash’s group reported that the expression of the PD-L1 gene in TNBC patients is
significantly higher than in non-TNBC [19]. PD-L1, one of the major tumor cell-associated
immune checkpoints, is expressed in a variety of immune cells, such as macrophages, some
activated T cells, B cells, and in many solid tumor cells, including BC cells. Its receptor,

BioRender.com


Cancers 2023, 15, 2010 8 of 17

the transmembrane protein PD-1, is expressed on the membrane surface of TILs, NK cells,
macrophages, dendritic cells, and monocytes [61]. Binding between PD-L1 and PD-1 causes
the inhibition of CD8+ TILs, transforming them into an anergic form and, consequently,
cancer immune evasion.

Moreover, the PD-1/PD-L1 axis modulates within tumor cells various proliferative
and survival signaling pathways such as PI3K/AKT, MAPK, JAK/STAT [62], and, very im-
portantly, in TNBC, the activation of this axis promotes epithelial–mesenchymal transition
(EMT), a phenotype associated with highly aggressive and metastatic tumors [63].

Different aptamer-based approaches in TNBC are currently being explored to revert
PD-1/PD-L1 effects (Figure 5).
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In this context, our group investigated, for the first time, a combination between
an anti-PD-L1 mAb with an anti-platelet-derived growth factor receptor β (PDGFRβ)
aptamer, named Gint4.T, in TNBC [64]. Gint4.T is a nuclease-resistant 2′-fluoropyrimidines
(2′F-Py) RNA aptamer which binds to and inhibits PDGFRβ expressed on the surface of
different human cancer cells, including TNBC cells [65], and TNBC TME components,
including mesenchymal stem cells [66], and T cells [64]. Interestingly, when intravenously
injected in TNBC 4T1 syngeneic mice, the aptamer strongly potentiates the effect of anti-
PD-L1 mAbs in inhibiting tumor growth and lung metastases formation by acting on
both tumor cells and TME components [64]. Furthermore, the combined blockade of
PDGFRβ and PD-L1 causes the depletion of FOXP3+ Treg cells and an increase in CD8+ T
cells and granzyme B more consistently than single monotherapies. These results lay the
foundation to construct a bispecific immunoconjugate consisting of an anti-PD-L1 antibody
covalently linked to Gint4.T aptamer, thus optimizing the effectiveness of combination
therapy. Bispecific constructs obtained by covalently linking an anti-epidermal growth
factor receptor (EGFR) 2′F-Py RNA aptamer to immunomodulators anti-PD-L1 (10_12) [67]
or anti-CTLA-4 (ipilimumab) [68] mAbs were generated by Passariello et al. and proved to
maintain the biological functions of both parental moieties, thus exerting a potent cytotoxic
activity against BC cells.

An alternative strategy to anti-PD-L1 mAbs for PD-L1 targeting is represented by the
suppression of PD-L1 through gene silencing, which has the potential to overcome some
recurring obstacles of mAbs-based treatments, such as their time- and cost-consuming
production, the potential for immunogenicity, and low stability. Furthermore, this strategy
allows to block the intrinsic pro-tumorigenic role of cytoplasmic PD-L1 [69] that, instead, is
not accessible by antibodies. The possibility of synthesizing cancer-cell-targeting aptamers
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with functional groups at their extremity, allowing the conjugation to nanovectors, is a strik-
ing approach to deliver, specifically to the tumor, small-interfering RNA (siRNA) cargos,
loaded in the nanovector, thus overcoming the vulnerability of siRNAs to nucleases and
their inability to enter into target cells. Recently, poly(lactic-co-glycolic)-block-PEG (PLGA-
b-PEG)-based nanoparticles have been loaded with anti-PD-L1 siRNA and decorated with
a 2′F-Py RNA aptamer able to bind and internalize specifically into TNBC cells [70,71].
The resulting aptamer-conjugated nanovectors, upon 90 min incubation on TNBC cells,
efficiently delivered siRNA into target cells, which was competent to cause an almost
complete suppression of PD-L1 expression [72]. Notably, aptamer-decorated nanocarriers
offer the possibility to link different ligands to the surface of the NPs, thus increasing the
specificity of targeting, and to encapsulate in the NPs multiple therapeutics, thus allow-
ing for efficacious combined therapies. For example, the concomitant administration of
cisplatin [40] and siPD-L1 [72] by the PLGA polymeric nanoparticles, which we equipped
with TNBC aptamers, may not only promote a reduction in toxic side effects but also coun-
teract the reported negative effect of cisplatin administration on the enrichment of PD-L1+
immune evasive TNBC cells [73]. In this regard, Kim et al. prepared a multifunctional
nanosystem having two DNA aptamers conjugated on the external surface of liposomes
and two different therapeutics inside nanovectors for synergistic chemoimmunotherapy
in TNBC [74]. Specifically, they used, for TNBC cells targeting, the previously selected
anti-CD44 [75] and anti-PD-L1 [76] DNA aptamers, each thiol-modified and covalently
conjugated to maleimide groups of PEGylated-DSPE micelles by thiol–maleimide chemistry.
Nanosized liposomes were loaded with both doxorubicin and siRNA interfering with the
expression of IDO1, a protein that favors an immunosuppressive TME and is upregulated
by doxorubicin treatment. When intravenously injected into TNBC 4T1 tumor-xenograft
mice, the nanovectors strongly reduced tumor growth and inhibited metastasis formation
by synergistically combining cancer-cell-targeted immunogenic cell death induction and
reversal of immunosuppression [74].

Recently, different PD-L1 aptamers have been generated and tested as stand-alone
antagonists, bispecific conjugates, and delivery agents of therapeutics in lung, liver, and
colon tumor mouse models, which, similar to anti-PD-L1 antibodies, interfere with the
PD-1/PD-L1 axis by blocking the PD-L1 (Table 2). One aptamer, named XQ-P3, has been
generated by positive selection on PD-L1 overexpressing MDA-MB-231 cells by using
PD-L1 knockout cells for counterselection [77]. Even if not yet tested in vivo, it appears
highly effective in co-cultures of TNBC MDA-MB-231 cells and immune Jurkat cells by
blocking the interaction with PD-1 and restoring T cell function. Furthermore, an XP-Q3
aptamer-paclitaxel conjugate showed anti-proliferation efficacy in PD-L1 overexpressed
TNBC cells [77].

Table 2. Summary of anti-PD-L1 aptamers as cancer therapeutics.

Aptamer SELEX
Approach

Target
(Positive

Selection)
Composition Application Ref.

AptPD-L1 Nitrocellulose
filter SELEX

Recombinant
human PD-L1 DNA

• Inhibition of tumor growth by T cell
function restoration and TME
modification in colorectal-cancer-
and lung-cancer-bearing mice

[76]

• Tetravalent aptamer-Holliday
Junction nanostructure for
improving the efficacy of
monovalent AptPD-L1 in
PD-1/PD-L1 blockade in
colon-cancer-bearing mice

[78]
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Table 2. Cont.

Aptamer SELEX
Approach

Target
(Positive

Selection)
Composition Application Ref.

• Bispecific anti-CTLA-4/PD-L1
aptamer for dual immune
checkpoints blockade in
hepatocellular-carcinoma-bearing
mice

[79]

• AptPD-L1-functionalized and
oxaliplatin-loaded metal–organic
framework nanoparticles for
combined chemotherapy, PDT, and
immune checkpoint blockade in
colon-cancer-bearing mice

[80]

• Nanoliposomes functionalized with
AptPD-L1 and anti-CD44 aptamers
and loaded with doxorubicin and
IDO1 siRNA for synergistic
chemoimmunotherapy in
TNBC-bearing mice

[74]

• NK cells recruitment to PD-L1+
tumor cells

[81,82]

XQ-P3 Cell-SELEX

PD-L1
overexpressing
MDA-MB-231

cells

DNA

• PD-1/PD-L1 blockade in cocultures
of MDA-MB-231 cells and immune
cells

• Delivery of Paclitaxel to PD-L1
overexpressed TNBC cells

[77]

N5, S42
Capillary

electrophoresis
SELEX

Recombinant
human PD-L1

Threose
nucleic acid

• Blocking the interaction of
recombinant PD-L1 with
PD-1-expressing cells (N5, S42)

• Inhibition of tumor growth in
colon-cancer-bearing mice (N5)

[83]

PL1 Cell-SELEX
PD-L1

overexpressing
CHO-K1 cells

Phosphorothioate
DNA

• PD-1/PD-L1 blockade and
inhibition of tumor growth in
colon-cancer-bearing mice

[84]

Some aptamers against PD-1 receptor have also been selected and tested in mouse
models of human cancers but not yet in TNBC (reviewed in [85]).

3.3. Macrophages

Tumor-associated macrophages (TAMs) are among the most abundant immune cells in
the TME of a broad range of cancers and may act to promote or suppress antitumor immune
responses [86,87]. Indeed, due to their high degree of plasticity, they shift to two diverse
phenotypes in response to various micro-environmental stimuli: classically activated, pro-
inflammatory M1, and alternatively activated anti-inflammatory M2, which display a
differential expression profile to cell surface markers and different cytokine and chemokine
production. M1 macrophages typically exert antitumor functions, while M2 macrophages
promote tumor progression. In most aggressive tumors, including TNBC, TAMs tend
to resemble an M2-like phenotype that largely accounts for the failure of conventional
therapies and immune checkpoint inhibition therapies. For this reason, several innovative
immunotherapeutic approaches aim to target and deplete M2 macrophages or reprogram
them to the desired phenotype [88,89].

In order to select aptamers targeting human M2-like macrophages, the first cell-SELEX
approach was applied to human macrophages derived from monocytes of several donors
and polarized to the M2-like phenotype [90]. Although the best M2-targeting DNA aptamer
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coming from the selection was not able to discriminate the target cells from undifferentiated
M0-like and monocytes and also bound at a lower extent to M1-like macrophages, it rapidly
internalized into CD14+ monocytes, thus holding potential for monocyte-targeted drug
delivery applications.

Another striking application of aptamers for solid tumor immunotherapy consists of
potentiating M1 macrophage specificity for tumor cells by engineering them with cancer-
cell-targeting aptamers. Chimeric antigen receptor T (CAR-T) cell immunotherapy, which
infuses patients with CAR-T cells, has shown great efficacy in the treatment of some
leukemias and lymphomas but only modest results in solid tumors due to the difficulty
of penetrating tumors [91]. Because of the intrinsic capacity of macrophages to penetrate
tumor tissues, several approaches have been recently proposed that genetically engineer
them to express chimeric CARs (CAR-M) for targeting tumor cells and initiate a targeted
antitumor response [92]. In order to overcome major drawbacks associated with traditional
CAR-M therapies, such as the low reproducibility of engineered proteins and safety issues,
Qian et al. proposed a new CAR-M approach based on the use of aptamers [93]. The murine
stable macrophage cell line, RAW 264.7, was first incubated with an azide-containing
metabolic glycoprotein labeling reagent and lipopolysaccharide to generate azido sugars
on the M1 cell surface. Then, M1 cells were conjugated by click chemistry reaction to
both the AS1411 aptamer, which binds to nucleolin expressed on several cancer cells, and
a PD-L1 aptamer, for simultaneous tumor targeting and immune checkpoint blockade.
Importantly, in vivo imaging of mice bearing 4T1 TNBC and intravenously injected with M1
cells, functionalized with fluorescent aptamers, showed a greater accumulation in tumors
compared with unmodified M1 cells. Furthermore, when tested for antitumor activity, the
dual-aptamer-engineered M1 caused a strong reduction in tumor growth and metastasis
formation, which was accompanied by immune TME reprogramming with increased T cell
infiltration in the tumor and enhanced T cell cytotoxicity.

Alternatively, Chen et al. proposed polyvalent spherical aptamers (PSAs) as a
macrophage engineering strategy [94]. PSAs were generated through the functionalization
of gold nanoparticles with both the thiol-modified AS1411 aptamer and a DNA linker that
carries, at the free extremity, a functional group for reacting with azide tags created on M0
macrophages through the abovementioned metabolic labeling and biorthogonal click reac-
tions (Figure 6). The phenotypic transformation of engineered non-polarized macrophages
into the M1 subtype was activated by X-rays in vitro and confirmed in mice bearing 4T1
tumor xenografts, causing potent tumor-specific killing without signs of systemic toxicity.
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These studies clearly show how the integration of aptamers in macrophage-guided
immunotherapy is an effective strategy to enhance the antitumor effect of the IS.
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3.4. Natural Killer Cells

NK cells are cytotoxic lymphocytes belonging to the innate IS, able to produce in-
flammatory cytokines and chemokines. They are called the “first line of defense” because,
different from T lymphocytes, they do not express antigen-specific T cell receptors but act
against mutated cells without prior sensitization or clonal expansion [95]. NK cell adoptive
immunotherapy failed to show efficacy in the treatment of solid tumors, partly due to the
immunosuppressive TME and lack of NK cell specificity to the tumor [96].

Therefore, among the approaches for improving NK cell anticancer therapeutic efficacy,
a great effort is focused on conferring cancer specificity through the expression of CARs or
the conjugation of tumor-targeting ligands [97]. Zu and colleagues explored aptamers as
active cancer-targeting agents by linking an aptamer, capable of specifically recognizing
the CD30 receptor, on lymphoma cells to the surface of either an NK commercial cell
line or NK cells obtained from three healthy donors [98]. This DNA-type aptamer was
previously selected by the same group through a hybrid SELEX approach, in which steps
of selection on CD30+ lymphoma cells were followed by selection steps on the CD30
recombinant protein [99]. The aptamer was modified at the 3′ end with lipophilic double
C18 hydrocarbon chains for anchoring into the membrane of NK cells, which are so guided
specifically to lymphoma cells to kill them [98]. More recently, the same authors applied the
same approach in TNBC by attaching a DNA aptamer capable of binding a not-yet-known
protein expressed on TNBC cells to the surface of NK cells. Aptamer-engineered NK cells
inhibited lung metastasis from MDA-MB-231 cells intravenously injected in mice without
side toxicity to normal tissues [100].

In order to further enhance the tumor-specificity of NK cells in solid tumors, dual
aptamer-equipped NK cells were generated by using both an aptamer targeting hepato-
cellular carcinoma cells and the AptPD-L1 aptamer [81]. The resulting engineered NK
cells were more effective than cells unconjugated or conjugated with only one of the two
aptamers in inhibiting the growth of hepatocellular carcinoma in adoptively transferred
mice. Another limit to the efficiency of immunotherapy with NK cells is their insufficient
infiltration in solid tumors. Once again, aptamers have proved to be excellent tools for
overcoming this problem. Hock’s group generated a bispecific aptamer-based conjugate
capable of simultaneously binding to c-Met, a receptor highly expressed on several tumor
cells, and to the Fcg receptor III (CD16a), a protein expressed on NK cells [101]. The conju-
gate is made up of the two highly specific c-Met and CD16a DNA aptamers that were fused
by different linkers, preserving the ∼65 Å-ideal distance for simultaneously binding to the
two receptors. The conjugate was able to efficiently mimic antibody-dependent cellular
cytotoxicity by recruiting NK cells to cancer cells. Later, the same CD16 aptamer was fused
to a PD-L1 DNA aptamer to generate a construct able to both recruit NK cells to PD-L1+
tumor cells and impair the PD-1/PD-L1 immunosuppressive axis by reactivating TILs
against tumor cells in tumor-bearing mice [82]. This approach is particularly indicated for
those solid tumors with high levels of PD-L1, such as TNBC.

4. Conclusions

The recent studies discussed here clearly demonstrate the great potential of oligonu-
cleotide aptamers to amplify our IS to fight cancers. Aptamers can be used as anticancer
agents in the same way as mAbs but are cheaper, produced more rapidly and at a greater
reproducibility, and less immunogenic than antibodies. However, it must be recognized
that the arrival of aptamers in the clinic is proving to be slower than expected; in fact,
although more than 30 years have passed since the first SELEX [25,26], only three aptamers
are currently in clinical trials for cancer treatment [51].

This slowdown is mostly due to some challenges that limit aptamers’ efficacy in
patients, such as their uncertain stability and half-life, especially in the complex and
continuously evolving microenvironment that surrounds the tumor. Nevertheless, the
astonishing strategies that have been developed in the very few last years to overcome
the abovementioned limiting issues and the recent progress in aptamer discovery and
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modifications for adapting them to any desired applications make it reasonable to argue
that the practice use of aptamers will soon be realized for cancers such as TNBC, which
urgently need new therapeutic options.

Author Contributions: Conceptualization, L.C.; writing—original draft preparation, L.C.; writing—
review and editing L.A., A.d., R.N., M.F., S.C. and L.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Fondazione AIRC per la Ricerca sul Cancro, IG 23052, to L.C.
L.A. was supported by an AIRC fellowship for Italy.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to A. Caliendo for insightful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dent, R.; Trudeau, M.; Pritchard, K.I.; Hanna, W.M.; Kahn, H.K.; Sawka, C.A.; Lickley, L.A.; Rawlinson, E.; Sun, P.; Narod, S.A.

Triple-negative breast cancer: Clinical features and patterns of recurrence. Clin. Cancer Res. 2007, 13, 4429–4434. [CrossRef]
2. Derakhshan, F.; Reis-Filho, J.S. Pathogenesis of Triple-Negative Breast Cancer. Annu. Rev. Pathol. 2022, 17, 181–204. [CrossRef]
3. Lu, J.Y.; Alvarez Soto, A.; Anampa, J.D. The landscape of systemic therapy for early stage triple-negative breast cancer. Expert

Opin. Pharmacother. 2022, 23, 1291–1303. [CrossRef]
4. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification of human

triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J. Clin. Investig. 2011, 121,
2750–2767. [CrossRef]

5. Lehmann, B.D.; Jovanović, B.; Chen, X.; Estrada, M.V.; Johnson, K.N.; Shyr, Y.; Moses, H.L.; Sanders, M.E.; Pietenpol, J.A.
Refinement of Triple-Negative Breast Cancer Molecular Subtypes: Implications for Neoadjuvant Chemotherapy Selection. PLoS
ONE 2016, 11, e0157368. [CrossRef]

6. Burstein, M.D.; Tsimelzon, A.; Poage, G.M.; Covington, K.R.; Contreras, A.; Fuqua, S.A.; Savage, M.I.; Osborne, C.K.; Hilsenbeck,
S.G.; Chang, J.C.; et al. Comprehensive genomic analysis identifies novel subtypes and targets of triple-negative breast cancer.
Clin. Cancer Res. 2015, 21, 1688–1698. [CrossRef]

7. Park, J.H.; Ahn, J.H.; Kim, S.B. How shall we treat early triple-negative breast cancer (TNBC): From the current standard to
upcoming immuno-molecular strategies. ESMO Open 2018, 3, e000357. [CrossRef]

8. Li, S.; Bao, C.; Huang, L.; Wei, J.F. Current Therapeutic Strategies for Metastatic Triple-Negative Breast Cancer: From Pharmacists’
Perspective. J. Clin. Med. 2022, 11, 6021. [CrossRef]

9. MROSS, K.; Kratz, F. Limits of conventional cancer chemotherapy. In Drug Delivery in Oncology: From Basic Research to Cancer
Therapy; Kratz, F., Senter, P., Steinhagen, H., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2011; Volume 1, pp. 1–31.

10. Ferrari, P.; Scatena, C.; Ghilli, M.; Bargagna, I.; Lorenzini, G.; Nicolini, A. Molecular Mechanisms, Biomarkers and Emerging
Therapies for Chemotherapy Resistant TNBC. Int. J. Mol. Sci. 2022, 23, 1665. [CrossRef]

11. Gonzalez-Angulo, A.M.; Timms, K.M.; Liu, S.; Chen, H.; Litton, J.K.; Potter, J.; Lanchbury, J.S.; Stemke-Hale, K.; Hennessy, B.T.;
Arun, B.K.; et al. Incidence and outcome of BRCA mutations in unselected patients with triple receptor-negative breast cancer.
Clin. Cancer Res. 2011, 17, 1082–1089. [CrossRef]

12. Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.; Armstrong, A.;
et al. Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation. N. Engl. J. Med. 2017, 377,
523–533. [CrossRef] [PubMed]

13. Eikesdal, H.P.; Yndestad, S.; Elzawahry, A.; Llop-Guevara, A.; Gilje, B.; Blix, E.S.; Espelid, H.; Lundgren, S.; Geisler, J.; Vagstad,
G.; et al. Olaparib monotherapy as primary treatment in unselected triple negative breast cancer. Ann. Oncol. 2021, 32,
240–249. [CrossRef] [PubMed]

14. Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin,
M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. J. Med. 2018, 379,
753–763. [CrossRef]

15. Keung, M.Y.; Wu, Y.; Badar, F.; Vadgama, J.V. Response of Breast Cancer Cells to PARP Inhibitors Is Independent of BRCA Status.
J. Clin. Med. 2020, 9, 940. [CrossRef] [PubMed]

16. O’Meara, T.A.; Tolaney, S.M. Tumor mutational burden as a predictor of immunotherapy response in breast cancer. Oncotarget
2021, 12, 394–400. [CrossRef]

17. Zhou, Y.; Tian, Q.; Wang, B.Y.; Yang, J.; Zhao, S.D.; Yang, J. The prognostic significance of TILs as a biomarker in triple-negative
breast cancer: What is the role of TILs in TME of TNBC? Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 2885–2897. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-06-3045
http://doi.org/10.1146/annurev-pathol-042420-093238
http://doi.org/10.1080/14656566.2022.2095902
http://doi.org/10.1172/JCI45014
http://doi.org/10.1371/journal.pone.0157368
http://doi.org/10.1158/1078-0432.CCR-14-0432
http://doi.org/10.1136/esmoopen-2018-000357
http://doi.org/10.3390/jcm11206021
http://doi.org/10.3390/ijms23031665
http://doi.org/10.1158/1078-0432.CCR-10-2560
http://doi.org/10.1056/NEJMoa1706450
http://www.ncbi.nlm.nih.gov/pubmed/28578601
http://doi.org/10.1016/j.annonc.2020.11.009
http://www.ncbi.nlm.nih.gov/pubmed/33242536
http://doi.org/10.1056/NEJMoa1802905
http://doi.org/10.3390/jcm9040940
http://www.ncbi.nlm.nih.gov/pubmed/32235451
http://doi.org/10.18632/oncotarget.27877
http://doi.org/10.26355/eurrev_202104_25542
http://www.ncbi.nlm.nih.gov/pubmed/33877653


Cancers 2023, 15, 2010 14 of 17

18. Lotfinejad, P.; Asghari Jafarabadi, M.; Abdoli Shadbad, M.; Kazemi, T.; Pashazadeh, F.; Sandoghchian Shotorbani, S.; Jadidi
Niaragh, F.; Baghbanzadeh, A.; Vahed, N.; Silvestris, N.; et al. Prognostic Role and Clinical Significance of Tumor-Infiltrating
Lymphocyte (TIL) and Programmed Death Ligand 1 (PD-L1) Expression in Triple-Negative Breast Cancer (TNBC): A Systematic
Review and Meta-Analysis Study. Diagnostics 2020, 10, 704. [CrossRef]

19. Mittendorf, E.A.; Philips, A.V.; Meric-Bernstam, F.; Qiao, N.; Wu, Y.; Harrington, S.; Su, X.; Wang, Y.; Gonzalez-
Angulo, A.M.; Akcakanat, A.; et al. PD-L1 expression in triple-negative breast cancer. Cancer Immunol. Res. 2014, 2,
361–370. [CrossRef] [PubMed]

20. Adams, S.; Diéras, V.; Barrios, C.H.; Winer, E.P.; Schneeweiss, A.; Iwata, H.; Loi, S.; Patel, S.; Henschel, V.; Chui, S.Y.; et al.
Patient-reported outcomes from the phase III IMpassion130 trial of atezolizumab plus nab-paclitaxel in metastatic triple-negative
breast cancer. Ann. Oncol. 2020, 31, 582–589. [CrossRef]

21. Deutschmann, C.; Bartsch, R.; Singer, C.F.; Gschwantler-Kaulich, D.; Seifert, M.; Leser, C.; Marhold, M.; Bago-Horvath, Z.; Pfeiler,
G. Atezolizumab plus nab-paclitaxel for unresectable, locally advanced or metastatic breast cancer: Real-world results from a
single academic center in Austria. BMC Cancer 2022, 22, 1099. [CrossRef]

22. Jacobson, A. Pembrolizumab Improves Outcomes in Early-Stage and Locally Advanced or Metastatic Triple-Negative Breast
Cancer. Oncologist 2022, 27, S17–S18. [CrossRef]

23. Carey, L.A.; Loirat, D.; Punie, K.; Bardia, A.; Diéras, V.; Dalenc, F.; Diamond, J.R.; Fontaine, C.; Wang, G.; Rugo, H.S.; et al.
Sacituzumab govitecan as second-line treatment for metastatic triple-negative breast cancer-phase 3 ASCENT study subanalysis.
NPJ Breast Cancer 2022, 8, 72. [CrossRef] [PubMed]

24. Camorani, S.; Fedele, M.; Zannetti, A.; Cerchia, L. TNBC Challenge: Oligonucleotide Aptamers for New Imaging and Therapy
Modalities. Pharmaceuticals 2018, 11, 123. [CrossRef] [PubMed]

25. Tuerk, C.; Gold, L. Systematic Evolution of Ligands by Exponential Enrichment: RNA Ligands to Bacteriophage T4 DNA
Polymerase. Science 1990, 249, 505–510. [CrossRef] [PubMed]

26. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818–822. [CrossRef]
[PubMed]

27. Camorani, S.; Crescenzi, E.; Fedele, M.; Cerchia, L. Oligonucleotide aptamers against tyrosine kinase receptors: Prospect for
anticancer applications. Biochim. Biophys. Acta Rev. Cancer 2018, 1869, 263–277. [CrossRef] [PubMed]

28. Shigdar, S.; Agnello, L.; Fedele, M.; Camorani, S.; Cerchia, L. Profiling Cancer Cells by Cell-SELEX: Use of Aptamers for Discovery
of Actionable Biomarkers and Therapeutic Applications Thereof. Pharmaceutics 2021, 14, 28. [CrossRef] [PubMed]

29. Blind, M.; Blank, M. Aptamer Selection Technology and Recent Advances. Mol. Ther. Nucleic Acids 2015, 4, e223. [CrossRef]
30. Li, L.; Xu, S.; Yan, H.; Li, X.; Yazd, H.S.; Li, X.; Huang, T.; Cui, C.; Jiang, J.; Tan, W. Nucleic Acid Aptamers for Molecular

Diagnostics and Therapeutics: Advances and Perspectives. Angew. Chem. Int. Ed. Engl. 2021, 60, 2221–2231. [CrossRef]
31. Chen, L.; Rashid, F.; Shah, A.; Awan, H.M.; Wu, M.; Liu, A.; Wang, J.; Zhu, T.; Luo, Z.; Shan, G. The isolation of an RNA aptamer

targeting to p53 protein with single amino acid mutation. Proc. Natl. Acad. Sci. USA 2015, 112, 10002–10007. [CrossRef]
32. Li, Z.; Fu, X.; Huang, J.; Zeng, P.; Huang, Y.; Chen, X.; Liang, C. Advances in Screening and Development of Therapeutic Aptamers

Against Cancer Cells. Front. Cell Dev. Biol. 2021, 9, 662791. [CrossRef] [PubMed]
33. Fatima, S.W.; Khare, S.K. Benefits and challenges of antibody drug conjugates as novel form of chemotherapy. J. Control. Release

2022, 341, 555–565. [CrossRef]
34. Zhu, G.; Chen, X. Aptamer-based targeted therapy. Adv. Drug Deliv. Rev. 2018, 134, 65–78. [CrossRef]
35. Yoon, S.; Rossi, J.J. Aptamers: Uptake mechanisms and intracellular applications. Adv. Drug Deliv. Rev. 2018, 134,

22–35. [CrossRef]
36. Wan, L.Y.; Yuan, W.F.; Ai, W.B.; Ai, Y.W.; Wang, J.J.; Chu, L.Y.; Zhang, Y.Q.; Wu, J.F. An exploration of aptamer internalization

mechanisms and their applications in drug delivery. Expert Opin. Drug Deliv. 2019, 16, 207–218. [CrossRef]
37. Zhang, Y.; Mao, C.; Zhan, Y.; Zhao, Y.; Chen, Y.; Lin, Y. Albumin-Coated Framework Nucleic Acids as Bionic Delivery System for

Triple-Negative Breast Cancer Therapy. ACS Appl. Mater. Interfaces 2022, 14, 39819–39829. [CrossRef]
38. Gilboa-Geffen, A.; Hamar, P.; Le, M.T.; Wheeler, L.A.; Trifonova, R.; Petrocca, F.; Wittrup, A.; Lieberman, J. Gene Knockdown by

EpCAM Aptamer-siRNA Chimeras Suppresses Epithelial Breast Cancers and Their Tumor-Initiating Cells. Mol. Cancer Ther. 2015,
14, 2279–2291. [CrossRef]

39. He, J.; Peng, T.; Peng, Y.; Ai, L.; Deng, Z.; Wang, X.Q.; Tan, W. Molecularly Engineering Triptolide with Aptamers for High
Specificity and Cytotoxicity for Triple-Negative Breast Cancer. J. Am. Chem. Soc. 2020, 142, 2699–2703. [CrossRef]

40. Agnello, L.; Tortorella, S.; d’Argenio, A.; Carbone, C.; Camorani, S.; Locatelli, E.; Auletta, L.; Sorrentino, D.; Fedele, M.; Zannetti,
A.; et al. Optimizing cisplatin delivery to triple-negative breast cancer through novel EGFR aptamer-conjugated polymeric
nanovectors. J. Exp. Clin. Cancer Res. 2021, 40, 239. [CrossRef]

41. Ibarra, L.E.; Camorani, S.; Agnello, L.; Pedone, E.; Pirone, L.; Chesta, C.A.; Palacios, R.E.; Fedele, M.; Cerchia, L. Selective
Photo-Assisted Eradication of Triple-Negative Breast Cancer Cells through Aptamer Decoration of Doped Conjugated Polymer
Nanoparticles. Pharmaceutics 2022, 14, 626. [CrossRef]

42. Mallik, P.K.; Nishikawa, K.; Mallik, P.; Shi, H. Complement-Mediated Selective Tumor Cell Lysis Enabled by Bi-Functional RNA
Aptamers. Genes 2021, 13, 86. [CrossRef]

43. Filippi, L.; Bagn, O.; Nervi, C. Aptamer-based technology for radionuclide targeted imaging and therapy: A promising weapon
against cancer. Expert Rev. Med. Devices 2020, 17, 751–758. [CrossRef]

http://doi.org/10.3390/diagnostics10090704
http://doi.org/10.1158/2326-6066.CIR-13-0127
http://www.ncbi.nlm.nih.gov/pubmed/24764583
http://doi.org/10.1016/j.annonc.2020.02.003
http://doi.org/10.1186/s12885-022-10168-4
http://doi.org/10.1093/oncolo/oyac014
http://doi.org/10.1038/s41523-022-00439-5
http://www.ncbi.nlm.nih.gov/pubmed/35680967
http://doi.org/10.3390/ph11040123
http://www.ncbi.nlm.nih.gov/pubmed/30428522
http://doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://doi.org/10.1016/j.bbcan.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29574128
http://doi.org/10.3390/pharmaceutics14010028
http://www.ncbi.nlm.nih.gov/pubmed/35056924
http://doi.org/10.1038/mtna.2014.74
http://doi.org/10.1002/anie.202003563
http://doi.org/10.1073/pnas.1502159112
http://doi.org/10.3389/fcell.2021.662791
http://www.ncbi.nlm.nih.gov/pubmed/34095130
http://doi.org/10.1016/j.jconrel.2021.12.013
http://doi.org/10.1016/j.addr.2018.08.005
http://doi.org/10.1016/j.addr.2018.07.003
http://doi.org/10.1080/17425247.2019.1575808
http://doi.org/10.1021/acsami.2c10612
http://doi.org/10.1158/1535-7163.MCT-15-0201-T
http://doi.org/10.1021/jacs.9b10510
http://doi.org/10.1186/s13046-021-02039-w
http://doi.org/10.3390/pharmaceutics14030626
http://doi.org/10.3390/genes13010086
http://doi.org/10.1080/17434440.2020.1796633


Cancers 2023, 15, 2010 15 of 17

44. Xiang, D.; Zheng, C.; Zhou, S.F.; Qiao, S.; Tran, P.H.; Pu, C.; Li, Y.; Kong, L.; Kouzani, A.Z.; Lin, J.; et al. Superior Performance of
Aptamer in Tumor Penetration over Antibody: Implication of Aptamer-Based Theranostics in Solid Tumors. Theranostics 2015, 5,
1083–1097. [CrossRef]

45. Agnello, L.; Camorani, S.; Fedele, M.; Cerchia, L. Aptamers and antibodies: Rivals or allies in cancer targeted therapy? Explor.
Target. Antitumor Ther. 2021, 2, 107–121. [CrossRef]

46. Sola, M.; Menon, A.P.; Moreno, B.; Meraviglia-Crivelli, D.; Soldevilla, M.M.; Cartón-García, F.; Pastor, F. Aptamers Against Live
Targets: Is In Vivo SELEX Finally Coming to the Edge? Mol. Ther. Nucleic Acids 2020, 21, 192–204. [CrossRef]

47. Adachi, T.; Nakamura, Y. Aptamers: A Review of Their Chemical Properties and Modifications for Therapeutic Application.
Molecules 2019, 24, 4229. [CrossRef]

48. Bege, M.; Borbás, A. The Medicinal Chemistry of Artificial Nucleic Acids and Therapeutic Oligonucleotides. Pharmaceuticals 2022,
15, 909. [CrossRef]

49. Chan, K.Y.; Kinghorn, A.B.; Hollenstein, M.; Tanner, J.A. Chemical Modifications for a Next Generation of Nucleic Acid Aptamers.
ChemBioChem 2022, 23, e202200006. [CrossRef]

50. Gold, L.; Ayers, D.; Bertino, J.; Bock, C.; Bock, A.; Brody, E.N.; Carter, J.; Dalby, A.B.; Eaton, B.E.; Fitzwater, T.; et al. Aptamer-based
multiplexed proteomic technology for biomarker discovery. PLoS ONE 2010, 5, e15004. [CrossRef]

51. Xiong, H.; Veedu, R.N.; Diermeier, S.D. Recent Advances in Oligonucleotide Therapeutics in Oncology. Int. J. Mol. Sci. 2021, 22,
3295. [CrossRef]

52. Xiao, X.; Li, H.; Zhao, L.; Zhang, Y.; Liu, Z. Oligonucleotide aptamers: Recent advances in their screening, molecular conformation
and therapeutic applications. Biomed. Pharmacother. 2021, 143, 112232. [CrossRef]

53. Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression.
Genes Dev. 2018, 32, 1267–1284. [CrossRef]

54. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef]
55. Shalapour, S.; Karin, M. Immunity, inflammation, and cancer: An eternal fight between good and evil. J. Clin. Investig. 2015, 125,

3347–3355. [CrossRef]
56. Park, J.H.; Jonas, S.F.; Bataillon, G.; Criscitiello, C.; Salgado, R.; Loi, S.; Viale, G.; Lee, H.J.; Dieci, M.V.; Kim, S.B.; et al. Prognostic

value of tumor-infiltrating lymphocytes in patients with early-stage triple-negative breast cancers (TNBC) who did not receive
adjuvant chemotherapy. Ann. Oncol. 2019, 30, 1941–1949. [CrossRef]

57. Stanton, S.E.; Disis, M.L. Clinical significance of tumor-infiltrating lymphocytes in breast cancer. J. Immunother. Cancer 2016,
4, 59. [CrossRef]

58. Zheng, H.; Siddharth, S.; Parida, S.; Wu, X.; Sharma, D. Tumor Microenvironment: Key Players in Triple Negative Breast Cancer
Immunomodulation. Cancers 2021, 13, 3357. [CrossRef]

59. Zhao, Q.; Gong, Z.; Li, Z.; Wang, J.; Zhang, J.; Zhao, Z.; Zhang, P.; Zheng, S.; Miron, R.J.; Yuan, Q.; et al. Target Reprogramming
Lysosomes of CD8+ T Cells by a Mineralized Metal-Organic Framework for Cancer Immunotherapy. Adv. Mater. 2021, 33,
e2100616. [CrossRef]

60. Mirzaei, H.R.; Rodriguez, A.; Shepphird, J.; Brown, C.E.; Badie, B. Chimeric Antigen Receptors T Cell Therapy in Solid Tumor:
Challenges and Clinical Applications. Front. Immunol. 2017, 8, 1850. [CrossRef]

61. Bertucci, F.; Finetti, P.; Birnbaum, D.; Mamessier, E. The PD1/PDL1 axis, a promising therapeutic target in aggressive breast
cancers. Oncoimmunology 2015, 5, e1085148. [CrossRef]

62. Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer Res. 2020, 10, 727–742.
63. Chen, C.; Li, S.; Xue, J.; Qi, M.; Liu, X.; Huang, Y.; Hu, J.; Dong, H.; Ling, K. PD-L1 tumor-intrinsic signaling and its therapeutic

implication in triple-negative breast cancer. JCI Insight 2021, 6, e131458. [CrossRef]
64. Camorani, S.; Passariello, M.; Agnello, L.; Esposito, S.; Collina, F.; Cantile, M.; Di Bonito, M.; Ulasov, I.V.; Fedele, M.; Zannetti, A.;

et al. Aptamer targeted therapy potentiates immune checkpoint blockade in triple-negative breast cancer. J. Exp. Clin. Cancer Res.
2020, 39, 180. [CrossRef] [PubMed]

65. Camorani, S.; Hill, B.S.; Collina, F.; Gargiulo, S.; Napolitano, M.; Cantile, M.; Di Bonito, M.; Botti, G.; Fedele, M.; Zannetti, A.;
et al. Targeted imaging and inhibition of triple-negative breast cancer metastases by a PDGFRβ aptamer. Theranostics 2018, 8,
5178–5199. [CrossRef]

66. Camorani, S.; Hill, B.S.; Fontanella, R.; Greco, A.; Gramanzini, M.; Auletta, L.; Gargiulo, S.; Albanese, S.; Lucarelli, E.; Cer-
chia, L.; et al. Inhibition of Bone Marrow-Derived Mesenchymal Stem Cells Homing Towards Triple-Negative Breast Cancer
Microenvironment Using an Anti-PDGFRβ Aptamer. Theranostics 2017, 7, 3595–3607. [CrossRef]

67. Passariello, M.; Camorani, S.; Vetrei, C.; Cerchia, L.; De Lorenzo, C. Novel Human Bispecific Aptamer-Antibody Conjugates for
Efficient Cancer Cell Killing. Cancers 2019, 11, 1268. [CrossRef]

68. Passariello, M.; Camorani, S.; Vetrei, C.; Ricci, S.; Cerchia, L.; De Lorenzo, C. Ipilimumab and Its Derived EGFR Aptamer-Based
Conjugate Induce Efficient NK Cell Activation against Cancer Cells. Cancers 2020, 12, 331. [CrossRef]

69. Wu, Y.; Chen, W.; Xu, Z.P.; Gu, W. PD-L1 Distribution and Perspective for Cancer Immunotherapy-Blockade, Knockdown, or
Inhibition. Front. Immunol. 2019, 10, 2022. [CrossRef]

70. Camorani, S.; Granata, I.; Collina, F.; Leonetti, F.; Cantile, M.; Botti, G.; Fedele, M.; Guarracino, M.R.; Cerchia, L. Novel Aptamers
Selected on Living Cells for Specific Recognition of Triple-Negative Breast Cancer. iScience 2020, 23, 100979. [CrossRef]

http://doi.org/10.7150/thno.11711
http://doi.org/10.37349/etat.2021.00035
http://doi.org/10.1016/j.omtn.2020.05.025
http://doi.org/10.3390/molecules24234229
http://doi.org/10.3390/ph15080909
http://doi.org/10.1002/cbic.202200006
http://doi.org/10.1371/journal.pone.0015004
http://doi.org/10.3390/ijms22073295
http://doi.org/10.1016/j.biopha.2021.112232
http://doi.org/10.1101/gad.314617.118
http://doi.org/10.1038/nature01322
http://doi.org/10.1172/JCI80007
http://doi.org/10.1093/annonc/mdz395
http://doi.org/10.1186/s40425-016-0165-6
http://doi.org/10.3390/cancers13133357
http://doi.org/10.1002/adma.202100616
http://doi.org/10.3389/fimmu.2017.01850
http://doi.org/10.1080/2162402X.2015.1085148
http://doi.org/10.1172/jci.insight.131458
http://doi.org/10.1186/s13046-020-01694-9
http://www.ncbi.nlm.nih.gov/pubmed/32892748
http://doi.org/10.7150/thno.27798
http://doi.org/10.7150/thno.18974
http://doi.org/10.3390/cancers11091268
http://doi.org/10.3390/cancers12020331
http://doi.org/10.3389/fimmu.2019.02022
http://doi.org/10.1016/j.isci.2020.100979


Cancers 2023, 15, 2010 16 of 17

71. Camorani, S.; d’Argenio, A.; Agnello, L.; Nilo, R.; Zannetti, A.; Ibarra, L.E.; Fedele, M.; Cerchia, L. Optimization of Short RNA
Aptamers for TNBC Cell Targeting. Int. J. Mol. Sci. 2022, 23, 3511. [CrossRef]

72. Camorani, S.; Tortorella, S.; Agnello, L.; Spanu, C.; d’Argenio, A.; Nilo, R.; Zannetti, A.; Locatelli, E.; Fedele, M.; Comes Franchini,
M.; et al. Aptamer-Functionalized Nanoparticles Mediate PD-L1 siRNA Delivery for Effective Gene Silencing in Triple-Negative
Breast Cancer Cells. Pharmaceutics 2022, 14, 2225. [CrossRef] [PubMed]

73. Samanta, D.; Park, Y.; Ni, X.; Li, H.; Zahnow, C.A.; Gabrielson, E.; Pan, F.; Semenza, G.L. Chemotherapy induces enrich-
ment of CD47+/CD73+/PDL1+ immune evasive triple-negative breast cancer cells. Proc. Natl. Acad. Sci. USA 2018, 115,
E1239–E1248. [CrossRef] [PubMed]

74. Kim, M.; Lee, J.S.; Kim, W.; Lee, J.H.; Jun, B.H.; Kim, K.S.; Kim, D.E. Aptamer-conjugated nano-liposome for immunogenic
chemotherapy with reversal of immunosuppression. J. Control. Release 2022, 348, 893–910. [CrossRef] [PubMed]

75. Somasunderam, A.; Thiviyanathan, V.; Tanaka, T.; Li, X.; Neerathilingam, M.; Lokesh, G.L.; Mann, A.; Peng, Y.; Ferrari, M.;
Klostergaard, J.; et al. Combinatorial selection of DNA thioaptamers targeted to the HA binding domain of human CD44.
Biochemistry 2010, 49, 9106–9112. [CrossRef]

76. Lai, W.Y.; Huang, B.T.; Wang, J.W.; Lin, P.Y.; Yang, P.C. A Novel PD-L1-targeting Antagonistic DNA Aptamer With Antitumor
Effects. Mol. Ther. Nucleic Acids 2016, 5, e397. [CrossRef] [PubMed]

77. Wu, X.; Li, F.; Li, Y.; Yu, Y.; Liang, C.; Zhang, B.; Zhao, C.; Lu, A.; Zhang, G. A PD-L1 Aptamer Selected by Loss-Gain Cell-SELEX
Conjugated with Paclitaxel for Treating Triple-Negative Breast Cancer. Med. Sci. Monit. 2020, 26, e925583. [CrossRef]

78. Li, T.; Yao, F.; An, Y.; Li, X.; Duan, J.; Yang, X.D. Novel Complex of PD-L1 Aptamer and Holliday Junction Enhances Antitumor
Efficacy in Vivo. Molecules 2021, 26, 1067. [CrossRef]

79. Du, Y.; Zhang, D.; Wang, Y.; Wu, M.; Zhang, C.; Zheng, Y.; Zheng, A.; Liu, X. A highly stable multifunctional aptamer for
enhancing antitumor immunity against hepatocellular carcinoma by blocking dual immune checkpoints. Biomater. Sci. 2021, 9,
4159–4168. [CrossRef]

80. Zhang, J.; Li, W.; Qi, Y.; Wang, G.; Li, L.; Jin, Z.; Tian, J.; Du, Y. PD-L1 Aptamer-Functionalized Metal-Organic Framework
Nanoparticles for Robust Photo-Immunotherapy against Cancer with Enhanced Safety. Angew. Chem. Int. Ed. Engl. 2023, 62,
e202214750. [CrossRef]

81. Zhang, D.; Zheng, Y.; Lin, Z.; Liu, X.; Li, J.; Yang, H.; Tan, W. Equipping Natural Killer Cells with Specific Targeting and
Checkpoint Blocking Aptamers for Enhanced Adoptive Immunotherapy in Solid Tumors. Angew. Chem. Int. Ed. Engl. 2020, 59,
12022–12028. [CrossRef]

82. Zheng, A.; Du, Y.; Wang, Y.; Zheng, Y.; Ning, Z.; Wu, M.; Zhang, C.; Zhang, D.; Liu, J.; Liu, X. CD16/PD-L1 bi-specific aptamer for
cancer immunotherapy through recruiting NK cells and acting as immunocheckpoint blockade. Mol. Ther. Nucleic Acids 2022, 27,
998–1009. [CrossRef] [PubMed]

83. Li, X.; Li, Z.; Yu, H. Selection of threose nucleic acid aptamers to block PD-1/PD-L1 interaction for cancer immunotherapy. Chem.
Commun. (Camb.) 2020, 56, 14653–14656. [CrossRef]

84. Gao, T.; Mao, Z.; Li, W.; Pei, R. Anti-PD-L1 DNA aptamer antagonizes the interaction of PD-1/PD-L1 with antitumor effect. J.
Mater. Chem. B 2021, 9, 746–756. [CrossRef] [PubMed]

85. Nakhjavani, M.; Shigdar, S. Future of PD-1/PD-L1 axis modulation for the treatment of triple-negative breast cancer. Pharmacol.
Res. 2022, 175, 106019. [CrossRef]

86. Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41, 49–61. [CrossRef] [PubMed]
87. Mantovani, A.; Sica, A. Macrophages, innate immunity and cancer: Balance, tolerance, and diversity. Curr. Opin. Immunol. 2010,

22, 231–237. [CrossRef]
88. Duan, Z.; Luo, Y. Targeting macrophages in cancer immunotherapy. Signal Transduct. Target. Ther. 2021, 6, 127. [CrossRef] [PubMed]
89. Ramesh, A.; Brouillard, A.; Kumar, S.; Nandi, D.; Kulkarni, A. Dual inhibition of CSF1R and MAPK pathways using supramolec-

ular nanoparticles enhances macrophage immunotherapy. Biomaterials 2020, 227, 119559. [CrossRef]
90. Sylvestre, M.; Saxby, C.P.; Kacherovsky, N.; Gustafson, H.; Salipante, S.J.; Pun, S.H. Identification of a DNA Aptamer That Binds

to Human Monocytes and Macrophages. Bioconjug. Chem. 2020, 31, 1899–1907. [CrossRef]
91. Lindner, S.E.; Johnson, S.M.; Brown, C.E.; Wang, L.D. Chimeric antigen receptor signaling: Functional consequences and design

implications. Sci. Adv. 2020, 6, eaaz3223. [CrossRef]
92. Sloas, C.; Gill, S.; Klichinsky, M. Engineered CAR-Macrophages as Adoptive Immunotherapies for Solid Tumors. Front. Immunol.

2021, 12, 783305. [CrossRef]
93. Qian, H.; Fu, Y.; Guo, M.; Chen, Y.; Zhang, D.; Wei, Y.; Jin, F.; Zeng, Q.; Wang, Y.; Chai, C.; et al. Dual-aptamer-engineered M1

macrophage with enhanced specific targeting and checkpoint blocking for solid-tumor immunotherapy. Mol. Ther. 2022, 30,
2817–2827. [CrossRef] [PubMed]

94. Chen, Y.; Gao, P.; Pan, W.; Shi, M.; Liu, S.; Li, N.; Tang, B. Polyvalent spherical aptamer engineered macrophages: X-ray-actuated
phenotypic transformation for tumor immunotherapy. Chem. Sci. 2021, 12, 13817–13824. [CrossRef] [PubMed]

95. Wolf, N.K.; Kissiov, D.U.; Raulet, D.H. Roles of natural killer cells in immunity to cancer, and applications to immunotherapy.
Nat. Rev. Immunol. 2023, 23, 90–105. [CrossRef] [PubMed]

96. Ghaedrahmati, F.; Esmaeil, N.; Abbaspour, M. Targeting immune checkpoints: How to use natural killer cells for fighting against
solid tumors. Cancer Commun. (Lond.) 2023, 43, 177–213. [CrossRef]

http://doi.org/10.3390/ijms23073511
http://doi.org/10.3390/pharmaceutics14102225
http://www.ncbi.nlm.nih.gov/pubmed/36297659
http://doi.org/10.1073/pnas.1718197115
http://www.ncbi.nlm.nih.gov/pubmed/29367423
http://doi.org/10.1016/j.jconrel.2022.06.039
http://www.ncbi.nlm.nih.gov/pubmed/35760233
http://doi.org/10.1021/bi1009503
http://doi.org/10.1038/mtna.2016.102
http://www.ncbi.nlm.nih.gov/pubmed/27959341
http://doi.org/10.12659/MSM.925583
http://doi.org/10.3390/molecules26041067
http://doi.org/10.1039/D0BM02210A
http://doi.org/10.1002/anie.202214750
http://doi.org/10.1002/anie.202002145
http://doi.org/10.1016/j.omtn.2022.01.010
http://www.ncbi.nlm.nih.gov/pubmed/35228895
http://doi.org/10.1039/D0CC06032A
http://doi.org/10.1039/D0TB01668C
http://www.ncbi.nlm.nih.gov/pubmed/33319876
http://doi.org/10.1016/j.phrs.2021.106019
http://doi.org/10.1016/j.immuni.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25035953
http://doi.org/10.1016/j.coi.2010.01.009
http://doi.org/10.1038/s41392-021-00506-6
http://www.ncbi.nlm.nih.gov/pubmed/33767177
http://doi.org/10.1016/j.biomaterials.2019.119559
http://doi.org/10.1021/acs.bioconjchem.0c00247
http://doi.org/10.1126/sciadv.aaz3223
http://doi.org/10.3389/fimmu.2021.783305
http://doi.org/10.1016/j.ymthe.2022.04.015
http://www.ncbi.nlm.nih.gov/pubmed/35450820
http://doi.org/10.1039/D1SC03997K
http://www.ncbi.nlm.nih.gov/pubmed/34760167
http://doi.org/10.1038/s41577-022-00732-1
http://www.ncbi.nlm.nih.gov/pubmed/35637393
http://doi.org/10.1002/cac2.12394


Cancers 2023, 15, 2010 17 of 17

97. Laskowski, T.J.; Biederstädt, A.; Rezvani, K. Natural killer cells in antitumour adoptive cell immunotherapy. Nat. Rev. Cancer
2022, 22, 557–575. [CrossRef]

98. Yang, S.; Wen, J.; Li, H.; Xu, L.; Liu, Y.; Zhao, N.; Zeng, Z.; Qi, J.; Jiang, W.; Han, W.; et al. Aptamer-Engineered Natural Killer
Cells for Cell-Specific Adaptive Immunotherapy. Small 2019, 15, e1900903. [CrossRef]

99. Parekh, P.; Kamble, S.; Zhao, N.; Zeng, Z.; Portier, B.P.; Zu, Y. Immunotherapy of CD30-expressing lymphoma using a highly
stable ssDNA aptamer. Biomaterials 2013, 34, 8909–8917. [CrossRef]

100. Chen, Z.; Zeng, Z.; Wan, Q.; Liu, X.; Qi, J.; Zu, Y. Targeted immunotherapy of triple-negative breast cancer by aptamer-engineered
NK cells. Biomaterials 2022, 280, 121259. [CrossRef]

101. Boltz, A.; Piater, B.; Toleikis, L.; Guenther, R.; Kolmar, H.; Hock, B. Bi-specific aptamers mediating tumor cell lysis. J. Biol. Chem.
2011, 286, 21896–21905. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41568-022-00491-0
http://doi.org/10.1002/smll.201900903
http://doi.org/10.1016/j.biomaterials.2013.07.099
http://doi.org/10.1016/j.biomaterials.2021.121259
http://doi.org/10.1074/jbc.M111.238261

	Introduction 
	Aptamers for Targeted Cancer Therapy 
	Aptamer-Based Immune Strategies for TNBC Treatment 
	Tumor-Infiltrating Lymphocytes 
	Immune Checkpoint-Expressing Cells 
	Macrophages 
	Natural Killer Cells 

	Conclusions 
	References

