
Enhancing CAR‑T Cell Therapy with Functional Nucleic Acids
Bruktawit Maru, Lea Nadeau, and Maureen McKeague*

Cite This: ACS Pharmacol. Transl. Sci. 2021, 4, 1716−1727 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Chimeric antigen receptor (CAR) T cell therapy is
a relatively new form of immunotherapy that has had success in
treating patients with hematologic malignancies, leading to three
recent United States Food and Drug Administration approvals.
However, several challenges hinder the widespread use of CAR-T
therapy. Here, we review the application of functional nucleic acids
such as aptamers and ribozymes as novel tools to improve a variety
of steps in CAR-T cell therapy development. We critically examine
key studies that highlight the benefits of functional nucleic acids at
different stages of cell-based therapy and discuss the feasibility of
their practical clinical application. Finally, we offer insights into
potential opportunities where chemists can significantly contribute
to the innovative incorporation of functional nucleic acids to
overcome challenges associated with this cutting-edge immunotherapy.
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1. SUCCESSES AND CHALLENGES OF CAR-T CELL
THERAPY

Chimeric antigen receptor (CAR)-T cell therapy has emerged
as a powerful clinical strategy in the field of cancer
immunotherapy over the past decade. It is a form of adoptive
cell therapy which involves reprogramming of patients’
immune cells ex vivo to specifically target and kill cancer
cells in vivo. CAR-T cells first reported in 1992, now referred
to as first generation CAR-Ts,1 were composed of four
domains (Figure 1A).2 The antigen recognition domain is a
single chain variable fragment (scFv) derived from the variable
region of monoclonal antibodies. Different scFvs can be
selected for their binding ability to target specific antigens. The
hinge domain is commonly an IgG-based spacer that links the
scFv with the rest of CAR construct, thus improving antigen
binding by reducing spatial constraints between the CAR and
target antigen. Consequently, the transmembrane domain,
usually obtained from glycoproteins CD4, CD8α, or CD28,
bridges and transduces ligand recognition signal from the
ectodomain to the endodomain. Lastly, the intracellular
domain initiates a signaling cascade in the T cell via a CD3ζ
chain containing immuno-tyrosine activation motifs (ITAMs).
An antigen-binding signal initiates the intracellular cascade of
phosphorylation reactions by lymphocyte-specific protein
tyrosine kinases, leading to various intracellular effector
functions, such as the release of cytokines and destruction of
tumor cells.3

First-generation CAR-T therapy failed to show clinical
success due to poor activation and persistence in patients.4 The

original CAR design used only one CD3ζ signaling motif to
provide the activation signal and lacked costimulatory signals
to sustain the signaling cascade, prevent anergy and promote
proliferation.5 Therefore, a second-generation CAR-T with one
additional intracellular costimulatory domain (i.e., CD28, 4-
1BB) was developed (Figure 1B). The second-generation
CAR-T showed greater activation and cancer clearance in
clinical trials for hematological cancers, leading to the first
breakthrough FDA approvals of Kymriah (tisagenlecleucel)
and Yescarta (axicabtagene ciloleucel).6 Although addition of a
costimulatory domain in the second-generation CAR-T greatly
improved antitumor efficacy, it was unable to sufficiently
improve persistence of the CAR-T cells. In fact, the commonly
used costimulatory endodomains CD28 and 4-1BB cause T
cell exhaustion at different rates by decreasing inner tonic
signaling.7 Interestingly, CD28 caused faster expansion of
CAR-T cells, while 4-1BB showed relatively slow but higher
expansion and longer persistence.8 Therefore, third generation
CAR-T cells were developed by combining these comple-
mentary costimulatory domains, resulting in varying success in
clinical trials.9,10 A fourth generation, focusing on targeting
solid tumors, is also being developed by including inducible

Received: July 31, 2021
Published: November 17, 2021

Perspectivepubs.acs.org/ptsci

© 2021 American Chemical Society
1716

https://doi.org/10.1021/acsptsci.1c00188
ACS Pharmacol. Transl. Sci. 2021, 4, 1716−1727

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruktawit+Maru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lea+Nadeau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maureen+McKeague"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsptsci.1c00188&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00188?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00188?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00188?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00188?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aptsfn/4/6?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/6?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/6?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/6?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsptsci.1c00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf


transgenic immune modifiers and cytokines.11 These mod-
ifications are expected to better shape the tumor micro-
environment and thus impact antitumor effects of CAR-T cells
in solid tumors. Development of future generation CAR-Ts,
particularly by incorporating new technology such as func-
tional nucleic acids, may further improve efficacy of CAR-Ts.
CAR-T cells are “living” drugs which theoretically could

provide long-term surveillance and protection against target
cancer cells as well as combat relapse due to residual cancer
cells or metastasis. Interestingly, early phase clinical trials
indicate that peripherally infused CAR-T cells are also able to
cross the blood−brain barrier and target brain cancers and
metastases that are usually difficult to target noninvasively.12,13

Despite these breakthroughs, many factors hamper the
widespread use of CAR-T therapy. A major challenge results

from the severe toxicities, including cytokine release syndrome
(CRS), neurotoxicity, and on-target off-tumor toxicity that is
commonly caused by CAR-T cell therapy.5 Notably, CRS,
which is caused by rapid and high-volume release of cytokines,
including tumor necrotic factors (TNF), interferons, and
interleukin (IL)-2, IL-6, IL-8, and IL-10,14 can lead to
detrimental organ dysfunction and neurotoxicity.15 Addition-
ally, CAR-T therapy requires suitable surface level targets that
are universally expressed in the tumor cells, but are not
expressed on healthy cells. Identifying target antigens that meet
both criteria is challenging and often leads to development of
CARs that have potential to damage healthy cells through on-
target off-tumor effects.16 CAR-T cell therapy has also
performed poorly in treating solid tumors due to the complex
immunosuppressive tumor microenvironment and immense

Figure 1. CAR-T generations and their modifications. (A) First-generation CARs consisted of the scFv antigen recognition domain and the CD3ζ
intracellular signaling domain. (B) Second generation CARs added intracellular costimulatory domains CD28 or 4-1BB to the already present scFv
and CD3 ζ chain. (C) Third generation CARs combined two costimulatory domains such as 4-1BB and CD28 with the CD3ζ domain. (D) Fourth
generation CARs added costimulatory transgenes or cytokine release to second generation CARs. Created with Biorender.com.
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heterogeneity of the tumor cells.17 Together, these limitations
highlight the need for new innovative strategies to tackle the
challenges and wield the full benefits of CAR-T cell therapy.

2. APPLICATION OF FUNCTIONAL NUCLEIC ACIDS IN
CAR-T CELL PRODUCTION AND THERAPY

Nucleic acid technology is currently experiencing an explosion
of successes for many therapies18,19 and may offer improve-
ments for immunotherapeutic strategies including CAR-T cell
therapy. Indeed, nucleic acids can function beyond the
conversion and storage of genetic material. Importantly, both
DNA and RNA can be employed as “enzymes” and for ligand
binding through the development of DNAzymes/ribozymes
and aptamers, respectively.20 Since the first discovery of
catalytic RNA in nature,21,22 many ribozymes have been
discovered, engineered, studied, and applied to a multitude of
applications ranging from biosensing to gene editing and
control.23,24

In contrast to ribozymes, aptamers were first developed
synthetically before their discovery in nature.25 Like antibodies,
which have been the industry standard for decades, aptamers
bind to targets ranging from simple inorganic ions to cells with
high selectivity and nanomolar affinities (Table 1).26 However,

aptamers offer several advantages over antibodies. In particular,
aptamers are produced in vitro through a controlled process
called Systematic Evolution of Ligands by Exponential
Enrichment (SELEX),27,28 which enables their selection
against a wide range of targets under nonphysiological
conditions.29 Furthermore, their small size results in improved
tissue distributation compared to antibodies.30 Moreover,
antibodies often trigger an immune response, leading to
deleterious side effects, while aptamers are inherently non-
immunogenic. Finally, the solid-phase synthesis of aptamers
allows for easy and direct modification with fluorescent tags.29

As such, aptamers are emerging as cutting-edge tools and
therapies.31 Several aptamers that bind to immunomodulatory-
relevant targets (Table 1) have been described.
Here, we discuss how functional nucleic acids can be used in

CAR-T therapy to improve T cell enrichment in CAR-T
production,32,33 reduce and manage the possible toxicities
associated with CAR construct,34 improve cell proliferation
capacity,35,36 and enable live in vivo cell tracking.37−39

2.1. Aptamers for Cell Isolation. The first step in CAR-T
cell production is collecting cytotoxic T cells from the patient.
Peripheral blood mononuclear cells (PBMCs) are harvested by
leukapheresis, a centrifugation-based method for separating the
cellular components from the soluble components of cell
suspensions.49,50 Subsequently, red blood cells and platelet
contaminants are removed from the cellular component, and
lymphocytes are isolated using size and density-based cell
fractionation.51 The purity and yield of the starting T cell
isolate is crucial for the quality of the final CAR-T product.
Defined composition of CD4+:CD8+ CAR-T cells confer more
potent and superior antitumor reactivity in vivo.52 Therefore,
there is a need for highly specific cell isolation methods.
However, pure T cell yields vary significantly based on the
patient and the type of disease;49 thus, collection of sufficient T
cell yields for CAR-T cell manufacturing is often difficult for
patients with advanced malignancies and an extensive treat-
ment history. Furthermore, it can be challenging to ensure the
quality and specificity of the final T cell isolate with the
commonly used cell separation methods.53

Immunomagnetic cell separation, combining positive and
negative selection, is one of the best methods to achieve
specific T cell isolation. In the positive selection, cells are
labeled with antibodies that target specific cytotoxic T cell
surface proteins (e.g., CD4+, CD8+, or CD62L).54 The
antibodies are linked to magnetic particles, allowing the
labeled cells to be retained in the final isolation fraction after
incubation of the sample in a magnetic field.55 In contrast, the
negative selection involves labeling unwanted cell types with
immunomagnetic particles and depleting them by applying a
magnetic field. While combining positive and negative
selection improves specific isolation of T cells, the nearly
irreversible antibody labeling compromises the function of the
T cells and thus reduces CAR-T cell therapy efficacy.33

Therefore, a highly promising opportunity is to replace
antibodies with aptamers. These nucleic acid alternatives can
be used as selective cell labels since they share the highly
selective nature of antibodies and yet are functionally
reversible.
Several aptamers have been selected that reversibly bind to

target cells, allowing for removal following the aptamer-based
cell isolation. One report used RNA aptamers targeting the
epidermal growth factor receptor (EGFR) to purify EGFR+
cells.33 As a proof-of-concept, EGFR+ cells were incubated
either with fluorescently tagged aptamers and subjected to
fluorescence-activated cell sorting (FACS) or with aptamer-
conjugated magnetic beads and subjected to magnetic-
activated cell sorting (MACS). Both strategies enabled
successful isolation of EGFR+ cells from a cell mixture
consisting of EGFR+ and EGFR- cells. To reversibly remove
the aptamer, a 15-nucleotide DNA sequence complementary
to the RNA aptamer, called an “antidote”, was used to disrupt
aptamer binding. This strategy resulted in the aptamer-free
capture of 15% of EGFR+ cells out of the mixture. Moreover,
the aptamer−antidote system was able to specifically isolate
and release 33% of the EGFR+ cells from human blood spiked
with EGFR+ cells. Interestingly, the recovery rate was
dependent upon the ratio of EGFR+ cells and leukocytes,
suggesting that tuning the aptamer:antidote ratio could be
potentially optimized to increase both specificity and yield. In
all cases, addition of antidote to cell−aptamer−magnetic bead
complexes generated 95−99% pure population of aptamer-free
EGFR+ cells. Critically, the EGFR signaling was restored to a

Table 1. Examples of Aptamers That Bind to
Immunomodulatory-Relevant Targets, Nucleic Acid Type,
Binding Affinity (Kd), and References

Target Aptamer Type Kd (nM)a Reference

4-1BB costimulatory receptor RNA 40 40
OX40 cell surface receptor RNA 8 41
cytotoxic T cell antigen-4 RNA 10 42
programmed cell death-1 DNA 112 43
tumor necrosis factor-α DNA 7 44
interleukin-2 receptor-α DNA 13.4 45
interleukin-6 receptor DNA 0.2 46
interleukin-8 RNA 0.00172 47
interleukin-10 receptor RNA 12 48
CD8+ T cell DNA 18.3 32
CD8+ T cell DNA 1.9 32
CD8+ T cell DNA 2.4 32

aOnly targets with reported Kd values are indicated
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native state after RNA aptamer removal, confirming the utility
of aptamers for cell enrichment, while ensuring the targets
remain functional.

Despite many successes developing cell-binding-aptamers
capable of isolating various cell types,56 little research has been
done to specifically isolate T cells for immunotherapy. One

Figure 2. Specific isolation of CD8+ T cells from a heterogeneous mixture using aptamers bound to magnetic beads. CD8+ T cell-specific aptamers
are shown being bound to magnetic beads. The aptamers bind specifically to CD8+ T cells in a mixture containing both CD4+ and CD8+ T cells.
The bound cells are then magnetically isolated from the unbound cells and released, allowing for specific isolation of CD8+ T cells. Created with
Biorender.com.

Figure 3. Carcinogenicity risk with regular CAR-T cell manufacturing using lentiviral vectors compared to aptamers. The CAR viral vector inserts
itself in the genome of the T cell. This results in a possible proto-oncogene insertion, causing uncontrollable cell division. The aptamer is inserted
into the membrane of the T cell and therefore does not impact the cell genome. Created with Biorender.com.
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exception is the report by Kacherovsky et al.32 describing the
exploration of aptamer-based cell sorting in T cell isolation and
CAR-T cell therapy by using a similar approach as Gray et al.33

Specifically, magnetic bead conjugated aptamers that bind to
CD8 on T cells were developed. These DNA aptamers were
used to positively purify CD8+ T cells out of a complex cell
mixture of PBMCs (Figure 2). Subsequent incubation with the
complementary DNA “antidote” permitted label-free elution.
Remarkably, greater than 70% CD8+ T cell was released from
the aptamers with approximately 95% purity of CD8+ T cells,
confirming the effectiveness of aptamer-based isolation. One
drawback was that the function of the CD8 receptor after
aptamer removal was not assessed to verify the restoration of
receptor signaling to its native state. However, CAR-T cells
were generated with the isolated T cells and compared head-
to-head with commonly used antibody-isolated T cells.
Fortunately, aptamer-enriched CAR-T cells displayed similar
outgrowth, phenotype, gene expression, and effector function
as the antibody-enriched CAR-T cells.
To further refine isolation of specific T cells, additional

aptamers could be selected and employed. For example, more
rigorous rounds of positive and negative selection of cells,
similar to the immunomagnetic cell separation protocol
described previously, could result in improved T cell samples
for therapy. In this case, aptamers for the targets of interest
such as CD4+ and CD3+ T cells must be employed (see, for
example, refs 57 and 58), as well as for targets on cells that
need to be removed from the apheresis cell suspension,
including B lymphocytes and natural killer cells. Many
aptamers have been described for these targets and additional
aptamers can be selected using protein-based SELEX, cell-
SELEX,30 and perhaps with in vivo SELEX.59 In one early
example, Mayer et al.60 used cell-SELEX to identify aptamers
that bind to CD19+ Burkitt’s lymphoma cells. These isolated
aptamers distinguished between Burkitt’s lymphoma B-cells
and primary B-cells, highlighting the selectivity of cell-binding
aptamers. There are also dozens of cell-SELEX reports
describing the selection of new aptamers to specific cell
types, often displaying binding affinity as low as the picomolar
range,61 highlighting an important opportunity to select novel
aptamers of relevance for CAR-T therapy.
2.2. Tumor Targeting with Aptamers as an Alter-

native Therapy. The second stage in CAR-T cell production
is the genetic modification of isolated T cells to express CARs
against antigens present on target cancer cells. Currently, CAR
gene delivery is mainly achieved using viral transduction with
retro- or lentiviruses.62 Viral-mediated gene insertion into the
host cell genome permits stable expression of CAR gene, but
has high potential for carcinogenicity and is more likely to
induce an immune response.63 Comparatively, the alternative
CRISPR-Cas 9 system may damage certain genes, such as the
tumor suppressor gene p53.64 Therefore, there is a need for
tools that can reprogram T cells to augment their antitumor
efficacy, while minimizing adverse side effects.
Rather than generating virally transduced CAR-T cells, Liu

et al.34 demonstrated that aptamers can be used for T cell
targeting of tumor cells and thus eliminate the threat of
carcinogenicity associated with virally inserted CARs (Figure
3). As proof-of-principle, DNA aptamers specific to gastric
cancer cells SGC-7901 and colon cancer cells CT26,65−67 were
conjugated to CD3+ T cells (aptamer-CD3+ T cells) using
metabolic cell labeling and click chemistry. The resulting
aptamer conjugated cells bound to SGC-7901 gastric cancer

cells, as well as CT26 colon carcinoma cells with high
specificity in vitro and in vivo. Importantly, adoptive transfer of
the aptamer-CD3+ T cells into mouse tumor models led to
significant regression in tumor volume. The aptamer-CD3+ T
cells were enriched at the tumor microenvironment and
produced strong cytotoxicity with enhanced biomarkers of cell
death. Interestingly, the aptamer-CD3+ T cells displayed
antitumor effects, which were stronger than an anti-PD1
immune-checkpoint monoclonal antibody (mAb) treatment in
mice. Furthermore, when the aptamer-CD3+T cells were
combined with an anti-PD1 mAb, synergistic antitumor effects
were observed, highlighting the usefulness of a combination
therapy. Therefore, there is a strong potential for adoptive
aptamer-based T cell strategy as a feasible and efficacious
approach for tumor-targeted immunotherapy.
In addition to eliminating carcinogenicity potential upon

transfection,68 aptamer-T cell immunotherapy has several
advantages over virally transfected CAR-T cells. There is a
reduced potential for a cytokine storm response since aptamers
are less immunogenic than the antibodies employed in the
antigen binding region.30,34,69 Moreover, if CRS does occur,
aptamers can be rapidly inactivated with complementary
aptamer antidotes.70 However, it is important to note that
CAR-T cells also have several advantages that would make
replacing CARs with aptamer-T cells difficult. For example,
CAR-Ts have long half-lives, allowing for less frequent
treatments71,72 whereas DNA and RNA aptamers are easily
degraded by nucleases and are rapidly eliminated in vivo.73 To
address this challenge, the use of alternate backbone
chemistries74 and aptamer cyclization are showing improved
stabilities in vivo.75 Notably, a recent study made use of stable
cyclized aptamers in vivo to perform a “recognition-then-
activation” aptamer system for T cell immunotherapy, to then
treat cancer cells more specifically.76 Nonetheless, aptamers
inserted on the surface of T cells, rather than engineered to
express on the surface, are not replicated with each cell division
and would be diluted over time, reducing treatment efficacy.
Therefore, future prospects of aptamer-based T cell therapy
requires further investigation.

2.3. Live CAR-T Cell Biosensing. To date, there are no
standardized methods to monitor in vivo behaviors and
targeting efficacy of injected CAR-T cells. There is a need
for new tools that can interrogate the pharmacokinetic and
pharmacodynamic properties of CAR-T cells in patients. This
enabling technology would help address several ongoing issues
including the poor proliferation and persistence that leads to
relapse in 40−60% of patients77 and the challenges in
activation/targeting efficiency.15 One approach is to use
radiolabeling or protein-based reporter genes coupled with
imaging technologies, such as Positron Emission Tomography
(PET), to obtain real-time distribution and in vivo persistence
information of CAR-T cells.78 Although these protein or
radiolabeling-based biosensors have greatly assisted researchers
to visualize the biodistribution of cells, few can reveal current
interactions, bound states, and function of cells with high
spatiotemporal resolution.
Cell tracking strategies should efficiently label cells of

interest, persist within the cells with minimal transfer to
bystanders, and provide a detectable change in signal to reflect
changes in cell status and function. Given that CAR-T cells are
present in the patient’s blood, a complex heterogeneous
environment, the highly specific binding enabled by the
development of chemically modified aptamers and rigorous
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selection methods79 is expected to be beneficial for CAR-T
monitoring in vivo. Furthermore, aptamers can easily be
released from their target using a competitive antidote ligand if
the tracking interferes with treatment. Finally, aptamers can
easily be conjugated with fluorophores or other conjugates to
produce readable signals via imaging methods including
fluorescence optical imaging, magnetic resonance imaging
and PET. Below, we compare three approaches in which
aptamers could be applied for live-cell tracking of CAR-T cells.
Aptamers developed to date (Table 1) as well as novel
selection of aptamers could be applied for these purposes.
2.3.1. Biosensing CAR-T Cell Surface Interactions within

the Cellular Niche Environment. The CAR construct needs to
interact with many different cells before it finds its cell surface
target to achieve activation, persistence, and long-term
memory. Aptamers can be used to both sense and modulate
cell surface interactions80,81 and thus provide a unique
opportunity to study and probe CAR-T interactions. For
example, You et al.37 developed DNA aptamer-based
biosensors for four unknown proteins on the surface of
Ramos cells. These aptamer biosensors were able to transduce
transient membrane encounters into readable fluorescence
signals, enabling the measurement of rate and interaction
preference of targets to receptors during live cell membrane
signaling events. While this particular example was applied to
interrogate proteins coexpressed on a Ramos cell surface, a cell
model for Burkitt’s lymphoma, applying this same tracking
system to CAR-T cell surface domains may help uncover the
underlying structure of CAR-T cell signaling networks from
the point of administration and throughout the duration of
therapy, including long-term memory development. Indeed,
methods such as Ligand Guided Selection82 have been
described that will enable new aptamer selection to relevant
cell surface domains.
2.3.2. Biosensing CAR-T Activation and Cytokine Release

Profiles. Live-cell aptamer-based biosensors may also be
valuable to measure the T cell signaling profile. Specifically,
insight into immune cell behavior, such as cytokine secretion,
would help define cell-to-cell variation and provide a better
understanding of how CAR-T uniquely induces CRS within
the bulk population of highly heterogeneous native immune
cells.83 Although antibody-based flow-cytometry assays have
been applied to obtain single-cell cytokine measurements,38

these are end-point assays and cannot monitor cytokine
production with high spatiotemporal resolution. As such, there
is a need for real-time tracking tools to elucidate the complex
signaling by CAR-T cells. One recent approach described by
Qiu et al.38 uses a membrane-anchored DNA aptamer sensor
to probe the single cell secretion of type II interferon (IFN-
gamma), a cytokine that is crucial for both innate and adaptive
immunity. In this study, an IFN-gamma specific aptamer was
labeled with a fluorophore and a quencher and anchored to the
T cell phospholipid layer using a cholesterol tail. Upon IFN-
gamma binding, the aptamer structure was altered, spatially
separating the fluorophore from the quencher, resulting in a
strong, concentration-dependent fluorescent signal. The bind-
ing of the aptamer to interferon was then assessed by adding
IFN-gamma and inactivated T cells to a buffer and observing
fluorescence. Finally, single aptamer-decorated T cells were
encapsulated in microfluidic droplets to allow direct measure-
ment of IFN-gamma concentrations in the extracellular
microenvironment at the single cell level. The effectiveness
in a more complex environment such as the case with CAR-T

cells circulating the human cardiovascular system must be
explored. Nonetheless, future application of this aptamer
biosensor strategy to detect signaling molecules from CAR-T
cells is exciting, potentially incorporating aptamers that bind to
IL-2 and IL-6 in addition to IFN to observe CRS toxicity in
CAR-T patients.

2.3.3. Quantitative Real Time Biosensing of CAR-T Cell
Expansion, Biodistribution, and Persistence. Real time CAR-
T cell tracking would provide information on the distribution
of CAR-T cells within the body, as well as their overall survival,
thus providing useful information on the current state of the
treatment. Indeed, aptamers have been applied for live cell
tracking demonstrating promise for their application to CAR-T
cells.84 In one of the first examples, a DNA aptamer was able to
specifically track its target, Ramos cells, directly in a mouse
model.39 Specifically, the fluorescently labeled aptamers were
injected into the tail vein of Ramos tumor-bearing mice, as well
as mice with acute lymphocytic leukemia cell line (CCRF-
CEM) to serve as a tumor xenograft mouse control. Four hours
post injection, red fluorescence was distinctly visible only at
the Ramos tumor site and no fluorescence was seen in the mice
bearing the CCRF-CEM tumors. Over the past few years,
several more examples have been described, making use of
aptamers as imaging probes for a variety of imaging techniques
reviewed extensively by others.85,86

Despite the potential benefits of applying aptamers to live in
vivo CAR-T cell tracking, there are currently no studies that
have developed aptamer biosensors to CAR-T cells. One
challenge may be the susceptibility of aptamers to plasma
exonucleases.75 However, several strategies exist to improve
their stability such as including modifications to the sugar−
phosphate backbone post-SELEX.87 Notably, there are several
feasible targets on CAR-T cells that can used to generate
aptamers. Indeed, most of the known receptors on activated T
cells including the 4-1BB receptor, OX40 receptor, and CTLA-
4 receptors have reported aptamers (Table 1). Furthermore, it
is plausible to imagine that during CAR-T development, the
same aptamers used to isolate the T cells by targeting any of
the above receptors can be further modified to include live cell
tracking features for a multiplexed use. As such, we expect that
the future use of aptamers for personalized noninvasive
monitoring of CAR-T cell surface interactions, signaling
profile, and expansion and persistence rates could have an
impact on increasing the efficacy and reducing toxicity of the
therapy.

2.4. Controlling CAR-T Cell Therapy with Functional
Nucleic Acids. Once CAR-Ts are produced and injected into
the patient, treatment can still fail due to an inability to survive
and persist in the host as a result of insufficient homeostatic
cytokines and stimulatory antigen presenting cells.35 Current
strategies that improve CAR-T cell persistence include
myeloablative total body irradiation or chemotherapy
combined with high levels of added proliferative cytokine
(IL-2)88 which can all cause toxic side-effects. Alternative
strategies that upregulate expression of growth-related genes
suffer from lack of tight regulation and risk uncontrolled
lymphoproliferation and leukemic transformation.89 As such,
there is an unmet need in which functional nucleic acids may
offer tightly controlled regulatory systems for growth-
stimulatory gene-expression.
To improve T cell proliferation and persistence, Chen et

al.35 applied a functional nucleic acid switch as a cell-intrinsic
control system for growth-stimulating cytokine production.
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The switch was designed so that aptamer-target binding
activity was directly coupled to another functional nucleic acid,
called a ribozyme that can self-cleave.90 When the ribozyme is
integrated into the 3′ UTR of the target transgene encoding
proliferative cytokines, its self-cleavage leaves the mRNA
transcript susceptible to nucleases. As a result, the mRNA is
degraded, resulting in no proliferative cytokine production.91

In this work, an aptamer that binds to the small molecule
theophylline was coupled to the hammerhead ribozyme. In this
way, binding of the target, theophylline, to the aptamer inhibits
the catalytic activity of the ribozyme therefore stabilizing the
mRNA transcript, allowing for translation (Figure 4). In the
absence of theophylline, the ribozyme is active and can self-
cleave, resulting in rapid degradation of the cytokine mRNA
transcript. These aptamer-based switches were therefore used
to alter expression levels of cytokines in direct response to
exogenously delivered theophylline, thereby achieving dynamic
control of T cell proliferation.
The efficacy of the theophylline-responsive aptamer-based

switch system for tightly regulating cytokines IL-2 or IL-15 was
tested in the mouse T cell line, CTLL-2, as well as primary
human T cells.35 In the absence of theophylline, the T cells
exhibited proliferation levels similar to those of cells growing in
the absence of cytokines. However, an increase in cytokine
production was measured via fluorescence every time the
cytokine producing gene was switched on. A titratable increase
in cytokine production occurred over a range of theophylline

concentrations, demonstrating the utility of dynamic control
by functional nucleic acids. Impressively, these switches also
enabled long-term, dynamic control over IL-15 gene
expression and therefore in vivo T cell expansion in a mouse
model. One drawback is that the clinical translation of
theophylline-responsive switches for CAR-T cell therapy in
humans is limited by the narrow therapeutic index of
theophylline.
Building on this work, Wong et al.36 developed a drug-

responsive, microRNA (miRNA)-based gene regulatory system
that alters endogenous cytokine receptor subunits, rather than
requiring the use of trans-genes. Specifically, an aptamer-
controlled microRNA switch was developed to IL-2Rβ, a
cytokine receptor that is displayed on the surface of T cells and
is necessary for T cell activation and proliferation. In this
design, binding of the aptamer target prevents proper
maturation of the miRNA, thereby leading to a reduction in
RNAi-mediated gene silencing and a subsequent increase in
target gene expression. To additionally address toxicity issues
associated with the previous theophylline switches, these
microRNA switches were controlled using (6R)-folinic acid
((6R)-FA), the biologically inactive and nontoxic enantiomer
of the FDA-approved drug leucovorin. Several (6R)-FA
aptamers with nanomolar binding affinities that were identified
and characterized were integrated into this new switch
platform92 at the basal segment domain of an IL-2 receptor-
targeting miRNA hairpin36 (Figure 5). The resulting switches

Figure 4. Small molecule-responsive ribozyme switches dynamically regulate T cell proliferation. When there is no theophylline drug binding to the
aptamer, the ribozyme self-cleaves, leading to IL-2 mRNA degradation, cytokine production block, and eventually cell death. When theophylline
binds to the aptamer, the ribozyme is inactivated, and the IL-2 mRNA transcript is stabilized, thus leading to cytokine production and cell
proliferation. Created with Biorender.com.
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were highly specific and could be activated using drug levels
with no measurable toxicity. Impressively, the miRNA switch
system enabled dynamic regulation of autonomous mouse T
cell growth following the addition and withdrawal of (6R)-FA.
These nucleic acid-based proliferation control studies

demonstrate that the limited off-target effects of the functional
nucleic acid switches and their stringent control over gene
expression help address critical limitations in T cell
proliferation. Importantly, these functional nucleic acid
switches may provide an important strategy for modulating
CAR-T persistence and proliferation, providing the ability to
shut off CAR-T activity if toxicities become severe. Compared
to suicide switches that exhibit an all or nothing response,
nucleic acid-based switches can dynamically regulate and
modulate T cell growth and production to tune for appropriate
therapeutic activity while reducing toxicity. To date, the
functional nucleic acid-based switches have been tested in T
cells; therefore, further studies are required to assess the
applicability to CAR-T cells.

3. FUTURE OPPORTUNITIES

Combination Immunotherapy. The small size of
aptamers provides a beneficial advantage in accessing difficult
to reach tumor sites and can be useful as a cotreatment with

CAR-T. As one example, researchers recently demonstrated
the use of aptamer-drug conjugate nanomicelles that bind to
nucleolin overexpressed on many cancer cell membranes to
boost antitumor responses of checkpoint blockade immuno-
therapy. This promising approach, while not directly related to
CAR-T therapy, could be a useful combination approach to
help treat difficult cancers or hard to reach solid tumors.93

Another example where aptamers synergistically operate with
CAR-T cell therapy involves the use of anti-CTLA-4 and PD-
L1 aptamers to block signaling pathways in solid tumors.94

Excitingly, the aptamers bound to the receptors specifically,
recruited T cells to the tumor site, and increased T cell
proliferation. Furthermore, antitumor activity and slowed
tumor progression was shown in mice. Therefore, applying
similar combination therapy of CAR-T cells with relevant
functional nucleic acids can help increase recruitment of
immune cells to the tumor site and help overcome limitations
of targeting solid tumors.

Reducing Treatment Loss. Several issues also limit the
CAR-T cell targeting. For example, tumor cells typically
downregulate their antigens. In particular, patients with B-cell
acute lymphoblastic leukemias suffer from CD19 antigen loss
after relapse from CAR-T cell treatment.95 As a result,
targeting these cells with cytotoxic T cells and T cell therapies

Figure 5. CAR-T cell control using a ribozyme switch responsive to (6R)-FA). Lack of ligand addition causes the formation of miRNA duplex from
the pre miRNA. The miRNA prevents the ligand from binding to the receptor, leading to cell death. When (6R)-FA is added, it binds to the
aptamer and prevents the formation of the miRNA duplex. This allows for cytokines to bind the receptor and form a dimer, which leads to cell
proliferation. Created with Biorender.com.
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is less effective and reduces CAR-T treatment efficacy.96 One-
way nucleic acids could help solve this issue would be by
replacing the scFv region of the CAR with aptamers that could
be generated in vitro to bind to other targets on cancer cells
and prevent treatment efficacy loss.
Long-Term Biosensing of CAR-T Therapy. Many of the

functional nucleic acid studies reviewed here show promise but
have only been tested in T cells or Ramos cells. As such, it will
be interesting to explore the use of aptamers for isolating T
cells with high affinity in clinical settings and specifically on
CAR-T cells. Given that CAR-T therapy is still relatively new,
there are many opportunities to explore functional nucleic
acids as biosensing tools to study CAR-T over time in patients.
New Functional Nucleic Acids. There is always a need

for additional functional nucleic acid tools that are specifically
optimized for the application of interest. An important
untapped opportunity is the use of DNAzymes in CAR-T
therapy. Similar to the ribozyme and microRNA strategy used
to control cytokine production,35 DNAzymes have recently
been developed to alter endogenous gene expression directly in
cells97 and could be useful to potentiate or control CAR-T
therapy. Furthermore, DNAzymes have been successfully
applied for a wide variety of biosensing applications98 and
therefore may be useful to monitor CAR-T therapy. Finally, we
emphasized several examples throughout the review where the
selection of new aptamer candidates to CAR-T cells and their
components or cancer surface markers will further enable their
use in CAR-T therapy.

4. CONCLUSION

We described several applications in which functional nucleic
acids could be beneficial for improving CAR-T therapy. The
applications span from using high affinity aptamers for effective
isolation of T cells, for biosensing, and for tuning ongoing
CAR-T therapy. For example, functional nucleic acids that
enable tunable and dynamic control of genes relevant in CAR-
T growth and persistence are a promising strategy to reduce
toxic effects and help boost proliferation. While no studies
have directly tracked CAR-Ts with functional nucleic acids,
proof-of-concept studies using other systems have demon-
strated the potential for aptamers to measure cell-surface
interactions, to track important proliferation markers, and to
track the CAR-T cells themselves. While much work is needed
to expand the proof-of-concept studies to demonstrate their
feasibility in animal models and the clinic, these promising
diverse efforts indicate a bright future for functional nucleic
acids in CAR-T cell research and other ongoing immunother-
apy strategies.
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