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Despite improvements in B cell acute lymphoblastic leukemia
(B-ALL) treatment, a significant number of patients experience
relapse of the disease, resulting in poor prognosis and highmor-
tality. One of the drawbacks of current B-ALL treatments is the
high toxicity associated with the non-specificity of chemothera-
peutic drugs. Targeted therapy is an appealing strategy to treat
B-ALL to mitigate these toxic off-target effects. One such target
is the B cell surface protein CD22. The restricted expression of
CD22 on the B-cell lineage and its ligand-induced internalizing
properties make it an attractive target in cases of B cell malig-
nancies. To target B-ALL and the CD22 protein, we performed
cell internalization SELEX (Systematic Evolution of Ligands by
EXponential enrichment) followed by molecular docking to
identify internalizing aptamers specific for B-ALL cells that
bind the CD22 cell-surface receptor.We identified twoRNA ap-
tamers, B-ALL1 and B-ALL2, that target human malignant B
cells, with B-ALL1 the first documented RNA aptamer interact-
ing with the CD22 antigen. These B-ALL-specific aptamers
represent an important first step toward developing novel tar-
geted therapies for B cell malignancy treatments.
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INTRODUCTION
Cancer is a major cause of death of children worldwide,1 with acute
lymphoblastic leukemia (ALL) the most frequent cancer in pediatric
oncology among children below the age of 19.2,3 ALL is a malignant
disorder characterized by clonal proliferation of early B and T
lymphocyte precursor cells, with B cell leukemia (B-ALL) accounting
for around 80% of ALL pediatric cases.4 Conventional treatment op-
tions for patients with B-ALL have improved in the last decade, with
long-term survival at 60%–80% for children and 25%–35% for
adults.1,5 Unfortunately, patients with recurring disease encounter
challenges associated with chemotherapy cytotoxicity and high mor-
tality. These challenges indicate that there is still a significant need for
development of novel targeted therapies for B-ALL.
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Numerous antigen-based therapies have been proven to be efficacious
in relapsed or refractory B-ALL.6,7 The cell-surface protein cluster of
differentiation 22 (CD22) has arisen as an important B-ALL thera-
peutic antigen. CD22 is expressed in the majority of tumoral B
lymphoblastic cells and internalizes upon ligand binding through a
constitutive clathrin-mediated endocytosis process that permits tar-
geted delivery of immunotoxins into the cytoplasm of B cells.8–10

Two anti-CD22-drug-conjugated antibodies, inotuzumab ozogami-
cin11 and moxetumomab pasudotox,12 have been approved recently
by the US Food and Drug Administration (FDA) for B cell malig-
nancies. Additional anti-CD22 monoclonal antibody-based therapies
are currently under development, including epratuzumab13 and an
anti-CD22 chimeric antigen receptor T (CAR-T) cell.14–16 Anti-
body-drug conjugate (ADC) and CAR-T cells have produced dra-
matic advances in hematologic cancer treatment, but challenges
remain.17 ADC still faces obstacles that include high costs, off-target
toxicities, and increased clearance rates.18 In addition, ADC therapies
for B-ALL have shown limited success, primarily because of limited
tumor penetration, acquired resistance, and unknown benefits in
combination with other cancer therapies.19 Barriers to effective
CAR-T cell therapy include severe life-threatening toxicities such as
cytokine release syndrome, primary resistance to CAR-T cells, and
response followed by relapse post CAR-T cell treatment. Current
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challenges will likely be surmounted by development of novel agents
that improve existing targeted approaches.

Aptamers have emerged as promising reagents for diagnostic and ther-
apeutic applications.20,21 Aptamers are short (25–100 nt), synthetic,
single-strandedDNAorRNAmolecules that fold into complex tertiary
structures that allow an aptamer to bind a target molecule or cell type
with high affinity and specificity.20–22 Similar to antibodies, aptamers
are capable of binding to a specific target molecule with high accuracy.
They may, for example, distinguish between conformational isomers23

or identify single point mutations.24 In terms of affinity, aptamers and
antibodies showed high-affinity binding interactions with their targets
at nano- to picomolar levels.22,25 However, unlike antibodies, aptamers
have been found to cause low orno immunogenicity in standard assays,
although some differences may arise between different individual ap-
tamer sequences.26,27 Adverse toxicity data regarding aptamer use in
clinical trials are limited,with only one recorded incidence of an elicited
immune response following administration, but data suggest that the
responsewas to the conjugated polyethylene glycol (PEG) of the PEGy-
lated aptamer REG1.28,29 Although aptamers have better tissue pene-
tration than antibodies because of their smaller size (8–15 kDa for ap-
tamers versus 150 kDa for antibodies), itmakes aptamers susceptible to
kidney filtration and a short circulation time in vivo.30 Therefore, ap-
tamers can be chemically synthesized with additional modifications
(e.g., PEGylation, biotin, fluorophores, small interfering RNAs [-
siRNAs]) to improve their pharmacokinetic profile and prolong half-
life.31–34 Despite great progress having been made in research of ap-
tamers for oncology applications, clinical translation of aptamers is still
very limited, with only one FDA-approved aptamer-based drug avail-
able to date.35 Nevertheless, various promising aptamer-based probes
for cancer diagnosis and therapy are currently being tested in clinical
trials with encouraging results.36,37

Aptamers are identified through a process called SELEX (systematic
evolution of ligands by exponential enrichment).38,39 The SELEX pro-
cess was first introduced by Tuerk et al.40 and Ellington and Szostak41

in the early 1990s to isolate high-affinity ligands from a combinatorial
single-stranded nucleic acid library using repeated rounds of positive
and negative selection pressure. The initial aptamer library usually
comprises a collection of 1014–1015 different aptamer sequences, de-
pending on the length of the variable region, which provides up to 4N

sequence diversity (with N defined as the length of the variable re-
gion).42 The cell internalization SELEX process has modified
SELEX to identify aptamers that bind and gain entry into specific
cell types.39,43,44 These cell-internalizing aptamers have been used
successfully as a platform to deliver therapeutics, such as cytotoxic
siRNAs, specifically into cancer cells.45–47 Here, we describe applica-
tion of cell internalization SELEX to identify RNA aptamers that spe-
cifically target and internalize into B-ALL cells. From these B-ALL-
specific aptamers, we identified the first reported RNA aptamer that
targets CD22, an important internalizing cell-surface receptor ex-
pressed by B-ALL cells. These B-ALL-targeting RNA aptamers repre-
sent an important first step toward development of therapeutics that
can target B cell malignancies.
RESULTS
B-ALL cell internalization SELEX

To enrich for aptamers that selectively internalize into B-ALL cells,
the cell internalization SELEX protocol that is typically used with
adherent cells was adapted and optimized for cells grown in suspen-
sion (Figure 1).22,38,43 For positive selection pressure, the B-ALL cell
internalization SELEX protocol utilized two B-ALL cell lines: the
pre-B-ALL cell line NALM-16 and the common B-ALL cell line
KOPN-8. Pre-B-ALL and common B-ALL account for 90%–95%
of ALL.48 Therefore, using the NALM-16 and KOPN-8 cell lines
during SELEX should enrich for aptamers that interact with cell-
surface proteins expressed by most types of B-ALL cancers. For
negative selection pressure, three cell types were used: the T cell
ALL (T-ALL) line Jurkat, the human endothelial cell line
Ea.Hy926, and human peripheral white blood cells (hWBC)
collected from healthy individuals. Jurkat cells were introduced to
eliminate aptamers that interact with proteins common to B- and
T-ALL cells, whereas Ea.Hy926 cells and hWBCs were introduced
to mitigate interaction with human vasculature and immune cells.
To achieve greater reproducibility in the earlier rounds of selection,
hWBCs were not applied until round 9 because of their highly var-
iable composition compared with the cell lines. To identify aptamers
with greater B-ALL affinity, the ratio of aptamer to target cells was
reduced with subsequent selection rounds to increase competition
among the aptamers for any B-ALL epitopes. To enrich for ap-
tamers capable of entering B-ALL cells, the combination of a
high-salt (0.5 M NaCl) wash with trypsin was used to cleave and
disrupt surface-bound aptamer-protein interactions. Nine selection
rounds, summarized in Table 1, were performed to enrich for
RNA aptamers that selectively internalized into the B-ALL cell lines.

Changes in aptamer library complexity during B-ALL cell internaliza-
tion SELEX was monitored using a modified diversity standard of
random oligonucleotides (DiStRO) double-stranded DNA (dsDNA)
reverse melt curve assay (Figure 2A).49 During the SELEX process, ap-
tamer libraries become less complex as aptamers within the library
shift toward those specific for the target of interest. Assessing this shift
in aptamer library complexity helps determine whether the selection
pressure applied to the aptamer library is effective and when enough
selection rounds have been conducted. To determine relative aptamer
library complexity, the dsDNA from each selection round is melted,
and the re-annealing efficiency with decreasing temperature is as-
sessed using a dsDNA fluorescent dye. More complex aptamer li-
braries (e.g., the starting aptamer library) will re-anneal at lower tem-
peratures, whereas less complex aptamer libraries (e.g., selection
rounds) will re-anneal at higher temperatures. A significant drop in
aptamer library complexity was observed for B-ALL cell internaliza-
tion SELEX between rounds 3 and 6 and then again between rounds 7
and 8, represented by a shift in the reverse melt curves toward higher
temperatures (Figure 2A). No further changes in library complexity
were observed between the eighth and ninth selection rounds. These
data suggest that the aptamer library was fully converged by round 8,
and no additional selection rounds would be potentially beneficial.
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Figure 1. B-ALL cell internalization SELEX for RNA aptamer selection

Cell internalization SELEX was modified for non-adherent cells by utilizing low-speed centrifugation to pellet cells and change solutions. Selection pressure to identify

internalizing aptamers was applied using a high-salt (0.5 M NaCl) wash with trypsin. The recovered RNA aptamers were amplified using RT-PCR and in vitro transcribed to

become the aptamer library for the subsequent round of selection.
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Next, the specificity of the B-ALL cell internalization SELEX selection
rounds for the B-ALL cell lines was assessed using a quantitative
reverse-transcriptase PCR (qRT-PCR) aptamer internalization assay
(Figure 2B). The starting RNA aptamer library (round 0) and
B-ALL cell internalization SELEX aptamer libraries from selection
rounds (2, 4, 6, 7, 8, and 9) were incubated with either the B-ALL
KOPN-8 cell line or a non-target cell line (Jurkat or Ea.Hy926), and
the internalized aptamer RNA was quantified by qRT-PCR. The
qRT-PCR data suggest that significant B-ALL cell aptamer specificity
was achieved between the fourth and sixth selection roundswith intro-
duction of the Jurkat cell line as a negative selection pressure (Table 1;
Figure 2B). Aptamer specificity for the B-ALL cell lines appears to in-
crease through round 6 with introduction of the Ea.Hy926 cells as a
second negative selection pressure (Table 1; Figure 2B). The greatest
aptamer specificity for the B-ALL cell lines was observed by the sev-
enth selection round, with no significant increase in selection rounds
8 and 9 (Figure 2B). These data support the aptamer library complexity
data (Figure 2A) showing that the aptamer library had converged by
round 7 and that no additional selection rounds were necessary.
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Next-generation sequencing of B-ALL cell internalization SELEX

selection rounds

The B-ALL cell internalization SELEX selection rounds and the start-
ing aptamer library were sequenced by next-generation sequencing
(NGS). A total of 7,888,283 raw reads were obtained with an average
of 717,116 reads per selection round (Table S1). Using a Galaxy work-
flow, raw reads were processed and compiled into a non-redundant
database consisting of 4,216,070 unique aptamer sequences observed
across all selection rounds and the starting aptamer library (round
0).50 From these data, the overall sequence enrichment (Figure 2C)
of each selection round was calculated: sequence enrichment =
100 � (1 � [number of unique sequences / number of total se-
quences]). A significant increase in sequence enrichment was
observed from the second through the fifth selection rounds, with a
plateau in sequence enrichment following the sixth selection round.
These findings with the NGS data confirm the DiStRO dsDNA
reverse melt curve and qRT-PCR results in Figures 2A and 2B
showing that the aptamer library converged by the seventh selection
round during B-ALL cell internalization SELEX.



Table 1. B-ALL cell internalization SELEX conditions

Round Non-target cell line Time
Target cell
line

Cell
number Time

1 no cells 15 min KOPN-8 15 � 106 30 min

2 no cells 15 min NALM-16 15 � 106 30 min

3 Jurkat 15 min KOPN-8 15 � 106 30 min

4 Jurkat 15 min NALM-16 15 � 106 30 min

5 Jurkat + Ea.Hy926 15 min KOPN-8 15 � 106 30 min

6 Jurkat + Ea.Hy926 15 min NALM-16 15 � 106 30 min

7 Jurkat + Ea.Hy926 15 min KOPN-8 5 � 106 30 min

8 Jurkat + Ea.Hy926 15 min NALM-16 5 � 106 30 min

9
Jurkat + Ea.Hy926 +
WBCs from healthy
donor

15 min KOPN-8 5 � 106 30 min

The RNA aptamer library was incubated only with B-ALL cells (target cell lines) in the
first two rounds. The cell internalization SELEX process starts with incubation of the
RNA aptamer library with the non-target cell line (from round 3) for 15 min with
each cell line. To recover unbound aptamers, cells were pelleted using low-speed centri-
fugation, and the supernatant was recovered. Then, the recovered RNA library was incu-
bated with the target cell line for 30 min. B-ALL cells were washed off three times using
low-speed centrifugation. Finally, B-ALL cells were lysed, and the internalized aptamers
were recovered and amplified by RT-PCR for subsequent rounds of selection.

www.moleculartherapy.org
Aptamers enriched during the SELEX process will exhibit an increase
in persistence (defined as continued or prolonged existence of ap-
tamers across multiple selection rounds) and abundance (defined as
unique aptamer duplicate reads within selection rounds). Two Galaxy
workflows (abundance non-redundant database [NrD] analysis work-
flow and persistence NrD analysis workflow) were used to analyze the
persistence and abundance of unique aptamer sequences compiled in
the B-ALL cell internalization SELEX non-redundant database.50 The
persistence analysis determines the round representation as the num-
ber of selection rounds in which each unique aptamer sequence is
observed (Figure S1A), and the abundance analysis determines the dis-
tribution of aptamer read counts within each selection round (Fig-
ure S1B). Round representation and aptamer abundance from round
1 through round 4 increased significantly compared with round 0.
To identify B-ALL cell internalization SELEX-selected aptamers, we
filtered potentially selected aptamers from non-selected aptamers as
those exhibiting significantly greater round representation and abun-
dance compared with round 0. An aptamer round representation of 3
and an aptamer abundance read count of at least 6 were used. In the
B-ALL cell internalization SELEX selection rounds, 1,208 unique ap-
tamer sequences were observed in 3 or more selection rounds and
had a read count of at least 6, whereas only 15 unique aptamer se-
quences in round 0 met the same criteria (Figures S1A and S1B).

Identification of candidate aptamers from B-ALL cell

internalization SELEX

Several aptamer research groups have reported that aptamers with the
highest read numbers were not necessarily the highest-affinity ap-
tamers.22,31,51,52 Rather, observations suggests that the higher-affinity ap-
tamers exhibited the greatest fold enrichment during SELEX or with
changes in selection pressure during SELEX. Changes in enrichment
were determined for each of the 1,208 unique aptamers; specifically, after
addition of negative selection pressure (Table 1) using Jurkat cells (after
round 3) and Ea.Hy926 cells (after round 5), with the greatest decrease in
aptamer library complexity (Figure 2A, rounds 3–6), with the greatest in-
crease in aptamer library specificity (Figure 2B, rounds 4–6), andwith the
greatest increase in aptamer library enrichment (Figure 2C, rounds 2–5).

Next, the 1,208 aptamers were analyzed using an unpublished updated
version of an aptamer clustering algorithm that examines sequence
(Figure S2) and structural (Figure S3) relatedness with the premise
that related aptamers will bind the same epitope.38 The sequence
enrichment data were then mapped onto the clustering results to
determine which groups of related aptamers exhibited an increase in
enrichment. From each cluster of related aptamers, representative
candidate aptamers were identified. Larger clusters of aptamers were
examined more closely for groups of aptamers within the cluster
that had the same predicted structure (Figures S2B, S3B, and S3C).
From the sequence and structure analysis and aptamer enrichment
analysis, we identified 38 B-ALL candidate aptamers (Table S2).

In addition to B cell selectivity, we were interested in identifying ap-
tamers specific for CD22 because it plays a critical role in B-ALL ther-
apeutics because of its restricted expression on B cells and internal-
izing properties.8,53,54 Furthermore, the positive selection cell lines
(NALM-16 and KOPN-8) used during the B-ALL cell internalization
SELEX, but not the negative cell lines (JURKAT and Ea.Hy926), ex-
press CD22.55 Therefore, we hypothesized that a screening strategy
using molecular docking and molecular dynamics could be useful
to identify a subset of the 38 candidates that is enriched for those
that might bind CD22.

Molecular docking and molecular dynamics studies of B-ALL

cell internalization SELEX candidate aptamers

CD22 is a transmembrane glycoprotein with seven immunoglobulin
(Ig)-like domains (d1–d7).56–59 Ereño-Orbea et al.9 solved the full-
length extracellular domain structure of CD22 (d2–d3 region). To
determine whether one or more of our 38 B-cell aptamer candidates
are predicted to target the d2–d3 region of CD22, a docking study fol-
lowed by atomistic molecular dynamics was conducted to predict the
number of hydrogen bonds (H-bonds) between each aptamer candi-
date and the CD22 d2–d3 region. The H-bond analysis has been
applied to describe the strength of protein-ligand60 and protein-pro-
tein61 interactions and can be used to predict the strength of potential
aptamer-protein interactions. Docking was conducted with
PatchDock,62 and systems were prepared for molecular dynamics us-
ing the Solution Builder from the CHARMM-GUI63–65 web server.
All structures were inspected using Visual Molecular Dynamics
(VMD).66 Unbiased molecular dynamics simulations were run for
all structures, and H-bonds were analyzed with GROMACS67

(gmx_hbond function). The 38 candidate aptamers were ranked (B-
ALL aptamers 1–38) according to the predicted H-bond number (Fig-
ure 3A), and the top five were identified for further study (B-ALL ap-
tamers 1–5).
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Figure 2. Analysis of B-ALL cell internalization

SELEX selection rounds

(A) A DiStRO DNA reverse melt curve assay for aptamer

library complexity was used to monitor progression of

the B-ALL cell internalization SELEX process. (B) A qRT-

PCR aptamer internalization assay was used to

determine the cell specificity of the B-ALL cell

internalization selection rounds. Aptamer RNA selection

rounds 0, 2, 4, and 6–9 were tested for cell-specific

internalization into the KOPN-8, Jurkat, and Ea.Hy926

cell lines. Data are plotted with mean ± SEM; n = 3

biological replicates; 2-way ANOVA, p < 0.001 with

Tukey’s multiple-comparisons post hoc test, KOPN

versus Jurkat or Ea.Hy926, *p < 0.05, **p < 0.0001. (C)

The sequence enrichment from NGS data attained from

the B-ALL cell internalization SELEX selection rounds

was calculated as the complement of the percentage of

unique reads relative to the total reads: sequence

enrichment = 100 � (1 �[number of unique sequences /

number of total sequences]).
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Specificity of the B-ALL aptamers for B-ALL cell lines NALM-16

and KOPN-8

The cell specificities of the candidate B-ALL aptamers (aptamers B-
ALL1–B-ALL5) were evaluated using the same qRT-PCR internaliza-
tion assay used to examine the B-ALL cell internalization SELEX
selection rounds (Figure 2B). In addition to the B-ALL aptamers pre-
dicted to target CD22, one B-ALL aptamer (aptamer B-ALL31) that
was not predicted to bind the CD22 d2–d3 region but exhibited sig-
nificant enrichment throughout B-ALL cell internalization SELEX
was also evaluated (Figure 3A; Table 2). To serve as a negative control,
we identified one aptamer that was only observed in round 0 but not
in any of the selection rounds and did not have any sequence/struc-
ture similarity to any of the candidate aptamers (aptamer control)
(Table 2).

The B-ALL cell lines NALM-16 and KOPN-8 and negative cell lines
Jurkat and Ea.Hy926 were treated with each aptamer (50 nM), and
aptamer internalization was evaluated by qRT-PCR. Aptamers
B-ALL1, B-ALL2, B-ALL3, B-ALL4, and B-ALL31 showed significant
specificity for NALM-16 cells over both negative cell lines (Figure 4A).
Aptamer B-ALL5 trended toward specificity for NALM-16 cells over
the negative cell lines, but this difference was not found to be signif-
icant (p = 0.0582 versus Jurkat, p = 0.0645 versus Ea.Hy926). The con-
trol aptamer exhibited no specificity for NALM-16 cells or either
negative cell line (p > 0.5). However, only two of the candidate ap-
tamers, B-ALL1 and B-ALL2, showed specificity for KOPN-8 cells
compared with either negative cell line (Figure 4A). To corroborate
these results, the dose dependence of aptamers B-ALL1 and
B-ALL2 for the B-ALL cell lines against the negative cell lines was
evaluated. We observed significantly greater dose-dependent inter-
nalization of aptamers B-ALL1 and B-ALL2 for the NALM-16 and
KOPN-8 cell lines compared with either negative cell line (Figure 4B;
Tables S3 and S4).
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B-cell aptamer interaction with CD22 protein

To test the interaction of the B-ALL aptamers withCD22, we attempted
to silence CD22 expression of the NALM-16 and KOPN-8 cell lines;
however, we and others have observed that these B-cell lines are difficult
to transfect by most methods (Figure S4).68–70 As an alternative, we
treated Chinese hamster ovary (CHO) cells either expressing human
CD22 (CHO 22+) or wild-type CHO cells (CHO WT)71–74 that do
not express CD22 (Figure S5) with each candidate aptamer and deter-
mined by qRT-PCR the amount of internalized aptamer. Aptamer
B-ALL1 exhibited significantly greater binding forCHOcells expressing
CD22 than forCHOWTcells (Figure 5A).No significant differencewas
observed between CHOWT and CHO 22+ cells with any of the other
aptamers tested. To verify the interaction between aptamer B-ALL1
and CD22, the dose dependence of aptamer B-ALL1 was assessed for
the CHO 22+ cells and CHOWT cells. Aptamer B-ALL1 dose depen-
dence was found to be significantly greater for the CHO 22+ cells
than CHO WT cells (Figure 5B). To further support that aptamer
B-ALL1 could target CD22, this aptamer was tested against CHO
CD22+ cells treated with siRNAs that silence CD22 gene expression
(Figure 5C). Significantly reduced aptamer B-ALL1 internalization
was observed with CHO CD22+ cells treated with CD22 siRNAs
compared with aptamer B-ALL2 and the control aptamer (Figures 5C
and 5D). Finally, to investigate the selectivity of our candidates, we per-
formed a CD22 binding assay experiment, measuring the amount of
recovered aptamer incubated with CD22 protein and equimolar con-
centrations of control human IgG1 or epratuzumab IgG1, which also
binds in the d2–d3 region of CD22.9 Our results revealed specific bind-
ing of the B-ALL1 aptamer for histidine-tagged CD22 compared with
the control aptamer and the control histidine-tagged protein (Fig-
ure 5E). The B-ALL1 aptamer displayed no significant competition
with epratuzumab for CD22, although a possible trend was observed
(Figure 5E). Together, these data support our theory that aptamer
B-ALL1 interacts with human CD22 expressed by B-ALL cells.



Figure 3. In silico docking between CD22 and

candidate aptamers

(A) The number of H-bonds after 30 ns of molecular

dynamics simulation between candidate B cell aptamers

and the epratuzumab region of the CD22 protein. The

top five selected candidates (aptamers B-ALL1–B-

ALL5), and the most abundant aptamer observed during

B-ALL cell internalization SELEX (aptamer B-ALL31)

were identified (red) for experimental validation. (B)

Predicted secondary structure of aptamers B-ALL1–B-

ALL5 and B-ALL31 using the RNA structure.109
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DISCUSSION
B-ALL cell internalization SELEX identified two RNA aptamers, ap-
tamersB-ALL1andB-ALL2, that selectively internalize intoB-ALL cells.
Of these two B-cell-specific aptamers, the B-ALL1 aptamerwas found to
interact with the CD22 receptor. Aptamer B-ALL1 was observed to
target CD22-expressing CHO cells in a dose-dependent manner, which
could be prevented by siRNA-mediated silencing of CD22 expression.
The interaction of B-ALL1 and CD22 was confirmed in a binding assay
with recombinant CD22. Together, these data suggest that the B cell ap-
tamer B-ALL1 targetsCD22 and internalizes intoB cells. Aptamers have
been developed against CD1975,76 and CD20,77 but B-ALL1 is the first
documented aptamer that targets CD22. CD22 is present in nearly
90%of patientswithB-ALL and is involved inB cell receptor (BCR) acti-
vation and regulation.8,78–80 Therefore, identification of aptamer
B-ALL1 represents a significant advancement in aptamers capableof tar-
geting B-ALL. Future studies with these B cell-specific aptamers could
potentially yield safer and more efficacious treatments for B-ALL.81,82

To isolate the B cell-specific aptamers, we applied cell internalization
SELEX modified for suspension cells coupled with NGS and a novel
bioinformatic strategy to identify aptamers specific for CD22. Our
Molecular Therap
SELEX strategy was based on previous methods
that alternate between human and porcine
thrombin during selection rounds to produce
thrombin-specific aptamers that bound both
species with high affinity.83 Thus, we “toggled”
different B-ALL cell subtypes to ensure that
the selected aptamers would target proteins
conserved between the different B-ALL cells. A
DNA melt assay and cell internalization assay
indicated that the B cell cell internalization
SELEX plateaued by round 6 and was completed
by round 9. NGS aptamer sequence enrichment
data confirmed these results. However, although
the sequence enrichment data suggested no
changes following round 6, we did observe a
decrease in B-ALL1 aptamer read counts in
the last round of selection. We believe this is
possibly due to the hWBC preparations contain-
ing B cells with high levels of CD22 expression.
The aptamer persistence and abundance anal-
ysis identified 1,208 unique “true-selected” ap-
tamer sequences from the 4,216,070 unique aptamer sequences found
by NGS. These 1,208 unique aptamer sequences were clustered by
sequence and structure similarity, from which 38 candidates were
identified that exhibited positive enrichment during B-ALL cell inter-
nalization SELEX.

We employed a molecular docking and molecular dynamics strategy
to rank the pool of 38 aptamer candidates for any that might target
CD22. Previous molecular docking and molecular dynamics research
has focused on understanding aptamer-protein binding after aptamer
selection and characterization.85,86 Generally, these techniques have
been used for optimizing aptamer stability and specificity for its target
protein.87,88 Drawing on strategies that have been applied successfully
for other protein-ligand interactions,60,61,84 we ranked our aptamer
candidates based on the number of predicted H-bonds with the d2–
d3 ectodomains of the CD22 protein that includes the epratuzumab
epitope.9 The highest-ranked aptamer, B-ALL1, was specific for
CD22 based on cell internalization and in vitro binding assays. These
results demonstrate the potential of applying molecular docking and
molecular dynamics to narrow down aptamer candidates from NGS
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Table 2. CD22-specific candidate aptamers

Aptamer
RNA aptamer
sequence (50-30)

Minimum
free energy
(MFE)

Ensemble
probabilitya

Ensemble
diversityb

B-ALL 1

GGG AGG ACG AUG CGG
GCC AUU CGU CUU UUC
GUC CCC AGA CGA CUC
GCC CGA

18.03 0.51 5.99

B-ALL2

GGG AGG ACG AUG CGG
UGA CUC GUC UGU UUC
GUC CCC AGA CGA CUC
GCC CGA

15.59 0.18 15

B-ALL 3

GGG AGG ACG AUG CGG
UCC UGU CGU CUG UUG
UCC CCA GAC GAC UCG
CCC GA

25.87 0.75 0.18

B-ALL 4

GGG AGG ACG AUG CGG
UCC UGC CGU CUG UUC
GUC CCC AGA CGA CUC
GCC CGA

22.04 0.37 6.76

B-ALL 5

GGG AGG ACG AUG CGG
UCU CUG GGU UUG UUC
UGC CCC AGA CGA CUC
GCC CGA

19.34 0.27 4.64

B-ALL31

GGG AGG ACG AUG CGG
UCC UGU CGU CUG UUC
GUC CCC AGA CGA CUC
GCC CGA

26.45 0.75 0.17

Control

GGG AGG ACG AUG CGG
UCC CAC GAG UGG UUU
UCG UAC AGA CGA CUC
GCC CGA

19.3 0.65 0.89

aEnsemble probability as calculated by RNAfold101 refers to the probability of a
sequence to be represented by a single structure in the Boltzmann weighted ensemble
set of all possible structures.
b“Ensemble diversity” as calculated by RNAfold101 is the average base-pair distance be-
tween all structures in the thermodynamic ensemble and estimates the complexity of the
structural ensemble. Low ensemble diversity indicates fewer possible structures, while
higher ensemble diversity suggests a greater number of possible structures.
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data for experimental evaluation. However, one important consider-
ation is that any molecular docking study will be limited by the avail-
able crystal structure. For example, the CD22 extracellular domain is
comprised of seven Ig ectodomains (d1–d7).9 Therefore, any ap-
tamers that interact with CD22 outside of the d2–d3 region would
have been missed by our docking study. Despite this limitation, we
envision that molecular docking can streamline traditional screening
that may be useful in research settings that are limited to screening a
small number of candidates.

The in vitro binding assay indicates that the B-ALL1 aptamer inter-
acts with the histidine-tagged CD22; however, only a non-significant
trend toward competition between the B-ALL1 aptamer and epratu-
zumab IgG1 for CD22 was observed. These binding data and the re-
sults from the docking study suggest that the B-ALL1 aptamer binds
CD22 within the d2–d3 ectodomains and that the B-ALL1 aptamer
targets an epitope separate from epratuzumab. Interestingly, the
observed trend of reduced B-ALL1 aptamer binding in the presence
704 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
of epratuzumab suggests a possible indirect interference between
them. Epratuzumab binding could alter the confirmation of CD22
in a manner that changes the interaction of the B-ALL1 aptamer
with CD22. Additional experiments will be necessary to test these
possibilities and to determine the precise binding site of the
B-ALL1 aptamer in the CD22 protein.

Interestingly, aptamer B-ALL1 was the 573rd-ranked aptamer in the
NGS non-redundant database. Our results with the B-ALL1 aptamer
support the theory that less abundant aptamers in an aptamer NGS
dataset can be of significant interest.38,50 Without a more in-depth
bioinformatics analysis that included clustering for groups of ap-
tamers related by sequence and/or structure and the CD22 docking
study, aptamer B-ALL1 would have been overlooked if we had only
selected the top five aptamers with the highest read counts for further
characterization. Based on these results, a more in-depth bioinfor-
matics analysis, such as molecular docking, should be considered
when identifying ideal aptamer candidates for further in vitro studies.

We observed that aptamers B-ALL1 and B-ALL2 exhibited specificity
for the NALM-16 pre-B ALL cell line and the KOPN-8 common
B-ALL cell line. These results imply that pre-B-ALL and common
B-ALL share commonmembrane proteins, like CD22, that are not ex-
pressed by either negative cell line. However, several of the B cell ap-
tamers (aptamers B-ALL31, B-ALL3, B-ALL4, and B-ALL5) that were
anticipated to be specific across both B cell lines showed only speci-
ficity for the NALM-16 pre B-ALL cell line but not the KOPN-8 com-
mon B cell line. One plausible explanation for this discrepancy of ap-
tamer specificity between the two B cell lines is that the membrane
proteins associated with ALL may vary in number and composition
across tumor subtypes for hematological malignancies. Because of
the lack of information about the cellular uptake mechanism of ap-
tamers,89,90 we also cannot exclude the possibility that changes in
the processing and endosomal escape mechanisms may present addi-
tional confounding variables. The rate of access to the cytosol for
internalizing aptamers mainly depends on the rate of receptor recy-
cling and endosomal escape efficiency, which may be different for
distinct B-ALL subtypes. While we believe these limitations have
not impacted the primary outcome of this study, these results suggest
the critical importance of accurate ALL subtype characterization with
ALL-targeted therapeutics and imply that each B-ALL subtype may
be best targeted separately. Specific tumor subtype targeting has
already proven to be useful for breast cancer aptamer development,
with aptamers generated against triple-negative breast cancer cells,31

HER2-positive breast cancer cells,91 and estrogen-progesterone-
glucocorticoid-positive breast cancer cells.92 Future efforts regarding
ALL aptamer development include use of specific ALL subtypes when
designing the SELEX strategy.

Finally, although aptamers B-ALL1 and B-ALL2 were specific across
both B cell lines, our results demonstrated that only aptamer B-ALL1
significantly improved binding toward CD22 protein. This implies
that aptamer B-ALL2 may be binding to another cell-surface receptor
in B-ALL cells.While these studies focused on the initial in vitro proof



Figure 4. Specificity of the B cell aptamers for the B-ALL NALM-16 and KOPN-8 cell lines

(A) Aptamer qRT-PCR internalization assay of the B-ALL aptamers and a negative control aptamer. B-ALL cell lines NALM-16 (NALM) and KOPN-8 (KOPN) and negative cells

lines (Jurkat and Ea.Hy926) were treated with 50 nM of each aptamer. Data are plotted with mean ± SEM; n = 4–8 biological replicates; Brown-Forsythe and Welch ANOVA

with Dunnett’s T3 multiple-comparisons post-hoc test for NALM or KOPN versus JURKAT or Ea.Hy926. The p values are displayed on the graph. *p < 0.05, **p < 0.01,

***p < 0.001; ns, not significant. Shown is the dose-dependent qRT-PCR internalization assay of aptamers (B) B-ALL1 and (C) B-ALL2. Data are plotted as mean ± SEM; n =

4–8 biological replicates; 2-way ANOVA with Tukey’s multiple-comparisons post hoc test for NALM or KOPN versus Jurkat or Ea.Hy926. The p values are displayed on the

graph. **p < 0.001, ***p < 0.0001.

www.moleculartherapy.org
of concept, studies that evaluate the in vivo target specificity of the
B-ALL1 aptamer are warranted. Also, further research should be un-
dertaken to investigate the real power of molecular docking and mo-
lecular dynamics as a screening strategy for aptamers. In summary,
we combined cell internalization SELEX with advanced computa-
tional tools to enable rapid identification of RNA aptamers specific
for B-ALL, including one aptamer that specifically targets CD22.

MATERIALS AND METHODS
Cell culture

The Jurkat (ATCC, TIB-152), KOPN-8 (Deutsche Sammlung von
Mikroorganismen und Zellkulturen [DSMZ], ACC 552), and
NALM-16 (DSMZ, ACC 680) cell lines were kindly provided by
Dr. Miles A. Pufall and Dr. Carlos Chan from the University of
Iowa (Iowa City, IA, USA). Jurkat, KOPN-8, and NALM-16 cells
were maintained in RPMI-160 medium (Gibco, 11875119) supple-
mented with 10% fetal bovine serum (FBS) (Atlanta Biologicals,
S11550). Ea.Hy926 cells (ATCC, CRL-2922) were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco, 11965092) supple-
mented with 10% FBS. CHOWT and CHO 22+ cells were generously
provided by Dr. James C. Paulson (The Scripps Research Institute (La
Jolla, CA, USA). CHO WT and CHO 22+ cells were prepared as
described previously.71,72 CHO WT and CHO 22+ cells were main-
tained in DMEM/F12 (Gibco, 11320033) supplemented with 10%
FBS and DMEM/F12 supplemented with 10% FBS and 500 mg/mL
Hygromycin-B (Roche, 10843555001), respectively. Cell lines were
incubated at 37�C under 5% CO2 with medium changes every 2–
3 days until confluent. Non-adherent cells were trypsinized using
trypsin EDTA (0.25%; Gibco, 25200072). Cell lines were screened
for mycoplasma contamination93 and used within eight passages.

Isolation of WBCs

After informed consent, blood (12mL)was obtained from two healthy
donors without any exclusion criteria. Blood was diluted 1:2 with PBS
and layered over with 15 mL of Cytiva Ficoll-Paque PLUS (Thermo
Fisher Scientific, 11778538). WBCs were collected according to the
Ficoll-Paque manufacturer’s instructions. Cells were resuspended in
RPMI-1640 medium and used within 2 h after extraction.

Cell internalization SELEX

The initial (round 0) aptamer library was attained as a Sel2N20 template
oligo (50-TCGGGCGAGTCGTCTG-N20-CCGCATCGTCCTCCC-30)
(IntegratedDNATechnologies, Coralville, IA, USA). The template oligo
was extended after annealing with the Sel2-50 primer (50- TAATAC
GACTCACTATAGGGAGGACGATGCGG-30). The extended dsDNA
was in vitro transcribed using Y639F mutant T7 RNA polymerase using
20-fluoro-modified pyrimidines (TriLink Biotechnologies, 20-fluoro-20-
deoxycytidine triphosphate (dCTP), N-1008; 20-fluoro-20-deoxyuridine
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 705
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Figure 5. B cell aptamer interaction with CD22 protein

(A) B-ALL aptamer (B-ALL1–B-ALL5 and B-ALL31) and control aptamer (Cont.) specificity for CD22 was evaluated using an aptamer qRT-PCR internalization assay with

CHO cells expressing CD22 (CHO 22+) and wild-type CHO cells not expressing CD22 (CHOWT). Data are plotted as mean ± SEM; n = 3 biological replicates; mixed effect

analysis p > 0.005 with post hoc Bonferroni’s multiple-comparisons test; ***p < 0.0001. (B) Dose dependence of B cell aptamer B-ALL1 and Cont. aptamer for CD22. Data

are plotted as mean ± SEM; n = 3 biological replicates; 2-way ANOVA, p < 0.0001 with Sidak’s multiple-comparisons post hoc test; *p < 0.05, **p < 0.001, ***p < 0.0001. (C)

Knockdown of CD22 expression by treatment with anti-CD22 siRNAs. CD22 was detected by anti-human CD22 (green), the cytoplasm was stained with AF568-phalloidin

(red), and the nucleus was visualized by TOPRO-3 (blue). Scale bar, 20 mm. (D) qRT-PCR aptamer internalization assay of aptamers B-ALL1, B-ALL2, and Cont. aptamer with

CHO 22+ cells and CHO 22+ (siRNA-treated) cells. Data are plotted as mean ± SEM; n = 3 biological replicates; 2-way ANOVA, p < 0.0001 with Bonferroni’s multiple-

comparisons post hoc test; ***p < 0.0001. (E) B-ALL1 aptamer and Cont. aptamer specificity for recombinant histidine-tagged CD22 or control histidine-tagged protein

(glyoxalase) in the presence of epratuzumab or a control IgG1 (bevacizumab). Data are plotted as mean ± SEM; n = 4 biological replicates; one-way ANOVA with multiple-

comparisons post hoc test; **p < 0.001, *p < 0.05.
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triphosphate (dUTP),N-1010) andunmodifiedpurines asdescribedpre-
viously.22,38,39 The cell internalization SELEXprocesswasmodified from
a previously reported protocol22 for suspension cell lines. Aptamer RNA
was folded at 1mMin 1� binding buffer (BB) at 95�C for 7min, 65�C for
15 min, and 37�C for 30 min (1� BB, 20 mMHEPES [pH 7.4] [Sigma-
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Aldrich,H3537], 0.15MNaCl [Sigma-Aldrich, S9888], and 2mMCaCl2
[Sigma-Aldrich, 21115]). Folded aptamer RNAwas diluted to 400 nM in
RPMI-1640 serum-free medium with 100 mg/mL yeast tRNA (Invitro-
gen, 11508736). For the first two rounds, the aptamer RNA library was
incubated only with a B-ALL cell line (positive selection step) based on
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a predetermined time for maximizing RNA internalization into these
cells (Figure S6). From rounds 3–9, the aptamer RNA library was incu-
bated first with a non-specific cell line (negative selection step), followed
by a positive selection step. Exact conditions used for each selection
round are summarized in Table 1. Following incubation of the RNA ap-
tamer library, B-ALL cells were washed three times with 5 mL ice-cold
high salt-trypsin (0.5 M NaCl DPBS(�/�) - 0.25% trypsin) to remove
unbound and surface-bound RNA aptamers. Between washes, cells
were pelleted at 500 � g for 3 min at 4�C. Internalized sequences were
recovered by TRIzol extraction (Invitrogen) as reported previously.22,44

Recovered aptamer RNA was reverse transcribed using the Sel2-30

primer (50- TCGGGCGAGTCGTCTG-30) with Superscript III and
PCR amplified using the Sel2-30 primer and Sel2-50 primer with a
Taq DNA polymerase (Denville Scientific, C775Y42) as described
previously.22,44

DiStRO dsDNA reverse melt curve assay

Aptamer library complexity was evaluated as described previ-
ously38,94 using 0.5 mMdsDNA from rounds 0, 3, 6, 7, 8, and 9 in trip-
licate. Samples were combined with iQ SYBR Green Supermix (Bio-
Rad, 1708880) at a 1:1 volume and subjected to a reverse DNA
melt curve protocol (95�C–25�C, ramp over 20 min) using a quanti-
tative PCR machine (Applied Biosystems QuantStudio 3 Real-Time
PCR). Data were plotted as fluorescence (SYBR Green intensity)
against increasing temperature (�C).

Aptamer internalization assay by qRT-PCR

Aptamer specificity (selection rounds and single aptamers) were eval-
uated using an aptamer internalization assay as reported previously
with 3–8 biological replicates for each condition tested.38,43 Cells
were treated with folded aptamer RNA, selection rounds, or single ap-
tamers, for 30 min at 37�C under 5% CO2. Unbound and cell-surface-
bound RNA was removed using three ice-cold, high-salt trypsin
washes. Internalized aptamer RNA was recovered by TRIzol extrac-
tion. When assessing the selection round aptamer libraries, TRIzol
was supplemented with 0.5 � 10�3 pmol/mL of Sel1 aptamer (M
12-23 aptamer)95 as a reference control. A two-step qRT-PCR pro-
cedure38 was used to quantify the amount of recovered aptamer
RNA. For reverse transcription, moloney murine leukemia virus
(MMuLV) (New England Biolabs, M0253L) was used in experiments
assessing the selection rounds, and Superscript III (Thermo Fisher
Scientific, 18080044) was used in experiments assessing single ap-
tamers. qPCR was conducted in triplicate for each sample using either
SYBR Green Supermix (Bio-Rad, 1725120) or iQ SYBR Green Super-
mix (Bio-Rad, 1708880). Data were normalized to the Sel1 reference
control when applicable and to cell number (1 � 106).

Illumina NGS sample preparation

Aptamer RNA from each selection round was reverse transcribed us-
ing Superscript III (Thermo Fisher Scientific, 18080044) and a modi-
fied Sel2 30 Illuminaprimer (50-CAAGCAGAAGACGGCATACGA
GGA TTCGGGCGAGTCGTC TG-30) (Integrated DNA Technolo-
gies) as described previously.22 The cDNA was PCR amplified using
barcoded Illumina primers (50-CCG CAT CGT CCT CCC-
BARCODE-AGA TCG GAA GAG CGT CGT GTA GGG AAA
GAG TGT AGA TCT CGG TGG TCG CCG TAT CAT T-30). Ampli-
conswere purified by gel extraction, pooled, quantified by bioanalyzer,
and sequenced by NGS on an Illumina HiSeq 4000 genome sequencer
at the Iowa Institute ofHumanGenetics, University of Iowa (Illumina-
based NGS). Round 0 was sequenced in duplicate to provide more
robust baseline data compared with the B-ALL selection rounds.

Bioinformatics analyses

NGS aptamer reads were processed and analyzed using Galaxy work-
flows42,50 to isolate only the aptamer variable region and compile a
non-redundant database of unique aptamer sequences identified
from all selection rounds. Two additional Galaxy workflows (abun-
dance NrD analysis workflow and persistence NrD analysis workflow)
were used to examine aptamer persistence and abundance to permit
filtering of the non-redundant database for true selected aptamers.
An individual aptamer was considered a true selected sequence
when persistence was at least three and abundance was at least six.
The resulting 1,208 aptamers were ranked based on the log2 fold
enrichment between rounds 2 and 5 (R2:R5), R2:R9, R4:R6, andR6:R9.

The 1,208 aptamers were analyzed by sequence similarity (edit distance
1) and structure similarity (tree distance 3) using an unpublished up-
dated version (see Data and code availability) of an aptamer clustering
algorithm.38,94 Cytoscape (v.3.9.0)96 was used to visualize groups of
related aptamers. Alignments of related aptamers were examined using
ClustalX (v.2.0)97 and LocARNA (online),98 respectively. The number
of modifications (substitution, insertion, or deletion) required for two
sequences to become identical is known as the “edit distance”, while
“tree distance” refers to the relatedness of two structures; the lower
the tree distance, the more closely related the structures are.38,99,100

The secondary structures of RNA aptamers were optimized using the
Vienna RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNA
WebSuite/RNAfold.cgi),101 while three-dimensional structures were
built using RNA composer.102 RNA aptamers were saved as PDB
format for H-bond measures. The human CD22 protein structure
was downloaded from the PDB database (PDB: 5VKJ).9 The
PatchDock web server (https://bioinfo3d.cs.tau.ac.il/PatchDock/) was
employed for docking studies.103,104 Docking for the RNA aptamer-
protein complex was visualized using VMD v.1.9.3.66 Molecular dy-
namics simulations for H-bond evaluation were prepared using the So-
lution Builder from CHARMM-GUI (http://www.charmm-gui.
org).63–65 The RNA aptamer-CD22 complex was solvated using a rect-
angular boxwith a distance of 10 nmbetween the complex and the edge
of the box. The solvated system was neutralized by adding potassium
chloride ions in the simulation. The results were downloaded, and sim-
ulations for all CD22 and RNA aptamer complexes for H-bond mea-
sureswere carried out for 30 ns each, using theCHARMM36 forcefield
implemented in GROMACS software v.2020.1.67

siRNAs

Accell siRNAs against human CD22 (set of 4) were synthesized by
Dharmacon (Horizon Discovery, EQ-019501-00-0002). 5� siRNA
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buffer (Horizon Discovery, B-002000-UB-100) combined with sterile
RNase-free water was used to prepare 1� siRNA buffer. Lyophilized
siRNA was reconstituted to 100 mM siRNA solution in 1� siRNA
buffer. According to the manufacturer’s experimental conditions,
siRNA medium was prepared by adding 1 mM siRNA solution to
1� Accell delivery medium (Horizon Discovery, B-005000-100).
Finally, cells were incubated either with siRNA medium or Accell de-
livery medium alone at 37�C with 5% CO2 for 96 h.

Confocal microscopy

0.03 �106 CHO cells were plated in an 8-well chamber and cultured
until the cells adhered. Cells were fixed with 4% paraformaldehyde
for 10min at 4�C, followed by phosphate-buffered saline (PBS)washes
at room temperature. Cells were stained for CD22 using procedures
similar to those described previously.105,106 Cells were incubated
with rabbit anti-CD22 antibody (1:100, Abcam, ab246334) in 10%
donkey serum overnight at 25�C. After washing with PBS, microscope
slides were incubated with a mixture of Alexa Flour 488-conjugated
donkey anti-rabbit antibody (1:200, Jackson ImmunoResearch, 711-
545-152), Alexa Fluor 568 phalloidin (cytoskeleton staining, 1:200,
Thermo Fisher Scientific, A12380), and TO-PRO-3 (nucleus staining,
1:200, Thermo Fisher Scientific, R37170) overnight at 4�C. Stained
sections were coverslipped with Prolong Diamond Anti-fade Reagent
(Invitrogen-Molecular Probes, P36965) after the final washes with
PBS. Samples were imaged with a Carl Zeiss LSM 710 confocal
laser-scanning microscope as described previously.107,108 Sections
were scanned sequentially in different channels to separate labels. Im-
ages from different channels were assigned a pseudocolor and then
superimposed. Confocal images were obtained and processed with
software provided with the Carl Zeiss LSM 710.

CD22 binding assay

The CD22 binding assay was adapted from the LIRECAP (ligand-re-
ceptor complex-binding aptamer) assay94 using histidine tag-binding
Dynabeads (Thermo Fisher Scientific, 10103D). 50 nM recombinant
histidine-tagged human CD22 (Thermo Fisher Scientific, A42609)
or 50 nM histidine-tagged human glyoxalase (R&D Systems, 5094
959-GL-02M) and equal molar control human IgG1 (bevacizumab)
or epratuzumab IgG1 (Invitrogen, MA5-41703) were incubated with
100 nM B-ALL1 aptamer or control aptamer. Steady-state binding
was achieved in 1� BB with 100 mg/mL yeast tRNA and 100 mg/mL
BSA (RPI, A30075) after 30 min of rotation at room temperature.
Non-specifically bound aptamerwas removedwith two5-min rotating
room temperature washes and one quick room temperature wash us-
ing 1� BB with 0.05% Tween 20. Bound aptamer RNA was recovered
by phenol-chloroform extraction and assessed by qRT-PCR.

Statistical analyses

All experiments were conducted with 3–4 biological replicates except
for experiments that assess cell specificity of the candidate B-ALL ap-
tamers (aptamers B-ALL 1–5), which accounts for 4–8 biological rep-
licates. Mean and standard error of the mean (SEM) were calculated
using either GraphPad Prism 9 or Microsoft Excel 2016. GraphPad
Prism 9 software was used to determine the analysis of variance (-
708 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
ANOVA) and half maximal effective concentration (EC50) curves.
We used the equation in GraphPad Prism for [Agonist] vs. response –
Variable slope for the EC50 curves. Statistical significance was set at a
p value less than 0.05.

DATA AND CODE AVAILABILITY
Source data are provided with this paper. Further data supporting the
findings of this study are available from the corresponding author
upon reasonable request. The unpublished updated version of the ap-
tamer clustering algorithm is available in the GitHub repository
(https://github.com/ui-icts/aptamer).
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