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Recently, immunotherapeutic modalities with engineered cells
and monoclonal antibodies have been effective in treating
several malignancies. Nucleic acid aptamers can serve as alter-
native molecules to design immunotherapeutic agents with
high functional diversity. Here we report a synthetic prototype
consisting of DNA aptamers that can activate the T cell recep-
tor cluster of differentiation 3 (TCR-CD3) complex in cultured
T cells. We show that the activation potential is similar to that
of a monoclonal antibody (mAb) against TCR-CD3, suggesting
potential for aptamers in developing efficacious synthetic
immunomodulators. The synthetic prototype of anti-TCR-
CD3ε, as described here, was designed using aptamer ZUCH-
1 against TCR-CD3ε, generated by ligand-guided selection
(LIGS). Aptamer ZUCH-1 was truncated and modified with
nuclease-resistant RNA analogs to enhance stability. Several
dimeric analogs with truncated and modified variants were de-
signed with variable linker lengths to investigate the activation
potential of each construct. Among them, a dimeric aptamer
with dimensions approximately similar to those of an antibody
showed the highest T cell activation, suggesting the importance
of optimizing linker lengths in engineering functional ap-
tamers. The observed activation potential of dimeric aptamers
shows the vast potential of aptamers in designing synthetically
versatile immunomodulators with tunable pharmacokinetic
properties, expanding immunotherapeutic designs by using
nucleic acid-based ligands such as aptamers.

INTRODUCTION
Recently, monoclonal antibodies (mAbs) have been used successfully
to design immunotherapeutic modalities.1,2 These modalities are
aimed at treating various types of malignancies. However, an
increasing amount of evidence suggests that mAb-based treatments
against immunological markers lead to various autoimmune diseases
and liver-specific toxicity in humans.3,4 These side effects arise from
prolonged circulation times of mAbs because of their relatively high
molecular weight, and this characteristic has been a challenge in all
types of mAb-based therapeutic strategies.5 To address this problem,
nucleic acid aptamers, considered synthetic mAbs, could be alterna-
tive molecules to design immunotherapies.6,7 In recent years, the po-
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tential of aptamers as immunostimulatory agents has been explored.
For example, dimeric aptamers have been developed against 4-1BB,
expressed on the surface of activated mouse T cells, and OX40, a stim-
ulatory molecule belonging to the tumor necrosis factor (TNF) super-
family of receptors. Both dimeric aptamers showed superior stimula-
tory activity compared with corresponding mAbs against the same
targets.8,9 In another study, the immunomodulatory ability of anti-
CD28 aptamers has been shown to have antagonistic or agonistic abil-
ity via dimerization.10

Although aptamers show tremendous potential for designing various
scaffolds for immunomodulation, the challenges lie in identification
of versatile aptamers against key receptors expressed on the immune
cell surface. One such critical receptor, which plays a significant role
in immune cell activation, is the T cell receptor cluster of differentia-
tion 3 (TCR-CD3) complex, expressed on human T cells. The TCR-
CD3 complex consists of multiple domains.11 Identifying versatile
aptamers against such complexes is difficult using the conventional
systematic evolution of ligand by exponential enrichment (SELEX)
process.12,13 Recently, however, we successfully addressed this chal-
lenge by introducing a variant of SELEX called ligand-guided selec-
tion (LIGS).14–17 The LIGS method was designed to identify aptamers
against complex receptor proteins in their native conformation.14–17

Using LIGS, we reported identification of a panel of aptamers that
can specifically recognize the TCR-CD3 complex expressed in human
cultured T cells and T cells obtained from healthy individuals.16 So
far, the only known ligands against CD3-TCR are mAbs, and to the
best of our knowledge, no alternative synthetic ligands are available
against TCR-CD3 other than the aptamer reported by our lab.

In the last decade, there has been increased interest in truncating ap-
tamers to variants that show enhanced activity.18,19 In fact, we and
others have shown that truncation and dimerization of aptamers
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Figure 1. Truncation, Modification, and Dimerization of ZUCH-1 Aptamer Variants

(A) The original ZUCH-1 aptamer. (B) The truncated OSJ-T1 variant, with 14 bases removed from the 50 and 30 terminals. (C) The stem-modified OSJ-T2 variant, with

adenosine added at the 45th position. (D) The truncated OSJ-T3 variant having the most optimized length with 39 nt. (E) The LNA- and 20OMe RNA-modified variant. (F) The

dimerized variants of OSJ-T3-LNA-OMe with variable linkers to assess biological function. nS, number of spacers.

Molecular Therapy: Nucleic Acids
results in enhanced binding properties of molecules against cellular
targets.18,20,21 However, most dimeric aptamers are confined to
enhancing affinity and stability to develop targeting agents to deliver
RNA therapeutic agents. Given the vast potential of aptamers as syn-
thetic immunomodulators, here we explored an aptamer called
ZUCH-1, which was identified via LIGS against TCR-CD3, as a
T cell activator. We followed post-SELEX modification strategies to
systematically truncate the aptamer and modified it with nuclease-
resistant RNA analogs to enhance structural and nuclease stability.
Finally, dimeric analogs were designed with variable lengths to intro-
duce an agent that could activate TCR-CD3 for design of aptamer-
based immunotherapies. Interestingly, we found that linker length be-
tween the aptamers play an essential role in activating TCR-CD3,
opening novel avenues for designing functional dimeric aptamers
against cell surface receptors.
168 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
RESULTS
Truncation, Locked Nucleic Acid (LNA), and 20-O-methyl (20OMe)

RNA Incorporation

Recently, we introduced an aptamer, ZUCH-1 (Figure 1A; Table
S1) against the human CD3ε receptor in its native functional state
using LIGS, a variant of SELEX.16 With an apparent dissociation
constant in the nanomolar range, ZUCH-1 is suitable for designing
aptamer-based T cell activation agents. Thus, we sought to inves-
tigate the functionality of dimeric aptamers designed based on
ZUCH-1 to activate TCR-CD3ε.We strategically designed shorter
variants of ZUCH-1 to further enhance the aptamer’s affinity
without compromising its specificity. Then the optimized mono-
meric aptamer was modified further with nuclease-resistant RNA
bases, followed by design of a functional and stable dimeric ap-
tamer against TCR-CD3ε.



Table 1. Affinities of Truncated, Modified, and Dimerized ZUCH-1 Parent

Aptamers

Name Apparent affnity Jurkat-ATCC (nM)

OSJ-T1 2.3

OSJ-T2 2.7

OSJ-T3 2.1

OSJ-T3-LNA-OMe 1.7

OSJ-dimer-2S 0.5

OSJ-dimer-4S 0.3

OSJ-dimer-6S 0.4

OSJ-dimer-8S 1.7
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The base length of the initially reported parent aptamer ZUCH-1 is 76
nt. However, as demonstrated by several studies, not all nucleotides in
an aptamer play a significant role in aptamer folding, target recogni-
tion, or function. Building on this assumption, we designed shorter
variants of ZUCH-1. We first removed 14 nt from ZUCH-1 at the
50 and 30 ends of the aptamer sequence, resulting in the OSJ-T1
variant, as shown in Figure 1B. The calculated affinity of OSJ-T1
was similar to that of the full-length aptamer with a KD of 2.3 nM (Ta-
ble 1; affinity curve in Figure 2A, i). The insignificant change in the
affinity of OSJ-T1 suggests that bases removed from the terminal
ends of the parent aptamer were nonessential and that their removal
did not disrupt the functional fold critical for aptamer binding or
recognition. However, OSJ-T1 consists of 48 nt with one unpaired
thymine base in the stem. Typically, unpaired bases in the stem region
of a nucleic acid fold can destabilize the stem.22 To investigate
whether stabilization of the stem improved affinity, we used OSJ-T1
as a template and modified the aptamer structure in a series of steps.
First, we introduced a base modification by adding a complementary
adenine to the 45th base position in the stem of the OSJ-T1 sequence
to remove the kink, resulting in variant OSJ-T2 (Figure 1C). However,
with a calculated KD of 2.7 nM (Table 1), stabilization of the stem did
not lead to higher affinity, suggesting that stem stabilization did not
directly result in enhancing the overall functional structure of the ap-
tamer or the aptamer’s ability to recognize TCR-CD3ε (Figure 2A, ii).
Second, we further truncated the stem sequence of OSJ-T2 by
removing a total of 10 bases from both terminal ends, which resulted
in variant OSJ-T3, consisting of 39 nt with an affinity of 2.1 nM (Ta-
ble1; Figures 1D and 2A, iii).

We next focused on increasing the robustness of the OSJ-T3 variant.
We did this by improving nuclease resistance and structural stabiliza-
tion by incorporating two different types of RNA analogs: LNAs and
20-OMe RNA bases (Figure 1E).23 LNA bases are ribonucleotide
(RNA) analogs containing a methylene link between the 20-oxygen
and 4’-carbon of the ribose ring.23 This constraint on the ribose moi-
ety results in locked C30 endo hybridization that increases affinity to-
ward its complementary base, resulting in enhancement of duplex
stability.23,24 The 20-OMe group (20-OMe RNA) is a naturally occur-
ringmodification found in RNA that enhances affinity for RNA-DNA
targets because of the preference of 20-OMe-modified ribose sugars to
adopt a C30 endo conformation.25,26 These two unnatural bases have
been shown to provide a significant improvement in duplex stability
as a consequence of the high affinity of the two bases, leading to
enhanced structural stabilization, stability against nucleases, and
increased melting temperature.27–29 Additionally, previous reports
have demonstrated that the high affinity of LNA and 20OMe RNA an-
alogs lead to superior duplex stability in vitro and in vivo.27 Nonethe-
less, aptamer post-SELEX modification with LNA and 20-OMe RNA
to enhance the stability of a DNA aptamer has never been attempted.
We predicted that modification with LNA and 20-OMe RNA might
lead to a highly stable aptamer under physiological conditions.
Because RNA analogs lead to A-form RNA conformations, we sys-
tematically modified the variant OSJ-T3 with LNA and 20-OMe
RNA bases to avoid introducing structural destabilization to OSJ-
T3. To investigate the specific effects of LNA and 20-OMe RNA bases
on the aptamer’s affinity, three variants of the OSJ-T3 aptamer were
synthesized: (1) OSJ-T3-LNA, in which first and second bases from
the 50 end were modified with corresponding LNA bases (Figures
S1 and 2A); (2) OSJ-T3-OMe, in which the 40th and 41st bases
from the 50 end were modified with 20-OMe RNA bases (Figures S1
and 2B); and (3) OSJ-T3-LNA-OMe, with modifications to the first
and second bases from the 30 terminal with LNA and the 40th and
41st bases from the 50-terminal base with 20OMe RNA bases, respec-
tively (Figure 1E). As expected, aptamer OSJ-T3-LNA-OMewith dual
modification provided heightened stabilization of the stem, leading to
formation of a functional secondary structure of the aptamer with a
KD value of 1.7 nM (Figure 2A, iv; Table 1).

Specificity

The specificity of all truncated variants and modified monomers with
RNA analogs were analyzed using the TCR-CD3-positive cell line Ju-
rkat E6.1 and double knockout (DKO) negative cell line based on Ju-
rkat E6.1, which lacks the TCR-CD3 complex (Figure 2B). The DKO
cell line, generated via a CRISPR-Cas9 system, lacked the TRAC gene
that encodes the alpha constant chain of the TCR and the CD3E gene
that encodes the CD3ε polypeptide.30 The specificity of all truncated
aptamers (OSJ-T1, OSJ-T2, and OSJ-T3 variants; Figure 2B, i–iii) was
tested against the positive cell line Jurkat E6.1 and negative cell line
CD3ε DKO (Figure 2B, i–iii). All aptamers were specific toward Ju-
rkat E6.1 cells compared with CD3ε DKO cells.

Interestingly, we observed that modification with LNA or 20-OMe
RNA at the terminal ends of the aptamer led to reduced specificity
despite careful optimization of the folding conditions. Thus, the re-
sulting aptamers OSJ-T3-LNA and OSJ-T3-OMe did not show spe-
cific binding toward TCR-CD3-expressing Jurkat cells (Figure S2).
One explanation for the observed loss of specificity of these two var-
iants might be the undesirable hybridization of the modified bases to
the natural bases on the hairpin, leading to loss of the aptamer’s func-
tional secondary structure. Undesirable fold formation because of
base modifications of the molecular beacon has been observed
before.31,32 However, the dually modified aptamer variant OSJ-T3-
LNA-OMe, consisting of LNA and 20OMe RNA base modifications
at both terminals (Figure 1E), did maintain its specificity (Figure 2B,
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Figure 2. Analysis of Affinity and Specificity of Truncated Monomers and Modified Monomeric Variants against TCR-CD3ε Expressed on Jurkat E6.1 Cells

(A) Affinity curves for the truncated variants andmodifiedmonomer with unnatural RNA analogs were plotted, and the KD value of each was calculated using GraphPad Prism

with a nonlinear fit, one site total, binding. (B) The specificity of the truncated variants and the modified variant against TCR-CD3ε-positive Jurkat E6.1 cells (B, row 1) and

TCR-CD3ε-negative engineered Jurkat E6.1 cells (B, row 2). Row 3 presents the overall conclusion of three independent specific binding experiments of the variant aptamers

using one-way ANOVA with a t test performed with GraphPad Prism. ***:0.0004 < p < 0.0008, ****p % 0.0001.
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iv), suggesting that modifications at both ends did not interfere with
the aptamer’s functional fold formation.

Effect of Different Linker Lengths on Affinity and Specificity

In addition to modification with unnatural bases, previous studies
have also shown that the dimerization of aptamers can lead to
increased binding affinity.18,20 We therefore dimerized the variant
OSJ-T3-LNA-OMe with variable spacer lengths consisting of phos-
170 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
phoramidite 18 with six glycol linkages (Figure 1E). We designed
four dimeric arrangements with different spacer numbers, starting
with two spacer modifiers consisting of 12 polyethylene glycol
(PEG) units (2S) as the shortest and eight spacer modifiers consist-
ing of 48 PEG units (8S) as the longest. Two more dimers with six
spacers (6S) and four spacers (4S) were also designed. We tested
the binding affinity of all four dimers against Jurkat E6.1 cells
over a range of concentrations for each aptamer (Figure 3A, i–iv).
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Figure 3. Analysis of Affinity and Specificity of Dimeric Variants against TCR-CD3ε Expressed on Jurkat E6.1 Cells

(A) Affinity curves for dimerized variants with 2 spacers consisting of 12 ethylene glycol units (i), four spacers with 24 ethylene glycol units (ii), six spacers with 36 ethylene glycol

units (iii), and eight spacers with 48 ethylene glycol units (iv). Affinity curves were plotted, and the KD value of each was calculated using GraphPad Prism with a nonlinear fit,

one site total, binding. (B) Analysis of the specificity of dimerized aptamer variants against TCR-CD3ε-positive wild-type (WT) Jurkat E6.1 cells (B, row 1) and CRISPR-Cas9-

engineered Jurkat E6.1 cells, knocking out (KO) TCR-CD3ε (B, row2). Row 3 shows the overall conclusion from three independent specificity analyses against KO and WT

using one-way ANOVA and t test performed with GraphPad Prism. ****p % 0.0001.

www.moleculartherapy.org
The calculated apparent KD values (Table 1) were determined using
GraphPad Prism software by plotting the specific median fluores-
cence intensity against the concentration of the aptamer variant.
The binding affinities of the OSJ-D-2S, OSJ-D-4S, OSJ-D-6S, and
OSJ-D-8S dimers showed KD values of 0.5 nM, 0.3 nM, 0.4 nM,
and 1.7 nM, respectively (Table 1). The affinities exhibited by 2S,
4S, and 6S linkers averaged a more than 2-fold increase over the
monomeric aptamer OSJ-T3-LNA-OMe, with a KD value of
1.7 nM, whereas the affinity of 8S was similar to that of the mono-
mers (see affinity curves in Figure 3A).

We concluded that the observed increased affinities resulted from the
spacing in the 2S, 4S, and 6S dimeric aptamer arrangements. Each
TCR possesses two epsilon domains, each capable of binding an
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 171

http://www.moleculartherapy.org


A B

Figure 4. Analysis of Nuclease Resistance of LNA- and 20OMe RNA-

Modified Dimerized Aptamers

(A and B) Analysis of 4-h (A) and 6-h (B) incubation.
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aptamer domain.11 The dimeric aptamers with 2, 4, and 6 spacers may
not be sufficient in length and/or flexibility for each aptamer in the
dimeric scaffold to bind two different domains. However, the increase
in local concentration could provide a tethered aptamer partner in
close proximity that would result in an increase in affinity. Besides,
dimerization reduces the entropic penalty compared to that of mono-
meric aptamers, leading to highly favorable binding and, conse-
quently, an increase in avidity in dimeric aptamer designs.33,34

On the other hand, OSJ-D-8S showed an affinity similar to that of
the monomeric variant of aptamer OSJ-T3-LNA-OMe. The spacer
length in the OSJ-D-8S dimer is approximately similar to the dis-
tance observed in the antibody arms of immunoglobulin G (IgG)
antibodies. IgG are a broad family of antibodies, of which the
OKT-3-specific anti-CD3ε mAb was used in LIGS experiments to
discover anti-TCR aptamers. Previous studies with microscopic im-
aging using OKT3 suggest that the distance between the two bind-
ing domains on the IgG antibody is approximately 150–180 Å.35–37

In the OSJ-D-8S dimer, the calculated distance between the two ap-
tamers is approximately 168 Å, which falls between the optimal dis-
tances reported for an antibody.34,38,39 Similar dimensions for the
OSJ-D-8S and OKT3 suggest that the two aptamer binding sites
might interact with the two epsilon domains of the TCR-CD3 com-
plex, leading to similar binding properties for OSJ-D-8S and an IgG-
based OKT3 antibody. We next analyzed the specificity of dimeric
aptamers using TCR-CD3 knockout cells. The specificity is retained
toward TCR-CD3 in all four constructs, suggesting that dimeriza-
tion enhanced aptamer affinity while retaining its specificity (Fig-
ure 3B). Furthermore, we tested the specificity of all four dimer
aptamers using the TCR-CD3-positive Jurkat E6.1 cell line and
DKO negative cell line based on Jurkat E6.1 cells (Figure 3B, i–
iv). All dimers (OSJ-D-2S, OSJ-D-4S, OSJ-D-6S, and OSJ-D-8S)
bind to Jurkat E6.1 cells (Figure 3B, i–iv, rows 1 and 3) with high
specificity compared with binding toward CD3ε DKO cells (Fig-
ure 3B, i–iv, rows 2 and 3). Figure 3B, rows 1 and 2, highlights
the specificity of the dimers, where we see significant binding of
the dimers toward Jurkat E6.1 cells and non-significant binding to-
ward DKO cells because of a small level of non-specific binding.
Figure 3B, row 3, presents an overall comparison of three indepen-
dent specificity analyses of Jurkat E6.1 and knockout cells. These
findings demonstrate that dimerization of the aptamer increased
172 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
the binding affinity of the aptamers toward Jurkat cells while main-
taining binding specificity.

Next, the nuclease resistance of all dimeric aptamers (OSJ-D-2S, OSJ-
D-4S, OSJ-D-6S, and OSJ-D-8S) was investigated. LNA and 20OMe-
RNAmodifications showed improved nuclease resistance. All dimeric
aptamers were stable in 10% fetal bovine serum (FBS) (Figure 4) after
4 and 6 h of incubation, suggesting that these modifications led to
enhanced nuclease resistance of dimeric aptamers (Figure 4).

Cell Activation from the 8S Dimer

Because the designed dimeric aptamer variants target the TCR-CD3
complex, we next investigated whether a newly designed dimeric
variant could activate TCR-CD3 on Jurkat E6.1 cells. It is widely
known that antibodies against CD3 can induce T cell activation, and
this concept has been used extensively for designing immunothera-
peutic molecules.40 Antigenic activation of T cells leads to significant
cellular changes essential for the immune response. One of the earliest
cell surface antigens expressed by T cells following activation is CD69,
a membrane-bound, type II C-lectin receptor.41,42 CD69 expression is
an early hallmark of lymphocyte activation based on its rapid appear-
ance on the surface of the plasmamembrane after stimulation.43 CD69
is not expressed on resting T cells; therefore, we detected activation of
T cells via expression of CD69.43 Because activation of Jurkat E6.1 cells
require at least two signals to be fully activated, we used the anti-CD28
antibody as a costimulation agent.44,45 Activation was quantified using
the CD69-labeled antibody (CD69 mouse anti-human Cy5.5). In the
absence of anti-CD3 and anti-CD28, resting T cells do not express
CD69, confirming that both antibodies are required for activation
and, hence, expression of CD69 on the surface of T cells (Figure S3).
We then investigated whether the TCR-CD3 complex could be acti-
vated by all four dimeric aptamer variants while using an anti-CD28
antibody as the secondary costimulator (Figure 5). Jurkat E6.1 cells
were incubated in cell suspension buffer for 2, 4, and 6 h in a sur-
face-modified, polystyrene96-well, flat-bottom plate with 0.15 nmol
of each dimeric aptamer and 25 mg/mL unlabeled anti-human CD28
at 37�C with 5% CO2. Following cell incubation of the dimeric ap-
tamers, the cells were incubated with fluorescently labeled (Cy5.5)
anti-CD69 antibody, followed by flow cytometry analysis. T cell acti-
vation was calculated by comparing the number of cells expressing
the CD69 receptor compared with the number of cells not undergoing
treatment (Figure S4). Cells expressed CD69 after 4 h of incubation
with the OSJ-D-8S dimeric aptamer, suggesting that OSJ-D-8S is an
efficient activator of T cells. However, the dimeric variants OSJ-D-
2S, OSJ-D-4S, and OSJ-D-6S did not activate the cells and showed
no expression of CD69, although, the OSJ-D-6S dimer did show a
low level of activation after 6 h. The positive control was included
with the CD3ε antibody for 2, 4, and 6 h in a surface-modified, poly-
styrene 96-well, flat-bottom plate (Figure S4). Notably, the OSJ-D-8S
aptamer showed activation of Jurkat E6.1 cells similar to that of the
anti-human CD3ε antibody in 6 h (Figure 5, third row)

To compare activation with the corresponding anti-CD3 antibody, a
second positive control experiment was performed using a 96-well
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plate pre-coated with 10 mg/mL CD3 for 2 h at 37�C and then washed
twice, followed by adding cells with CD28 antibody (Figures S4A and
4B). In addition, we performed multiple negative control experi-
ments: (1) a dimeric aptamer without anti-CD28 antibody and
without costimulation; (2) a randomized dimeric control with anti-
CD28 antibody in which aptamer-based stimulation was absent but
the costimulatory effect of anti-CD28 was present; and (3) an anti-
CD28 antibody with each experimental setup incubated for 2, 4,
and 6 h. All showed no T cell activation, suggesting that the activation
observed for OSJ-D-8S was specific (Figures S5A–S5D).

DISCUSSION
Immunotherapeutic strategies, which involve directing T cells toward
diseased cells, such as cancer, have revolutionized drug development
approaches.46,47 Currently, multiple immunotherapy approaches are
being developed beyond cancer treatment. However, current ap-
proaches to developing immunotherapeutic agents are confined to en-
gineering T cells to express disease-targeting antigen in the form of
chimeric antigen receptor T (CAR-T) cells or the use of engineered
fragments of mAbs in the form of bispecific antibodies, or use of
mAbs against immune checkpoint inhibitors.46–48 Although all three
strategies are successful in treating disease, particularly cancer, growing
evidence suggests that immunotherapy approaches have challenges.
These challenges involve slow pharmacokinetics of mAbs, leading to
immune-related adverse effects (iRAEs), as well as the high cost of ther-
apy development.49 This calls for low-cost, easily modifiable synthetic
analogs with favorable pharmacokinetics properties, using alternative
molecules to develop immunotherapeutic agents. In this regard, nucleic
acid aptamers are promising alternative molecules. Aptamers are syn-
thetic, easilymodifiable, and have tunable pharmacokinetics.50,51 There
are multiple examples already regarding the feasibility of designing
multimeric aptamers as immunomodulators. For example, antago-
nistic aptamers have been developed against CTLA-4 and PD1, and
agnostic aptamers have been developed against 4-1BB.52 However,
the challenge of designing aptamer-based immunotherapeutic agents
heavily relies on discovery of aptamers capable of recognizing critical
receptors on the immune cell surface. In particular, the TCR-CD3com-
plex is one of the most sought-after receptors to develop synthetic
immunotherapeutic agents. We successfully identified DNA aptamers
against TCR-CD3ε using the LIGS method we developed in our lab.
Although we discovered multiple aptamers against TCR-CD3ε, the ap-
tamer ZUCH-1 showed the highest affinity. However, ZUCH-1 is 76 nt
in length, preventing design of functional scaffolds. Additionally,
because natural nucleic acid bases are susceptible to nuclease degrada-
tion, it is necessary to modify aptamers consisiting of native bases with
unnatural nucleic acid analogs. It has been widely reported that addi-
tion of unnatural nucleic acid analogs, such as LNA or OMe-RNA
bases, enhances nuclease stability. Particularly, LNA and OMe base
modifications to natural DNA have been reported to show higher hu-
man serum stability compared with native DNA aptamers. In this
study, we successfully demonstrated that truncation followed by modi-
fication of unnatural nucleic acid analogs could further improve the
parent aptamer without compromising its specificity but enhancing
its affinity. Although improving the biostability of aptamers is an essen-
tial step when designing functional aptamers, an important goal of the
current study is to explore the applicability of anti-TCR-CD3ε ap-
tamers as T cell activators. Of all molecules tested, neither monomeric
aptamers nor dimeric aptamers with shorter linkers activated TCR-
CD3. However, the construct with eight spacers and dimensions
similar to those of an antibody could activate TCR-CD3, suggesting
that design of functional dimeric aptamer scaffolds is predominantly
governed by linker length, particularly against TCR-CD3ε.

Similarly, the monovalent Fab fragment of the anti-TCR antibody only
poorly activated TCR-CD3, whereas the bivalent antibody could effec-
tively activate TCR-CD3, suggesting that the dimeric aptamer analog
against TCR-CD3ε might have activation characteristics similar to
those of an antibody against the same receptor. A number of mecha-
nisms of TCR-CD3 activation have been proposed. Still, the precisemo-
lecular interactions that explain how bivalent ligands, such as mAbs or
dimeric aptamers, activate TCR-CD3have not yet been defined, as indi-
cated by the abundance of multiple controversial models.53,54 However,
it has been shown that conformational change is required for optimal
T cell activation, suggesting that a dimeric analog with eight spacers
may induce a conformational switch to activate TCR-CD3.

In conclusion, here we report development of the first synthetic proto-
type of an anti-TCR-CD3 ligand that was modified with LNA and 20-
methyl-RNA nucleic acid analogs. All constructs described here specif-
ically recognize TCR-CD3 with high affinity. The observed differential
activation properties suggest that the dimensions of the bivalent design
play a crucial role in activation of the TCR complex. Future work will
investigate activation of TCR-CD3 using T cells obtained from healthy
volunteers and mechanistic investigation of TCR-CD3 activation by
dimeric aptamers. To the best of our knowledge, so far no studies
have reported synthetic anti-TCR ligands capable of activating T cells.

MATERIALS AND METHODS
Cell Culture and Reagents

Jurkat clone E6.1 (T lymphocyte) cells were purchased from the
American Type Culture Collection (ATCC). Jurkat DKO cells gener-
ated via CRISPR-Cas9 targeting the CD3E and TRAC genes were pur-
chased from Synthego (Redwood City, CA, USA). All cell lines were
cultured in HyClone RPMI 1640 medium (with 25 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid [HEPES] and L-glutamine)
supplemented with 100 units/mL penicillin and streptomycin 1%
(Corning), 1% minimum essential medium (MEM) non-essential
amino acids (Gibco), and 10% FBS (heat-inactivated, Gibco). All
cell lines were routinely evaluated on a flow cytometer (Becton Dick-
inson, FACScan) for expression of the CD marker using an anti-
hCD3ε (Phycoerythrin [PE]-conjugated mouse IgG1, R&D Systems)
antibody to authenticate the cell line.

DNA Synthesis

All DNA reagents needed to perform DNA synthesis were purchased
fromGlen Research or ChemGenes. All aptamers were chemically syn-
thesized by attaching 50 6-FAM (6-Carboxyfluorescein) using standard
solid-phase phosphoramidite chemistry on an ABI394 DNA
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Figure 5. Investigation of the Biological Function of Dimeric Aptamer Variants

Shown is activation of TCR-CD3 in Jurkat E6.1 cells after incubation with 0.15nmol dimer aptamers (D-2S, D-4S, D-6S, and D-8S, respectively) and 10 mL of 25 mg/mL

unlabeled costimulatory anti-human CD28 antibody. Activation was studied for 2, 4, and 6 h at 37�C with 5% CO2, and the appearance of the early activation marker CD69

receptor was monitored using flow cytometry with 5 mL of 100 mg/mL anti-CD69mAb labeled with Cy5.5. The y axis of the plots represents the side scatter (SSC) of the cells.

The x axis represents the fluorescence signal of the anti-CD69 antibody. The contour plots correspond to each variant with variable spacers at three time points. The

percentages beyond the cutoff line (bottom right quadrant) in the contour plots correspond to activated cells with positive expression of the CD69 receptor.
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synthesizer (Biolytics) using a 1-mmol scale. The monomer OSJ-T3-
LNA was synthesized using locked analog phosphoramidite bases
(Glen Research) tomodify the first and second bases (50 end) of the ap-
tamerwithLNA,whereasOSJ-T3-OMewas synthesized byusing the 20-
OMe-Ac-C-CE and 20-OMe-U-CE phosphoramidites (Glen Research)
tomodify the 40th and 41st bases (Glen Research), respectively. OSJ-T3-
LNA-OMewas synthesizedusing the lockedanalogphosphoramidite to
modify the first and second bases as well as OMe-Ac-C-CE and 20-
OMe-U-CE phosphoramidites to modify the 40th and 41st bases,
respectively.

Twomonomeric OSJ-T3-LNA-OMemolecules were tethered using the
spacer phosphoramidite 18 (Glen Research) to form dimers. Two-,
four-, six-, and eight-spacer repeats were used to design the OSJ-D-
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2S, OSJ-D-4S, OSJ-D-6S, and OSJ-D-8S dimers, respectively. Synthe-
sized DNA sequences were de-protected according to the base modifi-
cation employed and purified using high-performance liquid chroma-
tography (HPLC) (Waters) equipped with a C-18 reverse-phase
column (Phenomenex) and UV detector using 0.1 M Triethylammo-
nium Acetate (TEAA) as the mobile phase. The random single-
stranded DNA (ssDNA) molecule and the dimeric random controls
were purchased from Integrated DNA Technologies.

Preparation of Solutions

After purification of all aptamers, the DNA stock solution concentra-
tions were determined by using an ultraviolet-visible (UV-vis) spec-
trophotometer (Thermo Scientific). Sub-stock solutions of 10 mM
were prepared for all aptamer molecules by dilution of each of the
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respective stock solutions with RPMI 1640 medium (with 25 mM
HEPES and L-glutamine). The 10-mM solutions were then diluted
further in RPMI 1640 medium (with 25 mM HEPES and L-gluta-
mine) to prepare various working solutions. The random control
molecules were prepared as described previously.

Cell Suspension Buffer (CSB)/ Binding Buffer

All binding assays were performed in CSB composed of HyClone
RPMI 1640 medium (with 25 mMHEPES and L-glutamine) contain-
ing 200 mg/L tRNA (Sigma-Aldrich), 2 g/L bovine serum albumin
(BSA; Fisher Scientific), and 200 mg/L salmon sperm DNA solution
(Invitrogen).

Aptamer Folding Conditions

Prior to aptamer binding with the cells, the truncated aptamers pre-
pared in HyClone RPMI 1640 medium were denatured for 5 min at
95�C and allowed to fold into their secondary structure for 45 min
at 37�C. Dually modified and dimeric aptamers prepared in HyClone
RPMI 1640 medium (with 25 mMHEPES and L-glutamine) were de-
the median fluoresence signal of the aptamer�median fluoresence signal of the random
median fluorescence signal of the random aptamer

� 100
natured for 10 min at 95�C followed by 15 min of fold interruption on
ice and then 30 min at 37�C.
Cell Binding Assays

Affinity Assay

Jurkat E6.1 cells were prepared by washing three times with 3 mL Hy-
Clone RPMI 1640 medium (with 25 mM HEPES and L-glutamine)
prior to aptamer binding to the cells. All aptamers and random se-
quences were prepared at an initial concentration of 250 nM from
10 mM sub-stock solutions. Truncated and dually modified aptamers
were denatured and allowed to fold into their secondary structures as
described previously. The truncated monomers were initially pre-
pared at a concentration of 250 nM and serially diluted to achieve
the desired final concentrations of 62.5 nM, 25 nM, 12.5 nM, 5 nM,
1 nM, and 0.5 nM in 150 mL (75 mL of aptamer in RPMI 1640medium
and 75 mL of 1.5� 105 Jurkat E6.1 cells in CSB). Dually modified and
OSJ-D-2S, OSJ-D-4S, and OSJ-D-6S dimers were initially prepared at
a concentration of 25 nM and serially diluted to achieve the
desired final concentrations of 12.5 nM, 6.25 nM, 3.13 nM, 1.6 nM,
0.78 nM, and 0.02 nM in 150 mL (75 mL of aptamer in RPMI 1640 me-
dium and 75 mL of 1.5� 105 Jurkat E6.1 cells in CSB). The OSJ-D-8S
dimer was initially prepared at a concentration of 50 nM and serially
diluted to achieve the desired final concentrations of 25 nM, 12.5 nM,
6.25 nM, 3.13 nM, 1.6 nM, 0.39 nM, and 0.07 nM in 150 mL (75 mL of
aptamer in RPMI 1640 medium and 75 mL of 1.5 � 105 Jurkat E6.1
cells in CSB). Following this, aptamers and cells were incubated at
37�C for 1 h. After incubation, cells were washed twice with 2 mL
RPMI 1640 medium and reconstituted in 250 mL RPMI 1640 me-
dium. Binding of each aptamer was analyzed using flow cytometry
by counting 5,000 events for a given concentration. As a positive con-
trol, Jurkat E6.1 cell lines were incubated with 5 mL of 25 mg/mL anti-
hCD3ε antibody (PE-conjugated mouse IgG1, R&D Systems) or 2 mL
of 200 mg/mL isotype control (PE mouse IgG1, k, BD Biosciences) for
30 min on ice, followed by a one-time wash with 2 mL of RPMI 1640
medium and reconstitution in 250 mL RPMI 1640 medium. Binding
events were monitored in FL1 Green (515–545 nm) for the aptamer
and in FL2 Yellow (565–605 nm, 564–606 nm) for the antibody by
counting 5,000 events using flow cytometry.

The final amount of aptamer used to plot the truncated aptamer af-
finity ranged from 0.075–9.375 pmol and 0.003–3.75 pmol for the
dually modified OSJ-T3-LNA-OMe. The dimeric aptamer final
amount ranged from 0.0117–3.75 pmol.

All experiments were done in triplicate, and the specific binding for
each concentration was calculated using the equation
These specific binding values were then used to generate an
affinity curve using GraphPad Prism. The KD values were calculated
based on a fit using GraphPad Prism software (one site-specific
binding) using the equation Y = Bmax � X / (KD + X), where X
is the x axis, Y is the y axis, and Bmax is the maximum number of
binding sites.

Specificity Assay

Cells were prepared by washing three times with HyClone RPMI 1640
medium (with 25 mM HEPES and L-glutamine) prior to aptamer
binding to the cells. Truncated and dually modified aptamers were de-
natured and allowed to fold into their secondary structures as
described previously. Specific binding was investigated by incubating
75 mL of 0.0375 nmol of each aptamer or a random control in RPMI
1640 medium with 75 mL of 1.5� 105 Jurkat E6.1 cells or TCR-CD3ε
DKO Jurkat cells in CSB, resulting in a concentration of 250 nM.
Following incubation, the cells were washed twice with 2 mL of
RPMI 1640 medium and reconstituted in 250 mL RPMI 1640 me-
dium. Binding events were monitored in FL1 Green (515–545 nm)
for the aptamer using flow cytometry by counting 5,000 events for
each concentration. As a positive control, Jurkat E6.1 cells were incu-
bated with 5 mL of 25 mg/mL anti-hCD3ε (PE-conjugated mouse
IgG1, R&D Systems) antibody or 2 mL of 200 mg/mL isotype control
(PE mouse IgG1, k, BD Biosciences) for 30 min on ice. Cells were
then washed once with 2 mL of RPMI 1640 medium and reconsti-
tuted in 250 mL RPMI 1640 medium. Binding events were monitored
in FL2 Yellow (565–605 nm, 564–606 nm) for the antibody by count-
ing 5,000 events using flow cytometry.
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All affinity experiments were done in triplicate, and the specific bind-
ing percentages were calculated using the following equation:
the median fluoresence signal of the aptamer�median fluoresence signal of the random
median fluorescence signal of the random aptamer

� 100
Stability of Aptamers

To analyze the stability and nuclease resistance of the dimers, 20 mL of
0.15 nmol dimer aptamers were incubated for 4 and 6 h in RPMI 1640
medium with 10% FBS at 37�C with 5% CO2. At the end of each in-
cubation time point, 1.2 mL of each aptamer was mixed with 8.8 mL of
1% Tris-borate-EDTA (TBE) buffer and 2 mL of cyber green loading
dye to make a dilution of 1:10. Samples along with a low-molecular-
weight ladder were loaded on a 4% agarose gel and run for 30 min at
120 V using Fisherbrand electrophoresis power supplies (FB3000Q).
Cell Activation

Jurkat E6.1 cells were washed three times with 3 mL RPMI 1640 me-
dium (with 25 mM HEPES and L-glutamine) prior to activation of
TCR-CD3 in Jurkat E6.1 cells. Following the cell wash, 2� 105 Jurkat
E6.1 cells were incubated with 0.15 nmol of dimer aptamers or a
dimer random control along with 10 mL of 25 mg/mL unlabeled
anti-human CD28 (BioXCells) in 150 mL CSB. The cells, dimer ap-
tamers, and anti-human CD28 antibody were incubated for 2, 4,
and 6 h in a surface-modified, polystyrene 96-well, flat-bottom plate
at 37�C with 5% CO2. This was followed by transferring the solution
from the 96-well flat-bottom plate to Ria Tubes 12 � 75 (Falcon
round-bottom polystyrene tubes) to stain for the CD69 receptor using
5 mL (100 mg/mL) of PreCP-Cy 5.5 mouse anti-human CD69 (BD
Biosciences). Staining was done for 45 min on ice, washed once
with 2 mL RPMI 1640 medium, and reconstituted in 250 mL RPMI
1640 medium. Expression of the activation marker CD69 was moni-
tored in FL4 Red (663–687 nM) at each time point using flow cytom-
etry by counting 5,000 events.
Positive Controls

Activation of Cells with Anti-CD3 and Anti-CD28 Antibodies

Positive control experiments were performed by incubating cells with
anti-human CD3ε and anti-human CD28 antibodies. The cells were
washed three times with 3 mL RPMI 1640 medium (with 25 mM
HEPES and L-glutamine), and then 2 � 105 Jurkat E6.1 cells were
incubated for 2, 4 and 6 h with 10 mL of 10 mg/mL unlabeled anti-hu-
man CD3ε and 10 mL of 25 mg/mL unlabeled anti-human CD28 an-
tibodies at 37�C with 5% CO2 in a surface-modified, polystyrene, 96-
well, flat-bottom plate. Cells were stained with 5 mL of 100 mg/mL
CD69 mouse anti-human Cy5.5 antibody for 45 min on ice, washed
once with 2 mL RPMI 1640 medium, and reconstituted in 250 mL
RPMI 1640 medium. Expression of the activation marker CD69
was monitored in FL4 Red (663–687 nM) for each time point using
flow cytometry by counting 5,000 events.
176 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
Plate Binding Assay

A 96-well plate was pre-coated with 50 mL (10 mg/mL) anti-CD3ε
antibody for 2 h at 37�C with 5% CO2. Following pre-coating, the
96-well plate was washed three times with sterile 1� PBS to remove
the unbound antibodies. The cells were then prepared by washing
twice with 2 mL RPMI 1640 medium. 2 � 105 Jurkat E6.1 cells
were added to the plate along with 10 mL of 25 mg/mL anti-CD28 anti-
body at 37�C with 5% CO2 for 2, 4, and 6 h. Following this, cells were
stained with 5 mL of 100 mg/mL CD69 mouse anti-human Cy5.5 anti-
body for 45 min on ice, washed once with 2 mL RPMI 1640 medium,
and reconstituted in 250 mL RPMI 1640 medium. Expression of the
activationmarker CD69 wasmonitored in FL4 for each time point us-
ing flow cytometry by counting 5,000 events.

Negative Controls

Untreated Cells in the Absence of Anti-CD3ε Antibody or Anti-

CD28 Antibody

Cells were prepared by washing three times with 3 mL RPMI 1640
medium. 2 � 105 Jurkat E6.1 cells were incubated for 2, 4, and 6 h
in 150 mL CSB in a surface-modified, polystyrene 96-well, flat-bottom
plate at 37�C with 5% CO2. After incubation for 2, 4, and 6 h, the cells
were stained with 5 mL of 100 mg/mL CD69 mouse anti-human Cy5.5
antibody for 45min on ice. Following staining, cells were washed once
with 2 mL RPMI 1640 medium and reconstituted in 250 mL RPMI
1640 medium. Expression of the activation marker CD69 was moni-
tored in FL4 at each time point using flow cytometry by counting
5,000 events.

Evaluating the Decrease in Activation of TCR-CD3 in Jurkat E6.1

Cells in thePresenceof theDimers (6S, 8S) and in theAbsenceof

Anti-CD28 Antibody

Cells were prepared by washing three times with 3 mL RPMI 1640
medium. 2 � 105 Jurkat E6.1 cells were incubated with OSJ-D-6S
or OSJ-D-8S dimer in 150 mL CSB in the absence of anti-CD28 anti-
body at 37�Cwith 5% CO2 in a surface-modified, polystyrene 96-well,
flat-bottom plate. Cells were stained with 5 mL of 100 mg/mL CD69
mouse anti-human Cy5.5 antibody for 45 min on ice, washed once
with 2 mL RPMI 1640 medium, and reconstituted in 250 mL RPMI
1640 medium. Expression of the activation marker CD69 was moni-
tored in FL4 at each time point using flow cytometry by counting
5,000 events.

Evaluating the Lack of Activation of TCR-CD3 in Jurkat E6.1

Cells Using the Random Dimer

Cells were prepared by washing three times with 3 mL RPMI 1640
medium. 2 � 105 Jurkat E6.1 cells were incubated for 2, 4, and 6 h
with 0.15 nmol random dimer in 150 mL CSB in the presence of



www.moleculartherapy.org
10 mL of 25 mg/mL unlabeled anti-CD28 at 37�C with 5% CO2 in a
surface-modified, polystyrene, 96-well, flat-bottom plate. Following
incubation, cells were stained with 5 mL of 100 mg/mL CD69 mouse
anti-human Cy5.5 antibody for 45 min on ice, washed once with
2 mL RPMI 1640 medium, and reconstituted in 250 mL RPMI 1640
medium. Expression of the activation marker CD69 was monitored
in FL4 at each time point using flow cytometry by counting 5,000
events.

Evaluating the Lack of Activation of TCR-CD3 in Jurkat E6.1

Cells Using Only Anti-CD28 Antibodies

Cells were prepared by washing three times with 3 mL RPMI 1640
medium. 2 � 105 Jurkat E6.1 cells were incubated for 2, 4, and 6 h
in the presence of 10 mL of 25 mg/mL unlabeled anti-CD28 antibody
only at 37�C with 5% CO2 in a surface-modified, polystyrene 96-well,
flat-bottom plate. Following this, cells were stained with 5 mL of
100 mg/mL CD69 mouse anti-human Cy5.5 antibody for 45 min on
ice, washed once with 2 mL RPMI 1640 medium, and reconstituted
in 250 mL RPMI 1640 medium. Expression of the activation marker
CD69 was monitored in FL4 at each time point using flow cytometry
by counting 5,000 events.
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