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Abstract: The receptor-binding domain (RBD) of the severe
acute respiratory syndrome coronavirus 2 spike (S) protein
plays a central role in mediating the first step of virus infection
to cause disease: virus binding to angiotensin-converting
enzyme 2 (ACE2) receptors on human host cells. Therefore,
S/RBD is an ideal target for blocking and neutralization
therapies to prevent and treat coronavirus disease 2019
(COVID-19). Using a target-based selection approach, we
developed oligonucleotide aptamers containing a conserved
sequence motif that specifically targets S/RBD. Synthetic
aptamers had high binding affinity for S/RBD-coated virus
mimics (Kp~7nM) and also blocked interaction of S/RBD
with ACE2 receptors (ICsy~5 nM). Importantly, aptamers
were able to neutralize S protein-expressing viral particles and
prevent host cell infection, suggesting a promising COVID-19
therapy strategy.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a novel coronavirus recently identified as the
causative agent of coronavirus disease 2019 (COVID-19),[!
a respiratory disease exhibiting a wide range of clinical
outcomes from mild disease to severe viral pneumonia and
acute respiratory distress syndrome.'™? Trimeric spike (S)
proteins are densely glycosylated molecules on the surface of
SARS-CoV-2.Bl The receptor-binding domain (RBD) of S
protein mediates binding of the virus to angiotensin-convert-
ing enzyme 2 (ACE2) receptors on host cells, which is the first

step in cell entry and host infection.®* Interaction of S/RBD
with host cell ACE2 receptors involves dramatic conforma-
tional changes in S protein.>> Because of its critical function
in host cell entry and virus dissemination, S/RBD is an ideal
target for the development of vaccines,® neutralizing anti-
bodies,”” and blocking inhibitors.***! Aptamers are small-
molecule ligands comprised of short, single-stranded oligo-
nucleotides.”! Target-specific aptamers can be developed
from synthetic sSRNA/ssDNA libraries via Systematic Evo-
lution of Ligands by Exponential (SELEX) enrichment.!"”
Through their unique three-dimensional structures, aptamers
specifically recognize and bind to a variety of targets with
high affinity, similar to antigen-antibody interactions.'!
Recently, aptamers that target S/RBD with high affinity have
been described.'? However, the extent to which aptamers
may effectively neutralize SARS-CoV-2 has not yet been
explored.

Herein we report the development of ssDNA aptamers
specific for viral S/RBD, which have capacity to neutralize
SARS-CoV-2 virus and prevent host cell infection in vitro.

Results and Discussion

Characterization of aptamer sequences specific for viral S/
RBD. To develop neutralizing aptamers against SARS-CoV-
2, virus mimics were generated by conjugating purified His-
tagged S/RBD proteins to Ni-Sepharose beads. SELEX was
performed using S/RBD-coated virus mimics as targets
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(Figure Sla) and an ssDNA library consisting of a 40-mer
random core sequence and 18-mer constant arm sequences at
both ends (Figure 1b).[’¥! Six rounds of combined enrichment
and counter-selection steps were performed (Figure S1b). To
monitor SELEX progression, aptamer pools derived from
each SELEX round were PCR-amplified and the evolving
capacity to bind virus mimics was quantified (Figure Slc-e).
The final aptamer pool products were assessed by next-
generation sequencing and the enrichment progression from
SELEX rounds 4 to 6 (R4 to R6) was calculated (Table S1).
Phylogenetic trees of aptamers were generated from the 50
most predominant sequences in the final aptamer pool (R6)
and potential motif sequences in each cluster of aptamer trees
were determined (Figure 1a). From over 100000 sequencing
reads, three distinct sequence motifs accounting for 90 %,
3%, and 1% of the total were identified. All motifs were
found within central core sequences without involvement of
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constant arm sequences (Figure S2). For functional valida-
tion, two representative aptamer sequences from the Motif
1 cluster (aptamers-1 and -2) and one sequence from the
Motif 2 cluster (aptamer-6) were selected and listed along
with the ssDNA library (Figure 1b). Minimum free energy
secondary structures were predicted for selected aptamer
sequences (Figure 1c¢). Further analysis revealed that the core
sequences of Motif 1-derived aptamers-1 and -2 had very
similar secondary structures while the core sequence of Motif
2-derived aptamer-6 differed significantly from these two
(Figure 1d).

Functional analysis of aptamers to bind S/RBD and spike
proteins. For functional assessment, selected aptamer sequen-
ces were synthesized and labeled with a Cy3 fluorescent
reporter at 5 end. Individual synthetic aptamers were
incubated with virus mimics at room temperature (RT) for
25 min and resultant binding was quantified by flow cytom-
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Figure 1. Aptamer sequences specific for viral S/RBD. a) Aptamers were developed using a target-based enrichment process and final products
were sequenced. The top 50 predominant aptamer sequences were selected from over 100000 reads. Phylogenetic tree analysis identified three
well-preserved sequence motifs. b) Aptamers-1 and -2 were derived from the Motif 1 sequence and aptamer-6 from the Motif 2 sequence.
Sequences of the ssDNA library used for aptamer development are also shown. Blue arrows indicate 18-mer consistent arm sequences at both
ends for primer annealing of PCR amplification. Red lettering indicates central cores composed of 40-mer specific sequences of the aptamers or
random sequences in the Random ssDNA library. ¢) Minimum free energy secondary structures of aptamers-1, -2, and -6. d) Core sequence
comparison confirms different secondary structures for aptamers derived from Motif 1 and 2 sequences.
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etry. Motif 1-derived aptamers-1 and -2 targeted S/RBD-virus
mimics with high affinities, K, =6.05+2.05nM and 6.95+
1.10 nM, respectively (Figure 2a). Notably, Motif 2-derived
aptamer-6 had a similar K, value, 7.52+3.20 nM, but
significantly lower maximal binding capacity (B,,) about
one third of aptamers-1 and -2. All aptamers also targeted S
protein-coated virus mimics (Figure 2b) but did not bind to
control His-tag beads (Figure 2¢). To determine whether the
aptamers targeted the same site/epitope on S/RBD, competi-
tion binding assays were performed using individual aptamer
probes in the presence of equal amounts of unlabeled
competitive aptamer sequences. Motif 1-derived aptamers-
1 and -2 competed for binding sites on virus mimics. However,
only small competitive effects were noted between these
aptamers and Motif 2-derived aptamer-6, indicating that
sequence motifs likely drive aptamer target specificity or B,
(Figure 2d). In addition, aptamers were tested under variable
conditions to confirm biocompatibility. As functional oligo-
nucleotides, aptamers depend on magnesium (Mg*") ions for
target binding activity. Aptamer binding to virus mimics was
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fully functional within the physiologic Mg*" concentration
range, 0.65-1.10 mmolL™" (Figure 2¢). Further, aptamers
similarly targeted S/RBD at temperatures ranging from 4-
37°C (Figure 2 f), indicating that they can function both in
vitro and in vivo. Moreover, aptamers did not react with
mixed culture cells or blood cells (Figure S3a, S3b) and were
stable in human serum at 37°C for 24 h (Figure S5), suitable
for clinical use.

To determine the functional sequences of the aptamers,
40-mer core sequences containing consensus Motif 1 struc-
tures were synthesized (Figure 1d). Binding assays revealed
that the core sequences had the same capacity to bind virus
mimics as the full-length aptamers (Figure 2 g). To character-
ize target binding kinetics, surface plasmon resonance (SPR)
studies were performed with purified and immobilized SARS-
CoV-2 S proteins. Aptamers-1 and -2 had similar association
and dissociation constants (k, and k,) (Figure 2h). In contrast,
aptamer-6 showed faster k, and k, kinetics although its K,
value was nearly identical to aptamers-1 and -2 (Figure 21i).
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Figure 2. Functional characterization of aptamers. a) Binding assays of selected aptamers to S/RBD-virus mimics, which were used for target-
based SELEX. Flow cytometry reveals that aptamers-1 and -2 containing Motif 1 sequences bound virus mimics with high capacity, while aptamer-
6, containing the Motif 2 sequence, had significantly lower binding capacity. b) Aptamers targeted S protein-virus mimics with identical pattern.
c) No aptamers reacted with control His-tag beads under the same experimental conditions. d) Competition assays demonstrated that aptamers-
1 and -2 competed with each other for virus mimic binding but not with aptamer-6, suggesting that aptamers-1 and -2 target different S/RBD
sites/epitopes than aptamer-6. e) Aptamers-1 and -2 were fully functional within the physiologic concentration range of magnesium. f) Aptamer-

1 had the same target binding capacity at 4°C, 25°C, and 37°C. g) The central core sequences of aptamers-1 and -2 possessed full S/RBD
binding capacity. h) Sensorgrams and kinetic binding parameters of aptamer binding to immobilized SARS-CoV-2 S proteins. Black lines: raw
data; red lines: 1:1 Langmuir fitting. i) SPR studies reveal high binding capacity of aptamers-1 and -2 with very similar kinetics of association and
dissociation constants (k, and kg, respectively). In contrast, aptamer-6 had faster k, and ky kinetics. Although aptamers showed significantly

different k, and kg, they had similar K, values ranging from 24-28 nM.
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Aptamers block S'/RBD-ACE?2 interaction and neutralize
viral particles. To effectively neutralize SARS-CoV-2, aptam-
ers need not only to specifically target S/RBD but also block
its interaction with ACE2 receptors. To determine the ability
of the aptamers to block S/RBD-ACE?2 interactions, enzyme-
linked immunosorbent assays (ELISA) were performed.
First, biotinylated S/RBD proteins were mixed with serial
dilutions of aptamers and then added into microplates pre-
coated with purified ACE2 receptor proteins to mimic the
host cell surface (Figure3a). After incubation at RT for
30 min, resultant S/RBD-ACE2 binding was quantified by
measuring reaction color intensity with a microplate reader.
Aptamers-1 and -2 blocked S/RBD binding to ACE2 in
a dose-dependent manner. In contrast, aptamer-6 did not
affect S/RBD-ACE2 interactions. Similar findings were
observed in binding assays using microplates pre-coated with
S/RBD or S protein to mimic virus surface (Figure 3b,c).
Notably, aptamer-mediated blocking effects occurred at 4°C,
25°C, and 37°C (Figure S3c), indicating that aptamers are
suitable for in vivo use. Next, HEK293T cells stably express-
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ing ACE2 (ACE-293T) were used as host cells in blocking
assays. Biotinylated S/RBD proteins were mixed with serially
diluted aptamers and then incubated with cultured ACE-
293T host cells at RT for 1h (Figure 3d). For reporting
purposes, treated cells were stained with Cy3-labeled strep-
tavidin and resultant changes in host cell binding of S/RBD
were quantified by flow cytometry. Treatments with aptam-
ers-1 and -2 blocked S/RBD protein binding to host cells with
IC5y=5.2nM and 4.4 nM, respectively. Aptamer-6 had min-
imal blocking effects and control random ssDNA sequences
had no effect. Aptamer-induced blockage of S/RBD-host cell
interaction was also confirmed by fluorescent microscopic
examination of treated cells. To assess the ability of aptamers
to target native S proteins, we generated pseudoviruses which
are recombinant lentiviral particles expressing surface SARS-
CoV-2 S proteins and carrying a firefly luciferase reporter
gene. Serially diluted pseudovirus was pre-immobilized on
microplates and then treated with biotinylated aptamers
(Figure 3¢). Biotinylated ACE2 receptor proteins were used
as a positive control probe. Quantitative ELISA analysis
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Figure 3. Aptamers block S/RBD-ACE2 interaction and neutralize viral particles to prevent host cell infection. a) Schematic depicting aptamer-
mediated blockade of S/RBD-ACE2 interaction. ELISA reveals that aptamers-1 and -2 block S/RBD binding to ACE2 receptor proteins precoated
on microplates (mimicking host cell surface). In contrast, aptamer-6 and random ssDNA sequences have no blocking effects under the same
conditions. b) Aptamers-1 and -2 prevent ACE2 binding to S/RBD and c) S proteins precoated on microplates (mimicking virus surface). d) Flow
cytometry and fluorescent microscopy demonstrate that aptamers-1 and -2 interrupt S/RBD binding to ACE2-expressing host cells. Aptamer-6
shows minimal blocking effects and random ssDNA sequences have no effect. e) Aptamers specifically target S protein-expressing viral particles
in a virus dose-dependent manner, similar to the pattern observed with ACE2 protein. f) Virus neutralization assays. Aptamers-1 and -2 effectively
neutralize viral particles and prevent host cell infection, while aptamer-6 and control random ssDNA sequences do not. g) Aptamer virus
neutralization effects were also confirmed post-treatment using bioluminescent imaging of microplates, which contained intact host cells in the

presence of luciferin for signal development.
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demonstrated that aptamers bound viral particles in a virus
dose-dependent manner, similar to results achieved with
ACE2.

Finally, to interrogate aptamer therapeutic potential, virus
neutralization assays were performed using a paired S
protein-expressing viral particle and ACE-293T host cell
system. Because the viral particles carry the luciferase
reporter gene, viral infection results in intracellular expres-
sion of luciferase in host cells. Accordingly, the activity of
cellular luciferase is proportional to viral infection intensity
and the number of infected cells. ACE-293T host cells were
pre-seeded into microplates overnight. Viral particles mixed
with serial dilutions of aptamers were added to microplates
containing host cells. After a short spinoculation and incuba-
tion at 37°C for 2 h to allow virus infection, old medium was
replaced with fresh and cells were further cultured at 37°C for
72 h. To evaluate viral infection rates, treated host cells were
lysed in microplates and cellular luciferase activity was
evaluated using a Luciferin assay kit. Resultant signals were
detected using a microplate luminometer. Quantitative anal-
ysis revealed that aptamers-1 and -2 neutralized viral particles
and prevented host cell infection with neutralization I1Cs,=
76.9nM and 53.0 nM, respectively (Figure 3 f). Aptamer-6
and random ssDNA sequences had little or no neutralization
effects under the same experimental conditions. These find-
ings were also confirmed by post-treatment bioluminescent
imaging of microplates, which contained intact host cells in
the presence of luciferin for signal development (Figure 3 g).

To assess clinical potential of the aptamers, we conducted
a pilot study using the conventional microneutralization assay
system composed of primary SARS-CoV-2 strain USA-WAT1/
2020 and host Vero E6 cells."¥! Figure S6 reveals that treat-
ments of aptamers-1 and -2 resulted in virus neutralization
and efficiently protected host cells from virus infection. In
contract, control aptamer-6 and random ssDNA sequences
had no effect on host cell infection by primary virus under the
same condition. To understand whether our aptamers also
neutralize other coronaviruses, additional studies are under-
going currently to determine binding specificity and affinity of
the aptamers to SARS and MERS, as well as the variants of
SARS-CoV-2. Resultant findings will be reported in near
future separately.

For virus neutralization, aptamers need not only to
specifically target S/RBD but also block its interaction with
ACE2 receptors. Functional assays revealed that, although
aptamer-6 possesses very similar Ky, to aptamers-1 and -2 to
bind S/RBD, it failed to block the S/RBD-ACE2 interaction.
This failure may be due to its fast k, and k4 kinetics that result
in lower B, to bind S/RBD and/or variation in targeting sites
or epitopes on S/SRBD. For detection of SARS-CoV-2, our
lab developed aptamers using S protein-coated virus mimics
for target-based SELEX (Figure S4a, S4b). The selected S
aptamers specifically targeted S protein with high binding
affinity (Figure S4c) and also bound to S/RBD-virus mimics
with similar pattern to those achieved by ACE2 protein
control (Figure S4d). Notably, although S aptamers have the
ability to bind to S/RBD, they failed to block the interaction
of S/RBD with ACE2-expressing host cells (Figure S4e). A
likely explanation for this is that the S/RBD site(s) targeted
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by S aptamers is/are not involved in the S/RBD-ACE2
interaction. In addition, we have observed that 40-mer core
sequences of aptamers-1 and -2 can neutralize S/RBD and
prevent its binding to viral particles, indicating that failure to
block S/RBD function is not due to the small size of aptamers
(unpublished data). Therefore, future studies aiming to
identify neutralizing aptamers against SARS-CoV-2 should
evaluate binding kinetic features, B,,,,, and S/RBD targeting
sites or epitopes.

To enhance the degree of effective virus neutralization,
aptamer cocktails that allow targeting of multiple S/RBD
epitopes may show promise. To this end, identification of
additional aptamers containing different motif sequences
specific for S/RBD with favorable binding kinetics and
blocking capacity is required. Because of their synthetic
oligonucleotide properties, multivalent aptamer nanostruc-
tures can be formulated through covalent or non-covalent
methods. Such aptamer polymer nanostructures can simulta-
neously target multiple S/RBD molecules on individual
viruses and, thus, may augment binding affinity to achieve
higher virus neutralization efficacy.

Conclusion

In summary, this proof-of-concept study demonstrates
that synthetic ssDNA aptamers can block S/RBD-ACE2
interactions, neutralize SARS-CoV-2 virus, and prevent host
cell infection in vitro. The development of neutralizing
aptamers provides a new promising therapeutic approach to
treat COVID-19, in addition to neutralization antibodies and
molecular blockers. To validate the clinical utility of neutral-
izing aptamers, our lab is pursuing preclinical studies with
authentic SARS-CoV-2 virus and primary natural host cells is
indispensable. Notably, while this submission was under
review, a related study was published.™™
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