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All the different coronavirus SARS-CoV-2 variants isolated so far share the same mechanism of infection medi-
ated by the interaction of their spike (S) glycoprotein with specific residues on their cellular receptor: the
angiotensin converting enzyme 2 (ACE2). Therefore, the steric hindrance on this cellular receptor created by a
bulk macromolecule may represent an effective strategy for the prevention of the viral spreading and the onset of
severe forms of Corona Virus disease 19 (COVID-19). Here, we applied a systematic evolution of ligands by
exponential enrichment (SELEX) procedure to identify two single strand DNA molecules (aptamers) binding
specifically to the region surrounding the K353, the key residue in human ACE2 interacting with the N501 amino
acid of the SARS-CoV-2 S. 3D docking in silico experiments and biochemical assays demonstrated that these
aptamers bind to this region, efficiently prevent the SARS-CoV-2 S/human ACE2 interaction and the viral
infection in the nanomolar range, regardless of the viral variant, thus suggesting the possible clinical develop-
ment of these aptamers as SARS-CoV-2 infection inhibitors. Our approach brings a significant innovation to the
therapeutic paradigm of the SARS-CoV-2 pandemic by protecting the target cell instead of focusing on the virus;
this is particularly attractive in light of the increasing number of viral mutants that may potentially escape the
currently developed immune-mediated neutralization strategies.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is an enveloped, non-segmented, positive sense RNA virus that causes
COVID-19, a highly contagious zoonosis mostly transmitted through
airborne droplets and characterized by a wide spectrum of damages on
different vital organs including the lungs, heart, blood vessels, central
nervous system and intestine [1], even if detection of infectious
SARS-CoV-2 in the bloodstream remains controversial [2-4]. The

COVID-19 case fatality rate in the worldwide population is 2.2%
(https://ourworldindata.org/mortality-risk-covid?coun-

try=~OWID_WRL), although the likelihood increases with age and the
presence of co-morbidities, reaching a value of 64% for elderly patients
with 3 or more co-morbidities [5,6]. The molecular interaction between
the receptor binding domain (RBD) of the activated S1 subunit of its S
protein and the membrane bound ACE2 [7,8], which leads to rapid
endocytic entry of the virus into the host cell [9] plays crucial role in the
widespread diffusion of SARS-CoV-2. Within the specialized portion of
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the ACE2 receptor, the K353 residue was shown to be important for the
infectivity of several members of the Orthocoronavirinae subfamily,
comprising SARS-CoV-1, SARS-CoV-2 and its variants, and HCoV-NL63
[10,11]. The recent observation that in M. musculus, the ACE2 K353H
substitution protects the species from the SARS-CoV-2 infection further
highlights the critical role played by this residue in the virus life cycle
[12]. Since the beginning of the pandemic, several treatments have been
proposed to limit worsening of symptoms due to cytokine storm and to
prevent hospitalization, including the repurposing of existing drugs
[13-16], natural products and herbal medicines [17] or a combination
of both [18], some of which successfully reduced hospitalization or
favored recovery from the disease [15,19]. Recently developed vaccines
[20] and neutralizing monoclonal antibodies [21,22] have demon-
strated particular efficacy in prevention and progression of severe
COVID-19 [23,24], decreasing hospitalization and intensive care unit
(ICU) admissions [25], although it is conceivable that the treatment
tools targeting viral S1 might be less efficient in hampering the spread of
different SARS-CoV-2 variants in the worldwide population [26] which
displayed higher probability of infectivity [27] and mortality [28,29]
than the original Wuhan strain [30]. To circumvent this plausible
concern, new approaches blocking the entry of all SARS-CoV-2 variants
into the host cells through the steric hindrance of human ACE2 K353
may represent an effective strategy for prevention of severe COVID-19
disease. For instance, this strategy was successfully applied in the case
of the antiviral maraviroc, that binds to the C-C Motif Chemokine Re-
ceptor 5 and prevents the interaction of the human immunodeficiency
virus type 1 with the target cell [31]. However, the timeframe needed
for drug discovery and development of a small molecule hampering the
interaction between SARS-CoV-2 and the ACE2 receptor might not be
compatible with the current world-scale urgency. This time period is
expected to be significantly shortened for other types of therapeutics
including nucleic acids-based drugs such as aptamers, short
single-stranded nucleic acids (RNA or DNA) that can specifically and
efficiently bind to the target in the nanomolar range and disrupt pro-
tein/protein interactions [32,33]. Aptamers display great specificity and
affinity, low immunogenicity and toxicity, an easy GMP-compliant
method of production, and, especially noteworthy, a simple method of
identification, all qualities that often make aptamers preferred candi-
dates, also when compared for example with antibodies [33,34]. Indeed,
the identification of aptamers with high affinity for a specific target, e.g.
the ACE2 hotspot, relies on a well-established and efficient procedure:
the systematic evolution of ligands by exponential enrichment, or SELEX
[32]. SELEX is an in vitro selection procedure based on the iterative
repetition of a target-driven PCR amplification cycle: this methodology,
starting from a library of random single strand DNA or RNA oligonu-
cleotides enriches the amplification products with pool of oligonucleo-
tides with high affinity for the molecular target used for the selection.
These oligonucleotides are univocally identified through
next-generation sequencing of the nucleic acids present in the mixture.
Here, we set up a specific SELEX procedure to isolate single strand DNA
oligonucleotides that can selectively and efficiently recognize the ACE2
domain containing the K353 residue. Then, by applying in vitro and in
silico approaches, we demonstrated that these aptamers could generate a
steric hindrance on ACE2, thus preventing the binding of the cleaved S1
subunit SARS-CoV-2 S to the cellular receptor regardless of the viral
variant and inhibiting the infection of pseudoviral particles carrying the
S protein from SARS-CoV-2.

2. Methods
2.1. Oligopeptide selection

The consensus sequences of human ACE2 (accession number
Q9BYF1) and mouse ACE2 (accession number Q8R0I0) were obtained

from the UNIPROT database. Sequences spanning 25 aa and containing
the 353 residues were designed and the tertiary structure was calculated
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using PEP-FOLD 3 [35] with preset data for 3D modeling. 3D structures
were compared with the corresponding ACE2 structure using Chimera X
1.1 software (https://www.cgl.ucsf.edu/chimerax/) in order to find the
peptides showing a three-dimensional structure most closely approach-
ing that observed in the naive protein.

2.2. SELEX procedure

The SELEX procedure was performed using XELEX DNA Core Kit
(E3650, EURx). The human and mouse ACE2 oligopeptides (DPGNVQ
KAVCHPTAWDLGKGDFRIL and EPADGRKVVCHPTAWDLGHGDFRIK)
with a biotin tag at the N-terminal site were synthesized by Thermo
Fisher Scientific and dissolved at a final concentration of 4 mg/ml in
50% DMSO water solution. For the oligopeptide-beads preparation, 80
ug of ACE2 oligopeptide (human or murine) was diluted in PBS pH 7.4 at
the final concentration of 80 pg/ml and incubated with 2 mg of PBS-
washed Dynabeads™ MyOne™ Streptavidin C1 (65001, Invitrogen)
on a rotating shaker for 30 min followed by four washes with PBS pH
7.4. To block the remaining free streptavidin sites, the reaction was
incubated with 1 uM biotin for 5 min, followed by 4 washes and
resuspended in the SELEX buffer (NaCl 140 mM, KCl, mM, MgCl, 5 mM,
CaCly 2 mM, Tris pH 7.4 20 mM, Tween 20 0.05% [v/v]). The ACE2-
beads were immediately used for the SELEX procedure.

Each oligo in the ssDNA library contained a core randomized
sequence of 40 nucleotides (nt) flanked on both sides by two sequences
of an 18-base pair, identical in all oligos, needed for primer hybridiza-
tion during the PCR amplification step (5’-TGACACCGTACCTGCTCT-
40nt randomized sequence -AAGCACGCCAGGGACTAT-3’). For the first
round of selection, 4 nmol of the ssDNA library were resuspended in 500
pl SELEX buffer and incubated with 2 mg of ACE2-coated beads at 37 °C
on a rotating shaker for 60 min; afterward, the beads were washed with
0.3 ml Selex buffer at 37 °C and bound aptamers were immediately
eluted through denaturation at 92 °C for 3 min in distilled water; half of
the solution was used to perform an emulsion PCR (ePCR), a technique
used to enrich the number of copies of individual sequences in the
amplification reaction. The amplified DNA was purified with DNA Spin
Column, diluted in Selex buffer, heated at 94 °C for 3 min and cooled
immediately on ice for 5 min; the same denaturation-renaturation pro-
cedure was performed before each binding step with ACE2-coated
beads. For the negative selection, 50 pmol of the first cycle of positive
selection were incubated with 0.2 mg of beads (without peptide) for 30
min at 37 °C; afterwards, the non-bound DNA in the supernatant was
collected and incubated with 1 mg of beads coated with human or mouse
ACE2. In order to pick up aptamers with high affinity and specificity, the
positive selection cycle (elution, ePCR, purification, denaturation and
renaturation steps) was repeated 10 times, moreover, the DNA-bead
incubation time was gradually decreased (from 60 to 30 min) and the
wash strength was enhanced by increasing the volume (from 300 to 700
pl) and the number of washes (from 1 to 2 times). The polymerase chain
reactions for the amplification of the sequences were performed in
emulsion (ePCR) (E2500, Eurx). The PCR mixtures in Pol buffer A
contained, 1.5 mM MgCl2, 0.01 mg/ml acetylated bovine serum albu-
min, 400 nM each primer, 0.4 mM each dNTP, and 2 U EURx DNA po-
lymerase in a total volume of 50 pl. 300 pl of prechilled oil surfactant
mixture were vortexed with 50 pl PCR mix for 5 min, dispensed into PCR
tubes; the PCR thermal cycle conditions were: 95 °C for 2 min followed
by 20 cycles of 95 °C for 30 s, 55 °C for 60 s, 72 °C for 3 min; the final
extension was carried out at 72 °C for 5 min. When sufficient amplified
material was recovered from the PCR reaction, the DNA was subjected to
Next Generation Sequencing (Illumina MiSeq).

2.3. Single cycle SELEX assay
The binding ability of each aptamer to the human ACE2 peptide was

evaluated with a single cycle SELEX assay. To this end, each synthesized
aptamer (Sigma) was diluted in SELEX bulffer at the final concentration
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of 0.2 uM, subjected to the denaturation-renaturation procedure (see
“SELEX procedure” paragraph) in a final volume of 250 pl; 0.1 mg beads
coated with the human ACE2 oligopeptide or, in another reaction the
same amount of uncoated beads, were added to the denatured-renatured
aptamers and then incubated for 1 h at 37 °C with gentle agitation; after
incubation, beads were washed twice with 1 ml SELEX buffer at 37 °C
and the DNA was finally eluted from the beads through denaturation at
92 °C for 3 min in 200 pl of nuclease free water; 5 pl of the solution was
assayed in a QRT-PCR reaction in triplicate using SYBR green and GoTaq
qPCR Master Mix (A6001, Promega) according to the manufacturer’s
protocol. The reaction was carried out in a QuantStudio™ 3 Real-Time
PCR system (ThermoFisher scientific) programmed with the following
thermal profile: 2 min at 95 °C, then 40 cycles of 15 s at 95 °C, 1 min at
60 °C using the same primers used for the ePCR.

2.4. ELISA assay to test the inhibition of the RBD SARS-CoV-2 S/ACE2
interaction

The ability of aptamers to interfere with the RBD SARS-CoV-2 S/
ACE2 interaction was assayed with the SARS-CoV-2 (COVID-19) Inhib-
itor Screening Kit from Acrobiosystems (EP-105) following the manu-
facture’s protocol. Briefly, S proteins (wt: Cat # A010-214,
Acrobiosystems; B.1.351: Cat # SIN-C52Hm, Acrobiosystems) diluted in
Coating Buffer to a final concentration of 0.3 pg/ml were added to 96-
well plates and incubated overnight (~16 h) at 4 °C. The uncoated
proteins were removed by washing the wells three times with a washing
buffer (PBS with 0.05% Tween-20, pH 7.4) and blocked for 1 h at 37 °C
in blocking buffer (PBS with 0.05% Tween-20% and 2% bovine serum
albumin, pH 7.4). The interference of the aptamer with the RBD SARS-
CoV-2 S/ACE2 interaction was determined by incubating increasing
concentrations of aptamer with the biotinylated human ACE2 provided
in the kit, for 1 h at 37 °C in the incubation buffer (EP-105, Acrobio-
systems), and then added to the S-coated wells and incubated for 1 h at
37 °C. At the end of the incubation time, the wells were washed three
times with Wash Buffer and incubated for 1 h with 100 pl of HRP-
conjugated streptavidin (1:5000) (EP-105, Acrobiosystems); after
three washes with washing buffer, the 3,3,5,5 -Tetramethylbenzidine
(TMB) substrate (CLO7, Merck) of HRP was added to the reaction
following the manufacturer’s instruction, finally, the reaction was
stopped with 1 M sulfuric acid (100 pl/well) (Q29307, Thermofisher).
The binding of the biotinylated ACE2 with the RBD SARS-CoV-2 S in the
coated wells was measured as absorbance value at 450 nm wavelength
using a microplate reader (Biorad).

2.5. Generation of HEK293TN cells overexpressing the human ACE2
protein

HEK293TN cells (obtained from System Bioscience) were engineered
by lentiviral transduction to stably express human ACE2 receptor
(HEK293TN-hACE2). Lentiviral vectors were produced following a
standard procedure based on calcium phosphate cotransfection with 3rd
generation helper and transfer plasmids. The following helper plasmids
were gifts of Didier Trono: pMD2. G/VSV-G (Addgene #12259), pRSV-
Rev (Addgene #12253), pMDLg/pRRE (Addgene #12251). The trans-
fer vector pLENTI_hACE2 HygR was obtained by cloning of human
ACE2 from pcDNA3.1-hACE2 (a gift from Fang Li, Addgene #145033)
into pLenti-CMV-GFP-Hygro (a gift from Eric Campeau & Paul Kaufman,
Addgene #17446). Human ACE2 was amplified by PCR and inserted
under the CMV promoter of the pLenti-CMV-GFP-Hygro after GFP
excision with Xbal and Sall digestion. The human ACE2 lentiviral vector
thus obtained was used to transduce HEK293TN. 48 h after transduction,
cells were subjected to antibiotic selection (250 pg/ml hygromycin).
Expression of human ACE2 in transduced cells was confirmed by flow
cytometry and immunofluorescence (see below) and found to be stable
after several cell passages. HEK293TN-hACE2 cells were maintained in
DMEM, supplemented with 10% FBS, 1% glutamine, 1% penicillin/
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streptomycin and 250 pg/ml Hygromycin (GIBCO).
2.6. Plasmid generation and transient transfections

The plasmids for the transient transfection were purchased from
Vector Builder; in brief they were generated by cloning the open reading
frame from hACE2 or mAce2 downstream the CMV promoter into the
mammalian expression vector pRP[Exp]-CMV. The A549 cell line was
purchased from the American Type Culture Collection ATCC and grown
in DMEM (32430-027, Thermo Fisher Scientific), supplemented with
10% FBS (ECS0186L, Euroclone), 1% GlutaMAX (35050-061, Thermo
Fisher Scientific), 1% penicillin/streptomycin (15240-062, Thermo
Fisher Scientific) in a humidified 5% CO2-95% air atmosphere at 37 °C.
For the transfection 30,000 cells/well were seeded in chambered cov-
erglass (155411, Thermo Fisher Scientific) and cultured overnight prior
to transfection. The transfections were carried out using Lipofectamine
3000 (L3000001, Thermo Fisher Scientific) following the manufac-
turer’s instructions with 210 ng DNA, 0,6 pl lipofectamine 3000, and
0,4 pl P3000 reagent for each well; 40 h after transfection the cells were
stained with Apt.6 conjugated with Alexa 546.

and subject to confocal live imaging, and then fixed for ACE2
immunostaining.

2.7. Confocal Imaging of live cells stained with the aptamers conjugated
with Alexa 546

Fluorescence images of HEK293TN, HEK293TN-hACE2, and A549
transient transfected cells bound with the aptamer conjugated with
Alexa 546 (synthesized by Integrated DNA Technologies, Inc.) were
acquired by laser confocal fluorescence microscopy (ZEISS LSM 900).
10 ug/ml DAPI was added to HEK293TN-ACE2 bound with the Alexa
546 Apt. 6 or scrambled and acquired with an Axiovert 200 M micro-
scope. Cells were pre-incubated with 4 mM mock DNA oligo (20 bp) for
5 min on ice and then with 100 nM Alexa-labelled aptamer on ice for 7
min in the dark. The supernatant was removed, and cells were washed
once with Selex buffer and twice with ice-cold HBSS (14175095,
Thermo Fischer Scientific) prior to confocal imaging.

2.8. Immunostaining of the human ACE2

HEK293TN, HEK293TN-hACE2, and A549 transient transfected cells
grown on chambered coverglass (155411, Thermo Fisher Scientific)
were fixed with 4% paraformaldehyde for 15 min and washed with PBS,
then incubated for 90 min in PBS with 10% normal goat serum at RT
(G9023, Merk). Subsequently, they were incubated with human ACE2
antibody (1:50) (ab108252, Abcam) in 1% normal goat serum, over-
night at 4 °C. After four washes with PBS, cells were incubated with the
secondary antibody AlexaFluor anti-Rabbit 488 (1:200 in PBS) (A32731,
Thermo Fisher Scientific) for 1 h at room temperature, then stained with
DAPI (1:1000) (D1306, Thermo Fisher Scientific) to label cell nuclei
prior to confocal imaging (ZEISS LSM 900).

2.9. FACS analysis for detection of surface expression of human ACE2 in
HEK293TN and HEK293TN-hACE2 cell lines

Live cell staining was performed by incubation of HEK293TN or
HEK-293 T-hACE2 cells with Anti-hACE2 antibody (AF933, R&D sys-
tems) at 0.75 pg/200.000 cells for 1 h at 37 °C. This was followed by
incubation with anti-goat Alexa Fluor 647TM secondary antibody
(1:200 in PBS + 2% FBS) for 30 min at 37 °C. Goat IgG Isotype was used
as negative control. Data were acquired on a BD FACS Canto II and
analyses were performed using FlowJo software.

2.10. Production of lentiviral-based SARS-CoV-2 pseudoparticles

Lentiviral SARS-CoV-2 pseudotype particles encoding for luciferase



A. Villa et al.

reporter gene were produced as described in [36]. Briefly, HEK293TN
cells were co-transfected with reporter plasmid pLenti
CMV-GFP-TAV2A-LUC Hygro, pMDLg/pRRE (Addgene #12251),
PRSV-Rev (Addgene #12253) and pcDNA3.1 _Spike dell9 (Addgene
#155297). To obtain the viral pseudoparticles, the supernatant was
collected 30 h after transfection, clarified by filtration and concentrated
by ultracentrifugation for 2 h at 20,000 rpm.

2.11. Luciferase based pseudoviral entry assay

HuH 7.5 cells were seeded in 96-well plates in 100 ml medium at
10,000 cells/well. The next day, the media was replaced with physio-
logical buffer (NaCl 140 mM, KCl, mM, MgCl, 5 mM, CaCl, 2 mM, Tris
pH 7.4 20 mM) and cells were incubated for 10 min at 37 °C with
increasing concentrations of Apt.6 for 10 min. Subsequently, SARS-CoV-
2 pseudoparticles were added at 1 MOI and cells were incubated for 7
min at 37 °C. After incubation, cells were washed with PBS to remove
unbound pseudoparticles, and maintained at 37 °C in complete medium.
After 48 h, cell infection was measured by luciferase assay, using Bright-
Glo™ Luciferase System (Promega), and Infinite F200 plate reader
(Tecan) was used to read luminescence, expressed as relative light units
(RLU).

2.12. Computational methods

The consensus sequence of human ACE2 was obtained from the
UNIPROT database (accession number Q9BYF1). Homology studies
were performed using the Basic Local Alignment Search Tool (BLAST)
for regions of local similarity between the consensus sequences of ACE2
in selected mammalians: Macaca mulatta, sequence ID: EHH30556.1;
Bos taurus, sequence ID: NP_001019673.2; Sus scrofa, sequence ID:
NP_001116542.1; Rattus norvegicus, sequence ID: NP_001012006.1;
Mus musculus, sequence ID: ACT66269.1. The secondary structures of
aptamers were calculated using the UNAFOLD web server [37], while
tertiary structures were calculated, starting from the secondary struc-
tures, using the 3D-DART software [38].

For the docking experiments, the co-crystallized structure of human
ACE2 receptor with S protein (PDB id: 6VW1) was separated into its
receptor (ACE2) and ligand (S) components, which were used as starting
models. The structures of mutant SARS-CoV-2 S proteins were derived
from https://spikemutants.exscalate4cov.eu/. To identify the most sta-
ble complexes (poses) of human ACE2 with SARS-CoV-2 S protein and
with the aptamers, the docking program HADDOCK (version 2.4) was
used with standard parameters. HADDOCK uses an initial rigid-body
docking process, which generates typically a large number of poses, in
the order of thousands. From these, several hundred were selected for
further flexible refinement and scoring using HADDOCK score, Van-der-
Waals and electrostatic interactions to identify the best docking pose.

3. Results

3.1. Identification of a minimal polypeptide in the human ACE2 protein
for the SELEX procedure

Among the 10'® molecules present in the single strand DNA bank, we
have chosen the correct bait for the SELEX procedure to select the
aptamers appropriately interacting and sterically cluttering the region
surrounding the K353 residue of the human ACE2 [39]. To this aim, we
initially characterized the 3D structure of the domain responsible for the
interaction between human ACE2 and viral S glycoprotein to design the
minimal oligopeptide, able to correctly reproduce the 3D structure
surrounding K353, e.g., containing the entire loop with the two
anti-parallel beta-sheets (Fig. 1A). This bioinformatic analysis identified
the 25-amino acid peptide DPGNVQKAVCHPTAWDLGKGDFRIL as the
minimal sequence correctly modelling the 3D loop structure comprising
the K353 residue in the native protein. The oligopeptide included a core
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sequence conserved across different mammalian species and a more
variable NH2 terminal (Fig. 1C and S1) mapping right before the first
beta sheet.

We extended the analysis of the 3D structure on the murine ACE2 to
verify whether the presence of a histidine in position 353, that confers
protection form SARS-CoV-2 infection, would have changed the shape of
the S interacting domain. We showed that the K353H amino acid sub-
stitution in the corresponding mouse peptide, EPADGRKVVCHP-
TAWDLGHGDFRIK, did not produce any spatial distortion of the
structure immediately surrounding the residue. On the contrary, the
divergent amino acid sequence in the N-terminal part of the peptide
generated a different 3D structure between the two species (Fig. 1B).
Hence, we hypothesized that an aptamer interacting with the common
core of the mouse and human ACE2 sequences would have been able to
bind that region independently from the amino acid present at position
353, an important feature since this amino acid is polymorphic in
humans [40]. This observation prompted us to apply both human and
mouse oligopeptides to the SELEX protocol for the identification of
molecules binding to this common core sequence.

3.2. Aptamer identification through the SELEX procedure

The SELEX procedure was carried out according to a standard pro-
tocol [32]. The first SELEX cycle was done with the human ACE2 peptide
followed by a negative selection with uncoated beads to remove
nonspecific binding molecules; afterward, the reaction mix was split in
two parallel selections driven by the human and mouse peptides (Fig. 2A
and S2).

Next generation sequencing (NGS) was applied to each cycle, when
sufficient amplified material was recovered (Fig. 2A); sequences
significantly represented over background levels, appeared only after
the 4th cycle and we decided to consider only those representing more
than 0.1% of the total (Table S1). Eight unique sequences were identi-
fied together with three variants of the sequence no. 1 differing by a
single point mutation (collectively indicated as sequence no. 9 *). Se-
quences no. 1-3 were found in both selections with human and mouse
ACE2 oligopeptide, no. 4-7, 9 were specific for the human ACE2 oli-
gopeptide and no. 8 was found to be highly specific for the mouse ACE2
selection, although it was represented also in the human selection, to a
lesser extent. Sequence no. 6 was incomplete and was excluded from
further experiments.

Since PCR amplification resulting from the SELEX cycle produced
dsDNA, it is not possible to predict which of the two strands is the
peptide-interacting ssDNA; thus, we chemically synthesized the fourteen
possible aptamers out of the seven sequences isolated with the SELEX
procedure (Table S2).

Aptamers were then tested for their specific binding ability on the
human ACE2 peptide with a single cycle SELEX assay carried out with
each pure aptamer as unique source of ssDNA and with beads coated
with the human ACE2 peptide or uncoated (Fig. S3). The results of these
experiments identified, for each sequence, the DNA strand that estab-
lished a productive interaction with the human ACE2: aptamers (Apt.)
no. 1, 4, 6, 9, 12, 14 were highly enriched compared to their corre-
sponding strand, while neither of the two strands of sequence 4 (Apt. 7
and 8) showed a significantly higher affinity for the peptide coated
beads in this binding assay (Fig. 2B).

3.3. Aptamers hinder the SARS-CoV-2 S/ACE2 interaction

Next, we tested the ability of the selected aptamers to interfere with
the SARS-CoV-2 S /human ACE2 interaction; to this purpose we used an
ELISA assay based on the interaction of the SARS-CoV-2 S RBD, immo-
bilized on a multiwell plate, with a biotinylated human ACE2 recom-
binant protein. The binding of ACE2 was measured with a colorimetric
assay based on the substrate oxidation that follows the HRP-conjugated
streptavidin/biotin interaction. The binding reaction was carried out in
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Fig. 1. Selection of the oligopeptide for the SELEX procedure of aptamer identification. (A) Representative scheme of a detail of SARS-CoV-2 RBD (pink) and human
ACE2 complex, modelled using the high ambiguity driven protein-protein docking software (HADDOCK) v. 2.4, showing the interaction between RBD-N501 residue
and ACE2-K353. The portion of ACE2 highlighted in green represents the sequence selected for the synthesis of the human ACE2 peptide, used as a bait for the SELEX
procedure. (B) Representation of the tertiary structures of the human and murine ACE2 peptides, de novo calculated using PEP-FOLD-342. (C) Sequence comparison
of the human ACE2 consensus (aa 301-400) including the ACE2-K353 residue with the same consensus in different mammals that are potentially affected (Macaca
mulatta, Bos taurus Sus scrofa), and unaffected (Rattus norvegicus, Mus musculus) by SARS-CoV-2. The red text and the box show the sequence selected for the gen-
eration of human and murine ACE2 synthetic peptides. aa: amino acids; Norv: norvegicus; RBD: receptor binding domain.
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Fig. 2. Identification of aptamers with high affinity for the human ACE2 peptide. (A) Scheme of the aptamer selection through the human and mouse ACE2 oli-
gopeptide. The cycle number for each selection, as well as the enriched sequences identified by NGS are given. Only enriched sequences representing more than 0.1%
of the total were considered. SEQ 1, 2, 3 were present in both human and mouse selections. (B) Evaluation of the specific human ACE2 binding ability for each
aptamer. The recovery from a single SELEX cycle carried out with each purified aptamer was measured by qRT-PCR. Bars in the graph show the relative aptamer
amount eluted from the empty beads (light grey) or the beads coated with human ACE2 peptide (black) quantified with the method of the 2" versus the highest
threshold cycle (Ct). Data are mean values + SD of 3 technical replicates, #P < 0.0002 calculated with 2-way ANOVA followed by Sidak’s multiple comparisons test
vs empty beads. h: human; m: mouse.

the presence of high (1 pM) and low (10 nM) concentrations of each
aptamer. Only Apt. 6 and 14 significantly reduced more than 50% the
SARS-CoV-2 S/ACE2 interaction, (Fig. 3A); conversely, Apt. 1 just
halved the percentage of binding in a dose-independent manner even if
it showed the best specific/nonspecific ratio in the human ACE2 coated
beads-binding assay (Fig. 2B).

A wider range of concentrations from (10 nM) to (1 uM) was then

tested in the same ELISA assay for Apt. 6, Apt. 14 and Apt. 1 to measure
the IC50 of the SARS-CoV-2 S/human ACE2 binding inhibition. Apt. 6
showed the lowest IC50 (35 nM) in the range of concentration of the
positive control provided by the manufacturer of the kit, Apt. 14 had a
higher IC50 of 132 nM, while it was confirmed that Apt. 1 lacked any
inhibitory activity (Fig. 3B). Next, we also tested the aptamer binding
ability to the ACE2 receptor on in vitro cell culture. To this end,
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Fig. 3. Inhibition of the human ACE2/SARS-

CoV-2 S protein RBD interaction by selected

aptamers. (A) Binding of SARS-CoV-2 S protein

RBD coated on a 96-well ELISA plate with a

biotinylated human ACE2, pre-incubated for

1 h with either the reference inhibitor or the

- aptamers identified with the SELEX procedure
(Apt. numbers 1-14) at 2 different concentra-

tions (10 nM and 1 uM). Binding is expressed as

a percentage versus vehicle-incubated bio-

tinylated human ACE2, as determined by a
colorimetric assay at 450 nm wavelength. (B)

IC50 determination for Apt. 1, 6, and 14 with

the same assay as in (A). Binding is expressed as

ﬂ percentage versus vehicle-incubated bio-
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HEK293TN cells transduced with a lentiviral vector expressing the
human ACE2 receptor or the parental cell line (Fig. S4) were incubated
with an Alexa-fluor modified Apt.6. The results clearly demonstrate the
fluorescent signal, specific for the membrane-bound ACE2 in transfected
cells (Fig. 4A), confirming that the binding ability occurs also with the
ACE2 receptor when located in the cell membrane. The membrane
staining due to Alexa-fluor modified Apt. 6 was also detected when A549
adenocarcinomic human alveolar basal epithelial cells were transiently
transfected with plasmids constitutively expressing human ACE2 or
murine ACE2, a pattern not detected when the cells were transfected
with the empty vector or when HEK293TN-ACE2 were stained with a
scrambled aptamer (Fig. 4B, S5 and S6).

Finally, we tested the hypothesis that the aptamer binding to the
ACE2 receptor could led to the prevention of viral entry into the target
cell. To this purpose, we have used a SARS-CoV-2 spike pseudotyped
virus containing a luciferase reporter [36] to infect Huh7.5 cells, that
physiologically express human ACE2 receptor on their cell membrane

[Apt. 14] (uM)

and can be efficiently infected by the lentiviral pseudotyped spike par-
ticles. The infection was carried out in the presence of increasing con-
centrations of Apt. 6. An anti hACE2 antibody (R&D Systems, AF933) at
20 pg/ml concentration was used as positive control for neutralization
of infection. Luciferase activity in the cell extract provided a quantita-
tive measure of the magnitude of infection (Fig. 4C). The results showed
that Apt. 6 was able to inhibit the infection with a similar efficacy
(—70%) of the neutralizing antibody and a potency in the range of the
IC50 measured with the SARS-CoV-2 S/human ACE2 binding inhibition
assay (Fig. 3B).

Altogether, these results indicated that the SELEX procedure suc-
cessfully identified two aptamers binding with high affinity to the
human ACE2, preventing its interaction with the SARS-CoV-2 S, thus
inhibiting the viral entry into the target cell.
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Fig. 4. Apt. 6 binds to the membrane ACE2 receptor and inhibits the viral entry into the target cell. (A) Confocal images of live HEK293TN and HEK293TN-ACE2
cells stained with the Alexa 546-labeled Apt.6. Left panel: bright field images; right panel: Alexa 546 fluorescence emitted from of 2.25 um depth. Scale bar of 10 um.
(B) Confocal images of A549 cells transiently transfected with a vector constitutively expressing hACE or mAce2 or empty and live stained with the Apt. 6 conjugated
with Alexa 546. Left panel: bright field images; right panel: Alexa 546 fluorescence emitted from of 4.0 um depth. Scale bar of 25 ym. (C) The pseudoviral infection
was quantified as the amount of luciferase expressed by the infected target cells. The graph reports the luciferase activity in the cell extract obtained after the
infection carried out in the presence of increasing concentrations of Apt. 6 or 20 pg/ml of the neutralizing antibody anti-hACE2 used as positive control (C+). Bars

show the mean value of the relative light units (RLU) + SEM of triplicates. * **

p < 0.001 versus vehicle calculated by one-way ANOVA followed by Dunnett’s

multiple comparisons test. Apt.: aptamer; HEK: HEK293TN; HEK-ACE2: HEK293TN-ACE2 S: spike; STD: standard reference inhibitor.

3.4. Molecular modelling of the aptamer-bound ACE2 receptor

To identify possible common features between the two aptamers
hindering the SARS-CoV-2 S/ACE2 binding, we modelled their 2D and
3D structures using UNAFOLD [37] (for the secondary structure) and
3D_DART [38] (for the tertiary structure). Both secondary and tertiary
folding did not show any common structures in the two aptamers: the
intramolecular double strand formation was more pronounced in Apt.
14 (with respect to Apt. 6) likely conferring a more rigid structure when
compared to Apt. 6 (Fig. S7) and no obvious common shape could be
deduced from the 3D structures (Fig. S8).

To gain insight into the molecular mechanism of the aptamer-driven
inhibition of the SARS-CoV-2 S/ACE2 binding, we modelled in silico the
docking of the aptamer on human ACE2. For this purpose, the co-
crystallized structure of the human ACE-2 receptor with the SARS-
CoV-2 S (PDB id: 6VW1) was separated into its receptor (ACE2) and
ligand (S) components. The receptor and ligand were then re-docked
using HADDOCK v. 2.4 [41] with default settings to validate the dock-
ing procedure. The structure of human ACE2 was then used to determine
the most stable docking poses of the complexes of the protein with the

aptamers (Fig. 5). It was clear that both Apt. 6 and Apt. 14 masked the
K353 residue of the human ACE2 receptor, while Apt. 1 interacted with
another portion of the oligopeptide used for the SELEX (marked in blue
in the figure) far away from the S interaction. These results provided the
molecular explanation for the apparent discrepancy between the ability
of Apt. 1 to interact with the peptide (Fig. 2B) and its null efficacy in the
disruption of the SARS-CoV-2 S/human ACE2 interaction (Fig. 3B).

An in-depth inspection of Apt. 14 and Apt. 6 binding to the human
ACE2 showed that Apt. 14 had the lowest values for Van der Waals and
electrostatic interactions and the overall interacting surface (Buried
Surface Area, BSA) was greater in Apt. 6 (Table 1). These data are in
keeping with the lower IC50 for Apt. 6 and its greater ability to mask the
K353 and prevent the SARS-CoV-2 S/human ACE2 interaction as
experimentally demonstrated with the ELISA assay (Fig. 3B).

Further analysis of the base pairs of Apt. 6 and 14, interacting with the
region surrounding the K353 revealed a common consensus present in the
two aptamers (GA-C) establishing a stereo specific interaction in close
proximity of the K353 task (Fig. S9). Exchanging the K353 residue with
the H353, a polymorphism present in the human population, did not
significantly change the binding ability of the two aptamers (Table S3).
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Fig. 5. Docking simulations of the identified
aptamers. The pictures show the most stable
configuration of the interaction between human
ACE2 (green) with SARS-CoV-2 S protein
(papaya yellow ribbon, upper left panel), Apt. 1
(pink tube/slab, upper right panel), Apt. 6 (pink
tube/slab, lower left panel), and Apt. 14 (pink
tube/slab, lower right panel). The amino acid
sequence representing the peptide used as bait
for the SELEX procedure is shown in blue. The
yellow arrows indicate the position of the 353
hotspot. Apt.: aptamer. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this

article).
Table 1
Energetic calculations obtained with HADDOCK v. 2.4.
Apt 6 Apt 14 Aptl Apt5 Spike
Van der Waals (a.u.) -111.5+ 1.6 -65.8 £ 7.8 -88 + 8.6 -15+7.0 -59 +£ 2.4
Electrostatic (a.u.) -288.7 + 41.8 -182.6 + 9.0 -368.4 + 38.1 -132.4 +15.8 -185.4 + 8.7
BSA (;\2) 3130.4 + 394.9 2341.9 +138.0 2849.1 £+ 165.5 604 + 159.8 1729 + 34.6

Van der Waals — van der Waals interaction score; Electrostatic — electrostatic interaction score; BSA - buried surface area; a.u. — arbitrary units of energy. Data are

presented as mean values + s.d.

The ability of different aptamers to block the SARS-CoV-2 S/human
ACE2 interaction was tested in silico: when bound to the viral receptor,
Apt. 6 or Apt. 14 were able to significantly hinder the interaction with
the SARS-CoV-2 S of the Wuhan variant. Most importantly, the inter-
action of SARS-CoV-2 S with the UK, Brazilian and South African vari-
ants with human ACE2 were also hindered (Table 2), thus suggesting
that selected aptamers are able to mask the interaction of any SARS-
CoV-2 variants in the presence of any residue in position K353 in the
human ACE2. To confirm the versatility of our aptamers to prevent
interaction between the human ACE2 with the mutated S found in
different human SARS-CoV-2 variants, a commercially available
mutated S (L18F/ D80A/ D215G/ R2461/ K417N/ E484K/ N501Y/
D614G) identified in the SARS-CoV-2 variant (known as 20 C/501Y.V2
or B.1.351 lineage) circulating in South Africa was tested in the ELISA
interference assay. The results revealed that both aptamers were able to

Table 2
Energetic calculations obtained with HADDOCK v. 2.4.

Variant Binding affinity (AG, Kcal/mol) Dissociation constant, (Kp, M)
No apt Apt 6 Apt 14 No apt Apt 6 Apt 14
wt -10.7 -7.0 -8.7 3.8E-8 1.2E-5 7.9E-6
UK -11.5 -8.7 -7.7 7.5E-9 7.3E-7 3.8E-6
SA -13.7 -9.3 -8.2 2.1E-10 2.6E-7 1.8E-6
BR -13.2 -6.2 -8.5 4.9E-10 6.9E-6 1.1E-6

wt: Wuhan variant, UK: United Kingdom variant (B.1.1.7), SA: South African
variant (B.1.53), BR: Brazilian variant (P.1).



A. Villa et al.

Pharmacological Research 175 (2022) 105982

Fig. 6. Inhibition of the human ACE2/SARS-
CoV-2 (B.1.351 lineage) S protein RBD inter-
action by selected aptamers. IC50 determina-
tion for Apt. 6 and 14, obtained by evaluating
the binding of SARS-CoV-2 (B.1.351 lineage) S
protein RBD coated on a 96-well ELISA plate
with a biotinylated human ACE2 pre-incubated
for 1h with Apt. 6 or Apt. 14. Binding is
expressed as percentage versus vehicle-
incubated biotinylated human ACE2, as deter-
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interfere with the binding of the mutated S to the human ACE2 in the
nanomolar concentration range (Apt. 6 = 33 nm; Apt. 14 = 47 nm), thus
validating the in silico prediction (Fig. 6).

4. Discussion

In this work, we present the initial experimental evidence that spe-
cific DNA aptamers binding the human ACE2 hinder its interaction with
the SARS-CoV-2 S glycoprotein. Therefore, there is reason to be opti-
mistic that the discovery of new human ACE2-targeted aptamers will
help in managing SARS-CoV-2 infection by protecting target cells rather
than increasing humoral immunity recognition, neutralization and
subsequent elimination of the virus from the body (i.e. the mechanism of
action of current therapies including vaccines, neutralizing monoclonal
antibodies and small molecules, in preclinical or clinical development)
[42-44]. To put in place our conceptually opposite paradigm, we have
synthesized two specific DNA aptamers effectively binding the protein
domain surrounding the human ACE2-K353, the residue of the receptor
that plays a key role in the process leading to the SARS-CoV-2 entry into
the host cell. The first obvious plus of our innovative approach is that the
complex aptamer-human ACE2-K353 may prevent the SARS-CoV-2
infection, either of the wild type or its mutated variants. Moreover,
our aptamers can be theoretically effective also against past and future
coronavirus infections since the mechanism of interaction between the
RBD of the activated viral S and human ACE2 is quite well conserved
among different species of the Orthocoronavirinae subfamily [45].

Mutations randomly arising in the viral population may modify the
antibody or drug target sites, thus escaping from their neutralization
activity; we cannot ignore that the SARS-CoV-2 has already proved to
have a mutation rate sufficiently high to create new variants, jeopard-
izing the effectiveness of the containment measures so far adopted [46],
hence creating the condition for the spread of novel strains displaying
higher infectivity [27,30] and mortality [28,29] rates. It is therefore
expected that novel mutations in the antibody recognition site [47-49]
or in the viral target of smart drugs under development [50] will arise
when the selective pressure generated by the anti-viral treatments is
applied to the general population. Hence, to avoid the problem of
resistant clones and frailty in the immune system, our strategy shifted
the focus of the therapy from targeting viral proteins towards the
cellular receptor. This is also the molecular mechanism proposed for
some active principles present in natural products [51-53]. In our study,
the identification of the ACE2-K353 residue as a key determinant for the
viral uptake on the target cell [12] provided the rational basis for a
structure-function approach prompting us to design a masking strategy
that could be independent from viral mutations.

It is worth pointing out that the mechanism of the viral interaction
with the ACE2-K353 is fairly well conserved among different species of
the Orthocoronavirinae subfamily, including SARS-CoV-2 and its vari-
ants. The reason for this conservation might be ascribed to the complex
multistep molecular process for viral entry into the host cell, which
cannot be easily modified by mutations. In fact, in order to infect the

10-2

mined by a colorimetric assay at 450 nm
wavelength. Dotted lines indicate 95% C.I
profile.

10-"
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cell, the virus needs to go through several reactions, including: i) the S1
domain of S protein must be proteolytically digested by the S2 domain to
unmask the residue E401 that interacts with ACE2, ii) the primed S1 can
then bind to the K353 residue and iii) it is only afterwards that the S1 can
create the breach needed to inject the viral RNA into the host cell [54].
Thus, it is unlikely that a single mutation could be sufficient to move the
whole multistep mechanism onto another domain of the ACE2 or to
another membrane protein of the target cell. In fact, none of the known
variants modifies the ACE2 binding site, while single mutations in the
SARS-CoV-2 S can change the viral affinity or specificity for the
ACE2-K353 allowing a higher individual susceptibility and/or faster
infectivity [55], or changing the amino acid specificity at the K353
recognizing histidine instead of lysin [49]. All these data point to the
compulsory requirement for the viruses of the Orthocoronavirinae sub-
family to use the 353 amino acid of ACE2, as the entry point for the
cellular infection: therefore, our aptamers sterically masking the domain
surrounding this residue can be considered as an efficient strategy to
inhibit or hamper the susceptibility to the SARS-CoV-2 infection.

We can assume that targeting the ACE2 receptor might expose some
people to side effects since ACE2 is a significant enzyme catalyzing and
inactivating angiotensin II, a peptide hormone of the renin-angiotensin-
aldosterone-system (RAAS) modulating several physiological and path-
ophysiological functions, including vasopressor activity, adrenergic
tone, bradykinin release, blood volume, oxidative burst, the release of
pro-inflammatory chemokines and cardiac and endothelium remodeling
[56]. However, to the best of our knowledge, the viral site of interaction
maps to a region of the molecule that is distinct from the enzymatic
domain [57]. It is thus conceivable that the reversible binding of mol-
ecules at the region surrounding K353 might not influence the homeo-
static activity of the enzyme. Moreover, for future clinical applications,
the choice of short-strand oligonucleotides as macromolecules for the
steric interference with S offer several advantages over other possible
choices like antibodies or small peptides. For instance, nucleic acids
have faster tissue uptake/penetration and limited half-life compared to
antibodies, allowing a more efficient reverse control of the therapy.
Furthermore, aptamers have almost no batch-to-batch variation and an
immunogenicity that is inexistent or lower than peptides while
conserving a similar high selectivity for the target, thus reducing the
likelihood of major toxicity and unpredictable adverse reactions [58].

The potential therapeutic applications foreseen for the aptamers
identified in our study span from prevention in subjects at high risk of
infection to the cure of SARS-CoV-2 infection and its variants. Indeed,
the prevention of viral cell-to cell spread, which generally involves the
release of a large amount of new viral particles from the infected cell into
the extracellular environment, would be helpful to significantly reduce
the SARS-CoV-2 titer and to halt the virus spreading into the pulmonary/
alveolar region of the lung and reaching distant vital organs such as the
heart and brain. Indeed, simultaneous heart and brain damage
contribute to the onset of severe COVID-19 leading to death [59]. Our
aptamers will act to safely prevent heterogeneity in contagiousness and
the occurrence of superspreading events among asymptomatic and
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symptomatic infected individuals.

Therefore, thanks to the high target selectivity and affinity, the lack
of immunogenicity and limited side effects, therapeutic aptamers we
have identified could be a winning strategy, complementary to vaccines
and monoclonal antibodies, for the rapid prevention and treatment of
COVID-19, and to limit disease progression during undetected early
infection. In addition, aptamers may be required to provide protection in
those persons who might not have a robust protective response after
vaccination. Further in vivo experiments to assess the therapeutic or
prophylactic efficacy of aptamers would be a major advance in the
control of the COVID-19 pandemic.
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