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Tryptophan-like side chain holding
aptamers inhibit respiratory
syncytial virus infection of lung
epithelial cells

Krisztina Percze?, Zoltan Janos Tolnai, Marc Eleveld?, Li Ou3, Haijuan Du3, Adam S. Olia3,
Peter D. Kwong?, Marien I. de Jonge? & Tamas Mészaros'™*

Respiratory syncytial virus (RSV) is a leading cause of serious and even fatal acute lower respiratory
tract infections in infants and in the elderly. Potent RSV neutralization has been achieved by
antibodies that selectively bind the prefusion form of the viral fusion (F) protein. We hypothesised that
similar potent neutralization could be achieved using F protein targeting aptamers. Aptamers have
yet to reach their translational potential for therapeutics or diagnostics due to their short half-life and
limited range of target-aptamer interactions; these shortcomings can, however, be ameliorated by
application of amino acid-like side chain holding nucleotides. In this study, a stabilized version of the
prefusion RSV F protein was targeted by aptamer selection using an oligonucleotide library holding

a tryptophan-like side chain. This process resulted in aptamers that bound the F protein with high
affinity and differentiated between its pre- and postfusion conformation. Identified aptamers inhibited
viral infection of lung epithelial cells. Moreover, introduction of modified nucleotides extended
aptamer half-lives. Our results suggest that targeting aptamers to the surface of viruses could yield
effective drug candidates, which could keep pace with the continuously evolving pathogens.

Respiratory diseases are a leading cause of morbidity and mortality among young children. Respiratory syncy-
tial virus (RSV) is the most common seasonal respiratory virus usually leading to mild, cold-like symptoms in
infants'; however, it can also cause severe respiratory tract diseases, in particular bronchiolitis, inflammation
of the small airways in the lungs and pneumonia®. Besides young children, RSV infection can result in severe
disease in immunocompromised hosts and the elderly and has been associated with the development of asthma®.
RSV infections are the leading cause of hospitalization among young infants worldwide and the second most
common cause of child mortality in low- and middle-income countries*.

RSV is a highly contagious pathogen and spreads among groups of young children, within families and
between hospitalized patients via direct physical contact, droplets and aerosol transmission®®. Recent restrictive
measures due to the COVID-19 pandemic have contributed to the disruption of the seasonal infection pattern
of respiratory viruses. This may have led to an increase in the immunologically naive population, causing more
severe RSV outbreaks worldwide’. Currently there is no licensed vaccine available to prevent RSV infections,
while many vaccine candidates are under development. The only approved prophylaxes are monoclonal antibod-
ies directed against F protein.

RSV is a pleomorphic enveloped RNA virus. Out of the 11 RSV genome encoded proteins, three (F, G, and
SH) are anchored in the membrane and involved in virus entry. The two major surface exposed glycoproteins G
and F are crucial for virus attachment and fusion, respectively. The small hydrophobic (SH) protein is suggested
to be involved in ion channel formation (viroporin) to modulate the infected cell; however, the exact function
is not entirely understood®. The F protein is indispensable for infection of the host cell and its genetic diversity
is low compared to protein G’. These features make the F protein a rational target for therapeutic intervention.
Conformation of protein F undergoes significant changes during the fusion of the membranes, i.e., the prefusion
form of the protein is converted into post-fusion E This process can also take place spontaneously indicating the
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metastability of the prefusion conformation'. A multitude of human antibodies was raised against protein F and
the prefusion F specific antigenic site @ binding variants have been proven to possess strong virus neutralizing
capability!!. To aid vaccine development, a stabilized version of prefusion protein F was created by structure-
based design'2 This mutant version of RSV F maintained availability of the antigenic site @ even when exposed
to extremes of pH, osmolality, and temperature.

More than 200 viruses are capable of infecting humans and many of them are known etiologic agents of vari-
ous diseases'. Due to the high mutation rate of some viruses, there is a strong demand for developing novel drugs
that can effectively block cell invasion or replication of the constantly emerging novel virus strains. Although the
main target of RSV vaccine development, the F protein is characterized by a relatively high genetic stability, amino
acid substitution that results in the emergence of prophylaxis resistant virus strains has also been described'.
The presently available antiviral drugs are dominated by small molecules which specifically bind to the surface
proteins or replication machinery of viruses'>. Concerning macromolecular therapeutics, there is only a single
oligonucleotide-based antiviral drug, which is used to treat cytomegalovirus infections and represent the first
approved antisense therapy®.

Aptamers are single-stranded oligonucleotides that can bind to their target molecules with similar affinity and
specificity to those of antibodies. However, selection and synthesis of aptamers do not rely on living organisms
thus providing advantages over antibodies in terms of time and cost of production'. Virologists also realized the
advantages of the relatively rapid and straightforward selection process of aptamers, the so-called SELEX, at the
dawn of aptamer science. In fact, the very first published aptamers were generated by using the T4 bacteriophage
DNA polymerase as a target molecule of selection'®. Since then, a wide array of human pathogen targeting aptam-
ers has been described'*?’. Although the majority of published virus specific aptamers were made for diagnostic
applications and applied in development of biosensors, there are also numerous examples for aptamers of antiviral
potential®’. The first antiviral aptamer was raised against the reverse transcriptase of human immunodeficiency
virus type 1 (HIV-1) to inhibit its replication®”. The reverse transcriptase specific RNA oligonucleotide was
followed by selection of aptamers for a panel of human pathogen viruses. The target molecules of these SELEX
processes varied from recombinant viral surface and replication proteins to inactivated viruses and virus like
nanoparticles and even to virus glycoprotein expressing mammalian cells**-?°,

The possible interactions between proteins and natural oligonucleotides are constrained due the limited
chemical diversity of the nucleobases”. Therefore, a series of unnatural modifications have been incorporated
into aptamers to improve the efficiency of SELEX and increase the durability of aptamers in the prevailing envi-
ronmental and physiological conditions. For modified aptamer selection, oligonucleotide libraries of nonstandard
nucleotides have been created either by directly introducing the modified nucleotides during the synthesis or by
the addition of “clickable” nucleotides and the post-synthetic functionalization by click-chemistry?”?. Accord-
ing to the modification affected components of nucleotides, three broad categories, i.e., sugar, phosphodiester
backbone, and nucleobase modified aptamers can be distinguished”. Amongst the numerous applied unnatural
oligonucleotides, the so-called SOMAmers (slow off-rate modified aptamers, base modified oligonucleotides at
the 5-position of deoxyuridine®), have been proven to be the most promising candidates. Modified nucleotides
of SOMAmers hold hydrophobic or aromatic functional groups at positions oriented away from the hydrogen
bonding sites of the nucleobases. Introduction of these modified nucleotides significantly increased the success
rate of SELEX; moreover, most of the SOMAmers exhibit improved, sub-nanomolar K, values®.

Previously, we selected aptamers by using inactivated virus particles and demonstrated that the obtained
aptamers specifically bind to protein G of RSV and can be applied for virus detection in clinically relevant
samples®. In this study, we set out to produce aptamers of therapeutic potential by applying a different selec-
tion rationale. The target molecule serving whole virus was replaced by a stabilized version of the prefusion
protein F during the selection steps and the tryptophan-like side chain holding TAdUTP was introduced into
the oligonucleotide library of SELEX. The selection process resulted in aptamers that could bind to their target
protein with nanomolar dissociation rates; in addition, these aptamers could differentiate between the pre- and
postfusion variant of protein F. Furthermore, the best aptamers were found to inhibit RSV infection with a similar
effectivity to that of palivizumab.

Results

Selection of aptamers. Considering that RSV infection can be prevented by prefusion F specific antigenic
site @ binding antibodies, we hypothesised that a similar effect could be achieved by prefusion F protein selec-
tive aptamers. To produce aptamers of therapeutic potential for RSV, we utilized a stabilized version of prefusion
and the postfusion protein F as targets and counter-target of SELEX, respectively. To increase efficacy of the
selection, we created a 5-indolyl-AA-dUTP (TAdUTP) possessing starting oligonucleotide library as detailed
previously®?. The enriched oligonucleotide pools of seven SELEX cycles were amplified by emulsion PCR and
by replacing dTTP with TAdUTP. Selection pressure was ensured by the addition of competitor molecules, e.g.,
L-tryptophan, mucin, BSA, salmon sperm DNA to the buffer and decreasing target-molecule concentration and
incubation time in consecutive SELEX cycles. Furthermore, counter-selection steps were introduced by chal-
lenging the oligonucleotide pool with bead-immobilized postfusion F protein to favour aptamers of prefusion
conformation selectivity (Fig. 1). Following completion of the final selection step, nucleotide sequences of 96
aptamer candidates were determined. Computational analysis of the obtained sequences revealed that 10 aptam-
ers were present in multiple copies, hinting enrichment of potential RSV selective modified aptamers. Although
the MEME Motif search did not identify any consensus sequence, the modified nucleotide and guanosine were
overrepresented in comparison to cytidine and adenine in all selected aptamer candidates (Figure S1). This find-
ing suggests the necessity of the modified nucleotide in the aptamer-protein F complex formation.
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Figure 1. Schematics of RSV F protein selective aptamer generation and characterization. Created with
BioRender.com.

Screening and characterization of aptamer candidates. Theoretically, target molecule binding oli-
gonucleotides are enriched in successive cycles of SELEX. In practice, PCR bias also presents selection pressure
on the amplified oligonucleotides; thus, the isolated aptamer candidates do not necessarily possess high affinity
to the target molecule'”. The MEME analysis did not identify any common motif of the selected oligonucleotide
that could have hinted the most auspicious aptamer candidates. Therefore, we set out to screen all sequenced
oligonucleotides by Amplified Luminescent Proximity Homogeneous Assay (ALPHA).

To this end, we synthesized biotin labelled aptamer candidates by primer-blocked asymmetric PCR (PBA-
PCR¥) and mixed them with the prefusion form of F protein and palivizumab, and antibody which binds both
prefusion and postfusion form of F protein. The biotinylated aptamers and the antibody were immobilized on
Streptavidin-coated donor and Protein A-covered acceptor AlphaScreen beads, respectively. Out of the 70 aptam-
ers, almost all showed binding to the target molecule and 14 aptamers produced 10-50 times higher fluorescence
signal upon binding the prefusion form of F protein in comparison to both the F protein and the antibody minus
controls (Figure S2). The measured elevated fluorescence intensities indicated success of aptamer selection. Of
note, although several aptamer candidates possessed almost identical nucleotide compositions (see Supplemental
data file), they demonstrated different affinities for the F protein. These data and the lack of common motif of
oligonucleotides suggest that unique nucleic acid sequences are inevitable for the F protein-aptamer interaction.

Next, the protein F conformation discriminating capacity of the outstanding 14 aptamers was studied. We
blended the aptamers either with the prefusion or the postfusion F protein at different concentrations applying
the above-described experimental setting. All analysed aptamers produced an approx. 2 times higher relative
fluorescence signal when mixed with the prefusion form (Fig. 2) than upon incubating with the postfusion form
of protein E

To analyse binding kinetics of aptamer-protein complex formation, we applied Microscale Thermophoresis
(MST), a generally leveraged method for the analysis of interactions between biomolecules in solution. In MST
experiments, the concentration of the smaller, fluorescently labelled molecule was kept constant, while a serial
dilution of the larger, unlabelled interaction partner was added to the mixture.

The obtained data showed variability in the Ky, values of different aptamer-protein F complexes. Some of the
aptamers bound to their target with low uM dissociation constant (B1, C2, F5, G6, and H8), while the majority of
them presented sub pM values, and the most eminent candidates formed aptamer-prefusion protein F complexes
which possessed few 100 nM dissociation constants (A2, D4, H9). Of note, all studied aptamers demonstrated
a much stronger affinity to the prefusion form than to the postfusion form of the target protein implying the
efficiency of counter-selection steps of SELEX (Table S1).
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Figure 2. Determining the ability of modified aptamers to distinguish between RSV’s prefusion and postfusion
F protein by AlphaScreen. Biotin labelled aptamers were mixed with either the prefusion or postfusion form

of F protein and Palivizumab. Relative AlphaScreen signal was calculated by forming a ratio of the sample
fluorescence and the aptamer-free background fluorescence. The increased values indicate selective binding

of aptamers to the different F protein forms. Error bars represent the standard deviation of three technical
replicates.

It could seem contradictory that results of AlphaScreen and MST measurements were not in full harmony,
i.e., the highest AlphaScreen signal producing aptamers did not consistently possess the lowest Ky, values. How-
ever, this phenomenon was not entirely unexpected and could be explained by the inherent differences of the
two interaction characterising methods. AlphaScreen requires the immobilization of the interaction partners,
meanwhile MST determines the interaction between two partners in free solution.

In order to demonstrate the specificity of the most promising aptamer candidates (A2, B1, D4, G6, H8, H9),
we embarked on measuring their putative interaction with various human pathogen virus proteins, i.e., human
metapneumovirus fusion protein (MPV, variant v3B)*, human parainfluenza virus type 3 fusion protein (PIV3,
Q162C-L168C, 1213C-G230C, A463V, 1474Y variant)**, SARS-CoV-2 spike protein (S-2P variant)*¢, influenza
H1 hemagglutinin protein (5106 DS26r)*” using MST. The collected data (Figure S3, Table S2) demonstrated
the selectivity of our aptamers. Of note, although SARS-CoV-2 spike protein and our target protein possess
low amino acid sequence homology, A2 aptamer bound also to the spike protein with nanomolar dissociation
constant. It would be interesting to test if this aptamer could attenuate infectivity of SARS-CoV-2.

TAdUTP augments nuclease resistance of aptamers.  Application of aptamers is frequently hindered
by omnipresent nucleases. Therefore, we assessed durability of our modified nucleotide holding aptamer by chal-
lenging it with a lung epithelial cell line. A549 cells were incubated either with D4 aptamer or with its variant in
which TAdUTP was replaced by dUTP, and the concentration of the oligonucleotides were determined by real-
time PCR (Fig. 3). Calculation of the relative quantities of the oligonucleotides clearly demonstrated elevated
stability of the modified D4 aptamer. Approximately a third of the modified aptamer was present even after 24 h
incubation, while only a few percent of the original concentration was detectable in the case of TAdUTP lacking
the oligonucleotide. The calculated half-life of the two oligonucleotides also confirmed the observed stability
differences, i.e., reaching half of the original modified aptamer concentration took 12.7 h that is roughly eight
times longer than the those seen with the non-modified nucleotide possessing oligonucleotides. These data sug-
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Figure 3. Stability of a modified and a non-modified aptamer was demonstrated by incubating A549 cells with
aptamer infused growth media. The oligonucleotide concentration was determined by real-time PCR at the
indicated time points. The degradation of aptamers was remarkably different, the modified aptamer seems to
possess an approx. 8 times longer half-life in comparison to its non-modified variant. Error bars represent the
standard deviation of three individual experiments (N =3).
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gest that aptamers with TAdUTP could withstand prevailing conditions of the lung epithelial cell culture for
many hours.

Modified aptamers possess antiviral effect on A549 cells similar to that of palivizumab. Fol-
lowing in vitro characterization of the selected aptamers, we embarked on studying their virus infection inhib-
iting potential. Recombinant green fluorescent protein (GFP)-expressing RSV (rgRSV) carries the GFP gene
prior to the full-length genome of RSV thus the infection is conveniently traceable by measuring fluorescence
of the virus exposed cells*®. First, to determine the optimal experimental conditions, a monolayer of A549 cells
were infected with recombinant RSV expressing green fluorescent protein (rgRSV) and the fluorescence inten-
sity were measured for 72 h. The obtained data showed that the signal peaked at 48 h; thus, this incubation
time was applied in the ensuing experiments (Figure S4). In these treatment conditions, the modified aptamers
remained relatively intact as opposed to the non-modified aptamers (Fig. 3).

Next, we chose 6 aptamers for viral inhibition studies, two of them, D4 and H9, were amongst the best per-
formers both in AlphaScreen and MST measurements; A2 and G6 were outstanding according to AlphaScreen
and MST studies, respectively; B1 and H8 were selected randomly from the previously analysed 14 aptamers
(Figure S6). RgRSV was preincubated with either palivizumab or aptamers and added to A549 cells. Following
the removal of rgRSV and washing the cells, the virus infected cell generated fluorescence signal was determined
for 48 h. Both palivizumab and modified aptamer preincubated samples showed a strong decrease in fluores-
cence signal in comparison to control samples without palivizumab and aptamer. Importantly, the non-relevant
or non-modified nucleotide holding aptamer (Table S3) preincubated rgRSV mixtures produced fluorescence
intensity that were similar to controls without antibody or aptamer (Fig. 4A). To better assess the antiviral effect
of the aptamers, the area under the curve (AUC) was calculated from obtained growth curves, and it suggested
at least a 50% decrease of infection upon treatment of cells with either palivizumab or aptamer preincubated
rgRSV (Fig. 4B). To provide further evidence for the reduction of virus infection, we applied a very different
methodological approach, that is, the measurement of the amount of viral RNA by rt-qPCR. Although decrease
of viral RNA concentration was less significant the those of GFP level in the presence of aptamers, the rt-qPCR
provided data were in concert with the AUC calculations thus corroborated the inhibitory effect of aptamers on
RSV infection (Fig. 4C).

After demonstrating that our SELEX protocol resulted in modified aptamers that could effectively restrict
RSV infection at nM concentrations, we embarked on further studies of the outstanding aptamers. A dose
response assay was carried out with a series of concentrations of aptamers that performed equally well both in
ALPHA and MST (D4 and H9). The dose-dependent decrease in the growth curves of rgRSV in samples which
were preincubated with the modified aptamers showed that both D4 and H9 efficiently protect against rgRSV
infection. The half maximal inhibitory concentration (ICs,) values of both aptamers were comparable to those
of palivizumab; they fell in the low nanomolar range (Fig. 4 D, E, F and G, H, I). Dose response of the other four
aptamers and non-modified versions of D4 and H9 were also studied (Figure S7). Interestingly, G6 aptamer,
which produced highest signal in AlphaScreen but possessed low affinity according to the MST measurement,
also exhibited similar virus neutralizing property to that of Palivizumab.

Lastly, considering the most striking cytopathologic effect of RSV infection, we examined syncytia forma-
tion of A549 cells. The light and fluorescence microscopy observations also confirmed the above findings since
the syncytia formation was equally reduced in wells where rgRSV was preincubated either with palivizumab
or with D4 and H9 aptamers (Figure S8). Altogether, the RSV-inhibitory effect of selected aptamers has been
demonstrated with distinctly different approaches.

Modified aptamers have no effect on the viability of A549 cells. Considering the therapeutic
potential of the aptamers, we set out to test the putative cytotoxicity of modified aptamers. A549 cells were incu-
bated with various modified, non-modified aptamers and palivizumab at 10 nM concentration for 48 h and their
viability was assessed by a resazurin-based approach. The fluorescence measurements showed that neither the
palivizumab nor any of the aptamers had detectable influence on cell viability (Fig. 5A). To determine the 50%
cytotoxicity concentration (CCsy), A549 cells were treated with a dilution range of one of the most promising
aptamer candidates (D4) and a non-relevant aptamer. According to the obtained data, no significant viability
change was detected even at the highest applied, 50 nM concentration (Fig. 5B). These results indicate that cyto-
toxicity is not expected to hinder therapeutic application of modified aptamers.

Discussion

Although a battery of virus selective aptamers has been generated, only a minority of them hold modified
nucleotides and only two of them have been tested as potential drug candidates. Both are RNA aptamers and
2’-hydroxyl, -fluoro and -methyl modifications were applied to increase their nuclease resistance. A further
common characteristic of these aptamers is that both target specific internal (unexposed) enzymes of Hepatitis
C Virus and Japanese Encephalitis Virus, i.e., the NS5B replicase and methyltransferase, respectively'®*. The
consequence of targeting proteins that are not surface exposed and only expressed intracellularly is the require-
ment of internalization of the aptamers into the cells for blocking virus replication. Indeed, these aptamers were
driven into the cells either by lipofectamine-based transfection or by cholesterol conjugation.

We consider the therapeutic application of virus surface protein binding aptamers more straightforward and
potentially more effective; therefore, a stabilised variant of prefusion F protein was utilized as a target of SELEX.
To increase the success rate of selection and durability of aptamers in physiological conditions, a base modified
DNA oligonucleotide library with tryptophan-like side chains was used during each step of the SELEX procedure.
Furthermore, considering that the most effective RSV neutralizing antibodies are known to bind prefusion F
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Figure 4. Modified aptamers exhibit antiviral effect upon RSV infection. Total fluorescence (TF) was measured
of the rgRSV infected A549 cell culture (MOI of 1). Palivizumab or the aptamers (A2, B1, D4, G6, H8, H9,
non-modified and non-relevant aptamers) were pre-incubated with rgRSV prior to infection. (A) Lower TF

is measured when rgRSV is pre-treated with modified aptamers or palivizumab in comparison to infection

with mock-treated RSV. The non-modified aptamer or a non-relevant aptamer had marginal effect on virus
neutralization. (B) Area under the curve (AUC) was calculated, mean and standard deviations of three replicates
are shown. (C) Rt-qPCR of the viral RNA (performed 48 h post-infection) in infected A549 cells verifies the
antiviral effect of modified aptamers (D, G). The most promising aptamer candidates, D4 and H9, demonstrate
the highest virus neutralizing capability. (E, H) Percent inhibition (calculated from the AUC) compared to

the mock-treated rgRSV control. RgRSV infection is reduced by palivizumab and D4 or H9 in a very similar,
concentration dependent manner. Error bars indicate the standard deviation of three individual experiments
(N'=3), the dashed lines indicate 50% inhibition. (F, I) Reduction in the amount of viral genome detected in the
infected A549 cells also signifies the antiviral effect of the modified aptamers. P-values were calculated using
unpaired t-test by comparing the “RSV only” group to the other groups (*P<0.05, **P<0.005, ***P<0.001,
**##4P<0.0001, ns =not significant).

specific antigenic sites, the postfusion form of protein F was used either as a competitor within the binding phase
of selection or as an immobilised target of counter-selection steps. Application of the modified nucleotide and the
stringent counter selection resulted in aptamers that favour the prefusion over the postfusion form of F protein
thus are expected to have enhanced virus infection inhibiting capability. Interestingly, the modified nucleotide
was enriched in all studied aptamers hinting the importance of the indolyl group rendered hydrophobicity in the
aptamer-protein complex formation. Presumably, the modified nucleotides enabled the interaction between the
aptamer and the hydrophobic amino acid stretch of the prefusion F specific antigenic site @.

Sanger sequencing and in silico analysis of the SELEX obtained oligonucleotides resulted in identification of
a panel of singletons and nucleic acid sequences which were present in three copies but no common motif of the
oligonucleotides could be identified. Since the computational analysis did not provide obvious data to guide the
identification of the most promising aptamer candidates, all identified oligonucleotides were examined by in vitro
methods. Two generally leveraged homogenous assays, ALPHA and MST, were applied for screening and affinity
determination of oligonucleotides, respectively. The two approaches provided partially contradictory results,
i.e., the best performers of ALPHA measurements were not identical with the lowest K, possessing aptamers.
This phenomenon is however not unprecedented; it has been described that the various methods could provide
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Figure 5. (A) Viability of A549 cells treated with aptamers and palivizumab. Cells were incubated with 10 nM
of aptamers or palivizumab for 48 h, then their viability was assessed. Neither Palivizumab, nor any of the
aptamers had a significant detrimental effect on the cell viability after 48 h. (B) Dose-dependent effect of one
of the most promising modified aptamer candidates and a non-relevant aptamer on the viability of A549 cells.
Cells were incubated with 50, 25 and 10 nM of modified aptamer or non-relevant aptamer for 48 h, then their
viability was assessed. Neither the modified aptamer, nor the non-relevant aptamer had a detrimental effect on
the cell viability after 48 h. Error bars indicate the standard deviation of three individual experiments (N =3).

dissimilar result for the very same molecular interactions*’. These results highlight the importance of applying
different methods for identification of the prime aptamer candidates.

In vitro screening and characterisation of the selected oligonucleotides is a crucial step of aptamer generation
but the data provided by these approaches have to be handled cautiously. Analysis of the virus inhibitory potential
of the six aptamers demonstrated that the virus infection blocking capacity of the aptamers is not necessarily
proportional to the AlphaScreen or MST data. According to the virus infection generated fluorescence, all stud-
ied aptamers prevent the virus infection with a comparable efficiency. These data were also supported by viral
genome quantifying RT-qPCR measurements; though, the difference between the samples were not that obvious.

This somehow unexpectedly modest difference of viral RNA levels in aptamer treated versus non-treated
samples could be explained by the long incubation time of the shown experiments. The release of progeny virus
begins by 10-12 h following infection, peaks at 24 h, and persist until the cells deteriorate by 30-48 h*' In the
presented experiments, the viruses were washed off after 1.5 h incubation; thus, the progenies of the first infecting
viruses could invade the cells in absence of aptamers. Consequently, RT-qPCR data that were generated from
48 h samples indicate the viral number resulting from up to four replication cycles. On the other hand, it has
been shown that GFP-transfected cells diminish their fluorescence intensity upon apoptosis and necrosis which
are expected outcomes of long-term incubation times*?. It would be instructive to see if the secondary infection
can be constrained if the cell culture is complemented with aptamers.

The implemented dose response assays demonstrated that the low nanomolar half maximal inhibitory con-
centration values of our aptamers are comparable to those of Palivizumab. These data encouraged us to study
those attributes of the aptamers which could hinder their therapeutic application. It has been described that
phosphorothioate and 2’ fluoro modified nucleotide composed oligonucleotides could lead to cell death by trig-
gering the p53 pathway***. Our analysis showed no cytotoxicity of the aptamers even following 48 h incubation
at ten times of ICs, oligonucleotide concentration. Although we did not study activation of the apoptotic path-
ways, these results indicate that TAAUTP modified oligonucleotides do not have detrimental effects on the cells.

A further bottleneck of clinical application of aptamers is their nuclease sensitivity. It has previously been
reported that the incorporation of hydrophobic modifications at 5-position of pyrimidine nucleotides imparts
a substantial increase in resistance to degradation in human plasma®. Our results are in accordance with these
findings; introduction of the indolyl group to the 5-position of dUTP resulted in about eight times longer half-
life of the oligonucleotide in lung epithelial cell culture. Of note, our studied oligonucleotides were not protected
against exonucleases; therefore, a simple 3capping such as addition of an inverted nucleotide is expected to
enhance further stability of TAdUTP modified aptamers.

We believe that the presented results testify that virus surface protein targeting modified aptamers could yield
efficient and cost-effective drug candidates, which could keep pace with the continuously evolving pathogenic
viruses.
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Materials and methods

Generation of tryptamino-modified aptamer library. The modified nucleotide, 5-[(3-Indolyl)propi-
onamide-N-allyl]-2’-deoxyuridine-5’-triphosphate (TAAUTP) and CleanAmp dATP, dCTP and dGTP was pur-
chased from TriLink. To generate the tryptamino-modified library, a water-in-oil emulsion PCR reaction were
set up by using 1 xKOD XL reaction buffer, 0.2 mM dNTP mixture (containing dATP, dCTP, dCTP, TAdUTP
in 2.5 mM concentration each), 2.5 U of KOD XL, 40 upM and 200 nM final primer and template concentra-
tions, respectively. The PCR mixture was emulsified according to the manufacturer’s protocol (Micellula DNA
Emulsion & Purification Kit (Roboklon)). PCR products from the emulsion were recovered using OligoClean
& Concentrator Kit (ZymoResearch) according to the manufacturer’s protocol. The applied primers and oligo-
nucleotides were synthesised by IBA, the detailed sequences can be found in Table S1. Amplification conditions
were: 3 min denaturation at 95 °C, 7 cycles of 95 °C for 30 s, 60 °C for 5 s, 72 °C for 30 s, and a final extension at
72 °C for 3 min. The PCR products were analysed by 10% polyacrylamide gel electrophoresis and 1 pL of GeneR-
uler Low Range DNA Ladder was used as molecular weight marker.

Production of prefusion and postfusion RSV F. Both prefusion (DS-Cavl) and postfusion forms
of trimeric RSV F were produced by transient transfection, and purified by conventional chromatography as
described previously'. In both cases, final size-exclusion chromatography step was utilized to ensure trimeric
homogeneity of the F protein.

Selection of RSV F protein selective modified aptamers. The SELEX conditions applied for the
generation of RSV F protein selective aptamers is described in the Supplemental data file according to the MAPS
guidelines*. In short, the stabilised form of prefusion (“DS-Cav1”) and postfusion F protein was used as targets
and negative targets of SELEX, respectively. 5.7 mg of beads from MACSflex™ MicroBead Starting Kit (Miltenyi
Biotec) was reconstituted in 257 ul of Reconstitution Buffer. This bead was modified using 15 pg of prefusion
or postfusion F protein in 25 pl of MES buffer by O/N incubation at 4 °C. Success of immobilization was deter-
mined using SDS-PAGE and Coommassie-blue staining.

An aptamer selection was performed to generate RSV F protein selective aptamers using the generated tryp-
tophan-like side chain holding aptamer library. The SELEX of RSV F specific modified aptamers were obtained
by 7 iterative cycles with increasing selection pressure. The modified oligonucleotide library was heated to 95 °C
for 5 min and immediately cooled on ice. First, approx. 1 nmole of the oligonucleotide library was incubated with
non-modified Miltenyi beads in selection buffer (10 mg/L BSA, 0.02% Tween 20, 1 mg/L Salmon sperm DNA,
10 mg/L mucin in PBS) for 60 min using mild shaking to exclude the bead and mucin binding oligonucleotides.
The F protein modified beads were incubated with the supernatant of the previous step for 30 min, then washed
with 2 x 1000 pl PBS, followed by isolation of DNA pool using alkali elution and neutralization of protein F-bound
oligonucleotides. Water-in-oil emulsion PCR was carried out to amplify the bound sequences using Micellula
DNA Emulsion & Purification Kit (Roboklon). The PCR mixture contained KOD XL 1 x reaction buffer, 0.025 U/
ul of KOD XL polymerase (Toyobo) 0.4-0.4 uM of untagged forward and biotinylated reverse primers of L8
library, and 0.1 mM each CleanAmp dATP, dGTP, dCTP mixed with TAAUTP in 50 ul. PCR products from the
emulsion were recovered using OligoClean & Concentrator Kit (ZymoResearch) according to the manufacturer’s
protocol. Amplification conditions were: 3 min at 94 °C, 25 cycles of 94 °C for 30 s, 60 °C for 5 s, 74 °C for 30 s
and 74 °C for 5 min after the last cycle. The success of amplification was monitored by 10% polyacrylamide gel
electrophoresis and staining with GelGreen DNA dye (Biotium).

For the regeneration of ssDNA by alkali denaturation, the PCR product was coupled to 25 ul streptavidin-
coated paramagnetic beads (Dynabeads Streptavidin, M-280, Thermo Scientific) for 15 min and washed with
3% 1000 pl of PBS. The non-biotinylated strands were separated from the immobilized complementary strand
by 10 min incubation with 50 pl of fresh 20 mM NaOH. The eluted ssDNA was immediately neutralized by
addition of 7.5 ul of 200 mM NaH,PO,. In the following rounds of selection, the postfusion form of F protein
was used either coupled to paramagnetic beads as a counter-target molecule (in rounds no. 4, 6, and 7) or the
selection buffer was complemented with an excess of postfusion F (5-10 times in excess to the prefusion form
inround 2, 3, 5, and 7). To further increase the selection pressure, the incubation conditions and washing steps
were changed. In round 4, 5, 6, 7 the incubation time was reduced to 25, 20, and 15 min, respectively. In the third
round an additional washing step with 1 ml of 0.15 mM dextran-sulphate in PBS (pH 7.4) was also introduced, in
the fourth round, the bound sequences were challenged by washing the beads with 1 ml of 18 uM L-tryptophan
solution as well. In the final selection round, the incubation time was 15 min and the beads were washed twice
with 1 ml of 0.3 mM dextran-sulphate solution, twice with 1 ml of 18 uM L-tryptophan solution and twice with
PBS solution. The PCR product of the last selection step was inserted into a cloning vector (Zero Blunt TOPO
PCR Cloning Kit, Thermo Fischer Scientific) and transformed into One Shot™ TOP10 Chemically Competent
E. coli cells (Invitrogen). 130 of the colonies were analysed by colony PCR (using an M13 primer set, Table S1)
and capillary electrophoresis (LabChip GX, PerkinElmer) using the DNA 1 K Reagent Kit with DNA HT 5 K
LabChip single sipper chip. For the latter, the colony PCR products were diluted 40 x in TE buffer. The sequences
of colony PCR products of correct size were determined by Sanger sequencing.

Generation of modified aptamers. AlphaScreen requires biotinylated aptamers which were gener-
ated by PBA-PCR (primer blocked asymmetric PCR). The 25 ul PCR mixture contained KOD XL 1 x reaction
buffer, 0.025U/ul of KOD XL polymerase, 0.5 pM of biotinylated forward primer, 25 nM untagged reverse
primer, 475 nM 3’-P reverse primer, 0.2 mM each CleanAmp dATP, dGTP, dCTP mixed with TAdUTP, 0.5 ul
of 40 x diluted colony PCR template. Amplification conditions were: 3 min at 94 °C, 45 cycles of 94 °C for 30 s,
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60 °Cfor 5,74 °C for 30 s and 74 °C for 5 min after the last cycle. Following PCR, the complement of the reverse
primer was added at 5 uM concentration, the mixture was heated to 95 °C for 10 min.

Cy5-labelled modified and non-modified aptamers were generated for MST and virus neutralization assays.
For the modified aptamers, the 50 ul PCR mixture contained KOD XL 1 x reaction buffer, 2 U of KOD XL poly-
merase, 1 pM of Cy5-labelled forward primer and biotin-labelled reverse primer, 0.2 mM each CleanAmp dATP,
dGTP, dCTP mixed with TAdUTP, 0.5 pl of 40 x diluted colony PCR template. For the non-modified aptamers, a
dUTP mix (Bioline), containing dATP, dGTP, dCTP and dUTP, was used as substrate for the reaction. Amplifica-
tion conditions were: 3 min at 94 °C, 30 cycles of 94 °C for 30 s, 60 °C for 5 s, 74 °C for 30 s and 74 °C for 5 min
after the last cycle. Single-stranded DNA was regenerated using akali denaturation as described in “Selection of
RSV F protein selective modified aptamers”

The success of amplification was monitored by 10% polyacrylamide gel electrophoresis and staining with
GelGreen DNA dye.

Screening of aptamers. The interaction assays were performed using white 384-well Optiplates (Perki-
nElmer) in total volume of 18 ul using Protein A acceptor and Streptavidin donor beads (PerkinElmer). Varying
amounts of the prefusion and postfusion form of RSV F protein in PBS supplemented with mucin (10 mg/L),
BSA (1 mg/ml), and Salmon sperm DNA (1 mg/L) were incubated with 10 nM final concentration of modified
biotinylated aptamer and protein F selective antibody (Palivizumab, AstraZeneca). Following 20 min incubation
at RT, the acceptor and donor beads were added at 20 mg/L final concentrations in two steps. First, the Protein A
acceptor beads were added and incubated for 30 min at RT and that was followed by the addition of Streptavidin
donor beads and further 30 min incubation. Fluorescent signal was detected by using an EnSpire multilabel plate
reader (PerkinElmer).

Microscale thermophoresis. 10, 15 or 20 nM of Cy5-labelled aptamers were mixed with a 16-fold, 1:1
serial dilution of protein (human metapneumovirus fusion protein (MPV, variant v3B), human parainfluenza
virus type 3 fusion protein (PIV3, Q162C-L168C, 1213C-G230C, A463V, 1474Y variant), SARS-CoV-2 spike
protein (S-2P variant), influenza H1 hemagglutinin protein (§106 DS26r). All mixtures were prepared in 0.05%
Tween 20 in PBS and the measurement was carried out in Monolith NT™ Standard capillaries (NanoTemper
Technologies). Excitation power and MST power of Microscale Thermophoresis instrument (Monolith NT.115,
NanoTemper Technologies) was set to 50% and 20%, respectively, the temperature was set to 25 °C during the
measurements. All obtained data was analysed using the MO.Affinity Analysis v2.3 software (NanoTemper Tech-
nologies), where dissociation constants were calculated from the fitted curve using Michaelis—-Menten kinetics.

Cultivation of A549 cell line and rgRSV(224).  A549 cells were cultured in complete media consisting of
Dulbecco's MEM (Gibco) modified with 10% FBS (Gibco) and 1% PenStrep (Gibco). Confluent cells were split
every 3 or 4 days. RgRSV(224) was cultured as described elsewhere?.

In vitro virus neutralization assay. A549 cells were seeded in a 96-well black clear bottom plate at
2.5%10* cells/well in DMEM (10% FCS, 1% PenStrep (Gibco)) and cultured at 37 °C, 5% CO,. At 24 h post-
seeding, cells were washed with sterile PBS two times and infected with rgRSV(224) at multiplicity of infection
(MOI) of 1. Dilutions were previously made from rgRSV in DMEM (1% PenStrep, omitting FCS), palivizumab
and aptamers are added in a final concentration of 1, 2.5, 5 or 10 nM. Pre-incubation of antiviral agents and RSV
were carried out for 1.5 h at 37 °C, 5% CQO,. Prior to infection, A549 cells were washed 2 times with 100 uls of
PBS, the pre-incubated samples were added and mixture were incubated for 1.5 h at 37 °C, 5% CO,. Infected cells
were washed 2 times with PBS, then 100uls of DMEM (10%FCS, 1% PenStrep) was added to each well. Every
treatment was carried out in triplicates. The plate was transferred to the humidity chamber of a fluorescent plate
reader (Tecan Spark), and measurement of generated fluorescence was performed for 48 h at 37 °C, 5% CO,.
Infected cells were also imaged using fluorescence microscopy (Leica DMIL LED Inverted Routine Fluores-
cence Microscope, 20 x objective). Cells were then lysed with iScriptTM RT-qPCR Sample Preparation Reagent
according to the manufacturer’s protocol.

Rt-qPCR of RSV infected cells. Reverse transcription of the viral genome in the cell lysates was carried
out using iScript™ Reverse Transcription Supermix for RT-qPCR. Then, qPCR of the cDNA was performed using
a primer set for the N gene of RSV# and ACTB (Applied Biosystems, TagMan Assay ID: Hs99999903_m1) as a
housekeeping gene, mixed with and SsoAdvanced Universal SYBR Green Supermix or SsoAdvanced Universal
Probe Supermix and measured by CFX real-time PCR system. QPCR cycling conditions were as follows: 95 °C
for 3 min, 50 cycles of 95 °C for 10 s, 60 °C for 20 s; followed by melting curve analysis. Data was analysed using
CFX Maestro (BioRad).

Cell viability assay. A549 cells were seeded in a 96-well black clear bottom plate at 2.5x 10* cells/well in
DMEM (10% FCS, 1% PenStrep (Gibco)) and cultured at 37 °C, 5% CO,. At 24 h post-seeding, cells were treated
with a dilution series of modified aptamers. Cells treated with PBS were used as a negative control. After 48 h, the
cell viability was assessed using the CellTiter Blue kit (Promega) according to the manufacturer’s instructions.
Fluorescence was detected on the Spark Plate Reader (Tecan).

Assessment of the degradation of aptamers.  A549 cells were seeded in a 96-well black clear bottom
plate at 2.5x 10* cells/well in DMEM (10% FCS, 1% PenStrep (Gibco)) and cultured at 37 °C, 5% CO,. At 24 h
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post-seeding, cells were washed with sterile PBS two times. DMEM (10% FCS, 1% PenStrep) was mixed with the
aptamers in the final concentration of 10 nM and added to A549 cells. Samples were taken from the supernatant
of cells after 0h, 0.5h, 1 h, 2 h, 4 h, 8 h and 24 h of incubation, then snap frozen in liquid nitrogen immediately.
Next, QPCR was carried out using QuantStudio 12 K Flex PCR System. The 10 ul PCR mixture consisted of 0.4 pul
of 10 uM unlabeled reverse and forward primer each, 5 pl of qPCRBIO SyGreen Mix Lo-ROX (PCR Biosystems),
2 ul sample, 2.2 pl nuclease-free water. The reaction conditions of real-time qPCR were the following: initial
denaturation for 2 min at 95 °C, followed by 40 cycles of denaturation for 5 s at 95 °C, annealing for 20 s at 60 °C.
Melting curve analysis was performed from 60 °C to 95 °C.

Statistical analysis. All graphs were plotted, and statistical analyses were performed using GraphPad
Prism (version 9.1.2.). Graphs represent the mean of three replicates + standard deviation. P-values were calcu-
lated using unpaired t-test (*P<0.05, **P<0.005, ***P <0.001, ****P<0.0001, ns =not significant). Area under
the curve (AUC) was calculated using the obtained fluorescence intensity 0-30 h post-infection. The percentage
of inhibition was calculated using the following formula: (1—(AUC of sample / AUC of mock-treated rgRSV
infected cells)) x 100. The inhibitory concentration of aptamers that reduced viral levels by 50% (IC,) was esti-
mated by fitting a nonlinear curve of variable slope to the percentage of inhibition of samples.

Data availability

The data underlying Figs. 2, 3, 4 and 5, as well as all Supplemental figures are enclosed in the Supplemental data
file. Any additional data from this study is available from the corresponding author (meszaros.tamas@med.
semmelweis-univ.hu) upon reasonable request. Supplemental information is provided with this paper.

Received: 27 February 2023; Accepted: 3 June 2023
Published online: 09 June 2023

References
1. Vasconcelos, M. K. et al. Aetiology of acute respiratory infection in preschool children requiring hospitalisation in Europe: Results
from the PED-MERMAIDS multicentre case-control study. BMJ Open Respir. Res. 8, 887 (2021).
2. Ngocho, J. S. et al. Viral-bacterial (co-)occurrence in the upper airways and the risk of childhood pneumonia in resource-limited
settings. J. Infect. 81, 213 (2020).
3. Scheltema, N. M. et al. Respiratory syncytial virus prevention and asthma in healthy preterm infants: A randomised controlled
trial. Lancet Respir. Med. 6, 257-264 (2018).
4. Shi, T. et al. Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial
virus in young children in 2015: A systematic review and modelling study. Lancet (London, England) 390, 946 (2017).
5. Kutter, J. S. et al. Small quantities of respiratory syncytial virus RNA only in large droplets around infants hospitalized with acute
respiratory infections. Antimicrob. Resist. Infect. Control 10, 1-8 (2021).
6. Kulkarni, H. et al. Evidence of respiratory syncytial virus spread by aerosol time to revisit infection control strategies?. Am. J.
Respir. Crit. Care Med. 194, 308-316 (2016).
7. DiMattia, G. et al. During the COVID-19 pandemic where has respiratory syncytial virus gone?. Pediatr. Pulmonol. 56, 3106-3109
(2021).
8. Battles, M. B. et al. Molecular mechanism of respiratory syncytial virus fusion inhibitors. Nat. Chem. Biol. 12, 87 (2016).
9. Yu,]. M,, Fu, Y. H, Peng, X. L., Zheng, Y. P. & He, ]. S. Genetic diversity and molecular evolution of human respiratory syncytial
virus A and B. Sci. Rep. 111(11), 1-11 (2021).
10. Yunus, A. S. et al. Elevated temperature triggers human respiratory syncytial virus F protein six-helix bundle formation. Virology
396, 226 (2010).
11. McLellan, J. S. et al. Structure of RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing antibody. Science 340,
1113-1117 (2013).
12. McLellan, J. S. et al. Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus. Science 342, 592 (2013).
13. Woolhouse, M., Scott, E, Hudson, Z., Howey, R. & Chase-Topping, M. Human viruses: Discovery and emergence. Philos. Trans.
R. Soc. B Biol. Sci. 367, 2864 (2012).
14. Langedijk, A. C. et al. A systematic review on global RSV genetic data: Identification of knowledge gaps. Rev. Med. Virol. 32, 32
(2022).
15. Chaudhuri, S., Symons, J. A. & Deval, ]. Innovation and trends in the development and approval of antiviral medicines: 1987-2017
and beyond. Antiviral Res. 155, 76-88 (2018).
16. Perry, C. M. & Balfour, J. A. B. Fomivirsen. Drugs 57, 375-380 (1999).
17. Szeitner, Z., Andriés, J., Gyurcsanyi, R. E. & Mészaros, T. Is less more? Lessons from aptamer selection strategies. J. Pharm. Biomed.
Anal. 101, 58-65 (2014).
18. Tuerk, C. & Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymer-
ase. Science 249, 505-510 (1990).
19. Kim, T. H. & Lee, S. W. Aptamers for anti-viral therapeutics and diagnostics. Int. . Mol. Sci. 22, 4185 (2021).
20. Valero, J. et al. A serum-stable RNA aptamer specific for SARS-CoV-2 neutralizes viral entry. Proc. Natl. Acad. Sci. U. S. A. 118,
€2112942118 (2021).
21. Sanchez-Béscones, E., Parra, E. & Lobo-Castaiion, M. J. Aptamers against viruses: Selection strategies and bioanalytical applica-
tions. TrAC Trends. Anal. Chem. 143, 116349 (2021).
22. Tuerk, C., Macdougal, S. & Gold, L. RNA pseudoknots that inhibit human immunodeficiency virus type 1 reverse transcriptase.
Proc. Natl. Acad. Sci. U. S. A. 89, 6988-6992 (1992).
23. Song, Y. et al. Discovery of aptamers targeting the receptor-binding domain of the SARS-CoV-2 Spike glycoprotein. Anal. Chem.
92, 9895-9900 (2020).
24. Bellecave, P. et al. Selection of DNA aptamers that bind the RNA-dependent RNA polymerase of hepatitis C virus and inhibit viral
RNA synthesis in vitro. Oligonucleotides 13, 455-463 (2003).
25. Lai, H. C., Wang, C. H,, Liou, T. M. & Bin, G. L. Influenza A virus-specific aptamers screened by using an integrated microfluidic
system. Lab Chip 14, 2002-2013 (2014).
26. Escudero-Abarca, B. I, Suh, S. H., Moore, M. D., Dwivedi, H. P. & Jaykus, L. A. Selection, characterization and application of
nucleic acid aptamers for the capture and detection of human norovirus strains. PLoS ONE 9, 106805 (2014).
27. Pfeiffer, F. et al. Identification and characterization of nucleobase-modified aptamers by click-SELEX. Nat. Protoc. 13, 1153-1180
(2018).

Scientific Reports |

(2023) 13:9403 | https://doi.org/10.1038/s41598-023-36428-2 nature portfolio



www.nature.com/scientificreports/

28. Keefe, A. D. & Cload, S. T. SELEX with modified nucleotides. Curr. Opin. Chem. Biol. 12, 448-456 (2008).

29. Lipi, E, Chen, S., Chakravarthy, M., Rakesh, S. & Veedu, R. N. In vitro evolution of chemically-modified nucleic acid aptamers:
Pros and cons, and comprehensive selection strategies. RNA Biol. 13, 1232-1245 (2016).

30. Gold, L. et al. Aptamer-based multiplexed proteomic technology for biomarker discovery. PLoS ONE 5, e15004 (2010).

31. Percze, K. et al. Aptamers for respiratory syncytial virus detection. Sci. Rep. 7, 42794 (2017).

32. Percze, K. & Mészéros, T. Analysis of modified nucleotide aptamer library generated by thermophilic DNA polymerases. Chem-
BioChem 21, 2939-2944 (2020).

33. Tolnai, Z. et al. A simple modification increases specificity and efficiency of asymmetric PCR. Anal. Chim. Acta 1047, 225-230
(2019).

34. Stewart-Jones, G. B. E. et al. Interprotomer disulfide-stabilized variants of the human metapneumovirus fusion glycoprotein induce
high titer-neutralizing responses. Proc. Natl. Acad. Sci. U. S. A. 118, 2106196118 (2021).

35. Stewart-Jones, G. B. E. et al. Structure-based design of a quadrivalent fusion glycoprotein vaccine for human parainfluenza virus
types 1-4. Proc. Natl. Acad. Sci. U. S. A. 115, 12265-12270 (2018).

36. Wrapp, D. et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 367, 1260-1263 (2020).

37. Moin, S. M. et al. Co-immunization with hemagglutinin stem immunogens elicits cross-group neutralizing antibodies and broad
protection against influenza A viruses. Immunity https://doi.org/10.1016/j.immuni.2022.10.015 (2022).

38. Hallak, L. K., Spillmann, D., Collins, P. L. & Peeples, M. E. Glycosaminoglycan sulfation requirements for respiratory syncytial
virus infection. J. Virol. 74, 10508-10513 (2000).

39. Han, S. R. & Lee, S. W. Inhibition of Japanese encephalitis virus (JEV) replication by specific RNA aptamer against JEV methyl-
transferase. Biochem. Biophys. Res. Commun. 483, 687-693 (2017).

40. McKeague, M. et al. Comprehensive analytical comparison of strategies used for small molecule aptamer evaluation. Anal. Chem.
87, 8608-8612 (2015).

41. Collins, P. L., Fearns, R. & Graham, B. S. Respiratory syncytial virus: Virology, reverse genetics, and pathogenesis of disease. Curr.
Top. Microbiol. Immunol. 372, 3 (2013).

42. Strebel, A., Harr, T., Bachmann, E, Wernli, M. & Erb, P. Green fluorescent protein as a novel tool to measure apoptosis and necrosis.
Cytom. J. Int. Soc. Anal. Cytol.. https://doi.org/10.1002/1097-0320 (2001).

43. Burdick, A. D. et al. Sequence motifs associated with hepatotoxicity of locked nucleic acid-modified antisense oligonucleotides.
Nucleic Acids Res. 42, 4882-4891 (2014).

44. Shen, W. et al. Acute hepatotoxicity of 2’ fluoro-modified 5-10-5 gapmer phosphorothioate oligonucleotides in mice correlates
with intracellular protein binding and the loss of DBHS proteins. Nucleic Acids Res. 46, 2204-2217 (2018).

45. Gupta, S. et al. Chemically modified DNA aptamers bind interleukin-6 with high affinity and inhibit signaling by blocking its
interaction with interleukin-6 receptor. J. Biol. Chem. 289, 8706-8719 (2014).

46. Calzada, M. M. V. et al. The minimum aptamer publication standards (MAPS guidelines) for de novo aptamer selection. Aptamers
6,10-18 (2022).

47. Hu, A,, Colella, M., Tam, J. S., Rappaport, R. & Cheng, S.-M. Simultaneous detection, subgrouping, and quantitation of respiratory
syncytial virus A and B by real-time PCR. J. Clin. Microbiol. 41, 149 (2003).

Acknowledgements

Funded in part by the Intramural Research Program of the Vaccine Research Center, NIAID, NIH (ZIA
AJ005024-22) and by the Hungarian National Research, Development and Innovation Office (NKFIH grant
number: ANN-139564). Project no. TKP2021-EGA-24 has been implemented with the support provided by the
Ministry of Innovation and Technology of Hungary from the National Research, Development and Innovation
Fund, financed under the TKP2021-EGA funding scheme. K.P. was supported by a Federation of European
Biochemical Societies (FEBS) Short-term fellowship.

Author contributions

T.M. and M.dJ. conceptualised this work; L.O. prepared Ds-Cav1 and postfusion F protein along with pre-fusion
trimers from human metapneumovirus and human parainfluenza virus type 3; H.D. provided hemagglutinin
trimer; A.S.O. provided SARS-CoV-2 spike; K.P. and T.M. designed and performed RSV F aptamer selection;
K.P, Z.].T. designed and performed aptamer characterization assays; K.P., M.E., M.dJ. designed and executed
virus neutralization experiments; K.P. analysed and interpreted the results; T.M., K.P., M.d], PD.K. wrote and
edited the manuscript. All authors reviewed the results and approved the final version of the manuscript. The
manuscript hasn’t been accepted or published elsewhere.

Funding

Open access funding provided by Semmelweis University.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-36428-2.

Correspondence and requests for materials should be addressed to T.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:9403 | https://doi.org/10.1038/s41598-023-36428-2 nature portfolio


https://doi.org/10.1016/j.immuni.2022.10.015
https://doi.org/10.1002/1097-0320
https://doi.org/10.1038/s41598-023-36428-2
https://doi.org/10.1038/s41598-023-36428-2
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:9403 | https://doi.org/10.1038/s41598-023-36428-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Tryptophan-like side chain holding aptamers inhibit respiratory syncytial virus infection of lung epithelial cells
	Results
	Selection of aptamers. 
	Screening and characterization of aptamer candidates. 
	TAdUTP augments nuclease resistance of aptamers. 
	Modified aptamers possess antiviral effect on A549 cells similar to that of palivizumab. 
	Modified aptamers have no effect on the viability of A549 cells. 

	Discussion
	Materials and methods
	Generation of tryptamino-modified aptamer library. 
	Production of prefusion and postfusion RSV F. 
	Selection of RSV F protein selective modified aptamers. 
	Generation of modified aptamers. 
	Screening of aptamers. 
	Microscale thermophoresis. 
	Cultivation of A549 cell line and rgRSV(224). 
	In vitro virus neutralization assay. 
	Rt-qPCR of RSV infected cells. 
	Cell viability assay. 
	Assessment of the degradation of aptamers. 
	Statistical analysis. 

	References
	Acknowledgements


