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Introduction

Oncolytic viruses (OVs) promise to significantly improve cur-
rent cancer treatments through their tumor-selective replication 
and multimodal attack against cancer cells.1 A variety of OVs 
have been adopted or specifically engineered to selectively kill 
cancer cells. Some of these are currently under clinical or pre-
clinical studies.2 Human trials have demonstrated that the use 
of OVs is safe with much less toxicity compared to standard 
forms of cancer therapy, such as chemo- and radiation ther-
apy.3 However, one of the biggest obstacles for OV therapy is 
the intravenous delivery of the virus, as it can be cleared from 
the bloodstream before it reaches the tumor cells. The virus 
in the bloodstream could be inactivated by complement pro-
teins4,5 or the reticuloendothelial system,6,7 but the most restric-
tive barrier to effective treatment is the acquired immunity to 
repeated infections due to neutralizing antibodies (nAbs) (Fig-
ure 1a).8–11 Several approaches to reduce the negative impact 
of adaptive immunity on OVs have been developed, such as 
the use OVs with cyclophosphamide as an immunosuppres-
sive drug,12 polymer-coated OVs to shield the virus from its 
nAbs13–15 and virus-preinfected T cells or syngeneic carrier 
cells that act as delivery vehicles to tumor sites and shield-
ing agents.16–19 Polymer coating and cell-based methodologies 
increase the virus stability in blood but significantly decrease 
the uptake of OVs by tumor cells due to blocking virus–cell 
receptor interactions. The last method requires patients’ own T 
cells to be isolated, activated, and infused back to the patients. 

This complicated procedure makes it difficult for clinical use. 
Development of aptamers binding to OVs and/or nAbs seems 
promising as they could allow the virus to escape the host 
immune mechanism and neutralization.

We have previously developed anti-nAbs aptamers and 
showed their potential in preventing nAbs from binding to an OV 
and inhibiting infection with flow cytometry and plaque forming 
assays.20 Additionally, we presented the development and use 
of anti-vesicular stomatitis virus (VSV) antibodies and applied 
these oligonucleotides in antibody displacement assays using 
biosensors.21 Here, we propose an improved aptamer-based 
technology to enhance the survival of OVs in the presence of 
nAbs. The technology is called Aptamer-Facilitated Virus Pro-
tection (AptaVIP) and is based on two types of DNA aptamers: 
blocking and shielding aptamers. Blocking aptamers bind to 
antigen-binding fragments (Fab) of nAbs (anti-nAbs aptamers) 
and prevent neutralization of a virus; shielding aptamers bind 
to the virus and mask it from recognition by nAbs allowing the 
virus to attach to and infect cancer cells (Figure 1b).

In this study, we used DNA aptamers with different affini-
ties to VSV, or to rabbit anti-VSV antibodies, selected by 
two modified SELEX procedures. VSV is one of the several 
potent OVs. It has a broad cancer cell tropism and is effec-
tive when administrated intravenously in several murine 
tumor models, which is hypothesized to be associated with 
its vulnerability to the interferon pathway.22–25 A mutation in 
the M protein of the virus (VSVΔ51) enhances this vulner-
ability resulting in improved tumor-cell selectivity.26 Plaque 
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Oncolytic viruses promise to significantly improve current cancer treatments through their tumor-selective replication and 
multimodal attack against cancer cells. However, one of the biggest setbacks for oncolytic virus therapy is the intravenous 
delivery of the virus, as it can be cleared from the bloodstream by neutralizing antibodies before it reaches the tumor cells. 
We have selected DNA aptamers against an oncolytic virus, vesicular stomatitis virus, using a competitive binding approach, 
as well as against the antigen binding fragment (Fab) of antivesicular stomatitis virus polyclonal antibodies, in order to shield 
the virus from nAbs and enhance its in vivo survival. We used flow cytometry to identify these aptamers and evaluated their 
efficiency to shield vesicular stomatitis virus in a cell-based plaque forming assay. These oligonucleotides were then modified 
to obtain multivalent binders, which led to a decrease of viral aggregation, an increase in its infectivity and an increase in 
its stability in serum. The aptamers were also incubated in nondiluted serum, showing their effectiveness under conditions 
mimicking those in vivo. With this approach, we were able to increase viral infectivity by more than 70% in the presence of 
neutralizing antibodies. Thus, this method has the potential to enhance the delivery of vesicular stomatitis virus through the 
bloodstream without compromising the patient’s immune system. 
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forming assay on cancer cells demonstrated aptamers’ abil-
ity to recover viral infectivity in the presence of rabbit serum 
containing neutralizing anti-VSV antibodies. By modifying 

these aptamers in order to obtain multivalent binders, we 
increased infectivity up to 77% as well as elevated serum 
stability of the aptamers.

Figure 1   General scheme of aptamer-facilitated protection of oncolytic virus from neutralizing antibodies. (a) Anti–vesicular stomatitis 
virus neutralizing antibodies bind to the viruses and cause several effects: (i) aggregation, (ii) blocking attachment of the virus to the cell 
membrane, and (iii) preventing uncoating of the virus inside the cell. (b) Aptamers blocking the Fab fragments of antibodies and shielding 
aptamers binding to the virus prevent the neutralization of the virus, thus allowing it to infect the cell.
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Figure 2  Selection of DNA aptamers to VSV and VSV-nAbs. (a) Selection of aptamers against VSV with 11 rounds of selection: (i) four 
positive rounds of selection, (ii) three negative rounds of selection against blood cells, and (iii) four rounds of selection using a competitive 
approach with a 96-well plate. Binding of resulting pools was analyzed by flow cytometry using FAM-labeled aptamer pools. (b) Selection 
of aptamers aginst VSV-nAbs with 15 rounds of selection. Each positive selection was preceded with a negative selection: (i) five negative 
selections against magnetic beads (MB), (ii) five rounds of negative selection against non-VSV Abs, and (iii) five rounds of selection against 
MB and non-VSV Abs. Binding of resulting pools was analyzed by flow cytometry using FAM-labeled aptamer pools. nAb, neutralizing antibody; 
VSV, vesicular stomatitis virus.
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Results
Selection of anti-VSV aptamers
Shielding aptamers against VSV were selected by 11 rounds 
of the cell-SELEX procedure21 at 37 °C, that is schematically 
represented in Supplementary Figure S1a. Briefly, each 
round of selection consisted of six steps: incubation of DNA 
library with VSV, removal of unbound DNA from VSV, nega-
tive selection against plastic vials, separation of bound DNA 
sequences from virus, DNA amplification by symmetric and 
asymmetric polymerase chain reaction (PCR), and purifica-
tion of single-stranded aptamers after PCR. Consequently, 
after first four positive rounds of selection, three rounds of 
negative selection against human blood cells, mouse blood 
cells, and plasma were performed. These negative rounds of 
selection resulted in a decrease of overall affinity, as is shown 
in Figure 2a (pools 5 and 6), due to the removal of sequences 
that bound to both the virus and nonspecific targets.

Next selection step was performed using a competitive 
approach, schematically represented in Supplementary 
Figure S1b. A nonlabeled aptamer pool with an affinity for 
VSV was incubated in a 96-well plate in order to allow DNA 
to nonspecifically adhere to the plastic. Then, virus particles, 
previously incubated with an anti-VSV aptamer pool, were 
added to the well. Adhesion of the virus onto the plate was 
verified with an intercalating viral RNA dye, YOYO-1, and 
analyzed by a fluorescence plate reader. Finally, the sand-
wich-like complex of aptamers and virus was disrupted by 
addition of antibodies at three concentrations: low, moderate, 
and high (0.5, 2, and 3 µg/ml). Aptamers that were displaced 
from the surface of the virus with these different antibody 
concentrations were separately collected, amplified, and 
used for further selection.

To summarize, we performed 11 selection rounds and 
monitored the enrichment using fluorescently labeled pools 
of aptamers, incubated them with VSV, and analyzed their 
binding by flow cytometry. Gating strategy for the OV in flow 
experiments is shown in Supplementary Figure S2. An 
increase of binding affinity of the strong pool to VSV was 
observed during the competitive selection on plate. Binding 
of the moderate pool did not significantly increase until the 
tenth round. Furthermore, we observed a decrease of affinity 
for the weak pool during the competitive selection. However, 
in round 11, this pool had a higher affinity for the target than 
the moderate pool (Figure 2a).

Displacement analysis by neutralizing antibodies
All weak, moderate, and strong aptamer pools were analyzed 
for their ability to bind the virus and be displaced by anti-VSV 
nAbs. FAM-labeled (6-Carboxy-fluorescein) aptamers were 
preincubated with virus and analyzed by flow cytometry. Neu-
tralizing anti-VSV antibodies were then added to the mixture 
and incubated an additional hour at 37 °C. The displacement 
of aptamers from the surface was estimated by monitoring the 
reduction of virus fluorescence. The best pools correspond-
ing to weak, moderate, and strong aptamers are presented 
in Figure 3. Weak pool 11 was displaced from viral surface 
with antibodies (3.8 µg/ml). Further addition of antibodies at 
a high concentration (2.5 mg/ml) did not significantly change 
the fluorescence, suggesting that aptamers that shared the 
same binding sites with antibodies had been replaced with 

the lower concentrations of nAbs. Moderate pool 10 was par-
tially displaced with the antibody at a concentration of 3.8 
µg/ml, and the additional dose of antibody of 2.5 mg/ml led 
to further reduction of fluorescence. Strong pool 11 had a 
high binding affinity and was not displaced significantly with 
antibodies at a concentration of 3.8 µg/ml. However, the high 
concentration of antibodies shifted the fluorescence curve 
back to the same intensity as the virus alone, indicating that 
nearly all aptamers bound to VSV had been replaced. Finally, 
moderate pool 10 and strong pool 11 were cloned (Table 1). 
The obtained clones were sequenced and then grouped 
based on conserved sequence motifs that were discovered 
using Clustal Omega software (Supplementary Table S1). 
The EC

50 (half maximal effective concentration) for the strong 
pool 11 determined by flow cytometry was 80 nmol/l.

Selection of anti-nAbs aptamers
Selection of blocking aptamers to Fab fragments of nAbs was 
previously reported by our group.20 Briefly, aptamer pools 
were selected using protein G-coated magnetic beads that 
were coupled with polyclonal antibodies from a rabbit previ-
ously immunized against VSV. A series of negative selections 
were done against the magnetic beads alone and magnetic 
beads coupled with antibodies not specific to VSV obtained 
from nonimmunized rabbit’s serum. Aptamers were analyzed 

Figure 3  Flow cytometry binding and competitive analysis of 
aptamer pools. Flow cytometric analysis of competitive binding 
between FAM-labeled weak, moderate and strong aptamer pools 
(200 nmol/l) and VSV (1 × 107 PFU), followed by introduction of anti-
VSV nAbs. Red curve represents virus alone, which was considered 
as a negative control. Green curve corresponds to the VSV binding 
with aptamer pools, or ssDNA library without anti-VSV nAbs. Blue 
and orange curves show the binding after incubation with anti-VSV 
nAbs (3.75 µg/ml or 2.5 mg/ml, respectively). nAb, neutralizing 
antibody; VSV, vesicular stomatitis virus.
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by flow cytometry and the pool showing the highest affinity 
and the most effective shielding was cloned and sequenced. 
These clones were further analyzed in a competitive binding 
assay, where DyLight 488-conjugated anti-VSV nAbs were 
preincubated with the aptamers and then added to the VSV. 
Fluorescence of the virus–antibody complex was assessed 
by flow cytometry. A decrease of fluorescence indicated that 
there was a competition between the aptamers and virus for 
binding the antibodies.

Analysis of shielding and blocking aptamers by plaque 
forming assays
The ability of individual aptamer clones to protect the virus 
from nAbs was tested by a plaque forming assay in Vero 
cells. In order to detect plaques in this assay, yellow fluores-
cent protein (YFP)-expressing VSV was used. To quantify the 
protection effect, plaques were counted and virus infectivity 
calculated. The virus sample without nAbs was considered 
to have 100% infectivity, and the virus with nAbs and without 
any plaque formation shows 0% infectivity.

Shielding properties of individual anti-VSV aptamer 
sequences from moderate and strong pools, as well as 
aptamer sequences that were previously selected in our lab,26 
were tested. We found that the clone Z-23 had the ability to 
significantly prevent the neutralization of virus by anti-VSV 
antibodies, and clones Z-22, S-31 (selected from the strong 
aptamer pool) and M-50 (selected from the moderate aptamer 
pool) also showed a shielding effect (Supplementary 
Figure S4). As for anti-nAbs aptamers, three clones (C5s, 
C7s, and C9) proved to have the highest blocking efficacy. 
To determine the optimum concentration of aptamers for the 
plaque forming assay, we performed a titration experiment. 
Both VSV and anti-VSV antibodies were incubated with 
their respective aptamer pools varying from 1  to 10 µmol/l 
concentrations. Two of the highest concentrations (1 and 10 
µmol/l) showed the highest potency, whereas the shielding 
effect of aptamer concentrations below 10 nmol/l significantly 
dropped (Supplementary Figure S5).

It is interesting to note that pools for anti-VSV and anti-
nAbs aptamers tested individually showed an increase of 
infection by 20% (Figure 4). The combination of pools for 
both targets resulted in the highest increase, with 61% addi-
tional plaques, suggesting a synergistic mechanism. On 
average, 30% of plaques were formed from infection of cells 

Table 1  Aptamer sequences for anti-VSV neutralizing antibodies and VSV, 
and bridge sequences

Name Sequence (5′–3′) Target

C5s ACTAGGACGCTTGGGAGGGGGGGTGGGGTGTCC 
GGTCGCG

nAbs

C7s TGTGCCAAAGAGAGTGGTGGGGGGGTGGGCGGAA 
CTCGCG

nAbs

C9 ACCGCCTTCCACCGTTCTCCACCACCCCTCAAACAA 
CCCT

nAbs

Z23 GGGACCTATCAGGCGATGTGAAAACTCTTATACCACT 
GG

VSV

Z29 fCACATCCTACGTTTGCCACGCGCTACTCCGCCATCT 
ACCCcr

VSV

M50 fCCATCACCCTATTATCTCATTATCTCGTTTTCCCTATG 
CGcr

VSV

S37 fGCATAGCGGGGGAGATGGGGGATGACTTGGGTGTG 
ATGGGcr

VSV

S39 fGCACTTCACTTCTCCTCTGACTGTAACCACGCcr VSV

Bridge 1 GGTTACAGTCAGAGGAGTTAACACAACCCCAATTGGC 
TTCTGGACTACC

—

Bridge 2 GGTTACAGTCAGAGGAGTTTTGGGGTTGTGTTTTGGC 
TTCTGGACTACC

—

f, ctcctctgactgtaaccacg (the sequence of the forward PCR primer); cr, gcatag-
gtagtccagaagcc (the reverse-complement of the reverse PCR primer); nAbs, 
neutralizing antibodies; VSV, vesicular stomatitis virus.

Figure 4  Cell-based viral infectivity assay. Neutralizing antibodies (nAbs) were preincubated with or without 1 µmol/l of anti-nAbs aptamers. 
The complex was then incubated with vesicular stomatitis virus (VSV) preincubated with anti-VSV aptamers and 100 PFUs were added to Vero 
cells in a 12-well plate. (a) Cells infected with VSV in the presence of nAbs (0% infectivity); (b) Cells infected with VSV without nAbs (100% 
infectivity); (c) Cells infected with VSV in the presence of nAbs, and anti-nAbs and anti-VSV aptamer pools; and (d) Cells infected with VSV in 
the presence of nAbs and DNA Library as a control experiment. Results of additional control experiments are presented in the adjusted table. 
All plaque forming assays were performed in triplicates.

Serum nAbs aptamers VSV aptamers VSV Infection (%)

+ − − + 0

− − − + 100 ± 7

+ DNA library DNA library + 16 ± 3

+ DNA library − + 15 ± 1

+ − DNA library + 17 ± 2
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with virus when it was incubated with the native DNA library 
as a nonspecific control.

Effect of dimeric and tetrameric aptamers on VSV 
infectivity
In order to increase the potency of our aptamers, we tested 
the possibility of using multivalent aptamers. For this purpose, 
we constructed dimeric and tetrameric aptamers, linked by an 
oligonucleotide bridge (Figure 5a). The apparent dissociation 
constant for monomeric and dimeric pools remained similar 
(71 ± 15 and 87 ± 6 nmol/l, respectively), whereas a fourfold 
decrease for the tetrameric pool (22 ± 9 nmol/l) was observed. 
With the use of anti-VSV dimers and tetramers, virus infec-
tivity with VSV aptamers remained approximately the same, 
with a difference of ±2%. However, the use of dimeric and 
tetreameric forms for anti-nAbs aptamers resulted in an 
increase by 12 and 28% of viral infectivity, respectively. The 
combination of aptamer pools in a dimeric form did not have 
an increasing effect on VSV infectivity. Conversely, this pool 
combination with a tetrameric bridge increased the infectivity 
to 77% (Figure 5b).

Finally, we did an aggregation assay where a mixture of 
VSV-YFP and VSV-RFP (red fluorescent protein) was incu-
bated either without aptamers, or with monomeric, dimeric or 
tetrameric aptamers. Following the plaque forming assay, the 
plaques were visualized by fluorescence microscopy in order 
to detect the cells expressing YFP and RFP. We assumed 
that the percentage of cells expressing both proteins cor-
relates with viral aggregation, as it indicates that a cell has 
been infected by more than one virus. This assay showed 
that both YFP and RFP were expressed in 8, 3, 5, and 4% of 
cells infected with virus alone and virus with dimeric, mono-
meric, and tetrameric aptamers, respectively (Figure 6).

Discussion

Viral therapy is a promising oncolytic tool as it allows selec-
tive targeting of cancer cells with an onset of relatively mild 
adverse reactions to the system. However, tumor infec-
tion in  vivo remains inefficient due to the body’s antiviral 
response, which leads to a production of nAbs.4 Aptam-
ers have previously been reported as successful inhibitors 

Figure 5  Dimeric and tetrameric aptamers. (a) General scheme of construction of dimers and tetramers using bridge 1, or bridges 1 and 
2, respectively. (b) Plaque forming assay results showing the infectivity of VSV using unmodified aptamer pools, dimer pools or tetramer 
pools for VSV, nAbs, or both VSV and nAbs. Plaque forming assays were performed in triplicates. nAb, neutralizing antibody; VSV, vesicular 
stomatitis virus.
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against enzymes, as well as antiviral agents with high bind-
ing affinities to their respective targets.27,28 Therefore, we 
selected aptamers against VSV and anti-VSV, hypothesizing 
that binding of these will reduce the interaction between the 
two targets and thus promote a shielding effect for the virus 
(Figure 1).

The initial aptamer selection was performed on the basis of 
the Systematic Evolution of Ligands by Exponential Enrich-
ment (SELEX) technology29,30 from native ssDNA library, 
which had a randomized region of 40 nucleotides, flanked by 
two primer binding sites. Pools resulting from negative selec-
tions demonstrated a decreased overall affinity, which led 
us to believe that the number of sequences had significantly 
decreased as well, potentially increasing the specificity of the 
DNA pool to infectious VSV.

Consequent selection steps consisted of a competitive 
approach. We hypothesized that the addition of different con-
centrations of antibodies would allow us to collect aptamers 
that (i) share the same binding site as the antibodies and (ii) 
have different dissociation constants for their targets. Effec-
tively, the hypothesis correlated with the analysis of these 
pools by flow cytometry, where we observed the displace-
ment of aptamers from the weak pool with the addition of 

low antibody concentrations. Conversely, in order to displace 
aptamers from the strong pool, a high concentration of anti-
bodies was necessary, suggesting that these aptamers bind 
with a much higher affinity to the target.

As with most cancer cell lines, VSV infects Vero cells, lyses 
them, and proliferates to neighboring cells.31 In the presence 
of nAbs, this virus is inactivated and thus unable to infect the 
monolayer of cells. We first tested all the aptamer clones and 
ensured that they did not reduce the infectivity of the virus. It 
is likely that given aptamers’ much smaller size, compared 
to nAbs, they do not interfere with VSV binding and uptake. 
However, when we incubated, either the antibodies or the 
virus with their cognate aptamers, we achieved an increase 
of viral infectivity in the presence of nAbs. Interestingly, VSV-
binding clones that had an efficient shielding effect did not 
only come from the strong pool that was obtained from com-
petitive selection approach, but also from the medium pool 
as well as from a pool that was selected in our previous work, 
using a standard cell-SELEX method.25

Aptamers binding to nAbs were incubated with whole, 
nondiluted rabbit serum for 5 minutes. The short incubation 
time imitated more closely the effect of aptamers being intro-
duced to blood-circulating antibodies. Pools for nAbs or VSV 

Figure 6  Fluorescence microscopy aggregation assay. Aptamers in monomeric, dimeric, and tetrameric form were incubated in equal 
amounts of VSV-YFP and VSV-RFP and used to infect a monolayer of Vero cells. (a) Overlay of YFP and RFP expression of cells infected with 
virus incubated (i) without the aptamers and (ii) with tetrameric aptamers. Cells expressing YFP (green), RFP (red), or both (orange) were 
counted. (b) Cells infected with virus alone, virus with monomeric, dimeric, and tetrameric aptamers showed coexpression of both YFP and 
RFP in 8, 3, 5, and 4% of all cells, respectively. VSV, vesicular stomatitis virus.
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tested individually showed an increase of infection of 20%. 
The combination of pools for both targets resulted in the high-
est increase, with 61% of additional plaques. On average, 
32% of plaques were formed from infection of cells with virus 
incubated with the native DNA library (Figure 4). This effect 
lead us to believe that due to the polyclonal nature of the 
antibodies, it is better to have a large number of aptamers 
that could bind nAb variants. Therefore, the best results are 
obtained when combining pools to achieve higher specificity 
and a larger number of different aptamers.

Due to the instability of aptamers in serum, we modified our 
oligonucleotides by constructing their dimeric and tetrameric 
counterparts. These were constructed by bridging mono-
mers using a single- or double-stranded DNA bridge, respec-
tively (Figure 5a). Each strand consisted of extremities that 
were complementary to forward and reverse primer-binding 
domains of aptamers. Some primer regions can participate 
in the folding of our aptamers, therefore having two different 
binding sites decreases the risk of disrupting the second-
ary structure that may be important in binding the target. For 
these plaque forming assays, nondiluted serum was used in 
order to mimic the effect of aptamers interacting with other 
components present in serum and undergoing degradation 
by nucleases.32 We have also shown that these multivalent 
structures decrease the aggregation of the VSV, which may 
contribute to increasing its infectivity (manuscript in prepara-
tion). Furthermore, our degradation experiments showed that 
the dimeric and tetrameric forms of the aptamers are more 
stable in serum (Supplementary Figure S6). We analyzed 
the amount of aptamer in serum using quantitative PCR, and 
based on the standard curve, there was about five times less 
of the monomeric form after a 24-hour incubation period in 
serum (Supplementary Figure S6a). However, investigating 
the melting curve of various samples indicates that this loss is 
at least two times greater. It is clear that a significant portion 
of amplified products consists of smaller, degraded aptamers 
(Supplementary Figure S6b). We hypothesize that this is due 
to the fact that the aptamers became less accessible to exo-
nucleases. Finally, the aggregation assay showed a decrease 
of aggregation when incubated with dimers and tetramers, sug-
gesting a repulsion of viral particles caused by the negatively 
charged nucleotides, which could also interfere with viral neu-
tralization caused by anti-VSV antibodies.

In this proof-of-concept article, we have demonstrated the 
use of aptamers in order to block anti-VSV antibodies and 
shield the VSV from antibody neutralization. Furthermore, 
we have modified these aptamers by bridging them together 
to form tetrameric counterparts, and were able to achieve 
77% viral infectivity in a plaque forming assay. These types 
of aptamers can potentially be applied in vivo, in combina-
tion with the OV, to prevent clearance of the virus and thus 
increase its oncolytic efficiency.

Materials and methods

Materials. All oligonucleotides were purchased from Inte-
grated DNA Technologies (IDT, Coralville, IA). All media and 
buffers were purchased from Sigma-Aldrich (St Louis, MO), 
unless otherwise stated.

Original VSV sample was provided by Jennerex (San 
Francisco, CA). It was then propagated and purified as 
described by Diallo et al.33 Briefly, Vero African green monkey 
kidney cells were seeded in High glucose Dulbecco’s modified 
Eagle medium supplemented with 10% fetal bovine serum. 
When cultures reached about 95% confluency, they were 
infected with the virus at a concentration of 2 × 105 plaque form-
ing units (PFUs) per 150-mm petri dish. After ~24 hours, the 
supernatant containing the virus was collected and purified by 
centrifugation and sucrose gradient. Aliquoted viral samples 
were titered and stored at −80 °C. Rabbit serum containing 
polyclonal anti-VSV antibodies (~50 mg/ml) was provided by 
Jennerex and stored at −20 °C.

Selection of anti-VSV aptamers. Briefly, four rounds of selec-
tion against intact VSV were performed at 37 °C using the pro-
tocol schematically presented in Supplementary Figure S1a 
and provided in details in our previous publication.21 Briefly, 
each round of the selection consists of six consecutive steps: 
(i) incubation of single-stranded (ss) DNA library, having a 
randomized region of 40 nucleotides flanked by two primer-
hybridization sites, with VSV, (ii) partitioning of unbound DNA 
from VSV, (iii) negative selection to plastic vials, (iv) extrac-
tion of bound DNA sequences, (v) DNA amplification by sym-
metric and asymmetric PCR, and (vi) purification of ssDNA 
aptamers from PCR products. To monitor the enrichment, 
fluorescently labeled pools of aptamers were incubated 
with VSV and analyzed by flow cytometry. The binding of 
the pools to VSV was found to increase from rounds 1 to 
4, where saturation was reached. Finally, 100 nmol/l of the 
evolved aptamer pool was utilized for the next round of selec-
tion following the above-mentioned procedure.

For in vivo applications of aptamers against VSV, it is nec-
essary to prepare aptamer pools that do not bind to blood 
cells and plasma proteins and are stable and active in blood 
stream. Also there is no need to protect inactivated virus par-
ticles that are not able to infect cancer cells from the immune 
system. Therefore, after 10 positive rounds of selection the 
subsequent negative selection against human and mouse 
blood cells and plasma and heat-treated VSV was introduced 
(Supplementary Figure S2a). The best aptamer pool, as 
determined by the binding assay, was incubated with heat-
treated virus and unbound aptamers were collected. These 
were incubated with human blood cells at 37 °C for 30 min-
utes and unbound sequences were again collected. In the 
next step, the resulting pool was incubated with human blood 
plasma for 5 minutes and then VSV particles were added 
directly to this mixture and incubated for another 15 minutes. 
By doing this, we allowed virus to compete with plasma pro-
teins, as well as selecting those sequences that could be sta-
ble and active in plasma. Aptamers bound to the virus were 
collected and the same negative selection procedure was 
done with the mouse blood cells and plasma. Finally aptamer 
sequences left after negative selection were amplified. In 
total, we performed 11 rounds of selection.

Displacement selection. A nonpurified and unlabeled aptamer 
pool (concentration about 200 nmol/l) with high affinity to VSV 
was incubated overnight in black polypropylene 96-well plates 
(Corning, Corning, NY). The following day, wells were washed 
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once with Dulbecco's phosphate-buffered saline (DPBS) 
and then incubated with 1 × 107 PFUs of VSV for 0.5 hours 
at 37 °C. Unbound virus particles were washed from the well 
with DPBS and virus that was left attached to the plate was 
incubated with FAM-labeled aptamer pool (Supplementary 
Figure S1b) for 1 hour at 37 °C. For the competitive plate 
selection, three different fractions of rabbit serum containing 
polyclonal anti-VSV antibodies were added to three different 
wells, low (0.5 µg/ml), medium (2 µg/ml), and high (3 µg/ml) 
and incubated for 5, 30, and 60 minutes, respectively. Follow-
ing the addition of each antibody fraction, the supernatant 
was collected, which contained released DNA. Collected frac-
tions of released aptamers were amplified by PCR and used 
for a subsequent round of selection on a plate.

Selection of anti-nAbs aptamers. Selection against anti-VSV 
rabbit antibodies was previously reported. Briefly, the selec-
tion was done using protein G-coated magnetic beads. For 
the first five rounds of selection, 5 × 105 beads coupled with 
anti-VSV nAbs were incubated with 200 nmol/l of ssDNA for 
1 hour at room temperature and continuous mixing. Bound 
DNA was separated from unbound and eluted from the beads 
by denaturing at 85 °C for 10 minutes. For the first five rounds, 
a positive selection was followed by a negative selection step 
where the eluted DNA was mixed with the beads alone and 
bound DNA was discarded. In rounds 6 to 10, the beads for 
the negative selection step were coupled with non-VSV anti-
bodies prior to their incubation with the eluted DNA. In rounds 
11 to 15, two negative selections, beads alone and beads 
with nonspecific antibodies, respectively, preceded the posi-
tive selection step. Then, unbound DNA was collected and 
used for incubation with anti-VSV nAbs coupled with mag-
netic beads. Affinity of aptamers to nAb-coated beads during 
the selection was monitored using flow cytometry. Selected 
aptamer pools were then subjected to competitive bind-
ing analysis, where 200 nmol/l of aptamers were incubated 
with 10 ng/µl DyLight 488-conjugated anti-VSV antibodies 
(Rockland, Immunochemicals, Boyertown, PA) for 1 hour, fol-
lowed by addition of 6 × 108 PFUs of VSV. Fluorescence of the 
virus was monitored by flow cytometry. Pool 11 was selected 
as the one having the highest affinity and the best shielding 
effect. Consequently, it was cloned and sequenced.

Flow cytometric analysis. The affinity of evolved VSV aptamer 
pools toward VSV was determined using FC-500 flow cytom-
eter (Beckman Coulter, Pasadena, CA). VSV particles, 1 × 107 
PFUs, were preincubated with 0.1 mg/ml baker’s yeast RNA 
(Rockland, Immunochemicals) as a masking single-stranded 
nucleic acid to supress nonspecific binding for 20 minutes at 
room temperature. Afterward, VSV particles were incubated 
with 100 nmol/l purified FAM-labeled aptamer pool in 50 µl 
DPBS buffer for 30 minutes at 25 °C. Control experiments 
were performed using fluorescently labeled ssDNA library in 
DPBS. Subsequently, each sample was washed once with 
200 ml of DPBS to remove unbound DNA, resuspended in 
0.5 ml of DPBS and measured. Selected aptamer pools were 
cloned using Perfectly Blunt Cloning Kit (Novagen, EMD Mil-
lipore, Germany) and sequenced at McGill University and 
Génome Québec Innovation Centre, as it has been described 
beforehand in our publications.21,34

Displacement analysis by neutralizing antibodies. VSV 
(1 × 107 PFUs) was preincubated with 0.1 mg/ml yeast RNA 
in 50 µl DPBS for 30 minutes, at 25 °C. Afterward, it was 
incubated with 50 µl of 200 nmol/l FAM-labeled ampli-
fied clones, previously purified from the PCR mixture, in 
DPBS for 30 minutes at 25 °C. Subsequently, samples were 
centrifuged to remove the unbound aptamers, resuspended 
in 300 µl DPBS and subjected to flow cytometry analysis. 
After the analysis, anti-VSV antibody was added to the same 
vials in a final concentration of 2 mg/ml and the mixture was 
incubated again for 60 minutes at 37 °C. Finally, the mixture 
was centrifuged to remove the unbound antibodies and the 
replaced aptamers. VSV was resuspended in 200 µl DPBS 
and subjected to the second flow cytometry analysis.

96-well plate assays. For the neutralizing antibody assay, a 
procedure published by Diallo et al.33 was followed. Briefly, 
Vero cells were plated at a density of 1.25 × 104 cells/well in 
100 µl of Dulbecco’s modified Eagle medium containing 10% 
fetal bovine serum and incubated overnight at 37 °C. The fol-
lowing day, rabbit serum containing anti-VSV antibodies was 
prepared in seven different dilutions: 100×, 500×, 1000×, 
1500×, 2000×, 2500×, and 5000×. Subsequently, 67.7 µl of 
each concentration (performed in triplicates) was plated to 
a 96-well plate, to which 1 × 104 PFUs of virus was added 
and incubated at 37 °C for 1 hour. The mixture was then 
transferred onto Vero cells and incubated overnight at 37 °C. 
The infection of cells was monitored by fluorescence using 
FluorChem Q (Alpha Innotech, San Leandro, CA) imaging 
system.

For VSV aptamer assays on 96-well plates, 1 × 104 PFUs 
YFP-VSV were coated with aptamers at five different con-
centrations (100, 250, 500, 1, and 10 µmol/l) at 37 °C for 1 
hour. Coated virus was then added to a 2,000× dilution of 
rabbit serum with anti-VSV antibodies and incubated at 37 °C 
for 1 hour. The remaining procedure was the same as men-
tioned above, where the mixture was added onto Vero cells, 
incubated overnight, and finally imaged in order to observe 
the fluorescence.

Screening of aptamer clones and analysis of shielding and 
blocking aptamers by plaque forming assays. For the plaque 
forming assay, Vero cells were plated at a density of 2.5 × 105 
cells/well in 1 ml of Dulbecco’s modified Eagle medium con-
taining 10% fetal bovine serum and incubated overnight at 
37 °C. The following day, 1 × 104 PFU YFP-VSV were incubated 
with or without VSV aptamers (final concentration 1 µmol/l) 
in serum-free medium for 1 hour at 37  °C. For the screen-
ing of aptamer clones, a 500× dilution of serum was used 
(Supplementary Figure S3) and incubated with or without 
anti-nAbs aptamers in serum-free medium for 1 hour. Serum 
and virus were then mixed together and placed at 37 °C for 
1 hour. The mixture was diluted in order to obtain three differ-
ent concentrations of virus: 100, 500, and 1,000 PFUs in 250 
µl, and added to Vero cells. After 1 hour of incubation, a layer 
of 0.5% low-melting point agarose (IBI Scientific, Peosta, IA) 
with Dulbecco’s modified Eagle medium supplemented with 
10% fetal bovine serum was added and the plates were left 
to incubate for 24 hours. The following day, the plates were 
imaged and the plaques were counted.
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Once we determined which clones were efficient candi-
dates, the remaining plaque forming assays were performed 
with nondiluted rabbit serum and for a shorter time (Figures 4  
and 5), where whole rabbit serum containing anti-VSV anti-
bodies was incubated with or without anti-VSV aptamers 
(final concentration 1 µmol/l) for 5 minutes at 37 °C.

Effect of dimeric and tetrameric aptamers on VSV infectiv-
ity. For dimeric and tetrameric forms of aptamers, an oligo-
nucleotide bridge linking two or four aptamers together was 
constructed, which consisted of one or two oligonucleotide 
strands connected by a central complementary sequence. 
Each end of the bridge consisted of a complementary flank 
allowing the annealing of an aptamer. To prepare the dimeric 
and tetrameric aptamers, after heating at 95 °C, the sides of 
the bridge were mixed equally, followed by their mixing with 
the aptamer pool in equimolar amounts. Subsequently, the 
complex resulted in four aptamers annealing to each bridge 
construct. For plaque forming assays, oligonucleotides were 
incubated with nondiluted serum or 1 × 104 PFU of VSV, or 
both for 5 minutes. The serum and the virus were then mixed 
together and incubated for one hour at 37 °C. The virus was 
then diluted to 100 PFUs and added to the monolayer of Vero 
cells in a 12-well plate.

To test the stability of these different aptamer constructs, 
20 µl of 100 µmol/l of each aptamer construct was incubated 
in 1 ml of human serum (BioReclamation, Hicksville, NY) at 
37 °C and aliquoted during a 24-hour period. Samples were 
stored in −80 °C until they could be analyzed by quantitative 
PCR (Bio-Rad CFX; Bio-Rad Laboratories, Hercules, CA) 
using Platinum SYBR Green qPCR supermix-UDG reagent 
(Invitrogen, Carlsbad, CA) and aptamer-specific primers. 
Each sample was diluted in ddH2O and 104 molecules were 
added to the qPCR supermix. The amplification reaction 
was monitored with the following thermocycler conditions: 
50 °C for 2 minutes, 95 °C for 2 minutes, 40 cycles at 95 °C 
for 15 seconds, and 60 °C for 30 seconds. The amount of 
aptamers in serum was measured on the basis of a stan-
dard curve obtained from a serial dilution of aptamers in 
serum at 0 hour incubation (Supplementary Figure S6).

For the aggregation assay, Vero cells were plated in a 
96-well plate at a density of 1.25 × 104 cells/well. Aptamers 
in monomeric, dimeric or tetrameric form (4 µmol/l) were 
incubated with premixed equimolar solution of VSV-YFP and 
VSV-RFP for 1 hour at 37 °C. Following this incubation, the 
mixture was diluted and 25 PFUs were added to the cells 
and incubated at 37 °C. After 10 hours, the cells were visual-
ized by confocal microscopy (Eclipse Ti, Nikon Corporation, 
Tokyo, Japan) and the number of infected cells expressing 
YFP, RFP, or both, were counted (Figure 6).

Supplementary material

Figure  S1.  Selection of anti-VSV aptamers.
Figure  S2.  Gating strategy for the oncolytic virus for flow 
cytometry analysis.
Figure  S3.  Determination of anti-VSV Ab concentration 
with 96-well plate assay.
Figure  S4.  Screening of anti-VSV aptamers in a 96-well 
plate.

Figure  S5.  Titration experiments showing the effect of dif-
ferent aptamer concentrations on VSV infectivity.
Figure  S6.  Real-time PCR (qPCR) showing degradation of 
monomeric, dimeric, and tetrameric aptamers.
Table  S1.  DNA sequences from competitive binding selec-
tion grouped into families of related sequences.
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