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Abstract: Background: In recent years, there has been great interest in developing molecular ad-
juvants based on antisense oligonucleotides (ASOs) targeting immunosuppressor pathways with
inhibitory effects on regulatory T cells (Tregs) to improve immunogenicity and vaccine efficacy. We
aim to evaluate the immunostimulating effect of 2′OMe phosphorothioated Foxp3-targeted ASO in
an antifungal adjuvanted recombinant vaccine. Methods: The uptake kinetics of Foxp3 ASO, its cyto-
toxicity and its ability to deplete Tregs were evaluated in murine splenocytes in vitro. Groups of mice
were vaccinated with recombinant enolase (Eno) of Sporothix schenckii in Montanide Gel 01 adjuvant
alone or in combination with either 1 µg or 8 µg of Foxp3 ASO. The titers of antigen-specific antibody
in serum samples from vaccinated mice (male C57BL/6) were determined by ELISA (enzyme-linked
immunosorbent assay). Cultured splenocytes from each group were activated in vitro with Eno and
the levels of IFN-γ and IL-12 were also measured by ELISA. The results showed that the anti-Eno
antibody titer was significantly higher upon addition of 8 µM Foxp3 ASO in the vaccine formulation
compared to the standard vaccine without ASO. In vitro and in vivo experiments suggest that Foxp3
ASO enhances specific immune responses by means of Treg depletion during vaccination. Conclusion:
Foxp3 ASO significantly enhances immune responses against co-delivered adjuvanted recombinant
Eno vaccine and it has the potential to improve vaccine immunogenicity.

Keywords: antisensense oligonucleotide; Foxp3; regulatory T cells; vaccine immunogenicity; Sporothrix
schenckii

1. Introduction

Regulatory T cells (Tregs) are a subset of CD4+ T-cells that play a suppressive role
in the immune system. Tregs control the immune response to self and foreign antigens,
helping to prevent over-inflammation and autoimmune disease [1–3]. On the other hand, a
great deal of evidence shows that Tregs are often involved in the failure of anti-infectious
defense [4–8] and effective vaccination [9–13].
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In recent years, there has been great interest in developing molecular adjuvants with in-
hibitory effects on Tregs, aiming to improve the immunogenicity and vaccine efficacy [14,15]
against deleterious foreign antigens. One of the newer strategies for depletion/inhibition of
Tregs in vaccines has been the use of antisense oligonucleotides (ASOs) targeting important
immunosuppressor pathways or immune checkpoints [16]. ASOs are small-sized (around
20 nucleotides) single-stranded oligonucleotides designed to bind specifically to the RNA
or DNA target, based on their sequence homology, and bring about gene silencing [17].
Several ASOs have already been approved by the United States Food and Drug Adminis-
tration (FDA) and many others to treat cardiovascular, metabolic, endocrine, neurological,
neuromuscular, inflammatory, and infectious diseases [18] are under study in clinical trials.

Foxp3 (forkhead box P3), also known as the scurfin protein, is a member of the
forkhead transcription factor family that is mainly expressed in Tregs. Foxp3 acts as a
transcription activator for several genes, such as CD25, Cytotoxic T-Lymphocyte Antigen 4
(CTLA-4), glucocorticoid-induced TNF receptor family gene (GITR), and folate receptor
4. The regulation of Foxp3 expression in Tregs occurs through the concerted action of
transcription factors, epigenetic control mechanisms, and post-translational modifications
that modulate Foxp3 function [19]. Vaccination of mice with dendritic cells transfected
with Foxp3 mRNA promoted selective depletion of Foxp3+ Tregs and stimulated specific
cytotoxic T lymphocytes (CTL) with enhanced vaccine-induced protective immunity [20].
An improvement of vaccine immunogenicity and Foxp3 targeting efficacy has been reported
using other strategies, including a chimeric Foxp3-Fc(IgG) fusion construct/protein to
stimulate the immune responses against Tregs [21], as well as synthetic peptides with the
ability to inhibit Foxp3 function [22–24].

In a previous study by our group, therapeutic vaccination was combined with either
Foxp3 or CTLA4 gene silencing to enhance the antitumor response following B16 tumor
cell transplantation. Either 2’-O-methyl phosphorotioate-modified oligonucleotides (2’-
OMe-PS-ASOs) or polypurine reverse Hoogsteen hairpins (PPRHs) were used for Foxp3 or
CTLA4 gene silencing. Combining the therapeutic vaccine with Foxp3 ASO achieved a
greater survival rate (50%) than with CTLA4 ASO (20%), associated with Treg depletion.
In that study, both ASOs were injected intraperitoneally, and the pharmacological effects
were observed only at the higher doses [25]. Thus, the high cost and the potential risk of
off-target effects and toxicity limited this strategy [26].

In this study, we evaluated whether a low dose of ASO Foxp3 as part of the vaccine
formulation could improve vaccine immunogenicity. We studied the kinetics of Foxp3 ASO
access into CD4+ T cells. The functional effects of the ASO on Treg depletion, cytotoxicity,
and its ability to enhance the immunogenicity of an antifungal adjuvanted vaccine against
sporotrichosis [27] were also evaluated.

2. Results
2.1. Primary Sequence of the Foxp3 Gene in FASTA Format and Target Region for Foxp3 Silencing

The target sequence of the ASO used for silencing the Foxp3 gene was located in
intron 1 of the last update of NCBI (Supplement Figure S1). This location allowed us to
estimate that its possible site of action could be at the pre-RNA level, still containing the
non-coding sequences. Therefore, the probable silencing mechanism could occur through
the action of an RNAse-H, which cleaves the heterodimer, or also by a steric hindrance
mechanism and splicing inhibition [16].

2.2. Oligonucleotide (ON) Uptake Kinetics in Murine Splenocytes

Before the in vivo studies, the optimal conditions for the ON uptake were determined
with a size-range study that encompassed those normally used for gene silencing, such as
the anti-Foxp3 ASO used in this study. The ability of two fluorescent ONs with different
sizes (13-mer and 20-mer) to enter splenocytes was evaluated. Fluorescence was deter-
mined by means of flow cytometry at different times between 0 and 120 min, employing
different concentrations (0.5, 1.0, 2.0, and 4.0 µM). As shown in Figure 1, after 10 min of
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incubation, most of the ONs could be detected in the cells. From that time on, although
the entry of ONs into the cells continued to increase at concentrations of 0.5, 1, and 2 µM,
at concentrations of 4 and 10 µM from 10 min of incubation no greater absorption of ONs
was observed. Regarding the sizes of the ONs, no differences were observed between the
13 and 20 mer ONs, and splenocytes and lymphocytes showed a similar pattern of uptake.
This result coincides with other studies carried out in our laboratory using human blood in
which similar absorption patterns were observed (results not-shown); thus, both mouse
splenocytes and human blood models can be used for studies of ON uptake kinetics.
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Figure 1. Labeled oligonucleotide (ON) absorption kinetics in splenocytes. Labeled ONs with sizes of 13 or 20 mer were
cultured at different times and concentrations in the presence of C57BL6 mouse splenocytes. The fluorescent ONs of either
13 or 20 mer, labeled with Cy5 or FITC, were incubated independently at concentrations of 0.5, 1, 2, and 4 µM at 37 ◦C at 0,
10, 30, 60, and 120 min. At each time, the splenocytes were analyzed by means of flow cytometry to measure the ON uptake
and the % of ONs was calculated with respect to maximal relative fluorescence unit (RFU) values achieved. ON* refers to
fluorescent oligonucleotide.

To determine the possible cellular location of the labeled ONs, an imaging study was
carried out using InCell equipment. As shown in Figure 2, the presence of lymphocytes
with labeled ONs in their cellular structure was confirmed, although it was not possible to
precisely define their cellular location.
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incubated for 1 h at 4 µM. Then, the cells were marked with anti-mouse CD4 FITC, fixed with 4% formaldehyde in
phosphate buffered saline (PBS) solution and analyzed using an InCell analyzer 2200 system to observe the uptake of ONs
in CD4+ lymphocytes. Scale bar represents 10 µm.
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2.3. Biological Activity of the ASO Foxp3

To confirm the silencing effect of the anti-Foxp3 ASO on this transcription factor, B16
cells from murine melanoma, which constitutively express high levels of Foxp3, were
cultured and incubated with anti-Foxp3 or Scrambled ONs. Considering the results of the
previous studies, it was determined to use a concentration of 2 µM and incubate it for 1 h.
After incubation, a 1:4 dilution with complete RPMI (Roswell Park Memorial Institute)
medium was performed and cells were kept in culture for 48 h at 37 ◦C and 5% CO2. Under
these conditions, Foxp3 mRNA expression was silenced by about 70%. Moreover, mouse
splenocytes were cultured with either anti-Foxp3 or scrambled ASO and the presence of
CD4 + CD25 + Foxp3 cells was measured. A significant reduction from ~3% to ~1% of
Tregs (p < 0.05) was observed with Foxp3 ASO treatment, as evidence of Treg depletion in
the culture (Figure 3).
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cytes on CD4 + Foxp3 + cell populations. The upper panel represents the strategy of gates and the confirmation of the
viability of the cells studied. The lower panel shows representative images of the reduction of CD4+ Foxp3+ population (as
%) in the cells treated with anti Foxp3 ASO. A one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used.
The confidence interval was established at 95% for all tests. The level of significance and p-values are shown as * (p < 0.05).

2.4. Cellular Viability

Next, the cytotoxicity of Eno, anti-Foxp3 ASO, and its scrambled control alone or in
combination was evaluated. The concentrations used were the same as those employed
in the functional studies and were incubated for 48 h as well. Cell viability was analyzed
using a combination of PI/Annexin V-FITC to determine the presence of necrosis (PI+
Annexin V−), late apoptosis (PI+ Annexin V+) and living cells (PI− Annexin V− or PI−
Annexin V+). Late apoptosis cells (PI+ Annexin V+) suffer irreversible damage, whereas
PI− Annexin V+ cells are in early apoptosis, which can be reversible. As shown in Figure 4,
live cells (both PI− Annexin V− and PI− Annexin V+) accounted for more than 90% in all
cells treated with Eno, ASO anti-Foxp3, scrambled or in their combinations. This result
showed that the direct cytotoxicity of both molecules at the concentrations employed is
low, and that they can be used in in vitro studies.
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2.5. Immunogenicity Study

With these initial results, an experimental study to evaluate the effect of the admin-
istration of anti-Foxp3 ASO on the immunogenicity of an experimental vaccine against
Sporothrix schenckii previously developed in our laboratory [27,28] was carried out. We
used the same experimental design previously described but including the anti-Foxp3
ASO within the formulation to determine its effect on the specific immune response. Two
doses of anti-Foxp3 ASO, 1 or 8 µg per mouse and dose, were used to evaluate a possible
dose-response effect.

2.5.1. Anti-Eno Antibodies

To evaluate the antibody response, the serum was extracted from the animals’ blood
samples and the titers of total IgG, IgG1, and specific IgG2a were quantified. As can be
seen in Figure 5, the groups immunized with the vaccine using adjuvant and ASO at
8 µg presented higher titers of specific IgG and IgG1 antibodies. In the case of IgG1, a
dose-response trend could be observed. For IgG2a, significant differences between the
groups with and without ASO were not observed.

This result shows that anti Foxp3 ASO mediated greater stimulation of the immune
response, suggesting that the inhibition of the suppressive effect of Tregs could have helped
to achieve a greater immunogenicity of enolase. Other authors have obtained similar results
using other ASOs targeting Tregs [29–32]. Further studies will be necessary to confirm
these findings.
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Figure 5. Specific antienolase antibodies. Mice (C57BL/6) were immunized on days 0 and 14. Specific antibodies to
S. schenckii enolase in serum were evaluated on day 21 by means of ELISA. A one-way analysis of variance (ANOVA) with
Tukey’s post hoc test was used. The confidence interval was established at 95% for all tests. The level of significance and
p-values are shown as * (p < 0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001).

2.5.2. CD4+ CD25+ Foxp3 T Cells

To evaluate the effect of the different immunization regimens on Tregs, splenocytes
were cultured for 48 h in the presence of Eno or Eno+ anti-Foxp3 ASO. As shown in Figure 6,
the vaccinated groups exhibited a higher presence of Tregs after stimulation in vitro than
non-vaccinated groups. However, there were no differences between the group vaccinated
with Eno-Gel 01 and the groups treated with Eno and ASOs. Similarly, cells cultured with
Eno + ASO showed Treg reductions compared to cells that were only stimulated with
Eno, although this reduction was lower in the group immunized with the highest dose of
ASO anti-Foxp3.
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Figure 6. CD4+ CD25+ Foxp3 T cells in mouse spleens. Splenocytes were extracted on day 21 after immunization, then
they were stimulated for 48 with Eno of S. schenckii or with Eno + ASO anti-Foxp3. Treg % was evaluated by means of flow
cytometry. Top panel shows the gates strategy used in the study. A one-way analysis of variance (ANOVA) with Tukey’s
post hoc test was used. The confidence interval was established at 95% for all tests. The level of significance and p-values
are shown as * (p < 0.05); ** (p < 0.01).
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2.5.3. IFN-γ and IL-12 Production

To evaluate the effect of immunization using anti-Foxp3 ASO on the production of Th1
cytokines, we measured the production of IFN-γ and IL-12 in Eno-stimulated splenocytes.
These cytokines are importantly involved in the defense against S. schenckii [33,34]. As can
be seen in Figure 7, the mouse cells immunized with the vaccine formulation containing 8
µg ASO showed greater production of these cytokines than the rest of the groups. However,
when stimulation was produced with Eno + anti-Foxp3 ASO, no differences were observed
in cytokine production when compared to cells stimulated in vitro with Eno alone. In this
case, we expected that the reduction of Tregs would have a positive influence, causing
greater production of IFN-γ and IL-12.
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3. Discussion

In the last decade, there has been growing interest in the rational design of vac-
cines using defined molecules with well-characterized cellular and molecular mechanisms
of action. Given the known deleterious effects of Tregs in vaccine immunogenicity and
efficacy, one of the current directions of this approach is the development of subunit
vaccines and molecular adjuvants targeting immune regulatory networks to improve
vaccine immunogenicity [15]. The use of ASOs targeting important regulatory mecha-
nisms is one of the most promising molecular adjuvants for vaccine improvement [16].
Several ASOs have been designed against immunomodulatory components, such as
cytokines [29,30], immune checkpoints [31,32], or transcription factors [25]. Recently, in-
doleamine 2,3-dioxygenase (IDO), which is involved in Treg activation, has also been
targeted by silencing strategies [35]. In all cases, they showed a relevant activity enhancing
vaccine immunogenicity.

Foxp3 transcription is induced in Tregs by T cell receptor (TCR) signaling. Upon its
expression, an autoregulatory transcriptional circuit stabilizes Foxp3 gene expression to
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consolidate Treg differentiation and activate the suppressive function [36]. The block of
Foxp3 elicits Treg depletion and it promotes enhanced stimulation of effector immune
mechanisms [37]. Foxp3 blocking has been used for vaccine improvement using different
methods, including interfering with Foxp3 mRNA-transfected dendritic cells [20], synthetic
peptides [22–24], and ASOs [25].

In this study, we used an anti-Foxp3 ASO, selected according to the results of a pre-
vious study, in which several ASOs were evaluated to improve an anti-tumor vaccine.
The selected ASO showed the best Foxp3 silencing and immunostimulating activity [25].
Although several characterizations were made in that study, additional in vitro tests were
included herein to deepen our understanding of its mechanisms of action. We first evalu-
ated the capture kinetics of the ASO in murine splenocytes. This test allowed us to assess
the phenomenon that occurs in vivo in the target cells. We also used two ASOs with differ-
ent sizes (13 and 20 mer), and we observed that ONs in this size range can reach cells in a
noticeably short time under culture conditions, barely 10 min. The highest concentrations
in cells were achieved after two hours of incubation. Similar results were reported by other
authors using different cells such as RAW264.7 cells [30] and lymph node cells from naïve
ICR mice [31]. A parallel test was developed in human leucocytes from peripheral blood
(CD45+) and the same results were observed.

The target of our anti-Foxp3 ASO was located in intron 1 of Foxp3 gene, so it is
estimated that its site of action could lie at the preRNA level. In this way, the Foxp3
silencing effect and Treg depletion were evidenced in B16 cells and splenocytes, respectively.
Although the microscopic images in splenocytes did not reveal the exact localization of
the ONs, the heterogeneous distribution of the fluorescence suggests that they reached
different intracellular regions. However, the best evidence that the ONs accessed the cell
was the demonstration of the biologic effect evidenced by Foxp3 silencing and depletion of
CD4 + CD25 + Foxp3 cells in vitro. In addition, under the experimental conditions used,
the ONs used in this study were not cytotoxic, as previously reported [25].

The experimental vaccine used in this study was designed for the prevention of
sporotrichosis, a worldwide emergent subcutaneous mycosis caused by pathogenic species
of the genus S. schenckii. The recombinant-Enolase vaccine tested in this study was recently
developed by our group and was suggested to be protective against experimental infection
in mice [27,29]. Administration of anti-Foxp3 ASO as part of the vaccine formulation
induced a considerable upregulation of the Th1-type cytokines IFN-γ and IL-12 in im-
munized mice. Moreover, it was also associated with enhanced production of specific
antibodies. Interestingly, when the Tregs were quantified in the splenocytes of vaccinated
mice, no differences between groups stimulated with enolase and those not stimulated
were observed. The lack of differences in the presence of Tregs between the vaccinated
groups may be because samples were taken 1 week after the second immunization. Thus,
Treg depletion by the vaccine formulations with ASOs may not have been detected due to
their being clonal and transitory. However, once again the stimulation of splenocytes with
Eno plus ASO reduced the presence of Tregs in all groups.

Most of the adverse effects associated with Treg depletion occur when using products
that are systematically administered [38–40]. Instead, the use of ASOs targeting Tregs as
part of vaccine formulations could reduce off-target effects and toxicity manifestations. In
this sense, the use of appropriate ASO delivery systems could help to optimize the adjuvant
effect in a safer way [41]. More studies are necessary to consider the use of different
delivery systems with vaccine models, including tissue distribution, pharmacokinetics,
and stability analysis.

4. Materials and Methods
4.1. Oligonucleotides (ONs)

To study the Foxp3 interfering activity, ON sequences were as follows: ASO Foxp3:
5′-GGGGGAAGCACGGAAGGG′ (18 bp); scrambled: 5′-AGGAGGACAGGAGAGAGA-
3′ (18 bp). The sequence of Foxp3 ASO is complementary to a region located in intron
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1 preserved regions of the Foxp3 gene of Mus musculus, strain C57BL/6J chromosome
X, GRCm38.p4 C57BL/6J (Accession NC_000086 Region: 7579676.7595243 VERSION
NC_000086.7) in the US National Center for Biotechnology Information (NCBI) Nucleotide
Database). Herein, we used the anti-Foxp3 2′-OMe-PS-ASO (ASO) and the control (Scram-
bled), as previously reported [25]. All these nucleic acids were purchased from Integrated
DNA Technologies (Coralville, IA USA).

4.2. ON Uptake Kinetics in Murine Splenocytes

Spleens from 12-week-old male C57BL6 mice were aseptically removed and a suspen-
sion of splenocytes was prepared as previously described [42]. Two oligonucleotides (ONs)
of 13- and 20-mer sizes with phosphorothioated, backbone labeled with either cyanine-5
(Cy-5) or fluorescein-5-isothiocyanate (FITC), and were used to evaluate the ON uptake
kinetics in murine splenocytes. Labeled ONs of either 13 or 20 mer were incubated inde-
pendently at concentrations of 0.5, 1, 2, and 4 µM at 37 ◦C for 0, 10, 30, 60, and 120 min
with a of 1 × 107 cells/mL suspension of splenocytes in RPMI 1640 medium (Merck KGaA,
Darmstadt, Germany), supplemented with 10% Fetal Bovine Serum. At each time and
for each cell concentration, 50 µL of cell suspension were taken, properly dissolved in
phosphate buffer saline (PBS pH 7.4), and analyzed by means of flow cytometry to measure
the relative fluorescence (as RFU). A Gallios cytometer (Beckman Coulter, Brea, CA, USA)
was used in all analyses.

Several samples of splenocytes treated with Cy5-labeled ONs and incubated for 1 h at
4 µM, from the experiment above, were also marked with anti-mouse CD4 FITC antibody
(RM4–5) (Thermofisher Scientific, Waltham, MA, USA) and fixed with 4% formalin. Im-
ages of labeled cells were acquired by the high-content screening (HCS) InCell analyzer
2200 system (Cytiva, UK) to observe the uptake of ONs in CD4+ lymphocytes.

4.3. Biological Activity of the ASO Foxp3

The silencing effect of the anti-foxp3 ASO was confirmed in the murine melanoma
cell line B16, which expresses high concentrations of this transcription factor. These cells
are syngeneic with the C57BL/6 mice (Charles River Laboratories, Wilmington, MA, USA)
employed. Cells were incubated with 2 µM ASO for 48 h. To quantify the Foxp3 mRNA,
RNA was extracted from cultured cells using a commercial kit (NuceloSpin® RNA-Blood,
(Machery-Nagel, Bethlehem, PA, USA) according to the manufacturer’s instructions. RNA
was retrotranscribed into complementary DNA (cDNA) using random hexamers and the
enzyme reverse transcriptase High capacity cDNA reverse transcription kit, (Applied
Biosystems, Foster City, CA, USA). The mRNA copy number of the gene was quantified by
means of quantitative real time PCR using the 7900HT Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). TaqMan probes to amplify Foxp3 were obtained from
Applied Biosystems (Foster City, CA, USA). The silencing efficiency was obtained by
comparing the number of mRNA copies of these genes in the treated groups with cells
treated with a respective control (scrambled), plotting the results on a standard curve
prepared with a known amount of Foxp3 copy number.

The activity on Treg depletion was evaluated in splenocytes cultured with 2 µM of anti-
Foxp3 ASO or a respective control scrambled ON for 48 h. The presence of CD4+ CD25+
Foxp3+ lymphocytes was quantified by means of flow cytometry using the eBioscience™
Mouse Regulatory T Cell Staining Kit #3 (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. Recombinant Sporothrix schenckii Enolase

Recombinant S. schenckii enolase (Eno) used as the antigen in this study was obtained
and characterized as previously described [27].

4.5. Cytotoxicity of ASO Foxp3 and Eno

The cytotoxicity of Eno (10 µg/mL) alone or in combination with the anti-Foxp3 or the
scrambled control ASO (2 µM) was evaluated after 48 h incubation. These concentrations
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were the same as those used in the following studies. Cell viability was analyzed by
flow cytometry using the combination of PI/Annexin V-FITC (Thermo Fisher Scientific,
Waltham, MA, USA) to determine the presence of necrosis (PI+ Annexin V−), late apoptosis
(PI+ Annexin V+), early apoptosis (PI− Annexin V+), and living cells (PI− Annexin V−).

4.6. Adjuvants and Vaccine Formulation

The vaccine formulations were prepared as follows (Table 1):

Table 1. Vaccines composition.

Vaccine Formulations/100 µL/Mouse

PBS (Control)
100 µg of Eno in PBS

100 µg of Eno in PBS + 5% Montanide Gel 01 adjuvant (Gel 01) kindly provided by Seppic
(Paris, France).

100 µg of Eno in PBS + 5% Gel 01 + ASO anti-Foxp3, 1 µg
100 µg of Eno in PBS + 5% Gel 01 + ASO anti-Foxp3, 8 µg.

4.7. Immunization Schedule

Male C57BL6 mice (n = 7) between 6 and 8 weeks of age received the subcutaneous
(sc) administration of the vaccine (on days 0 for priming and 14 for boosting) on the
back of the neck, with one of the vaccine formulations described above. One week after
boosting, mice were sacrificed under anesthesia and bled by cardiac puncture to obtain
serum, which was aliquoted and stored at −20 ◦C until use. The experimental procedure
(Code: 2019/VSC/PEA/0279, 15 January 2020) was approved by the Biological Research
Committee of the University of Valencia, Spain) and followed the European and Spanish
directives for animal care 63/2010 and RD 53/2013, respectively.

4.8. Quantification of Anti-Eno Antibody Response by ELISA

The titration of IgG, IgG1, and IgG2A types of anti-Eno antibodies was carried out
as described previously [27]. Briefly, a 96-well ELISA plate (CostarTM, Thermo Fisher
Scientific, Waltham, MA, USA) was coated with 5 µg Eno/mL in PBS at 4 ◦C (overnight).
The plate was washed with washing buffer (0.1% Tween 20) and then blocked with 1%
PBS-BSA for 1 h at room temperature and washed again. Specific IgG antibodies (total and
1 and 2A subclasses) against S. schenckii Eno, induced by the vaccine, were made in the
serum of the vaccinated animals and controls. Serum samples were diluted in PBS-BSA
1% -Tween 20 (0.1%), at a 1/1000 ratio to determine total IgG and the IgG1 subclass and
1/100 for the IgG2a subclass, and were added to the ELISA plate. These samples were
incubated at room temperature for 3 h. Antibodies were detected with total goat anti-IgG
(Biocheck, South San Francisco, CA, USA) at 1/10,000 dilution and with anti-mouse IgG
subclasses at 1/1000 dilution (Mouse monoclonal isotyping reagents; Sigma-Aldrich, St.
Louis. MO, USA), followed by a 1/5000 dilution of biotinylated rabbit anti-goat IgG (Sigma,
Sigma-Aldrich, St. Louis. MO, USA) and streptavidin coupled to horseradish peroxidase
(Merck KGaA, Darmstadt, Germany). The plates were finally developed with a mixture
of 30 mg/mL orthophenylenediamine (OPD) (Merck KGaA, Darmstadt, Germany) and
hydrogen peroxide. The reaction was stopped with 1 N HCl to read the absorbance at
492 nm.

4.9. Quantification of IFN-γ and IL-12 in Splenocyte Culture Supernatant

Splenocytes from immunized and non-immunized mice were cultured as described
above and stimulated with 10 µg/mL Eno or 10 µg/mL Eno+ 2 µM of ASO for 24 h.
The levels of both IFN-γ and IL-12 were measured by means of ELISA in the culture
supernatant, after stimulation, according to the manufacturer’s instructions (Pharmingen,
BD Biosciences, Diego, CA, USA).
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4.10. Statistical Analysis

Statistical analysis was performed with Prism software ver. 6.01 (GraphPad, San Diego,
CA, USA). One-way analysis of variance (ANOVA) with Tukey’s test of comparisons was
used. The confidence interval was established at 95% for all tests. The level of significance
and the p values are shown as * (p < 0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001).

5. Conclusions

In summary, the Foxp3 ASO used in this study is a safe and stable molecule that is
suitable for improving the immunogenicity of adjuvanted vaccines as part of the vaccine
formulation. Treg depletion seems to be the main mechanism of immunostimulation.
Future studies will contribute to unraveling other mechanisms of ASO anti-Foxp3-induced
immunostimulation and its safety profile. Another issue that is being evaluated is whether
ASO can act alone as a vaccine adjuvant in different formulations and by different routes
of administration.
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Abstract: Marfan syndrome is one of the most common dominantly inherited connective tissue
disorders, affecting 2–3 in 10,000 individuals, and is caused by one of over 2800 unique FBN1 muta-
tions. Mutations in FBN1 result in reduced fibrillin-1 expression, or the production of two different
fibrillin-1 monomers unable to interact to form functional microfibrils. Here, we describe in vitro
evaluation of antisense oligonucleotides designed to mediate exclusion of FBN1 exon 52 during pre-
mRNA splicing to restore monomer homology. Antisense oligonucleotide sequences were screened
in healthy control fibroblasts. The most effective sequence was synthesised as a phosphorodiamidate
morpholino oligomer, a chemistry shown to be safe and effective clinically. We show that exon
52 can be excluded in up to 100% of FBN1 transcripts in healthy control fibroblasts transfected with
PMO52. Immunofluorescent staining revealed the loss of fibrillin 1 fibres with ~50% skipping and
the subsequent re-appearance of fibres with >80% skipping. However, the effect of exon skipping
on the function of the induced fibrillin-1 isoform remains to be explored. Therefore, these findings
demonstrate proof-of-concept that exclusion of an exon from FBN1 pre-mRNA can result in inter-
nally truncated but identical monomers capable of forming fibres and lay a foundation for further
investigation to determine the effect of exon skipping on fibrillin-1 function.

Keywords: Marfan syndrome; fibrillin-1; antisense oligonucleotides; exon skipping; splice-switching

1. Introduction

Marfan syndrome (MFS, MIM 154700) is one of the most common dominantly inher-
ited connective tissue diseases, affecting an estimated 2–3 in 10,000 individuals [1,2], in a
family of disorders called the type-1 fibrillinopathies [3]. Marfan syndrome is characterised
by extreme height with disproportionate limb and digit length in comparison to the torso,
coupled with a myriad of other skeletal, ocular, skin and cardiovascular abnormalities [4].
However, it is the progressive growth of the aorta often eventuating into aortic dissection
and rupture that is the most common cause of death [5].

Marfan syndrome was linked in the early 1990s to mutations in the, then recently
discovered [6], fibrillin-1 gene (FBN1) [7,8]. Since then, over 2800 disease-causing mutations
have been reported [9]. Fibrillin-1 encodes a large 350 kDa glycoprotein of the same name
that is secreted from the cell and deposited into the extracellular matrix (ECM) [6]. In a
healthy individual, fibrillin-1 monomers aggregate into multimer units within the first few
hours after secretion [10]. Fibrillin-1 multimers form the backbone of microfibrils [6] that
are essential in the majority of connective tissues and to which many microfibril associated
proteins bind [11]. It is in the microfibril form that fibrillin-1 exerts its structural and regu-
latory roles, providing a backbone for microfibrils [12], maintaining the stability of elastic
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fibres [13], and regulating the bioavailability of signalling proteins such as transforming
growth factor-beta (TGF-β) [14,15].

In a Marfan syndrome patient, the disease-causing FBN1 mutation results in a lack of
functional microfibrils, in turn leading to instability of the ECM that is further compounded
by the dysregulation of TGF-β [12,16]. An increase in bioavailable TGF-β activates a
signalling cascade resulting in, among other outcomes, increased expression of matrix
metalloproteinase [15] that degrade fibrillin-1 and other matrix proteins leading to further
destabilisation of the ECM [15,17]. The initial loss of functional microfibrils is theorised
to depend on the type of mutation. In general, missense mutations, which do not affect a
conserved cysteine, as well as splicing mutations are thought to exert dominant negative
effects. Such mutations result in the production of a dominant aberrant monomer that
disrupts the assembly of the wild-type protein into microfibrils [18]. In contrast, many
nonsense and frameshifting mutations are associated with haploinsufficiency [19,20]. This
haploinsufficiency is the result of transcript instability that leads to degradation and thus
reduced fibrillin-1 expression [21]. A small subgroup of nonsense and frameshift mutations
that affect the C-terminal region can produce stable transcripts that are translated into
protein rather than being degraded [22,23]. Such mutations have been associated with
intracellular retention of fibrillin-1, the outcome of which is a similar lack of microfibrils in
the ECM [20,22].

The most common type of mutations are missense mutations that result in the dis-
ruption of a cysteine residue [9,24]. The fibrillin-1 protein has several repeated domains
including 47 epidermal growth factor (EGF)-like domains, 43 of which are involved in
calcium-binding (cbEFG-like), seven TGF-β binding protein-like (TB) domains and two
hybrid domains [25,26]. Each of these domains are cysteine-rich with six to eight conserved
cysteine residues that play a critical role in the folding and stability of the fibrillin-1 pro-
tein [25,27]. Mutations affecting a conserved cysteine have been shown to either increase
the susceptibility of fibrillin-1 to proteolysis [28,29] or disrupt the folding and secretion of
fibrillin-1 leading to intracellular retention [30]. The outcome of either scenario is a similar
decreased microfibril stability and abundance.

Following the discovery that mutations in fibrillin-1 result in TGF-β dysregulation, a
research area emerged focussing on the antagonism of TGF-β as a therapeutic strategy [31,32].
However, no breakthroughs have yet been made in the field and treatment of MFS patients
remains heavily focused on symptom management. The current standard of care includes
surgical correction of scoliosis, ectopia lentis, pectus deformities and aortic dilatation, as
well as pain management and the use of β-Blockers [33–35] or more recently angiotensin II
receptor type 1 blockers [1,31,36] to slow aortic growth. Here, we propose that personalised
medicines using antisense oligonucleotides (AO) to alter FBN1 exon selection during the
splicing process, may be an appropriate therapeutic approach for some individuals with
Marfan syndrome.

Antisense oligonucleotides (AO) are short sequences, generally between 15 and
30 bases in length, that are single-stranded analogues of nucleic acids. An AO is de-
signed to be complementary to the region of interest binding to the target RNA or DNA
through Watson-Crick base pairing. When bound to the target sequence and depending
upon the chemistry, AOs can alter transcripts through two main mechanisms; recruiting
RNase-H to cleave the target leading to degradation [37,38] or physically blocking the
binding of regulatory factors or machinery of the transcription [39], translation [40] or
splicing [41,42] processes. Several studies have outlined the potential of AOs in the treat-
ment of genetic diseases. Several notable examples—eteplirsen [43,44], nusinersen [45,46]
and more recently golodirsen [47], viltolarsen [48] and casimersen [49]—have now been
approved by the United States Food and drug authority (FDA). All four drugs are a class of
AO commonly referred to as splice switching. Splice switching AOs function by blocking
the splicing machinery or regulatory features, altering the normal splicing process.

Splicing is an essential process for all multi-exon genes; removing the non-coding
introns and re-joining the coding exons, before the transcript can be translated. The splicing
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process is, therefore, tightly regulated by several cis- and trans-acting elements. The majority
of multi-exon genes, however, also undergo a process called alternative splicing [50].
Alternative splicing allows the production of multiple transcripts, and thus proteins, from
a single gene, significantly increasing genetic complexity and diversity. To maintain the
precise removal of introns, as well as supporting alternative splicing, the regulation of
these processes is multi-layered and complex while maintaining a level of flexibility in
the definition of an exon. Utilising the inherent flexibility of exon definition AOs can be
targeted to motifs involved in exon recognition and processing, such as the acceptor and
donor splice sites, as well as hotspots for splicing enhancers either in the intron or exon.
Targeting enhancer sites can block the binding of positive splicing factors, thus decreasing
the definition and recognition of an exon sufficiently to result in its exclusion [51,52].
Contrariwise, targeting exonic splicing silencer or intronic splicing silencer sequences can
inhibit the binding of negative splicing factors, increasing exon recognition leading to
inclusion [52,53].

The affinity, specificity, efficiency, stability and tolerance of an AO can be increased by
modifying the chemical structure of the monomers and the backbone. Two widely used
chemistries were utilised in this study. First of which has 2′-O-methyl (2′OMe) ribose ring
modifications on a negatively charged phosphorothioate (PS) backbone. The resulting
2′OMe-PS compounds are robust RNase-H independent AOs that are nuclease resistant and
relatively cost-effective to synthesise. The second chemistry is the phosphorodiamidate
morpholino oligomer (PMO) that completely replaces the ribose sugar moiety with a
morpholine ring and has phosphorodiamidate linkages [54]. The PMO chemistry is RNase-
H independent, and has a neutral charge that precludes interaction with proteins, greatly
reducing the possibility of off-target effects [55,56]. While the PMO chemistry is both more
technically challenging and costly to synthesise than 2′OMe-PS AOs, PMOs are generally
recognised as both safe and effective in a clinical setting, making it a promising chemistry
for drug development [43,57].

As described previously, fibrillin-1 monomers are secreted from the cell and rapidly ag-
gregated into multimer units to form the backbone of fibrillin-1 microfibrils [10]. Mutations
in FBN1 disrupt the formation of microfibrils, ultimately leading to a disease phenotype;
either Marfan syndrome or another type-1 fibrillinopathy. Therefore, we propose that
removal of a mutation-associated exon from all FBN1 transcripts during the splicing pro-
cess could result in the production of fibrillin-1 proteins that are able to form functional
microfibrils, restoring ECM stability. To assess the viability of this hypothesis, we ad-
dressed three preliminary questions using FBN1 exon 52 as a model. (1) Can an exon
be specifically removed from FBN1 pre-mRNA using antisense oligonucleotides, (2) Can
sufficient exon skipping be achieved, and (3) can the internally truncated fibrillin-1 protein
form microfibrils.

2. Results
2.1. The FBN1 Transcript and Antisense Oligonucleotide Design

The fibrillin-1 transcript (LRG_778t1; NM_000138.4) contains 11,695 bases separated
into 66 exons, 65 of which encode the 350 kDa fibrillin-1 protein (Figure 1a). Exon 52 of
FBN1 encodes a total of 22 amino acids and makes up a portion of the sixth, of seven TB
domains. Over 20 disease-causing mutations have been reported to affect exon 52, the
majority of which result, or are predicted to result, in aberrant exon 52 splicing [9,24]. To
excise exon 52, along with the flanking introns during the splicing process, five AOs were
designed to target the acceptor, and donor splice sites as well as exonic splice enhancer
(ESE) and intronic splice enhancer (ISE) sites across exon 52, predicted using the webtool
SpliceAid [58] (Figure 1c). SpliceAid examines the exonic and intronic sequence of interest
and determines associated silencer and enhancer sites. Each site is given a score of 1 to
10 that indicates the strength of the site, with the value closest to 10 being the strongest
ESE sites.
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Figure 1. Schematic of FBN1 pre-mRNA highlighting the region between exons 47 and 54 as well as AO binding sites (a) Full
fibrillin-1 pre-mRNA transcript with each box representing an exon. The solid black line represents introns (not to scale);
(b) highlighting the region between exons 47 and 54; showing forward and reverse primers and antisense oligonucleotide
binding sites (purple bars). Chevron sides indicate exons bounded by partial codons. Pink and yellow fill indicate regions
encoding cbEGF-like and TB domains, respectively. The black dotted line indicates partial introns 51 and 52.; (c) Antisense
oligonucleotide binding sites and the regulatory motifs they target predicted using spliceAid [58]. Each box represents a
predicted enhancer (purple) or silencer (orange) site. The height of the box represents the strength of the site with 1 being
the weakest and 10 being the strongest. Exonic and intronic sequences are shown in upper- and lower-case, respectively.

2.2. Evaluation of AOs to Induce Exon 52 Skipping from FBN1 Transcripts

Initial AO screening was performed using AOs composed of 2′OMe-PS molecules. An
unrelated control AO that does not anneal to any transcript was included in all transfections
as a sham treatment to observe any chemistry or delivery related effects on cell health and
transcript abundance. A complete list of AOs can be found in Table 1.

All 2′OMe-PS AOs were transfected into fibroblasts, derived from a healthy control
subject, at three concentrations (200 nM, 100 nM and 50 nM) and incubated for 24 h before
collection for RNA extraction and RT-PCR analysis to assess exon skipping efficiencies.
The 24-h transfection incubation period was chosen after a time course of 24, 48 and 72 h
revealed negligible differences in skipping efficiency over time (data not shown). However,
treated cells, in particular those treated with the higher AO concentration, showed changes
in morphology and began to die after 48 h (data not shown).
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Table 1. Antisense oligonucleotide binding coordinates and sequences.

Nomenclature
(FBN1 H . . . ) Name Sequence (5′-3′) Chemistry

52A(+29+53)N AO52.1n AUC AGG UCC CAC GAU GAU CCC ACU U
ATC AGG TCC CAC GAT GAT CCC ACT T

2′OMe-PS
PMO

52A(+29+53)M AO52.1m AUC AGG UCC CAC AAU GAU CCC ACU U 2′OMe-PS
52A(−08+17) AO52.2 UAU CUG GCG GAA GGC CUC UGU GGU G 2′OMe-PS
52D(+13-12) AO52.3 CAG GCA ACU GAC CAA CUG CUG AAU C 2′OMe-PS

52A(−23+02) AO52.4 CUC UGU GGU GGA GAC ACU CAU UAA U 2′OMe-PS
52A(+03+27) AO52.5 CAU AAG GAC AUA UCU GGC GGA AGG C 2′OMe-PS
Control AO Ctrl GGA UGU CCU GAG UCU AGA CCC UCC G 2′OMe-PS

GeneTools Control GTC CCT CTT ACC TCA GTT ACA ATT TAT A PMO

Analysis of PCR amplicons revealed the presence of two products in several samples;
the expected full length (FL) product between exon 47 forward and exon 54 reverse primers,
as well as a smaller product corresponding to the expected size after skipping of exon 52
(∆52) (Figure 2a). The identity of the amplicons was confirmed by band purification and
Sanger sequencing, confirming the precise removal of all 66 bases of exon 52 (Figure 2b,c).
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Figure 2. Evaluation of AOs designed to induce FBN1 exon 52 skipping. (a) Screening of 2′OMe-PS AOs targeting exon
52. Healthy control fibroblasts were transfected with AOs as lipoplexes at three concentrations, 200, 100 and 50 nM. The
values below each gel image indicate the percentage of exon 52 skipped (∆52) transcripts in each sample. Ctrl: an unrelated
sequence used as a sham treatment, UT: untreated control, -ve: RT-PCR negative control. 100 bp molecular marker used for
size reference. The gels were cropped for presentation. Full gel images are presented in Figure S1; (b) Sanger sequencing
analysis showing the junction between exons 51 and 52 in full-length transcripts (FL, 859 bp); (c) Sanger sequencing analysis
showing the junction between exon 51 and 53 exon 52-skipped transcripts (∆52, 793 bp).

The most efficient exon 52 skipping was induced by AO52.1n, with 41% of transcripts
lacking exon 52 after transfection at 200 nM (Figure 2a). However, three other sequences,
AO52.1m, AO52.3 and AO52.5 were also relatively efficient, inducing up to 40%, 37% and
22% skipping, respectively (Figure 2a). The remaining two sequences did not induce
any measurable exon 52 skipping. The sequences AO52.1n and AO52.1m differ by a
single base, with each being an exact complementary pair for the wild-type and a known
Marfan syndrome patient cell line, respectively. This AO was designed in the hopes of
understanding the mechanism behind the mutation that is known to cause mis-splicing of

19



Int. J. Mol. Sci. 2021, 22, 3479

exon 52. The one base-pair mismatch did not greatly reduce the efficiency of AO52.1m in
healthy control cells.

Following initial AO screening, removal of exon 52 was deemed an appropriate option.
In an attempt to further enhance exon exclusion, two AOs targeting FBN1 exon 52 were
combined into cocktails and evaluated. This method has previously been shown to boost
skipping efficiency through synergy between the two AOs [59]. Six of the eight cocktails
tested, induced between 23% and 42% exon 52 skipping, suggestive of an additive or
baseline effect, similar to that achieved with a single AO. The combination of AO52.1n with
AO52.2 or AO52.3 was antagonistic resulting in no measurable exon skipping (Figure S2).
No synergistic cocktails were identified, therefore AO52.1n was chosen as the most promising
candidate and the sequence was synthesised as a PMO for further analysis (Table 1).

2.3. PMO52 Induces Efficient Exon 52 Skipping and an Increase in Fibrillin-1 Microfibrils
Determined by Immunofluorescent Staining

To both confirm the efficiency of the AO52.1n sequence as a PMO, and to assess the
effect of exon 52 skipping on fibrillin-1 microfibril formation, PMO52 was transfected into
healthy control fibroblasts. An electroporation-based transfection method, nucleofection,
was used to deliver PMO52 into control cells at two concentrations, 250 and 50 µM, as
calculated in a 20 µL cuvette. Transfected cells were plated either directly into 24 well plates
or onto coverslips and incubated for 72 h before cells were collected for RNA analysis and
coverslips fixed for immunofluorescent staining.

Representative results of healthy control cells treated with PMO52 are presented in
Figure 3a. These representative RT-PCR results reflect exon 52 removal from approximately
100% of transcripts, with no measurable FL product remaining. The lower AO concen-
tration was observed to induce approximately 50% skipping, with no endogenous exon
52 skipping observed in either the control or untreated samples (Figure 3a). Analysis of
RT-PCR amplicons across four replicates revealed relatively consistent dose-dependent
exon 52 skipping. On average ∆52 transcripts constituted 91% of total FBN1 transcripts
from cells transfected at the higher concentration and 55% at the lower concentration
(Figure 3b). The lowest skipping efficiency at the highest concentration was 74%; in the
same experiment, the lower concentration maintained the average 55% skipping efficiency
(Figure 3b).

Fibrillin-1 protein was detected through immunofluorescent staining using a fibrillin-
1 specific primary antibody and a fluorescently tagged secondary. Staining of the untreated
sample revealed the long-thin extracellular fibre-like formations expected of fibrillin-1
(Figure 3c iii). Notably, the morphology of fibres in the sample with more than 90%
skipping is trending toward those seen in the untreated healthy control (Figure 3c i,iii).
The abundance of fibrillin-1 staining, as well as the abundance of fibre-like formations
is, however, noticeably reduced in the 250 µM-treated samples. In contrast to the fibre
formation in both untreated and high concentration of PMO52, healthy control cells treated
with 50 µM of PMO52, present with a complete loss of fibrillin-1 fibres and an overall
reduction in fibrillin-1 staining (Figure 3c ii).

Following successful exon 52 skipping in healthy control fibroblasts, PMO52 was
further assessed in fibroblasts derived from an individual with Marfan syndrome obtained
from the NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical
Research. The patient fibroblasts (MFS∆52) were reported to harbour a silent c.6354C > T,
p.(Ile2118Ile) mutation in FBN1 that was found to result in the in-frame skipping of exon
52 [60]. PMO52 was nucleofected into the MFS∆52 and healthy control fibroblasts and
collected for RNA and protein analysis after 4 days. The PMO52 sequence resulted in
robust skipping in both cell lines and a strong dose response was observed. Treatment with
50 µM resulted in 64% and 41% exon 52 skipping in MFS∆52 and healthy control fibroblasts,
respectively (Figure 4a). Increasing the concentration to 250 µM resulted in 92% skipping
in both cell lines (Figure 4a).
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Figure 3. Efficiency and effect of PMO52. Healthy control fibroblasts were harvested for protein and RNA analysis,
72 h after nucleofection with PMO52 at concentrations of 250 µM and 50 µM; calculated in a 20 µL cuvette. (a) Agarose
gel fractionation of FBN1 exons 47 to 54 amplicons showing full-length (FL, 859 bp) and exon 52-skipped (∆52, 793 bp)
transcripts. The values below the gel image indicate the percentage of ∆52 transcripts. GTC: Gene Tools control PMO,
UT: Untreated control, -ve: RT-PCR negative control, 100 bp molecular marker used as a size reference. The gels were
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(c) Fibrillin-1 protein analysed via immunofluorescent staining. Merged fluorescence images of Hoechst staining of the
nucleus (blue) and fibrillin-1 (red) with ‘healthy’ fibre-like morphology of fibrillin-1 indicated by white arrowheads.
Negative: no primary antibody added, to control for non-specific binding of the secondary antibody. Untreated: no PMO
added. Scale bar = 20 µm. The images were cropped for presentation. Full images are presented in Figure S3.

Immunofluorescence once again revealed the strong fibre-like structures formed by
fibrillin-1 in the untreated, and GTC treated, healthy control fibroblasts. These fibres were
completely lost when 41% skipping was induced (Figure 4b vi). The staining pattern
mirrored that observed in the untreated MFS∆52 fibroblasts with no fibre formation and
minimal diffuse fibrillin-1 staining (Figure 4b iv). The minor increase in the proportion of
skipped products after treatment of MFS∆52 fibroblasts with 50 µM of PMO52, did not alter
the fibrillin-1 staining pattern (Figure 4b ii). In both cell lines, treatment with 250 µM of
PMO52 resulted in the formation of fibrillin-1 fibres. In the healthy control cells, these fibres,
while of high staining intensity, were fragmented and reduced in abundance compared to
the untreated healthy control sample (Figure 4b v,viii). However, in MFS∆52 cells treated
with the 250 µM, fibrillin-1 fibres had a continuous, non-fragmented morphology trending
toward those seen in the untreated healthy control (Figure 4b i,viii). The fibres are also
relatively abundant filling the majority of the field-of-view; however, they are not as
plentiful as those seen in the untreated healthy control that form a multi-layered lattice
(Figure 4b i,viii). Similar staining patterns were seen across multiple biological replicates
representative images of one replicate are presented in Figure S4.
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left untreated. (xiii) negative control with no primary antibody added. Scale bar = 20 µm. The images were cropped for
presentation. Full images are presented in Figure S3.

3. Discussion

Although Marfan syndrome is well established as an inherited connective tissue disor-
der caused by mutations in the fibrillin-1 gene, the exact mechanism of pathogenesis has not
been fully resolved. Current understanding suggests that the pathogenesis is dependent
on the mutation type with an overarching basis that a lack of functional fibrillin-1 mi-
crofibrils leads to TGF-β dysregulation, further compounding ECM destabilisation [15,61].
Therefore, we propose that removal of a mutation-associated exon from all FBN1 transcripts
could result in the production of internally truncated fibrillin-1 proteins that retain some
function and are able to form microfibrils. We addressed this hypothesis by designing
antisense oligonucleotides to induce exon 52 exclusion from unaffected FBN1 pre-mRNA.
We suggest that many fibrillin-1 gene lesions will be amenable to the removal of the af-
fected exon for two main reasons. Firstly, fibrillin-1 is highly repetitive suggesting the
possibility of functional redundancy. Secondly, excluding exons 2, 3, 64, 65 and 66, the
majority of fibrillin-1 exons are in-frame, and therefore can be removed without disrupting
the reading frame.

Here, we describe evidence for the efficient removal of FBN1 exon 52. Of the five
2′OMe-PS AOs tested three were found to induce exon 52 skipping. Earlier dystrophin
screening studies similarly found that two out of three AOs induced some skipping, albeit
at different efficiencies [59]. The different delivery methods, concentration and length
of incubation that were used when assessing the 2′OMe-PS and PMO sequences, make
it impossible to directly compare their efficiencies. However, our data show that the
proportion of ∆52 transcripts induced is greater when using the PMO sequence, this is
likely in-part because a higher PMO concentration and longer incubation period could
be used without a large decrease in cell viability. A higher concentration is generally re-
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quired for the PMOs as the neutral charge of the chemistry hinders cellular uptake [62,63].
Immunofluorescent staining of fibrillin-1 in treated cells supports the hypothesis that
fibrillin-1∆52 proteins can interact to form multimers. We observed fibre formation, mir-
roring that of the untreated control cells, when more than 92% exon 52 skipping was
induced in either the healthy control or MFS∆52 patient fibroblasts. We also established
that inducing approximately 50% exon 52 skipping results in a complete loss of fibrillin-
1 fibre staining in healthy control fibroblasts mimicking the disease-like state caused by
splicing mutations. Together, these results demonstrate proof-of-concept that the internally
truncated fibrillin-1∆52 proteins produced through efficient exon 52 skipping are able to
form multimers.

Of particular interest, is the total loss of microfibril formation that results from the
induction of a combination of wild-type and FBN1∆52 transcripts after sub-optimal levels
of PMO-induced exon skipping. This finding demonstrates the inability of the heteroge-
nous population of ∆52 fibrillin-1 proteins to form microfibrils, supporting the dominant-
negative pathogenic mechanism [64]. We observed a similar lack of extracellular fibrillin-
1 as that reported by Liu et al. [65] resulting from the c.6354C > T mutation that leads
to 41% fibrillin-1 synthesis and only 5% deposition of fibrillin-1 in the extracellular ma-
trix. However, this finding also has relevance to mapping of amenable FBN1 exons that
could be targeted in a splice intervention therapy. The elimination of microfibrils and
subsequent formation with increased skipping efficiency could prove to be an invaluable
tool in optimisation of fibrillin-1 AO sequences as well as identification of potential tar-
get exons for therapeutic intervention. Importantly, being able to induce a disease-like
state would allow the use of healthy control cells, rather than specific patient cells, for
the identification of exons that when removed do not affect the expression or function of
fibrillin-1. Furthermore the occurrence and severity of dominant negative effects depend
on the mutation type and location [66]. For example, duplications causing a mouse model
of tight skin syndrome, result in a larger fibrillin-1 protein that has been shown to only form
microfibrils in the presence of wild-type fibrillin-1 [67]. While the co-polymerisation of
the two fibrillin-1 isoforms forms functionally deficient microfibrils, the outcome is a mild
phenotype lacking vascular involvement [67]. Identification of such naturally occurring
co-polymerisation events that lead to a mild phenotype could reveal potential therapeutic
strategies to assess in the future.

We predict that the AOs reported here can manipulate FBN1 splicing such that, at
lower skipping efficiencies disease characteristics can be induced in unaffected cells and
upon increased efficiency, sufficient skipping can be induced to reduce the key phenotype
of MFS. This prediction is based on the dominant-negative model that suggests that
in the presence of two protein isoforms, the aberrant protein disrupts the formation of
microfibrils by the wild-type protein [18]. It is unknown exactly what ratio of wild-type
to aberrant proteins would negate the dominant negative effects. However, the results
presented here suggest that this tolerable threshold may be approximately 95%. We
demonstrate that fibrillin-1 fibres can be formed when exon 52 skipping is sufficient, likely
>90% skipping, such that more than 95% of total multimers that are formed would be
of the fibrillin-1∆52-fibrillin-1∆52 structure. We also note, however, that FBN1 mutations
resulting in haploinsufficiency lead to disease. Therefore, we believe that the abundance of
microfibrils has to be maintained, as a minimum, above that observed in haploinsufficiency
patients [19,21]. It is also important to note that while this exon skipping strategy relies on
excluding the target exon from both the mutation-harbouring and healthy FBN1 transcripts,
the exon skipping is at the mRNA level, and therefore not permanent as would be the case
for other techniques such as gene therapy.

While we demonstrated efficient and consistent exon skipping using PMO52, the
concentrations used are relatively high, when compared to similar studies targeting other
genes [59,68]. One of the possible explanations for the high concentration required is
the abundance of fibrillin-1 transcripts. Fibrillin-1 RNA is expressed in the vast majority
of cell types and is maintained at relatively high levels throughout the body [69]. We
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noted the efficient PCR amplification of FBN1 transcripts; requiring 20 or fewer rounds of
amplification coupled with the need for very low template concentrations (25 ng). While
the in vitro PMO transfection concentrations used seem relatively high, we noticed no
changes in morphology or health of cell cultures up to four days post-transfection with
PMO52. The PMO chemistry is generally considered to be safe with no off-target effects
nor toxicity [43,57,62]. Nevertheless, while the PMO chemistry may be safe and a higher
concentration required due to the level of fibrillin-1 expression, there are still several
ways in which the efficiency of an AO can be improved, including optimisation of AO
delivery, sequence, length and chemistry. Further optimisation could allow for the use of a
significantly lower dosage that in turn would not only reduce the possibility of off-target
effects or toxicity but also lower the cost of treatment.

The fibrillin-1 protein produced by excising exon 52 is predicted to be internally
truncated, fibrillin-1∆52, and lack the last seven amino acids of the sixth TB domain. This
isoform has only been reported in the context of exon 52 mutations, where it is known to
act in a dominant-negative manner against the wild-type protein and result in a severe
lack of functional microfibrils [60,65]. Liu et al. [65] also reported that an exon 52 splicing
mutation leads to reduced fibrillin-1 synthesis, less than 50% of that observed in healthy
controls, while the mutant mRNA levels remain unchanged, suggesting that the fibrillin-
1∆52 proteins are unstable. Liu et al. [65] suggests this instability may result from the partial
deletion of a TB domain that leads to misfolding of the fibrillin-1 protein increasing its
susceptibility to proteolysis. If this is the case then attempts to induce exon skipping of
other exons encoding partial TB domains; 10, 11, 17, 18, 38, 39, 42, 43 and 51, would likely
face the same issue. It is possible that removal of the two exons encoding the TB domain
as a pair could solve this problem. However, our findings suggest that the fibrillin1∆52

proteins produced through exon 52 skipping are able to be synthesised, secreted from the
cell and form fibre-like structures in both healthy control and MFS∆52 patient fibroblasts.
Nevertheless, the synthesis, deposition and function of fibrillin-1∆52, especially in the
absence of wild-type fibrillin-1, needs to be investigated further.

Here, we illustrate that when fibrillin-1∆52 is the predominant product it is able to
be both synthesised and secreted from the cell, with no evidence of intracellular staining.
We also demonstrate that fibrillin-1∆52 proteins can form fibres, provided that FBN1∆52

transcripts make up more than 90% of total FBN1 transcripts. These results suggest that
the fibrillin-1∆52 protein is at least partially functional, although further protein analysis is
required to assess if the fibres formed can interact with the microfibril associated proteins
with which fibrillin-1 naturally interacts. The ability of fibrillin-1∆52 proteins to sequester
TGF-β also needs to be assessed. If removal of exon 52 disrupts the regulation of TGF-
β, then regardless of the high skipping efficiency and fibre formation that is observed,
symptoms such as aortic growth would continue to progress with no benefit from this
treatment. To assess the effect of FBN1 exon skipping and the function of the induced
fibrillin-1 isoform especially the impacts on TGF-β signalling, surrogate markers such as
the phosphorylation of Smad2 can be analysed [70,71]. The level of active and total TGF-β
can similarly be assessed as a measure of functionality [61,71,72]. Such assays were outside
the scope of the current study and will be the focus of further research.

As previously noted, our results support the hypothesis that fibrillin-1∆52 can form
fibres. However, while the morphology of fibres is superficially similar to that of the
untreated, healthy control, their abundance is reduced. The reduction in abundance could
be the result of the experimental design and protocols. For example, nucleofection can
cause cell stress potentially reducing fibrillin-1 expression, or the transfection incubation
time could be insufficient to allow more efficient formation of microfibrils after treatment.
However, it is likely that, as reported by Liu et al. [65], fibrillin-1∆52 synthesis is reduced in
comparison to the wild-type. Western blotting analysis of intracellular and extracellular
fibrillin-1 was attempted, however, due to poor signal and resolution in samples from
healthy control fibroblasts we were unable to confirm any changes in fibrillin-1 abundance.
Further optimisation of the Western blot protocol to produce reliable results is required
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before the effect of FBN1 exon skipping on the abundance of fibrillin-1 can be assessed.
While restoring microfibril abundance and function to a ‘normal’ state would be ideal, this
may not be possible. We believe that any increase in functional microfibrils could provide
a therapeutic benefit by reducing disease progression and severity.

As discussed earlier, the current standard of care for individuals living with MFS
relies heavily on invasive surgical interventions and the lifelong use of medicines such
as β-adrenergic receptor blockades that slow the progression of aortic dilation [33–35].
These interventions have proven lifesaving, as well as life-extending [5,73]. However,
the burden of MFS on quality of life, and the economic stress, for both patients and their
families, remains substantial [74,75]. In more recent years major efforts have been made to
discover and develop therapeutics for MFS [31–33,76]. Research has focused on slowing
aortic growth as well as a continued improvement upon current treatment strategies for the
main symptoms of MFS. With FDA approval of AO therapeutics to restore gene function
in spinal muscular atrophy [45] and Duchenne muscular dystrophy [77–79], we suggest
that antisense oligonucleotide-mediated splice switching as described here could be an
appropriate direction for the development of therapies for Marfan syndrome.

In conclusion, this study assessed the ability of a suite of AOs to induce targeted
exon 52 skipping from full-length FBN1 mRNA transcripts expressed in healthy control
fibroblasts. The most efficient sequence, and the consequences of splice modification, was
further evaluated in both healthy control and MFS∆52 patient fibroblasts. We showed
in vitro, that AO52.1n, AO52.1m and AO52.3 as well as PMO52 induced dose-dependent
exon 52 skipping. Encouragingly the presence of more than 90% of one transcript type;
wild-type or FBN1∆52, corresponded with the formation of fibrillin-1 fibres in both cell lines.
In contrast, a mixed transcript pool resulted with the complete loss of fibrillin-1 fibres,
mimicking the disease-like state.

While this study is a preliminary, in vitro investigation, our candidate PMO consis-
tently induces efficient exon 52 exclusion while maintaining fibrillin-1∆52 fibre formation.
With increasing numbers of AO therapeutics being approved for clinical use, our results
suggest that PMO52 may be an attractive therapeutic option for the treatment of Marfan
syndrome caused by mutations in fibrillin-1 exon 52. This study provides proof-of-concept
and a foundation for the further development of antisense oligonucleotide therapies for
Marfan syndrome.

4. Materials and Methods
4.1. Design and Synthesis of Antisense Oligonucleotides

Antisense oligonucleotides were designed to target splicing regulatory motifs at the
exon-intron junctions as well as exonic splicing enhancer sequences predicted using the
SpliceAid web tool [58]. AO sequences were also analysed using NCBI nucleotide BLAST
(NCBI, Bethesda, MD, USA) [80] to identify any possible off-target annealing. Antisense
oligonucleotides with 2′OMe-PS chemistry were purchased from TriLink biotechnologies
(Maravai LifeSciences, San Diego, CA, USA), and PMOs were purchased from GeneTools
LLC (Philomath, OR, USA). The nomenclature of AOs is based on that described by
Mann et al. [42] and provides information on the gene, exon, annealing co-ordinates and
species. A full list of AOs used in this study are provided in Table 1. The FBN1 exon
nomenclature was determined with respect to the NCBI Reference Sequence NM_000138.4,
in which the translation start codon is in the second of 66 exons.

4.2. Cell Culture and Transfection

Fibroblasts were originally sourced from a dermal biopsy derived from a healthy
volunteer with informed consent. The following cell line was obtained from the NIGMS
Human Genetic Cell Repository at the Coriell Institute for Medical Research: GM21941
(Camden, NJ, USA). The use of human cells for this research was approved by the Murdoch
University Human Ethics Committee, approval numbers 2013_156 (25 October 2013) and
2017_101 (12 May 2017) and The University of Western Australia Human Research Ethics
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Committee, approval number RA/4/1/2295 (21 April 2009). Healthy control fibroblasts
were maintained in Dulbecco’s Modified Essential Medium (DMEM, Gibco; Thermo Fisher
Scientific, Melbourne, Australia) supplemented with 10% foetal bovine serum (FBS, Scien-
tifix, Melbourne, Australia). The MFS∆52 patient fibroblasts were maintained in DMEM
supplemented with 15% FBS (Scientifix, Melbourne, Australia) and 1% glutaMax (Gibco;
Thermo Fisher Scientific, Melbourne, Australia). Both cell lines were maintained at 37 ◦C
with 5% CO2.

Antisense oligonucleotides (2′OMe-PS chemistry) used for target site screening were
transfected into healthy control fibroblasts using Lipofectamine 3000 (L3K, Life Technolo-
gies, Melbourne, Australia). Transfections were prepared by incubating the AO with 3 µL
of L3K, at room temperature in 50 µL of Opti-MEM (Gibco; Thermo Fisher Scientific, Mel-
bourne, Australia), according to manufacturer’s protocol. The transfection mixture was
then diluted to the desired AO concentration in a final volume of 1 mL and applied to cells.
Transfected cells were incubated for 24 h before collection.

The PMO was delivered using the 4D-Nucleofector™ and P3 nucleofection kits (Lonza,
Melbourne, Australia). One microliter of stock PMO (5 mM), either undiluted (250 µM) or
diluted 1:4 in sterilised water (50 µM), was added into a cuvette along with 300,000 fibrob-
lasts resuspended in 19 µL of pre-warmed transfection solution. The mixture of fibroblasts
and PMO was subsequently nucleofected using the pulse code, CA 137, previously opti-
mised in our laboratory for dermal fibroblasts. Nucleofected fibroblasts were maintained
in DMEM supplemented with 5% FBS before collection after 3 or 4 days.

4.3. RNA Extraction and RT-PCR Analysis

Total RNA was extracted using MagMax™ nucleic acid isolation kits (Thermo Fisher
Scientific, Melbourne, Australia) as per the manufacturer’s protocol. Total RNA concentra-
tion and purity were determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher
Scientific, Melbourne, Australia). Transcripts were amplified using one-step SuperScript®

III reverse transcriptase (Thermo Fisher Scientific, Melbourne, Australia) with 25 ng of
total RNA as a template. To assess exon 52 skipping, FBN1 transcripts were amplified
using exon 47 Forward (5′-GGTTTCATCCT-TTCTCACAAC-3′) and exon 54 Reverse (5′-
TCACATGTCATCATTGGACC-3′) primers (Integrated DNA Technologies, Sydney, Aus-
tralia). The cycling conditions were as follows; 55 ◦C for 30 min, 94 ◦C for 2 min followed
by 20 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s and 68 ◦C for 1 min. The PCR amplicons
were fractionated on 2% agarose gels in Tris-Acetate-EDTA buffer. Relative exon skipping
efficiency was estimated through densitometric analysis of images using ImageJ (version
1.8.0_112) imaging software (NIH, Bethesda, MD, USA) [81] and reported as the proportion
of FL or ∆52 transcript products relative to the sum of products.

4.4. Immunofluorescence

Immediately after nucleofection, 100,000 fibroblasts were seeded into each well of
a 24-well plate lined with a 13 mm #0 round uncoated glass coverslip. Cells were incu-
bated for 72 h before being fixed in ice-cold acetone: methanol (1:1, v:v) and allowed to
air dry. Fixed cells were washed once with PBS to rehydrate before blocking with 10%
goat serum in PBS for 1 h at room temperature. The primary antibody, Anti-fibrillin-
1 antibody clone 26 (Merck Millipore, Sydney, Australia), was applied at a dilution of
1:100 in 1% goat serum-PBS and incubated overnight at 4 ◦C. Secondary antibody; Alex-
aFluor568 anti-mouse IgG (Thermo Fisher Scientific, VIC, Australia) was applied, 1:400,
for 1 h at room temperature, and co-stained with Hoechst 33,342 (Sigma-Aldrich, Sydney,
Australia) for nuclei detection (1 mg/mL diluted, 1:125). Coverslips were mounted us-
ing ProLong™ Gold antifade mountant (Thermo Fisher Scientific, Melbourne, Australia).
Fibrillin-1 was detected using a Nikon 80i microscope with NIS-Elements software (Nikon,
Adelaide, Australia). The brightness and contrast of individual channel images were altered
equally for each image, then merged. The merged image was cropped from the original
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1280 × 1024 pixel image using Adobe Photoshop CC. A 20 µm scale bar was added using
ImageJ software (NIH, Bethesda, MD, USA) [81].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22073479/s1, Figure S1: Full gel images for figures listed, Figure S2: Evaluation of AO
cocktails designed to induce FBN1 exon 52 skipping, Figure S3: Full immunofluorescence staining
images for figures listed, Figure S4: Additional evaluation of PMO52.
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Abstract: G-quadruplex oligonucleotides (GQs) exhibit specific anti-proliferative activity in human
cancer cell lines, and they can selectively inhibit the viability/proliferation of cancer cell lines vs. non-
cancer ones. This ability could be translated into a cancer treatment, in particular for glioblastoma
multiform (GBM), which currently has a poor prognosis and low-efficiency therapeutic treatments.
A novel bi-modular GQ, bi-(AID-1-T), a twin of the previously described three-quartet AID-1-T, was
designed and studied in terms of both its structure and function. A covalent conjugation of two
AID-1-Ts via three thymidine link, TTT, did not interfere with its initial GQ structure. A comparison
of bi-(AID-1-T) with its mono-modular AID-1-T, mono-modular two-quartet HD1, and bi-modular
bi-HD1, as well as conventional two-quartet AS1411, was made. Among the five GQs studied,
bi-(AID-1-T) had the highest anti-proliferative activity for the neural cancer cell line U87, while not
affecting the control cell line, human embryonic fibroblasts. GQs, for the first time, were tested on
several primary glioma cultures from patient surgical samples. It turned out that the sensitivity of
the patient primary glioma cultures toward GQs varied, with an apparent IC50 of less than 1 µM for
bi-(AID-1-T) toward the most sensitive G11 cell culture (glioma, Grade III).

Keywords: G-quadruplexes; covalent dimer construct; anti-proliferative activity; primary cell culture
of human glioma

1. Introduction

G-quadruplex DNAs (GQs) have been well-known anti-proliferative agents since the
beginning of the millennium [1]. A straightforward hypothesis, which could explain this
effect, assumes that some regulatory regions of genomic DNA have GQ structures that are
involved in the regulation of cell proliferation [2]. Therefore, after cellular uptake, GQ could
bind with regulatory proteins (GQ-binding proteins), competing with regulatory GQ DNA
regions, and therefore providing pleiotropic effects; anti-proliferation included. Knowing a
target DNA regulatory region, a rational approach for a functional GQ design has been
developed: GQ DNA decoys. For example, oligonucleotides mimicking a particular GQ
motif in the KRAS promoter were found to compete with DNA–protein complexes between
non-homologous end joining (NHE) and a nuclear extract from pancreatic cancer cells [3].
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Moreover, a current approach is the screening of random GQs [1], no matter which
way the GQ was originated. Both GQ DNA structures and the type of sensitive cells vary,
therefore requiring the application of empirical approaches for screening the activity of
different GQs toward different types of cells to establish an effective “corresponding pair”
to study further in more detail. Additional studies will be required to answer the question
of whether and how the GQ structures of oligonucleotides contribute to their cellular
uptake and anti-proliferative activity [4]. Here are three the most successful examples:

The first example of anti-proliferative GQ is AS1411, developed by Bates et al. since
2009 [5] as the first-in-class anti-cancer GQ. A tumor-targeting aptamer AS1411 is a 26-mer
DNA oligonucleotide that has a polymorphic GQ structure, and binds to nucleolin, which
is preferentially expressed on the surface of cancer cells [6]. AS1411 provides cancer cell
cytotoxicity [7] by causing methuosis, a novel type of non-apoptotic cell death, via nucleolin
stimulated Rac1 activation, and massive vacuolization in the cytoplasm [8]. Therefore,
AS1411 potentially serves as an anti-cancer therapeutic agent. AS1411 has been evaluated in
phase II clinical trials for acute myeloid leukemia and renal cell carcinoma [9]. It exhibited
a good safety profile, but the trial was terminated because of poor pharmacokinetics,
requiring the enhancement of stability in circulation for a further translation [6]. In addition,
it could serve as a tumor-targeting agent. For example, recently a novel targeted drug
delivery system (TDDS) with practical application potential for colon cancer treatment has
been developed. The TDDS was built by loading docetaxel in albumin nanoparticles that
were functionalized with AS1411 [10].

Conformational polymorphism could be a negative factor for successful transla-
tion [11]. To reduce polymorphism, a new AS1411 derivative, AT11, has been synthe-
sized with a unique GQ conformation. It turned out that it has two covalently conjugated
propeller-type parallel-stranded two-tetrad modules [4] (Figure 1). AT11 has an anti-
proliferative activity, like AS1411, for human lung cancer cell line, and does not affect the
normal cell lines.

Figure 1. Schematic pictures of putative structures of the GQs under study. The 3-D structure of HD1
is known. 5′- and 3′-ends are indicated. Nucleotides are shown in the loops only.

Recently, some more derivatives of AS1411 with anti-proliferative activity toward
MCF-7 cells have been developed [12]. GQs with three-tetrad structures were 10 times
more active than the initial AS1411 with two-tetrad GQ.
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The second example of an anti-proliferative GQ is HD1, which came from a different
area. Originally, 15-mer DNA GQ HD1 (Figure 1) was discovered in 1991 as a thrombin
binding aptamer via selection by conventional SELEX [13]. As HD1 has a typical GQ
structure, it exhibits anti-proliferative activity like some other GQs [1,14,15].

The third example of an anti-proliferative GQ is a T-series GQ DNA, which has simple
repeating sequences like (G3T)4 for T30923 [16] (Figure 1) for (G3T)4 -T), and (G3C)4 for
T40214 [17].

Recently, some rational designs for making anti-proliferative GQ have been developed
by us. Attempting to enhance the anti-proliferative activity, two single GQ DNA modules
were covalently conjugated to make a bi-modular, “twin” molecule (see also [18]). Certainly,
a simple covalent joining of two single GQ modules does not necessarily yield a perfect
“twin” molecule with a double anti-proliferative activity, because extensions at both the 3′-
and 5′-ends could affect the GQ stability and functioning [19]. For instance, HD1 could be
covalently conjugated via a single T nucleotide; yielding bi-HD1 (Figure 1), which retains
anti-proliferative activity [14].

This paper pursued this approach to make twin molecules and to explore their specific
properties. The paper describes some structural and functional properties of a constructed,
bi-(AID-1-T), bi-modular anti-proliferative GQ twin molecule, which was made by conju-
gating two modules of (G3T)3GGG via three T nucleotides (Figure 1).

2. Results
2.1. Topology of GQs and Bi-GQs

The topology of G-quadruplex oligonucleotides (GQs) was analyzed by characteristic
circular dichroism (CD) spectroscopy. The CD spectrum of a parallel GQ had a huge
positive band at 260 nm, a relatively shallow negative band at 240 nm, and another large
positive band at 210 nm. The CD spectrum of an antiparallel quadruplex had a typical
positive band at 295 nm, two other smaller ones at 240 and 210 nm, and a negative band at
260 nm [20–23].

AS1411, 26-mer GGTGGTGGTGGTTGTGGTGGTGGTGG, could form both monomolec-
ular and bimolecular GQs. The 3-D structure of AS1411 was highly polymorphic in
solution, with at least eight different GQs structures detected by chromatography and
NMR [11,24]. The structure of AT11, 28-mer, with a close but mutated sequence (un-
derlined) TGGTGGTGGTTGTTGTGGTGGTGGTGGT, turned out to have a single GQ
conformation, and exhibited a similar anti-proliferative activity to AS1411. The solution
structure of AT11, solved by NMR, revealed two GQs; each GQ is a propeller-type parallel-
stranded two-tetrad module (Figure 1). The covalent conjugation supports stacking via the
3′-5′ interface [4].

HD1, 15-mer GGTTGGTGTGGTTGG, folds into antiparallel GQ with chair-like con-
formation (Figure 1, for rev. [13]).

The exact 3-D structure of AID-1-T, 15-mer GGGTGGGTGGGTGGG [25], is not yet
known. AID-1, a close counterpart of AID-1-T (also coined as T30923), has an additional T
at the 3′-end; its derivative, J19, with the single replacement G2I, GIGTGGGTGGGTGGGT,
could form a noncovalent dimer: two identical propeller-type parallel-stranded three-tetrad
GQ modules stacked via the 5′-5′ interface (Figure 1) [16].

The 3-D structures of the covalent dimers discussed in the text, the twin molecules,
are not known yet. The idea that, after covalent joining of two GQ modules, the twins have
to keep the original structure of the initial modules is not obvious. On the contrary, it was
shown that just the single stranded oligonucleotide extensions at both the 3′- and 5′-ends
of GQ of HD1 could affect the GQ properties [19]. Indeed, for the simplest case, bi-HD1, it
seems that the two GQ modules are not equal, being covalently conjugated via single T
([14], and refs therein). Indeed, the molar ellipticity of CD spectrum at 295 nm of bi-HD1 is
not exactly twice as for HD1, but just 1.5 times (Figure 2A).

33



Int. J. Mol. Sci. 2021, 22, 3372

Figure 2. Circular dichroism (CD) spectra of the GQs under study in the buffer B (140 mM NaCl and 10 mM KCl) at 20 ◦C:
(A) HD1 (black), bi-HD1 (red); (B) AID-1-T (black), bi-(AID-1-T) (red); (C) AS1411.

Continuing to explore the structural and functional properties of twin molecules, we
made another twin, a novel bi-modular GQ, bi-(AID-1-T), a covalent dimer of AID-1-T
module [25], connected with a TTT linker (Figure 1).

Comparing the spectra of mono-modular AID-1-T and covalent bi-modular GQ, bi-
(AID-1-T), it is clear, that bi-GQ retains a topology of parallel GQ (Figure 2B). Moreover,
the molar ellipticity of the covalent twin molecule is two times the ellipticity of the mono-
modular one, despite the fact that AID-1-T does exist as a non-covalent dimer in the solution
(see the next Section); therefore both molecules are dimers, either non-covalent AID-1-T
or covalent bi-(AID-1-T). Though a striking difference is the following: Non-covalent
dimerization of AID-1-T in solution happens via 5′-5′ stacking interactions [16], making
the opposite orientation of two anti-parallel GQs, “face-to-face” (Figure 1). This is not the
case for bi-(AID-1-T), where the only possibility is 5′–3′ stacking, due to the existence of
the covalent link, making the same orientation of two anti-parallel GQs (Figure 1), and
therefore yielding a twin with two-times higher ellipticity (Figure 2B).

As far as conformation of the reference molecule, AS1411, is concerned, it exhibits
a spectrum for the mixture of conformers, as was shown before [11], with a prevailing
parallel conformation (Figure 2C), which is in the vein of the suggested similarities with
AT11 conformation [4].

GQ folding and stability strongly depend on the concentration and nature of the
cations in a buffer [26–28]. Sodium cation Na+ is for a shielding the phosphate charges;
potassium cation K+ is a very critical stabilizer of GQ structure, because it coordinates the
octet of oxygen atoms of G-tetrads, and stabilizes GQ. Finally, barium cation Ba2+ is a very
special coordination center, which arranges the same donors, the oxygen atoms of G, but
much more strongly, and usually yielding a slightly different structure of GQ complex,
unlike the one with K+ that could be clearly detected by CD spectroscopy [29].

The behavior of the CD spectra of mono-modular anti-parallel HD1 is as described
previously [29], showing increasing folding efficiency when using K+ instead of Na+

coordination; Ba2+ has a bigger effect, yielding a shift of the CD maximum from 294 nm to
302 nm (Figure 3A). As far as mono-modular parallel GQ structures are concerned, AS1411,
being a mixture of conformers, shows the same tendency, with an increasing proportion of
folding into the parallel structure after K+ coordination, and almost perfect folding after
Ba2+ coordination (Figure 3C). Not surprisingly, the folding of AID-1-T, as a perfect parallel
GQ, is less affected by the nature of the cation (Figure 3D).
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Figure 3. CD spectra GQs under study: in the buffer A (140 mM NaCl; (Na+), blue), in the buffer B (140 mM NaCl, 10 mM
KCl; (Na+, K+), red), in the buffer C (140 mM NaCl, 10 mM KCl, 5 mM BaCl2; (Na+, K+, Ba2+), black) at 20 ◦C: (A) HD1,
(B) bi-HD1, (C) AS1411, (D) AID-1-T, (E) bi-(AID-1-T).

Bi-modular GQs are less sensitive to cation nature. Compared to HD1, bi-HD1 is
folded sufficiently, even with Na+; not mentioning that in Ba2+ solution it seems that
both GQ modules of bi-HD1 were perfectly folded (Figure 3B). The parallel bi-modular
bi-(AID-1-T) folds perfectly, with no dependence on cation nature (Figure 3E).

2.2. Thermal Stability of GQs and Bi-GQs

The thermal stability of GQs was analyzed by characteristic CD spectroscopy (Figure 4).

Table 1. List of patient glioma primary cell cultures, and brief data on patients. All samples have wt
IDH1 (wild type of isocitrate dehydrogenase 1, a conventional glioma marker).

Cell Culture Glioma Grade Patient Gender Patient Age

G11 III F 33
Sus\fP2 IV F 60

G01 IV M 39
G23 IV M 53
G22 IV F 36
N1 IV M 54
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Figure 4. CD spectra of GQs under study in buffer B (140 mM NaCl and 10 mM KCl) at different Table 1. (B) bi-HD1;
(C) AS1411 (D) AID-1-T, (E) bi-(AID-1-T). The color ladder on the right indicates temperatures.

The CD melting profile in the standard buffer B (140 mM and 10 mM KCl) of anti-
parallel mono-modular HD1 was about the same as for bi-modular bi-HD1, as measured at
295 nm (Figure 5A). The apparent Tm (aTm) were different, and about the same as those
published earlier, 35 ◦C and 40 ◦C, respectively [14,30].

Figure 5. CD melting profile of GQs under study in buffer B (140 mM NaCl and 10 mM KCl): (A) HD1 (black), bi-HD1
(red); (B) AID-1-T (black), bi-(AID-1-T) (red); (C) AS1411 (red). Temperature is in kelvin (K): [◦C] = [K] − 273.
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The aTm of parallel GQs were expectedly higher than the anti-parallel GQs. The
melting behavior of mono-modular AID-1-T exhibited a biphasic profile, with two distinct
transitions (Figure 5B): at about 50 ◦C, presumably a non-covalent dimer to monomer
transition (see Sub-section “size-exclusion HPLC”); and at 83 ◦C, the unfolding of the
parallel GQ module itself. The melting profile of the covalent dimer, bi-(AID-1-T), showed
a less cooperative, gradual behavior (Figure 5B), while the CD-annealing profile showed
no hysteresis.

Not surprisingly, the parallel AS1411, as a mixture of conformations, and considering
its two-quartet nature, had a much lower aTm, about 40 ◦C, as measured at 265 nm
(Figure 5C).

Since the Ba2+ cation provides a very specific stabilizing effect, the melting of GQs in a
buffer with Ba2+ was also studied (Figure A1). All tendencies of GQs melting Ba2+solutions,
both for mono-module and bi-modular ones, were alike for the K+ solution, except the aTm
were much higher.

2.3. Size-Exclusion HPLC of GQs and Bi-GQs

Size-exclusion HPLC (SE-HPLC) is a rather simple and powerful technique for the
fast assessment of conformations and oligomeric forms of GQs, but it has not yet been widely
applied [31] (for a review, see [32]). The separation matrix could be either polymethacrylate-
based particles [32] or a silica-based one [24,33], which strongly affects the separation conditions.

Previously, we had developed conditions for silica-based SE-HPLC to perform separa-
tion with standard equipment [34,35], and applying a 10 µM concentration of GQ samples.
Three different buffers were used (see CD Sub-section) to modulate the folding of GQs,
and hence to estimate the conformational/oligomeric composition. It is worth mentioning
that in our case, a good separation required a high salt concentration for the mobile phase;
which could shift the equilibrium for dynamic conformers/oligomers if the pre-folding
was made under different conditions.

Under all three conditions of pre-forming at high concentration, and with a subsequent
transfer into separation conditions, AS1411 behaved as a dimer, and showing a slightly
asymmetric peak (Figure 6C).

It is no surprise that the migration of bi-HD1 was much faster than mono-modular
HD1. The bi-modular bi-(AID-1-T) exhibited approximately the same mobility as the
non-covalent dimer of mono-modular AID-1-T; the dimerization ability of the later had
also been observed before [16]. The introduction of Ba2+ stimulated further oligomerization
of the non-covalent dimer.

2.4. Effect of GQs on the Viability of Cell Lines and Primary Glioma Cell Cultures from Patients

The focus of our study was the GBM primary cell lines from the patients, therefore
the neural cancer cell line U87 was chosen as the reference, while fibroblasts from human
embryo were the non-cancer controls. All GQs had no effect on the viability of fibroblasts
from human embryos at all three concentrations tested: 0.1, 1, and 10 µM; whereas the
effect on the viability of the reference U87 cell line strongly depended on the GQ structure
(Figure 7).
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Figure 6. Size exclusion HPLC chromatography analysis of GQs under study: in buffer A (140 mM NaCl; (Na+), blue), in
buffer B (140 mM NaCl, 10 mM KCl; (Na+, K+), red), in buffer C (140 mM NaCl, 10 mM KCl, 5 mM BaCl2; (Na+, K+, Ba2+),
black) at 20 ◦C: (A) HD1, (B) bi-HD1, (C) AS1411, (D) AID-1-T, (E) bi-(AID-1-T).

Within the range from 1 to 10 µM of GQs, only three dimeric GQs had an effect,
exhibiting a gradual decrease of cell viability: the two covalent ones, bi-HD1 and bi-(AID-
1-T), and the non-covalent dimer, AID-1-T.

Despite the current wide application of cell lines for studying GBM, it has become
more and more evident that these results cannot be translated directly to the behavior
of primary cell cultures from patient samples (for example, see [36]). Therefore, in this
research, six different primary glioma cell cultures from patient samples were studied.
Some patient data are listed in Table 1.

For studying the effect of GQs on the viability of cell cultures by MTT test, only twin
molecules were selected, including a putative twin, the reference AS1411. Two out of six
primary glioma cell cultures turned out to be sensitive toward bi-GQs treatment: G11 and
Sus/fP2 (both derived from female samples) (Figure 8); and G11 was more sensitive than
Sus/fP2. One other cell culture, G01, became sensitive to GQs only at a high concentration
of 10 µM.

When comparing the activity of the two bi-GQs, bi-HD1 and bi-(AID-1-T), toward
two sensitive cell cultures, G11 and Sus/fP2, bi-(AID-1-T) turned out to be the most active
GQ, and could reduce viability twice, even at 1 µM GQ.
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Figure 7. MTT assay data on the cell viability of two cell lines after GQ treatment with three different concentrations (0.1;
1.0, and 10 µM) for 72 h. Human cancer cell line U87 (A–E) and embryonic fibroblasts (F–J). HD1 (black), bi-HD1 (blue),
AID-1-T (violet), bi-(AID-1-T) (red), AS1411 (green). Data are shown as (mean +/− S.D., standard deviation).
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Figure 8. MTT assay data on the cell viability of six patient primary glioma cell cultures after bi-GQ treatment with three
different concentrations (0.1; 1.0, and 10 µM) for 72 h. Patient primary glioma cell cultures: G11 (A–C), Sus/fP2 (D–F), G01
(G–I), G23 (J–L), G22 (M–O), N1 (P–R). bi-HD1 (blue), bi-(AID-1-T) (red), AS1411 (green). Data are shown as (mean +/−
S.D.). Patient data are in the Table 1.
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3. Discussion

GQs have a well-documented anti-proliferative activity [1]. Besides the numerous at-
tempts at searching for more GQs with anti-proliferative activity, there are three established
arms of research, which are based on the original mono-modular GQs, namely, AS1411,
HD1, and the so called T-series.

AS1411 is a conventional GQ with anti-proliferative activity toward a variety of
cell lines [6]. It is at the stage of translation, and we took it as the reference GQ. The
disadvantage of AS1411 is its conformational heterogeneity, which was overcame using
derivatives, like AT11 [5].

An idea for the further development of the other two arms of GQ anti-proliferative
study is to conjugate known functional GQ modules, making a bi-modular twin molecule.
We focused on the brain cancer, glioma. Most of the data for GQ anti-proliferative activity
have been recorded using cancer cell lines, while this research was focused, for the first
time, on patient glioma primary cell cultures.

Because of a lack in the literature of well-established conventional conditions for the
treatment of cells with oligonucleotides, the critical point was choosing a threshold for
screening. We restricted this value to 10 µM.

We have shown earlier [14] for the CNS cancer cell line, U87, that two-quartet GQ,
bi-HD1, has an anti-proliferative activity; and that bi-modular constructed bi-HD1 is
much more active than mono-modular HD1: GQ concentration below 10 µM GQ, for 72 h.
Therefore, these GQs (Figure 1) were chosen as the reference to compare mono-modular
and bi-modular GQs for anti-proliferative activity.

AID-1-T is a three-quartet GQ with an anti-proliferative activity toward a variety of
cell lines [37]. Continuing the bi-modular construction, a bi-(AID-1-T) with TTT-linker in
between two GQ modules was designed for the first time.

The three-dimensional structures of GQ modules are known for HD1 [38], and the
derivative of AID-1, AT11 [4] (Figure 1).

It is known that any extensions from the GQ structure, like single stranded short
oligonucleotides, affect the GQ internal structure, stability, and properties [19], not to
mention an extension with a massive module, such as another GQ. In addition, the existence
of three lateral loops could interfere with the tight packing of two GQs of HD1s joined by
a short link with a single T. Indeed, a putative structure of bi-HD1 does not correspond
to a sum of two initial modules; probably the structure of the second module extending
from the 3′-end of the first one is slightly different from HD1 due to CD spectroscopy
(Figure 2A) [14]. Therefore, the structure of bi-modular GQ constructs should be carefully
studied before functional assays.

The CD spectrum of HD1 and bi-HD1 (Figure 2) correspond to a topology of anti-
parallel GQ [20]. The molar CD at 294 nm for bi-HD1 with K+ was not two times, but just
1.3 times more than that for HD1, which reflects the existence of two unequal GQs [14]. The
CD spectrum of AID-1-T and bi-(AID-1-T) correspond to the topology of parallel GQ [20].
The molar ellipticity at 263 nm for bi-(AID-1-T) with K+ was exactly two times more than
that for AID-1-T, which reflects the existence of two equal GQs, unlike for bi-HD1. These
structural differences of the two twins could be due to the different orientation of the two
GQs within the molecule. In bi-HD1 the two GQs could not stack because of the lateral
loops; on the contrary, in bi-(AID-1-T) the two GQs could perfectly stack on each other [39].
Three-quartet AID-1-T and bi-(AID-1-T) could fold more effectively than two-quartet HD1
and bi-HD1 (Figure 2). This could be due to either the number of quartets within GQ, or
the stacking within the twin mentioned above, or both.

As far as the effects of cation nature on the folding are concerned, generally, bi-modular
constructs were less sensitive to the nature of the cation (Figure 3). In Na+, HD1 was, as
expected, not well-folded (Figure 3A) [29], while bi-HD1 was almost folded, as it folds
in favorable K+ (Figure 3B). For AID-1-T and bi-(AID-1-T) this effect was much more
pronounced (Figure 3D,E); the introduction of Ba2+ stressed this effect. The folding of
covalently joined GQs of bi-HD1 was affected by Ba2+ much more strongly than a single
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module of HD1 alone (Figure 3A,B), which supports the idea of unequal, imperfect GQs in
bi-HD1. This was not that notable for AID-1-T and bi-(AID-1-T) because of the perfect GQ
folding, and probably due to the reasons discussed above.

The thermal stability of a folded GQ strongly affected its functional activity, because
most of tests were performed at 37 ◦C (310◦ K). After 35 ◦C (308◦ K) the thermal unfolding of
HD1 was similar to that of bi-HD1 (Figure 5A), indicating some autonomy of GQ behavior
beyond this temperature. However, an aTm about 40 ◦C (313◦ K) could not provide totally
folded molecules. Parallel GQs of AID-1-T and bi-(AID-1-T) were much more thermally
stable than anti-parallel GQs, having aTm above 75 ◦C (348◦ K), and providing almost
totally folded molecules, which was firmly in favour of its applicability in exploring the
anti-proliferative activity of these GQs. The difference in the thermal stability of mono-
and bi-modular GQs was more pronounced. Mono-modular AID-1-T gave a non-covalent
dimer via the stacking interaction of two molecules. It showed bi-phase thermal unfolding,
a first gradual slow decrease of ellipticity, probably due to dissociation of dimers, and then
the unfolding of the GQs themselves.

For testing the anti-proliferative activity, a rather high concentration of GQs is usu-
ally applied to cell cultures, i.e., micromole range. Therefore, an examination of the
conformational/oligomeric homogeneity of GQs at these concentrations has to be care-
fully performed.

AS1411 behaves as a dimer, showing a slightly asymmetric peak (Figure 6C). For
AS1411 the existence of a dimer fraction has been found [11], which could be due to the
suggested bi-modular structure (Figure 1).

It is interesting to compare the migration of bi-HD1 with that of AS1411. The first
twin, being less compact because of the lateral loops, goes faster than the putative second
one, which again indirectly supports the suggested bi-modular structure of AS1411.

It is no surprize that the migration of bi-HD1 is much faster than mono-modular
HD1. Bi-modular bi-(AID-1-T) exhibited approximately the same mobility as the non-
covalent dimer of mono-modular AID-1-T; the dimerization ability of the later has also
been observed before [16]. The introduction of Ba2+ stimulated further dimerization of the
non-covalent dimer into a putative tetramer.

As was already mentioned, GQs have attracted a great deal of attention as potential
anti-proliferative agents [1]. To increase the GQs activity, a variety of modifications have
been applied, mainly attempting to improve their chemical stability in the milieu.

Aside from that trend, in this research we continued to explore an approach of con-
structing twin molecules by the covalent linking of identical functionally active GQ mod-
ules. Even for HD1 with lateral loops, it was shown that making a bi-modular twin
molecule was effective for creating an anti-proliferative agent for the neural cancer cell line
U87 (Figure 7A,B) [14].

Parallel GQs with propeller loops have the folding properties discussed above, and
due to this they are more suitable for exploring anti-proliferative activity. GQ of AID-1-T
is known for its ability to bind several GQ-binding proteins, like HIV integrase, and IL-6
receptor [25], but its anti-proliferative activity has not been explored toward cancer cells,
nor neural cancer cells in particular.

At the beginning, all five GQs were tested toward the neural cancer cell line, U87,
applying three different concentrations of GQ: 0.1, 1.0, and 10 µM, in an attempt to find the
most active GQ, as well as to compare mono-modular and bi-modular constructs (Figure 7).
As a control for a non-cancer cell line, human embryo fibroblasts were used. First, all GQs,
except HD1, at 10 µM had a reduced U87 cell viability, and only bi-modular GQs were
active at 1 µM, which stressed the value of making twin molecules. There were no effects
on the human embryo fibroblast cell line at any concentration tested.

Unique results were observed when the primary glioma cell cultures from patients
were tested. Brief data on patients are listed in Table 1. Six cell cultures were tested, and it
turned out that the viability of just three cell cultures, G01, Sus/fP2, and G11, were affected
to a very different extent (Figure 8). The IC50 for the G01 cell culture was >10 µM; the
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Sus/fP2 and G11 cell cultures were 1–10 µM; and only in one case, for bi-(AID-1-T) toward
G11 cell culture, the IC50 was less than 1 µM. In general, the most sensitive cell culture
was G11, and the most active GQ was bi-(AID-1-T) (Figure 8B).

Therefore, the conclusion was the following: the anti-proliferative activity of different
GQs toward different cell cultures was different. This ambiguity could be solved in two
ways: from the GQ structure, and from the cell nature.

The specific GQ structure governs the type of action on a cancer cell line; changes
in GQ conformation affect its activity: it could either reduce/abolish activity [14] or
enhance activity (Figures A2–A4). The inversion of chain polarity and usage of unnatural
nucleotides could increase anti-cancer activity [15,40,41], but the exact reason, like changing
the conformation only, has to be established properly in each case.

The phenomenon of inter-tumor heterogeneity, in terms of the response to specific
agents, like antibodies, is not surprising [36], and needs to be studied in more detail to
attempt to find reasons. GQs, as crypto-aptamers, could be considered as relatively specific
agents as well, though less specific than antibodies, because they can attack not a single
protein, but a group of proteins, like GQ-binding proteins. This suggestion was correct in
the case of AID-1-T GQ, which could interact with different proteins: the receptor IL-6R,
and HIV integrase [25]. Therefore, more studies are required to find clues to the mechanism
of action of its twin, bi-(AID-1-T).

At this stage of the research, some general questions could be addressed, whether this
intertumor heterogeneity toward GQs is due to the very first steps of up-take, endocytosis
activity, due to the status of the transport protein, like nucleolin, or due to the status of
unknown receptor; or whether it reflects different inner-cell events: the pattern/status of
GQ-binding proteins. Any correlations between possible histology/pathology and the
molecular biology features of real patients and GQs activities remain to be established.

4. Materials and Methods

Conventional human cell lines U87 and fibroblasts from human embryo were provided
from the collection of the Centre of Neurosurgery (Moscow, Russia). GBM cultures N1,
G11, Sus/fP2, G22, G23, and G01 were developed in the Centre of Neurosurgery from the
surgery samples of patients (Burdenko National Medical Research Centre of Neurosurgery).
The data on GBM grade and some patient details are summarized in Table 1; all samples had
WT IDH1 (isocitrate dehydrogenase 1). This study was approved by the Ethics Committee
of Burdenko Neurosurgical Institute, Russian Academy of Medical Sciences (№_12/2020).
All subjects gave written informed consent in accordance with the Declaration of Helsinki.

4.1. Materials and Reagents

NaCl and BaCl2 Merck (KGaA, Darmstadt, Germany); KCl Serva (Heidelberg, Ger-
many), HCl Bio–Rad Laboratories (Hercules, CA, United States), Tris Invitrogen (Carlsbad,
CA, USA), NaH2PO4, Na2HPO4·2H2O, glycerol PanReac AppliChem (Barcelona, Spain),
acetonitrile HPLC grade Sigma–Aldrich (St. Louis, MO, USA), dimethylsulfoxide PanEco
(Moscow, Russia), growth medium DMEM/F–12, PBS Gibco, Thermo Fisher Scientific
(Carlsbad, CA, USA), MTT–reagent CellTiter 96® Aqueous Promega (Madison, WI, USA).
Solutions were made with deionized water, Milli–Q (Merck MilliPore, Burlington, MA,
USA), and were filtered prior to experiments though 0.2 µm nitrocellulose filters, Sarstedt
(Nümbrecht, Germany).

Buffer composition: buffer A: 20 mM Tris-HCl, pH 7.1, 140 mM NaCl; buffer B: 20 mM
Tris-HCl, pH 7.1, 140 mM NaCl, 10 mM KCl; buffer C: 20 mM Tris-HCl, pH 7.1, 140 mM
NaCl, 10 mM KCl, 5 mM BaCl2; buffer D: 20 mM Tris-HCl, pH 7.1, 140 mM NaCl, 10 mM
KCl, 1% (v/v) glycerol.

All oligonucleotides were synthesized and HPLC-purified by Evrogen Ltd.
(Moscow, Russia).
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The sequences of GQs are listed in Table 2. The oligonucleotides were named according
to their first appearance in the literature. Four of the six oligonucleotides had been described
previously. Bi-modular GQ, bi-(AID-1-T) was designed for the first time.

Table 2. List of GQ sequences of DNA oligonucleotide under study. Proposed sequences of linkers of
GQ modules are underlined. References for known GQ are in the text.

GQ DNA Sequence

AS1411 GGTGGTGGTGGTTGTGGTGGTGGTGG
HD1 GGTTGGTGTGGTTGG

bi-HD1 GGTTGGTGTGGTTGGTGGTTGGTGTGGTTGG
AID-1-T GGGTGGGTGGGTGGG

Bi-(AID-1-T) GGGTGGGTGGGTGGGTTTGGGTGGGTGGGTGGG

4.2. Preparation of GQ Solutions

Molar extinction coefficients of oligonucleotides were calculated using the nearest-
neighbor model [42]. Optical density was measured using a UVI photometer BioPhotometer
6131 from Eppendorf (Hamburg, Germany). GQs were dissolved in buffers. All solutions
were heated at 95 ◦C for 5 min, and cooled at room temperature.

4.3. Circular Dichroism Spectroscopy (CD)

CD spectra (as well as UV spectra) were recorded using a CD spectrometer Chirascan
from Applied Photophysics (Leatherhead, UK) and a Dichrograph MARK-5 (Jobin-Yvon;
Montpellier, France) equipped with a thermoelectric temperature regulator. Quartz cuvettes
had a 1-cm optical path length. CD and UV spectra were measured in the wavelength
range 220–340 nm, and temperatures range 20–95 ◦C, with a 5 ◦C step; the samples had
a thermostatic pause for 7 min. Spectra of buffer solution were subtracted as baselines.
Melting temperatures were calculated from CD melting profiles at 265 nm for parallel GQ,
and at 295 nm for antiparallel GQ [43].

4.4. Size-Exclusion HPLC

Size-exclusion chromatography (SEC) was conducted as described [34,35] using an
Agilent 1200 HPLC system with an autosampler and diode array detector (Agilent; Santa
Clara, CA, USA). The HPLC column was a TSKgel G2000SWXL (Tosoh Bioscience; King
of Prussia, PA, USA), 30 cm length, 0.78 cm diameter, 5 µm particle diameter, 12.5 nm
pore diameter; the column was conventionally recommended by the manufacturer for the
separation of proteins with MW (molecular weight) in the range 5–150 kDa. The developed
conditions for the separation of oligonucleotides were the following: temperature 25 ◦C,
mobile phase water/acetonitrile 9:1 v/v with potassium phosphate buffer (60 mM KH2PO4
and 140 mM K2HPO4, pH 6.9), and flow rate 0.5 mL/min. Absorption at 260 nm was
registered with 10 nm bandwidth.

The column was calibrated with a set of duplexes (GeneRuler Ultra Low Range DNA
Ladder from Thermo Fisher Scientific (Carlsbad, CA, USA). The linear range for log (MW)
from Vr/V0 was achieved for duplexes with 10–100 base pairs (Vr—retention volume,
V0—dead volume of the column, 5.64 mL). The following equation was acquired from the
calibration experiment and used for further calculations of apparent molecular weights of
GQ and complexes: log(MW) = 6.51 − 1.67 · Vr/V0.

4.5. MTT Assay

The MTT assay estimated cell viability, which was measured after adding GQ; the
standard protocol was used [44]. Cells were placed in 96-well plates; 1500–2000 cells
per well were supplied with 200 µL of growth medium, and cultivated for 48 h under
standard conditions (37 ◦C, 5% CO2, and controlled humidity). Then the growth medium
was removed and 100 µL of fresh growth medium was added with GQ in the appropriate
content; five repeats for each sample were made. Cells were incubated for 72 h; then growth
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medium was removed; the cells were washed with PBS; 100 µL fresh growth medium and
20 µL of MTT reagent were added for 2 h. Growth medium without cells and MTT-reagent
was used as a baseline sample. Optical density was measured using Infinite M200 Pro
(Tecan, Switzerland) at 490 nm.

5. Conclusions

G-quadruplex DNA oligonucleotides (GQs) exhibited specific anti-proliferative ac-
tivity for human cancer cell lines. This ability could be translated into the treatment of
glioblastoma multiform (GBM), which has a poor prognosis and low-efficiency therapeu-
tics. A novel bimodular GQ, bi-(AID-1-T), a covalent twin of the previously described
three-quartet AID-1-T, was structurally and functionally characterized. A comparison of
bi-(AID-1-T) with its module, AID-1-T, and bi-modular bi-HD1 with its module two-quartet
HD1, and conventional AS1411, was made. Bi-(AID-1-T) had the highest anti-proliferative
activity for neural cancer cell line U87, while not affecting the control human embryonic
fibroblasts. For the first time GQs were tested toward several primary GBM cultures from
patient surgical samples. The sensitivity of patient primary GBM cultures toward GQs
varied, with an apparent IC50 less than 1 µM for bi-(AID-1-T) toward the most sensitives
G11 cell culture (GBM, Grade III).

Author Contributions: A.K., G.P.; methodology, V.L., N.S., A.A., V.T., E.Z.; software, A.K.; validation,
A.K., E.Z., D.U., G.P.; investigation, A.K., G.P.; resources, A.K., D.U.; data curation, A.K.; writing—
original draft preparation, V.L., A.K., G.P.; writing—review and editing, A.K., G.P.; visualization, V.L.,
N.S., A.A., V.T.; project administration, A.K., D.U.; funding acquisition, A.K., G.P., D.U. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education and Science of Russia Foundation,
grant number № 075-15-2020-809 (13.1902.21.0030) and by the Russian Foundation for Basic Research,
grants number №17-00-00160, №17-00-00157 (17-00-00162 K) and №18-015-00279 A.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and was approved by the Local Ethics Committee of Burdenko Neurosurgery
Center (protocol code №12/2020, 15.12.2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the reason that some of the generated
data is not published.

Acknowledgments: We appreciate the collaboration of Anastasiya Bizayeva and Eva Dominik with
the additional CD folding-unfolding experiment, and preparation of Figures.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Previously it has been shown by us, that the coordination of Ba2+ cation by GQ of
bi-HD1 stabilized GQ and abolished its anti-proliferative activity [14].

Owing to the conformational heterogeneity of AS1411, it was suggested to stabilize
a conformation of AS1411 with Ba2+ coordination in buffer C (Figures 3, A1 and A4),
and study the anti-proliferative activity of this complex toward four primary glioma cell
cultures (Figure A5). Contrary to bi-HD1, the activity of AS1411+ Ba2+ was increased. The
most demonstrative example was the treatment of the most sensitive G11 culture with
1 µM AS1411+ Ba2+, which was more effective than AS1411+K+ (Figure A5).
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Figure A1. CD spectra of GQs under study in buffer C (140 mM NaCl, 10 mM KCl, 5 mM BaCl2) at
different temperatures: (A) HD1, (B) bi-HD1; (C) AS1411, (D) AID-1-T, (E) bi-(AID-1-T). The color
ladder on the right indicates temperatures.

Figure A2. CD melting profile of GQs under study in the buffer C (140 mM NaCl, 10 mM KCl, 5 mM
BaCl2): HD1 (red), bi-HD1 (black).
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Figure A3. CD melting profile of GQs under study in the buffer C (140 mM NaCl, 10 mM KCl, 5 mM
BaCl2): AID-1-T (red), bi-(AID-1-T) (black).

Figure A4. CD melting profile of GQs under study in buffer C (140 mM NaCl, 10 mM KCl, 5 mM
BaCl2): AS1411 (red).
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Figure A5. MTT assay data on cell viability of three patient primary glioma cell cultures after
treatment with AS1411+Ba2+ at 1 and 10 µM, for 72 hrs. Patient primary glioma cell cultures: G11
(A,B, blue), Sus/fP2 (C,D, red), G01 (E,F, green). Data are shown as (mean +/− SD). Patient data are
in Table 1.

Figure A6. CD unfolding (black) and folding (red) profiles for bi-(AID-1-T) in buffer B (140 mM
NaCl, 10 mM KCl; (Na+, K+).
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Abstract: α-Synuclein (α-Syn) protein is involved in the pathogenesis of Parkinson’s disease (PD).
Point mutations and multiplications of the α-Syn, which encodes the SNCA gene, are correlated
with early-onset PD, therefore the reduction in a-Syn synthesis could be a potential therapy for PD if
delivered to the key affected neurons. Several experimental strategies for PD have been developed in
recent years using oligonucleotide therapeutics. However, some of them have failed or even caused
neuronal toxicity. One limiting step in the success of oligonucleotide-based therapeutics is their
delivery to the brain compartment, and once there, to selected neuronal populations. Previously,
we developed an indatraline-conjugated antisense oligonucleotide (IND-1233-ASO), that selectively
reduces α-Syn synthesis in midbrain monoamine neurons of mice, and nonhuman primates. Here,
we extended these observations using a transgenic male mouse strain carrying both A30P and A53T
mutant human α-Syn (A30P*A53T*α-Syn). We found that A30P*A53T*α-Syn mice at 4–5 months of
age showed 3.5-fold increases in human α-Syn expression in dopamine (DA) and norepinephrine
(NE) neurons of the substantia nigra pars compacta (SNc) and locus coeruleus (LC), respectively,
compared with mouse α-Syn levels. In parallel, transgenic mice exhibited altered nigrostriatal DA
neurotransmission, motor alterations, and an anxiety-like phenotype. Intracerebroventricular IND-
1233-ASO administration (100 µg/day, 28 days) prevented the α-Syn synthesis and accumulation in
the SNc and LC, and recovered DA neurotransmission, although it did not reverse the behavioral
phenotype. Therefore, the present therapeutic strategy based on a conjugated ASO could be used
for the selective inhibition of α-Syn expression in PD-vulnerable monoamine neurons, showing the
benefit of the optimization of ASO molecules as a disease modifying therapy for PD and related
α-synucleinopathies.

Keywords: α-synuclein; antisense oligonucleotide; dopamine neurotransmission; double mutant
A30P*A53T*; motor deficits; Parkinson’s disease; transgenic mouse model
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1. Introduction

In the elderly population, Parkinson’s disease (PD) is the second most common
neurodegenerative disease after Alzheimer’s disease [1,2]. The illness is characterized by a
variety of motor dysfunctions including difficulties in initiating movements, bradykinesia,
rigidity, and resting tremor. These signs result from a reduction in striatal dopamine
(DA) neurotransmission, which accompanies progressive degeneration of DA neurons
in the substantia nigra pars compacta (SNc) [3–6]. However, PD is also characterized
by a premotor phase associated with the development of neuropsychiatric symptoms,
cognitive deficits, among others, involving dysfunctions of non-DA neurons, e.g., serotonin
(5-HT) and norepinephrine (NE) neurons, which precedes the development of motor
symptoms [7,8]. Although the causes of PD are still poorly understood, genetic studies have
identified two highly penetrant mutations, A30P and A53T, in α-synuclein (α-Syn), which
encodes SNCA gene associated with autosomal dominant inheritance of the PD [9,10]. α-
Syn is a highly conserved protein made up of 140 amino acid residues that is predominantly
expressed in neurons, and is abundantly localized in presynaptic terminals, which plays
a significant role in the regulation of neurotransmitter release, synaptic function, and
neuroplasticity [11–13].

Accumulation of α-Syn in intracytoplasmic inclusions called Lewy bodies is a neu-
ropathological hallmark of PD. Therefore, one approach to modelling the disease is to
modify the mouse genome in order to over-express wild-type human α-Syn (h-α-Syn),
as well as the PD-linked α-Syn mutants A53T, A30P, and E46K, or even combinations of
them [14–19]. Indeed, Richfield et al. [20] introduced a transgenic mouse model carrying
a double mutant h-α-Syn gene with both A30P and A53T point mutations under the ty-
rosine hydroxylase (TH) promoter (A30P*A53T*α-Syn). Aged A30P*A53T*α-Syn mice
(13–23 months) successfully recapitulated many important features of α-synucleinopathy,
including increased α-Syn expression, which adversely induced an age-dependent DA
neurodegeneration and a decrease in the DA concentration in the striatal tissue, leading
to deficits in motor coordination. Moreover, A30P*A53T*α-Syn mice showed swollen,
dystrophic TH+ neurites in the SNc, as well as accumulation of oligomeric α-Syn forms at
12 months, supporting the proposal that A30P*A53T*α-Syn mice may be used as a model
to test new PD-modifying therapies that reduce α-Syn expression/accumulation [21,22].

In the last decade, remarkable advances in the development of oligonucleotide thera-
pies aimed at inhibiting α-Syn synthesis have been made [23]. Gene silencing mechanisms
targeting α-Syn mRNA may reduce the intracellular protein content and stop/slow the
progression of the illness. Preclinical studies in rodents and nonhuman primates have
successfully shown that α-Syn can be downregulated in PD-affected brain areas after direct
application of oligonucleotide therapeutics including antisense oligonucleotides (ASO),
small interfering RNAs (siRNA), and microRNAs (miRNA) [24–31]. Irrespective of these
potential hitches, a major limitation in the development of oligonucleotide-based thera-
peutics is their delivery to the brain compartment, and once there, to selected neuronal
populations or cell types. In an effort to solve this problem, we successfully developed a
strategy to supply in vivo oligonucleotides selectively to brainstem monoamine neurons
(DA, 5-HT, and NE). This was achieved by conjugating oligonucleotides with inhibitors of
monoamine transporters (MAT) showing nM affinity for MAT, such as sertraline, reboxe-
tine, and indatraline (IND), which are exclusively expressed in monoamine neurons at high
densities [32–36]. MAT inhibitors allow the selective accumulation of oligonucleotides in
monoamine neurons after internalization in deep Rab-7-associated vesicles [33,35].

Recently, we reported that intracerebroventricular or intranasal administration of an
indatraline-conjugated 1233-ASO (IND-1233-ASO) can effectively reduce α-Syn protein
accumulation in the brainstem monoamine neurons of wild-type mice and nonhuman
primates, without causing neurotoxicity [34,36]. In the present study, we extended these
observations and assessed whether an IND-1233-ASO sequence designed in such a way
that the target mRNA sequence displays homology with the murine, rhesus macaque, and
human α-Syn is able to downregulate h-α-Syn expression in DA and NE brain areas of
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transgenic A30P*A53T*α-Syn mice. Furthermore, since the A30P and A53T familial point
mutations in the SNCA gene are a risk factor for early-onset PD [9,10,37], we also examined
the anxiety-depressive phenotype and cognitive abnormalities, as well as DA function in
middle-aged mice (5 months), as these features have not been assessed in previous studies
using this transgenic mouse model.

2. Results
2.1. α-Syn Expression Profile in Brain Areas of A30P*A53T*α-Syn Transgenic Mice

We first examined the expression of h-α-Syn and murine α-Syn (m-α-Syn) mRNAs
in several cortical and subcortical brain areas of non-transgenic (non-Tg) and transgenic
A30P*A53T*α-Syn mice (Figure 1a and Supplemental Figure S1). Using in situ hybridiza-
tion, we found that h-α-Syn mRNA levels were more than 3-fold higher than m-α-Syn
mRNA levels selectively in the brainstem nuclei containing DA and NE cell bodies in
brain areas such as the SNc, ventral tegmental area—VTA and locus coeruleus—LC
(SNc/VTA: 316.9% ± 18.3%; LC: 377.5% ± 22.5%, respectively, versus m-α-Syn mRNA lev-
els) (Figure 1b). The Student’s t-test indicated values of t = 10.52, p < 0.0001 for SNc/VTA
and t = 11.91, p < 0.0001 for LC, respectively. Moreover, m-α-Syn mRNA expression
was unchanged, and comparable values were detected in cortical and subcortical brain
areas of non-Tg and transgenic A30P*A53T*α-Syn mice (Supplemental Figure S1b). In
parallel, A30P*A53T*α-Syn mice showed also significant reductions in murine γ-synuclein
(γ-Syn) mRNA expression in the SNc/VTA and LC compared with non-Tg mice (t = 2.838,
p = 0.0296; t = 3.005, p = 0.0239, Student’s t-test, respectively) (Figure 1c,d). The increases in
h-α-Syn mRNA levels in the SNc/VTA and LC were confirmed by immunohistochemistry
assessment of h-α-Syn protein levels (Figure 1e).
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sections showing h-α-Syn mRNA levels in SNc/VTA assessed by in situ hybridization. Yellow arrowheads indicate the brain
regions quantified in b. Scale bar: 1 mm. (b) Increased h-α-Syn mRNA expression in SNc/VTA and LC of A30P*A53T*α-Syn
transgenic mice compared with m-α-Syn mRNA expression levels in the same mice (n = 5 mice/group; *** p < 0.001 vs.
m-α-Syn mRNA levels; Student’s t-test). (c) Coronal brain sections showing m-γ-Syn mRNA levels in SNc/VTA and LC
assessed by in situ hybridization. Yellow arrowheads show the lower density of m-γ-Syn expression in A30P*A53T*α-Syn
mice compared with non-Tg mice. Scale bar: 1 mm. (d) Reduced m-γ-Syn mRNA expression in SNc/VTA and LC of
A30P*A53T*α-Syn transgenic mice compared with non-Tg mice (n = 4–5 mice/group; * p < 0.05, ** p < 0.01 versus non-Tg
mice; Student’s t-test). (e) Representative photomicrographs showing accumulated levels of h-α-Syn protein in SNc/VTA
and LC of A30P*A53T*α-Syn transgenic mice. White frames indicate the SNc/VTA and LC brain regions. Scale bar: 200 µm.
For all figures, data represent the mean ± SEM. Abbreviations: SNc, substantia nigra compacta; VTA, ventral tegmental
area; LC, locus coeruleus; 4V, 4-ventricle. See also Supplemental Figure S1.53
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However, unlike the aged A30P*A53T*α-Syn mice (13–23 months), the middle-aged
mice (5 months) did not show a loss of tyrosine hydroxylase (TH)+ cells in the SNc, VTA
and LC, nor were there any changes in TH density in the caudate putamen (CPu) compared
with non-Tg mice (Figure 2a,b). Likewise, no alterations were found using other DA and NE
neuronal markers, including the DA transporter (DAT) and NE transporter (NET) proteins,
respectively. Histochemical analysis showed that the DAT density levels in SNc/VTA and
CPu result in similar levels of immunoreactivity for both phenotypes (Figure 2c,d). In
addition, the NET density was comparable in the LC and medial prefrontal cortex (mPFC)
of A30P*A53T*α-Syn and non-Tg mice (Figure 2e,f). Altogether, these results indicate
that A30P*A53T*α-Syn overexpression, and concomitant reduction in γ-Syn levels in the
SNc/VTA and LC occurred in the absence of monoamine neurodegeneration, at least in
middle-aged mice.
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immunostained brain sections containing SNc/VTA, LC and CPu. Scale bar: 200 µm. (b) No differences in the number of
TH+ neurons were found in the SNc, VTA or LC of A30P*A53T*α-Syn vs. non-Tg mice. Likewise, the density of striatal TH+

terminals was comparable between both phenotypes. (c) DAT-immunostained brain sections containing SNc/VTA and CPu.
Scale bar: 200 µm. (d) No differences in DAT protein density were found in the SNc, VTA or CPu of A30P*A53T*α-Syn vs.
non-Tg mice. (e) Confocal images showing the NET protein density in LC and mPFC of A30P*A53T*α-Syn and non-Tg
mice. Scale bar: 200 µm. (f) No differences in NET protein density were found in LC and mPFC of both phenotypes.
Data are represented as mean ± SEM, n = 4–5 mice/group. Abbreviations: mPFC, medial prefrontal cortex; CPu, caudate
putamen; HPC, hippocampus; SNc, substantia nigra compacta; VTA, ventral tegmental area; DR, dorsal raphe nucleus; LC,
locus coeruleus.
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2.2. A30P*A53T*α-Syn Transgenic Mice Show Motor Deficits and an Anxiety-Like Phenotype

To determine the functional consequences of A30P*A53T*α-Syn overexpression in
SNc/VTA and LC, we performed a behavioral study assessing motor, emotional and
cognitive components. Compared with non-Tg mice, A30P*A53T*α-Syn mice showed a
reduced spontaneous locomotor activity as assessed in the open field test (Figure 3a,b).
Differences were found between A30P*A53T*α-Syn and non-Tg mice in terms of total
distance traveled, fast movements, mean speed, resting time, and vertical count. The
total distance traveled and frequency of fast movements, but not slow movements, were
significantly lower in A30P*A53T*α-Syn than non-Tg mice (t = 3.199, p = 0.0035; t = 2.675,
p = 0.0125, Student’s t-test, respectively). Likewise, A30P*A53T*α-Syn mice exhibited
a reduced mean speed (t = 3.105, p = 0.0044, Student’s t-test), and a longer resting time
(t = 2.785, p = 0.0097, Student’s t-test) compared with non-Tg mice. Vertical counts were also
significantly lower in A30P*A53T*α-Syn mice than in non-Tg mice both in the open field
test (Figure 3a, t = 2.91, p = 0.0074, Student’s t-test) and cylinder test (Figure 3c, t = 2.397,
p = 0.0247, Student’s t-test). However, A30P*A53T*α-Syn mice showed no difference
compared to non-Tg mice in motor asymmetry in the cylinder test as expected (Figure 3c).
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Figure 3. Impairment of motor function and anxiety-like behaviors in A30P*A53T*α-Syn transgenic mice. (a) Comparison
of spontaneous locomotor activity between 5-month-old A30P*A53T*α-Syn and non-Tg mice in the open field test. Total
distance traveled, fast movements, average speed and vertical count were significantly decreased in A30P*A53T*α-Syn mice
compared with non-Tg mice. In parallel, transgenic mice showed an increased resting time compared with non-Tg mice.
(b) Representative locomotor activity tracking was obtained from both phenotypes. (c) No difference in motor asymmetry
examined by the use of the left paw was detected. However, A30P*A53T*α-Syn mice showed a reduced vertical count in
the cylinder test compared with non-Tg mice. (d) In the dark-light box test, A30P*A53T*α-Syn transgenic mice evoked an
anxiety-like response compared with non-Tg mice, as shown by the shorter spent time in the lit box but the marginal effects
in the latency period to entering in the light box or the number of entries. Data are the mean ± SEM, n = 10–15 mice/group.
Student’s t-test, * p < 0.05, ** p < 0.01 compared with non-Tg mice. See also Supplemental Figure S2.

Mice were also tested using a dark-light box paradigm, a behavioral task assessing
the anxiety-like phenotype (Figure 3d). The A30P*A53T*α-Syn mice showed a significant
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reduction in time spent in the light box (t = 2.162, p = 0.0404, Student’s t-test), and there
were marginal effects on latency and the number of entries in the light box, suggesting an
anxious phenotype compared with non-Tg mice. Nevertheless, no differences between
both phenotypes were detected in the tail suspension test or in the novel object recogni-
tion, behavioral tasks assessing vulnerability/resilience to stress and short-term memory,
respectively (Supplemental Figure S2).

2.3. A30P*A53T*α-Syn Overexpression in TH+ Neurons Impairs DA Neurotransmission in the
Nigrostriatal Pathway

The impact of the mutant α-Syn transgene overexpression on the nigrostriatal DA
function was examined in 5-month-old A30P*A53T*α-Syn and non-Tg mice using in vivo
microdialysis procedures. A30P*A53T*α-Syn transgenic mice showed no differences in
baseline extracellular concentrations of DA and its 3,4-dihidroxyphenylacetic acid (DOPAC)
metabolite in CPu compared with non-Tg mice (Table 1). However, infusion of the depolar-
izing agent veratridine (50 µM) by reverse dialysis increased extracellular DA in CPu to a
lesser extend in A30P*A53T*α-Syn than in non-Tg mice (~2-fold versus ~6-fold, respec-
tively) (Figure 4a). Two-way ANOVA followed by Tukey’s post hoc test analysis showed
a marginal effect of group F(1,7) = 3.993, p = 0.0858, and effect of time F(15,105) = 19.85,
p < 0.0001 and a group-by-time interaction F(15,105) = 3.304, p = 0.0002.

Table 1. Baseline DA and DOPAC dialysate concentrations in the CPu of mice.

Mice Experimental Conditions Baseline DA Baseline DOPAC

non-Tg aCSF 10.3 ± 1.6 (15) 0.8 ± 0.1 (15)
aCSF + DMSO 1% 7.2 ± 2.2 (4) 1.6 ± 0.4 (4)

A30P*A53T*α-Syn aCSF 8.5 ± 1.2 (15) 1.1 ± 0.1 (15)
aCSF + DMSO 1% 6.6 ± 1.7 (5) 1.8 ± 0.5 (5)

Extracellular DA and DOPAC levels are expressed as the fmol/20-min fraction. In the experiments involving
the evaluation of the veratridine effect on extracellular DA and DOPAC levels, dimethyl-sulfoxide (DMSO) was
added to the artificial cerebrospinal fluid (aCSF), respectively. Data are the mean ± SEM of the number of mice
shown in parentheses.

Moreover, both α-Syn and γ-Syn proteins modulate membrane distribution and the
reuptake function of DAT at DA terminals [19,34]. Local application of amphetamine
(DA releaser and DAT inhibitor, 1–10 µM) dose-dependently elevated the dialysate DA
concentration in the CPu, being significantly higher in A30P*A53T*α-Syn transgenic mice
compared with non-Tg mice (Figure 4b). Two-way ANOVA showed effects of group
F(1,126) = 7.828, p = 0.0060 and time F(17,126) = 6.235, p < 0.0001, and a marginal effect of
group-by-time interaction F(17,126) = 1.560, p = 0.0849. However, no significant differences
were observed in the extracellular DA concentration in the CPu between both phenotypes
after local application of DAT inhibitor nomifensine (1–10 µM) (Figure 4c), suggesting that
the greater DA elevation induced by amphetamine in A30P*A53T*α-Syn transgenic mice is
not due to a differential expression/function of DAT. Two-way ANOVA showed an effect
of time F(17,162) = 7.474, p < 0.0001, but not of group as well as a group-by-time interaction.

To obtain more information on the mechanisms controlling DA neurotransmission
in the nigrostriatal pathways of A30P*A53T*α-Syn mice, we also examined the effect of
the DA D2 receptor agonist quinpirole on DA release. Local quinpirole infusion (10 µM)
by reverse dialysis comparably reduced the extracellular DA concentration in the CPu of
non-Tg and A30P*A53T*α-Syn mice (Figure 4d). Two-way ANOVA showed an effect of
time F(17,144) = 11.20, p < 0.0001, but not of group as well as a group-by-time interaction.
No significant differences in extracellular DOPAC levels were observed between both
phenotypes with the different pharmacological approaches used (data not shown) [19].
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mouse model overexpressing wild-type h-α-Syn induced by an adeno-associated viral 
vector, also prevented h-α-Syn accumulation in interconnected DA brain regions [36]. 
This specificity is due to the potent in vitro affinity and in vivo occupancy of IND for 
monoamine transporters [38], which allows the accumulation of the conjugated oligonu-
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Figure 4. A30P*A53T*α-Syn overexpression in TH+ neurons alters DA neurotransmission in the
nigrostriatal pathway. (a) Local veratridine infusion (depolarizing agent; 50 µM) significantly
increased DA release in the caudate putamen (CPu) of both mouse phenotypes. However, this effect
was significant smaller in A30P*A53T*α-Syn mice than in non-Tg mice. (b) Direct application of
amphetamine (DA releaser and DAT inhibitor; 1 and 10 µM) by reverse dialysis induced increases in
DA release in the CPu, with the effect being significantly more pronounced in A30P*A53T*α-Syn
mice than in non-Tg mice. (c) However, local nomifensine infusion (DAT inhibitor; 1 and 10 µM)
dose-dependently increased the extracellular DA concentration in CPu, with this effect comparable
being in both phenotypes. (d) Local activation of DA D2 receptors with quinpirole (DA D2 agonist,
10 µM) similarly decreased striatal DA release in A30P*A53T*α-Syn and non-Tg mice. Data are
expressed as the mean± SEM, n = 4–6 mice/group as indicated in the parenthesis. Two-way ANOVA
and Tukey’s multiple comparisons test, ** p < 0.01, *** p < 0.001 compared with non-Tg mice.

2.4. ASO Therapy Reduces the Accumulation of Human α-Syn and Normalizes DA
Neurotransmission Deficits but Not the Behavioral Phenotype in A30P*A53T*α-Syn Transgenic Mice

Recently, we reported that IND-1233-ASO selectively reduced murine α-Syn expres-
sion in monoaminergic neurons of wild-type mice and nonhuman primates [34,36]. Like-
wise, the IND-1337-ASO sequence, designed specifically to target h-α-Syn in a PD-like
mouse model overexpressing wild-type h-α-Syn induced by an adeno-associated viral
vector, also prevented h-α-Syn accumulation in interconnected DA brain regions [36]. This
specificity is due to the potent in vitro affinity and in vivo occupancy of IND for monoamine
transporters [38], which allows the accumulation of the conjugated oligonucleotide in this
neuronal population after intracerebroventricular or intranasal administration. Here, we
extended these previous studies, and confirmed the intracellular accumulation of IND-
conjugated oligonucleotides, specifically in TH+ neurons of the SNc/VTA and LC of
A30P*A53T*α-Syn mice after a single intracerebroventricular application of IND-1233-ASO
(100 µg/mouse) (Figure 5a). In addition, IND-1233-ASO administration (100 µg/day for
28 days) significantly reduced mutant α-Syn transgene expression in the SNc/VTA and LC
compared with A30P*A53T*α-Syn mice treated with a vehicle (Figure 5b). The reduction
in h-α-Syn mRNA was ~54% and ~32% in the SNc/VTA and LC, respectively, compared
to the level in A30P*A53T*α-Syn mice receiving a vehicle (Figure 5c). Two-way ANOVA
showed an effect of treatment F(1,12) = 42.84, p < 0.0001, α-Syn phenotype F(1,12) = 99.71,
p < 0.0001 and treatment-by- α-Syn phenotype interaction F(1,12) = 42.84, p < 0.0001 for
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SNc/VTA, as well as effects of treatment F(1,12) = 10.06, p = 0.0080 and α-Syn phenotype
F(1,12) = 157.3, p < 0.0001 and a treatment-by-α-Syn phenotype interaction F(1,12) = 17.47,
p = 0.0013 for LC. Interestingly, IND-1233-ASO treatment did not alter m-α-Syn mRNA
expression (Figure 5c). The decreased h-α-Syn mRNA level in the SNc/VTA and LC was
accompanied by a significant decrease in the h-α-Syn protein level, as assessed by immuno-
histochemistry (SNc/VTA: t = 3.047, p = 0.00226, LC: t = 5.812, p = 0.0011, Student’s t-test)
(Figure 5d,e). Likewise, a lower number of h-α-Syn+ cells was found in the SNc/VTA, but
not in the LC, of A30P*A53T*α-Syn mice treated with IND-1233-ASO vs. those treated with
the vehicle (t = 7.163, p = 0.0004, Student’s t-test) (Figure 5e). Furthermore, h-α-Syn protein
accumulation also decreased in brain areas with dense DA and NE innervation, such as the
CPu (t = 2.809, p = 0.0376, Student’s t-test) and mPFC (t = 2.591, p = 0.0411, Student’s t-test)
(Figure 5d,e).
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hybridization. Yellow arrowheads show h-α-Syn mRNA expression in SNc/VTA and LC. Scale bar: 1 mm. (c) Bar graphs 
showing significant reductions in h-α-Syn mRNA levels, but not m-α-Syn mRNA, in SNc/VTA and LC of IND-1233-ASO-
treated A30P*A53T*α-Syn mice (n = 5 mice/group; *** p < 0.001 vs. m-α-Syn mRNA levels; ## p < 0.01, ### p < 0.001 vs. vehicle-
treated A30P*A53T*α-Syn mice; two-way ANOVA and Tukey’s multiple comparisons test). (d) Representative photomi-
crographs showing a lower h-α-Syn protein density in the SNc/VTA, LC, CPu and mPFC of IND-1233-ASO-treated 

Figure 5. Intracerebroventricular IND-1233-ASO treatment selectively inhibits the expression and accumulation of h-α-
Syn in interconnected DA and NE brain regions of A30P*A53T*α-Syn transgenic mice. (a) Confocal images showing
the co-localization of A488-IND-1233-ASO (green) with TH+ neurons (red) in the SNc/VTA and LC. Cell nuclei were
stained with DAPI (blue). Scale bar: 10 µm. (b) Coronal brain sections showing reduced h-α-Syn mRNA expression in
the SNc/VTA and LC of A30P*A53T*α-Syn mice treated with IND-1233-ASO (100 µg/day for 28 days), as assessed by in
situ hybridization. Yellow arrowheads show h-α-Syn mRNA expression in SNc/VTA and LC. Scale bar: 1 mm. (c) Bar
graphs showing significant reductions in h-α-Syn mRNA levels, but not m-α-Syn mRNA, in SNc/VTA and LC of IND-1233-
ASO-treated A30P*A53T*α-Syn mice (n = 5 mice/group; *** p < 0.001 vs. m-α-Syn mRNA levels; ## p < 0.01, ### p < 0.001
vs. vehicle-treated A30P*A53T*α-Syn mice; two-way ANOVA and Tukey’s multiple comparisons test). (d) Representative
photomicrographs showing a lower h-α-Syn protein density in the SNc/VTA, LC, CPu and mPFC of IND-1233-ASO-treated
A30P*A53T*α-Syn mice vs. vehicle-treated A30P*A53T*α-Syn mice. White frames indicate SNc/VTA and LC brain regions.
Scale bar: 200 µm. (e) Bar graphs showing significant reductions in h-α-Syn protein levels in the brain areas analyzed, as
well as a decreased number of h-α-Syn+ cells in the SNc/VTA of IND-1233-ASO-treated A30P*A53T*α-Syn mice (n = 4
mice/group; * p < 0.05, ** p < 0.01 versus vehicle-treated A30P*A53T*α-Syn mice; Student’s t-test). (f) Representative images
showing increased m-γ-Syn mRNA expression in SNc/VTA and LC of A30P*A53T*α-Syn mice treated with IND-1233-ASO
as assessed by in situ hybridization. Yellow arrowheads show m-γ-Syn mRNA expression in SNc/VTA and LC. Scale bar:
1 mm. (g) Bar graphs showing significant increases in m-γ-Syn expression in the LC and a marginal effect in the SNc/VTA
of IND-1233-ASO-treated A30P*A53T*α-Syn mice (n = 4 mice/group; * p < 0.05, ** p < 0.01 vs. non-Tg mice; # p < 0.05 vs.
vehicle-treated A30P*A53T*α-Syn mice; one-way ANOVA). For all figures, data are the mean ± SEM. Abbreviations: mPFC,
medial prefrontal cortex; CPu, caudate putamen; SNc, substantia nigra compacta; VTA, ventral tegmental area; LC, locus
coeruleus. See also Supplemental Figure S3.
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In parallel, the IND-1233-ASO-induced decrease in h-α-Syn expression normalized γ-
Syn mRNA expression in the SNc/VTA (marginal effect) and LC of A30P*A53T*α-Syn mice
compared to those mice treated with a vehicle (Figure 5f,g). One-way ANOVA showed an
effect of group in SNc/VTA (F(2,6) = 14.01, p = 0.0055) and LC (F(2,7) = 8.575, p = 0.0131),
respectively. Remarkably, IND-1233-ASO treatment did not induce any changes in TH,
DAT, and NET protein levels in the SNc/VTA, or LC or in DA/NE projection brain areas,
which supports the specificity and safety of the IND-1233-ASO sequence (Supplemental
Figure S3). Similarly, IND-1233-ASO was well tolerated during the 4 weeks of treatment,
and no changes were found in daily observed behavioral variables, such as water and food
consumptions, as well as body weight in A30P*A53T*α-Syn transgenic mice compared to
vehicle-treated A30P*A53T* α-Syn mice (data not shown), as previously reported [34,36].

Next, we found that A30P*A53T*α-Syn transgenic mice treated with IND-1233-ASO
showed normalization of DA neurotransmission in the nigrostriatal pathway, reaching
extracellular DA levels similar to those detected in non-Tg mice (Figure 4a,b and 6a,b).
Local veratridine administration (50 µM) significantly increased striatal DA release in
A30P*A53T*α-Syn mice treated with IND-1233-ASO compared with transgenic mice receiv-
ing a vehicle (Figures 4a and 6b). Two-way ANOVA showed an effect of time F(15,80) = 10.23,
p < 0.0001 and a group-by-time interaction F(15,80) = 2.021, p = 0.0235, but no effect of group.
Likewise, local amphetamine infusion (1–10 µM) increased extracellular DA levels to a
lesser extent in the CPu of A30P*A53T*α-Syn mice treated with IND-1233-ASO compared
with those treated with vehicle (Figures 4a and 6b). Two-way ANOVA showed an effect
of group F(1,72) = 7.359, p = 0.0083 and time F(17,72) = 4.231, p < 0.0001, but no group-by-
time interaction. However, despite the changes in DA neurotransmission, treatment with
IND-1233-ASO for 28 days was insufficient to significantly reverse the behavioral impair-
ments observed in A30P*A53T*α-Syn mice, and the mice exhibited motor alterations and
anxiety-like behavior similar to those that received the vehicle (Figure 6c,d).
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3. Discussion

The present study confirms and extends the results of previous studies on the benefit
of a sustained therapy based on an IND-1233-ASO conjugate to reduce h-α-Syn expression
selectively in early affected DA and NE brain areas –SNc/VTA and LC– in PD, as assessed
in a transgenic mouse carrying both A30P and A53T mutant h-α-Syn. Remarkably, IND-
1233-ASO also decreased h-α-Syn protein accumulation in DA/NE projection cortical and
subcortical brain areas such as mPFC and CPu in the same mice. Likewise, no signs of
toxicity were found in DA and NE neurons as assessed with classical DA and NE neu-
ronal markers, in line with previous reports using wild-type mice and elderly nonhuman
primates [34,36]. Human α-Syn knockdown in monoaminergic nuclei normalized the
nigrostriatal DA neurotransmission in the A30P*A53T*α-Syn transgenic mice, although
the current IND-1233-ASO therapy could not significantly reverse the behavioral pheno-
type, perhaps due to an insufficient time/dose and/or the involvement of downstream
changes in relevant brain circuits not recovered by the treatment. Therefore, the current
strategy of using ligand-oligonucleotide conjugates appears to have the potential for future
optimization of new ligand-conjugated oligonucleotide-based therapies to treat PD and
related α-synucleinopathies.

Selective reduction in h-α-Syn expression was found in the DA and NE brain regions
of transgenic mice by exploiting our previous strategy, in which different oligonucleotide
sequences were covalently bound to MAT inhibitors for the selective delivery of them to
monoaminergic cells in vivo [32–36]. The potential use of oligonucleotide therapeutics,
such as ASO, for brain illness has aroused a great deal of interest; however, delivery to
the brain compartment remains a key obstacle. The issue is not simply getting oligonu-
cleotides to the brain but getting them to specific brain cells and to intracellular sites where
they actually function. Remarkably, the current IND-1233-ASO conjugate was capable to
accumulate the 1233-ASO sequence in DA and NE neurons of A30P*A53T*α-Syn mice after
intracerebroventricular administration, taking advantage of by the dense network of axons
emerging from monoamine cell bodies containing the greatest DAT and NET densities, for
which IND has a high in vitro affinity [38,39]. Both DAT and NET are subject to modulation
by the α-Syn protein and, to a lesser extent, by γ-Syn in cellular trafficking models [40].
Although, the A30P*A53T*α-Syn transgenic mice showed upregulated h-α-Syn levels and
concomitantly downregulated endogenous m-γ-Syn levels, with no change to m-α-Syn
levels, the total density of DAT/NET in the SNc/VTA, LC, and brain projection areas
was comparable to that of non-Tg mice. Likewise, DAT expression/function was similar
in both phenotypes, since the DAT inhibitor nomifensine induces the same effect on DA
uptake, which suggests that DAT is functionally active in transgenic mice and is capable
of facilitating IND-1233-ASO accumulation in DA neurons. Indeed, our previous studies
showed that a reduction in MAT expression/function by 50% still allowed ASOs/siRNAs
conjugated with MAT inhibitors to be internalized efficiently into monoaminergic neurons
through a Rab7-dependent endosomal mechanism [33–35].

In the present study, intracerebroventricular IND-1223-ASO treatment (100µg/mouse/day,
28 days) prevented the accumulation of h-α-Syn mRNA and protein in the SNc/VTA and
LC of transgenic mice, without affecting endogenous m-α-Syn mRNA level, unlike a
previous study in which the IND-1233-ASO sequence reduced m-α-Syn expression in
wild-type mice [34]. The 1233-ASO sequence was designed to efficiently target homologous
α-Syn mRNAs, including those of mice, monkeys and humans, as described previously
in models expressing a single α-Syn phenotype [34,36]. Therefore, it is conceivable that
the 1233-ASO sequence interacts with a different binding potency against homologous
α-Syn mRNAs expressed at different concentrations in the same biological system as was
used here, where h-α-Syn mRNA has 3.5-fold greater expression than that of m-α-Syn
mRNA. Moreover, the high efficiency of the silencing depends on the stability of the
mRNA/DNA oligonucleotide hetero-duplex, perhaps higher for h-α-Syn vs. m-α-Syn
mRNA, as previously reported [41].
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In any case, the 30–40% decrease in h-α-Syn mRNA levels obtained after intracere-
broventricular treatment did not induce DA and NE neurotoxicity nor striatal and cortical
denervation as assessed by TH, DAT or NET immunohistochemistry. However, using short-
hairpin RNA (shRNA) cloned in adeno-associated viral (AAV) vector to knockdown α-Syn
(>80% of decrease), some reports indicated DA neurodegeneration and loss of striatal DA
fibers in rats and nonhuman primates [42–45], suggesting the need to maintain a threshold
for α-Syn knockdown since this protein is essential for neurotransmission homeostasis,
among other biological functions. These data are important in the context of ongoing
attempts to develop PD therapeutics targeting α-Syn expression. Although viral vector-
mediated antisense therapies such as AAV, are useful for delivering antisense/shRNA
sequences into cells; currently, they have certain issues involving (i) genome integration,
(ii) the inability to be delivered repeatedly, and (iii) possible host rejection. Alternatives to
viral strategies are currently being developed based on non-viral oligonucleotides (siRNA,
ASO, miRNA). Non-viral approaches are biologically safer and much less immunogenic
than viral vectors [46–49]. Conversely, for non-viral oligonucleotides to be effective, they
must achieve delivery to affected regions or cells at appropriate concentrations. Further-
more, they must be stable requiring additional protection measures (end-blocking, base
modification, etc.), and maintain efficacy over time for feasible treatment throughout the
course of disease [49–51]. More recently, there is a surge of interest in the delivery of
oligonucleotides to specific cell types in the brain using ligand-oligonucleotide conjugates
as reported here. This cellular selectivity may be achieved by conjugating oligonucleotides
to a ligand that interacts selectively with a receptor/transporter expressed in the cellular
surface. Some ligand candidates that demonstrate high affinity and selectivity for brain
receptors include anisamide or anandamide, ligands that bind to the sigma or cannabinoid
receptors, respectively, providing effective functional delivery of ASO/siRNA to several
neuronal types [52,53]. However, none of these studies allowed the delivery of oligonu-
cleotides to specific neuronal populations. In contrast, we successfully developed a strategy
to supply in vivo oligonucleotides selectively to brainstem monoamine neurons ([32–36]
and present study). Therefore, although the conjugated ligand-oligonucleotide approach is
still under development, it offers a promising pathway for oligonucleotide therapeutics for
brain diseases.

Previous studies showed that the A30P*A53T*α-Syn transgenic mouse line on the same
genetic background (C57BL/6J, α-Syn-39 line) used here exhibits significant age-dependent
abnormalities in the locomotor activity from 7 months onwards [20,22]. Furthermore,
the presence of the pathogenic A53T*α-Syn mutation in different lines of transgenic mice
led to the development of severe motor impairment resulting in death at 8–12 months
of age, while in younger animals altered motor activity and anxiety-like behaviors have
also been reported [14,15,18,19]. These behavioral changes have been associated with a
reduced tissue DA concentration and impaired synaptic plasticity seen within the basal
ganglia prior to obvious neurodegeneration [19,54]. Our results also clearly showed that the
A30P*A53T*α-Syn overexpression in the DA and NE brain areas leads to motor deficits and
anxiety-like behaviors but not depressive-like phenotype nor cognitive dysfunction, in 5-
month-old transgenic mice. In parallel, the A30P*A53T*α-Syn mice exhibited an altered DA
neurotransmission in the nigrostriatal pathways (the effects on NE release were not assessed
because of a lack of ability to perform adequate high-performance liquid chromatography-
HPLC methods in our laboratory), without DA and NE neurodegeneration. These above
observations emphasize the fact that the behavioral phenotype of DA deficits is not only
a result of cell death and denervation, but that functionally impaired neurons contribute
to the outcome and should be considered as a target for treatment. Thus, a potential
attenuation of α-Syn expression/function could contribute to the reduction in deficits in
DA neurotransmission, since α-Syn modulates neuronal DA activity [34]. In fact, IND-
1233-ASO treatment (100 µg/mouse/day, 28 days) not only prevented h-α-Syn protein
accumulation in SNc/VTA, LC, and anatomically connected brain areas but also recovered
the DA neurotransmission, allowing it to reach the levels of non-Tg mice and normalize
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the expression of m-γ-Syn, which is reduced in A30P*A53T*α-Syn mice. However, this
was not sufficient to improve the behavioral phenotype, suggesting a need to improve the
pharmacokinetic and pharmacodynamic properties of conjugated oligonucleotide-based
therapies, which are still poorly known, but which have far-reaching implications for
dosing regimens and clinical efficacy.

A key observation in the present study is that the overexpression of A30P*A53T*α-Syn
had opposing effects on DA release in the nigrostriatal terminals after pharmacological
stimulation. The depolarizing agent veratridine induced a lower increase in extracellular
DA in A30P*A53T*α-Syn mice than in non-Tg mice, whereas amphetamine (DA releaser
and DAT inhibitor) produced robust increases in extracellular DA levels in both groups,
which were greater in A30P*A53T*α-Syn mice. The effects of veratridine on DA release
are in full agreement with previous findings which indicated that nigrostriatal terminals
of α-Syn-deficient mice display standard tonic DA activity after electrical stimulation
with single pulses; however, they exhibited increased DA release with paired stimuli that
elevated intracellular Ca2+ levels and vice versa in mice overexpressing α-Syn [55]. Indeed,
we also demonstrated that the overexpression of wild-type h-α-Syn in the SNc using an
AAV vector or in transgenic mice leads to less veratridine-dependent DA release, although
the basal DA levels did not change compared with control groups [34,36].

In contrast, striatal amphetamine application significantly increased DA release in
A30P*A53T*α-Syn mice compared with non-Tg mice, unlike in another wild-type α-Syn
overexpression mouse models [34,36]. Given that DAT expression/function was compara-
ble in both groups of mice (e.g., similar effect of the DAT inhibitor nomifensine), the differ-
ences between veratridine and amphetamine may be due to differences in DA releasable
pools in A30P*A53T*α-Syn mice. Hence, while veratridine releases the impulse-dependent
DA vesicular pool, amphetamine also releases a cytoplasmic, impulse-independent DA
pool. Overall, these data suggest that there is impaired DA storage in the synaptic vesicles
of A30P*A53T*α-Syn transgenic mice. This possibility is consistent with the role of α-Syn in
regulating synaptic vesicle release or uptake at the monoamine terminals. In vitro studies
have shown that both wild-type α-Syn and the mutant A30P*α-Syn attenuated DAT func-
tion, as well as DAT trafficking away from the plasma membrane. Interestingly, the mutant
A53T*α-Syn was unable to modulate DAT function, and subsequent studies showed that
this protein only very weakly interacted with the transporter [40,56,57]. Early studies
also reported that the A53T* mutant can modulate the vesicular monoamine transporter
(VMAT2) [56,58]. In MESC2.10 human mesencephalic cells, the presence of the A53T* mu-
tant decreased the expression of VMAT2, accompanied by decreased potassium-induced
and increased amphetamine-induced DA release, respectively [59]. These observations
suggest that the A53T*α-Syn, through its effects on VMAT2, impairs vesicular DA storage
and release. Altogether, this evidence supports the different in vivo effects on extracellular
DA of nomifensine (DAT inhibitor) and amphetamine (DA releaser and DAT inhibitor) in
A30P*A53T*α-Syn mice. In line with this observation, amphetamine-induced locomotor
activity was increased in the A30P*A53T*α-Syn mouse line at 6 months of age [22].

In conclusion, the cellular selectivity and efficacy obtained with IND-1233-ASO in-
dicate that the ligand-oligonucleotide approach has great potential to reduce wild-type
and mutant human α-Syn expression specifically in monoamine neurons, with a high
translational value for the treatment of PD and other α-synucleinopathies. The reduction in
α-Syn synthesis did not cause monoaminergic neurodegeneration and actually improved
forebrain DA neurotransmission. This study shows the benefit of optimizing conjugated
ASO molecules as a disease-modifying therapy for PD, something that might be attractive
in conjunction with current immunotherapy trials targeting α-Syn protein, or those with
anti-aggregation agents.
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4. Materials and Methods
4.1. Animals

Adult male C57BL/6J transgenic mice carrying both A30P and A53T mutant human
α-Syn under TH promotor (A30P*A53T*α-Syn-39Eric/J referred to as A30P*A53T*α-Syn,
4–5 months; The Jackson Laboratory, USA) were housed under standard laboratory con-
ditions (12 h light/dark cycle; room temperature, 23 ± 2 ◦C; relative humidity 50 ± 15%)
with food and water available ad libitum. In addition, non-transgenic littermates with
the same genetic background were used as the control group (referred to as non-Tg). We
used 105 mice for the whole study. Animal procedures were conducted in accordance with
standard ethical guidelines (EU directive 2010/63 of 22 September 2010) and approved by
the local ethical committee (University of Barcelona).

4.2. Conjugated Antisense Oligonucleotide

The synthesis and purification of indatraline-conjugated ASO molecule targeting
α-Syn (IND-1233-ASO, GenBank accession AH008229.3, NCBI, Bethesda, MD, USA) were
performed by nLife therapeutics S.L., as previously reported [32,33]. ASO consistent of an
antisense GapMer of 18-mer single stranded DNA molecule with four 2′-O-methyl RNA bases
at both ends to protect the internal DNA from nuclease degradation and improve the binding to
the target mRNA. The sequence of IND-1233-ASO is 5′-cuccdCdTdCdCdAdCdTdGdTdCuucu-
3′, where chemical modifications of the backbone including 2′-O-methyl are shown in
lowercase letters, while “d” indicates the presence of 2′-deoxynucleotides (Supplemental
Figure S4). In brief, ASO synthesis was performed using ultra mild-protected phospho-
ramidites (Glen Research, Sterling, VA, USA) and an H-8 DNA/RNA automatic synthesizer
(K&A Laborgeraete GbR, Schaafheim, Germany). Indatraline hydrochloride (triple blocker
of monoamine transporters) was conjugated to 5′-carboxy-C10 modified oligonucleotide
through an amide bond. This condensation was carried out under organic conditions
(DIPEA/DMF, 24 h). Conjugated oligonucleotides were purified by high performance
liquid chromatography (HPLC) using a RP-C18 column (4.6 × 150 mm, 5 µm) under a
linear gradient condition of acetonitrile. The molecular weight of the oligonucleotide
strands was confirmed by MALDI-TOF mass spectrometry (Ultra-flex, Bruker Daktronics,
Billerica, MA, USA). The concentration of conjugated sequences was calculated based
on the absorbance at a wavelength of 260 nm. In addition, to study the in vivo brain
distribution and intracellular incorporation of IND-1233-ASO into DA and NE neurons,
IND-1233-ASO molecules were additionally bound to fluorophore Alexa488 as previously
reported [33,34]. Stock ASO solutions were prepared in RNAse-free water and stored at
−20 ◦C until use.

4.3. Mouse Treatments

For intracerebroventricular administration, mice underwent pentobarbital anestheti-
zation (40 mg/kg, intraperitoneal) and were placed in a stereotaxic frame. Buprenorphine
(0.05 mg/kg, subcutaneous) was used as an analgesic. A micro-osmotic pump (Alzet Model
1004, Durect Corporation, Cupertino, CA, USA) was subcutaneously implanted, while the
cannula (Brain Infusion Kit 3, Alzet) was implanted in the lateral ventricle (antero-posterior
−0.34, medial-lateral −1.0 and dorsal-ventral −2.2 in mm) [34,60]. Micro-pumps were
filled with IND-1233-ASO (37.87 mg/mL). Alzet model 1004 osmotic pumps deliver an
average infusion of 0.11 µL/h (2.64 µL/day) for 28 days, providing an IND-1233-ASO dose
of 100 µg/day (16.3 nmol/day). We also added a control group that received the vehicle
(2.64 µL/day, artificial cerebrospinal fluid, in nM: NaCl, 125; KCl, 2.5; CaCl2, 1.26 and
MgCl2, 1.18 with 5% glucose). The IND-1233-ASO sequence has been extensively charac-
terized in previous studies, and the dose was chosen because it was safe without signs
of neuronal and glial toxicity compared within IND-conjugated nonsense ASO sequence
(IND-1227-ASO) [34,36].
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To confirm the accumulation of IND-1233-ASO in DA and NE neurons, some mice
(n = 3) received a single dose of IND-1233-ASO linked to Alexa488 (100 µg, 2.5 µL) in the
lateral ventricle, and the mice were sacrificed 24 h later, as previously reported [33,34].

Mice were randomly assigned to treatment groups. After surgery, the animals were
kept in individualization cages and the well-being of each mouse was monitored for the
duration of the procedure. The body weight and general appearance of the mice were
controlled according to Morton and Griffiths protocols [61].

4.4. In Situ Hybridization

Mice were killed by pentobarbital overdose and brains were rapidly removed, frozen
on dry ice and stored at −80 ◦C. Coronal brain sections containing the SNc, VTA, LC,
and projection brain areas including mPFC, hippocampus (HPC), and CPu (14 µm-thick)
were obtained and processed, as described elsewhere [32,33]. Antisense oligonucleotides
were complementary to bases, as follows: mouse α-Syn (m-α-Syn, 411-447 sequence, Gen-
Bank accession NM_001042451), human α-Syn (h-α-Syn, 2498-2548 sequence, NM_000345),
and mouse γ-Syn (m-γ-Syn, 366-416 sequence, NM_011430 (IBA Nucleic Acids Synthe-
sis). Oligonucleotides were individually labeled (2 pmol) at the 3′-end with 33P-dATP
(>2500 Ci/mmol; DuPont-NEN) using terminal deoxynucleotidyl-transferase (TdT, Cal-
biochem). For hybridization, the radioactively labeled probes were diluted in a solution
containing 50% formamide, 4× standard saline citrate, 1× Denhardt’s solution, 10% dex-
tran sulfate, 1% sarkosyl, 20 mM phosphate buffer, pH 7.0, 250 µg/mL yeast tRNA, and
500 µg/mL salmon sperm DNA. The final concentrations of radioactive probes in the
hybridization buffer were in the same range (~1.5 nM). Tissue sections were covered with
hybridization solution containing the labeled probes, overlaid with para-film coverslips
and, incubated overnight at 42 ◦C in humid boxes. Sections were washed four times
(45 min each) in a buffer containing 0.6 M NaCl and 10 mM Tris-HCl (pH 7.5) at 60 ◦C.
Hybridized sections were exposed to Biomax-MR film (Kodak, Sigma-Aldrich, Madrid,
Spain) for 24–72 h with intensifying screens. For specificity control, adjacent sections were
incubated with an excess (50×) of unlabeled probes. Films were analyzed and relative
optical densities were evaluated in three adjacent sections in duplicate for each mouse and
averaged to obtain individual values using a computer-assisted image analyzer (MCID,
Mering, Germany). The MCID system was also used to acquire black and white images.
Figures were prepared for publication using Adobe Photoshop software (Adobe Software,
San José, CA, USA). Contrast and brightness of images were the only variables that were
adjusted digitally.

4.5. Immunohistochemistry and Immunofluorescence

Mice were anaesthetized with pentobarbital and transcardially perfused with 4%
paraformaldehyde (PFA) in sodium-phosphate buffer (pH 7.4). Brains were extracted, post-
fixed 24 h at 4 ◦C in the same solution, and placed in gradient sucrose solution 10–30% for
3 days at 4 ◦C. After cryopreservation, serial 30 µm-thick sections were cut to obtain SNc,
VTA, LC, mPFC and CPu. Brain sections were washed and incubated in a 1x PBS/Triton
0.2% solution containing normal serum from the secondary antibody host. Primary an-
tibodies for h-α-Syn (anti-h-α-Syn clone Syn211, 1:1350; ref.: MA1-12874, Thermo Fisher
Scientific, Waltham, MA, USA), DAT (anti-DAT, 1:2500 for SNc/VTA and 1:5000 for CPu;
ref.: MAB369, Millipore, Burlington, MA, USA), and TH (anti-TH, 1:5000; ref.: AB112,
Abcam, Cambridge, UK) were used. Briefly, primary antibodies were incubated overnight
at 4 ◦C, followed by incubation with the corresponding biotinylated anti-mouse IgG1
(1:200, ref.: A-10519, Life Technologies, Carlsbad, CA, USA) for anti-h-α-Syn, biotinylated
anti-rat IgG (1:200, ref.: BA-9401, Vector Laboratories, Burlingame, CA, USA) for anti-DAT,
and biotinylated anti-rabbit IgG (1:200; ref.: BA-1000, Vector Laboratories) for anti-TH
according to the manufacturer’s instructions. The color reaction was performed thorugh
incubation with diaminobenzidine tetrahydrochloride (DAB) (ref.: D5905-50TAB, Sigma-
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Aldrich) solution. Sections were mounted and embedded in Entellan (Electron Microscopy
Sciences, Hatfield, PA, USA).

In addition, primary antibodies included mouse anti-NET (1:1000, ref.: NET05-2
clone 2-3B2scD7, Mab Technologies, Stone Mountain, GA, USA). Slides were washed
multiple times with PBS and incubated with fluorescently labeled secondary antibody
A555 anti-mouse IgG (1:500, ref.: A-21427, Life Technologies) for 2 h at room temperature.
Immunofluorescent slides were treated for 10 min with Hoechst dye (1:10,000) before
the final PBS wash and cover-slipping with Fluoromont Aqueous Mounting Medium
(Sigma-Aldrich, F4680).

The number of TH-positive cells and h-α-Syn-positive cells and their intracellular
densities in the SNc/VTA and LC were assessed in sections corresponding to different
antero-posterior levels −2.70 to −3.80 mm and −5.34 to −5.80 mm from the bregma,
respectively using ImageJ software (v1.51s, NIH, Bethesda, MD, USA). All labeled cells
with its nucleus within the counting frame were bilaterally counted in six consecutive
SNc/VTA and three consecutive LC sections, and three different microscope fields were
analyzed in each section. In addition, the intensity of h-α-Syn labelling in the CPu and
mPFC, as well as the DAT density in SNc/VTA and CPu, and NET density in LC and mPFC
were quantified in four consecutive sections corresponding to different antero-posterior
levels (mm from bregma): 2.34 to 1.70 for mPFC, 1.70 to 0.02 for CPu, −2.70 to −3.80 for
the SNc/VTA and −5.34 to −5.80 for LC, respectively, using ImageJ software (v1.51s).

4.6. Confocal Fluorescence Microscopy

Mice were sacrificed 24 h after intracerebroventricular Alexa-488 labelled IND-1233-
ASO administration, and their brains were extracted and processed for immunofluores-
cence. Brain sections were rinsed with PBS/Triton 0.2%, incubated with normal serum from
the secondary antibody host and treated with primary antibody rabbit anti-TH (1:1250;
ref.: AB112, Abcam). Sections were then incubated overnight at 4 ◦C, rinsed and treated
with secondary Alexa555-conjugated antibody (donkey anti-rabbit; 1:500; ref.: A-31572,
Life Technologies) for 2 h. After subsequent washes, the sections were dehydrated, and
mounted in the anti-fading agent Prolong Gold with DAPI (Life Technologies). DAPI,
Alexa488 and Alexa555 images were acquired sequentially using a Leica TCS SP5 laser scan-
ning confocal microscope (Leica Microsystems Heidelberg GmbH, Manheim, Germany)
with excitation at 405, 488 nm and 553 nm laser line, respectively. Images were obtained at
400Hz in a 1024 × 1024 pixels format and were composed using ImageJ software (v1.51s).

4.7. In Vivo Microdialysis

Extracellular DA and DOPAC concentrations in the nigrostriatal pathway were mea-
sured by in vivo microdialysis as described elsewhere [34,36]. One concentric dialysis probe
(Cuprophan membrane; 6000 Da molecular weight cut-off; 2 mm-long) was implanted
in the mouse CPu (antero-posterior 0.5, medial-lateral −1.7 and dorsal-ventral −4.5, in
mm) [60]. Experiments were performed 24–48 h after surgery in freely moving mice. In
addition, the transgenic A30P*A53T*α-Syn mice treated with IND-1233-ASO or a vehicle
(intracerebroventricular using osmotic mini-pumps) also had a guide cannula (CMA 7,
ref.: CMAP000138, Harvard Apparatus, Holliston, MA, USA) implanted into the CPu. A
dummy cannula was inserted into the guide cannula to avoid contamination, and this was
fixed with screws. The day prior to the microdialysis experiments, the dummy cannula was
removed and replaced with a 2 mm long microdialysis probe (CMA 7 microdialysis probe,
ref.; CMAP000083, Harvard Apparatus). Microdialysis experiments were performed by an
experimenter who was blinded to mouse treatments. DA and DOPAC levels in dialysate
samples were analyzed using HPLC coupled with electrochemical detection (+0.7 V, Waters
2465, Milford, MA, USA), with 3-fmol detection limit. The mobile phase containing 0.15 M
NaH2PO4.H2O, 0.9 mM PICB8, 0.5 mM EDTA (pH 2.8 adjusted with orthophosphoric acid),
and 10% methanol was pumped at 1 mL/min (Waters 515 HPLC pump). DA and DOPAC

65



Int. J. Mol. Sci. 2021, 22, 2939

were separated on a 2.6 µm particle size C18 column (7.5 × 0.46 cm, Kinetex, Phenomenex,
Torrance, CA, USA) at 28 ◦C.

All reagents used were of analytical grade and were obtained from Merck (Darmstadt).
DA hydrochloride, DOPAC acid, (–)-quinpirole hydrochloride, and nomifensine maleate
were sourced from Sigma-Aldrich-RBI. D-amphetamine sulphate and veratridine were
purchased from Tocris. To assess the local drug effects, compounds were dissolved in
artificial cerebrospinal fluid (in mM: NaCl, 125; KCl, 2.5; CaCl2, 1.26 and MgCl2, 1.18) and
administered by reverse dialysis at the stated concentrations (uncorrected for membrane
recovery).

4.8. Behavioral Testing

Behavioral analyses were performed in non-Tg and A30P*A53T*α-Syn mice with
intervals of 1–7 days between tests. Different behavioral paradigms were used to evaluate
motor and cognitive functions as well as anxiety- and depressive phenotype. All tests
were performed between 10:00 and 15:00 h by an experimenter who was blinded to mouse
treatments. On the test day, mice were placed in a dimly illuminated behavioral room and
were left undisturbed for at least 1 h before testing [33,36].

Open field test. Motor activity was measured in four Plexiglas open field boxes
(35 × 35 × 40 cm) that were indirectly illuminated (25–40 lux) to avoid reflection and
shadows. The floor of the open field boxes was covered with an interchangeable opaque
plastic base that was replaced for each animal. Motor activity was recorded for 15 min
by a camera connected to a computer (Video-track, Viewpoint, Lyon, France) [62]. The
following variables were measured: horizontal locomotor and exploratory activity, defined
as the total distance moved in cm including fast/large (speed > 10.5 cm/s) and slow/short
movements (speed 3–10.5 cm/s), as well as the activation time including the mean speed
(cm/s) and resting time (s), and the number of rearings.

Cylinder test. Mice were tested for motor asymmetry in the cylinder test. Each mouse
was placed in an acrylic cylinder (diameter, 15 cm; height, 27 cm), and the total number of
left and right forepaw touches performed, as well as the number of rearings in 5 min was
counted. Behavioural equipment was cleaned with water after each test session to avoid
olfactory cues.

Dark-light box test. The apparatus consisted of two glass boxes (27 × 21 cm) with
an interconnecting grey plastic tunnel (7 × 10 cm). One of these boxes was painted in
black and was weakly lit with a red 25-W bulb (42 lux). The other box was lit with a 60-W
desk lamp (400 lux) placed 30 cm above the box, which provided the unique laboratory
illumination condition. At the beginning of the test, mice were placed individually in the
middle of the dark area facing away from the opening, and were videotaped for 5 min.
The following variables were recorded: (a) time spent in the lit box, (b) the latency of the
initial movement from the dark to the lit box, and (c) the number of entries in the lit box. A
mouse was considered to enter the new area when all four legs were in this area. The floor
of each box was cleaned between the mice.

Tail suspension test. Mice were suspended 30 cm above the floor by adhesive tape
placed approximately 1 cm from the tip of the tail. Sessions were videotaped for 6 min and
the immobility time was measured (Smart, Panlab, Cornellà, Spain).

Novelty object recognition test. Mice were placed into an open field box of Plexiglas
(40× 35× 16 cm) with a soured of illumination (60 lux) in the center of the box. Two objects
of identical shape were used as familiar objects. During the habituation period, the mice
could freely explore the open field box without objects for 10 min on two consecutive days.
In the acquisition test, the two identical objects were placed separately in the center of the
open field and the mice explored it for 10 min. To minimize the presence of olfactory traces,
the objects and the open field were cleaned with water between each trial. Twenty-four
hours after the acquisition test, one of the familiar objects was replaced with a new object,
and the amount of time spend exploring both objects (familiar and novel) was recorded for
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a period of 10 min. Exploration of an object was defined as pointing the nose at an object at
a distance of <1 cm and/or touching it.

4.9. Statistical Analysis

All values are expressed as the mean ± standard error of the mean (SEM). Statistical
comparisons were performed using GraphPad Prism 8.01 (GraphPad software, Inc., San
Diego, CA, USA) using the appropriate statistical tests, as indicated in each figure legend.
Outlier values were identified by the Grubbs’ test (i.e., Extreme Student zed Deviate,
ESD, method) using GraphPad Prism software and excluded from the analysis when
applicable. Differences among means were analyzed by either 1- or 2-way analysis of
variance (ANOVA) or the two-tailed Student’s t-test, as appropriate. When ANOVA
showed significant differences, pairwise comparisons between means were subjected to
Tukey’s post hoc test or Sidak’s multiple comparisons test, as appropriate. Differences were
considered significant at p < 0.05.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/1422
-0067/22/6/2939/s1.
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Abstract: Development of sensitive techniques for rapid detection of viruses is on a high demand.
Surface-enhanced Raman spectroscopy (SERS) is an appropriate tool for new techniques due to its
high sensitivity. DNA aptamers are short structured oligonucleotides that can provide specificity for
SERS biosensors. Existing SERS-based aptasensors for rapid virus detection had several disadvan-
tages. Some of them lacked possibility of quantitative determination, while others had sophisticated
and expensive implementation. In this paper, we provide a new approach that combines rapid
specific detection and the possibility of quantitative determination of viruses using the example of
influenza A virus.

Keywords: aptamer; aptasensor; influenza; nanoparticles; SERS; virus detection

1. Introduction

Viral pandemics cause serious damage to both public health and economics. Most
viral pandemics have been caused by influenza A viruses. The most dangerous influenza
pandemic was in 1918–1920 (“spanish flu”, H1N1 subtype); the latest influenza pandemic
was in 2009–2010 (“swine flu”, H1N1 subtype). In 2019, a new strain of coronavirus caused
a potent outbreak with relatively high percentage of deaths (“COVID-19”, SARS-CoV-2
strain). One more significant pandemic was caused by human immunodeficiency virus
(HIV, mainly HIV-1 strain); this pandemic has been the most long-lasting, and it has caused
the highest number of deaths among recent viral pandemics [1].

Recurrent pandemics make us face the problem of the absence of affordable, rapid
and precise diagnostic tools. Polymerase chain reaction (PCR) is a contemporary “gold
standard” due to high sensitivity and accuracy [2,3]. PCR can be used both for qualitative
and quantitative estimation of viral genomes. However, PCR requires several hours to
perform 30–40 cycles. Several attempts have been made to create rapid PCR within small
portable devices; their robustness and accuracy are to be studied in the near future [4].
Antibody-based assays have been used for rapid diagnostics of influenza A, HIV and other
viruses. These assays include techniques with detection of enzymatic activity, fluorescence
or chemiluminescence [5,6]; most of them require an advanced laboratory setting and
several hours for an execution. Among them, lateral flow immunochromatographic assays
(LFIA) are rapid and are the simplest in performance necessary for practical usage, but
they provide only qualitative estimations [7–11]. Their limit of detection (LOD) is higher
by 3–4 orders compared to PCR techniques, being more than 106 viral particles per mL
(VP/mL) [7–10]. A number of extremely sensitive techniques have been developed, but
they have not been optimized for routine usage because of long-lasting sophisticated
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sample preparation and/or usage of expensive high-technology equipment [3,12–15].
The development of simple, rapid and sensitive techniques for virus determination is in
progress [3].

Biosensors with aptamers as recognition elements are of particular interest for virus
determination due to their specificity, sensitivity and availability of aptamer functional-
ization with a variety of labels [3,16]. In our previous work, a SERS-based aptasensor for
qualitative determination of influenza viruses had an intermediate limit of detection; the
LOD was 104 viral particles per sample, which is 10-fold higher compared to PCR and 100-
fold lower compared to antibody-based strips [17]. Specificity was achieved due to DNA
aptamer RHA0385 to hemagglutinin (HA, surface protein of influenza virus); this aptamer
binds different strains of influenza A with nearly the same affinity (KD = 2–5 nM [18]),
providing a possibility of strain-independent detection of the virus [17]. Surface-enhanced
Raman spectroscopy (SERS) provided the high sensitivity of the technique; SERS-active
surfaces were created by the deposition of silver nanoparticles on the silica substrates. The
overall duration of the analysis was less than 15 min. However, the dependence of an
analytical signal from a viral load had a complex shape that did not allow quantitative
determination of the viruses [17].

In this paper, we describe a novel SERS-based aptasensor for quantitative determina-
tion of influenza A viruses that matches the requirements for further practical implemen-
tation. Colloidal silver nanoparticles (AgNP) were used instead of solid-state substrates.
Colloidal AgNP have several advantages, including the following: (1) simple and cheap
one-pot synthesis without the use of high-technology equipment [19]; (2) an analytical
signal that has predominantly monotonous concentration dependence [20]; (3) colloidal
AgNP are surrounded by an aqueous homogenous environment that decreases heterogene-
ity in distribution of substances. The combination of SERS on colloidal AgNP and specific
recognition of viruses by aptamers can provide a simple, cheap and rapid technique for the
quantitative determination of viruses.

2. Materials and Methods

Inorganic salts and buffer solutions were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and MP Biomedicals (Illkirch-Graffenstaden, France). The following modified
oligonucleotides were used: RHA0385-SH (5′-HS-(CH2)6-TTGGGGTTATTTTGGGAGGGC
GGGGGTT-3′) from Synthol (Moscow, Russia) and RHA0385-BDPFL (5′-BODIPY
FL-TTGGGGTTATTTTGGGAGGGCGGGGGTT-3′) and BV42-BDPFL (5′-Bodipy FL-AACG
CTCACTCCCCCAAGAAGAACCCCCCCCCCCC-CCCCCCCCCCAGTGAGCGTT) from
Lumiprobe (Moscow, Russia).

Influenza viruses and allantoic fluid were provided by the Chumakov Federal Scien-
tific Center for Research and Development of Immune and Biological Products of the Rus-
sian Academy of Sciences. The following influenza strains were studied: A/chicken/Kurgan/
3654-at/2005 (H5N1, influenza A virus) and B/Victoria/2/1987 (influenza B virus). Virus
stocks were propagated in the allantoic cavity of 10-day-old embryonated specific pathogen
free chicken eggs. Eggs were incubated at 37 ◦C, cooled at 4 ◦C 48 h post-infection and
harvested 16 h later. The study design was approved by the Ethics Committee of the
Chumakov Institute of Poliomyelitis and Viral Encephalitides, Moscow, Russia (Approval
#4 from 2 December 2014). Viruses were inactivated via the addition of 0.05% (v/v) glutaric
aldehyde, preserved via the addition of 0.03% (w/v) NaN3 and stored at +4 ◦C.

2.1. Aptamer Preparation

Aptamers are to be properly folded to exhibit the functional activity. The aptamer
RHA0385-SH was folded at 2 µM concentration in 10 mM KCl. Aptamers RHA0385-BDPFL
and BV42-BDPFL were folded at 2 µM concentration in 10 mM KCl and 140 mM NaCl. The
folding process was carried out in the following way: the solution was heated at 95 ◦C for
5 min and cooled at room temperature.
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2.2. Preparation and Characterization of Citrate-Stabilized Silver Nanoparticles (AgNP-Citr)

The AgNO3 solution (10 mM, 3 mL) was mixed with sodium citrate solution (19 mM,
29 mL). This solution was mixed with fresh solution of NaBH4 (26 mM, 34 µL). The reaction
mixture was mixed for 30 min using a magnetic stirrer. These nanoparticles (AgNP-Citr)
were characterized by several techniques.

The absorption spectrum of AgNP-Citr peaked with a maximum at 396 nm and
a width at half-height of 68 nm (Figure S1). AgNP-Citr had a mean diameter of 5 nm
(Figure S2A); the AgNP-Citr diameter was estimated by dynamic light scattering using
Zetasizer Nano ZS with a He-Ne laser with a wavelength of 633 nm (Malvern Instruments,
Worcestershire, UK). The diameter was determined independently using transmission
electron microscope Leo 912 AB Omega (Leo, Oberkochen, Germany) with accelerating
voltage 100 kV. One to two microliters of AgNP-Citr were applied onto formvar-treated
copper mesh with 3 mm diameter. The estimated AgNP diameter was 4 nm.

ZetasizerNano ZS (Malvern, Worcestershire, UK) was used to characterize ζ-potential
that was −40±2 mV (Figure S2B). This value corresponds to AgNP-Citr that are stable
against spontaneous aggregation. The state of Ag in nanoparticles was estimated using
X-ray phase diffractometer Dron-3 (NPP Burevestnik, Saint Petersburg, Russia) with CuKα

(λ = 1.54 Å) anode emission. The peaks corresponded to Ag crystal lattice (Figure S3).

2.3. Preparation of Silver Nanoparticles According to Leopold and Lendl (AgNP-LL)

Silver nanoparticles (AgNP-LL) were prepared according to the technique described
earlier by Leopold and Lendl [21]. One hundred eighty microliters of 167 mM solution of
NH2OH·HCl and 120 µL of 500 mM solution of NaOH were mixed with 18.7 mL of water.
Then 1 mL of 20 mM AgNO3 solution was added. The reaction mixture was mixed for 1 h by
a magnetic stirrer at room temperature. AgNP-LL with citrate were obtained by treatment
of 12 mL of AgNP-LL with 80 µL of 65 mM solution of sodium citrate. Both types of AgNP
were used 3–4 days after preparation. The mean size of these AgNP and their modifications
with RHA0385-SH and citrate was nearly 10 nm according to dynamic light scattering
performed using ZetasizerNano ZS (Malvern, Worcestershire, UK) (Figure S4A,B). The
ζ-potential was −44 ± 6 mV (Figure S4C), as measured by ZetasizerNano ZS (Malvern,
Worcestershire, UK).

2.4. Characterization of Influenza Viruses

The functional activity of the influenza viruses was estimated by hemagglutination
assay. One hundred microliters of 0.5% chicken red blood cells in 140 mM NaCl were placed
in V-bottom 96-well plates (Greiner, Kremsmünster, Austria). Viruses were aliquoted with
2-fold dilution (the final volume of mixture was 200 µL). Hemagglutination was estimated
after 30 min of incubation. The absence of red dots was interpreted as hemagglutination.
The sample with minimal viral content that caused hemagglutination was assigned to
contain 1 HAU (hemagglutination unit) viral titer. An example of the hemagglutination
assay for an influenza A virus is shown in Figure S5. Viral loads in viral particles per mL
(VP/mL) were estimated from hemagglutination units (HAU/mL) based on correlations
published earlier (1 HAU ~ 5 × 107) [22].

2.5. Determination of Influenza Viruses Using Different Nanoparticles

AgNP-Citr. AgNP-Citr were incubated with 20 nM solution of RHA0385-SH for 1 h at
37 ◦C. Then, 480 µL of modified AgNP were mixed with 5 µL of 2 µM solution of RHA0385-
BDPFL, 15 µL of 5 M solution of NaCl and 250 µL of influenza A virus (or influenza B virus,
or allantoic fluid) diluted in 15 mM PBSK (15 mM phosphate buffer pH 7.2, 150 mM NaCl,
15 mM KCl). The mixture was incubated for 10 min; then, SERS spectra were recorded for
200 ms with 25 repeats using handheld Raman analyzer RaPort (Enhanced Spectrometry,
San Jose, CA, USA) with a laser excitation wavelength of 532 nm and a power of 30 mW.The
experimental series had the following differences in setup:
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(1a) The viral load was increased sequentially in the same AgNP sample. This setup was
used in this series only.

(1b) Different viral loads were achieved in different AgNP samples. Other details were
the same as in 1a series.

(1c) The setup was the same as in 1b series except for the type of aptamer. BV42-BDPFL
was used instead of RHA0385-BDPFL.

AgNP-LL treated with a thiol-modified aptamer and citrate. AgNP were incubated
with 40 nM solution of RHA0385-SH for 1 h at 37 ◦C. The resulted AgNP were modified
with sodium citrate solution for 2 h (the final citrate concentration was 450 µM). Then,
196 µL of modified AgNP was mixed with 4 µL of 2 µM solution of RHA0385-BDPFL,
50 µL of 5× concentrated PBS and 250 µL of influenza A or influenza B viruses diluted in
10 mM PBSK (10 mM phosphate buffer pH 7.2, 150 mM NaCl, 20 mM KCl). The mixture
was incubated for 10 min; then SERS spectra were recorded for 400 ms with 25 repeats
using handheld Raman analyzer RaPort (Enhanced Spectrometry, San Jose, CA, USA) with
a laser excitation wavelength of 532 nm and a power of 30 mW. This series is marked as 2a.

AgNP-LL treated with citrate. One hundred ninety-six microliters of AgNP-LL was
mixed with 4 µL of 2 µM solution of RHA0385-BDPFL, 50 µL of 5× concentrated PBS and
250 µL of influenza A or influenza B viruses diluted in 10 mM PBSK (10 mM phosphate
buffer pH 7.2, 150 mM NaCl, 20 mM KCl). The mixture was incubated for 10 min; then
SERS spectra were recorded for 400 ms with 25 repeats using handheld Raman analyzer
RaPort (Enhanced Spectrometry, San Jose, CA, USA) with a laser excitation wavelength of
532 nm and a power of 30 mW. The differences were as follows:

(2b) AgNP were incubated with 40 nM solution of RHA0385-SH for 1 h at 37 ◦C before the
experiment described above.

(2c) The setup without any modifications was used.

A brief description of all experimental series is provided in Table 1.

Table 1. A brief description of components in different experimental series.

Type of AgNP AgNP-Citr AgNP-LL

Setup 1a 1b 1c 2a 2b 2c

Reagents Concentrations

Ag+ 0.3 mM 0.3 mM 0.3 mM 0.4 mM 0.4 mM 0.4 mM

RHA0385-SH 20 nM 20 nM 20 nM 40 nM 40 nM -

Citrate - - - 450 µM 450 µM 450 µM

RHA0385-BDPFL 13 nM 13 nM - 16 nM 16 nM 16 nM

BV42-BDPFL - - 13 nM - - -

3. Results
3.1. Setup of Aptasensors for Influenza Virus Determination

Colloidal AgNP were tested as a basis for creation of aptasensor for virus determi-
nation. Two types of DNA aptamers to influenza hemagglutinin were used. Aptamer
RHA0385 [23] was shown to recognize a wide variety of influenza A strains [17,18]; ap-
tamer BV42 [24] had the same ability (unpublished data). The setup of the aptasensor
was similar to our previous solid-state aptasensor [17]. It consumed primary aptamers for
functionalization of silver and secondary aptamers to provide an analytical signal.

AgNP were functionalized with thiol-modified aptamer RHA0385. Then AgNP were
mixed with aptamers conjugated to SERS-active label and were aggregated by increasing
ionic strength. Viral particles of A/chicken/Kurgan/3654-at/2005 (H5N1, influenza A
virus) and B/Victoria/2/1987 (influenza B virus) were added to the AgNP aggregates in
different content.
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BODIPY FL was chosen as SERS-active label due to low fluorescence and high SERS
intensity. AgNP aggregates provide SERS spectra of BODIPY FL (Figure 1A) that is similar
to SERS spectrum of BODIPY FL onto solid-state substrate [17]. The position of peaks was
the same both in colloidal and solid-state sensors, but the ratio of intensities at small and
large Raman shifts was different for solid-state substrates and colloidal SERS substrates.
(Figure 1A). This is due to the different plasmon absorption contours of colloidal silver
particles and solid-state SERS substrates.

Figure 1. Surface-enhanced Raman spectroscopy (SERS) spectra of BODIPY FL dye onto solid substrate, AgNP-Citr
aggregates and AgNP-LL aggregates (A). The peaks used for further consideration (B).

The spectrum of the BODIPY FL-labeled aptamer onto AgNP-Citr aggregates had sev-
eral additional peaks compared to AgNP-LL aggregates and solid-state sensors (Figure 1A,
Table S1); the peak with the highest intensity is shown in Figure 1B (the peak at 591 cm−1).
This peak was attributed to BODIPY FL, as it was absent in the spectra of AgNP alone and
AgNP with the thiol-modified aptamer (Figure S6). SERS spectra of the same substance
differ on various AgNP if the substance forms different complexes with the surface. For
example, peaks of citrate are different depending on the AgNP parameters [25,26]. Indeed,
SERS spectra of citrate onto AgNP-LL aggregates did not match completely with previ-
ously published spectra (Figure S6C). One of the possible explanations for 591 cm−1 peak
emergence is the following: AgNP-Citr had an extremely small size that is comparable with
the size of the aptamer; if one molecule of the BODIPY FL-modified aptamer is trapped
between several small AgNP, polarizability of some chemical bond is changed providing a
new peak in the spectrum. The SERS signal intensities at 585 cm−1 and 595 cm−1 (BOD-
IPY FL) were used to estimate the efficiency of aptasensors with AgNP-Citr. The value
595 cm−1 for the peak at 591 cm−1 was chosen to minimize the contribution of the nearby
peak at 585 cm−1. The peaks at 585 cm−1 (BODIPY FL) and 611 cm−1 (citrate peak) were
used to estimate the efficiency of aptasensors with AgNP-LL. It should be noted that the
majority of modern Raman spectrometers have sufficient resolution to distinguish nearby
peaks at 585 cm−1 and 591 cm−1. For example, RaPort spectrometer has resolution of
4 cm−1 in this part of the spectral range.

Several schemes for aptasensor setup were used. Generally, AgNP were functional-
ized with a thiol-modified aptamer, mixed with a labeled aptamer in buffered saline. The
resulted aggregates were mixed with viruses, and SERS spectra were measured (Figure 2).
Specific interaction with the virus provided higher SERS signals than non-specific interac-
tions with components of allantoic fluid or influenza B virus. A detailed description of the
experiments is provided in the Materials and Methods section and summarized in Table 1.
SERS signal from BODIPY FL appeared only when the dye was trapped between several
AgNP. In other cases, only high fluorescence was detected.
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Figure 2. Schematic representation of aptasensor setup. Aptamer-functionalized AgNP (1) were mixed with a labeled
aptamer in buffered saline providing AgNP aggregates (2). The aggregates were mixed with target viruses (3a) resulting in
weaker SERS signals or with off-target biologicals (3b) losing SERS effect due to the elimination of the labeled aptamer from
AgNP aggregates. The picture for influenza A virus was derived from the Public Health Image Library (ID:19013).

3.2. Determination of Influenza Virus with AgNP-Citr

Firstly, we performed subsequent addition of aliquots of the virus to the same samples
of AgNP-Citr (setup 1a). Allantoic fluid decreased drastically the intensity of SERS signal
due to non-specific interactions with AgNP, whereas samples with influenza A viruses had
slightly diminished signals. As the quantity of AgNP was the same in subsequent samples,
monotonous dependence was expected. However, the considerable scatter of points was
observed for BODIPY FL peaks (Figure 3A and Figure S7). Next, we used relative SERS
signal intensities; namely, the newly emerged peak (intensity at 595 cm−1 was used) was
normalized to the 585 cm−1 peak from the label. The dependence became much more
smooth (Figure 3B and Figure S8).
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Figure 3. Concentration dependencies of absolute SERS signal intensity of the label (A) and relative SERS signal intensity of
BODIPY FL peaks (B) for influenza virus and allantoic fluid. Allantoic fluid was diluted identically to influenza A virus.

The dynamic range of the curve was between 1 × 106 and 1 × 107 VP/mL (Figure S9);
the range for reliable quantitative determination of influenza A virus was
1 × 106–3 × 107 VP/mL (the upper limit of detection was not reached in the series).
Here the peak from the labeled aptamer trapped between several small AgNP was normal-
ized to the regular BODIPY FL peak. The resulting relative value was used as an analytical
signal; the procedure diminished the low reproducibility of aggregation.

The experiments with setup 1b reproduced setup 1a, but each sample was prepared in-
dependently. Nevertheless, the dependence of relative SERS signal intensity from the viral
load was reproduced (Figure 4A). Samples with influenza A virus had significantly higher
signal intensity than allantoic fluid and off-target influenza B virus. The reproducibility of
the curves can be illustrated by the match within the error of curvatures (Table S2).

Figure 4. Concentration dependencies of relative SERS signal intensities of the labeled aptamer in experimental setups 1b
(A) and 1c (B). Allantoic fluid was diluted identically to influenza A virus. Fittings with exponential functions are provided
(see Table S2 for details).

Next, we tested another BODIPY FL-labeled aptamer to hemagglutinin. Aptamer BV42
has putative i-motif structure [27] and inhibits hemagglutinin function with IC50 = 8 nM [24].
Its inhibitory activity is comparable to activity of the RHA0385 aptamer [28]. Thiol-
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modified RHA0385 and BODIPY FL-labeled BV42 aptamers were used in the experimental
setup 1c. Replacement of the aptamer decreased discrepancy between samples with in-
fluenza A virus and control samples (Figure 4B). The exponential fit of the curve differed
from those of setups 1b and 1c (Table S2). The dynamic range (5× 106–2× 107 VP/mL) was
narrower and shifted to higher viral loads compared to the setup with BODIPY FL-labeled
RHA0385. Thus, the type of aptamer affects the aptasensor characteristics.

3.3. Determination of Influenza Virus with AgNP-LL

One more AgNP type was tested. AgNP were optimized exactly for SERS measure-
ments by Leopold and Lendl [21], having the mean particle diameter of 10 nm (Figure S4).
AgNP-LL were incubated with citrate in order to imitate the surface of AgNP-Citr.

First, AgNP-LL were functionalized with a thiol-modified aptamer with subsequent
incubation in a sodium citrate solution (setup 2a). These AgNP provided peaks of citrate
spectrum (Figure S6) that were supposed to be useful as an internal standard. However, the
relative peak intensity had no dependence on virus content (Figure S10). Absolute values
of SERS signal intensity of BODIPY FL were revealed to be a relevant parameter which was
dependent on influenza virus content (Figure 5A). The dynamic range of the curve was
between 2 × 105 and 2 × 106 VP/mL, which corresponds to the highest sensitivity among
the different setups.

Second, the order of AgNP modification was changed. AgNP-LL were incubated with
citrate and subsequently functionalized with the thiol-modified aptamer (setup 2b). The
dynamic range was extremely narrow (Figure 5B). This setup cannot be used for virus
quantification.

Third, AgNP-LL were incubated with citrate without further functionalization with
the aptamer (setup 2c). In this case, the curve was of a good quality with the dynamic range
between 6 × 105 and 3 × 106 VP/mL. This setup was less efficient compared to setup 2a,
which illuminates the role of functionalization of AgNP with aptamers for assay sensitivity.
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Figure 5. Concentration dependencies of SERS signal intensity of BODIPY FL for experimental setup
2a (A), 2b (B) and 2c (C). Allantoic fluid was diluted identically to influenza A virus. Fittings with
exponential functions are provided (see Table S2 for details).
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4. Discussion

A wide variety of SERS-based techniques was developed to detect viruses. Most of
them consumed antisense oligonucleotides (ASO) to capture viral genomes. This field
has been reviewed in detail in our recent work [3]. In general, ASO-based techniques
have lower limits of detection if the virus genome is DNA because of higher stability
of DNA duplexes compared to RNA/DNA duplexes [29,30]. Influenza has an RNA
genome; and a comparison between assays with genome capture and surface protein
capture revealed the latter ones to be an unambiguously better choice for highly sensitive
assays [12,17,30]. Surface proteins can be captured by either antibodies or aptamers.
Aptamers have advantages due to a relatively small size and a variety of modifications that
can be introduced site-specifically during chemical synthesis [3].

SERS-based assays with the highest performance consume solid nanostructured sub-
strates with complex surfaces [3]. For example, aptamer-covered multilayer substrates
made up of polyethylene naphthalate, gold, perfluorodecanethiol and one more gold layer
were used to detect influenza A virus with a limit of detection of nearly 100 pfu/mL
(104 VP/mL [30]) [13]. This technique was shown to be useful for virus quantitation, as op-
posed to another aptamer-based technique with a similar limit of detection that was useful
for qualitative analysis only [17]. Both techniques consume solid substrates made up using
advanced equipment to provide metal deposition in a controlled and reproducible manner.

Contrary to solid substrates, nanoparticles can be synthesized in a “one pot” manner at
room temperature. Many techniques have been described that provide good reproducibility
of AgNP size, shape and ζ-potential [21,31,32]. Here we used two types of AgNP with
simple formulations: the first one was citrate stabilized with a mean diameter of 4 nm; the
second one was chloride stabilized with mean diameter 10 nm. The assay setup comprised
aggregation of aptamer-functionalized AgNP in the presence of a labeled aptamer with
subsequent disruption of aggregates by viruses and other biological molecules. The
efficiency of disintegration of AgNP aggregates differed in the presence of aptamer-targeted
and aptamer-off-targeted viruses. Supposed mechanisms include AgNP organization onto
the viral particles with preservation of SERS signal and the removal of the labeled aptamer
from proximity to AgNP due to non-specific interactions of AgNP with biological molecules
(Figure 2).

Absolute SERS signal intensity of the label was successfully used as an analytical
signal in the case of AgNP-LL but not AgNP-Citr. In the case of AgNP-Citr, the relative
SERS signal can be used as a reproducible analytical signal. Relative intensity of the
specific peak from the complex of the BODIPY FL-modified aptamer with AgNP-Citr was
used. Non-specific interactions of biological molecules with AgNP surface with partial
destruction of the complex between the BODIPY FL-modified aptamer and AgNP-Citr
citrate ions can be proposed as a possible mechanism that explains the higher rate of
decrease of the analytical signal. It is interesting to study the polarization of peaks at
585 cm−1 and 591 cm−1 of BODIPY FL in order to increase the dynamic range for detection
of the influenza virus. The particular Raman peak could be amplified by excitation with
parallel polarization or cross-polarization [33].

Usage of an internal standard was shown to be a potent approach for a wide range
of analytes including ions, low-molecular compounds, exosomes and whole bacterial
cells [34–38]. Some approaches utilize a signal from molecules entrapped in AgNP as
a standard [34,38]. If the analyte is a cell, several membrane components can be used
to normalize the signal from the label, enhancing accuracy and reproducibility of the
assay [35]. In other approaches, several types of AgNP were used simultaneously; some
of AgNP were used as an internal standard for other target-bound AgNP [36]. Our assay
with AgNP-Citr did not require additional compound due to peculiarities of the interaction
between labeled the aptamer and these particular types of AgNP.

AgNP-LL provided more reproducible SERS signal; and thus, the results for absolute
SERS signal intensity on AgNP-LL were nearly of the same quality as relative SERS signal
intensity on AgNP-Citr. We tried to use citrate as an internal standard for AgNP-LL, but
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the reproducibility of citrate adsorption and desorption was very low. Possibly, it was
due to a layer of chloride ions adsorbed onto AgNP-LL. Both AgNP-Citr and AgNP-LL
preparation techniques are simple and consume affordable chemicals. The simplicity and
the low cost make these AgNP very attractive for a practical implementation.

Several SERS-based techniques with lower LOD and wider dynamic range have been
described, but all of them consume much more sophisticated procedures for prepara-
tion of SERS-active structures and/or sample preparation [39]. For example, antibody-
modified AgNP allowed detection of as low as 100 VP/mL with dynamic range over
107 VP/mL, but the sample preparation requires nearly 2 h with usage of adsorption onto
nitrocellulose membrane [39]. Another antibody-based assay had a dynamic range over
4 × 105–109 VP/mL with setup duration more than 3.5 h for step-by-step adsorption of
the assay components [12]. The aptasensor with similar characteristics allowed determi-
nation of 104–106 VP/mL; the experimental setup was rather quick (>10 min) but needed
a sophisticated multilayer substrate [13]. Our aptasensor had LOD 2 × 105 VP/mL and
a dynamic range of 2 × 105–2 × 106 VP/mL; however, the time of the assay was below
15 min, and the AgNP preparation was very simple.

Considering further development of nanoparticle-based aptasensors for rapid diag-
nostics, there are several possible ways to improve the setups described. The first way is
to reverse the concentration dependence of the analytical signal, i.e., to get the increase of
SERS intensity with the increase of virus content. This technique allows the increase of
the difference between samples with and without the target; FRET-based techniques are
good examples of this approach [40,41]. The second way is to increase the affinity of the
aptamers to the virus, which results in better sensitivity of the assay. The example with two
different aptamers to hemagglutinin in this article (Figure 4) clearly indicates that affinity
is a key determinant. We also speculate that highly affine aptamers could provide broader
dynamic range of the aptasensors.

5. Conclusions

A new approach was developed combining rapid specific detection and a possibility
for quantitative determination of viruses using the example of influenza A virus. Specificity
was provided by aptamers to influenza hemagglutinin, whereas sensitivity was provided
by a SERS-based technique. The proposed technique can be classified as a rapid diagnostic
test due to a short time of analysis (below 15 min) and simple sample preparation (the
assay is homogeneous). AgNP with the simplest preparation and high stability were
chosen. Absolute and relative SERS signal intensities could be used as an analytical
signal. The optimal aptasensor had LOD of 2 × 105 VP/mL and a dynamic range of
2 × 105–2 × 106 VP/mL.
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Abbreviations

AgNP-Citr Citrate stabilized silver nanoparticles
AgNP-LL Silver nanoparticles synthesized according to Leopold and Lendl
ASO Antisense oligonucleotides
FRET Fluorescence resonance energy transfer
HxNy Abbreviation of influenza subtype, namely, hemagglutinin subtype x (1 or 5) and

neuraminidase subtype y (1)
HA Hemagglutinin
HAU Hemagglutination unit
HIV Human immunodeficiency virus
pfu Plaque forming unit
PCR Polymerase chain reaction
LFIA Lateral flow immunochromatographic assays
LOD Limit of detection
SERS Surface-enhanced Raman spectroscopy
VP Viral particle
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Abstract: Arterial wall remodeling underlies increased pulmonary vascular resistance and right heart
failure in pulmonary arterial hypertension (PAH). None of the established vasodilator drug therapies
for PAH prevents or reverse established arterial wall thickening, stiffening, and hypercontractility.
Therefore, new approaches are needed to achieve long-acting prevention and reversal of occlusive
pulmonary vascular remodeling. Several promising new drug classes are emerging from a better
understanding of pulmonary vascular gene expression programs. In this review, potential epigenetic
targets for small molecules and oligonucleotides will be described. Most are in preclinical studies
aimed at modifying the growth of vascular wall cells in vitro or normalizing vascular remodeling
in PAH animal models. Initial success with lung-directed delivery of oligonucleotides targeting
microRNAs suggests other epigenetic mechanisms might also be suitable drug targets. Those targets
include DNA methylation, proteins of the chromatin remodeling machinery, and long noncoding
RNAs, all of which act as epigenetic regulators of vascular wall structure and function. The progress
in testing small molecules and oligonucleotide-based drugs in PAH models is summarized.

Keywords: DNA methylation; histone code; microRNA; nanoparticles; noncoding RNA; pulmonary
arterial hypertension

1. Introduction

The set of proteins expressed and the abundance of proteins in cells of the vascular wall is a
complex function of transcription, translation, and regulation of protein lifespan. In addition to
the heritable protein-coding sequences in DNA, there are epigenetic processes in somatic cells that
modify gene expression within a generation to define the somatic epitype (Figure 1) [1]. In this way,
the normal gene expression programs and pathological gene expression programs are modulated
during development and during adaptation to variations of cellular and organ homeostasis. Diseases
that change the extracellular milieu will trigger changes in phenotype in part by activating epigenetic
processes. For example, DNA methylation typically inhibits transcription, thus silencing genes not
expressed in a given tissue under a given set of conditions. DNA methylation occurs at CpG islands,
often in promoters of protein-coding genes. Posttranslational modifications of histones act in tandem
with DNA methylation to either repress or permit transcription by opening chromatin to allow access
of the transcriptional machinery. Transcription produces several species of protein-coding (mRNA,
some circRNAs) and noncoding RNAs (miRNA, lncRNA, circRNAs) that can modulate transcription,
mRNA processing, and mRNA stability. The net effect of these epigenetic processes is to regulate
protein abundance, which is the defining molecular component of phenotype. Epigenetic processes
are highly conserved, occurring in all the cells of the pulmonary circulation. This suggests vascular
arteriopathy of pulmonary artery hypertension might respond to drugs that alter one or more epigenetic
process. However, there is significant heterogeneity of DNA methylation patterns, histone marks,
and noncoding RNA expression patterns among cell types.
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return to normal vascular structure. Drug therapy begins well after PAH has developed, often after 
several years of onset of symptoms. This means new drugs must reverse vascular remodeling to 
become clinically useful. Several aspects of pulmonary vascular remodeling are of particular interest 
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more recent work on chromatin remodeling, including BET proteins and noncoding RNAs. Novel 
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should consult earlier reviews for a general appreciation of advances in epigenetic therapy in other 
organ systems [7–10]. 

Targeting epigenetic mechanisms is appealing because enzymatically catalyzed reactions are 
often reversible, and the enzymes are targets for small molecules and oligonucleotide drugs. This is 
in sharp contrast to mutations in genomic and mitochondrial DNA, which are not routinely 
correctable in a clinical setting, although remarkable advances in gene editing technology have 
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Figure 1. Somatic epitype reprogramming as a therapeutic strategy in PAH. Vascular wall cells involved
vascular remodeling are all potential targets for novel epigenetic therapies. Both inflammatory and
structural cells of the vascular wall contribute to remodeling in pulmonary hypertension. The therapeutic
goal is to modify gene expression programs to reverse and prevent occlusive lesions. The contributions
of epigenetic processes to the function of each cell type in the lung is a topic of intense interest and
rapid progress in lung cell biology.

Epigenetic therapies could be developed that are effective with tolerable off-target effects.
To establish appropriate drug targets, the timing and the necessity for particular epigenetic adaptations
in developing pulmonary hypertension need to be defined. Many new drug targets have been described
in preclinical studies which are summarized in this review and in several recent reviews of the same
topic [2–6]. The premise is that drugs antagonizing both causative and adaptive epigenetic events will
prevent disease progression and allow vascular wall repair, thus favoring a return to normal vascular
structure. Drug therapy begins well after PAH has developed, often after several years of onset of
symptoms. This means new drugs must reverse vascular remodeling to become clinically useful.
Several aspects of pulmonary vascular remodeling are of particular interest in this regard—vascular
wall thickening, formation of occlusive lesions, and vascular pruning. In this review, some of the
landmark studies of epigenetic modifiers in PAH are described along with some more recent work on
chromatin remodeling, including BET proteins and noncoding RNAs. Novel oligonucleotide tools and
therapeutics are emerging from this very exciting new work. The reader should consult earlier reviews
for a general appreciation of advances in epigenetic therapy in other organ systems [7–10].

Targeting epigenetic mechanisms is appealing because enzymatically catalyzed reactions are often
reversible, and the enzymes are targets for small molecules and oligonucleotide drugs. This is in
sharp contrast to mutations in genomic and mitochondrial DNA, which are not routinely correctable
in a clinical setting, although remarkable advances in gene editing technology have created new
opportunities that are advancing rapidly [11]. This review will describe recent progress in preclinical
studies of small molecule and oligonucleotide modifiers with the goal of focusing on new therapeutic
approaches that may add to current treatments of PAH.

2. Pulmonary Vascular Remodeling in PAH

Pulmonary arterial hypertension (WHO Group I) is a rare, progressive pulmonary vascular disease
characterized by elevated pulmonary artery pressure (>25 mm Hg), dyspnea, exercise intolerance,
and ultimately right heart failure. In the USA, it is more common in women than men (3–5:1) and in
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Caucasians (85%) compared to African-Americans (12%) and Hispanics (<3%) [12]. The pathological
vascular remodeling in PAH is the result of increased proliferation and decreased apoptosis of vascular
wall cells, including smooth muscle, endothelial cells, fibroblasts, and immune cells. Vascular wall
hypertrophy is associated with increased inward migration of progenitor cells and immune cells,
as well as altered autophagy and cell differentiation. These processes are the subject of intense
research to understand basic pulmonary vascular wall cell biology and to identify novel targets for
drug development [13–15]. In addition to identifying novel inhibitors of cell signaling, noncoding
RNAs (miRNA and long noncoding RNAs) have undergone intense scrutiny as molecular targets
for anti-remodeling therapy [16]. In addition, early evidence of changes in DNA methylation [17]
and histone marks [18] in pulmonary hypertension stimulated an active search for targets for new
therapies [19,20].

There are several issues to address when developing therapies to reprogram the somatic epitype
in order to prevent or reverse vascular remodeling. Which processes in which cells should be targeted
(Figure 2)? What are the epigenetic drivers of pulmonary remodeling vs. the adaptive responses to
disease (Figure 2)? Perhaps most importantly, are there unique targets that produce disease-specific
effects such as regulation of bone morphogenetic protein receptor 2 (BMPR2) expression and function
in subjects with familial PAH? In pulmonary vascular remodeling and repair, the druggable targets
include enzymes that catalyze DNA methylation and demethylation, enzymes of DNA repair pathways,
enzymes that catalyze histone posttranslational modifications, and noncoding RNAs. Most studies
described below are early-stage preclinical trials arranged by biochemical and molecular classes.
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Figure 2. Epigenetic processes that are potential targets for modifying pulmonary vascular remodeling
in PAH. There are multiple biochemical processes that promote arteriopathy in PAH by altering gene
expression programs in vascular wall cells. These processes are valid therapeutic targets for small
molecule inhibitors of DNA methylation and histone modifications and other elements of chromatin
remodeling machinery. In addition, oligonucleotide antagonists of short and long noncoding RNAs
(miRNAs, lncRNAs) are also potential new classes of antiremodeling drugs.

3. Epigenetic Targets for Novel Therapy of PAH

3.1. DNA Methylation and Inhibitors

One of the major determinants of whether a gene is transcribed is methylation of DNA, typically
but not exclusively in CpG islands in promoter regions (Figure 2). DNA methylation is catalyzed
by DNA methyltransferase (DNMT) and removed by demethylases. These classes of enzymes have
been studied extensively in cancer chemotherapy [21], but less thoroughly in PAH. Although the
data on DNA methylation patterns in lung diseases other than lung cancer are less extensive, some
interesting patterns have emerged that are relevant to PAH. A landmark study by Archer and coworkers
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reported DNA methylation patterns in the superoxide dismutase gene in vascular smooth muscle
cells in the Fawn hooded rat model of PAH [17]. Aside from this study, there is no direct evidence
for changes in DNA methylation or hydroxymethylation and gene expression in endothelial cells,
immune cells, or fibroblasts in PAH. However other studies of related conditions might be relevant to
future work. For example, increased methylation of the granulysin gene (GLYN) occurs in peripheral
blood monocytes of human subjects with pulmonary veno-occlusive disease, but not in patients with
PAH [22]. The authors concluded that GLYN genes in several T-cell populations (cytotoxic, natural
killer and natural killer-like T cells) were not altered in PAH. This suggests some disease-restricted
effects on immune cell gene silencing that offer selective targets for drugs altering DNA methylation.
Further work in PAH samples is required to find analogous PAH-restricted methylation patterns.

Methylation of the BMPR2 promoter in scleroderma patients is another relevant observation [23].
Patients with scleroderma may be predisposed to PAH due to BMPR2 promoter methylation and
reduced BMPR2 expression. Later studies of BMPR2 silencing by DNA methylation in PAH patients are
mixed. One study of peripheral blood cell DNA reported no methylation of the BMPR2 promoter [24],
but a more recent study did find increased methylation and reduced expression of BMPR2 protein in
heritable PAH [25]. Several mutations of the Tet-methylcytosine-dioxygenase-2 (TET2) gene coding
for a DNA demethylase have been reported in humans with PAH. Furthermore, TET2 knockout mice
develop a mild form of PAH [26]. These later studies support the significance of dynamic changes in
DNA methylation and suggest additional genes might be worth investigating. For example, there is no
information on DNA 5mC and 5hmC methylation status of proinflammatory genes in humans with
PAH. There is significant infiltration of immune cells into occlusive vascular lesions in humans and
in animal models of PAH, but no knowledge of inflammatory gene silencing by DNA modifications.
This seems likely given that a genome-wide association study (GWAS) of systemic hypertension
found several loci where DNA methylation patterns were associated with hypertension [27]. Similar
genome-wide serial DNA methylation studies could be conducted in models of severe PAH models to
establish patterns of altered 5mC and 5hmC patterns. Such a study in humans would be challenging
due to the low prevalence of PAH and the inability to conduct a longitudinal study of diseased arterial
tissue. Despite these limitations, the loci identified in human studies of systemic hypertension might
serve as a guide to studies in animal models of severe PAH.

The timing of a therapeutic intervention that reduces DNA methylation will be important to
establish. If changes in DNA methylation occur prior to diagnosis (drivers) the damage may be difficult
to reverse versus ongoing DNA methylation during the progression of the disease (adaptive responses).
It is not clear whether DNA methylation can be selectively modulated with drugs, but there is some
reason for optimism. De novo DNA methylation is dynamic and reversible by the action of demethylases.
Blocking DNMT activity might be effective in allowing vascular repair, as shown by Archer and
coworkers using 5-azacytidine in a rat model of PAH [17]. This study has an important limitation in
that 5-azacytidine has pharmacological effects in addition to DNMT inhibition [28]. More selective
agents must be developed, preferably with some lung-restricted distribution to minimize off-target
effects. Targeting DNA methylation machinery with oligonucleotide-based drugs is an approach tested
in cell systems and with knockout mouse models. Several oligonucleotides targeting elements of DNA
methylation have been tested as treatments of neurological diseases. Targets include DNMTs 1 and 3 a/b
and Tett1 [29–31]. However, similar studies have not been attempted in animal models of pulmonary
hypertension. Delivery of oligonucleotides to lung tissues is well established as described below,
which suggests that altering the DNA methylation/demethylation machinery might be achievable.

3.2. Histone Modifications and Inhibitors

3.2.1. Histone Deacetylases

Post-translational modifications of histones control chromatin structure by charge effects and by
recruiting additional chromatin remodeling enzymes [32]. In general, lysine acetylation of the histone
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tails permits transcription. Deacetylation is restrictive, but the effects vary with the particular gene
being regulated. Histone acetylation is catalyzed by histone acetyltransferases (HATs) and histone
deacetylation by a large family of protein deacetylases (HDACs and sirtuins). Histone marks are
modified during normal development and often in disease. The roles in development and diseases
have been explored in detail using numerous small molecule inhibitors of protein acetylases and
methylases that catalyze histone modification [33]. Several of these have been tested as drugs to
modify vascular remodeling, as described in more detail below. Methylation of histones can also
be either permissive or restrictive depending upon the methylated residue. Two of the best-studied
examples are H3K4 di/tri-methylation, which is permissive, and H3K9 di/tri-methylation, which is
restrictive. Histone methylation is catalyzed by histone lysine or arginine methyltransferases. Histone
demethylases catalyze the reverse reactions. Some serine residues on histones are phosphorylated,
but this topic is less well developed compared to histone methylation and acetylation. There is also
emerging evidence for modification of glutamine 5 in histone 3 (H3Q5) with serotonin and dopamine
in neuronal tissues, but there is no evidence yet of these interesting modifications in vascular wall
cells [34,35]. Disease-restricted alterations in the histone code are the results of changes in activity,
chromatin binding, or expression of histone-modifying enzymes. Imbalances in the activity of these
enzymes and resulting changes in open versus closed chromatin states are associated with numerous
diseases, including pulmonary arterial hypertension (see Figure 2 above).

A growing set of pharmacological studies implicate histone acetylation in PAH by virtue of the
effects of HDAC inhibitors on vascular remodeling and cardiac function. Detailed progress at the
molecular level is somewhat limited by the modest understanding of exactly which genes to focus
on. Some of the earliest evidence supporting HDACs in pulmonary hypertension is from a study
of the bovine model of hypoxic pulmonary hypertension [36]. Apicidin, a class I HDAC inhibitor,
reduced proinflammatory gene expression in pulmonary adventitial fibroblasts from chronically
hypoxic calves. SAHA, a broad spectrum HDAC inhibitor, reduced fibroblast induced migration of
monocytes, suggesting that HDACs support vascular inflammation and that HDAC inhibitors can
be anti-inflammatory drugs in treating PAH. This begs the question of whether HDAC expression
and activity is altered in humans with PAH. In humans with heritable PAH, increased expression of
HDACs 1, 4, and 5 was observed, as was a predicted increase in H3 and H4 acetylation [37]. In the
same study, valproic acid and SAHA prevented vascular remodeling in a hypoxic rat model.

Inhibiting HDACs in PAH might be beneficial in part because it alters ROS production.
In macrophages and THP-1 cells, HDAC inhibitors reduced NOX 1, 2, and 4 expression of macrophages
and THP-1 cells by reducing Pol II and p300 HAT loading on NOX gene promoters [38]. H3K4me3
and H3K9ac histone marks were also reduced by HDAC inhibition in lung fibroblasts. In pulmonary
endothelial cells, there is evidence for HDAC4 and HDAC5 regulating Mef2 activity, which participates
in a signaling cascade that influences cell migration and proliferation [20]. The class IIa HDAC
inhibitor MC1568 reversed signs of PAH in several rat models, suggesting HDACs 4 and 5 contributed
to pulmonary artery endothelial dysfunction. This result is part of an increasing set of studies
of HDAC inhibitors in rat models that suggest HDAC inhibitors have beneficial prevention and
reversal effects [20,37]. Some of these effects are mediated by nuclear HDACs, but there is also
evidence for nonnuclear HDAC6 acting on substrates other than histones to affect pulmonary vascular
remodeling [39]. Studies of multiple HDAC inhibitors in multiple PAH models suggest that regulation
of proinflammatory genes, pro-growth genes, and promigratory signaling genes are regulated by
histone modifications that may well initiate and promote arteriopathy and control PAH severity.
Further preclinical studies and mechanistic studies are needed to refine the use of HDAC inhibitors
with a goal of identifying the HDAC isoforms to target for the most effective therapy of PAH. In contrast
to the significant literature on small molecule HDAC inhibitors in animal models of PAH, there are few
studies of oligonucleotides targeting HDACs in vascular tissues.
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3.2.2. Histone Acetyltransferases

There are only a few studies of histone acetyltransferases in PAH. It is known that histone
acetyltransferase activity is higher in lung tissue of PAH patients [40], but it is less clear that increased
histone acetylation promotes inflammation, proliferation, cell migration, or cell survival in the arterial
wall. It appears some of the benefits of prostacyclin therapy may be due to modifying histone
marks and reducing inflammation. Iloprost decreased secretion of several pro-inflammatory proteins
(IL-8, CCL2, RANTES and TNFα) in activated human monocytes [41]. Reduced cytokine production
correlated with decreased STAT1 phosphorylation and with decreased localization of the p300 HAT at
the STAT1 promoter. This is an interesting observation, but more information is needed to define the
proinflammatory genes sensitive to HAT inhibitors and to establish the therapeutic significance of
HAT inhibitors for reversing arteriopathy of PAH.

3.2.3. Histone Methylation

Methylation of histones has a cooperative effect with DNA methylation to favor heterochromatin
formation and gene repression [42]. During embryonic development, SET histone methyltransferases
catalyze H3K9 trimethylation, which enhances DNA methylation by DNMT3a and DNMT3b
enzymes [42]. When somatic cells undergo reprogramming during neoplastic transformation,
changes in DNA methylation of pluripotency genes are guided in part by histone demethylation.
This suggests changes in histone H3K9 methylation might influence vascular remodeling and
perivascular inflammation in PAH. To address this question, a recent study investigated the influence
of the Nuclear receptor binding SET domain 2 (NSD2) histone methyltransferase. NSD2 is upregulated
in some cancers and cancer models where it promotes somatic reprogramming and transformation [43].
In the monocrotaline rat model, knockdown of NSD2 with shRNA reduced H3K36 dimethylation and
antagonized pulmonary arterial remodeling, normalized pulmonary artery pressure, and normalized
right ventricular dysfunction [44]. Metabolomic analysis suggested NSD2 regulates genes controlling
autophagy, carbohydrate metabolism, transporters, and protein synthesis. This is a novel role for
histone methylation in PAH that provides an interesting new target for drug therapy. There are
a number of small-molecule NSD2 inhibitors in development as anticancer chemotherapy, but no
oligonucleotide-based drugs have been reported in human studies. Both approaches might be useful
for knocking down NSD2 in vivo in PAH models, although the transfer of cancer chemotherapy
approaches to PAH is not always a useful therapeutic strategy. Further preclinical development of
NSD2 inhibitors in PAH models is required to address safety and efficacy in nonneoplastic diseases.

3.3. Bromodomain Proteins

Bromodomain-containing proteins bind acetylated lysine residues on histones and function as
transcriptional coactivators in the histone code “reader” machinery [45,46]. Vascular remodeling
in PAH depends on changes in the transcription of multiple pathways in multiple cell types.
One the most important transcriptional regulators is NFkB, particularly for genes expressed during
vascular inflammation. NFkB-regulated genes are also dynamically controlled in normal human
pulmonary vascular endothelial cells, as shown by cell cycle arrest induced by the BET inhibitor
JQ1 [40]. JQ1 increased expression of proteins p19INK4D and p21CIP1 and reduced expression of
cyclin-dependent protein kinases. JQ1 treatment also increased HAT activity, presumably due to
reducing the association of BET proteins with HATs in histone reader/writer complexes. BET inhibition
also inhibits the proliferation of pulmonary artery vascular smooth muscle cells [47]. In both
endothelium and smooth muscle cells, BRD4 was the proposed target of JQ1. It appears that BET
inhibitors used in a rescue strategy have significant beneficial anti-inflammatory effects in animal
models of PAH [48], which is the rationale for a phase 2 clinical trial of apabetalone, an orally available
BRD4 inhibitor (ClinicalTrials.gov Identifier: NCT03655704). Recent reports of cardiac toxicity temper
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enthusiasm for broad-spectrum BET inhibitors [49]. Isoform-selective drugs and lung-restricted
delivery might be necessary to minimize adverse effects on non-targeted organs [48].

In contrast to the significant literature on small molecule inhibitors of histone remodeling in
PAH animal models, there is a lack of studies of oligonucleotides targeting HDACs, HATs, or BET
proteins in vascular tissues. Although there are numerous antisense oligonucleotides available to
modify chromatin remodeling machinery in vitro, there are few or no preclinical drug development
studies of PAH models. Drug delivery and tissue specificity are two important problems slowing the
development of new oligonucleotide drugs. These two issues have been addressed to some extent by
recent studies of oligonucleotides targeting microRNAs in animal models of PAH.

3.4. MicroRNAs

Several classes of noncoding RNAs regulate gene expression and protein abundance to fine-tune
cell phenotypes in conditions of health and disease (Figure 3). MicroRNAs, long noncoding RNAs,
and circular RNAs are all modulators of steps in the flow of genetic sequence information from genomic
DNA to mRNA and to proteins. Transcription of mRNA depends on the synthesis of adequate numbers
of ribosomes. Ribosome biogenesis requires a variety of small nucleolar RNAs that are structural
elements of ribosomes, as well as small nuclear RNAs that participate in mRNA splicing and processing
of mature mRNA. Once processed and associated with ribosomes, mature mRNAs are translated to
peptides by complex biochemical machinery subject to extensive regulation. MicroRNAs fine-tune the
output of gene expression programs by modulating translation, thus varying protein abundance and
cell phenotype.
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expression and to halt or reverse the progression of PAH. There is now substantial proof of the 
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Figure 3. Classes of noncoding RNAs. Cell growth, organ development, and pathological remodeling all
depend on dynamic changes in the expression of noncoding RNAs. MicroRNAs are the best-established
class of noncoding RNAs with important roles in regulating the translation of proteins that remodel the
pulmonary vasculature. Long noncoding RNAs are also modified during the development of PAH,
but their functions are less clear. Circular RNAs are emerging as collaborators with the other classes of
RNAs to regulate mRNA production, transcription, and gene silence via interactions with miRNAs.
miRNAs, long noncoding RNAs, and circular RNAs are all potentially targetable molecules using
lung-directed delivery of oligonucleotide antagonists and mimics.

Numerous correlative studies of miRNA expression in vascular tissue from humans have defined
altered miRNA expression patterns in PAH. The miR-17~92 cluster, MiR-21, miR-145, and miR-204
were the first miRNAs associated with PAH [50–54] (Table 1). Similar lists of miRNAs altered in animal
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models have also been assembled and are described in prior reviews [4,55,56]. Early correlative studies
stimulated preclinical translational studies designed to normalize miRNA expression and to halt or
reverse the progression of PAH. There is now substantial proof of the efficacy of RNAi-based therapies
targeting miRNAs in PAH. Preclinical prevention trials in animal models of PAH have described the
roles of miR-204 [52], miR-17 [57], miR-21 [58], miR-20a [59], miR-145 [53,60], miR-223 [61], miR-424,
and miR-503 [62] in PAH pathology.

Table 1. Noncoding RNA targets in pulmonary arterial hypertension.

miRNAs Long Noncoding RNAs

let-7f/miR-22/30 [51] CASC2 [63]

miR-17/92 cluster [50,57] H19 [64]

miR-21 [51] Hoxaas3 [65]

miR-23b/130a/191/451/1246 3 [66] HOXB1, CBL, GDF7, RND1 [67]

miR-124 [68] LnRPT [69,70]

miR-143 [54] MALAT1 [71], [72]

miR-145 [53] Tug1 [73]

miR-204 [52] UCA1 [74]

miR-206 [75]

miR-322/451 [51]

miR-424/503 [62]

One limitation of initial studies of miRNA mimics and antagonists is that none used intravenous
therapy to achieve lung-directed delivery. They also used prevention protocols rather than a rescue
protocol to reverse severe occlusive vascular remodeling. This limitation is relevant to drug therapy
because humans are diagnosed with PAH after it is well established, not prior to the development
of arteriopathy and cardiac dysfunction. A later reversal study [60] employing a pegylated cationic
lipid nanoparticle (Therasilence) delivered intravenously showed that a miR-145 antagonist could
ameliorate many pathological features of established PAH in the Sugen/hypoxia rat model of severe
PAH (Figure 4A). The miR-145 antisense oligonucleotide was a locked nucleic acid/DNA mixmer that
achieved high levels in lung tissues (Figure 4B). AntimiR-145 treatment partially reversed vascular
wall thickening (Figure 4C). Right ventricular systolic pressure was reduced, and there was a modest
reduction of perivascular inflammation. Similar anti-inflammatory effects were reported in another
reversal study by Gubrij et al. [61] using a miR-223 antagonist in the monocrotaline rat model of
PAH. The studies summarized in Table 1 include both prevention trials and reversal trials in animal
models showing that therapeutic oligonucleotides targeting microRNAs can be delivered to the lung
via the airway or from the vascular compartment to ameliorate vascular inflammation, vascular medial
thickening, and occlusive vascular lesions in PAH.

One question that remains unanswered is which cell types should be targeted in treating PAH with
oligonucleotide drugs? Many mechanistic studies of miRNAs in pulmonary artery remodeling have
focused on endothelial cells and vascular smooth muscle cells. However, some miRNAs associated with
PAH in humans (miR-145, miR-155, miR-21 and the miR-17~92 cluster) also regulate inflammation and
immune cell biology. For example, IL-6 upregulates expression of the miR-17~92 cluster, which targets
BMPR2, suggesting that inflammation exacerbates PAH by inhibiting BMPR2 signaling. MiR-145 is
known to regulate cell fate during early embryogenesis and is a master regulator of smooth muscle
contractile phenotype. It also regulates the immune response by promoting M1 to M2 macrophage
polarization [76] and Th2 cell development in the airways and thoracic lymph nodes [77]. MiR-21
is pro-inflammatory in mouse models of severe asthma [78]. MiR-124 silences MCP1 expression in
adventitial fibroblasts, which probably influences the extent of vascular inflammation [79]. Future
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translational studies of miRNA antagonists could be designed to target multiple protein networks
known to mediate vascular wall remodeling and perivascular inflammation. MicroRNA antagonists and
mimics with combined vasodilating, anti-inflammatory, and anti-remodeling effects would constitute
a novel class of therapy to complement and improve the efficacy of current vasodilator therapy.
However, early-phase clinical trials have not yet been conducted on human subjects. One limitation
is the complexity of drug delivery to the lungs. Complexing oligonucleotide drugs with carriers
such as lipid nanoparticles or carbohydrate polymers clearly works in preclinical animal models.
However, the delivery system may have pharmacological effects unrelated to the oligonucleotide
target, which adds significant barriers to regulatory approval for use in humans.
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Figure 4. A rat model of severe PAH employed treatment with Sugen5416 followed by a period
of hypoxia. Right ventricular systolic pressure (RVSP) increased to >90 mmHg at 13 weeks (A).
Lung tissue uptake of the antimiR-145 antisense oligonucleotide was assessed by in situ hybridization
(B), blue staining). (C) shows a positive correlation of RVSP with vessel wall thickness in small
pulmonary arteries (50–200 µm dia.). AntimiR-145 treatment partially reversed both wall thickening
and RVSP. Data are replotted from McLendon et al. [60].

3.5. Long Noncoding RNAs

Long RNAs (>200nt) not translated to proteins (lncRNA) are transcribed from a variety of
sites in the nuclear genome. There are lncRNAs from enhancer sequences of protein-coding genes
(eRNAs) [80], RNAs from intergenic, multiexomic regions (lincRNAs) [81], and from noncoding
strands of protein-coding genes (naturally occurring antisense transcripts, NATs) [82,83] (see Figure 5).
The term long noncoding RNAs (lncRNA) will refer to all RNAs > 200 nt that do not code for proteins.
The functions of most long noncoding RNAs are still being defined. Some are thought to serve
as adapter molecules able to bind proteins, DNA, and other RNAs. This versatile set of binding
reactions underlies some of the functions of lncRNAs which include: Regulation of transcription by
controlling gene looping [80,84], regulation of mRNA splicing [85], regulation of mRNA lifespan [63,86],
and organization of gene neighborhoods [87] (Figure 5). Recent work in various PAH models describe
the influence of lncRNAs on microRNA function [73,88], on scaffolding functions [67], and on vascular
cell proliferation and differentiation [63–65,74] (Table 1). Collectively, these studies strongly suggest
lncRNAs are valuable targets for further translational drug development.
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Figure 5. Regulation of gene expression by long noncoding RNAs. Long nonprotein coding RNAs
are transcribed from a variety of genomic loci including enhancer sequences (eRNAs), intergenic,
multiexomic sequences (lincRNAs), and noncoding strands of protein-coding genes (naturally occurring
antisense transcripts. Shown here are two of the emerging mechanisms by which lncRNAs modify
gene expression and protein abundance. (A) Binding of RNAs coded in enhancer regions to effect DNA
looping. (B) lncRNA serving as an adapter molecule in chromatin remodeling via DNA methylation
and histone modifications. A salient feature of lncRNAs is the potential to bind chromatin remodeling
proteins, DNA, and in some cases other RNAs. (C) Some long noncoding RNAs are processed
to endogenous siRNAs that regulate transcription or regulate translation by altering mRNA decay.
Some long noncoding RNAs also modify mRNA splicing (not shown). Targeting new oligonucleotide
drugs to lncRNA function will require identification of key lncRNAs in lung diseases and defining the
contribution of these mechanisms to pathology. Reproduced from Comer et al. [55] with permission
from Elsevier.

Although recent observational studies reveal the association between lncRNAs and PAH, it will
be important to determine what strategies are used to modify lncRNA expression and function in the
pulmonary circulation. Antisense oligonucleotides (“antagoNATs”) that inactivate lncRNAs in cells
and in animal models of disease have been proposed [89] and used effectively in several of the recent
studies of PAH cited above. The response to a lncRNA antagonist may be to increase protein expression
if the lncRNA is a repressor of gene expression, or to reduce protein expression if the lncRNA is an
enhancer. For example, inhibiting the function of MALAT1 reduces endothelial cell differentiation
in vitro [90]. A MALAT1 antagonist active in vivo might reduce occlusive lesions in pulmonary arterial
hypertension or inhibit airway epithelial cell proliferation. This notion is supported by the fact that
polymorphisms in the MALAT1 gene have been described in humans with essential hypertension [72].
MALAT1 reduced miR-539-3p and miR-485-3p levels and increased expression of BMP receptor type 2.
The authors suggested low plasma levels of MALAT1 correlated with increased miRNA expression
and reduced BMPR2 expression, conditions associated with PAH. Other lncRNAs might be targeted by
oligonucleotides to inhibit lncRNAs that act as “sponges” for miRNAs. In this use case, the drugs
would increase the expression of proteins repressed by the miRNA binding partners. The lncRNAs
and proteins targeted might be proteins with anti-inflammatory effects [91], antiproliferative effects,
or antimigratory effects. Another interesting strategy that remains untested is to disrupt lncRNA
function with small molecules that bind to RNA secondary structure or disrupt the tertiary structure of
ribonucleoprotein complexes [92].

4. Summary and Future Directions

The prospect of modifying epigenetic processes to alter the interaction of genes and the environment
in pulmonary vascular cells is exciting and important. The premise is that cell phenotype and vessel
architecture are determined by reversible biochemical processes acting on the genetic substrate. This is
the mechanistic basis for several anticancer drugs that modify the epigenetic processes described in this
review. In cancer chemotherapy, single epigenetic modifying drugs and combination therapies that

94



Int. J. Mol. Sci. 2020, 21, 9222

include epigenetic modifiers are effective in some cases, but ideal drug regimens are still being defined.
Successful epigenetic reprogramming in lung cancer chemotherapy is very encouraging and highly
relevant to epigenetic therapy for PAH [93,94]. If normal control of cell proliferation, cell survival,
and tissue boundaries is compromised, then vascular tissue growth might be reversible with drugs
that reestablish normal epigenetic processes, normal cell phenotype, and normal tissue architecture.
However, treating a nonneoplastic lung disease such as PAH with oligonucleotide drugs targeting
epigenetic mechanisms is a relatively new enterprise. Repurposing anticancer drugs in PAH has
produced mixed results but the idea that epigenetic reprogramming can be affected with drugs is
worth pursuing. Most work is in vitro or in early preclinical stages. Recent progress in early-stage
clinical trials is summarized in several reviews [95,96].

There are still significant gaps in knowledge that limit the development of epigenetic modifying
oligonucleotide drugs. We need better descriptions of which miRNAs, lncRNAs, circRNAs, histone
modifications, and DNA methylation sites are present at the single-cell level in PAH. We also need
important longitudinal studies of epigenetic features in individual pulmonary vascular wall cells and
in key genes controlling cell phenotype [2]. Serial genome-wide assays are needed to define which
epigenetic events are causes and which are consequences of the disease. This would be analogous
to GWAS studies of genomic DNA sequences, the key difference being that epigenetic modifications
are dynamic and reversible. Therefore, longitudinal data similar to data used to validated prognostic
biomarkers are needed to establish the best targets and the best timing of dosing. The function of
the epigenetic marks and the pathways regulated then need to be validated in both human samples
and in multiple clinically relevant animal models. Once high-value targets are identified, candidate
drugs must be validated in preclinical animal trials and ultimately in initial clinical trials to establish
efficacy, lung-directed delivery, and off-target effects. Potential adverse effects of oligonucleotide
therapies that would appear in phase 2 clinical trials are difficult to predict. They will depend on the
targets and on pharmacologic effects unrelated to the targets. For example, targeting conserved DNA
and histone-modifying enzymes with broad-spectrum drugs that are widely distributed can disrupt
organ function well beyond the lungs—e.g., in the bone marrow, heart, liver, kidneys or nervous
system. Small oligonucleotides are also perceived by the immune system as damage-associated or
pathogen-associated molecular patterns which can activate the innate immune response to deleterious
effect [97,98]. Managing the off-target effects of oligonucleotide drugs is a challenge that needs
to be overcome. However, if effective and safe oligonucleotides can be delivered preferentially to
the lungs, they could become important adjuncts to vasodilator therapies that could act as true
disease-modifying therapies.
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Abstract: Here, we report the synthesis of a quantum dot (QD)-DNA covalent conjugate to be
used as an H2O2-free DNAzyme system with oxidase activity. Amino-coupling conjugation was
carried out between amino-modified oligonucleotides (CatG4-NH2) and carboxylated quantum dots
(CdTe@COOH QDs). The obtained products were characterized by spectroscopic methods (UV-Vis,
fluorescence, circular dichroizm (CD), and IR) and the transmission electron microscopy (TEM)
technique. A QD-DNA system with a low polydispersity and high stability in aqueous solutions
was successfully obtained. The catalytic activity of the QD-DNA conjugate was examined with
Amplex Red and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate)) indicators using reactive
oxygen species (ROS) generated by visible light irradiation. The synthesized QD-DNAzyme exhibited
enhanced catalytic activity compared with the reference system (a mixture of QDs and DNAzyme).
This proved the assumption that the covalent attachment of DNAzyme to the surface of QD resulted
in a beneficial effect on its catalytic activity. The results proved that the QD-DNAzyme system
can be used for generation of the signal by light irradiation. The light-induced oxidase activity
of the conjugate was demonstrated, proving that the QD-DNAzyme system can be useful for the
development of new cellular bioassays, e.g., for the determination of oxygen radical scavengers.

Keywords: quantum dots (QDs); DNAzyme; ROS; Amplex Red; light-induced activity

1. Introduction

Reactive oxygen species (ROS) are oxygen compounds that have a higher reactivity than molecular
oxygen in the triplet state. The group of ROS mainly includes superoxide anion radicals (•O2−,
•O2

2−), hydroxyl radicals (•OH), hydroperoxide radicals (HO2
•), and oxygen species without an

unpaired electron, such as singlet oxygen (1O2), ozone (O3), and hydrogen peroxide (H2O2) [1–3].
ROS are involved in many cellular processes. These include oxidative-phosphorylation coupling
that occurs in mitochondria and provides energy for cell apoptosis or programmed self-destruction
of the cells [4–6]. There are many methods employed for obtaining ROS, including biological [7–9],
chemical [10,11], and electrochemical [12,13] approaches and methods that use photochemical or
photocatalytic reactions [14,15].

Nowadays, semiconductor nanoparticles (NPs), for example, ZnO NP [16–18], TiO2 NP [19–21],
and quantum dots (QDs) [22–24], are used to obtain oxygen free radicals. QDs are semiconductor
nanocrystals with sizes ranging from 1 to 10 nm. These inorganic fluorophores are distinguished
by a high quantum efficiency, narrow emission bands, a long life time of fluorescence, stability,
and resistance to photobleaching [22–24]. The emission wavelength is directly related to the size
of these nanoparticles, which gives the possibility to design a nanomaterial with emission at a
specific wavelength. QDs can be easily modified, which provides a wide range of applications in
medicine and diagnostics [25–27]. Another of their advantages is their semiconductor properties,
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which provide a wide range of potential applications of this type of system in the photovoltaic
industry [28]. Considering the unique semiconductor properties of QDs, they can be used as efficient
reactive oxygen generators. The application of QDs as ROS generators was proposed by the Niemeyer
group [29]. They examined CdS QDs functionalized with an adsorbed layer of horseradish peroxidase
(HRP) as ROS generators. The free oxygen radicals generated upon light irradiation were involved
in the HRP-catalyzed oxidation of an indicator. The Campos-Terán group [30] used similar systems
and focused on studying the effect of immobilization of the QD-enzyme on silanized silica for the
photocatalytic application of this nanomaterial.

It is unclear whether the switching enzymatic activity of HRP/QDs by light is a unique phenomenon
of protein enzymes [28,29], or whether this approach can also be used to design catalysts that
comprise DNAzymes with peroxidase activity. Peroxidase-mimicking DNAzymes are promising
alternatives to the HRP commonly used in bioanalytics. DNAzymes are based on the G-quadruplex
(G4) architecture of some nucleic acids [31]. The planar structure of the G-quartet (part of the G-4
structure) is able to interact with other planar molecules, such as hemin. With the increasing strength
of this end-stacking interaction, the peroxidase activity of hemin, being a cofactor in the resulting
DNAzyme, also increases [31–33]. The strength of this interaction mainly depends on the topology of the
G-quadruplex, which makes it an important factor affecting the DNAzyme catalytic capacity. Generally,
the peroxidase activity of DNAzyme is also sensitive to the concentration and type of cations present
in solution, the oligonucleotide sequence, and oligonucleotide strand modification. Undoubtedly,
DNA-based systems have advantages over protein enzymes, because they are characterized by cheap
and easy synthesis and modification, as well as a good stability at a higher temperature (increasing the
range of potential applications). Working with nucleic acids also allows for the development of new
analytical strategies based on the hybridization phenomenon that occurs between complementary
DNA strands or target-aptamer complex formation [33–35].

In this study, we examined the peroxidase activity of G-rich oligonucleotides attached to QDs.
This system was designed as an oxidase-mimicking DNAzyme activated by light due to the QD
generation of ROS (Figure 1). The DNAzyme-QD conjugate was characterized by spectroscopic
methods (UV-Vis, fluorescence, circular dichroizm (CD), and IR) and transmission electron microscopy.
The obtained QD-DNAzyme exhibited enhanced photocatalytic activity compared with the reference
mixture of QD and DNAzyme. The activity of the QD-DNAzyme conjugate was mediated by light
irradiation in the indicator reaction with Amplex Red.
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2. Results and Discussion

2.1. Design and Synthesis of the QD-DNA Conjugate

It has been proven that CdTe nanoparticles with a diameter of 2.7–3.0 nm possess a band gap of
2.4 eV and, upon visible light irradiation, are able to generate electrons which interact with oxygen
and water molecules to form superoxide, hydroxyl radicals, singlet oxygen, and ROS [36]. It is also
plausible that these forms of reactive oxygen are able to replace hydrogen peroxide in the oxidation
reaction of organic substrates (for example, ABTS or Amplex Red) catalyzed by DNAzyme (scheme in
Figure 1). In order to verify this hypothesis we designed a covalent QD-DNA conjugate to bring
the DNAzyme closer to the surface of QD, where ROS are expected to be generated. The QD-DNA
conjugate was obtained using an amine coupling reaction between carboxyl-functionalized QDs and
amino-modified oligonucleotides. 1-Ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were used as coupling agents (Figure 2) [37–39].
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Figure 2. Scheme of the synthesis of the QD-DNA conjugate using amine coupling between
COOH-functionalized quantum dots and amine-modified DNA oligonucleotides.

In order to optimize the conditions of QD-DNA synthesis, the molar ratio of DNA:QD was
investigated. The main goal was to obtain the conjugate product with the lowest polydispersity.
A series of syntheses with different amounts of DNA equivalents were performed and analyzed using
agarose gel electrophoresis (Figure 3). The mobility of the migrated QD band increased with the
number of DNA equivalents used for QD-DNA synthesis. The mobility increase of the product can be
explained by the successive attachment of anionic oligonucleotides to the nanoparticles that resulted
in the more negative charge of the resulting conjugates. No further increase in the band mobility was
observed for concentrations of DNA higher than 4 equivalents (Figure 3: lanes 7–10), which suggests
saturation of the QD surface with oligonucleotides. The width of this relatively broad band was
also unaffected at higher DNA/QD ratios, which proved completion of the coupling reaction with
a relatively low polydispersity of the product. The sufficient amount of DNA used in the synthesis
was 4–10 equivalents. Therefore, in the synthesis of QD-DNA for further studies, 8 equivalents of
oligonucleotide over QDs were used to guarantee QD surface saturation.
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Figure 3. Agarose gel electrophoresis of QDs and QD-DNA conjugates (1% agarose gel, 1 × SB buffer
(pH 8.5), 100 V). Stained with thiazole orange aqueous solution. Line 1—freshly prepared QDs alone;
2—DNA alone (blank); 3—QD after the reaction, no DNA was added; 4–10 products of the coupling
reaction between QDs and varied concentrations of DNA.
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In order to verify whether oligonucleotide molecules were covalently attached to the QD
surface, the obtained QD-DNA conjugate was examined by a separation experiment with magnetic
particles (Figure S1). Details of this experiment are described in the supplementary material. Briefly,
the experiment was based on hybridization between an oligonucleotide (CatG4) covalently attached to
QDs and a complementary strand (cCatG4) attached by a biotin–streptavidin interaction to a magnetic
particle (Figure S1C). Visualization of the separated product under a UV light illuminator (Figure S1B)
showed the bright luminescence of QDs, which proved that the covalent attachment of oligonucleotides
to the QD surface was successful.

The information needed for further study of the QD-DNA conjugate was the average number of
immobilized oligonucleotides on the surface of the nanoparticles. A direct estimation of the QD content
in the QD-DNA conjugate using the fluorescence signal of QDs was hampered by the quenching effect
of immobilized oligonucleotides (Figure 4B). Therefore, UV-Vis absorption spectroscopy was exploited
for this purpose. The QD and oligonucleotide calibration graphs were plotted using absorption spectra
recorded for series of standard solutions containing increasing concentrations of CdTe@COOH QDs or
CatG4 oligonucleotides (Figure S2). Since QDs absorb at the same wavelength as CatG4 (Figure 4A),
the QD absorption at 350 nm (beyond the DNA absorption band) was selected to quantify the QD
concentration and to estimate the contribution of QD absorption to the total absorbance of QD-DNA
conjugate at 260 nm. To determine the immobilization efficiency, expressed as a G4/QD molar ratio
(number of CatG4 molecules immobilized on a single QD nanoparticle), a simple relationship (1)
was used:

G4/QD =
A260ε

QD
350

A350εG4
260

− ε
QD
260

εG4
260

, (1)

where A260 and A350 are the absorbance for the QD-DNA conjugate, and ε parameters denote molar
extinction coefficients for quantum dots (QD superscript) and CatG4 (G4 superscript) at 260 or 350 nm
(subscripts). The values of extinction coefficients (εQD

350 = 7.5 × 104 M−1 cm−1, εQD
260 = 2.8 × 105 M−1 cm−1,

and εG4
260 = 1.8 × 105 M−1 cm−1) were determined from calibration graphs (Figure S2). The calculated

G4/QD ratio of 3.15 ± 0.3 indicates that, on average, three CatG4 molecules are immobilized on a single
QD nanoparticle. This result is reasonable if one considers the surface area of about 25 nm2 for a single
QD. The resulting area of 8 nm2 accessible for a 21-mer oligonucleotide seems to be reasonable for the
extended single-stranded DNA adsorbed on the QD surface.
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Figure 4. QD and QD-DNA spectral properties: UV-Vis absorption spectra (A) and emission spectra
with excitation at 350 nm (B) in 10 mM Tris-HCl (pH = 8.0), and 1 µM QD and QD-DNA, respectively.

To estimate the size of the nanoparticles and their degree of polydispersity, the obtained products
were characterized using transmission electron microscopy (TEM), dynamic light scattering (DLS),
and zeta potential measurement (Table 1, Figure 5, Figures S3 and S4, Table S1). The zeta potential values
for investigated nanoparticles are shown in Table 1. Three QD-containing systems were compared:
Starting CdTe@COOH QDs; the QD-DNA conjugate; and the QD/DNA mixture at a 1:3 molar ratio
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that corresponded to the conjugate composition. The high negative value of the zeta potential (Table 1)
proves that the covalent attachment of oligonucleotide molecules to the surface of the QDs has a
beneficial effect on the stability of nanoparticles in aqueous solution. Transmission electron microscopy
(TEM) was applied to characterize the size and polydispersity of the synthesized QD-DNA conjugate
(Figure 5A–C). Unmodified CdTe@COOH nanoparticles displayed a dispersed form, as expected
for nanoparticles with a surface covered with negatively charged carboxylic groups, which prevent
aggregation (Figure 5A). Similar single nanoparticles could be observed for the DNA-modified QDs
(Figure 5B). One can conclude that the obtained covalent QD-DNA conjugates are characterized
by a high monodispersity (Figure 5B), in contrast to the QDs/DNA mixture (1:3), for which the
formation of numerous small aggregates could be observed (Figure 5C). This aggregation may be
explained by the more hydrophobic surface of QDs covered by physically adsorbed DNA molecules
compared to the QD-DNA covalent conjugates. Size distribution histograms for QDs and the QD-DNA
conjugate (Figure S3) indicated that nanoparticles after DNA conjugation retained their original size
distribution. Unfortunately, the DLS results concerning the hydrodynamic size of the investigated
systems disagreed with the TEM results (Figure S4, Table S1). The high values of hydrodynamic sizes
obtained for all investigated systems can be explained by the aggregation of NPs in aqueous solution
and possible fluorescence from QDs that contributed to the scattered light. Interestingly, the QD/DNA
system exhibited larger aggregates than QDs and QD-DNA conjugates, in good agreement with the
TEM results.

Table 1. Values of the zeta potential measured using the dynamic light scattering method.

Z (mV) ± ∆Z (mV)

QD −41.9 3.85
QD + DNA −55.0 1.44
QD − DNA −47.1 4.69
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Figure 5. Transmission electron microscopy (TEM) images of nanoparticles: QDs (A); QD-DNA (B);
QD/DNA mixture at a 1:3 molar ratio (C).

2.2. Spectroscopic Characterization of the QD-DNA Conjugate

The spectral properties of the QD-DNA conjugate and related systems were studied using UV-Vis
absorption spectrophotometry, the fluorescence, and circular dichroizm (CD) spectroscopy. The UV-Vis
spectrum of QDs displayed broad absorption, extending from the ultraviolet down to the band edge
around 350 nm and a low intensity absorption band at 485 nm (Figure 4A and inset, blue line). In the
case of the spectrum of QD-DNA (red line in Figure 4A), an additional absorption band emerged
with a maximum at 260 nm, which should be ascribed to the absorption of oligonucleotide molecules
immobilized on the surface of nanoparticles. The UV-Vis spectra proved that DNA oligonucleotides
were immobilized on the surface of QDs.

As can be seen in Figure 4B, the emission spectrum of QD appeared to be sensitive to the
modification of QDs with oligonucleotides. A significant decrease in the fluorescence intensity
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was observed for the QD-DNA system compared with unmodified QDs. The reference fluorescence
spectrum for the QD/DNA mixture (non-covalent system, 1:3 ratio) also showed a quenching effect
of oligonucleotides on the QD fluorescence, but one that was less efficient than for the QD-DNA
covalent conjugate.

Fluorescence quenching titration of QDs was performed for three structural forms of CatG4:
G-quadruplex (in the presence of K+); random coil conformation (without stabilizing ions); and with
dsDNA (CatG4/cCatG4 hybrid). The high values of the Stern–Volmer constants suggested static
quenching (Figure S5). All three forms of CatG4 have similar fluorescent quenching abilities (random
coiled: KSV = 6.0 × 104 M−1, G-quadruplex: KSV = 4.5 × 104 M−1, and duplex: KSV = 8.9 × 104 M−1).
The double-stranded form of DNA is able to quench fluorescence almost two times more efficiently
than single-stranded oligonucleotides, but one should consider that dsDNA possesses two times
more nucleobases than G4 and ssDNA forms of CatG4. Therefore, we assumed that this quenching
was caused by the physical adsorption of DNA nucleobases on the surface of QDs, followed by a
photoinduced electron transfer between QDs and nucleobases. Both forms of G-quadruplex and
random coiled oligonucleotides quenched QD fluorescence, with a subtle difference showing that
the G-quadruplex structure quenched the fluorescence less effectively. This difference also confirms
that the process of the attachment of oligonucleotides to QDs was carried out successfully. The Zeng
research group [40] noticed a similar effect for carboxyl-modified CdSe/ZnS 525QDs, which were
quenched after the covalent conjugation of amino-modified oligonucleotides.

It was also important to clarify whether the oligonucleotides on the QDs were able to form
G-quadruplexes upon the addition of KCl. For this purpose, the CD spectra were analyzed. Figure 6A
shows the CD spectra of the QD-DNA conjugate in the absence and presence of 10 mM KCl.
This concentration of KCl is sufficient to transform unfolded CatG4 into a G-quadruplex structure [31–34].
Weak CD bands are present in the spectrum without KCl, which proves the lack of G-quadruplex
assemblies on the QD surface (blue line). On the contrary, the CD spectrum in the presence of KCl
(red line, Figure 6A) shows a strong negative band at 240 nm and positive band at 260 nm, proving the
formation of a parallel G-quadruplex structure typical for the CatG4 sequence in the presence of
potassium ions. For comparison, Figure 6C shows the CD spectra of QD alone and with added DNA
(1:3 molar ratio, no KCl), as well as in the presence of 10 mM KCl. The band that appears at 265 nm after
the addition of KCl also proves the formation of the G-quadruplex structure in this system. Another
interesting observation was the increase in QD fluorescence when potassium ions were added to the
system containing QD and DNA (Figure 6B,D). This effect agrees with the slightly lower KSV value
obtained for G4 DNA quenching (Figure S5). The random coil oligonucleotide can probably lay on QDs
and more strongly interact with the QD surface than the G-quadruplex structure.

The QD effect on the G-quadruplex structure stability was further investigated by titration of the
G-quadruplex solution in 10 mM KCl with QDs (Figure S6). As shown in the titration plot (Figure 7),
an increase in the QD concentration resulted in a moderate drop of the intensity of CD signals.
This observation proved the modest destabilizing effect of QDs on the G-quadruplex structure of CatG4
oligonucleotides. Equilibrium in the system was reached immediately, since the CD spectra recorded
within 1 h after the last QD addition revealed negligible spectral changes (Figure 7). The mechanism
behind the decrease of CD signals probably involves competition between two processes: K+-stabilized
G-quadruplex formation and the adsorption of an unstructured layer of oligonucleotides on the
QD surface. The different behavior of the QD-DNA conjugate and QD/DNA system suggests the
importance of the covalent immobilization of CatG4 for G-quadruplex structure formation on the
QD surface.
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Figure 6. Circular dichroizm (CD) and fluorescence spectra of 1 µM QD-DNA (A,B) before (blue line)
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before (black line) and after the addition of DNA at a 1:3 molar ratio (blue line) and the addition of KCl
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Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 14 

 

The QD effect on the G-quadruplex structure stability was further investigated by titration of 

the G-quadruplex solution in 10 mM KCl with QDs (Figure S6). As shown in the titration plot (Figure 

7), an increase in the QD concentration resulted in a moderate drop of the intensity of CD signals. 

This observation proved the modest destabilizing effect of QDs on the G-quadruplex structure of 

CatG4 oligonucleotides. Equilibrium in the system was reached immediately, since the CD spectra 

recorded within 1 h after the last QD addition revealed negligible spectral changes (Figure 7). The 

mechanism behind the decrease of CD signals probably involves competition between two processes: 

K+-stabilized G-quadruplex formation and the adsorption of an unstructured layer of 

oligonucleotides on the QD surface. The different behavior of the QD-DNA conjugate and QD/DNA 

system suggests the importance of the covalent immobilization of CatG4 for G-quadruplex structure 

formation on the QD surface. 

 

Figure 7. Scatter plot showing CD signal changes at 265 nm for 1 µM CatG4 in 10 mM KCl titrated 

with QDs. Additionally, after titration, the CD signal was subsequently recorded at intervals of 15 

min. 

2.3. Peroxidase Activity of the QD-DNA Conjugate 

All peroxidase activity experiments were carried out for the systems that contained hemin at a 

1:1 ratio to G4 DNA. The association of hemin changed the QD-DNA conjugate into a QD-DNAzyme 

catalyst. Two substrates for the catalytic reaction were studied: A colorimetric indicator called ABTS 

and a fluorogenic one known as Amplex Red. The reaction was preceded by sample irradiation with 

light (λ = 350 nm) for 5 min, in order to produce free oxygen radicals, which could then oxidize 

substrates in the DNAzyme catalyzed reaction (Figure 1). Initial experiments were carried out with 

the colorimetric substrate ABTS and typical experimental results are shown in Figure S8. 

Unexpectedly, a decrease in absorbance in the broad spectral range from 400 to 870 nm, including the 

absorption band at 414 nm, was observed. ABTS is known as a radical producing substrate and in an 

aqueous solution, a small fraction of the colored radical form ABTS+● exists in equilibrium with the 

colorless ABTS molecules. Typically, in catalyzed reactions with hydrogen peroxide, an increase in 

absorption bands at 414 nm is observed as a result of the increase in the concentration of the ABTS+● 

radical form. The observed decrease in the absorption band of the radical with catalytic reaction 

progress suggests that recombination and quenching processes occur between ROS produced by QD 

irradiation and the radicals formed by ABTS oxidation. As shown in Figure S8B, the QD-DNA 

conjugates caused less rapid bleaching in the ABTS+● absorption bands compared with systems 

containing unmodified QDs (DNA/QD). Nemeyer et al. [29] reported similar results for the oxidation 

of ABTS catalyzed by HRP/CdS QDs. However, in their system, the oxidation of ABTS produced 

initially colorful products, followed by a decrease in absorbance at around 414 nm. They explained 

the observed effect by the further oxidation of ABTS+● to the colorless ABTS2+ product. DNAzymes 
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with QDs. Additionally, after titration, the CD signal was subsequently recorded at intervals of 15 min.

2.3. Peroxidase Activity of the QD-DNA Conjugate

All peroxidase activity experiments were carried out for the systems that contained hemin at a
1:1 ratio to G4 DNA. The association of hemin changed the QD-DNA conjugate into a QD-DNAzyme
catalyst. Two substrates for the catalytic reaction were studied: A colorimetric indicator called ABTS
and a fluorogenic one known as Amplex Red. The reaction was preceded by sample irradiation with
light (λ = 350 nm) for 5 min, in order to produce free oxygen radicals, which could then oxidize
substrates in the DNAzyme catalyzed reaction (Figure 1). Initial experiments were carried out with the
colorimetric substrate ABTS and typical experimental results are shown in Figure S8. Unexpectedly,
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a decrease in absorbance in the broad spectral range from 400 to 870 nm, including the absorption
band at 414 nm, was observed. ABTS is known as a radical producing substrate and in an aqueous
solution, a small fraction of the colored radical form ABTS+• exists in equilibrium with the colorless
ABTS molecules. Typically, in catalyzed reactions with hydrogen peroxide, an increase in absorption
bands at 414 nm is observed as a result of the increase in the concentration of the ABTS+• radical form.
The observed decrease in the absorption band of the radical with catalytic reaction progress suggests
that recombination and quenching processes occur between ROS produced by QD irradiation and
the radicals formed by ABTS oxidation. As shown in Figure S8B, the QD-DNA conjugates caused
less rapid bleaching in the ABTS+• absorption bands compared with systems containing unmodified
QDs (DNA/QD). Nemeyer et al. [29] reported similar results for the oxidation of ABTS catalyzed by
HRP/CdS QDs. However, in their system, the oxidation of ABTS produced initially colorful products,
followed by a decrease in absorbance at around 414 nm. They explained the observed effect by the
further oxidation of ABTS+• to the colorless ABTS2+ product. DNAzymes usually display lower activity
than HRP. Therefore, we could not observe such an initial absorbance increase. Another reason for the
lower activity of QD-DNAzyme compared with that for the QD/HRP system stems from the different
method of QD irradiation, as well as the different type of QDs, used by Nemeyer et al. (CdS produces
a higher number of ROS than CdTe QDs) [41].

The activity of DNAzyme on the QD surface was then examined using the oxidation reaction of the
fluorogenic substrate Amplex Red. Progression of the reaction can be easily followed, since the product
of the reaction—resorufin—exhibits strong fluorescence. Moreover, contrary to ABTS+•, resorufin is
not a radical product, so should remain stable in the experimental conditions. The initial rates of
Amplex Red oxidation were determined from the first 5 min of the reaction and the results for different
systems are shown in Figure 8.
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Figure 8. Relative oxidase activity for studied systems with Amplex Red substrate in 10 mM Tris-HCl
(pH = 8.0). Conditions: 10 mM KCl; 33 nM QD-DNA or QDs; 100 nM DNA; 100 nM hemin; 5 µM
Amplex Red; 1.1% DMSO. Samples were deaerated with Ar purging (0, 5, and 15 min) and irradiated
with 350 nm light for 15 min prior to Amplex Red addition.
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As can be noticed, the QD-DNAzyme system exhibited higher activity towards the Amplex
Red oxidation than the QD/DNAzyme mixture. It is also clear that there was no oxidation of the
organic substrate in the reference systems without DNAzyme (buffer and QDs). In the case of
deoxygenated solutions (5 or 15 min Ar purging and 15 min of irradiation by monochromatic light at
350 nm), the progression of resorufin production decreased dramatically for all investigated systems,
in accordance with the reduced amount of generated ROS. This drop in catalytic activity was the most
evident for extensively deoxygenated solutions (15 min Ar purging). The observed residual activity
may be due to the production of hydroxyl radicals, together with ROS. The oxidation of Amplex Red
was also performed for QD-DNAzyme systems with and without light irradiation, which produced
ROS (Figure 9). In this experimental setup, the QD-DNAzyme/Amplex Red system was placed in the
spectrofluorimeter and the sample was irradiated with light sequentially, through 350 and 450 nm
long-pass filters at regular time intervals of 5 min. The fluorescence at 590 nm was monitored to follow
the resorufin production. In both filter modes, resorufin could be excited, but only with irradiation
through the 350 nm filter were QDs able to generate ROS. As can be seen in Figure 9 (trace A), the initial
irradiation through a 450 nm filter did not enhance fluorescence, and even caused a fluorescence
decrease. On the contrary, replacement of the 450 nm filter with the 350 nm one induced a noticeable
increase in the fluorescence signal of resorufin. Subsequent replacement with the 450 nm filter again
resulted in a horizontal run of the fluorescence signal, followed by a further increase in fluorescence
after filter replacement. A reference experiment was carried out with Amplex Red in the absence of
the QD-DNAzyme conjugate, which proved that the observed fluorescence changes were not caused
by the photooxidation of Amplex Red (Figure 9, trace B). To confirm that the increase of recorded
fluorescence was due to resorufin production, we recorded the fluorescence spectra of the system
before and after 15 min irradiation through 450 and 350 nm filters, respectively. The spectra shown in
Figure S9 confirmed that resorufin was the product of the catalytic reaction, which could be mediated
by light. Undoubtedly, the short wavelength light (350 nm long-pass filter) induced the catalytic
activity of DNAzyme due to the QD generation of ROS in the system.
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Figure 9. Light triggered the activity of QD-DNAzyme in the catalytic oxidation of Amplex Red
(Trace (A)). Trace (B) represents the reference experiment without QD-DNAzyme. Fluorescence traces
represent generation of the Amplex Red oxidation product (resorufin). The reaction system contained
33 nM QD-DNA, 100 nM hemin (100 nM DNAzyme), and 5 µM Amplex Red in 10 mM KCl.

These results prove that DNAzyme can catalyze the reaction between the indicator and ROS
produced by QD light irradiation. The QD-DNAzyme system can be used for the development of assays
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for ROS scavengers (e.g., mannitol and sodium azide). This reaction system can also be exploited as a
novel indicator reaction for DNAzyme-related study and used for the development of new biosensors
and aptasensors for DNA and other analytes. We proved that the immobilization of DNA on QDs
increases the activity of DNAzyme. Furthermore, this approach can be applied, for example, in the
assessment of various QDs’ toxicity caused by the generation of ROS, especially in cellular conditions.
The obtained results also present prospects for further research on covalent QD-DNA systems.

3. Materials and Methods

3.1. Materials

Studies were performed using CdTe@COOH QDs (Sigma Aldrich) and amino-modified
oligonucleotide CatG4-NH2 (H2N-C6H12-5′-TGGGTAGGGCGGGTTGGGAAA-3′) purchased from
Genomed (Poland). The oligonucleotide was HPLC-purified and its concentration was quantified
by UV-Vis spectroscopy at 85 ◦C, with the following extinction coefficients at 260 nm: A = 15400;
T = 8700; G = 11500; and C = 7400 (M−1 cm) [42]. Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine),
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate)), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), and hemin were purchased from Sigma-Aldrich and
used without any further purification. Hemin and Amplex Red were dissolved in DMSO and stored in a
freezer (−30 ◦C).

3.2. Synthesis and Purification of QD-DNA Conjugates

QD-DNA conjugates were obtained using an amine coupling reaction between carboxylic
group-coated QDs (CdTe@COOH) and amino-modified oligonucleotides based on the CatG4 sequence
(H2N-C6H12-5′-TGG GTA GGG CGG GTT GGG AAA-3′). This reaction was promoted by EDC and
NHS addition. The first step included 15 min incubation of modified QDs (1 equivalent; 2 nmol;
85.6 µL 23.4 µM) with freshly prepared NHS (200 equivalents; 400 nmol; 10 µL 40 mM) and EDC
(400 equivalents; 800 nmol; 20 µL 40 mM) in 10 mM Tris-HCl buffer (pH = 8.0). The concentration
of DNA was optimized and the experiments were performed using 1–10 equivalents of CatG4
oligonucleotide, with 8 equivalents being determined as an optimal ratio of DNA to QD. The final
reaction with 8 equivalents of amino-modified oligonucleotide (16 nmol; 41.2 µL 388.3 µM) was carried
out by incubation of the reaction mixture for 45 min on a magnetic stirrer (25 ◦C).The total volume
of the reaction medium was 200 µL. The crude product of the amine coupling of DNA to the QDs
was purified using 10 kDa cut-off centrifugal filter units (Amicon Ultra, Merck, Germany). For the
experiments involving microscopic characterization and zeta potential measurements, the synthesis
scale was 10 times higher.

3.3. Determination of the Size of Nanoparticles and their Zeta Potential

TEM images were collected using a JEM-1200EX transmission electron microscope (JEOL, Peabody,
MA, USA). Prior to the visualization, the samples were applied to the copper/carbon TEM grids and
allowed to evaporate. Measurements of the zeta potential and DLS experiments were conducted with
a Nano ZS Zetasizer (Malvern, UK) equipped with an He-Ne laser of 633 nm using 23 µM aqueous
solution of QDs alone, QD-DNA conjugate, and QDs with the addition of DNA at a 1:3 molar ratio.
Parameters for the above experiments were material (CdTe) RI = 1.47, water RI = 1.330, and a viscosity
of water equal to 0.8872 at 25 ◦C.

3.4. Spectroscopic Characterization of QD and QD-DNA Systems

QD and QD-DNA were characterized by UV-Vis, fluorescence, CD, and IR spectroscopy.
Absorption spectra were recorded in the 220–800 nm range using a Jasco V-750 (Tokyo, Japan)
spectrophotometer in 10 mm pathlength quartz cuvettes. Emission spectra were recorded with a
Jasco FP-8200 spectrofluorimeter (Tokyo, Japan) in the range of 360 to 700 nm at a 350 nm excitation
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wavelength, using emission and excitation slits of 5 nm with a medium sensitivity of the detector.
CD spectra were recorded using a Jasco J-1500 spectropolarimeter (Tokyo, Japan) in the spectral range
from 220 to 500 nm at a rate of 200 nm/min and a number of accumulations equal to 3. The Jasco J-1500
spectropolarimeter, Jasco V-750 spectrophotometer, and FP-8200 spectrofluorimeter were equipped
with Peltier temperature control accessories and all of the experiments were performed at 25 ◦C.
IR spectra were recorded for aqueous solutions of QD and QD-DNA at 84 µM concentration using an
ALPHA FT-IR spectrometer in a CaF2 cell.

3.5. Gel Electrophoresis

The electrophoresis experiment was performed in 1% agarose gel in 1 × SB buffer (pH = 8.50) for
45 min with a 100 V (10 V/cm) voltage using a B1A electrophoresis system model (Owl Separation
Systems Llc., Portsmouth, NH, USA). After the electrophoresis process, gel was stained with thiazole
orange and visualized using UV Transiluminator (Cleaver Scientific, Rugby, UK).

3.6. Activity Measurements

Measurements of DNAzyme activity against the generated ROS were carried out in 10 mm
quartz cuvettes using the Jasco spectrofluorimeter, FP-8200 with a Peltier-type temperature accessory
(irradiation and Amplex Red reaction measurements), and the Jasco V-750 spectrophotometer
(ABTS reaction measurements). The samples containing QDs and other reagents were deoxygenated
under argon for 0–15 min and then irradiated in a spectrofluorimeter at a wavelength of 350 nm with
an excitation slit of 10 nm. A suitable indicator (fluorogenic—Amplex Red or colorimetric—ABTS) was
added directly before the activity measurement started. Reactions with 5 µM Amplex Red indicator
were carried out for samples containing 0.033 µM QD-DNA or QDs and 0.1 µM DNA for a reference
QD/DNA system (the average ratio of DNA to QD of 3:1 was found in the QD-DNA conjugate).
Reaction progression was monitored at λem = 590 nm with excitation at 560 nm. Experiments with
ABTS indicator were carried out, with samples containing 0.167 µM QDs or QD-DNA, 0.5 µM DNA if
needed, and 1 mM ABTS. Absorbance changes were monitored at 415 nm. In all cases, measurements
were made in Tris-HCl buffer pH = 8.0 and 10 mM KCl, at a temp. of 25 ◦C. The concentration of hemin
corresponded to the amount of G4-DNA at a 1:1 molar ratio.

3.7. Light-Induced Switching of Peroxidase Activity

In total, 33 nM QD-DNAzyme and 100 nM hemin in Tris-HCl buffer pH 8.0 were mixed in a quartz
cell. Amplex Red stock solution was added to this such that the final concentration was 5 µM. The cell
was placed in the spectrofluorimeter and the sample was irradiated with light sequentially through
350 and 450 nm long-pass filters at regular time intervals. The fluorescence at 590 nm was monitored
to follow resorufin production. In both filter modes, resorufin was excited, but only with irradiation at
the 350 nm filter did QDs generate ROS. A reference experiment was carried out with Amplex Red in
the absence of the QD-DNAzyme conjugate.

4. Conclusions

The QD-DNA conjugate was successfully obtained by amino coupling, using EDC and NHS as
a coupling reagents. The average number of immobilized oligonucleotide molecules on the surface
of the nanoparticle was three, as proved by the spectroscopic method. It was also proven that the
modification of QDs with DNA had a beneficial effect on the stability of the system in aqueous solutions.
The obtained QD-DNA product was used as a DNAzyme system with oxidative activity triggered by
light. This approach was based on the assumption that free oxygen radicals can be generated by QDs
under the influence of light. The light-directed oxidative activity of the QD-DNAzyme conjugate was
confirmed by oxidation of the fluorogenic Amplex Red indicator. There is a general lack of means for
controlling and triggering the enzymatic activity of peroxidase-mimicking DNAzymes, for example,
cellular applications are hampered because of the harsh reaction conditions due to the presence
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of H2O2, which makes the realization of in vivo applications of DNAzymes difficult. Taking into
account the possibility to control the activity of the QD-based catalyst systems, we foresee applications
of this light-switchable catalyst in biocatalysis, biosensing, and the design of novel cellular assays.
The obtained results also present prospects for further research on covalent QD-DNAzyme systems
(additional information Figure S7)

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/21/8190/s1,
Figure S1: Visualization of magnetic particles experiment in Vis light (A) and under illumination with UV 254 nm
(B). The reaction scheme of this experiment is shown in panel (C)., Figure S2: CdTe@COOH QD and CatG4-NH2
calibration plots for absorbance measured at 260 nm for DNA (A), QD (B) and at 350 nm for QD (C) in 10 mM
Tris-HCl (pH = 8,0)., Figure S3: Size distribution obtain by TEM for QD (A) and QD-DNA conjugate (B)., Figure S4:
Size distribution obtained with DLS technique for QD (A), QD-DNA (B) and QD+DNA 1:3 molar ratio (C).
Zeta potential distribution for QD (D), QD-DNA (E), QD+DNA 1:3 molar ratio (F)., Figure S5: Stern-Volmer plots
showing quenching of CdTe@COOH QDs fluorescence at 525 nm against DNA concentration. (A) G-quadruplex
(CatG4 in 10 mM KCl), (B) ds DNA (CatG4/cCatG4 in 10 mM KCl), (C) ssDNA (CatG4 without KCl). 1 µM
QDs in 10 mM Tris-HCl (pH = 8,0) was excited at 350 nm., Figure S6: Circular dichroism spectra of 1 µM
CatG4 G-quadruplex (GQ) solution in 10 mM KCl titrated with QDs., Figure S7: Dependence of the fluorescence
intensity of 1 µM QDs upon sequential titration with CatG4 and its complementary strand cCatG4., Figure S8:
(A) Absorption spectra for QD-DNAzyme catalyzed oxidation of ABTS recorded at 0 - 1050 s, (B) Activity for
studied systems with ABTS substrate in 10 mM Tris-HCl (pH = 8,0); 10 mM KCl; 167 nM QD-DNA or QD/500 nM
DNA, 500 nM hemin; 1 mM ABTS, 0.1% DMSO. Activity was expressed by observing changes in absorbance
at 415 nm with time (∆A415 nm/∆t) and the irradiation time is 15 min using monochromatic light at 350 nm.,
Figure S9: Fluorescence spectra of resorufin produced by QD-DNAzyme catalyzed oxidation of Amplex Red,
recorded before (black line), and after 15 min irradiation using 450 nm filter (red line) or 350 nm filter (green line).
Emission spectra with excitation at 560 nm (Conditions: 10 mM Tris-HCl (pH = 8,0); 10 mM KCl; 33 nM QD-DNA
(100 nM G-quadruplex), 100 nM hemin; 5 µM Amplex Red, 1,1% DMSO).
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