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Abstract: The COVID-19 pandemic initiated a race to determine the best measures to control the
disease and to save as many people as possible. Efforts to implement social distancing, the use of
masks, and massive vaccination programs turned out to be essential in reducing the devastating effects
of the pandemic. Nevertheless, the high mutation rates of SARS-CoV-2 challenge the vaccination
strategy and maintain the threat of new outbreaks due to the risk of infection surges and even lethal
variations able to resist the effects of vaccines and upset the balance. Most of the new therapies tested
against SARS-CoV-2 came from already available formulations developed to treat other diseases, so
they were not specifically developed for SARS-CoV-2. In parallel, the knowledge produced regarding
the molecular mechanisms involved in this disease was vast due to massive efforts worldwide. Taking
advantage of such a vast molecular understanding of virus genomes and disease mechanisms, a
targeted molecular therapy based on siRNA specifically developed to reach exclusive SARS-CoV-2
genomic sequences was tested in a non-transformed human cell model. Since coronavirus can escape
from siRNA by producing siRNA inhibitors, a complex strategy to simultaneously strike both the viral
infectious mechanism and the capability of evading siRNA therapy was developed. The combined
administration of the chosen produced siRNA proved to be highly effective in successfully reducing
viral load and keeping virus replication under control, even after many days of treatment, unlike
the combinations of siRNAs lacking this anti-anti-siRNA capability. Additionally, the developed
therapy did not harm the normal cells, which was demonstrated because, instead of testing the
siRNA in nonhuman cells or in transformed human cells, a non-transformed human thyroid cell was
specifically chosen for the experiment. The proposed siRNA combination could reduce the viral load
and allow the cellular recovery, presenting a potential innovation for consideration as an additional
strategy to counter or cope COVID-19.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiologic agent
of COVID-19 (Coronavirus Disease, 2019), the cause of the pandemic. The SARS-CoV-2
is a 30 kb positive single-stranded RNA virus with 10 open reading frames (ORFs) that
encode for structural, non-structural, and accessory proteins. The second-largest open
reading frame of SARS-CoV-2 is called ORFlab, and it encodes the replicase polypro-
tein lab (7096 amino acids). Polyprotein 1lab must be processed by the virally encoded
proteases chymotrypsin-like protease (3CLpro, NSP5) and papain-like protease (PAPP)
(PLpro, NSP3). Both proteases were initially a part of Polyprotein 1ab before being auto
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catalytically released. The proteases then cleave the remaining Polyprotein 1ab proteins
into a total of 16 non-structural proteins that are involved in viral genome replication and
transcription [1,2]. The remainder (10 kb) of the genome encodes five structural proteins,
including nucleocapsid (N), membrane (M), surface (S), and envelope (E) proteins, as well
as accessory proteins, including ORF3, ORF6, ORF7, ORFS8, and ORF10 [1-3].

Based on the sequence similarity, the virus was initially identified in Wuhan, China,
and believed to have originated from BatCov RaTG13. Individuals infected with COVID-19
may experience a variety of symptoms, including fever or chills, cough, fatigue, muscle
aches, headache, or diarrhea. The NIH has classified COVID-19 into five distinct types,
including asymptomatic, mild, moderate, severe, and critical illness, based on the severity
of the symptoms. Intensive care and intubation may be required for patients with severe
respiratory illness or acute respiratory distress syndrome, and this frequently results in
death. It appears that age and the presence of underlying comorbidities determine the
course and outcome of diseases [4,5].

Global efforts to control COVID-19 resulted in a race for potentially efficient therapies
against SARS-CoV-2; Despite efforts, few drugs have an efficient treatment for COVID-19,
we can mention Paxlovid as one of these initiatives, which is an active inhibitor of 3Cl
protease as a treatment demonstrating some efficiency [6,7].

The speed of vaccine development conflicts with the speed of virus mutations that
enable the permanency of very high indices of infections and deaths and decrease vaccine
efficacy over time, making disease control a major challenge [8-10].

Although the combination of population vaccination and protective measures such
as facemasks, hygienic protocols, and social distancing greatly contributed to COVID-19
control, the world is still at risk of losing this fragile equilibrium due to the threat of
new epidemics [3,11].

Most of the initiatives to find a putative treatment against SARS-CoV-2 are based on
testing many molecules and drugs used for other diseases, aiming to discover a secondary
benefit against COVID-19. Unfortunately, no drug was found to present or support an
efficient and specific treatment [10,12].

Although vaccines and protective measures have saved millions of lives, efficient and
real control of COVID-19 was not reached. Intriguingly, each great scientific advance for
controlling the pandemic was countered by the emergence of more aggressive and/or
infectious variants of SARS-CoV-2 that changed the game in favor of virus success [13].

Small interfering RNAs (RNAi) were discovered in 1998 and, over time, have become
a piece with great potential for developing therapeutic drugs. RNAi is a conserved post-
transcriptional silencing pathway that can regulate gene expression [14].

Small complementary non-coding RNAs can modulate messenger RNA (mRNA)
translation and its stability during RNAi action. Among the RNAi, the most popular
for use in therapies are the small interfering RNAs (siRNAs), and these RNAs may have
an antiviral function in nature and thus protect plants, fungi, and invertebrates from
viral attacks [15].

The endogenous RNAi pathway occurs in two phases: during the first one, the so-
called initiation phase, the long dsRNA is cleaved by Dicer endoribonuclease into siRNAs.
This generated short double-stranded dsRNAs (21-23 bp) with a sequence of 19 nucleotides
complementary to the target mRNA. Then, the siRNA strands unwind and, in the second
phase, known as the effector phase, the guide or antisense strand of the siRNAs is loaded
into the multiprotein RNA-induced silencing complex (RISC) that further guides the RISC
to recognize and cleave the target transcript, causing gene silencing, it is noteworthy that
this action is catalyzed by AGO2 [16].

For many viruses or strains, there are no available antivirals, and current antivirals
are limited by toxicity and drug resistance. Consequently, alternative methods, such as
RNA interference (RNAIi), are necessary. RNA interference inhibits the expression of any
mRNA, making it a promising candidate for antiviral therapies. Several studies evaluating
siRNAs in a variety of viruses have yielded promising results. However, stability and
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delivery issues with siRNAs persist. By modifying the structure of the siRNA, employing
an efficient delivery vector, and targeting multiple regions of the viral genome with a single
dose, these issues can be mitigated. Finding these answers could expedite the development
of RNAi-based antivirals [11-13].

Notwithstanding the above, it is worthwhile to generate siRNA targets, as there are
a number of variables to consider. When this difficulty is overcome, the approach will
become extremely promising once viral-specific targets are designed [14].

Since SARS-CoV-2 is an RNA virus, promising initiatives using siRNAs to block the
replication of coronavirus, targeted antiviral therapy using siRNAs should be attempted,
in addition to the current strategy of providing vaccination and other protection measures
to control COVID-19 [17,18].

Aiming to selectively impair viral replication and simultaneously anticipate viral
reactions, including an siRNA escape mechanism, as previously described, i.e., preventing
a SARS-CoV-2 escape strategy that could reduce the sustained therapeutic response, a
combined targeted therapy using siRNAs directed to both combat the virus and its siRNA
escape mechanism was developed and tested in a cellular model of non-transformed human
cells. The proposed strategy has proven to be safe and extremely efficient in consistently
reducing viral load while reestablishing cellular viability.

2. Materials and Methods
2.1. Virus Isolate

The SARS-CoV-2 strain used in the experiments was taken from the sample bank
belonging to the Instituto Evandro Chagas. To confirm the case of SARS-CoV-2 infection,
the previously described RI-qPCR [19] was performed using the commercial kit GoTaq
Probe 1-Step RT-qPCR (Promega, Madison, WI, USA).

For the isolation of positive samples, the cell culture was performed using VERO E6
cells as described elsewhere [20]. After cultivation into Vero cells and when 75% of cells
showed cytopathic effects (CPEs), the culture was harvested and centrifuged at 1000x g for
5 min, and the supernatants were stored in aliquots at —80 °C until use.

2.2. The Nontransformed In Vitro Model

Nontransformed human thyroid cells (IMR-90) were cultured in DMEM as described
elsewhere [21]. An MOI of 0.5 of the SARS-CoV-2 strain BIO01 /2020 was used to infect
the cells. The culture was maintained for 120 h post-infection (hpi), thus proving to be
a good model for the siRNA experiment. This same infection protocol was used for all
experiments. Each of the experiments was performed at least three times to ensure the
reliability of our results.

2.3. Viral Load

The method described by [22] was used to quantify the viral load. Briefly, 24-well
plates seeded with VERO E6 cells at a concentration of 1 x 10* cells/well were used. After
24 h and 80-90% confluence, dilutions from 10~! to 10~1° in DMEM containing 2.5% fetal
bovine serum (FBS) of the virus were transferred in triplicate (100 pL/well) to seeded
plates. After 1 h of adsorption at 37 °C in a 5% CO; atmosphere, the wells were completed
with an overlay of carboxymethylcellulose (CMC) with DMEM, 2% FBS and 1% penicillin—
streptomycin mix, and the plates were incubated at 37 °C in a 5% CO; incubator and
stained with methylene blue dissolved in sodium acetate-acetic acid. Plates were stained
after 96 hpi. Finally, the viral load in PFU/mL of each sample was determined.

2.4. Treatment with siRNA

A total of four siRNAs (siRNAs I, II, IIl and IV) targeting different sequences in the
la/1ab ORF regions were used both individually and together. A negative control (5C2_NC)
was also applied, as recommended by the producers, ensuring that the siRNA system was
working properly. These siRNAs were mixed with the RNAiMax Lipofectamine delivery
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vehicle (Thermo Fisher Scientific, Waltham, MA, USA) at a concentration of 500 ng/well of
Lipofectamine for every 5 pmol/well of siRNA, and the same concentrations were used for
the SARS-CoV-2 uninfected controls.

The Silencer Select GAPDH siRNA (Ambion, Austin, TX, USA) and Silencer Select
Negative Control (Ambion) systems were also applied as quality controls.

In addition, an extra siRNA, the anti-escape siRNA (siRNA-V), was combined with
siRNA-I plus siRNA-III for the additional experiments, keeping the same described pro-
tocols except regarding the number of treatments, since instead of giving daily doses, the
combinations of both siRNA-I plus siRNA-III and siRNA-I plus siRNA-III plus siRNA-V
were applied exclusively 24 hpi as unique doses.

The regions of the siRNA used were chosen based on the database described by
Medeiros et al. [18], where the author describes and evaluates possible siRNA sequences
through more than 170 resources, including thermodynamic information, background
context, target genes, and sequence alignment information against the human genome and
various strains of SARS-CoV-2, to evaluate possible links to off-target sequences.

The siRNAs were made to be siRNAs I-1V in the ORFlab region of SARS-CoV-2. This
made sure that they could directly stop replication before the genome was cut, which
would result in fewer reads and make the siRNAs less effective (Figure 1). In addition, the
anti-escape siRNA was designed in the N region of SARS-CoV-2.
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Figure 1. Schematic demonstrating the site of action of siRNA in the SARS-CoV-2 genome.

It is worth noting that the areas targeted for our siRNA therapy are not employed in
previous research that are using siRNA as an antiviral. Furthermore, none of the other
studies disclose the use of an anti-escape siRNA like ours.

2.5. Experimental Design

All experiments were performed at least three times to ensure data reliability. An
interval of 24 h between siRNA treatments for the removal of both the cell supernatant for
viral quantification and the cells for the proposed analysis was adopted (Figure Al).

2.6. Analysis of Cytotoxicity, Cell Viability and Cytopathic Effect

After infecting the cells with the SARS-CoV-2 strain, the analysis of cytotoxicity,
caspase 3 and caspase 7 signaling and cell viability was performed using the ApoTox-Glo
Triplex Assay (Promega, Madison, WI, USA); the induced cytopathic effects (CPEs) were
quantified by a Viral ToxGlo Assay (Promega, Madison, WI, USA). Mitochondrial activity
was also analyzed using the Mitochondrial ToxGlo Assay kit (Promega, Madison, WI,
USA). All kits were utilized on the glomax multi+ platform (Promega, Madison, WI, USA)
according to the instructions provided by the manufacturer.

2.7. IMR-90 Cell Infection, Viral Loads and Cell Viability

An MOI of 0.5 was used to infect IMR-90 cells to maintain both SARS-CoV-2 replication
and cell viability over 120 hpi, allowing culture observation and viral load estimation
(Appendix A).
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Since the cells needed to remain viable for at least five days after infection to allow the
in vitro treatment experiment, the measurements were quantified over five days, and the
results are shown in Appendix B Figure A2C, confirming that the model works properly.
Even with an evident decay of cell number occurring at 48 hpi, most cells remained viable
until 120 hpi.

2.8. The Cytopathic Effect Demonstration

We used the glomax multi+ platform (Promega, USA) with the commercial kits Viral
ToxGlo Assay (Promega, USA), CellTiter-Glo® 2.0 Cell Viability Assay (Promega, Madison,
WI, USA) to demonstrate the cytopathic effect in our test (Promega, USA). All used and
according to the manufacturer’s instructions.

The SARS-CoV-2 culture showed evident morphologic CPEs (Appendix A Figure Al). In
addition, ATP production was also quantified using the Glo-max platform, since the level of
ATP production is directly related to CPEs (Appendix C Figure A3B). The expression of caspases
3 and 7 (Appendix C Figure A3B) and mitochondrial viability (Appendix C Figure A3A) were
analyzed, and a deterioration of cellular homeostasis was demonstrated.

Finally, the relationship between viral load, cell viability and CPEs, as well as between
viral load and caspase expression (Appendix C), demonstrated a deterioration of cellular
homeostasis related to the increase in viral load.

Since the established model proved to be useful for the designed siRNA experiment,
the next steps included the evaluation of the siRNA's toxicit y to the cells, mainly regarding
any off-target effect, to warrant strategy safety (Appendix D).

2.9. Statistical Analysis

The R-project program (r-project.org/, accessed on 27 September 2022) and the
JAMOVI program v. 1.6 (jamovi.org, accessed on 27 September 2022) were used. ANOVA
and Student’s t tests were used for group comparisons. A significance value of p < 0.05 and
a 95% confidence interval were adopted.

3. Results
SsiRNA Treatments

Initially, each siRNA was tested individually to verify the differences in viral load
throughout the treatment and the efficacy of each siRNA (Figure 2). In addition to the
viral load, cell viability was also verified throughout the experimental treatment. Next, a
“cocktail” was created using all four siRNAs together. The siRNA combination increased
treatment effectiveness when compared to each individually tested siRNA (Figure 2E). This
test demonstrates that the combination becomes more efficient, increasing efficiency by
35% compared to siRNAs used separately.

Nevertheless, this improvement in the efficacy due to using the siRNA combination,
both individual siRNA treatments, and the siRNA combination including the four siRNAs
were highly efficient in provoking a marked decrease in viral load just before starting
treatment and during the first three days but allowed a subtle regrowth of viral load
observed at the fourth day, suggesting a deterioration in efficacy.

Addressing this hypothesis, an additional siRNA, siRNA-V, was incorporated into the
experiments to block the hypothetical escape strategy of the virus.

The addition of siRNA-V prevents virus regrowth, keeping the viral load down
throughout the whole experimental time. Interestingly, the inclusion of siRNA-V also
improved cellular viability, strongly demonstrating the inhibition of the virus’ escape
mechanism A comparison of treatments using the combination of siRNA-I plus siRNA-III,
the most individually efficient siRNAs, versus the combination of siRNA-I plus siRNA-III
plus the addition of siRNA-V, the anti-escape siRNAs, is demonstrated (Figure 3).
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Figure 2. (A-D) Treatment with each siRNA individually (I to IV) after 24 h of SARS-CoV-2 infec-
tion. (E) Analysis of viral load and cell viability after treatment using the cocktail containing the
combination of siRNAs I to IV.
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Figure 3. Viral load and cell viability comparing untreated cells versus both the combination of siRNA-I
plus siRNA-III treatment (A); the combination of siRNA-I plus siRNA-III plus the addition of the
anti-escape siRNA-V treatment (B); and the comparison between the two treatment combinations (C).

4. Discussion

The emergence and continuation of the SARS-CoV-2 pandemic became a challenge for
healthcare professionals to rapidly combat the spread of COVID-19. Effective treatments
against COVID-19 are still scarce and without widespread availability, thus becoming a
major public health problem [23]. The development of an efficient, short course, and widely
available treatment strategy to prevent viral replication and disease progression represents
a potential weapon to control the pandemic, together with available protective measures,
vaccination and medical care [17,24].

Vaccination against RNA viruses remains a challenge due to the higher rates of errors
related to the virus RNA polymerases, differently to that of DNA viruses, able to self-correct
most of these errors. The main clinical consequences of these “mutational burden” are lost
of vaccination efficacy and recurrent outbreaks, due to the new variants’” ability to escape
from available vaccines.

Regarding COVID-19, nevertheless the great improvement in worldwide production,
distribution, and application of vaccines, the high mutational burden of the SARS-CoV-2
and the respiratory rout of this infection, represent a constant threat to the current stability
of the disease. The replacement of virus variants for new ones repeatedly puts researchers,
health providers and the whole population, in alarm.

The anxiety for having a specific and highly efficient treatment, able to block the
infection, and impact transmission rates, moved many researchers to investigate innovative
strategies to face COVID-19.
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Among those initiatives, the siRNAs molecular therapy surge as a promising alterna-
tive, due to their high specificity and great potential to control virus replication.

Attempts using siRNA against viral infections have already been described in cases
of human immunodeficiency virus, influenza virus, coxsackie B3, adenovirus, hepatitis B
virus, hepatitis C virus, and to tackle SARS-CoV in various cellular and animal models [25],
thus supporting the investigation of such a strategy to combat COVID-19 [17,25,26].

It is worth noting that small interfering RNAs (siRNAs) have the potential to play
a crucial role in preventing the expression of disease-causing viral genes through the
hybridization and subsequent inactivation of disease-causing viral mRNAs target comple-
mentarities via RNA interference (RNA1) [27].

Consequently, a targeted therapy against SARS-CoV-2 using siRNAs was proposed
and proved to be highly effective in reducing the viral load of infected non-transformed
thyroid human cells and, mainly, safe, since those cells were not injured by the therapy and
tended to recover from viral aggression, thus opening a path to proceeding to animal and
human trials.

However, it is important to note that, thus far, siRNA treatments utilize only a single
target of the viral genome, i.e., one siRNA at a time. What can become a rather limited
method with the potential to lose effectiveness over time and with the potential for viral
genomes to undergo genetic mutations.

Aiming to achieve reliable siRNA therapy, the viral genome and human infection
processes were studied to determine the best putative targets to avoid effective viral
replication and infectiousness potential. Additionally, a broad analysis of available SARS-
CoV-2 genomes was also considered in the search for highly conserved non-mutated
regions able to be targeted, without chances of having some virus variants capable of
escaping from the selected siRNAs. Indeed, the chosen targets are present in all variants of
interest that have already been sequenced, expanding the prospects for sustained successful
clinical use. Other researchers also selected the same genes (1a and 1ab) as the best targets
for siRNAs [28], although additional SARS-CoV-2 genes were also silenced by siRNA,
achieving good results both in cell lines and in animal models [25]. Recently, siRNA
treatment against SARS-CoV-2 was authorized for a clinical trial in Europe [29] because it
achieved promising results in preclinical models [30].

After choosing the potential targets, a very rigorous in silico search for similar se-
quences in both humans and nonhuman genomic banks was performed, warranting a
virtual “zero risk” for off-target events. This type of search is crucial for ensuring the relia-
bility of our proposed targets, which are highly specific, and the presence of an anti-escape
siRNA makes the proposed targets even more robust.

Compared to other siRNA experiments against SARS-CoV-2 infections carried out in
nonhuman cells [31] and in transformed human cells [32], the developed nontransformed
thyroid human cell model presents an important advantage, since it represents a SARS-CoV-
2-susceptible normal human cell, allowing the investigation of the safety of the proposed
treatment for normal human cells. In particular, off-target effects harming the normal
human genome could be explored in an adequate model. Additionally, the effects of
the infection and the potential protective benefits of the treatment could be investigated
in a reliable model compared to the usually applied nonhuman and/or transformed
cell models [33].

The proposed siRNAs were designed in-house to guarantee the agreed upon priorities,
including high specificity, an almost null possibility of harming human RNAs, and not
matching to any other organism’s genome, in addition to the conventional requirements
for stable and efficient siRNA construction protocols.

Another improvement of the suggested strategy of combined siRNAs was related to
choosing the best virus strand’s targets for both replication and escape sequences.

SARS-CoV-2 is a positive single-strand RNA virus, and after gaining access to human
cells through ACE2 (angiotensin-converting enzyme II) cell receptors, the viral replica-
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tion process encompasses a few steps that are critical for selecting the best targets, as
briefly described [32].

The positive RNA strand uses the cellular machinery to transcribe two of its main
genes, known as ORFla and ORFlab, but does not duplicate the whole virus genome. The
peptides resulting from this human machinery-assisted process form the virus replicase
that allows virus self-replication [34].

This replicase provides duplication of the whole positive strand, resulting in a negative
strand. The negative strand is the generator of the new positive strands and finally allows
the multiplication of the virus inside the human cell, keeping the infection active, since lots
of new viruses will leave that cell to infect other host’s cells. The negative strand provides
positive strand “products” by two different mechanisms: a negative strand is duplicated in
a whole positive strand, the genomic replication, and a subgenomic replication process,
where fragments of the positive strand, including specific structural genes, but not ORFla
and 1lab, are generated [35].

Looking at this rich scenario, many possibilities for addressing viral sequences can be
realized, and the best targets for siRNA treatment remain under debate. However, targets
that are durable in a virus that undergoes so many variations becomes challenging, as it is
important to maintain efficiency in different viral variants.

Our choices were influenced by some concepts and conveniences. We decided to focus
on the ORFla/1ab region of the positive strand, since transcription of these regions is the
first step for virus persistence in human cells and is absolutely necessary to produce the
virus replicase, which is indispensable for sustainable infection [26].

In contrast to most previous attempts to control SARS-CoV-2 infection using a unique
siRNA [25,33], combinations of siRNA were selected. Initially, four siRNAs were specif-
ically designed to bind complementary sequences found exclusively in the SARS-CoV-2
genome and presented in every clinically relevant published SARS-CoV-2 genome, includ-
ing variants o, 3, v, and Omicron. Impeding virus replication because of the inactivation
of ORFla/1ab should control the infection and, actually, the proposed siRNAs were ex-
tremely effective, reducing viral loads both individually and in different combinations,
as demonstrated.

Although provoking extraordinary decreases in viral load and allowing cellular recov-
ery after infection, a few days after the initial siRNA treatment, a subtle increase in virus
production seemed to occur, nevertheless in a small fraction, compared to nontreated controls.

A hypothesis of a virus’s escape mechanism was considered, since extra doses of
siRNAs failed to revert this phenomenon, and many viruses, including coronaviruses, have
the capacity to escape siRNA attacks, as demonstrated in depth [12]. Accordingly, the
virus might escape from siRNA by producing siRNA suppressors, so after being hit by the
first dose of siRNAs, it counterattacks by increasing the production of siRNA suppressor
sequences, making the new siRNA doses much less effective. Among putative virus escape
strategies, the possibility of preventing the RNA-induced silencing complex (RISC), the
effective complex containing the siRNAs that bind and inactivate the target sequences
function by the production of specific sequences has been discussed.

Findings on genetic changes for SARS-CoV-2 indicate a high rate of variance in dif-
ferent areas of the genome; to exemplify this occurrence, we can cite studies showing a
genome-wide nucleotide mutation rate of at least 0.67 substitutions per site annually, which
is higher than other viruses such as Influenza [26,31].

An extensive in silico investigation permitted the conception and construction of an ex-
tra siRNA molecule designed against this putative anti-siRNA sequence, the incorporation
of which in the siRNA combination blocked the assumed escape mechanism. Neverthe-
less, other escape mechanisms have been reported, such as modifications in ribosomes of
infected cells allowing translation of temporary mutations [2,36]. The strategy of adding
siRNA-V, the “anti-siRNA suppressor bullet”, seemed to be correct, since it actually coun-
terattacked the putative RISC-based virus escape strategy, keeping the virus load much
lower even after some days of treatment.
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Although siRNA-V is designed to block viral replication, it must be considered that it
was designed to target the nucleocapsid (N) protein region of SARS-CoV-2 and, in doing
so, target an important factor for infection. viral replication, since this siRNA negatively
regulates the N protein and reduces the packaging of the viral genome.

The Protein N is believed to perform multiple functions, including the formation
of a helical ribonucleoprotein (RNP) complex during packaging of the RNA genome,
replication, and regulation of viral RNA synthesis, transcription, and regulation of infected
cell metabolism. The N protein safeguards the integrity and stability of the virus RNA
by preserving it within the virus. RNA is wrapped in a long helical structure by N
proteins [37,38].

Another strategic decision was that, instead of waiting for the supposed siRNA
suppressor escape mechanism, the anti-escape siRNA was preliminarily launched at the
onset of treatment as chess move anticipation.

Importantly, the choice for targeting the anti-siRNA sequence needed to be at a subge-
nomic region, since the in silico prediction pointed to a region away from ORFlab. Consid-
ering that many positive-strand subgenomic fragments are produced, if the positive-strand
target was selected, a tremendous reduction in efficacy should be anticipated due to the
great number of targets to be inactivated. Instead of targeting those multiple fragments, our
choice fell at the negative strand, the one that originates all positive subgenomic fragments.

Every discussed hypothesis was tested in an also innovative model: a non-transformed
human cell, susceptible to SARS-CoV-2 infection. The results strongly demonstrated the
capacity of controlling viral load, mainly, using the siRNAs combinations. The addition
of an anti-escape siRNA improved the duration of infection control and favored normal
cells recovery.

Since the selected siRNAs (protected by patents) showed immense potential in consis-
tently reducing viral load without harming human cells, and considering the specificity of
the molecular therapy, constructed to target conserved sequences present in every clinically
relevant variant of the SARS-CoV-2, this strategy surges as a new important weapon to
face COVID-19.

5. Conclusions

The combination of siRNAs I, III and V, addressing both virus replication and the
siRNA suppressor escape mechanism, seems to be the best formulation for clinical investi-
gation due to safety, efficiency, and prolonged sustained activity, imposing a checkmate
to SARS-CoV-2.

These extraordinary preliminary results open the path to investigating this strategy in
animal models and, subsequently, in human clinical trials, aiming to provide the potential
benefits of this innovative approach against SARS-CoV-2 and COVID-19 and even paving
the way for siRNA therapy applicability in several other infectious and chronic diseases.
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Figure A1l. Experimental design for the treatment of IMR-90 cells infected with SARS-CoV-2.
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Appendix D
Cell Toxicity
10 %
7.5% - E -
e 1 1 B e n
~— o TR -
o 5% & TR
] 11
S
& 25%
0%
24 48 72 96 120
Hours after exposure
siRNAI | siRNAIL [ siRNAll [l siRNA TV [l siRNAV

Figure A4. Cell toxicity rate for siRNA exposure relating to unexposed cells.



Genes 2022, 13, 2147 13 of 14

References

1. Rabaan, A.A.; Al-Ahmed, S.H.; Haque, S.; Sah, R.; Tiwari, R.; Malik, Y.S.; Dhama, K.; Yatoo, M.I; Bonilla-Aldana, D.K,;
Rodriguez-Morales, A.J. SARS-CoV-2, SARS-CoV, and MERS-COV: A comparative overview. Infez. Med. 2020, 28, 174-184.

2. Mistry, P,; Barmania, F.; Mellet, J.; Peta, K.; Strydom, A.; Viljoen, LM.; James, W.; Gordon, S.; Pepper, M.S. SARS-CoV-2 Variants,
Vaccines, and Host Immunity. Front. Immunol. 2021, 12, 809244. [CrossRef] [PubMed]

3. Ghaffar, M.; Habiba, U.; Choohan, M.A. Corona virus disease—A short review. JCP 2022, 5, 75-79. [CrossRef]

4. Gustiananda, M.; Sulistyo, B.P.; Agustriawan, D.; Andarini, S. Inmunoinformatics Analysis of SARS-CoV-2 ORFlab Polyproteins
to Identify Promiscuous and Highly Conserved T-Cell Epitopes to Formulate Vaccine for Indonesia and the World Population.
Vaccines 2021, 9, 1459. [CrossRef] [PubMed]

5. Huang, C.; Huang, L.; Wang, Y.; Li, X;; Ren, L.; Gu, X,; Kang, L.; Guo, L.; Liu, M.; Zhou, X.; et al. 6-month consequences of
COVID-19 in patients discharged from hospital: A cohort study. Lancet 2021, 397, 220-232. [CrossRef]

6. Kannan, S.; Shaik Syed Ali, P,; Sheeza, A.; Hemalatha, K. COVID-19 (Novel Coronavirus 2019)—Recent trends. Eur. Rev. Med.
Pharmacol. Sci. 2020, 24, 2006-2011. [CrossRef]

7.  Extance, A. COVID-19: What is the evidence for the antiviral Paxlovid? BM]J 2022, 377, 01037. [CrossRef] [PubMed]

8.  Singhal, T. A Review of Coronavirus Disease-2019 (COVID-19). Indian |. Pediatr. 2020, 87, 281-286. [CrossRef]

9. Li, M.; Wang, H.; Tian, L.; Pang, Z.; Yang, Q.; Huang, T.; Fan, ].; Song, L.; Tong, Y.; Fan, H. COVID-19 vaccine development:
Milestones, lessons and prospects. Signal Transduct. Target. Ther. 2022, 7, 146. [CrossRef] [PubMed]

10. Tay, M.Z,; Poh, C.M,; Rénia, L.; MacAry, PA.; Ng, L.EEP. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.
Rev. Immunol. 2020, 20, 363-374. [CrossRef] [PubMed]

11. Ciotti, M.; Angeletti, S.; Minieri, M.; Giovannetti, M.; Benvenuto, D.; Pascarella, S.; Sagnelli, C.; Bianchi, M.; Bernardini, S.;
Ciccozzi, M. COVID-19 Outbreak: An Overview. Chemotherapy 2019, 64, 215-223. [CrossRef] [PubMed]

12.  Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.C.; Di Napoli, R. Features, Evaluation, and Treatment of Coronavirus (COVID-19).
In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

13. Park, K.S.; Sun, X.; Aikins, M.E.; Moon, J.]. Non-viral COVID-19 vaccine delivery systems. Adv. Drug Deliv. Rev. 2021, 169,
137-151. [CrossRef] [PubMed]

14. Mehta, A.; Michler, T.; Merkel, O.M. siRNA Therapeutics against Respiratory Viral Infections-What Have We Learned for Potential
COVID-19 Therapies? Adv. Healthc. Mater. 2021, 10, e2001650. [CrossRef] [PubMed]

15. Dana, H.; Chalbatani, G.M.; Mahmoodzadeh, H.; Karimloo, R.; Rezaiean, O.; Moradzadeh, A.; Mehmandoost, N.; Moazzen, E,;
Mazraeh, A.; Marmari, V.; et al. Molecular Mechanisms and Biological Functions of siRNA. Int. ]. Biomed. Sci. 2017, 13, 48-57.

16. Fakhr, E.; Zare, F; Teimoori-Toolabi, L. Precise and efficient siRNA design: A key point in competent gene silencing. Cancer Gene
Ther. 2016, 23, 73-82. [CrossRef] [PubMed]

17.  Sajid, M.L; Moazzam, M.; Cho, Y.; Kato, S.; Xu, A.; Way, ].J.; Lohan, S.; Tiwari, R.K. siRNA Therapeutics for the Therapy of
COVID-19 and Other Coronaviruses. Mol. Pharm. 2021, 18, 2105-2121. [CrossRef]

18. Medeiros, I1.G.; Khayat, A.S,; Stransky, B.; Santos, S.; Assumpgao, P; de Souza, J.E.S. A small interfering RNA (siRNA) database
for SARS-CoV-2. Sci. Rep. 2021, 11, 8849. [CrossRef]

19. Corman, VM,; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K,; Bleicker, T.; Briinink, S.; Schneider, J.; Schmidt, M.L.;
et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. 2020, 25, 2000045. [CrossRef]

20. Harcourt, J.; Tamin, A.; Lu, X.; Kamili, S.; Sakthivel, S.K.; Murray, J.; Queen, K.; Tao, Y.; Paden, C.R.; Zhang, J.; et al. Severe
Acute Respiratory Syndrome Coronavirus 2 from Patient with Coronavirus Disease, United States. Emerg. Infect. Dis. 2020,
26,1266-1273. [CrossRef]

21. Nichols, WW.,; Murphy, D.G.; Cristofalo, V.J.; Toji, L.H.; Greene, A.E.; Dwight, S.A. Characterization of a new human diploid cell
strain, IMR-90. Science 1977, 196, 60-63. [CrossRef]

22.  Dulbecco, R.; Vogt, M. Some problems of animal virology as studied by the plaque technique. Cold Spring Harb. Symp. Quant. Biol.
1953, 18, 273-279. [CrossRef] [PubMed]

23. Khaitov, M.; Nikonova, A.; Shilovskiy, I.; Kozhikhova, K.; Kofiadi, I.; Vishnyakova, L.; Nikolskii, A.; Gattinger, P.; Kovchina, V,;
Barvinskaia, E.; et al. Silencing of SARS-CoV-2 with modified siRNA-peptide dendrimer formulation. Allergy 2021, 76, 2840-2854.
[CrossRef] [PubMed]

24. Uludag, H.; Parent, K.; Aliabadi, H.M.; Haddadi, A. Prospects for RNAi Therapy of COVID-19. Front. Bioeng. Biotechnol. 2020, 8,
916. [CrossRef] [PubMed]

25. Tolksdorf, B.; Nie, C.; Niemeyer, D.; Rohrs, V,; Berg, J.; Lauster, D.; Adler, ].M.; Haag, R.; Trimpert, J.; Kaufer, B.; et al. Inhibition of
SARS-CoV-2 Replication by a Small Interfering RNA Targeting the Leader Sequence. Viruses 2021, 13, 2030. [CrossRef]

26. Karjee, S.; Mukherjee, S.K. RNAi suppressor: The hidden weapon of SARS-CoV. J. Biosci. 2020, 45, 1-6. [CrossRef]

27. Mahfuz, A.; Khan, M. A ; Sajib, E.H.; Deb, A.; Mahmud, S.; Hasan, M.; Saha, O.; Islam, A.; Rahaman, M.M. Designing potential
siRNA molecules for silencing the gene of the nucleocapsid protein of Nipah virus: A computational investigation. Infect. Genet.
Evol. 2022, 102, 105310. [CrossRef]

28. Chang, Y.-C,; Yang, C.-F; Chen, Y.-F; Yang, C.-C.; Chou, Y.-L.; Chou, H.-W.; Chang, T.-Y.; Chao, T.-L.; Hsu, S5.-C.; Ieong, S.-M.; et al.

A siRNA targets and inhibits a broad range of SARS-CoV-2 infections including Delta variant. EMBO Mol. Med. 2022, 14, €15298.
[CrossRef]


http://doi.org/10.3389/fimmu.2021.809244
http://www.ncbi.nlm.nih.gov/pubmed/35046961
http://doi.org/10.56770/jcp2021525
http://doi.org/10.3390/vaccines9121459
http://www.ncbi.nlm.nih.gov/pubmed/34960205
http://doi.org/10.1016/S0140-6736(20)32656-8
http://doi.org/10.26355/eurrev_202002_20378
http://doi.org/10.1136/bmj.o1037
http://www.ncbi.nlm.nih.gov/pubmed/35477536
http://doi.org/10.1007/s12098-020-03263-6
http://doi.org/10.1038/s41392-022-00996-y
http://www.ncbi.nlm.nih.gov/pubmed/35504917
http://doi.org/10.1038/s41577-020-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/32346093
http://doi.org/10.1159/000507423
http://www.ncbi.nlm.nih.gov/pubmed/32259829
http://doi.org/10.1016/j.addr.2020.12.008
http://www.ncbi.nlm.nih.gov/pubmed/33340620
http://doi.org/10.1002/adhm.202001650
http://www.ncbi.nlm.nih.gov/pubmed/33506607
http://doi.org/10.1038/cgt.2016.4
http://www.ncbi.nlm.nih.gov/pubmed/26987292
http://doi.org/10.1021/acs.molpharmaceut.0c01239
http://doi.org/10.1038/s41598-021-88310-8
http://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://doi.org/10.3201/eid2606.200516
http://doi.org/10.1126/science.841339
http://doi.org/10.1101/SQB.1953.018.01.039
http://www.ncbi.nlm.nih.gov/pubmed/13168995
http://doi.org/10.1111/all.14850
http://www.ncbi.nlm.nih.gov/pubmed/33837568
http://doi.org/10.3389/fbioe.2020.00916
http://www.ncbi.nlm.nih.gov/pubmed/32850752
http://doi.org/10.3390/v13102030
http://doi.org/10.1007/s12038-020-00071-0
http://doi.org/10.1016/j.meegid.2022.105310
http://doi.org/10.15252/emmm.202115298

Genes 2022, 13, 2147 14 of 14

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Saify Nabiabad, H.; Amini, M.; Demirdas, S. Specific delivering of RNAi using Spike’s aptamer-functionalized lipid nanoparticles
for targeting SARS-CoV-2: A strong anti-Covid drug in a clinical case study. Chem. Biol. Drug Des. 2022, 99, 233-246. [CrossRef]
Zhang, Y.; Almazi, ].G.; Ong, HX; Johansen, M.D.; Ledger, S.; Traini, D.; Hansbro, PM.; Kelleher, A.D.; Ahlenstiel, C.L.
Nanoparticle Delivery Platforms for RNAi Therapeutics Targeting COVID-19 Disease in the Respiratory Tract. Int. ]. Mol. Sci.
2022, 23, 2408. [CrossRef]

Friedrich, M.; Pfeifer, G.; Binder, S.; Aigner, A.; Vollmer Barbosa, P.; Makert, G.R; Fertey, J.; Ulbert, S.; Bodem, J.; Konig, E.-M.;
et al. Selection and Validation of siRNAs Preventing Uptake and Replication of SARS-CoV-2. Front. Bioeng. Biotechnol. 2022, 10,
801870. [CrossRef]

Ambike, S.; Cheng, C.-C.; Feuerherd, M.; Velkov, S.; Baldassi, D.; Afridi, S.Q.; Porras-Gonzalez, D.; Wei, X.; Hagen, P.; Kneidinger,
N.; et al. Targeting genomic SARS-CoV-2 RNA with siRNAs allows efficient inhibition of viral replication and spread. Nucleic
Acids Res. 2022, 50, 333-349. [CrossRef] [PubMed]

Idris, A.; Davis, A.; Supramaniam, A.; Acharya, D.; Kelly, G.; Tayyar, Y.; West, N.; Zhang, P.; McMillan, C.L.D.; Soemardy, C.; et al.
A SARS-CoV-2 targeted siRNA-nanoparticle therapy for COVID-19. Mol. Ther. 2021, 29, 2219-2226. [CrossRef]

Henzinger, H.; Barth, D.A.; Klec, C.; Pichler, M. Non-Coding RNAs and SARS-Related Coronaviruses. Viruses 2020, 12, 1374.
[CrossRef]

Gorshkov, K.; Chen, C.Z.; Bostwick, R.; Rasmussen, L.; Tran, B.N.; Cheng, Y.-S.; Xu, M.; Pradhan, M.; Henderson, M.; Zhu, W.,;
et al. The SARS-CoV-2 Cytopathic Effect Is Blocked by Lysosome Alkalizing Small Molecules. ACS Infect. Dis. 2021, 7, 1389-1408.
[CrossRef] [PubMed]

Zhang, L.; Li, Q,; Liang, Z; Li, T,; Liu, S.; Cui, Q.; Nie, J.; Wu, Q.; Qu, X,; Huang, W.,; et al. The significant immune escape of
pseudotyped SARS-CoV-2 variant Omicron. Emerg. Microbes Infect. 2022, 11, 1-5. [CrossRef]

Huang, Q.; Yu, L.; Petros, A.M.; Gunasekera, A.; Liu, Z.; Xu, N.; Hajduk, P.; Mack, J.; Fesik, S.W.; Olejniczak, E.T. Structure of the
N-terminal RNA-binding domain of the SARS CoV nucleocapsid protein. Biochemistry 2004, 43, 6059-6063. [CrossRef] [PubMed]
Gorkhali, R.; Koirala, P; Rijal, S.; Mainali, A.; Baral, A.; Bhattarai, H.K. Structure and Function of Major SARS-CoV-2 and
SARS-CoV Proteins. Bioinform. Biol. Insights 2021, 15, 11779322211025876. [CrossRef] [PubMed]


http://doi.org/10.1111/cbdd.13978
http://doi.org/10.3390/ijms23052408
http://doi.org/10.3389/fbioe.2022.801870
http://doi.org/10.1093/nar/gkab1248
http://www.ncbi.nlm.nih.gov/pubmed/34928377
http://doi.org/10.1016/j.ymthe.2021.05.004
http://doi.org/10.3390/v12121374
http://doi.org/10.1021/acsinfecdis.0c00349
http://www.ncbi.nlm.nih.gov/pubmed/33346633
http://doi.org/10.1080/22221751.2021.2017757
http://doi.org/10.1021/bi036155b
http://www.ncbi.nlm.nih.gov/pubmed/15147189
http://doi.org/10.1177/11779322211025876
http://www.ncbi.nlm.nih.gov/pubmed/34220199

	Introduction 
	Materials and Methods 
	Virus Isolate 
	The Nontransformed In Vitro Model 
	Viral Load 
	Treatment with siRNA 
	Experimental Design 
	Analysis of Cytotoxicity, Cell Viability and Cytopathic Effect 
	IMR-90 Cell Infection, Viral Loads and Cell Viability 
	The Cytopathic Effect Demonstration 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	References

