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Abstract

:

Coronavirus disease 2019 (COVID-19) has shaken the world and triggered drastic changes in our lifestyle to control it. Despite the non-typical efforts, COVID-19 still thrives and plagues humanity worldwide. The unparalleled degree of infection has been met with an exceptional degree of research to counteract it. Many drugs and therapeutic technologies have been repurposed and discovered, but no groundbreaking antiviral agent has been introduced yet to eradicate COVID-19 and restore normalcy. As lethality is directly correlated with the severity of disease, hospitalized severe cases are of the greatest importance to reduce, especially the cytokine storm phenomenon. This severe inflammatory phenomenon characterized by elevated levels of inflammatory mediators can be targeted to relieve symptoms and save the infected patients. One of the promising therapeutic strategies to combat COVID-19 is nucleic acid-based therapeutic approaches, including microRNAs (miRNAs). This work is an up-to-date review aimed to comprehensively discuss the current nucleic acid-based therapeutics against COVID-19 and their mechanisms of action, taking into consideration the emerging SARS-CoV-2 variants of concern, as well as providing potential future directions. miRNAs can be used to run interference with the expression of viral proteins, while endogenous miRNAs can be targeted as well, offering a versatile platform to control SARS-CoV-2 infection. By targeting these miRNAs, the COVID-19-induced cytokine storm can be suppressed. Therefore, nucleic acid-based therapeutics (miRNAs included) have a latent ability to break the COVID-19 infection in general and quell the cytokine storm in particular.
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1. Introduction


The rapid spread of the novel coronavirus disease 2019 (COVID-19) has hit every corner of the world and has led to drastic changes in the lifestyle of humanity. It was reported that this disease is caused by the infection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1,2,3]. After that, COVID-19 was declared a global pandemic by the World Health Organization (WHO) on 30 January 2020 [2]. SARS-CoV-2 is a single-stranded RNA (ssRNA) coronavirus from a subfamily of the Coronaviridae family in the order Nidovirales [4], which has four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus [5]. The order Nidovirales includes enveloped positive ssRNA viruses. These viruses have caused multiple epidemics, beginning in 2002 with SARS-CoV, which was first detected in China [5], and then in 2012 with Middle East respiratory syndrome (MERS-CoV), which was first detected in Saudi Arabia [6,7].



SARS-CoV-2 is considered part of the B lineage of Betacoronavirus (β-CoVs), based on sequence analysis [8]. Generally, the size of coronaviruses ranges between 65 and 125 nm in diameter and their ssRNA size from 26 to 32 kbs in length [9]. The enveloped positive-sense single-stranded RNA of the virus encodes multiple proteins, including the spike (S), membrane (M), envelope (E), and nucleocapsid (N)—the main structural proteins responsible for structural maintenance and virulence of the virus (Figure 1) [10,11]. The virus attaches to the host cell via binding of the S protein to the respective receptor via the receptor-binding domains (RBD) in the S1 region [12]. The main receptor that mediates the binding of the S protein was identified as the angiotensin-converting enzyme 2 (ACE2) [13,14], which acts as the target for impeding the commencement of the infection [15]. The viral genome gains entry via the cleavage of the S protein and fusion with the cellular membrane of the host cell [16]. Transmembrane serine protease 2 (TMPRSS2), the vital protein for cleavage, also acts as a target for blocking the entry of the virus [17,18]. The subsequent RNA replication occurs through discontinuous transcription [19] followed by translation of mainly the structural proteins that migrate to the endoplasmic reticulum–Golgi intermediate compartment (ERGIC) [20], in which the budding of the N encapsidated viral genome takes place to form mature virions [21]. The virions are then typically transported by vesicles to be excreted (Figure 1).



Similar to many viruses, the detection of SARS-CoV-2, especially from nasopharyngeal swab samples [22,23,24], is done by using reverse transcription polymerase chain reaction (RT-PCR) techniques, which are considered the gold standard tests [11,25]. On the other hand, during the early months of the pandemic, many drugs have been investigated as potential COVID-19 treatments, including repurposed or experimental drugs [26,27]. However, no efficient drug has been found so far, including the Food and Drug Administration (FDA)-approved ones for emergency use, such as remdesivir, which showed a decreased median recovery time of 10 days instead of 15 days for the placebo patients [28]. Hence, no decisive antiviral treatment has been investigated. The world believes that the invention of COVID-19 vaccines is the ideal way to quell this global pandemic and restore a normal lifestyle, where antiviral therapeutics could play a role as supportive treatment options.



The astonishing number of confirmed cases and deaths globally has spurred the rapid development of therapeutics and vaccine approaches. The urgent need for effective vaccines and antiviral therapeutics has made it urgent to explore promising unconventional technologies that have the advantage of rapid development towards the swift counteraction of the pandemic [29]. Therefore, in the early months of the COVID-19 pandemic, several research groups and institutions had realized that the potential solution could lie within the nucleic acid-based approaches, which allow for the quick response needed to overcome this global pandemic. Thus, several nucleic acid-based therapeutics and vaccines have been proposed. Two of them (i.e., the Moderna and Pfizer–BioNTech vaccines) are among six vaccines that passed the clinical evaluations and received emergency authorization [30]. Although nucleic acid-based technology is a relatively new class for developing therapeutics and vaccines, it has surprised the scientific community and shown effective and promising outcomes. Therefore, the current revolution in nucleic acid-based technology to develop therapeutics and vaccines against COVID-19 deserves to be discussed in depth. This review summarizes the recent advances in developing nucleic acid-based therapeutics and vaccines against COVID-19 and suggests a potential nucleic acid-based therapy for targeting cytokine storms in COVID-19 patients.




2. Current Nucleic Acid-Based Approaches against COVID-19


In the field of next-generation vaccines, nucleic acid approaches have attracted a lot of attention. The first proof of concept for a DNA vaccine was performed in 1990, and it involved injecting RNA or DNA molecules, expressing luciferase, beta-galactosidase, and chloramphenicol acetyltransferase, into mouse skeletal muscle, and expressing reporter genes in vivo, which can be found for up to two months after infection [31]. Since 1990, many institutions have begun working on plasmid DNA and messenger RNA (mRNA) for vaccines, cancer immunotherapies, and immunological treatments for autoimmune and allergy disorders [32]. Over the last few years, a lot of effort has gone into the research and production of DNA or RNA vaccines [32]. Improvements in the DNA and RNA vaccine development methods are critical, given the rising frequency of epidemics. Furthermore, efficient vaccine development may avoid infections caused by highly transmittable viruses. Because synthetic DNA and RNA are easier to create, a DNA and RNA-based method allow for more rapid vaccine development [33].



Although the technology of nucleic acid-based vaccines is being used for the first time, it shows very interesting outcomes. The nucleic acid-based vaccination methods employ RNA (mRNA) [34] or plasmid DNA, both of which encode antigens [33]. When these antigens are expressed following cellular uptake, they can elicit both humoral and cell-mediated immune responses [35]. Because it allows for simple maneuvering and modification of the antigen, the nucleic acid-based vaccination technique is considered versatile and adaptable [33]. Of the 36 RNA-based COVID-19 vaccine candidates, 22 are still under the pre-clinical stage, while 12 passed to the clinical stages and two were authorized (Table S1) [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65]. The Pfizer–BioNTech vaccine was the first approved COVID-19 vaccine worldwide, which is the most desirable vaccine and found to be effective against variants (i.e., the B.1.1.7, B.1.351, and B.1.617.2 variants) [66,67,68]. The only vaccines that have been authorized for emergency use by the FDA are the Moderna and Pfizer–BioNTech vaccines, which have been made using mRNA technology, in addition to the Janssen vaccine [69].



Under an emergency-use authorization, the FDA has approved the use of the Pfizer–BioNTech COVID-19 vaccine to prevent COVID-19 in people older than 12 years of age [70]. The Pfizer–BioNTech (BNT162b2) vaccine is a lipid nanoparticle-formulated, nucleoside-modified RNA (modRNA) encoding the SARS-CoV-2 full-length S protein, which has been modified by two proline mutations to lock it in the prefusion conformation [41,42,71,72,73].



The following components are included in the Pfizer–BioNTech COVID-19 vaccine: mRNA; lipids ((4-hydroxybutyl) azanediyl) bis (hexane-6,1-diyl) bis (2-hexyldecanoate), 2 [(polyethyleneglycol)-2000]-N, N-ditetradecylacetamide, 1, 2-Destearoyl-sn-glycero-3-phosphocholine, and cholesterol), where the primary function of the lipids is protecting the mRNA and creating a greasy coating that allows the mRNA to enter the cells; salts (monobasic potassium phosphate, potassium chloride, dibasic sodium phosphate dihydrate, sodium chloride), which helps in balancing the acidity inside the human body; and sucrose (helps in the preservation of the form of the molecules during freezing). The Pfizer–BioNTech COVID-19 vaccine is administered by muscle injection [70,74]. The Pfizer–BioNTech COVID-19 vaccine immunization series consists of two doses administered three weeks apart [70].



Unlike vaccinations that introduce weakened or inactivated disease viruses into the body, the Pfizer mRNA vaccine presents a small piece of genetic code from the SARS-CoV-2 virus to the host cells [71]. Following injection, the vaccine’s mRNA is released into the cells’ cytoplasm [74]. Once the viral protein is created on the cell’s surface, the mRNA is broken down and eliminated by the body, making it unable to modify our DNA [74]. The mRNA vaccine’s genetic code effectively gives host cells instructions, or blueprints, for manufacturing copies of S proteins. The S proteins are responsible for entering and infecting host cells [71]. These proteins elicit an immune response, resulting in the production of neutralizing antibodies and eliciting robust interferon-γ (IFN-γ)-producing and interleukin-2 (IL-2)-producing CD8+ cytotoxic T-cell and CD4+ type 1 helper T (Th1) cell responses that will identify the virus and respond consequently if the body becomes infected with the real virus [41,75]. In April 2021, the company revealed that the vaccine showed 91.3% effectiveness against COVID-19, based on how effectively it prevented symptomatic COVID-19 infection seven days after the second dosage for up to six months [51]. Moreover, in early May 2021, the Pfizer vaccine was proven to be more than 97.4% effective against severe disease or death from the Alpha variant (initially discovered in the United Kingdom) and the Beta variant (first identified in South Africa) [67,76,77,78]. Concerning the Delta variant (first observed in India), non-peer reviewed studies published by Public Health England found that complete vaccination after two doses is 88% effective against symptomatic illness and 96% effective against hospitalization [76,77,79].



A week after the Pfizer vaccine authorization, Moderna’s COVID-19 vaccine (mRNA-1273) was also approved for emergency use in the United States [71,80,81]. The Moderna vaccine is a lipid nanoparticle-encapsulated mRNA vaccine that expresses the prefusion-stabilized S glycoprotein [82,83]. The Moderna vaccine has high effectiveness in symptomatic disease prevention, similar to the Pfizer vaccine. In addition, the Moderna vaccine has a similar mechanism of action as the Pfizer vaccine [71,80,81]. The Moderna COVID-19 vaccine includes the following ingredients: mRNA; sucrose and salts (sodium acetate trihydrate) to maintain the stability of the vaccine; lipids (SM-102, polyethylene glycol [PEG] 2000 dimyristoyl glycerol [DMG], cholesterol, and 1,2-distearoyl-sn-glycero-3-phosphocholine [DSPC]) to help in delivering the mRNA to the cells; and acids (acetic acid) and acid stabilizers (tromethamine hydrochloride) to maintain the stability of the vaccine [74,84]. The Moderna COVID-19 vaccine is administered as an injection into the muscle, with two doses administered one month apart [84]. In June 2021, Moderna announced that the Moderna vaccine is effective against the Beta, Delta, Eta, and Kappa variants; however, it was found to be roughly two times weaker against Delta than against the original virus [83,85,86], indicating that additional studies on Moderna’s efficiency against the Delta variant is required.



Moreover, there are six potential RNA-based treatments being developed to combat COVID-19 infection, but none of them has been authorized so far (Table S2) [87,88,89,90]. Interestingly, the preclinical evaluation for two of them (i.e., OT-101 and Ampligen) showed promising results; thus, they had successfully moved to the clinical trials stage.



On 6 April 2020, Mateon Therapeutics Inc. committed to developing OT-101, a transforming growth factor beta (TGF-β) antisense medicine candidate, and stated that this treatment could be utilized to treat COVID-19 [91]. TGF-β is involved in various biological processes, including embryogenesis, tissue regeneration, immunological responses, and cancer. TGF-β may potentially function as a pro-viral factor. TGF-β upregulation is also implicated in the pathogenesis of several respiratory diseases, including pulmonary fibrosis, emphysema, bronchial asthma, and lung cancer. Boumaza et al. demonstrated that SARS-CoV-2 effectively infects monocytes and macrophages in vitro, resulting in TGF-β secretion [92]. Furthermore, SARS-CoV-2 infection decreases the expression of ACE2, which causes local vascular inflammation and stimulates TGF-β production via aldosterone. TGF-β controls various cellular processes, including those involved in the development of acute lung injury (ALI)/acute respiratory distress syndrome (ARDS). Patients with ARDS who had a lower TGF-β level in their bronchoalveolar lavage fluid (BALF) had fewer possibilities to get mechanical ventilation and spent less time in the intensive care unit (ICU) [93]. Therefore, OT-101 was designed to block TGF-β, which might be very useful for COVID-19 patients. OT-101’s mechanisms of action against COVID-19 are as following: (1) reduce TGF-β production/secretion [94]; (2) inhibition of cellular binding; (3) inhibition of viral replication; and (4) suppression of viral-induced pneumonia [91,95]. Mateon thinks that OT-101 will be beneficial for future viral outbreaks based on its mechanism of action. With a high safety index of >500, OT-101 demonstrated significant efficacy against both COVID-19 and SARS [91]. Furthermore, Mateon has submitted a Pre-Investigational New Drug (Pre-IND) application package to the FDA to allow the referencing of OT-101’s oncology IND to streamline OT-101’s IND submission against COVID-19 [91].



One of the most effective natural defense mechanisms against viral infection is IFN release. In vivo studies revealed that interferon beta-1b (IFN-β1b) therapy decreased the lung infiltrates, bronchointerstitial pneumonia, and viral load of MERS-CoV [96]. IFN-λ has also shown antiviral efficacy against SARS-CoV and MERS-CoV, producing an antiviral state while causing low systemic inflammation [97]. In 196 studies, antibodies against cytokines and other proteins were provided, whereas 58 studies focus on IFN, either by suppressing them or administering their recombinant form to treat patients [98]. Rintatolimod (Ampligen) is the only Toll-like receptor-3 (TLR3) agonist (immune adjuvant that potently stimulates innate immune response) that promotes selective recruitment of CTLs (cytotoxic T lymphocytes) with a concurrent rise in intratumoral effector T cell (Teff)/intratumoral regulatory T cell (Treg) ratio in the tumor microenvironment [99]. Following the SARS-CoV epidemic in 2003, Ampligen showed strong antiviral properties and a protective survival impact in National Institutes of Health (NIH)-contracted trials of SARS-infected mice, which is nearly identical to SARS-CoV-2. According to the Barnard 2006 study, the only drugs that effectively reduced viral titers in the lungs of infected mice were hybrid interferon, IFN-α B/D, and a mismatched double-stranded RNA (dsRNA) IFN inducer, Ampligen® (poly I: poly C124), where Ampligen decreased viral lung levels to undetectable levels [100]. Furthermore, the Day 2009 study discovered that, instead of 100% death, there was 100% protective survival [101]. AIM compared key transcription regulatory sequences from SARS-CoV-1 to SARS-CoV-2 and discovered strong and convincing similarities, suggesting that the antiviral benefits of Ampligen in earlier NIH-contracted SARS studies might most likely extend to COVID-19 [99]. This makes a strong case for clinical trials to evaluate Ampligen as a potential tool in the battle against COVID-19.



Ampligen is a known inducer of IFN, a synthetic dsRNA polymer that stimulates interferon production, and has been demonstrated in vivo to be effective against a variety of viruses [100,101]. Ampligen at 10 mg/kg was previously reported to protect against SARS-CoV replication in the lungs in a viral replication model. IFNs are usually produced and released by infected cells in the presence of double-stranded RNA or 5′-triphosphorylated ssRNA, as in viral infection, and promote the production of potent antiviral proteins [102]. However, IFN pathways are inhibited in SARS-CoV-infected cells, rendering the host more susceptible to infection. Exogenous activation of IFN pathways using Ampligen overcomes the evasion of viral sensing and signaling pathways [103]. Ampligen did not appear to influence viral replication at first, but it did result in a faster drop of virus in the lungs when compared to untreated animals. A prior study found that Ampligen protected against mortality and severe lung damage in the presence of the deadly SARS-CoV [101].



There is growing anecdotal evidence that people recovering from COVID-19 can acquire a Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)-like condition known as COVID survivor syndrome or COVID-19-induced chronic fatigue syndrome [104]. Individuals suffering from COVID-19 have been known as long-haulers. This post-viral syndrome, which includes brain fog, tiredness, and trouble concentrating, has been reported to continue for many weeks following COVID-19 clinical recovery and SARS-CoV-2 clearance. Ampligon is being investigated as a possible treatment for COVID-19-induced chronic fatigue syndrome [104].



On the other hand, several DNA-based vaccine candidates have been proposed and are being tested against COVID-19 (Table S3) [105,106,107]. Although none of the DNA-based COVID-19 vaccine candidates is authorized so far, 12 of them are currently under clinical evaluation. ZyCoV-D, AG0302/AG0301-COVID, and INO-4800 are promising DNA-based COVID-19 vaccine candidates that reached Phase II/III and III clinical trials.



The Indian company Cadila Healthcare Ltd. developed the ZYCOV-D vaccine candidate [108]. This vaccine is new plasmid DNA vaccine technology, where it was created utilizing a DNA vaccine platform that included a non-replicating and non-integrating plasmid containing the desired gene [109]. The pathogen’s antigen encoding sequence is engineered into recombinant plasmid DNA [110]. When plasmid DNA is injected into host cells and the viral protein is translated, it triggers a powerful immunological response that stimulates the immune system’s humoral and cellular components [109]. This DNA vaccine platform has minimal biosafety requirements (BSL-1), better stability, and reduced cold-chain needs [109]. ZyCoV-D is a three-dose intradermal vaccination that can significantly reduce adverse effects [111,112]. Furthermore, the ZyCoV-D platform can be modified easily in a few weeks if the virus mutates, ensuring that the vaccination continues to provide protection [109]. Phase I clinical trials of this vaccine candidate were conducted in July 2020, where the company reported adequate dosing and tolerance [108,113]. Followed by Phase II clinical trials, which were conducted in August 2020 [108]. The ZyCoV-D vaccine has been granted permission by the Drugs Controller General of India (DCGI) to conduct a Phase III clinical trial, where Phases I, II and III were monitored by an independent data safety monitoring board [114]. According to the company, because ZyCoV-D is a plasmid DNA vaccine, it has no problems with vector-based immunity [111]. In addition, the company has evaluated the difference in immunogenicity between the two-dose regimen and three-dose regimen, and equivalent immunogenicity was reported [114].



The Japanese company AnGes., in cooperation with Osaka University, recently completed Phase I/II studies of the AG0301 COVID-19 and AG0302 COVID-19 vaccines [115]. These vaccines are DNA plasmid vaccines which been given with adjuvant [116]. AnGes, Inc.’s vaccine disrupts the link between the coronavirus’s S protein and the receptors on human cells. AnGes, Inc.’s vaccine candidate encodes the SARS-CoV-2 S protein, which opens the door to infection. The vaccine generates antibodies by expressing only the S proteins within the body [117]. Then, the antibodies are produced in response to the innocuous tips, resulting in resistance. Antibodies attach to the viral S protein when it enters the body, preventing the virus from binding to the cell’s receptor. Therefore, antibodies trap the virus before it reaches the cells. It is designed to keep COVID-19 patients’ conditions from worsening. The vaccine is nonpathogenic and safe because it is designed to express just the S proteins on the viral surface, resulting in antibody production [117]. Following Phase I/II clinical trials, AnGes announced cooperation with Colorado-based Brickell Biotech on 8 September 2020 [118]. On 7 December 2020, a Phase II/III randomized, double-blind, placebo-controlled study to assess efficacy, immunogenicity, and safety of twice dosing of intramuscular AG0302 COVID-19 (2 mg) in healthy adults was commenced [119].



The INO-4800 vaccine developed by the American pharmaceutical company Inovio, which is a DNA plasmid vaccine for SARS-CoV-2 that can be used as a prophylactic vaccine [116,120]. The plasmid pGX9501, which encodes the whole length of SARS-CoV-2’s S glycoprotein, is incorporated in this vaccine [121]. The IgE leader sequence is also attached to a codon optimized S protein sequence of SARS-CoV-2. The existence of functional antibodies and a T cell response in preclinical studies suggest that the vaccine can induce an efficient immune response within seven days following vaccination [122]. The preliminary Phase I data indicated that INO-4800 vaccine has successfully elicited neutralizing and ACE2-blocking antibodies against both the D614 and G614 SARS-CoV-2 strains in rhesus macaques [123]. In addition, 94% of participants developed an immune response to this vaccine following vaccine administration by electroporation [124]. The findings confirmed INO-4800’s immunological effect in generating both humoral and cellular adaptive immune responses, which are likely crucial for providing long-term protection against COVID-19 infection [123]. CELLECTRA, which is an Inovio-developed hand-held smart device, promotes the path for activation immunotherapy. CELLECTRA help in opening tiny holes in the cell reversibly using a short electrical pulse, allowing plasmids to enter [121]. This one-of-a-kind technology delivers optimized DNA into cells, which is translated into proteins that stimulate the immune system, resulting in a robust and specific T cell and monoclonal antibody response [121]. Once the plasmids start multiplying inside the cell, the body’s natural T and B cell response mechanisms will increase, hence will prevent the S protein from binding to the human angiotensin I-converting enzyme 2 (hACE2) receptor [112,121,123]. The vaccine was well-tolerated and immunogenic in all age groups who were tested in Phases I and II clinical trials [122,123,125,126,127,128]. In preclinical models, the company announced on 12 May 2021, that INO-4802 is the next-generation Pan-COVID-19 vaccine candidate, where this vaccine induced T cell responses and neutralizing antibodies against the original Wuhan strain, as well as B.1.1.7 (UK variant), B.1.351 (South African variant), and P.1. (Brazilian variant). These findings showed that Inovio’s Pan-COVID-19 vaccination can elicit cross-reactive immune responses against both existing and emerging virus strains [129].



Cytokine Storm


COVID-19 patients demonstrate elevated serum IgM, IgG, and IgA levels, with even higher levels in severe cases [130]. Inflammatory mediators such as IFN-γ, tumor necrosis factor (TNF), IL-2, IL-6, and IL-10 were also elevated in COVID-19 patients, and higher levels were reported in the severe cases [131,132]. In addition, IL-1β and IL-8 were reported with a high level in infected patients [133]. The increase in cytokines (hypercytokinemia) leads to a lethal inflammatory response referred to as a cytokine storm [131]. In severe cases of about 15% of COVID-19 patients, life-threatening ARDS was found due to alveolar damage by the inflammatory mediators [134]. Targeting the inflammatory response-regulating pathways, such as the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway, might protect from ARDS development [135]. However, in critical cases, treatment or elimination of the cytokine storm might be complex, even with many involved therapeutic targets in the immunopathogenesis [136]. Therefore, early cytokine storm management has significant value in reducing mortality, especially in severe cases.



The elevated level of inflammatory mediators often correlated with the SARS-CoV-2 infection severity, including cytokines and chemokines such as IL-2, IL-6, IL-10, TNF, C-reactive protein, ferritin, and D-dimers [137]. The IL-6 blood level correlates with the SARS-CoV-2 infection mortality [138]. Therefore, the high levels of inflammatory mediators (cytokine storm) indicate that SARS-CoV-2 lethality, which is presented as cytokine release syndrome (CRS) [139], could be managed via IL-6 inhibition [140]. Figure 2 illustrates the previously discussed targets, and more, for combating the SARS-CoV-2 infection. The inflammatory mediators and other possible targets could be the aim of nucleic acid-based therapeutics to develop novel and perhaps effective therapeutics for controlling the COVID-19 infection risk.





3. COVID-19 Nucleic Acid-Based Therapeutics


Due to the periodical emergence of new versatile CoVs, which is considered a severe health concern [141], as is the case with SARS-CoV-2, and especially the new emerging variants with more lethality and transmissibility, the urgent development of novel efficient therapies is highly recommended. The variant of concern (VOC-202012/1) named B.1.1.7 (Alpha), originating in southeast England in 2020, was reported with high mortality rates from 2.5 to 4.1 per 1000 detected cases as compared to other circulating variants in England [142]. These variants also can escape the immune system via multiple recorded mutations, mainly E484K [143]. Delta (B.1.617.2) is presently the most prevalent COVID-19 variant in the U.S. [144]. This variant was discovered for the first time in India in December of 2020 [145]. In addition, this particular variant expanded to over 98 countries throughout the world in a matter of months, becoming the dominant variant in most countries, including India, the U.K., Israel, and the U.S. [146]. The Delta variant currently accounts for more than 83% of COVID-19 cases recorded in the U.S. [147] and it was found to be 40–60% more transmissible than Alpha, about twice as transmissible as the initial SARS-CoV-2 Wuhan strain [148]. Some monoclonal antibody therapies and antibodies produced by COVID-19 vaccination may be less successful against this variant [144]. On 16 July 2021, the Centers for Disease Control and Prevention reported a 35% rise in hospitalizations and a 69.3% seven-day average increase in new COVID-19 cases infected with a Delta variant [147].



New variants are continually developing, and improved surveillance systems will inevitability pick up on more of them as they get more advanced [149,150]. The new variant (B.1.1.529) was identified as a variant of concern and was given the name of Omicron on 26 November 2021 based on the suggestion of the WHO’s Technical Advisory Group on Virus Evolution (TAG-VE) [149,150]. When compared to other variants of the virus, such as Delta, it is not yet known if infection with Omicron causes more severe disease. In South Africa, preliminary data suggests that the rate of hospitalizations is increasing; however, this may be due to an increase in the general number of persons becoming infected rather than a result of a specific infection with Omicron, according to the available data [149]. Besides that, another highly mutated variant that spread rapidly, and was given the IHU name (B.1.640), was reported recently. So far, this variant has been discovered primarily in France, though it has also been discovered in a number of other countries as well [151]. The B.1.640 variant is not a new variant. For at least three months now, it has been detected. The week-old study by researchers from Méditerranée Infection in Marseille, which is part of France’s Instituts hospitalo-universitaires (IHU, or University Hospital Institutes), triggered a sudden discussion about this variant [151]. In comparison to the spread of Omicron, this variant is far less concerning. The most recent detection of this variant was on 25 December 2021, according to the available data. After that, no additional cases have been discovered in the global databases [151]. The exponential versatility of SARS-CoV-2 has hindered the control efforts implanted to reduce its infectivity. The emergence of new variants made current vaccines less effective, even in the recent rapid development and progression of therapeutic approaches, which urges the need to focus more on effective strategies to combat this unprecedented global pandemic.



Among the promising strategies to combat SARS-CoV-2 is nucleic acid-based therapeutics. Therapeutic nucleic acids (TNAs) include many pioneering technologies such as antisense oligonucleotides (ASOs), micro RNAs (miRNAs), small interfering RNAs (siRNAs), clustered regularly interspaced short palindromic repeats–CRISPR-associated protein (CRISPR–Cas), and mRNA vaccines [152]. Figure 3 shows the mechanism of action and criteria of each TNAs. TNAs are capable of targeting specific sequences of interest in the viral genome with a focus on the highly conserved sequence, such as targeting the highly conserved RNA-dependent RNA polymerase (RdRp) gene in the open reading frame 1ab (ORF1ab) region and the N gene by CRISPR-associated RNAs (crRNAs) deployed by the Cas13d system [153]. These antiviral therapeutics can inhibit viral gene expression [154] either during or after transcription [155]. Hence, nucleic acid-based therapeutics present great potential in combating SARS-CoV-2 infection. The most needed feature nowadays is scalable, rapid production; hence, nucleic acid-based therapeutics that possess this feature have the potential to be applied globally. Based on the published articles [152,156,157,158,159], we believe that mRNA vaccines, DNA vaccines, CRISPR, and ASO are more stable than the siRNA approach. Still, there have been no statistically significant comparative studies published to date. Despite that, we believe that the CRISPR systems will be more expensive and possibly harmful than all other approaches in the future. However, we think that ASO and mRNA would be the most cost-effective method.



Based on the endogenous gene silencing mechanism at the translational level, known as RNA interference (RNAi) via small dsRNA molecules [160], which involve RNA-induced silencing complex (RISC) [161], effective therapeutic strategies could be developed against the SARS-CoV-2. However, RNAi application is associated with off-target effects [162] as well as delivery issues [163]. The gene-editing siRNAs are one of the TNAs that can be applied in the fight against SARS-CoV-2. This therapy can knock out the gene of interest without inducing an interferon response [164]. Therefore, a database was developed where it will help develop siRNAs that offer a prediction of off-target binding [165] as well as carriers of nanoparticles or viral vectors were developed, which will help in delivering siRNAs [27]. Nine siRNA, potentially conserved targets were identified bioinformatically in the SARS-COV-2 genome (GenBank accession number, MN908947.3) for safe siRNAs application [166]. Targeting highly conserved regions, the siRNAs Hel1, Hel2, siUC7, and siUTR3 showed potent SARS-CoV-2 gene expression interference delivered via a stable lipid nanoparticle (LNP), known as stealth LNP (sLNP), in the shape of a DOTAP40C or DOTAP/MP3 LNP-siRNAs (dmLNP-siRNAs) formulation [167]. Several siRNAs developed for the SARS-COV virus could potentially be used against SARS-COV-2 (Table 1). However, six designed siRNAs for most of the virus mRNAs (siRNA 1, siRNA 2, siRNA 3, siRNA 4, siRNA 5, and siRNA 6) were reported to have a fair but less than acceptable level of proliferation inhibition [168].



Given that about 2600 human miRNAs have been listed in the miRNA registry (miRBase 22), they are estimated to affect more than 60% of all human protein-coding genes [171,172]. miRNAs are considered a promising TNA in fighting COVID-19 infection, particularly for modifying proteins that are inaccessible to other small molecules [173]. miRNA’s therapeutic mode of action is usually via either blocking cellular receptors, preventing viral replication, or inhibiting the function of the viral proteins [174]. The therapeutic application of miRNA can be in the form of miRNA mimics to interfere with the SARS-CoV-2 gene expression or miRNA inhibitors against SARS-CoV-2-related endogenous miRNAs [173]. The first approach involves using miRNA mimics to reduce the expression of proteins that have been inappropriately induced [173]. Precursor miRNAs (pre-miRNAs) are produced in the nucleus after processing by the dsRNA-specific endonuclease (Drosha) from primary miRNA transcripts. Upon entering the cytoplasm, pre-miRNAs are processed by the Dicer enzyme, resulting in mature miRNA formation [175]. A mature, single-stranded miRNA is coupled with RISC, which binds to the 3′-UTR of the target mRNA and prevents it from being translated [176]. Hence, miRNAs directly affect the translation process by inhibiting the process or causing mRNA degradation. As a result, they can control a wide range of cell processes, including cell differentiation, apoptosis, growth, development, and neurological diseases, by modifying protein levels [177]. In the field of gene silencing, microRNA mimic technology (miR-Mimic) is a promising innovation. The non-natural double-stranded RNA synthesized using this technology is designed to have a 5′ end with a motif that is partially complementary to a specified sequence in the 3′-UTR of the target gene. If this piece of RNA, which mimics an endogenous miRNA, is present in the cell, it can attach specifically to its target gene and cause post-transcriptional inhibition of the target gene [178].



The second approach is based on the development of miRNA antagonists, such as anti-miRs or antagomirs, and inhibitors to increase or rescue the expression of specific proteins that have been downregulated [173]. Antagomirs (also known as blockmirs) are synthetically designed molecules that are used to antagonize miRNAs oligonucleotides. Antagomirs are entirely complementary to the mature miRNA sequence and contain a variety of phosphonothioate moieties to increase their stability [178]. Steric blocking mechanism, as well as hybridization to miRNA, allows these anti-miRs to be used as an additional control and for treatment of certain cellular disorders. If we can identify the miRNA sequences involved in viral infections, the utilization of anti-miRs, as a promising therapy to disrupt the pathways that induce the up- or downregulation of cell proteins that result in the appearance of disease symptoms, will be achieved [178].



Recently, various miRNA-based therapies have shown therapeutic potential in clinical studies [179,180], which is expected to continue in the future. siRNAs are found to be more specific than miRNAs because miRNAs target multiple mRNAs relative to siRNAs, which target only one mRNA [181], but are less efficient than miRNAs [182]. Although miRNAs are susceptible to conserved target sequence mutations [183], the human miRNAs, miR-4699-3p, miR-299-5p, and miR-12132 bind to the altered N protein coding region via 28881-3 GGG/AAC mutations [184]. Hence, miRNA offers a versatile and innovative therapeutic approach, possibly targeting and controlling mutations of concern.



Several miRNAs, on the other hand, can be used as an effective antiviral agent against SARS-CoV-2. miR-200c inhibited ACE2 receptor expression in cardiomyocytes [185], exhibiting the promise of miRNA therapy. miR-98-5p blocks SARS-CoV-2 entry via TMPRSS2 expression reduction in lung epithelia [186]. miR-32 showed maximum TMPRSS2 gene suppression and significant TMPRSS2 expression reduction by miR-214 and miR-98, offering innovative tools to prevent SARS-CoV-2 entry [187]. Furthermore, 42 conserved miRNAs have been predicted to have antiviral properties against SARS-CoV-2 [188]. One hundred and twenty-eight low-expressed miRNAs in lung tissue are expected to target the SARS-CoV-2 genome and higher expression might suppress the infection [189]. miR-548c-5p, which suppresses the proliferation of colorectal cancer (CRC) [190], has been predicted to bind to 15 sites of the SARS-CoV-2 genome and exert potential therapeutic activity [191]. Multiple deduced antisense miRNAs were hypothesized to disrupt translation via binding to the 3′UTR, 5′UTR, and ORF9 regions of the SARS-CoV-2 genome [192]. Furthermore, the highly expressed miR-16, miR-200, and miR-24 in lung epithelia were highlighted with good prospects of mitigating COVID-19, likely in the form of miRNA mimics, as the former regulates inflammatory mediators and later two miRNAs downregulate ACE2 [173]. Figure 4 summarizes several host miRNAs targeting the SARS-CoV-2 genome or the cellular receptor in the host with COVID-19 therapeutic prospects.



Multiple miRNAs in the host or SARS-CoV-2-encoded are associated with SARS-CoV-2 infection, where some might even inhibit the immune system [207]. These endogenous miRNAs might be a potential target for miRNA inhibitors to suppress SARS-CoV-2 infection. As such, cytokine storms can be reduced or suppressed via targeting the associated miRNAs, such as miR-125b, miR-138, miR-199a, and miR-21 [208]. The exosomal miR-424 expression is significantly elevated in SARS-CoV-2 infection, triggering thrombosis [209], which can also be an ideal target to reduce the concern of thrombotic complications. Numerous host miRNAs were found bioinformatically to interact with the viral genome. Many virus-derived miRNAs interact with the human genome, all of which present the opportunity to be targeted for interfering with SARS-CoV-2 infection [194]. miR-447b could also be a potential target as it binds to S protein RNA and facilitates viral entry [210]. Interestingly, miR-1307-3p was found with the highest expressed level in the lung tissue and showed high affinity to 3′-UTR of the SARS-CoV-2 genome [174], which makes it the model target to suppress the infection. Human miR-122 binds with high affinity to the SARS-CoV-2 genome, presenting a potential target for modulation [211]. Several databases offer insight into the therapeutic potential of miRNAs, such as the therapeutic target database (TTD) for COVID-19 drugs in clinical trials [212], IntaRNA for RNA–RNA interaction prediction [213], miRNA for expression profiles of miRNAs [214], psRNATarget for small RNA analysis [215], microRNA.org for miRNA target prediction [216], and miRTarBase for experimentally validated microRNA–target interactions [217,218]. By targeting host or viral-derived miRNAs and targeting mutated target sequences, the various miRNA strategies provide the optimum platform to be utilized against COVID-19 infection. Hence, miRNA-based therapy has great potential in dealing with the SARS-CoV-2 infection due to its versatile applications.



mRNA vaccines are considered one of the promising nucleic acid-based therapeutics due to their high potency, rapid, cheap manufacturing, and safe administration features [219]. Their manufacturing does not involve any living part of the organism; it is either conventional via in vitro transcription of plasmid DNA and adding a cap analog and a poly(A) tail or derived from alphavirus RNA replication to form self-amplifying mRNA (SAM) vaccines [220]. mRNA vaccines are synthesized in vitro from a DNA template to express the intended antigen in host cells [221]. The intended potent immune response is developed as mRNA is delivered to the host cell cytoplasm and encodes the desired antigen (Figure 5) [220]. mRNA vaccines have priority over conventional vaccines in many aspects, such as repeated administration [222] and safety concerns of conventional vaccines, especially live-attenuated vaccines, to cause infection [223]. In contrast, mRNA degradation in the cell reduces the potential risk of infection [224]. The enhancement ability of the introduced mRNA structure promotes the antibody lifespan, translation efficacy [225], flexibility, and neutralizing antibodies potency with just two doses [226]. Therefore, mRNA vaccines offer scalable, rapid manufacturing with little platform altering [227], and a fast-responding strategy to overcome the current pandemic dilemma [228]. Unfortunately, these vaccines still have some drawbacks, such as the need to store in extremely low temperatures, which hinders transportation (cold chain challenges) and storage [229], which can be slightly reduced via encapsulation with LNPs [230], escape immune system recognition via viral envelope glycosylation [231], and possible side effects such as local and systemic inflammatory responses [228]. Ultimately, mRNA vaccines still hold one of the keys to stop the SARS-CoV-2 infection.



mRNA-1273 (Moderna COVID-19 vaccine) was one of the first developed mRNA vaccines against SARS-CoV-2, which is currently in Phase III clinical trials, which showed the production of a potent neutralizing antibody response [232] and the vaccine efficacy was reported as 94.1% [82]. This vaccine demonstrated early the effectiveness of mRNA vaccination in the neutralization of SARS-CoV-2. Although the emerging mutations of the S protein in the new variants have shown a small effect against neutralization via two Pfizer–BioNTech (BNT162b2) doses, where elicited, the sera-neutralization geometric mean titers (GMTs) were 0.81- to 1.46-fold against the USA-WA1/2020 virus [233]. A study conducted in Qatar showed an efficacy of 89.5% against the B.1.1.7 variant and 75.0% against the B.1.351 variant [67] as compared to 95% against the Wuhan virus in the USA [42], and 92.6% after the first dose only [234]. However, the BNT162b2 vaccine was shown to be effective against the B.1.1.7 variant [47]. In Israel, a study showed 91.5% efficacy after 14 days after a two-dose vaccination, where the B.1.1.7 variant was prevalent by 94·5% [235]. The BNT162b2 vaccine has been found to have no association with thrombocytopenic, thromboembolic, and hemorrhagic events, unlike the ChAdOx1 vaccine [236]. mRNA vaccines are highly versatile due to the ability to deliver the material of choice and the high degree of manipulation it allows [237]. Hence, mRNA vaccines show great promise by easily adjusting the introduced mRNA to meet the new mutated variants.



Among the other TNA strategies to combat SARS-CoV-2 is the employment of the CRISPR–Cas systems. CRISPR–Cas9 antiviral activity is conducted via expression disruption or direct neutralization of the viral genome [104]. Diagnostic systems have been developed based on the CRISPR system, which offers rapid, precise, and highly sensitive SARS-CoV-2 detection [238]. A prophylactic antiviral CRISPR in human cells (PAC-MAN) strategy was developed to prevent viral replication utilizing Cas13d to neutralize viral RNA [153]. CRISPR–Cas13 is also used in the CARVER (Cas13-aided viral expression and readout restriction) technology to neutralize RNA-based viruses [239]. ASO is another TNA strategy to eliminate the SARS-CoV-2 infection. ASO targets mRNA transcripts, small RNA, or long non-coding RNA [159]. Several ASOs have been designed to target regions of replication and transcription, such as the ORF1a and ORF1b regions in the SARS-CoV-2 genome, to inhibit COVID-19 infection [240]. These strategies can be deployed with other promising approaches, such as miRNA, to neutralize SARS-CoV-2 and reduce the cytokine storm.




4. Targeting the Cytokine Storm via Nucleic Acid-Based Approaches


Among the nucleic acid-based approaches, miRNAs hold great potential in attenuating the cytokine storm with versatility and high efficiency. Management of the cytokine storm in the SARS-CoV-2 infection could be accomplished via multiple mechanisms involving miRNAs, such as through miRNAs modulation of the involved inflammatory signaling pathways or even modulating the inflammatory response-related host miRNAs. As such, miRNA mimickers were hypothesized to be feasibly applied as cytokine storm anti-inflammatory agents by targeting the 3′UTR of pro-inflammatory mRNAs [241]. miR-26a-5p, miR-29b-3p, and miR-34a-5p were discovered to play a regulatory role in the endothelial dysfunction and inflammatory response of COVID-19. In addition, miR-26a-5p was reported to downregulate IL-6 and ICAM-1, while miR-29b-3p was found to downregulate IL-4 and IL-8, which are low-expressed during the infection [242]. Therefore, these three miRNAs could be the potential candidates to reduce the cytokine storm, especially miR-26a-5p, which targets IL-6 and present the opportunity to reduce mortality.



Many miRNAs were previously reported to modulate inflammatory mediators. Targeting these miRNAs to regulate the inflammatory response in the cytokine storm or directly applying these miRNAs could give rise to many novel therapeutics to reduce or suppress the cytokine storm and the COVID-19 infection. For instance, the mRNA 3′UTR of IL-1β, IL-6, and IL-8 could be targeted by numerous miRNAs (Table 2) [241]. The most common miRNAs that regulate the COVID-19–ACE2 interaction networks were miR-27a-3p, miR-10b-5p, miR-302c-5p, miR-587, miR-124-3p, and miR-16-5p [243], which offer great potential in reducing the cytokine storm of COVID-19 (Table 2). miR-16-5p was found to target multiple binding sites across coronavirus species [173,244], binds to 15 binding sites on the SARS-CoV-2 genome, is abundant in the alveolar A549 cells [173], regulate the COVID-19–ACE2 interaction networks [243], and downregulate the expression of IL-1β, IL-6, and TNF-α [245,246]; hence, it can be ideal choice to quell the storming cytokines of COVID-19. Another good candidate for the storm might be miR-125a, which downregulates TNF-α [247]. The cytokine storm could be attenuated by targeting the major player in the cytokine induction process, IL-17, via RNAi applications, including miRNA [248]—most notably, miR-129, which targeted human IL-17A, IL-17D, and IL-17RB [249]. MiR-302a reduces the cytokine storm in influenza A virus (IAV) infection [250]; hence, it is considered another good candidate for the COVID-19 cytokine storm attenuation. Even nutraceutical agents were found to possess therapeutic potential in treating the cytokine storm as they can regulate host miRNAs involved in the inflammatory response [251]. In addition, other cytokine downregulatory agents could be considered as potential targets [252], such as miR-146a, which downregulate TNF-α, IL-6, and IL-8; as well as miR-146b, which downregulate IL-1β [253] and miR-199a, which downregulate at least TNF-α, IL-1β, and IL-6 in alveoli [254]. Multiple-host miRNAs induce inflammatory mediators rather than downregulate them, and could be targeted by inhibitors to reduce or eliminate the cytokine storm. MiR-125b was found to elevate the expression of TNF-α and IL-8 [255], which could be a fitting miRNA inhibitor target [252]. One of the promising miRNA inhibitors would be the antagomirs for the safe, scalable, specific, and efficient silencing capability of endogenous miRNAs [252]. Therefore, TNAs, especially miRNA therapeutics, hold the key to quell the cytokine storm and stomping COVID-19.




5. Advantages and Disadvantages of NAT


Several COVID-19 vaccines have been authorized to be used by various regulatory bodies across the world since about January 2021. Despite the development of successful vaccinations, a greater research focus on all the therapeutic approaches is necessary, particularly in light of the evolving SARS-CoV-2 variants and potential vaccine-resistant strains [262]. Herein, we demonstrate the advantages and disadvantages of several NAT methods, for their future therapeutic application against SARS-CoV-2 and any new coronavirus variants of concern to global human health, as shown in Table 3.




6. Genes Identified as a New Potential Treatment and Protective against COVID-19


According to the findings of an international meta-analysis conducted by researchers at the Karolinska Institutet in Sweden, a particular gene variant that protects against severe COVID-19 infection has been identified [270]. The researchers were able to locate the variant by analyzing people of different ancestries. This achievement demonstrated the importance of conducting clinical trials that involve people of varied ancestries. The G allele of the 2′-5′ oligoadenylate synthetase (OAS1) gene rs10774671 was reported as having a protective role against COVID-19 hospitalization in those of African ancestry and European ancestry [270,271]. According to the researchers, the length of the protein expressed by the OAS1 is determined by the protective gene variant (rs10774671-G) [270]. The OAS region was discovered to be a COVID-19 risk locus in association studies involving primarily European ancestry individuals [272,273]. The protective haplotype occurring in individuals of European ancestry from Neanderthals is roughly 75 kb in size and spans the three genes, which are OAS1, OAS2, and OAS3 [274]. A candidate causative variant in the region is rs10774671, which occurs in the splice acceptor location at exon 7 of OAS1 and where the protective (G) allele leads to a nearly 60% more active and longer OAS1 enzyme [271,275]. Because this region of DNA contains a large number of genetic variants, it is challenging to identify the specific protective variant that might potentially be used as a target for medical treatment against severe COVID-19 infection in humans [270].



Researchers from the Genetics of Susceptibility and Mortality in Critical Care (GenOMICC) consortium, a global collaboration studying genetics in critical illness, compared the genetic information of patients in intensive care units (ICU) diagnosed with COVID-19 to healthy volunteers’ samples from other current studies, including 100,000 Genomes, Generation Scotland, and UK Biobank [272,276]. The goal of this study was to discover genes that could aid in understanding how COVID-19 causes lung damage at the molecular level. The study done by Pairo-Castineira et al., 2021, analyzed DNA from 2743 ICU participants and discovered changes in 5 genes when compared to the DNA from healthy samples. The genes DPP9, TYK2, IFNAR2, OAS1, and CCR2 may be able to explain why some individuals are associated with severe COVID-19 infection while others have a less severe infection; hence, these genes may be able to predict the effect of possible drug treatments on patients [272,277].



This study found evidence that high expression of TYK2 or low expression of IFNAR2 are associated with life-threatening disease using Mendelian randomization, where the low activity of TYK2 and increased activity of IFNAR2 can protect against COVID-19 infection [272]. In addition, the high expression of the monocyte–macrophage chemotactic receptor CCR2 was associated with severe COVID-19 using transcriptome-wide association in lung tissue [272]. The findings indicate that, during COVID-19 infection, there are numerous and powerful genetic signals associated with mediators of inflammatory organ damage and major host antiviral defense mechanisms [272]. Targeted treatment with therapies may be possible for both of these mechanisms. Because some genetic variants respond in a similar way to specific drugs, researchers have been able to predict the effect of drug treatments on COVID-19 patients [276,277]. The JAK inhibitors, which include the medicine baricitinib, are a class of anti-inflammatory drugs that are known to decrease the function of the TYK2 gene; hence, these drugs may have potential in the treatment of COVID-19 patients. In addition, the therapy with interferon proteins released by immune system cells may mimic the effect of increased activity of the gene INFAR2 in order to protect against COVID-19 virus infection [276,277].



This genetic information provides a roadmap through the complexity of immunological signals, indicating the route to major drug targets, which will quickly indicate which drugs should be at the top of the list for clinical testing, thereby improving the quality of life and prognosis. On the other hand, large-scale randomized clinical trials will be required before any changes in clinical practice can be made. According to the researchers, clinical trials should concentrate on drugs that target these specific anti-inflammatory and anti-viral mechanisms [272].




7. Future Directions


To reduce the devastating effects of coronavirus infections and other highly pathogenic virus outbreaks on human life and global healthcare systems, a concerted effort to develop effective drugs and vaccines against current and potential future coronavirus infections, and other highly pathogenic virus outbreaks, is needed. Because clinical drug development is such a costly and time-consuming process, the COVID-19 outbreak emphasizes the necessity of developing broad-spectrum antiviral treatments and using novel techniques, such as artificial intelligence, to speed up drug research. Given the lengthy process of developing new drugs, the current drug repurposing method has emerged as one of the preferred options for treating SARS-CoV-2-infected people. Identification of inhibitors directed at the replication or infection processes associated with SARS-CoV-2 or other similar coronaviruses, as well as the symptomatic consequences of their infections, leading to severe illness and/or death, are long-term therapeutic development goals for the pharmaceutical industry.



More collaboration in the areas of antiviral discovery and clinical trial performance would increase patients’ access to treatment candidates with better therapeutic potential and, perhaps, shorten the time it takes to bring these medicines to market. To address both molecular processes and pharmacological approaches, which will help treat present and future coronavirus epidemics, more intensive effort from research institutes and pharmaceutical businesses is required.



Regardless of the incredible speed of drug development as seen in the wake of the unpredictable SARS-CoV-2 outbreak, this virus still has the priority and proved complicated to control. This unprecedented pandemic requires more effective effort to use every strategy available to find an effective agent against this virus. At present, many prominent therapeutic approaches offer potential antiviral treatment against SARS-CoV-2. Nucleic acid-based approaches or TNAs demonstrate significant potential to eliminate the global dilemma developed by this virus. Among the many TNAs present, miRNAs promise the high efficiency of multiple targets and the versatile application they can offer. siRNAs also could be very promising with their high specificity while delivered using the appropriate nanoparticles. mRNA vaccines offer a scalable, low-cost approach with ease of manipulation of the introduced genetic material. Hence, TNAs present an effective platform to combat the COVID-19 infection as it possesses the required features for swift application of safe administration, rapid, low-cost, scalable production capacity, and high versatility. Mainly, TNAs could be keys to mitigate the cytokine storm and save the lives of the inflicted. Apparently, miRNA therapeutics hold great potential in attenuating the cytokine storm, mainly via mimickers or inhibitors.




8. Conclusions


Vaccinating hundreds of millions of people using COVID-19 mRNA vaccines will provide much-needed data on non-viral RNA delivery (especially with the utilization of LPN) and the immune response, safety, and effectiveness of this type of vaccine. Researchers may use these findings to execute an efficient approach by integrating siRNAs, miRNA mimics, antagomirs, or even genes in the same or comparable lipid nanoparticles used in vaccines for therapeutic applications (including regenerative medicine) and gene therapy in the future. Among the TNA-based approaches, miRNAs hold great potential in attenuating the cytokine storm with versatility and high efficiency. Multiple miRNAs in the host or SARS-CoV-2-encoded are associated with COVID-19 infection, where some might even inhibit the immune system. As such, the cytokine storm can be suppressed via targeting the associated miRNAs. Therefore, TNAs, especially miRNA therapeutics, hold the key to quell the cytokine storm and tackling COVID-19. The promising results with the COVID-19 vaccines offer a chance to fulfil the failed initial promise of gene therapy, which aimed to revolutionize molecular medicine while also moving away from viral-based gene delivery. Given the importance of vaccines in the future prevention of coronavirus-related illnesses, several novel techniques are currently in place that is encouraging. It is worth noting that without the earlier preclinical and clinical studies demonstrating the effectiveness of lipid nanoparticles as RNA delivery vehicles, these COVID-19 vaccines would not have been available in time to stop the pandemic.
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Figure 1. Structure scheme of SARS-CoV-2 and its mechanisms of cell entry and replication (adapted from Al-Hatamleh et al., 2020 [2]). 
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Figure 2. Scheme of possible targets for developing therapeutics against COVID-19 and the presented cytokine release syndrome (CRS). SARS-CoV-2 utilizes ACE2 and TMPRSS2 as cell entry receptors. As a result of SARS-CoV-2 infection, the renin–angiotensin system (RAAS) is overactive. Angiotensin-converting enzyme (ACE) converts angiotensin I (Ang I) to angiotensin II (Ang II) under physiological circumstances, resulting in increased vasoconstriction, inflammation, fibrosis, lung injury, and edema. Ang I is inactivated by angiotensin-converting enzyme 2 (ACE 2), which produces angiotensin 1–7 (Ang 1–7), which interacts with the G-protein-coupled receptor Mas. Because it antagonizes the effects of Ang I, this interaction is thought to be vasoprotective. SARS-CoV-2, on the other hand, decreases ACE2 expression, resulting in RAAS overactivation and increased lung injury and edema. Through angiotensin receptor type 1 (AT1R), AngII functions as a vasoconstrictor and a pro-inflammatory cytokine. AT1R can promote fibrosis, inflammation, acute lung injury, and collagenase activity decrease. Instead, AT2R stimulation protects against renin–angiotensin system (RAS) activation by eliciting anti-inflammatory, antioxidant, anti-fibrotic effects, reduction in vascular permeability, and edema. The hyper-activation of the NF-κB transcription factor by SARS-CoV-2 through pattern recognition receptors (PPRs) causes cytokine-related syndrome (ARDS). Angiotensin 2 (AngII) elevates in the serum because SARS-CoV-2 occupies ACE2 molecules, which, in turn, reduces Ang II breakdown. The inflammatory cytokines, including TNFα and IL-6-soluble (s)IL-6R, are activated by the accumulated AngII via disintegrin and metalloprotease 17 (ADAM17), and the IL-6 amplifier (IL-6 AMP) is subsequently activated, which explains the magnified NF-κB activation by the co-activation of NF-κB and STAT3 transcription factors. In a variety of IL-6Ra-negative nonimmune cells, including fibroblasts, endothelial cells, and epithelial cells, ADAM17 stimulation also changes the membrane form of IL-6Ra to the soluble form (sIL-6Ra), followed by the gp130-mediated activation of STAT3 via the sIL-6Ra–IL-6 complex. As a result, the simultaneous inflammatory cascades of NF-κB and STAT3-mediated signaling further enhance the NF-B activity and form an inflammatory circuit, the IL-6 AMP, which defines an IL-6-based positive feedback loop for inflammation. As a result, the cytokine storm generated by NF-B hyperactivation in IL-6 AMP might result in lethal symptoms such ARDS, severe pneumonia, multiorgan failure, and coagulation. The underlined molecules indicate possible therapeutic targets for cytokine release syndrome (CRS). 
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Figure 3. Applications of therapeutic nucleic acids in the fight against SARS-CoV-2. (A) DNA vaccine: The SARS-CoV-2 S protein is contained within a circle of DNA, which serves as a DNA vaccine. Following electroporation, the permeation of the cell membrane will be increased, allowing DNA to enter the cytoplasm and so reach the nucleus more easily. Following then, DNA will be transcribed into mRNA, which will be further translated into the SARS-CoV-2 S protein and expressed on the cell membrane. (B) mRNA vaccine: The cytoplasmic integration of nanoparticle-encapsulated mRNA expressing the SARS-CoV-2 antigen will take place. The S protein mRNA utilizes the ribosome and bases to translate S proteins, which are expressed on the cell membrane. Immune cells will recognize the membrane S protein, which will result in the activation of an immune response. (C) ASO: ASO attaches to the complementary sequence of an mRNA in the nucleus. Following an RNA–DNA hybrid, which becomes a substrate for RNase H, the complementary base pairing between ASO and mRNA results in endonuclease-mediated transcript suppression. The transport of mRNA into the cytoplasm is inhibited, blocking protein synthesis. (D) CRISPR–Cas: Upon entering the cell, the Cas protein and the gRNA are both expressed, and the Cas protein and the gRNA form a complex with one another. In this way, the spacer region serves as a guide for the Cas effector by matching to complementary sequences in the viral genome, allowing the associated Cas effector to cleave the viral RNA and disrupt viral functions. (E) siRNA: The RISC recognizes and loads the siRNAs, which then separates two strands of associated siRNAs and releases the sense strands. In addition, the antisense strand associated with the RISC directs the complex to the target matching RNA sequences, which could host cellular transcripts or viral RNAs, ultimately leading to RNA degradation mediated by the RISC enzyme. As a result, these siRNAs have the potential to downregulate the expression of the target host/viral genes that are critical for viral activity and to disrupt viral replication and transcription [152,156,157,158,159]. One plus (+) indicates the lowest level, while three pluses (+++) indicate the highest level; these data were compiled from several articles [152,156,157,158,159]. Abbreviation: CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats; Cas, CRISPR-associated; ASO, antisense oligonucleotides; RISC, RNA-induced silencing complexes; siRNA, small interfering RNA; gRNA, guide RNA. 






Figure 3. Applications of therapeutic nucleic acids in the fight against SARS-CoV-2. (A) DNA vaccine: The SARS-CoV-2 S protein is contained within a circle of DNA, which serves as a DNA vaccine. Following electroporation, the permeation of the cell membrane will be increased, allowing DNA to enter the cytoplasm and so reach the nucleus more easily. Following then, DNA will be transcribed into mRNA, which will be further translated into the SARS-CoV-2 S protein and expressed on the cell membrane. (B) mRNA vaccine: The cytoplasmic integration of nanoparticle-encapsulated mRNA expressing the SARS-CoV-2 antigen will take place. The S protein mRNA utilizes the ribosome and bases to translate S proteins, which are expressed on the cell membrane. Immune cells will recognize the membrane S protein, which will result in the activation of an immune response. (C) ASO: ASO attaches to the complementary sequence of an mRNA in the nucleus. Following an RNA–DNA hybrid, which becomes a substrate for RNase H, the complementary base pairing between ASO and mRNA results in endonuclease-mediated transcript suppression. The transport of mRNA into the cytoplasm is inhibited, blocking protein synthesis. (D) CRISPR–Cas: Upon entering the cell, the Cas protein and the gRNA are both expressed, and the Cas protein and the gRNA form a complex with one another. In this way, the spacer region serves as a guide for the Cas effector by matching to complementary sequences in the viral genome, allowing the associated Cas effector to cleave the viral RNA and disrupt viral functions. (E) siRNA: The RISC recognizes and loads the siRNAs, which then separates two strands of associated siRNAs and releases the sense strands. In addition, the antisense strand associated with the RISC directs the complex to the target matching RNA sequences, which could host cellular transcripts or viral RNAs, ultimately leading to RNA degradation mediated by the RISC enzyme. As a result, these siRNAs have the potential to downregulate the expression of the target host/viral genes that are critical for viral activity and to disrupt viral replication and transcription [152,156,157,158,159]. One plus (+) indicates the lowest level, while three pluses (+++) indicate the highest level; these data were compiled from several articles [152,156,157,158,159]. Abbreviation: CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats; Cas, CRISPR-associated; ASO, antisense oligonucleotides; RISC, RNA-induced silencing complexes; siRNA, small interfering RNA; gRNA, guide RNA.
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Figure 4. Targeting the SARS-CoV-2 genome via several host miRNAs. Abbreviation: UTR, untranslated region; ORF, open reading frame; S gene, spike gene; nsp, nonstructural protein; M gene, transmembrane gene, NR3C1, glucocorticoid receptor gene; SMARCC1, SWI/SNF related, matrix associated, actin dependent regulator of chromatin subfamily C member 1; N gene, nucleocapsid gene; ACE2, angiotensin-converting enzyme 2; TMPRSS, transmembrane serine protease; PDCD1, programmed cell death protein 1 [153,174,183,185,189,191,193,194,195,196,197,198,199,200,201,202,203,204,205,206]. 
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Figure 5. Scheme of the mRNA vaccine’s mechanism of action. The delivery of mRNAs is accomplished via a carrier to improve mRNA distribution and stability in the cell, such as an LNP. Afterwards, the LNP–mRNA vaccines are injected intramuscularly. The mRNAs are released and translated by the host protein synthesis machinery after LNP–mRNAs enter the host cells. The produced proteins are degraded by proteasomes, resulting in peptides that are then linked to MHC I molecules and presented on the surface of host antigen-presenting cells. CD8+ T lymphocytes identify the peptide-MHC I complexes and respond with cellular immunological responses. MHC, major histocompatibility complex; ER, endoplasmic reticulum; UTR, untranslated region; ORF, open reading frame. 
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Table 1. Patented siRNAs for the SARS-CoV virus with potential use against SARS-CoV-2.
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Patent ID

	
Description

	
Publication

Number/

Application Number

	
CAS RN

	
Target Region

	
Reference






	
CN101173275

	
Two dsRNAs were designed to target two regions of the SARS protein M mRNA

	
101173275/200610114168.0

	
1023405-01-7

1023405-02-8

	
220–241 region of M1 protein

	
[159]




	
1023405-03-9

1023405-04-0

	
460–480 region of M2 protein

	
[159]




	
US20050004063

	
Six siRNAs were designed to target mRNA sequences of replicase A1 gene region

	
20050004063/10848737

	
821121-38-1

	
512–531 bp of replicase A1

	
[159,169]




	
821121-38-2

	
586–604 bp of replicase A1




	
821121-38-3

	
916–934 bp of replicase A1




	
821121-38-4

	
1194–1213 bp of replicase A1




	
821121-38-5

	
3028–3046 bp of replicase A1




	
821121-38-6

	
5024–5042 bp of replicase A1




	
CN1569233

	
siRNAs were designed to target

RdRp, helicase, nucleoprotein N, and proteolytic enzymes

	
1569233/03147398.9

	
872062-80-1

	
RdRp

	
[159,169]




	
872062-81-2

	
Helicase




	
872062-82-3

	
Nucleoprotein N




	
872067-98-6

	
Proteolytic enzyme




	
CN1648249

	
siRNAs were specifically designed to target the M, N, and E genes of SARS

	
1648249/200410016001.1

	
874840-18-3

874840-32-1

	
M protein

	
[169,170]




	
874840-19-4

874840-47-8

	
N protein




	
874840-20-7

874840-46-7

	
E protein




	
CN101113158

	
Two anti-SARS-CoV siRNA were designed to disturb RdRp gene function of SARS virus

	
101113158/200610022519.5

	
-

	
RdRp

	
[33,169]




	
CN101085986

	
A SARS coronavirus disturbance RNA, which is aimed to disturb RNA for SARS coronavirus and its application, and also to suppress the release of SARS virus by inhibiting the expression of ORF3a gene

	
101085986/200610027475.5

	
-

	
ORF3a gene

	
[33,169]




	
WO2017044507

	
siRNA/nanoparticle formulations for treatment MERS-CoV infection, which was designed to target S protein, RdRp and PLpro

	
WO/2017/044507/PCT/US2016/050590

	
-

	
S protein, RdRp and PLpro

	
[33,169]




	
CN1548054

	
Two siRNAs or it can be RNAi medicine were used in preventing and treating SARS coronavirus. It is anti-SARS coronavirus transcription and replication polymerases.

	
1548054/03125172.2

	
-

	
Viral mRNA, viral N protein, RNA transcriptase, virion RNA, complementary and RNA polymerase.

	
[27]




	
WO2005019410

	
siRNA molecules and their analogs were designed to target respiratory infections, including SARS coronavirus

	
WO/2005/019410/PCT/US2004/012730

	
-

	
nsp-PP1ab, nsp-PP1a and S protein

	
[27]




	
US20070191294

	
Novel double-stranded siRNA analogs comprising LNA monomers, which induces sequence-specific post-transcriptional gene silencing in many organisms by a process known as RNA interference

	
20070191294/10550152

	
-

	
mRNA, pre-mRNA, or a variety of structural RNAs (such as tRNA, snRNA, scRNA and rRNA) or even regulatory RNAs (like miRNAs).

	
[27]








PLpro, papain-like protease; LNA, locked nucleic acid; MERS-CoV, middle-east respiratory syndrome coronavirus; nsp, nonstructural proteins; PP, polyprotein; RdRp, RNA-dependent RNA polymerase; ORF, open reading frame; siRNA, short interfering; tRNA, transfer RNA; snRNA, small nuclear RNA; scRNA, small conditional RNA; rRNA, ribosomal RNA; miRNAs, microRNAs.
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Table 2. List of miRNAs that target the 3′UTRs of IL-1β, IL-6, and IL-8 mRNAs, and the recent findings amid the COVID-19 pandemic.
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mRNA

	
miRNA Binding SITES

	
Sequences of miRNA Binding Sites *

	
Recent Findings

	
References






	
IL-1ß

	
miR-376c-3p

	
43-AACAUAGAGGAAAUUCCACGU-63

	
miR-7 and miR-429 target RPS6KB1 mRNA and inhibit the viral replication.miR-101 and miR-7 target the mTOR mRNA and inhibit the viral replication.miR-21, miR-155 and miR-126 were reported as potential prognostic factor of COVID-19 based on in vivo study

miR126-3p and miR-21-5p were reported as potential biomarkers based on in vivo study

	
[175,178,256,257]




	
miR-155-5p

	
4-UUAAUGCUAAUCGUGAUAGGGGUU-27




	
miR-181c-3p

	
65-AACCAUCGACCGUUGAGUGGAC-86




	
miR-587

	
16-UUUCCAUAGGUGAUGAGUCAC-36




	
miR-101-3p

	
47-UACAGUACUGUGAUAACUGAA-67




	
miR-10b-5p

	
27-UACCCUGUAGAACCGAAUUUGUG-49




	
miR-126-3p

	
52-UCGUACCGUGAGUAAUAAUGCG-73




	
miR-128-3p

	
50-UCACAGUGAACCGGUCUCUUU-70




	
miR-129–2-3p

	
57-AAGCCCUUACCCCAAAAAGCAU-78




	
miR-203a-3p

	
65-GUGAAAUGUUUAGGACCACUAG-86




	
miR-34a-5p

	
22-UGGCAGUGUCUUAGCUGGUUGU-43




	
miR-34c-5p

	
13-AGGCAGUGUAGUUAGCUGAUUGC-35




	
miR-375-5p

	
5-GCGACGAGCCCCUCGCACAAACC-27




	
miR-375-3p

	
40-UUUGUUCGUUCGGCUCGCGUGA-61




	
miR-429

	
51-UAAUACUGUCUGGUAAAACCGU-72




	
miR-449a

	
16-UGGCAGUGUAUUGUUAGCUGGU-37




	
miR-7-5p

	
24-UGGAAGACUAGUGAUUUUGUUGUU-47




	
miR-21-5p

	
8-UAGCUUAUCAGACUGAUGUUGA-29




	
miR-204-5p

	
33-UUCCCUUUGUCAUCCUAUGCCU-54




	
IL-6

	
miR-155-5p

	
4-UUAAUGCUAAUCGUGAUAGGGGUU-27

	
miR-98-5p targets and inhibits IL-6 gene expression, in turn influencing several proinflammatory cytokines, including TNF-α, IL-1β, and IL-10.

miR-7 and miR-16 target RPS6KB1 mRNA and inhibit the viral replication.miR-100, let-7, miR-7 and miR-99a target the mTOR mRNA and inhibit the viral replication.

Upregulation of miR-124-3p causes the degradation of Ddx58, thereby leading to a decrease in viral replication.

miR-125a-3p inhibits the cleavage of the S gene

miR-138-5p inhibits the cleavage of the ORF1a/b polyprotein gene

miR-21-3p expressed in respiratory epithelial cells in the trachea and lung tissues, which targets the binding site of 6 different coronavirus, including SARS-CoV-2 and SARS

miR-21 and miR-155 were reported as potential prognostic factor of COVID-19 based on in vivo study

	
[175,178,206,256]




	
miR-125a-3p

	
53-ACAGGUGAGGUUCUUGGGAGCC-74




	
miR-149-5p

	
15-UCUGGCUCCGUGUCUUCACUCCC-37




	
miR-192-5p

	
24-CUGACCUAUGAAUUGACAGCC-44




	
miR-590-3p

	
56-UAAUUUUAUGUAUAAGCUAGU-76




	
miR-100-5p

	
13-AACCCGUAGAUCCGAACUUGUG-34




	
miR-671-5p

	
29-AGGAAGCCCUGGAGGGGCUGGAG-51




	
miR-20a-5p

	
8-UAAAGUGCUUAUAGUGCAGGUAG-30




	
let-7b-5p

	
6-UGAGGUAGUAGGUUGUGUGGUU-27




	
miR-16-5p

	
14-UAGCAGCACGUAAAUAUUGGCG-35




	
miR-376a-5p

	
7-GUAGAUUCUCCUUCUAUGAGUA-28




	
miR-335-5p

	
16-UCAAGAGCAAUAACGAAAAAUGU-38




	
miR-98-5p

	
22-UGAGGUAGUAAGUUGUAUUGUU-43




	
miR-124-3p

	
53-UAAGGCACGCGGUGAAUGCCAA-74




	
miR-1-3p

	
53-UGGAAUGUAAAGAAGUAUGUAU-74




	
miR-34a-5p

	
22-UGGCAGUGUCUUAGCUGGUUGU-43




	
miR-99a-5p

	
13-AACCCGUAGAUCCGAUCUUGUG-34




	
miR-191-5p

	
16-CAACGGAAUCCCAAAAGCAGCUG-38




	
miR-128-3p

	
50-UCACAGUGAACCGGUCUCUUU-70




	
miR-138-5p

	
10-AGCUGGUGUUGUGAAUCAGGCCG-32




	
miR-182-5p

	
23-UUUGGCAAUGGUAGAACUCACACU-46




	
miR-195-5p

	
15-UAGCAGCACAGAAAUAUUGGC-35




	
miR-203a-3p

	
65-GUGAAAUGUUUAGGACCACUAG-86




	
miR-205-5p

	
34-UCCUUCAUUCCACCGGAGUCUG-55




	
miR-21-3p

	
46-CAACACCAGUCGAUGGGCUGU-66




	
miR-21-5p

	
8-UAGCUUAUCAGACUGAUGUUGA-29




	
miR-221-3p

	
65-AGCUACAUUGUCUGCUGGGUUUC-87




	
miR-27a-3p

	
51-UUCACAGUGGCUAAGUUCCGC-71




	
miR-27a-5p

	
10-AGGGCUUAGCUGCUUGUGAGCA-31




	
miR-330-3p

	
57-GCAAAGCACACGGCCUGCAGAGA-79




	
miR-34b-5p

	
13-UAGGCAGUGUCAUUAGCUGAUUG-35




	
miR-375-5p

	
5-GCGACGAGCCCCUCGCACAAACC-27




	
miR-375-3p

	
40-UUUGUUCGUUCGGCUCGCGUGA-61




	
miR-429

	
51-UAAUACUGUCUGGUAAAACCGU-72




	
miR-7-5p

	
24-UGGAAGACUAGUGAUUUUGUUGUU-47




	
miR-373-3p

	
44-GAAGUGCUUCGAUUUUGGGGUGU-66




	
miR-372-3p

	
42-AAAGUGCUGCGACAUUUGAGCGU-64




	
miR-302a-3p

	
44-UAAGUGCUUCCAUGUUUUGGUGA-66




	
miR-148b-3p

	
63-UCAGUGCAUCACAGAACUUUGU-84




	
miR-133a-3p

	
53-UUUGGUCCCCUUCAACCAGCUG-74




	
miR-122-5p

	
15-UGGAGUGUGACAAUGGUGUUUG-36




	
IL-8

	
miR-195-5p

	
15-UAGCAGCACAGAAAUAUUGGC-35

	
Upregulation of miR-17 and miR-214 have an antiviral effect by binding to S-protein-encoding mRNA, hence cause inhibition of the viral replication.

miRNA-145 downregulates ADAM17, which is a target of Jagged1/Notch1 signaling in vascular smooth muscle cells.

miR-7, miR-17, miR-16 and miR-107 target RPS6KB1 mRNA and inhibit the viral replication.

miR-101, let-7, miR-107, miR-7 and miR-99b target the mTOR mRNA and inhibit the viral replication.

Upregulation of miR-124-3p causes the degradation of Ddx58, thereby leading to a decrease in viral replication.

miR-99b-5p regulates immune reactions.

miR-130a predicts the targets of QFPD, and QFPD, which may exert anti-SARS-CoV-2 activity

miR-17-5p have antiviral roles against SARS-CoV-2 by targeting the ORF1ab and the S region

miR-23a-3p has prognostic and therapeutic effects based on in vivo study

miR-146a-5p was reported as potential biomarker based on in vivo study

miR-29a-3p promote IL-8 and other pro-inflammatory cytokine expression, despite being inversely correlated with IL-8 in COVID-19

	
[175,178,193,242,257,258,259,260,261]




	
miR-20a-5p

	
8-UAAAGUGCUUAUAGUGCAGGUAG-30




	
miR-106a-5p

	
13-AAAAGUGCUUACAGUGCAGGUAG-35




	
miR-17-5p

	
14-CAAAGUGCUUACAGUGCAGGUAG-36




	
miR-30c-1-3p

	
56-CUGGGAGAGGGUUGUUUACUCC-77




	
miR-93-5p

	
11-CAAAGUGCUGUUCGUGCAGGUAG-33




	
miR-373-3p

	
44-GAAGUGCUUCGAUUUUGGGGUGU-66




	
miR-520c-3p

	
54-AAAGUGCUUCCUUUUAGAGGGU-75




	
miR-10a-3p

	
63-CAAAUUCGUAUCUAGGGGAAUA-84




	
miR-1225-5p

	
1-GUGGGUACGGCCCAGUGGGGGG-22




	
miR-23a-3p

	
45-AUCACAUUGCCAGGGAUUUCC-65




	
miR-23b-3p

	
58-AUCACAUUGCCAGGGAUUACCAC-80




	
miR-296-3p

	
48-GAGGGUUGGGUGGAGGCUCUCC-69




	
miR-302c-5p

	
8-UUUAACAUGGGGGUACCUGCUG-29




	
miR-302d-5p

	
6-ACUUUAACAUGGAGGCACUUGC-27




	
miR-450a-5p

	
18-UUUUGCGAUGUGUUCCUAAUAU-39




	
miR-493-5p

	
16-UUGUACAUGGUAGGCUUUCAUU-37




	
miR-499a-3p

	
70-AACAUCACAGCAAGUCUGUGCU-91




	
miR-519d-3p

	
54-CAAAGUGCCUCCCUUUAGAGUG-75




	
miR-520a-3p

	
53-AAAGUGCUUCCCUUUGGACUGU-74




	
miR-526b-3p

	
51-GAAAGUGCUUCCUUUUAGAGGC-72




	
miR-5582-3p

	
47-UAAAACUUUAAGUGUGCCUAGG-68




	
miR-587

	
16-UUUCCAUAGGUGAUGAGUCAC-36




	
miR-664a-3p

	
49-UAUUCAUUUAUCCCCAGCCUACA-71




	
miR-1-3p

	
53-UGGAAUGUAAAGAAGUAUGUAU-74




	
miR-429

	
51-UAAUACUGUCUGGUAAAACCGU-72




	
miR-34a-5p

	
22-UGGCAGUGUCUUAGCUGGUUGU-43




	
miR-155-5p

	
4-UUAAUGCUAAUCGUGAUAGGGGUU-27




	
let-7b-5p

	
6-UGAGGUAGUAGGUUGUGUGGUU-27




	
miR-124-3p

	
53-UAAGGCACGCGGUGAAUGCCAA-74




	
miR-126-3p

	
52-UCGUACCGUGAGUAAUAAUGCG-73




	
miR-16-5p

	
14-UAGCAGCACGUAAAUAUUGGCG-35




	
miR-27a-3p

	
51-UUCACAGUGGCUAAGUUCCGC-71




	
miR-335-5p

	
16-UCAAGAGCAAUAACGAAAAAUGU-38




	
miR-1291

	
14-UGGCCCUGACUGAAGACCAGCAGU-37




	
miR-138-5p

	
10-AGCUGGUGUUGUGAAUCAGGCCG-32




	
miR-101-3p

	
47-UACAGUACUGUGAUAACUGAA-67




	
miR-107

	
50-AGCAGCAUUGUACAGGGCUAUCA-72




	
miR-129–2-3p

	
57-AAGCCCUUACCCCAAAAAGCAU-78




	
miR-130a-3p

	
55-CAGUGCAAUGUUAAAAGGGCAU-76




	
miR-146a-5p

	
21-UGAGAACUGAAUUCCAUGGGUU-42




	
miR-147a

	
47-GUGUGUGGAAAUGCUUCUGC-66




	
miR-194-5p

	
15-UGUAACAGCAACUCCAUGUGGA-36




	
miR-203a-3p

	
65-GUGAAAUGUUUAGGACCACUAG-86




	
miR-21-3p

	
46-CAACACCAGUCGAUGGGCUGU-66




	
miR-21-5p

	
8-UAGCUUAUCAGACUGAUGUUGA-29




	
miR-210-3p

	
66-CUGUGCGUGUGACAGCGGCUGA-87




	
miR-212-3p

	
71-UAACAGUCUCCAGUCACGGCC-91




	
miR-214-3p

	
71-ACAGCAGGCACAGACAGGCAGU-92




	
miR-221-3p

	
65-AGCUACAUUGUCUGCUGGGUUUC-87




	
miR-29a-5p

	
4-ACUGAUUUCUUUUGGUGUUCAG-25




	
miR-29a-3p

	
42-UAGCACCAUCUGAAAUCGGUUA-63




	
miR-30d-5p

	
6-UGUAAACAUCCCCGACUGGAAG-27




	
miR-376a-5p

	
7-GUAGAUUCUCCUUCUAUGAGUA-28




	
miR-671-5p

	
29-AGGAAGCCCUGGAGGGGCUGGAG-51




	
miR-7-5p

	
24-UGGAAGACUAGUGAUUUUGUUGUU-47




	
miR-941

	
47-CACCCGGCUGUGUGCACAUGUGC-69




	
miR-99b-5p

	
7-CACCCGUAGAACCGACCUUGCG-28




	
miR-520f-3p

	
55-AAGUGCUUCCUUUUAGAGGGUU-76




	
miR-372-3p

	
42-AAAGUGCUGCGACAUUUGAGCGU-64




	
miR-148b-3p

	
63-UCAGUGCAUCACAGAACUUUGU-84




	
miR-133a-3p

	
53-UUUGGUCCCCUUCAACCAGCUG-74




	
miR-9-5p

	
16-UCUUUGGUUAUCUAGCUGUAUGA-38




	
miR-30a-5p

	
6-UGUAAACAUCCUCGACUGGAAG-27








* All sequences of the miRNA binding site were retrieved from https://mirbase.org/ (Accessed on 19 January 2022). Abbreviations: RPS6KB1, ribosomal protein S6 kinase B1; mTOR, mammalian target of rapamycin; ORF, open reading frame; ADAM 17, a disintegrin and metalloprotease 17; QFPD, Qingfei Paidu Decoction.
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Table 3. Advantages and disadvantages of several NATs.
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	Nucleic Acid Therapy
	Advantages
	Disadvantages
	References





	mRNA vaccine
	Noninfectious, no genome integration risk, reusable platform, simple formulations, rapid and scalable production.

It is flexible and can mimic the antigen structure and expression as seen in the course of a natural infection.

The anti-vector immunity is avoided.

The immunogenicity of the mRNA can be minimized.

Alterations can be made to increase the stability of these vaccines.

The translation of mRNA occurs in the host cell’s cytosol, averting the risk of any sort of integration into the host genome.

Small size, simpler constructs, and lack any extra encoded proteins.

The potential risk of infection and insertion induced mutagenesis are minimized by mRNA-based vaccines.

Stimulate innate immune response, induction of T and B cell immune response.

The self-amplifying mRNA-based vaccines (SAM) vaccine technology is capable of swift and cost-effective vaccines production.

These can be used for both therapeutic and prophylactic purposes, as shown by various preclinical and clinical projects.
	It needs an efficient delivery and expression into the cytoplasm, due to the plasma membrane hinders the entry of mRNA.

Safety issues with reactogenicity have been reported for various RNA based vaccines.

Local and systemic inflammatory responses, possible development of autoreactive antibodies, persistence, and bio-distribution of induced immunogenic responses.

Toxic effect of delivery system components and non-native nucleotide

May need extremely low temperatures for storage and transportation.

Mutation in the S protein increases the possibility that the vaccine will not be very effective in the long term.

The price of mRNA vaccines is higher (US$30−40 per shot) than conventional or viral vector-based vaccines (US$2−5).
	[13,33,112,116,263,264]



	DNA vaccine
	Fast to produce, scalable, noninfectious and reusable platform.

DNA vaccine encodes the antigen and an adjuvant, will induces the adaptive immune response.

Stimulating effective humoral as well as cell-mediated immune responses.

The synthetic DNA is temperature stable and cold-chain free.

It can be developed at an accelerated pace. It does not require the handling of the infectious viral particle.

Stable at room temperature.

DNA vaccines have low production cost when compared to protein vaccines.

Enhanced stability for transportation and storage and can be administered to immunocompromised patients.
	It may need special delivery devices.

Though it elicits both Cytotoxic and humoral immunity, the titer remains low.

Insertion of foreign DNA into the host genome may cause abnormalities in the cell.

May induce the antibody production against itself.

In human and large animals, DNA vaccine causes lower immunogenicity in comparison to inactivated vaccines.

Autoimmune responses and DNA integration in the host genome may occur.

Require multiple booster doses.
	[13,33,112,263,265]



	ASO-based therapy
	Acquisition of the target sequence provides immediate knowledge of putative complementary oligonucleotide therapeutics.

They can be used for antigen modification of whole-cell immunogens or as a vaccine adjuvant by enhancing the host immune response.

Block the expression of specific target genes via complementary hybridization to mRNA. Have high specificity and a well-known mechanism of action.
	Insufficient stability and low cellular delivery have not been sufficiently resolved to achieve effective and safe ASO-based vaccines.

ASOs bioavailability and the occurrence of potential off-target effects.

The possibility of toxicity by immune overstimulation needs to be deeply studied.
	[240,266,267]



	miRNAs-based therapy
	Promising approach against heart failure or cardiovascular diseases, neurological disorders, tumorigenesis, and viral infection.

Promising therapeutic avenue for future antiviral applications, where it will facilitate the diagnosis and improve the treatment of COVID-19 infection.

Potent epigenetic regulators which stimulate the innate and adaptive immune system.

miRNAs-based therapeutics could be used in the nanovaccines that are specific with minimal off-target effects.
	Less specific due to miRNAs- mediated therapeutics as miRNAs can hybridize with mRNA having partially complementary sequences

Can target an entire immune pathway.

Various miRNAs with multi-step maturation need several strategies to enhance miRNA’s function and develop miRNAs-based therapeutics against COVID-19.

May cause adverse effects on the host genome.

May target several signaling pathways and critical cellular processes.

Unstable nature of RNA molecules

The requirement for targeted delivery based on its site of action.
	[33,173,208,268]



	siRNAs-based therapy
	It does not require translation of mRNA, is programmable, scalable, stable, and able to repress coronaviruses potently.

siRNAs are more specific than miRNAs- mediated therapeutics as miRNAs have then the ability to hybridize with mRNA having partially complementary sequences.

It has also been shown to be an effective adjuvant for DNA vaccines.

Therapeutically effective ASOs are heavily modified, so they do not require a delivery carrier.

This limited downstream processing during manufacturing decreases production-associated costs.

Allows for addressing the root cause of the infection rather than palliating only the symptoms of the disease both in prophylactic or curative settings

Low cost of production to manufacture and easy to design
	A siRNA against the Leader sequence was relatively less effective (∼50%, estimated).

Limited effectiveness and potential toxicity effects in the early applications.

Their efficient delivery to relevant cells in the lung is the next hurdle.
	[33,165,167,240,248,264,265,269]



	CRISPR–Cas based therapy
	Strong antiviral and diagnostic technology platform for a wide variety of ssRNA viruses.

Can be used as therapeutic tools for SARS-CoV-2 infection.

Can target different regions of a virus or different coronavirus strains simultaneously with the crRNA pool, preventing possible viral escapes.

Promising strategy to combat pan-coronaviruses that will occur in pandemics.

Can successfully target and cleave the RNA sequences of SARS-CoV-2 fragments and IAV in lung epithelial cell cultures.

It is a genetic strategy that can target conserved regions, hence prevent the virus to escape inhibition through mutation.

RNA-targeting CRISPR effectors could offer a future promising possible antiviral approach.

Cas13 could be programmed to target and destroy a wide variety of mammalian viruses.
	The presence of pre-existing antibodies to CRISPRs33.

The need to translate the packaged CRISPR mRNA and gRNA in virus infected cells will hinder the clinical translation of this approach.

CRISPR systems may be more costly and perhaps toxic than all other systems.

Further validation in animal models earlier than clinical checks in humans is required.
	[153,159,167,239]
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