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The coronavirus disease-19 (COVID-19) is caused due to the infection by a unique single stranded enveloped RNA virus, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). The COVID-19 has claimed many lives around the globe, and a promising solution to end this pandemic is still awaited. Till date neither an exact antiviral drug nor a vaccine is available in the market for public use to cure or control this pandemic. Repurposed drugs and supportive measures are the only available treatment options. This systematic review focuses on different treatment strategies based on various clinical studies. The review discusses all the current treatment plans and probable future strategies obtained as a result of a systematic search in PubMed and Science Direct database. All the possible options for the treatment as well as prophylaxis of COVID-19 are discussed. Apart from this, the article provides details on the clinical trials related to COVID-19, which are registered under ClinicalTrials.gov. Potential of drugs based on the previous researches on SARS-CoV, MERS-CoV, Ebola, influenza, etc. which fall under the same category of coronavirus are also emphasized. Information on cell-based and immunology-based approaches is also provided. In addition, miscellaneous therapeutic approaches and adjunctive therapies are discussed. The drug repurposing options, as evidenced from various in vitro and in silico models, are also covered including the possible future solutions to this pandemic.

Keywords: COVID-19, SARS-CoV-2, vaccine, convalescent plasma therapy, drug repurposing


INTRODUCTION

Coronavirus disease-19 (COVID-19) is a rapidly transmitted respiratory disease that has recently attracted the worldwide public health attention since its declaration as a pandemic by the World Health Organization (WHO) on March 11, 2020 (WHO, 2020). Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the novel coronavirus responsible for COVID-19, primarily attacks the human respiratory system. Several upsurges of coronaviruses have previously occurred, like the severe acute respiratory syndrome (SARS) and the Middle East respiratory syndrome (MERS); both syndromes were considered as significant public health warnings (De Wit et al., 2016). In December 2019, some patients in China were diagnosed with pneumonia of an undetermined underlying cause (Bogoch et al., 2020; Lu H. et al., 2020). Early reports anticipated the start of a new coronavirus upsurge that was named by the WHO as COVID-19, on February 11, 2020. The high rate of human-to-human transmission of COVID-19 infection resulted in the necessity of patients’ isolation and a great urge for social distancing (Rothan and Byrareddy, 2020; Zhao et al., 2020).

Severe acute respiratory syndrome coronavirus-2 is the most recently discovered species of the coronaviruses (CoV) that infects humans, and it is categorized as a new strain of beta CoV. The genetics of the virus revealed above 80% similarity to SARS-CoV and above 50% to the MERS-CoV that originated in bats (Lu R. et al., 2020; Nadeem et al., 2020). Studies have been conducted to find a reservoir host or intermediate transmitter of the newly emerging virus. Early reports assume that two snake species as major reservoir of COVID-19. But, no evidences have been confirmed for animals other than bats and mammals as coronavirus reservoirs (Bassetti et al., 2020; Ji et al., 2020). Human-to-human transmission has been regarded as a likely mode of COVID-19 infection based on disease spreading within families and among people who were not exposed to animals (Graham Carlos et al., 2020; Helmy et al., 2020). Human-to-human transmission has been suggested to happen by unmediated contact or via droplets that outspread by coughing or sneezing from a person infected with the virus. Accordingly, the WHO has advised for keeping a distance of 1.5–2 m between people to reduce the likelihood of infection by nose or mouth droplets. However, the possibility of virus conveyance by airborne droplets over a distance of 2 m has been suggested by recent studies (Setti et al., 2020; van Doremalen et al., 2020).

The commonly identified clinical symptoms of COVID-19 disease are fever, dry cough, shortness of breath and excessive tiredness. Minor signs comprise of headache, sputum production, diarrhea, and lymphopenia (Borah et al., 2020; Ren et al., 2020). The symptoms, as mentioned earlier, are mostly revealed after an incubation period of about five days (Li Q. et al., 2020). A chest computed tomography (CT) scan in people with COVID-19 presents the clinical features of pneumonia (Huang et al., 2020). However, there are additional abnormal manifestations, including acute respiratory distress, severe cardiac side effects, and the presence of ground glass like opacities were found in sub-pleural areas of lungs in many cases. These opacities are likely to cause systemic and localized immune reactions that result in an elevated inflammatory response. Sorrowfully, the treatment of some cases with interferon did not exhibit promising clinical effects. Instead, the pulmonary opacities showed progression with consequent worsening of the condition (Dong D. et al., 2020; Lei et al., 2020). Recently it was found that the disease exhibits a broad spectrum of clinical signs and symptoms. Various case studies reported the involvement of all the vital organs of the body including heart, lungs, GIT, liver, kidneys, and central nervous system (CNS). In severe cases multisystem involvement can be seen and might lead to worse clinical outcomes as well as increased mortality (Gavriatopoulou et al., 2020).

No exact antiviral drug or vaccine against COVID-19 has been discovered yet. The only available option, other than using symptom alleviating agents, is utilizing broad-spectrum antiviral drugs comprising protease inhibitors and nucleoside analogs in an attempt to attenuate the viral infection (Lu, 2020). Amongst the antivirals that are recently recorded as having some effects against COVID-19 are oseltamivir (anti-flu drug), lopinavir/ritonavir (anti-human immunodeficiency virus; anti-HIV), and ganciclovir (Costanzo et al., 2020). High efficacy of the broad-spectrum antiviral remdesivir, which has been utilized for controlling the Ebola virus and the antimalarial agents like chloroquine and hydroxychloroquine, are also reported for controlling COVID-19 infection (Kumar et al., 2020; Ledford, 2020). Moreover, there are so many other molecules that are under development and testing. This article aims at reviewing the present and possible therapeutic options for the management of this emerging and widely spreading pandemic.



METHOD

We systematically searched the researches, reviews, and case reports in PubMed and Science Direct database, using the keywords COVID-19 and treatment, and selected the relevant articles. Some of the cross-references were also accessed. After selecting the potential agents for the COVID-19 treatment, again a search was conducted using the drug name AND COVID. The search is refined by the term “2020.” The paper includes all the possible treatment strategies as well as all clinical trials for treatment or prevention of COVID-19 which are registered in NIH ClinicalTrials.gov.



MECHANISM OF COVID-19 INFECTION AND POSSIBLE DRUG TARGETS

The spike glycoprotein on the viral envelope is a major determinant of entry of virus to host cells by binding with its cellular receptor, angiotensin converting enzyme 2 (ACE-2). The viral infectivity and fusion are due to a significant proteolytic cleavage episode, and through clathrin-dependent as well as independent endocytosis. Once entered into the cells, the viruses release RNA which will synthesize two polyproteins and structural proteins, and starts replication. Then, the formation of nucleocapsid takes place by the combination of genomic RNA and nucleocapsid protein. Finally, the vesicles with viral particles combine with plasma membrane and discharge the viruses (Li X. et al., 2020). Different therapeutic agents against COVID-19 target at one or more different stages of the replication cycle. The mechanism of replication COVID-19 inside host cell and possible drug targets are shown in Figure 1.
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FIGURE 1. Replication of SARS-CoV-2 and possible drug targets.


Various studies reported moderate to severe “cytokine storms” in severe patients. The “cytokine storm” which in turn leads to acute respiratory distress syndrome (ARDS), occurs due to the effects of combined action of several immunoactive molecules (Coperchini et al., 2020). This seems to be one of the most hazardous and life-threatening episodes in COVID-19. After binding to alveolar epithelial cells, the virus activates innate as well as the adaptive immune system. Following the SARS-CoV-2 infection macrophages are released as a response to inflammatory signals by type 2 cells. Cytokines are released by macrophages that in turn results in the release of more immune cells to the injury site. Cytokines cause vasodilatation also. Fluid accumulation in alveoli causes the damage of surfactant, and thus alveolar collapse which in turn affects the gas exchange. Further recruitment of neutrophils results in the release of reactive oxygen species (ROS) for destroying the infected cells. Also, the extensive release of cytokines occurs including interleukin-6 (IL-6), resulting in subsequent increase in the vascular permeability. This further leads to the entry of a large number of blood cells and fluid into the lungs, and causes dyspnea and respiratory failure (Zhang C. et al., 2020). The hyper-inflammation and cytokine storm syndrome is responsible ARDS and multi-organ failure. An illustration showing the effect of COVID-19 infection on the lungs is shown in Figure 2.
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FIGURE 2. Illustration of COVID-19 infection and its effect on the lungs. After SARS-CoV-2 infection, macrophages are released which subsequently causes cytokine release (cytokine storm). Further recruitment of neutrophills results in the release of reactive oxygen species (ROS) for destroying the infected cells. Further, fluid filling into the interstitial space and alveoli occurs.




CURRENT TREATMENT STRATEGIES

Identifying effective therapeutic agents to fight this pandemic is urgently needed in this scenario (Li H. et al., 2020). A simplified classification of therapeutic options against COVID-19 is presented in Figure 3.
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FIGURE 3. Therapeutic approaches against COVID-19.


Drug repurposing is the only fastest approach to find potential candidates as a preventive or therapeutic measure for this new deadly pandemic (Ekins et al., 2020). Trials with ivermectin and hydroxychloroquine are examples of such an approach. At the same time, a large number of current researches are based on the testing of proven antiviral agents for related infections caused by SARS-CoV as well as MERS-CoV. The latter approach of the use of existing antiviral agents with proven efficiency against coronaviruses seems to be more promising. This argument could be justified by the fact that SARS-CoV-2 also belong to the same class of beta coronaviruses like SARS-CoV and MERS-CoV. Details of clinical trials on drug candidates against COVID-19 are presented in Table 1.


TABLE 1. Details of clinical trials on drug candidates against COVID-19.
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Antiviral Agents


Remdesivir

Remdesivir is an investigational antiviral agent and also the first drug under clinical trial in the United States as an experimental cure for COVID-19 (Holshue et al., 2020). It possesses broad spectrum of action against different RNA viruses, such as MERS-CoV. Remdesivir and chloroquine are shown to be very efficient in the control of novel coronavirus infection in vitro (Li Q. et al., 2020). To understand the mechanism of inhibition, in a recent study, the MERS-CoV non-structural proteins were co-expressed in insect cells as a part of the polyprotein. The research demonstrated that remdesivir acts by inhibiting the nucleotide analog of RNA-dependent RNA polymerase (Gordon et al., 2020). An investigation in rhesus macaque model infection of MERS-CoV on preventive as well as the therapeutic potential of remdesivir revealed that the drug could reduce damage to the lungs and inhibit virus replication when administered either previous to or following infection (De Wit et al., 2020). The active metabolite of remdesivir can interact with both the active sites of enzyme and can produce delayed chain termination as well as distorted excision due to the ribose 1’-CN group, which is responsible for the enhanced antiviral action than other existing analogs (Shannon et al., 2020). Nine out of the ten ongoing clinical trials aim to evaluate the antiviral activity of remdesivir in SARS-Cov-2 infection. One of the studies is purely for the assessment of the adverse effects of the drug.



Umifenovir (Arbidol®)

Umifenovir is an antiviral agent that acts through multiple pathways and is effective against a variety of enveloped as well as non-enveloped DNA and RNA viruses. It is used for prophylaxis as well as treatment of influenza. It has been in use for more than 25 years in Russia and 14 years in China (Blaising et al., 2014). Since in vitro studies proved the efficacy of this agent in SARS, it is being now used in the empirical therapy of COVID-19 in China (Song et al., 2020; Zhang J. et al., 2020). This drug is given orally for a maximum of 10 days at a dose of 200 mg, three times per day (Dong L. et al., 2020). In a study conducted in China, four patients administered with lopinavir/ritonavir, umifenovir, and one with traditional Chinese medicine along with essential support care. Three of them gained considerable relief from pneumonia, and two showed a negative viral test after the treatment period. The last patient with severe respiratory problems also showed significant improvement with this treatment procedure (Wang et al., 2020a). In a retrospective cohort study, 75% of the patients who took a combination of oral umifenovir and lopinavir/ritonavir recovered in 7 days as compared to 35% of patients who received lopinavir/ritonavir alone. And after 14 days, the viral clearance was achieved in 94% of the patients who received the drug combination, but it was only 69% in the other group (Deng et al., 2020). Also, umifenovir treatment could increase the discharging rate as well as a decline in the mortality rate(Wang et al., 2020b). Four trials are registered in ClinicalTrials.gov on umifenovir for COVID-19.



Lopinavir and Ritonavir

Both of these drugs are antiretroviral protease inhibitors and co-administration of these drugs improves the pharmacokinetics of both. Ritonavir is a potent inhibitor of microsomal enzyme cytochrome P-450 3A4, so co-administration of ritonavir leads to the increased bioavailability and half-life of the co-administered lopinavir (Cooper et al., 2003). Lopinavir/ritonavir is given two times per day in a dose of 400 mg/100 mg (Dong L. et al., 2020). After the lopinavir/ritonavir administration, coronavirus titers were null in a 54 years old male patient in Korea (Lim et al., 2020). In India, the Central Drugs Standard Control Organization agreed to use lopinavir/ritonavir therapy for 14 days with informed consent in high-risk categories who are symptomatic COVID-19 patients (Bhatnagar et al., 2020). Nevertheless, no benefit was observed in adult patients admitted in the hospital due to severe COVID-19 with lopinavir/ritonavir therapy beyond standard care (Cao et al., 2020). More similar remarks were noticed and accordingly, the benefits of this combination are still doubtful (Kupferschmidt and Cohen, 2020). As a result, experts opined that the effectiveness of remdesivir and lopinavir/ritonavir should be confirmed by a randomized controlled trial. A retrospective data of pediatric patients with confirmed COVID-19 shows that all 36 children received interferon-alfa (INFα), 14 received lopinavir/ritonavir, and 6 needed oxygen inhalation resulted in full recovery irrespective of the drug within 14 ± 3 days. Treatment with INFα along with lopinavir/ritonavir plus ribavirin showed a beneficial action in COVID-19 therapy (Yuan et al., 2020). At the same time, some reports expressed that the use of lopinavir/ritonavir along with adjuvant drugs should be encouraged for the treatment of patients with COVID-19 (Ye et al., 2020). More than 20 clinical trials are registered for the evaluation of this combination in COVID-19.



Favipiravir

Favipiravir, a derivative of pyrazine carboxamide, is a purine nucleic acid analog that interferes with the replication of the virus and inhibits RNA dependent RNA polymerase of RNA viruses. It possesses broad-spectrum antiviral activity and is effective against the influenza virus, bunyavirus, arenavirus, and filovirus (Du and Chen, 2020; Singh et al., 2020). An early result of a clinical trial reveals that favipiravir has more strong anti-viral activity than lopinavir/ritonavir with significantly less adverse effects (Chavez et al., in press; Zhai et al., 2020). Due to its efficacy on virus clearance, the Turkish ministry of health approved favipiravir for treating critical patients with Covid-19 pneumonia (Kodaz, 2020). Eleven clinical trials are registered for this drug in COVID-19.



Oseltamivir

It is a neuraminidase inhibitor that hinders the neuraminidase enzyme expressed on the surface of the virus. This enzyme is needed for the release of the virus from the cells. It is approved for the prophylaxis as well as for the treatment of influenza (Li et al., 2012). Five trials are registered for this drug in COVID-19 treatment and details are given in Table 1.

In the study by Ding et al. about the clinical characteristics of COVID-19 patients, all the 115 subjects received oseltamivir along with antibiotics and oxygen inhalation and all recovered without the need for intensive care unit (ICU; Ding et al., 2020). A 71-year-old woman tested positive for COVID-19 with a childhood history of psoriasis pointed out exacerbation of psoriasis after oseltamivir and hydroxychloroquine treatment. Hydroxychloroquine inhibits epidermal transglutaminase, which leads to the collection of the epidermal cells, and to date, there were no reports that oseltamivir may affect psoriasis. Thus, it could be reasonably argued that hydroxychloroquine may lead to a global increase in the number of psoriasis (Kutlu and Metin, 2020).

In the study conducted by Huang et al. (2020), all the 41 patients were given empirical antibiotic treatment, and 93% received oseltamivir also, but the results are yet to be known. A 43-year-old female patient was recovered and discharged from the hospital after the use of oseltamivir along with traditional Chinese medicine. Unfortunately, this patient showed a positive SARS-CoV-2 test again after 22 days of hospital discharge, however, convalescent plasma therapy (CPT) along with other measures made her condition better (Chen D. et al., 2020; Luo, 2020).



Ribavirin

Ribavirin is a guanosine analog and nucleoside inhibitor to stop viral RNA synthesis. It was widely used to treat SARS in combination with or without steroids in severe cases. Virtual screening of some FDA approved medicines against SARS-CoV-2 main protease (Mpro) has been done and found that ribavirin, telbivudine, vitamin B12, and nicotinamide has an excellent docking score and can be made use in the treatment of COVID-19 (Kandeel and Al-Nazawi, 2020). In another molecular docking study, it was found that ribavirin, galidesivir, sofosbuvir, remdesivir, and tenofovir are effective agents in the treatment of COVID-19 since these drugs can tightly bind to the viral RNA dependent RNA polymerase (Elfiky, 2020). Since ribavirin shows the adverse effect of decreasing hemoglobin levels, it is not recommended for patients with respiratory distress (Jean et al., 2020). Out of the two clinical trials registered for this drug, one is completed, but results are not yet available.



Cell-Based and Immunological Products


Monoclonal Antibodies

In COVID-19 infection, activation of a huge number of mononuclear macrophages and T lymphocytes occur which results in the production of cytokines such as IL-6. This IL-6 will bind to the IL-6 receptor on the target cells, which leads to cytokine storm as well as dangerous inflammatory responses in the lungs and other organs (Xu et al., 2020).

Tocilizumab, a humanized monoclonal antibody that acts as a blocker of the IL-6 receptor, can bind to the IL-6 receptor with high affinity. It can prevent IL-6 itself from binding to its receptor, making it unable to injure the target cells, and lessen the inflammatory responses (Zhang C. et al., 2020). Its use is considered as one of the latest treatment strategies against COVID-19 (Bersanelli, 2020). The results of a retrospective study in fifteen COVID-19 patients, including moderate to critically ill, suggests that tocilizumab can be an efficient management option for patients with a risk of cytokine storms (Luo et al., 2020). Treatment with Tocilizumab, which blocks IL-6 receptors, results in notable outcomes like reduction in the elevated body temperature and improved respiratory function (Fu et al., 2020). Tocilizumab is also referred to as a promising choice for the treatment of the hyperinflammatory state associated with this infection in the second edition of “Vademecum for the Treatment of People With COVID-19” (Lombardy Section Italian Society Infectious And Tropical Diseases, 2020). In a COVID-19 patient with multiple myeloma, the treatment with tocilizumab was successful. The study recommends the need for randomized clinical trials for detailed evidence (Zhang X. et al., 2020). Further, several studies have been reported the use of tocilizumab as a promising treatment option for COVID-19 related respiratory failure (Bachanova et al., 2020; Bennardo et al., 2020; Buonaguro et al., 2020; Cellina et al., 2020; Ceribelli et al., 2020; Liu B. et al., 2020; Michot et al., 2020; Mihai et al., 2020).

Coronavirus neutralizing antibodies mainly aim the spike proteins on the surface of the virus, which mediate the entry into host cells. Receptor binding can generate irreversible conformational alteration in the spike proteins and thus inhibits the viral fusion with host cells (Wang C. et al., 2020). It is now suggested that CR3022, a SARS-CoV-specific human monoclonal antibody, has the potential to emerge as an agent against SARS-CoV-2, along with other neutralizing antibodies (Tian et al., 2020). Sarilumab, gimsilumab, lenzilumab, etc. are the other monoclonal antibodies in the trial. More than 40 clinical trials on monoclonal antibodies are registered, including those on tocilizumab, sarilumab, gimsilumab, and lenzilumab. Details of selected clinical trials on biological agents against COVID-19 are provided in Table 2.


TABLE 2. Details of clinical trials on biological agents against COVID-19.
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Interferons

Interferons are signaling proteins and have antiviral activity. Viruses trigger the release of interferons by the host cells. Type 1 interferons possess a wide range of antiviral effects in vitro and a recent clinical trial proved its efficacy in the treatment of MERS-CoV. With regard to this, interferon wastried in clinical trials as a treatment option for COVID-19. The β subtype is found more promising, and the treatment in the early stages of the infection is recommended (Sallard et al., 2020). The combination of ribavirin and INFα has been the most commonly used therapy to treat MERS outbreaks in South Korea (Kim et al., 2016). Due to the effectiveness of this therapy, this combination is recommended to treat COVID-19 infection in the fifth edition of the National Health Commission’s Regimen of China (Du et al., 2020).



Mesenchymal Stem Cells

The human umbilical cord mesenchymal stem cell (MSC) possesses outstanding immunomodulatory and strong anti-inflammatory functions with proper safety (Metcalfe, 2020). Liang et al. (2020) reported that treatment with allogeneic human umbilical cord MSCs in a 65-year-old critically ill female patient with COVID-19 showed a significant and positive outcome with good tolerance. So this kind of therapy is an ideal choice for the management of seriously ill COVID-19 patients (Liang et al., 2020). In another study, seven patients who are dangerously ill with COVID-19, MSCs therapy significantly improved their condition without any adverse effects (Leng et al., 2020). Therefore, MSC therapy is a safe and effective option for critical cases of pneumonia associated with COVID-19. Even though the results are promising, proper clinical investigations are required for these kinds of cell-based therapies (Khoury et al., 2020). A total of 29 clinical trials are registered for the efficacy and safety evaluation of MSCs in COVID-19.



Convalescent Plasma Therapy

Convalescent plasma therapy is considered one of the advanced options sought for the treatment of COVID-19 (Zhao and He, 2020). Convalescent or immune plasma is the plasma collected from individuals who are cleared of infection with a sufficient amount of developed and antibodies. Convalescent plasma therapy will help to get immediate immunity for a short time in susceptible individuals (Bloch et al., 2020). Neutralizing antibodies are critical in virus clearance and vital in defense against various viral diseases. Passive immunity achieved due to convalescent plasma can provide neutralizing antibodies that can control the infection. In addition to antiviral action, convalescent plasma can also cause immunomodulation. Some antibodies can cause the inhibition of complement cascade and thus can control the formation of immune complexes. Convalescent plasma has anti-inflammatory effects also due to the action of a network of autoantibodies and can manage an overactive immune system. The effectiveness of this therapy is highly related to the concentration of neutralizing antibodies in the collected plasma (Rojas et al., 2020). A brief mechanism of CPT is depicted in Figure 4.
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FIGURE 4. Schematic representation of the convalescent plasma therapy along with its mechanisms of action. A person recovered from COVID-19 infection produces a sufficient amount of specific antibodies in 12–14 days. The plasma with neutralizing antibodies mainly IgM and IgG can be transferred to produce immediate immunity in suspected or infected persons. IgG and IgM anti-SARS-CoV-2 antibodies will bind to specific sites and neutralize the virus.


Despite this apparent advantage, several challenges are also associated with CPT such as anaphylactic reactions, transfusion transmitted infections, transfusion associated acute lung injury, circulatory overload, hemolysis, etc. Owing to the importance of this approach, the possibilities and challenges of CPT are now well discussed and described (Roback and Guarner, 2020).

From the previous studies related to SARS, it was reported that CPTresulted in a shorter hospital stay period as well as a lower death rate as compared to the control group (Soo et al., 2004; Cheng et al., 2005; Chen L. et al., 2020). Five seriously sick patients with COVID-19 showed promising results when received plasma transfusion. After the transfusion, body temperature and viral loads were declined and turned to negative within 12 days (Shen et al., 2020). In another study, a single dose of 200 mL of convalescent plasma antibody titers over 1:640 was transfused to 10 patients along with antiviral agents and supportive measures. The results confirmed that this therapy was well tolerated and could be able to neutralize viremia in critical COVID-19 cases (Duan et al., 2020).

In April 2020, the US FDA permitted CPT in dangerously sick patients with COVID-19 (Tanne, 2020). Two COVID-19 patients with severe pneumonia and ARDS showed a positive result by CPT along with corticosteroids (Ahn et al., 2020). A good number of clinical trials are registered for studying the safety and efficacy evaluation of CPT in COVID-19 patients (Table 3). Many clinical results showed that CPT produces remarkable improvement in clinical symptoms as well as radiological and biochemical parameters related with the SARS-CoV-2 infection (Bakhtawar et al., 2020).


TABLE 3. Details of convalescent plasma therapies at clinical trials.
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Vaccines

Vaccine development needs many years to reach the market under normal circumstances. Fortunately, the data generated in the research on SARS-CoV as well as MERS-CoV helped in an express design and development of the COVID-19 vaccine. Thus, within three months of the emergence of COVID-19, a specific vaccine candidate entered Phase I clinical trials, and WHO announced the news of the availability of licensed vaccine for widespread use by the middle of 2021. Presently, different SARS-CoV and MERS-CoV vaccine candidate are in clinical trials against COVID-19. At the same time, thorough investigations are required urgently to study the risk of immune enhancement. Therefore, along with early clinical trials, clinical evidence is also needed to support the possibility of immune enhancement (de Alwis et al., 2020). According to the latest WHO report there are more than 169 COVID-19 vaccine candidates currently under clinical trials. Among these clinical candidates, 26 are in the various phase of human trials and 10 reached up to phase 3 of the clinical trial. Figure 5 shows some of the ongoing vaccine trials in lead which are specific to COVID-19.
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FIGURE 5. Some of the ongoing vaccine trials in lead which are specific to COVID-19.




Miscellaneous/Adjunctive Therapy


Traditional Chinese Medicine

Various Traditional Chinese Medicines like Shuanghuanglian oral liquid and Lianhuaqingwen capsule were also tried for treating SARS-CoV-2 infection and found satisfactory outcome. Some of them, like YinHu QingWen, Fuzheng Huayu, are in registered clinical trials (Wang L. et al., 2020). A total of 8 clinical trials are registered for the evaluation of the effectiveness of Traditional Chinese Medicine.



Vitamins

An adequate level of vitamin D is required to suppress the adhesion molecule (CD26), which helps in invasion to host cells. Since, vitamin D deficiency leads to increased risk of respiratory infections, supplementation with adequate dose is highly recommended in high-risk categories (McCartney and Byrne, 2020). Clinical studies show that a large dose of vitamin C can prevent viral infections. Thus, early use of antioxidants like vitamin C in large doses may be helpful to fight COVID-19 (Cheng, 2020).



Corticosteroids

Even though corticosteroids are used as adjuvant therapy in COVID-19 infection, WHO and the United States Centre for Disease Control and Prevention recommend that it should not be regularly used in COVID-19 patients, except indicated for other conditions. Low to moderate doses with close monitoring as a short course may be beneficial. More than ten trials are registered for the evaluation or comparison of the safety as well as efficacy of different corticosteroids in COVID-19 (Rosa and Santos, 2020).



Thalidomide

The severe lung injury in COVID 19 may be related to the extreme immune response as a result of cytokine storm. Thalidomide is an immunomodulatory agent, and it can stimulate T cells, decrease TNF-α production, and enhance the secretion of interleukins and natural killer cells. Its anti-inflammatory role is due to the capacity to reduce TNF-α by enhancing the degradation of mRNA in blood cells. Two trials are registered to test the safety and effectiveness of thalidomide in treating moderate or severe COVID-19 (Newfield, 2018).



Drug Repurposing Approach


Chloroquine or Hydroxychloroquine

Chloroquine is a popular drug used for the prophylaxis of malaria and amebiasis and also to treat autoimmune diseases like rheumatoid arthritis and lupus erythematosus. A wide range of mechanisms has been proposed for the action of chloroquine (Cortegiani et al., 2020). By altering the binding of the virus to the cell surface receptor, it can hold back the pre-entry step to the host cell (Vincent et al., 2005). Also, it can impair pH reliant endosome dependent entrance of enveloped viruses like chikungunya and dengue viruses (Gay et al., 2012; Wong and Chu, 2018). Post-translational variation of viral proteins can also be damaged by chloroquine. It can also spoil the viral protein maturation (Devaux et al., 2020). In addition, it acts as an immunomodulatory agent by the regulation of pro-inflammatory cytokines and cell signaling.

Several trials on the effectiveness of this agent have been found to be registered in the Chinese Clinical Trial Registry. Based on this, Liu and associates examined the antiviral action of hydroxychloroquine and chloroquine against COVID-19 in vitro. It was found that both the agents elevate the intracellular organelles’ pH, which is critical in membrane fusion. Both the drugs were able to exert their actions to inhibit the viral entry as well as at some post-entry stages. It was found that the drugs could block the transport of the virus from the early endosomes to endolysosomes, which is essential for the release of the viral genome. The study concludes that hydroxychloroquine is as effective as chloroquine for the in vitro inhibition of SARS-CoV-2 infection with comparatively less toxicity (Liu J. et al., 2020). A survey in a University Hospital in Marseille reassured the disappearance or decrease of viral load in hydroxychloroquine treated patients, and the result is reinforced by concomitant use of azithromycin (Gautret et al., 2020).

Wang and associates demonstrated the effectiveness of chloroquine at entry as well as post-entry phases of COVID-19 infection in vitro cell lines. Further, the immune modulation property can induce synergism in its antiviral activity in vivo (Wang M. et al., 2020). Still, there is an opinion that the option of using chloroquine for the treatment of COVID-19 should be properly analyzed in light of the new hopeful declarations, by considering the possible side effects (Colson et al., 2020; Touret and de Lamballerie, 2020). Chloroquine causes under expression of phosphatidylinositol binding clathrin assembly protein and thereby affects endocytosis (Hu et al., 2020). Meanwhile, the assessment of safety and efficiency of chloroquine for treating COVID-19 demands the need for safety data from urgent high-quality trials from various geographical areas (Cortegiani et al., 2020). Interestingly, chloroquine phosphate shortened the course of the disease in clinical trials and thus seems to be better than the control, for the inhibition of pneumonia (Gao et al., 2020) Also, in vitro study revealed that hydroxychloroquine shows the more powerful effect as compared to chloroquine (Yao et al., 2020). As of now, more than 40 clinical trials are registered to assess and/or compare the effectiveness and/or safety of chloroquine and hydroxychloroquine.



Metronidazole

Metronidazole is another nucleic acid synthesis inhibitor and a potential candidate which can counter most of the immunopathological symptoms of SARS-CoV-2 infection. In vitro as well as in vivo studies proved that this drug could reduce cytokine levels, which are generally increased during this disease. In vitro studies proved that metronidazole at high doses had a marked inhibitory effect on lymphoproliferative assay (Fararjeh et al., 2008; Rizzo et al., 2010). Also, it can reduce neutrophil-generated ROS in the event of inflammation. But studies with a big number of groups are needed to prove its effectiveness (Gharebaghi et al., 2020)

Sofosbuvir, an FDA approved nucleotide polymerase inhibitor mainly used for the management of hepatitis C is under test by a Chinese research foundation (Vellingiri et al., 2020). Previously sofosbuvir was used along with ribavirin and interferon. The use of sofosbuvir is reported in the management of the Zika virus also (Cheema et al., 2019).



Some Other Potential Agents

Baricitinib, carfilzomib, indinavir, baloxavir, ruxolitinib, fedratinib, and azvudine are some other potential agents to treat this respiratory disease (Peter et al., 2020). Among these, fedratinib, baricitinib, and ruxolitinib are potent anti-inflammatory agents and powerful Janus kinase inhibitors (Stebbing et al., 2020) which are approved for rheumatoid arthritis and myelofibrosis. It is reported that these drugs are effective to control the increased levels of cytokines usually observed in COVID-19 patients (Stebbing et al., 2020). Twelve clinical trials have been registered to evaluate the efficacy and safety of ruxolitinib in COVID-19 patients. Baricitinib is not considered an ideal choice for the treatment of COVID-19, since it may enhance the chance of co-infection and increase the incidence of anemia (Praveen et al., 2020). Eight clinical trials are registered for the evaluation of the efficacy of baricitinib in COVID-19 patients. The immune-modulating and anti-inflammatory agents are not usually recommended in pneumonia associated with COVID-19. Nevertheless, as per the pathology of pulmonary edema as well as the formation of hyaline membrane, it could be reasonably assumed that well-timed and appropriate therapy with immunomodulators along with other supportive measures may save the COVID-19 patients from ARDS. Based on these considerations, one clinical trial is going on for the evaluation of fingolimod, an immunology modulator generally used in multiple sclerosis (ClinicalTrails, 2020).

Nitazoxanide is an antiprotozoal drug with a broad-spectrum antiviral activity, which can also reduce the production of pro-inflammatory cytokines (Kelleni, 2020). With regard to this feature, it has been registered for studies in more than 6 clinical trials as monotherapy or as combination therapy for the management of COVID-19 (ClinicalTrails, 2020).

Severe acute respiratory syndrome coronavirus-2 infection depends on ACE2 and TMPRSS2 proteins on the host cell surface and these can be blocked by protease inhibitors (Nadeem et al., 2020). Camostat mesylate is a synthetic serine protease inhibitor that can inhibit TMPRSS2 protein in lung cells (Hoffmann et al., 2020; McKee et al., 2020). Nafamostat mesylate, another TMPRSS2 serine protease inhibitor, may also prevent the entry of virus into the host cell. Cell culture experiments proved that nafamostat mesylate inhibited SARS-CoV-2 infection in SARS-CoV-2 infected Vero E6 cells (EC50 = 22.5 μM) (Wang M. et al., 2020). There are numerous similarities in clinical, pathological, and laboratory findings of moderate to severe SARS-CoV-2 infection and haemophagocytic lymphohistiocytosis. The possibility of etoposide may be considered for treating haemophagocytic lymphohistiocytosis associated with moderately severe or severe forms of SARS-CoV-2 infection (Hamizi et al., 2020). The viroporine channel of COVID-19 can be effectively blocked by amantadine and thus can prevent viral genome release into the cytoplasm. Therefore, amantadine can be used to mitigate the effects of COVID-19 if used in an early stage of infection (Abreu et al., 2020). Niclosamide is another potential option since it can block endocytosis and autophagy of SARS-CoV-2 (Pindiprolu and Pindiprolu, 2020).

Drug repurposing approach by in silico studies will give potential clues about the agents which might be helpful to fight this deadly virus. It was found that lopinavir, galidesivir, asunaprevir, CGP42112A, remdesivir, indinavir, ABT450, ritonavir, and methisazone can interact with more than two protein structures of COVID-19. Among these, HIV protease inhibitors exhibited excellent outcomes in docking studies (Shah et al., 2020). Similarly, Wu and associates carried out an analysis by computational methods for discovering therapeutic targets of novel coronavirus as well as predicting potential medicines. The study reports more than 50 natural compounds and more than 50 drugs which may be considered for further studies for the treatment of COVID 19 (Wu et al., 2020). In a study using the drug-target interaction model, atazanavir, remdesivir, efavirenz, ritonavir, dolutegravir, lopinavir, darunavir showed good inhibitory potency, with atazanavir in the first position, followed by remdesivir (Beck et al., 2020). When docking was performed with solvent molecular dynamics on several natural compounds, compounds like 5,7,3’,4’-Tetrahydroxy-2’-(3,3-dimethylallyl) isoflavone, myricitrin, and methyl rosmarinate were observed to be the most promising agents against COVID-19 (ul Qamar et al., 2020). Muralidharan et al. conducted computational studies to understand the synergism of lopinavir, ritonavir, and oseltamivir. They found that the combination of these three drugs resulted in superior binding energy as compared to the individual agents (Muralidharan et al., 2020).

Based on Feline Infectious Peritonitis Strategies, Olsen et al. (2020) suggested the use of nelfinavir and amodiaquine for the treatment of SARS-CoV-2 infection with a potential CNS invasion. In vitro study in Vero-E6 cells showed that remdesivir and lopinavir inhibit the replication of SARS-CoV-2 with EC50 at 23.15 and 26.63 μM concentrations, respectively. At the same time, homoharringtonine and emetine have EC50 values of 2.55 and 0.46 μM, respectively, for the inhibition of SARS-CoV-2 replication. In addition, a synergistic effect for the combination of remdesivir and emetine has been also observed (Choy et al., 2020). It may be noted that a 60-year-old immunocompromised female cancer patient on darunavir/cobicistat along with hydroxychloroquine was able to leave the hospital within six days, which shows the potential of darunavir/cobicistat even in immunocompromised patients (Spezzani et al., 2020).

RAC/CDC42-activated kinases (PAK1) are required for the pathogenic process of different kinds of viruses including SARS-CoV-2. Therefore, PAK1 blockers like melatonin, propolis, cicloresonide, some anti-malaria drugs like ivermectin, and ketorolac could act as promising agents against COVID-19 (Maruta and He, 2020). Ivermectin is a broad-spectrum anti-parasitic agent approved by the FDA. An in vitro study demonstrated that it can cause a 5000 times decrease in SARS-CoV-2 viral RNA in 48 h and it needs further investigation and clinical trials as a promising therapeutic agent against COVID-19 (Caly et al., 2020). This study received wide attention which finally led USFDA to issue a letter clarifying that the study tested ivermectin neither in humans or animals. The letter also warned the use of ivermectin containing veterinary products in humans (FDA, 2020). The mechanism of action and dose of some potential drugs against COVID-19 are given in Table 4.


TABLE 4. The mechanism of action and dose of potential drugs against COVID-19.
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PERSPECTIVES

Hopefully, several perspectives and hypotheses are available related to the treatment and prophylaxis against COVID-19. Some of them appear interesting and promising for further consideration and studies. In such a perspective, it is mentioned that ATP has a crucial role in cellular function and cyclic ATP depletion can cause cellular dysfunction including immune cells. ATP-repletion can prevent the “cytokine storm” in COVID-19 and increase the cellular energy to fight against the virus (Taghizadeh-Hesary and Akbari, 2020). Other than the antiviral activity chloroquine/hydroxychloroquine cause the movement of extracellular zinc into intracellular lysosomes and thus hinders the enzyme RNA polymerase which is required for viral replication. Zinc deficiency is commonly seen in geriatrics and also in patients with diabetes, chronic pulmonary disease, cardiovascular diseases, etc. Therefore, zinc supplementation along with chloroquine therapy may reduce the mortality and morbidity rate in COVID-19 (Derwand and Scholz, 2020). Copper is a very important micronutrient required for the functioning of vital immune cells like B cells, helper T cells, natural killer cells, macrophages, etc. Therefore, enhancement of plasma level of copper may boost the immune system and may act as a preventive or therapeutic measure against COVID-19 (Raha et al., 2020). If COVID-19 results in long term cardiopulmonary damage, cardiopulmonary rehabilitation is required; exercise can be considered as a therapy of choice. Since physical movement of many people has become less in this pandemic situation, therefore exercise should be given prime importance. It is proposed that exercise may help in lowering the risk of SARS-CoV-2 infection by minimizing cardiopulmonary sequel in the recovery period (Heffernan and Young Jae, 2020). In a hypothesis, it is postulated that the immunologic effect and enhancement of antibody production by diethylcarbamazine could confer its anti-COVID-19 effect. Diethylcarbamazine is expected to show the immunologic effects by the inhibition of lipoxygenase (LOX) and cyclooxygenase (COX) enzymes (Abeygunasekera and Jayasinghe, 2020). In a similar hypothesis, montelukast is suggested to be useful in restraining the progression of the disease. The anti-inflammatory effect, suppression of oxidative stress, and reduced cytokine production are supposed to facilitate the effect (Fidan and Aydoğdu, 2020). Clinical researches proved the benefit of surfactant treatment in patients with ARDS (Walmrath et al., 1996). Also it was found that early administration of natural lung surfactants can improve the pulmonary function in adult patients with severe respiratory distress syndrome (Mirastschijski et al., 2020). Surfactant based prophylactic management as well as therapy can be considered as another promising strategy (Pramod et al., 2020).



CONCLUSION

This review provides an overview of the current treatment strategies, ongoing clinical trials, and potential future options based on published research and registered clinical trials related to the COVID-19. The basics of SARS-CoV-2, the virus, and COVID-19, the disease, are provided. It was noted that none of the present therapies or strategies could be an absolute solution to end this pandemic. The drugs which have a repurposing option are selected based on its activity against RNA viruses like SARS-CoV, MERS-CoV, influenza virus, and Ebola virus. The hope of the successful vaccine, other immunological products, and cell-based therapeutics is still alive. Convalescent plasma therapy is successful in some cases. At present, it could be seen that none of the presently available approaches or drugs was able to stop this pandemic. The results of many clinical trials are yet to be announced. Further, the suggested future potential solutions seem to be promising to end this pandemic.
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The COVID-19 pandemic caused by novel SARS-CoV-2 has resulted in an unprecedented loss of lives and economy around the world. In this study, search for potential inhibitors against two of the best characterized SARS-CoV-2 drug targets: S1 glycoprotein receptor-binding domain (RBD) and main protease (3CLPro), was carried out using the soy cheese peptides. A total of 1,420 peptides identified from the cheese peptidome produced using Lactobacillus delbrueckii WS4 were screened for antiviral activity by employing the web tools, AVPpred, and meta-iAVP. Molecular docking studies of the selected peptides revealed one potential peptide “KFVPKQPNMIL” that demonstrated strong affinity toward significant amino acid residues responsible for the host cell entry (RBD) and multiplication (3CLpro) of SARS-CoV-2. The peptide was also assessed for its ability to interact with the critical residues of S1 RBD and 3CLpro of other β-coronaviruses. High binding affinity was observed toward critical amino acids of both the targeted proteins in SARS-CoV, MERS-CoV, and HCoV-HKU1. The binding energy of KFVPKQPNMIL against RBD and 3CLpro of the four viruses ranged from −8.45 to −26.8 kcal/mol and −15.22 to −22.85 kcal/mol, respectively. The findings conclude that cheese, produced by using Lb. delbrueckii WS4, could be explored as a prophylactic food for SARS-CoV-2 and related viruses. In addition, the multi-target inhibitor peptide, which effectively inhibited both the viral proteins, could further be used as a terminus a quo for the in vitro and in vivo function against SARS-CoV-2.
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INTRODUCTION

In December 2019, a contagious respiratory illness emerged in the Wuhan city of China. This outbreak is rapidly evolving and brings concerns about the potential severe harms across the globe. With increasing cases of infections and reported death toll every day, millions of people are suffering in the insufficiency of specific strategies to treat or prevent such attacks. The causative organism of this outbreak is a novel viral entity belonging to the genera of β-coronavirus, which was eventually identified by the International Committee on Taxonomy of Viruses (ICTV) as Severe Acute Respiratory Syndrome Coronavirus 2 or SARS-CoV-2. Researchers are focusing on the development of vaccines and bioactive metabolites from natural sources as therapeutics (Corbett et al., 2020; Izda et al., 2020; Padhi et al., 2020). Among vaccines, two leading mRNA-based SARS CoV-2 vaccine candidates, mRNA-1273, and BNT162b1-b2 have demonstrated a robust anti-SARS-CoV-2 neutralizing antibody response in clinical trials (Anderson et al., 2020; Mulligan et al., 2020). The recent developments regarding this disease have identified vital viral proteins, the spike glycoprotein (S1), and the main protease (3CLpro) that are central to the virus entry and its life cycle inside the host (Hall and Ji, 2020). These human infecting β-coronavirus proteins contain conserved motifs and are considered as the best-characterized drug targets (Nadeem et al., 2020). The main protease consists of two identical subunits that together form two active sites and play an essential role in the processing of the RNA translated polyproteins (Ullrich and Nitsche, 2020; Zhang et al., 2020). On the other hand, S1 glycoprotein in a receptor-mediated interaction binds with human ACE2 (angiotensin-converting enzyme 2), and this facilitates the virus entry into the cell. Moreover, the receptor-binding domain (RBD) associated with S1 glycoprotein is a crucial factor in mediating the interaction with the human ACE2 (Prajapat et al., 2020; Wu et al., 2020). There is an urgent need to search for potent inhibitors that could effectively block these target proteins and lead to the discovery and development of novel therapeutics.

Fermented soy milk products formed as a result of controlled fermentation by lactic acid bacteria (LAB) have gained increasing attention for its nutritional quality and health-promoting attributes (Sirilun et al., 2017). In addition to nutritional essentials of the soy, fermentation offers a means of delivering specific indigenous microbes into the intestine where they can accomplish several functionalities like modulating the immune response, improving epithelial barrier function, or modifying indigenous gut microbiota (Nagino et al., 2018). The most common LAB responsible for soy milk fermentation belongs to the genus Lactobacillus that is ubiquitous in several niches. It has a safe history in the food processing industry. A majority of LAB have received the generally recognized as safe (GRAS) status by U.S. Food and Drug Administration (FDA) (Montel et al., 2014). Nevertheless, the current research is focused on bioactive peptides released during fermentation of soy milk, with products including ripened cheeses and yogurts becoming subjects of numerous studies. Emerging pieces of evidence support the potential of these peptides in preventing many infectious diseases and adverse health conditions (Pihlanto, 2006; Cicero et al., 2017). Furthermore, in silico approaches such as virtual screening and molecular docking have become very popular in designing and exploring these bioactive peptides as potential ligands to the protein targets linked with numerous diseases (Chi and Vargas, 2020).

In the present study, peptides identified from soy cheese fermented using Lactobacillus delbrueckii WS4, isolated from a traditional chhurpi cheese, were screened for in silico antiviral activity. Twenty-three selected peptide sequences were examined for binding affinity toward critical residues of SARS-CoV-2 RBD protein and important catalytic residues of the SARS-CoV-2 3CLpro enzyme using molecular docking. The conformations of the peptide-receptor showed promising binding affinity toward the targeted residues on the surface of both the viral proteins. Selected peptide demonstrating the highest affinity for both SARS-CoV-2 proteins were docked with RBD and 3CLpro of other β-coronaviruses including SARS-CoV, MERS-CoV, and HCoV-HKU1 to examine the potential broad-spectrum binding affinity of the peptide. This study represents a novel strategy toward the search for peptide-based therapeutics against SARS-CoV-2 and related viruses by investigating the inhibitory action of fermented soy milk-derived peptides on protein molecules responsible for host cell entry and viral replication.



MATERIALS AND METHODS


Sample Details

Proteolytic Lactobacillus delbrueckii WS4, isolated from curd obtained during traditional chhurpi production was revived by passing twice in de Man Rogosa and Sharpe (MRS) broth (Sigma-Aldrich, USA). Yellow soybean seeds for soy cheese production were purchased from the local market (Gangtok, Sikkim). Fermentation of freshly prepared soy milk was followed by the production of fresh soy cheese. The identification of peptides in soy cheese water-soluble extract (WSE) was done by LC-MS/MS analysis. PicoFrit column (60 cm, 360 μm outer diameter, 75 μm inner diameter, 10 μm tip) filled with 3.0 μm of C18-resin (Dr. Maeisch, Germany) was used to resolve peptide mixture. EASY-nLC 1000 system coupled to Thermo Fisher-Q Exactive (Thermo Fisher Scientific, USA) equipped with nano-electrospray ion source was used for mass spectrometric analysis. A total of 1420 peptides originating from different soy proteins, including glycinin, β-conglycinin, proglycinin, lectins, and trypsin inhibitors, were identified (unpublished data).



Target Receptors for SARS-CoV-2 Inhibition

Two major SARS-CoV-2 proteins, the receptor-binding domain (RBD) of S1 glycoprotein and the main protease (3CLpro) are involved in the host cell infection and viral replication, respectively. These proteins were selected as peptide targets in this investigation, and X-ray crystallographic structure of the proteins were retrieved from RCSB PDB (https://www.rcsb.org/). A 193 amino acid long (THR333.GLY526) 3D structure of RBD was processed from the crystal structure of RBD-ACE2 complex (resolution: 2.45 Å; PDB ID: 6M0J). The RBD comprises a core region that is stabilized by three pairs of cysteine residues, five beta pleated sheets organized in anti-parallel manner and a functional motif region known as a receptor-binding motif (RBM). RBM is supported by two alpha helices, two beta sheets, and connecting loops (Tai et al., 2020).

The second viral protein is the non-structural protein, a 3-chymotrypsin-like cysteine protease (3CLpro). This enzyme plays an essential role in the processing of polyproteins translated from viral RNA. Inhibition of the activity of this enzyme could block viral replication. Since the cleavage specificity of 3CLpro differs from that of human proteases, inhibitors of this enzyme are unlikely to be toxic to the human body (Zhang et al., 2020). The 3D structure of unliganded 3CLpro with 1.25 Å resolutions was retrieved (PDB ID: 6LU7). The enzyme is organized into three domains; domain I (8–101), II (102–184), and III (201–303). Domain I and II have antiparallel β barrel structure, while Domain III is a large antiparallel globular structure containing five α-helices. Doman III is connected to domain II by a loop (185–200).



Selection of Peptides by in silico Antiviral Activity Prediction

LC-MS/MS identified soy cheese peptides were screened for antiviral activity using the web servers AVPpred (http://crdd.osdd.net/servers/avppred/submit.php) (Thakur et al., 2012) and meta-iAVP (http://codes.bio/meta-iavp/) (Schaduangrat et al., 2019). AVPpred relies on a dataset of peptides (1,245 no.s) that have been experimentally checked for antiviral activity targeting important human viruses like influenza, HIV, HCV and SARS, etc. The prediction of antiviral activity by AVPpred was based on Support Vector Machine (SVM) models followed by 5-fold cross-validation. Sequence features, amino acid composition and effect of hydrophobic and amphiphilic amino acid residues in bioavailability and activity were analyzed. The other criteria include alignment of the query sequence with peptides in antiviral and non-AVP databases using BLASTP, analysis of physicochemical properties like overall charge, size, and secondary structure of the query peptide. The query peptides were analyzed by MEME (Multiple Em for Motif Elicitation)/MAST (Motif Alignment and Search Tool) (Thakur et al., 2012) for identification of AVP conserved motifs. Meta-iAVP uses “effective feature presentation,” extracted from a set of prediction scores derived from various machine learning algorithms and types of features (Schaduangrat et al., 2019). The peptide sequences predicted to be antiviral by both the web tools were in silico tested for toxicity using the ToxinPred web-server (Gupta et al., 2013), followed by molecular docking.



Molecular Docking Against Target SARS-CoV-2 Proteins

Construction of 3D structure of the selected peptides was done using PEPFOLD (Lamiable et al., 2016). PDB structure files of the target receptors and selected peptides were imported to Discovery Studio (DS). This was followed by cleaning and processing of the structures using the “prepare protein” tool. This tool is used for addition of missing residues and polar hydrogens, removal of unwanted water molecules and hetero atoms, inserting missing loops, charge assignment, and fixing CHARMM force field. The rigid-body protein-protein docking program DS-ZDOCK was used to study the possible interactions between peptides and target receptors. A Fast Fourier Transform (FFT) search algorithm, DS-ZDOCK, identifies docked conformations using a pair-wise shape complementarity function and scores hits based on atomic contact energies. Peptide-receptor conformations with the highest DS-ZDOCK scores were subjected to CHARMM and desolvation energy-based re-ranking of DS-ZDOCK predictions using the DS-RDOCK algorithm.



Comparative Study of Peptide Interactions With RBD and 3CLpro of β-Coronaviruses

Soy cheese peptide showing highest binding affinity toward RBD and 3CLpro of SARS-CoV-2 was selected for molecular docking against similar proteins of other β-coronaviruses. X-ray crystallographic RBD structures of SARS-CoV (PDB ID: 2AJF), MERS-CoV (PDB ID: 6C6Z), and HCoV-HKU1 (PDB ID: 5GNB) were pre-processed, and interaction of each RBD with the selected peptide was studied using ZDOCK and RDOCK programs. Similarly, molecular docking of the selected peptide was performed individually with 3CLpro of SARS-CoV (PDB ID: 1UK4), MERS-CoV (PDB ID: 5WKK), and HCoV-HKU1 (PDB ID: 3D23). Molecular docking experiments and energy calculations were performed using BIOVIA Discovery Studio Client v20.1.0.19.295, 2020 (BIOVIA Solutions, San Diego, California, US).




RESULTS


In silico Antiviral Prediction of Soy Cheese Peptides

A total of 1420 peptides were identified by LC-MS/MS analysis of aqueous extracts of soy cheese prepared using Lb. delbrueckii WS4. Screening of these peptides by two different predictive web servers resulted in the selection of 23 peptides having antiviral activity. Most of the selected peptides had an uncharacterized soy protein source, while other peptides were derived from a variety of soy proteins, including β-conglycinin, proglycinin, seed maturation protein, and lectin (Figure 1).


[image: Figure 1]
FIGURE 1. Distribution of antiviral peptides among their proteins of origin in soy cheese produced using Lactobacillus delbrueckii WS4.


The physiochemical parameters of the selected peptides are detailed in Table 1. The computed molecular weight of the peptides ranged from 0.9 to 4.03 kDa. The isoelectric point of a protein is the measure of its charge with reference to the pH of its environment. The pI of SARS-CoV-2 RBD and 3CLpro was calculated to be 8.05 and 5.95, respectively. Theoretical pI of the selected peptides ranged from 3.62 to 11.17, indicating the presence of both negatively and positively charged peptides. GRAVY values of all except three peptides were negative, indicating a hydrophilic nature of the peptides. Prediction of toxicity using ToxinPred tool revealed that all selected peptides were non-toxic.


Table 1. Computed physicochemical features of predicted antiviral peptide sequences.
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Molecular Docking Against SARS-CoV-2 Protein Targets

Blind molecular docking of the selected 23 peptides with SARS-CoV-2 RBD revealed that 14 peptides interacted with the RBM motif. Among these, 4 peptides were able to interact with critical amino acids within the RBM. The peptide, KFVPKQPNMIL, interacted with residues of the RBM with strong covalent, hydrophobic, and electrostatic bonds (Table 2). Conventional hydrogen bonds and alkyl interactions were observed with three critical amino acids, including a hydrogen bond with GLN493 (Figure 2). The predicted ZDOCK score and binding energy (E_RDOCK) of the KFVPKQPNMIL-RBD docked complex were 10.2 and −8.45 kcal/mol, respectively.


Table 2. Details of non-bond interactions between KFVPKQPNMIL and target protein residues of SARS-CoV-2.
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FIGURE 2. Receptor-ligand interactions between SARS-CoV-2 RBD and KFVPKQPNMIL. (A) Illustration showing molecular docking of KFVPKQPNMIL with RBD of S1 glycoprotein. RBD surface is represented by H-bond donor and acceptor atoms. (B) 3D interpretation representing structural interaction between peptidyl and RBM residues. (C) 2D diagram of peptide-RBD interactions including hydrogen bonds, Pi-Sulfur, Alkyl, and unfavorable interactions.


Catalytic residues of SARS-CoV-2 3CLpro for substrate binding include THR45, MET49, PHE140, ASN142, MET165, GLU166, HIS172, ASP187, ARG188, GLN189, and the CYS145-HIS41 dyad (Macchiagodena et al., 2020). Molecular docking of the selected peptides with SARS-CoV-2 3CLpro resulted in the interaction of 11 peptides with key-residues in the substrate-binding pocket of the enzyme. Among the 11 peptides, KFVPKQPNMIL showed interactions with key 3CLpro catalytic residues, most importantly, the CYS-HIS dyad (Figure 3). Conventional hydrogen bonds were observed with CYS145, GLU166, GLN189, a Pi-Sigma bond with HIS41, and Pi-sulfur, and alkyl bonds were observed with MET49 (Table 2). The predicted ZDOCK score and E_RDOCK of the KFVPKQPNMIL-3CLpro docked complex were 11.54 and −16.149 kcal/mol, respectively.


[image: Figure 3]
FIGURE 3. Receptor-ligand interactions between SARS-CoV-2 3CLpro and KFVPKQPNMIL. (A) Illustration showing molecular docking of KFVPKQPNMIL with active site of 3CLpro. 3CLpro surface is represented by H-bond donor and acceptor atoms. (B) 3D interpretation representing structural interaction between peptidyl and 3CLpro residues. (C) 2D diagram of peptide-3CLpro interactions including hydrogen bonds, Pi-Sulfur, Pi-Sigma, and Alkyl bonds.




Comparative Study of Peptide Interactions With RBD and 3CLpro of β-Coronaviruses

The peptide KFVPKQPNMIL showed conventional hydrogen bonds with key residues in the RBM of SARS-CoV S1 glycoprotein including ASN479 and ASP480. Comparatively, a higher affinity of the peptide toward SARS-CoV RBD was observed than that of SARS-CoV-2 with a predicted ZDOCK score of 12.14 and E_RDOCK of −11.64 kcal/mol (Table 3). Similarly, the conventional hydrogen bond between LEU11 and THR614, carbon hydrogen bond between MET9 and PRO612, and a salt bridge between LYS1 and GLU615 were observed in the KFVPKQPNMIL-HCoV-HKU1 RBD complex. Conventional hydrogen bond interactions were observed between the peptide and MERS-CoV RBD residues, CYS425, GLN427, PRO430, SER435, CYS437, and TYR438 situated outside the RBM (Figure 4). The predicted binding energies of the KFVPKQPNMIL-HCoV-HKU1 RBD complex and KFVPKQPNMIL-MERS-CoV RBD complex were −16.47 and −26.8 kcal/mol, respectively.


Table 3. Non-bond interactions between KFVPKQPNMIL and target protein residues of β-coronaviruses.
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FIGURE 4. KFVPKQPNMIL interaction with RBD of SARS-CoV (A), MERS-CoV (B), and HCoV-HKU1 (C). 3D illustration of complex between KFVPKQPNMIL-SARS-CoV RBD (A1), KFVPKQPNMIL-MERS-CoV RBD (B1), and KFVPKQPNMIL-HCoV-HKU1 RBD (C1). RBD surface is represented by H-bond donor and acceptor atoms. 2D representation of different bonds formed during KFVPKQPNMIL interaction with RBD of SARS-CoV (A2), MERS-CoV (B2), and HCoV-HKU1 (C2).


Molecular docking of KFVPKQPNMIL with 3CLpro of SARS-CoV, MERS-CoV, and HCoV-HKU1 revealed strong interactions between the peptide and CYS-HIS catalytic dyad of all three viral main proteases (Figure 5). Additionally, strong covalent and electrostatic interactions were observed between peptidyl residues and active site gating residues of the main protease. The predicted E_RDOCK of KFVPKQPNMIL interaction with 3CLpro of SARS-CoV, MERS-CoV, and HCoV-HKU1 were −17.45, −22.85, and −15.22 kcal/mol respectively (Table 3).
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FIGURE 5. KFVPKQPNMIL interaction with 3CLpro of SARS-CoV (A), MERS-CoV (B), and HCoV-HKU1 (C). 3D illustration of complex between KFVPKQPNMIL-SARS-CoV 3CLpro (A1), KFVPKQPNMIL-MERS-CoV 3CLpro (B1), and KFVPKQPNMIL-HCoV-HKU1 3CLpro (C1). 3CLpro surface is represented by H-bond donor and acceptor atoms. 2D representation of different bonds formed during KFVPKQPNMIL interaction with 3CLpro of SARS-CoV (A2), MERS-CoV (B2), and HCoV-HKU1 (C2).





DISCUSSION

Protein source of the predicted antiviral peptides includes β-conglycinin, proglycinin, seed maturation protein, lectin, and uncharacterized soy protein. Previous studies on biological activities of peptides released during soy fermentation have identified glycinin and β-conglycinin derived peptides with strong antimicrobial properties (Singh et al., 2019). The fact that β-conglycinin and glycinin are significant sources of bioactive peptides during soy fermentation has attracted most researchers to study the antimicrobial activity of these peptides (Tsuruki et al., 2003; Matemu et al., 2011). However, peptides from other proteins found in soybeans can exhibit antiviral activity. Some soy proteins specifically bind to glycosylated molecules and exert antiviral activity by interacting with viral envelope glycoproteins (Mitchell et al., 2017; Mazalovska and Kouokam, 2018). Peptides derived from these soy proteins can have an increased affinity for viral envelope proteins or can be potential inhibitors of viral replication (Keyaerts et al., 2007). The calculated pI of KFVPKQPNMIL was 10.00 indicating a positive charge of the peptide. It has been proposed that a positively charged peptide/molecule (pI > pH) presents a greater potential for interaction and inhibition of critical SARS-CoV-2 proteins (Gordon et al., 2020). With a GRAVY value of −0.07, KFVPKQPNMIL was predicted as slightly hydrophobic in nature. Hydrophilic nature is necessary for peptide solubility and interaction with viral glycoproteins (Edwards et al., 2016). In addition, hydrophilic peptides have been observed to be non-toxic in comparison to highly hydrophobic peptides (Yin et al., 2012).

Computational docking is widely used in drug discovery to quickly screen and identify compounds of therapeutic importance having strong affinities toward protein or enzyme-linked drug targets (Pinzi and Rastelli, 2019). The target proteins in this study are the RBD of SARS-CoV-2 spike S1 glycoprotein, responsible for attachment of the virus to the human receptor ACE2 protein, and the viral proteolytic enzyme 3CLpro that is important for viral replication. Within the spike protein RBD, a structure motif called receptor binding motif (RBM) (SER438-GLN506) has been identified to be directly involved in SARS-CoV-2 interaction and subsequent attachment with ACE2 receptor (Lan et al., 2020). Furthermore, five RBM residues viz., LEU455, PHE486, GLN493, SER494, and ASN501 are reported to be conserved and play a critical role in the eventual binding of the virus to ACE2 for cell entry. Among them, GLN493 is the most critical residue for ACE2 recognition. The interaction of inhibitory peptidyl residues with these amino acids is expected to impede the attachment of SARS-CoV-2 spike protein to ACE2 receptor (Wan et al., 2020). Conventional hydrogen bond interactions between KFVPKQPNMIL and two RBM residues, GLN493, SER494, and an alkyl interaction between the peptide and LEU455 of the RBM indicates the potential role of KFVPKQPNMIL in binding with SARS-CoV-2 S1 glycoprotein. Considerable binding interactions between KFVPKQPNMIL and S1 RBD residues may lead to the competitive inhibition of ACE2-S1 RBD interactions. This may result in impeded attachment of the virus to the host ACE2 receptor. Hydrogen bonds are believed to facilitate affinity of the ligand toward the receptor, and their strength is directly related to the enhanced affinity (Chen et al., 2016). Additionally, non-covalent interactions such as alkyl, Pi-sigma, and Pi-sulfur help in ligand binding with receptor catalytic site through the transfer of charge between atoms (Arthur and Uzairu, 2019).

A ~800 kDa polypeptide is translated from the β-coronavirus genome during viral replication and is proteolytically cleaved by two major viral enzymes, papain-like protease (PLpro) and 3CLpro encoded by the open reading frame 1(Zhu et al., 2020). Proteolysis of the polypeptide by 3CLpro results in the generation of various non-structural proteins (NSPs) that are essential for viral replication (Anand et al., 2003). The 3CLpro of all known coronaviruses, including the novel SARS-CoV-2 share sequence homology and substrate conservation making it an ideal target for broad spectrum inhibitor strategies (Berry et al., 2015). Additionally, the critical role of 3CLpro in viral replication and the presence of 3CLpro gene in the excessively variable 3' end of SARS-CoV-2 genome have made this enzyme a critical target for SARS-CoV-2 inhibitor screening (Needle et al., 2015; Tahir ul Qamar et al., 2020). The active site of the 3CLpro enzyme is located in a chymotrypsin-like fold containing the CYS-HIS catalytic dyad, where the HIS41 acts as a proton acceptor, and the CYS144/145 undergoes a nucleophilic attack on the carbonyl carbon of the substrate (Yang et al., 2005, 2006). The viral polypeptide is cleaved at glutamine residue via the CYS-HIS dyad, where the cysteine thiol functions as the nucleophile during catalysis (Anand et al., 2003). Residues apart from the CYS-HIS dyad provide an opening gate to the active site for substrate binding (Yang et al., 2003). Although the catalytic active 3CLpro is a dimer, yet solvent-exposed CYS-HIS dyads in the dimer are symmetrically located at opposite edges of the substrate-binding cleft. This suggests that the CYS-HIS dyads of individual monomers work independently in the protein dimer (Shi et al., 2008; Macchiagodena et al., 2020). Among the 11 peptides that demonstrated interactions with catalytic residues of 3CLpro, KFVPKQPNMIL showed considerable affinities toward the catalytic CYS-HIS dyad along with other active site residues GLU166 and GLN189. The presence of such binding interactions between KFVPKQPNMIL and 3CLpro may lead to blocking of the enzyme's active catalytic pocket, impeding the functionality of 3CLpro, consequently resulting in regulation of viral RNA replication and inhibition of viral proliferation.

Interestingly, binding affinities were observed for KFVPKQPNMIL with critical residues of both RBD and 3CLpro.The peptide, KFVPKQPNMIL was identified from soy lectin protein. Lectins are reported to have affinity for glycosylated molecules and are known to bind to viral envelope glycoproteins, causing the inhibition of viral attachment with host receptor (Mitchell et al., 2017; Mazalovska and Kouokam, 2018). The soybean derived N-acetylgalactosamine (GalNAc) binding lectins have shown potential in suppressing infection of macrophages by human immunodeficiency virus (Zhou et al., 2017). Apart from inhibition of viral attachment, plant lectins such as mannose-binding lectins have demonstrated inhibition of SARS-CoV replication by interfering with specific targets in the viral replication cycle (Keyaerts et al., 2007). Thus, there is a promising potential of KFVPKQPNMIL to express dual roles in inhibiting SARS-CoV-2 attachment to human ACE2 receptors and in inhibiting its replication cycle.

Phylogenetically, coronaviruses are divided into four genera, namely α-, β-, γ-, and δ-coronaviruses. Among these, β-coronaviruses, including SARS-CoV in group B and MERS-CoV in group C are zoonoses that are associated with a severe respiratory infection, leading to pneumonia, acute respiratory distress syndrome (ARDS), and ultimately death (Qian et al., 2015). HCoV-HKU1, belonging to group A of β-coronaviruses is found in humans worldwide and can occasionally cause severe respiratory diseases, such as pneumonia in elderly, very young, and immune-compromised individuals (Gralinski and Baric, 2015). The novel SARS-COV-2 virus shares high genetic homology with SARS-CoV and is associated with severe respiratory infection strikingly similar to that caused by SARS-CoV, MERS-CoV, and HCoV-HKU1 (Du et al., 2009; Zaki et al., 2012; Qian et al., 2015). The RBD of all human infecting β-coronaviruses except HCoV-OC43 lie in the C Domain of the S1 glycoprotein (Lin et al., 2014; Qian et al., 2015). A variety of RBM exist in the C domain that recognize specific determinants of host cells such as ACE2, or dipeptidyl peptidase 4 (DPP4), that act as receptors for different coronaviruses (Qian et al., 2015). Structural comparison of SARS-CoV-2 3CLpro (PDB ID: 6LU7) and 3CLpro of SARS-CoV (PDB ID: 1UK4) revealed that there is a difference of only 12 amino acids between the two proteases, with carbon atoms of the varying residues located at a minimum of 1 nm distance from the catalytic site of the enzyme. Thus, residues in the substrate-binding site of the two enzymes have very high similarity (RMSD = 0.99 Å) (Macchiagodena et al., 2020). Knowledge of conserved RBM location in S1 glycoprotein and high 3CLpro sequence homology and substrate conservation between β-coronaviruses can be explored to develop broad-spectrum inhibitors against viral infections to prevent the damage caused by the emergence of future SARS-like respiratory illnesses (Padhi et al., 2020). KFVPKQPNMIL showed interactions with RBD of SARS-CoV, including conventional hydrogen bond interactions with critical residues responsible for receptor attachment. Although high binding energy (−26.8 kcal/mol) between KFVPKQPNMIL and MERS-CoV RBD was observed, the peptide did not interact with critical RBM residues responsible for receptor attachment. This may be due to the difference in target receptor specificity of MERS-CoV RBM (DPP4) than SARS-CoV and SARS-CoV-2 (ACE2) (Li, 2015). However, the peptide demonstrated strong interactions with 3CLpro catalytic CYS-HIS dyad and gating residues of all four β-coronaviruses with the highest binding energy of −22.85 kcal/mol observed for KFVPKQPNMIL-MERS-CoV 3CLpro complex.

Due to the rapid spread of SARS-CoV-2 infection, lack of a potent cure as of present and large-scale public health care measures enforced to reduce viral transmission rates, the focus of the general public has been on healthier foods and nutraceuticals with immune-boosting properties (Aday and Aday, 2020). Increase in consumption of functional foods and nutraceuticals has been observed in individuals with high infection risk, including health care professionals (Furlong, 2020). Such natural ingredients based preventive healthcare have been considered to be effective against SARS and influenza virus in the past (Ayseli et al., 2020). Increased interest in functional foods and nutraceuticals based natural therapies has resulted in a change in the health paradigm from a curative to a preventive model (Ayseli et al., 2020). The present study proposes antiviral peptide enriched soy cheese as natural therapeutic offering prophylaxis against viral infections. The soy cheese can be consumed as a functional food for the prevention of viral infections. Alternatively, antiviral peptides can be produced as nutraceutical protein hydrolysates from soy milk fermentation by exploiting the activity of Lb. delbrueckii WS4 proteinases. Large scale production of peptides as nutraceuticals can be achieved by various methods including: fractionization and isolation of target peptide from protein hydrolysate produced during fermentation by microorganisms (Agyei and Danquah, 2011), chemical synthesis of peptides using chemical reagents to mediate peptide bond formation (Perez Espitia et al., 2012; Brimble et al., 2015), and production of therapeutic peptides via recombinant DNA technology (Kyle et al., 2012; Long et al., 2012). Further studies on food-derived peptides such as KFVPKQPNMIL that are capable of interacting with multifarious multi-viral drug targets can lead to development of prophylactics against viral illnesses such as SARS-CoV-2.



CONCLUSIONS

Countries all around the world have severely been affected by the COVID19 pandemic caused by the novel SARS-CoV-2 virus. The lack of therapeutic strategies to combat this viral infection has initiated a global race to quickly find a prophylactic measure to prevent its further spreading by acting on its target proteins. Fermented soy-derived peptides have previously demonstrated activity against various viruses, including SARS-CoV that was responsible for the 2003 SARS outbreak. Herein, molecular docking studies of predicted antiviral peptides released during the production of soy cheese using Lb. delbrueckii WS4 were performed. The lectin derived peptide KFVPKQPNMIL successfully interacted with critical RBD residues of SARS-CoV-2 spike protein and important catalytic residues of the viral proteolytic enzyme 3CLpro. Similar interactions of KFVPKQPNMIL with critical residues of the target proteins were observed for other β-coronaviruses. KFVPKQPNMIL is the first food-derived peptide that has shown interaction with two functionally different and clinically significant SARS-CoV-2 proteins. The findings of this study could be used for in vitro and in vivo investigations to neutralize the infection of the deadly SARS-CoV-2 and similar viruses. Moreover, soy cheese fermented using Lb. delbrueckii WS4 and its aqueous extract containing various antiviral peptides can be used as a prophylactic to prevent SARS-CoV-2 and other viral infections.
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Viral diseases are considered as a global burden. The eradication of viral diseases is always a challenging task in medical research due to the high infectivity and mutation capability of the virus. The ongoing COVID-19 pandemic is still not under control even after several months of the first reported case and global spread. Neither a specific drug nor a vaccine is available for public use yet. In the pursuit of a promising strategy, carbon dots could be considered as potential nanostructure against this viral pandemic. This review explores the possibility of carbon nano-dots to combat COVID-19 based on some reported studies. Carbon dots are photoluminescent carbon nanoparticles, smaller than 10 nm in dimension with a very attractive photostable and biocompatible properties which can be surfaced modified or functionalized. These photoluminescent tiny particles have captured much attention owing to their functionalization property and biocompatibility. In response to this pandemic outbreak, this review attempts to summarize the potential use of carbon dots in antiviral therapy with particular emphasis on their probable role in the battlefront against COVID-19 including their possible biosensing applications.

Keywords: antiviral, carbon dots, COVID-19, SARS-CoV-2, functionalization of carbon dots



[image: Graphical Abstract]
GRAPHICAL ABSTRACT. 


INTRODUCTION

Finding a solution by any means to stop the COVID-19 outbreak in this urgent scenario would be an applaudable step. The global scientific community is struggling to develop sprint technologies to fight this pandemic (Rai et al., 2020). Because of their exceptional properties and biocompatibility, carbon dots can be investigated as a promising solution in the pursuit of an effective therapeutic strategy against COVID-19 (Garg et al., 2020). Exploring these nanostructures for specific and tailored functions is in need to provide solutions for exigencies like COVID-19. Carbon dots have shown proven antiviral effects and that too against Coronaviruses (Du et al., 2018; Ting et al., 2018). At present environment-friendly carbon dots are available for various applications (Du et al., 2014; Park et al., 2014; Yuan et al., 2016). The existence of nanosized functional substances in natural systems has captured a great curiosity for the scientific community due to their unique properties.

Every year millions of people are killed by viral infections and nearly one-third of global mortality is due to infectious diseases. And now the new emerging viral diseases like COVID-19, SARS, MERS, etc. add on to this. Even though vaccination is the best approach to prevent this pandemic situation, unfortunately, it is not yet practical for newly emerging infections. Nanotechnology has tremendous potential in different areas to fight against COVID-19, which include diagnosis, prevention as well as treatment. The application of nanotechnology in antiviral therapy is still in its early stages (Borah et al., 2020; Chen and Liang, 2020; Innocenzi and Stagi, 2020; Palmieri and Papi, 2020). Constant emergences of novel viruses are challenging and need more attention in research on nanotechnology-based targeted antiviral therapy. In this review, we are focusing on the potential therapeutic applications of carbon dots against COVID-19. Once infected with SARS-CoV-2 the patients may need treatment to stop the replication of the virus inside the body. The mechanism of SARS-CoV-2 infection has been already reported in the literature (Coperchini et al., 2020; Dhama et al., 2020; Li et al., 2020; Wang et al., 2020). Reports suggest that the SARS-CoV-2 virus binds to the angiotensin converting enzyme 2 (ACE2) receptor with its spike protein and the virus is around 60–140 nm in size (Chan, 2020). These two findings can be exploited for the design and development of potential tools for the treatment based on nanotechnology. There are several studies done on viral research based on nanotechnology which proves the powerful ability of nanoparticles as antiviral agents. Moreover, functionalized nanoparticles have been proved for its extremely powerful inhibition on proliferation of viruses (Chen and Liang, 2020). Out of these, carbon dots are gaining special interest owing to their exceptional cell membrane permeability, biocompatibility, low cytotoxicity, and functionalization property (Wang and Hu, 2014; Georgakilas et al., 2015; Lim et al., 2015). Carbon dots or carbon quantum dots are now an emerging group of carbon nanoparticles with <10 nm in size and luminescent property (Molaei, 2019). Xu et al. found this luminescent carbon for the first time in 2004 while purifying single-walled carbon nanotubes (Xu et al., 2004). Since carbon dots have several desirable properties like low cytotoxicity, biocompatibility, inertness, photostability, easier synthesis, and functionalization, etc. these are gaining more research interests since its discovery (Zuo et al., 2016; Al-Qattan et al., 2018; Mahajan et al., 2018; Maheshwari et al., 2019; Tian et al., 2020). Apart from drug delivery or therapeutic applications they are well-established for in vitro as well as in vivo bio-imaging, chemiluminescence, optical sensing, photocatalysis, etc. They are also well-known for their low or no cell toxicity and biocompatibility. Zebrafish larvae showed a normal growth after treating with 1.5 mg/mL carbon dot solution (Kang et al., 2015). Moreover, HeLa cell viability (more than 90%) was observed after incubation of 24 h with 500 μg/mL of carbon dots and the observed LC50 was above 5 mg/mL (Ding et al., 2013). Several researches have proved the non-toxicity and safety of carbon dots for in vivo applications in animal models. Neutral carbon dots are more promising for biological applications since they do not induce any cellular abnormalities. Negatively charged carbon dots may induce oxidative stress and positively charged carbon dots may be cytotoxic also (Wang K. et al., 2013; Havrdova et al., 2016; Emam et al., 2017). Poor stability and difficult to maintain properties for longer periods of time are another limitations of these nanosized carbon particles (Mishra et al., 2018). The regulatory concerns are similar to nanoparticles. To focus on the regulatory issues on nanoparticles, European Medical association have already created an expert group on nanomedicines. A new concept, Safe-by-Design concepts can be used to anticipate the risk identification, reduction and ambiguities regarding human health and environmental safety in early stages of nanotechnology related product development (Schmutz et al., 2020).

Extensive research have been done by many scientists to prove the ability carbon dots in photodynamic therapy, cancer therapy, antimicrobial therapy etc. (Hola et al., 2014; LináChee and JunáLoh, 2015; Bing et al., 2016; He et al., 2018; Li et al., 2018). A recent review by Basak et al., also gives the potential of carbon dots against viral infections briefly along with some other potential nanomaterials (Basak and Packirisamy, 2020). A large number of reviews are published recently mentioning the potential and possibilities of nanomaterials to fight against corona virus (Innocenzi and Stagi, 2020; Manivannan and Ponnuchamy, 2020; Mukherjee et al., 2020; Nair et al., 2020). But our review focus on the possibility of carbon dots and also functionalized or doped carbon dots against viral infection with special emphasis to corona virus.

Different approaches have been developed for the production of carbon dots, which are mainly categorized as top-down and bottom-up approaches. Some of the most widely used methods include hydrothermal synthesis, pyrolysis, microwave-assisted synthesis, electrochemical oxidation, laser-ablation, etc. from a different diversity of carbon sources (Lim et al., 2015). Some of the precursor molecules for bottom-up approach include ethylene glycol (Hu et al., 2013), boric acid/glycine (Jahan et al., 2013), ethylenediamine and citric acid (Fahmi et al., 2016; Łoczechin et al., 2019) and various green sources like apple juice (Mehta et al., 2015), bee pollen (Zhang et al., 2015), cabbage (Alam et al., 2015), carica papaya juice (Kasibabu et al., 2015), garlic (Zhao S. et al., 2015), ginger (Li et al., 2014), Grape peel (Xu et al., 2015), grass (Liu et al., 2012), honey (Yang et al., 2014), milk (Wang and Zhou, 2014), etc., whereas candle soot (Liu et al., 2007), lampblack (Wang X. et al., 2013), graphite (Anilkumar et al., 2011), etc. are examples of some of the precursor compounds for top-up approach. After synthesis or during synthesis, modification can be achieved by techniques like surface passivation (Zhu et al., 2009; Lai et al., 2012), inorganic salt doping (Anilkumar et al., 2011) and element doping (Dong et al., 2012; Jiang et al., 2012). Surface passivation and functionalization further expand their exploitation from biosensing to drug delivery. For green carbon dots, doping or excessive surface passivation is not necessary since these are almost self-passivated during the nucleation process (Miao et al., 2016).

This review article is exploring the potentials and possibilities of carbon dots against SARS-CoV-2 based on the published research data on antiviral activity of carbon dots. There are not much research done on the applicability of carbon dots against corona virus especially SARS-CoV-2 virus. But the article details all the possible mechanisms by which carbon dots can act against virus and especially corona virus. This review is not detailing the properties, synthesis, and other applications of carbon dots since these are extensively discussed in many reviews (Baker and Baker, 2010; Zhao A. et al., 2015; Yuan et al., 2016; Jaleel and Pramod, 2018). We anticipate that this review article would offer precious insight and cheer up the scientific community for a deeper exploration of therapeutic and diagnostic applications of carbon dots against SARS-CoV-2.



ANTIVIRAL MECHANISM OF ACTION OF CARBON NANO-DOTS

Carbon nano-dots act by a different mechanism at different stages of viral replication. The mechanism of viral infection generally involves four main steps namely attachment, penetration, replication, and finally budding.


Viral Inhibition by the Alteration of Attachment and Penetration Step

Viral attachment to the host cell is the first step of infection, thus hindrance to this step will inactivate the virus. Most of the reported carbon dots act by interfering with the early stage of viral infection by altering the viral surface proteins. Benzoxazine monomer derived carbon dots can inhibit host-cell entry of Japanese encephalitis virus and other flaviviruses. Immunofluorescence assay in Vero cells showed that these carbon dots can significantly inhibit Zika and dengue virus proliferation. The in vitro assay showed that the inhibitory effect on infection is due to the direct contact of carbon dots with the virus membrane, not because of the host cells mounting an antiviral reaction. It was found that the viral binding with the host cell was significantly decreased by the treatment of the Japanese encephalitis virus with Benzoxazine monomer derived carbon dots (Figure 1) (Barras et al., 2016) shows the mechanism of inhibition of entry step by 4-aminophenylboronic acid hydrochloride derived carbon dots.
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FIGURE 1. Mechanism of inhibition of entry step by 4-aminophenylboronic acid hydrochloride derived carbon dots. Reprinted with permission from Barras et al. (2016). Copyright (2016) American Chemical Society.


Inhibition of penetration and viral entry can be brought about by altering the cell surface membrane and attached proteins. The plaque reduction analysis showed a strong concentration related inhibitory action of carbon dots from curcumin on the porcine epidemic diarrhea virus. The curcumin derived carbon dots can block the infection in a very early stage of viral entry. Raman spectral analysis and fluorescence analysis verified that viral aggregation and inactivation is caused by electrostatic interaction of positively charged carbon dots (Ting et al., 2018). Surface-functionalized carbon dots with amine or boronic acid functional groups can obstruct the entrance of type 1 herpes simplex virus. This can in particular act on the very initial step of the viral entry by interacting with the virus or possibly with the cells simultaneously (Barras et al., 2016).



Viral Inhibition by Inhibiting Replication

Once the virus enters the host cell, the only strategy for inhibition is either to stop the replication or to stop or prevent budding. Inhibition of viral replication can be accomplished by the alteration of enzymes that are needed for viral genome replication. Curcumin carbon dots can drastically slow down the production of negative RNA strand in porcine epidemic diarrhea virus, proved by the reduction in the level of negative-strand RNA in curcumin carbon dots treated cells as compared with the untreated plate at various time intervals after infection. The replication of porcine epidemic diarrhea virus in Vero cells showed decreased plaque numbers as well as reduced virus titers in the carbon dot-treated group as compared to the control group (Ting et al., 2018).



Viral Inhibition by Hindering Budding and Detachment Steps

After replication, the progeny will bud-off from the host cell as a new virus. The strategies which can prevent the budding and excision of newly formed more virulent virus can also inhibit or control the infection.

Some viral infections are characterized by overexpression of reactive oxygen species which in turn leads to DNA damage through apoptotic regulation signaling pathways. Curcumin derived carbon dots can inhibit reactive oxygen species (ROS) generation which is induced by coronavirus infection (Ting et al., 2018).

Even though these three are the major antiviral mechanisms of action carbon dots against virus, many research have proved the antiviral activity without mentioning exact mode of action. An elaborated research is needed to explore all the possible mode of operation of carbon dots in inactivating or suppressing or killing of virus.




ANTIVIRAL CARBON DOTS

In a recent article by Garg et al., elaborated the inhibitory mechanism of human coronaviruses by hetero atom doped carbon dots. The research group propose the potential development of triazole-based carbon dots against SARS-CoV-2 infection using a series of bioisosteres. Since carbon dots have a large number of hydrophilic functional groups on borders, they are appropriate for diverse biomedical applications. In addition to this the surface functionality of these magic nano substance is vital to fine-tune the of interaction level with virus (Garg et al., 2020).

Curcumin cationic carbon dots (CCM-CDs) can efficiently inhibit coronavirus infection. Curcumin carbon dots were synthesized by the hydrothermal reaction of curcumin and citric acid in a Teflon coated autoclave followed by purification with centrifugation and then dialysis. The CCM-CDs were found to inhibit the entrance of virus, production of the negative strand of RNA as well as budding. Suppression of viral replication was found to be due to stimulation in the production of interferon stimulating genes as well as pro-inflammatory cytokines and also due to the accumulation of ROS. This was proved as a multisite inhibitor for Enteric Coronavirus (Figure 2). This one step ultrasmall sized (1.5 nm) antiviral fluorescent CCM-CDs with a positive charge and many hydrophilic groups obtained by pyrolysis of curcumin are highly effective against coronavirus model (porcine epidemic diarrhea virus) (Ting et al., 2018).
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FIGURE 2. Mechanism of viral inhibition of cationic curcumin carbon dots. Reprinted with permission from Ting et al. (2018). Copyright (2018) American Chemical Society.


Carbon dots can effectively inhibit the replication of RNA viruses like Porcine reproductive and respiratory syndrome viruses. Carbon dots are synthesized by the hydrothermal reaction of PEG-diamine and ascorbic acid in a Teflon coated autoclave chamber. The antiviral activity was tested in vitro on Monkey kidney cells infected with Porcine reproductive and respiratory syndrome viral strain, WUH3. Viral replication is inhibited by increased interferon-α production and enhanced expression of interferon-stimulating genes (Du et al., 2016). A broad strategy of anti-coronavirus therapy is not practically possible due to the biodiversity and rapid mutation characteristic of coronaviruses. Loczechin et al. developed seven different types of carbon quantum dots against human coronavirus. The first generation carbon dots were made from ethylenediamine/citric acid by hydrothermal carbonization and then functionalization was carried out by chemical integration of boronic acid. The second-generation carbon dots were prepared from 4-aminophenyl boronic acid. Inhibition of HCoV-229E entry as well as viral replication was achieved with the developed carbon dots (Łoczechin et al., 2019). Boronic acid or amine group surface functionalized carbon dots can inhibit type 1 herpes simplex virus infections. The carbon dots were synthesized from 4-aminophenyl boronic acid hydrochloride by hydrothermal carbonization showed a high potency to prevent the infection in herpes simplex type 1 infected A549 and Vero cells. The research showed that the carbon dots interfere with the entry of the virus into the host cell (Barras et al., 2016). Carbon dots derived from benzoxazine monomers by hydrothermal reaction was found to be effective against the adenovirus-associated virus, porcine parvovirus, dengue virus, Zika virus, and Japanese encephalitis virus. Carbon dots were formed as a result of pyrolysis, carbonization, and oxidization of benzoxazine monomers in the presence of aqueous sodium hydroxide (NaOH) in a Teflon coated stainless steel autoclave. These carbon dots were able to bind directly to viral surface proteins and stop the first step of vial attachment with the host cells (Huang et al., 2019).

Curcumin derived carbon quantum dots were found to be effective against enterovirus 71 also. One-step heating at a temperature of 180°C preserved polymeric curcumin moieties with advanced antiviral properties. The core-shell of carbon dots is formed by dehydration, polymerization, carbonization, and surface passivation of curcumin with pyrolytic curcumin like polymer surface, polymerization, crosslinking carbonization, and surface passivation. Insoluble black carbon materials are formed as a result of severe pyrolysis as well as carbonization of curcumin at higher temperatures. In this reaction, curcumin acts both as a source of carbon and also as a source of surface functionalization moiety. In new born mice infected with a lethal dose of enterovirus 71, this curcumin derived, biocompatible carbon dots was able to decrease mortality and protects from virus-induced paralysis of the hind limb. The antiviral effect is due to the inhibition of viral attachment, promotion of antioxidant action, and also the alteration of transcription regulation, activation of intracellular signaling cascades (Lin et al., 2019). Surface modified carbon dots were able to produce a significant antiviral effect on human norovirus virus-like-particles (VLP) by inhibiting binding to histo-blood group antigen receptors on human cells. In this work, chemical functionalization was carried out on harvested carbon nanoparticles from the commercially available carbon nano powders. The 2,2′-(ethylenedioxy)-bis(ethylamine) (EDA) functionalization was achieved by refluxing carbon nanoparticles with thionyl chloride and mixing with dried EDA liquid under heat and nitrogen environment. EDA carbon dots were separated after centrifugation and dialysis against water. It was found that the carbon dots were able to inhibit the binding of human norovirus virus-like particles to saliva A, B, and O type HBGA receptors. It could also inhibit VLPs' binding to their corresponding antibodies. The study could prove the antiviral property of carbon dots by inhibiting the binding of viruses with HGBA receptors. The paper points out that this strategy could be effectively used in preventing or spreading of human Norovirus infection since there is no effective vaccine. The strategy of disabling viral recognition of binding sites on host cells can be used as a promising antiviral approach (Dong et al., 2017).

Highly biocompatible carbon dots from glycyrrhizic acid were able to inhibit the entry as well as reproduction of porcine reproductive and respiratory syndrome virus. These carbon dots were produced by hydrothermal process by the addition of NaOH in a Teflon-lined autoclave. These carbon dots possess the ability to inhibit the accumulation of ROS in the cell as well to stimulate the innate immune response. Moreover, it could inhibit porcine epidemic diarrhea virus and pseudorabies virus which suggests its broad spectrum of antiviral activity (Tong et al., 2020).

Du et al., developed Glutathione capped CdTe quantum dots against pseudorabies virus. From the growth curve as well as fluorescence co-localization analyses it was clear that CdTe QDs inhibit viral multiplication at an early stage by controlling the invasion, and also found that it has no significant action against viral penetration. The size of quantum dots decreased gradually by addition of virus within 30 min due to the of release Cd2+ by interaction with the virus and as result a reduction in the number virus which can infect cells was achieved. The structure of viral surface proteins is also altered was evidenced by Raman spectra and Circular Dichroism spectroscopy analyses. This research gives an in-depth understanding of the inhibition of viral pathogenesis by carbon dots (Du et al., 2015).

Liu et al. developed two types of carbon dots by a hydrothermal process which can selectively enter into the cytoplasm and the whole cell with no surface modification. Blue-fluorescent carbon dots were prepared by heating powdered young barley leaves with anhydrous citric acid in a stainless steel autoclave. Cyan-fluorescent carbon dots were produced in a similar way as the previous one with the addition of urea along with citric acid. The carbon dot with blue fluorescence can only enter the cytoplasm but with comparatively better antiviral property against pseudorabies virus, while the cyan-fluorescent carbon dot was cable of distribution over the entire cell, including the nucleus (Liu et al., 2017).

Quantum dots prepared by using microwave were able to inhibit viral replication both in vivo and in vitro by the inhibition of cellular nuclear factor κB signaling pathway. This pathway has a vital role in the inflammatory response. The carbon dots were prepared similar to their previous work by microwave synthesis of aqueous dispersed CdTe/CdS/ZnS Core-Shell-Shell procedure which produced biocompatible and photostable carbon dots. Apart from antiviral activity, the carbon dots exhibited anticancer and anti-inflammatory activity (Hu et al., 2016).

Carbon dots can successfully prevent HIV 1 infection through inhibition of target cell interaction by interfering with the entry step. Carbon dots are synthesized by citric acid pyrolysis and functionalized with boronic acid since it ensures the specific interaction of carbon dots with glycoprotein on the viral surface. This boronic acid conjugated carbon dots was able to bind to gp120 protein on the virus and stop the binding of MOLT-4 cells and block infection. In vitro experiments proved that higher concentrations of boronic acid conjugated carbon dots on syncytia, which mediate fusion of infected cells with an adjacent cell, were observed in the cultured cells. The absence of cellular toxicity is proved on MOLT-4 human leukemia cells by specific assays. The results offer a basis for the advanced exploration of functionalized carbon dots in antiviral therapy (Fahmi et al., 2016). The published researches on carbon dots for the antiviral effect are summarized in the Table 1.


Table 1. Antiviral carbon dots.
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Polyamine-modified carbon quantum dots were proved to inhibit White spot syndrome virus infection by attaching to the viral envelope in a dose-dependant manner (Huang et al., 2020). Carbon dots were synthesized by direct pyrolysis by heating of spermidine powder (Jian et al., 2017). This virus causes white spot syndrome in cultured shrimps which has led to high mortality rates in culture shrimps around the globe. The viral inhibitory effect of this polyamine capped carbon dots was confirmed through in vivo experiments (Huang et al., 2020).

The above mentioned are the published researches which proved the excellent ability of these carbon derived nano-substances as antiviral agents. Works mentioning the antiviral activity of simple carbon dots as well as surface functionalized carbon dots were discussed. In most of the research mentioned here the antiviral activity is by one or more mechanism which affect the life cycle of virus. From these results we can understand that carbon dots derived from natural antiviral agents like curcumin has excellent ability against corona virus. It should be noted that surface modification or functionalization also improved the antiviral activity of carbon dots.


Biosensing

There is a high demand for sensitive, selective, and affordable biosensors for detecting viruses in this pandemic situation. Carbon dots have been investigated in viral as well as bacterial sensing by many researchers. Environmental and biosafety make carbon dots to dominate in the diagnostic and monitoring field. Changes in fluorescence property make carbon dots to act as sensors for biological as well as non-biological entities (Jaleel and Pramod, 2018). Resonance energy transfer, inner filter property, electron transfer, photo-induced charge transfer are the main mechanism which leads to changes in fluorescence property which is required for sensing applications (Sun and Lei, 2017).

Ultrasensitive biosensor developed using carbon dots and gold nanoparticles based on the principle of fluorescence resonance energy transfer, proved to be effective for the detection of HIV DNA. The research showed promising results for real sample analysis (Qaddare and Salimi, 2017). So this method can be explored for the detection of viral RNAs also.

Carboxylic carbon quantum dots (citric acid and malic acid carbon dots) are useful for sensing of nucleic acid. The sensing is based on the principle that, the difference in the tendency of adsorption to the surface of carbon dots by single-stranded and double-stranded DNA (Figure 3). It was proved that citric acid and malic acid carbon dots can perform an advanced range of detection of at least 3 orders of magnitude (Loo et al., 2016). Similar way viral RNA detection probes can also be anticipated in the future. For detecting HIV DNA in biological samples a sensor containing fluorescent carbon dots and cadmium telluride quantum coated with 3-mercapropionic acid can be employed effectively. This probe allows the ratiometric determination of double-stranded DNA with a quantification limit of 1.0 nM. Also, no significant interference with biomolecules like amino acids, nucleotides, etc. was observed (Liang et al., 2017). Similarly a ratiometric nanosensor for selective recognition of DNA using fluorescent carbon dots and a fluorescent dye, ethidium bromide is also reported (Huang et al., 2015).
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FIGURE 3. Fluorescent detection of DNA by Carboxylic acid quantum dots. Reprinted with permission from Loo et al. (2016). © (2016) American Chemical Society.


BAI et al., exploited carbon dots for the detection of DNA, for the first time in literature. It was observed that methylene blue can cause an excellent quenching of fluorescence of carbon dots. But the addition of ct-DNA restored the fluorescence of carbon dots since DNA can bind with methylene blue and removed it from the carbon dots. This system can detect ct-DNA with a quantification limit of 1.0 × 10−6 mol/L (Bai et al., 2011). Polyethylene glycol capped carbon dots also can effectively detect double-stranded DNA (Milosavljevic et al., 2015).

Carbon dots from sources such as Saccharum officinarum were also used for cell imaging in yeast and bacteria (Mehta et al., 2014). Carbon dots synthesized from rice straw can bind with bacterial membranes and facilitate their imaging and counting with the help of a fluorescent microscope (Mandal and Parvin, 2011). A simple as well as sensitive technique for the detection of H5N1 DNA using quantum dots and carbon nanotubes is also reported. This technique is also based on fluorescence resonance energy transfer from carbon dots to nanotubes and proved to be an easy and effective method for the quantitative detection of viral nucleic acid (Tian et al., 2012).




CONCLUSION AND FUTURE PERSPECTIVES

In this current review, we have addressed all the published research as well as review articles on antiviral carbon dots along with a brief description of the synthesis and its antiviral mechanism of action. Therefore, carbon dots have proved promising application against different types of corona viruses. Still, more focus required to be given in exploring carbon dot-based antiviral agents for treating SARS-CoV, MERS-CoV, and SARS-CoV-2 viral infections. Carbon dots are extensively researched in biomedicine other than therapy like biosensing, bioimaging, etc. Surface functionalization and low toxicity makes carbon dots the most superior among other nanoparticulate therapeutic delivery systems. These functionalized carbon dots can stay as a new stage for the production of biosafe nanotherapeutics for treating viral infections in the near future. Among the reviewed researches carbon dots derived from herbal sources like curcumin, glycyrrhizin, etc. was found to be more promising because of their biocompatibility, lower toxicity, and strong in vitro as well as in vivo antiviral activity.

Apart from this, carbon dots could probably be exploited in many other ways. As there is no specific vaccine against SARS-CoV-2, cleaning of contaminated surfaces and handwashing are highly needed to prevent the spread of disease. Therefore, incorporation of carbon dots to sanitizing solutions, handwashing soaps, cleaning detergents, etc. will be useful. Carbon dot incorporated masks and air filters also seem to be promising.

What we suggest from these studies is that a bottom up approach with natural antiviral agent as a precursor for the production of carbon dots will be a promising option. Additional surface passivation/functionalization can also be considered for enhancing the efficiency. Carbon dots with positive charge and more hydrophilic groups on surface will be an add-on for a superior anti-viral action.

Regardless of the encouraging results, still much more research is needed to address some issues to make the dream come true. Firstly, the exact antiviral mechanism of these carbon dots is still not much explored and most of the literature reported an early stage inhibition except few. Secondly, the in vivo efficacy studies are not much detailed in any of the reported researches and it's difficult to make exact animal models for viral diseases. The mutation capability of the virus is the last but not the least issue. Still, we can expect a bright future for carbon dots in antiviral therapy especially in this urgent situation of COVID-19.
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The rapid outbreak of Coronavirus Disease 2019 (COVID-19) that was first identified in Wuhan, China is caused by a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The 3CL protease (3CLpro) is the main protease of the SARS-CoV-2, which is responsible for the viral replication and therefore considered as an attractive drug target since to date there is no specific and effective vaccine available against this virus. In this paper, we reported molecular docking-based virtual screening (VS) of 2000 compounds obtained from the ZINC database and 10 FDA-approved (antiviral and anti-malaria) on 3CLpro using AutoDock Vina to find potential inhibitors. The screening results showed that the top four compounds, namely ZINC32960814, ZINC12006217, ZINC03231196, and ZINC33173588 exhibited high affinity at the 3CLpro binding pocket. Their free energy of binding (FEB) were −12.3, −11.9, −11.7, and −11.2 kcal/mol while AutoDock Vina scores were −12.61, −12.32, −12.01, and -11.92 kcal/mol, respectively. These results were better than the co-crystallized ligand N3, whereby its FEB was −7.5 kcal/mol and FDA-approved drugs. Different but stable interactions were obtained between the four identified compounds with the catalytic dyad residues of the 3CLpro. In conclusion, novel 3CLpro inhibitors from the ZINC database were successfully identified using VS and molecular docking approach, fulfilling the Lipinski rule of five, and having low FEB and functional molecular interactions with the target protein. The findings suggests that the identified compounds may serve as potential leads that act as COVID-19 3CLpro inhibitors, worthy for further evaluation and development.
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INTRODUCTION

Coronavirus disease (COVID-19) began in the Hubei Province of China in late 2019 (World Health Organization [WHO], 2020a), and caused by a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Being highly infectious, this virus poses a grave threat to the global populations associated with a high rate of mortality (Granlinski and Menachery, 2020; Wu et al., 2020; Zhao et al., 2020). Symptoms linked with this disease include fever, myalgia, cough, dyspnea and fatigue (Huang et al., 2020 and Jin et al., 2020a). On 30 Jan 2020, the outbreak was declared by the World Health Organization (WHO) as a Public Health Emergency of International Concern, while on 11 March 2020, WHO has declared the COVID-19 outbreak a global pandemic (Rodríguez-Morales et al., 2020; World Health Organization [WHO], 2020b). Currently, there is still no treatment available for COVID-19 and investigations concerning the treatment of this infection is actively ongoing, especially vaccines (Li and De Clercq, 2020; Rodríguez-Morales et al., 2020). Nevertheless, treatments with well-known drugs such as chloroquine or investigational drug such as remdesivir are suggested for this disease (Colson et al., 2020; Touret and de Lamballerie, 2020; Wang et al., 2020). Cocktail of human immunodeficiency virus (HIV) drugs, lopinavir/ritonavir is also being investigated as a therapy for COVID-19 as they exhibited anti-coronavirus effect in vitro (Que et al., 2003; Chu et al., 2004; Chan et al., 2015; Li and De Clercq, 2020).

The SARS-CoV-2, belonging to beta-coronavirus that originated from bats has an envelope and sense single-stranded RNA (Perlman and Netland, 2009; Cui et al., 2019). The virus contains four non-structural proteins: papain-like (PLpro) and 3-chymotrypsin-like (3CLpro) proteases, RNA polymerase and helicase (Zumla et al., 2016). Both proteases (PLpro and 3CLpro) are involved with transcription and replication of the virus. Amongst the four types, the 3CLpro is considered to be mainly involved in the replication of the virus (de Wit et al., 2016). A study reported that the main protease 3CLpro of COVID-19 showed 96% sequence similarity with that of SARS-CoV (Xu et al., 2020).

The adoption of computational methods has been applied in the process of drug discovery, which helped to speed up discovery and design of new drug candidates at a lower cost (Zoete et al., 2009). Virtual screening-based drug discovery is recognized as one of the efficient strategies that may help in the field of invention and development of new drugs (Sliwoski et al., 2014). Virtual screening (VS) is a widely used computational approach that evaluates the potential drug candidates in silico. It is used to find different molecular scaffolds that act on a target protein of interest in the process of discovering chemical starting points as novel or potential leads for further optimization and development as alternatives to clinically available drugs. The method employs sequential filters, thus a large number of compounds could be screened to identify the potential lead-like hits for further biological evaluation on drug target in vitro and in vivo (Jacq et al., 2007; McInnes, 2007; Lavecchia and Di Giovanni, 2013). There are many free databases that offers selection of compounds for VS, one such database is the ZINC database that has 35 millions compounds. These compounds are also available for purchase. The database also provides information on the chemical and physical properties of the compounds such as molecular weight, log P, number of hydrogen-bond donor and acceptors, types of bonds and many others (Irwin et al., 2012).

The present study aimed to apply the VS approach to identify potential COVID-19 3CL protease inhibitors retrieved from the ZINC database and FDA-approved drugs, followed by molecular docking analysis to discover novel inhibitors that could be used as potential leads for treatment of coronavirus related infection.



MATERIALS AND METHODS


Sequence Alignment

For determination of the conserved functional residues between the two proteins, 6LU7 has a resolution of 2.16 Å for COVID-19 (Jin et al., 2020b) and 2A5I has a resolution of 1.88 Å for SARS-CoV (Lee et al., 2005), a multiple sequence alignment analysis was performed, which can be used as potential targets for the discovery of drug hits. Both proteins were retrieved from the protein data bank (PDB) in three-dimensional structures and the sequence was generated using discovery studio software.



Preparation of Protein for Docking

The crystal structure of the 3CL main protease in complex with a peptide-like inhibitor N3 was obtained from the Protein Data Bank (PDB ID: 6LU7) (Burley et al., 2017). The co-factor and water molecules were removed, and hydrogen was added using AutoDockTools (ADT).



Screening of ZINC Database Ligand Molecules

The three-dimensional structures of 2000 ligand molecules used in this study were obtained from the download page of the ZINC database, by using the multiple options available the datasets were downloaded (Irwin and Shoichet, 2005) in mol2 format. The ligands were converted to PDBQT (Forli et al., 2016) for VS with AutoDock Vina. Molecular properties were derived from the ZINC website; the purpose was to assess the likelihood of the molecules to have drug-like properties.



Virtual Screening and Molecular Docking

Virtual screening was performed using the AutoDock Vina (Trott and Olson, 2010). The files used include protein converted from pdb to pdbqt and Config.txt file created including all the information required for VS using ADT, other configurations were considered a default. AutoDock 4.2 (Morris et al., 2009) was used during the docking process; the center grid parameter was specified as 60-60-60 for x-, y- and z-axes, respectively, with a spacing of 0.375 Å and located at the center of the active site. One hundred independent runs were carried out for each docking experiment. The lowest energy of binding was selected for each conformation.




RESULTS AND DISCUSSION


Analysis of Sequence Alignment Among Two Coronaviruses

Sequence alignments of SARS-CoV and COVID-19 3CL protease are displayed in Figure 1; the number of amino acids residues was identical beginning from Ser1 to Gln306. The sequence alignment of the two proteins COVID-19 (PDB:6LU7) and SARS-CoV (PDB:2A5I) were similar with 96%, and the differences were at twelve positions in the sequence alignment.


[image: image]

FIGURE 1. Sequence alignment of COVID-19 3CLprotease and SARS-CoV. The image was generated by Discovery studio.


As can be seen in Figure 2, the 3D structures of superimposed SARS-CoV and COVID-19 3CL protease showed differences in twelve amino acids, whereby their α carbon atoms are of at least 1 nm away from the binding pocket. Additionally, the obtained results exhibited that COVID-19 3CL protease has a Cys-His catalytic dyad (Cys145 and His41) consistent with SARS CoV 3CLpro (Cys-145 and His-41) (Yang et al., 2003). Besides, the alignment and superimposing of the two coronaviruses explained that the conserved catalytic dyad residues Cys145 and His41 existing precisely at similar location in the binding pocket. The results of the analysis of the sequence and structural alignment proved that conserved functional residues exist within the binding pockets of amongst COVID-193CLprotease and SARS-CoV.
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FIGURE 2. Superimposed of COVID-19 3CLprotease (red) to SARS-CoV (yellow). The blue circle showed the position of different amino acids between the two proteins. The letters indicate the code of the amino acid.




Validation of the Virtual Screening Protocol

Firstly, the validation of the docking procedure was done before carrying out a VS using AutoDock Vina for the selected compounds. A peptide-like inhibitor N3 extracted from a crystallographic COVID-19 main proteinase structure (PDB ID: 6LU7) was re-docked into the same binding pocket. The results showed a similarity between the ligand pose and crystallographic pose (RMSD = 0.88 Å, Figure 3, binding affinity −7.5 kcal/mol). The result indicates that the VS protocol used is reliable, as the RMSD value was below the 2.0 Å threshold value set to evaluate the reliability (Bourne et al., 2003). In the current study, the conserved residues in the binding pocket of COVID-19 3CLprotease have been targeted to block the virus activity.
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FIGURE 3. The superimposed image of the N3 inhibitor with 6LU7 protein. Blue represents docked conformation while yellow represents the crystal structure.


Initially, 2000 ZINC database compounds were virtually screened using AutoDock Vina, further filtered based on Lipinski’s rule of five to evaluate drug likeness of the compounds based on their molecular properties (Lipinski, 2004). Those compounds that violated at least one of rules were removed. The top four ranking ZINC compounds based on AutoDock Vina scores are shown in Figure 4. These compounds had the lowest FEB of the protein-ligand complex amongst all ligands; therefore, these compounds were used for the docking calculation. Their molecular properties are given in Table 1.
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FIGURE 4. Structure of the four best COVID-19 3CL protease inhibitor candidates with their ZINC Database identification codes (1) ZINC32960814, (2) ZINC12006217, (3) ZINC03231196, and (4) ZINC33173588.



TABLE 1. Molecular properties of best COVID-19 3CL protease inhibitor candidates from Zinc website.
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The results of VS showed a minimum FEB ranging from −4.3 to −9.5 kcal/mol. A protein-ligand complex with lowest FEB is considered as potential inhibitor (Fornabaio et al., 2004). Consequently, the four compounds that exhibited the lowest FEB were selected as the potential candidates. These compounds are ZINC32960814, ZINC12006217, ZINC03231196, and ZINC33173588 which displayed a minimum FEB of −12.61, −12.32, −12.01, and −11.92 kcal/mol using AutoDock 4.2 and −12.3, −11.9, −11.7, and −11.2 kcal/mol using AutoDock Vina, respectively with the coordinate ligand N3 (shown in Table 2).


TABLE 2. FEB values of the best COVID-19 3CL protease inhibitor candidates from Zinc website.
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The results achieved by molecular docking using AutoDock were grouped into clusters of solutions based on the similarity in pose and the free energy of binding, as shown in Table 3 (Smith et al., 2004). The results for compound ZINC32960814 showed that 38 poses adopted a favorable conformation. ZINC12006217 had the largest poses cluster out of 100, whereby it took this pose 44 times, while for the ZINC03231196 adopted 20 times out of 100, likewise, ZINC33173588 is taken this pose 38 times. Table 3 summarizes the cluster analysis showing the total number of clusters and cluster rank, along with the lowest docked energy and range of docking energies. Only the docking mode with the lowest docked energy from this cluster was selected.


TABLE 3. Relative cluster ranks and free energies of binding of selected docking modes.
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At the binding pocket, the four compounds were fully wrapped by the amino acids (Figure 5). The interactions analysis between the compounds and amino acids showed that these compounds are located deeply inside the binding pocket of the enzyme in similar shape, indicating that they could be binding covalently with the amino acid residues at this region in 6LU7.
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FIGURE 5. The compounds enfolding at the COVID-19 3CLprotease active site pocket (1) ZINC32960814, (2) ZINC03231196, (3) ZINC12006217, and (4) ZINC33173588.


The interactions between the docked compounds and the COVID-19 3CLprotease were examined manually using discovery studio visualizer, LigPlot (Laskowski and Swindells, 2011) and AutoDockTool. The extensive interactions between the identified compounds and the amino acids residues that form the binding cavity are shown in Figure 6. These interactions include H-bonding, van der Waals, Pi-alkyl, Pi-Pi T-shaped, and Pi-sulfur interactions.
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FIGURE 6. Three dimensional (3D) binding modes of the four compounds present at the COVID-19 3CLprotease binding site represented by stick structure (1) ZINC32960814, (2) ZINC12006217, (3) ZINC03231196, and (4) ZINC33173588A hydrogen bond is indicated by green dotted lines, Pi-sulfur bond is indicated by yellow dotted lines, Pi-Pi T-shipped is indicated by magenta dotted lines, Pi-Alkyl is indicated by purple dotted lines.


Among the four selected compounds, ZINC32960814 exhibited the best interactions toward COVID-19 3CLprotease with the lowest FEB of −12.61 kcal/mol, followed by compounds ZINC12006217, ZINC03231196 and ZINC33173588 with FEB of −12.32, −12.01, and −11.92 kcal/mol respectively. The compound, ZINC32960814, displayed seven hydrogen bonds, four between amino acids Gln192, Arg188, Met165, and Thr190 and oxygen atom O2, the other three between Glu166, Gln189, and Thr190 and O1, H10 and N2, respectively. In addition, the compound showed one Pi-sulfur bond between Met165 and benzene ring. Likewise, the amino acid Met49 exhibited two Pi-alkyl bonds with benzene and furan rings on the compounds. The other interactions with the binding pocket were van der Waals between Asp187, Tyr54, His41, His164, Gly143, Ser144, Leu141, Leu167, and Ala191 and the carbon atoms C-1, C-2, C-4, C-22, C-23, C-24, C-13, C-14, and C-15 of the compound. Hydrophobic interactions were displayed with amino acids His163, Phe140, Asn142 at the binding pocket (Table 4 and Figure 7).


TABLE 4. Details of binding interactions of the potential four compounds docked into active site of the COVID-19 3CLprotease.
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FIGURE 7. Two dimensional (2D) binding modes of the four compounds present at the COVID-19 3CLprotease binding site represented by stick structure (1) ZINC32960814, (2) ZINC12006217, (3) ZINC03231196, and (4) ZINC33173588.


Compound ZINC12006217 displayed four hydrogen bonds between amino acids Ser144, Leu141, Gly143, and His41 and atom O2, N4, N2, and N1, respectively. Amino acid Met165 formed Pi-sulfur bond with the benzene ring. Four Pi-alkyl interactions were formed, two between Cys145 and N27 atom on the furan ring while another two were formed between Met49 with C-1 and benzene ring. Likewise, van der Waals interactions were noticed between amino acids namely Arg188, Tyr54, Gln189, Thr25, Thr26, Phe140, His163, Glu166, His164, and carbon atoms C-1, C-2, C-3, C-23, C-15, C-16, C-22, C-23, C-23, and C-25 of the compound, while hydrophobic interactions showed between amino acids and atoms Cys145 with atoms C-12, N3, Asn142 with C-20, Asp187 with C-1, C-3 and Thr26 with C-19(Table 4 and Figure 7). The third compound ZINC03231196 exhibited four hydrogen bonds, two of them formed between the two oxygen atoms O11 and O15 and Cys145, while the other two between O11 and two amino acids namely Gly143 and Ser144. In addition, Pi-alkyl interactions were formed between His41 and Cys145 and morpholine ring, while Met49 formed another Pi-alkyl with the second benzene ring on the compound. Likewise, a Pi-sulfur bond was formed between benzene rings and Cys145 and Met165. Van der Waals interactions were also noticed between amino acids Leu141, Phe140, His163, Lue27, Thr25, Asp187, Tyr54 and C-30, C-31,C-32, C-3, C-4, C-5, C-8, C-9, and C-23. Hydrophobic interactions were formed between the compound and amino acids Gln189, Asn142, Glu166 (Table 4 and Figure 7). Compound ZINC33173588 exhibited two hydrogen bonds between the two fluorine atoms F13 and Tyr 54, as well as two halogen bonds (fluorine bonds) with Asp187. Likewise, His41 formed Pi-Pi T-shaped bond with first benzene ring, two Pi-alkyl bonds were formed between amino acids Cys145, His41 and morpholine ring, another Pi-alkyl interaction was formed between Met165 and furan ring, Pi-donor hydrogen bond was also noticed with C-23. Van der Waals interactions were formed between the amino acids Arg188, Gln189, His163, Gly143, Ser144, Thr25 and carbon atoms C- 23, C-25, C-26, C-6, and C- 5, while hydrophobic interaction was showed with the amino acids Thr26, Asn142, Glu166, Met165 (Table 4 and Figure 7).

Many interactions such as hydrogen bonding, van der Waals, hydrophobic and Pi-Pi interactions occurred between the identified compounds and the essential amino acids at the binding pocket, especially His41 and Cys145, where the amount and type of bonding formed revealed high affinity with the COVID-19 3CLprotease.

For the comparison purpose, ten clinically used drugs obtained from DrugBank (Wishart et al., 2006), five known as antivirus and others as anti-malaria were introduced to the VS, their results of FEB ranged from −8.7 to −6.1 Kcal/mol (Table 5).


TABLE 5. FEB values of 10 FDA approved Antivirus and Anti-malaria drugs.
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Most of the used FDA drugs showed different interactions with the target protein of the binding pocket. Among antiviral drug, nelfinavir, which exhibited lowest FEB of −8.7 kcal/mol, formed few molecular interactions, one hydrogen bond with Thr26, two sulfur bonds with Met165 and Met49 and Pi-alkyl formed with Leu27, His41 and Met49. Besides, van der Waals interactions were formed with residues Glu166, Leu141, His163, Asp1187, Arg188, Ser144, and Gln189 (Figure 8). On the other hand, for the anti-malaria artemisinin and clindamycin exhibited similar FEB of −7.5 kcal/mol. Artemisinin exhibited only two types of interactions, Pi-alkyl with Met165 and van der Waals with Gln189, Asp187, Arg188, His164, His41, Met49, Leu27, and Cys145, while clindamycin showed two H-bonds with Gly143 and Glu166, and Pi-sulfur bonds with residues Met49 and Cys145. In addition, clindamycin had three pi-alkyl interaction formed with Pro168, His41, and Leu27, and van der Waals interactions formed with the amino acids Thr25, Asp187, Arg188, Glu189, Gln192, Leu141, Ser144, and Asn142 (Figure 8). For the well-known anti-malaria drug, chloroquine, recently different studies have brought attention to possibilities of using this drug in the treatment of coronavirus SARS-CoV-2 infection (Gao et al., 2020; Li and De Clercq, 2020; Touret and de Lamballerie, 2020; Lee et al., 2020; Wang et al., 2020). The docking result of chloroquine showed FEB of −6.1 kcal/mol, forming only three types of interactions at the binding pocket, Pi-alkyl interaction with Cys145 and Met165, Pi-Pi T-shaped interaction with His41 As well as van der Waals interaction with amino acids Asp187, Arg188, Gln189, Glu166, His164, and Gly143 (Figure 8).


[image: image]

FIGURE 8. Binding modes of the FDA approved drugs present at the COVID-19 3CLprotease binding site represented by ball and stick (one antiviral drug, nelfinavir and three antimalarial drugs, artemisinin, clindamycin, and chloroquine).


From the above findings, it was found that the four identified compounds from the ZINC database showed high affinity and good binding interactions. These compounds were inhibitor targets for the catalytic dyad Cys145 and His41 along with the other amino acids residues at the binding pocket, this ability to interact with COVID-19 3CLprotease offers additional benefits of inhibiting the virus activity. Moreover, these compounds show an advantage over the known FDA drugs in terms of types and amount of interactions and FEB that make them potential for COVID-193 CLprotease inhibition.




CONCLUSION

In the present study, VS and molecular docking molecular interaction analysis were successfully applied in identification of inhibitors for COVID-19 3CLprotease. The four compounds namely ZINC33173588, ZINC03231196, ZINC12006217, and ZINC32960814 exhibited high affinity with the 3CLpro binding pocket of COVID-19. The free energy of binding (FEB) were −12.3, −11.9, −11.7, and −11.2 kcal/mol while AutoDock Vina scores were −12.61, −12.32, −12.01, and −11.92 kcal/mol, respectively. The finding suggests that the four compounds were strongly bound to the 3CL-protease of COVID–19 in comparison with the FDA approved clinically used drugs. The top docking hits passed the Lipinski rule of five and likely to be orally active drug. Sequence alignment showed the similarity between SARS-CoV and COVID-19 catalytic dyad residues Cys145 and His41. The obtained results revealed that the interactions of the compounds with the conserved catalytic dyad amino acids Cys145 and His41 was closer in comparison to that of ligand N3 and FDA drugs. Application of VS and molecular docking could significantly decrease the cost of the drug synthesis and production, subsequently, and provided evidence for interactions of the identified compound with the target COVID-19 3CLprotease. Experimental studies (in vivo) are needed to confirm the findings and to investigate their effects in COVID-19 using an appropriate animal model.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: http://www.wwpdb.org/.



AUTHOR CONTRIBUTIONS

AA involved in the conceptualization, design, analysis of data, performed all computational studies, and wrote the manuscript. VM reviewed, edited, and made corrections of the manuscript.



ACKNOWLEDGMENTS

We wish to acknowledged the Faculty of Health Sciences, Sirte University for supporting this research.



REFERENCES

Bourne, Y., Taylor, P., Radiæ, Z., and Marchot, P. (2003). Structural insights into ligand interactions at the acetylcholinesterase peripheral anionic site. EMBO J. 22, 1–12. doi: 10.1093/emboj/cdg005

Burley, S. K., Berman, H. M., Kleywegt, G. J., Markley, J. L., Nakamura, H., and Velankar, S. (2017). Protein data bank (PDB): the single global macromolecular structure archive. Methods Mol. Biol. 1607, 627–641. doi: 10.1007/978-1-4939-7000-1_26

Chan, J. F. W., Yao, Y., Yeung, M. L., Deng, W., Bao, L., Jia, L., et al. (2015). Treatment with lopinavir/ritonavir or interferon-β1b improves outcome of MERS-CoV infection in a nonhuman primate model of common marmoset. J. Infect. Dis. 212, 1904–1913. doi: 10.1093/infdis/jiv392

Chu, C. M., Cheng, V. C. C., Hung, I. F. N., Wong, M. M. L., Chan, K. H., Chan, K. S., et al. (2004). Role of lopinavir/ritonavir in the treatment of SARS: initial virological and clinical findings. Thorax 59, 252–256. doi: 10.1136/thorax.2003.012658

Colson, P., Rolain, J. M., Lagier, J. C., Brouqui, P., and Raoult, D. (2020). Chloroquine and hydroxychloroquine as available weapons to fight COVID-19. Int. J. Antimicrob. Agents 55:105932. doi: 10.1016/j.ijantimicag.2020.105932

Cui, J., Li, F., and Shi, Z. L. (2019). Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 17, 181–192. doi: 10.1038/s41579-018-0118-9

de Wit, E., van Doremalen, N., Falzarano, D., and Munster, V. J. (2016). SARS and MERS: recent insights into emerging coronaviruses. Nat. Rev. Microbiol. 14, 523–534. doi: 10.1038/nrmicro.2016.81

Forli, S., Huey, R., Pique, M. E., Sanner, M. F., Goodsell, D. S., and Olson, A. J. (2016). Computational protein–ligand docking and virtual drug screening with the AutoDock suite. Nat. Protoc. 11, 905–919. doi: 10.1038/nprot.2016.051

Fornabaio, M., Spyrakis, F., Mozzarelli, A., Cozzini, P., Abraham, D. J., and Kellogg, G. E. (2004). Simple, intuitive calculations of free energy of binding for protein-ligand complexes. 3. The free energy contribution of structural water molecules in HIV-1 protease complexes. J. Med. Chem. 47, 4507–4516. doi: 10.1021/jm030596b

Gao, J., Tian, Z., and Yang, X. (2020). Breakthrough: chloroquine phosphate has shown apparent efficacy in treatment of COVID-19 associated pneumonia in clinical studies. Biosci. Trends 14, 72–73. doi: 10.5582/bst.2020.01047

Granlinski, L. E., and Menachery, V. D. (2020). Return of the Coronavirus: (2019)-nCoV. Viruses 12:135. doi: 10.3390/v12020135

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features of patients infected with 2019 novel coronavirus in Wuhan. China. Lancet 395, 497–506.

Irwin, J. J., and Shoichet, B. K. (2005). ZINC- a free database of commercially available compounds for virtual screening. J. Chem. Inf. Model. 45, 177–182. doi: 10.1021/ci049714%2B

Irwin, J. J., Sterling, T., Mysinger, M. M., Bolstad, E. S., and Coleman, R. G. (2012). ZINC: a free tool to discover chemistry for biology. J. Chem. Inf. Modell. 52, 1757–1768. doi: 10.1021/ci3001277

Jacq, N., Breton, V., Chen, H. Y., Ho, L. Y., Hofmann, M., Kasam, V., et al. (2007). Virtual screening on large scale grids. Parallel Comput. 33, 289–301.

Jin, Z., Du, X., Xu, Y., Deng, Y., Liu, M., Zhao, Y., et al. (2020a). Structure-based drug design, virtual screening and high-throughput screening rapidly identify antiviral leads targeting COVID-19. bioRxiv [Preprint] doi: 10.1101/2020.02.26.964882

Jin, Z., Du, X., Xu, Y., Deng, Y., Liu, M., Zhao, Y., et al. (2020b). Structure of M pro from SARS-CoV-2 and discovery of its inhibitors. Nature 582, 289–293. doi: 10.1038/s41586-020-2223-y

Laskowski, R. A., and Swindells, M. B. (2011). LigPlot+: multiple ligand–protein interaction diagrams for drug discovery. J. Chem. Inf. Model. 51, 2778–2786. doi: 10.1021/ci200227u

Lavecchia, A., and Di Giovanni, C. (2013). Virtual screening strategies in drug discovery: a critical review. Curr. Med. Chem. 20, 2839–2860. doi: 10.2174/09298673113209990001

Lee, T. W., Cherney, M. M., Huitema, C., Liu, J., James, K. E., Powers, J. C., et al. (2005). Crystal structures of the main peptidase from the SARS coronavirus inhibited by a substrate-like aza-peptide epoxide. J. Mol. Biol. 353, 1137–1151. doi: 10.1016/j.jmb.2005.09.004

Lee, V. S., Chong, W. L., Sukumaran, S. D., Nimmanpipug, P., Letchumanan, V., Goh, B. H., et al. (2020). Computational screening and identifying binding interaction of anti-viral and anti-malarial drugs: toward the potential cure for SARS-CoV-2. Prog. Drug Discov. Biomed. Sci. 3:106012.

Li, G., and De Clercq, E. (2020). Therapeutic options for the 2019 novel coronavirus (2019-nCoV). Nat. Rev. Drug Discov. 19, 149–150. doi: 10.1038/d41573-020-00016-0

Lipinski, C. A. (2004). Lead-and drug-like compounds: the rule-of-five revolution. Drug Discov. Today Technol. 1, 337–341. doi: 10.1016/j.ddtec.2004.11.007

McInnes, C. (2007). Virtual screening strategies in drug discovery. Curr. Opin. Chem. Biol. 11, 494–502. doi: 10.1016/j.cbpa.2007.08.033

Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D. S., et al. (2009). AutoDock4 and AutoDockTools4: automated docking with selective receptor flexibility. J. Comput. Chem. 30, 2785–2791. doi: 10.1002/jcc.21256

Perlman, S., and Netland, J. (2009). Coronaviruses post-SARS: update on replication and pathogenesis. Nat. Rev. Microbiol. 7, 439–450. doi: 10.1038/nrmicro2147

Que, T. L., Wong, V. C. W., and Yuen, K. Y. (2003). Treatment of severe acute respiratory syndrome with lopinavir/ritonavir: a multicentre retrospective matched cohort study. Hong Kong Med. J. 9, 399–406.

Rodríguez-Morales, A. J., MacGregor, K., Kanagarajah, S., Patel, D., and Schlagenhauf, P. (2020). Going global-travel and the 2019 novel coronavirus. Travel Med. Infect. Dis. 33:101578. doi: 10.1016/j.tmaid.2020.101578

Sliwoski, G., Kothiwale, S., Meiler, J., and Lowe, E. W. (2014). Computational methods in drug discovery. Pharmacol. Rev. 66, 334–395.

Smith, D. M., Daniel, K. G., Wang, Z., Guida, W. C., Chan, T. H., and Dou, Q. P. (2004). Docking studies and model development of tea polyphenol proteasome inhibitors: applications to rational drug design. Proteins 54, 58–70. doi: 10.1002/prot.10504

Touret, F., and de Lamballerie, X. (2020). Of chloroquine and COVID-19. Antiviral Res. 177:104762. doi: 10.1016/j.antiviral.2020.104762

Trott, O., and Olson, A. J. (2010). AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 31, 455–461.

Wang, M., Cao, R., Zhang, L., Yang, X., Liu, J., Xu, M., et al. (2020). Remdesivir and chloroquine effectively inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 30, 269–271. doi: 10.1038/s41422-020-0282-0

Wishart, D. S., Knox, C., and Guo, A. C. (2006). DrugBank: a comprehensive resource for in silico drug discovery and exploration. Nucleic Acids Res. 34, D668–D672.

World Health Organization [WHO] (2020a). Novel Coronavirus (2019-nCoV). Geneva: World Health Organization.

World Health Organization [WHO] (2020b). WHO Situation Report -23. Geneva: World Health Organization.

Wu, F., Zhao, S., Yu, B., Chen, Y., Wang, W., Song, Z., et al. (2020). A new coronavirus associated with human respiratory disease in China. Nature 579, 265–269. doi: 10.1038/s41586-020-2008-3

Xu, J., Zhao, S., Teng, T., Abdalla, A. E., Zhu, W., Xie, L., et al. (2020). Systematic comparison of two animal-to-human transmitted human coronaviruses: SARS-CoV-2 and SARS-CoV. Viruses 12:244. doi: 10.3390/v12020244

Yang, H., Yang, M., Ding, Y., Liu, Y., Lou, Z., Zhou, Z., et al. (2003). The crystal structures of severe acute respiratory syndrome virus main protease and its complex with an inhibitor. Proc. Natl. Acad. Sci. U.S.A. 100, 13190–13195. doi: 10.1073/pnas.1835675100

Zhao, S., Lin, Q., Ran, J., Musa, S. S., Yang, G., Wang, W., et al. (2020). Preliminary estimation of the basic reproduction number of novel coronavirus (2019-nCoV) in China, from 2019 to 2020: a data-driven analysis in the early phase of the outbreak. Int. J. Infect. Dis. 92, 214–217. doi: 10.1016/j.ijid.2020.01.050

Zoete, V., Grosdidier, A., and Michielin, O. (2009). Docking, virtual high throughput screening and in silico fragment-based drug design. J. Cell Mol. Med. 13, 238–248. doi: 10.1111/j.1582-4934.2008.00665.x

Zumla, A., Chan, J. F., Azhar, E. I., Hui, D. S., and Yuen, K. Y. (2016). Coronaviruses—drug discovery and therapeutic options. Nat. Rev. Drug Discov. 15, 327–374. doi: 10.1038/nrd.2015.37


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Abdusalam and Murugaiyah. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	REVIEW
published: 17 December 2020
doi: 10.3389/fmolb.2020.610132






[image: image2]

The Leukotriene Receptor Antagonist Montelukast as a Potential COVID-19 Therapeutic

Ludwig Aigner1,2,3*, Frank Pietrantonio4, Diana Marisa Bessa de Sousa1,2, Johanna Michael1,2, Daniela Schuster5, Herbert Anton Reitsamer6,7, Horst Zerbe4 and Michael Studnicka8


1Institute of Molecular Regenerative Medicine, Paracelsus Medical University Salzburg, Salzburg, Austria

2Spinal Cord Injury and Tissue Regeneration Center Salzburg (SCI-TReCS), Paracelsus Medical University Salzburg, Salzburg, Austria

3Austrian Cluster for Tissue Regeneration, Vienna, Austria

4IntelGenx Co5rp., Saint-Laurent, QC, Canada

5Department of Pharmaceutical and Medicinal Chemistry, Institute of Pharmacy, Paracelsus Medical University Salzburg, Salzburg, Austria

6Department of Ophthalmology and Optometry, University Clinic Salzburg, Paracelsus Medical University, Salzburg, Austria

7Research Program of Experimental Ophthalmology and Glaucoma Research, Paracelsus Medical University Salzburg, Salzburg, Austria

8Department of Pulmonary Medicine, University Clinic Salzburg, Paracelsus Medical University Salzburg, Salzburg, Austria

Edited by:
Balakumar Chandrasekaran, Philadelphia University, Jordan

Reviewed by:
Jaehong Kim, Korea University, South Korea
 Magnus Bäck, Karolinska Institutet (KI), Sweden

*Correspondence: Ludwig Aigner, ludwig.aigner@pmu.ac.at

Specialty section: This article was submitted to Molecular Diagnostics and Therapeutics, a section of the journal Frontiers in Molecular Biosciences

Received: 25 September 2020
 Accepted: 17 November 2020
 Published: 17 December 2020

Citation: Aigner L, Pietrantonio F, Bessa de Sousa DM, Michael J, Schuster D, Reitsamer HA, Zerbe H and Studnicka M (2020) The Leukotriene Receptor Antagonist Montelukast as a Potential COVID-19 Therapeutic. Front. Mol. Biosci. 7:610132. doi: 10.3389/fmolb.2020.610132



The emergence and global impact of COVID-19 has focused the scientific and medical community on the pivotal influential role of respiratory viruses as causes of severe pneumonia, on the understanding of the underlying pathomechanisms, and on potential treatment for COVID-19. The latter concentrates on four different strategies: (i) antiviral treatments to limit the entry of the virus into the cell and its propagation, (ii) anti-inflammatory treatment to reduce the impact of COVID-19 associated inflammation and cytokine storm, (iii) treatment using cardiovascular medication to reduce COVID-19 associated thrombosis and vascular damage, and (iv) treatment to reduce the COVID-19 associated lung injury. Ideally, effective COVID-19 treatment should target as many of these mechanisms as possible arguing for the search of common denominators as potential drug targets. Leukotrienes and their receptors qualify as such targets: they are lipid mediators of inflammation and tissue damage and well-established targets in respiratory diseases like asthma. Besides their role in inflammation, they are involved in various other aspects of lung pathologies like vascular damage, thrombosis, and fibrotic response, in brain and retinal damages, and in cardiovascular disease. In consequence, leukotriene receptor antagonists might be potential candidates for COVID-19 therapeutics. This review summarizes the current knowledge on the potential involvement of leukotrienes in COVID-19, and the rational for the use of the leukotriene receptor antagonist montelukast as a COVID-19 therapeutic.

Keywords: leukotrienes, leukotriene receptor antagonist (LTRA), viral pneumonia, COVID-19, inflammation


SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2 (SARS-COV-2) AND CORONAVIRUS DISEASE-2019

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a novel enveloped RNA beta-coronavirus that emerged in December 2019 in Wuhan, Hubei Province, China, resulting in clusters of pneumonia outbreaks and human infections. In February 2020 the World Health Organization (WHO) announced the official name of the disease as “coronavirus disease-2019” (COVID-19). Coronaviruses are enveloped RNA viruses highly pathogenic to humans (Coleman and Frieman, 2014). In the past 20 years, two highly infectious coronaviruses gave rise to epidemics on a global scale i.e., severe acute respiratory syndrome coronavirus (SARS-CoV) (Ksiazek et al., 2003) and Middle East respiratory syndrome coronavirus (MERS-CoV) (de Groot et al., 2013). As of 11th Nov 2020, almost 52 million cases of COVID-19, including >1,200,000 deaths have been reported in over 190 countries (https://coronavirus.jhu.edu/map.html).

The incubation period for COVID-19 is estimated to be within 14 days following exposure, in most cases 4 to 5 days (Guan et al., 2020; Li et al., 2020). The clinical spectrum of COVID-19 syndrome ranges from asymptomatic infection to severe pneumonia, acute respiratory distress syndrome (ARDS), and death, based on 72,314 cases of COVID-19 from the Chinese Center for Disease Control and Prevention (Wu and McGoogan, 2020). In this study, 81% of cases were reported to be mild, 14% severe, and 5% were critical. In 1,482 hospitalized patients with laboratory-confirmed COVID-19 in the United States the most common presenting symptoms were cough (86%), fever or chills (85%), and shortness of breath (80%), diarrhea (27%), and nausea (24%) (Garg et al., 2020). Laboratory findings commonly reported in COVID-19 include leukopenia and lymphopenia, and elevations in aminotransferase levels, C-reactive protein, D-dimer, ferritin, and lactate dehydrogenase (Lovato A, 2020).

Patients with severe COVID-19 typically present with hypoxemia and need hospitalization. In adults with COVID-19 and acute hypoxemic respiratory failure, conventional oxygen therapy may be insufficient to meet the patient's oxygen demand. As such, further supportive options include high flow nasal cannula oxygen, non-invasive positive pressure ventilation, or invasive mechanical ventilation. In patients with COVID-19 from Wuhan, China, it was observed that over 20% of hospitalized patients with COVID-19 pneumonia required intensive care with respiratory support (Huang et al., 2020; Wang et al., 2020). Patients with COVID-19 pneumonia requiring ICU compared to non-ICU patients were older (median age = 66 years vs. 51 years) and more likely to be burdened with underlying co-morbid conditions (72 vs. 37%) (Wang et al., 2020).



SARS-COV-2 INFECTION AND COVID-19 PATHOGENESIS

In brief, SARS- CoV-2 infection and COVID-19 pathogenesis can be summarized as follows: (i) entry of the virus into the upper and lower respiratory tract, cellular infection, replication, and propagation of the virus, (ii) inflammation, (iii) thrombosis and endothelial damage, and (iii) end organ damage (Figure 1). Finally, patients die because of respiratory failure due to interstitial pneumonia, cardiogenic shock or ARDS, while survivors recovering from COVID-19 often can develop fibrotic lung lesions.
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FIGURE 1. Summary and Concept. In the center of current COVID-19 research and therapy development are viral entry and propagation, inflammation, lung damage, as well as platelet activation/aggregation, thrombosis, and cardiovascular diseases. Emerging topics in COVID-19 are stroke, demyelination, and neurodegeneration. The various aspects lead to loss of organ function in the lung, brain and eye, and eventually heart. Montelukast might be effective in addressing the various detrimental processes and might promote functional recovery.



SARS-CoV-2 Infection and Propagation

Anti-viral treatment through inhibition of viral entry and/or inhibition of its propagation is certainly an attractive approach to reduce the risk of infection and to limit COVID-19 associated symptoms. At present, anti-viral medications that had originally been developed to treat HIV, Ebola, Hepatitis C, Influenza, SARS, or MERS virus infections are tested in COVID-19 patients. A fundamental understanding of the mechanisms of COVID-19 infection and propagation might open new avenues for the design of effective and specific treatments. Viral entry into target cells is facilitated through binding of the virus's spike (S) protein to the cellular receptor angiotensin-converting enzyme 2 (ACE2) as the entry receptor, similar to what has been described for SARS-CoV (Li et al., 2003; Zhou, P., et al., 2020). It further requires S protein cleavage/priming by the cellular protease Transmembrane Protease Serine 2 (TMPRSS2), which allows fusion of viral and cellular membranes. ACE2 and TMPRSS2 are expressed by a variety of cells of different organs, remarkably high expression is present in olfactory epithelium cells identifying the olfactory mucosa cells as one possible route of infection. In addition, ACE2 and TMPRSS2 expression is found in cells of the cornea of the eye and in the intestine. This suggests alternative routes of COVID-19 infections, for example through the eye, the tear ducts, or through the gastrointestinal tract. Viral propagation requires the main protease Mpro, also called 3CLpro, which is essential for cleaving the polypeptides that are translated from the viral RNA. Mpro is certainly a highly attractive drug target, however, the development of Mpro inhibitors has only recently started (Zhang et al., 2020).



COVID-19 Associated Inflammatory Response

COVID-19 infections are associated with severe inflammation, and various anti-inflammatory treatments are currently under clinical investigations. Inflammation is partially triggered by virus induced cell cytolysis in the lung, which in turn results in enhanced production of inflammatory cytokines and chemokines by infected cells. Additional mechanisms include delayed induction of antiviral interferon response as a result of virus-escape mechanisms, such as the production of interferon inhibitory proteins (Channappanavar and Perlman, 2017; Merad and Martin, 2020).

Post-mortem analysis illustrates the excessive inflammatory response to SARS-CoV-2, which is thought to be the major contributor to disease severity and mortality in patients with COVID-19. This inflammatory response includes increased levels of inflammatory markers in the blood (including C-reactive protein, ferritin, and D-dimers), increased neutrophil/lymphocyte ratio and increased serum levels of several inflammatory cytokines, for example IL-1, IL-6, and TNF-α, and chemokines, as well as extensive lymphopenia and substantial infiltration of monocytes, macrophages and neutrophils in the lungs, heart, spleen, lymph nodes, and kidney (Huang et al., 2020; Mehta et al., 2020; Merad and Martin, 2020).

Dysregulated activation mechanisms of the mononuclear phagocyte compartment are likely contributors to COVID-19 associated hyper-inflammation (Schulert and Grom, 2015; Mehta et al., 2020). In various respiratory conditions including viral pneumonias levels of pro-inflammatory cytokines are elevated and various immune cells appear in lung tissue and contribute to symptoms such as fever and to tissue reactions such as fibrosis (Kritas et al., 2020). A similar situation appears in COVID-19, where levels of pro-inflammatory cytokines are elevated in the lung and in bronchial cells (Huang et al., 2020). In post-mortem lungs patients with coronavirus infections, there is extensive cellular infiltration by macrophages as well as accumulation of high levels of interferon-γ (IFNγ), IL-6, IL-12, transforming growth factor-β (TGFβ), CCL2, CXCL10, CXCL9, and IL-8 (Channappanavar and Perlman, 2017).

Severe COVID-19 patients typically experience a “cytokine storm syndrome” or now commonly coined as “cytokine storm,” characterized by a severe and sudden onset of a cytokine cascade or hypercytokinemia which in turn can result in ARDS, multi-organ failure, and death (Coperchini et al., 2020). The cytokine storm results from the cumulative effects of a combination of several immune-active molecules. The release of large quantities of interferons, interleukins, chemokines, colony-stimulating factors, and TNF-alpha, which represent the main components involved in the development of the cytokine storm, precipitate, and sustain the aberrant systemic inflammatory response. The “cytokine storm” is possibly the most dangerous and potentially life-threatening aspect related to COVID-19, and can result in ARDS, multi-organ failure, and death.

A common occurrence observed in many patients with severe COVID-19 is the presence of T cell lymphopenia, which is more pronounced in the CD8+ T cell compartment, although CD4+ T cell counts were also observed to be low. T cell counts were significantly reduced in COVID-19 patients, and were negatively correlated with increased serum levels of TNF, IL-6, and IL-10 (Diao et al., 2020). The surviving T cells appeared to be functionally exhausted (Diao et al., 2020). The potential mechanisms responsible for T cell depletion are still unclear; however, the hypothesis that depletion is related to direct infection of T cells by SARS-CoV-2 virus, at least in the case of patients with COVID-19, has to date not been substantiated.



COVID-19 Patients Show Dysregulation of Hemostasis and Vascular Damage

Among patients, hospitalized for severe SARS-CoV-2 infection, COVID-19 is frequently associated with coagulation abnormalities (Al-Ani et al., 2020; Marietta et al., 2020). Several hematological and coagulation parameters are altered, including prolonged prothrombin and activated prothrombin times, enhanced D-dimer levels, as well as reduced platelet counts (Al-Ani et al., 2020; Becker, 2020; Terpos et al., 2020; Xu et al., 2020), with patients critically ill showing the most prominent alterations (Zhang, Y., et al., 2020). The hypercoagulative state observed in COVID-19 patients might be related to the strong pro-inflammatory response unleashed following viral infection (Marietta et al., 2020). Inflammatory mediators are known to promote platelet reactivity, activation of the coagulation system, and down-regulation of anticoagulant mechanisms favoring coagulation and thrombosis (Esmon, 2005). At the pulmonary level, cellular damage originating from viral infection, but also due to mechanical ventilation, may promote platelet activation and aggregation, leading to thrombus formation (Xu, X., et al., 2020; Zhang, Y., et al., 2020). Increased thrombogenesis may also contribute to thrombocytopenia observed in COVID-19 patients, a condition associated with poor prognosis and high mortality (Al-Ani et al., 2020; Liu et al., 2020). As highlighted in a recent position paper by the European Society of Cardiology (ESC) Working Group for Atherosclerosis and Vascular Biology, and the ESC Council of Basic Cardiovascular Science (Evans et al., 2020), SARS-CoV-2 virus infections affect the cardiovascular system with the clincial consequences of myocarditis, arrhythmias, and myocardial damage. Besides that, the vasculature is affected in COVID-19 patients, both directly by the SARS-CoV-2 virus, and indirectly as a result of the systemic inflammatory cytokine storm (Evans et al., 2020).



COVID-19 Patients Develop Severe Acute and Chronic Lung Pathologies

On chest X-rays patients with COVID-19 show abnormalities that vary from patient to patient; nevertheless, patients typically demonstrate bilateral multi-focal opacities (Shi et al., 2020). CT chest scans also vary in terms of abnormalities; however, a common observation was peripheral ground-glass opacities with the development of areas of consolidation later in the clinical course. Also, imaging may be normal early after infection, and abnormalities may appear even in asymptomatic patients with COVID-19.

Histopathological examination of COVID-19 lung tissue shows cellular infiltrates indicating diffuse alveolar damage with cellular fibromyxoid-organizing exudates, accompanied by pneumocyte desquamation and hyaline membrane formation, indicating features usually seen in ARDS (Xu, X., et al., 2020). Also, pulmonary edema associated with hyaline membrane formation suggestive of early-phase ARDS is typically evident. Multinucleated syncytial cells, atypical enlarged pneumocytes characterized by large nuclei, amphophilic granular cytoplasm, and prominent nucleoli are observed in the intra-alveolar spaces, indicating changes seen in viral infections.

In addition, COVID-19 patients show extensive mucus secretion in both lungs, and signs of pulmonary interstitial fibrosis are typically evident in post-mortem COVID-19 lungs (Jain, 2020). The severity of pulmonary complications in COVID-19 is closely linked to IL-6 peak levels (Russell et al., 2020). The over-activation of mast cells and release of cytokines might also have a crucial role in the development of pulmonary fibrosis in COVID-19, particularly in populations pre-disposed to develop diseases related to mast cell activation (Theoharides, 2020). Chronic lung diseases like pulmonary fibrosis may develop in COVID-19 patients who recovered (Wang J., et al., 2020).




LEUKOTRIENES IN LUNG PATHOLOGIES AND COVID-19

COVID-19 associated inflammatory responses involve the participation of the innate and the adaptive immune system as well as its associated cellular players and components. Besides the inflammatory overload, thrombosis, vascular damage, and fibrotic response are typical features of COVID-19 pathology. In the search for a common denominator involved in the modulation of these various aspects of COVID-19 pathology we identified leukotrienes (LTs), in particular the cysteinyl-leukotrienes (Cys-LTs) and their receptors as potential drug targets. Indeed, very recent literature hypothetically argues for the use of LT receptor antagonists in the treatment of COVID-19 patients (Almerie and Kerrigan, 2020; Fidan and Aydogdu, 2020), and a first Phase III randomized controlled double-blind clinical trial testing the Cys-LT receptor antagonist montelukast in COVID-19 patients has been announced (https://clinicaltrials.gov/ct2/show/NCT04389411). The objective of COSMO (COvid-19 Symptom MOntelukast) trial is to determine the efficacy of montelukast in reducing the severity of COVID-19 symptoms. The primary objective is to test the efficacy of the standard and approved dose of 10 mg/day of montelukast compared to placebo in reducing the risk of acute care visits and hospital admissions for COVID-19 patients.

The next paragraphs elaborate on Cys-LTs and their role in lung pathologies with a special focus on COVID-19 related pathogenesis and summarize the rational and the current state of preclinical and clinical development of montelukast as a potential therapeutic for the treatment of COVID-19 patients.


Leukotrienes and Leukotriene Receptors

LTs are eicosanoids and inflammatory mediators produced by various cell types including leukocytes. One subclass, i.e., cysteinyl-leukotrienes (CysLTs) are well-known in respiratory medicine as they trigger bronchoconstriction in asthma and cause inflammation in asthma and allergic rhinitis (Peters-Golden and Henderson, 2007; Okunishi and Peters-Golden, 2011). CysLTs bind to specific CysLT receptors (CysLTRs) namely, CysLTR1, CysLTR2, P2Y12, GPR99, and GPR-17. These G protein-coupled receptors are expressed on the outer membrane of a variety of cells including immune and inflammatory cells (i.e., basophils, mast cells, dendritic cells, eosinophils, monocytes/macrophages, B cells, CD4+ T cells, and to a lesser degree on neutrophils and CD8+ cells), endothelial cells and platelets (Peters-Golden and Henderson, 2007; Okunishi and Peters-Golden, 2011). CysLTR1 is mostly expressed in lymphoid cells of the spleen and peripheral blood leukocytes (Lynch et al., 1999) and also at lower levels in lung, colon, small intestines, kidney, liver, heart, pancreas, and brain (Nonaka et al., 2005). CysLTR2 is expressed in spleen, heart, peripheral blood leukocytes, and lung (Takasaki et al., 2000) and moderately expressed in the central nervous system with higher expression levels within the spinal cord and pituitary (Nothacker et al., 2000). P2Y12 is mainly expressed by platelets but also in various other cell types including cells of the upper and lower respiratory tract, where it mediates LT-induced effects such as eosinophilic inflammation in asthma (Foster et al., 2013; Suh et al., 2016). GPR99 is a high-affinity receptor for LTE4 and involved in vascular damage, mucin production and mucosal swelling (Bankova et al., 2016) [for review see Yokomizo et al. (2018)]. GPR-17 has been described in various stem and progenitor cells, and other somatic cells. It has affinity to two families of ligands i.e., nucleotide sugars nucleotide sugars (UDP, UDP-galactose, and UDP-glucose) and Cys-LTs (LTD4, LTC4, and LTE4) (Ciana et al., 2006). In the context of respiratory diseases, GPR17 might be involved in modulating pulmonary immune-related inflammations (Zhan et al., 2018). Overall, besides the clear involvement of CysLTR1 as a mediator of eicosanoids in inflammation, the precise role of other leukotriene receptors in inflammation is still under discussion. For example, the oxoglutarate receptor GPR99 may be activated by CysLTs in mice and in vitro, but its role in human CysLT-induced effects remains to be established (Back et al., 2014).



Cysteinyl Leukotrienes in Lung and Respiratory Disease Pathologies

LTs play a pivotal role in the acute phase of respiratory conditions such as (i) asthma, (ii) viral pneumonia, (iii) acute lung injury (ALI), (iv) systemic inflammatory response syndrome (SIRS), (v) ARDS, and (vi) pulmonary fibrosis (Beller et al., 2004; Caironi et al., 2005; Horiguchi et al., 2007; Okunishi and Peters-Golden, 2011; Al-Amran et al., 2013). LTs mediate various molecular and cellular pathologies in respiratory disease, and LT inhibition alleviates respiratory pathology (Sorkness, 1997; McMillan, 2001; Scott and Peters-Golden, 2013). Whether LTs are involved in SARS-CoV-2 induced pneumonia and COVID-19 pathology is unclear at present. Nevertheless, the similarities of symptoms such as cough and fever, dyspnoea, pneumonia, respiratory failure, and sepsis between COVID-19 associated and not-associated respiratory conditions, and the similarities in the various aspects of respiratory disease pathology such as inflammation, thrombosis and vascular damage, and fibrotic reactions strongly argue for a role of LTs in SARS-CoV-2 associated lung diseases.

The vast amount of knowledge on the role of CysLTs in lung disease has been generated in the field of asthma, where CysLTs mediate inflammation, induce bronchoconstriction, increase microvascular permeability, and increase mucus production (Peters-Golden, 2008). CysLTRs have been identified as therapeutic targets, and CysLTR antagonists such as montelukast are in clinical use in asthma for more than two decades. The fact that CysLTs are involved in the various aspects of respiratory disease pathologies such as inflammation, thrombosis and vascular damage, and fibrotic remodeling provides a rationale for inhibition of LTs and the use of montelukast in respiratory diseases beyond asthma, for example in viral pneumonia related to SARS-CoV-2 infections.

Besides the well-established role of CysLTs, leukotriene B4 and ist receptors might also be relevant targets in the context of inflammation related to asthma (Ro et al., 2019). For example, leukotriene B4 (LTB4) is present at higher concentrations in sputum of patients with severe asthma compared to those with mild asthma. Moreover, LTB4 receptors are involved in the pathogenesis of neutrophil-dominant pulmonary inflammation in an animal model. Nevertheless, due to the fact that the role of CysLTs in the pathogenesis of asthma, in particular in the inflammation that is related to asthma, is far more established compared to the one of LTB4, the present review focuses primarily on CysLTs and their receptors as putative targets in lung diseases including COVID-19. Moreover, as the need of a COVID-19 therapeutic is more than timely, we are focusing on compounds are already approved medications and ready to be repurposed. Again, while Cys-LTR antagonists are approved medications, LTB4 antagonists are available for preclinical studies but not as approved medications.




MONTELUKAST AS A POTENTIAL COVID-19 THERAPEUTIC

Montelukast was developed as a highly selective CysLTR1 antagonist, which is currently used and approved for the treatment of asthma, allergic rhinitis, exercise-induced bronchoconstriction, and acetylsalicylic acid-sensitive asthmatic patients. Its primary mode of action is via prevented signaling of LTs by blockage of CysLTR1. This prevents the production of reactive oxygen species (ROS) and LTB4 and inhibits inflammatory cytokine production through blocking the MAPK-p38 and NF-kB pathways (Anderson et al., 2009), which has been demonstrated in TNF-alpha-stimulated IL-8 expression in U937 cells (Tahan et al., 2008), in human monocytic leukemia cell line (Maeba et al., 2005), and in peripheral blood derived macrophages (Lin et al., 2018). In addition to the inhibition of CysLTR1, montelukast also antagonizes the GPR17 LT receptor (Ciana et al., 2006).


Effects of Montelukast in Viral Infection and Propagation

In 2017, Cardani et al. described an animal model of Influenza A pneumonia demonstrating a role of alveolar macrophages in preventing lethality (Cardani et al., 2017). In this study, the preventive effect of the alveolar macrophages was causally linked to a down-regulation of the LT pathway. Furthermore, genetic and pharmacologic inhibition of LT synthesis as well as blockade of CysLTRs using the LTR antagonist zafirlukast reduced susceptibility to Influenza A infection and protected these mice from lethal infections (Cardani et al., 2017). Based on the similar molecular pharmacology montelukast might have a similar anti-viral activity as zafirlukast. This, however, requires experimental proof. Nevertheless, the anti-viral activity of montelukast has been demonstrated in for the Zika virus, a RNA virus similar to Sars-CoV-2. Here, montelukast disrupted the integrity of the virions to release the viral genomic RNA and thus irreversibly inhibited viral infectivity (Chen et al., 2019).

Propagation of the SARS-CoV-2 virus requires the main protease Mpro, which is processing and cleaving the viral polypeptides (Zhang et al., 2020). A study by Wu et al. generated computational 3D homology models for 19 viral targets and used molecular docking to predict drugs that could bind to the respective binding sites. Montelukast was predicted to bind Mpro with high affinity to its catalytic site of Mpro, presenting montelukast as a potential Mpro inhibitor (Wu et al., 2020). This may directly modulate and inhibit viral replication in COVID-19. However, this computational prediction has still to be experimentally tested.



Montelukast to Reduce Inflammation in Lung and Respiratory Diseases

In human asthma, the anti-inflammatory effects of montelukast in asthma are well-established [for review see Diamant et al. (2009), Okunishi and Peters-Golden (2011), Paggiaro and Bacci (2011)]. For example, in adults with asthma montelukast treatment reduced serum CRP, decreased serum and sputum eosinophil counts, levels of eosinophil cationic protein and of IL-8; montelukast decreased sputum levels of myeloperoxidase, and increased serum and sputum levels of the anti-inflammatory cytokine IL-10 (Kanniess et al., 2002; Stelmach et al., 2005; Allayee et al., 2007). Also, in asthmatic children montelukast reduced the levels of exhaled nitric oxide (Straub et al., 2005). In mycoplasma pneumonia, montelukast decreased serum MCP-1, PCT, ICAM-1, CXCL8, CRP, IFN-γ, and IL-17 levels and peripheral blood Th1 and Th17 numbers, while it increased serum IL-4 and TGF-β levels and peripheral blood Treg and Th2 content (Wu et al., 2019).

In a number of animal models of respiratory diseases montelukast demonstrated anti-inflammatory activities. For example, in an animal model of respiratory syncytial virus (RSV) induced bronchiolitis montelukast prevented airway hyper-responsiveness and inflammation (Han et al., 2010). Additionally, Wedde-Beer et al. (2002) reported that treatment with montelukast suppresses vascular permeability of airway mucosa in a rat model of RSV infection. In two studies on haemorrhagic shock induced lung-injury montelukast reduced IL-6 and TNF-α levels (Horiguchi et al., 2007), alleviated lung injury and decreased serum levels of lung myositis associated antibodies, as well as bronchoalveolar lavage fluid LTB(4), LTC(4), and total protein (Al-Amran et al., 2013). Also, montelukast attenuated LPS-induced lung inflammation in a model of acute respiratory distress syndrome (Davino-Chiovatto et al., 2019). On the cellular level montelukast suppressed the release of pro-inflammatory mediators such as IL-8 and RANTES in nasal airway epithelial cells in vitro (Scaife et al., 2013).



Montelukast Affects Platelets and Alleviates Vascular Damages

Increasing evidence demonstrates platelet involvement in different lung diseases, such as asthma (Kowal et al., 2006). In asthmatic individuals, airway inflammation is associated with intravascular platelet activation (Sullivan et al., 2000), with platelets contributing to the activation and infiltration of eosinophils and T cells to the bronchial wall (Sullivan et al., 2000; Kowal et al., 2006; Benton et al., 2010; Trinh et al., 2019). Interestingly, combination of clopidogrel, an antiplatelet drug, and montelukast in the treatment of asthma seems to alleviate airway inflammation in animal experiments (Trinh et al., 2019). As previously discussed, platelet aggregation and thrombosis are two important events triggered by SARS-CoV-2 infection. It is, thus, expectable that COVID-19 patients have elevated levels of activated platelets, which might contribute to the host response to the virus. Besides being involved in recruitment and transmigration of immune cells to inflamed tissue (Leiter and Walker, 2019), activated platelets also release multiple inflammatory molecules, which support the activation and recruitment of immune cells, increased of vascular permeability and a pro-inflammatory environment (Leiter and Walker, 2019).

Interestingly, in the context of allergen induced airway inflammation, platelet function seems to be influenced by CysLTs (Liu et al., 2015). Platelets express CysLT1R and CysLT2R (Hasegawa et al., 2010), and platelet activation by LTC4 has been shown in mouse platelets (Cummings et al., 2013). LTC4 platelet stimulation led to upregulation of plasma membrane P-selectin expression, a molecule involved in leukocyte recruitment and release of inflammatory mediators (i.e., thromboxane A2, CXCL4, and RANTES) (Cummings et al., 2013). Furthermore, in vitro stimulation of human platelets with LTC4, D4, and E4 also induced the release of RANTES (Hasegawa et al., 2010), a chemokine involved in the recruitment and migration of leukocytes to inflammatory sites (Marques et al., 2013). CysLTs-mediated platelet release of RANTES could be partial abrogated by Pranlukast, a CYSLT1R antagonist (Hasegawa et al., 2010). These observations suggest that CysLTs might be involved in platelet activation and that the use of CysLT1R antagonists such as montelukast might be advantageous in the treatment of inflammatory states, particularly in combination with antiplatelet drugs, such as clopidogrel (Foster et al., 2013; Suh et al., 2016).



Montelukast and the Potential to Limit Acute and Chronic Lung Tissue Damage in COVID-19

Currently, there are no data yet available demonstrating that montelukast prevents lung damage in COVID-19 patients. Also, while montelukast inhibits pulmonary inflammatory circuits in the asthmatic lung, its effects in COPD is less established. Nevertheless, montelukast reduced the levels of procollagen type I carboxy-terminal propeptide (PICP-1), a marker for collagen-synthesis and airway remodeling in hypertonic saline solution–induced sputum in children with asthma (Tenero et al., 2016). In animal models of lung injury, montelukast has been shown to ameliorate tissue damage. For example, montelukast reduced sepsis-induced lung and renal injury in rats, a model of systemic inflammatory response syndrome (Khodir et al., 2014). In a model of hemorrhagic shock induced lung injury, montelukast reduced the total lung injury score (Al-Amran et al., 2013).




MONTELUKAST IN COVID-19—A THERAPY BEYOND LUNG?

There is increasing evidence that COVID-19 pathology is not limited to the lung but also affects other organs, in particular brain and eye. A retrospective study from Mao et al. of 214 hospitalized COVID-19 patients revealed that 36.4% of patients displayed neurologic symptoms, like dizziness, headache and impaired consciousness (Mao et al., 2020). Also gustatory and olfactory dysfunctions have been reported (Wang, L., et al., 2020). Severe neurologic complications, like encephalitis, demyelination and stroke have also been described in association with COVID-19 in rare cases (Poyiadji et al., 2020) [reviewed in (Asadi-Pooya and Simani, 2020; Montalvan et al., 2020; Zanin et al., 2020)]. These neurological symptoms point toward a potential of Sars-CoV-2 to damage the central nervous system (CNS). Also, ophthalmological changes such as conjunctivitis, conjunctival hyperemia, increased secretion, chemosis, and epiphora have been described in patients with COVID-19 (Wu, P., et al., 2020). In addition, OCT based scans of the retina show evidence for pathologies in the ganglion cell layer and the inner plexiform layer and the inner plexiform layer in COVID-19 patients (Marinho et al., 2020). Additional observations using color fundus photography and red-free imaging showed cotton wool spots and microhaemorrhages along the arcade vessels at the macular border indicating ischemia, blockage of axoplasmatic transport in the ganglion cells as well as breakdown of the blood retina barrier (Marinho et al., 2020). Cases of temporal mild and severe vision loss binocular and monocular have been reported, and non-arteritic posterior ischemic optic neuropathies were discussed as possible reasons for acute vision loss (Selvaraj et al., 2020).

Direct entry of the Sars-CoV-2 into the brain and eye has been postulated. A possible direct entry way of Sars-CoV-2 into the brain is via the lamina cribrosa of the ethmoid bone, which was shown for Sars-CoV infections (Netland et al., 2008). Sars-CoV-2 might also enter the brain by infecting endothelial cells in the cerebral circulation (Baig et al., 2020). The receptor ACE2 is expressed on cells of the central nervous tissue, namely neurons and glial cells (Harmer et al., 2002) making them potential target cells of Sars-CoV-2 in the CNS (Baig et al., 2020). It is known that other members of the coronavirus family are able to enter the CNS and that an infection can lead to symptoms of multiple sclerosis and encephalitis (Bohmwald et al., 2018; Natoli et al., 2020). Presence of Sars-CoV-2 in the CNS has already been documented (Zhou et al., 2020), which demonstrates a neuroinvasive potential of this virus. It was suggested, that a neuroinvasion of Sars-CoV-2 could be involved in respiratory failure in severe COVID-19 patients (Li, Y. C., et al., 2020), which of course needs further research.

There is controversy about the ocular surfaces being an entry and production site for the Sars-CoV-2 Virus. At least in patients with PCR positive tear fluid samples spread of the virus from the nasopharynx through the nasolacrimal duct onto the ocular need to be considered as a possible route for viral entry onto the ocular surface. However, recent evidence suggests that ACE-2 and TMPRSS2 are located on the conjunctival epithelium of adult humans. This makes most of the outer ocular surface susceptible to infections with Sars-CoV-2 (Collin et al., 2020). In patients with Sars-CoV-2 positive tear fluid on the ocular surface, the eye is a possible site of transmission of the virus. Taking measurements of intraocular pressure with air-puff-tonometry was discussed as a possible mechanism transmitting the virus via aerosol propagation (Lai et al., 2020). Although no infection with Sars-CoV-2 via this pathway was reported, as a precaution, most societies have warned using this technique in COVID-19 patients. Cauterization of infected conjunctiva also created aerosols and might as well be a possible mechanism for virus transmission.

Neurological and visual impairments due to Sars-CoV-2 infections might directly and/or indirectly damage the CNS including brain and retina, which could potentially have long-term consequences. Naughton et al. has raised concerns that COVID-19 might contribute to further cognitive decline in patients with Alzheimer Disease (Naughton et al., 2020). Given the relative short time that Sars-CoV-2 is present we can by now only speculate on possible mid- and long-term consequences for COVID-19 survivors. Given the potential of Sars-CoV-2 to infect cells of the CNS concerns arise that an infection might facilitate and fasten cognitive decline in patients with mild cognitive impairment or dementia. These effects could either be due to direct neuropathogenic capacity of Sars-Cov-2 in the brain or an indirect consequence of the systemic inflammation.

A huge body of preclinical experiments has demonstrated that montelukast promotes CNS repair, regeneration, and rejuvenation in animal models of aging, chronic neurodegenerative disease and acute CNS lesions. For example, in aged rats, montelukast re-activated neurogenesis, reduced neuroinflammation, restored the blood-brain-barrier, and improved learning and memory (Marschallinger et al., 2015). Montelukast alleviated damage, restored fiber connectivity, and improved neurological function in an animal model of acute stroke (Gelosa et al., 2019). It reduced seizures and restored blood-brain-barrier function in an animal model of epilepsy (Lenz et al., 2014), and reduced the alpha-synuclein load and restored memory in an animal model of Lewy-Body dementias (Marschallinger et al., 2020), In an animal model of multiple sclerosis, montelukast reduced T-cell chemotaxis and restored integrity of the blood-brain-barrier (Wang et al., 2011).

Although very speculative, it can be expected that Sars-CoV-2 infections damage the brain involving various cellular levels and mechanisms including blood-brain-barrier, neuroinflammation, neurons and glia, as well as progenitor cells. Montelukast has been shown to act in a protective and regenerative mode of action at these various cells and compartments, and might therefore have a potential to protect and repair from Sars-CoV-2 induced brain damages. The same might account for retinal damages, as montelukast has been shown to prevent from retinal capillary degeneration in an animal model of early diabetic (Bapputty et al., 2019).

Increasing awareness exists on the role of endothelial cells as a prime target for SARS-CoV-2 infections and on cardiovascular symptoms in COVID-19 patients (Evans et al., 2020). Again, here, montelukast might be protective and alleviate cardiovascular symptoms. For example, it has been demonstrated that montelukast suppressed the expression of adhesion molecule such as VCAM-1 and E-selectin and reduces monocyte adhesion to human umbilical vein endothelial cells in vitro (Di et al., 2017). Importantly, a nationwide cohort study in sweden demonstrated that montelukast intake was associated with a reduced risk for recurrent cardiovascular diseases (Ingelsson et al., 2012). Moreover, we recently demonstrated that montelukast reduced brain damage in ischemic rodents and promoted structural and functional recovery after stroke (Gelosa et al., 2019). Therefore, in summary, montelukast might exert a number of extra-pulmonary protective effects in the context of COVID-19.



MONTELUAKST FOR COVID-19 PATIENTS—A DRUG DELIVERY CASE?

As suggested in this review, there is a strong scientific rational for repurposing of montelukast as a COVD-19 therapeutic. Currently, montelukast is marketed under the brand name Singulair® and in several generic products in oral tablet forms. In adult patients, the recommended daily approved dose is a 10-mg tablet. These tablet forms present a number of limitations such as inconsistent solubility, uptake, and bioavailability. Although montelukast is freely soluble in water, its solubility is markedly and significantly increased above pH 7.5 and drastically reduced under acidic conditions normally found in the gastrointestinal tract, in particular in the stomach (Okumu et al., 2008). This explains why absorption of montelukast into the blood stream is relatively slow and inconsistent with maximum concentrations occurring between 2–4 h following consumption. Thereby, montelukast use is limited to chronic conditions rather than for rapid acute treatment. Indeed, a major obstacle limiting the absorption of montelukast is presented by its insufficient solubility and the rate of dissolution from the tablet form. Uptake and bioavailability of montelukast is further determined by pharmacogenetics [for review see (Thompson et al., 2016)]. For example, more than 20% of the population is not responding to montelukast with a clinical benefit (Noonan et al., 1998). Among the various genetic reasons are variations in the SLCO2B1 gene coding for the organic anion transporting OATP2B1, which has been associated with altered absorption of montelukast (Mougey et al., 2009). Uptake of montelukast was further modifed by the intake of citrus juice (Mougey et al., 2011).

Besides the physico-chemical and genetic basis for the insufficient uptake and bioavailability of montelukast in its current tablet form, a further drawback is the inadequateness of montelukast tablets for patients suffering from dysphagia such as elderly patients. Most importantly, for patients that are intubated or require ventilation, an oral montelukast tablet wouldn't be the application of choice. As the most critical COVID-19 patients are elderly people, and in severe cases require intubation and ventilation, alternative routes of application might be favorable.

One alternative drug delivery mode, which would be highly suitable for elderly patients, and in particular for patients with intubation or ventilation, are mucoadhesive buccal films. Indeed, we have developed a buccal mucoadhesive film formulation of montelukast, which in a recent Phase I study showed safe and tolerable in healthy subjects, and provides a reduction in first-pass-effect and a 52% higher bioavailability compared to the regular montelukast tablet. Given the potential mechanism of action of montelukast in COVID-19 and the added benefit of the buccal film application, the latter might be a meaningful and effective therapeutic in patients with COVID-19.



RECENT CONCERNS ON SAFETY OF MONTELUKAST

As of 2017, there were over 30 million prescriptions of montelukast in the United States (https://clincalc.com/DrugStats/Drugs/Montelukast). The clinical efficacy of montelukast in the approved indications has been well-established in randomized clinical trials and the safety has been proven in numerous years of use on the global market (Schoors et al., 1995; Noonan et al., 1998; Storms et al., 2001). Despite the vast clinical potential of montelukast and other leukotriene modifying compounds in various diseases, there is concern about the adverse drug reactions associated with montelukast treatment in children as well as in adults. Besides reports of allergic granulomatous angiitis, some neuropsychiatric symptoms were observed with montelukast use. Among those, depressions, aggressions, headaches and nightmares occur in a certain percentage of children and adults, and even cases of suicide after use of montelukast have been reported (Haarman et al., 2017). Importantly, the FDA recently re-evaluated the benefits and risks of montelukast (Singulair and generics) use, strengthened existing warnings about serious behavior and mood-related changes with montelukast and determined that a Boxed Warning was appropriate. The underlying mechanisms of such side effects are completely unknown. In consequence to this remaining risk of adverse events, and as there are currently no predictive biomarkers available for such adverse events, COVID-19 patients would require thorough examinations for such adverse events while they are on the drug.



SUMMARY AND CONCLUSION—REPURPOSING MONTELUKAST FOR COVID-19 TREATMENT

To date, there are no marketed and effective antiviral drug products or biologics available for the control of SARS-CoV-2, other than symptomatic clinical treatment strategies for COVID-19. LTs might be involved in COVID-19 pathology. The LT receptor antagonist montelukast might provide antiviral activity through modulation of the Mpro inhibitor site and as such may inhibit viral replication. Montelukast is an anti-inflammatory drug and might alleviate vascular and parenchymal damage. Several investigations in China and Italy looking at comorbidities or pre-existing medical conditions in laboratory-confirmed COVID-19 patients did not find asthma among the comorbidities; similarly, asthma was not reported when patients died as a result of SARS-CoV-2 infection. The use of asthma medication like montelukast might have had a role in minimizing the clinical presentation of this comorbidity. Given that to date, there are minimal to no effective strategies in the armamentarium against this debilitating and lethal COVID-19 disease, this treatment modality should be considered. Montelukast might not only alleviate pathology but promote structural and functional recovery (for summary see Figure 1).
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COVID-19 has resulted in a pandemic after its first appearance in a pneumonia patient in China in early December 2019. As per WHO, this global outbreak of novel COVID-19 has resulted in 28,329,790 laboratory-confirmed cases and 911,877 deaths which have been reported from 210 countries as on 12th Sep 2020. The major symptoms at the beginning of COVID-19 are fever (98%), tussis (76%), sore throat (17%), rhinorrhea (2%), chest pain (2%), and myalgia or fatigue (44%). Furthermore, acute respiratory distress syndrome (61.1%), cardiac dysrhythmia (44.4%), shock (30.6%), hemoptysis (5%), stroke (5%), acute cardiac injury (12%), acute kidney injury (36.6%), dermatological symptoms with maculopapular exanthema (36.1%), and death can occur in severe cases. Even though human coronavirus (CoV) is mainly responsible for the infections of the respiratory tract, some studies have shown CoV (in case of Severe Acute Respiratory Syndrome, SARS and Middle East Respiratory Syndrome, MERS) to possess potential to spread to extra-pulmonary organs including the nervous system as well as gastrointestinal tract (GIT). Patients infected with COVID-19 have also shown symptoms associated with neurological and enteric infection like disorders related to smell/taste, loss of appetite, nausea, emesis, diarrhea, and pain in the abdomen. In the present review, we attempt to evaluate the understanding of basic mechanisms involved in clinical manifestations of COVID-19, mainly focusing on interaction of COVID-19 with gut-brain axis. This review combines both biological characteristics of the virus and its clinical manifestations in order to comprehend an insight into the fundamental potential mechanisms of COVID-19 virus infection, and thus endorse in the advancement of prophylactic and treatment strategies.
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INTRODUCTION

There have been three outbreaks of human pathogenic coronavirus (CoV) in the 21st century namely, severe acute respiratory syndrome CoV (SARS-CoV) in 2003, Middle East respiratory syndrome CoV (MERS-CoV) in 2012 and new CoV disease 2019 (COVID-19) (first reported in China in 2019), causing transmission globally, which has caused global public health problems and economic development related challenges (Stadler et al., 2003; Cui et al., 2019; Lu et al., 2020; Memish et al., 2020; Wu et al., 2020a; Zhou et al., 2020a). The COVID-19 pandemic has resulted in 28,329,790 laboratory-confirmed cases and 911,877 deaths across 210 countries as on 12th Sep 2020, as per World Health Organization (WHO) (Organization and Organization, 2020). With the help of electron microscopy, it has been found that the virus possesses an envelope with round or oval particles called spikes (60–140 nm diameter) (Ahn et al., 2020; Fan et al., 2020). The genome sequences of novel CoV-2019 were related to SARS-CoV belonging to beta-CoV family and it also showed ~79% and ~50% similarity to SARS-CoV and MERS-CoV, respectively (Lu et al., 2020). Although SARS-CoV-2 is known to be infectious with a basic reproduction number (R0) of 3.77 (SARS, R0 = 3–5) (Li et al., 2020b; Yang et al., 2020b), most of the cases are mild and have a low mortality rate except among older patients (≥60 years of age) and patients with pre-existing comorbidities like hypertension, diabetes mellitus, and cardiovascular diseases (Baghizadeh Fini, 2020; Chen et al., 2020; Contini et al., 2020). It has been observed that many patients suffering from SARS CoV-2 infection are also associated with gastrointestinal and neurological symptoms. In SARS CoV infections, the intestinal inflammation is mainly modulated by the ACE2 receptor mediated mechanisms (that mainly regulate the gut-microbial flora) and the similar mechanism may be implicated in SARS CoV-2 infections as well (Yang et al., 2020a). Disturbances of gut-microbial flora may be a factor behind the CNS symptoms like confusion and delirium. The present review is an attempt to underpin the possible interplay between COVID-19, ACE2 and CNS and GIT symptoms.



SELECTION OF LITERATURES FOR REVIEW

Relevant studies were retrieved from Science Direct, Medline, Public Library of Science, Mendeley, PubMed, Springer Link, and Google Scholar. We used multiple keywords like “microbiota,” “microbiome,” “microbial communities,” “gut-microbiota,” “SARS-CoV-2 infection,” “COVID-19 infection,” “Pathogenesis of COVID-19 infection,” “SARS CoV-2 transmission,” “SARS-CoV-2 mediated gastrointestinal infection,” “COVID-19 infection associated psychotic problems,” “COVID-19 infection associated cerebrovascular changes,” “Relationship of gut microbiota with brain” or “COVID-19 mediated inflammatory response,” in combination with “Cytokine storm,” “Immunogenic profile,” “SARS-CoV-2 mediated dysbiosis and dysbiosis altered mRNA profile,” “Immunomodulatory response changes brain physiology” individually and in combination for literature search. The overall method of article screening and selection criteria are depicted in Figure 1. The articles in English language are used to compile the information. We also screened the reference list of the articles retrieved in order to find articles that remained unidentified by initial search strategy.


[image: Figure 1]
FIGURE 1. Flow chart showing article search and selection criteria.




COVID-19 INFECTION ASSOCIATED CLINICAL FEATURE AND ILLNESS

As per WHO, COVID-19 is the third episode of spillover of an animal CoV to humans in the last 20 years that has caused major epidemic (Yang et al., 2020b). The main route of transmission of SARS-CoV-2 is through aerosolized droplets (like other CoV), additionally, the infection may also be transmitted through direct physical contact, mother-to-child (García, 2020; Harapan et al., 2020). The nucleic acid of SARS-CoV-2 has also been found in fecal specimens that suggest the potentiality of the gastrointestinal tract (GIT) in the transmission, even though it requires further studies in order to consider it as an established fact (Holshue et al., 2020). The incubation period of SARS-CoV-2 continues to be 5–14 days as per a retrospective study (Lu et al., 2020); however, a more recent study suggests the incubation period to be 24 days (Izzetti et al., 2020). At the beginning of COVID-19 pandemic, the main symptoms were fever (98%), tussis (76%), sore throat (17%), rhinorrhea (2%), chest pain (2%), and myalgia or fatigue (44%). Further, acute respiratory distress syndrome (61.1%), cardiac dysrhythmia (44.4%), shock (30.6%), hemoptysis (5%), stroke (5%), acute cardiac injury (12%), acute kidney injury (36.6%), dermatological symptoms with maculopapular exanthema (36.1%) and death can occur in severe cases (Figure 2) (Jiang et al., 2020; Kandeel and Al-Nazawi, 2020).


[image: Figure 2]
FIGURE 2. Pie chart data showing clinical manifestations of COVID-19 infection.


Although human CoV leads to infections of the respiratory tract, some studies have also demonstrated its potentiality to spread into extra-pulmonary organs including the nervous system and the GIT, as observed in cases of SARS and MERS (Kannan et al., 2020). As per recent reports, COVID-19 patients have also presented with neurological and enteric infection related symptoms such as disorders related to smell/taste, loss of appetite, nausea, emesis, pain in the abdomen, and diarrhea (Kotwani and Gandra, 2020; Lake, 2020).



SARS-COV-2 ORGANOTROPISM AND MECHANISM OF TRANSMISSION

Pharmacologically, enough evidence has been collected to establish the involvement of several important pathological molecular mechanisms in the spread of SARS-CoV-2 via aerosolized droplets into the lungs. The genome sequence of SARS-CoV-2 consists of 29 kb bases and 12 protein-coding regions (1ab, 1a, S, 3a, 4, M, 6, 7a, 7b, 8, N, 10) (Walls et al., 2020). Spike (S) protein mediates the entry of SARS-CoV-2 into the host cells. This protein comprises of two functional subunits–S1 (for attaching with the host cell) and S2 (helps in the fusion with the cellular membranes) (Li et al., 2020,a). The protein S of many CoVs are separated at the border between S1 and S2 subunits, which stay bound non-covalently in prefusion conformation (Walls et al., 2020). The S1 subunit (distal) carries receptor-binding domain and helps in stabilizing the prefusion state of membrane-anchored S2 subunit, which also acts as receptor for fusion (Liu et al., 2020a,b). The protein S for all CoVs is further cleaved by proteases of the host at the S2′ position, which is situated upstream to the fusion peptide. Hence, entry of CoV into the cells that are susceptible is a harmonious and complex process, which needs an intensive mechanism of binding of receptors and the proteolytic dispensation of the protein S that helps in the promotion of virus-cell fusion (Liu et al., 2020c). The most common entry mechanism of a virus into the host cell is via endocytosis, which is a receptor-mediated process. It is believed that the receptor, angiotensin-converting enzyme-2 (ACE2; protein found on surface of cells), and TMPRSS2 (a gene that encode for transmembrane protease enzyme and belong to serine protease family) are expressed in lung tissues and epithelial cells, which are employed by CoV to establish infection in the lungs (Ozma et al., 2020; Porfidia and Pola, 2020). There is also a known fact that ACE2 receptors are expressed on heart, esophageal, ileal, renal tissues at a level higher than that in the alveolar cells. This suggests the involvement of multi-organ systems in severe SARS-CoV-2 infection (Rico-Mesa et al., 2020). The virus binds with ACE2 receptors (present on the plasma membranes of the epithelial cells) of host cells particularly located on the respiratory tract and upper esophagus (Shanmugaraj et al., 2020). The SARS-CoV-2 can also infect cell types like stratified epithelial cells and enterocytes of colon and ileum. In addition, virus also infects cholangiocytes, proximal tubule cells of nephrons, urothelial cells of the urinary bladder, and myocardial cells of heart (Shen et al., 2020). It is known that the in vitro isolation of SARS-CoV-2 usually require 6 days in cell lines like Vero-E6 and Huh-7, but virus infects the epithelial cells lines within 96 h. However, the SARS-CoV-2 does not affect T cells, CD4 or ACE2 cells (Sifuentes-Rodríguez and Palacios-Reyes, 2020) and thus not damaging the immune systems. Moreover, nucleotide sequencing analysis revealed seven major genetic variations occurred in SARS CoV-2 indicating that the ongoing human infection may be a recent incident. These genetic variations may change the virus to remerge as more virulent to infect digestive, circulatory, urogenital, and central nervous system apart from respiratory tract infections (Hussain et al., 2020).



PATHOGENESIS AND CLINICAL CONSEQUENCES IN GASTROINTESTINAL SYSTEM DURING SARS-COV-2 ATTACK

The clinical characteristics as well as the epidemiology of disorders related to GIT in COVID-19 patients has been analyzed by various researchers. Different studies report that various percentage of COVID-19 patients were affected by GIT related disorders like emesis, nausea, and diarrhea. In one study, a total of 651 COVID-19 patients enrolled before they were treated with antivirals or antibiotics and it was observed that 11.4% of the patients suffered from at least one common symptom related to the GIT namely diarrhea (Jin et al., 2020). In this study, the disorders related to intestines persisted for a median of 4 days and preceded symptoms related to the respiratory system. Symptoms related to GIT were comparatively higher among critically ill COVID-19 patients (23%) than in mild COVID-19 cases (8%) (Sohrabi et al., 2020). Several studies involving varying numbers of COVID-19 patients (n = 254, 59, 204, 58, 138, and 1099) suggested development of disorders related to the GIT in 26, 25.4, 18.6, 11, 13.7, and 8.7% of the COVID-19 patients, respectively (Borah et al., 2020; Cheung et al., 2020; Lin et al., 2020; Pan et al., 2020; Wang et al., 2020a; Zhou et al., 2020b). Other studies carried out in the United States and Europe enrolling varying number of patients (n = 278, 318, and 40) showed GIT related signs and symptoms in 35, 61, and 55% patients, respectively. The pooled data of prevalence of GIT symptoms including anorexia (26.8%), diarrhea (12.5%), nausea/emesis (10.2%), and pain/discomfort in the abdomen was seen in a meta-analysis study that included 4243 COVID-19 patients across 6 countries (Tian et al., 2020). SARS-CoV and SARS-CoV-2 have nearly 80% resemblance and hence, infections of GIT that mainly mediated through ACE2 receptors was expected. ACE2 receptors are expressed in enterocytes of the small intestine, and its rate of binding affinity influences the rate of infectivity of the virus. In addition, in comparison with the previous SARS-CoV outbreaks, SARS-CoV-2 RNA was detectable in the stool samples though it was not found in the respiratory tract (Velavan and Meyer, 2020).

In SARS-CoV infections, the intestinal inflammation is mainly modulated by ACE2 receptor mediated mechanism and therefore, its disruption by SARS-CoV-2 may result in diarrhea and other GIT related complications. Recruiting inflammatory cells from the bone marrow, systemic or local production of inflammatory cytokines like interleukin (IL)-6, tumor necrosis factor-alpha (TNF-α), IL-1β, 2,7,8,9,10,17, monocyte chemotactic protein 1 (MCP1), macrophage inflammatory protein 1A (MIP1A), macrophage inflammatory protein 1B (MIP1B), macrophage inflammatory protein 3A (MIP3A), elevated levels of procalcitonin, increased levels of ferritin d-dimer, C-reactive protein (CRP), and activating JAK-STAT protein may also contribute in the etiology of the GIT complications (Wang et al., 2020b; Wu et al., 2020b). Further, the excessive secretion of cytokines (cytokine storm) along the GIT wall may result in tissue damage. This cellular damage may also be induced by viral replication, which might impart in the development of injury and inflammation of the gut epithelium. These inflammatory cytokines stimulate the vagus nerve to promote nausea, vomiting, and diarrhea that usually occur in complicated cases of COVID-19 infections (Wu et al., 2020c). A recent study carried out on complicated cases of COVID-19 revealed that infection with SARS-CoV-2 could alter the gut microbiota. This study reveals relatively increased cases of opportunistic infections of GIT that mainly caused by Streptococcus, Rothia, Veillonella, Erysipelothrix, Clostridium, and Actinomyces species in COVID-19 patients (Xiao et al., 2020).

The ACE2 receptors in the intestines are known to act as co-receptors for the intake of the nutrients including amino acid (AA) from food. Apart from controlling dietary AA homeostasis, ACE2 helps in regulating the development of gut-microbiota and innate immunity mechanisms (Yang et al., 2020a). Earlier reports reveals that the expression of AA transporter protein B0AT1 was not present in the small intestine of ACE2 mutant mice. Due to lack of expression of B0AT1 proteins in the intestines, the serum concentration of non-essential AA valine (Val), threonine (Thr), and tyrosine (Tyr) and the essential AA tryptophan (Trp) were significantly decreased in Ace2−/y mice (Ye et al., 2020). Further, these AAs (particularly Trp) acts as precursors for the synthesis of monoamine neurotransmitters serotonin [5-hydroxytyphtophan (5-HT)] and catecholamines in the brain. Furthermore, the rate of production of 5-HT and catecholamines was directly associated with their local substrate availability in the brain (Yu et al., 2020). This might further result in reduction in the production of 5-HT and catecholamines. Therefore, severe COVID-19 patients with GIT related complications might develop pathophysiological conditions like depression, delirium, and confusion.



ALTERED GUT ACTIVITY MEDIATED PSYCHOTIC CHANGES IN SEVERE COVID-19 INFECTION

The gut-brain axis is a two-way system that connects cognitive centers of the brain with peripheral working of the digestive tract (Figure 3). It is evident that changes in gut microbiota may have influence on the development of behavioral changes like depression, delirium/confusion. This is in turn most likely associated with the rate of absorption of Trp from the GIT and production of 5-HT in the brain tissues. (Yu et al., 2020). The gut microbiota or its metabolic end products stimulates vagus nerve in order to transmit the impulses to the solitary nucleus that also function as primary GIT sensory relay station, and then to the most vital centers such as thalamus, hypothalamus, locus ceruleus, amygdala, and periaqueductal gray (Al Omran and Aziz, 2014). These electrical impulses produced in the vagus nerve (as a result of stimulation of gut microbiota) will have an effect on 5-HT concentration in the brain tissues of both rodents and humans (Ressler and Mayberg, 2007). The gut microbiota influence the various neurotransmitter levels by stimulating the central nervous system and the gut via the synthesis of metabolites (Galland, 2014; Evrensel and Ceylan, 2015). These metabolites are the end products of normal bactrial flora of the GIT, which include short-chain fatty acids (SCFAs), bile acids, choline metabolites, lactate, and vitamins. These metabolites can directly or indirectly regulate the production of neurotransmitters (Galland, 2014). Immune cells and inflammatory mediators play various functions in the gut-brain axis communication ranging from physiological role in sleep and memory to pathophysiological role in neuropsychiatric conditions (Caspani et al., 2018). Litratures indicate that the patients with depression usually possess high concentrations of pro-inflammatory cytokines (for instance; IL-6, and TNF-α) as compared with normal individuals (Dantzer et al., 2008; Dowlati et al., 2009). These pro-inflammatory cytokines in the GIT may stiumulate vagus nerve in order to modulate central stress circuitry followed by activation of hypothalamic–pituitary–adrenal axis (Sternberg, 2006). Further, it is also known that patients suffering from depression may have abundance of Streptococcus, Rothia, Veillonella, Erysipelothrix, Clostridium, and Actinomyces species in their gut microbiota (Amirkhanzadeh Barandouzi et al., 2020) and it is established that an increased growth of Streptococcus species would raise the levels of IL-6 and TNF-α in humans (Jiang et al., 2015). This fact has been further supported by various studies wherein higher concentrations of pro-inflammatory cytokines (such as IL-1β and IL-6) and low concentrations of anti-inflammatory cytokines (like IL-4 and IL-10) were detected in patients enduring with depression (Berk et al., 2013; Wong et al., 2016). Additionally, the intestinal concentrations of 5-HT are retained by the enterochromaffin cells that possess tryptophan hydroxylase and stimulated by the metabolites of the gut like SCFA and bile acids (Annweiler et al., 2020; Bobker and Robbins, 2020). Moreover, it has been assumed that a reduction in levels of Trp might result in a decrease of 5-HT, which may lead to delirium development (Gunther et al., 2008). An increase in the levels of dopamine and development of delirium are inter-linked. Also, dopamine is linked to various metabolic pathways and Ca2+ channels which result in a marked elevation in the dopamine under an impaired oxidative condition. The Ca2+ influx in the cells results in an elevated dopamine production which results in uncoupling of oxidative phosphorylation mainly occur in the mitochondria of the brain parenchymal cells (Calcagno et al., 2020). The result is an elevated production of metabolites of dopamine that are toxic along with a decreased ATP production, which inhibits the catechol-O-methyl transferase (COMT) activity, an important enzyme that aids dopamine synthesis and breakdown in the prefrontal cortex (Gunther et al., 2008; Maldonado, 2008; Kamholz, 2010).


[image: Figure 3]
FIGURE 3. Organotropism of SARS CoV-2 associated pathogenic relationship of gut-brain axis and psychotic illness.


On the other hand, recently, a study showed resistance of norepinephrine (NE) transporter (NET) knockout mice toward depression-like behavioral changes, which are stress induced, as well as expression of brain neurotrophin which are seen in normal mice. Hence, depression and delirium can be caused due to reduced levels of NE and elevated concentrations of dopamine (Coleman et al., 2020; Das et al., 2020). Besides, CRP may lead to the stimulation of the formation of reactive oxygen species (ROS) which result in blood brain barrier disruption, thereby causes delirium. As per studies, a higher occurrence of delirium in post-operative hip surgery patients is associated with higher concentrations of CRP and IL-6 (Beloosesky et al., 2004; Macdonald et al., 2007). A prospective study was conducted wherein they measured the inflammatory biomarkers procalcitonin, and CRP in patients ventilated mechanically (McGrane et al., 2011). An association was found between delirium, less coma-free days, elevated levels of CRP and procalcitonin, which implicated inflammation as a vital mechanism in delirium pathophysiology.



CONCLUSION

In nutshell, there is a need to pay attention to patients presenting initial symptoms related to the digestive system particularly diarrhea during the diagnosis and management of SARS-CoV-2. In addition, on the occurrence of diarrhea or other related symptoms during treatment, the patient should receive a prompt integrative surveillance of psychotic results. Thus, the treatment regimen should include anti-diarrhea therapy along with the probiotics (necessary for reactivation of beneficial intestinal microbiota) that will help in reducing the psychotic consequences of the central nervous system. In addition to antiviral intervention, the treatment regimen should include rejuvenating electrolytes along with sufficient water intake. Further, future studies are required to obtain insights into association between SARS-CoV-2 and the gut-brain axis.



AUTHOR CONTRIBUTIONS

PS: conceptualization, writing—original draft, and funding acquisition. MM and AN: supervision and writing—review and editing. PD: conceptualization and writing—review and editing. MG, JS, and SK: writing—review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This project was funded by the Deanship of Scientific Research, King Faisal University, Saudi Arabia (Project No. 180009).



ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of Deanship of Scientific Research, King Faisal University, Saudi Arabia (Project No. 180009).



REFERENCES

 Ahn, D. G., Shin, H. J., Kim, M. H., Lee, S., Kim, H. S., Myoung, J., et al. (2020). Current status of epidemiology, diagnosis, therapeutics, and vaccines for novel coronavirus disease 2019 (COVID-19). J. Microbiol. Biotechnol. 30, 313–324. doi: 10.4014/jmb.2003.03011

 Al Omran, Y., and Aziz, Q. (2014). The brain-gut axis in health and disease. Adv. Exp. Med. Biol. 817, 135–153. doi: 10.1007/978-1-4939-0897-4_6

 Amirkhanzadeh Barandouzi, Z., Starkweather, A., Henderson, W., Gyamfi, A., and Cong, X. (2020). Altered composition of gut microbiota in depression: a systematic review. Front. Psychiatry 11:541. doi: 10.3389/fpsyt.2020.00541

 Annweiler, C., Cao, Z., Wu, Y., Faucon, E., Mouhat, S., Kovacic, H., et al. (2020). Counter-regulatory ‘Renin-Angiotensin’ system-based candidate drugs to treat COVID-19 diseases in SARS-CoV-2-infected patients. Infect. Disord. Drug Targets 20, 407–408. doi: 10.2174/1871526520666200518073329

 Baghizadeh Fini, M. (2020). What dentists need to know about COVID-19. Oral Oncol. 105:104741. doi: 10.1016/j.oraloncology.2020.104741

 Beloosesky, Y., Grinblat, J., Pirotsky, A., Weiss, A., and Hendel, D. (2004). Different C-reactive protein kinetics in post-operative hip-fractured geriatric patients with and without complications. Gerontology 50, 216–222. doi: 10.1159/000078350

 Berk, M., Williams, L. J., Jacka, F. N., O'neil, A., Pasco, J. A., Moylan, S., et al. (2013). So depression is an inflammatory disease, but where does the inflammation come from? BMC Med. 11:200. doi: 10.1186/1741-7015-11-200

 Bobker, S. M., and Robbins, M. S. (2020). COVID-19 and headache: a primer for trainees. Headache 60, 1806–1811. doi: 10.1111/head.13884

 Borah, P., Deb, P. K., Deka, S., Venugopala, K. N., Singh, V., Mailavaram, R. P., et al. (2020). Current scenario and future prospect in the management of COVID-19. Curr. Med. Chem. doi: 10.2174/0929867327666200908113642

 Calcagno, N., Colombo, E., Maranzano, A., Pasquini, J., Keller Sarmiento, I. J., Trogu, F., et al. (2020). Rising evidence for neurological involvement in COVID-19 pandemic. Neurol. Sci. 41, 1339–1341. doi: 10.1007/s10072-020-04447-w

 Caspani, G., Corbet Burcher, G., Garralda, M. E., Cooper, M., Pierce, C. M., Als, L. C., et al. (2018). Inflammation and psychopathology in children following PICU admission: an exploratory study. Evid. Based Ment. Health 21, 139–144. doi: 10.1136/ebmental-2018-300027

 Chen, H., Guo, J., Wang, C., Luo, F., Yu, X., Zhang, W., et al. (2020). Clinical characteristics and intrauterine vertical transmission potential of COVID-19 infection in nine pregnant women: a retrospective review of medical records. Lancet 395, 809–815. doi: 10.1016/S0140-6736(20)30360-3

 Cheung, K. S., Hung, I. F. N., Chan, P. P. Y., Lung, K. C., Tso, E., Liu, R., et al. (2020). Gastrointestinal manifestations of SARS-CoV-2 infection and virus load in fecal samples from a Hong Kong cohort: systematic review and meta-analysis. Gastroenterology 159, 81–95. doi: 10.1053/j.gastro.2020.03.065

 Coleman, J. J., Manavi, K., Marson, E. J., Botkai, A. H., and Sapey, E. (2020). COVID-19: to be or not to be; that is the diagnostic question. Postgrad. Med. J. 96, 392–398. doi: 10.1136/postgradmedj-2020-137979

 Contini, C., Di Nuzzo, M., Barp, N., Bonazza, A., De Giorgio, R., Tognon, M., et al. (2020). The novel zoonotic COVID-19 pandemic: an expected global health concern. J. Infect. Dev. Ctries 14, 254–264. doi: 10.3855/jidc.12671

 Cui, J., Li, F., and Shi, Z. L. (2019). Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 17, 181–192. doi: 10.1038/s41579-018-0118-9

 Dantzer, R., O'connor, J. C., Freund, G. G., Johnson, R. W., and Kelley, K. W. (2008). From inflammation to sickness and depression: when the immune system subjugates the brain. Nat. Rev. Neurosci. 9, 46–56. doi: 10.1038/nrn2297

 Das, G., Mukherjee, N., and Ghosh, S. (2020). Neurological insights of COVID-19 pandemic. ACS Chem. Neurosci. 11, 1206–1209. doi: 10.1021/acschemneuro.0c00201

 Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E., et al. (2009). A meta-analysis of cytokines in major depression. Biol. Psychiatry 67, 446–457. doi: 10.1016/j.biopsych.2009.09.033

 Evrensel, A., and Ceylan, M. E. (2015). The gut-brain axis: the missing link in depression. Clin. Psychopharmacol. Neurosci. 13, 239–244. doi: 10.9758/cpn.2015.13.3.239

 Fan, H., Tang, X., Song, Y., Liu, P., and Chen, Y. (2020). Influence of COVID-19 on cerebrovascular disease and its possible mechanism. Neuropsychiatr. Dis. Treat 16, 1359–1367. doi: 10.2147/NDT.S251173

 Galland, L. (2014). The gut microbiome and the brain. J. Med. Food 17, 1261–1272. doi: 10.1089/jmf.2014.7000

 García, L. F. (2020). Immune response, inflammation, and the clinical spectrum of COVID-19. Front. Immunol. 11:1441. doi: 10.3389/fimmu.2020.01441

 Gunther, M. L., Morandi, A., and Ely, E. W. (2008). Pathophysiology of delirium in the intensive care unit. Crit. Care Clin. 24, 45–65. doi: 10.1016/j.ccc.2007.10.002

 Harapan, H., Itoh, N., Yufika, A., Winardi, W., Keam, S., Te, H., et al. (2020). Coronavirus disease 2019 (COVID-19): a literature review. J. Infect. Public Health 13, 667–673. doi: 10.1016/j.jiph.2020.03.019

 Holshue, M. L., Debolt, C., Lindquist, S., Lofy, K. H., Wiesman, J., Bruce, H., et al. (2020). First case of 2019 novel coronavirus in the United States. N. Engl. J. Med. 382, 929–936. doi: 10.1056/NEJMoa2001191

 Hussain, S., Pottathil, S., Islam, M., Chohan, M., and Rasool, S. (2020). Analysis of codon usage and nucleotide bias in middle east respiratory syndrome coronavirus genes. Evol. Bioinform. 16:117693432091886. doi: 10.1177/1176934320918861

 Izzetti, R., Nisi, M., Gabriele, M., and Graziani, F. (2020). COVID-19 transmission in dental practice: brief review of preventive measures in Italy. J. Dent. Res. 99, 1030–1038. doi: 10.1177/0022034520920580

 Jiang, F., Deng, L., Zhang, L., Cai, Y., Cheung, C. W., and Xia, Z. (2020). Review of the clinical characteristics of coronavirus disease 2019 (COVID-19). J. Gen. Intern. Med. 35, 1545–1549. doi: 10.1007/s11606-020-05762-w

 Jiang, W., Wu, N., Wang, X., Chi, Y., Zhang, Y., Qiu, X., et al. (2015). Dysbiosis gut microbiota associated with inflammation and impaired mucosal immune function in intestine of humans with non-alcoholic fatty liver disease. Sci. Rep. 5:8096. doi: 10.1038/srep08096

 Jin, X., Lian, J. S., Hu, J. H., Gao, J., Zheng, L., Zhang, Y. M., et al. (2020). Epidemiological, clinical, and virological characteristics of 74 cases of coronavirus-infected disease 2019 (COVID-19) with gastrointestinal symptoms. Gut 69, 1002–1009. doi: 10.1136/gutjnl-2020-320926

 Kamholz, B. (2010). Update on delirium: diagnosis, management, and pathophysiology. Psychiatr. Ann. 40, 52–62. doi: 10.3928/00485718-20091229-05

 Kandeel, M., and Al-Nazawi, M. (2020). Virtual screening and repurposing of FDA approved drugs against COVID-19 main protease. Life Sci. 251:117627. doi: 10.1016/j.lfs.2020.117627

 Kannan, S., Shaik Syed Ali, P., Sheeza, A., and Hemalatha, K. (2020). COVID-19 (Novel Coronavirus 2019)–recent trends. Eur. Rev. Med. Pharmacol. Sci. 24, 2006–2011. doi: 10.26355/eurrev_202002_20378

 Kotwani, A., and Gandra, S. (2020). Potential pharmacological agents for COVID-19. Indian J. Public Health 64, S112–S116. doi: 10.4103/ijph.IJPH_456_20

 Lake, M. A. (2020). What we know so far: COVID-19 current clinical knowledge and research. Clin. Med. (Lond.) 20, 124–127. doi: 10.7861/clinmed.2019-coron

 Li, H., Liu, S. M., Yu, X. H., Tang, S. L., and Tang, C. K. (2020a). Coronavirus disease 2019 (COVID-19): current status and future perspectives. Int. J. Antimicrob. Agents 55:105951. doi: 10.1016/j.ijantimicag.2020.105951

 Li, Q., Guan, X., Wu, P., Wang, X., Zhou, L., Tong, Y., et al. (2020b). Early transmission dynamics in Wuhan, China, of novel coronavirus-infected pneumonia. N. Engl. J. Med. 382, 1199–1207. doi: 10.1056/NEJMoa2001316

 Li, Y. C., Bai, W. Z., and Hashikawa, T. (2020). The neuroinvasive potential of SARS-CoV2 may play a role in the respiratory failure of COVID-19 patients. J. Med. Virol. 92, 552–555. doi: 10.1002/jmv.25728

 Lin, L., Jiang, X., Zhang, Z., Huang, S., Zhang, Z., Fang, Z., et al. (2020). Gastrointestinal symptoms of 95 cases with SARS-CoV-2 infection. Gut 69, 997–1001. doi: 10.1136/gutjnl-2020-321013

 Liu, Q., Wang, R. S., Qu, G. Q., Wang, Y. Y., Liu, P., Zhu, Y. Z., et al. (2020a). Gross examination report of a COVID-19 death autopsy. Fa Yi Xue Za Zhi 36, 21–23. doi: 10.12116/j.issn.1004-5619.2020.01.005

 Liu, W., Wang, J., Li, W., Zhou, Z., Liu, S., and Rong, Z. (2020b). Clinical characteristics of 19 neonates born to mothers with COVID-19. Front. Med. 14, 193–198. doi: 10.1007/s11684-020-0772-y

 Liu, Y., Gayle, A. A., Wilder-Smith, A., and Rocklöv, J. (2020c). The reproductive number of COVID-19 is higher compared to SARS coronavirus. J. Travel Med. 27:taaa021. doi: 10.1093/jtm/taaa021

 Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., et al. (2020). Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet 395, 565–574. doi: 10.1016/S0140-6736(20)30251-8

 Macdonald, A., Adamis, D., Treloar, A., and Martin, F. (2007). C-reactive protein levels predict the incidence of delirium and recovery from it. Age Ageing 36, 222–225. doi: 10.1093/ageing/afl121

 Maldonado, J. R. (2008). Pathoetiological model of delirium: a comprehensive understanding of the neurobiology of delirium and an evidence-based approach to prevention and treatment. Crit. Care Clin. 24, 789–856. doi: 10.1016/j.ccc.2008.06.004

 McGrane, S., Girard, T. D., Thompson, J. L., Shintani, A. K., Woodworth, A., Ely, E. W., et al. (2011). Procalcitonin and C-reactive protein levels at admission as predictors of duration of acute brain dysfunction in critically ill patients. Crit. Care 15:R78. doi: 10.1186/cc10070

 Memish, Z. A., Perlman, S., Van Kerkhove, M. D., and Zumla, A. (2020). Middle East respiratory syndrome. Lancet 395, 1063–1077. doi: 10.1016/S0140-6736(19)33221-0

 Organization, W. H., and Organization, W. H. (2020). Coronavirus Disease (COVID-2019) Situation Reports. World Health Organization.

 Ozma, M. A., Maroufi, P., Khodadadi, E., Köse, S., Esposito, I., Ganbarov, K., et al. (2020). Clinical manifestation, diagnosis, prevention, and control of SARS-CoV-2 (COVID-19) during the outbreak period. Infez. Med. 28, 153–165. 

 Pan, L., Mu, M., Yang, P., Sun, Y., Wang, R., Yan, J., et al. (2020). Clinical characteristics of COVID-19 patients with digestive symptoms in Hubei, China: a descriptive, cross-sectional, multicenter study. Am. J Gastroenterol. 115, 766–773. doi: 10.14309/ajg.0000000000000620

 Porfidia, A., and Pola, R. (2020). Venous thromboembolism in COVID-19 patients. J. Thromb. Haemost. 18, 1516–1517. doi: 10.1111/jth.14842

 Ressler, K., and Mayberg, H. (2007). Targeting abnormal neural circuits in mood and anxiety disorders: from the laboratory to the clinic. Nat. Neurosci. 10, 1116–1124. doi: 10.1038/nn1944

 Rico-Mesa, J. S., White, A., and Anderson, A. S. (2020). Outcomes in patients with COVID-19 infection taking ACEI/ARB. Curr. Cardiol. Rep. 22:31. doi: 10.1007/s11886-020-01291-4

 Shanmugaraj, B., Siriwattananon, K., Wangkanont, K., and Phoolcharoen, W. (2020). Perspectives on monoclonal antibody therapy as potential therapeutic intervention for Coronavirus disease-19 (COVID-19). Asian Pac. J. Allergy Immunol. 38, 10–18. doi: 10.12932/AP-200220-0773

 Shen, K. L., Yang, Y. H., Jiang, R. M., Wang, T. Y., Zhao, D. C., Jiang, Y., et al. (2020). Updated diagnosis, treatment, and prevention of COVID-19 in children: experts' consensus statement (condensed version of the second edition). World J. Pediatr. 16, 232–239. doi: 10.1007/s12519-020-00362-4

 Sifuentes-Rodríguez, E., and Palacios-Reyes, D. (2020). COVID-19: the outbreak caused by a new coronavirus. Bol. Med. Hosp. Infant. Mex. 77, 47–53. doi: 10.24875/BMHIM.20000039

 Sohrabi, C., Alsafi, Z., O'neill, N., Khan, M., Kerwan, A., Al-Jabir, A., et al. (2020). World Health Organization declares global emergency: a review of the 2019 novel coronavirus (COVID-19). Int. J. Surg. 76, 71–76. doi: 10.1016/j.ijsu.2020.02.034

 Stadler, K., Masignani, V., Eickmann, M., Becker, S., Abrignani, S., Klenk, H. D., et al. (2003). SARS–beginning to understand a new virus. Nat. Rev. Microbiol. 1, 209–218. doi: 10.1038/nrmicro775

 Sternberg, E. M. (2006). Neural regulation of innate immunity: a coordinated nonspecific host response to pathogens. Nat. Rev. Immunol. 6, 318–328. doi: 10.1038/nri1810

 Tian, S., Hu, W., Niu, L., Liu, H., Xu, H., and Xiao, S. Y. (2020). Pulmonary pathology of early-phase 2019 novel coronavirus (COVID-19) pneumonia in two patients with lung cancer. J. Thorac. Oncol. 15, 700–704. doi: 10.1016/j.jtho.2020.02.010

 Velavan, T. P., and Meyer, C. G. (2020). The COVID-19 epidemic. Trop. Med. Int. Health 25, 278–280. doi: 10.1111/tmi.13383

 Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., Mcguire, A. T., and Veesler, D. (2020). Structure, function, and antigenicity of the SARS-CoV-2 Spike glycoprotein. Cell 181, 281–292. doi: 10.1016/j.cell.2020.02.058

 Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020a). Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA 323, 1061–1069. doi: 10.1001/jama.2020.1585

 Wang, Y., Wang, Y., Chen, Y., and Qin, Q. (2020b). Unique epidemiological and clinical features of the emerging 2019 novel coronavirus pneumonia (COVID-19) implicate special control measures. J. Med. Virol. 92, 568–576. doi: 10.1002/jmv.25748

 Wong, M. L., Inserra, A., Lewis, M. D., Mastronardi, C. A., Leong, L., Choo, J., et al. (2016). Inflammasome signaling affects anxiety- and depressive-like behavior and gut microbiome composition. Mol. Psychiatry 21, 797–805. doi: 10.1038/mp.2016.46

 Wu, F., Zhao, S., Yu, B., Chen, Y. M., Wang, W., Song, Z. G., et al. (2020a). A new coronavirus associated with human respiratory disease in China. Nature 579, 265–269. doi: 10.1038/s41586-020-2008-3

 Wu, J., Song, S., Cao, H. C., and Li, L. J. (2020b). Liver diseases in COVID-19: etiology, treatment, and prognosis. World J. Gastroenterol. 26, 2286–2293. doi: 10.3748/wjg.v26.i19.2286

 Wu, Y., Xu, X., Chen, Z., Duan, J., Hashimoto, K., Yang, L., et al. (2020c). Nervous system involvement after infection with COVID-19 and other coronaviruses. Brain Behav. Immun. 87, 18–22. doi: 10.1016/j.bbi.2020.03.031

 Xiao, H., Zhang, Y., Kong, D., Li, S., and Yang, N. (2020). The effects of social support on sleep quality of medical staff treating patients with coronavirus disease 2019 (COVID-19) in January and February 2020 in China. Med. Sci. Monit. 26:e923549. doi: 10.12659/MSM.923921

 Yang, L., Tian, D., and Liu, W. (2020a). Strategies for vaccine development of COVID-19. Sheng Wu Gong Cheng Xue Bao 36, 593–604. doi: 10.13345/j.cjb.200094

 Yang, Y., Lu, Q., Liu, M., Wang, Y., Zhang, A., Jalali, N., et al. (2020b). Epidemiological and clinical features of the 2019 novel coronavirus outbreak in China. medRxiv 2020.2002.2010.20021675. doi: 10.1101/2020.02.10.20021675

 Ye, M., Ren, Y., and Lv, T. (2020). Encephalitis as a clinical manifestation of COVID-19. Brain Behav. Immun. 88, 945–946. doi: 10.1016/j.bbi.2020.04.017

 Yu, N., Li, W., Kang, Q., Xiong, Z., Wang, S., Lin, X., et al. (2020). Clinical features and obstetric and neonatal outcomes of pregnant patients with COVID-19 in Wuhan, China: a retrospective, single-centre, descriptive study. Lancet Infect. Dis. 20, 559–564. doi: 10.1016/S1473-3099(20)30176-6

 Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020a). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

 Zhou, Z., Zhao, N., Shu, Y., Han, S., Chen, B., and Shu, X. (2020b). Effect of gastrointestinal symptoms in patients with COVID-19. Gastroenterology 158, 2294–2297 doi: 10.1053/j.gastro.2020.03.020

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Shinu, Morsy, Deb, Nair, Goyal, Shah and Kotta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 23 December 2020
doi: 10.3389/fmolb.2020.613401






[image: image2]

Molecular Docking Studies on the Anti-viral Effects of Compounds From Kabasura Kudineer on SARS-CoV-2 3CLpro

Savariar Vincent1*†, Selvaraj Arokiyaraj2†, Muthupandian Saravanan3† and Manoj Dhanraj1*


1Centre for Environmental Research and Development (CERD), Loyola College, Loyola Institute of Frontier Energy, Chennai, India

2Department of Food Science and Biotechnology, Sejong University, Seoul, South Korea

3Division of Biomedical Science, Department of Medical Microbiology and Immunology, School of Medicine, College of Health Sciences, Mekelle University, Mekelle, Ethiopia

Edited by:
Balakumar Chandrasekaran, Philadelphia University, Jordan

Reviewed by:
Ding Lin, Hunan University, China
 Mohammad Shahid, Children's National Hospital, United States

*Correspondence: Savariar Vincent, svincentloyola@gmail.com
 Manoj Dhanraj, kmdmanoj@gmail.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Molecular Diagnostics and Therapeutics, a section of the journal Frontiers in Molecular Biosciences

Received: 02 October 2020
 Accepted: 27 November 2020
 Published: 23 December 2020

Citation: Vincent S, Arokiyaraj S, Saravanan M and Dhanraj M (2020) Molecular Docking Studies on the Anti-viral Effects of Compounds From Kabasura Kudineer on SARS-CoV-2 3CLpro. Front. Mol. Biosci. 7:613401. doi: 10.3389/fmolb.2020.613401



The COVID-19 has now been declared a global pandemic by the World Health Organization. No approved drug is currently available; therefore, an urgent need has been developed for any antiviral therapy for COVID-19. Main protease 3CLpro of this novel Coronavirus (SARS-CoV-2) play a critical role in the disease propagation, and hence represent a crucial target for the drug discovery. Herein, we have applied a bioinformatics approach for drug repurposing to identify the possible potent inhibitors of SARS-CoV-2 main proteases 3CLpro (6LU7). In search of the anti-COVID-19 compound, we selected 145 phyto-compounds from Kabasura kudineer (KK), a poly-herbal formulation recommended by AYUSH for COVID-19 which are effective against fever, cough, sore throat, shortness of breath (similar to SARS-CoV2-like symptoms). The present study aims to identify molecules from natural products which may inhibit COVID-19 by acting on the main protease (3CLpro). Obtained results by molecular docking showed that Acetoside (−153.06), Luteolin 7 -rutinoside (−134.6) rutin (−133.06), Chebulagic acid (−124.3), Syrigaresinol (−120.03), Acanthoside (−122.21), Violanthin (−114.9), Andrographidine C (−101.8), myricetin (−99.96), Gingerenone -A (−93.9), Tinosporinone (−83.42), Geraniol (−62.87), Nootkatone (−62.4), Asarianin (−79.94), and Gamma sitosterol (−81.94) are main compounds from KK plants which may inhibit COVID-19 giving the better energy score compared to synthetic drugs. Based on the binding energy score, we suggest that these compounds can be tested against Coronavirus and used to develop effective antiviral drugs.

Keywords: COVID-19, molecular docking, Kabasura kudineer, iGemdock, anti-viral effects


INTRODUCTION

The World Health Organization has declared novel Coronavirus disease 2019 (COVID-19) to be a pandemic that went on to affect more than 219 countries with 44,002,003 confirmed cases and killed more than 1,167,988 people (WHO as of Oct 29, 2020) (Velavan and Meyer, 2020). The updated information is available on the WHO website (https://www.who.int/emergencies/diseases/novel-coronavirus-2019). It has also ignited fears of an impending economic crisis and recession in the infected countries (Buck et al., 2020). In India, the first case was reported on January 30, 2020; as of Oct 29, 2020; 8,040,203 cases have been confirmed by COVID-19 infection along with 7,032,000 recoveries, 120,527 deaths with the fatality rate of 1.2% (Ministry of Health and Family Welfare, India). On March 25, 2020, the Government of India announced a nationwide lockdown to cut the chain of community transmission. COVID-19 is caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV2) which results in respiratory illness among infected people. There are 7 Human Corona Virus (HCoV) strains identified so far and categorized into α-CoV (229E and NL63) and β-CoV (OC43, HKU1, SARS, MERS, and COVID-19 HCoVs). Among these, MERS HCoV and SARS were reported to be more virulent and have the highest mortality (Elfiky, 2020).

The HCoV is a positive sense virus with a single-stranded 30,000 bp RNA (+ssRNA). The virus consists of two clusters of proteins, namely (a) the non-structural RNA-dependent RNA polymerase (RRP) that is significant in the replication of the virus, and 3C-Like Protease (3CLpro) enzyme that cleaves the two polyproteins (PP1A and PP1AB) translated from viral RNA in the host cell, and (b) Spike proteins that help in fusion and entry of the virus into the host, Nucleocapsid, Matrix and Envelope proteins (Elfiky et al., 2017).

The major symptoms include fever, cough, and breathing difficulties. So far, no vaccine is available, and no drugs have been found to cure the life-threatening coronavirus infection. But the research is continuing to identify the potent drug or vaccine. Only symptomatic relief is provided to the patients. Currently, antiviral drugs, MERS-Cov antibodies, SARS-CoV, and combination therapy of hydroxychloroquine and azithromycin are recommended (Gautret et al., 2020; Huang et al., 2020). These compounds prevent viral entry by inhibition of Angiotensin-Converting Enzyme 2 (ACE2) cellular receptor, acidification of cell membrane, and by immunostimulant activity. However, some reports show that the drug hydroxychloroquine is not effective for those infected with the coronavirus and shows adverse effects in patients with acute renal impairment (Pelle and Callen, 2002; Tailor et al., 2012).

Therefore, there is an urgent need to develop an alternative method to prevent novel SARS-CoV2 infection. Siddha medicine, an Indian medical system, uses specific polyherbal formulations for the treatment of infectious diseases (Zysk, 2009; Rajantheran et al., 2014).

Traditional methods of drug discovery could take years, whereas in silico-docking analysis enables large-scale screening fast, reliable, and cheaper than conventional drug development (Green and Segall, 2014). In silico analysis, we assess the binding ability of a ligand to protein at an active site as well as to compare the binding modes of different ligands to the active site-pocket (Leach, 2001). In this study, we used 3CLpro as a possible targeting site to treat HCoV. Previously the main protease (Mpro)/chymotrypsin-like protease (3CLpro) has been isolated through crystallization by Liu and Wang (2020) (PDB ID: 6LU7). The mechanism of 3CLpro is deciphered computationally as the stearic interaction with glycine in the polyproteins and forms a strong hydrogen bonding to stabilize the complex. A conserved GSCGS motif has been observed to form three consecutive turns which were consequently temporarily stabilized by PNCC. This stabilizing PNCC is located on the surface opposite to the active site and hence can be the potential drug targeting site for 3CLpro inhibitors (Wang et al., 2020).

In search of the anti-COVID-19 compound, we selected 145 phyto-compounds from Kabasura kudineer, a poly-herbal formulation prescribed in AYUSH for COVID-19 which are effective against flu, cough, sore throat, shortness of breath (similar to SARS-CoV2 like symptoms). [AYUSH Ministry of Health Corona Advisory—D.O. No. S. 16030/18/2019—NAM; 06th March 2020]. Therefore, the present study involves the analysis of 145 phytocompounds from Kabasura kudineer against the structure of SARS-CoV-2 3CLpro through structure-based in silico molecular docking and to identify potent anti-COVID-19 natural compounds.



MATERIALS AND METHODS

In silico docking of the protein SARS-CoV-2 virus 3CLpro (PDB ID: 6LU7), iGEMDOCK module software was used.


Selection of Protein

The 3CLpro/Mpro (PDB ID: 6LU7) protein structure COVID-19 (Figure 1) containing the two chains (A&B) was acquired from the protein data bank (www.rcsb.org). The PDB format extraction was used to study the crystal structure of the protein.


[image: Figure 1]
FIGURE 1. The crystal structure of COVID-19 main protease in complex with an inhibitor N3 PDB ID: 6LU7.




Ligand Preparation

We selected 145 phyto-compounds from Kabasura kudineer complex (Supplementary Table 1). A total of 145 two-dimensional ligands were generated with ACD chem sketch. The ligands extracted in the mol format were converted to pdb format using OPEN BABEL software (www.vcclab.org/lab/babel/start.html). The docking tool iGEMDOCK v2.0 was used for the rapid virtual screening of the extracted compounds (Yang and Chen, 2004). Based on the highest energy value, best compounds from each plant of Kabasura kudineer complex were exposed to accurate molecular docking (Supplementary Table 2).



Active Site Prediction

The most significant step in molecular docking is to locate the ligand-binding sites on a protein. The protein-ligand binding sites are located using the novel energy-based method Q-Site Finder developed by Jackson, where the interaction energies of a methyl probe with a protein are analyzed (Laurie and Jackson, 2005). Using the software, the plausible active binding sites of toxins were obtained. The binding sites which are more flexible were preferred for this analysis.



Protein-Ligand Docking

After the compounds are screened, a virtual screening environment is created through an integrated tool iGEMDOCK. The tool affords the interactive interfaces to prepare both the binding site of the target protein and the screening compound library. Post-screening, each compound in the library is docked into the binding site and thereby generating the protein-compound interaction profiles of electrostatic, hydrogen-bonding, and van der Waals interactions. The tool then corroborates the pharmacological interactions and clusters the screening compounds for the post-screening analysis based on the interaction data and the compound structures, ranks and visualizes the screening compounds by combining the pharmacological interactions and energy-based scoring function. With the population size 800 set with 80 generation and 10 solutions, the ligands were subjected to very slow accurate docking and the docking pose and their corresponding energy values were analyzed.




RESULTS AND DISCUSSION

The present study focused on the main proteases 3CLpro PDB ID (6LU7), as potential target proteins for SARS - COVID-19. Inhibition potential and effectiveness of compounds from Kabasura kudineer (KK) against novel coronavirus 3CLpro on molecular docking studies using Igemdock were investigated. The proteolytic maturation enzyme Mpro in CoV has been identified as the potential target protein to prevent the spread of infection through the inhibition of viral polyprotein cleavage (Liu and Wang, 2020). The discovery of the Mpro protease structure has facilitated the identification of potential drug candidates for treatment. The protein sequences of the two Coronavirus strains SARS-CoV Mpro and the 2019-nCoV Mpro are 96% identical, and the active sites in both proteins remain free from mutations. In many viruses, proteases play essential roles in viral replication; therefore, proteases are often used as potential targets during the development of antiviral therapeutics (Chang et al., 2019). However, the disruption of protease activity in host cells can lead to various diseases. Hence, the host proteases can be generally used as potential therapeutic targets. Several compounds from medicinal plants have been reported to show antiviral properties (Thayil and Thyagarajan, 2016; Zakaryan et al., 2017; Jo et al., 2020). This study was conceived with a strategy of exploring the natural compounds which may impede the SARS-CoV-2 infection by blocking the viral entry into the host cell or inhibiting the viral polyprotein processing in the cell. In this context, KK comprises 15 individual herbs namely Andrographis paniculata, Syzygium aromaticum, Zingiber officinale, Tragia involuerta, Hygrophila auriculata, Terminaila chebula, Adhatoda vasica, Coleus ambonicus, Saussurea lappa, Clerodendrum serratum, Cypreus rotundus, Tinospora cordifolia, Sida acuta, Piper longum, and Anacyclus pyrethrum. Each plant consists of several compounds and exhibits various biological activities (Table 1).


Table 1. List of plants included in Kabasura kudineer, a poly herbal formulation as recommend by AYUSH.

[image: Table 1]

From the documents of Dr. Lipinski, the molecules are categorized as the therapeutic compounds when they have sufficiently acceptable ADME properties (absorption, distribution, metabolism and excretion) and toxicity profiles to qualify through the Phase I clinical trial on humans. However, his postulate “rule of 5” classifies the molecules only based on the orally active drug phenomena that include molecular weight ≤ 500, clogP ≤ 5, H- bond donor ≤ 5, and H- bond acceptor ≤ 10. They do not evaluate the parameters of direct metabolism, frequency of the molecule or if it contains reactive functional groups.

In this present study, SARS-CoV-2 virus 3CLpro was docked with 145 compounds selected from KK comprising plants. Ritonavir, Lopinavir, Oseltamivir, HCQ, Ivermectin, and Azithromycin are used as standard (Caly et al., 2020; Cao et al., 2020; Muralidharan et al., 2020). These ligands were screened based on their propensity to dock with the receptor molecule and to inhibit the protein activity. The extent of docking was ranked based on the iGEMDOCK scoring function to zero down the most accurate ligand. Eventually, during the virtual screening process, each compound from each plant that bound at different binding pockets of the 3CLpro has been selected. Based on the highest energy value, best compounds from each plant of Kabasura kudineer complex were exposed to accurate molecular docking. Based on screening process, the highest-ranked compounds (Acetoside, Luteolin 7 –rutinoside, Rutin, Chebulagic acid, Acanthoside, Syrigaresinol, Violanthin, Andrographidine C, Myricetin, Gingerenone -A, Tinosporinone, Geraniol, Nootkatone, Asarianin, and Gamma sitosterol) were selected for accurate docking against SARS-CoV-2 virus 3CLpro and their corresponding energy values are listed in Table 2 (Structure of target compounds are shown in Supplementary Figure 1). The energy values are inversely proportional to the acceptability of the molecule as a drug. Molecules that scored best by iGEMDOCK scoring functions were identified as potential leads for COVID-19 drug discovery process.


Table 2. Accurate Molecular Docking studies on the target Phytocompounds from Kabasura kudineer (KK) with 3CLpro (6LU7) of the SARS-CoV2 Coronavirus using iGEMDOCK software.

[image: Table 2]

Table 2 shows the energy value, binding domain and amino acids found in the active site pockets of 6LU7 against compounds from KK. The Acetoside from Clerodendrum serratum docked with the 3CLpro and the total fitness value was found to be −153.06 kcal/mol, which comprises of −93.6 van der Waal interactions and −59.46 kcal/mol hydrogen bonding interactions. The inhibitor closely fits the active site cavity making various close contacts with the residues including hydrogen bonding with the main chain of arginine at position 131 with binding energy value −9.3 kcal/mol (Figure 2A). Acteoside, a phenylethanoid glycoside, is an active compound in several plants and traditional herbal medicines (Kubica et al., 2017). The study reports that the acetoside having the highest binding energy is very effective to inhibit the 3CLpro. Similarly, Song et al. (2016) reported that the acetoside inhibits viral infections in a dose-dependent manner. The interactions and fitness score of the compound suggest that these leads can be formulated as an anti-COVID drug.
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FIGURE 2. The binding affinities of target compounds (A) Acetoside, (B) Luteolin 7 -rutinoside (C) rutin (D) Chebulagic acid present in the Kabasura kudineer (KK) with 3CLpro (6LU7) of the SARS-CoV2 Coronavirus.


Luteolin 7- rutinoside from Hygrophila auricualata docked with 3CLpro exhibits the energy value −134.6 kcal/mol, which comprises of −98.9 van der Waal interaction and −36.23 kcal/mol hydrogen bonding interactions (Figure 2B). Here, the main chain Leucine at position 287 with binding energy is −11.8 kcal/mol. It was predicted that the hydroxyl (-OH), ketone (=O), and ether (-O-) groups in luteolin compounds majorly impact the amino acid residue interactions at the active site of COVID-19 Mpro (Aziz et al., 2018). Luteolin derivatives have been predicted to interact with the NS2/NS3 protease used in silico analysis showed that luteolin reduces DENV infection through the inhibition of human furin, which is an enzyme involved in the maturation of the virions (Ramana et al., 2015; Dwivedi et al., 2016). It is apparent from the study, that Luteolin 7- the 3CL protease.

Rutin from Tragia involerta docked with 3CLpro exhibits the energy value is −133.06 kcal/mol, which comprises of −85.08 van der Waal interaction and −47.99 kcal/mol hydrogen bonding interactions (Figure 2C). Here, the main chain is arginine with H-S domain at the position 131 with binding energy −11.8 kcal/mol. Jasso-Miranda et al. (2019) and Zandi et al. (2011) studied the antiviral activity of Rutin against Dengue virus type-2.

Chebulagic acid from Terminalia chebula docked with 3CLpro exhibits the energy value of −124.3 kcal/mol, which comprises of −103.02 van der Waal interaction and −21.28 kcal/mol hydrogen bonding interactions (Figure 2D). The inhibitor closely fits the active site cavity making various close contacts with the residues including hydrogen bonding with the main chain of Thyronine at position 239 with binding energy value −17.9 kcal/mol. Li et al. (2020) observed chebulagic acid as Novel Influenza Viral Neuraminidase Inhibitor. Similarly, Lin et al. (2013) also observed the chebulagic acid blocked herpes simplex virus type 1 (HSV-1).

Acanthoside isolated from Sida acuta possesses the energy value −122.21 kcal/mol, which contains the −79.44 van der Waal interaction and −42.5 kcal/mol hydrogen bonding interactions (Figure 3B). Arginine 131 is the major active site to bind with receptors and the domain of H-S. Sida genus possesses various biological activities, especially anti-viral properties. No anti-viral reports have been reported from Acanthoside from Sida acuta.
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FIGURE 3. The binding affinities of target compounds (A) Syrigaresinol (B) Acanthoside (C) Violanthin (D) Andrographidine C present in the Kabasura kudineer (KK) with 3CLpro (6LU7) of the SARS-CoV2 Coronavirus.


Docking value of Syrigaresinol (Figure 3A) from Sausurea lappa exhibits −120.03 kcal/mol, Violanthin from Adhatoda vasica exhibits −114.9 kcal/mol on 3CLpro which comprises of −79.99 and −76.13 van der Waal interactions and −40.04 and −38.81 kcal/mol hydrogen bonding interactions (Figure 3C). The residues include hydrogen bonding with the main chain of Glucine at position 240 with binding energy value −7.6 kcal/mol in Syrigaresinol and Leucine at position 271 with binding energy value −8.2 kcal/mol in Violanthin respectively. Likewise, Ouyang et al. (2007) also studied the Syringaresinol lignan inhibiting the multiplication of the tobacco mosaic virus. No study has been reported on violanthin, but this plant exhibits various pharmacological activities. It is evident from the study both the compounds effectively inhibited the 3CL protease.

Andrographidine C from Andrographis paniculata docked with 3CLpro exhibits the energy value of −101.8 kcal/mol, which comprises of −72.41 van der Waal interactions and 29.36 kcal/mol hydrogen bonding interactions (Figure 3D). Here, the main chain and the amino acid region is leucine with V-M domain at the position 286 with binding energy −8.3 kcal/mol. Wiart et al. (2005) reported Antiviral properties of ent-labdene diterpenes of Andrographis paniculata Nees, inhibitors of herpes simplex virus type 1. Similarly, Sharma et al. (2019) also studied that the Green synthesis of silver nanoparticles from Andrographis paniculata exhibits the antiviral potential against chikungunya virus.

Docking value of Myricetin from Syzygium aromaticum exhibits −99.96 kcal/mol and Gingerenone from Zingiber officinale exhibits −93.9 kcal/mol which comprises of −63.64 and −69.96 van der Waal interactions and −36.32 and −23.94 kcal/mol hydrogen bonding interactions (Figures 4A,B). The residues include hydrogen bonding with the main chain of Arginine at position 188 with binding energy value −5.2 kcal/mol in Myricetin and Leucine at position 287 with binding energy value −5.4 kcal/mol in Gingerenone respectively. Park et al. (2013) and Ortega et al. (2017) opined that myricetin exhibits antiviral activity against influenza viruses and anti-HIV-1 activity. It is clear from the above study that myricetin exhibits anti-viral properties against COVID-19. Likewise, Gingerenone A, a polyphenol present in ginger, has attracted increasing attention as potential agents for preventing and treating many oxidative stress-related diseases. No anti-viral report has been published on this compound, but Zingiber officianle possessed excellent anti-viral properties (Sharma et al., 2015; Kaushik et al., 2020).
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FIGURE 4. The binding affinities of target compounds (A) myricetin (B) Gingerenone -A, (C) Tinosporinone, (D) Geraniol present in the Kabasura kudineer (KK) with 3CLpro (6LU7) of the SARS-CoV2 Coronavirus.


Tinosporinone from Tinospora cordifolia exhibits the energy value −83.42 kcal/mol, which contains the −76.55 van der Waal interaction and −6.86 kcal/mol hydrogen bonding interactions (Figure 4C). The inhibitor closely binds with the specific active site making various close contacts with the residues including hydrogen bonding with the main chain of Thyronine at position 199 with binding energy value −7.2 kcal/mol. Sharma et al. (2019) reported that the Tinospora cordifolia exhibits potential antiviral properties against chikungunya virus. Synergetic effects of these compounds possess excellent anti-viral properties against viral diseases.

Geraniol from Ceolus ambonicus (Figure 4D) and Nootkatone (Figure 5A) from Cypreus rotundus exhibit the energy value −62.87 and −62.4 kcal/mol which contain the −57.1 and −52.51 van der Waal interactions and −5.6 and −9.8 kcal/mol hydrogen bonding interactions. Lowest binding energy was observed in these two plants. Thyronine 26 and thyronine 111 are the major active sites to bind with 3CLpro. Mileva et al. (2015) reported the antiviral properties of Geraniol. Any specific anti-viral report on Nootkatone was not published and it is evident from the investigation that we can use Nootakatone as anti-viral agent for future purposes.
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FIGURE 5. The binding affinities of target compounds (A) Nootkatone (B) Asarianin and (C) gamma- sitosterol present in the Kabasura kudineer (KK) with 3CLpro (6LU7) of the SARS-CoV2 Coronavirus.


Asarianin (Figure 5B) isolated from Piper longum and Gamma sitosterol from Anacyclus pyrethrum (Figure 5C) exhibits excellent binding energy against 3CL proviruses and it was found to be −79.94 and −81.94 kcal/mol which comprises of van der Waal interaction and hydrogen bonding interactions. The main active site and domain range of the Asarianin are Thyronine 239 and H-S. Likewise, Alanine 70 and V-M are the active site and binding domain of the 3CLpro on Gammasitosterol. Mair et al. (2016) reported the antiviral activity of piperamides from black pepper. It is the first report that Anacyclus pyrethrum possesses antiviral properties on 3CLpro by using in silico analysis.

The analysis reports of docking inclusive of the H-bonds that interact with 6LU7 amino acids are tabulated in Table 2. It was observed that every H-bond interacted with the amino acids in the COVID-19 Mpro active site. The presence of H-bonds formed further influences the binding energy. The active site is usually pivotal in analyzing whether the binding site of the ligands has interacted with the amino acids of the target or attached to any other site inside the target. In the present research, the molecular docking analysis affirmed that all the ligands from the natural compounds interacted with the active site of the target protease. The nature and amount of bonding with the active site of the protein decides the higher affinity of drug compounds. Based on the binding energy score, we suggest that Acetoside, Luteolin 7 -rutinoside, rutin, Chebulagic acid, Syrigaresinol, Acanthoside, Violanthin, Andrographidine C, and myricetin exhibit excellent anti-viral properties when compared to synthetic drugs.

Based on the binding energy score, we suggest that these compounds can be tested against Coronavirus and used to develop effective antiviral drugs. Recently, plant compounds such as flavonoids showed good docking affinity against SARS-CoV-2 3CLpro (Jo et al., 2020) and there are several reports on Indian medicinal plants used to treat SARS-CoV infections. In line with this, Andrographis paniculata was reported to suppress NLR Family Pyrin Domain Containing 3, caspase-1 and IL-1 β activity on SARS-CoV and likely SARS-CoV-2 virus (Liu et al., 2020a, Liu et al., 2020b). Glycyrrhizin active compound from Glycyrrhiza glabra inhibits viral replication of the SARS-associated virus (Cinatl et al., 2003). In addition to their ability to interfere with viral replication, andrographolide from Andrographis paniculata exhibits anticancer and immunostimulatory effects (Kumar et al., 2004). Similarly, Jain et al. (2020) reported that the polyherbal formulation of Nilavembu Kudineer has a prophylactic effect and antiviral effect against chikungunya and dengue virus infection. This study hypothesizes that a group of compounds from KK may exert its antiviral properties against novel coronavirus SARS-CoV-2 by either blocking the host cell receptor or inhibiting the key viral protease required for its replication in the host cell. This study might render light on the drug discovery studies for the treatment of viral infections similar to SARS or COVID-19 in future.



CONCLUSION

The possible medications using natural compounds were screened from approved bioactive compound databases using molecular docking techniques. This research was aimed at identifying the molecules from natural products that could effectively inhibit the COVID-19 by acting on the main protease (Mpro). Obtained results from molecular docking showed that Acetoside, Luteolin 7 -rutinoside, rutin, Chebulagic acid, Syrigaresinol, Acanthoside, Violanthin, Andrographidine C, myricetin, Gingerenone -A, Tinosporinone, Geraniol, Nootkatone, Asarianin, and sitosterol are main compounds from KK plants which may inhibit COVID-19 giving a better energy score compared to synthetic drugs. Our data suggest these results encourage further in vitro and in vivo investigations and also encourage traditional use of Kabasura kudineer preventively.
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Molecular docking and molecular dynamics aided virtual search of OliveNet™ directory identified potential secoiridoids that combat SARS-CoV-2 entry, replication, and associated hyperinflammatory responses. OliveNet™ is an active directory of phytochemicals obtained from different parts of the olive tree, Olea europaea (Oleaceae). Olive oil, olive fruits containing phenolics, known for their health benefits, are indispensable in the Mediterranean and Arabian diets. Secoiridoids is the largest group of olive phenols and is exclusive to the olive fruits. Functional food like olive fruits could help prevent and alleviate viral disease at an affordable cost. A systematized virtual search of 932 conformers of 78 secoiridoids utilizing Autodock Vina, followed by precision docking using Idock and Smina indicated that Nüzhenide oleoside (NZO), Oleuropein dimer (OED), and Dihydro oleuropein (DHO) blocked the SARS-CoV-2 spike (S) protein-ACE-2 interface; Demethyloleuropein (DMO), Neo-nüzhenide (NNZ), and Nüzhenide (NZE) blocked the SARS-CoV-2 main protease (Mpro). Molecular dynamics (MD) simulation of the NZO-S-protein-ACE-2 complex by Desmond revealed stability during 50 ns. RMSD of the NZO-S-protein-ACE-2 complex converged at 2.1 Å after 20 ns. During MD, the interaction fractions confirmed multiple interactions of NZO with Lys417, a crucial residue for inhibition of S protein. MD of DMO-Mpro complex proved its stability as the RMSD converged at 1.6 Å. Analysis of interactions during MD confirmed the interaction of Cys145 of Mpro with DMO and, thus, its inhibition. The docking predicted IC50 of NZO and DMO was 11.58 and 6.44 μM, respectively. Molecular docking and dynamics of inhibition of the S protein and Mpro by NZO and DMO correlated well. Docking of the six-hit secoiridoids to IL1R, IL6R, and TNFR1, the receptors of inflammatory cytokines IL1β, IL6, and TNFα, revealed the anti-inflammatory potential except for DHO. Due to intricate structures, the secoiridoids violated Lipinski's rule of five. However, the drug scores of secoiridoids supported their use as drugs. The ADMET predictions implied that the secoiridoids are non-toxic and pose low oral absorption. Secoiridoids need further optimization and are a suitable lead for the discovery of anti-SARS-CoV-2 therapeutics. For the moment, olive secoiridoids presents an accessible mode of prevention and therapy of SARS-CoV-2 infection.

Keywords: hyperinflammatory, molecular docking, molecular dynamics, olive secoiridoids, SARS-CoV-2 spike (S) protein, main protease, virtual search


INTRODUCTION

The current pandemic of coronavirus disease-2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has worsened persons' quality of life and socioeconomic status globally. Rigorous research for the prevention and therapy of SARS-CoV-2 infection using vaccines and small molecules are underway. Natural products are inspiring sources of drugs, including antivirals. It is imperative to explore functional foods as therapeutic combat against SARS-CoV-2, as they are accessible and affordable. Focuses on nutritional supplements as a mode of prevention and therapy for SARS-CoV-2 infection have increased (Zabetakis et al., 2020). Olive fruits (olives) and oil are indispensable in the Mediterranean (Martinez-Gonzalez and Martin-Calvo, 2016) and Arabian diet (Al-Ruqaie et al., 2016) and are known for their health benefits. The northern provinces of Saudi Arabia have suitable climatic conditions and cultivate olive tree, Olea europaea (Oleaceae) for olive oil and olives (Hemida et al., 2014; Fraihat et al., 2017). Olive oil obtained from olives has earned nutritional and therapeutic value. Especially olive oil polyphenols demonstrated antioxidant, antihyperglycemic, anticancer, antilipidemic, antiviral, anti-inflammatory, cardioprotective, and immunomodulation properties (Rigacci and Stefani, 2016; Gorzynik-Debicka et al., 2018). The phytochemicals of olive leaves have also exhibited beneficial effects on ailments like diabetes, cancer, obesity, bacterial, and viral infections (Medina Pradas et al., 2019; Acar-Tek and Agagündüz, 2020). The green, black forms of olives consumed as table olives are high in plant polyphenols implicated in several diseases (Rahmani et al., 2014; Fernández-Poyatos et al., 2019; Conte et al., 2020). Olives contain secoiridoids, the largest group of polyphenols, in their glycoside and aglycone forms. Olives are also composed of other polyphenols-like flavonoids, triterpenes, and lignans (Hashmi et al., 2015). Olives are the primary source of secoiridoids, whereas oil contains the metabolites of secoiridoids (Sivakumar et al., 2018). Secoiridoids are useful in cancer therapy, heart diseases, neurodegeneration, immunoinflammatory, diabetes, obesity, and aging-related ailments (Celano et al., 2019; Castejón et al., 2020). Few studies are available on the antiviral property of secoiridoids against AIDS and influenza viruses (Omar, 2010; Vilaplana-Pérez et al., 2014). Oleuropein, a secoiridoid, possesses potent antiviral activity against parainfluenza type 3 virus, respiratory syncytial virus, hepatitis, and herpes mononucleosis (Omar, 2010). Oleuropein targeted the surface glycoprotein HIV-1 gp41 and HIV integrase, which blocked HIV entry and replication (Lee-Huang et al., 2007). A recent molecular docking study identified the flavonoids Cyanidin-3-rutinoside and Paeonidin-3-rutinoside from Olea europaea as inhibitors of SARS-CoV-2 main protease (Shawky et al., 2020).

The spike protein (S protein), a surface structural protein of SARS-CoV-2, binds with a high affinity to human angiotensin-converting enzyme 2 (ACE-2), which facilitates the entry of the virus into the human host (Wrapp et al., 2020). Therefore, inhibition of spike protein and its interaction with ACE-2 can block virus entry into the host. The main protease (Mpro) of SARS-CoV-2, also known as 3CLpro, is responsible for the cleavage of polyproteins 1a and 1b, which is crucial for virus replication (Prajapat et al., 2020). The inhibition of virus replication is possible through the inhibition of Mpro. The S protein and Mpro are thus attractive targets for designing and discovering drugs to combat SARS-CoV-2 infection. On the host's invasion by SARS-CoV-2, there is a hyperinflammatory response by the immune system leading to acute respiratory distress and multiple organ failure. Elevated levels of pro-inflammatory cytokines, interleukin-1 (IL1β), interleukin-6 (IL6), and tumor necrosis factor-α (TNFα) in moderate to severe COVID-19 cases contribute to the hyperinflammatory response (Maiti et al., 2020; Tang et al., 2020). It is of paramount importance to block the actions of inflammatory cytokines to improve the patient's well-being and reduce the fatality rate of SARS-COV-2 infected patients. The receptors IL1R (Maiti et al., 2020), IL6R (Chen et al., 2017), and TNFR1 (Maiti et al., 2020) of cytokines are useful targets to evaluate the anti-inflammatory potential of secoiridoids.

One of the rapid and efficient methods to identify potential small molecule therapeutics is utilizing virtual search methods like molecular docking (da Silva Rocha et al., 2019). OliveNet™ is an active directory of phytochemicals reported from olive leaves, olives, and olive oil (Bonvino et al., 2018). The directory includes 222 phenolic compounds, further subdivided into 13 subgroups, among which the 79 secoiridoids are the principal constituents of olive fruits (Owen et al., 2003; Silva et al., 2006; Obied et al., 2007; Alagna et al., 2012; Ghanbari et al., 2012; Kanakis et al., 2013). Secoiridoids biosynthesis in olive trees involves their parent compounds tyrosol and hydroxytyrosol (Ali et al., 2019). Tyrosol and hydroxytyrosol also possess commendable therapeutic properties (Vilaplana-Pérez et al., 2014; Hashmi et al., 2015). It was intriguing that most secoiridoids were exclusive to the olive fruits, and its consumption could combat SARS-CoV-2 infection and associated hyperinflammatory responses that exemplify the viral disease. Hence, we aimed to explore OliveNet™ by a virtual search for olives' secoiridoids capable of combating S protein and Mpro of SARS-CoV-2. We also predicted the anti-inflammatory property of secoiridoids to combat the SARS-CoV-2 associated hyperinflammatory response by molecular docking to cytokine receptors IL1R, IL6R, and TNFR1. Furthermore, molecular dynamics studies of the hit secoiridoid-S protein and hit secoiridoid-Mpro complexes aided the stability prediction during trajectories for 50 ns.



MATERIALS AND METHODS


Virtual Search of OliveNet™ Directory

We accessed OliveNet™ at https://mccordresearch.com.au/. Autodock Vina was the software used to perform the virtual search of OliveNet™ secoiridoids (Trott and Olson, 2010). The virtual search utilized a target-based docking to the structural and non-structural proteins of the virus (Maia et al., 2020). In this study, the drug targets were mainly the SARS-CoV-2 S protein, a structural protein, and Mpro, a non-structural protein. The virtual search process comprised the steps described herein.


Sources of SARS-CoV-2 Spike Protein, Main Protease, and Secoiridoids

We obtained the three-dimensional X-ray crystallographic structures of SARS-CoV-2 S protein and Mpro from the protein data bank using PDB IDs, 6LZG, and 6LU7, respectively. The targeted viral proteins were in their pdb file formats. The secoiridoids reported in OliveNet™ possess molecular weights between 184 and 2,692 g/mol. We filtered and used those secoiridoids with molecular weight <1,100 g/mol. Based on the molecular weight factor, we excluded oleuropein trimer, oleuropein tetramer, and oleuropein pentamer. Instead, we included the parent compounds tyrosol hydroxytyrosol that was within the molecular weight range. Finally, 78 secoiridoids contributed to the virtual search. OliveNet™, PubChem, and ZINC were the databases used to retrieve the structures of the chosen secoiridoids. We applied the canonical smiles of secoiridoids to generate the three-dimensional structures.



Preparation of SARS-CoV-2 Spike Protein, Main Protease, and Secoiridoids

Chimera 1.13.2 was the program used to prepare the target proteins (Pettersen et al., 2004). The 6LZG is the receptor-binding domain of the SARS-CoV-2 S protein complexed with the human ACE-2 receptor. The S protein chain B and the ACE-2 chain A were retained, and the ligand atoms were removed. The aim was to dock secoiridoids to the interface of S protein and ACE-2. In the case of 6LU7, it is the SARS-CoV-2 Mpro monomer complexed with a peptide inhibitor. The monomer chain A was retained, and the non-standard residues, including the inhibitor, was deleted. Afterward, the prepared protein structures underwent energy minimization to overcome unfavorable backbone and sidechain interactions through the steepest descent of 100 steps under the Amber ff99SB force field. Stabilization of the protein structures involved merging non-polar hydrogens, adding polar hydrogens, and assigning Kollmann charges.

At last, using the Autodock tools program, we assigned partial charges and atom type and saved the stabilized proteins in pdbqt format (Morris et al., 2009). We created and optimized the three-dimensional structures of the secoiridoids and the reference drugs Chloroquine (Wahedi et al., 2020) for S protein and Lopinavir (Kumar et al., 2020) for Mpro using Schrödinger's LigPrep facility (Schrödinger Release, 2020). The OPLS3e force field, when applied to the 3D structures of the ligands, generated 932 conformers of secoiridoids, which served as the input ligands for subsequent docking studies. The resultant minimum energy conformations of the secoiridoids were saved in mol2 format.



Molecular Docking of Secoiridoids to SARS-CoV-2 Spike Protein and Main Protease

Virtual search by docking secoiridoids to S protein-ACE-2 and Mpro utilized the Autodock Vina program. All the 932 conformers were docked to the binding sites identified and presented inside the grid. Repeated precision docking of secoiridoids to the targets using the software Idock (Li et al., 2012) and Smina (Koes et al., 2013) avoided the false-positive identification. We generated the S protein grid, surrounding Asn33, His34, Glu37, Asp38, Lys353, Ala387, Gln388, Pro389, Phe390, Arg393, Lys403, Tyr453, Tyr495, Gly496, Phe497, Ser494, and Tyr505, the critical interface residues of S protein-ACE-2 (Liu et al., 2020a; Shang et al., 2020). For Mpro, we centered the grid on Cys145 (Gurung et al., 2020; Liu et al., 2020b; Zhang et al., 2020). The parameters for docking were: maximum binding modes and energy enabled; exhaustiveness of search of 50. Precise redocking of the three top-ranked secoiridoids under the same docking setup in Idock and Smina gadgets confirmed the results. Modeling the 3D structures of the resultant complexes of SARS-CoV-2 targets and secoiridoids in Biovia Discovery Studio Visualizer v16.1.0.15350 provided details of the 2D, 3D conformations and the number, nature of intermolecular interactions (BIOVIA, 2015). The top-ranked (hit) secoiridoid for S protein and Mpro chosen based on the binding energy and number of binding interactions entered into the subsequent IC50 prediction studies.



Prediction of Inhibition Constant

The binding affinity of the hit secoiridoids, in terms of the inhibition constant (IC50) against S protein and Mpro, was predicted using Autodock tools (Morris et al., 2009). The search protocol for the best docking conformer consisted of a population of 150 individuals and a maximum of 25,000,000 energy evaluations in each run with other docking parameters at default. Overall, 100 conformations of each compound were generated with IC50 values. Finally, we carried out molecular dynamics studies to assess the stability of the complexes of NZO and DMO bound to respective targets.



Molecular Dynamics of Apo and Bound Forms of SARS-CoV-2 Spike Protein and Main Protease

Molecular dynamics (MD) simulation helps understand the dynamic motions of the atoms of protein targets and target-ligand complexes (Hospital et al., 2015). MD also unveils the conformational stability of target proteins and ligands before and after the interaction (De Vivo et al., 2016). MD of the apo (unbound) and the hit secoiridoids-bound forms of SARS-COV-2 S protein and Mpro were studied using the Desmond program (DE Shaw Research, 2020). After creating the topology, the apoproteins and the protein-ligand complexes were placed in the OPLS3e force field to study the number and stability of interactions. The complex was then immersed into a TIP3P water model at 300°K, maintaining 10 Å from the center of the box. The complex underwent energy minimization up to 5,000 steepest descent steps. Then, added sodium and chloride ions to mimic the in-vivo environment. Long-range electrostatic interactions were calculated using the Particle-mesh Ewald (PME) method. The constant temperature and pressure were maintained using a Nose-Hoover thermostat and the Martina-Tobias-Klein method. The motion equations were integrated using the multistep RESPA integrator with an inner time step of 2.0 fs for bonded and non-bonded interactions within the short-range cutoff. Periodic boundary conditions were applied. After equilibration, the target proteins and their complexes with the best secoiridoids were subjected to the production run for 50 ns in the N (total atoms in the system), P (system pressure), and T (system temperature) ensemble. The root mean square deviation (RMSD) analysis, root mean square fluctuation (RMSF), full contacts, and the interaction fractions maintained throughout the MD simulation indicate the protein's stability and ligand's stability in bound form. Origin (2016) software was used to plot the comparative RMSF of the protein and ligand.




Molecular Docking of Top-Ranked Secoiridoids to Inflammatory Protein Receptors

The three top-ranked secoiridoids obtained from docking to S protein and Mpro went through additional docking to cytokine receptors to assess the ability to inhibit the binding, thereby pro-inflammatory cytokine actions. Autodock Vina, Idock, and Smina tools were used for docking. The PDB IDs 1ITB, 1N26, and 1NCF correspond to the 3D structures of IL1R, IL6R, and TNFR1 receptors. We applied the previously prepared energy minimized structures of the secoiridoids for docking. The 3D structures of the cytokine receptors were stabilized using the Chimera tool. Methotrexate served as the standard drug for comparing the secoiridoids' inhibitory effect on IL1R. Methotrexate can directly inhibit the binding of IL1β to IL1R, resulting in inhibition of IL1β mediated cellular responses (Brody et al., 1993). A small-molecule inhibitor of IL6R, Chemiome CID5329098 (Chen et al., 2017), was used as the reference molecule for IL6R inhibition. Physcion-8-glucoside is an inhibitor of TNFR1 (Saddala and Huang, 2019), used as the reference molecule for TNFR1 inhibition. We applied the blind docking method that involves docking ligands to the whole surface of human cytokine receptors.



Virtual Physicochemical, Pharmacokinetics, and Drug Score Screening

Secoiridoids have novel chemical structures that need an investigation of molecular, pharmacokinetic, and toxicity properties. Examining the secoiridoids' molecular properties like molecular weight, the number of hydrogen bond donor/acceptor groups, and the topological polar surface area, for Lipinski's violation provides insight into the oral bioavailability. The SwissADME server was used to predict the molecular properties and the bioavailability score (Daina et al., 2017). The admetSAR 2.0 online tool helped predict the distribution, toxicity, and LD50 (Yang et al., 2019). The OSIRIS property explorer (Osiris, 2020) was used to predict the drug score, which is a combination of drug-likeness score, lipophilicity, hydrophilicity, molecular weight, and the risk of toxicity of secoiridoids. The drug score helps to verify the overall quality of the secoiridoids to be potential drugs.




RESULTS


Virtual Search

The virtual search of the OliveNet™ directory using Autodock Vina, Idock, and Smina was successful. The grids generated around the binding site of the 3D crystalline structures of the S protein-ACE-2 receptor interface (6LZG) and the catalytic Cys145 of Mpro (6LU7) provided reliable results. The virtual search using Autodock Vina generated 932 energy minimized conformers of the screened secoiridoids, which were then docked to the SARS-CoV-2 targets and graded based on the binding energy. All the docked conformers of secoiridoids had the potential to bind to the SARS-CoV-2 S protein's active site and its interface with ACE-2 with binding energies in the range of −8.9 to −4.1 kcal/mol. Similarly, the olive secoiridoids have shown binding affinities between −8.9 and −4.3 kcal/mol toward the binding site of SARS-CoV-2 Mpro. Nüzhenide oleoside (NZO), Oleuropein dimer (OED), and Dihydro oleuropein (DHO) secured the top three ranks, respectively, for binding to SARS-COV-2 S protein-ACE-2 receptor complex. Demethyloleuropein (DMO), Neo-nüzhenide (NNZ), and Nüzhenide (NZE) were the three top-ranked secoiridoids exhibiting efficient binding to SARS-COV-2 Mpro. Hence, the top-ranked secoiridoids passed through the next step of precise docking using the Autodock Vina, Idock, and Smina tools.



Molecular Docking of Secoiridoids to SARS-CoV-2 Spike Protein and Main Protease

The three top-ranked secoiridoids on precise docking in Autodock Vina, Idock, and Smina displayed better binding efficiency at the S protein-ACE-2 interface and Mpro binding sites than the reference drugs shown in Table 1. The secoiridoid-SARS-CoV-2 target complexes obtained from precise docking in Autodock Vina, when probed in Discovery Studio Visualizer, unraveled the in-silico binding inhibitory mechanisms. Figures 1A–C show the 3D best binding poses of NZO, OED, and DHO docked to the S protein-ACE-2 target interface. The intermolecular bonds of NZO, OED, and DHO with the S protein-ACE-2 interface are shown in Figures 2A–C. NZO interacted with the S protein-ACE-2 interface through 10 hydrogen bonds and 1 attractive charge interaction (Figure 2A). Four hydrogen bonds existed with S protein, and six hydrogen bonds were with the ACE-2. Lys417 of the S protein was involved in the formation of two hydrogen bonds with NZO. The attractive charge interaction was between the cationic Lys26 of the ACE-2. Six hydrophobic interactions of π-alkyl and alkyl-alkyl type also existed in the NZO-S protein-ACE-2 complex. Hydrogen bonds were the main forces stabilizing the bound form of NZO as they were shorter than the hydrophobic bonds. OED and DHO interacted through four and nine hydrogen bonds, respectively. OED also established an electrostatic charge interaction with cationic residue Lys417 of the S protein (Figure 2B). Two hydrophobic interactions between Lys417 of S protein and DHO is also significant (Figure 2C). Chloroquine interacted with S protein through a hydrogen bond with Glu406, a π-alkyl interaction with Lys417, besides a hydrogen bond, a π-cation interaction with His34, and an attractive charge interaction with Glu37 of ACE-2.


Table 1. Binding energies during precise docking of the three top-ranked olive secoiridoids to SARS-CoV-2 targets.
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FIGURE 1. Most active secoiridoids docked to the SARS-CoV-2 spike protein-ACE-2 interface. (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein. Mesh around the binding site represents it's solvent accessible surface (SAS). All models show the spike protein in blue and ACE-2 in green. Panel (A) represents the SARS-CoV-2 S protein-ACE-2 in their secondary structure forms, (B) represents targets in the CPK model, and ribbons in C represent targets.
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FIGURE 2. Intermolecular interactions of (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein with SARS-CoV-2 spike protein-ACE-2 interface residues. Interaction with Lys417 of the spike protein is considered crucial for inhibition. Nature of bonds: black—hydrogen bonds; yellow—attractive charge; brown—π-alkyl; blue—alkyl-alkyl interactions.


Table 1 shows the results of precise docking of the top-ranked secoiridoids to Mpro. The binding energies of olive compounds were less than the reference drug Lopinavir. Figure 3 shows the active conformations of the DMO (Figure 3A), NNZ (Figure 3B), and NZE (Figure 3C) bound to the Mpro. DMO established nine hydrogen bonds with Mpro (Figure 4A). Besides other significant interactions, one hydrogen bond with catalytic Cys145 and one hydrophobic π-alkyl interaction with catalytic His41 predicted for DMO indicated its inhibitory property. NNZ established seven hydrogen bonds with Mpro, of which one bond was with the catalytic Cys145 (Figure 4B). NNZ also interacted with the catalytic duo Cys145-His41 through two hydrophobic alkyl-alkyl and three π-alkyl interactions, respectively. The predicted hydrogen bonds were stable than the hydrophobic interactions due to their shorter bond lengths. NZE also made nine hydrogen bonds with the Mpro. The active Cys145 residue was engaged in hydrogen bonding with NZE (Figure 4C), while His41 made one π-alkyl interaction with NZE. Lopinavir formed six hydrogen bonds with Mpro, including one with Cys145. It also interacted through π-anion, π-alkyl, π-sulfur, and π-π stacked forces with Glu166, Met49, Met165, and His41, respectively.
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FIGURE 3. Most active secoiridoids docked to SARS-CoV-2 main protease. (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide. The viral protease is in the CPK model. Mesh around the binding site represents it's solvent accessible surface (SAS).
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FIGURE 4. Intermolecular interactions of (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide with SARS-CoV-2 main protease. Interaction with Cys145 of the Mpro is considered crucial for inhibition. Nature of interactions: black—hydrogen bonds; yellow—π-sulfur; brown—π-alkyl; blue—alkyl-alkyl interactions.




Prediction of Inhibition Constant

AutoDock predicted IC50 against the screened drug targets helped confirm the inhibitory property of the top-ranked secoiridoids NZO and DMO. The IC50 of NZO against SARS-CoV-2 S protein was 11.58 μM, and the IC50 of DMO against Mpro was 6.44 μM.



Molecular Dynamics of Apo and Bound Forms of SARS-CoV-2 Spike Protein and Main Protease

The spike-ACE-2 receptor complex's apoprotein, when subjected to MD simulation studies, had a zero-net charge, 91,253 total atoms, 67.355 mM of Na+ ions, 50.690 mM of Cl− ions surrounded by 26,184 water molecules. The final simulation box for the S-protein-ACE-2-NZO complex consisted of 26,110 water molecules, 68.243 mM of Na+ ions, and 50.834 mM of Cl− ions, possessing a zero-net charge, and 91,167 total atoms maintained at 300°K. For an MD run of 50 ns, RMSD and RMSF were predicted for the apo and bound forms. A ligand's interaction can ward off unfolding and stabilize the protein (Mazal et al., 2018). Hence, we analyzed the protein's secondary structures before and after docking to understand the conformational changes due to ligand binding. Figure 5 shows the results of RMSD analysis of the spike protein-ACE-2 interface before and after docking NZO. The spike protein-ACE-2 apo form attained an equilibrium after 10 ns (Figure 5A). A stable conformation was achieved by the target protein at RMSD 1.2 Å, an acceptable value for protein structures. RMSD of the NZO complex with S-protein was stable after 20 ns and got fixed and converged at 2.1 Å that disclosed the stability of the complex (Figure 5B). The plot of RMSF for apo spike protein-ACE-2 indicated that the N-terminal and C-terminal residues oscillated above 3.0 Å RMSF. The other secondary structures remained consistent throughout the trajectories, and the RMSF of the protein-ligand complex (Figure 6A) predicted was below 2.5 Å, indicating conformational stability during the simulation. Given that the S-protein-ACE-2 receptor interface targeted involved both proteins' residues, the total number of atoms in the simulated system was high, justifying high RMSF of the terminals. Moreover, it is usual for a protein's N and C-terminals to fluctuate more than the other stable secondary structures like α-helices and β-strands (Kato et al., 2017). Analysis of RMSF of the NZO-S-protein complex (Figure 6A) indicated fewer fluctuations (Figure 6A) shows the secoiridoid had a proper fit into the protein's binding site. The secondary structure of the apo S-protein-ACE-2 (Figure 6B) had 40.50% α-helices and 6.22% of β-strands, while the NZO-docked S protein-ACE-2 (Figure 6C) had 40.23% α-helices and 7.11% β-strands. The negligible increase in the % of β-strands indicated the minimum unfolding of the α-helices during MD of the complex.


[image: Figure 5]
FIGURE 5. Results of MD of NZO-SARS-CoV-2 S-protein-ACE-2 complex. (A) RMSD of the apo form of SARS-CoV-2 S-protein-ACE-2. (B) RMSD of the NZO-SARS-CoV-2 S-protein-ACE-2 complex. The RMSDs were stable after 20 ns and converged at 2.1 Å.
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FIGURE 6. Results of MD of NZO-SARS-CoV-2 S-protein-ACE-2 complex. (A) RMSF of the NZO-SARS-CoV-2 S-protein-ACE-2 complex. RMSF of protein and ligand were < 2 Å for most of the simulation time. (B) Secondary structure elements (SSE) of the apo form of SARS-CoV-2 S-protein-ACE-2. (C) SSE of the NZO-SARS-CoV-2 S-protein-ACE-2 complex. No significant change in the percentage of SSE between the apo and bound proteins indicates conformational stability.


Analysis of intermolecular interactions of the NZO-S-protein-ACE-2 complex during the MD simulation, shown in Figure 7A, indicated that analyzed trajectories exhibited a minimum of 8 and a maximum of 24 contacts confirming the molecular docking results. Additionally, the plot of interaction fractions against the binding site residues (Figure 7B) confirmed that Lys417 of the spike protein furnished multiple contacts (interaction fraction greater than 1.5). Results of molecular docking were consistent with the MD results, as the plot indicated that the binding site residues of the spike protein Gln409, Lys417, and Tyr505 were involved in bonding for 23, 100, and 95.5% of the simulation time, respectively. The hydrophobic interactions of NZO with Pro389 of ACE-2 receptor and Tyr453 of the S protein were also prominent. These interactions contributed to the stability of the complex for 50% of the simulation time.
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FIGURE 7. Results of MD of NZO-SARS-CoV-2 S-protein-ACE-2 complex. (A) Timeline of the total contacts between NZO and SARS-CoV-2 S-protein-ACE-2 interface. (B) Stacked bar chart represents the normalized interactions throughout the trajectory. Y-axis represents the % of simulation time the specific interaction was maintained. Asn33 of ACE-2 receptor, chain A maintained hydrogen bond contact for 50% of the simulation time. Lys417 of the S protein, chain B, value above 1 indicates that it maintained multiple hydrogen bond contacts with the ligand throughout the simulation time.


The final system of the apo SARS-CoV-2 Mpro was composed of 35,926 total atoms, zero net charges, 50.742 mM of Na+, and 50.743 mM of Cl− surrounded by 10,391 molecules of water at a temperature of 300°K. The DMO-Mpro complex for MD runs had 35,902 total atoms, zero net charges, 59.636 mM of Na+, 50.866 of mM Cl−, and 10,366 water molecules. The RMSD of apo Mpro in Figure 8A indicated that the system stabilized at the start of the simulation itself. The RMSD remained unchanged and stable at 1.5 Å throughout the 50 ns, except for a slight increase at 25 ns. The RMSD of the docked DMO-Mpro equilibrated at 5 ns and remained stable and converged for the rest of the simulation time (Figure 8B). The convergence of the RMSD at 1.6 Å of DMO and Mpro in the complex occurred at 12 ns. The convergence of RMSD values indicated the DMO and Mpro maintained their contacts throughout the MD. The RMSF of the docked DMO-Mpro (Figure 9A) was commendable as it was <1.5 Å. The RMSF of the ligand <2 Å indicated its proper fit into the protein's binding site throughout the MD run. The analysis of secondary structures of the apo (Figure 9B) and docked forms of Mpro (Figure 9C) revealed that it achieved a stable conformation without much unfolding after interaction with the secoiridoid. The apo Mpro was made up of 16.57% of α-helices and 23.04% of β-strands; Mpro docked to DMO was composed of 18.09% of α-helices and 23.70% of β-strands indicating the conformational stability of the protein.
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FIGURE 8. Results of MD of DMO-SARS-CoV-2 Mpro complex. (A) RMSD of the apo form of Mpro. (B) RMSD of the DMO-Mpro complex. RMSDs were stable, <2.4 Å, and converged throughout the run time, indicating the complex's stability.
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FIGURE 9. Results of MD of DMO-SARS-CoV-2 Mpro complex. (A) RMSF of the DMO-Mpro complex. RMSF of protein and ligand were <2 Å throughout the simulation time. (B) SSE of the apo form of Mpro. (C) SSE of the DMO-Mpro complex. Mpro was conformationally stable as there was no considerable change in % SSE.


Figure 10A shows that a minimum of nine hydrogen bonds was maintained between DMO and Mpro from 12 to 50 ns of MD simulation time. Probing the interactions fractions during the MD trajectories confirmed that DMO could inhibit Cys145 of the Mpro for 100% of MD run time (Figure 10B). Besides, Thr26, His41, Asn142, Gly143, Ser144, and Thr190 also contributed considerably toward the interactions of Mpro with DMO. Hydrophobic interactions did not significantly contribute to the stability of the complex of DMO with Mpro. The interactions revealed by MD were in correlation with intermolecular interactions predicted by molecular docking of DMO to Mpro.
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FIGURE 10. Results of MD of DMO-SARS-CoV-2 Mpro complex. (A) Timeline of the total contacts between DMO and Mpro. (B) Interactions fractions during simulation time. Cys145 of Mpro, a crucial residue for inhibition of Mpro, maintained hydrogen bonds with DMO for 100% of simulation time.




Molecular Docking of Top-Ranked Secoiridoids to Inflammatory Protein Receptors

We used Autodock Vina, Idock, and Smina for molecular docking to avoid false-positive identification of potential cytokine receptor inhibitors. The docking tools evaluated the binding energies and scored the secoiridoids. The six secoiridoids, when docked to the inflammatory cytokine receptors, exhibited good binding affinity except for DHO. IL1R interactions with the reference drug Methotrexate was similar to the interactions of secoiridoids. The binding site for the inhibitors of IL1R shown in Figure 11A comprised of Asn216, Leu237, Asp239, Ala241, Lys244, Ile250, Glu252, Glu259, Tyr261, Thr277, Thr294, Ile303, Ala305, and Tyr307 shows a high binding affinity with Methotrexate and NZO due to less binding energy of −7.8 kcal/mol. NZO and DMO, the identified SARS-CoV-2 inhibitors, can inhibit IL1R because of stronger hydrogen bond interactions with Ile250 and Tyr261 compared to Methotrexate.
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FIGURE 11. Interactions of NZO and DMO with cytokine receptors (A) NZO interactions with IL1R (B) DMO interactions with IL6R (C) NZO interactions with TNFR1. Green color bonds are the hydrogen bonds, Red color bonds are the π-alkyl, and Blue color bonds are the alkyl-alkyl interactions.


Docking calculations predicted Chemiome CID5329098 to be less active than the olive secoiridoids, though both compounds occupied the same binding site. The binding site of IL6R was made up of Glu34, Lys45, Pro46, Ala47, Arg54, Agr65, Ser72, Asn74, Leu90, Ser122, Leu123, and Thr124. NNZ made vital hydrogen bond contacts with Ala47 and Ser72 of IL6R characteristic for its inhibition. DMO, as in Figure 11B, established hydrogen bond contacts with Ser122, Leu123, Thr124, and hydrophobic contacts with Pro46. The interactions of Chemiome CID5329098 and DMO precisely correlated with each other. NZO ranked fourth due to high binding energy and interacted with residues different from Chemiome CID5329098 and DMO but occupied the same binding site.

NZO was more efficient than Physcion-8-glucoside, a default TNFR1 inhibitor, and other secoiridoids in binding to TNFR1. All the secoiridoids filled a binding cavity outlined by residues Arg77, Arg99, Asn101, Gln102, His105, His126, Leu127, Gln130, Lys132, Gln133, and Val136. NZO, as shown in Figure 11C, interacted with TNFR1 through seven hydrogen bonds and one electrostatic attractive charge interaction. Physcion-8-glucoside formed four hydrogen bonds, one each with Ser74, Arg77, Arg104, and Lys132. The reference inhibitor and the secoiridoids occupied the same binding site. Physcion-8-glucoside and the secoiridoids similarly interacted with Lys132.



Virtual Physicochemical, Pharmacokinetics, and Drug Score Screening

Olive secoiridoids are natural products possessing new, intricate structures. Their physicochemical and ADMETox properties influence the biological activity; hence we proceeded to predict them. Table 2 presents the results of virtual physicochemical, pharmacokinetics, and drug score screening of the six-hit secoiridoids. The predicted human intestinal absorption of secoiridoids was lesser than Lopinavir. All the secoiridoids violated Lipinski's rule of five due to their molecular weight higher than 500, the number of hydrogen bond acceptors like oxygen atoms greater than ten, and the number of hydrogen bond donors like -OH greater than five. Secoiridoids possess a topological polar surface area >150 Å2, which might pose problems in oral absorption, but the predicted bioavailability was favorable. Secoiridoids are non-irritant, non-mutagenic, non-tumorigenic, and are safe on the reproductive system as predicted by SwissADME. The admetSAR predicted all six secoiridoids to achieve subcellular distribution to the mitochondria. Secoiridoids were non-inhibitors of P-glycoprotein, CYP450 1A2, CYP2C19, CYP450 2C9, CYP450 2D6, and CYP450 3A4 enzymes. The non-inhibition of these hepatic metabolizing enzymes by secoiridoids indicates that they will not interfere with the drug metabolism and are safe to co-administer (Showande et al., 2019). The admetSAR tool predicted that secoiridoids are substrates for P-glycoprotein and CYP450 3A4. If a molecule is a substrate for P-glycoprotein, it may face the problems of low bioavailability and drug resistance; therefore, secoiridoids may suffer from this disadvantage (Srivalli and Lakshmi, 2012). Predicted blood-brain barrier penetration of secoiridoids was less than the standard drug Lopinavir. Predicted acute oral toxicity (LD50) of secoiridoids was higher than 2000 mg/kg (on the conversion of predicted values in Table 2 in mol/kg to mg/kg), indicating that they are safe in humans. The overall drug score was in favor of the secoiridoids ranging from 0.220 to 0.359. It is a combination of cLogP (lipophilicity), log S (hydrophilicity), molecular weight, drug-likeness, mutagenicity, tumorigenicity, irritant, and reproductive effects. Osiris predicted drug score for Lopinavir was 0.168.


Table 2. Results of virtual physicochemical, pharmacokinetics, and drug score screening.
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DISCUSSION

The Mediterranean and Arabian diet consist of consuming olive fruits (olives) regularly. OliveNet™ is the exclusive, unique database of phytochemicals of the olive tree, Olea europaea. The largest group of polyphenols called secoiridoids reported in OliveNet™ were mainly from olives (MacCord Research OLIVEAMINE®, 2017). The other groups of phenols like Catechol, Gallic acid, flavonoids like Hesperidin, Luteolin, Quercetin, Rutin reported in the OliveNet™ have undergone rigorous virtual screening for anti-SARS-CoV-2 activity as they are commonly present in most of the plants. The research question was whether the consumption of olives could prevent SARS-CoV-2 entry and replication. Therefore, the study aimed to explore the secoiridoids of olives reported in OliveNet™ directory for their potential to combat SARS-COV-2 entry, replication by inhibition of the interaction of SARS-CoV-2 spike protein with human ACE-2 receptor, and inhibition of SARS-CoV-2 Mpro. The methodology was to search OliveNet™ by virtual means applying molecular docking using the Autodock Vina technique. The three-dimensional structure minimization using LigPrep yielded 932 conformers of secoiridoids. Virtual search involved molecular docking of all the 932 conformers to S protein and Mpro in Autodock Vina. The Autodock Vina technique scores the binding poses based on the binding energy in kcal/mol. The secoiridoids NZO, OED, and DHO topped the score list for the best inhibitory potential against the SARS-CoV-2 S protein-ACE-2 receptor. NNZ, NZE, and DMO were the top scorers for their lowest binding energies to interact and inhibit SARS-CoV-2 Mpro.

We repeated the molecular docking of the above-mentioned top-ranked conformers of secoiridoids using Autodock Vina, Idock, and Smina techniques for precision. Virtual search predictions were precise because we obtained similar results with all three techniques applied for docking. On probing the 3D structure of the complexes obtained from precise docking, the secoiridoids' inhibitory binding to SARS-CoV-2 targets was explicit. The residues Glu406, Arg408, Gln409, Lys417, Tyr453, Gly504, and Tyr505 of the S protein and Lys26, Asp30, Asn33, His34, Asn90, Gln96, Gln388, Pro389, and Arg393 residues of the ACE-2 receptor marked the binding site for olive secoiridoids. Asp30, Asn33, His34, Pro389, Arg393, Lys417, Tyr453, and Gly504 amino acids are crucial for the binding of the SARS-CoV-2 S protein with human ACE-2 receptor, hence for its entry (Wahedi et al., 2020). The potential of olive secoiridoids to bind to the critical residues at the interface suggests that they can prevent the viruses' S protein binding to ACE-2 and block the entry of SARS-CoV-2 into the host (Khan et al., 2020). Olive secoiridoids exhibited lesser binding energy and higher binding efficiency than Chloroquine. Though the binding site was the same, Chloroquine made lesser hydrogen bonds than secoiridoids.

Exploring the 3D structures of secoiridoids bound to Mpro provided insight into the mechanism of binding and inhibition. The binding site of Mpro was composed of Thr24, Thr26, Leu27, His41, Met49, Phe140, Leu141, Asn142, Gly143, Ser144, Cys145, His163, Met165, Glu166, Arg188, Gln189, and Thr190. The SARS-CoV-2 Mpro is a cysteine protease, and targeting the catalytic Cys145-His41 residues is indispensable for achieving efficient inhibition of virus replication in-vivo (Liu et al., 2020b, Zhang et al., 2020). The secoiridoids were able to bind to the active residues Cys145 and His41 of Mpro, indicating potential virus replication inhibition. Olive secoiridoids and Lopinavir interacted similarly with Cys145 and His41, but Lopinavir's binding energy was more than that of secoiridoids. The IC50 values of the most active secoiridoids confirmed their inhibitory potential against SARS-CoV-2 S protein and Mpro. Therefore, the secoiridoids NZO and DMO were chosen against S protein and Mpro, respectively, and carried over to molecular dynamics simulation studies.

Molecular dynamics of apoproteins and protein-ligand complexes constitute a significant paradigm in assessing the conformational stability of protein and its complex with any ligand in a simulated biological environment (Hospital et al., 2015). The prediction of RMSD and RMSF values of the protein's trajectories alone and its ligand docked structure throughout the simulation time is a valuable tool to determine the validity of the molecular dynamics protocol, stability of protein structure, and its interactions with the ligand (Kato et al., 2017). The RMSD and RMSF of the apo SARS-CoV-2 S protein-ACE-2 receptor and its NZO docked complex were <3.0 Å. There was no variation in the RMSD and RMSF values between the apo and docked forms of the S protein, indicating that the conformational change induced by the ligand was minimum. Also, protein and ligand RMSD during the simulation were stable and converged, revealing the stability of S-protein-NZO interactions.

Furthermore, the lack of significant change in the percentage composition of the protein's secondary structure elements before and after docking confirmed that the protein existed in a stabilized conformation during the molecular dynamics simulation. When we subjected the SARS-CoV-2 Mpro in its apo and DMO docked forms to MD run, it was clear that the systems stabilized well below 2 Å, starting from 0 to 50 ns. The system also exhibited a constant, converged RMSD revealing the stability of Mpro-DMO interactions. A significant proportion of interaction of DMO with Cys145- His41, and Ser144 suggests a potent inhibition of the function of Mpro. There was no considerable variation in the secondary structure elements of Mpro before and after binding to DMO, which suggested that the ligand has not induced a significant conformational change.

Molecular docking results followed by molecular dynamics simulation studies were consistent and identified Nüzhenide oleoside and Demethyloleuropein as potential inhibitors of the SARS-CoV-2 S protein-ACE-2 interface and Mpro, respectively. The identified olive secoiridoids formed strong stabilizing hydrogen bond interactions with crucial residues of virus targets, suggesting that the compounds could inhibit SARS-CoV-2 entry into the host and its replication.

Hyperinflammatory responses due to cytokine storm after SARS-CoV-2 infections are fatal. Therefore, it is essential to identify and treat hyperinflammatory responses at an early stage of COVID-19. Current clinical interventions include the use of glucocorticoids, Tocilizumab, Chloroquine, and other inhibitors of IL1, IL6 (Gao et al., 2020). To explore the anti-inflammatory potential of the top-ranked secoiridoids, we performed molecular docking to three receptors of inflammatory proteins IL1β, IL6, and TNFα. Molecular docking utilizing the same three docking tools was reliable in identifying cytokine receptor inhibitors from olives. DHO did not show good binding to any of the inflammatory cytokine receptors. The olive secoiridoids NZO and DMO, which emerged from the study with high inhibitory potential toward the SARS-COV-2 S protein and Mpro, can inhibit inflammatory actions of IL1β, IL6, and TNFα by blockade of their receptors. The binding sites and binding modes of secoiridoids with cytokine receptors were similar to the reference molecules. The NZO and DMO can bind and significantly inhibit IL1R, IL6R, and TNFR1 in-silico. The binding of secoiridoids to cytokine receptors shall inhibit the binding of inflammatory cytokines leading to an anti-inflammatory effect that may be beneficial in COVID-19. The cytokine receptor antagonistic property of NZO, DMO, and other secoiridoids was comparable to Methotrexate, Physcion-8-glucoside, and Chemiome CID5329098, the reference inhibitors. The binding of secoiridoids, a significant number of interactions with IL1R, IL6R, and TNFR1 indicate that they can combat cellular inflammatory responses, which need further investigations to confirm the cytokine-inhibitory potential.

The multiple modes of action of the secoiridoids resulting in inhibition of SARS-CoV-2 entry, replication, and inhibition of associated hyperinflammatory responses present a feasible array of therapeutic molecules. Though the secoiridoids are potential enough to combat the SARS-CoV-2 S protein and Mpro, their physicochemical properties do not favor their drug-likeness. The overall drug score of the secoiridoids was acceptable with a safe pharmacokinetic profile. Secoiridoids contain chemical structures with more than 10 hydrogen bond donors and acceptor groups, as predicted by the online tools SwissADME, admetSAR, and Osiris. High molecular weight and oxygen atoms greater than 10 might present problems in oral absorption. However, olive fruits and olive oil are well-known functional foods (Alagna et al., 2012; Hashmi et al., 2015; Rigacci and Stefani, 2016). The reported in-vivo bioavailability of olive oil phenols, which have molecular weight, the number of hydrogen bond donors/acceptor groups, and topological polar surface area similar to the hit secoiridoids, was <66 mol/100 g (Vissers et al., 2004). Therefore, the oral absorption of secoiridoids from olives needs investigation. Nevertheless, the drug score for all the secoiridoids was higher than the reference drug Lopinavir.

Deducing the shape and pharmacophores of the identified inhibitors' active conformers inside the binding site during interaction is essential for further lead optimization and design. Figure 12 provides the active conformations of the three top-ranked secoiridoids neutralizing the SARS-CoV-2 S protein: (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein. All the compounds have adopted a “U” shaped geometry in the binding site at the S protein-ACE-2 receptors' interface. Dihydro oleuropein though a smaller molecule compared to Nüzhenide oleoside and Oleuropein dimer, has also assumed a “U” shape. The larger the molecule's size, the more influential the occupancy at the interface as the binding cavity is broad, covering both the SARS-COV-2 S protein and the ACE-2 receptor. Hence, maintaining the same number of rings in Nüzhenide oleoside during future drug design shall provide the appropriate size for efficient binding and help establish necessary hydrophobic contacts. The hydrogen bonds with the crucial residues Lys417 of S protein and Asp30 of ACE-2 receptor involved the ligand's electronegative oxygen atoms in the bridges and the side chains. Lipinski's violations for the lead likeness could be resolved by reducing the hydrogen bond acceptor atoms like oxygen in the rings. Figure 13 represents the active conformations of the three top-ranked secoiridoids (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide extracted from the binding sites of Mpro. All three secoiridoids have accommodated inside the binding site of Mpro in similarly extended “L” conformations. It was clear that small molecules like Demethyloleuropein can bind to Mpro's active site more effectively than larger secoiridoid like Nüzhenide oleoside. The presence of phenolic hydroxyl groups and the carboxylic acid group in Demethyloleuropein significantly influence hydrogen bond interactions. The topological polar surface area must be less for better druggability qualities of Demethyloleuropein. Hence, lead optimization studies to reduce the number of oxygen atoms in the bridges could benefit, as they do not interact with the virus protease.


[image: Figure 12]
FIGURE 12. Closeup of 3D conformations of (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein exposing the shape of the active secoiridoids at the SARS-CoV-2-ACE-2 interface. The perfect “U” shape acquired by the ligands is significant for binding.
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FIGURE 13. Closeup of 3D conformations of (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide showcasing the shape of the active secoiridoids inside the binding cavity of SARS-CoV-2 Mpro. Secoiridoids assumed an “L” shape favoring the intermolecular interactions.


In summary, the research identified olive secoiridoids as inhibitors of SARS-CoV-2 entry and replication. The virtual search generated 932 conformers of 78 secoiridoids in the OliveNet™, unraveling Nüzhenide oleoside (NZO) and Demethyloleuropein (DMO) as the most active SARS-CoV-2 spike protein and Mpro inhibitors. The potential of olive secoiridoids to combat the hyperinflammatory responses in COVID-19 is an additional benefit. Molecular dynamics of the virus targets bound to the secoiridoids confirmed virus protein stability and secoiridoids interactions. Due to intricate molecular structures, secoiridoids may present problems in oral absorption. Given the longstanding use of olive fruits in Mediterranean and Arabian diets, the bioavailability of secoiridoids can be explicated but needs investigation. Also, the dose of secoiridoids that can combat the virus entry and replication, the amount of secoiridoids in different forms of olives, and recommended daily intake require further research. Besides, in-vitro and in-vivo studies to substantiate the virtual anti-SARS-CoV-2 activity of olive secoiridoids are imminent. The explored secoiridoids are novel leads for the design, discovery, and development of anti-SARS-CoV-2 therapeutics. For now, the known safety of olives as a functional food and the explored anti-SARS-COV-2 activity of olive secoiridoids afford a plausible intervention of SARS-CoV-2 infection and associated hyperinflammatory responses.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, as coronavirus disease 2019 (COVID-19) pandemic, has killed more than a million people worldwide, and researchers are constantly working to develop therapeutics in the treatment and prevention of this new viral infection. To infect and induced pathogenesis as observed in other viral infections, we postulated that SARS-CoV-2 may also require an escalation in the anabolic metabolism, such as glucose and glutamine, to support its energy and biosynthetic requirements during the infection cycle. Recently, the requirement of altered glucose metabolism in SARS-CoV-2 pathogenesis was demonstrated, but the role of dysregulated glutamine metabolism is not yet mentioned for its infection. In this perspective, we have attempted to provide a summary of possible biochemical events on putative metabolic reprograming of glutamine in host cells upon SARS-CoV-2 infection by comparison to other viral infections/cancer metabolism and available clinical data or research on SARS-CoV-2 pathogenesis. This systematic hypothesis concluded the vital role of glutaminase-1 (GLS1), phosphoserine aminotransferase (PSAT1), hypoxia-inducible factor-1 alpha (HIF-1α), mammalian target of rapamycin complex 1 (mTORC1), glutamine-fructose amidotransferase 1/2 (GFAT1/2), and transcription factor Myc as key cellular factors to mediate and promote the glutamine metabolic reprogramming in SARS-CoV-2 infected cells. In absence of concrete data available for SARS-CoV-2 induced metabolic reprogramming of glutamine, this study efforts to connect the gaps with available clinical shreds of evidence in SARS-CoV-2 infection with altered glutamine metabolism and hopefully could be beneficial in the designing of strategic methods for therapeutic development with elucidation using in vitro or in vivo approaches.
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INTRODUCTION

Over the last two decades, several human coronaviruses (HCoVs) have been recorded to cross the species barrier into humans and are known for triggering fatal respiratory diseases, viz. severe acute respiratory syndrome coronavirus (SARS), middle east respiratory syndrome (MERS), and coronavirus disease 2019 (COVID-19) as a pandemic (Kirtipal et al., 2020). Since the outbreak of the first coronavirus, SARS-CoV, extensive research has been conducted to discover HCoVs pathogenesis for the development of therapeutic agents; however, cellular mechanisms that aid HCoVs pathogenesis in the host cells are not yet fully discovered. Under current pandemic COVID-19 — caused by one of the highly infectious HCoVs strain severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), there is no potential therapeutic agent available against this infection; thereof, it is a potential threat to humans.

Albeit viruses are well established to alter the host cell metabolism and being studied for over a decade, but the mechanisms and consequences of virus-induced metabolic reprogramming are not yet fully explored in detail. Besides, viruses were elucidated to solely rely on the host cell machinery for aberrant proliferation, i.e., they stimulate anabolism to produce macromolecules required for the replication and assembly of the new virions in the host cell (Figure 1). With the advancement in modern science and constant exploration of virus interactions with the host cells, it is now well documented that virus-induced metabolic reprogramming in the infected cells to continue their ideal biosynthetic demands via “pro-viral metabolic changes” (Dyer et al., 2019). Whereas, the infected cells have developed complex metabolic tactics that assist in the inhibition of virus proliferation via promoting “antiviral metabolic changes” (Yu and Alwine, 2002; Maynard et al., 2010; Netea et al., 2016). Intriguingly, metabolic traits depicted by a viral infection in the host cell are regularly reflected as the metabolic alternations in cancer cells, including enhanced anabolic metabolism to sustain viral proliferation (Vastag et al., 2011; Thai et al., 2014). In this context, several core metabolic pathways in the host cell, including Warburg effect (aerobic glycolysis), pentose phosphate pathway activation, amino acid catabolism (glutaminolysis — a glutamate-driven anaplerosis), nucleotide biosynthesis, lipid metabolism, and amino acid biosynthesis, were identified as virus-induced alternations from various viral families, reviewed elsewhere (Figure 1) (Sanchez et al., 2015). Hence, requirements in metabolic processes under pathological conditions have been considered as a topic of investigation for therapeutic developments (Smallwood et al., 2017).


[image: Figure 1]
FIGURE 1. Alternation in the cellular metabolic pathways induced by viral infections. #Flavivirus family; &virus reduced this metabolic activity, @KSHV enhance the lipid synthesis pathway and retarded the synthesis of cholesterol; *Herpesvirus family (Thaker et al., 2019). ADWT, Wild-type adenovirus; DENV, Dengue virus; EBV, Epstein-Barr virus; Flu, Influenza virus; HBV, Hepatitis B virus; HCV, Hepatitis C virus; HSV-1, Herpes simplex virus 1; HPV, Human papillomavirus; HCMV, Human cytomegalovirus; HTLV-1, Human T-lymphotropic virus 1; KSHV, Kaposi's sarcoma-associated herpesvirus; MCPyV, Merkel cell polyomavirus; WSSV, White spot syndrome virus; and ZIKV, Zika virus.


Glutamine, the most profuse amino acid in the blood, is needed as a substitute fuel to the tricarboxylic acid (TCA) cycle to produce adenosine triphosphate (ATP). It also contributes to a wide range of biological routes in the cells such as the production of nucleotides, amino acids, and fatty acids. It is noteworthy to mention that glutamine has been noted as an essential factor in the activation of mammalian target of rapamycin complex 1 (mTORC1), reactive hexosamine biosynthesis pathway (HBP), and reactive oxygen species (ROS) homeostasis (Figure 2) (Still and Yuneva, 2017). Moreover, glutamine has been established as a source of fuel to the immune cells, including macrophages and lymphocytes, that are required to produce specific immunostimulatory effects (Ardawi and Newsholme, 1983; Newsholme et al., 1985). Recently, glutamine and glutamate-derived amino acid biosynthesis were demonstrated as an important factor to be required for collagen protein production in fibroblasts and differentiation of myofibroblast in human lung (Hamanaka et al., 2019). As previously reported in several respiratory viruses, SARS-CoV-2 is now known to target the host cells, including myofibroblast, expressing angiotensin-converting enzyme 2 (ACE2) receptors and induction of acute respiratory distress syndrome (ARDS) (Kirtipal et al., 2020). Thereof, based on the available literature, we have discussed the putative role of glutamine under the consequences of induced metabolic reprogramming in SARS-CoV-2 infected cells that essentially contributes to the promotion of virus pathogenesis and reduction in innate immunity of the host body. Currently, researchers are working on therapeutic development against tumor or cancer by targeting glutamine metabolism via various potential targets (Kodama et al., 2020; Lee et al., 2020; Yoo et al., 2020); a greater understanding of the distinct roles that glutamine metabolic reprogramming plays in tumors or other viral infected cells as reference for SARS-CoV-2 infection may aid in providing useful insights on SARS-CoV-2 pathogenesis. Thereof, this information can be applied in the advancement of more specific therapeutic strategies to tackle the proliferation of SARS-CoV-2 infection.


[image: Figure 2]
FIGURE 2. Metabolism of glutamine under multiple biosynthetic pathways in cells (Still and Yuneva, 2017).




GLUTAMINE AND SARS-COV-2


Exacerbated Glutamine Metabolism

Viruses are specialized intracellular parasites that rely on the falsification and hijacking of host cell metabolism to support both energy and molecular building blocks vital in the generation of viral progenies (Dyer et al., 2019). Recent studies exploring the influence of nutrient deficiency on the virus replication, including Herpes simplex virus 1 (HSV-1), Human cytomegalovirus (HCMV), and poliomyelitis virus, in the virus-infected cells, revealed the importance of both glucose and glutamine as an unlimited source of renewable energy (Eagle and Habel, 1956; Lewis and Scott, 1962). For instance, in absence of exogenous glutamine, vaccinia virus (VACV)-infected cells exhibited a significant decline in viral particle production while depriving infected cells of exogenous glucose had no considerable alternation in virus generation (Fontaine et al., 2014). Likewise, enterovirus 71 (EV71) exhibited similar results in replication corresponds to a change in glutamine/glutamate metabolism (Cheng et al., 2020). However, HCMV demonstrated an excessive dependence on the utilization of both glucose and glutamine for virus replication in infected-cells (Munger et al., 2006, 2008; Chambers et al., 2010; Sanchez et al., 2015). Interestingly, SARS-CoV-2 was also reported to consume excessive glucose for viral replication (Codo et al., 2020), but the effect of glutamine is not yet studied for SARS-CoV-2 infection. Normally, glucose is considered as the main source provider of ATP production in the cell via glycolysis and the TCA cycle (Figure 3). However, under chronic conditions like viral infections or cancer where glucose-derived carbon is seized from the TCA cycle, i.e., in aerobic glycolysis or the Warburg effect, glutamine has often been shown to reload the TCA cycle via α-ketoglutarate (αKG), a process termed as an anaplerosis (DeBerardinis et al., 2007, 2008; Ahn and Metallo, 2015). Interestingly, SARS-CoV-2 replication and induced responses in infected monocytes were suggested to be prolonged by a switch to aerobic glycolysis or the Warburg effect (Codo et al., 2020). Moreover, glycolysis was monitored to refill the supply of fatty acid synthesis for membrane development during the infection as a substitute for the TCA cycle (Yu et al., 2011). Hence, the elevated demand for fatty acid synthesis in virus-infected cells was suggested to achieve by cataplerosis of citrate derived in the TCA cycle (Figure 3), which is constantly reloaded by glutaminolysis (Yu et al., 2011). In addition, glutaminolysis was also observed as an important source of carbon and nitrogen to complete the biosynthetic requirements of virus proliferation (Thai et al., 2015). Remarkably, these biochemical events were analogous to the variations in metabolic reprogramming as detected upon oncogenesis (Yu et al., 2011); these findings advocated the metabolic needs for virus replication in infected cells as akin to those of propagating cancer cells (Hegedus et al., 2014). In accord with these consequences, upregulated glutaminolysis has been reported in adenovirus-, HCV-, HCMV-, and KSHV-infected cells (Sanchez et al., 2015; Levy et al., 2017). Anaplerotic reactions provide the metabolites to the TCA cycle for the aberrant fabrication of diminishing equivalents that are required in the oxidative phosphorylation (OXPHOS) pathway and anabolic carbons for biosynthesis (Owen et al., 2002; Glick et al., 2014). Recent studies also demonstrated the enhanced catalytic activity of glutaminase (GLS) — a key enzyme required in glutaminolysis, in virus-infected cells (Janke et al., 2011). For instance, human bronchial epithelial cells (NHBE) infected with adenovirus wild-type (ADWT) showed an increase in glutamine utilization and GLS activity (Lewis and Scott, 1962). Later, glutamine tracing studies revealed that glutamine acts as a source of citrate to endure the reductive carboxylation pathway in ADWT infected-cells (Figure 3) (Lewis and Scott, 1962). Meanwhile, CB-839 (Telaglenastat) as a pharmacologic inhibitor of GLS enzyme decreases not only the ideal adenovirus replication but also in multiple viruses, including influenza A virus (IAV) and HSV-1 (Lewis and Scott, 1962). Although, mammalian studies have shown both immune-related benefits and pathogenesis-related effects of the glutamine metabolism (Zhu et al., 2016; Cruzat et al., 2018; Piccaluga et al., 2018), this metabolic pathway primarily implicit to prompt SARS-CoV-2 replication in infected host cells as reported earlier in other viruses (Sanchez et al., 2015; Levy et al., 2017). Thus, the following sections discussed the role of glutamine metabolic reprogramming in the induction of SARS-CoV-2 pathogenesis via different routes in the human body.


[image: Figure 3]
FIGURE 3. Simplified schematic depicting metabolism in (A) quiescent cells compared to (B) virally infected/tumor cells (Dyer et al., 2019).




Altered Glutamine Metabolism and Aberrant Collagen Production in Virus-Induced Lung Fibrosis

Myofibroblasts are well characterized by significant secretion of extracellular matrix (ECM) and expression of alpha-smooth muscle actin (αSMA) (Phan, 2003), which solely depends on the metabolic reprogramming in the cells (Bernard et al., 2018). Myofibroblasts are known to actively participate in the physiological wound healing process, but their perseverance has been linked with desmoplastic reactions in cancer and pathological fibrosis (Radisky et al., 2007; Duffield et al., 2013). In humans, extensive shreds of evidence are available that support an obvious association between the onset of pulmonary fibrosis and viral infections of the lung (Sheng et al., 2020). Remarkably, based on the biopsy/autopsy analysis in SARS-CoV-2 infected patients, similar physiological consequences were concluded as lung fibrosis (Huang et al., 2020; Menter et al., 2020; Tian et al., 2020).

Recently, a specific pathway for glutamine metabolism was established in which glutamine and its conversion to glutamate by GLS enzyme induced the stimulation of transforming growth factor-beta 1 (TGF-β1) which further triggers the differentiation of myofibroblasts from fibroblasts (Figure 4) (Thannickal et al., 2003; Bernard et al., 2018). Of note, glutamate is later processed to αKG by the enzymatic activity of either glutamate dehydrogenase (GLUD), or aminotransferases, such as glutamate-pyruvate transaminases (GPT1 and GPT2), glutamate-oxaloacetate transaminases (GOT1 and GOT2), or phosphoserine transaminase (PSAT1) (Altman et al., 2016; Yang et al., 2017). Also, in addition to anaplerotic reactions, glutamine has been documented to sustain de novo proline production by the activity of Δ1 -pyrroline-5-carboxylate synthetase (P5CS), an enzyme decoded by aldehyde dehydrogenase 18 family, member A1 (ALDH18A1) gene. Herein, this enzyme renovates glutamate into pyrroline-5-carboxylate (P5C), which is later processed for the production of proline through P5C reductases (PYCR1, PYCR2, and PYCRL) (Figure 4) (Phang et al., 2015; Hamanaka et al., 2019). Surprisingly, glutamine was not observed in cellular oxygen consumption while oxidative metabolism of αKG by oxoglutarate dehydrogenase (OGDH) was not found as a requirement for the synthesis of collagen protein. Instead, metabolism of glutamate metabolism through PSAT1 and ALDH18A1/P5CS was recorded as a requirement in collagen protein synthesis, suggested a major role of glutamine in stimulating the amino acid biosynthesis in matrix production (Hamanaka et al., 2019). Moreover, the altered matrix environment in fibrotic lungs was also noted for bioactive and mechanical characteristics that potentiate profibrotic signaling, and further enhanced the activation of fibroblasts in a feed-forward cycle (Liu et al., 2010; Marinkovic et al., 2013; Parker et al., 2014). Thereof, inhibition of aminotransferases and PSAT1 were suggested as potential targets for therapeutic therapy development against fibrotic diseases (Hamanaka et al., 2019). Furthermore, an enhanced amount of glutamate and a decrease in glutamine concentration was observed in TGF-β1 induced myofibroblasts differentiation against controls, indicated the amplified glutaminolysis in the cells (Bernard et al., 2018). This was coupled with TGF-β1-stimulated GLS isoform (GLS1) expression at both the mRNA and protein levels which lead to the transformation of glutamine into glutamate (Bernard et al., 2018). For instance, glutamine depletion was noticed to diminished TGF-β1-induced manifestation of alpha-smooth muscle actin (α-SMA) and fibronectin as well as inhibited the expression of alpha-1 type I collagen (Col1A1) protein (Bernard et al., 2018). Thus, translation of GLS1 protein by TGF-β1 was suggested to depend on the activation of both small mother against decapentaplegic 3 (SMAD3) and p38 mitogen-activated protein kinase (p38MAPK) pathways (Figure 4) (Bernard et al., 2018), as reported earlier (Derynck and Zhang, 2003; Horowitz et al., 2004; Leask and Abraham, 2004). Moreover, glutaminolysis has been stated to trigger the transcription factor hypoxia-inducible factor-1 alpha (HIF-1α) under a normoxic environment (Kappler et al., 2017). Interestingly, blood monocytes extracted from severe COVID-19 patients also displayed a high-level translation of HIF-1α against healthy donors (Codo et al., 2020). Moreover, HIF-1α is known to controls the manifestation of profibrotic markers downstream to TGF-β1-prompted SMAD3 stimulation (Zhang et al., 2003; Basu et al., 2011). These factors further regulate the multiple genes engaged in metabolic reprogramming (Figure 4) (Semenza et al., 1994, 1996; Hayashi et al., 2004), and standardize the glutamine intermediated redox homeostasis via the supervision of GLS1 expression (Stegen et al., 2016). However, under a physiological oxygen tension environment, HIF-1α stabilization is attributed to the inhibition of prolyl hydroxylases (PHD) by hypoxia or mitochondrial ROS which initiated the proteasomal degradation of HIF-1α (Page et al., 2008; Bernard et al., 2015; Burr et al., 2016). Of note, succinate and fumarate as metabolites derived from the TCA cycle have been described in cancer cells to block PHD activity which contributes to the stabilization of HIF-1α (Briere et al., 2005; Selak et al., 2005; Koivunen et al., 2007; Arts et al., 2016). Equivalent results were also reported for SARS-CoV-2 infected monocytes which exhibited succinate oxidation for the stabilization of HIF-1α (Codo et al., 2020). It is important to mention that lung fibroblasts treated with TGF-β1 demonstrated steady-state levels of succinate and fumarate, which were observed to provide stability to HIF-1α at 48 h post-TGF-β1 treatment under normoxia or relative hyperoxia; these conditions were correlated with the expression of GLS1 in the cells (Bernard et al., 2018). Therefore, these results indicated that TGF-β1-stimulated glutaminolysis via augmentation of the TCA cycle derived metabolites levels, i.e., succinate and fumarate, imitates the sustained activation of HIF-1α at post 6 h of TGF-β1 treatment (Bernard et al., 2018). Besides, a marked inhibition of HIF-1α induction was recorded with the knocking of GLS1 expression; this supports the downstream consequences of persistent HIF-1α induction in TGFβ1/GLS1-dependent myofibroblasts activation and differentiation (Bernard et al., 2018). Therefore, TGF-β1-stimulated glutaminolysis was suggested to supports myofibroblast functions through gratifying respective bioenergetic requirements by an upsurge in OXPHOS (cataplerosis) and biosynthetic demands via supplying anabolic carbons (anaplerosis) (Bernard et al., 2018). It was hitherto reported that differentiation of myofibroblast requires metabolic reprogramming typified by an upsurge in OXPHOS and glycolysis (Figure 4) (Bernard et al., 2015). Hence, glutaminolysis was suggested to be deemed to an amphibolic process, acting as both anabolic and catabolic functions, during differentiation of myofibroblast (Bernard et al., 2018).


[image: Figure 4]
FIGURE 4. Schematic of the role of glutamine in the activation of TGF-β1 in fibroblasts which upregulated the lung fibrosis via enhanced collagen synthesis (Schworer et al., 2020).


Recently, GLS activity was documented as an essential factor to support the ideal replication of IAV in primary normal and diseased bronchial epithelial (NHBE and DHBE) cells, indicated that GLS inhibition by pharmacological inhibitors decreases the replication of multiple viruses (Thai et al., 2015). Besides, glutamine utilization and production of glutamate by GLS enzyme activity were also documented as standard conditions for the optimal replication of adenovirus in primary NHBE cells (Thai et al., 2015). Based on available facts, it was advocated that targeting the glutaminolysis pathway may be considered as an efficient therapeutic approach in ameliorating the progression of fibrotic diseases as recorded in SARS-CoV-2 infection (Huang et al., 2020; Menter et al., 2020; Tian et al., 2020).



Altered Glutamine Metabolism Donate Substrate in Virus Triggered Hyaluronan Synthesis

Glutamine is utilized to produce the amino acids and hexosamine pathway (HBP) intermediates (Lewis and Scott, 1962). In HBP, glutamine provides a nitrogen atom by an amino group in the transition of fructose-6-phosphate to glucosamine-6-phosphate, and by delivering carbon atoms for the transition of glucosamine-6-phosphate to N-acetylglucosamine (GlcNAc)-6-phosphate via generation of acetyl-CoA from citrate (Figure 5). Herein, both glucose and glutamine are requisite for O-linked and N-linked glycosylation, which is important for both protein function and stability (Still and Yuneva, 2017). The consumption of both glucose and glutamine by HBP has been reported to control the signal transduction by the glycosylation of the interleukin-3 receptor that further synchronizes the cell development and propagation (Wellen et al., 2010). In the recent study, NHBE cells infected with ADWT showed enhanced intracellular pool sizes of HBP intermediates and transcript levels of HBP enzymes, including hexokinase 2 (HK2) (Thai et al., 2014). Later, a Myc-dependent change in hexosamine biosynthesis in infected cells with adenovirus was also observed (Thai et al., 2015). Moreover, Myc activity has been well studied with regulating the absorption and metabolism of glutamine in cancers via three distinct pathways; (i) Myc directly influence the expression of amino acid transporter proteins, such as SLC5A1 and SLC7A1 (Gao et al., 2009), (ii) Myc induced the production of glutamate from glutamine via indirectly mediating GLS expression, i.e., Myc transcriptionally inhibits the microRNAs (such as miR-23a and miR-23b) that attach to the 3′ untranslated region (UTR) of GLS mRNA and encourage its degradation (Gao et al., 2009), (iii) Myc enhanced the translation of several enzymes required in nucleotide biosynthesis from glutamine (Dang, 2010; Wise and Thompson, 2010). For instance, cancer cells exhibited 10-folds uptake of glutamine against any other amino acid, and restriction of glutamine to transformed cells was noticed with apoptosis (Yuneva et al., 2007; Wise et al., 2008). Interestingly, HBP delivers the uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) (Figure 5), an essential substrate for the synthesis of hyaluronan or hyaluronic acid (HA) — a polymer of glucuronic acid (GlcUA) and N-acetylglucosamine (GlcNAc), orchestrated by HA synthases (HAS1-3) (Vigetti et al., 2012; Bohaumilitzky et al., 2017; McCarthy et al., 2018). HA, a pervasive component in the microenvironment of cells, has been reported for critical effects on cell behavior under both physiological and pathological conditions (Jiang et al., 2011). For instance, HA synthesis in tumors is strictly linked with the metabolic level of the cells and regulated by the glutamine-fructose amidotransferase 1/2 (GFAT1/2) (Sharma et al., 2020). Remarkably, enhanced HBP was observed in several cancers, and its inhibition by either preventing consumption of glutamine [by glutamine analog, 6-diazo-5-oxo-L-norleucine (DON)] or targeting GFAT1/2 results in deterioration of tumor (Li et al., 2017; Asthana et al., 2018; Zhang et al., 2018). Besides, a number of studies have specified the pivotal function of HA in human respiratory disease, where viral infections result in the noticeable and rapid production of HA (Lauer et al., 2015; Johnson P. et al., 2018; Bell et al., 2019). On this note, an autopsy of SARS-CoV-2 infected patients also demonstrated a fluidic substance filled in the lungs that are not yet defined but HA was anticipated to cause hypoxia conditions in the lungs and breathless symptoms in SARS-CoV-2 infected patients (Hellman et al., 2020; Shi et al., 2020; Xu et al., 2020). Remarkably, HA accumulation was documented in patients with ARDS (Hallgren et al., 1989; Modig and Hallgren, 1989), which is also predicted in SARS-CoV-2 infection (D'Abramo et al., 2020; Kirtipal et al., 2020). Moreover, SARS-CoV-2 infected cells were suggested to be defective for the production and regulation of HA (Shi et al., 2020); additionally, high level of tumor necrosis factor (TNF) and interleukin-1 (IL-1) in the lungs of SARS-CoV-2 infected patients were considered as strong inducers of epithelial cell adhesion molecule (EpCAM+) in lung alveolar epithelial cells, HA-synthase 2 (HAS2) in the cluster of differentiation 31 (CD31+) endothelium, and fibroblasts (Bell et al., 2019; Shi et al., 2020). A recent study documented that SARS-CoV-2 infection in bronchoalveolar cells results in enhanced production of HA and glycosaminoglycan (Andonegui-Elguera et al., 2020). Besides, in addition to selectins and integrins, circulating monocytes were demonstrated to adhere to HA by interaction with a cluster of differentiation 44 (CD44) (Hascall et al., 2004). Therefore, the collection of HA on the monocytes was suggested to act as a proinflammatory signal which may assist to elucidate the participation of HA in inflammatory processes (Vigetti et al., 2012). Hence, owing to the central role of HBP in HA synthesis — a key component of the cancer extracellular matrix (ECM), which is considered to be solely dependent on glutamine metabolism (Son et al., 2013), can be targeted to tackle the viral infection. Moreover, as ECM contributes to the maintenance of immune landscape within a tumor and controls the circulation of T cells against tumor through the generation of a 3D matrix and a chemokine gradient (Hartmann et al., 2014), robust ECM has been documented to prevent the specific cells to execute their cytotoxic activity against tumor (Sharma et al., 2020). Based on this reported literature, we hypothesized that similar metabolic changes in SARS-CoV-2-infected cells may lead to the establishment of a microenvironment rich in HA, as suggested earlier (Shi et al., 2020). Such extracellular matrices can restrict the infiltration of cytotoxic T cells as reported in tumor cells (Sharma et al., 2020), and hence, postulated to assist in the proliferation of SARS-CoV-2 infection. Thus, remodeling of the ECM by disturbing HBP can promote activation of macrophages along with infiltration and migration of T cells into the viral infected cells microenvironment which can be used as a potential therapeutic approach against SARS-CoV-2 infection.
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FIGURE 5. Schematic for overactivated hexosamine biosynthesis pathway (HBP) in chronic virus-infected cells which results in enhanced HA biosynthesis.




Glutamine Role in Regulating Immune Responses Under Virus Infection

Viruses can alter the metabolism of both infected-cells and neighboring cells (Yogev et al., 2017), results in functional and phenotypic variations that influence the anti-viral response of T cells (Figure 6) (Kedia-Mehta and Finlay, 2019). There are several evidences that contest for nutrients in immune cells is pertinent at sites of pathogen infections (Kedia-Mehta and Finlay, 2019). Moreover, metabolic rates were also reported with an increment in T cell number following the activation of immune system for proliferative expansion and initiation of effector activities, including aggressive production of cytokines — a process that required considerable levels of energy and cellular biosynthesis (Kedia-Mehta and Finlay, 2019). This results in an enhanced requirement for nutrients such as glucose and glutamine to fuel both biosynthetic and bioenergetic pathways (Figure 6) (Sinclair et al., 2013; Buck et al., 2015). Albeit glucose is a vital substrate, essential amino acids are used in the biosynthesis of protein and nucleotide. For example, the availability of glutamine is critical for the functional activity of mTORC1; stimulated T cells enhanced the activity of members from the glutamine transporter family, including SLC38A1 and SLC1A5, steady with energetic consumption of exogenous glutamine (Bar-Peled and Sabatini, 2014; Nakaya et al., 2014). The activation of mTORC1 further assist in the activation of Myc and HIF-1α (Waickman and Powell, 2012) and mediates the expression of progression genes, viz. cyclin A, CDK2/4, and cdc25a, required in T cells (Wang et al., 2011) along with a translation of activation markers and cytokines, including TNF-a, IFN-g, OX40, TIM3, CD137, and Granzyme B (Phan et al., 2016; Palazon et al., 2017). Besides, Myc was also found to accelerate the glutaminolysis in CD8+ T cell after activation (Wang et al., 2011; Waickman and Powell, 2012) and enhanced the expression of glutamine transporters, such as SLC32A1 and SLC32A2, needed for the transportation of glutamine into activated T cells (Gnanaprakasam and Wang, 2017). Moreover, deprivation of glutamine from the microenvironment has been reported with impairments in both T cell proliferation and effector function (Carr et al., 2010; Wang et al., 2011; Sinclair et al., 2013). Besides, deficiency or absence of glutamine precluded the production of cytokines and propagation of both Th1 and Th17 cells, and as an alternative endorsed Treg generation (Johnson M. O. et al., 2018). More specifically, SLC1A5 defect on stimulated CD4+ T cells was recently demonstrated with reduced uptake of glutamine upon T cell receptor (TCR) engagement and linked with a compromised ability to operate OXPHOS aptly, subsequently results in defective cellular differentiation in vitro and in vivo (Nakaya et al., 2014). Although previous studies have estimated the T cells, macrophages, and monocytes, etc. as a source for the exudation of cytokines, including IL-6, IL-10, and TNF-α (Minciullo et al., 2016; Kany et al., 2019); analysis of cytokines in SARS-CoV-2 infection suggested that these cytokines were not originated from T cells (Diao et al., 2020). Hence, the source of cytokines production under SARS-CoV-2 infection is one of the topics that demand further investigation. It is progressively recognized that the metabolism of T cell may be compromised during chronic viral infections and in tumors, thereby produced a state of T cell “exhaustion” which precludes T cells to exert their effector function (Figure 6) (Doedens et al., 2013; Chang et al., 2015; Ho et al., 2015). This may be acutely difficult when T cells experienced hypoxic microenvironments (Doedens et al., 2013). Interestingly, similar functional exhaustion was reported in T cells infected by SARS-CoV-2 through monitoring of PD-1 levels under high glucose level, an essential indicator of T cell exhaustion (Codo et al., 2020; Diao et al., 2020). Of note, T cells culture depleted to glutamine exhibited less susceptibility to HIV infection (Clerc et al., 2019; Geltink, 2019); thus, a similar effect needs to monitor for SARS-CoV-2 infection. It is now detailed that metabolic alternations are triggered by recognition of virus particles through Toll-like receptors (TLRs) which subsequently enhanced the transcription factor Myc of the host cell as a cellular response against infection (Bajwa et al., 2016; Smallwood et al., 2017). For instance, viruses that changed Myc expression levels such as polyomavirus (Zullo et al., 1987; Klucky et al., 2004), IAV (Smallwood et al., 2017) parvoviruses (Li et al., 2005), cytomegalovirus (Boldogh et al., 1990), and human immunodeficiency virus (Wen et al., 2005); viruses translating proteins that modify Myc protein stability or activity (Yeh et al., 2004; Awasthi et al., 2005; Kalra and Kumar, 2006); or viral encoded proteins that change Myc mRNA transportation into the cellular cytoplasm and its stabilization (Higashino et al., 2005). Intriguingly, metabolic changes mediated by Myc have often been observed with a state of glucose and glutamine addiction in cancer cells, where malignant cells showed a total reliance on these nutrients to survive (Wise et al., 2008; Smallwood et al., 2017). In this context, the restriction of both glucose and glutamine in IAV infected NHBE exhibited a significant reduction in cell viability (Smallwood et al., 2017). Likewise, it was demonstrated that the Myc-dependent upregulation of GLS activity and glutamine utilization was essential for optimal replication of adenovirus in primary lung epithelial cells, and GLS function was required for ideal HSV-1 and IAV replication (Thai et al., 2015). Conversely, temporary or episodic inhibition of GLS was suggested to program T cells to performed enhance IFNγ-specific effector activities or T cells epigenetic reprogramming to improve the effector function and immunotherapy (Johnson M. O. et al., 2018). These findings hold coherence with SARS-CoV-2 infection which results in T cell dysfunction and lymphopenia (Codo et al., 2020; Zhao et al., 2020). Collectively, it was suggested that the modulation of T cells by regulation of glutamine metabolism in virus-infected cells can be used to provide an alternative approach to therapeutically target T cell function against viral infections.
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FIGURE 6. Schematic for (A) functional T cell response to viral infection under the nutrient-rich microenvironment and (B) exhausted T cell response under chronic viral infections with the nutrient-poor microenvironment.





OUTLOOK AND CONCLUSION

Although diverse metabolic changes have been reported in several viral infections, but many of the factors involved in the molecular mechanism to induced pathogenesis in the host cell remain unknown. For example, in EBV infection, several studies have documented the importance of viral proteins' relation with 5′ adenosine monophosphate-activated protein kinase (AMPK) and Myc (Lo et al., 2017). Likewise, SARS-CoV-2 main protease was showed to inhibits the expression of IFN-1 in the human kidney epithelial cells (Lei et al., 2020). Recent studies also suggested the pleiotropic effect of nonstructural protein 1 (nsp1) in SARS-CoV-2 to block the host translational machinery and prevent the expression of immune genes (Lei et al., 2020; Thoms et al., 2020; Xia et al., 2020). Thus, hijacking of host cell machinery by SARS-CoV-2 needs to be established through identifying the viral gene products which may interact with essential factors in the host cell to modulate glutamine metabolic reprogramming and may deepen our understanding of viral-induced alternations in host metabolism for viral tropism. Of note, this study presents a comparative analysis of glutamine metabolic changes reported in other viral infections and cancer cells against SARS-CoV-2 infection, suggested the modulation of GLS1, PSAT1, HIF-1α, mTORC1, GFAT1/2, and Myc factors as a conceivable approach to modulate the glutamine metabolism for the inhibition of SARS-CoV-2 pathogenesis. However, the role of these cellular factors is currently not validated by experiments and hence, might be helpful to decipher the glutamine metabolic reprogramming in SARS-CoV-2 infected cells. Although, one report found the overexpression of glycolysis enzymes and HIF-1α in monocytes infected with SARS-CoV-2 (Codo et al., 2020), but this study likely implying the essential role of enzymes and transcription factors involved in glutamine metabolism. Moreover, epigenetic modulation of transcription factors such as mTORC1 and Myc-driven metabolism of glutamine in virus activated or infected cells can also be considered. Hence, a comparative proteomic analysis of SARS-CoV-2 infected cells vs. normal cells may provide further insights into the potential differences produced under glutamine metabolic reprogramming.

Though several glutamine metabolism-related therapeutic agents are currently being established against several types of cancer, a similar approach can also be applied against chronic viral infections such as SARS-CoV-2. For instance, therapeutics inhibition of glutamine transporters or GLS enzyme can also be used as an effective method against glutamine-dependent viral infections, irrespective of the precise need for glutamine, as they will block all the metabolic pathways that require glutamine. Hence, inhibition of the target at the precise step that the virus needs should be employed to decrease the wider toxicity and off-target effects, especially in healthy cells that also need glutamine for other essential pathways.

Metabolic alterations in virus-infected cells and tissues are sophisticated networks where efflux of glutamine is essentially expected to sustain a wide range of different pathways, effective energy production, cell signaling, and ROS homeostasis, as in other virus-infected cells or cancer. Likewise, the requirement of glutamine may greatly vary from one cell to another: for example, amino acid requirements in fibroblasts and T-cells upon viral infections. Thus, a full scenario of glutamine metabolism requirement for initiation or progression of SARS-CoV-2 in different tissues is required to be decipher for the development of potential antiviral therapies by targeting glutamine metabolism with limited scope for off-target effects and viral resistance against them.
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Historically, plants have been sought after as bio-factories for the production of diverse chemical compounds that offer a multitude of possibilities to cure diseases. To combat the current pandemic coronavirus disease 2019 (COVID-19), plant-based natural compounds are explored for their potential to inhibit the SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), the cause of COVID-19. The present study is aimed at the investigation of antiviral action of several groups of phytoconstituents against SARS-CoV-2 using a molecular docking approach to inhibit Main Protease (Mpro) (PDB code: 6LU7) and spike (S) glycoprotein receptor binding domain (RBD) to ACE2 (PDB code: 6M0J) of SARS-CoV-2. For binding affinity evaluation, the docking scores were calculated using the Extra Precision (XP) protocol of the Glide docking module of Maestro. CovDock was also used to investigate covalent docking. The OPLS3e force field was used in simulations. The docking score was calculated by preferring the conformation of the ligand that has the lowest binding free energy (best pose). The results are indicative of better potential of solanine, acetoside, and rutin, as Mpro and spike glycoprotein RBD dual inhibitors. Acetoside and curcumin were found to inhibit Mpro covalently. Curcumin also possessed all the physicochemical and pharmacokinetic parameters in the range. Thus, phytochemicals like solanine, acetoside, rutin, and curcumin hold potential to be developed as treatment options against COVID-19.
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INTRODUCTION

The World Health Organization (2020) declared coronavirus disease 2019 (COVID-19) as a pandemic, and it is affecting more than 210 countries and territories in the world. As per the WHO report (August 16, 2020), there have been 21,294,845 confirmed cases of COVID-19 and over 761,779 total deaths occurred due to it (World Health Organization, 2020). SARS-CoV-2, a member of the beta-coronaviruses (Beta-CoVs) causes a novel type of transmissible pathogenic human severe acute respiratory syndrome, characterized by symptoms of acute respiratory distress such as fever 38.1–39°C, dry cough, and shortness of breath with an incubation period of about 5 days (average 2–14 days) (Yuen et al., 2020). The human-to-human transmission of COVID-19 is reported to occur by respiratory droplets or direct contact with the patients (Jayaweera et al., 2020).

CoVs belong to the Coronaviridae family. They are a group of genotypically and phenotypically diverse, enveloped, and positive-sense viruses carrying single-stranded RNA. Although it is considered to be introduced from bats, the specific source of SARS-CoV-2, animal reservoir, and enzootic patterns of transmission remains unresolved. To understand the drug targets for COVID-19, the life cycle of SARS-CoV-2 (Figure 1) needs to be understood thoroughly. SARS-CoV-2 consists of four basic structural proteins: “spike protein (S),” “membrane (M) protein,” “envelop (E) protein,” and helically symmetrical “nucleocapsid protein (N).” The SARS-CoV-2 virus targets the host cells through the viral spike (S) protein, which binds to the ACE2 receptor of the host cells (Fung and Liu, 2014). After the S protein-ACE2 binding, the virus utilizes the host cell receptors (TMPRSS2) and enters into the cytosol of the host cell. After uncoating, the viral gRNA is released into the cytoplasm. Viral polypeptides are synthesized using the host cell protein synthesis machinery, which are further processed by viral proteases, and the products are transferred to the replicase transcriptase complex. The virus uses its RdRP to synthesize the viral RNA. Viral structural proteins and assembly proteins are also synthesized leading to the completion of the assembly and the release of progeny viral particles by exocytosis (Lu et al., 2020). β-CoVs produce pp1a and pp1ab by translation of the genomic RNA. They are proteolytically cleaved into structural and non-structural proteins by main protease (Mpro) also known as 3-chymotrypsin-like protease (3CLpro) and by papain-like protease (PLpro) (Fehr and Perlman, 2015). Once the virion assembly gets ready, it will be released from the host cell.
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FIGURE 1. The life cycle of SARS-CoV-2 in the host cell. ACE2, angiotensin-converting enzyme 2; TMPRSS2, type 2 transmembrane serine protease; gRNA, genomic RNA; RdRP, RNA-dependent RNA polymerase; sgRNA, subgenomic RNA; pp1a, polyprotein 1a; pp1ab, polyprotein 1ab.



Diagnostic Tools/Methods Employed in COVID-19

The detection of COVID-19 generally depends on the travel history of the person from the affected areas and analysis of their clinical symptoms. Nevertheless, asymptomatic patients may remain underdiagnosed and further contribute to the spread of the disease. In order to combat the disease progression, rapid diagnosis of SARS-CoV-2-infected patients and adherence to medical isolation are of paramount importance. Currently, three main detection strategies are available for diagnosis of COVID-19 like radiographical, amplification, and immunological methods.

Radiographical methods like Chest X-ray or computed tomography (CT) imaging was previously used in China for clinical diagnosis of COVID-19. It not only allows the diagnosis of pneumonia and acute respiratory distress syndrome but also allows early detection of pulmonary abnormalities. High-resolution computed tomography (HRCT) scans of the chest are proven as an essential tool for detection of SARS-CoV-2 at early stages. The HRCT of SARS-CoV-2-infected patients demonstrate some typical features, such as multiple peripheral bilateral hazy ground-glass opacity (GGO), pulmonary consolidation (increasing over time), bronchial inflation with diffused GGO, and thickening of the interstitium. It is found to be a great diagnostic tool for screening of COVID-19 patients especially in the high prevalence or pandemic areas. The drawbacks of CT scans include high cost, a requirement of technical experts, and inadequate specificity due to overlapping features with other viral infections or pneumonia (Borah et al., 2020). CT scans are only indicative but not confirmatory test for COVID-19.

Polymerase chain reaction (PCR) containing methods are based on the amplification of genes and their RNA transcripts isolated from biological samples. Presently, quantitative reverse transcription-polymerase chain reaction (rRT-PCR) is being used for diagnosis of COVID-19 and is a gold standard molecular diagnostic technique for many viruses as well. Single-step quantitative RT-PCR with TaqMan chemistry is more sensitive and specific. The test takes 24–48 h for the commencement of the final result.

Common laboratory findings in COVID-19 are a decreased lymphocyte count and an increased C-reactive protein (CRP) level. Serological assays are designed to detect the presence of antibodies, namely, IgM, IgG, or both using immunoassay techniques like ELISA, high-throughput chemiluminescent microparticle immunoassay (CMIA), lateral flow chromatographic immunoassay, etc. (Kaddoura et al., 2020). Based on the mentioned principles, many rapid diagnostic test kits have been developed for fast and early detection of COVID-19, which give results in 2–3 min. A throat, nasopharyngeal, and nasal swab can be used for these tests. Although it is considered that these molecular tests have 90% sensitivity, there still stands the risk and repercussions of false-negative tests with the current rapid diagnostic devices.



Therapeutic Options for COVID-19

From earlier experience of management of such viral infections, many agents are being used as treatment options for SARS-CoV-2 viral infection. On October 22, 2020, the FDA approved remdesivir for the treatment of hospitalized patients with COVID-19. Till date (November 14, 2020), 2,932 ongoing and completed COVID-19 studies have been listed on World Health Organization's International Clinical Trials Registry Platform (https://clinicaltrials.gov/ct2/who_table). Most of the clinical trials include the use of available antiviral drugs, corticosteroids, immunomodulators, and some antimalarials alone or in combination.

Various antiviral agents have been investigated for the management of COVID-19. Apart from remdesivir, other antiviral agents like RNA-dependent RNA polymerase inhibitors (e.g., favipiravir and sofosbuvir), neuraminidase inhibitors (e.g., oseltamivir), and protease inhibitors (e.g., lopinavir and ritonavir; Mehta et al., 2020).

Corticosteroids were widely used for the treatment of SARS-CoV and MERS-CoV, and are also used in the management of the current pandemic of COVID-19 as dexamethasone, methylprednisolone, and prednisone. However, the interim guidelines by the WHO prohibit the use of routine corticosteroids unless indicated for other clinical ground. Certain interferons and immunoglobulins are also being investigated as they decrease the cytokine storm.

Chloroquine and hydroxychloroquine are found to block infection by increasing endosomal pH of the phagolysosome needed for virus/cell fusion. It also interferes with ACE2 glycosylation of SARS-CoV cellular receptors. The drug also has an immune-modulating activity, which is proposed to enhance its antiviral effect in vivo. Many clinical trials have been performed for checking the efficacy of chloroquine and hydroxychloroquine with or without azithromycin in COVID-19.

Convalescent plasma is an antibody-rich product made from blood donated by people who recovered from disease caused by a virus. Various clinical trials of plasma enrichment techniques have been made. The initial results were encouraging, but it is not yet approved for use by the FDA. Attempt for generation of vaccine is also in process.

Ongoing research efforts in various directions using several drug molecules against SARS-CoV-2 or related viruses have not been able to establish any type of drug to subdue the morbidity and mortality it causes (Machhi et al., 2020). There is an incessant demand for the availability and accessibility of medicines, vaccines, and diagnostics tools. The functional prominence of Mpro and spike glycoprotein in the viral life cycle, along with the lack of closely associated homologs in humans, makes them promising targets for COVID-19 antiviral drug design (Aanouz et al., 2020).

Many phytochemicals have been recorded to be used to treat infectious diseases caused by bacteria, virus, and fungi (Mahady, 2005; Ben-Shabat et al., 2020; Kumar et al., 2020). In silico methodologies have opened new avenues of research and have now been widely accepted as a useful tool for shortening lead times, understanding and predicting druggability in early drug discovery. Molecular docking can be used to predict how receptor protein interacts with bioactive compounds (ligands). Keeping this in view, potential bioactives from plants belonging to diverse chemical categories were assessed for the likelihood of finding suitable starting points for the lead. Thus, in the present study, flavonoids (flavones, isoflavones, flavonols, flavanone, xanthones, flavan 3-ols), tannins (hydrolysable and condensed), anthraquinones, phenolics, lignans, alkaloids, diterpenoids (limonoid, labdane), and coumarins (simple, complex) were subjected to docking studies targeting main protease (Mpro) (PDB code: 6LU7) and spike (S) glycoprotein receptor binding domain to ACE2 (PDB code: 6M0J) of SARS-CoV-2. The results of the study are indicative that procyanidin A1, A3, A4, B2, solanine, acetoside, rutin, epitheaflavin monogallate, quercitrin, and theaflavin 3,3′-digallate are Mpro and spike glycoprotein inhibitors and can be subjected to further research in finding specific regimens to overcome COVID-19. Most of these natural compounds are polyphenols chemically. Many polyphenols are reported as SARS-CoV-2 main protease inhibitors, but we have also checked here the potential of these compounds as main protease as well as spike RBD inhibitors. Some of the compounds were additionally found to inhibit main protease covalently. Further, the stability of the ligand–receptor complexes was assessed using molecular dynamic (MD) simulation studies.




EXPERIMENTAL/MATERIALS AND METHODOLOGY


Data Collection and Preparation

A total of 170 phytoconstituents belonging to the aforementioned chemical classes of secondary metabolites were shortlisted for the present study. The 3D chemical structures of the selected molecules were retrieved from PubChem. These molecules were prepared for computational study at physiological pH condition by using the LigPrep module of Schrödinger suite v 12.3 (Schrödinger, LLC, NY, USA, 2020). The ligand geometry was minimized by applying an OPLS3e force field algorithm (Harder et al., 2016).



Preparation of Protein Structures

From the RCSB Protein Data Bank (https://www.rcsb.org/), the 3D structure of Mpro (PDB code: 6LU7) and spike glycoprotein RBD (PDB code: 6M0J) were obtained and prepared to ensure structural correctness for hydrogen consistency, bond orders, steric clashes, and charges using protein preparation wizard in Schrödinger suite supported by OPLS3e force field (Protein Preparation Wizard, 2020). Thus, a prepared structure was used for receptor grid generation for the docking protocol.


Preparation of Mpro for Docking

PDB ID 6LU7 is a 2.16-Å X-ray crystal structure of COVID-19 main protease in a complex with an inhibitor N3. The covalent bond between co-crystallized ligand N3 and protein catalytic dyad Cys145 was cleaved. After cleavage, Cys145 and ligand were reconstructed by making necessary changes and the ligand–protein complex was prepared and refined using the Protein Preparation Wizard in Schrödinger. Thus, the prepared structures were used for receptor grid generation required for the docking protocol. The receptor grid was generated on the active site of Mpro protein by considering the centroid of co-crystalized ligand molecule N3 as a center of the grid. The grid coordinates (i.e., X, Y, and Z) were −10.47, 12.23, and 68.7, respectively (Kanhed et al., 2020). This cysteine protease Mpro has 306 amino acids chain and consists of three main domains. Domain 1 is from residues 8–101, domain 2 is from 102 to 184, whereas domain 3 is from 201 to 203 amino acid sequence, connected to domain 2 by loop residues 185–200. The substrate-binding site on this viral protein is present in a cleft between domain 1 and 2 with a Cys145-His41 catalytic dyad. The major active subsites in the active site of Mpro, where the substrate binds, are defined. Thus, S1 subsite is made up of Phe140, Leu141, Asn142, His163, Glu166, and His172 amino acids. Hydrophobic S2 subsite is made up of His41, Met49, Tyr54, Met165, and Asp187. The S4 binding subsite involves Met165, Leu167, Phe185, Gln189, and Gln192 amino acids (Zhang et al., 2020).



Preparation of Spike Glycoprotein Receptor-Binding Domain for Docking

PDB ID 6M0J is a 2.45-Å X-ray crystal structure of SARS-CoV-2 spike receptor-binding domain (RBD) bound with ACE2. The protein was prepared using the Protein Preparation Wizard in Maestro v 12.3 (Schrödinger, LLC, NY, USA, 2020). In this protein, bond orders were assigned, water molecules were removed, and OPLS3e force field was applied to minimize the protein structure. The receptor grid was generated using receptor grid generation panel in Maestro, by selecting active site amino acid residues (Tyr449, Asn487, Gly496, Thr500, Gly502, and Tyr505) of chain A of the spike RBD. The grid coordinates (i.e., X, Y, and Z) were 204.45, 199.79, and 246.89, respectively (Lan et al., 2020). The SARS-CoV-2 RBD has a twisted five-stranded antiparallel β sheets (β1, β2, β3, β4, and β7) with short connecting helices and loops that form the core. SARS-CoV-2 RBD comprises residues Arg319–Phe541 (Kalathiya et al., 2020).

Analysis of the interaction surface of RBD-ACE2 reveals few contact points between RBD and ACE2. Tyr505 of RBD exhibits very stable hydrogen bonding suggesting an early contact point with ACE2. Additionally, Tyr449, Gln493, Gln498, Thr500, Asn501, and Gly502 show polar interactions with the ACE2 surface (Veeramachaneni et al., 2020). Thus, all these amino acids of RBD comprise a suitable binding site to target the RBD of the spike protein with suitable drug-like molecules.




Molecular Docking and Interaction Visualization

The selected set of 170 phytoconstituents were subjected for molecular docking against Mpro (6LU7) and Spike protein RBD (6M0J) using the Extra Precision (XP) protocol of Glide docking module of Maestro (Friesner et al., 2006). The OPLS3e force field was used in simulations. Compounds were then ranked based on their docking scores that represent binding energies. Two structures (curcumin and acetoside) from the selected set were found to possess α, β-unsaturated ketone as N3 ligand. Therefore, covalent docking study was performed for these two. The ligand interactions with the active sites of the receptors were visualized using the academic version of PyMOL.



Covalent Docking

The covalent docking protocol was applied after non-covalent molecular modeling for Mpro of SARS-CoV-2. Curcumin and acetoside contain α, β-unsaturated ketone, which acts as Michael acceptor group. PDB also contains such Michael acceptor group and showed covalent binding with Cys145. So, it was thought to check the covalent docking of these compounds with Mpro. For this, the CovDock module of Schrödinger Suite was used. In CovDock protocol, Cys145 was specified as a reactive residue in the receptor, Michael addition as reaction type, and α, β-unsaturated carbonyl group as ligand functional group represented by a SMARTS pattern [C,c]=[C,c]-[C,c,S,s]=[O] were selected (Zhu et al., 2014). The docking score was calculated by preferring the conformation of the pose that has the lowest binding free energy.



In silico Physicochemical and Pharmacokinetic Parameter Prediction

The natural compounds, showing good binding affinities toward Mpro and spike RBD bound to ACE2 were investigated for their physicochemical and pharmacokinetic parameters in silico. The QikProp module of Maestro was used for this prediction (QikProp, 2020).



Molecular Dynamic Simulation Study

The MD studies of best ranked compounds [curcumin (42) and solanine (4)] for Mpro and spike protein were performed for a period of 10 ns by using GROMACS 2020.1 software as per our previous report (Patel et al., 2020).




RESULTS AND DISCUSSION


Molecular Docking Study

To achieve a multitarget approach and to find the potential candidate for treating COVID-19 infection, molecular docking studies were performed against two protein structures of SARS-Cov-2: (i) Main protease, Mpro (PDB ID: 6LU7) and (ii) Spike glycoprotein (PDB ID: 6M0J) in GLIDE (Grid-based Ligand Docking with Energetics) of Schrödinger suite v 12.3 (Schrödinger, 2020).


Mpro Docking

Bioactive phytoconstituents (total 170) docked against Mpro of SARS CoV-2 were found to exhibit very impressive docking scores. About 59 compounds have shown the glide score of −6 or less and good Mpro inhibition energy (Table 1).


Table 1. Chemical structures and docking results of phytoconstituents on Mpro of SARS-CoV-2.
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To validate the generated grid for docking, the co-crystallized ligand (N3) of PDB 6LU7 was first knocked out, reconstructed, and re-docked into the active site of the receptor using the generated grid. Here, the N3 molecule showed a similar pattern of orientation and interactions such as hydrogen bonding with Glu166, Gln189, and Thr190 residues of the active site. The XP docking score between N3 and Mpro protein was −7.93 kcal/mol. This docking was analyzed further by recognizing the all-atom RMSD value of the re-docked N3 ligand with the co-crystallized ligand, and it was found to be 0.095 Å, which validated the docking protocol.

The top nine docked compounds, Procyanidin A3 (1), Rutin (3), Solanine (4), Procyanidin A4 (5), Procyanidin B4 (6), Hypericin (7), Quercetagetin (8), Procyanidin (9), and Astragalin (10) were selected for discussion in detail. Acetoside (2) possessing α, β-unsaturated carbonyl group as warhead is able to bind covalently with Cys145 residue of Mpro. The results obtained from covalent docking will be discussed in the Covalent Docking section. The ligand–receptor interaction diagrams are shown in Figures 2–4.


[image: Figure 2]
FIGURE 2. Docking interactions of compounds (1, 3, 4: A–F) in the active sites of Mpro. (A,C,E) 3D-binding mode of compounds 1, 3, and 4 with Mpro active site, respectively. Ligands are shown as green sticks, Mpro residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines. (B,D,F) 2D-ligand interaction diagram of compounds 1, 3, and 4 with Mpro active site, respectively.
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FIGURE 3. Docking interactions of compounds (5, 6, 7: A–F) in the active sites of Mpro. (A,C,E) 3D-binding mode of compounds 5, 6, and 7 with Mpro active site, respectively. Ligands are shown as green sticks, Mpro residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines, π-π stacking interaction is indicated as green dotted lines. (B,D,F) 2D-ligand interaction diagram of compounds 5, 6, and 7 with Mpro active site, respectively.
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FIGURE 4. Docking interactions of compounds (8, 9, 10: A–F) in the active sites of Mpro. (A,C,E) 3D-binding mode of compounds 8, 9, and 10 with Mpro active site, respectively. Ligands are shown as green sticks, Mpro residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines, π-π stacking interaction is indicated as green dotted lines; (B,D,F) 2D-ligand interaction diagram of compounds 8, 9, and 10 with Mpro active site, respectively.


Procyanidins are oligomeric catechin or epicatechin having significant medicinal values. Procyanidin A3 (1) is pentamer of epicatechin (Park et al., 2014). It showed the highest docking score (−12.86 kcal/mol) against Mpro of SARS CoV-2 in the present study. Hydroxyl groups of procyanidin A3 showed H-bonding with Pro168 (2.24 Å), Glu166 (1.68 Å, 1.98 Å, 2.77 Å), Thr190 (1.86 Å, 1.92 Å), and Gln189 (2.03 Å) amino acid residues.

Rutin (3) is a bio-flavonoid glycoside found in many plants including Fagopyrum esculantum, Eucalyptus Sps, Ruta graveolens, and Tephrosia purpurea. Chemically, it is a glycoside comprising of flavonol aglycone quercetin along with disaccharide rutinose. It is found to have a number of pharmacological activities, including antioxidant, cytoprotective, vasoprotective, anticarcinogenic, neuroprotective, and cardioprotective activities (Enogieru et al., 2018). One of the hydroxyl groups of chromane ring of rutin showed H-bonding with Glu166 (2.16 Å). Hydroxyl groups of L-rhamnopyranose of rutin showed H-bonding with Gln189 (1.85 Å, 1.86 Å) and Asn142 (1.96 Å), and D-glucopyranose showed H-bonding with Leu141 (1.86 Å) and Gly143 (2.07 Å).

Solanine (4) is a glycoalkaloid of the genus Solanum, such as the European black nightshade (Solanum nigrum), potato (Solanum tuberosum), tomato (Solanum lycopersicum), and eggplant (Solanum melongena). It has fungicidal, antimicrobial, and pesticidal properties (Zhao et al., 2018). The nitrogen atom of solanine that got protonated at physiological pH showed salt bridge with Glu166 (4.87 Å) and H-bonding with Glu166 (1.93 Å). The hydroxyl group of D-glucopyranose attached to the steroidal backbone showed H-bonding with His164 (1.76 Å). The next D-glucopyranose sugar also interacted by H-bonding of the methylene hydroxyl group with Leu141 (1.90 Å) and H-bonding of the hydroxyl group with Gln189 (2.78 Å). The hydroxyl group of L-rhamnopyranose formed H-bonding with Glu166 (2.64 Å).

Procyanidin A4 (5) is also having multiple aromatic hydroxyl groups, which form hydrogen bonds with amino acid residues of the target protein. Two aromatic hydroxyl groups formed hydrogen bonds with Thr26 at a distance of 1.79 and 1.94 Å. Another pair of the hydroxyl groups also showed H-bonding with Thr190 (1.84, 1.99 Å). Another two hydroxyl groups of chromane ring showed H-bonding with Glu 166 (2.24 Å) and Leu141 (2.04 Å).

Procyanidin B4 (6) is a catechin-(4α → 8)-epicatechin dimer. It is found in the litchi pericarp, in grape seeds, and, along with 4-cis-isomer of procyanidin B4, in beer. It has a role as an antioxidant, a DNA topoisomerase (ATP-hydrolyzing) inhibitor, and an antineoplastic agent (Zhao et al., 2007). Multiple hydroxyl groups present in the structure showed H-bonding with Glu166 (1.77, 2.21, 2.27 Å), Leu141 (1.81 Å), His164 (2.06 Å), and Thr190 (1.69 Å) residues.

Hypericin (7) is a naphthodianthrone, an anthraquinone derivative, which is found in the flower of Hypericum perforatum (St. John's wort). It is found to have antidepressant, potential antiviral, antineoplastic, and immunomodulating activities (Vollmer and Rosenson, 2004). The aromatic phenyl ring allowed the creation of a more favorable π-π stacking with His163 (5.49 Å). The hydroxyl groups present in hypericin showed H-bonding with Glu166 (1.99, 2.06 Å), Leu141 (1.74 Å), and His164 (2.13, 2.14 Å).

Quercetagetin (8) is a hexahydroxy flavone, found in Citrus unshiu abundantly. It has antioxidant and antiviral properties (Kang et al., 2013). Phenolic hydroxyl groups of the chromone ring showed H-bonding with Leu141 (1.67, 1.93 Å). The oxygen of the chromone ring showed H-bonding with Glu166 (2.40 Å), and the carbonyl group oxygen of chromone showed H-bonding with His41 (2.61 Å). The aromatic phenyl ring of chromone showed π-π stacking with His163 (5.30 Å). Phenolic hydroxyl groups attached to the phenyl ring at C-2 position of the chromone ring showed H-bonding with Thr190 (2.10, 2.76 Å).

Procyanidin (9) contains multiple hydroxyl groups, which showed H-bonding with Glu166 (1.69 Å), His164 (1.80 Å), Leu141 (1.88 Å), Asn142 (1.96, 2.48 Å), and Thr190 (1.97 Å) residues.

Astragalin (10) is a flavonoid, 3-O-glucoside of kaempferol, found in plants such as Allium ursinum, Allium sativum, Cassia alata, Cuscuta chinensis, and Phytolacca americana. It is having diversified pharmacological activities such as anti-inflammatory, antioxidant, neuroprotective, cardioprotective, antiobesity, antiosteoporotic, anticancer, antiulcer, and antidiabetic (Riaz et al., 2018). The phenolic hydroxyl group of the chromone ring showed H-bonding with Leu141 (2.00 Å). The aromatic phenyl ring of chromone showed π-π stacking with His163 (5.18 Å). The hydroxyl group of glucopyranose formed H-bonding with Thr190 (1.99 Å).



Covalent Docking

Covalent inhibitors have a prolonged history in drug discovery, beginning in the late nineteenth century with aspirin and continuing with a current surge of rationally designed kinase inhibitors enrolling in clinical trials (Ghosh et al., 2019). N3 ligand has shown covalent bonding with Cys145 of Mpro with −7.466 kcal/mol docking score in the current study. The literature demonstrated that Cys145 is a key residue in the active site of Mpro, which is found to be an attractive target for covalent modification by Mpro inhibitors. Cys145 amino acid residue in the active site of Mpro covalently attaches to the β-position of the peptide-like α, β-unsaturated carbonyl ligand N3 by Michael addition reaction (Jin et al., 2020) (Figures 5A,B). In addition to this, it was also noted that the ligand N3 has adequate hydrogen bonding and stacking interactions with different hydrophilic and hydrophobic regions of the protein. These structural features like α, β-unsaturated ketone, hydrophilic, and hydrophobic regions are also found in the structures of acetoside (2) and curcumin (42) (Figures 5C1,C2). The distance between the sulfur atom of Cys145 and the covalent carbon atom of N3 ligand is 1.8 Å. This distance is around the same for acetoside (2) and curcumin (42).


[image: Figure 5]
FIGURE 5. Structural characteristics of N3 ligand of SAR-CoV-2 Mpro (PDB ID: 6LU7). (A) Important structural feature offered by N3 ligand as covalent inhibitor. (B) 2D-interaction diagram of ligand N3 and Mpro, dark blue colored solid line depicted covalent bond (Jin et al., 2020); (C1) Important structural features offered by the curcumin as covalent inhibitor; (C2) Important structural features of acetoside as covalent inhibitor.


The covalent binding modes of acetoside and curcumin are described in Figure 6.
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FIGURE 6. Covalent docking interactions of compounds (2, 42: A–D) in the active sites of Mpro. (A,C) 3D-Binding mode of compounds 2 and 42 with Mpro active site, respectively. Ligands are shown as green sticks, Mpro residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines, the red circle highlights the C–S covalent bond. (B,D) 2D-ligand interaction diagram of compounds 2 and 42 with Mpro active site, respectively.


Leaves and drupes of olive tree, Olea europaea and Verbascum phlomoides are rich in acetoside (2). It has shown antioxidant, antibacterial neuroprotectivity, and anti-inflammatory activity. Acetoside is a glycoside that is the α-L-rhamnosyl-(1→ 3)-β-D-glucoside of hydroxytyrosol (Shiao et al., 2017). Acetoside is able to fit snugly inside the Mpro with covalent binding score −6.91 kcal/mol. The docked pose analysis of acetoside revealed that it formed five H-bonds with amino acid residues Thr26 (1.76 Å), Phe140 (2.28 Å), Glu166 (1.82, 2.21 Å), and Gln189 (1.74 Å) present at the active site of Mpro. The α, β-unsaturated ketone in the structure showed a covalent bond interaction (1.84 Å) between the β-position of ketone and Cys145 residue. The hydroxyl groups of acetoside showed H-bonding with Thr26 (1.99 Å) and Leu141 (1.76 Å, 2.27 Å). The keto group of acetoside showed H-bonding with His41 (2.13 Å).

The medicinal value of curcumin (42) (Turmeric) has been known since ancient times in India. It belongs to the Zingiberaceae family and is found in the rhizome of Curcuma longa and other Curcuma species (Hewlings and Kalman, 2017). Curcumin is also able to covalently dock inside the Mpro with a covalent binding score of −7.028 kcal/mol. The phenolic hydroxyl group showed H-bonding with Thr26 residue (1.66 Å), and the oxygen of the methoxy group on phenyl ring showed H-bonding with Gly143 residue (2.10 Å). Curcumin is found to be involved in an important covalent interaction with Cys145 residue of Mpro through Michael addition. The α, β-unsaturated ketone in curcumin showed a covalent bond (1.83 Å) between the β-position of ketone and Cys145 residue.



Spike Glycoprotein Docking

To study the Spike protein RBD bound to ACE2 interactions, the same 170 phytoconstituents were also subjected to molecular docking against the receptor-binding domain (RBD) of the S-protein (PDB ID: 6M0J). The top 10 docked compounds are shown in Table 2. Their 2D and 3D interactions are described below in Figures 7–9.


Table 2. Chemical structures and docking results of phytoconstituents on spike receptor-binding domain of SARS CoV-2 bound to the ACE2.

[image: Table 2]
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FIGURE 7. Docking interactions of compounds (4, 2, 3: A–F) in the active sites of Spike RBD. (A,C,E) 3D-binding mode of compounds 4, 2, and 3 with Spike RBD active site, respectively. Ligands are shown as green sticks, Spike RBD residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines, π-π stacking interaction as green dotted lines and π-cation interaction as red dotted lines. (B,D,F) 2D-ligand interaction diagram of compounds 4, 2, and 3 with Spike RBD active site, respectively.



[image: Figure 8]
FIGURE 8. Docking interactions of compounds (52, 14, 19: A–F) in the active sites of Spike RBD. (A,C,E) 3D-binding mode of compounds 52, 14, and 19 with Spike RBD active site, respectively. Ligands are shown as green sticks, Spike RBD residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines, π-π stacking interaction as green dotted lines and π-cation interaction as red dotted lines. (B,D,F) 2D-ligand interaction diagram of compounds 52, 14, and 19 with Spike RBD active site, respectively.



[image: Figure 9]
FIGURE 9. Docking interactions of compounds (45, 11, 9, 5: A–H) in the active sites of Spike RBD. (A,C,E,G) 3D-binding mode of compounds 45, 11, 9, and 5 with Spike RBD active site, respectively. Ligands are shown as green sticks, Spike RBD residues are shown as atom type color sticks, hydrogen bonds formed between ligands and receptor are depicted as yellow dotted lines, π-π stacking interaction as green dotted lines and π-cation interaction as red dotted lines. (B,D,F,G) 2D-ligand interaction diagram of compounds 45, 11, 9, and 5 with Spike RBD active site, respectively.


Solanine (4) showed good binding affinity with spike glycoprotein RBD also similar with Mpro and exhibited −9.501 kcal/mol docking score against PDB ID 6M0J. The oxygen atom of glycosidic bond, attached with a steroidal backbone participated in the H-bonding with Tyr449 (2.64 Å). The methylene hydroxyl group of glucopyranose, attached with a steroidal backbone showed H-bonding with Ser494 (1.92 Å). The hydroxyl groups of the next glucopyranose sugar showed H-bonding with Gly496 (2.14, 2.18 Å). The hydroxyl groups of rhamnopyranose exhibited H-bonding with Gln498 (2.14, 2.15 Å).

Acetoside (2) also showed remarkable binding affinity with spike glycoprotein RBD (−8.528 kcal/mol). Hydroxyl groups attached to the phenyl ring at the β-position of the carbonyl group showed H-bonding with Glu406 (1.53, 2.51 Å). This phenyl ring showed strong π-cation interaction with Arg403 (5.27 Å). The other phenyl ring showed π-π stacking with Tyr449 (3.93 Å). The oxygen atom of ethoxy chain was found to have H-bonding with Tyr449 (1.96 Å). The hydroxyl group of rhamnopyranose exhibited H-bonding with Gln498 (1.98 Å). The hydroxyl group of glucopyranose sugar also showed H-bonding with Gly498 (2.79 Å). The methylenehydroxyl group of glucopyranose sugar showed H-bonding with Ser494 (1.98 Å).

Rutin (3) showed a −7.911 kcal/mol docking score against spike glycoprotein RBD. One of the hydroxyl groups of the chromane ring of rutin showed H-bonding with Glu406 (1.79 Å). The hydroxyl group of glucopyranose of rutin showed H-bonding with Ser494 (1.93 Å). The hydroxyl groups attached to the phenyl ring at the C-2 position of the chromone ring showed H-bonding with Gly496 (1.71, 2.03 Å). This phenyl ring showed strong cation-π interaction with Arg403 (6.34 Å) and π-π stacking with Tyr505 (4.75 Å).

Epitheaflavin monogallate (52) is one of the major polyphenols of black tea (Łuczaj and Skrzydlewska, 2005). It exhibited −7.524 kcal/mol docking score against spike glycoprotein RBD. Two hydroxyl groups attached to the benzotropolone ring showed H-bonding with Gly496 (1.70, 2.07 Å). The hydroxyl group of the chromane ring showed H-bonding with Glu406 (1.85 Å). The terminal trihydroxyphenyl (gallate) ring showed a strong π-π interaction with Tyr449 (5.48 Å).

Procyanidin B2 (14) showed a −7.428 kcal/mol docking score against spike glycoprotein RBD. The hydroxyl groups attached to the basic flavone rings showed H-bonding with Glu406 (1.85 Å), Ser484 (2.21 Å), and Gly496 (2.01, 2.21 Å) residues. Dihydroxyphenyl ring at C2 position of dihydroxychromone showed strong π-cation interaction with Arg403 (6.42 Å) and π-π stacking with Tyr505 (4.83 Å). The oxygen atom of dihydroxychromone ring showed H-bonding with Arg403 (1.96 Å).

Quercitrin (19), a quercetin 3-rhamnoside possessed relatively better binding affinity with spike glycoprotein RBD. The hydroxyl group at the C-7 position of the 5,7-dihydroxychromone ring showed H-bonding with Glu406 (1.66 Å). The two hydroxyl groups of the catechol ring showed H-bonding with Gly496 (2.10, 2.51 Å). This catechol ring provides additional stability to the ligand–receptor complex by forming strong π-cation interaction with Arg403 (6.39 Å) and π-π stacking with Tyr505 (4.80 Å). The hydroxyl group at the C-5 position of rhamnose sugar formed an H-bond with Ser494 (2.40 Å).

Theaflavin 3,3′-digallate (45) is an antioxidant natural polyphenol found in black tea (Łuczaj and Skrzydlewska, 2005). It interacted through several H-bonds with amino acid residues of 6M0J. The hydroxyl groups at C-7 positions of 5,7-dihydroxychromane ring showed H-bonding with Tyr505 (2.12, 2.05 Å). The hydroxyl group at C-5 positions of 5,7-dihydroxychromane ring showed H-bonding with Arg408 (2.25 Å). This 5,7-dihydroxychromane ring provides additional stability to the ligand–receptor complex by forming π-cation interaction with Arg403 (6.01 Å). The terminal trihydroxyphenyl (gallate) ring showed H-bonding interaction with hydroxyl groups and with Glu406 (1.88, 2.01 Å), Gln409 (2.06 Å), Lys417 (2.17 Å), and Gln414 (2.05 Å) residues.

In Procyanidin A1 (11), the stability to the ligand–receptor complex is mainly provided by the hydroxyl groups present in the structure by forming multiple H-bonding with various amino acid residues [i.e., Glu406 (1.80 Å), Gly496 (2.08 Å), and Gln498 (2.24, 1.98 Å)]. One oxygen atom of the ring showed H-bonding with Arg403 (2.39). The aromatic rings present in the structure provided the additional stability to ligand receptor complex by forming strong π-cation interaction with Arg403 (5.78, 6.02 Å) and π-π stacking with Tyr505 (4.75 Å).

In Procyanidin (9), the hydroxyl groups at the C-3 and C-4 positions of 5,7-dihydroxychromane ring showed H-bonding with Ser494 (1.78, 1.84 Å). The hydroxyl group at the C-5 position of the 5,7-dihydroxychromane ring showed H-bonding with Glu406 (1.68 Å). This 5,7-dihydroxychromane ring provides additional stability to the ligand–receptor complex by forming a π-cation interaction with Arg403 (6.01 Å). The catechol ring present in the structure provides stability to the complex by forming π-π interaction with Tyr505 (5.45 Å) and H-bonding between the hydroxyl group and Gly496 (1.81 Å).

In Procyanidin A4 (5), the stability to the ligand–receptor complex is mainly provided by the hydroxyl groups present in the structure by forming multiple H-bonding with various amino acid residues [i.e., Glu406 (1.68 Å), Tyr505 (2.15 Å), Asn501 (2.13 Å), and Ser494 (1.84 Å)]. The catechol ring present provides additional stability to the ligand–receptor complex by forming a π-π stacking interaction with Tyr505 (5.44 Å).

The phytoconstituents (listed in Table 1) that showed good Mpro inhibition in silico were also investigated in the same manner for their spike glycoprotein RBD inhibitory potential. From the above molecular docking studies against most promising targets of SARS-CoV-2 virus [i.e., Mpro and Spike RBD bound to ACE2, we found that phytoconstituents like Acetoside (2), Rutin (3), Solanine (4), Procyanidin A4, and Procyanidin (9) showed dual receptor inhibition, i.e., Mpro and Spike RBD inhibition]. The selected set of phytoconstituents are compared for their dual receptor inhibitory actions shown in Figure 10.
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FIGURE 10. Histogram showing the comparison between docking scores of phytoconstituents (listed in Table 1) against Mpro and Spike RBD.




In silico Prediction of Physicochemical and Pharmacokinetics Parameters

The phytoconstituents that showed dual receptor inhibition, potent Mpro inhibition, and potent spike RBD inhibition in silico were further subjected for their in silico physicochemical and pharmacokinetic parameter prediction. The main purpose of these investigation is to afford “druglike” molecules. The most “druglike” molecules should have LogP ≤ 5, molecular weight ≤500, number of hydrogen bond acceptors ≤10, and number of hydrogen bond donors ≤5 according to Lipinski (Patel et al., 2019). The physicochemical parameters (Table 3) and pharmacokinetic profile indicators (Table 4) like volume, QPlogS, QPlogHERG, QPlogBB, QPPCaco, and percentage human oral absorption were predicted with QikProp module of Schrödinger.


Table 3. Predicted physicochemical parameters of phytoconstituentsa.
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Table 4. Predicted pharmacokinetic parameters of phytoconstituentsa.
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Though the compounds showed potential dual enzyme inhibitory actions, most of the compounds did not follow Lipinski's Rule of Five. From the data of Table 3, only quercetagetin and curcumin did not violate the rule. For the rest of the compounds, one can modify the structure in such a way so that it will not reflect their enzyme inhibitory activity but improve the physicochemical properties.

On account of poor ADMET properties, many drug candidates fail in the clinical trials. These late-stage failures drastically contribute to the enhancement of cost for the drugs. Hence, ADMET prediction plays a crucial role in drug discovery and development.

QPCaco-2 is indicative of the oral absorption of a drug. It assesses the apparent gut–blood barrier permeability. Values above 500 predict high oral absorption. None of the compounds listed in Table 4 has higher oral absorption when predicted in silico. Curcumin showed moderate oral absorption. Similarly, the percentage of human oral absorption value supports the prediction of oral bioavailability. Curcumin has 82.69% HOA, which is the indication of its high oral bioavailability relatively. QPlogS predicts aqueous solubility, which is again a kind of assessment for oral absorption. All the compounds fall in the range.

QPlogBB indicates the ability to permeate the blood brain barrier (BBB), which is a mandatory parameter for CNS active drugs; for other than CNS active drugs, if these values did not follow in the range, the compound can cause CNS toxicity. Most of the listed compounds will not cross the BBB based on their QPCaco-2 values.

HERG encodes a potassium ion (K+) channel, which is implicated in fatal arrhythmia known as torsade de pointes or the long QT syndrome. This channel contributes to the electrical activity of the heart thereby directing the heart beat responsible for cardiac toxicity of the molecular target. So, QPlogHERG predicts the cardiac toxicity of the compounds. The recommended range for it is above −5. Almost all the phytoconstituents fall in the range except quercetagetin.




Molecular Dynamic Simulations

In order to understand the time-dependent stability of the complexes between the promising molecules and Mpro/Spike protein, a molecular dynamic (MD) study was carried out. The MD study was performed for a period of 10 ns using the Gromacs2020.1 package. Here, the docked pose of the ligand–receptor was considered as the reference frame for the MD study, and various statistical parameters such as RMSD-P, RMSF-P, RMSD-L (P = protein, L = ligand), and H-bonding were determined (Supplementary Figures 1–3).

The protein RMSD-P is analyzed to understand the degree of movement of the protein or atoms while putting the ligand in the active site and proposing the structural stability, deviation, and conformations of the protein over the simulation time. The RMSD-P for Mpro in complexation with curcumin (42) was in the range of 0.08–0.3 with an average of 0.19 nm (Supplementary Figure 1A). This suggests the stability of the protein while having curcumin (42) in the active site of Mpro over this simulation time. Despite having high flexibility, curcumin (42) exhibited RMSD-L values in the range of 0.18–0.65 nm consistently except for the time duration from 4.72 to 6.05 where a sharp shoot in RMSD-L was observed up to 1.1 nm, and it followed normalcy for the remaining period of simulation (Supplementary Figure 1B). RMSF explains the residual mobility and integrity of the structure. The observed RMSF-P for the residues up to 300 was below 0.3 nm, whereas the protein tail above residue number 300 showed fluctuation up to 0.56 nm (Supplementary Figure 1C). Hydrogen bonds between curcumin (42) and Mpro protein over the period of analysis were determined with Gromacs g_hbond utility. A maximum of five hydrogen bonds were observed during MD simulation, whereas two to three hydrogen bonds were observed consistently throughout the simulation time (Supplementary Figure 1D). The short-range electrostatic (Coul-SR) and van der Waals/hydrophobic (LJ-SR) interaction energies between protein and compound (42) explained promising electrostatic as well as hydrophobic interactions. The average values of Coul-SR −44.55 ± 5.0 kJ/mol and LJ-SR −114.97 ± 6.1 kJ/mol were observed. This suggests that the role of hydrophobic interaction was more important than the electrostatic interactions in stabilizing the complex.

A similar evaluation was done for Mpro with solanine (4). Here, the RMSD-P value was observed in the range of 0.1–0.28 nm with an average of 0.19 nm (Supplementary Figure 2A). Despite having multiple rotatable bonds, the RMSD-L was observed in the range of 0.13–0.37 with an average value of 0.25 nm (Supplementary Figure 2B). The observed RMSF-P for the residues up to 300 was below 0.25 nm, whereas the protein tail above residue number 300 showed fluctuation up to 1.0 nm (Supplementary Figure 2C). Overall, this ligand–receptor complex showed a maximum of eight hydrogen bonds, whereas five H-bonds were consistently observed over the period of time (Supplementary Figure 2D). The short-range electrostatic (Coul-SR, energy: −264.7 ± 5.1 kJ/mol) and van der Waals/hydrophobic (LJ-SR, energy: −173.9 ± 3.6 kJ/mol) interaction energies suggested promising interactions between the ligand and the protein. The contribution of electrostatic interactions was found to be higher than that of the hydrophobic interactions.

For solanine (4) in complexation with spike protein, the RMSD-P values in the range of 0.08–0.17 nm (average 0.12 nm) explained the stability of the protein while having solanine (4) in the active site (Supplementary Figure 3A). Solanine (4) exhibited RMSD-L values in the range of 0.11–0.42 nm consistently except for the time duration from 9.06 to 9.76 where a sharp shoot in RMSD-L was observed up to 0.68 nm, and it followed normalcy for the remaining period of the simulation (Supplementary Figure 3B). Here, the overall RMSF-P value below 0.35 nm also supports the stability of the protein in the presence of the ligand in the active site (Supplementary Figure 3C). This ligand–receptor complex showed a maximum of six hydrogen bonds, whereas three to four H-bonds were consistently observed over the period of time (Supplementary Figure 3D). The short-range electrostatic (Coul-SR, energy: −91.30 ± 9.5 kJ/mol) and van der Waals/hydrophobic (LJ-SR, energy: −97.88 ± 2.3 kJ/mol) interaction energies suggested promising interactions between the ligand and the protein.



Discussion

SARS-CoV-2 Mpro and Spike Glycoprotein RBD bound to ACE2 inhibitory activities were evaluated for a diverse class of compounds that include: terpenoids, coumarins, flavonoids, glycosides, phenols and polyphenols, catechins, etc. Of all the groups of flavonoids studied, flavonol glycosides like rutin, astragalin, quercitrin, baicalin, myricetin-3-glucoside, amentoflavone, etc., showed better docking scores than the other groups of this category. Flavones (apigenin, chrysin, and luteolin) and soyabean isoflavones (daidzein and genistein) showed moderate binding affinity for MPro. Further, of the flavan 3-ols (catechins/procyanidins), complex oligomeric procyanidins (procyanidin A3, procyanidin A4, procyanidin A1, and procyanidin B3) were found to be having very good binding scores. Simple phenolic glycosides like salicin and arbutin have scores of −8.448 and −7.137, respectively. Among the furanoid diterpene glycosides found in Tinospora cordifolia, cordifoliside D showed a good score against Mpro. Anthraquinones, hypericin, and emodin 8-glucoside are good candidates for targeting MPro. Solanine, a steroidal glycoside, rutin, and acetoside are among the best compounds as far its binding ability with Mpro and spike RBD are concerned. Curcumin and acetoside covalently inhibit Mpro. Curcumin also passes Lipinski's rule of five and possesses good pharmacokinetic parameters when investigated in silico. The MD simulation study showed the time-dependent stability of ligand–receptor complexes (curcumin with Mpro, and solanine with Mpro and spike RBD) for period of 10 ns.




CONCLUSION

Among the total of 170 phytoconstituents screened virtually, 59 phytochemicals showed comparatively good Mpro inhibition. Two of them (curcumin and acetoside) showed covalent bonding with Cys145 of Mpro. The same set of phytoconstituents were docked against Spike glycoprotein RBD bound to ACE2. About 10 bioactive compounds were found to inhibit spike glycoprotein RBD as well. While investigating the overall docking result, it was found that solanine, rutin, and acetoside potentially inhibit both the receptors so they can serve as dual receptor inhibitors. However, these compounds did not possess comparatively good ADMET parameters. One can modify their structures to develop good ADMET parameters. From the above study, Curcumin was found to possess good Mpro inhibition as well as better ADMET properties. Solanine was further assessed for their solanine–Mpro receptor complex and solanine-spike RBD complex stability with MD simulation study, which makes it a dual receptor inhibitor.
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A new strain of coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) responsible for the coronavirus disease 2019 (COVID-19) pandemic was first detected in the city of Wuhan in Hubei province, China in late December 2019. To date, more than 1 million deaths and nearly 57 million confirmed cases have been recorded across 220 countries due to COVID-19, which is the greatest threat to global public health in our time. Although SARS-CoV-2 is genetically similar to other coronaviruses, i.e., SARS and Middle East respiratory syndrome coronavirus (MERS-CoV), no confirmed therapeutics are yet available against COVID-19, and governments, scientists, and pharmaceutical companies worldwide are working together in search for effective drugs and vaccines. Repurposing of relevant therapies, developing vaccines, and using bioinformatics to identify potential drug targets are strongly in focus to combat COVID-19. This review deals with the pathogenesis of COVID-19 and its clinical symptoms in humans including the most recent updates on candidate drugs and vaccines. Potential drugs (remdesivir, hydroxychloroquine, azithromycin, dexamethasone) and vaccines [mRNA-1273; measles, mumps and rubella (MMR), bacille Calmette-Guérin (BCG)] in human clinical trials are discussed with their composition, dosage, mode of action, and possible release dates according to the trial register of US National Library of Medicines (clinicaltrials.gov), European Union (clinicaltrialsregister.eu), and Chinese Clinical Trial Registry (chictr.org.cn) website. Moreover, recent reports on in silico approaches like molecular docking, molecular dynamics simulations, network-based identification, and homology modeling are included, toward repurposing strategies for the use of already approved drugs against newly emerged pathogens. Limitations of effectiveness, side effects, and safety issues of each approach are also highlighted. This review should be useful for the researchers working to find out an effective strategy for defeating SARS-CoV-2.

Keywords: COVID-19, SARS-CoV-2, drugs, vaccines, in silico approaches


INTRODUCTION

The novel coronavirus disease, COVID-19, was first identified in the city of Wuhan, China at the end of December 2019. At the onset of the disease a series of pneumonia incidents were reported to China National Health Commission on 7 January 2020. Subsequently, similar cases spread rapidly throughout the world, and the World Health Organization (WHO) declared the situation a global pandemic on 11 March 2020 (Tahir ul Qamar et al., 2020a; Wang D. et al., 2020). As of 22 November 2020, around 57 million confirmed cases and over 1.3 million deaths have been reported in 220 countries and territories across the world (WHO, 2020b). The causative agent of COVID-19 is named severe acute respiratory syndrome (SARS)-CoV-2 by the International Committee on Taxonomy of Viruses due to 89% nucleotide similarity with bat SARS-like CoVZXC21 and 82% with human SARS-CoV (Abd El-Aziz and Stockand, 2020; Chan et al., 2020).

To prevent loss of lives and socioeconomic impacts due to COVID-19, scientists are currently undertaking numerous trials to find preventive measures and therapeutics to control the pandemic at the earliest possible time. As of 22 November 2020, around 4,000 studies on COVID-19 were registered in the US National Library of Medicine (NLM) website1, of which many are ongoing in different hospitals around the world. These studies mostly focused on vaccines trials, drugs development, and in silico therapeutics for the patients.

Clinical trials of antiviral drugs, such as remdesivir (Beigel et al., 2020), hydroxychloroquine and azithromycin (Gautret et al., 2020), favipiravir (Chen C. et al., 2020), ritonavir and lopinavir (Hung et al., 2020), methylprednisolone, epoprostenol, sirolimus, sarilumab, and anakinra (Wu R. et al., 2020) are ongoing in China, US, UK, and several European countries. Among them, remdesivir is effective against CoVs related to SARS, MERS (Amanat and Krammer, 2020), and Ebola virus, although comparatively less effective than other treatments (Mulangu et al., 2019). Likewise, chloroquine and hydroxychloroquine, which promote antiviral actions against human immunodeficiency virus (HIV) and acquired immune deficiency syndrome (AIDS), are on trial to treat COVID-19 patients (Rosa and Santos, 2020). Moreover, lopinavir, ritonavir, arbidol, and favipiravir are under trial phases all over the world, but their efficacy is yet to be confirmed, and some of the trials have been terminated due to failure in patients1.

There are 16 vaccines in human trials (biorender.com), including some that have been used previously and patented. Owing to the genetic similarities, previously developed SARS and Middle East Respiratory Syndrome (MERS) vaccines might be effective (Liu C. et al., 2020), but their clinical trials against SARS-CoV-2 infection are yet to take place. WHO has accorded many vaccines based on a variety of technologies, and only RNA and non-replicating vector vaccines are brought into human safety trials. Although a few vaccines (mRNA-1273, ChADOx1 nCoV-19, MMR) have entered into their third and fourth trial phases and thousands of volunteers have been recruited, thus far, none are confirmed to be operative against COVID-19 (Cohen, 2020b).

Researchers have suggested the use of some acknowledged antiviral drugs like nucleoside analogs, RNA-dependent RNA polymerase (RdRp), HIV protease inhibitors, and angiotensin-converting enzyme 2 (ACE2) as promising for COVID-19 treatment (Shah et al., 2020). For instance, three CoV-2 chimeric proteins nucleocapsid, ORF3a, and membrane proteins are evaluated by docking models and constructed a multiepitope vaccine candidate NOM, which is capable of modulating humoral and cell-mediated immune responses (Enayatkhani et al., 2020). In addition, statins, a group of cholesterol-lowering drugs known to inhibit the enzyme SARS-CoV-2 main protease (Mpro), could be a potential drug target. Reiner and collaborators demonstrated that statins (pitavastatin, rosuvastatin, lovastatin, and fluvastatin) hold the binding energy to inhibit SARS-CoV-2 Mpro (Reiner et al., 2020). Moreover, a number of in silico studies revealed that peptide-like and small molecules including drugs (cobicistat, ritonavir, lopinavir, and darunavir) are potentially effective CoV-2 protease inhibitors (Pant et al., 2020; Shah et al., 2020). Added to this, some non-traditional drug discovery techniques, such as artificial intelligence (AI) and machine learning, showed potential to develop alternative treatments and therapeutics for COVID-19 (Omolo et al., 2020).

Researchers from various locations are seeking therapeutics for the prevention and control of COVID-19. Previously, limited reviews like vaccine pipeline of SARS-CoV-2 (Abd El-Aziz and Stockand, 2020; Chan et al., 2020) and clinical features of COVID-19 patients (Huang C. et al., 2020) were published to provide frequent updates about CoV-2. There is no report that included in silico approaches related to studies on drugs and vaccines against COVID-19. The present study comprehensively reviewed recent literature on various drugs, vaccines, and computational bioinformatics approaches relevant to COVID-19. A revisit to the discoveries of COVID-19 therapeutics is intended to provide updated knowledge about ongoing trials and future scope for investigation, of interest to researchers, and policymakers.



METHODOLOGY AND DATA COLLECTION APPROACHES

This review article is written on the basis of selected evidence from the literature available on Google Scholar and PubMed published in reputable journals. The criteria considered for searching articles on the web are the key words like SARS-CoV-2, COVID-19, drugs, vaccines, in silico approaches, drug suggestions for COVID-19, clinical trials of the drugs and vaccines, etc., and publication date and journal impact were also considered. In most cases, articles published in 2020 and during the COVID-19 period were taken into account. A few papers published before 2020 and websites updating situation reports are also cited here to document previous viral outbreaks. The health register of the US National Library of Medicine (clinicaltrials.gov), European Union (clinicaltrialsregister.eu), Chinese Clinical Trial Registry (chictr.org.cn), and Vaccine Tracker (biorender.com) were emphasized for their consideration of trials of drugs and vaccines worldwide. All published articles including some preprints from aRxiv and medRxiv are extensively reviewed and cited. Therefore, this review paper provided a broad and shallow overview of the research landscape of COVID-19 pandemic that could be useful for background information of the topic.



PATHOGENESIS AND SYMPTOMS OF COVID-19

After binding with angiotensin-converting enzyme (ACE)-2 by spike protein, the primary entry of SARS-CoV-2 in human cells is facilitated by protease enzyme transmembrane protease serine 2 or TMPRSS2 (Guo et al., 2020; Hoffmann et al., 2020). S1 and S2 domain of CoV-2 helps fusion (cell membranes and viral envelope) and triggers viral entry. After fusion, CoV-2 replication occurs in cell cytoplasm (Ashour et al., 2020; Mousavizadeh and Ghasemi, 2020). Spikes of CoV-2 show 10–20 times higher binding affinity with ACE-2 relative to other CoVs (Wrapp et al., 2020), and thus, ACE-2-enriched heart, lung, bronchus, nasal mucosa, kidney, ileum, stomach, and other internal organs become the primary site of CoV-2 attack leading to respiratory sickness and pneumonia (Li X. et al., 2020). The drugs and vaccines that are undergoing worldwide clinical trials have some specific targets in the host cells. ACE-2 is highly expressed in different internal and respiratory organs and is considered as a major druggable target where drugs inhibit the ACE-2 and S protein complex formation (Figure 1) (Li X. et al., 2020; Wrapp et al., 2020). Kam et al. (2009) and Shulla et al. (2011) reported viral entry and infection-facilitating human alveolar and airway protease (TMPRSS2) could be another potential target of drugs. Moreover, ongoing therapeutics trials are also targeting the interruption/inactivation of SARS-CoV-2 replication cycle, RNA release, proteases enzymes performances, inflammatory pathway activation, and development of cytokine storms in human cells (Sohag et al., 2020).


[image: Figure 1]
FIGURE 1. Graphic showing seven possible drug targets in viral replication process and drugs. Target 1: Spike protein blocked by arbidol and monoclonal antibodies which could bind with ACE2. Target 2: ACE2 intervened by azithromycin and chloroquine to inhibit formation of ACE2 and S protein complex. Target 3: TMPRSS2 inhibited by Camostat Mesylate to block cleavage and S protein activation. Target 4: Proteases inhibited by ritonavir, lopinavir, and/or oseltamivir that inhibit viral replication. Target 5: Endosomes targeted by chloroquine and its derivatives to increase pH and block viral RNA release from endosomes. Target 6: RdRp intervened by remdisivir, favipiravir, and/or ribavirin and cause premature termination of RNA synthesis.


SARS-CoV-2 pathogenesis is broadly characterized as (i) entry and spread of virus, (ii) infection pathology, (iii) acute respiratory distress syndrome (ARDS), (iv) proinflammatory cytokine enhancement, and (v) dysfunction of immunity (Jin et al., 2020; Li X. et al., 2020). CoV-2 is mainly transmitted through respiratory droplets and social human contact, and primary replication occurs in the nasal cavity and pharynx with subsequent multiplication in the lower respiratory and gastrointestinal mucosa (Xiao et al., 2020). Secretion of mucus in the lungs of COVID-19 patients was not identical with previously detected SARS and MERS infections (Liu X. et al., 2020). Pathology of CoV-2 infection in lungs includes amphophilic granular cytoplasm, pulmonary edema and formation of haline membrane, mononuclear inflammatory infiltrates, increased number of lymphocytes, and enlarged pneumocytes (Mason, 2020; Xu Z. et al., 2020). These types of injuries in the lungs prevent pulmonary oxygen uptake by bronchiole, disrupt O2 circulation in the body, and hinder respiration collectively known as ARDS, which is fatal/lethal for the infected patients (Kaul, 2020; Mousavizadeh and Ghasemi, 2020). CoVs infections cause high virus titers and dysregulation of different proinflammatory cytokines [interleukin (IL)-1β, 8, 6; granulocyte macrophage colony stimulating factor] and chemokines [interferon-γ induced protein-10; C-C motif chemokine ligand (CCL)-2, 3, 5] termed as cytokine storm (Jiang et al., 2005; Cameron et al., 2008) resulting in immunopathological alteration in the lungs (Ye et al., 2020). Antiviral immune responses and over activation of T cells were determined through increased transcription of cluster of differentiation (CD)-4 and 8 (Rockx et al., 2020; Xu Z. et al., 2020). An elevated abundance of proinflammatory and cytotoxic granules is indicative of immune dysfunction in patients. It is postulated that the detection of antibody and RNA together could significantly improve the sensitivity of diagnosis for COVID-19 (Zhao et al., 2020).

The first three patients in China demonstrated severe pneumonia and two of them suffered from simple illness like fever and cough (Zhu et al., 2020). The first Cov-2 infection in the US showed basilar streaky opacities in lungs through radiography, but the pneumonia symptom was detected after 10 days (Holshue et al., 2020). Currently, UK government identified “loss of smell and taste” symptom in COVID-19 patients. Although reverse transcription quantitative PCR (RT-qPCR) is recommended for detecting SARS-CoV-2, chest CT scan may act as auxiliary method of COVID-19 diagnosis. Subsegmental consolidative area and parenchymal pulmonary ground glass opacities in lung, which are seen in the CT analysis of SARS and MERS, are also common responses to CoV-2 infection (Li X. et al., 2020). Asymptomatic human act as vectors of viral transmission and have been responsible for the rapid spreading of CoV-2. Oral and anal swabs including blood samples are typically used in CoV-2 detection. This virus can be found in oral swabs at the primary infection, anal swabs in later stage, and normal or 50% reduction in white blood cells after infection (Zhang W. et al., 2020). A study with over 400 COVID-19 patients revealed the mean incubation time of SARS-CoV-2 to be 12.5 days, which can be extended up to 24 days to induce infection symptoms (Guan et al., 2020). Among the 1,324 confirmed cases, 87.9 and 67.7% showed fever and cough, respectively (Jin et al., 2020), and 82.1% showed lymphopenia among ICU admitted patients (Yang et al., 2020). In early January 2020, the common clinical symptoms of COVID-19 among the patients of 41 hospitals in Wuhan, China included fever (98%), cough (76%), and myalgia or fatigue (45%). Among those patients, 66% had direct exposure to the Wuhan Huanan Wholesale Seafood Market, the epicenter of the COVID-19 outbreak. Symptoms including sputum production, headache, hemoptysis, and diarrhea were less frequently observed in 28, 8, 5, and 3% of patients, respectively (Huang C. et al., 2020). In addition, 96% of 138 patients (Wang D. et al., 2020) and 18% of 44 patients (Huang C. et al., 2020) demonstrated fatigue (Figure 2).
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FIGURE 2. Schematic showing the symptoms of COVID-19 patients, and candidate drugs, vaccines in clinical trial, and in silico medicine with their mode of administration [Sources: (WHO, 2020a); CDC (Centers for Disease Control and Prevention (CDC), 2020); US NLM1; published reports].


Several comorbidities like cardiovascular and cerebrovascular diseases including coagulation activation, cellular immune deficiency, myocardia, hepatic, and kidney injury with secondary bacterial infections have been observed in patients in China. To recapitulate, COVID-19 is more likely to affect older men with comorbidities who develop acute respiratory distress syndrome, resulting in worse situation and death of the patients in a short period of time (Chen N. et al., 2020).



VACCINES IN CLINICAL TRIAL

A significant development of vaccine technology has taken place in the last decade because of the invention of different candidate RNA and DNA vaccines, vectored vaccines, recombinant protein vaccines, and cell-culture-based vaccines (Amanat and Krammer, 2020). Now, it is essential to develop biologically safe and side effects free vaccines against COVID-19, for prevention and spreading of the second wave of pandemic. Because of significant genetic similarity, Liu and colleagues (Liu C. et al., 2020) mentioned that vaccines of SARS and MERS-CoVs might be effective against COVID-19. Moreover, neutralizing antibodies against S protein showed effectiveness of SARS and MERS-CoVs infection control, which has potential as an effective approach of COVID-19 treatment (Rabaan et al., 2020). However, a comparison of full-length sequence between SARS-CoV and COV-2 demonstrated most variable residues in S1 subunit of COV-2 spike (S) protein, and thus, vaccine-induced specific neutralizing antibodies effective against normal CoVs may be ineffective for controlling SARS-CoV-2 (Yu et al., 2020). Recently, convalescent plasma therapy is playing pivotal roles for CoV-2-infected critical patient recovery and prophylactic measures for the persons involved in COVID-19 treatment and patients with comorbidities (Keam et al., 2020). Plasma must be collected after 14 days after completion of COVID-19 recovery with CoV-2 neutralizing antibody (titer > 1:320). Available technology has the capacity to produce non-structural proteins, cysteine-like protease, and papain-like proteases to traverse the infected cells membrane to inhibit CoV replications, which can be considered for passive immunization of CoV-exposed and infected individuals (Dhama et al., 2020; Venkat Kumar et al., 2020).

Currently 7, 28, 5, 25, and 20 teams are working on the development of inactivated, protein subunit, virus-like particle, vector-based and DNA-RNA based vaccines, respectively, against COVID-19, although clinical trials are inadequate in response to present pandemic situation (Callaway, 2020). Previously, different types of vaccines effectively protected animals against SARS-CoV, but sometimes, live virus vaccine led to lung damage and eosinophil infiltration in mouse (Tseng et al., 2012) and liver infections in ferrets (Weingartl et al., 2004). A new vaccine typically follows R&D, clinical trials, and approval from regulatory institutions, requiring 12–18 months to be available for marketing (Verch et al., 2018).

Chen W. H. et al. (2020) broadly divided COVID-19 vaccines in trial into three groups: whole virus vaccine, subunit vaccine, and nucleic acid vaccine. Vaccine platforms against SARS-CoV-2 can be divided as RNA–DNA, recombinant protein, viral vector based, live attenuated, and inactivated vaccine (Amanat and Krammer, 2020; Dhama et al., 2020; Uddin et al., 2020). The key features of COVID-19 vaccines must have unwanted immunopotention minimization, adult health care acceptability in consideration of diabetes or hypertension, and stockpiling suitability (Chen W. H. et al., 2020).

Most vaccine-developing organizations are trying to develop CoV-2 S protein antibody in the human body by delivering S antigen through vaccine injection. mRNA-1273 is the first vaccine against COVID-19 that uses SARS-CoV-2 S protein-coded mRNA in a special type of lipid nanoparticles for injection (Hodgson, 2020). Moderna Therapeutics (Cambridge, USA) with other two organizations are jointly working for its development and clinical trial (NCT04283461 and NCT04405076) (Table 1). That vaccine has been injected first outside China to Ms. Jennifer Haller, a tech company operations manager in Seattle, USA (Cohen, 2020b). It is assumed that, after injection, host cells will uptake mRNA and produce protein in the immune system to generate responses against CoV-2 spike invasion and infection. mRNA-1273 vaccine has passed phase I and II through 105 and 600 volunteers (aged 18–54), and the recommended dose is 50 μg, but this vaccine is as yet unavailable in markets (Cohen, 2020b). Recently, vaccination of mRNA-1273 (NCT04283461) among 45 healthy adults divided in three dose groups (25, 100, and 250 μg) have induced anti-SARS-CoV-2 immune responses in all participants. In addition, no trial-limiting safety apprehensions were identified among those participants, which supports further development of the vaccine (Jackson et al., 2020). A similar type of mRNA vaccine, SCB-2019 under development by Clover Biopharmaceuticals (Changxing, China), is in phase I with a clinical trial (NCT04405908) of 150 individuals. A trimeric CoV-2 S protein is produced by mammalian cell culture, after injection might develop antibody against this virus binding with host cells to prevent infection. Its initial and day 22 recommended doses are 3 and 30 μg, respectively. The estimated completion date is March and November 2021 for SCB-2019 and mRNA-1273 vaccines1. Novavax (Maryland, USA) is currently researching with NVX-CoV2373 nanoparticles based vaccine at phase I in 131 individuals (NCT04368988, EudraCT2020-004123-16). At the start, Sf9 insect cells infected with baculovirus vectors to express CoV-2 S protein at cell surface resulted in immunogenic nanoparticles production. Intramuscular injection of these nanoparticles helped antigen-presenting cells to enter the local lymph nodes. In addition, currently mRNA-based vaccines from major pharmaceutical corporations like CureVac (Tubingen, Germany), Pfizer (New York, USA), and BioNTech (Mainz, Germany) are also waiting for or undertaking human clinical trials (Uddin et al., 2020). If CoV-2 S protein antibody is sufficiently strong to prevent virus engulfment by endosomes or fusion with host cells, viral protein activation and replication could be inhibited effectively.


Table 1. Current vaccines in clinical trials against COVID-19 [source: Biorender (Biorender, 2020) and US NLM1].
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SARS-CoV-2 propagation through cell culture and then inactivated by propiolactone has turned into a vaccine, CoronaVac, developed by Sinovac Biotech Co. (Beijing, China). This vaccine may produce diverse immune responses against CoV-2 and is not harmful in human trials (NCT04352608, NCT04383574) because of the use of inactivated virus. It is in phase II trial with a recommended dose 300 SU/ml day at day 1 and after 4 weeks. The final result of this trial could be in hand by July 2020 (Table 1). Similarly, inactivated adenovirus vaccine Ad5-nCoV (CanSino Biologics, China) is now in phase II by assuming the possibilities of antibodies development to prevent CoV-2 entrance through spikes in human cells. Its phase I clinical trial (NCT04313127, ChiCTR2000031781, ChiCTR2000030906) involved 108 volunteers (aged 18–60 years) in Wuhan, China and is expected to be completed in December 2022 (Thanh Le et al., 2020). Another attenuated adenovirus vaccine, ChAdOx1 nCoV-19, is under phase II/III developed by University of Oxford, UK. Its composition and mechanisms of action are identical to other S-protein-based vaccines like mRNA-1273 and SCB-2019. ChAdOx1 nCoV-19 recommended one singular dose at 5 × 1010 vaccine particle (vp), but SCB-2019 described different doses at different times (Table 1). Moreover, the Lancet journal published preliminary findings of ChAdOx1 nCoV-19 (NCT04324606, EudraCT 2020-001072-15, EudraCT 2020-001228-32) on safety, reactogenicity, and cellular and humoral immune responses on July 20, 2020. The results revealed a satisfactory safety profile, and homologous boosting increased antibody responses. ChAdOx1 nCoV-19 resulted in the induction of both humoral and cellular immune responses against SARS-CoV-2, with increased responses after a second dose supports largescale evaluation of this candidate vaccine in an ongoing phase III program. Besides, further clinical studies with older adults were recommended by the authors (Folegatti et al., 2020).

Bacille Calmette-Guérin (BCG) and measles, mumps, and rubella (MMR) are vaccines of live attenuated Mycobacterium bovis and MMR-specific viruses. Previously, it was ensured that BCG and MMR not only prevent their respective infections but also reduced severity and morbidity through cross-reaction of other respiratory diseases/infections. Already, 14 human trials of BCG by different research organizations are completed and continuing in phase IV. MMR is in phase III with clinical trial (NCT04357028) of 200 people at a dose of 0.5 ml subcutaneous injection. Both vaccines are not against CoV-2 but may reduce the respiratory sickness induced among COVID-19 patients.

The Bill and Melinda Gates Foundation sponsored a DNA vaccine, INO-4800, developed by Inovio Pharmaceuticals (Plymouth Meeting, USA). Cellectra Technology (electric impulse) is used to deliver this S protein encoded plasmid antigen intracellularly by creating a small pore for easier uptake. Treated subjects may create antibodies against CoV-2 based on codes in DNA plasmid, and it is now in phase I clinical trial (NCT04386252) at a dose of 1.0 mg intradermal (ID) injection at 0 and 4 weeks. To produce AV-COVID-19 vaccine, initially, blood monocytes are differentiated into dendritic cells (DC) by IL-4 and granulocyte-macrophage colony-stimulating factor (GM-CSF) after incubation with CoV-2 antigen. Aivita Biomedical (California, USA) developed AV-COVID-19, which is undergoing phase I/II clinical trial (NCT04386252) with 180 volunteers and is estimated for completion in April 20211.

Shenzhen Geno-immune Medical Institute, China developed Covid-19/artificial antigen-presenting cells (aAPCs) and LV-SMENP-DC vaccines by the lentivirus-modified DC, immune modulatory genes, and CoV-2 viral minigenes (SMENP). The mode of actions of both vaccines are priming of T lymphocytes against CoV-2. In the case of Covid-19/aAPC, the subject will get three subcutaneous injections (5 × 106 cell), and this treatment is now in phase I trial with 100 volunteers (NCT04299724). Initially, human trial (NCT04276896) of LV-SMENP-DC used a single dose of Covid-19/aAPC injection (Table 1) followed by 1 × 108 cytotoxic T lymphocytes (CTLs) intravenous infusion. Patients are followed up weekly for 1 month, monthly for 3 months, and then every 3 months after infusion, until the end of trial.



DRUGS IN CLINICAL TRIAL

Remdesivir, a nucleotide analog prodrug that is intracellularly metabolized to adenosine triphosphate, could inhibit SARS-CoV-2 and MERS-CoV and non-clinically demonstrated therapeutic efficacy against viruses (Grein et al., 2020). Two clinical trials have referred to the use of remdesivir in COVID-19 patients (Rosa and Santos, 2020). The clinical efficacy and safety of remdesivir or placebo among COVID-19-positive adult patients were assessed in 60 trial sites and 13 subsites worldwide including the UK and US. A double-blind, randomized placebo-controlled intravenous administration of remdesivir at a dose of 200 mg on day 1 followed by 100 mg of placebo for additional 9 days was assigned at a 1:1 ratio to receive either remdesivir or placebo. During the trial, all patients received standard supportive care from hospitals from day 1–29. In a 10-days course, remdesivir was suggested to be superior to placebo in terms of recovery. Besides this, no associated deaths were reported in the trials except some serious adverse events in 21.1 and 27% patients in remdesivir and placebo group, respectively. However, early unblinding of the results were recommended by the data and safety monitoring board (Beigel et al., 2020). In addition, patients having <94% oxygen saturation or receiving oxygen support were provided remdesivir at the aforementioned dose, and 68% of oxygen-support class experienced an improvement, while only 57% of mechanical ventilation subjects improved, and the death rate was 13% (Grein et al., 2020). Similar findings were reported from a 40-year-old patient admitted to the hospital with 2-days history of dry cough, shortness of breath, and subjective fever supplemented with 100 mg intravenous remdesivir at every 24 h for 9 days after 13th days of illness. The patient started to progress after 48 h and became stable at room air at 17th day of illness leading to discharge from the hospital (Hillaker et al., 2020). The combined effect of remdesivir and emetine also confirmed antiviral activity to inhibit SARS-CoV-2 in vitro (Choy et al., 2020).

An experimental combination of treatments has been used in response to an outbreak in the US White House in response to President Trump's COVID-19 infection (Cohen, 2020a). Remdesivir was administered intravenously under emergency approval. An experimental combination of monoclonal antibodies produced by Regeneron was also used, the US Food and Drug Administration terms for Expanded Access, to allow treatment with experimental drugs. These antibodies are believed to interfere with viral binding to receptors in human cells. Added to this, a combination of monoclonal antibodies that act upon different epitopes on viral surface could be analyzed. A variety of monoclonal antibodies that inhibited SARS-CoV (e.g., 80R, CR3014, CR3022, m396, 4D4, etc.) and MERS-CoV (e.g., MERS-4, MERS-27, m336, G4, D12 etc.) could be tested against SARS-CoV-2. However, producing monoclonal antibodies in large scale is labor intensive, expensive, and time consuming (Shanmugaraj et al., 2020). Dexamethasone was also provided to subdue pathological immune responses sometimes associated with COVID-19. The results of these treatments appear promising but have thus far been kept confidential; the online SCIENCE article is likely to be updated.

Hydroxychloroquine (HCQ) and chloroquine (CQ) are antimalarial drugs having antiviral action against HIV by inhibiting entry into host cells (Rosa and Santos, 2020). In addition, they can alter post-translation of newly synthesized protein by inhibiting glycosylation (Rolain et al., 2007). Gautret and colleagues evaluated the effect of HCQ on respiratory viral loads in over 12 years old COVID-19 patients in the hospital of Marseille, South France. All patients were given 200 mg of HCQ orally thrice daily during the 10-days trial and six of them received azithromycin (AZ; control group) for preventing bacterial infection. The combined treatment of HCQ + AZ, HCQ, and control resulted in 100, 57.1, and 12.1% cure, respectively. Therefore, HCQ is promising to reduce viral load in COVID-19 patients that is further strengthened by addition of AZ (Gautret et al., 2020). Another trial involving 1,061 patients lasted at least 3 days and a maximum of 10 days with HCQ + AZ and resulted in 92% of improved clinical condition with reduced viral load within 10 days, except for 4% poor clinical condition and 1% death (Million et al., 2020). A recent New England Journal of Medicine report (3 June 2020) revealed ineffectiveness of HCQ to prevent illness related to or confirmed COVID-19 cases. Here, HCQ was used in a double-blind, placebo-controlled trial as post-exposure prophylaxis among 821 asymptomatic patients in the US and Canada within 4 days after exposure. Subsequent illness related to COVID-19 or laboratory-confirmed incidences were reported after 14 days of treatment (Boulware et al., 2020).

CQ was found to be a potential antiviral agent in 2006 (Savarino et al., 2006) and active against CoV-2 infection at lower micromolar concentrations (Wang M. et al., 2020). Patients affected by COVID-19 were discharged from the hospital more quickly after receiving 500 mg of CQ twice daily with 400 mg/100 mg/capsule of lopinavir/ritonavir. In addition, the clearance of lung and CoV-2 negative result even after 2 days of treatment was notable. On the other hand, some responses were reported, including vomiting (most common), abdominal pain, diarrhea, nausea, rash, cough, and shortness of breath. In general, CQ was well-tolerated by the patients (Dong L. et al., 2020; Huang M. et al., 2020), and it can modulate immunity in the whole body including the lungs, which demonstrated enhanced antiviral activity (Wang M. et al., 2020).

Favipiravir is another nucleoside analog that has been used previously against SARS- and MERS-CoVs, although the efficacy is debatable (Cai et al., 2020). In recent times, favipiravir inhibited SARS-CoV-2 in Vero E6 cells, where its half-maximal effective concentration (EC50) was 67 μmol L−1 (Wang M. et al., 2020) and was found to prevent mice from infection with the Ebola virus (Oestereich et al., 2014). Recently, 120 patients from Wuhan, China were assigned to receive favipiravir for 10 days in a controlled, randomized, and open-label trial. Consequently, patients experienced relief from pyrexia and cough in shorter latencies leading to early clinical recovery (Chen C. et al., 2020). In another trial, favipiravir was assessed after 14 days of administration, which resulted in viral clearance in shorter time than the control group along with notable improvement in chest computed tomography (CT). In the adverse event, favipiravir-treated group suffered less than the control group, 11.43 and 55.56%, respectively (Cai et al., 2020). Furthermore, a phase III randomized, double-blind trial of favipiravir is ongoing with 50 participants in Bangladesh, and the trial is expected to be completed in July, 2020 (clinicaltrials.gov). Participants will be assessed by primary and secondary outcome measures, which include negative results of viral presence, change in lung condition, and clinical recovery.

Interferon (IFN) reportedly inhibits SARS CoVs, although it is used to treat hepatitis (Stockman et al., 2006). The specific method for administration of IFN-α is vapor inhalation at a dose of 5 million international units (MIU) with 2 ml of sterile water for injection with a frequency twice daily (Dong L. et al., 2020). A combination of IFN-β1b with ribavirin, lopinavir, and ritonavir through subcutaneous injection and nasogastric tube have brought about better clinical conditions and viral clearance (Table 2). During a 14-days trial, a combination of ribavirin (400 mg) at every 12 h, lopinavir (400 mg), and ritonavir (100 mg) every 12 h, three doses (8 MIU) of IFN-β1b on alternate days (combination group), or only the above-mentioned dose of lopinavir and ritonavir (control group) were supplemented. Overall, the combination treatment eased mild to moderate COVID-19 symptoms (Figure 2) with no serious adverse events and reduced the time of viral shedding and the duration of hospital stay (Hung et al., 2020).


Table 2. Current drugs in clinical trials against COVID-19.
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Arbidol, also known as umifenovir, is another influenza virus inhibitor patented for SARS treatment with no adverse effects (Wang M. et al., 2020) and is undergoing four clinical trials with basic treatment, oseltamivir, rotinavir–liponavir, and carrimycin (Rosa and Santos, 2020). Among them, oseltamivir is an approved drug for inhibiting influenza A and B by blocking viral entry and reducing their spreading in respiratory tract (Uyeki, 2018). Besides these, a clinical trial with 124 patients in Wuhan, China reported a 34.1% discharge of the patients, while 61.6% remain hospitalized. Major complications during hospital stay was ARDS, arrhythmia, and shock (Wang M. et al., 2020). Additionally, favipiravir revealed significant improvement of patients over arbidol in another trial (Chen C. et al., 2020). Tocilizumab, an IL-6 inhibitor, administered to patients from 5 to 14 February 2020, resulted in dramatic normalization of body temperature within 2 days of treatment. In addition, the clinical symptoms and peripheral oxygen saturation improved substantially after 5 days of treatment (Xu X. et al., 2020).

According to US NLM, most of the aforementioned drugs, viz. remdesivir, HCQ, AZ, and tocilizumab, are in phase III of clinical trials. Unfortunately, two of the remdesivir trials were postponed or terminated due to no eligible patients for the clinical study. On 2 June 2020, CQ and arbidol are recruiting in phase IV of the trial, although some (ribavirin, favipiravir) are still in phase II recruitment (Table 2).

The majority of the deaths associated with SARS-CoV-2 is convoluted with coagulopathy and disseminated intravascular coagulation (DIC) according to recently published reports. Besides, patients with severe COVID-19 are attacked by sepsis 3 (Singer et al., 2016) and venous thromboembolism (VTE) due to severe virus infection, respiratory dysfunction, and long-term bed rest including hormone treatment, respectively. Despite the continuing need to validate the efficacy, anticoagulants (e.g., heparin) have been recommended by experts (Cai et al., 2020; Huang M. et al., 2020). As for instance, among 449 patients in Tongji Hospital Wuhan, 99 patients received heparin as anticoagulant, where 94 patients received low molecular weight heparin (LMWH) with a dose of 40–60 mg enoxaparin/day and 10,000–15,000 U/day of unfractioned heparin, having no specific inclusion or exclusion criteria pointed out until now, with mortality of heparin users lower than that of the non-heparin users. Therefore, the scientists group found an association of low molecular weight heparin with severe COVID-19 patients' prognosis (Oestereich et al., 2014; Huang M. et al., 2020). To conclude, besides the current treatment of severe and critical COVID-19 patients, early initiation of IVIg and LMWH anticoagulant therapies are prescribed to control the number of deaths (Stockman et al., 2006; Huang M. et al., 2020).

According to a recently published article, an anticoagulant, namely, nafamostat, having potential anti-inflammatory and antiviral activities against COVID-19, has been tested on three elderly patients with acetaminophen. A dose of 200 mg of nafamostat was administered continuously for 24 h. Consequently, the C-reactive protein (CRP) level of the patients was found to be decreased from 2.61 to 1.32 mg/dl in patient 1, and similar results were also shown by the other two patients. On top, all the patients initially required oxygen; after administering nafamostat, however, they maintained 98% oxygen saturation without supplementation (Jang and Rhee, 2020).



IN SILICO MEDICINES

In silico approaches have gained more acceptance for their diverse applicability in molecular biology (Ekins et al., 2007; Yuriev et al., 2011; Papadatos and Brown, 2013). It is a rapidly growing area that is primarily used to identify, analyze, and integrate chemical, biological, and medical data using different software or online database and repositories (Husmeier et al., 2006; Kuhn et al., 2008). In silico drug repurposing strategy is an efficient method of suggesting from already approved drugs against lethal pathogens by using machine learning computational techniques and bioinformatics tools (Chang et al., 2007; Veljkovic et al., 2015; Shah et al., 2020). Over the years, chemical and biological data have been generated at an accelerated pace, marking the arrival into the “big data” era (Costa, 2014; March-Vila et al., 2017). This leads the scientific community to acquire new opportunities to link drugs to diseases, although this relationship is indirect and depends on complex mechanisms of action. Therefore, an improved understanding of the associations between drugs and their targets, and between targets and diseases, is essential for in silico drug discovery (Trivedi et al., 2020). During health complications induced by COVID-19, the entire world is eagerly anticipating treatment options against SASR-CoV-2, but the outcome remains uncertain. In this situation, the scientific community is trying to reuse the approved drug against COVID-19 by high throughput screening of different approved drug molecules against different probable drug targets of SARS-CoV-2 (Table 3). A huge number of in silico studies have already done in search of effective therapeutics against COVID-19, and a moderate number of drugs and suggested compounds are being tested under laboratory conditions or even in clinical trials with COVID-19 patients (Table 3).


Table 3. Suggested in silico medicines against COVID-19.
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Different computational approaches or machine learning methods are being used in in silico drug screening. Among the widely used approaches, molecular docking and molecular dynamic simulation play the most crucial role in drug discovery and development process, which also figure importantly in the suggestion of drugs with potential against COVID-19 (Table 3). Molecular docking is a method that predicts the ideal location of one molecule to a second when bound to each other to form a stable complex. It is often used to predict the binding alignment of small molecule drug candidates to their protein targets in order to predict the affinity and activity of the small molecule (Guedes et al., 2014; Chaudhary and Mishra, 2016). Molecular dynamic simulation is a machine learning approach where predicted in silico structures or drug target compounds are usually exposed to virtual cellular environment for the analysis of the stability of in silico structures or docked compounds (Dong et al., 2013; Martinotti et al., 2020). Other computational approaches such as homology modeling (Krieger et al., 2003), network-based identification (Zhou et al., 2020), drug-likeness, or absorption, distribution, metabolism, and excretion (ADME) analysis (Butina et al., 2002) have been used extensively in the screening of extensive numbers of drug candidates against SARS-CoV-2 (Table 3).

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA virus (ssRNA) consisting of 29,903 nucleotides and two untranslated sequences of 254 and 229 nucleotides at the 5′ and 3′ ends, respectively (Wu F. et al., 2020). These genes encode proteins responsible for the synthesis of surface spike glycoprotein, nucleocapsid phosphoprotein, envelope membrane glycoprotein, replicase complex, and five other proteins (Kadioglu et al., 2020). These proteins have been studied and suggested as potential drug targets which were also reported for many other corona viruses (Sanders et al., 2020). The mostly studied drug targets against COVID-19 include structural proteins of SARS-CoV-2 (spike glycoprotein, envelope protein, neucleocapsid protein), non-structural proteins of SARS-CoV-2 (Mpro, papain-like protease, RNA-dependent RNA polymerase, helicase), host cell target protein, and different cytokine release from host cellular environment (angiotensin-converting enzyme 2, transmembrane serine protease 2), and these are employed to both in silico and wet lab experiment for screening out effective inhibitors (Crosby et al., 2020; Li H. et al., 2020). In the present study, it has been found that Mpro (Chandel et al., 2020; Elmezayen et al., 2020; Kumar and Singh, 2020; Zhang D. et al., 2020), spike glycoprotein (S) (Hall and Ji, 2020; Kadioglu et al., 2020; Mohamed et al., 2020; Shah et al., 2020), nucleocapsid protein (Ge et al., 2020; Kadioglu et al., 2020; Musarrat et al., 2020; Sarma et al., 2020), and RNA-dependent RNA polymerase (RdRp) (Elfiky, 2020; Mohamed et al., 2020; Reiner et al., 2020) are the most widely studied drug targets for in silico drug development approaches, and several drug candidates suggested from computational screening are also being investigated under clinical trials (Table 3).

The review study recommended that Mpro is a widely targeted drug site for COVID-19 (Figure 1), and approximately 150 drug molecules have been suggested against Mpro of SARS-CoV-2 through different in silico drug repurposing techniques (Table 3). Lopinavir is the mostly suggested drug molecule for Mpro as recommended in recently published literature (Barros et al., 2020; Biembengut and de Arruda Campos Brasil de Souza, 2020; Chen Y. W. et al., 2020; Kumar and Singh, 2020; Mohamed et al., 2020; Mothay and Ramesh, 2020; Ortega et al., 2020; Pant et al., 2020; Shah et al., 2020). Besides, ritonavir (Barros et al., 2020; Chen Y. W. et al., 2020; Kumar and Singh, 2020; Mohamed et al., 2020; Mothay and Ramesh, 2020; Ortega et al., 2020; Pant et al., 2020; Shah et al., 2020), nelfinavir (Biembengut and de Arruda Campos Brasil de Souza, 2020; Chandel et al., 2020; Kumar and Singh, 2020; Mittal et al., 2020; Mohamed et al., 2020; Mothay and Ramesh, 2020), indinavir (Biembengut and de Arruda Campos Brasil de Souza, 2020; Hall and Ji, 2020; Mamidala et al., 2020; Mohamed et al., 2020; Shah et al., 2020), saquinavir (Barros et al., 2020; Biembengut and de Arruda Campos Brasil de Souza, 2020; Hall and Ji, 2020; Ortega et al., 2020; Shah et al., 2020), grazoprevir (Ibrahim et al., 2020; Kadioglu et al., 2020; Mohamed et al., 2020; Shah et al., 2020), darunavir (Mohamed et al., 2020; Ortega et al., 2020; Pant et al., 2020), HCQ (Barros et al., 2020; Mamidala et al., 2020; Srivastava et al., 2020), raltegravir, remdesivir, rosuvastatin, amprenavir, CQ, elbasvir, fluvastatin, oseltamivir, telaprevir, tenofovir, zanamivir, ivermectin, ledipasvir, rifabutin, teniposide, and velpatasvir have been forecasted as important drug candidates for blocking Mpro of SARS-CoV-2. Among these Mpro inhibitors, about 50 candidates are already Food and Drug Administration (FDA) approved (Home, 2013), and approximately 30 molecules are in different phases of clinical trials1.

Spike glycoprotein is the second most reported drug target for the treatment of COVID-19 (Figure 1). About 47 drug molecules have been claimed against spike glycoprotein. It is concluded that grazoprevir could be the most potent inhibitor of spike glycoprotein, as several studies are focusing on the efficiency of blocking spike by glycoprotein (Ibrahim et al., 2020; Kadioglu et al., 2020; Mohamed et al., 2020; Shah et al., 2020). Other therapeutics such as ivermectin (Ibrahim et al., 2020; Kadioglu et al., 2020), ledipasvir, teniposide, velpatasvir (Chen Y. W. et al., 2020; Kadioglu et al., 2020), and rifabutin (Bank et al., 2020; Kadioglu et al., 2020) also showed potential inhibitory action against the spike glycoprotein of SARS-CoV-2. Among the suggested candidate drugs of spike protein, 17 drug molecules were repurposed for COVID-19 and approved by the FDA (Home, 2013). About six of the candidate drugs of spike glycoprotein were investigated in clinical trials for the treatment of COVID-191. In addition, a recently published study showed the value of certain motifs in the spike glycoprotein of the virus, most particularly a KRSFIEDLLFNKV motif by extending previous work on the application of the Q-UEL language and BioIngine to bioinformatics and precision medicine with genomics (Robson, 2020).

Nucleocapsid protein has also been extensively studied for screening out the effective therapeutic options for the ongoing pandemic. About 24 unlike drug molecules have been reported targeting nucleocapsid protein. Venetoclax is the most frequently reported drug substrate for this protein suggested by computational high throughput screening. Approximately 11 suggested drug molecules were FDA approved, and 9 clinical trials are ongoing for nucleocapsid inhibitors (Home, 2013; Chen Y. W. et al., 2020; Kadioglu et al., 2020). Another crucial drug target is RNA-dependent RNA polymerase (RdRp), which has also been evaluated by the machine learning computational approach to identify its potential blockers (Figure 1). The study revealed that favipiravir, remdesivir, and ribavirin could potentially be more potent inhibitors for RdRp (Elfiky, 2020; Mohamed et al., 2020; Reiner et al., 2020). Approximately six RdRp-targeted molecules were found in FDA yellow book, and six clinical trials were found to be evaluated for the safety and efficacy of newly predicted drug molecules (Elfiky, 2020; Mohamed et al., 2020; Pandit and Latha, 2020). Envelope protein of SARS-CoV-2 and 2′-o-ribose-methyltransferase are also important drug targets that have been described in different articles. Belachinal, macaflavanone E, and vibsanol B have been suggested against envelope protein using the molecular docking approach (Gupta et al., 2020). On the other hand, more than 20 drug candidates have already been suggested by in silico study against 2′-o-ribose-methyltransferase (Chen Y. W. et al., 2020; Kadioglu et al., 2020).

In addition, an N-terminal peptidase domain (PD) of ACE2 was found to react with the ectodomain of SARS-CoV-2 spike protein in the heart, lungs, kidneys, and intestine, and thus, ACE2 have also been found to be studied to target effective drug candidates (Figure 1) (Wrapp et al., 2020). Isothymol has been suggested against human ACE2 for the treatment of COVID-19, although wet lab investigation is yet to be started (Abdelli et al., 2020). Moreover, it has been found that HCQ has the maximum capacity to act on multiple drug targets, namely, Mpro, spike protein, RNA-dependent RNA polymerase, interleukin (IL) 6, IL2, IL10, and interferon alpha 1 (IFNA1) (Bank et al., 2020; Elfiky, 2020; Kim and Kim, 2020; Srivastava et al., 2020). Few other drug molecules were found to be effective against multiple drug targets. For examples, nelfinavir showed efficacy against Mpro and nucleocapsid protein (Chandel et al., 2020; Mittal et al., 2020; Mothay and Ramesh, 2020; Musarrat et al., 2020), whereas ivermectin was found to have potential against spike protein and 2′-o-ribose-methyltransferase (Chaudhary and Mishra, 2016; Mothay and Ramesh, 2020; Sharun et al., 2020). Grazoprevir reportedly exhibits inhibitory action against both spike protein and Mpro (Ibrahim et al., 2020; Kadioglu et al., 2020; Mohamed et al., 2020; Shah et al., 2020), whereas rifabutin was suggested against spike protein and nucleocapsid of SARS-CoV-2 (Bank et al., 2020; Kadioglu et al., 2020). About 215 clinical trial projects are ongoing in different phases on HCQ for the treatment of COVID-19 and studies leading to mixed conclusions for those candidate drugs (Gautret et al., 2020; Yazdany and Kim, 2020). There are a few other drugs such as ritonavir, lopinavir, chloroquine, remdesivir, ivermectin, oseltamivir, darunavir, and tenofovir currently being investigated in clinical trials for combating COVID-191.

Recently, Jahan and Onay 2020 (Jahan and Onay, 2020) reviewed the antiviral potentials of various medicinal plants for inhibiting human coronaviruses. It also shows the importance of antiviral plants substances, particularly in the development of a broad spectrum medication for coronaviruses including SARS-CoV-2 responsible for COVID-19. Additionally, some other reports have been published on various immunoinformatics approaches. For example, a study aimed to formulate a multiepitope vaccine against SARS-CoV-2 by using the SARS-CoV-2 spike glycoprotein to determine the immunodominant T- and B-cell epitopes. They proposed a vaccine construct using four potential epitopes from each of the three epitope classes such as cytotoxic T lymphocytes, helper T lymphocyte, and linear B-lymphocyte epitopes (Samad et al., 2020). In addition, structural proteins (surface glycoprotein, envelope protein, and membrane glycoprotein) of SARS-CoV-2 were selected from GenBank, and several immunoinformatics coupled with computational approaches were employed to forecast B- and T-cell epitopes from the SARS-CoV-2 highly antigenic structural proteins to design an effective MESV (Tahir ul Qamar et al., 2020b). Another study to design a multiepitope vaccine, retrieving 27 reference sequences of SARS-CoV-2 proteins from the National Center for Biotechnology Information (NCBI) Protein Database (https://www.ncbi.nlm.nih.gov/protein), selecting proteins with ≥100aa and an antigenic score of ≥0.5 for further structural modeling (Dong R. et al., 2020).



CONCLUDING REMARKS AND FUTURE PERSPECTIVE

A successful vaccine would be the ultimate prophylaxis to defeat COVID-19, but no such vaccine is yet available for humans, and past experience suggests that the development of a new vaccine could take 4–28 years. For example, The New York Times estimated that a COVID-19 vaccine could be available in 2036, after completion of academic research, a series of preclinical and clinical trials, building factories, manufacturing, approval, and distribution (Thomson, 2020). Besides these, experimental vaccines cannot be injected on people without rigorous safety checks, which is extremely time consuming, as it involves numerous trial phases with many volunteers of different age groups, races, and health conditions, but such trials are critically important precursors to the approval of a new vaccine. Apart from all the frustration and despair, some of the vaccines that are recruiting volunteers and researchers conducting numerous trials have the potential to change the pandemic situation soon. Moreover, therapeutic drugs that have been approved against different viral infections previously might help in tackling COVID-19 if found to be effective in clinical trials. Besides the limitations, repositioning of those drugs and vaccines could ease the formulation, production, and distribution through established pharmaceutical supply chains to reach out to the market. As we see a rapidly growing amount of publications on COVID-19, it might help in finding an effective vaccine and the best practice for the management and treatment of COVID-19 symptomatic cases. Using bioinformatics tools for the prediction of epitopes to a higher level of accuracy in a shorter amount of time compared to traditional method will help us find a cure faster. This will help the scientific community for programming or investigating the set of rules for the detailed choice of amino acid residue sequences and their immunogenic potentiality toward designing vaccine candidates. This also opens up a possibility of building combinations with previous research by using pre-existing candidate therapies to speed the process of testing and discovery of effective pharmaceutical ways. Further research and scrutinizing may be warranted in the future to determine the benefits and optimal use of some of available treatment option through repurposing method. Besides vaccine and drug, complementary and substitute treatments using plant-based phytochemicals could be incredibly promising in the future for reducing the severity of infection. With all limitless possibilities in the near future, researches are still undergoing with several promising approaches with the final hope, the cure from COVID-19, and therefore controlling the pandemic worldwide. Nevertheless, most of the clinical trials registered in different websites are expected to complete within 2020 or early 2021, and consequently, it is hoped that effective prevention and treatment measures will see the light soon.
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Since December 2019, SARS-CoV-2 (COVID-19), novel corona virus has caused pandemic globally, with rise in the number of cases and death of the patients. Vast majority of the countries that are dealing with rise in the active cases and death of patients suffering from novel corona viruses COVID-19 are trying to content the virus by isolating the patients and treating them with the approved antiviral that have been previously used in treating SARS, MERS, and drugs that are used to treat other viral infections. Some of these are under clinical trials. At present there are no therapeutically effective antiviral present and there are no vaccines or drugs available that are clinically approved for treating the corona virus. The current strategy is to re-purpose the available drugs or antiviral that can minimise or reduce the burden of the health care emergencies. In this article the reuse of antiviral, US-FDA approved drugs, plant based therapeutic, anti-malarial, anti-parasitic, anti–HIV drugs and the traditional medicines that are being currently used in treating the symptoms of COVID–19 patients is discussed emphasis is also given on the treatment using monoclonal antibodies. The present article provides the therapeutic strategies that will qualify as one of the best available treatment for the better management of the COVID–19 patients in order to achieve medical benefits.
Keywords: COVID-19, hydroxychlorquine, chloroquine, lopinavir/ritonavir, remdesivir, favipiravir, arbidol, ivermectin
INTRODUCTION
Viruses are obligate parasites which mean they require host cells to reproduce and increase their number; they cannot replicate on their own. These viruses contain single or double stranded DNA or RNA as their genetic material. Viruses are infectious non-cellular particles (López-García and Moreira, 2012). These are mostly contagious and are known to infect almost all the living cells. These are tiny particles that cannot be observed under a normal microscope due to their sub-micron sizes that range from 150–200 nm. A virion is a functional virus that contains genetic material enclosed in an envelope, and the surface proteins help the virus infect the host cell and enter the host cell (Lodish et al., 2000).
Coronaviruses (CoVs) can infect mammals and other species. They are the largest group of viruses and its name is derived from Latin meaning “crown” or “wreath.” This is about the appearance of the surface that has a lipid membrane embedded with club-shaped projections that give the image or appearance of a stellar corona (Masters, 2006). These viruses belong to the order Nidovirales, family Coronaviridae, and subfamily Orthocoronavirinae. The subfamily Orthocoroanavirinae is divided further into four subgroups which include alpha, beta, gamma, and delta CoVs. The viruses belonging to the order Nidovirales have a 5′ capped, enveloped, single-stranded positive sense RNA virus with an unusual large RNA genome (∼30 kb) with sizes ranging from 80–120 nm (Belouzard et al., 2012). Generally, these viruses have spikes protruding from the surface and replicate in a unique way (Weiss and Navas-Martin, 2005). The RNA of this virus acts like messenger RNA and synthesizes two long proteins that are needed by the virus to replicate when it infects the cell. The SARS-CoV-2 genome encodes many proteins like the nucleocapsid protein, spike (S) protein, envelope (E) protein, and membrane protein (M) that are required for the replication into the host cell. It also codes for the coronavirus main protease that plays an important role in the gene expression and cleaves polyprotein-related proteins (Graham et al., 2008; Chang et al., 2020).
Since late December 2019 the world has being experiencing the problem of increasing cases of COVID-19. The SARS infection first appeared in Wuhan in the Hubei province of China. As of December 2020, there are around 78.7 million active cases and 1.73 million deaths across the world. It has emerged on six continents and has increased exponentially in some countries like the US, Brazil, and India. It was at first called a novel coronavirus belonging to Coronaviridae, beta coronavirus genera and subgenus sarbecovirus and this novel coronavirus was officially named by the International Committee on Taxonomy of Viruses (ICTV) as SARS-CoV-2 (Graham et al., 2008) due to its similarities with the SARS (severe acute respiratory syndrome) outbreak in 2003 (Graham et al., 2008). The World Health Organization (WHO) announced it as COVID-19 on 11 Feb 2020 and declared a public health emergency on 30 Jan 2020.
SARS-CoV-2 is an airborne virus highly contagious with an ability to transfer. As the current evidence suggests, SARS-CoV-2 is transmitted through respiratory mucus or saliva droplets (with droplet size > 5–10 µm in diameter) either from direct contact with an infected person coughing, sneezing, or talking from a distance of 1 meter or less or as droplet nuclei (particle < 5 µm in diameter) that remain active for a considerably long period of time and can spread to other people within 1 m of distance. Indirectly, the virus can spread through contact with surfaces that have been exposed to the virus which may make its way through the nose, mouth, or conjunctiva (Chang et al., 2020; Prasad and Prasad, 2020). It may be suggested that the face, nose, and eyes are often ignored by people as the portal entry for the COVID-19 infection. New evidence on the virus suggests that gastrointestinal symptoms are due to the presence of the viral RNA of this virus or the live infectious particles of the virus found in the feces suggesting that fecal-oral transmission may be one of the other possible routes of transmission of this virus (Coronaviridae Study Group of the International Committee on Taxonomy of, 2020). It is quite intriguing to know that there is no vertical transmission of this virus as evident from the two case studies conducted by (Hindson, 2020; WHO, 2020).
A large number of patients infected with COVID-19 are either asymptomatic or show mild symptoms and recover from the sickness. The clinical interpretations are fever, dry cough, and shortness of breath (Chen et al., 2020b) There are reports on patients experiencing anosmia, dysgeusia, and diarrhea (Fan et al., 2020). However, the mortality rate and the chance for the need of ICU care increases in elderly patients over 60 years of age and patients with underlying conditions like hypertension and diabetes (Shah et al., 2020).
There are no approved vaccines or any specific antiviral therapies available for COVID-19 (Lau et al., 2005). Therefore, the only preventive options left are to give supportive, symptomatic care, social distancing, and quarantine (Coleman and Frieman, 2014). It is a well-known fact that it takes months and years to develop a vaccine from scratch. Hence, researchers are constantly looking for options to manage or treat patients with drugs that are approved and used in treating other diseases like SARS, MERS, or the influenza virus within acceptable safety limits. Some anti-malarial and antiviral treatments have shown some promising results in the management of COVID-19. Some of the drugs that are approved for human disease have shown an antiviral effect by either blocking the viral enzyme which prevents its entry, or by blocking the replication of the genome that is necessary for the formation of the virus particle (Zumla et al., 2016).
In the present article, we have summarized the current therapeutic strategies, vaccines, and other diagnostic options that are being used in the management of COVID-19 and to shed some light on the intervention measures that could be taken to control the outbreak. This article provides information on the therapeutic strategies that will help to address the issues of the pandemic and control them.
PHARMACOTHERAPEUTIC AGENTS USED IN TREATMENT AND MANAGEMENT OF COVID-19
The following pharmacotherapeutic agents are used currently in the treatment and management of COVID-19. Most of the drugs are repurposed agents that are used for the treatment of the disease (Table 1).
TABLE 1 | Clinical trial and their therapeutic benefits for the management of COVID-19.
[image: Table 1]Hydroxychloroquine and Chloroquine
Hydroxychloroquine (Figure 1) and chloroquine (2) have been widely used as antimalarial drugs caused by the plasmodium species. Both chloroquine and hydroxychloroquine are the derivatives of the organic compound that belong to the quinoline group (Goel and Gerriets, 2020). It is one of the active chemical constituents found in the bark of the Cinchona officinalis plant. The antimalarial drugs chloroquine and hydroxychloroquine can also be used in treating amebiasis (Knight, 1980), in certain autoimmune diseases like rheumatoid arthritis (Freedman and Steinberg, 1960) and in lupus erythematosus syndrome (Liu et al., 2020b). Chloroquine and its derivative hydroxychloroquine exhibit antimalarial activity by inhibiting the enzyme heme polymerase in the trophozoites resisting the conversion of heme to hemozoin resulting in the accumulation of heme which is toxic to the parasite and kills it (Coronado et al., 2014). These antimalarial agents exert an antiviral effect by multifactorial mechanisms like increasing the pH of the intracellular vacuole and by interfering in the degradation of the protein pathways and modifying the ACE2 receptor glycosylation (Savarino et al., 2006; Sahraei et al., 2020). Angiotensin-converting enzyme 2 (ACE2) is a membrane bound protein and receptor for SARS-CoV. It facilitates its entry into the host cell by binding to the spike (S) protein of the virus resulting in the fusion of the viral and host membrane (Dimitrov, 2003; Li et al., 2003; Simmons et al., 2004). In treating a viral infection like SARS-CoV, it is of utmost importance to prevent the binding of the spike (S) protein of the virus to the ACE 2 by blocking it (Yeung et al., 2006). Chloroquine is being commercialized for its antimalarial activity and used as a drug for autoimmune diseases. It is also known to have a broad spectrum antiviral effect (Yan et al., 2013) and due to its inhibitory effect on ACE2, it is known to be a SARS-CoV inhibitor (Vincent et al., 2005). Chloroquine and hydroxychloroquine have been studied intensively both in vitro and in vivo for its antiviral effect on SARS-CoV. Initial in vitro studies showed some promising positive results (Gautret et al., 2020a). However, there are no consistent reports available on the clinical trials of these drugs (Molina et al., 2020). CQ seems to be more effective in vitro in controlling 2019-nCoV, and it may be considered for the cases of human suffering from COVID-19 (Wang et al., 2020a). A similar inhibitory activity of CQ for SARS-CoV-2 was observed in vero E6 cells at a micromolar level (EC50 = 1.13 µM) and was found to inhibit at both the entry and post entry stages in vero E6 cells (Wang et al., 2020a). CQ was found to be effective in inhibiting the aggravation of the virus when compared with the control group in 100 COVID-19 patients. It was also found to reduce the disease and cause negative results among positive COVID-19 patients (Gao et al., 2020). In a press briefing, the state council of China stated that chloroquine phosphate was found to be markedly effective in controlling the deteriorating condition of COVID-19 patients in many of the clinical trial centers in China in Feb 2020 (Gao et al., 2020). The (Guideline for the Prevention, Mar 17, 2020) recommends: for patients aged between 18–65 (adults), a dose of 500 mg twice daily for 7 days; for patients who weigh more than 50 kg, 500 mg twice daily for 2 days; for patients less than 50 kg, 500 mg once daily for 5 days; and is prohibited to patients with cardio problems due to its cardiotoxicity. However, more attention should be paid to the side effects of CQ on patients based on the prior observations made in patients that were treated for other viral diseases and due to its cardiotoxicity. There are several online reports and media reports available regarding the benefits of CQ As of now, many clinical trials are under way in evaluating its effectiveness and its safety in treating COVID-19 patients (NIH, 2020).
[image: Figure 1]FIGURE 1 | Chemical structures of pharmacotherapeutic agents used in the management of COVID-19 as repurposing agent.
Hydroxychloroquine (HCQ) is an antimalarial and immunosuppressive drug. In vitro studies found that HCQ was more effective in inhibiting SARS-CoV-2 than CQ (Yao et al., 2020). At present, there are many clinical trials underway on the efficacy of HCQ on COVID-19. As mentioned earlier, the clinical studies are inconsistent. A clinical study done by Dr. Didier Raoult revealed that patients treated with HCQ and azithromycin (3) showed 100% recovery of the COVID-19 patients and tested negative within 6 days of treatment (data not published). Due to its positive in vitro results on SARS-CoV-2, it was used on a large scale for COVID-19 patients in many countries including the USA. Other countries like South Korea and China that are affected by the pandemic have issued or underlined the guidelines for the therapeutic use of HCQ in treating COVID-19 patients. The Comprehensive Treatment and Management of COVID-19: Expert Consensus Statement from Shanghai recommends the use of hydroxychloroquine without dosage recommendation. The Peking University developed a PBPK model, and based on the result of this model, they recommended an oral dose for COVID-19 patients (Qu et al., 2020).
This was later confirmed by a clinical trial with 62 patients, where 31 received HCQ in a dose of 400 mg/d, 200 mg twice daily for 4 days while 31 other patients were the control group. After five days, the recovery period for the patients in the HCQ group was shortened and they showed significant recovery from the symptoms of fever and cough; further, it was observed that 81% of the patients showed improvement in the condition of pneumonia in the HCQ group compared to 55% in the control group. It should be mentioned here that the patients who were critically ill were from the control group, which confirms the therapeutic use of HCQ (Qu et al., 2020; Guideline for the Prevention, Mar 17, 2020). In another study, 36 COVID-19 patients were given HCQ with azithromycin. A full and rapid clearance of the virus was observed. The effect was more significant when given in combination with azithromycin then HCQ alone. It is still not clear how azithromycin enhances the efficacy, but it is known to inhibit the virus in severe respiratory infections (Megarbane and Scherrmann, 2020). The results were not similar in a small study of 11 COVID-19 patients conducted by (Molina et al., 2020) using the same combination of HCQ and azithromycin. This study was with a small number of patients, and the control group was from another clinical center, so the study was not a randomized controlled trial. This paper also did not undergo peer review and was published within 24 hours of its submission. In order to confirm its results, an expanded clinical trial with correct protocols should be followed. In another clinical trial, 42 COVID-19 patients were recruited. Of these 42 treated patients, six were excluded from the study (three patients were admitted to ICU, one died, one showed an adverse drug reaction, and one refused to take the medication) (Gautret et al., 2020b). The remaining 36 patients were taken into consideration for the final analysis. Twenty patients were given HCQ 200 mg orally three times daily with six of these patients given azithromycin along with HCQ to enhance the efficacy of HCQ. The patients who refused to take the drug were treated as the control which was from the other hospital. They found that six of the 36 patients showed no symptoms, 22 of the remaining patients complained of a sore throat and the remaining eight patients had signs of pneumonia. The primary goal of the clinical trial was the clearance of the virus, and the secondary was the serial viral load, clinical follow up, and the adverse effect of the drug. Both drugs have long QT intervals and increase the chances of tip torsion arrhythmia which may lead to death. Hence, a thorough evaluation is required (Malviya, 2020). In another observational study, 80 patients with mild COVID-19 infection were given hydroxychloroquine 200 mg three times daily for ten days along with azithromycin 500 mg orally for one day followed by 250 mg daily for four days (Gautret et al., 2020b). It was observed that out of the 80 patients, one died, one was admitted to the ICU, and the rest showed rapid recovery with a rapid decrease in the viral load in nasopharyngeal which was negative on day 7 with 83% and 93% on day 9, and the respiratory viral culture showed negative results with 97.5% on day 5. The hospital stay was reduced to five days. This study too had limitations as this was an observational study without any comparative group. And, the beneficial effects of this study cannot be evaluated as the study was on patients with mild symptoms. A pilot study was conducted in which they recruited 30 patients who were randomized into two groups of 15 each with one group receiving 400 mg of HCQ daily along with supportive care and the other group receiving only supportive care (Chen et al., 2020c). They observed a negative clearance of the virus on day 7 by RT-PCR and one patient suffered from severe symptoms. However, it was observed that there was no significant difference between the two groups in the clearance of the virus; with respect to clinical and radiological parameters, both groups performed equally the same. They concluded that the study was good, but a larger group should be included to evaluate the effectiveness of HCQ on COVID-19 patients. This paper was published in a Chinese journal and it is not clear whether it was peer reviewed. In a retrospective study of 368 patients hospitalized due to COVID-19 (Magagnoli et al., 2020), the patients were divided into 3 groups with the first group consisting of 97 patients who were given HCQ alone, the second group consisting of 113 patients who were given HCQ and azithromycin, and the third group consisting of 158 with no HCQ. In this study, only two primary result data were taken into consideration, one the death rate and the other the use of mechanical ventilation. The mortality rate was 27.8%, 22.1%, and 11.4% in HCQ alone, HCQ + azithromycin and no HCQ, respectively. The use of mechanical ventilation was 13.3%, 6.9%, and 14.1% in the same three groups, respectively. It was observed that the death rate was higher in the HCQ group then no HCQ group, and there was no significant difference in the use of ventilation in all three groups. The authors observed no beneficial effect of HCQ alone or with azithromycin or no HCQ on ventilation. An increase in the mortality rate was observed in the HCQ alone treated group. This study raises the credibility of the efficacy of HCQ for COVID-19. More randomized clinical control trials are required to address the issue. There are a large number of trials going on or reported (Borba et al., 2020; Mahevas et al., 2020; Molina et al., 2020; Tang et al., 2020) but none of them provide clear-cut data on whether to use or not use HCQ in treating COVID-19.
Even the results on the prophylactic role of HCQ for health care workers (Chatterjee et al., 2020) and individuals with a high risk of exposure to COVID-19 (Boulware et al., 2020) showed contradictory results. Another placebo controlled trial testing HCQ on post exposure for prophylaxis effect (Boulware et al., 2020) showed no significant difference in the occurrence of COVID-19 like symptoms between participants that received HCQ [49 of 414 (11.8%)] and those who received a placebo [58 of 407 (14.3%)]. It was also observed that the side effects were more in the HCQ participants than the placebo ones (40.1% in HCQ participants and 16.8% in placebo participants) but the side effects were without any adverse reaction. From their study, they concluded that HCQ could not prevent the occurrence of COVID-19 after exposure for high or moderate risk individuals. The study had certain limitations as most of the participants including the health care workers were unable to assess testing and the diagnosis was based on the symptoms that were more similar to the disease. The Indian Council on Medical Research (ICMR) studied the pre-prophylaxis effect of HCQ on health care workers (Boulware et al., 2020; Chatterjee et al., 2020). They concluded that there was a significant decline in the odds of getting infected by the health care workers who were given a maintenance dose of HCQ. A dose response relationship was seen between the rate of exposure and reduction in the infection. These two drugs are immunomodulators and are not immune suppressants (WHO, 2017). Hence, these drugs have no adverse effect related to an infection or cancer (Lazarus et al., 2006; Schrezenmeier and Dorner, 2020). The most common adverse side effects associated with these two drugs are nausea, vomiting, and abdominal discomfort (Srinivasa et al., 2017), but CQ and HCQ may cause cardiotoxicity, myopathy, and retinopathy (Costedoat-Chalumeau et al., 2007; Abdel-Hamid et al., 2008; Chatre et al., 2018; Jorge et al., 2018) and have long QTc intervals (Costedoat-Chalumeau et al., 2007; WHO, 2017; Chatre et al., 2018). Though the margin of safety for HCQ is significant (WHO, 2017; Ursing et al., 2020), in seriously ill COVID-19 patients, it causes cardiac problems and death related to it (Guastalegname and Vallone, 2020) which may be due to the high dose (Borba et al., 2020) in combination with azithromycin which increases the QT intervals (Malviya, 2020) and due to the patients’ underlying conditions (WHO, 2017; Chatre et al., 2018).
In the present scenario, the role of CQ or HCQ in the management of COVID-19 is a dynamic phenomenon, and as the results of the clinical trials become available, their role may change. As of now, there are many clinical trials underway, and researchers are awaiting the results. The clinical trials should include a large number of participants with different age groups and different underlying conditions. They should also include patients who are asymptomatic, mild symptomatic, and severely ill. These studies should have varying drug doses. In vitro studies have shown that these two drugs have antiviral properties, but the main question is how far these in vitro studies can be transformed or utilized in clinical studies (Rathi et al., 2020; Taccone et al., 2020). So far the clinical trials are not convincing enough for the use of HCQ in the management of COVID-19 patients . Depending on the results of the clinical trials available at this time, the experts are against the use of HCQ in the management of COVID-19 patients. Despite all of these contradictory opinions, there has been widespread advocacy to use HCQ mainly due to the fear that surrounded around COVID-19 and media/social forces rather than scientific facts (Cohen, 2020). Question arises on the safety of these both drugs, CQ and HCQ, and there is a thin line when it comes to the safety. Hence, if used indiscriminately and without proper supervision, they may lead to severe side effects mainly related to a craniological effect. If the drug is used under supervision as a prophylactic agent and as mentioned or advocated by ICMR as safe and encouraging (Chatterjee et al., 2020) with good positive results, the drugs would be a blessing in blocking the virus. Otherwise, it may be an antimalarial that can undergo clinical trials.
Remdesivir
Remdesivir (4) was developed as an antiviral agent by an American biotechnology company called Gilead Science to treat the Ebola virus. Remdesivir is a prodrug that is metabolized to GS 441524, a nucleoside analogue, which inhibits the RNA dependent enzyme RNA polymerase (Gordon et al., 2020). This affects the function of the RNA polymerase that inhibits the viral enzyme endonuclease involved in the proofreading activity resulting in a decrease in the production of viral RNA (Agostini et al., 2018). Remdesivir exhibits a broad spectrum of antiviral activity and has shown encouraging results against SARS-CoV and MERS-CoV infections. Due to its inhibitory activity, many physicians have recommended the use of remdesivir in countries like the United States, Europe, and Japan (Bloomberglaw.com, 2020). In patients suffering from SARS-CoV, remdesivir has not been recommended by drug regulatory authorities. An in vitro clinical isolate of SARS-CoV showed that remdesivir exhibited significant inhibitory activity. There are studies available on the efficacy of remdesivir. There are many clinical trials underway to test the efficacy of remdesivir on COVID-19. In China, two clinical trials were started to study the efficacy of remdesivir on SARS-CoV-2. At Capital Medical University, a randomized quadruple-blind placebo controlled phase III clinical trial was registered to determine the efficacy of remdesivir on patients showing mild and moderate symptoms of a COVID-19 infection (NCT04252664, (ClinicalTrials.gov., 2020a)). A second trial on patients with advanced SARS-CoV-2 was registered at the same center (ClinicalTrials.gov., 2020b). In both the trials, on day one patients were administered with 200 mg of remdesivir, followed by 100 mg for 9 days. In both trials, the main aim was to note the time taken for the clinical trials, time taken to bring the fever to normal, saturation of oxygen, respiratory rate, and relief of cough within 72 hours.
Similarly, almost at the same time, the first COVID-19 case was reported in the United States (Holshue et al., 2020). The patient was suffering from a fever for four days which was later confirmed as COVID-19. When his condition worsened on the seventh day, he was given remdesivir by IV and his condition improved with no adverse side effect (Holshue et al., 2020). The clinical state of the patient improved the next day, but it was confounding to analyze the impact or the efficacy of remdesivir because the patient received simultaneous treatments of acetaminophen, ibuprofen, guaifenesin, vancomycin, cefepime, and supplemental oxygen. Later during the same period, 12 patients were confirmed with SARS-CoV-2 (Kujawski et al., 2020). Of the 12 patients, seven were hospitalized. Upon the worsening of their condition, three patients were given remdesivir (on compassionate grounds). The treatment was given for 4–10 days. Each patient received 200 mg of remdesivir IV on day one followed by 100 mg/day. It was observed that all the patients showed transient gastrointestinal symptoms like nausea, vomiting, gastroparesis, or rectal bleeding. Even though all the patient reported the symptoms, the treatment was continued until improvement (Kujawski et al., 2020). As the study was a small size and did not have any control group, it is hard to summarize the effect of remdesivir or the safety of this drug on COVID-19 patients. Funded by the National Institute of Allergies and Infectious Disease (NIAID), the NIH developed a study on the existing Chinese clinical trial in consultation with the WHO. The study was a double blind, randomized placebo controlled phase III trial which was aimed to evaluate the safety and efficacy of remdesivir in comparison with a placebo (ACTT-1 ClinicalTrials.gov number, NCT04280705) (clinicaltrials.gov, 2020). At present, the patients are being enrolled and the severity of the patients’ conditions is noted based on an eight-point ordinal scale along with secondary outcomes. An estimate of 75 clinical trials is expected to participate in this study across the United States and is expected for the primary completion by April 2023.
Professor Cao Bin at the China-Japan Friendship Hospital in a clinical study suggested that remdesivir does not have any significant beneficial role or has no antiviral effect on patients suffering for severe SARS-CoV-2 (Wang et al., 2020c). However, there are several studies on the efficacy of remdesivir in COVID-19 patients. The results of the clinical trials from around the world suggest that remdesivir is known to reduce the symptoms and the mortality rate in patients on ventilation in intensive care units (Grein et al., 2020). Meanwhile the results of several clinical trials conducted in Chicago suggest that remdesivir is known to have a beneficial effect in early COVID-19 patients due to reduction in lung damage (Williamson et al., 2020). The results published on the use of remdesivir in severe COVID-19 patients suggest that 68% of severely affected patients have reduced symptoms and 13% mortality. Although the results are encouraging, it needs to be confirmed in a randomized, placebo controlled clinical trial on COVID-19 patients (Grein et al., 2020). The efficacy and safety of remdesivir has not been confirmed yet. It is available in several ongoing clinical trials for adults and non-pregnant patients, but on compassionate grounds the use of remdesivir is limited to pregnant women and individuals <18 years of age suffering from severe COVID-19. Although there is no contradiction indicated in the clinical trials, people with liver and kidney impairment must be treated or taken care of with caution (Guo et al., 2020). Under the compassionate use program, patients with confirmed COVID-19 have been given remdesivir in places like the US, Europe, and Japan (Amirian and Levy, 2020). Some of the initial studies in China have shown that remdesivir has no role in the clinical improvement of patients (Wang et al., 2020c). Results of the clinical trials on the adaptive COVID-19 Trial (ACTT-1) showed the recovery time was reduced significantly in the treatment group compared to the control (11 days compared to 15 days with a ratio rate of recovery 1.32; 95% confidence interval [CI], 1.12 to 1.55; p < 0.001) (Beigel et al., 2020). Although there are no results to validate that remdesivir decreases SARS-CoV-2 or RNA viral loads or reduces the mortality rate (Wang et al., 2020c), earlier positive results encourage the use of remdesivir. Furthermore, the results of the trials are still pending to validate the present results.
Based on the findings, the United States Food and Drug Administration (US-FDA) has approved the emergency use of remdesivir in hospitalized COVID-19 patients. With no other drug being approved by the US-FDA for use in the treatment of SARS-CoV-2, remdesivir may lessen the mortality, morbidity, and the burden of the global pandemic (FDA-News, 2020).
Favipiravir
Favipiravir (T-705) (5) is a purine nucleic acid analog. In RNA viruses, favipiravir is known to inhibit the RNA dependent RNA polymerase (RdRp). After phosphoribosylation and phosphorylation, it forms favipiravir-RT which terminates the elongation of the RNA strand by binding to the RdRp (Sangawa et al., 2013). Due to its antiviral activity, favipiravir was licensed to treat influenza in Japan in 2014 (Hayden and Shindo, 2019). It is also known to be effective against several other viruses like Ebola, influenza, norovirus, chikungunya, and enterovirus (De Clercq, 2019). Favipiravir is shown to have teratogenic and embryotoxic effects and should be avoided during pregnancy and lactation (Nagata et al., 2015). In vitro studies on E6 vero cells suggest that favipiravir was able to interfere with the function of SARS-CoV–2 (EC50 = 61.88 Μm) (Wang et al., 2020a). The results encouraged more than 10 clinical trials which are underway or registered and patients are being recruited for the study. The initial results from one of the trials (ChiCTR2000029600) showed some promising results in terms of virus clearance which was short (4 days vs. 11 days) and the chest image (91.43% vs. 62.22%) when compared to the control group (with lopinavir and ritonavir). In 45 cases, the adverse reaction in comparison with the control group was lower (Cai et al., 2020). Another randomized clinical trial at the hospital at Wuhan University (ChiCTR2000030254) concluded that the patients treated with favipiravir (for 120 patients) showed a significant recovery rate (7 days) as compared to the control which was treated with umifenovir (for 120 patients). They concluded that the group treated with favipiravir were significantly better than the control group (Chen et al., 2020a). Encouraged by the positive results from the clinical trials and the availability of the drug, experts have recommended that the drug be included in the guidelines of National Health Commission of the People’s Republic of China.
Lopinavir/Ritonavir
Lopinavir and ritonavir (LPV/r) (6, 7) is an FDA approved oral combination drug that is used in the treatment of HIV-1. As an antiretroviral protease inhibitor, lopinavir is metabolized in the liver where ritonavir, a CYP3A4 inhibitor, is also a protease inhibitor and in combination with lopinavir, it is used to boost its antiviral activity and its bioavailability (De Clercq, 2009). It was used in the outbreak of SARS in 2003 due to its antiviral activity. Therefore, when there was a SARS-CoV-2 pandemic, LPV/r was considered as one of the best options to treat SARS-CoV-2. In vero E6 cells, lopinavir is known to inhibit the replication of SARS-CoV-2 with EC50 of 26.63 mM (Choy et al., 2020). In another in vitro study, Kang et al. showed that LPV/r significantly inhibited the activity of SARS-CoV-2 with a concentration of 7/1.75 mg/ml (Kang et al., 2020). In one of the clinical studies on hospitalized COVID-19 patients, the analysis showed that the early administration of LPV/r resulted in a short virus shedding (Yan et al., 2020). However, the results were not similar in the randomized clinical trial which showed that LPV/r had no beneficial effect on COVID-19 patients. In another randomized clinical trial in China, the combination drug was given twice daily for two weeks to adult patients with severe COVID-19. It was observed that there was no significant beneficial effect to the patients when compared to the control (standard care) group (Cao et al., 2020). In the same study, due to an adverse effect, only 14% of the patients could complete the treatment. Similar lack of benefit in the patients was observed in the clinical trial conducted in UK (unpublished data)(Randomized Evaluation of COVID-19 Therapy). The study resulted in terminating the recruitment of patients for the treatment. The treatment of LPV/r has adverse side effects like anorexia, nausea, abdominal discomfort, diarrhea, or acute gastritis, along with the risk of liver damage, inflammation of pancreas, more severe skin eruptions, and also the interaction of the drug with the CYP3A inhibition was observed in the clinical trials. These adverse reactions raised concerns related to the high dose and long term use of LPV/r to improve the clinical condition of the patients (Cao et al., 2020). In context to the above-mentioned adverse effects, there are serious concerns related to kidney injury, and secondary infection was less in those who were not receiving treatment. There are very limited data available on the use of lopinavir/ritonavir in treating COVID-19 patients. Further trials involving patients with severe COVID-19 symptoms and large control clinical trials are needed, and patients with underlying conditions need to be involved to study the role of lopinavir/ritonavir.
Arbidol
Arbidol (8), an indole-derivative molecule, has been approved as a prophylactic and to treat influenza and other respiratory infections caused by a virus (Blaising et al., 2014). Arbidol is being used in Russia and China against an upper respiratory tract infection due to the influenza virus A and B. Arbidol has inhibitory activity against diseases such as hepatitis B and C (Boriskin et al., 2008). Antiviral activity against SARS pathogens has been reported, and in vitro antiviral activity of the derivative arbidol mesylate (derivative of arbidol) showed a five times higher reduction in the reproduction of SARS then arbidol (Khamitov et al., 2008). There is a report available on the in vitro study on the efficacy of arbidol against COVID-19 (Lu, 2020). Arbidol exerts antiviral activity by inhibiting hemagglutinins which is a protein on the membrane of the virus which binds to the sialic acid receptor on human cells and makes its entry into the human cell by endocytosis and prevents the virus from being infective. It also induces the production of interferon and exhibits broad antiviral activity (Blaising et al., 2014). (Deng et al., 2020) observed that in SARS-CoV-2 patients taking a combination drug of arbidol and LPV/r, the negative rate increased in 7 and 14 days and the CT scan of the chest improved when compared to the oral LPV/r combination. However, it has to be noted that no improvement in the symptoms due to LPV/r or arbidol was observed. The clinical trial at the Shanghai Public Health Clinical Center observed more adverse reaction related to the gastro intestine (Jun et al., 2020). These contradictory results may be due to a small trial size and the timing of medication. A clinical trial is underway in China on post exposure prophylaxis in a population with a high risk of COVID-19. In this study, health care staffs were included (ChiCTR2000029592). The outcome of this result may throw light on the efficacy of arbidol on the early treatment and prevention of COVID-19.
Ribavirin
Ribavirin (9), a guanosine nucleoside, is a synthetic antiviral drug. It exhibits its antiviral activity by inhibiting the enzyme inosine monophosphate dehydrogenase and shutdowns the progress of the replication of RNA and DNA viruses that leads to the destruction of the genome RNA. Currently, this drug has been approved and used in the treatment of chronic hepatitis C (Koren et al., 2003). It is known to inhibit viral replication in MERS-CoV when given to patients in combination with other antiviral drugs. It was observed that ribavirin when administered in combination with interferon alfa-2a, 70% of the patients who received this combination were alive for 14 days when compared to 29% in the control. In in vitro studies, ribavirin exhibited antiviral activity against the respiratory syncytial virus and influenza and para influenza virus, and due to its antiviral activity, ribavirin has been recommended by the US-FDA to treat patients with respiratory syncytial virus, where it had no antiviral activity against SARS-CoV (Koren et al., 2003). With respect to SARS-CoV-2, there is new evidence that suggests that ribavirin may decrease the replication of the virus by inhibiting PLpro (Wu et al., 2020). Recently in an open label randomized clinical trial (phase II), patients treated with a ribavirin, LPV/r, and interferon-1b combination had viral shedding more quickly when compared to patients with LPV/r (Fujii et al., 2004; Hung et al., 2020). As this study lacked a placebo group and critically ill patients, and it lacked ribavirin and a IFN-ß-1b monotherapy group, it was difficult to assess the use of this drug alone and it needs to be further studied. It has to be noted that ribavirin has more adverse reactions, such as hemolytic anemia (Fujii et al., 2004), hypocalcemia, and hypomagnesemia (Koren et al., 2003; Tai, 2007). It is being currently investigated in combination with other antivirals for therapy, but there are no reports available on the use of ribavirin alone in the treatment of COVID-19.
Disulfiram
Approved by the US-FDA (United States Food and Drug Administration), Disulfiram (10) is used in aversion therapy for alcohol. It inhibits the enzyme aldehyde dehydrogenase in the liver. The in vitro study has shown that disulfiram inhibits PLpro papain–like protease in SARS-CoV and MERS-CoV (Lin et al., 2018). In vitro studies have shown that GRL0617, a targeted PLpro inhibitor, blocked the replication in SARS-CoV (Ratia et al., 2008). This compound is in its preclinical study, but it may be considered in the development of an anti-coronavirus drug. So far there are no clinical data available on the efficacy of disulfiram in COVID-19 treatments (McCreary and Pogue, 2020), but there is theoretical evidence that supports the repurposing of disulfiram.
Imatinib
Imatinib (11), also known as Gleevec, is an inhibitor of oral tyrosine kinase that has antiviral activity against Ebola and poxviruses (Coleman et al., 2016). In SARS and MERS-CoV, Abelson tyrosine kinase 2 (ABl2) is required for replication, and imatinib targets this ABl2. Imatinib inhibits MERS-CoV and SARS-CoV infections in in-vitro studies and with significantly low cellular toxicity (Dyall et al., 2014). There are no clinical data available at present and some are yet to be published, but the result of the in vitro studies suggest that a clinical trial or study would be beneficial.
Baricitinib
Baricitinib (12) is used in the treatment of rheumatoid arthritis. It inhibits Janus kinase (JAK), binds to the adaptor associated kinase-1(AAK1) enzyme that is involved in the clathrin-mediated endocytosis, and also stops the cytokine storm (Russell et al., 2020). Based on the computational studies, baricitinib was identified as one of the promising candidates in the treatment of SARS-CoV-2. In a pilot study, they compared baricitinib and LPV/r with the standard therapy given to COVID-19 patients. This study showed that baricitinib decreased the viral entry and the cytokine storm (Mehta et al., 2020). It also showed significant improvement in fever, dyspnea, and hypoxia (Cantini et al., 2020). This drug seems to be one of the promising antiviral protease inhibitors which may be explored further for SARS-CoV-2.
Ivermectin
Discovered in 1975, Ivermectin (13) came into use in 1981 (Vercruysse and Rew, 2002; Mehlhorn, 2008). It is approved by FDA to treat, prevent and control the river blindness (onchocerciasis) that is common in population. Ivermectin is also used in the treatment of Strongyloidosis, enterobiasis, Trichuris trichura, Loa Loa, Scabies, human lice, malaria. Under in–vitro conditions Ivermectin is known to exhibits broad spectrum of antiviral activity against large number of viruses (Mastrangelo et al., 2012; Lundberg et al., 2013; Azeem et al., 2015; Gotz et al., 2016). As mentioned above COVID–19 is a ssRNA virus that is similar to SARS coronavirus (SARS–CoV). Recent in-vitro studies on the antiviral activity of Ivermectin against SARS CoV –2 revealed that it can inhibit the viral replication. It reduced the virus load by 5000 fold in vero hSLAM cells submerged with single dose of Ivermectin for period of 48 hour, however increase in exposure period up to 72 hour did not show any effect in the reduction of the viral load. In addition, there was no side effect of this drug at any given point of time (Choudhary and Sharma, 2020). How it exhibits its antiviral activity is not known, it probably exhibits its antiviral activity same way has it does on other different viruses. It inhibits the import of host and viral proteins into the nucleus. Integrase protein of the virus and importin IMP/1 heterodimer is necessary for the IN nuclear import which enhances the infection. During infection majority of the RNA viruses rely on the IMP/1, Ivermectin increases its antiviral potentials by inhibiting the import (Caly et al., 2020; Choudhary and Sharma, 2020). Study on the clinical efficacy of ivermectin was studied by (Rajter et al., 2020) patients hospitalized in four board health hospital in Florida was studied a total of 280 patients was involved (from march 15 to 11 may 2020). Out of 280 patients, 173 patients were treated with ivermectin and 107 without, most patients in both the group received HCQ or azithromycin or both of them. The results showed that the patients treated with ivermectin had significantly lower mortality rate especially in patients with ventilator support and who required inspired oxygen in comparison to control (15.0% vs 25.2%). But this study has short comings this finding must be confirmed by randomized clinical trial. In another study carried out in India on the association between ivermectin prophylaxis and infection of COVID-19 among health care works. A reduction of 73 % in COVID-19 infection was observed in health care works for the following one month. In this study the health care workers were given two–dose of ivermectin prophylaxis at dose of 300 μg/kg with a gap of 72 hours (Behera et al., 2020). This study was not peer reviewed and further clinical trials are required so that it can be used in large scale or to be used for clinical trial. In another retrospective study conducted on hospitalized patients receiving Ivermectin in Spain showed no improvement (Camprubi et al., 2020). They observe that there was no clinical improvement and microbiological outcomes in the severe COVID-19 patients who received 200 μg/kg in comparison to similar group of patients who did not receive ivermectin, It must be noted that the ivermectin treatment was given later in the later stage of the disease or infection. This study has some limitations, randomized clinical trials are necessary to evaluate the high doses. In another randomized clinical trial involving patients with mild to moderate symptoms and who tested positive for COVID–19 was studied (Chowdhury et al., 2020) in Bangladesh Chakoria Upazilla Health Complex. In this study the patients were divided into two group, group A received single dose of 200 µgm/kg + Doxycycline 100 mg BID for 10 days and Group B received 400 mg of HCQ on 1st day and subsequent 9 days they received 200 mg + Azithromycin 500 g for 5 days. Time taken for negative PCR test and full symptomatic recovery was measured in both the groups. Patients in group A (Ivermectin + Doxycline ) showed more promising trend towards recovery then group B. It was observed that the patients in group A showed negative result at a mean day of 8.93 days and full symptomatic recovery at 5.93 days and 55.10 % were symptom free by 5th day. Whereas group B showed negative result at mean of 6.99 days and were symptom free by 9.33 days. These results were not statistically significant between the difference in time for negative PCR and between symptom free and was not peer reviewed. Although the results are promising but more test results are awaited to be used as one of the therapeutic agents.
Immunomodulators
Convalescent Plasma
Passive immunity through antibodies can be used in the treatment of SARS-CoV-2 patients. This is done by using convalescent plasma from recovered patients. The convalescent plasma from infected patients contain antibodies that give immunity to the patients either by binding to the infectious particle-like virus and neutralizing it or through other pathways mediated by antibodies such as antibody-dependent cellular cytotoxicity (Casadevall and Pirofski, 2020) by phagocytosis and complement activation. This therapy has shown encouraging results in other infectious diseases like measles, poliomyelitis, mumps, and influenza (Casadevall and Pirofski, 2020). In 2003 during the SARS-CoV-1 outbreak, convalescent plasma therapy was used to evaluate its efficiency. It resulted in significantly higher 22-day discharge in treated patients when compared to control groups (Cheng et al., 2005), but there are other studies that were inconclusive (Stockman et al., 2006). In South Korea during the MERS outbreak, two of the three patients who received this convalescent plasma were able to neutralize the antibody activity (Ko et al., 2018). Based on the promising outcome of the previous studies or experience, the US-FDA facilitated the use of convalescent plasma on compassionate grounds in critically ill COVID-19 patients (USFDA, 2020). In the case of emerging pandemics where vaccines and antiviral drugs are unavailable, the WHO has authorized the use of convalescent plasma. The study on the efficacy and safety of convalescent plasma was conducted on COVID-19 patients in United States. The preliminary results were encouraging with respect to clinical improvement as 36% of the patients’ demonstrated improvement in 7 days and 76% of the patients improved or were discharged from the hospital. Also, there were no adverse effects reported by the patients, which makes it a safe therapy for severely ill COVID-19 patients (Salazar et al., 2020). Similar results were observed in a study involving 5,000 patients, and < 1% of the adverse effects were observed during the first four days post-infusion with 14.9% mortality (seven-day incidence) (Joyner et al., 2020). In another study involving 39 severely ill COVID-19 patients, Liu et al. found that patients who got convalescent plasma had an improved survival rate in non-intubated patients than in intubated patients (Liu et al., 2020c). In an open label randomized clinical trial involving 103 severely ill COVID-19 patients given convalescent plasma, 52% of the patients showed clinical improvement in 28 days when compared to the control group with 43%. It was noted that there was no difference in the mortality rate in both groups (28 days), but there was a higher negative PCR conversion rate in the treatment group (87.2%) than the control group (37.5%) (Li et al., 2020). This study was terminated due to a decrease in COVID-19 cases. In another study with five patients, (Shen et al., 2020) reported that there were clinical improvements in the patients. However, the efficacy of the treatment could not be assessed due to the small size of the study, but these encouraging results prompt the investigator to study more rigorously the efficacy of convalescent plasma as a possible treatment. A number of clinical trials are underway, and others have been submitted to the US-FDA to test the efficacy of convalescent plasma. These studies may throw some light on the efficacy of the treatment.
Interferons
Protein molecules released by the host cell in response to viral infection heighten the immune system of the host and combat the virus. Interferon alfacon-1 is a synthetic type 1 interferon with a 166 amino acid sequence synthesized by genetic engineering (Melian and Plosker, 2001). Interferon alfacon-1 is an antiviral and anticancer agent. It has a therapeutic effect on leukemia, melanoma, HIV/AIDS related Kaposi’s sarcoma, and hepatitis C (Schlossberg and Samuel, 2017). It was found to be effective in SARS-CoV and was tested for COVID-19. In a non-randomized trial, COVID-19 patients were treated with interferon in combination with corticosteroids. Patients treated with interferon alfacon-1 and steroids had a better clinical outcome than patients treated with steroids alone without interferon alfacon-1 (Loutfy et al., 2003). There are in vitro studies to show the inhibitory activity of interferon alfacon-1 on SARS-CoV-2. The result of interferon-beta-1b in a combination therapy has been encouraging and clinical trials are underway to evaluate the use of type-1 interferon as an adjunctive therapy.
Cyclosporine A
Cyclosporine A (14) is an immunosuppressant that has been widely used in autoimmune disorders and transplantations. The in vitro studies have shown that cyclosporine A inhibits SARS and other coronaviruses replication. The mechanism of antiviral activity is not known, but it might be due to the inhibition of cyclophilin protein pathways including SARS-CoV. It may be beneficial for COVID-19 patients, but its use is limited due to its toxic effect. There are some studies where a small number of kidney transplant patients who changed to or continued cyclosporine A during COVID-19 treatment showed no harmful effects (Molyvdas and Matalon, 2020).
Corticosteroids
Methylprednisolone
Methylprednisolone (15) is an immunosuppressive and anti-inflammatory agent approved by the US-FDA. Due to its anti-inflammatory activity at low doses, corticosteroids like methylprednisolone has been tested for a variety of viral infections, but the clinical benefits remain divisive. The use of corticosteroid in RSV infected children had no clinical benefits (Corneli et al., 2007). It also appeared to be harmful in other viral infections like hepatitis and cerebral malaria (McGee and Hirschmann, 2008). A comparative study on the effect of corticosteroids (including methylprednisolone) with a placebo involving 6,548 patients showed that corticosteroids were associated with an increase in mortality (Ni et al., 2019). A systemic review of the use of corticosteroids in SARS revealed that in four studies the use of corticosteroids was harmful including a decrease in viral clearance and drug complications while 25 other studies were inconclusive (Stockman et al., 2006). Many clinical studies on the effect of corticosteroids on viral infections showed that they have no clinical benefits, so the WHO does not recommend the use of corticosteroids in the treatment of viral pneumonia or ARDS. Regarding COVID-19, there is no convincing evidence to show that methylprednisolone has no therapeutics benefits. However, several clinical trials are underway to study the safety and efficacy.
Dexamethasone
Dexamethasone (16) is a steroid and due to its anti-inflammatory and immunosuppressant activity, it is being used in diseases like asthma, allergies, and autoimmune diseases like lupus and rheumatoid arthritis (Shrestha et al., 2019; Elkharwili et al., 2020; Wang et al., 2020b). There are no data available on the role played by dexamethasone in the cure of COVID-19 patients, but there is evidence to show that the survival and mortality rate in severely ill COVID-19 patients improves when treated with dexamethasone. Preliminary results of the randomized phase II and III clinical trials showed that dexamethasone reduced deaths in severely ill COVID-19 patients. Out of 11,320 patients, 2,104 were randomized to receive dexamethasone treatment for 10 days, 4,321 received usual cares, and the rest were given standard care. It was found that the mortality rate reduced by one third in patients with ventilation and in patients who required oxygen by one fifth. Dexamethasone had no therapeutic benefit for patients with milder cases and who did not receive oxygen support (Horby et al., 2020) . Currently, there are 14 clinical trials going on, and eight of them are expected to complete their study by 2020. The results may be beneficial in combating this pandemic in severely ill patients.
TRADITIONAL AND ALTERNATIVE MEDICATIONS
Chinese Traditional Medicine
During the SARS outbreak in 2003, Chinese traditional medicine was used to treat and prevent the disease (Zhang, 2003). Traditional medicine of China was part of the prevention program to include several Chinese herbal medicine formulas to prevent infection in adults and children. It was observed that the Shufeng Jiedu and Lianhua Qingwen capsules played an important role in the prevention and treatment of influenza A (H1N1). There are also studies to show that Yu ping feng powder has an antiviral, anti-inflammatory, and immunoregulatory effect (Du et al., 2015). A large scale randomized trial found that Yinqiao powder with other heat-clearing formulas could reduce the time of a fever in patients with H1N1 virus infection (Wang et al., 2011). It is also suggested that traditional Chinese medicine may be beneficial in a high risk population that is exposed to COVID-19, such as medical staff, family members, and people who come in contact with COVID-19 patients. However, the efficacy and safety of Chinese traditional formulas on COVID-19 patients needs to be confirmed by clinical trials.
Indian Traditional Medicine
In India, Neem (Azadirachta indica L.) is considered as a traditional plant, and the leaves, seeds, bark, flowers, and roots are used to cure various diseases. The active constituent of neem, like Nimbolide has been explored for its pharmacological properties and is used in treating various diseases such as cancer, diabetes, and inflammatory diseases (Elumalai et al., 2012). In an experimental model, Nimbolide was found to inhibit TNF–α, and suppress the nuclear translocation of p65 NF-κB, HDAC-3, and the cytokine storm, so it may have some beneficial effects in the SARS-CoV-2 infection because of its antiviral activity or directly by controlling the cytokine storm. It may also have clinical significance for inflammation during a viral infection. Some of the other natural products that have been used in various diseases and that show antiviral activity against herpes virus 1 and 2 is Withaferin A found in the medicinal plant Withania sominifera from Ashwagandha (Grover et al., 2011). It may have or show encouraging results in COVID-19 treatment.
Saikosaponins
Belonging to the triterpenoids group, Saikosaponins are extracted from various plants like Scrophularia scorodonia, Heteromorpha spp, and Bupleurum spp and is known to exert antiviral activity against Corona virus 229E by inhibiting the penetration and attachment of the virus (Cheng et al., 2006). Molecular docking of Saikosaponins B4 suggests that this compound may be used as a spike protein inhibitor and could be a possible therapeutic agent in the treatment of COVID-19.
Quercetin
Quercetin (17) is a plant flavanol that belongs to polyphenols and is used as a pharmacological agent for inflammation and cancer (Jeong et al., 2009). It has shown antiviral activity by inhibiting viral replication and by inhibiting its entry in the Dengue virus. It also exhibited antiviral activity against SARS-CoV by inhibiting its entry into a host cell. It may have antiviral activity against SARS-CoV-2. It has been approved by the US-FDA to use it as an active ingredient in drugs. All these natural and traditional compounds or ingredients need to be clinically tested against COVID-19 for possible use in this pandemic.
MONOCONAL ANTIBODIES
Large number of monoclonal antibodies is being used as therapeutic agents and also for diagnostic purposes. USFDA has approved the use of monoclonal antibodies to treat cancer and autoimmune diseases. Few monoclonal antibodies is being used in the treatment of SARS-CoV-2, to name few Bevacizumad (NCT04305106), Tocilizumab (NCT04317092), Meplazumab (NCT04275245) etc. Tian et al. (2020) reported that the human monoclonal antibody like CR3022 that is specific to SARS-CoV has the ability to bind to the SARS-CoV-2 RBD (KD of 6.3 nM) and the epitope did not overlap with ACE2 binding sites in SARS CoV–2 RBD. Making it an clinically effective candidate for treating SARS CoV-2. In developing a new monoclonal therapeutic agent for treating SARS-CoV-2, scientists target the spike proteins, ACE2 binding sites . Large number of monoclonal antibodies is tested against SARS-CoV and these monoclonal antibodies may be effective against COVID–19 (Tian et al., 2020).
Tocilizumab
To treat autoimmune diseases like Rheumatoid arthritis and multiple myeloma, tocilizumab is used. This is a human recombinant IL-6 receptor (IL-6R) antibody and IL-6 receptors is involved in the activation of inflammatory and immunological modulators that is responsible in the respiratory collapse that is observed in the patients that are infected with COVID-19. It is also associated major side effects like allergy, liver toxicity and hyperlipidemia (Jones and Ding, 2010). At present, tocilizumab is under phase II clinical trials and is being tested for SARS-CoV-2 (NCT04317092) (Scott, 2017).
Sarilumab
Sarilumab is another monoclonal antibody and is an IL-6 receptor that is under clinical trials for COVID–19 (NCT04315298). It is used in autoimmune disease like rheumatoid arthritis and suppresses the inflammation mediated by IL–6R. The therapeutic efficacy of the sarilumab along with remdesivir against SARS-CoV-2 patients is being tested under the clinical trials. Further clinical trials may be required to study its potential as the most effective therapeutic agent against SARS-CoV-2 (Pelechas et al., 2019; Lansdowne and Campbell, 2020).
VACCINES
In any given pandemic there will be a rush to develop vaccines to help the mankind. Vaccine development takes time as the vaccines must not only be protective but also safe. Unlike other drugs that are delivered into sick patients, vaccines are administered into healthy patients and require very high safety margins (Singh and Mehta, 2016). During the COVID-19 pandemic several different institute and Pharmaceutical companies are trying to develop the vaccines. As of August 11, 2020, 28 of these companies have advanced into clinical trials with Moderna, CanSino, the University of Oxford, BioNTech, Sinovac, Sinopharm, Anhui Zhifei Longcom, Inovio, Novavax, Vaxine, Zydus Cadila, Institute of Medical Biology, and the Gamaleya Research Institute having moved beyond their initial safety and immunogenicity studies (Chung et al., 2020). The vaccines are in clinical trial or in market as mentioned in Table 2. The Pfizer-BioNTech COVID-19 vaccine (BNT162b2) has not been approved or licensed by the U.S. Food and Drug Administration (FDA), but has been authorized for emergency use by FDA under an Emergency Use Authorization (EUA) to prevent Coronavirus Disease 2019 (COVID-19) for use in individuals 16 years of age and older. (www.cvdvaccine.com). As per the recent articles published indicate that the efficacy of the Pfizer vaccine was 52% after first dose and 95% after taking second dose (Mahase, 2020). The adverse drug reactions are also mentioned in the article. There were 4 deaths during the clinical trials (in the treatment and placebo group), as per the investigators these cases are not related to the vaccine. More clinical trails are in progress to launch these vaccines in the market. According to the some data the vaccines will be first available to the health care workers and people in need.
TABLE 2 | List of Front-line companies in the development of Vaccines for COVID-19.
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COVID-19 is causing a pandemic and there is an urgent therapeutic need to combat it. There is no potential antiviral drug or vaccine available to treat this virus. There is a global race to develop a vaccine, but in the present scenario to minimize the strain patients are given the current available therapeutics that has been used in previous viral infections or viral outbreaks. The patients are given the currently available antiviral depending on the prior antiviral experiences regarding SARS, MERS, influenza, and HIV virus, and these drugs have been evaluated in clinical studies or trials with patients. In this review, we have summarized the use of the current available drugs that have potential antiviral activity, and emphasis was given to the drugs that have circulated as having potential as an antiviral and anticipated to be beneficial in the treatment of COVID-19. However, most of the studies or the clinical trials were inconclusive or inconsistent in concluding the benefits of the repurposing of the available antiviral drugs. Some of the clinical trials are still ongoing and the results are pending which may be beneficial in treating or minimizing the symptoms of the virus. Some of the results are expected to be by the end of the year. Remdesivir proved to be beneficial from the clinical trial and has been recommended by the US-FDA for its use in the treatment of COVID-19 patients. Although some of the available antiviral have encouraging results, care must be taken and monitored clinically for the possible adverse side effects these drugs may pose. It should be kept in mind to monitor the effect of these drugs on critically ill patients or patients with ventilation and the effect it has on patients with mild symptoms or underlying conditions.
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The recent emergence of COVID‐19 represents one of the biggest challenges facing the world today. Despite the recent attempts to understand the epidemiological pattern and pathogenesis of the disease, detailed data about the physiology and pathology of the disease is still out of reach. Moreover, the lack of a widespread vaccine prompts an urgent call for developing a proper intervention strategy against the virus. Importantly, identification of novel molecules that target replication of the virus represents one of the promising strategies for the control this pandemic crisis. Among others, honey bee products contain numerous bioactive compounds such as propolis and several phenolic compounds that possess a wide range of therapeutic properties for combating various pathological disorders and infectious agents. The intention of the present review is to highlight the stages of SARS-CoV-2 lifecycle, the molecular mechanisms explaining the health benefits of honey bee products on COVID‐19 physiology and pathology and the possible limitations. Further future research is suggested to explore more about bee natural bioactive compounds as potential candidates against SARS-CoV-2.
Keywords: COVID‐19, pathogenesis, honey bee, products, inhibitors
INTRODUCTION
Corona viruses (CoV) are a group of positive-sense single-stranded RNA viruses ranging between 26 and 32 kb in size (Graham et al., 2013; Song et al., 2019). This group of viruses belongs to genus β-Coronavirus, family Coronaviridae, and order Nidovirales (Paules et al., 2020). The epidemiological profile of Corona viruses’ infection involves a wide range of hosts that include humans, birds, and other mammals (Monchatre-Leroy et al., 2017; Cui et al., 2019). The clinical impact of these viruses ranges from asymptomatic cases to severe symptoms, affecting respiratory, digestive, and genital organs. In accordance with COVID‐19, the disease has been emerged and detected for the first time in patients with respiratory illness of unknown etiology in the urban center town, Hubei Province, Central China (Graham et al., 2013; Song et al., 2019; Paraskevis et al., 2020). The viral agent was defined as coronavirus illness 2019 (COVID-19) or SARS-CoV-2 (Li et al., 2020b; Sun et al., 2020; Xu et al., 2020). As of December 15, 2020, more than 73,212,302 confirmed cases of COVID-19 and 1,628,442 deaths have been reported worldwide (Worldometer, 2020). Interestingly, honeybee products have been used in treatment of many diseases including tumor and immune-related diseases (Yusuf et al., 2007; Wieckiewicz et al., 2013). In this regard, honey, propolis, Bee pollen and Bee venom created by bees possess many biological activities like antibiotic, antifungal, antioxidant, antiviral, inhibitor, anti-cancer, and immunomodulatory, hepatoprotective effects (Banskota et al., 2001; Tolba et al., 2013; Pasupuleti et al., 2017; Hashem, 2020; Shaldam et al., 2020). The following sections include an overview about structure, pathogenesis and mechanistic activities of SARS-CoV-2 and the potential application of Bee’s products in treatment of the disease.
STRUCTURE OF SARS-COV-2
As mentioned above, SARS-CoV-2 or CoV is an RNA virus belonging to the genus β-Coronavirus (Paules et al., 2020). This virus is a positive-sense RNA virus with a size of around 30 kb and about 74–99% identity with the coronavirus from the placental mammal (Manis javanica) and horseshoe bat (Rhinolophus sinicus) (Bat-CoVRaTG13), respectively (Zhu et al., 2020b). The typical CoV contains a minimum of six open reading frames (ORFs) (Consortium, 2004). The primary ORF (ORF1a/b) is a simple fraction that concerns the entire order length and encodes sixteen non-structural proteins (nsp1-16) (Consortium, 2004; Narayanan et al., 2015). Furthermore, the virus includes four main structural proteins; spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins which are shown in Figure 1 (Consortium, 2004; Peiris et al., 2004; Li et al., 2020a; Nadeem et al., 2020; Wrapp et al., 2020). It should be stressed that most of the non-structural proteins are known to play a significant role in virus replication while structural proteins are vital for particle assembly and for inflicting CoV infection (Consortium, 2004; McBride et al., 2014; Astuti and Ysrafil, 2020). Moreover, specific structural and accent proteins, like HE macromolecules are also encoded by CoV (Chen et al., 2020a; Naqvi et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Schematic representation of the genome organization and functional domains of S protein for COVID-19. The single-stranded RNA genomes of COVID-19 encode two large genes, the ORF1a and ORF1b genes, which encode 16 non-structural proteins (nsp1–nsp16). The structural genes encode the structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N), which are common features to all coronaviruses. (B) The SARS-CoV-2 genome is arranged in the order of 5′-replicase (ORF1a/b)–structural proteins [spike (S)–envelope (E)–membrane (M)–nucleocapsid (N)]−3′ (reproduced from Consortium, 2004; Peiris et al., 2004; Li et al., 2020a; Nadeem et al., 2020; Wrapp et al., 2020).
STAGES OF SARS-COV-2 LIFECYCLE AND THE POTENTIAL INHIBITION TARGETS
It is noteworthy to state that SARS-CoV-2 targets cells through the infectious agent structural spike (S) supermolecule that binds to the angiotensin-converting enzyme two (ACE2) receptor (Wang et al., 2007; Magrone et al., 2020). Following its binding to the receptor, the virus uses host cell receptors and endosomes to enter cells while this action is facilitated by transmembrane protease/serine subfamily member 2 via the S supermolecule (Hoffmann et al., 2020b). Once within the cell, the infectious agent polyproteins area unit synthesized targets the assembly of replicase-transcriptase complex (Sawicki et al., 2005). The virus then synthesizes RNA via its RNA-dependent RNA enzyme and the structural proteins area unit synthesized, resulting in completion of assembly which is followed by the release of infectious agent particles (Fung and Liu, 2014; Fehr and Perlman, 2015; Chen et al., 2020a). These steps of the SARS-CoV-2 lifecycle represent potential drug targets (Figure 2) and there are other drug targets which trigger infectious agent entry and immune regulation pathways (Savarino et al., 2003; Al-Bari, 2017).
[image: Figure 2]FIGURE 2 | Schematic represents virus-induced host immune system response and viral processing within target cells.
THE ROLE OF NATURAL THERAPY STRATEGY IN SARS-COV-2
Revising the available literature, several previous studies explored the promising role of some natural compounds and phytochemical extracts, e.g. Lycoris radiata (red spider lily), Lindera aggregata, Pyrrosia lingua (a fern), and Artemisia annua (sweet wormwood), in treatment of outbreaks of SARS (Wu et al., 2004; Hoever et al., 2005; Li et al., 2005; Kim et al., 2010). Taken into account, these previously mentioned extracts showed various degrees of activity against SARS-CoV ranged from moderate to potent and their antiviral actions were dose-dependent. Among others, Lycoris radiata (red spider lily) expressed the most potent antiviral activity (Li et al., 2005). Glycyrrhizin, which is an active compound contained in licorice roots, is another example for the herbal extracts that displayed potent antiviral activity against SARS-CoV by inhibiting the replication of the virus when tested on 10 different clinical strains of SARS-CoV (Cinatl et al., 2003; Hoever et al., 2005). Furthermore, Lycorine, a toxic crystalline alkaloid found in various Amaryllidaceae species and Baicalin (a constituent of the Baikal skullcap plant), has also shown potent antiviral effects against SARS-CoV (Fielding et al., 2020). Interestingly, myricetin, scutellarein, and phenolic compounds from dyer’s woad and Japanese nutmeg-yew have shown to be potent antagonists of SARS-CoV enzymes, including nsP13 helicase and 3CL protease (Lin et al., 2005; Ryu et al., 2010; Yu et al., 2012). In addition, some natural phytomedicines, e.g., the aqueous extract of fish mint, mediated several antiviral mechanisms in SARS-CoV (Lau et al., 2008). However, it should be borne in mind that some discrepancy in results has been reported as these in vitro data may not correlate with in vivo findings that renders the use of some of these natural compounds as an effective antiviral agent. The following subsections will highlight the potential inhibition targets in the different stages of SARS-CoV-2 lifecycle and the potential application of bee products in treatment of the disease.
Potential Repressive Properties Against ACE-2 Receptors
The intra- or inter-species transmission of β-coronaviruses (CoVs) requires an interaction between the infective agent and the host cell receptors that results in the invasion of the virus into host cells (Li, 2016). Some recent studies reveal that human, pig, and civet cell lines allowed SARS-CoV-2 infection and replication, indicating that the virus uses ACE2 receptor for infection (Hoffmann et al., 2020a; Zhu et al., 2020a; Zhu et al., 2020b; Letko et al., 2020; Zhou et al., 2020). ACE2 is extremely expressed within the respiratory organs that make the lung tissue highly vulnerable (Hamming et al., 2004). In addition, the ACE2 receptor is expressed within the epithelial tissue cells of gut, kidney, and heart cells (Zhang and Liu, 2020). It is therefore not surprising to state that ACE2 blockers are another choice to control the infection (Ton et al., 2020). Similarly, some molecules such as GSK1838705A (a small-molecule kinase inhibitor), KT203 (inhibitor of α/β-hydrolase domain), KT185 (brain-penetrant and selective ABHD6 inhibitor), and BMS195614 (selective RARα antagonist) showed strong binding affinities with receptor binding sites (RBD) of the infective agent S-protein. These molecules facilitate the management of fast infection by participating the virus at entry points (Choudhary et al., 2020). Therefore, ACE II enzyme inhibition seems an important target for treatment of these cases of infection caused by SARS-CoV-2.
Propolis, or bee glue, is defined as a natural resinous mixture produced by bees through its collection from nature (Sforcin, 2016; Drescher et al., 2019). The honey bee produces this mixture though mixing saliva and beeswax together with the collected exudate from several botanical sources such as tree and plants buds (Zabaiou et al., 2017). Interestingly, this mixture possesses a wide range of activity against various infections agents in addition to its role in wound healing (Pasupuleti et al., 2017; Oryan et al., 2018). In accordance with its texture, crude propolis could be extremely viscous and slightly soluble in water. Propolis has been an important element of apitherapy for hundreds of years. Recently, it has been used as an additive in the name of the ancient practice of medicine (Pobiega et al., 2018; Anjum et al., 2019). The bulk of the active ingredients of propolis comprise the family of polyphenols. In this concern, phenolic acids, flavonoids (flavanones, flavones, flavonols etc.), stilbenes, and tannins are considered the most active polyphenols of propolis (Graikou et al., 2015; Anjum et al., 2019). In addition, several previous in vitro and in vivo studies showed that flavonoids have high potential for inhibition of Angiotensin-Converting enzyme (ACE) (Hussain et al., 2018; Wang et al., 2018; Silveira et al., 2019). A recent study measured and checked the binding constants of 10 flavonoids, including caffeic acid, caffeic acid phenethyl ester, galangin, chrysin, rutin, hesperetin, myricetin, pinocembrin, quercetin, and luteolin, using the AutoDock 4.2 molecular arrival program and compared to a reference substance of MLN-4760 which is known as ACE2 inhibitor (Güler et al., 2020). The results showed that rutin has the simplest inhibition potential among the studied molecules. Clearly, the high potential of flavonoids extracts to bind to ACE II receptors indicates that this natural bee product might exhibit marked activity for Covid- 19 treatment (Güler et al., 2020; Shaldam et al., 2020). However, these findings must be supported by experimental studies.
Potential Repressing Properties Against Proteinase Enzyme
The inhibition of infectious agent proteinase is a crucial target in drug development. The 3C-like proteinase (3CLpro) might be a cysteine proteinase that hydrolyzes the polyproteins pp1a and pp1ab to supply purposeful proteins throughout the replication of the virus. As result of its extremely preserved sequence and essential properties, 3CLpro has been validated as a possible target for the treatment of respiratory illnesses such as MERS, and COVID-19 (Kumar et al., 2017; Dong et al., 2020; Jo et al., 2020). Recently, a wide range of natural and artificial inhibitors that focus on completely different sites and regions of 3CLpro have been developed (Muramatsu et al., 2016; He et al., 2020; Theerawatanasirikul et al., 2020; Ye et al., 2020). Because the extremely preserved process sites of 3CLpro area unit shared by CoVs (Kumar et al., 2017; Dong et al., 2020), tremendous efforts have been created to review this target in order to meet the urgent need for the development of anti-SARS-CoV-2 therapy (Ton et al., 2020). Their targets include antecedently approved medicine, run candidates, and bioactive agents that were known as potential treatments for respiratory illness and MERS (Ton et al., 2020). Most studies targeted the small-molecule compounds, through virtual screening, that supported the crystal structure of 3CLpro (Chen et al., 2020b). It should be stressed that the natural bee products such as flavonoids (herbacetin) and Chalcones are considered candidate compounds which are related to the protein activity or infectious agent load in vitro. In addition, Herbacetin (PubChem CID: 5280544) exerted outstanding repressing effects, with the IC50 values of 33.2 μM. An induced-fit docking tying up study with SARS-CoV 3CLpro (PDB ID: 4WY3) showed that herbacetin shaped four H-bonds at the S2 website besides the 8-hydroxyl cluster that was essential for the formation of H-bonds with Glu166 and Gln 189 (Jo et al., 2020).
Interestingly, several previous studies documented that galangin, kaempferol, chrysin, and pinocembrin were detected in Croatian Cystus incanus L. bee pollen (Saric et al., 2009). The presence of herbacetin, myricetin, tricetin, luteolin, and 3-O-methylquercetin was also documented (Campos et al., 2003). A series of alkylated chalcones isolated from Angelica keiskei, were evaluated for their repressing activities against SARS-CoV 3CLpro. Among these chalcones, compound, with a perhydroxyl cluster, showed the foremost potent repressing impact (IC50 = 11.4 ± 1.4 μM). Clearly, these previously mentioned results reveal that the perhydroxyl cluster can be crucial for the binding to SARS-CoV 3CLpro. Tying up studies of the compound with 3CLpro (PDB ID: 2ZU) showed that the carbonyl and hydroxyl group teams shaped H-bonds with His163 and Ser144, respectively. The perhydroxyl cluster shaped a powerful H-bond with the very important residue Cys145 (Park et al., 2016). It is noteworthy to state that honey contains various compounds besides water, sugars, free amino acids, proteins, enzymes, essential minerals, vitamins, and numerous phytochemicals (Escuredo et al., 2013). In addition, polyphenols are heterogeneous categories of chemical compounds which are divided into flavonoids (flavonols, flavones, flavanones, flavanols, chalcones, anthocyanidin, and isoflavones) and non-flavonoids (phenolic acids). The phenolic resin composition in honey mainly depends on its floral origin that can be used as a tool for classification and authentication, particularly within unifloral varieties (Kennedy and Wightman, 2011; Chan et al., 2013; Keckes et al., 2013; Campone et al., 2014). Importantly, two compounds of chalcones (2′, 4′- dihydroxychalcone and 2′,4′- dihydroxy 3′-methoxychalcone) were also found in propolis samples from the four-card monte phytogeographical region (Solórzano et al., 2012).
Potential Restrictive Properties Against Methyltransferase
It should be stressed that cap formation of an mRNAs infectious agent requires universally three sequent accelerator reactions. Firstly, RNA triphosphatase (TPase) removes the c-phosphate cluster from the 59-triphosphate finish (pppN) of the emergent RNA chain to come up with the diphosphate 5ʹ-ppN. Later on, RNA guanylyltransferase (GTase) transfers a Guanosine monophosphate (GMP) to the 59-diphosphate to yield the cap core structure (GpppN). Then, N7- MTase methylates the capping guanylate at the N7 position to supply a cap-0 structure (m7GpppN) (Furuichi and Shatkin, 2000). Taken into account, lower eukaryotes such as yeast use a cap-0 structure while higher eukaryotes and viruses sometimes markedly methylate the cap-0 structure at ribose 2ʹ-O position of the first and second nucleotide of the mRNA via a ribose 2ʹ-O MTase, which in turns create cap-1 and cap-2 structure, respectively (Furuichi and Shatkin, 2000). Taken into consideration, it was shown that ribose 2ʹ-O-methylation of viral RNA cap provided a mechanism for viruses to overcome the host immune recognition (Daffis et al., 2010; Zust et al., 2011). Furthermore, it was recently reported that SARS-CoV nsp16 acts as 2ʹ-O-MTase which together with nsp10 give the rise to cap-1 structure (Bouvet et al., 2010). Interestingly, some of the honey bee compounds showed high affinity on 2ʹ-O-methylates. Among the FDA-approved medications, paritaprevir and teniposide influence the conversion of spike macromolecule, 2′-o-ribose methyltransferase, dihydroergotamine and venetoclax to nucleocapsid macromolecule and 2′-o-ribose methyltransferase. Among the natural products, amyrin (triterpenes), procyanidin, and proanthocyanidin (category of flavonoids) influence the activity of 2′-o-ribose methyltransferase (Kadioglu et al., 2020). It is noteworthy to state that the major compounds of propolis are triterpenoids that have a relative concentration of 74%, steroids, and diterpenoids (Elnakady et al., 2017). Raw propolis contains over three hundred different compounds that largely consist of triterpenes (50% w/w), waxes (25–30%), and phenolics (5–10%), volatile mono- and sesquiterpenes (8–12%) and the last compound gives propolis its typical pitchy odor (Huang et al., 2014).
Potential Restrictive Properties Against Ribonucleic Acid-dependent RNA Enzyme
Ribonucleic acid-dependent RNA enzyme (RdRp) is considered a crucial enzyme for coronaviruses as it catalyzes the replication of ribonucleic acid from RNA templates. Importantly, a remarkable similarity in the sequences and cipher structures of RdRp were reported among the sequence of RdRp in severe acute respiratory syndrome coronavirus (SARS-CoV), SARS-CoV-2 and Middle East respiratory syndrome coronavirus (MERS-CoV) (Feng et al., 2020; Morse et al., 2020). Interestingly, Remdesivir (GS-5734) might represent a nucleoside ester analogue substance of RdRp since it showed broad-spectrum antiviral activity against many ribonucleic acid viruses, as well as filovirus, SARS-CoV and MERS-CoV(Tchesnokov et al., 2019; Gordon et al., 2020; Zhang and Liu, 2020). Furthermore, a recent report indicated that remdesivir improved the vital condition of a patient with COVID-19 that might represent a therapeutic target for SARS-CoV-2 (Holshue et al., 2020).
Interestingly, twelve completely different flavonoids were detected in propolis extracts namely, pinocembrin, acacetin, chrysin, rutin, luteolin, kaempferol, apigenin, myricetin, catechin, naringenin, galangin, and quercetin; 2 synthetic resin acids, caffeic acid and cinnamic acid (Volpi, 2004). Among others, myricetin has high binding affinity toward the RdRp of each SARS-CoV and SARS-CoV-2 with favorable materia medica properties. This compound has been consumed since a time long ago and does not possess any inherent toxicity besides exhibiting a broad range of therapeutic properties, suggesting the potential use of this natural compound as inhibitor for RdRp of SARS-CoV-2. However, additional in vitro and in vivo studies seem mandatory to validate its efficaciousness against SARS-CoV-2 (Singh et al., 2020).
POTENTIAL REPRESSIVE PROPERTIES AGAINST THE CYTOKINE STORM
Revising the available literature, threatens of COVID-19 is partially related to cytokine storm which is defined as an exaggerated production of proinflammatory cytokines that results in multi organ system failure (Jose and Manuel, 2020; Tufan et al., 2020). It has been documented that COVID-19 infected patients with cytokine storm manifest high levels of cytokines, together with higher plasma levels of various interleukins (IL), including IL-2, IL-6, IL-7, IL-10, Granulocyte colony-stimulating factor (G-CSF), Interferon gamma (IFNγ), Microtubule-associated protein 1 alpha, and Tumor necrosis factor alpha (TNFα) (Costela-Ruiz et al., 2020; Mehta et al., 2020). Among others, IL6 is an inflammatory protein involved in cytokine storms that triggers the upregulation of T helper 1 (Th1) and T helper cell 2 (Th2) pathways (Kipar et al., 2006; Yan et al., 2018). In addition, whole bee venom down-regulates TNFα and IL-6 (Kim et al., 2011; Darwish et al., 2013; Shin et al., 2017). Moreover, bee venom is already utilized in some varieties of stylostixis for treatment of inflammatory arthritis (Lee et al., 2005). It was reported that cytokine IL10 down-regulates inflammatory cytokines like IL1 and TNF alpha in coronavirus infections (Cox, 1996). Bee venom (BV) was also reported to contain many enzymes, together with phospholipase A2 (PLA2), phospholipase B, spreading factor, acid enzyme and–glucosidase (Hossen et al., 2016). In a previous study, Park et al. (2015) showed that bee venom phospholipase A2 (BV PLA2) ameliorates allergic airway inflammation. This study found that BV PLA2 treatment causes diminished infiltration of neutrophils, eosinophils, lymphocytes, and macrophages in bronchoalveolar irrigation fluid (BLAF) (Park et al., 2015). Another study revealed that BV PLA2 includes a CD4+CD25 + Foxp3+ Treg cell-mediated protection against acute respiratory organ inflammation induced by actinotherapy (Shin et al., 2016). Interestingly, the exaggerated IL10 that was reported in beekeepers compared to the rest of population might be attributed to the chronic low level exposure to bee venom (Meiler et al., 2008). A recent study also proposed that beekeepers are often prevented from SARS-CoV-2 as results of this population developing a tolerance to bee stings (Yang et al., 2020). Clearly, this observation suggests that bee venom or product with active ingredients contained in bee venom can be used in people at high risk of serious COVID-19 to forestall or attenuate cytokine storm within the context of COVID-19.
LIMITATIONS OF THE STUDIES CARRIED OUT IN HONEY BEE COMPOUNDS
Given the above information, natural products are among the therapeutic options for SARS-CoV-2 infection (Serkedjieva et al., 1992; Calixto, 2005; Maruta and He, 2020). Propolis is an example for honey bee compounds that can reduce and alleviate the symptoms of inflammatory diseases by affecting various metabolic cycles (Machado et al., 2012; Hori et al., 2013; Piñeros et al., 2020). However, found many restrictions were found for the approval and acceptance of these substances as a health-promoting supplement in various countries since these compounds e.g., propolis products are not standardized and vary in their components and biological activity among countries and even at a regional level, and therefore, faced many relevant criticism (Bankova, 2005; Toreti et al., 2013; Miguel et al., 2014). However, it should be stressed that standardized propolis products e.g., standardized Brazilian propolis extract blend have recently become available to overcome this major drawback and showed higher safety profile and major effectiveness for treatment of many pathological conditions (Berretta, 2007; Berretta et al., 2012; Berretta et al., 2017; Silveira et al., 2019; Zaccaria et al., 2019). Therefore, standardized propolis is considered an example for natural products that can be used a nutraceutical or functional food resource that might provide a promising safe and easy to administer therapeutic for fighting COVID-19 pandemic (Fielding et al., 2020).
CONCLUSIONS, LIMITATIONS, AND FUTURE PERSPECTIVES
Given the above information, the current pandemic status of COVID-19 calls the urgent need to develop non-traditional novel drug targets and vaccines for combating the disease. Interestingly, several previous studies revealed the physiological and therapeutic actions of bee products (propolis, bee pollen, bee venom and honey) and their components, implicating their potential role in controlling various pathological conditions including COVID-19. However, it should be borne in mind that studies on bee bioactive compounds and their role in COVID-19 are limited and bee products may have different compositions. Taken together, the current review suggests further future studies on exploring the potential beneficial use of bee products besides investigation their detailed chemical analysis. This detailed information might provide clues for their use as potential drug targets for combating CoVID-19 either alone or in association with other drugs.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) binds to the angiotensin-converting enzyme 2 (ACE2) receptor and invade the human cells to cause COVID-19-related pneumonia. Despite an emphasis on respiratory complications, the evidence of neurological manifestations of SARS-CoV-2 infection is rapidly growing, which is substantially contributing to morbidity and mortality. The neurological disorders associated with COVID-19 may have several pathophysiological underpinnings, which are yet to be explored. Hypothetically, SARS-CoV-2 may affect the central nervous system (CNS) either by direct mechanisms like neuronal retrograde dissemination and hematogenous dissemination, or via indirect pathways. CNS complications associated with COVID-19 include encephalitis, acute necrotizing encephalopathy, diffuse leukoencephalopathy, stroke (both ischemic and hemorrhagic), venous sinus thrombosis, meningitis, and neuroleptic malignant syndrome. These may result from different mechanisms, including direct virus infection of the CNS, virus-induced hyper-inflammatory states, and post-infection immune responses. On the other hand, the Guillain-Barre syndrome, hyposmia, hypogeusia, and myopathy are the outcomes of peripheral nervous system injury. Although the therapeutic potential of certain repurposed drugs has led to their off-label use against COVID-19, such as anti-retroviral drugs (remdesivir, favipiravir, and lopinavir-ritonavir combination), biologics (tocilizumab), antibiotics (azithromycin), antiparasitics (chloroquine and hydroxychloroquine), and corticosteroids (dexamethasone), unfortunately, the associated clinical neuropsychiatric adverse events remains a critical issue. Therefore, COVID-19 represents a major threat to the field of neuropsychiatry, as both the virus and the potential therapies may induce neurologic as well as psychiatric disorders. Notably, potential COVID-19 medications may also interact with the medications of pre-existing neuropsychiatric diseases, thereby further complicating the condition. From this perspective, this review will discuss the possible neurological manifestations and sequelae of SARS-CoV-2 infection with emphasis on the probable underlying neurotropic mechanisms. Additionally, we will highlight the concurrence of COVID-19 treatment-associated neuropsychiatric events and possible clinically relevant drug interactions, to provide a useful framework and help researchers, especially the neurologists in understanding the neurologic facets of the ongoing pandemic to control the morbidity and mortality.
Keywords: COVID - 19, SARS – CoV – 2, neurotropism, nervous system, neurologic manifestations, psychological impact, neuropsychiatric adverse effects, drug-drug interaction
INTRODUCTION
On January 30, 2020, the WHO declared the Coronavirus Disease-2019 (COVID-19) outbreak a Public Health Emergency of International Concern (WHO, 2020b). The genome sequencing analysis has confirmed that the causative novel coronavirus (CoV) belongs to the lineage B of beta-coronavirus, and is named as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of Viruses. It exhibited 96.2, 79.5, and 50% similarity in gene sequence with the earlier known bat CoV RaTG13, SARS-CoV, and Middle East Respiratory Syndrome Coronavirus (MERS-CoV), respectively (Jin Y. et al., 2020). Thus, the probable natural host of the virus is suspected to be the bats, possibly transmitted to humans through an unknown intermediate (Guo et al., 2020). The general clinical manifestations of SARS-CoV-2 infection may range from the onset of self-limiting signs and symptoms related to upper respiratory tract infection like rhinorrhea and sore throat to nonspecific clinical conditions such as non-productive cough, fever, dyspnoea, and difficulty in breathing (Kang and Xu, 2020). Although SARS-CoV-2 predominantly affects the respiratory system, recent evidences suggest the neurological involvement with COVID-19 (Asadi-Pooya and Simani, 2020; Helms et al., 2020a; Mao et al., 2020). However, neurotropism and neuroinvasive mechanism of SARS-CoV-2 is still under debate. The expression of angiotensin-converting enzyme 2 (ACE2) receptor, required for cell tropism, has recently been demonstrated to be present on neurons and glial cells of different brain regions (Palasca et al., 2018; Muus et al., 2020), including the striatum, cerebral cortex, posterior hypothalamic area, substantia nigra, and the brain stem (Chen R. et al., 2021). Several hypotheses suggest the possibility of SARS-CoV-2 transmission into the central nervous system (CNS) via the hematogenous pathway, olfactory bulb invasion, and retrograde axonal transport (Desforges et al., 2020). Notably, not all neurological manifestations involve direct neuroinvasive mechanisms. For instance, indirect neurologic symptoms may result from the exacerbated systemic pro-inflammatory responses (Zhou et al., 2020). In addition to that, post-infection neurological complications and psychological issues associated with COVID-19 are also of great concern.
The therapeutic potential of certain repurposed drugs has led to their off-label use against COVID-19, such as anti-retroviral drugs (remdesivir, favipiravir, and lopinavir-ritonavir combination), biologics (tocilizumab), antibiotics (azithromycin), antiparasitics (chloroquine and hydroxychloroquine), and corticosteroids (dexamethasone) (Borah et al., 2020). On top of the neurological complications associated with SARS-CoV-2 infection, many of these drugs potentially exhibit certain clinical neuropsychiatric adverse events. For example, previous studies have reported the chloroquine-/hydroxychloroquine-associated neuropsychiatric adverse effects such as seizures, ataxia, retinopathy, and limbic encephalitis (Maxwell et al., 2015). Similarly, corticosteroids can provoke agitation, anxiety, depression, delusion, and hallucinations (Ou et al., 2018). Both corticosteroids and anti-viral drugs may also trigger convulsions and seizures (van Campen et al., 2018; Jarrahi et al., 2020). Apart from these, the potential COVID-19 therapies may also interact with the prescribed medications for pre- and/or co-existing neuropsychiatric diseases demonstrating serious drug-drug interactions, thereby, further complicating the clinical outcomes. From this perspective, this review will discuss the possible neurological manifestations and sequelae of SARS-CoV-2 infection with emphasis on the probable underlying neurotrophic as well as neuroinvasive mechanisms. Additionally, we will highlight the concurrence of COVID-19 treatment-associated neuropsychiatric events and possible clinically relevant drug interactions, to provide a useful framework and help researchers, especially the neurologists in understanding the neurologic facets of the ongoing pandemic to control the morbidity and mortality.
SARS-COV-2 PATHOPHYSIOLOGY
SARS-CoV-2 are non-segmented positive single-stranded RNA containing spherical shaped viruses with crown-like lipid envelope (Hasöksüz et al., 2020; Lundstrom, 2020). The basic genome of the virus comprises of orderly arranged 5' methylated (UTR) caps, open reading frames (ORFs), spike (S), envelope (E), membrane (M), nucleocapsid (N), and other accessory proteins (Malik, 2020). The S proteins are membrane fusion proteins (type I) associated with receptor-binding function mediated through the receptor binding-domains (RBD) and assist in the virus fusion to the host cell membrane. On the other hand, E proteins contribute to the virion assembly and their release, and M proteins characterize the viral envelope shape, while N proteins package the viral genome to form the complete virion (Alanagreh et al., 2020; Malik, 2020). Several other accessory proteins present in the genome are known to possess overlapping compensatory roles.
The replication cycle of the SARS-CoV-2 begins once the virus transmits into the host body via interaction of S proteins with the ACE2 receptor of the target cells such as type II alveolar cells, tracheobronchial epithelial, vascular endothelial, and the macrophages (Hamming et al., 2004; Kotta et al., 2020). The S protein is further cleaved by the acid-dependent proteolysis with various proteases including transmembrane protease serine 2 (TMPRSS2) and cathepsin, which leads to membrane fusion and viral genome released into the host cell cytoplasm (Belouzard et al., 2009). The released SARS-CoV-2 polyproteins are processed by the major proteases such as papain-like protease (PLpro) and 3-chymotrypsin-like protease (3CLpro) to synthesize several non-structural proteins (NSPs) like RNA-dependent RNA polymerase (RdRP). Eventually, it leads to the formation of a double-layered vesicle with a replication-transcription complex (RTC) that produces sub-genomic RNAs, acting as templates for the translation of structural as well as other accessory proteins (Ahn et al., 2020). Later, the S, E, and M proteins (formed via translation) enter into the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and undergo viral assembly along with N protein and genomic RNA. Ultimately, it produces mature virions inside the vesicles, which are released from the cell by the process of exocytosis (Figure 1) (Malik, 2020).
[image: Figure 1]FIGURE 1 | Pathogenesis of SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) infection; (A) Replication cycle of SARS-CoV-2 virus, and (B) Induction of cytokine storm in the host following viral infection.
These newly released viruses can provoke cellular injury as well as pyroptotic death in the infected host cells during the invasion and replication process, which ultimately leads to vascular leakage of the viral components (Tay et al., 2020; Yang, 2020). The recognition of the released viral components by macrophages and alveolar epithelial cells via pattern recognition receptors triggers the production of excess pro-inflammatory cytokines, including interleukin-6 (IL-6), monocyte chemo-attractant protein 1 (MCP1), interferon γ (IFNγ), and IFNγ-induced protein 10 (IP-10), which causes a local wave of inflammation (Huang et al., 2020). This cytokine-mediated inflammatory signaling leads to pulmonary infiltration by the T-lymphocytes and monocytes (Tian et al., 2020). Usually, these immune cell recruitment aims to eradicate the pulmonary infection, but in some cases, there may be an impaired immunological response that initiates an anomalous inflammatory phenomenon referred to as “cytokine storm” (Figure 1) (Mehta et al., 2020; Ye et al., 2020). This may further lead to cytokine release syndrome (CRS). Furthermore, unrestricted infiltration also facilitates inflammatory injury to the pulmonary tissues due to the excess discharge of proteases and reactive oxygen species (ROS). Overall, it prompts diffuse alveolar damage as well as exudative pulmonary edema that results in acute respiratory distress syndrome (ARDS) characterized by inefficient pulmonary gas exchange, severe breathing complications, and a drop in blood oxygen saturation (Tian et al., 2020). Notably, cytokine storm is not only restricted to local damage, instead it has a rippling effect throughout the organ systems, and leads to septic shock and multi-organ failure (Ruan et al., 2020).
Usually, the incubation period of the SARS-CoV-2 ranges from 5 to 6 days (maximum 14 days) (WHO, 2020a), and the clinical manifestations include the onset of sign and symptom associated with upper respiratory tract infection like rhinorrhea and sore throat, followed by non-productive cough, headache, dizziness, hyposmia, hypogeusia fever, myalgia, dyspnoea, fatigability, confusion, and confirmed pulmonary lesions as observed on chest radiography (Deb et al., 2020; Kang and Xu, 2020). Moreover, pre-existing conditions like diabetes, hypertension, chronic respiratory disease, chronic liver diseases, obesity, chronic kidney diseases, cancers, and other cerebrovascular diseases have shown a significant correlation with disease progression and severity (Guan et al., 2020; NIH, 2020). The next section will emphasize the neuropsychiatric manifestations that have been reported till now. As surveillance data is still evolving, various reports and case series available in the literature do not necessarily indicate causation of the neurologic disorders but may underline the neuropsychiatric impact associated with COVID-19.
PLAUSIBLE NEUROTROPIC AND NEUROINVASIVE MECHANISMS
The understanding of previously known coronaviruses and the SARS-CoV-2 offers clues regarding the neurotropic and neuroinvasive potential of these viruses in humans. Upon host-infection, coronavirus may target the nervous system by causing inflammation followed by demyelination. Interestingly, a previous study also suggested the existence of hypothetical ‘brain-lung-brain axis’ as lung injury has been demonstrated to be associated with brain damage and neurocognitive dysfunction, and vice versa (Stevens and Puybasset, 2011). Evidence suggest that SARS-CoV-2 may invade the brain, particularly of immune-compromised population, through either direct or indirect routes. Other human coronaviruses (HCoVs) have previously been observed in the brain tissues by autopsy studies. HCoV strains OC43 and 229E were determined in 44 brain donors (out of 90) by the RT-PCR (Edwards et al., 2000). Particularly, the OC43 strain was found in a higher amounts in patients with multiple sclerosis as compared to the controls. A similar study also demonstrated an over-expression of MCP-1 chemokine mRNA in the astrocytes following OC43 infection (Stamatovic et al., 2005). Interestingly, elevated MCP-1 expression has been implicated in the enhanced blood–brain barrier (BBB) permeability (Glass et al., 2004). Thus, it is evident that there is a higher association of multiple sclerosis with HCoV infection. Moreover, it also implies that coronavirus infection may contribute to the pre- or co-existing neuropathology to cause chronic neurologic complications.
As described in the previous section, spike proteins of SARS-CoV-2 bind with the ACE2 receptors on the host cells, and enter inside the cell either by membrane fusion or endocytosis. The ACE2 receptors are also expressed in neurons of different brain regions, which can bind to the integrins and regulate integrin signaling (Doobay et al., 2007; Clarke et al., 2012). Recently, an integrin-binding motif in the S protein of SARS-CoV-2 was recognized, suggesting that an ACE2-independent cell invasion might be possible in integrin-expressing cells (Sigrist et al., 2020). The neurotropic nature of SARS-CoV-2 was confirmed by the presence of the virus in the CSF of a COVID-19 patient with viral encephalitis (Moriguchi et al., 2020) as well as in the brain of a deceased COVID-19 subject with resting tremors and gait impairment due to Parkinson's disease (Paniz-Mondolfi et al., 2020). The presence of SARS-CoV-2 was also reported in the olfactory epithelium, olfactory bulbs, trigeminal ganglia, brainstem, uvula, cornea, and conjunctiva of some corpses (Meinhardt et al., 2021). A hypothesis suggests the nerve endings in the conjunctiva and oral/nasal mucosa including the olfactory nerves might act as potential entry sites for the SARS-CoV-2 infection (Cheema et al., 2020; Colavita et al., 2020). Post-mortem MRI findings of four COVID-19 positive cadavers showed asymmetric olfactory bulbs, that point towards olfactory neuroepithelium as a probable site for the virus entry (Coolen et al., 2020). The ACE2 and TMPRSS2 are also expressed in the neuroepithelium of the olfactory bulb (Fodoulian et al., 2020), which are probably associated with hyposmia and dysgeusia in COVID-19 patients during the infection. Additionally, the SARS-CoV-2 is also assumed to spread to the brainstem via olfactory bulb (direct route) or orofacial sensory fibers (alternate route) via cranial ganglia. The direct olfactory route involves the dissemination of SARS-CoV-2 to the amygdala and piriform cortex through the medial forebrain bundle that projects caudally to the dorsal vagal nuclei and solitary tract (Fenrich et al., 2020). Importantly, the COVID-19 associated dysgeusia may be explained by the viral replication in the solitary tract neurons. It is also suggested that SARS-CoV-2 can disrupt the chemoreceptors by invading the olfactory mucosa to trigger an inflammatory response (Fiani et al., 2020). The COVID-19 associated early anosmia may be a result of the early neuroinvasion, probably through the olfactory bulb as HCoV utilizes retrograde transport to reach the olfactory nerve. Experimental data suggest the presence of viral-specific antigens in the olfactory bulbs of transgenic mice following 3 days of intranasal HCoV-OC43 inoculation. Moreover, after 7 days of inoculation, viral dissemination was observed throughout the brain coinciding with clinical encephalitis. Experimental nasal inoculation demonstrated about an 8-fold increase in the SARS-CoV-positive cell density in the CNS, particularly in the hippocampus, 1–2 weeks after the infection (Chan et al., 2020). On the other hand, the alternate route of propagation through orofacial nerves also represents a plausible site for the persistent infection as well as replication, since pseudounipolar somata mainly reside in the cranial ganglia. Furthermore, it facilitates brainstem invasion either by axonal transport or exocytosis-endocytosis mediated transfection of other fibers passing through the ganglia. Nevertheless, vesicular transport may also prevail and contribute to such transmission. Cross human tissue surveys revealed co-expression of ACE2 and TMPRSS2 cells in the nasal goblet cells, ciliated cells, and oligodendrocytes (Sardu et al., 2020). Therefore, co-expression of ACE2/TMPRSS2 proteins in the oligodendrocytes might be one route of CNS infiltration or proliferation. Although it is being hypothesized that viremia can allow the virus to reach the cerebral circulation to promote neurotropic effects, the observed discrepancy between the neurological manifestations (Mao et al., 2020) and absence of virus in the blood samples (Wölfel et al., 2020) indicates that viremia is unlikely to be a significant contributor of viral invasion to the brain, contradicting the hypothesis of hematogenous transmission of the virus in the host. Usually, the hematogenous route leads to the infection of the BBB endothelial cells and blood–cerebrospinal cells in the choroid plexus as shown in Figure 2 (Bohmwald et al., 2018). Apart from these, the induction of respiratory stress caused by lung damage can subsequently induce multi-organ failure through cascade effect and neuronal insults (Fiani et al., 2020).
[image: Figure 2]FIGURE 2 | The plausible neurotropic and neuroinvasive mechanisms of severe acute respiratory syndrome coronavirus 2.
The compromised BBB due to endothelial injury, inflammatory mediators, infected macrophages, or direct infection of the endothelial cells, also represent an alternate way for virus neuroinvasion (Sardu et al., 2020). Cytokine storms play an important role in both acute lung damage and neurotoxicity (Wang et al., 2010). The BBB integrity can be disrupted by cytokine- and/or immune-mediated injuries in the absence of direct viral invasion (Figure 2). A previous study suggests that acute necrotizing encephalopathy may occur due to the cytokine-mediated inflammations (Ouattara et al., 2011). Furthermore, neuroinflammatory insults leading to functional brain damage may partly explain the cognitive deficits associated with viral pneumonia. The systemic inflammation in specific cortical regions may also cause altered consciousness as well as other behavioral changes (Sasannejad et al., 2019). Although the hyper-active cytokine response observed in SARS-CoV-2 infection may impact the neurologic complications by manipulating the neuro-inflammatory pathways, the exact mechanisms involved are yet to be determined. Apart from neuro-inflammation, prolonged hypoxia may also promote cognitive impairments and neuropsychiatric sequelae (Steardo et al., 2020). Particularly, neuro-inflammation has been implicated in other neurodegenerative and psychiatric disorders such as schizophrenia and acute psychosis (Pape et al., 2019). On the other hand, stress can also activate hypothalamic-pituitary-adrenal (HPA) axis, which leads to the high production of steroids that may contribute to the impairment of the immunological functioning and exacerbation of psychological conditions (Steenblock et al., 2020).
The CNS infiltration by SARS-CoV-2 via peripheral nerves is a multi-stage process. The virus requires the exploitation of the retrograde axonal transport machinery to access the neuronal soma from the peripheral neurons (Figure 2). As evident, SARS-CoV-2 usually utilizes the ACE2-mediated endocytotic pathway for virus internalization followed by intracellular transport. The intrinsic clathrin-independent intracellular ACE2-mediated endocytosis is also implicated. Moreover, for a successful invasion, the virus must be capable of crossing the synaptic membranes. Notably, an earlier-known beta-coronavirus exhibited trans-synaptic transmission through presynaptic endocytosis as well as postsynaptic exocytosis (Li et al., 2013), which implies that SARS-CoV-2 might use a similar mechanism. In addition, viral dissemination via neurons from the ENS to the CNS is also possible by anterograde pathways, as this route usually reach the same brain sites like that of retrograde transport (Parker et al., 2020). Generally, kinesin-mediated anterograde axonal transport allows the trafficking of vesicles from the soma to the axon or axonal ends (Berth et al., 2009). As SARS-CoV-2 also forms ERGIC, it could manipulate the kinesin-mediated anterograde route to disseminate along the axons (Fenrich et al., 2020). Also, lateral transfections, either cell to- cell or axo-axonal spreading could be possible. Moreover, it was revealed that ACE2 trafficking could be involved in the exosome-dependent cell-to-cell transfer, probably assisting the infection in cerebrovascular endothelial cells (Wang J. et al., 2020).
Besides, SARS-CoV-2 may utilize peripheral nerves like the trigeminal nerve that has sensory innervation of the vagus nerve or the nociceptive cells that originate from the brain stem and supplies to several regions of the respiratory tract like the trachea, larynx, and lungs (Koyuncu et al., 2013; Meshkat et al., 2020). Previous evidence suggests the possibility of direct brainstem invasion by the viruses (particularly with pseudorabies virus) through chemoreceptors and mechanoreceptors found in the lungs as well as in the lower respiratory tract (Hadziefendic and Haxhiu, 1999), a possible way that can be adopted by SARS-CoV-2 to invade the CNS. However, it is yet to be established. Notably, the SARS-CoV-2 invasion of the spinal cord and brainstem practically allows the virus to target every organ system of the body (Alam et al., 2020). For instance, infection of vagal nuclei alone may allow viral dissemination to the heart, lungs, intestines, liver, and kidneys. As the lungs represent the initial reservoir for the virus, it is conceivable that SARS-CoV-2 could use the vagus nerve to invade the CNS via the lung–gut–brain axis (Shinu et al., 2020). This also allows the virus to potentially interfere with all the systems of axis at various time-points during the SARS-CoV-2 infection, which may justify the occurrence of a combination of respiratory, gastrointestinal, and neurological (neuropathic) symptoms in certain patients throughout the course of infection (Alam et al., 2020). This independently may lead to multiple organ failure in the absence of respiratory pathology. Therefore, vagal dysfunction might be considered a significant contributor to the amplified immune responses and thromboembolic events in some COVID-19 subjects (Niimi and Chung, 2015). Interestingly, vagal neuropathies associated with viral upper-respiratory-tract infections are already recognized clinically leading to para- and post-infectious sequelae (Niimi and Chung, 2015). Although the exact time required for viral invasion is not determined well, it is certainly dependent on the route of virus entry and viral load. Based on the axonal transport dynamics via active and passive processes, the CNS infection may develop within a week after the virus exposure (Fenrich et al., 2020).
NEUROLOGIC MANIFESTATIONS AND SEQUELAE: THE GROWING EVIDENCES
Despite an emphasis on respiratory complications, the evidence of neurological manifestations of SARS-CoV-2 infection is rapidly growing, which is substantially contributing to morbidity and mortality. During the initial wave of COVID-19 in China, a single-centre, retrospective study (n = 99) demonstrated the occurrence of confusion and headache in about 9 and 8% subjects, respectively (Chen N. et al., 2020). Following this, another retrospective, observational case series, analyzing 214 patients revealed that about 36.4% (n = 78) had neurologic manifestations, which were categorized as CNS manifestations (headache, dizziness, impaired consciousness, ataxia, acute cerebrovascular disease, and seizure), PNS manifestations (hyposmia, hypogeusia, vision impairment, and neuralgia), and skeletal muscle injury manifestations (Mao et al., 2020). Various evidence are available in the existing literature regarding the higher association of headache and dizziness following SARS-CoV-2 infection (Chen N. et al., 2020; Guan et al., 2020; Huang et al., 2020; Mao et al., 2020). Similarly, clinical reports have also demonstrated the frequent incidence of olfactory and gustatory dysfunctions in COVID-19 patients, causing hyposmia and hypogeusia, respectively (Giacomelli et al., 2020; Lechien et al., 2020a; Vaira et al., 2020). An observational study from France showed a higher percentage (84%) of neurologic complications, with agitation being the most common (69%), followed by corticospinal tract signs (67%) and dysexecutive syndrome (36%) at the discharge time (Helms et al., 2020a). Remarkably, there are growing evidence on neurological manifestations and sequelae that will be discussed in the later sub-sections, considering the available incidences of direct, indirect, or post-infective complications. Although it is quite hard to distinguish the complex neurological manifestations, we tried to categorize and discuss them briefly in the following subsections, based on their occurrence in the COVID-19 patients.
Myalgia and Other Muscle Injuries (Occurs Commonly)
An initial retrospective study from China reported the overall occurrence of myalgia in 40% cases including both moderate (30%) and severe (50%) cases (Chen G. et al., 2020). Similar data were also reported by other studies with the prevalence of 34.8% (Wang D. et al., 2020), 35.8% (Li et al., 2020), and 44% (Huang et al., 2020), respectively. As reported by the European prospective study conducted on mild-to-moderate cases of COVID-19, about 62.5% patients had myalgia in the setting (Lechien et al., 2020b). Another prospective cohort study from New York reported a prevalence of 26% of myalgia in critically ill patients (Cummings et al., 2020). On the contrary to all the above observations, a recent pooled analysis claimed that the presence of myalgia is not statistically associated with COVID-19, thus it should not be considered as a prognostic factor in severe COVID-19 cases (Lippi et al., 2020). An observational case series suggested that muscle injury (i.e., myalgia with elevated serum creatine kinase above 200 U/L) is more common in severe cases as compared to non-severe cases (19.3 vs. 4.8%), and patients with muscle injury are comparatively at the high-risk of developing multi-organ failure, including serious kidney and liver abnormalities (Mao et al., 2020). Evidence also suggest the development of rhabdomyolysis in rare cases, as a potential late complication of SARS-CoV-2 infection (Jin and Tong, 2020). Although electromyography and muscle imaging or histopathology is not available to date, the available data suggests that SARS-CoV-2 infection may also likely cause viral myositis. Likewise, infected patients may probably develop muscle weakness due to muscular atrophy from critical illness myopathy and polyneuropathy, but specifically constructed analyses are yet to be planned (Guidon and Amato, 2020). Nevertheless, it is also plausible that various skeletal muscle types may exhibit susceptibility to SARS-CoV-2 via ACE2 receptors expressed on the muscles (Fernandes et al., 2010; Ferrandi et al., 2020), independent of the nervous system involvement. Additionally, SARS-CoV-2 infection elicits the release of cascade of cytokines, like IL-6, which can also disrupt the muscle metabolic homeostasis and exacerbate muscle loss (VanderVeen et al., 2019; Ferrandi et al., 2020). Thus, muscle injuries may directly result from viral interaction with ACE2 receptors on muscles and/or indirectly through systemic cytokine mediated disruption and subsequent homeostatic perturbation (Ferrandi et al., 2020), irrespective of neuroinvasion.
Olfactory and Gustatory Dysfunctions (Occurs Commonly in Mild Cases)
In light of expanding anecdotal evidence, the Centers for Disease Control and Prevention (CDC) have revised the list of symptoms of COVID-19 with the addition of sudden loss of smell and taste to the triad of typical cough, fever, and difficulty in breathing (CDC, 2020). An initial cross-sectional study (n = 59) reported that about 33.9% (n = 20) patients complained at least one olfactory and gustatory disorders, while 18.6% (n = 11) were found with both (Giacomelli et al., 2020). Taste alterations were common (91%) in pre-hospitalized patients, whereas equal frequency was observed in hospitalized cases (Giacomelli et al., 2020). A multicenter study (n = 417) conducted in Europe showed higher prevalence of olfactory (n = 357, 85.6%) and gustatory (n = 342, 88.8%) dysfunctions (Lechien et al., 2020a). This finding was consistent with the previous multicentre case-control study (n = 79) revealing 80.6% (n = 25) cases of smell disorders (of which 45.2% were anosmic) and 90.3% (n = 28) cases of taste impairment (with 45.2% ageusia) (Beltrán-Corbellini et al., 2020). Among the olfactory disorders, 20.4 (n = 73) and 79.6% (n = 284) cases were hyposmic and anosmic respectively. Notably, of the 76 patients (18.2%) without rhinorrhea or nasal obstruction, 79.7% were either hyposmic or anosmic, which implies that inflammation and obstruction of the nasal mucosa are not the only underlying cause of smell dysfunction. On the other hand, the gustatory dysfunctions represented either a reduction/discontinuation of taste (78.9%) or distorted taste ability (21.1%) towards different flavours. Following this, another study reported a prevalence of 64.4% among 202 enrolled patients (Spinato et al., 2020). Boscolo-Rizzo et al. have also provided the first insight into the anosmia and hypogeusia associated with mild cases of COVID-19 in Italy (Boscolo-Rizzo et al., 2020). A similar survey with 204 COVID-19 patients using Italian Sino-Nasal Outcome Test 22 (I-SNOT-22) demonstrated taste reduction in 55.4% and smell impairment in 41.7% of the subjects with only 7.8% cases of nasal obstruction (Mercante et al., 2020). Although follow-up of these aforementioned studies provides promising evidence of self-recovery subjective to smell and taste impairment without the aid of any medical intervention, certain populations may be likely presented for further treatment of unresolved symptoms. Interestingly, the olfactory and gustatory dysfunctions associated with SARS-CoV-2 infection are often the first apparent symptom and mostly atypical to the other viral infections i.e., without rhinorrhoea or nasal obstruction (Spinato et al., 2020).
Headache (Occurs Commonly in Mild Cases)
Headache is one of the common symptoms associated with viral infections alongside fever. A meta-analysis of 59,254 cases reported headache as the fifth most common symptoms (n = 3,598, 12%) in COVID-19 patients, after fever, cough, myalgia, and dyspnea (Borges do Nascimento et al., 2020). Another retrospective, observational studies from China reported a similar incidence (n = 28 out of 214, 13.1%) of headache (Mao et al., 2020). On the other hand, a higher prevalence (70.3%) was observed in a European epidemiological study conducted in 1,420 mild to moderate patients (Lechien et al., 2020b). Therefore, this large variation in the data among the Asians and Europeans require more careful surveillance of the epidemiological impact. Notably, a report from a Spanish neurologist who himself suffered from COVID-19, described three different forms of headache as experienced in his clinical case (Belvis, 2020). Being a headache expert, he concluded that even though several types of headache appear (may be associated with cytokine storm) during the SARS-CoV-2 infection, but it seems to be underestimated due to the overemphasis on severe respiratory problems. Interestingly, correspondence from Japan has raised the concern on the headache as a probable manifestation of encephalitis or other viral meningitis, which subsequently express itself in the form of seizures and drowsiness (Moriguchi et al., 2020). Particularly, a 24-year-old young patient with no travel history presented progressive headache, fatigue, and seizures as general symptoms of paranasal sinusitis, encephalitis, post-convulsive encephalitis, and hippocampal sclerosis as determined by brain MRI. Although his RT-PCR test was negative for a nasopharyngeal swab, a CSF sample tested positive for SARS-CoV-2 RNA indicating the possible viral neuroinvasion (Moriguchi et al., 2020). Therefore, attention is required to determine the pathogenesis underpinning the headache-like symptoms, though they may appear to be simple symptoms in the COVID-19. Moreover, careful pain management should be practiced as there is no recommended specific treatment for such cases.
Delirium and Impaired Consciousness (Occurs Commonly in Severe Cases)
COVID-19-related delirium and impairment of consciousness are probably due to septic-associated encephalopathy, probably caused by systemic inflammatory response syndrome. A study reported agitation (likely a hyperkinetic delirium) in 69% patients (n = 40/58) on the withdrawal of neuromuscular blockers. Subsequently, about 36% patients exhibited dysexecutive syndrome- exhibiting disorientation, attention deficit, and impaired movement at the time of discharge (Helms et al., 2020a). The COVID-19 and Frailty (CO-FRAIL) study described delirium to be associated more likely with the duration of hospital stay, ICU admission, and the use of ventilators. As per the study, 234 patients (33%) showed delirium, of which 12% subjects were having the pre-hospitalized conditions. Subsequently, about 55% subjects with delirium (compared to 30% patients without delirium) have died after hospitalization (Garcez et al., 2020). Another study from Italy reported delirium-onset COVID-19 in 36.8% patients, mostly with multiple comorbidities and advanced age (Poloni et al., 2020). A bicentric cohort analysis also revealed a very high prevalence (84.3%) of delirium in ICU subjects (Helms et al., 2020b). An epidemiological study showed the development of delirium in 11% patients, who also showed a higher prevalence of epilepsy and dementia (Ticinesi et al., 2020). The COVID-19-associated delirium should not be considered differently than the delirium due to other causes, and the implementation of appropriate delirium prevention and management measures at the bedside must be a deliberate priority during the pandemic. Mao et al. reported the presence of impaired consciousness in 14.8% subjects with severe COVID-19 as compared to the non-severe cases (2.4%) (Mao et al., 2020). Interesting findings by Chen et al. revealed that altered consciousness was comparatively more frequent in the deceased patients (22%) than those who eventually recovered (1%) from COVID-19. However, a distinct definition of the term altered consciousness in the setting was not stipulated (Chen T. et al., 2020).
Ischemic Stroke (Occurs Rarely)
The patients with severe COVID-19 demonstrated a higher D-dimer level that suggests an altered state of the coagulation system (Mao et al., 2020). A retrospective study with ICU admitted COVID-19 patients (n = 184) revealed about 31% incidence of thrombotic complications including acute pulmonary embolism, ischemic stroke, deep-vein thrombosis, and systemic arterial embolism (Klok et al., 2020). An Italian study reported the occurrence of ischemic stroke in 2.5% cases, which was the primary reason for requiring hospitalization (Lodigiani et al., 2020). A similar study from the US reported only 1.1% cases of acute ischemic stroke in hospitalized COVID-19 patients (Jain et al., 2020). During the past months, several case studies of ischemic stroke in COVID-19 subjects have been reported (Barrios-López et al., 2020; Gunasekaran et al., 2020; Moshayedi et al., 2020; Tunç et al., 2020; Viguier et al., 2020). Notably, some of these cases may represent a causal link, and therefore, specifically designed studies will be highly appreciated in such cases.
Inflammatory Neuropathies (Occurs Rarely)
Evidence are emerging for typical acute inflammatory polyneuropathies associated with the COVID-19 pandemic. For instance, a case of fulminant polyradiculoneuritis representing the Guillain-Barré-Syndrome (GBS) with locked-in syndrome in a COVID-19 patient was recently reported (Pfefferkorn et al., 2020). Previously, the first report (self-claimed) of GBS was described in a COVID-19 patient exhibiting acute progressive ascending symmetric quadriparesis as a symptom (Sedaghat and Karimi, 2020). Another report described two rare cases of polyneuritis cranialis and Miller Fisher syndrome associated with SARS-CoV-2 infection (Gutiérrez-Ortiz et al., 2020). The treatment of the subjects included acetaminophen and IV immunoglobulin (IVIg), and complete recovery of both the patients was observed within 2 weeks of the treatment. Similarly, the cranial neuropathies i.e., diplopia and ophthalmoparesis in two COVID-19 patients having abnormal perineural and cranial nerve palsy were also reported (Dinkin et al., 2020). A case series also described GBS in five patients following the onset of COVID-19 (Toscano et al., 2020). Very recently, clinicoradiologic evaluation, diagnosis, clinical progression, and multidisciplinary management of a COVID-19 patient with a recognized GBS subtype, bifacial weakness with paresthesia is also reported (Hutchins et al., 2020). Notably, a recent case study highlighted the association of GBS in an 11-year child with severe COVID-19 condition (Khalifa et al., 2020). Future studies are expected to determine the clinical as well as electrophysiological characteristics of COVID-19-associated GBS and its variant along with the establishment of their causal relationship. However, the treatment of para- or post-COVID-19 GBS is similar to that of other inflammatory neuropathies.
Other Rarer Neurologic Manifestations
Apart from the above discussed neurologic complications, some of the rare cases of neurologic manifestations were also reported, including cerebral venous thrombosis (Hemasian and Ansari, 2020; Hughes et al., 2020; Poillon et al., 2020), intracerebral hemorrhage (Al-olama et al., 2020; Carroll and Lewis, 2020; Sharifi-Razavi et al., 2020), status epilepticus (Balloy et al., 2020; Somani et al., 2020; Vollono et al., 2020), generalized myoclonus (Rábano-Suárez et al., 2020), seizures (Anand et al., 2020; García-Howard et al., 2020), acute epileptic encephalopathy (Mahammedi et al., 2020), hemorrhagic posterior reversible encephalopathy syndrome (Franceschi et al., 2020), acute necrotizing encephalopathy (Dixon et al., 2020), steroid-responsive encephalitis (Pilotto et al., 2020), diffuse leukoencephalopathy (Radmanesh et al., 2020; Sachs et al., 2020), neuroleptic malignant syndrome (Kajani et al., 2020), and post-infectious transverse myelitis (Munz et al., 2020). Similar evidence are growing on the association of meningoencephalitis with COVID-19 (Chaumont et al., 2020; Dogan et al., 2020; Duong et al., 2020; Mardani et al., 2020). Concerns have been raised on the development of multiple sclerosis in COVID-19 patients as well (Bowen et al., 2020; Louapre et al., 2020). However, the full scope of COVID-19 complications in multiple sclerosis patients remains to be defined. Among all these complications, seizures are observed quite commonly in the elder patients; but it may not be directly related to the SARS-CoV-2 infection. It has been suggested that patients with critical COVID-19 exhibiting mental complications must be subjected to continuous EEG monitoring for the possible occurrence of nonconvulsive status epilepticus (Asadi-Pooya and Simani, 2020). Although numerous cases have been reported on COVID-19 associated seizures/epilepsy in the past months, it is of utmost importance to validate the possible drug-drug interactions between antiseizure drugs (particularly phenytoin, phenobarbital, carbamazepine, and primidone) and the drugs used for the treatment of COVID-19 (Orsucci et al., 2020). However, more epidemiological data are required to establish a direct causal relationship between COVID-19 and the above-mentioned rarer neurological characteristics.
Psychological Impact
The advent of the pandemic surged distress around illness, mortality, and uncertainty about the future amidst the general public and COVID-19 patients along with a consequential alteration in psychosocial behavior. Additionally, lockdown implementation, loss of organized educational framework, high unemployment rate, and social distancing further contribute towards the increase in the detrimental mental issues (Kola, 2020; Moreno et al., 2020; Pfefferbaum and North, 2020). Mental illness itself possesses the greatest threat to the daily habits, lifestyle, socioeconomic status as well as mortality and morbidity associated with COVID-19 (Walker et al., 2015), which also affects the clinical outcomes. Furthermore, altered psychology can cause abnormal perception and thinking, impaired social behavior, delusions, hallucinations, cognitive dysfunction, and social isolation that may result in poor treatment adherence, and non-seeking of health care facilities. Patients with a serious mental illness ultimately live a compromised quality of life (Evans et al., 2007). Patients with a pre-existing severe mental illness shown to have 2-3 folds higher risk for severe clinical outcomes as compared to patients with no history of mental disabilities (Lee et al., 2020). A cross-sectional study reported the psychological impact of SARS-CoV-2 infection in Spain. It revealed that about 21.6, 18.7, and 15.8% patients were diagnosed with anxiety, depression, and post-traumatic stress disorder (PTSD), respectively. In addition to that personal economic condition, retirement, and age factor also contributed to the progression of anxiety, depression, and PTSD (González-Sanguino et al., 2020). A meta-analysis showed the prevalence of anxiety (23.2%) and depression (22.8%) with variability among males and females (Pappa et al., 2020). Another study disclosed a higher psychological impact on younger people and comorbid patients (Ozamiz-Etxebarria et al., 2020). Moreover, unjustified fear of COVID-19 leads to elevated anxiety among the general population and in comorbid patients leading to stigmatization and discrimination (Mowbray, 2020). Bao et al. suggested the development of mental health screening programs as well as the implementation of such interventions for both the healthcare workers and the public (Bao et al., 2020). Notably, the COVID-19 outbreak has brought new ventures in psychological treatment as the interface of COVID-19 and psychiatry is relevant to infected and non-infected patients. Even though lockdown instigation led to the teleconsultation, there is a necessity for proper close-up monitoring and management of the medication-related adverse events.
NEUROLOGIC IMPLICATIONS ASSOCIATED WITH OFF-LABEL USE OF DRUGS AGAINST COVID-19
To date, no effective therapeutic interventions have been approved for the SARS-CoV-2 infection. As per the Infectious Diseases Society of America (IDSA) Guidelines on the Treatment and Management of Patients with COVID-19, interventions containing chloroquine (CQ), hydroxychloroquine (HCQ), teicoplanin, ivermectin, tocilizumab, lopinavir/ritonavir (LPV-r) combination, and convalescent plasma therapy are to be considered only in the clinical trial settings. Similarly, drugs like remdesivir, favipiravir, and corticosteroids are undergoing investigations for COVID-19 management, particularly in hospitalized or critically ill patients. Some Chinese guidelines also recommended the use of umifenovir (Arbidol), intravenous immune globulin (IVIG), and nebulized interferon-α in the COVID-19 treatment (Dong et al., 2020; Jin Y.-H. et al., 2020). Importantly, some of these experimental drugs have been reported to possess certain neurologic adverse drug reactions (ADRs), which are discussed below (Table 1).
TABLE 1 | The potential mechanism(s) and neurologic adverse effects of the COVID-19 therapies.
[image: Table 1]Chloroquine and Hydroxychloroquine were both originally developed as antimalarial agents that act by averting the acidification of endosomes to interfere with the cellular functions and/or interfere with the binding of the virus to the ACE2 receptor (Borah et al., 2020). Although in vitro studies suggest the potential of HCQ against SARS-CoV-2, but in vivo data are still lacking. Apart from the cardiovascular side effects, several other reports also suggest the possible adverse neurologic reactions associated with the CQ/HCQ usage. For instance, the CQ-induced psychosis was first observed in 1958 (Burrell and Martinez, 1958). CQ administration also exhibited the induction of seizures in some patients. These CQ-induced seizures are suggested to be a possible idiosyncratic reaction (Luijckx et al., 1992; Krzeminski et al., 2018). Similarly, HCQ can also lower the seizure threshold, and thus interact with certain antiepileptic drugs like lacosamide and lamotrigine (Fish and Espir, 1988). Extrapyramidal disorders like Parkinsonism, dystonias, and oculogyric crisis were also demonstrated to be associated with CQ/HCQ administration (Parmar et al., 2000; Busari et al., 2013). Previous studies also reported the CQ-induced (dose-independent) psychotic features like anxiety, agitation, irritable or blunted mood, and bipolar mood disorder, accompanied by hallucination, derealization, and positive symptoms (Biswas et al., 2014). Reversible vacuolar myopathy is the common type of myopathy associated with the use of CQ/HCQ. Moreover, the CQ/HCQ-induced myopathy is further contributed by factors like Caucasian ethnicity, renal failure, connective tissue disorders, long-term corticosteroid therapy, and co-administration of proton pump inhibitors, statins, and myotoxic agents (Khosa et al., 2018). Additionally, dose-dependent retinopathy and maculopathy are also related to CQ administration, particularly in elder patients. A daily dose comprising more than 4 mg/kg/day may precipitate such conditions (Elman et al., 1976). HCQ is well known to aggravate the myasthenia gravis and therefore, contraindicated in those patients. Interestingly, CQ/HCQ-induced ototoxicity like loss of hearing, vertigo, tinnitus, and disequilibrium, may mimic stroke-like condition in COVID-19 patients (Hadi et al., 1996; Khalili et al., 2014). Due to the prompted systemic adverse events, a novel non-systemic low-dose aerosol formulation with 2–4 mg/inhalation dose has been suggested to minimize the ADRs related to CQ/HCQ usage (Klimke et al., 2020). Several mechanisms have been proposed for the pathogenesis of HCQ-induced neuropsychiatric events, such as inhibition of serotonin transporter, N-methyl-D-aspartate (NMDA) antagonism, acetylcholinesterase inhibition, and gamma aminobutyric acid (GABA) antagonism (Good and Shader, 1977). The metabolism of both CQ and HCQ is mainly done by the CYP3A4 enzyme, therefore, CYP3A4 inhibitors like fluvoxamine could raise the plasma levels and further potentiate the adverse effects. On the other hand, CYP3A4 inducers like oxcarbazepine, carbamazepine, and modafinil, could reduce the plasma levels of CQ and HCQ and render them less effective. As the half-life of HCQ is comparatively longer (40 h), the potential adverse effects may last for days after the discontinuation of the drug (Browning, 2014). Azithromycin, an antibacterial drug has been investigated in conjunction with CQ or HCQ in several clinical trial settings. This drug is also known to precipitate certain neuropsychiatric events like headache, dizziness, vertigo, catatonia, psychotic depression, delirium, anxiety, and somnolence (Ginsberg, 2006). Interestingly, CQ, HCQ and azithromycin, all can interfere with the heart conduction system and may lead to prolonged QT interval, blockade of bundle conduction, atrioventricular blockade, and torsades de pointes (Leitner et al., 2010; McGhie et al., 2018). Therefore, caution should be practiced while combining these drugs with psychotropic agents that affect the QT interval.
LPV-r co-formulation is used in the treatment of HIV-1 infection. The co-administration of ritonavir enhances the half-life of lopinavir (mainly a protease inhibitor) by inhibiting CYP450 metabolism (Borah et al., 2020). A Korean study showed viral load reduction in a COVID-19 patient with LPV-r therapy (Lim et al., 2020), but another randomized, open-label trial demonstrated no significant therapeutic benefit of it (Cao et al., 2020). Although there is limited data on neuropsychiatric adverse events, the manufacturer suggests the possible effects like agitation, abnormal dreams, confusion, anxiety, and emotional disturbances associated with the drug (FDA, 2016). Moreover, protease inhibitors are well known to cause neurological adverse effects, such as neurotoxicity, paresthesias, and taste alterations (Abers et al., 2014). Notably, protease inhibitors are highly metabolized by the cytochrome P450 enzymes, and therefore, demonstrate drug-drug interaction with many drugs, including the psychotropic agents, which are major substrates for the CYP isoenzymes (Goodlet et al., 2019). The use of LPV-r is contraindicated with drugs like midazolam, triazolam, and pimozide, because it may potentiate the adverse effects by enhancing the concentrations of co-administered drugs. Thus, the use of benzodiazepines like lorazepam, temazepam, or oxazepam, which are independent of CYP metabolism, is recommended in such cases. On the contrary, ritonavir-co-formulated protease inhibitors also lower the drug concentration of few psychotropic agents including bupropion, lamotrigine, methadone, and olanzapine, due to glucuronidation effects or CYP metabolism (Goodlet et al., 2019). Therefore, the clinicians should carefully assess the potential drug-drug interactions to prevent unintentional adverse effects.
Tocilizumab is a monoclonal antibody approved for the treatment of rheumatoid disorders and chimeric antigen receptor-T cell (CAR-T)-mediated CRS (NIH, 2020). Based on the preliminary evidence, China recommended the use of tocilizumab in severe or critical COVID-19 cases (National Health Commission and State Administration of and Traditional Chinese Medicine, 2020). However, the National Institutes of Health (NIH) Panel recommended against the tocilizumab usage stating that there is no adequate data regarding its efficacy (NIH, 2020). Tocilizumab demonstrated very poor CNS penetrating ability (Nellan et al., 2018). Although no severe neurologic ADRs have been reported with tocilizumab usage, but headache, dizziness, peripheral neuropathy, hypertension, leukoencephalopathy, cognitive impairment, gastrointestinal perforations, hypersensitivity reactions, including anaphylaxis and demyelinating disorders may occur in certain patients (Tanaka et al., 2010; Sheppard et al., 2017; Farooqi et al., 2020). Study conducted on patients with rheumatoid arthritis exhibited the tocilizumab-associated depressive symptoms (Singh et al., 2011; Harrold et al., 2017). Moreover, cases of multifocal cerebral thrombotic microangiopathy are also rarely observed (Jewell et al., 2016).
Corticosteroids are also known to modulate hyper-inflammatory state and regulate immune responses that are necessary for the host defense mechanisms. The corticosteroid administration in COVID-19 patients is recommended on a case-by-case basis based on drug indications, illness severity, and comorbid conditions (Borah et al., 2020). Although strong recommendation on the routine use of systemic corticosteroids in mechanically ventilated COVID-19 patients without ARDS is provided, the use of systemic corticosteroids in the treatment of hospitalized COVID-19 patients is not advised (WHO, 2020a). On the other hand, low-dose corticosteroid therapy is prescribed in adult COVID-19 patients with refractory shock (NIH, 2020). However, several corticosteroid-associated neurologic ADRs have been previously reported. Corticosteroid administration could induce mood disorders including agitation, anxiety, and depression (Ou et al., 2018). Therefore, clinical pharmacists and neurologists should be aware of such ADRs in COVID-19 patients with ARDS, particularly those with a history of stroke treated with corticosteroids. Similarly, corticosteroids may also induce dose-dependent psychiatric illness like delusion and hallucinations in older patients with a stroke experience (Patten and Neutel, 2000; Wada et al., 2001; Hodgins et al., 2018). In addition to these, corticosteroid therapy may rarely trigger the convulsions by acting on mineralocorticoid receptors (Jaenisch et al., 2016). Prolonged high-dose steroid therapy could also present acute steroid myopathy and myalgia (Sun and Chu, 2017). Since these adverse reactions may occur in SARS-CoV-2 infection, close monitoring of the patients during corticosteroid therapy is an important pre-requisite.
Interferons (IFNs) are glycoproteins having potential immunomodulatory and hormone-like functions (Jacobs and Johnson, 1994). Both IFNα and IFNβ have been considered as a potential therapy against COVID-19, particularly in combination with ribavirin (Lu et al., 2020). Notably, IFNα comes with a boxed warning stating “life-threatening or fatal neuropsychiatric disorders” (FDA, 2017). This represents particular events such as anxiety disorders, fatigue, apathy, irritability, mood disorders, cognitive deficits, suicidal tendency, and sleep disturbances (Davoodi et al., 2018). On the other hand, neuropsychiatric adverse effects of IFNβ include fatigue and myalgia (Reder and Feng, 2014). Considering the significant neuropsychiatric adverse effects of IFNα, the clinicians should scrutinize the psychiatric history of the patient followed by close monitoring for the emergence of such symptoms. It is suggested that the concurrent use of psychotropic agents such as carbamazepine, clozapine, and valproate should be carefully evaluated for bone marrow suppression. Apart from this, the use of bupropion in conjunction has been implicated in the initiation of seizures (Ahmed et al., 2011).
Few other drugs such as remdesivir, umifenovir, and favipiravir are also undergoing clinical investigations. However, very little is known about the potential neurologic side effects associated with these drugs. Remdesivir is a comparatively well-tolerated drug with less serious adverse reactions. Umifenovir (Arbidol) is known to induce dizziness and acute psychiatric symptoms but is generally considered as a safe and well-tolerated agent. Similarly, favipiravir might also rarely provoke drug-associated neuropsychological complications (Ghasemiyeh et al., 2020). Most importantly, the potential drug-drug interactions must be considered during the concomitant use of other agents used for the management of the coexisting neuropsychiatric conditions. For detailed information, the guidance on potential drug-drug interactions can be found on the website of the University of Liverpool (https://www.covid19-druginteractions.org.)
CONCLUSION
Although considerable surveillance data have been gathered regarding the direct respiratory damage caused by SARS-CoV-2, the emerging evidence revealed the involvement of the nervous system in the pathogenesis of the COVID-19. The COVID-19-associated neurological manifestations may range from mild symptoms, such as dizziness and headache to severe complications like stroke and encephalitis. Hypothetically, SARS-CoV-2 may affect CNS either by direct mechanisms like neuronal retrograde and hematogenous dissemination or via indirect pathways. However, the patients with neuroinvasion in the early stages of infection may remain unidentified and misdiagnosed, which may further contribute to the inadvertent spread of the virus. Though the precise neuropsychiatric burden of SARS-CoV-2 infection is yet to be deciphered, it is expected to have a substantial impact for several years to come. Taking the present scenario of SARS-CoV-2 infection and casualties into consideration, it is imperative to elucidate the neurologic involvement in the disease progression. The brain autopsy may be considered as a valuable facet in identifying the potential neuroinvasive mechanisms of the virus. The limited data available in the literature on the COVID-19-associated neuropsychiatric manifestations and sequelae also indicates the under-reporting of such cases in the setting of co-existing predominant cardiopulmonary complications, which make it quite difficult to accomplish comprehensive neurological investigations, especially in severe COVID-19 cases where the concurrence of such complications may be more common. Furthermore, severe or critically ill COVID-19 patients are kept under strict isolation, where obtaining neuroimaging data is limited or restricted. Thus, a close follow-up of the subjects remains constrained. Nevertheless, continuous efforts should be made to tackle these hurdles to better illustrate the pathogenesis of SARS-CoV-2, and its neurotropic as well as neuroinvasive potential. Optimistically, these findings will help the clinicians to identify plausible neurobiological targets and detect the early signs of neuropsychiatric complications to prompt therapeutic interventions before the irreversible neurologic injury. Moreover, a systematic neurological follow-up of the recovered patients may warrant a better understanding of the neurological sequelae of the viral infection. Most importantly, emphasis should be given to creating awareness among the general public to reduce the negative social attitude and extreme fear associated with the COVID-19 pandemic, which will undoubtedly improve the social and mental well-being of the people.
While the entire world eagerly awaits a potent and effective prophylactic intervention, the current management approaches are mainly focused on drug-based treatments. The therapeutic potential of certain repurposed drugs has led to their off-label use against COVID-19. Unfortunately, the associated clinical neuropsychiatric adverse events of some of these drugs remain a critical issue. Moreover, patients prescribed with these treatments are often hospitalized or seriously ill, and also receiving concomitant medications. Thus, these potential COVID-19 drugs may also interact with the concomitant medications prescribed for pre-existing or concurrent neuropsychiatric diseases, thereby, further complicating the condition. Therefore, COVID-19 represents a major threat to the field of neuropsychiatry, as both the virus and the potential therapies may induce neurologic as well as psychiatric disorders. Keeping this in mind, the neuropsychologists must be accustomed to the neuropsychiatric consequences of SARS-CoV-2 as well as the prescribed drugs, and potential drug-drug interactions of the concomitant medications. Particularly, the neuropsychologist treating COVID-19 patients should review all the medications and monitor the possible neuropsychiatric adverse events related to the medications such as HCQ or corticosteroids, to differentiate the primary and secondary (drug-induced) psychiatric complications.
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Drug repurposing is also termed as drug repositioning or therapeutic switching. This method is applied to identify the novel therapeutic agents from the existing FDA approved clinically used drug molecules. It is considered as an efficient approach to develop drug candidates with new pharmacological activities or therapeutic properties. As the drug discovery is a costly, time-consuming, laborious, and highly risk process, the novel approach of drug repositioning is employed to increases the success rate of drug development. This strategy is more advantageous over traditional drug discovery process in terms of reducing duration of drug development, low-cost, highly efficient and minimum risk of failure. In addition to this, World health organization declared Coronavirus disease (COVID-19) as pandemic globally on February 11, 2020. Currently, there is an urgent need to develop suitable therapeutic agents for the prevention of the outbreak of COVID-19. So, various investigations were carried out to design novel drug molecules by utilizing different approaches of drug repurposing to identify drug substances for treatment of COVID-19, which can act as significant inhibitors against viral proteins. It has been reported that COVID-19 can infect human respiratory system by entering into the alveoli of lung via respiratory tract. So, the infection occurs due to specific interaction or binding of spike protein with angiotensin converting enzyme-2 (ACE-2) receptor. Hence, drug repurposing strategy is utilized to identify suitable drugs by virtual screening of drug libraries. This approach helps to determine the binding interaction of drug candidates with target protein of coronavirus by using computational tools such as molecular similarity and homology modeling etc. For predicting the drug-receptor interactions and binding affinity, molecular docking study and binding free energy calculations are also performed. The methodologies involved in drug repurposing can be categorized into three groups such as drug-oriented, target-oriented and disease or therapy-oriented depending on the information available related to quality and quantity of the physico-chemical, biological, pharmacological, toxicological and pharmacokinetic property of drug molecules. This review focuses on drug repurposing strategy applied for existing drugs including Remdesivir, Favipiravir, Ribavirin, Baraticinib, Tocilizumab, Chloroquine, Hydroxychloroquine, Prulifloxacin, Carfilzomib, Bictegravir, Nelfinavir, Tegobuvir and Glucocorticoids etc to determine their effectiveness toward the treatment of COVID-19.
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INTRODUCTION
Traditional methods of drug discovery is a complex, time-consuming, tedious, costly and risk process. There are various methods or steps involved in the drug discovery process which include random screening, molecular manipulation, computational strategy, drug metabolic study and serendipitous research (Myers and Baker, 2001). New drug candidates are developed mainly through different stages including identification of disease state or target, target validation, identification of lead, lead optimization, preclinical study, toxicity study, formulation, clinical trial, approval process, and marketing of the drugs with post marketing surveillance or safety monitoring etc (Hughes et al., 2011). As, these process are laborious, time-consuming and expensive with high risk of failure, drug repurposing is considered as novel approach to identify new therapeutic purposes of existing or already marketed or FDA approved drugs (Duarte, 2020). Drug repurposing is also represented as drug repositioning, drug reprofiling, drug rescuing, drug recycling, and therapeutic switching. Here, the drug repositioning involves the investigation of existing drugs for new therapeutic indications. For example the antiviral drugs like Remdesivir, Favipiravir and antimalarial drugs like Chloroquine, Hydroxychloroquine are repositioning for treatment of COVID-19. Similarly, the therapeutic switching is considered as a new strategy to enhance the RandD productivity by employing the new uses for stereoisomers and metabolites of existing or patented drugs. So, it is an effective approach for generating drug candidates with new therapeutic properties or pharmacological actions (Martorana et al., 2016).
On the other hand, COVID-19 infections become major public health issue of international concern since December 2019 (Hui et al., 2020). World health organization (WHO) announced the name for the novel corona virus disease as COVID-19 and declared as global pandemic on February 11, 2020 (Wang et al., 2020a). COVID-19 is an infectious disease caused by a newly discovered virus known as corona. This type of infectious is transmitted primarily through droplets produced when the infected person coughs, sneezes, or exhales. People with low immunity, old age, diabetes and other health problems associated with lungs, heart are more prone toward Covid-19 (Shereen et al., 2020). Currently, vaccines or therapeutic antibodies are not available to prevent the viral infection and more time is required to develop suitable therapeutic agents for acting against the pathogens (Li et al., 2020). So, there is urgent need to develop novel drugs for the prevention and treatment of COVID-19 infection effectively in a short span of time schedule. Thus, drug repurposing strategy is applied to obtain new drugs from existing old drugs with safety and efficacy to meet the need of current emergency for COVID-19 instead of applying the traditional drug development approaches (Firas et al., 2020; Hafeez et al., 2020).
SARS-CoV-2: Genomic Structure and Pathogenesis
Corona virus disease was first discovered as acute respiratory infection in case of domestic chicken during 1930s. But, the human corona virus was discovered in United States and United Kingdom during in 1960s (Zhu, 2020). There are two types of corona viruses identified such as severe acute respiratory syndrome corona virus (SARS-CoV) and the Middle East respiratory syndrome corona virus (MERS-CoV). The novel coronavirus (nCoV) is mutated from the SARS and MERS. These are highly identical, pathogenic to humans and the strains are recognized as the SARS-CoV-2. The corona viruses cause severe and fatal respiratory tract infections in human beings (Cooke and Shapiro, 2003). Genetically, corona virus is divided into four groups such as α (group-1), β (group-2), γ (group-3) and δ (group-4). Currently, the entire world is under a threat of Covid-19 (β-coronavirus or group-2) infection which was emerged in Wuhan, China during December 2019. From genetic studies, it was found that bats are the primary sources and considered as hosts for the strains of viruses such as SARS-CoV and MERS-CoV before spreading to humans (Pirone et al., 2020).
The structure of corona virus is observed as spherical or pleomorphic in shape. It contains single stranded RNA genomes in the size ranging from 26 to 32 kilo bases with a nucleoprotein within capsid consist of matrix protein (Ibrahim et al., 2020). There are four structural proteins present in corona virus such as spike (S), envelope (E), membrane (M), and nucleocapsid protein (N). The S, E, and M proteins are present within the virus whereas the N-protein is present within the nuclear membrane. The envelop bears club shaped glycoprotein projections called spike protein (Figure 1). This protein is a type-1 transmembrane protein which contains about 1,160 amino acids. The envelope has a crucial role in pathogenesis of viral infection as it promotes the assembly and release of virus. S-protein of corona virus plays key role for the induction of neutralizing-antibody and T-cell responses, as well as protective immunity during infection with corona virus. There are two subunits such as S1 and S2, present in S-protein. The S1 subunit contains a receptor-binding domain (RBD) which engages with ACE-2 of the host cell receptor and the S2 subunit mediates the fusion between host cell membranes and viral particles (Du et al., 2009; Chen et al., 2020). It has been reported that Covid-19 can infect human respiratory system through the mucous membranes of nasal and larynx mucosa and then enters into alveoli of the lungs via respiratory tract. The virus primarily attacks the organs such as the lungs, kidney, heart, and gastrointestinal tract (GIT) which express the angiotensin converting enzyme 2 (ACE2). The E and M proteins are mainly involved in viral assembly whereas the N-protein is essential for assembly of RNA genome (Prabakaran et al., 2004).
[image: Figure 1]FIGURE 1 | Structure of SARS-CoV-2 and target binding sites.
Focused Treatments for COVID-19
The current pandemic situation of COVID-19 requires an urgent development of potential strategies to protect people who are suffering with high risk of corona virus infection (Guo et al., 2020). As the drug discovery and development process is lengthy and tedious process, research is going on for the rapid development of novel drug candidates. As per WHO recommendation, clinical trials are conducted to investigate the potential effect of anti-viral drugs such as remdesivir, favipiravir, oseltamivir and ritonavir on COVID-19 (Figure 2) (Wang et al., 2020b).
[image: Figure 2]FIGURE 2 | Structure of oseltamivir (A), remdesivir (B) and ritonavir (C).
Similarly, anti-malarial drugs such as Chloroquine phosphate and Hydroxychloroquine sulphate were also used for the prevention and effective management of COVID-19 infection in emergency cases. But, these drugs are not used satisfactorily for the patients with conditions like diabetes, hypertension and cardiac problems (Vincent et al., 2005). Recently, anti-inflammatory corticosteroid drug like dexamethasone has been recommended to treat severe COVID-19 patients with cytokine release syndrome (CRS). But, glucocorticoids are the steroidal drugs that should not be used in patients infected with COVID-19 and pneumonia unless there are other indications like exacerbation of chronic obstructive pulmonary disease (COPD). Glucocorticoids are also associated with high risk for mortality in patients with influenza and delayed viral clearance in patients infected with MERS-CoV. Although, glucocorticoids are widely used for the treatment of SARS, there is no suitable evidence for its beneficial effects and any adverse effects (Lee et al., 2004).
Human monoclonal antibody based drug like sarilumab inhibits interleukin-6 (IL-6) receptor and is now being tested against COVID-19. Similarly, tocilizumab is also recombinant humanized monoclonal antibody and used for treatment of rheumatoid arthritis. It exhibits its action by inhibiting the function of IL-6 by binding specifically to the receptor. Currently, it is used in case of patients suffering from severe COVID-19 with elevated levels of IL-6 and cytokine storms. Leronlimab is a monoclonal antibody based drug and it is identified to bind with CCR5 receptor on the CD4+ T-lymphocytes. This drug is investigated under clinical trials for treatment of COVID-19 (Biggioggero et al., 2018).
Similarly, baricitinib is orally bioavailable selective and reversible inhibitor of Janus kinases-1 and 2 (JAK1/2), with potential anti-inflammatory, immunomodulating and antineoplastic activities (Figure 3). JAK kinases are intracellular enzymes involved in inflammation, immune function and signaling of cytokines. Baricitinib inhibits the activation of JAK1/2 that leads to the inhibition of the JAK-signal transducers and activators of transcription (STAT) signaling pathway. This decreases the production of inflammatory cytokines and may prevent the inflammatory response. In addition to this, baricitinib may stimulate apoptosis and diminish the proliferation of JAK1/2-expressing tumor cells. Based on this evidence, it is also used as potential agent for the treatment of 2019-nCoV acute respiratory disease. But, these drugs are assessed in clinical trial to establish their safety and efficacy (Richardson et al., 2020).
[image: Figure 3]FIGURE 3 | Structure of baricitinib.
Due to the lack of availability of approved therapeutics for treatment of COVID-19, there is urgent need of the research group to obtain novel drug candidates with the ability to treat this disease. Hence, computational approach like drug repurposing is applied to identify new therapeutics within a short period of time to overcome the challenges of antiviral drug therapy for the effective treatment of COVID-19 (Hodos et al., 2016).
Computational Tools Used for Drug Repurposing
The drug repurposing study is considered as an emerging strategy to discover new therapeutic indications of already approved or exiting drugs as this method is time-efficient and cost-effective (Peyvandipour et al., 2018). There are various databases and computational tools available for drug repurposing which include e-Drug3D, DrugPredict, Drug Bank, Promiscuous, Mantra2.0, PharmDB, DRAR-CPI, repoDB, Repurpose DB, DeSigN, Cmap, DPDR-CPI etc (Lee et al., 2012). These tools provide information regarding three dimensional structures of the compounds and target proteins as well as their binding interactions in the 3D space. Further, the targets can be categorized into two types such as virus-based and host-based targets based on their binding affinities. From, x-ray crystallography and NMR spectroscopic studies, structure of different targets of corona virus are identified that include spike protein, envelop protein, membrane protein, protease, nucleocapsid protein, hemagglutinin esterase and helicase etc (Prajapat et al., 2020).
The infection by SARS-CoV-2 initiates with the viral entry mediated through the interaction of the spike (S) protein with the host ACE2 receptor followed by cleavage of the S protein by the host transmembrane serine protease 2 (TMPRSS2) prior to the fusion to the host cell surface. The entry of Coronavirus is mainly achieved by binding of the virus to the ACE2 receptor of host in the cell surface via receptor mediated endocytosis pathway. So, the inhibition or modulation of ACE2 receptor is considered as one of the host-based strategy for the management of SARS-CoV-2 infection. Losartan and telmisartan are recognized as ACE2 receptor inhibitors and used clinically for the treatment of high blood pressure, heart failure and diabetic kidney disease (Supplementary Table S1).
Similarly, Bananins are adamantine derivatives (bananin, iodobananin, vanillinbananin and eubananin) and reported as potent inhibitors of the both helicase activities and replication of SARS coronavirus (Figure 4) (Carmen et al., 2020).
[image: Figure 4]FIGURE 4 | Structure of SARS-CoV helicase inhibitor.
The e-Drug 3D data base provides the information regarding 3D structures of FDA approved drugs (Pihan et al., 2012). This information can be employed for virtual screening such as fragment-based drug design and drug repurposing. Drug Predict determines the interactions of drug molecules with binding sites of non-target proteins by using docking calculations. This data is useful for predicting new therapeutic effects of drug substances. Promiscuous database allows for getting complete information regarding drug-target interaction, protein-protein interaction and side effects of the drugs (Eichborn et al., 2011). It is proved to be beneficial for drug repurposing by correlating between structural similarity of drug molecules and their adverse effects to drug-receptor interactions. Moreover, the visualization tools of Promiscuous helps to explore and determine the binding interaction between drugs and targets, as well as identify the drug candidates for repurposing. Mantra 2.0 allows the researcher to provide profiles of gene expression before and after treatment of drugs in one or multiple cells (Carrella et al., 2014). This data helps to determine the mode of action of drugs which provide opportunities for drug repurposing. PharmDB is an integrated database which provides information regarding the drug development, disease states, associated proteins, and their binding interactions with drug molecules. Similarly, DrugBank (DB) provides detail information about drugs (i.e., physicochemical and pharmacological property) and target proteins (i.e., structure, sequence and pathway). Repurpose DB explores the details about disease conditions, side effects, and drug-targets interactions (Wishart et al., 2006; Lamb, 2007).
Currently, Excelra’s COVID-19 drug repurposing database has been developed by expert scientific teams to identify the safe and effective therapeutic options for the treatment of novel coronavirus disease (Supplementary Table S2). It is an open-access database and provides information regarding approved small molecules and biologics, which can rapidly enter into either phase 2 or 3 clinical trial, or may be directly used against COVID-19. In addition to this, it includes information about promising drug candidates which are in various phases of pre-clinical, clinical and experimental stages of drug discovery and development process (Campillos et al., 2008; Brown and Patel, 2017).
Drug Repurposing as a Strategy to Identify New Therapeutic Agents
Drug repurposing is considered as an emerging strategy of computational approach to identify new therapeutic agents within a short period of time for effective treatment of COVID-19 (Xue et al., 2018). This approach is based on virtual screening of drug libraries to identify suitable drugs and their binding interactions with target protein by using computational tools such as molecular similarity and homology modeling etc (Sliwoski, 2013). Further, molecular docking and binding free energy calculations are also performed to determine the binding affinities and interactions among drug molecules and receptors (Sumudu and Leelananda, 2016).
Drug repurposing is also called as drug repositioning or drug reprofiling or drug rescuing. In this process, new medicinally active agents are designed from the old or existing or pro-drugs or FDA approved clinically used drugs (Figure 5) (Deotarse et al., 2015). Recently, in silico methods are employed along with the utilization of structure based drug design (SBDD), ligand based drug design (LBDD) and artificial intelligence (AI) technology to accelerate the drug repurposing process (Ashburn and Thor, 2004). Drug repurposing provides several advantages such as reduction of the time period spent during research, reduction in complexity and cost of process in comparison with traditional approaches of drug discovery process (Chong and Sullivan, 2007). It is estimated that 10–12 years are required for the development of a new drug molecules in traditional drug discovery approach. While, the estimated time is between 1 and 3 years in case of drug repositioning method. The average expenditure required to obtain a new pharmacologically active drug to market is USD 1.24 billion by traditional drug development process. Whereas, in case of drug repurposing process, it costs around ≤60% expenditure of traditional drug discovery methods (Napolitano et al., 2013). Due to the availability of previously collected data related to structural optimization, pharmacokinetic, toxicological, clinical efficacy and safety profile of drugs during traditional drug discovery approach, there is reduction in time of drug development with lower cost and reduced risks of failure or high success rate in drug repurposing (Wu et al., 2013). Traditional methods of drug discovery process mainly focus on development of drugs to treat chronic and complex diseases, whereas drug repositioning approach primarily focus on the development of drugs for emerging infectious diseases which are difficult to treat and neglected diseases (Li, 2015).
[image: Figure 5]FIGURE 5 | Various steps involved in drug repurposing study.
Antiviral drugs such as favipiravir, remdesivir, lopinavir are previously used clinically for the treatment of SARS, MERS and AIDS (Figure 6). Currently, drug repurposing study is performed to investigate effectiveness of these drugs against COVID-19 (Walmsley et al., 2002). Remdesivir is a novel nucleotide analogue that inhibits viral RNA polymerases and used as broad-spectrum antiviral drug (Eastman, 2020). Similarly, favipiravir (T-705) is a synthetic prodrug with antiviral activity. It is developed by structural modification of the pyrazine moiety of T-1105. It is active against the influenza virus infections by inhibiting the influenza viral RNA-dependent RNA polymerase (RdRp) enzyme. Based on this mechanism of action, clinical studies have been conducted to assess the efficacy of favipiravir in the management of COVID-19 (Agrawal et al., 2020; Katakam et al., 2020).
[image: Figure 6]FIGURE 6 | Structures of lopinavir (A), favipiravir (B).
Lopinavir is protease inhibitor and used as an antiretroviral therapy for the treatment of HIV infections. So, the drug repurposing approach provides an insight about the therapeutic activity of these drugs to treat COVID-19. It was observed that HIV-protease inhibitors and RNA-dependent RNA polymerase inhibitors exhibited promising aspects of binding interaction toward target proteins of SARS-CoV-2 (Joo et al., 2012).
Similarly, the anti-malarial drugs such as Chloroquine and Hydroxychloroquine possess immune-modulating effect on humanbeings and found to be effective against viral infection at early stages of COVID-19 (Jeon, 2020). Further, some of the antibiotics such as azithromycin, teicoplanin, oritavancin, dalbavancin are repurposed computationally to identify their effectiveness for treatment of Covid-19. Recently, the antiparasitic drug like Ivermectin is also repurposed to find out its therapeutic potential for the effective management of COVID-19 (Figure 7) (Ciemny, 2018; Kumar, 2020).
[image: Figure 7]FIGURE 7 | Structures of azithromycin (A) and Ivermectin (B).
Currently, extensive investigations are carried out on various existing drugs and subjected for clinical trials to identify the effective therapeutic agents against infection of COVID-19. From these observations, it was found that some of the trials were found to be completed, whereas some drugs are in the recruiting stage and found to be active. The first randomized clinical trial (NCT04261517) of hydroxychloroquine on COVID-19 patients exhibited the drug to be effective against Corona virus infection. The swab sample of these patients was found to be negative, but the clinical trial lacked a larger sample size (Beigel et al., 2020).
Recently, Grein et al., 2020 reported that there was clinical improvement of 68% of the patients after administration of antiviral drug like remdesivir. It was further reported that there is reduction of viral load in mice treated with remdesivir by in-vivo study on MERS-CoV mice model. Similarly, Ribavirin, a broad-spectrum antiviral drug when treated in combination with lopinavir or ritonavir reduced the risk of ARDS and death in SARS patients. From the clinical trial on favipiravir, it was found that it is therapeutically more active as compared to lopinavir and ritonavir (Dong et al., 2020).
Zhavoronkov, 2018 reported the drug repurposing study of various drugs such as Prulifloxacin, tegobuvir, bictegravir and nelfinavir for the management of COVID-19. These drugs are selected by utilizing high-throughput computational screening method. From the results, it was observed that these drugs possess high binding affinity toward SARS-CoV main protease. Prulifloxacin is reported as prodrug which is metabolized rapidly into ulifloxacin in vivo. But, it can be used as a lead compound for any structural modification and optimization to design more effective inhibitors of main protease of COVID-19 (Matera, 2006). Tegobuvir is a novel non-nucleoside inhibitor (NNI) of HCV RNA replication with significant antiviral activity in patients with genotype-1 chronic HCV infection. Further, both bictegravir and nelfinavir are used as anti-HIV drugs. Bictegravir is a potent HIV-1 integrase inhibitor, which is able to prevent the HIV infection efficiently (Davis et al., 2012). Whereas, nelfinavir is a protease inhibitor that inhibits the cleavage of the polyprotein gag-pol. It is reported that these drug molecules have the capacity to block the active sites or hinder the dimer formation of viral protein. Therefore, these drugs serve as promising therapeutic agents for drug repurpose to act against 2019-nCoV (Tsiang et al., 2016).
Similarly, Zhang et al., 2020 performed the therapeutic drug targeting of main protease (Mpro) of COVID-19 by high throughput screening. The main protease of SARS-CoV is crucial for the life cycle of virus and this protease displayed 96.1% of similarity with the main protease of COVID-19. So, the main protease is considered as suitable target for development of novel drugs to treat the corona virus infection. The 3D structures and sequences of SARS-CoV main protease were obtained from protein data bank. The crystal structure of main protease monomer with PDB ID: 5n5o was considered as target protein. The receptor was prepared by removing water molecules, adding hydrogen atoms and computing charges by using AutoDock tools. The 3D structure of drug molecule was displayed by PyMOL v2.3. From the docking study, it was revealed that the binding energies of Prulifloxacin were found to be −8.2 kcal/mol, −8.2 kcal/mol, −7.9 kcal/mol respectively at three binding sites (cave adjacent to N-terminal, the dimer joint groove and its back side) of viral main protease. Whereas, the binding energy between bictegravir and protease was found to be 7.3 kcal/mol and −8.3 kcal/mol at the active site and the joint groove respectively. Similarly, the binding energy associated with nelfinavir, tegobuvir and protease was found to be −8.6 kcal/mol and −8.9 kcal/mol respectively (Supplementary Table S3). These observations suggested that these drug molecules have ability to block the active sites of the viral protein. Hence, these drugs may be used as suitable agents for repurpose against COVID-19.
Wang. (2020) performed the computational drug repurposing study to determine suitable drug molecules for effective treatment of COVID-19. So, virtual screening is carried out for both drugs under clinical trials and drugs approved by FDA. For this purpose, molecular dynamics simulation study was performed followed by calculation of binding free energy by using an endpoint method called MM-PBSA-WSAS (Molecular Mechanics-Poisson Boltzmann Surface Area-Weighted Solvent-Accessible Surface Area). Glide program is used for the docking study. The potential inhibitors of SARS-Cov-2 main protease such as Carfilzomib, Eravacycline, Valrubicin, lopinavir, elbasvir and Streptomycin (Figure 8) are considered for this repurposing study.
[image: Figure 8]FIGURE 8 | Structures of inhibitors of SARS-Cov-2 main protease.
It was found that the structure of SARS-Cov-2 main protease is mostly similar to SARS-Cov protease (PDB Code 3TNT46) and less similar to MERS-Cov protease (PDB Code: 5WKK47). Carfilzomib (DB08889) is an approved anti-cancer drug which is acting as a proteasome inhibitor. It possesses the MM-PBSA-WSAS binding free energy of −13.8 kcal/mol. Similarly, the neutral form of Streptomycin (DB01082) has a MM-PBSA-WSAS binding free energy of −7.92 kcal/mol which is much better than the charged form (−3.82 kcal/mol) as presented in Supplementary Table S4. The difference is due to different electrostatic properties between the neutral and charged molecules. The result of this experiment provides information to accelerate the rational drug design for targeting SARS Cov-2 main protease.
Recently, the crystal structure of 3-chymotrypsin-like proteinase (3-CLpro) of COVID-19 is resolved and the proteinase is identified as a promising drug target for novel coronavirus. The 3D structure of COVID-19 3CLpro complex can be obtained from PDB with ID: 6LU7. It is demonstrated that chymotrypsin-like protease is vital in the viral life cycle and the protease is found to be stable inside the coronavirus. Hence, the COVID-19 3CLpro is considered as a potential target for the development of new anti-COVID-19 drug molecules. Based on the prediction of machine learning (ML) and molecular docking study, flavonoid like Rutin is found as potential inhibitor of COVID-19 3CL proteinase. From the result analysis, it was observed that the compound Rutin exhibit docking score of -9.16 kcal/mol and AUC: 0.990 (Figure 9) (Xu et al., 2020).
[image: Figure 9]FIGURE 9 | Chemical structure of Rutin (Docking score: 9.16 kcal/mol).
Enmozhi et al., 2020 has performed the evaluation of Andrographolide as a potential inhibitor of the main protease (Mpro) of SARS-COV-2 by using in-silico methods such as molecular docking. Andrographolide is a labdane type of diterpenoid which is isolated from Andrographis paniculata (Figure 10). It was found to exhibit anti-HIV, anti-inflammatory and antineoplastic activities. But, molecular docking study was performed successfully on the binding site of SARS-CoV-2 Mpro. From the results of docking study, it was observed that negative values of free energy i. e −3.094357 kJ/mol suggest high affinity of Andrographolide for the binding site (Supplementary Table S5). This compound also follows drug-likeness rule i. e, Lipinski’s rule of five and makes it a promising drug molecule for further biochemical investigation to explore its potential utilization during treatment of COVID-19 (Gupta et al., 2017).
[image: Figure 10]FIGURE 10 | Structure of andrographolide (A):2D and (B):3D.
Currently, the clinical investigation reports implied that the anti-influenza drug like umifenovir is effective against COVID-19. Moreover, umifenovir intercalates mainly with the membrane lipids to inhibit the fusion of the viral particles with host membrane that blocks the entrance point of the virus inside the host cell. Similarly, another anti-influenza drug oseltamivir, which reduces the infection of the respiratory tract by blocking viral neuraminidase thereby, inhibits the viral particles from escaping host cells. So, it was found to be efficient for the treatment of COVID-19 infection. Oseltamivir, umifenovir is under phase III and phase IV clinical trial respectively (Saha et al., 2020).
FUTURE PERSPECTIVE
Various pharmaceutical companies, research groups and laboratories are involved in the preparation of vaccines for the present as well as future epidemics incidence that utilize the broad-spectrum antibiotics (azithromycin), anti-viral drugs (remdesivir, favipiravir, lopinavir) or anti-malarial drugs (hydroxychloroquine) (Gennaro et al., 2020). So, drug repurposing study and clinical trials are extensively carried out for drug targeting approach. This study provides information regarding different drug targets from a structural part of virus and host cells in relation to the reported therapeutically active compounds with activity against SARS-CoV-2. Similarly, the results obtained from preclinical experiments reveal that PF-00835231 is recognized as a potent inhibitor of CoV-2 3CLpro with suitable pharmacokinetic (PK) properties that leads to further development of new drug candidates for the efficient treatment for COVID-19. For future perspective, there should be research collaboration that focus on target based approaches to fight against infections of SARS-CoV-2 and also evaluate the viral genetic structure in the future (Hsu et al., 2020; Seth et al., 2020).
CONCLUSION
COVID-19 pandemic is not only affecting the public health but also make the entire globe in profound economic and psychosomatic distress. As, there is no suitable clinical management or vaccines available for COVID-19, research groups are extensively involved to identify the genome of the novel corona virus and utilize these concepts to develop new drug candidates against the different therapeutic targets of novel coronavirus (SARS-CoV-2). In this regard, some existing drugs have been repurposed to identify possible therapeutic agents that active against SARS-Cov-2. So, the most promising antiviral medications like remdesivir, favipiravir and antimalarial drugs such as chloroquine, hydroxychloroquine are evaluated clinically for safety and efficacious treatment of COVID-19. From clinical observations, it is reported that the antiviral drug like favipiravir prevents the replication phase of the virus life-cycle that leads to significant progress in clinical treatment of patients with mild to moderate infection with COVID-19. Similarly, remdesivir is the viral RNA-dependent RNA polymerase inhibitor. So, the drug repurposing study is emerged as a time-efficient and cost-effective strategy to determine new therapeutic indications for previously approved drug molecules.
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Coronavirus disease (COVID-19) has emerged as a fast-paced epidemic in late 2019 which is disrupting life-saving immunization services. SARS-CoV-2 is a highly transmissible virus and an infectious disease that has caused fear among people across the world. The worldwide emergence and rapid expansion of SARS-CoV-2 emphasizes the need for exploring innovative therapeutic approaches to combat SARS-CoV-2. The efficacy of some antiviral drugs such as remdesivir, favipiravir, umifenovir, etc., are still tested against SARS-CoV-2. Additionally, there is a large global effort to develop vaccines for the protection against COVID-19. Because vaccines seem the best solution to control the pandemic but time is required for its development, pre-clinical/clinical trials, approval from FDA and scale-up. The nano-based approach is another promising approach to combat COVID-19 owing to unique physicochemical properties of nanomaterials. Peptide based vaccines emerged as promising vaccine candidates for SARS-CoV-2. The study emphasizes the current therapeutic approaches against SARS-CoV-2 and some of the potential candidates for SARS-CoV-2 treatment which are still under clinical studies for their effectiveness against SARS-CoV-2. Overall, it is of high importance to mention that clinical trials are necessary for confirming promising drug candidates and effective vaccines and the safety profile of the new components must be evaluated before translation of in vitro studies for implementation in clinical use.
Keywords: COVID-19, SARS-CoV-2, therapeutics, antiviral drugs, vaccines, nano-based approaches
INTRODUCTION
The COVID-19 outbreak made the entire world frightened in late 2019, which is caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) belongs to single stranded RNA viruses having spike-like projections of glycoprotein. The virus infection was first reported in Wuhan, People’s Republic of China during December 2019 (Chen et al., 2020). COVID-19 is the official name of the coronavirus declared by the World Health Organization (WHO). Even though the source of coronavirus has not been declared officially, bats and snakes are considered as the potential host. Wuhan institute of virology confirmed that 96% of similarity coronavirus with the gene sequence of bat coronavirus (Wang W. et al., 2020; Zhou P. et al., 2020). Coronavirus infects humans via the binding of S-protein with angiotensin-converting enzyme-2 (ACE-2) with higher affinity (Wrapp et al., 2020). Transmission of coronavirus is through respiratory droplets of infected persons. The common symptoms include fever, throat infection, cough, headache and breathlessness even some may be asymptomatic. The average incubation period of coronavirus ranges from three days to twenty-four days (Guan et al., 2020; Zhou et al., 2020a) but the prevalence is more in elderly people with medical comorbidities.
During this pandemic outbreak, several countries adopt preventive measures and their own treatment methodologies. Avoiding contact with infected persons, unnecessary travel and personal hygiene practices are the basic preventive measures followed to avoid the transmission of coronavirus. RT-PCR and chest computed tomography scan are the diagnostic tools used along with the combination of symptom relevant treatment (Velavan and Meyer, 2020). Viral infections are the major threat to the human kind. As of now, antiviral therapy, symptomatic and oxygen therapy are followed for treating SARS-CoV-2. Nano-based approaches are the promising tool for the diagnosis and treatment of such viral diseases. Based on the statistical analysis of StatNano, out of patents filed related to SARS-CoV-2 diagnostics and treatments, 5.2% belong to nano-based technology (Chakravarthy and Vora, 2020). With this background, the present review focuses on emerging approaches including drug repurposing, vaccine development including peptide and nano based approaches for COVID-19 therapeutics.
EMERGING APPROACHES FOR COVID-19 THERAPEUTICS
Drug Repurposing Approach for COVID-19 Treatment
Even though a lot of potential antiviral drugs are available, their efficacy against SARS-CoV-2 is still tested for implementation. Below discussed drugs are some of the potential candidates for COVID-19 treatment and are under clinical study. Figure 1 depicts the schematic illustration of drug repurposing approach.
[image: Figure 1]FIGURE 1 | A schematic illustration of drug repurposing approach.
Remdesivir
Remdesivir, developed by Gilead Sciences (2009), is a broad-spectrum antiviral agent with a brand name of “veklury” administered as an intravenous injection. It was initially designed for Hepatitis C (Hep C) and respiratory syncytial virus (RSV). Later it was repurposed against Ebola and Marburg virus. Remdesivir has antiviral activity against filoviruses, pneumoviruses, paramyxoviruses, and coronaviruses in vitro (Lo and Jordan, 2017). Remdesivir, being an analogue of nucleotide, in its triphosphate form, i.e., Remdesivir triphosphate (RDV-TP), is used as a substrate for RNA dependent RNA polymerase, and has reported to inhibit the viral RNA synthesis by delayed termination of synthesis (Wang M. et al., 2020) in all corona viruses, including SARS-CoV-2. It was seen that RDV-TP resembles ATP (Adenosine triphosphate) (Saha et al., 2020). It competes with viral RNA synthesis, by forming a phosphodiester bond with the next nucleotide and terminates viral RNA formation at the third site from RDV-TP binding site, causing the termination of viral RNA synthesis in SARS-CoV-2 (Gordon et al., 2020).
Remdesivir exhibited an in vitro activity against SARS-CoV-2 in a preclinical study using Rhesus macaque model of SARS-CoV-2, the treatment was initiated soon after the Rhesus macaque was inoculated with SARS-CoV-2, and group of Rhesus macaque treated with remdesivir showed lower virus levels than untreated (Williamson et al., 2020). The toxicity and adverse effect of remdesivir is not clear yet and is to be investigated further (Fan et al., 2020). In clinical trials, remdesivir does not show gastrointestinal toxicity apart from minor diarrhoea in a few cases. In case of hepatotoxicity, elevations in the aminotransferases were noticed. In the case of nephrotoxicity, upon continual doses of remdesivir, reduced kidney function was observed. In case of respiratory toxicity, acute respiratory syndrome was observed in 4% of the patients treated with remdesivir.
The recommendation for the use of remdesivir arose from the multicentre, randomized placebo-controlled trials and the adaptive SARS-CoV-2 treatment trial (ACTT) (Wang M. et al., 2020). The study was conducted across 1603 SARS-CoV-2 infected patients. The patients in the trial group were affected to an extent that they require oxygen supplement, but mechanical ventilation (ECMO) is not required and the recovery period of 10–15 days was observed (Beigel et al., 2020). It is currently approved for treatment in the United States, India, Taiwan, Singapore and many other countries.
Hydroxychloroquine
Chloroquine is an anti-malarial drug developed in 1934. Later in 1946 hydroxychloroquine (HCQ), an analogue of chloroquine was developed to treat autoimmune diseases. HCQ has been used for the treatment of lupus, erythematosus, Q fever, certain types of malaria and rheumatoid arthritis (American society of health system pharmacist 2020). HCQ has fewer and less severe toxicities (including less propensity to prolong the QTc interval) and fewer drug-drug interactions than chloroquine. Studies show that HCQ increases the endosomal pH inhibiting fusion of SARS-CoV-2 with the host cell membrane (Wang M. et al., 2020). They possess an immunomodulatory effect and also block the transport of SARS-CoV-2 from early endosomes to endolysosomes, which may be required for the release of viral genome (Liu et al., 2020).
Most deaths in SARS-CoV-2 patients occurred due to cytokine storms. Cytokines play an important role in normal immune responses, but releasing large amounts in the body all at once can be harmful. A cytokine storm can occur as a result of an infection, autoimmune condition, or other diseases. It is observed that HCQ can reduce cytokine storms (Cao, 2020). A recent study by Tang et al., (2020b) reported that HCQ reduced clinical symptoms through anti-inflammatory properties and recovery of lymphopenia. But still safety, side effects and effectiveness of HCQ are under study. Further, the benefits and risks associated with HCQ depends on patient medical history (Juurlink 2020).
FDA has approved the use of 800 mg (HCQ) on the first day, followed by 400 mg for the next seven days for COVID-19 treatment (US FDA – Hydroxychloroquinone fact sheet for patients). Higher dosage leads to arrhythmia and sometimes eventual death (Borba et al., 2020). Patients with a history of renal and liver disorders should be treated with care using HCQ as it leads to nephrotoxicity and hepatotoxicity (Rismanbaf and Zarei, 2020).
Lopinavir/Ritonavir
Lopinavir/Ritonavir, under the brand name Kaletra®, belong to the protease inhibitor class which is especially used in the treatment of retroviruses which helps in SARS-CoV-2 treatment (Rismanbaf and Zarei, 2020). Although it is not curing HIV, it prevents secondary infections by decreasing the viral count, which are the characteristic symptoms of acquired immune-deficiency syndrome. Replication of SARS-CoV-2 depends on the cleavage of a poly protein into a RNA-dependent RNA polymerase and helicase, which helps in replicating the viral genome in the host cells (Zumla et al., 2016). For the cleavage of the poly protein, two proteases enzymes including 3-chymotrypsin-like protease (3CLpro) and papain-like protease (PLpro) are responsible, found in SARS-CoV-2 (Tahir ul Qamar et al., 2020). Thus, protease inhibitors like lopinavir and ritonavir reduce the viral count in the infected person’s body system and help them in recovery. In an In vitro study, it was found that lopinavir/ritonavir inhibited the protease 3CLpro (Liu and Wang, 2020; Liu et al., 2020).
In a clinical research study with a sample size of 199 patients, the patients were given Lopinavir 400/Ritonavir 100 mg orally, twice a day. It was observed that the group which was under liponavir/ritonavir treatment, recovered with a shorter intensive care time rather than the untreated group, and also the rate of mortality was less, though it was not statistically significant (Cao et al., 2020). Most clinical studies that surround lopinavir and ritonavir have a very small sample size, but it has been approved for treatment by National institute of Health (NIH) United States. The use of lopinavir/ritonavir is not recommended for patients suffering from porphyria, cardiac problems and cardiac conduction problems. Other side effects on usage are diarrhoea, which might persist for a week after usage. In some cases, diabetes mellitus, pancreatitis and hepatic problems have been reported as side effects due to the administering of lopinavir/ritonavir (Joint Formulary Committee, 2020).
Umifenovir
Umifenovir, developed in Russia and China has been used for infections caused by Influenza A, B and prophylaxis. The main mode of action by umifenovir is blocking the fusion of virus to the cell/endosome by interfering with the hydrogen bond network in the phospholipid (Villalain, 2010). In vitro study on the effect of Umifenovir against SARS-CoV-1 and SARS-CoV-2 revealed that Umifenovir combined with protease inhibitor (Liponavir/Ritonavir) exhibited higher negative conversion rates (Deng et al., 2020). But the latter is superior in terms of faster recovery (Chang et al., 2020).
Though Umifenovir did not exhibit severe adverse side effects, gastric problems including digestion, diarrhoea and nausea are reported (Huang et al., 2020). Further, there is no report on nephrotoxicity or hepatotoxicity. But some clinical studies have declared that umifenovir is not effective against SARS-CoV-2 treatment (Huang et al., 2020). Based on a clinical study conducted in Jinyintan Hospital, Wuhan province, it was revealed that Umifenovir neither increases the clearance rate of SARS-CoV-2 nor accelerates the recovery of patients in any way (Lian et al., 2020). The effect of umifenovir in SARS-CoV-2 treatment, still requires clinical investigations for further understanding.
Favipiravir
Favipiravir was first developed in 2014 by Fujifilm Toyama Chemical Co. Ltd., Japan, for the treatment of a novel influenza strain that was resistant to neuraminidase inhibitors. It is an analogue of guanine with a pyrazine carboxamide structure. Favipiravir enters the infected cell by endocytosis, and at the site it is transformed into favipiravir ribofuranosyl phosphate via phosphoribosylation and phosphorylation. After transformation, the prodrug destroys the conservative catalytic domain of RNA-dependent RNA polymerase (RdRp), interrupting the nucleotide incorporation process, thus interfering with the life cycle of the virus and hindering its replication within the host cell.
The RdRp of SARS-CoV-2 is 10X more active than any other viral RdRp faced until now (Shanon et al., 2020). Favipiravir is highly recommended as it inhibits viral RNA by sparing the native DNA of the host cell. Chang et al., (2020) conducted a clinical trial on the effectiveness of favipiravir and umifenovir against SARS-CoV-2. The study revealed that the recovery rate in favipiravir was higher than umifenovir. Table 1 shows the mode of action of potential antiviral drugs repurposed for COVID-19.
TABLE 1 | Mode of action of potential antiviral drugs repurposed for COVID-19.
[image: Table 1]Treatment with favipiravir causes hyperuricemia. The major adverse effects on use of favipiravir is teratogenicity. Teratogenicity is the phenomenon where some agents (teratogens) cause major birth defects. Thus, the use of favipiravir of women at the child bearing age or pregnant ladies is highly inadvisable. Even men treated with favipiravir are advised to use contraceptive for a week minimum or until favipiravir is out of the system, to avoid any teratogenicity (Evaluation and Licensing Division, Pharmaceutical and Food Safety Bureau., 2011. Report on the Deliberation Results—Avigan.)
Vaccine Development Approach
Vaccine development involves different strategies including live attenuated, or inactivated virus, virus-like particles or other protein-based approaches, viral vector–based vaccines or nucleic acid–based vaccines (Chauhan et al., 2020). In live attenuated vaccines, virulence of the virus is removed but viability is retained which in turn helps the immune system to develop memory cells (Badgett et al., 2002). Virus-like particles are molecules that closely resemble viruses which are synthesized by the expression of the viral structural protein. The synthesized molecules can assemble themselves to virus-like particles and help the body to boost immunity (Zeltins 2013). Viral vector-based vaccines and nucleic acid-based vaccines, incorporate the antibody expressing gene into the cell to produce necessary antibodies to acquire immunity against infections. Drug discovery and development for SARS-CoV-2 can be facilitated by artificial intelligence and other computational tools (Tang et al., 2020b; Lin et al., 2020; Zhou et al., 2020b). Adjuvants such as MF59, AS03, CpG are considered for COVID-19 treatment (Chauhan et al., 2020) to enhance the vaccine efficacy (Weinberger, 2018).
Lipid nanoparticles (Adams et al., 2018), lipid coated mesoporous silica nanoparticles (LaBauve et al., 2018), Macrophage mimetic nanoparticles (MMNPs) (Zhang et al., 2020), Nano-Erythrocyte mimetic drug delivery (Cavezzi et al., 2020; Poduri et al., 2020), Nano-Platelet mimetic drug delivery (Anselmo et al., 2014), Nano-virus mimetic drug delivery (Ellah et al., 2020) have also been considered for COVID-19 therapeutics. The review includes discussion on peptide and nano based vaccine approaches for COVID-19 therapeutics. A complete list of vaccine candidates developed for COVID-19 is given in Supplementary Appendix (WHO-Draft landscape of COVID-19 candidate vaccines, 2021) (Table 4). Figure 2 depicts schematic illustration of vaccine development approach.
[image: Figure 2]FIGURE 2 | A schematic illustration of vaccine development approach.
Peptide Based Vaccines
Peptide based vaccines are biologically safe and need not to be produced in vitro. Peptide vaccines outweigh the limitations of conventional vaccines by overcoming allergic reactions and autoimmune responses (Li et al., 2014). Peptide based vaccines are engineered to mimic the proteins or peptides in the pathogens, which can help in developing T-cells which are immunodominant (Malonis et al., 2020). Synthetic peptide vaccines are usually short amino acid sequences (20–30 amino acids in range) mimicking the specific epitope of the antigen of pathogen. B cells can recognize the mimicked peptide sequence and produce antibodies. T killer cells also kick in fast as the body responds by peptide based vaccine. Antibodies produced during infection target multiple antigen sites and over time some antibodies target specific antigen epitopes for immunity development. Bioinformatics tools facilitate finding the accessible peptide residue sites and a specific peptide can be engineered to bind the site. These tools help to narrow down to SARS-CoV-2-RBD (SARS-CoV-2-Receptor Binding Domain) to interact with hACE2 gaining entry to viral attachment and re-entry (Barh et al., 2020; Zhang et al., 2020).
Peptide derived from fermented soy cheese using Lactobacillus delbrueckii WS4 can be used as a potential antiviral agent for SARS CoV-2 (Chourasia et al., 2020). Peptide vaccine developed by IMV Inc., used DPX platform (Ye et al., 2020). Vaxil corporation developed signal peptide (Wu, 2020). Epivax and Generex Biotechnology Corporation proposed hybrid based Ii-Key peptide vaccine (Kallinters et al., 2020). Epivax proposed adjuvating peptide vaccines also (Wu, 2020). Table 2 shows the detailed list of peptide based vaccines developed for COVID-19 with platform description and developer.
TABLE 2 | Peptide based vaccines developed for COVID-19.
[image: Table 2]Nano Based Therapeutic Approaches
Nanotechnology plays a major role in COVID-19 therapeutics (Petros and DeSimone, 2010). The success of nanotechnology in SARS CoV-2 therapeutics depends on the appropriate choice of nanocarriers for the right drug candidate (Chauhan et al., 2020). Moreover, nanocarriers overcome the limitations of existing antiviral therapies. Nanoparticle aided modulation of antigen presenting cells (APCs) is important for vaccine development in COVID-19 (Banchereau and Steinman 1998; Steinman and Banchereau, 2007). During the initial stages of the COVID-19, nano-macrophage mimetic systems neutralize viral activity and in later stages it reduces the inflammation (Zhang et al., 2020). The effects associated with hematological pathology of COVID-19 can be reduced by Nano-Erythrocyte mimetic drug delivery (Cavezzi et al., 2020; Poduri et al., 2020). Thrombocytopenia and vascular damages induced by COVID-19 can be reduced by Nano-Platelet mimetic drug delivery (Anselmo et al., 2014). The self-amplifying RNA encoding SARS-CoV-2 spike protein was encapsulated in lipid nanoparticles which can act as a vaccine for neutralizing the pseudo-virus (Mckay et al., 2020) (Shin et al., 2019). Layered Double Hydroxide (LDH), an inorganic nanoparticle intercalated with short hairpin RNA (shRNA) plasmid has the potential of gene silencing at the target sequence is employed for SARS-CoV-2. Further, it is formulated as a nasal spray for delivering shRNA at the target sites (Acharya, 2020). The small-interfering RNA (si-RNA) encapsulated in lipidic nano-nanoparticles can be used to inhibit chemokine receptor (CCR2), which is responsible for creating cytokine storms. The cytokine storm is one of the major clinical complications in SARS-CoV-2. The inhibition may result in the reduction of inflammatory sites in the infected regions (Campos et al., 2020). Peptide based vaccines are also developed using Lipid nanoparticle formulation. Table 3 shows the nano-based therapeutic options for Coronavirus.
TABLE 3 | Nano based therapeutic options for Coronavirus.
[image: Table 3]Because of limited side effects, lower dosage quantity and multiple targeting, combination drug therapeutics play a pivotal role in the treatment of COVID-19. Nanocarriers act as potential candidates for multi drug delivery which in turn useful for combination drug therapy (Destache et al., 2009; Shibata et al., 2013). The antigen delivering mode of nanoparticles to dendritic cells facilities T cell immunity (Joffre et al., 2012). Targeted drug delivery for the treatment of COVID-19 can be enhanced by the application of nanomaterials including nanospheres, nanocarriers, liposomes, lipid nanoparticles, nanophages and dendrimers (Witika et al., 2020). Figure 3 depicts the schematic illustration of a nano-based approach to combat COVID-19.
[image: Figure 3]FIGURE 3 | A schematic illustration of nano-based approach to combat Covid-19.
PRESENT STATUS AND FUTURE PERSPECTIVES
Even though the antimicrobial drugs including chloroquine, remdesivir, lopinavir shows promising results against SARS-CoV-2 (Mainardes and Diedrich, 2020), it may cause side effects to some patients. The association of nano-carriers provides a necessary environment for the functioning of these drugs without any harmful effects (Campos et al., 2020). The existing antiviral drugs lack specificity and cause cytotoxicity and which are made to mimic Heparan Sulphate Proteoglycan (HSPG), the first step is virus-cell interaction, which are conserved regions for the ligands of the virus. Unlike invasive carriers, drug delivery of smart nano-carriers is based on the external stimuli like magnetic field or ultrasound (Jindal and Gopinath, 2020). Likewise the effective demonstration of nano-carriers in the treatment of Human Immunodeficiency Virus (HIV), Hepatitis, Influenza A virus etc., (Abd Elkodous et al., 2019; Negahdari et al., 2019; Kim et al., 2020), the existing drugs are being tested for the treatment of SARS-CoV-2 infection. Since SARS-CoV-2 infects the respiratory system, the drugs are administered through non-invasive methods. The aerosols administered without nano-carriers, may not bind with the target. Hence, nano-carrier mediated drug delivery is preferred for the successful binding with the target (Jindal and Gopinath, 2020).
The iron oxide nanoparticles approved by FDA for in vitro viral treatment was monitored for the discovery of treatment methods of SARS-CoV-2. The docking studies of iron oxide nanoparticles with the viral S protein of the SARS-CoV-2 exhibited better complex binding, which can be further improved in clinical trial stages (Abo-zeid et al., 2020). Several natural compounds have also been contributed to antiviral therapy. The inhibition of Hepatitis C virus into the hepatoblastoma cells was improved when curcumin loaded chitosan-based nanoparticles are used, it disturbs the viral membrane integrity (Loutfy et al., 2020). The IL-6 and IL-1β mediators of the viral response were diminished when curcumin-based nanoparticles were employed for treating patients with SARS-CoV-2. IL-1β is produced right after viral attachment and IL-6 on the progression of the infection. It is suggested to use nano-curcumin for COVID-19 (Valizadeh et al., 2020).
The application of silver nanoparticles for the treatment of Respiratory Syncytial Virus (RSV) has shown promising results in the mouse model, in which the nanoparticles tend to inhibit the viral replication in the host by binding to the viral glycoprotein and recruiting the neutrophils. Thus, silver nanoparticles reduce the spread of SARS-CoV-2 and are used to prevent the infected patient from ventilator-associated pneumonia (Morris et al., 2019; Issn and Sarkar 2020; Zachar, 2020). The toxicity caused due to the application of chloroquine and hydroxychloroquine for treating SARS-CoV-2 can be reduced by the application of noble nanoparticles (Au, Ag, Pt) (Rezaee et al., 2020). Currently, novel lipid nanoparticle encapsulates mRNA (mRNA-1273) (NCT04283461) is under clinical trial for SARS-CoV-2 by National Institute of Allergy and Infectious Disease (NIAID), United States. It is also suggested that combination of traditional interventions and western medicine for COVID-19 (Ni et al., 2020). China, Japan, South Korea and Singapore got relieved from the spreading because of Traditional Chinese Medicine (TCM) or Chinese Herbal Medicine (CHM) (Xu and Zhang 2020) and death rate is controlled to considerable extent. Peptide vaccines are considered as the most significant therapeutic compounds for viral infections (Agarwal and Gabrani, 2020; Brice and Diamond, 2020; Kalita et al., 2020). Further, novel delivery modes facilitate peptides as prominent vaccine candidates for COVID-19 (Di Natale et al., 2020).
CONCLUSION
WHO is kept on track for the research and development of vaccines against SARS-CoV-2 across the world. Out of all the epidemics and pandemics, the vaccine development has been faster for SARS-CoV-2 due to its fast-paced spread throughout the world. Compared to other SARS virus vaccines that have reached clinical trials within 22 months–26 months, SARS-CoV-2 vaccine is the one in history that has reached the clinical trial phases within 3–6 months. But until an effective vaccine is formulated, it is better to control the pandemic using repurposed drugs.
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The novel coronavirus originated in December 2019 in Hubei, China. This contagious disease named as COVID-19 resulted in a massive expansion within 6 months by spreading to more than 213 countries. Despite the availability of antiviral drugs for the treatment of various viral infections, it was concluded by the WHO that there is no medicine to treat novel CoV, SARS-CoV-2. It has been confirmed that SARS-COV-2 is the most highly virulent human coronavirus and occupies the third position following SARS and MERS with the highest mortality rate. The genetic assembly of SARS-CoV-2 is segmented into structural and non-structural proteins, of which two-thirds of the viral genome encodes non-structural proteins and the remaining genome encodes structural proteins. The most predominant structural proteins that make up SARS-CoV-2 include spike surface glycoproteins (S), membrane proteins (M), envelope proteins (E), and nucleocapsid proteins (N). This review will focus on one of the four major structural proteins in the CoV assembly, the spike, which is involved in host cell recognition and the fusion process. The monomer disintegrates into S1 and S2 subunits with the S1 domain necessitating binding of the virus to its host cell receptor and the S2 domain mediating the viral fusion. On viral infection by the host, the S protein is further cleaved by the protease enzyme to two major subdomains S1/S2. Spike is proven to be an interesting target for developing vaccines and in particular, the RBD-single chain dimer has shown initial success. The availability of small molecules and peptidic inhibitors for host cell receptors is briefly discussed. The development of new molecules and therapeutic druggable targets for SARS-CoV-2 is of global importance. Attacking the virus employing multiple targets and strategies is the best way to inhibit the virus. This article will appeal to researchers in understanding the structural and biological aspects of the S protein in the field of drug design and discovery.
Keywords: SARS-CoV-2, coronavirus, spike (S) glycoprotein, entry inhibitors, corona
INTRODUCTION
Coronaviruses (CoVs) are pathogens from the Coronaviridae family and have an impact on human and animal health; in particular their respiratory and gastrointestinal tract system whose symptoms range from mild to lethal (Ghosh et al., 2020). The International Committee on Taxonomy of Viruses (ICTV) classifies coronaviruses into the Coronaviridae family and Nidovirales order which is further subdivided into two subfamilies: Torovirinae and Coronavirinae (Figure 1) (Pal et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic representation of Coronaviridae taxonomy.
The CoVs are large and enveloped positive-strand RNA viruses, and can be further subdivided into α-, β-, γ-, and δ- CoVs. Among the four subtypes, α- and β- CoVs are known to infect humans. Until now six human-CoVs (HCoV 229E, NL63, OC43, HKU1, SARS, and MERS) have been reported globally. Table 1 illustrates the classification of coronavirus, variants, and their host organism. Among these six human-CoVs, SARS- and MERS- CoVs are extremely pathogenic and the transmission within humans generally occurs via close contact through the inhalation of respiratory droplets or sneezing, similar to influenza and other respiratory pathogens (Pillaiyar et al., 2016; Ghosh et al., 2020). The remaining four CoVs cause mild respiratory infections leading to the common cold. At the end of 2002, the outbreak of SARS in Guangdong province in China registered 8098 cases with 774 deaths. Almost a decade passed since the outbreak of SARS-CoV, the subsequent zoonotic coronavirus MERS-CoVs emerged in Saudi Arabia with 2494 cases and 858 deaths (Source: WHO). At the end of 2019, another new strain of coronavirus 2019-nCoV was found among people reported for the recent ongoing pneumonia outbreak in the city of Wuhan in China (Huang C. et al., 2020). Until now (as of December 2, 2020, WHO) the 2019-nCoV had spread rapidly in over 220 countries and registered over 63,360,234 reported cases and 1,475,825 deaths (https://www.who.int/emergencies/diseases/novel-coronavirus-2019).
TABLE 1 | Classification of different types of CoVs with their variants name, year of discovery, and host organism.
[image: Table 1]CORONAVIRUS REPLICATION CYCLE
CoVs contain a non-segmented single-stranded RNA featuring the largest viral RNA genomes reported so far and ranging from approximately 26–32 kilobase (kb) genomes. CoVs are lipid enveloped and spherical in shape with a size of approximately 100–120 nM (Ghosh et al., 2020). SAR-CoV-2 belongs to the beta-coronavirus class comprising of ∼30 kb in length, and the replication cycle is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Coronavirus replication cycle [(Jiang et al., 2020) Copyright ©2020 Elsevier Inc., based on the reuse provisions of Elsevier’s COVID-19 Resource Center].
Similar to other CoV neighbors, SARS-CoV-2 utilizes the host cell machinery for replication which involves various viral structural and non-structural proteins. Coronavirus particles consist of four main structural proteins namely the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins. Briefly, a fully mature viral particle starts its journey with host cell membrane fusion or the endocytosis process. The binding of the receptor-binding domain (RBD) of the spike (S) protein to the host receptor, such as angiotensin-converting enzyme-2 (ACE2) or dipepitdylpeptidase IV (DDPIV), changes the RBD conformation which leads to the merging of the viral membrane with the host membrane. With the fusion process, the viral genetic material (single-stranded RNA) is injected into the cytoplasm for the host cell ribosome-dependent translation process in which ORF1ab is translated into viral polyproteins (e.g., pp1a, pp1b, etc.). Subsequently, various non-structural proteins, including RNA-dependent RNA polymerase and helicase, are produced from the pp1a and pp1b using the protease enzymes (e.g., PLpro and 3CLpro). Non-structural proteins are involved in the viral transcription and replication process. Several copies of original viral RNA synthesized by RNA polymerase are now transcribed into a full-length mRNA negative-strand template for the translation process in which structural proteins are produced in the endoplasmic reticulum. Ultimately, all structural proteins and genomic RNA are compiled to form the virion, which is translocated into Golgi, where the virions are released out of the cell via transport through vesicles. To inhibit the virus progression, several key steps have been identified in the virus life cycle; 1) RBD binding which plays an important role in the viral fusion to host cells, 2) protease enzymes in synthesizing RNA-dependent RNA polymerase, and 3) RNA-dependent RNA polymerase for transcription. Blocking any of these crucial steps might be an attractive target for antiviral development, including drugs and vaccines (Huang Y. et al., 2020).
OVERVIEW OF THE S PROTEIN OF SARS-COV-2
The S protein is a homotrimeric transmembrane glycoprotein fused by three monomer units. On the surface of the protein 100 crown-shaped spikes are present of ∼30 kb in length and is a larger part among the four structural proteins M, E, and N (Song et al., 2018). The length of each spike ranges from 20 to 40 nM making it more stretchable to fit into the angiotensin converting enzyme II (ACE2) of the host cell receptor (Zhou et al., 2020). Each monomer (∼180 kDa) of the S protein consists of a total of 1282 amino acids which is divided into two major functional domains S1 and S2 (Bahrami and Ferns, 2020). Thus, the trimer of an S protein contains three S1 and S2 subunits coiled together (Yan et al., 2020). The S1 domain can be segregated into a single peptide (SP), an N-terminal domain (NTD), C-terminal domain (CTD) also called the receptor binding domain (RBD) with a loop region known as the receptor binding motif (RBM). The S2 domain consists of a fusion peptide (FP), heptad repeat (HR) 1 and 2, and a transmembrane (TM) and cytoplasmic (CP) domain (Figure 3). The S1 domain is responsible for the recognition of ACE2 and S2 mediates membrane fusion into the host cell. The sequence motif “KRSFIEDLLFNKV” is responsible for the initial binding of SARS-CoV to lung cells and activates the S protein by proteolytic cleavage (Robson, 2020).
[image: Figure 3]FIGURE 3 | (A) A representative of SARS CoV-2 and the S protein with their different binding domains S1 and S2 [(Pillay, 2020) Copyright ©2020 Publisher BMJ]; (B) the different region of the S protein of SARS CoV-2 [(Pillay, 2020) Copyright ©2020 Publisher BMJ]; and (C) genomic information of the S protein and the different binding domains for SARS-CoV-2, SARS-CoV-1, and MERS-CoV (Bahrami and Ferns, 2020).
The surface subunit S1 comprises 687 amino acids organized into SP, NTD, and RBD. The S1 subunit initiates the process of viral entry via attaching with the cell receptor. At the top of each S1 monomer, one RBD is present for interaction with ACE2. In the specified domain, RBDs undergo hinge-like conformational movement that transiently exposes an open state or a closed state (McKee et al., 2020). In particular, the extended loop region, RBM of the RBD contains the amino acid residues that bind to ACE2 (Lan et al., 2020). Comparing RBM of SARS-CoV-1 and SARS-CoV-2, the latter forms a larger binding interface and makes a large number of contacts with ACE2 with a higher binding affinity (Kd 31 and 4.7 nM, respectively) (Zhai et al., 2020).
Among the two domains S1 and S2, the SARS-CoV-2 S2 sequence shows 90% similarity with SARS-CoV-1. This suggests that the S2 domain is prone to less mutation and hence targeting the S2 domain might be useful in the preventive stage of viral infection. The shorter FP consists of 18 amino acids that play an important role in the fusion process and is responsible for the binding affinity toward the host cell. The HR1 and HR2 consist of a peptide sequence motif “HPPHCPC” representing hydrophobic (H), polar (P), and charged (C) residues. This sequence of the peptide region adopts an α-helix with a hydrophobic interface to drive the membrane fusion. Among the different variants of CoV, HR is highly conserved, and in particular, HR2 is 100% identical in comparison to the other regions, HR1 (88%), TM (93%), and CP (97%) in the S2 domain (Table 2). The TM is long enough in length to anchor the S protein in the membrane, has three conserved and distinctive domains namely N-terminal tryptophan-rich and hydrophobic central region ends with a cysteine-rich C-terminal domain. In the final section of the S2 domain, the CP tail has a high amount of S-acylated cysteine residues.
TABLE 2 | Percent similarity of the various domains of the S protein for SARS-CoV-2 in comparison with SARS-CoV-1.
[image: Table 2]The SARS-CoV-2 S cleaves into S1 and S2 domains (Figure 3C). The S1 domain comprises of SP located at the N-terminus, RBD, and RBM. The S2 subunit has residues with FP, HR1, HR2, TM domain, and cytoplasm domain. The SARS-CoV-2 has 18 newly added amino acids when compared with SARS-CoV. The RBD in SARS-CoV has fewer amino acid residues when compared with SARS-CoV-2, which could be the reason for increased binding affinity toward the cellular receptor. Furthermore, there is no significant difference in amino acid residue between SARS and SARS-CoV-2 in the RBM region. The FP for both SARS and SARS-CoV-2 possess 18 conserved residues (Krishnamoorthy et al., 2020, Bahrami and Ferns, 2020).
BINDING MECHANISM OF THE S PROTEIN
The entry of coronavirus through the S protein is a combined process involving receptor-binding and proteolytic processing to promote virus penetration into the host cell (Walls et al., 2020). In the pre-fusion conformation state, the S protein exists in the non-covalently bound state. This state reveals that the binding within the S protein is less stable and can open upon interaction with receptors as depicted in Figure 4. The RBD in S1 extends a loop to bind with the host peptidase domain (PD) of ACE2 through RBM. Once bound, the S2 domain undergoes structural rearrangement to activate the S protein for membrane fusion. This conformational change in the S2 domain causes the fusogenic potential to penetrate into the host cell. The heptad-repeat regions HR1 and HR2, gather into a six-helix bundle (HB) and bring the FP and cellular membrane in a hairpin conformation (Alnefaie and Albogami, 2020). The affinity between HR1 and HR2 against each other stabilizes this required conformation and confirms the fusion of the virus into the cellular membrane (Guo et al., 2020). The FP along with heptad regions HR1 and HR2 in the S2 domain assist viral fusion into the host cell (Liu et al., 2004; Xia et al., 2020). The fusion between the S2 domain and ACE2 receptor allows the spike to transform from the pre-fusion to the post-fusion conformation. The crystal structure of SARS-CoV-2’s RBD in complex with ACE2 showed that the RBD connects with the proteolytic domain (PD) of ACE2. At the N terminus, Q498, T500, and N501 of the RBD interacts via H-bond with Y41, Q42, K353, and R357 from ACE2. The RBD contacts via Y453, the ACE2 PD at the residue H34. In the C terminal region, van der Waals interactions are formed between Q474 of RBD and Q24 of ACE2, F486 of RBD, and M82 of ACE2.
[image: Figure 4]FIGURE 4 | Fusion states in the S protein elucidate the mechanism of activation [(Walls et al., 2019) Copyright ©2020 Elsevier Inc., based on the reuse provisions of Elsevier’s COVID-19 Resource Center].
The amino acid Q498 recognizes ACE2 and is responsible for infecting host cells; N501 helps in the transmission from human to human. L455 helps in viral binding to the ACE2 receptor. F486 supports binding and enhances viral infection. S494 provides positive support for enhancing the binding of the virus to ACE2. Upon viral infection, the post-fusion state begins with the activation of protease enzymes such as furin and TMPRSS-2 (Hoffmann et al., 2020b). The S protein of SARS-CoV-2 differs from SARS-CoV in its furin recognition site “RRAR” and is absent in other types of coronaviruses, making it a unique cleavage site (Coutard et al., 2020). This site can be an important target for inhibitors (Seidah and Prat, 2012). The S trimer is extensively decorated with N-linked glycans that are important for proper folding and for modulating accessibility to host proteases and neutralizing antibodies.
The advancement in crystallographic techniques provides a greater understanding of the structural biology of proteins. With the recent revolutionary advancement of cryo-EM, the number of protein structures obtained is growing at a very high rate and in particular protein structures are being found that are difficult to crystallize. This is visible from the number of reported structures (129 structures) for SARS-CoV-2. Supplementary Table S1 shows the summary and list of available crystal structures of the S protein along with the complex. The high resolution (1.5 Å) structures using X-ray crystallography are available for MERS-CoV (PDB ID: 5 × 4R), SARS-CoV-1 (PDB ID: 1ZVA), and SARS-CoV-2 (PDB ID: 6M1V). In the current pandemic situation, the application of these techniques provides a structural understanding of CoVs which is greatly important (163 structures are reported in 2020) for drug discovery and development. The structures of the spike protein from MERS, SARS-CoV-1, and -2 were determined and in particular, the receptor binding domain (RBD), N-terminal domain (NTD), and C-terminal domain (CTD) were predominately reported due to their importance in binding with the host cell receptors. The reported crystal structures with different antibodies help to form structures and understand the binding mechanism of the S protein, the functional movements of the domains, and their involvement in binding with the host cell receptor. Specifically, detailed information was obtained for SARS-CoV-2 with the ACE2 receptor.
The open reading frames (ORF) ORF1a and ORF1b are translated into polyproteins pp1a (4382 amino acids) and pp1ab (7073 amino acids). These polyproteins are processed by 3-C-like protease (3CLPro) and papain-like protease (PLPro) to generate a variety of non-structural proteins (NSPs), including RNA-dependent RNA polymerase (RdRp) and helicase, for catalyzing viral genome replication and protein synthesis.
TARGETING THE S PROTEIN
Vaccines
Since the first outbreak of SARS-CoV-1 in 2002, there has been active involvement in the development of vaccines against coronaviruses (Jiang et al., 2012; Modjarrad et al., 2016; Zhou et al., 2019; Dai et al., 2020; Wang C. et al., 2020). The recent outbreak of SARS-CoV-2 affected a large number of people and streamed larger efforts in the development of vaccines. As of November 2020, WHO has not recommended any vaccines for SARS-CoV-2, but a few of the vaccines are closer to approval in selected countries. The vaccine development targeting the S protein can be grouped as full-length S protein, RBD, and RNA.
Full-Length S Protein
A great deal of interest and focus on developing vaccines has targeted the full-length S protein of SARS-CoV. The vaccine for the full-length S protein showed required immunity against SARS-CoV-1 suppressing viral proliferation but resulted in a harmful immune response (Jiang et al., 2005). The vaccine-induced antibodies against SARS-CoV-2 bind with the virus. In this, neutralizing antibodies provides efficient blockade for viral infection and non-neutralizing antibodies generate an antibody-dependent enhancement effect that can aggravate the infection (Garber, 2020; Iwasaki and Yang et al., 2020; Tetro, 2020; Ulrich et al., 2020). The studies on MERS-CoV neutralizing single-domain antibodies (sdAbs) from immunized dromedary camels and llamas showed EC50 values between 0.001–0.003 μg/ml and low Kd values in the range of 0.1–1 nM (Seidah and Prat, 2012). Furthermore, the sdAbs showed an EC50 of 0.0009–0.07 μg/ml and 0.13–0.51 μg/ml against SARS-CoV-2 pseudotypes, and authentic SARS-CoV-2, respectively (Chi et al., 2020). Liu L et al. identified that anti S protein immunoglobulin (IgG) on administration in healthy macaque with SARS-CoV infection, resulted in severe acute lung injury due to antibody-dependent enhancement (ADE) induced by peptides 597–603 of the S protein (Wang et al., 2016; Liu et al., 2019). Further identifying the antibodies that cause infections and avoiding ADE has to be considered in the vaccine development targeting the full-length S protein.
RBD-sc DIMERS in Vaccine Development
Due to the drawbacks of the full-length S protein vaccine, the focus shifted to the RBD region as the vaccine candidate. The antigenic epitopes from the RBD of SARS-CoV neutralize the antibodies as well as the CD8+ T cell responses. The RBD-dimer vaccine significantly increased neutralizing antibodies since it exposed dual receptor-binding motifs and protected mice against MERS-CoV infection better than RBD-monomer (Dai et al., 2020). This strategy has led to the design of a vaccine for SARS-CoVs with 10–100 fold enhancement of neutralizing antibodies. A recent study on a vaccine based on RBD against SARS and MERS found good efficacy (Jiang et al., 2012; Modjarrad et al., 2016; Dai et al., 2020; Wang and Tu, 2020) but also found a few limitations including low immunogenicity, protein sequences, and fragment lengths. The RBD vaccine generates potent antibodies and provides sustained protection when compared with the full-length S protein vaccine (Yang et al., 2020). A recombinant RBD protein-based vaccine is also equally effective but requires repeat doses.
The epitope can be used to develop vaccine as it can stimulate immune responses using isolated B cell or T cells, and the use of multiple epitopes can further improve vaccine efficacy. Recently five epitopes were identified through literature mining located in the fully exposed RBD hotspot regions of the S protein possessing antigenicity including three B cell epitopes (“RQIAPGQTGKIADYNYKLPD,” “SYGFQPTNGVGYQ,” and “YAWNRKRISNCVA”) and two T cell epitopes (“KPFERDISTEIYQ” and “NYNYLYRLFR”) (Li et al., 2020). All five epitopes were found to be non-toxic and have the potential to be developed as a vaccine candidate.
mRNA Vaccine
In the epidemic of SARS-CoV-2, the development of mRNA vaccines has gained huge interest. The flexibility in the design of the RNA vaccine has made it more advantageous during the pandemic. The RNA vaccine is well tolerated by the human body and is considered to be safe. In an RNA vaccine, the genetic information for the antigen is delivered generally through a lipid nanoparticle. Currently, many mRNA vaccines are under development for viruses other than SARS-CoVs like Zika and cytomegalovirus. Among the 51 vaccines in clinical trials for SARS-CoVs, six of the vaccines are based on RNA (https://www.who.int).
The vaccine mRNA-1273 developed by Moderna Therapeutics in collaboration with the National Institute of Allergy and Infectious Disease Vaccine Research Center (NIAID VRC) is based on mRNA that encodes for a full-length, prefusion stabilized S protein of SARS-CoV-2 encapsulated by a novel lipid nanoparticle. The mRNA-1273 vaccine is currently in Phase III and is in the process of approval in selected countries.
Another mRNA-based vaccine candidate is BNT162b2 which encodes a full-length S protein with two stabilizing proline residues developed by BioNTechin in collaboration with Fosun Pharma and Pfizer. This vaccine is in Phase III clinical trials. BNT162b2 was found to be 95% effective against SARS-CoV-2 after 28 days of the first dose and showed a good safety profile (Mulligan et al., 2020). The European Medical Agency has received the application for conditional marketing authorization for BNT162b2.
Furthermore, the CVnCoV vaccine developed by CureVac is under Phase II, the Lunar-COV19 vaccine by Arcturus/Duke-NUS is in Phase I/II, and two vaccines from Imperial College London and People’s Liberation Army (PLA) Academy of Military Sciences/Walvax Biotech are in Phase I clinical trials (c.f. Table 3). Still the current vaccines are in the developmental phase and the process of approval is unclear about issues including bulk production, stability, storage, and mucosal immunity upon injection (Krammer, 2020).
TABLE 3 | List of mRNA vaccines in various stages of clinical trials.
[image: Table 3]Human Monoclonal Antibody Targeting RBD in Vaccine Development
Targeting only the RBD reduces the levels of antibody titer thereby making it a safe and efficacious target. Tian et al. revealed that the most potent SARS-CoV-specific neutralizing antibodies (e.g., m396, CR3014, CR30222) targeting the ACE2 binding site of SARS-CoV failed to bind the SARS-CoV-2 S protein (Tian et al., 2020). This indicates that changes in the amino acid could have caused the exacerbation of antibodies. The effect on cross-neutralizing antibodies has to be further studied for targeting RBD in the development of vaccines.
Inhibitors
Small Molecule Inhibitors
SARS-CoV-2 transfers into the human cell by first binding the spike of the S protein with the host cell receptors. The S protein of SARS-CoV-2 shows an 80% similarity with SARS-CoV-1 and a 96% similarity with bat-CoV RaTG13 (Zhou et al., 2020). Zhang et al. also revealed that the genome sequence of SARS-CoV-2 has 89.1% similarity toward SARS-like coronaviruses (Wu et al., 2020). SARS-CoV-2 uses the ACE2 receptor for entry into the host cell similar to SARS-CoV-1 (Zhou et al., 2020). The RBD from SARS-CoV-2 and SARS-CoV-1 that interact with ACE2 are found to have 74% similarity (Yan et al., 2020). Plasmin resonance spectrometry uncovered that the RBD of the spike of SARS-CoV-2 has a high affinity (Kd = 14.7 nM) for the ACE2 receptor of the host cell (Wrapp et al., 2020).
ACE is a central component of the renin-angiotensin system and controls blood pressure. It is a highly glycosylated type I integral membrane protein and converts angiotensin I to angiotensin II. Though ACE1 and ACE2 both cleave the peptide, there is a significant difference in their mechanism of function. Angiotensin (Ang) I (a decapeptide) is converted into Ang II (an octapeptide) by ACE1. This involves dipeptide His-Leu from Ang I to form Ang II. This process is responsible for vaso- and broncho-constriction, increased vascular permeability, inflammation, fibrosis, and thereby causing acute respiratory distress syndrome (ARDS) and lung failure (Yang et al., 2014).
CoVs use two receptor binding pathways, viz., clathrin (endosomal) and non-clathrin pathways (non-endosomal) (Inoue et al., 2007; Wang et al., 2008). In the clathrin pathway, the S protein of the CoV binds to the host receptor and embodies vesicles that mature to late endosomes. These endosomes get acidified and stimulate the H+-dependent activation of cellular cathepsin L proteinase in late endosomes and lysosomes, cleaving and activating the S protein which initiates viral fusion. SARS-CoV-2 also uses host cell receptor CD147 along with ACE2 for entry into the host cell (Wang K. et al., 2020). In the non-clathrin pathway, membrane fusion is the critical stage in the CoV life cycle. Membrane fusion is activated by cleavage of the host proteases include cathepsin L, TMPRSS2, and TMPRSS1 1D (airway trypsin-like protease) at the S1/S2 cleavage site (Shirato et al., 2013). These proteases are also an attractive target for SARS-CoV-2 (Zhou et al., 2015). Recently, the significance of TMPRSS2 in the life cycle of SARS-CoV-2-infected Vero E6 cells was confirmed (Geller et al., 2012). Table 4 illustrates the cellular receptors in the coronaviruses.
TABLE 4 | Classification and cellular receptor of the coronaviruses.
[image: Table 4]S Domain Inhibitors
Adedeji et al. screened a chemical library of 3000 molecules for the SARS-CoV-1 entry inhibitor and identified an oxazole-carboxamide derivative (Figure 5) (1) as a lead molecule that interferes with the RBD blocking ACE2 recognition. Compound 1 showed inhibition with an EC50 value of 3.1 µM and a 50% cytotoxic concentration (CC50) value of >100 μM, but it did not affect the expression levels of ACE2 (Adedeji et al., 2013).
[image: Figure 5]FIGURE 5 | Inhibitors targeting the spike protein S domains S1 and S2.
Yi and his coworkers identified two molecules, TGG (2) and luteolin (3) that inhibited the viral entry into Vero E6 cells by binding with the S2 protein of SARS-CoV-1 (Yi et al., 2004). Compounds 2 and 3 exhibited an EC50 of 4.5 and 10.6 µM, respectively, and CC50 of 1.08 and 0.155 mM with a selectivity index (SI) of 240.0 and 14.62, respectively. The compounds 2 and 3 were safe up to 232.2 and 456 mg/kg, respectively in the LD50 acute toxicity study. An analog of compound 3, quercetin (4) showed inhibitory activity at EC50 = 83.4 µM and CC50 = 3.32 mM (Yi et al., 2004).
Small-molecule HIV entry inhibitor, ADS-J1 (5) inhibits >90% of MERS-CoV pseudovirus infection in NBL-7 and Huh-7 cells at a concentration of 20 µM (Zhao et al., 2013). ADS-J1 inhibits the entry of pseudotyped MERS-CoV (EC50 = 0.6 µM) in the DPP4-expressing cell line and CC50 with 26.9 µM in NBL-7 and Huh-7 cells by MTT assay by forming a six-helix bundle and interrupting the interactions between HR1 and HR2 of MERS-CoV. Chu et al. identified that ADS-J1 (5) also possesses potential inhibitory activity against SARS-CoV-1 viral entry (EC50 = 3.89 µM) (Chu et al., 2008).
An Abelson kinase inhibitor, imatinib (6) inhibits S protein-induced fusion of coronaviruses including SARS-CoV, MERS-CoV, and infectious bronchitis virus (IBV) at 10 µM and without cytotoxic effects in Vero cells up to concentrations of 100 µM (Coleman et al., 2016; Sisk et al., 2018).
Lundin et al. screened a library of 16,671 diverse set of molecules and identified a small molecule inhibitor, K22 (7), which inhibited HCoV-229E with an IC50 value of 0.7 μM K22 targets the initial stage in the life cycle of HCoV-229E and possibly interacts with viral particles and results in the inactivation state of the virus (Lundin et al., 2014).
ACE2 Inhibitors
N-(2-aminoethyl)-1-aziridine-ethanamine (NAAE, 8) was identified as a potent ACE2 inhibitor with an IC50 value of 57 µM and Ki value of 459 µM (Figure 6) from a virtual screening of 140,000 compounds which inhibited SARS-CoV-1 by modulating S-glycoprotein-mediated membrane fusion (Huentelman et al., 2004). Savarino et al. reported the antiviral property of chloroquine (9), one of the safe and cost-effective drugs for the management of malaria and amebiasis (Savarino et al., 2003). Chloroquine showed good in vitro activity against almost all lethal forms of coronavirus, SARS-CoV-1, MERS-CoV, and SARS-CoV-2. Against SARS-CoV-2, chloroquine showed an EC50 value of 5.47 µM (Keyaerts et al., 2004; Devaux et al., 2020; Yao et al., 2020). It is assumed that chloroquine inhibits the production of proinflammatory cytokines (such as interleukin-6) by reducing acute respiratory distress syndrome (ARDS) (Savarino et al., 2003). The mechanistic study showed that chloroquine interferes with the terminal glycosylation of ACE2 and affects the interaction between the RBD of SARS-CoV-1 and ACE2 (Vincent et al., 2005).
[image: Figure 6]FIGURE 6 | Inhibitors for SARS-CoV-1 and -2 targeting ACE2.
A derivative of chloroquine, hydroxychloroquine (10) is another antimalarial drug experimented with against SARS-CoV-2, but still, the benefits are unclear (Mahase, 2020). It inhibits SARS-CoV-2 in vitro with an EC50 value of 0.74 µM (Yao et al., 2020). In March 2020, WHO announced that chloroquine and hydroxychloroquine were involved in the clinical trials for the treatment against SARS-CoV-2 (https://www.who.int). The trials were initiated by the US National Institutes of Health (NIH) in April 2020 and the study involved 96,032 subjects affected by SARS CoV-2, however, it is not clear regarding the effective benefits of hydroxychloroquine or chloroquine alone or in combination with macrolides against SARS-CoV-2 (like azithromycin or clarithromycin) (Mehra et al., 2020). Due to safety precautions, in May 2020, WHO announced that the clinical trials were stopped on using hydroxychloroquine as a drug for the treatment against SARS-CoV-2 (https://www.who.int).
One of the most potent and selective small-molecule inhibitors so far against ACE2 is MLN-4760 (11) with an IC50 of around 440 pM. It interacts with the zinc active site and imitates the transition state peptide. Hence MLN-4760 can be a useful inhibitor in the prevention of viral binding to ACE2 and results in the blockage of infection (Towler et al., 2004).
Umifenovir or arbidol (12) is a broad-spectrum inhibitor used as an antiviral drug against influenza. Arbidol inhibits the virus-host cell fusion and prevents the entry of virus which is also applicable for coronavirus (Kadam and Wilson, 2017), and currently the drug is under clinical trials for the treatment of SARS-CoV-2 (Li and De Clercq, 2020). In another study, arbidol (12) was found to decrease the viral load and act by binding with the S protein, and was involved in trimerization that inhibits the host cell and membrane fusion (IC50 = 4.11 μM) (Wang et al., 2020).
Ho et al. reported that the active component from Polygonum multiflorum and Rheum officinale, emodin (13), blocks S protein interaction with ACE2 with an IC50 value of 10 µM and an EC50 value of 200 µM (Ho et al., 2007).
Recently, three selected compounds among 50,240 structurally diverse molecules, MP576, HE602, and VE607 (14) were evaluated against SARS-CoV Mpro, helicase, and viral entry, respectively using a phenotype-based screening. Among them, VE607 (14) ((1-[3-(2-Hydroxyl-3-piperidin-1-yl-propoxy)-phenoxy]-3-piperidin-1-ylpropan-2-ol)), blocked the SARS-CoV S protein pseudotype virus infection of 293T cells expressing ACE2 with an EC50 of 3 μM and inhibited SARS-CoV plaque formation with an EC50 of 1.6 μM (Kao et al., 2004).
Hanson et al., performed drug repurposing of 3384 small molecule drugs with 25 hits using a proximity-based assay that measures the binding of SARS-CoV-2 RBD and ACE2 (Hanson et al., 2020). Even though the unbound states of the S protein and ACE2 lacks druggable pockets, there are well-defined pockets in the bound states for drug development. By application of computational approaches, Patil et al. showed that several antiviral drugs used against HCV and HIV viruses, e.g., atazanavir, grazoprevir, saquinavir, simeprevir, telaprevir, and tipranavir, could serve as immediate investigational molecules and possibly as a potential candidate inhibitor (Patil et al., 2020).
Proteolytic Inhibitors
Chlorpromazine (15), promethazine (16), and fluphenazine (17) neurotransmitter blockers (Figure 7) inhibit S protein-induced fusion of MERS-CoV and SARS-CoV-1 (Liu et al., 2015). Chlorpromazine, an inhibitor of clathrin-mediated endocytosis, was already reported to inhibit human CoV-229E, hepatitis C virus, infectious bronchitis virus, as well as mouse hepatitis virus-2 (MHV2) (Krizanová et al., 1982; Joki-Korpela et al., 2001; Nawa et al., 2003; Chu and Ng, 2004).
[image: Figure 7]FIGURE 7 | Neurotransmitter inhibitors targeting clathrin/non-clathrin pathways.
Ouabain and bufalin inhibitors block clathrin-mediated endocytosis and prevent MERS-CoV entry. Ouabain (50 nM) and bufalin (10–15 nM) inhibited infections by MERS-CoV and VSV (vesicular stomatitis virus). Breining et al. identified camostat (18), a protease inhibitor, as a TMPRSS2 blocker at 10 µM in SARS-CoV-1. However, at a higher concentration (100 µM) the inhibition efficiency was only up to 65% which shows that 35% of entry happens via the endosomal cathepsin pathway. The study also showed >95% blockade of viral entry with a combination treatment of EST (a cathepsin inhibitor) and 18 (Breining et al., 2000). Complete inhibition of viral entry was also observed with a combination of both 18 and E-64d (a cathepsin inhibitor) (Hoffmann et al., 2020a). Tissue cultures of another cysteine protease inhibitor, K11777 (19), (Figure 8) showed inhibition in the sub-nanomolar range against the replication of SARS-CoV-1 and MERS-CoV (Zhou et al., 2016). However further studies using tissue culture and animal models need to be carried out to confirm TMPRSS2 inhibition.
[image: Figure 8]FIGURE 8 | Inhibitors targeting TMPRSS2.
Teicoplanin blocks the entry of SARS-CoV-2 pseudoviruses (IC50 = 1.66 µM). Teicoplanin is a glycopeptide antibiotic used in the prophylactic treatment of Gram-positive bacterial infections including methicillin-resistant Staphylococcus aureus and Enterococcus faecalis. It is also an inhibitor of cathepsin L of SARS-CoV-1, MERS-CoV, and Ebola virus, and prevents viral entry (Zhang et al., 2020).
Human cathepsin L, a cysteine endopeptidase, activates the S protein into a fusogenic state to escape the late endosomes, and thereby interferes with viral entry (Dana and Pathak, 2020). MDL28170 (20) (Figure 9) inhibits cathepsin-L-mediated substrate cleavage with IC50 and EC50 values of 2.5 nM and 100 nM, respectively (Simmons et al., 2005). CID 16725315 (21) and CID 23631927 (22) are SARS-CoV cathepsin L inhibitors reported with an IC50 value of 6.9 nM and 56 nM, respectively (Shah et al., 2010). SSAA09E1 (23) was identified as an inhibitor of cathepsin L proteinase among ∼14,000 compounds with an IC50 value of 5.33 µM. The compound 23 showed an EC50 value of around 6.4 µM in a pseudotype-based assay in 293T cells and was non-cytotoxic below 100 µM (Adedeji et al., 2013).
[image: Figure 9]FIGURE 9 | Cathepsin L inhibitors with antiviral activity.
Adedeji et al. reported SSAA09E3 (24) as an inhibitor of virus-cell membrane fusion in pseudotype-based and antiviral-based assays. The viral entry inhibitor compound 24 showed an EC50 value of 9.7 µM, and a CC50 value of 20 µM against a pseudotype-based assay in 293T cells (Adedeji et al., 2013). E-64-D (25) blocked cathepsin of both MERS-CoV and SARS-CoV-1 infections (Dyall et al., 2014; Lu et al., 2014).
Glucose Regulation Protein 78 Inhibitors
Understanding the M, E, and NSP6 proteins suggest that the SARS-CoV S protein activates several unfolded protein response (UPR) effectors such as glucose-regulated protein (GRP) 78, GRP94, and CCAAT/enhancer-binding protein (C/EBP) homologous protein during the transcription process. Endoplasmic reticulum (ER) stress and UPR are induced in infected cells during CoV infection. GRP94 and GRP78 or binding immunoglobulin protein (BiP) are molecular chaperones and sensitive markers of ER stress (Chan et al., 2006).
The main UPR responsible for the viral entry including human and bat coronaviruses is GRP78. GRP78 is a luminal protein abundantly present in the ER and translocates to the cell surface during ER stress or coronavirus infection. After translocation to the cell surface membrane, GRP78 recognizes the virus by the substrate-binding domain (SBD) and mediates the entry of the virus into the cell. Further, it also plays a major role in the synthesis of viral protein, maturation, and inactivates three enzymes responsible for cell death or differentiation, viz., activating transcription factor (ATF) 6, protein kinase RNA-like endoplasmic reticulum kinase (PERK), and inositol-requiring enzyme (IRE) 1. Once the threshold of UPR accumulation is reached, these enzymes are released by the GRP78 and inhibit protein synthesis, and enhance refolding (Chang et al., 2006; Ha et al., 2020; Ibrahim et al., 2020).
GRP78 is a crucial element for a viral infection to new cells. Depletion of GRP78 leads to a decrease in protein synthesis or improper folding of viral proteins and results in impaired budding or immature virions with diminished infectivity. GRP78 maintains the ER homeostasis and thereby expedites viral component assembly by providing an ecosystem for growth. It is also captured into the viral particle and augments infection (Ha et al., 2020). It would be highly advantageous to inhibit the interaction between the S protein of SARS-CoV-2 and host cell receptor GRP78 to diminish the viral infection rate (Ibrahim et al., 2020).
Rayner et al. determined that AR12 (a derivative of celecoxib; 26) inhibits the production of the S protein of SARS-CoV-2 and thereby suppresses infectious virion generation. Compound 26 decreases ACE2 and GRP78 expression in the cell surface and total GRP78 levels. Compound 26 not only catalytically inhibits the GRP78 ATPase activity but also reduces the chaperone proteins, which are linked with low S protein and the production of infectious virions (Rayner et al., 2020).
Allam et al., performed an in silico screening of a library of compounds and identified four potential phytochemicals (polyphenols, viz., epigallocatechin gallate (EGCG; 27), homoeriodictyol (28), isorhamnetin (29), and curcumin (30)) and five peptides (satpdb18674 (31), satpdb18446 (32), satpdb12488 (33), satpdb14438 (34), and satpdb28899 (35)) that inhibited the interaction of the SARS-CoV-2 S protein with GRP78 using molecular docking approaches (Allam et al., 2020), Quimque et al. docked 97 antiviral molecules from fungi secondary metabolites followed by molecular dynamics simulation and in silico ADMET prediction. Three fumiquinazoline alkaloids, scedapin C (36), quinadoline B (37), and nor-quinadoline A (38); the polyketide isochaetochromin D1 (39); and the terpenoid 11a-dehydroxyisoterreulactone A (40) exhibited strong in silico inhibition against GRP78 of SAR-CoV-2 (Quimque et al., 2020) (Figure 10).
[image: Figure 10]FIGURE 10 | GRP78 inhibitors.
Peptide-based Inhibitors
Peptide-based or peptidomimetic inhibitors are larger molecules consisting of amino acid linkages with molecular size ranging from 1137 to 1814 Da (Ou et al., 2020). Peptide-based inhibitors are hypothesized to prevent the entry of the virus into human cells by disrupting the interaction of RBD of SARS-CoV-2 and ACE2. In a molecular dynamics simulation study carried out by Zhang et al. (2020), the protein-protein interactions were analyzed between the SARS-COV-2 S protein and human ACE2. The S protein binding peptide 1 (SBP1; 41) was synthesized with a sequence of 23 amino acids derived from the ACE2 α1 helix and a dissociation constant Kd of 14.7 nM suggesting that SBP1 binds with the RBD of the S protein with low nanomolar affinity. The peptide inhibitor found to prevent entry of the virus into human cells (Coutard et al., 2020).
Ho et al. reported that peptide molecules significantly blocked the interaction of the S protein with ACE2 (IC50 = 1.88 nM) (Ho et al., 2006). Han et al. stated that charged residues located at positions 22 and 57 are critical for the entry of virus (Han et al., 2006). Based on this concept, various peptides were synthesized and two compounds were found, 42 (IC50 = 50 µM) and 43 (IC50 = 6.0 µM), with significant inhibitory activity against SARS-CoV-1. The introduction of a glycine binding linker in compound 42 with an ACE2-derived peptide (residues 351–357) further improvised the activity (IC50 = 100 nM) and reduced the cytotoxicity up to 200 µM (Han et al., 2006).
An in silico design of an antiviral (Seidah and Prat, 2012; Chan et al., 2020) HR2-derived peptide-like structure showed competitive inhibition of the binding of the HR2 domain to the HR1 domain (Bosch et al., 2004). It should also be noted here that the HR1-derived peptide failed to inhibit the viral infection due to the antiparallel binding of HR1 with three HR2 domains. This evidence suggests that targeting HR2 with HR2-derived peptides might prove a promising strategy in drug design against SARS-CoV-2.
Xia et al. reported that a potent fusion inhibitor, EK1C4 (44), lipopeptide-targeted the S-glycoprotein-mediated cell membrane fusion of SARS-CoV-2, pseudotyped SARS-CoV-2, and live SARS-CoV-2 infection with IC50 values of 1.3, 15.8, and 36.5 nM, respectively (Xia et al., 2020). IPB02 (45), another lipopeptide fusion inhibitor targeting the HR1 region was developed (Zhao et al., 2013), which restricted the cell fusion activity of SARS-CoV-2 S-glycoprotein (IC50 = 25 nM) and SARS-CoV-2 pseudovirus (IC50 = 80 nM) (Table 5).
TABLE 5 | Peptide inhibitors targeting the S protein.
[image: Table 5]Natural Product Inhibitors
Heparin, a natural anti-coagulant was explored as an antiviral agent for SARS-CoV, herpes, flavivirus, influenza, and HIV. A recent study has explored that SARS-CoV-2 utilizes HSPG (heparin sulfated peptide glycan) for entry into the host cell (Zhang et al., 2020). In order to understand the binding mechanism, Mycroft-West and his co-workers explored and reported the tight binding between S1 RBD and heparin using molecular modeling studies (Courtney et al., 2020). Furthermore, Liu and his coworkers identified a common octasaccharide composed of IdoA2S-GlcNS6S that inhibits the spike—heparin interaction with an IC50 value of 38 nM (Liu et al., 2020).
Many natural products possessing immunomodulatory properties and antiviral activity such as curcumin (46), nimbin (47), fisetin (48) withaferin A, andrographolide, and flavonoids/non-flavonoids were screened against the S protein of SARS-CoV-2 (Vimal K. Maurya et al., 2020; Pandey et al., 2020). An Indian Official Siddha Formulation termed Kabasura Kudineer Chooranam and JACOM (patented formulation) possessing (Kiran et al., 2020) 37 active constituents such as magnoflorine (49), 5-Hydroxy-7,8-dimethoxyflavanone (50), vasicinone, quercetin, and luteolin, etc., were also subjected to docking studies against the S protein. Twenty-three different saikosaponins (Sinha et al., 2020) and 48 active compounds from all cinnamon varieties including pavetannin C1 (51) and kaempferol (52) (Prasanth et al., 2020) were screened against the S protein. Though many of these compounds had shown good binding efficacy with the S protein, further lab biological experiments are required to prove their potency and mechanism of action (Figure 11).
Griffthin (GRFT) is a carbohydrate-binding protein consisting of 121 amino acids (12.7 kDa), and inhibits viral entry by binding with the S protein (O’Keefe et al., 2010). GRFT reduced the percentage of cells killed by SARS-CoV with an EC50 = 48 nM. Urtica dioica agglutinin, a small plant monomeric lectin inhibits SARS-CoV S protein with an IC50 value of 0.53 μg/ml (Kumaki et al., 2011).
[image: Figure 11]FIGURE 11 | Natural products targeting the S protein.
CONCLUSION AND FUTURE PERSPECTIVE
SARS-CoV-2 is one of the most highly pathogenic and contagious human coronaviruses next to SARS-CoV-1 and MERS-CoV posing threat to human life globally. This review about the spike protein focused on the structural information, binding mechanism of the spike along with a special emphasis on the S1 and S2 domains of SARS-CoV including the vaccines and inhibitors currently under development. SARS-CoV-2 and SARS-CoV-1 share similar structural features in their spike proteins with about 74% similarity in RBD, but differ in “RRAR furin recognition site.” The difference in sequence, binding pattern, and binding affinity of SARS-CoV-2 in comparison to SAR-CoV-1 with the host cell receptor ACE2 makes the drug development process more tedious. The structural uniqueness in the spike protein has led the focus of the drug discovery process toward the development of vaccines targeting the full-length S protein, RBD-sc dimers, mRNA, human monoclonal antibodies, and potential drug candidates including small molecule inhibitors, S domain inhibitors, ACE2 inhibitors, proteolytic inhibitors, glucose regulation protein 78 inhibitors, peptide-based inhibitors, and natural product inhibitors.
By the end of June 2020, mutations with the spike protein at the 614th amino acid position were identified due to an alteration in the single-nucleotide of the RNA code (D614G mutation), and further mutations in the sequence were found to be more transmissible (Korber et al., 2020; Yurkovetskiy et al., 2020). High numbers of genomic sequence availability and high-resolution structural information provides an opportunity to analyze the evolutionary pathway and reveal the functional basis of the mutation at the molecular level. With the available data, integrating evolutionary and structural analysis with advanced computational techniques such as artificial intelligence provides important functional information of the mutations in SARS-CoVs and will help to combat the current pandemic situation (Garvin et al., 2020).
Although the current pandemic situation has forced scientists to develop a vaccine in a very short period of time, there is a revolution in the vaccine development process. The researchers are successful with the development of a vaccine based on mRNA encoding the spike protein, with successful examples from Moderna Therapeutics and BioNtech. These vaccines are currently under Phase III clinical trials and have been approved in a few countries on the basis of emergency conditions. In addition to mRNA, an epitope can also be used to develop a vaccine as it can stimulate immune responses using isolated B cells or T cells. These preliminary success stories give us an indication that targeting the spike protein would be more advantageous in rapid drug discovery for SARS-CoV-2. Despite great efforts in the development of vaccines for HIV, HBV, and HCV, small molecule therapeutics have proven more effective for treatment. In the current pandemic situation, where SARS-CoV-2 has affected a large number of the population, an effective approach would be to attack the virus from every possible angle.
The application of repurposing strategies with known antivirals show beneficial effects in certain studies, to date there is no systemic treatment for SARS-CoV-2. Targeting small molecule inhibitors including natural inhibitors could possibly inhibit viral replication. Even after the identification of highly potent inhibitors, pharmacokinetic and toxicity studies must be cleared for the candidate molecules in order to get the approval as a drug. The focus on the natural product drug discovery could possibly reduce the toxicity issues related to small molecule inhibitors. With the available information, it is very clear that future discoveries could aim at targeting the spike protein, thereby identifying the capability of the phenotypic changes and act on designing effective candidates in the prevention and transmission of the virus.
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With the current outbreak caused by SARS-CoV-2, vaccination is acclaimed as a public health care priority. Rapid genetic sequencing of SARS-CoV-2 has triggered the scientific community to search for effective vaccines. Collaborative approaches from research institutes and biotech companies have acknowledged the use of viral proteins as potential vaccine candidates against COVID-19. Nucleic acid (DNA or RNA) vaccines are considered the next generation vaccines as they can be rapidly designed to encode any desirable viral sequence including the highly conserved antigen sequences. RNA vaccines being less prone to host genome integration (cons of DNA vaccines) and anti-vector immunity (a compromising factor of viral vectors) offer great potential as front-runners for universal COVID-19 vaccine. The proof of concept for RNA-based vaccines has already been proven in humans, and the prospects for commercialization are very encouraging as well. With the emergence of COVID-19, mRNA-1273, an mRNA vaccine developed by Moderna, Inc. was the first to enter human trials, with the first volunteer receiving the dose within 10 weeks after SARS-CoV-2 genetic sequencing. The recent interest in mRNA vaccines has been fueled by the state of the art technologies that enhance mRNA stability and improve vaccine delivery. Interestingly, as per the “Draft landscape of COVID-19 candidate vaccines” published by the World Health Organization (WHO) on December 29, 2020, seven potential RNA based COVID-19 vaccines are in different stages of clinical trials; of them, two candidates already received emergency use authorization, and another 22 potential candidates are undergoing pre-clinical investigations. This review will shed light on the rationality of RNA as a platform for vaccine development against COVID-19, highlighting the possible pros and cons, lessons learned from the past, and the future prospects.
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INTRODUCTION
Vaccination has had an enormous global impact on the prevention of morbidity and mortality associated with infectious diseases, since the discovery of the smallpox vaccine by Edward Jenner in the 18th century (Jenner, 1800). Immunization with vaccines has led to the eradication of many infectious pathogens, including smallpox, and nowadays, more than 30 diseases can be successfully controlled or prevented through vaccination (Younger et al., 2016; Standaert and Rappuoli, 2017). Over the years, the field of vaccinology has evolved from the traditional whole-cell vaccines, such as live-attenuated and inactivated type, to a modern rational vaccine design based on immunological techniques, genetic engineering, and structural biology (Maruggi et al., 2019). Consequently, several vaccine platforms have been designed, developed, and evaluated to obtain robust immunogenic response and to obviate the safety concerns associated with traditional vaccines. Despite considerable advancement in vaccinology, the emergence of novel pathogens characterized by unpredictable nature, high morbidity, and rapid spreading ability, as the ongoing Coronavirus Disease-2019 (COVID-19) pandemic caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), had significantly increased the demands for expedited vaccine development as a rapid response to the outbreak.
The COVID-19 outbreak continues to wreak havoc since the first reporting of the disease clusters by the China Office of the World Health Organization (WHO). Later, on January 30, 2020, the WHO declared this outbreak a Public Health Emergency of International Concern (WHO, 2020b). The pandemic caused uncertainty about when or whether the COVID-19 will come to an end due to the dearth of risk assessment, rapid infectious ability (R0 of 2–3), and the predisposition of severe disease complications in aged patients and comorbid conditions (Guo et al., 2020). Given the incubation period of 5–6 days (maximum of 14 days) (WHO, 2020a), the clinical manifestations might vary from signs and symptoms related to upper respiratory tract infections like sore throat and rhinorrhea to mild-moderate clinical signs such as cough, fever, difficulty in breathing, myalgia, and confirmed pulmonary infiltrative lesions (Kotta et al., 2020a; Shinu et al., 2020) to severe neurologic symptoms like encephalopathies. Laboratory data have demonstrated a lower erythrocyte count, hematocrit volume, hemoglobin level, lymphocyte count, leukocyte count, and albumin level, but an increase in aspartate aminotransferase, alanine aminotransferase, and C-reactive protein (CRP) levels in the mild COVID-19 cases (Jin et al., 2020). Intensive care unit (ICU) patients were found to exhibit elevated neutrophil and leukocyte count, higher creatine, creatine kinase, and D-dimer levels (Wang et al., 2020a). Elevated early pro-inflammatory cytokines like interleukins (IL2, IL6, and IL10) and Tumor necrosis factor (TNF) in ICU subjects reflect the cytokine storm leading to acute respiratory distress syndrome (ARDS) and progressive multiple organ failure (Huang et al., 2020). As reported by retrospective cohort studies, a higher prevalence of COVID-19 was observed among the aged patients with co-morbidity, and greater quick sequential organ failure assessment (qSOFA) score and D-dimer level (>1 μg/ml) (Guan et al., 2020; Huang et al., 2020). Other risk factors such as sex, smoking habits, and blood group have also been reported to be linked to the prevalence of the disease (Li H. et al., 2020). The fact that continuous health service delivery was highly affected due to considerable morbidity and mortality rates, and psychological impacts among healthcare workers (Casigliani et al., 2020; Kursumovic et al., 2020), further stressed the need for an effective COVID-19 vaccine. Successful vaccination will not only protect the subject but also lead to the immunization of a large population and the development of herd immunity against the virus to curtail the viral spread promptly.
Immediately after the first publication of the SARS-CoV-2 viral genome, the race for the development of potent and safe vaccines has seen an unprecedented and unimaginable scale and pace—referred to as “pandemic pace.” Currently, around 232 potential vaccine candidates are in various phases of development (WHO, 2020c). Diverse vaccine platforms have been exploited to end up with a handful of successful vaccines at a pandemic pace after the high attrition in developmental stages. Although traditional vaccines, such as live-attenuated or inactivated pathogens and subunit vaccines may provide long-term protection against SARS-CoV-2, the pre-requisites for rapid design, development, and large-scale production are difficult to encounter through these approaches. Similarly, peptide-based platforms conferring lower immunogenicity is another concern (Li et al., 2014). Therefore, the ribonucleic acid (RNA) platform has witnessed huge interest because of its desired safety profile, higher efficacy, lower production cost, and rapid development time (Ahammad and Lira, 2020). Indeed, RNA-based vaccines are being anticipated as one of the rapid solutions for the pandemic crisis due to their versatile nature, simple manufacturing process, and the pre-requisite of only pathogenic sequence for vaccine development. Additionally, advanced self-amplifying and trans-amplifying RNA vaccine candidates allow potent and durable antigen production in vivo in lower doses because of their inherent immuno-stimulatory properties (de Queiroz et al., 2020). The recent interest in the development of messenger RNA (mRNA) vaccines has been fueled by the state of the art technologies that enhance mRNA stability and improve vaccine delivery. Interestingly, owing to its rapid designing and manufacturing ability, the initial phase I human trial of a novel lipid-derived nanoparticle (LNP)-formulated mRNA vaccine, mRNA-1273, that encodes for the pre-fusion stabilized spike (S) protein of SARS-CoV-2, was initiated in the United States (US) by the developer Moderna, Inc. and the National Institute of Allergy and Infectious Diseases (NIAID) (Moderna, Inc., 2020b) within 10 weeks after sequencing of SARS-CoV-2 genome. The success of the preliminary study of mRNA-1273 in phase III trials (NCT04470427) paved the way for many other developers to design RNA-based vaccines as a prophylactic options against COVID-19. In light of the recent advancements and ongoing progress, this review will discuss the rationality of the RNA platform for potential vaccine development against COVID-19, highlighting the possible pros and cons, lessons learned from the past, and future prospects.
GENOMIC ORGANIZATION OF SARS-COV-2 AND HOST IMMUNE RESPONSES
After the reporting of mysterious pneumonia cases from Wuhan in China, the complete genome of the causative organism was obtained with the aid of next-generation sequencing techniques and made available on the virological website (can be accessed at http://virological.org) on January 11, 2020 (Zhang and Holmes, 2020). Subsequent multiple-genome sequencing and phylogenetic analyses revealed 79.5% similarity with the severe acute respiratory syndrome coronavirus (SARS-CoV) and confirmed that the novel coronavirus i.e. SARS-CoV-2 belongs to the genus Betacoronavirus (Wu et al., 2020). Later, it was reported that SARS-CoV-2 exhibits the highest (96.2%) sequence identity to Bat CoV RaTG13 at the nucleic acid level (Zhang T. et al., 2020). Nonetheless, the genomic features of SARS-CoV-2 significantly differ from Bat CoV RaTG13, which suggests that the sequence identity implies toward the possible natural host for SARS-CoV-2 as the bats. Moreover, the intermediate host for the human transmission is suspected to be the Malayan pangolins, which showed higher resemblance in amino acid sequence as well as similar mutations in the receptor-binding activity via the receptor binding-domain (RBD) of the spike protein of SARS-CoV-2 (Zhang T. et al., 2020; Zhang and Holmes, 2020).
Coronaviruses, including SARS-CoV-2, belong to the Coronaviridae family containing spherical crown-like lipid envelope surrounding non-segmented positive-sense single-stranded RNAs (Figure 1A) (Hasöksüz et al., 2020; Lundstrom, 2020). The SARS-CoV-2 genome exhibits the following order of arrangement-5′ untranslated region (UTR) caps; open reading frames 1ab or ORF1ab (replicase); Spike (S) gene (S1/S2); Envelope (E) gene; Membrane (M) gene; Nucleocapsid (N) gene; other genes encoding for accessory proteins like ORF 3, 6, 7a, 7b, 8, and 9b; and the 3′-UTR (poly-A tails) (See Figure 1B) (Malik, 2020). The genome encoded structural proteins viz. S, E, M, and N proteins, which are necessary for the assembly of structurally complete virions during the virus replication cycle. The Spike (S) glycoproteins, existing in trimeric forms, are membrane fusion proteins with distinct functions, i.e. the amino-terminal or S1 subunit is involved in the RBD, whereas the carboxy-terminal or S2 subunit is responsible for the formation of the stalk, and thereby, assists in virus fusion. In general, the S protein recognizes the host angiotensin-converting enzyme (ACE) receptor, and leads to membrane fusion and cellular entry (Kotta et al., 2020b), while E protein mediates the virion assembly and their release, and M protein describes the envelope shape (Alanagreh et al., 2020; Malik, 2020). On the other hand, N proteins are associated with the RNA genome packaging during viral replication to form the complete virions (Alanagreh et al., 2020). Several other accessory proteins are also encoded by the genome of SARS-CoV-2 with overlapping compensatory functions (Figure 1). The details of the replication cycle and pathogenesis of the SARS-CoV-2 virus can be reviewed in our recent publication (Borah et al., 2020).
[image: Figure 1]FIGURE 1 | Genomic organization of SARS-CoV-2; (A) The structure of SARS-CoV-2 containing spherical crown-like lipid envelope showing structural proteins, namely Spike (S), Envelope (E), Nucleocapsid (N), and Membrane (M) proteins surrounding the non-segmented (+)-sense single stranded RNA encoding for several non-structural proteins (NSPs); (B) The SARS-CoV-2 genome representing the arrangement of - 5′ untranslated region (5′-UTR) caps, ORF1ab (replicase), S, E, M, N, and other genes encoding for the NSPs like ORF 3, 6, 7a, 7b, 8, and 9b; and 3′-UTR (poly-A tails).
Following infection, SARS-CoV-2 elicits an innate immune response on recognition of viral pattern-associated molecular patterns (PAMPs) by the pattern-recognition receptors (PRRs) (Tay et al., 2020). The viral double-stranded RNA (dsRNA) is the most relevant PAMP in the case of SARS-CoV-2, which can be sensed by Toll-like receptors (TLRs), retinoic acid-inducible gene 1 (RIG-1), and melanoma differentiation-associated protein 5 (MDA5). In the lungs, the local tissue injury also liberates damage-associated molecular patterns (DAMPS), which further contribute to the inflammatory conditions. The subsequent inflammatory response imparts immediate immunity through the activation of interferon (IFN) pathways by up-regulating the production of pro-inflammatory cytokines like interleukin 6 (IL-6), which results in neutrophil recruitment and initiate SARS-CoV-2-specific adaptive responses (Channappanavar et al., 2014). It is evident that the innate immune response toward SARS-CoV-2 infection is aberrant (Blanco-Melo et al., 2020). For instance, the primary interferon-mediated responses are seemed to be inhibited by SARS-CoV-2 in the initial stages of the infection, and therefore, fail to limit the viral replication. Moreover, in severe COVID-19 cases, uncontrolled local inflammation or so-called “cytokine storm” leads to inflammatory tissue damage, and ARDS (Borah et al., 2020; Wang et al., 2020a). Severe COVID-19 cases also revealed higher levels of IL-2, IL-6, IL-10, and TNFα (Wang et al., 2020b; Chen et al., 2020). Those ICU admitted COVID-19 patients exhibited increased plasma levels of IL-2, IL-7, IL-10, granulocyte colony-stimulating factor, monocyte chemoattractant protein- 1, interferon-inducible protein 10, and TNF-α than the non-ICU admitted patients (Huang et al., 2020). The up-regulation of chemokines further leads to the recruitment of inflammatory cells, including macrophages, neutrophils, and natural killer cells resulting in immunopathological disorders (Blanco-Melo et al., 2020).
It is believed that the production of neutralizing antibodies against SARS-CoV-2 is vital for the development of a successful human vaccine (Shang et al., 2020). Most of the current vaccine technologies are focusing on the production of neutralizing antibodies against S protein responsible for an attachment to the ACE2 receptor (Salvatori et al., 2020). Notably, the hidden RBD domain in S protein is the most predominant state, which is used by the virus to evade immune responses, and interferes with the functioning of RBD-based mRNA vaccines (Shang et al., 2020; Zhang and Kutateladze, 2020). Considering this, researchers are aiming to elicit neutralizing antibodies toward the less immunogenic S2 subunit (Shang et al., 2020) or other antigens such as N protein. Remarkably, it is evident that memory B cells produced in COVID-19 patients can also provoke a rapid recall (memory-based) response on subsequent exposure to SARS-CoV-2 (Brouwer et al., 2020).
The antigen-presenting cells (APCs) present the SARS-CoV-2 epitopes via human leukocyte antigen (HLA) class I, which differentiates the naive CD8+ cells to cytolytic effectors to destroy the virus-infected cells. Similarly, activation of T helper 1 (Th1) cells through HLA class II presentation further augments the CD8+ cell-mediated response. On the other hand, HLA class II restricted Th2 and follicular helper cells trigger the production of virus specific antibodies. Thus, effective viral clearance involves a combined effect of CD8+ and CD4+ cell-mediated B-cell and T-cell responses (Channappanavar et al., 2014). Biopsy of COVID-19 positive subjects also revealed a higher level of pro-inflammatory Th17 (Kadkhoda, 2020). Evidently, SARS-CoV and Middle East Respiratory Syndrome (MERS)-CoV infections demonstrated the induction of long-term persistence of memory T-cells after infection, lasting for ∼6 years and ∼2 years, respectively (Tang et al., 2011; Zhao et al., 2017), indicating the potential for long-lasting protective immunity in SARS-CoV-2 infection. Undoubtedly, the robust memory T-cell formation supports the ultimate purpose of an effective vaccine. However, taking into account the complex T cell-mediated immunity, a biphasic response model has been described earlier for SARS-CoV (Chen et al., 2010), which suggests an early CD8+ cell response for viral clearance followed by the T-cell exhaustion as a result of prolonged viral persistence in some patients (Flanagan et al., 2020). This biphasic model explains the poor outcomes observed in the elderly subjects with reduced T-cell pool, and the superior effects in subjects (like children) with diverse naive T-cell repertoires (Flanagan et al., 2020; Vardhana and Wolchok, 2020). Therefore, the potential role of CD4+ and CD8+ T-cells in controlling the virus highlighted the necessity to explore T-cell induction in vaccine development approaches against SARS-CoV-2.
RNA AS A VACCINE PLATFORM: PROOF OF CONCEPT AND BEYOND
The RNA molecules encode the genetic information necessary for protein synthesis in all livings. Logically, the expression of a defined set of proteins to immunize a vaccinated subject would be possible through the inoculation of RNA molecules. The proof of concept was provided three decades ago, when mRNA injection resulted in the expression of an encoded protein (Wolff et al., 1990), and induced desirable immunogenic responses in a murine model (Martinon et al., 1993). Mass basis direct inoculation of similar doses of plasmid DNA and mRNA (in a sucrose formulation) exhibited the expression of reporter genes with equivalent efficiency (Wolff et al., 1990). These findings paved the way for developing more solid evidence on the elicitation of immunogenic responses by the RNA vaccines. Several experiments have demonstrated the capability of RNA molecules in expressing different proteins in vivo through various gene targets like reporter genes (Hoerr et al., 2000), allergens (Bachmann and Kündig, 2017), viral antigens (Scorza and Pardi, 2018), and tumor antigens (Granstein et al., 2000). Notably, both antibody-mediated and T-cell (CD4+ and CD8+) mediated immune responses along with functional immunity were evident from these studies. Nevertheless, until recently, the nucleic acid-based immunization has been dominated by the experimental plasmid DNA vaccines, as plasmids have been regarded as the highly stable form of nucleic acid, and are comparatively faster and easier to produce. Although the initial success of gene-based immunization, particularly with DNA in small animals, has generated a high level of expectations, insufficient efficacy in higher animals as well as in humans led to the waning of the enthusiasm (Weiner and Nabel, 2018). To optimize the DNA vaccines, tremendous efforts have been made through improved DNA construction, integration of immuno-stimulatory agents and incorporation of advanced delivery approaches like electroporation (Chiarella et al., 2013) but till now no DNA vaccines for human use have been approved by the regulatory authorities. Interestingly, in the past three decades of development, it has been realized that the RNA molecules not only can serve as the genetic carrier of protein translation but can also control the enzymatic as well as regulatory functions by interacting with a myriad of host factors. Therefore, the RNA-based vaccine platform offers several advantages over the DNA one. Unlike DNA, the RNA molecules do not require entry into the nucleus through an additional barrier, i.e. nuclear membrane for transcription; rather it is directly available after the inoculation into the cytoplasm for translation of the encoded proteins (Liu, 2019). The presence of an intact nuclear membrane in case of non-dividing cells like myocytes is another problem in immunization with DNA vaccine. For instance, cytoplasmic microinjection of plasmid DNA into non-dividing cells demonstrated a low level of protein expression when compared to direct inoculation into the nucleus (Zabner et al., 1995). Moreover, the potential issue of integration of the foreign DNA with the host genome is obviated by the RNA. Of importance, the host immune response factors are essential for counteracting the RNA viruses following their detection (Jensen and Thomsen, 2012). Therefore, certain RNA molecules may initiate the triggering of innate immune responses, which subsequently lead to a more efficient and strong adaptive response. For example, exogenous dsRNA is recognized as a signaling molecule capable of eliciting immune responses in the host (Kaldis et al., 2018). Likewise, a fully optimized RNA-based vaccine confers an advantage over the DNA vaccine, as it induces the innate immune response by utilizing various cellular pathways in response to foreign RNA (Elion and Cook, 2018), including endosomal receptors like TLR3, TLR7, and TLR8, and cytoplasmic receptors like MDA-5, NLRP3, RIG-I, and NOD2 (Lazzaro et al., 2015; Chen et al., 2017; Rauch et al., 2018). Immunization with both DNA and RNA vaccines may lead to the upregulation of cytokine expressions, including chemokines (CXCL9, CXCL10, and CXCL11) and type I interferons that recruit immune cells like dendritic cells (DCs) and macrophages, followed by enhancement of the adaptive immune responses (de Queiroz et al., 2020). Additionally, RNA-based vaccines also demonstrated an intrinsic adjuvant effect. However, the relative stability of RNA-based vaccines is considered a major concern.
Typically, inoculation of RNA can be achieved through various routes such as intramuscular (Erasmus et al., 2020), subcutaneous (Martinon et al., 1993), intravenous (Mockey et al., 2007; Broos et al., 2016), intradermal (Pardi et al., 2017; Golombek et al., 2018), intranodal (Bol et al., 2015), and intrasplenic (Broos et al., 2016), and by gene gun method (Qiu et al., 1996; Aravindaram and Yang, 2009); therefore, exhibiting versatility in immunization against infectious as well as non-infectious diseases. Several other strategies have been considered for improved RNA vaccine delivery including, microinjections (Golombek et al., 2018), protamine condensation (Zhang et al., 2018), RNA patches (Koh et al., 2018), RNA adjuvants (Schlake et al., 2012), encapsulation of RNA in lipids and/or polymer-based nanoparticles (Mukherjee et al., 2019), and in vitro transcribed (IVT) mRNA mixing with a complexing agent (Sahin et al., 2014). Even though less is known on the mechanism, it is hypothesized that RNA is immediately exposed to the tissue RNAases following its administration (Probst et al., 2006), which limits the cellular uptake of the functional RNA mediated by the membrane domains abundant with lipid rafts and caveolae, and scavenger receptors. Additionally, the 2ʹ-hydroxyl group of the ribose moiety confers a non-stable double helix due to steric hindrance leading to the hydrolysis of mRNA. Cytoplasmic accumulation of RNA following cellular internalization initiates the protein translation, mimicking the pathogenic infection, and tumor antigen expression to induce T-cell mediated immune responses like DNA and viral vectors (Probst et al., 2006). Apart from being a potent stimulator of the innate immune response, RNA vaccine may also potentiate the B-cell mediated immunity and antigen-directed antibody production. It is suggested that RNA vaccine initially leads to the local antigen expression to promote the major histocompatibility complex (MHC) presentation followed by the antigen-directed immune responses through stimulation of the innate responses. Moreover, RNA vaccination seems to mimic an acute infection in terms of antigen-specific rapid immune responses that tend to subside quickly (Probst et al., 2006).
TYPES OF RNA VACCINES AND STATE OF THE ART TECHNOLOGIES
Generally, two major types of RNA vaccines are available: 1) Conventional or non-amplifying type mRNA, and 2) RNA replicons engineered from viruses with positive-stranded RNA (Figure 2). These RNA vaccines are discussed below.
[image: Figure 2]FIGURE 2 | Construct of two types of RNA vaccines: (A) A typical conventional mRNA construct with Cap, untranslated regions (UTRs), antigen of interest, and poly-A tail; (B) self-amplifying mRNA or Replicons construct with the sequences of non-structural proteins (NSPs) derived from another virus (e.g. Alpha virus) introduced between the 5ʹ-UTR and the antigen of interest.
Conventional mRNA Vaccine
Owing to their distinct advantages and disadvantages, mRNA vaccines are the simplest type of RNA vaccine as they consist of only a relatively smaller size of RNA molecule of interest (Figure 2A). The development of mRNA vaccine involves identification of antigen of choice followed by gene sequencing, synthesis, cloning into DNA template plasmid, and in vitro transcription. Once mRNA enters a cell, it utilizes the host cell machinery to translate mRNA in vivo to produce the corresponding antigen, and the final cellular location of the protein synthesis can be either intrinsic to the natural gene sequences or engineered to guide the gene to the desired site (Figure 3) (Maruggi et al., 2017). Moreover, the absence of any accessory proteins excludes the probability of unwarranted immune responses within the host (Schlake et al., 2012). However, the functionality of the conventional mRNA is limited under in vivo conditions as cells restrict the duration of mRNA expression, thus, requiring a higher dose (Ross, 1995). Considering the fully synthetic nature, it is virtually possible to design any gene sequence in silico that can later be synthesized and delivered in the vaccine form to test the in vivo immunogenicity in experimental models. Furthermore, the development of mRNA vaccines against Zika viruses has demonstrated that desirable antigen sequences can be designed and rapidly evaluated to produce vaccines with minimal codon usage, improvised leader sequences, efficient neutralization capacity, and/or minimal cross-reactivity (Richner et al., 2017). In the recent past, significant efforts have been made to optimize RNA stability and improve the delivery of RNA vaccines (Figure 2). These methods include the addition of 5ʹ-cap and Kozak sequences, 3ʹ-poly-A sequences, and chemical alterations of RNA using nucleotide derivatives, e.g. pseudouridine, which markedly augments the in vivo protein expression (Karikó et al., 2008; Warren et al., 2010). The modification in nucleoside bases coupled with chromatographic techniques has been utilized to produce the modified mRNA with superior translation capacity and devoid of contaminants such as dsRNA, short RNA stem-loops, and intermediates of RNA replication (Weissman et al., 2013). Notably, several researchers have experimented mainly with the naked mRNA, formulated in a buffer solution to elicit the immune responses but are highly susceptible to the degradative enzymes. Therefore, the use of advanced formulation techniques, such as lipid and LNP encapsulation (Zeng et al., 2020), exosome encapsulated RNA (Hood, 2016), RNA-transfected DCs (Benteyn et al., 2015), and continuous-flow microfluidic devices enabled the desirable production of nanoparticles (Jahn et al., 2008; Valencia et al., 2012). Likewise, the RNActive technology aims to enhance the adjuvant properties of the formulation, which contains an unmodified, naked, and codon-optimized mRNA. The potency of this formulation mainly depends on the carrier comprising protamine amalgamated non-coding RNA, which can activate the TLR7 (Alberer et al., 2017; Edwards et al., 2017). It is also reported that coupling of 1-methylpseudouridine-modified naked mRNA to TLR2 and TLR7 agonists with ovalbumin as antigen also increases the immune responses in mice model (Loomis et al., 2018). The codon optimization also demonstrated robust immunogenicity and antigen expression. The mRNA enriched in guanine and cytosine content with optimized untranslated regions (UTRs) is shown to be superior to a nucleoside-modified counterpart, both in vitro and in vivo.
[image: Figure 3]FIGURE 3 | Diagrammatic representation of mechanism of antigen expression by the conventional mRNA (Top) and self-amplifying mRNA (SAM) vaccines (Bottom). (1) In this illustration, both conventional mRNA and SAM are shown to be formulated in lipid-derived nanoparticles (LNPs) to provide better stability; (2) The LNP formulated mRNA enters the cell through membrane-derived endocytosis processes; (3) The mRNA content shows endosomal escape to reach the cytosol; (4) In case of conventional type, the escaped mRNAs are immediately translated by the ribosomes to generate the protein of interest (Top), while SAM constructs undergoes translation to produce the replicase complex to exhibit self-amplification of the encoded mRNA, followed by translation of the antigen of interest to express the desired protein (Bottom); (5) Then the expressed proteins undergoes subsequent post-translational modification to appear as trans-membrane, intracellular or secreted protein; and (6) The expressed proteins are then broken down to peptides by the proteasome, and the peptide formed are presented to the immune system by the major histocompatibility complex (MHC).
Likewise, codon-optimized mRNA encapsulated with LNPs provoked robust immunogenicity against influenza and rabies antigens in NHPs (Lutz et al., 2017). On the contrary, intradermal inoculation of 1-methylpseudouridine-modified mRNA with LNPs yielded about 20 folds higher protein expression as compared to the nucleoside-unmodified but codon-optimized counterpart. However, discrepancies among these observations are yet to be defined but these findings highlighted that both techniques are superior to the unmodified mRNA. Codon-optimized as well as nucleoside-modified mRNA encapsulated with LNPs can elicit a robust innate immune response and infiltration of neutrophils, DCs, and monocytes to the inoculation site, along with the upregulation of CD80+ receptors, CD86+ receptors, and IFN-inducible genes e.g. CXCL10 and Mx1 (Liang et al., 2017; Lutz et al., 2017). Apart from these, factors like the production of thermostable RNA molecules, detection of RNA by the immune cell receptors, and selection of proper route of administration to decrease the RNA degradation all influence the RNA vaccination (Lundstrom, 2018; Uchida et al., 2018; Zhang et al., 2019).
Self-Amplifying mRNA Vaccine
Self-amplifying mRNA (also called Replicons) vaccines are based on the engineered RNA molecules (∼10 kb) that encode for the replicative factors required for RNA amplification within the host cell (Figure 2B). These replicons are considerably more potent than the conventional mRNA vaccines. Usually, the engineered RNA molecules are obtained from the single-stranded positive RNA viruses, like alphaviruses, flaviviruses, and picornaviruses (Lundstrom, 2016; Tews and Meyers, 2017). Among these, the most explored one is the alphavirus genomes including, Semliki Forest, Sindbis, and Venezuelan equine encephalitis viruses (Atkins et al., 2008; Ljungberg and Liljeström, 2015). The replicons are produced by replacing the genes encoding for structural proteins of the virus with the desired antigens, which are capable of self-amplifying within a target host cell using the RNA polymerase encoded in the replicon (Figure 3). As these replicons do not possess genes required for structural protein expression, it is unlikely to produce virions capable of infecting other cells. Instead, a high level of the desired antigens is expressed from the sub-genomic RNA. However, these RNA replicons readily form virus-like particles when the viral structural proteins are provided in cell culture in trans or as synthetically derived RNA (Maruggi et al., 2019). Moreover, it is also possible to formulate the replicons synthetically rather than using any virus materials (Geall et al., 2012). Generally, delivery of the replicons can be achieved in the form of virus-like particles, plasmid DNA, and IVT RNA, which are capable of substantial induction of stronger immune responses than mRNA (Fuller and Berglund, 2020). The potent immunogenicity and the ability to deliver these replicons in synthetic formulations to a high scale make the self-amplifying RNA vaccine an attractive approach. The DNA plasmid-based replicons combine the greater stability of the DNA product with higher levels of antigen expression by the replicons to induce stronger immune responses than the conventional DNA-based vaccines (Berglund et al., 1998). On the other hand, a strategy comprising two RNA vectors, one containing the gene encoding for replicase and the other encoding for the antigen of interest has also been described (Beissert et al., 2020). The in trans availability of replicase provided by one of the RNA mediates replication of the immunogen-encoding RNA. Although a higher amount of genes encoding for replicase were required, the induction of robust antibody-mediated responses was evident in mice after inoculating them with immunogen-encoding for hemagglutinin (influenza protein) at low (nanogram) doses. Importantly, this strategy offers significant advantages, particularly in manufacturability, increased safety, and ease of optimization as compared with conventional replicons. The use of two separate RNAs also avoids the risk of transferring viral glycoproteins to the extracellular vesicles and other host cells. The trans-amplifying mRNA strategy permits the incorporation of shorter RNA for the scaled-up manufacturing process, which is a challenging issue for the conventional longer self-amplifying RNAs. However, the production of two RNAs and the efficient delivery of them into the cell remain a big challenge (Beissert et al., 2020). Considering the self-amplification of this type of vaccine, a high level of antigen expression for an extended period can be achieved with low doses of vaccine (Brito et al., 2014; Leyman et al., 2018). Nevertheless, the stability and manufacturing of the self-amplifying mRNA vaccines are quite challenging compared to the conventional type. The dsRNA intermediates also trigger the innate immune responses conferring an adjuvant effect. Similarly, LNP-encapsulated replicons may act as an adjuvant for the subunit inactivated influenza vaccine to provoke the H1-specific effector CD8+ cells, and augment the magnitude of H1-specific CD4+ cells (Magini et al., 2016). Notably, in the case of replicons, the role of innate immunity is quite complex. The LNP-encapsulated replicons induce strong pro-inflammatory effects by robust initiation of type I IFN responses at the injection site (Pepini et al., 2017). Although IFN activation is favorable for potent immune responses, early type I IFN response may impair the replicon expression and its potency (Maruggi et al., 2013). Usually, type I IFN determines the differentiation of CD8+ cells into cytolytic effectors but it also leads to T-cell exhaustion (De Beuckelaer et al., 2016). It is expected that the stimulation and inhibition of CD8+ cell responses to replicons depend on the timing and the intensity of the IFN-mediated responses (Sheehan et al., 2006). Therefore, optimization of self-amplifying mRNA vaccines can be achieved by taking advantage of both intermediates of the viral replication process (such as dsRNA) and host adaptive mechanisms (Geall et al., 2012). Other possible strategies to increase the potency of replicons include codon modification to produce IFN-insensitive mRNA, novel designing to restrict the IFN induction, and addition of small-molecule modulators to control the IFN signaling cascade (Iavarone et al., 2017). Another feature of the replicon-based platform is its ability to encrypt multiple antigens of interest in the same replicon. This approach allows expressing both the target antigen and biological adjuvant to enhance the vaccine efficacy, and thus, can be useful in the development of a single combo vaccine capable of targeting multiple pathogens. Proof-of-concept of multiple antigen delivery with LNP-encapsulated replicons was also reported in the literature for human cytomegalovirus and influenza virus proteins (Brito et al., 2015; Magini et al., 2016). It has been demonstrated that the replicons formulated in 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) nanoparticles, DOTAP liposomes, and dimethyl-dioctadecylammonium bromide (DDA) liposomes induce the highest protein expression in vitro, and DOTAP nanoparticle encapsulated replicons elicit humoral and cellular immune responses in vivo (Anderluzzi et al., 2020). Further insights into the plausible mechanisms involved in the interaction of replicons with the host immunity will facilitate the rational design of superior self-amplifying RNA vaccines. For instance, the two RNA vectors approach could allow further improvement using newer strategies in mRNA technology like nucleoside modification, sequence stabilization, and codon optimization, which are not likely to be possible for conventional replicons (Beissert et al., 2020).
Progress in Clinical Trials
It is worth mentioning that some of the RNA-based personalized cancer vaccines have also been subjected to clinical trials. Apart from the intranodal injection of synthetic RNA vaccines, the RNA lipoplex nanoparticle-based formulations (second generation RNA vaccines) have been undergoing clinical development (Grabbe et al., 2016). For example, a phase I/II trial is underway for the assessment of RNA-lipoplex nanoparticles (lipoMERIT) responsible for the expression of shared tumor-associated antigens (TAA) against triple negative breast cancer (NCT02316457), and advanced melanoma (NCT02410733). The preliminary data suggests a better safety and tolerability profile in about 40 patients. Additionally, a high-level vaccine-induced immunogenicity exhibiting growth of pre-existing protection, and de novo elicitation of antigen-specific immunity was reported on multiple administration of lipoMERIT (Lundstrom, 2018). In another clinical trial, intranodal ECI-006 vaccine containing TriMix and five TAAs mRNA have been evaluated for anti-tumoral immune response in melanoma patients (NCT03394937). On the other hand, immunization is in a process to assess the intradermal mRNA vaccine alone or in combination with anti-CD40 co-stimulatory antibody for human papilloma virus-positive head and neck squamous cell carcinoma (NCT03418480). A phase I trial will evaluate the development of anti-tumoral immune response by V941 or mRNA-5671 (an LNP-formulated mRNA vaccine) (NCT03948763). Another clinical trial is designed to assess the effectiveness of the neoantigens-encoded personalized mRNA-based vaccine in patients with non-small-cell lung carcinoma (NSCLC) and advanced esophageal cancer (NCT03908671). Apart from these, several mRNA-based COVID-19 vaccines are also undergoing clinical trials, which will be detailed in Challenges and Opportunity Gaps in RNA Vaccine Development in Pandemic Situation.
QUEST FOR AN EFFECTIVE COVID-19 VACCINE
Although pandemics wane over time, a sporadic wave of clusters may manifest. As the potential threat from the SARS-CoV-2 virus is likely to be continued, the development of an effective vaccine through intense global efforts is the only way to contain the ongoing infections as well as possible sporadic waves. Previous data from MERS-CoV and SARS-CoV pandemic led to a renaissance in vaccine development against SAR-CoV-2, right after the declaration of the outbreak (Prompetchara et al., 2020). The majority of the targeted antigens including S protein or S domain subunits were selected based on previous knowledge (Kandeel et al., 2020; Smith et al., 2020). Based on previous findings, a set of SARS-CoV-2 specific epitopes were screened to accelerate the vaccine development program (Lee and Koohy, 2020; Lucchese, 2020). Moreover, earlier experiences with similar outbreaks have emphasized the necessity of more advanced or newer vaccine platforms capable of adapting to novel emerging diseases, like COVID-19 (Marston et al., 2017). A striking feature of the ongoing COVID-19 vaccine development is the diversity of the platform technologies available, such as nucleic acid (RNA and DNA), protein subunit, virus-like particles, inactivated virus, viral vectors (both replicating and non-replicating), and live attenuated virus. However, most of these platform technologies are not the basis for existing approved vaccines but interesting experimental findings from fields like oncology are alluring the developers to explore the next-generation tools offering rapid and robust development process to meet the demand of the situation (Le et al., 2020). Nucleic acid-based platforms, both DNA and RNA, followed by the recombinant-subunit preparations confer tremendous potential for a rapid generation as they utilize synthetic processes, and are feasible with reverse genetics and next-generation sequencing (Lurie et al., 2020). An ideal vaccine platform would demonstrate progress into the clinical trials within 16 weeks from the viral sequencing exhibiting consistent immune responses and suitability for large-scale production (Lurie et al., 2020). Considering the potential vaccine candidates, the novel platform based on mRNA (also DNA) presents greater flexibility with regards to manipulation of antigens and rapidness in production. The mRNA-1273 developed by Moderna, Inc. entered into the clinical trials within 10 weeks after the SARS-CoV-2 genome sequencing. On the other hand, viral vector-based platform exhibits long-term stability and a higher level of protein expression to induce robust immune responses. Several vaccines based on recombinant proteins are also licensed for other diseases, and many such candidates could capitalize on the large-scale production capacity. However, discussion of the various platform technologies is beyond the scope of this article and is extensively reviewed by Li et al. (Li L. et al., 2020).
REPRESENTATIVE RNA VACCINES FOR COVID-19 UNDERGOING CLINICAL TRIALS
To curtail the spread of SARS-CoV-2 infection, unprecedented investment has been made in COVID-19 vaccine development and subsequent scale up for large production. Following this, the WHO periodically provides revised and updated details on the current landscape of vaccine candidates against COVID-19 (WHO, 2020c). As of December 29, 2020, there were 172 vaccine candidates under pre-clinical trials, and another 60 vaccines were at least in phase I clinical trials or above. Of the previous vaccines, a total of 7 (12%) that are under clinical trials, and 22 (12.8%) from pre-clinical trial settings are based on the RNA platform technology. As the vaccine development process is continuously and rapidly evolving, the next sub-section will only discuss the key vaccine candidates under clinical development and currently available information as of December 29, 2020 (also refer to Table 1).
TABLE 1 | Examples on potential RNA-based COVID-19 vaccine candidates currently undergoing clinical trials.
[image: Table 1]Vaccines in Phase III Trials
mRNA-1273
The US-based company Moderna, Inc., in partnership with the NIAID, has designed and developed an LNP-formulated mRNA vaccine candidate, named mRNA-1273, the first vaccine to enter clinical trials for immunogenicity and safety assessment (Borah et al., 2020; Poland et al., 2020). The sequence for mRNA-1273 encoding for the pre-fusion stabilized form of S protein was first recognized in mid-January 2020. On administration, the mRNA vaccine prompts cellular production of the antigenic S proteins to initiate a host immune response. After excellent preliminary findings, the Vaccine Research Center of the NIAID started human phase I trials including about 15 subjects (age ranging from 18–55 years) per dose cohort, with three different doses (i.e. 25, 100 and 250 μg) injected intramuscularly at 28 days interval (Jackson et al., 2020). Interim results from published preliminary data showed that there were no serious adverse effects except for one subject who received the first dose of 25 μg and reported transient urticaria, and has been withdrawn afterward. Although administration of the first dose did not induce fever, some subjects in the 100 μg (N = 6, 40%) and 250 μg (N = 8, 57%) groups showed fever-like symptoms. Pain at the injected site was one of the major events reported among the other Grade 1 and Grade 2 adverse events. Apart from these, myalgia, fatigue, headache, and chills were also observed due to systemic or local reactions. Severe systemic events were seen in 21% of subjects receiving 250 μg dose. From the immunogenicity perspectives, dose-dependent specific antibody response was evident, which was at peak on day 15 after the first dose (Jackson et al., 2020). Neutralizing antibodies (S-2P and RBD-specific antibodies) were in a detectable range only in half of the subjects after the first inoculation but were found in all subjects after the second dose. These findings inferred the need for a 2-dose regimen. The CD4+ cell-mediated responses were observed in 25 and 100 μg doses with a lower CD8+ cell response following the second dose of 100 μg (Jackson et al., 2020). However, it will be interesting to see the data of the second group with older subjects (aged ≥55 years) with altered immunity. On May 11, 2020, Food and Drug Administration (FDA) granted a fast track designation to the mRNA-1273 vaccine (Moderna, Inc., 2020a).
A phase IIa, double-blind, randomized trial of mRNA-1273 including 600 healthy subjects (age ≥18 years) is currently assessing the immunogenicity, safety, and possible adverse reactions of mRNA-1273. In these dose-confirmation study, the participants were divided into total of eight groups depending on the dose and age either receiving vaccine or placebo (NCT04405076). A phase III randomized trial (NCT04470427) incorporating quadruple blinding study was initiated by July 2020 to assess the efficacy of 100 μg dose (highest dose of phase I trial) of the vaccine (Corbett et al., 2020; Jackson et al., 2020). Moderna, Inc. aimed to enroll about 30,000 subjects (age ≥18 years), to be divided into groups receiving either vaccine or placebo guided by broad inclusion criteria, including subjects with stable pre-existing conditions not necessarily requiring therapy changes 3 months before the enrollment. Although there was recruitment of the subjects for the phase III trial, there remain certain concerns related to the lack of ethnic and racial diversity among the subjects, given the disproportionate among the Latino and Black communities (Cohen, 2020). Therefore, it will be interesting to observe the outcomes of the large phase II and III clinical trials. On November 16, 2020, in Moderna’s press release it was reported that the first interim results of the phase III study of mRNA-1273 fulfills its primary efficacy endpoint with an efficacy of 94.5% (Moderna, Inc., 2020b). On December 18, 2020, the U.S. FDA authorized the emergency use of mRNA-1273 among individuals aged 18 years and above. On December 23, 2020, Health Canada authorized the immunization of people ≥18 years of age with mRNA-1273 under an Interim Order. Similarly, on January 4, 2021, Israel’s Ministry of Health authorized the importation of the vaccine in Israel (Moderna, Inc., 2021). On January 6, 2021, European Medicines Agency (EMA) recommended granting a conditional marketing authorization for mRNA-1273 across the European Union (EU) to prevent COVID-19 in subjects above 18 years of age (European Medicines Agency, 2021; Moderna, Inc., 2021). Additional authorizations are currently under review in Switzerland, Singapore, and the United Kingdom (United Kingdom) (Moderna, Inc., 2021). However, data on long-term protection and safety issues of mRNA-1273 is still awaited.
BNT162
BioNTech, a German-based company in collaboration with an American company, Pfizer and Fosun Pharma has developed four mRNA-based vaccines (named as BNT162a1, b1, b2, and c2), comprising separate mRNA genes encoding for different antigens (Pfizer, 2020b). Particularly, two of them consist of nucleoside modified mRNA, and the other two consist of uridine containing mRNA and self-amplifying mRNA, respectively. The preliminary data of BNT162b1, an LNP-formulated mRNA vaccine that encodes for the S protein, from 45 participants (age ranging from 18–55 years) divided into either receiving vaccine dose of 10 μg (N = 12), 30 μg (N = 12) and 100 μg (N = 12), or placebo (N = 9) (Mulligan et al., 2020). Subjects receiving 10 and 30 μg doses were given a booster intramuscular dose with an interval of 20 days, whereas the group receiving a 100 μg dose did not require a second dose. Adverse events like headache, fatigue, fever, chills, and myalgia were more frequent in the vaccine group, with fever in 50% of subjects receiving the highest dose in the initial week after immunization. Interim results support the elevated IgG levels peaked at the seventh day after the second dose that lasts for another 14 days. For 100 μg dose, the peak for IgG level was observed at 21st day and did not increase later on. Interestingly, no significant differences in immune responses were observed in the groups receiving 30 and 100 μg following the first dose. These reports argue for the best candidates among 10 and 30 μg doses to proceed into future trials (Mulligan et al., 2020). BNT162b2 was given priority for further development over BNT162b1 because of its desirable immunogenicity and better tolerability profile. However, initial reports from phase I/II trials revealed weaker immune responses in the 65–85 years age category, and most of the enrolled subjects were white and non-Hispanic (Pfizer, 2020a). Importantly, the US government has given funding of USD 1.95 billion to support the large-scale manufacturing of about 100 million doses of their mRNA candidate vaccine (BARDA, 2020). Interestingly, in a recent press release on November 18, 2020, Pfizer announced the successful completion of the efficacy portion of the phase III trial. The interim analysis revealed 95% effectiveness of BNT162b2 in preventing the symptomatic SARS-CoV-2 infection (STAT, 2020). Based on the excellent results obtained in the large trials, on December 2, 2020, BNT162b2 (under the brand name of COMIRNATY) became the first fully-tested vaccine to be approved for emergency use by the United Kingdom regulators (Ledford et al., 2020). Following the positive opinion of EMA’s Committee for Medicinal Products for Human Use (CHMP), on December 21, 2020, the European Commission (EC) has granted a CMA to the vaccine for active immunization to prevent COVID-19 in individuals aged 16 years and above (Pfizer, 2020c). COMIRNATY has now received conditional marketing authorization, emergency use authorization (EUA), or temporary authorization in more than 40 countries across the globe, including all 27 member states of the EU (Businesswire, 2020b). Earlier Pfizer and BioNTech announced an agreement with the EC to supply about 200 million doses of vaccine to the EU member states, with an option of purchasing an additional 100 million doses in 2021 (Pfizer, 2020c).
Vaccines in Phase I And/Or Phase II Trials
CVnCoV
CVnCoV is an mRNA vaccine against COVID-19 being developed by CureVac with support from the German federal government. The vaccine is designed to provide a robust and balanced immune response by using non-chemically modified nucleotides in the mRNA (CureVac, 2020). Data from the pre-clinical experiments in mice and hamsters demonstrated neutralizing titers against the virus, and balanced humoral and cellular immune responses. Currently, the vaccine is in phase I trial involving 168 healthy volunteers in Belgium and Germany (NCT04449276). A preprint of results of the phase I study suggested CVnCoV to be immunogenic, safe, and well tolerated in the subjects (Kremsner et al., 2020). Currently, a multicenter, controlled, phase IIa, the dose-confirmation study is recruiting in Panama and Peru to assess the immunogenicity, safety, and reactogenicity in 691 adults of 18–60 years and above 60 years age (NCT04515147). As per the US Securities and Exchange Commission (SEC) filing, CureVac is planning for a phase III trial with up to 20,000 subjects (COVID-19 Vaccine Tracker, 2020).
LNP-nCoVsaRNA
LNP-nCoVsaRNA is a self-amplifying RNA vaccine candidate developed by the Imperial College London within 14 days of first genetic sequencing. LNP-nCoVsaRNA consists of purified synthetic mRNA, which can mimic the viral S protein. Presently, a phase I/II, controlled, randomized trial (COVAC1) is ongoing in 320 healthy volunteers between 18–45 years (for dose-escalation study) and 18–75 years of age (for expanded safety study) (ISRCTN17072692), with a plan for efficacy trial involving about 6,000 subjects. An initiative, called VacEquity Global Health was established by Imperial College London in collaboration with the Morningside Ventures to achieve equity in supply. LNP-nCoVsaRNA is being supported by the United Kingdom Secretary of State for Business, Energy and Industrial Strategy, and the United Kingdom Secretary of State for Health (COVID-19 Vaccine Tracker, 2020).
ARCT-021 (Earlier LUNAR-COV19)
Arcturus Therapeutics, Inc. in partnership with Duke-National University of Singapore (NUS) is developing a potential vaccine named ARCT-021, which consists of Arcturus’ self-replicating RNA within a nanoparticle-based formulation capable of inducing CD8+ cell-mediated and Th1/Th2-mediated immunity (Alwis et al., 2020). A randomized, placebo-controlled, double-blind, phase I/II study in an estimated 92 healthy volunteers is underway to determine the immunogenicity, safety, tolerability, and ascending dose of ARCT-021 (NCT04480957). The interim results announced by Arcturus revealed an immune response for a single dose as well as prime-boost regimens with well-tolerability. Based on these results, a single vaccine dose of 7.5 µg with prime-boost regimens are being selected for the later stage clinical trials (Biospace, 2020).
mRNA Vaccine by PLA/Walvax Biotech/Abogen Biosciences
Another mRNA (unnamed) is being developed and investigated by the Academy of Military Science of the Chinese People's Liberation Army (PLA) in collaboration with Walvax Biotechnology Co., Ltd., Yunnan and Abogen Biosciences Co., Ltd., Suzhou. A phase I trial is being carried out to determine the immunogenicity, safety, and tolerability of three different doses (low, medium, and high dose) of the vaccine in subjects aged 18–60 years and above (ChiCTR2000034112; and ChiCTR2000039212).
Challenges and Opportunity Gaps in RNA Vaccine Development in Pandemic Situation
Although evidence suggests several advantages of RNA-based vaccines, challenges exist in both research and development and policy-making for determining the precautionary and preparatory stages in the development and immunization against SARS-CoV-2. For instance, recent reports of rare cases of moderate to severe reactions for potential mRNA vaccines have raised concerns over immunogenicity and safety, including the primary findings of the mRNA-1273 phase I trial (Yan et al., 2020). Therefore, it is necessary to understand the possible risks of the RNA vaccine platform, including the local and systemic inflammatory responses, the persistence of induced antigen expression, generation of auto-reactive ensure antibodies and toxic effects associated with delivery components (Pepini et al., 2017; Peck and Lauring, 2018). Even though the S protein is a plausible antigen for immunogenicity, optimized antigen designing is critical in achieving the desired immune response. Moreover, the debate continues over the selection of the best optimization approach, i.e. whether to target the full-length S protein or only the RBD. Similarly, higher glycosylation of the structural proteins assists in the successful viral invasion, and replication inside the host, surviving the host immune responses (Vigerust and Shepherd, 2007; Watanabe et al., 2019). Consequently, glycosylation is a factor, which may reduce the success rate of potential vaccine candidates. Notably, SARS-CoV-2 exhibits an overabundance of glycan sites (Watanabe et al., 2020). The atypical glycosylation observed in SARS-CoV-2 represents quicker mutations, making the vaccine development process extremely difficult. Of importance, the RNA-based platform targeting only the S protein, instead of the entire virus particle, may produce S protein-specific antibodies without being influenced by the viral glycosylation (Wang et al., 2020c). Additionally, precise bioinformatics analysis to determine the involvement of membrane-related co-receptor complex is highly expected to comprehend the rate-limiting conformation of antibodies that affect the ACE2 attachment of virus. The stoichiometric association between the S protein and immune response requires consideration of the intrinsic ratio of the nucleotides per S protein and S protein per SARS-CoV-2. The exact mechanisms of self-defense proteins and the S protein configuration, which affects receptor affinity and viral tropism, are yet to be described. Therefore, further in-depth studies are required to determine the structure and physiological and immunological properties of the structural proteins utilized for the mRNA vaccine development.
On the other hand, it is necessary to ensure adequate intracellular mRNA delivery, ideally by in vivo targeting of APCs. Over the past years, there exists a large knowledge gap on the in vivo behavior of mRNA, both for naked mRNA and nanoparticle formulations designed for various routes (Verbeke et al., 2019). The current trend of LNP-based formulation must address the overall RNA transfection capacity based on the ability to transport across intra- and extracellular membrane barriers while preventing the potential nanoparticle-induced immune toxicities. Another hard-to-find balance is between the adequate immunogenicity and mRNA-induced antigen expression, which are inherently associated with the structural properties of the mRNA. On the top, approaches like passive immunization with mRNA and replacement of IFN-mediated responses by superior controllable adjuvant systems require further exploitation to justify their benefits over the conventional mRNA vaccines.
Notably, the development of vaccines against Ebola, Zika, and SARS has faced quite different paths. Although the development of the Ebola vaccine was a great success, the disappearance of Zika, and SARS outbreaks before the completion of vaccine development have led to the reallocation of funds from the federal funding agencies, leaving the developers with a financial crisis to set back other vaccine technologies (Fuller and Berglund, 2020). However, the success of oligonucleotide-based therapeutic delivery (Lundin et al., 2015) has opened up new avenues to RNA-based vaccine development, providing several advantages, such as lack of genomic integration of the RNA, lack of antigen persistence, absence of autoantibody production, possible large-scale up, and high purity (Pascolo, 2008). Thus, mRNA-based vaccines present themselves as a promising choice for vaccine development against SARS-CoV-2. Although correlation with immunogenicity may be extrapolated from the past experiences with SARS and MERS vaccines, yet they are not fully understood. The duration of immunity following vaccination is completely unspecified like any naturally acquired infection. Moreover, the ability of a single-dose vaccine to render immunity is uncertain.
Unfortunately, the storage conditions of mRNA vaccines had not been given much attention before the COVID-19 pandemic. Usually, small batches were manufactured and kept at −70°C before administering during initial studies (Pardi et al., 2018). Undoubtedly, the new mRNA based COVID-19 vaccine formulations require stabilization at higher temperatures, as demanded by their storage, transport, and delivery across the world in billions of doses to contain the ongoing pandemic. Available information on the mRNA-1273 profile suggests the vaccine to be stable at −20°C up to 6 months while retaining its stability for about 30 days when kept under refrigeration (Businesswire, 2020a; Crommelin et al., 2021); thus, providing storage and shipping advantage over BNT162b2, which requires an ultra-freeze storage condition (−80 to −60°C) in which it remains stable up to 6 months, while retaining stability up to 5 days under refrigerated conditions (Crommelin et al., 2021; Philippidis, 2020). However, Pfizer and BioNTech claimed to develop temperature-controlled thermal shippers using dry ice to maintain the temperature within −70 to +10°C (Philippidis, 2020). In the earlier literature, the lyophilized RNActive platform was reported to remain active for 6 months and 3 years on storage at 40°C and 5–25°C, respectively (Alberer et al., 2017). Another report suggests that freeze-dried (distilled water or trehalose) naked mRNA remains stable for about 10 months under refrigeration (Jones et al., 2007). Thus, a superior formulation for mRNA delivery is an unmet need of the developmental stage. It is expected that nanoparticle-based formulation could warrant vaccine stability (Probst et al., 2006). Lipid-encapsulated mRNA has shown stability for at least 6 months (Pardi et al., 2018) but long-term storage of such mRNA formulation in an unfrozen form has not yet been reported. Similarly, the LNP-encapsulated mRNA COVID-19 vaccine (ARCoV) manufactured as a liquid formulation can be stored at room temperature (25°C) for at least 1 week (Zhang N. N. et al., 2020). Additionally, incorporation of the RNASE inhibitor within the mRNA vaccine co-formulation and the development of newer purification methods to remove the undesirable reaction components can also be sought as the best ways to improve the platform technology (Probst et al., 2006). Better insights into the novel in vivo delivery approach for augmenting mRNA uptake efficiency and plausible effective immune signaling pathways are anticipated soon.
Pre-clinical experiences with potential vaccine candidates against MERS and SARS have raised issues about worsening the lung conditions, either directly or via antibody-dependent enhancement (ADE), an adverse event associated with Th2 response. It has been observed that non-RBD-directed antibodies mainly characterize the ADE; thus, it is conceivable that the optimal use of RBDs as vaccine antigens will reduce the risk for ADE. Yet, it remains unclear whether RBD alone will elicit neutralizing antibodies or not (Xu, 2020). Further investigations are still needed to exploit the possible mechanisms for down-regulating the innate immune response to the inoculated mRNA vaccine. Therefore, suitable pre-clinical testing and careful safety monitoring in the clinical trial settings will be critical. Though the ACE2 transgenic mice-an infection model has been established, challenges like tedious process and requirement of expanded facilities are unlikely to be resolved soon. Besides, only a limited number of laboratories have successfully isolated the live strains of SARS-CoV-2. Thus, it is quite difficult to assemble all the desired elements in an animal challenge model. On the other hand, the requirement of a large-animal Biosafety level-3 facility, which provides a challenge for re-access, is a concern with the non-human primate model. Somehow it is still too early to describe a superior animal model as rhesus macaques are quite promising, and so do the ferrets and hamsters (Lurie et al., 2020). Ultimately, consideration of other alternative surrogates, e.g. neutralization in vitro assays, could assist in efficient vaccine development. Likewise, the neutralization antibody titer to RBD and the ratio of RBD-directed antibody responses to the full-length S protein can also be considered as suitable surrogates. From a safety perspective, vaccine development must undergo a time-consuming and complicated process, from the early-stage till the marketing of the vaccine. As the traditional vaccine development approaches involving a novel virus target, novel vaccine platforms, and novel development paradigms are likely to be tedious and risky, accelerating the pace in the pandemic era while maintaining the safety concern is still a critical issue to resolve. As mentioned above, the utilization of alternative surrogates for the testing of immunogenicity should be incorporated in the guidelines for vaccine development. Furthermore, approval of the phase 0 trial, if found to be devoid of severe adverse-events in primate immunization, may embolden the innovation of new vaccine development (Xu, 2020). Nevertheless, among the active vaccine candidates, a majority (∼above 70%) are being developed by private industrial sectors, with the remaining being led by the public sector, academic, and other non-profit organizations. Even though few large multinational developers, including Pfizer, Sanofi, Janssen, and GlaxoSmithKline have commissioned vaccine development against COVID-19, most of the lead developers are either meant for small scale manufacturing or are inexpert in large-scale production. Thus, strong international coordination between vaccine production and supply, funding agencies, policy-makers, and the government is of utmost importance to meet the global demand (Lurie et al., 2020).
CONCLUSION
Since the first publication on in vivo mRNA delivery, RNA has presented itself as a versatile and promising platform for vaccine development. During the COVID-19 pandemic, several biotech companies have started working on the RNA molecule for clinical translation. The RNA-based platform technology prompts rapid refinement with nearly limitless combinations in terms of antigen optimization to a simple and robust manufacturing process. Considering the typical RNA approaches, viz. conventional and self-replicating constructs, many quality attributes to improvise the efficiency and stability of protein expression remain an intense area of development. It is well-known that cytoplasmic mRNA delivery is essential to induce a robust and durable immune response. The self-amplifying and trans-amplifying RNA vaccines are capable of providing augmented and prolonged in vivo antigen production along with potent intrinsic innate immune-stimulatory functions, and dose-sparing property to meet the demand for a suitable vaccine. Accordingly, significant advances have been made with an emphasis on the novel lipid formulation techniques and the next generation delivery approaches. Overall, progress to date in the RNA engineering, delivery, and construction have represented an RNA platform for further development of a novel vaccine against COVID-19 as the probable first-ever approved RNA vaccine. Although it is conceivable that the majority of the vaccine candidates will fail in the clinical trials, one effective vaccine for the ongoing pandemic would be enough to halt further progress. The preliminary success of mRNA-1273 is a beacon of hope in the present scenario. Given the drastic short time being allocated to the pre-clinical vaccine development, a higher proportion of the potential RNA candidates are expected to fail in the pre-clinical as well as in the clinical stages. On the other hand, if the pandemic disappears abruptly before the vaccines are available for clinical use, developers should continue to stockpile the most promising RNA vaccine candidates and keep them ready for further trials and emergency use authorization as a critical element of future preparedness for similar outbreaks. Nevertheless, the global COVID-19 vaccine development efforts should be guided by ethics, speed of manufacturing, deployment at scale, fairness in allocation, and equity in global supply.
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ABBREVIATIONS
ACE Angiotensin converting enzyme
ARDS Acute respiratory distress syndrome
COVID-19 Coronavirus disease-2019
DAMPS Damage-associated molecular patterns
DCs Dendritic cells
DDA Dimethyldioctadecylammonium bromide
DNA Deoxyribose nucleic acid
DOTAP 1,2-dioleoyl-3-trimethylammonium-propane
dsRNA Double stranded RNA
EC European commission
EMA European medicines agency
EU European union
HLA Human leukocyte antigen
IFN Interferon
IL Interleukins
IVT In vitro transcribed
LNP Lipid-derived nanoparticle
MDA5 Melanoma differentiation-associated protein 5
MERS-CoV Middle east respiratory syndrome
MHC Major histocompatibility complex
mRNA Messenger RNA
NIAID National institute of allergy and infectious diseases
PAMP Pattern associated molecular patterns
PRPs Pattern recognition receptors
RBD Receptor binding-domain
RIG-1 Retinoic acid-inducible Gene 1
RNA Ribonucleic acid
SARS Severe acute respiratory syndrome
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
TLRs Toll-like receptors
TNF Tumor necrosis factor
UTR Untranslated region
WHO World health organization
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Fermented soybean products are traditionally consumed and popular in many Asian countries and the northeastern part of India. To search for potential agents for the interruption of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Spike glycoprotein 1 (S1) and human angiotensin-converting enzyme 2 (ACE2) receptor interactions, the in silico antiviral prospective of peptides identified from the proteome of kinema was investigated. Soybean was fermented using Bacillus licheniformis KN1G, Bacillus amyloliquefaciens KN2G and two different strains of Bacillus subtilis (KN2B and KN2M). The peptides were screened in silico for possible antiviral activity using two different web servers (AVPpred and meta-iAVP), and binding interactions of selected 44 peptides were further explored against the receptor-binding domain (RBD) of the S1 protein (PDB ID: 6M0J) by molecular docking using ZDOCK. The results showed that a peptide ALPEEVIQHTFNLKSQ (P13) belonging to B. licheniformis KN1G fermented kinema was able to make contacts with the binding motif of RBD by blocking specific residues designated as critical (GLN493, ASN501) in the binding of human angiotensin-converting enzyme 2 (ACE2) cell receptor. The selected peptide was also observed to have a significant affinity towards human toll like receptor 4 (TLR4)/Myeloid Differentiation factor 2 (MD2) (PDB ID: 3FXI) complex known for its essential role in cytokine storm. The energy properties of the docked complexes were analyzed through the Generalized Born model and Solvent Accessibility method (MM/GBSA) using HawkDock server. The results showed peptidyl amino acids GLU5, GLN8, PHE11, and LEU13 contributed most to P13-RBD binding. Similarly, ARG90, PHE121, LEU61, PHE126, and ILE94 were appeared to be significant in P13-TLR4/MD2 complex. The findings of the study suggest that the peptides from fermented soy prepared using B. licheniformis KN1G have better potential to be used as antiviral agents. The specific peptide ALPEEVIQHTFNLKSQ could be synthesized and used in combination with experimental studies to validate its effect on SARS-CoV-2-hACE2 interaction and modulation of TLR4 activity. Subsequently, the protein hydrolysate comprising these peptides could be used as prophylaxis against viral diseases, including COVID-19.
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INTRODUCTION

Coronavirus disease (COVID-19), a pneumonia type outbreak which was first identified in Wuhan city of China, continues to devastate lives and livelihoods across the globe. The disease has been declared as Public Health Emergency on international concern by the WHO, and till date there have been 111, 762, 965 confirmed cases and 2, 479, 678 deaths globally1. The increasing prevalence of this disease has also been witnessed in India, accounting for about 11, 046, 914 identified cases including 1, 56, 705 deaths and recovery of 10, 738, 501 individuals2. The disease is caused by a novel transmissible human β-coronavirus known as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Through its homo-trimeric spike glycoprotein (S1 and S2 subunit in each spike monomer) on the envelope, the virus enters the human cells and binds to host ACE2 cell receptors. Extensive analyses have unveiled the binding of SARS-CoV-2 and ACE2 is mediated by receptor-binding domain (RBD) on the surface of S1 glycoprotein, which is a fundamental step for the virus entry (Lan et al., 2020; Shang et al., 2020; Tai et al., 2020). Therefore, blocking the RBD or manipulating its essential residues crucial in binding hACE2 could ascertain potential therapeutics to prevent SARS-CoV-2 entry and its further infection.

The current shreds of evidence suggest that cytokine storm in SARS-CoV-2 infected patients as a result of over-activation of TLR could be an important factor in disease progression, even leading to multiple organ failure and death (Brandão et al., 2020; Huang et al., 2020; Sun et al., 2020). Toll like receptor 4 (TLR4), one of the extensively researched receptors which recognize a wide range of substances such as lipopolysaccharide (LPS) from various antigens, including viruses, is believed to cause intensive cytokine storm upon its interaction with the SARS-CoV-2 spike protein (Choudhury and Mukherjee, 2020). Myeloid Differentiation factor 2 (MD2), a co-receptor of TLR4, governs the activation of TLR4 during the infection. It is required to sense most of the LPS lipid chains. Therefore, inhibitors targeting the TLR4/MD2 complex could limit the over-activation of TLR4 and regulate the cytokine storm induced by SARS-CoV-2.

Fermented foods consumed in different parts of the globe have gained attention due to bioactive compounds formed on hydrolysis or transformation (Sanjukta and Rai, 2016; Rai et al., 2017). The Sikkim Himalayan region has a massive hold of traditional fermented foods owing to its prosperous ethnic diversity and rich bioresources (Das et al., 2016). Kinema is a non-salted sticky and naturally fermented alkaline soybean food, rich in protein including essential amino acids and is widely consumed among the ethnic people of Sikkim (Moktan et al., 2008). The constituent proteins are broken down by the action of microbial proteolytic machinery during the fermentation process to release small peptides that are known as food-derived peptides. These peptides could also be generated either by enzymatic hydrolysis or food processing. Over the decades, they have been established to be associated with several essential metabolic effects in vitro and in vivo (Rai et al., 2017; Chourasia et al., 2020a). These peptides are reported to have antioxidant, antihypertensive, antidiabetic, anticancer, and immunomodulatory properties (Chatterjee et al., 2018). Furthermore, many such peptides have been evolved as effective and selective viral entry inhibitors of deadly viruses like influenza (She et al., 2008; Albericio and Kruger, 2012), Herpes Simplex Virus (HSV) (Jenssen, 2005; Jaishankar et al., 2015), hepatitis (Abe et al., 2007), and Human Immunodeficiency Virus (HIV) (Pessi et al., 2009; Lee et al., 2014). Moreover, in silico based screening and analyses of natural or synthetic molecules against disease-linked protein targets are becoming increasingly popular nowadays and, in many cases, lead to the identification of potential drug candidates (Bruno et al., 2019). The molecular docking studies have extensively been used to efficiently predict the intermolecular interactions between a target protein and various ligands of interest and mimic stability of these structured complexes in a physiological environment (Olgac et al., 2017; Theerawatanasirikul et al., 2020).

In the present study, the peptides identified from soybeans fermented using Bacillus spp., namely Bacillus licheniformis KN1G, Bacillus amyloliquefaciens KN2G and two different Bacillus subtilis (KN2B and KN2M) were screened for their in silico antiviral activity. The selected 44 sequences were explored for their binding affinity towards critical residues on the SARS-CoV-2 RBD and TLR4/MD2 proteins using blind molecular docking. The novelty of this work lies in using and investigating peptides present in fermented soy, possibly interrupting SARS-CoV-2 RBD-hACE2 receptor interaction and inhibiting TLR4 activation. These peptides have the potential for anti-SARS-CoV-2 therapeutics development.



MATERIALS AND METHODS


Sample Details

Yellow soybeans were fermented using proteolytic strains of Bacillus spp., including B. subtilis KN2M, B. subtilis KN2B, B. licheniformis KN1G, and B. amyloliquefaciens KN2G using protocol described earlier by Rai et al. (2017). Briefly, soybean seeds were soaked in distilled water overnight, cleaned and dehulled manually. Soaked seeds were cooked and transferred to an Erlenmeyer flask (250 mL) and sterilized in an autoclave. Starters for fermentation of the soybean seeds were prepared by inoculating the flasks containing autoclaved soybeans (20 gm) with actively growing cultures. The flasks were incubated at 42°C for 24 h and transferred to respective containers containing 200 gm of cooked soybeans, mixed properly and incubated 42°C for 24 h for fermentation. After the incubation, the seeds were oven-dried at 60°C and ground to powder for extract preparation. Lyophilized aqueous extracts of fermented soybean powder were used for the proteomics analysis using liquid chromatography-mass spectrometry (LC-MS/MS).



Receptor Details

The S1-RBD of the SARS-CoV-2 was used as one of the receptors in the present study. The SARS CoV-2 RBD constituted a twisted five strand anti-parallel β-sheets (β1, β2, β3, β4, and β7) connecting themselves by short helices and loops, forming the core region (Lan et al., 2020). The 3D structure of RBD having 193 amino acids numbered as THR333… GLY526, was prepared from the RBD-human ACE2 receptor complex (PDB ID: 6M0J; 2.45 Å) retrieved from RCSB Protein Data Bank (PDB). More specifically, a structure motif (SER438… GLN506) called receptor binding motif (RBM) within the RBD is eventually responsible for the direct interaction with hACE2 receptor. Extensive sequence and structural analyses performed on the receptor usage of RBD have disclosed several critical residues that are known to play an essential role in ACE2 receptor recognition and cell entry; these include LEU455, PHE486, GLN493, SER494, and ASN501. Besides, the infectivity of SARS-CoV-2 was synchronized by the presence of two hot spots on RBD–ACE2 interface (31 and 353), stabilized by the amino acid residues LEU455, GLN493, and ASN501. In particular, GLN493 is the principal residue in recognizing the hACE2 receptor and infecting human cells, which is largely favorable for RBD-hACE2 interaction (Shang et al., 2020; Wan et al., 2020). Herein, the above-mentioned residues were considered and targeted for the inhibition of SARS-CoV-2 S1 RBD.

The crystal structure of the extracellular domain (ECD) of human TLR4 in complex with MD2 was used as the other receptor for docking. The ECD is a horseshoe-shaped structure consisting 603 amino acids comprising a concave and a convex surface. The concave surface consists of parallel β-sheets, while the loops and 310 helices collectively make up the convex surface (Park et al., 2009). MD2 consists of 142 amino acids arranged in a β cup fold structure and comprised of two anti-parallel β sheets forming a hydrophobic pocket where LPS binds (Kim et al., 2007). The amino acid residues in the MD2 pocket such as ARG90, TYR102, SER120, LYS122, GLY123, PHE126, LYS130, and CYS133 were reported to play an essential role in mediating its binding with TLR4 (Gradisar et al., 2007; Peluso et al., 2010; Roh et al., 2011; Wang et al., 2015). Specifically, F126 located at the TLR4/MD2 interface, is the crucial residue initiating the dimerization and activation of TLR4 (Park et al., 2009). Therefore, blocking of these residues in the MD2 pocket is targeted in the present study.



In silico Antiviral Activity Prediction and Selection of Peptides

The peptides identified from LC-MS/MS analyses were screened for their in silico antiviral activity using two different web servers AVPpred (Thakur et al., 2012) and meta-iAVP (Schaduangrat et al., 2019). AVPpred relies on a peptides dataset, experimentally checked for antiviral activity targeting important human viruses like influenza, HIV, Hepatitis C virus (HCV), and SARS, etc. It uses a model that have exploited various peptides sequence features, i.e., motifs and alignment, followed by amino acid composition (AAC) and physicochemical properties during five-fold cross-validation, using support vector machine (SVM) models. At the same time, meta-iAVP uses “effective feature presentation” that was extracted from a set of prediction scores derived from various machine learning algorithms and types of features such as AAC, pseudo amino acid composition (PseAAC), amphiphilic pseudo amino acid composition (Am-PseAAC), dipeptide composition (DPC), and g-gap dipeptide composition (GDC). The peptide sequences that were predicted to be antiviral by both the web tools were further computationally analyzed for physicochemical features, including toxicity, using PepCalc (Lear and Cobb, 2016) and ToxinPred (Gupta et al., 2013) web servers. All the computed features were used for further analyses.



Molecular Docking

The molecular docking experiments were carried out as per the protocol suggested by Chourasia et al. (2020b). Three-dimensional structures of the selected peptide sequences were predicted using PEPstrMOD (Singh et al., 2015) and PEPFOLD (Thévenet et al., 2012). Similarly, the 3D structure of RBD was prepared from the RBD-ACE2 complex. Both the receptor (RBD) and peptide structures were optimized following the removal of water molecules and heteroatoms, the addition of missing residues and loops. This was done using the “prepare proteins” and “prepare ligands” protocol of Discovery Studio (DS) Client v20.1.019295. Molecular docking was performed using DS ZDOCK, a program that has been preferred and recommended suitable for studying protein-peptide interactions (Pierce et al., 2014; Chourasia et al., 2020b; Sanjukta et al., 2021). Cluster analysis was performed with an angular step size 15, an RMSD cutoff 6.0 and an interface cutoff 9.0. The maximum number of clusters and poses were, respectively set to 60 and 1000. The top poses of the largest cluster were further refined to obtain the low energy complex using DS RDOCK (Li et al., 2003), where a dielectric constant of 4.0 was used in the energy calculation. This procedure was repeated for every peptide. The final RBD-peptide complexes were examined for binding interactions between the peptidyl residues and critical amino acids on the receptor molecule. They were considered critical in the binding of RBD with hACE2. The selected peptides which found affinity towards any of the RBD critical residues were then investigated for their binding interaction against TLR4/MD2 structure complex. The crystal structure was optimized, and docking was performed, as mentioned above. Computation of energy parameters for selected complexes was carried out by employing the Generalized Born model and Solvent Accessibility method (MM/GBSA) using HawkDock server (Weng et al., 2019).



RESULTS


In silico Antiviral Activity Prediction and Selection of Peptides

The LC-MS/MS analyses of kinema produced using B. licheniformis KN1G, B. amyloliquefaciens KN2G and two different B. subtilis (KN2B and KN2M) strains resulted in identification of 3328 peptide sequences. In silico antiviral activity of these peptides, using two different web servers, showed 44 peptides to be antiviral with a probability 1.00. The majority of them derived from β-conglycinin and proglycinin (Figure 1). Furthermore, kinema produced B. licheniformis KN1G had a higher content of antiviral peptides (2.15% of total peptides), followed B. subtilis KN2B (0.76%), B. subtilis 2M (0.62%), and B. amyloliquefaciens KN2G (0.40%). The amino acid sequence and computed physicochemical properties of all 44 peptides described in the present study are given in Table 1. The calculated molecular weights for the selected peptides ranged from 1079 to 3927. The peptides demonstrated varying values of theoretical pI with a minimum 4.14 to a maximum 10.0. Similarly, the calculated Grand Average Hydropathy (GRAVY) of all except two peptides was positive. Sequence-based toxicity prediction using ToxinPred showed that the peptides from fermented soybean were non-toxic.


[image: image]

FIGURE 1. Antiviral peptides identified in fermented soybean and their source proteins.



TABLE 1. Peptide sequences, source hydrolysate and computed physicochemical features.
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Peptide-RBD Docking

The results displayed amino acid sequences of 27 peptides made intermolecular contact with the receptor-binding motif on the RBD surface. Furthermore, two peptides designated as P13 (ALPEEVIQHTFNLKSQ) and P18 (DIENLIKSQ) belonging to B. licheniformis KN1G fermented soybean was able to interact with the targeted critical residues. The predicted RDOCK energies of the P13-RBD and P18-RBD docked complexes, respectively, were −9.30099 and −4.07086 kcal/mol. Similarly, the MM/GBSA energies of P13 and P18 bound RBD complexes were −48.03 and −35.83 kcal/mol, respectively. The peptide P13 was wholly bound to the RBM residues by virtue of nine conventional hydrogen bonds and six other interactions, including pi-pi, alkyl, pi-alkyl, and a covalent carbon-hydrogen bond (Figure 2). Among 10 (out of 16) peptidyl residues that participated in binding with the RBM, three were observed to be bonded to the critical residues GLN493, ASN501 with three conventional hydrogen bonds. The binding of P18 with RBM resulted into 11 non-bonded interactions (four conventional hydrogen, three carbon-hydrogen, four pi-linked and an attractive charge), linking seven of its amino acids to five RBM residues (Figure 3). The binding of P13 with the RBD was substantial as compared to P18 where GLU5, GLN8, PHE11, and LEU13 contributed the most negative free energy to the complex. The non-bonded interactions are detailed in Table 2.
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FIGURE 2. (A) Docking of RBD (ribbon) and peptide P13 (CPK), (B) 2D representation of RBD-peptide interactions. GLN493 and ASN501 are designated as critical to RBD-hACE2 binding.
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FIGURE 3. (A) Docking of RBD (ribbon) and peptide P18 (CPK), (B) 2D representation of RBD-peptide interactions. GLN493 and SER494 are designated as critical to RBD-hACE2 binding.



TABLE 2. Details of non-bonded interactions between the peptides and SARS-CoV-2 receptor binding domain.
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Peptide-TLR4/MD2 Docking

Selected peptides were also examined for their possible affinity against TLR4/MD2 complex. P13 exhibited 18 interactions (Figure 4), while P18 bonded inside the cavity with the support of nine interactions with the residues inside the MD2 hydrophobic cavity (Figure 5). P13 was found to be bonded with ARG90, TYR102, PHE126, and CYS133. These residues are considered critical in TLR4/MD2 binding; however, P18 showed binding to CYS133 and others inside the pocket. The predicted RDOCK energies for P13-TLR4/MD2 and P18-TLR4/MD2 complexes were −23.464 and −9.76314, respectively. Similarly, the MM/GBSA energies of P13 and P18 bound TLR4/MD2 complexes were −59.66 and −40.97 kcal/mol, respectively. The detail of receptor-ligand interactions has been given in Table 3. Among the two peptides, receptor-ligand interactions involving P13-TLR4/MD2 complex were significant, and ARG90, PHE121, LEU61, PHE126, and ILE94 contributed to the binding free energy of the complex. The free binding energies contributed by the selected peptide P13, and the receptors in P13-RBD and P13-TLR4/MD2 complexes are given in Figure 6.
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FIGURE 4. (A) Docking of TLR4 (ball and stick)/MD2 (ribbon) complex with peptide P13 (CPK), (B) 2D representation of TLR4/MD2-peptide interactions. ARG90, TYR102, PHE126, and CYS133 are designated as critical to TLR4/MD2-LPS binding.
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FIGURE 5. (A) Docking of TLR4 (ball and stick)/MD2 (ribbon) complex with peptide P18 (CPK), (B) 2D representation of TLR4/MD2-peptide interactions. CYS133 is designated as critical to TLR4/MD2-LPS binding.



TABLE 3. Details of non-bonded interactions between the peptides and TLR4/MD2 complex.
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FIGURE 6. Binding free energy contribution of (A) RBD residues and (B) P13 residues in P13-RBD complex, and (C) MD2 residues and (D) P13 residues in P13-TLR4/MD2 complex. Energies were computed from MM/GBSA analysis.




DISCUSSION

The COVID19 disease outbreak caused by SARS-CoV-2 stands for a pandemic threat to public health globally. Since this outbreak, millions of people have been infected, and many have lost their lives. Additionally, over activation of systemic immunity due to SARS-CoV-2 infection results in the cytokine storm, especially striking in severely ill patients. Further, millions of lives and livelihoods have been affected as a consequence of mandatory isolation and quarantine measures. In this way, the disease has brought significant challenges to the global health systems and economy. The prospects for the treatment of this infection lie in discovering specific agents (antivirals) that could target the inhibition of the virus and regulate the cytokine storm in the host (immunomodulators). Therefore, researchers worldwide are racing to find a possible intervention using functional foods and natural compounds as pharmaceuticals. In view of this, scores of studies have investigated the possible antiviral effects of several natural metabolites, including organic compounds and peptides, and drugs against SARS-CoV-2 protein targets (Luo et al., 2020; Vincent et al., 2020; Padhi et al., 2021; Yu et al., 2021).

Fermented soy products have been recommended as a possible therapy for SARS-CoV-2 infected patients in Japan. The recent data shows a decrease in death rates with daily intake of these products (Bayindir and Bayindir, 2020). Besides, several bioactive peptides, isolated and identified from fermented soy products, have been reported to exhibit antiviral activities against HIV, HSV, influenza virus, and human respiratory illness virus (Yamai et al., 2003; Wei et al., 2015; Peng et al., 2019). Some of these peptides have also been evaluated as effective immunomodulators (Yimit et al., 2012; Kiewiet et al., 2018). The fermentation process using dissimilar starter cultures could produce peptides of variable AAC and variable physical and chemical properties; however, bioactive aspects of these peptides need to be elucidated. In this study, the food peptides originated from the fermented soybean using different species and strains of Bacillus (B. licheniformis KN1G, B. amyloliquefaciens KN2G and two different B. subtilis KN2B and KN2M) were screened against the experimental antiviral peptide datasets for the prediction of their antiviral activity. The selected peptides were further evaluated for their binding interaction with the RBD of SARS-CoV-2 S1 glycoprotein, a conserved viral protein known to be significant in binding with ACE2 receptor and cell infection.

The strains used in the study were isolated from traditionally fermented kinema based on amylase, β-glucosidase and protease producing ability (Rai et al., 2017). Amylase and β-glucosidase are considered critical for fermentative property and enhancement of free polyphenols, respectively. Proteases were considered as specific hydrolysis of protein can lead to peptides in kinema with desired health benefits as a different starter can lead to the production of different types of peptides (Sanjukta and Rai, 2016). Therefore, isolates capable of producing kinema with controlled hydrolysis of protein without affecting the flavor and taste were selected. Sequence-based prediction of antiviral activity resulted in 44 peptides to be antiviral with a high probability. Several studies have reported the antiviral activity of fermented soybean fractions associated with oligopeptides released as a result of microbial proteolysis of soy proteins (Andres et al., 2009; Singh et al., 2017). Most of the predicted antiviral peptides were originated from β-conglycinin and proglycinin (precursor protein of glycinin). The results are supported by the fact that glycinin and β-conglycinin largely contribute to fermented soybean’s bioactive peptides (Tsuruki et al., 2003; Matemu et al., 2011). These peptides are the hydrolyzed products of soy proteins, and their production relies on the proteolytic ability of a specific starter (Verni et al., 2019). In our study, kinema produced using B. licheniformis KN1G produced the highest number of antiviral peptides suggesting the strain capable of producing peptides of antiviral significance during fermentation.

Hydrophilicity is often associated with the solubility of protein or peptides as a good solubility level prevents the peptide from aggregation, and allows the peptide to stay intact and promotes its interaction with the microbial lipid membrane (Miron et al., 2019). In this investigation, 41 out of 44 peptides were hydrophilic (as indicated by their negative GRAVY index), signifying their aqueous solubility is considerable to interact with the viral membranes. Besides, amphipathicity also determines ability of an antiviral peptide to disrupt the lipid membranes and interact with their hydrophilic-hydrophobic interface from its aqueous phase (Edwards et al., 2016). Few peptides described in this study were amphipathic having GRAVY value between −0.5 and +0.5, which could be considered as a potential ligand in penetrating the viral membrane. GRAVY index is also an indicator of hemolytic activity or cell toxicity. There are experimental evidences on highly hydrophobic peptides (GRAVY value > 1) causing hemolysis in vitro, and the same with low hydrophobicity were not reported to cause any toxic effects even at high concentrations (Yin et al., 2012). In this study, three peptides were predicted to be hydrophobic and having GRAVY index within 0.9, displaying low toxicity. Furthermore, toxicity of the peptides was validated in silico, and all were predicted to be non-toxic.

In silico docking studies have been proven to be extremely useful in facilitating the structural diversity of natural metabolites, including oligopeptides, to be exploited in a controlled manner (Pintilie and Stefaniu, 2018). DS ZDOCK program has been used for docking, an initial-stage docking program for protein-protein complexes but can also be used for protein-peptide docking. This algorithm searches for orientational space by rotating the ligand around its geometric center with keeping the receptor fixed in space (Chen et al., 2003; Kufareva et al., 2011; Ning et al., 2018; Baruah and Bose, 2020). All the 44 selected peptides were docked on the surface of SARS-CoV-2 receptor binding domain for selecting peptides with the best possible type of interactions and binding affinities with the targeted critical residues. Two peptide fragments ALPEEVIQHTFNLKSQ and DIENLIKSQ designated as P13 and P18, were shown to interact with the RBM following several interactions (covalent and non-covalent). The selected peptides were also docked against the TLR4/MD2 complex, where both of them were found to fit into the hydrophobic cavity of MD2 with the support of various non-covalent contacts.

Non-covalent forces play an essential role in pharmaceutical drug designing and lead optimization (Rahman et al., 2016). Apart from the conventional hydrogen bonds, those are believed to have a potential impact on the ligand’s binding affinity. Pi-sigma interactions (Pi-alkyl, Pi-pi, and Pi-anion) aid in charge transfer and help intercalate the ligand on the receptor binding site (Arthur and Uzairu, 2019). The strength of these forces is substantial in the P13-RBD and P13-TLR4-MD2 complexes, supported by low binding energies, including RDOCK and MM/GBSA energies. DS RDOCK was developed for protein-protein complexes and has subsequently been used for predicting protein-peptide interactions (Devarapalli et al., 2012; Karhu et al., 2015; Prabhudesai et al., 2018). DS RDOCK is based on a force field CHARMM that operates limited molecular dynamics to fine-tune receptor-ligand complexes from ZDOCK. During such refinement, van der Waals energy is first calculated for discarding the docking poses with clashes. Then, scoring of the poses is done based on de-solvation and electrostatic energies (Karhu et al., 2015).

GLN493, an amino acid on the surface of RBD is reportedly the most critical element in mediating the interaction between the SARS-CoV-2 S1 RBD and hACE2. Blocking or inhibiting this residue could be an important strategy in interrupting the virus-host receptor interaction and preventing the virus from entering the host cell (Shang et al., 2020; Wan et al., 2020). The peptide P13 displayed interaction with GLN493 with a conventional hydrogen bond that is believed to confer stability and strength to the interaction, further ascertaining its potential to prevent the virus from accessing the receptor interface and cell entry.

Human TLR4/MD2 complex recognizes the LPS released by pathogenic microbes; and its interaction with LPS activates the TLR4 to release pro-inflammatory cytokines (Song et al., 2020). In many circumstances, over activation of TLR4 and overproduction of cytokines has been observed as detrimental to health and lead to multi-organ failure (Song et al., 2020; Tang et al., 2020). However, structural changes in the TLR4/MD2 complex could halt the binding of LPS in the hydrophobic cavity and modulate the immune response in the host system. Several studies have targeted this receptor to investigate cytokine production regulation in vitro and in vivo (Zhang et al., 2016, 2019; Thomas et al., 2020). The intermolecular interaction between our peptide (P13) with the critical amino acids (PHE126, CYS133, ARG90, and TYR102) of the MD2 hydrophobic pocket could affect the TLR4/MD2-LPS binding, thereby regulating TLR4 activation and cytokine production.

The current investigation portrays the computational prediction of fermented soy-derived peptides for antiviral properties and characterization of selected antiviral peptides as inhibitors of SARS-CoV-2 S1 RBD and human TLR4/MD2 complex. The peptide sequences can be chemically synthesized and linked with in vitro studies to evaluate their toxic effects and antiviral efficacy. Furthermore, the peptide that showed good binding affinity towards the SARS-CoV-2 S1RBD and TLR4/MD2 structure complex could be useful when combined with experimental cellular and animal models to get a complete understanding of its action mechanisms related to viral inhibition and modulation of host immune responses. The findings may further lead to the development of peptide-based therapeutics upon successful laboratory and clinical examinations to overcome the present pandemic. Also, the soybean fermented using the strain B. licheniformis KN1G that produced the most number of antiviral peptides, could be used as a prophylactic measure towards treating viral infections, including COVID-19.



CONCLUSION

Soybean fermented using Bacillus spp. revealed production of specific antiviral peptides based on in silico analysis. Production of different antiviral peptides was dependent on the starter culture at species as well as strain level. Further analyses of the selected peptides using molecular docking studies demonstrated that two peptides could interact with the critical residues of SARS-CoV-2 S1 receptor binding domain and the human TLR4/MD2 complex. The findings could be used as the starting point to further investigate the in vitro and in vivo function leading to peptide-based anti-SARS-CoV-2 therapeutic development and immunomodulatory agents. Furthermore, the fermented soybean using B. licheniformis 1G with the highest number of antiviral peptides could be prophylactic against other viral infections. The present study opens an avenue for further exploring different microbial strains and protein-rich foods for the production of novel antiviral peptides for viral diseases including COVID19.
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COVID-19 has created a pandemic situation all over the world. It has spread in nearly every continent. Researchers all over the world are trying to produce an effective vaccine against this virus, however; no specific treatment for COVID-19 has been discovered -so far. The current work describes the inhibition study of the SARS-CoV-2 main proteinase or 3CL Mpro by natural and synthetic inhibitors, which include 2S albumin and flocculating protein from Moringa oleifera (M. oleifera) and Suramin. Molecular Docking study was carried out using the programs like AutoDock 4.0, HADDOCK2.4, patchdock, pardock, and firedock. The global binding energy of Suramin, 2S albumin, and flocculating proteins were −41.96, −9.12, and −14.78 kJ/mol, respectively. The docking analysis indicates that all three inhibitors bind at the junction of domains II and III. The catalytic function of 3CL Mpro is dependent on its dimeric form, and the flexibility of domain III is considered important for this dimerization. Our study showed that all three inhibitors reduce this flexibility and restrict their motion. The decrease in flexibility of domain III was further confirmed by analysis coming from Molecular dynamic simulation. The analysis results indicate that the temperature B-factor of the enzyme decreases tremendously when the inhibitors bind to it. This study will further explore the possibility of producing an effective treatment against COVID-19.
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INTRODUCTION

A new virus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified in patients in China in December 2019 (Kotta et al., 2020). It spread throughout the country and world quickly and infected millions of people all over the world (Kneller et al., 2020). Till now (November 2020), 55.6 million people have been detected with this virus of which 35.86 million have been recovered and 1.34 million have died (Johns Hopkins University). The disease produced by SARS-CoV-2 is termed COVID-19 (Hussin et al., 2020; Rothan et al., 2020), which is a short name given to this disease by the World Health Organization (WHO, 2020).

The coronavirus spread through the air and physical contact among people (Graham Carlos et al., 2020; Helmy et al., 2020; Rothan and Byrareddy, 2020; Zhao et al., 2020). The usual symptoms of COVID-19 include mild fever, cough, lethargy, dyspnea (difficulties in breathing), and anosmia (loss of smell) and taste (ageusia) (Kotta et al., 2020). These symptoms usually appear after 5 days of infection by the virus (Li et al., 2020). Interestingly some of these symptoms like mild fever, cough, lethargy, and dyspnea are common among both betacoronavirus and COVID-19 (Huang C. et al., 2020); however, COVID-19 displays some distinctive clinical symptoms like sore throat, a runny nose (rhinorrhea), and sneezing (sternutation) (Lee et al., 2003; Assiri et al., 2013).

One way to prevent the COVID-19 from spreading among people is to keep a suitable distance of 1.5–2 meter as recommended by WHO (Carlos et al., 2020; Kotta et al., 2020), although a recent study has suggested that the virus can travel more than 2 m in the air (Setti et al., 2020; van Doremalen et al., 2020). The lockdown option is used in all countries of the world to achieve this social distancing and it has worked tremendously like in China (Carlos et al., 2020; Wu et al., 2020).

Currently, there is no specific treatment for COVID-19 (Barati et al., 2020), though some antiviral drugs like redeliver, oseltamivir, lopinavir/ritonavir, ganciclovir chloroquine, and hydroxychloroquine are used that can produce some relief to the patients (Costanzo et al., 2020; Kumar et al., 2020; Ledford, 2020).

The genomics and proteomics of SARS-COV2 have been described in the literature (Vandelli et al., 2020). The structure of this new virus is composed of single-stranded ribonucleic acid (RNA) and displays high sequence identity to other beta-coronavirus such as SARS-CoV and MERS-CoV (Middle East respiratory syndrome coronavirus) (Cascella et al., 2020). These viruses use a specific protein named spike (S) protein to adhere specifically to the angiotensin-converting enzyme (ACE2) on the host cell (Park et al., 2019; Turoòová et al., 2020). Besides spike glycol protein, the SARS-COV2 contains proteins like 3CL Mpro [also called the main proteinase (Mpro)] and RNA-dependent RNA polymerase (RdRp) (Jeong et al., 2020).

The life cycle of SARS-COV2 begins when the virus infects the host cell through the interaction of S protein with the angiotensin I-converting enzyme-2 (ACE2) (V’kovski et al., 2020). The S protein has two subunits called S1 and S2 (Huang Y. et al., 2020), S1 it uses to attach to the N-terminal of ACE2, and the S2 subunit assists in the binding of the protein to the host membrane. This results in the binding of the virus to the membrane of the host cell. Consequently, the disruption of the membrane of the host cell occurs and endocytosis takes place (V’kovski et al., 2020). The furin proteinase and transmembrane serine proteinase 2 of the host cells cause the cleavage of S protein at the S1/S2 boundary position (V’kovski et al., 2020), which allow the entry of transmembrane serine proteinase 2-dependent entrance to the host cells (Belouzard et al., 2009; Hoffmann et al., 2020; Walls et al., 2020). The polycistronic RNA of the virus is released into the cytoplasm. The ribosomal-1 frameshifts then translates the replicase gene either into replicase polyprotein pp1a or into pp1ab (∼750 kDa, nsp1-16). This process occurs near the 3′-end of ORF 1a. This autoproteolytic cleavage results into 16 non-structural proteins (NS) by two ORF1a encoded proteinase domains (Brierley et al., 1989; Herold et al., 1993; Thiel et al., 2001, 2003; Harcourt et al., 2004; Prentice et al., 2004; Ziebuhr, 2004). The two other proteinases assisting in these proteolytic cleavages include the main proteinase Mpro (3CL Mpro) and papain-like proteinase (PLpro) (Hegyi and Ziebuhr, 2002). The polyprotein pp1ab is cleaved by Mpro (Ziebuhr et al., 2000; Hegyi and Ziebuhr, 2002). The replication (production of the entire genome) or transcription (synthesis of intermittent mRNAs) is intervened by cytoplasmic enzyme complex termed replicase-transcriptase complex (Gorbalenya et al., 2006; Pasternak et al., 2006; Sawicki et al., 2007). The key proteins (structural and accessory) are translated from these transcripts; consequently the viruses are released into the cell (V’kovski et al., 2020).

The two important proteins in the life cycle of SARS-CoV-2, are the S protein and 3CL Mpro (Kneller et al., 2020; V’kovski et al., 2020). As discussed earlier, the S protein help the virus to binds to the host cell and to facilitate its entry to the host cell (Duan et al., 2020), while 3CL Mpro or the main proteinase assists in the processing of the polyproteins (Kneller et al., 2020). Owing to the main roles of these two proteins, researchers from all over the world are targeting these proteins to find out a new treatment for COVID-19 (Kotta et al., 2020). Taking this into consideration, the current work has been designed to test the efficacy of natural and synthetic inhibitors (2S albumin and flocculating proteins of Moringa oleifera and Suramin), against 3CL Mpro and discover a new treatment for this pandemic disease.



MATERIALS AND METHODS


Atomic Structure of SARS-CoV-2 3CL Mpro and Ligands

The atomic coordinates of SARS-CoV-2 3CL Mpro, Suramin, and 2S albumin were retrieved from the Protein Data Bank (PDB), with PDB IDs: 6WQF (Kneller et al., 2020), 6CE2 (SVR) (Salvador et al., 2018), and 5DOM (Ullah et al., 2015). The structure of flocculating protein was obtained as a model using the Swiss Model (Waterhouse et al., 2018). The three-dimensional atomic structure of 2S albumin from M. oleifera was used as a template (74% sequence identity).



Protein and Ligand Preparation for Docking

The ligands and crystallographic water molecules were removed from the protein and the H-atoms were added. The ionization states of the atoms were kept in the ligand as mentioned in the database. The optimization of the ligand geometry was done using the AM1 method (Dewar et al., 1985). The partial charges of the ligands were calculated by AM1-BCC method (Jakalian et al., 2002). The atoms type, bond angle, dihedral, and van der Waals parameters for the ligands were assigned using the general AMBER force field (GAFF) method (Wang et al., 2004).



Molecular Docking

The programs used for molecular docking include AutoDock 4.0 (Morris et al., 2009), pardock (Gupta et al., 2007), patchdock (Schneidman-Duhovny et al., 2005), HADDOCK2.4 (van Zundert et al., 2016), and the refinement of the docked ligands with protein was carried out using firedock (Mashiach et al., 2008). The binding affinity of the docked ligands were find out using Kdeep web server (Jiménez et al., 2018).



Protein and Ligands Binding Interactions

The interactions (hydrogen bonds and hydrophobic contacts) between 3CL Mpro was determined using LigPlot (Wallace et al., 1995) from PDBsum web server (Laskowski et al., 2018).



Molecular Dynamic Simulation

The MDMoby and MDweb programs (Hospital et al., 2012), GROMACS (Berendsen et al., 1995), AMBER16 (Case et al., 2005; Maier et al., 2015) were used for Molecular Dynamic Simulation as described previously (Ullah et al., 2019; Ullah and Masood, 2020). The all–atom–protein interaction was found out using FF14SB force field (Darden et al., 1993). The online server H + + (Anandakrishnan et al., 2012) was used for the determination of the protonation states of the amino acid side chain at pH 7.0. The neutralization of the system was carried out using Cl-. The minimization of the simulation system was carried out in order to remove the clashes in the atomic position, structural errors (bond length and bond angle). This minimization was done by executing a 500-step descent (SD) minimization, accompanied by a 2 ns position restricted MD simulation with NVT and NPT ensemble separately (Zhang et al., 2013). Subsequently, it was put in a rectangular box of TIP3P water, and extended to a minimum of 20 Å from any protein atom. The system was heated gradually from 0 to 350 K for 250 ps with a constant atom number and volume. The protein was kept with a constant force of 10 kcal/mol.Å2. A constant atom number, pressure, and temperature (NPT) ensemble was conducted for 500 ps to attain the equilibration step. The simulation was executed for 100 ns with a 4-fs time step. The pressure was kept at 1 atm using Nose ì-Hoover Langevin Piston algorithm (Tu et al., 1995) and the temperature was kept at 300 K, using Langevin coupling (Washio et al., 2018). The long-range electrostatic interactions were calculated using the particle-mesh Ewald (PME) method (Darden et al., 1993), by retaining the cutoff distance of Van der Waals interactions at 10 Å.



Surface Charge Determination and Visualization

The protein and ligands were prepared for surface charge distribution using PDB2PQR (Dolinsky et al., 2007) and the charges were visualized using ABS Tools from PyMOL (DeLano, 2000).



RESULTS AND DISCUSSION


The Overall Structure of SARS-CoV-2 3CL Mpro

The three-dimensional structure of SARS-CoV-2 3CL Mpro has been described by Kneller et al. (2020) with PDB ID: 6M03. The structure is composed of 306 amino acid residues and these amino acid residues fold into distinct three domains, named domains I, II, and III (Figure 1A). Domain I is composed of amino acid residues, from, Phy8-Tyr101, and has four α-helices and seven beta-strands. Domain II (amino acid residues, Lys102-Pro184) comprises seven beta strands only, whereas domain III (amino acid residues Thr201-Val303) contains five alpha-helices only. The enzyme active site is situated at the junction of domains I and II and comprises the amino acid residues His41 and Cys145 (Figure 1B), which make a dyad (Cys145-His41) instead of the triad (His47-Asp102-Ser195) as in the case of classical serine proteinases (Ullah et al., 2018). A catalytic water molecule is also bound to His41 and helps in the catalytic process of this enzyme (Figure 1B). The enzyme is active in the dimeric state and the flexibility of domain III is required for its dimerization (Kneller et al., 2020).
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FIGURE 1. (A) Overall three-dimensional structure of SARS-CoV-2 3CL Mpro. The domains I, II, and III are colored in blue, green, and red, respectively. (B) Active site amino acid residues of SARS-CoV-2 3CL Mpro. The amino acid residues are shown as balls and sticks, while the catalytic water as red sphere.




Interaction Between SARS-CoV-2 3CL Mpro and Suramin

The binding energy calculated for interaction between SARS-CoV-2 3CL Mpro and Suramin was ∼−42 kcal/mol (Table 1). All the other form of bond energies are listed in Tables 1, 2. Suramin binding site is between the two domains (Domains II and III) of SARS-CoV-2 3CL Mpro (Figures 2A–C). The amino acid residues of SARS-CoV-2 3CL Mpro that interact with Suramin include Lys102, Pro108, Gln110, Asp155, Glu240, and His246 (Figures 1D,E). The Kdeep results indicate that both equilibrium dissociation constant (pKd) and Gibb’s free energy (ΔG) are large (Table 3), which further confirmed the binding between SARS-CoV-2 3CL Mpro and the three ligands (Suramin, 2S albumin and Flocculating protein). The LigPlot analysis indicates a total of seven hydrogen bonds and 263 non-bonded or hydrophobic interactions between SARS-CoV-2 3CL Mpro and Suramin (Supplementary Figure 3 and Supplementary Table 1).


TABLE 1. Output data from FireDock server.
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TABLE 2. HADDOCK score and various form of bond energies for docking among SARS-CoV-2 3CL Mpro, Suramin, 2S albumin and flocculating protein.
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FIGURE 2. Interaction between SARS-CoV-2 3CL Mpro and Suramin: (A) Structure of SARS-CoV-2 3CL Mpro and Suramin (B) SARS-CoV-2 3CL Mpro and Suramin approaching each other (C) SARS-CoV-2 3CL Mpro, Suramin complex (D) Suramin (shown as yellow sticks) residing in the cleft of SARS-CoV-2 3CL Mpro between domains II and III (E) Amino acid residues (shown as green sticks) of SARS-CoV-2 3CL Mpro interacting with Suramin (yellow sticks).



TABLE 3. Binding affinity results from KDEEP: M.wt., Molecular weight; pKd, equilibrium dissociation constant (pKd, -log (Kd); ΔG, Gibbs free energy.

[image: Table 3]Suramin is a drug that is used to treat African sleeping sickness and river blindness (Lima et al., 2009). Suramin has been shown to inhibit Human α-thrombin (Lima et al., 2009), snake venom phospholipases A2 (Salvador et al., 2018), snake venom serine proteinases (Ullah et al., 2018), severe Fever with thrombocytopenia syndrome virus nucleocapsid protein (Jiao et al., 2013), murine Norovirus RNA-dependent RNA polymerase (Mastrangelo et al., 2012), and Leishmania mexicana pyruvate kinase (Morgan et al., 2011). In most of these cases, the Suramin binds toward the C-terminal of the proteins and restrict the motion of the C-terminal (Lima et al., 2009; Ullah et al., 2018). In the current study, Suramin binds toward the N-terminal of SARS-CoV-2 3CL Mpro (Figures 2A–E).



Interaction Between SARS-CoV-2 3CL Mpro, 2S Albumin and Flocculating Protein

The binding energies for SARS-CoV-2 3CL Mpro, 2S albumin and flocculating protein were ∼−9.12 and ∼−15 kJ/mol, respectively (Table 1). The other form of bond energies come from docking as indicated in Tables 1, 2. The amino acid residues involved in these interactions, include S139, T139, G302, Q299 (SARS-CoV-2 3CL Mpro), R143, Q97 (2S albumin) and Q15, and Q38 (Flocculating protein). The interactions between SARS-CoV-2 3CL Mpro, 2S albumin, and flocculating protein are largely electrostatic (Figures 3A–E and 4A–E). In both cases, the ligands binding site is between the two domains (Domains II and III) of SARS-CoV-2 3CL Mpro. The LigPlot analysis shows a total of three hydrogen bonds between SARS-CoV-2 3CL Mpro and both 2S albumin and flocculation protein, while the number of hydrophobic interactions were 130 and 152 for 2S albumin and flocculating protein, respectively (Supplementary Figures 4,5).


[image: image]

FIGURE 3. Interaction between SARS-CoV-2 3CL Mpro and 2S albumin: (A) Surface charge representation of SARS-CoV-2 3CL Mpro and 2S albumin (B) SARS-CoV-2 3CL Mpro and 2S albumin approaching each other (C) SARS-CoV-2 3CL Mpro, 2S albumin complex (D) 2S albumin (shown as blue surface) residing in the cleft of SARS-CoV-2 3CL Mpro between domains II and III (red colored) (E) 2S albumin (shown as green cartoon) interacting with SARS-CoV-2 3CL Mpro (shown as white surface).
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FIGURE 4. Interaction between SARS-CoV-2 3CL Mpro and flocculating protein: (A) Surface charge representation of SARS-CoV-2 3CL Mpro and flocculating protein (B) SARS-CoV-2 3CL Mpro and flocculating protein approaching each other (C) SARS-CoV-2 3CL Mpro, flocculating protein complex (D) flocculating protein (shown as blue surface) residing in the cleft of SARS-CoV-2 3CL Mpro between domains II and III (red colored) (E) flocculating protein (shown as green cartoon) interacting with SARS-CoV-2 3CL Mpro (shown as white surface).




Molecular Dynamic Simulation Analysis for SARS-CoV-2 3CL Mpro Alone and With the Ligands

The MD simulation analysis indicates that the flexibility of SARS-CoV-2 3CL Mpro decreases tremendously when the ligands bind to it (Supplementary Figure 1). For Suramin as an inhibitor, the fluctuation increases a little bit (temperature B-factor increases from 14 to 16) (Supplementary Figure 1 and Figures 2A–D), while in the case of 2S albumin and flocculating proteins the fluctuation decreases (temperature B-factor decreases from 12 to 10, respectively (Supplementary Figure 1, Figures 3A–D and 4A–D). The RMSD vs. time graph indicates that the interaction between SARS-CoV-2 3CL Mpro and the three ligands was stable throughout the simulation process (Supplementary Figure 6). Suramin can make 1–5 hydrogen bonds, while both 2S albumin and flocculating protein can make 2–5 hydrogen bonds according to 100 ns MD simulation analysis (Supplementary Figure 7).

The flexibility analysis from PyMOL also indicates that all the ligands decrease the flexibility of SARS-CoV-2 3CL Mpro upon binding (Supplementary Figures 2A–D).



Inhibition Study of SARS-COV-2 3CL Mpro by Other Researchers

Teli et al. (2021), have screened ten compounds namely, Procyanidin A3, Rutin, Solanine, Procyanidin A4, Procyanidin B4, Hypericin, Quercetagetin, Procyanidin, and Astragalin for inhibition of SARS-COV-2 3CL Mpro. In that study they have shown that most of these compounds binds in the active site cavity of SARS-COV-2 3CL Mpro (Teli et al., 2021). Chourasia et al. (2020) have used a potential peptide (with amino acid sequence, KFVPKQPNMIL) from soy cheese for effective Inhibition of SARS-CoV-2 Main Protease and S1 Glycoprotein (Chourasia et al., 2020). This peptide binds specifically to the amino acid residues that are important for the host cell entry and multiplication (3CLpro) of SARS-CoV-2. Abdusalam and Murugaiyah (2020) have used ZINC database to identify zinc containing compounds as inhibitors of SARS-COV-2 3CL Mpro, and have encountered four active zinc compounds (ZINC32960814, ZINC12006217, ZINC03231196, and ZINC33173588) which shows high binding affinity for 3CLpro pocket (Abdusalam and Murugaiyah, 2020). Vincent et al. (2020) have used Compounds From Kabasura Kudineer on SARS-CoV-2 3CLpro and have shown that Acetoside, Luteolin 7, rutinoside, rutin, Chebulagic acid, Syrigaresinol, Acanthoside, Violanthin, Andrographidine C, myricetin, Gingerenone -A, Tinosporinone, Geraniol, Nootkatone, Asarianin, and Gamma sitosterol are the natural compounds in Kabasura Kudineer extracts, which can used as effective inhibitors against SARS-CoV-2 3CLpro (Vincent et al., 2020).



CONCLUSION


• The inhibition of 3CL Mpro by natural (2S albumin and flocculating protein from M. oleifera) and synthetic inhibitor (Suramin) was demonstrated in this study.

• The interaction between 3CL Mpro and the inhibitors are largely through electrostatic force of attraction and with the interactions of amino acid residues from both sides.

• All the three inhibitors bind between domain II and III (3CL Mpro amino acid residues, Lys102, Pro108, Gln110, Asp155, Glu240, and His246, with Suramin and S139, T139, G302, Q299 with 2S albumin and flocculating protein. These interactions restrict the moment in domain III, which is important for dimerization and further for the function of SARS-COV2 3CL Mpro.

• Here we proposed that these inhibitors will inhibit 3CL Mpro by preventing this enzyme from dimerization.

• The current study will lead to the production of a new vaccine against COVID-19.
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Supplementary Figure 1 | Molecular dynamic simulation of SARS-CoV-2 3CL Mpro and bound ligands. SARS-CoV-2 3CL Mpro, (A) RMSD values per residue (B) Trajectory RMSD (C) Radius of Gyration (D) B-factor per residue. SARS-CoV-2 3CL Mpro in the presence of Suramin, (A) RMSD values per residue (B) Trajectory RMSD (C) Radius of Gyration (D) B-factor per residue. SARS-CoV-2 3CL Mpro in the presence of 2S albumin, (A) RMSD values per residue (B) Trajectory RMSD (C) Radius of Gyration (D) B-factor per residue. SARS-CoV-2 3CL Mpro in the presence of flocculating, (A) RMSD values per residue (B) Trajectory RMSD (C) Radius of Gyration (D) B-factor per residue.

Supplementary Figure 2 | Temperature B-factor of SARS-CoV-2 3CL Mpro and bound ligands.(A) SARS-CoV-2 3CL Mpro alone (B) SARS-CoV-2 3CL Mpro with Suramin (C) SARS-CoV-2 3CL Mpro with 2S albumin (D) SARS-CoV-2 3CL Mpro with flocculating protein.

Supplementary Video 1 | Moments in the domains of SARS-CoV-2 3CL Mpro.
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As of September 19, 2020, about 30 million people have been infected with the novel corona virus disease 2019 (COVID-19) globally, and the numbers are increasing at an alarming rate. The disease has a tremendous impact on every aspect of life, but one of the biggest, related to human health and medical sciences, is its effect on cancer. Nearly 2% of the total COVID-19 patients prior to May 2020 had cancer, and the statistics are quite frightening as the patient can be referred to as “doubly unfortunate” to suffer from cancer with the added misery of infection with COVID-19. Data regarding the present situation are scarce, so this review will focus on the deadly duo of COVID-19 and cancer. The focus is on molecular links between COVID-19 and cancer as inflammation, immunity, and the role of angiotensin converting enzyme 2 (ACE2). Complications may arise or severity may increase in cancer patients due to restrictions imposed by respective authorities as an effort to control COVID-19. The impact may vary from patient to patient and factors may include a delay in diagnosis, difficulty managing both cancer therapy and COVID-19 at same time, troubles in routine monitoring of cancer patients, and delays in urgent surgical procedures and patient care. The effect of anti-cancer agents on the condition of cancer patients suffering from COVID-19 and whether these anti-cancer agents can be repurposed for effective COVID-19 treatment are discussed. The review will be helpful in the management of deadly duo of COVID-19 and cancer.
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INTRODUCTION

Corona virus disease 2019 (COVID-19) was declared as a pandemic by the World Health Organization by March 2020 when it had affected about 4 million people worldwide and had caused deaths of about 16000 people approximately in 195 countries worldwide (Tay et al., 2020; World Health Organization, 2020 – WHO Director-General’s opening remarks at the media briefing on COVID-19 – March 11, 2020). The pandemic has affected nearly 105 million people as of February 8, 2021, and the cases are still increasing at an alarming rate globally (World Health Organization., 2021 – Coronavirus disease [COVID-19] pandemic 2021). The main reason for the outbreak is the ability of the virus to transmit from one individual to other through air. There is maximum possibility of transmission from one person to another or from one person to 1000 individuals or more, i.e., super-spreading by a super-spreader which makes this COVID-19 extremely deadly (Cave, 2020). Adversity created by the COVID-19 pandemic is humongous and affects each and every aspect of life. The complexity of the COVID-19 pandemic is increasing and the main reason behind this is the current state of people worldwide, i.e., lack of specific immunity to fight against SARS-CoV-2 (Tian et al., 2020).

The disease is of viral origin and the causative agent is the deadly virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This virus belongs to a family of coronaviruses which has been affecting humans as well as animals. Coronaviruses in humans infect the upper respiratory tract as well as the lower respiratory tract. The viruses affecting the lower respiratory tract are severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and the SARS-CoV-2. The SARS-CoV-2 causing the pandemic in humans has 79% similar genes as in bats and pangolins. The SARS-CoV-2 being a betacoronavirus genus has the ability to cause pneumonia in humans by multiplying in the lower respiratory tract (Peng et al., 2020). This infection to the respiratory system and pneumonia may be life threatening to the individual if not diagnosed and treated in time (Peng et al., 2020; Tay et al., 2020). The risk of infection is high in cancer patients, because cancer patients have decreased immunity against SARS-CoV-2 (Tian et al., 2020).

Cancer is a disease or a group of diseases which is characterized by an abnormal growth of cells which often lead to death. The reason for being prone to cancer can be both genetic and due to lifestyle. Almost every organ of the body is prone to cancer growth; however, there is difference between occurrences of organ specific cancers. As per Globocan 2018, around 18.1 million people were suffering from cancer and 9.5 million people died due to cancer (All Cancers, 2020; NIH National Cancer Institute, 2020). Likewise, whether SARS-CoV-2 can cause cancer is not known yet, but cancer patients and cancer survivors are reported to have two to three times more chances of severe events, suffering, and death along with increased risk to get infected with COVID-19 (Tian et al., 2020). So it is the need of the hour to study the various aspects of “doubly unfortunate” patient suffering from both COVID-19 and cancer. The present review discuses briefly the risk and molecular aspects of the link between cancer and COVID-19, impact on the diagnosis, treatment, and research along with special attention to the repurposing of anticancer drugs in the management of the deadly duo of COVID-19 and cancer.



COVID-19 IN CANCER PATIENTS


Prevalence

According to the National Cancer Institute, viruses and bacteria have potential roles in the development of cancer. Infections by virus or bacteria are the cause of nearly 1 in 4 case of cancer in developing nations, and nearly 1 in 10 cases of cancer in developed nations (National Cancer Institute (2020) Cancer Prevention Overview (PDQ®)–Patient Version).

Respiratory viruses pose more risk to complications in cancer patients. Previously, in 2012 cancer patients had higher death rate after infection with MERS-CoV. In 2015, during the MERS epidemic, in cancer patients the mortality rate was as high as 84% when compared to patients without cancer (Jazieh et al., 2020). Accordingly, the severity of COVID-19 is 76% higher in cancer patients as compared to non-cancer patients (Ofori-Asenso et al., 2020). One study showed that nearly 2% of the total COVID-19 patients prior to May 2020 had cancer, and these statistics are very frightening (Desai et al., 2020). Along with cancer patients being at high risk for COVID-19, there is an increase in the risk of severe conditions, i.e., use of intensive care unit (ICU) and invasive ventilation when compared to non-cancer COVID-19. Data regarding the risk of malignancies and progression are not available yet, nor are data regarding the survival chances of cancer patients with COVID-19 (Tian et al., 2020).



Risk of Severity

Prognosis or signs and symptoms of COVID-19 in cancer patients are increasing at an alarming rate when compared with non-cancer patients, the difference is of major risk factors that include immunopathology, age, stage of cancer, and inflammation (Xia et al., 2020). The possible cause of this high risk to cancer patients with COVID-19 is surely the immunocompromised state of the patient. 0.79% or 12 patients tested positive for COVID-19 out of 1524 cancer patients admitted in the Department of Radiotherapy and Medical Oncology, Zhonghan Hospital of Wuhan University. At the time of diagnosis, from a total of 1524 cancer patients, 41.7% of patients were undergoing chemotherapy or radiotherapy and immunosuppression was cited as a cause for increased risk of COVID-19 by the authors (Yu et al., 2020). A study conducted in France at the Gustave Roussy Cancer Centre from March 14 to April 15, 2020 reported that the COVID-19 infection rate in cancer patients was 2.1% when compared to the national rate of 0.25% (Barlesi et al., 2020). As a part of their anti-cancer therapy, cancer patients are advised about the use of immunosuppressive agents as well as immune stimulatory agents respective to the cancer patient. The use of these immunosuppressive and immune stimulatory agents leads to an immunosuppressive state of the body in cancer patients (Kalathil and Thanavala, 2016; Tian et al., 2020).

The risk of morbidity was found to be higher in cancer patients after infection with COVID-19; 39%, or seven cancer patients out of 18, suffered from conditions such as admission to the intensive care units or leading to death 8% or 124 non-cancer patients out of 1572 non-cancer patients experiencing intensive care unit admissions or death during the same time. Also, the risk was at 75% in cancer patients who had undergone surgery in the last 30 days and 43% in cancer patients who had not undergone surgery in the last 30 days. The authors explained the reasons of age, smoking, and other existing conditions as risk factors for COVID-19 related risk (Liang et al., 2020). Hematological patients in China and cancer patients in Northern Italy demonstrated similar risks in cancer and COVID-19 (He et al., 2020; Stroppa et al., 2020). A total of 128 hospitalized cancer patients in Wuhan had more susceptibility to COVID-19 and 10% of hematological cancer patients contracted COVID-19. These patients experienced more life-threatening complications as compared to non-cancerous COVID-19 patients (He et al., 2020). In Northern Italy, the study conducted on 25 patients with cancer and COVID-19 showed a high mortality rate of about 36% compared to 16.13% in non-cancerous COVID-19 patients. Lung cancer was prominent among cancer patients and more severe conditions like shortness of breath, bilateral interstitial abnormalities (ground-glass opacities), shadowing, and crazy paving observed in chest x-ray and chest CT scan were experienced by lung cancer patients, the factors of risk were justified as age, sex (females were at higher risk than males), and the antiviral therapy used for management of COVID-19. Interestingly, patients receiving pembrolizumab as immunotherapy did not experience life-threatening conditions (Stroppa et al., 2020). A study showed that the risk of severe outcomes like acute respiratory distress syndrome (ARDS), admissions to ICU, pulmonary embolism, and septic shock was higher in cancer patients with COVID-19 infection, the study had 536 non-cancer patients and 105 cancer patients and interestingly the frequency of severe outcomes was relatively high in cancer patients with hematological cancers, lung cancers or stage IV metastatic cancers (Dai et al., 2020).

The surge in innate immunity cells, mainly cytokines which cause inflammation and infiltration of neutrophils and lymphocytes, which is also termed as a ‘cytokine storm,’ is responsible for the severe conditions experienced by cancer patients due to COVID-19 infection. This cytokine storm also causes bronchoalveolar fluid accumulation in the lungs and causes injury to the lungs. This results in the reduced functional capacity of the lungs. Thus cytokine storm is also a reason for more fatalities in the deadly duo of COVID-19 and cancer. In both cancer and COVID-19, inflammation is experienced by patients. The inflammation is systemic and thus further increases the suffering of cancer patients (Tian et al., 2020).

Hematological cancer, lung cancer, and breast cancer patients have more vulnerability toward getting infected with Sars-CoV-2 (Derosa et al., 2020; Rugge et al., 2020). The incidence of mortality in lung cancer patients infected with SARS-CoV-2 was reported to be up by four times. Breast and hematological cancer patients had to face more hospitalization and death (Rugge et al., 2020). In thoracic cancer patients with COVID-19, a history of smoking, associated comorbidities, and ongoing chemotherapy were all recognized for increased death risk (Garassino et al., 2020). Pediatric cancer patients had less susceptibility toward infection with SARS-CoV-2, contrasting to 14.7% infection rate in asymptomatic caregivers who suffered from COVID-19, only 2.5% of pediatric cancer patients suffered from COVID-19 (Albiges et al., 2020; Boulad et al., 2020).

In some cancers, the patient’s age can be an important risk factor which makes the cancer patients prone to COVID-19 infection. The age factor decreases the cancer patient’s potential to acquire natural immunity against the COVID-19 and worsens the suffering of the cancer patient. The stage of cancer is also an important risk factor in cancer patients, and some patients may be going through radiotherapy or some cancer patients may have undergone surgical procedures (Tian et al., 2020; Xia et al., 2020).




MOLECULAR LINK BETWEEN CANCER AND COVID-19

Chronology to be understood in COVID-19 is that the virus enters through the respiratory tract in the human body and enters the lungs. The virus enters through air droplets and binds with the specific cells called Type 2 pneumocytes having angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2) (Peng et al., 2020). Spike proteins present on the virus help in binding with the ACE2. After binding multiplication of the viral DNA takes place, thus there is an increase in the viral load in the body. The virus exits the cells through exocytosis, enters the blood stream, and spreads within the body. Simultaneously the host or body reacts to the entry of the virus by increasing the secretion of pro-inflammatory cytokines and chemokines, along with the rise in macrophage and alveolar secretion and initiation of pyroptosis (M. Yang, 2020). At this stage, symptoms such as fever and headache are experienced by the host. Thus, huge macrophage infiltration and cytokine infiltration affects the lung’s capacity to perform its function, and the alveolar capacity is reduced due to the accumulation of bronchoalveolar lavage fluid. The symptoms experienced at this stage are difficulty in breathing, hypoxemia, and pneumonia. Further, due to the systemic spread of the virus, the risk of secondary infection is increased, which can be to the central nervous system, renal system, digestive system, and cardiac system. Terminally acute respiratory distress syndrome (ARDS) is experienced by the host which may be accompanied by multiple organ failure (Tay et al., 2020).

The series of events taking place in COVID-19 helps us understand the molecular mechanism of COVID-19. The coronavirus is a positive sense single-stranded RNA genome with a molecular weight ranging from 26-32 kb. Of the previously identified α, β, γ, and δ genera of coronaviruses, the novel SARS-CoV-2 belongs to β-CoV strain (Li et al., 2020). There are 10 open reading frames (ORFs) in SARS-CoV-2, and viral RNA is translated into large polyproteins; these large polyproteins comprise two-thirds of the ORFs. In viral RNA, these large proteins are present in the rough endoplasmic reticulum, and these are the places where both the transcription and replication of the virus occur. The remaining one-third of ORFs converts into four main structural proteins, spike (S), envelope (E), nucleocapsid (N), and the membrane proteins (M) of the virus (Li et al., 2020). The spike proteins (S) are responsible for the binding and entry of the virus in the host. As discussed above, after the entry of the virus into the host or human, three mechanisms occur to bind with the angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2) receptors and further trigger in the replication of the virus in the host, followed by the initiation of a cytokine storm and hyperactivation of coagulopathy. The virus binds independently with ACE2 and TMPRSS2, the ACE2 binding facilitates the uptake of virus by host cells and the TMPRSS2-binding-activated glycoproteins facilitate the entry of virus into host cells (Li et al., 2020; van Dam et al., 2020).

Interestingly, the series of above molecular events also occurs in cancer patients, such as a cytokine storm is observed in cancer, ACE2 and TMPRSS2 expression is found higher in cancer patients, and coagulopathy is a potential risk observed in a number of cancer patients. Thus, these events establish a molecular link between the deadly duo of COVID-19 and cancer (Figure 1).
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FIGURE 1. Link between cancer and COVID-19. On the left, cancer progression is illustrated. Cancer is a disease caused by exposure to carcinogens, factors such as smoking, exposure to radiation, UV rays, working environment, and heredity can increase the risk of cancer. Any part of the body can be mutated resulting in cancer. After mutation there is uncontrolled growth of the mutated cells leading to the formation of a tumor, the tumor is non-communicable. Systemic inflammation, loss of function of the respective organ or part of body, coagulation, and metabolic abnormalities are the primary effects of cancer. As cancer progresses to advanced stages, metastasis along with increased susceptibility to secondary infections is observed leading to multiple organ failure and ultimately death. On the right, COVID-19 progression is illustrated. The source of COVID-19, a viral infection, is SARS-CoV-2, risk factors include immune status, age, and direct contact with the virus or infected person. The virus enters through the respiratory system into the human body and gets entry into the lung cells, where the replication of the virus occurs. COVID-19 is highly communicable and leads to fever, headache, loss of smell and taste, along with systemic inflammation and difficulty in breathing. Secondary infection to other organs is observed if the infection is chronic leading to lung failure, coagulation, and acute respiratory distress syndrome. Multiple organ failure leading ultimately to death is observed in COVID-19.



Cytokines

Immunosuppressive cytokines are increased in cancer, and these are responsible for the immunity state of the body. There is a gradual increase in cytokines after COVID-19 infection. In asymptomatic patients, cytokine-mediated immunity combatsCOVID-19 before infection enters in advanced stage and the virus is neutralized. In some patients, viral infection by SARS-CoV-2 can trigger a cytokine storm in many symptomatic patients and leads to hyper inflammation or hyperinflammatory syndrome, along with hypercytokinemia, multi-organ failure, and death in some cases. In the lungs, the cytokine storm leads to bronchoalveolar fluid accumulation, inflammatory cell infiltration, squamous metaplasia of epithelial cells and intra-alveolar hemorrhage, vascular congestion especially in type 2 pneumocytes, and multinucleated syncytial cells (Ritchie and Singanayagam, 2020; van Dam et al., 2020).

The cytokine storm is the main cause of acute respiratory distress syndrome (ARDS) and death due to COVID-19. Neutrophilia, i.e., excessive accumulation of mucus in the lungs, is responsible for decreased functioning and capacity of the lungs. Lung dysfunction, pulmonary fibrosis due to surge in epithelial cell proliferation, and tissue remodeling impairment are observed due to infiltration of pro-inflammatory cytokines. Pro-inflammatory cytokines and chemokines are increased in COVID-19, one of the reasons being the activation of the NF-κB and STAT3 pathways, leading to the activation of IL-6, which results in the release of pro-inflammatory cytokines and chemokines, activated T-cells, and activated B-cells. Neutrophil extracellular traps (NETs) are observed in excess due to neutrophilia and lead to thrombosis in arteries and veins. This state is observed in COVID-19 patients with severe infection (Thålin et al., 2019; van Dam et al., 2020).

Inflammation drives the rate of cancer progression and metastasis. Stage and type of cancer are important factors to consider, and the rate at which the cytokine storm occurs after COVID-19 infection defines the severity of infection, suffering, and treatment strategy for the deadly duo of cancer and COVID-19. Cytokine storms observed due to the release of excessive quantity of IL-6, IL-12, IL-18, TNF-α, CCl2, and other cytokines and chemokines prove to be major contributors for ARDS (Huang et al., 2020; Li et al., 2020). The host responds to the brutal strike exhibited by the cytokine storm in the form of hyperactive immune response and thus ARDS. The condition can lead to the failure of multiple organs or in extreme cases lead to fatality in cancer patients with COVID-19 infection (Li et al., 2020).

Clinical investigation of IL-6 and IL-10 can be helpful in predicting the susceptibility of COVID-19 in cancer patients (Ritchie and Singanayagam, 2020; van Dam et al., 2020). Based on the above data the chemokines and cytokines can serve as diagnostic markers for the estimation of the severity of the condition and management of the deadly duo of COVID-19 and cancer.



Angiotensin Converting Enzyme 2 (ACE2)

The SARS-CoV-2 gains entry into the human body via interaction with ACE2. As discussed earlier, the pathogenesis starts from the binding of SARS-CoV-2 with ACE2 and continues to have an impact on symptoms during the course of the disease. ACE2 as such plays role in the maintenance of normal blood pressure by the renin-angiotensin-aldosterone system (RAAS) (van Dam et al., 2020). Lung and heart cells have higher expression of ACE2 receptors, which facilitates the quick binding of SARS-CoV-2 entering from the respiratory system and ACE2 levels increase. Thus, ACE2 is associated with hypertension and diabetes. In a secondary infection after the lungs, SARS-CoV-2 binds to the ACE2 receptor present on kidneys, liver, bladder, stomach, and intestine. The presence of ACE2 throughout the body makes it more susceptible to cardiac-related ailments, diabetes, and infection to other body organs. All of these are the probable reason for multi-organ failure and even death (Tian et al., 2020; Zhou et al., 2020).

Angiotensin converting enzyme 2 plays an important role in the development of cancer. Inflammation, accumulation of cytokines, vasoconstriction, and increased permeability by vascular endothelium are common, both in cancer and in COVID-19 patients (Ferrario et al., 2005; van Dam et al., 2020). The expression of ACE2 is higher in some cancers such as lung, cervical, pancreatic, and renal carcinomas, while the expression is decreased in breast, prostate, and liver cancers. The condition depends mainly on the type of tumor and stage of cancer. RAAS has a crucial role in cancer, and it is responsible for cell proliferation, angiogenesis, inflammation due to cancer, immunomodulation due to cancer, upregulation of cytokines, growth factors, and transcription factors. Cumulatively, all of these conditions lead to suppressed immunity in cancer patients. Increased expression of ACE2 not only indicates more chances of COVID-19 infection, but also increases in neutrophils and cytokines, macrophage infiltration, and dendritic cell infiltration. This causes increased fluid accumulation as an accumulation of bronchoalveolar fluid in lungs (van Dam et al., 2020).

The consumption of tobacco is a prognosis factor for COVID-19 in cancer patients and this may be due to the fact that many cancer patients have or may have had smoking-related habits. The link between smoking can be established to COVID-19 and cancer as the gene expression of ACE2 is higher with tobacco use (Stroppa et al., 2020; Xia et al., 2020). So, increased expression of ACE2 means increased binding with SARS-CoV-2 (Xia et al., 2020).

Angiotensin converting enzyme 2 is expressed in many organs of the respiratory, digestive, cardiovascular, and urinary systems (Jyotsana and King, 2020; Tian et al., 2020). The ACE2 levels in healthy humans and in those suffering from cancer, COVID-19, or both are different. This difference can be related to the varying expression of ACE2 in different organs of the body, and it is related to different cancer types (Jyotsana and King, 2020). Sadly, up to now, data showing expression of ACE2 with respect to patients with specific types of cancers and COVID-19 are not available to firmly establish a mechanistic link and more studies are required.



Transmembrane Protease Serine 2 (TMPRSS2)

Host immunity is mediated by a family of proteases called type II transmembrane serine proteases (TTSPs). One member of the family is TMPRSS2. TMPRSS2 is a binding site for SARS-CoV-2, and the bonding takes place with the formation of S protein cleavage at S1/S2 and the S2’ site. Thus, the immune state of the patient is directly proportional to the severity of infection in patients suffering from COVID-19 (Tay et al., 2020; van Dam et al., 2020). The transcription of TMPRSS2 in the lungs is altered by the modulation of androgen and androgen derivatives causing a reduction in androgen levels in prostate cancer patients, which directly affects the chances of COVID-19 infection and severity in patients (Montopoli et al., 2020). Patients, particularly with prostate cancer, have higher expression of TMPRSS2 as compared to patients with renal, lung, colorectal, or pancreatic cancers, while other cancers have no significant expression of TMPRSS2. So, the risk of lung cancer patients having TMPRSS2 expression is moderate but it is higher in prostate cancer patients (van Dam et al., 2020).



Coagulation

Imbalance in the normal levels of fibrinogen, anti-thrombin III, and D-Dimers leading to coagulopathy is observed in COVID-19 patients (Wang et al., 2020). The coagulopathy is mostly prothrombotic and is a result of COVID-19 infection. There is a direct involvement of coagulation factors and platelets, which are altered due to increased cytokines. Pulmonary congestion, arterial occlusive events, venous thromboembolism, and especially lung microvascular thrombosis are observed in COVID-19 patients. These events are persistent in patients where ARDS is reported (Magro et al., 2020); 71.4% of dying patients have reported intravascular coagulation compared to 0.6% in surviving patients (van Dam et al., 2020; Wang et al., 2020).

In cancers, the coagulation risk is a well-known condition arising due to the presence of cancers and risk associated with thrombosis depending upon the stage of cancer, timely diagnosis, and the anti-cancer therapy. Events such as thrombotic microangiopathy and disseminated intravascular coagulation are observed in cancer patients. Tumoral factors such as tissue factor (TF), podoplanin, plasminogen activator factor (PAI-1), cytokines, NET, and mucins trigger the risk for thrombosis (Thålin et al., 2019). The type of cancer changes the risk severity of coagulation, e.g., adenocarcinomas, lung cancer, pancreatic cancer, gastrointestinal cancer, and ovarian cancer have elevated risk for coagulation, while the risk is lower in breast and renal carcinoma compared to no risk associated with prostate cancer and melanoma (van Dam et al., 2020). During a pathological examination of a COVID-19 patient with cancer, it is essential to identify the risk associated with coagulation and the data will be helpful in the management of the deadly duo of COVID-19 and cancer.




IMPACT OF COVID-19 IN CANCER


Impact on Diagnosis

According to a report by the Netherland Cancer Registry, there was a reduction in the diagnosis of cancer by 26% excluding skin cancer, while skin cancer diagnosis was reduced by 60% between February 24, 2020, and April 12, 2020 (Dinmohamed et al., 2020). A 75% drop in referral cases for an early diagnosis of cancer was observed and loss of approximately 18000 lives was estimated in the United Kingdom alone due to the reduction in the rate of diagnosis of cancer patients. The United Kingdom is among the top countries for cancer care throughout the world, and its health system was near to failure in tackling COVID-19 (Sud et al., 2020).

Such drastic impact has been experienced all over the world in regards to health systems and especially cancer care. Diagnosis is a very essential first step in cancer care. Delays in diagnosis may have severe effects on the patient as it delays everything from managing symptoms, to curing the cancer, and monitoring as well. Many countries have been advised to delay cancer care due to the COVID-19 pandemic as a measure to curb the transmission of COVID-19, thus degrading the quality of life in cancer patients. Also, the risk for health care providers and family members is increased due to frequent visits to hospitals which are essential, and when community transmission of COVID-19 takes place, making the decision to delay cancer diagnosis unavoidable.

The presence of the deadly duo of COVID-19 and cancer makes diagnosis very difficult. Diagnosis of radiographs can be similar in both COVID-19 and cancer which may deceive the healthcare professional in making an accurate diagnosis. Common markers in both COVID-19 and cancer are carbohydrate antigens (CA) 125 and 153, carcinoembryonic antigens (CEA), human epididymis protein 4 (HE4), C-reactive protein (CRP), and cytokeratin-19 fragment (CYFRA21-1); these markers are increased in both COVID-19 and cancer. But, to diagnose whether the rise in these markers is due to COVID-19 or cancer or both at the same time poses a challenge for the healthcare professional (Allegra et al., 2020). Impact on diagnosis is crucial and requires deep knowledge of the pathologies of the deadly duo of COVID-19 and cancer (Allegra et al., 2020) (Figure 2).
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FIGURE 2. Impact of COVID-19 on cancer. Impact on diagnosis, treatment, and research.




Impact on Treatment

As cancer care is affected, treatment is also affected. The delay in diagnosis completely changes the parameters of cancer treatment. The treatment is to be done while keeping the additional risk factors of COVID-19 associated with cancer. Certain anti-cancer therapy may require a compromise of immunity in order to kill cancer cells. This state of the patient makes them more susceptible to acquiring the SARS-CoV-2 infection. Proper planning is needed in the management of radiotherapy and having small sessions instead of a single session is not preferable. Additionally, it is suggested to reduce the frequency of the small sessions, and radiotherapy sessions must be properly set so as to restrict the chances of COVID-19 infection during radiotherapy. Chemotherapy wherein hospitalization is not required should be preferred. Oral anticancer therapy can help to address this condition.

There is evidence that anti-viral therapy alters the anti-cancer treatment. Delaying the chemotherapy in hepatitis C virus (HCV)-positive cancer patients is advised while antiviral therapy is in progress (Borchardt and Torres, 2014). Post-vaccination for influenza in patients suffering from ovarian cancer it was observed that patients were not able to generate an antibody response during the course of chemotherapy (Chu et al., 2013). Liver damage due to infection by hepatitis B virus is observed in 20% of cancer patients undergoing chemotherapy (Yeo et al., 2000). Reactivation of tuberculosis is reported in cancer patients after chemotherapy (Jacobs et al., 2015).

Similarly, the COVID-19 treatment and cancer treatment may interfere with each other, but to conclude how chemotherapy interferes with COVID-19 treatment or vice versa, the data is not available. The possibility of re-infection with SARS-CoV-2 exists and can be a risk for anti-cancer treatment in cancer patients after recovery from COVID-19, the use of immunosuppressive agents as anti-cancer therapy can be a risk factor for COVID-19 re-infection (Bi et al., 2020). To avoid more suffering to patients from the deadly duo of COVID-19 and cancer, oncologists along with cancer societies advise putting cytotoxic chemotherapy on hold and waiting until the SARS-CoV-2 virus becomes negative in the body (Al-Shamsi et al., 2020; Bi et al., 2020).

In actual practice, postponing the cancer treatment has its own consequences ranging from progression of the cancer state to arising of other complications like anxiety. To decide whether to initiate chemotherapy and when to initiate chemotherapy after recovery from COVID-19 is dependent on the condition of the cancer patient as using immunosuppressive anti-cancer agents can reactivate the SARS-CoV-2 virus leading to the reactivation of COVID-19 (Bi et al., 2020). Cancer patients receiving chemotherapy are more prone to pneumonitis, neutropenia like severe conditions in comparison to cancer patients not receiving chemotherapy (Liang et al., 2020). The multiple organ failure rate with respect to COVID-19 is high, specifically liver dysfunction (29%), acute kidney injury (29%), and cardiac injury (23%), but whether chemotherapy has its impact on multiple organ failure or dysfunction in cancer patients is not known as of yet (Bi et al., 2020; Yang et al., 2020).

The study outcomes of Bi et al. (2020) revealed that, from a total of 39 cancer patients in the study, one adverse event of grade I or II associated with therapy was observed in 31 (79%) of patients. Among these, four cancer patients experienced neutropenia of grade III or IV. The condition eased in respective cancer patients after treatment with granulocyte colony-stimulating factor (G-CSF). Interestingly, the cancer patients included in the study had recovered from COVID-19 and were negative to SARS-CoV-2 before the initiation of chemotherapy, and these cancer patients had at least one anti-SARS-CoV-2 antibody present in their body (Bi et al., 2020).

There is the possibility of the patient not having COVID-19 at the time of surgery or radio therapy. But, due to the immunocompromised state of patient during anti-cancer therapy, chances to acquire COVID-19 are increased. Such cases were reported, and 34 subjects developed pneumonia after surgery. The reason behind the pneumonia was attributed to SARS-CoV-2 acquired after the surgery, 44% of patients had to be kept in ICU and half of these died. Concurrently, the progression of cancer can be a challenge of delaying surgeries in cancer patients respective of the stage of cancer. Delays in the case of prostate, breast, cervical, or skin cancer in early stages can be tolerated but pancreatic, lung, and hematological cancers such as leukemia require treatment as soon as possible (Allegra et al., 2020).

Healthcare professionals need to work with more pressure and follow all the protective measures for the prevention of COVID-19, make use of newer tools such as telemonitoring, and make use of artificial intelligence to increase the timely treatment in cancer patients and also to minimize risk factors associated with anti-cancer treatment (Peeters et al., 2020; van Dam et al., 2020).

The National Health System (NHS), United Kingdom, has issued guidelines for the prioritization of cancer care with priority level from 1 to 6, where factors such as curative and non-curative aspects of treatment, surgery, radiotherapy, adjuvant treatment, success percentage, and survival time are considered (Allegra et al., 2020). These kinds of efforts are required by all countries along with active participation from Oncological societies to help with the treatment of the deadly duo of COVID-19 and cancer (Figures 2, 3).
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FIGURE 3. Effect of COVID-19 on cancer patients. Effect of COVID-19 on cancer patients with respect to inflammation, and changes to the respiratory system, health, and quality of life.




Impact on Cancer Research

One major area to reassess during COVID-19 is cancer research. Due to the top most priority being given to COVID-19 management, ongoing trials in the cancer field are on hold. No new trials are to be started in the near future while the pandemic situation continues. Several sensitive techniques such as tumor-infiltrating lymphocytes (TILs) and chimeric antigen receptor (CAR)-T cells have been on hold since the pandemic began as these require intensive care units (ICU) to be available. The complete focus of pharmaceutical companies, the biotechnology industry, and the diagnostics industry is shifted to COVID-19, resulting in a stay of ongoing studies and developments. Universities, which are centers of innovation, are closed, not only stopping the flow of knowledge but also delaying training of Ph.D. students, postdoctoral students, undergraduate, and postgraduate students. Also, the training of laboratory technicians is on hold. Funding and grants to principal investigators are stopped. Funding sources are majorly from charities by people, which are reduced due to the COVID-19 pandemic. Government agencies are the major contributors for financing research which have been focused on the COVID-19 pandemic. The use of data to manage the deadly duo of COVID-19 and cancer is necessary, and thus, evolution in artificial intelligence can be useful in the near future (Harris, 2020) (Figure 2).




ANTICANCER AGENTS IN COVID-19

With the ongoing COVID-19 pandemic, it is quite challenging to design a fool-proof therapy for the management of cancer. As concluded by di Lorenzo et al. (2020), while designing therapy for the management of the deadly duo of COVID-19 and cancers, some key points should be considered, including possible interactions that can occur due to treatment measures, the severity of the disease, etc. The use of agents in the management of COVID-19 should not only be efficient in eliminating the SARS-CoV-2 infection but also serve as a dual agent in the treatment of cancer (di Giacomo et al., 2020). If chemotherapy or radiotherapy is started prior to COVID-19 infection, then potential risk and benefits in stopping anticancer treatment should be considered. Agents used for anticancer therapy should be wisely selected and the regimen for the same should be decided appropriately (di Lorenzo et al., 2020).


Repurposing of Different Anticancer Agents in COVID-19

One or more pharmacological agents may be needed in the management of the deadly duo of cancer and COVID-19, and none of the anti-cancer or anti-viral agents used along with other pharmacological agents should act as obstacles while providing treatment and care to the patients (di Giacomo et al., 2020). Different mechanisms of anti-cancer agents that are being investigated for repurposing in the treatment of COVID-19 are to restrict the replication of the SARS-CoV-2 virus, preventing the infection of host cells by SARS-CoV-2, restricting hyperactivation of the immune system, inhibiting cytokine inflammation and infiltration of immune cells, and preventing lung related pathological conditions (Borcherding et al., 2020). Notably, data related to anti-cancer agents belonging to interleukin (IL) inhibitors, immunomodulators, androgen biosynthesis inhibitors, complement system inhibitors, immune checkpoint inhibitors, bruton tyrosine kinase inhibitors, and Janus-associated kinase (JAK) inhibitors currently under trials for the treatment of COVID-19 are available. Some agents have proved to be beneficial while some have not (Borcherding et al., 2020; El Bairi et al., 2020; Saini et al., 2020). No agent is approved as of now and limited data is available regarding their repurposing in COVID-19 treatment.


Interleukin (IL) Inhibitors

Tocilizumab, Sarilumab, Anakinra, and Siltuximab are some of the interleukin inhibitors used in the management of cancer; these drugs are cytokine inhibitors and help in curbing the inflammation, modulating immune responses induced by cancer itself, or curbing inflammation and immune-related side effects of anticancer agents. These interleukin inhibitors are available in injection and pill form and can be administered as an infusion or by the oral route. These agents may have potential in COVID-19 and cancer management, as cytokine storms are common events observed in both the diseases. Tocilizumab, an interleukin-6 (IL-6) inhibitor, is used to counter cytokine release syndrome aroused due to CAR-T anticancer therapy. In CRT therapy, immune cells are used as anticancer agents, and this causes cytokine storm release by the body (di Giacomo et al., 2020; di Lorenzo et al., 2020). Sarilumab and Siltuximab are interleukin-6 (IL-6) inhibitors implied for the treatment of rheumatoid arthritis and Castleman disease, respectively, and can be used in the management of cancer patients with COVID-19. Anakinra, an inhibitor of interleukin-1 (IL-1), can be used in ARDS and can be helpful in controlling cytokine storms in COVID-19 (di Lorenzo et al., 2020). As inflammation and cytokine release is an important factor in both COVID-19 and cancer, these cytokine inhibitors can be repurposed for the treatment of COVID-19.



Immunomodulators

Emapalumab is an interferon-γ (IFN-γ) inhibitor used in the treatment of hairy cell leukemia, melanoma, and follicular lymphoma (Saini et al., 2020). It is available in injection form. Interferon-γ (IFN-γ) excessive production is nullified by using Emapalumab in children suffering from hemophagocytic lymphohistiocytosis (HLH) and keeps the children alive until a transplant can be made (di Lorenzo et al., 2020). Immunomodulators such as thalidomide and lenalidomide implied for treatment of multiple myeloma are currently under trial for their efficacy in COVID-19 (Saini et al., 2020).



Androgen Biosynthesis Inhibitors

Abiraterone, a hormone used in anticancer treatment in prostate cancer, requires immunosuppression to act effectively, and this condition can increase the risk of COVID-19 infection (de Bono et al., 2011). Abiraterone is available in pill form and can be administered orally. Promising results have been reported in in vitro studies as Abiraterone has the potential to obstruct the SARS-CoV-2 viral replication in VeroE6 and Caco2 cells (Yuan et al., 2020).



Complement System Inhibitors

Eculizumab is a complement system inhibitor which can be given by intravenous infusion. It targets the complement protein 5 and is used in the treatment of paroxysmal nocturnal hemoglobinuria (PNH) and atypical hemolytic urea syndrome (aHUS). Eculizumab is under clinical trial for repurposing in the treatment of COVID-19 at Hudson Hospital (Tay et al., 2020).



Immune Checkpoint Inhibitors (ICI)

Use of immune checkpoint inhibitors (ICI) is associated with an increased risk of pneumonia. Toxicity related to ICI and IL-6 has been decreased with the use of Tocilizumab (Naqash et al., 2018). In patients with the deadly duo of COVID-19 and cancer, no cases of immunotoxicity were reported. Camrelizumab is a potential candidate available in injection form to be administered by infusion which can be used in the management of COVID-19; however, the study is not completed as of now and results are awaited (Dolgin, 2020). Reduction in sepsis or infection after pneumonia and inflammatory response syndrome was observed in COVID-19 patients administered with PD-1 inhibitors. PD-1 inhibitors are ICI, which have gained potential importance in solid cancer treatment (Allegra et al., 2020).



Bruton Tyrosine Kinase (BTK) Inhibitor

The potential of ibrutinib is being evaluated. It is available in tablet, capsule, and injection form but oral administration is preferred over infusion as it does not require visits to the hospital. A Bruton tyrosine kinase (BTK) inhibitor and hematopoietic cell kinase (HCK) inhibitor are used in the treatment of chronic lymphocytic leukemia, mantle cell lymphoma, and Waldenstrom’s macroglobulinemia. Ibrutinib is capable of reducing damage to the lungs, and reducing the concentration of pulmonary cytokines causing inflammation and is proven to decrease death in H1N1 influenza virus in animals. However, ibrutinib is associated with the risk of hypoxia, but ibrutinib can be a potential anticancer agent that can be repurposed for COVID-19 treatment (Florence et al., 2018; Allegra et al., 2020; Treon et al., 2020).



Janus-Associated Kinase (JAK) Inhibitors

Ruxolitinib and baricitinib are being studied for repurposing in COVID-19 treatment. Ruxolitinib and baricitinib can be given by oral route as it is available in tablet form. These are Janus-associated kinase (JAK) inhibitors used in the treatment of myelofibrosis and polycythemia vera and other hematological malignancies. Ruxolitinib has been reported to reduce the cytokine mediated inflammation, reducing severe events such as ARDS in COVID-19 infected patients, and many trials are currently active (Borcherding et al., 2020).




Drug Interactions

The drug interactions are very crucial factors to consider while designing anticancer therapy with the risk of COVID-19. Some of the reported interactions report that the incidence of interactions is not high. Some important interactions reported (Table 1) are between chloroquine, hydroxychloroquine, and trastuzumab resulting in ventricular hypertrophy, valvular dysfunction, and conduction disorders (Gautret et al., 2020). Interaction between antiviral drugs and androgen receptor signaling inhibitor (ARSI), Enzalutamide, is predicted, probably due to interference between cytochromes. Notably, Enzalutamide is used in the treatment of prostate cancer (Nhean et al., 2018).


TABLE 1. Anti-cancer agent interaction with COVID-19 agent.

[image: Table 1]Increased metabolism of anticancer agents such as ceritinib, criotinib, brigatinib, gefitinib, and docetexel is observed, thus decreasing the efficacy of anticancer therapy. These are especially used in lung cancer. Antiviral drug Tocilizumab is known to elevate cytochrome P450 (CYP) and isoenzyme CYP3A4 involved in the metabolism of the above mentioned drugs. Immune checkpoint inhibitors (ICI) (durvalumab, nivolumab, and atezolizumab) activity is decreased as tocilizumab has the potential to suppress the immune response (Ying et al., 2015). ICIs are used in the management of various cancers, such as lung, kidney, gastric cancer, and thyroid cancer. Drug interaction between immune checkpoint inhibitors and anakinra and ruxolitinib is not established but risk factors must be considered before administering respective drugs (di Lorenzo et al., 2020). Cisplatin and vinca alkaloids are potent anticancer agents, and their interaction with colchicine and tocilizumab is not established yet (La Regina et al., 2019).




CONCLUSION

Measures to control the spread of COVID-19 are carried out throughout the world. Many countries like United States, Brazil, France, Spain, United Kingdom, Russia, Italy, Mexico, India, and Indonesia, among others, are facing a second wave of COVID-19 as spikes in the number of cases are observed from September 2020 to January 2021 (Johns Hopkins Corona Resource Center, 2021 – New Cases of COVID-19 in World Countries). The current scenario is quite frightening for cancer patients, if patients come in contact with COVID-19 then managing the patient is a challenge for health care systems globally. As the severity of the disease increases, there is an increase in risk for providing symptomatic care to COVID-19 patients suffering from cancer. The impact on cancer diagnosis as well as treatment is worsening for the patient and even become unmanageable, leading to deaths of patients. The molecular mechanism is quite clear between cancers and COVID-19 where ACE2, cytokines, TMPRSS2, and coagulation are prominent. Joint efforts by the healthcare system and oncological societies are very crucial and will be very fruitful for the patient. Some anticancer drugs like cytokine inhibitors, immune checkpoint inhibitors, Bruton tyrosine kinase inhibitors, and hormonal therapy can be repurposed for combating the deadly duo of COVID-19 and cancer. Considering few reports of drug interactions between anticancer and anti-viral treatment, anti-cancer drugs can be potential targets for treating the deadly duo of COVID-19 and cancer. Data available are quite scarce, so to confirm the repurposing of anticancer agents in COVID-19 will require more time.
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Severe acute respiratory syndrome coronavirus 2, SARS-CoV-2, arose at the end of 2019 as a zoonotic virus, which is the causative agent of the novel coronavirus outbreak COVID-19. Without any clear indications of abatement, the disease has become a major healthcare threat across the globe, owing to prolonged incubation period, high prevalence, and absence of existing drugs or vaccines. Development of COVID-19 vaccine is being considered as the most efficient strategy to curtail the ongoing pandemic. Following publication of genetic sequence of SARS-CoV-2, globally extensive research and development work has been in progress to develop a vaccine against the disease. The use of genetic engineering, recombinant technologies, and other computational tools has led to the expansion of several promising vaccine candidates. The range of technology platforms being evaluated, including virus-like particles, peptides, nucleic acid (DNA and RNA), recombinant proteins, inactivated virus, live attenuated viruses, and viral vectors (replicating and non-replicating) approaches, are striking features of the vaccine development strategies. Viral vectors, the next-generation vaccine platforms, provide a convenient method for delivering vaccine antigens into the host cell to induce antigenic proteins which can be tailored to arouse an assortment of immune responses, as evident from the success of smallpox vaccine and Ervebo vaccine against Ebola virus. As per the World Health Organization, till January 22, 2021, 14 viral vector vaccine candidates are under clinical development including 10 nonreplicating and four replicating types. Moreover, another 39 candidates based on viral vector platform are under preclinical evaluation. This review will outline the current developmental landscape and discuss issues that remain critical to the success or failure of viral vector vaccine candidates against COVID-19.
Keywords: COVID-19, vaccines, viral vector, ChAdOx1-S, Ad5-nCoV, MERS-CoV
INTRODUCTION
Novel corona virus disease 2020 or COVID-19, caused by the virus severe acute respiratory syndrome coronavirus 2 (abbreviated as SARS-CoV-2), has become an universal outbreak and primary health concern, since its emergence by the end of 2019 in Wuhan, China (Carlos et al., 2020; Guo et al., 2020). The natural host of the virus origin was suspected to be the bats due to higher similarity in genomic sequences, possibly transmitted to humans via an unknown intermediate, further leading to human-to-human transmission through droplets or direct communication (Carlos et al., 2020; Guo et al., 2020). Following swine flu (2009), Ebola in West Africa (2014), polio (2014), Zika (2016), and Ebola in Democratic Republic of Congo (2019) outbreaks, the World Health Organization (WHO) has acknowledged COVID-19 as the sixth public health emergency of global concern (Yoo, 2019). At the time of writing this review, 54, 771, 888 laboratory-confirmed cases and 1,324,249 deaths, owing to this pandemic, had been reported (WHO, 2020f).
Coronavirus is a positive-sense, single-stranded, RNA viruses of the family Coronaviridae; which may affect a broad host range exhibiting symptoms ranging from very mild rhinorrhea to severe fatal illness (Dhama et al., 2020; Kotta et al., 2020). Polygenetic sequencing and evolutionary investigations demonstrated that SARS-CoV-2 is a beta-coronavirus, which displayed 96.2%, 79.5%, and 50% sequence identity with previously identified bat CoV RaTG13, severe acute respiratory syndrome coronavirus (SARS-CoV), and Middle East respiratory syndrome coronavirus (MERS-CoV), respectively (Jin et al., 2020). Like SARS-CoV, SARS-CoV-2 uses angiotensin-converting enzyme receptor 2 (ACE2) as the entry receptor and manifests similar acute respiratory syndromes (Lee et al., 2006; Iwasaki and Yang, 2020). Despite higher resemblance with the SARS-CoV genome sequence, it shows different transmissibility and diagnosis procedures because of the mutational changes, i.e., existence of a peculiar furin-like cleavage site in the receptor-binding domain of the spike (S) proteins (Coutard et al., 2020). Of importance, continuous mutations in the S protein–encoding genes have allegedly enhanced the virulence capacity of the virus (Q. Li et al., 2020). The replication cycle of SARS-CoV-2 has a close resemblance with SARS-CoV. After transmission of the virus into the human body, it interacts with the host cells via the envelope S proteins. The primary host target receptor for SARS-CoV-2 is angiotensin-converting enzyme 2 (ACE2). Binding of the virus to the ACE2 receptor is mediated by RBD, and fusion of the virus with the host plasmalemma is mediated by the S2 domain (Yu et al., 2020). Acid-dependent proteolysis by serine 2, cathepsin, and other proteases initiate the trimer cleavage of S protein, which exposes the fusion peptide. The fusion peptide inserts into the host cell membrane and produces the antiparallel 6-helix bundle that results in membrane fusion and releases the viral genome into the cytoplasm of the host cell (Ashour et al., 2020; Badgujar et al., 2020). The uncoated RNA of the virus with ORF1a and 1b scrambles viral proteases–processed polyproteins to produce some nonstructural proteins, which produces replication–transcription complex (RTC) inside a double-layered vesicle. RTC undergoes continuous replication and produces about six–nine subgenomic RNAs (Borah et al., 2021a). These RNAs act as the mRNA template for the translation of structural and accessory proteins. Then S, E, and M proteins undergo translation and insert themselves within the endoplasmic reticulum. Moreover, these proteins produce the mature virus particles by assembling with N protein–encapsidated viral genome within the endoplasmic reticulum–golgi intermediate compartment. Following these, the virion is transported to the plasmalemma and released by exocytosis (Borah et al., 2021b).
The WHO treatment guidelines recommended isolation of the COVID-19-suspected patients to provide supportive care including immunomodulatory therapy, oxygen therapy, and antibiotics as per requirement (WHO, 2020a). At present, no Food and Drug Administration (FDA)–approved antiviral or immunomodulatory agents are available for the management of the SARS-CoV-2 infection. However, some promising antiviral agents (viz., remdesivir, ritonavir, and lopinavir alone or in conjunction with interferon-β, favipiravir, etc.), natural products, and some repurposed drugs are under investigation and will be tested through clinical trials (Borah et al., 2020; Dhama et al., 2020; Coronavirus COVID-19, 2020). Without any clear indications of abatement, the disease has become a major healthcare threat across the globe, owing to high prevalence, prolonged incubation period, and absence of existing drugs or vaccines. In order to safeguard the whole global population from continuing danger of morbidity and mortality from SARS-CoV-2, it is crucial to develop and administer an adequate safe and effective vaccine (Awadasseid et al., 2021). In the past decades, many attempts have been undertaken to produce vaccines for human coronaviruses (CoVs) like SARS and MERS, but no approved antiviral therapy or vaccines exists to date. The majority of clinical options available for COVID-19 management are based on prior expertize with the treatment of MERS and SARS-CoV (Cyranoski, 2020). Intensive global R&D efforts have been carried out following the identification of the genetic sequence of SARS-CoV-2 aiming to develop an effective vaccine against the disease (Yadav et al., 2020). However, this can be a long-term practical approach (Zhang et al., 2020b). The use of genetic engineering, recombinant technology and other computational techniques has resulted in several potential candidates for COVID-19 vaccines being produced (Chen et al., 2020; Lundstrom, 2020). As per the WHO, till January 22, 2021, 64 vaccine candidates are under clinical development and 173 candidates are under preclinical evaluation (WHO, 2021). The range of vaccine technology platforms being evaluated, including nucleic acid (DNA and RNA), peptides, virus-like particles, recombinant proteins, live-attenuated viruses, viral vectors (replicating and non-replicating), and inactivated virus approaches, are striking features of the vaccine development landscape for COVID-19 (WHO, 2020b). The majority of vaccines undergoing clinical and preclinical trials involve next-generation vaccine platforms, such as vaccine based on nucleic acid, antigen-presenting cells, or viral vectors (Rauch et al., 2018; van Riel and de Wit, 2020). Succeeding the triumph of Ebola vaccine (Commissioner, 2020), viral vectors can get the appraisal as a valid tool for delivering vaccine into a host cell for generation of antigens that can be tailored to arouse a robust immune response (Bouard et al., 2009; The Scientist, 2020). Furthermore, the promising results of the viral vector–based vaccine candidates against MERS/SARS infections had added a value to this development. This article encompasses brief summary of viral vectors as a potential vaccine development platform, highlights ongoing advances in designing (SelectScience COVID-19 Vaccine, 2021) vaccine candidates based on viral vectors, and also sheds light on the issues that remain critical to the success or failure of viral vector vaccine candidates against COVID-19.
VIRAL VECTOR–BASED VACCINE
The development of viral vector–based vaccine is a specialized area of in vivo gene therapy. Gene therapy aims to rectify genetic diseases by permanent replacement of a missing or damaged gene with transgene product, introduced via an immune-tolerated carrier vehicle (Ura et al., 2014). Vaccines, on the other hand, aim to provoke a strong immune response against pathogens via introduction of the same pathogenic antigen, along with the supportive inflammatory responses shown by the delivery vehicle. Despite their different aims, gene therapy and vaccines use recombinant viral vectors as a common platform to express therapeutic transgene product and immunogenic antigen, respectively (Ertl, 2016). Followed by extensive research work, the concept of viral vectors has been modified from gene therapy in 1980. Viral vectors are produced by replacing the viral gene with pathogenic transgene or antigen; following administration, the antigen is shuttled into host cells leading to expression of immune responses against that particular pathogen (Rogers et al., 1973; Bouard et al., 2009). In the majority of viral vector–based vaccines, a single dose is adequate for producing a prophylactic action owing to expression of endogenous antigens that stimulate both humoral and cellular immunity (van Riel and de Wit, 2020). Another advantage of viral vector–based vaccines are highly specific targeted gene delivery, improved gene transduction efficiency, enhanced safety and efficacy, and easy large-scale manufacturing (Cai et al., 2020; Creative Biolabs, 2021). Since the explosion of viral vectors as vaccines’ development platform, a large number of viral vector–based vaccines have been permitted for veterinary medicine. In 2011, Imojev (vaccine against Japanese encephalitis) was the first approved viral vector–based vaccine for clinical use in humans (Rollier et al., 2011). As a basis for establishing vaccines based on viral vectors, a wide variety of viruses have been used; for example, some commonly used viruses are adenoviruses (Ad), poxviruses, adeno-associated viruses (AAV), parvoviruses, lentivirus, togaviruses, measles viruses, etc. (Ramezanpour et al., 2016). This platform involves viral vectors that can either be replicating (replication-competent), often attenuated, or nonreplicating (replication-defective) (Robert-Guroff, 2007). The replicating vector vaccines infect the host cells, which thereafter give rise to vaccine antigens as well as new viruses that may infect more cells and express immunogenicity. However, nonreplicating vector vaccines are capable of infecting the host cells and produce vaccine antigens but fails to produce new virus particles (van Riel and de Wit, 2020). The storage temperature for viral vector–based vaccines is in-between +2 and +8°C (SelectScience). Figure 1 provides a schematic representation of the development of immune responses against SARS-CoV-2 by replicating and nonreplicating viral vector–based vaccines. A brief description of the commonly used viral vectors is provided below.
[image: Figure 1]FIGURE 1 | A schematic diagram representing the working principle of replicating and nonreplicating viral vector–based vaccine candidates expressing the spike protein of SARS-CoV-2.
Adenovirus (Ad)
Adenovirus, which is known to cause respiratory tract infections, is a nonenveloped DNA virus having a double-stranded genome of about 30–40 kb that is enclosed by an icosahedral capsid. It was the first DNA virus to go in diligent therapeutic development with a tremendous interest, mainly because of its high transduction efficiency, genetic stability, wide range of viral tropism, and high expression level of transgenes. In human, 57 serotypes of adenovirus were identified with different tropism mechanism, that are grouped into seven species (A–G) (Seymour and Fisher, 2011; Crystal, 2014; Ura et al., 2014; Lee et al., 2017; Rauch et al., 2018). Ad vaccines are developed by replacement of the genomic regions-early transcript 1 A and early transcript 1 B (E1A and E1B) by transgenes. These modifications eliminate the replicating ability of the virus; thereby, they are considered as replication-defective vectors. Additionally, E3 and E4 genes are often deleted to avoid the abolition of Ad-infected cells by the immune system and to prevent the leaky expression of the inserted transgene, respectively (Wold and Toth, 2013; Rauch et al., 2018). A common method of production of Ad vector involves transfection of plasmid of Ad vector into E1–complementing cell lines (HEK 293 cells), where they infect the cells and undergo replication; newly replicated vectors are collected and subjected to purification using ultracentrifugation (Ura et al., 2014; Ramezanpour et al., 2016). Depending on the employed serotype, Ad vectors can induce both cell-mediated and antibody-mediated immunity with a variation in immune response (Humphreys and Sebastian, 2018). Replication-deficient human Ad serotype (Ad5) can be easily produced in high titers, so they possess a great attraction as a gene delivery vector (Tan et al., 2013; Ura et al., 2014). Nevertheless, preexisting immunity of the immunized person may obstruct the clinical use of this virus. In order to overcome this limitation, adenoviral vectors had been developed from nonhuman origin, for example, the chimpanzee virus–derived vector ChAd63. Moreover, selection of rare serotypes with reduced risk in human (viz. Ad26 or Ad 35) is an alternative way to overcome the resistance (Rauch et al., 2018; Buchbinder et al., 2020).
Poxviruses
Poxviruses are the most extensively studied viral vectors. In 1978, vaccinia virus (VACV, a Poxvirus family member) was found to be successful for eradicating small pox virus (Jenner, 1988). It is a huge, complex, and enveloped double-stranded DNA virus. The size of the DNA genome is approximately 190 kb in length, and it accepts about 25 kb of antigen (Jacobs et al., 2009). Numerous highly attenuated VACV strains are available for use in humans and animals, which includes both replication-competent and replication-deficient strains (Ura et al., 2014). One of the most commonly used, well-characterized VACV strains is a replication deficient-attenuated VACV called modified vaccinia virus Ankara (MVA), which is constructed by the removal of 15% vaccinia genome by sequential passaging through chicken embryo fibroblasts (Sutter and Staib, 2003). Some other examples of replication deficient strains are New York–attenuated vaccinia virus or NYVAC (derived from Copenhagen strain of vaccinia), ALVAC (avipox vectors: canarypox), and FPV (fowlpox) (Franchini et al., 2004; Parrino and Graham, 2006). Vaccines based on vaccinia virus shows high-transgene expression and thus can produce a robust immunity against antigens. Moreover, they induced innate immunity facilitated by the inflammasome and Toll-like receptors (TLRs). One limitation of vaccinia vaccine is that the efficacy may be affected by preexisting immunity (Cooney et al., 1991; Ura et al., 2014).
Measles Virus (MV)
Measles virus belonging to Paramyxoviridae family is an enveloped RNA virus, with a single-stranded, nonsegmented, negative-sense genome of approximately 16 kb. MV vaccine is produced by repetitive serial passage of infectious virus via various cell lines that results in a live-attenuated and replication deficient virus. The process undergoes numerous mutations that makes MV vaccine genetically stable; moreover, retrogression to pathogenicity has never been detected (Zuniga et al., 2007). Additionally, the virus is unable to merge into the host genome, and thermostability of the virus has been established by lyophilization. With all these advantages, MV vaccine shows extremely durable immunization induced by both humoral- and cell-mediated immune response (Ovsyannikova et al., 2003; Tangy and Naim, 2005). Unlike adenoviral vector (where T-cell–mediated response is dominated by CD8+ phenotype), MV shows CD4+ dominated T-cell–mediated response, and that may be a consideration for vaccine generation (Rauch et al., 2018). MV is a valuable promising vaccine delivery system because of efficient transgene expression aptitude and low production cost, and most significantly, MV genome has the capability of stable insertion of more than 5,000 nucleotides (Zuniga et al., 2007; Loessner et al., 2012). Owing to its ability to withstand relatively large transgenes, multipathogen or multivalent MV–based vaccines can be produced (Lauer et al., 2017). Furthermore, antivaccine efficacy of MV vaccine is not compromised by the vector immunity (Ramsauer et al., 2015).
Sendai Virus (SeV)
Sendai virus is a single-stranded, negative-stranded, nonsegmented, enveloped RNA virus, which is a member of Paramyxoviridae family (Nakanishi and Otsu, 2012). SeV is found to be nonpathogenic in humans, but it causes bronchopneumonia in mice (Ura et al., 2014). SeV is found to have high resemblances with the human parainfluenza type-1 virus (hPIV-1), and thus, activity of the SeV vector is affected by preexisting host immunity against hPIV-1. Cell entry and tropism of the SeV genome are mediated by two enveloped glycoproteins, namely, hemagglutinin–neuraminidase (HN) and fusion glycoprotein FO (F). Deficiency of these proteins generates replication-defective virus and advances vector’s safety (Ura et al., 2014). In the first generation of SeV vectors, replication-competent vectors were produced by installing exogenous cDNA in the full-length SeV genome. However, for practical applications, replication-defective SeV vectors were produced by transfecting the packaging cell with a genome in which F gene has been replaced with transgene. The SeV vector can transduce both dividing as well as nondividing cells. It contains viral genome and RNA–dependent RNA polymerase in their cytoplasm, which ensures genotoxic advantages of the virus. It also confirms fast gene expression following an infection. Its transgene capacity (i.e., 3.4 kb) is low compared to the other viral vectors (Nakanishi and Otsu, 2012; Ura et al., 2014).
Adeno-Associated Virus (AAV)
Adeno-associated virus is a member of Parvoviridae family, which is a small, nonpathogenic, nonenveloped, single-stranded DNA virus (Romano, 2005). The virus shows low immunogenicity as it contains only two genes that can be replaced with transgene, and for replication, it is dependent on helper virus functions. The genome size of AAV is 4.7 kb, and once infected a human cell, it integrates with human genome at a specific site on 19q chromosome. The integration includes the inverted terminal repeats (ITR) and Rep region at both terminals of the viral genome, providing a high level of expression. Furthermore, the virus shows wide tropism and can infect both dividing and nondividing cells (Johnson et al., 2005; Liniger et al., 2007; Ura et al., 2014). There are 12 AAV serotypes available to be used in humans, of which AAV2 is mostly used in clinical and preclinical practices. More than 100 serotypes of AAV are found in various animal species. Each serotype has own receptor and tissue specificity (Xiao et al., 1999). Recombinant AAV vectors are produced by replacing Cap and Rep regions between the ITRs with transgenes. Following these modifications, AAV vectors cannot integrate into the host genome (Ura et al., 2014). AAV vector has low–titer production efficiency in comparison to other viral vectors. To compensate for this limitation; large-scale, highly efficient production has been developed (Urabe et al., 2002; Ura et al., 2014). After transducing the host cell, AAV provoke innate immune response and produce interferon (IFN) α/β. In Kupffer cells, induction of TLR9– and TLR2–dependent cytokine expression was also observed. AAV produces mild humoral- and cell-mediated immune response. Besides, immunogenicity is affected by preexisting immunity and neutralizing antibodies, thus AAV vector–based vaccines are rarely used in clinical trials. Several recombinant, randomly mutant or hybrid recombinant AAV are produced to improve the efficacy of AAV for vaccine development (Cai et al., 2020).
VIRAL VECTORS AS A PROMISING PLATFORM FOR SOME OF THE DEADLIEST DISEASES
Smallpox
Smallpox disease caused by variola virus was a contagious disease that claimed millions of lives till the time of its eradication (Fenner et al., 1988; Parrino and Graham, 2006). The worldwide eradication of variola virus was a tremendous success that was achieved by the introduction of VACV vaccine. In 1796, Edward Jenner, an English doctor, has experimented the use of cowpox virus against small pox; then, it was followed by a good number of experiments in 1801, where Jenner published his discoveries. Soon after that, vaccination became widely accepted, and at some point in the 1800s, the cowpox virus has been replaced with vaccinia virus (VACV) (CDC, 2019). In order to have cross-protection against Variola virus, VACV was used for nearly 2 decades until the obliteration of smallpox in the late 1970s. Though the origin of VACV remains unidentified, it is mostly related to horsepox virus (Tulman et al., 2006). Most of the vaccines were developed on living animal’s skin like calves, sheep, rabbits, and buffalos. During the eradication program, various vaccinia virus strains, such as Lister (Elstree), the New York City Board of Health (NYCBH), Copenhagan, and Ankara MVA strain had been used for the development of vaccines (Parrino and Graham, 2006; Jacobs et al., 2009). As vector, Jennerian vaccine viruses (viz., Dryvax, Lister, and Copenhagan) signify the first generation of VACV vaccines. Second generation of VACV includes tissue culture–adapted Jennerian. Since the time of eradication, continued research on several strategies such as genetic engineering of immunomodulatory proteins–encoded viral genes, and serial passage in an alternative host have developed several modified VACV vaccines with enhanced safety profile. At present time, third and fourth generation of VACV attenuated by passage in an alternate host and genetic engineering, respectively, are considered for stockpiling in opposition to a potential revive of smallpox by bioterrorism. The propensity of the VACV genome to accumulate new genetic material allows researchers to develop new vaccines against a broad variety of contagious diseases (Jacobs et al., 2009).
Influenza
Influenza (the flu) caused by the virus influenza is a contagious disease. Moreover, influenza is a source of several respiratory tract infections, and it causes annual epidemics. Though the infection is self-limiting, it may develop severe complications in certain patient groups that may be lethal (Medina and García-Sastre, 2011). Several vaccine formulations are available against circulating influenza strains. Viral vectors are also used for influenza vaccine production. Soon after the success of vaccinia virus for eradicating small pox disease, recombinant vaccinia viruses were designed as a viral vector vaccine to express antigens of influenza virus. Smith et al. generated the first viral vector expressing the influenza hemagglutinin (HA) gene, and that vaccine was able to produce protective immune response in animal models (Smith et al., 1983). After this, various recombinant viral vector vaccines expressing different influenza virus proteins like NP, M1, PA, NA, PB1, and PB2 were designed (Smith et al., 1987; de Vries and Rimmelzwaan, 2016). Modified vaccinia virus Ankara (MVA) vector is produced by sequential passing of chorioallantois vaccinia virus Ankara through fibroblast of chicken embryo (Mayr and Munz, 1964). Other attenuated poxviruses such as NYVAC (Kyriakis et al., 2009), raccoonpox (Kingstad-Bakke et al., 2012), canarypox (Minke et al., 2007), and fowl-pox (Taylor et al., 1988) have been used as viral vectors for the development of influenza vaccine candidates. Furthermore, several other viruses like recombinant herpes virus, alpha virus, vesicular stomatitis virus, baculovirus, Newcastle disease virus, and adenovirus vectors were also used to generate vaccine against influenza virus (de Vries and Rimmelzwaan, 2016).
Malaria
Malaria, affecting billions of people globally, is a significant factor of mortality and morbidity. Viral vectors are outstanding vector vehicle for malarial antigens. For the transmission of malaria antigens classic viral vectors like adenovirus, alphavirus, and poxvirus vectors have been successfully used (Li et al., 2007). In a phase I/II clinical trial, a multi-stage, multi-antigen, poxvirus–vectored vaccine candidate NYVAC-Pf7 had showed low-titer immune response against malaria infection (Ockenhouse et al., 1998). Other attenuated poxviruses like MVA tend to be less efficient in priming immune response, but is best at immune response boosting. However, in conjunction with other vectors or protein/DNA–based vaccines, a VACV vector is likely to be helpful as heterologous prime-boosting regimens (Schneider et al., 1998). For example, heterologous prime boost immunization with Chimpanzee adenovirus 63 and modified vaccinia Ankara encoding thrombospondin–related anonymous protein (ChAd63 MV A ME-TRAP) found to be safe and immunogenic vaccine regimen against malaria, though protection efficacy is not significant (Ogwang et al., 2015; Bliss et al., 2018; Tiono et al., 2018). New emerging vectors like measles virus, yellow fever virus, and vesicular stomatitis virus (VSV) offer supplementary opportunities for designing malaria vaccine candidates (Li et al., 2007). A preclinical investigation of a malaria vaccine candidate based on recombinant measles viruses (rMV) expressing PbCS (circumsporozoite antigen of Plasmodium berghei) and PfCS (circumsporozoite antigen of Plasmodium falciparum) demonstrated induction of high-antibody response in mice that remain for at least 22 weeks post-prime. The vaccine candidate also confirmed rapid development of cellular immunity (Mura et al., 2019).
Cancer
In the field of cancer research, the aim of cancer vaccine is to induce strong and durable effective immune response against self-antigens which are tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) (Guo et al., 2013). Various strategies have been proposed to develop therapeutic cancer vaccines, among which viral vector platform is showing promising results. IMLYGIC, the first oncolytic viral therapy approved in the US, is based on a genetically modified herpes simplex type-1 virus (FDA, 2019). Poxviral vectors or its prototype VACV are among the mostly used viruses in the production of cancer vaccines (DeMaria and Bilusic, 2001). A randomized phase II trial of PROSTVAC (a poxviral prostate-specific Ag targeting vaccine) in men suffering from metastatic castration-resistant prostate cancer demonstrated an increase in overall patients survival. However, a recent phase III study concluded that PROSTVAC induce T-cells that have the capability of tumor infiltration but the T-cell–mediated immune response does not translate into therapeutic benefit. The study results suggested that poxvirus can be a promising platform when used with different antigen targets, in combination with checkpoint inhibitor, or in other disease settings (Gulley et al., 2019). Adenoviruses, when used in animal models (Lundstrom, 2017), have shown potential therapeutic effects for gastric cancer, hepatic carcinoma, prostate (Ekblad and Halldén, 2010), ovarian (Matthews et al., 2009), and brain cancer (Fu et al., 2010). Shapira et al. demonstrated that adenoviral vectors encoding a pro-apoptotic PUMA gene regulated by RAS-responsive elements (Ets/AP1) can suppress the growth of cancer cell with KRAS mutation (Shapira et al., 2017). In addition to the above-mentioned vectors, several other viral vectors including AAV, lentivirus, Newcastle disease virus, measles virus, rhabdo viruses, and baculo viruses are being engineered for cancer vaccine development (Lundstrom, 2017).
Ebola
Ebola hemorrhagic fever caused by Ebola virus is one of the deadliest viral disease affecting humans and nonhuman primates worldwide. In response to 2014 outbreak, Ebola has been acknowledged as a public health emergency of international concern by WHO (2020c). Responding to this emergency, vaccine development against Ebola was accelerated. Several replicating and nonreplicating viral vectors such as alphavirus, flavivirus, adenovirus, vaccinia virus, and paramyxovirus have been used for vaccine development. Of these, two prime candidates have emerged, namely, the chimpanzee adenovirus–based vaccine (ChAd3-EBO-Z) (Tapia et al., 2015) and the recombinant vesicular stomatitis virus–based vaccine (rVSVΔG-ZEBOV-GP) (Piszczatoski and Gums, 2020). Another candidate consisting of an adenovirus type 26 vector vaccine encoded with glycoprotein of Ebola (Ad26.ZEBOV), and a modified vector vaccine of vaccinia Ankara (MVA-BN-Filo) have shown promising results (WHO, 2018) and is in phase III clinical trial (ClinicaltrialsNCT04556526, 2020L). Recently, the European Medicines Agency has proposed the marketing authorization of the vaccine Ad26.ZEBOV/MVA-BN-Filo to be given in the European Union (EMA, 2020). rVSVΔG-ZEBOV-GP or Ervebo is a recombinant, live, replication-competent, attenuated vaccine comprising a backbone of the vesicular stomatitis virus (VSV), which is modified to express a Zaire Ebolavirus glycoprotein to produce the neutralizing immune response of a host to the Ebola virus. Ervebo is given as a single dose. After tremendous research work, Ervebo was approved by the FDA as the first vaccine against Ebola. The approval was published on December 19, 2019, and the medication is under postmarketing surveillance by the European Medical Agency (EMA) (Piszczatoski and Gums, 2020).
AIDS
The human immunodeficiency virus (HIV), the causative organism of acquired immunodeficiency syndrome (AIDS), weakens the immune system against several infectious conditions, including some types of cancer (WHO, 2020d). Over 30 HIV/AIDS vaccine candidates with positive response in nonhuman primate models have progressed to clinical trial either alone or in combination (Ross et al., 2010). Among which viral vectors is the most promising way to deliver HIV immunogens for induction of cellular immunity to HIV. Additionally, prime-boost strategies of viral vectors had shown promising results. Many viral vector–based HIV vaccine candidates are under clinical and preclinical investigation, including adenovirus, poxvirus, alpha virus, and adeno-associated virus, in addition to combination of viral vectors encoding HIV gene (Sauter et al., 2005). For the first time, RV-144 in a phase III efficacy clinical trial in Thailand had shown that HIV infection can be prevented by vaccination. This trial assessed the effectiveness of four priming immunizations of ALVAC-HIV (vCP1521) in combination with two booster injections of a recombinant gp120 subunit vaccine (AIDSVAX B/E) (Rerks-Ngarm et al., 2009; Pantaleo et al., 2010). Another phase I clinical trial had demonstrated that upon single administration, MVA-B, a poxvirus-based HIV/AIDS vaccine candidate triggers a robust, polyfunctional, long lasting T-cell response against HIV-1infection in human (Gómez et al., 2011). A preclinical study had confirmed that dendritic cell vaccine based on lentiviral vector can supress the replication of HIV in improved mice model (Norton et al., 2019).
HISTORY OF VIRAL VECTOR–BASED VACCINES DEVELOPMENT AGAINST SARS AND MERS-COV
Around the year 1960, the first endemic coronavirus infection was recognized. Till date, total seven coronavirus infections including SARS-CoV-2 has been identified, among which four (viz. HCoV-229 E, HCoV-NL63, HCoV-0C43, and HCoV-HKU1) were known to cause endemic by triggering minor diseases like common cold or flu in immune-compromised populations (Corman et al., 2018). Another two epidemic coronavirus infections emerged around 2002 and 2012, known as SARS-CoV and MERS-CoV, respectively, also exhibited flu-like symptoms and fatal acute respiratory infections (Badgujar et al., 2020). Isolation and phylogenetic examination of the newly emerged coronavirus (SARS-CoV-2), responsible for causing COVID-19, showed similarity with SARS-CoV virus; thus, the new virus is referred to as SARS-CoV-2 (Lu et al., 2020). So far, no vaccines are available against human coronavirus infections, though dozens of coronavirus vaccine candidates are being evaluated; subsequently, the epidemic of SARS-CoV and MERS-CoV is in preclinical and early clinical studies. Spike (S) glycoprotein was used as a target antigen in most of the cases. However, one SARS-CoV and four MERS-CoV vaccine candidates were advanced to early clinical trial, and those are based on S protein. It has been assumed that, in case of SARS-CoV, owing to fast disappearance of the virus, only one vaccine has completed phase I trial and other two trials were withdrawn. Notably, three of these potential MERS/SARS vaccine candidates are from viral vector platform, while the other two are DNA-based vaccine (Zhang et al., 2020a). Human Ad-vector, chimpanzee Ad-vector, and MVA-vector have been employed for designing BVRS-GamVac (ClinicaltrialsNCT04130594, 2019), ChAdOx1MERS (MERS001) (ClinicaltrialsNCT03399578, 2018a), and MVA-MERS-S (ClinicaltrialsNCT03615911, 2018b) vaccines, respectively. Guo et al. reported that single intramuscular immunization of mice with recombinant human adenoviral (type 5 or 41) vector vaccine encoded with full-length S protein of MERS-CoV can produce mucosal T-cell–mediated immune response and systemic neutralizing antibodies. However, T-cell–mediated immunity is not observed in case of intragastric route administration (Guo et al., 2015). Intriguingly, the vector rAd5 encoded with shorter S1 extracellular domain of S protein had manifest slightly stronger neutralizing antibody responses than full-length S protein. This signifies the effect of immunofocusing (Kim et al., 2014). Hashem et al. (2019) had established that rAd5 expressing CD40–targeted S1 fusion protein (rAd5-S1/F/CD40 L) provide a total protection against MERS-CoV in the hDPP4 transgenic mice model and also prevent pulmonary perivascular hemorrhage (Hashem et al., 2019). Currently, phase I and phase II clinical trials are in progress for BVRS-GamVac (a human Ad-vector–based vaccine candidate against MERS-CoV) with the aim to assess safety and immunogenicity (NCT04130594).
Chimpanzee adenovirus due to deficiency of preexisting immunity and attractive safety profile represents a good alternative to human adenoviral vector (Dicks et al., 2012). METRS001, a ChAdOx1 vaccine candidate encoding MERS-CoV S protein, has recently completed phase I, non-randomized, dose-escalation, uncontrolled, open-label trial, and at all tested doses, was found to be safe and well-tolerated. Furthermore, a single dose was capable of eliciting both cellular and humoral immunity against MERS-CoV (Folegatti et al., 2020).
The full-length S protein–encoded recombinant MVA also represents a promising vaccine candidate for MERS-CoV, owing to its better immunogenicity, high safety, and protective profile for MERS-CoV (Song et al., 2013; Volz et al., 2015). A MVA-based vaccine candidate, MVA-MERS-S, is currently under phase-I human trial, where the safety and immunogenicity of the vaccine will be investigated in healthy adults (NCT03615911). Recently, another report of recombinant MVA vaccine expressing the S protein of MERS-CoV confirmed safety and immunogenicity against MERS-CoV upon intramuscular administration in a phase I clinical trial (Koch et al., 2020). Nevertheless, MVA encoding highly conserved N protein along with S protein of MERS-CoV found to provoke CD8+ T-cell response, but the protecting efficacy is not yet investigated (Veit et al., 2018). Apart from these, MERS-CoV’s vaccine based on Newcastle disease virus (NDV) can induce neutralizing antibodies in Bactrian camels and BALB/c mice (LIU et al., 2017). Another live-attenuated measles virus–based vaccine candidate, namely, MVvac2-MERS-S(H) encoded with MERS-CoV spike glycoprotein, had shown multifunctional cellular immunity in preclinical study (Bodmer et al., 2018). Currently, a list prepared by WHO showed eight viral vector–based SARS-CoV vaccine candidates under preclinical investigation (WHO, 2020e).
In the current set-up, the preceding understandings of coronavirus vaccine development such as immunogenic response, antigen, challenges while using animal models, adjuvants, and route of administration may add some supplementary role in the rapid development of a vaccine against COVID-19. Viral vector–based vaccine candidates are second-generation vaccines in antiviral vaccine development strategies and more beneficial compared to first generation vaccine because they vaccinate the live virus into a nonvirulent vector by recombining the antigenic protein component of pathogenic virus. Thus, it imitates the possible natural pathogenic contamination, followed by humoral and cellular immunity (Yong et al., 2019; Badgujar et al., 2020; Zhang et al., 2020a; Zhang et al., 2020b).
Regalado et al. have mentioned some explanations for the shortage of reliable and commercial vaccines against SARS and MERS-CoV. With MERS-CoV, vaccine development, it is likely to be delayed due to the shortage of appropriate and productive small animal model during preclinical study. Another cause may be the lack of interest to invest in a vaccine for a comparatively low and geographically centralized disease as compared to other more chronic and global infectious diseases (HIV, measles, and tuberculosis). On the other hand, SARS-CoV cases ceased to be reported in 2004, and thus, further investigation in SARS-CoV’s vaccine was assumed to be futile (Padron-Regalado, 2020).
COVID-19 AND VIRAL VECTOR–BASED VACCINE PLATFORM
In current scenario, the ongoing COVID-19 pandemic has greatly accelerated the requirement of a massively producible, safe, and efficient vaccine for SARS-CoV-2. In such instance, vector-based vaccines have come as the front-runner. As illustrated by successful eradication of smallpox (Ura et al., 2014), FDA approval of Ervebo (CDC, 2020), and other promising vaccine candidates against various infectious diseases, viral vectors offer themselves as an attractive platform for the development of vaccines against COVID-19. Additionally, the lesson acquired from the viral vector–based vaccine development strategies for MERS and SARS-CoV have also provided a high benefit for rapid designing of COVID-19 vaccine.
As per draft landscape of COVID -19 candidate vaccines published by the WHO on 22nd January 2021, 10 nonreplicating and 4 replicating (overall 14) viral vector–based vaccine candidates are under clinical evaluation. Nevertheless, a total of 39 are under preclinical trial, among which 20 are nonreplicating and 19 are replicating viral vectors. The vaccine development program for COVID-19 had used a wide spectrum of vectors including Ad, MVA, Sendai viruses, parainfluenza viruses, rabies viruses, influenza viruses, and Newcastle viruses. Intramuscular route is the preferable route of administration for most of the vaccine candidates. Four adenovirus–based vaccine candidates (ChAdOx1-S, adenovirus type 5 vector, adeno-based (rAd26 + rAd5-S), and Ad26CoVS1) have reached phase III of clinical trial (WHO, 2021). A complete list of viral vector–based COVID-19 vaccines under clinical trial is given in Table 1.
TABLE 1 | List of viral vector–based COVID-19 vaccines under clinical trial (WHO, 2021).
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ChAdOx1-S
The ChAdOx1-S or ChAdOx1 nCoV-19 is a nonreplicating viral vector–based vaccine candidate for COVID-19 designed by the University of Oxford in collaboration with AstraZeneca (Ledford, 2020). It is presently known as AZD1222 and is presently undergoing phase III human trial. Upon the emergence of SARS-CoV-2, one of the promising vaccine candidates for MERS-CoV, ChAdOx1 MERS has been repurposed, and AZD1222 encoding a full-length codon–optimized S protein of SARS-CoV-2 has been designed. ChAdOx1 is an isolate Y25-derived replication-deficient simian adenoviral vector (Precision vaccination, 2020c). As reported by Dicks et al., in the human population the seroprevalence of antibodies to Y25 is 0% in the United Kingdom and 9% in Gambia (Dicks et al., 2012). Preclinical study in mice and rhesus macaques demonstrated that AZD1222 can elicit a strong cell-mediated and humoral immune response. As per the report, AZD1222 can induce a stable Th1/Th2 humoral and cellular response, and a significant reduction of viral load in the lower respiratory tract tissue and broncho alveolar lavage fluid as compared to control. Notably, no evidence of pneumonia and immune-enhanced diseases were detected in immunized animals (van Doremalen et al., 2020). A preliminary phase I/II study report of AZD1222 published on July 20, 2020, showed an acceptable safety profile, high immunogenicity and tolerability of the vaccine candidate. However, the reduction in reactogenicity was observed with paracetamol and following second dose. The study also observed a four-time increase in antibodies to S protein of SARS-CoV-2 in 95% of subjects, after one month of AZD1222 single dose injection (Folegatti et al., 2020). Clinical development of AZD1222 has progressed worldwide with late-stage phase II/III clinical trials in various countries including the United Kingdom (ISRCTN89951424), the United states (ClinicaltrialsNCT04516746, 2020e), Russia (ClinicaltrialsNCT04540393, 2020i), and India (ClinicaltrialsCTRI/2020/08/027170, 2020). In India, AZD122 is dubbed as Covishield (Times Now Digital, 2020). As of September 12, 2020, as part of the clinical trial, 18,000 individuals have received AZD1222 worldwide. As per AstraZeneca, following safety and efficacy assessment, 300 million doses of AZD1222 will be available by July 2021 (CEPI, 2020). A study report published on January 9th, 2021, confirmed the safety profile of AZD1222 and proved to be efficacious against symptomatic treatment of SARS-CoV-2 infection (Voysey et al., 2021).
Adenovirus Type 5 Vector Vaccine
CanSino Biological Inc. and Beijing Institute of Biotechnology are developing a adenovirus type 5 vector vaccine, which is a replication-defective adenovirus type-5 (Ad5) vector expressing the S glycoprotein of SARS-CoV-2 strain (Precision vaccination, 2020a; Zhu et al., 2020b) A non-randomized, single-centered, dose-escalation, open-label, phase I trial for adenovirus type 5 vector vaccine was performed on healthy adults (18–60 years) in Wuhan, China. The study results found adenovirus type 5 vector vaccine to be immunogenic and tolerable in healthy adults and can produce both humoral (at day 28 postvaccination (Precision vaccination, 2020b) and cellular (from day 14 after single dose) immunity against SARS-CoV-2. Among the three doses group, high dose of the vaccine shows more immunogenicity compared with the middle and low dose. However, the high dose was associated with higher reactivity, and some adverse effects such as severe fever, dyspnea, fatigue, joint pain, and muscle pain were also reported (Zhu et al., 2020b). Following this, a placebo-controlled, double-blind, randomized, phase II study was performed, which extended the knowledge of the immunogenicity and safety of the adenovirus type 5 vector vaccine. Older population showed higher tolerability but lower immune response than younger population and thus the study assumed that a supplementary dose might be required for older population. Except mild, transient vaccination–related adverse effects no serious adverse effects were detected. In majority of the recipients, immunization with single dose of the vaccine induced rapid onset of immunity within 14 days and significant humoral and cellular immunity within 28 days. For further evaluation of efficacy, this phase II trial support experimenting adenovirus type 5 vector vaccine at 5×1010 viral particles in a phase III effectiveness trial in healthy adults (Zhu et al., 2020a). Till date, two phase III clinical trial has been registered in ClinicalTrials.gov. A double-blind, placebo-controlled phase III study sponsored by CanSino Biologics Inc. has started on 15 September 2020 with the aim to evaluate immunogenicity, safety, and efficacy of adenovirus type 5 vector vaccine in healthy volunteers (18 years or above) (ClinicaltrialsNCT04526990, 2020f). Another randomized, double-blind phase III trial started on 11 September 2020 was sponsored by NPO petrovax, that will assess the efficacy, safety, and reactogenicity of the vaccine compared with placebo in total of 500 healthy subjects (age from 18 to 85 years) (ClinicaltrialsNCT04540419, 2020j).
Gam-COVID-VacLyo
The vaccine candidate Gam-COVID-VacLyo is being developed by Gamaleya Research Institute which consists of two recombinant adenovirus vector components, type 26 (rAD26) and type 5 (rAd5), and both encoding with S glycoprotein of SARS-CoV-2 virus (rAD26-S and rAD5-S). Safety and immunogenicity assessment of lyophilized and frozen formulation of this vaccine was examined in two phase I/II clinical trials on healthy adults (18–60 years aged) at two Russian hospitals. Safety of the two individual components of the vaccine candidate Gam-COVID-VacLyo was established in phase I trial. Then, in phase II, as a prime-boost vaccination, both components were injected intramuscularly and it showed that the vaccine had a good tolerability and generate strong cellular and humoral immune responses in the subjects. Moreover, antibody titers were higher in vaccinated subjects than those in convalescent plasma. Postvaccination antibodies were increased significantly from day 14 and cellular immunity was peaked at day 28. Additionally, the vaccine did not cause any serious adverse events in healthy adult participants (Logunov et al., 2020). Recently, an open-ended prospective non-randomized phase II study has started with 110 volunteers over the age of 60, with the goal to assess tolerability, safety, and immunogenicity of Gam-COVID-VacLyo (ClinicaltrialsNCT04587219, 2020q). On September 7, 2020, a phase III clinical trial has been started with the official title “Randomized Double-Blind Placebo-Controlled Multi-Center Clinical Trial in Parallel Assignment of Efficacy, Safety, and Immunogenecity of Gam-COVID-Vac Combined Vector Vaccine in SARS-CoV-2 Infection Prophylactic Treatment.” This trial will involve a total of 40,000 participants over the age of 18 years, and they will be randomized (3:1) into placebo receiving reference group (10,000 subjects) and test group (30,000 subjects). This study has been sponsored by Gamaleya Research Institute in collaboration with Government of the City of Moscow and CRO: Crocus Medical BV (ClinicaltrialsNCT04530396, 2020h). Another phase III trial has started on September 28, 2020, in Belarus, which has also been sponsored by Gamaleya Research Institute in collaboration with Russian Direct Investment Fund and CRO: iPharma; it is a double-blind, multicenter, placebo controlled randomized, phase III trial for assessment of efficacy, immunogenicity, and safety of the vaccine candidate Gam-COVID-VacLyo against COVID-19 infection. The study will include a total of 110 volunteers between the age of 18–60 (ClinicaltrialsNCT04564716, 2020n). Furthermore, the UAE and Venezuela had started phase III trial to determine the safety, immunogenicity, and efficacy of this vaccine candidate (ClinicaltrialsNCT04642339, 2020u; ClinicaltrialsNCT04656613, 2020v).
Ad26.COV2-S
Janssen Pharmaceutical Companies has nominated their main vaccine candidate recombinant Ad26.COV2-S (Ad26COVS1/JNJ-78436,735) for prophylaxis of COVID-19 infection. A phase I/IIa, placebo-controlled, randomized, double-blind trial is in progress since July 15, 2020, with the aim of assessing safety, immunogenicity, and reactogenicity of Ad26.COV2-S against SARS-CoV-2 in healthy adults (18–55 years old) (ClinicaltrialsNCT04436276, 2020a). On July 30, 2020, a study report published in Nature confirmed that a single dose of Ad26.COV2-S provoked robust neutralizing antibody titers, fruitfully averting subsequent infections and provided wide-range protection against SARS-CoV-2 in both the upper and lower respiratory tract of rhesus macaques (Mercado et al., 2020). Another study published on September 3, 2020, established that a single dose of Ad26.COV2-S can protect hamsters against the clinical conditions resulting after a high-dose intranasal challenge of SARS-CoV-2; it also elicited binding and neutralizing antibody response (Tostanoski et al., 2020). To evaluate the safety and efficacy of Ad26.COV2-S, a large-scale, randomized, pivotal, double-blind, multicentric, placebo-controlled phase III trial (ENSEMBLE) has been launched by the developer companies, which will enroll up to 60,000 volunteers across three continents (ClinicaltrialsNCT04505722, 2020d). A non–peer-reviewed research report established that a single immunization of Ad26.COV2-S is safe and immunogenic against SARS-CoV-2 (Sadoff et al., 2020). Nevertheless, recently ENSEMBLE-2, another phase III trial has been started for the efficacy and safety assessment of the vaccine (ClinicaltrialsNCT04614948, 2020t).
Phase I clinical trials are in progress for five more nonreplicating viral vector–based vaccine candidates.
The Ad5-S-Fusion + N-ETSD is a vaccine candidate sponsored by ImmunityBio, Inc., which is a bivalent human adenovirus serotype 5 (hAd5) vector with E1/E2b/E3 omissions and expressing spike glycoprotein of SARS-CoV-2 and a conserved nucleocapsid (N) with an improved T-cell stimulation domain. This vaccine candidate was suggested to be optimized for immunogenicity, as per a preclinical study report, because the S-fusion shows enhanced S receptor–binding domain (RBD) cell surface expression, which reserved conformational integrity and identification by ACE2-Fc. The N-ETSD protein is restricted to lysosomal/endosomal subcellular compartments for MHC I/II presentation. Refinements on S-Fusion and N-ETSD had enhanced de novo humoral and cellular immune response in antigen-naive preclinical models (Rice et al., 2020). Based on preclinical indications, ImmunityBio, Inc. has started a phase Ib, open-label study in healthy adults, where safety, immunogenicity, and reactogenicity of the vaccine candidate will the assessed (ClinicaltrialsNCT04591717, 2020r). Moreover, an open-label, phase Ib trial has been designed in South Africa to confirm the safety profile and to determine a proper dose of the vaccine for further studies (ClinicaltrialsNCT04710303).
The GRAd-COV2 is a vaccine candidate against COVID-19 pandemic based on a novel replication-incompetent simian adenovirus strain expressing the full-length S glycoprotein of SARA-CoV-2, which is being developed by ReiThera, an Italian–based biotech company. Simian adenoviral vectors represent an extensively used vaccine against many emerging infectious diseases because of their excellent safety profile, advanced manufacturing methods, and rapid onset of cellular and humoral immune responses (covidX, 2020). A phase I, dose escalation open-label, multicenter clinical trial (RT-CoV-2) is ongoing to determine the safety and immunogenicity of GRAd-COV2 against SARS-CoV-2 (ClinicaltrialsNCT04528641, 2020g).
One more recombinant adenovirus type 5 vector vaccine, namely, Ad5-nCoV is in phase I clinical trial sponsored by the Institute of Biotechnology, Academy of Military Medical Sciences, PLA of China. The study will perform safety and immunogenicity assessment of two doses of Ad5-nCoV followed by mucosal and intramuscular vaccination in different administration schedules (ClinicaltrialsNCT04552366, 2020k). The VXA-CoV2-1 is an oral recombinant adenoviral-vector based vaccine expressing an antigen of SARS-CoV-2 and dsRNA adjuvant. VXA-CoV2-1 is formulated by Vaxart (an American biotech. Company), as an enterically coated tablet. The vaccines target the small bowel, thus engaging the finely tuned immune system of the gut to produce broad, persistent systemic and mucosal immune response (NCT04563702; VAXART, 2020). Vaxart has designed an open-label, dose-ranging phase I clinical study for safety and immunogenicity assessment of two doses of VXA-CoV-1 against SARS-CoV-2 in healthy adult subjects (aged 18–54 years) (ClinicaltrialsNCT04563702, 2020m). MVA-SARS-2-S is another promising COVID-19 vaccine candidate, which comprises a modified vaccinia virus Ankara (MVA) vector-expressing S protein of SARS-CoV-2. Recombinant MVA vector has revealed promising results in MERS-CoV vaccine development (Koch et al., 2020). Depending on this, two MVA-based vaccines MVA/S (express a prefusion state stabilized, membrane–anchored full-length S protein) and MVA/S1 (express the S1 region of the spike which forms trimers) had developed during COVID-19 pandemic, and a preclinical study on the mouse model had demonstrated MVA/S as a promising vaccine candidate against SARS-CoV-2 (Routhu et al., 2020). To determine the safety, tolerability, and immunogenicity of MVA-SARS-2-S, an open, single-center phase I trial has been developed by University Medical Center Hamburg-Eppendorf. The study includes healthy subjects in two different dose cohorts and vaccinated twice with the proposed vaccine candidate (ClinicaltrialsNCT04569383, 2020o).
Alongside nonreplicating viral vector–based vaccine candidates, replicating viral vector–based vaccine candidates are also in headway.
The vaccine candidate DELNS1-2019-nCoV-RBD-OPT1 is established on flu-based DelNS1 live-attenuated influenza virus (LAIV) platform from which immune antagonist (NS1) and the key virulent element has been deleted and encoded with SARS-CoV-2’s S protein. DELNS1-2019-nCoV-RBD-OPT1 has been developed as an intranasal spray and is being evaluated in China for its safety and immunogenicity (ChiCTR2000037782, 2020). Recently, a phase II clinical trial has been started for this vaccine candidate (ChiCTR2000039715, 2020).
Israel Institute of Biological Research (IIBR) has developed a replication-competent vesicular stomatitis virus (VSV) vaccine candidate, encoding S protein of SARS-CoV-2 (rVSV-SARS-CoV-2-S). Preclinical investigation revealed that, rVSV-SARS-CoV-2-S resembles the SARS-CoV-2, in antigenicity, spike expression properties, and neutralizing antibody production ability. Furthermore, single-dose immunization with the vaccine candidate, proved to be safe, effective, and elicited sufficient neutralizing antibody against SARS-CoV-2 infection (Yahalom-Ronen et al., 2020). Another study by Li et al., 2020b concluded that rVSVs holds excellent potential for studying SASR-CoV-2 host interactions, immune response characterization, and neutralizing antibodies detection and can be a promising vaccine candidate for prophylaxis of COVID-19 (H. Li et al., 2020). Additionally, Dieterle et al., 2020 reported that, in high-throughput fluorescent reporter assay, the neutralization properties of a huge panel convalescent sera of COVID-19 can be evaluated with rVSV-SARS-CoV-2S and the antisera neutralization of the rVSV and SARS-CoV-2 is vastly correlated (Dieterle et al., 2020). Considering these results, a phase I clinical trial has been started to evaluate safety, efficacy, and immunogenicity of rVSV-SARS-CoV-2S in healthy adults, and the study has been promoted to phase II on 28th October 2020 (ClinicaltrialsNCT04608305, 2020s).
Another vaccine candidate, V590 is a recombinant vesicular stomatitis virus (rVSV) developed by Merck and Co., which is repurposed from Merck’s Ebola Zaire virus vaccine (GEN, 2020). A phase I study has begun with the hypothesis that as determined by plaque reduction neutralization test, so far, a possible one well-tolerated dose of V590 raises the geometric mean titers of COVID-19 anti-serum neutralizing antibody when compared to placebo (ClinicaltrialsNCT04569786, 2020p). Furthermore, a phase I randomized, placebo-controlled, two center trial on a novel measles vector-based vaccine candidate, developed by Institut Pasteur, is in progress to determine its safety, tolerability, and immunogenicity against SARS-CoV-2 (ClinicaltrialsNCT04497298, 2020b). Furthermore, a phase I/phase II trial has been started with the objective to identify the dose range in order to reach targeted immunogenicity (ClinicaltrialsNCT04498247, 2020c). An intranasal adenovirus type 5 (Ad5) vector vaccine candidate (AdCOVID) expressing the RBD of the S protein of SARS-CoV-2, had shown a potent immune response against RBD via the generation of serum neutralizing antibodies, mucosal IgA induction, and expression of CD4+ and CD8+ T-cells with a Th-1–like cytokine (King et al., 2020). A phase I trial has been designed by Altimmune to assess the safety and immunogenicity of AdCOVID (ClinicaltrialsNCT04679909, 2020w).
Accompanying the clinical trials, 39 preclinical studies on viral vector–based COVID-19 vaccine are in progress and are showing promising results. Table 2 summarizes the list of viral vector–based COVID-19 vaccine candidates undergoing preclinical evaluation (WHO, 2021).
TABLE 2 | List of viral vector–based vaccine candidates under preclinical evaluation (WHO, 2021).
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The outbreaks of SARS in 2002, MERS in 2012, and COVID-19 in 2019 show that there has been a new major CoV outbreak in every decade of the 21st century so far. Thus, it can be expected that such epidemics can emerge in the future. However, in order to contain the prevailing scenario of COVID-19, rapid development of a safe, reliable, and potent vaccine is urgently needed. An ideal vaccine should have the ability to generate excellent immunogenic response (irrespective of age) with low antigen dosage against different viral strains of the same pathogen with no adverse effects. Although several attempts have been made in order to generate a successful vaccine candidate for the prophylaxis of SARS-CoV-2, till date, no approved vaccine is available. The foremost challenge while developing a vaccine against newly emerging virus is to find out various properties of the virus such as mode of entry, target organ, genomic sequence, mechanism of action, mutation, development of immunity, symptomatic and asymptomatic nature, and relapse of the infection. Similarly, while using viral vectors as platform for vaccine development, it is necessary to identify the genotoxicity, epidemiology, and virology of pathogenic as well as viral vector viruses. Thus, for the newly emergent viruses like SARS-CoV-2, rapid production of a viral vector–based vaccine is difficult. Moreover, delay of the real anticipated immune response to the pathogenic virus is also a significant restriction in case of viral vector–based vaccine candidates, because preexisting immune response is primarily acquired due to the vector virus.
Importantly, common challenges with all COVID-19 vaccine platforms include unavailability of the adequate preclinical model and establishment of a proper administration route. Selection of the animal model for preclinical testing of vaccine itself is associated with several challenges such as presence of the natural immunity against SARS-CoV-2, absence of ACE2 receptor, and unanticipated pathogenicity or immunogenicity against the testing virus.
Nevertheless, another major issue, particularly, in manufacturing of vaccine candidate is the bioprocessing scale-up of the vaccine with the highly pure antigen. Currently all the experiments on vaccine candidates are achieved by small-scale production of antigen in the laboratory; however, in the race for rapid production of vaccine, large-scale production might be hampered by the purity of the antigen product. Thus, safety and immunogenicity of the vaccine candidate may be altered and may lead to some untoward adverse effects.
Though there are many challenges associated with the production of vaccine against COVID-19 infection, with a growing number of research studies progressing toward the later stage of clinical trials, there is tremendous enthusiasm and optimism in the area of viral vector–based vaccine development against the pandemic. For instance, ChAdOx-S is showing an excellent potential as a promising COVID-19 vaccine candidate, 2020. On September 6, 2020, AstraZeneca, the ChAdOx-S developing company, had paused the trials after a woman participant showed some neurological symptoms related to transverse myelitis. However, the trial resumed in 2020, after confirming the safety of the vaccine candidate by the UK’s Medicines Health Regulatory Authority (Live Science, 2020; STAT, 2020). The U.S. Department of Health and Human Services (HHS) had announced up to $1.2 billion to AstraZeneca for rapid development of the vaccine and to manufacture at least 300 million doses, after assessment of safety and efficacy of the vaccine candidate (Division, 2020). Furthermore, Johnson & Johnson had an agreement of $1 billion, with the U.S. government to deliver 100 million doses of the vaccine Ad26.COV2.S in the U.S., following its approval or authorization for emergency use from the U.S. FDA (Johnson and Johnson, 2020). Therefore, considering the preclinical and clinical progress of viral vector–based vaccine candidates in the race of rapid vaccine development, it can be assumed that till the end of this year, a safe and effective viral vector–based vaccine will be available to curtail the COVID-19 pandemic. However, various international funding agencies should mobilize and come forward to promote the vaccine development program by overcoming various challenges and for stockpiling of COVID-19 vaccine.
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The recently emerged coronavirus (SARS-CoV-2) has created a crisis in world health, and economic sectors as an effective treatment or vaccine candidates are still developing. Besides, negative results in clinical trials and effective cheap solution against this deadly virus have brought new challenges. The viral protein, the main protease from SARS-CoV-2, can be effectively targeted due to its viral replication and pathogenesis role. In this study, we have enlisted 88 peptides from the AVPdb database. The peptide molecules were modeled to carry out the docking interactions. The four peptides molecules, P14, P39, P41, and P74, had more binding energy than the rest of the peptides in multiple docking programs. Interestingly, the active points of the main protease from SARS-CoV-2, Cys145, Leu141, Ser139, Phe140, Leu167, and Gln189, showed nonbonded interaction with the peptide molecules. The molecular dynamics simulation study was carried out for 200 ns to find out the docked complex’s stability where their stability index was proved to be positive compared to the apo and control complex. Our computational works based on peptide molecules may aid the future development of therapeutic options against SARS-CoV-2.
Keywords: SARS-CoV-2, COVID-19, M Pro, peptides, molecular dynamics, in silico
INTRODUCTION
The novel coronavirus, currently known as SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2), originated in Wuhan, Hubei Province, China, and then spread rapidly worldwide (Singhal, 2020; Wang et al., 2020a). SARS-CoV-2 is a virus with a high contagious property. As the virus is highly contagious, it spreads quickly to many other regions of China and other countries of the world within just 1 month (Luo et al., 2020). As of this study’s writing, 3,060,651 people have died so far in COVID-19, and confirmed cases are 143,663,539 (https://www.worldometers.info/coronavirus/#countries). This virus has spread worldwide, but Europe can be called the epicenter of COVID-19 because of its worse attack than China (Ceylan, 2020).
Later in December 2019, pneumonia-like symptoms of indecipherable etiology were confirmed in Wuhan, Hubei Province, China, where seafood in conjunction with wild and farmed animal species is vented in a wholesale seafood market, that is, preliminarily thought to be enacting the phenomenon of this worldwide outbreak (Zheng, 2020). As of this study’s writing, 2,600,162 people have died so far in COVID-19 and confirmed cases are 117,089,586 (https://www.worldometers.info/coronavirus/#countries). SARS-CoV-2 is a zoonotic transformation disease where the disease spreads from animal to human via the intermediate host (Dehelean et al., 2020). Bat-coronavirus (bat-nCoV) RaTG13 exerted near about 96% sequence identity with SARS-CoV-2 that sorely indicates bats are the main natural reservoir. In contrast, few criteria like clinical signs, histological changes, and circulating antibodies of Malayan pangolins (Manis javanica) partook 90.1% identity and 99% similarity of genome sequence SARS-CoV-2 implying Malayan pangolins as an immediate, intermediate host of deadly COVID-19 disease (Li et al., 2020; Zhao et al., 2020). The very first four cases of SARS-CoV-2 disease are directly in contact with the seafood market from where this disease spreads rapidly among humans by person-to-person contamination via several ways of transference, among which droplet transmission and respiratory droplets are the most causative reasons for transmitting infection toward noninfected people. When people are nearly connected within 1.5 m, there is a highly risky chance of droplet transmission by forming droplets of mucosae or conjunctiva of an infected person. In contrast, airborne transmission, fecal–oral transmission, and vertical transmissions are lower risky transmission mediums of emerging SARS-CoV-2 strain (Acuti Martellucci et al., 2020; Wang et al., 2020b).
Glycoprotein-associated homotrimeric spike protein (S) is a fusion protein that comprises the S1 and S2 subunits. For the S1 subunit, spike protein held a binding with receptor-binding domain (RBD) within the host cell contrary to a fusion between cellular and viral membranes for the S2 subunit. This type of binding cascade leads the viral genome to enter into the cell from which it reproduces countless viruses, and the engrossing structure of spikes plays the premier role in spreading infection (Chan et al., 2020; Lan et al., 2020; Yang et al., 2020). Angiotensin-converting enzyme 2, abbreviated as ACE2, is recognized as a well-known receptor of life-threatening SARS-CoV-2, and by binding to ACE2, spike protein–containing virus then enters into the mucosal endothelial cells. It requires 96 h to enter human respiratory epithelial cells and near about take 6 days for the entire cell line, and after contamination, interacting of saliva and respiratory secretions through coughing or sneezing or talking or singing, this virus can touch the nose, mouth, or eyes of a noninfected person from which virus spreads toward circumstances (Zhang et al., 2020b; Shang et al., 2020; WHO, 2020).
Coronaviruses contain enveloped, positive-sense, single-stranded RNA. They are also known as the largest RNA viruses because of their large genome size. These viruses range in size from (65–125 nm) in diameter as they are minute in size (Ge et al., 2020; Shereen et al., 2020). The SARS-CoV-2 belonged to the family Coronaviridae, which is in the order Nidovirales and Betacoronavirus genus (Zhong et al., 2003; Ge et al., 2020; Shereen et al., 2020). Seven coronaviruses can cause disease in the human body. The four human coronaviruses (HKU1, NL63, HCoV 229E, and OC43) are known to be globally endemic and cause damage to the respiratory tract of the elderly through infection of the upper portion of the tract. Alpha, beta, gamma, and delta—these are the four genera of coronaviruses (Chen et al., 2020; Ge et al., 2020; Wu et al., 2020a). As there are four subfamilies of coronaviruses, the alpha coronaviruses and beta coronaviruses possibly not only infect mammals but also originate from them. These mammals are specifically bats. Birds and pigs are the origins of another two subfamilies, gamma coronaviruses and delta coronaviruses. It is already known that coronaviruses have the largest genome and their genome size differs from 26 to 32 kb. Four leading structural genes encipher the membrane glycoprotein (M), the spike protein (S), nucleocapsid protein (N), and a small membrane protein (SM) (Velavan and Meyer, 2020; Zhou et al., 2020).
Since it has been predicted that SARS-CoV-2 originated from bats, the genome of this virus naturally matches about 96% of bats’ genome. This virus’s genome contains a single open reading frame (ORF) that encodes a polyprotein, cap structure at 5′, and a poly-A-tail at 3'. Cap structure and poly-A-tail are the two untranslated regions (UTRs). The genomic structure of SARS-CoV-2 starts from the 5′ end. Then, there are two viral replicases, open reading frame (ORF 1a and 1b). COVID-19 takes on a pandemic form in a very short time.
The main protease of SARS-CoV-2 (Mpro) is a leading enzyme that plays a crucial role in regulating viral replication and transcription, the functioning of viral replicase enzymes and self-maturation, and in the acclimatization of the immune response in the host, among further fundamental actions for progressing the pathogen within a host cell (Dai et al., 2020; Joshi et al., 2020; Silva Andrade et al., 2020; Wu et al., 2020b; Zhang et al., 2020a). The SARS-CoV main protease is a 33.8 kDa protease (also known as the 3C-like protease or 3CLpro), a promising target for drug design due to its unexpected inhibitor mode binding site (Yang et al., 2003). Along with, SARS-CoV main protease has a pivotal role in mediating viral replication, multiplication, and transcription, as well as it is a key enzyme in the viral life cycle. On the point of being primarily inactive, the last C-terminal helix in domain III of Mpro monomer is involved in the dimerization of the main protease, and the derived homodimer is the active form of the enzyme which contains an intercommunicating attachment, chiefly between domain II of molecule A and the N-finger (NH2-terminal residues) of molecule B, aligned perpendicular to one another (Suárez and Díaz, 2020; Ullrich and Nitsche, 2020; Zhang et al., 2020a). In protomers, dimerization of the enzyme is mandatory for catalytic activity because the N-finger (residues 1–7) in domain I of one protomer intervenes with Glu166 of another protomer and thus assists in forming the S1 pocket of the substrate-binding site and the oxyanion loop as well in protomers. Emphatically, the Thr285Ala substitution marked in the SARS-CoV-2 Mpro concedes the two domains III to appear slightly closer, evolving higher catalytic efficiency (Anand et al., 2002; Yang et al., 2003; Suárez and Díaz, 2020; Zhang et al., 2020a).
Few vaccine candidates have been applied to nonhuman primates (NHPs) during trial phases (Dagotto et al., 2020). Some notable vaccine candidates are PiCoVacc (Wang et al., 2020c), DNA vaccines (Yu et al., 2020), RNA vaccines (Corbett et al., 2020), (mRNA-1273), and adenovirus-based vaccines ChAdOx1 (van Doremalen et al., 2020) and Ad26 (Mercado et al., 2020). Moreover, very few promising vaccine candidates have been showing good results during the clinical trial and early phase clinical trial (Dagotto et al., 2020; Folegatti et al., 2020; Jackson et al., 2020; Zhu et al., 2020).
MATERIALS AND METHODS
Peptide and Protein Preparation
The antiviral database AVPdb (Qureshi et al., 2014) was utilized for screening peptides. Primarily, 88 peptide sequences were extracted from the database based on the activity against SARS-CoV-2. The peptide sequences were modeled before the peptide modeling. The PEP-FOLD-3 webtool (Maupetit et al., 2009; Thévenet et al., 2012) was used to model the peptide structure by utilizing amino acid sequences from the peptide. The three-dimensional protein structure of the main protease from SARS-CoV-2 (6LU7) was taken from the protein data bank database (RCSB) (Berman et al., 2000). The protein structure was initially cleaned; water molecules and heteroatoms were removed. The cleaned protein structure was subjected to an energy minimization process in YASARA (Krieger et al., 2013) by employing the YASARA force field. The minimized structure was saved for further docking and simulation study.
Active Site Prediction
The CASTp (Computed Atlas of Surface Topology of protein) provides protein pockets and the protein's buried interface by solvent-accessible surface and molecular surface models. This webtool (www.scts.bioe.uic.edu/castp/) can precisely predict the functional and surface features. This program’s catalytic sites/active sites of the protein model can be identified (Binkowski et al., 2003).
Molecular Docking
The peptides were initially docked in PatchDock (Schneidman-Duhovny et al., 2005) tools by targeting the main protease of SARS-CoV-2. The protein structure was used as a receptor, and the peptides were input as ligand molecules. The best 10 conformations of each peptide–protein complex were further docked in FireDock tools (Mashiach et al., 2008). The peptides were further docked in ClusPro (Kozakov et al., 2017) tools to maintain the accuracy in the docking study.
SAR Analysis of Peptides
The ProtParam (Garg et al., 2016) tools were initially used for peptides properties calculation. The best 15 peptides based on binding energy were considered for the SAR analysis, where acidic, basic, polar, nonpolar amino acid, net charge at pH, molecular weight, and volume were considered. Furthermore, the principal component analysis of the peptide properties was also calculated to further explore the structural variance.
Molecular Dynamics Simulations
The molecular dynamics simulation study was employed in YASARA dynamics (Krieger et al., 2013) commercial package where AMBER14 force field was utilized. The co-crystalized protein complex of main protease (PDB ID: 6LU7) was used as control-1, whereas peptide molecules QYIKWPWYI and the main protease complex were used as the control-2 system. The peptide from control-2 has COVID-19-induced T cell recognition and currently in the preparatory stage of clinical trials (EudraCT 2020-002502-75, EudraCT 2020-002519-23) (Nelde et al., 2021). The ligand-free protein complex (apo) was also included in this study to compare the protein's stability after binding with the protein molecules. The protein complex was initially cleaned, and the hydrogen bond network system was optimized along with the removal of the bumps from protein structure. The peptides and protein complexes were taken into the simulation box, and the total environment of the simulation system was neutralized by adding water molecules; 0.9% NaCl and the pH was set 7.4 (Krieger and Vriend, 2015). The temperature of the simulation system was 310 k, and the simulation temperature was maintained with the aid of the Berendsen thermostat. The TIP3P water model was used, and the cell density was set as 1.012 gm/cm3. The simulation cell box was bigger than the peptide and epitope complexes by 20 Å so that the complex can move freely within the complex (Land and Humble, 2018). The long-range electrostatic interactions were calculated through PME or the particle mesh Ewald method (Krieger et al., 2006). The simulation was initially optimized with the help of steepest gradient approaches using 5,000 cycles. The simulation was run by using 1.25 fs time step. The trajectories were saved after every 100 ps to analyze the root mean square deviation, root mean square fluctuations, hydrogen bond, radius of gyration, and solvent accessible surface area (Bappy et al., 2020; Khan et al., 2020; Islam et al., 2020; Mahmud et al., 2020a; Mahmud et al., 2020b; Mahmud et al., 2021b; Swargiary et al., 2020; Chowdhury et al., 2021; Rakib et al., 2021; Uddin et al., 2021).
RESULTS AND DISCUSSION
Active Site Prediction
The CASTp webserver helps to identify the active groove of the main protease from SARS-CoV-2. About twenty-five active points were determined in CASTp tools; Arg 188, Asn119, Asn142, Asp187, Cys44, Cys145, Gln189, Gln192, Glu166, Gly143, His41, His164, Leu27, Leu167, Met49, Met165, Phe181, Pro168, Pro52, Thr24, Thr25, Thr26, Thr45, Tyr54, and Val186. These amino acids from the main protease were carefully assessed and considered for the peptide screening process via molecular docking.
Molecular Docking
The peptide sequences were modeled in PEP-FOLD server and incorporated in the Supplementary Figure S1. The docking energy from each peptide is documented in Supplementary Table S1. The most favorable binding energy found for P14, P39, P41, and P74 than other peptide models. The binding energy from FireDock server was found for best four peptides in between −55 and −60 kcal/mol. The FireDock energy for four peptides was as −58.45, −59.18, −55.13, and −59.16 kcal/mol, respectively, for P14, P39, P41, and P74 (Table 1). Moreover, to understand the binding with the main protease and peptide molecules, flexible docking approaches from ClusPro were also assessed. The binding pocket or targeted amino acid sequences were not specified for this docking study. However, strong binding energy was also found in ClusPro docking program. The P14, P39, P41, and P74 had binding energy in ClusPro program as −885.9, −839.2, −888.4, and −926.3 kcal/mol, respectively. The docking energy of the other peptides was reported in Supplementary Table S1.
TABLE 1 | Docking score of the top four peptides based on binding energy. The binding energy was calculated through FireDock and ClusPro program.
[image: Table 1]Docking Interaction
A virtual screening process including molecular docking is regarded as a feasible approach for identifying reliable antiviral therapeutics among diverse peptide sequences available in the reliable online-based database. Notably, the interaction type, and the binding energy in conjunction with the bond distance of interaction between a protein substrate and a peptide ligand, can be evaluated through the utility of molecular docking. Therefore, screening a plausible peptide among numerous peptide sequences based on binding energy assessment is feasible within minimum time by running molecular docking to evaluate supreme peptide candidates according to the docking interaction. Moreover, diverse docking programs are compatible for engaging in the computational scheme to achieve accuracy (Shoichet, 2006; Sousa et al., 2010; Hengphasatporn et al., 2020; Maia et al., 2020). Consequently, a computational-based approach is considered a reliable technique for apprehending a repurposing antiviral peptide candidate against the SARS-CoV-2.
The P14 peptide created eight hydrogen bonds with the main protease from SARS-CoV-2 at Lys102, Gln110, Arg298, Ser301, Ile152, Ser158, and Val297 positions where each of the amino acid residue has bond distance below 2.5 Å indicating stronger binding interactions. This complex had five more hydrophobic bonds at Phe294 (Pi-sulfur), Tyr154 (Pi–Pi T-shaped), Pro252 (alkyl), Ile249 (alkyl), and His246 (Pi-alkyl) residues (Table 2 and Figure 1).
TABLE 2 | Nonbonded interaction of the top four peptides and main protease of the SARS-CoV-2, here, H, A, PA, PS, and PPT denote hydrogen bond, alkyl bond, Pi-alkyl bond, Pi-sulfur bond, and Pi–Pi T-shaped interactions, respectively.
[image: Table 2][image: Figure 1]FIGURE 1 | Docking interaction with P14 peptide and main protease enzyme of SARS-CoV-2 (A,B).
Therefore, the P39 complex stabilized by creating six hydrogen bonds at Asn142, Thr24, Glu166, Asn142, Asp187, and Gln189 positions. Two more hydrophobic bonds were also observed at Cys145 and His41 residues. Interestingly, all of the interacting residues, except Asp187, from P39 complex were in the active cavity of the main protease enzyme. These binding at the active groove may be responsible for the possible inhibition of the targeted protein (Table 2 and Figure 2).
[image: Figure 2]FIGURE 2 | Nonbonded interaction with the main protease and P39 peptide (A,B).
Also, the P41 peptide creates ten hydrogen bonds with the target protein at Lys102, Arg245, Arg105, Gln107, Gln110, Tyr154, Ile249, Asp153, Gln107, and Thr198 residues. This complex also exhibited three more hydrophobic bonds at Phe294, Pro293, and Arg105 (Table 2 and Figure 3).
[image: Figure 3]FIGURE 3 | Non-covalent interactions of main protease and P41 peptide molecule (A,B).
The P74 peptide and protein complex also generate ten hydrogen bonds at Glu166, Ser139, Phe140, Leu167, Ile135, Gln189, Ser139, Met165, Pro168, and Asp187 residues. This complex had one Pi-sulfur bond at Cys145 and one alkyl bond at Leu141. The P74 complex also had interaction in the catalytic residues at Cys145, Leu141, Ser139, Phe140, Leu167, and Gln189. These interactions at the active site of the protein may be responsible for the higher binding energy compared to the other peptides’ molecules (Table 2 and Figure 4).
[image: Figure 4]FIGURE 4 | Nonbonded interaction of P74 and main protease enzyme (A,B).
Molecular Dynamics Simulation
In the computational drug discovery process, the flexibility of protein plays a significant role in ligand binding. Thus, to predict the motion of the protein, many computational techniques are needed. Unfortunately, the required calculations for demonstrating chemical reactions between complex molecular processes and farcical quantum-mechanical motions are mostly very much perplexing to understand. To surpass these complexities and invigorate atomic motions, molecular dynamics (MD) simulations use facile presumptions that are a cornerstone of Newtonian physics (Liu et al., 2018). To identify cryptic binding sites and keep the proteins and ligands flexible and calculate the ligands’ binding energies and allow binding sites’ relaxation close to the ligand, the evaluation of (MD) is essential (Okimoto et al., 2009). The study of molecular dynamics simulation in the main protease of SARS-CoV-2 was being used to figure out how flexible all the docked complex (four peptide complexes), and this evaluation was lasted up to 200 ns. Assimilating these peptides’ complex properties of dynamics and motion is another application of dynamics simulation. Additionally, RMSD was seen to comprehend confirmational fixity. Besides the analysis of the docked complex solvent, the accessible surface area was observed. Further, gyration profiles radius was investigated to recognize the variation in protein mobility. MD simulation resulting in all the peptide complex conditions was firm and inflexible while binding with the SARS-CoV-2 main protease.
The ligand-free complex (apo), co-crystalized ligand (control-1), and peptide-bound main protease (control-2) were included in the dynamic simulation study to compare the motion and dynamics properties of the four peptide complexes. The root mean square deviation of the C-alpha atoms from the seven complexes was found in stable condition in Figure 5. The average RMSD descriptors from seven complexes: apo, control-1, control-2, P14, P39, P41, and P74 were 1.17, 1.35, 1.479, 1.53, 1.45, 1.75, and 1.74 Å, respectively (Figure 5A). The P41 and P74 peptide complexes were initially stable from 0 to 90 ns, and a higher RMSD trends were observed for both complexes. But large deviation was not seen for both complexes, but they were in the below range of 2.5 Å. The control and apo complexes along with P14 and P39 complexes exhibit lower RMSD trend across the whole simulation time. This lower RMSD trend among the all seven complexes indicated the conformational stability of the docked and control complexes. Therefore, upon peptide binding with the target protein of SARS-CoV-2, lower degree of conformational variation was observed as all of the complexes were found rigid in dynamic simulation (Nainu et al., 2020; Rakib et al., 2020a; Rakib et al., 2020b; Rakib et al., 2020c; Tallei et al., 2020; Harapan et al., 2021; Mahmud et al., 2021a).
[image: Figure 5]FIGURE 5 | Molecular dynamics simulation study of the peptide and main protease enzyme. (A) Root mean square deviation of the C-alpha atom, (B) the solvent accessible surface area of the protein volume to understand the change in protein volume, (C) the radius of gyration, and (D) the hydrogen bond of the protein complex to evaluate their stability in simulation.
The solvent accessible surface area of the docked complexes was also analyzed. These simulation descriptors correlate with the surface volume of the complexes where higher SASA profile indicates the expansion in the surface area. The P39 complex had similar SASA trend as the peptide size was comparatively lower than other peptides (Figure 5B). So, this complex had similar surface area like control and apo. Although higher SASA trend were observed for rest of the peptides, but deviations in SASA value were absent for these complexes, thus these peptide complex had strict surface area across the simulation complex. The average SASA profile for the six complexes: apo, control-1, control-2, P14, P39, P41, and P41 were as 14048.28, 14075.69, 14738, 15115.54, 14261.35, 15679.8, and 16117.22 Å2, respectively.
The radius of gyration profile indicated the change in the protein mobility across the simulation time. The P74 peptide had lower Rg value than the control and other peptide molecules. After 60 ns, this complex lowered its Rg profile more and higher again after 100 ns (Figure 5C). The lower radius of gyration profile of this complex indicates the compacted nature of the protein. On the other hand, the P39 complex, apo, and control complex had higher deviation which correlates with lability of the complex and also possibility of the folding or unfolding nature of the complexes. Moreover, the hydrogen bond of the systems can determine the stable nature of the complexes. The P74 and P41 peptides had more hydrogen bonds than the control and apo complexes. The other two peptides, P14 and P39, had similar hydrogen pattern with the ligand-free complexes and control (Figure 5D). Although number of hydrogen bonds were different for all seven complexes, but they did not change the stable nature as lower flexibility were observed for the peptide complexes.
The root mean square fluctuation or RMSF of the amino acid residues from main protease enzyme was also analyzed (Figure 6). The complex had lower RMSF value except Ser1 (helix), Ala7 (helix), Val13 (helix), Gln19 (helix), Leu32 (helix), Asp33 (helix), Pro39 (helix), Arg40 (helix), Pro96 (beta turn), Tyr154 (beta turn) Glu166, Arg222, (beta turn), Gly302, (beta turn), Val303, (beta turn), Thr304, (beta turn), Phe305, (beta turn), and Gln306 (beta turn) residues. The last amino acid segment from beta turn domain and first segment from helical region of this protein exhibit more flexibility. Overall, all other complex had lower RMSF profile than the other complex by denoting more rigidity and structural stability of the amino acid residues from main protease.
[image: Figure 6]FIGURE 6 | Root mean square fluctuation of the amino acid residue of the protein complex to understand their fluctuations across the residues.
SAR Analysis
The physiochemical properties of the best 15 peptides molecules were tabulated in Supplementary Table S2. The structural variation among the best 15 peptide molecules was assessed through clustering behavior. Figure 7 depicted that the best four peptides P14, P39, P41, and P74 and their clustering pattern were replicated the energy score plot of their complexes with main protease from SARS-CoV-2 but that P14 is close to P41 (Figure 7). Besides theoretical pl, total number of negatively charged residues (Asp + Glu) and total number of atoms and molecular weight residues play a significant role in the clustering pattern of the test peptides as negatively charged and total number of atoms residues are heavily loaded onto PC1 and the theoretical pl residue onto PC2, which altogether explains 96.33% structural variance.
[image: Figure 7]FIGURE 7 | Principal component analysis (PCA) showing the Biplot of top 15 high-binding affinity peptides clustered based on four peptide properties.
Theoretical pl and total number of positively charged residues samples are clustered in the first and second quadrants, whereas the negatively charged residues samples were grouped in the fourth quadrants of the observation and biplots. This grouping accounted for 96.33% of the total variation present in the data set. Based on the sample ordination in principal component (PC1), total number of positively charged residues samples are located at positive values or close to zero compared to the theoretical pl samples, indicating a difference in the abundances of the compounds generated in both types of peptides.
CONCLUSION
Modeling and designing antiviral peptides by targeting viral protein from SARS-CoV-2 can be promising, unique techniques to tackle SARS-CoV-2 treatment systems. The comparative modeling of screened peptide molecules allows us to evaluate the best peptide molecules’ binding energy. The combinatorial docking approaches were further assessed to find the vital active points of interactions where most of the binding residues were found in the binding sites. This docking approach had favorable results in a dynamics simulation study where every peptide was in a rigid state, and flexible nature was not found. Furthermore, these experiments, along with future in vivo and in vitro experiments, can lead to the rational and rigorous development of peptide-based inhibitors by targeting the viral protein of SARS-CoV-2.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first recognized in Wuhan in late 2019 and, since then, had spread globally, eventually culminating in the ongoing pandemic. As there is a lack of targeted therapeutics, there is certain opportunity for the scientific community to develop new drugs or vaccines against COVID-19 and so many synthetic bioactive compounds are undergoing clinical trials. In most of the countries, due to the broad therapeutic spectrum and minimal side effects, medicinal plants have been used widely throughout history as traditional healing remedy. Because of the unavailability of synthetic bioactive antiviral drugs, hence all possible efforts have been focused on the search for new drugs and alternative medicines from different herbal formulations. In recent times, it has been assured that the Mpro, also called 3CLpro, is the SARS-CoV-2 main protease enzyme responsible for viral reproduction and thereby impeding the host’s immune response. As such, Mpro represents a highly specified target for drugs capable of inhibitory action against coronavirus disease 2019 (COVID-19). As there continue to be no clear options for the treatment of COVID-19, the identification of potential candidates has become a necessity. The present investigation focuses on the in silico pharmacological activity of Calotropis gigantea, a large shrub, as a potential option for COVID-19 Mpro inhibition and includes an ADME/T profile analysis of that ligand. For this study, with the help of gas chromatography–mass spectrometry analysis of C. gigantea methanolic leaf extract, a total of 30 bioactive compounds were selected. Our analyses unveiled the top four options that might turn out to be prospective anti–SARS-CoV-2 lead molecules; these warrant further exploration as well as possible application in processes of drug development to combat COVID-19.
Keywords: COVID-19, SARS-CoV-2, Mpro, in silico, Calotropis gigantea, Mpro inhibitor
INTRODUCTION
Coronavirus disease 2019 (COVID-19) is an infectious disease triggered by infection with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. In late 2019, cases of a pneumonia of a then-unknown origin began to appear in the capital of China’s Hubei province, Wuhan, later progressively spreading throughout the globe, resulting in the current COVID-19 pandemic (Hui et al., 2020). COVID-19 is not the first respiratory disease that has caused an epidemic in the last two decades; previously, outbreaks of Middle East respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS), both caused by other coronaviruses, have occurred (de Wit et al., 2016). Coronaviruses are enveloped positive-sense single-stranded RNA genome (26–32 kb) viruses (Su et al., 2016). To date, four genera of coronaviruses have been identified: coronavirus genera α (alpha), coronavirus genera β (beta), coronavirus genera γ (gamma), and coronavirus genera δ (delta). Human coronaviruses (HCoVs) detected thus far include the HCoV-229E and NL63 in the α-coronavirus genus and MERS-CoV, SARS-CoV, HCoV-OC43, and HCoV-HKU1 in the β-coronavirus genus (Perlman and Netland, 2009). Following virus genome sequencing in December 2019 of five hospitalized patients in Wuhan with the mysterious pneumonia, it was divulged the existence of a formerly unknown β-CoV strain existed in all of them. This isolated neoteric β-CoV manifests an 88% degree of specification to the sequence of two bat-derived SARS-like coronaviruses, bat-SL-CoVZC45 and bat-SL-CoVZXC21, and an almost 50% degree of specification to the sequence of MERS-CoV (Lu et al., 2020). Liu et al., recently determined that there is a presence of the main protease enzyme in SARS-CoV-2 (Liu et al., 2020) responsible for inhibiting SARS-CoV-2 replication. Therefore, targeting this specific enzyme may lead to potential therapeutic advantages in drug discovery and efficacy for managing this dangerous virus. Elsewhere, experiments with four drugs approved by the United States Food and Drug Administration, including praziquantel, perampanel, nelfinavir, and pitavastatin as potent inhibitors for SARS-CoV-2 Mpro enzyme, are ongoing (Yusuf et al., 1994). Recently, researchers are also reviewing medicinal plants for possible efficacy in the context of SARS-CoV-2 infection (Khaerunnisa et al., 2020).
Having relatively less non-toxic property, synthetic bioactive natural compounds have diverse bioavailability. Various phytoconstituents like phenols, steroids, flavonoid molecules are present in the natural bioactive compounds and also they have been reported and screened for their possible therapeutic effects against various viral diseases. Certain natural compounds such as digitoxigenin, crocin, withanone, β-eudesmol, caffeic acid phenethyl ester and other various bioactive molecules have also been reported to interact with SARS-CoV-2 main protease (Tripathi et al., 2020). Traditional medicine employs a holistic approach to the prevention of disease and act as a source of many components with a high therapeutic value. Globally, many studies have been conducted on these herbs and revealing unique active constituents that might activate the innate immune system through the stimulation of macrophages and lymphocytes and modulation of the cytokine profile also (Tiwari et al., 2018). The potent therapeutics that might be effective to combat SARS-CoV-2 infection include virus binding molecules, helicase inhibitors molecules or inhibitors targeting particular enzymes implicated in replication and transcription process of the virus, protease inhibitors of host cells, endocytosis inhibitors, short interfering RNA (siRNA), neutralizing antibodies and natural drugs or medicines (Dhama et al., 2020).
Various kinds of secondary metabolites such glycosides, alkaloids, tannins, lignins and terpenes are present abundantly in various folklore medicinal plants and, thus, many studies have already explored the use of these plants in the treatment of various infections and diseases with the help of these secondary metabolites. Different extractable biochemical and bioactive compounds are contained in traditional medicinal plants might cure or prevent several viral diseases and infections by targeting certain specific sites of viruses. Despite the healing histories or scientific evidences, the use of medicinal plants and natural products as prophylactics, therapeutics and their multiple beneficial applications have gained strong momentum over the last few decades (Dhama et al., 2018; Brendler et al., 2020).
Henceforth, compound isolation and subsequent further investigation for several pharmacological activities has been established as a crucial process in the areas of drug design and discovery of novel drugs as well. The present study considered some isolated phytochemicals from a medicinal plant Calotropisgigantea, a member of the Apocynaceae family, for the treatment of COVID-19 using computational biology techniques. C. gigantea, frequently called giant milkweed or crown flower, is a large shrub or small tree native to Bangladesh, India, Malaysia, Southern China, and Indonesia. The plant is also locally known as Gulancha. These large shrubs have also been extensively cultivated in tropical areas around the world and typically grow to eight to 15 feet tall.
As calotropin offers potent bioactivity, C. gigantea has been used by the folk practitioners in India for many years for a variety of purposes. In Ayurveda, the root and leaf of Calotropis procera have been being used in managing asthma and breathing problems such as shortness of breath. The bark of C. procera is also being applied in other types of diseases such as spleen and liver conditions. This plant has been reported to be effective as well in treating skin, circulatory, digestive, and neurological issues and was also used previously to treat fevers, nausea, vomiting, and diarrhea. However, these reports are usually based on folklore uses and, therefore, more scientific investigations are necessary to affirm the rational and clinical usefulness of the leaves, latex, and bark of this family. Moreover, recent research has suggested the use of calotropin as a contraceptive and as a promising medication for cancer patients (Wang et al., 2009). In one study, the extracts of C. gigantea appeared to be strongly cytotoxic against non–small-cell lung carcinoma (A549), hepatocellular carcinoma (Hep G2), and colon carcinoma (HCT 116). In other research, leaf extracts of this plant have also shown promising activities as cancer medications (Jacinto et al., 2011). One species of the Calotropis genus, C. procera, displayed potent anti–human immunodeficiency virus 1 activity when the aqueous crude extract of the leaves was analyzed (Rakshit et al., 2010). An ethanolic extract of C. gigantea exhibited activity against herpes simplex type 1 viruses and vesicular stomatitis viruses (Ali et al., 1996). A novel lignan glycoside, (+)-pinoresinol 4-O-[6″-O-vanilloyl]-β-d-glucopyranoside, isolated from the latex of C. gigantea exhibited anti-influenza activity in an in vitro study (Parhira et al., 2014). Meanwhile, several other research works have suggested the protease inhibitory effect of C. gigantea.
In alignment with these previous findings, we speculate that the phytochemicals obtained from C. gigantea might be able to impede the main protease enzyme of SARS-CoV-2 (Kaladhar et al., 2013; Gupta and Chaphalkar, 2016). Through the process of gas chromatography–mass spectrophotometry (GC-MS), several compounds have been isolated for molecular docking. Molecular docking studies are of terrific significance in establishing plans for the layout of new drug substances; specifically, their strategic aim is to explore the binding affinity and the mode of binding of a small molecule within the specific binding sites of the receptor target of interest (Chikhale et al., 2020). This methodology is based on the prediction of native ligands that pose or bind with the proper receptor binding site, i.e., to find the experimental ligand geometry associated with physicochemical molecular interactions. The aim of this study was to screen out potent bioactive ligands from the GC-MS compound list of C. gigantea that could be probable inhibitors of Mpro.
MATERIALS AND METHODS
GC-MS Analysis
The methanolic leaf extract of C. gigantea was inspected in a mass spectrometer (TQ8040; Shimadzu Corporation, Kyoto, Japan) with assistance from of electron-impact ionization method and a gas chromatograph (GC-17A; Shimadzu Corporation) fused with a silica capillary column made by silica with the specifications Rxi-5 ms, 0.25 m film, 30 m long, and internal diameter 0.32 mm coated with DB-1 (J&W). The oven temperature was set at 70°C (0 min); 10°C, 150°C (5 min); 12 and 200°C (15 min); 12 and 220°C (5 min), with a hold time of 10 min for each. A temperature of 260°C was set as the inlet temperature. The flow rate was 0.6 ml/min using helium gas at a constant pressure of 90 kPa. There was an interface temperature from GC to MS, which was adjusted at a constant 280°C. The scanning range of the MS was 40–350 amu and the ionization mode (EI) was established with the mass range of 50–550 m/z. The injection volume of the sample was 1 μl. During 50 min, the total GC-MS procedure was conducted. A comparison with the National Institute of Standards and Technology (NIST) GC-MS library version 08-S was performed for the identification of compounds in the peak areas (Tareq et al., 2020).
The GC helped the blend of components to be separated into individual ones and, based on their masses, MS identified the molecules. As such, GC-MS is an analytical method combining two instruments to yield a powerful separation and identification process. From the GC-MS process, 74 compounds were isolated and 30 bioactive compounds were finally enlisted and further assessed regarding their role as ligands. Their lists as well as details of the structure and PubChem ID number are given in Table 1.
TABLE 1 | List of tentative compounds identified in a methanol extract of C. gigantea leaves by GC–MS analysis.
[image: Table 1]Computational Molecular Docking Analysis
Protein and Ligand Preparation
Protein crystal structures are crucial for performing molecular docking simulation. In this study, we used the crystal structure of SARS-CoV-2 in concert with X77 (N-(4-tert- butylphenyl)-N-[(1R)-2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl]-1H-imidazole-4-carboxamide) (PDB ID: 6W63) with reference to a recent study by Dubey et al., who adopted the structure for performing docking studies by using some flavonoid compounds (Dubey and Dubey, 2020). The three-dimensional crystal structure of SARS-CoV-2 Mpro was downloaded from the Protein Data Bank in protein data bank (PDB) format having the PDB ID: 6W63 and was refined further using the protein preparation wizard of Maestro version 10.1 (Schrödinger, New York. NY, United States). Furthermore, the bond orders and charges together with the addition of hydrogen to the heavy metals; conversion of selenomethionines to the methionines; and, finally, the deletion of water were performed by using the force field OPLS_2005. Then, by setting the maximum heavy atom root mean-square-deviation to 0.30 Å, the minimization was carried out (Chowdhury et al., 2020). In addition, the structures of the chemical compounds were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov) and then ligands were prepared by neutralizing the pH to 7.0 ± 2.0 and minimized by the application of force field OPLS_2005 embedded in Maestro version 10.1 (Dash et al., 2015).
Receptor Grid Generation
For prepared proteins, the receptor grids were calculated in such a way that various ligands predicted during docking were bound within the active site. In Glide, grids were brought out by keeping the default parameters of the Van der Waals scaling factor at 1.00 and the charge cutoff at 0.25, which were exposed to OPLS_2005 force field. On the centroid, a cubic box of specific dimensions was centered at the active site residues and the bounding box was set to 17 × 17 × 17 Å for docking experiments.
Glide Standard Precision Ligand Docking
With the help of Maestro v 10.1 (Schrödinger), ligand docking was carried out, which were furthermore enforced to non-cis/trans amide bonds and the Van der Waals scaling factor; thereafter, the partial charge and cutoff values were selected (Friesner et al., 2004; Friesner et al., 2006). The ultimate scoring was executed on energy-minimized poses and represented as the glide score. For each ligand, the best-docked pose with the lowest glide score value was listed.
Visualization of Potential Interaction
The amino acids from the receptors that bind with the ligand are examined using PDBsum (http://www.ebi.ac.uk/pdbsum), a server that provides various pictorial analyses. This server integrates LIGPLOT to show the interactions of the analyzed complexes. A LIGPLOT diagram depicts the hydrogen bonds and non-bonded interactions between each ligand molecule and the protein residues in which it interacts with each ligand molecule.
Biological Activity Prediction
To assess the bioactivity of the lead compounds, the calculation of their activity scores as kinase inhibitors and enzyme inhibitors was completed. With the help of the software Molinspiration (www.molinspiration.com; Molinspiration, Slovensky Grob, Slovak Republic), all parameters were scrutinized properly (Rakib et al., 2020a; Rakib et al., 2020b; Tareq et al., 2020) and calculated drug-likeness scores of each compound were compared with the specific activity of each compound as well as those of standard drugs (i.e., nelfinavir and lopinavir).
Ligand-Based ADME/T Property Analysis
The QikProp module of the Maestro version 10.1 (Schrödinger) is an easily assessable absorption, distribution, metabolism, and excretion (ADME) prediction program that has been designed specifically to obtain certain descriptors linked to ADME. It is helpful to anticipate both the physicochemical and pharmacokinetic descriptors’ relevant properties. QikProp follows Lipinski’s rule of five for the evaluation of ADME properties, ascertaining drug-similar activities of ligand molecules. ADME/T properties of the compounds (i.e., vitamin E acetate; methyl gamma-linolenate; clionasterol; juniper camphor; ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate; bicyclo[3.3.1]nonane-2,4-dione; 9,9-dimethoxy-; alpha.-amyrin; moretenone; 6-methoxy-2,5,8-trimethyl 2-(4,8,12trimethyltridecyl) 3,4-dihydrochromene; betulinaldehyde; bicyclo[4.3.0]nonane; 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylmethyl; tert-butyl(5-isopropyl-2-methylphenoxy)dimethylsilane; behenyl behenate; ergost-5-en-3-ol, (3.beta.,24R)-; erucic acid; glyceryl palmitate; methyl heneicosanoate; methyl palmitate; ethyl linoleate; 1,3-dihydroxypropan-2-yl (9E,12E,15E)-octadeca 9,12,15-trienoate; palmitic acid; stearic acid; glyceryl monostearate; olean-12-en-3-ol; acetate, (3.beta.)-; methyl pentadecanoate; phytol, tridecanedial; trilinolein; methyl n-undecanoate; and vitamin E) were analyzed using the QikProp 3.2 module (Rahman et al., 2020).
In Silico IC50 Calculation
Executing AutoDock
The inhibition constant in this study was determined by AutoDock 4.0 tools. AutoDock software calculates and predicts the interactions between a ligand molecule and a protein molecule, based on predefined parameters. The interactions between the molecules can be calculated at a specified user-defined region of the protein. This region must be defined by the user through the Grip map option or GridBox. Thus, the use of the GridBox at the binding site or active site, or at other essential protein regions, is essential to perform AutoDock analysis. Before executing the AutoDock, the “.pdb” files of the protein and ligand have to be moved into one folder.
Analysis in AutoDock can be divided into the following categories: a) Initialising molecules; and b) Running AutoGrid.
Initialising Molecules
Initialising the molecule involved the addition of hydrogen atoms. The ligand molecule required the addition of the Gasteiger charge, the identification of aromatic carbons, the detection of rotatable bonds, and the setting of the torsional degrees of freedom (TORSDOF) value. The protein must be initialised manually, whereas the ligand is automatically initialised when opened in the tool. The receptor and ligand files were saved in.pdbqt format. Next, the receptor was opened again using the “Grid” menu and the “Macromolecules” sub-menu, and “open” was selected. The ligand opens using the “Set Map Types” sub-menu and “Open Ligand.” Then, the GridBox is set in AutoDock to cover the identified binding sites. AutoDock only analyses the ligand molecule’s interactions and the amino acids that are present within the GridBox. The GridBox’s size can be increased or decreased using the number of points in the X/Y/Z dimension. The position of the GridBox can be adjusted to cover the binding site or binding residues, using the “Center GridBox” field that moves the GridBox in the X, Y, and Z-axis.
Running AutoGrid and AutoDock
After setting up the GridBox, the AutoGrid file was saved. When in the “Grid” menu, select the “Output” and “Save GPF” sub-menu. The file saves in.gpf format. Meanwhile, the AutoDock file saving procedure is to choose the “Docking” menu and select “Lamarckian GA” in the “Output” menu. The file saves in.dpf format. The AutoGrid and AutoDock programs was run through a command prompt directed to the folder to be docked using the command: autogrid4 -p control.gpf -l control.glg. After the AutoGrid calculation was completed successfully, AutoDock was run using the command: autodock4 -p control.dpf -l control.dlg. The results of the docking calculations are obtained in a notepad file format, reporting the values for binding energy and the estimated inhibition constant.
RESULTS
GC-MS Analysis
From the methanolic leaf extract of C. gigantea, 52 compounds were eluted in between the retention time of 5 and 32 min (Figure 1). Thirty bioactive compounds were selected for this study (Table 1). The compound identification was carried out in comparison with the NIST GC-MS library version 08-S. The major phytochemicals included phenols, sterols, terpenoids, esters, and other organic compounds. The major compounds identified are trilinolein (18.79%), glyceryl monostearate (12.23%), erucic acid (11.64%), betulinaldehyde (10.38%), ergost-5-en-3-ol, (3.beta.,24R)- (7.03%), tridecanedial (6.90%), palmitic acid (6.78%), and methyl n-undecanoate (5.03%).
[image: Figure 1]FIGURE 1 | Total ionic chromatogram (TIC) of methanol extract of C. gigantea leaves by GC-MS.
Molecular Docking
A virtual screening process, including molecular docking, is a feasible approach for identifying antiviral therapeutics among diverse peptide sequences available in the online-based database. Notably, the interaction type, and the binding energy in conjunction with the bond distance of interaction between a protein substrate and a ligand, can be evaluated through the utility of molecular docking. Therefore, screening a ligand among numerous plant sources based on binding energy assessment is possible within minimum time by running molecular docking to evaluate the best ligand candidates according to the docking interaction.
Docking Interaction
In this study, we determined the interaction between several isolated compounds of C. gigantea and the Mpro enzyme. The docking results of the compounds that docked with the Mpro enzyme of SARS-CoV-2 are presented in Tables 2, 3; Figures 2 through 5. Meanwhile, the two- and three-dimensional interactions of nelfinavir and lopinavir with the active site of the SARS-CoV-2 Mpro are shown in Figures 6 and 7.
TABLE 2 | Molecular docking study of major bioactive compounds from methanol extract of C. gigantea.
[image: Table 2]TABLE 3 | Ligand interactions with amino acids of the protein active site.
[image: Table 3][image: Figure 2]FIGURE 2 | 3D interactions of Juniper camphor with the active site of SARS-CoV-2 main protease (PDB ID: 6W63).
[image: Figure 3]FIGURE 3 | 3D interactions of Bicyclo[4.3.0]nonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylmethyl with the active site of SARS-CoV-2 main protease (PDB ID: 6W63).
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[image: Figure 5]FIGURE 5 | 3D interactions of Olean-12-en-3-ol, acetate, (3.beta.)- with the active site of SARS-CoV-2 main protease (PDB ID: 6W63).
[image: Figure 6]FIGURE 6 | 3D interactions of Nelfinavir with the active site of SARS-CoV-2 main protease (PDB ID: 6W63).
[image: Figure 7]FIGURE 7 | 3D interactions of Lopinavir with the active site of SARS-CoV-2 main protease (PDB ID: 6W63).
Among the molecular docking results, nelfinavir and lopinavir were confirmed to have docked with the main protease and had docking scores of −7.596 and −8.251 kcal/mol, respectively. According to the docking scores, juniper camphor was better in comparison with the standard drugs. Bicyclo[4.3.0]nonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylmethyl, olean-12-en-3-ol, acetate, (3.beta.)-, and ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate also exhibited better scores in a moderate fashion. Moreover, methyl pentadecanoate shows lowest docking score (0.806 kcal/mol). If arranging these compounds according to their scores, then the arrangement would be, from highest to lowest, juniper camphor (−6.06 kcal/mol); bicyclo[4.3.0]nonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylmethyl (−5.808 kcal/mol); olean-12-en-3-ol, acetate, (3.beta.)- (−5.588 kcal/mol); and ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate (−5.558 kcal/mol).
Again, the antiviral drug nelfinavir demonstrated interactions with HIS 41 and GLU 166 (two interactions) and three H-bonds with CYS 44, CYS 145, and MET 49 together with three pi-sulfur bonds together with one amide-pi-stacked, pi-alkyl, and carbon bond each with MET 165, HIS 41, and GLU 166, respectively. Lopinavir interacted with the protein through four H-bonds with GLN 189, GLU 166, CYS 141, and THR 26; nine hydrophobic bonds and three pi-sulfur bonds with MET 165, MET 49, and CYS 145; two pi-alkyl and pi-pi-T shaped bonds with HIS 41; one pi-sigma bond and one alkyl bond with PRO 168; and an amide-pi-stacked bond with GLN 189. Moreover, juniper camphor displayed five hydrophobic bonds, where three were alkyl bonds with MET 49, MET 165, and PRO 168; one was a pi-alkyl bond with HIS 41; and one was a carbon bond with ASP 147. These compounds also formed H-bonds with MET 165.
On the other hand, bicyclo[4.3.0]nonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylmethyl formed one H-bond with CYS 145; six alkyl bonds with MET 49, MET 49, MET 165, MET 165, CYS 44, and CYS 44; and four pi-alkyl bonds with HIS 41. Besides, olean-12-en-3-ol, acetate, (3.beta.)- showed a single H-bond, five alkyl bonds, three pi-alkyl bonds, two carbon bonds, and a single pi-sigma bond with THR 26, MET 165, MET 165, MET 165, MET 49, MET 49, HIS 41, HIS 41, HIS 4, HIS 41, THR 25, and THR 26, respectively.
As seen in Table 3, we also found that ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate interacted with the protein through a single H-bond and six hydrophobic bonds as follows: HIS 41 (carbon), ASP 187 (fluorine), MET 165 (pi-sulfur), MET 49 (alkyl), HIS 41 (pi-pi-T-shaped), and ARG (amide-pi-stacked).
Ligand-Based Biological Activity Parameter Prediction
Specific parameters, protease inhibitors, and enzyme inhibitors of all selected compounds are shown in Table 4.
TABLE 4 | Biological activity parameter of the selected bioactive compounds.
[image: Table 4]Ligand-Based ADME/T Prediction
Pharmacokinetic and physicochemical properties of the 30 selected bioactive compounds were screened for drug-candidacy using the QikProp module of the Schrödinger suite-Maestro version 10.1. The ligand molecule’s similar drug attitude was determined using ADME properties by the QikProp module of Schrodinger Maestro v10.1. The ADME/T properties of the selected compounds were determined with the QikProp module of Schrodinger, shown in Table 5.
TABLE 5 | ADME and drug likeness properties of selected bioactive isolated compounds from methanol extract of C. gigantea.
[image: Table 5]Visualisation of Interactions
The docking conformation of the ligands and receptors were determined by selecting the pose with the highest affinity (most negative Gibbs free energy). The results from each affinity value of the conformation were obtained in the notepad file. The visualization of three-dimensional (3D) and two-dimensional (2D) structures from the docking calculations were carried out. The visualization and potential interaction between each ligand molecule with protein residues results are presented in Supplementary Table S1; Supplementary Figure S1. The interaction of the receptor’s amino acid with the ligand in 3D and 2D were saved as image files.
In Silico Inhibition Constant Calculation
The current study determined the inhibition constant of major bioactive compounds from methanol extract of C. gigantea. toward the modeled SARS-CoV-2 Mpro. The theoretical half-maximal inhibitory concentration (IC50) was calculated using AutoDock 4.0 tools, and the results of the analysis are shown in Table 6.
TABLE 6 | Inhibition constant (IC50) of major bioactive compounds from methanol extract of C. gigantea.
[image: Table 6]DISCUSSION
Currently, SARS-CoV-2 infection has emerged as a global pandemic and requires an international public health emergence (Matveeva et al., 2020; Remali and Aizat, 2021). However, different research organizations and pharmaceutical companies are working relentlessly for the management of the infection. By far, several vaccines have been made available as immunomodulation is characterized as one of the pivotal characteristics in the maintenance of human health and productivity (Tiwari et al., 2018; Adhikari et al., 2020; Tahir Ul Qamar et al., 2020; Tallei et al., 2020 ).
Researchers are learning new things about this virus every day about the mutation of the virus (Sinha et al., 2021). Surprisingly, according to Centers for Disease Control and Prevention (CDC), multiple SARS-CoV-2 variants are available globally. In United Kingdom, the variant of SARS-CoV-2 showed a large number of mutations In South Africa, another variant emerged independently and share several characteristics with other strain. As the mutation of the virus is rising rapidly, it is crucial to identify potential therapeutic agents to overcome the pathetic situation. So far, we know that initially, some patients having attacked by COVID-19 may not figure out any symptoms, and hence they may carry the virus for two days or up to two weeks without noticing any symptoms (Tahmasbi et al., 2021). Some common symptoms have explicitly been notified to COVID-19. These include shortness of breath, a low-grade fever that gradually increases in temperature, having a cough that gets more severe over time, and fatigue. Less common symptoms include chills, repeated shaking with colds, sore throat, headache, muscle aches and pains, loss of taste, and smell loss. Some people may need to seek emergency medical services to have any of the symptoms more severe, like trouble breathing with persistent pain or pressure in the chest and excessive drowsiness (——). Although several research works are being carried out in renowned laboratories in various countries, the vaccine development for a disease generally requires a long time. Despite plenty of experimental trials related to COVID-19 treatment and medications, scientists are still seeking specific therapeutic drugs. Several previous studies have already performed for the identification of potential therapeutic agents against SARS-CoV-2 from medicinal plants (Rabaan et al., 2020; Shoaib et al., 2020; Emirik, 2020). Medicinal plants are abundant with plenty of phytocompounds and have been used to treat several kinds of diseases (Shree et al., 2020). Different secondary metabolites, including lignin’s, glycosides, alkaloids, terpenoids, and amino acids that are fundamental for the functioning and growth of plants as well as having numerous pharmacological attributes to fight against several abnormal conditions (Rahman et al., 2013; Emran et al., 2018; Diniz et al., 2021 ). We had selected the plant C. gigantea based on their traditional use and ethnomedicinal value and their contribution as an antiviral drug for certain viruses that were analyzed before. For this study, with the help of the GC-MS technique, seventy-four compounds had been isolated, among which thirty bioactive compounds were enlisted and subjected to play their role as ligands. In recent times, researchers are working to find out some potential lead compounds from medicinal plants that are active against several enzymes and other proteins responsible for viral replication and growth (Gupta et al., 2020b; Krupanidhi et al., 2020; Pendyala and Patras, 2020 ). Several studies reported the inhibitory potential of several herb derived phytochemicals against SARS-CoV-2 (Dhama et al., 2018; Gupta et al., 2020b; Jalali et al., 2020).
The advancement of numerous computational technology has affected vastly in biology and computational biology, incorporating both computational algorithms and biological data, which has emerged as a breakthrough in modern drug discovery. High-throughput screening (HTS) often requires the screening of the plenty of chemical compounds specific for a targeted receptor, utilizes molecular docking as essential tools (Brooijmans and Kuntz, 2013). We predicted the interaction between the SARS-CoV-2 Mpro and the targeted phytochemical through molecular docking simulation in the current study. The molecular docking analysis findings revealed that the selected phytocompounds were able to interact with the binding pockets of the SARS-CoV-2 Mpro. The compound Juniper camphor exhibited the most significant interaction compared with other compounds. Like two standard drugs, nelfinavir, and lopinavir, it yielded hydrogen bonding with Met165 residue. Besides, our selected compounds were able to interact with the SARS-CoV-2 Mpro, and previous other studies also suggested the residues were responsible for interacting with SARS-CoV-2 Mpro (Joshi et al., 2020; Khan et al., 2020; Wu et al., 2020).
Molinspiration is used to predict the biological activity parameters like protease inhibitory activity and enzyme inhibitory action. The increase scores specify better inhibition properties (Yamamoto et al., 2004; Chang et al., 2019; Das et al., 2020; Gentile et al., 2020; Li et al., 2020); most of the targeted compounds were shown greater inhibition properties.
QikProp module of the Schrödinger suite predicts ADMET properties related to molecular weight, partition coefficient (QPlogPo/w), stars, % oral absorption values, and Lipinski’s properties (Rule of five). Different ADME parameters were predicted, as the molecular weight ranged between 200.32 and 649.178, where only one phytochemical was outside the specified range. The estimated number of hydrogen bond donors (HB donors) by the solute to water molecules in an aqueous solution lay in the range between 1 and 2. In contrast, in the case of hydrogen bond acceptor (HB acceptors), the number was found between 0.75 and 5.5. The value of total solvent accessible surface area (SASA) ranged from 390.235 to 1729.5, where only Behenyl behenate was recorded outside the acceptable range. The value of the octanol/water partition coefficient (QPlog Po/w) lay in the range between 0.545 and 15.728. All the bioactive compounds have shown good Brain/blood partition coefficient (QPlogBB), the drug’s ability to pass through the blood-brain barrier (BBB). The QPlogBB value ranged from −1.633 to 0.986 suggested all the compounds are within the specified limits; aqueous solubility, log S (QPlogS) ranged between −27.42 and −0.732. Interestingly, all the compounds except Behenyl behenate fulfilled the Lipinski’s ROF as it was found that Lipinski violations were ≤1. The percent of human oral absorption was high for all the selected compounds. All the phytochemicals exceeded 80% and showed more oral absorption than both the standard drugs. Notably, some phytochemicals exhibited 100% oral bioavailability, which enhanced the drug candidacy of those compounds.
Enzyme activation or inhibition is the result of the binding interaction between a small molecule ligand and an enzyme protein. The protein is supposed to be a receptor, and thus binding with the ligand may result in agonism or antagonism. As a form of bioinformatics analysis, Molecular docking simulation reveals the binding affinities of ligand molecules with a specific receptor, where the lower binding energy predicts the greater binding affinity (Brooijmans and Kuntz, 2003; Lalitha and Sivakamasundari, 2010; Ahmed et al., 2019; Rakib et al., 2020c; Rakib et al., 2020d; Jahan et al., 2020; Dutta et al., 2019). Despite showing lower binding affinities than nelfinavir and lopinavir, our selected compounds interacted with the active pockets of the SARS-CoV-2 Mpro enzyme like the standard compounds. Among the selected 30 ligands, 16 ligands docked with active pockets of SARS-CoV-2 Mpro enzymes. Four of them, namely Juniper camphor, Ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate, Bicyclo[4.3.0]nonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylmethyl and Olean-12-en-3-ol, acetate, (3.beta.) possessed docking scores more likely to nelfinavir. Moreover, those compounds also followed the Lipinski’s rule of five for drug-likeness properties. Hence, these four may be potential inhibitors of COVID-19, which warrants further investigation.
While so many synthetic bioactive compounds are undergoing clinical trials, including medicinal plants derived phytocompounds, this purely bioinformatic work was limited by a lack of direct experimental evidence. We were unable to conduct follow-up experiments using other techniques, such as Western blotting or qRT-PCR, to confirm our bioactive compounds’ antiviral properties generated only from computational prediction. This study could be expanded to examine the antiviral potentiality of plant-derived bioactive compounds, specifically from several traditional medicinal plants available in the Bangladesh region. Based on results from this study, the top compounds that might turn out to be prospective anti–SARS-CoV-2 lead molecules warrant further investigation and possible application in drug development processes against COVID-19.
CONCLUSION
Increasing use of HTS and molecular docking simulation is emerged as a new era in the field of drug discovery. Medicinal plant derived phytochemicals are used for the treatment from since the dawn of civilization. Recently, the enriched extraction procedures and sophisticated computer-aided program have already added a new dimension in the field of drug discovery. To sum up, this study provides significant data for the use of isolated phytocompounds from C. gigantea for the treatment of COVID-19 by targeting one of the crucial enzymes that is essential replication of SARS-CoV-2. Further experimental analysis might be needed to justify the activity of the phytochemicals at the molecular level. In addition, many more such bioactive ingredients from medicinal plants existing in the rich Bangladeshi biodiversity need to be further explored. The study initiated the window toward plant-based therapy against COVID-19, though extensive research and wet lab validation need to make it usable for the patient.
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The COVID-19 is affecting thousands of peoples day by day and continues to spread across the world. The present review has focused on promising repurposing drugs, including remdesivir, lopinvar/retinovar, favipiravir, hydroxychloroquine, monoclonal antibodies and vaccines against the SARS-CoV-2 infection. Besides, our review has also focused on many organizations that are in the race to develop vaccines using various approaches including DNA, RNA, viral vectors and subunit proteins against this highly contagious respiratory disease. The spike protein is being studied by scientists all over the world to develop potential vaccines. The antiviral drugs, antibodies and vaccines developed by various researchers around the world have entered clinical trials in humans. The current clinical trials for antiviral agents and vaccines with promising outcomes are being discussed. So far, four vaccines developed by the Pfizer-BioNTech vaccine, the Johnson and Johnson vaccine and two AstraZeneca vaccines (produced by SKBio in the Republic of Korea and Serum Institute of India) are approved by the World Health Organization for public use.
Keywords: COVID-19, antiviral drugs, vaccines, clinical trial, update
INTRODUCTION
The current outbreak of COVID-19 (Coronavirus disease-19) has created a major health problem worldwide. The respiratory tract infection caused by the novel coronavirus strain known as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which was first identified in Wuhan, China at the end of 2019 and quickly spread across the world within a short period. (Shereen et al., 2020). As of april 11, 2021, the virus has killed 2, 941, 533 people around the world (CSSE, 2021). The World Health Organization (WHO) on March 11, 2020, has declared the SARS-CoV-2 outbreak a global pandemic. Due to the lack of successful vaccine candidates or antiviral molecules, the infection and mortality rate have increased globally (Umesh and Yadav, 2021). The WHO, European Medicines Agency (EMA), United States Food and Drug Administration (FDA), the Chinese Government and drug manufacturers have collaborated with various academic and industry researchers to improve the development of vaccines, antiviral drugs, and post-infection therapies. The most important target proteins for SARS-CoV-2 include papain-like protease, RNA-dependent RNA polymerase, helicase, S protein, and ADP-ribose diphosphatase (Venkat Kumar et al., 2020).
Currently, few clinically approved repurposed antiviral drugs such as favipiravir, remdesivir, lopinavir, hydroxychloroquine (or chloroquine) and dexamethasone was targeted against SARS-CoV-2 (Jeyanthi and Kumar, 2020). In april 2020, these antiviral drugs, monoclonal antibodies, and few vaccine candidates have entered the human clinical trials. Table 1 represents the list of repurposed drugs and updates on a clinical trial. At present, few efficient antiviral agents are under clinical trial to fight the disease and the clinical aspects of those agents are explored. In the present study, we highlighted some medications to find an effective treatment for this deadly virus.
TABLE 1 | Recently approved repurposed drugs for COVID-19 treatment.
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Remdesivir
Remdesivir is a broad-spectrum antiviral drug designed by Gilead Sciences, an American biopharmaceutical company. Previously, this drug has proven effective in vitro antiviral activity against Ebola, Nipah, and Respiratory syncytial virus. Subsequently, the drug was shown to be effective against other coronaviruses such as SARS (Severe acute respiratory syndrome) and MERS (Middle East respiratory syndrome) both in vitro and in animal models (Scavone et al., 2020). The SARS CoV-2 virus replication takes place using a particular enzyme known as the RNA-dependent RNA polymerase. Researchers proved that the remdesivir could block this enzyme necessary for viral replication (Gordon et al., 2020). Remdesivir is an adenosine nucleoside analog, which incorporates into viral RNA chains, causing premature breakage by interfering with viral replication. Many clinical trials were underway assessing remdesivir as a potential treatment for COVID-19 treatment. In China, during the period of February-March 2020, a clinical trial on remdesivir showed ineffective treatment of COVID-19 patients and caused many harmful effects (Wang et al., 2020). In March 2020, scientists proved that the progression of COVID-19 was reduced in rhesus macaque monkeys after treatment with remdesivir (Williamson et al., 2020). On April 29, 2020, the United States National Institute of Allergy and Infectious Diseases (NIAID) reported that the drug provided a 31% faster recovery in 11 days. On the other hand, a double-blind, randomized, placebo-controlled trial was carried out by the United States National Institutes of Health. Patients were randomly assigned to receive either remdesivir (200 mg loading dose on day 1, followed by up to nine more days of 100 mg daily) or placebo for up to 10 days of treatment. The study suggested that remdesivir was found to be effective in COVID-19 patients and reduced the recovery time from 15 to 11 days. In August 2020, the FDA expanded the emergency use authorization (EUA) for the use of remdesivir in treating COVID-19 patients. Thereafter, on October 22, 2020, FDA approved and also revised the EUA to authorize the use of this drug.
Favipiravir
Favipiravir is an antiviral drug used to treat the influenza virus. The drug has also shown antiviral activities against several RNA viruses. Hence, it could be a promising agent for SARS-CoV-2 infection, which is also an RNA virus (Dong et al., 2020). Favipiravir is metabolized to its active form favipiravir-ribofuranosyl-5′-triphosphate (favipiravir-RTP), which inhibits RNA-dependent RNA polymerase (RdRp) enzyme. It interferes with the elongation of the RNA strand and prevents viral replication (Furuta et al., 2009). In China, a clinical trial on favipiravir was initiated in February 2020. The test was conducted on 80 patients by the National Clinical Research Center for Infectious Diseases. The potent antiviral action was noticed with fewer adverse effects. CT (computerized tomography) scan results revealed the eradication of the virus in 91% of people (Cai et al., 2020; Dong et al., 2020). Later, in Wuhan, the research was carried out in 240 COVID-19 patients and the scientists observed that the patients treated with favipiravir have recovered from cough and fever, but no changes were observed in patients receiving prolonged ventilation (Regalado, 2020). On March 22, 2020, Italy approved this drug for clinical trials only in the severely affected COVID-19 patients. In India, the drug was approved for treatment under the name “Fabiflu”.
Lopinavir/Ritonavir
The combination drug lopinavir/ritonavir (Kaletra) belongs to the class of protease inhibitors used for the treatment of the human immunodeficiency virus (HIV). The drug inhibits the replication of the virus by binding to the HIV protease enzyme. Some researchers have proved the efficacy of the drug against other coronaviruses such as SARS and MERS. Cao et al. (2020) conducted a trial of Lopinavir–Ritonavir in adults Hospitalized with severe COVID-19. Their study result showed that the combinational drug was not effective for the treatment. However, the WHO included the drug in the “Global Solidarity trial” for the treatment. Currently, this drug is under clinical trial for the treatment of COVID-19 positive patients with cancer and immune suppression (National Library of Medicine (U.S.), 2020-2021c).
Hydroxychloroquine
It is generally used to treat malaria, rheumatoid arthritis, systemic lupus erythematosus, and porphyria cutanea tarda. In the malarial parasites, hydroxychloroquine accumulate in the lysosomes, increase the pH of the vacuole, inhibits the ability of parasites to proteolyze the hemoglobin and prevents the growth of the parasite (Lei et al., 2020). Likewise, in human cells, the drug increased the pH in endosomes and prevents the entry of SARS-CoV-2 virus particles. The Angiotensin-converting enzyme 2 (ACE2) enzymes are normally expressed at the outer surface of human cells. ACE2 serves as the functional receptor for the entry of SARS-CoV-2 (Venkat Kumar et al., 2020). The terminal glycosylation of ACE2 is inhibited by hydroxychloroquine, prevents the interaction of ACE2 with SARS-CoV-2 “spike” protein, and hence inhibits the entry of the virus. Clinical studies from China showed that the hydroxychloroquine reduced the risk of progression to severe illness in COVID-19 patients (Chen et al., 2020). In February 2020, a non-randomized study in a small sample size from France shows that the hydroxychloroquine plus azithromycin treatment reduced the viral load in COVID-19 patients (Gautret et al., 2020). Another study from France reported that the hydroxychloroquine plus azithromycin have no strong antiviral activity in severely affected COVID-19 patients (Molina et al., 2020). However, in april 2020, Hydroxychloroquine was approved by FDA for emergency use. Based on the clinical research analysis and scientific data, the FDA reported that hydroxychloroquine is ineffective in treating COVID-19 and revoked the emergency use authorization in June 2020.
MONOCLONAL ANTIBODIES
Sarilumab
Sarilumab is a human monoclonal antibody generally used for the treatment of rheumatoid arthritis in adults. Zhao (2020) suggested that the sarilumab antibody could inhibit the production of a cytokine IL-6 in the patients with COVID-19 pneumonia. A randomized, double-blind, placebo-controlled, phase three trial of sarilumab in patients admitted to Hospital with severe or critical COVID-19 was studied. Their result shows that the sarilumab efficacy is poor in patients admitted to Hospital with COVID-19 and receiving supplemental oxygen (Lescure et al., 2021).
Tocilizumab
Tocilizumab is another monoclonal antibody against IL-6 used for the treatment of rheumatoid arthritis and systemic juvenile idiopathic arthritis in children. The drug could prevent the expression of IL-6 in COVID-19 patients (Luo et al., 2020). In March 2021, FDA approved this tocilizumab for clinical trials to evaluate its safety and efficiency (National Library of Medicine, 2021). But, the scientific evidence showed that a randomized double-blind clinical trial was not effective to prevent death in severely affected COVID-19 patients.
Lenzilumab
Lenzilumab is a monoclonal antibody used for the treatment of chronic and juvenile myelomonocytic leukemia. Lenzilumab is used to block the expression of the granulocyte-macrophage colony-stimulating factor (GM-CSF). The COVID-19 Hospitalized patients have higher levels of the inflammatory cytokine GM-CSF in the plasma, which is reported to be a key to trigger the disease (Huang et al., 2020). In May 2020, FDA has approved lenzilumab to enter the clinical trial (National Library of Medicine (U.S.), 2020-2021b).
VACCINES
Over the past century, numerous successful attempts have been made to develop vaccines for polio, cholera, measles, typhoid, and tetanus. Apart from attenuated vaccines, conjugate and subunit vaccines are also proved to be efficient against pneumonia, sepsis, and meningitis (Kim et al., 2020). Currently, more than 150 vaccine candidates for SARS-CoV-2 are under development at various stages. There has been an increased focus on the pre-clinical development of COVID-19 vaccines by many research institutes and vaccine manufacturers around the world. Currently, the predominant vaccine platforms for pre-clinical studies included are DNA, RNA, inactivated virus, viral vector (Replicating and Non-Replicating), live attenuated virus, protein subunit and virus-like particle (VLP) (Bezbaruah et al., 2021; Borah et al., 2021). Though many vaccines have been included in clinical trials, vaccine candidates such as AZD1222 (Covishield, Vaxzevria), BNT162b2 mRNA-1273 and CoronaVac are in the phase IV clinical trial (Table 2). Currently (as of May 11, 2021), over 99 vaccine candidates are under assessment in clinical trials on humans and 184 under pre-clinical trials on animals (WHO, 2020). Recently, regulatory authorities in some countries have authorized mRNA vaccines, recombinant adenoviral vectors vaccines, and commonly used inactivated virus vaccines for emergency use. So far, globally, there have been 30 active vaccine projects that involve the development of mRNA vaccines, recombinant adenoviral vectors vaccines, and inactivated virus vaccines. Despite the number of vaccine development projects, WHO has so far validated only six vaccines globally, the Pfizer-BioNTech vaccine, the Johnson and Johnson vaccine, Sputnik V, Sinopharm-BIBP, Moderna and two AstraZeneca vaccines (produced by SKBio in the Republic of Korea and Serum Institute of India) for emergency use. These vaccines are proved to be safe and effective by the WHO Strategic Advisory Group of Experts on Immunization (Acharya et al., 2021). The Pfizer-BioNTech vaccine is a mRNA type vaccine that can be delivered intramuscular with two dose series separated by a 21 days interval. Based on the published evidence from clinical trials, the Pfizer-BioNTech vaccine is reported to be 95% effective at preventing laboratory-confirmed COVID-19 illness in people without the history of previous infection (Centers for Disease Control and Prevention, 2021b). The Johnson and Johnson vaccine is however a viral vector type which can be delivered intramuscular with a single dose. Based on the clinical trial publication evidences, the Johnson and Johnson vaccine is reported to be 66.3% effective after 2 weeks of vaccination at preventing laboratory-confirmed COVID-19 illness in people who had no history of prior infection (Centers for Disease Control and Prevention, 2021a). Particularly, AstraZeneca vaccine is co-invented by the University of Oxford and its spin-out company, Vaccitech. It is a weakened version of a common cold virus (adenovirus) that causes infections in chimpanzees and contains the genetic material of the SARS-CoV-2 virus spike protein. The vaccine is delivered intramuscular with a two dose series that are separated by 4 weeks. The AstraZeneca vaccine phase III clinical trial data is reported to be 79% effective at preventing symptomatic COVID-19 and 100% efficacy at preventing severe disease and Hospitalization (National Library of Medicine (U.S.), 2020-2021a). The Moderna COVID-19 vaccine is developed by Moderna, the United States National Institute of Allergy and Infectious Diseases (NIAID) and the Biomedical Advanced Research and Development Authority (BARDA). It is a mRNA-1273 vaccine encapsulated with lipid nanoparticles, delivered intramuscular with a two dose series separated by 28 days. The phase III clinical trial reported to be 94.1% efficacy at preventing COVID-19 illness, including severe disease (Baden et al., 2021). Sinopharm BIBP is a COVID-19 vaccine produced by the China National Pharmaceutical Group (Sinopharm) and its Beijing Institute of Biological Products (BIBP). It is an inactivated virus vaccine, delivered intramuscular with a two dose series separated by 21 days. The phase III clinical trial reported to be 79% efficacy against COVID-19 symptomatic and Hospitalized patients (WHO, 2021). Covaxin is India’s first vaccine, developed by Bharat Biotech Company in collaboration with the Indian Council of Medical Research (ICMR) and National Institute of Virology (NIV). The vaccine is an inactivated SARS-CoV-2 virus, delivered intramuscular with a two dose series separated by 28 days. Covaxin phase III clinical trial data is reported to be 81% interim efficacy in preventing COVID-19 illness in people without prior infection after the second dose (National Library of Medicine (U.S.), 2020-2021d). Russia’s first approved COVID-19 vaccine is Sputnik V. It is an adenoviral DNA-based vaccine. The phase III trial of Sputnik V is reported to be 91.6% efficacy against COVID-19 illness patients (Jones and Roy, 2021). The vaccines currently in clinical trials are summarized in Table 2. The cold storage of vaccines is crucial to reduce the loss of stability, and immunogenicity. The two promising COVID-19 mRNA vaccines, including BioNTech/Pfizer and Moderna are to be stored in ultra-cold storage conditions at −70°C and −18°C, respectively. These vaccines are encapsulated in lipid nanoparticles (LNPs) which have the advantage of delivering the mRNA by protecting them from enzyme degradation and it can effectively deliver mRNA vaccines into the cell cytosol through a series of endocytosis mechanisms. (Acharya et al., 2021; Baden et al., 2021). The ultra-cold storage of the BioNTech/Pfizer vaccine would be unsuitable for low and middle-income countries due to a shortage of cold-chain infrastructure. The maintenance of mRNA-LNPs in a frozen form will be a major challenge for transport, storage, and distribution in developing countries, resulting in reduced immunization rates. On the other hand, AstraZeneca’s vaccine can be stored, transported, and handled at normal refrigerated conditions (2–8 °C) for at least six months. Moreover, comparing to the other types of vaccine, the cost of the AstraZeneca’s vaccine is very less (around $2-4 per dose). Hence, it can be easily produced for a larger population and distributed using existing medical facilities in developing countries.
TABLE 2 | Vaccine candidates under investigation in the clinical trial of COVID-19.
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In the present study, the possible therapeutic options described are solely based on the latest research findings for the treatment of COVID 19. We have summarized the current status of the repurposing drugs, including remdesivir, favipiravir, lopinvar/retinovar, hydroxychloroquine, monoclonal antibodies and vaccines against the SARS-CoV-2 infection. The development of new drugs is a complex and prolonged process. Hence, repurposed drugs could be an alternative to combat COVID-19. However, vaccines under clinical trials are showing great results compared to the other therapeutics options. More than 100 vaccines are under study, among that only four vaccines have been approved by WHO for the prevention and treatment of COVID-19. The WHO encourages COVID-19 vaccine manufacturers in many countries and ensures its safety in immunization. The vaccines were found to be safe for adults, including those with pre-existing auto-immune disorders. Several vaccines have received emergency use authorization in many countries but careful monitoring in high-risk individuals over the age of 60 is still required.
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Human-derived antimicrobial peptides (AMPs), such as defensins and cathelicidin LL-37, are members of the innate immune system and play a crucial role in early pulmonary defense against viruses. These AMPs achieve viral inhibition through a variety of mechanisms including, but not limited to, direct binding to virions, binding to and modulating host cell-surface receptors, blocking viral replication, and aggregation of viral particles and indirectly by functioning as chemokines to enhance or curb adaptive immune responses. Given the fact that we are in a pandemic of unprecedented severity and the urgent need for therapeutic options to combat severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), naturally expressed AMPs and their derivatives have the potential to combat coronavirus disease 2019 (COVID-19) and impede viral infectivity in various ways. Provided the fact that development of effective treatments is an urgent public health priority, AMPs and their derivatives are being explored as potential prophylactic and therapeutic candidates. Additionally, cell-based platforms such as human mesenchymal stem cell (hMSC) therapy are showing success in saving the lives of severely ill patients infected with SARS-CoV-2. This could be partially due to AMPs released from hMSCs that also act as immunological rheostats to modulate the host inflammatory response. This review highlights the utilization of AMPs in strategies that could be implemented as novel therapeutics, either alone or in combination with other platforms, to treat CoV-2–infected individuals.
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INTRODUCTION
The ongoing coronavirus disease 2019 (COVID-19) pandemic, the result of infection by SARS-CoV-2, continues to spread worldwide and has already claimed the lives of over three million people (John Hopkins University, 2020). This untenable situation requires the discovery of novel therapeutic approaches, alone and/or in conjunction with existing approved regimens, to impede the virus’s relentless spread. Naturally occurring cationic peptides with broad-spectrum microbicidal activity, referred to as antimicrobial peptides (AMPs), are a key component of our body’s innate immune defense against bacteria, fungi, and viruses (Brice and Diamond, 2020). Much of their antimicrobial activity is dependent upon electrostatic interactions between anionic components of microbial membranes and AMP cationic charges. Since the AMPs possess a wide range of activities in modulating the functions of various host cells as part of innate immunity, they have also been referred to in the literature as host defense peptides (HDPs) and cationic host defense peptides (CHDPs) (Hancock et al., 2016; Mookherjee et al., 2020). AMPs are known to kill microbes through direct activity involving a variety of mechanisms, including membrane permeation, disruption of electrochemical gradients, and inhibition of metabolic processes (Brogden, 2005; Prasad et al., 2019). Furthermore, these peptides interact with multiple receptors on host cells, such as toll-like receptors (TLRs) and chemokine receptors, as well as inflammasomes and members of the host’s complement system, thereby providing a bridge between innate and adaptive immunity (Hancock et al., 2016; Prasad et al., 2019; Mookherjee et al., 2020). Although more classes of AMPs occur in humans, the α- and β-defensins and cathelicidin LL-37 have been studied the most (Doss et al., 2010; Ahmed et al., 2019a; Brice and Diamond, 2020). Herein, we review how these AMPs act as antiviral agents and discuss how they may also be exploited to address SARS-CoV-2.
An Overview of Antimicrobial Peptides: Defensins and LL-37
Defensins are a family of small (3–5 kDa), β-sheeted, cysteine-rich, cationic, and amphipathic peptides, which belong to either the α, β, or θ subfamily. α-Defensins are found in lysosomal compartments of neutrophils and macrophages, as well as in Paneth cells within the crypts of the small intestines. There are four human neutrophil α-defensins referred to as human neutrophil peptides (HNPs) 1, 2, 3, and 4. All four play an important role in killing phagocytosed microbes by professional phagocytes (Soehnlein et al., 2008; Nordenfelt and Tapper, 2011). Enteric α-defensins are referred to as human defensins (HDs) 5 and 6, where HD5 plays an important role in maintaining microbial homeostasis of the gut microbiota, while HD6 forms nets to entrap gastrointestinal pathogens within the lumen and prevent them from invading gut tissue (Chairatana and Nolan, 2017). Human β-defensins (hBDs)-1, -2, -3, and -4 are expressed in epithelial cells of various mucosal sites and participate in the mucosal innate immune defense against microbial colonization and invasion (Suarez-Carmona et al., 2015). Theta (θ)-defensins are produced by old world monkeys and orangutans but not humans. Human θ-defensin genes contain a premature stop codon that prevents effective translation (Lehrer et al., 2012). Synthetic θ-defensins with sequences that correspond to those that are encoded within the human pseudogenes are called retrocyclins (Lehrer et al., 2012). The antiviral activity of defensins was originally attributed to their lipid perturbation activity, as disruption of viral–host protein receptor interaction by lipid perturbation of the viral membrane leads to the inhibition of receptor binding so that fusion of the enveloped virus to host cells is prevented (Wilson et al., 2013). However, the observation that several classes of non-enveloped viruses are also sensitive to defensins led to the discovery of additional defensin-related antiviral mechanisms (Wilson et al., 2013; Park et al., 2018; Brice and Diamond, 2020). These include extracellular viral aggregation, blocking uncoating of the virus, and preventing nuclear import (Wilson et al., 2013). Additional AMP activities against enveloped viruses include blocking virus binding to host receptors, receptor downregulation, inhibition of viral fusion with the host membrane, blocking reverse transcription, modulating cell signaling, and blocking gene expression (Quiñones-Mateu et al., 2003; Furci et al., 2007; Kota et al., 2008; Wilson et al., 2013; Park et al., 2018).
The only member of the cathelin family of AMPs in humans is referred to as the human cationic antimicrobial peptide (hCAP) (Zanetti et al., 1995). The “cathelin” name refers to the conserved domain in the pro-peptide that is part of the inactive precursor, and the entire protein has a molecular weight of 18 kDa; hence, it is also referred to as hCAP18. The active C-terminal–associated 37 amino acid of hCAP18, starting with double leucines, is referred to as LL-37 (Xhindoli et al., 2016). LL-37 possesses direct microbicidal activity against bacteria, fungi, and multiple enveloped and non-enveloped viruses (Doss et al., 2010; Barlow et al., 2011; Xhindoli et al., 2016; Brice and Diamond, 2020; Chessa et al., 2020) including several respiratory viruses (Currie et al., 2013; Currie et al., 2016; Harcourt et al., 2016; Sousa et al., 2017). LL-37 also acts to modulate immune responses and functions in concert with TLRs to communicate an imminent threat to the immune system (Barlow et al., 2011; Ahmed et al., 2019b).
Antimicrobial Peptides Against Respiratory Viruses: Modes of Action
Bacteria and viruses are recurring causative agents of pulmonary diseases in humans, with respiratory viruses playing a disproportionately higher etiological role (Denny, 1995; Leung, 2021). They contribute to a significant impact on morbidity, mortality, and economics worldwide, as documented and chronicled by the World Health Organization (GBD 2017 Influenza Collaborators, 2019). The most common respiratory viruses are influenza A virus (IAV), respiratory syncytial virus (RSV), parainfluenza virus (PIV), metapneumovirus (MPV), human rhinovirus (HRV), human adenovirus (HAdV), bocavirus (BoV), and coronavirus (CoV) (Boncristiani et al., 2009; Weston et al., 2019).
Defensins and LL-37 have demonstrated antiviral activities against a variety of these viruses (summarized in Table 1) including coronaviruses (see below). The potency against any particular virus varies for different peptides; for example, the potency of LL-37 for IAV inhibition has been found to be similar to that of HNPs, greater than that of human β-defensins, but less than that of retrocyclins (Tripathi et al., 2013; Doss et al., 2009). The mode of action of AMPs for these viruses (Table 1) may also differ between types (α- or β-) and subtypes (HNP1–4, HD5, HD6; hBD1–4) of defensins, and between defensins and LL-37 (Park et al., 2018; Brice and Diamond, 2020; Chessa et al., 2020); however, the most common antiviral mode of action, in vitro, is the capacity of AMPs to destabilize the viral envelope on contact, damaging the virions and inhibiting infectivity (Currie et al., 2013; Tripathi et al., 2014; Currie et al., 2016; Harcourt et al., 2016).
TABLE 1 | Modes of action of defensins and LL-37 against respiratory viruses.
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All coronaviruses, including SARS-CoV-2, contain four structural proteins, known as the S (spike), E (envelope), M (membrane), and N (nucleocapsid) proteins (Siu et al., 2008; Yoshimoto, 2020). Among these, the most pertinent to studies of AMP-related activities against coronaviruses is the S protein. It comprises two functional subunits, i.e., S1 and S2 (Tortorici and Veesler, 2019), where S1 binds to host cell receptor angiotensin converting enzyme 2 (ACE2), followed by fusion of the viral and cellular membranes via S2 (Hoffmann et al., 2020). β-Defensins and LL-37 naturally serve as antimicrobials at vulnerable mucosal sites of our body and are primed to function as “disruptors” of viral attachment, entry, and infection. With demonstrated diverse mechanisms of action against multiple different viruses including respiratory viruses, these AMPs are obvious candidates to explore as possible anti-SARS-CoV-2 agents. In addition to their central role in innate immunity, it is becoming clear that AMPs can modulate the adaptive immune response as well (Scott et al., 2002; Diamond et al., 2009; Semple and Dorin, 2012; Koeninger et al., 2020; Liang and Diana, 2020), and several studies have demonstrated adjuvant activities of AMPs in vivo (Tani et al., 2000; Biragyn et al., 2002; Brogden et al., 2003; Kohlgraf et al., 2010; Mei et al., 2012). The section below will focus on evidence that AMPs and their smaller peptide derivatives have demonstrated in vitro and in vivo anti-coronaviral activity and set the stage for their consideration as antagonists of SARS-CoV-2.
Direct and Indirect Actions of Antimicrobial Peptides
An in silico study conducted by Mustafa et al. (2019) showed that a short peptide, referred to as P9, derived from mouse β-defensin 4 (an ortholog of hBD-2 (Jia et al., 2000)) binds to the type I transmembrane glycoprotein S2 domain of MERS-CoV. An in vivo study by Zhao H. et al. (2016) demonstrated that the P9 peptide has broad-spectrum antiviral activity against different subtypes of IAV, as well as two coronaviruses, SARS-CoV and MERS-CoV. The half-maximal inhibitory concentration (IC50) values of P9 against both SARS-CoV and MERS-CoV were ∼5 μg/ml. One dose of P9 for prophylaxis and five doses of P9 for therapy significantly inhibited SARS-CoV infection in mouse lungs, and the antiviral activity of P9 was attributed to its binding to the viral S2 protein, confirming the in silico work of Mustafa et al. (2019). Moreover, the abundance of basic amino acids in P9’s composition prevented acidification in endosomes and inhibited viral RNA release. Recently, Zhao et al. (2020) demonstrated that another short peptide, P9R, which has more net positive charge (+5.6 compared to +4.7 of P9), inhibits not only MERS-CoV and SARS-CoV but also SARS-CoV-2 (IC50 values: 2.2, 2.4, and 0.9 μg/ml, respectively). P9R was also shown to significantly inhibit SARS-CoV-2 replication when Vero E6 cells were infected with SARS-CoV-2, 6 and 24 h prior to the addition of P9R (Zhao et al., 2020).
Rhesus θ-defensin 1 (RTD-1) (Lehrer et al., 2012) showed efficacy as a prophylactic antivirus in a mouse model of severe SARS-CoV–induced lung disease (Wohlford-Lenane et al., 2009). BALB/c mice exposed to a mouse-adapted strain of SARS-CoV demonstrated 100% survival and reduction in lung pathology when treated with two intranasal doses of RTD-1, while mortality in untreated mice was ∼75%. RTD-1–treated SARS-CoV–infected mice displayed reductions in levels of RANTES, IL-1α, IL-1β, IL-6, IL-12, and monocyte chemoattractant protein 1α (MCP-1α), compared to untreated SARS-CoV–infected mice (Wohlford-Lenane et al., 2009).
Antimicrobial Peptides as Viral Binding Inhibitors That Can Block CoV-2 Entry
Multiple therapeutic approaches are currently being considered in attempts to block the CoV-2 S:ACE2 interaction to avoid viral fusion with the cell’s membrane and entry into the cell (Whisenant and Burgess, 2020). The intestinal α-defensin HD5, released from Paneth cells in the crypts of the small intestine, was recently found to bind ACE2 in a study conducted by Wang C. et al. (2020). The authors reported that HD5 bound to several ACE2 sites crucial for binding to the S protein-receptor-binding domain (S-RBD) of CoV-2 and demonstrated proof of principle by showing that HD5 blocked S protein–expressing pseudovirions from entering ACE2-expressing enterocytes. The authors surmised that this could represent innate protection of intestinal cells against CoV-2 infection.
Recent in silico molecular docking studies predicted strong binding interactions of LL-37 (Lokhande et al., 2020) and hBD-2 (Zhang L et al., 2021) with the receptor-binding domain (RBD) of SARS-CoV-2, suggesting an RBD blocking potential for these two peptides. Biophysical assays using bio-layer interferometry (BLI) and microscale thermophoresis (MST) supported the in silico findings for LL-37 (Wang C. et al., 2021) and hBD-2 (Zhang L. et al., 2021), respectively. Additionally, biochemical studies with hBD-2 showed that it inhibited the RBD from binding ACE2 and prevented S protein–expressing pseudovirions from infecting ACE2-expressing human cells (Zhang L. et al., 2021).
Interestingly, LL-37 has been found to suppress S pseudovirion infection in a dose-dependent manner with an IC50 value of 1.05 μM (Wang C. et al., 2021). By using a clever in vivo model that incorporated ACE2-expressing adenovirions, either with or without S protein–expressing pseudovirions, Wang J. et al. (2021) were able to show that intranasal administration of LL-37 protected mice from pulmonary infection (Wang C. et al., 2021). This is the first demonstration of a natural AMP that can inhibit CoV-2 entry via a dual mechanism.
It is important to note that while the focus on blocking SARS-CoV-2 entry into vulnerable cells is via ACE2, a new discovery highlights that neuropilin-1 (NRP1), a receptor involved in multiple physiological processes and expressed on many cell types (Roy et al., 2017), is being utilized by the virus to facilitate entry and infection (Cantuti-Castelvetri et al., 2020; Daly et al., 2020). Teesalu et al. (2009) showed that a peptide with an internal R/KXXR/K motif can bind to NRP1 (Teesalu et al., 2009). Interestingly, both hBD-2 and -3 have these motifs near their respective C-terminal ends (KCCK for hBD-2 and KCCR for hBD-3) (Yamaguchi et al., 2002). Therefore, we cannot rule out the possibility of defensins binding to NRP1. However, time will tell if defensins are effective in blocking viral entry via NRP1.
Antimicrobial Peptides as Adjuvants
hBD-2 and -3 have previously been used as adjuvants to design multi-epitope vaccines against MERS-CoV, utilizing several in silico methods and tools (Srivastava et al., 2018). Kim et al. (2018) found that C57BL/6 mice immunized with hBD-2 conjugated to MERS-CoV-S-RBD (hBD-2/MERS-CoV-S-RBD) had significantly higher S-RBD–specific IgG titer levels in comparison with those receiving S-RBD alone. When hBD-2/MERS-CoV-S-RBD was used to treat THP-1 monocytic cells, the expression levels of classical antiviral (IFN-β, IFN-γ, PKR, and RNaseL) and primary immune-inducing molecules (NOD2, TNF-α, IL-1β, and IL-6) were enhanced compared to expression levels after treatment with only S-RBD. The receptor-binding inhibition assay on the MERS-CoV–susceptible Vero E6 cell line using sera obtained from mice immunized with PBS, S-RBD, or hBD-2/MERS-CoV-S-RBD showed that sera from hBD-2–conjugated S-RBD–inoculated mice almost completely inhibited S-RBD binding to cell surfaces compared with sera from mice immunized with S-RBD alone. hBD-2–conjugated S-RBD was also superior to unconjugated S-RBD in inducing neutralizing antibodies against MERS-CoV infection. A more recent study showed that immunization with S RBD-hBD-2 alleviated progressive pulmonary fibrosis in the lungs of MERS-CoV–infected mice and suppressed endoplasmic reticulum stress signaling activation upon viral infection (Kim et al., 2020).
A multi-epitope vaccine against SARS-CoV-2 using hBD-3 conjugated to B-cell, helper T-lymphocyte (HTL), and cytotoxic T-lymphocyte (CTL) epitopes was designed using in silico structural biology and immunoinformatic approaches (Whisenant and Burgess, 2020). When tested using the C-ImmSim server (Rapin et al., 2010), which simulates the natural immune outcome, the multi-epitope vaccine generated a robust response by B-cells, T helper cells, cytotoxic T cells, and IgG (Ojha et al., 2020). While in silico findings suggest that this vaccine (Ojha et al., 2020) and others using hBD-3 as the adjuvant (Dong et al., 2020; Yazdani et al., 2020) are promising potential therapeutic approaches against COVID-19, in vivo studies need to be conducted to prove their effectiveness against COVID-19.
Vitamin D Deficiency and COVID-19: A Possible Link With Antimicrobial Peptides
The genes encoding the β-defensins and LL-37 contain consensus vitamin D3 (Vit D3) response elements (VREs) (Wang et al., 2004; McMahon et al., 2011; Aguilar-Jimenez et al., 2013), and it is well established that Vit D3 and its metabolite 1,25-dihydroxy-vitamin D3 regulate the AMPs’ expressions (Wang et al., 2004; Adams et al., 2009). Vit D3 deficiencies have been associated with an increase in inflammatory cytokines and significant susceptibility to pneumonia and upper respiratory tract infections (Weir et al., 2020); both are common outcomes in severely ill COVID-19 patients (Chen et al., 2020; Ding et al., 2020; Leisman et al., 2020). Indeed, several studies suggest that Vit D3 may have beneficial properties against SARS-CoV-2, as individuals deficient in Vit D3 appear to be more susceptible to contracting the virus than those whose levels are normal (Arvinte et al., 2020; Hernández et al., 2020; Kaufman et al., 2020; Radujkovic et al., 2020). Additionally, reduced levels of VREs (important in AMP induction (McMahon et al., 2011; Aguilar-Jimenez et al., 2013)) in cells isolated from bronchoalveolar lavage were found in patients infected with CoV-2 than healthy subjects (George et al., 2020). Moreover, the fact that LL-37 (Zhang et al., 2020) and hBD-2 (Zhang L. et al., 2021), both regulated through Vit D3, were able to block S protein–expressing pseudovirions from infecting vulnerable human cells supports the notion that healthy levels of Vit D3 may be important in reducing the risk of acquiring SARS-CoV-2 infection. However, further studies on the direct correlation between Vit D3 and AMP levels in relation to susceptibility to CoV-2 acquisition are required.
Mesenchymal Stem Cells and COVID-19: Plausible Role for Antimicrobial Peptides
Among several approaches repurposed to treat COVID-19 patients, human mesenchymal stem cell (hMSC) therapy has recently been reported to contribute to the recovery of severely ill CoV-2–infected patients (Moll et al., 2020; Tsuchiya et al., 2020). With a 100% survival rate using hMSCs in compassionate use programs to treat severely ill COVID-19 patients (Israeli COVID-19 treatment shows 100% survival rate-preliminary data, Jerusalem Post), several biotech companies and universities are conducting clinical trials to evaluate their respective cell therapy platforms. The mechanisms behind hMSC therapeutic benefits are presently a “black box,” although some evidence points to the ability of these cells to modulate severe inflammation by secreting several beneficial agents (Iannaccone et al., 2020; Rajarshi et al., 2020; Tsuchiya et al., 2020). Supernatants from activated hMSCs kill microbes associated with cystic fibrosis, and cystic fibrotic mice, which otherwise would succumb to microbial infections, survive these challenges by injection of hMSCs (Krasnodembskaya et al., 2010; Sutton et al., 2016; Alcayaga-Miranda et al., 2017; Chow et al., 2020). These favorable outcomes can be partly attributed to hMSC-released AMPs, such as defensins and LL-37 (Krasnodembskaya et al., 2010; Sutton et al., 2016), which are found in bronchial alveolar lavage (Ghosh et al., 2007; Golec et al., 2012). Do AMPs actually contribute to cessation of inflammation currently attributed to hMSC activity, in addition to directly inhibiting viral infection or not? With growing evidence that defensins and LL-37 have anti-inflammatory properties (Choi et al., 2012; Mansour et al., 2014; Brook et al., 2016), along with their diverse strategies to directly attack viruses, it will be a tall order to dissect out the inflammomodulatory role that hMSC-related AMPs play in cessation of the cytokine storm that afflicts severely ill CoV-2–infected patients. Finding the right balance of anti-inflammatory vs. pro-inflammatory activities, so that we do not inadvertently exacerbate an already inflamed situation, will require in depth testing of each AMP. These could include determining conformational status, identifying the distinct isoform and amino acid motifs important for each modulatory activity, and designing novel synthetic derivatives from modifications of natural AMPs to then test in both in vitro and in vivo models. This has been an approach espoused by Robert Hancock’s group, which they address in a review article (Haney et al., 2019). Moreover, hMSC-related AMPs, which could include additional yet-to-be–discovered peptides, could be interacting in synergy with other beneficial agents secreted by hMSCs, such as exosomal agents that limit immune thrombosis, increase fibrinolytic activity, re-stabilize endothelial integrity, reduce lymphocyte trafficking, and promote recruitment of M2 macrophages and regulatory T cells (Gomzikova et al., 2019; Jamshidi et al., 2021; Moradinasab et al., 2021; Su et al., 2021).
CONCLUSION AND PERSPECTIVES
The saying that “desperate diseases call for desperate treatments” (attributed to Hippocrates) cannot be more appropriate during these trying times when a worldwide pandemic is wreaking havoc on mankind. It is clear that naturally occurring AMPs, such as defensins and LL-37, possess favorable properties that make them prime candidates for novel anti-COVID-19 therapeutics. They can act directly and indirectly against coronaviruses (Wohlford-Lenane et al., 2009; Zhao G. et al., 2016; Zhang et al., 2020; Zhao et al., 2020), and they are especially effective at blocking viral entry into vulnerable cells (Wang R.et al., 2020), small peptide derivatives (Zhao et al., 2020), and non-peptide mimetics (Bakovic et al., 2020). Of these, AMPs are emerging as promising drug candidates, and they can be used as adjuvants (Kim et al., 2018; Dong et al., 2020; Ojha et al., 2020) in vaccines targeting coronaviruses. Additionally, the importance of Vit D3 in protection against SARS-CoV-2 acquisition and the repurposed use of hMSCs in treating severe cases of COVID-19 point to the possible benefits of AMP protection. Importantly, designing small peptides from human AMPs has multiple advantages. They possess safety, i.e., limiting the need for phase 1 studies, they are highly specific, they could be designed to resist peptidase biodegradability, they are not expensive to produce, and they could be administered easily (Greber and Dawgul, 2017; Di et al., 2020; Luong et al., 2020). Currently, more than 30 AMPs including LL-37 are in clinical and preclinical trials for their potential applications against various infectious diseases (Koo and Seo, 2019).
Several conventional therapeutic drugs, including but not limited to antimalarial drugs, protease inhibitors, renin–angiotensin system (RAS) inhibitors, inhibitors of the RNA-dependent RNA polymerase, and immune suppressants, are being repurposed for the treatment of COVID-19 (Khavinson et al., 2020; Spaccarotella et al., 2021). However, peptide-based therapeutic drugs including AMPs are sometimes a better choice than conventional drugs due to their higher efficacy, lower molecular weight, and lower toxicity and side effects (Castel et al., 2011). Among peptide-based therapeutic drugs, AMP-related small peptide derivatives (Zhao et al., 2020) and non-peptide mimetics (Bakovic et al., 2020) are emerging as promising drug candidates. Several potential SARS-CoV-2 entry inhibitor peptides, and strategies used to design those peptides targeting the ACE2 receptor or the viral spike protein and its activating proteases, have been outlined in a recent review by Schütz et al. (2020). Additionally, peptoid mimics (sequence-specific N-substituted glycine oligomers) of AMPs and an antimicrobial DP7 peptide (VQWRIRVAVIRK) were recently shown to have anti-CoV-2 activity (Zhang R. et al., 2021; Diamond et al., 2021). Moreover, a synthetic mimetic of defensins, Brilacidin, has been shown to potently inhibit CoV-2 in an ACE2-positive human lung cell line (Bakovic et al., 2021) and recently received approval by the Federal Drug Administration (FDA) to start a phase 2 clinical trial in COVID-19 patients (ClinicalTrials.gov; Identifier: NCT04784897).
Since AMPs are highly sensitive to environmental conditions, such as pH and ionic strength, which often leads to discrepancies between in vitro and in vivo results (Mahlapuu et al., 2016), improving them as viable therapeutics is being addressed through peptide mimetics (Pachón-Ibáñez et al., 2017; Mookherjee et al., 2020). These are being engineered, using the AMP backbone, to increase cationicity and amphipathicity, when needed, with minimal cytotoxicity; for example, a number of shorter LL-37 variants have been generated to improve the antimicrobial activity and reduce the toxicity (Tripathi et al., 2015; Pachón-Ibáñez et al., 2017). Low metabolic stability of AMPs, an additional challenge for therapeutics, is being addressed by modifying the peptide backbone through incorporation of d-amino acids, end-tagging by hydrophobic amino acid stretches, and blocking N- and/or C-terminal ends of the peptide by N-acetylation or C-amidation (Zhao Y. et al., 2016; Håkansson et al., 2019; Mahlapuu et al., 2020).
The nasal cavity and nasopharynx contain some of the highest viral loads in the body, and viral load levels are similar in symptomatic and asymptomatic individuals. The so-called “silent spreaders” may involuntarily contribute to the exponential growth of disease, as nasal secretions contain spreadable virus (Higgins et al., 2020) but lack endogenous expression of some of the AMPs [e.g., hBD-2 (Guaní-Guerra et al., 2011; Bouloukaki et al., 2011)]. Additionally, nasopharyngeal swab samples have revealed that CoV-2–infected patients have lower mRNA levels of several defensins when compared to uninfected subjects (Idris et al., 2020). To “ramp up” AMP levels, AMPs and/or their derivatives could be administered intranasally and/or intraorally as prophylactic aerosols, in early stages of infection when telltale symptoms begin to appear and in combinatorial therapeutic approaches for more severe situations. A prophylactic strategy has been proposed by Park et al. (2018), when natural endogenous levels of constitutive or viral-induced defensins provide a limited level of defense against infecting viruses, especially with high viral loads. AMP-based therapy has additional benefits in the context of COVID-19, as different AMPs have affinities for different CoV-2 targets; for example, LL-37 (Lokhande et al., 2020; Roth et al., 2020) and hBD-2 (Zhang L. et al., 2021) bind to SARS-CoV-2 S-RBD, whereas HD5 binds to ACE2 (Wang C. et al., 2020) but not SARS-CoV-2 S-RBD [summarized in Figure 1]. Therefore, combining different AMPs that bind different targets associated with CoV-2 entry may turn out to be more beneficial than using only one AMP. Moreover, if mutations in the S-RBD (Wang et al., 2020b) preclude using a specific AMP, other AMPs targeting ACE2 could continue to block viral entry. Additionally, since AMPs and their small peptide derivatives lack immunogenicity and demonstrate low levels of toxicity (Otte et al., 2008; Warnke et al., 2013; Leelakanok et al., 2015), they are ideal candidates for both prophylactic and therapeutic approaches in dealing with SARS-CoV-2 dispersion.
[image: Figure 1]FIGURE 1 | Schematic representation showing differential binding of human AMPs to SARS-CoV-2 S protein or ACE2 on cell surfaces. LL-37 and hBD-2 bind to SARS-CoV-2 S protein and inhibit its binding to ACE2 on the cell surface prior to entry (Lokhande et al., 2020; Roth et al., 2020; Wang C. et al., 2021; Zhang L. et al., 2021). In contrast, HD-5 binds to ACE2 to inhibit viral entry (Wang et al., 2020a) [LL-37 has also been shown to bind ACE2, however, with lower affinity than S-RBD (Wang C. et al., 2021)].
We believe AMP utilization as first-line antivirals is a cogent stopgap while several vaccine candidates are being tested. Moreover, we do not see them diminishing in importance once vaccines are available to everyone, as vaccines do not always provide 100% protection (Goodwin et al., 2006; Ovsyannikova et al., 2017). Many people will refuse vaccination (Schwarzinger et al., 2010; Fisher et al., 2020; Pogue et al., 2020; Wang J. et al., 2021), and a significant number will fail to mount either effective neutralizing antibodies or high enough titers (Goodwin et al., 2006; Ndifon et al., 2009; Ovsyannikova et al., 2017). Additionally, within a few months since its appearance, CoV-2 has already developed a substantial number of mutations in the receptor-binding motif (RBM) of the RBD (Wang et al., 2020b; Abdool Karim and de Oliveira, 2021; Greaney et al., 2021). Though most mutated variants with amino acid change within the RBD were found to be less infectious, some variants have already become resistant to some neutralizing antibodies (Li et al., 2020; Hoffmann et al., 2021), warranting alternative and adjunctive approaches. There is also evidence of declining levels of neutralizing antibodies in COVID-19 patients within two to three months after recovery (Long et al., 2020; Seow et al., 2020). Given the enormity of the COVID pandemic, it is imperative to develop effective interventions capable of preventing transmission of diverse SARS-CoV-2 variants by exploiting all the possible strategies.
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SARS-CoV-2, an etiological agent of COVID-19, has been the reason for the unexpected global pandemic, causing severe mortality and imposing devastative effects on public health. Despite extensive research work put forward by scientist around globe, so far, no suitable drug or vaccine (safe, affordable, and efficacious) has been identified to treat SARS-CoV-2. As an alternative way of improvising the COVID-19 treatment strategy, that is, strengthening of host immune system, a great deal of attention has been given to phytocompounds from medicinal herbs worldwide. In a similar fashion, the present study deliberately focuses on the phytochemicals of three Indian herbal medicinal plants viz., Mentha arvensis, Coriandrum sativum, and Ocimum sanctum for their efficacy to target well-recognized viral receptor protein through molecular docking and dynamic analyses. Nucleocapsid phosphoprotein (N) of SARS-CoV-2, being a pivotal player in replication, transcription, and viral genome assembly, has been recognized as one of the most attractive viral receptor protein targets for controlling the viral multiplication in the host. Out of 127 phytochemicals screened, nine (linarin, eudesmol, cadinene, geranyl acetate, alpha-thujene, germacrene A, kaempferol-3-O-glucuronide, kaempferide, and baicalin) were found to be phenomenal in terms of exhibiting high binding affinity toward the catalytic pocket of target N-protein. Further, the ADMET prediction analysis unveiled the non-tumorigenic, noncarcinogenic, nontoxic, non-mutagenic, and nonreproductive nature of the identified bioactive molecules. Furthermore, the data of molecular dynamic simulation validated the conformational and dynamic stability of the docked complexes. Concomitantly, the data of the present study validated the anti-COVID efficacy of the bioactives from selected medicinal plants of Indian origin.
Keywords: ADMET profiles, medicinal plants, molecular docking, molecular dynamic simulation, nucleocapsid phosphoprotein, SARS-CoV-2
INTRODUCTION
Although a year has been completed since the unprecedented emergence of severe acute respiratory syndrome coronavirus (SARS-CoV-2), the pandemic menace prevails till date. The World Health Organization’s (WHO) Day-to-Day data till 4th February 2021 state that the morbidity rate of “coronavirus disease 2019” (COVID-19) across 220 countries is crossing 102.9 (102, 942, 987) million, and the rate of mortality is 2.29 (2,232,233 deaths). The ever-increasing infected victims as well as mortality rate alarms the dire need for early diagnosis and identification of a drug or vaccine to treat COVID patients. Owing to the lack of therapeutic choices, the WHO announces COVID-19 as a “public health emergency of international concern (PHEIC),” implying that this pandemic seeks orchestrated global action in all clinical aspects (de Wit et al., 2016; Wu C. et al., 2020a).
SARS-CoV-2 is a positive-sense single-stranded (+ss) RNA virus that belongs to the family Coronaviridae and genera Betacoronavirus. It infects a wide range of host, including human, cattle, pigs, cats, and birds. Particularly, in human, it causes various symptoms, from mild respiratory infections, fever, dyspnea, lung lesions (Li et al., 2005; Killerby et al., 2018), and enteric disease to severe life-threatening pneumonia (de Wit et al., 2016; Killerby et al., 2018; Phan et al., 2020a; Huang et al., 2020; Li et al., 2020; Parry, 2020; Riou and Althaus, 2020). As far as strategies of SARS-CoV-2 spread are concerned, the significant virulence traits including immune evasion, replication inside host, and transmission from human-to-human are the major barriers for clinicians and other healthcare workers to treat and prevent COVID-19 (Chan et al., 2020; Li et al., 2020; Prompetchara, et al., 2020).
In general, the viral replication inside the host cell involves the synthesis of proteins, namely, envelope (E), membrane/matrix (M), spike (S), and nucelocapsid phosphoprotein (N) (Brian and Baric 2005). Accordingly, in the recent days, the E, M, S, and N proteins have been targeted for antiviral drug and vaccine designing investigations. However, any mutation in the outer membrane proteins viz., S, E, and M proteins aid SARS-CoV-2 to gain drug resistance (Benvenuoto et al., 2020; Phan 2020b; Dawood, 2020; Ou et al., 2020; Pachetti et al., 2020; Yin, 2020). Therefore, the N protein has particularly been considered as an attractive drug target (Wu F. et al., 2020b; Zhou et al., 2020).
The N protein of SARS-CoV-2 is a multifunctional protein chiefly involved in viral replication (Chang et al., 2014), virulence, immunogenicity (Burbelo et al., 2020; Randad et al., 2020), and pathogenesis (Yasui et al., 2008; Gao et al., 2020). The C-terminal domain (CTD) of the N protein binds with the M protein through dimerization and creates a physical link between the viral genome and its envelope, which thereby forms the helical ribonucleoprotein (RNP) complex. This complex not only renders protection to viral genome but also modulates the host intracellular machinery, and consistently plays a regulatory role throughout the viral life cycle (Masters et al., 1990; Narayanan et al., 2003; Chang et al., 2009). Earlier studies have robustly demonstrated the contribution of the N protein in host–pathogen interactions by regulating host cell cycle, apoptosis, and actin reorganization (Hsieh et al., 2005; Surjit et al., 2006). In addition, the viral N protein inhibits interferon-β and thus facilitates SARS-CoV-2 to evade the host immune response (Kopecky-Bromberg et al., 2000; Lu et al., 2011). Therefore, such a protein that majorly contributes to the viral replication and immune evasion could be a promising target to develop therapeutic countermeasures in controlling SARS-CoV-2 and infection-mediated further havoc.
As traced to antique Indian traditional medicinal system, the consumption of plant and plant-derived natural products has shown efficient therapeutic effects against various health ailments (Alagu Lakshmi et al., 2020; Muthuramalingam et al., 2020; Vellingiri et al., 2020; Gowrishankar et al., 2021). Notably, consumption of herbal plants has been a well-recognized home remedy for common cold (Alagu Lakshmi et al., 2020; Muthuramalingam et al., 2020; Vellingiri et al., 2020; Gowrishankar et al., 2021). Against common cold, a wide spectrum of herbs with proven medicinal benefits have been used in the traditional home remedy that reinforce the immune system (Lin et al., 2014; Wang and Liu 2014; Ganjhu et al., 2015). Based on this, three herbal plants viz., Mentha arvensis, Coriandrum sativum, and Ocimum sanctum were considered in the present study.
Mentha arvensis L., an aromatic plant popularly known as menthol mint and kitchen herb (in India; The wealth of India, 2003), holds not only medicinal values but also clutches varied industrial applications viz., flavorings, food, confectionary, cosmetic, perfumery, and pharmaceutics (Kumar et al., 2012; Lal et al., 2020). M. arvensis is a natural antioxidant (Kumar and Chattopadhyay, 2007), and it has been reported to exhibit antimycotic efficacy (Yadav et al., 2006). The mint leave juice also displayed diversified health benefits as it has been administered against liver and spleen disease, diarrhea, dysentery, indigestion, asthma, and jaundice. It has been a traditional remedy for rheumatic pains, arthritis, and inflamed joints (Salin et al., 2011; de Sousa Guedes et al., 2016; de Sousa Guedes and Souza, 2017). C. sativum, exhibits myriad pharmaceutical potentials (viz., antidiabetic, antiseptic, anti-inflammatory, antihypertensive, anxiolytic, antimicrobial, anti-cancerous, antimutagenic, diuretic, cognition improvement, and antioxidant) (Hussain et al., 2018; Kačániová et al., 2020), and its inhibitory efficacy against angiotensin-converting enzyme has been envisaged as the most significant action mechanism against COVID-19 (Khan and Kumar, 2019; Wei et al., 2019; Vellingiri et al., 2020). O. sanctum (tulsi) has been the holy herb with innumerable medicinal/health benefits, deployed since ancient period. It has been well demonstrated for multifaceted therapeutic propensity viz., anti-inflammatory, antidiabetic, immunomodulatory, antifertility, anticancer, cardio and hepatoprotective, antiviral, antifungal, and antibacterial efficacies (Seth and Sharma, 2004; Prakash and Gupta, 2005; Mallikarjun et al., 2016; Yamani et al., 2016; Jamshidi and Cohen, 2017; Mousavi et al., 2018). Most importantly, tulsi leaves have been proven to show beneficial effects against bronchitis and pyrexia through boosting/strengthening cellular as well as humoral immune responses (Mukherjee et al., 2005). Although a few reports have documented the plausible anti-COVID efficacy of O. sanctum as it targets the main protease of SARS-CoV-2, the efficacy of three selected plants against SARS-CoV-2 N protein has not been explored so far. Therefore, in the current investigation, the phytochemicals of these herbal plants (M. arvensis, C. sativum, and O. sanctum) were analyzed for their potential to inhibit the N protein through an in silico approach.
MATERIALS AND METHODS
Protein Selection and Active Site Prediction
The crystal structure of the SARS-CoV-2 nucleocapsid phosphoprotein essential for virion formation and replication (PDB ID: 6ZCO; 1.36 Å) was retrieved from the RCSB Protein Databank (https://www.rcsb.org/). Based on the resolution (1.36 Å), stable atomic orientation, and CTD of the N protein crystal structure, 6ZCO was selected in the present study. All crystalline water molecules and bound ligand molecules were removed, and the polar hydrogen and Gasteiger charges to protein structures for the docking simulation were also assigned, as described earlier by Afriza et al. (2018).
Ligand Selection and Preparation
The chemical structure of phytocompounds was obtained from the Pubchem database (https://pubchem.ncbi.nlm.nih.gov/) in .sdf (structure date file) format. Then the file format was converted to PDB (Protein Data Bank) coordinate file format using the Open Babel (http://openbabel.org) (Rolta et al., 2020).
Molecular Docking
Molecular docking studies were conducted using AutoDock Vina in order to predict the accuracy of binding affinity as well as ligand-binding poses into protein active sites. Initially, both the ligand and receptor were preprocessed by adding the hydrogen, to assign the charge particle, and to remove the unwanted water molecules and heteroatom, and file format conversion was done by AutoDockTools. Then the grid map was defined to the active site (Ala264, Val270, Phe274, Arg277, Gla281, Phe286, and Gly284) of the receptor, and the grid box dimension was set as 20 × 20 × 20. The default scoring function of AutoDock Vina was used to calculate the docking score, and the lowest binding energy docking poses were selected for further interaction analysis as described in an earlier study by Chen et al. (2018). Discover Studio 3.5 is used to analyze the binding pose 2D and 3D interaction analysis of the protein–ligand complexes (Shivanika et al., 2020).
ADME Prediction
The top hit compounds obtained through molecular docking studies were further screened based on their ADME (absorption, distribution, metabolism, and excretion) properties, physicochemical properties (Lipinski’s rule of five principles), pharmacokinetics (Pks), and drug-likeness properties using the Molinspiration and AdmetSAR servers (Isa et al., 2018).
Molecular Dynamic Simulation
The obtained docking results of the best docked complexes were further subjected to molecular dynamic (MD) simulation using the GROMACS 4.5.5 package with the GROMOS53a6 force field for all atoms to get a protein topology parameter. The PRODRG web server was used to analyze the topology and force filed parameter of the ligand (Zheng et al., 2014). The protein–ligand complexes were solvated in a cubic box with the water model of SPC216 and neutralized by adding -Cl counter ions. Then the energy minimization of the system was performed by using the steepest descent algorithm. To equilibrate the system with constant volume and temperature from 300 K for 100 ps, NVT ensembles followed by the NPT ensembling at a constant temperature and constant pressure for 300 K for 1 bar. Finally, MD simulations were conducted for 50 ns (Ul Qamar et al., 2019). Root mean square deviation (RMSD), hydrogen bond analysis, radius of gyration (Rg), potential energy, root mean square fluctuations (RMSFs), secondary structure analyses, and SASA were done using GROMACS. XM Grace software was used to analyze the plot of RMSD, RMSFs, hydrogen bonds, etc. (Muthumanickam et al., 2020).
RESULTS AND DISCUSSION
Given the prominence that boosting/strengthening the immune status of an individual would be a convincing alternative to prevent COVID infectivity, we deliberately investigated three selective medicinal herbs (viz., Mentha arvensis, Coriandrum sativum, and Ocimum sanctum) against one of the most important structural proteins named nucleocapsid phosphoprotein, which is a least variable and highly conserved structure of CoV (Lin et al., 2014). Indian traditional knowledge system has a historical background with proof of concept toward curing effects against common cold. In view of that, during this COVID-19 pandemic, Ministry of AYUSH, Government of India has identified and listed diverse medicinal shrubs and herbs employed in-house as home remedies with proven efficacy to strengthen the respiratory tracks and immune system.6 Most evidently, the WHO has estimated that nearly 80% of the population in underdeveloped countries depend chiefly on traditional medicines against COVID-19. On the view of tradition-based phyto-immune boosters, the WHO has enlisted nearly 21,000 global plants of therapeutic potential; among which, around 2,500 varieties were of Indian origin.33
Indian traditional system strongly relies on the quote “Food as Medicine,” and the other armors such as balanced diet and proper physical exercise further immunize the system. Based on these Indian naturopathic values, the patients affected with respiration illness were recommended for herbal steam inhalation therapy to subset the symptoms (Amini et al., 2017; Singh et al., 2017). In substantiation with the current study, earlier reports by Alagu Lakshmi et al. (2020) had signified the scientific merit toward deploying complementary herbal medicines against COVID-19. Similarly, in an earlier report by Singh et al. (2017), they denoted the speedy improvement of patients infected with common cold viral infection upon neti treatment along with vitamins as well as minerals (Amini et al., 2017; Singh et al., 2017). In an earlier study by our group, we have demonstrated the promising effects of phytochemicals from traditional Indian herbal steam inhalation therapy against COVID-19 through an in silico approach (Gowrishankar et al., 2021). Therefore, it is anticipated that phytochemicals might possibly set forth an initial developmental step for combinatorial naturopathic therapy either as an antiviral agent or as an immune booster in order to effectively manage COVID-19.
Unlike the other studies that target different structural proteins of SARS-CoV-2, in the present study, we chose a most important viral structural protein, nucleocapsid phosphoprotein, as it is highly abundant and least variable as well as highly conserved in CoV (Lin et al., 2014). The three domains of the N protein holds three different roles viz., N-terminal binds RNA, C-terminal aids in oligomerization, and central Ser/Arg rich linker helps in phosphorylation reactions (Chang et al., 2013; Yadav et al., 2020). This strong binding of the N protein with the RNA genome creates ribonucleoprotein complex, which exclusively triggers the production of virion core and RNA-dependent RNA synthesis for replication of virus (McBride et al., 2014; Cong et al., 2020). In addition to it, N-proteins have been investigated to uphold regulatory role during infection with host, starting from actin filament reorganization to apoptosis (Surjit et al., 2006; Du et al., 2008). As the N protein involves in the replication, transcription, and viral genome assembly, it could be an attractive drug target of SARS-CoV-2 in controlling the viral multiplication in host (Yadav et al., 2020). In par with the current study, a very recent study by Yadav et al. (2020) has emphasized that the inhibition of the N protein would be a convincing approach in treating the viral disease progression. Therefore, in the present study, we intentionally made an effort to virtually substantiate the antiviral efficacy of three AYUSH, GoI enlisted immune booster Indian herbs’ (viz., Mentha arvensis, Coriandrum sativum, and Ocimum sanctum) associated compounds against the N protein of SARS-CoV-2 through an in silico approach.
Molecular Docking Studies
In order to identify the potential drug candidates for managing COVID-19, molecular docking analysis was performed for 127 phytoconstituents from three selected medicinal plants against the active site of SARS-CoV-2 RNA binding domain of nucleocapsid phosphoprotein. The results revealed that most of the phytoconstituents interacted with target protein efficiently. Further, the phytoconstituents with the highest docking affinity were assigned as potential small molecules, and their interaction analysis was studied in detail. The overall binding affinity of 127 phytoconstituents toward the target protein is tabulated in Supplementary Table S1.
Binding Mode of Phytoconstituents From Mentha arvensis Against the N Protein
Docking simulations of major phytocompounds of Mentha arvensis against the N protein using ADT showed eudesmol as a top hit, exhibiting the highest docking score of −10.1 kcal/mol, followed by the phytochemicals linarin (−8.4 kcal/mol) and (−)−gamma−cadinene (−7.5 kcal/mol) (Table 1). The results indicated that out of sixty-six small molecules screened virtually, eudesmol, linarin, and (−)−gamma−cadinene possess the strong interactions with the N protein by executing greatest binding affinity. The amino acid residues of the N protein involved in hydrogen bond, hydrophobic, and electrostatic interactions with these ligands were also observed through docking analysis using AutoDock Vina (Figure 1).
TABLE 1 | List of top three hit phytochemicals from each of the three selected plants (Mentha arvensis, Coriandrum sativum, and Ocimum tenuiflorum) along with their binding energy and interaction residues against the N protein as predicted through molecular docking.
[image: Table 1][image: Figure 1]FIGURE 1 | Binding patterns of the top phytoligands from Mentha arvensis against the N protein.
Eudesmol formed seven hydrophobic interactions (Pi-Alkyl) with the N protein, involving the amino acid residues Ala264 (3.86 and 6.06), Phe274 (5.86 and 6.01), and Trp301 (6.56, 5.25, and 7.47); two hydrogen bond interaction with Arg277 (5.33) and Phe286 (4.70) residues; and seven van der Waals interaction with Arg262, Thr263, Gly287, Val270, Leu291, Gly295, and Thr296, whereas linarin interacted with the N protein through six hydrogen bond interactions with residues viz., Phe274 (3.96), Arg277 (6.25), Thr282 (5.14), Gly284 (3.40 and 3.77), and Asn285 (3.75); three Hydrophobic interactions (Pi–Pi Stacked and Pi–Pi T-shaped) with Phe274 (4.65) and Phe286 (5.28 and 4.14) residues; and some van der Waals interactions with Gln281, Gln283, Trp301, Ile304, Tyr333, Leu353, and Ile357. (−)−Gamma−cadinene−N-protein complex showed eleven hydrophobic interactions (Pi-Alkyl) with Ala264 (5.99), Val270 (4.97, 4.96, and 6.01), Phe274 (4.47, 5.32, and 5.52,), Leu291 (4.41), and Trp301 (6.32, 7.38, 6.85, and 6.16), and six van der Waals interaction with Arg261, Thr263, Arg277, Phe286, Gly295, and Thr296. No hydrogen bonds were imputed between linarin and the binding site of the N protein (Figure 1).
Phytoconstituents From Coriandrum sativum With the N Protein
The phytoligands of Coriandrum sativum were virtually screened against the N protein, and the docked phytoligands were ranked based on a stringer filter which included bonding affinity, strength of hydrogen bonding, and other hydrophobic, electrostatic, and van der Waals interaction. Out of 38 phytoligands, the top most docking poses and binding orientation were selected. The top ranked phytoligands include (+)−germacrene A, alpha-thujene, and geranyl acetate, which bind firmly at the active site of the target protein with high binding affinity and good molecular interactions (Table 1) (Figure 2). (+)−Germacrene A was bound to the N protein with the docking score of −7.1 kcal/mol, forming three hydrophobic interactions: (Pi-Alkyl) with Phe314 (5.35 and 5.50) and Tyr333(5.63), and two van der Waals interaction with Gln260 and Trp330. Alpha-thujene bound to the active site of the N protein with a docking score of 6.4 kcal/mol, and it displayed fifteen hydrophobic interactions (Pi-Alkyl) with Ala264 (5.51, 4.65, and 4.12), Val270 (4.78, 4.93, and 4.98), Phe274 (6.66 and 6.43), Phe286 (4.65 and 4.53), Leu291 (4.67), and Trp301 (6.55, 6.11, 5.36, and 6.68), and van der Waals interaction with residues Thr263, Gly287, Gly295, and Thr296. Geranyl acetate bound effectively to the active site of the N protein with the docking score of 6.2 kcal/mol, and it formed three hydrogen bonds (two conventional and one carbon hydrogen bond) with Arg277 (5.48) and Glu284 (3.48 and 3.91), respectively. Together, geranyl acetate also extended seven hydrophobic interactions (Pi-Alkyl) with resides Ala264 (3.74 and 4.06), Val270 (5.58), Phe274 (6.61), Phe286 (4.08), and Tro301 (5.37 and 6.62), and van der Waals interaction with Thr263, Gly295, and Thr296 residues (Figure 2).
[image: Figure 2]FIGURE 2 | Binding patterns of the top phytoligands from Coriandrum sativum against the N protein.
Binding Mode of Phytoconstituents From Ocimum sanctum With the N Protein
Twenty-three phytoligands from the immune booster herb Ocimum tenuiflorum were docked into the binding pocket of the N protein. After docking, three best phytoligands were selected based on their accurate binding pose and binding energy score. The top hit phytoligands were ranked in the sequence of baicalin, kaempferol-3-O-glucuronide, and kaempferide as they depicted a bonding affinity of −9.6, −9.2, and −9.1 kcal/mol, respectively (Table 1). Baicalin formed hydrogen bonds as well as hydrophobic interaction with the active site residues of receptor (Figure 3). It formed one hydrogen bond with the active site residue GLn281 (5.80); four hydrophobic interactions (Pi-alkyl, Pi–Pi stacked) with the active site residues of Val270 (5.24), Leu291 (7.32), and Phe274(4.85, 4.42); and some van der Waals interactions with resides Gln260, Arg261, Arg277, Thr282, Gln283, Gly284, Phe286, Trp301, Trp330, and Tyr333 (Figure 3). Kaempferol-3-O-glucuronide was stabilized by the three hydrogen bonds with active site residues of Gln281 (4.42), Thr282 (5.27), and Gly284 (3.73). One electrostatic interaction (Pi-cation) with the amino acid residue of Gln260 and some van der Waals interactions with amino acids residues of Phe274, Gln283, Trp330, Thr332, and Tyr333 were formed. Kaempferide was stabilized by forming three hydrogen bond interactions with active site residues of Gln260 (3.00 and 4.66) and Tyr333 (6.20), and one hydrophobic interaction (Pi–Pi stacked) with active site residue Phe314 (6.57) (Figure 3). A known antiviral drug nucleozin (which has been reported to target the N protein of influenza virus) was used as the positive control, which displayed a binding energy of −6.8 kcal mol−1 (Supplementary Table S1), and it builds one hydrogen bond with Ala264 (2.69Å); seven hydrophobic interactions (Pi–Pi stacked, Pi-alkyl, Pi-sigma, and Pi–Pi T-shaped) with amino acid residues Ala264 (4.52 Å), Val270 (3.93 Å), Phe286 (4.51 Å), Leu291 (5.33 Å), Trp301 (4.61 Å), Ile304 (5.35 Å), and Ala308 (3.66 Å); and van der Waals interaction with Arg262, Thr263, Arg277, Phe274, GLy295, Thr296, Ala305, Phe307, Leu353, and Ile357 (Supplementary Figure S1).
[image: Figure 3]FIGURE 3 | Binding patterns of the top phytoligands from Ocimum tenuiflorum against the N protein.
Overall, the docking results revealed that every docked complex formed fair number of Pi-alkyl, Pi–Pi stacked, Pi–Pi T-shaped, and Pi-cation interactions, which were largely involved in charge transfer that aid in intercalating the small molecules (drug) in the active site of the receptor (Arthur and Uzairu, 2019). The top hit phytoligands from each of three herbal plants displayed strong hydrophobic interactions and hydrogen bonds, which stabilized strong chemical bonding between phytoligands and the active site of the N protein.
Drug-Likeness and ADME/T Prediction
Physicochemical properties, biological activity, and pharmacological profiles including absorption, distribution, metabolism, elimination, and toxicity (ADMET) features were envisaged using Molinspiration and admetSAR web server. The ADMET properties are essential in current drug discovery and development process. Nowadays, computational modeling is used instead of in vitro and in vivo evaluation of ADMET properties. The ultimate goal of in silico analysis is the perfect prediction of the in vivo pharmacokinetics of a probable drug molecule. Molinspiration results unveiled that all top phytoligands have obeyed Lipinski “Rule of 5” principles such as molecular weight (MW < 500Da), high lipophilicity expressed as logP (logP < 5), hydrogen bond donors (HBD < 5), and hydrogen bond acceptors (HBA < 10) (Table 2). Pharmacological parameters viz., blood–brain barrier penetration, human intestinal absorption, CYP2D6 inhibitor, Caco-2 cell permeability, carcinogenicity, and biodegradation of top phytoligands are depicted in Table 3. The very essential of ADMET property is the aqueous solubility of a drug, predicating the rate of absorption and transport of a drug molecule in the body and Caco-2 permeability, as it is one of the most important properties to measure the rate of transport of a drug molecule across the Caco-2 cell line. In addition, the BBB is a crucial factor for drugs, as it is a physiological barrier which protects the drug molecules to cross from blood to the brain (Alagu Lakshmi et al., 2020). In the present study, the ADMET prediction analysis revealed that the top hit phytoligands have the capability to aqueous solubility, Caco-2 permeability, cross the BBB, and novel absorption in the intestine. Therefore, the phytoligands envisaged in the current investigation could plausibly be considered as drug candidates for further studies.
TABLE 2 | Pharmacodynamic profile of top three hit phytochemicals from each of the three selected plants (Mentha arvensis, Coriandrum sativum, and Ocimum tenuiflorum).
[image: Table 2]TABLE 3 | In silico drug-likeness and molecular property prediction in top three hit phytochemicals from each of the three selected plants (Mentha arvensis, Coriandrum sativum, and Ocimum tenuiflorum).
[image: Table 3]Molecular Dynamic Simulation
MD simulations for protein–ligand complexes were performed for 50 ns. MD simulation is one of the attractive approaches to investigate the stability and dynamic behavior of the protein–ligand complexes in different binding poses under different physiological conditions. The observations of Cα backbone RMSD graph of docked complexes of each system suggested their stability during the simulation time period (Figure 4). Further, the RMSD graph also revealed that docked complexes were highly stable between 0.25 and 1.0 nm with minor deviations. The phytoligands viz., eudesmol, (+)−germacrene A, and baicalin acquired stability with an average RMSD of 0.5 nm, which depicted the stability of the protein–phytoligand complex in the active site of receptor. The phytoligands linarin geranyl acetate, kaempferol-3-O-glucuronide, and kaempferol (−)−gamma−cadinene showed slight deviation of RMSD around 0.65–0.8 nm. Alpha-thujene depicted more deviations at 1.0 nm; however, after 25 ns, it maintained the stability until 50 ns simulation. The RMSD analysis of the N protein with top phytoligands displayed that each phytoligand remained stable in the active site of the N protein throughout simulation (Figure 4).
[image: Figure 4]FIGURE 4 | RMSD backbone plot for N-protein–inhibitor complexes (nine complexes) during 50 ns simulation as a function of timescale in ps.
The root mean square fluctuation (RMSF) graphs of Cα backbone atom was used to study the dynamic behavior of essential amino acid residues precipitated with the ligand. As shown in Figure 5, the RMSF within the range of 0.4–1.8 Å had less structural fluctuations on interacting residues. Although high fluctuations were observed between the residues of 315–330, 335–340, and 364, these regions were denoted as the loop and disordered. Hence, the fluctuation does not affect the binding of ligand into the active site of protein.
[image: Figure 5]FIGURE 5 | RMS fluctuation plot for N-protein–inhibitor complexes (nine complexes) during the 50 ns simulation as a function of the number of residues.
In ligand–receptor (proteins) interaction, the role of hydrogen bond is inevitable for the molecular recognition, binding stability, and backbone conformation. Therefore, in order to assess the stabilizing interaction factor between the docked complexes, the number of hydrogen bonds was calculated to investigate the nature of the H-bond at the active site of the N protein. The H-bonds were monitored throughout 50 ns of simulation and is depicted in Figure 6. A maximum number of hydrogen bonds (n = 10) were identified with the complexes of the N protein and eudesmol as well as baicalin. Next to these, (−)−gamma−cadinene showed 8 h-bonds, linarin and kaempferol-3-O-glucuronide showed 7 H-bonds, (+)−germacrene A and geranyl acetate have shown 6 H-bonds, kaempferol showed 5H-bonds, and alpha-thujene showed 3H-bonds. All the H-bonds were stable and consistent throughout the 50-ns simulation.
[image: Figure 6]FIGURE 6 | Hydrogen bond plot for N-protein–inhibitor complexes (nine complexes) during the 50 ns simulation as a function of timescale in ps.
CONCLUSION
Concomitantly, in the current study, we envisaged nine (linarin, eudesmol, cadinene, geranyl acetate, alpha-thujene, germacrene A, kaempferol-3-O-glucuronide, kaempferide, and baicalin) phytochemicals out of 127 screened from three Indian herbal medicinal plants (viz., Mentha arvensis, Coriandrum sativum, and Ocimum sanctum) to target the N protein by exhibiting high binding affinity toward its catalytic pocket. Although a plethora of studies have targeted several other viral proteins (viz., spike protein, main protease, and receptor protein), the present study is first of its kind in envisaging phytochemicals against the N protein of SARS-CoV-2. Moreover, the data of ADMET prediction analysis depicted the nontumorigenic, noncarcinogenic, nontoxic, nonmutagenic, and nonreproductive nature of the identified bioactive molecules. Furthermore, the molecular dynamic simulation analysis validated the conformational and dynamic stability of the docked complexes. Overall, the data of the present study virtually authenticated the anti-COVID efficacy of phytochemicals from selected medicinal herbs of Indian origin.
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COVID-19 is one of the members of the coronavirus family that can easily assail humans. As of now, 10 million people are infected and above two million people have died from COVID-19 globally. Over the past year, several researchers have made essential advances in discovering potential drugs. Up to now, no efficient drugs are available on the market. The present study aims to identify the potent phytocompounds from different medicinal plants (Zingiber officinale, Cuminum cyminum, Piper nigrum, Curcuma longa, and Allium sativum). In total, 227 phytocompounds were identified and screened against the proteins S-ACE2 and Mpro through structure-based virtual screening approaches. Based on the binding affinity score, 30 active phytocompounds were selected. Amongst, the binding affinity for beta-sitosterol and beta-elemene against S-ACE2 showed −12.0 and −10.9 kcal/mol, respectively. Meanwhile, the binding affinity for beta-sitosterol and beta-chlorogenin against Mpro was found to be −9.7 and −8.4 kcal/mol, respectively. Further, the selected compounds proceeded with molecular dynamics simulation, prime MM-GBSA analysis, and ADME/T property checks to understand the stability, interaction, conformational changes, binding free energy, and pharmaceutical relevant parameters. Moreover, the hotspot residues such as Lys31 and Lys353 for S-ACE2 and catalytic dyad His41 and Cys145 for Mpro were actively involved in the inhibition of viral entry. From the in silico analyses, we anticipate that this work could be valuable to ongoing novel drug discovery with potential treatment for COVID-19.

Keywords: COVID-19, main protease, molecular dynamics simulation, natural medicinal plants, S-ACE2, structure-based virtual screening


INTRODUCTION

The newly emerged pandemic disease of COVID-19 was first identified in Wuhan market, China in December 2019 (Ferraz et al., 2020; Qi et al., 2020; Shyr et al., 2020). At the same time, a group of people were confirmed as new cases and subsequently died from COVID-19 (Arul Murugan et al., 2020; Walls et al., 2020). The precautions provided by the Chinese government such as intense quarantine, wearing masks, and social distance helped them control the rising rate of new cases (Cheng et al., 2020). Even with these precautions, COVID-19 spread throughout the world (Battisti et al., 2020). Unluckily, as of February 2021 over 10 million people were said to be infected and over two million people had died. Despite the wide availability of antiviral drugs, an appropriate medicine has not yet been found. Thus, the mortality and morbidity (Touret et al., 2020) rates continuously increase every day. Several researchers are currently trying to develop novel therapeutic drugs against COVID-19. Due to the shortcomings of existing drugs, they are not potent against COVID-19. Therefore, an alternative safe and effective antiviral therapy is urgently needed. In order to overcome any shortcomings, plant-based phytocompounds play an important role in treating COVID-19 (Benarba and Pandiella, 2020). Indian medicinal plants are rich in the source of phytocompounds that exhibit several biological properties including antiviral and immunomodulatory activities (Mukhtar et al., 2008; Chirumbolo, 2012). Arul Murugan et al. (2020) reported that the phytocompounds may exhibit antiviral properties against COVID-19. Moreover, the phytocompounds from various medicinal plants may help to boost the immune response and fight pathogens to combat viral disease (Babich et al., 2020; Ben-Shabat et al., 2020; Khanna et al., 2020).

A computational method is a reliable approach to identify active phytocompounds from various databases. This strategy is currently employed in drug discovery research (Wang, 2020). Recently, we have reported on the promising phytocompounds identified from different plant sources through the computational approaches for the treatment of COVID-19 (Gowrishankar et al., 2021). In the drug discovery process with the help of a computational approach, the selection of structural proteins is one of the major tasks. Two proteins namely S-ACE2 and Mpro have been taken for the present study based on the higher resolution. SARS-CoV-2 contains a spike (S) protein that helps viral entry into the host cell and releases virus particles by attaching to a cell surface receptor called human angiotensin-converting enzyme 2 (ACE2) which facilitates viral transcription and replication (Schoeman and Fielding, 2019; Whisenant and Burgess, 2019; Cavasotto and Di Filippo, 2020). It is one of the most common therapeutic drug targets because of its prominent role in host cell binding (Tariq et al., 2020). The spike protein of SARS-CoV-2 bound with ACE2 has a higher binding affinity than that of SARS-CoV and ACE2 (Baig et al., 2020). The crystal structure of the S-ACE2 protein contains 603 amino acid residues with a resolution of 2.5Å. Moreover, this structure may be used to investigate the mechanism and binding strength of the viral complexes (Bai and Warshel, 2020). The main protease (Mpro) is the most attractive drug target to combat COVID-19 that can be correlated with viral replication and transcription of the virus life cycle (Huynh et al., 2020; Meyer-Almes, 2020). The Mpro is responsible for the viral polyprotein proteolytic process and viral genome replication and transcription. Hence it is considered as an attractive drug target against COVID-19 (Gao et al., 2020; Cavasotto et al., 2021). The Mpro has a 1.3Å resolution crystal structure and a sequence similarity of 96% when compared to SARS-CoV. Several computational studies have been performed to identify a potent drug target against COVID-19, they suggested that the Mpro could be a significant drug target based on its binding mechanism and stability (Linh Nguyen et al., 2020).

In the present study, we selected five medicinal plants: Zingiber officinale (ginger), Cuminum cyminum (cumin), Piper nigrum (black pepper), Curcuma longa (turmeric), and Allium sativum (garlic) based on their different biological applications which include antioxidant, anti-inflammatory, anti-stress, and anti-cancer properties, relief from cardiovascular diseases and respiratory congestion, and anti-diabetic, immune-modulator, anti-microbial, anti-platelet, and cyclo-oxygenase-I (COX-1) inhibitory properties (Rajagopal et al., 2020). From the plants, a total of 227 phytocompounds (33 for Zingiber officinale; 45 for Cuminum cyminum; 42 for Piper nigrum; 54 for Curcuma longa, and 54 for Allium sativum) were screened against various SARS-CoV-2 protein targets (S-ACE2 and Mpro protein). Among them, the top binding affinity phytocompounds such as beta-sitosterol, beta-elemene and beta-chlorogenin were identified. The selected compounds were taken for further assessment using molecular dynamics simulation, ADME/T, and drug likeness properties.



MATERIALS AND METHODS

The X-ray crystal structures of S-ACE2 with a resolution of 2.45 Å (PDB ID-6M0J) and Mpro with a resolution of 1.31 Å (PDB ID- 5R82) were retrieved from the Protein Data Bank (Chikhale et al., 2020). The obtained crystal structures were prepared individually with the following steps: water molecules and bound ions were removed, missing hydrogen atoms were added, and Kollman charges were allocated. Then, the energy of the protein structure was minimized using GROMOS 43b1 force field with the help of Swiss-Pdb Viewer. Finally, the structures were saved in the.pdbqt format for molecular docking.

The five selected Indian medicinal plants (Zingiber officinale, Cuminum cyminum, Piper nigrum, Curcuma longa, and Allium sativum) contain 227 phytocompounds (Supplementary Table 1), which were retrieved from the Pubchem database1 and downloaded in the SDF file format (Adejoro et al., 2020).


Structure-Based Virtual Screening

Structure-based virtual screening (SBVS) plays a vital role in identifying essential phytocompounds from different Indian natural medicinal plants for the development of drug-like compounds. The Vina wizard of the PyRx 8.0 virtual screening tool was employed to screen the phytocompounds against the S-ACE2 and Mpro target proteins (Rowaiye et al., 2020). All the phytocompounds were energy-minimized using the steepest descent gradient algorithm with an MMFF94 force field using the OpenBabel program. Subsequently, the prepared structures were converted into the.pdbqt file format. The 3D grid maps were generated to cover the active site of the target proteins.

Among the 227 phytocompounds, 30 phytocompounds were selected based on their top binding affinity against S-ACE2 and Mpro proteins. The selected 30 phytocompounds are highlighted in Supplementary Table 1. From the above-mentioned 30 compounds, the top three phytocompounds (beta-elemene, beta-sitosterol, and beta-chlorogenin) from each plant which exhibited higher binding affinities against S-ACE2 and Mpro were selected for further assessment. The interaction profiles of protein-ligand complexes were viewed using the Discovery Studio Visualizer 2019 (Halder et al., 2019). The top three compounds were further validated with AutoDock 4.2 and AutoDock Vina tools to compare the binding affinity.



Prime MM-GBSA

Prime MM-GBSA (Molecular Mechanics, the Generalized Born model, and Solvent Accessibility) analysis for S-ACE2 with beta-elemene and beta-sitosterol; Mpro with beta-sitosterol and beta-chlorogenin complexes was performed to calculate the binding free energies using Schrodinger, LLC, NY (Muthumanickam et al., 2020; Ramachandran et al., 2020). The following equation was used to enumerate the binding free energy.

[image: image]

The Gcomplex indicates complex energy, Gprotein indicates the receptor energy, and Gligand indicates the unbound ligand energy.



ADME/T (Absorption, Distribution, Metabolism, Elimination, and Toxicity) Prediction

After the SBVS of the 227 phytocompounds against target proteins, based on the binding energy values, the phytocompounds, beta-elemene, beta-sitosterol, and beta-chlorogenin, were considered for ADME/T properties using the pkCSM server2 to predict their pharmacokinetic properties (Guo et al., 2016).



Molecular Dynamics Simulation and Post-MM/GBSA Analyses

Furthermore, to evaluate the structural stability of the S-ACE2 with beta-elemene and beta-sitosterol; Mpro with beta-sitosterol and beta-chlorogenin complexes, Molecular dynamics simulation (MDS) was performed using the GROMACS package with a GROMOS96 43a1 force field (Chandra Babu et al., 2017). The topology and parameters for the ligands were obtained from the PRODRG server3. The protein-ligand complexes were equilibrated under cubic periodic boundary conditions with the dimensions of 10 nm × 10 nm × 10 nm and solvated with an explicit SPC (simple point charge) water model. The proper counter ions Na+Cl– were added to neutralize the system. The energy minimization steps were performed using the steepest descent gradient algorithm to remove the weak van der Waals contacts. The NPT and NVT ensembles were employed for 50,000 steps in 100 ps, respectively. Then a constant temperature was maintained at 300 K with a coupling time of 0.1 ps. The constant pressure was also maintained with 1 bar for 100 ps. Further, the MDS was carried out for 100 ns for all the protein-ligand complexes. The trajectories were analyzed for docked complexes to calculate the root mean square deviation (RMSD), root mean square fluctuation (RMSF), and hydrogen bond using scripts included in the GROMACS package. Each trajectory was graphically visualized using the XMGRACE 2D plotting tool. In addition, the post MM/GBSA analysis was performed to calculate the binding energy using the prime MM/GBSA module in Schrodinger.



RESULTS AND DISCUSSION


Structure-Based Virtual Screening

Firstly, the co-crystallized compound and known binders such as Lopinavir and Rilapladib were re-docked against S-ACE2 and Mpro. The co-crystallized compound of S-ACE2 showed a binding affinity of −6.9 kcal/mol, and a binding affinity of −7.0 kcal/mol for Mpro. The known binder result reveals that Lopinavir and Rilapladib against S-ACE2 showed −5.4 and −6.0 kcal/mol, respectively. On the other hand, Lopinavir and Rilapladib against Mpro showed −7.5 and −6.7 kcal/mol, respectively.

Based on the binding affinity of the above reported compounds, our study aimed to investigate the potential therapeutic drug candidates to combat COVID-19. The identified 227 phytocompounds from five different natural medicinal plants were screened against target proteins such as S-ACE2 and Mpro. Table 1 represents the binding affinity of the top phytocompounds against S-ACE2 and Mpro.


TABLE 1. Binding affinity for the top phytoconstituents against S-ACE2 and Mpro proteins.

[image: Table 1]Based on their higher binding affinity, beta-sitosterol (−12.0 kcal/mol) and beta-elemene (−10.9 kcal/mol) against S-ACE2 and beta-sitosterol (−9.7 kcal/mol) and beta-chlorogenin (−8.4 kcal/mol) against Mpro were taken for further studies. Furthermore, the AutoDock and AutoDock Vina tools provided a close binding affinity score against S-ACE2 and Mpro when compared with the PyRx tool (Table 2).


TABLE 2. Docking score for the top phytoconstituents against S-ACE2 and Mpro proteins.
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The Binding Affinities of the Phytocompounds Into the S-ACE2 Active Site

The binding affinity for S-ACE2 with the beta-elemene and beta-sitosterol complexes were analyzed and shown in Figures 1A,B. Figure 1A displays the hydrogen bond, hydrophobic, and van der Waals interactions. Amino acid residues such as Glu37 and Arg403 actively participated in hydrogen bond interactions. Residues like Lys26, His34, Val93, Pro389, and Phe456 were actively involved with hydrophobic interactions. In van der Waals interactions, the Glu23, Thr27, Asp30, Asn33, Gln96, Ala387, Gln388, Phe390, Arg393, and Tyr505 residues actively interacted with beta-sitosterol. Polar amino acid residues such as Thr27, Gln96, and Tyr505 contributed to the interactions. Figure 1B reveals the hydrophobic and van der Waals interactions. Hydrophobic interactions involved the His34 residue. The van der Waals interaction was influenced by the Glu35, Glu37m and Asp38 residues along with hotspot residues Lys31 and Lys353. A recent study reports that the beta-elemene phytocompound can interact with the hotspot residues of Lys31 and Lys353 which play a crucial role for the inhibition of viral entry (Choudhary et al., 2020). The interacting residues of these complexes are shown in Table 3.


[image: image]

FIGURE 1. Binding affinity and amino acid interactions of phytocompounds. (A,C,E) S-ACE2 complexed with beta-sitosterol and (B,D,F) S-ACE2 complexed with beta-elemene.



TABLE 3. Interaction residues of beta-sitosterol and beta-elemene with S-ACE2 complexes.

[image: Table 3]Furthermore, the beta-sitosterol and beta-elemene were docked with S-ACE2 using the AutoDock (Figures 1C,D) and AutoDock Vina (Figures 1E,F) tools. The results showed that both the beta-sitosterol and beta-elemene complexes had similar binding affinity and interactions.

Generally, the mediating region of the S-protein of SARS-CoV-2 is highly responsible for contact with the ACE2 receptor through the receptor binding domain (RBD) which is present in host cells. SARS-CoV-2 enters into human cells through the ACE2 receptor, where targeting the receptor provides more insights on controlling SARS-CoV-2 infections. Thus, structure-based drug design (SBDD) approaches have been employed to identify the potential phytocompounds which could prevent the binding with the SARS-CoV-2 ACE2 receptor (Choudhary et al., 2020). According to the structure-based virtual screening (SBVS) results, this study provides selected phytocompounds may be potential inhibitors against SARS-CoV-2.



The Binding Affinities of the Phytocompounds Into Catalytic Dyad of Mpro

Figures 2A,B shows the binding affinity of the Mpro complexed with beta-sitosterol and beta-chlorogenin. As shown in Figure 2A, beta-sitosterol had one hydrogen bond interaction with Thr24 and two hydrophobic interactions with residues Cys145 and Phe168. Also, the study observed that the van der Waals interactions involved the following residues: Thr25, Thr26, Leu27, His41, Ser46, Met49, Asn142, Gly143, Ser144, His163, Met165, Glu166, Leu167, and Gln189. As shown in Figure 2B, beta-chlorogenin formed two hydrogen bond interactions (Thr25 and Cys145 residues) and three hydrophobic interactions (Cys145, His163, and His172 residues). Van der Waals interactions with the residues Thr24, Thr25, Ser46, Phe140, Gly143, Ser144, His164, and Met165 were noticed. Polar amino acids such as Thr25 and Cys145 were influenced. The interaction residues of these complexes are shown in Table 4.
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FIGURE 2. Binding affinity and amino acid interactions of phytocompounds. (A,C,E) Mpro complexed with beta-sitosterol and (B,D,F) Mpro complexed with beta-chlorogenin.



TABLE 4. Interaction residues of beta-sitosterol and beta-chlorogenin with Mpro complexes.

[image: Table 4]In earlier reports, the catalytic dyad Cys145 and His41 residues of Mpro actively participated in the binding regions (Alexpandi et al., 2020; Bharadwaj et al., 2020). In our study, the aforementioned selected phytocompounds actively interacted with the binding pocket of the catalytic dyad (Cys145 and His41) of the substrate binding domain of the Mpro. The substantial binding affinity and formation of strong interactions between the above residues indicated the stability of the docked complexes.

The Mpro with beta-sitosterol and beta-chlorogenin complexes were further analyzed using AutoDock (Figures 2C,D) and AutoDock Vina (Figures 2E,F) tools. These showed similar binding affinity and interactions. Therefore, the molecular docking analysis suggested that beta-sitosterol and beta-chlorogenin play a vital role in replication and pathogenesis. Hence, it may inhibits COVID-19 Mpro enzyme activity which is taken further in molecular dynamics simulations.



Binding Free Energy

To evaluate the binding free energy of the complexes, the MM/GBSA approach was employed (Table 5). The results revealed that S-ACE2 with the beta-elemene and beta-sitosterol complexes showed binding free energies of −28.87 and −26.17 kcal/mol, respectively. The binding free energy of Mpro with the beta-sitosterol and beta-chlorogenin complexes were found to be −33.21 and −10.59 kcal/mol, respectively. The overall binding free energies indicate that the lead molecules such as beta-elemene, beta-sitosterol, and beta-chlorogenin may strongly bind in the binding region of taken targets to inhibit enzymatic activity as well as the innate immune response of the human body to prevent COVID-19.


TABLE 5. Binding free energy of top phytocompounds against S-ACE2 and Mpro.
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ADME/T Properties

The efficiency of the therapeutic phytocompounds mainly depends on their bioactivity and pharmacokinetics properties. The ADME/T properties of beta-elemene, beta-sitosterol, and beta-chlorogenin were computed using the PkCSM web server, and are shown in Table 6. The selected phytocompounds showed an acceptable range including < 500 molecular weight, < 10 hydrogen bond acceptors, < 5 hydrogen bond donors, and logP values of < 5. Furthermore, the pharmacokinetic parameters such as human oral absorption, partition co-efficient (QPlogPo/w), and water solubility (QPlogS) values did not violate Lipinski’s RO5. Hence, the observed values for the selected phytocompounds can be considered as potent inhibitors for COVID-19.


TABLE 6. ADME/T properties of the top phytocompounds using the PkCSM web server.

[image: Table 6]
In addition, the phytocompounds displayed negative AMES toxicity and negative carcinogenicity which indicated that they are non-mutagenic and non-carcinogenic. From the results, it was noticed that the selected phytocompounds had an acceptable range except beta-sitosterol. It was because the LogP value was 8, hence beta-sitosterol had violated the drug-likeliness properties. Several reports suggested that the beta-sitosterol phytocompound possessed anti-HIV and anti-HBV (hepatitis B virus) activities (Tanaka et al., 2004; Parvez et al., 2019). In addition to this, beta-sitosterol has shown activity against SARS-CoV-2. An earlier study suggested that with the availability of beta-sitosterol in the drug industry, this molecule could be considered as a potential inhibitor of SARS-CoV-2 (Chowdhury, 2019; Parvez et al., 2019). In line with this, beta-sitosterol has been considered to have potential antiviral activity against COVID-19.



Molecular Dynamics Simulations

A molecular dynamics simulation was performed to evaluate the stability and conformational changes of the docked complex. Figures 3A,B) represents the MDS of S-ACE2 with the beta-sitosterol and beta-elemene complexes; Mpro with the beta-sitosterol and beta-chlorogenin complexes, respectively. To examine the degree of conformational changes in the protein (backbone) and docked complexes, RMSD was calculated for 100 ns simulation trajectories for each complex. The RMSD of the backbone of S-ACE2 showed stability throughout the simulation (indicated in black) by maintaining a peak of 0.3 nm. S-ACE2 with the beta-sitosterol (indicated in red) and beta-elemene (indicated in green) complexes also occurred in the acceptable range and no major fluctuations were observed when compared to the backbone (Figure 3A). The backbone atoms of Mpro (indicated in black) maintained a peak with equilibration ranges between 0.25 and 0.4 nm and showed better stability until the end of the simulation. On the other hand, the Mpro with beta-sistosterol showed a similar acceptable range from 0.3 to 0.45 nm (indicated in red). The beta-chlorogenin equilibrated at 5 ns, fluctuated < 0.1 nm (on an average), and showed constant peaks throughout the simulation (indicated in green). Hence, all the three converged at 40 ns and were constant at the end of the simulation (Figure 3B). RMSD of the complexes were calculated as a function of time period to evaluate the conformational stability of the phytocompounds (Selvaraj and Singh, 2014). The trajectory analysis revealed that the protein-ligand complexes were stable and active in dynamic movement after attaining the equilibrium state. From the obtained results, it was observed that the taken complexes were stable throughout the simulation.
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FIGURE 3. The RMSD of the protein-ligand complexes during the 1,000 ns MD simulations. (A) S-ACE2 with beta-sitosterol and beta-elemene complexes and (B) Mpro with beta-sitosterol and beta-chlorogenin complexes.


The RMSF graph provides information about the residual fluctuation of the protein-ligand complex. Figure 4 illustrates the RMSF of (A) S-ACE2 with beta-sitosterol and beta-elemene complexes; (B) Mpro with beta-sitosterol and beta-chlorogenin complexes for the period of 100 ns MD simulations. The average RMSF was maintained at 0.33 nm for S-ACE2 and 0.28 nm for Mpro complexes. For S-ACE2 with beta-sitosterol and beta-elemene complexes, the residues fluctuated between 100 and 120, 300, and 320. The following residues such as Asp615 (0.5 nm), Asp136 (0.6 nm), Asn338 (0.4 nm), and Val339 (0.4 nm) had a higher fluctuation with beta-sitosterol. Subsequently, the Asp615 (0.7 nm), Tyr613 (0.5 nm), Asn338 (0.4 nm), and Ala614 (0.4 nm) residues fluctuated in beta-elemene with the S-ACE2 complex. In the Mpro with beta-sitosterol and beta-chlorogenin complexes, fluctuations were observed between the amino acids 200 and 225. The Mpro with beta-sitosterol fluctuated for the following residues: Thr304 (0.6 nm), Phe223 (0.4 nm), Gln244 (0.4 nm), and Val303 (0.4 nm). The fluctuations for the Mpro with beta-chlorogenin complex were observed for residues Thr304 and Val303 (0.5 nm). The fluctuation of amino acids may be involved in the loop region which was monitored in the molecular dynamics simulations. From the outcome of the RMSF analysis, it was observed that the complexes were stable and the fluctuated residues did not have any impact on the protein-ligand complex.
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FIGURE 4. The RMSF of the protein-ligand complexes during the 100 ns MD simulations. (A) S-ACE2 with beta-sitosterol and beta-elemene complexes and (B) Mpro with beta-sitosterol and beta-chlorogenin complexes.


Hydrogen bond interactions are the most important to determine the bonding strength between the protein-ligand complex. Figures 5A,B) indicates the number of hydrogen bonds formed during the simulation. The hydrogen bonds for S-ACE-2 with beta-sitosterol and beta-elemene complexes; Mpro with beta-sitosterol and beta-chlorogenin complexes increased during the simulations which indicated stable binding. Overall the simulation analysis indicated that no conformational changes were observed during the simulation. Therefore, the identified phytocompounds could be promising candidates for inhibiting S-ACE2 and Mpro.
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FIGURE 5. The H-bond interaction of the protein-ligand complexes during the 100 ns MD simulations. (A) Beta-sitosterol and beta-elemene complexed with S-ACE2 and (B) beta-sitosterol and beta-chlorogenin complexed with Mpro.




Post MM/GBSA Analyses

The post MM/GBSA of the binding free energy calculation was analyzed with the generation of four-frame time intervals (25, 50, 75, and 100 ns) throughout the MDS as shown in Table 7. The results showed that all the complexes had better binding free energy at 100 ns when compared with the pre-MM/GBSA binding free energy.


TABLE 7. Post MM/GBSA of top phytocompounds against S-ACE2 and Mpro.
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CONCLUSION

Traditionally, drugs from medicinal plant sources have been widely used to control disease. At this critical stage of the COVID-19 infection, an effective drug is urgently needed. Plants contain a rich source of phytocompounds which may be an effective approach to combat COVID-19. The present study revealed the better binding affinities of beta-sitosterol, beta-elemene, and beta-chlorogenin in the active site of the S-ACE2 and Mpro proteins. In addition, MDS revealed that the amino acid fluctuation may be involved in the loop region that exhibits stability throughout the simulation, and hydrogen bonds for all the complexes increased during the simulations. Furthermore, the post-MM/GBSA showed that all the complexes had better binding free energy at 100 ns when compared with pre-MM/GBSA binding free energy. Moreover, the ADME/T properties confirmed that the identified phytocompounds could be considered as promising drug-like compounds. The identified phytocompounds (beta-sitosterol, beta-elemene, and beta-chlorogenin) are publicly available which will facilitate the rapid development of suitable effective therapeutic candidates to control viral replication as well as the innate immune response to combat COVID-19. Therefore, the current study will be highly useful for further research to design specific drugs against COVID-19. In future, the identified phytocompounds will be extended through experimental studies to confirm their status as novel compounds against COVID-19x.
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A rapid and increasing spread of COVID-19 pandemic disease has been perceived worldwide in 2020. The current COVID-19 disease outbreak is due to the spread of SARS-CoV-2. SARS-CoV-2 is a new strain of coronavirus that has spike protein on the envelope. The spike protein of the virus binds with the ACE-2 receptor of the human lungs surface for entering into the host. Therefore, the blocking of viral entry into the host by targeting the spike protein has been suggested to be a valid strategy to treat COVID-19. The patients of COVID-19 were found to be asymptomatic, cold, mild to severe respiratory illness, and leading to death. The severe illness has been noted mainly in old age people, cardiovascular disease patients, and respiratory disease patients. However, the long-term health effects due to COVID-19 are not yet known. Recently, the vaccines were authorized to protect from COVID-19. However, the researchers have put an effort to discover suitable targets and newer medications in the form of small molecules or peptides, based on in-silico methods and synthetic approaches. This manuscript describes the current perspectives of the causative agent, diagnostic procedure, therapeutic targets, treatment, clinical trials, and development of potential clinical candidates of COVID-19. The study will be useful to identify the potential newer medications for the treatment of COVID-19.
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INTRODUCTION
Severe Acute Respiratory Syndrome Coronavirus-2
The virus is an intracellular parasite that affects the susceptible and permissive cells to complete its life cycle. Coronavirus belongs to a large family of zoonotic viruses and mainly affects mammals and birds (Bande et al., 2015; Lee, 2015). A large trimeric crown-like complex of the virus in microscopic observation has given the name, i.e., corona. The genomic structure of coronavirus categorizes them into four subgroups (alpha, beta, gamma, and delta). The alpha and beta subgroups of coronavirus infect humans (Rabi et al., 2020). Coronavirus is the beta subgroup in the family of Coronaviridae (Zheng, 2020). In humans, coronavirus causes a respiratory illness from mild cold to severe respiratory diseases. Six strains of coronavirus were known from the past decade. Recently, a novel coronavirus now named severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged in December-2019. SARS-CoV-2 is an enveloped, positive-sense single-stranded RNA virus with 30,000 base lengths. It was likely to be originated from the bat and is genetically related to other coronaviruses. The new strain of coronavirus (SARS-CoV-2) differs from the previous strains of coronavirus with the critical amino acid residues at the receptor-binding domain (RBD). These residues help the virus to interact with the host organism.
Coronavirus Disease-2019
The respiratory illness associated with SARS-CoV-2 was named coronavirus disease-2019 (COVID-19). Then, the new strain of severe acute respiratory syndrome coronavirus (SARS-nCoV) was designated as a causative agent for COVID-19 by World Health Organization (Chen et al., 2020a; Imai et al., 2020). COVID-19 spread among the population rapidly in 2020 and has threatened public health extremely. The outbreak of COVID-19 has begun in Wuhan city, China and it has infected around 163,312,429 people worldwide (Imai et al., 2020). Till now, around 3,386,825 deaths were documented globally [Updated on 18th May-2021]. United States of America, Brazil, China, Italy, Iran, India are the most affected countries (Centers for Disease Control and Prevention, 2020; Grasselli et al., 2020; Kim et al., 2020; Zhu et al., 2020a). Due to the increase in the spread of disease, the public health emergency was announced by the World Health Organization. COVID-19 has been viewed as the worst health crisis of the current century.
Symptoms
COVID-19 is one of the types of respiratory diseases and it is caused by SARS-CoV-2. The pathogenicity of SARS-CoV-2 is similar to that of other severe acute respiratory syndrome coronavirus (SARS-CoV) (Kuba et al., 2005; Rabi et al., 2020). However, SARS-CoV-2 is structurally different in surface proteins and viral load kinetics (Cevik et al., 2020). Moreover, the specific symptoms related to COVID-19 are not known. The nasal discharge and saliva from the infected person spread this virus infection from human to human. Respiratory droplets, direct contact with the infected patients also transmit this virus (Harrison et al., 2020). SARS-CoV-2 is known to cause illness of varying severity, ranging from mild to severe, and even death by affecting the respiratory organs. The symptom may be observed within 2–14 days after exposure to the virus (Li et al., 2020a). The average incubation period for the development of the disease is 5 days. The initial phase of COVID-19 shows flu-like symptoms, and it is progressed into organ dysfunction at the later phase (Harrison et al., 2020). Fever, dry cough, cough, sore throat, shortness of breath, malaise, respiratory distress, diarrhea, and taste disturbances are the common symptoms of COVID-19 (Jin et al., 2020a). Lymphopenia, thrombocytopenia, dyspnea, septic shock, etc., are symptoms observed at the severe stage of COVID-19 (Centers for Disease Control and Prevention, 2020; Harrison et al., 2020). The respiratory illness, neurological problems, vascular to renal deficiency, the autoimmune response was also observed at the various stages of infection. The complication increases mostly among the older people, the patients associated with cardiovascular disease, diabetes, chronic respiratory problems, cancer, etc., (Grasselli et al., 2020; Wang et al., 2020a).
Diagnostic Procedure for COVID-19
The increased level of C-reactive protein, lactate dehydrogenase, or both can be observed after 3–6 days of exposure to the virus (Poggiali et al., 2020). The diagnosis of COVID-19 is based on real-time PCR (Jawerth, 2020), Sanger sequencing (Lee et al., 2013; Yu et al., 2020a), NGS genome analysis (Chiara et al., 2020), nucleic acid amplification (Mustafa Hellou et al., 2021), microarray-based assay techniques (Hua et al., 2015) etc., Corman et al developed a diagnostic workflow for the detection of a novel coronavirus, i.e., SARS-CoV-2 (Corman et al., 2020). The other diagnostic methods like colorimetric assay based on gold nanoparticles and COVID-19 IgG rapid test kit are also employed for the diagnosis of SARS-CoV-2 (Amawi et al., 2020; Corman et al., 2020; Okamaoto et al., 2020).
The diagnostic methods for the detection of SARS-CoV-2 may be classed into five groups, 1) RT-PCR: RT-PCR is an experimental-based method for the detection of genomic RNA. The process of RT-PCR uses an enzyme reverse transcriptase for the conversion of RNA into complementary DNA, followed by the amplification of cDNA. The procedure uses the respiratory samples for diagnosis. It involves reaction primers and genetically engineered probes for detection (Corman et al., 2020). 2) LAMP/RT-LAMP: The loop-mediated amplification (LAMP) technique involves the amplification of nucleic acid at a single temperature (60–65°C). It is an alternative diagnostic method to PCR for the detection of SARS-CoV-2. The diagnosis can be employed on crude samples with a high amplification rate (109 copies of the gene within an hour) (Yüce et al., 2021). 3) CRISPR technique: CRISPR amplifies the nucleic acid of RNA sequence via cas variant (Cas13 for SHERLOCK, Cas12a for DETECTR). The method is rapid and specific (Mohamadian et al., 2021). 4) Chest-CT scan: A chest CT scan requires a specialized instrument to conduct the test. Ground-glass opacities, vascular enhancement fibrosis, and interlobular septal thickening were identified as characteristic features in the diagnosis (Hani et al., 2020). 5) Serology testing (antibody detection): An immune system produces antibodies in response to the antigen. IgA, IgD, IgE, IgG, and IgM are the antibodies and IgM is the antibody produced at the time of infection, IgG is abundant in the blood. These antibodies neutralize antigens by binding to them. The antibody detection tests estimate the concentration of IgM and IgG levels in the blood sample to diagnose the patients (Jacofsky et al., 2020).
THE TREATMENT FOR COVID-19 INFECTION
An ideal strategy to stop the spread of COVID-19 involves the blocking of the cause of infection rather than treating the disease symptoms. The therapeutic strategies for the treatment of SARS-CoV-2 may be classified into the following categories 1) inhibition of viral binding to the host 2) inhibition of viral replication 3) restoring the host’s immunity. The identification of specific drugs based on the above-mentioned classifications would help in the management of COVID-19 infection. However, no selective drugs have been discovered/approved by the Food and Drug Administration (FDA) for the treatment of COVID-19. At present, few vaccines were approved and many others are under clinical trials to treat COVID-19 (Borah et al., 2021). An attempt to repurpose the existing and clinically approved drugs is also in progress (Amawi et al., 2020).
Vaccination
Sputnik V is the first vaccine against COVID-19 and it was approved in Aug-2020. The vaccine was developed based on two human adenovirus vectors. Adenovirus is a common cold virus and the encoding gene of the spike protein of SARS-CoV-2 generates immunity. The adenovirus type 26 and type 5 are used as vectors to develop the vaccine. Adenovirus type 26 based vaccine is administered on the first day of vaccination and type 5 is administered to boost the immunity on the 21st day. At the time of approval of Sputnik V in Russia, it was declared safe. However, it was also commented as a premature vaccine since the phase-3 trial was not completed. Nevertheless, phase-1 and phase-2 studies have reported 91.6% efficacy of the vaccine and the study has not shown any unusual side effects. Then, Sputnik V has been launched and reached 59 other countries on Apr-2021 (Logunov et al., 2020).
Convalescent Plasma Therapy
Plasma is the liquid component of blood and it is yellowish in appearance. The plasma separated from blood contains minerals, proteins, and antibodies. The COVID-19 patients recovered from the infection may have developed antibodies to combat COVID-19. Therefore, this approach transfuses these antibodies into COVID-19 patients. The transfused antibody neutralizes foreign objects like SARS-CoV-2. Convalescent plasma therapy is employed as a treatment procedure for critically ill patients of COVID-19. It provides passive immunity to the COVID-19 patients to recover. Convalescent plasma therapy is effective in the absence of antiviral agents or vaccines. It has been approved by FDA in the United States for the management of COVID-19 (Rojas et al., 2020).
The Chinese System of Medicine
Chinese traditional medicine provides ShuFengJieDu capsules and Lianhua Qingwen capsules for the treatment of COVID-19. The clinical trial data to ensure the safety and efficacy of these Chinese traditional medicines against COVID-19 is not available. However, the therapeutic significance of ShuFengJieDu capsules against respiratory tract infection, and pulmonary infection is known (Chen et al., 2020b; Ji et al., 2020). ShuFengJieDu capsule consists of polygonum cuspidatum, radix isatidis, forsythia, verbena, bupleurum, radix, and reed root. It has shown broad-spectrum antiviral activity against several viruses including influenza-A virus H1N1 and adenovirus (Wang et al., 2020b). Lianhua Qingwen capsule has been used for the treatment of viral influenza, and SARS. The various therapeutic actions of Lianhua Qingwen are antiviral activity, anti-inflammatory activity, and immune system-related functions (Li et al., 2020b). Quercetin, luteolin oxalin, and kaempferol are active ingredients of Lianhua Qingwen. The broad-spectrum activity of Lianhua Qingwen is through the mitogen-activated protein kinase and Hepatitis B signaling pathways (Wang et al., 2020b).
Existing Drugs
The antiviral agents (remdesivir, favipiravir) (Martinez, 2020; Wang et al., 2020c), antimalarials (chloroquine, hydroxychloroquine) (Xu et al., 2020), and the combination of (lopinavir/ritonavir) (Lu, 2020; Zhang et al., 2020a) have shown promising results and are also in the various stages of attempt for the treatment of COVID-19 (Figure 1) (Amawi et al., 2020; Busse et al., 2020). Remdesivir has shown inhibitor activity against SARS-CoV as well as MERS-CoV, and it is already under clinical trial for the treatment of Ebolavirus and COVID-19 infection (Kotta et al., 2020). Recently, the SARS-CoV-2 controlling activity of remdesivir in in-vitro has been reported (Wang et al., 2020c). The preliminary clinical trial data has shown faster recovery from COVID-19 when the patients with moderate to severe symptoms are treated with remdesivir and other supportive therapy (Malin et al., 2020). Chloroquine reduced the viral load in several studies and hydroxychloroquine has shown short-term efficacy in COVID-19 patients (Zhang et al., 2020a). A clinical trial for the combination of lopinavir-ritonavir has been conducted with hospitalized adults of COVID-19 patients. The combined medication of lopinavir-ritonavir (400:100 mg) has been given twice a day for a period of 14-day. Gastrointestinal adverse effects were observed among the treatment groups. A significant therapeutic improvement was not observed with the lopinavir-ritonavir combination and the trial has been stopped (Cao et al., 2020).
[image: Figure 1]FIGURE 1 | The reported drug molecules showing promising results against COVID-19.
Monoclonal Antibodies
The monoclonal antibodies provide passive immunity to the inhibition of viral entry into the host by various processes like antibody-dependent cellular cytotoxicity, phagocytosis, and antibody-mediated neutralization. Recently, the monoclonal antibodies 1) the combination of casirivimab (REGN10933)-imdevimab (REGN10987) 2) the combination of bamlanivimab (LY-CoV555)-etesevimab were authorized for the emergency use in the treatment of COVID-19 from mild to severe cases by FDA. The combination of bamlanivimab-etesevimab has reduced the hospitalization of COVID-19 patients. Casirivimab-imdevimab combination has been rationalized to control the mutated SARS-CoV-2. Bamlanivimab targets the spike protein of SARS-CoV-2 to prevent viral entry (Wolf et al., 2021). Tocilizumab is used for the handling of rheumatic diseases. It is a type of recombinant IL-6 human monoclonal antibody. Tocilizumab along with other antiviral agents has shown significant improvement among COVID-19 patients in the retrospective study (Zhang et al., 2020a). However, the safety, efficacy, and validity of all these medications against COVID-19 have not yet been confirmed with the extensive clinical trial experiments.
THERAPEUTIC TARGETS
The size of SARS-CoV-2 is ∼120 nm in diameter (Lim et al., 2016). The molecular targets for the inhibition of entry of SARS-CoV-2 are 1) M-protein (main protein-Mpro) 2) S-protein (spike protein) 3) E-protein (envelope protein) 4) N-protein (nucleocapsid protein) (Figure 2). All these proteins are required for the production of complete viral particles (Table 1). The inhibition of these viral proteins affects the virus’s life cycle. Several crystal structures for these therapeutic targets are obtainable from the protein data bank (PDB) (Figure 3). The understanding of the structural features and mechanistic functions of these molecular targets sets the stage to discover a newer medication for the treatment of COVID-19 infection.
[image: Figure 2]FIGURE 2 | The representation of therapeutic targets for COVID-19 in SARS-CoV-2.
TABLE 1 | The structures and functions of therapeutic targets of COVID-19.
[image: Table 1][image: Figure 3]FIGURE 3 | Three-dimensional structures of (A) main protease (PDB ID: 7BUY) (B) spike protein (PDB ID: 6VXX) (C) envelope protein (PDB ID: 7K3G) (D) nucleocapsid protein (PDB ID: 6YUN) (The protein is blue at the N-terminus and red at the C-terminus).
Main Protease
Main protease (Mpro) is the type of papain-like protease and is involved in the maturation of non-structural protein. The replicating gene of SARS-CoV-2 encodes two polyproteins named PP1a and PP1ab. These polyproteins are processed for proteolytic cleavage by Mpro to release functional protein. The functional proteins play a crucial role in viral replication and transcription. Therefore, the inhibition of Mpro is an attractive strategy for the treatment of COVID-19. The estimated molecular mass of Mpro is ∼33.8 kDa in mass spectrometry. The substrate-binding pocket of SARS-CoV-2 constitutes amino acids Cys145 and His41. The sulfhydryl group of Cys145 reacts with the electrophilic fragment of the substrate leading to form a covalent bond. This covalent modification results in the inhibition of Mpro. Six compounds (Ebselen, Disulfiram, Tideglusib, Carmofur, Shikonin, and PX-12) were reported to inhibit Mpro (Table 1) (Jin et al., 2020b).
Spike Protein
Spike protein (S-protein) is present on the surface structure of coronavirus that helps for the viral entry into the host cell by binding through angiotensin-converting enzyme 2 (ACE-2) receptor (Jin et al., 2020a). Therefore, ACE-2 could act as an RBD for SARS-CoV-2. The RBD of SARS-CoV-2 spike protein has been targeted to competitively inhibit viral entry. The spike protein (∼180–200 kDa) is present in the glycosylated form. The N-terminus part of the spike protein is positioned at the outside of the viral surface whereas the C-terminus is located at the intramembrane space. The composition of spike protein includes S1-subunit and S2-subunit with a cleavage site for protease between S1 and S2. The S1-subunit of spike protein makes initial contact with the host cell ACE-2 receptor for the initial viral entry. The receptor specificity is achieved from the S1-subunit that forms the RBD. The S2-subunit of the SARS-CoV-2 comprises fusion protein, heptad regions (HR1 and HR2), transmembrane, and a cytoplasmic domain. The S2-subunit is responsible for membrane fusion (Table 1) (Jin et al., 2020a; Walls et al., 2020)
Envelope Protein
Envelope protein (E-protein) is a small-membrane protein that is responsible for the pathogenesis, formation of the viral envelope, viral assembly, viral budding, and interaction with the host cell. The E-protein forms a homopentameric ion channel known as viroporin. The hydrophobic nature of the transmembrane domain of E-protein oligomerizes to form an ion channel. This ion channel helps the virus to interact with other viral proteins as well as host cell proteins. The absence of E-protein coronavirus has shown reduced viral infection. Therefore, the lack of E-protein virus aids vaccine development. The envelope protein is highly expressed in the infected cells during the replication process and promotes the formation of the viral envelope. The molecular mass of E-protein is ∼8.4–12 kDa comprising 76–109 amino acid residues. The structure of E-protein constitutes hydrophilic terminus (7–12 amino acids), carboxy terminus, and hydrophobic transmembrane domain (25 amino acids) (Table 1) (Mandala et al., 2020).
Nucleocapsid Protein
Nucleocapsid protein (N-protein) encapsulates the RNA genome of the virus. It is involved in the formation of the nucleocapsid. N-protein also participates in viral replication and viral infection (Table 1). The co-expression of N-protein enhances the production of the viruses further. The main function of N-protein is oligomerization and packaging of the single-stranded viral RNA genome. Moreover, it is highly immunogenic and therefore, it is an attractive target protein for the treatment of COVID-19. The molecular mass of N-protein is in the range of 37.7–51.5 kDs. It is organized as an N-terminal domain, intrinsically disordered domain, and C-terminal domain. The N- terminal domain and-C-terminal domain are responsible for genome packing whereas the intrinsically disordered domain is responsible for the RNA binding activity (Zinzula et al., 2021).
RESEARCH PROGRESS AND STRATEGIES FOR THE DEVELOPMENT OF NEWER MEDICATIONS AGAINST COVID-19
The immune response against the vaccine remains unclear. The administration of neutralizing antibodies has been shown to halt the disease progression. However, the possibilities of re-infection cannot be ignored. At present, few vaccines are approved; and few more vaccines, inhibitors, antibodies, immunity enhancers, etc., are at various stages of development. However, major efforts have been put to develop peptide-based drug candidates to treat COVID-19 infection (Vanpatten et al., 2020). Moreover, the computational studies to explore the mechanistic behavior of the therapeutic targets of SARS-CoV-2 are also under progress.
Vaccines
In many cases, mRNA-based vaccines have been proposed for infectious diseases and cancers. Recently, a thermostable mRNA vaccine candidate known as ARCoV has been developed by Zhang et al for the management of the COVID-19 pandemic. The vaccine is a lipid nanoparticle encapsulated type that encodes the RBD of SARS-CoV-2. The intramuscular vaccination of ARCoV produced neutralizing antibodies in mice and other models. Two doses of vaccination have shown complete protection and the vaccine was found to be stable for a week at room temperature. ARCoV vaccine is in the phase-1 stage of clinical trial evaluation (Table 2) (Zhang et al., 2020b).
TABLE 2 | Research progress on the therapeutic targets of SARS-CoV-2 to treat the COVID-19 infection.
[image: Table 2]The mRNA-1273 vaccine has been expressed from the spike trimer of SARS-CoV-2. The mRNA-1273 vaccine induces the neutralizing antibody and triggers CD8 T cell responses against SARS-CoV-2 in mice. The 0.1 µg concentration of mRNA-1273 reduced the viral load by ∼100 fold and 1 µg of mRNA-1273 was observed to be effective for 3 months to protect from viral replication. Currently, the mRNA-1273 vaccine is in the phase-2 stage of clinical trial and is focused on the phase-3 clinical evaluation (Table 2) (Corbett et al., 2020).
Multiepitope-based peptide vaccine was designed from an immunoinformatics approach and comparative genomic approach for the management of COVID-19 by Abdelmageed et al. The envelope protein of novel coronavirus was used as the immunogenic target to design the T-cell epitope-based peptide vaccine. The gene bank files were obtained from NCBI. The binding affinity of the peptides with major histocompatibility complex classes (MHC-I and MHC-II) was estimated from molecular docking in AutoDock. The study concluded YVYSRVKNL, SLVKPSFYV, and LAILTALRL as potential peptides for the vaccine design against COVID-19 (Table 2) (Abdelmageed et al., 2020).
Promising results from the clinical trials of the BNT162b2 (Pfizer/BioNTech) and ChAdOx1 nCoV-19 (Oxford/AstraZeneca) vaccines were obtained. BNT162b2 (Pfizer/BioNTech) is a nucleoside-modified mRNA vaccine. It encodes the spike protein of SARS-CoV-2. The clinical trial of BNT162b2 has begun in April-2020 and it has been tested on 40,000 people. The phase-1 and phase-2 trials reported the safety and efficacy of this vaccine. The phase-3 clinical trial has reported the safety, efficacy, tolerability, and immunogenicity at the mild dose level among the different age groups. Moreover, the vaccination of BNT162b2 (tozinameran) has shown 52.4% efficacy after the administration of the first dose and before the administration of the second dose. After the second dose of vaccination, 94.8% efficacy was observed against COVID-19. Therefore, it has been authorized by the regulatory authority for the emergency use (Oliver et al., 2020).
Several viral-vector-based vaccines are under the various stages of clinical trials (Bezbaruah et al., 2021). ChAdOx1 nCoV-19 vaccine has been developed by Oxford University and AstraZeneca against COVID-19. ChAdOx1 nCoV-19 (AZD1222) is a chimpanzee adenovirus vectored vaccine composed of the coding sequence of the spike protein. The results of phase-3 clinical trials were obtained in November-2020. The overall efficacy of this vaccine is 70.4%. It has been approved by various medicine agencies like the European medicines Agency, Australian Therapeutic Goods Administration, etc., Moreover, the vaccine has closer efficacy as with other vaccines in the low-dose regimen. ChAdOx1 nCoV-19 vaccine may also provide maximum protection against COVID-19 (Knoll and Wonodi, 2021).
Inhibitors
Watson et al demonstrated the role of peptide antidotes (SARS-BLOCK™ - a synthetic peptide scaffolds) to SARS-CoV-2 mediated COVID-19 infection. SARS-BLOCK™ inhibits the RBD of the S1-part of spike protein that binds to ACE-2, the S1-subunit is essential for the SARS-CoV-2 to enter into the host cell through ACE-2. These peptide scaffolds were designed by mimicking the RBD of spike protein using computational technologies like SWISS-MODEL, PDBePISA, and RaptorX. Biomimetic technology has also been applied to enhance the stability of these designed peptides. Then, the peptides were synthesized by solid-phase peptide synthesis technology. The synthetic peptides were characterized for their binding to ACE-2 in biolayer interferometry. The peptides have shown single-micromolar affinities to ACE-2. Therefore, it may serve as a novel prophylactics as well as immune stimulants against COVID-19 (Table 2) (Watson et al., 2020).
The peptide inhibitors were designed to block the RBD of SARS-CoV-2 based on ACE-2. The conformation and stability of the peptides were analyzed by molecular dynamics in NAMD software. The peptides which use α1,2 helices have shown bent shape in simulation studies. This conformation matches with the RBD domain of SARS-CoV-2. The amino acid residues of ACE-2, i.e., 24(Q), 27(T), 30(D), 31(K), 34(H), 35(E), 37(E), 38(D), 41(Y), and 42(Q) of α1; 82(M) of α2; 353(K), 354(G), 355(D), and 357(R) of the linkering unit between β3 and β4 were found as interacting residues with RBD. The study designed four types of inhibitors based on the amino acid residues 1) inhibitor-1 (α1-helix), 2) inhibitor-2 (α1-and α2-helices), 3) inhibitor-3 (α1, α2, and β3, β4) and 4) inhibitor-4 (same as inhibitor-3 with a different linker). The approach proposed these inhibitors as efficient therapeutic candidates for COVID-19 (Table 2) (Han and Král, 2020).
The entry of SARS-CoV-2 into the human occurs through the fusogenic action of the spike protein of the virus with the human ACE-2 receptor. Therefore, the membrane fusion inhibitors (IPB01and IPB02) with higher fusogenic activity have been designed against SARS-CoV-2 by Zhu et al. The fusogenic inhibitor IPB02 has been designed using the sequence of HR2 in spike protein. IPB02 is a lipopeptide that has shown significant thermal stability and binding affinity. The synthetic peptide IB02 exhibited cell-fusion inhibition at the level of 0.025 μM in a dual split-protein-based fusion cell-cell assay. The study has described the entry pathway of SARS-CoV-2 into the host and the design of fusion inhibitors (Table 2) (Zhu et al., 2020b).
Peptide-like and small molecules were predicted as potential inhibitors for COVID-19 using in-silico methods from the databases of CHEMBL, ZINC, FDA-approved drugs, and effective molecules under clinical trials. The study employed molecular docking, molecular dynamics analysis using the crystal structures (PDB ID: 6Y2F, PDB ID: 6W63) to identify the potential candidates to inhibit Mpro. The potency of the hit molecules was analyzed based on docking scores and binding affinities. Cobicistat, ritonavir, lopinavir, and darunavir were predicted as potential inhibitors for Mpro. However, the experimental validation of the computational results was not documented (Table 2) (Pant et al., 2020).
Antibodies
The first human monoclonal antibody to block SARS-CoV and SARS-CoV-2 infection in cell culture has been reported. The recombinantly expressed 47D11 antibody has shown cross-neutralizing activity against SARS-CoV-2. It binds with the spike protein of SARS-CoV-2 and its binding was characterized by immunofluorescence microscopy. The antibody can also be used for the detection of antigens (Table 2) (Wang et al., 2020d).
A SARS-specific human monoclonal antibody for binding with novel coronavirus spike protein has been reported. The antibody was obtained from the bloodstream of the SARS patient. The monoclonal antibody (CR3022) has shown potent binding with RBD of SARS-CoV-2 (KD value: 6.3 nM). The other SARS-specific neutralizing antibodies (m396, CR3014) did not show a significant binding affinity with the spike protein of novel coronavirus. Therefore, the study indicated the difference between the RBD of SARS-CoV and SARS-nCoV. The study suggested that the monoclonal antibody (CR3022) may be served alone or along with other therapeutics to stop the COVID-19 infection (Table 2) (Tian et al., 2020).
Immunity Enhancers or Modulators
The antimicrobial peptides possess a wide range of antiviral activities from human to animal viruses. The antimicrobial peptide molecules are small in size consisting of 10–100 amino acids. These are amphiphilic with a cation charge that helps to attach to viruses. Lactoferrin is one of the antimicrobial peptides that has been proposed as an immunity enhancer by Elnagdy et al. Since lactoferrin has shown immunity enhancement against viral infection, it has been proposed as a promising candidate for the treatment of COVID-19. Lactoferrin is usually present in breast milk and the mucosal layer (Table 2) (Elnagdy and Alkhazindar, 2020).
Type-1 interferons are mainly secreted by plasmacytoid dendritic cells when it identifies the viral components. Type-1 interferons have also shown a wide-ranging of antiviral activities and it is under clinical trial against the MERS-CoV. INF-1 is the first cytokine produced during the initial pathogenesis of viral infection. It interferes with the viral replication process and promotes adaptive immunity. Based on the structural resemblance of MERS-CoV with SARS-CoV, the possibilities of type-1 interferon for the handling of COVID-19 have also been proposed (Table 2) (Sallard et al., 2020).
Miscellaneous
The residue interaction networks change in the Mpro of SARS-CoV and SARS-CoV-2 due to inhibitor binding has been studied by Griffin et al. The network clustering was performed with and without inhibitor (N3) in Mpro of SARS-CoV and SARS-CoV-2. The network change among the cluster of residues (17, 18, 30–33, 70, 95, 98, 103, 117, 122, and 177) has been observed when the inhibitor N3 binds with Mpro. Moreover, the amino acid residues (131, 175, 182, and 185) were found to be responsible for the conformational changes. The study revealed the conformational changes of Mpro when binding with the inhibitor and provided the structural insights to develop an inhibitor for Mpro (Table 2) (Griffin, 2020).
Cava and co-workers carried out in-silico discovery to investigate the molecular mechanism of ACE-2 with COVID-19 and found few candidate drugs against COVID-19. The study reported 36 drugs including nimesulide, fluticasone propionate, thiabendazole, photofrin, didanosine, and flutamide as potential candidates for COVID-19 from the gene expression analysis. However, the experimental validation of the results has not been conveyed (Table 2) (Cava et al., 2020).
The replication process of SARS-CoV-2 in the life cycle is mainly controlled by 3-chymotrypsin-like cysteine protease (3CLpro). Therefore, 3CLpro has been recognized as a therapeutic target for COVID-19. Qamar et al constructed a 3D structural model for 3CLpro from the sequence analysis and studied the structural basis of 3CLpro. Then, the in-silico screening was carried out on the library of medicinal plant compounds based on molecular docking, ADME prediction, and molecular dynamics. The approach results in the identification of nine hit molecules that could serve as potential therapeutic candidates for COVID-19 (Table 2) (Tahir ul Qamar et al., 2020).
Ribavirin, remdesivir, chloroquine, and luteolin were computationally screened using AutoDock software to study the binding mechanism toward SARS-CoV-2. Luteolin and chloroquine have shown substantial binding affinity at the binding site of SARS-CoV-2 main protease. Luteolin has shown the binding interaction with Gln189, Leu4, Asn142, Thr26, Met49, and Val3 residues. These interactions were found to be as similar as N3 which is a bound ligand of the main protease. Luteolin has been projected as a possible hit molecule for the specific binding with SARS-CoV-2 main protease (Table 2) (Yu et al., 2020b).
CONCLUSION
There is a serious requirement to develop newer drugs, vaccines, and therapy for the treatment of COVID-19. The approaches based on traditional drug discovery are slow, time-consuming, and costly. Therefore, traditional drug discovery approaches may not be an appropriate method to discover newer medications during the outbreak of COVID-19. The computer-aided drug discovery approaches intending to repurpose the existing and approved drugs or the development of peptide-based drugs may provide a rapid solution against COVID-19. Although, the peptide-based drug candidates are preferable to develop in terms of time, cost, specificity, and affinity; the proteolytic instability of peptide-based drugs would be a major concern in the development processes. Therefore, the approaches based on drug-repurposing, and development of peptidomimetic candidates may be effective to discover newer medications during the COVID-19 outbreak. The information provided in this article may shed a light to discover newer medications to eradicate the COVID-19.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) led to coronavirus disease 2019 (COVID-19) pandemic affecting nearly 71.2 million humans in more than 191 countries, with more than 1.6 million mortalities as of 12 December, 2020. The spike glycoprotein (S-protein), anchored onto the virus envelope, is the trimer of S-protein comprised of S1 and S2 domains which interacts with host cell receptors and facilitates virus-cell membrane fusion. The S1 domain comprises of a receptor binding domain (RBD) possessing an N-terminal domain and two subdomains (SD1 and SD2). Certain regions of S-protein of SARS-CoV-2 such as S2 domain and fragment of the RBD remain conserved despite the high selection pressure. These conserved regions of the S-protein are extrapolated as the potential target for developing molecular diagnostic techniques. Further, the S-protein acts as an antigenic target for different serological assay platforms for the diagnosis of COVID-19. Virus-specific IgM and IgG antibodies can be used to detect viral proteins in ELISA and lateral flow immunoassays. The S-protein of SARS-CoV-2 has very high sequence similarity to SARS-CoV-1, and the monoclonal antibodies (mAbs) against SARS-CoV-1 cross-react with S-protein of SARS-CoV-2 and neutralize its activity. Furthermore, in vitro studies have demonstrated that polyclonal antibodies targeted against the RBD of S-protein of SARS-CoV-1 can neutralize SARS-CoV-2 thus inhibiting its infectivity in permissive cell lines. Research on coronaviral S-proteins paves the way for the development of vaccines that may prevent SARS-CoV-2 infection and alleviate the current global coronavirus pandemic. However, specific neutralizing mAbs against SARS-CoV-2 are in clinical development. Therefore, neutralizing antibodies targeting SARS-CoV-2 S-protein are promising specific antiviral therapeutics for pre-and post-exposure prophylaxis and treatment of SARS-CoV-2 infection. We hereby review the approaches taken by researchers across the world to use spike gene and S-glycoprotein for the development of effective diagnostics, vaccines and therapeutics against SARA-CoV-2 infection the COVID-19 pandemic.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus-1 (SARS-CoV-1), Middle East respiratory syndrome (MERS-CoV) and SARS-CoV-2 are among the highly pathogenic coronaviruses that infect humans (Jiang et al., 2020). Since the beginning of 21st century, animal coronaviruses (CoVs) have shown the ability to cross species barrier and infect humans to cause fatal illnesses. SARS-CoV-1 emerged in 2002 in Guangdong province of China and air travelers led to its spread to 29 countries in five continents (Drosten et al., 2003; Ksiazek et al., 2003) while MERS-CoV emerged in 2012 in Saudi Arabia and MERS is recorded in 27 different countries infecting about 2494 humans including 858 deaths (Zaki et al., 2012). In December 2019, a newly emerging SARS-CoV-2 (Huang et al., 2020; Zhu et al., 2020c was first reported in Wuhan, Hubei province of China (Zhou P. et al., 2020; Zhu et al., 2020c) and causes infections in humans in more than 210 countries in just a few months (Dhama et al., 2020a) leading to the first pandemic in history to be caused by a coronavirus.

SARS-CoV-2 infection causes atypical pneumonia and upper/lower respiratory tract infection that has affected nearly 71.2 million human cases and caused more than 1.6 million deaths in more than 215 nations as of 12 December 2020, and cases continue to rise as of the date of this publication with the highest number of cases in the United States where more than 16 M cases and 0.3 M deaths were reported. The World Health Organization (WHO) declared COVID-19 as a pandemic on March 11, 2020. The closely related viruses, SARS-CoV-1 and SARS-CoV-2, probably originated in bats which are a reservoir hosts of coronaviruses (Yang et al., 2016; Hu et al., 2017; Zhou P. et al., 2020). COVID-19 patients show common symptoms such as fever, cough, or chest tightness, and the majority have shown mild symptoms. However, some patients may develop severe disease with dyspnea and pneumonia while many patients report neurological manifestations as well as kidney damage (Guan et al., 2020; Dhama et al., 2020b). Using a mathematical model, the reproductive number (Ro) for SARS-CoV-2 is around 2.2. This suggests that one infected person can infect approximately 2.2 people. The higher Ro value for SAR-CoV-2 than other SARS-related viruses indicates more contagiousness.

COVID-19 pandemic is continuous and rapidly spreading despite the aggressive measure in many parts of the world to contain SARS-CoV-2 transmission, leading to the urgent demand for development of rapid diagnostics including point-of-care testing while utilizing the advanced tools and techniques for effective and timely diagnosis, monitoring of the disease spread, contact tracing of the SARS-CoV-2 infections as well as addressing of limitations and challenges for designing different diagnostics (Afzal, 2020; Ai et al., 2020; Cheng et al., 2020; Dhama et al., 2020a; Dinnes et al., 2020; Kubina and Dziedzic, 2020; Natesan et al., 2020; Ravichandran et al., 2020; Tang et al., 2020; Udugama et al., 2020; Wu C. et al., 2020). Recently, a rapid test using automated platforms was approved, which involve high throughput automated tests providing results in 45–60 min (Uddin et al., 2020). Several molecular approaches are used for spike protein based diagnosis of SARS-CoV-2. SARS-CoV-2 infection in humans mostly occurs due to the interaction of the viral S-protein with angiotensin-converting enzyme 2 (ACE2) receptors on the host cell surface. The coronavirus S protein is a class I fusion The S-protein (Figure 1) consists of two subunits viz. S1 and S2; S1 has the receptor-binding domain (RBD) and S2 is involved in the fusion of virus membrane with the host cell membrane (Li, 2016; Walls et al., 2020). S-protein is cleaved by the host proteases between the S1 and S2 domains and the cleavage site is located upstream of the fusion domain. This cleavage activates membrane fusion protein through extensive irreversible conformational changes (Belouzard et al., 2009; Madu et al., 2009; Millet and Whittaker, 2015; Park et al., 2016). The host cellular proteases which cleave coronavirus spike proteins include proprotein convertases (e.g., furin), extracellular proteases (e.g., elastase), cell surface proteases [e.g., type II transmembrane serine protease (TMPRSS2)] and lysosomal proteases (e.g., cathepsin L and cathepsin B) (Millet and Whittaker, 2015).
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FIGURE 1. Schematic genomic organization of the full length spike glycoprotein of SARS-CoV-2. The surface spike protein contains S1 and S2 domain. At the N terminal, S1 domain consists of a signal sequence (SS) which is followed by N-terminal domain (NTD; 293 amino acids) and Receptor Binding Domain (RBD; 222 amino acids). S2 domain consists of fusion peptide (FP) followed by two heptad repeats (HR1 and HR2), a central helix (CH), a connector domain (CD), a transmembrane domain (TM) and the cytoplasmic tail (CT).


A unique furin-like cleavage site (FCS) consisting of amino acid sequence PRRAR is found in the spike protein (S) of SARS CoV-2 and it appears to contribute to higher transmissibility and infectivity. This is absent in other B lineage of β CoVs such as SARS-CoV and other SARS-related bat coronaviruses such as the closest CoV RaTG13, which has 96% similarity with SARS-CoV-2 at the genomic sequence level. FCS is the potential cleavage site for furin proteases and this protease mediated cleavage of S-protein has significant implications on host susceptibility and zoonotic transmission of the virus. Mutations in this region may contribute to virus spread across the species barrier and results in spillover events. As the furin proteases are commonly present in the respiratory tract, the S glycoprotein is cleaved and then virus can enter into human respiratory tract epithelial cells and establish an infection (Andersen et al., 2020; Wrobel et al., 2020; Xia et al., 2020). These conserved regions of S-protein are extrapolated as potential targets for developing molecular diagnostic techniques. Further, the S-protein acts as an antigenic site for different serological assays employed for the diagnosis of COVID-19. SARS-CoV-2 infected humans may produce virus-specific IgM and IgG antibodies against the S-protein, which will bind to viral proteins in ELISA and lateral flow immunoassays.

The most effective method to prevent SARS-CoV-2 infection and an urgent need to the current COVID-19 pandemic is effective vaccine(s). There are continuous efforts in progress to develop an effective vaccine against SARS-CoV-2 infection. Different approaches are being tested and include inactivated and attenuated vaccines, viral vector-based vaccines, subunit protein and virus-like particle vaccines, DNA and RNA based vaccines (Al-Kassmy et al., 2020; Begum et al., 2020; Dhama et al., 2020c; Frederiksen et al., 2020; Rabaan et al., 2020; Yatoo et al., 2020). Each vaccine development platform and approach has its own advantages and disadvantages, and many of the vaccine platforms are simultaneously in different stages of clinical development (Amanat and Krammer, 2020). The S-protein of SARS-CoV-2 shows a very high amino acid sequence similarity to SARS-CoV-1, and the mAbs against SARS-CoV-1 cross-reacts with S-protein of SARS-CoV-2 and neutralizes its activity. Furthermore, in vitro studies have demonstrated that polyclonal antibodies targeted against the RBD of S-protein of SARS-CoV-1 can neutralize SARS-CoV-2 thus inhibiting its infectivity in permissive cell lines. This paves the way for the development of vaccines that may prevent newly emerging SARS-related CoVs and SARS-CoV-2 infections.

The exceedingly high mortality rates of severe and critical COVID-19 patients warrant the urgent need to identify and evaluate novel and specific antiviral therapeutics that could potentially prevent further clinical deterioration, reduce the need for advanced cardiorespiratory support and early mortality and mitigate the advanced disease manifestations. Few specific antiviral neutralizing mAbs targeted against SARS-CoV-2 such as Bamlanivimab [Drugs and Lactation Database (LactMed). Bethesda (MD): National Library of Medicine (United States); 2006–. Bamlanivimab. 2020 Nov 21. PMID: 33226744.] are in clinical development1. More recently, casirivimab [Drugs and Lactation Database (LactMed). Bethesda (MD): National Library of Medicine (United States); 2006–. Casirivimab. 2020 Nov 21. PMID:33226742.], and imdevimab [Drugs and Lactation Database (LactMed). Bethesda (MD): National Library of Medicine (United States); 2006–. Imdevimab. 2020 Nov 21. PMID:33226741] have received emergency use authorization on 21 November 2020 by the US FDA to treat mild to moderate COVID-19 in adults and pediatric patients2. Therefore, neutralizing antibodies (nAbs) targeting SARS-CoV-2 S-protein can be used for the pre-and post-exposure prophylaxis and in the immediate treatment of SARS-CoV-2 infection. This review highlights the recent updates on the use of S-protein-based diagnostics, vaccines and therapeutics to mitigate the ongoing devastating COVID-19 pandemic.



S-PROTEIN BASED DIAGNOSTICS FOR SARS-CoV-2


Molecular Diagnosis

The detection of SARS-CoV-2 is currently based on viral nucleic acid detection using conventional and real-time RT-PCR assays using spike gene as a molecular target along with other genomic targets. Despite high selection pressure on SARS-CoV-2 spike protein, certain regions of the S protein remain widely conserved, including the S2 subunit and fragment of the receptor binding domain (RBD). These unique conserved regions in the spike gene can serve as a potential target in RT-PCR assays to give specific diagnostic results. Several molecular diagnostic tests targeting the spike gene have been developed as shown in Table 1 (Carter et al., 2020), which include the commonly used RealStar® SARS-CoV-2 RT-PCR and the TaqPath COVID-19 combo assays as shown in Figure 2. The RealStar® SARS-CoV-2 RT-PCR performs real time RT-PCR based qualitative detection of SARS-CoV-2 and can differentiate between betacoronavirus strains and SARS-CoV-2 specific viral RNA. The probes used in this real time PCR based assay is targeted to E gene of betacoronavirus and S-gene of SARS-CoV-2 which are labeled with FAMTM fluorophore and Cy5 fluorophore, respectively, while JOETM fluorophore has been used to label the probe specific for an internal control (IC). AllplexTM SARS-CoV-2 assay manufacture by Seegene is a multiplex assay that detects four different target genes that include gene encoding RdRP, S gene and N gene of SARS-CoV-2 and E gene of Sarbecovirus in Cal Red 610, Quasar 670, and FAM channel. This is highly compatible with the BioRad and other real-time PCR instruments.


TABLE 1. Molecular diagnostic assays used for the diagnosis of COVID-19.
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FIGURE 2. Molecular and serological diagnostic kits available for the detection of COVID-19. All the molecular diagnostic kits available as of the date of this publication are based on real-time RT PCR which detects the viral antigens with very high sensitivity as well as specificity. The serological kits are based on detection of antiviral specific antibodies and viral surface antigens. The antigen detection test kit identifies the viral surface protein in patient samples with the help of surface protein specific antibodies while the antibody detection kits identifies the viral surface protein specific IgG/IgM antibodies in the blood of an infected individual.


Thermo Fisher Scientific has developed the TaqPath COVID-19 Multiplex Diagnostic Solution to enable clinical and public health laboratories to rapidly diagnose SARS-CoV-2 infection (Figure 2). The TaqPath COVID-19 Combo assay from Applied Biosystems (Thermo Fisher Scientific, United States) is a rapid diagnostic test based on real time RT-PCR which detects SARS-CoV-2 viral RNA with very high sensitivity. It screens 94 samples in less than 3 h or 382 samples in less than 6.5 h, with a single KingFisher purification system and a combination of Applied Biosystems real-time PCR system. The assay targets spike (S) gene, nucleocapsid (N) and Open reading frame-1ab (ORF-1ab) genes with a specificity of up to 100%.

Comparative analysis between representative molecular diagnostic tests approved for the detection of SARS-CoV-2 reveal that diagnostics based on spike gene as the target is comparable to other approved tools (Table 2).


TABLE 2. Comparison between RT-PCR based representative molecular diagnostic assays approved for diagnosis of COVID-19 (Kasteren et al., 2020).
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Serological Diagnosis

Surface antigen on the spike protein of SARS-CoV-2 is an important target to develop serological assays for diagnosis of COVID-19. These assays detect spike protein specific antibodies in the serum of infected individuals. In an infected host, the immune system recognizes the exposed surface protein, especially protein S and E, and produces virus-specific IgM and IgG antibodies. Serum IgM and IgG will bind to viral proteins in ELISA and lateral flow immunoassay to confirm COVID-19.

As the genome of SARS-CoV-2 have nucleotide sequence similarity to the genome of SARS-CoV-1 and other common cold CoVs, there could be non-specific cross reactivity in the immunoassays. Thus, the specificity of spike protein based diagnostic immunoassays need to be validated. Using bioinformatics analysis, several novel antigenic epitopes of spike glycoprotein were identified and employed in developing SARS CoV-2 specific immunoassays (Deeks et al., 2020; Lokman et al., 2020). The recently published structure of the spike protein of SARS-CoV-2 can be used to identify the conformational arrangement of the epitopes in the spike protein for designing SARS-CoV-2 specific immunoassays and vaccines (Alam and Higgins, 2020; Walls et al., 2020).

The SARS-CoV-2 spike detection ELISA test has been developed for the quantitative detection of SARS-CoV-2 spike protein and is based on the solid phase sandwich enzyme immunoassay. This test contains antibodies specific for the recombinant spike protein and can recognize both the recombinant as well as wild-type spike protein with 67.02 pg/mL sensitivity. The LIAISON® SARS-CoV-2 S1/S2 IgG test is another serological assay developed to detect the IgG antibodies specific for S1 and S2 antigens of SARS-CoV-2 (Figure 2). The test is highly efficient and can screen up to 170 samples in 1 h with a high sensitivity of up to 97% (beyond day 15) and a specificity of up to 98.5% to ensure accurate results. This test uses magnetic beads coated with S1 and S2 antigens expressed in human cells. Expression in human cells ensures proper folding and post-translational modifications of the recombinant antigens so that the antigens mimic the native spike protein on the surface of virus particle. Maintenance of the structure of S1 and S2 antigens ensures high specificity and enhanced concordance of this assay with the neutralization assay.

CDCs serologic testing includes the SARS-CoV-2 specific ELISA which uses perfusion stabilized form of SARS-CoV-2 spike protein to detect SARS-CoV-2 specific antibodies with a specificity of more than 99% and sensitivity of 96%. This assay can be used to diagnose prior SARS-CoV-2 infections without the need of confirmation with molecular diagnostic methods (Freeman et al., 2020). In this ELISA, minimum cross-reactivity is observed when antibodies against commonly circulating human coronaviruses are used.

Several diagnostic methods have been developed during the course of the COVID-19 pandemic. Among the developed methods, biosensor devices based on field effect transistor (FET) are highly advantageous due to their ability of rapid detection with high sensitivity which make them an ideal device to be used for point-of-care testing in clinical settings. Based on the characteristic features of graphene (large surface area, high conductivity and high carrier mobility), graphene based FET biosensors have been developed which are highly sensitive and specific in detecting environmental changes on its surface. In the study by Seo et al. (2020), a graphene-based FET biosensor device (COVID-19 FET sensor) was modified to detect SARS-CoV-2 using spike protein specific antibody which was immobilized on the device using probe linkers like 1-pyrenebutyric acid N-hydroxy succinimide ester (PBASE). The device could detect the viral antigen from different sources with a sensitivity of 1 fg/ml which supports its use in clinical settings. Furthermore, COVID-19 FET sensor was efficient enough to differentiate between SARS-CoV-2 and MERS-CoV antigens (Seo et al., 2020).

Several other serological assays have been developed to diagnose COVID-19 by detecting SARS-CoV-2 specific IgG and IgM in blood samples. Few serological tests use viral spike protein to diagnose viral infection as shown in the Table 2 (Carter et al., 2020). Of the available immunoassays for the detection of SARS CoV-2, the sensitivity of antibody detection tests is very low during the first few days of viral infection, however, it may have significance at later stage of the infection, when RT-PCR tests are negative (Deeks et al., 2020). Antigen detection can complement the RT-PCR detection assays during the first few days of SARS-CoV-2 infection; however, its sensitivity is much lower as compared to RT-PCR.



S-PROTEIN BASED VACCINES FOR COVID-19

Infection by SARS-CoV-2 is initiated by binding of spike protein to ACE2 receptor on host cell surface, therefore, spike protein can be considered as a target for the development of a potential vaccine against COVID-19. Molecular analysis of the interaction between RBD of spike protein and the ACE2 receptor may further help in identification of antigenic sites and hence in the development of an effective vaccine as well as specific therapeutics for SARS-CoV-2. Genetic similarity between SARS-CoV-1 and SARS-CoV-2 could also be exploited for vaccine development and toward this end, numerous experimentally validated T cell and B cell epitopes, which were identical in SARS-CoV-1 and SARS-CoV-2 spike protein, have been identified by in silico approaches (Ahmed et al., 2020; Zheng and Song, 2020). Further the protective titer of neutralizing antibodies against SARS-CoV-2 is currently unknown and it needs to be revealed by animal challenge experiments with vaccine candidates.

In a study to develop a subunit vaccine against SARS-CoV-2, an immunogenic domain in the S2 subunit of spike protein which was conserved in SARS-CoV-1 and SARS-CoV-2 was identified and monoclonal antibodies specific for this conserved domain were produced which could identify the recombinant S-protein in addition to the S-protein in SARS-CoV-2 infected cells (Zheng et al., 2020).

The sequence similarity between the spike protein of SARS-CoV-1 and SARS-CoV-2 led to the generation of cross-neutralizing monoclonal antibodies using SARS-CoV-1 S-protein which may show the ability to neutralize SARS-CoV-2 (Zhou P. et al., 2020). CR3022 is one such neutralizing monoclonal antibody specific for SARS-CoV-1 RBD that could also bind to RBD of SARS-CoV-2 thus identifying an epitope that is not a part of receptor biding motif (RBM) (Tian et al., 2020). It has also been observed that the serum isolated from patients who have recovered from SARS could interfere with COVID-19 (Hoffmann et al., 2020). Polyclonal antibodies against SARS-CoV-1 RBD cross-neutralizes the RBD of SARS-CoV-2, therefore, neutralizing antibodies targeting SARS-CoV-1 RBD could be used for prophylaxis and treatment of COVID-19 (Tai et al., 2020). However, recent studies using plasma from SARS-CoV-1 or SARS-CoV-2 infected patients revealed that although antibodies show cross-reactivity, cross-neutralization is rare and non-neutralizing antibody response directed to conserved epitopes could be observed (Lv et al., 2020; Montelongo-Jauregui et al., 2020).

Studies have revealed that SARS-CoV-2 isolates from different parts of the world have similar amino acid sequences and hence, developed vaccines could be used worldwide to fight COVID-19. Several attempts were made previously to develop SARS-CoV-1 specific vaccine based on full length or partial spike protein and immunogenicity and protective efficacy of complete spike protein is well documented (Kam et al., 2007; Li et al., 2013). The spike protein in the form of recombinant protein or m-RNA have been tested as vaccine candidates at different doses in clinical trials. Tested the full-length spike protein at 5-μg and 25-μg doses, with or without Matrix-M1 adjuvant in 131 healthy adults by administering the vaccine in two intramuscular injections, 21 days apart. The results showed the spike protein-based vaccine is safe and it induced IgG titer above the levels observed in COVID-19 convalescent serum. Spike protein is also tested as in the form of mRNA as a vaccine candidate. Spike protein mRNA vaccine has been tested in a open-label trial including 45 healthy adults, administering two vaccinations of 28 days apart, at a dose of 25 μg, 100 μg, or 250 μg (15 participants in each dose group). The results showed that the mRNA vaccine elicited anti–SARS-CoV-2 immune responses in all participants without any trial-limiting safety concerns. The antibody response was found proportional to the dose of vaccine and systemic adverse events such as fatigue, chills, headache, myalgia, and pain at the injection site were more common among the individuals received highest dose and after the administration of second dose. However, vaccination using full length spike protein, antibody dependent enhancement (ADE) has also been reported in human monocytic or lymphoblastic cell lines (Kam et al., 2007; Jaume et al., 2012). This raises a concern over the use of full length spike protein as a vaccine target (Wang et al., 2020). RBD on the spike protein of SARS-CoV harbors several neutralizing epitopes which makes it a suitable vaccine candidate (He et al., 2005; Zhu et al., 2013). Experiments on mice model have revealed the ability of recombinant RBD based vaccine to induce long term protective immune response with significant level of SARS-CoV specific neutralizing antibodies (Du et al., 2007, 2009, 2010). Unlike full length spike protein, immunization with RBD based vaccine didn’t result in any pathogenic effect during SARS-CoV-1 infection (Kam et al., 2007; Jaume et al., 2012). Apart from RBD, other domains of spike protein viz. S1, S2, HR1 and HR2 domains have also been tested as vaccine candidates. Although, the neutralizing and protective immune response could be elicited using vaccines based on S1 fragment, HR1 domain and HR2 domain but induction of non-neutralizing antibodies could also be observed in mice vaccinated with S2 fragment (Guo et al., 2005; Li et al., 2013; Elshabrawy et al., 2012; Zheng et al., 2009; Wang et al., 2020). Based on the previous results and similarity between SARS-CoV-1 and SARS-CoV-2, it may be inferred that full length or partial spike protein could serve as good target for vaccine development against SARS-CoV-2.

Analysis of SARS-CoV-2 genomes isolated at the beginning of COVID-19 pandemic revealed the acquisition of D614G mutation in the spike protein. Viruses having this mutation had enhanced transmission efficiency and started to spread in Europe in early February 2020 but soon it became the dominant form of the virus worldwide (Korber et al., 2020; Zhang C. et al., 2020). In a study done by Weissman et al. (2020), it was shown that the D614G mutation in spike protein is not an escape mutation that would help the virus to evade the immune response generated against the vaccines that are currently being developed. Rather, G614 in the spike protein makes the virus more susceptible to neutralizing antibodies.

Vaccine manufacturers and research institutions have taken initiatives to develop potential vaccine candidates to prevent SARS-CoV-2 infection in naive human population (Figure 3). The vaccine candidates which are currently under development aim to target the viral spike protein, which, being the surface protein, is important for causing infection and can also be the direct target of host immune response for neutralizing the virus (Wrapp et al., 2020). Potential regions of S protein that can be used as antigens include full length S protein, complete S1 subunit, RBD, NTD, CTD, and C-terminal membrane fusion domain of S2 subunit. Several vaccines against COVID-19 using spike protein as vaccine candidate are in different stages of clinical development, and their virus neutralization potential have been recently reviewed (Dong et al., 2020; Jeyanathan et al., 2020; Kaur and Gupta, 2020; Yuan et al., 2020). There are several neutralizing antibodies against the spike protein have also been developed for the use as therapeutic agents to treat COVID-19 patients (Jiang et al., 2020; Sharun et al., 2020; Zhou and Zhao, 2020).
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FIGURE 3. Different strategies employed for the development of vaccines against SARS-CoV-2. Research institutions along with pharmaceutical companies across the world are adopting unique strategies to develop effective vaccines against SARS-CoV-2 and most of them target spike proteins and its functional domains. (A–D) The type of vaccine being developed includes subunit vaccine, mRNA vaccine, DNA vaccine and viral-vector based vaccines which aim to elicit humoral as well as cellular immune response against spike protein of SARS-CoV-2.




SELECTION OF VIRAL ANTIGENS FOR VACCINE DEVELOPMENT


Full-Length Spike Protein

The complete amino acid sequence maintains the correct conformation of a protein and hence provides maximum epitopes, thus exhibiting higher immunogenicity. Clover Biopharmaceuticals have patented their Trimer Tag Technology to construct a full-length SARS-CoV-2 S protein trimer vaccine (S-Trimer) (Liu et al., 2017; Zhang H. et al., 2020). They have proposed to produce the vaccine using a rapid mammalian cell culture-based expression system. Pre-clinical safety analysis is yet to be determined.



Receptor Binding Domains (RBD)

Receptor binding domain of S protein directly interacts with the cell surface receptor, ACE2, and therefore, blocking the binding between RBD and ACE2 using specific antibodies could prevent virus infection. Moreover, RBD is highly conserved and contains multiple conformational neutralizing epitopes, which makes it a potential vaccine candidate (Jiang et al., 2005; Zhang H. et al., 2020).



N Terminal Domain (NTD) of S1 Subunit

N terminal domain of S protein in several coronaviruses has been reported to have carbohydrate receptor binding activity (Krempl et al., 1997; Promkuntod et al., 2014). It has been observed that recombinant NTD of S protein from MERS-CoV could be used as a potent vaccine candidate to induce a cellular immune response in addition to antigen-specific neutralizing antibodies which was protective against wild type virus challenge (Chen et al., 2017; Jiaming et al., 2017). Although NTD of SARS-CoV-2 has not yet been evaluated, its use as a vaccine candidate may generate an effective immune response.



Complete S1 Subunit

The S1 subunit contains NTD, CTD, and RBD which are responsible for initiating the infection process by SARS-CoV-2. A recombinant S1 subunit could provide a large number of neutralizing epitopes making the S1 subunit a good immunogenic candidate. Previously, MERS-CoV S1 subunit adjuvant vaccine has been evaluated to induce neutralizing antibodies having the potential to provide protection against wild type virus challenge (Wang et al., 2017; Adney et al., 2019).



C-Terminal Membrane Fusion Domain of S2 Subunit

The fusion domain of the S2 subunit mediates the fusion of viral envelope with the host cellular membrane, and therefore, this domain could be a potential vaccine candidate. Currently, an RBD-fusion domain fusion protein was developed, which could induce high titer neutralizing antibodies in mice (Zhang H. et al., 2020).



SPIKE PROTEIN BASED SARS-CoV-2 VACCINES UNDER DEVELOPMENT

Various vaccines using different platforms including active immunization such as protein subunit vaccines, virus vectored vaccines, genetic vaccines (DNA or RNA), and monoclonal antibodies for passive immunization are under different stages of development (Yatoo et al., 2020).


Subunit Vaccines

Subunit vaccines are safer and easy to produce, which often requires adjuvants for better immunogenicity. Several subunit vaccines are being developed (Figure 3). A SARS-CoV-2 specific subunit vaccine based on Molecular Clamp technology is being developed (Takashima et al., 2011), and Novavax, Inc. has developed nanoparticle vaccine candidate based on S protein which is under evaluation in animal models. Likewise, Johnson & Johnson, and Pasteur institute are also developing a subunit vaccine against SARS-CoV-2 (Zhang H. et al., 2020). Recently, Ravichandran et al. (2020) demonstrated the immunogenicity of the SARS-CoV-2 spike protein antigens which included S1 + S2 ectodomain, S1 domain, RBD and S2 domain. It was shown that all the antigens except S2 domain induced the production of neutralizing antibodies and RBD immunogen elicited the highest antibody titer compared to other tested antigens. Another study adopted a unique strategy to produce a recombinant fusion peptide wherein the RBD of SARS-CoV-2 S-protein was linked to mouse IgG1 Fc domain. The fusion peptide was shown to be significantly immunogenic and capable of stimulating protective humoral and cellular immune responses in vaccinated mice (Qi et al., 2020).



mRNA Vaccines

mRNA vaccine represents an effective alternative to conventional vaccines due to its high potency, short production time, low cost, and safe administration (Pardi et al., 2018). Development of the mRNA vaccine includes antigen selection, optimization of sequences, screening of modified nucleotides, delivery optimization, evaluation of immune response, and safety check (Jahanafrooz et al., 2020). SARS-CoV-2 mRNA vaccine (mRNA-1273 encoding S protein) developed by Moderna has been evaluated in animal models and has also passed the Phase I clinical trial (Figure 3). An mRNA vaccine against SARS-CoV-2 is being developed and the mRNA used encodes either S-protein of SARS-CoV-2 or its RBD domain. In another approach, mRNA expressing SARS-CoV-2 virus-like-particles was used (Zhang H. et al., 2020).



DNA Vaccines

DNA vaccines are DNA constructs encoding one or more viral antigens and are more suitable than mRNA vaccines in terms of stability and ease of administration (Liu, 2019). Some of the major disadvantages of using DNA vaccines include the chance of vector integration into host genome leading to possible mutations. Targeting SARS-CoV-2 using a DNA vaccine is one of the approaches adopted to combat COVID-19. One of the DNA vaccine candidate, INO-4800, which has been developed by INOVIO Pharmaceuticals, is expected to enter Phase I clinical trial (Smith et al., 2020) (Figure 3). Immunization of mice model with INO-4800 has been shown to induce highly significant T cell responses in addition to production of SARS-CoV-2 specific antibodies which could neutralize the virus and competitively inhibit the binding of virus to ACE2 receptors. Significant level of neutralizing virus specific IgG was also detected in BAL fluid of mice immunized with INO-4800 which shows that the vaccine could effectively be used as a prophylactic measure against SARS-CoV-2 infection. Recently, Yu et al. (2020) developed DNA vaccine candidates expressing six different variants of SARS-CoV-2 spike proteins which included full length spike protein, soluble ectodomain of S protein, S protein lacking the cytoplasmic and transmembrane domain, RBD of S protein, and S1 domain of S protein. Similarly, a DNA vaccine containing a mixture of different spike protein gene of different variant strains of SARS-CoV-2. As the virus spreads across the human and animal population, evolution of new variant strains is expected. Some variant strains with different mutations in spike proteins may produce different antibodies which may not confer cross protection against each other. A new variant strain of SARS-CoV-2 has been identified in farmed minks that is able to infect humans. This virus variant appears to be not effectively neutralized by the antibodies produced against the currently circulating SARS-CoV-2 (Oude Munnink et al., 2020). In such cases, the spike protein of different variant strains can be included in the DNA vaccine to provide broad spectrum protection against various SARS-CoV-2 strains. These factors need to be considered when developing a vaccine that can provide immunity against all the circulating virus strains, produce long lasting protective immunity, and can be used for universal vaccination. Challenge studies using the spike protein candidate vaccines in rhesus macaque model have shown the elicitation of both humoral as well as cellular immune responses in vaccinated individuals. DNA vaccine expressing the full length spike protein was most effective in reducing the viral load in BAL fluid and nasal mucosa (Yu et al., 2020). Several other candidate DNA vaccines have been developed and are in different stages of clinical development (Table 3).


TABLE 3. Serological assays using viral spike protein to diagnose SARS-CoV-2 infection.
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Vectored Vaccines

Viral vectors can be used to express heterologous antigens and are characterized by their high immunogenicity and safety. The SARS-CoV-2 specific vaccine based on the virus vector is under currently investigation and development (Zhang H. et al., 2020). A SARS-CoV-2 adenovirus vector vaccine has been constructed with the Greffex Vector Platform by Houston based Greffex Inc. and has been evaluated in animal models (Figure 3). Tonix Pharmaceuticals is also working in the development of the SARS-CoV-2 vaccine based on Horsepox virus (TNX-1800), and Johnson & Johnson has adopted the AdVac adenoviral vector platform for vaccine development (Gonzalez-Nicolini et al., 2006). In human trial using another adenoviral, Ad5 vectored COVID-19 vaccine was found tolerable and immunogenic following 28 days post-vaccination with stimulation of strong humoral responses and specific T-cell responses against SARS-CoV-2 (Zhu et al., 2020b). A randomized, double-blind, placebo-controlled, phase 2 trial of the Ad5-vectored COVID-19 vaccine administered at 5 × 1010 viral particles where around 508 eligible healthy adults aged 18 years or older was found safe, and induced significant immune responses in the majority of recipients following a single immunization (Zhu et al., 2020a). As any successful vaccine require a rigorous validation of safety and efficacy on the target population. In case of COVID-19 which is disproportionately affecting the elderly people with comorbidities, the vaccine should be effective in these population as well as the other populations including pregnant women, children and adults.

As of September 17, 2020, there are 27 candidate vaccines that are under clinical evaluation, and at least 64 candidate vaccines based on spike protein are under pre-clinical assessment around the world3. We, as a result of this, tabulate the candidate vaccines which are under clinical evaluation and use spike protein or its functional domain as immunogen (Table 4).


TABLE 4. COVID-19 candidate vaccines based on spike protein and its functional domains.

[image: Table 4]We also tabulate the advantages and disadvantages of various approaches for vaccine development (Table 5).


TABLE 5. Comparison between different approaches to develop SARS-CoV-2 vaccines using S protein or whole virus.
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DEVELOPMENT OF THERAPEUTICS TARGETING SPIKE PROTEIN AND ITS FUNCTION

Therapeutic strategies targeting the spike protein of SARS-CoV-2 are valuable for developing specific antiviral drugs. Computational screening of drug libraries for potential targets on spike protein of SARS-CoV-2 followed by repurposing of the identified drugs will help in rapid discovery of COVID-19 specific antiviral small molecule inhibitors (Zhou Y. et al., 2020). A study on virtual screening of small molecules against the viral spike protein revealed that several synthetic and natural compounds have a high binding affinity with the spike protein. However, hesperidin was the only compound capable of targeting the binding interface between spike and ACE2 (Wu S. Y. et al., 2020). In another study, researchers demonstrated the use of TMPRSS2 serine protease by SARS-CoV-2 for entry into host cell and S protein priming (Hoffmann et al., 2020). Now there is an approved TMPRSS2 inhibitor for clinical use that blocked the entry of SARS-CoV-2 and might constitute a treatment option for future and can be identified a potential target for antiviral intervention (Hoffmann et al., 2020).

In addition, the N-terminus of SARS-CoV-2 has a ganglioside binding domain which can be mimicked by drugs such as chloroquine and hydroxychloroquine (Fantini et al., 2020). Mouse studies have also shown that enhanced expression of soluble ACE2 protein in the presence of angiotensin receptor blockers can inhibit SARS-CoV-2 infection in susceptible host cells and mitigate damage to host tissues. Lei et al. (2020) demonstrated the inhibition of propagation of SARS-CoV-2 in engineered human tissues by the use of soluble recombinant ACE2.

Small molecule inhibitors can also be a significant in preventing the spread of SARS-CoV-2 infection. In several previous studies, these inhibitors were found to block the interaction between SARS-CoV and ACE2 receptor on the host cell surface thus preventing virus infection (Huentelman et al., 2004; Kao et al., 2004; Adedeji et al., 2013). Similar strategies could be used to inhibit SARS-CoV-2 infection in susceptible host cells using small molecule inhibitors. In a drug repurposing screening using a proximity-based AlphaLISA assay, which measures binding of S-protein RBD with ACE2, 25 out of 3384 small molecule drugs could be identified to be evaluated for its efficacy against SARS-CoV-2 (Hanson et al., 2020).



CONCLUSION AND PROSPECTS

COVID-19 is a health crisis facing humans in the 21st century. The current global efforts aim to contain the COVID-19 pandemic, minimize the rate and number of infections, reduce the burden on hospitals, and to minimize the socio economic impact. The current data on new COVID-19 cases and their characteristics will provide information on the modeling of new cases in future and planning for healthcare capacity. Until SARS-CoV-2 vaccine(s) are available for clinical use in humans, the adopted mitigation strategies will help reduce the impact of the ongoing coronavirus pandemic and its negative consequences on human health and activities. Currently, many vaccines are in different developmental stages using several vaccine platforms. SARS-CoV-2 have many pathologic similarities with previous human highly pathogenic SARS-CoV and MERS-CoV, which may help understand the immune response and develop a safe and effective vaccine. Currently, there no vaccines against CoVs in clinical use in humans and animals. Most of these vaccine development strategies target the S-protein of SARS-CoV-2. Likewise, antiviral therapeutic strategies target the S-protein of SARS-CoV-2 may lead to the development of specific antiviral agents to prevent SARS-CoV-2 infections. The vaccine for SARS-CoV-2 may not be available for the first wave of pandemic but will be helpful if the second or third waves exits or if SARS-CoV-2 become a seasonal human CoV. Future coordinated plans are required to be adopted to develop preclinical vaccine candidates more efficiently, which may be achieved by coordination between governmental sectors, health authorities, pharmaceutical manufacturers, regulatory agencies, and the WHO. Further, the lessons learned from the ongoing COVID-19 pandemic will help prepare for newly emerging zoonotic viruses of pandemic potential in the future.
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FOOTNOTES

1https://clinicaltrials.gov/ct2/show/study/NCT04411628

2https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-monoclonal-antibodies-treatment-covid-19#:~:text=Monoclonal%20antibodies%2C%20such%20as%20casirivimab,health%20during%20this%20unprecedented%20pandemic

3https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines


REFERENCES

Adedeji, A. O., Severson, W., Jonsson, C., Singh, K., Weiss, S. R., and Sarafianos, S. G. (2013). Novel inhibitors of severe acute respiratory syndrome coronavirus entry that act by three distinct mechanisms. J. Virol. 87, 8017–8028. doi: 10.1128/jvi.00998-13

Adney, D. R., Wang, L., van Doremalen, N., Shi, W., Zhang, Y., Kong, W. P., et al. (2019). Efficacy of an adjuvanted middle east respiratory syndrome coronavirus spike protein vaccine in dromedary camels and alpacas. Viruses 11:212. doi: 10.3390/v11030212

Afzal, A. (2020). Molecular diagnostic technologies for COVID-19: limitations and challenges. J. Adv. Res. 26, 149–159. doi: 10.1016/j.jare.2020.08.002

Ahmed, S. F., Quadeer, A. A., and McKay, M. R. (2020). Preliminary identification of potential vaccine targets for the COVID-19 coronavirus (SARS-CoV-2) based on SARS-CoV immunological studies. Viruses 12:254. doi: 10.3390/v12030254

Ai, J. W., Zhang, Y., Zhang, H. C., Xu, T., and Zhang, W. H. (2020). Era of molecular diagnosis for pathogen identification of unexplained pneumonia, lessons to be learned. Emerg. Microb. Infect. 9, 597–600. doi: 10.1080/22221751.2020.1738905

Alam, N., and Higgins, M. K. (2020). A spike with which to beat COVID-19? Nat. Rev. Microbiol. 18:414. doi: 10.1038/s41579-020-0383-2

Al-Kassmy, J., Pedersen, J., and Kobinger, G. (2020). vaccine candidates against coronavirus infections, where does COVID-19 stand? Viruses 12:E861. doi: 10.3390/v12080861

Amanat, F., and Krammer, F. (2020). SARS-CoV-2 vaccines: status report. Immunity 52, 583–589. doi: 10.1016/j.immuni.2020.03.007

Andersen, K. G., Rambaut, A., Lipkin, W. I., Holmes, E. C., and Garry, R. F. (2020). The proximal origin of SARS-CoV-2. Nat. Med. 26, 450–452. doi: 10.1038/s41591-020-0820-9

Begum, J., Mir, N. A., Dev, K., Buyamayum, B., Wani, M. Y., and Raza, M. (2020). Challenges and prospects of COVID-19 vaccine development based on the progress made in SARS and MERS vaccine development. Transbound Emerg. Dis. doi: 10.1111/tbed.13804 [Epub ahead of print].

Belouzard, S., Chu, V. C., and Whittaker, G. R. (2009). Activation of the SARS coronavirus spike protein via sequential proteolytic cleavage at two distinct sites. Proc. Natl. Acad. Sci. U.S.A. 106, 5871–5876. doi: 10.1073/pnas.0809524106

Chen, Y., Lu, S., Jia, H., Deng, Y., Zhou, J., Huang, B., et al. (2017). A novel neutralizing monoclonal antibody targeting the N-terminal domain of the MERS-CoV spike protein. Emerg. Microbes Infect. 6:e60.

Cheng, M. P., Papenburg, J., Desjardins, M., Kanjilal, S., Quach, C., Libman, M., et al. (2020). Diagnostic testing for severe acute respiratory syndrome-related coronavirus-2: a narrative review. Ann. Int. Med. 172, 726–734. doi: 10.7326/m20-1301

Deeks, J. J., Dinnes, J., Takwoingi, Y., Davenport, C., Spijker, R., Taylor-Phillips, S., et al. (2020). Cochrane COVID-19 diagnostic test accuracy group. Antibody tests for identification of current and past infection with SARS-CoV-2. Cochrane Datab. Syst. Rev. 6:CD013652. doi: 10.1002/14651858.CD013652

Dhama, K., Khan, S., Tiwari, R., Sircar, S., Bhat, S., Malik, Y. S., et al. (2020a). Coronavirus Disease 2019-COVID-19. Clin. Microbiol. Rev. 33:e00028-20.

Dhama, K., Patel, S. K., Pathak, M., Yatoo, M. I., Tiwari, R., Malik, Y. S., et al. (2020b). An update on SARS-CoV-2/COVID-19 with particular reference to its clinical pathology, pathogenesis, immunopathology and mitigation strategies. Travel Med. Infect. Dis. 37:101755. doi: 10.1016/j.tmaid.2020.101755

Dhama, K., Sharun, K., Tiwari, R., Dadar, M., Malik, Y. S., Singh, K. P., et al. (2020c). COVID-19, an emerging coronavirus infection: advances and prospects in designing and developing vaccines, immunotherapeutics, and therapeutics. Hum. Vaccines Immunother. 16, 1232–1238. doi: 10.1080/21645515.2020.1735227

Dinnes, J., Deeks, J. J., Adriano, A., Berhane, S., Davenport, C., Dittrich, S., et al. (2020). Rapid, point-of-care antigen and molecular-based tests for diagnosis of SARS-CoV-2 infection. Cochrane Datab. Syst. Rev. 8:CD013705. doi: 10.1002/14651858.CD013705

Dong, Y., Dai, T., Wei, Y., Zhang, L., Zheng, M., and Zhou, F. (2020). A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduct Target Ther. 5:237. doi: 10.1038/s41392-020-00352-y

Drosten, C., Günther, S., Preiser, W., Van Der Werf, S., Brodt, H. R., Becker, S., et al. (2003). Identification of a novel coronavirus in patients with severe acute respiratory syndrome. N. Engl. J. Med. 348, 1967–1976.

Du, L., Zhao, G., Chan, C. C., Li, L., He, Y., Zhou, Y., et al. (2010). A 219-mer CHO-expressing receptor-binding domain of SARS-CoV S protein induces potent immune responses and protective immunity. Viral Immunol. 23, 211–219. doi: 10.1089/vim.2009.0090

Du, L., Zhao, G., He, Y., Guo, Y., Zheng, B. J., Jiang, S., et al. (2007). Receptor-binding domain of SARS-CoV spike protein induces long-term protective immunity in an animal model. Vaccine 25, 2832–2838. doi: 10.1016/j.vaccine.2006.10.031

Du, L., Zhao, G., Li, L., He, Y., Zhou, Y., Zheng, B. J., et al. (2009). Antigenicity and immunogenicity of SARS-CoV S protein receptor-binding domain stably expressed in CHO cells. Biochem. Biophys. Res. Commun. 384, 486–490. doi: 10.1016/j.bbrc.2009.05.003

Elshabrawy, H. A., Coughlin, M. M., Baker, S. C., and Prabhakar, B. S. (2012). Human monoclonal antibodies against highly conserved HR1 and HR2 domains of the SARS-CoV spike protein are more broadly neutralizing. PLoS One 7:e50366. doi: 10.1371/journal.pone.0050366

Fantini, J., Di Scala, C., Chahinian, H., and Yahi, N. (2020). Structural and molecular modelling studies reveal a new mechanism of action of chloroquine and hydroxychloroquine against SARS-CoV-2 infection. Int. J. Antimicrob. Agents 55:105960. doi: 10.1016/j.ijantimicag.2020.105960

Frederiksen, L. S. F., Zhang, Y., Foged, C., and Thakur, A. (2020). The long road toward COVID-19 herd immunity: vaccine platform technologies and mass immunization strategies. Front. Immunol. 11:1817. doi: 10.3389/fimmu.2020.01817

Freeman, B., Lester, S., Mills, L., Rasheed, M. A. U., Moye, S., Abiona, O., et al. (2020). Validation of a SARS-CoV-2 spike protein ELISA for use in contact investigations and sero-surveillance. bioRxiv [Preprint]. doi: 10.1101/2020.04.24.057323

Carter, L. J., Garner, L. V., Smoot, J. W., Li, Y., Zhou, Q., Saveson, C. J., et al. (2020). Assay techniques and test development for COVID-19 diagnosis. ACS Cent. Sci. 6, 591–605. doi: 10.1021/acscentsci.0c00501

Gonzalez-Nicolini, V., Sanchez-Bustamante, C. D., Hartenbach, S., and Fussenegger, M. (2006). Adenoviral vector platform for transduction of constitutive and regulated tricistronic or triple-transcript transgene expression in mammalian cells and microtissues. J. Gene Med. 8, 1208–1222. doi: 10.1002/jgm.960

Guan, W. J., Ni, Z. Y., Hu, Y., Liang, W. H., Ou, C. Q., He, J. X., et al. (2020). Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med. 382, 1708–1720.

Guo, Y., Sun, S., Wang, K., Zhang, S., Zhu, W., and Chen, Z. (2005). Elicitation of immunity in mice after immunization with the S2 subunit of the severe acute respiratory syndrome coronavirus. DNA Cell Biol. 24, 510–515. doi: 10.1089/dna.2005.24.510

Hanson, Q. M., Wilson, K. M., Shen, M., Itkin, Z., Eastman, R. T., Shinn, P., et al. (2020). Targeting ACE2-RBD interaction as a platform for COVID19 therapeutics: development and drug repurposing screen of an AlphaLISA proximity assay. bioRxiv [Preprint]. doi: 10.1101/2020.06.16.154708

He, Y., Lu, H., Siddiqui, P., Zhou, Y., and Jiang, S. (2005). Receptor-binding domain of severe acute respiratory syndrome coronavirus spike protein contains multiple conformation-dependent epitopes that induce highly potent neutralizing antibodies. J. Immunol. 174, 4908–4915. doi: 10.4049/jimmunol.174.8.4908

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell 181, 271–280.e8.

Hu, B., Zeng, L. P., Yang, X. L., Ge, X. Y., Zhang, W., Li, B., et al. (2017). Discovery of a rich gene pool of bat SARS-related coronaviruses provides new insights into the origin of SARS coronavirus. PLoS Pathog. 13:e1006698. doi: 10.1371/journal.ppat.1006698

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395, 497–506.

Huentelman, M. J., Zubcevic, J., Hernandez Prada, J. A., Xiao, X., Dimitrov, D. S., Raizada, M. K., et al. (2004). Structure-based discovery of a novel angiotensin-converting enzyme 2 inhibitor. Hypertension 44, 903–906.

Jahanafrooz, Z., Baradaran, B., Mosafer, J., Hashemzaei, M., Rezaei, T., Mokhtarzadeh, A., et al. (2020). Comparison of DNA and mRNA vaccines against cancer. Drug Discov. Today 25, 552–560. doi: 10.1016/j.drudis.2019.12.003

Jaume, M., Yip, M. S., Kam, Y. W., Cheung, C. Y., Kien, F., Roberts, A., et al. (2012). SARS CoV subunit vaccine: antibody mediated neutralisation and enhancement. Hong Kong Med. J. 18(Suppl. 2), 31–36.

Jeyanathan, M., Afkhami, S., Smaill, F., Miller, M. S., Lichty, B. D., and Xing, Z. (2020). Immunological considerations for COVID-19 vaccine strategies. Nat. Rev. Immunol. 20, 615–632. doi: 10.1038/s41577-020-00434-6

Jiaming, L., Yanfeng, Y., Yao, D., Yawei, H., Linlin, B., Baoying, H., et al. (2017). The recombinant N-terminal domain of spike proteins is a potential vaccine against Middle East respiratory syndrome coronavirus (MERS-CoV) infection. Vaccine 35, 10–18. doi: 10.1016/j.vaccine.2016.11.064

Jiang, S., He, Y., and Liu, S. (2005). SARS vaccine development. Emerg. Infect. Dis. 11, 1016–1020.

Jiang, S., Hillyer, C., and Du, L. (2020). Neutralizing antibodies against SARS-CoV-2 and other human coronaviruses. Trends Immunol. 41, 355–359. doi: 10.1016/j.it.2020.03.007

Kam, Y. W., Kien, F., Roberts, A., Cheung, Y. C., Lamirande, E. W., Vogel, L., et al. (2007). Antibodies against trimeric S glycoprotein protect hamsters against SARS-CoV challenge despite their capacity to mediate FcγRII-dependent entry into B cells in vitro. Vaccine 25, 729–740. doi: 10.1016/j.vaccine.2006.08.011

Kao, R. Y., Tsui, W. H., Lee, T. S., Tanner, J. A., Watt, R. M., Huang, J. D., et al. (2004). Identification of novel small-molecule inhibitors of severe acute respiratory syndrome-associated coronavirus by chemical genetics. Chem. Biol. 11, 1293–1299. doi: 10.1016/j.chembiol.2004.07.013

Kasteren, P. B., Veer, B., Brink, S., Wijsman, L., Jonge, J., Brandt, A., et al. (2020). Comparison of seven commercial RT-PCR diagnostic kits for COVID-19. J. Clin. Virol. 128:104412. doi: 10.1016/j.jcv.2020.104412

Kaur, S. P., and Gupta, V. (2020). COVID-19 vaccine: a comprehensive status report. Virus Res. 288:198114. doi: 10.1016/j.virusres.2020.198114

Korber, B., Fischer, W. M., Gnanakaran, S., Yoon, H., Theiler, J., Abfalterer, W., et al. (2020). Spike mutation pipeline reveals the emergence of a more transmissible form of SARS-CoV-2. bioRxiv [Preprint]. doi: 10.1101/2020.07.22.20159905

Krempl, C., Schultze, B., Laude, H., and Herrler, G. (1997). Point mutations in the S protein connect the sialic acid binding activity with the enteropathogenicity of transmissible gastroenteritis coronavirus. J. Virol. 71, 3285–3287. doi: 10.1128/jvi.71.4.3285-3287.1997

Ksiazek, T. G., Erdman, D., Goldsmith, C. S., Zaki, S. R., Peret, T., Emery, S., et al. (2003). A novel coronavirus associated with severe acute respiratory syndrome. N. Engl. J. Med. 348, 1953–1966.

Kubina, R., and Dziedzic, A. (2020). Molecular and serological tests for COVID-19 a comparative review of SARS-CoV-2 coronavirus laboratory and point-of-care diagnostics. Diagnostics 10:434. doi: 10.3390/diagnostics10060434

Lei, C., Fu, W., Qian, K., Li, T., Zhang, S., Ding, M., et al. (2020). Potent neutralization of 2019 novel coronavirus by recombinant ACE2-Ig. bioRxiv [Preprint]. doi: 10.1101/2020.02.01.929976

Li, F. (2016). Structure, function, and evolution of coronavirus spike proteins. Annu. Rev. Virol. 3, 237–261. doi: 10.1146/annurev-virology-110615-042301

Li, J., Ulitzky, L., Silberstein, E., Taylor, D. R., and Viscidi, R. (2013). Immunogenicity and protection efficacy of monomeric and trimeric recombinant SARS coronavirus spike protein subunit vaccine candidates. Viral Immunol. 26, 126–132. doi: 10.1089/vim.2012.0076

Liu, H., Su, D., Zhang, J., Ge, S., Li, Y., Wang, F., et al. (2017). Improvement of pharmacokinetic profile of TRAIL via trimer-tag enhances its antitumor activity in vivo. Sci. Rep. 7:8953.

Liu, M. A. (2019). A comparison of plasmid DNA and mRNA as vaccine technologies. Vaccines 7:37. doi: 10.3390/vaccines7020037

Lokman, S. M., Rasheduzzaman, M., Salauddin, A., Barua, R., Tanzina, A. Y., Rumi, M. H., et al. (2020). Exploring the genomic and proteomic variations of SARS-CoV-2 spike glycoprotein: a computational biology approach. Infect Genet. Evol. 84:104389. doi: 10.1016/j.meegid.2020.104389

Lv, H., Wu, N. C., Tsang, O. T., Yuan, M., Perera, R. A., Leung, W. S., et al. (2020). Cross-reactive antibody response between SARS-CoV-2 and SARS-CoV infections. bioRxiv [Preprint]. doi: 10.1101/2020.03.15.993097

Madu, I. G., Roth, S. L., Belouzard, S., and Whittaker, G. R. (2009). Characterization of a highly conserved domain within the severe acute respiratory syndrome coronavirus spike protein S2 domain with characteristics of a viral fusion peptide. J. Virol. 83, 7411–7421. doi: 10.1128/jvi.00079-09

Millet, J. K., and Whittaker, G. R. (2015). Host cell proteases: critical determinants of coronavirus tropism and pathogenesis. Virus Res. 202, 120–134. doi: 10.1016/j.virusres.2014.11.021

Montelongo-Jauregui, D., Vila, T., Sultan, A. S., and Jabra-Rizk, M. A. (2020). Convalescent serum therapy for COVID-19: a 19th century remedy for a 21st century disease. PLoS Pathog. 16:e1008735. doi: 10.1371/journal.ppat.1008735

Natesan, S., Bhatia, R., Sundararajan, A., Dhama, K., Malik, Y. S., and Vora, K. (2020). Ramping up of SARS CoV-2 testing for the diagnosis of COVID-19 to better manage the next phase of pandemic and reduce the mortality in India. Virusdisease 31, 1–9. doi: 10.1007/s13337-020-00622-x

Oude Munnink, B. B., Sikkema, R. S., Nieuwenhuijse, D. F., Molenaar, R. J., Munger, E., Molenkamp, R., et al. (2020). Transmission of SARS-CoV-2 on mink farms between humans and mink and back to humans. Science 371, 172–177. doi: 10.1126/science.abe5901

Pardi, N., Hogan, M. J., Porter, F. W., and Weissman, D. (2018). mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 17, 261–279. doi: 10.1038/nrd.2017.243

Park, J. E., Li, K., Barlan, A., Fehr, A. R., Perlman, S., McCray, P. B., et al. (2016). Proteolytic processing of Middle East respiratory syndrome coronavirus spikes expands virus tropism. Proc. Natl. Acad. Sci. U.S.A. 113, 12262–12267. doi: 10.1073/pnas.1608147113

Promkuntod, N., van Eijndhoven, R. E., de Vrieze, G., Grone, A., and Verheije, M. H. (2014). Mapping of the receptor-binding domain and amino acids critical for attachment in the spike protein of avian coronavirus infectious bronchitis virus. Virology 448, 26–32. doi: 10.1016/j.virol.2013.09.018

Qi, X., Ke, B., Fe, Q., Yang, D., Lian, Q., Li, Z., et al. (2020). Construction and immunogenic studies of a mFc fusion receptor binding domain (RBD) of spike protein as a subunit vaccine against SARS-CoV-2 infection. Chem. Commun. 56, 8683–8686. doi: 10.1039/d0cc03263h

Rabaan, A. A., Al-Ahmed, S. H., Sah, R., Tiwari, R., Yatoo, M. I., Patel, S. K., et al. (2020). SARS-CoV-2/COVID-19 and advances in developing potential therapeutics and vaccines to counter this emerging pandemic. Ann. Clin. Microbiol. Antimicrob. 19:40. doi: 10.1186/s12941-020-00384-w

Ravichandran, K., Anbazhagan, S., Singh, S. V., Agri, H., Rupner, R. N., Obli Rajendran, V. K., et al. (2020). Global status of COVID-19 diagnosis: an overview. J. Pure Appl. Microbiol. 14(Suppl. 1), 879–892. doi: 10.22207/JPAM.14.SPL1.25

Seo, G., Lee, G., Kim, M. J., Baek, S., and Choi, M. (2020). Rapid detection of COVID-19 causative virus (SARS-CoV-2) in human nasopharyngeal swab specimens using field-effect transistor-based biosensor. ACS Nano 14, 5135–5142. doi: 10.1021/acsnano.0c02823

Sharun, K., Tiwari, R., Iqbal Yatoo, M., Patel, S. K., Natesan, S., Dhama, J., et al. (2020). Antibody-based immunotherapeutics and use of convalescent plasma to counter COVID-19: advances and prospects. Expert Opin. Biol. Ther. 20, 1033–1046. doi: 10.1080/14712598.2020.1796963

Smith, T. R. F., Patel, A., Ramos, S., Elwood, D., Zhu, X., Yan, J., et al. (2020). Immunogenicity of a DNA vaccine candidate for COVID-19. Nat. Commun. 11:2601. doi: 10.1038/s41467-020-16505-0

Tai, W., He, L., Zhang, X., Pu, J., Voronin, D., Jiang, S., et al. (2020). Characterization of the receptor-binding domain (RBD) of 2019 novel coronavirus: implication for development of RBD protein as a viral attachment inhibitor and vaccine. Cell. Mol. Immunol. 19, 1–8.

Takashima, Y., Osaki, M., Ishimaru, Y., Yamaguchi, H., and Harada, A. (2011). Artificial molecular clamp: a novel device for synthetic polymerases. Angew. Chem. 50, 7524–7528. doi: 10.1002/anie.201102834

Tang, Y. W., Schmitz, J. E., Persing, D. H., and Stratton, C. W. (2020). The laboratory diagnosis of COVID-19 infection: current issues and challenges. J. Clin. Microbiol. 58:e00512-20. doi: 10.1128/JCM.00512-20

Tian, X., Li, C., Huang, A., Xia, S., Lu, S., Shi, Z., et al. (2020). Potent binding of 2019 novel coronavirus spike protein by a SARS coronavirus-specific human monoclonal antibody. Emerg. Microb. Infect. 9, 382–385. doi: 10.1080/22221751.2020.1729069

Uddin, M., Mustafa, F., Rizvi, T. A., Loney, T., Suwaidi, H. A., Al-Marzouqi, A. H., et al. (2020). SARS-CoV-2/COVID-19: viral genomics, epidemiology, vaccines, and therapeutic interventions. Viruses 12:526. doi: 10.3390/v12050526

Udugama, B., Kadhiresan, P., Kozlowski, H. N., Malekjahani, A., Osborne, M., Li, V. Y. C., et al. (2020). Diagnosing COVID-19: the disease and tools for detection. ACS Nano 14, 3822–3835. doi: 10.1021/acsnano.0c02624

Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., McGuire, A. T., and Veesler, D. (2020). Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181, 281–292.e6. doi: 10.1016/j.cell.2020.02.058

Wang, N., Shang, J., Jiang, S., and Du, L. (2020). Subunit vaccines against emerging pathogenic human coronaviruses. Front. Microbiol. 11:298.

Wang, Y., Tai, W., Yang, J., Zhao, G., Sun, S., Tseng, C. K., et al. (2017). Receptor-binding domain of MERS-CoV with optimal immunogen dosage and immunization interval protects human transgenic mice from MERS-CoV infection. Hum. Vaccines Immunother. 13, 1615–1624. doi: 10.1080/21645515.2017.1296994

Weissman, D., Alameh, M. G., LaBranche, C. C., Edwards, R. J., Sutherland, L., Santra, S., et al. (2020). D614G spike mutation increases SARS CoV-2 susceptibility to neutralization. medRxiv [Preprint]. doi: 10.1101/2020.07.22.20159905

Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O., et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 367, 1260–1263.

Wrobel, A. G., Benton, D. J., Xu, P., Roustan, C., Martin, S. R., Rosenthal, P. B., et al. (2020). SARS-CoV-2 and bat RaTG13 spike glycoprotein structures inform on virus evolution and furin-cleavage effects. Nat. Struct. Mol. Biol. 27, 763–767. doi: 10.1038/s41594-020-0468-7

Wu, C., Liu, Y., Yang, Y., Zhang, P., Zhong, W., Wang, Y., et al. (2020). Analysis of therapeutic targets for SARS-CoV-2 and discovery of potential drugs by computational methods. Acta Pharm. Sin. B. 10, 766–788. doi: 10.1016/j.apsb.2020.02.008

Wu, S. Y., Yau, H. S., Yu, M. Y., Tsang, H. F., Chan, L. W. C., Cho, W. C. S., et al. (2020). The Diagnostic methods in the COVID-19 pandemic, today and in the future. Expert Rev. Mol. Diagn. 20, 985–993. doi: 10.1080/14737159.2020.1816171

Xia, S., Lan, Q., Su, S., Wang, X., Xu, W., Liu, Z., et al. (2020). The role of furin cleavage site in SARS-CoV-2 spike protein-mediated membrane fusion in the presence or absence of trypsin. Signal Transduct Target Ther. 5:92. doi: 10.1038/s41392-020-0184-0

Yang, X. L., Hu, B., Wang, B., Wang, M. N., Zhang, Q., Zhang, W., et al. (2016). Isolation and characterization of a novel bat coronavirus closely related to the direct progenitor of severe acute respiratory syndrome coronavirus. J. Virol. 90, 3253–3256. doi: 10.1128/jvi.02582-15

Yatoo, M. I., Hamid, Z., Parray, O. R., Wani, A. H., Ul Haq, A., Saxena, A., et al. (2020). COVID-19 - Recent advancements in identifying novel vaccine candidates and current status of upcoming SARS-CoV-2 vaccines. Hum. Vaccines Immunother. 16, 2891–2904. doi: 10.1080/21645515.2020.1788310

Yu, J., Tostanoski, P. H., Peter, L., Mercado, N. B., McMahan, K., Mahrokhian, S. H., et al. (2020). DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science 369, 806–811.

Yuan, P., Ai, P., Liu, Y., Ai, Z., Wang, Y., Cao, W., et al. (2020). Safety, tolerability, and immunogenicity of COVID-19 vaccines: a systematic review and meta-analysis. medRxiv [Preprint]. doi: 10.1101/2020.11.03.20224998

Zaki, A. M., Van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D., and Fouchier, R. A. (2012). Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N. Engl. J. Med. 367, 1814–1820. doi: 10.1056/nejmoa1211721

Zhang, C., Zheng, W., Huang, X., Bell, E. W., Zhou, X., and Zhang, Y. (2020). Protein structure and sequence reanalysis of 2019-nCoV genome refutes snakes as its intermediate host and the unique similarity between its spike protein insertions and HIV-1. J. Proteome Res. 19, 1351–1360. doi: 10.1021/acs.jproteome.0c00129

Zhang, H., Penninger, J. M., Li, Y., Zhong, N., and Slutsky, A. S. (2020). Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms and potential therapeutic target. Intensive Care Med. 46, 586–590. doi: 10.1007/s00134-020-05985-9

Zheng, M., and Song, L. (2020). Novel antibody epitopes dominate the antigenicity of spike glycoprotein in SARS-CoV-2 compared to SARS-CoV. Cell Mol. Immunol. 17, 536–538. doi: 10.1038/s41423-020-0385-z

Zheng, N., Xia, R., Yang, C., Yin, B., Li, Y., Duan, C., et al. (2009). Boosted expression of the SARS-CoV nucleocapsid protein in tobacco and its immunogenicity in mice. Vaccine 27, 5001–5007. doi: 10.1016/j.vaccine.2009.05.073

Zheng, Z., Monteil, V. M., Maurer-Stroh, S., Yew, C. W., Leong, C., Mohd-Ismail, N. K., et al. (2020). Monoclonal antibodies for the S2 subunit of spike of SARS-CoV cross-react with the newly-emerged SARS-CoV-2. Euro Surveill. 25:2000291.

Zhou, G., and Zhao, Q. (2020). Perspectives on therapeutic neutralizing antibodies against the Novel coronavirus SARS-CoV-2. Int. J. Biol. Sci. 16, 1718–1723. doi: 10.7150/ijbs.45123

Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

Zhou, Y., Hou, Y., Shen, J., Huang, Y., Martin, W., and Cheng, F. (2020). Network-based drug repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2. Cell Discov. 6, 1–8.

Zhu, F. C., Guan, X. H., Li, Y. H., Huang, J. Y., Jiang, T., Hou, L. H., et al. (2020a). Immunogenicity and safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or older: a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 396, 479–488. doi: 10.1016/S0140-6736(20)31605-6

Zhu, F. C., Li, Y. H., Guan, X. H., Hou, L. H., Wang, W. J., Li, J. X., et al. (2020b). Safety, tolerability, and immunogenicity of a recombinant adenovirus type-5 vectored COVID-19 vaccine: a dose-escalation, open-label, non-randomised, first-in-human trial. Lancet 395, 1845–1854. doi: 10.1016/S0140-6736(20)31208-3

Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., et al. (2020c). A novel coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 382, 727–733.

Zhu, X., Liu, Q., Du, L., Lu, L., and Jiang, S. (2013). Receptor-binding domain as a target for developing SARS vaccines. J. Thoracic Dis. 5(Suppl. 2):S142.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Malik, Kumar, Ansari, Hemida, El Zowalaty, Abdel-Moneim, Ganesh, Salajegheh, Natesan, Sircar, Safdar, Vinodhkumar, Duarte, Patel, Klein, Rahimi and Dhama. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		ORIGINAL RESEARCH
published: 17 August 2021
doi: 10.3389/fmolb.2021.637124


[image: image2]
Computational Studies on T2Rs Agonist-Based Anti–COVID-19 Drug Design
Premnath Dhanaraj1*, Indiraleka Muthiah2, Mahtabin Rodela Rozbu3, Samiha Nuzhat3 and Mosae Selvakumar Paulraj3
1Department of Biotechnology, School of Agriculture and Biosciences, Karunya Institute of Technology and Science (Deemed to be University), Coimbatore, India
2Department of Biotechnology, Mepco Schlenk Engineering College, Sivakasi, India
3Department of Science and Math Program, Asian University for Women, Chittagong, Bangladesh
Edited by:
Munir Al-Zeer, Technical University of Berlin, Germany
Reviewed by:
Naina Arora, Indian Institute of Technology Mandi, India
Oscar Herrera-Calderon, Universidad Nacional Mayor de San Marcos, Peru
* Correspondence: Premnath Dhanaraj, prems.bioinfo@gmail.com
Specialty section: This article was submitted to Molecular Diagnostics and Therapeutics, a section of the journal Frontiers in Molecular Biosciences
Received: 02 December 2020
Accepted: 02 July 2021
Published: 17 August 2021
Citation: Dhanaraj P, Muthiah I, Rozbu MR, Nuzhat S and Paulraj MS (2021) Computational Studies on T2Rs Agonist-Based Anti–COVID-19 Drug Design. Front. Mol. Biosci. 8:637124. doi: 10.3389/fmolb.2021.637124

The expeditious and world pandemic viral disease of new coronavirus (SARS-CoV-2) has formed a prompt urgency to discover auspicious target-based ligand for the treatment of COVID-19. Symptoms of novel coronavirus disease (COVID-19) typically include dry cough, fever, and shortness of breath. Recent studies on many COVID-19 patients in Italy and the United Kingdom found increasing anosmia and ageusia among the COVID-19-infected patients. SARS-CoV-2 possibly infects neurons in the nasal passage and disrupts the senses of smell and taste, like other coronaviruses, such as SARS-CoV and MERS-CoV that could target the central nervous system. Developing a drug based on the T2Rs might be of better understanding and worth finding better molecules to act against COVID-19. In this research, we have taken a taste receptor agonist molecule to find a better core molecule that may act as the best resource to design a drug or corresponding derivatives. Based on the computational docking studies, the antibiotic tobramycin showed the best interaction against 6LU7 COVID-19 main protease. Aromatic carbonyl functional groups of the molecule established intermolecular hydrogen bonding interaction with GLN189 amino acid and it showed the two strongest carbonyl interactions with receptor protein resulting in a glide score of −11.159. To conclude, depending on the molecular recognition of the GPCR proteins, the agonist molecule can be recognized to represent the cell secondary mechanism; thus, it provides enough confidence to design a suitable molecule based on the tobramycin drug.
Keywords: coronavirus (COVID−19), molecular docking, T2Rs agonist, drug design, spike (S) glycoprotein
INTRODUCTION
A new strain of single-stranded RNA virus, belonging to the Coronoviridae family, brought the world to a halt, presenting 2020 with the coronavirus pandemic. HCoV-229E, HCoV-OC43, SARS-CoV or SARS-CoV-1, SARS-CoV-2, MERS-CoV (Middle East respiratory syndrome coronavirus), HCoV-NL63, and HCoV-HKU1 are seven members known (to date) to be part of the coronavirus family (Nichols et al., 2008; Song et al., 2019; Su S et al., 2016; Kuek and Lee, 2020). The entry receptors present in this virus vary across the members. For example, HCoV-229E utilizes human aminopeptidase N (Buzon et al., 2011; Wang et al., 2000; HCoV-OC43 utilizes either human leukocyte antigen (HLA) class I or sialic acids (Collins, 1993; Owczarek et al., 2018), SARS-CoV and SARS-CoV-2 utilize angiotensin-converting enzyme 2 (ACE2; Song Z et al., 2019; Sungnak W et al., 2020), and MERS-CoV utilizes dipeptidyl peptidase 4 (Nichols et al., 2008; Su et al., 2016; Owczarek et al., 2018; Song et al., 2019). Among the seven members, HCoV-229E and HCoV-OC43 have been widely studied, known to cause mild flu-like symptoms, unlike the pathogenic SARS-CoV, SARS-CoV-2, and MERS-CoV strains that can induce serious respiratory distress and pneumonia and be fatal (Su S et al., 2016; Song Z et al., 2019; Mason, 2020 ). In most of the patients affected with the virus of Coronaviridae family, the sensory neurons in their nasal passage are affected, resulting in loss of smell and taste that demonstrates to be a hallmark symptom for COVID-19. Other common symptoms of COVID-19 infection include respiratory dysfunctions, fever, aches, tiredness, and coughing so on (Ul Qamar et al., 2020).
However, studies have already demonstrated that bitter taste receptors have a significant correlation with COVID-19 infection (Margulis et al., 2020). Barham et al. (2020) argue that SARS-CoV-2 is the most responsible strain of Coronaviridae that spiked the global pandemic of 2019–2020. This virus is highly pathogenic for which, despite the urgency, a prompt, safe, and effective drug development against this virus has become quite difficult (El Zowalaty and Järhult, 2020; Zu et al., 2020). Now, novel approaches for the design and discovery of drugs are being utilized to find efficient therapeutic drug candidates for COVID-19. Molecular docking is a promising tool for drug discovery and development that studies the interaction of ligand (drug) molecules inside the binding pocket of a target protein (receptor) (Narkhede et al., 2020; Yu et al., 2020). Molecular docking, a structure-based drug design approach, can help to identify the essential amino acid interactions between the selected protein and generated ligands with low energy conformation (Carlesso et al., 2019; Shah et al., 2020). Shah et al. (2020) has observed significant docking potentials in between bitter taste receptors and SARS-CoV-2. Specific transduction mechanisms are usually involved with corresponding senses of different types of tastes. In the case of bitter taste receptors expressing in the presence of type 2 family genes of different taste receptors, G-protein–coupled receptors (GPCR) bind with water-soluble molecules (Andres-Barquin and Conte, 2004). The bitter taste receptors, known as T2Rs, assure innate immunity mostly for ciliated sinonasal epithelial cells present in the first layer of upper airway immunity that interacts with SARS-CoV-2 causing the breakdown of immune responses (Maina et al., 2018; Aoe, 2020). Here, GPCR works as the primary receptor of bitter taste receptors (T2Rs). Spontaneous molecular docking potential in between these two complexes works as an influencing factor in this regard. In this regard, the concept of agonistic and antagonistic molecules is relevant. Here, the potential drug should agonist with the receptor protein to assure suitable ligand binding.
Unfortunately, drug designing and drug development initiatives to fight against COVID-19 involves several challenges. Despite the urgency of effective drug designing, the processes involved in this regard are quite lengthy and complicated. Frequent mutation in the viral genome is one of the major challenges in such drug designing. The pace at which the SARS-CoV-2 is mutating cannot be made sense by concurrent scientific understanding (Callaway, 2020). Such mutations often cause inefficacy of the universally designed drugs for COVID-19. Unfortunately, this virus is mutating to adopt a more contagious form making it more widespread compared to the initially detected types of the virus (University of Texas at Austin, 2020), which requires speedier innovations of drugs to stop the spread of the virus. Additionally, the scientific procedure for the market launching of a drug is quite lengthy and complicated for which even if several laboratories have predicted potential antiviral drugs for COVID-19, its validity testing and approval require a good amount of time. Besides, since the potentially designed drugs for COVID-19 might have several different side effects, the clinical trials of these drugs are permitted limitedly to minimize unprecedented adverse effects (Shi et al., 2020). Thus, drug designing and drug development procedure associated with this certain virus is yet a complex task.
However, considering the corresponding drug development-related challenges and association of bitter taste receptors with SARS-CoV-2, this study aims to predict a suitable structure for a drug molecule that may have suitable molecular recognition with GPCR proteins.
MATERIALS AND METHODS
The study used Schrödinger docking software to seek core molecules that can efficiently inhibit the pathway of COVID-19 pathogen as it invades cellular membranes, spreading within the body. For T2R, a mechanism that was experimentally validated was used (Liu, K et al., 2018). The docking interaction of T2R agonist along with 6LU7 (COVID-19 main protease in complex with an inhibitor N3, chain A) served as docking control for this study. The 6LU7 viral protein structure was taken from the PDB database. The quality of the model was checked using the Ramachandran plot for residues in favorable and allowed regions (Figure 1). The grid area around the extracellular site of the receptor was generated (x = 37A, y = 62A, and z = 59A) for ligand docking. The 2-dimensional (2D) chemical structures of tobramycin, azithromycin, structure-2D (3,371), C4-HSL, NHQ (2-N-3HQ), 3-oxo-C12-HSL, cromolyn, diphenhydramine, levofloxacin, C8-HSL, and quinine were obtained from the PubChem database, with their 3D structures optimized using the LigPrep module in Schrodinger. During the ligand optimization process using molecular mechanics, biochemical properties of the selective ligands were optimized. The particular drugs were chosen based on their bitterness score performed by previous studies on T2R using the E-tongue analysis and other pharmacological characterization (Jaggupilli et al, 2019). The ligands were docked onto spike protein structure using the Glide module, SP, and XP. Stable structural molecules were determined by observing the glide score produced by the computational docking, and the best poses were selected. Glide scores with greater negative values were significantly considered that suggested the potential structure. The research observed the molecular dynamics and interaction of T2Rs agonists drug molecules (Premnath et al., 2015) with surface spike proteins in COVID-19. The simulated complex of ligand and spike proteins was analyzed to study the biomolecular interactions with chemical bondings such as hydrogen bonding and hydrophobic bonding and the binding affinity of the receptor. Schrodinger’s PyMOL visualizer was chosen to generate quality images (Muthiah I et al.,2020).
[image: Figure 1]FIGURE 1 | 6LU7 optimized protein structure using Ramachandran plot.
RESULTS AND DISCUSSION
Neutrophils, monocytes, and lymphocytes can express bitter taste receptors (T2Rs), being involved in immune response (Maurer et al., 2015; Gaida et al., 2016; Sharma et al., 2017; Jaggupilli et al., 2019), and was observed to show decreased features of asthma in mural studies (Sharma et al., 2017; Jaggupilli et al., 2019). Studies have shown the particular antibiotic treatment to reduce inflammation by activating T2Rs, for certain diseases affecting airways (Jaggupilli et al., 2019). This research, therefore, studied the docking traits for theT2Rs agonist drugs/compounds of tobramycin, azithromycin, structure-2D (3,371), C4-HSL, NHQ (2-N-3HQ), HHQ, 3-oxo-C12-HSL, cromolyn, diphenhydramine, levofloxacin, C8-HSL, and quinine in order to facilitate a suggestive molecular structure to inhibit the rapid spread of COVID-19 pathogen. Successful docking of all the ligands revealed significant binding with the target protease. The results revealed strong interactions between the potential drug candidates against the T2R agonists, where tobramycin had the highest glide score of −11.159, followed by azithromycin and structure-2D (3,371). The drug quinine was observed to have the least docking score of −4.04 (Table 1), denoting the weakest docking potential. Here, Table 1 illustrates the docking molecules along with their corresponding structures for intermolecular docking, docking score, and glide score. Understanding the docking score and glide score is necessary to assure rapid, accurate, and sophisticated docking potential measurements with binding moiety (Figure 2, Figure 3) (Friesner et al., 2004).
TABLE 1 | Molecular interaction characterization showing the docking score of T2Rs agonist onto the COVID-19 virus spike protein structure.
[image: Table 1][image: Figure 2]FIGURE 2 | Molecular interaction of ligands with 6LU7.
[image: Figure 3]FIGURE 3 | Active binding sites of 6LU7.
Analysis revealed that among all the different molecules, tobramycin has strong interactions between the aromatic carbonyl functional groups and GLN189 amino acid. Two strong carbonyl interactions with receptor protein had a glide score of −11.159, making the drug tobramycin a potential model to design drug molecules or create drug derivatives. The drug azithromycin demonstrated two side chain bonding (between aromatic carbonyl groups and LEU141 and GLY143), along with the presence of a hydrogen bond (GLU166 and carbonyl group) (Figure 2). The docking result hence suggested that the binding energy from the docking of 6LU7 with the ligands tobramycin and azithromycin was significant compared to the other ligand molecules, with a docking score of −6.159 KJ/mol and −6.146 KJ/mol, respectively (Table 1). The docking results, thus, suggested that the drug molecule tobramycin had a greater capability to inhibit SARS-CoV-2 since it demonstrated high-affinity interaction with the T2R agonist molecule, similar to the docking interaction between T2R and 6LU7 COVID-19 protease. The results also indicated the presence of six side-chain bondings for tobramycin (Table 1), where the intermolecular hydrogen bonding was observed between amino acid GLN189 and aromatic carbonyl groups, alongside other strong carbonyl interactions. Such intermolecular bonding enables the drug–ligand interaction to be particularly stable, relative to the other docked complexes. This is how in the case of tobramycin a stronger interaction is caused due to a higher number of hydrogen bonds which is not alike for other molecules. For instance, the molecule NHQ (2-N-3HQ) consists of one hydrogen bonding interaction as side chain bonding between GLY143 and the aromatic carbonyl groups (Figure 2). The major interaction of the drug quinine was characterized to have one side chain interaction with HIS164 and hence had the least potent docking and glide score (Table 1).
Other drugs and molecular complexes tested, such as diphenhydramine, levofloxacin, HHQ, 3-oxo-C12-HSL, cromolyn, and C8-HSL, respectively, also contained side chain, backbone, and hydrogen bonding interactions. However, the total number of bonding interactions was relatively less than that in tobramycin. Although the drugs had the same binding pocket with different secondary interactions depending on their orientation, the drug tobramycin is speculated to be promising to design a molecule based on its structure. Azithromycin, levofloxacin, C4-HSL, and structure-2D also showed prominent binding interaction with T2R agonist, which accounted to study the number of hit molecules, perform virtual screening, and optimize lead compounds. Studying the docking properties and drug’s molecular dynamics, based on the interactions of the taste receptor and spike protein, upon modifying the complex (the drug–ligand interaction) the pathway where COVID-19 invades adjacent host cells, via cytoplasmic membranes, can be altered and prevent the spread of the virus.
CONCLUSION
The docking results yielded various interactions with the T2Rs agonist molecules, where some ligands were more favorable than others. The drug, tobramycin, had the highest affinity for T2Rs, followed by azithromycin. Depending on the molecular recognition, the GPCR proteins are highly recognized as the agonist molecule to represent the cell secondary mechanism to give confidence in designing a new derivative of the tobramycin drug, to biochemically inhibit the prominent spread of COVID-19.
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29.
30.
Standard drugs
3t.
32

Compound name

Vitamin E acetate

Methyl gamme-linolenate

Cionasterol

Juniper camphor

Ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate

Bicyclo[3.3. 1]nonane-2,4-dione, 9,9-dimethoxy-

apha.-Amyrin

Moretenone

6-Methoxy-2,5,8-trimethyl 2-(4,8,12trimethylridecyl) 3,4-dihycrochromene
Betulinaldehyde

Bicyclol4.3.0lnonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonylimethyl
Tert-Butyl(5-isopropyl-2-methylphenoxy)dimethylsiiane

Beheny! behenate

Ergost-5-en-3-0l, (3.beta..24R)-

Erucic acid

Glycenyl palmitate

Methyl heneicosanoate

Methyl paimitate

Ethyl inoleate

1,3-Dihydroxypropan-2-yl (9E,12E,15E)-octadeca 9,12,15-triencate
Palmitic acid

Stearic acid

Glyceryl monostearate

Olean-12-en-3-0l, acetate, (3.beta)-

Methyl pentadecanoate

Phytol

Tridecanedial

Trilinolein

Methy! n-undecanoate

Vitamin £

Neffinavir
Lopinavir

Biological activity prediction

Protease inhibitor

0.22
0.03
0.07
-0.70
-0.98
-0.67
0.19
0.00
0.19
0.20
0.30
0.53
0.45
0.01
0.18
0.13
0.06
-0.13
0.08
0.20
-0.04
0.06
0.15
0.06
-0.20
0.00
-017
-2.33
-0.56
0.28

0.58
0.42

Enzyme inhibitor

0.16
0.23
0.51
0.29
-0.12
-0.12
0.60
0.37
0.13
0.53
027
1.03
-0.06
0.50
0.23
0.24
0.04
0.04
0.18
0.43
0.18
0.20
0.22
0.48
0.01
0.31
o1
-3.17
-047
0.24

-0.02
-037
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Standard
17.

18.

Compound name

Vitamin E acetate

Juniper camphor

Ethy! 4-fluoro-1-methyl-1H-imidazole-5-carboxylate

Alpha-amyrin

6-Methoxy-2,6,8-trimethyl 2-(4,8,12trimethyltridecyl) 3.4-dihydrochromene

Betulinaldehyde

Bicyclo[4.3.0nonane, 1 isopropenyl-4,5-dimethyl-5-phenylsulfonyimethyl

Glyceryl palmitate
Methyl paimitate
Palmitic acid

Stearic acid

Olean-12-en-3-o, acetate, (3.beta)-

Methyl pentadecanoate

Tridecanedial
Methyl n-undecanoate

Vitamin E

Neffinavir

Lopinavir

Hydrogen bond interaction

MET 165

CYS 44

GLN 189

CYS 145

SER 46
SER 46

GLN 189
GLN 192
THR 190
THR 190
THR 26

CYS 44
GLN 192

HIS 41
GLU 166

GLN 189
GLU 166
CYS 141
THR 26

Hydrophobic bond interaction

HISa1 (Pi-Alky)
HIS41 (Pi-Alky)
TYR 54 (Pi-Alky))
CYS 44 (Alky)
MET 49 (Alkyl)
Met 165 (Alkyl)
PRO 168 (Aky)
PRO 168 (Alkyl)
MET 49 (Alkyl)
MET 165 (Aky)
PRO 168 (Alkyl)
HIS 41 (Pi-Alky)
ASP 147 (Carbon)
HIS 41 (Carbon)
ASP 187 (Fluorine)
MET 165 (Pi-Sulfur)
MET 49 (Akyl)
HIS 41 (Pi-Pi-T-Shaped)
ARG (Amide-Pi-Stacked)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
CYS 141 (Alky))
CYS 141 (Aky)
CYS 44 (Alky)
MET 165 (Alky)
MET 49 (Aky))
MET 49 (Aky)
MET 49 (Alkyl)
CYS 145 (P-Alky)
CYS 145 (P-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
THR 24 (Carbon)
CYS 145 (Aky)
MET 165 (Alky)
MET 49 (Akyl)
MET 49 (Alkyl)
MET 49 (Alkyl)
CYS 41 (Alky)
HIS 41 (Pi-Aky)
MET 49 (Alkyl)
MET 49 (Alkyl)
MET 165 (Aky)
MET 165 (Aky)
CYS 44 (Alky)
CYS 44 (Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
MET 43 (Akyl)
MET 165 (Alky)
MET 165 (Aky)
HIS 41 (Alkyl)
THR 145 (Carbon)
CYS 44 (Alky)
MET 49 (Alkyl)
GLN 189 (Carbon)
THR 190 (Acceptor-Acceptor)
MET 165 (Alky)
MET 165 (Aky)
MET 165 (Aky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Alky)
HIS 41 (Pi-Sigma)
MET 49 (Alkyl)
MET 49 (Akyl)
THR 25 (Carbon)
THR 26 (Carbon)
MET 49 (Alkyl)
MET 165 (Alky)
LEU 167 (Aky)
PRO 168 (Aky)
CYS 44 (Alky)
CYS 44 (Carbon)
GYS 44 (Carbon)
THR 190 (Acceptor-Acceptor)

HIS 41 (Pi-Alky)
PRO 168 (Carbon)
CYS 44 (Alky)
MET 49 (Alkyl)
MET 49 (Alkyl)
MET 165 (Aky)
MET 165 (Alky)
LEU 167 (Aky)
PRO 168 (Alkyl)
PRO 168 (Alky)

CYS 44 (Pi-Sulfur)

CYS 145 (Pi-Sulfu)

MET 49 (Pi-Sulfur)

MET 165 (Amide-Pi-Stacked)
HIS 41 (Pi-Alkyl)

GLU 166 (Garbon)

PRO 168 (Pi-Sigma)

PRO 168 (Aky)

HIS 41 (Pi-Alkyl)

HIS 41 (Pi-Alkyl)

HIS 41 (Pi-Pi-T Shaped)
GLN 189 (Amide-Pi-Stacked)
MET 165 (P-Sulfur)

MET 49 (Pi-Sulfur)

CYS 145 (Pi-Sulfur)
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S/L No ‘Compound name Docking score

1 Vitarmin E acetate 2846
2 Juniper camphor -6.06
3 Ethyl 4-fluoro-1-methyi-1H-imidazole-5-carboxylate 5558
4 Alpha-amyrin -5.366
5 6-Methoxy-2,5,8-trimethyl 2-(4,8, 12trimethyltridecy) 3,4-dihydrochromene 2506
6 Betuinaldehyde -5.195
7. Bicyclo[4.3.0Jnonane, 1 isopropenyl-4,5-dimethyl-5-phenyisuifonylmethyl -5.808
8. Glyceryl palmitate -1.141
) Methyl paimitate 0433
10. Palmitic acid 1.479
. Stearic acid 1039
12 Olean-12-en-3-0l, acetate, (3 beta)- 5388
13, Methyl pentadecanoate 0.806
14 Tridecanedial 0557
15. Methyl n-undecanoate 1689
16. Vitamin E -4.295

Bold text indlicates the best docking scores.
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Ligand name

Vitamin E acetate

Methyl gamma-linolenate

Clionasterol

Juniper camphor

Ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate
Bicyclo[3.3.jnonane-2,4-dione, 9,9-cimethoxy-

Alpha-amyrin

Moretenone

6-Methoxy-2,5,8-trimethyl 2-(4,8,12trimethyltridecyl) 3,4-dihydrochromene
Betuinaldehyde

Bicyclo[4.3.0Jnonane, 1 isopropenyl-4,5-dimethyl-5-phenylsutfonyimethyl
Tert-Buty(5-isopropyl-2-methylphenoxy)dimethylsiane

Behenyl behenate

Ergost-5-en-3-0l, (3 beta. 24R)-

Erucic acid

Glyceryl paimitate

Methyl heneicosanoate

Methy! palmitate

Ethyl linoleate

1,3-Dihydroxypropan-2-yl (9E,12E,15E)-octadeca 9,12,15-trienoate
Palmitic acid

Stearic acid

Glyceryl monostearate

Olean-12-en-3-0l, acetate, (3beta)-

Methyl pentadecanoate

Phytol

Tridecanedial

Triinolein

Methyl n-undecanoate

Vitamin £

RT. retention time; PA, peak area.

PubChem ID

86472
6439889
457801
521214
534521
537288
73170
604937
91745229
99615
595772
13581204
87221
6428659
5281116
14900
22434
8181
5282184
5367459
985
5281
24699
91746489
23518
5280435
544162
5322095
15607
14985

RT

5.484

8.260

8.896

10.365
10.986
11.912
12.567
13.501
13.498
13.498
14.537
14.944
15.286
15.396
15.529
16.255
17.911
20.222
23.559
23.859
28.392
29.669
31.579
32.070
32.964
32.955
32.955
34.725
37.086
46.574

Area

141144
82780
74665
25746
48498

1033136
2080749
48457
1965818
16200780
2040263
2040263
764334
10966065
18155714
1619813
836896
5680997
2820957
3420491
10583756
251160
19077699
2343815
2871616
42471
10763524
29317862
7849076
2820957

% PA

0.090494615
0.063074479
0.047871538
0.016507073
0.031094541
0.6623961656
1.334074273
0.031068253
1.260386149
10.38714607
1.308116634
1.308116634
0.490053498
7.030903388
11.64055393
1.038544702
0.536576696
3.642376828
1.808659362
2193051177
6.785785595
0.161031482
12.23168553
1.502739298
1.84113943
0.027230324
6.901044026
18.79717613
5032442817
1.808659362
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Candidate vaccine Composition Mode of action Dose Clinical trial Country and

(NCTID) (volunteers) company/institute/
organization
mRNA-1273 SARS-CoV-28 Immune response 50 ug Phase | (105) Moderna, NIAID,
(NCT04283461, protein encoded against Cov-2$ protein Phase Il (600) Biomedical Advanced
NCT04405076) mRNA in lipid Research and
nanoparticle Development Authority
SCB-2019 CoV-2§ proteins Antibodies against 3and30pgatdays  Phasel (150) Clover
(NCT04405908) trimer produced by CoV-2 to prevent 1and 22, Biopharmaceuticals
mammalian cell binding and infection respectively
culture
NVX-CoV2373 Insect cells Antigen presentation in 25pgatdaystand  Phasel (131) Novavax
(NCT04368988, infections to express  the local lymph nodes 22
EudraCT2020-004123- GoV-2§ protein.
16)
CoronaVac Inactivated Diverse immune 300 SU/mi antigen Phase | (216) Sinovac Biotech Go.
(NCT04352608, SARS-CoV-2 response against at days 12and 29 Phase Il (950)
NCT04383574) numerous viral antigens
Ad5-nCoV Replication inactive Antibodies production 1 mlinjection in the Phase | (108) CanSino Biologics,
(NCT04313127, adenovirus against CoV-2'S protein. deltoid muscle at Phase /I (696) Institute of Biotechnology,
NCT04341389, day 1(1 x 10" vp) Phase Il (508) Academy of Miltary
NCT04398147, Medical Sciences, China
ChiCTR2000031781,
ChiCTR2000030906)
ChAdOX1 nCoV-19 Attenuated Endogenous antibodies Asingle dose of 5 x Phase I/l (1,090) Consortium of the Jenner
(NCT04324606, adenovirus protection against 107 vp Phase IVl Institute, Oxford
NCT04400838, EudraCT SARS-CoV-2 (10,260) Biomedical Research
2020-001072-15, Genter, University of
EudraCT Oxford
2020-001228-32)
Bacille Calmette-Guérin Live attenuated Immune responses 2-8 x 10° CFU Phase Ill(18,798) University Medical Center
(NCT04387409 and Mycobacterium against M. tuberculosis injection in 0.1 ml Phase IV (2,800) Utrecht, Radboud
another 13) bovis infection suspension University and other
organizations.
Measles, mumps, and Live-attenuated Cross reaction with 0.5ml Phase lll (200) Gairo University Hospital
rubella (MMR) measles, mumps, SARS-CoV-2 Gairo, Egypt
(NCT04357028) and rubella virus
INO-4800 DNA plasmid that T cells, B cells, and 1.0mg ID injection Phase | (40) Inovio Pharmaceuticals.
(NCT04336410) encodes S protein encoded proteins at day 0 and week 4
antigens of CoV-2 production
AV-COVID-19 DC and GM-CSF Non-mentioned 1 antigen Phase /I (180) Avita Biomedical, Inc.
(NCT04386252) from blood with/without 500 g
monocytes GM-CSF
Covid-19/aAPC Lentivirus modified Priming T lymphocytes Three subcutaneous  Phase | (100) Shenzhen Geno-immune
(NCT04299724) DG, immune against CoV-2 injections 5 x 108 Medical Institute
modulatory genes, cells Shenzhen, Guangdong,
and Cov-2 China
minigenes
LV-SMENP-DC DC modification with ~ Priming T lymphocytes 5 x 10 cells Phase Il (100) Shenzhen Geno-immune
(NCT04276896) lentivirus vectors to against CoV-2 (subcutaneous) and Medical Institute
express SMENP antigen specific 1 x Shenzhen, Guangdong,
108 CTLs (V China
infusion)

S, Spike; SU, subunit; vp, vaccine particle; ID, intradermal; DC, dendiitic cell: GM-CSF, granulocyte-macrophage colony-stimulating factor; SMENF, Shenzhen Minigene Engineered-NP;
IV, intravenous; CTLs, cytotoxic T lymphocyte.
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Drug

Remdesivir or
placebo

Remdesivir

Remdesivir

Hydroxychloroquine
(HCQ) sulfate +
Adithromycin (AZ)
HCQ +AZ

Chloroquine (CQ)
phosphate +
Lopinavir/ritonavir

cQ+

Lopinavir/ritonavir

Favipiravir

Favipiravir

IFN-o

Ribavirin + IFN-B1b
or Lopinavir/itonavir

Arbidol
Arbidol (Urnifenovir)
Tocilizumab

Nafamostat

Dosage

200mg on day 1 followed by
100mg daily for 9 more days
200mg on day 1 followed by
100mg daily for 9 more days

100mg at every 24 h for 9 days

200mg HCQ thrice daily, with AZ
(500mg dally on day 1,250mg
on days 2-6), 10 days

200mg HCQ for 10 days with 5
days of AZ (500mg daily on day
1,250 mg on day 2-5), 10 days
500mg of CQ, 400 mg/100
mg/capsule of lopinavir/ritonavir
twice daily for 10 days

500 mg CQ with 400/100 mg of
lopinavir/ ritonavir, twice daly, 10
days

1,600mg twice in day 1 followed
by 600mg twice daily for days
2-10

1,600mg twice in day 1 followed
by 600mg twice daily for days
2-14

5 million units (U) + 2ml sterile
water for injection, twice daly, 10
days

400mg ribavirin at every 12h, 8
million IU of IFN-B1b on alternate
days, or 400 mg lopinavir and
100mg ritonavir at every 12h, 14
days

200mg, thrice daily, 10 days
200mg, thrice daily, 10 days
400mg diluted with 100 ml 0.9%
normal saline, twice daily, 10
days

200mg; 24 h continuously with
acetaminophen

Mode of
administration
Intravenous
Intravenous
Intravenous
Oral

Oral

Oral

Oral

Oral

Oral

Vapor inhalation

Subcutaneous
injection, via
nasogastric tube

Oral
Oral
Intravenous

Trial
phase

N/A

Result/outcome

Shortened recovery time
No associated mortality
Improved breathing and
clinical conditions

Improved breathing

Became stable at room air
Reduce viral carriage

Effect reinforced by addition
of AZ

Low proportion of adverse
events of patients with

mild symptoms

Quick discharge from hospital
Few adverse events

Achieved lung clearance
Became SARS-CoV-2 negative
after 2 days

Relieved pyrexia and cough
Raised uric acid in serum

Shortened viral
clearance duration

Not mentioned

Better virological and clinical
condition
No serious adverse events

Not mentioned
Relieved pyrexia and cough
Body temperature returned to
normal

Relieved clinical symptoms
CRP level decreased
SARS-CoV-2 negative

References
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Targets for
SARS-CoV-2

Main Protease

Spike
Glycoprotein

Nucleocapsid
protein

RNA-dependent
RNA Polymerase

Envelope Protein
2-o-ribose-
methyliransferase

IL8, IL2, IL10,
CASPS, IFNAT
Angiotensin-
Converting
Enzyme 2

Suggested drug

3-Phenyllactic Acid, Chrysin, Caffeic Acid, Galangin, Lumichrome
Caffeic Acid Phenylethyl Ester (Cape)

Abtds0, Asunaprevir, Azidothimidine, Cgp42112A, Faldaprevir,
Galidesivir, Marboran/Methisazone, Mericitabine, Nsc306711
(Ferristatin I, Ravidasvir, Simeprevir, Uprifosbuvir, Vedroprevir

Barictinib, Daclatasvir, Sofosbuvir
Danoprevir

Amprenavir, Delavirdine, Didanosine, Efavirenz, Elbasvir, ENitegravir,
Entecavir, Famciclovir, Grazoprevir

Aloe-Emodin, Withanolide D
Enoxacin, Withaferin

Rhein

Artemisinin, Quinine
Mepacrine

Phomarin, Proguanil

Betulinic Acid, Coumaroyltyramine, Cryptotanshinone,
Desmethoxyreserpine, Dihomo-C-Linolenic Acid, Kaempferol,
Moupinamide, N-Cis-Feruloyltyramine, Sugiol, Tanshinone lia

Lignan, Quercetin

Birinapant, Leupeptin Hemisulphate, Lypression, Pepstatin A
Octreotide

Dpnh (Nadh), Flavin Adenine Dinucleotide (Fad) Adeflavin
Bortezomib, Cangrelor, Carfizomib

Camphor, Melatonin

Carvedilol, Dactinomycin, Irbesartan, Mercaptopurine, Paroxetine,
Oxymetholone, Toremifene

Colchicine, Eplerenone, Sirolimus
Emodin, Equilin, Mesalazine, Quinacrine
Chloroquine

Cobicistat
Cyanidin, Daidzein, Genistein, Phycocyanobilin,

Riboflavin

Darunavir

Elbasvir

Fluvastatin

Hydroxychloroquine

Indinavir

Lopinavir

Lovastatin

Lumichrome
Amprenavir

Zinc000000702323, Zinc000012481889, ZincO00015988935,
Zinc000103558522, Talampicillin

Lurasidone, Rubitecan
Tmprss2
Nelfinavir

Oseltamivir

Pitavastatin
Reltegravir

Remdesivir

Rifampicin
Ritonavir

Rosuvastatin

Saquinayir

Telaprevir
Tenofovir
Zanamivir

Alafenamide, Aprotinin, Artesunate, Bedaquiine, Cefpiramide,
Desmopressin, Erythromycin, Fostamatinib, Hydroxychioroquine

Amyrin, Loniflavone, Phillyrin, Proanthooyanidin, Procyanidin,
Punicalagin, Sericoside, Strictinin, Tirucalina

Everolimus
Nystatin, Paritaprevir, Simeprevir
Rutin

Apigenin, Curcumin, Fisetin, Genistein, Isorhamnetin, Kamferol,
Luteolin, Pterostilbene, Quercetin, Resveratrol

Cangrelor

Coenzyme A, Dpnh (Nadh), Flavin Adenine Dinucieotide (Fad)
Adeflavin, lomeprol

Dihydrotanshinonei
Grazoprevir

Ivermectin

Teniposide
Velpatasvir, Ledipasvir
Rifabutin

Saikosaponins U, Saikosaponins V
Conivaptan, Ergotamine, Rifabutin

Dihydroergotamine, Eribulin, Natamycin, Nystatin, Rifapentine,
Valrubicin

Euphol, Forsythiaside, llexsaponinb, llexsaponinb3, Procyanidin,
Punicalagin, Sericoside, Strictinin, Tirucalina,

o218
Neffinavir (Viracept)
Olaparib
Venetoclax

Zinc0000146942, ZincO0003118440
Cefuroxime

Galidesivir, dx-184, Setrobuvir, Yak
Hydroxychloroquine, Sofosbuvir, Tenofovir
Favipiravir

Remdesivir
Ribavirin

Silybin (Silybum marianum), Withaferin
Belachinal, Macaflavanone E, Vibsanol B

3,4,-Dicaffeoylquinic Acid, 3,5-Dicaffeoylquinic Acid, 4.5,
Dicaffeylquinic Acid, Procyanidin, Punicalagin, Strictinin, Tirucalina,
Tingeninb, Loniflavone

Dihydroergotamine, Paritaprevir, Venetoclax, Tenoposide
Ergotamine, Ivermectin, Nilotinib, Posaconazole, Telithromycin
Rutin

Lumacattor

Hydroxychloroquine, Ribavirin

Isothymol

In silico
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sr.No.  Name Volume QPlogs ~ QPIogHERG ~ QPPCaco QPlogBB %HOA

1 Procyanidin A3 3,399.108 0 —12.4 0

2 Acetoside 0.651 5723 0

8 Rutin 0.368 529

4 Solanine 2,316,323 20028 =T 10.072

5 Procyanidin A4 6 0692 4651 0

6 Procyanidin B4 1898 3749 0

7 Hypericin 11926

8 Quercetagetin 4894 9.181 -

9 Procyanidin 0476 4956 0

10 Astragaiin 11208 15.249

1 Epitheafiavin monogalate 0.137 567 0

12 Procyanidin B2 3819 3328 2,066

18 Quercitrn 7312 -3.14 18152

14 Theaflavin 8,3 ligallte 0014 7218 0

15 Procyanidin At 1974 4051 0

Limit as per Gikprop module of Schrédinger 500-2000  -65005  Above-5 <25 poor, ~3t012 < 25 poor,
> 500 great > 80 high

2QPPCaco, caco-2 cell permeabilty in nm/s; QPIogBB, brain/blood partition coefficient; QPIogHERG, Predicted ICso value for blockage of HERG K+ channels; QPlogS, predicted

aqueous solut

% HOA, human oral absorption on 0-100% scale; Green boxes indicate the value that falls under the permissible limit.
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Comp. Name PubChem ID ‘Chemical structure Docking score Glide emodel

No. against Mpro (kcal/mol) (keal/mol)
(PDB ID: 6LU7)
1 Procyanidin 16129741 -12.86 -68.210
"3
2 Acstoside 5281800 —11.974 —61.801
3 Rutin 5280805 ~11.187 -95.135
4 Solanine 262500 ~10.301 -81.460
5 Procyanidin 53349182 ~10.005 —66.051
A4
6 Procyanidin 147299 -9.940 -60.339
B4
OH "
7 Hypericin 3663 ~9.560 -85.277
8 Quercetagetin 5281680 o -9.407 —67.987
HO_~_0.
) o
Ho on
IRY
9 Procyanidin 107876 L o -9.209 —62.543
= on
o
o
on
Wo;%k
& dn
10 Astragalin 5282102 o o -9.120 —71.431
L0
o
o0 § A on
o, "
on
11 Procyanidin 5089889 ~9.204 —63.702
At
12 Baicalin 64982 -85818 —66.079
13 Procyanidin 122738 —8.557 —57.315
82
14 Salicin 439503 —8.448 —49.230
15 Theaflavin 135403798 w 3 -8.383 —79.414
e?.%" on
Ho’ oH L
16 Emodin-8- 99649 wo X on -8211 —67.011
glucoside o, o o o
o
3
17 Hinokiflavone 5281627 -8.130 -87.255
18 Quercitrin 5280459 -8.121 —43.916
19 Procyanidin 11182062 -8.107 ~63.108
c2
20 Indican 441564 —8.084 —40.609
21 Chebulic 71308174 -8.077 —72.474
acid
22 Amentoflavone 5281600 ~7.981 ~54.006
23 o 6419835 il ~7.956 —85.457
Gatechin Y on
gallate on 3 on
"
19
24 Fisetin 5281614 o -7.940 —53.530
" o "
on
g
25 Procyanidin 169853 ~7.814 -58.015
ct
26 o 107905 ~7.857 88,167
Epicatechin
gallate
27 Morin 5281670 ~7.631 53217
28 Garcinol 174159 ~7.551 —60.652
20 Glyoyrthizic 14982 ~7.549 ~69.351
acid
30 Sweroside 161036 —7.547 ~36.008
31 Wikstromol 99938 —7.547 -64.848
32 Baicalein 5281605 o ~7.463 —52.709
ne
oo
33 Myricetin 5281672 Lo 7311 —60.412
Ol OH
on
oo
34 Kaempferol 5280863 ~7.307 ~54.359
35 Procyanidin 124025 ~7.302 —59.071
2
36 Calystegine 385737 —7.234 —46.486
ot
a7 Chrysin 5281607 - 0 ~7.162 —48.230
)
o o
38 Geristein 5280961 7 ~7.138 -52.315
-
R

39 Arbutin 440936 Ko™ °\©\w ~7.187 —43.350
o™ on

0 Apigenin 5280443 ~7.090 —52.242
4 CGurcumin 969516 -7.077 —62.444
a2 Luteoline 5280445 ~7.071 ~56.330
43 Robinetin 5081602 —7.087 —60.290
a4 Theaflavin- 135403795 ~7.010 ~117.336
33-
digallate
4 Ipolarmiide 442425 ~6.996 ~45.556
4 - 199472 —6.847 —86.726
Gallocatechin
gallate
a7 - 73160 —6.709 —51.988
Catechin
a8 Mangiferin 5281647 —6.651 —63.973
49 Rhamnetin 5281691 —6578 ~56.659
50 Cyanidin 128861 —6.535 —63.976
51 Epitheatlavin 135626500 —6.505 ~109.923
monogallate
52 Cordifoliside 101676711 1§ —6.428 —71.467
A
on o
vo _on 5
1o A ghg
oo
?
53 Ellagic acid 5281855 Ko —6.393 —48814
Le. oH
HO' 2
54 Galanolide 1201 o —6.391 -50.372
A o
7o
=%
55 Morelloflavone 5464454 * —6.300 —72.764
N
i
o om
56 Aoe 10207 —6.220 —46.278
emodin U )
S Ao
°
57 Sutellarin 185617 on Zad —6.137 —69.299
wo,, I o~ 0
J
Ho'
. on o
58 Cordifoliside 101676208 g -6.128 ~59.081
c
o
o
? 0 O "OH
o™ Non
o
59 Cordifoliside 101676207 ~5.965 -58.814
8
on o
wo J_on o
0. 0o
0%
60 N3 - e -7.98 -118.489
(Co-crystal
ligand) &

Bold values show the top docking scores.
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Comp. No. Name PubChem ID Docking score Glide emodel
against spike glycoprotein (keal/mol)
(kcal/mol) (PDB ID: 6M0J)

4 Solanine 262500 -9.501 —65.597
2 Acetoside 5281800 -8.528 —65.024
3 Rutin 5280805 -7.911 —63.472
52 Epitheaflavin monogallate 620853 —7.524 -70.219
14 Procyanidin B2 122738 —7.428 —65.827
19 Quercitrin 5280459 —7.152 -60.829
45 Theaflavin 3,3'-digallate 135403795 —7.027 —82.725
1 Procyanidin A1 5089889 -6.836 —66.553
-] Procyanidin 107876 —-6.768 —61.772

5 Procyanidin A4 53349182 —6.690 —70.376
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Sr.No.  Name Source ‘Chemical Class Mw HBD HBA QPlogPow PSA Rule of five

(g/mol) (Violation)
1 Procyanidin A3 Vits vinifera Flavonoid 144329 25 27 -079 545.392 3
2 Acstoside Olea europaea, Verbascum  Polyphenol 9 20 171 250,637 3
phiomoides
3 Rutin Fagopyrum esculentum, Flavonoid 9 270.732 3
Eucalyptus Sps, Ruta
graveolens,
Tephrosia purpurea
4 Solanine Solanum Sps. Glycoalkaloid 86806 9 27 220.726 3
5 Procyanidin A4 Vitis vinifera Catechins 230.429 3
6 Procyanidin B4 Vit viniera Catechins 222,839 3
7 Hypericin Hypericum perforatum Dimeric anthraguinone 2
8 Quercetagetin Citrus unshiu Flavanoid 1
9 Procyanidin Vit vinifera Catechins 232723 3
10 Astragalin Al ursinum, Alium Flavanoid -0.779 2
sativum, Cassia alata,
Cuscuta chinensis,
Phytolacca americana
1 Epitheaflavin Camelia sinensis, Phenolic 300916 3
monogallate Chamonila recutita and
Mentha pepperita
12 Procyanidin B2 Vitis vinifera Catechins 223.603 3
13 Quercitrin Euphorbia hirta Flavanoid —0.57 196616 2
14 Theaflavin Camelia sinensis Polyphenol 8871 13 -1280 876573 3
3,3'-digallate
15 Procyanidin Al Vit vinifera Catechins 9 208,686
16 Gurcumin Curcuma longa Polyphenol b | 112,459 _
Limit as per Qikprop module of Schradinger 130-725 06 220 -21065  7-200

MW, molecular weight; HBA, hydrogen-bond acceptor atoms; HBD, hydrogen-bond donor atoms; QPlogPo/w, predicted octanol/water partition coefficient; PSA, polar surface area;
Green boxes indicate the value that falls under the permissible limit.
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SARS-CoV-2
target/PDB ID

S protein-ACE-
262G

MP/6LUT

Secoiridoid

Niizhenide oleoside

Oleuropein dimer

Dihydro oleeuropein
Chioroquine (reference drug)
Demethyloleuropein
Neo-niizhenide

Niizhenide

Lopinavir (reference drug)

Autodock Vina

Smina Idock

Binding energy (keal/mol)

-8.90

-8.70
-8.70
-6.70
-8.90
-8.70
-8.60
~7.80

-920 -7.60
-870 ~7.04
~7.90 ~694
~590 569
-10.20 -8.85

70 -8.46
-920 -8.11
730 -7.91
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Mw LogPom HBA HBD TPSA n/ BA Abs BBB LDso Drug

(A2 viol molikg score
Niizhenide 1058.98 305 27 12 412,57 3 07571 04694 02742 3.693 0240
oleoside
Oleuropein 1077.04 501 25 10 372.41 3 07143 04159  0.6847 3.488 0220
dimer
Dihydro- 544.55 299 12 13 201.67 3 08857 05871 02398 3.258 0340
oleuropein
Demethyl- 526.49 065 13 7 212.67 3 08143 03865 03135 3534 0359
oleuropein
Neo- 702.65 266 18 9 280.80 3 077144 08731 03406 3365 0270
niizhenide
Niizhenide 686.65 278 17 8 260.59 3 07571 03869  0.3007 2982 0270
Lopinavir 628.81 344 5 4 120.00 1 06857 09624 09104 2904 0.168

MW, molecular weight in g/mol; HBA, number of hydrogen bond acceptor groups; HBD, number of hydrogen bond donor groups; TPSA, topological polar surface area; n/viol, number
of Lipinski’s violation; BA, human oral bio-availability; Abs, human intestinal absorption; BBB, bloo brain barrier permeation; LDsg, acute toxicity in rats.
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Viruses

AV

RSV

HRV

AMPs

HNP1

HD5
hBD-2
hBD-3
Retrocyciin
LL-37
hBD-2
LL-37

HD5
LL-37

Modes of action

eAggregates 1AV and enhances neutrophi-mediated dlearance [Hartshom et al. (2006), Teck et al. (2007), Doss et . (2009)
elnhibits 1AV replcation through the inhibition of protein kinase C (PKC) in infected cells [Salvatore et al. (2007))
eAggregates IAV and enhances neutrophil-mediated clearance [Tecle et al. (2007); Doss et al. (2009)]

eBlocks viral fusion by creating a protective barrier of immobilzed surface glycoproteins [Leikina et al. (2005)]
eAggregates |AV [Doss et al. (2009)]

eCauses disruption of viral membranes (Tripathi et al. (2013))

eBlocks viral entry by destabilizing/disintegrating the viral envelope [Kota et al. (2008)]

eInhibits new infectious particles and diminishes the spread of infection [Currie et al. (2013)]

eDirectly diamages the viral envelope and disrupts viral particles [Curie et al. (2016)]

#Blocks viral-mediated endosomal penetration [Smith and Nemerow (2008)]

Promotes reduction of the metaboiic activity of infected cells [Sousa et al. (2017)]
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Vaccine candidate

AZD1222 (Covishield, Vaxzevria)
CoronaVac
BNT162b2

mRNA-1273

Ad5-nCoV
NVX-CoV2373

BBIBP-CorV (Sinopharm)
Minhai COVID-19 vaccine
Sputnik V

Ad26.C0V2.S
Inactivated

ZF2001 (RBD-Dimer)

CvnCov
Covvac

CIGB-66 (ABDALA)
2ZyCoV-D

BBV152 (Covaxin)
EpiVacCorona

GRAd-COV2
COViran Barakat
INO-4800
AGO0302-COVID-19
SCB-2019

uB-612

CovLP

MVC-COV1901
Nanocovax

ERUCOV-VAC
DelNS1-2019-nCoV-RBD-OPT
ARCT-021

LV-SMENP-DC

GX-19
KBP-201 (RBD-based)
1IBR-100 (Brilife)

RBD SARS-CoV-2 HBsAg VLPs

GBP510
VBI-2902
NDV-HXP-S
EuCorVac-19
AV-COVID-19

COVID-eVax
ChulaCov19
Bio E COVID-19 (BECOV2D)

Covigenix VAX-001
bacTRL-Spike
Covid-19/aAPC
MVA-SARS-2-S
COVAX-19

Molecular clamp stabilized Spike protein

with MF59 adjuvant
Covac-1

COVI-VAC
PTX-COVID19-B

COVIGEN

BBV154

NBP2001
DelNS1-nCoV-RBD LAV
LNP-nCoVsaRNA
ChulaCov19 mRNA vaccine
AJCOVID

MRNA-1283

Description/type

adenoviral vector
Inactivated or killed SARS-CoV-2
RNA

Lipid nanoparticle assisted mRANA
delivery

Recombinant adenoviral vector
SARS-CoV-2 recombinant spike
protein nanoparticles

Inactivated SARS-CoV-2
Inactivated SARS-Cov-2
Adenoviral vector

Adenoviral vector

Inactivated SARS-CoV-2

Protein Subunit

RNA

Inactivated SARS-CoV-2
Protein subunit

DNA

Inactivated SARS-CoV-2
Peptide subunit

Adenovirus vector
Inactivated SARS-CoV-2

Electroporation delivered DNA
vaccines
DNA Vaccine (plasmid)

Protein Subunit
Protein Subunit

Virus like particles

Protein Subunit
SARS-CoV-2 recombinant spike
protein subunit

Inactivated SARS-CoV-2
Replicating Viral Viector

RNA

Dendiitic cells modified with lentiviral
vector

DNA Vaccine

Protein Subunit

Vesicular stomatis vector
(recombinant)

Virus-like particle

Protein subunit
Virus-like particle
Viral vector
Protein subunit
Viral vector

DNA
RNA
Subunit (antigen)

DNA

DNA

Lentiviral vector
Non-Replicating Viral Vector
Protein Subunit

Protein Subunit

Protein Subunit
Attenuated

RNA

DNA

Adenovirus vector
DNA

Attenuated

RNA

RNA
Non-replicating Viral vector
RNA

Manufacturer/Institution and location

AstraZeneca, University of Oxford and SK bioscience South Korea
Sinovac Biotech, China

Pizer, United States, BioNTech, Germany and Fosun Pharma,
China and

Moderna and United States National Institute of Allergy and
Infectious Diseases, United States

CanSino Biologics, China

Novavax, Australia

Beijng Institute of Biological Products, China

Minhai Biotechnology Co., China

Gamaleya Research Insitute, Russia

Janssen Pharmaceutical Companes, Belgium

Chinese Academy of Medical Sciences, China

Anhui Zhifei Longcom Biopharmaceutical/nstitute of Microbiology,
Chinese Academy of Sciences, China

Curevac, biopharmaceutical company, Germany

Chumakov Center, Russian Academy of Sciences

Center for Genetic Engineering and Biotechnology, Cuba

Zydus Cadila, India

Bharat Biotech, India

State Research Center of Virology and Biotechnology VECTOR,
Russia

Lazzaro Spallanzani National Institute for Infectious Diseases, Italy

Barakat Pharmaceutical Group, Iran

Inovio Pharmaceuticals, United States and International Vaccine
Institute, South Korea
Osaka University/ AnGes/ Takara Bio Inc., Japan

Clover Biopharmaceuticals, china
United Biomedical Inc., United States and DASA, Brazi
Medicago Inc., Canada

Medigen Vaccine Biologics Corporation, Taiwan
Nanogen Pharmaceutical Biotechnology JSC, Vietnam

Health Institutes of Turkey

Beijng Wantai Biological Pharmacy, China

Avcturus Therapeutics, United states and Duke-NUS Medical
School, Singapore

Shenzhen Geno-Immune Medical Institute, China

Genexine Consortium, South Korea
Kentucky Bioprocessing, Inc., United States
Israel Institute for Biological Research

Serum Institute of India Accelagen Py, Australia and SpyBiotech,
United kingdom

SK Bioscience Co., Ltd. London and CEPI, Norway

Variation Biotechnologies, Urited States

Mahidol University, Thailand

EuBiologics Co, South Korea

AVITA Biomedical, Inc., United States and Ministry of Health,
Indonesia

Takis Biotech, Italy

Chulalongkorn Uriversity, Thailand

Biological E. Limited, India and Baylor College of Medicine,
United States

Entos Pharmaceuticals Inc., Canada

Symwivo Corporation, (biotechnology company) Canada
Shenzhen Geno-immune Medical Institute, China

University of Munich (Ludwig-Maximilians), Germany

Vaxine Pty Ltd/Medytox, Australia

University of Queensland/CSL Ltd., Australia

University Hospital Tuebingen, Germany
Codagenix Inc., United states and Serum institute of India
Providence Therapeutics, Canada
University of Sydney, Australia

Bharat Biotech, India

SK Bioscience Co. Ltd., South Korea
University of Hong Kong

Imperial College London

Chulalongkorn University, Thalland
Altimmune, Inc., United States
Moderna Inc., United States

Source: https://www.who.int/publications/m/item/draft-landscape-of-covid- 19-candidate vaccines.

Trial
phase

Phase IV
Phase IV
Phase IV

Phase IV

Phase Il
Phase I

Phase I
Phase Il
Phase Il
Phase Il
Phase I
Phase I

Phase Il
Phase Ill
Phase I
Phase Il
Phase Il
Phase I

Phase
i
Phase
m
Phase
i
Phase
[
Phase
I
Phase
i
Phase
i
Phase Il
Phase Il

Phase Il
Phase Il
Phase Il

Phase I/l

Phase I/l
Phase I/l
Phase I/l

Phase I/l

Phase I/l
Phase /I
Phase Il
Phase /I
Phase Il

Phase I/l
Phase /I
Phase Il

Phase |
Phase |
Phase |
Phase |
Phase |
Phase |

Phase |
Phase |
Phase |
Phase |
Phase |
Phase |
Phase |
Phase |
Phase |
Phase |
Phase |
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Sl.
No

L4

Drug

Danoprevir
combination with
Ritonavir
Unmifenovir

Hydroxy-chloroquine

Ramdesivir

Lopinavir/Ritonavir
Favipiravir

Dexamethasone
Oseltamivir
Sarilumab
Tocilizumab

Lezilumab

Developer/ company

Roche Pharma, Switzerland

JSC Pharmstandard, Russia

Ipca Laboratories, Zydus Cadila and
Wallace Pharmaceuticals, India

Gilead Sciences, United States

Abbott Laboratories, United States
Fujfim Toyama Chemical company
Limited, Japan

2Zydus Cadila pharmaceutical
company, India

Taj pharmaceutucals, India
Regeneron Pharmaceuticals,
United States and Sanofi
pharmaceutical company, France
Genentech, United States and
Hoffmann-La Roche, Switzerand
Humanigen, United States

Original use

Hepatitis C virus (HCV)

Influenza

Malaria, Rheumatoid arthritis, Chronic
discoid lupus erythematosus and Systemic
lupus erythematosus

Ebola and Nipah virus

Human immunodeficiency viruses (HIV)
Influenza virus

Rheumatic problems, asthma, skin and
lung diseases

Influenza

Rheumatoid arthritis

Rheumatoid arthritis

New monoclonal antibody against
preumonia

Molecules/Enzyme
inhibition

NS3/4A protease
inhibitor

Inhibits target cell
membrane fusion with
virus,

Terminal glycosylation of
ACE2

RNA-dependent RNA
polymerase

Protease
RNA-dependent RNA
polymerase
Phospholipase A2

Neuraminidase inhibitor
anti IL-6 receptor
monocional antibody

anti IL-6 receptor
monocional antibody
anti GM-CSF receptor

Clinical trial status

Phase IV

Phase V

Phase IV
(Discontinued by WHO
on July 2020)

Phase IV

Phase IV
Phase IV

Phase Il
Phase Il
Phase Il
Phase Il

Phase Il
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Compound name Inhibition constant (ICso) (M)

Juniper camphor 28123
Ethyl 4-fluoro-1-methyl-1H-imidazole-5-carboxylate 31340
Bicyclo[4.3.0jnonane, 1 isopropenyl-4,5-dimethy-5-phenylsulfonyimethyl 727.23

Olean-12-en-3-0l, acetate, (3.beta.)- 845.30
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Compound name

Vitamin E acetate

Methyl gamma-linolenate

Clionasterol

Juniper camphor

Ethyl 4-fluoro-1-methyl-1H-imidazole-5-
carboxylate

Bicyclo[3.3. 1jnonane-2,4-dione, 9,9-dimethoxy-
Alpha-amyrin

Moretenone

6-Methoxy-2,5,8-trimethyl 2-
(4,8.12trimethyltidecy) 3,4-dihydrochromene
Betulinaldehyde

Bicyclo[4.3.0lnonane, 1 isopropenyl-4,5-dimethyl-
5-phenylsulfonyimethyl
Tert-Butyl(5-isopropyl-2-methyiphenoxy)
dimethylsiane

Behenyl behenate

Ergost-5-en-3-0l, (3.beta. 24R)-

Erucic acid

Glyceryl pamitate

Methyl heneicosanoate

Methyl paimitate

Ethyl linoleate

1,3-Dihydroxypropan-2-yl (9E, 12E,156)-octadeca
9,12,15-trenoate

Paimitic acid

Stearic acid

Giyceryl monostearate

Olean-12-en-3-0l, acetate, (3.beta.)-

Methyl pentadecanoate

Phytol

Tridecanedial

Trinolein

Methyl n-undecanoate

Vitamin E

Nelfinavir

Lopinavir

Molecular weight (acceptable range: < 500).
“Hydrogen bond donor (acceptable range: <5).
“Hydrogen bond acceptor (acceptable range: <10).

mMw?

472.75
292.461
414718

222.37
172.159

212.245
426.724
424.709
430.718

440.708
346.527

264.482

649.178
400.687
338.573
330.507
340.588
270.454
308.503
352,513

256.428
284.481
358.56
454.735
256.428
296.536
212.331

200.32
430.713
567.785

628.81

HB

donors®

[
0

g

oo

9.833

HB
acceptors®

3.25
2
17
0.75
35

55
17
4
15

275

FERENES

(SRR

17

IS

16
9.95
3.083

SAsA?

772.266
609.328
756.851
450.587
390.235

407.383
674.998
692.442
753.331

690.396
588.762

550.079

1729.5
745.016
861.367
886.624
903.182
721.861
670.733
812.017

678.44
770.357
960.581
725.863
688.711
639.162
573.453

556.54
732.406
922.327
822.525

“Total Solvent Accessible Surface Area in using a probe with a 1.4 radius (acceptable range: 300~1,000)
“Predicted octanoliwater partition coefficient (acceptable range: - 2-6.5).
'Predicted blood-brain partition co-efficient (acceptable range: ~3-1.2).
IPredicted aqueous solubilty, S in mol/dm™ (acceptable range: ~6.5-0.5).
"Pradicted human oral absorption on 0-100% scale (<25% is poor and >80% is high).

QPlogPo/  QPIogBB'  QPlogS*®

w

8.151
5.485
7.473
3.96
1.207

0.545
6.947
7.036
6.351

5918
4.457

4574

15.728
7.225
6.08
4.614
6.741
5.815
4.826
4.485

5.303
4.965
5.385
7.292
5.42
5.819
2.492

3834
7.983
4344
4933

-0.358
-0.605
-0.337
0.391

-0.098

-0.235
0.191
0.163
0.986

-0.34
-0.013

0.746

-0.045
-0.283
-0.755
-1.036
0.158
-0.926
025
-0.584

-1.492
-0.704
-1.107
-0.223
-0.848
-0.767
-1.633
-0.542
-0.622
-0.966
0.195

-7.034
-4.60
-8.353
-3.965
-1.605

-0.732
~7.806

-12.387

~7.009
-4.629

-7.589

-27.42
-8.295
-10.855
-10.395
-11.692
-6.57
-7.357
-9.404

-5.64
-9.168
-11.735
-8.762
-6.105
-5.024
-3.036

.998
652
416

%Human oral
absorption"

100
100
100
100
92.876

86.661
100
100
100

100
100

100

100
100
100
100
100
100
100
100

87.371
100
100
100
100
100

88.392

100
100
79.965
96.163





OPS/images/fmolb-08-637329/fmolb-08-637329-g001.gif
o





OPS/images/fmolb-08-637329/crossmark.jpg
©

|





OPS/images/fmolb-08-627723/fmolb-08-627723-g001.gif
o
%\é\l
-0y






OPS/images/fmolb-08-637122/fmolb-08-637122-t005.jpg
S.No Compound name

S-ACE2 (6M0J)
’

2

MpPre (5R82)

3

4

Beta-sitosterol
Beta-elemene

Beta-sitosterol
Beta-chlorogenin

AGpijng

—28.87
—26.17

—33.21
—40.59

AGIc':ovz-rlent

2.95
4.88

5.57
1.93

A Gcoulomb

~1.10
—1.54

—5.28
—9.35

AGpBond

—-1.18
—0.81

-1.01
—0.47

AGL,'po

—-11.78
—-12.01

—-156.17
—156.47

AGsonGB

25.09
28.59

21.19
17.90

AGygw

—33.04
—33.00

—38.50
—35.20
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Phytocompound name H-bond Hydrophobic interaction Van der Waals interaction

Beta-sitosterol Thr24 and Thr26 Cys145 and Pro168 Thr25, Leu27, His41, Ser46, Met49, Asn142, Gly143,

Ser144, His163, Met165, Glu166, Leu167, and GIn189

Beta-chlorogenin Thr25 and Cys 145 Cys145, His163, and His172 Thr24, Thr25, Serd6, Phe140, Gly143, Ser144, His164,
and Met165

The bolded Lys31 and Lys353 are the important hotspot residues for S-ACE2, and His41 and Cys145 are the essential catalytic dyads for MP™. They are actively involved
in the inhibition of viral entry.
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Phytocompound name H-bond Hydrophobic interaction Van der Waals interaction

Beta-sitosterol Glu37 and Arg403 Lys26, His34, Val93, Pro389, and Phe456 Glu23, Thr27, Asp30, Asn33, GIn96, Ala387,
GIn388, Phe390, Arg393, and Tyr505
Beta-elemene - His34 Glu35, Glu37, Asp38, Lys31, and Lys353

The bolded Lys31 and Lys353 are the important hotspot residues for S-ACE2, and His41 and Cys145 are the essential catalytic dyads for MP™. They are actively involved
in the inhibition of viral entry.
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Compound name AutoDock (Kcal/mol) AutoDock Vina (Kcal/mol)
S-ACE2 (6MO0J)

Beta-sitosterol —-12.3 —11.09
Beta-elemene -9.8 —-9.3

MPro (5R82)

Beta-sitosterol —10.01 -8.9
Beta-chlorogenin —-8.8 —71
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S-ACE2 (PDB ID—6M0J)

Zingiber officinale—ginger Cuminum cyminum—cumin Piper nigrum—black pepper Curcuma longa—turmeric

Allium sativum—garlic

Compound Binding Compound Binding Compound Binding Compound Binding
name affinity name affinity name affinity name affinity
(Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)

Alpha-selinene —10.9 Beta-elemene -10.9 Beta-selinene -7.8 Beta-sitosterol —12.0
Beta-sitosterol —12.0 Alpha-selinene -10.9 Beta-elemene —10.9 Cyclocurcumin —-9.1
Beta-elemene —-10.9 Beta-sitosterol -12.0 Beta-sitosterol —-12.0 Demethoxycurcumin —-8.9
MP (PDB ID—5R82)

Beta-sitosterol -97 Beta-sitosterol -9.7 Beta-sitosterol -97 Beta-sitosterol -97
Kaempferol -7.5 Apigetrin -8.0 Alpha-tocopherol —-8.0 Alpha-tocopherol —-8.0
Alpha-selinene -7.0 Alpha-selinene -7.2 Kaempferol —-75 Riboflavin 7.2

Compound Binding
name affinity
(Kcal/mol)

Saponin —-10.6
Beta-tocopherol —10.5
Beta-chlorogenin —8.4
Beta-chlorogenin —8.4
Apigenin —-7.5
Kaempferol —-7.5
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Moderna Therapeutics

University of Oxford
The Gamaleya National Center of Epidemiology
and Microbiology

Bharat Biotech

Novavax

Johnson & Johnson

Murdoch Chidren's Research Institute

CanSino Biologics

Vector Institute

Sinovac
Zydus-Cadiia

Name of Vaccine
BNT162b2
mRNA-1273

ChAdOx1 nCoV-19

Sputnik V

COVAXIN
NVX-CoV2373
JINJ-78436735

Bacillus Calmette-Guerin
BRACE trial

Ad5-nCoV

EpiVacCorona

CoronaVac
ZyCoV-D

Approval Status

Approved in United Kingdom. The vaccine has also been granted emergency approval
in Canada and conditional approval in the European Union

On December 18, the FDA granted emergency approval to Moderna's COVID-19
vaccine

On December 8, The Lancet published an interim analysis of four of Oxford's phase
three trials. It showed the vaccine is safe and 70.4-percent effective in preventing
COVID-19 after two doses, and 64.1-percent effective after one standard dose

In August, Russia cleared the Sputnik V vaccine for widespread use and claimed it as
the first registered COVID-19 vaccine on the market—before the vaccine's phase three
trials had begun and despite the lack of published evidence at the time:

Not approved for use. Under approval process.

Not approved for use.

Not approved for use.

Not approved for use.

Though the company was siill technically in phase two of s trial, on June 25, CanSino
became the first company to receive limited approval to use its vaccine in people. The
Chinese government has approved the vaccine for miltary use only, for a period of one
year.

On October 14, ussia granted regulatory approval to EpiVacCorona even though the
vaccine candidate has not published any results and has not entered phase three of its
ciiical trals. It is the second vaccine candidate that Russia has approved for use
despite a lack of published evidence about its safety and efficacy.

Approved for limited use in China.

Not approved for use, expected to launch by March 2021
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Sn.

20

21

22

23

24

25

26

27

28

29

30

31

Name of drug (s)/treatment

Hydroxychloroquine, azithromycin

Chioroquine

Hydroxychloroquine/Azthromycin

Hydroxychloroguine

Hydroxychloroquine with azithromycin

Hydroxychloroquine with azithromycin

Hydroxychloroquine with azithromycin

Hydroxychloroquine

Hydroxychloroquine with azithromycin

Remdesivir
Remdesivir

Remdesivir

Favipiravic

Lopinavir and ritonavir

Arbidol/Lopinavir and ritonavir

Lopinavir/ritonavir, arbidol

Arbidol
Lopinavir/ritonavir, Recombinant human
inteferon-a2b Recombinant cytokine

gene derived protein, arbidol and
Chinese medicines

Interferon -1b, Lopinavir/ritonavir, and
Ribavirin

Baricitinio

Ivermectin

Ivermectin

Convalescent Plasma

Convalescent Plasma

Interferon Affacon-1 Plus Corticosteroids
Dexamethasone

Antiviral, Arbidol, Lopinavir/ritonavir,
interferon, Ribavirin, oseltamivir,

Fiuoroquinolones

Lopinavir/fitonavir

Lopinavir, Interferon-a2b atomization
inhalation
Lopinavir/ritonavir

Arbidol, Lopinavir/ritonavir, interferon
inhalation immune enhancer

Type of study

Open label non-randomized
ciiical tria

Muitileft clinical trials

Sngle arm obsenvational
study

Guidance

Invivo

Uncontrolled non-
comparative observational

study

Uncontrolied non-
comparative observational
study

Randomized open-label
controlled trial: pilot study
Retrospective cohort study

Case Report

Inconclusive study using
investigational antiviral drug
Double-blind, randomized,
placebo-controlied trial of
intravenous remdesivir
Randomized Clinical Trial

Retrospective study

A retrospective cohort study

Retrospective single-centre
study

Clinical trial underway
Double centre observational

study

Open Labeled Clinical Trial
Phase-2

Icon Study

Hospital-based matched
case-control study

Multileft Study

Randomized Clinical Trial

Non-randomized clinical trial
Several trials

Mulicentre retrospective
cohort study to analyze data
and treatment of 60severe
cases

Case report

Retrospective observational
single centre study

Retrospective case series

study
Single-centre retrospective

case study

Therapeutic Benefit

Patient treated with hydroxychloroquine
and azithromycin were virologically
cured compared with patients treated
with hydroxychloroquine alone and
control group.

State coundil of China stated that
Chloroquine phosphate was found to be
markedly effective in controling the
deteriorating condition of COVID-19
patients in many of the clinical trial
Centers in China in Feb 2020

HCQ and azithromyain (3) showed
100% recovery of the COVID-19
patients and tested negative within

6 days of treatment

81% of the patients showed
improvement in the condition of
pneumonia in the HCQ group compared
to 55% in the control group

Rapid dlearance of virus. The
therapeutic effect was more significant
in combination than HOQ alone

They observed that no evidence of a
strong antiviral actiity or clinical benefit
of the combination of
hydroxychloroguine and azithromycin
for the treatment of hospitalized patients
with severe COVID-19

Clinical improvement, Out of 80
patients, one died, one was admitted to
the ICU, and the rest were negative on
day 7.

Both group (HCQ /supportive care and
supportive care) performed equally.
Mortality was high in HCQ group,
followed by combination with
azithromycin, and no HOQ. Increased
overall mortality in HCQ group.
Improvement of patient condition

12 Patient were given treatment til
improvement

The recovery time s reduced from 15 to
11 days as compared to control group

The viral clearance time was reduced to
4 days compared to 11 days.

Lopinavir showed beneficial effect in
COVID-19

In patients with COVID-19, the apparent
favorable clinical response with arbidol
and LPV/r supports further LPV/r only.
Lopinavir/ritonavir, arbidol were used in
a small number of patients.
Corticosteriods were used only in case
of emergency situation. 215 patients
discharged, 22 admitted to ICU,

No data

97.9% patients recovered, Lopinavir/
ritonavir 76.9, Recombinant human
interferon- a2b:45.4%, Recombinant
cytokine gene derived protein:18.9%,
arbidol 17.2% and chinese
medicine:96.6%

Used along with other drugs like
Lopinavir and ritonavir showed
improvement in viral shedding

Pilot study showed beneficial effect of
baricitinib over LPV/ therapy

Patient with Ivermectin showed
significantly lower mortality rate than
control group

Prophylactic effect on health care
worker showed 73% reduction in
COVID infection

Clinical improvement observed in 5000
patients. Convalescent plasma efficacy
is inferior to remdesivir when treating
COVID-19 patients. Convalescent
plasma may be used as a supportive
treatment in COVID-19 patients, but
must be given as early as possible from
the diagnosis.

52% patients showed clinical
improvement with no difference in
mortality rate

Better clinical outcome in COVID-19
patients with corticosteroids
Dexamethasone reduces the mortality in
severely il COVID-19 patients.

34 received IV corticosteroid, 28
received IgG; 50 patients improved, 2
patients discharged, 8 remained in a
serious condition

Treatment with Lopinavir 200 mg
/ritonavir 50 mg; Observations indicate
reduction in viral load and improvement
of symptoms.

Treatment with Lopinavir 400 mg , 7
patients discharged, 3 stopped
Lopinavir, 2 deteriorated and 1 patient
was hospitalized for longer period

5 patients out of 10 were discharged,
other still under treatment.

22 patients out of 155 died

Adverse/side
reactions

1 patient stopped
treatment due to nausea
on day 3

one patient suffered from
severe symptoms

GIT symptoms

Adverse effects caused
by Favipiravir are mid
and manageable

8 patients developed
ARDS, 2 patients died

GIT irritation
2 patients died

Nausea and diarrhea

More than 1% patients
showed adverse side
effects

4 patients developed
secondary infection
received glucocorticoids

complaint of depression,
insomnia, sicidal

thoughts

digestive problem and
hypokalaemia

not reported

Reference

Gautret et al.
(20208)

Gao et al. (2020)

Raoult (2020)

Chen etal. (20201

Megarbane and
Scherrmann
(2020)

Molina et al.
(2020)

Gautret et al.
(20200)

Chen et al.
(20200)
Magagnoli et al.
(2020)

Holshue et al.
(2020)

Kujawski et al,
(2020)

Beigelet al. (2020)

Chen etal
(20208)

Yan et al. (2020)
Deng et al. (2020)

Chen et al.
(2020d)

Jun et al. (2020)
Chen et al.

(2020¢)

Huang et al.
(2020), Hung et al.
(2020)

Mehta et al.
(2020)

Rajter et al. (2020)

Behera et al.
(2020)

Joyner et al.
(2020)

Liet al. (2020)

Loutfy et al. (2003)
Horbyet al. (2020)

Huang et al.
(2020)

Lim et al. (2020)

Liu et al. (2020a)

Lo et al. (2020)

Mo et al. (2020)
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Phytoligands Mw
Endesmol 202.37
Linarin 519.55
(-)-Gamma-cadinene 204.36
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Alpha-thujene 136.24
Gerany| acetate 196.29
Baicalin 187.12
Kaempferol-3-O-glucuronide 462.36
Kaempferide 30027
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wN® o000 N+
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&
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MW: molecular weight, HBD: hydrogen bond donor, HBA: hydrogen bond acceptor, Log p, TPSA: total polar surface area, nRO: number of rotatable bond, nViol: number of violation.
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Compound name

Interaction diagram of Mentha arvensis [mint]
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Binding affinity
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-96
-9.2
81

Interaction residues

ALA264, PHE274, ARG277, PHE286, TRP301
PHE274, ARG277, THR282, GLY284, PHE286
ALA264, VAL270, PHE271, LEU291, TRP301

PHES14, TYR333
ALA264, VAL270, PHE286, LEU291, TRP301
ALA264, VAL270, ARG277, GLU284, PHE286

GLN260, GLN281,THR282, GLY284
GLN260, PHE314, THY333
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Nanoparticle

Hollow polymeric
nanoparticles

SARS-S, MERS-S (MERS
Spike protein nanoparticle)

MERS-S
Gold nanoparticle
Spherical gold nanoparticles

Aluminium nanoparticles

Coronavirus antigen

MERS-CoV (Middle East
Respiratory Syndrome
Coronavirus)
SARS-CoV, MERS-CoV

MERS-CoV
SARS-CoV
Transmissible Gastroenteritis

Virus (TGEV)
SARS-CoV, MERS-CoV

Adjuvant
STING agonist
Amphiphiic membrane
protein aggregates
Aluminium (alum)

Gold nanopartcle
Gold nanoparticle

Alum

Mechanism

Eiicits antigen-specific T-cell response without
triggering eosinophilic immunopathology

Production of high levels of neutralizing antibodies in
case of homologous viruses and no response against
heterologous viruses

Simuitaneous Ty and Ty, response in heterologous
prime-boost

Induces strong IgG response

An increased concentration of Interleukins (ILs)

Increase in number of IFN and immunoglobulins, Ty,
and Ty, Balance

References

(Lin et al, 2019)

(Coleman et al., 2014)

(Jung et al., 2020)

(Sekimukai, Iwata,
and Shuetsu, 2020)
(Staroverov et al.,
2019)

(Wang N. et al., 2020)





OPS/images/fmolb-08-637124/fmolb-08-637124-g002.gif





OPS/images/fmolb-08-604447/fmolb-08-604447-t002.jpg
Vaccine platform description

RBD protein delivered in mannose-conjugated chitosan nanoparticle
Recombinant spike protein with Essai O/W 1849101 adjuvant
Peptides

Recombinant spike protein with Essai O/W 1849101 adjuvant

Recombinant S protein
RBD protein (baculovirus production) + FAR-Squalene adjuvant

Protein Suburit
RBD-protein

Recombinant S protein

Peptide + novel adjuvant

S subunit intranasal liposomal formulation with GLA/3M052 adjs.
S-Protein (Subunit) + Adjuvant, £ coli based Expression

Protein Subunit S,N,M&S1 protein

Protein Subunit

RBD protein fused with Fc of IgG + Ad.

Capsid-iike Particle

Drosophila S2 insect cell expression system VLPs

Peptide antigens formulated in LNP

S Protein

S Protein + Adjuvant

VLP-recombinant protein + Adjuvant

Microneedle arrays S1 subunit

Peptide

Adjuvanted protein subunit (RBD)

Peptide

S Protein

li-Key peptide

S Protein

Protein Subunit EPV-CoV-19

gp-96 backbone

Subunit vaccine

S1 or RBD protein

Subunit protein, plant produced

Recombinant protein, nanoparticles (based on S-protein and other epitopes)
COVID-19 XWG-03 truncated S proteins

Adjuvanted microsphere peptide

Synthetic Long Peptide Vaccine candidate for S and M proteins
Oral E. coli-based protein expression system of S and N proteins
Nanoparticle vaccine

Plant-based subunit (RBD-Fc + Adjuvant)

OMV-based vaccine

OMV-based vaccine

Structurally modified spherical particles of the tobacco mosaic virus (TMV)
Spike-based

Recombinant $1-Fc fusion protein

Recombinant protein

Recombinant S protein in IC-BEVS (Viral vector vaccine (based on baculovirus
expression system in insect cell line)

Orally delivered, heat stable subunit

Peptides derived from Spike protein

Protein Subunit

RBD-based

Outer Membrane Vesicle (OMV)-subunit

Spike-based (epitope screening)

Spiked-based

Recombinant spike with adjuvant

Recombinant S protein produced in BEVS

Protein Subunit Nanoformulated

Protein Subunit Adenoviral Carrier

Protein DC-targeted epitopes

Developers

Ohio State University/Kazakh National Agrarian University

Kazakh National Agrarian University

Neo7Logic

Kazakh National Agrarian University, Kazakhstar/National Scientific Center for
Especially Dangerous Infections

Max-Planck-nstitute of Colloids and Interfaces

Farmacolégicos Veterinarios SAC (FARVET SAC)/Universidad Peruana Cayetano
Heredia (UPCH)

Research Institute for Biological Safety Problems, Rep of Kazakhstan
Mynvax

Izmir Biomedicine and Genome Center

Bogazici University

University of Virginia

Helix Biogen Consult, Ogbomoso and Trinity Immonoefficient Laboratory,
Ogbomoso, Oyo State, Nigeria

National Research Centre, Egypt

University of San Martin and CONICET, Argentina

Chulalongkom University/GPO, Thailand

AdaptVac (PREVENT-nCoV consortium)

ExpreS2ion

IMV Inc

WRAIR/USAMRID

National Institute of Infectious Disease, Japan/ShionogilUMN Pharma
Osaka University/BIKEN/National Institutes of Biomedical Innovation, Japan
Univ. of Pittsburgh

Vaxil Bio

Biological E Ltd.

Flow Pharma Inc

AJ Vaccines

Generex/EpiVax

EpiVax/Univ. of Georgia

EpiVax

Heat Biologics/Univ. Of Miami

FBRI SRC VB VECTOR, Rospotrebnadzor, Koltsovo

Baylor College of Medicine

iBio/CC-Pharming

Saint-Petersburg soientific research institute of vacaines and serums
Innovax/Xiamen Univ./GSK

VIDO-InterVac, University of Saskatchewan

OncoGen

MIGAL Galilee Research Institute

LakePharma, Inc.,

Baiya Phytopharm/Chula Vaccine Research Center

Quadram Institute Biosciences

BIOMVIS SriUniv. of Trento

Lomonosov Moscow State University

University of Aberta

AnyGo Technology

Yisheng Biopharma

Vabiotech, Vietnam and University of Bristol, United Kingdom

Applied Biotechnology Institute, Inc.,
Axon Neuroscience SE

MOGAM Institute for Biomedical Research, GC Pharma

Neovii/Tel Aviv University

Intravacc/Epivax

ImmunoPrecise/LiteVax BV

Nanografi Nano Technology, Middle East Technical University, Ankara University
Iran

Tampere University

Vaxinano, CEA, INRAE

CEA, CNRS

LinkinVax, VRI
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Drug

Remdesivir

Hydroxychloroquine
Lopinavir/Ritonavir

Urmifenovir
Favipiravir

Mode of action

Binds to the viral-RNA dependent RNA polymerase, inhibiting the replication of the virus by terminating transcription of
viral-RNA

Increases the endosomal pH inhibiting the fusion of SARS-CoV-2 with the host cell membrane

Inhibits the protein 3CLpro, required for cleaving poly protein into RNA dependent RNA polymerase and helicase, helps in
transcription of Viral RNA.

Blocks the fusion of virus to the cell/endosome by interfering with the hydrogen bond network in the phospholipid
Destroys the conservative catalytic domain of RNA-dependent RNA polymerase (RdRp), interrupting the nucleotide
incorporation process, thus interfering with the life cycle of the virus.

References

Wit, (2020)

Tang et al. (2020a)
Cao et al. (2020)

Lian et al. (2020)
Shannon et al. (2020)
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Types of Advantages Disadvantages

vaccines

Subunit v’ Protection against viral v" May have limited efficacy
vaccines infection v Lead to imbalanced

mRNA vaccines

DNA vaccines

Vectored
vaccines

Whole virus
inactivated
vaccine

v~ Rapid development
v" Low cost manufacture

v~ Enhances humoral and
cellular immune response
v Stable

v~ Easy to prepare and
harvest in large quantity

v Can infect APCs directly
v~ Physically and
genetically stable

v~ Easy to produce

v~ Stable expression of
conformational epitopes v

immune response

v’ Cellular delivery and
distribution in organs
affected by properties of
RNA

v~ Unknown safety among
human beings

v~ Unknown safety and
efficacy for use in human
beings

v' May induce poor
immunity to vector

v~ Unimportant antigen
may skew the immune
response

v~ Need BSL3 facility for
growth of pathogen
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Vaccine platform Vaccine candidate Institution Stage of
clinical trial
Non-replicating viral vector ~ ChAdOx1-S University of Oxford/AstraZeneca Phase 3
Non-replicating viral vector  Adenovirus type 5 vector [Ad5-nCoV] CanSino Biological Inc./Beijing Institute of Biotechnology Phase 2
RNA LNP-encapsulated mRNA [mMRNA 1273] Moderna/NIAID Phase 3
Protein subunit Full length recombinant SARS CoV-2 glycoprotein Novavax Phase 1/2
nanoparticle vaccine adjuvanted with matrix M
RNA 3 LNP-mRNAs [BNT162] BioNTech/Fosun Pharma/Pfizer Phase 3
DNA DNA plasmid vaccine with electroporation [INO-4800] Inovio Pharmaceuticals Phase 1/2
Protein Subunit Recombinant RBD-dimer Anhui Zhifei Longcom Biopharmaceutical/Institute of Phase 2
Microbiology, Chinese Academy of Sciences
Non-replicating viral vector ~ Ad26COVS1 Janssen Pharmaceutical Companies Phase 1/2
Protein subunit RBD based Kentucky Bioprocessing, Inc. Phase 1/2
Protein subunit S protein (baculovirus production) Sanofi Pasteur/GSK Phase 1/2
Protein subunit Native like trimeric subunit spike protein vaccine Clover Biopharmaceuticals Inc./GSK/Dynavax Phase 1
(SCB-2019)
Protein subunit Recombinant spike protein with Advax™ adjuvant Vaxine Pty Ltd./Medytox Phase 1
Protein subunit Molecular clamp stabilized spike protein with MF59 University of Queensland/CSL/Seqjirus Phase 1
adjuvant
Protein subunit S-2P protein + CpG 1018 Medigen Vaccine Biologics Corporation/NIAID/Dynavax Phase 1
Non-replicating viral vector ~ Replication defective simian adenovirus (GRAd) encoding S ReiThera/LEUKOCARE/Univercells Phase 1
Protein subunit RBD plus adjuvant Instituto Finlay de Vacunas, Cuba Phase 1
Protein subunit RBD (baculovirus production expressed in Sf9 cells) West China Hospital, Sichuan University Phase 1
Non-replicating viral vector ~ Adeno-based (rAd26-S + rAd5-S) Gamaleya Research Institute Phase 1
Replicating viral vector Intranasal flu-based-RBD Beijing Wantai Biological Pharmacy/Xiamen University Phase 1
DNA DNA vaccine (GX-19) Genexine Consortium Phase 1
RNA mRNA Curevac Phase 1
DNA DNA plasmid vaccine + adjuvant Osaka University/AnGes/Takara Bio Phase 1
RNA mRNA Arcturus/Duke-NUS Phase 1/2
Replicating viral vector Measles-vector based Institute Pasteur/Themis/University of Pittsburg CVR/Merck ~ Phase 1
Sharp & Dohme
RNA LNP-nCoVsaRNA Imperial College London Phase 1
RNA mRNA People’s Liberation Army (PLA) Phase 1
Academy of Military Sciences/Walvax Biotech
DNA DNA plasmid vaccine (ZyCov-D) Cadila Healthcare Limited Phase 1/2
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Test/kit Assay type Manufacturer Sample source Target protein Country of approval
Wantai SARS-CoV-2 Chromatographic Beijing Wantai Serum/plasma/whole N protein, S1 and S2 Australia

lateral flow assay Biological Pharmacy blood subunits of S protein
Rapid SARS-CoV-2 Antigen-based LFIA Sona Nanotech Nasal or oropharyngeal S1 domain of spike Canada, Nova Scotia

antigen detection test

swabs

protein
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Manufacturer

Altona Diagnostics

Abbott Molecular Inc.

KH Medical

Primer Design
SeeGene

R-Biopharm AG
BGl

Target genes in SARS-CoV-2
E
S
RdRp
RdRp
RdRp

RdRp

RdRp

LOD95

3.8
3.8
3.1
3.1
4.8
4.3
23
4.8
18
4.3
4.3
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Name of test

Assay type

Manufacturer

Type of sample

Target
gene/region

Other information

Country of
approval

Simplexa COVID-19
Direct assay
TagPath COVID-19
combo assay

RealStar SARS-CoV-2
RT-PCR assay

SARS-CoV-2 S gene
for BD Max

Childrens Altona
SARS-CoV-2 assay

VIASURE
SARS-CoV-2 S gene
Real-Time PCR assay
Loopamp Novel
Coronavirus 2019
(SARSCoV2) assay
VereCoV Detection
assay

Allplex™ SARS-CoV-2
assay

Real-time RT-PCR

Multiplex real-time
RT-PCR

Real-time RT-PCR

Real-time RT-PCR

Real-time RT-PCR

Real-time RT-PCR

Real-time RT-PCR

Multiplex RT-PCR
combined with
microarray

Multiplex real-time
PCR

DiaSorin Molecular
LLC

Rutgers Clinical
Genomics
Laboratory Thermo
Fisher Applied
Biosystems

Altona Diagnostics
GmbH

Becton Dickinson
Surgical Industries,
LTD.

Boston Children’s
Hospital Infectious
Diseases
Diagnostic
Laboratory (IDDL)
CerTest Biotec SL
(Spain)

Eiken Chemical
Co., Ltd.

Veredus
Laboratories Pte
Ltd.

Seegene Inc.

Nasopharyngeal swabs

Oropharyngeal, nasopharyngeal,
anterior nasal, midturbinate nasal
swabs and saliva specimens

Nasopharyngeal, oropharyngeal,
anterior nasal, and mid-turbinate
swabs, and nasal washes/aspirates
Nasopharyngeal and oropharyngeal
swabs

Nasopharyngeal, oropharyngeal,
anterior nasal and mid-turbinate
swabs, and sputum specimens

Respiratory samples

Swabs and bronchoalveolar lavage
fluid

Nasopharyngeal, nasal, throat
swabs and throat aspirates

Sputum, Nasopharyngeal swab,
Nasopharyngeal aspirate,
Bronchoalveolar lavage, Throat
swab

OFRt1aband S
gene

ORF1b and N
and S genes

S gene

S gene

E and S genes

S gene

ORF1aband S
gene

ORF1ab and N
and S genes

E gene of
Sarbecovirus,
RdRP/S gene
and N gene of
SARS-CoV-2

Results in ~1 h with
no RNA extraction

Results for up to 24
samples in <3 h

Resultsin 2 h

Results in ~25 min

Results in ~2 h
after extraction,
lab-on-chip
platform

Results in ~1 h and
50 min after
extraction

United States

United States

United States

Brazil

United States

Australia

Japan

Singapore

South Korea
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Loopamp Novel Coronavirus 2019
(SARS-CoV-2) Detection Kit
(Eiken Chemical Co., Ltd.)

TaqPath COVID-19 combo Kit
(ThermoFisher-Applied Biosystems)

Simplexa COVID-19 Direct
(DiaSorin Molecular LL.C)

ChildrensAltona
SARS-CoV-2 assay
(Boston Children's
Hospital )

SARS-CoV-2 S gene
for BD Max (Becton
Dickinson Surgical Industries,
LTD.)

RealStar SARS-CoV-2 RT-PCR
Kits U.S. (altona Diagnostics GmbH)

VIASURE SARS-CoV-2 S gene
Real Time PCR Detection Kit (CerTest
Biotec SL (Spain)

Molecular
Diagnostics

VereCoV Detection Kit
(Veredus Laboratories Pte Ltd)

Rapid SARS - CoV-2 antigen
detection test (Sona Nanotech)

- wd ,
Serological ' .

Diagnostics COVID KAVACH ELISA
(NIV Pune, India)

Wantal SARS-CoV-2 (Beljing
Wantal Blological Pharmacy)

— —

Smart Detect™ SARS-CoV-2
rRT-PCR Kit (InBios International, Inc.)






OPS/images/fmolb-08-628144/fmolb-08-628144-g008.gif





OPS/images/fmolb-08-628144/fmolb-08-628144-g007.gif





OPS/images/fmolb-08-607886/fmolb-08-607886-g001.jpg
& S1 S2 .

FP HR1ICH CD HR2TM

s1/s2
685 686

13 305 319 541 1273






OPS/images/fmolb-08-628144/fmolb-08-628144-g006.gif
Cw
mmivﬁu





OPS/images/fmolb-08-607886/cross.jpg
3,

i





OPS/images/fmolb-08-628144/fmolb-08-628144-g005.gif
o





OPS/images/fmolb-08-648232/fmolb-08-648232-t002.jpg
No Title of the work Targets Outcome Biological screening Ref

Vaccines

1 Athermostable mRNA vaccine against RBD of SARS-CoV-2  ARCOV vaccine candidate It has shown protection i Zhang et al
COVID-19 animal models (2020b)

2 SARS-CoV-2 mRNA vaccine development  Spike protein MRNA-1273 vaccine It has reduced the viral load ~ Corbett et .
enabled by prototype pathogen 100 fold at the (2020)
preparedness concentration of 0.1 yig

3 Design of a multiepitope-based peptide E-protein YVYSRVKNL, SLVKPSFYV, and Abdelmageed et al.
vaccine against the E Protein of human LAILTALRL (2020)

COVID-19: An immunainformatics approach

Inhibitors

4 Pepiide antidotes to SARS-CoV-2 Spike protein SARS-BLOCK™ - a synthetic peptide  Single-micromolar Watson et al.
(COVID-19) scaffolds concentration (2020)

5 Computational design of ACE2-based RBD Inhibitors-2, inhibitor-3, and inhibitor-4 ~ --- Han and Kral,
peptide inhibitors of SARS-CoV-2 (2020)

6 Design of potent membrane fusion inhibitors  Spike protein Lipopeptide (PB02) Dual spit-protein based  Zhu et al. (2020)
against SARS-CoV-2, an emerging fusion cel-cell assay
coronavirus with high fusogenic activity (0.025 M)

7 Peptide-ike and smal-molecule infibitors M Cobicistat, ritonavi, lopinavir, and - Pant et al. (2020)
against COVID-19 darunavir

Antibodies

8 A human monoclonal antibody blocking Spike protein 47D11 antibody 1Cso value: 0.57 pig/mi Wang etal. (20200)
SARS-CoV-2 infection

9 Potent binding of 2019 novel coronavirus  Spike protein Monocional antibody (CR3022) KD value: 6.3 nM Tian et al. (2020)

spike protein by a SARS coronavirus specific
human monoclonal antibody

Immunity enhancers or modulators

10

il

The potential of antimicrobial peptides as an
antiviral therapy against COVID-19

Type 1 interferons as a potential treatment
against COVID-19

Miscellaneous

12

SARS-CoV and SARS-CoV-2 main protease
residue interaction networks change when
bound to inhibitor N3

In'silico discovery of candidate drugs against
covid-19

Structural basis of SARS-CoV-2 3CL *° and
anti-COVID-19 drug discovery from medicinal
plants

Computational screening of antagonists
against the SARS-CoV-2 (COVID-19)
coronavirus by molecular docking

P

Chymotrypsin-iike
cysteine protease
(3CLP°)

Main protease

Lactoferrin

Type 1 interferons.

Identified the conformational changes
in one cluster and four residues (131,
175, 182, and 185)

Identified 36-drugs candidates as
effective agents against COVID-19
Identified 9-hit molecules for the
management of COVID-19

Luteolin has been suggested as a hit
molecule for the specific binding with
SARS-CoV-2 main protease

Elnagdy and
Akhazindar, (2020)
Sallard et al. (2020)

Griffin (2020)

Cava et al. (2020)

Tahir ul Qamar
etal. (2020)

Yu et al. (2020b)
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Target proteins

Main protease (M”°)

Spike protein (S-protein)
Envelope protein (E-protein)
Nucleocapsid protein (N-protein)

Functions

Viral replication and transcription

Viral entry into the host cell organ
Formation of viral envelope and assembly
Formation of nucleocapsid

PDB IDs

7BUY
BVXX
7K3G
BYUN

Resolution

1.60A
280A
210A
145A

(Ref)

Jin et al. (20200)
Walks et al. (2020)
Mandala et al. (2020)
Zinzula et . (2021)
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Drug

cQ

HCQ
Azithromycin
Lopinavir/Ritonavir
(LPV-1)
Tociizumab
Corticosteroids

Interferon a

Uifenovir
Favipiravir

Mechanism(s)

Alteration of acidification of endosomes to interfere with the cellular
functions, interfere with the binding of virus to the ACE2 receptor,
inhibition of cytokine effect

No direct mechanisms. Given as adjunct to CQ/HCQ against
community-acquired pneumonia (CAP)
Inhibition of protease

IL-6 inhibition
Modulation of hyper-inflammatory state and regulation of immune
responses

Modulation of immune responses

Interfere with the clathrin-mediated endocytosis
Selective inhibition of RNA-dependent RNA polymerase (RARP)

Neurologic adverse effects

Psychosis, anxiety, agitation, irrtable or blunted mood, seizure, bipolar
mood disorder, deliium, reversible vacuolar myopathy, extrapyramidl
disorders (Parkinsonism, dystonias and oculogyric crisis), ototoxicity
Ataxia, loss of hearing, vertigo, dizziness, tinnitus, psychosis, reversible
vacuolar myopathy, seizure

Headache, dizziness, vertigo, catatonia, psychotic depression, deliium,
anxiety, somnolence

agitation, abnormal dreams, confusion, anxiety, emotional disturbances,
neurotoxicity, paresthesias, taste alterations

Headache, dizziness, peripheral neuropathy, leukoencephalopathy,
cognitive impairment, demyelinating disorders, depression

Agitation, anxiety, depression, delusion, hallucinations, seizure, acute
steroid myopathy, myalgia

Anxiety disorders, fatigue, apathy, iritabilty, mood disorders, cognitive
deficts, suicidal tendency, sleep disturbances

Dizziness, acute psychiatric symptoms

Psychiatric reactions

CQ, Chioroguine: HCQ, Hydraahioroquine. The possible drug-drug interactions can be checked at hittpe-/iwww.covid19-cruginiaracions. o,
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S.No Compound name AGbind AGb,',-,d AGb,',-,d AGbind
(25 ns) (50 ns) (75 ns) (100 ns)

S-ACE2 (6MO0J)

1 Beta-sitosterol —16. 09 —19.09 —23.96 —31.48

2 Beta-elemene —12.24 —19.98 —21.90 —28.09

MPro (5R82)

3 Beta-sitosterol —9.24 —16.55 —29.09. —36.01

4 Beta-chlorogenin —13.00 —20.24 —29.99 —45.77





OPS/images/fmolb-08-637122/fmolb-08-637122-t006.jpg
Properties

Beta-
elemene

Beta-
sitosterol

Beta-
chlorogenin

Molecular weight

TPSA

LogP

H-bond acceptor

H-bond donor
Absorption

Water solubility log mol/L)

Caco?2 permeability (log Papp
in10-6 cm/s)

Intestinal absorption (human) (%
absorbed)

Skin permeability (log Kp)
P-Glycoprotein substrate
P-Glycoprotein | inhibitor
P-Glycoprotein Il inhibitor
Distribution

VDss (human, log L/kg)
Fraction unbound (human) (Fu)
BBB permeability (logBB)
CNS permeability (log PS)
Metabolism

CYP2D6 substrate
CYP3A4 substrate
CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor
Excretion

Total clearance (log ml/min/kg)
Renal OCT2 substrate
Toxicity

AMES toxicity

hERG | inhibitor

hERG Il inhibitor
Hepatotoxicity

Skin sensitization

204.357
94.774
4.7472

0
0

—6.43
1.41

94.359

—1.279
No
No
No

0.601

0.1567

0.809
—1.714

No
No
No
No
No
No
No

0.251
No

No
No
No
No
Yes

414.718
187.039
8.0248
1
1

—6.773
1.201

94.464

—2.783
No
Yes
Yes

0.193
0
0.781
—1.705

No
Yes
No
No
No
No
No

0.628
No

No
No
Yes
No
No

432.645
188.008
4.7646
4
2

—5.213
1.263

96.823

—3.999
Yes
Yes
Yes

0.192

0.037

0.004
—1.692

No
Yes
No
No
No
No
No

0.346
Yes

No
No
No
No
No
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Peptide sequence(s)

ALEIGTKSL
ATAQTVGQKAVDQSDASAIQAAEVRAT
ATAQTVGOKAVDQSDASAIQAAEVRATGSN
AVRLVLPGELAKHAVSE
DAITIGEALEASAIAGASDKPVDESD
DRPSIGNLAGANSLLNALPEEVIQHTFNLKSQQ
ENKILQISGE

ENLGGIGEKRE
FLEHAFSVDKQIAKNLQGENEGEDKGANTVKGGL.
GENEGEDKGAIVTVKGGLSVIKPPTDEQQQRPQ
GIEIDESKFKIT

GLSVIKPPTDEQQQRPQ

GVIGSMFKA

IENLIKSQSESYFVDAQPQQKEEGN
KFVPKQPNMIL

KIMDNQSEQLE

KRGVIGSMFK

LSVISPKWQE
MQGGKKAGESIKETAANIGASAKAGME
NVISQIPSQVQELAFPGSAQAVEKLLKNQRESYFVD
PSPPSVKARIL
SEDEAVRVAYEHGSPLEGGKIADSQPVDLFSSAH
SQVQELAFPGSAQAVEKLLKNQRESYFVD

*GRAVY, Grand average of hydropathy; Mol. Wt., Molecular weight; Th. pl, Theoretical isoelectric point.

Mol. Wt.*
(kDa)

0.93
268
2.94
1.78
254
357
113
1.20
3.74
3.50
1.37
1.92
0.90
288
131
1.33
112
1.18
263
4.03
1.16
3.59
3.28

Th.
pI*

6.05
4.56
4.56
6.80
3.62
5.45
4.53
4.79
5.01
4.66
4.68
6.07
875
4.25
10.00
414
11147
6.00
8.19
4.87
11.01
443
4.87

GRAVY*

0.51
-0.20
-0.34

0.47
—-0.06
-0.40
-0.63
-1.39
-0.38
-1.10
-0.32
-1.38

1.07
—1.21
-0.07
—1.40
-0.05
-0.25
-0.51
-0.29
-0.04
-0.52
-0.50

Toxicity
YIN

zZzzzzzz22z22z22Z2ZZ22ZZZ2ZZZZZZZ





OPS/images/fmolb-07-601753/fmolb-07-601753-t002.jpg
Peptidyl residue Target protein residue Interactiontype  Distance (A)

SARS-CoV-2 RBD*

LYss PHE490 Conventional hydrogen ~ 2.98
GLNG GLN493 Conventional hydrogen ~ 2.00
ASN8 SER494 Conventional hydrogen 235
LYss GLY485 Conventional hydrogen ~ 2.67
GLNG GLU484 Conventional hydrogen 232
MET9 TYR453 Pi-Sulfur 5.63
LEUT1 ARGA403 Ayl 5.42
VAL3 LEU455 Alkyl 4.86
LYss TYRA8Y Pi-Alkyl 535
PRO7 PHE490 Pi-Akkyl 5.1
LEU1 TYRS05 Pi-Alkyl 5.00
SARS-CoV-2 3CLPro*

LEU11 GLY143 Conventional hydrogen ~ 2.08
LEUT1 SER144 Conventional hydrogen 2,68
LEUT1 Cvst4s Conventional hydrogen ~ 2.24
LEUT1 cvs14s Conventional hydrogen ~ 3.05
MET9 GLU16B Conventional hydrogen ~ 2.07
GLN& ALAT91 Conventional hydrogen ~~ 2.44
PRO7 GLN192 Conventional hydrogen ~ 2.07
Lyst THR25 Conventional hydrogen 1.85
Lyst cvsa4 Conventional hydrogen 2,67
ASN8 VAL18S Conventional hydrogen ~ 2.98
ILE10 GLN189 Conventional hydrogen ~ 2.17
ILE10 His41 PiSigma 371
PHE2 MET49 Pi-Sulfur 47
ILE10 MET49 Ayl 491
PRO7 PRO168 Alkyl 459
PRO7 ALA191 Alkyl 4.1
LEU11 HIS163 Pi-Akyl 5.42

*RBD, Receptor binding domain of S1 spike protein; 3CLpro, 3-chymotrypsin-lie
cysteine protease.
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Drug

Mechanism of action

Dose

Remdesivir

Chloroquine/
Hydroxychloroquine

Umifenovir
Lopinavir/Ritonavir
Favipiravir

Oseltamivir
Ribavirin

Metronidazole
Baricitinib

Camostat Mesilate
Darunavir/Cobicistat
Thalidomide

Isotretinoin
IFN a

Fingolimod
Ruxolitinib

Tocilizumab

Inhibition of RNA polymerase

Modify the transcription process and signaling
pathways

Inhibition of membrane fusion
Protease inhibitor
Inhibits viral replication

Reduce viral replication
Nucleoside inhibitor

Nucleic acid synthesis inhibitor
Anti-Janus kinase inhibitor
Block cell entry (Serine protease inhibitor)

Protease inhibitor/inhibitor of cytochrome P450 3A
Anti-inflammatory, anti-angiogenesis, antifibrotic and

immune regulation

Down regulator of ACE-2 receptors also PLpro inhibitor

Inhibition of viral replication

Immunology modulator
JAK1 and JAK2 inhibitor

IL-6 blocker

200 mg initial dose after that 100 mg daily (IV) up to 9 days
400 mg two times on the first day, then 200 mg two times
up to 7 days

200 mg three times daily maximum up to10 days

400/100 mg two times a day for 14 days

1600 mg two times in the first day, then 600 mg two times
per day up to 6 days

75 mg two times daily up to 5 days

500 mg two or three times daily along with interferon o or
lopinavir/ritonavir maximum up to10 days

400 mg two times daily maximum up to 14 days
4 mg/day for two weeks

200 mg three times daily for 5 days

800 mg/150 mg once daily for 5 days

100 mg for 14 days

0.5 mg per kg daily for one month

atomization: 45ug, two times daily for two weeks or 5
million units or equivalent dose, twice daily not more than
10 days

0.5 mg per day orally for 3 days

10 mg two times a day for 14 days with dose reduction or
escalation

8 mg/kg
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23
24

2

2

27

28
2

31
32
33

a8

37

88

10
a1
a2
43

Hydroxychioroquine
Levamisole, Budesonide, Formoterdl,
Lopinavir/Ritonavir hyroxychloroquine
‘Garrimycin lopinavir/itonavir Arbidol,
chloroquine phosphate

Osetamivir, Hydroxychioroguine
LopipinavirRitonavir, Darunavir Favipiravir
Favipiavic

Favipiravic

Astidol

ASCOS(novel investigational protease infibitor)
lopinavirfitonavir

Lopinaviritonavir Hydroxychioroguine sulfate
Lopinavir/itonavir

Hydroxychlorogquine Lopinavir/itonavir
Hydroxychloroquine Oseltamivir Azithromycin

lopinavir/itonavir Hydroxychloroquine Sulfate
Losartan

Abidol hydrochloride, Oseltamivir Lopinaviritonavir

Lopinavir/itonavir tablets Xiyanping injection
lopinavir/itonavir and Traditional hinese Medicines.
Methylprednisolone

Colchicine:

Angiotensin 1-7

Thalidormide

Thalidormide

Dietary Supplement: Natural Honey

Interventional
Interventional Phase2 and 3

Interventional Phase 4

Interventional Phase 3

Interventional
Interventional Phase 3
Interventional Phase 4
Interventional

Interventional phase 2
Interventional phase 2
Interventional Phase 3
Interventional Phase 3
Interventional Phase 2,3

Interventional Phase 4

Interventional
Interventional
Interventional Phase 2
Interventional Phase 3
Interventional Phase 2/3
Interventional Phase 2
Interventional Phase 2
Interventional Phase 3

Treatment
Treatment

Treatment

Treatment

Treatment
Treatment
Treatment
Treatment

Treatment
Treatment
Treatment
Treatment
Treatment

Treatment

Treatment
Treatment
Treatment
Treatment
Treatment
Treatment
Treatment
Treatment

1300

520

8

210
100
380
160

150
440
1200
500
4000

400

80
150
104

2500

0
100
1000

University Hospital, Angers (NCT04325893)
Fasa University of Medical Sciences (NCT04331470)

Beijing YouAn Hospital (NCT04286503)
Rejavithi Hospital (NCT04303299)

Peking University First Hospital (NCT04333589)

Giiano Rizzardini (NCTO4336904)

Jierring QU (NCT04260594)

Fist Afiated Hospital of Znejang Uriversity (NCT04261907)

‘Asan Medical Center (NCT04307693)

Sunnybrook Health Sciences Centre (NCT04330690)

Centre Hospitalier Universitaire de Saint Etienne (NCT04328285)
Shehnoor Azhar (NCT04338698)

Bassett Healthcare (NCT04328012)

Tongj Hospital
(NCT04255017)

Jiangxi Qingfeng Pharmaceutical Co. Ltd. (NCTO4205551)

Beijng 302 Hospital (NCT0425187 1)

University of Trieste (NCT04323592)

Estudios Ciinicos Latino América (NCT04328480)

Erasme University HospitalNCT04332666)

First Affiiated Hospital of Wenzhou Medical University (NCT04273581)
First Affiated Hospital of Wenzhou Medical University NCT04273529
Misr University for Science and Technology (NCT04324489)
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Peptide

SBP1 (41)
42

43

EK1C4 (44)
IPBO2 (45)

Peptide sequence

IEEQAKTFLDKFNHEAEDLFYQS

EEQAKTFLDKFNHEAEDLFYQSS
EEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEE
SLDQINVTFLDLEYEMKK.EEAIKKLEESYIDLKEL-GSGSG-PEG4-Chol
ISGINASVWNIQKEIDRLNEVAKNLNESLIDLQELK (Chol)

Coronavirus

SARS-CoV-1
‘SARS-CoV-1
SARS-CoV-1
‘SARS-CoV-2
SARS-CoV-2

Activity

Ka =147 1M
G50 = 50 M
[Cs0 = 6.0 UM
ICa = 1.3nM
[Cso = 25 1M
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HCoV genera

a-coronaviruses

B-coronaviruses

Coronaviruses

HCoV-229E
HCoV-NL63
HCoV-0C43
HCoV-HKU1
SARS-CoV-1
MERS-CoV
SARS-CoV-2

Cellular receptor

Human aminopeptidase N (CD13)
ACE2

9-O-acetylated sialic acid
9-O-acetylated sialic acid

ACE2

DPP4

ACE2
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Ligands M.wt (g/mol) pKd (std.) AG (Kcal/mol Lig. Efficiency
(std.) (Kcal/mol)

Suramin 142794 12.75(2.08) —17.21(-2.75) -0.19

28S albumin 1427117  98.04 (96.61) —93.31 (—92.11) -0.27

Flocculating 6282.17 56.05 (65.72) —75.67 (—75.54) -0.17

proteins
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Protin and ligand Suramin 2S albumin Flocculating protein
complex

HADDOCK score —49.0 + 3.1 —728+59 -712+89
Cluster size 81 6 10
RMSD from the overall 14+04 09+01 0.7+£04
lowest-energy structure

Van der Waals energy —240+5.2 —30.6 +£3.0 —27.7+4.0
Electrostatic energy —190.3 +43.8 —168.8 +£10.8 —118.8 £ 10.0
Desolvation energy 49423 —73+43 —75+£57
Restraints violation 0.7 £1.13 39.0 +£2.89 37.3+25.74
energy

Buried Surface Area 0.7+1.13 1199.9 + 38.6 1166.5 + 43.2
Z-Score —-1.8 —-1.7 —2.1
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Ligands/ Global binding energy  Attractive Repulsive ACE HB
inhibitor (kj/mol) vdw vdw

Suramin —41.96 —26.83 15.40 —12.34 0.00
28 albumin —9.12 —29.45 17.09 0.83 —0.63
Flocculating —14.78 —25.14 15.39 0.30 —1.08
protein

Global binding energy, attractive VAW (van der Walls forces), Repulsive VdW, ACE
(atomic contact energy) and HB (contribution of the hydrogen bonds to global
energy) for the interaction between SARS-CoV-2 3CL MP™, Suramin, 2S albumin

and flocculating protein).
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Peptide-TLR4/MD2 complex non-bonded interactions

Peptide P13: ALPEEVIQHTFNLKSQ Peptide P18: DIENLIKSQ
(ZDOCK Score:13.12, E_ RDOCK: —23.464 kcal/mol, E_MM/GBSA: (ZDOCK Score:10.44, E RDOCK: —9.76314 kcal/mol, E_MM/GBSA:
—59.66 kcal/mol) —40.97 kcal/mol)

Peptidyl TLR4/MD2 Types Distance (A) Peptidyl TLR4/MD2 Types Distance (A)
PHE11 ILE94 Pi-Alkyl 4.48 ASP1 GLU92 Conventional hydrogen 1.89
PHE11 TYR102 Pi-Pi T shaped 5.70 ASP1 GLU92 Charge-Charge 4.90
PHE11 ILE117 Pi-Alkyl 4.98 ILE2 LEU78 Alky! 4.36
GLN16 ARG90 Salt bridge 1.86 ILE2 CYS133 Alky! BT
GLU4 ARG90 Salt bridge 4.27 ILE6 ILE52 Alky! 5.36
ILE7 PHE76 Pi-Alkyl 527 ILE6 ILE153 Alkyl 4.78
HIS9 ILE32 Pi-Sigma 3.90 LYs7 PHE119 Pi-Cation 412
HIS9 ILE52 Pi-Alkyl 4.27 Y87 LEUB1 Alky! 4.99
ILE7 LEU78 Alkyl 9.95 LYS7 VAL48 Alkyl 4.62
ILE7 VAL135 Alkyl 4.11

GLU5 PHE121 Pi-Anion 3.48

HIS9 ILE153 Pi-Alkyl 4.84

ALAT ILE153 Alky! 4.28

VAL6 CY8133 Alky! 4.04

ILE7 CYsias Alkyl 5.00

PRO3 CYS133 Conventional hydrogen 3.63

ALAT TYR131 Pi-Sigma 3.82

ALA1 LEU54 Alkyl 414

ALAT PHE126 Alkyl 4.59

LEU2 ILE124 Alkyl 4.67

PRO3 LEU87 Alkyl 4.85

PRO3 ILESO Alky! 4.14

E_RDOCK-Energy of the structure complex computed using RDOCK program.
E_MM/GBSA-Energy of the structure complex computed using Generalized Born model and Solvent Accessibility method.
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Code

DB00220
DB00224
DB00194
DB00238
DB00198
DB13132
DB01190
DB00908
DB00207
DB00608

Name

Nelfinavir
Indinavir
Vidarabine
Nevirapine
Oseltamivir
Artemisinin
Clindamycin
Quinidine
Azithromycin
Chloroquine
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Peptide-Receptor Binding Domain (RBD) non-bonded interactions

Peptide P13: ALPEEVIQHTFNLKSQ
(ZDOCK Score: 11.18, E_RDOCK: —9.30099 kcal/mol, E_ MM/GBSA:

Peptide P18: DIENLIKSQ
(ZDOCK Score: 9.62, E_RDOCK: —4.07086 kcal/mol, E_ MM/GBSA:

—48.03 kcal/mol) —35.83 kcal/mol)

Peptidyl RBD Types Distance (A) Peptidyl RBD Types Distance(ﬂ)
GLN16 GLN493 Conventional hydrogen 2.80 GLN9 GLN493  Conventional hydrogen 2.38
LYS14 TYR453 Conventional hydrogen 1.97 GLN9 SER494 Conventional hydrogen 2.82
LEU13 TYR453 Pi-Alky! 5.45 GLN9 SER494  Carbon hydrogen 3.51
LEU13 ARG403 Alkyl 5.06 SER8 SER494  Conventional hydrogen 2.87
LEU13 TYR495 Pi-Alky! 5.47 SER8 SER494  Carbon hydrogen 3.01
PHE11 TYR505 Pi-Pi T shaped 4.38 Lys7 GLY496 Carbon hydrogen 3.45
THR10 GLY502 Conventional hydrogen 2.82 LEUS TYR505 Pi-Alky! 413
ASN12 ASN501 Conventional hydrogen 2.72 ILE2 TYR505 Pi-Alky! 5.50
GLN8 ASN501 Conventional hydrogen 2.78 ILE2 PHE497  Pi-Alkyl 5.35
HIS9 THR500 Conventional hydrogen 1.88 ASP1 TYR453 Pi-Cation 4.22
GLN8 GLY496 Conventional hydrogen 2.49 ASP1 ARG403  Conventional hydrogen 2.03
GLU5S GLN498 Conventional hydrogen 2.04 ASP1 GLU406  Attractive charge 4.21
ALA1 GLY446 Conventional hydrogen 2.48

GLU5 TYR449 Pi-Anion 4.08

GLU5S GLy447 Carbon hydrogen 3.18

E_RDOCK-Energy of the structure complex computed using RDOCK program.
E_MM/GBSA-Energy of the structure complex computed using Generalized Born model and Solvent Accessibility method.
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Peptide Sequence(s) Mol. Wt. GRAVY Toxicity

B. licheniformis KN1G fermented soybean

TSLDFPALSWLRL (P1) 1518.78 0.538 NO
SWTEWAKEKLSEGL (P2) 1663.85 —0.957 NO
TSLDFPALWLLKLS (P3) 1603.92 0.814 NO
KLGKFFEITPE (P4) 1308.54 -0.327 NO
KFVPKQPNMIL (P5) 1314.65 -0.073 NO
KFVPKQPNMILQ (P6) 1442.78 —0.358 NO
GGSQSQKGKQQE 2247.32 —1.833 NO
EENEGSNIL (P7)

LPEGPAVKIGEN 2572.92 —0.609 NO
KDAMDGWFRLE (P8)

NALKPDNRI 1889.05 —0.894 NO
ESEGGFIE (P9)

LAFPAGSAQDIE 2214.46 —0.545 NO
NLIKNQRE (P10)

LAFPGSAKDIENLI 2658.94 —0.221 NO
KSQSESYFVD (P11)

AFPGSAKDIE 1934.13 —0.583 NO
NLIKSQSE (P12)

ALPEEVIQH 1854.09 —0.425 NO
TENLKSQ (P13)

SWNKFVPK 1702.05 —0.429 NO
QPNMIL (P14)

SLLNALPEEVIQHT 2639.99 -0.422 NO
FNLKSQQAR (P15)

QEQEFLKYQ (P16) 1212.32 —1.789 NO
ANIELVGIKEQQQK 2709.01 —1.439 NO
QKQEEEPLE (P17)

DIENLIKSQ (P18) 1079.18 —0.656 NO
VGIKEQQQKQQ 2168.39 —-2.011 NO
KEEEPLE (P19)

GNQEQEFLK (P20) 1092.17 —1.689 NO
FKLEFEPPFRIKSNQ (P21) 1880.18 —0.907 NO
LVGIKEQQQRQQ (P22) 1454.65 —1.442 NO
IPVNKPGRFE (P23) 11566.35 —0.750 NO
LAFPGSAKDIENLIKSQS 3769.09 —-0.894 NO
ESYFVDAQPQQKEEGN (P24)

ASYDTKFEEINKVLFS 3587.86 —1.433 NO
REEGQQQGEQRLQE (P25)

DRPSIGNLAGANSLLNA 3447.85 —0.306 NO
LPEEVIQHTFNLKSQ (P26)

STQAQQSYLQGFSH 3145.30 —0.841 NO
NILETSFHSEFEE (P27)

SGFAPEFLKEAFGVNMQI 3927.31 —0.306 NO
VRNLQGENEEEDSGAIVT (P28)

SGFTLEFLEHAFSVDKQ 3923.30 —0.428 NO
IAKNLQGENEGEDKGAIVT

(P29)

FLKEAFGVNMQIVRNL 3566.00 —0.281 NO
QGENEEEDSGAIVTVK (P30)

EFLEHAFSVDKQIAKNLQ 3645.04 -0.6 NO
GENEGEDKGAIVTVK (P31)

AFPGSAQAVEKLLKNQ 3708.15 —1.124 NO
RESYFVDAQPKKKEEGN (P32)

MQGGKKAGESIKETA 2635.99 —-0.511 NO
ANIGASAKAGME (P33)

B. amyloliquefaciens KN2G fermented soybean

SLEDEISWFK (P34) 1253.37 —0.580 NO
FEEINKVLFGR (P35) 1351.57 -0.109 NO
B. subtilis KN2B fermented soybean

ISSEDKPFNLR (P36) 1305.45 -1 NO
NIVETFEENLGGIGEK (P37) 1748.91 -0.438 NO
LAGNQEQEFLK (P38) 1276.41 -0.873 NO
VIVELSKEQIR (P39) 1313.56 0.136 NO
GNQEQEFLK (P40) 1092.17 —1.689 NO
B. subtilis KN2M fermented soybean

SAKGKKGAFKGLNVA 2744.38 —0.044 NO
VKVIPKAKMTTA (P41)

SLEDEISWFK (P42) 1253.37 —0.580 NO
GNQEQEFLK (P43) 1092.17 —1.689 NO
KPSAPKIPLE (P44) 1079.30 —0.680 NO

GRAVY-grand average of hydropathy; Mol. Wt.—molecular weight in Dalton.
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Name of the
vaccine

mRNA-1273

BNT162 (1a, b1,
b2, c1)
CVnCov

LNP-nCoVsaRNA
ARCT-021

Unnamed

ChulaCov19

RNA type

LNP-encapsulated mRNA

LNP-encapsulated nuceoside
modified mRNA, uridine containing
MRNA, and self-amplifying mRNA
mRNA

Self-amplifying MRNA
Seff-replcating RNA

mMRNA

MRNA

Sponsor(s)

Modema inc. and NIAID

BioNTech, fosun pharma,
and pfizer

CureVac

Imperial college london
Arcturus therapeutics, inc.
and Duke-NUS

PLA, walvax biotechnology,
and abogen biosciences
Chulalongkorn university

No. of
doses

2

Dosing
interval (days)

0,28

0,28

0,28

0, 14 and/or
0,28
0,28

Clinical trial phase and identifier

Phase lll NCT04470427

Phase Il NCT04405076

Phase | NCT04283461

Phase lll NCT04368728
Phase Il 2020-001038-36, ChiCTR2000034825,
NCT04537949, NCT04588480
Phase | NCT04368728

Phase Il NCT04515147

Phase | NCT04449276

Phase | ISRCTN17072692
Phase I/l NCT04480957

Phase | ChiCTR2000034112
ChiCTR2000039212
Phase | NCT04566276
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Medicinal plants

1 Andrographis paniculata
2 Syzygium aromaticum
3 Zinigiber officianle

4 Tragia involucrata

5 Hygrophila auriculata

6 Terminalia chebula

7 Adhatoda vasica

8 Coelus amboinicus

9 Saussurea lappa

10 Clerodendrum serratum

11 Cyperus rotundus

12 Tinospora cordifolia
13 Sida acuta

14 Piper longum

15 Anacyclus pyrethrum

Pharmacological properties

Anti-viral, anti-cancer, anti-inflammatory, angiogenic, anti-venom, anti-diabetic, and
anti-malarial properties

Anti-bacterial, anti-fungal, insecticidal, analgesic, anti-spasmodic, anti-carminative,
and anti-oxidant properties

Anti-emetic, anti-oxidant, anti-diabetic, anti-pyretic, analgesic, anti-arthritic, and
anti-inflammatory activities
Anti-microbial, analgesic, anti-epileptic, anti-ciabetic, anthelmintic, anti-inflammatory,
anti-fertlty, anti-diuretic, anti-pyretic, anti-oxidant, and cytotoxic activities

Anti-cancer, hypoglycemic, aphrodisiac, anti-microbil, anti-oxidant, lipid
peroxidation, hepatoprotective, and hematopoietic activity

Anti-bacterial, anti-microbial, anti-fungal, anti-viral, anti-oxidant, anti-ulcer, and
anti-helmintic

Anti-asthmatic and bronchodiiator activity, wound healing activity, anti-ulcer activity,
cholagogue activity, anti-allergy activity, anti-tubercular activity, abortifacient and
uterotonic activity, insecticidal activity, and anti-bacterial activity

Urolithiasis, fungitoxic, anti-bacterial, anti-malarial, and anti-inflammatory

Anti-arthritic, anti-convulsant, anti-cancer, anti-inflammatory, anti-larvicidal, anti-ulcer,
anti-viral, and hepatoprotective activities

Anti-oxidant, anti-bacterial, anti- carcinogenic, hepatoprotective, wound healing, and
anti-allergic properties

Anti-androgenic, anti-mutagenic, anti-obesity, anti-oxidant, anti-uropathogenic,
anti-diartheal, anti-genotoxic, anti-cancerous, anti-convuisant, anti-diabetic,
anti-bacterial, anti-lipidernic, antimalarial, anti-inflammatory, hepatoprotective,
cardioprotective, and neuroprotective

Anti-cancer, anti-diabetes, anti-viral, anti-inflammatory, anti-psychiatric, and
immunomodulatory action

Anti-plasmodial, anti-ulcer, hypoglycemic, anti-bacterial, anti-fungal, anti-oxidant,
anti-inflammatory, analgesic, anti-pyretic, hepatoprotective, and cytotoxic activities
Anti-cancer, anti-oxidant, anti-inflammatory, anti-microbial, anti-hyperipidemic,
anti-obesity, and analgesic activities

Anti-rheumatic, analgesic, anti-bacterial, anti-cliabetic, anti-oxidant, anti-inflammatory,
and anti-nociceptive activities

Ref: AYUSH Ministry of Health Corona Advisory —D.O. No. S. 16030/18/2019—NAM; dated: 06th March, 2020.
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S.no  Name of the plant

1 Clerodendrum serratum
2 Hygrophila auricualata
3 Tragia involerta

4 Terminalia chebula

5 Sida acuta

6 Sausurea lappa

7 Adnatoda vasica

8 Andrographis paniculata
9 Syzygium aromaticum

10 Zingiber Officianle

11 Tinospora cordifolia

12 Ceolus ambonicus

13 Cypreus rotundus

14 Piperlongum

15 Anacyclus pyrethrum

Compound name

Acetoside
(S. Figure 1a)

Luteolin 7 -rutinoside

(S. Figure 1b)

Rutin
(S. Figure 1c)

Chebulagic acid
(S. Figure 1d)

Acanthoside
(S. Figure 1)

Syrigaresinol
(S. Figure 1e)

Violanthin
(S. Figure 1g)

Andrographidine C
(S. Figure 1h)

Myricetin

(S. Figure 1i)
Gingerenone -A
(S. Figure 1))

Tinosporinone
(S. Figure 1K)

Geraniol
(S. Figure 1))

Nootkatone
(S. Figure 1m)

Asarianin
(S. Figure 1n)

Gamma sitosterol
(S. Figure 10)

Molecular formula and weight

CaoHesO1s
624.6 g/mol

CarHoO1s
594.5 g/mol

CarHzoOre
6105 g/mol

CatHaoOz7
954.7 g/mol

CasHaeO15
742.7 g/mol

CasteeOrs
580.6 g/mol

CarhoOre
5785 g/mol

CaaHz4010
460.4 g/mol

CisH100s
318.23 g/mol
Cz1H2405
356.4 g/mol

CroHisOs
342.3 g/mol

GioH10
154.25 g/mol

CisHz20
218.33 g/mol

CaoHigOs
354.4 g/mol

CaoHsoO
4147 g/mol

Energy

—153.06

-134.6

—133.06

-1243

—122.21

-120.03

-1149

-101.8

-99.96

-93.9

—83.42

—62.87

—62.4

-79.94

-81.94

vow

-93.6

-98.38

—85.08

-103.2

79.44

~79.99

~76.13

—72.41

—63.64

—69.96

—-76.55

-57.1

-52.51

-71.92

—79.44

Hbond

—59.46

—36.23

—47.99

-21.28

—42.5

—40.04

-38.81

—29.36

-36.32

—23.94

—6.86

-9.85

-8.02

Binding domain

H-s*
H-M
V-M
V-

H-S
H-M
v-m*
Vs

H-S
H-M
V-M
V-8

H-s
H-M
V-M
V-8*

H-s*
H-M
V-M
Vs

H-8*
V-8

H-M
H-s*

H-s

v-m*
V-8

H-s*
Vs
H-s
H-M
V-M*
Vs

H-S
V-M
v-s*

H-M
V-M*

H-s*
V-8

H-s*
V-M

H-S
V-M

Aminoacid

ARG-131
THR-199
ASN-238
LEU-287
ASP-289
THR-199
TYR-239
LEU-286
LEU-287
ASP-289
ARG-131
THR-199
ASN-238
LEU-287
ASP-289
THR-199
TYR-239
LEU-286
LEU-287
ASP-289
ARG-131
THR-199
LEU-287
THR-199
TYR-239
LEU-286
LEU-287
ASP-289
THR-199
LEU-287
ASP-289
THR-199
TYR-239
LEU-286
LEU-287
ASP-289
ARG-131
THR-199
LEU-287
TYR-239
LEU-286
LEU-287
ASP-289
ASN-151
GLU-240
THR-202
GLY-110
PHE-219
ASN-221
LEU-271
ARG-279
LEU-220
ARG-131
THR-199
ASN-238
ASP-289
THR-199
TYR-239
LEU-286
LEU-287
ASP-289
ARG-188
GLU-55
ARG-131
THR-199
LEU-287
ASP-289
THR-199
TYR-239
LEU-286
LEU-287
ASP-289
THR-199
ASP-289
THR-199
TYR-239
LEU-287
THYR-26
LEU-141
ASN-142
LEU-4
THY 111
THY- 202
ASP- 295
PHE-204
TYR-239
LEU-286
LEU-287
ALA-70
ASP-289
THR-199
TYR-239

*The possible binding modes of selected phytochemicals at the target protein active sites.
H-S signifies hyarogen bond with sidechain.

H-M signifies hydrogen bond with the main chain.

VM signiffies Vander waals interaction with main chin.
VS signifies Vander waals interaction with sice chain.
. Figure - Supplementary Figure 1 (a-o),

Bold values indicates the best interaction of amino acids along with hydrogen bond, side chain, main chain, and vander walls.
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Peptide Amino acid Bond type Distance
P14 Lys102 H 1.95
Asp153 H 1.2
Gint10 H 202
Arg298 H 215
Serd01 H 1.99
le152 H 215
Ser158 H 259
Val297 H 1.95
Phe294 PS 278
Tyr154 PPT 423
Pro252 A 4.99
lle249 A 4.01
His246 PA 526
= Asni142 H 205
Thr24 H 1.68
Glu166 H 255
Asni142 H 1.46
Asp187 H 297
G189 H 280
Cyst45 A 363
His41 PA 4.12
P41 Lys102 H 1.80
Arg245 H 1.76
Arg105 H 1.95
Gint07 H 201
Gint10 H 205
Tyr154 H 1.86
le249 H 205
Asp153 H 201
Gint07 H 253
Thrigs H 241
Phe294 PA 4.47
Pro203 PA 4.19
Arg105 PA 468
P74 Glut66 H 1.72
Ser139 H 1.76
Phe140 H 2.76
Leut67 H 252
le135 H 1.95
Gin189 H 1.93
Ser39 H 294
Met165 H 265
Pro168 H 225
Asp187 H 305
Cyst45 PS 495
Leu141 A 4.93
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Peptides ID Sequence FireDock score (kcal/mol) ClusPro score (kcal/mol)

P14 'YQDVNCTDVSTAIHADQLTP -58.45 -885.9
P39 SWPSKATWGFA -50.18 -839.2
P41 ALNCYWPLNDYGFYTTTGIGYQPYRWVLSFEL -56.13 -888.4

P74 WNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIKWPW -50.16 -926.3
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Carbon dot (size)

Cureumin cationic carbon dots
(1.5nm)

Carbon dots (4.7 nm)

Functionalized carbon quantum
dots.

Boronic
acid/amine-functionalized
carbon dots
Benzoxamine carbon dots
(44nm)

curcumin derived carbon
quantum dots (4.2-5.2nm)

Carbon dots

Glycyrhizic acid carbon dots
(11.4nm)

Blue-fluorescent carbon dots
(1.9nm) Gyan-fluorescent
carbon dots (2.7 nm)

Quantum dots 92.2 nm)

Boronic acid functionalized
carbon dots

Polyamine-modified Carbon
quantum dots

Synthesis method /precursor

Hydrothermal reaction/ curcurnin
and citric acid

Hydrothermal reaction
/PEG-diamine and ascorbic acid

Hydrothermal
carbonization/ethylenediamine
and citric acid

Hydrothermal
carbonization/4-aminophenyl
boronic acid hycrochloride
Hydrothermal
reaction/benzoxazine monomers

Pyrolysis/curcumin

22-
(ethylenedioxy)bis(ethylamine)
and 3-ethoxypropylamine

Hydrothermal/Glycyrrhizic acid

Hydrothermal process/young
barley leaves and urea or citric
acid

Microwave Synthesis/aqueous
dispersed CdTe/CdS/ZnS

Pyrolysis/citric acid

Pyrolysis/ spermidine powder

Effective against

Coronavirus mode (porcine
‘epidemic diarrhea virus)

Porcine reproductive and
respiratory syndrome virus

Human coronavirus

Herpes simplex virus type 1

Adenovirus-associated virus,
Porcine parvovirus, Dengue virus,
Zika virus, and Japanese
encephalits virus

Enterovirus

Human norovirus
virus-ike-particles

Coronavirus and Herpes viridae
(porcine reproductive and
respiratory syndrome virus)

Pseudorabies virus
Human herpes simplex virus type 1
Human immunodeficiency virus 1

White spot syndrome virus

Mechanism of viral inhibition

Entry, replication, and budding
Replication

Entry and replication

Entry

Attachment

Entry and replication

Inhibition of binding

Invasion and Replication

mRNA expression level of IFN-a,

IFN-p, and ISGs
Viral replication

Entry step

References

Ting etal., 2018

Duetal., 2016

koczechin et al., 2019

Baras et al., 2016

Huang et al., 2019

Linetal.,, 2019

Dong et al., 2017

Tong et al., 2020

Liuetal, 2017

Huetal, 2016

Fahmi et al., 2016

Jian et al., 2017;
Huang et al., 2020
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Viruses  Peptidyl Target protein Interaction type ZDOCK E_RDOCK* Peptidyl Targetprotein Interactiontype ~ ZDOCK E_RDOCK*

residue  residue Score  (kcal/mol) residue residue Score  (kcal/mol)
Receptor Binding Domain (RBD) 3-Chymotrypsin like protease (3CLP)
SARS-CoV GLNG6  ASN479 Conventional hydrogen METO  HIS41 Pi-Alkyl
MET9  ASP480 Conventional hydrogen ~ 12.14  —11.64  PRO7  CYS145 Conventional hydrogen 994 —17.45
Lyss PRO470 Conventional hydrogen VAL3  MET49 Alkyl
Lyss cysar4 Conventional hydrogen LEUIT  MET165 Alkyl
Lyss TRP476 Conventional hydrogen MET9  GLU166 Conventional hydrogen
MET9  TYR440 Pi-Sulfur LYst  GLN189 Conventional hydrogen
MERS-CoV PRO7  TYR409 Conventional hydrogen GLN6  His41 Conventional hydrogen
Lyst CYs425 Conventional hydrogen 1.1 -2680  PRO7 CYS145 Conventional hydrogen 128 —22.85
VAL3 PRO430 Conventional hydrogen GLN6  CYS148 Conventional hydrogen
VAL3 SER435 Conventional hydrogen LYSs  LEU49 Conventional hydrogen
GLN6  CYS4s7 Conventional hydrogen LYss  TYRs4 Conventional hydrogen
ILE10  CYs478 Alkyl PRO7  HIS166 Pi-Alkyl
LEUTT  ILE480 Alkyl PRO4  GLU169 Conventional hydrogen
ILE1O  VALS75 Alkyl Lyst  Hist94 Conventional hydrogen
H-CoV-HKU1 MET9  PROB12 Carbon hydrogen LYS5  His41 Pi-Alkyl
LEU1  THR614 Conventional hydrogen ~ 9.76  —1647 ~ GLN6  CYS145 Conventional hydrogen 1112 —15.22
Lyst GLUB1S Salt bridge PRO7  CYS142 Alkyl
Lyst PHEG17 Pi-Alkyl LYSs  CYsd4 Conventional hydrogen
Lyss  TYRS4 Conventional hydrogen
PRO4  GLU166 Conventional hydrogen
VAL3  LEU167 Alkyl
VAL3  VAL190 Conventional hydrogen

*E_RDOCK, Binding energy.
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Developer/manufacturer

Nonreplicating viral vector-based vaccine candidates
University of Helsinki/University of Eastern Finland
Theravectys-nstitut Pasteur
D Pharma
Ankara University
Massachusetts General Hospital/AveXis
GeoVax/BravoVax
DZIF- German Center for Infection Research/DT Biologika GmbH
IDIBAPS-Hospital Ciinic (Spain)

AOVA
Erciyes University
Greffex
Stabiltech Biopharma Ltd
Valo Therapeutics Ltd
Centro Nacional Biotecnologia (GNB-CSIC) (Spain)
University of Georgia/University of Lowa
Bharat Biotech/Thomas Jefferson University
National Research Center (Egypt)
Icahn School of Medicine at Mount Sinai
Vaxart
Sorbonne University
Repiicating viral vector-based vaccine candidates

Farmacologicos Veterinarios SAC (FARVET SAC)/Universidad Peruana Cayetano Heredia

(UPCH)
KU Leuven
Cadila Healthcare Limited
FBRI SRS VB VECTOR, Rospotrebnadizor, Koltsovo
CanVirex AG/DZIF- German Center for Infection Research
Tonix Pharma/Southern Research
BIOCAD/IEM
FBRI SRC VB VECTOR, rospotrebnadzor, Koltsovo
Instituto Buntantan/Fundacao Oswaldo Cruz
University of Hong Kong
University of Manitoba
Uiversity of Western Ontario
Aurobindo
FBRI SRC VB VECTOR, Rospotrebnadzor, Koltsovo
UW-Madison, Bharat Biotech and FluGen
Intravace, Utrecht University, Wageningen Bioveterinary Research
The Lancaster University (United Kingdom)
Farvet SAC
Farvet SAC

Type of vaccine candidate

Ad 5 vector

Lentiviral vector

Sendai virus vector

Adenovirus-based

AAVCOVID

MVA-encoded VLP

MVA-S encoded

MVA-S

Lentiviral vector

Adenos-based

Ad5 S

Oral Ad5 S

Adenovirus-based + HLA-matched peptides
MVA expressing structural proteins

PIV5

Recombinant deactivated rabies virus containing S1
Influenza a HIN{ vector

Newcastle disease virus expressing S

Oral vaccine platform

Lentiviral vector Retro-VLP particles

NDV-FARVET expressing RBD

YF17D vector

Measles vector

Measles vector

Measles virus (S, N targets)

Horsepox vector expressing S protein

Attenuated influenza virus based live viral vectored vaccine
Influenza-based recombinant vaccine

Attenuated infiuenza expressing an antigenic portion of the spike protein
Influenza vector expressing RBD

Replicating VSV vector-based DC-targeting

VBV-8

VBV-8

VSV vector

M2SR influenza vector

NDV-SARS-CoV-2/Spike

APMV

rNDV-LS1-HN-RBD/SARS-CoV-2
NDV-LS1-51-F/SARS-CoV-2
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Vaccine

Nonreplicating viral vector-based vaccine

AZD1222 (ChAJOX1-8)

Adenovirus type 5 vector
Gam-COVID-vac

Ad26.COV-S (JNJ-78436735,
Ad26COVS1)
hAd5-S-Fusion + N-ETSD
GRAG-COV2
Ad5-nCoV
VXA-Cov2-1
MVA-SARS-2-S
AJCOVID
Replicating viral vector-based vaccine
DelNS1-2019-nCoV-RBD-OPT1)

IBR-100
V590
COVID-19-101

Route Phase

aIM: intramuscular, IN' intranasal, and SC: subcutaneous.

Sponsor(s)

University of Oxford
AstraZeneca

Serum Institute of India Pvt. Ltd
GanSino Biological Inc

NPO Petrovax

Gamaleya Research Institute

Janssen Vaccines and Prevention B.V.

ImmunityBio, Inc
ReiThera Srl

Institute of Biotechnology, Academy of Military Medical Sciences, PLA China

Vaxart

University Medical Center Hamburg-Eppendorf

Altimmune

Beijing Wantai Biological
Pharmacy and Xiamen University
Israel Institute for Biological Research
Merck Sharp and Dohme

Institute Pasteur

Clinical trial ID

ISRCTN89951424
NCT04516746
NCT04540393
CTRI/2020/08/
027170
NCT04526990
NCT04540419
NCT04530396
NCT04564716
NCT04505722
NCT04614948
NCT04591717
NCT04528641
NCT04552366
NCT04563702
NCT04569383
NCT04679909

ChiCTR2000039715
NCT04608305

NCT04569786
NCT04497298
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No Ligands AutoDock Vina (kcal/mol) Residue Type of interactions
1) ZINC32960814 —12.61 Glu166, GIn189, GIn192, Arg188, Met165, Thr190, Thr190 H-Bond
His164, Gly143, Ser144, Leu167, Leu141, Ala191, Tyrb4, His41, Asp187 van der Waals
Met165 Pi-Sulfur
Met49, Met49 Pi-Alky!
His163, Phe140, Asn142 Hydrophobic
@) ZINC12006217 —12.32, His41, Ser144, Leu141, Gly143 H-Bond
Arg188, Tyr54, GIn189, Thr25, Thr26, Phe140, His163, Glu166, His164 van der Waals
Met165 Pi-Sulfur
Met49, Met49 Pi-Alky!
His41 Pi-Pi T-shaped
Cys145, Asn142, Asp187, Hydrophobic
) ZINC03231196 —12.01 Cys145, Cys145, Ser144, Gly143 H-Bond
Leu141, Phe140, His163, Lue27, Thr25, Asp187, Tyr54 van der Waals
His41 Pi-pi T-shaped
His41, Cys145 Pi-Alky!
Met165 Pi-Sulfur
GIn189, Asn142, Glu166 Hydrophobic
) ZINC33173588 —11.92 Tyr54. Tyr 54 H-Bond
Arg188, GIn189, His163, Gly143 Ser144 Thr25 Van der Waals
His41 Pi-pi T-shaped
Cys145 Luel127 Pi-Alky!

Thr26, Asn142, Glu166, Met165

Hydrophobic
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Anti-cancer agent

Regorafenib

Vinblastin
Doxorubicin

Trastuzumab
Fluorouracil
Fluorouracil
Durvalumab
Enzalutamide

Abiraterone

Abiraterone

Docetexel

Ruxolitinib

Paclitaxel

Interaction with anti-COVID-19 agent

Azithromycin

Azithromycin
Chloroquine

Chloroquine
Anakinra
Tocilizumab
Anakinra
Favipiravir

Tocilizumab

Colchicine

Tocilizumab

Tocilizumab

Tocilizumab

Mechanism

Multikinase inhibitor specially inhibits tyrosine
kinase

Inhibition of mitosis leading to cell death
Inhibition of topoisomerase Il and initiation of
apoptosis

Inhibition of HER2

Inhibition of thymidylate synthase

Inhibition of thymidylate synthase

Inhibition of PD-L1

Competitive binding of androgen, inhibition of

tumor gene transcription

Androgen biosynthesis inhibitor

Androgen biosynthesis inhibitor

Inhibition of microtubular depolymerization

Inhibits myelofibrosis and JAK

Inhibits cell division by altering chromosomal
segregation

Effect

Reduction in therapeutic potential

P-glycoprotein serum levels are increased
Cardiac related abnormalities

Cardiac related abnormalities
Suppression of immunity
Suppression of immunity

Reduced therapeutic efficacy
Reduction in action of antiviral agent

Tocilizumab reduced abiraterone as CYP3A4
inducer

Increase action of abiraterone as CYP3A4
inhibitor

Tocilizumab reduced docetexel as CYP3A4
inducer

Tocilizumab reduced ruxolitinib as CYP3A4
inducer

Tocilizumab reduced paclitaxel as CYP3A4
inducer
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More need
for admission
in intensive
care unit
(ICU) (Dai et
al. 2020)
More
incidences
of
hospitalizati
on (Liang et
al. 2020)

Deteriorati
on of
health

(Liang et
al. 2020)

Decreased
functional
capacity of
lungs (van
Dam et al.
2020)

Pneumonia
(Tay et al.
2020)

Cytokine
storm
(Tian et al.
2020)

Effect of
COVID-
19 on
cancer
patients

Bronchoalve
olar fluid
accumulatio
n (van Dam
et al. 2020)

Infiltration
of
cytokines
(Tian et al.
2020)

Infiltration
of
Ilvmphocyt
es (Tian et
al. 2020)

Elevation
of CRP
(Allegra et
al. 2020)

Shortness
of breath
(Stroppa et
al. 2020)

Difficulty
in
breathing
(Tay et al.
2020)
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Cancer COVID-19

+ Carcinogen  4mmmmm  5oyrce  wmmmm) SARC-CoV-2 N\

® ° Smoking, +
* Exposure to Radiation * Immune status,
. Uuv rays, — Factors ) * Age

* Working environment, + Directcontact ..~
t + Heredity s
. through air
Can affect to any ' Site Respiratory
part of body

Exposure leads to mutation of normal
can affect any part od body

e ——
system # #
# Entry of SARS-CoV-2 virus
. into lung cells

: — e ACE2
<+ Carcinogen weee{ TMPRSS2
Smoking

UV rays, radiation

+ Working environment Uncontu:olled mut.ated cell Replication of viral DNA and
growth in respective part SARS-CoV-2 virus in lungs
of body, leading to tumor
formation

Non-communicable Communicable

* Tumor formation

* Systemic inflammation, Primary effects > [FRve, ERdREnS,

* Loss of function due to tumor, ™  on body — e of.smell, tast.e
. C lati * Systemic inflammation,
R T * * Breathing difficulty
* Metabolic abnormalities
Secondary * Lung failure,
* Metastasi pum— — .
. Secondea infesction effects on body * Coagulation
- - « ARDS
Multiple organ failure

A 4
Death
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No Compounds xlogP H-bond H-bond Molecular Rotatable
donors acceptors weight(g/mol) bonds

(1) ZINC32960814 4.633 3 3 413.502 5
(2) ZINC12006217 3.0854 2 6 375.388 4
(8) ZINC03231196 3.420 0 8 486.528 6
(4) ZINC33173588 4.434 0 5 465.497 5
(11) N3
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No Compounds AutoDock 4.2 AutoDock Vina

FEB (kcal/mol) FEB (kcal/mol)
(1) ZINC32960814 —12.61 -12.3
2) ZINC12006217 —-12.32 -11.9
3) ZINC03231196 —12.01 —-11.7
4 ZINC33173588 -11.92 —-11.2
) N3 —7.57 -75
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No Compounds No of AutoDock Cluster rank of selected Docked free energy range of Docked free energy of selected

cluster docked structure docked structures docked structure
(1) ZINC32960814 38 (100) 5 —12.61to -11.96 -12.61
2) ZINC12006217 44 (100) 3 —-12.32t0 —9.94 -12.32
) ZINC03231196 20 (100) 2 —12.01 to —10.31 —12.01
(4) ZINC33173588 25 (100) 5 —11.92to —9.04 -11.92
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Interactions
- van der Waals l:] Pi-Donor Hydrogen Bond
- Conventional Hydrogen Bond - Pi-Sulfur
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- Halogen (Fluorine)
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