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    According to World Health Organization, 122 million cases and over 2.69 million deaths of coronavirus disease-2019 (COVID-19) pandemic have impacted nearly every region of the globe. The pandemic has a huge global economic influence, and successfully fighting against COVID-19 needs efforts. Newly emerging respiratory diseases such as Severe Acute Respiratory Syndrome-coronavirus (SARS-CoV), Middle East Respiratory Syndrome (MERS), and severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) posing a serious threat to the human population and reported in the years 2003, 2012, and 2019, respectively. Furthermore, SARS-CoV-2 new strains shocked the world due to genetic mutation over time.




    This book is very relevant and consists of two key modules. The first module provides clear information regarding different animals and cell line models and differentiation from other respiratory diseases. The second part focuses on therapeutic agents (antivirals, natural compounds, ultraviolet radiation, herbal remedies, blood plasma, stem cell therapy, and vaccines. It will give step-by-step awareness to the scholars about SARS-CoV-2. Basic and advanced knowledge about the disease is arranged into clear and easy-to-read chapters for general readers, scholars, and molecular biology teachers, making this book a valuable and thorough guide for all.
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    Coronavirus disease-19 (COVID-19) is a complex disease that causes illnesses ranging from mild to severe respiratory problems. It is caused by a novel coronavirus severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), an enveloped, positive-sense, and single-stranded RNA (+ssRNA) virus that belongs to the coronavirus family. It has a fast-spreading potential worldwide, which leads to high death cases regardless of lows death rates. Yet, there are no animal models or specific drugs for disease prevention and/or treatment. Therefore, it is highly demanded to identify the known drugs and test them as a possible therapeutic approach. In this critical situation, one or more of these drugs may represent the only option to treat or reduce the severity of the disease until a specific drug or vaccine is developed and approved. A wide variety of therapeutics have been explored to treat COVID-19, initially suggested for other diseases and already established safety profiles, and approved by the Food and Drug Administration (FDA). Such treatments are referred to by the World Health Organization (WHO) as repurpose medications. Still, there are many ongoing clinical trials regarding the safety and effectiveness of repurposing immune-therapeutics to mitigate the symptoms of COVID-19.




    In this book volume-2 proposal, we consolidate the various animal models and treatment strategies widely used for the global emergency of COVID-19. Since SARS-CoV-2 is the closest to SARS-CoV and MERS-CoV, the approaches brought here will be similar and/or varying with a slight degree. It is cleared that in the last 17-18 years, this is the third outbreak of the same coronavirus with a small mutation that shock the whole world. The chapters in this book should be prioritized as up-to-date literature of techniques used in the study SARS-CoV-2 and will act as a suitable reference if any such wary appear soon.




    The 2nd volume of the proposed book proposal has been classified into Part IV: Models for SARS-CoV-2 and Part V: Treatment Strategies for SARS-CoV-2. With the emergence of new coronavirus variants, epidemiology, different host tropism permits a thorough analysis of their evolution and acquired adaptability to their host. The 1st volume already discussed the entry, epidemiology, genetic alteration, and diagnostic approaches. In the 2nd volume, part IV, we have planned to describe chapter-wise models used in COVID-19. No studies are complete without animal models closely related to human physiology to replicate the disease and observe the pathology conditions as in human cases. Such animal models play a vital role in virus pathogenesis and prepare a therapeutic immune response. Here describe bio-engineered transgenic mouse model inserting with specific genes, or CRISPR-Case9 gene-editing tool has been used previously for SARS-CoV and MERS-CoV. The chapter will deal with culture techniques or cell lines for COVID-19-also histopathology of COVID-19, essential proteins that up or down-regulate SARS-CoV-2. The last chapter of this part will describe other diseases having similar signs and symptoms and their differentiation. In the last part of the book proposal, part V, chapters will deal with therapeutic approaches to attenuate SARS-CoV-2 as there is no specific treatment available to date, just symptomatic therapy. However, scientists will elucidate effective antiviral drugs in clinical trials, phytochemicals, photomedicine such as ultraviolet A & B, homemade remedies, blood plasma transfusion, stem cell therapy, and computational approaches in vivo and in vitro trials.




    This book will appear as a baseline for academicians, scientists, and health professionals as still, research is going to overcome this outbreak of COVID-19, the novelty of best animal models, and find an effective treatment. However, just a single book proposal like this wouldn't have flourished without enthusiasm and determined publishers' and investigators' strength to take time from their busy schedule and subsidize on time.




    We thank the whole investigators who contributed, directly and indirectly, to bring it to reality.
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      Abstract




      Previous severe acute respiratory syndrome-coronavirus (SARS-CoV) outbreaks resulted in a cohort of preclinical studies that utilized various mice models for determining the pathogenesis of the infection, including the viral replication, spread, and mortality of the disease. Such studies have provided a framework upon which new investigations have been launched for understanding the outbreak of new coronavirus disease-19 (COVID-19) causing viral agents and their interaction with the host and its body. Recent investigations showed that the previous SARS-CoV and the recently discovered severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) both require the spike S protein to enter the host cell upon infection the binding with the receptors on the surface of the cells. The viral entry also requires proteases from the host cells. Since there are key similarities between the structure of the viruses and the construct of the viral transmission along with the spread inside the host's body in animal models. They were developed for the previous viral agent. The disease can be emulated or manipulated to bring forth novel investigations leading to key data that can broaden the sphere of COVID-19 studies being conducted. There are several different options to choose the right animal model for the question being raised in the experimental design with the pathogenesis of COVID-19. This chapter focused on the already established animal models for other coronavirus outbreaks and some of the strategies that can be exploited to develop new animal models. For COVID-19, research aimed at targeting the therapy or basic investigations for understanding cellular or organ level mechanisms involved in the disease.
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      INTRODUCTION




      In December 2019, a novel coronavirus outbreak was reported in Wuhan, China which caused a pandemic and is an ongoing public health concern worldwide [1]. The disease known as coronavirus disease-19 (COVID-19) is caused by the novel severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), which leads to deadly pneumonia and severe health issues related to lung damage [2]. The genomic properties of the viral agent responsible for the local epidemic in China were timely shared across the scientific community. Since then, a valiant effort to combat the disease and understanding the agent responsible for the pandemic has been ongoing. Across the world, millions of people have been affected by the pandemic leading to a change in lifestyle globally [3-5]. The diverse scientific community took upon understanding the pandemic and the viral agent responsible for the COVID-19 from the get-go during the earlier days of the pandemic in 2020 [6]. Millions of people have been infected, and hundreds of thousands of people have lost their lives due to the COVID-19 pandemic outbreak [7]. Various attempts have been reported to classify the epidemiological features of the pandemic, including the case fatality rate, reproduction number, and recovery rate. To date, it is being assumed that various factors that affect the rigorous testing and other socio-economic factors hamper any progress in determining the true features of the pandemic [8-13].




      The SARS-CoV-2 virus belonging to the Coronaviridae family of the virus has been studied extensively due to the urgency of pandemics. The vaccine development approaches have been challenging so far, and various mouse models have been utilized for understanding different aspects of the physiology of this novel coronavirus. Previously, the Middle East Respiratory Syndrome (MERS) and SARS candidates for vaccines were evaluated in the different mouse models [14, 15]. The clinical features, including the pathogenesis of the coronavirus, can be studied in great detail upon the development of animal models that can efficiently mimic the properties of the disease. For this purpose, numerous models have been developed in animals such as hamsters, guinea pigs, mice, cats, and rabbits, etc., [16-20]. The major receptor of SAR-CoV is angiotensin-converting enzyme 2 (ACE2) and is utilized to develop transgenic mouse models containing the human ACE2 gene [21]. Rhesus macaques were the first animal model for vaccine development against MERS-CoV, showing the symptoms of the infections as seen in clinical patients [22]. Golden Syrian hamsters were also used as animal models for establishing the vaccine candidate's safety and viral pathogenesis for different strains of SARS-CoV [19]. NSP16 CoV attenuated vaccine development approaches utilized mice as well [23]. Developing animal models, MERS-CoV had several drawbacks due to the inefficiency of the virus being replicated in the respiratory system. Therefore, new approaches like gene targeting paved the way for demonstrating modified models containing genes of interest or lack thereof for more naturalized infectivity of the virus, e.g., human DPP4 transgenic mice [24]. Clustered regularly interspaced short palindromic repeats and associated protein 9 (CRISPR-Cas9) the system has been efficiently employed for developing mouse models that are engineered to get infected by the virus and show high replication [25, 26]. Small animals like rabbits and mice are used to develop mouse models specific for a particular infection such as SAR-CoV-2 for various reasons, including efficacy, cost issues, and manipulation approaches. There is still much work that is needed to better understand the behavior of COVID-19 and transgenic animal models can efficiently smoothen the process of understanding due to ease in receptor identification, protection, pathogenesis models and immune response studies [15, 27]. Various applications and interference points for different types of mouse models in understanding or combating SARS have been depicted in Fig. (1). The aim of this chapter is to summarize the well-known animal models that can be used for coronavirus along with some of the strategies that can be exploited to develop new animal models for COVID-19 as a model to target the therapy or basic investigations the underline molecular mechanisms involved in the disease.




      

        Emerging Role of CRISPR/Cas9




        In molecular diagnostics, CRISPR, and the Cas protein-containing CRISPR-Cas systems, have advanced the process of functional research. Since its discovery almost 30 years ago, the field of genome editing using CRISPR systems has been revolutionized [28]. In clinical sciences and modern molecular biology approaches, CRISPR-Cas9 systems are routinely applied for targeting the cells of mammalian origin involving gene editing methodology [29]. Such approaches have been utilized to detect Zika virus and methicillin-resistant Staphylococcus aureus along with nucleic acid detection-based diagnosis procedures that use RNA-guided or RNA-targeting CRISPR-Cas systems [30-32]. In the wake of the COVID-19 pandemic of 2020, CRISPR-Cas13 approached for diagnostic applications are being considered [33]. The potential for this technology is deemed as tremendous, as described by Xiang et al. [34]. A fast and accurate method for detecting SARS-CoV-2 is the need for the hour, and SHERLOCK protocols can provide the scientific community an approach that has huge potential in this area. A recently reported DETECTR assay for the detection of SARS-CoV-2 via employing CRISPR leads to a 95% positive prediction along with a 100% negative prediction agreement in a real-time RT-PCR [35]. Genome-wide CRISPR screens were employed to determine the therapeutic targets for COVID-19. Apart from already established protease cathepsin and receptor ACE2, SWI/SNF chromatin complex proteins that comprise the transforming growth factor-beta (TGF-β) signaling network were also identified using the technology [36]. The protocol for designing a transgenic mouse model for SARS-CoV-2 that conforms to the CRISPR-Cas9 technology has also been reported recently [37]. Such models can successfully provide representativeness of the infection with tissue specificity of the human genes as well [37].
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Fig. (1))


        Experimental animals of SARS-CoV, MERS-CoV, and SARS-CoV-2. The coronaviruses with high infectivity and pathogenicity break the species barrier and infect humans in the past two decades. Besides NHP, mice, hamsters, ferrets, and rabbits, the other possible natural hosts might be able to support the studies of coronavirus infection, pathogenesis, and drug discovery.

      




      

        Human ACE2 Expression




        A carboxypeptidase named ACE2, which is encoded by the gene ACE2 resides on chromosome Xp22. It gives rise to a type I type transmembrane protein containing an extracellular N-terminal domain with carboxypeptidase which is heavy, and a short C-terminal domain having a cytoplasmic tail intracellularly [38, 39]. The SARS-CoV binding site in ACE2 is present on the N-terminal peptidase domain [40]. Cellular ACE2 manifests in either soluble or membrane-bound form and is usually expressed in pneumocytes and enterocytes located in the small intestine [41]. Vascular endothelial cells located in the heart, brain, and kidneys also exhibit ACE2 expression [42, 43]. The major site of infection for the coronavirus, especially SARS-CoV, is the respiratory tract. In human airway epithelia and lung parenchyma, ACE2 is expressed and is considered the receptor for these coronaviruses. SARS-CoV also seemed to infect the differentiated epithelial cells more than undifferentiated cells as the differentiated epithelia are reported to have higher expression of ACE2 receptor via SARS S protein [44].




        ACE2 gene in humans produces the protein receptor that is identified by SARS coronaviruses, including SARS-CoV and NL63, along with the novel SARS-CoV-2 virus that caused the pandemic of 2020 [45]. In vitro studies suggest that SARS-CoV infection correlates with the expression of the ACE2 receptor. The variations or mutations in the ACE2 sequence lead to a reduced association or linkage between the spike protein on the SARS-CoV or NL63 with the ACE2 receptor [40, 46]. It has been concluded that the severity, susceptibility, or even the symptoms of SARS-CoV-2 infection is dependent on the expression of the receptor ACE2. Recently, ACE2 expression levels from single-cell RNA-sequencing experiments concluded that Asian males show higher expression of the receptor [47]. However, more studies need to be conducted to profile a linkage with ethnicities based on ACE2 expression and COVID-19 epidemiological features. The overall function of ACE2 in different populations and the genetic background correlations, are yet to be understood in detail [48]. A systematic analysis of variants of ACE2 (coding region variants) that can influence the expression pattern has been performed. The genetic analysis from microarray data showed that the East Asian populations have a higher allelic frequency of different eQTL variants associated with higher expression of ACE2. More studies on the pilot data need to be performed in other populations to report concrete evidence related to receptor and virus spike protein [49].


      




      

        ACE2 Knockout Mouse for Acute respiratory Distress Syndrome (ARDS) Investigation




        Major causes of death resulting from SARS include acute lung injury along with ARDS. ACE2 knockout mice are reported to be protected from infections by SARS [50]. Moreover, studies showing data from knockout ACE2 receptors have depicted that the spike protein of the virus can cause the downregulation of the ACE2 expression and ACE2 being involved in the protection of lungs from acute injury of the lungs [50, 51]. The introduction of recombinant ACE2 protein can reduce ARDS in mice due to the angiotensin and renin pathway [51]. Moreover, knockout ACE2 mice have been reported to be more prone to impaired lung functionality and exacerbated fibrosis of the lung along with reduced exercise capacity when compared with wild-type mice [52]. In another investigation, knockout ACE2 mice depicted an increased level of lung edema, increased vascular permeability and demonstrated severe lung disease [51].




        On the one hand, knockout ACE2 shows severe lung disease, the introduction of recombinant ACE leads to elevated symptoms related to ARDS [53]. It can be deduced from the studies on knockout ACE2 models that ACE2 is a key factor involved in the pathogenesis of SARS viruses and could be the most promising target for therapy that does not include the immunization procedures that can target ARDS. Based on the data obtained through knockout studies, recombinant human ACE2 studies showed promising results in improving the pulmonary circulatory hemodynamics and arterial hypoxemia associated with ARDS [54]. ACE2 knockout mice are known to be resistant to SARS infection as the viral titers determined from the knockout model were a hundred thousand folds lower than the wild-type mice lungs [50].


      




      

        K18-hACE2 Transgenic Mouse




        Coronaviruses, especially those that cause SARS, infect many animal species, including ferrets, mice, cynomolgus, hamsters, and rhesus macaques, among others [55]. Apart from different types of coronaviruses available for studies that demonstrate the infectivity comparable to human coronaviruses. The clinical disease that arises from infection by the SARS-CoV is difficult to replicate in animals in terms of clinical signs and severity as observed in the patients. To determine the vaccine efficacy along with the overall pathogenesis of SARS-CoV, a reproducible and equivalent animal model is the need of the hour that can mimic the immune response in the host as well. Transgenic models are preferred to overcome this drawback, e.g., hACE2 transgenic mice, which show overexpression of the receptor ACE against the SARS-CoV [56]. Since mACE2 does not bind as efficiently with the virus as hACE2. Therefore hACE2 is the specific target for generating transgenic mice. Moreover, the expression of ACE2 being higher in transgenic hACE2 mice also result in a severe disease upon infection with the SARS-CoV in the epithelia of mice [57]. pK18-hACE2 transgenic mice were generated by cloning into pCR2.1-TOPO vector the amplified hACE2 coding sequence from IMAGE consortium clone ID 5243048. The final construct for generating transgenic mice contained a promoter and intron for human cytokeratin 18 (K18 gene) and the enhancer sequence obtained from the alfalfa mosaic virus upstream to the hACE2 coding sequence. Besides, 2 exons and 1 intron of K18 along with polyA signal tail were included for bringing higher specificity towards the epithelia in terms of selective translation in the downstream sequence [57, 58]. For the final generation of the mice, the transgene was injected into pronuclei of the fertilized mice eggs (C57BL/6J) for embryo generation and validated by PCR specific for transgene primers. In one of the recent reports, the SARS-CoV-2 viral agent responsible for the COVID-19 pandemic (one of the earlier isolates) was infected in transgenic hACE2 mice for determining the pathogenicity of the novel SARS-CoV-2 in hACE2 mice [59]. As a result of this experimental infection, the mice lost weight and demonstrated interstitial pneumonia, known as the clinical signs of COVID-19 [59, 60]. Specific immunoglobulins (IgG) targeting SARS-CoV-2 were also observed in the lungs of transgenic hACE2 mice along with virus replication. More studies are needed to determine the immune response against the infection in these animals.


      




      

        TMPRSS2 Knockout Mouse for Viral Entry and Pathogenesis Studies




        Coronavirus fusion glycoproteins which are also known as spike proteins, are cleaved by transmembrane protease serine-type 2 (TMPSS2) belongs to a family of transmembrane serine protease type II. Thus activates the spike protein resulting in the fusion of the cell-virus membrane to facilitate the next step of infection further; the entry of the virus in the host cell [61-63]. There are reports which suggest that TMPRSS2 knockout mice are resistant to severe outcomes from infection by the influenza virus. At the same time, higher expression of this gene leads to severe outcomes after infection with the influenza virus [64, 65]. Mice deficient in TMPRSS2 are reported to have shown a reduced loss of weight and replication of viral agents in the lungs. It spreads the virus in the airways of the animals when infected with SARS-CoV and MERS-CoV [61]. The viral entry of coronaviruses and influenza viruses depends critically on TMPRSS2 as the viral protein interacts and binds with ACE2 localized in the epithelia. Viral protein is cleaved by special proteases such as TMPRSS2 to activate the process of internalization of the virus, leading to the next phases of the infection [66]. SARS-CoV-2 and other coronaviruses and influenza viruses require TMPRSS2 to activate the virus and its entry into the host cell for carrying the infection [62, 67, 68]. Therefore, TMPRSS2 can be placed at the center of the pathogenesis of COVID-19 and other pandemics of the past [69].




        Since it has been established that TMPRSS2 is vital for entry of SARS-CoV-2 and involved in the dysregulation of ACE2. Therefore, it has been hypothesized by various accounts that it can play a vital role in preventing the critical circumstances of COVID-19 disease if used in a well-defined elaborated therapeutic strategy [70]. TMPRSS2 mediated entry of the SARS-CoV-2 can be inhibited by the serine protease inhibitor known as camostat mesylate [71, 72]. The envelope and plasma membrane fusion between SARS-CoV-2 mediated by TMPRSS2 and ACE2 can also be inhibited by nafamostat mesylate showing 10-times more efficacy than the camostat mesylate [73]. TMPRSS2 is now considered one of the most promising candidates as a therapeutic target for COVID-19. TMPRSS2 knockout mice model study indicated that the influenza virus entry into the cell is inhibited compared to wild-type mice, further implying the role of TMPRSS2 in regulating the pathogenesis of viruses as the crucial step of viral entry inhibition can lead to reduced mortality [74]. TMPRSS2 knockout mouse model can be generated in C57BL/6 Embryonic Stem Cells (ESCs) usually obtained from KOMP (knockout Mouse Project) repository. It is followed by injection of ESCs into blastocyst for generating chimeric mice, followed by male and female mice for creating homologous genotype [61, 75]. The viral kinetics observed in the lungs of TMPRSS2 knockout mice upon infection by SARS-CoV were reduced along with a reduced weight loss upon infection. Moreover, the inflammatory cytokine and chemokine response usually associated with such infections were also observed to be weakened in TMPRSS2 knockout mice [61]. For SARS-CoV-2 experimental infections in mice models, more studies need to be performed to understand the underlying mechanisms of the inflammation-mediated responses and immune responses generated via infections that lead to severe clinical circumstances of COVID-19 disease.


      




      

        STAT1 Knockout Mouse for Studying Pneumonia and Antiviral Strategies




        Signal transducer and activator of transcription 1 (STAT1) is considered one of the STAT family members of proteins involved in the signaling responses of the innate immune system. The signaling works by cytokines or growth factors that elicit response inside the cells, leading to phosphorylation of these proteins by the kinases associated with certain receptors, further causing the translocation of these proteins to the nucleus. One of the most important cytokine-mediated signalings in immune responses caused by viruses is interferon receptor signaling, which requires STAT1 responses [76]. The severe cases of COVID-19 show a cytokine storm phenotype, which is considered to be caused by SARS-CoV-2 nsp3 due to the de-mono-ADP-ribosylation of STAT1. It further highlights the importance of STAT1 as a therapeutic target in the precarious times of the COVID-19 pandemic [77]. A group of cytokines known as type 1 interferons (IFN-1) having further subtypes is known to be secreted by different cells like dendritic cells when pattern recognition receptors (PRRs) recognize the viral antigens or components [78]. IFN-1 is considered the first type of cytokine produced and released upon infection by a viral agent.




        Interferon gets fixated upon interferon-α/β receptor (IFNAR), transcription factors including STAT1 are phosphorylated, leading to their translocation to the nucleus, further causing activation interferon-stimulated genes (ISGs). ISGs are known for the modulation of immune responses and signaling related to inflammatory pathways. After activation, ISGs lead to the further secretion of cytokines promoting adaptive immunity and interference with viral replication or spread and slowing down the cell's metabolism [79, 80]. Previously available IFN-1 treatment data on SARS-CoV and MERS-CoV can be valuable in determining the SARS-CoV-2 related mechanisms of pathogenesis and immune responses, as both of these viruses led to the disruption of the interferon signaling pathway. SARS-CoV Orf6 protein has been reported to inhibit the STAT1 transport to the nucleus upon interferon response by disrupting karyopherin transport [81, 82]. Therefore, STAT1 knockout models are important in understanding the role of viral proteins and their subsequent action in determining the immune response resulting from the infection [83]. The innate immune response that leads to clearance of the SARS-CoV also requires STAT1 activity, which modulates the IFN signaling [84]. IFN deficient mice showed that these components of innate immune responses are required STAT1 deficiency to prolong the viral shedding or susceptibility, allowing for lethal infection outcomes. STAT1 deficient mice data revealed the mechanistic role of these proteins in regulating SARS-CoV pathogenesis in the lungs.




        Moreover, the pathogenesis of SARS-CoV seemed to be dependent on STAT1 and not on IFN subtypes, highlighting the role of STAT1 in controlling SARS especially viral replication, wound repairing, or cell proliferation in the lethal type disease [85]. Profibrotic phenotype resulting from the lethal outcome of SARS-CoV in the lungs of STAT1 knockout mice was also reported [86]. Therefore, the role of STAT1 in clearing the SARS-CoV-2 infection cannot be avoided and can be used in determining the therapeutic strategies for lethal conditions of COVID-19 [87]. Moreover, the role of STAT1 knockout, as highlighted in studies, demonstrated the role of an innate immune response about interferon signaling, can be utilized for potential therapeutic approaches for COVID-19.


      




      

        Standard Mouse Strains (BALB/c mice, C57BL/6, and 129S6)




        The development of COVID-19 therapy approaches along with vaccine studies, and preclinical investigations can be performed in these mice as they are known to support the replication of viral agents (SARS-CoV and MERS). The standard mice used in laboratory research, like BALB/c mice, C57BL/6, and 129S6, demonstrate the SARS-CoV replication along with other mice models in conjunction with the experimental designs [55]. Mouse-adapted SARS-CoV-2 infection in BALB/c mice showed severe symptoms compared to young mice, showing the clinical similarities observed in human patients of COVID-19 [88, 89]. Moreover, acute lung injury models have also been developed using C57BL/6 mice, which may further understand the therapeutic agent selection against ARDS associated with the severity of COVID-19 [90]. Similarly, 126S6 mice have been used in viral studies investigating the immune responses elicited upon viral infection [91].


      




      

        Inbred Mice for Pathogenesis and Therapeutic Response Studies




        Mouse strains of inbred nature that are available widely can also be adapted in the experimental designs to understand various parameters associated with the pathogenesis and pathophysiology of COVID-19. For example, age-related mortality can be studied in more detail in mouse models that are infected with SARS-CoV-2 [19]. The pneumonitis and clinical symptoms of SARS have been mimicked in several inbred mouse species, including BALB/c, C57BL/6, and 129S [84, 92-94]. The main reason for inbred mice being animals of choice for COVID-19 disease is their cost-effectiveness, smaller size, larger numbers to include a valid statistical output, and ease of manipulation at the genetic level [95]. 129S6 strain of mice is observed to report SARS susceptibility higher than BALB/c or B6 mice because the infection led to mild interstitial pneumonitis 2 days post-infection [84].




        Similarly, TNF-alpha, a known pro-inflammatory cytokine, was reported at higher levels in BALB/c mice when recorded 2-9 days post-infection [94]. Age-related severity of SARS has already been demonstrated in aged BALB/c mice, which is observed in previous SARS outbreaks as well [93]. As seen in COVID-19 patients, viral replication is observed in the respiratory tract, and BALB/c also shows the same pattern of viral replication upon infection with viral agents in experimental conditions, leading to respiratory distress. Other clinical signs of weight loss, edema, dehydration, and pneumonitis were also observed in such mice strains when infected with SARS-CoV [96].


      




      

        Humanized Immune System Mice for Vaccine Approaches




        COVID-19 has overwhelmed many healthcare systems and has impacted economies negatively since its spread globally. If a COVID-19 vaccine becomes available for public immunization, life globally can go back to normalcy. Many vaccine candidates for COVID-19 are under investigation, and some are in clinical trials [74, 97]. Preclinical studies to develop an approach against SARS-CoV-2 require animal models corresponding to the immune responses as elicited in humans against the viral agent [98]. The antigens presented to the Major Histocompatibility Complex (MHC), however, vary between different species. Therefore, the mice models that can carry human leukocyte antigen genes can mimic the human response to the epitope-based vaccines and assist in developing or discovering the vaccines for COVID-19 in animal models [99].




        Moreover, the vaccine discovery process can become rapid if the humanized immune system containing mice model is used for this purpose [100]. They can enhance the discovery process by speedily eliciting the response for efficacy studies and the immune response or memory generated upon vaccinated and un-immunized mice [37, 101-103]. Human immune cell engrafted mice have also been instrumental in determining the immune response for a vaccine candidate and include a promising approach in combating COVID-19 [104, 105]. Immuno-deficient mice, when engrafted with peripheral blood mononuclear cells, exhibit another vaccine modeling approach [106].


      


    




    

      CONCLUSION AND FUTURE PERSPECTIVES




      Although there are many mice strains available that have assisted in understanding the pathogenesis of SARS and SARS-CoV previously, COVID-19 caused by SARS-CoV-2 presents a new challenge to the scientific community. Although mice and humans have shared genes, mice as in vivo replicas of COVID-19 or disease models require overcoming the challenges that are unique to the virus. The challenges include the model not possessing the receptor for the virus as human cells have mouse protein expression not being similar to human proteins. The binding affinity is different among viral and animal proteins. It also has a slightly distinct immune system among different species. Due to the aforementioned challenges, certain approaches have been utilized to overcome certain challenges, including transgenic mice representing the human version of certain aspects of the pathogenesis, knockout mice revealing the functions of intracellular programs required for the disease patterns, and inbred mice as age-related mortality models for disease, etc. In the end, mice models can also provide a great tool in discovering the therapeutic targets for the disease, which are not obvious at first but can be unearthed upon functional studies. Moreover, the information obtained through studies conducted in various types of mouse models consequently leads to the development phases of the vaccine or a drug target. Therefore, recently used immunized or immuno-deficient mice for investigating vaccine candidates or drug targets will ultimately lead to our understanding of rapidly concluding the different phases of discovery, therefore providing a gateway to quick response in times like COVID-19.
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      Abstract




      The recent emergence of the novel betacoronavirus, pathogenic severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) with high nucleotide identity to SARS-CoV represents the causative agent of a potentially deadly disease coronavirus disease-19 (COVID-19) in Wuhan, China, and spreading across several countries globally pose a great global public health concern. Until a vaccine is available, effective therapy must be identified, and many clinical trialshave been executed worldwide. Various in vitro investigations are ongoing using different cell cultures to find alternative treatment options, allowing SARS-CoV-2 replications. Various cell lines are susceptible to the SARS-CoV-2 infection. In this chapter, literature regarding SARS-CoV-2 isolated in several cell lines commonly used for diagnostic or research purposes has been summarized. It also shows that SARS-CoV-2 can achieve high titers in various cell cultures derived from different species. In addition, these cell lines are extensively used in the diagnosis, to study pathophysiology, genome studies, and the finding of new targets for drug development and provide new ideas for the discovery of lead compounds with potential therapeutic agents against novel COVID-19.
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      INTRODUCTION




      The first outbreak of the novel coronavirus occurred in Wuhan on December 12, 2019, in China, and abruptly spread to several other nations. The World Health Organization (WHO) declared a name for 2019-nCoV infectious disease coronavirus disease-19 (COVID-19) on February 11, 2020. The virus name was renamed Severe Acute Respiratory Syndrome-coronavirus-2 (SARS-CoV-2) by the International Committee of Taxonomy of Viruses, earlier called 2019-nCoV [1].




      During the last 20 years, three infectious diseases, such as SARS and the Middle East Respiratory Syndrome (MERS), have been triggered by coronaviruses.




      This suggests that COVID-19 is not the first infection caused by coronavirus [2]. According to the classification of the CoVs, it belongs to the Coronaviridae family having Coronavirinae subfamily of the Nidovirales order, which their subfamily comprises of 4 genera coronavirus, namely α, β, γ and δ [3]. The nucleotide arrangements of the SARS-CoV-2 were associated with SARS-CoV and MERS-CoV that demonstrated greater homology to SARS-CoV, although they were comparably weak with the MERS-CoV [4]. It is not surprising that many researchers have newly verified the genomic similarities associated with the SARS-CoV-2 and bat betacoronavirus, which belongs to the sub-genus Sarbecovirus [5]. The researchers have also found that the SARS-CoV-2 utilizes the identical receptor known as the Angiotensin-Converting Enzyme 2 (ACE2), similarly to the SARS-CoV [6]. Tyrell and Bynoe first identified the coronaviruses in 1966 and grown the viruses by taking samples of the patients suffering from the common cold [7]. The enclosed, positive single-stranded giant RNA viruses of about 30 kb in size are the characteristics of coronaviruses that infect individuals and the wide-ranging of creatures. Genomic sequencing of the SARS-CoV-2 has already been done. It has been found that the SARS-CoV-2 has originated from the bat that emerged from a photogenetic study [8]. Entry of this virus into the host organism is facilitated with the transmembrane S-glycoprotein (spike), which makes homotrimers protruding from the virus's surface.




      Currently, no approved treatment is available for managing COVID-19. There are no specific drugs for the treatment, so there are many supporting measures that are usually given to the patients, including oxygen treatment, antimicrobial agents, antifungal drugs, and Extracorporeal Membrane Oxygenation (ECMO), etc., [9]. This chapter aims to comprehensively gather all the medical literature highlighting the various cell lines that are useful in replicating SARS-CoV-2 that can be fruitful for in vitro studies of an anti-viral drug effective in managing COVID-19 disease. Also, not only for evaluating the anti-viral drugs but also for these cell lines are useful for various purposes. For instance, to study the pathogenesis, study the genome of this virus, and find the new targets for drug development is important to highlight.




      

        Role of Cell Lines in Scientific Research




        Instead of individual cells, immortal cell lines are also used to explore the plethora of biological processes. The benefits include cost-effectiveness, easy-to-use, limitless availability of products, and it avoids the ethical questioning involved with human and animal tissues [10]. In vaccine development, monitoring of the drug metabolism and cytotoxicity, antibody development, the analysis of genetic material regulation, and artificial tissue creation, in addition to the development of biological substances such as therapeutic proteins and cell lines, have revolutionized medical science [11]. Traditionally, the diagnosis of the viral disease has focused on viral pathogens in cell culture isolation. Even though this technique is always sluggish and needs significant scientific skill. The laboratory diagnosis for the viral disease has been recognized as a “gold standard” for decades. Cell lines are extracted from cells separated from the original tissues after broken down through various methods, including enzymatic, mechanical, or chemical. It has been given a huge quantity of cells appropriate for isolation, allowed the monitoring that helps reduction in the use of laboratory animals, and has contributed to antibiotic and clean air pollution [12]. However, in confirming the causative agent of the disease during high prevalence, the culture of cells has always been essential [13]. In current years, however, technical advances, from monoclonal antibody production to molecular diagnosis, have created powerful methods useful in detecting the various forms of viruses. Molecular identification of viral deoxyribonucleic acid (DNA) and ribonucleic acid (RNAs), molecular multiplication using Polymerase Chain Reaction (PCR), and additional methods in diagnostic laboratories have become increasingly usable. Using an RT-PCR multiplex for SARS-CoV detection, scientists evaluated several human and animal cell lines [14]. The goals of the RT-PCR (real time-PCR) technique are:





        

          	Glyceraldehyde 3-phosphate dehydrogenase, as an internal RNA integrity regulation and help in the development of cDNA.




          	For the input virus identification process, SARS-CoV genomic RNA is targeted.




          	It also showed the 3' co-terminal specific sub genomic RNAs representative of viral ingestion and appropriate for the viral replication initiation process.


        




        As the SARS-CoV is extremely pathogenic, most laboratories are unwilling to separate this virus in culture. Because of the high pathogenic nature of these viruses, co-cultured cell lines serve as the best alternatives, for instance, R-Mix (Diagnostic Hybrids, Inc.). R-Mix is a blend of the mink pulmonary cells and human adenocarcinoma cells, consisting of the strains Mv1Lu and A549, respectively [15].




        

          Table 1 Summary of the different cell cultures with their species of origin and cell type.




          

            

              

                	Cell Line



                	Species of Origin



                	Cell Type

              


            



            

              

                	Caco–2



                	Homo sapiens



                	Colon carcinoma

              




              

                	Huh-7



                	Homo sapiens



                	Liver hepatocellular carcinoma

              




              

                	A549



                	Homo sapiens



                	Lung carcinoma epithelium

              




              

                	Intestinal organoids



                	Homo sapiens



                	Intestinal epithelium

              




              

                	HAE



                	Homo sapiens



                	Airway epithelium

              




              

                	HEK-293



                	Homo sapiens



                	Fetal kidney

              




              

                	Calu-3



                	Homo sapiens



                	Bronchial epithelium

              




              

                	Vero



                	Chlorocebus aethiops



                	Kidney epithelium

              




              

                	Vero E6



                	Chlorocebus aethiops



                	Kidney epithelium

              


            

          




        




        There are nine different types of cell lines used in the culturing of SARS-CoV-2, which include Caco–2, Huh-7, A549, intestinal organoids, HAE, HEK-293, Calu-3, Vero, and Vero E6 as shown in Fig. (1) and Table 1. All cell lines originate from the human cell cultures except Vero cell lines obtained from kidney epithelium cells of African green monkeys. Human cell cultures include; colon carcinoma, hepatocellular carcinoma, lung carcinoma epithelium, intestinal epithelium, airway epithelium, fetal kidney cultures, and bronchial epithelium.
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Fig. (1))


        Various cell lines used for the SARS-CoV-2 replication.

      




      

        Caco-2 cells




        In 1977, Fogh and his colleagues developed the cell culture Caco-2 from a human colon adenocarcinoma to assess anticancer medications' cytotoxic effects and evaluate the various pathways of drug resistance [16]. Across several scientific fields like pharmaceutical science, intestinal epithelial cell lines, including Caco-2, have increased significantly in recent years. The initial experiments on the Caco-2 lines indicate that the cells display a wide range of morphological and biochemical features of small intestine enterocytes after differentiation. This model has become a standard way of predicting human absorption of intestinal drugs and mechanisms underlying the drug transport experiments [17]. The cell's surface confronting the top medium forms a brush border similar to the intestinal epithelium's luminal membrane. The cell surface that binds to the permeable membrane and faces the lowermost medium is transformed into the basolateral membrane [18]. These Caco-2 cell cultures are usually grown in monolayers, display a cylindrical polarized structure, microvilli on the apical surface, tight junctions among neighboring cells, and exhibit hydrolase enzyme activities on the surface of the apical membrane. However, these activities of the hydrolase enzymes in the human fetal colon are identified to be transiently expressed in the 15th week of their pregnancy. It was observed that in the adult human colon, such hydrolase enzymes are absent. Further research on the features of the Caca-2 differentiated cells in the enzyme indicated that they are more similar to the fetal than to adult ilea intestinal absorptive cells [19]. Numerous transporters as well as receptors and enzymes that are involved in the metabolism namely, sulfotransferases (SULTs), UDP glucuronosyltransferases (UGTs) and glutatathione- S- transfers (GSTs), and cytochrome P450 1A (CYP1A) are involved in the Caco-2 cell lines [20].




        These cell lines support various types of viral replications. Recently, Caco-2 cell cultures are utilized in the culturing of the SARS-CoV-2 collected from human samples. The efficacy of the Darunavir, which is an oral nonpeptidic HIV-1 protease inhibitor for the treatment of COVID-19, was assessed. But, it was found by the researchers that Darunavir fails to show anti-viral activity in the SARS-CoV-2 infection [21].


      




      

        Huh-7 cells




        The related cell cultures used in in vitro research are varied in their genetic and phenotypic profiles, as are human hepatocellular carcinoma (HCC) [22]. For instance, differential proliferative response to Src /Abl blocker in HCC cell cultures, i.e., dasatinib [23], and growth factor-β such as transforming growth factor-beta (TGF-β) stimulation are known [24]. A permanent cancer cell line from the hepatoma tissue, which was operatively removed from a Japanese patient of 57 age in 1985, is Hereafter Huh7 (HuH-7) [25]. It is worth mentioning that Huh-7 cell lines were the long-sought-out cellular system that is permitted full molecular research related to the Hepatitis C Virus (HCV). In several investigations, including research related to iron metabolism, Huh-7 cells have been extensively used and support various viral replications [26].




        As a conventional Chinese drug, Lianhuaqingwen (LH) has been used to manage influenza and had a wide-spectrum anti-viral activity on several influenza viruses. It is also used in the regulation of the immune system of the body [27]. The recent in vitro investigation of LH has been done to find effectiveness in treating the novel SARS-CoV-2 virus and possible effects on the regulation of the human immune system. In the cell culture of Huh-7, pro-inflammatory cytokine expression levels were assessed by real-time quantitative PCR screening against SARS-CoV-2 infection. In contrast, its anti-viral effects were determined by the Vero E6 cells. These findings suggest that LH shows an anti-inflammatory effect due to decreases the release of the cytokine from the host cells and halts the virus replication [28]. Besides, Huh-7 cells are used in the culturing of SARS-CoV-2 in the plethora. For instance, Huh-7 is used to evaluate the susceptibility of T- lymphocytes in SARS-CoV-2 infection [29] and the examination of the viral architecture of SARS-CoV-2 with the help of electron microscopy [30].


      




      

        A549 cells




        Different forms of cells, including alveolar type I and type II, lead to the pulmonary barrier. Type I cells occupy about 96% of the pulmonary epithelium surface and therefore cannot be segregated. Type II cells have several different roles, even as they occupy a much smaller surface region of the alveolus [31]. In parts of the lung tissue, alveolar cells of type II may be recognized by their characteristic morphological features, the typical pattern of staining using histochemical dyes, and a distinct cytoplasmic organelle. It has multilamellar bodies, a single membrane, and electron-rich materials are the two characteristics features of the suicidal bags, i.e., lysosomes [32]. These type II cells are susceptible to the numerous microbes. These can enter the air sacs of the lungs and be infected by multiple viruses and bacteria, namely influenza virus, SARS coronavirus, Legionella pneumophelia, Bacillus anthracis, or Mycobacterium tuberculosis, which has a capability of replication and survival within type II alveolar epithelial cells [33].




        Moreover, most human tumor cell line A549 were done, which is known as the human model of type II alveolar epithelial cells. The cell cultures A549, which was developed in 1972, were taken from the cancerous human alveolar cell and had pulmonary epithelial Type II cells, like lamellar bodies [34]. The ultrastructure of A549 cells has reported various morphological features including, the diameter of the cells were 4.93 µm and 10.59 µm. It was estimated with the help of inverted microscopy and transmission electron microscopy, respectively, and the total volume and surface area of suicidal bags, i.e., lysosomes, were 21.69 µm3 and 212.04 µm2, respectively [35]. The A549 cell line is an excellent model in many aspects since the endocytic role and localization of cytochrome P450 systems primarily depend on the alveoli's surface epithelial type II cells. A549 cell cultures do not exhibit any functional tight junctions between neighboring cells [32].




        Comparative study of host transcriptional response by the SARS-CoV-2 with the seasonal Influenza A Virus (IAV) along with human orthopneumovirus (usually called human Respiratory Syncytial Virus (RSV), which is achieved by infecting A549 cells with these three viruses. Data showed a unique transcriptional response, as it does not contain Type I and III interferons (IFN). Also, secreted peptides involved in respiratory disease are the only genes that seem to be distinctive to the SARS-CoV-2 infection [36].




        Atazanavir is the first once-daily protease inhibitor (PI) that is licensed in several nations marketed as a therapeutic agent in the Antiretroviral Therapy (ART) regimens in the management of adults, and in certain nations in pediatric, also for patients who are suffering from the HIV-1 infection [37]. SARS-CoV-2 infection was managed via atazanavir as a therapeutic agent. In vitro research was performed in which A549 cell lines are infected with the SARS-CoV-2 virus. Findings revealed that reduced interleukin-6 (IL-6) levels in SARS-CoV-2 human primary monocyte and cellular mortality and cytokine storm-linked mediators decreased. Mortality of the patients with SARS-CoV-2 infection linked with the increased levels of IL-6 and apoptosis. Research points atazanavir as a new alternative among commercially approved medicines to be considered for successfully managing SARS-CoV-2 infection in ongoing clinical trials [38].


      




      

        Human Intestinal Organoids




        In adult mammals, epithelial cells of the intestine are the quickest in dividing and regenerating various tissues. Intestinal epithelium regeneration is strictly regulated with the help of intestinal stem cells (ISC) and self-renewal [39]. Histologically, epithelial cells of the small intestine are partitioned into two sections:




        1. The crypts




        2. The villi




        Crypts are predominantly made of the proliferative compartment and contain undifferentiated cells, including transit amplification cells and ISCs. Within this area, the epithelium ensures a significant cell turnover and protects the stem cell's niche [40]. On the other hand, villi are a functioning compartment in the epithelial cells that include differentiated cells that lose the power of multiplication and have the characteristics of the developing epithelium. These segregated epithelial cells comprise the villi and can be classified depending on their role such as enterocytes that act to absorb nutrients, goblet cells involved in a defensive mucus layer, and cells of enteroendocrine that produce gastrointestinal hormones [41]. The ISCs regularly regenerate themselves throughout the individual's life cycle and contribute to all sorts of distinct tissue lines. Experiments including genetic lineage tracing systems have presented that the columnar cells present in the crypt region, recognized by the expression of Leucine-rich repeat-containing the G protein-coupled receptor 5 (Lgr5), act as ISCs [42].




        Researchers have developed stem cells in vitro for many years, driven both by fundamental scientific research and therapeutic goals. Ten years ago, Sasai showed that apart from leading the pluripotent stem cells into a certain lineage, they obtain distinct cell populations. Their stem cells and progeny may follow and organize themselves into similar structures representing several histological and functional aspects of actual organs [43]. The advancement of organoid technology has been scientifically transforming with vast applications in the different research areas, including epithelial and cell biology and clinical applications like organoid biobanks derived from the patients [44]. Such in vitro organ mimetic is labeled as organoids. The source of the extracted tissue often determines the structure and characteristics features of the subsequent organoid when it refers to intestinal organoids [45]. Organoids are extensively used in studying various host-bacterial pathologies and used in studies associated with the commonly occurring and problematic pathogens so that new drug targets can be found. In the U.S, for the management of diarrhea which is caused by Clostridium difficile, at an annual expense to healthcare approaching 1 billion US$ per year was estimated [46]. The illness caused by Clostridium difficile and also to study the various pathologies associated with it, numerous immortalized cell lines are widely used. However, organoid production has made it possible to validate existing theories and further helps in the improvement in the cellular mechanisms related to cytotoxicity [47].




        While the clinical manifestation of COVID-19 comprises majorly respiratory symptoms, a minority of patients report gastrointestinal symptoms [48]. In addition, the diagnosis of the COVID-19 rectal swab can be used as it showed the presence of viral RNA [49], even after the nasopharyngeal screening is showing negative results. So, it suggests a pathway of transmission of gastrointestinal and fecal-oral infection [48].




        The first in vitro culturing of Norovirus was done with the help of the Human Small Intestinal Organoids (hSIOs) [50]. To discover the pathway of SARS-CoV-2 that is followed during the transmission of gastrointestinal and fecal-oral infection, researchers cultured ileal hSIOs in four distinct culture mediums. These include 'High Expansion Medium (EXP)', 'Differentiation Medium (DIF)', 'Differentiation Medium-Basic Metabolic Panel (DIF-BMP)' and 'Enteroendocrine Cells (EEC)' which help in the amplification of the virus. hSIOs cultured with a significant proportion of stem cells and enterocyte progenitors in the WNT- EXP. DIF is used to culture organoids, including enterocytes, goblet cells, and a very small number of EECs. BMP2/4 incorporation to the DIF (DIF-BMP) further helps in differentiation and the growth of the cells [51]. It was reported that the SARS-CoV-2 virus utilized the identical receptor, which SARS-CoV already uses, i.e., ACE2, and this receptor is found in the differentiated enterocytes. The study found that enterocytes were readily infected by these two viruses, i.e., SARS-CoV and SARS-CoV-2 which was displayed by the help of the confocal and electron-microscopy in the hSIOs. As a result, significant titers have been identified as infectious viral particles. The mRNA expression screening indicates that the available viral response system has been highly induced. It is stated that hSIOs serve as in vitro models for coronavirus infection. These organoids support multiplications of the SARS-CoV-2 and may be utilized in the findings of the pathogenesis of the COVID-19 disease [52].


      




      

        HAE cells




        The nasal cavity, trachea, and bronchi are lined by the epithelium, which acts as a prominent part in defending the host from several harmful substances such as chemical and particulate contaminants and infections [53]. Foreign particles are stuck in mucus on the surface of the mucus membrane and expelled via coordinated beating of cilia and/or coughing. Airway inherent host protection involves physical trapping and elimination of toxic compounds associated with baseline or inducible release of antimicrobial agents, antioxidants, and protease blockers and the mobilization of non-specific immune cells that includes neutrophils and monocytes [54]. Epithelial cells of the air sacs have thin and wider surface area which is guarded via alveolar macrophages, and this epithelium composed of has a pseudo-stratified surface consisting of a total of six different forms of epithelial cells [55]: a) Ciliated, b) Mucous, c) Clara, d) Serous, e) Basal and f) Dense core- granulated.




        Cancer and cystic fibrosis (CF) study are the two key factors behind the production of human airway epithelial cell cultures (HAE) [56], which is stimulated by the shortage of tissue. Scientists have now established a range of specified systems for cell culture, which involves the biochemical and genetic factorsaffecting these and many other airway diseases [57]. Retroviral and lentiviral vectors are the main components of the HAE study toolbox, and many researchers can access their development through individual laboratories. Through collaborating surgeons and pathologists with the appropriate institutional, local and national guidelines, airway epithelial cells may be removed from trachea or bronchi, nasal turbinate, or polyp specimens [54].




        In HAE models, airway architectural design and cellular complexity are easy to infect with various human and Zoonotic CoV, such as SARS-CoV and MERS-CoV [58]. In recent investigations, HAE models were used to assess the potential of the various anti-viral drugs in managing the SARS-CoV virus. One of the broad actions as an anti-viral agent ribonucleoside analog β-D-N4-deoxycytidine (NHC, and EIDD-1931) is used to treat the distinct RNA viruses, namely influenza, Ebola virus, CoV, and the Venezuelan Equine Encephalitis Virus (VEEV). Cell lines and preclinical research have revealed that NHC is a successful anti-SARS-CoV-2, MERS-CoV, SARS-CoV, and bat-CoVs in related zoonotic classes 2b or 2c. It also effective against resistance due to the mutations to other nucleoside analog blockers in the treatment of a coronavirus [59].




        Remdesivir is a nucleotide analog agent that has board spectrum anti-viral activity [60]. It belongs to the class of antihypertensive agents. Diltiazem is a marketed drug that acts by inhibiting voltage-gated Ca2+ channel commonly prescribed to manage angina pectoris and cardiac arrhythmia. The researchers used repurposing of diltiazem as a potential host-directed influenza antagonist due to its so far unknown potential of inducing the IFN anti-viral response, especially type III IFNs [61]. Another in vitro study concluded that remdesivir and a combination with diltiazem could be used as an alternative in the management of the COVID-19 with the help of HAE models [62].
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