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    M. Amin-ul Mannan and Gaurav Kumar have done a wonderful job in compiling the book entitled Frontiers in Antimicrobial Agents Vol. 2, Current Trends in Identification and Development of Antimicrobial Agents. All chapters in the book are written by well-experienced researchers; however, keeping the convenience of readers in mind, simple language is used throughout the book. The book is also well supported with diagrams, photographs, tables, etc., to make the content lucid and interesting.




    I hope that this book will help the readers to update and upgrade their knowledge and skills in the field of anti-microbial drug discovery and development.




    Further, I appreciate the editors, Dr. Mannan and Dr. Kumar, for taking the initiative to compile recent developments in the field of a very important global problem. Further, I also wish all the best to the contributors. I hope that this book will make its contribution to the field of anti-microbial drug discovery and development.




    

      Manish Kumar


      Associate Professor


      Head of the Department of Biophysics


      University of Delhi-South Campus


      South Moti Bagh, New Delhi-110021


      India
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    Microorganisms are ubiquitous organisms; we cannot imagine our existence without them. These are one of the world's greatest living populations. Some bacteria can harm people, others enable us to live on this planet, and a few have no effect on us. Microbial infections have long been one of the primary causes of morbidity and mortality around the world. Despite the fact that the discovery of a wide range of anti-microbial medicines has aided in the control of the impact of microbial diseases, the growth of drug resistance among bacteria has lowered the efficiency of anti-microbial agents, paving the need for novel anti-microbial treatments.




    Keeping the recent developments in context, this book “Frontiers in Antimicrobial Agents Vol. 2, Current Trends in the Identification and Development of Antimicrobial Agents” is an effort to bring together the experience of eminent researchers to discuss various aspects of anti-microbial research. Different chapters of this book cover various aspects of anti-microbial drugs, drug resistance, emerging and re-emerging microbial diseases, drug discovery, sources of novel anti-microbial compounds, and future needs of anti-microbial drugs. The book will be useful for microbiologists, biotechnologists, pharmacologists, clinicians, researchers in biotechnology, or any scholar of the allied fields who have an interest in working on anti-microbial drug discovery and development.




    The chapters incorporated have been written in simple and straightforward language, while significant emphasis has been given to providing updated information. Keeping the researchers in mind, each chapter is well supported with the latest references, which will assist them in following the information in more detail.




    We would like to express our gratitude to all the authors of the chapters for contributing their knowledge and experience to make this book possible. We also like to thank Dr. Neeta Raj Sharma, Professor and Dean, School of Bioengineering and Biosciences, Lovely Professional University, for supporting us throughout. Lastly, we want to extend our sincere thanks for various favors extended by our family members at various stages of the publication. With this, we hope that the content of this book will be helpful for the readers to improve their knowledge in the field of anti-microbial drug discovery and development.
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      Abstract




      Infectious diseases are one of the leading causes of human deaths worldwide. They have devastated human life for a very long time; however, with advancements in diagnostics, prevention, and therapeutic approaches, they were controlled to a manageable extent during the second half of the 20th century. It was assumed that humankind has successfully defeated the threat of infectious diseases. However, many infectious diseases have undergone re-emergence and are now a major cause of concern. Besides, there is the emergence of several new infectious diseases. These diseases are termed re-emerging and emerging infectious diseases, and collectively account for more than 20 infectious diseases. World Health Organization has identified these diseases as the predominant health hazard faced by human beings. Owing to this situation, there is an urgent need to revisit infectious diseases and make efforts towards the development of anti-microbial drugs for emerging and reemerging microbial diseases. The present book chapter aims to provide a comprehensive account of re-emerging and newly emerging infectious diseases and the paradigm shift of anti-microbial drugs in the 21st century. It is expected to provide useful insight into this important research and development area.
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      INTRODUCTION




      

        



        Evolution of Microbial Life & Co-evolution of the Human-human Microbiome




        Prokaryotic microorganisms are the first form of life to evolve on earth several million years before the evolution of more complex forms of life [1]. The solar system, including earth and moon, is estimated to have originated ~ 4.54 billion years ago [2]. In the beginning, the Earth’s environment was dominated by strong radiation, volcanic eruptions, and extremely high temperatures. These conditions were too harsh for the origin and evolution of life. With the passage of time and the alteration of Earth’s environment, prokaryotic microorganisms originated, evolved, and migrated to acquire a ubiquitous presence on earth [3]. The evolution of prokaryotic microorganisms has continued ever since, and now they are acknowledged to be ubiquitously present on earth. Their evolution has resulted in microorganisms being endowed with the capability of thriving in a wide variety of microenvironments, including those characterized by extremes of physio-chemical conditions.




        One of the most prominent ecological niches having the presence of prokaryotic microorganisms is on and within other living being, including human beings [4, 5]. It is now well-acknowledged scientific knowledge that human being consists of ~ 1013 human cells and ~ 1014 microbial cells. Collectively, the microflora associated with the human body is referred to as human microbiome and represents an enormous genetic diversity repertoire [6]. Recent studies have defined human microbiome as a vital determinant of human health and results obtained with these studies have suggested that well-being depends upon the complex interactions that occur between the environmental factors, human nuclear DNA, mitochondrial DNA, and the microbiome [7]. The Human microbiome is also argued to have a critical role in promoting human evolution [8].




        Owing to the close interaction of human beings with microorganisms, human evolution is suggested to have progressed through a long and tough contest for survival between human beings and microorganisms. In this contest, human beings have been successful in attenuating or even domesticating potential pathogens. It is apparent from the observation that microorganisms cause diseases in human being only under the following conditions: (i) the immune system is weakened; (ii) microorganisms and viruses infect a sterile part of the body.


      


    




    

      



      Human Pathogens – prokaryotic Microorganisms & Viruses




      A small fraction of total prokaryotic microorganisms and viruses cause diseases in human hosts even when they are not immunocompromised or injured [9]. Further, they can exit the host body to affect other non-infected hosts [5, 6]. Despite these common characteristics, each pathogen implements a unique mechanism for eliciting the disease, making it extremely challenging to understand the underlying mechanism of different infections [6]. Yet another challenge related to infectious microbial disease is the lack of a comprehensive list of all pathogens for a very long time. Recently, Taylor and co-workers generated a list of all known human microbial pathogens; it contained entries of each microbial species known to be causing disease in human beings [10]. There are ~ 1400 species of infectious microorganisms that cause diseases to humans. These include 217 viruses and prions, 538 bacteria and rickettsia, 307 fungi, 66 protozoa and 287 helminths [10, 11]. An alarming observation from this list is the fact that ~ 175 pathogenic species have been identified for the first time only during the last 2 decades. They cause diseases that are considered emerging infectious diseases. Additionally, the last 2-3 decades have also seen the re-emergence of infectious diseases that were earlier thought to be successfully treated with available countermeasures [12, 13].


    




    

      Emerging and Re-Emerging Infectious Diseases




      During the second half of the 20th century, it was proposed that the long war against microbial pathogens had been won with the advancement of countermeasures, including antibiotics, vaccines, etc. By the 1970s, effective treatments were available against the most prevalent infectious diseases. The situation was aptly complemented by improved methods for sanitation, food handling, pasteurization, etc., to cut down on the variety of food & water-borne infectious diseases [11]. As a consequence, exemplary success was achieved with the mitigation of many infectious diseases. One such example was ‘smallpox’; in 1979, the World Health Organization (WHO) declared smallpox the first-ever disease to be completely eradicated by technological intervention. Inferring from this success, the scientific and medical community projected that “infectious diseases would be completely eliminated in the near future” [14]. However, microorganisms have exhibited remarkable adaptability and adapted to circumvent anti-microbial therapeutics. It has resulted in: (i) non-pathogenic microorganisms becoming pathogenic, and; (ii) susceptible pathogenic microorganisms becoming resistant towards anti-microbial therapeutics. The former is referred to as “Emerging pathogens”, while the latter is referred to as “Re-emerging pathogens”. According to the definitions by the National Institute of Allergy and Infectious Diseases (NIAID), “Emerging Infectious Diseases” are infections that have newly appeared in a population or have existed previously but are rapidly increasing in incidence [15]. The Human Immunodeficiency Virus (HIV) and Severe Acute Respiratory Syndrome (SARS)-coronavirus (SARS-CoV) are typical examples. These diseases were never faced by human beings before the 1980s and 2003, respectively [16]. “Re-Emerging Infectious Diseases” as diseases that reappear after being on a significant decline. Influenza-A virus pandemics of 1957, and 1968 are examples of re-emerging infectious diseases. Other examples include malaria, tuberculosis, cholera, pertussis, influenza, pneumococcal disease, gonorrhea, etc. [17]. Another category of infectious diseases observed in the recent past is “Deliberately Emerging Infectious Diseases”. This category includes diseases that have emerged due to the deliberate release of the infectious agent. The bioterrorist attack of anthrax on the United States of America in the year 2001 falls into this category [12]. With strict global regulations on the deliberate release of infectious pathogens, incidences of deliberately emerging infectious diseases have been kept in a strong check.




      Incidences of both emerging and re-emerging diseases have had a societal and economic impact at the global levels [13]. The recent COVID-19 pandemic is another example of an emerging infectious disease. On March 11, 2020 (i.e., within 3 months of the first report of its outbreak), the World Health Organization declared the COVID-19 outbreak a global pandemic [18]. It has been predicted to adversely affect the global economy over the next 12-18 months [19]. It will cause massive losses in GDP in the year 2020 [20]. The secondary effects of the COVID-19 pandemic are also reasoned to be quite severe and long-lasting [21]. Therefore, such emerging and re-emerging infectious diseases must not be overlooked as they may cause public fear, economic loss, and other adverse outcomes.




      

        Causative Agents of Emerging and Re-Emerging Infectious Disease




        Amongst the 175 new infectious microorganisms identified during the last 3 decades, ~ 50 have been identified by the Center for Disease Control and Prevention for causing life-threatening diseases and affecting infections include millions of people across the globe [22]. Amongst these, the most threatening is SARS, MERS, Ebola, Chikungunya, Avian Flu, Swine Flu, and Zika Virus. In 2018, the list of major emerging infectious diseases identified during the last 3 to 4 decades are dominated by viruses the WHO committee stated, “given their potential to cause public health emergency; there is an urgent need for R&D on Crimean-Congo hemorrhagic fever, Ebola virus and Marburg virus disease, Lassa fever, Middle East Respiratory Syndrome (MERS) and Severe Acute Respiratory Syndrome (SARS), Henipaviral Diseases, Rift Valley Fever, and Zika Virus Disease [23]. The list of major emerging infectious diseases identified during the last 3 to 4 decades are dominated by viruses [11]. A summary of the broad taxonomic distribution of emerging and re-emerging microbial human pathogens is presented in Fig. (1).
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Fig. (1))


        Broad taxonomic distribution of emerging and re-emerging microbial human pathogens; dataset adapted from [11].



        Most of the prominent emerging and re-emerging infectious pathogens have also been characterized up to their species level. A summary of species, the disease caused, and the year of identification of some of the major bacterial and emerging viral pathogens are presented in Table 1.




        

          Table 1 Major emerging bacterial and viral pathogens (since 1970); adapted from [22, 24].




          

            

              

                	Pathogenic Bacterial Species



                	Year Identified



                	Diseases Caused in Human Beings

              


            



            

              

                	Emerging Bacterial Pathogens

              




              

                	Campylobacter spp.



                	1973



                	Diarrhea

              




              

                	Clostridium difficile



                	1974



                	Pseudo-membrane colitis & Toxic megacolon

              




              

                	Streptococcus bovis



                	1974



                	Endocarditis

              




              

                	Legionella pneumophilia



                	1976



                	Lung infection

              




              

                	Staphylococcus aureus



                	1981



                	Toxic shock syndrome

              




              

                	
Escherichia coli O157:H7



                	1982



                	Hemorrhagic colitis

              




              

                	Chlamydia pneumoniae



                	1983



                	Lung infection

              




              

                	Helicobacter pylori



                	1983



                	Gastric ulcers

              




              

                	Rhodococcus equi



                	1986



                	Pneumonia in immunocompromised patient

              




              

                	Spotted fever group Rickettsia spp.



                	1990



                	Spotted fever rickettsiosis

              




              

                	Vibrio choleraeO139



                	1992



                	Diarrhoea

              




              

                	Aerococcus spp.



                	1992



                	Urinary Tract Infections & Endocarditis

              




              

                	Wolbachia spp.



                	1995



                	Lymphatic filariasis

              




              

                	Simkania negevensis



                	1997



                	Lung infection

              




              

                	Actinobaculum schaalii



                	1997



                	Urinary Tract Infections

              




              

                	Parachlamydia acanthamoebae



                	1997



                	Lung infection

              




              

                	Waddlia chondrophila



                	2007



                	Miscarriage

              




              

                	Neoehrlichia mikurensis



                	2010



                	Neoehrlichiosis: systemic inflammation

              




              

                	
Escherichia coli (O104:H4)



                	2011



                	hemolytic uremic syndrome

              




              

                	Emerging Viral Pathogens

              




              

                	Ebola virus



                	1976



                	Hemorrhagic fever

              




              

                	Human T cell leukemia virus (HTLV) 2



                	1982



                	Adult T-cell leukemia/lymphoma

              




              

                	Human immunodeficiency virus (HIV)



                	1983



                	Acquired immunodeficiency syndrome

              




              

                	Hepatitis E virus



                	1988



                	Hepatitis

              




              

                	Human Herpes virus6 (HHV6)



                	1988



                	Roseola

              




              

                	Hepatitis C virus



                	1989



                	Hepatitis

              




              

                	Guanarito virus



                	1991



                	Hemorrhagic fever

              




              

                	Sabia virus



                	1994



                	Hemorrhagic fever

              




              

                	Hendra virus



                	1994



                	Hemorrhagic fever, Encephalitis, Pneumonia

              




              

                	Human Herpes virus 8 (HHV8)



                	1995



                	Kaposi sarcoma

              




              

                	Avian Influenza virus



                	1997



                	Pneumonia

              




              

                	Nipah virus



                	1999



                	Encephalitis

              




              

                	Human metapneumovirus



                	2001



                	Bronchiolitis, Pneumonia

              


            

          




        




        The geographical distribution of incidences of emerging infectious diseases is yet another critical point for deliberation. Characteristically such incidences have been reported from diverse regions of the world; for example, E.coli strain O157:H7; and Hendra Virus were identified from Japan & Australia, while H3N2v influenza and Human Monkeypox virus were identified from the United States. Some of the most dreaded emerging infectious agents, e.g., HIV, Ebola Virus, Zika Virus, and drug-resistant Tuberculosis, were identified in Central and Sub-Saharan Africa. A comprehensive account of the global geographical pattern for emerging and re-emerging infectious diseases has been provided by the National Institute of Allergy and Infectious Diseases (NIAID), NIH - USA [25]. A graphical representation of data accessible from this report is presented in Fig. (2).
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Fig. (2))


        Geographical distribution of first reported human cases of disease caused by major emerging, re-emerging, and deliberately emerging infectious diseases. Dataset adapted from [25].



        North America and Central & Sub Saharan Africa have been the major sites for the identification of both emerging and re-emerging infectious diseases, whereas almost negligible cases of new infectious diseases have been reported from Australia & Oceania and Polar Regions. It could be argued that successful identification of emerging and re-emerging infectious may be biased and prominently influenced by the availability of adequate diagnostic tools [24].




        Another important observation with regard to emerging and re-emerging infectious diseases is the fact that ~ 75% are zoonotic in nature [12, 22]. Many of the recent infections have probably emerged due to human interactions with animal hosts [12]. This observation corroborates well with increased human-wildlife interactions through activities related to domestic animals, companion animals, animal exhibits, animal-centric tourism, and above all, exotic animal cuisine. Once any pathogen finds its way into the human body, it could infect other human beings leading to incidences of disease pandemics.




        Although, the increased human interaction with wildlife can explain the emergence of new infectious diseases; however, it does not explain the re-emergence of infectious diseases that were previously controlled with countermeasures. Also, it does not provide an appropriate explanation for the emergence of virulent strains of non-virulent species (e.g., hemorrhagic E.coli strain O104:H4). This suggests that the phenomenon of emerging and re-emerging infectious diseases is much more complex than previously envisaged. A theory in this regard suggests that emerging diseases have been present in the Earth’s environment; however, they were not detected in the past due to a lack of infection incidences and the non-availability of diagnostic tools [24]. The other theory is based on ‘antigenic drift’ and ‘acquisition of anti-microbial resistance due to random mutations’ [16, 24]. A more elaborate deliberation of the major determinants of emerging and re-emerging infectious diseases is presented below.


      




      

        Determinants of Emerging and Re-Emerging Infectious Diseases




        Infectious diseases have been emerging and re-emerging for millions of years, however, the rate of incidences has increased significantly during the past few decades [13]. This increase has been brought about by the alteration of environmental factors, anthropological activities, and increased microorganism and human interaction [26]. Present-day societies find it difficult to handle emerging and re-emerging infectious diseases [12]. The possible explanations rest in present-day infectious diseases being multifaceted and influenced by factors including (i) global climate changes; (ii) alterations in population composition (iii) acquisition of antibiotic resistance and antigenic drift in microorganisms; (iv) acquisition of pesticides resistance amongst vector pests; (v) change in human demographics and behavior; lack of public health services and infrastructure; (vi) international trade and commerce; (vii) increased global interdependence and business-related global travel; and (vii) expansion of agricultural land, etc. [27]. These determinants are broadly classified into 3 categories as listed in Table 2.




        

          Table 2 Classification of major determinants of emerging and re-emerging infectious diseases.




          

            

              

                	Major Determinants of Emerging and Re-emerging Infectious Diseases

              


            



            

              

                	Environment Specific



                	Host Specific



                	Pathogen Specific

              




              

                	Global Climate Change


                Environmental pollution


                Alteration of ecological niches


                Expansion of agriculture land use


                Expansion of industrial activities


                Mass scale deforestation


                Altered demography of reservoir host


                Contamination of food or water supplies



                	Non-judicious antibiotics use


                Wildlife encroachment


                Increased susceptibility


                Altered human demographic


                Global trade and travel


                Occupational health hazard


                Lack of health services


                Poverty and social inequality



                	Genetic mutations


                Pesticide resistant

              


            

          




        




        Delineation of each factor is technologically challenging; however, some of the factors are now possible with the advent of technologies such as ‘pathogen genomics’ [28]. Results from studies on pathogen genomics indicate that most emerging and re-emerging infectious microorganisms are genetically adapted for heightened transmission and pathogenic characteristics. Examples of such pathogens include multidrug-resistant and extensively drug-resistant (MDR, XDR) Mycobacterium tuberculosis, methicillin-resistant Staphylococcus aureus (MRSA), etc. [29]. Ecological changes in agricultural, industrial, and clinical practices are other major determinants for incidences of emerging and re-emerging infectious diseases. Short-term change in weather conditions has impacted emerging and re-emerging infectious diseases through alteration of vector behavior or changed behavior of the human being [30]. Medical treatments and clinical practices, like blood transfusion and organ transplantation and xenotransplantation, have created new ways for infectious microorganisms to spread [31]. The spread of HIV through blood transfusions during the mid-1980s to 1990s is a prime example of the same [32].




        Altered human demographics, including recreational activities, wildlife poaching, bush-meat harvesting, and sexual contact with wildlife animals, have emerged as major risk factors for animal-derived emerging and re-emerging infections [33]. Changes in approaches for food processing and packaging, animal farming, and rapid dissemination of food supplies have also had a profound effect on incidences of emerging and re-emerging diseases [34]. Global trade and commerce-related international travel have emerged as yet another major demographic change-related determinant for emerging and re-emerging diseases [35]. The ease with which human beings and commercial goods, including animals, are transported around the world has significantly increased the incidences and spread of infectious agents. Poor public health measures, breakdown of public health initiatives, poor hygiene, and lack of drinkable water have also accelerated the incidences of infectious diseases [36]. Incomplete immunization programs have also contributed to the emergence of diseases that were previously not experienced [37, 38]. Last but not least, changes in human lifestyle and the prevalence of lifestyle diseases have increased human susceptibility to infectious agents.


      




      

        Adaptive Microbial Physiology for Resistance to Anti-Microbials




        It is widely acknowledged that microorganisms have acquired resistance to anti-microbials through spontaneous mutations, however, in the recent past, adaptive microbial physiology has also been recognized as a vital mechanism for resistance towards conventional anti-microbials [39]. It defines resistance on the basis of (i) Monoclonal heterogeneity; (ii) Microbial persistence; (iii) Microbial dormancy & (iv) Microbial biofilm formation [40]. A small minority of otherwise genetically homogeneous microbial populations shows resistance to inhibitory concentrations of anti-microbial agents; and competence transformation with extracellular DNA [41]. Clonal heterogeneity has attained a very important place in the recent past in both basic as well as applied research. It is now being considered the fundamental question to address for tackling the issues pertaining to microbial resistance. According to the present understanding, the microbial population may become resistant to conventional anti-microbials through one of the four possible routes, as depicted in Fig. (3). It is critical to address them to evade the problems of emerging and re-emerging infectious diseases in general and bacterial infections in particular.
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Fig. (3))


        Graphical representation of possible routes for microbial population becoming resistant to conventional anti-microbials. i.e., due to (i) event of genetic mutation; (ii) occurrence of persister cells in the population; (iii) occurrence of dormant cells in the population; (iv) formation of microbial biofilms.



        The theory of adaptive physiology is critical in explaining ‘multiple drug resistance’; A phenomenon that is difficult to explain only on the basis of spontaneous genetic mutation. The discovery that resistance could be conferred by cytoplasmic factors in addition to the chromosomal mutation provided one of the first examples for further discoveries being made subsequently in this direction. Noticeably, the cytoplasmic resistance factors were later identified for conferring resistance toward multiple antibiotics.


      




      

        Countermeasures for Emerging and Re-Emerging Diseases




        The conventional countermeasures have suffered the loss of efficiency and efficacy against emerging and re-emerging diseases. Antimicrobial-resistant phenotype against most of the classes of antibiotics has happened within a few years of their deployment. A graphical representation showing the timeline for the deployment of antibiotics and identification of the resistant phenotype is shown in Fig. (4).
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Fig. (4))


        Graphical representation showing the timeline of anti-microbial resistance development relative to the time of deployment of anti-microbial agents. (Dataset adapted from CDC’s “Antibiotic resistance threats in the United States, 2013 [42].



        One of the noticeable observations from the above graphical representation is the discovery of a resistant phenotype against a particular class of antibiotic within a few years of its deployment; for example, the identification of ‘penicillin-resistant phenotype’ in 1943 following its deployment in 1940. This observation suggests that microorganisms may be inherently bestowed with resistance capabilities against antibiotics. Mutations may be an accelerating force for escalating adaptation to natural and modified antibiotics derived from chemical modification of the naturally occurring antibiotics [43]. The phenomenon has also rapidly transmuted into an alarming situation due to the non-discovery of any new class of antibiotics for almost 3 and half decades now. There is an emergent need for alteration of the treatment regime for effectively managing and mitigating the emerging and re-emerging infectious diseases in the 21st Century.


      


    




    

      Infectious Diseases: Treatment Paradigm in the 21st Century




      The emerging and re-emerging infectious diseases are complex multi-facet problems. Consequently, the treatment regime for them also needs to be multi-facet and integrated to address different categories of major determinants of emerging and re-emerging diseases. The treatment regime must have a program consisting of (i) legislative regulation for improvement of global environmental conditions, sanitation, and public health conditions; food and water availability; strict regulation on trans-border transportation of plant and animal material; reduction of human-animal interactions for poaching, recreation or commercial purposes; and (ii) scientific advancement for characterization of mechanisms underlying the emergence and re-emergence of infectious diseases; and (iii) development of innovative treatment procedures [44]. The latter will be accomplished by scientific disciplines such as genomics, proteomics, structure biology, bioinformatics, cheminformatics, nanotechnology, etc.




      

        Anti-Microbials for Infectious Diseases in 21st Century




        While other countermeasures, including legislative regulations, are still being defined, the progress concerning the development of anti-microbials has been quite substantial. Many scientific discoveries have been made recently with regard to emerging and re-emerging infectious diseases. A notable example has been the design and development of ~ 20 anti-retroviral drugs that have significantly reduced HIV -associated morbidity and mortality [45]. Many other anti-microbials against emerging and re-emerging infections are at various stages of development. At this point, it is pertinent to highlight that the process of ‘Anti-microbial Therapeutics Development for Human Application’ is extremely rigorous and involves several levels of laboratory, pre-clinical and clinical trials prior to deployment for clinical application; it takes 10 – 15 years and costs about 0.2 – 1.3 Billion US$ [46]. A graphical representation showing the timeline for successful drug development is shown in Fig. (5).
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Fig. (5))


        Graphical representation of the typical timeline for drug discovery, development, and deployment. Adapted from [46].



        The timeline shown in this figure also stands true for vaccines and anti-microbial drugs. However, with recent advancements in the fields of in silico drug discovery and development, the time duration for drug deployment is expected to reduce significantly. Still, the time required for a new drug to be deployed in the market would range from ~ 5 years [46, 47]. This timeline may not be acceptable for the mitigation of emerging and re-emerging diseases since they usually acquire pandemic status and require immediate therapeutic interventions [48]. The approach suitable for the discovery and development of ‘anti-microbial therapeutics against emerging and re-emerging infectious diseases’ should be wholistic and compatible with the expedited approval process. Many therapeutic regimes are suited to these characteristics. A brief description of progress made concerning some of these approaches is presented below:


      




      

        Vaccines for Emerging and Re-Emerging Diseases




        Scientific understanding of the human immune system has grown substantially during the past 4-5 decades; consequently, it is now possible to rationally design and develop vaccines against most infectious pathogens. Several neo-classical vaccine platforms based on the use of recombinant proteins, short peptide antigens, viral vector-based vaccines, genes encoding for immunogenic chimeric proteins, and pseudo-virions-based vaccines have been developed [49, 50]. The critical feature of most modern-day vaccine design approaches is the use of these novel vaccine candidates [15]. Vaccines being developed on these new approaches are being referred to as rationally designed vaccines and include (i) Viral vectors-based vaccines; (ii) Virus-like particles; (iii) Nucleic acid vaccines; and (iv) Subunit vaccines. A brief description of these platforms is presented here:




        Viral vectors-based vaccines: Some viral families could be effectively used as vectors for expressing the antigen in the background of an active heterologous virus. This stimulates immune responses for the generation of both humoral and cellular immunity [51]. One of the successful examples of viral vector-based vaccines is based on the vesicular stomatitis virus (VSV) platform. VSV is non-pathogenic to humans; therefore, a recombinant VSV virus harboring any antigen-expressing gene can induce an immune response without causing any disease to the human being [52]. Another successful example is Simian Adenoviruses (SAV); its E1 gene is deleted and replaced with a heterologous antigen gene [53].




        Virus-like particles: These are assemblies of viral proteins that mimic the native virus. They do not contain viral genetic materials and provide a safe and noninfectious alternative to traditional live virus-based vaccines [54]. A unique property of VLPs is their particulate nature which is extremely useful in the development of effective and affordable recombinant vaccines [54]. They elicit a strong immunogenic response like those elicited by the whole virus vaccines. The structures of VLP are unique and allow for the insertion of foreign antigenic sequences [55, 56]. VLPs have been used to develop the FDA-approved vaccines for Hepatitis B and Human Papillomavirus; these vaccines are now commercially available. Despite the advantages associated with VLP, this platform faces significant challenges in translation from laboratory models to clinical deployment. Therefore, to date, only a very few VLP vaccines have been adopted into the vaccination schedule [55].




        Nucleic acid vaccines: Nucleic acid vaccines have been proposed as a safer alternative to live and inactivated vaccines. They contain only DNA or mRNA which is taken up by cells and converted to proteins by using host cells’ transcription and translational machinery. Despite their relatively nascent nature, these vaccines are being applied to a wide range of infectious and malignant diseases [57]. DNA vaccines have been successfully evaluated against many emerging viruses like Dengue [58], CHIKV [59], and EBOV [60] using different animal models. More recently, mRNA or vaccine development has been getting great attention due to its high potency, low manufacturing cost, and safe administration mode [61]. In several preclinical and clinical studies, mRNA-based vaccines have shown a safe and durable immune response in animal models and humans [62].




        Subunit vaccines: Subunit vaccines consist of synthetic peptides or purified recombinant proteins, which include well-defined epitopes of a viral protein. This approach presents antigens to the immune system without introducing viral particles. The major advantages of subunit vaccines include ease of production, upscaling at the time of high demand, stability, high shelf life, and no risk associated with the use of the whole virus, etc. An alternative method of making a subunit vaccine is based on putting the antigen coding gene into a viral vector or attenuated bacterium that serves as a recombinant vaccine (called a recombinant subunit vaccine) [63]. There are few subunit vaccines presently in use, while others are being developed against difficult-to-vaccinate viruses, e.g., Ebola virus [64, 65] and HIV [66].


      




      

        Genomics Guided Discovery of New Classes of Antibiotics




        Microbial bioactive secondary metabolites are an important source of anti-microbial drugs. To date, ~ 20,000 microbial metabolites have been isolated and characterized for diverse biological activities. However, the past 3 decades have experienced an abrupt decline in the discovery of new classes of antibiotics. This phenomenon is attributed to several factors, including technical challenges related to isolation and purification of antibiotics; extremely low concentrations of antibiotics produced under standard laboratory conditions; lack of scientific understanding of parameters for robust expression of genes encoding the antibiotics; and, above all, the redundant discovery of previously known natural products [67].




        To harness the repertoire of natural anti-microbials, several efforts have been made for culture-independent and genomics-guided discovery of novel bioactive natural products. More than 30,000 complete bacterial genomes were sequenced and annotated by 2015 [68], and > 1,50,000 bacterial genomes are expected to be sequenced and annotated by 2022 [69]. The total number of Actinobacterial genomes completely sequenced to date is ~ 3074. Computational analyses of these genomes have led to the development of ‘pipelines’ that can be used for the prediction of non-ribosomal peptides and type I and II polyketides [70]. Several tools based on gene cluster prediction algorithms, e.g., SMBP, and MIBiG database [71], have been developed for predicting the genomic potential for synthesis of novel bioactive secondary metabolites. A graphical representation highlighting the process of genomics-guided discovery of novel anti-microbial therapeutics is presented in Fig. (6).
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Fig. (6))


        Graphical representation of the genomics-guided and conventional approaches for identification novel secondary metabolite. The genomics guided approach maximizes the prospective of identifying genes/ gene clusters with the potential to synthesize novel secondary metabolites.



        This approach has been successfully used for the identification of a few novel secondary metabolites during the past few years. A novel antibiotic substance was recently identified from Allosalinactinospora lopnorensis strain CA15-2T using this approach [72]. Noticeably, the genome analyses of A. lopnorensis CA15-2T showed that it contains 17 gene clusters that could potentially encode known or novel secondary metabolites [73]. Genomics-guided mining has also been implemented for the identification of secondary metabolites in fungal strains. As many as 28 novel molecules have been identified in crude extracts of Aspergillus pachycristatus [74].


      




      

        Structure-Function Guided Discovery of Inhibitors of Drug Targets




        The discovery and development of anti-microbial therapeutics have undergone a remarkable paradigm shift in the recent past. From times of serendipitous discovery of penicillin by Sir Alexander Fleming in the 1930s to the late 1990s, the discovery of anti-microbial therapeutics had remained overly dependent upon screening-based methods. This approach was quite successful in identifying a number of new anti-microbials. However, there has been a marked decline discovery, and development of new antibiotics since the 1990s. It has been realized that the use of a screening-based approach may not be sufficient for the mitigation of infectious diseases in the 21st century and beyond [75]. Fortunately, the 1990s also experienced the advent of computational approaches for explaining the physico-chemical characteristics of biological macromolecules. Since its advent has substantiated and expedited the discovery and development process of countermeasures against ‘emerging and re-emerging infectious microorganisms’. Collectively, the computational approaches have resulted in the inception of a new paradigm for the search for new anti-microbial therapeutics. It integrates the basic understanding of microbial cell physiology and biochemistry with the principles of mathematic modeling, virtual screening, and molecular dynamic simulations. It has resulted in the development of several innovative platforms for carrying out hypothesis-driven screening of drugs instead of empirical labor-intensive and non-economical screening for bioactive metabolites [76]. In addition, these approaches have also paved the way for the rational designing of novel drugs, selective modification of existing drugs and, thereby, minimizing the efforts and investments required for development and eventual deployment. In contrast to the conventional approach, the ‘structure-function guided’ non-conventional approach focuses on target identification, determination of structural characteristics of identified targets, and virtual screening of the most potent drug(s). The only major limitation of this approach is the identification of a very large number of potentially active modulator compounds (referred to as hits). The large number of hits makes establishing prioritization for experimental validation difficult. Another interesting notion with regards to the comparison of conventional and non-conventional approaches for drug discovery is: “either of the approaches alone may not be sufficient to provide a sustainable system for discovery and development of novel antibacterial therapeutics” [75].




        The key factors for the use of the neo – conventional approach is the identification of druggable microbial targets that are: (i) previously characterized as essential for the growth and survival of microorganisms; and (ii) not homologous to any essential gene within the human genome. From the point of view of implementation, this approach heavily depends upon X-ray crystallography and/ or NMR resolved structure determination of target proteins. However, crystallography can be extremely challenging, especially for structural proteins, membrane-bound proteins, and protein-protein complexes. Additionally, it requires extensive upstream experimentation that is tedious, time-consuming, and non-economical [77]. These limitations are addressed by computational biology approaches of homology modeling and de novo modeling as alternative routes for




        predicting the structure of target proteins for structure-guided drug design, discovery, and development [78].




        Once a high-quality protein structure or model is available, the structure-based drug design can be applied in a variety of methods. The most common path passes through the identification of chemical starting points through virtual screening and docking of potential drug molecules. Molecules with the best docking characteristics are used for the generation of a virtual protein-drug complex, which is subsequently subjected to molecular dynamics (MD) simulation to improve the quality and confidence of in silico scoring. The drugs found to have stable protein-drug complexes are eventually tested in in vitro validation experiments [79]. Despite the challenges, this approach is quite impressive and has been successful in the identification of a number of drug molecules, including anti-microbial therapeutics. It is worth highlighting that while the conventions screening approach has a hit rate of ~ 0.30%, whereas, the structure-guided drug discovery may have a hit rate of >10% [80]. A comprehensive review of the same is presented by Staker and a co-worker [81].


      




      

        Innovative Novel Alternative Anti-Microbial Therapeutics




        Apart from the advancements in the above-mentioned anti-microbial therapeutic regimes, there is also a need for the development of innovative novel alternative anti-microbial therapeutics. It is essential because microorganisms can rapidly adapt and disseminate antibiotic resistance phenotypes [82]. Novel anti-microbial therapeutic approaches would be based on the convergence of material science, nanotechnology, synthetic chemistry, etc. Some examples of such alternative therapeutics are at various stages of development, ranging from laboratory studies to pre-clinical and clinical studies.


      




      

        Nanomaterials as Potent Alternative Anti-microbial Therapeutics




        Nanomaterials (including nano-fibers, nano-particles) have been reported for anti-microbial activities against a wide variety of microorganisms ranging from non-pathogenic model organisms, e.g., E.coli and Bacillus subtilis [83] to pathogens, e.g., Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa [84]. Conventionally, nanomaterials are categorized into 2 broad categories (i.e., metallic nanomaterial and non-metallic nanomaterial). Nanomaterials of both metallic and non-metallic types in diverse shapes and forms have been proposed as potent anti-microbials [85]. Initial discoveries in this regard established silver nanoparticles (AgNPs) as important antibacterial, even against antibiotic-resistant strains [86]. AgNPs are of special interest due to their relatively easy synthesis, chemical stability, catalytic activity, high conductivity, and surface plasma resonance characteristics that make them ideal for their use as anti-microbial therapeutics. The anti-microbial characteristic of AgNPs is determined by their higher surface-to-volume ratio, providing better contact with microorganisms. Even the AgNPs synthesized with the use of green synthetic processes show noticeable anti-microbial activity against wound-infecting pathogens, including Bacillus subtilis, Enterococcus faecalis, Staphylococcus epidermidis, multidrug-resistant Staphylococcus aureus [87]. The efficacy and stability of metallic nanomaterial, including AgNPs in biomedical applications, were major concerns for a long time; the same has been addressed with the use of biopolymers based on noninflammatory capping agents like collagen and peptides. Similarly, AgNPs have been combined with other nanomaterials, such as graphene oxide (GO), having antibacterial activity for enhanced anti-microbial properties [88]. The mechanism for this synergistic effect was defined based on GO wrapping around bacterial cells, while the Ag component of the NPs killed the bacteria with its toxicity.




        Nanoparticles made up of non-silver metals, e.g., gold-based nanomaterials or titanium-based nanomaterials, are also reported for anti-microbial activity. They exhibit strong anti-microbial effects against bacterial strains that cause wound infections [89]. Photocatalytically active TiO2 is reported for anti-microbial activity against several microorganisms, including microbial strains that are resistant again multiple drugs [90]. Yet another development in the field of nanomaterial-based anti-microbials has been the development of ferric oxide (Fe3O4) NPs that exhibit anti-microbial activity and also act synergistically with other anti-microbial substances. These novel nanomaterials are adequate for biomedical applications, such as hospital tools, but also food preservation or wastewater treatment.




        Just like the metallic nanomaterial, the non-metallic polymer-based nanomaterials have also been reported as potent anti-microbial therapeutics. Particularly, positively charged biomolecules, e.g., chitosan nanomaterials. They are positively charged and interact efficiently with negatively charged microbial cell membranes to induce cell damage or cell lyses. A few studies have shown enhanced anti-microbial activities for chitosan nanoparticles modified with the integration of antibacterial substances. In one such study, chitosan NPs containing protamine, a natural anti-microbial peptide showed significantly enhanced anti-microbial activity towards pathogenic E. coli [91]. These examples establish that nanomaterials are suitable candidates for future development of alternative anti-microbial to be used for existing as well as emerging, re-emerging infectious pathogens. In hindsight, it is important to emphasize that further research would be essential to determine the physiological and mechanistic features of nanomaterial-mediated anti-microbial activities. It would also be important to address how combined approaches that employ both nanomaterials and small molecule-based drugs would perform in developing sustainable anti-microbial nanomaterials.


      




      

        The Anti-Microbial Peptide as Potent Alternative Anti-Microbial Therapeutics




        Anti-microbial peptides (AMPs) are short, positively charged peptides with potent antibacterial, antiviral, and antifungal activity. They are also known as host defense peptides. They are found in widespread forms of life, ranging from microorganisms to humans [92]. AMPs constitute an important component of the first line of defense against foreign attacks, and they are indispensable components of the innate immune system in different life forms [93, 94]. AMPs exert their anti-microbial activities through disruption of the bacterial cell membranes, modulation of the immune response, and regulation of inflammatory activities. They are also indicated to be able to render synergistic activities along with conventional antibiotics. Hence, AMPs are projected as potent alternative anti-microbial therapeutics of the future. They are gaining priority in the development of anti-infective drugs, particularly against drug-resistant pathogens [95] and also against emerging and re-emerging infectious pathogens [96]. AMPs were first discovered in the 1980s; thereafter, they have been a subject of curiosity and research for enhancing their efficacy and formation as anti-microbial drugs. According to the anti-microbial peptide database, 3234 anti-microbial peptides from six kingdoms (358 bacteriocins/peptide antibiotics from bacteria, 5 from archaea, 8 from protists, 20 from fungi, 360 from plants, and 2400 from animals, including some synthetic peptides) have been identified to date (http://aps.unmc.edu/AP/main.php). A few of them have been approved for clinical application by the U.S. Food and Drug Administration (FDA).




        As stated earlier, most AMPs are short peptides with a net positive charge responsible for their attraction toward negatively charged membranes of bacteria [97]. The hydrophilic and hydrophobic amino acids of AMPs are precisely segregated in such a manner that their solubility is ensured in both aqueous and lipid-rich environments. The shortest AMPs are as small as 10 to 20 amino acids in length, and the largest ones are in the range of ~100-150 amino acid residues. Structurally, the shorter AMPs possess simple secondary structures, including alpha-helix, beta-sheet, or unstructured, however, certain AMPs, particularly of the defensins family, may have elaborate three-dimensional structures. For most of the past 25 years, AMPs were regarded to be nonspecific and functionally redundant. Furthermore, it was believed that the biochemical simplicity of AMPs reflected fundamentally irresistible modes of action, including permeabilization of the cell envelope through the formation of open pores, which was assumed to largely prevent bacterial evolution of resistance.




        While looking for alternative anti-microbial therapeutics to be used against drug-resistant microorganisms and emerging & re-emerging infectious microorganisms; AMPs are projected as a promising solution, due to their wide spectrum of activity against several microorganisms [96]. AMPs hold potential for translational applications, however, rigorous research would be required to establish a fundamental understanding towards maximizing their potential. Optimization of their biochemical properties and pharmacodynamics will render them, ideal candidates, against which evolution of resistance might be rare or substantially less frequent.




        Translation development of AMP-based anti-microbial preparations is presently faced with several limitations; one such limitation is their proteolytic degradation. The advent of AMPs-based nanoparticles is projected to circumvent this limitation. Currently, AMPs-conjugated nanoparticles have attracted the attention of the scientific community due to their enormous advantages in terms of effective delivery and stability [98]. The main goals of AMPs- conjugated nanoparticles are to increase therapeutic efficacy, minimize side effects, offer a controlled pharmacokinetic profile, protect the encapsulated peptide from degradation, and reduce toxicity. Various types of nanomaterials, such as polymers, hydrogels, microgels, liposomes, self-assembly systems, etc., are being explored to enhance their (AMPs) therapeutic efficacies.


      


    




    

      CONCLUSION




      While Humanity continues to face the threatening crisis posed by incidences of emerging and re-emerging infectious diseases in the 21st century, there is also a tremendous opportunity for scientific advancements for developing innovative countermeasures and therapeutic paradigms with the development of novel anti-microbial drugs. Given the inherent uncertainty associated with emerging and re-emerging infectious diseases, the global community needs to shift from the ‘Wait & Watch’ approach to a more 'Proactive Prediction' approach for predicting future incidences of emerging and re-emerging diseases. Questions such as why a certain disease or certain types of diseases emerge at a particular location and a particular time may provide valuable information and facilitate a reasonable disease prediction system. Address these questions and be technologically prepared to tackle the possible threats posed to the very survival of human beings.
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      Abstract




      Increased incidences of multidrug-resistant (MDR) microorganisms has become a global health concern for humans, animals, and agriculture. The advent of newer resistance mechanisms evolving in microorganisms at a high rate compared to the treatments available urges the need to understand its origin and reservoirs. The expanded use of antimicrobial drugs, inefficient diagnosis as well as broad use in agriculture and veterinary contributes to the emergence of resistance in microorganisms. Presently, almost all infectious agents (bacteria, fungi, and viruses) have developed MDR. About 7 lac people die of bacterial resistance to antibiotics every year, with an estimated ~10 million deaths by 2050. Similarly, MDR arising in pathogenic fungi like Candida, Aspergillus, or Fusarium to the limited therapeutic options is highly challenging. Bacteria and fungi develop resistance mainly due to biofilm formation, increased efflux pump activity, drug target mutations, drug binding alterations, chromosome abnormalities, and the ability to escape host immune defenses. The co-existence of MDR bacteria and fungi forming biofilms is even much of an alarm in medicinal applications. Apart from these, drug resistance to current antiviral therapeutics has imposed significant risk amidst life-threatening diseases caused due to viruses like HIV and influenza A. Owing to its severity and complexity, we aim to illustrate the detailed mechanism and evolution of MDR in bacteria, fungi, and viruses. We also review different approaches to deal with MDR, emphasizing alternatives, vaccine development, global surveillance programs and stewardship measures to combat resistance.
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      INTRODUCTION




      The presence of multidrug-resistant pathogens is one of the greatest challenges posing a serious health concern around the globe. Multidrug resistance (MDR), as the name suggests, arises when an organism is resistant to more than one class of drug. Several aspects, like high mutagenesis rate, overexpression of efflux pumps, and alterations in drug binding, are responsible for rendering drug resistance and making current clinical therapeutics ineffective. Moreover, selective pressure arising due to excessive use or misapplication of anti-infective agents in clinical setups, inefficient diagnosis, expanding usage in agriculture, animal feed and aquaculture, travels, and immigration has enabled pathogenic microbes to adapt and develop antimicrobial resistance. Additionally, the transmission of resistant genes through a horizontal gene transfer mechanism has led to the enhancement of resistant microbes. Multidrug resistance is a global threat as there exist limited treatment options. This condition worsens when there is resistance to second-line drugs or all therapeutics, as is the case for extremely drug-resistant (XDR) or drug-resistant (TDR) pathogens. Today, multidrug resistance has evolved in almost all bacterial, fungal and viral pathogens and has served to be an emerging crisis, especially for immunocompromised patients, chemotherapies, surgeries, tuberculosis, HIV-AIDS, etc. This has further resulted in prolonged illness, increased treatment costs, and high mortality rates.




      Occurrence of multidrug resistance in nosocomial infecting ESKAPE pathogens, including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter cloacae has resulted in high morbidities and mortalities. In addition, the emergence of New Delhi Metallo-β-lactamase-1 (NDM-1) and mobile colistin-resistant (MCR) strains has been another major concern for the clinical and agricultural society, where the food chain is a big reservoir for dissemination of resistance [1-4]. Moreover, drug-resistant Mycobacterium tuberculosis has created a state of emergency and needs urgent control to curb the spread. It has resulted in half a million new cases and 230 000 deaths reported globally in 2018, with about 8.5% of MDR-TB cases having XDR-TB [5].




      Multidrug resistance in pathogenic fungal species like Candida, Aspergillus, Cryptococcus, and Fusarium spp. that causes life-threatening invasive diseases like Candidiasis, aspergillosis, fusariosis, meningitis, pneumonia, etc., is highly alarming. The treatment options for fungal infections are quite restricted; thus, the emergence of multidrug resistance becomes a great challenge. The recent catastrophic crisis from the multidrug-resistant Candida Auris, which is difficult to be identified with standard laboratory practices and is called a “mysterious bug” or “superbug” has created serious infectious and death outbreaks around the globe [6, 7].




      The worldwide spread of life-threatening viral diseases has demanded strict adherence to anti-retroviral therapies but has also worsened the problem of multidrug resistance in viruses and has important economic implications.




      High incidence of MDR pathogens necessitates the development of newer strategies, efficient diagnostics, contact tracing, the discovery of novel targets for microbial pathogenicity without affecting the normal microbial flora and the development of further resistance to other anti-infectives. Unlike the conventional approaches, which target affecting essential metabolic processes, several alternative methods of treatment are in demand to combat resistant microbes. These include the use of inhibitors for quorum sensing, biofilm formation, protein synthesis, cell wall synthesis, use of monoclonal antibodies, antimicrobial peptides, phage therapy, essential oils, nanotherapeutics, vaccine, and CRISPR-Cas9 system. Additionally, combinatorial therapy has profound applications to disseminate the wide majority of drug resistance pathogens [8]. Moreover, the advancement in whole-genome sequencing has led to a better understanding of specific diagnostic resistance markers, which would encourage the use of appropriate treatments and prevent the rapid disease transmission of MDR pathogens within the community. Therefore, it becomes important that these action plans should be globalized and implemented with appropriate financial support. In this book chapter, we bring together information on the evolutionary mechanisms of multidrug resistance in pathogenically significant bacteria, fungi, and viruses, focusing on their resistance markers to drugs. We also discuss alternative approaches and global action plans to circumvent the emergence and transmission of resistant microbes.
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