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    PREFACE 1




    


    


    


    


    


  




  

    Immunomodulatory drugs, of both natural and synthetic origin, are increasingly being researched & developed for the treatment of human diseases, together with inflammatory disorders. In the post-SARS-CoV-2 pandemic of 2020, the research in immunomodulators has been found to be increased. The significance of such compounds, which focus on modulation of our immune status over remedial drugs, has been realized. Regardless of its extraordinary efficiency and specificity, the distortion of immune responses can be accountable for several disorders, such as autoimmune diseases, allergies, immunosuppression, and AIDS. Immunomodulators play a key role in diming such disorders too. In the past ten years (2011 to 2021), there have been several hundred reviews either on immunomodulators or combined with vaccines and adjuvants. However, a comprehensive book exclusively on all aspects of immunomodulators was needed for the clinicians, researchers, and Pharma & Biopharma professionals. Eminent and well-experienced professors, researchers, bioscience industry professionals, and technologists from India congregate to review this in the form of a comprehensive book. The book with the title “Natural Immunomodulators: promising therapy for disease management” encompasses all aspects such as ways of modulating immunity, diseases & disorders related to immunity, natural & synthetic immunomodulators, related analytical techniques, bioassays, and other methods for immunomodulators in the preclinical and clinical setting, delivery of immunomodulators: challenges and novel approaches, marketing strategy and regulatory perspectives, future path, and perspectives, etc. A glance through the twelve chapters reveals the vastness of the work on immunomodulators and their significance for mankind. The content of the book is like a crisp encyclopedia on the topic. The distinguished editorial team has refined the content to make it a ready one-stop reference for researchers, investors, bioscience & biotech professionals, vaccine developers, students, clinicians, etc. All the authors with decades of proficiency in the medical and clinical field put all their best effort to encompass the key literature in the past two decades along with representative historical aspects. I look upon this book as a high-impact reference.






    

      Girish B. Mahajan


      Senior Vice-President,


      HiMedia Laboratories Pvt Ltd.,


      Maharashtra, India

    




    

      PREFACE 2




      With the advancement and rapidly changing technology, information is accumulating in ever intimidating quantities with facts and figures that give logical reasoning, simple explanations about chaotic mechanisms, and the complexity of biology and life. Scientific knowledge is full of paradoxes, and with the addition of new information, it becomes easy and simple to unravel the unknown to known with rational justification.




      Our book, entitled Natural Immunomodulators: promising therapy for disease management, is a small effort to gather recent updates in the field of immunology, pathology, and immunomodulatory therapies intended at harnessing the power of nature. Although the information is ever expanding in volume, we have taken intense efforts to conceptualize and summarize the information that emphasizes the significance of natural immunomodulators.




      The immune system complexity is secondary to the nervous and endocrine systems. The immune system has a profound impact and involvement in emerging lifestyle-related chronic illnesses and infectious diseases. The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the year 2019 had underscored the significance of immunity. Moreover, the recent discovery of the brain lymphatic system in 2015 had stated the linkages of the immune system in neuropathology.




      Our book provides a preview of the immune system and every aspect of natural immunomodulators, including their natural sources, standardization, novel drug delivery methods, marketing, regulatory requirements, challenges, and limitations to get them in mainstream in line with and parallel to modern medicines. The retrieved scientific information from literature is presented comprehensively without losing the essence of the research to readers, and the content is abstracted succinctly in simple, lucid language.




      The successful completion of our book was possible due to the collective efforts and support from chapter authors, our research students, friends, and colleagues. We thank all of them for their sincere contributions in shaping this book. Finally, we are also grateful to the Bentham publishing team for their outstanding support and cooperation.
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      Abstract




      The immune system is a complex, intricate organ system with features like flexibility, recognition, discriminating potential between self from non-self, and memory to defeat notorious external and internal threats to human health functioning. Innate immunity is inborn, and acquired immunity develops through secondary education; they are interconnected, interdependent, and execute tasks with bi-directional communications. A deeper understanding of immune biology revealed a remarkable contribution of the immune system in several chronic illnesses, and has taken a central stage in pathophysiology. In essence, the weakened or overactivated immune system leads to these chronic illnesses. Modulation of the immune system is an efficient and valid approach to prevent the underlying pathophysiology of such diseases. A gamut of natural immunomodulators targeted at specific or non-specif immune cells has delineated their potential to achieve the equilibrated and balanced immune system. Preclinical and clinical studies demonstrated the implication of microbiota, nutrients, natural herbs, and micronutrients for immunostasis. The immune system's complexity, its close association with the endocrine and nervous system, target identification, and convenient, reliable tools to assess immune function and modulation are a few limitations that hampered the attainment of immunostasis. Despite these limitations, novel therapies targeted at immunomodulation in chronic diseases are promising and paving the future path to novel therapeutics.
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      INTRODUCTION




      The principal components of the immune system are innate and adaptive immu- nity. The immune system is an older system on the evolutionary scale, and among




      the two, the innate immune system is the ancestral one, present in both inverte- brates and vertebrates [1]. The innate system is considered as the first line of defense for invading infection, growing neoplastic cells, or any other foreign matter in the body. The innate system lacks clonal expansion, memory, and anti- bodies and does not respond to changes in external stimuli. The innate system reacts and responds through its receptors to highly conserved microbial proteins like lipoteichoic acids and lipopolysaccharide of gram-negative and gram-positive bacteria, respectively [2, 3].




      Immunity is the mechanism by which the body protects itself against diverse environmental agents, such as microorganisms or their product lines, food, chemical products, drugs, and pollen grains. The word ‘Immunity’ originated from the Latin word ‘Immunis’, which means ‘exempt from public services’ (from im-, in- not, un-, without+munus duty, task, service). The very first term was introduced in B.C. 430 during the plague of Athens. Thucydides noticed that people who had managed to recover from a prior bout of the disease were capable of treating the sick without becoming sick on the second contact [4]. Later Rhazes (880-932) termed the immunity as acquired immunity with an explanation of excess moisture being expelled from the blood and therefore preventing the subsequent occurrence of the disease. This theory explains the term acquired immunity as smallpox bout was effective in protecting its survivors from future infections and explains several terms about smallpox known during the 10th century. Louris Pasteur reconfirmed these observations in his germ theory of disease [5], which were later proven by Robert Koch in 1891 and awarded with Nobel prize. In the 19th century, Paul Ehrlich had a substantial contribution to immunology by proposing the side-chain theory, explaining the specificity of the antigen-antibody reaction.




      The immune system can be defined as the bodily system that produces the immune response to protect the body from foreign materials, cells, and tissues. It is the body's defense mechanism to render foreign antigens and disease-causing bacteria from entering the body. It never attacks commensal flora that inhabits the gut, skin, and other tissues to the host’s benefit and always differentiates between individual own cells and other harmful invading cells. All animals have nearly the same immune system, but it varies within individuals. It varies as a consequence of heritable and non-heritable influences [6].


    




    

      COMPONENTS OF THE IMMUNE SYSTEM




      Immune system differs from other systems in the body, as the cells involved in the system are highly motile. It specifically uses the blood vessels and lymphatic ves- sels to reach the infection site in order to move in and out of the lymphatic tissue.




      Though the immune system is found all over the body, it still contains some specialized organs, which regulate the immune response and are capable of rapidly producing numerous cells that can stop spreading infection. Immune cells present in the reservoir can penetrate any cells in the body to combat the invasion. All the cells in the body originate from hematopoietic stem cells in the bone marrow as a precursor, but their site of origin and residence differ from each other [7]. The thymus and bone marrow are primary immune organs. Secondary immune organs include the lymph nodes, spleen, Peyer's patches, appendix, tonsil, adenoids and other mucosal-associated lymphoid tissue (MALT) [8] Fig.(1).
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Fig. (1))


      Primary and secondary immune organs of human body.



      

        Bone Marrow




        It is the primary site for blood cell synthesis. It gives rise to all types of precursor blood cells. Red bone marrow is a connective tissue that is highly vascularized, having 0.05 to 0.1% pluripotent stem cells derived from mesenchyme. These cells proliferate; differentiate into lymphoid and myeloid stem cells, which give rise to lymphocytes and myeloid cells, respectively. These stem cells further differentiate and become committed progenitor cells, which give rise to specific blood cell types. Some progenitor cells are also referred to as colony-forming units (CFU) with abbreviations for a specific lineage. For instance, CFU-GM means progenitor cells committed to becoming neutrophils and monocytes cells [9].


      




      

        Thymus




        The thymus is bilobed, encapsulated and lymphocyte-rich organ located exactly above the sternum in the neck region. It plays a vital role in cell-mediated immunity, particularly in T cells, which are likely thymus-derived cells. Thymus activity is observed highly in early childhood and further decreases at puberty, although it never completely disappears. Cortical and medullary epithelial cells, stromal cells, interdigitating cells, and macrophages make up the thymus. Thymic epithelial cells produce thymosin and thymoproteins along with some cytokines like IL-7, which play an important role in the development and maturation of T cells [10]. The thymus is the site of T cells maturation, and they undergo a critical test. In the positive selection test, developing T cells are evaluated based on their ability to recognise major histocompatibility proteins (MHC, a set of proteins present on cells to distinguish self from foreign). The developing T cells, which fail to recognize self-cells, are eliminated for further development. In the next maturation stage, T cells are subjected to interactions with thymic dendritic cells. Those T cells that show high reactivity are omitted in order to avoid autoimmune reactions. This process is called the negative selection process. The highly selective maturation process in the thymus leads to the T helper and T killer cells development, which is critical for adaptive immune response.


      




      

        Lymph Node




        They are small, bean-shaped glands, strewn about the lymphatic vessels and they are also called lymph glands. They are of varying size and are most numerous in lymphatic organs. They are centered along the respiratory and gastrointestinal tracts, as well as in the mammary glands, axillae, and groyne. The lymph node's complex structure is divided into lobules, each of which contains an outer cortex, para cortex, and core medulla region. When challenged with an antigen, the outer cortex consists primarily of B cells arranged as follicles, which might also develop a germinal centre, and the deeper cortex primarily of T cells. Transient B and T lymphocytes, antigen processing and presenting cells, mimicking B and T lymphocytes (in response to an infection), persistent and transient final effector cells, and macrophages make up the normal or reactive lymph node. Each node's macrophages and reticular cells remove 99 percent of impurities as lymph moves from one node to the next. This is how virtually all impurities are normally removed [11].


      




      

        Spleen




        The spleen is the bean-shaped, encapsulated, large organ with an interior having a spongy interface, located on the opposite side of the abdomen, beneath the diaphragm. Spleen is enclosed in a fibro-elastic capsule that extends into the spleen, and they are called trabeculae. The cellular material between the trabeculae is called the splenic pulp, which is further subdivided into a white pulp and red pulp. The white pulp is the lymphatic tissue, which is lined with lymphocytes and macrophages along the splenic-central artery. The function of white pulp is to produce immune and blood cells. The red pulp has venous sinuses and splenic cords (Billroth’s cord) and has plasma cells, granulocytes, and macrophages. The function of the red pulp is to filter antigens, micro - organisms, and damaged or worn-out red blood cells from the blood [12].




        T cells defend the body against disease; the immune system should perform four tasks. The very first, the presence of the infection must be detected, which is called immunological recognition. This is done by the WBCs of innate immunity and lymphocytes of adaptive immunity. Second, the next task is to eliminate the infection completely and furthermore activate the immune effector functions, such as the complement system, lymphocyte-mediated antibodies productions, and destruction by lymphocytes. The most important task, however, is immune regulation, or the immune system's ability to self-regulate. The final task is to protect the body from recurring infection by building immunological memory [7].


      


    




    

      IMMUNE SYSTEM IS COMPOSED OF TWO MAIN COMPONENTS, NAMELY




      (a) Innate Immunity and




      (b) Acquired Immunity




      The innate and adaptive immune systems collaborate to keep the body protected from infection, cancerous cells, and any foreign bodies and work in coordination to protect and notify the body if injury occurs. The innate immune system is the inborn immune system that detects pathogenic organisms or injury and mounts an instantaneous, broad response. On the other hand, the adaptive immune system is an acquired and specific immunity. It creates a memory to enhance the body’s response against future attacks. Both systems contain various cell-mediated and humoral components [13].




      

        Innate Immunity




        It is non-specific, naturally acquired defense mechanism of the body. It responds immediately to the exposure with the maximum response, either cell-mediated or humoral. It is considered the inborn defense mechanism, independent of previous exposure to the disease.




        It includes two defense mechanisms. The skin and mucosa of the gastrointestinal, respiratory, and urogenital tracts provide a mechanical and physiological barrier, as well as continuously washing and cleansing the mucous surface and cilia, which aids in the removal of debris and foreign matter [14]. It is called physicochemical innate immunity. Pathogens and potential pollution are constantly present on our skin. Constant contact with exogenous stimuli and antigens more often results in the activation of resident immune cells [12, 13]. It is our intact skin, which prevents pathogens from entering the body. Its low pH and the presence of fatty acids make the environment non-conducive living for the pathogens, but the compromisation of skin continuity leads to secondary infection. Some barriers are found in the form of anti-microbial molecules, proteases, digestive enzymes, and lysozymes called innate humoral immunity. Lysozymes from the mucus secretion and tears contain hydrolytic enzymes and cause cleavage of peptidoglycan of the bacterial cell wall. Saliva contains hydrogen peroxide acting as an antibacterial. Also, the low pH environment of the stomach and vagina makes them inimical for bacteria to enter. Immunologically active factors of mucosal secretions in blood and in cerebrospinal fluid (the humors) also work as a humoral barrier.




        Whenever the first-line defence fails to protect the body due to any acquired or congenital anomaly, the bacteria enter way deeper into the tissue causing activation of the second-line defence mechanism. The second line defense includes some anti-microbial proteins, phagocytes, NK cells, along with some inflammatory responses like fever and redness Fig. (2).


      




      

        Anti-microbial Substance




        Mainly four types of anti-microbial substances, which decrease microbial growth in the body, are discussed below.




        

          Interferons




          These are produced by various cells of the body as the inflammatory response produced by the virally infected macrophages, lymphocytes and fibroblast. After triggering, they produce some kind of molecular changes, which affect various cellular responses, including cell growth and in turn cause inflammation [15]. They can stop the replication of viral cells by producing antiviral protein in the neighboring uninfected cell. But, they cannot present the viral attachment to the host cell. There are particularly three types of interferons, Type 1 IFN-a, IFN-b, IFN-e, IFN-k, IFN-o, IFN-d, IFN-t, IFN-g, limitin, and type 2 IFN-g. Additional IFNs (IFN-like cytokines; IFN-λ subtype), interleukin-28A (IL-28A) and IL-28B, and IL-29 [16].
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Fig. (2))


          Defense mechanisms of human body.

        




        

          Iron Binding Proteins




          They specifically inhibit bacterial growth by lowering the amount of iron available. Ferritin in the liver, spleen, and red bone is considered an intracellular iron storage protein. The ferritin inhibits the growth of hematopoietic progenitor cells and the proliferation of T lymphocytes, as observed in in vitro studies [17]. Lactoferrin, found in milk, saliva, and mucus; transferrin, found in blood and tissue fluid; and haemoglobin, found in RBCs, are all iron-binding proteins.


        




        

          Anti-Microbial Proteins (AMP)




          They are considered the main component of innate immunity and play an important role in the wedding of the pathogens forms the body. These are short peptides having potent anti-microbial properties. Some of the AMP are ubiquicidin, thrombocidin-1 (TC-1), hepcidin 25, RNase 7, RNase 5 (angiogenin), Substance P, Chemerin, Amylin, etc [18]. These small peptides not only kill the pathogens but also attract mast cells and dendrites cells, which take part in the further immune response.


        




        

          Complement




          Whenever the pathogens cross the barrier, the initial microbial defense gets into action along with the complement system. A complement is a group of heat-labile serum proteins, which complement antibodies in the destruction of organisms. Complement activation is a cascade (of the kinins and clotting cascades) composed of more than 30 proteins, including regulatory factors. Complement forms a protein cascade, with each activated component catalysing the activation of several molecules of the next, resulting in response amplification. Complement activation results in the production of pro-inflammatory mediators, cell lysis and the solubilization of antigen-antibody complexes. There are three pathways: classical and alternative pathways both activate the third common or membrane attack pathway [7].




          The complement system serves several primary functions by:




          (i) lysis of the bacterial cell (ii) production of peptide fragments, which participate in the inflammatory response; (iii) attracting the phagocytes; and (iv) opsonization and clearance of the infected cell from the site of the infection.




          

            Classic Pathway




            The classic pathway consists of various components numbered C1-C9, with the reaction sequence C1-C4-C2-C3-C5-C6-C7-C8-C9. Antigen-antibody complexes bind to C1q. C4 and C2 are cleared by the C1qr2s2 complex to form the classical pathway C3 convertase C4b2a. Following C3 cleavage, the CS convertase C4b2a3b is formed. Biologically active fragments C4a and C3a are generated. C3b has other actions and may also ‘drive' forward activation of the alternative pathway Fig. (3) [19].


          




          

            Alternative Pathway




            Free C3b binds factor B, and the C3bB complex becomes the substrate of a circulating enzyme, factor D, which generates C3bBb by removing the fragment Ba from C3bB. The C3 convertase enzyme cleaves C3, detaching C3a from C3b, which can restart the activation process. The alternative pathway C3 convertase enzyme cleaves C3, detaching C3a from C3b, which can reinitiate the activation process. The complex C3bBb3b, analogous to C4b2b3,b is the alternative pathway C5 convertase, initiating the membrane attack pathway sequence (Fig. 4).




            
[image: ]


Fig.(3))


            Classic pathway of complement system.
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Fig.(4))


            Alternate pathway of complement system.

          




          

            The Membrane Attack Pathway




            The final common complement pathway produces another bioactive component C5a, but more interestingly, it results in the formation of the system's 'killer molecule.' As it causes membrane damage, this is known as the membrane attack complex (MAC) Fig. (5).




            C5 convertase cleaves C5 into smaller fragments C5a and larger fragment C5b, which persists the reaction sequence by binding to C6 and provoking it to express an unstable, reactive site for C7. The C5b67 complex is lipophilic in nature and binds to the membrane surface, where it acts as a C8 receptor with high affinity. C8 has three chains that insert into the membrane, anchoring the C5b678 complex, which further binds and polymerizes C9, forming MAC, the system's final component. As many as 12-15 C9 molecules can congregate around a single C5b678 complex inserting into and traversing the membrane. If a sufficient number of holes are made in the membrane, it results in cell death due to osmotic lysis.




            Besides creating membrane lesions on target cells, complement components initiate phagocytosis and inflammatory reactions. C3b and C3bi are the reaction products of C3, which coat the surface of the microorganisms and thus, facilitate the adherence of these coated microbes to the surface of phagocytic cells. In delayed hypersensitivity reaction, antigen-antibody complexes fix complement. C3a fragment causes histamine release with increased vascular permeability and formation of oedema. C5a and C567 attract the neutrophils at the site, which in turn releases lysosomal enzymes, including collagenases leading to inflammation [20].
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Fig. (5))


            The Membrane Attack Pathway.

          


        


      




      

        Phagocytes




        Phagocytes are a special type of leukocytes. These are the specialized group of cells, which work by finding and engulfing the virus, bacteria, or any other pathogens harmful to the body. The process of engulfing the bacteria is called phagocytosis, and the cells involved in this process are macrophages, neutrophils, and dendritic cells. Whenever foreign pathogens enter the body, the motile phagocytes search for and destroy them.




        Phagocytosis is the multistep process by which the phagocytes remove the bacteria from the body. It involves different stages Fig. (6).
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Fig.(6))


        Different stages of phagocytosis.



        Phagocytes recognize the foreign microbes with the help of N- formylated peptides, which in turn activate different mediators of the inflammation and the complement system. The first step involves the margination, in which the leucocytes flow through the blood and get attached to the endothelial cell lining. The selectin and integrin are two sets of adherent molecules that carry out this process. Selectin initiates interaction, whereas integrin-mediated adhesive interaction causes the phagocytic movement in the direction of cell junction. Other chemoattractants are some microbial proteins like N-formyl methionine, which are present on their amino-terminal end. The process of attracting phagocytes to the site of infection is called chemotaxis. Additionally, phagocytic cells attach through the different receptors found on their surface, which help them to attach infectious agents (for example, Fc receptor, toll-like receptor). Moreover, the phagocytic cells can physically trap the microbes and start ingestion [20].


      




      

        Natural Killer Cells




        These are called NK cells, and NK cells are cytotoxic, and function by killing infected cells. Killer activation receptors (KARs) and killer inhibitory receptors (KIRs) are two types of receptors found on the surface of NK cells (KIRs). These are a small group of cells that look like lymphocytes but have a different lineage than T and B cells. Around 5- 10% of the blood lymphocytes are NK cells. Tumor cells and virally infected cells are also killed by NK cells with no need for prior sensitization. Cytokines (IFN-) secreted by NK cells promote a cellular immune response by activating phagocytic cells and recruiting T cells [21]. The toll-like receptor presented on NK cells activates cytokine production and, in turn, cytotoxicity.




        Whenever there is a binding between the Nk cell and non-infected self-cell, Nk cells get the negative signal from the KIR. This happens due to the special recognition of MHC class 1 leader peptides presented on the MHC-like molecules by the KIR. The expression is reduced in the infected cells, which in turn decreases the loading of class 1 peptides in HLA-E (MHC class I antigen E). This further leads to activation through KARs and the killing of the infected cells by NK cells. It is an important mechanism by which Nk cells recognize infected and no infected cells [11]. The binding of the human infected cell with the Nk cell causes the release of a toxic substance containing granules, specifically the performin protein. The performin protein creates the channel on the surface of the cell membrane, increasing the extracellular flow. This process is known as cytolysis [13]. It also releases the digestive enzyme, Granzymes, which particularly induces apoptosis in infected cells. The killing of the cells causes the microbe to release from the cell environment, which is further killed by phagocytosis [10].


      




      

        Mechanism of the Innate Response




        Whenever any pathogens enter the body breaking physiological barriers, the innate immune system responds by migrating phagocytic innate cells to the lesion and releasing toxic mediators. On the innate immune cells' surface, highly specialized receptors called patterned recognition receptors (PRRs) interact with highly conserved molecules on microorganisms, which are referred to as “PAMPs” (pathogen-associated molecular patterns), particularly present on pathogens not in mammalian cells [22]. Activating innate defense mechanisms through these interactions results in phagocytosis and enzymatic degradation of the infectious organisms and eventually, inflammatory proteins secretion, secreting chemokines and cytokines, activating the complement system, and producing acute-phase proteins [23] (Fig. 7).


      




      

        Cell Involve in Innate Immunity




        Innate Immunity produces the rapid response through granulocytes-neutrophils, basophils, eosinophils, macrophages, monocytes and mast cells, and dendritic cells.
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Fig. (7))


        Overview of Immune system.



        

          Granulocytes




          Granulocytes play a variety of roles in the immune response. These cells have a lifespan of more than 5 days, but they react quickly to parasites, extracellular bacteria, and tumours. The presence of these cells early in the healing process causes acute wound inflammation and dilation of surrounding blood vessels, which allows a rapid influx of inflammatory cells. Neutrophils along with their close relative cells, including basophils and eosinophils, are collectively called granulocytes. These are circulating cells, and do not reside in the tissue and wait for the signal so that it can permit into the peripheral tissue.




          Neutrophils are short-lived polymorph nuclear granulocytic cells that play an important role in the cellular innate immune system by killing bacteria. They make up about 97% of the total population of granulocytes. Neutrophils reach very rapidly to the site of infections and activate numerous stimuli, and act rapidly through phagocytosis and killing target organisms [23]; some of the most described molecules involved in the signaling are cytokines, complement C5a, leukotriene (LTB4) interleukin - 8 (IL--S), N-formylated peptides. Each of these is likely to be released at the sites of infection and inflammation. Recently, it has been found that it undergoes suicidal extracellular traps composed of DNA and provides a physical barrier to trap the pathogens and spot spreading [24].




          Basophils and eosinophils are rare in circulation and particularly bind to Ig E and produce defense against parasites. These are effective against parasites having tough outer shells like helminth worms. This contains specialized granules containing histamine, lipases, DNAases, peroxidase, proteases and the other major cytotoxic proteins. As the worms and parasites are multicellular organisms and cannot be phagocytosed by macrophages and neutrophils, the only way to destroy them is to bombard them with a large number of destructive proteins. In allergies and infestations, the number of eosinophils increases. The basophil and eosinophil are the important source of cytokines, and the cytokine, IL-4, is very much important in shaping the adaptive immune response [25].


        




        

          Macrophages and Mast Cells




          These are considered the tissue-resident cells and are the very first cells present in the body to detect pathogens. These cells play an essential role in sensing infection and amplifying immunological responses. In case of infection, they increase the production of cytokines, chemokines, and other soluble mediators, which facilitate the migration of other immune cells.




          Macrophages are derived from the precursor of the monocyte, which at the time of the existing circulation resides on the cell surface and differentiates into the specialized tissue called macrophages. Both the Monocytes as well as free and fixed macrophages are involved in phagocytosis. Macrophages and neutrophils are together responsible for the destruction of pathogens [24]. Fig. (3a) Macrophages are more responsible for the initiation of an inflammatory response, destruction of the pathogen, and direct elimination of malignant cells and antigens by producing immune factors such as interleukin (IL)-1, tumour necrosis factor (TNF), and interferon (IFN)-, which can then activate and recruit additional immune cells. They also contribute to the activation of the adaptive immune response via antigen presentation [26]. There are different types of tissue macrophages present in the human body. For instance, Kuffer cells (liver), mesangial cells (kidney), microglial cells (brain), alveolar cells (lung), and osteoclast (bone). Mast cells promote vasodilation by the histamine release, which positively affects local vasculature [9]. These are similar in structure to the basophil and are bone marrow-derived cells specifically present on the skin and epithelial mucosa. These cells are not circulating in the blood but rather found on the tissue surface, adjacent to tiny blood vessels and nerves. They express the high-affinity plasma membrane receptor for IgE antibodies. When these antibodies get activated by binding to the antigens, it results in the induction of signaling event, releasing the cytoplasmic granules from the extracellular space. The granular content includes histamine. Mast cells also act as the sentinels in tissue where they produce cytokines in response to microbial products [27].


        




        

          Dendritic Cells




          Dendritic cells primarily function through phagocytosis and play an important role in cell activation for adaptive immunity. These are essential for both innate and adaptive immunity. They have extremely long membranous projections and can be found in lymphatic tissue, organ parenchyma, and mucosal epithelium. Dendritic cells are derived from a precursor that can differentiate into monocytes but not granulocytes because they belong to the myeloid lineage of hematopoietic cells. The maturation of these cells depends on the Cytokine, Flt3 ligand, which further binds to precursor cells through the Flt3 tyrosine kinase receptor. Because of their efficient ability to internalise pathogens and present pathogen peptides on their cell surface, both dendritic cells and macrophages are frequently referred to as antigen-presenting cells (APCs). These are characterized by highly characterized and elaborated dendrites through which they possess maximum contact with the surrounding.




          There is two major part of dendritic cells, First-those cells particularly express a high level of MHC class 2 for antigen presentation to T cells; Second-those who do not express MHC class 2 but have a marker that can form interaction with B cells [12].




          Dendritic cells usually migrate to lymph nodes of the lymphatic system. Dendritic cells recognise PAMPs and pack the antigenic peptide into the major histocompatibility complex (MHC) (human leukocyte antigens in humans), ensuring that virtually any non-self peptide is presented on T cells with optimal specificity and affinity for T cell receptors [28]. In doing so, stimulate the adaptive immune response.


        


      




      

        Adaptive Immunity




        Adaptive immunity is a specific type of acquired defense mechanism. The selection of the most appropriate receptor as a target for infecting pathogen is the first step, followed by the activation in response to pathogens or injury. Adaptive immunity maintains the pathogen-specific memory cells [8] and takes a few days or weeks for memory development.




        The prime mediators of adaptive immunity are lymphocytes, which are of many types, but the main types include T-lymphocytes (T-cells) and B-lymphocytes (B-cells), and they are antigen-specific. They possess the immunological memory to respond to antigens on re-exposure very quickly. T-lymphocytes are of two types: helper T cells called regulatory cells, which mediate the innate response and produce efficient mediators. Secreted mediators help B lymphocytes and cytotoxic T cells in eliminating infected cells. B cells are predominantly involved in antibody generation in response to antigens.




        Immunogenicity and reactivity are two properties of antigens. Immunogenicity refers to the ability to elicit an immune response by producing specific antibodies. The term antigen comes from its function as an antibody-producing body. The ability to react specifically to antibodies or cells that it stimulates is referred to as reactivity. According to the immunologist, antigens are substances having reactivity. A substance having both reactivity and immunogenicity is considered a complete antigen. The small molecule, having reactivity but not immunogenicity, is called hapten. Haptens combined with small molecules stimulate the immune response [10].


      




      

        Major Histocompatibility Complex Antigens




        MHC antigens are the primary proteins involved in immune recognition and are found on the plasma membrane of somatic cells, where they are referred to as the self-antigen. These are human leukocyte antigens, which are transmembrane glycoproteins (HLA), and they were termed so because of their identification in Leukocytes. MHC is classified into three types: Class I, Class II, and Class III, with Class I and Class II playing critical roles in the adaptive immune system. Class I and class II MHC molecules are involved in the antigen-presenting process for T cell recognition.




        MHC class I (MHC-I) - It is made up of two chains namely, alpha and beta chains, non-covalently bonded polypeptides. The immunogenic peptide complexes are likely to be present on the nucleated cells and recognized by the cytotoxic CD8+ T cell. CD8 antigens have a higher affinity toward alpha three molecules. Somatic cells plasma membranes, except red blood cells, have these molecules. MHC Class I Level 2 MHC - These are heterodimers and contain two chains of the non-covalently bonded polypeptide (alpha30kDa and beta26kDa). These (MHC-II) molecules are found on the surface of antigen-presenting cells (for example, macrophages, B cells, Dendrites cells, etc.). They activate CD4+T cells, resulting in effector cell coordination and regulation [8, 32]. Class 3 MHC molecules play no role in antigen presentation. Complement components C2, C4A, C4B, and factor B, among others, are involved in class 3MHC molecules. This category includes heat shock protein and tumour necrosis factor-alpha and beta.




        The presence of the foreign antigen recognized by both T cells and B cells is required to be present to show an immune response. Antigens can be recognised and bound by B cells in blood plasma, lymph, and intestinal fluid. T cells, on the other hand, can recognise fragments of antigenic proteins that have been processed and presented in a specific manner. Antigen processing entails fragmenting the antigenic protein and then associating it with the MHC2 molecule. After that, the complex formation between the antigen and MHC 2 molecules is inserted into the plasma membrane of the cell body, which is known as antigen presentation. Peptide fragments from self-proteins are ignored by the T cells, and non-self-peptide fragments after recognition are taken for the immunogenic response.


      




      

        Clonal Selection




        Clonal selection theory explains why exactly lymphocytes can react to various types of antigenic responses Fig. (8). The immunologist Niels Jerne, in 1954, made a hypothesis that before the infection also, there were a large number of lymphocytes already present in the body. When the antigens enter the body, they specifically search for the lymphocytes specific for them and, in turn, produce antibodies to destroy antigens. A hypothesis states that lymphocytes, especially B cells, express the antigen-specific receptors even before the antibody encounter antigens and activate cells. It leads to the formation of the clone daughter cells. This hypothesis is commonly used to determine the immune system's response in immunogenic conditions, as well as the selection of T and B lymphocytes for the destruction of invading antigens [29].
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Fig. (8))


        Clonal selection.



        In clonal selection, antigens are exposed to many circulation B cells and T cells via MHC. The secreted lymphocytes that match the antigens exactly are chosen to form memory and effector clones among themselves. This is referred to as clonal expansion. During this process, the cells divide to form daughter cells, which proliferate for several generations to form clones of the original cells. In the future attack of similar antigens, the preexisting lymphocytes which already bear the receptor for that antigens are merely selected because of their confirmed binding to the antigen.




        Clonal selection is indeed useful even during the negative selection of T cell maturation, in which the infant lymphocyte is exposed to the body's epitopes rather than antigens. The lymphocytes which react to the body's antigen are called autoreactive and are destroyed before they form the cloned daughter cells and cause damage to the body. This happens due to random mutation, in which the lymphocytes attack to body’s cells instead of non-self-antigens [30].




        On the adaptive response of the immune system on the further antigen attacks, the memory cells respond more quickly as compared to the effector cells. It is because, during the clonal expansion and the clonal selection, a certain mutation in antigen-binding affinity in memory cells increases the binding affinity of the memory cells more than the effector cells in the first antigenic attack.




        Adaptive immunity work in two ways.




        

          Cell-Mediated Response




          It is also called cell-mediated immunity. The cell-mediated immunity activates macrophage and NK cells to destroy intracellular pathogens and causes the release of various cytokines in response to an antigen [29]. It involves mostly immature T lymphocytes and related effector products, which bind antigens. It is also called cell-mediated immunity. The cell-mediated immunity activates macrophage and NK cells to destroy intracellular pathogens and causes the release of various cytokines in response to an antigen [31]. It primarily consists of immature T lymphocytes and related effector products that bind antigens.




          T cells are classified into two types: helper T cells and cytotoxic T cells. Helper-T cells produce some chemicals, which aid B lymphocytes. They produce cytokines to activate phagocytes. These cells, which include a subset of helper T cells, express the protein from the CD (cluster of differentiation) family on their cell surface and are known as CD4+ cells (for example, Th-1, Th-2, and Th- 17). Cytotoxic T cells directly kill infected cells and, as CD8+ cells, express protein from the CD8 family on their cell surface. Other subsets of T-lymphocytes include T suppressors cells, called regulatory cells.


        




        

          Activation of T Cells




          T cells are produced in the thymus and are specifically programmed to eliminate foreign particles, antigens, which are commonly found in the inactivated form. T cell receptor refers to the antigen-binding receptor on the surface of T cells (TCRs). This receptor binds via a specific receptor fragment present on the antigen MCH complex. T cells have the ability to produce ~1013 different receptors [32]. Each different T cells have its specific and unique TCRs, but on 5the exposure of antigen, only a few receptors are able to recognize the antigen. This is when the action of surface protein takes place. The CD4 and CD8 proteins are considered as the co-receptor as these proteins interact with antigen MCH complex and help to maintain the coupling in between. These proteins are considered the first signal in the activation of T cells Fig. (9).




          Additional secondary signals are too closely linked to activate both helper and cytotoxic T cells in response to antigens CD28 of Helper T cell and bind to the antigen-presenting complex via B7.1 (CD80) or B7.2 (CD86) and stimulate T cell proliferation. The resulting lymphocytes have the power to recognize the antigen, and the proliferative signal is controlled through CTA-4. Similarly, cytotoxic T cells require co-stimulatory molecules like CD70 and 4-1BB (CD137). Other molecules include LCOS, 4-1BB, and OX40, but these are not as predominant as CD28. TCR interaction with antigen MHC complex in the absence of the co-stimulatory molecule causes the T cells to switch off [31, 33].
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Fig. (9))


          T-cells activation.



          Generally, after the invasion of antigen in the body, the T cells receive the response in the form of cytokines. Different cells presented at the site of inflammation, like mast cells, neutrophils, and epithelial cells, release cytokines and chemokines, which increases the activation as well as a proliferation of T cells [32, 34].




          

            Helper T Cells




            They are the key cell population in the adaptive immune system, activating B cells for antibody release, macrophages to destroy the pathogen, and stimulation of the cytotoxic T cells to completely kill the targeted cells. They have CD4 protein on their surface, useful for presenting APC MHC2 and activation. On activation, the Naïve T cells differentiate into Th1 and Th2 effector subsets, derived based on their cytokines secretion pattern and effector functions [42, 43]. After activation, these cells undergo clonal selection to generate helper and memory T cells [35].


          




          

            Cytotoxic T Cells




            The CD8 protein is found on the cell surface of cytotoxic T cells and are called T- killer cells or CD8+ cells. The cytotoxic T cells with MHC1 and TCR recognize antigens presented on the cell surface infected by tumor cells, microbes and tissue transplants. Moreover, helper T cells mediated costimulation by IL2 and cytokine is the critical step for cytotoxic T cells activation. The activation results in the clonal selection and further results in the formation of cytotoxic T cells and memory cytotoxic T cells.




            Cytotoxic T cells destroy the pathogen by three main mechanisms. The first mechanism includes the secretion of Cytokines, initially TNF alpha and TNF gamma. The second mechanism involves the cytotoxic granules that contain perforin and Granzymes(serine proteases) and induce apoptosis. The third mechanism includes Fas/FasL interaction and stimulation of apoptosis cascade [36].


          


        




        

          Humoral Response




          It is also called humoral immunity, mediated by antibodies of different classes. The B lymphocytes produce these antibodies in response to stimulation by antigen in the presence of T cell-derived growth factors. During plasma cell formation, a clone of B lymphocytes does not undergo the formation of plasma cell but remains as a dormant B lymphocyte until activated by a new amount of the same antigens. Therefore, these lymphocytes are referred to as memory cells. As a result, subsequent exposure to the same antigen will result in a much stronger antibody response. The humoral immune system is made up of various components immunoglobulins from the acute phase (IgA, IgG, IgM, IgD, & IgE),(C-reactive proteins) + inflammatory mediators, Complement (C1-C9), factor B, factor D, properdin.


        


      




      

        Activation of B Cells




        B cells become activated by binding to B cell receptors (BCRs), and they can respond to both unprocessed and processed antigens, but the response to the processed antigen is always intense. Antigen processing occurs through the fragmentation of the antigen inside the B cell and combing them with MHC2 self-antigens. B cells-MHC2 complex moves toward the B cell plasma membrane and is essential for differentiation and B-cell proliferation.




        B-cells undergo clonal selection, which results in the formation of plasma cells and memory B cells, and plasma cells aid the secretion of antibodies up to 4 - 5 days post-exposure. Interleukin 4 and interleukin 6 secreted from T cells help B cell proliferation, differentiation, and antibody secretion by plasma cells. When B cells are inactive, they express IgM/IgD, but when activated, they express IgA, IgE, IgG, or may remain in their IgM expression form. There are mainly two types of immune responses, T cells - independent immune response of B cells and T cells - dependent immune response of B cells.


      




      

        Immunological Memory




        The immune system remembers the previous antigen attack and produces long-lasting antibodies as well as the long-lived lymphocytes produced during clonal selection [37]. When an antigen enters the body, the immune system recognises it and prepares memory cells accordingly so that when the same antigen attacks again, the immune system is ready to fight. The immunogenic memory is quantified as antibody titer, the total amount of antibodies in the serum. After the initial attack, the antibody count decreases and thereafter, increases slowly, firstly IgM, then IgG. The primary response of the body is a gradual decrease in antibody titer. On the subsequent attack by the same antigen, the number of the antibodies increases resulting in a rapid increase in the memory cells. At some point, the antibody titer is observed to be greater than the primary response, specifically an increased amount of IgG antibodies, this is called the secondary response. Immunological memory provides the basis for immunization. There are various vaccines available for different diseases like polio.


      


    




    

      Allergy and Hypersensitivity Reaction




      Allergic and hypersensitivity conditions (A/H) are multifaceted problems that can affect multiple organs and people of all ages, and they have a significant impact on the quality of life of patients and their families. “Hypersensitivity” is defined as “conditions clinically representing allergy that cause objectively repeatable symptoms or signs, introduced by exposure to a defined impulse at a dose tolerated by normal subjects,” while “allergy” is defined as “a hypersensitivity reaction initiated by proven immunologic mechanisms.” [38]. “A/H are dangerous immune responses which cause tissue damage and can lead to serious diseases.”




      A/H accounts for even more than 17 million outpatient services in the United States alone each year [39]. The complexity and severity of all these conditions continue to rise, particularly among children and young people, who bear the brunt of the burden. Allergy symptoms are now the world's fourth most common chronic disease. According to the WHO, by 2050, one in every two people worldwide will suffer from allergies, with this Fig. expected to rise steadily, particularly in industrialised countries.




      Clemens von Pirquet coined the term allergy in 1906, referring to an abnormal response by the adaptive immune system which may or may not involve allergen-specific Immunoglobulin (IgE). The substance which induces allergy is called an allergen which includes non-infectious components of certain infectious organisms. There are basically two types of allergens.




      Fist type of allergens causes IgE production, in turn sensitizing the subject. This later causes an allergic reinduction reaction on re-exposure. Grass and tree pollens, animal dander (shedding from skin and fur), house dust mite faecal particles, certain foods (particularly peanuts, tree nuts, fish, shellfish, milk and eggs), latex, some medicines, and insect venoms are common allergen sources. Allergen-specific IgE targeting invading pathogens can actually recognise cross-reactive host antigens, but the clinical relevance of this is unclear. The second type of allergen is the non-infectious substance present in the environment that acts through local inflammation and induces adaptive immune response independently of IgE, like allergic contact dermatitis caused by exposure to nickel [40].




      As the first exposure to the allergen causes a release of IgE antibodies which further attach to the mast cell, and on next exposure, with the help of a special mediator released by the mast cell, easily capture the allergen. These mediators, in turn, produce classic allergic symptoms such as swelling of body tissues, sneezing, wheezing, coughing, as well as other symptoms. Different types of allergy-related diseases include rhinitis, asthma conjunctivitis, contact dermatitis, atopic eczema, urticarial, anaphylaxis, food hypersensitivity, Hymenoptera, and other insect hypersensitivities [39].




      

        Classification of Hypersensitivity Reactions




        Hypersensitivity reactions are classified into four types depending upon the mechanism of the reaction.




        1. Type I (immediate or immunoglobulin E [IgE] mediated)




        2. Type II (cytotoxic or IgG/ IgM mediated)




        3. Type III (immune complex-mediated)




        4. Type IV (delayed-type or T-cell mediated)




        

          Table 1 Types of hypersensitivity reactions and their characteristics.




          

            

              

                	Characteristics



                	Type I



                	Type II



                	Type III



                	Type IV

              


            



            

              

                	Common name



                	Immediate or immunoglobulin E [IgE] mediated



                	Cytotoxic or IgG/ IgM mediated



                	Immune complex mediated



                	Delayed type or T-cell mediated

              




              

                	Effector mechanism



                	Mast cell activation



                	Complement, ADCC, opsonization



                	Complement



                	Macrophage activation and cytotoxicity (perforin and granzyme)

              




              

                	Antibody



                	IgE



                	IgG, IgM



                	T cell mediated



                	None

              




              

                	Antigen



                	Exogeneous



                	Cell surface



                	Soluble



                	Tissue and Organ

              




              

                	Response time



                	15-30 min



                	Minute hour



                	3-8 hours



                	48-72 hour

              




              

                	Histology



                	Basophils and eosinophils



                	Antibody and complement



                	Complement and neutrophils



                	Monocytes and lymphocytes

              




              

                	Transfered with



                	Antibody



                	Antibody



                	Antibody



                	T- cells

              




              

                	Example



                	Anaphylaxis, urticarial, drug allergy, food allergy, dust allergy, asthma



                	Myasthenia gravis, haemolytic disease in new born, drug sensitivity



                	Arthus reaction, serum sickness reaction



                	Delayed hypersensitivity, allergic rhinitis, allergic rhinitis, acute generalized exanthematous pustulosis

              


            

          




        




        

          Type I Hypersensitivity Reaction Fig.(10)




          Type I hypersensitivities basically involve IgE antibodies that initiate a quick inflammatory response by sensitizing an individual to the different allergen upon subsequent exposure. It involves mast cells and basophils [41]. During the sensitization T helper (Th) cells along with their mediator, cause the isotopic switch to B cells while producing IgE antibodies. A portion of IgE remains bound on the surface of the high-affinity IgE receptor Fc RI found on mast cells and basophils, which releases mediator upon re-exposure. The release occurs in two phases; the early phase causes the release of histamine, lysosomal enzymes, and other mediators like protease. Furthermore, mast cells produce some lipid mediators that are released into the bloodstream in under 15 minutes of cross-reaction with IgE antibodies [42]. And this is the reason why it is called an immediate hypersensitivity reaction. Some examples are food allergies, anaphylaxis, drug allergies, and dust allergies. Whereas the late phase usually occurs after 4 to 8 hours of exposure due to de novo production of cytokines such as interleukin (IL)-1, IL-4, IL-5, IL-13, tumor necrosis factor (TNF) and granulocyte monocyte colony-stimulating factor (GM-CSF) by mast cells. The type I hypersensitivity reaction is a common anaphylaxis reaction [43]. Some of the hypersensitivity reactions are caused by IgE-independent non-specific activation of the mast cells and is called a subset of type I hypersensitivity reactions. Example Urticaria.
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Fig. (10))


          Type I (immediate or immunoglobulin E [IgE] mediated).

        




        

          Type II Hypersensitivity Reaction




          Type II hypersensitivity refers to the overactivation of IgG and IgM antibody-mediated cytotoxic reactions against cell surface and extracellular matrix proteins Fig. (11). The immunoglobulins damage cells by complement system activation, interfering with normal cellular functions or phagocytosis [44, 45]. Immune thrombocytopenia, autoimmune hemolytic anaemia, and autoimmune neutropenia are all examples of type II hypersensitivity reactions. It normally involves exogenous chemicals like heptane.




          Type II hypersensitivity reactions are of two types - type IIa and type IIb. They are distinguished by catalytic destruction of the targeted cells via IgG and IgM binding to the cell component, and three main mechanisms underline the hypersensitivity of this type [46].




          1. Complement-mediated cell lysis: It is the system of lytic enzymes which only get activated by antigen-antibody complex by classic, alternate, and lectin pathways. The activation of the complement system on the cell's surface results in lysis.




          2. Antibody-dependent cell-mediated cytotoxicity (ADCC): Once antibodies bind to its Fab portion, the Fc region has always had a binding site on cytotoxic cells, resulting in cross-linking between target and cytotoxic cells and, as a result, promoting killing. IgG on binding causes the release of perforin and granzyme directly killing cells and, along with IgM, initiates phagocytosis by binding the Fc receptor. In ADCC, the antibody does not kill or destroy cells directly, but rather mediates killing by presenting antigen to cytotoxic cells; the antibody's ability to bind antigen is dependent on its ability to bind antigen. As a result, the mechanism is referred to as antibody-dependent cell-mediated cytotoxicity.




          3. Opsonisation: When the antigen-antibody complex forms, binding occurs via the Fab region, while the Fc regions of the antibody remain free, containing the FcR receptor to which neutrophils, macrophages, and monocytes can bind. The direct linkage of antigen with phagocytic cells results in the increased rate of phagocytosis, called opsonization.




          Type IIb reactions directly stimulate the cells to create a pathogenic state, for example, Myasthenia gravis [42].
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Fig. (11))


          Type II (cytotoxic or IgG/ IgM mediated).

        




        

          Type III Hypersensitivity Reaction




          Type III reactions are considered as immune-complex reactions containing IgG, IgM, and sometimes IgA antibodies Fig. (12). The antibodies form a complex with antigen and cause direct damage to the tissue by the complement system activation, leading to polymorph nuclear leukocytes (PMNs) chemotaxis [58]. Small arteries, renal glomeruli, and synovial capsules of joints are common sites of complex deposition, resulting in vasculitis, glomerulonephritis, and arthritis, respectively. Symptoms of this type of hypersensitivity reaction have been linked to the site of infection rather than the source of antigen. Example Serum sickness reaction [47].
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Fig. (12))


          Type III (immune complex-mediated).

        




        

          Type IV Hypersensitivity Reaction




          It is also known as cell-mediated delayed hypersensitivity, which usually takes about 12-24 hours to progress and remains for about 2 to 3 days. T lymphocytes induce a cell-mediated response, which is intermediated by effector T cells and macrophages [47]. In certain cases, monocytes, eosinophils, and neutrophils are also involved. It is divided into two phases: the sensitization phase, in which primary antigen exposure sensitises T memory cells (TH1 cells), and the effector phase includes activation of pro-inflammatory mediators on secondary exposure of pre-sensitized H1 cells with familiar antigens by stimulated T cells.




          Then macrophages and monocytes engulf the antigens and become sensitized later, and cause tissue damage by cytokines and chemokines release, as depicted in Fig. (13). Based on the type of T cell (CD4 T-helper type 1 and type 2 cells) involved and the cytokines/chemokines produced, cell delayed hypersensitivity is classified as type IVa, IVb, IVc, and IVd [48]. Contact dermatitis, which can be caused by a variety of substances such as poison ivy and oak, is an example of this type. Type IVb reaction induces B cell production and eosinophilic inflammation by increasing the production of IL-4, IL-5, and IL-13 by Th2 cells. Example asthma or allergic rhinitis. Type IVc involves the direct killing of a targeted cell through CD8 T cells. Example, Stevens-Johnson syndrome and toxic epidermal necrolysis are conditions in which activated CD8 T cells cause keratinocyte apoptosis and/or necrosis. Type IVd responds by CXCL8 (IL-8) which recruits neutrophils at inflammatory tissue to create sterile neutrophilic inflammation. Example acute generalized exanthemata’s pustulosis [42].
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Fig. (13))


          Type IV (delayed type or T-cell mediated).

        


      


    




    

      Immunomodulation




      Immunity is an essential system of the human body, and the human body cannot escape from its surveillance. After birth, the immune system is naturally well-educated and trained to identify and eliminate external and internal threats to protect the human body. Immunity works in a coordinated manner for good health. We have learned that adaptive and innate immunity are interconnected and interdependent. Various mediators like cytokines, soluble anti-microbials, and other signaling molecules initiate, and modulate immune response with the help of immune cells. If the immune system is weakened or overactivated, it can lead to several diseases. In the last century, advancements in modern medicines have given therapies to curb infection, sanitation, and public health initiatives through discoveries of vaccines and drugs. However, the gamut of chronic illnesses remained untreated, and research in modern medicines to deal with these diseases is quite disappointing.




      The research outcome throughout the last century provided evidence of weakened or imbalanced immune systems being one of the underlying causes for these chronic illnesses. The immune system is central to these chronic illnesses. The immune system requires the spatiotemporal interplay of several immune cells to suppress or stimulate, overactivated or weaken immunity, respectively and regulate immune homeostasis. The growing evidence of several modalities to restore immune homeostasis through immunomodulation is emerging and is currently receiving attention globally. These modalities include natural health products like herbs, marine-derived products, animal origin products, vaccines, antibodies, prebiotics, probiotics, and restoration of microbiota, micronutrients (vitamins, minerals, fatty acids), as enumerated in Fig. (14).
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Fig. (14))


      Modalities of Immune System.



      

        Microbiota and Prebiotic, Probiotics




        The gastrointestinal tract (GIT) and skin are the physiological barriers that maintain systemic integrity and ward off external threats to the immune system. In particular, GIT is a complex, intricate immune organ having the highest number of lymph nodes. The GIT harbor a diverse spectrum of bacterial flora in infants right after birth and throughout their lifespan. There is a significant positive relationship between GIT mucosa microbiota and immunity. Prebiotics and probiotics directly or indirectly affect immune health, positively, and these positive effects ascribe to their immunomodulating capacity [49].




        Prebiotics are non-digestible food ingredients that improve host health by stimulating one or more microbial flora in the GI tract. There are many types of prebiotics, and their definition and features were revised recently [61]. As per recent revision, prebiotics is classified based on several characteristics. Prebiotics are those substances that (i) are resistant to stomach acidic pH; (ii) are non-modifiable with digestive enzymes; (iii) are non-absorbable in GIT; (iv) undergo fermentation with microbial flora of the gut; (v) stimulate activity and/or growth of host-microbiota Prebiotics include fructans (fructo-oligosaccharide- FOS), galacto-oligosaccharides, starch and glucose-derived oligosaccharide (GOS), other oligosaccharides, and non-carbohydrate oligosaccharides. Prebiotics are naturally present in many food products like cereals, pulses, and fruits. Consuming prebiotics improves immunity in several ways and has been proven clinically. Prebiotics induce the expression of cytokines, and decrease the population of harmful pathogens in the GUT. FOr instance, mannose binds to salmonella and reduces their colonization in the GIT (Table 1) [49, 50].




        Probiotics are live bacteria, and they have manifold implications in boosting immunity. Probiotics principally exert their effect by replacing the pathogenic microbes with improving intestinal barrier function, restoring intestinal integrity in case of allergy or inflammation, lowering proinflammatory cytokines generation, and synthesizing vitamins, and folic acid [51]. The probiotic immunomodulatory and immunoregulatory capacity have provided clinical evidence in children and the elderly [51, 52]. The nutrigenomics study conducted in healthy human volunteers revealed bacteria-strain-specific responses when measuring the changes in the transcriptional profile of genes of duodenal mucosa following probiotic, Lactobacillus consumption [53]. The consistent responses of transcription profile were observed in all volunteers, and strain-specificity was also detected. Three strains of Lactobacilli were evaluated for immune responses, which showed a range of responses distinct to the respective strain. For instance, immune tolerance was observed with Lactobacillus Plantarum probiotic consumption; Lactobacillus acidophilus probiotic consumption showed stimu- lation of T-helper cells, whereas Lactobacillus casei probiotic induced Th1/Th2 balance immune response [50, 54]. On a similar note, several human studies delineated the immunomodulatory effect of probiotic consumption (Table 2).




        

          Table 2 Prebiotic and probiotic effects on the human immune system.




          

            

              

                	Prebiotic/Probiotic



                	Effect on Immune System



                	References

              




              

                	FOS (8 oz/day of an experimental formula containing FOS for 183 days)



                	Improvement in antibody responses toward viral vaccines


                Decrease in hospitalization due to influenza and side effects of influenza vaccines.



                	[55]

              




              

                	FOS (8 g/day Orafti® Synergy1 for 4 week)



                	Salivary IgA, immune cells in serum, activation,


                Proliferation of T and NK cell not changed.



                	[56]

              




              

                	GOS (5.5 g/day for 10 week)



                	Phagocytosis, NK cell activity, and IL-10 (an anti-inflammatory cytokine) level increased. Pro-inflammatory cytokines, such as IL-6, IL-1β, and tumor necrosis factor-α, levels decreased.



                	[57]

              




              

                	
L. acidophilus and bifidobacteria in a fermented milk product



                	A significant elevations of total IgA, IgA specific for Salmonella enterica subsp. enterica serovar Typhi




                	[58]

              




              

                	
Faecalibacterium prausnitzii and L. paracasei




                	Inhibit nuclear factor-κB (NF-κB) activation and ongoing inflammation in tissues from patients with inflammatory bowel disease (IBD)8



                	[59]

              




              

                	Bifidobacterium infantis 35624



                	An increase in the amount of IL-10 produced by peripheral blood mononuclear cells and the expression of the transcription factor forkhead box P3 (FOXP3) by TReg cells



                	[60]

              


            

          




        


      




      

        Micronutrients




        Several studies showed remarkable improvement in immune health with micronutrient intake and preventive, therapeutic benefits in chronic illness Table 3. Micronutrients represented by different vitamins (Vitamin A, B, C, D, E) and trace elements (zinc, selenium, copper, magnesium) support the development of adaptive and innate immunity. Vitamin C has shown cognitive betterment in neurodegenerative disorders and effects linked with dysfunction in the immune component [61]. A meta-analysis of 9 clinical trials data revealed the shortened incidence of the common cold with the daily supplement of extra doses of vitamin C [51, 52]. Zinc deficiency adversely affects immune function. The Zinc deficiency in humans showed a decreased number of natural killer cells, T, B cells, and reduced cytokine production, leading to recurrent infectious diseases [62]. Vitamin A supports adaptive immunity, as evident from clinical trials in pediatric populations wherein an increase in the CD4 subpopulation of T cells was reported [63].




        

          Table 3 Impact of micronutrients on immune health.




          

            

              

                	Micronutrients



                	Effect on the Immune System



                	References

              


            



            

              

                	Vitamin A



                	Treatment of respiratory syncytial virus infection with Vitamin A showed a shorter duration of hospitalization along with a more rapid resolution of tachypnea.



                	[64]

              




              

                	-



                	Vitamin A supplement along with retinol in pre-scool students, showed about 12% reduction in all-cause mortality.



                	[65]

              




              

                	Vitamin D



                	Risk of the acute lower respiratory infection is more in the children with lower vitamin D intake



                	[66]

              




              

                	-



                	Lower Vitamin D levels increase the possibility of having viral infections.



                	[67]

              




              

                	Zinc



                	Weekly zinc supplements to children with pneumonia and diarrhea reduce mortality



                	[68]

              




              

                	-



                	Zinc as adjuvant therapy in young children with severe pneumonia causes slightly faster recovery along with a lower risk of treatment failure.



                	[69]

              


            

          




        


      




      

        Natural Health Products




        Many herbal preparations or their phytoconstituents display an array of immunomodulatory effects on the immune system Table 4. Immunomodulatory effects include cytokine secretion, class switching, immunoglobin production, increased lymphocytes and phagocytes count, and many more [53, 70]. The medicinal herbs constituents are a different class of compounds like flavonoids, terpenes, alkaloids, saponins, tannins, glucans, and polyphenols and have been reported their activity in many preclinical and clinical studies. The food, spices, and herbs showed promising results against various cancers [71]. The consumption of green tea and Brassica vegetables (broccoli, cabbage) depicted a lower risk of cancers observed in epidemiological studies). A random screening method and ethnopharmacology approach are two major bioprospecting of natural product strategies. The random screening method is a classic method and depends on the random screening of phytochemical factors and herbs. The ethnopharmacology approach is time-consuming and lengthy with traditional knowledge and practices as a drug discovery search engine [61, 72].


      




      

        Vaccines




        Vaccination works by triggering host immunity with the safe version of infectious agents without causing severe illness to the host. Several vaccines are prepared with an attenuated strain of pathogens or heat-killed preparation, whereas recombinant vaccines are designed in several ways. Some vaccines are produced in cell culture, challenging the cells with the epitope of the pathogen (e.g. hepa- titis and human papillomavirus vaccines). The vaccine with immunomodulators is a promising modality to boost immune response. Vaccine adjuvants are a key component in the vaccine design for sharpening or enhancing the antigen-specific-immune response. The immunomodulators are considered an effective adjuvant for vaccine efficacy Table 5.




        

          Table 4 Immunoactive leads from natural origin.




          

            

              

                	Phytoconstituents



                	Effect on Immune System



                	References

              


            



            

              

                	Artemisinin (Artemisia annua)



                	Shows synergistic immune suppressive effect on inflammation and autoimmune disease



                	[73]

              




              

                	Shatavarin (Asparagus racemosus)



                	Shows immunostimulatory activity



                	[74]

              




              

                	Sinomenine (Sinomenium acutum)



                	Improves immunosuppression



                	[75]

              




              

                	Apocynin (Picrorhiza kurroa)



                	Stimulates humoral as well as a cell-mediated component of the immune system



                	[76]

              




              

                	Ginsan (Panax ginseng)



                	Enhance resistance and maintain the homeostasis of the Immune system



                	[65]

              




              

                	Piperine (Piper longum)



                	Shows immunomodulatory response by inhibition of MHC-II



                	[77]

              


            

          




        




        

          Table 5 Vaccine adjuvants from natural origin.




          

            

              

                	Adjuvants



                	Immune Response



                	References

              


            



            

              

                	Saponins (for example, QS21)



                	Ab, TH1,TH2, CD8+ T cells



                	[78]

              




              

                	C-type lectin ligands (for example, TDB)



                	Ab, TH1, TH17



                	[79]

              




              

                	Polysaccharide adjuvant inulin, derived from the roots of the Asteraceae



                	Humoral and cellular immune response



                	[80]

              




              

                	Tomatine is a glycoalkaloid derived from Lycopersicon pimpinellifolium




                	Significantly upregulated interferon (IFN)-γ



                	[81]

              


            

          




        


      


    




    

      Immunotherapy




      Immunotherapy is the therapeutic approach targeting multiple factors of the immune system. The vaccine is the first effective immunotherapy discussed in the above section. But then, immunotherapy extends beyond vaccine technology and includes the use of antibodies, recombinant proteins, ex-vivo edited autologous cells, and many more. The first example of the clinical application of immunotherapy was the diphtheria vaccine. Behring and his group immunized guinea pigs with attenuated diphtheria toxin, and serum isolated from immunized animals was used for the virulent strain of diphtheria. Such anti-toxin benefited children with diphtheria disease worldwide.




      An exaggerated immune response against the self is characteristic of autoimmune disorders. The goal of immunotherapy is to switch off an exaggerated immune response. However, targeting autoantigen without damaging other self-cells is a challenging task. In the absence of effective auto-antigen-specific immunotherapy, different strategies are explored. One example is a neutralizing mediator, cytokine TNF, in rheumatoid arthritis patients (infliximab (IFX), etanercept (ETN), adalimumab (ADA), golimumab (GOLI) and certolizumab pegol (CZP)) [82]. Other cytokine antibodies like anti-IL1, IL 10 and anti-IL-6 are employed for autoinflammatory diseases.




      Immunity has become instrumental in several chronic illnesses, like cancer, neurodegenerative diseases, and metabolic disorders, apart from infectious diseases, owing to advancements in technology and a deeper understanding of the diseases.




      Many-fold interactions exist between immune cells and cancer cells, and these interactions were well-defined in 1909 by Paul Ehrlich in his immunization experiments with tumor cells. Innovative strategies are being investigated and implemented for cancer immunotherapy that encompasses passive and active immunotherapy. Passive immunotherapy elicits anti-tumor response with monoclonal antibodies, small molecule inhibitors, and Chimeric Antigen Receptor (CAR) T cell therapy, while active immunotherapy evokes anti-tumor response through vaccine, immunomodulation, or targeting antigen receptor of tumor cells [62, 83-87]. Immunotherapy for neurodegenerative diseases emerged as a new facet in modern therapeutics with the discovery of the brain lymphatic system and cross-talk between CNS biology and the immune system. Though the proposed approach of immunotherapy for neurodegenerative diseases remains in its initial stage, the rejuvenating immune system with immunotherapy in combination with other treatment modalities would be a promising potential strategy to prevent and cure neurodegenerative diseases [88].


    




    

      CONCLUSION




      The immune system comprises innate and acquired immunity, innate being the oldest one on an evolutionary scale. The immune system includes white blood cells, lymphocytes, and various soluble mediators and provides defense against invading infection or any cells that become a threat to the host, as in the case of cancer or autoimmune disorders. As the immune system works in close association with the nervous system and endocrine system, its complexity and depth make it difficult to reach the girth of the system and identify the precise target for modulation. The progress in research over the last century and advance-




      ment in genomics and proteomics have shown the significant contribution and involvement of the immune system in several chronic illnesses.




      Immunomodulation is a strategic approach to correct dysfunction of the immune system. It can be achieved through natural immunomodulators. The maintaining microbiota of host with prebiotics, probiotics, and natural health products usage have proven their benefits in preclinical and clinical studies. The deficiency of micronutrients leads to impaired immunity. Immunotherapy in cancer and autoimmune disorders has depicted encouraging results in the clinical setting. Taken together, the precise maneuvering of the immune system with tools of advanced science and technology revives the hope of scientists to unravel the potential of natural immunomodulators in the service of human health.
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