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The Perfect Storm:
Some Novel Insights into Vitamin D with Interrelated Factors Determining the Outcome of Patient affected by COVID-19
Abstract
COVID-19 is caused by a Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) and has two spike subunits on the envelope of SARS-CoV-2, S1 and S2, where S1 binds to the angiotensin converting enzyme (ACE-2), a receptor on the host cells and S2 binds to the cell surface membrane. Different immune responses to the virus are apparent, from asymptomatic to severe respiratory distress, organ failure and ultimately death. Immune responses without hyper-inflammation are essential to successful viral resolution. Pathological and environmental factors drive the immunological repertoire, in response to the virus, influencing innate immune cell activation, cytokine-balance and T cell differentiation, determined by age, comorbidity, vitamin D status and ethnicity related factors.   Homeostasis of the immune system plays an important role in the development of COVID-19 pneumonia. Mast cell activation and release of histamine is important to the cytokine driven T-cell differentiation as the adaptive response. This review combines the relative effects of UV-index-related vitamin-D synthesis with immune status related to innate immune responses, T cell differentiation and renin/angiotensin system in patients affected by COVID-19 and their different outcomes are explored.
Understanding the differences between individuals that determine disease outcome will greatly enhance future therapy methods.
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Introduction
COVID-19 is a highly infectious and virulent disease caused by a Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2). 381,000 people were infected in 195 countries or regions by 24th March 2020 with many fatalities when the WHO declared a global pandemic caused by SARS-CoV-2 [1].
This novel virus, of zoonotic origin, is a single stranded RNA coronavirus of about 129 nanometres in diameter, with the appearance of the corona surrounding the sun as we observe in an eclipse [2].  Four genre (α, β, δ, γ) of coronavirus in the subfamily of orthocoronavirinae are identified so far. A new virus genome was sequenced in December of 2019, of the β-CoV strain and was isolated with 88% identity with two bat-derived sequences of a SARS-type coronavirus. The novel virus is subgenus Sarbeovirus (lineage B). There is only one amino acid difference between the spike binding protein of pangolins and humans. It is 96% genetically identical to the bat coronavirus (BatCov RaTG13) [3,4,5].
The corona is densely populated with an assembly of glycoproteins or peplomers that are positioned on the surface envelope of the SARS-CoV-2 virion, known as spike or S-proteins. [6,7,8]. 
There are classical biomarkers associated with COVID-19, as well as acute respiratory distress of serum biomarkers of CRS, including elevated C-reactive protein (CRP), lactate dehydrogenase (LDH), D-dimer, and ferritin [3].
The pathophysiology involves the virus particles invading the respiratory mucosa first, before infecting other cells, triggering a series of immune responses and over-activation of lymphocytes with apoptosis or necrosis of the infected cells and the production of a cytokine storm, causing a systemic T cell response in the patient, which is associated with the critical condition of COVID-19 patients. Another highly inflammatory form of programmed eukaryotic cell death, called pyroptosis, is thought to occur with cytopathic viruses like SARCoV-2, a process that is commonly associated with intracellular pathogens and can be induced by mast cells (MC) [9]. 
There are two spike subunits on the envelope of SARS-CoV-2, S1 and S2, where S1 binds to the angiotensin converting enzyme (ACE-2), a receptor on the host cells and S2 binds to the cell surface membrane. ACE-2 is found most frequently on type II alveolar cells in the lungs [10]. The ability of SARCoV-2 to enter host cells is dependant on the activity of pulmonary ACE-2 [11,12]. ACE-2 is also present abundantly in gastrointestinal glandular cells [13]. 
Type II transmembrane serine proteases  (TMPRSS2) is a host transmembrane protease that augments SARS-S host cell entry by using two different mechanisms to allow the virus to enter the cells. TMPRSS2 activates the spike protein causing an irreversible conformational change of the glycoprotein S2 subunit thus enabling the virus to fuse to the cell membrane [14]. 
Different immunopathology of responses to the virus are apparent, from asymptomatic to severe respiratory distress, organ failure and ultimately death. Some significant clinical features of patients with coronaviruses include, dyspnea, hypoxemia, and acute respiratory distress, lymphopenia, and cytokine release syndrome, suggesting that disruption in the homeostasis of the immune system could play an important role in the development of COVID-19 viral pneumonia [14,15]. Several factors appear to determine the disease outcome including, genetics (such as HLA or cytokine genes), age, gender, neuroendocrine-immune regulation, patient’s current physical and nutritional status as well as ethnicity [16,17].  Several other proinflammatory mediators, besides cytokines, histamine, such as, bradykinin, prostaglandins, and leukotrienes, impact the immune system but are beyond the remit of this review [18]. 
This review addresses a collection of different connected immune and environmental factors associated with the COVID-19 that have culminated in an intriguing landscape of the infection, including the combined interrelated associations of histamine, MCs, cytokines, novel lymphocytes (Th17), UV, Vitamin D status and some other susceptibilities related to severe disease outcome, including age and ethnicity. 

Immunology overview
Viral infections clearly require precise regulation of the innate immunity by inflammatory immune mechanisms but over-activation of these processes can cause immunopathology with further complications to infected patients. 
Resident innate immune cells respond to the presence of the virus and present epitopes to the adaptive immune system. The humoral and cellular immunity are stimulated by the viral antigen presentation to virus-specific B and T cells by antigen presenting cells (APCs) cells [19].  
As previously mentioned, the virus invades the respiratory mucosa where there is an initial asymptomatic state, while SARCoV-2 probably binds to the epithelial cells in the cavity. In vitro data suggests that ciliated cells are the primary ones to be infected, however these cells have a low level of ACE2 expression, so details of this mechanism need to be confirmed. The highest ACE2 expression is detected in the nasal cavity with decreasing expression as measurements descended down the lower respiratory tract using high-sensitivity RNA in situ mapping and this correlated with the gradient of SARSCoV-2 infection that was highest proximately and lowest distally along the pulmonary epithelial cultures [20].
Interestingly, children do not seem to be severely affected by COVID-19 and it is speculated that it is because they have higher levels of ACE2 and greater numbers of lymphocytes due to higher incidences of viral infections. Lymphocytes, ACE2 and the regular occurrence of viral infections are depleted with increasing age [21].
As the virus migrates and proliferates, it invades the type II alveolar pneumocytes, initiating a cascade of events resulting in the viral RNA entering the host cell cytoplasm and the activation of the resident innate immune cells, establishing a chemokine-controlled chemotactic pathway for many other immune cells and the movement of fluid through the fenestrated epithelium, which is associated with the critical condition of pneumonia in COVID-19 patients [13]. 

Mast cells, histamines and histamine receptors
There are several new emerging roles of MCs in host defence. MCs originate from haematopoietic progenitor cells, being granulocytes derived from myeloid stem cells and they circulate in an inactivated form before becoming resident in mucosa. MCs can be associated with neuro-immune systems and are also important in wound healing releasing factors and promote the recruitment of leukocytes, platelet activation and fibrogenic processes. [22, 23]. 
As members of the innate immune system, MCs are highly effective sentinel cells, located in places like skin, lung, and intestinal mucosa, which are in close contact to the outside world and they have an immediate activated response to parasite infections and the antigens involved in allergies. In the case of parasites and allergens, these long-lived MCs defend against parasites while maintaining an immune protection on the physical barriers in the body being activated by the antigens [24]. 
Due to the location of MCs and their plasticity, along with the many mediators that they produce, they have an immune modulator and effector role that links and orchestrates the innate and adaptive immune responses against pathogens [24,25]. After recognising a pathogen, MCs alter the inflammatory environment by instantly releasing a host of proinflammatory mediators that then mobilise other immune cells at the site of infection [26]. As innate immune cells, MCs are phenotypes that are tuned by cytokines and other micro-environmental stimuli [27].
An in vivo experiment with rats determined that IL-3 was involved in the recruitment of MCs and that there were differential effects, dependant on the target tissue and time of exposure to the chemoattractant [28]. Other mediators that stimulate MCs and trigger degranulation, proliferation and release of mediators include, IgG, complement components, TLR ligands, neuropeptides, cytokines, chemokines as well as other inflammatory products [28, 29, 30].
Migration and differentiation are also stimulated by these inflammatory components. Thus the true versatility of MCs is recognised through them responding to a wide repertoire of different stimuli that are not just IgE involvement [22, 31]. 
The response is mediated by a cross linking of FceR1 by immunoglobulin E (IgE), which results in the degranulation of the MCs. This particular linkage is used in MC detection by applying high infinity IgE or staining the MC granules with toluene blue may be used to characterise the cells [22, 32].
Indeed, there are a wide variety of receptors expressed on the surface of MCs that enable them to be activated by several different ligands, such as, endogenous cytokines, IgE, TLR ligands and IgG immune complexes. The inflamed tissue contains many of these ligands and the Mas-related G-protein coupled receptor member X2 (MRGPRX2) MC receptor is an important non-IgE dependant pathway in the activation of MCs, by peptide stimuli with abundant positive charges and aromatic/aliphatic amino acids [27, 28].
A number of mediators including, chymase, tryptase, histamine with other cytokines and chemokines are released, dependent on the route of activation [22, 32].
The activated MC response results in the release of a broad spectrum of proinflammatory mediators, proteolytic enzymes and chemotactic factors that attract other immune cells. Proteolytic enzymes induce rapid inflammation and tissue remodelling [22, 31, 33]. 
Although the pathogenesis of RA is not fully understood with regard to MCs, joint destruction and tissue remodelling possibly occurs due to the MC recruitment of neutrophils and monocytes that facilitate the damage of joint related cartilage when they activate osteoclasts. Histamine is a mediator that is involved in the activation of osteoclasts. Drugs, such as, dexamethasone are successful in reducing this process in rheumatoid arthritis by inhibiting mast cell activation and found to improve patients severely affected by COVID-19, reducing deaths by one third [33, 34].
In the case of COVID-19 infection, the protective barriers of MCs are located at the interface between host and the environment; for example, the SARCoV-2 virus activates the MCs of the submucosa in the respiratory tract, triggering MCs to release histamine and protease. They later activate a cascade of cytokines, including IL-1 and IL-33. Histamine, as well as affecting vascular and bronchial responses, is increasingly identified with modulation of these immune responses, including a variety of lymphocytes, such as T cells and will be discussed in more detail later [32, 33]. Early attempts of therapy for severely affected COVID-19 patients involved targeting the pro-inflammatory processes with anti-inflammatory drugs [34]. Interestingly, lower levels of MC-derived granulocytes are observed in the severe COVID-19 group than those mildly infected, [33, 34, 35] raising further questions about MC involvement in COVID-19. 
Clearly, in the case of allergies, the immune response involving inappropriate degranulation and inflammation is detrimental and can cause asthma, even promote anaphylaxis and it seems that COVID-19 may have a similar pathogenesis in severe cases [32]. The MCs are rich in granules of histamine and heparin, all-important in the fenestration of epithelium to enable other immune cells, such as, lymphocytes to migrate to the source of supposed infection. Other mediators of the immune response from MC granules are leukotrienes (causing shortness of breath), prostaglandins, tryptase, interleukins, heparin and TNF-alpha [35,36,37].
MCs promote anti-inflammatory mediators as well as proinflammatory processes and they can act as APCs that express a large array of co-stimulatory molecules. MCs are able to tolerate the introduction of some antigens without eliciting an inflammatory immune response in certain sites of the human body, described as having immune privilege to tissues with T-regulatory cells and are essential elements in fibrotic conditions [38, 39]. 
Thus MCs mediate the bronchoconstriction associated with viral infections and are a major source of inflammatory cytokines, implicated in autoimmune pathology. Thus, MCs contribute to coronavirus-associated hyper-inflammation [40].
As previously established, in immune and allergic responses, MCs are a potential source of chemokines and cytokines, important in inflammation. However, Toll-like receptors (TLR) and IL-1 also activate MCs [41]. IL-1 is an important cytokine in the immune response that activates the release of inflammatory chemical mediators from MCs, causing lung and tissue inflammation, fever and fibrosis [41]. Overexpression of IL-1 is typical in SARSCoV-2 infection and contributes to the adverse proinflammatory pathology during COVID-19 infection [38, 39, 40, 42]. 
Vitamin D is the thread connecting all of these immune factors discussed here and this is the first evidence of its involvement in immune responses because it is understood that vitamin D plays a role in regulating MC activation and homeostasis, reducing hyper-inflammatory reactions [43].
As already mentioned, histamine (2-[3H-imidazol-4-yl]-ethanamine) is an important substance released from activated MCs and is involved in the chemical events that occur during inflammatory conditions of vasodilation and increased vascular permeability, during local immune responses [18]. Typical symptoms experienced during allergy are flushing; itching, diarrhoea and hypotension, all mediated by histamine. These symptoms are caused by this vasoactive biogenic amine, which has the dichotomous nature of promoting inflammatory and regulatory responses, contributing to the pathological processes that promote many vascular and tissue changes, having a high chemo attractant activity [18, 44]. 
MCs expressing histamine are located in the nose, mouth, and feet, internal body surfaces, and blood vessels. The lungs are a major site for histamine control where it can be responsible for hyper-responsiveness and remodelling in its contribution to pulmonary remodelling is not completely understood but depends upon the histamine receptor and cell type involved [18, 45].
Many cell types of the innate and adaptive human immune system are influenced by histamine [46, 47]. Th1 and Th2 balance is directly regulated by histamine [46]. The stimulus of histamine also induces the expression of IL-17 in Th17 cells and activation of lymphocytes in some inflammatory conditions [18, 47]. 
It is important to include a discussion of histamine receptors when describing the influences of histamine in an immune reaction. The pleiotropic effects of histamine are mediated by 4 G-protein coupled receptors (H1-4) [48]. Conformations of these receptors coexist in equilibrium and are stabilized in their active form by agonists. The expression of these receptors differs according to the differentiation of the cell and its influences are provided by the microenvironment [48, 49]. 
Returning to vitamin D involvement, vitamin D has an antihistaminic activity by inhibiting H1 and histamine release in experimental animal studies, which is thought to explain the anti-inflammatory effects of vitamin D in the lung inflammation in asthma patients through reduced IgE mediated histamine release [50]. The histamine receptor effects can also be determined by genetics but also by gut micro biota, aging, gender and other diseases. Gut bacteria itself produces histamine [50, 51, 52].
HR1 is important in promoting Th1 responses, whereas HR2 promotes Th2 profiles and allergic lung inflammation is associated with the predominant recruitment of Th2 cells. Although T cell responses will be discussed in more detail later, interestingly, H2 activates Th2 promoted humoral immunity with increased IL-10 and promotion of IgE production, increasing the humoral response to infection [50].
Activation of HR1 and HR2 are associated with MC and basophil-mediated disorders, such as, allergy. HR1 antagonism is important in reducing inflammation in asthma whereas H2 deficiency is known to worsen lung inflammation [49].
Curiously, the aging process is a factor that impairs expression or activity of HRs and enzymes HDC and DAO may contribute to the progression of allergic reactions and various neurodegenerative disorders. Chronic itching occurs in the elderly as changes in immunology and physiology change with age [22], in fact, the older generation are more susceptible to the hyper-inflammatory lung conditions and ARD in COVID-19 [53].
It was discussed previously that MCs are present in the protective barriers of the submucosa in the respiratory tract and are activated by the virus to release histamine and protease while later activating IL-1 and IL-33. As mentioned earlier, histamine, modulates vascular and immune responses, including T cells. During a viral infection, histamine binds to H1 of human lung macrophages and induces proinflammatory cytokines with exocytosis of IL-6 in human lung macrophages and β –glucuronidase [45,46, 54]. 
H4R receptor signalling, not only affects Th1/Th2 differentiation, eosinophil and MC chemotaxis and IL-6, but also increases IL-17 secretion by Th17 cells, and regulatory T cell recruitment, while suppressing IL-12p70 of dendritic cells [55].



Cytokines, T cell differentiation and COVID-19
The cytokine ‘soup’ that is induced by the presence of COVID-19 evoking many cytokine options, however, this review will focus primarily on the effects of IL-12 and IL-17, where mast cells play a significant role in the production of IL-12 in host defence and a crucial source of this cytokine.  
IL-12 is a key signal of the innate immune system, that acts as a bridge between innate and acquired immunity and thus plays a crucial role in the development of antiviral immune responses. Previously IL-12 was also known as natural killer cell stimulatory factor (NKSF2) and as T cell stimulating factor (TSF) [56, 57]
The functional IL-12 heterodimer is a proinflammatory cytokine with immune-regulatory function [58, 59, 60]. Its production is important in the generation of cell-mediated immunity against many intracellular pathogens, including bacteria, fungi, protozoans and viruses [61, 62]. The cytokine can, however, enhance or inhibit humoral immunity depending on the Ig isotype and the stimulus to antibody formation. IgG2a,b and IgG3 responses are associated with Th1 responses and Th2 responses are associated with IgG1 antibodies, which are suppressed by IL-12 [61].
Microbial lipoproteins are potent stimulators of IL-12 by human macrophages, mediated by TLR and scavenger receptors. Several lipoproteins are reported to stimulate TLR dependent production of nitric oxide synthase (NOS) and the production of nitric oxide is important in antimicrobial activity. The innate immune response involving IL-12 signalling requires type 2 nitric oxide synthase [62, 63].
IL-12 induced the synthesis of IFN-IL-2 and TNF [56,57]. However in contrast, IL-10 has been shown to inhibit lymphocyte production of IFN- by suppressing IL-12 synthesis in accessory cells [58]. Thus, the IL-12 viral immune response is involved in enhancing the cytotoxic response and the fact that Th1 driven responses are important for viral clearance suggest that IL-12 is an important factor in the disease. Polymorphisms in the IL-12B (p40) gene were associated with different outcomes to infection in HCV patients [64, 65, 66]. Indeed, deficiency of IL-12 has been associated with recurrent episodes of pneumonia with sepsis and other infections in the absence of fevers. 
As a viral comparison of HCV to COVID-19, IL-12 and IFNγ levels are lower in patients more viraemic than in patients who spontaneously cleared HCV the virus [67, 68]. 
Although APCs produce most of the cytokine, T cells also produce IL-12 [60]. An important property of IL-12 is to induce the production of large amounts of IFN- from resting and activated T and NK cells [69]. The most distinctive role of IL-12 is to regulate the balance between Th1 and Th2 cells [61]. Allogeneic cytotoxic lymphocyte responses are promoted by IL-12 in peripheral cells of the Th 1 cell differentiation and therefore able to destroy virally infected cells during a COVID-19 infection [70, 71].
Another cytokine to be considered in this review is IL-17 as a key cytokine linking T cell activation to the mobilisation and activation of neutrophils and MCs and their degranulation [72]. 
IL-17 is expressed from Th17 cells, MCs and neutrophils when stimulated by IL-23 and activates several signalling cascades inducing chemoattractant chemokines that recruit neutrophils and monocytes to the site of injury or infection. Its activation has been observed in some autoimmune disorders [73, 74]. IL-17A expression is up-regulated by Th17 cells, at sites of inflammation in several autoimmune diseases. IL-17 is a pleiotropic proinflammatory cytokine, where the one gene exhibits two or more phenotypic traits [75].
When considering the T cell response to COVID-19 and the T-cell differentiation, other pathways must be considered in addition to Th1 and Th2 driven responses, such as Th17 differentiation [76]. Both B and T cell specific SARS-CoV-2 are detected in patient blood around one week after initial infection symptoms [77, 78]. In the H1N1 pandemic, severe disease with respiratory involvement were marked by an early secretion of Th17 and Th1 cytokines. These T cell responses are most important, as host defence reactions, to clear pathogens but they are also involved in tissue inflammation in allergic and autoimmune diseases. The ratio of Th1/Th17 has been suggested as an indicator to determine the severity of disease in COVID-19 patients [77, 78].
Meta-analysis and systematic reviews of studies that investigated the lymphocyte count, on admission to intensive care units, showed that lymphopenia was significantly associated with poor patient outcomes in COVID-19 patients and this could be used as a marker, especially in younger patients, as an indication of severity of disease. Lymphopenia was defined as less that 1100/ μL associated with a threefold risk of poor outcome [17, 42, 78, 79]. One hypothesis to explain this phenomenon is that lymphocytes express ACE2 and that they themselves may be the targets for SARSCoV-2 and that an increase in proinflammatory cytokines, such as, IL-6, in COVID-19 may reduce lymphocytes further [68]. This level of T cell exhaustion and reduced functional diversity in peripheral blood may be an indication of severe progression in COVID-19 patients [79, 80].
Although T-cell levels are important in the viral resolution, it is the differentiation of uncommitted T cells, during the induction of a cytotoxic antiviral host response, characterised by the secretion of lymphokines associated with cell-mediated immunity that is extremely relevant. A strong Th1 CD4+ response is also thought to be essential for spontaneous viral clearance and this is facilitated by the expression of IL-12 from macrophages and dendritic cells. IL-12 mediates some physiological activities by acting as a potent inducer of IFNγ secretion by Th1 and natural killer cells deemed to be extremely important in the clearance of viraemia and COVID-19 patients that resolve the virus have improved cytotoxic T cell numbers, indicating their importance in better disease outcomes [71].
The production of IL-12 is vital for much viral clearance, initiating Th1 responses, however, the unregulated and on-going IL-12 production can result in infection-induced immunopathology and further tissue damage. When IL-12 production from dendritic cells by microbial products was inhibited, the infection-induced immunopathology was reduced [81].
To summarise the adverse effects of aberrant Th1/Th2 cell immune responses are responsible for the pathogenesis of several diseases. Hypersensitivity-related Th2 responses are linked to a humoral (antibody) response and the development of atopy, whereas Th1 differentiation is often associated with the pathology of certain autoimmune processes as a cytotoxic response. The balance of the cytokines that drives a predominantly Th2 humoral response is one of increased IL-10 expression rather than IL-12 expression [82]. Returning our attention to Vitamin D, it seems that the hormone also influences the dendritic and other cell expression of IL-12 in inflammatory diseases [83].
As described previously histamine is an important factor in the Th1 and Th2 balance in the immune response to virus. Insufficient Th1 cytotoxic responses can result in chronic viral infection [73]. Further to the T cell balance, the ratio of neutrophils (granulocytes) to lymphocytes has been sited as an indication of subclinical inflammation and may be helpful as a tool to screen for the severity of the COVID-19 infection outcome [78].
Th17 cells are a subset of CD4+ T helper cells that produce IL-17. Th17 has an important role in the human immune system of the host defence against infection but it is also considered to be a key element in the development of autoimmune inflammatory disorders. In a general sense, during persistent viral infections associated with chronic conditions, IL-17 producing Th17 cells are implicated in the pathogenesis of the condition. Th17 cells also enhance viral persistence and inhibit T cell cytotoxicity to the virus in a model of chronic virus infection [55, 84, 85]. 
In the case of HIV infection Th17 cells can be reservoirs of the virus, in patients taking antiretroviral therapy, contributing to the latency of HIV infection [86]. It is suggested that this may occur in COVID-19 patients with prolonged unresolved viral infection. Also, lymphocytes within the oral mucosa express the viral receptor for COVID-19 and it has been suggested that a possible cause of lymphopenia, in severely affected COVID-19 patients, is virus-induced apoptosis of T cells that may be targeted by the virus, through ACE2 [86, 87].
IL-17 mediates acute lung injury by the 2009 influenza A (H1N1) pandemic whereas IL-21 encourages Th17 differentiation and proliferation [88]. Th17 has immunosuppressive properties that decrease the antiviral response to some infections, such as HIV, where the loss of Th17 can result in an imbalance of Th17 and Treg cells [89].
A high number of CCR6+ Th17 cells were observed in the cytokine storm in a severely affected COVID-19 patient supporting the hypothesis that Th17 cells are important factors of the cytokine storm in the disease [90]. Elevated Th17 cells and enhanced IL-17 pathways were also a factor in patients with MERS-CoV and SARS-CoV. In H1N1, infection in mice acute lung injury was a factor induced by IL-17 expression [90]. Promisingly, there are some anti Th17 and IL-17 blockades using antibody drugs that are currently being trialled in China, ixekizumab, a drug developed for the treatment of psoriasis [73, 74].
Returning to the effects of vitamin D, it has been demonstrated that the loss of Th17 differentiation can result in chronic infections and that excessive differentiation and expansion of Th17 can be inhibited by vitamin D, as evidenced in young asthmatic children [91, 92]. Indeed, human memory Th17 cell populations change into anti-inflammatory cells with regulatory capacity upon exposure to active Vitamin D metabolite (1,25(OH)2D3) as Th17 cells are not always pathogenic unless exposed to IL-23 (figure 1) [93, 94].
Vitamin D is considered to supress IL-17A production in T cells in some conditions (rheumatoid arthritis, multiple schlerosis, colitis) and IL-6 and IL-22 expression may also be down regulated from naive and memory CD4+T cells [91]. 
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Figure 1. Shows the differentiation, mediators and outcomes of SARSCoV-2 infection. Severely affected patients have higher levels of IL17 and Th17 that are not in balance by Treg cells causing Hyperinflammation.

Vitamin D and UV Index
Several brief references to vitamin D have already been made with regard to its influence on immune responses but in this section more detail about the significant impact of this hormone will be discussed. 1,25-Dihydroxyvitamin D3(1,25(OH)2D3) or calcitriol, the active form of vitamin D, has emerged as a direct regulator of immune system function in humans [93].  Important mechanisms involving the human immune system are mediated through the nuclear receptor, vitamin D receptor (VDR) via the non-canonical processes of vitamin D binding to the receptor. This receptor is expressed by macrophages, dendritic cells and activated T cells [93].
The non-skeletal effects of vitamin D have been of increasing interest with regard to its association with several diseases and, in particular, its role in regulating the immune system at the cellular level. Vitamin D has a physiological role in immunomodulation targeting several cells of the immune system and is a key factor linking innate and adaptive immunity and both are compromised with vitamin D deficiency [94]. There is considerable evidence from research literature that hypovitaminosis D is associated with several immune and autoimmune disorders in addition to its classical association with osteomalacia (Rickets) [94].
A number of immune cells have the cellular ability themselves to convert 25-hydroxyvitamin D to its active state, 1α,25(OH)2D3 promoting responses to pathogens in macrophages. Another antimicrobial response is in regulating the maturation of antigen-presenting dendritic cells and this pathway controls T-lymphocyte function. T cells also respond directly to the activated form of vitamin D through vitamin D receptors (VDR). The cellular interplay during an immune response is highly complex, however, it is clear that 1α,25(OH)2D3  influences TNFα, and IFNγ expression from different cell types, particularly from T cells but the full complex picture is not completely understood for APCs like dendritic cells and monocytes [95].
Several epidemiological studies link higher susceptibility to immune mediated disorders with vitamin D deficiency. Other studies suggest that the vitamin has a modulatory role in the inflammatory response of cells of the monocyte/macrophage lineage, which is also modulated by transforming growth factor-β (TGF-β).  Vitamin D regulates the leukotrienes, which are lymphocyte associated eicosanoid inflammatory mediators, biologically active compounds that cause shortness of breath as experienced in inflammatory diseases. This vitamin D hormone also regulates the prostaglandins that are responsible for pain, brain fog, cramping and flushing in immune responses. These arachidonic acid-derived eicosanoids play an important role in inflammatory conditions and vitamin D is shown to inhibit prostaglandin production in lung tissue [94, 95, 96, 97].
Another immunomodulatory function of the cells of the immune system is that they express vitamin D-activating enzymes also enabling the conversion of vitamin D into its active form [98]. 
This secosteroid hormone, vitamin D, is a negative endocrine regulator of the renin-angiotensin system (RAS) that influences blood pressure and is thought to maintain the homeostasis of the cardiovascular system by suppressing RAS. Indeed, vitamin D deficiency is thought to activate RAS leading to cardiovascular disease [98, 99]. 
In addition to the role of Th17, as discussed previously, vitamin D is involved in pulmonary function in inflammatory pulmonary disease and as such also affected by hypovitaminosis D.  In fact, when vitamin D was supplemented to patients, with mild to moderate asthma, in a clinical trial, it was concluded that the vitamin was able to improve pulmonary function (FEV1) in those patients [91, 92, 93].
The vitamin has also been shown to alleviate lipopolysaccharide-induced acute lung injury (gram-negative bacilli glycoprotein) in acute respiratory distress syndrome (ARDS), as sometimes observed in severely affected COVID-19 patients with increased alveolar epithelial and pulmonary microvascular endothelial permeability, pulmonary oedema and fibrosis. This is also through RAS [100].
The amount of UV exposure is related to the global UV index is also associated with vitamin D synthesis in skin and thus undergoes activation via a binding protein in the liver and kidney. Higher levels of melanin in melanocytes inhibiting vitamin D synthesis and the currently low UV index in the UK may influence the demographic findings of UK healthcare workers from BAME groups that have succumbed to the virus. Higher melanin content of darker skin has been shown to affect serum 1,25-Dihydroxyvitamin levels and low levels are associated inversely, with an increase in blood pressure in these individuals [101, 102, 103].
Vitamin D insufficiency or deficiency is associated with regulation of insulin secretion and glucose levels. Deficiency also causes the inflammation associated with adipose metabolic diseases, such as obesity, multiple sclerosis, diabetes, and fatty liver. Metabolic conditions are also sited as causes for severe complications arising from patients with COVID-19 [104, 105].
There are many population differences for gene variants within multiple gene loci, many of which are population-specific observed vitamin D variants, some related to geographic location or ethnicity between European, East-Asian, and Sub-Saharan African ancestry [106]. 
The vitamin D receptor is expressed in adipose tissue and the vitamin itself is stored there. It is suggested that vitamin D exerts anti-adipogenic influence on some pre-adipocytes and regulates the expression of adipocyte transcription factors, such as, PPARγ, C/EBPα, and LPL. Obesity being a factor associated with more severe disease and death from COVID-19 infection [100].
It is poignant at this venture to mention Vitamin D resistance as a condition that occurs when the VDR is not functional and it results in high renin hypertension, cardiac hypertrophy and thrombogenesis. Polymorphisms in the receptor genes also alter functional vitamin D levels and can influence disease but are not necessarily a factor differentiating them between different ethnic groups [107, 108, 109]. Located on chromosome 12q13.11 in humans, the VDR gene consists of eleven exons. Several polymorphisms of the VDR gene have been identified [109].
The amount of UV exposure is related to the global UV index is also associated with vitamin D synthesis in skin and thus undergoes activation via a binding protein in the liver and kidney. Vitamin D is synthesized in the skin from 7-dehydrocholesterol, which requires sunlight or ultraviolet (UV) irradiation [110].
The influence of light-based technology aside from Vitamin D synthesis is that can be used to prevent and treat viral infections and is indicated as a method to decontaminate human environments that have already received exposure to biological agents, without causing undue harm to host tissue [111, 112, 113].
When we consider the apparent seasonal differences in the recent COVID-19 spread throughout the global hemisphere and the global possibility of viral transmission throughout the world, as a result of international travel and globalisation, the observation that low temperature and low UV index often correlates with peaks of viral activity in the northern hemisphere with apparent seasonal influence on COVID-19 spread and that may partly be explained by the atmospheric UV levels in those regions. UV levels may be a factor in other seasonal epidemics [114]. The MERS virus was efficiently inactivated by UV A light in human platelet concentrates [115,116].
Germicidal UV (UVC) light from monochromatic or polychromatic light sources destroys many viruses and research data suggests that UVC has a high selectivity over host mammalian cells and tissues. Further Near Infra Red (NIR) has been shown to cause damage to the protein coat of a virus or bacteria, thus inactivating it using NIR femtosecond laser. This process targets the mechanical or vibrational properties of microorganisms [117,118].
Using a very low power visible femtosecond laser to selectively inactivate viruses and other microorganisms has been found to leave sensitive materials unharmed by manipulating and controlling with the femtosecond laser system in experiments.
Clearly, consideration should be made for individuals as UV light is a mutagen to microbes and humans alike and people who are susceptible to UV DNA damage (eg P53 mutations, Li–Fraumeni) should be warned about exposure but if levels are well within safe values similar to safe levels of natural sunlight exposure for unaffected individuals then clearly this is a strategy well worth considering in countries affected by the COVID19 virus and caution about UV exposure when attempting to improve vitamin D status [119]. 

ACE2, COVID-19 and the renin/angiotensin system (RAS)
It was explained earlier that SARCoV-2 virus attaches to ACE-2 in respiratory cells and RAS was described.
Evidence is increasing for the role of vitamin D, 1,25-dihydroxyvitamin D3 as a negative endocrine regulator of RAS and normal vitamin D status can lower the activity of RAS via the transcriptional suppression of renin expression [120]. ACE2 degrades angiotensin II (AngII) to generate angiotensin 1-7 in the ACE2/angiotensin 1-7/mas receptor axis and counteracts the excessively activated ACE/AngII/AT1R axis observed in hypertension, cardiac hypertrophy, heart failure, and other cardiovascular diseases. Hypertension is recognised as a major risk for COVID-19 patients, increasing the risk of death significantly. The activity and structure of RAS changes with age with an age related functional decline. Although physical exercise is demonstrated to improve the system and antihypertensive drugs can improve cardiovascular conditions, no pharmacological is completely effective on RAS [121].
ACE inhibition is established as an effective therapy in the treatment on cardiovascular disease, where angiotensin II is shown to exacerbate the hypertension, chronic heart failure, and atherosclerosis, whereas nitric oxide exerts positive effects.  ACE2 regulates the RAS that is so important in maintaining blood pressure and fluid/electrolyte balance [13].
There is evidence that the MC enzyme chymase is able to generate Ang II independently of the activity of ACE, circumventing the functional protection otherwise provided by an ACE inhibitor under non-inflammatory conditions, however when ARB is administered, stimulated MCs lose much of their microcirculatory destabilising potential and lessons may be learnt from this associated with the COVID-19 pandemic [122,123]. Common ARBs may exert anti-inflammatory mechanisms by modulating the immune system directly [124]. SARSCoV infection in mice greatly reduced lung ACE2 protein levels depending on the degree of viral replication [125]. 
There has been some discussion about the comorbidities, including cardiovascular disease and diabetes, which often qualify for angiotensin inhibitor (ACEI) therapy, that significantly increase mRNA expression of cardiac ACE2 and on this basis that the treatment may exacerbate the severe course of COVID-19 infection. The European Society of Cardiology, now express that ACEIs and ARBs are safe and should be continued and prescribed according to established guidelines during COVID-19 infection. Indeed, angiotensin receptor blockers (ARBs) have recently been suggested as a useful strategy to inhibit COVID-19 infection [126].
In a retrospective study in Hubei province in China, COVID-19 patients, admitted to 9 hospitals in a multi-centre study, 1128 hospitalised adult patients with hypertension and diagnosed with COVID-19 were included in the study. There were 188 patients taking ACEI/ARB and 940 not taking ACEI/ARB with a median age of 64 years. ACEI/ARB was associated with lower risk of all-cause mortality compared with ACEI/ARB non-users (ACEI/ARB group versus the non-ACEI/ARB group (3.7% vs. 9.8%; P = 0.01) [127]. 
It is well understood that COVID-19 attaches to pulmonary host cells by ACE2, the angiotensin receptor, then fuses to the membrane and releases viral RNA. It is postulated that the current angiotensin blocker drugs may inhibit this mechanism of viral attachment to pulmonary cells. rhACE2 completely binds to virus S-protein and may protect the lungs from virus attack.  An improved understanding of this class of pharmaceutical is needed, with regard to its anti-inflammatory properties and the fact that it may inhibit COVID-19 virions pulmonary cell entry via attachment to the ACE receptor [128]. ACE2 expression is known to affect myeloid cell activity in both infection and malignancy, modulating both innate and adaptive immune responses, including macrophage and neutrophil function. ACE2 also limits the macrophage expression of a number of pro-inflammatory cytokines, including IL6 and TNF –α. ACE2 is downregulated in the case of COVID-19 patients and enhances macrophage expression. Severely affected patients are observed to show similar symptoms to Macrophage Activation Syndrome (MAS). The abundant expression of ACE2 in other organs explains the multiple organ dysfunction with COVID-19 disease and MAS patients [129]. 
Drugs, such as, losartan or candesartan cilexetil (long-lasting, effective angiotensin II type 1 receptor blockers) are well tolerated in normal cohorts and evaluated in clinical studies with patients with primary hypertension, including elderly and do not aggravate co-existing risk factors like hyperlipidaemia or glucose intolerance [130].

Conclusion
These immune characteristics included in this discussion act in concert, with both competent and dysfunctional immune responses, and in the case of COVID-19 there is a ‘perfect storm’ that has the underlying theme of vitamin D as a thread throughout. Vitamin D is associated with the homeostasis and function of so many factors associated with immune responses. It is estimated that more that one billion people may be suffering from vitamin D deficiency or insufficiency globally [131].
Vitamin D is important in the maturation, activation and homeostasis of MCs, their associated cytokine production, T cell differentiation and in RAS associated with ACE2, which are all implicated in the pathogenesis of COVID-19. MC derived cytokines, such as IL-17, are inhibited by Vitamin D. IL-17 is expressed in Th17 cell activity, while these cells promote MC proliferation and is associated with severe infection. It is strongly considered that Th17 contributes to the cytokine storm experienced in pulmonary viral infections, such as, SARSCoV-2 infection, promoting pulmonary oedema and causing tissue damage [90].
Vitamin D is able to prevent autoimmune inflammatory diseases, particularly by supressing Th17 cells and, as accumulating reports demonstrate, it possesses anti-inflammatory activity on Th17 cells, which maintains immunologic homeostasis. Indeed, the active form of Vitamin D directly inhibits Th17 differentiation and VDRs are elevated in Th17 cells, making them even more sensitive to the effects of the vitamin, thus decreasing viral persistence (85, 92, 109]. 
MCs produce IL-17 and it is increased in patients infected with COVID-19 in intensive care, as opposed to those patients not in intensive care. Interestingly, IL-17 expression is also increased in patients with asthma and the level of cytokine expression directly correlates with the degree of bronchoconstriction and severity of the condition [132]. Vitamin D contributes to the repression of IL-17A expression in inflammatory CD4+ T cells [94]. 
Another important contribution to the cytokine storm is that of MCs and the granules that they release when activated, in particular histamine. Testing for histamine could be used as an indication of COVID-19 disease outcome as it is possible to measure the levels of histamine in serum and urine [133]. 
A recent unpublished trial, a pilot study, in France administered antihistamine to patients with COVID-19 early in presentation and reported very positive results in the outcomes with no severe cases presenting after treatment [134].
An example of anti-inflammatory medication used for other causes, although there are no officially approved drugs to treat dengue disease, for example, MC stabilization can be achieved with the antihistamine drug ketotifen reversed many of the responses due to MC activation, including reducing the effects of histamine [135,136]. Vitamin D is also known to stabilise MCs and further studies are required to determine its efficacy in different diseases.
There is no evidence that vitamin D prevents COVID-19 infection or that or that its deficiency predisposes anyone to it, however, there is some evidence that vitamin D may prevent acute respiratory infections if supplementation over weeks maintains a healthy vitamin D status. Vitamin D deficiency is very common in the winter, particularly in the northern hemisphere. As evidence that vitamin D deficiency may increase the severity of COVID-19, levels of C-reactive protein (CRP) were used as a marker for the cytokine storm and it was found that high CRP was associated with hypovitaminosis D [137].
The melanin content of melanocytes content influences vitamin D levels and may influence disease outcomes to COVID-19 infection by inhibiting vitamin D synthesis, As higher levels of melanin inhibit vitamin D synthesis from UV exposure and the UV index in the Northern Europe, for example, is very low, except for the very height of summer, in comparison to other parts of the hemisphere, possibly influencing the demographic findings of BAME healthcare workers that have succumbed to the virus. Increased UV index may also reduce viral load by SARSCoV-2 being sensitive to the UV radiation, where the higher the UV index, the greater the depletion of the virus but as there is no conclusive evidence for the theory, this remains to be determined.  A recent statement from NICE on 29th June 2020 for Public Health England said that vitamin D3 (colecalciferol) and vitamin D2 (ergocalciferol) supplements are not currently licensed for preventing or treating any infection, including COVID-19 and only licensed for the prevention of vitamin D deficiency.  
There is still so much to learn about COVID-19 during this pandemic with many further questions to ask and investigate. Thus, to conclude, the interaction of the SARCoV-2 virus with each individual immune system is dependant on many factors involving viral load and viral titre as well as genetic profile, environment (UV) age, gender, nutritional status, neuroendocrine-immune regulation, and physical status, resulting in a specific phenotypical response, some of which could be enhanced with the appropriate treatment (figure 2). If the elements of the immune system that encounter SARSCoV-2 are the instrumentalists, then surely vitamin D is the conductor of the orchestra in response to infection.
[image: ]
Figure 2. Factors influencing the patient outcome of COVID-19 patients demonstrating the inter-relationship between vitamin D, UV index, MC homeostasis, T-cell differentiation, inflammatory regulation, virus neutralisation and elements of the cytokine storm, including histamine.
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