

  nutrients-13-00276




nutrients-13-00276







Nutrients 2021, 13(1), 276; doi:10.3390/nu13010276




Review



Vitamin D Modulation of the Innate Immune Response to Paediatric Respiratory Pathogens Associated with Acute Lower Respiratory Infections



Amy S. Bleakley 1,*, Paul V. Licciardi 2 and Michael J. Binks 1,*[image: Orcid]





1



Child Health Division, Menzies School of Health Research, Charles Darwin University, Darwin, NT 0810, Australia






2



Murdoch Children’s Research Institute, Melbourne, VIC 3052, Australia









*



Correspondence: amy.bleakley@menzies.edu.au (A.S.B.); michael.binks@menzies.edu.au (M.J.B.); Tel.: +61-88946-8402 (A.S.B.); +61-88946-8508 (M.J.B.)







Received: 7 January 2021 / Accepted: 18 January 2021 / Published: 19 January 2021



Abstract

:

Vitamin D is an essential component of immune function and childhood deficiency is associated with an increased risk of acute lower respiratory infections (ALRIs). Globally, the leading childhood respiratory pathogens are Streptococcus pneumoniae, respiratory syncytial virus and the influenza virus. There is a growing body of evidence describing the innate immunomodulatory properties of vitamin D during challenge with respiratory pathogens, but recent systematic and unbiased synthesis of data is lacking, and future research directions are unclear. We therefore conducted a systematic PubMed literature search using the terms “vitamin D” and “Streptococcus pneumoniae” or “Respiratory Syncytial Virus” or “Influenza”. A priori inclusion criteria restricted the review to in vitro studies investigating the effect of vitamin D metabolites on human innate immune cells (primary, differentiated or immortalised) in response to stimulation with the specified respiratory pathogens. Eleven studies met our criteria. Despite some heterogeneity across pathogens and innate cell types, vitamin D modulated pathogen recognition receptor (PRRs: Toll-like receptor 2 (TLR2), TLR4, TLR7 and nucleotide-binding oligomerisation domain-containing protein 2 (NOD2)) expression; increased antimicrobial peptide expression (LL-37, human neutrophil peptide (HNP) 1-3 and β-defensin); modulated autophagosome production reducing apoptosis; and modulated production of inflammatory cytokines (Interleukin (IL) -1β, tumour necrosis factor-α (TNF-α), interferon-ɣ (IFN-ɣ), IL-12p70, IFN-β, Regulated on Activation, Normal T cell Expressed (RANTES), IL-10) and chemokines (IL-8 and C-X-C motif chemokine ligand 10 (CXCL10)). Differential modulation of PRRs and IL-1β was reported across immune cell types; however, this may be due to the experimental design. None of the studies specifically focused on immune responses in cells derived from children. In summary, vitamin D promotes a balanced immune response, potentially enhancing pathogen sensing and clearance and restricting pathogen induced inflammatory dysregulation. This is likely to be important in controlling both ALRIs and the immunopathology associated with poorer outcomes and progression to chronic lung diseases. Many unknowns remain and further investigation is required to clarify the nuances in vitamin D mediated immune responses by pathogen and immune cell type and to determine whether these in vitro findings translate into enhanced immunity and reduced ALRI in the paediatric clinical setting.
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1. Introduction


1.1. Background


Acute lower respiratory infections (ALRI) are a leading cause of hospitalisation and death in children under-5 globally [1]. The greatest burden occurs in low- and middle- income countries and among socioeconomically disadvantaged populations in high-income countries such as First Nations populations [2]. Early and recurrent ALRIs are also the leading modifiable risk factor for the development of chronic lung diseases which can reduce life expectancy [3]. Slow progress in addressing the social determinants of health drives the need for novel, effective, evidence-based interventions to prevent and/or delay early onset ALRIs.



The most common ALRI presentations in children are acute bronchitis, bronchiolitis, and pneumonia. The key aetiological pathogens include the Gram-positive bacterium Streptococcus pneumoniae (S. pneumoniae) [4], respiratory syncytial virus (RSV) [5] and influenza virus [6]. Recently, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has caused pandemic infections and is likely to remain a prominent cause of ALRIs moving forward, though mostly in adults [7]. While most of the disease caused by ALRI pathogens is not vaccine preventable, some pathogen specific vaccines are available, such as the pneumococcal conjugate vaccine (PCV) [8] and the inactivated influenza vaccine (IIV) [9]. However, current PCVs only cover up to 13 of the more than 100 S. pneumoniae serotypes [10,11] and the IIV is only moderately effective due to annual strain changes in the influenza A virus (IAV) and it is not commonly given to infants [12]. RSV [13] and SARS-CoV-2 [14,15] vaccines are currently under development and may be available in the future. Broader approaches that build infant resilience by supporting optimal immune function are vital.



In this context, vitamin D is an important micronutrient with immunomodulatory properties, yet vitamin D deficiency (<50 nmol/L or 20 ng/mL) is prevalent in many populations around the globe [16,17]. In an extensive analysis spanning 44 countries, 37.3% of the 195 studies examined reported mean values below 50 nmol/L [18]. By region, mean levels were highest in North America and Europe and lowest in the Middle East and Asia. By age, children (especially newborns [18,19,20]) and the elderly (especially those institutionalised [18]) generally exhibited the highest risk of low vitamin D levels. Epidemiological studies have also identified that inadequate vitamin D levels are associated with immunopathological conditions including autoimmune diseases, malignancy and inflammatory diseases [21,22,23,24]. Of interest to the present review, we [19] and others [25] have shown that vitamin D deficiency is linked to an increased risk of ALRI in children. Case-control studies from India [26], Turkey [27] and Bangladesh [25] have found that childhood ALRI hospitalisation was associated with low vitamin D levels. In the Bangladesh study [25], the odds of ALRI doubled for each 10 nmol/L decrease in circulating 25-hydroxyvitamin D3 (25(OH)D3). Prospective birth cohort studies in several countries also suggest low cord blood vitamin D is a risk factor for ALRIs. In the Netherlands [28] neonates with 25(OH)D <50 nmol/L (vs >75 nmol/L) had a 6-fold risk of RSV diagnosed ALRI, while in Korea [29] low cord blood 25(OH)D was associated with a 2-fold increased risk of ALRI in the first 6 months of life. Likewise, in northern Australia we discovered that vitamin D deficiency (<50 nmol/L) was common among Aboriginal neonates (44%) and associated with an increased risk of ALRI hospitalisation in the first year of life [19]. While not all studies have found this association, synthesis of data from 12 observational studies [30] suggested that children with 25(OH)D <50nmol/L (vs ≥50 nmol/L) at birth or early infancy had a 3-fold higher risk of ALRI.



There is increasing evidence to show that vitamin D exerts broad regulatory effects on the immune response to infection. Indeed, activation of the vitamin D receptor (VDR) by the active metabolite of vitamin D, 1,25 hydroxy-vitamin D3 (1,25(OH)2D3), directly and/or indirectly regulates the expression of up to 5% of all the human genes [31,32,33]. Many of the target genes are involved in regulating innate immune function such as expression of pattern recognition receptors (PRRs) [34,35] and various cytokines involved in cellular proliferation, differentiation and degradation [36,37,38]. As vitamin D is intricately linked to innate immune cell function, it is not surprising that deficiency has been associated with inflammatory dysfunction and susceptibility to infection [39,40,41,42]. Furthermore, vitamin D supplementation has been shown to decrease the frequency and severity of respiratory infections [43]. Meta-analysis of individual participant data from 25 randomised controlled trials suggests vitamin D supplementation could reduce the risk of ALRI by over 20% if given daily or weekly during a period of deficiency [43,44].




1.2. Vitamin D Metabolism, Signalling, and Function


Humans synthesise the majority (~90%) of their vitamin D in the skin upon exposure to sunlight with an ultraviolet (UV) index of 3 or higher with the remainder coming from dietary sources [45] (Figure 1). Extreme latitudes, sun avoidance, clothing and deep pigmentation of skin limit epidermal vitamin D production [46], while sunscreens may not limit production as much as previously thought [47]. Cutaneous or dietary sourced vitamin D is hydroxylated in the liver by the enzyme 25-hydroxylase (CYP2R1) to form the major circulating metabolite 25(OH)D3; this metabolite reflects total body stores and is considered the best measure of vitamin D status [48]. The active hormonal vitamin D metabolite, 1,25(OH)2D3, is produced from the circulating 25(OH)D3 stores via a second hydroxylation reaction by 1-α-hydroxylase (CYP27B1) in the kidney or locally, as required by cells of other systems. Production of 1,25(OH)2D3 is tightly regulated by several hormones including parathyroid hormone and other catabolic enzymes in its classic endocrine role of calcium/phosphate metabolism and bone homeostasis [46]. Many human tissues outside of the kidney also have the capacity to synthesise the active vitamin D metabolite (1,25(OH)2D3) from 25(OH)D3, including cells of the innate immune system [49]. This ability to produce 1,25(OH)2D3 locally at the site of infection or inflammation highlights an important role in the modulation of the immune response.



The cellular actions of vitamin D are exerted upon binding to the VDR, expressed by virtually all cells of the innate immune system, including monocyte/macrophages, respiratory epithelial cells, neutrophils and dendritic cells (DC) [53,54,55,56], making them susceptible to 1,25(OH)2D3-mediated modulation. Interaction of VDR with its ligand, 1,25(OH)2D3, induces dimerization with retinoid X receptor (RXR) forming a heterodimeric complex which translocates to the nucleus and binds to vitamin D response elements (VDRE) in vitamin D-responsive genes. Depending on the target gene, other transcription factors may be attracted to the VDR/RXR-complex to ultimately up- or down-regulate gene transcription. [57]. In an alternative non-genomic pathway, 1,25(OH)2D3 binds to VDR inducing rapid changes in cell signalling pathways, resulting in the activation of one or more secondary messengers, including phosphatidylinositol-3 kinase (P13K) and/or mitogen-activated protein kinase (MAPK) [51,58]. These secondary messengers can engage in crosstalk with genomic responses. Ultimately, the relationship between vitamin D and immune function is complex and remains poorly understood. One of the most well-defined effects of vitamin D on innate immune function is the increased expression of the cathelicidin antimicrobial peptide (CAMP) gene [59,60]. CAMP codes for the human cationic antimicrobial protein 18kDa (hCAP-18) which is subsequently proteolytically cleaved to form the antimicrobial peptide (AMP), LL-37. LL-37 has a broad spectrum of antimicrobial activity against bacteria, fungi and viruses [61].




1.3. Hypothesis and Aims


Our overarching hypothesis is that sufficient circulating vitamin D is essential for optimal innate immune responses and protection against ALRIs in early life during a critical period of lung development and adaptive immune maturation, and prior to infant vaccination. While there is an emerging body of evidence from in vitro studies investigating the innate immunomodulatory properties of vitamin D [62,63,64,65] recent systematic and unbiased synthesis of data relating specifically to the leading paediatric ALRIs pathogens are lacking. The aim of this systematic literature review is to describe the current knowledge and knowledge gaps regarding the role of vitamin D metabolites on innate immune cell functions in response to challenge with S. pneumoniae, RSV and influenza virus. The evidence reported in this review is intended to update the current knowledge, provide key recommendations for future vitamin D related immunology research and guide the therapeutic potential of vitamin D against ALRIs.





2. Methods


A PubMed literature search was conducted using Boolean logic with the term “vitamin D” and “Streptococcus pneumoniae” or “Respiratory Syncytial Virus” or “Influenza”. The search was filtered to include only human focused studies published in the English language with full text available, between 1980 and 2020. Our a priori inclusion criteria were in vitro studies encompassing challenge of human innate immune cells with paediatric respiratory pathogens and/or antigens of S. pneumoniae, RSV or influenza virus, addressing the innate immunomodulatory effects of vitamin D. Exclusion criteria eliminated studies that did not measure the in vitro immunomodulatory effects of vitamin D in response to pathogen challenge, those focusing on adaptive/vaccine immune responses, review articles, meta-analyses and studies that challenged with pathogens other than those three mentioned above. The study selection process was mapped according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines and can be seen in Figure 2. Detailed study characteristics such as cell source, cell type, vitamin D form, dose, duration of exposure, presence of respiratory pathogen stimulus, direction of innate immune function change and pathway were extracted by Amy S. Bleakley (A.S.B) and cross-checked by Michael J. Binks (M.J.B).




3. Results


Our final search, conducted on 17th September 2020, retrieved 156 full-text articles after filtering. All articles were carefully assessed by two authors (A.S.B and M.J.B) against the eligibility criteria. Eleven relevant studies were included in the final review (Table 1). Hereafter, the articles and extracted data were organised and presented by challenge pathogen; S. pneumoniae (n = 4 articles), RSV (n = 6 articles), and influenza virus (n = 2 articles) (one study investigated S. pneumoniae and RSV and is hence included in both sections). None of the studies specifically characterised the responses of immune cells derived from children. A summary of the key findings is presented in Table 1.



3.1. Streptococcus Pneumoniae


3.1.1. Background


Streptococcus pneumoniae (S. pneumoniae) is the leading cause of childhood pneumonia worldwide [77]. In 2016, S. pneumoniae was responsible for 5.1 million lower respiratory tract infection hospitalisations and 341,029 deaths among children under 5 years across 195 countries [78]. Several clinical studies have linked vitamin D deficiency and pneumonia, showing a significant negative correlation between low serum 1,25(OH)2D3 levels and pneumonia severity. [79]. The immune response to S. pneumoniae in the lungs is multi-faceted involving many aspects of vitamin D dependent innate immunity including mucosal barrier interactions, and optimal functioning of infiltrating and resident immune cells [80]. Our search returned four studies that investigated the influence of vitamin D during pneumococcal challenge. The effects of vitamin D on neutrophils, monocytes, DCs and peripheral blood mononuclear cells (PBMCs) are depicted in Figure 3 and discussed in detail below.




3.1.2. Search Results


Olliver et al. [66] sought to determine the influence of vitamin D on innate DC responses to pneumococcal challenge. In their study, monocyte derived DCs were stimulated with live S. pneumoniae strain T4 (encapsulated) or T4R (unencapsulated) or purified S. pneumoniae peptidoglycan (PGN) in the presence of 1,25(OH)2D3. The presence of 1,25(OH)2D3 during pneumococcal challenge enhanced DC maturation by upregulation of CD86 and increased expression of the migration marker, C-C chemokine receptor 7 (CCR7), which initiates the transit of DCs to draining lymph nodes to engage with the adaptive immune response. Notably, this process was paralleled with reduced cellular uptake of live S. pneumoniae strain T4R, indicating that vitamin D-mediated migratory maturation of DCs renders them less phagocytic. Furthermore, in PGN-stimulated DCs 1,25(OH)2D3 enhanced the gene expression of important PRRs, toll-like receptor (TLR) 2 and nucleotide-binding oligomerization domain-containing protein 2 (NOD2) but did not affect TLR4 gene expression. This demonstrates that vitamin D can elevate the sensing capacity of DCs which could be important for downstream events of PRR activation. Indeed, in this study 1,25(OH)2D3 also strongly enhanced gene expression of interleukin (IL)-1β and the AMP, human beta defensin 3 (hBD-3), in PGN-stimulated DCs.



Submaranian et al. [68] showed similar effects in neutrophils whereby the active vitamin D metabolite, 1,25(OH)2D3, induced increased gene and protein expression of PRRs, TLR2 and NOD2, in response to heat killed S. pneumoniae strain T4. Further, 1,25(OH)2D3 treatment of peripheral blood derived primary neutrophils prior to S. pneumoniae challenge resulted in significantly reduced levels of the pro-inflammatory cytokines IL-6, IL-8 and IL-12p70 and enhanced production of the anti-inflammatory cytokine IL-4, which reduced the percentage of apoptotic neutrophils. The vitamin D-mediated production of inflammatory cytokines was reduced through the induction of negative regulators of TLR-induced inflammation, suppressor of cytokine signalling (SOCS) proteins, SOCS-1 and SOCS-3 in an IL-4 dependent manner. This resulted in the downregulation of the TLR adaptor protein, tumour necrosis factor receptor-associated factor 6 (TRAF6) and reduction of inhibitor of kappa B alpha (IκBα) phosphorylation which led to suppression of nuclear receptor kappa B (NFκB) nuclear translocation, thereby limiting excessive inflammatory cytokine production. Importantly, neutrophils exposed to 1,25(OH)2D3 during S. pneumoniae infection upregulated expression of the converting enzyme CYP27B1 and the VDR, which in turn enhanced neutrophil killing of S. pneumoniae via increased production of the AMPs, LL-37 and human neutrophil peptides 1-3 (HNP1-3).



The innate anti-inflammatory effects of vitamin D have also been shown in healthy PBMCs; which includes monocytes, DCs and natural killer (NK) cells. Hoe et al. [67] showed that pre-treatment (4 h) with vitamin D (both 1,25(OH)2D3 and 25(OH)D3) reduces PBMC production of the pro-inflammatory cytokines tumour necrosis factor alpha (TNF-α), interferon gamma (IFN-ɣ), and IL-1β as well as the chemokine IL-8 in response to challenge (24 h) with heat killed pneumococcal serotype 19F (HK19F). However, in isolated PBMC-derived CD14+ monocytes, both forms of vitamin D only reduced the production of TNF-α and unlike in PBMCs, 1,25(OH)2D3 increased production of the anti-inflammatory cytokine IL-10. This shifted the cytokine ratio (TNF-α:IL-10) towards an anti-inflammatory phenotype in isolated CD14+ monocytes. In a subsequent study by the same group [69], longer challenge of PBMCs with pneumococcal whole cell antigen (WCA) was used for the purposes of investigating T helper 17 (Th17) cell responses however some innate cytokines were also measured in these experiments. Results showed that longer 1,25(OH)2D3 pre-treatment (24 h) of pneumococcal WCA challenged (5 days) PBMCs also increased IL-10 and decreased IFN-ɣ production, while in contrast to their previous study, IL-1β production was increased. Additionally, opposite to the vitamin D-mediated increased TLR2 expression on neutrophils and DCs shown by Subramanian et al. [68] and Olliver et al. [66], respectively, the relative frequency of CD14+TLR2+ monocytes were reduced by 1,25(OH)2D3 in response to pneumococcal WCA challenge.




3.1.3. Discussion


From the available data, the net effect of vitamin D metabolites during S. pneumoniae challenge was somewhat heterogenous among innate immune cell types. Whilst upregulation of PRRs, TLR2 and NOD2, is increased on neutrophils [68] and DCs [66], CD14+TLR2+ downregulation is demonstrated on monocytes [69]. The use of different stimulation methods (intact organisms vs cell wall component) among experiments is noteworthy, however it has been suggested by others [81] that vitamin D may prime monocytes to respond less effectively to bacterial cell wall components to reduce the induction of pro-inflammatory mediators via downregulation of TLRs. While the relevance of this in the context of pneumococcal infection remains unclear, these effects may play a role in a negative feedback mechanism, whereby vitamin D prevents excessive TLR activation on monocytes and subsequently reduces inflammation during the course of an infection. The upregulation of PRRs on neutrophils and DCs appears to be synergistic with increased production of AMPs, HNP1-3 and hBD-3, respectively [66,68]. This synergy has been reported in epithelial cells and monocytes treated with vitamin D whereby the NOD2 ligand, muramyl dipeptide (MDP), induces enhanced NFκB-dependent induction of β-defensin 2 expression [82]. Therefore, vitamin D may modulate PRR expression to direct an innate immune response which is effective in clearing S. pneumoniae infection and reducing the excessive inflammation associated with dissemination of the bacteria to sterile sites within the host or which facilitates transmission to others. Further studies are required to clarify the differential effects of vitamin D on PRR expression during the early stages of infection.



DCs are highly specialised antigen presenting cells which are critical messengers between the innate and adaptive immune system. This review has highlighted that vitamin D promotes a mature, migratory and non-phagocytic phenotype in DCs in response to pneumococcal challenge [66]. This phenotype is associated with reduced antigen uptake and a shift towards increased antigen presentation and T cell stimulation. This contrasts with much of the previous evidence which shows that 1,25(OH)2D3 inhibits the differentiation, maturation and immunostimulatory capacity of DCs in response to non-specific TLR activation via lipopolysaccharide (LPS) [83,84,85]. However, while the adaptive immune responses are beyond the scope of this review, it must be mentioned that the mature DC phenotype identified by Olliver et al. [66] was able to modulate the subsequent adaptive T cell response from an inflammatoryTh1/Th17 response toward an anti-inflammatory T cell response [66]. This reduced Th17 response was also observed in PBMCs by Anderson et al. [69], however DC subsets were not specifically investigated. Interestingly, mature DCs display lower levels of VDR and increased expression and activity of CYP27B1 than immature DCs [86]. As such, mature DCs will produce more 1,25(OH)2D3 yet become relatively insensitive to VDR activity. The excess 1,25(OH)2D3 may have other non-genomic, paracrine or intracrine functions that are yet to be characterised in this context. The stimulation induced terminal differentiation of DCs may explain why vitamin D induced a mature DC phenotype in the study by Olliver et al. [66], whereby these mature DCs may allow the initiation of a T cell response whilst preventing further DC differentiation and maturation, thereby promoting tolerogenic T cell responses and inhibiting over stimulation of the adaptive immune response. However, it is important to recognise that culture conditions cannot recapitulate the in vivo physiology of DC populations nor vitamin D availability. Prospective research should investigate the vitamin D-mediated phenotype during different stages of DC differentiation and maturation to elucidate the delicate balance between innate and adaptive responses. Modulation of DC differentiation and maturation by vitamin D has been shown to be important during autoimmune diseases [87] and may be important for regulating the inflammatory response caused by S. pneumoniae and other respiratory pathogens.



Upon S. pneumoniae challenge, vitamin D promotes an anti-inflammatory cytokine profile in monocytes [67] and neutrophils [68] via a reduction in pro-inflammatory cytokines such as TNF-α, IL-6, IL-8, and IL-12p70 and increase in anti-inflammatory cytokines IL-10 and IL-4. An increase in IL-4 subsequently decreases apoptosis of S. pneumoniae infected neutrophils [68]. Interestingly, vitamin D increases the production of the pro-inflammatory cytokine, IL-1β, in DCs challenged with pneumococcal PGN (24 h) [66] and in PBMCs challenged with pneumococcal WCA (5 days) [69] however, reduces IL-1β production in PBMCs challenged with HK19F (24 h) [67]. While the concentration of 1,25(OH)2D3 was consistent among these studies, the length of vitamin D pre-treatment (at time of stimulation vs 24 h vs 4 h), pneumococcal antigen used for stimulation (PGN vs WCA vs HK19F) and length of stimulation (24 h vs 5 days) varied. The differential production of IL-1β between short and long PBMC challenges warrants further investigation. During the early stages of S. pneumoniae infection, IL-1β is essential for activation of the epithelium and downstream inflammatory responses [88]. Indeed, an excellent study by Verway et al. [89] demonstrated that vitamin D treated macrophages increase the production of IL-1β during Mycobacterium tuberculosis (M. tuberculosis) infection which directly signals to adjacent respiratory epithelial cells increasing their production of AMPs. In the context of ALRI, this mechanism could be highly important to reduce the dissemination of S. pneumoniae through the respiratory epithelium. Further work to investigate the vitamin D-inducible production of IL-1β within resident alveolar macrophages (AM) would be highly valuable, though collection of bronchoalveolar lavage samples through bronchoscopy is complex and rarely performed during acute infections. Additionally, whilst vitamin D induced upregulation of AMPs in DCs [66] and neutrophils [68] during pneumococcal challenge in the studies retrieved by our search, this has not yet been reported in monocytes/macrophages. Along with neutrophils, monocytes are recruited to the lungs during ALRI and can differentiate into macrophages. Besides their phagocytic capabilities, macrophages are antigen presenting cells responsible for the initiation of the adaptive immune response, making them important in the defence against many pathogens. Monocytes/macrophages have been shown to promote localised activation of vitamin D in response to M. tuberculosis infection, resulting in modulation of LL-37 production [50]. The TLR-mediated induction of LL-37 expression in monocytes is also likely to occur during S. pneumoniae infection making vitamin D supplementation a promising approach for treating and/or preventing S. pneumoniae infection, particularly among those who are deficient. More research is required to validate vitamin D-mediated production of both IL-1β and LL-37 in response to S. pneumoniae infection. It is important to note that Hoe et al. [67] was the only study to report host plasma 25(OH)D3 levels, and while still able to observe an effect upon 1,25(OH)2D3 treatment, baseline vitamin D status may be a confounding factor among other studies utilising adult PBMCs. Studies in known vitamin D-deficient populations may reveal more potent immunomodulatory effects.



Emerging research is beginning to shed light on the vitamin D mediated innate immune cell (neutrophils, monocytes and DCs) responses to S. pneumoniae. In addition, the immunomodulatory effects of vitamin D on respiratory epithelial cells in response to S. pneumoniae have been evaluated in one interesting study. This study identified a possible polymicrobial mechanism by which treatment with physiological concentrations of 25(OH)D3 induced resistance to human rhinovirus (RV) in A549 alveolar epithelial cells and attenuated RV-induced expression of the G-protein coupled receptor, platelet-activating factor receptor (PAFR) [90]. The PAFR is known to mediate adhesion of virulent strains of S. pneumoniae to the respiratory epithelium, suggesting that vitamin D may have the capacity to limit post-viral S. pneumoniae infection.



In conclusion, the net vitamin D mediated innate immune effect against pneumococcal challenge, though somewhat heterogeneous, comprises differential modulation of PRRs altering pathogen sensing, priming of an anti-inflammatory adaptive immune response via modulation of DC phenotype, increased anti-bacterial capacity via upregulation of AMPs in DCs and neutrophils, and a shift to a predominantly anti-inflammatory cytokine state. Taken together, the findings suggest that vitamin D acts to enhance pneumococcal clearance and reduces excess inflammation associated with immunopathology. Unfortunately, the generalisability of these findings to children remains unclear.





3.2. RSV


3.2.1. Background


Respiratory syncytial virus is a ubiquitous virus and prominent cause of ALRIs (mostly bronchiolitis) among young children globally. In 2015, there were an estimated 33.1 million episodes of RSV-ALRI, resulting in 3.2 million hospital admissions and 6000 in-hospital deaths in children younger than 5 years [5]. Epidemiological studies have linked vitamin D deficiency to RSV susceptibility, with low 25(OH)D3 concentrations associated with increased risk of RSV-associated bronchiolitis in infants [28,91]. RSV primarily infects and replicates within sentinel immune cells of the respiratory epithelium, including respiratory epithelial cells. The virus is recognised by PRRs expressed on innate immune cells, triggering the release of AMPs, chemokines and cytokines, important for the initiation of the inflammatory response to limit viral replication and dissemination [92]. Our search returned six studies that investigated the influence of vitamin D during RSV challenge, the majority of which were experiments in respiratory epithelial cells. The effects of vitamin D on monocytes, respiratory epithelial cells, NK cells and PBMCs are depicted in Figure 4 and discussed in detail below.




3.2.2. Search Results


Early work by Hansdottir et al. (2008) [70] showed that primary human tracheobronchial epithelial (HTBE) cells infected with RSV in the presence of 25(OH)D3 were capable of locally upregulating the conversion of 25(OH)D3 to 1,25(OH)2D3 and that this was associated with increased mRNA expression of cathelicidin. Similarly, Telcian et al. [74] showed that pre-treatment of primary human bronchial epithelial cells (HBEC) with 1,25(OH)2D3 increased RSV-induced cathelicidin mRNA expression in a dose-dependent manner. Together, these data demonstrate that respiratory epithelial cells modulate vitamin D metabolism during RSV infection and increase expression of AMPs, potentially enhancing localised innate anti-viral capacity.



Two studies investigated the vitamin D-mediated PRR-driven cytokine production in PBMCs in response to RSV challenge [69,73]. Fitch et al. [73] found that addition of the active metabolite, 1,25(OH)2D3, to PBMCs at the time of RSV stimulation had no impact on production of the chemotactic cytokines; C-C motif chemokine ligand 2 (CCL2), CCL8, and CCL5 which control leukocyte chemotaxis or the anti-inflammatory cytokine IL-10. In a similar experiment, Anderson et al. [69] showed that the modulatory effect of 1,25(OH)2D3 was limited to a reduction in the pro-inflammatory cytokine IL-6, with no effect on other cytokines measured (IFN-ɣ, IL-1β and IL-10). Interestingly, when innate cell subsets were examined [69], 1,25(OH)2D3 significantly reduced the overall relative frequency of CD14+ and TLR2+ expression among PBMCs. More specifically, the relative frequency of CD14+TLR2+ monocytes were reduced, whilst CD14+TLR7+ monocytes, which mediate viral sensing, and CD56+TLR4+ NK cells were increased.



Vitamin D also has been shown to modulate important components of signalling cascades that dictate the innate immune response to RSV. A second study by Hansdottir et al. (2010) [71] reported that 1,25(OH)2D3 modulates NFκB signalling in primary HTBE cells during RSV challenge by increasing mRNA expression of the NFκB inhibitor, IκBα. Importantly, they were able to demonstrate several downstream effects including reduced expression of C-X-C motif chemokine ligand 10 (CXCL10) which acts as a chemoattractant for various immune cells and IFN-β which is an important component of the anti-viral response. In turn, this reduced the induction of IFN-β-stimulated anti-viral proteins; human myxovirus resistance A (MxA) and IFN-stimulated protein of 15kDa (ISG15). Additionally, 1,25(OH)2D3 decreased RSV-induced levels of signal transducer and activator of transcription (STAT1) protein and its nuclear translocation via decreased STAT1 phosphorylation (pSTAT1). This was demonstrated to be a consequence of NFκB-driven inflammatory suppression (IFN-β). Despite the reduction in various innate anti-viral mediators, the study found no impairment of viral clearance. Similarly, Stoppelenburg et al. [72] investigated the vitamin D mediated immune responses in RSV-infected A549 alveolar epithelial cells. Here, 1,25(OH)2D3 also reduced the expression of NFκB -driven expression of IFN-β via increased IκBα production and of STAT1-driven antiviral genes (interferon regulatory factor (IRF) 1 and IRF7) via decreased pSTAT1. Furthermore, no differences in viral replication were observed between A549 alveolar epithelial cells expressing the M1 Fokl VDR variant (known to be associated with severe bronchiolitis RSV) and those expressing the common M4 VDR variant. However, in M1 Fokl VDR-expressing epithelial cells, 1,25(OH)2D3 had no effect on RSV-induced STAT1 activation and downstream gene expression of IRF1 and IRF7. In summary, these results show that 1,25(OH)2D3 dampens the innate anti-viral and inflammatory response via NFκB and STAT inhibition, without jeopardizing RSV clearance. Therefore, the vitamin D mediated modulation of anti-viral and inflammatory mediators in response to RSV infection appears to be VDR dependent, with VDR polymorphisms rendering the STAT-mediated immune reactions non-responsive to vitamin D control.




3.2.3. Discussion


Similar to S. pneumoniae infection, vitamin D modulates key innate immune responses to RSV. The significance of the differential vitamin D induced modulation of PRRs (TLR2 and TLR7) on monocytes during RSV challenge is unclear [69]. RSV surface proteins can be recognised by TLR2 located on the cell surface and single stranded RNA (ssRNA) can be recognised by TLR7 present on the intracellular endosomal compartment [93]. Activation of these TLRs transmits intracellular signalling which produce cytokines and chemokines important for inflammation and viral clearance. The finding by Anderson et al. [69] that CD3+CD56+TLR4+ NK cell frequency is increased is interesting because TLR4 deficiency can lead to impaired NK cell trafficking to the lungs and significantly impaired cytotoxicity in NK cells in mice during RSV infection [94]. NK cells are important for the recognition of virally infected cells and have strong cytolytic functions [95], therefore the influence of vitamin D on NK cell function could be important in RSV infection. In general, there is limited information regarding the role of PRRs in RSV infection, and PRR subtypes can vary among different cell types eliciting heterogeneous antiviral responses against RSV infection [96]. The results here demonstrate that the effects of vitamin D modulation are likely to be cell type specific. Prospective research is required to validate the differential influence of vitamin D on PRRs among innate immune cells.



In addition to the modulation of PRRs, vitamin D influences key signalling pathways within respiratory epithelial cells involved in the innate immune response to RSV. In this respect, vitamin D increases expression of the NFκB inhibitor, IκBα, and decreases pSTAT1, resulting in decreased production of anti-viral and inflammatory mediators; IFN-β, CXCL10, MxA, ISG15, IRF1 and IRF7 [71,72]. RSV primarily infects respiratory epithelial cells which are potent sources of chemokines and cytokines important for the recruitment and activation of inflammatory cells. While these inflammatory mediators are necessary for an effective host inflammatory response against RSV, uncontrolled inflammation can be deleterious, leading to impaired lung function. Vitamin D (VDR/STAT1-dependent) may be necessary to control RSV-induced inflammation, reducing immunopathology and progression to severe disease. This may be particularly important in infants who are more susceptible to RSV morbidity and mortality.



Importantly, despite the reduced anti-viral responses elicited by vitamin D in response to RSV, viral load and replication is not increased [71,72], even among epithelial cell lines expressing the Fokl VDR variant which renders the RSV driven anti-viral inflammatory signalling pathways (STAT1) non-responsive to vitamin D control. This finding indicates that the higher risk of severe RSV bronchiolitis (odds ratio (OR), 2.24; confidence interval (CI), 0.98–5.14) [97,98] among individuals with Fokl VDR gene polymorphism (rs2228570; cytosine>thymine (C > T)) is likely related to secondary immunopathology rather than proliferation of the virus itself. Several hypotheses may explain this. In the presence of sufficient vitamin D, the anti-viral response remains entirely functional without being excessive or perhaps the simultaneous induction of cathelicidin [70,74], which has anti-viral activity against enveloped viruses such as RSV [99], counteracts any loss in NFκB-mediated activity, such as IFN-β production. Alternatively, vitamin D may act in a temporal negative feedback loop, where increasing autocrine production of 1,25(OH)2D3 during an infection dampens the release of potent inflammatory mediators in a concentration and time dependent manner. It has been shown previously that vitamin D can decrease rhinovirus replication and infectivity in HBEC through the induction of cathelicidin [74,100]. The ability to upregulate cathelicidin is one of the key reasons why vitamin D supplementation is attractive as an intervention to protect both infants and adults against RSV infection.



Upon RSV challenge, vitamin D appears to have little net impact on inflammatory cytokine production in PBMCs with effects limited to reduced IL-6 production [69] and no effect on other inflammatory cytokines and chemokines (CCL2, CCL8, CCL5, IFN-ɣ, IL-1β and IL-10) [69,73]. These results contrast with that seen in response to S. pneumoniae which displays an anti-inflammatory cytokine profile in the presence of vitamin D. Prospective research should utilise immunophenotyping and intracellular cytokine staining to elucidate the vitamin D-mediated cell-type specific cytokine responses.



In conclusion, vitamin D modulates the inflammatory response to RSV infection by altering PRR expression, reducing the production of proinflammatory cytokines in peripheral innate immune cells and increasing cathelicidin expression in respiratory epithelial cells, potentially increasing anti-viral capacity. Despite the high burden of RSV infection among infants, no studies have specifically investigated the effects of vitamin D on the immune response to RSV in children.





3.3. Influenza


3.3.1. Background


Influenza A virus (IAV) infection is a common pathogen identified in children with ALRIs and results in substantial global mortality. In 2008, there was an estimated 20 million episodes of influenza associated ALRI in children under 5 years of age resulting in an estimated 28,000–111,500 deaths worldwide [6]. Observational studies have identified that sufficient levels of vitamin D reduce the chance of developing IAV infection [101] and vitamin D supplementation in humans is associated with reduced incidence and severity during IAV infection [102]. IAV primarily infects respiratory epithelial cells. Within the cells of the immune system, IAV induces apoptosis which is a major contributor to host cell death and tissue damage via stimulation of a pro-inflammatory response [103]. The virus is also able to upregulate the biogenesis of autophagosomes for intracellular survival whilst simultaneously blocking them from fusing with lysosomes. This blockade in autophagy function leads to increased cell stress and apoptosis. Autophagy and apoptosis are two distinct self-destructive cellular processes which control the turnover of cytoplasmic organelles and entire cells, respectively [104]. Our search returned only two studies that investigated the influence of vitamin D during IAV challenge.




3.3.2. Search Results


In 2013, Khare et al. [75] showed that 1,25(OH)2D3 treatment of A549 alveolar epithelial cells pre- and post-H1N1 (IAV) infection significantly reduces the IAV-induced levels of IL-6, TNF-α, IL-1β, RANTES (Regulated on Activation, Normal T cell Expressed and Secreted) and IL-8. Interestingly, gene expression of IFN-β and ISG15 was significantly reduced by 1,25(OH)2D3 pre-treatment, however, 1,25(OH)2D3 treatment post-IAV infection significantly increased both IFN-β and ISG15. Furthermore, treatment with 1,25(OH)2D3 pre- and post-H1N1 infection reduced autophagy measured by beclin-1 expression and significantly decreased apoptosis, measured by Sub G1 peak analysis, to constitutive levels seen in uninfected control cells. These results did not explain why viral levels and respiratory epithelial cell viability remained unchanged. However, a significant decrease in influenza M protein mRNA levels was observed, indicating reduced viral replication. Though this study identified that vitamin D could modulate the interplay between autophagy and apoptosis, more recent experiments have shed light on the molecular mechanisms by which 1,25(OH)2D3 regulates these two processes. Godbole et al. [76] demonstrated restoration of autophagy (inhibited by H1N1) marked by increased levels of the autophagy markers microtubule-associated protein light chain 3-Ⅱ (LC3B-Ⅱ) and p62 which represent the levels of autophagosome formation and degradation, respectively. In addition, levels of Syntaxin-17 (STX17) and V-type proton ATPase subunit (ATP6VOA2) which regulate vesicular fusion and lysosomal activity were restored to control levels in the presence of 1,25(OH)2D3. This was accompanied by reversal of H1N1 induced apoptosis in A549 alveolar epithelial cells, marked by decreased levels of the apoptotic marker Cleaved Caspase-3.




3.3.3. Discussion


The direct molecular basis behind the anti-IAV action of vitamin D is currently not well understood. Vitamin D reduces the pro-inflammatory cytokine prolife produced by IAV infected respiratory epithelial cells [75]. However, the finding that vitamin D treatment post H1N1 infection significantly increases both IFN-β and ISG15 is very interesting and suggests that vitamin D may regulate the inflammatory response in a time-dependent manner. Unfortunately, neither the S. pneumoniae nor RSV studies evaluated post infection addition of vitamin D precluding direct contrast in this regard. Though the post-infection activity appears opposite to that observed with vitamin D pre-treatment in both RSV and IAV infection [71,72,75], 1,25(OH)2D3 might be tightly regulated and less available during this scenario in vivo. Nevertheless, adequate vitamin D present pre- and post-IAV infection suppresses a range of inflammatory mediators which may reduce tissue injury and immunopathology. Investigation into the modulation of intracellular pathways responsible for suppression of cytokines/chemokines within IAV-infected respiratory epithelial cells would be worthwhile to fully elucidate the anti-viral mechanisms modulated by vitamin D.



Importantly, the pro-autophagic actions of vitamin D have been proposed as a possible explanation for the observed anti-IAV activity of vitamin D in humans. Restoration of autophagy during IAV infection potentially limits viral induced cellular injury via reduced apoptosis [75,76]. The mechanisms of autophagy during IAV infection are dynamic and complex and yet to be clearly characterised. Therefore, the results from the studies identified in this review [75,76] should be interpreted with caution since they used different parameters to measure autophagic flux and did not comprehensively address the mechanistic action of vitamin D on autophagy. Several approaches can be used to measure autophagic flux and advancements in autophagy measuring techniques, such as immunofluorescence, may aid the efforts to elucidate the effects of vitamin D on autophagy during IAV infection [105]. Interestingly, vitamin D has been shown to induce anti-mycobacterial activity against M. tuberculosis in monocytes/macrophages by increasing autophagy in a cathelicidin-dependent manner [106]. Cathelicidin has been shown to have anti-viral activity against IAV [107] and could be another mechanism by which vitamin D exerts anti-IAV effects.



To summarise, IAV is known to undermine the autophagic processes in respiratory epithelial cells, inducing apoptosis and tissue damage. The studies reviewed here suggest that vitamin D has pleiotropic effects during IAV infection, modulating the production of pro-inflammatory cytokines and anti-viral mediators and restoring IAV inhibited autophagy, thereby limiting cellular apoptosis. As such, vitamin D may be important to limit IAV induced pathology.






4. Summary of Findings


4.1. S. pneumoniae


	
Three of four studies reported modulation of PRRs (TLR2, TLR4 and NOD2) with differential effect across innate cell types (DCs, neutrophils and monocytes), overall, potentially increasing pathogen sensing.



	
Two of four studies measured AMP production, hBD-3 in DCs and HNP1-3 and LL-37 in neutrophils, consistently showing increased production and directly effecting bacterial clearance.



	
One of four studies reported reduced apoptosis (neutrophils) via increased IL-4 production.



	
One of four studies investigated DC phenotype reporting a mature, migratory and non-phagocytic phenotype.



	
Two of four studies measured inflammatory cytokines and chemokines (TNF-α, IFN-ɣ, IL-1β, IL-8, IL-10, IL-12p70) displaying a predominantly anti-inflammatory profile with the exception of IL-1β which was differentially modulated by vitamin D across cell types (DCs and PBMCs), however this may be due to experimental design.



	
One of four studies investigated intracellular signaling molecules (SOCS1, SOCS3, TRAF6 and NFκB) which ultimately controls the excessive production of pro-inflammatory cytokines.







4.2. RSV


	
One of six studies reported modulation of PRRs (TLR2, TLR4 and TLR7) with differential effects across innate cell types (monocytes and NK cells).



	
Two of six studies measured AMP expression (cathelicidin) in respiratory epithelial cells, consistently showing increased expression potentially increasing anti-viral capacity.



	
Two of six studies measured inflammatory cytokines and chemokines (CCL2, CCL8, CCL5, CXCL10, IL-6, IL-10, IFN-ɣ, IL-1β and IL-10) with effects limited to reduced IL-6 production in PBMCs.



	
Two of six studies measured anti-viral mediators (IFN-β, MxA, ISG15, IRF1 and IRF7) in respiratory epithelial cells consistently showing reduction, despite no change in viral load or replication.



	
Two of six studies investigated intracellular signaling cascades, both showing increased IκBα and decreased pSTAT1 to be associated with the reduction in anti-viral mediators.







4.3. Influenza


	
Two of two studies measured autophagy showing differential modulation but overall downstream reduction in apoptosis via increased auto-phagolysosome fusion in respiratory epithelial cells.



	
One of two studies measured inflammatory cytokines (IL-6, TNF-α, IL-1β, RANTES and IL-8) and anti-viral mediators (IFN-β and ISG15), overall reducing inflammation but differentially modulating anti-viral agents in the presence of vitamin D pre- and post-infection.








5. Conclusions


In this systematic literature review, we describe the current knowledge regarding the innate immunomodulatory effects of vitamin D in the context of exposure to common paediatric respiratory pathogens. A relatively small number of in vitro studies were identified by our search (n = 11). Despite some heterogeneity in the findings, vitamin D was shown to consistently dampen the inflammatory response to common paediatric bacterial and viral pathogens with potential effects on pathogen clearance (see Section 4. Summary of findings). However, the relationship between vitamin D and the innate immune responses to respiratory pathogens is complex and the net effect will depend on the cells that respond and the response necessary for resolution of infection. Additionally, while the studies in this review clearly show that vitamin D modulates the immune response to paediatric respiratory pathogens the impact of form, dose and time of supplementation are difficult to interpret. Most of the studies only investigated one metabolite [66,69,70,71,72,73,74,75,76] and while those investigating both did report differential effects on cytokine responses the doses were variable [67], and conclusions not easily drawn. Some of the studies found a dose-dependent response to vitamin D [74], but again the interpretation was challenging because doses were not representative of normal physiological concentrations (particularly 1,25(OH)2D3) and the timing of supplementation was dictated mostly by experimental design [66,68,69,75,76]. Ultimately, improved knowledge is necessary in many areas (see Section 7. Outstanding questions). Further investigation is required to characterise the in vitro modulation of PRR expression which mediate pathogen recognition and the downstream AMP production within innate cell subsets. Additional whole live pneumococcal challenge studies are required to better depict real infection, rather than those using heat killed S. pnemoniae or pneumococcal cell wall fragments. Furthermore, it will be important to understand why the reduced expression of anti-viral mediators and increased autophagic flux has no apparent net effect on viral clearance (RSV and influenza virus, respectively).



Whether the in vitro findings reported in this review can be translated into a substantial in vivo benefit remains uncertain. Importantly, none of the studies utilised immune cells derived from children limiting interpretation in a paediatric context. Needless to say, despite the logistical difficulties, in vivo proof of concept within paediatric high-risk populations is necessary to gain a better representation of the childhood immune responses. Future studies should begin to focus on the in vivo immunomodulatory role of vitamin D by monitoring immune cell subset frequencies and using whole blood challenge experiments in children with known serum vitamin D levels or during vitamin D intervention trials.




6. Future Perspectives


Emerging research is moving towards large intervention studies examining the role of vitamin D supplementation to prevent paediatric ALRIs. For example, our “D-kids” clinical trial (ACTRN12618001174279) investigating whether vitamin D supplementation (during pregnancy and infancy) reduces the incidence of ALRIs during the first 12 months of life. Further, given the rise in the Coronavirus disease 2019 (COVID-19) pandemic and the high proportion of disease seen among those with vitamin D deficiency [108] it could be proposed that vitamin D supplementation may reduce the risk and severity of SARS-CoV-2 infection in adults [109,110].



To guide future recommendations for the use of vitamin D as an intervention against ALRIs, mechanistic research focusing on improving our understanding of the context-specific immunomodulatory activity of vitamin D must be conducted synergistically with novel clinical trials and population-based surveillance. Despite the promising experimental data indicating the immunomodulatory effects of vitamin D, population and individual level genetic variation in endogenous vitamin D utilisation must also be considered [111]. We speculate that optimal immune resilience against these respiratory pathogens is likely to require both prior and ongoing vitamin D sufficiency throughout infection since vitamin D is shown to wane during acute illness [112]. Maintaining sufficient vitamin D during infection may help reduce pathogen induced immunopathology. The findings presented in this review advocate for widespread monitoring and supplementation with vitamin D where necessary, to reduce deficiency and optimise innate immune responses to common respiratory pathogens. The cellular and molecular pathways involved in the modulation of the innate immune response by vitamin D may have profound implications for the strategic use of supplementation in reducing ALRIs in children and adults alike.




7. Outstanding Questions


What are the dominant DC phenotypes during respiratory bacterial and viral challenges in the presence of vitamin D? Is vitamin D involved in DC-mediated immune tolerance in response to respiratory pathogens?



Why does vitamin D promote a predominantly anti-inflammatory cytokine profile in response to S. pneumoniae yet has limited impact on the cytokine response to RSV and are these responses selectively modulated by vitamin D? Is the common view of vitamin D as an anti-inflammatory agent an oversimplification?



What is the significance of vitamin D mediated PRR modulation upon ALRI pathogen challenge? Does the altered PRR expression profile directly modulate downstream anti-microbial functions (AMP)?



Why are the anti-viral effects (RSV and influenza) of vitamin D not associated with reduced viral load and replication?



Do the in vitro findings highlighted in this review translate into in vivo benefits? Can the findings from adult immune cells/cell lines provide an accurate representation of the paediatric immune response?
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Figure 1. Vitamin D metabolism and receptor binding. Vitamin D is obtained from dietary sources, supplementation or is converted from 7-dehydrocholesterol in the skin by ultraviolet B (UVB) rays. Vitamin D is then converted to the major circulating form, 25(OH)D3, by 25-hydroxylase (CYP2R1) in the liver. The active circulating form, 1,25(OH)2D3, is largely synthesised in the kidney by 1-α-hydroxylase (CYP27B1), but also by many innate immune cells. 1,25(OH)2D3 ligates with cytosolic or membrane bound vitamin D receptor (VDR) and can also be catabolised by 24-hydroxylase (CYP24A1). VDR ligation results in heterodimerisation with retinoid X receptor (RXR), translocation of this complex to the nucleus and binding to vitamin D response elements (VDRE) in the promotor regions of responsive genes results in up and down-regulation of gene transcription involved in the innate immune response. Non-genomic effects can occur when membrane bound VDR ligation occurs, inducing acute activation of cell signalling pathways (mitogen-activated protein kinase, MAPK and phosphatidylinositol, PI3K). These signalling cascades can alter gene transcription via crosstalk with secondary messengers. (Adapted from Mann et al. [50] and Haussler et al. [51]). (Created with BioRender.com [52]). 
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Figure 2. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flow diagram depicting the systematic study selection process. S. pneumoniae: Streptococcus pneumoniae, RSV: Respiratory Syncytial Virus. 
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Figure 3. Effects of vitamin D on innate cell subsets in response to Streptococcus pneumoniae (S. pneumoniae). Vitamin D differentially modulates expression of pathogen recognition receptors, toll-like receptor 2 (TLR2), TLR4, CD14 and nucleotide-binding oligomerization domain-containing protein 2 (NOD2) on neutrophils, monocytes, dendritic cells (DCs) and peripheral blood mononuclear cells (PBMCs) altering their pathogen sensing capacity. Vitamin D increases production of IL-4 in neutrophils, decreasing apoptosis, whilst also increasing production of suppressor of cytokine signalling 1 (SOCS-1) and SOCS-3, reducing tumour necrosis factor receptor-associated factor 6 (TRAF6) and nuclear factor kappa B (NFκB), overall reducing excessive inflammation (IL-6, IL-8, IL-12p70). Vitamin D modulates TNF-α, IFN-ɣ, IL-8 and IL-10 in monocytes and PBMCs and IL-1β is differentially modulated in PBMCs and DCs, potentially contributing to initiation of the inflammatory process (IL-1β), but overall reducing excessive inflammation. Production of human beta-defensin 3 (hBD-3) within DCs and human neutrophil peptide (HNP1-3) and LL-37 within neutrophils is enhanced by treatment with vitamin D, potentially increasing anti-bacterial capacity. Finally, the maturation and migration (CD86 and C-C chemokine receptor type 7 (CCR7)) of DCs is upregulated by vitamin D, priming these cells for interactions with adaptive immunity. ↑/↓ indicates increase or decrease and → indicates no difference/change to response during immune stimulation with versus without the experimental addition of vitamin D. Green arrows indicate potential net effect. (Created with BioRender.com [52]). 
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Figure 4. Effects of vitamin D on innate cell subsets in response to respiratory syncytial virus (RSV). Vitamin D differentially modulates expression of pathogen recognition receptors, CD14, toll-like receptor 2 (TLR2), TLR4 and TLR7 on monocytes, natural kills (NK) cells and peripheral blood mononuclear cells (PBMCs) altering their pathogen sensing capacity. Vitamin D increases inhibitor of kappa B alpha (IκBα) and decreases signal transducer and activator of transcription (STAT1) phosphorylation in respiratory epithelial cells, resulting in decreased production of the chemokine; C-X-C motif chemokine ligand 10 (CXCL10) and of antiviral agents; interferon-β (IFN-β), myxovirus resistance protein A (MxA), IFN-stimulated protein of 15kDa (ISG15), IFN regulatory factor 1 (IRF1) and IFR7, overall potentially reducing inflammation. Cathelicidin expression within respiratory epithelial cells is increased by vitamin D, potentially increasing anti-viral capacity. Vitamin D reduces IL-6 in PBMCs but has not impact on IFN-ɣ, IL-1β, IL-10, C-C motif chemokine ligand 2 (CCL2), CCL8, and CCL5. ↑/↓ indicates increase or decrease and → indicates no difference/change to response during immune stimulation with versus without the experimental addition of vitamin D. Green arrows indicate potential net effect. (Created with BioRender.com [52]). 
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Table 1. Characteristics of studies describing the immunomodulatory effects of vitamin D on innate immune cells following challenge with Streptococcus pneumoniae, respiratory syncytial virus and influenza virus.
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	Study
	Cell Source
	Cell Type
	Vitamin D Form, Dose and Treatment Time
	Stimulation Method
	Significant Innate Immune Response Change
	Interpretation of Net Effects





	S. pneumoniae
	
	
	
	
	
	



	Olliver et al., 2013 [66]
	Healthy adult volunteers
	Monocyte-derived DCs
	1,25(OH)2D3

(100 nmol/L) pre-treatment for 24 h or at time of stimulation
	S. pneumoniae strain T4 (encapsulated) or T4R (unencapsulated) of serotype 4 (MOI, 1 or 50) or Pneumococcal PGN (1μg/mL) or MDP (5μg/mL) for 24 h
	↑ CD86

↑ CCR7

↓ Uptake of T4R

↑ TLR2 and NOD2

→ TLR4

↑ hBD-3

↑ IL-1β
	↑ DC maturation and migration

↓ Phagocytosis

↑ Pathogen sensing

↑ Anti-bacterial capacity

↑ Initiation of inflammation



	Hoe et al., 2016

[67]
	Healthy adult volunteers
	PBMCs and CD14+ monocytes
	1,25(OH)2D3

(100 nmol/L) or 25(OH)D3 (500nmol/L) pre-treatment

for 4 h
	Heat killed S. pneumoniae of serotype 19F (MOI, 50) for 24 h
	PBMC:

↓ TNF-α, IFN-ɣ, IL-1β and IL-8

→ IL-10

CD14+ monocytes:

↓ TNF-α ↑ IL-10

→ IFN-ɣ, IL-1β and IL-8
	↓ Pro-inflammatory cytokines

↑ Anti-inflammatory cytokines

(in monocytes)



	Subramanian et al., 2017 [68]
	Healthy adult volunteers
	CD66b+ and CD16+ neutrophils
	1,25(OH)2D3

(100 nmol/L) or 25(OH)D3 (100 nmol/L) pre-treatment for 2 h or at time of stimulation
	S. pneumoniae strain T4 or T4R of serotype 4 (MOI, 0.1) for 1 or 4 h or PGN (10μg/mL) for 4 or 6 h
	↑ HNP1-3 and LL-37

↑ TLR2 and NOD2

↓ IL-6, IL-8 and IL-12p70

↑ IL-4

↑ SOCS-1 and SOCS-3

↓ TRAF6 and NFκB
	↑ Anti-bacterial capacity

↑ Pathogen sensing

↓ Pro-inflammatory cytokines

↓ Apoptosis (via ↑ IL-4)

↓ Inflammation



	Anderson et al., 2020 [69]
	Healthy adult volunteers
	PBMCs and CD14+ monocytes
	1,25(OH)2D3 (100 nmol/L) pre-treatment for 24 h (PBMC) or at time of stimulation (CD14+ monocytes)
	Pneumococcal WCA (1μg/mL) for 5 days
	PBMC:

↑ IL-1β and IL-10

↓ IFN-ɣ and CD14

CD14+ monocytes:

↓ TLR2
	↑ Initiation of inflammation

↑ Anti-inflammatory cytokines

↓ Pathogen sensing





	RSV
	
	
	
	
	
	



	Hansdottir et al., 2008 [70]
	University of Iowa Cell and Tissue Core
	Human tracheobronchial epithelial cells
	25(OH)D3

(1000 nmol/L) at time of stimulation
	RSV strain A-2

(MOI, 1) for 24 h
	↑ Cathelicidin mRNA
	↑ Anti-viral capacity



	Hansdottir et al., 2010 [71]
	University of Iowa Cell and Tissue Core
	Human tracheobronchial epithelial cells
	1,25(OH)2D3

(1000 nmol/L)

pre-treatment

for 16-18 h
	RSV strain A-2

(MOI, 1-2) for 24 h
	↑ IκBα ↓ pSTAT1

↓ IFN-β and CXCL10

↓ MxA and ISG15

→ Viral quantity and replication
	↓ Anti-viral response

↓ Inflammation

→ Viral clearance





	Stoppelenburg et al., 2014 [72]
	A549 lung adenocarcinoma cell line
	Human alveolar epithelial cells
	1,25(OH)2D3

(100 nmol/L) at time of stimulation
	RSV strain A-2

(MOI, 1) for 24 h
	↑ IκBα ↓ pSTAT1

↓ IFN-β

↓ IRF1 and IRF7

→ Viral replication
	↓ Antiviral response

↓ Inflammation

→ Viral clearance



	Fitch et al., 2016

[73]
	Healthy adult volunteers
	PBMCs
	1,25(OH)2D3

(10 or 100 nmol/L) at time of stimulation
	RSV strain Long

(104.9 median tissue

infectious dose/mL)

for 24 h
	→ CCL2, CCL8, CCL5 and IL-10
	→ No change to inflammatory

response



	Telcian et al., 2017

[74]
	BEAS-2B cell line
	Human bronchial epithelial cells
	1,25(OH)2D3

(10, 100 or 1000 nmol/L)

pre-treatment for 16 h
	RSV strain A-2

(MOI, 1)

for 24 h
	↑ Cathelicidin mRNA
	↑ Anti-viral capacity



	Anderson et al., 2020 [69]
	Healthy adult volunteers
	PBMCs and CD14+ monocytes and CD3+CD56+ NK cells
	1,25(OH)2D3

(100 nmol/L) at time of stimulation
	RSV strain A-2

(MOI, 1)

for 24 h
	PBMC:

↓ IL-6, ↓ CD14 and TLR2

CD14+ monocytes:

↑ TLR7 ↓ TLR2

CD3+CD56+ NK cells:

↑ TLR4
	↓ Inflammation

↑↓ Pathogen sensing



	Influenza virus
	
	
	
	
	
	



	Khare et al., 2013

[75]
	A549 lung adenocarcinoma cell line
	Human alveolar epithelial cells
	1,25(OH)2D3 (100 nmol/L pre or 30 nmol/L post infection) for 16 h pre-treatment or 1 h post-treatment
	H1N1 (1/64 HA unit)

for 48 h
	→ Viral quantity and cell

viability pre and post

↓ Beclin-1 and Sub G1 peak pre

and post treatment

↓ IL-6, TNF-α, IL-1β, RANTES and IL-8 pre and post treatment

↓ IFNβ and ISG15 pre-treatment

↑ IFNβ and ISG15 post-treatment
	→ Viral clearance

↓ Autophagy

↓ Apoptosis

↓ Inflammation



	Godbole et al., 2020 [76]
	A549 lung adenocarcinoma cell line
	Human alveolar epithelial cells
	1,25(OH)2D3 (100 nmol/L)

pre-treatment for 6 h plus

72 h post-infection
	InfluenzaA/California/7/2009 H1N1

(MOI, 0.1) for 72 h
	→ Viral quantity

↓ LC3B-Ⅱ and p62

↑ STX17 and ATP6VOA2

↓ Cleaved Caspase-3
	→ Viral clearance

↑Autophagic flux

↓ Apoptosis







1,25(OH)2D3: 1,25 hydroxy-vitamin D3; 25(OH)D3: 25-hydroxyvitamin D3; DC: Dendritic cell; CCL: C-C chemokine ligand; CCR: C-C chemokine receptor; CD: Cluster of differentiation; CXCL: C-X-C chemokine ligand; hBD-3: Human beta defensin 3; MxA: human myxovirus resistance A; HNP 1-3: Human neutrophil peptide 1-3; IκBα: Inhibitor of kappa B alpha; IFN: Interferon; IRF: Interferon regulatory factor; ISG15: Interferon-stimulated protein of 15kDa; IL: Interleukin; MOI: Multiplicity of infection; MDP: Muramyl dipeptide; NK: Natural killer; NFκB: Nuclear factor kappa B; NOD: Nucleotide-binding oligomerisation domain; PGN: Peptidoglycan; PBMC: Peripheral blood mononuclear cells; RANTES: Regulated on Activation, Normal T cell Expressed and Secreted; RSV: Respiratory syncytial virus; STAT: Signal transducer and activator of transcription; S. pneumoniae: Streptococcus pneumoniae; SOCS: Suppressor of cytokine signalling; TLR: Toll-like receptor; TRAF: Tumour necrosis factor receptor-associated factor; TNF: Tumour necrosis factor; VDR: Vitamin D Receptor; WCA: Whole cell antigen. ↑/↓ Indicates statistically significant increase or decrease by vitamin D compared to stimulation in the absence of vitamin D. → Indicates no significant difference/change by vitamin D compared to stimulation in the absence of vitamin D.
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