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A B S T R A C T

The interaction between vitamin D and the immune system is perhaps the most well recognised extraskeletal 
facet of vitamin D, encompassing early studies of therapy for TB and leprosy through to more recent links with 
autoimmune disease. However, the spotlight on vitamin D and immune function has been particularly intense in 
the last five years following the COVID-19 pandemic. This was due, in part, to the many association studies of 
vitamin D status and COVID-19 infection and disease prognosis, as well as the smaller number of clinical trials of 
vitamin D supplementation. However, a potential role for vitamin D in COVID-19 also stemmed from the basic 
biology of vitamin D that provides a plausible mechanistic rationale for beneficial effects of vitamin D for 
improved immune health in the setting of respiratory infection. The aim of this review is to summarise the 
different strands of mechanistic evidence supporting a beneficial effect of vitamin D in COVID-19, how this was 
modified during the pandemic itself, and the potential new aspects of vitamin D and immune function that are 
likely to arise in the near future. Key topics that feature in this review are: antibacterial versus antiviral innate 
immune responses to 1,25-dihydroxyvitamin D (1,25(OH)2D); the function of immune 1α-hydroxylase 
(CYP27B1) activity and metabolism of 25-hydroxyvitamin D (25(OH)D) beyond antigen-presenting cells; ad-
vances in immune cell target gene responses to 1,25-dihydroxyvitamin D (notably changes in metabolic profile). 
Whilst much of the interest during the COVID-19 era has focused on vitamin D and public health, the continued 
evolution of our understanding of how vitamin D interacts with different components of the immune system 
continues to support a beneficial role for vitamin D in immune health.

1. Introduction

Extraskeletal actions have played a prominent role in the evolution 
of vitamin D research over the last 40 years [1], with the most well 
characterised of these being the interaction between vitamin D and the 
immune system [2]. A link between vitamin D and immunity initially 
arose from studies in the 19th century prior to the actual discovery 
vitamin D itself. In seminal studies carried out at the Royal Brompton 
Hospital in London, cod liver oil (a rich source of vitamin D) was shown 
to have positive effects in the treatment of tuberculosis (TB) (reviewed 
in [3]). In a similar fashion, in 1903 Niels Finsen won a Nobel Prize for 

his work on the use of sunlight for the treatment of lupus vulgaris (skin 
TB) [4]. Again, this was prior to the discovery of vitamin D, but the 
inference is that sunlight-generated vitamin D may have been a key 
factor in Finsen’s observations, and exposure to sunlight became a key 
feature of the treatment of TB in sanatoria during the first half of the 
20th century [5]. A specific immunological role for vitamin D was 
further endorsed by studies in the 1940s that used actual vitamin D as 
treatment for TB [6] and another mycobacterial disease, leprosy [7].

Further assessment of the therapeutic use of vitamin D in the setting 
of immunity was sidelined by the advent of antibiotics in the 1950s, and 
it was another 25 years before there was renewed interest in the 
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immunomodulatory actions of vitamin D. In this case, the link between 
vitamin D and immunity initially stemmed from observations of 
elevated circulating levels of 1,25-dihydroxyvitamin D (1,25(OH)2D) in 
patients with the granulomatous disease sarcoidosis [8]. Whilst many 
subsequent studies focused on the role of vitamin D in the pathophysi-
ology of hypercalcemia in patients with sarcoidosis [9], this era also 
marked the beginning of awareness that the link between vitamin D and 
immune function was much more than a simple pathophysiological 
phenomenon. The initial observation suggesting a broader role for 
vitamin D in the immune system arose from studies demonstrating that 
the source of elevated 1,25(OH)2D in patients with sarcoidosis is the 
macrophages associated with the disease, rather than the classical renal 
location of the 1α-hydroxylase (CYP27B1) enzyme that converts 
25-hydroxyvitamin D (25(OH)D) to 1,25(OH)2D [10,11]. Macrophage 
metabolism of 25(OH)D provided the first example of extra-renal 
CYP27B1 activity, but initially it was unclear what function 
immune-synthesized 1,25(OH)2D might have beyond the enhancement 
of renal CYP27B1-generated circulating levels of 1,25(OH)2D, and the 
hypercalcemic risks associated with this.

In parallel with studies of macrophage 25(OH)D metabolism, the 
other major observation linking vitamin D and immunity was the 
detection of intracellular receptors for 1,25(OH)2D in immune cells. 
Many of these studies were carried out prior to cloning of the human 
vitamin D receptor (VDR) in 1988 [12], but nevertheless reported 
varying levels of intracellular 1,25(OH)2D binding in a diverse array of 
immune cells including monocyte precursors to macrophages [13,14]
and also T and B lymphocytes (T cells and B cells) [15–17], suggesting 
that cells from both the innate and adaptive (acquired) immune systems 
were potential targets for 1,25(OH)2D [18]. The precise functional 
impact of 1,25(OH)2D on these cells was somewhat less clear. For 
monocytes/macrophages the predominant effect of 1,25(OH)2D 
appeared to be inhibition of proliferation and concomitant induction of 
cell differentiation towards a more mature macrophage-like phenotype 
[13,14,19,20]. Early studies of the functional response of lymphocytes 
to 1,25(OH)2D also described potent anti-proliferative effects of 1,25 
(OH)2D and related anologs [21–23]. These preliminary observations 
supported an initial hypothesis that vitamin D promoted innate immu-
nity via enhanced monocyte differentiation, but suppressed adaptive 
immunity via decreased T and B cell proliferation [18]. This, in turn, 
lead to investigation of the potential use of ‘non-calcemic’ vitamin D 
analogs as therapeutic agents for immune disorders [24,25], whilst also 
providing the foundation for anti-cancer applications based on the 
antiproliferative/prodifferentiation effects of vitamin D analogs on 
monocytic cells of leukemic origin [26,27].

At the beginning of the 21st Century, 20 years after the first studies 
linking vitamin D and the immune system, the over-arching perspective 
was still pathophysiological, with aberrant vitamin D metabolism being 
a feature of granulomatous disorders [28], and immune actions vitamin 
D viewed in the setting of therapeutic responses to supplemental 
non-calcemic 1,25(OH)2D analogs [29]. However, since then there has 
been a significant shift in our understanding of vitamin D and immune 
function, with localised synthesis of 1,25(OH)2D by immune cells 
postulated as pivotal feature of normal immune physiology, and intra-
crine and paracrine responses to this immune-generated 1,25(OH)2D 
described for both innate and adaptive arms of the immune system [30, 
31]. Crucially, this new perspective of vitamin D and immunity provided 
a mechanistic rationale for the increasing numbers of association studies 
linking vitamin D-deficiency with immune disorders. Specifically, 
decreased availability of circulating 25(OH)D was hypothesized to 
diminish immune synthesis of active 1,25(OH)2D and thereby compro-
mise intracrine/paracrine innate and/or adaptive immune function [32, 
33]. Conversely, enhanced serum 25(OH)D status following vitamin D 
supplementation might be expected to promote local immune synthesis 
of 1,25(OH)2D and thus better promote effective antimicrobial innate 
and anti-inflammatory adaptive immune function.

This core concept of intracrine synthesis and action of 1,25(OH)2D 

has underpinned the many association studies linking vitamin D status 
with human health issues, as well as the randomized control trials for 
vitamin D supplementation that have been carried out over the last 20 
years. So far, this intracrine model for vitamin D has been based on 
studies ex vivo or in vitro, and it is only recently that new analytical 
technologies have confirmed the efficacy of localised extra-renal syn-
thesis of 1,25(OH)2D. Specifically, the recently reported adoption of 
mass spectrometry imaging to ‘map’ the tissue distribution of 1,25 
(OH)2D and other vitamin D metabolites has provided new evidence for 
tissue-specific synthesis of 1,25(OH)2D [34]. This approach, coupled 
with ablation of CYP27B1 expression in classical renal tissue, has 
confirmed the capacity for synthesis of 1,25(OH)2D at extra-renal sites, 
such as the spleen, that are enriched for immune cells [35]. In particular, 
these studies have shown that splenic production of 1,25(OH)2D is 
strongly enhanced following in vivo vitamin D supplementation, sup-
porting the core hypothesis that vitamin D status (25(OH)D availability) 
is a major driver of local synthesis of 1,25(OH)2D in tissues exposed to 
infection, and associated immune responses [35].

The aim of this review is to firstly document the three fundamental 
mechanisms that define our current understanding of vitamin D and the 
immune system: 1) the importance of intracrine synthesis of 1,25 
(OH)2D; 2) identification of specific innate immune responses to locally 
synthesized 1,25(OH)2D; 3) identification of specific adaptive immune 
responses to 1,25(OH)2D. The second aim of this review is to detail each 
of these mechanisms linking vitamin D and immunity in the setting of 
developments that occurred during the COVID-19 pandemic. In the 5 
years since SARS Coronavirus-2 (SARS-CoV-2) infections were first re-
ported there have been almost 2000 published papers on vitamin D and 
COVID-19. Most of these publications have focused on associations be-
tween serum vitamin D status and risk and/or severity of COVID-19 
[36], or the potential benefits of vitamin D supplementation in pre-
venting or managing COVID-19 [37]. These studies have been well 
summarised in many other publications and the current review will not 
attempt to address epidemiological and clinical aspects of vitamin D and 
COVID-19. Instead, in common with other areas of vitamin D and the 
immune system, it is important to recognise that a plausible role for 
vitamin D in COVID-19 is supported by key underpinning mechanisms. 
The current review will focus on three of these pivotal mechanisms and 
how our perspective of these mechanisms and our broader view of 
vitamin D and immunity has been modified during the COVID-19 era.

2. Innate immune responses to vitamin D: from antibacterial to 
antiviral

2.1. Antiviral actions of antibacterial proteins

Perhaps the most pivotal observation linking vitamin D and innate 
immunity is the ability of 1,25(OH)2D to promote antibacterial proteins 
such as cathelicidin antimicrobial protein (CAMP) (see Fig. 1A). The 
initial report detailing the direct regulation of CAMP expression by 1,25 
(OH)2D [38] provided a platform for subsequent studies that placed 
vitamin D at the heart of innate immune responses to infection. The 
vitamin D responses element (VDRE) associated with 1,25(OH)2D-me-
diated induction of CAMP gene transcription was shown to be associated 
with a short interspersed nuclear element (SINE) transposable region of 
DNA [39]. The fact that this SINE and its associated VDRE were only 
detectable in higher primates strongly suggests that the ability of 1,25 
(OH)2D to stimulate CAMP is a relatively recent genomic adaptation 
[39]. The potential importance of this evolutionary conservation for 
human health was then further underlined by seminal studies describing 
vitamin D induction of CAMP in monocytes following toll-like receptor 
(TLR) stimulus to mimic exposure to Mycobacterium tuberculosis (M. Tb) 
[40]. The crucial advance in this study was that activation of TLR sig-
nalling stimulated expression of both VDR and CYP27B1 in the mono-
cytes so that CAMP gene transcription could be induced by addition of 
25(OH)D, with intracrine production of 1,25(OH)2D driving CAMP 
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expression [40]. As well as suggesting that enhanced vitamin D meta-
bolism is a key feature of immune responses to infection, this study also 
underlined the importance of 1,25(OH)2D in driving antibacterial innate 
immunity. In the setting of M. tb, the ability of 1,25(OH)2D to combat 
infection appears to be primarily due to transcriptional induction of the 
CAMP gene, with antisense knockdown of CAMP in monocytes 
compromising inhibition of the intracellular pathogen [41]. Neverthe-
less, 1,25(OH)2D has also been shown to stimulate expression other 
antibacterial proteins such as β-defensin 2 (BD-2), and 1,25(OH)2D in-
duction of antibacterial proteins has also been described for pathogens 

other than M. tb, and in cells other than monocytes/macrophages [42].
Vitamin D can act to promote expression of antibacterial proteins 

and enhance bacterial killing but these responses may also be applicable 
in the setting of viral infection (Fig. 1B). This is due, in part, to direct 
antiviral activities of cathelicidins such as CAMP on a wide range of 
virus types to disrupt viral membranes, assembly of viral particles, viral 
load, and the replication and release of viruses [43]. The majority of 
these studies have been carried out on enveloped viruses such as res-
piratory syncytial virus, influenza A virus, herpes simplex virus, human 
acquired immunodeficiency virus (HIV), vaccina virus and dengue virus 

Fig. 1. Vitamin D and innate and adaptive immunity. A. Vitamin D and monocyte/macrophage responses to a bacterial (e.g. M. tb) challenge. M. tb phagocytosed but also 
signalling via membrane TLR to stimulate expression of VDR and CYP27B1. The resulting intracellular metabolism of 25(OH)D (transported by the vitamin D binding 
protein, DBP) to 1,25(OH)2D enables intracrine transcriptional regulation of target genes such as the antibacterial proteins cathelcidin (CAMP) and β-defensin-2 (BD- 
2), the intracellular pattern recognition receptor NOD2 and the iron regulatory protein hepcidin (HAMP). Intracrine 1,25(OH)2D also stimulates autophagy to 
promote further processing of the phagocytosed M. tb. B. Vitamin D and responses to viral challenge. Cellular uptake of virus is associated with both cell membrane and 
endosomal signalling via TLR to stimulate the same intracrine system observed for responses to bacterial infection. CAMP and BD-2 promote antiviral activity via 
effects on ACE2 receptor masking and potentiation of TLR signalling (see Fig. 2). Intracrine 1,25(OH)2D also promotes autophagy by stimulating PI3KC3 and beclin 
and by inhibition of mTOR. C. Vitamin D and adaptive immune responses to infection. In addition to its innate immune activity, intracrine 1,25(OH)2D inhibits 
expression of major histocompatibility complex II (MHCII) and T cell co-stimulators (CD80/CD86) to modulate antigen presentation to Th0 T cells expressing T Cell 
receptor (TCR), CTLA4 and CD28. Different types of T cells are induced following antigen presentation (dashed coloured arrows) – e.g. inflammatory Th1 and Th17 T 
cells and tolerogenic regulatory T cells (Treg), which each T cell type characterised by specific cytokines (to right of cell) but also induction of VDR expression. 1,25 
(OH)2D synthesized by antigen-presenting cells (APC) can act in a paracrine fashion on T cells expressing VDR: inhibition of Th1 (suppressed IFNγ) and Th17 
(suppressed IL-17, IL-21 and IFNγ) to promotes anti-inflammatory activity and enhanced Treg development (enhanced IL-10, FoxP3 and TGFβ) to promote tol-
erogenesis. In the setting of SARS-CoV-2 infection and T cell activation by complement, Th1 cells are also characterised by intracrine synthesis of 1,25(OH)2D (in 
combination with VDR expression) as part of anti-inflammatory responses.
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[43], but there have also been reports of antiviral CAMP activity on the 
non-enveloped adenovirus [44]. Whilst none of these studies has spe-
cifically assessed direct effects of vitamin D, the ability of 1,25(OH)2D to 
enhance CAMP and BD-2 expression suggests a possible role for vitamin 
D in facilitating this particular facet of cathelicidin/defensin antiviral 
activity.

In addition to effects on virus assembly, replication and release, 
CAMP and BD-2 can also influence the process of viral infection and 
action. This varies significantly for different types of viruses (the 
retrovirus HIV is quite distinct from SARS-CoV-2 coronavirus or the 
influenza A virus) so that a generalised mode of action for vitamin D can 
only be seen as hypothetical. Fig. 2 shows a schematic representation of 
viral infection using the SARS-CoV-2 virus (COVID-19) as an example 
(see blue arrows) of viral infection and associated immune responses. 
SARS-CoV-2 uses its obligate receptor, the angiotensin converting 
enzyme 2 (ACE2) to enter target host cells such as bronchial epithelia 
[45]. Following entry into ACE2-expressing tissue, replication of the 
SARS-CoV-2 virus is followed by release of infective virus, which can 
then trigger host innate immune responses [46]. This involves some of 
the cellular innate immune responses described earlier in this review but 
also includes the activation of complement [47].

Another facet of viral function that may be influenced by antibac-
terial proteins concerns the ability of these proteins to influence virus- 
receptor interactions. Using in silico analyses, the active peptide 
component of CAMP (generated by proteinase cleavage of CAMP and 
referred to as LL-37) and BD-2 were predicted to bind to the receptor 
binding domain (RBD) within the spike protein (S1) region of the SARS- 
CoV-2 [48,49] and thus have the potential to compromise binding to 
ACE2. Subsequent studies in vivo using mouse models showed that 
intranasal administration of LL-37 diminished lung epithelial cell uptake 

of a SARS-CoV-2 pseudoviron [50]. This was due, in part, to LL-37 
binding to the SARS-CoV-2 RBD to prevent S1-ACE2 interaction, as 
predicted by the in silico studies. However, LL-37 was also shown to be 
able to bind directly to ACE2 and thereby ‘cloak’ the receptor against 
SARS-CoV-2 binding [50]. The inference from these studies is that 
proteins such as CAMP/LL-37 that have antibacterial properties can also 
act to supress infection by viruses. As such, the ability to upregulate 
peptides such as CAMP – with vitamin D being a prime candidate – may 
have significant benefits for diseases such as COVID-19 [51]. The red 
arrows shown in Fig. 2 highlight the putative mechanisms by which 
vitamin D could potentially interact with viral infection by SARS-CoV-2.

Specific data demonstrating CAMP and/or BD-2-modulated virus- 
receptor interaction in response to 1,25(OH)2D have yet to be reported. 
However, somewhat paradoxically, 1,25(OH)2D has been shown to 
enhance ACE2 expression. Whilst this would appear to support increased 
opportunity for SARS-CoV-2 infection, it should also be recognized that 
ACE2 plays a pivotal role in the renin-angiotensin-aldosterone system 
(RAAS) that controls blood pressure and fluid/electrolyte homeostasis. 
Within the RAAS ACE acts to generate angiotensin II, whilst ACE2 
functions to attenuate levels of angiotensin II, with a balance maintained 
between these two key components of RAAS at both a systemic and 
tissue-specific level [52]. In particular, ACE2 protects against the 
vasoconstrictive, pro-inflammatory and pro-fibrotic effects of angio-
tensin II, and thus plays a key role in directing RAAS cardiovascular 
homeostasis. This is a pivotal feature of the development of COVID-19 
disease, where impaired lung function leading to acute respiratory 
distress syndrome (ARDS) is a key contributor to COVID-19 mortality. It 
has been proposed that COVID-19 is a disease associated with ACE2 
deficiency, with the resulting imbalance of angiotensin II contributing to 
the dysregulation of lung function that is central to the development of 

Fig. 2. Vitamin D and immune responses to SARS-CoV-2. Uptake of the SARS-CoV-2 by targets such as lung epithelial cells is facilitated by the receptor angiotensin 
converting enzyme 2 (ACE2). Following viral replication the release of infective virus promotes complement activation, leading to activation of innate and adaptive 
immune responses, including T and B cell responses (see blue arrows). Effects of vitamin D are shown as red arrows. The active peptide of cathelicidin (CAMP) 
referred to as LL-37 and β-defensin2 (BD-2) generated by these cells in response to intracrine synthesis of 1,25(OH)2D (1,25D) from 25(OH)D (25D) by antigen 
presenting cells such as macrophages can i) bind to the SARS-CoV-2 spike protein or ii) bind and cloak ACE2, thus inhibiting cellular viral uptake. 1,25D also 
stimulates expression of ACE2 which suppresses angiotensin II (AngII). AngII is associated with impaired lung function and acute respiratory distress syndrome 
(ARDS). Thus, 1,25D can act to ameliorate this. 1,25D can also improve lung function through enhanced barrier through increased expression of junction proteins 
and other epithelial defence mechanisms. Endosomal internalization of virus incorporates toll-like receptor (TLR)-induced innate immune responses. These THR 
responses are enhanced by the action of LL-37. Other innate immune responses to viral infection include complement activation, leading to further innate and 
adaptive immune responses as shown in Fig. 1. This includes complement activation of Th1 cells to induce intracrine, 25D-dependent gene responses, including a 
specific group of 1,25D suppressed genes that are dysregulated in patients with COVID-19.
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ARDS [53]. Thus, by stimulating ACE2 and generally promoting a shift 
away from angiotensin II, vitamin D may provide a more balanced RAAS 
to support normal lung function and prevent possible ARDS in diseases 
such as COVID-19 [54]. Previous studies using a 
lipopolysaccharide-induced sepsis model of acute lung injury (ALI) in 
mice showed that ALI was exacerbated in mice lacking the VDR, and this 
was due, in part, to the loss of 1,25(OH)2D-mediated down-regulation of 
angiotensin II in these mice [55]. The lung vascular protective effect of 
vitamin D is further endorsed by the established actions of 1,25(OH)2D 
in maintaining tissue barrier integrity. This effect of vitamin D has been 
well documented in the gastrointestinal tract, where vitamin D has been 
shown to be a potent regulator of the gap junction proteins that are 
central to the maintenance of gut mucosal barrier integrity [56]. Similar 
effects of vitamin D have now been reported for lung epithelial mucosa 
[57], indicating that this is another mechanism by which vitamin D can 
influence lung function and ARDS.

The ability of the LL-37 peptide of CAMP to bind to viruses has the 
potential to promote immune responses beyond the inhibition of cellular 
uptake of virus described above for SARS-CoV-2 and its cognate ACE2 
receptor. However, CAMP may also modulate the interaction between 
SARS-CoV-2 and pattern recognition receptors. Innate immune cells 
such as monocytes, macrophages and dendritic cells (DC) express 
several types of toll-like receptor (TLR) that recognise and respond to 
viruses. With respect to viral infections various TLR are expressed within 
locations such as endolysosomes that facilitate intracellular responses to 
nucleic acids such as the single- and double-stranded RNA and DNA that 
are characteristic of viruses [58]. Studies have shown that the LL-37 
peptide of CAMP can bind to double-stranded RNA (dsRNA) to pro-
mote dsRNA signalling via TLR3 [59–61]. Conversely, LL-37 binding to 
lipopolysaccharide appears to inhibit signalling via TLR4 [60]. These 
observations indicate that LL-37 has the potential to augment virus 
signalling via intracellular (endosomal) pattern recognition receptors 
such as TLR (see Fig. 2). In this way, antibacterial peptides such as CAMP 
may act to promote more effective innate and adaptive immune re-
sponses to viral infection [62].

2.2. Regulation of hepcidin and iron homeostasis

The ability of vitamin D to promote innate immune responses to 
infection is not restricted to induction of antibacterial proteins. As 
shown in Fig. 1A, 1,25(OH)2D also stimulates expression of nucleotide- 
binding oligomerization domain 2 (NOD2), an intracellular pattern 
recognition receptor for the bacterial cell wall component muramyl 
dipeptide [63]. In this instance the 1,25(OH)2D-mediated bacterial 
surveillance by NOD2 was associated with enhanced antibacterial ac-
tivity by β-defensin 2 [63]. Paradoxically, the antimicrobial protein 
hepcidin (HAMP) is supressed by 1,25(OH)2D [64]. Expression of HAMP 
is induced as part of innate immune responses to bacterial infection but 
HAMP also functions as a key regulator of intracellular iron homeostasis 
[65]. Specifically, HAMP binds the iron-exporter protein ferroportin to 
promote its endocytosis and degradation [66]. Consequently, inflam-
matory immune responses following infection are associated with 
elevated hepcidin expression and increased intracellular accumulation 
and decreased export of iron, contributing to the so-called anaemia of 
inflammation or anaemia of chronic disease [67]. The resulting accu-
mulation of intracellular iron in cells such as macrophages has also been 
linked to exacerbation of infection by pathogens such as M. tb [68]. In 
human monocytes and hepatocytes treatment with 1,25(OH)2D results 
in transcriptional suppression of hepcidin [69]. This, in turn, is associ-
ated with enhanced ferroportin protein expression and decreased 
expression of ferritin, a marker of intracellular iron [69]. Suppression of 
serum hepcidin levels has also been reported for healthy subjects sup-
plemented with vitamin D where concentrations of serum 25(OH)D, but 
not 1,25(OH)2D, were elevated [69]. In a similar fashion vitamin D 
supplementation decreased hepcidin expression in macrophages from 
the dialysis fluid of patients undergoing peritoneal dialysis following 

supplementation [70]. Thus, studies ex vivo and in vivo suggest that 
suppression of hepcidin by vitamin D supports cellular iron homeostasis. 
By promoting cellular iron export in this way, vitamin D may help to 
minimise intracellular bacterial survival through depletion of iron 
availability, whilst also helping to prevent the systemic anaemia 
commonly associated with infections [71].

The innate immune actions of vitamin D in maintaining intracellular 
iron export and restricting pathogen access to iron do not immediately 
appear to be transferable to viral immunity. Intracellular iron overload 
predisposes to viral infections and some viruses are able to hijack 
components of iron homeostasis to promote their replication [72]. 
Notably in a small number of case studies, infection with COVID-19 has 
been reported to be associated with increased expression of hepcidin and 
iron overload (particularly in elderly and obese subjects). Conversely 
ectopic expression of the iron exporter protein ferroportin in monocytes 
has been shown to promote intracellular iron export and reduce repli-
cation of another type of virus, human immunodeficiency virus-type 1 
(HIV) [73]. As a naturally occurring regulator of intracellular iron, 
vitamin D may play a pivotal role in the link between iron homeostasis 
and viral infection and this connection has been expanded recently to 
include possible effects on ferroptosis [74]. Ferroptosis is a form of 
oxidative cell death that is associated with iron accumulation, lipid 
peroxidation and damage to cell membranes [75]. The broad applica-
bility of oxidative damage to human life means that a wide range of 
human pathologies have been linked to ferroptosis, notably tumor 
suppression and tissue degenerative disorders [75]. Ferroptosis is also 
closely linked to immune surveillance, with ferroptotic cell death 
described for cells from both the innate and adaptive immune systems 
[74]. In common with many other cell processes, viruses are known to 
hijack facets of the ferroptotic process to support survival and promote 
replication [76]. In various model systems, notably in the setting of 
inflammation [77] and cognitive impairment [78] vitamin D has been 
shown to inhibit ferroptosis. It is therefore possible to predict that, in 
addition to established effects on intracellular iron levels, the broader 
actions of vitamin D on ferroptosis may act as an additional component 
of its antiviral immunoregulatory properties.

2.3. Regulation of autophagy and cell metabolism

In cells such as macrophages and neutrophils, the ability of proteins 
such as CAMP and DEFB4 to combat pathogens such as M. tb is depen-
dent on internalization of the mycobacterium by phagocytosis and 
incorporation of the antibacterial agent into a fused phagosome- 
lysosome that provides an enhanced intracellular environment for bac-
terial killing. This process can be further embellished by the integration 
of the phagolysosomal machinery with elements of autophagy. Canon-
ical autophagy facilitates the degradation of cellular components such a 
organelles and intracellular proteins, but it can also contribute to 
pathogen phagocytosis by incorporating the autophagy marker protein 
LC-3, into the phagosomal membrane and then fusing with a lysosome to 
form a phagolysosome, which is then able to utilize antibacterial pro-
teins and lysosomal enzymes to degrade the internalized pathogen [79]. 
In human monocytes 1,25(OH)2D was reported to promote autophagy 
indirectly via induction of CAMP [80], and subsequent studies showed 
that this response could be driven by intracrine metabolism of 25(OH)D 
following mycobacterial lipoprotein TLR activation [81].

As outlined in Fig. 2, many of the recent advances in our under-
standing of vitamin D and immunity arising from studies of viruses, and 
SARS-CoV-2 in particular, have stemmed from analysis of cell types 
outside the traditional immune system – notably lung epithelial cells 
[57]. Nevertheless, it should also be recognised that other facets of 
monocyte/macrophage/DC function previously described for antibac-
terial innate immunity, are also applicable for antiviral immunity. The 
potent induction of autophagy in monocytic cells by 
intracrine-generated 1,25(OH)2D can also impact viruses. In previous 
studies of HIV, 1,25(OH)2D inhibited growth and replication of HIV in a 
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similar fashion to M. tb, and this effect was shown to be dependent on 
beclin- and autophagy-related 5 homologue (ATG5)-mediated auto-
phagy [82,83]. Autophagy is also strongly influenced by activity of 
mammalian target of rapamycin (mTOR), which acts to inhibit the 
initiation of autophagy [84]. As such, modulation of mTOR is a key 
pharmacological target in a variety of disease settings and it is inter-
esting to 1,25(OH)2D can act as an intracrine suppressor of mTOR by 
directly inducing the mTOR inhibitor DDIT4 [85]. Collectively these 
observations underline the importance of autophagy as a pivotal 
component of innate immune responses to vitamin D, comparable to the 
more well-characterised induction of antibacterial peptides by 1,25 
(OH)2D. Further studies are required to demonstrate the wider appli-
cability of autophagy for antiviral responses to vitamin D beyond the 
existing studies of HIV [82,83]. Autophagy can be antiviral, with 
virophagy (also referred to as xenophagy) targeting the virus for 
degradation and subsequent antigen presentation, but viruses can also 
suppress or modify autophagy to promote viral survival [86,87]. 
SARS-CoV-2 is known to stimulate autophagy but is also able to hijack 
autophagy machinery to enhance replication of the virus [88]. In future 
studies it will be interesting to determine how the pro-autophagic effects 
of vitamin D specially influence innate immune responses to different 
types of viruses.

As well as regulating autophagy and ferroptosis, recent studies have 
demonstrated broader effects of vitamin D on cell metabolism in cells 
from the immune system. Monocytes/macrophages and DC treated with 
1,25(OH)2D show strong induction of genes associated with glycolysis, 
oxidative phosphorylation and the TCA cycle, indicating that changes in 
cell metabolism are crucial for innate immune responses to vitamin D 
[89,90]. In DC this was due in part to increased fatty acid synthesis [91]. 
The specific relevance of this to vitamin D-mediated regulation of DC 
function has yet to be determined and may simply reflect cell membrane 
morphological changes due to changes in DC maturation required for 
antigen presentation. However, changes in fatty acid metabolism may 
also contribute to ferroptosis as described in Section 2.2. In future 
studies it will be important to determine the relative impact of vitamin D 
on fatty acid synthesis, lipid peroxidation and iron accumulation in cells 
such as macrophages and DC, and the impact that has on viral and 
bacterial infection. Interestingly, in T cells, treatment with 1,25(OH)2D 
has the opposite metabolic impact to that observed in DC. Activated 
CD4 + helper T cells (Th) showed decreased aerobic glycolysis when 
treated with 1,25(OH)2D and this effect was strongly linked to the 
classical action of 1,25(OH)2D in supressing IFNγ expression in these 
cells [92]. This effect is consistent with the role of glycolysis in 
inflammatory/memory T cell function and promotion of an immuno-
suppressive and regulatory T cell phenotype with decreased glycolysis 
[93].

3. Intracrine synthesis of 1,25(OH)2D by innate and adaptive 
immune cells

3.1. CYP27B1 expression by antigen presenting cells

Tissue-specific localized synthesis of 1,25(OH)2D is a pivotal feature 
of the interaction between vitamin D and the immune system. The most 
well-recognised example of this, in the setting of normal physiology, is 
the TLR-induced expression of CYP27B1 that is associated with mono-
cyte/macrophage generation of 1,25(OH)2D to stimulate expression of 
antibacterial proteins [40]. However, this was not the first example of an 
intracrine role for CYP27B1 in innate immunity. Earlier studies using 
monocyte-derived DC described increased expression of CYP27B1 and 
the capacity to generate 1,25(OH)2D as DC differentiated towards a 
mature, antigen-presenting cell (APC) phenotype [94]. Interestingly, 
elevated levels of CYP27B1 were associated with a concomitant decrease 
in VDR expression, suggesting that mature DC actively metabolising 25 
(OH)D may not necessarily be the same cells that respond to the 1,25 
(OH)2D product. An alternative scenario is that the 1,25(OH)2D 

produced by mature DC, acts primarily on VDR-rich less mature DC 
[33]. This makes immunological sense in that mature DC would be able 
to fulfil their APC commitments to present antigen to T cells from the 
adaptive immune system, whilst rheostatically regulating APC activity 
through paracrine delivery of 1,25(OH)2D to DC that are still in the 
process of differentiating [33]. Whatever the case, it is clear that within 
the immune system the capacity of moncoytes/macrophages and DC to 
synthesize 1,25(OH)2D is a pivotal feature of not only the intracrine 
antibacterial/antiviral responses described in the previous section, but 
also the expansion of immune response into the adaptive immune sys-
tem (Fig. 1C).

3.2. CYP27B1 expression by lymphocytes

Innate immunity provides a rapid but relatively non-specific 
response to bacterial or viral infection. A more sustained and targeted 
immune responses is provided by the adaptive immune system through 
lymphocytes such as T cells and B cells. As outlined earlier in this review, 
one of the initial observations linking vitamin D and adaptive immunity 
was the detection of VDR by activated (proliferating) lymphocytes [15, 
95]. Thus, following activation, both T and B cells are putative targets 
for 1,25(OH)2D, and studies in vitro and ex vivo have shown that T and B 
cells can respond directly to 1,25(OH)2D [21,96,97]. The source of this 
1,25(OH)2D could either be endocrine (due to renal production of 1,25 
(OH)2D) or paracrine (due to synthesis of 1,25(OH)2D by macrophages 
or DC within the local immune microenvironment). In addition, other 
studies ex vivo have shown that the availability of 25(OH)D and subse-
quent synthesis of 1,25(OH)2D by DC defines the T cell phenotype 
during antigen presentation [98]. This supports an indirect model for 
regulation of T cell function by vitamin D via intracrine synthesis of 1,25 
(OH)2D by APC. However, it does not negate the fact that activated T 
cells express VDR and can directly respond to 1,25(OH)2D in an endo-
crine or paracrine fashion [96,97], and so it is possible that T cell re-
sponses to 1,25(OH)2D involve both intracrine effects on APC and 
antigen presentation and paracrine effects on the resulting activated T 
cells. What is less clear is whether lymphocytes themselves express 
CYP27B1 and synthesise 1,25(OH)2D to promote direct regulation of 
these adaptive immune cells in an intracrine fashion.

Previous studies have reported expression of CYP27B1 in B lym-
phocytes [99], and studies in vivo have described enhanced immuno-
globulin responses in mice with T cell-specific knockout of Cyp27b1 
[100], suggesting a role for lymphocyte synthesis of 1,25(OH)2D in the 
regulation of T and B cell function. Nevertheless, the functional 
importance of lymphocyte 1,25(OH)2D production has only recently 
achieved prominence as a result of studies to specifically characterise T 
cell phenotypes associated with COVID-19. Single cell RNA seq analysis 
of lung bronchoalveolar lavage fluid cells showed that COVID-19 
infection is characterised by an inflammatory Th1 T cell phenotype, 
with no significant difference for other inflammatory T cell markers such 
as IL-17 (Th17) [101]. As well as being enriched for Th1 genes, cells 
from COVID patients were also characterised by expression of genes 
associated with the complement immune pathway [101]. As shown in 
Fig. 2, activation of the complement system plays a key role in innate 
immune responses to bacterial or viral infection by tagging pathogens 
for subsequent phagocytosis and further immune responses [102]. 
Studies to mimic complement activation of T cells (CD3 and CD46 
activation to generate intracellular complement C3b) showed enhanced 
expression of VDR and CYP27B1 consistent with an intracrine vitamin D 
metabolism system in Th1 cells [101]. Whilst the authors did not spe-
cifically analyse 25(OH)D to 1,25(OH)2D conversion in 
complement-activated Th1 cells, the functionality of Th1 cell CYP27B1 
and VDR expression was endorsed by data showing 25(OH)D-mediated 
regulation of Th1 cytokines, together with other novel T cell targets 
identified as part of the broader COVID-19 study (see next section) 
[101]. As shown in Fig. 1C, these observations support a role for intra-
crine 25(OH)D metabolism to 1,25(OH)2D in driving specific T cell 
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responses.
As yet it is unclear whether the T cell-specific CYP27B1 expression in 

COVID-19-infected subjects is due exclusively to complement activation. 
Likewise, whilst this mechanism is sensitive to differences in 25(OH)D 
availability, it has yet to be determined how Th1 cell capacity for 
intracrine synthesis of 1,25(OH)2D is integrated with the synthesis of 
1,25(OH)2D by APC, which is known to impact other T cells, including 
inflammatory Th17 cells and regulatory T cells (Treg) [33]. Neverthe-
less, it now appears that the capacity to synthesize 1,25(OH)2D is 
common to a broader range of immune cells than previously thought, 
with CYP27B1 activated by a wider array of pathogenic stimuli.

4. Redefining adaptive immune responses to 1,25(OH)2D

As outlined in Section 3, the expression of VDR by cells from the 
adaptive immune system – T and B cells was one of the original obser-
vations linking vitamin D with the immune system. Initial functional 
responses were focused on the suppression of proliferation and pro-
duction of cytokines such as interleukin-2 (IL-2) by 1,25(OH)2D in 
activated but not resting T cells [103], and the inhibition of immuno-
globulin production by B cells [17]. Since these early observations the 
functional impact of 1,25(OH)2D on T and B cells has been greatly 
expanded, notably in the setting of inflammatory diseases such as 
rheumatoid arthritis [104]. As shown in Figs. 1C, 1,25(OH)2D can act on 
Th1 and Th17 cells to inhibit inflammation through suppression of IFNγ, 
IL-17 and IL-212. In the case of Treg, 1,25(OH)2D acts to stimulate 
expression of IL-10, FoxP3, TGFβ, and the immune checkpoint protein 
CTLA-42. In this setting, the over-arching action of 1,25(OH)2D on 
adaptive immune function is to suppress inflammatory Th1 and Th17 
function whilst promoting tolerogenic Treg [104]. Although most of the 
studies defining these responses have been carried out in vitro or ex vivo 
using normal peripheral blood-derived T cells, similar responses have 
been demonstrated using T cells from disease affected human tissues (e. 
g. synovial fluid), albeit with decreased sensitivity to 1,25(OH)2D that 
was attributed, in part, to increased memory T cells in these tissues 
[105].

Vitamin D can also affect T cell function in the setting of infectious 
disease. Here APC present antigen to Th cells to promote an inflamma-
tory response that includes activation of CD4 + Th cells but also 
CD8 + cytotoxic T cells (CTL) to lyse infected target cells and their 
intracellular pathogen [106]. As a counterpoint to this pathogen-driven 
inflammatory response, Treg can act to suppress both Th and CTL ac-
tivity [106]. However, whilst there have been extensive studies of the 
effects of vitamin D on Th cells and associated Treg in relation to 
inflammation and autoimmune disease [104], much less is known about 
vitamin D and CTL function during infection despite this being an 
important facet of the immune response to both bacterial and viral 
infection [107]. Studies using Vdr knockout mice infected with a natural 
mouse viral pathogen have shown that lack of 1,25(OH)2D signalling is 
associated with aberrant CTL differentiation, memory function and 
lymph localisation [108]. These observations support a possible role for 
vitamin D in regulating CTL function in vivo, although it is still unclear at 
what level this occurs – via intracrine regulation of DCs and antigen 
presentation, or through paracrine actions on CTL themselves. It seems 
likely that vitamin D-mediated regulation of adaptive immunity will 
involve effects on both CD4 + and CD8 + T cells. Recent studies in a 
mouse tumour model showed that enhanced bioavailability of 25(OH)D, 
as a consequence of knockout of the vitamin D binding protein gene, 
resulted in increased tumour accumulation of CD4 + and CD8 + T cells 
that was associated with diminished tumour size [109]. This effect was 
abrogated using an anti-CD8 antibody, underlining the importance of 
CD8 + CTL in driving antitumour effects of 25(OH)D [109]. Here the 
authors did not specifically measure 1,25(OH)2D but the inference was 
that higher levels of 25(OH)D were associated with increased CYP27B1 
activity within the tumour microenvironment. This study also showed 
that the ability of vitamin D to promote tumour immune surveillance is 

mediated via regulation of gut microbiome composition, specifically 
increased levels of the bacterium Bacteroides fragilis [109]. The link 
between vitamin D and microbiota has gained prominence in recent 
years, primarily in relation to established immune disorders associated 
with vitamin such as autoimmunity [110]. It is to be hoped that future 
studies will build on the new data linking vitamin D, microbiota and 
tumour surveillance to provide an entirely new perspective of vitamin D 
and adaptive immunity in the setting of cancer.

Another study that has provided a new perspective on vitamin D and 
adaptive immunity is the report by Chauss et al. detailing complement- 
induced expression of CYP27B1 by Th1 cells from patients with COVID- 
19 [101]. As outlined earlier in this review, this work described a new 
facet of immune intracrine vitamin D metabolism – the extension of 
CYP27B1 expression from the innate to the adaptive immune system. 
However, the report also revealed new facets of 1,25(OH)2D adaptive 
immune cell function, particularly in relation to SARS-CoV-2 infection, T 
cell inflammation and COVID-19 disease severity. By carrying out 
extensive genomic and epigenetic analyses, Chauss et al. showed that 
some key effects of 1,25(OH)2D on T cells, such as induction of IL-10, 
were dependent on paradoxical induction of another inflammatory 
cytokine, IL-6, and also the epigenetic induction of three key tran-
scription factors – BACH2, c-JUN and STAT3- with BACH2 being 
particularly important for Th1 and Th17 responses to 1,25(OH)2D 
[101]. Specific analysis of gene expression in lung Th1 cells from 
COVID-19 patients versus healthy controls showed that expression of a 
group of genes conventionally suppressed by 1,25(OH)2D in Th1 cells 
from healthy controls was higher in Th1 cells from COVID-19 patients. 
By contrast, there was no significant difference in 1,25(OH)2D-induced 
genes between healthy controls and COVID-19 patients [101]. The set of 
1,25(OH)2D-repressed genes identified in this study performed almost as 
well as signature Th1 genes in distinguishing Th cells from patients with 
COVID-19 from healthy controls [101]. Furthermore, modelling studies 
were carried out to predict the best therapeutic options for counter-
acting aberrant gene expression in Th1 cells from COVID-19 patients. 
Out of 461 possible drugs the top ten predicted to most effective 
included the vitamin D analog (Alfacalcidol) [101].

The studies outlined above provide a mechanistic rationale for the 
link between vitamin D and COVID-19 prognosis, with intracrine Th1 
gene suppression by vitamin D being linked to attenuation of the in-
flammatory responses associated with disease progression after COVID- 
19 infection. Whilst much of our current understanding of vitamin D and 
the immune system stems from seminal studies of the intracrinology of 
vitamin D in antibacterial innate immunity [40] or antigen presentation 
[94], it is clear that anti-inflammatory adaptive immunity is also a 
crucial target for vitamin D. To date much of our knowledge of T cell 
responses to vitamin have arisen through analysis of dysregulated T cell 
function in autoimmune diseases, and the possible preventative or 
therapeutic application of vitamin D supplementation in resolving T cell 
dysfunction in these diseases [111]. However, the advent of SARS-CoV-2 
infection has provided an entirely new perspective on vitamin D 
immunomodulation that is more focused on inflammation in the setting 
of acute viral infection. In this regard, vitamin D can be viewed in a 
similar fashion to the high profile analysis of glucocorticoids as therapy 
for patients hospitalized with COVID-19 [112]. Notably, one of the most 
successful applications of vitamin D in the setting of COVID-19 was the 
use of 25(OH)D (Calcifediol) as an anti-inflammatory agent in people 
hospitalized with COVID-19 [113]. In future studies it will be interesting 
to determine if Calcifediol is a more effective agent for correcting the 
aberrant Th1 cell gene sets that were so characteristic of COVD-19 pa-
tients. Furthermore, the growing recognition of Calcifediol as a more 
rapid and effective strategy for ‘fuelling’ intracrine and paracrine 25 
(OH)D metabolism within the immune system highlights an entirely 
new facet of vitamin D immunology, namely the potential impact of 
vitamin D in the setting of acute medicine. In this regard, vitamin D 
(including Calcifediol) has distinct advantages over more established 
anti-inflammatory therapeutics such as glucocorticoids. Both vitamin D 
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and glucocorticoids have potent anti-inflammatory actions, and gluco-
corticoids such as dexamethasone were shown to decrease mortality in 
hospitalized COVID-19 patients [112]. However, despite these positive 
effects, the use of glucocorticoids to treat viral infections such as 
COVID-19 is complicated by data showing that glucocorticoid therapy 
during early infection is actually associated with impaired viral clear-
ance [114], possibly as a consequence of inhibition of type 1 interferon 
antiviral immunity [115]. Thus, it has been proposed that the use of 
glucocorticoids for viral infections is restricted to later stages of disease 
to prevent pathological damage in tissues such as the lungs [114]. 
Similar to glucocorticoids, vitamin D is a potent anti-inflammatory 
steroid hormone but it also promotes antiviral innate immunity. Thus, 
therapeutic use of vitamin D for infectious diseases is less constrained by 
the time-frame of disease than for glucocorticoids such as 
Dexamethasone.

5. Future studies

In the last five years our understanding of the interaction between 
vitamin D and the immune system has undergone a dramatic trans-
formation. The COVID-19 pandemic brought many aspects of vitamin D 
and immunity into sharper focus but also expanded the potential impact 
of vitamin D. We now have a much better understanding of the way in 
which the vitamin D system interfaces with viral infection and the 
possible benefits of enhanced vitamin D status for both innate and 
adaptive immune responses. There is still considerable debate about the 
epidemiology of vitamin D in relation to patient outcomes for acute 
respiratory diseases such as COVID-19 [116]. The ongoing discussion as 
to whether vitamin D supplementation has benefits in either the pre-
vention or treatment of immune disease has still to be resolved. How-
ever, the mechanistic observations presented in this review – 
particularly the powerful data on dysregulation of vitamin D-repressed T 
cell gene sets in COVID-19 patients [101] – support a role for vitamin D 
as a regulator of inflammation and the tissue consequences of inflam-
mation in respiratory disease. This, coupled with promising data for the 
use of Calcifediol as an anti-inflammatory for hospitalized critical care 
patients [113], suggests that we are now seeing a shift in vitamin D 
immunity away from the well-characterized effects on innate antibac-
terial immunity to new facets of adaptive immunity. This includes key 
areas that are currently poorly understood such as the role of immune 
responses to vitamin D and vaccination. Previous studies have assessed 
the effects of vitamin D on immunization against different strains of 
influenza [117], and there have been some studies reporting effects of 
vitamin D with respect to COVID-19 vaccination programmes [116]. 
However, this is a facet of vitamin D immunology that is still poorly 
understood at a cellular/molecular level and therefore this should be a 
key focus for future studies. Finally, one of the key mechanistic obser-
vations underpinning the link between vitamin D and the immune sys-
tem has been the extra-renal synthesis of 1,25(OH)2D by APC such as 
macrophages and DC. The broad assumption has been that capacity for 
extra-renal 1,25(OH)2D production changes with vitamin D (serum 25 
(OH)D) status, but to date this has only been demonstrated ex vivo or in 
vitro. However, the advent of new mass spectrometry imaging technol-
ogies has enabled tissue mapping of vitamin D metabolites that reflect 
synthesis in vivo [34,35]. Although initial studies have focused on im-
aging of 25(OH)D and 1,25(OH)2D in mouse tissues, it is to be hoped 
that in future similar studies will be carried out for available human 
tissue, particularly in the setting of variable vitamin D status (serum 25 
(OH)D levels) and human disease.
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