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A B S T R A C T   

The ongoing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic is having a disastrous 
impact on global health. Recently, several studies examined the potential of vitamin D to reduce the effects of 
SARS-CoV-2 infection by modulating the immune system. Indeed, vitamin D has been found to boost the innate 
immune system and stimulate the adaptive immune response against SARS-CoV-2 infection. In this review, we 
provide a comprehensive update of the immunological mechanisms underlying the positive effects of vitamin D 
in reducing SARS-CoV-2 infection as well as a thorough survey of the recent epidemiological studies and clinical 
trials that tested vitamin D as a potential therapeutic agent against COVID-19 infection. We believe that a better 
understanding of the histopathology and immunopathology of the disease as well as the mechanism of vitamin D 
effects on COVID-19 severity will ultimately pave the way for a more effective prevention and control of this 
global pandemic.   

1. Introduction 

The ongoing pandemic of the coronavirus disease-2019 (COVID-19), 
caused by the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2), is having a devastating impact worldwide. The disease has been 
reported in 235 countries, with over 138 million infections and over 2.9 
million deaths as of April 14, 2021. Although infections have been re-
ported across essentially all demographics, the highest mortality rate is 
found in patients with comorbidities who are over 60 years old [1–6]. 
Patients with COVID-19 present with pneumonia, severe acute respira-
tory distress syndrome (ARDS), septic shock, microvascular thrombosis, 
cytokine storms and cardiac failure [1,7–9]. Comorbidities such as hy-
pertension, chronic obstructive pulmonary disease, chronic cardiovas-
cular diseases, chronic viral hepatitis, chronic renal disease, obesity and 
diabetes mellitus and other endocrine disorders are estimated to play a 
role in between 23% and 48% of the cases and are associated with the 
worst prognosis [3,5,10–12]. Existing data suggest that the severity of 
the disease caused by SARS-CoV-2 largely depends on an individual’s 
immune response, which can be significantly impaired by the comor-
bidities [13]. A weak innate immune response can lead to an increased 
SARS-CoV-2 viral load, resulting in an over-activation of the adaptive 
immune system and a massive production of pro-inflammatory 

cytokines such as IL (interleukin)-2, IL-6, IL-17, IL-21, IL-23 and IL-10 as 
well as an increase C-reactive protein (CRP) and d-dimer levels [14]. 
Recent data have indeed shown a robust correlation between massive 
cytokine production and the severity of COVID-19 [7]. This harmful 
overreaction of the immune system is often referred to “cytokine storm” 
[15–19] and is a main target of current treatment. 

Recently, several experimental and meta-analysis studies have re-
ported an association between serum vitamin D levels and the severity of 
COVID-19 [20–25]. Indeed, many randomized control trials (RCTs) and 
clinical trials have shown that vitamin D supplementation can poten-
tially reduce the severity of COVID-19 [26–32]. Still, several clinical 
trials are underway to investigate the impact of vitamin D in COVID-19 
patients [29]. As this is a quickly evolving field, with reviews already 
discussing some of these findings [33–35], we will focus on providing 
the latest information regarding the immunological mechanisms of 
vitamin D in reducing SARS-CoV-2 infection as well as the most up-to- 
date information of the epidemiological evidence and clinical trials of 
vitamin D as a therapeutic agent in COVID-19 disease. We will also 
discuss recent advances of COVID-19 histopathology, immunopathology 
and the crucial mechanisms underlying disease severity, which are ex-
pected to pave the way for the prevention and control of this pandemic 
disease. 
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2. Information sources and review methodology 

At the beginning of the SARS-CoV-2 outbreak, the initial focus of 
much of the research was the epidemiology, clinical signs, symptoms, 
and molecular diagnosis of SARS-CoV-2. Later on, there was greater 
emphasis on the genome sequence, transmission pattern, histopatholo-
gy, immunopathology as well as vaccine and therapeutic options against 
COVID-19. As source material for the comprehensive review, we 
searched for the most up-to-date literature during the last 8 to 9 months 
in PubMed, PubMed Central, Google Scholar, ResearchGate, Science 
Direct, Bio Medical, Scopus and the World Health Organization COVID- 
19. Search terms used were ‘COVID-19 pandemic’, ‘SARS-CoV-2 infec-
tion’, ‘Seasonal variation in COVID-19′, ‘Histopathology in COVID-19′, 
‘Immunopathology in COVID-19′, ‘Roles of vitamin D in respiratory 
infection’, ‘Roles of vitamin D in COVID-19′, ‘Vitamin D and immunity 
in COVID-19′, ‘Vitamin D deficiency and severity of COVID-19′, and 
‘Vitamin D toxicity’. 

3. COVID-19 infections are likely to be more prevalent in the 
winter season 

Several studies have found that the prevalence of respiratory infec-
tious diseases are seasonal, usually peaking in the winter season 
[36–42]. For instance, the respiratory diseases caused by a wide range of 
viruses including influenza virus, parainfluenza virus, human syncytial 
virus, rhinovirus and human coronavirus are more frequently found in 
the winter months [42]. Hirve et al. [43] performed a meta-analysis of 
70 tropical and subtropical countries’ influenza outbreak and suggested 
that the transmission of influenza and other coronavirus peaked during 
the winter season. Moreover, experimental studies with guinea pigs 
have shown that a low relative humidity of 20% to 35% is most 
favourable for coronavirus infections, with complete blockage of 
transmission at 80% humidity [44]. They also found that when guinea 
pigs were maintained at 5 ◦C, transmission occurred with higher fre-
quency than at 20 ◦C, while at 30 to 35 ◦C, no transmission was detected. 
In addition, a recent systemic review on seasonal coronaviruses (sCoVs) 
from 21 countries has found that sCoVs are more prevalent in winter 
months in most temperate countries, whereas they tended to be less 
seasonal in tropical countries [45]. A lower temperature and higher 
relative humidity were also found to be associated with greater infec-
tivity. It has also been reported that the immune system becomes weaker 
when the weather is cold and dry, increasing vulnerability to infection 
[46]. Notably, the initial outbreak of COVID-19 began in late December 
2019 during the winter season in China, and the early epidemics in Iran, 
Italy, and much of Europe and the United States took place during the 
coldest months of the year [47,48]. Considering the cycle of the present 
global pandemic, the extent of the epidemic gradually increased from 
January to May, then decreased from June to September, and then 
increased again starting in October at the beginning of winter [49]. 
Thus, similar to other respiratory disease viruses, SARS-CoV-2 appears 
to also have a higher epidemic prevalence in the winter season. 

Low vitamin D levels during the winter have been suggested to be a 
“seasonal stimulus” of respiratory infectious diseases [50,51]. A 
decrease in ultraviolet-B (UVB) exposure and/or insufficient sunlight 
exposure causes vitamin D deficiency or insufficiency, which increases 
during the winter season [51]. In fact, more than 1 billion people 
globally are believed to have vitamin D deficiency or insufficiency, with 
higher rates in the winter [52]. Experimental studies in vivo and in vitro 
have shown that low temperature and low UV indexes correlate with 
higher influenza infection [53]. Thus, these factors, which are maximal 
in winter, likely negatively influence the ability of the immune system to 
stave off respiratory infections, perhaps contributing to a greater prev-
alence of COVID-19 in the winter months. 

4. Histopathology and immunopathology of COVID-19 

After infection with SARS-CoV-2, COVID-19 patients may exhibit 
mild-to-no symptoms or can present with severe disease in need of im-
mediate hospitalization. Severe patients often exhibit ARDS, reflecting 
septic shock and severe respiratory damage. Generally, in respiratory 
viral infections, the pathology may be dictated by the virus directly or by 
an exacerbated immune response, or both [54–56]. To date, the pa-
thology of COVID-19 is not yet well defined, although several common 
morpho-functional characteristics have been reported between SARS- 
CoV, middle east respiratory syndrome coronavirus (MERS-CoV) and 
the SARS-CoV-2, including the interaction of the viral spike (S) glyco-
protein with the human angiotensin-converting enzyme 2 (ACE2) 
[57–60]. These similarities may help provide insight into the immuno- 
pathological mechanisms underlying COVID-19 and it may also pave 
the way for useful therapeutic approaches. 

The respiratory system is the primary site of SARS-CoV-2 infection 
likely owing to the high concentration of ACE2 receptors in the 
epithelium lining [61,62]. Nonetheless, SARS-CoV-2 can also infect the 
gastrointestinal, renal and nervous system due to the widespread dis-
tribution of the ACE2 receptors [62,63]. Most COVID-19 patients indeed 
have mild symptoms, but approximately 15 to 20% of patients exhibit 
moderate symptoms of pneumonia characterized by fever, cough, and 
acute lung injury. Further, about 5% of patients eventually develop se-
vere illness characterized by acute pneumonia, septic shock and multi- 
organ failure, a hallmark of ARDS [61,64–66] and some cases exhibit 
diarrhoea, vomiting, hematuria, headache and paresthesia [63,67]. As 
mentioned above, the severity of the COVID-19 disease increases in 
patients with comorbidities [65,68]. 

SARS–CoV–2 binds to the human ACE2 receptor via the spike (S) 
protein to gain entry into cells [69] but requires proteolytic cleavage to 
complete entry through membrane fusion. The S protein can be cleaved 
either at the cell surface by a transmembrane serine protease 
(TMPRSS2), or by cathepsins following endocytic uptake [70,71]. SARS- 
CoV-2 first invades the respiratory tract such as the nasal cavity, trachea, 
and the bronchial tree of the lung. The thin branches of the bronchial 
tree end in delicate air sacs, called alveoli, which are lined by a single 
layer of epithelial cells, pneumocytes (type I and type II) rich in ACE2 
receptors [62,63]. Usually, these alveoli permit exchange of oxygen into 
the capillaries that lie beside them to oxygenate the blood [72–74]. On 
binding to epithelial cells in the respiratory tract, SARS-CoV-2 begins to 
replicate and then migrates down to the airways and enters the alveolar 
epithelial cells in the lungs. The rapid replication of SARS-CoV-2 in the 
lungs triggers the inflammatory response. In patients with severe dis-
ease, congestion with patches of hemorrhagic necrosis appear in the 
lungs [65]. Microscopically, edema, proteinaceous exudates, congested 
capillaries, dilated alveoli and alveolar ducts, hyaline membrane for-
mation and desquamation of pneumocytes have been observed [75]. At 
the ultrastructural level, SARS-CoV-2 viral particles have been seen in 
type I and type II pneumocytes and multinucleated giant cells [75,76]. 
In other infected organs, renal microscopic lesions range from diffuse 
tubular injury with loss of brush border and capillary degeneration to 
glomerular endothelial cell necrosis [77]. Cardiovascular histological 
changes include hypertrophied cardiomyocytes along with inflamma-
tory exudates, focal edema, cardiomyocytes hyperplasia, fibrosis, 
degeneration and necrosis [78]. Gastrointestinal tract histological 
changes include degeneration, necrosis and shedding of gastrointestinal 
mucosa [79]. 

According to the available literature, it generally takes between 5 
and 7 days following SARS-CoV-2 infection for patients to manifest 
clinical symptoms and activation of the immune system [80]. Since the 
majority of cases have mild symptoms, the immune system can usually 
successfully contain the SARS-CoV-2 infection. However, approximately 
15 to 20% of cases exhibit overaggressive or dysregulated immune re-
sponses, leading to immunopathology [67]. This overaggressive/dysre-
gulated immune response is characterized by substantial systemic and 
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locally increased levels of pro-inflammatory cytokines, such as IL-1β, IL- 
2, IL-6, IL-8, IL-17, granulocyte-colony stimulating factor (G-CSF), 
granulocyte macrophage-colony stimulating factor (GM-CSF), inter-
feron gamma-induced protein 10 (IP-10), monocyte chemoattractant 
protein 1 (MCP-1), and chemokine (C-C motif) ligand 3 (CCL3) 
[61,64,81,82]. Moreover, elevated levels of CRP and d-dimer have been 
found, with levels that positively correlate with the severity of COVID- 
19 disease [64]. The increased levels of the pro-inflammatory cyto-
kines activate the immune system, resulting in substantially lower 
numbers of lymphocytes, including CD4+ T cells, CD8+ T cells, B cells 
and natural killer (NK) cells [7,8,64,81,82], as well as lower numbers of 
monocytes, eosinophils, and basophils [67,81], altogether resulting in 
leukopenia. This significant overreaction of the immune system is often 
termed “cytokine storm” [64,81] and the clinical condition is referred to 
as “cytokine release syndrome” [83]. As a result, there can be severe 
damage to many vital organs including the lungs, heart, liver, and kid-
ney tissues, finally producing multiple organ failures and even death 
[16]. Interestingly, a recently cohort study of ~ 125 patients identified 
three immuno-types in hospitalized COVID-19 patients: one group of 
patients had robust activation and proliferation of CD4+ T cells and 
exhaustion of CD8+ T cells (likely a sign that B cell immunity was 
activated); a second group had robust activation and proliferation of 
CD8+ T cell responses and less robust CD4+ T cell responses (probably 
indicating T cell immunity was activated); and a third group exhibited a 
lack of significant lymphocyte response, suggesting a failure of immune 
activation [84]. This significance of the immune-response to infection 
may also underlie the better outcome of children to infection than 
adults. In particular, it is believed that children have less ACE2 receptor, 
especially in the upper respiratory tract, and have more NK cells than 
adults. Further, their NK cells respond to the virus much more quickly 
and more effectively [85]. 

5. Vitamin D transport and metabolism 

Vitamin D is not only a fat-soluble vitamin but also a steroid hor-
mone, playing a vital role in modulating the immune system together 
with maintaining serum calcium homeostasis [86,87]. Most often, 
humans obtain vitamin D from sunlight exposure, diet and supplemen-
tation. The two major forms of vitamin D are ergocalciferol (vitamin 
D2), which is synthesized from yeast, sunlight exposed-mushrooms, cod 
liver oil, oily fish and plants, and cholecalciferol (vitamin D3, the major 
form of vitamin D), which is synthesized endogenously from 7-dehydro-
cholesterol in the skin dermis on exposure to sunlight (UVB radiation at 
290 – 315 nm) [88,89]. The circulating level of 25-hydroxyvitamin D 
[25(OH)D] is the clinically-accepted biomarker for vitamin D status. The 
conventional sites of vitamin D metabolism are the liver and proximal 
convoluted tubules of the kidney, where hydroxylases convert it to its 
active form, 1,25-dihydroxyvitamin D [1,25(OH)2D]. Hydroxylase ac-
tivity is also found in immune cells, such as macrophages, dendritic cells 
and monocytes [90–92]. 

Because of its lipophilic nature, vitamin D must be carried in the 
bloodstream by a soluble protein, namely, vitamin D-binding protein 
(DBP). DBP is a liver-derived glycoprotein (serum α2-globulin) and a 
member of the albumin superfamily that includes albumin, α-albumin/ 
afamin, and α-fetoprotein [93,94]. It has been found that binding to DBP 
preserves 25(OH)D and prolongs the half-life of 1, 25(OH)2D [95], and 
also enables activation of 25(OH)D to 1,25(OH)2 D [96]. Interestingly, 
the total circulating 25(OH)D levels have been found to be lower in 
blacks than white Americans due to poor socio-economic status [97] 
while both groups have similar concentrations of the bioavailable 25 
(OH)D [98]. SARS-CoV-2 infection positivity is inversely associated with 
circulating 25(OH)D levels [99]. This could be of increased importance 
for the black Americans that who are disproportionately affected by 
both COVID-19 and vitamin D deficiency. A decrease in DBP levels has 
been found in diabetic [100], chronic liver disease [101], and chronic 
renal disease and cancer patients [102] and in acute inflammation 

[103], all of which are also associated with higher COVID-19 morbidity 
and mortality [1–6]. In contrast, there is a significantly increased con-
centration of DBP during pregnancy and during estrogen therapy 
[104,105]. Overall, DBP levels are higher in females than in males, 
which could be due to the stimulation of DBP synthesis by estrogen 
[104]. Interestingly, this mirrors a three times lower COVID-19 
morbidity and mortality in females compared to males [106]. A corre-
lation between geographic variations of COVID-19 prevalence and 
mortality and DBP gene polymorphism and vitamin D metabolism has 
also been noted [94] and polymorphism of the DBP increases the risk of 
COVID-19 infection and mortality [94]. 

Both 25(OH)D and 1,25(OD)2D are delivered to cells by DBP [107] 
where entry is mediated by the vitamin D receptor (VDR), a nuclear 
receptor. In particular, these receptors function as ligand-activated, 
transcriptional regulatory proteins, and so binding by 1,25(OH)2D 
leads to altered expression of selected genes in target cells [108–110]. 

6. Potential roles of vitamin D on respiratory infection 

A growing body of evidence indicates that vitamin D plays an 
important role in regulating the immune system [86,111,112] and might 
thereby affect the response to respiratory infections including COVID- 
19. Indeed, VDR is present in many human cells including various 
types of immune cells (such as lymphocytes, monocytes, macrophages, 
and dendritic cells) and it regulates the expression of a large number of 
target genes (~1000) in these cells [108–110]. A meta-analysis of data 
from 10,933 participants in 25 RCTs has shown that vitamin D supple-
mentation indeed reduces the risk of acute respiratory tract infections 
(RTI) [113,114]. A prospective cohort study from 198 healthy adults 
over the fall and winter in 2009 to 2010 also showed a two-fold 
reduction in the risk of developing acute RTI with serum vitamin D 
levels of 38 ng/mL [115]. In another study, a randomized, double-blind, 
placebo-controlled trial of 344 schoolchildren showed that a vitamin D 
supplementation of 1200 IU/day reduced the incidence of influenza A 
infection [116]. Furthermore, a case-control study in New Zealand 
children reported that vitamin D deficiency increased the odds of hos-
pitalization for acute RTI by 1.7-fold, as compared to those with 
outpatient acute RTI [117]. Moreover, Zhou and colleagues [118] per-
formed a meta-analysis of eight vitamin D observational studies and 
noted an association of vitamin D levels with respiratory tract infection, 
suggesting a strong correlation between vitamin D deficiency and 
community-acquired pneumonia. Therefore, there is presently consid-
erable evidence linking vitamin D deficiency and an increased risk of 
acute RTI. 

7. Potential roles of vitamin D in COVID-19 infection 

As mentioned above, there is generally a lower amount of vitamin D 
produced during the winter season, which could affect COVID-19 in-
fections. In addition, there is also some dependence on latitude and 
location [119]. Countries proximal to the equator have been found to 
exhibit lower levels of COVID-19 fatalities than those further from the 
equator [120,121], consistent with a potential role of vitamin D in these 
infections. A retrospective study of 216 COVID-19 patients from Spain 
showed that more than 80% of patients have vitamin D deficiency [21]. 
Recently, a series of studies have examined the impact of vitamin D on 
the ongoing COVID-19 pandemic and concluded that it is likely an 
important contributing factor for the higher prevalence of the pandemic 
in the winter months [20,21]. For instance, in an observational study, 
Boston University researchers found that COVID-19 patients with ’suf-
ficient’ levels (30 ng/mL) of vitamin D were about 52% less likely to die 
after hospitalization, while rates of severe illness were about 13% lower 
in vitamin D-sufficient patients. They also noted that an estimated 42% 
of people suffer from vitamin D deficiency (<20 ng/mL), with a higher 
rate among the elderly [20]. In addition, Ilie and colleagues [122] 
performed a meta-analysis study of the association of vitamin D and 
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COVID-19 in 20 European countries and found a negative correlation 
between the levels of vitamin D and morbidity/mortality associated 
with this infection. Moreover, a significantly lower level of vitamin D (p 
= 0.004) was found in PCR-positive COVID-19 patients compared with 
negative COVID-19 patients [99,123]. Systemic inflammatory responses 
caused by respiratory infectious diseases, including COVID-19 infection, 
have been, in fact, found to lower circulating vitamin D levels [124], 
which might also contribute to pathology. 

Several recent studies showed a strong link between vitamin D 
deficiency and COVID-19 mortality risk and hospitalization 
[30–32,125–129]. With one, a retrospective cohort study revealed an 
inverse relation with serum vitamin D levels and severity of COVID-19 
[126]. Similar results were also found in a prospective cohort study 
conducted between March 1 to April 30, 2020, which revealed that older 
adults with vitamin D deficiency are associated with worse outcomes of 
COVID-19 infection likely owing to higher peak levels of d-dimer [130]. 
Furthermore, Annweiler and colleagues [30] performed a quasi- 
experimental analysis to study the effects of vitamin D supplementa-
tion during or just before COVID-19 infection and found that supple-
mentation was associated with less severe illness and better survival in 
the frail elderly. In addition, a recent clinical trial found that adminis-
tration of a high dose of calcifediol (0.532 mg or 21,280 IU) significantly 
reduced the need for ICU treatment or other clinical outcomes for 
COVID-19 [129]. Another clinical trial (the SHADE study) in which 
SARS-CoV-2 RNA positive vitamin D deficient patients received 60,000 
IU of vitamin D3 or placebo daily for 7 days showed that high-dose 
supplementation indeed led to a significantly greater number of SARS- 
CoV-2 RNA negative patients by day 21, with fibrinogen, a surrogate 
for inflammation, also significantly decreased as well [128]. Further-
more, Jain et al. [131] recently investigated vitamin D levels in critically 
ill COVID-19 patients and found a correlation with inflammatory 
markers: patients who had low vitamin D levels also had significantly 
higher serum IL-6, TNF-α and ferritin levels. Vitamin D levels were 
markedly lower in severe COVID-19 patients and the fatality rate was 
very high in vitamin D deficient patients. Still, a recent clinical trial 
study showed that supplementation with a single very large dose of 
200,000 IU of cholecalciferol that increased serum vitamin D levels 
(21–44 ng/mL) was nonetheless ineffective in decreasing the length of 
hospital stay or any other clinical outcomes among hospitalized patients 
with severe COVID-19 [132]. Thus, while not necessarily causative, 
these results show that low levels of vitamin D are often associated with 
worse severity of COVID-19 infection [125–129,132], with moderate-to- 
high dose vitamin D supplementation effective in reducing COVID-19 
severity and mortality (Table 1). 

Hence, based on these results, it is likely beneficial to take vitamin D 
supplements, especially in the winter months, to better control the 
seasonal flu, common cold, influenza, and the ongoing COVID 19. It may 

be advisable for doctors to measure circulating vitamin D levels, and if 
the level is below normal, recommend vitamin D supplementation and/ 
or enough sunlight exposure. Based on available guidelines, the 
threshold for healthy serum 25(OH)D is ~30 ng/ mL to maintain 
optimal serum calcium levels [133–136]. Below 20 ng/mL (50 nmol/L) 
is considered vitamin D deficient, while 21 – 29 ng/mL (52.5 – 72.5 
nmol/L) is vitamin D insufficient [133]. For an immunomodulatory ef-
fect, it has been suggested that a serum level of 30 ng/mL of 25(OH)D is 
essential [137,138]. However, it remains under debate as to what is the 
optimum serum level of 25(OH)D to maximize its effect on the immune 
system against SARS-CoV-2 infection. A cross-sectional study with 235 
COVID-19 patients showed that serum 25(OH)D levels of at least 30 ng/ 
mL were associated with a significant reduction of clinical outcomes and 
mortality of COVID-19 [20]. Therefore, overall, a desirable serum level 
of 25(OH)D of at least 30/mL appears to be most useful for COVID-19 
patients [20,133]. The recommended supplementation and therapeu-
tic dosage of vitamin D for vitamin D deficiency are compiled in Table 2 
according to the Endocrine Society Guidelines. These dosages might be 
useful for the prevention and treatment of SARS-CoV-2 infection as well. 

However, we note that a statistical error in the estimation of the 
Endocrine Society Guideline recommended dietary allowance (RDA) for 
vitamin D was recently discovered: in a correct reanalysis of the data 
used by the Institute of Medicine, it was found that 8895 IU/d was 
needed for 97.5% of individuals to achieve values of ≥ 50 nmol/L (20 
ng/mL) [139]. Another study confirmed that 6201 IU/d was needed to 
achieve the Endocrine Society’s recommendation of 75 nmol/L (30 ng/ 
mL) and 9122 IU/d was needed to reach 100 nmol/L (40 ng/mL) [140]. 
Based on this reanalysis, the recommended dose should be at least three- 
fourths of the upper tolerable dose originally proposed by the Endocrine 
Society, taken all year long, to achieve targeted levels of serum 25(OH) 
D. That is, for zero-old children, a dose of 1000 IU/d is recommended, 
while 1500 IU/d for breastfed children older than 6 months, 3000 IU/ 
d for greater than 1-year age-old children and around 8000 IU/d for 
young adults and thereafter would be needed [141]. 

8. Potential mechanism of action of vitamin D in COVID-19 
infection 

The course of SARS-CoV-2 infection from infection to symptoms is 
about five days, and then after symptoms develop, there are about seven 
days where these symptoms become more and more progressive. About 
20 percent of symptomatic patients need hospitalization, while the 
majority will actually get better, owing especially to a robust response of 
the innate immune system during the early phase of the disease [7]. 
Overall, when pathogens enter the body, the very first responder is the 
innate immunity followed by adaptive immunity [142]. 

Vitamin D supplementation can enhance innate immunity 

Table 1 
Recent randomized clinical trials and retrospective cohort studies evaluating a relation between vitamin D supplementation and COVID-19 outcomes.  

Study type Location Size Vitamin D dose Outcomes Ref. 

Cross-sectional analysis Iran 235  Potentially reduce the severity of morbidities and mortality of 
COVID-19 

[20] 

Retrospective Cohort UK 444 Booster (high-dose) vitamin D therapy Associated with a reduced risk of COVID-19 mortality [32] 
Retrospective Cohort US 489 1000–3000 IU/daily for 14 were administered before 

COVID-19. 
Deficient vitamin D status was associated with increased COVID- 
19 risk 

[126] 

Quasi-experimental France 66 80,000 IU bolus in week following or previous month Less severe COVID-19 and better survival in frail elderly [30] 
Quasi-experimental France 77 50,000 IU/month or 80,000–100,000 IU every 2–3 

months before COVID-19) vs. 80,000 IU within “few 
hours” of COVID-19 

Regular bolus vitamin D3 supplementation was associated with 
less severe COVID-19 and better survival rate. 

[31] 

Randomized clinical 
trials 

Spain 76 0.532 mg (21,280 IU) on the day of admission and 
0.266 mg on day 3, 7 and weekly 

Significantly reduce the need for ICU of COVID-19 cases (e.g. 
reduced the severity of COVID) 

[129] 

Randomized clinical 
trials 

Brazil 240 Single oral dose of 200,000 IU of vitamin D3 Increase serum vitamin D levels (21–44 ng/mL) but did not 
significantly reduce hospital length of stay 

[132] 

Randomised clinical 
trials (SHADE study) 

India 40 60,000 IU of cholecalciferol daily for 7 days Greater proportion of vitamin D-deficient individuals with SARS- 
CoV-2 infection turned SARS-CoV-2 RNA negative with a 
significant decrease in fibrinogen 

[128]  
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[112,143,144] as well as adaptive immunity [145,146]. Because 
antigen-presenting cells (macrophages and dendritic cells) can synthe-
size 1,25(OH)2D from 25(OH)D, it has been postulated that vitamin D 
supplementation could improve the function of antigen-presenting cells, 
thereby ameliorating the overall immune response [147]. Thus, in what 
follows, we will focus on the two main mechanisms by which vitamin D 
enhances the immune system: (i) enhancing the innate immunity 
(including physical barriers), and (ii) enhancing the adaptive immunity 
[148]. 

8.1. Vitamin D and innate immunity 

The innate immune system comprises the physical barriers, including 
the skin, mucosal membranes, and vascular endothelium, as well as 
specific immune cells, such as macrophages, monocyte, dendritic cells, 

neutrophils, and mast cells. Vitamin D has been found to stabilize the 
protective physical barriers, strengthening gap junctions, tight junctions 
and adherens junctions mediated by E-cadherin [149]. Vitamin D also 
has been found to enhance the innate immune response through the 
production of several antimicrobial peptides (such as defensins and 
cathelicidins) that have anti-bacterial, anti-viral, and anti-fungal prop-
erties as well as a modulation of cellular immunity [112]. Some of the 
mechanisms of the vitamin D-modulated innate immune response 
against microbial infection including SARS-CoV-2, particularly in mac-
rophages, are compiled in Fig. 1. 

SARS-CoV-2 infection results in the activation of antigen-presenting 
cells (macrophage, monocyte and dendritic cells) through toll-like re-
ceptor 3 (TLR3) and/or pathogen-associated molecular pattern (PAMP) 
[112]. This triggers both the endogenous production and action of 1,25 
(OH)2D through the VDR [90,150], leading to induction of antimicrobial 
proteins, such as cathelicidins, nuclear factor kappa β (NFKβ) and 
β-defensins [112,151–153]. Defensins disrupt microbial membranes 
including the SARS-CoV-2 virus envelope [154]. The NFKβ helps to 
produce defensins, while cathelicidins are involved in (i) chemo- 
attraction of various immune cells to increase immune response 
(chemotaxis), (ii) enhancing macrophage phagocytosis, (iii) increasing 
vascular permeability, and finally (iv) activation of B cells and T cells for 
proliferation [155–157]. Additionally, vitamin D is believed to stabilize 
the epithelial cell membrane which can reduce the ability of pathogens, 
including the SARS-COV-2, to infect cells. In in vitro and in vivo experi-
ments in mice, the human cathelicidins, LL-37, was found to reduce 
influenza virus replication [156]. In another experimental study, rota-
virus replication was found to be reduced in vivo and in vitro as a 
consequence of vitamin D treatment [158]. Finally, we note that a recent 
clinical trial found that a higher dose of vitamin D supplementation 
decreased dengue virus infection by improving the innate immune 
response [159]. 

8.2. Vitamin D and adaptive immunity 

Vitamin D may be beneficial against COVID-19 infection by reducing 
both systemic and local inflammatory responses as well as cytokine re-
sponses. Indeed, vitamin D deficiency is directly associated with ARDS 
as shown by in vitro studies with primary cells and mouse models, as well 
as clinical studies [160]. Furthermore, vitamin D is also a modulator of 
adaptive immunity [148,161], in part by reducing the cytokine storm 
which is a typical pathology of severe COVID-19 infections [7,8,81,82]. 
Both the innate and adaptive immune systems produce pro- 
inflammatory and anti-inflammatory cytokines in response to viral 
and bacterial infections, as observed in COVID-19 patients [7]. Typi-
cally, the innate immune system fights against infection first until the 
adaptive immune system (T and B cells) becomes sufficiently activated, 
usually 7 to 10 days after primary infection. A schematic representation 
of the potential vitamin D mode of action on reducing the COVID-19 
cytokine storm is presented in Fig. 2. 

Since the mechanisms of immunity against COVID-19 are presently 
incompletely understood, we will describe several processes by which 
vitamin D boosts immunity against viral infections more generally, 
which may also be applicable to SARS-CoV-2. In general, innate immune 
cells, macrophages, first phagocytize pathogens and then communicates 
with naïve T cells to induce activation. The activated naïve T cell con-
verts into either T helper 1 (Th1) or Th2 cells. With vitamin D deficiency, 
the adaptive immune response shifts towards the Th1 direction, which 
may thereby cause the hyper-inflammation/ cytokine storm since these 
cells release the inflammatory cytokines, IL-2 and IL-21. Moreover, 
when Th1 cells are activated, they, in turn, activate macrophages by 
releasing IFN-γ, which leads to production of IL-6, IL-1, IL-8, and TGF-β, 
the latter of which activates Th17 cells to secrete IL-17. IL-1, IL-6, IL-8, 
IL-17 and IL-21 are all important pro-inflammatory cytokines (Fig. 2). 
Vitamin D has been found to suppress the adaptive immune response by 
decreasing T cell proliferation [162,163]. In experimental mouse 

Table 2 
The supplementation and treatment dosage of vitamin D for vitamin D defi-
ciency and prevention and treatment of SARS-CoV-2 infection. Compiled from 
the Endocrine Society Guidelines [133].  

Ages Supplementation doses Upper 
tolerable 
dose 

Treatment and 
preventive doses 

0–1 year 400–1000 IU/d. To 
achieve a serum level of 
25(OH)D above 30 ng/ 
mL need at least 1000 
IU/d. 

2000 IU/d 2000 IU/d or 
50,000 IU/wkly for 
6 wk to achieve a 
serum level of 25 
(OH)D above 30 ng/ 
mL, followed by 
400–1000 IU/d. 

1–18 years 600–1000 IU/d. To 
achieve a serum level of 
25(OH)D above 30 ng/ 
mL need at least 1000 
IU/d. 

4000 IU/d 2000 IU/d or 
50,000 IU/weekly 
for 6 wk to achieve a 
serum level of 25 
(OH)D above 30 ng/ 
mL, followed by 
600–1000 IU/d. 

19 –50 years 600–1500 IU/d. To 
achieve a serum level of 
25(OH)D above 30 ng/ 
mL need at least 1500 
–2000 IU/d. 

4000 IU/d 6000 IU/d or 
50,000 IU/weekly 
for 6 wk to achieve a 
serum level of 25 
(OH)D above 30 ng/ 
mL, followed by 
1500–2000 IU/d. 

50 –70 years 800–2000 IU/d. To 
achieve a serum level of 
25(OH)D above 30 ng/ 
mL need at least 1500 
–2000 IU/d. 

10,000 
IU/d 

6000 IU/d or 
50,000 IU/weekly 
for 8 wk to achieve a 
serum level of 25 
(OH)D above 30 ng/ 
mL, followed by 
1500–2000 IU/d. 

70 + years 1000–2000 IU/d. To 
achieve a serum level of 
25(OH)D above 30 ng/ 
mL need at least 1500 
–2000 IU/d. 

10,000 
IU/d 

6000 IU/d or 
50,000 IU/weekly 
for 8 wk to achieve a 
serum level of 25 
(OH)D above 30 ng/ 
mL, followed by 
1500–2000 IU/d. 

Pregnant and 
lactating 
women 

1500–2500 IU/d. To 
achieve a serum level of 
25(OH)D above 30 ng/ 
mL need at least 1500 
–2000 IU/d. 

10,000 
IU/d 

6000 IU/d or 
50,000 IU/weekly 
for 8 wk to achieve a 
serum level of 25 
(OH)D above 30 ng/ 
mL, followed by 
1500–2000 IU/d. 

Obese and 
anticonvulsant 
medications 

To achieve a serum level 
of 25(OH)D above 30 
ng/mL need at least two 
to three times more 
vitamin D for their age 
group. 

– 2 to 3 times more for 
their age group to 
achieve a serum 
level of 25(OH)D 
above 30 ng/mL, 
followed by 
maintenance 
therapy of 
3000–6000 IU/d.  
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models, down-regulated adaptive immune responses mediated by Th1 
cells were observed, as well as decreases in the levels of IFN-γ, IL-6, IL-2, 
and TNF-α [164,165]. Moreover, down-regulation of Th1 cell-response 
cytokines, especially IFNγ, as well as stimulation of Th2-cell re-
sponses, were found [163,166]. 

The Th2 cell type immune response is anti-inflammatory and thus 
works to control inflammation. This is effected by the secretion of IL-4, 
IL-5 and IL-10 by the Th2 cells. IL-4 and IL-5 activate B cells to prolif-
erate and mature, which in turn release antibodies against pathogens. By 
contrast, IL-10 suppresses the activation of Th1 and the expression of 
major histocompatibility complex II (MHC-II) in macrophages, which 
reduces inflammation. IL-10 also results in a lower degree of commu-
nication between macrophages and naïve T cells. All of these effects 
prevent the over-activation of adaptive immunity that is hyper- 
inflammation. Generally, the COVID-19 patient’s immune system 
shifts to the Th2 phenotype in most cases [84] which helps with a quick 
control of the disease. Unfortunately, approximately 15–20% of COVID- 
19 cases undergo severe disease. Clinical data compiled by Daneshkhah 
and colleagues [167] indicate that vitamin D deficiency in severe 
COVID-19 patients is 34% (age ≥ 60 years), 22% (20 years ≤ age < 40 
years), and 21% (40 years ≤ age < 60 years) more frequent than in 
patients with normal vitamin D levels. With the correct level of vitamin 
D, the immune system shifts to the Th2 phenotype direction that inhibits 

the production of pro-inflammatory cytokines [164,165], resulting in an 
anti-inflammatory reaction and a control of the otherwise overreaction 
of the immune system in chronic-relapsing experimental allergic 
encephalomyelitis [168,169]. Furthermore, a recent experimental study 
has shown that vitamin D can induce the production of more anti- 
inflammatory cytokines, such as IL-10, which in turn is expected to 
reduce the severity of the disease [170]. However, with vitamin D 
deficiency or insufficiency, the body’s immune system shifts towards the 
Th1 direction and hyper-inflammation/cytokine storm might occur 
[171]. Furthermore, vitamin D governs T-cell differentiation by regu-
lating antigen-presenting dendritic cells, causing them to reduce the 
synthesis of IL-12 that promotes Th1-cell responses [172,173]. Vitamin 
D also exerts an important effect on the activity of the immune system by 
decreasing Th17-cell responses and the differentiation of naive T cells 
into Th17 type cells which decreases secretion of several pro- 
inflammatory cytokines, including IL-6, IL-17 and IL-23 [174,175]. In 
addition, vitamin D decreases the synthesis of IL-12 and simultaneously 
increases the production of IL-10 by dendritic cells (DCs) [170]. Overall, 
thus, these results indicate that vitamin D moves the adaptive immune 
response from a Th1- to a Th2-phenotype [168,169], decreases the 
differentiation of naïve T cells into Th17 cells [174,176] and enhances 
the T regulatory type response, leading to an inhibition of inflammatory 
processes [177–180]. In this way, vitamin D might help in the treatment 

Fig. 1. Possible pathway of vitamin D-modulated 
innate immunity in patients with SARS-CoV-2 
infection. The SARS-CoV-2 infection results in the 
activation of antigen-presenting cells (APCs) (mac-
rophages, dendritic cells, B cells) through toll-like 
receptors (TLR) and/or pathogen-associated molec-
ular pattern (PAMP). Serum 25-hydroxyvitamin D 
[25-(OH)D] bound to vitamin D binding protein 
(DBP) allows intracellular access of free 25-(OH)D 
into the APCs . This triggers both the endogenous 
production (shown with long arrow) and action of 
1,25(OH)2 D through the VDR, leading to induction 
of antimicrobial proteins, such as cathelicidin, nu-
clear factor kappa β (NFKβ) and β-defensins which 
overall destroy the SARS-CoV-2. Since the macro-

phage is a very professional immune cell that plays a vital role in innate immunity, the cell is chosen as a representative of innate immune cells to describe the 
mechanism.   

Fig. 2. Possible pathway of vitamin D-modulated 
immunity in reducing cytokine storm in patients 
with SARS-CoV-2 infection. SARS-CoV-2 infection 
results in antigen-presenting cells (APCs) activation 
for phagocytosis of SARS-CoV-2, then the cell type 
communicates with naïve T (Th-0) cells. In serum 
optimal level of vitamin D, the naïve T cell is shifted 
to T helper 2 (Th2) cell instead of Th1 phenotype 
and promotes anti-inflammatory cytokines such as 
IL-10, Il-5 and Il-4 production. The anti- 
inflammatory cytokines decrease the secretion of 
pro-inflammatory cytokines such as IFN-γ, IL-6, IL-2, 
and TNF-α mediated by down-regulating Th1 cells 
response. All of these result in an anti-inflammatory 
reaction and thus, the overreaction of the immune 
system is controlled. However, in deficiency of 
vitamin D, the adaptive immune response shifts to-
wards the Th1 direction and may therefore cause 
hyper-inflammation/cytokine storm (in red colour). 
Furthermore, vitamin D also decreases Th17-cell 
responses and the differentiation of naive T cells 
into Th17 type cells via decreasing the synthesis of 
IL-12 which leads to a decrease in the production of 
pro-inflammatory cytokines, including IL-6, IL-17 

and IL-23. Since the macrophage is a very professional immune cell that plays a vital role in immunity, the cell is chosen as a representative of innate immune cells to 
describe the mechanism.   
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of COVID-19 by preventing the cytokine storm and subsequent ARDS 
which is a common cause of mortality [8]. 

9. Vitamin D deficiency and severity of COVID-19 

The major cause of vitamin D deficiency is insufficient exposure to 
sunlight [181], with also some dependency of basal metabolic index 
(BMI) and aging [182,183]. Patients with chronic kidney and liver dis-
eases also have vitamin D deficiency [184]. For more than a century, 
vitamin D deficiency has been suggested to increase the susceptibility to 
RTI. The increased risk of RTIs in children with nutritional rickets [185] 
and vitamin D is considered of importance in the treatment of tuber-
culosis [186]. An observational study of 9548 adults aged 50 to 75 years 
in Germany has shown that vitamin D insufficiency and deficiency 
strongly increases respiratory disease mortality [187]. Consistent with 
this observational data, several randomized clinical trials show a strong 
link between vitamin D deficiency and COVID-19 severity and mortality, 
and that supplementation could reduce the severity [128,129,132]. 
Recent studies have provided further evidence that vitamin D is an 
important regulator of human immune function, perhaps, as described 
above, as a result of its stimulation of the innate immune response 
[112,113,188]. Since VDR is expressed in different cells of the myeloid 
and lymphoid lineage, vitamin D may increase the expression of anti-
microbial peptides in human monocytes and neutrophils [189,190]. The 
role of vitamin D in boosting the immune response in flu, common cold 
and other RTI have been shown [113,153,188,191,192]. Moreover, 
clinical data of vitamin D obtained during the 1918–1919 influenza 
pandemic found a potential role in reducing the cytokine storm [193]. 
Analysis of recent clinical data obtained from China showed a robust 
correlation between the cytokine storm and severity of COVID-19 [7]. 
Serum levels of inflammatory markers (IL-6, serum ferritin and TNF-α) 
were found to be higher in vitamin D deficient COVID-19 patients, 
which correlated with greater COVID-19 severity and increased mor-
tality [131]. Overall, the correlations between COVID-19 and vitamin D 
deficiency from a biochemical standpoint are shown in Table 3. 

Recent work indeed has suggested that a weak innate immune 
response enables a higher SARS-CoV-2 load, which results in over- 
activation of the adaptive immune system and, consequently, 
increased cytokine release and severe COVID-19 [14]. Moreover, 
increased production of cytokines, including TNF-α and IL-1β, and 
elevated CRP were found in vitamin D deficient patients which may 
cause hyper-inflammation [171]. Thus, based on retrospective data and 
indirect evidence [7,12,14,167], we suggest a possible relationship be-
tween vitamin D deficiency and COVID-19 severity (Fig. 3). 

Recently, it has been suggested that the severity of COVID-19 in-
fections are strongly associated with increased production of CRP 
[7,167] and pro-inflammatory cytokines (IL-6, IL-17) [12], leading to 
increased risk of pneumonia [12], ARDS, and heart failure [202], and 
finally, multi-organ failure. In contrast, CRP and inflammatory cyto-
kines (IL-6, IFN-γ) were attenuated in haemodialysis patients after 
vitamin D (calcitriol) treatment [203]. Although most of the studies are 

observational, it is thought that vitamin D can suppress cytokine and 
CRP production by simultaneous boosting the innate immune system, 
thus reducing the viral load and decreasing the over-activation of the 
adaptive immune system, thereby reducing COVID-19 mortality [167]. 
Clearly, randomized clinical trials are urgently needed to clarify the role 
of vitamin D in reducing COVID-19 infection. 

10. Vitamin D toxicity 

Recurrent vomiting, abdominal pain, polydipsia, polyuria, confu-
sion, and apathy are the most often noted clinical symptoms of acute 
vitamin D toxicity (VDT) or vitamin D intoxication or hypervitaminosis 
D [204]. The Endocrine Society and the Institute of Medicine (IOM) have 
both stated that acute VDT is extremely rare [205,206]. Although rare, if 
it is not identified quickly, the health effects can be serious. Serum 25 
(OH)D concentrations higher than 150 ng/mL (375 nmol/L) are the 
hallmark of VDT and the levels have been found to cause hypercalcemia 
[207]. Long-term consumption of vitamin D daily of more than 40,000 
IU (1000 μg) has been found to cause hypercalcemia in healthy persons 
[208]. Hypercalcemia has a straightforward relation to serum 25(OH)D 
but not to 1,25(OH)2D levels [209]. The clinical findings associated with 
VDT are closely related to serum calcium concentration and duration of 
the hypercalcemic condition [207]. Long-term supplementation with 
vitamin D3 in doses ranging from 5000 to 50,000 IU/day is considered 
to be safe [210]. For instance, Pietras et al. [211] reported that healthy 
adults taking 50,000 IU (equivalent to approximately 3,300 IU/day) of 
vitamin D2 once every 2 weeks for 6 years maintained vitamin D levels 
of 40–60 ng/ml (100–150 nmol/l) without toxicity. Ekwaru et al. [212] 
noted that Canadian adults taking 20,000 IU of vitamin D3 per day had a 
significant increase of vitamin D levels, up to 60 ng/mL (150 nmol/L), 
with no evidence of toxicity. Dudenkov et al. [213] performed a retro-
spective population-based analysis from more than 20,000 measure-
ments at the Mayo Clinic from 2002 to 2011 to determine the prevalence 
of VDT and demonstrated no acute clinical toxicity, with only one pa-
tient exhibiting a vitamin D level of 364 ng/mL (910 nmol/l) with hy-
percalcemia. In fact, Holick [214] showed that vitamin D is probably 
one of the least toxic fat-soluble vitamins. 

11. Conclusions 

Although the epidemic of SARS-CoV-2 started in late December 2019 
in Wuhan, China, there is still great uncertainty as to how it will finally 

Table 3 
Biochemical correlations between COVID-19 and vitamin D deficiency. Data 
compoled from [130,194–201].  

Parameters COVID-19 Vitamin D deficiency 

IL-6 Increased Increased 
TNF-α Increased Increased 
IFNγ Increased (late in course) Increased 
C-reactive protein Increased Increased 
D-dimer Increased Increased 
Innate immune response Decreased Decreased 
Th1 adaptive immune response Increased (late in course) Increased 
Cytokine storm Increased Increased 
ACE2 expression Decreased Decreased 
Coagulability Increased Increased  

Increased adaptive immune response

Increased CRP level/cytokine storm

Increased severity of COVID-19

Decreased levels of vitamin D

Decreased innate immune response

Increased viral load

Hyperinflammation

Fig. 3. Schematic representation of a possible correlation between vitamin D 
deficiency and COVID-19 severity. 
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resolve. In the meantime, the COVID-19 vaccine has been discovered 
and is being administered globally. However, this does not mean that the 
crisis has been resolved or is going to resolve soon. The vaccine provides 
a specific immunity against disease, but no single vaccine can provide 
100% protection to any diseases. Moreover, it is normal for many viruses 
to evolve through mutations and as a consequence, new variants of the 
virus emerge. It has been reported that the emergence of a different 
strain of SARS-CoV-2 may reduce the effectiveness of the vaccine [215]. 
In a true sense, vaccines alone, unless they achieve high population 
coverage, offer long-lasting protection, and are effective in preventing 
both SARS-CoV-2 transmission and COVID-19, but will not end the 
pandemic. Boosting immunity is a very important tactic to combat the 
ongoing and upcoming pandemic. The disease production by SARS-CoV- 
2 in an individual largely depends on host immunity, especially innate 
immunity, therefore, along with vaccination, there should be a priority 
to focus on enhancing host immunity. Vitamin D supplementation is one 
of the ways to boost host immunity. This review provides a rationale for 
the use of vitamin D against SARS-CoV-2 infection to improve the im-
mune response based on recent observational studies and RCTs. Large- 
scale clinical trials are urgently needed to determine the definitive ef-
fects of vitamin D in reducing SARS-CoV-2 infection. Further studies are 
also necessary to improve our understanding of the immuno- 
pathogenesis of COVID-19 to control this public health emergency. 
Along with Vitamin D supplementation, we suggest that a poly- 
therapeutic intervention, such as sleeping at least eight hours a day, 
avoiding stress and fatigue, engaging in sufficient physical exercise, 
adequate sunlight exposure, as well as supplementation with other vi-
tamins and macro/micro-nutrients (such as magnesium, zinc and sele-
nium) will promote the maintenance of adequate homeostasis and 
proper activity of the immune system, ultimately aiding in the preven-
tion of SARS-CoV-2 and other respiratory infectious diseases. 
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