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The current COVID-19 pandemic has strongly highlighted the importance of a 
resilient immune system and of adequate intake of a range of essential 
nutrients to support it. The role of vitamin D is well established in bone 
metabolism, and it has also been associated with clinically relevant 
effects on the musculoskeletal system, such as a reduced risk 
of falls and improved muscle function. Vitamin D also plays 
a fundamental and well recognized role in supporting the 
immune system. Indeed, vitamin D has multiple 
approved health claims in the European Union for 
contributing to the function of the immune system in 
both children and adults. 

Cholecalciferol, or vitamin D3, is the primary form of 
vitamin D in the diet and in dietary supplements, 
and is the form synthesized in the skin upon 
exposure to UV light. The focus of this publication 
is to describe how vitamin D3 interacts with 
various immune cells and modulates both innate 
and adaptive immune responses. Mechanistic and 
preclinical data indicate that vitamin D plays a 
role in the maintenance of immune homeostasis. 

Several studies have linked inadequate 
vitamin D status to a higher susceptibility to 
infections and immune-mediated disorders, 
including chronic infections, acute 
respiratory tract infections, autoimmune 
diseases, and other inflammatory 
conditions. Recent association data have 
shown a protective effect of vitamin D3 in 
COVID-19, in particular in terms of rates of 
infection, hospitalization, and mortality. This 
publication provides a scientific overview of the clinical 
evidence supporting vitamin D as an immunomodulator 
and raises awareness on the strong evidence of its role in 
the innate and adaptive immune system. Because vitamin D 
insufficiency is so frequent and the evidence for an 
association between deficiency and adverse outcomes is 
overwhelming, the clinical potential for maintaining 
optimized levels should not be underestimated. 

Future large randomized controlled trials are needed to 
determine how cholecalciferol supplementation affects the 
pathophysiology of different diseases in vivo and to investigate 
whether an optimized status can improve disease-related 
clinical outcomes. Cholecalciferol has the potential to be an 
important and safe adjuvant therapy for many diseases.

Executive summary
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Vitamin D is an essential, fat soluble vitamin that historically 
has been associated with bone health, but also plays 
fundamental roles in supporting the immune system. 
Vitamin D3, also called cholecalciferol, can be obtained 
either from the diet, although only few food sources 
naturally contain significant amounts of cholecalciferol,1,2 
and through UV-activated synthesis in the skin (vitamin D2, 
called ergocalciferol, is found primarily in mushrooms, 
plants, and yeast). Subsequent hydroxylation steps in the 
liver and (primarily) the kidney, respectively, are required for 
conversion into 25-hydroxyvitamin D3 (25(OH)D3) and then 
1,25-dihydroxyvitamin D (1,25(OH)2D3), the biologically active 
hormone (Figure 1).3,4 After synthesis, these metabolites can 
be bound to a carrier molecule, known as the vitamin D 
binding protein, for systemic transport.5 Although vitamin D 
can refer to both cholecalciferol (vitamin D3) and 
ergocalciferol (vitamin D2), cholecalciferol is the more 
relevant metabolite in a medical context, and in this review, 
vitamin D refers mainly to vitamin D3.

The 25(OH)D3 metabolite is the major circulating form and is 
bound to vitamin D binding protein with a half-life of 15 days 
compared to a few hours for 1,25(OH)2D3. Thus, the plasma 
concentration of 25(OH)D is considered the best indicator for 
vitamin D bioavailability and status. Currently, the Endocrine 

Understanding the complex 
physiology of cholecalciferol 
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Figure 1: Vitamin D3 synthesis, activation (adapted from Dusso et al, 2005)3

Society defines deficiency as <50 nmol/L, insufficiency as 51 
to 74 nmol/L, and the threshold of sufficiency as 75 nmol/L 
25(OH)D. Of note, the hydroxylation step in the liver is 
reduced in the elderly, which makes endogenous synthesis 
less efficient in this population group.6

Vitamin D deficiency is highly prevalent worldwide: based on 
the above mentioned cut-off levels, up to 40% of adults have 
deficient status, with greater than 80% being insufficient.7-10 
The shift towards lower status may also be due to decreased 
sun exposure due to e.g. the use of sun screen and a more 
sedentary lifestyle.11 To maintain an adequate circulating 
level of 25(OH)D, additional intake of cholecalciferol via 
supplements is often required, as sunlight exposure and 
dietary intake generally do not provide enough.12-15 There is 
no international consensus on the optimal intake level.16 
Dietary reference values vary per country and per age group 
and range from 400 to 800 IU daily in adults.17 However, 
individual differences exist in the resulting increase in 
circulating 25(OH)D levels, depending on starting serum 
level, sun exposure, treatment duration, and genetic 
background.18 Therefore, to raise the blood level of 25(OH)D 
consistently above 75 nmol/L may require an intake of 
higher levels, such as 2,000 IU/day.19-22 
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Evidence demonstrates that cholecalciferol 
supplementation can prevent vitamin D 
deficiency effectively.23

Still, excessively high intake can lead to hypervitaminosis D 
that will cause toxic effects such as hypercalcemia, 
hypercalciuria, and nephrocalcinosis.24,25 So far, no 
consensus was reached on the upper serum levels that did 
not provoke any adverse effects.16 It was suggested that levels 
below 375 to 500 nmol/L were not associated with the 
development of hypercalcemia16 and that oral intakes required 
to produce such levels were in excess of 20,000 IU/day in 
healthy adults.22 This is in line with the finding that despite 
increased use of cholecalciferol supplements and 
over-the-counter products, and the corresponding increase 
in incidences of serum levels above 125 nmol/L, no increase in 
toxicity was reported.26 However, it is still recommended by the 
United States Institute of Medicine to avoid 25(OH)D levels 
above 125 to 150 nmol/ L.27 To account for uncertainties and 
interindividual differences, an upper intake level of 
4,000 IU/day was defined for adults in the U.S.27 as well as 
Europe.28 Nevertheless, high doses of vitamin D of 10,000 
to 50,000 IU daily may be necessary to replenish vitamin 
D in severely deficient patients. According to the 
United States Institute of Medicine, 
cholecalciferol intakes of  
10,000 IU/day were not found to be 
associated with toxicity in adults.27 
Still, such patients require careful 
monitoring in a clinical setting. 

Cholecalciferol, an active 
pharmaceutical ingredient with 
a recognized safety profile and 
therapeutic effect
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The immune system has a vital role in protecting the body from invading 
pathogens and its effective functioning is important in being able to defend 
against these, but also in being able to tolerate non-threatening agents such as 
commensal microorganisms, food components, and self-antigens. 

The beneficial role of cholecalciferol 
in the immune system 

With its hormone-like functions, vitamin D contributes to a 
wide range of essential actions in both the innate and 
adaptive immune systems29 and adequate vitamin D status is 
therefore essential for a strong immune system.30 Almost all 
immune cells express the vitamin D receptor (VDR),31,32 an 
adequate expression of which is required for optimal 
functioning.33 In addition, epithelial cells, and several 
immune cell types can express the enzyme that converts 
25(OH)D to calcitriol, the active form of vitamin D. The 
calcitriol then acts via VDR binding to change gene 
expression, and profoundly impact cellular activity. Indeed, 
this is the primary mechanism by which vitamin D impacts 
immune function at the cellular, molecular, and metabolic 
level in different immune cells of the innate and adaptive 
immune systems.34,35 The gut epithelial VDR, for example, is 
important in protecting the mucosal barrier integrity and 
regulating the gut innate immunity.36-38 It also helps mitigate 
the negative effects of inflammation as reviewed 
elsewhere.30 It also supports the differentiation and killing 
capacity of macrophages, modulates the expression of 
cytokines, and impacts antibody production and the 
activities of T cells.39 Thus, when 25(OH)D levels in the blood 
are insufficient or deficient, immune responses can be 
limited, leading to increased incidence and severity of 
disease. The positive influence of adequate cholecalciferol 
intake on immune health has been acknowledged by 
multiple national and international organizations.15,40,41 

Moreover, vitamin D has multiple approved health claims in 
the European Union for contributing to the function of the 
immune system in both children and adults.42
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Figure 2: Organs of the immune system 
positioned throughout the body

It is composed of various parts, including the lymphatic 
system, immune cells such as macrophages, lymphocytes, 
and neutrophils, Peyer’s patches in the gut, the bone 
marrow, spleen, thymus, and lymph nodes (Figure 2). There 
are two subsystems within the immune system, known as the 
innate (non-specific) immune system and the adaptive 
(acquired) immune system. Both subsystems are closely 
interlinked and work together whenever an invader triggers 
an immune response. 
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Innate immunity, the first line of defense
The innate immune system represents the first line of 
defense comprising of physical barriers such as skin, mucous 
and vascular endothelium, specific enzymes, antimicrobial 
peptides and proteins, inflammatory humoral components, 
cell receptors that rapidly recognize pathogens, and cellular 
components (dendritic cells, macrophages, neutrophils, and 
NK cells) (Figure 3). It is characterized by a fast immune 
response initiated by an inflammatory response, causing 
blood and immune components to rush to the site of 
infection. The innate response enables neutrophils, 
monocytes and macrophages to engulf the invading 
pathogen through phagocytosis and to destroy it by 
producing defense molecules such as digestive enzymes, as 
well as via the so-called oxidative burst where invading 
pathogens are attacked with reactive oxygen species.43

Overall, vitamin D positively impacts innate immunity by 
supporting barrier function in the gut; supporting the 
differentiation of monocytes to macrophages, as well as the 
phagocytic and killing capacities of these macrophages; 
supporting antigen presentation; and modulating the 
inflammatory response, typically by reducing the expression 
of pro-inflammatory cytokines and increasing the expression 
of anti-inflammatory cytokines.30,35,39
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Figure 3: Vitamin D effects on innate and adaptative immunity  
(adapted from Vanherwegen et al, 2017 and Gil et al, 201834,183)

One additional function of vitamin D is stimulating the 
expression of antimicrobial and antiviral proteins such as 
cathelicidins and defensins by various cell types, including 
by macrophages and by epithelial cells that line the 
respiratory tract.39,44 These proteins are secreted by 
respiratory epithelial cells onto the surfaces of the airways, 
and form a first line of defense against pathogens.35,44,45 
While they are more noted to have antibacterial properties, 
they are directly antiviral as well, and have been shown to 
destroy viral envelope proteins, and to inactivate influenza 
viruses.44,46 In addition, they facilitate chemotaxis of 
phagocytic cells to the site of infection, bind to pathogens 
and mark them for destruction by innate immune cells, 
block viral entry into cells and suppress viral replication, and 
facilitate clearance of pathogens by autophagy and by 
inducing apoptosis of infected cells.35,44-46 Indeed, vitamin 
D-induced authophagy has been shown to decrease 
infection against a broad spectrum of viruses, including 
influenza A, rotavirus, hepatitis C, and HIV-1.35

In addition, other immune cells involved in innate immunity 
(NK cells and neutrophils) also express VDR.47 Overall, 
vitamin D modulates dendritic cells towards a less mature 
and more tolerogenic phenotype with changes in 
morphology (more adherent spindle- shaped cells), and in 
cytokine production and surface markers (Figure 3).48-52
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Adaptive immunity and memory
As the second line of defense, the adaptive immune system also defends the body 
against foreign invasion, but in a more specific and targeted manner. 
Unlike the innate response, the adaptive response is fine-tuned 
to recognize specific antigens expressed by the pathogens. The 
adaptive response is composed of B lymphocytes and T 
lymphocytes, both of which express their own types of highly 
specific and diverse antigen receptors. B cells are activated to 
produce antibodies which bind very selectively to antigens on the 
invading pathogen, marking the pathogen for destruction by the 
innate immune system. T cells are responsible for the cell-mediated 
adaptive immune functions and play a wide variety of roles in 
coordinating the overall immune response. For example, some T cells 
activate macrophages, some help activate B cells to secrete antibodies, 
and others kill cells infected with intracellular pathogens such as viruses. 

If the innate immune system fails to resolve the infection and the 
concentration of foreign antigens reaches a certain level, these 
are taken up and presented to T lymphocytes by so-called 
antigen-presenting cells, mostly dendritic cells and 
macrophages. This triggers the maturation, and 
proliferation of T cells specific for the given antigen, 
as well as the activation of antigen-specific B 
lymphocytes. Once the infection is resolved via 
the mechanisms described above, the adaptive 
immune system is also responsible for creating 
an immunological memory that allows faster 
intervention in a recurrent infection with 
the same pathogen. Subsets of B and T 
cells form long-lived memory cells, which 
are activated very quickly and robustly 
upon a subsequent exposure to the 
same pathogen.39

The adaptive immune response requires 
vitamin D for optimal functioning (Figure 
3). As describe above, the cells of the 
adaptive immune system express VDR, and 
1,25(OH)2D3 is thought to affect the proliferation 
and differentiation of B and T lymphocytes as well as their 
production of cytokines.30 The nature of this latter effect in T cells is 
dependent on the activation state of the cell, as VDR concentration 
increases upon activation.53,54 Even though less studied, a similar effect 
has also been observed in B-lymphocytes.34,55 In addition, vitamin D can 
modulate the T-lymphocyte stimulatory function of antigen-presenting 
cells.33,56 Besides its direct role on B-lymphocyte function, vitamin D reduces the 
activation of T-lymphocytes by B-lymphocytes.57,58 Moreover, it may help maintain 
immune homeostasis by preventing the excessive proliferation of B and 
T-lymphocytes.55,59 

One important effect of vitamin D seems to be its contribution to a shift from a 
proinflammatory to a more tolerogenic immune response,29,60-62 which is reflected 
by a change in cytokine profile (Figure 3). This is at least partly mediated by 
vitamin D supporting the development of regulatory T cells, which work to reduce 
immune-mediated inflammation.39 Thus, while vitamin D is important to support 
the immune system in reducing the incidence and severity of infection, it also 
works to result in a more tolerogenic state and hence offers some protection 
against the development of autoimmune disease as well (discussed below). 
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The clinical relevance of cholecalciferol 
as an immunomodulator

A more compelling story has emerged regarding vitamin D 
and reducing the incidence of acute respiratory tract 
infections (ARTI) in general. Indeed, several meta-analyses in 
recent years have demonstrated that vitamin D 
supplementation reduces the risk of respiratory tract 
infections in both children and adults.77-82 A meta-analysis of 
individual participant data from almost 11,000 subjects and 
25 RCTs showed that cholecalciferol intake reduced the 
incidence of acute respiratory tract infections, particularly 
those who were vitamin D deficient.83 This was in line with 
the results of another meta-analysis, where individuals with 
circulating 25(OH)D levels below 50 nmol/L benefited 
most.75,82 Meta-analysis data show a clear benefit for 
cholecalciferol on acute respiratory infection when daily or 
weekly dosing was used, rather than longer dosing 
intervals.75,83 For those individuals taking cholecalciferol 
supplements on either a daily or weekly basis, there was a 
19% reduction in those experiencing at least one ARTI. The 
impact was greatest in those participants who were deficient 
in vitamin D (defined in this study as 25(OH)D levels below 
25 nmol/L), as these individuals experienced a 70% reduction.81

Cholecalciferol as an adjunct to antibiotics did not have an 
additional beneficial effect in the treatment of acute 
bacterial pneumonia, although there was a trend towards 
faster resolution of radiographic manifestations in those 
with low baseline levels.84,85 RCTs indicate a significant risk 
reduction of acute bacterial pneumonia by cholecalciferol 
supplementation (OR = 0.65; 95% CI 0.50–0.85).75

In summary, there is evidence from RCTs of protective 
cholecalciferol effects on tuberculosis, and strong evidence 
on acute respiratory tract infection. Since deficiency is 
prevalent worldwide, daily supplementation with 
cholecalciferol could be an effective measure to ensure 
adequate status in individuals at risk.75 Indeed, the authors 
of one of the meta-analyses concluded that their findings 
“support the introduction of public health measures such as 
food fortification to improve vitamin D status, particularly in 
settings where profound vitamin D deficiency is common.”81 

Respiratory Tract Infections
Given the mechanistic data described above, it is not a 
surprise that vitamin D status profoundly impacts immunity, 
and the resistance to infectious disease. From a clinical 
perspective, low vitamin D status, as measured by blood 
concentrations of 25(OH)D, is associated with an increased 
rate of infections, and in particular upper and lower 
respiratory tract infections.63-65 Consistent with these 
findings, Brenner et al report that in a study of 9,548 adults 
aged 50-75, vitamin D insufficiency (blood levels between 
30-50 nmol/L) and deficiency (< 30 nmol/L) were associated 
with increased respiratory mortality over 15 years, with 
adjusted hazard ratios of 2.1 and 3.0, respectively. They 
concluded that 41% of respiratory disease mortality was 
attributable to inadequate vitamin D status.66 

The first evidence of the role of vitamin D in innate immunity 
was seen in the treatment of diseases caused by 
mycobacteria, such as in tuberculosis and leprosy.67,68 
Exposing human monocytes to pathogens such as M. 
tuberculosis up-regulates the expression of both CYP27B1 
(the gene encoding for the enzyme to convert 25(OH)D to 
1,25(OH)2D3, the active hormone) and VDR. Intracellular 
1,25(OH)2D3 binds to the VDR, leading to the expression of 
cathelicidin and the killing of intracellular M. tuberculosis.69,70

Associations have been described between vitamin D 
deficiency and an increased risk of infections with M. 
tuberculosis and other respiratory tract infections.64,71-74 
However, the data on vitamin D supplementation and 
tuberculosis is somewhat inconsistent. Some protective 
effect was seen in school children who tended to have 
deficient vitamin D serum levels in an area with a high 
prevalence of tuberculosis.75 When used as part of 
tuberculosis treatment, one meta-analysis of randomized 
controlled trials (RCTs) did not show a benefit on sputum 
culture conversion (odds ratio (OR) = 0.86; 95% confidence 
interval (CI) 0.62–1.19).75 In another meta-analysis, a 
beneficial effect on sputum smear (OR = 1.21; 95% CI 
1.05–1.39) and culture conversion (OR = 1.22; 95% CI 1.04–1.43) 
was reported, but no effect on time to sputum smear (Hazard 
ratio (HR) = 1.07; 95% CI 0.83–1.37) and culture conversions 
(HR = 0.97, 95% CI 0.76–1.23) was observed.76 While vitamin D 
supplementation may be considered for infection 
prophylaxis, future rigorous RCTs are needed to further 
determine the therapeutic relevance of vitamin D in patients 
with tuberculosis, particularly with respect to vitamin D 
dose, treatment duration, and follow-up based on vitamin D 
receptor polymorphisms and disease severity.
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COVID-19 Disease
With the emergence of new health threats, including the 
current COVID-19 pandemic, supporting immune function 
remains a high priority. There is mounting evidence to 
suggest that cholecalciferol supplementation in vitamin D 
deficient COVID-19 patients may be a promising and safe 
approach to lower the risk of a infection, a severe course of 
infection, and mortality.86-92 Across European countries, low 
25(OH)D serum levels were reported to be associated with 
increased COVID-19 mortality.86,87,93 Furthermore, studies have 
reported increased risk of COVID-19 infection in individuals 
with lower vitamin D status. One of the more important 
studies from the US included data from 191,779 participants, 
and showed that lower SARS-CoV-2 positivity rates were 
linked to higher circulating 25(OH)D levels.88 In this study, 
individuals with deficient blood 25(OH)D levels had a 54% 
higher rate of positivity in their COVID-19 tests than those 
who had adequate levels. Specifically, those who were 
deficient (<20 ng/mL in this study) had a 12.5% positive rate, 
while those who were adequate (30 – 34 ng/mL) had an 8.1% 
positive rate. Those individuals with higher blood levels of 
25(OH)D (≥55 ng/mL) had a positive rate of only 5.9%. 
Importantly, this relationship between vitamin D status and 
infection rate persisted regardless of age, gender, race/
ethnicity, or latitude. A meta-analysis of observational 
studies showed that vitamin D deficiency was 64% (OR = 1.64; 
95% CI 1.30–2.09) more frequent in severe cases of COVID-19 

compared to mild cases.94 This meta-analysis showed 
vitamin D deficiency to be associated with increased 
hospitalization (OR = 1.81, 95% CI 1.41–2.21) and COVID-19 
mortality (OR = 1.82, 95% CI 1.06–2.58).94

Importantly, supplementation may also be clinically relevant 
during a SARS-CoV-2 infection. A parallel pilot randomized 
open label, double-blinded clinical trial evaluated treatment 
with hydroxychloroquine and azithromycin in combination 
with a 25(OH)D supplement or a placebo on Intensive Care 
Unit (ICU) admission and mortality rate in 76 Spanish 
patients hospitalized for COVID-19.95 Supplementation in 
addition to the best available standard care compared to the 
care alone significantly reduced the need for ICU admission 
in these patients. 

Given, the above data on the relationship between vitamin D 
and COVID-19 incidence and outcomes, the urgency of the 
pandemic, and the safety of cholecalciferol supplementation, 
there is an argument for testing cholecalciferol as an adjuvant 
treatment to improve the clinical presentation of COVID-19 
and its prognosis.96 In line with this, experts recommend 
supplementation with cholecalciferol for the general 
population or at least for those at risk of deficiency as well as 
testing and supplementation for hospitalized COVID-19 
patients where needed in combination with a single bolus 
dose to facilitate repletion.19,30,97-102 
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Urinary Infections
Based on the same principle, whereby vitamin D stimulates 
production of endogenous antimicrobial peptides, data have 
also been generated on urinary infections. Association 
studies suggest a predisposition to urinary tract infection 
(UTI) in children with low cholecalciferol levels likely due to 
the reduced production of cathelicidin and defensin β2.103,104 A 
study investigating the association between 25(OH)D status 
and UTIs found that vitamin D insufficiency and deficiency 
are prevalent in young children (21%), and that low status was 
associated with UTIs in girls, although no correlation with the 
recurrence of infection at one-year follow-up was observed.104 
A RCT in 511 adults who were at an increased risk of UTI as 
they had prediabetes were randomized 1:1 to cholecalciferol 
(20,000 IU/week) versus placebo for five years.105 The number 
of subjects reporting UTI during the study was significantly 
lower in the cholecalciferol group than in the placebo group 
(18 vs 34, p < 0.02). The effect of cholecalciferol on UTI was 
most pronounced in males and was unrelated to baseline 
serum 25(OH)D level. 

Adequate cholecalciferol intake may become a way to prevent 
UTIs, though further confirmatory prospective studies are 
needed to prove a beneficial effect on the restoration of 
cathelicidin stimulation and for prevention of UTI recurrence.

Autoimmune Diseases
While the etiology of autoimmune diseases is still not well 
understood, a common factor in many is low levels of 25(OH)D. 
Correcting vitamin D status via supplementation may help 
reduce the incidence and the development of some of these 
diseases.106 The effect is likely due to the role that vitamin D 
plays in balancing the immune system, particularly its 
inflammatory response, possibly via an effect on T regulatory 
cells (Tregs) and the cytokines they release.107 A correlation 
between 25(OH)D levels and Tregs was found in an 
interventional trial with cholecalciferol in healthy volunteers, 
even though the increase in the percentage of CD4+ Tregs only 
showed a trend that did not reach significance.108 Vitamin D3 
is also able to directly reduce effector T-lymphocytes as 
demonstrated in both multiple sclerosis and systemic lupus 
erythematosus.109,110 The change towards a more tolerogenic 
status is reflected by a change in cytokine profile (Figure 3), 
as seen in multiple sclerosis where cholecalciferol decreased 
specific pro-inflammatory cytokines and increased specific 
anti-inflammatory cytokines; the latter effect has also been 
observed in inflammatory bowel disease.111-114 A decrease in 
specific pro-inflammatory cytokines was also observed in 
rheumatoid arthritis and a direct antifibrotic effect was 
reported in systemic sclerosis.115,116 Furthermore, vitamin D 
affects the maturation and migration of dendritic cells, 
conferring an immunoregulatory role and tolerogenic 
phenotype, characterized by production of specific 
anti-inflammatory cytokines.117,118

These clinical data are supported by a wealth of data from 
animal models of autoimmune disease, including experimental 

autoimmune encephalomyelitis, collagen-induced arthritis (the 
mouse model of rheumatoid arthritis), and the non-obese 
diabetic mouse (a type 1 diabetes model) where cholecalciferol 
prevents disease onset and slows disease progression.62,119-123 

Epidemiological studies also have found an association 
between autoimmune diseases and insufficient 25(OH)D 
levels.106 Although differences may be due to genetic and 
lifestyle factors other than 25(OH)D levels, observational 
data link increasing latitude and decreased sunlight 
exposure with a higher prevalence of multiple sclerosis,124-127 
type 1 diabetes,128-130 and inflammatory bowel disease.131 
Lower 25(OH)D serum levels have been reported in patients 
affected by various autoimmune diseases compared to 
healthy controls.132-139 Moreover, circulating 25(OH)D levels are 
decreased at disease onset as well as during follow-up in 
type 1 diabetes, multiple sclerosis, rheumatoid arthritis, 
systemic sclerosis, systemic lupus erythematosus, and 
inflammatory bowel disease.133-135,140-146 

A prospective nested case-control study among women in 
the Finnish Maternity Cohort reported that a 50 nmol/L 
increase in 25(OH)D was associated with a 39% reduced risk 
of multiple sclerosis (RR 0.61, 95% CI 0.44–0.85, p = 0.003).147 
Women with 25(OH)D levels <30 nmol/L had a 43% higher 
risk of multiple sclerosis (RR 1.43, 95% CI 1.02–1.99, p = 0.04) 
compared with women with levels ≥50 nmol/L, supporting 
deficient levels of cholecalciferol as a risk factor for multiple 
sclerosis and further strengthening the rationale for broad 
public health interventions to improve levels.147

In addition to the data on vitamin D status, studies have also 
correlated cholecalciferol intake and the prevalence of 
autoimmune diseases such as rheumatoid arthritis148 and type 1 
diabetes.149,150 A large case-control study in seven centers in 
Europe showed that vitamin D supplementation in infancy has 
a protective effect on the development of type 1 diabetes.151 A 
large birth-cohort study in Finland reported an 80% reduction 
in type 1 diabetes onset in children receiving cholecalciferol 
before the age of 1, regardless of dose.152 Similarly, in multiple 
sclerosis, low neonatal concentrations are associated with an 
increased risk of disease incidence.153 Cohort data in several 
millions of subjects have associated cholecalciferol intake with 
lower multiple sclerosis disease incidence.154,155

Intervention studies with different doses of cholecalciferol 
in autoimmune disease patients have resulted in more 
inconsistent outcomes. A single bolus of 7,500 µg (300,000 UI) 
in patients with early rheumatoid arthritis was effective in 
improving general health, but no effects on disease activity nor 
on inflammatory markers and T cells were measured.156 Clinical 
intervention studies with cholecalciferol in type 1 diabetes 
patients have been disappointing, as no clinical study has 
demonstrated an effect in improving glucose metabolism and 
insulin secretion.157,158 A small prospective trial in children 
with type 1 diabetes autoantibodies reported that 
cholecalciferol administration decreased the serum glutamic 
acid decarboxylase 65 (GAD65) autoantibody, pointing to 
some immunomodulatory effect.159
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Other inflammatory conditions 
In addition to autoimmune diseases, cholecalciferol 
has also been implicated in the management of other 
inflammatory conditions. A comprehensive analysis of 
environmental and genetic determinants of serum 
25(OH)D concentration in 278 UK chronic obstructive 
pulmonary disease (COPD) patients reported 61.5% of 
participants having serum 25(OH)D <50 nmol/L and 
deficiency was independently associated with reduced 
markers of pulmonary function.160 Patients with COPD 
who currently or previously smoked were more likely 
than matched healthy smokers to suffer from deficient 
25(OH)D levels, with a deterioration of COPD-
classification and exacerbation rate associated with a 
further decrease in 25(OH)D levels.161 A study reported 
significantly lower 25(OH)D levels in COPD patients with 
acute exacerbations (AECOPD) vs those with stable 
COPD and healthy controls (52.78% in the AECOPD 
group vs 39.47% in the stable COPD group).162 However, 
the observational evidence is inconsistent as in 70 
elderly overweight COPD patients, no significant 
association was found between low vitamin D serum 
levels and impairment of lung function, despite a high 
prevalence of vitamin D deficiency of 60%.163 Still, 
optimizing 25(OH)D levels reduced incidence of COPD 
exacerbations in patients with low 25(OH)D levels.164,165 
In addition, treatment with cholecalciferol was 
effective in reducing respiratory infections in asthma 
patients, likely due to the increased cathelicidin and 
modulation of cytokine release.166

Age-related systemic inflammation, so-called 
“inflammaging”,167 is another condition associated with 
depleted vitamin D. RCTs have shown improvements in 
inflammatory status following cholecalciferol intake 
and epidemiological studies have shown associations 
between 25(OH)D levels and inflammation.168 Although 
more clinical and epidemiological controlled studies 
are necessary, an association between cholecalciferol 
and inflammation in the elderly is likely, leading to a 
promising role for supplementation.168 
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The importance of cholecalciferol  
in critically ill patients
Low 25(OH)D levels were reported in critically ill patients compared to healthy 
controls,169,170 and these were even more reduced in patients with systemic 
inflammatory response syndrome (SIRS) and/or sepsis.169 However, this difference in 
25(OH)D between critically ill patients with and without sepsis was not seen 
consistently.170 Similarly, levels of the antimicrobial peptide cathelicidin were found to 
be higher in some patients with SIRS,169 while decreased in others.170 Regardless low 
25(OH)D levels in critically ill patients in general are associated with an 
increased risk of adverse outcomes18,171-176 and greater disease severity, 
morbidity, and mortality.177 

Although not fully understood, aside from causes such as 
limited sun exposure or dietary alterations, another reason 
for lower 25(OH)D levels in critically ill patients is a decrease 
in vitamin D binding protein due to reduced protein 
synthesis and increased clearance.18 In addition, 
inflammatory processes may result in VDB protein 
depletion.178 It is, thus, unclear whether low status 
reflects greater disease severity, or whether it would be a 
modifiable risk factor via optimized cholecalciferol 
intake.179,180 25(OH)D levels continued to decrease in 
critically ill patients during their stay at the ICU, 
particularly in those who remain there for >10 days18 and 
a single bolus dose followed by lower daily doses may 
be required to improve 25(OH)D levels rapidly.181 
High-dose supplementation (Placebo vs. 200,000 IU vs. 
400,000 IU cholecalciferol) within 24 hours of new-onset 
of severe sepsis or septic shock rapidly and safely 
improved 25(OH)D levels and was associated with 
increased circulating cathelicidin levels.182 In addition, 
there was an improvement in some (Hospital length 
of stay, 30-day ICU readmission), but not all 
markers for functional outcomes (ICU length of 
stay, all-cause mortality).182 Larger trials are 
needed to verify these findings and 
to assess whether optimizing 
vitamin D status may be an 
important and safe adjuvant 
therapy for crucially ill 
patients. 
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Vitamin D status exerts a profound impact on the cells of the 
immune system, most of which express the VDR and have the 
ability to convert 25(OH)D to calcitriol. 

As such, vitamin D contributes to a wide range of essential actions in both the 
innate and adaptive immune systems. This has led to multiple approved health 
claims in the European Union for contributing to the function of the immune 
system in both children and adults. Yet, despite the close association of 25(OH)D 
status with human health and the high prevalence of low status, insufficiency is 
not widely recognized as a clinical problem.

The strong therapeutic potential of cholecalciferol is supported by a vast body of 
literature, and the evidence for a link between vitamin D deficiency and adverse 
outcomes is overwhelming. Future studies can build on this to further 
substantiate the beneficial effects of supplementation with respect to infections, 
autoimmune and inflammatory diseases. Mounting evidence points to an 
important role of cholecalciferol in COVID-19 patients (in terms of infection, 
hospitalization, and mortality rates); there is an argument for testing vitamin D 
levels as an adjuvant diagnostic tool to improve the clinical presentation and 
prognosis of COVID-19, especially in older adults in whom endogenous synthesis is 
less efficient. With vitamin D’s recognized activity towards tolerance and well 
described functions in supporting immune cell activation and antimicrobial 
activity, the therapeutic potential of cholecalciferol as an immune modulator is 
appealing. Studies in animal models of autoimmune diseases and in patients have 
shown that restoring serum levels can alter the course of autoimmune diseases. 

The use of cholecalciferol to achieve and maintain adequate vitamin D status is 
of public health interest, as vitamin D insufficiency and deficiency are common 
and associated with musculoskeletal and non-skeletal diseases, such as 
cardiovascular diseases, type 2 diabetes, neurodegenerative diseases, and 
infections. It is therefore of critical importance to develop save and cost-effective 
strategies to assess, improve and maintain adequate vitamin D status in the 
population. Cholecalciferol may be an important and save adjuvant therapy that 
can help improve outcomes for a range of diseases when used in combination 
with the current standard of care. 

Conclusions and 
perspectives of 
cholecalciferol as an 
important and safe 
adjuvant therapy 
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DSM is a purpose-led, end-to-end innovation partner that helps both brand and 
generic manufacturers realize market success by enabling agile drug development, 
ensuring seamless product entry, and optimizing life-cycle management efforts. 

DSM is the only vertically integrated manufacturer from pure active substance to 
vitamin D3 formulations under pharma GMP certified conditions. Our active 
pharmaceutical ingredients (API) portfolio of vitamin D3 made in Europe facilitate 
the development and registration of our customers around the world. From 
vitamin D3 crystalline pure active substance with 40 million IU per gram 
supported by several registration dossiers such as CEP, US DMF and Japanese 
DMF, we also formulate oily form (1 million IU/g) and powdered forms 
(100’000 IU/g) that speed up development process and contribute to better 
uniformity of content of cholecalciferol in oral solid formulations. Currently, DSM 
is the first and only holder of Japanese DMF for vitamin D3 crystalline as well as 
the Certificate of Suitability (CEP) for powdered vitamin D3 forms. With this CEP, 
the vitamin D3 API powder form is available for our partners worldwide, fully 
accepted in more than 50 countries globally (including all European Union 
countries, Canada, Argentina, Australia, and Singapore), which considerably 
facilitates the registration process and helps accelerate market entry in 
compliance with the latest regulatory requirements. For DSM partners, this 
provides new opportunities to address growing market demand innovatively and 
in line with applicable regulatory and quality standards. 

With more than 70 years of experience in producing and securing the supply of 
APIs, along with a strong IP portfolio, we have become a trusted partner for 
life-changing therapies that safely and efficiently improve people’s lives - today 
and tomorrow. This, together with the unique innovation expertise and the 
unparalleled ability to manage the market entry registration process, make DSM a 
most ideal partner for the development of over-the-counter products and 
prescription medications that address emerging therapeutic areas benefiting 
global patient health, while helping customers achieve long-term growth. 

Partner with us, because where others see products, we see purpose.

Discover how DSM can 
be your innovation 
partner in supporting 
patients’ health 
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