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ABSTRACT

SARS-CoV-2, the virus that causes the COVID-19 pandemic, is a major global public health challenge with severe
outcomes worldwide. A robust immune system plays a crucial role in limiting the spread of the virus and
supporting recovery. While several nutrients are important for immune function, vitamin D is particularly
important in bolstering immunity. This review aimed to investigate the interplay between viral infection, immune
response, and vitamin D in determining the prognosis of COVID-19. It is believed that vitamin D possesses anti-
inflammatory, immunomodulatory, antifibrotic, and antioxidant properties, potentially aiding in the fight against
SARS-CoV-2 infection. Severe complications associated with SARS-CoV-2, including cytokine storms, acute
respiratory distress syndrome, and disruption of the renin-angiotensin system, are influenced by various
mechanisms. Vitamin D helps regulate these processes by inhibiting inflammatory cytokines, thereby reducing
disease severity and risk of mortality. Vitamin D is recommended for both prevention and support of COVID-19
treatment, because it reduces the likelihood of viral infections such as the common cold, enhances cellular
immunity, modulates adaptive immunity, and increases the expression of antioxidant-related genes. However,
current evidence on the direct relationship between vitamin D levels, COVID-19 severity, and mortality remains
insufficient. Therefore, further randomized controlled trials and large-scale cohort studies are needed to
investigate this association.
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Introduction

COVID-19, caused by the SARS-CoV-2 virus, was officially named by the World Health Organization (WHO)
[1] and declared a global pandemic [2]. The virus has spread rapidly across the globe, impacting nearly every
country. Despite the absence of a definitive treatment for COVID-19, preventive strategies have been developed
to mitigate its spread and effects [3].

Coronaviruses are classified as RNA viruses and are divided into four subfamilies: alpha, gamma, beta, and delta
[4]. Alpha and beta coronaviruses primarily affect mammals, while gamma and delta coronaviruses can infect
both mammals and birds [5]. Human infections are typically caused by alpha and beta coronaviruses [6]. The
viruses that infect the upper respiratory tract in humans, such as HCoV-229E, HCoV-NL63, HCoV-HKUI, and
HCoV-0C43, generally lead to mild symptoms similar to a common cold and are transmitted through respiratory
droplets. In contrast, more severe coronaviruses like SARS-CoV and MERS-CoV primarily target the lower
respiratory system and can result in fatal respiratory distress [7].

The immune system plays an essential role in determining the severity of COVID-19 [8]. Balanced nutrition is
key to maintaining a strong immune response, helping the body defend against infections [9]. Inadequate or poor
nutrition weakens immunity, increasing the risk of illness. During the COVID-19 pandemic, it has been
recommended that individuals maintain a balanced intake of macronutrients such as proteins, fats, and
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carbohydrates, while also ensuring sufficient intake of micronutrients to support immune function [10, 11].
Vitamins and minerals, including vitamins A, C, D, and E, along with zinc, iron, and selenium, are particularly
important for immune health [7]. Among these, vitamin D plays a crucial role in defending against viral respiratory
infections by modulating both the innate and adaptive immune systems [12].

Vitamin D deficiency has a detrimental impact on key immune processes, such as lung function, cytokine
regulation, preventing apoptosis in epithelial cells, and facilitating their repair. This disruption weakens the body's
immune response. As a result, regions with limited sunlight exposure and lower vitamin D levels may experience
higher COVID-19 mortality rates. In contrast, countries closer to the equator, where sunlight is more consistent,
tend to report lower death rates from the virus. Additionally, a study found that 76% of COVID-19 patients were
vitamin D deficient [13].

With the emergence of the pandemic, there has been an increasing focus on the role of vitamin D, known for its
effects on upper respiratory tract infections. Researchers have suggested that vitamin D could help mitigate the
severity of COVID-19 by modulating immune responses. The vitamin influences various genes that immune cells
express, potentially reducing the severity of not just COVID-19 but also other respiratory infections [14].

This review aimed to investigate the interplay between viral infection, immune response, and vitamin D in
determining the prognosis of COVID-19.

Results and Discussion

Immune Evasion and Cytokine Storm

Severe complications such as ARDS, cardiac issues, multi-organ failure, and even death in COVID-19 patients
are often driven by cytokine storms. A cytokine storm is characterized by an excessive and unregulated release of
cytokines, leading to widespread inflammation. SARS-CoV-2 contributes to this storm by interfering with the
renin-angiotensin system, triggering acute lung damage and ARDS [15, 16]. The virus also evades immune
detection by suppressing the innate immune response, inhibiting type I interferon (IFN) production, and
preventing the recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors
(PRRs). Furthermore, it disrupts NF-«xB activation, further impairing immune function [17].

Type I interferons (IFNs) are essential for the body's initial defense against viral infections and for regulating
adaptive immunity. The effectiveness of the innate immune response largely depends on the production of these
interferons. However, certain viruses, including SARS-CoV-2, can evade this defense mechanism by inhibiting
the production of type I IFNs and by disrupting receptors like retinoic acid-inducible gene-I (RIG-I)-like receptors.
The immune system identifies viral RNA through a set of receptors known as pathogen-associated molecular
pattern (PAMP) sensors, which include pattern recognition receptors (PRRs), cytoplasmic RNA sensors, and
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). Among these, TLR-3, TLR-7, and
TLR-8 are involved in the detection of PAMPs, while RIG-I and MDAS are key cytoplasmic RNA sensors, and
NLR proteins like NLRP1, NLRP3, NLRP7, and NLRC4 also play a role [18].

When immune cells detect viral RNA, they trigger inflammatory signaling pathways through PRRs, particularly
TLR-3 and TLR-7. However, SARS-CoV-2 uniquely interferes with these pathways by inhibiting TRAF-3 and
TRAF-6, molecules linked to TNF receptors. Although the virus activates TLR-3 and TLR-7, it simultaneously
suppresses TRAF-3 and TRAF-6, leading to the inhibition of NF-kB and IRF-3/7, which diminishes the early
inflammatory and antiviral responses triggered by type I IFN [17]. The recognition of viral RNA by PRRs
activates transcription factors such as IRF-3 and IRF-7, leading to the production of type I IFNs. These IFNs, in
turn, stimulate the expression of IFN-stimulated genes (ISGs) through the JAK-STAT signaling pathway [19]. A
disruption in this pathway can worsen the severity of SARS-CoV-2 infections and impair the antiviral response
[20].

As the infection progresses, cell death releases viral particles and intracellular components, which further activate
the immune system. These particles are detected by PRRs on monocytes and macrophages, which then initiate
pro-inflammatory signaling pathways involving NF-kB and IRF. This leads to the release of pro-inflammatory
cytokines, including TNF-a, IL-1, IL-6, and chemokines such as CXCL10, CXCL9, CXCL8, CCL2, and CCL5
[21]. While some of these cytokines, like type I IFN and IL-7, are beneficial, others, such as IL-1p, IL-6, and
TNF-a, can exacerbate the inflammatory response, especially during a cytokine storm, which contributes
significantly to the pathophysiology of COVID-19. The overwhelming release of cytokines and chemokines
attracts immune cells like neutrophils and monocytes to the lungs, leading to excessive infiltration and damage to
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lung tissue [22]. Delayed type I IFN responses worsen the situation by encouraging the accumulation of
inflammatory monocytes and macrophages, which further drives the cytokine storm, resulting in severe tissue
damage, pneumonia, ARDS, and coagulation issues [23].

A connection exists between type B beta coronaviruses, which are responsible for severe diseases and even
fatalities, and COVID-19 [4]. The body's ability to mount a protective response to infections is influenced by
various factors, including genetics, epigenetics, and lifestyle. Vitamin D has been shown to reduce the risk of viral
infections and to protect against conditions like pneumonia and lung damage through multiple mechanisms. These
include enhancing anti-inflammatory cytokine levels and suppressing the production of pro-inflammatory
cytokines. As such, vitamin D is considered a key factor in mitigating the severity of COVID-19 [22, 23].

The Role of Vitamin D in COVID-19

Vitamin D, which is primarily synthesized through ultraviolet-B (UVB) exposure, is present in very few foods.
The vitamin D receptor (VDR) plays a crucial role in regulating immune function and exhibits anti-inflammatory
properties. VDRs are found on most immune cells, including dendritic cells, macrophages, and activated T and B
cells. Vitamin D impacts both innate and adaptive immunity, enhancing the antimicrobial activity of macrophages
and monocytes. Additionally, vitamin D influences the expression of various genes, reducing the production of
pro-inflammatory cytokines (such as IL-12 and IL-23) while promoting the production of anti-inflammatory
molecules like IL-10 and TNF-alpha. Through its modulation of cytokine expression, vitamin D plays a significant
role in T cell responses by either stimulating or inhibiting cytokines [24, 25].

Active vitamin D, along with its receptor (VDR) and the enzyme 1a-hydroxylase, is expressed by dendritic cells,
macrophages, and activated T and B cells. This enables vitamin D to regulate immune responses, particularly by
modulating cytokine expression and interacting with both adaptive and innate immune cells [25, 26]. The
immunomodulatory effects of vitamin D lead to enhanced antimicrobial activity and a reduction in pro-
inflammatory actions. By promoting the differentiation of monocytes into macrophages, vitamin D enhances
phagocytosis, decreases the production of inflammatory cytokines, and increases the production of antimicrobial
proteins. This helps mitigate inflammation, especially in the lungs. Studies suggest that vitamin D
supplementation can reduce the incidence of viral respiratory infections, particularly in individuals with vitamin
D deficiency [26].

Variations in vitamin D-related genes may influence the severity of COVID-19. Specifically, mutations in genes
such as VDR, DBP, CYP27B1, and CYP24A1 have been shown to negatively affect vitamin D activity. Research
has revealed a connection between polymorphisms in the VDR gene and the occurrence of respiratory infections.
Toll-like receptors, specifically TLR2/1, have been observed to increase the expression of VDR and CYP27B1 in
monocytes, while also promoting the production of antimicrobial peptides like cathelicidin and defensin 2.
Additionally, immune cells such as dendritic cells, macrophages, and activated T and B cells are involved in
expressing VDR and CYP27B1 [27].

Vitamin D serves as an important immune system regulator, promoting the production of antimicrobial peptides,
including cathelicidin and defensins, which are essential in controlling inflammation caused by viral, bacterial,
and fungal infections [28]. When human monocytes and macrophages are activated through TLRs, there is an
increase in VDR expression as well as the expression of vitamin D-1-hydroxylase, which enhances the production
of antimicrobial peptides like cathelicidin. These peptides are crucial for killing pathogens such as Mycobacterium
tuberculosis. Similar mechanisms occur in lung epithelial cells, where vitamin D activation leads to the expression
of antimicrobial peptides, including cathelicidin and defensin 2. Human defensin-2 activates the innate immune
system by releasing antiviral cytokines and chemokines, which help recruit immune cells like monocytes,
macrophages, NK cells, and T cells. Additionally, cathelicidin, in combination with antiviral proteins such as IFN-
v, IFN-f, and MxA, stimulates the production of molecules like PKR and RNase L [27-31].

LL-37, a product of cathelicidin cleavage, exhibits antimicrobial effects against a wide range of pathogens,
including viruses, bacteria, parasites, and fungi. It also limits viral replication, including the replication of SARS-
CoV-2 [30]. Moreover, defensins play a key role in reducing inflammation caused by viruses like SARS-CoV and
influenza A [31]. Human a-defensin 5 has been shown to prevent SARS-CoV-2 from entering host cells by
binding to the ACE2 receptor [32].

Vitamin D has an essential role in modulating immune responses, particularly by influencing T regulatory (Treg)
cells. By regulating T cell responses, vitamin D helps prevent excessive cytokine production. It reduces the activity
of Th1 cells, which are implicated in the development of ARDS, and diminishes the secretion of proinflammatory
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cytokines like IFN-y and TNF-a. Studies have demonstrated that vitamin D supplementation increases the
presence of CD11c+ cells, reduces the production of cytokines such as TNF-a, IFN-y, and IL-6, and regulates
antioxidant genes like glutathione reductase. Additionally, vitamin D promotes the expression of antimicrobial
peptides and genes involved in autophagy [33].

In COVID-19 patients, there is a notable reduction in peripheral CD4+ and CD8+ T cell counts, alongside an
increased concentration of CCR6+ Th17 cells in CD4+ T cells [34]. Severe cases of COVID-19 also show
abnormalities such as a decreased lymphocyte count, elevated leukocytes, a higher neutrophil-lymphocyte ratio,
and lower levels of monocytes, eosinophils, and basophils [35]. These changes underscore the importance of both
innate and adaptive immune responses in the pathophysiology of cytokine storms seen in severe COVID-19.
Vitamin D helps to regulate immune responses by modulating the activity of a wide range of immune cells. These
include CD4+ and CD8+ T cells, neutrophils, B cells, macrophages, monocytes, and dendritic cells, with the help
of their receptor, the vitamin D receptor (VDR). It reduces the differentiation of Th1 and Th17 cells by promoting
VDR expression in CD4+ T cells and enhances Th2 cell differentiation. This balance between T cell subsets plays
a significant role in preventing the cytokine storm [36].

The presence of SARS-CoV-2 amplifies inflammation by stimulating IL-6 production in CD14+ and CD16+
monocytes, which are derived from Th1 cells [37]. A range of cytokines, including TNF-a, IFN-y, IL-2 from Thl
cells, and IL-13, IL-9, IL-5, and IL-10 from Th2 cells, are elevated in individuals with COVID-19. The
overproduction of these proinflammatory cytokines, particularly from both Th1 and Th2 cells, contributes to the
cytokine storm, immune dysfunction, and the development of conditions like pneumonia and ARDS [37, 38].
Vitamin D reduces the production of proinflammatory cytokines such as TNF-a, IFN-y, IL-2, IL-1, IL-12, IL-17,
IL-23, and IL-22 from Thl and Th17 cells, while simultaneously enhancing Th2 responses by promoting 1L-4
production. This shift in immune response helps control inflammation and regulate immune function [36, 39].
Macrophages exhibit distinct functional states depending on the immune response. M1 macrophages are activated
in response to Th1 and Th2 responses and produce various proinflammatory cytokines, including TNF-a, IL-1B,
IL-6, IL-8, 1L-12, IL-18, and a variety of chemokines such as CXCL1, CXCL8, CXCL9, CXCL10, CXCLI11,
CXCLS5, CXCL3, and CXCL13. These macrophages contribute to inflammation and immune responses. In
contrast, M2 macrophages are associated with the resolution of inflammation and tissue repair. They generate
anti-inflammatory cytokines such as TGF-B, IL-4, IL-10, and IL-13, which help control tissue damage through
phagocytic activity.

Vitamin D, specifically its active form 1,25(OH)2D, has been shown to reduce the production of proinflammatory
cytokines such as IL-6, IL-12p40, and IL-1p, as well as chemokines including CXCL9, CXCL10, and CXCLI11,
produced by M1 macrophages. Additionally, vitamin D can promote the shift from the M1 proinflammatory
phenotype toward the M2 anti-inflammatory phenotype, supporting tissue repair and mitigating inflammation
[40].

Vitamin D’s influence extends to modulating the immune balance, which is crucial for counteracting the cytokine
storm seen in severe COVID-19 cases. It may initially curb viral replication and later help alleviate
hyperinflammation [36, 39-41]. Maintaining adequate levels of vitamin D is therefore critical for controlling the
severity of viral infections like COVID-19.

Beyond immune modulation, vitamin D also interacts with the renin-angiotensin system (RAS) by increasing the
expression of angiotensin-converting enzyme 2 (ACE2). This enzyme plays a key role in the entry of SARS-CoV-
2 into host cells. ACE2 is highly expressed in respiratory epithelial cells, lung alveolar cells, heart, kidneys, blood
vessels, and the gastrointestinal system [42]. When SARS-CoV-2 binds to ACE2, it reduces ACE2 levels and
simultaneously increases ACE activity, leading to an overproduction of angiotensin II, which exacerbates
inflammation and disease severity [43]. ACE2 counters the inflammatory effects of angiotensin II by converting
it into angiotensin 1-7, which has anti-inflammatory properties [44]. ACE2 is crucial in protecting against acute
respiratory distress syndrome (ARDS) and acute lung injury.

Research indicates that vitamin D can help regulate the renin-angiotensin system by enhancing ACE2 expression,
reducing ACE activity, and decreasing the levels of angiotensin II. Additionally, vitamin D lowers renin
expression, further inhibiting angiotensin II production [45]. Studies have shown that 1,25(OH)2D can prevent
acute lung injury caused by lipopolysaccharides by modulating key components of the renin-angiotensin system,
including ACE2.

However, measures like isolation and social distancing, which reduce COVID-19 transmission, also decrease sun
exposure, leading to potential vitamin D deficiencies in the population. This raises the need for vitamin D
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supplementation, especially in light of its possible role in reducing the severity of COVID-19. Despite promising
findings, more research is required to definitively link vitamin D deficiency with COVID-19 infection and to
evaluate whether vitamin D supplementation could mitigate the spread and impact of the virus [46, 47].
Research has indicated a link between vitamin D deficiency and higher COVID-19 mortality rates, particularly in
Europe [14]. One study suggested that vitamin D supplementation, whether before or after a COVID-19 diagnosis,
was associated with less severe symptoms and better survival rates, especially among frail elderly individuals
[48]. A systematic review and meta-analysis found that while vitamin D deficiency was not directly linked to a
higher likelihood of contracting COVID-19, those with severe cases were 64% more likely to be vitamin D
deficient compared to those with mild symptoms. Deficiency in vitamin D has been connected to increased
hospitalization rates and higher mortality from COVID-19, with a positive correlation between vitamin D levels
and disease severity [49].

In a study by Annweiler et al. [50], vitamin D3 supplementation before or during COVID-19 infection was linked
to less severe illness and improved survival rates among older and frail individuals. Another study examining
individuals between the ages of 30-60 found that more than half of those with COVID-19 had vitamin D
deficiency. These patients also had elevated inflammatory markers, and those with lower vitamin D levels
experienced more severe COVID-19 symptoms, which contributed to a higher mortality rate. These findings
suggest that mass vitamin D supplementation for at-risk populations may help mitigate COVID-19 severity [51].
Other research emphasized that while vitamin D deficiency was common among COVID-19 patients, it did not
appear to be directly associated with disease outcomes [52]. A retrospective study also showed that cholecalciferol
supplementation seemed to reduce the mortality risk in acute COVID-19 patients, regardless of their initial serum
25(OH)D levels [53]. Additionally, a study proposed that exposure to sunlight might offer some protective effects
against COVID-19 mortality [54]. A study conducted in India also found that low levels of 25(OH) vitamin D
were inversely related to both SARS-CoV-2 infection rates and mortality in the Indian population [55].

In a randomized, placebo-controlled trial examining high-dose vitamin D supplementation for COVID-19,
patients who received 60,000 IU of cholecalciferol daily achieved 25(OH)D levels above 50 ng/mL in 75% of the
participants by the 14th day. This high-dose treatment led to improved recovery and survival rates in 41.7% of
the patients [56]. However, another study found no clear evidence that vitamin D supplementation provided
protective effects against COVID-19, and it did not reduce the severity of the illness [57].

A study by Hastie et al. [58] initially identified a link between vitamin D levels and COVID-19 outcomes, but
after adjusting for other variables, this relationship became insignificant. The researchers also highlighted that
ethnicity could influence COVID-19 outcomes [58]. Similarly, research by Merzon et al. [59] found that people
infected with COVID-19 had lower vitamin D levels compared to uninfected individuals. Lower vitamin D
concentrations were associated with a higher risk of contracting the virus and requiring hospitalization [59].

Ilie et al. found an inverse relationship between vitamin D levels and the number of COVID-19 cases and deaths
[60], whereas Pizzini et al. [52] did not find any significant associations between vitamin D levels and the severity
of the disease. Raharusun ef al. [61] reported that 98.9% of individuals with vitamin D deficiency and 87.8% of
those with inadequate vitamin D levels died. The mortality risk for those with deficiency was 12.55 times higher
than for those with sufficient levels, and for those with severe deficiency, the mortality rate was 19.12 times
higher. This demonstrated a significant link between vitamin D levels and COVID-19 mortality [61].

In Italy, Ferrari and Locatelli [62] found no significant difference in vitamin D levels between COVID-19-positive
and COVID-19-negative individuals. On the contrary, Li ef al. [63] suggested that vitamin D could reduce the
number of COVID-19 cases and deaths, with the relationship influenced by sunlight exposure and geographical
location. Furthermore, a study conducted on elderly COVID-19 patients indicated that vitamin D deficiency was
associated with more severe lung damage, longer illness duration, and higher mortality rates [64]. These findings
underscore the potential importance of maintaining adequate vitamin D levels to reduce the severity and risk of
COVID-19.

Vitamin D Requirements

Vitamin D deficiency is defined as having a 25(OH)D level below 20 ng/mL, while levels between 21-29 ng/mL
are considered insufficient. To promote good health, it’s advised to maintain a 25(OH)D level above 30 ng/mL
for individuals of all ages, including children, adults, the elderly, and pregnant or breastfeeding women. While
levels under 30 ng/mL are considered risky, levels ranging from 50-125 ng/mL are generally regarded as safe.
Research from a meta-analysis suggests that vitamin D supplementation might improve clinical outcomes,
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especially in patients with moderate or severe COVID-19 who require hospitalization, reducing the need for ICU
care and lowering mortality risk. Additionally, studies indicate that maintaining vitamin D levels above 30 ng/mL
could lessen the severity of COVID-19 and lower the likelihood of death. In contrast, lower levels have been
linked to higher rates of hospital infections. It’s been recommended that optimal vitamin D levels be kept between
40-60 ng/mL. To raise serum 25(OH)D levels to this preferred range, an intake of 10,000 IU per day for the first
month is advised, followed by a reduced dose of 5,000 IU per day for maintenance [65, 66].

Conclusion

During the COVID-19 pandemic, maintaining a strong immune system is crucial for reducing the risk and severity
of the disease. The rationale behind using vitamin D stems from its immune-modulatory properties, which may
help prevent COVID-19 infection or alleviate its severity. One of the main complications of COVID-19 is acute
respiratory distress syndrome, triggered by mechanisms such as cytokine storms, disturbances in the renin-
angiotensin system, and imbalances in ACE2 levels. Vitamin D is known to counteract the cytokine storm by
decreasing pro-inflammatory cytokine production through both the innate and adaptive immune systems, while
also reducing disease severity by increasing ACE2 concentrations. Consequently, maintaining adequate vitamin
D levels is vital for preventing acute respiratory illnesses.

It is well-documented that vitamin D deficiency is prevalent in individuals with COVID-19, especially among the
elderly. Therefore, assessing blood vitamin D levels should be an essential part of clinical practice. While
individuals with low vitamin D levels can benefit from supplementation, those with adequate levels may not
experience significant benefits from additional vitamin D intake. The recommended daily intake of vitamin D, as
set by the FNB, is 600 IU for adults. Supplements typically contain 1000 IU of vitamin D, and the upper limit for
daily intake is 4000 IU. Excessive vitamin D intake can lead to toxicity. Health authorities suggest that it is more
effective to take smaller, consistent doses of vitamin D daily rather than a large dose at once [67].

Vitamin D supplementation may be beneficial for individuals with deficiencies or insufficiencies in the context
of COVID-19. However, for those with normal vitamin D levels, there is no strong evidence supporting the use
of supplementation to prevent or reduce the severity of the disease. In such cases, lifestyle changes should be
prioritized to prevent deficiency and promote a balanced, healthy diet. Caution should also be exercised regarding
high-dose vitamin D supplements, particularly those exceeding the recommended upper limits. More prospective
studies are needed to determine whether administering high-dose vitamin D3 to elderly patients at the time of or
before infection could improve outcomes or prevent COVID-19.
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