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Severe acute respiratory syndrome coronavirus 2 is a new, highly pathogenic virus that has recently elicited a global
pandemic called the 2019 coronavirus disease (COVID-19). COVID-19 is characterized by significant immune
dysfunction, which is caused by strong but unregulated innate immunity with depressed adaptive immunity. Reduced and
delayed responses to interferons (IFN-I/IFN-II) can increase the synthesis of proinflammatory cytokines and extensive
immune cell infiltration into the airways, leading to pulmonary disease. The development of effective treatments for severe
COVID-19 patients relies on our knowledge of the pathophysiological components of this imbalanced innate immune
response. Strategies to address innate response factors will be essential. Significant efforts are currently underway to
develop vaccines against SARS-CoV-2. COVID-19 vaccines, such as inactivated DNA, mRNA, and protein subunit
vaccines, have already been applied in clinical use. Various vaccines display different levels of effectiveness, and it is
important to continue to optimize and update their composition in order to increase their effectiveness. However, due to
the continuous emergence of variant viruses, improving the immunity of the general public may also increase the
effectiveness of the vaccines. Many observational studies have demonstrated that serum levels of vitamin D are inversely
correlated with the incidence or severity of COVID-19. Extensive evidence has shown that vitamin D supplementation
could be vital in mitigating the progression of COVID-19 to reduce its severity. Vitamin D defends against SARS-CoV-2
through a complex mechanism through interactions between the modulation of innate and adaptive immune reactions,
ACE2 expression, and inhibition of the renin-angiotensin system (RAS).
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| 1. Introduction

The 2019 coronavirus disease (COVID-19) poses a serious public health threat . The pathogen, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), belongs to the Betacoronavirus family. It usually causes respiratory
symptoms . Many studies have been conducted, and many strategies have been developed to prevent the spread of
COVID-19 and to develop effective drugs and vaccines Bl The structures of viral proteins, including the main protease
(Mpro), spike protein (S protein), and RNA-dependent RNA polymerase (RdRp), have been elucidated 4B, providing
essential information for the manufacture of drugs against SARS-CoV-2. The realization of host immunity induced by
SARS-CoV-2 has also sped up the development of vaccines and therapies. Multiple drugs and vaccines are under

development to treat COVID-19. Some effective strategies have been developed to improve vaccine safety and efficacy
[6]

A recent article regarding the effectiveness of two inactivated SARS-CoV-2 vaccines on cases of COVID-19 reported that
the vaccine efficacy was around 72—78% in the United Arab Emirates and Bahrain . In contrast, BNT162b2 and mRNA-
1273 (both coding for the spike S1 protein) are two newly approved COVID-19 mRNA vaccines that have demonstrated
excellent safety and effectiveness. BNT162b2 and mRNA-1273 have shown satisfactory safety and efficacy profiles, with
an effectiveness of around 94-95%, based on data from the U.S. or mainly from the U.S. [ where vitamin D food
fortification has been mandatory for several years. Thus, we speculated that the relatively low vaccine efficacy of
inactivated SARS-CoV-2 vaccines is due, at least in part, to low vitamin D levels in the study population (in the Middle
East region). Whether vitamin D supplementation in the vitamin D deficiency population will mitigate this disadvantage
merits further investigation.

| 2. Vitamin D and Immunity
2.1. Antiviral Activity of Vitamin D and the Innate Inmune Response

Patients with respiratory diseases often present with a lack of vitamin D; vitamin D supplementation could provide
substantial benefits to the above population B9 After binding to serum vitamin D binding protein, circulating 25-
hydroxyvitamin D enters monocytes and increases the intracellular level of active 1,25-dihydroxyvitamin D (1,25D). After



binding to vitamin D receptor (VDR), 1,25D induces antimicrobial peptides cathelicidin and 3-defensin 4A and promotes
autophagy through autophagosome formation 4. In humans, cathelicidin 2 and p-defensin 2223 are produced through
a vitamin D-dependent antimicrobial pathway. Our previous studies also demonstrated that vitamin D-treated uremic
hyperparathyroidism can efficiently increase serum cathelicidin levels 24, vitamin D’s promotion of antiviral immunity is
closely related to COVID-19, involving various mechanisms that overlap with antibacterial responses, such as the
induction of the expression of cathelicidin and defensins, which can also prevent viruses from entering cells and serve as
an inhibitor of virus replication 1216l Another characteristic of vitamin D concerning antibacterial and antiviral
mechanisms acts through the promotion of autophagy 4. Autophagy exhibits dual effects during viral infections that
promote the clearance of viral components and activate the immune system to produce antiviral cytokines. Specifically,
autophagy encapsulation packs viral particles for lysosomal degradation and antigen presentation and the subsequent
activation of adaptive antiviral immune responses 8. Thus, autophagy facilitates a cellular environment that is hostile to
viruses. Moreover, type | interferon (IFN-I) is a crucial antiviral factor, and studies have shown that autophagy affects IFN-I
responses by regulating the expression of IFN-I and its receptors. Similarly, IFN-I and interferon-stimulated gene (ISG)
products can mediate autophagy to promote antiviral immunity. Virus-induced autophagy can suppress IFN-I antiviral
responses, but the IFN-I system can also manipulate autophagy to eliminate viruses. The crosstalk between autophagy
and IFN-I responses can link autophagy to the antiviral immune response 28],

TLRs are transmembrane proteins that can recognize conserved molecular motifs derived from viruses and bacteria and
trigger innate immune responses against these pathogens. TLR3 recognizes the double-strand RNA of the virus or
synthetic double-strand RNA and is primarily involved in the defense of the virus. Vitamin D therapy has been shown to
reduce the expression of chemokines in respiratory epithelial cells through the RNA-TLR3 signaling pathway (19129,

Together, vitamin D promotes innate immunity through the expression of cathelicidin and [3-defensin, improves autophagy,
accelerates and cooperates with IFN, and affects complement activation 221,

2.2. Vitamin D Regulates Adaptive Immunity

The adaptive immune system is initiated by the antigen activation of antigen-presenting cells (such as dendritic cells and
macrophages), which then activate antigen-recognizing cells, including T lymphocytes and B lymphocytes, which are the
main determinants of the immune response . 1a,25-dihydroxyvitamin D blocks NF-kB p65 activation by upregulating
the NF-kB inhibitor protein IkBa and directly regulates inflammatory cytokines that depend on the activity of NF-kB in
multiple cells (including macrophages) 22,

Circulating T cells, B cells, and dendritic cells express the vitamin D-activating enzyme CYP27B1 (1a-hydroxylase) and
the VDR, which then use the circulating 25D through intracrine conversion to bioactive 1,25D. Increased intracellular
1,25D inhibits the maturation of dendritic cells and regulates the function of CD4* T cells. In general, vitamin D modulates
adaptive immunity by promoting the shift from TH1 to THap cells. In essence, vitamin D inhibits the activation of type 1 T
helper cells and TH1 immune responses. Furthermore, vitamin D promotes the association of THaof3 cells with anti-virus
immunity, which improves the production of interleukin-10 and antiviral IgG1 from B-cell lineages 23, Vitamin D also
attenuates proinflammatory cytokine-related inflammation and tissue injury by inhibiting the development of Th17 cells.
Likewise, Tregs suppress inflammation in response to vitamin D 24, In brief, vitamin D is assumed to modulate adaptive
immunity against COVID-19 in several ways. For example, it can suppress the maturation of dendritic cells and weaken
the antigen presentation, and then increase cytokine production induced by CD4* T cells and promote the effectiveness of
Treg lymphocytes. A recent clinical study revealed that COVID-19 infections are characterized by severe
immunosuppression, especially of adaptive immunity, but not major cytokine storms 231, Vitamin D may suppress TH1 and
TH17 cytokine secretion and associated tissue destruction. It is assumed that these beneficial effects will occur even
during COVID-19 infection, suggesting that appropriate vitamin D supplementation may reduce proinflammatory reactions
and increase the anti-inflammatory effects of COVID-19.

2.3. Vitamin D Modulates ACE2 and the RAS

Vitamin D deficiency is a global public health problem that varies with age, ethnicity, and latitude. The presence of
comorbid diseases, such as septicemia, diabetes mellitus, chronic respiratory diseases, and malignancy, is tightly linked
to vitamin D deficiency 28], In the midst of the COVID-19 pandemic, a similarity in prevalent SARS-CoV-2 infection areas
and vitamin D deficiency areas has been observed £, which may show the importance of vitamin D supplementation in
COVID-19 28 Adequate vitamin D levels are also required in order to reduce RAS activity and increase ACE2
concentrations in acute lung injury. Specifically, sufficient vitamin D supplementation can induce the ACE2/Ang 1-7 axis
and inhibit the renin axis and the ACE/Ang II/AT1R axis 2,



The prognosis for COVID-19 among the elderly, smokers, and people with obesity or other comorbidities, including
hypertension and diabetes mellitus(DM), is poor. RAS agents that increase ACE2 concentrations are used as a substrate
for SARS-CoV-2 infection Y. Circulating ACE2 is considered a biomarker of hypertension and heart failure B4 as well as
DM B2 |nfection with SARS-CoV-2 decreases ACE2 activity and accumulates toxic Ang Il and metabolites, which are
then converted to ARDS or fulminant myocarditis BY. Vitamin D sufficiency can lower RAS activity through several
pathways, including transcriptional suppression of renin, ACE, and Ang Il expression B3l and increased ACE2
concentration in lipoprotein (LPS)-induced acute lung injury (ALI) 2. In other words, vitamin D attenuates LPS-induced
ALI by inducing the ACE2/Ang 1-7 axis and inhibiting both renin and the ACE/Ang II/AT1R axis 2. Vitamin D treatment
also increases soluble ACE2 (sACE2) B433l which maintains the enzyme activity of ACE2 and may bind to the S protein
of SARS-CoV. Thus, SACE2 can block the S protein and prevent cells from being infected.

ACE2 expression decreases in DM patients, possibly due to a high level of glucose-related glycosylation B&IEZ: this could
explain the increase in susceptibility to severe lung damage and ARDS associated with COVID-19. As a result, we can
speculate on the beneficial effect of vitamin D supplementation on diabetic patients with COVID-19. In sum, vitamin D
may be able to combat COVID-19 and the related induction of MAS and ARDS by targeting ACE2 downregulation and
unbalanced RAS.

2.4. Vit-D Interplay with Antiviral IFN-I

Type | IFNs are the strongest natural antiviral mediators in humans B8, and there is overwhelming evidence that a weak
or delayed response of Type | IFNs contributes to the severity of COVID-19 B2, vitamin D works directly against the
hepatitis C virus (HCV). It enhances the IFN-a-mediated inhibition of HCV replication by inducing the induction of IFN-
stimulated genes (ISGs) Y41, The combined therapy of infected human hepatocytes with low doses of IFN-a and vitamin
D, which separately have weak antiviral effects, potently inhibited viral replication. This synergistic effect suggests that
vitamin D potentiates IFN-a action ¥2. Moreover, a molecular study 41 described a constitutive inhibitory interaction
between vitamin D receptors (VDR) and STAT1. The release of STAT1 during stimulation with calcitriol suggests that
unbound VDR could sequester STAT1, a key transcription factor in type | IFN signaling. Consequently, vitamin D
deficiency could cause a less effective IFN-mediated antiviral reaction due to higher levels of unbound VDR. The damped
type 1 interferon reaction by SARS-CoV-2 is shown in Figure 1.
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Figure 1. Innate immune system dampened by SARS-CoV-2 proteins.

Vitamin D was shown to exhibit antiviral activity against rhinoviruses 43! through increased virus-induced antiviral 1ISG
expression. The study of peripheral blood cells in patients with multiple sclerosis (MS) revealed increased 25 (OH)D
levels, resulting in reduced MS activity 4144 They discovered a complex network of 25(0OH)D-regulated genes and
verified known targets for IFN-B and other antiviral genes. Furthermore, both vitamin D 22 and type | interferon 4 may



upregulate ACE2, which is a component of the renin-angiotensin system used by SARS-CoV-2 as a cell receptor. The
effects of increased ACE2 expression can provide other protective effects in COVID-19.

According to the above evidence, we put forward the hypothesis that sufficient vitamin D status at the time of infection
contributes to an early type | IFN protective response and enhances the innate antiviral immunity to SARS-CoV-2. As the
disease progresses, the immunomodulatory activity of vitamin D may actually help to reduce the excessive inflammatory
damage observed in severe COVID-19, proving its rationality as an adjuvant treatment [21[281(42],

Coronavirus replication occurs in double-membraned vesicles (DMVs). Its replication can shield viral ssRNA and viral
dsRNA, recognized by PRRs such as TLR3, TLR7, RIG-I, and MDA5. These PRRs activate the adaptors TRIF and
MyD88, which are downstream of TLRs, and MAVS and TBK1, which are downstream of RIG-I and MDA5. These steps
are the initiation of the type 1 interferon production pathway. IRF3, IRF7, or NFkB activation results in the signaling. These
proteins can activate downstream genes. Then, the immune gene transcription, including proinflammatory cytokines and
interferons, is upregulated. The right-side solid line indicates the IFN signaling, beginning with IFN-I binding IFNAR to
initiate JAK/STAT signaling and the formation of the ISGF3 complex STAT1/STAT2/IRF9, which activates ISRE
transcription. SARS-CoV-2-encoded proteins (shown in red) inhibit many aspects of these pathways, resulting in
decreased type 1 interferon and dysregulated proinflammatory cytokine expression. Many of the SARS-CoV-2 interferon
antagonists have been identified in vitro and in vivo (black) 8. The immune evasion displayed by SARS-CoV-2 includes
pathogen sensing, interferon production, and ISG functions. Viral proteins can block one or multiple critical signaling
molecules. In the beginning, viruses change their nucleic acid structures to avoid binding by host receptors. Viral RNA is
guanosine-capped and 5' end methylated by SARS-CoV nonstructural components (nspl10, nspl4, nspl5, and nspl6),
allowing the CoV to avoid the binding of host dsRNA binders 2248 These are critical mechanisms by which SARS-CoV
escapes from host immunity. Viral proteins suppress key molecules in the recognition of viral pathogens; for example, the
SARS-CoV N protein and M protein can block RIG-I activation. In addition, other viral components suppress different
signaling cascades for the induction of interferons; SARS-CoV-2 ORF9b interacts with MAVS in mitochondria. The
endoplasmic reticulum STING signaling is stopped by the SARS-CoV protein nsp3. SARS-CoV employs additional
signaling interruption mechanisms. SARS-CoV-2 nspl13 and nspl5 prevent TBK-1 and IRF3 activation. Viral proteins can
suppress the function of transcriptional factors for the induction of IFNs or inflammatory cytokines. Furthermore, the
SARS-CoV-2 nspl protein inhibits host gene expression by promoting the degradation of mRNA degradation and
suppressing protein synthesis, including molecules included in host innate immune functions. The right panel shows how
viral proteins block interferon signaling. Finally, SARS-CoV-2 Nsp3 is responsible for the inhibition of host innate immune
responses through post-translational modification by ISG15.

| 3. Immunogenicity and Clinical Application of COVID-19 Vaccine

There are several available vaccines that have been developed for COVID-19. These consist of mMRNA vaccines, DNA
vaccines, protein subunit vaccines, and inactivated vaccines. These vaccines aim to induce antiviral imnmune responses.
Some of these vaccines show satisfactory efficacy against SARS-CoV-2. We discuss these vaccines below. The summary
of these vaccine mechanisms is shown in Figure 2.
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Figure 2. Immunogenicity of COVID-19 vaccines.

Inactivated SARS-CoV-2 vaccines produce neutralizing antibodies to the live SARS-CoV-2 antigen, 1gG antibodies
specific to the whole SARS-CoV-2 antigen 49, SARS-CoV-2 IgG titers against the spike protein, receptor-binding domain
(RBD), and nucleocapsid IgG; increase the anti-spike protein 1lgG1/IgG4 ratio; and elicit IFN-y-positive CD3*, CD4*, and
CD8* T-cell proliferation B4, The mRNA vaccine can produce specific RBD antibody titers and neutralizing antibody
concentrations that are significantly higher than those seen in people recovering from COVID-19. In addition, the vaccine-
induced T-cell response is oriented toward a TH1 response, and no evidence of vaccine-enhanced illness has been
reported [&. All these immunogenicity processes are related to vitamin D status.

COVID-19 vaccine-induced host immune reactions. Whole-virus vaccines (BBIBP-CoV, Corona Vac, and BBV152)
activate TLR3, TLR7, and TLR9 to trigger an antiviral THap immune response. mRNA vaccines (BNT162b2 and mRNA-
1273) activate TLR3 and TLR7 to trigger an antiviral THaf3 immune response. DNA vaccines (AZD-1222, Ad26.COV2.S,
AdSnCoV, GX19, and AG0301-COVID19) activate TLR9 and later TLR3/TLR7 to trigger THap immunity. Subunit vaccines
(NVX-CoV2373 and SCB-2019) activate TLR3, TLR7, and TLR9 with the help of adjuvants to trigger an antiviral THaf3
immune response. THap immunity includes IFN-I- and IL-10-secreting CD4 T cells, NK cells, CD8 T cells, and IgG1 B
cells. The follicular helper T cells (ThFH) can help in B-cell antibody isotype switching from IgM to 1gG. NK cells and CD8
T cells can mediate ADCC and viral infected cell apoptosis via granzymes and perforins. The vaccines can induce the
activation of long-term memory B cells, memory CD4 T cells, and memory CD8 T cells.

| 4. Gene-Based Vaccines

4.1. mRNA COVID-19 Vaccines and Immunity

4.1.1. Mechanisms of Imnmunogenicity

The mechanism of mRNA vaccines is discussed below. mRNA vaccines, including the BNT162 vaccine and the Moderna
vaccine, use modified mRNA to initiate the human host’'s immune reaction. mRNA vaccines encode the sequence of the
SARS-CoV2 spike protein. Once the mMRNA vaccine is injected into the body, macrophages or dendritic cells can uptake
the mRNA fragment because it represents foreign content in the body. The mRNA fragment is taken by macrophages or
dendritic cells via phagocytosis. RNA contents are most sensitive to being taken up by plasmacytoid dendritic cells (pDC).
Macrophages or plasmacytoid dendritic cells then migrate to the nearby lymph nodes via lymph circulation. These
macrophages or plasmacytoid dendritic cells enter lymph nodes and transmit the antigens to lymph node-resident
follicular dendritic cells (FDC). Follicular dendritic cells then secrete CXCL13 chemokines to accumulate CXCR5 (CXCL13
receptor)-bearing follicular helper T cells with the help of lymphoid tissue inducer (LTi) cells through the action of secreted
lymphotoxin. Follicular helper T cells present antigens to B cells in germinal centers to promote antibody switching from
IgM to 1gG .



In addition, IL-10-producing innate lymphoid cells (ILC10) help to secret interleukin-10. Once the mRNA antigen is taken
up by plasmacytoid dendritic cells, it binds to Toll-like receptor 3 and Toll-like receptor 7. These toll-like receptors bind to
single- or double-stranded RNA molecules. Then, IRF3 and IRF7 signaling is triggered, upregulating type 1 interferons.
Plasmacytoid dendritic cells then secrete an amount of type 1 interferons (IFNa, IFNB). mRNA can translate into spike
protein antigens. Plasmacytoid dendritic cells also present antigens to T helper cells. The combined effects of interleukin-
10 and type 1 interferon trigger T helper cells to become THap (Trl) helper T cells. STAT1, STAT2, and STAT3pB are
upregulated, triggering the antiviral immunological pathway. Trl cells can produce large amounts of interleukin-10,
promoting the B-cell antibody to become antiviral IgG1l. Plasmacytoid dendritic cells also cross-present antigens to
cytotoxic T cells to activate them, with specific TCR reacting to the SARS-CoV2 spike protein. These cytotoxic T cells can
directly Kill virus-infected cells.

4.1.2. Clinical Inmunological and Vaccine Efficacy Profiles

The Pfizer BNT162b2 vaccine is an mRNA-based vaccine. Clinical trials were conducted in adults in the United States
and Germany B, Both the phase | and phase Il trials showed the safety and immunogenicity of the BNT162b2 mRNA
vaccine 22, Both BNT162b1 and BNT162b2 mRNA vaccines were tested in the clinical trials, but the results showed the
advantage of the BNT162b2 mRNA vaccine. A dose-response relationship was found in these clinical trials. The phase 1
clinical trials were conducted in the USA and Germany. Healthy adults aged from 18 to 55 years old and older adults aged
from 65 to 85 years old received either placebos or one of two BNT mRNA vaccines. The BNT162b1 vaccine encodes a
secreted trimerized SARS-CoV-2 receptor-binding domain (RBD), whereas the BNT162b2 vaccine encodes a whole
SARS-CoV-2 spike RNA sequence. The primary outcome was safety (local or systemic adverse effects), and the
secondary outcome was immunogenicity. To test the dose-response relationship, vaccine dosages of 10, 20, 30, and 100
Mg were given in the trial group. In one study group of the clinical trial, they received two doses of the mRNA vaccine with
a 21-day interval.

In the results, the BNT162b2 vaccine presented a lower incidence or severity of adverse effects in study populations
compared to those of the BNT162b1 vaccine. Its safety was apparent in older adults. In both BNT162b1 and BNT162b2
vaccine groups, younger and older study populations both elicited significant SARS-CoV-2-neutralizing antibodies, so the
immunogenicity of both vaccines was similarly excellent. However, the BNT162b2 vaccine was chosen for further usage
due to safety and tolerability issues.

The Moderna mRNA-1273 vaccine is another mRNA-based vaccine developed in the USA 53!, The phase 3 randomized
controlled trial was conducted in the United States. People at higher risk for SARS-CoV-2 infection were randomly
assigned to receive two injections of the mRNA-1273 vaccine or a placebo 28 days apart. The primary endpoint was the
prevention of COVID-19 disease in those who had not previously been infected with SARS-CoV-2. In the results,
symptomatic COVID-19 illness was noted in 185 participants in the placebo group and in 11 participants in the mRNA-
1273 group; the vaccine efficacy was 94.1%. Mild to moderate adverse reactions after vaccination occurred more
frequently in the mRNA-1273 vaccine group. Serious adverse effects were very rare, and the incidence was the same in
the two groups. Thus, the mRNA-1273 vaccine obtained 94.1% efficacy in preventing COVID-19, including protecting
against severe disease.

4.2. DNA COVID-19 Vaccine and Immunity
4.2.1. Mechanisms of Immunogenicity

DNA vaccines such as the AstraZeneca Oxford vaccine and the Johnson and Johnson vaccine use adenoviral vectors to
incorporate the SARS-CoV-2 spike protein gene sequence in this viral vector B4, The DNA is injected into the body to
generate immunity against SARS-CoV2. The DNA molecule injected into the body can be taken up by plasmacytoid
dendritic cells and macrophages. These antigen-presenting cells then present the antigen to CD4 T cells to trigger
adaptive immunity. The difference between DNA vaccines and RNA vaccines is that DNA uses Toll-like receptor 9 (TLR9)
as the cellular receptor to generate cellular signaling to trigger IRF7 to activate type 1 interferons, including IFNa and
IFNB. When DNA is transcribed into RNA, Toll-like receptor 3 and Toll-like receptor 7 are also used to recognize double- or
single-stranded RNA molecules. The process is similar to that of mRNA vaccines in the generation of antiviral immunity.
To trigger successful host immunity, the dendritic cells first migrate to nearby lymph nodes. With the incorporation of
follicular dendritic cells and lymphoid tissue inducer cells, follicular helper T cells allow germinal center B-cell isotype
switching from IgM to IgG to generate memory B cells and effector B cells.

For the triggering of THaf3 immunity, plasmacytoid dendritic cells are still the most important antigen-presenting cells. With
the help of IL-10-producing innate lymphoid cells 10 secreting type 1 interferon and interleukin 10, the antigen-presenting
cells present viral antigens to CD4 T cells. Thus, CD4 T cells become THap CD4 T cells, producing large amounts of



interleukin 10. Via the cross-presentation process, CD8 T cells are also activated to recognize viral antigens. Interleukin
10 also causes B-cell isotype switching to anti-virus IgG1 antibodies. Interleukin 10 can also activate NK cells and CD8 T
cells. Through the above mechanisms, memory T cells and memory B cells are generated for long-term immunity.

4.2.2. Clinical Inmunological and Vaccine Efficacy Profiles

The efficacy of the typical AstraZeneca DNA vaccine is discussed below. Phase 2 and phase 3 trials have been conducted
to test the vaccine’s safety and efficacy in the United Kingdom 521, The participants’ ages were stratified into 18-55 years
old, 56-69 years old, and over 70 years old. The results showed that local and systemic effects (local pain, fever, muscle
pain, and headache) were noted more in the vaccine group than in the placebo group. However, no lethal adverse effects
were found. The above side effects were seen more in the younger participants (aged <56 years old). In participants who
received two full doses of the vaccine, the anti-spike SARS-CoV-2 IgG reactions 28 days after the second booster dose
were the same across the three age groups. These three groups generated satisfactory anti-SARS-CoV-2 neutralizing
antibodies. Neutralizing antibodies after a second boost dose were similar across all age groups. T-cell responses peaked
at day 14 after the first standard dose of the AstraZeneca vaccine. The vaccine’s efficacy was satisfactory.

| 5. Possible Links between Vitamin D and Vaccine Effectiveness

At present, significant efforts have been made to develop effective and safe vaccines for SARS-CoV-2, resulting in the
development of inactivated vaccines, DNA/mRNA vaccines, and protein subunit vaccines [, However, the role of vitamin
D in the effectiveness of these vaccines has not yet been confirmed by further studies.

Vitamin D deficiency (VDD) occurs all over the world, mainly in the Middle East, China, Mongolia, and India 28, The
question of whether VDD affects immune responses to influenza immunization is inconclusive. Seroprotection (SP) rates
of subtype H3N2 (A/H3N2) and strain B of influenza A virus in VDD patients are lower than those of patients with normal
levels of vitamin D B2, Vitamin D deficiency is prevalent among COVID-19 patients. A study based on the Israeli
population showed that a low level of vitamin D in plasma of 25(OH) is associated with a higher risk of COVID-19 infection
B8l | ow levels of 25(OH)D at hospitalization have been associated with the COVID-19 stage and mortality B2,
Correlations have been observed between the historical prevalence of vitamin D deficiency and COVID-19 mortality in
European countries 89, The amazingly high levels of vitamin D in Scandinavian countries reflect their policy of vitamin D
fortification and supplementation 1. Systematic vitamin D food fortification is an effective approach to improve vitamin D

deficiency in the general population and has already been introduced by countries such as the U.S., Canada, and Finland
[62]

Currently, dark skin color, age, pre-existing conditions, and vitamin D deficiency are characteristics of patients with severe
COVID-19. Among these, only vitamin D deficiency can be modified. Numerous observational studies have provided
evidence that serum 25-hydroxyvitamin D levels are inversely correlated with the incidence and severity of COVID-19.
These observations support our hypotheses. This evidence to date generally satisfies Hill's criteria for causality in a
biological system, such as strength of association, consistency, temporality, biological gradient, plausibility, and
coherence, although experimental verification is lacking 631,

Experience in the development of SARS-CoV vaccines has raised concerns about the correlation between pulmonary
histopathology and immune responses to Th2 cytokines 4], Th2 cells can secrete many cytokines, such as IL-4, IL-5, IL-
10, and IL-13. Aberrantly high levels of Th2 cytokines can elicit immune responses that prompt eosinophilic infiltrations.
Four different SARS-CoV vaccines led to the development of Th2-type immunopathology with elevated eosinophilic
infiltration, which represented a Th2-type hypersensitivity marker in mouse models €3, Similar results were observed in
inactivated MERS-CoV vaccines that also showed eosinophilic infiltration, with IL-5 and IL-13 levels higher than those that
existed before vaccination in mouse models €8 content-type="background:white">. The immune response after
vaccination can be partially attributed to the presence of the nucleocapsid (N) protein in the vaccine 4. Studies of
cytokine characteristics in patients infected with SARS-CoV-2 also showed an increase in Th2 cytokine secretion, which
could contribute to lung histopathology €8, Therefore, the control of the T-cell response should be considered in the
development of SARS-CoV-2 vaccines. Proper vitamin D supplementation can mitigate the inflammatory effects of the
COVID-19 vaccine.

The vaccine-induced humoral immune response may reflect effective protection against SARS-CoV-2 infection. However,
the reaction to aberrant antibodies could have adverse effects in some patients 8. In SARS-CoV-infected animal models,
vaccine-induced S-specific 1IgG can cause severe acute pulmonary injury since these IgG antibodies disrupted the
inflammation resolution response with the blocking of Fc gamma receptor (FcyR) on the cell membrane of activated
macrophages 2. During the acute phase, deceased patients usually display higher levels of neutralizing antibodies



(NAbs), which decrease more rapidly than in recovered patients. This reflects the potentially systematic breakdown of the
immune system, which causes pathological pulmonary effects B9 Consistently, patients with severe SARS-CoV-2
infections frequently experience significant IgG3 reactions, which were linked to the worst clinical condition with the
antibody-dependent enhancement (ADE) of COVID-19 1. |t is currently unclear whether SARS-CoV-2 vaccines will
induce an aberrant reaction to antibodies, and further research is needed to explore potential lung damage from SARS-
CoV-2 vaccines. We speculate that appropriate vitamin D supplementation can promote immunity through acceleration
and cooperation with IFN-I, promoting the production of antibodies from B cells that are dependent on the T cells of the
COVID-19 vaccine.

Age is known to affect vaccine immunity. Vaccinated aged animals that were challenging to immunize also displayed
eosinophilic infiltration in the lungs. Neutralizing antibody titers were significantly reduced in aged vaccinated groups
compared to young groups 2. In brief, elderly populations with underlying diseases, including diabetes, hypertension,
and cardiovascular disease, are at high risk for vitamin D deficiency and COVID-19 [Z8l. Given the severity of the disease
in elderly people, older animal models are essential for the preclinical validation of vaccines. Even patients on
maintenance hemodialysis developed a substantial humoral response following the BNT162b2 vaccine, although it was
significantly lower than that of controls. Age was an important factor in the humoral response, regardless of chronic
medical conditions [Z4]. Vit-D and the VDR pathway both have an important anti-inflammatory function, and the lack of vit-
D in aged subjects likely increases the risk of chronic mild inflammation conditions 22, resulting in poor responses to
vaccines.

Two clinical studies have been presented to explain the potential benefits of vitamin D supplementation for vaccine
efficacy. ChAdOx1 nCoV-19 (AZD1222) is a candidate SARS-CoV-2 vaccine comprising a replication-deficient simian
adenovirus expressing the whole SARS-CoV-2 spike protein. The vaccine was tolerated, and antigen-specific neutralizing
antibodies and T lymphocytes were induced against the SARS-CoV-2 spike protein. Eight weeks after a single-dose
vaccination, adults demonstrated an induced S-protein-reactive CD4* T with a T helper (THap)-type cytokine bias and
CD8* T cells with a cytotoxic phenotype. These are important findings, as THaB-type immunity is believed to facilitate
protective antiviral immunity. Robust B-cell activation and proliferation were also observed, and IgG of anti-S proteins
(mainly the 1gG1 isotype) were detected from day 14 to day 56. In particular, these antibodies demonstrated neutralizing
activity against SARS-CoV-2, and their affinity for the S protein increased from day 28 to day 56. A single vaccination also
gave rise to IgM and IgA antibodies specific to the S protein 8. Besides the antibody titer elevation, ChAdOx1 nCoV-19
vaccination also increased IgG antibody avidity significantly to provide seroprotection. Adequate vit-D can aid in THap-
type immunity and promote the activation of B cells with higher levels of IgG-neutralizing antibodies. Further investigation
of a booster dose of ChAdOx1 nCoV-19 found it to be safe and more tolerable than initiation doses. A study shows that a
second vaccination improves the titers of anti-S antibodies and the neutralizing activity, which promotes THapB-type T-cell
responses. Moreover, the booster dose further enhances the functional capacity of anti-S antibodies to support antibody-
dependent cellular cytotoxicity, complement deposition, and natural killer cell activation. These have been linked with
protective immunity in preclinical studies 4. All these responses could be accentuated in the presence of vit-D adequacy.
Importantly, the second dose of the vaccine was shown to be safe and better tolerated than the first dose. Since the
majority of COVID-19 candidate vaccines are designed to target the SARS-CoV-2 spike protein, it remains to be
determined whether the specific immunity correlates with vaccine-mediated protection. Thus, this two-dose vaccine
regimen is more effective in promoting immunity to SARS-CoV-2 and is well tolerated. These data also suggest that the
booster dose should remain effective if administered eight to twelve weeks after the initial vaccination 28, Similar results
should also be noted in other vaccines to show the link between vit-D adequacy and seroconversion or sero-protectivity
because vit-D can aid the activation of antiviral THoB-type immunity.

Better vitamin D status was shown to improve seroconversion in response to influenza vaccinations 221, The control of the
current COVID-19 pandemic and mortality is likely to be highly dependent on effective vaccination, but vitamin D
deficiency continues to be common across the U.K. and other nations. Better vitamin D status was also associated with
reductions in COVID-19 risks in a prospective study in the USA. Vitamin D supplement is related to a reduction in acute
viral respiratory infection. In addition, studies suggest that better vitamin D supplementation in order to correct the
deficiency with the metabolite calcifediol can reduce COVID-19 severity and mortality. Inadequate vitamin D serum level is
related to COVID-19 incidence, severity, and mortality. The low vitamin D level is shown to be an independent risk factor
of SARS-CoV-2 infection and COVID-19 hospitalization. Individuals with vitamin D deficiency tend to have more severe
symptoms of SARS-CoV-2 infection. As a result of this information, the correction of vitamin D deficiency is included in the
clinical management for the treatment of COVID-19 patients. A recent report using U.K. Biobank data found a strong
inverse association of serum 25(OH)D values with COVID-19 severity 9189,



We suggest that an intake of vitamin D to reduce the rate of deficiency could provide a simple, safe, and cheap aid in
reducing COVID-19 risks. If protection afforded by vaccinations against COVD-19 proved to be increased through the
repletion of pre-existing vitamin D deficiencies, these effects would be useful adjunctive measures for reducing COVID-19
risks globally, especially in high-risk groups for COVID-19. A summary of Vit-D effect on COVID-19 vaccines is shown in
Figure 3.
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Figure 3. Effects of vitamin D on immune responses induced by COVID-19 vaccines.

The use of vitamin D supplements may improve immune responses from different COVID-19 vaccines. As shown in
Figure 3, antigen-presenting cells (APCs) treat the vaccine as an antigen and then present it to CD8+ T and CD4+ T
cells. CD8+ T lymphocytes can be activated by THap cytokines and acquire the capacity to attack infected cells. This
process could be complemented with appropriate vitamin D supplementation. THaf cytokines can aid in the differentiation
of B cells. The activated B cells are able to produce NAbs. Vit-D can also improve antibody generation in a T-cell-
dependent B-cell manner. However, unbalanced immune responses can lead to lung immunopathology induced by
aberrant ADE, and this may also be mitigated by treatment using vit-D [EIZ8],
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