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Abstract: Background: Association studies of vitamin D receptor (VDR) polymorphisms with COVID-
19 severity have produced inconsistent results in different populations. Herein we examined VDR
gene polymorphisms in a Caucasian Greek cohort of COVID-19 patients. Methods: This was a
case-control study in a tertiary university hospital in Greece including 137 COVID-19 patients with
varying disease severities and 72 healthy individuals. In total 209 individuals were genotyped for
the FokI (rs10735810), Apal (rs7975232), Taql (rs731236) and Bsml (rs1544410) single-nucleotide
polymorphisms (SNP) of the VDR gene by polymerase chain reaction and restriction fragment
length polymorphism analysis (PCR-RFLPs). Statistical analyses were performed to determine
the association between genotype and disease severity, adjusting for various confounding factors.
Results: Genotype distribution of the studied VDR SNPs in the control group was in Hardy—Weinberg
equilibrium. The Taql variant was differentially distributed between controls and COVID-19 patients
according to the additive model (p = 0.009), and the CC genotype was significantly associated with
an increased risk for severe COVID-19 according to the recessive model [OR: 2.52, 95%CI:1.2-5.29,
p = 0.01]. Multivariate analysis demonstrated a robust association of COVID-19 severity and Taql
polymorphism in the recessive model even after adjusting for multiple confounders, including
age, sex and CRP levels [Adj.OR:3.23, 95%CI:1.17-8.86, p = 0.023]. The distribution of FokI, Apal
and Bsml genotypes was similar between COVID-19 patients and controls. Conclusions: The CC
genotype of Tagl polymorphism is significantly associated with an increased risk for severe COVID-19
independently of age, sex or degree of inflammation.

Keywords: COVID-19; vitamin D receptor polymorphisms; Greek population; severity

1. Introduction

Since its first outbreak in March 2020, acute infection of the respiratory tract caused by
anovel coronavirus (severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2]) has so
far infected more than 771,407,825 people and led to 6,972,152 deaths (18 October 2023 [http:
//covid19.who.int/]). Although many patients infected with coronavirus disease (COVID-
19) are asymptomatic or have mild symptoms [1], 10 to 15% present severe symptoms and
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may require invasive mechanical ventilation [2]. Several studies have shown a possible
negative effect of vitamin D deficiency on both susceptibility to COVID-19 and severity
of the disease [3]. Based mostly on observational studies, lower serum concentrations
of 25-hydroxyvitamin D [25(OH)D] were associated with greater mortality, greater need
for intensive care treatment and increased severity of illness in general [3]. However, the
inability to adjust for confounding factors in these earlier studies and the fact that the
sampling time in many of them differed between groups could hamper the validity of
their results.

Supplementation of vitamin D in hospitalized COVID-19 patients has demonstrated
conflicting results. In a recent placebo-controlled intervention study in 240 hospitalized
COVID-19 patients a bolus vitamin dose (200,000 IU) did not show beneficial effects in
terms of length of stay (defined as the time from the date of randomization to hospital
discharge), mortality during hospitalization, risk of admission to the intensive care unit
and need for or duration of mechanical ventilation [4]. In this study, the mean baseline
25(OH)D concentration was 50 nmol/L, while 50% of the study cohort (57 patients in the
vitamin D group and 58 patients in the placebo group) had vitamin D deficiency [4]. In a
post-hoc analysis, supplementation for patients with 25(OH)D deficiency at baseline also
did not have a significant impact on length of hospital stay or in-hospital mortality [4].
Conflicting results were demonstrated in a smaller-size pilot randomized non-placebo
controlled open label study, where treatment with calcifediol or 25(OH)D in 50 hospitalized
patients significantly reduced the need for intensive care unit admission [5]. In addition,
large, randomized studies that studied the relationship of up to eight SNPs related to genes
for vitamin D metabolism revealed that up to 4.3% of the variance in serum 25(OH)D levels
also showed no causal relationship between genetically determined low 25(OH)D levels
and the risk of COVID-19 susceptibility, severity or increased hospitalization [6,7]. Thus,
the link between vitamin D status and the severity of COVID-19 remains largely unsettled.

Vitamin D receptor (VDR) is widely expressed in different tissues regulating a variety
of physiological actions. Several VDR gene polymorphisms have been identified in the last
decades and have been associated with many diseases” susceptibility. With respect to the
immune system, different polymorphisms of the VDR gene, such as Fokl, Bsml, Apal, and
Taql, have been linked to tuberculosis [8-10] and severe respiratory syncytial virus (RSV)
bronchiolitis [11].

To date, several studies have investigated the role of VDR gene polymorphisms in the
outcome of COVID-19, showing inconsistent results in different ethnicities and geographical
regions and in regard to various vitamin D levels [12-16]. The aim of the present study
was to evaluate the association between the VDR gene polymorphisms FokI (rs10735810),
Apal (rs7975232), Taql (rs731236) and Bsml (rs1544410) and the severity of COVID-19 in
the setting of a single tertiary centre during the period of the COVID-19 pandemic and
irrespective of vitamin D levels in the serum.

2. Patients and Methods
2.1. Participants

This was a single-center case-control study. Consecutive patients attended or admitted
to the Laiko University Hospital of Athens in Greece from 1 July 2021 to 30 June 2022 were
initially screened for eligibility (Figure 1). Inclusion criteria required that participants were
adults and were able to read and understand the informed consent form. We excluded
patients (i) with malignancy, (ii) receiving immunosuppressive therapy, (iii) on hemodial-
ysis or (iv) with advanced liver disease. A detailed medical history was obtained and
data regarding demographics and comorbidities [chronic obstructive pulmonary disease
(COPD), coronary artery disease (CAD), stroke, hypertension, and diabetes mellitus (DM)]
as well as smoking habits were recorded in compliance with the General Data Protection
Regulation (GDPR) policy of the hospital. Body weight and height were measured in
participants who were able to stand and body mass index (BMI) was calculated, while
the reported weight and height from patients who could not stand (n = 12 with severe



Nutrients 2024, 16, 727

3o0f11

COVID-19) were not used in the study. In addition, we collected data for the outcomes
of the participants from the hospital records and by telephone interview 1 month after
recruitment for those hospitalized, and by telephone interview 1 month after recruitment
for those with mild symptoms.

320 confirmed COVID-19 cases attended or admitted to LAIKON
Athens University Hospital between 15 July 2021 and June 30, 2022,
of whom 190 that fulfilled the inclusion criteria and had none of the
exclusion criteria were initially considered eligible for the study.

_ [ 41 patients were further excluded because they
- did not provide informed consent

149 patients were included in the study

( Excluded:

ﬁL 12 patients due to technical reasons regarding the

sample (insufficient quality and/or quantity of DNA)

137 patients were included in the final analysis

Figure 1. Flow diagram of included COVID-19 patients.

Laboratory-confirmed SARS-CoV-2 infection was defined as a case testing positive
through real-time reverse-transcriptase polymerase chain reaction (RT-PCR, SARS-CoV-2
Variants ELITe MGB® Kit, ELITechGroup; Puteaux, France). Apparently healthy volunteers
were recruited from the outpatient clinics of the same hospital during the same time period
and served as controls. Only asymptomatic volunteers with negative RT-PCR test for SARS-
CoV-2 and without recent contact with a COVID-19 case at the time of blood sampling
were included.

The severity of COVID-19 in patients was classified according to World Health Organiza-
tion (WHO) criteria. Mild illness: individuals who have any of the various signs and symptoms
of COVID-19 (e.g., fever, cough, sore throat, malaise, headache, muscle pain, nausea, vomiting,
diarrhoea, loss of taste and smell) but who do not have shortness of breath or abnormal chest
imaging. Severe illness: individuals who have SpO, < 94% on room air at sea level, a ratio of
arterial partial pressure of oxygen to fraction of inspired oxygen (PaO,/FiO,) < 300 mm Hg, a
respiratory rate > 30 breaths/min, or lung infiltrates >50% [17].

All participants signed an informed consent form and the procedures followed were
in accordance with the 1975/83 Declaration of Helsinki. The protocol was approved by the
Ethics Committee of the Laiko General Hospital, Athens, Greece (EC: 444 /28-06-2021, 28
June 2021).
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2.2. Sampling Procedure and Measurements
2.2.1. Biochemical Analyses

Blood samples were obtained from patients and controls immediately upon recruit-
ment at an unscheduled timepoint and were centrifuged, and serum aliquots were stored
at —20 °C until further analysis.

Full blood count analysis was performed on a SYSMEX XS-1000i (SYSMEX EUROPE
GMBH, Norderstedt, Germany) automatic analyzer. Biochemistry measurement (serum
creatinine, lactate dehydrogenase [LDH], and ferritin) was obtained by colorimetry. Mea-
surement of d-dimers was carried out with a quantitative enzyme-linked immunoassay
automated on a VIDAS immunoanalyzer (VIDAS d-dimer®, Bio-Mérieux, Lyon, France).
CRP was measured with an immunoturbidimetric agglutination assay using a Roche 917
analyzer (Roche, Tina—quant® ; Mannheim, Germany). HbAlc was measured using a latex—
immunoagglutination-inhibition method (Bayer HealthCare LLC, Elkhart, IN, USA) with a
non-diabetic range of 4.0-6.0% (20-42 mmol/mol). Serum 25(OH)D concentrations were
measured using an electrochemiluminescence immunoassay (ECLIA) on a COBAS analyzer
(Cobas 6000, Roche Diagnostics International Ltd., CH-6343 Rotkreuz, Switzerland). Serum
25(OH)D levels < 10 ng/mL were considered deficiency, 10-20 ng/mL inadequacy, and
20-40 mg/mL sufficiency [18].

2.2.2. Genetic Analysis

Genomic DNA of 209 individuals was extracted from peripheral blood lymphocytes
using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). VDR FokI (rs10735810),
Apal (rs7975232), Taql (rs731236) and Bsml (rs1544410) polymorphisms were studied by
polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assay, as
previously described [19]. All samples were run twice.

2.3. Statistics

The Shapiro-Wilk test was used to assess for normality of distributions, and the
data are presented as mean =+ standard deviation (SD) or median (25, 75 percentile), as
applicable. Student’s t-test for independent samples or the Mann-Whitney U-test was used
for comparisons of continuous variables between patients and controls, as applicable. For
comparison of continuous variables among more than 2 groups, we used one-way ANOVA
followed by Bonferroni’s multiple comparisons test, or the Kruskal-Wallis test followed by
Dunn’s multiple comparisons test for non-normally distributed variables. Comparisons
between groups for non-parametric data were performed using the Mann-Whitney U test.

Because the number of the participants with CAD and stroke were small, they were
included together with hypertension patients in one group as cardiovascular disease (CVD)
in logistic regression analysis.

Categorical variables were analyzed with Chi-square and Fisher’s exact tests. In
addition, as no significant differences were found regarding Fokl, Apal, Taql and Bsml
polymorphisms between controls and COVID-19 positive participants with mild symptoms
(Supplementary Table S1), we combined them into one group in logistic regression analysis.

Pearson’s chi-square test was used to test for differences in polymorphism distribution
between COVID-19 patients and controls under the six models of genetic association,
which are homozygote, heterozygote, dominant, recessive, allelic, and additive. When
expected values were less than 5, Fisher’s exact test was used instead. Furthermore, the
odds ratio (OR) with a confidence interval (CI) of 95% was calculated. Pearson’s chi-
square test was also used to examine possible deviations of genotype distributions from
the Hardy—Weinberg equilibrium (HWE) in the control group.

Univariable linear regression analysis was used to test for associations of severe
COVID-19 outcome with the tested parameters. Multivariable logistic regression analysis
was performed to search for independent associations between severe COVID-19 outcome
and VDR polymorphisms after adjusting for the effects of the variables that were found to
be significantly associated with the outcome in the univariable model.
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All p-values are two-sided and a value of p < 0.05 was considered statistically signifi-
cant. Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 26
(IBM SPSS Statistics for Windows, IBM Corporation, Armonk, NY, USA) and GraphPad
Prism for Windows, Version 7 (GraphPad Software, San Diego, CA, USA).

3. Results

A total of 137 patients with COVID-19, of which 51 were with mild symptoms and
86 were hospitalised for severe disease, and 72 controls were included in the analysis.
Demographic and clinical characteristics, as well as standard laboratory work, are depicted
in Table 1. The number of males was higher among severe COVID-19 patients, whereas age
and BMI were similar between mild and severe COVID-19 patients and controls. Vitamin
D concentration and status, white blood cell count, hemoglobin, and creatinine did not
differ significantly among the three groups. DM and hypertension were the most common
comorbidities in COVID-19 patients. No significant differences were found regarding the
presence of concomitant diseases, such as DM, COPD, stroke, CAD, hypertension, and
smoking status between the three groups. As expected, the median CRP levels were almost
5-fold higher in patients with severe COVID 19 than in patients with mild disease and
20-fold higher than controls (Table 1).

During the first month of follow-up, none of the study participants with mild symp-
toms died or were admitted to the intensive care unit (ICU). Ten patients (11.6%) with
severe COVID-19 died during hospitalization and six (7%) were admitted to the ICU. The
median length of hospital stay was 9.0 (5.0, 13.0) days.

Genetic Analysis

Four genetic variants in VDR (Fokl, Apal, Taql and Bsml) were genotyped. The
genotype distribution of all the SNPs was in Hardy-Weinberg equilibrium in the control
group (Table 2). Comparing genotype distribution of the studied VDR SNPs between con-
trols/mild symptoms and severe COVID-19 patients, a statistically significant difference
was revealed in the case of Taql polymorphism according to the additive model (TT vs.
TC vs. CC, respectively p = 0.009). In addition, according to the recessive model (CC vs.
TC + TT), the CC genotype of Taql polymorphism was significantly associated with in-
creased risk for severe COVID-19 [OR:2.52, 95%CI:1.2-5.29, p = 0.01] (Table 2).

No significant association was found between Fokl, Apal or Bsml genotypes and
COVID-19 (Supplementary Table S1).

Univariable logistic regression analysis showed that COVID-19 severity was also signifi-
cantly associated with age, gender (female vs. male) [OR 0.331, 95% CI 0.185-0.595, p < 0.001],
serum CRP levels, lymphocyte number LDH concentrations, serum ferritin levels and
D-dimers, as shown in Table 3. No significant associations were found between COVID-19
severity and BMI, smoking habits, 25(OH)D levels, DM, COPD or CVD (Table 3). Multi-
variable logistic regression analysis was then performed to further analyze the association
between COVID-19 severity and Taql polymorphism after adjusting for significant con-
founders (Table 3). We demonstrate that COVID-19 severity was significantly associated
with Taql polymorphism in the recessive model (CC vs. TC + TT) independent of age,
gender, serum CRP levels, absolute lymphocyte number, LDH, ferritin levels and D-dimers
[adj. OR 3.234, 95% CI 1.179-8.869, p = 0.023].
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Table 1. Demographic and clinical characteristics and laboratory parameters of the study participants classified by study group.
b Controls Mild COVID-19 Severe COVID-19 p-Value p-Value p-Value p-Value
arameters (Group 1) (Group 2) (Group 3) All Grou 1vs. 2 1vs. 3 2 vs. 3
ps VvS. VvS. Vvs.
n="72 n=>51 n =86
Gender (males), n (%) 30 (41.7%) 25 (49%) 61 (70.9%) 0.001 * 0.419 * <0.001 * 0.010 *
Age (years) 56.0 £ 11.4 56.51 + 16.6 60.5 +12.5 0.072 % - - -
Weight (kg) 81.76 +19.8 78.99 +£15.2 84.33 +17.2 0.236 * - - -
BMI (kg/m?) 289+54 27.6 + 44 28.6 + 6.4 0.429 * - - -
Lymphocytes, n 2200 (1760, 2615) 1360 (705, 2250) 900 (645, 1245) <0.001" <0.001% <0.001 * 0.003 t
WBC, n/uL 7020 (6205, 8297.5) 6215 (4650, 9245) 6270 (4710, 9115) 0.219"
Serum 25(OH)D (ng/mL) 28 (20.0, 33.7) 25.20 (16.6, 37.0) 23.05 (13.2, 30.0) 0.120"
Vitamin D status 0.220 *
Deficiency, n (%) 1(1.4) 2 (4.0) 5(5.8)
Inadequacy, n (%) 12 (16.7) 4 (7.8) 17 (19.8)
Sufficiency, n (%) 59 (81.9) 45 (88.2) 64 (74.4)
Hb (g/dL) 13.7+15 129 £21 133+ 39 0.286 *
Serum Creatinine (mg/dL) 0.84 + 0.36 087+ 04 1.5+39 0.125*
LDH (U/L) 180.5 (153.8, 205.8) 215 (179.8, 297.0) 312.5 (222.8, 415.3) <0.001" <0.0011 <0.0011 <0.0011
Serum CRP (mg/L) 2(0.85,4.6) 9.2 (3,45.4) 43 (12.1,91) <0.001" <0.0011 <0.001 * <0.001 *
Ferritin (ng/mL) 66.5 (35.0, 97.0) 211.0 (54.3, 443.5) 528.5 (260.3, 1110.3) <0.001" <0.0011 <0.0011 <0.0011
D-dimers (ug/mL) 0.5 (0.3-0.6) 0.6 (0.3, 1.4) 0.9 (0.5,3.7) <0.001 0.065 1 <0.0011 0.020%
HbA1lc (%) 6.3 (5.0,12.7) 6.1(5.1,7.9) 7.6 (5.5,12.7) 0.012" 03271 0.005* 0.0231
DM, n (%) 22 (30.6) 9(17.6) 18 (20.9) 0.193 * - -
COPD, n (%) 0 (0) 2(3.9) 2(2.3) 0.273 * - -
Stroke n (%) 0(0) 3(5.9) 4(4.7) 0.141 *
CAD, n (%) 8 (11.1) 4 (7.8) 5 (5.8) 0.477 *
Hypertension, n (%) 22 (30.6) 14 (27.5) 30 (34.9) 0.647 *
Current smokers, n (%) 13 (18.1) 10 (19.6) 8 (9.3) 0.166 *

Data are shown as mean + SD, or median (25, 75 percentile) as applicable. Categorical data are shown as absolute number (valid percentage). * p-values for comparisons between all
three groups by one-way analysis of variance (ANOVA). " p-values for comparisons between all three groups by Kruskal-Wallis H test. * p-values for comparisons between all three
groups by Chi-square test. * p-values for comparisons between pairs of groups (1 vs. 2, 1 vs. 3,2 vs. 3) by Mann-Whitney U test. * p-values for comparisons between pairs of groups (1
vs. 2,1 vs. 3,2 vs. 3) by Chi-square test. BMI: body mass index, WBC: white blood cells, 25(OH)D: 25-hydroxyvitamin D, Hb: hemoglobin, LDH: lactate dehydrogenase, CRP: C-reactive

protein, HbAlc: glycated hemoglobin Alc, DM: diabetes mellitus, COPD: chronic obstructive pulmonary disease, CAD: coronary artery disease.
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Table 2. The association of Taql (rs731236) polymorphism with COVID-19 severity.

SNP Controls/Mild . o HWE in Control Group
Genotypes Symptoms Severe Symptoms Analysis Model OR (95%CI) p-Value (p-Value)
Additive
TT 43 35 (TT vs. TC vs. CC) 0.009 0.35
TC 66 30
CcC 14 21
Homozygous
TT 43 35 (CC vs. TT) 1.84(0.82-4.14) 0.14
CcC 14 21
Heterozygous
T 43 35 (TC vs. TT) 0.56 (0.3-1.04) 0.07
TC 66 30
Dominant
TT 43 35 (TC + CC vs. TT) 0.78 (0.44-1.38) 0.4
TC +CC 80 51
Recessive
TC+TT 109 65 (CC vs. TC + TT) 2.52 (1.2-5.29) 0.01
cC 14 21
T 152 100 Allelic (C vs. T) 0.86 (0.58-1.28) 0.45
94 72
p-values are for comparisons between the two groups by Chi-square test. SNP, single nucleotide polymorphism,
OR: odds ratio, CI: confidence interval, HWE: Hardy-Weinberg Equilibrium.
Table 3. Univariable and multivariable analyses on the associations between the studied parameters
and severe COVID-19.
Univariable Analysis Multivariable Analysis *
Parameters
OR (95% CI) p-Value OR (95% CI) p-Value
Taql Recessive
(CCvs. TC/TT) 2.52 (1.2-5.29) 0.01 3.234 (1.179-8.869) 0.023
Age (years) 1.025 (1.003-1.047) 0.024 1.028 (1.002-1.055) 0.038
Gender (female vs. male) 0.331 (0.185-0.595) <0.001 0.257 (0.123-0.537)
Serum CRP levels (mg/dL) 1.024 (1.014-1.34) <0.001 1.021 (1.011-1.031) <0.001
Lymphocytes (k/pL) 0.998 (0.998-0.999) <0.001 0.998 (0.998-0.999) <0.001
LDH (U/L) 1.012 (1.008-1.016) <0.001 1.008 (1.003-1.013) 0.001
Ferritin (ng/mL) 1.003 (1.002-1.005) <0.001 1.003 (1.002-1.004) <0.001
D-dimers (ug/mL) 1.004 (1.000-1.009) 0.035 1.003 (0.999-1.007) 0.087
Serum 25(OH)D levels (ng/mL) 0.970 (0.939-1.002) 0.063 -
DM (yes vs. no) 0.895 (0.643-1.248) 0.514 -
CAD (yes vs. no) 0.853 (0.355-2.049) 0.722 -
COPD (yes vs. no) 1.417 (0.196-10.258) 0.730 -
Smoking (yes vs. no) 0.534 (0.223-1.278) 0.159 -
BMI (kg/m?) 1.009 (0.960-1.060) 0.725 -
Interaction between Taql additive (TT vs. TC
vs. CC) model and serum vitamin D levels 0.967 (0.879-1.064) 0487 )
Interaction between Taql recessive (CC vs 0.881 (0.739-1.049) 0.154 _

TC/TT) model and serum vitamin D levels

* Parameters that were found to be significantly associated with COVID-19 severity in the univariable regression
model were then added into the multivariable model to further analyze the association between COVID-19
severity and Taql polymorphism. Chi-square test: 87.295, p-value < 0.001. OR, odds ratio; CI, confidence interval;
BMI, body mass index; CRP, C-reactive protein; 25(OH)D, 25 hydroxyvitamin D; DM, diabetes mellitus; LDH,
lactate dehydrogenase; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease. Variables
that showed non-significant association with COVID-19 outcome in univariable analysis were not added to the
multivariable logistic regression model.
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Notably, in our multivariable logistic regression model, age, male gender, low lym-
phocyte number, serum CRP, ferritin levels and LDH also demonstrated significant and
independent associations with COVID-19 severity (Table 3).

4. Conclusions

Vitamin D receptor is expressed in a wide variety of immune cells, such as T and B
lymphocytes, macrophages and monocytes [20], and plays a critical role in the regulation
of the immune system (reviewed in [21]). As such, the association of VDR polymorphisms
with either viral [22] or microbial infections [8,23] has been an area of great interest in
scientific research.

In our study, we studied the associations of four genetic VDR variants, namely FokI,
Apal, Tagl and Bsml, with COVID-19 severity. We showed that the CC genotype of
Tagl polymorphism is significantly associated with increased risk for severe COVID-19
independently of age, sex and degree of inflammation, while no significant association was
found for Fokl, Apal or Bsml genotypes.

The Taql polymorphism is located on exon 9 and, by itself or acting as an association
signal for a nearby mutation due to linkage disequilibrium, could affect VDR’s mRNA
stability, leading to an alteration in its protein expression levels [24]. Previously, the VDR
Taql variant has been linked to greater risks of acute lower respiratory infection in early
childhood [25], and of tuberculosis in South and West Asians [26].

In a recent study involving 500 adult Iranian COVID-19 patients with varying severi-
ties, VDR Taql polymorphisms were not associated with clinical manifestation or severity
of COVID-19 [12]. In this study, which did not include an uninfected control group, other
VDR gene polymorphisms were significantly associated with clinical manifestations and
various comorbidities in patients with severe/critical COVID-19 [12]. In another study of
517 Portuguese patients with COVID-19, among the 18 genetic variants associated with
vitamin D pathways that were studied, polymorphism rs2282679 in the Vitamin D-binding
protein (DBP) encoded by the GC gene was related to infection severity, while the authors
did not find an association with the studied polymorphisms in the VDR gene [13]. The Taql
polymorphism of the VDR gene was also evaluated in a small cohort of Cuban citizens with
COVID-19. In this small study, patients with the tt genotype were more likely to develop
symptomatic [OR = 2.081, 95% CI: 0.243-17.842] and more severe forms [OR = 1.200, 95%
CI: 0.217-6.638] of the disease [14].

These studies, however, did not include a control group of uninfected individuals, thus
limiting the robustness and validity of those early findings by failing to assess causality, gener-
alize results, or reduce the risk of bias within the cohort. In two recent case-control studies,
Taql and FokI polymorphisms were associated with increased susceptibility to and severity of
the disease in two populations of different geographical origin: Turkey [15] and Cyprus [16].
In the study from Turkey, presenting a cohort of approximately 300 COVID-19 patients, the
Tagl TT genotype was associated with a poor prognosis and increased admission to ICU [15].
In this study, the Fokl f allele affected the prognosis of patients, while the Apal aa genotype
was associated with higher mortality rates [15]. In the cohort of 600 individuals (of whom
300 were SARS-CoV-2 infection positive) from Cyprus, the Fokl T and Taql C alleles were
more frequently observed in SARS-CoV-2-infected patients compared to the control group
(p < 0.005), pointing to a linkage disequilibrium between these VDR variants [16]. However,
this study could not confirm the potential association of FokI T and Taql C polymorphisms
with severity of COVID-19 due to lack of access to the patients’ clinical data [16].

The varying associations between gene polymorphisms in VDR and susceptibility
to infection across different geographic populations can be attributed to several factors.
Firstly, genetic diversity among populations results in distinct alleles and haplotypes in
the VDR gene, which can impact immune responses to infections differently. Additionally,
environmental factors, such as sunlight exposure and diet, play a crucial role in vitamin D
synthesis and metabolism, affecting the activity of the VDR gene. Differences in sunlight
availability and dietary habits across regions can thus lead to disparate associations between
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VDR polymorphisms and infection susceptibility. Finally, interethnic differences in the
prevalence of infectious diseases and pathogen exposure patterns can influence the selective
pressures acting on VDR and other immune-related genes among populations. These factors
collectively highlight the importance of considering population-specific factors when
studying the association between VDR polymorphisms and infection susceptibility [27,28].

It is worth mentioning that our study has some limitations. First, this was a relatively
small-sized study restricted to the broader urban area of Attiki in Greece. Second, no data
were available regarding medication of COVID-19 patients in order to adjust for possible
confounders in the outcomes of severe COVID-19. Third, the genetic analysis was restricted
to four genetic variants of VDR, and no other genes that regulate or are related to vitamin
D metabolism were assessed. Nevertheless, to the best of our knowledge, this is the first
case-control study evaluating the association between VDR polymorphisms and severity of
COVID-19 in the Greek population. Our findings are in line with other studies showing a
positive association of the Tagl C allele with COVID-19 morbidity [16,29].

COVID-19 remains an important public health concern worldwide, and studies that
investigate the impact of VDR polymorphisms in the severity of the disease across different
populations are needed in order to pave the way towards a more patient-centric and
customized therapeutic approach for infected individuals. Ongoing research on the genetic
factors that may contribute to the severity of the disease remains an unmet need towards
optimal risk stratification and targeted interventions.
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by Chi-squared test. SNP, single nucleotide polymorphism, OR: odds ratio, CI: confidence interval,
HWE: hardy-weinberg equilibrium.

Author Contributions: N.T., M.PY. and E.B.J. conceived and designed the experiments. C.A., LA A,
LE., OK, AL, AT and A.C performed the experiments. A.T., D.B.,LE., N.T., A.C. and E.B.J. analyzed
the data. .A.A., C.A,, AL, OK. and A.C. contributed reagents/materials/analysis tools. M.P.Y., N.T.,
LA.A,, A.C. and E.B.J. wrote the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded and supported by the Special account for research grants (S.A.R.G)
of the National and Kapodistrian University of Athens, grant number 8615. The funders had no role
in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
No other source of funding exists.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the Laiko General Hospital, Athens, Greece
(EC: 444/28-06-2021, 28 June 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Tsitsilonis, O.E.; Paraskevis, D.; Lianidou, E.; Terpos, E.; Akalestos, A.; Pierros, V.; Kostaki, E.G.; Kastritis, E.; Moutsatsou, P.;
Politou, M.; et al. SARS-CoV-2 Infection Is Asymptomatic in Nearly Half of Adults with Robust Anti-Spike Protein Receptor-
Binding Domain Antibody Response. Vaccines 2021, 9, 207. [CrossRef]

2. Wu, Z.; McGoogan, ].M. Characteristics of and Important Lessons from the Coronavirus Disease 2019 (COVID-19) Outbreak
in China: Summary of a Report of 72 314 Cases from the Chinese Center for Disease Control and Prevention. JAMA 2020, 323,

1239-1242. [CrossRef]

3.  Bassatne, A.; Basbous, M.; Chakhtoura, M.; El Zein, O.; Rahme, M.; El-Hajj Fuleihan, G. The link between COVID-19 and VItamin
D (VIVID): A systematic review and meta-analysis. Metabolism 2021, 119, 154753. [CrossRef]


https://www.mdpi.com/article/10.3390/nu16050727/s1
https://www.mdpi.com/article/10.3390/nu16050727/s1
https://doi.org/10.3390/vaccines9030207
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1016/j.metabol.2021.154753

Nutrients 2024, 16, 727 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Murai, LH.; Fernandes, A.L.; Sales, L.P.,; Pinto, A.].; Goessler, K.F.; Duran, C.S.C.; Silva, C.B.R.; Franco, A.S.; Macedo, M.B.;
Dalmolin, HH.H; et al. Effect of a Single High Dose of Vitamin D3 on Hospital Length of Stay in Patients with Moderate to
Severe COVID-19: A Randomized Clinical Trial. JAMA 2021, 325, 1053-1060. [CrossRef] [PubMed]

Entrenas Castillo, M.; Entrenas Costa, L.M.; Vaquero Barrios, ].M.; Alcala Diaz, J.F.; Lopez Miranda, J.; Bouillon, R.; Quesada
Gomez, ] M. Effect of calcifediol treatment and best available therapy versus best available therapy on intensive care unit
admission and mortality among patients hospitalized for COVID-19: A pilot randomized clinical study. J. Steroid Biochem. Mol.
Biol. 2020, 203, 105751. [CrossRef] [PubMed]

Butler-Laporte, G.; Nakanishi, T.; Mooser, V.; Morrison, D.R.; Abdullah, T.; Adeleye, O.; Mamlouk, N.; Kimchi, N.; Afrasiabi, Z.;
Rezk, N.; et al. Vitamin D and COVID-19 susceptibility and severity in the COVID-19 Host Genetics Initiative: A Mendelian
randomization study. PLoS Med. 2021, 18, e1003605. [CrossRef]

Amin, H.A.; Drenos, F. No evidence that vitamin D is able to prevent or affect the severity of COVID-19 in individuals with
European ancestry: A Mendelian randomisation study of open data. BM] Nutr. Prev. Health 2021, 4, 42-48. [CrossRef] [PubMed]
Lewis, S.J.; Baker, I.; Davey Smith, G. Meta-analysis of vitamin D receptor polymorphisms and pulmonary tuberculosis risk. Int. J.
Tuberc. Lung Dis. 2005, 9, 1174-1177. [PubMed]

Lee, Y.H.; Song, G.G. Vitamin D receptor gene Fokl, Taql, Bsml, and Apal polymorphisms and susceptibility to pulmonary
tuberculosis: A meta-analysis. Genet. Mol. Res. 2015, 14, 9118-9129. [CrossRef] [PubMed]

Wilkinson, R.J.; Llewelyn, M.; Toossi, Z.; Patel, P; Pasvol, G.; Lalvani, A.; Wright, D.; Latif, M.; Davidson, R.N. Influence of vitamin
D deficiency and vitamin D receptor polymorphisms on tuberculosis among Gujarati Asians in west London: A case-control
study. Lancet 2000, 355, 618-621. [CrossRef] [PubMed]

McNally, J.D.; Sampson, M.; Matheson, L.A.; Hutton, B.; Little, J. Vitamin D receptor (VDR) polymorphisms and severe RSV
bronchiolitis: A systematic review and meta-analysis. Pediatr. Pulmonol. 2014, 49, 790-799. [CrossRef]

Abdollahzadeh, R.; Shushizadeh, M.H.; Barazandehrokh, M.; Choopani, S.; Azarnezhad, A.; Paknahad, S.; Pirhoushiaran, M.;
Makani, S.Z.; Yeganeh, R.Z.; Al-Kateb, A.; et al. Association of Vitamin D receptor gene polymorphisms and clinical /severe
outcomes of COVID-19 patients. Infect. Genet. Evol. 2021, 96, 105098. [CrossRef]

Freitas, A.T.; Calhau, C.; Antunes, G.; Araujo, B.; Bandeira, M.; Barreira, S.; Bazenga, F.; Braz, S.; Caldeira, D.; Santos, S.C.R.; et al.
Vitamin D-related polymorphisms and vitamin D levels as risk biomarkers of COVID-19 disease severity. Sci. Rep. 2021, 11, 20837.
[CrossRef] [PubMed]

Peralta, E.M.; Rosales, Y.Z.; Mesa, T.C.; Gonzalez, E.N.S.; Pérez, Y.H.; de los Angeles Gonzalez Torres, M.; Balbuena, H.R.; Teruel,
B.M. Taql polymorphism of the VDR gene: Aspects related to the clinical behavior of COVID-19 in Cuban patients. Egypt. |. Med.
Hum. Genet. 2021, 22, 83. [CrossRef]

Apaydin, T.; Polat, H.; Dincer Yazan, C,; Ilgin, C.; Elbasan, O.; Dashdamirova, S.; Bayram, F,; Tukenmez Tigen, E.; Unlu, O.; Tekin,
AF; et al. Effects of vitamin D receptor gene polymorphisms on the prognosis of COVID-19. Clin. Endocrinol. 2022, 96, 819-830.
[CrossRef]

Mamurova, B.; Akan, G.; Mogol, E.; Turgay, A.; Tuncel, G.; Evren, E.U.; Evren, H.; Suer, K; Sanlidag, T.; Ergoren, M.C. Strong
Association between Vitamin D Receptor Gene and Severe Acute Respiratory Syndrome coronavirus 2 Infectious Variants. Glob.
Med. Genet. 2023, 10, 27-33. [CrossRef]

World Health Organization. Clinical Management of COVID-19: Interim Guidance; World Health Organization: Geneva, Switzerland,
2020; pp. 13-15.

Ross, A.C.; Manson, J.E.; Abrams, S.A.; Aloia, ].E; Brannon, PM.; Clinton, S.K.; Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L,;
Jones, G.; et al. The 2011 report on dietary reference intakes for calcium and vitamin D from the Institute of Medicine: What
clinicians need to know. . Clin. Endocrinol. Metab. 2011, 96, 53-58. [CrossRef]

Zacharioudaki, M.; Messaritakis, I.; Galanakis, E. Vitamin D receptor, vitamin D binding protein and CYP27B1 single nucleotide
polymorphisms and susceptibility to viral infections in infants. Sci. Rep. 2021, 11, 13835. [CrossRef]

Veldman, C.M.; Cantorna, M.T.; DeLuca, H.F. Expression of 1,25-dihydroxyvitamin D3 receptor in the immune system. Arch.
Biochem. Biophys. 2000, 374, 334-338. [CrossRef] [PubMed]

Mora, J.R.; Iwata, M.; von Andrian, U.H. Vitamin effects on the immune system: Vitamins A and D take centre stage. Nat. Rev.
Immunol. 2008, 8, 685-698. [CrossRef] [PubMed]

Laplana, M.; Royo, J.L.; Fibla, J. Vitamin D Receptor polymorphisms and risk of enveloped virus infection: A meta-analysis. Gene
2018, 678, 384-394. [CrossRef]

Bellamy, R.; Hill, A.V. Genetic susceptibility to mycobacteria and other infectious pathogens in humans. Curr. Opin. Immunol.
1998, 10, 483-487. [CrossRef]

Hustmyer, EG.; DeLuca, H.F; Peacock, M. Apal, Bsml, EcoRV and Taql polymorphisms at the human vitamin D receptor gene
locus in Caucasians, blacks and Asians. Hum. Mol. Genet. 1993, 2, 487. [CrossRef]

Roth, D.E.; Jones, A.B.; Prosser, C.; Robinson, J.L.; Vohra, S. Vitamin D receptor polymorphisms and the risk of acute lower
respiratory tract infection in early childhood. J. Infect. Dis. 2008, 197, 676—680. [CrossRef]

Cao, Y;; Wang, X.; Cao, Z.; Cheng, X. Association of Vitamin D receptor gene Tagl polymorphisms with tuberculosis susceptibility:
A meta-analysis. Int. ]. Clin. Exp. Med. 2015, 8, 10187-10203.

Thakkinstian, A.; D’Este, C.; Attia, ]. Haplotype analysis of VDR gene polymorphisms: A meta-analysis. Osteoporos. Int. 2004, 15,
729-734. [CrossRef] [PubMed]


https://doi.org/10.1001/jama.2020.26848
https://www.ncbi.nlm.nih.gov/pubmed/33595634
https://doi.org/10.1016/j.jsbmb.2020.105751
https://www.ncbi.nlm.nih.gov/pubmed/32871238
https://doi.org/10.1371/journal.pmed.1003605
https://doi.org/10.1136/bmjnph-2020-000151
https://www.ncbi.nlm.nih.gov/pubmed/34308111
https://www.ncbi.nlm.nih.gov/pubmed/16229232
https://doi.org/10.4238/2015.August.7.21
https://www.ncbi.nlm.nih.gov/pubmed/26345844
https://doi.org/10.1016/S0140-6736(99)02301-6
https://www.ncbi.nlm.nih.gov/pubmed/10696983
https://doi.org/10.1002/ppul.22877
https://doi.org/10.1016/j.meegid.2021.105098
https://doi.org/10.1038/s41598-021-99952-z
https://www.ncbi.nlm.nih.gov/pubmed/34675344
https://doi.org/10.1186/s43042-021-00206-4
https://doi.org/10.1111/cen.14664
https://doi.org/10.1055/s-0043-1761924
https://doi.org/10.1210/jc.2010-2704
https://doi.org/10.1038/s41598-021-93243-3
https://doi.org/10.1006/abbi.1999.1605
https://www.ncbi.nlm.nih.gov/pubmed/10666315
https://doi.org/10.1038/nri2378
https://www.ncbi.nlm.nih.gov/pubmed/19172691
https://doi.org/10.1016/j.gene.2018.08.017
https://doi.org/10.1016/S0952-7915(98)80125-8
https://doi.org/10.1093/hmg/2.4.487
https://doi.org/10.1086/527488
https://doi.org/10.1007/s00198-004-1601-x
https://www.ncbi.nlm.nih.gov/pubmed/15057510

Nutrients 2024, 16, 727 11 of 11

28. Nejentsev, S.; Godfrey, L.; Snook, H.; Rance, H.; Nutland, S.; Walker, N.M.; Lam, A.C.; Guja, C.; Ionescu-Tirgoviste, C.; Undlien,
D.E,; et al. Comparative high-resolution analysis of linkage disequilibrium and tag single nucleotide polymorphisms between
populations in the vitamin D receptor gene. Hum. Mol. Genet. 2004, 13, 1633-1639. [CrossRef] [PubMed]

29. Albu-Mohammed, W.H.M.; Anvari, E.; Fateh, A. Evaluating the Role of Bgll rs739837 and Taql rs731236 Polymorphisms in
Vitamin D Receptor with SARS-CoV-2 Variants Mortality Rate. Genes 2022, 13, 2346. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/hmg/ddh169
https://www.ncbi.nlm.nih.gov/pubmed/15175274
https://doi.org/10.3390/genes13122346
https://www.ncbi.nlm.nih.gov/pubmed/36553614

	Introduction 
	Patients and Methods 
	Participants 
	Sampling Procedure and Measurements 
	Biochemical Analyses 
	Genetic Analysis 

	Statistics 

	Results 
	Conclusions 
	References

