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The coronavirus disease 2019 (COVID-19) pandemic has severely impacted daily life all
over the world. Any measures to slow down the spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and to decrease disease severity are highly
requested. Recent studies have reported inverse correlations between plasma levels of
vitamin D and susceptibility to SARS-CoV-2 infection and COVID-19 severity. Therefore, it
has been proposed to supplement the general population with vitamin D to reduce the
impact of COVID-19. However, by studying the course of COVID-19 and the immune
response against SARS-CoV-2 in a family with a mutated, non-functional vitamin D
receptor, we here demonstrate that vitamin D signaling was dispensable for mounting an
efficient adaptive immune response against SARS-CoV-2 in this family. Although these
observations might not directly be transferred to the general population, they question a
central role of vitamin D in the generation of adaptive immunity against SARS-CoV-2.

Keywords: COVID-19, vitamin D, HVDRR, adaptive immunity, SARS-CoV-2

INTRODUCTION

Recently, it has been reported that vitamin D might affect COVID-19 disease severity. Thus, it has
been described that people suffering from vitamin D deficiency have a higher risk of contracting
COVID-19 and that vitamin D levels inversely correlate with the disease severity, serum levels of
inflammatory markers and fatality rates (1, 2). In line with this, length of hospitalization, intensive
care unit admission and mortality have been reported to correlate with vitamin D serum levels (3-
10). Based on these and similar studies, it was suggested that vitamin D supplementation of the
general population might reduce the viral spread and decrease the disease severity and thereby aid in
tackling the SARS-CoV-2 pandemic (1, 3, 5, 6, 10-12). However, recent meta-analyses found that
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the evidence to support vitamin D supplementation for the
prevention or treatment of COVID-19 was inconclusive (13-
15). In line with this, a randomized, double-blind, placebo-
controlled trial found that vitamin D supplementation did not
reduce the overall risk of acute respiratory tract infection in
general (16). Thus, whether vitamin D affects the susceptibility to
and the course of COVID-19 is still an open question.

Vitamin D is known for its immunomodulatory properties.
Vitamin D affects both T cell activation and differentiation (17-
19). Vitamin D reduces IFNy and IL-17 and increases IL-4 and IL-
13 secretion (10, 17, 20-22), hence vitamin D is thought to skew
immune responses away from T helper (Th) 1/Th17 towards Th2
dominated responses. Importantly, vitamin D exerts its function via
the vitamin D receptor (VDR) that is expressed by various immune
cells (18). The VDR is a member of the nuclear receptor family of
transcription factors. Normally, the active form of vitamin D signals
by binding to the VDR. Vitamin D/VDR complexes translocate to
the nucleus, where they bind DNA and regulate the transcription of
vitamin D-responsive genes (23). Interestingly, a recent study found
that expression of the VDR was reduced in peripheral blood cells
from COVID-19 patients compared to controls especially in male
patients (24). We have recently described a patient suffering from
hereditary vitamin D resistant rickets (HVDRR) with a novel
mutation in the VDR (25). HVDRR is an autosomal recessive
disease, which has only been described in ~150 individuals since its
first characterization in 1978 (26). In the present HVDRR patient,
the VDR mutation locates to the DNA-binding domain of the VDR,
completely abolishing the transcriptional activity of the vitamin D/
VDR complex. The parents of the HVDRR patient are heterozygous
for the mutation, and their T cells exert a 50% reduction in terms of
vitamin D responsiveness due to the expression of both the mutated
and the wild-type VDR alleles (25). The patient and her parents
contracted COVID-19 in the beginning of 2021 and thereby a
unique possibility to study the consequences of vitamin D signaling
for immune responses against SARS-CoV-2 occurred.

CASE PRESENTATION

A detailed clinical description of the HVDRR patient was recently
published (25). In short, the patient was born in 1992 and
developed rickets and alopecia within the first year after her
birth. The patient was initially treated orally with 1-o-
hydroxycholecalciferol (alfacalcidol), calcium and fish oil. The
treatment was terminated when she was three years old. In 1999,
the patient was referred to hospital due to muscle and bone pains,
short stature, and alopecia. At the physical examination, the
patient appeared normal except for alopecia and short stature
with a height and weight below the 3% percentile. She had normal
serum levels of calcium, phosphate, alkaline phosphatase, and
parathyroid hormone. However, the level of serum 1,25(OH),D
was highly elevated between 320 - 388 pM (normal range 51 - 177
pM), whereas the level of 25(OH)D was normal between 39 - 60
nM (normal range 26 — 150 nM). It was concluded that the
patient suffered from HVDRR, and treatment with 600 mg
calcium per day and calcitriol (rocaltrol) 0.5 pg twice daily was

initiated. Since then, she was regularly seen in the outpatient
clinic. She often complained of bone pains in the arms and legs
but otherwise she was doing well, and she partially catched up for
her low stature, body weight and delayed bone age. The serum
levels of 1,25(OH),D were permanently elevated but she kept on
having normal serum levels of calcium, phosphate, alkaline
phosphatase, and parathyroid hormone. The patient does not
have any known COVID-19 comorbidities (27) and has a normal
BMI of 24.5 kg/m’. In early 2021, the HVDRR patient and her
parents contracted SARS-CoV-2 diagnosed by PCR tests of throat
swabs. Surprisingly, they all had a mild disease course with fever,
nasal congestion, headache, fatigue and anosmia for 3-4 days
(Supplementary Table 1). As this family represented a unique
possibility to study the role of vitamin D signaling in immune
responses to SARS-CoV-2, we set out to determine their post-
infectious SARS-CoV-2-specific immune response.

IMMUNE RESPONSE

Infection with SARS-CoV-2 normally triggers the immune system to
activate and expand SARS-CoV-2 specific CD4" and CD8" T cells
and to produce SARS-CoV-2-specific antibodies (28-31). CD4" T
cell responses are detected in more than 90% of SARS-CoV-2
infections, whereas CD8" T cell responses are observed in
approximately 70% of the cases (32, 33). The best indicator for a
mild COVID-19 disease outcome is the existence of SARS-CoV-2
specific CD4" T cells (34). Furthermore, rapid induction of SARS-
CoV-2-specific CD4" T cells following infection correlates with a
mild disease outcome (35). Conversely, the lack of SARS-CoV-2-
specific CD4" T cells is associated with severe or fatal COVID-19 (34,
35). Seroconversion of antibodies against the SARS-CoV-2 spike
protein is seen in more than 90% of COVID-19 patients (36, 37). The
most immunodominant structure of the spike protein is the host
receptor-binding domain (RBD) (38). Neutralizing antibody titers
against RBD correlate with COVID-19 disease severity (37, 38);
however, so far only limited effects in clinical trials with the injection
of SARS-CoV-2 neutralizing monoclonal antibodies have been
documented (39). Therefore, it has been proposed that SARS-
CoV-2-specific T cells are the main immunological compartment
controlling primary SARS-CoV-2 infection (30).

First, we determined whether the HVDRR patient and her
parents had generated SARS-CoV-2-specific T cells. To identify
SARS-CoV-2-specific memory T cells, we stimulated PBMC for 24
hours with overlapping peptides covering the entire SARS-CoV-2
spike (S), membrane (M) and nucleocapsid (N) proteins (for
detailed Material and Methods please see Supplementary
Material). We subsequently measured the number of CD4" and
CD8" T cells expressing the activation-induced markers (AIM)
CD137/0X40 and CD137/CD69, respectively, as previously defined
(28, 32, 34). In all three family members, we found a clear induction
of both CD4"AIM" (Figures 1A, B, for gating strategy please see
Supplementary Figure 1A) and CD8"AIM" cells (Figures 1C, D)
with frequencies comparable to those previously reported for SARS-
CoV-2-specific CD4" and CD8" memory T cells in COVID-19
convalescent individuals (32, 34).

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 758154


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kongsbak-Wismann et al. Vitamin D and COVID-19

A
10 N
2 L &
o =
2 1+
Ou
L2
55 1 o 5
arF
g%‘ 01_
+§8 : ® HVDRR
= D Pater
@ Mater
[
0.01 T T T T T
- s, s, M N
B
SN
X
(o] I
<
g
x
b+l
T
o]
5]
=
)
5}
C

ﬂl} @ HVDRR
01 D Pater
ﬁ' @ Mater

0.014

CD69

HHAAH

191\

= 1eled

FIGURE 1 | Normal generation of SARS-CoV-2-specific CD4* and CD8" T cells in the HVDRR patient and her parents. (A) SARS-CoV-2-specific CD4" T cells
measured as percentage of AIM™ (CD13770X40") CD4* T cells after stimulation of PBMC with peptide pools encompassing the first half of the spike protein (S), the
second half of the spike protein (S,), the membrane protein (M) and the nucleoprotein (N). (-) represents control PBMC treated with the vehicle DMSO. Data are
shown as mean + SEM; *p < 0.05. Samples were from the HVDRR patient (filed circles), pater (half-filed squares) and mater (half-filled circles). (B) FACS dot plots
showing the fraction of AIM*™ (CD13770X40%) CD4"* T cells. (C) SARS-CoV-2-specific CD8" T cells measured as percentage of AIM* (CD137*CD69") CD8* T cells
after stimulation of PBMC with peptide pools as described in (A). Data are shown as mean + SEM. *p < 0.05; **p < 0.005. Symbols indicate the individuals as
described in (A). (D) FACS dot plots shoving the fraction AIM*™ (CD137*CD69*) CD8* T cells.
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T cell responses against SARS-CoV-2 are characterized by
secretion of IFNY, IL-2 and TNF with little or no secretion of IL-
17, IL-4 and IL-13 (28, 32, 34). To determine whether vitamin D
signaling affected SARS-CoV-2-specific T cell responses, we
determined the T cell cytokine profile in PBMC stimulated with
SARS-CoV-2 peptides for 24 h. In line with other studies, we found

a clear induction of IFNY'CD4" T cells in PBMC stimulated with
the spike peptide pools and membrane peptides (Figure 2A, for
gating strategy please see Supplementary Figure 1B). Stimulation
with peptides from the nucleoprotein did not result in any
significant induction of IFNY'CD4" T cells. We observed a
similar pattern with generation of IFNY"'CD8" T cells in PBMC
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FIGURE 2 | Normal cytokine profile of SARS-CoV-2-specific T cells from the HVDRR patient and her parents. Frequency of IFNy" (A) CD4* and (B) CD8" T cells in
PBMC treated with DMSO (-) or peptide pools encompassing the first half of the spike protein (S;), the second half of the spike protein (S,), the membrane protein
(M) and the nucleoprotein (N). Samples were from the HVDRR patient (filled circles), pater (half-filled squares) and mater (half-filed circles). Data are shown as mean +
SEM. (C-H) Cytokine mRNA and cytokine concentration in the supernatants of PBMC obtained from the HVDRR patient in 2018 and from the HVDRR patient and
her parents in 2021 and stimulated as described above. The mRNA expression levels of (C) IFNy, (E) IL-2 and (G) TNF are shown as geometric mean + SD.
Concentrations of (D) IFNy, (F) IL-2 and (H) TNF in the supernatants are shown as mean + SEM; *p < 0.05; **p < 0.01; **p < 0.005; ***p < 0.001.
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stimulated with the spike peptide pools and membrane peptides but
not with the peptides from the nucleoprotein (Figure 2B). Thus,
SARS-CoV-2-specific T cells from the HVDRR patient and her
parents were clearly able to produce IFNY.

In 2018, PBMC from the HVDRR patient were isolated and
cryo-preserved, which allowed us to compare her T cell
responses against the SARS-CoV-2 peptide pools before and
after the SARS-CoV-2 infection. In line with the flow cytometry
measurements described above, we found that cells isolated post-
infection significantly up-regulated gene expression and
secretion of IFNY when stimulated with the S;, S, and M
SARS-CoV-2 peptide pools, whereas cells isolated in 2018 did
not (Figures 2C, D). Similar results were seen for IL-2 and TNF
(Figures 2E-H). Furthermore, we determined the secretion of
the Th2 cytokines IL-4 and IL-13 following activation with the
SARS-CoV-2 peptides. In contrast to IFNYy, IL-2 and TNF,
the SARS-CoV-2 peptides did not induce production of IL-4
and IL-13 (Supplementary Figures 2A, B). Thus, the post-
infectious SARS-CoV-2-specific T cells isolated from the
HVDRR patient, and her parents had a Thl-like cytokine
profile as previously described for SARS-CoV-2-specific T cells
(28, 32, 34).

In addition to measuring T cell responses against SARS-CoV-2,
we also investigated whether the HVDRR patient and her parents
could mount an antibody response against SARS-CoV-2. In order
to do this, we analyzed pre-infection plasma samples obtained in
2018 and plasma samples isolated 21 days post symptom onset for
IgG antibodies against the RBD of the spike protein. We found that
the anti-RBD IgG titers in plasma from 2018 from the HVDRR
patient and her parents were similar to the anti-RBD IgG titers in

plasma from unexposed healthy individuals (Figure 3).
Importantly, post-infection plasma from the HVDRR patient
and her parents showed similar levels of IgG antibodies against
the RBD as plasma from SARS-CoV-2 convalescent in the general
population that had had a mild course of COVID-19 (Figure 3).
These data were compatible with the notion that both the HVDRR
patient and her parents mounted a normal humoral immune
response against SARS-CoV-2.

DISCUSSION

In this study, we used a unique human genetic defect to tackle the
question of the importance of vitamin D signaling in SARS-CoV-2
infections. The HVDRR patient has a mutation in the DNA-
binding domain of the VDR that completely abolishes the
transcriptional activity of vitamin D/VDR complexes (25). Thus,
cells from the HVDRR patient are unresponsive to vitamin D and
she therefore constituted a unique possibility to study the
consequences of abolished vitamin D signaling in the immune
response against SARS-CoV-2. In addition, studies of her parents,
that were heterozygous carriers of the mutated VDR and therefore
hada 50% reduction in vitamin D responsiveness (25), could further
contribute to the knowledge of the role vitamin D in COVID-19.
The HVDRR patient and her parents contracted COVID-19 in
the beginning of 2021, and they all had a mild disease course only
lasting 3-4 days. We found that normal numbers of CD4" and CD8"
SARS-CoV-2-specific T cells were generated in the HVDRR patient
and her parents, and that the cytokine profile of these cells was
similar to the cytokine profile of SARS-CoV-2-specific T cells
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FIGURE 3 | Normal SARS-CoV-2 RBD-specific IgG antibody titers in the plasma of the HVDRR patient and her parents. SARS-CoV-2 RBD-specific IgG antibody
titers in the plasma from unexposed subjects (n = 200), subjects with a mild course of COVID-19 (n = 72) and from the HVDRR patient and her parent from 2018
and 21 days after COVID-19 in 2021. The dashed line represents the cut-off for the ELISA (10). Antibody titers are shown for each individual and as mean + SEM,;
**p < 0.005, ***p < 0.001. HVDRR patient (filled circles), pater (half-filled squares) and mater (half-filled circles).
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previously described (28, 32, 34). These observations indicated that
activation, differentiation and generation of CD4" and CD8" SARS-
CoV-2-specific T cells can occur in the absence of vitamin D
signaling. Furthermore, we found that the HVDRR patient and
her parents generated comparable levels of IgG antibodies against
the RBD of the SARS-CoV-2 spike protein as COVID-19
convalescent in the general population that had had a mild course
of COVID-19. More studies of the general population are needed to
fully understand the role of vitamin D in the immune response
against SARS-CoV-2. Thus, vitamin D could play a role in
dampening the cytokine storm seen in patients with severe
COVID-19 and might also play a role in innate immunity against
SARS-CoV-2 for example in generation of cathelicidin (10, 40, 41).
We acknowledge, that the current findings in a family with a
rare mutation can not necessarily be translated to the
general population.

Nonetheless, our findings demonstrate that an efficient
adaptive immune response against SARS-CoV-2 can be
generated in individuals with reduced (the parents) or no (the
patient) vitamin D signaling.
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