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Abstract

Background A more severe course of COVID-19 was associated with low levels of Vitamin D (VitD). Moreover in vitro data
showed that VitD up-regulates the mRNA of the Angiotensin Converting Enzyme 2 (ACE-2), the SARS-COV-2 receptor in
different type of cells. ACE-2 is expressed in several type of tissues including thyroid cells, on which its mRNA was shown to
be up-regulated by interferon-gamma (IFN-y). The aim of the present study was to investigate if treatment with VitD alone or
in combination with IFN-y would increase ACE-2 both at mRNA and protein levels in primary cultures of human thyrocytes.
Materials and methods Primary thyroid cell cultures were treated with VitD and IFN-y alone or in combination for 24 h.
ACE-2 mRNA levels were measured by Real-time Polymerase Chain Reaction (RT-PCR). The presence of ACE-2 on thyroid
cell membrane was assessed by immunocytochemistry basally and after the previous mentioned treatments.

Results ACE-2 mRNA levels increased after treatment with VitD and IFN-y alone. The combination treatment (VitD + IFN-
v) showed an additive increase of ACE-2-mRNA. Immunocytochemistry experiments showed ACE-2 protein on thyroid cells
membrane. ACE-2 expression increased after treatment with VitD and IFN-y alone and further increased by the combination
treatment with VitD + IFN-y.

Conclusions VitD would defend the body by SARS-COV?2 both by regulating the host immune defense and by up-regulating
of the expression of the ACE-2 receptor. The existence of a co-operation between VitD and IFN-y demonstrated in other
systems is supported also for ACE-2 up-regulation. These observations lead to an increased interest for the potential thera-
peutic benefits of VitD supplementation in COVID-19.
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Introduction

The COVID-19 pandemic is not over yet, and the world
population is still fighting to defeat SARS-CoV-2. Since
its first description, the virus has undergone several muta-
tions, becoming more contagious and, in some cases, is
still lethal. However, only a small proportion of infected
people experience relevant clinical symptoms and an even
lower percentage of them will require intensive medical
care [1]. Thus, the clinical course and outcome of COVID-
19 remain very variable. Several studies trying to explain
these marked differences suggested, among other factors,
a potential role of low levels of Vitamin D (VitD), a hor-
mone displaying several immunomodulatory functions, in
driving a more severe SARS-CoV-2 infection [2-4].

Indeed, cohort studies reported lower VitD levels in
SARS-CoV-2-infected patients than in SARS-CoV-2-neg-
ative subjects, suggesting a relationship between insuffi-
cient VitD levels and SARS-Cov-2 infection [5]. Interest-
ingly, low VitD levels were also associated with a more
severe course of the disease [6, 7].

These clinical observations appear supported by several
animals and in vitro studies. Briefly, VitD receptor gene
knockout mice showed more severe acute lung injury and
increased mortality in an lipopolysaccharides sepsis (LPS-
sepsis) model of ARDS with amelioration by treatment
with angiotensin II antagonists and/or by suppressing the
expression of renin [8, 9]. In vitro data demonstrated that
VitD could modulate the mRNA levels and the protein
expression of ACE-2 [8, 10], the receptor through which
SARS-COV-2 infects the host cells. The above examples
suggest a potential role of VitD in driving the clinical
course of COVID-19.

ACE-2 is expressed by various tissues, including the
thyroid [11, 12]. The possibility that SARS-CoV-2 could
also infect thyroid cells was hypothesized by description of
patients developing subacute thyroiditis following SARS-
CoV-2 infection and subsequently proven by studies dem-
onstrating ACE-2 mRNA expression on thyrocytes [11,
13-19]. Furthermore, interferon-y (IFN-vy), a pro-inflamma-
tory cytokine involved in the well-characterized cytokine
storm of COVID-19, was demonstrated to up-regulate the
expression levels of the mRNA encoding for ACE-2 in thy-
roid cells [20]. However, several issues remain to be eluci-
dated. Indeed, we still lack the demonstration that the protein
of ACE-2 receptor is expressed on thyroid cells membrane.
Furthermore, while VitD is known to up-regulate ACE-2
mRNA expression in several human cells, no data are avail-
able regarding the possible effect of VitD on mRNA and
protein of ACE-2 receptor expression in thyroid cells.

The present in vitro study aimed to investigate whether
VitD, alone or combined with IFN-y, could modulate
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ACE-2 mRNA levels in primary cultures of human thyroid
cells. Elucidating this issue might provide further insights
into the intriguing clinical association between COVID-
19, thyroid diseases, and VitD status.

Materials and methods
Primary cultures of human thyroid cells

Surgical specimens of normal human thyroid (NHT) were
obtained from the contralateral disease-free lobe of patients
who underwent thyroidectomy for a solitary benign nodule
(n=4). Surgical specimens were minced and then incubated
with collagenase type II (Sigma, Saint Louis, MO, USA)
5 mg/ml, in 5 ml of Coon’s F12 medium, for 4 hours at
37 °C. Then, 10 ml of Coon’s F12 medium were added,
following which, cells were filtered, spun at 1000 x g for
10 min, washed with Coon’s F12 medium, spun again, and
finally re-suspended in a complete medium containing 5%
newborn calf serum and a mixture of six hormones includ-
ing insulin (Spg/ml), hydrocortisone (50 pg/ml), transferrin
(5 pg/ml), somatostatin (10 ng/ml), gly-his-lysine (10 ng/ml)
and bovine TSH (1 mU/ml).

Treatment of thyroid cells with VitD and IFN-y

NHT cells were grown in a complete medium until an 80%
confluence was reached. Cells were then detached and
seeded in 6-well flat plates at a 1 x 10° cell/well density.
After 24 h, the growth medium was removed, and cells were
incubated for 24 h in a serum-free medium containing Vita-
min D (1,25-OH, VitD; 1000 nM) (Sigma Aldrich) alone or
in combination with 1000 U/ml IFN-y (R&D systems, Min-
neapolis, MN), for 24 h. These concentrations were chosen
based on previous experiments [21]. After 24-h incubation,
supernatants were removed, and total RNA was extracted
and purified from cells.

Real-time PCR

According to the manufacturer’s instructions, total RNA was
isolated from thyroid specimens using a Total RNA puri-
fication kit (Norgen Biotek, Canada). Genomic DNA was
digested using the DNAse enzyme (Norgen Biotek, Canada)
at room temperature for 15 minutes and following the manu-
facturer's protocol. Total RNA from samples was reverse-
transcribed into cDNA using a Sensi Fast cDNA synthesis
kit (Bioline, London, UK). Real-time PCR was performed
using Sensi-Fast SYBR Green Hi-ROX kit (Bioline, London,
UK) on a StepOne Plus Applied Biosystems real-time PCR
system. Amplification was done under the following condi-
tions: 95 °C for 2 minutes; followed by 40 cycles of 95 °C, 5
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seconds, and 60°C, 10 seconds. GAPDH was used as endog-
enous control. Pre-designed primers targeting human ACE-2
(F: GGGATCAGAGATCGGAAGAAGAAA; R: AGGAGG
TCTGAACATCATCAGTG) GAPDH (F: AAATCCCAT
CACCATCTTCC; R: GGTTCACACCCATGACGAAC)
were obtained from Biomers.net GMBH (Soflinger, Ger-
many). Primers of ACE-2 were chosen based on the study
by Ma et al. [22]. All samples were run in triplicate. The
mean number of Cycles™ of ACE-2 and GAPDH genes was
compared and the expression of ACE-2 in GAPDH was cal-
culated among all the samples.

Immunocytochemistry

Thyrocytes were seeded onto 12 mm glass cover slips in a
24-well plate at a concentration of 10x 104 cells per well.
Cells were incubated for 24 h with complete medium alone
(basal condition) or with 1000 ng/ml 1,25-OH, or VitD,
1000 U/ml IFN-y, or IFN-y + 1,25-OH2 VitD. At the end of
incubation, samples were washed with PBS, fixed with 4%
paraformaldehyde (PFA) for 8 min, and blocked with 10%
FBS for 1 h at room temperature. For immunofluorescence
evaluation, samples were stained with anti-ACE-2 antibody
(1:200) (Atlas antibodies AB, Bromma, Sweden) overnight
at 4 °C. The day after, samples were washed three times with
PBS for 10 min and then incubated with Alexa Fluor sec-
ondary antibody (1:250) (Life Technologies, Monza, Italy)
in the dark for 1 h at room temperature. Nuclei were stained
with Hoechst 33,258 (1:2000) (Life Technologies, Monza,
Italy). Finally, the cover slips were mounted onto glass slides
with DAKO (Invitrogen, Milan, Italy). Negative controls
were performed by omitting the primary antibody in some
untreated samples. Images were acquired by an Olympus
XM10 microscope (Olympus, Deutschland GmbH, Ham-
burg, Germany), using the same settings for all specimens.

ACE-2mRNA fold-increase
ACE-2 mRNA fold-increase
@
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Statistical analysis

Statistical analysis was performed using the SPSS software
(SPSS, Inc., Evanston, IL). Paired data were compared using
the Student’s t test according to a normal distribution of the
analyzed variable. Values are given in the text as mean + SD.
A p value <0.05 was considered statistically significant.

Results

VitD and IFN-y alone and in combination strongly
induce ACE-2 mRNA and protein expression
in human thyrocytes

ACE-2 mRNA was basally expressed by thyroid cells in
primary cultures, confirming previous data [11, 20]. A sig-
nificant up-regulation of the basal mRNA levels of ACE-2
in NHT cells in primary cultures was registered following
treatment with both VitD (2,4 +0,9 ACE-2 mRNA fold
increase; Student’s t test p < 0.05 VitD vs. Basal) (Fig. 1A),
and IFN-y (13,6 +4,3 ACE-2 mRNA fold increase; Student’s
t test p <0.05IFN-y vs. Basal) (Fig. 1B). Of note, an addi-
tive effect of the co-treatment with VitD +IFN-y in terms
of mRNA levels of expression of ACE-2 was observed
(37,5+ 16,7 ACE-2 mRNA fold increase; Student’s 7 test
p <0.05 VitD + IFN-y vs. Basal) (Fig. 1C).

ACE-2 protein expression on thyroid cells was evaluated
by immunofluorescence. Representative images in (Fig. 2)
show that ACE-2 protein was detected in basal condition in
thyroid cells, and its expression increased after treatment
with VitD and after treatment with IFN-y. In line with what
was found for mRNA, an additive effect of the combina-
tion treatment with VitD + IFN-y, in terms of a further
increase of ACE-2 protein expression, was also observed.

o

ACE-2mRNA fold-increase
g

Basal VD Basal

Fig.1 Up-regulation of ACE-2 mRNA levels. A A significant up-
regulation of the basal mRNA levels of ACE-2 in normal human
thyroid cells in primary cultures, was registered following treatment
with Vitamin D (2,4+0,9 ACE-2 mRNA fold increase; Student-
T test p<0.05 Vitamin D vs. Basal); B a significant up-regulation
of the basal mRNA levels of ACE-2 in normal human thyroid cells

0  —

IFNy Basal VD+ IFNy

in primary cultures, was registered following treatment with IFNy
(13,6+4,3 ACE-2 mRNA fold increase; Student-T test p<0.05 IFNy
vs. Basal); Panel C A significant increase with the co-treatment with
Vitamin D + IFNy was observed in terms of increase in ACE-2
mRNA levels (37,5+16,7 ACE-2 mRNA fold increase; Student-T test
p<0.05 Vitamin D + IFNy vs. Basal)

@ Springer



2160 Journal of Endocrinological Investigation (2022) 45:2157-2163
HOECST FITC MERGE
BASAL
Magnification 40X Magnification 40X Magnification 40X
VITAMIN D
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IFNy
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IFNy
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Negative
Control

Magnification 40X Magnification 40X

Fig.2 ACE-2 expression on human thyroid cells in primary cul-
tures. Representative immunofluorescence staining for ACE-2 recep-
tor in primary cultures of human thyroid cells. Images shows ACE-2
expression in thyroid cells in basal condition. After treatment with
VitD alone, the expression increased. After treatment with IFNy the
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Magnification 40X

expression of ACE-2 also increased. Finally a further increase of
ACE-2 expression was observed after co-treatment with VitD+IFNy
(staining: green=ACE-2, blue =nuclei, scale bar=100 um objective
20X). Negative control (secondary antibody) do not show aspecific
binding
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The negative control showed no specific binding of the sec-
ondary antibody (Fig. 2).

Discussion

The results of the present study demonstrate, for the first
time, the expression of the ACE-2 receptor protein in human
thyroid cells and that VitD treatment leads to an up-regula-
tion of the expression of ACE-2 both in terms of mRNA and
protein in human thyroid cells in primary cultures. In line
with previous findings, ACE-2 mRNA was also increased by
treatment with IFN-y, and, more interestingly, it was further
increased, in an additive manner, by co-treatment with the
combination VitD +IFN-y. Consistently, immunofluorescent
experiments showed an increase in the expression of ACE-2
protein on the thyroid cell membrane after treatment with
either VitD or IFN-y. Again, an additive effect was observed
by the combination treatment with VitD plus IFN-y. Recent
evidence demonstrated that VitD would play a beneficial
role in SARS-CoV2 infected patients both by regulating the
host immune defense and by displaying a direct action on
the renin-angiotensin-system through the up-regulation of
the expression of the ACE-2 receptor [8, 23]. Given that
ACE-2 was identified as the “access door” for SARS-CoV-2
in host cells [24, 25], it would be reasonable expecting that a
higher expression of this receptor would cause a more severe
COVID-19 infection. However, accumulating evidences sup-
port an opposite scenario. ACE-2 is crucially involved in
the regulation of AngllI system, reducing AnglI presence
by increasing its metabolism. The downregulation of the
expression and the activity of ACE-2 induced by its binding
to Sars-CoV-2 would lead to increased activity of AnglI. It is
known that higher levels of Ang II promote lung injury and
ARDS, as demonstrated by the finding that respiratory dis-
tress in COVID-19 was consistently associated with reduced
ACE-2 receptor expression [26, 27]. Thus, to prevent Angll
accumulation, an adequate expression of ACE-2 is required.
The above evidence supported by the results of recently pub-
lished studies, account for the need to up-regulate ACE-2
expression to mitigate the clinical impact of COVID-19.

On a clinical basis, it should be remembered that indi-
viduals with reduced organ ACE-2 expression like diabetic,
hypertensive patients, and the elderly, represent setting of
subjects proven to be more prone to higher mortality follow-
ing SARS-CoV-2 infection [28]. On one hand, high levels
of ACE-2 favor the entry of the virus into the host cells, on
the other hand, low levels of the ACE-2 receptor would be
translated into adverse consequences for the host in terms of
the progression of the disease. Thus, according to the evi-
dence provided above, it is not surprising the finding that the
up-regulation of the ACE-2 receptor by VitD would translate
into a less aggressive course of COVID-19.

The above results suggest that the combination of VitD
and IFN-y further increases ACE-2 expression compared
with the two compounds alone appears rather attractive.

Previous evidences supports the notion of a co-opera-
tion between VitD and IFN-y. To give a few examples, it
was demonstrated that: (1) treatment with VitD + IFN-y
produces a further increase in anti-tuberculosis activity of
human monocytes as compared to IFN-y alone [29]; (2)
the IFN-y-mediated activity of monocytes/macrophages,
in terms of autophagy, antimicrobial peptide expression,
and phagosome-lysosome fusion, do not occur in the
absence of adequate levels of VitD [30]; (3) a synergism
between VitD and IFN-y was found in shaping a unique
tolerogenic dendritic cells activation state[31]; (4) mov-
ing on in vivo models, the beneficial effect of vit D3 in
experimental autoimmune encephalomyelitis (EAE) was
demonstrated to be twofold less prominent in IFN-y gene
knockout mice [32]. The above evidence would support
that co-operation of VitD + IFN-y could be also in terms
of up-regulation of the ACE-2 expression.

The here reported in vitro data could be relevant from
a clinical point of view. Indeed, according to a recently
published review, including fifty-four studies for a total of
1.403.715 individuals, severe deficiency, deficiency, and
insufficiency of VitD were associated with intensive care
unit (ICU) admission, mortality, and COVID-19 hospitali-
zation [23]. More recently, a prospective study reported
that severely symptomatic COVID-19 patients displayed
lower circulating VitD levels than mildly symptomatic
COVID-19 patients and non-SARS-CoV-2-infected con-
trols. These observation increased interest for the potential
therapeutic benefits of VitD supplementation in COVID-
19 patients [33].

Of note, also bioinformatics and systems biology
approaches using transcriptome data provided evidence
that VitD could have a role in both suppressing the
cytokine storm and inducing an antiviral response in
severe COVID-19 patients [34].

Although the design of the present study does not allow
drawing conclusions on how the effects of vitamin D and
IFN-y on ACE-2 expression might have a role in thyroi-
dal repercussions of COVID-19, a few notions should be
recalled. IFN-y plays a pivotal role in COVID-19 patho-
genesis [33, 34], but it is also crucially involved in auto-
immune thyroid diseases [35] which are also associated
with a high prevalence of vitamin D deficiency [35]. Thus,
patients with AITD could potentially be characterized by
increased ACE-2 expression (IFN-y) or by reduced ACE-2
expression (VitD deficiency). Thus, it could be specu-
lated that patients with AITD might display a more severe
course of COVID-19 (lower ACE-2 expression), while
they could be more prone to develop COVID-19-related
subacute thyroiditis (higher ACE-2 expression). Future
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specifically designed in vivo studies will be required to
further support this speculation.

In conclusion, the results of the present study show that,
as reported for other cell types, VitD increases the expres-
sion of ACE-2 both at mRNA and protein levels on thy-
roid cells. Moreover, the further increase of ACE-2 by VitD
combined with IFN-y would suggest a potentially beneficial
role of combining these molecules. Future studies will be
required to clarify further the relation between VitD status,
the course of COVID-19, and the thyroid-related repercus-
sions of SARS-CoV-2 infection.
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