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Abstract: Background: Thrombosis with cardiovascular involvement is a crucial complication in
COVID-19 infection. COVID-19 infects the host by the angiotensin converting enzyme-2 receptor
(ACE2r), which is expressed in endothelial cells too. Thus, COVID-related thrombotic events might
be due to endothelial dysfunction. IL-6 is one of the main cytokines involved in the COVID-19
inflammatory storm. Some evidence indicates that Vitamin D (VitD) has a protective role in COVID-
19 patients, but the molecular mechanisms involved are still debated. Thus, we investigated the
effect of VitD on Tissue Factor and adhesion molecules (CAMs) in IL-6-stimulated endothelial cells
(HUVEC). Moreover, we evaluated levels of the ACE2r gene and proteins. Finally, we studied the
modulation of NF-kB and STAT3 pathways. Methods: HUVEC cultivated in VitD-enriched medium
were stimulated with IL-6 (0.5 ng/mL). The TF gene (RT-PCR), protein (Western blot), surface
expression (FACS) and procoagulant activity (FXa generation assay) were measured. Similarly, CAMs
soluble values (ELISA) and ACE2r (RT-PCR and Western blot) levels were assessed. NF-kB and
STAT3 modulation (Western blot) were also investigated. Results: VitD significantly reduced TF
expression at both gene and protein levels as well as TF-procoagulant activity in IL-6-treated HUVEC.
Similar effects were observed for CAMs and ACE2r expression. IL-6 modulates these effects by
regulating NF-κB and STAT3 pathways. Conclusions: IL-6 induces endothelial dysfunction with
TF and CAMs expression via upregulation of ACE2r. VitD prevented these IL-6 deleterious effects.
Thus, it might be speculated that this is one of the hypothetical mechanism(s) by which VitD exerts
its beneficial effects in COVID-19 infection.

Keywords: atherothrombosis; COVID-19; IL-6; tissue factor; vitamin D

1. Introduction

Inflammation with associated thrombosis known as “thrombo-inflammation” is a
common feature of several human diseases [1]. Thrombo-inflammation occurs during
sepsis, ischemia-reperfusion injury, organ transplant rejection, major trauma, severe burns,
antiphospholipid syndrome, preeclampsia, sickle cell disease, and biomaterial-induced
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thrombo-inflammation [1]. In thrombo-inflammation, endothelium loses its physiolog-
ical anti-thrombotic and anti-atherosclerotic functions [2,3]. Specifically, dysfunctional
endothelium turns to a pro-atherothrombotic phenotype by expressing adhesion molecules
such as VCAM/ICAM, actively involved in pathophysiology of atherosclerosis [4] and
Tissue Factor (TF) [3], the key initiator of coagulation cascade [5]. Interestingly, thrombo-
inflammation seems to be also a main feature of the recent novel COVID-19 infection [6].
This virus, besides causing lung failure, seems responsible for severe cardiovascular
complications. Specifically, many vascular thrombotic events including acute coronary
syndromes have been observed, representing a rationale for antithrombotic therapy in
COVID-19 patients [7]. COVID-19 infects the host by binding to the angiotensin converting
enzyme 2 receptor (ACE2r) [8]. This receptor is widely expressed in the lung, which
represents the main virus target, but it has been isolated also in the heart, kidney, and
intestine [9]. In patients with COVID-19 infection, an uncontrolled inflammatory response
with release of several cytokines has been observed [10–12]. In this cytokine storm, IL-6
seems to play an important role [10] witnessed also by a relationship between higher IL-6
levels, alveolar damage, extrapulmonary injury and increased mortality [11,12].

Some evidence has suggested that Vitamin D (VitD) might exert its biological effects
in many other systems apart from musculoskeletal tissues since lower plasma levels of
this vitamin have been associated with infectious and autoimmune diseases, cancer and
cardiovascular diseases [13]. Indeed, some studies have suggested a hypothetical link
between VitD deficiency and the development of cardiovascular as well as of respiratory
viral infections [13–16]. To date, it has been reported that lower levels of VitD might be
associated with a worse outcome in patients with COVID-19 infection too [17]. Although all
this evidence has suggested a protective role from VitD in these diseases, the mechanisms
by which this vitamin might exert its beneficial effects have not been completely elucidated
yet. Thus, starting from this scientific background, we studied the effects of VitD on
human endothelial cells incubated with IL-6. Moreover, we investigated some mechanisms
potentially involved in modulating these VitD-mediated phenomena.

2. Materials and Methods
2.1. Cell Cultures

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Basel,
Switzerland). Cells were grown in EGM 2 medium with 10% FBS (Sigma Chemical Co.,
St Louis, MO, USA), and used at passages 2 to 5. They were enzymatically harvested and
counted in a haemocytometer and subcultured in 24-well plates at an initial density of
about 5 × 104 cell/well or 100 mm cell plates at the density of about 2 × 106 cells per
plate according the experimental protocol. At confluence, cells were starved in serum-free
medium for 24 h and then used in the different set of experiments. All reagents, media
and water used for the experiments were tested for possible endotoxin contamination by
Limulus assay (Bio Whittaker, Walkersville, MD, USA). An endotoxin level <0.125 EU/mL
was found.

2.2. Experimental Protocol

At confluence, cells were starved in serum-free medium for 24 h enriched with VitD
(1a,25-dihydroxyvitamin D3, Catalog Number D1530, Sigma-Aldrich, St. Louis, MO,
USA; dissolved in ethanol 0.1% following manufacturer’s instruction), at final concentra-
tion of 10 nM for 1 h, as already reported [18,19], and then incubated with native IL-6
(0.5 ng/mL). LPS-stimulated cells (50 µg/mL) served as positive control and non-VitD
treated cells served as negative control. Evaluation of Tissue Factor expression was as-
sessed as previously reported [19] at 1 and 2 h for gene and 6 and 12 h for protein levels.
Surface expression and activity were assessed at 6 h. Similarly, ACE2r, Caspase-1 (as main
part of the Inflammasome) and CAMs expression were evaluated. Finally, to verify the
effective involvement of VitD receptor (VDR) in the action mechanism of VitD, HUVECs
were also treated with VDR antagonist ZK159222 (Bayer Schering Pharma AG, Berlin,
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Germany). This VDR antagonist was used at the same concentration as VitD (10 nM) as
already reported [19]. Expression of TF-mRNA and procoagulant activity were evaluated.

2.2.1. Tissue Factor Gene and Protein Levels, Surface Translocation and Functional Activity

Tissue Factor gene levels were evaluated in stimulated HUVECs and were assessed at
1 and 2 h as previously described [19]. After stimulation, cells were washed with phosphate-
buffered saline (PBS). Total mRNA was extracted using TRIzol reagent (GIBCO, Carlsbad,
CA, USA), according to standard protocol. Reverse transcription was performed using
SensiFAST cDNA (BIOLINE) and 100 ng of the RNA samples from each culture condition.
Samples were run in triplicate in 20 µL reactions by using a Rotor-Gene Q sequence
detector system (QIAGEN). Samples were incubated at 95 ◦C for 2 min and then underwent
40 cycles at 95 ◦C for 5 s and 60 ◦C for 1 min using SYBR green chemistry (SensiFAST SYBR,
BIOLINE). Specific oligonucleotides for human GAPDH and human TF were designed
using PRIMER EXPRESS Software (Applied Biosystems, Waltham, MA, USA ) on the basis
of published sequences [19]. The results were analyzed using a comparative method, and
the values were normalized to the GAPDH expression and converted into percentage
change. Three different experiments were performed for each experimental condition.

Tissue Factor protein levels were performed in cell lysates at 6 and 12 h following IL-6
stimulation. The samples (30 µg) were treated with SDS-PAGE sample buffer, followed
by heating, and then subjected to 10% gel. The protein was transferred onto membranes
with an iBLOT2 Dry Blotting System (Invitrogen, Waltham, MA, USA), according to the
manufacturer’s instructions. TF was detected with a specific antibody (1:1000, American
Diagnostica Inc., Greenwich, CT, USA). After detecting TF, the membranes were stripped
and then treated to detect tubulin expression as housekeeping protein. Band intensities
were quantified using Image 1 J software (densitometric units × 103) and graphically
expressed. Six different experiments were performed for each experimental condition.

Membrane expression of TF was assessed at 6 h by FACS analysis after IL-6 incubation.
For this analysis, HUVECs were detached with 10 mmol/L EDTA in PBS (without trypsin)
and stained with FITC-labelled monoclonal antibody (Pharmingen, Franklin Lakes, NJ,
USA) against TF, or with the appropriate isotype IgG (phycoerythrin or FITC) as control.
Fluorescence intensity of 9000 cells for each sample was quantified by a FACSCalibur
analyzer (Becton-Dickinson, Franklin Lakes, NJ, USA). Functional activity of the IL-6-
induced TF was evaluated using a specific assay colorimetric assay, based on the ability
of TF to promote generation of FXa, as previously described [19,20]. Briefly, after IL-6
stimulation, cells were washed and incubated with 1 nM of recombinant human FVIIa
(Novo Nordisk A/S, Gentofte, Denmark), followed by 100 nM of purified human FX
(Calbiochem Novobiochem, La Jolla, CA, USA) and 5 mM CaCl2 for 15 min at 37 ◦C.
A chromogenic substrate, specific for FX (Cromozym X, Roche Diagnostics, Mannheim,
Germany, 0.5 mmol/L) was then added and incubated for 30 min at 37 ◦C. The reaction
was stopped by adding 200 µL/mL of acetic acid (30% solution), and the change in optical
density at 405 nm was quantified with a spectrophotometer. Standard curve was generated
using purified FXa of known concentration (Sigma Chemical Co., St Louis, MO, USA). Six
different experiments were performed for each experimental condition.

2.2.2. Evaluation of ACE2 Receptor-mRNA and Protein Levels

Gene expression of ACE2 receptor was evaluated by Real Time PCR. Endothelial
cells were incubated with IL-6 and ACE2r-mRNA levels were measured at 4 h. Specific
oligonucleotides for human ACE2r (FW: 5′-GGGATCAGAGATCGGAAGAAGAAA-3′,
REV: 5-AGGAGGTCTGAACATCATCAGTG-3′) were designed on the basis of published
sequences using PRIMER EXPRESS Software (Applied Biosystems, Waltham, MA, USA)
and validated for their specificity. The results were analyzed using a comparative method,
and the values were normalized to the GAPDH expression and converted into percentage
change. Three different experiments were performed for each experimental condition.
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ACE2r protein levels were measured in IL-6-stimulated HUVECs by Western Blot
analysis according to standard protocol as indicated. ACE2r was detected at 8 h after
stimulation with a specific monoclonal antibody (Invitrogen MA5-26629). After detecting
ACE2r, the membranes were stripped and then treated to detect tubulin expression as
housekeeping protein. Band intensities were quantified using Image 1 J software (densito-
metric units × 103) and graphically expressed. Six different experiments were performed
for each experimental condition.

2.2.3. Effects on Adhesion Molecules Expression

Soluble ICAM-1 and VCAM-1 levels were measured in HUVECs at 12 h upon IL-6
stimulation using specific ELISA assays (BMS201 and KHT0601, respectively, purchased
from Thermo Fisher Scientific, Waltham, MA, USA). Both assays were run according manu-
facturer’s instructions. Six different experiments were performed for each experimental
condition [19].

2.2.4. Regulation of Intracellular Signaling: The Role of NF-κB Nuclear Translocation
and STAT3

It has been reported that IL-6 activates several intracellular pathways, such as NF-κB
and STAT3 [21] and that these pathways up-regulate TF and CAMs expression. Thus,
the potential involvement of these intracellular pathways has been investigated in our
experimental protocol. For this purpose, HUVECs were incubated with IL-6 as above
for 4 h and then NF-κB translocation was evaluated by using a non-radioactive, sensitive
method for detecting the specific transcription factor DNA binding activity (Cayman
Chemical, Ann Arbor, MI, USA). STAT3 levels were measured by an ELISA kit EKC2516
(Boster Bio, Pleasanton, CA, USA). In parallel, IκB protein levels were assessed by Western
blot analysis using an anti-IκB antibody (1:1000 dilution purchased from Thermo Fisher
Scientific, Waltham, MA, USA). Three different experiments were performed for each
experimental condition.

2.2.5. Modulation of NLRP3 Protein

Some evidence has shown that the cytokine storm with elevated levels of IL-1 and IL-6
observed in SARS-CoV2 patients is due to the activation of NLRP3 inflammasome [22,23].
Thus, in an additional set of experiments we studied the effect of VitD on Caspase-1,
a component of the active inflammosome. HUVECs were treated as above. Caspase-1
levels were measured at 6 h by Western blot using Caspase-1 p20 antibody orb221355
(Biorbyt, Cambridge, UK). After detecting Caspase-1, the membranes were stripped and
then treated to detect tubulin expression as housekeeping protein. Band intensities were
quantified using Image 1 J software (densitometric units × 103) and graphically expressed.
Six different experiments were performed for each experimental condition.

2.3. Statistical Analysis

Data are presented as mean ± SD. Differences between groups were determined
by a one way ANOVA followed by a Student’s t test with Bonferroni’s correction. A
p value < 0.05 was considered statistically significant. In all statistical analysis, SPSS 22.0
Statistical Package Program for Windows (SPSS Inc., Chicago, IL, USA) was used.

3. Results
3.1. Tissue Factor Gene and Protein Levels, Surface Translocation and Procoagulant Activity

In line with previous reports [19,20], TF gene levels were almost undetectable in un-
stimulated endothelial cells. Incubation with IL-6 caused a significant increase in TF-mRNA
levels in a time-dependent manner as compared to unstimulated cells (Figure 1A). The
increased effect of LPS as positive control is also shown. These IL-6-mediated effects were
significantly reduced in HUVECs incubated with VitD (Figure 1A). Moreover, incubation
with a specific VDR antagonist (ZK15), completely abolished the reduction of TF gene



J. Cardiovasc. Dev. Dis. 2022, 9, 27 5 of 14

levels exerted by VitD (Figure 1A). Similarly, TF protein levels assessed by Western blot,
were almost undetectable in unstimulated HUVECs. Incubation with IL-6 induced TF
protein expression in a time-dependent manner, which was significantly lower in cells
preincubated with VitD (Figure 1B).
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Figure 1. (A) Effects of VitD on IL-6-induced TF transcription in human endothelial cells assessed by
Real Time quantitative PCR. TF mRNA was undetectable at baseline. Incubation with IL-6 caused
significant increase in TF-mRNA levels, as compared to unstimulated cells. Preincubation with VitD
inhibited the IL-6 effect on TF-mRNA. The use of ZK15, a VDR antagonist, completely abolished
its effect. LPS served as positive control. Data are expressed as fold induction versus control gene
represented by GAPDH. Each bar represents the mean ± SD of 3 different experiments. (* p < 0.001
vs. Control; ** p < 0.001 vs. IL-6; # p = NS vs. IL-6; one-way ANOVA with Tukey’s post hoc test).
(B) Effects of VitD on IL-6-induced TF protein evaluated by Western blot analysis of cell lysates. IL-6
caused a significant increase in TF protein levels. These effects were prevented by treatment with
VitD. Tubulin served as loading control. LPS served as positive control. Each bar represents the mean
± SD of 6 different experiments (* p < 0.001 vs. Control; ** p < 0.001 vs. IL-6; one-way ANOVA with
Tukey’s post hoc test). The insert shows results of a representative experiment.

Tissue Factor expression on cell surface was measured by FACS analysis. TF was
almost undetectable on unstimulated HUVECs, at baseline as well as in cells stimulated
with VitD alone. Incubation with IL-6 caused a significant increase of TF expression on the
HUVEC surface (Figure 2A,B). Similarly, TF procoagulant activity, determined by a two-
step colorimetric assay, based on the ability of TF to promote generation of coagulation FXa,
was almost undetectable at baseline and on cells stimulated with VitD. The procoagulant
activity increased after stimulation with IL-6 (Figure 2C). VitD prevented the effects exerted
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by IL-6 on TF expression and activity (Figure 2). Moreover, in the presence of ZK15, TF
procoagulant activity was comparable to the IL-6 effect (Figure 2C).
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Figure 2. (A) FACS analysis showed that IL-6 induced TF expression on cell surface. In controls
(CTRL) and in cells cultivated with VitD alone, TF was almost not detectable on membranes (0.1%).
Stimulation with IL-6 caused TF+ in 9.8 ± 1.8% of cells. In IL-6-treated cells preincubated with VitD,
TF+ cells were reduced to 1.2 ± 0.8%. LPS served as positive control. (B) Graph of FACS analysis
experiment. Each point represents the mean ± SD of 6 experiments. (up to 18% TF+ cells; * p < 0.001
vs. Control; ** p < 0.001 vs. IL-6 with Tukey’s post hoc test). (C) Effects of VitD on IL-6-induced
TF activity evaluated by a two-step colorimetric assay based on the ability of TF/FVIIa to promote
generation of coagulation FXa. IL-6-induced-TF activity reflects results observed for TF expression,
confirming that TF was functionally active. VitD preincubation significantly reduces TF activity. The
use of ZK15 abolished the VitD effect. LPS served as positive control. Each column represents the
mean ± SD of 6 experiments in triplicate (* p < 0.001 vs. Control; ** p < 0.001 vs. IL-6, # p = NS vs.
IL-6; one-way ANOVA with Tukey’s post hoc test).

3.2. ACE2 Receptor mRNA and Protein Expression in Vitamin D Pretreated Cells

Levels of mRNA for ACE2r were examined by Real time PCR. In unstimulated cells,
levels of ACE2r-mRNA were very low. Incubation with VitD alone did not cause any
variation in gene levels. On the contrary, IL-6 stimulation resulted in a significant induction
of ACE2r-mRNA levels as compared to unstimulated cells. These IL-6 effects on mRNA
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levels were significantly reduced in HUVECs incubated with VitD. (Figure 3A). Similarly,
very low levels of protein were detected in unstimulated cells and in HUVEC cultivated
with VitD (Figure 3B). Levels of ACE2r protein significantly increased in cells stimulated
with IL-6. These effects were significantly reduced in HUVECs incubated with VitD
(Figure 3B).
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Figure 3. (A) Effects of VitD on IL-6-induced ACE2r transcription in human endothelial cells assessed
by Real Time quantitative PCR. ACE2r mRNA was undetectable at baseline. Incubation with IL-6
caused significant increase in ACE2r mRNA levels, as compared to unstimulated cells. Preincubation
with VitD inhibited the IL-6 effect on ACE2r-mRNA. LPS served as positive control. Data are
expressed as fold induction versus control gene represented by GAPDH. Each bar represents the
mean ± SD of 3 different experiments. (* p < 0.001 vs. Control; ** p < 0.001 vs. oxLDL; one-way
ANOVA with Tukey’s post hoc test). (B) Effects of VitD on IL-6-induced ACE2r protein evaluated
by Western blot analysis of cell lysates. IL-6 caused a significant increase of ACE2r protein levels.
These effects were prevented by treatment with VitD. Tubulin served as loading control. LPS served
as positive control. Each bar represents the mean ± SD of 6 different experiments (* p < 0.001 vs.
Control; ** p < 0.001 vs. IL-6; one-way ANOVA with Tukey’s post hoc test). The insert shows results
of a representative experiment.

3.3. Vitamin D Reduces Adhesion Molecules’ Expression

Soluble CAMs were assessed in cell supernatants by specific ELISA kits. Very low
basal levels of soluble ICAM-1 and VCAM-1 were measured in unstimulated cells and in
cells stimulated with VitD alone. On the contrary, incubation with IL-6 was associated
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with a significant increase of soluble CAM levels in cell supernatants. VitD preincubation
significantly prevented ICAM-1 and VCAM-1 expression at a similar extent (Figure 4A,B).
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Figure 4. In basal conditions, very low basal levels of soluble ICAM-1 and VCAM-1 were measured
in the HUVEC supernatants. Stimulation with IL-6 increased significantly the supernatant concen-
trations: ICAM-1 ((A) 33.16 ± 2.75 ng/mL, * p < 0.001 vs. Control; one-way ANOVA with Tukey’s
post hoc test) and VCAM-1 ((B) 25.83 ± 0.21 ng/mL, * p < 0.001 vs. Control; one-way ANOVA with
Tukey’s post hoc test). VitD preincubation significantly prevented both soluble ICAM-1 ((A) 15.06
± 0.7 ng/mL, ** p < 0.001 vs. IL-6-treated ECs; one-way ANOVA with Tukey’s post hoc test) and
VCAM-1 levels ((B) 11.39 ± 0.62 ng/mL, ** p < 0.001 vs. IL-6-treated ECs; one-way ANOVA with
Tukey’s post hoc test). Each column represents the mean ± SD of 6 different experiments.

3.4. Regulation of Intracellular Signaling: The Role of NF-κB Nuclear Translocation and STAT3

Nuclear translocation of NF-κB was assessed by a non-radioactive, sensitive method
for detecting the specific transcription factor DNA binding activity. NF-κB translocation
was not observed in unstimulated cells and in cells stimulated with VitD alone. In cells
preincubated with VitD before being stimulated with IL-6, NF-κB translocation from the
cytosol to the nucleus was significantly reduced (Figure 5A). As expected, and in line with
results of NF-κB translocation, IκB cytoplasmatic levels evaluated by Western blot were
reduced in HUVECs stimulated with IL-6 and normalized in cells preincubated with VitD
(Figure 5B). Activation of STAT3 was observed in IL-6-treated cells. This phenomenon was
significantly reduced in cells incubated with VitD (Figure 5C).
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Figure 5. (A) In HUVEC incubated with IL-6, a significant increase of NF-kB levels was observed.
Pretreatment of endothelial cells with VitD prevented the IL-6 effects on NF-kB. LPS served as
positive control. Each bar represents the mean ± SD of 3 different experiments. (* p < 0.001 vs.
Control; ** p < 0.001 vs. IL-6, one-way ANOVA with Tukey’s post hoc test). (B) Western blot analyses.
IL-6 stimulation results in significant reduced levels of IκB. Conversely, preincubation with VitD
restores IκB levels. LPS served as positive control. Each bar represents the mean ± SD of 3 different
experiments. (* p < 0.001 vs. Control; ** p < 0.001 vs. IL-6, one-way ANOVA with Tukey’s post
hoc test). The insert shows results of a representative experiment. (C) In HUVEC incubated with
IL-6, a significant increase of STAT3 levels was observed. Pretreatment of endothelial cells with
VitD prevented the IL-6 effects on STAT3. LPS served as positive control. Each bar represents the
mean ± SD of 3 different experiments. (* p < 0.001 vs. Control; ** p < 0.001 vs. IL-6, one-way ANOVA
with Tukey’s post hoc test).
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3.5. Modulation of NLRP3 Protein Expression

To evaluate the activation of NLRP3 inflammasome, caspase-1 expression was eval-
uated by Western blot. Caspase-1 was almost undetectable in unstimulated cells and in
cells stimulated with VitD. IL-6 caused significant increase of caspase-1 expression. VitD
pretreatment significantly reduced IL-6 effects (Figure 6).
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Figure 6. IL-6 caused a significant increase in Caspase-1 protein levels. These effects were prevented
by treatment with VitD. Tubulin served as loading control. LPS served as positive control. Each bar
represents the mean ± SD of 6 different experiments (* p < 0.001 vs. Control; ** p < 0.001 vs. IL-6;
one-way ANOVA with Tukey’s post hoc test). The insert shows results of a representative experiment.

4. Discussion

The most important findings of the present study are: (1) IL-6 exerts prothrombotic
effects on human endothelial cells because it promotes expression of the TF gene and TF
protein with procoagulant activity, (2) IL-6 increases levels of soluble adhesion molecules,
NLRP3 expression as well as ACE2r protein, suggesting that these might be potential
mediators modulating the observed COVID-19 endothelial effects, (3) VitD significantly
reduces these effects via modulation of NF-κB and STAT3 activation.

Much evidence has shown the close relationship between inflammation and throm-
bosis in several diseases [1]. For example, the pathophysiology of atherosclerosis and of
its thrombotic complications recognizes an important role for immune-inflammation [24].
Moreover, inflammation is associated with thrombotic events in the recent COVID-19 infec-
tion [6,11,12,25,26]. In both these diseases, endothelial dysfunction seems to play a pivotal
role in the pathophysiology of the observed inflammation-associated thrombosis [3,27,28].
Specifically, in the COVID-19 infection, the viral attack to the host causes a maladaptive
immunological response that increases vascular permeability, finally leading to endothelial
dysfunction and activation of coagulation [29,30]. In this host response, which involves
several immunological cells and the release of several cytokines, COVID-19 infection is asso-
ciated with a cytokine storm in which IL-6 levels are strongly increased, especially in those
critical patients in which thrombosis is enhanced [11,31]. Here, we have demonstrated that
IL-6 exerts prothrombotic effects on human endothelial cells because it promotes expression
of functional TF, suggesting that this might be one of the possible mechanisms by which
COVID-19 causes thrombosis. Another suggested mechanism of disease for COVID-19
is the loss of the endothelial integrity associated with changes in the surface expression
of intracellular adhesion molecule-1 (ICAM1), vascular cell adhesion protein-1 (VCAM1)
and the tight junction scaffold protein zonula occludens-1 (ZO-1) [32]. In this report we
have demonstrated that IL-6 increases soluble levels of adhesion molecules suggesting
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that this might be one of the chemical mediators modulating the observed COVID-19
endothelial effects.

The novel coronavirus infects its target cells by binding to the angiotensin-converting
enzyme 2 receptor (ACE2r), which is the main receptor for COVID-19 [33]. The same
ACE2r has been shown as the entry door for COVID-19 in endothelial cells too, finally
leading to impaired endothelial homeostasis [8]. Interestingly, we have found that IL-6
increases gene as well as protein expression of ACE2r in endothelial cells, suggesting that
this might be one of the hypothetical mechanisms by which the virus amplifies its action on
endothelial cells.

It has been reported that NF-κB activation is one of the main molecular mechanism(s)
involved in the acute respiratory RNA virus-induced cytokine storm [12,34]. Specifically,
binding of COVID-19 to ACE2r triggers receptor endocytosis into the host cell. As result,
several intracellular events occur that start with the activation of the Toll-like receptors
(TLRs), continue with the translocation of the NF-κB into the nucleus and end with tran-
scription of several genes coding for pro-inflammatory proteins, including IL-6 [12,34].
Up-regulated expression of the IL-6 gene is followed by increased levels in the plasma of
this cytokine that binds to its receptor and leads to activation of the STAT3 pathway. This
pathway, together with the NF-kB pathway, causes a cytokine release syndrome with a
complex multi-inflammatory response [21]. Of note, previous reports have demonstrated
that NF-κB might be actively involved in the pathophysiology of vascular thrombotic
events since binding sites for this transcription factor are contained in the promoter for TF,
the key activator of extrinsic coagulation pathway [19,20,35]. Thus, it is conceivable that
COVID-19 might promote thrombotic events by this NF-kB mediated pathway. In line with
previous observations [31], in the present report we show that IL-6, one of the key cytokines
of the COVID inflammatory storm, increases translocation of NF-κB to the nucleus as well
as activation of STAT3. It is known that the induction of such an inflammatory process
in the host cell is often associated the engagement of inflammasomes, which are protein
platforms that aggregate in the cytosol in response to different stimuli [36]. The most
studied protein of these platforms is the NLRP3 inflammasome that contains Caspase-1.
Inflammasome activation in response to COVID-19 infection and its association with a
worst prognosis in COVID-19 patients has been reported [37]. In line with these reports,
we have demonstrated that IL-6 increased inflammasome levels in endothelial cells.

Vitamin D is a fat-soluble vitamin [38] that seems to have a protective role in several
diseases and especially in cardiovascular disease such as hypertension, myocardial infarc-
tion, heart failure and stroke [13]. Several mechanisms have been proposed to explain
the potential benefits of VitD, such as modulation of genes involved in cell proliferation
and differentiation, apoptosis, oxidative stress, membrane transport, matrix homeostasis
and cell adhesion [39]. Controversial results have been published on the role of VitD in
the COVID-19 pandemic scenario. Some data have pointed out that plasma levels of VitD
might be closely related to severity of this disease [17]. Recent data from 20 different
European countries showed a negative correlation between VitD levels and the number
of cases of COVID-19/1 million population in each country [40]. Another report indicates
that VitD deficiency is markedly associated with a more severe COVID-19 infection, higher
inflammatory response, and increased morbidity and mortality [41]. On the other hand, a
more recent meta-analysis did not link VitD deficiency or insufficiency to susceptibility to
COVID-19 infection or death [42]. The large heterogeneity of the available studies seems to
not allow establishment of a definitive cause–effect relationship [43].

Again, VitD has been indicated as an important regulator of immune response [44,45]
that is able to exert antiviral effects too [46,47]. For example, in macrophage, VitD has shown
a predominant impact on cytokine response beyond viral killing [45]. Finally, in different
experimental models of pneumonia and pneumonitis, VitD has had a consistent role in
reducing the inflammatory cytokine response to pathogens [48,49]. Beyond these immune-
inflammatory effects, other reports have clearly indicated that VitD is also involved in the
regulation of thrombotic pathways, since its deficiency has been reported to be associated
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with an increased risk of thrombotic events [50]. In the present report we show that VitD
significantly reduces the effects of IL-6 on TF gene and protein expression. Importantly,
this vitamin inhibited IL-6-induced TF procoagulant activity on the cell surface. In line
with our previous report [19], the effect of VitD seems to be mediated by the VitD receptor
(VDR) since the use of ZK15, a specific VDR antagonist, abolished the potential benefit on
TF expression and activity exerted by VitD.

5. Conclusions

Results of the present study, with all potential limitations derived from an in vitro
study, suggest that IL-6 might play a pivotal role in the potential pathophysiological sce-
nario in which COVID-19 causes thrombosis. Specifically, we showed that IL-6, one of the
main chemical mediators involved in the cytokine storm for COVID-19 infection, induces
expression of gene and of functionally active Tissue Factor in human endothelial cells, shift-
ing them to a pro-thrombotic phenotype. Moreover, this cytokine induces expression of
the soluble adhesion molecules ICAM-1 and VCAM-1, markers of endothelial dysfunction.
IL-6 seems to exert these effects by modulating the NF-kB as well as the STAT3 pathways.
Moreover, IL-6 up-regulates levels of ACE2, the natural receptor of COVID-19, finally
amplifying the virus effects on endothelial cells. Interestingly, we showed that VitD is able
to prevent all these IL-6 deleterious effects by modulating the activity of the transcription
factor NF-κB and of STAT3. Taken together, data of the present study shed a brighter light
on the still partially unresolved issue about VitD beneficial effects observed in patients with
IL-6-related inflammation such as COVID-19 infection, suggesting a possible molecular
mechanism by which this vitamin exerts its action. However, rigorous and well-conducted
clinical trials are needed to address this issue in the clinical scenario.
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