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Abstract
Background: Vitamin D (VD) possesses immunomodulatory properties, but its role in chronic rhinosinusitis with nasal polyps
(CRSWNP) remains poorly studied. Herein, we aim to explore the regulation and function of VD3 in CRSwWNP.

Methods: 25-hydroxyvitamin D3 (25VD3) levels in serum and tissue lysates were detected by ELISA. The expression of VD receptor
(VDR) and cytochrome P450 family 27 subfamily B member 1 (CYP27B1), the enzyme that converts 25VD3 to the active 1,25-hy-
droxyvitamin D3 (1,25VD3), and their expression regulation in human nasal epithelial cells (HNECs) were studied by RT-PCR, wes-
tern blotting, immunofluorescence, and flow cytometry. RNA sequencing was performed to identify genes regulated by 1,25VD3
in HNECs. HNECs and polyp tissue explants were treated with 1,25VD3, 25VD3, and dexamethasone.

Results: 25VD3 levels in serum and nasal tissue lysates were decreased in patients with eosinophilic and noneosinophilic CRSwWNP
than control subjects. The expression of VDR and CYP27B1 were reduced in eosinophilic and noneosinophilic CRSWNP, particularly
in nasal epithelial cells. VDR and CYP27B1 expression in HNECs were downregulated by interferon y and poly (I:C). Polyp-derived
epithelial cells demonstrated an impaired ability to convert 25VD3 to 1,25VD3 than control tissues. 1,25VD3 and 25VD3 sup-
pressed IL-36y production in HNECs and polyp tissues, and the effect of 25VD3 was abolished by siCYP27B1 treatment. Tissue
25VD3 levels negatively correlated with IL-36y expression and neutrophilic inflammation in CRSWNP.

Conclusion: Reduced systemic 25VD3 level, local 1,25VD3 generation and VDR expression result in impaired VD3 signaling activa-
tion in nasal epithelial cells, thereby exaggerating IL-36y production and neutrophilic inflammation in CRSWNP.
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Introduction burden on individuals and society"-3. CRSWNP is a heteroge-
Chronic rhinosinusitis with nasal polyps (CRSWNP) represents an neous disorder and typically characterized by type 2-domina-
inflammatory disease characterized by exaggerated inflamma- ted and eosinophilic inflammation, especially in the Western
tion in sinonasal mucosa and polyp formationt"2. It has become population®. Current treatment approaches for CRSWNP include
a widely prevalent health condition that imparts a substantial medications involving nonspecific suppression of inflammation,



biologics, and endoscopic sinus surgery. Glucocorticoids and
biologics targeting type 2 responses are effective in controlling
eosinophilic inflammation in CRSWNP2, However, more than
half of CRSWNP patients in Asia does not present eosinophi-
licinflammation, but instead exhibits prominent neutrophil
infiltration®. Intriguingly, CRSWNP in Caucasian patients, which
is highly eosinophilic, also has significant levels of neutrophils®
910 Accumulating evidence has demonstrated the pathogenic
role of neutrophils in CRSWNP"". For example, tissue neutrophils
can elicit a plethora of cytokines and are associated with barrier
function impairments and tissue remodeling in nasal polyps® 2.
More importantly, it has been demonstrated that tissue neu-
trophilia correlated with the severity of the disease, impaired
response to oral corticosteroids, and even poor prognosis in pa-
tients with CRSWNP% 13, Although excessive production of IL-8,
G-CSF and IL-36y has been linked with exaggerated neutrophilic
inflammation in nasal polyps®®®'¥, there is currently no available
approach to directly target tissue neutrophilia as a treatment
intervention.

Vitamin D3 (VD3) is a potent steroid hormone with immuno-
modulatory properties beyond its traditional role in calcium
and phosphorus homeostasis>'”. VD3 has been reported to
regulate the functions of a broad range of immune cells"®. VD3
is obtained from nutrient sources or naturally synthesized in the
skint'®, It is metabolized to the primary circulating or storage
form, 25-hydroxyvitamin D3 (25VD3), in the liver by 25-hydroxy-
lase (cytochrome P450 family 2 subfamily R member 1, CYP2R1).
25VD3 is further converted to the active metabolite, 1,25-hy-
droxyvitamin D3 (1,25VD3), by the rate-limiting enzyme 1a-
hydroxylase (cytochrome P450 family 27 subfamily B member 1,
CYP27B1), which is expressed by renal epithelial cells> ),
Nevertheless, emerging evidence has shown that respiratory
epithelial cells, macrophages, T cells, and dendritic cells also
express CYP27B1, indicating the extra-renal regulation of VD3
metabolism®. The biological activity of 1,25VD3 is mediated by
the vitamin D receptor (VDR)"* . Upon binding ligand, cellular
VDR dimerizes with the retinoic X receptor (RXR), translocates
into the nucleus, and regulates expression of downstream genes
through binding to the VD response elements in the promoter
regions of target genes''®.

VD3 deficiency is associated with many chronic inflammatory
diseases, including inflammatory bowel diseases, multiple
sclerosis, asthma, and CRSWNP®2%23), CYP27B1 and VDR expres-
sion have been reported in sinonasal mucosa®?. However, local
VD3 metabolism and the effects of VD3 signaling activation on
sinonasal mucosal inflammation remain poorly understood. The
present study aimed to explore 1) VD3 metabolism in the sino-
nasal mucosa in CRSWNP; 2) the regulation of CYP27B1 and VDR
expression in CRSWNP; and 3) the effects of local VD3 signaling
activation on sinonasal mucosal inflammation.

Vitamin D inhibits IL-36y production in CRSWNP

Materials and methods

Subjects and specimens

This study was approved by the Ethics Committee of Tongji Hos-
pital and conducted with written informed consent from every
patient. Seventy-five control subjects, 70 patients with eosinop-
hilic CRSWNP and 67 patients with noneosinophilic CRSWNP
were enrolled. The characteristics of subjects are provided in
Table S1 in the Supplementary Materials. CRSWNP was classified
as eosinophilic when the percent of tissue eosinophils exceeded
10% of total infiltrating cells“7:2>29, Control subjects were those
undergoing septoplasty because of anatomic variations and wit-
hout other sinonasal diseases. Inferior turbinate tissue and nasal
polyp samples were taken from control subjects and CRSWNP
patients during surgery, respectively. Human nasal epithelial
cells (HNECs) were scraped from the middle meatus mucosa

in control subjects and polyp tissues in CRSWNP patients, and
subjected to cell culture experiments.

Histology and immunofluorescence staining

Hematoxylin and eosin, immunofluorescence staining with
specific antibodies (Table S2 and Table S3 in the Supplementary
Materials), and subsequent quantification were performed as
previously described®“7:27:28,

Enzyme-linked immunosorbent assay (ELISA)

25VD3, 1,25VD3 and cytokines levels in serum, tissue homo-
genates, or cell culture supernatants were measured by using
commercial ELISA kits”. The lower detection limits are listed in
Table S4 in the Supplementary Materials.

Quantitative RT-PCR
Quantitative RT-PCR was performed with specific primers (Table
S5 in the Supplementary Materials) as stated elsewhere”:28),

Western blotting
Western blotting was performed with specific antibodies (Table
S6 in the Supplementary Materials) as previously reported” 2%,

Dispersed nasal tissue cell preparation and flow cytometry
Tissue samples were dissociated mechanically?®. Cell staining
and flow cytometric analysis was performed as previously des-
cribed?-28:29),

Cell culture and treatment

Primary HNECs from control subjects were cultured using the
air-liquid interface (ALI) method®®3", and treated with various
CRS-associated cytokines, TLR agonists, 1,25VD3, or 25VD3. In
some experiments, ALI-cultured HNECs were transfected with

a small interfering RNA targeting CYP27B1 (siCYP27B1) before
25VD3 treatment?®.

When comparing the differences among the control, eosinophi-
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lic CRSWNP, and noneosinophilic CRSWNP groups, HNECs were
cultured submerged to retain the disease-specific expression
pattern, which may represent CYP27B1 and VDR expression
better than ALI-cultured HNECs in different study groups, and
treated with 25VD3.

Promoter-luciferase reporter construct and luciferase assay
DNA fragments containing wild-type and mutated VDR binding
sites of the IL36G promoter were generated by PCR and cloned
into firefly luciferase reporter constructs. Submerged cultured
HNECs from control subjects were transfected with the VDR
overexpression plasmid and subsequently transfected with the
indicated constructs together with the Renilla luciferase plasmid
as previously reported®,

Ex vivo polyp explant culture

Nasal polyp (NP) tissues were subjected to ex vivo ALl culture
as previously described®), and were stimulated with 1,25VD3,
25VD3 and dexamethasone for 24 or 48 hours.

RNA sequencing

Total RNA was extracted from HNECs stimulated with 1,25VD3
for 6 hours. Library construction and sequencing were perfor-
med by Annoroad Gene Technology (Beijing, China). All primary
data have been uploaded to the Sequence Read Archive under
accession number PRJNA889463.

Statistical analysis

Data derived from tissue studies were presented in dot plots
with horizontal bars representing the medians and error bars
showing interquartile ranges. Data distribution was evaluated
by a Kolmogorov-Smirnov or Shapiro-Wilk test. For normally dis-
tributed data, an ANOVA with Tukey’s post hoc test was applied
to adjust for multiple comparisons, whereas an unpaired Stu-
dent’s t test was used for binary comparisons. For data not nor-
mally distributed, a Kruskal-Wallis test with the Dunn’s post hoc
test was adopted to adjust for multiple comparisons, and binary
comparisons were assessed with a Mann-Whitney U 2-tailed
test. Data derived from cell and tissue culture experiments were
expressed as the mean and standard error of the mean (SEM)
and analyzed by an unpaired Student’s t test. For categorical
variables, a chi-square test or Fisher’s exact test was performed.
Correlations were evaluated using Spearman’s correlation. P
value less than 0.05 was considered statistically significant.

More detailed information on the materials and methods is
available in the Supplementary Materials.

Results
Decreased local CYP27B1 expression and 1,25VD3 genera-
tion in CRSWNP

To determine the association between VD3 and CRSWNP, we
first measured 25VD3 levels in serum and nasal tissues. We
found that serum 25VD3 levels were decreased in patients with
CRSWNP, both eosinophilic and noneosinophilic type, compared
with those in control subjects (Figure 1A). Interestingly, we ob-
served a similar reduction in 25VD3 levels in NP tissues in both
eosinophilic and noneosinophilic CRSWNP patients compared to
control tissues, and no difference was discovered between eo-
sinophilic and noneosinophilic patients (Figure 1A). The 25VD3
levels in nasal tissues positively correlated with those in serum
(Figure 1B).

CYP27B1, the enzyme responsible for converting 25VD3 to the
active 1,25VD3, was expressed in nasal tissues, and its expres-
sion was equally decreased in eosinophilic and noneosinophilic
NPs in comparison with that in control tissues at both mRNA
and protein levels (Figure 1C and D). To examine the tissue-spe-
cific cellular sources of CYP27B1, we performed immunofluor-
escence staining of sinonasal mucosal tissue sections and found
that CYP27B1 was expressed by nasal epithelial cells as well as
infiltrating immune cells in the lamina propria, including CD3*

T cells, CD11c* dendritic cells, CD20* B cells, CD68* macropha-
ges, myeloperoxidase (MPO)* neutrophils and CD138* plasma
cells (Figure 1E and Figure S1). We also observed weak CYP27B1
expression in eosinophil peroxidase (EPX)* eosinophils and no
expression in tryptase* mast cells (Figure S1). We further compa-
red the expression intensity of CYP27B1 in epithelial cells and in-
filtrating immune cells by flow cytometric analysis of dispersed
nasal tissue cells. We found that CD45CD326* epithelial cells
had higher CYP27B1 expression than CD45*CD326 hemato-
poietic cells and CD45CD326" stromal cells in nasal tissues from
control subjects (Figure 1F). By immunofluorescence staining of
tissue sections, we found that CYP27B1 immunoreactivity was
significantly reduced in epithelium in CRSWNP compared with
that in controls (Figure 1E). Consistently, flow cytometric analysis
demonstrated lower fluorescence intensity of CYP27B1 in epi-
thelial cells in both eosinophilic and noneosinophilic CRSWNP
than that in controls (Figure 1G).

Given the significant expression of CYP27B1 by nasal epithelial
cells, we tested if nasal epithelial cells were able to convert
25VD3 to 1,25VD3. We found that adding 25VD3 led to markedly
increased levels of 1,25VD3 in supernatants of cultured HNECs
from control subjects, which was significantly suppressed by
knocking down CYP27B1 with siCYP27B1 (Figure 1H and Figure
S2). Consistent with CYP27B1 expression levels, we discovered
that after adding 25VD3, the levels of 1,25VD3 were lower in
supernatants of HNECs derived from eosinophilic and noneosi-
nophilic NPs than those in supernatants of HNECs obtained from
control subjects (Figure 1l), suggesting an impairment of local
generation of 1,25VD3 in patients with CRSWNP.
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Figure 1. Decreased local CYP27B1 expression and 1,25VD3 generation in CRSWNP. (A) The 25VD3 levels in serum and nasal tissue lysates in different

study groups as detected by ELISA. (B) Serum 25VD3 levels positively correlated with 25VD3 levels in nasal tissue lysates in different study groups.

(C) and (D), The mRNA (C) and protein (D) levels of CYP27B1 in sinonasal mucosal samples in different study groups as detected by quantitative

RT-PCR and western blotting, respectively. Representative western blots are shown. (E) Immunostaining of CYP27B1 in sinonasal mucosal tissues.

Representative photomicrographs are shown (original magnification x 400). Scale bar, 100 um. The dotted lines mark the basement membrane

beneath the nasal epithelium. Fluorescence staining intensity in epithelium was quantified. (F) Dispersed nasal tissue cells from control subjects (n =

10) were subjected to flow cytometric analysis of CYP27B1 expression. Representative histogram of a control sample is shown, and the median fluo-

rescence intensity (MFI) was quantified. (G) Flow cytometric analysis of the MFI of CYP27B1 in CD45CD326" epithelial cells in different study groups.

(H) Human nasal epithelial cells (HNECs) obtained from control subjects were cultured with an air-liquid interface method. HNECs were transfected

with siCYP27B1 or negative control siRNA (siNC) and treated with or without 25VD3 (n = 5). 1,25VD3 levels in cell culture supernatants were meas-

ured by ELISA. (I) HNECs scraped from different study groups were cultured submerged and treated with 25VD3 for 24 hours (n = 5 for each group).

1,25VD3 levels in culture supernatants were measured by ELISA. **P < 0.01 and ***P < 0.001. CRSWNP, chronic rhinosinusitis with nasal polyps; Eos,

eosinophilic; Non-Eos, noneosinophilic.
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Figure 2. Decreased local VDR expression in CRSWNP. (A) and (B) VDR mRNA (A) and protein (B) levels in sinonasal mucosal samples in different study
groups as detected by quantitative RT-PCR and western blotting, respectively. Representative western blots are shown. (C) Immunostaining of VDR

in sinonasal mucosal tissues. Representative photomicrographs are shown (original magnification x 400). Scale bar, 100 um. The dotted lines mark
the basement membrane beneath the nasal epithelium. Fluorescence staining intensity in epithelium was quantified. (D) Dispersed nasal tissue cells
from control subjects (n = 10) were subjected to flow cytometric analysis of VDR expression. Representative histogram of a control sample is shown,
and the median fluorescence intensity (MFI) was quantified. (E) Flow cytometric analysis of the MFI of VDR in CD45CD326" epithelial cells in different
study groups. (F) The mRNA expression level of CYP24A1 in sinonasal mucosal samples in different study groups as detected by RT-PCR. (G) Tissue
CYP24A1 mRNA expression positively correlated with tissue CYP27B1 and tissue VDR mRNA expression in different study groups. **P < 0.01 and ***P <

0.001. CRSWNP, chronic rhinosinusitis with nasal polyps; Eos, eosinophilic; Non-Eos, noneosinophilic.
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Figure 3. 1,25VD3 and 25VD3 downregulate IL-36y production in nasal epithelial cells. Human nasal epithelial cells (HNECs) scraped from control

subjects were cultured with an air-liquid interface (ALI) method. (A) HNECs (n = 3) were treated with 1,25VD3 for 6 hours. Cells were harvested for RNA

sequencing. Volcano Plot map shows 1,132 up-regulated and 1,193 down-regulated genes altered by 1,25VD3 in HNECs. (B) GO enrichment analysis

of differentially expressed genes. (C) Heatmap shows differentially expressed genes involved in the cytokine receptor binding pathway. (D) HNECs

were stimulated with 1,25VD3, and IL-36y mRNA levels in HNECs and protein levels in culture supernatants were detected by RT-PCR (n = 5) and ELISA

(n = 5), respectively. (E) Left panel, a schematic presentation of four putative VDR binding sites and their mutants in IL36G promoter. Right panel,

HNECs were cultured submerged and transfected with VDR overexpression or control plasmid and indicated constructs. Twenty-four hours later, cell

lysates were harvested for luciferase assay (n = 6). (F) HNECs were stimulated with 25VD3. IL-36y mRNA levels in HNECs and protein levels in culture
supernatants were detected by RT-PCR (n = 5) and ELISA (n = 5), respectively. (G) HNECs were treated with siRNA targeting CYP27B1 and 25VD3.

IL-36y mRNA expression level in HNECs and protein levels in culture supernatants were detected by RT-PCR (n = 5) and ELISA (n = 5), respectively. *P <

0.05, **P < 0.01 and ***P < 0.001, compared with controls.
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Decreased local VDR expression in CRSWNP

The biological activity of VD is mediated by the nuclear hor-
mone receptor, VDR>32, We found that the mRNA and protein
levels of VDR were decreased comparably in eosinophilic and
noneosinophilic NPs compared with those in control tissues
(Figure 2A and B). Immunofluorescence staining of tissue
sections revealed immunoreactivity of VDR in nasal epithelial
cells and infiltrating cells in the lamina propria, including CD3* T
cells, CD11c* dendritic cells, CD20* B cells, CD68* macrophages,
MPO* neutrophils, and CD138* plasma cells in sinonasal tissues
(Figure 2C and Figure S3). We also observed weak VDR expres-
sion in EPX* eosinophils and tryptase* mast cells (Figure S3). We
further compared the expression intensity of VDR in epithelial
cells and infiltrating immune cells by flow cytometric analysis
of dispersed nasal tissue cells. We found that CD45CD326*
epithelial cells had higher VDR expression levels than those in
CD45*CD326 hematopoietic cells and CD45CD326 stromal cells
in nasal tissues from control subjects (Figure 2D). Immunoflu-
orescence staining of tissue sections revealed that VDR im-
munoreactivity was significantly lower in epithelium in CRSWNP
than that in controls (Figure 2C). Consistently, flow cytometric
analysis demonstrated decreased fluorescence intensity of VDR
in nasal epithelial cells in both eosinophilic and noneosinophilic
CRSWNP compared to that in control tissues (Figure 2E).

The reduced ability to generate 1,25VD3 locally and lower VDR
expression may lead to impaired VD3 signaling activation in
CRSwWNP. To test this possibility, we examined the expression of
cytochrome P450 family 24 subfamily A member 1 (CYP24A1),
which is a well-known VD3 signaling induced gene. We found
that the mRNA expression of CYP24A1 was significantly downre-
gulated in eosinophilic and noneosinophilic NPs in comparison
with control tissues (Figure 2F). In addition, CYP24A7T mRNA
expression positively correlated with CYP27B7 and VDR mRNA
expression in sinonasal tissues (Figure 2G).

1,25VD3 downregulates IL-36y production in HNECs

To dissect the effects of VD3 signaling activation on the function
of nasal epithelial cells, HNECs obtained from control subjects
were treated with 1,25VD3 and subjected to subsequent RNA
sequencing. We identified 1,132 upregulated genes and 1,193
downregulated genes in HNECs upon 1,25VD3 treatment,
including upregulated CYP24A1 (Figure 3A). Gene ontology-
enrichment analysis showed that these differentially expressed
genes were involved in a wide range of inflammatory processes,
such as cytokine receptor binding, response to cytokine, and
cytokine-mediated signaling pathway, etc. (Figure 3B).

In the first ranked inflammation relevant pathway, cytokine re-
ceptor binding, there were 15 downregulated and 16 upregula-
ted genes (Figure 3C). Among them, IL36G is of great interest to
us. Our previous study suggested that IL-36y may play a crucial
role in aggravating neutrophilic inflammation in CRSWNP®.

Neutrophils have been reported to associate with poor outco-
mes after oral corticosteroid treatment and endoscopic sinus
surgery®', In line with previous reports®”, we found that the
number of MPO* neutrophils as well as IL-36y mRNA and protein
levels were higher in both eosinophilic and noneosinophilic NPs
than those in control tissues (Figure S4A and B). By performing
additional cell culture experiments with HNECs obtained from
control subjects, we observed an inhibitory effect of 1,25VD3

on IL-36y production in HNECs at both mRNA and protein levels
(Figure 3D).

To further investigate the mechanism underlying the down-
regulation of IL-36y by 1,25VD3, we determined whether the
expression of IL36G could be directly trans-regulated by VDR. We
inspected the promoter sequence of IL36G and identified four
putative VDR binding sites (-1683 to -1676, -873 to -866, -814 to
-807, and -292 to -285 relative to the transcriptional start site)
using the JASPAR database (http://jaspar.binf.ku.dk/) (Figure

3E). We subsequently examined the binding of VDR to these

sites using a luciferase reporter assay. We found that luciferase
activity was significantly reduced in HNECs transfected with

a plasmid containing the wild-type IL36G promoter sequence
upon overexpression of VDR with a VDR plasmid (pcVDR) (Figure
3E and Figure S5). The inhibitory effect of pcVDR was abolished
only when the fourth VDR binding site (-292 to -285) in the
promoter of IL36G was mutated (Figure 3E). Our results suggest
that direct binding of VDR to the IL36G promoter mediates a
transcriptional regulation of expression of IL36G.

Interestingly, we observed that 25VD3 mimicked the suppres-
sive effect of 1,25VD3 on IL-36y production in HNECs (Figure 3F),
and this effect was abolished when CYP27B1 was knocked down
(Figure 3G), reinforcing the importance of local metabolism and
activation of VD3 in exerting its regulatory function. Our pre-
vious study discovered that IL-36y production in HNECs could
be upregulated by poly (I:C), IL-18, TNF-a, and IL-17AY. In the
present study, we reported that 1,25VD3 and 25VD3 were able
to inhibit IL-36y production induced by poly (I:C), IL-18, TNF-a.
and IL-17A in HNECs (Figure S6A-D).

1,25VD3 downregulates IL-36y production in NP explants
We further tested the effect of VD3 in comparison with gluco-
corticoids on tissue inflammation pattern in patients with
CRSWNP. NP explants from both eosinophilic (Figure 4A and B)
and noneosinophilic CRSWNP patients (Figure 4C and D) were
cultured ex vivo and treated with 1,25VD3, 25VD3 or dexame-
thasone. Interestingly, we found that IL-36y and IL-17A pro-
duction were downregulated by 1,25VD3 and 25VD3, but not
dexamethasone, in both eosinophilic and noneosinophilic NP
explants (Figure 4). In contrast, IL-5 production was downregu-
lated by dexamethasone, but not by 1,25VD3 or 25VD3 (Figure
4). Expression of interferon y (IFN-y) was downregulated by both
VD3 and dexamethasone in eosinophilic and noneosinophilic
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After stimulation, cells were harvested for western blotting (n = 6). Representative blots are shown. *P < 0.05 and ***P < 0.001, compared with con-

trols.

NP explants (Figure 4). The changes of IL-36y, IL-5, IL-17A and
IFN-y after treatment were consistent at mRNA (Figure 4A and Q)

and protein levels (Figure 4B and D).

Regulation of VDR and CYP27B1 expression in HNECs.
To gain insight into the mechanism underlying decreased VDR

and CYP27B1 expression in CRSWNP, we explored the regula-
tion of VDR and CYP27B1 expression in HNECs by allergens,
TLR agonists, and cytokines that have been associated with

CRSWNP pathogenesis?” 28, We found that the mRNA expression
of VDR and CYP27B1 in HNECs were significantly downregulated
by IFN-y and poly (I:C) (Figure 5A and B). No significant effect
was observed for Der p1, staphylococcal enterotoxin B (SEB),
lipopolysaccharide (LPS), CpG, IL-13, TNF-a, IL-4, IL-6, IL-12, IL-13,
IL-17A, IL-22 and IL-10 (Figure 5A and B). The downregulation

of VDR and CYP27B1 by IFN-y and poly (I:C) was confirmed at
protein levels (Figure 5C and D).
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Tissue 25VD3 levels correlate with neutrophilic inflamma-
tion in CRSWNP

Last, we studied whether the in vitro mechanisms could be reca-
pitulated in vivo by studying patient samples ex vivo. We found
negative correlations of tissue 25VD3 levels with IL-36y levels
and the number of MPO* neutrophils in patients with eosinop-
hilic and noneosinophilic CRSWNP (Figure 6A and B). In addition,
tissue VDR and CYP27B1 mRNA expression negatively correlated
with tissue IFNG mRNA expression in CRSWNP (Figure 6C and D).
We failed to find any association between tissue 25VD3 levels
and the number of major basic protein (MBP)*eosinophils, tissue
IL-5 or IL-13 mRNA expression in CRSWNP (Figure 6E-G).
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Discussion

In this study, we revealed that the reduced systemic 25VD3
levels, impaired local 1,25VD3 generation due to CYP27B1 defici-
ency, and decreased VDR expression collectively result in wea-
kened VD3 signaling activation in nasal epithelial cells, thereby
exaggerating IL-36y production and neutrophilic inflammation
in CRSWNP. VD3 may hold therapeutic potential for suppressing
neutrophilic inflammation in CRSwNP.

The half-life for 1,25VD3 is only 4-6 hours, in contrast to the
3-week half-life of 25VD3. Thus, 25VD3 is thought to represent
the systemic reservoir of VD3%. In accordance with the previous
study by Mulligan et al.?, we found a systemic 25VD3 deficien-
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cy in eosinophilic and noneosinophilic CRSWNP patients. VD3 is
obtained through dietary intake or synthesized by the skin after
sunshine exposure, and further converted to 25VD3 by CYP2R1
in the liver"”. The systemic deficiency in 25VD3 in CRSWNP
patients is possibly related to reduced VD3 intake, decreased
sunlight exposure, or impaired VD3 metabolism in liver. Mulligan
et al. showed that a VD3 deficient diet led to decreased systemic
25VD3 levels in a mouse model of Aspergillus fumigatus-induced
CRS®¥, However, there is still lack of direct epidemiological
evidence to support those associations in CRSWNP patients.
Moreover, we found that tissue 25VD3 levels were also decre-
ased in eosinophilic and noneosinophilic CRSWNP patients, and
positively correlated with serum 25VD3 levels. It suggests that
the 25VD3 levels in nasal tissues may be primarily determined
by its systemic levels, consistent with the previous report®*,
CYP27B1 is essential for the metabolism of 25VD3 to 1,25VD31°,
CYP27B1 is typically expressed by renal epithelial cells, and can
be regulated by circulating calcium, parathyroid hormone and
fibroblast growth factor-23 (FGF-23)"7:3%, Mostafa et al. found no
significant difference in serum calcium levels between CRSwWNP
and control group®®. In addition, there is no evidence showing
parathyroid dysfunction or abnormal FGF-23 levels in CRSWNP
patients. We expect that the deficiency of 25VD3 may lead to a
subsequent reduction of 1,25VD3 systemically in patients with
CRSwWNP. However, well-controlled sample collection and timely
measurement will be needed to test this hypothesis. Extra-renal
expression of CYP27B1 has been demonstrated in respiratory
epithelial cells, macrophages, T cells, and dendritic cells"”. In
this study, we found significantly reduced CYP27B1 expression,
particularly in nasal epithelial cells in both CRSWNP subtype
compared with controls. This reduction likely leads to observed
impaired capacity of nasal epithelial cells to convert 25VD3 to
1,25VD3 in eosinophilic and noneosinophilic CRSWNP patients.
Taken together, both local 25VD3 deficiency and 1,25VD3
synthesis impairment may result in the loss of VD3-mediated
regulatory function on nasal mucosa.

After binding to VDR, the 1,25VD3/VDR/RXR complex translo-
cates into the nucleus, and regulates downstream gene expres-
sion. The nuclear localization of VDR indicates an activation of
VD signaling pathway. Consistent with the previous study®?, our
immunofluorescence staining showed the nuclear localization
of VDR in sinonasal mucosa and VDR expression was reduced

in eosinophilic and noneosinophilic CRSWNP, particularly in
nasal epithelial cells. The decreased VDR expression would
further blunt VD3 effect in CRSWNP, which was supported by the
downregulation of CYP24A1, a classical gene regulated by VD3
signaling, in NPs('%3®. Furthermore, we compared the mRNA ex-
pression of VDR and CYP27B1 in control ethmoid sinus mucosa
and control inferior turbinate tissues, and found no significant
difference (data not shown). It suggests that dysregulated local
VD3 signaling may be specific for NPs, but not due to the origin

of tissues.

Although immunomodulatory effects of VD on CD4* T cells®?,
CD8*T cells“?, macrophage®?, and B cells“? have been repor-
ted, the investigations of VD3 effects on airway epithelial cells
remain limited. Here, we identified 2,325 genes significantly
regulated by 1,25VD3 in nasal epithelial cells. Among them, the
reduction of IL1f3 and upregulation of CYP24AT1 upon 1,25VD3
treatment have previously been reported in macrophages

and renal epithelial cells">449, respectively. In this study, we
found that activation of VD3 signaling significantly suppressed
IL-36y production in nasal epithelial cells. Previously, Beatriz

et al. discovered an inhibitory effect of VD3 on IL-36y produc-
tion in keratinocytes in a psoriasis mouse model“. [L-36y has
been reported to play a role in the initiation and maintenance
of neutrophilic inflammation in CRSWNP?. In this study, we
provided several lines of evidence for a regulatory effect of VD3
on IL-36y production and neutrophilic inflammation in CRSwNP:
1) 1,25VD3 was able to suppress IL-36y production in nasal
epithelial cells not only at baseline but also under induction by
poly (I:C), IL-17A, IL-1p, and TNF-o;; 2) Bioinformatics analysis and
luciferase reporter assay demonstrated that IL36G was trans-
regulated by VDR; 3) The suppressive effect of 25VD3 on IL-36y
production was dependent on CYP27B1; 4) Tissue 25VD3 levels
negatively correlated with IL-36y levels and MPO* neutrophil
numbers in NPs. Notably, we observed a comparable reduction
in VD3 signaling in both CRSWNP subtypes, although noneosi-
nophilic CRSWNP demonstrated higher numbers of neutrophils
than eosinophilic CRSWNP. It indicates that VD3 may be not the
sole driver of neutrophilia in CRSWNP. Other factors promoting
or inhibiting neutrophil infiltration in eosinophilic and noneosi-
nophilic CRSWNP deserve further studies.

To investigate the therapeutic potential of VD3 on CRSWNP, we
treated NP explants with 1,25VD3 and 25VD3 in comparison
with dexamethasone. We found that 25VD3 and 1,25VD3 tre-
atment significantly attenuated IL-17A and IFN-y expression in
NPs. VD3 has previously been shown to directly inhibit the diffe-
rentiation and activation of Th17 and Th1 cells, but not Th2 cells,
and thus lead to reduced production of IL-17A and IFN-y¢49, We
have recently shown that neutrophils were also an important
source of IL-17A and IFN-y in CRSwNP"47), Downregulation of IL-
36y by VD3 may suppress neutrophil activation and thus reduce
IL-17A and IFN-y production in NPs. In this study, we found that
VDR was also expressed by neutrophils in NPs. Whether VD3 has
a direct effect on neutrophils deserves further studies.
Remarkably, we found distinct effect of VD3 and dexamethaso-
ne on IL-36y and IL-5 production in NP explants. Glucocorticoids
stand as major anti-inflammatory treatment for CRSWNP and
are effective to control type 2 and eosinophilic inflammation in
CRSWNP™, Nevertheless, Wen et al. found that oral prednisone
failed to suppress neutrophilic inflammation in Chinese CRSWNP
patients!™¥, Wang et al. discovered that dexamethasone was una-
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ble to suppress IL-36y-induced neutrophil activation in NPs?.

By extending those findings, we demonstrated that dexame-
thasone did not suppress IL-36y production in NPs although

it significantly inhibited IL-5 production. On the contrary, we
found that the 1,25VD3 or 25VD3 had no effect on IL-5 produc-
tion and there were no associations between 25VD3 levels and
eosinophil numbers, IL-5, or IL-13 levels in NPs, suggesting that
VD3 may have no significant effect on type 2 and eosinophilic
inflammation in CRSWNP. Our results indicate a complementary
role of glucocorticoids and VD3 in relieving eosinophilic and
neutrophilic inflammation in CRSWNP. Several studies have
reported that VDR was expressed in lower airways“®*9, and its
expression was decreased in pediatric asthmatic patients®%>5",
In addition, IL-36y levels were found to be increased in bron-
choalveolar lavage fluid of patients with neutrophilic asthma®?.
Therefore, it is possible to extrapolate our outcomes to other
type 2-inflammation mediated airway diseases which are mixed
with neutrophilic inflammation. However, further studies are
warranted to support this notion.

After screening various cytokines and TLR ligands associated
with CRSWNP, we found that CYP27B1 and VDR expression in
nasal epithelial cells were downregulated by poly (I:C) and IFN-y.
Elevated IFN-y expression has been shown in both eosinophilic
and noneosinophilic NPs“*?. We discovered negative correla-
tions of IFING mRNA expression with CYP27B1 and VDR mRNA
expression in NPs. Thus, decreased CYP27B1 and VDR expression
in nasal epithelial cells in CRSWNP may result from, at least in
part, the local inflammatory milieu. In contrast to the finding in
macrophages, we found that LPS had no significant effect on
CYP27B1 expression in HNECs, indicating a cell-context depen-
dent regulation of CYP27B1 expression.

Heretofore, three single-center clinical trials have been conduc-
ted to explore the effects of VD3 supplement on patients with
CRS. VD3 supplement has been found to reduce the severity of
symptoms and NP recurrence after surgery in CRS patients signi-
ficantly®*>%, However, those studies are limited by small sample
size, short treatment duration, and lack of serum VD3 level
monitoring. Moreover, there is no study exploring the effect of
VD3 supplement on CRS with different inflammation patterns. It
is will be interesting to investigate the effect of VD3 supplement

Vitamin D inhibits IL-36y production in CRSWNP

on CRS with distinct endotypes by well-designed and controlled
clinical trials in future, which may aid in personalized medicine
for CRS.

Our study has several limitations. Immunomodulatory effects

of VD3 have only been investigated in nasal epithelial cells. The
effects of VD3 on infiltrating immune cells with VDR expression
in the context of CRSWNP remain to be determined. In addition,
the lack of a validated murine CRSWNP model with predominant
neutrophilic inflammation hinders mechanistic study of our
findings in vivo.

Conclusion

Our study indicates that reduction in systemic 25VD3 levels,
local 1,25VD3 generation, and VDR expression may collectively
lead to impaired VD3 signaling activation and subsequent
exaggerated IL-36y production and neutrophilic inflammation in
CRSwWNP. Our findings provide new insights into the VD3 treat-
ment on CRSWNP, focusing on neutrophilic inflammation.
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SUPPLEMENTARY MATERIAL

METHODS

Subjects

This study was approved by the Ethics Committee of Tongji
Hospital of Huazhong University of Science and Technology, and
written informed consent was obtained from every participant.
A total of 212 patients including 75 control subjects, 70 patients
with eosinophilic chronic rhinosinusitis with nasal polyps
(CRSWNP), and 67 patients with noneosinophilic CRSWNP were
enrolled in this study. CRSWNP was diagnosed based on the
current American and European guidelines!-?. Eosinophilic and
noneosinophilic CRSWNP were defined according to whether
the percent of tissue eosinophils exceeded 10% of total infiltra-
ting cells, as reported by our previous study®. This cutoff was
calculated as twice the standard deviation of the mean eosinop-
hil percentage in control subjects®. Control subjects were those
undergoing septoplasty due to anatomic variations and without
other sinonasal diseases. All subjects came from central China
and CRSwWNP patients had bilateral nasal polyps.

Patients’ atopic status was evaluated by skin prick tests with a
standard panel of common inhalant allergens, and/or by using
the ImmunoCAP (Phadia, Uppsala, Sweden) to detect IgE levels
against common inhalant allergens in our region*3. The diag-
nosis of allergic rhinitis was made based on the concordance
between the atopic status and typical allergic symptoms. Asth-
ma was diagnosed based on history and physician’s diagnosis
according to Global Initiative for Asthma 2006 guideline®. Oral
glucocorticoids and intranasal steroid sprays were discontinued
at least 3 months and 1 month before surgery, respectively.
Antileukotrienes were discontinued at least 1 month before in-
clusion. None received VD3 supplement within 3 months before
surgery. Patients with an acute upper respiratory tract infection
and acute asthma episode within 4 weeks before enrollment, as
well as those who were receiving immunotherapy or biologics
treatment were excluded. In addition, patients with a history of
aspirin sensitivity, antrochoanal polyps, fungal sinusitis, cystic
fibrosis, primary ciliary dyskinesia, immunodeficiency, or syste-
mic vasculitis were excluded from this study, because these are
discrete disorders with unique pathophysiology. The details of
subjects’ characteristics are outlined in Table S1.

Nasal polyp (NP) tissues from CRSWNP patients and inferior
turbinate mucosal tissues from control subjects were collec-

ted during surgery, respectively. Human nasal epithelial cells
(HNECs) were scraped from NPs of CRSWNP patients and from
middle meatus of control subjects using a sterile Rhino-Pro cu-
rette (Arlington Scientific Inc, Springville, UT)":®. Each nasal scra-
ping specimen yielded 1-2x10° cells, of which more than 95%
were epithelial cells®. Not all samples were included in every
experiment protocol due to the limited quantity of samples

available. The exact number of samples used in each experiment
were provided in figures or figure legends.

Histology and immunofluorescence

Tissue samples were fixed in 4% formaldehyde solution and em-
bedded in paraffin. Paraffin sections (4 um) were prepared from
paraffin-embedded human nasal tissue blocks. After deparaffini-
zation and rehydration, sections were stained with hematoxylin
and eosin routinely for histology examination and to count the
number of eosinophils and total inflammatory cells at high-
power magnification as previously reported®.

The expression of vitamin D receptor (VDR) and 1a-hydroxylase
(cytochrome P450 family 27 subfamily B member 1, CYP27B1)

in NPs as well as their co-localization on hematopoietic cells
were assessed by immunofluorescence staining as previously
reported” 819, Briefly, sections were subjected to heat-induced
epitope retrieval using Target Retrieval Solution (Dako, Carpinte-
ria, Calif, USA) and 5% bovine serum albumin (Guge Biotechno-
logy, Wuhan, China) was used to block nonspecific binding-8 19,
Specific primary antibodies (Table S2) were subsequently
applied to the sections with an overnight incubation at 4°C,
followed by incubation with fluorescence-conjugated secon-
dary antibodies (Table S3) for 1 hour at room temperature. After
that, sections were stained with DAPI at room temperature for

5 minutes®'9, Species- and subtype-matched antibodies were
used as negative controls. The relationships between VDR and
CYP27B1 positive cells and myeloperoxidase (MPO), eosinophil
peroxidase (EPX), CD3, CD11¢, CD20, CD68, CD138, and tryptase
positive cells were assessed by double immunofluorescence
staining. The intensity of positive staining in epithelial cells was
analyzed by using image pro-plus 6.0 analysis software (Media
Cybernetics, Inc. Silver Spring, MD, USA) and the results were
expressed as average optical density value per unit area"'2.
The numbers of MPO* neutrophils and major basic protein
(MBP)* eosinophils were counted at high-power magnification
(400x). Ten high-power fields (HPFs) were randomly chosen and
counted by two independent observers, in a blinded fashion?.

ELISA

Tissue samples were weighted and 1 mL of 0.9% sodium
chloride solution supplemented with 10 pL of 100 mM phe-
nylmethylsulfonyl fluoride was added per 0.1 g tissue!™. Tissue
was homogenized on ice and centrifuged at 3,000 rpm for 10
minutes at 4°C. Freshly obtained peripheral blood were centrifu-
ged at 3,000 rpm for 10 minutes. Tissue lysates, serum, cell and
ex vivo nasal explant culture supernatants were harvested and
stored at -80°C for further analysis. The levels of 25-hydroxyvita-
min D3 (25VD3), 1,25-hydroxyvitamin D3 (1,25VD3), IL-36y, IL-5,
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IL-17A, and interferon y (IFN-y) in nasal tissue lysates, serum or
culture supernatants were measured using commercially acces-
sible ELISA kits according to manufactures’instruction, and the
lower detection limit was presented in Table S4. The total tissue
protein levels were quantified via a BCA detection kit (Guge
Biotechnology), and the levels of 25VD3 and cytokine in nasal
tissue lysates were expressed as a protein concentration per mg
of total protein.

Quantitative RT-PCR

Total RNA was extracted from tissues and cells by employing
TRIzol reagent (TaKaRa Biotechnology, Dalian, China) as menti-
oned previously®'#'9, 1 ug of total RNA was reverse-transcribed
to cDNA using a PrimeScript RT reagent kit (TaKaRa Biotechnolo-
gy). cDNA equivalent to 50 ng of total RNA was used for PCR as-
say. Quantitative PCR was performed by using the SYBR Premix
Ex Taq kit (TaKaRa Biotechnology) with specific primers (Table
S5) on StepOnePlus device (Applied Biosystems, Foster City, Ca-
lif). Amplification was as follows: 95°C for 2 minutes, followed by
40 cycles of 95°C for 10 seconds, specific annealing temperature
for 10 seconds, and 72°C for 15 seconds. After PCR, a melting
curve was constructed by increasing the temperature from 65 to
95°C with a temperature transition rate of 0.1°C/s. Relative gene
expression was calculated by using the 2(-AA CT) method"®. A
normal inferior turbinate mucosal sample and a control cell cul-
ture sample were utilized as the calibrator for tissue samples and
cell culture samples, respectively. Beta-glucuronidase (GUSB)
was used as a housekeeping gene for normalization of gene
expression. No template sample was used as negative control.

Western blotting

Total cellular protein was extracted from tissues and HNECs in
modified Radio-Immunoprecipitation Assay (RIPA) Buffer (Guge
Biotechnology) containing 2% cocktail of protease inhibitors
(Guge Biotechnology) as previously stated”. Protein concentra-
tions were quantified by using a bicinchoninic acid protein assay
kit (Guge Biotechnology). Samples containing 30 ug of proteins
were denatured by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to polyvinyl
difluoride membranes (Guge Biotechnology). To block non-spe-
cific binding, the membranes were incubated with 5% fat-free
skim milk in Tris-buffered saline with Tween-20 (TBS-T; Guge
Biotechnology) for 1 hour at room temperature and then incu-
bated overnight at 4°C with primary antibodies as listed in Table
S6. After washing 3 times in TBS-T buffer, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibody (goat anti-rabbit IgG, 1:3000, Guge Biotechnology) and
finally processed by using an ECL chemiluminescence reaction
kit (Cell Signaling, Danvers, MA, USA), followed by exposure on
chemiluminescent film to visualize the proteins. 3-actin quanti-
fication was used as an internal standard to adjust for discrepan-
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cies in total protein loading. Densitometric analysis of the blots
was undertaken by utilizing the software AlphaEase FC (Alpha
Innotech, Silicon Valley, CA, USA). CYP27B1 and VDR were identi-
fied as a single band around 57 KDa and 48 KDa, respectively.

Dispersed nasal tissue cell preparation and flow cytometry
Dispersed nasal tissue cells were prepared from freshly obtained
sinonasal tissues by means of mechanical dissociation with
GentleMACS Dissociator (Miltenyi Biotec, San Diego, CA, USA)"8,
The resulting single cell suspension was filtered 2 times through
a 40 um cell strainer (BD Biosciences, San Jose, CA, USA) and
washed twice with RPMI-1640 medium (HyClone Laboratories,
Chicago, IL, USA)". Cell pellets were suspended in erythrocyte
lysis buffer and incubated for 5 minutes to remove red blood
cells. After washing with phosphate-buffered saline (PBS), cells
were resuspended in RPMI-1640 medium. For flow cytometry
analysis, cells were stained with fixable viability stain 700 (BD
Biosciences) to exclude dead cells. Cells were then incubated

for surface staining with APC-conjugated mouse monoclonal
antibody against human CD326 and BV421-conjugated mouse
monoclonal antibody against human CD45 for 30 minutes at 4°C
in the dark. For intracellular staining of VDR and CYP27B1, cells
were fixed and permeabilized using the BD cytofix/cytoperm

kit (BD Biosciences) according to manufacturer’s protocols after
CD45 and CD326 staining. Cells were then stained with rab-

bit polyclonal antibody against human VDR (1 ug/mL, Abcam,
Cambridge, UK) and CYP27B1 (1 pg/mL, Abcam), respectively.
After incubating for 30 minutes in the dark at 4°C, cells were
incubated with FITC-conjugated F(ab’)2 donkey anti-rabbit IgG
H&L antibody (1:200, Biolegend, San Diego, CA, USA) for another
30 minutes. The detailed information of antibodies used for flow
cytometry is listed in Table S7. Species and subtype-matched
antibodies were used as negative controls. After staining, cells
were analyzed by using BD FACSCelesta flow cytometer (Becton
Dickinson Biosciences, San Jose, CA, USA). The data were analy-
zed using FlowJo software (TreeStar, Ashland, OR, USA).

Cell culture and treatment

HNECs were scraped from middle meatus of control subjects
and polyp of NPs and were cultured with an air-liquid interface
(ALI) method or submerged as mentioned elsewhere> 7%, For
ALl culture, the obtained HNECs were washed twice in Dulbecco
modified Eagle medium (Thermo Fisher Scientific, Waltham,
MA, USA) with penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA) and then grown submerged in bronchial epithelial cell ba-
sal medium (BEBM, Lonza, Walkersville, MD, USA) supplemented
with SingleQuot Kit Suppl (Lonza) in 6-well plates pre-coated
with rat tail collagen type | (Sigma-Aldrich, St. Louis, MO, USA)

in a 5% CO,-humidified atmosphere at 37°C. Upon confluence,
the cells were seeded onto gel-coated 0.4 um transwell culture
inserts (Millipore Corp, Billerica, MA, USA) and were grown in



Xiao et al.

bronchial epithelial cell growth medium (Lonza). When they
were confluent, medium from the apical side of the culture was
removed and medium below the insert was replenished with an
ALl culture medium consisting of BEBM and Dulbecco’s modified
Eagle’s medium H (50: 50; Invitrogen). HNECs were cultured at
ALl method for 21 days for the differentiation®. After the HNECs
were differentiated, they were stimulated with IL-4, IL-6, IL-10,
IL-12, IL-13, IL-17A, TNF-a,, IL-1, IFN-y, and IL-22 at 10 ng/mL
(R&D systems, Minneapolis, MN, USA), poly (I:C) (dsRNA) at 25
pg/mL (Tocris, Bristol, UK), lipopolysaccharides (LPS) (InvivoGen,
San Diego, CA, USA) at 1 ug/mL, staphylococcal enterotoxin B
(SEB) (Millipore, Merck KGaA, Darmstadt, Germany) at 1 pg/mL,
CpG (InvivoGen) at 2 pg/mL, Dermatophagoides pteronyssinus
group 1 (Der p1) at 10 pg/mL (Prospec, East Brunswick, NJ, USA),
1,25VD3 at 100 nM (MedChemExpress, NJ, USA), or 25VD3 at 100
nM (MedChemExpress) in BEBM free of steroids for 6, 24 or 48
hours®. After treatment, HNECs were harvested for quantitative
RT-PCR assay or RNA sequencing analysis. Culture supernatants
and cell lysates were collected for ELISA and western blotting,
respectively.

In some experiments, when assessing the differences among
the control, eosinophilic CRSWNP, and noneosinophilic CRSWNP
groups, HNECs scraped from different study groups were cultu-
red submerged to maintain the disease-specific expression pat-
tern of CYP27B1. For submerged culture, HNECs were cultured

in BEBM (Lonza) in 6-well plates pre-coated with rat tail collagen
type | (Sigma-Aldrich) in a 5% CO,-humidified atmosphere at
37°C as previously described”. When submerge cultured HNECs
reached 80% confluence, cells were treated with 25VD3 (100 nM,
MedChemExpress). After 24-hour treatment, culture superna-
tants were collected for ELISA. For luciferase report experiments,
HNECs from control subjects were submerged cultured.

For the siRNA transfection experiments, HNECs were cultured
with an ALI method. At the 14th, 17th and 21th day of differenti-
ation, the HNECs maintained in ALI culture were pretreated with
epidermal growth factor (100 pg/mL, Sigma-Aldrich), a known
enhancer of macropinocytosis, for 15 minutes and then were
transfected with CYP27B1 siRNA (siCYP27B1, 100 nM; RiBo Bio-
technology, Guangzhou, China) or the corresponding negative
control siRNA (siNC, 100 nM) by using Lipofectamine 3000 trans-
fection agent (Thermo Fisher Scientific) under the manufactu-
rer's instruction for 24 hours. After 24-hour recovery period, the
medium was refreshed, and the cells were treated with 25VD3
(100 nM, MedChemExpress). After 24-hour or 48-hour treatment,
HNECs were harvested for quantitative RT-PCR assay and culture
supernatants were collected for ELISA. The sense sequence are
as follows: CYP27B1 siRNA, 5'-ACCCTGAACAACGTAGTCT-3; and
scrambled siRNA was used as negative control (siNC).

Promoter-luciferase reporter construct and luciferase assay
Putative VDR-binding elements on the IL36G promoter were

analytically anticipated employing the JASPAR database (http://
jaspar.binf.ku.dk/). DNA fragments containing wild-type and
mutated VDR binding sites of /L36G promoter were generated
by PCR and were cloned into firefly luciferase reporter con-
structs (pGL3 vector; Promega, Madison, WI, USA). The four
mutated constructs included IL36G pGL3-MUT1 (-1683 to -1676
site), IL36G pGL3-MUT2 (-873 to -866 site), IL36G pGL3-MUT3
(-814 to -807 site), and IL36G pGL3-MUT4 (-292 to -285 site). For
luciferase report experiments, HNECs from control subjects were
submerged cultured and transfected with the VDR overexpres-
sion plasmid, pcVDR (GenBank accession no.NM_000376.3; 2
Mg, Qijing Biological Technology, Wuhan, China), and its control
plasmid pcDNA3.1 (Qijing Biological Technology) using Lipofec-
tamine 3000 transfection agent (Thermo Fisher Scientific) under
the manufacturer’s instruction for 24 hours and subsequently
transfected with the wild-type or mutated constructs (1 pug per
well, Qijing Biological Technology) together with the renilla
luciferase plasmid (200 ng per well, Qijing Biological Techno-
logy). Twenty-four hours later, cell lysates were harvested by
passive lysis buffer (Promega) and the luciferase activity was
measured and analyzed using a dual luciferase reporter assay kit
(Promega).

Ex vivo polyp explant culture

NP tissues from 5 patients with eosinophilic CRSWNP and 5
patients with noneosinophilic CRSWNP were obtained during
surgery and cut into multiple samples of approximately 6 mm3
for tissue culture as described previously?'22. Briefly, sections

of tissue were placed on 0.4 um well inserts (Millipore Corp) in

2 mL of Dulbecco modified Eagle medium/F-12 (Thermo Fisher
Scientific) supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin (Invitrogen)©?®. The tis-
sues were oriented with the epithelium being exposed to the air,
forming an air-liquid interface to mimic the in vivo situation. Tis-
sues were incubated in the absence or presence of 1,25VD3 (100
nM, MedChemExpress), 25VD3 (100 nM, MedChemExpress), and
dexamethasone (10-¢ M, USBiological, Swampscott, MA, USA).
NP explants were cultured at 37°C with 5% CO, in humidified

air for 24 or 48 hours. After stimulation, tissue explants and cell
culture supernatants were harvested and subjected to quantita-
tive RT-PCR and ELISA, respectively.

RNA sequencing

HNECs obtained from 3 control patients were cultured with ALI
and treated with or without 1,25VD3 (100 nM, MedChemEx-
press) for 6 hours. After culture, total RNA was extracted from
cells using TRIzol (TaKaRa Biotechnology), with 5 pug of RNA per
sample used as input material for the RNA sample preparation.
RNA integrity and concentration were assessed with an Agilent
2100 Bioanalyzer and an RNA Nano 6000 Assay Kit (Agilent Tech-
nologies, Santa Clara, CA, USA). Sequencing libraries were gene-
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rated according to the manufacturer’s protocol with index codes
appended to attribute sequences to each sample. Briefly, mRNA
was purified from total RNA using poly-T oligo-attached magne-
tic beads. Fragmentation was carried out using divalent cations
under elevated temperature by using NEBNext RNA Library

Prep Kit (NEB). First strand cDNA was synthesized using random
hexamer primer and RNase H, followed by the synthesis of the
second strand cDNA. The library fragments were purified with
QiaQuick PCR kits (QIAGEN, Duesseldorf, Germany) and eluted
with EB buffer. Subsequently, the terminal repair, A-tailing, and
adapter adding were implemented and the desired products
were retrieved, which were subjected to PCR amplification. The
library quality was evaluated by an Agilent 2100 Bioanalyzer sys-
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tem (Agilent Technologies) and the final library products were
deeply sequenced on an Illumina NovaSeq6000 S4 platform
with 150 bp paired-end reads by Annoroad Gene Technology
(Beijing). In order to analyze differential gene expression, the
fragments count of unambiguous clean tags for each gene was
calculated by using FPKM (Fragments per Kilobase of transcript
per Millon Mapped Fragments) method?¥. The DESeq R package
(v1.18.0) software was used to analyze the differential gene
expression between two groups. Genes with P-value < 0.05 and
fold-change > 1.5 between two groups were considered signifi-
cantly different. The RNA-Seq primary data have been submitted
to the NCBI repository SRA (Bioproject accession: PRINA889463).
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Figure S1. CYP27B1 expression in infiltrating immune cells in nasal polyps. Double immunofluorescence staining of nasal polyp tissue sections dem-
onstrates that CYP27B1 is expressed by CD3* T cells, CD11c* dendritic cells, CD20* B cells, CD68* macrophages, MPO* neutrophils, CD138* plasma
cells, and weakly expressed by EPX* eosinophils, but not by tryptase* mast cells in nasal polyps. Representative photomicrographs are shown (origi-
nal magnification x 400). Scale bar, 100 um. The below images show higher magnification of the outlined area. Arrows indicate the representative
positive cells. CYP27B1, cytochrome P450 family 27 subfamily B member 1; EPX, eosinophil peroxidase; MPO, myeloperoxidase; DAPI, 4'6-diamidino-
2-phenylindole dihydrochloride.
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Figure S2. The transfection efficiency of siCYP27B1 in HNECs. HNECs from control subjects were cultured with an air-liquid interface method and
transfected with siCYP27B1 or control siRNA (siNC) (n = 5). The transfection efficiency of siCYP27B1 was confirmed at mRNA (A) and protein (B) expres-
sion levels by RT-PCR and western blotting, respectively. Representative blots are shown. **P < 0.01. CYP27B1, cytochrome P450 family 27 subfamily B

member 1.
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Figure S3. VDR expression in infiltrating immune cells in nasal polyps. Double immunofluorescence staining of nasal polyp tissue sections demon-
strates that VDR is expressed by CD3* T cells, CD11c* dendritic cells, CD20* B cells, CD68* macrophages, MPO* neutrophils, CD138* plasma cells, and
weakly expressed by EPX* eosinophils and tryptase® mast cells in nasal polyps. Representative photomicrographs are shown (original magnification
% 400). Scale bar, 100 um. The below images show higher magnification of the outlined area. Arrows indicate the representative positive cells. VDR,

vitamin D receptor; EPX, eosinophil peroxidase; MPO, myeloperoxidase; DAPI, 4'6-diamidino-2-phenylindole dihydrochloride.
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Figure S4. IL-36y expression and eosinophil and neutrophil infiltration in nasal polyps. (A) The mRNA and protein levels of IL-36y in nasal tissues in
different study groups as detected by quantitative RT-PCR and ELISA, respectively. (B and C) Immunofluorescence staining (left) and quantifica-

tion (right) of MPO* neutrophils (B) and MBP* eosinophils (C) in sinonasal mucosa (original magnification x 400). Scale bar, 100 um. ***P < 0.001.
CRSWNP, chronic rhinosinusitis with nasal polyps; Eos, eosinophilic; Non-Eos, noneosinophilic; MPO, myeloperoxidase; MBP, major basic protein; DAPI,

4'6-diamidino-2-phenylindole dihydrochloride.

A B

- VDR
[
3 3000 -
s Control VDR
g 2500 plasmid plasmid
£ 2000 VDR W <«— 48KDa
(3
2
§ 1500
- 2 .
< (1)] — - B-actin |G | <— 42KDa
E Control VDR
plasmid plasmid
(n=5) (n=5)

Figure S5.The transfection efficiency of VDR overexpression plasmid in HNECs. HNECs from control subjects were cultured submerged and transfect-
ed with the VDR overexpression plasmid pcVDR or control plasmid pcDNA3.1 (n = 5). The transfection efficiency of VDR overexpression plasmid was
confirmed at mRNA (A) and protein (B) expression levels by RT-PCR and western blotting, respectively. Representative blots are shown. ***P < 0.001.

VDR, vitamin D receptor.
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Figure S6. IL-36y induction by inflammatory stimulus is suppressed by 1,25VD3 and 25VD3 in nasal epithelial cells. HNECs obtained from control

subjects were cultured with an air-liquid interface method (n = 5). (A and B) HNECs were stimulated with 1,25VD3 in the presence of poly (I:C), IL-17A,

IL-1B, or TNF-a.. IL-36y mRNA expression levels in HNECs and protein levels in culture supernatants were detected by RT-PCR (A) or ELISA (B), respec-
tively. C and D, HNECs were stimulated with 25VD3 in the presence of poly (I:C), IL-17A, IL-1f, or TNF-a.. IL-36y mRNA expression levels in HNECs and
protein levels in culture supernatants were detected by RT-PCR (C) and ELISA (D), respectively. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Table S1. The demographic characteristics of subjects.

Control Eos CRSWNP Non-Eos CRSWNP P value
Total subjects enrolled 75 70 67
Methodology used
Immunofluorescence
Subject number 18 35 32
Gender, male 12 (67%) 18 (51%) 23 (72%) 0.206
Age (years) 33(28,42) 46 (30, 54) 42 (28, 53) 0.110
Patients with atopy 0(0) 6 (17%) 4 (13%) 0.183
Patients with AR 1 (6%) 4 (11%) 1 (3%) 0.399
Patients with asthma 0(0) 2 (6%) 0(0) 0.510
RT-PCR and ELISA
Subject number 12 29 26
Gender, male 9 (75%) 17 (59%) 16 (62%) 0.607
Age (years) 33 (26, 45) 47 (30, 54) 46 (38, 54) 0.090
Patients with atopy 0(0) 5(17%) 2 (8%) 0.219
Patients with AR 0(0) 3 (10%) 1 (4%) 0.515
Patients with asthma 0(0) 2 (7%) 0(0) 0.659
Flow cytometry
Subject number 16 16 16
Gender, male 12 (75%) 11 (69%) 11 (69%) 0.904
Age (years) 39 (32, 46) 40 (37,48) 41 (34, 46) 0.668
Patients with atopy 1 (6%) 3(19%) 1 (6%) 0.409
Patients with AR 0(0) 2 (13%) 0(0) 0.319
Patients with asthma 0(0) 1 (6%) 0(0) 1.000
Western blot
Subject number 9 9 9
Gender, male 7 (78%) 6 (67%) 5 (56%) 0.607
Age (years) 35 (27, 46) 46 (35,55) 43 (33, 55) 0.276
Patients with atopy 0(0) 2(22%) 1(11%) 0.325
Patients with AR 0(0) 1(11%) 0(0) 1.000
Patients with asthma 0(0) 1(11%) 0(0) 1.000
Cell culture study
Subject number 32 5 5
Gender, male 23 (72%) 3 (60%) 3 (60%) 0.778
Age (years) 33 (27, 40) 42 (33,50) 46 (28, 56) 0.140
Patients with atopy 2 (6%) 1 (20%) 1 (20%) 0.236
Patients with AR 0 (0) 1(20%) 0(0) 0.238
Patients with asthma 0(0) 0(0) 0(0) =
Polyp explant culture study
Subject number - 5 5
Gender, male - 2 (40%) 3 (60%) 0.527
Age (years) - 40 (27,52) 46 (24, 51) 0.952
Patients with atopy - 1 (20%) 1 (20%) 1.000
Patients with AR - 0(0) 0(0) -
Patients with asthma - 0(0) 0(0) -

For continuous variables, results are expressed as medians and interquartile ranges. Categorical variables are summarized using percentage, and ana-

lyzed by Chi-square or Fisher’s exact test. CRSWNP, chronic rhinosinusitis with nasal polyps; AR, allergic rhinitis.
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Table S2. Primary antibodies used in immunofluorescence.

Antibody Species Concentration Clone ID Reference Source

VDR Rabbit 1:100 polyclonal GTX104615 GeneTex, Irvine, CA, USA
CYP27B1 Rabbit 1:100 ERP20271 Ab206655 Abcam, Cambridge, UK

MPO Mouse 1:100 2C7 Ab25989 Abcam

EPX Mouse 1:100 EPO104 NBP2-32844-0 Novus Biologicals, CO, USA

MBP Rabbit 1:100 polyclonal Ab187523 Abcam

CD3 Mouse 1:100 B1.1 TA320268 Zhongshan Golden Bridge Biotechnology, Beijing, China
CD11c Mouse 1:100 FK24 Ab23602 Abcam

CD68 Mouse 1:100 KP1 ZM-0060 Zhongshan Golden Bridge Biotechnology
CD20 Mouse 1:100 OTITH4 TA800394 Zhongshan Golden Bridge Biotechnology
CD138 Mouse 1:100 B-A38 Ab34164 Abcam

Tryptase Mouse 1:100 AA Ab2378 Abcam

VDR, vitamin D receptor; CYP27B1, cytochrome P450 family 27 subfamily B member 1; MBP, major basic protein; MPO, myeloperoxidase; EPX, eosino-

phil peroxidase.

Table S3. Secondary antibodies used in immunofluorescence staining.

Antibody Concentration Clone D Reference Source
IFKine™ Red donkey anti-rabbit IgG 1:100 polyclonal A24421 Abbkine Scientific Company, Wuhan, China
IFKine™ Green donkey anti-mouse IgG 1:100 polyclonal A24211 Abbkine
IFKine™ Red donkey anti-mouse IgG 1:100 polyclonal A24411 Abbkine

Table S4. Lower detection limits for ELISA assay

Target Detection limit Manufacturer

25VD3 1.5 ng/mL Ruixinbio, Quanzhou, China
1,25VD3 1.5 ng/mL Ruixinbio

IL-36y 18.75 pg/mL NeoBioscience, Shenzhen, China
IL-5 7.8 pg/mL Boster Biotechnology, Wuhan, China
IL-17A 31.3 pg/mL Boster Biotechnology

IFN-y 15.6 pg/mL Boster Biotechnology

IL: interleukin; IFN: interferon
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Table S5. Primers used for quantitative RT-PCR analysis.

Target Primer sequence Annealing temperature (°C) Expect product size (bp)
VDR (F)5'-TACGACCCCACCTACTCCG-3' 60 198
(R)5’-ACTCAGATCCAGATTGGAGAAGC-3’
CYP27B1 (F)5'-GGAACCCTGAACAACGTAGTC-3' 60 119
(R)5'-AGTCCGAACTTGTAAAATTCCCC-3"
CYP24A1 (F)5'-CGACTACCGCAAAGAAGGCTA-3’ 60 218
(R)5"-ACCATTTGTTCAGTTCGCTGT-3'
IL36G (F)5'-TAGGACCTCCACCCTTGAGTC-3' 60 76
(R)5"-AATGATGGGCTGGTCTCTCTT-3'
IL-5 (F)5'-CCCACAAGTGCATTGGTGAA -3’ 56 81
(R)5'-CCTCAGAGTCTCATTGGCTATCAG -3
IL-13 (F)5'-CCTCATGGCGCTTTTGTTGAC-3' 61 134
(R)5'- TCTGGTTCTGGGTGATGTTGA-3’
IL-17A (F)5'-TCCCACGAAATCCAGGATGC-3’ 62 75
(R)5’- GGATGTTCAGGTTGACCATCAC-3’
IFNG (F)5'-TCAGCTCTGCATCGTTTTGG -3’ 55 120
(R)5'-GTTCCATTATCCGCTACATCTGAA -3’
GUSB (F)5'-GACACGCTAGAGCATGAGGG-3’ 60 121

(R)5'-GGGTGAGTGTGTTGTTGATGG-3'

VDR, vitamin D receptor; CYP27B1, cytochrome P450 family 27 subfamily B member 1; IL, interleukin; IFN, interferon; GUSB, B-glucuronidase.

Table S6. Primary antibodies used in western blotting.

Antibody Species Concentration Clone ID Reference Source

VDR Rabbit 1:1000 polyclonal GTX104615 GeneTex, Irvine, CA, USA
CYP27B1 Rabbit 1:1000 ERP20271 Ab206655 Abcam, Cambridge, UK
B-actin Rabbit 1:1000 polyclonal GB11001 Servicebio, Wuhan, China

VDR, vitamin D receptor; CYP27B1, cytochrome P450 family 27 subfamily B member 1.

Table S7. Antibodies used in flow cytometry.

Antigen-Fluorophore Manufacturer Clone ID Isotype Dilution
CD45-BV421 Biolegend San Diego, CA, USA HI30 Mouse 19G1, k 1:100
CD326-APC Biolegend 9C4 Mouse 19G2b, k 1:100
VDR Abcam, Cambridge, UK polyclonal Rabbit 19G 1 pg/mL
CYP27B1 Abcam ERP20271 Rabbit 19G 1 pg/mL
Anti-rabbit IgG-FITC Biolegend polyclonal Donkey 1gG(H+L) 1:200

VDR, vitamin D receptor; CYP27B1, cytochrome P450 family 27 subfamily B member 1.
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