Cigarette smoke exposure is associated with vitamin D3
deficiencies in patients with chronic rhinosinusitis
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Background: Cigarette smoke (CS) plays a role in the
exacerbation of chronic rhinosinusitis (CRS); however, the
mechanism for this is unknown. We hypothesize that CS impairs
human sinonasal epithelial cell (HSNEC) conversion of 25(OH)
D3 (25VD3) to 1,25-dihydroxyvitamin D3 (1,25VD3) and,
furthermore, that supplementation with 1,25VD3 will reverse
smoke-induced inflammatory responses by HSNECs.
Objective: We sought to determine the effect of CS on vitamin
D3 (VD3) levels, conversion, and regulation of CS-induced
inflammation in control subjects and patients with CRS.
Methods: Blood and sinus tissue explants were collected at the
time of surgery from control subjects, patients with chronic
rhinosinusitis without nasal polyps, and patients with chronic
sinusitis with nasal polyps (CRSwNP). Expression of VD3
metabolizing enzymes were measured by using RT-PCR.
Primary HSNECs were cultured from tissue explants. 25VD3
with and without cigarette smoke extract (CSE) was used to
examine conversion of 25VD3 to 1,25VD3, as well as HSNEC
production of proinflammatory cytokines.

Results: CS exposure was associated with reduced circulating
and sinonasal 25VD3 levels in all groups compared with those
seen in CS-naive, disease-matched counterparts. CS exposure
decreased expression of CYP27B1 and was especially
pronounced in patients with CRSwNP. CSE impairs control
HSNEC conversion of 25VD3. HSNECs from patients with
CRSwNP also demonstrate an intrinsic reduction in conversion
of 25VD3 to 1,25VD3. Exogenous 1,25VD3 reduces
CSE-induced cytokine production by HSNECs.

Conclusions: Exposure to CS is associated with reduced 25VD3
levels and an impaired ability of HSNECs to convert 25VD3 to
1,25VD3. Addition of 1,25VD3 reduces the proinflammatory
effects of CS on HSNECs. Impaired VD3 conversion by CS
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exposure represents a novel mechanism through which CS
induces its proinflammatory effects. (J Allergy Clin Immunol
2014;umN; NNN-EEN, )
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Chronic rhinosinusitis (CRS) is a health condition character-
ized by diffuse inflammation of the sinonasal mucosa and is
composed of a variety of clinical phenotypes. Patients with
chronic rhinosinusitis without nasal polyps (CRSsNP) have
increased levels of Tyl and Ty2 mediators, resulting in a mixed
neutrophilic and eosinophilic infiltrate.' Chronic rhinosinusitis
with nasal polyps (CRSwWNP) is the most difficult form of the
disease to treat and displays a Ty2-skewed immune phenotype
similar to that of asthmatic patients, including increased mast
cell and eosinophil numbers.”” Although the exact cause of the
inflammation associated with CRS is unknown, it is thought to
be the result of numerous interactions between environmental
factors and intrinsic alterations in the host immune system.

Active smoking and environmental tobacco smoke (ETS)
exposure have been shown to cause or exacerbate numerous
diseases of the upper and lower airways, including CRS.*”
Exposure to ETS during childhood and adulthood has been
identified as a risk factor for the development of a number of
respiratory diseases, including CRS.'""” In the upper airway,
cigarette smoke (CS) has been shown to induce nasal irritation
and congestion, as well as increased nasal obstruction. Lastly,
in vitro studies have shown that cigarette smoke extract
(CSE)-treated human sinonasal epithelial cells (HSNECs)
produce a robust inflammatory response demonstrated by a
significant increase in proinflammatory cytokine levels.'*"”
Although CS-induced respiratory inflammation is becoming
more widely accepted, the mechanism through which CS
exacerbates CRS is unclear.

Vitamin D3 (VD3) is a potent steroid hormone involved in the
regulation of calcium homeostasis; antibacterial products, such as
cathelicidin; and inflammatory cell processes. VD3 regulates a
variety of cell types, including epithelial cells, dendritic cells
(DCs), monocytes, macrophages, and T cells, and has been shown
to promote immune tolerance in a number of contexts.'®*’ For
example, it has been demonstrated that 1a,25-dihydroxyvitamin
D3 (1,25VD3) diminishes DC stimulation of Tyxl/Ty2
differentiation by blocking monocyte to DC differentiation and
maturation”’** and also recruits regulatory T cells, which
produce the anti-inflammatory cytokine IL-10.%*

VD3 synthesis begins in the skin, where pro-VD3 is
converted to pre-VD3. After binding to vitamin D binding
protein, it is transported to the liver and converted to
25-hydroxycholecalciferol (25VD3).”” Originally it was thought
that conversion of 25VD3 to the active metabolite, 1,25VD3, by
la-hydroxylase occurred in the kidneys.2° However, a number
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Abbreviations used
BEGM: Basal epithelial cell growth medium
CRS: Chronic rhinosinusitis
CRSsNP: Chronic rhinosinusitis without nasal polyps
CRSwNP: Chronic rhinosinusitis with nasal polyps
CS: Cigarette smoke
CSE: Cigarette smoke extract
C;: Cycle threshold
DC: Dendritic cell
ETS: Environmental tobacco smoke
HSNEC: Human sinonasal epithelial cell
VD3: Vitamin D3
1,25VD3: 1w,25-Dihydroxyvitamin D3
25VD3: 25-Hydroxycholecalciferol
VDR: Vitamin D receptor

of reports have shown that other peripheral tissues, including
respiratory epithelial cells, contain la-hydroxylase®’ and can
serve as a source of 1,25VD3.

Increasing evidence suggests that VD3 plays an important role
in respiratory health. For instance, higher 25VD3 levels were
associated with reduced likelihood for being hospitalized
for asthma-related complications and reduced use of anti-
inflammatory medications.”® Serum 25VD3 levels have been
shown to be inversely associated with the occurrence of upper
respiratory tract infections, and this association was even stronger
in those with asthma or chronic obstructive pulmonary disease.”’
In the upper airway we have previously reported that patients with
CRSwNP have systemic 25VD3 deficiencies that are independent
of age, race, sex, and asthma. Additionally, VD3 deficiency was
associated with more severe bone erosion and increased DC
infiltrates in patients with CRSwNP.***! However, what is still
unidentified is whether intrinsic changes in local VD3 regulation
are associated with CRS or whether extrinsic insults, such as CS,
alter VD3 regulation. In these studies, we explored the
relationship between CS exposure and regulation of VD3
metabolism in patient with CRS. As we report here, CS exposure
is associated with reduced circulating and tissue levels
of 25VD3 and impaired VD3 conversion of 25VD3 to
1,25VD3. Furthermore, addition of exogenous 1,25VD3 reverses
smoke-induced inflammation by HSNECs.

METHODS

Patients

The Institutional Review Board at the Medical University of South
Carolina approved these studies, and written informed consent was obtained
for all patients. Blood, hair, and sinus tissue were taken at the time of
endoscopic sinus surgery. Inclusion criteria include patients with CRSsNP and
those with CRSWNP who met the diagnostic criteria outlined by the European
Position Paper on Rhinosinusitis and Nasal Polyps 2012.%> Control subjects
were undergoing surgery for cerebrospinal fluid leak repair or to remove
non-hormone-secreting pituitary tumors. Disease severity was assessed by
using the Lund-Mackay radiologic staging system™ for patients with available
computed tomographic scans. Scores were assigned by 2 blinded graders and
then averaged to yield a mean score for each patient.

Exclusion criteria include use of oral steroids or immunomodulatory agents
within the preceding 30 days; use of vitamin D supplements other than
standard multivitamins; other immunologic (eg, rheumatoid arthritis,
immunodeficiency, cystic fibrosis, ciliary dyskinesia, and malabsorption),
renal, gastrointestinal, endocrine, or skeletal disorders; and pregnancy.
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Smoking status determination

CS-exposed patients included active smokers and those with ETS exposure.
Self-reported smoking status was obtained at the time of surgery and recorded
in the preoperative medical records. Hair samples were analyzed for nicotine
at the Wellington Hospital Laboratory in Newton, New Zealand, by using
methods previously described.”* One centimeter of hair provides a mean
exposure over the previous month and is less vulnerable to day-to-day
fluctuations in environmental exposures than other measures, such as urinary
or serum cotinine. Patients were classified as (1) smoke naive (ie, those
without ETS exposure and hair nicotine <2 ng/mg); (2) ETS exposed (ie, those
with a hair nicotine level of 2-30 ng/mg); or (3) active smokers (ie, those with
hair nicotine levels of >30 ng/mg, those who admitted to actively smoking, or
both).*> Admitted former smokers were excluded.

Tissue processing and HSNEC line establishment

Sinus tissue explants were returned immediately to the laboratory for
processing on ice. Samples to be used for RT-PCR and tissue homogenate
analysis were snap-frozen and stored in RNAlater at —80°C until use.
Tissue lysates were prepared, as described previously.”® The total protein
concentration of each sample was determined by using a bicinchoninic acid
assay (Thermo Scientific, Waltham, Mass).

Samples used to generate primary HSNEC lines were processed, as
previously described.”’ Briefly, tissue explants were minced with a scalpel
and then digested in Pronase (Sigma-Aldrich, St Louis, Mo) for 90 minutes
at 37°C. Cell suspensions were then passed over a 70-pwm cell strainer and
washed in PBS. Cells were plated for 2 hours on standard tissue culture—
treated plates to remove contaminating fibroblasts that adhere faster than
HSNECs and then cultured with basal epithelial cell growth medium
(BEGM). Cells were expanded for 5 to 7 days on collagen IV—coated
75-cm?® dishes. Subconfluent HSNECs were trypsinized and reseeded on
human collagen type IV—coated, 6-well tissue-culture dishes. Cell purity
was confirmed by means of flow cytometry with positive immunostaining
for the epithelial cell marker MUCI1 (>95%) and negative immunostaining
(<2%) for the fibroblast marker FSP. All cells were used at passage 2.

Blood processing

Peripheral blood was collected at the time of intravenous line placement
and processed, as previously described.’ Briefly, blood was collected in
vacutainers containing K2EDTA. Blood was centrifuged at 500g, and then
plasma was collected and stored at —80°C.

RNA isolation and RT-PCR analysis

An RNeasy Plus Kit (Qiagen, Hilden, Germany) was used to isolate RNA
and eliminate genomic DNA. All tissue was processed according to the
manufacturer’s instructions. RT-PCR analysis was conducted by using the RT?
Profiler Array System (SABiosciences, Valencia, Calif) for the following
genes: GC (VD3 binding protein), CYP2RI (vitamin D 25-hydroxylase),
vitamin D receptor (VDR), and CYP27BI1 (1-a hydroxylase). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used for data normalization.
Execution of the array was conducted with a Mastercycler ep realplex PCR
system (Eppendorf AG, Hauppauge, NY). For RT-PCR analysis, A cycle
threshold (AC,) values from 5 control subjects were averaged together and
then used to calculate AAC; values for individual noncontrol patients. Fold
change was calculated from 224V, Fold change values of less than 1
were then calculated by using the negative inverse and reported as fold
downregulation.

Measurement of VD3 levels

Plasma and tissue 25VD3 and 1,25VD3 levels were measured by using an
enzyme immunoassay (Immunodiagnostic Systems, Fountain Hills, Ariz),
according to the manufacturer’s instructions. 25VD3 insufficiency was
defined as less than 32 ng/mL.*®*" Assay detection limits were 2.4 to
200 pg/mL and 5 to 152 ng/mL for 1,25VD3 and 25VD3, respectively.
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CYP27B1 analysis in tissue explants and HSNECs by

means of immunostaining

Single-cell suspension of sinonasal tissue explants was prepared, as
previously described.*’ FeylIl/III receptors were blocked with Human FC
Block (eBioscience, San Diego, Calif) and 10% BSA for 5 minutes. HSNECs
were then incubated with the Fixation/Permeabilization kit from eBioscience,
blocked again with Human FC Block, and stained with the following
antibodies at the concentrations recommended by the manufacturer:
anti-CYP27B1 Antibody (Abgent, San Diego, Calif) and F(ab’), Donkey
Anti-Rabbit IgG PE (eBioscience). The cells were analyzed with a
Guava 8HT flow and analyzed with FCS Express 4.0. Dead -cells
(7-aminoactinomycin D positive) were excluded from the final data analysis.

HSNEC treatments

HSNECs were treated with vehicle (BEGM) or indicated doses of 25VD3
or 1,25VD3 diluted in BEGM. 25VD3 dosing was based on previous reports
for conversion of bronchial epithelial cells.”” CSE was generated by bubbling
the CS from two 3R4F research-grade cigarettes through 25 mL of BEGM
with a smoking apparatus.*> CSE was passed through a 0.22-wm filter and
then diluted in BEGM to a final concentration of 10% similar to previously
described results.*’ For HSNEC treatments with CSE, CSE was added to
media containing 25VD3 or 1,25VD3 and immediately added to cells and
allowed to incubate concurrently for 24 hours. Twenty-four hours after initial
treatment, supernatants were collected and immediately assessed for the
presence of 1,25VD3. Protein levels for IL-6, IL-8 (BD Biosciences,
San Jose, Calif), and CCL20 (R&D Systems, Minneapolis, Minn) were
measured by using ELISA. All doses of CSE and 1,25VD3 used were
confirmed not to induce cell death, as determined by using the MTS Cell
Viability Assay (Promega, Madison, Wis).

Statistical analysis

Statistical analysis was conducted with GraphPad Prism 6.0 software
(GraphPad Software, La Jolla, Calif). A D’ Agostino and Pearson omnibus test
was used to determine whether data sets were normally distributed. For data in
which all groups were normally distributed, a 1-way ANOVA with the post hoc
unpaired Student 7 test was used. For analysis in which all data sets were not
normally distributed (including RT-PCR analysis), a Mann-Whitney test was
used to determine statistically significant differences between indicated
groups.

Spearman correlation analysis was used to determine whether a significant
correlation existed between patient-matched tissue and plasma 25VD3 levels.

RESULTS
CS exposure is associated with decreased
circulating and sinonasal tissue 25VD3 levels

To determine the effect of CS on systemic VD3 levels, we
measured plasma 25VD3 levels in smoke-naive and CS-exposed
control subjects, patients with CRSsNP, and patients with
CRSwNP (demographics are summarized in Table I). Consistent
with our previous reports,m‘}' patients with CRSwWNP were VD3
deficient (Fig 1, A) and had reduced plasma 25VD3 levels
compared with those in control subjects (P = .0001) or patients
with CRSsNP (P <.0001). Exposure to CS was associated with
decreased 25VD3 levels when comparing smoke-naive with
CS-exposed patients in all 3 diagnostic groups. There was no
significant difference in 25VD3 levels between ETS-exposed
versus active smokers in any of the diagnostic groups (data not
shown).

We next examined sinonasal tissue lysates for 25VD3 levels to
determine whether systemic measures of 25VD3 were reflective
of local tissue levels. Similar to plasma results, we observed
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CRSwNP lysates had reduced 25VD3 levels compared with
those seen in control subjects (P = .0145) and patients with
CRSsNP (P = .0381; Fig 1, B). In all groups examined, tissue
25VD3 levels were reduced in those with CS exposure compared
with their smoke-naive, cohort-matched counterparts. Lastly, a
positive correlation was observed between plasma and tissue
25VD3 levels (Fig 1, C). Together, these results demonstrate
that CS exposure is associated with reduced circulating and
tissue 25VD3 levels in all patient groups and that CS exposure
exacerbates existing 25VD3 deficiencies in patients with
CRSwNP.

CS exposure is associated with downregulation of
select VD3 genes in the sinus mucosa

Next, we examined the effect of CS exposure on sinonasal
expression of a number of VD3 regulatory genes using RT-PCR.
GC, CYP2R, and VDR expression did not yield any changes
greater than 2-fold when examining the effect of either
disease or CS exposure (data not shown). However, CYP27BI
demonstrated differences in gene expression based on both
disease status and CS exposure.

CYP27BI is the gene that codes for 25-hydroxyvitamin D3
1-a-hydroxylase, which is responsible for the conversion of
25VD3 to 1,25VD3. When examining the effect of disease state,
smoke-naive patients with CRSsNP had a 2.0-fold downregula-
tion in CYP27B1 expression compared to control. Smoke-naive
patients with CRSwNP had an even greater 4.583-fold
downregulation of CYP27B]1 expression, which was significantly
lower than that seen in patients with CRSsNP (P = .04, Fig 2).
When examining the effect of CS exposure, this was associated
with downregulation of CYP27BI expression in all diagnostic
groups. The control group with CS exposure and the patients
with CRSsNP with CS exposure were associated with downregu-
lation of CYP27B1 expression of —3.63-fold and —3.87-fold,
respectively. In patients with CRSwWNP, CS exposure was
associated with a downregulation of CYP27BI expression by
—9.83-fold. This expression was greater than that seen in
smoke-naive patients with CRSwNP (P = .025). Ex vivo analysis
of CYP27BI sinonasal tissue explant protein levels also
demonstrated that CYP27B1 expression was downregulated in
patients with CRSwWNP compared with that seen in control
subjects (P = .02) or patients with CRSsNP (P = .009; see
Fig E1, A, in this article’s Online Repository at www.jacionline.
org). Furthermore, a significant downregulation of epithelial
cell-specific CYP27BI expression was observed in sinonasal
epithelial cells from patients with CRSWNP compared with those
from control subjects (P =.02) or patients with CRSsNP (P =.03;
see Fig E1, B).

Epithelial cell conversion of 25VD3 to 1,25VD3 is
reduced in patients with CRSwWNP and in the
presence of CS

Next, we investigated the influence of CS on HSNEC
metabolism of 25VD3. Primary HSNECs from smoke-naive
control subjects were treated with varying doses of 25VD3 with
or without 10% CSE for 24 hours. In cells treated with vehicle
control (BEGM) or 10% CSE alone, less than 1.5 pg/mL 1,25VD3
was detected (Fig 3, A). A dose-dependent increase in 1,25VD3
levels was measured in supernatants from cells treated with
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TABLE I. Demographics for patients shown in Fig 1
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No. 25VD3 (ng/mL) Race Sex (% male) Age(y) Computed tomographic score ETS (%); active (%)
Plasma 25VD3
Control group 12 46.6 = 16.18 W, 8; AA,3;H,0;0, 1 67 48 = 19 2+3 0;0
CRSsNP group 14 4755 £1793 C,13; AA,0;H, 1;0,0 36 49 + 20 5*+4 0; 0
CRSwWNP group 30 27.53 £ 12.04 C,21;AA,6;H,0;0,3 70 38 + 17 16 £ 6 0; 0
Control-CS group 9 2532 %2099 C,4;AA 5 H 0,0,0 33 44 + 13 1+1 22,78
CRSsNP-CS group 26 27.54 = 1452 C,25;AA, 1;H,0;0,0 54 38 + 17 6*4 46; 54
CRSWNP-CS group 15 1893 =9.16 C,7; AA, 8, H,0;0,0 67 39 + 23 10 £ 4 53; 47
Lysate 25VD3
Control group 7 7.13 £ 2.58 C,5,AA, 1; H, 0; O, 1 71 47 £ 20 NA 0;0
CRSsNP group 8 6.69 = 2.60 C,8,AA,0;H, 0;0,0 25 60 = 11 3+2 0;0
CRSwNP group 14 480 =144 C,9;AA,5,H,0,0,0 79 41 * 22 17 £ 9 0;0
Control-CS group 4 2.03 = 0.66 C,3;AA, 1; H,0; 0,0 50 45 = 20 0x0 50; 50
CRSsNP-CS group 10 243 £ 2.29 C, 10; AA,0; H, 0; O, 0 50 48 + 15 9+4 60; 40
CRSwWNP-CS group 15 236 = 1.05 C,6;AA, 9, H,0,0,0 60 34 + 22 11 £5 47, 53

Values are averages = SDs.

AA, African American; CS, cigarette smoke exposure (active + ETS); ETS, environmental tobacco smoke exposure; H, Hispanic; NA, not applicable; O, other; W, white.

i p=0.0053 p=0.0013 15
= 89 ° L ® € p=0.0061 p=0.0021
[
£ 70 L ® p=0.0268 K = o
260 ©° *eee S e ol
S50 °4 A 5 s A . A p<0.0001
g o g e Ebl,
> 40| A0 . 28 |-ee o0 o
« ® (d % ° ° o PN ° o
S 30 @ ® v.“ .......... o E 5 oo A
ERCE R B 2 - I R s o
£ ° £
2 10 faue Age ot o o
0 L 35 0 o 0 o 7.y
o Y] o n [-* 0 s Y =z Y = U
= At N v < Y < = VA o 2 a
€ S A g 2 a o o & z a z
S e o =z a =z v = U a & E
v v g & S £ ] 3
A U
S o a S &
V) ] &
C
10
8= p=0.0024
> A o r=0.7030
P A
2 % 61 e ©
%8 o °
_>|‘ o 4
g & A ?
=) @
nE D A o
0
0 10 20 30 40 50 60

Plasma 25VD; (ng/ml)

FIG 1. Circulating and tissue levels of 25VD3 are reduced with CS exposure. A and B, CS exposure is
associated with lower 25VD3 levels in plasma (Fig 1, A) and sinonasal tissues (Fig 1, B). Statistics shown
are for the Mann-Whitney test between indicated diagnostic groups. C, Pearson correlation analysis with
patient-matched plasma and sinonasal tissue 25VD3 levels. O, White; A, African American; ¢, other.

25VD3 (P < .05 for each dose vs control). Addition of CSE
reduced detectable levels of 1,25VD3, suggesting that CSE
impaired HSNEC conversion of 25VD3 to 1,25VD3.

Given the disease-specific variations in CYP27BI in the
absence of CS exposure (Fig 2), we then investigated the
ability of HSNECs from various CRS groups to convert VD3
(Fig 3, B). All patient groups demonstrated conversion of
25VD3 to 1,25VD3 (P < .007 for each diseased-matched
comparison). However, HSNECs from patients with CRSwNP
demonstrated an impaired ability to convert 25VD3 and had

significantly lower 1,25VD3 levels compared with those seen
in control subjects (P = .02) or patients with CRSsNP
(P = .03), demonstrating intrinsic disease-specific impairment
of 25VD3 metabolism. Exposure of HSNECs from different
patient cohorts to CSE resulted in significantly reduced
detection of 1,25VD3 in all 3 patient groups compared with
that seen in vehicle-treated samples. Further analysis of
HSNEC CYP27B1 expression supported this observation,
demonstrating reduced expression of CYP27BI after CSE
exposure (Fig 4).
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FIG 2. Sinonasal tissue expression of CYP27B1 and CS exposure. RT-PCR
analysis of sinonasal mucosa for CYP27B1 was performed. *P < .05 versus
smoke-naive, disease-matched subjects. #P < .05 versus the CRSsNP group.
**P< .05 versus the control-CS or CRSsNP-CS groups. Control group, n = 5;
CRSsNP group, n = 6; CRSwWNP group, n = 6; Control-CS group, n = 5;
CRSsNP-CS group, n = 8; CRSWNP-CS group, n = 10.

An alternative mechanism that was explored was whether CSE
was directly degrading 25VD3 or 1,25VD3. To test this, 50 pg/mL
of either 1,25VD3 or 25VD3 was added to FBS-supplemented
BEGM with or without 10% CSE. Both 25VD3 and 1,25VD3
components were measured by using ELISA, and there was no
significant difference between samples with or without CSE (data
not shown). This supports that the mechanism of smoke-impaired
local 25VD3 metabolism is the result of failed HSNEC
conversion and not by degradation of 25VD3 or 1,25VD3 directly
by CSE.

1,25VD3 blocks CSE-induced proinflammatory
cytokine production by HSNECs

Given our findings that smoke impairs 25VD3 conversion to
1,25VD3, we tested the ability of exogenous 1,25VD3 to inhibit
CSE-induced cytokine production by HSNECs. Control HSNECs
were treated concurrently with either CSE, 50 pg/mL 1,25VD3, or
a combination. As shown in Fig 5, CSE induced a significant
increase in IL-6, IL-8, and CCL20 production versus that seen
in control subjects (P < .01 for each analyte). Exogenous
1,25VD3 inhibited CSE-induced changes in all measured
analytes compared with CSE-treated control subjects (P <.008
vs CSE treatment). Collectively, these results suggest that
addition of exogenous 1,25VD3 can reduce the proinflammatory
effects of CSE on HSNECs.

DISCUSSION

In this study we examined the effect of CS on systemic 25VD3
levels and its local metabolism in control subjects and patients
with CRS. Previously, we reported that patients with CRSWNP
were systemically VD3 deficient, as determined by using ELISA
and liquid chromatography/tandem mass spectrometry3()‘3 L
comparison of these results found no statistically significant
difference between data obtained with either method. Here we
determined that CS exposure exacerbates local and systemic
VD3 deficiencies in patients with CRSwWNP. These effects were
not limited to patients with CRSwWNP because control subjects
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and patients with CRSsNP who were CS exposed had reduced
25VD3 levels systemically and locally as well. We also examined
the effect of CS on sinonasal tissue expression of a number of
VD3 regulatory genes. Although CRSwNP was associated with
a downregulation of CYP27B1 expression even in smoke-naive
patients, CS exposure was associated with an increased
downregulation of CYP27BI gene expression in all diagnostic
groups. A significant portion of our focus centered around the
effect of CSE on HSNEC regulation of VD3. Both CRSwNP
and exposure to CSE were found to result in reduced conversion
of VD3 by HSNEC:s. Lastly, addition of 1,25VD3 to HSNECs was
able to rescue CSE-induced inflammation.

CS has been shown to have a potent effect on airway epithelial
cell functions. A number of reports have shown that CSE induces
the production of a large number of proinflammatory factors,
including complement components IL-6, IL-8, and a broad range
of chemokines.'>*® Although the inflammatory effects of
smoke are well known, as is the anti-inflammatory nature of
VD3, the relationship between these 2 in patients with CRS has
been largely unreported. Therefore we explored the ability of
exogenous 1,25VD3 to overcome inflammation induced by
CSE. Here we report the novel finding that CS exposure
profoundly affects 25VD3 conversion to 1,25VD3 and that
exogenous 1,25VD3 can block CSE-induced inflammation.

A small but increasing number of reports suggest that a
relationship might exist between VD3 levels and CS. In a study
of more than 9000 subjects, 25VD3 deficiency was a risk factor
for the development of tobacco-related cancers.*” This report is
consistent with earlier data from the Normative Aging Study
showing that VD3 sufficiency is protective against lung damage
associated with smoking.** Murine studies have shown a
similar pattern, with VDR knockout mice prematurely having
emphysema,”” suggesting that VD3 might have a protective effect
against the inflammatory effects of smoke. In a study of 550
perimenopausal women, active smoking was associated with
lower serum 25VD3 and 1,25VD3 levels compared with those
in nonsmoking control subjects.’® Our results build on these
findings, demonstrating that exposure to ETS and active smoking
are associated with reductions in systemic and tissue 25VD3
levels in both control subjects and patients with CRS compared
with levels in their smoke-naive counterparts. A further decrease
in 25VD3 circulating levels was noted in ETS-exposed patients
with CRSwNP, who are already systemically deficient. However,
it is still unclear what is causing this exacerbation of 25VD3
deficiency in patients with CRSwWNP or in smoke-exposed
subjects.

Local analysis of CYP2RI, which codes for 25-hydroxylase,
did not show any differences based on smoke exposure or disease
state. Given that most 25VD3 is produced in the liver, lack of
changes in CYP2R] expression in the sinus mucosa is not entirely
surprising. We were also unable to detect any significant local
changes in VDR gene expression based on disease state or smoke
exposure. This observation is in contrast with other reports in
murine models. Agrawal et al’' reported that VDR expression
was reduced by inflammation or VD3 deficiency in a murine
allergic model. Based on this study, it would be anticipated that
VD3-deficient patients with CRSWNP would have reduced local
VDR expression; however, no differences were observed in this
human study.

One item of focus was the effect of disease state and smoke
exposure on CYP27BI1 expression. Patients with CRSwNP had
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nearly 5-fold downregulation of this gene, whereas patients with
CRSsNP had a more modest reduction. Exposure to CS in patients
with CRSwNP had a pronounced effect, with a nearly 10-fold
downregulation in CYP27B1 expression. Results were similar
yet less dramatic in patients with CRSsNP exposed to CS. In
addition to the effect of smoke, local 25VD3 metabolism is
affected by disease type. HSNECs from control subjects and
patients with CRSsNP are equally able to convert 25VD3 to
1,25VD3. The dosages and amounts of 1,25VD3 yielded were
similar to those reported with normal human bronchial epithelial
cells.”” 25VD3 conversion by HSNECs from patients with
CRSwWNP was significantly impaired compared with that seen
in control subjects or patients with CRSsNP. The inability to
find any 1,25VD3 in CSE-treated CRSwWNP supernatants is
consistent with CYP27BI sinus tissue results that demonstrated
a more robust effect of CS on patients with CRSwNP than control
subjects or patients with CRSsNP. These findings suggest a
possible mechanism in which the effect of CS exposure is greater
on those with underlying intrinsic airway diseases when
compared with that seen in otherwise healthy subjects.

VD3 has been shown to have anti-inflammatory properties
that protect against a number of inflammatory mediators. For

example, 25VD3 reduced bronchial epithelial cell production of
IL-6 and several chemokines in response to polyinosinic-
polycytidylic acid stimulation.”” 1,25VD3 has also been shown
to reduce IL-6 and IL-8 production by corneal epithelial cells in
response to Pseudomonas aemginosa.53 Recently, Uh et al’*
showed that CS inhibited VDR translocation in bronchial
epithelial cells. Some VDR function appears to be retained
despite the presence of CSE because we did observe that addition
of 1,25VD3 was able to reduce CSE-induced -cytokine
production, suggesting that VDR binding and signaling remain
functional. The amount of 1,25VD3 used (50 pg/mL) is within
the range found in the plasma of healthy subjects. Based on our
analysis of smoke impairment of VD3 conversion, normal levels
of 25VD3 might not be sufficient to overcome the smoke-induced
downregulation of CYP27BI. However, one limitation of our
studies is the use of a submerged and not an air-liquid interface
system in the culturing and treatment of sinonasal epithelial cells.
Additional studies are needed to determine what effect oral
administration of 25VD3 might have in reducing CS-induced
airway inflammation. Impairment of VD3 signaling represents a
novel mechanism through which CS can exacerbate respiratory
diseases.
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Key messages

o Smoke exposure is associated with reduced circulating
and tissue 25VD3 levels in control subjects and patients
with CRS.

o CS impairs conversion of 25VD3 to 1,25VD3.

e Exogenous 1,25VD3 can block smoke-induced inflamma-
tion by sinonasal epithelial cells.
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FIG E1. Ex vivo analysis of sinus tissue explants by means of intracellular flow cytometry demonstrates
general downregulation of CYP27B1 protein in all cells from sinus explants (A), as well as epithelial
cell-specific CYP27B1 expression (B). Data shown are mean fluorescence intensity (MFI) = SEM. *P < .05
versus control or CRSsNP. Control group, n = 6; CRSsNP group, n = 4; CRSWNP group, n = 4.
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