Redox Biology 48 (2021) 102203

Contents lists available at ScienceDirect

Redox Biology

FI. SEVIER

journal homepage: www.elsevier.com/locate/redox

1,25-Dihydroxyvitamin D3 attenuates IL-1p secretion by suppressing NLRP1
inflammasome activation by upregulating the NRF2-HO-1 pathway in
epidermal keratinocytes

Takahisa Nakajo, Takeshi Katayoshi, Natsuko Kitajima, Kentaro Tsuji-Naito

DHC Corporation Laboratories, Division 2, 2-42 Hamada, Mihama-ku, Chiba, 261-0025, Japan

ARTICLE INFO ABSTRACT

Keywords: The nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing protein (NLRP)
Vitamin D inflammasome is a key inflammatory signaling pathway activated via a two-step signaling process consisting of
i;ﬂlzmmasome priming and activation steps. Several studies have shown that 1,25-dihydroxyvitamin D3 (1,25(0H),VD3) in-

hibits the priming step required for NLRP3 inflammasome activation in immune cells. However, as activating the
NLRP1 inflammasome in keratinocytes does not necessarily require a priming step, whether 1,25(0H),VDj3 in-
hibits NLRP1 activation in unprimed keratinocytes is currently unknown. In this study, we showed that 1,25
(OH),VD3 inhibits nigericin-induced NLRP1 inflammasome activation in unprimed keratinocytes. 1,25(0OH)2VD3
suppressed nigericin-induced interleukin-1p (IL-1p) secretion and caspase-1 activation in human primary kera-
tinocytes. In addition, 1,25(0H)2VDj3 significantly inhibited the formation of apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) oligomers and specks, but not caspase-1 enzymatic ac-
tivity, suggesting that 1,25(OH),VDs3 prevents NLRP1-ASC complex assembly in keratinocytes. Vitamin D re-
ceptor (VDR)-knockdown abolished the inhibitory effects of 1,25(0OH);VD3 on nigericin-induced ASC
oligomerization and IL-1p secretion, suggesting that 1,25(OH),VD3 suppresses inflammasome activation via VDR
signaling. Furthermore, nigericin induced K" efflux and cellular reactive oxygen species (ROS) production, and
1,25(0OH)2VD3 pretreatment suppressed nigericin-induced ROS production. 1,25(0OH)3VDs3 increased the
expression of both nuclear factor erythroid 2-related factor 2 (NRF2) and heme oxygenase-1 (HO-1), whereas
HO-1 inhibition or NRF2 and HO-1 knockdown abrogated the inhibitory effects of 1,25(0OH)2VD3 on IL-1p
secretion. Our results indicate that 1,25(OH),VDj3 inhibits nigericin-induced activation step of NLRP1 inflam-
masome activation in unprimed keratinocytes. Our findings reveal the mechanism underlying the inhibitory
effect of 1,25(0OH)2VD3, which involves NRF2-HO-1 pathway activation through the VDR, providing further
insight into the potential function of 1,25(0OH)2VDs3 as a therapeutic agent for inflammasome-related skin
diseases.
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caspase recruitment domain (ASC) and pro-caspase-1 [4]. Inflamma-
somes are multimeric protein complexes responsible for
caspase-1-mediated inflammatory cytokine secretion and inflammatory

1. Introduction

The skin is constantly exposed to various environmental factors,
including ultraviolet (UV) radiation and pollutants, and acts as the
outermost barrier of the body [1]. Keratinocytes within the epidermis
also provide innate protective immunity against bacterial pathogens
through pathogen-recognition receptors (PRRs) such as toll-like re-
ceptors (TLRs) and nucleotide-binding oligomerization domain-like re-
ceptors (NLRs) [2]. NLRs intracellularly sense and respond to pathogen-
and damage-associated molecular patterns [3], forming an inflamma-
some assembly with apoptosis-associated speck-like protein containing a
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cell death, termed pyroptosis. In immune cells, inflammasomes are
formed and activated via a two-step process of priming and activation.
In the priming step (also known as signal 1), TLR stimulation induces
transcription of pro-interleukin-1p (pro-IL-1f) and inflammasome
components such as NLR family pyrin domain-containing proteins
(NLRPs) via nuclear factor-kappa B (NF-kB) activation [5]. In the acti-
vation step (also known as signal 2), agonists of NLR sensor proteins
initiate inflammasome assembly formation, activating caspase-1 which
then processes pro-IL-1p into its mature form [6]. Since basal levels of
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Abbreviations

PRR pathogen-recognition receptor

TLR toll-like receptor

NLR nucleotide-binding oligomerization domain-like receptor
ASC apoptosis-associated speck-like protein containing a

caspase recruitment domain

NLRP NLR family pyrin domain-containing proteins

TNF tumor necrosis factor

IL-1 interleukin-1

NF-«xB  nuclear factor-kappa B

NLRC4 NLR family caspase recruitment domain-containing 4
AIM2 absent in melanoma 2

VDR vitamin D receptor

NRF2 nuclear factor erythroid 2-related factor 2
NQO-1  NAD(P)H quinone oxidoreductase 1

HO-1 heme oxygenase-1

KEAP1 Kelch-like ECH-associated protein 1

ROS reactive oxygen species

ATP adenosine 5'-triphosphate
NAC N-acetyl-L-cysteine

ZnPP zinc protoporphyrin

HRP horseradish peroxidase

DAPI 4’-6-diamidino-2-phenylindole

NHEKs normal human epidermal keratinocytes
ELISA  enzyme-linked immunosorbent assay
gPCR quantitative PCR

SDS sodium dodecyl sulfate

TBS-T  Tris-buffered saline with 0.1% Tween-20
PBS phosphate-buffered saline

siRNA  small interfering RNA

BMDMs bone marrow-derived macrophage cells
NEK7 NIMA-related kinase 7

LRRs leucine-rich repeats

poly(I:C) polyinosinic-polycytidylic acid

DPP9 dipeptidyl peptidase 9
FIIND function to find domain
0OSCC oral squamous cell carcinoma

both pro-IL-1p and NLR proteins are relatively low in immunocytes, the
initial priming step is indispensable for inflammasome activation. In
contrast, human keratinocytes activate inflammasomes without the
priming step, and this is followed by IL-1p secretion due to the constant
presence of its precursor and inflammasome-forming proteins, NLR
protein, ASC, and pro-caspase-1, in the cytosol [7,8]. To date, several
NLRs, including NLRP1, NLRP3, and NLR family caspase recruitment
domain-containing 4 (NLRC4), and absent in melanoma 2 (AIM2) have
been identified as inflammasome sensors [9]. Among these, the NLRP1
inflammasome is considered a primary inflammasome in keratinocytes
[10]. Although NLRP3 has also been identified as an inflammasome
sensor NLRP in keratinocytes, its predominance is still debated. In
addition, high NLRP1 expression levels are constantly detected in
unprimed keratinocytes, whereas other inflammasome sensors remain
almost undetectable [7,8]. Fenini et al. [11], used clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9
technology to show that UVB and the microbial toxin nigericin are
sensed mainly by NLRP1, rather than NLRP3.

Although vitamin D is a lipophilic vitamin essential for calcium and
bone homeostasis, recent studies have sought to clarify its regulatory
role in immunity [12]. Studies on vitamin D deficiency showed
increased inflammation and sensitivity to chronic inflammatory diseases
such as Crohn’s disease, and vitamin D supplementation ameliorated the
inflammatory phenotype [13,14]. An active metabolite of vitamin D3, 1,
25-dihydroxyvitamin D3 (1,25(OH)3VD3) forms a complex with the
vitamin D receptor (VDR) via ligand binding. In immune cells, the
VDR-1,25(0H),VD3 complex regulates the expression of vitamin D
responsive genes and interferes with transcription factor signaling,
including that mediated by NF-kB, which plays a crucial role in modu-
lating genes involved in inflammation [15]. 1,25(0H),VD3 also serves as
an anti-inflammatory agent by reducing the release of proinflammatory
cytokines such as IL-1p through inflammasome activation. In macro-
phages and T cells, 1,25(OH),VD3 can inhibit the priming step of
NLRP3-inflammasome activation by interfering with NF-kB signaling,
leading to the release of reduced levels of IL-1§ [16]. Furthermore, a
recent report showed that in dsDNA-transfected keratinocytes primed by
interferon gamma and IL-17A, 1,25(0OH),VD3 reduced the release of
IL-1p in the NLRP1 inflammasome by suppressing the priming step [17].
However, it is still unknown whether 1,25(0H),VDs3 inhibits the acti-
vation step during inflammasome activation.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key tran-
scription factor that regulates the expression of antioxidant enzymes
such as heme oxygenase-l (HO-1) and NAD(P)H quinone

oxidoreductase 1 (NQO-1), in response to oxidative stress [18]. Under
basal conditions, NRF2 is located in the cytoplasm and is susceptible to
proteasome-mediated degradation following its binding to a sensor
protein, Kelch-like ECH-associated protein 1 (KEAP1) [19]. Under
oxidative stress conditions, a conformational change in KEAP1 caused
by modification of its cysteine residues stabilizes NRF2, thus activating
its transcriptional activity and inducing its nuclear translocation [20].
NRF2 signaling can negatively regulate inflammasome activation by
suppressing the reactive oxygen species (ROS) generated during prim-
ing. Liu et al. [21] reported that NRF2 activation decreases mitochon-
drial ROS generation by lipopolysaccharide and adenosine triphosphate
(ATP), resulting in the suppression of NLRP3 inflammasome activation.
Several studies have identified 1,25(OH),VDj3 as a potential inhibitor
of inflammasomes, based on its inhibition of the priming step [16,17].
However, as human keratinocytes secrete proinflammatory cytokines
without priming, it is unclear whether 1,25(0H),VD3 inhibits the acti-
vation step during NLRP1 inflammasome activation in keratinocytes. In
this study, we showed, for the first time, that 1,25(OH),VDj3 can inhibit
the activation step of NLRP1 inflammasome activation in epidermal
keratinocytes, potentially suppressing IL-1p secretion from intracellular
storage. In addition, we report that the mechanism underlying the
inhibitory action of 1,25(0OH),VDs3 involves increasing cellular anti-
oxidative capacity via upregulation of the VDR-NRF2-HO-1 axis.

2. Materials and methods
2.1. Reagents

We purchased 1,25(0H),VD3 from Toronto Research Chemicals
(North York, Ontario, Canada), nigericin from AdipoGen Life Sciences
(San Diego, CA, USA), N-acetyl-L-cysteine (NAC) from Sigma-Aldrich
(St. Louis, MO, USA), zinc protoporphyrin (ZnPP) from MedChemEx-
press (Monmouth junction, NJ, USA), anti-IL-1p antibody (MAB601)
from R&D Systems (Minneapolis, MN, USA), anti-caspase-1 (D7F10),
anti-NRF2 (D1Z9C), anti-HO-1 (D60G11), anti-Lamin A/C (2032), and
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies
from Cell Signaling Technology (Danvers, MA, USA), anti-beta actin
antibody from Abcam (Cambridge, MA, USA), anti-ASC (N-15) antibody
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-GAPDH
(6C5) from Calbiochem (San Diego, CA, USA), 4’,6-diamidino-2-phe-
nylindole (DAPI) from Dojindo Laboratories (Kumamoto, Japan), Alexa
Fluor 594-conjugated anti-mouse antibodies from Thermo Fisher Sci-
entific (Waltham, MA, USA), and CM-H2DCFDA from Invitrogen
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(Carlsbad, CA, USA). All other chemicals were of the highest available
commercial grade.

2.2. Cell culture and treatment

Normal human epidermal keratinocytes (NHEKs, newborn/male,
Thermo Fisher Scientific) were cultured in EpiLife™ medium containing
60 uM calcium supplemented with human keratinocyte growth supple-
ment (both from Thermo Fisher Scientific) at 37 °C under a humidified
atmosphere of 5% CO,. The medium was changed every other day until
the culture reached approximately 50% confluence, after which it was
changed every day. The cells were passaged when they reached 80%—
90% confluency. NHEKs were not used beyond passage four. NHEKs
were incubated with 1,25(0OH),VDs; and subsequently treated with
nigericin (5 pM) to induce inflammasome activation. After 4 h of incu-
bation, the cells and cell culture supernatants were stored at —80 °C
until the indicated experimental analyses. For protein and mRNA
expression analyses of NRF2 and HO-1, NHEKs were treated with 1,25
(OH),VDs. After incubation, the cells were subjected to immunoblotting
or quantitative PCR (qPCR) analyses, as described below.

2.3. Engyme-linked immunosorbent assay (ELISA)

Human IL-1f in the cell culture medium was quantified using a
human IL-1 beta/IL-1F2 Quantikine ELISA kit (R&D Systems, Minne-
apolis, MN, USA) according to the manufacturer’s instructions.

2.4. Immunoblotting

Protein samples were prepared from culture supernatants using the
protein precipitation method, as previously described [22]. In brief,
three volumes of acetone were added to the culture medium and then
incubated overnight at —20 °C. After centrifugation (16,100xg for 30
min at 4 °C), the supernatant was removed. Precipitated protein and cell
samples were eluted using a lysis buffer containing 150 mM NacCl, 50
mM Tris-HCI pH 7.5, 5 mM EDTA, 1% Triton X-100, phosphatase in-
hibitor cocktail (Thermo Fisher Scientific), and protease inhibitor
cocktail (Roche Diagnostics, Basel, Switzerland). Cytoplasmic and nu-
clear proteins were prepared using a Minute™ Cytoplasmic and Nuclear
Extraction Kit (Invent Biotechnologies, Eden Prairie, MN, USA) ac-
cording to the manufacturer’s instructions. The samples were subjected
to sodium dodecyl sulfate (SDS) -polyacrylamide gel electrophoresis,
after which proteins were transferred to polyvinylidene fluoride mem-
branes using a semi-dry blotter (Bio-Rad Laboratories, Hercules, CA,
USA). Following transfer, the membranes were incubated in a blocking
solution (5% dried skimmed milk in Tris-buffered saline containing
0.1% Tween-20; TBS-T) for 1 h to reduce nonspecific binding, and then
incubated with primary antibodies overnight at 4 °C. The blots were
subsequently washed and incubated with HRP-conjugated secondary
antibodies for 1 h. Proteins were detected using ECL Prime Western
Blotting Detection Reagent (GE Healthcare Biosciences, Piscataway, NJ,
USA) and ImageJ software was used for intensity analysis.

2.5. ASC oligomer assay

ASC oligomers were detected by immunoblotting, as previously re-
ported [7], but with some modifications. Briefly, NHEKs were lysed
using 1% Triton X-100 in phosphate-buffered saline (PBS). After
centrifugation at 16,100xg for 15 min at 4 °C, the pellets were chemi-
cally crosslinked with 2 mM disuccinimidyl suberate (Thermo Fisher
Scientific) for 30 min at room temperature. The reaction was quenched
using 20 mM Tris-HCI pH 7.5 for 15 min. After centrifugation at 16,
100xg for 15 min at 4 °C, the pellets were resuspended in a lysis buffer
(150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, and phosphatase inhibitor cocktail) and analyzed by
western blotting.
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2.6. Immunofluorescence

ASC specks were visualized using immunostaining and confocal
microscopy, as previously reported [23], but with some modifications.
Briefly, cells were fixed in 4% paraformaldehyde in PBS for 20 min,
washed three times with PBS, and permeabilized using 0.1% Triton
X-100 in PBS for 20 min. After washing three times with PBS, the cells
were blocked with 5% skim milk in TBS-T, washed with TBS-T, and then
incubated overnight at 4 °C with anti-ASC antibody (1:50 dilution).
They were then washed three times with TBS-T and incubated with
Alexa Fluor 594-labeled anti-mouse IgG antibody (1:400 dilution) for 1
h. For nuclear counterstaining, cells were treated with DAPI solution
(1:400 dilution) for 20 min, washed with TBS-T, and then mounted with
Fluoromount/Plus™ (Diagnostic BioSystems, Pleasanton, CA, USA).
Fluorescence signals were imaged using a Leica DM IRE2 fluorescence
microscope (Leica Microsystems Japan, Tokyo, Japan) and captured
using a Leica MC190 HD camera (Leica Microsystems Japan). Cells with
ASC specks were counted using ImageJ software, with at least four
distinct fields being analyzed.

2.7. RNA silencing

For small interfering RNA (siRNA) studies, we purchased human
VDR siRNA (ON-TARGETplus SMARTpool #L-003448-00), human
NRF2 (NFE2L2) siRNA (ON-TARGETplus SMARTpool #L-003755-00),
human HO-1 (HMOX1) siRNA (ON-TARGETplus SMARTpool #L-
006372-00), and a non-targeting siRNA control pool (ON-TARGETplus
SMARTpool control #D-001810-10) from Horizon Discovery (Cam-
bridge, UK). The non-targeting siRNA was used as a negative control.
NHEKs were seeded at a density of 2.0 x 10° cells/well in a 6-well plate
and then transfected with 20 nM of VDR or scramble siRNA plus
HiPerFect Transfection Reagent (Qiagen), according to the manufac-
turer’s instructions. QPCR was used to assess the efficiency of siRNA-
mediated suppression of target mRNA.

2.8. ROS detection

We measured cellular ROS levels using a CM-H2DCFDA probe
(Invitrogen), according to the manufacturer’s instructions. Briefly, cells
were seeded in a 96-well plate at a density of 2 x 10* cells/well and
treated with 1,25(OH),VD3 or NAC. The cells were then incubated with
10 pM CM-H2DCFDA for 30 min. After washing twice with PBS, we
measured fluorescence (Ex/Em = 492/537 nm) using an Infinite 200 Pro
plate reader (Tecan, Mannedorf, Switzerland) and visualized the cells
under a Leica DM IRE2 fluorescence microscope (Leica Microsystems
Japan). Images were captured using a Leica MC190 HD camera (Leica
Microsystems Japan).

2.9. Intracellular K* measurement

Intracellular K* levels were measured using a protocol described by
Ubels et al. [24], but with some modifications. Briefly, cells were
washed twice with 280 mM sucrose in ultrapure water to remove
extracellular electrolytes. The cells were lysed by adding 500 pL of ul-
trapure water to each well and placing the plate in a —80 °C freezer for 5
min and then rapidly thawing it in a 37 °C incubator. The lysate was
centrifuged at 10,000xg for 3 min, and the protein levels in the super-
natants were measured using a Bio-Rad protein assay (Bio-Rad Labora-
tories, Hercules, CA, USA). The supernatant was transferred into an
Amicon Ultra-0.5 Centrifugal Filter Device and centrifuged at 16,100xg
for 15 min to remove proteins bigger than 3 kDa. Intracellular K"
quantity was measured using an atomic absorption spectrophotometer
(Shimadzu AA 6800, Kyoto, Japan). Ion concentrations in cell lysates
were expressed as jig/mg protein.
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2.10. gqPCR

Total RNA was isolated from cultured cells using the RNeasy Mini Kit
(Qiagen, Mississauga, Canada), according to the manufacturer’s in-
structions. RNA was stored in RNase-free water at —80 °C until reverse
transcription. Following the manufacturer’s instructions, we synthe-
sized the first-strand cDNA from 1 pg total RNA using a PrimeScript II 1st
strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). Target mRNA
expression levels were measured using Applied Biosystems 7500 Real
Time PCR System (Applied Biosystems, Foster City, CA, USA) and the
following PrimeTime® Std qPCR Assay (Integrated DNA Technologies,
Coralville, Iowa, USA): GAPDH (assay ID Hs.PT.39a.22214836), NFE2L2
(assay ID Hs.PT.58.28159373), and HMOXI1 (assay ID Hs.
PT.58.45340055). All reactions were performed in triplicate. The
housekeeping gene, GAPDH, was used for normalization. Comparative
Ct method was used to calculate the relative amounts of mRNA.

2.11. Statistical analyses

Data are presented as mean =+ standard error of the mean of at least
three independent experiments. Differences among means were
analyzed by one-way analysis of variance, followed by the Tukey-K-
ramer test. Student’s t-tests was used to test for significant differences
between two groups and p < 0.05 was considered statistically
significant.

3. Results

3.1. 1,25(0H);VD3 suppresses nigericin-induced IL-1f secretion and
caspase-1 activation in keratinocytes

To evaluate the effect of 1,25(0OH),VD3 on inflammasome activation
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in keratinocytes, we investigated whether 1,25(0H), VD3 inhibits the IL-
1B secretion and caspase-1 activation induced by the inflammasome
activator nigericin. As shown in Fig. 1A, 1,25(0OH),VDj3 significantly
inhibited IL-1f secretion in nigericin-stimulated NHEKSs, and its inhibi-
tory effect increased as the pretreatment period increased. 100-1000 nM
concentrations of 1,25(0OH),VDs almost completely suppressed
nigericin-induced IL-1p secretion (Fig. 1B). 1,25(0OH),VD3 on its own
did not induce IL-1p secretion (Fig. S1A). Keratinocytes preserve pro-IL-
18 as a depot precursor protein and secrete its mature form, IL-18, as
well as IL-1B, through inflammasome activation [3,7]. 1,25(0OH),VD3
inhibited nigericin-induced IL-18 secretion (Fig. S1B). Immunoblotting
analyses showed that 1,25(OH),VD3 pretreatment clearly reduced IL-1$
levels secreted into the culture media in NHEKs treated with nigericin
(Fig. 1C and D). In addition, 1,25(0OH),VD3 inhibited nigericin-induced
pro-caspase-1 cleavage into its active form in a dose-dependent manner.
Furthermore, 1,25(0H),VD3 did not directly inhibit caspase-1 enzyme
activity (Fig. S1C). These results suggest that 1,25(0H),VD3 suppresses
IL-1p secretion by inhibiting inflammasome activation.

3.2. 1,25(0H);VD3 prevents the assembly of inflammasome complexes in
nigericin-stimulated keratinocytes

ASC oligomerization is an essential step in the assembly of inflam-
masome complexes. We hypothesized that 1,25(0H),VDs3 inhibits
nigericin-inducible inflammasome activation by inhibiting ASC oligo-
merization in keratinocytes. To confirm this hypothesis, we performed
ASC oligomer assays to assess the influence of 1,25(OH)2VD3 on ASC
oligomerization. Fig. 2A shows that 1,25(OH);VD3 pretreatment
reduced ASC oligomer formation in nigericin-stimulated NHEKs in a
time-dependent manner. In addition, to quantify ASC oligomers, we
visualized ASC specks using immunofluorescent techniques and showed
that, while >10% nigericin-treated NHEKs exhibited ASC specks,
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Fig. 1. 1,25(0OH),VD; inhibits nigericin-induced Interleukin (IL)-1§ secretion and caspase-1 activation in normal human epidermal keratinocytes

(NHEKs).

NHEKs were pretreated with 1,25(0OH),VD3 (100 nM) for the indicated times, or at the indicated concentrations for 24 h. Cells were then stimulated with nigericin (5
pM) for 4 h. (A, B) IL-1p levels in culture media were measured using ELISA. (C, D) Supernatants (SN) and cell lysates were analyzed by immunoblotting using
antibodies specific for IL-1p and caspase-1. p-Actin was used as loading control. Data are presented as mean + SEM (n = 3). **p < 0.01.
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Fig. 2. 1,25(0H),VD; prevents apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC) oligomerization and
ASC speck formation in nigericin-stimulated normal human epidermal keratinocytes (NHEKs).

After pretreatment with 1,25(OH),VD3 (100 nM) for the indicated times, NHEKs were stimulated with nigericin (5 pM) for 4 h. (A) ASC oligomers were detected in
whole cell lysates using disuccinimidyl suberate crosslinking by immunoblotting with antibody specific for ASC. p-Actin was used as loading control. (B, C) ASC
specks were analyzed by immunostaining using antibodies specific for ASC (red) and the nuclear counterstain DAPI (blue). The white arrow represents ASC specks.

Scale bar: 10 pm. Data are presented as mean + SEM (n = 3). **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

pretreatment with 1,25(0H),VD3 significantly reduced nigericin-
induced ASC specks within cells (Fig. 2B and C). These results suggest
that 1,25(0OH),VDs inhibits inflammasome complex assembly, thereby
reducing inflammasome activation.

3.3. 1,25(0H)2VD3 inhibits nigericin-induced inflammasome activation
in keratinocytes through VDR signaling

To determine whether VDR signaling contributes to 1,25(0H),VD3-
induced downregulation of inflammasome assembly, we performed
knockdown experiments using siRNA targeted at VDR. Transient trans-
fection of NHEKs with VDR siRNA led to approximately 50% reduction
in VDR protein expression (Fig. S2). VDR silencing significantly atten-
uated the inhibitory effect of 1,25(0OH)5VD3 on nigericin-induced IL-1p
secretion (Fig. 3A). In addition, Fig. 3B-D shows that siRNA-mediated
knockdown of VDR abolished 1,25(0H),VD3-induced reduction in ASC
oligomer formation and specks in nigericin-stimulated NHEKs. Taken
together, these results suggest that 1,25(0H)3;VD3 inhibits inflamma-
some activation via a VDR signaling-dependent mechanism.

3.4. 1,25(0H)2VDs suppresses nigericin-induced ROS production, but not
K" efflux, in keratinocytes

Nigericin activates inflammasomes by promoting ROS generation
and K" efflux [25]. Therefore, to evaluate whether 1,25(0OH),VD5 in-
hibits nigericin-induced ROS production, we measured intracellular
ROS levels using the fluorescent probe CM-H2DCFDA. Nigericin stimu-
lation markedly increased intracellular ROS levels in NHEKs (Fig. 4A
and B). Although both 1,25(0OH);VDs and the ROS scavenger NAC
significantly inhibited nigericin-induced ROS production, 1,25
(OH),VDj3 required a longer pretreatment period than NAC to reduce
ROS production. 1,25(0OH),VD3 did not affect intracellular ROS levels in
the absence of nigericin (Fig. S3).

We then measured the intracellular K* concentration to assess
whether 1,25(0H),VDs inhibits K efflux upon nigericin stimulation. As
shown in Fig. 4C, NHEK stimulation with nigericin markedly decreased
intracellular K concentration, but 1,25(0H),VDs did not affect the K+
efflux triggered by nigericin. These results suggest that 1,25(0H);VD3
inhibits nigericin-inducible ROS production, but not K™ efflux.
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Fig. 3. 1,25(0H),VD3 suppresses nigericin-induced interleukin (IL)-1§ release and inflammasome complex assembly via vitamin D receptor (VDR)

signaling in normal human epidermal keratinocytes (NHEKSs).

NHEKs were transfected with siRNA targeting VDR. NHEKs were pretreated 24 h after transfection with 1,25(0OH),VD3 (100 nM) for 24 h and then stimulated with
nigericin (5 pM) for 4 h. (A) IL-1p levels in culture media were measured using ELISA. (B) Apoptosis-associated speck-like protein containing a C-terminal caspase
recruitment domain (ASC) oligomers were measured in whole cell lysates using disuccinimidyl suberate crosslinking by immunoblotting with antibody specific for
ASC. p-Actin was used as loading control. (C, D) ASC specks were analyzed by immunostaining using antibodies specific to ASC (red) and the nuclear counterstain
DAPI (blue). The white arrow represents ASC specks. Scale bar: 10 pm. Data are presented as mean + SEM (n = 3). **p < 0.01. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

3.5. 1,25(0H),VDj3 activates the NRF2-HO-1 antioxidant axis that
inhibits IL-1p secretion in nigericin-stimulated keratinocytes

To explore the effect of 1,25(0H)3VD3 on the NRF2-HO-1 axis, we
first measured NRF2 mRNA expression levels using qPCR following 1,25
(OH),VD3 treatment of NHEKs. Fig. 5A shows that 1,25(OH);VDs3
significantly increased NRF2 gene expression. We also assessed the
localization of NRF2. We observed NRF2 nuclear translocation as early
as 1 h after treatment with 1,25(0OH),VD3 (Figs. 5B, 5C, S4A, and S4B).
1,25(0OH), VD3 clearly increased the mRNA levels of key NRF2 targets
such as HO-1 and NQO-1 (Figs. 5D and S4C). Upregulated HO-1 protein
expression was also confirmed in 1,25(0H),VD3-treated NHEKSs (Fig. 5E

and F). To evaluate whether the NRF2-HO-1 pathway activated by 1,25
(OH),VDj3 inhibits IL-1p secretion, we examined the influence of the HO-
1 inhibitor, ZnPP, and siRNAs against NRF2 and HO-1 on IL-1f secretion
in nigericin-stimulated NHEKs. As shown in Fig. 5G, ZnPP almost
completely counteracted the inhibitory effects of 1,25(0OH),VD3 on
nigericin-induced IL-1p secretion. ZnPP itself did not affect nigericin-
induced secretion of IL-1p (Fig. S4D). Knocking down NRF2 and HO-1
in NHEKSs reduced their expression by approximately 80% (Figs. S4E and
F). Both NRF2 and HO-1 silencing significantly attenuated the inhibitory
effect of 1,25(OH)2VD3 on nigericin-induced IL-1p secretion (Fig. SH).
These results suggest that 1,25(0H),VD3 suppresses IL-1f secretion
induced by nigericin by activating the NRF2-HO-1 pathway.
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Fig. 4. 1,25(0H),VD; suppresses nigericin-induced reactive oxygen species (ROS) production, but not K" efflux in normal human epidermal keratino-

cytes (NHEKSs).

NHEKs were pretreated with 1,25(0H),VD3 (100 nM) or the ROS scavenger N-acetyl-L-cysteine (NAC) (10 mM) for the indicated times. Following incubation, the
cells were stimulated with nigericin (5 pM) for 30 min. (A) Cellular ROS levels were measured with a microplate reader using the fluorescent CM-H2DCFDA probe.
(B) Intracellular ROS levels were evaluated by fluorescence microscopy using the CM-H2DCFDA probe. (C) Twenty-four h after pretreatment with 1,25(0OH),VD3
(100 nM), cells were stimulated with nigericin (5 pM) for 30 min. The intracellular potassium levels were measured using an atomic absorption spectrophotometer.
Scale bar: 50 pm. Data are presented as mean + SEM (n = 3). **p < 0.01. N.S., not significant.

4. Discussion

Inflammasomes are key inflammatory signaling components. Unlike
other cells, human keratinocytes can activate inflammasomes without
the priming step by utilizing depot precursor proteins. Several studies
have shown that 1,25(0H),VD3 suppresses inflammasome activation
[16,17]. Although its mechanism of action is assumed to involve inhi-
bition of the priming step, no studies have focused on the inhibitory
effect of 1,25(0OH),VD3 on the activation step. Here, we showed, for the
first time, that 1,25(OH);VD3 suppresses the activation step of
nigericin-induced NLRP1 activation in keratinocytes by upregulating
the NRF2-HO-1 pathway (Fig. 6). KT efflux agonists such as nigericin
and ATP trigger the activation step of inflammasomes in cells primed by
an agonistic stimulus for TLR and TNF receptors [26]. We showed that
nigericin induced IL-1p secretion in unprimed NHEKs, suggesting that,
in keratinocytes, NLRP1 inflammasome activation can be initiated
without the priming step. Furthermore, 1,25(OH),VD3 significantly
reduced nigericin-induced IL-1p secretion and NLRP1 inflammasome
assembly in NHEKs (Figs. 1 and 2). On its own, 1,25(0H),VDs3 did not

affect NLRP1 expression levels, although pro-IL-1p expression levels
were increased following treatment with 1,25(0OH),VD3 (Fig. S5). Ver-
way et al. [27], reported that 1,25(OH)2VD3 activates VDR as a tran-
scription factor that increases pro-IL-1p gene expression. Therefore,
under unstimulated conditions, such as non-infection, 1,25(0OH);VD3
may potentiate epithelial immunity by increasing the pro-IL-1p pool in
NHEKs. Interestingly, its inhibitory activity correlated well with the
length of the pretreatment period. In addition, 1,25(0H),VD3 did not
decrease the K efflux levels induced by nigericin (Fig. 4C). These results
suggest that 1,25(0H),VD3 does not directly inhibit nigericin-induced
inflammasome signaling.

We found that 1,25(OH),VD3 reduced nigericin-induced ROS pro-
duction (Fig. 4A and B). Tschopp et al. [28], raised the possibility that a
decline in intracellular potassium concentration induces ROS genera-
tion. Several studies have shown that ROS production induces NLRP1
activation [29,30]. However, to the best of our knowledge, there are no
reports on how ROS activates the NLRP1 inflammasome. To evaluate
whether ROS production is required in the activation step of NLRP1
activation in Kkeratinocytes, we tested the effect of NAC on
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nigericin-induced NLRP1 activation. NAC significantly suppressed both
IL-1B secretion and inflammasome assembly induced by nigericin
(Fig. S6). Our results show that, at least in keratinocytes, ROS produc-
tion plays a key role in NLRP1 activation in the absence of priming
stimuli. Epidermal keratinocytes are constantly exposed to UVB from
sunlight. UVB induces NLRP1 activation in NHEKs through ROS pro-
duction [30,31]. Therefore, 1,25(0H),VD3 is expected to inhibit
UVB-induced NLRP1 activation.

Although the mechanisms underlying NLRP inflammasome activa-
tion remain largely unclear, several proteins have recently been

identified as essential activation regulators. NIMA-related kinase 7
(NEK?7), a member of the NEK family, regulates NLRP3 oligomerization
and activation downstream of K™ efflux [32]. NEK7 binds to the C-ter-
minal leucine-rich repeats (LRRs) of NLRP3 in a kinase-independent
manner, which is likely mediated by mitochondrial ROS [32]. Since
NLRP1 contains an LRR domain similar to NLRP3, the ROS-NEK7 axis is
likely involved in NLRP1 activation in keratinocytes. We found that 1,25
(OH), VD3 effectively inhibited ROS production, but differed from NAC
by requiring a much longer pretreatment period. This intriguing dif-
ference suggests that 1,25(0OH),VD3 cannot scavenge ROS directly.
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Fig. 6. Schematic illustration of the molecular
mechanism through which 1,25(0H),VD3; sup-
presses nigericin-induced NLRP1 inflammasome
activation in normal human epidermal kerati-
nocytes (NHEKs).

Nigericin causes mitochondrial reactive oxygen
species (ROS) production, which induces NLRP1
inflammasome activation and subsequent IL-1f
secretion. 1,25(0H),VDj3 inhibits nigericin-induced
ROS production by upregulating the VDR-NRF2-
HO-1 axis and, consequently, suppresses NLRP1
inflammasome activation in nigericin-stimulated
NHEKs.
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Finally, we revealed that 1,25(OH);VDs3 inhibits IL-1p secretion in
response to nigericin via prior upregulation of the NRF2-HO-1 pathway
(Fig. 6). 1,25(0OH),VDs is likely to activate the NRF2-HO-1 signaling
pathway by binding to VDR. Chen et al. [33], reported that VDR binds to
the NRF2 promoter region to increase NRF2 transcription. Indeed, VDR
depletion using siRNA significantly abrogated the effects of 1,25
(OH)2VD3 on both NLRP1 activation and IL-1f secretion (Fig. 3).
Therefore, we are also interested in how 1,25(0OH),VD3 may affect the
ROS-NEK7 axis during NLRP1 activation in keratinocytes.

Quite recently, NLRP1 has been reported to function as a direct
sensor for double-stranded RNA [34]. According to this report,
polyinosinic-polycytidylic acid (poly(I:C)), a synthetic dsRNA analog,
was able to trigger IL-1p release in an NLRP1-dependent manner in
several epithelial cell types such as NHEKs and immortalized human
bronchial epithelial cells. Reins et al. [35] have shown that in epithelial
cells, 1,25(0OH),VD3 inhibited poly(I:C)-induced IL-1p secretion.
Because ROS production is involved in poly(I:C)-proinflammatory ac-
tion [36], NRF2-HO-1 axis activation by 1,25(OH),VD3 partly explain
why 1,25(0OH),VD3 inhibits poly(I:C)-induced IL-1p secretion in
epithelial cells.

Hereditary diseases of inflammasomes cause autoimmune and
autoinflammatory disorders such as rheumatoid arthritis, systemic lupus
erythematosus, cryopyrin-associated autoinflammatory disease, and
pyoderma gangrenosum [37,38]. The spectrum of autoinflammatory
diseases linked to the inflammasome has expanded rapidly over the last
decade [39]. Some of these are categorized as inflammasomopathies,
and have encouraged new approaches for diagnosis and treatment. 1,25
(OH)2VDg3 inhibits both the priming and activation steps in the
inflammasome-IL-1 system, which is a promising treatment option for
these autoinflammatory diseases. Aberrant inflammasome activation
has been linked to cancer, and autoimmune and neurodegenerative
diseases [40,41]. Zhong et al. [42], reported that dipeptidyl peptidase 9
(DPP9) negatively regulates NLRP1 activation, which is required for
both its catalytic function and interaction with the function to find the
domain (FIIND). In human cells, NLRP1 activation requires autolytic
proteolysis within the FIIND domain, which is distinct from NLRP3 [30].
They also showed that talabostat, a novel drug candidate for cancer

immunotherapy, initiates NLRP1 activation by inhibiting DPP9, sug-
gesting that the NLRP1 inflammasome activated by talabostat may
partially explain its anti-cancer activity [42]. In fact, 1,25(0OH),VD3 did
not inhibit talabostat-induced IL-1f secretion in NHEKs, which is
distinct from the secretion induced by nigericin (Fig. S7). We propose
that 1,25(0OH),VD3 supplementation may help reduce the risk of unex-
pected pyroptosis by pathogens during talabostat-based therapy. Ac-
cording to their report, NLRP1 regulation by DPP9 seems to function
independently of regulatory mechanisms that involve other NLRP1 do-
mains, such as the pyrin domain and LRR in human cells [42]. Therefore,
NRF2-HO-1 axis activated by 1,25(0OH),VDj is unlikely to interfere with
talabostat therapy based on NLRP1 activation due to DPP9 inhibition.
Furthermore, chemotherapy in patients with oral squamous cell carci-
noma (OSCC) supports the clinical validity of 1,25(0H)2VD3 supple-
mentation [43]. Huang et al. [43], reported that vitamin D
supplementation can reduce the over-expression of gasdermin family
protein E in normal tissues in patients with OSCC associated with
chemotherapeutic side effects primarily caused by NLRP inflammasome
activation.

Vitamin D analogs are beneficial for the treatment of psoriasis [44].
Topical vitamin D analogs are widely used as a first-line therapeutic
option for psoriasis, either alone or in combination with corticosteroids.
In terms of long-term unfavorable effects such as tachyphylaxis, which is
seen with topical steroid treatment, vitamin D analogs can be used as
long-term treatments, with no undesirable side effects. Since psoriasis
was until recently considered a T-cell-dependent disease involving im-
munity processes, numerous studies have focused on immune cells and
pathways amenable to therapeutic targeting [45]. It is now recognized
that keratinocytes are also involved in innate immune responses and
pathological processes. For example, releasing proinflammatory cyto-
kines from keratinocytes as early upstream events can increase IL-1f and
IL-18 levels in psoriasis lesional skin [46]. In addition, single nucleotide
polymorphisms in the NLRP1 gene are associated with increased risk of
psoriasis [47]. Therefore, the activation step of inflammasomes in ker-
atinocytes may be a reasonable target for preventing potential crosstalk
between immune cells and keratinocytes. Vitamin D deficiency is
correlated with psoriasis-associated pathogenesis [48]. This explains
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why topical administration of vitamin D or its analogs is one of the most
logical choices for treating this disease.

To our knowledge, this is the first report describing the inhibitory

effect of 1,25(0OH),VD3 on the activation step in the NLRP1
inflammasome-mediated IL-1p secretion process, which is based on the
upregulation of the NRF2-HO-1 pathway in keratinocytes. This study
suggests that the activation step of the NLRP1 inflammasome in
epidermal keratinocytes may be targeted by 1,25(0H),VDs, and offers a
new approach for treating inflammasome-related skin diseases.
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