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Abstract

The impairment of the cystic fibrosis transmembrane conductance regulator (CFTR) ac-
tivity induces intracellular chloride (C1”) accumulation. The anion CI, acting as a second
messenger, stimulates the secretion of interleukin-1p (IL-1p), which starts an autocrine
positive feedback loop. Here, we show that NLR family pyrin domain containing 3
(NLRP3) and caspase 1 (CASP1) are indirectly modulated by the intracellular CI” con-
centration, showing maximal expression and activity at 75 mM CI7, in the presence of the
ionophores nigericin and tributyltin. The expression of PYD and CARD domain contain-
ing (PYCARD/ASC) remained constant from 0 to 125 mM CI". The CASP1 inhibitor
VX-765 and the NLRP3 inflammasome inhibitor MCC950 completely blocked the CI -
stimulated IL-1p mRNA expression and partially the IL-1f secretion. DCF fluorescence
(cellular reactive oxygen species, cROS) and MitoSOX fluorescence (mitochondrial
ROS, mtROS) also showed maximal ROS levels at 75 mM CI', a response strongly in-
hibited by the ROS scavenger N-acetyl-L-cysteine (NAC) or the NADPH oxidase (NOX)
inhibitor GKT137831. These inhibitors also affected CASPI and NLRP3 mRNA and pro-
tein expression. More importantly, the serum/glucocorticoid regulated kinase 1 (SGK1)
inhibitor GSK650394, or its shRNAs, completely abrogated the IL-1f mRNA response
to CI” and the IL-1p secretion, interrupting the autocrine IL-1p loop. The results sug-
gest that CI” effects are mediated by SGK1, in which under CI” modulation stimulates
the secretion of mature IL-1f, in turn, responsible for the upregulation of ROS, CASP1,
NLRP3 and IL-18 itself, through autocrine signalling.
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INTRODUCTION

CFTR is a chloride channel activated by cAMP, which is re-
sponsible for the inherited disease cystic fibrosis (CF). In the
initial years after the CFTR was cloned, most works focused
on the non-genomic effects of the CFTR failure. Since CF
had a complex phenotype, we tested the hypothesis that this
complex phenotype was due to the modulation of a net of
genes under CFTR control (genomic effects). By using dif-
ferential display [1], we were able to find the first molecule
in the chain of the CFTR-signalling pathway, which was the
protein tyrosine kinase c-Src [2]. Its activity was increased in
CF cells and determined the overexpression of MUCI [2]. At
the same time, we explored possible regulators of CFTR ex-
pression, which was considered at that time a housekeeping
gene, and find that IL-1f (interleukin 1 beta, official HUGO
symbol IL-1B) was able to modulate its expression [3]
through NF-kB activation [4]. On the other hand, other lab-
oratories also found differentially expressed genes by using
microarrays [5,6]. Therefore, the hypothesis of the existence
of a net of CFTR-dependent genes was correct.

Later, two additional differentially expressed genes were
selected for further characterization since, contrary to c-Src,
their expression was reduced in CF cells or cells treated with
CFTR inhibitors. Noteworthy both genes, CISDI (yet with an
unclear function) [7] and MTND4 [8] codified mitochondrial
proteins. Since MTND4 was known to be essential for the
activity and assembly of the mitochondrial complex I (mCx-
I), we then decided to test the activity of this complex in CF
cells. In agreement with the reduced MTND4 found in CF
cells, reduced activity of mCx-I was also found [9]. We soon
realized that these results were in consonance with an earlier
mitochondrial theory for CF postulated by Burton Shapiro in
the late 80 s, which was completely disregarded (erroneously)
when the CFTR was cloned and found to be a chloride chan-
nel, located in the plasma membrane and not in the mitochon-
dria [10-12]. The work of Shapiro's laboratory was discussed
in detail elsewhere [13]. Therefore, the CFTR channel was
signalling inside the cell, increasing c-Src activity and reduc-
ing the mCx-I activity. Further exploring the possible CFTR-
signalling molecules, we found that IL-1p was responsible
for the reduced mCx-I activity and increased ROS production
in CF cells, through an autocrine positive feedback loop [14].
Later, also using differential display, we found that C1” could
modulate the expression of specific genes (Cl™-dependent
genes) [15], acting as a second messenger to indirectly regu-
late gene expression [16]. Recently, we also found that IL-1
was upstream of c-Src in the CFTR-signalling pathway [17]
and that the increased intracellular CI” concentration found
in cells with impaired CFTR activity was responsible for the
increased IL-1f maturation and secretion [18].

The NLRP3 inflammasome is involved in IL-1f matura-
tion and secretion [19]. The role and relevance of the NLRP3

inflammasome in cystic fibrosis have been extensively re-
ported [20-22]. The NLRP3 inflammasome is a complex
composed of three proteins, NLR family pyrin domain
containing 3 (NLRP3), caspase 1 (CASP1) and apoptosis-
associated speck-like protein containing a CARD (ASC/
PYCARD). The NLRP3 inflammasome activation usually
needs two signals. The first signal (signal 1 or priming) in-
duces the upregulation and accumulation of IL-1f and in-
flammasome components. The second signal activates the
inflammasome, which involves the recruitment of NLRP3,
ASC and pro-CASP1 to mitochondria to form the NLRP3
inflammasome complex, with the help of cardiolipin in the
external mitochondrial membrane and then follows a self-
cleavage and activation of pro-CASP1 and the cleavage of
pro-IL-1f. Usually, pro-IL-1f accumulates until the NLRP3
inflammasome is activated by different danger- and pathogen-
associated molecular patterns (DAMPs, PAMPs)(signal 2 or
activation) [23,24] or by noncanonical activation [25,26]; all
DAMPs and PAMPs signals appear to be integrated through
mtROS signalling. [23]

The precise mechanism of activation for the NLRP3 in-
flammasome is still unknown, and different signals can ac-
tivate the NLRP3 inflammasome, including K* efflux, Ca**
influx and high levels of reactive oxygen species (ROS),
which appear to integrate most signals [19,27]. Once IL-1f
is processed by CASPI1, it is secreted by mechanisms that
are not fully understood [28]. The secreted cytokine can bind
to its IL1R1 receptor starting a positive autocrine/paracrine
feedback loop (concepts originally applied to mammalian
cells by Michael Sporn [29]) that further enhances its sig-
nalling [14]. Once the IL1RI1 receptor is activated by IL-1f,
it recruits MyD88 and Racl, initiating a cascade of events
including receptor internalization, NADPH oxidase (NOX)
activation [30-32], and further recruitment of proteins and
events that constitutes the canonical IL-1p pathway, eventu-
ally leading to NF-«B activation [33].

Here, we further explored the mechanism by which CI”
modulates IL-1f expression and secretion, considering the C1
effects on the expression and activity of the inflammasome
components. IB3-1 bronchial epithelial CF cells were used,
which constitutively overexpress and release IL-1p without
the need for external priming or activating steps [14]. Thus,
LPS (priming) and ATP (activation) are not needed to prime/
activate these cells, which simplifies the model system since
LPS and ATP activate by themselves multiple signalling
pathways that might render very complex results, hard to in-
terpret. We found that IL-1p, caspase 1 (CASP1) and NLRP3
expression, mMRNA and protein levels, were upregulated when
the intracellular CI” was increased from 5 to 75 mM, in the
presence of the tributyltin and nigericin ionophores. This reg-
ulation by CI” occurs through a complex pathway involving
the activation of the serum/glucocorticoid regulated kinase
1 (SGK1). Although SGK1 was reported to activate NF-xB
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[34] and NLRP3 [35], we postulate that SGK1 activation by
CI” may also increase the secretion of IL-1p that in turn starts
an IL-1p autocrine/paracrine positive feedback loop through
the IL1R1 canonical signalling (ILIRI-MYD88 — IRAK
—-TRAF6 — TAK1 — IKK —IkBa — NF-kB axis) and the
parallel ILIR1 — NOX —cROS signalling. This results in
further upregulation of NLRP3, CASP1 and IL-1 mRNAs
and proteins, completing the autocrine loop with more IL-1
secretion. Thus, the intracellular C1™ and the SGK1 kinase are
important regulators of the NLRP3 inflammasome and IL-1f
expression and secretion.

MATERIAL AND METHODS
Reagents

IL-1 receptor antagonist (Cat. No. SRP3327), dimethyl
sulphoxide (DMSO, culture grade), p-coumaric acid, lumi-
nol, tributyltin, nigericin, Fura-2 AM, N-acetyl-L-cysteine,
BAPTA-AM, mesoxalonitrile 4-trifluoromethoxyphenyl-
hydrazone (FCCP, mitochondrial uncoupler) and protease
inhibitor cocktail (Cat. No. P2714) were purchased from
Sigma-Aldrich (St. Louis, MO). Trypsin was purchased from
Life Technologies (GIBCO BRL, Rockville, MD). MitoSOX
(Cat. No. M36008), 27,7 -dichlorofluorescein diacetate
(DCFH-DA, Cat. No. D399) and tetramethylrhodamine-
ethyl ester perchlorate (TMRE, Cat. No. T669) were from
Molecular Probes, Life Technologies Corporation. NLRP3
inflammasome inhibitor MCC950, CASP1 inhibitor VX-765,
NOX inhibitor GKT137831 and SGK1 inhibitor GSK650394
were from MedChem Express (MCE). DiBAC4(3) (Bis-(1,3-
dibutylbarbituric acid)trimethine oxonol, Cat. No. 61011)
and BCECF-AM (2',7’-Bis(2-carboxyethyl)-5(6)-carboxyfl
uorescein acetoxymethyl ester, Cat. No. 51012) were from
Biotium. All other reagents were analytical grade. Antibodies:
rabbit anti-caspase 1 (polyclonal, sc-515) was from Santa
Cruz Biotechnology Inc.; anti-mouse antibody coupled to
horseradish peroxidase (polyclonal, W402B) and anti-rabbit
antibody coupled to horseradish peroxidase (polyclonal,
W401B) were from Promega; mouse anti-IL-1p (mAb, IgG,,
[3642) and rabbit anti-actin antibody (polyclonal, A2066)
were from Sigma-Aldrich; mouse monoclonal anti-NLRP3
(Cryo-2) and rabbit polyclonal anti-ASC (AL177) were from
Adipogen; and rabbit anti SGK1 (D27C11) was from Cell
Signaling Technology.

Cultured cells
IB3-1 cells (ATCC CRL-2777, a bronchial cell line derived

from a cystic fibrosis patient with a AF508/W1282X CFTR
genotype) [36] were purchased from ATCC (www.atcc.org)

(this cell line is no longer provided by ATCC; it is now kept
at the John Hopkins University Cell Center). Caco-2 cells
(ATCC; human colon carcinoma epithelial cells) expressing
wt-CFTR were previously selected and cloned after transfec-
tions with four short hairpin RNA interference (shRNA) di-
rected against different regions of CFTR [9,14,17,37]. The
plasmids were constructed by OriGene Technologies, Inc.
(Rockville, USA) and the two sense sequences were pRS25:
AAGAAATATGGAAAGTTGCAGATGAGGTT; pRS26:
AAATATCATCTTTGGTGTT TCCTATGATG. The se-
quence corresponding to pRS-shGFP was used as a control
(pRSctrl), corresponding to a non-effective sShRNA plasmid
against GFP, provided by OriGene. These cells were cultured
adding 1 mg/ml puromycin to the culture medium for cell
expansion and without puromycin during the experiments.
All cells were cultured in DMEM/F12 (Life Technologies,
GIBCO BRL) supplemented with 5% FBS (Internegocios
S.A., Mercedes), 100 U/ml penicillin and 100 pg/ml strep-
tomycin (Life Technologies, GIBCO BRL,). Cultures were
grown at 37 °C in a humidified air atmosphere containing
5% CO, and plated at a density of 20,000 cells/cm?. Before
treatments, cells were cultured 24 h in serum-free medium.

shRNA preparation for stable transfections

shRNA preparation was performed as previously described
[9]. Briefly, to specifically and transiently knockdown SGK1
expression, we prepared shRNAs (short hairpin RNAs) by
inserting sequences complementary to the SGK1 mRNA
(the antisense sequence and its complementary strand plus
a small connecting loop) into a pRNATin-H1-2/Hygro vec-
tor (GenScript). To construct the insert, two complementary
oligonucleotides containing BamH1 and HindIII restriction
sites and also a connecting loop of sequence TTCAAGAGA
(Oligo A: 5°’-GATCCAAGGAG AACATTGAACACAA
CTTCAAGA GAGTTGTGTTCAATGTTCTC CTTA-3’;
Oligo B: 5’-GATCCAAGG TCTCCTGCAG ATCTGTCTT
CAAGAGAGACAGATCTG CAGGAGA CCTTA-3’; the
target sequence is underlined). These oligonucleotides were
then annealed with their complementary oligonucleotide and
cloned into the BamH1 and HindIII restriction sites of the
pRNATiIn-H1-2/Hygro vector. The empty pRNATin-H1-2/
Hygro vector was used as a control.

shRNA stable transfections

IB3-1 cells were cultured in DMEM/F12 medium contain-
ing 5% FBS and maintained below 70% confluence. Then,
cells were collected by trypsin (0-25% trypsin, 0-02%
EDTA in PBS) treatment and electroporated using a BTX
ECM 830 square-wave electroporator (Genetronix Inc).
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The electroporation was performed by using a cuvette plus
(Genetronix Inc.) for mammalian cells. Settings for elec-
troporation were 140 volts and 1 pulse of 17 msec, using
40-100 pg of shRNA plasmid and 4 x 106 cells, in a final vol-
ume of 400 ml. Transfected cells were selected in DMEM/
F12 plus 5% FBS, containing 50 pg/ml of hygromycin, for
30 days. To perform the experiments, cells were plated in
DMEM/F12 containing 5% FBS and hygromycin 50 ug/ml,
at a confluence of 70-80%. Then, the cells were cultured 24 h
in serum-free medium.

Modulation of intracellular chloride
concentration ([CI7],)

Intracellular chloride concentration ([CI'];) was modulated
as previously reported [15,16,18]. Briefly, IB3-1 cells were
incubated for 1 h in the presence of different CI” concentra-
tions (0, 5, 25, 50, 75, 100 and 125 mM). To establish a rapid
equilibrium between the [C] ]; and the extracellular chloride
concentration ([CI],), independently of the chloride chan-
nel activities, a double-ionophore strategy was used [15].
IB3-1 cells were washed with Hank’s gluconate, to remove
the remaining extracellular CI”, and then incubated for 1 h
with different [Cl].. The different CI~ concentrations were
obtained by combining two high K* buffers (high KCI and
high KNO;) [15]. Additional treatments (inhibitors, or IL-
1RN) were performed in this 1-h period, incubating the cells
in these high K* buffers.

Reverse transcription and quantitative real-
time PCR (qRT-PCR) for IL-1p, CASP1,
NLRP3 and ASC

The IB3-1 cells were cultured as indicated above. After in-
cubation, total RNA isolation, reverse transcription and
qRT-PCR were done as previously described [14,18].
Briefly, total RNA was isolated by using a guanidinium
thiocyanate—phenol—chloroform extraction solution [38].
The quality of RNA was checked by electrophoresis in de-
naturing formaldehyde agarose gels [39] and measuring the
ratios A260/A230 (greater than 2) and A260/A280 nm (over
1-7). Reverse transcription (RT) was performed by using
4 ug of total RNA, M-MLYV reverse transcriptase (100 U,
Promega) and oligo-dT, in a 25 pl final reaction volume, ac-
cording to manufacturer’s instructions. qRT-PCRs were per-
formed using an ABI 7500 real-time PCR system (Applied
Biosystems Inc); the AACt method was used for comparative
quantification. TBP (Tata Box Binding Protein) was used as
an internal control. Primer sequences for PCR were as fol-
lows: TBP, 5-TGCACAGGAGCCAAGAGTGAA-3" (for-
ward) and 5"-CACATCACAGCTCCCCACCA-3" (reverse);

IL-16, 5-ACAGATGAAGTGCTCCTTCCA-3" (forward)
and 5-GTCGGAGATTCGTAGCTGGAT-3" (reverse);
CASPI, 5-GAATGTCAAGCTTTGCTCCCTAGA-3’ (for-
ward) and 5"-AAGACGTGTGCGGCTTGACT-3" (reverse);
NLRP3, 5°-TCTGTGTGTGGGACTGAAGCA-3" (for-
ward) and 5-TACTGATGCAAGATCCTGACAACA-3~
(reverse); and ASC 5-ATCCAGGCCCCTCCTCAGT-3"
(forward) and 5"-GTTTGTGACCCTCGCGATAAG-3" (re-
verse). The cDNA samples (10 ul of a 1:10 of cDNA from
reverse-transcribed RNA) were added to 25 ul of PCR mix-
ture containing a final concentration of 2-5 mM MgCl,,
0-4 mM deoxynucleotide triphosphates, 1 U of Go Taq DNA
polymerase (Promega), 0-1 X EvaGreen (Biotium), 50 nM
ROX as a reference dye and 0-2 nM of each primer. The
qRT-PCR conditions were as follows: initial denaturation
at 95°C for 10 min, followed by 40 cycles at 95°C for 30 s,
62°C for 30 s and 72°C for 30 s. The fluorescence signal was
acquired at the elongation step, at the end of each cycle. qRT-
PCRs were carried out in triplicates (intra- and inter-assays
by triplicate). The final quantification values were obtained
as the mean of the relative quantification (RQ) for each bio-
logical triplicate (n = 3).

Secretion of IL-1f

Secreted IL-1p was measured in conditioned media from
IB3-1 cells as previously described. [18] Briefly, IB3-1 cells
were cultured 48 h, as above indicated, in p100 dishes. The
last 1 h of incubation was done in 5 ml of high K" buffer,
at different CI” concentrations. After incubation, the buffer
solutions were collected and concentrated by centrifugation
at 3500 x g for 30 min at 4°C by using Amicon Ultra-15 cen-
trifugal filter units (10,000 kDa cut-off, EMD Millipore).
IL-1p was measured from frozen concentrate supernatants
using the Human IL-18 ELISA set (BD OptEIA™ - Human
IL-1B ELISA Set, BD Biosciences). The detection limit for
this kit is 4 pg/mL; 20X concentration was performed in the
supernatants by using the Amicon filters, allowing the IL-
1B measurement within the detection range (4-256 pg/ml).
Measurements were performed using a microplate reader
(model Benchmark, Bio-Rad).

Protein extraction

Cells were incubated as above indicated, washed twice with
cold PBS, scraped with cold extraction buffer (10 mM Tris
pH 7-4, 100 mM NacCl, 0-1% SDS, 0-5% sodium deoxycho-
late, 1% Triton X-100, 10% glycerol) containing the pro-
tease inhibitor cocktail (5 ml of cocktail/20 g of cell extract)
plus phosphatase inhibitors (2 mM Na;VO,, | mM NaF and
10 mM Na,PO,), and centrifuged at 14000 X g for 20 min
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at 4°C. The supernatant was stored at —80°C until use. The
protein concentration was measured by using the method of
Lowry et al [40,41].

Western blot analysis

Western blots were performed as previously described
[18]. Briefly, total protein extracts (30-50 pg of proteins)
were separated on a denaturing SDS/PAGE (15%) and
transferred to nitrocellulose membranes. Membranes were
blocked with BSA 5% in TBS 1 h and then incubated with
primary monoclonal antibodies against IL-1p, CASPI,
NLRP3 or ASC (dilutions 1:1000 in TBS plus Tween-20,
0-05% v/v) for 3 h. The membranes were washed three times
with TBS plus Tween-20 (0-05% v/v) for 5 min and incu-
bated for 1 h with goat IgG anti-mouse or anti-rabbit anti-
body coupled to horseradish peroxidase (dilution 1:2000 in
TBS plus Tween-20, 0-05% v/v), washed three times with
TBS plus Tween-20. Finally, membranes were incubated
with 2.5 ml of solution A (25 pl of luminol 250 mM, 11 ul
of p-coumaric acid 90 mM, 250 ul Tris 1 M pH 8-8 and
2-22 ml H,0) and 2-5 ml of solution B (4-55 ul H,0, 30%,
250 ul Tris 1 M pH 8-8 and 2-25 ml H,O). Results were
visualized by using an ImageQuant LAS 4000 system (GE
Healthcare Life Sciences).

Measurement of mitochondrial and cellular
ROS levels by microplate reader

Mitochondrial and cellular ROS levels were measured by
using fluorescent probes in 96-well black plates (Greiner
Bio-One, Germany; 655090) as previously described [14,17].
The cells were cultured as above indicated and treated the
last 1 h with IL1RN/anakinra, or inhibitors, at different C1~
concentrations in the presence of the T-N ionophores. To
measure mitochondrial ROS levels, at the end of incuba-
tion, the DMEM/F12 medium was changed to Hank's solu-
tion (136-9 mM NaCl, 5-4 mM KCl, 1-3 mM CacCl,, 3-7 mM
NaH,PO,, 0-4 mM KH,PO,, 42 mM NaHCO;, 0-7 mM
MgSO,, 5-5 mM D-glucose and 10 mM HEPES) contain-
ing 5 uM of MitoSOX (stock prepared as 5 mM solution in
DMSO) and incubated at 37 °C in the 5% CO,/air incubator
for 10 min. Cellular ROS levels were measured by using the
fluorescent probe DCFH-DA in Hank's solution containing
10 uM of the fluorescent probe (stock prepared as 20 mM
solution in DMSO) and incubated at 37 °C in the 5% CO,/air
incubator for 40 min. Then, cells were washed with 0-2 ml
of Hank's solution three times and the fluorescence was
measured in a fluorescence plate reader (NOVOstar, BMG
LABTECH GmbH) with incubation at 37°C. Filters were
Ex = 510 + 10 nm, Em = 580 + 10 nm for MitoSOX and

Ex =510 + 10 nm, Em = 540 + 10 nm for DCFH-DA, and
readings were performed from the bottom of the plate).

Measurement of mitochondrial and cellular
ROS levels by flow cytometry

Mitochondrial and cellular ROS levels were measured
by flow cytometry as previously described by Duyndam
et al [42] and Kauffman et al [43] with some modifications.
Briefly, the cells were cultured 48 h, as above indicated,
in pl100 dishes. To measure mitochondrial ROS levels, the
DMEM/F12 medium was changed to Hank's solution con-
taining 5 uM of MitoSOX (stock prepared as 5 mM solu-
tion in DMSO) and incubated at 37 °C in the 5% CO,/air
incubator for 10 min. Cellular ROS levels were measured by
using the fluorescent probe DCFH-DA in Hank's solution
containing 10 uM of the fluorescent probe (stock prepared
as 20 mM solution in DMSO) and incubated at 37 °C in the
5% CO,/air incubator for 40 min. Then, cells were harvested
by trypsin treatment and pelleted by centrifugation at 400 x
g for 5 min. Finally, the cells were resuspended in 500 pl of
the corresponding treatment (different CI” concentrations or
inhibitors) and analysed on the flow cytometer (Accuri, BD
Biosciences).

Measurement of cellular membrane potential

Cellular membrane potential changes were measured as pre-
viously described by using the fluorescent probe DiBAC,(3)
[44,45]. Briefly, the cells were cultured in 96-well black
plates (Greiner Bio-One, Germany; 655090) as above in-
dicated and the last 1 h of incubation was done in high K*
buffer, at different CI” concentrations in the presence of the
T-N ionophores with 5 uM of DiBAC,(3) in Hank's solu-
tion (stock prepared as 5 mM solution in DMSO) at 37 °C
in the 5% COy/air incubator. Then, cells were washed with
0-2 ml of Hank's solution three times and the fluorescence
was measured in a fluorescence plate reader (NOVOstar,
BMG LABTECH GmbH, Ortenberg, Germany) with incuba-
tion at 37 °C. Filters for DiBAC4(3) were Ex = 485 + 12 nm,
Em =520 + 30 nm. Excitations and readings were performed
from the bottom of the plate.

Measurement of mitochondrial
membrane potential

The mitochondrial membrane potential (Ym) was meas-
ured by using the fluorescent probe TMRE, as previously
described [7,46], with some modifications. Briefly, IB3-1
cells were cultured in 96-well black plates (Greiner Bio-One,



British Society for

Immunology __ immun Iog@"

The Journal of cells, molecules, systems and technologies

498 |

CLAUZURE ET AL.

Germany; 655090) as above indicated and incubated with
20 nM of TMRE in DMEM/F12 medium (stock 1000 X pre-
pared as 20 uM solution in DMSO) for 30 min at 37 °C in the
5% COy/air incubator. Then, cells were washed with 0-2 ml
of Hank's solution three times and incubated for 1 h of in high
K™ buffer, at different CI” concentrations in the presence of
the T-N ionophores After 1 h, fluorescence was measured
as above indicated, and the values corresponding to FCCP
20 uM treatment at each CI” concentration were subtracted
and plotted (to discount the background fluorescence) [47].
TMRE staining is reversible and does not affect cell prolifera-
tion and viability; it also shows the absence of dead, damaged
or apoptotic cells [48]; besides, the mitochondrial membrane
potential, TMRE signal reflects cell viability. The filters used
for TMRE were Ex = 540 + 10 nm, Em = 590 + 10 nm.

Measurements of intracellular pH levels

Intracellular pH levels were measured by using the fluores-
cent probe BCECF-AM (2',7'-bis-(2-carboxyethyl)-5(6)-car-
boxyfluorescein acetoxymethyl ester) as reported by Rink
et al. [49,50] Briefly, the cells were cultured in 96-well black
plates (Greiner Bio-One, Germany; 655090) as above in-
dicated and the last 1 h of incubation was done in high K*
buffer, at different CI” concentrations or different pH points
(6-5;7-0; 7-35; 8:0; 8:-5) in the presence of the T-N ionophores
with 0-1 uM of BCECF-AM in Hank's solution (stock pre-
pared as 1 mM solution in DMSO) at 37 °C in the 5% CO,/
air incubator. Then, cells were washed with 0-2 ml of Hank's
solution three times and the fluorescence was measured in
a fluorescence plate reader (NOVOstar, BMG LABTECH
GmbH, Ortenberg, Germany) with incubation at 37 °C. Filters
were Ex =440 + 10 and 485 + 12 nm, Em = 540 + 10 nm for
BCECF-AM, and readings were performed from the bottom
of the plate.

Intracellular calcium levels

Relative changes in intracellular calcium levels were esti-
mated using the fluorescent probe Fura —2-AM in 96-well
black plates as previously reported by Hunt and Lambert
[51]. Cells were cultured as above indicated and incubated
with 10 uM of Fura-2-AM at 37 °C in the 5% CO,/air in-
cubator for 1 h. Then, the cells were washed with 0-2 ml of
Hank's solution three times. The fluorescence was measured
in a fluorescence spectrofluorometer (NOVOstar) with in-
cubation at 37°C. As controls, cell in Hank's solution was
treated with 10 mM of EGTA (extracellular Cca*t chelator),
10 uM of BAPTA-AM (intracellular Ca** chelator) or 10 uM
of A23187 (CazJr ionophore). Filters were Ex = 340 + 10 nm
and Ex = 380 + 10, Em = 510 + 10 nm, and readings were
performed from the bottom of the plate. The values were

plotted as the fluorescence ratios [fluorescence at 510 exited
at 340/fluorescence at 510 exited at 380], normalizing the
values to have control values equal to one.

Statistics

The assays were performed at least by duplicates, and the ex-
periments were repeated at least three times (indicated in each
figure). The results were expressed as means obtained from
the different independent experiments (inter-assay compari-
sons). One-way ANOVA and Tukey's test were applied to
calculate significant differences among samples (x = 0-05).
All values are shown as mean +SD (n). * indicates signifi-
cant differences (p < 0-05). Open circles in bars show the val-
ues of the means of each independent experiment. The bars
represent the average of the open circle values.

RESULTS

Changes in the [Cl']; modulate the mRNA
and protein expression of the NLRP3
inflammasome complex

We have previously demonstrated that the [Cl]; modulates
the levels of IL-1p mRNA and protein, in a biphasic way,
with a peak of expression at 75 mM CI™ [18]. Taking into
account that the inflammasome complex is a key regula-
tor of the IL-1P production, here we studied the response
to [CI]; changes of the NLRP3 inflammasome subunits
CASPI1, NLRP3 and ASC. To change the [CI];, we used a
double-ionophore strategy (nigericin and tributyltin; T-N)
that allows the intracellular and extracellular chloride and H*
concentrations to equilibrate [15,18,52].

As shown in Figure 1a, the steady-state levels of CASPI
mRNA were modulated by increasing [Cl];. The modulation
was biphasic, with maximal mRNA levels at 75 mM CI, fol-
lowing a pattern very similar to the one obtained previously
for IL-1p [18]. Western blots (WBs) of total proteins obtained
from IB3-1 cells were then performed to determine the effects
of [CI']; changes on the intracellular levels of CASP1. As
shown in Figure 1b (WB) and 1C (quantification), both the
pro-CASP1 and the mature CASP1 levels were modulated by
[CI'];, reaching maximal levels of pro- and mature CASP1
at high CI', in agreement with its mRNA levels (Figure 1a).

Equivalent results were obtained for the NLRP3 mRNA
(Figure 1d,e,f). NLRP3 mRNA was modulated by [CI],,
again with a maximal response at 75 mM. As occurred with
the CASP1 response, the NLRP3 protein expression was
modulated by [CI]; with maximal levels at 75 mM CI, as
shown in Figure 1e (WB) and le (quantification). The NLRP3
stimulation, compared to controls at 0-5 mM CI", was less
than 1-5-fold (nevertheless, it was significant). Noteworthy,
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FIGURE 1 Effects of [CI]; changes in the expression of inflammasome subunits. IB3-1 cells were preincubated for 24 h in serum-free
DMEM/F12 and then incubated in the same serum-free medium at different chloride concentrations (0, 5, 25, 50, 75, 100 and 125 mM) in the
presence of the ionophores nigericin (5 pM) and tributyltin (10 pM) for 1 h. (a) Quantitative real-time RT-PCR of CASPI mRNA levels in IB3-1
cells. (b) Representative WB of CASP1, pro-CASP1 and actin of cell lysates from IB3-1 cells. (c) Densitometric quantification and statistical
analysis of the results shown in panel B. (d) Quantitative real-time RT-PCR of NLRP3 mRNA levels in IB3-1 cells. (e) Representative WB of
NLRP3 and actin of cell lysates from IB3-1 cells. (f) Densitometric quantification and statistical analysis of the results shown in panel E. (g)
Quantitative real-time RT-PCR of ASC mRNA levels in IB3-1 cells. (h) Representative WB of ASC and actin of cellular lysates from IB3-1 cells.
I, Densitometric quantification and statistical analysis of the results shown in panel H. The results were expressed as fold-change over control

values (0 mM chloride). Measurements were performed in triplicate (n = 3, intra-assay), and data are expressed as mean +SD of three independent

experiments (n = 3, inter-assay). In all figures, the open circles represent the intra-assay mean for each independent experiment and the bars show

the mean of the inter-assay means. * indicates p < 0-05 compared with 0 mM CI”

the ASC mRNA did not show any response to [CI]; changes
(Figure 1g). Also, in agreement with its mRNA levels, the
ASC protein levels did not show changes in response to Cl™
(WBs in Figure 1h; quantification in Figure 1i).

These results suggest that the [CI]; can regulate IL-1p
maturation, at least partially, through modulation of CASPI
expression and to a lesser extent of NLRP3 expression. More
interestingly, the results show that the ASC mRNA and pro-
tein expression, contrary to CASP1 and NLRP3, do not re-
spond to CI, constituting an excellent demonstration that the
CI” effects are specific for CASP1 and NLRP3.

As controls, we measured the intracellular pH (using
BCECF-AM 0-1 pM, Figure Sla and b), the membrane

potential (using DiBAC4(3) 5 uM, Figure S1c) and the mi-
tochondrial membrane potential (fluorescent probe TMRE
20 nM, Figure S1d), which were not affected from O to
100 mM CI'. The viability was not compromised by the
double-ionophore strategy during 1 h incubation since the
mitochondrial potential remaining unchanged from 0 to
100 mM CI” (Figure S1d). In addition, the Ca*" levels were
measured with Fura-2 AM and remained constant from 0 to
125 mM CI” (Figure S2a). To confirm that Ca’* was not in-
volved in the IL-1P response to CI” in the presence of the
T-N ionophores, the cells were incubated in the presence of
BAPTA-AM and the T-N ionophores. As shown in Figure
S2a, BAPTA-AM reduced the amount of Ca’* but did not
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affect the response to C1™ of IL-1p (Figure S2b and c protein),
CASP1 (Figure S2d) or NLRP3 (Figure S2¢) mRNAs. Again,
the mRNA levels of ASC were not affected by BAPTA
(Figure S2f).

Zhang et al. measured the intracellular CI” concentration in
cells derived from CF patients around 70 mM for the higher
rank. A similar value was obtained in BEAS-2B cells stimu-
lated with LPS [34]. Rat RINmS5F insulinoma cells, non-CF
cells, showed basal values of around 100 mM CI™ that increase
up to 125 mM by using the CFTR inhibitor CFTRinh-172-[53]
Thus, concentrations between 50 and 100 mM CI™ are within
the expected values under a CFTR failure.

Inhibition of the NLRP3 inflammasome
blocked the IL-1f mRNA upregulation induced
by CI”

IB3-1 cells were then incubated with the CASP1 inhibitor
VX-765 (10 pM) [54] or the NLRP3 inflammasome inhibi-
tor MCC950 (10 pM) [55] to determine whether the NLRP3
inflammasome was involved in the IL-1f expression induced
by CI" [18]. Noteworthy, the upregulation induced by 75 mM
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[CI']; on IL-1p mRNA expression was completely blocked by
these inhibitors (Figure 2a), reaching the basal levels of 5 mM
CI” (the basal levels were not affected). This complete inhibi-
tion of the CI” effects with MCC950 also suggests that other in-
flammasomes [56] are not involved in the CI~ effects. As shown
in Figure 2b, similar results were obtained on the secreted IL-
1B, except that here some response to CI” 75 mM remains for
the secreted protein (basal levels were slightly reduced without
reaching significance). On the other hand, as shown in Figure
2c¢,d the blocking effects seen on the IL-18 mRNA expression
and the secreted IL-1p protein were also reflected in the intra-
cellular levels of pro-IL-1f and mature IL-1p.

Changes in [Cl']; modulate cellular and
mitochondrial ROS Levels

It was previously demonstrated that increased ROS levels in
cells with impaired CFTR activity are mainly due to IL-1p au-
tocrine effects [14]. It was also demonstrated that the inhibi-
tion/mutation of the CFTR activity induces CI” accumulation,
upregulating the IL-1p expression [18]. Thus, we hypoth-
esized that changes in [Cl]; might modulate ROS levels. In
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FIGURE 2 Effects of CASP1 and NLRP3 inflammasome inhibitors on IL-1 mRNA and secreted protein levels in response to [Cl']; changes.
IB3-1 cells were incubated in serum-free medium for 24 h and then for 1 h at 5 or 75 mM CI” in the presence of tributyltin (10 pM) and nigericin
(5 pM), treated as indicated in the presence of the CASP1 inhibitor VX-765 (10 uM) or the NLRP3 inflammasome inhibitor: MCC950 (10 uM).
(a) Quantitative real-time RT-PCR of /L-1f mRNA levels in IB3-1 cells. (b) ELISA quantification of the IL-1f present in culture media. (c)
Representative WB of pro-IL-1f, mature IL-1p and actin of cell lysates from IB3-1 cells. (d) Densitometric quantification and statistical analysis

of the results shown in panel c. The results were expressed as fold-change over control values (corresponding to 5 mM CI"). Measurements were

performed in triplicate for each experiment (n = 3, intra-assay), and data are expressed as mean + SD of three independent experiments (n = 3,

inter-assay). * indicates p < 0-05 compared with untreated 5 mM CI™ IB3-1 cells
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agreement with our hypothesis, as shown in Figure 3a, the
steady-state levels of intracellular ROS were modulated by
[CI'];; this modulation was biphasic, with a maximal response
at 75 mM of [CI];, in agreement with previous results show-
ing a biphasic expression of IL-1f, with maximal secretion at
75 mM CI” [18]. Also, as shown in Figure 3b, the biphasic
effect can be observed in the mitochondrial ROS levels, again
with a maximal response at 75 mM, which was the concentra-
tion for maximal IL-1f3, NLRP3 and CASP1 response to CI".
The relatively small rise in cROS (~30%) and mROS (~50%)
appears to be physiological significant since ROS inhibition
with NAC or GKT137831, as described below, produced a sig-
nificant (p < 0-05) and strong inhibition of the IL-1f response
to CI".

Effects of NAC and the NOX inhibitor
GKT137831 on IL-1f expression

Since changes in the [Cl-]; modulated mitochondrial and cel-
lular ROS levels, and NOX has been detected in IB3-1 cells
[57], we then used the ROS scavenger N-acetyl-L-cysteine
(NAC) and the NOX inhibitor GKT137831/GKT831, to
determine whether ROS were involved in the regulation of
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IL-1p expression by CI". The GKT137831 has specificity for
NOX1 (ICs in vitro 0-14 uM), NOX4 (0-11 uM) and NOX5
(0-41 uM); NOX2 1750 uM. Data for NOX3 and DUOX1/2
are uncertain yet and it inhibits xanthine oxidase-derived
ROS formation with ICy, values over 100 uM [58].

As shown in Figure 3c, NAC (5 mM) [59] and
GKT137831 (10 uM) [17] produced a significant reduction
in the response of IL-13 mRNA to [C]"];. These compounds
also reduced basal IL-1f mRNA levels at 5 mM of CI.
As shown in Figure 3d, comparable effects were found on
IL-1p secretion. Thus, these results suggest that the NOX/
ROS axis is involved in the IL-1p response to CI", and in
the maintenance of the basal IL-1f levels, since they are
not affected by IL1IRN.

NAC and the NOX inhibitor GKT137831
blocked the upregulation of inflammasome
complex subunits (mMRNA and protein) in
response to 75 mM CI”

We then studied if cROS were able to modulate the expression
of the inflammasome subunits and to affect the response to
CI". Cells were incubated for 1 h at 5 mM or 75 mM CI” (in the
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FIGURE 3 Effects of [CI']; on ROS levels. IB3-1 cells were preincubated for 24 h in serum-free DMEM/F12. After, the cells were incubated
at different chloride concentrations (0, 5, 25, 50, 75, 100 and 125 mM) in the presence of the ionophores nigericin (5 pM) and tributyltin (10 pM)
for 1 h. Then, cells at 5 mM and 75 mM CI~ were treated with NAC (5 mM) or NOX Inhibitor: GKT137831 (10 uM). (a) DCF fluorescence (10 uM
DCFH-DA) of IB3-1 cells. (b) MitoSOX fluorescence (5 uM). (c) Quantitative real-time RT-PCR of /L-1§ mRNA levels in IB3-1 cells. (d) ELISA
quantification of the IL-1f present in culture media. The results were expressed in arbitrary units relative to the value corresponding to 0 mM

chloride (a and b) or 5 mM chloride (c and d). Measurements were performed in triplicate for each experiment (n = 3, intra-assay) and data are

expressed as mean +SD of three independent experiments (n = 3, inter-assay). * indicates p < 0-05 compared to control values
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presence of tributyltin and nigericin), with NAC (5 mM) or the
NOX inhibitor GKT137831 (10 uM), and mRNA and protein
levels of CASP1, NLRP3 and ASC were measured. As shown
in Figure 4a, NAC and GKT137831 blocked the CI” effects
on steady-state levels of CASPI mRNA. A similar effect was
seen in CASP1 protein expression (Figure 4b,c). Equivalent
results were found when the NLRP3 subunit was studied. As
shown in Figure 4d,e.f both inhibitors blocked CI” modula-
tion of NLRP3 mRNA and protein levels. On the other hand,
these inhibitors did not affect the ASC mRNA and protein ex-
pression (Figure 4g,h,i), implying that the response to CI is
specific and not a general effect on gene/protein expression

(basal levels were not affected). These results suggest that
ROS induced by CI” are involved in the response of CASP1
and NLRP3 to CI".

IL1R1, CASP1, NLRP3, NOX and ROS
inhibitors reduced the cellular and
mitochondrial ROS levels that increased in
response to CI” 75 mM

Since [CI']; changes modulated mtROS and cROS levels
(Figure 3), we then studied how ROS responded to CI in the
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FIGURE 4 Effects of NAC and NOX inhibitors on mRNA levels of inflammasome subunits in response to different [Cl ];. IB3-1 cells were
incubated for 1 h at 5 or 75 mM CI, in the presence of tributyltin (10 pM) and nigericin (5 pM) and treated with NAC (5 mM) or NOX inhibitor:
GKT137831 (10 uM). (a) Quantitative real-time RT-PCR of CASPI mRNA levels in IB3-1 cells. (b) Representative WB of CASP1, pro-CASP1
and actin of cell lysates from IB3-1 cells. (c) Densitometric quantification and statistical analysis of the results shown in panel B. (d) Quantitative
real-time RT-PCR of NLRP3 mRNA levels in IB3-1 cells. (e) Representative WB of NLRP3 and actin of cell lysates from IB3-1 cells. (f)
Densitometric quantification and statistical analysis of the results shown in panel E. (g) Quantitative real-time RT-PCR of ASC mRNA levels in

IB3-1 cells. (h) Representative WB of ASC and actin of cell lysates from IB3-1 cells. (i) Densitometric quantification and statistical analysis of

the results shown in panel h. Results were expressed as fold-changes compared to the values corresponding to controls (5 mM CI"). Measurements

were performed in triplicate and data are expressed as mean +SD of three independent experiments (n = 3). * indicates p < 0-05 compared with

untreated 5 mM CI™ IB3-1 cells
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presence of NLRP3 and NOX/ROS inhibitors. As shown in
Figure 5a, the IL1R1 antagonist IL1RN, the CASP1 inhibitor
VX-765 and the NLRP3 inflammasome inhibitor MCC950,
similarly produced a small reduction in cROS levels (DCF
fluorescence) without reducing the differences between 5 and
75 mM CI (the reduction in cROS levels at 75 mM did not
reach significance, although it was observed with ILIRN,
VX-765 and MCC950). On the other hand, NAC and the
NOX inhibitor GKT137831 significantly reduced both, the
basal ROS levels at 5 mM and the response to 75 mM CI,
suggesting that both the IL-1p loop and the ROS response
to CI” were blocked by NAC and GKT137831. As shown in
Figure 5b, comparable results were found for mitochondrial
ROS (mtROS) production. The inhibition in the mtROS pro-
duction seen in the presence of IL1RN suggests that an active
IL-1p autocrine loop is needed for the mtROS response to CI".

SGK1 inhibition blocked the IL-1f
mRNA and secretion in response to
intracellular CI” changes

While this work was in progress, Zhang et al [34] confirmed
our previous results regarding the role of C1” in the IL-1f secre-
tion, producing a high [Cl]; an sterile proinflammatory state
[18]. They additionally found that recombinant SGK1 directly
responds to CI” changes in a way resembling the results seen
previously [14,18], and also here, for IL-1p. Thus, to explore
if SGK1 was also involved in the IL-1p response to [CI]; in
IB3-1 cells, we used the SGK1 inhibitor GSK650394 at 0, 0-1,
1 and 10 uM in the presence of 5 or 75 mM [CI"]; (and nigericin
plus tributyltin). The results (Figure 6a) showed that increased
SGKI inhibitor concentrations progressively diminished the
response of IL-1p mRNA to changes in the [CI]; from 5 to
75 mM; GSK650394, at 10 uM, completely abrogated the IL-
1 mRNA response to CI” 75 mM. As shown in Figure 6b, sim-
ilar results were obtained on the secreted IL-1p. On the other
hand, as shown in Figure 6¢-h, the SGK1 inhibitor signifi-
cantly reduced both the cellular and mitochondrial ROS levels
at 75 mM CI', suggesting that both, the IL-1f loop and the
ROS response to CI”, were blocked by GSK650394. Similar
results were found using a different cell line, Caco-2 cells, sta-
bly expressing shRNA against CFTR (Figure S3). The effects
of SGK1 on IL-1p secretion were also confirmed using stable
SGKI1 knockdown cells (shRNAs against SGK1, Figure 7a—
¢). Thus, these results suggest that SGK1 has a key role in the
response of IL-1p to CI". Noteworthy, and resembling ILIRN,
SGK1 pharmacological inhibition (or shRNA) did not affect
IL-1p basal levels. This is consistent with a location for SGK1
action over the mechanism of IL-1f secretion rather than influ-
encing IL-1f expression or maturation; thus, the effects of the
SGKI1 inhibitors are equivalent to block the extracellular IL-1p
or the ILIR1 with IL1RN/anakinra or blocking antibodies [18].
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FIGURE 5 Effects of ILIRN, NAC, NOX, CASP1 and NLRP3
inflammasome inhibitors on ROS levels in response to different
[CI'];. IB3-1 cells were incubated for 1 h at 5 or 75 mM CI, in the
presence of tributyltin (10 pM) and nigericin (5 pM) and treated

as indicated; ILIRN (10 ng/ml), NAC (5 mM), NOX inhibitor:
GKT137831 (10 uM), CASP1 inhibitor: VX-765 (10 uM) and NLRP3
inflammasome inhibitor: MCC950 (10 uM). (a) DCF fluorescence
(10 uM DCFH-DA) in IB3-1 cells. (b) MitoSOX fluorescence

(5 uM). Results were expressed as fold-changes relative to the values
corresponding to controls (5 mM CI"). Measurements were performed
in triplicate and data are expressed as mean +SD of three independent
experiments (n = 3). * indicates p < 0-05 compared with untreated

5 mM CI" IB3-1 cells

DISCUSSION

Since the NLRP3 inflammasome is involved in IL-1f mat-
uration, here we first studied the effects of changes in the
intracellular CI” concentration, [CI];, on the expression of
the NLRP3 inflammasome complex components NLRP3,
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FIGURE 6 SGKI inhibition blocked the IL-13 mRNA response to CI” changes. IB3-1 cells were incubated for 1 h at 5 or 75 mM CI, in the
presence of tributyltin (10 pM) and nigericin (5 pM), and treated with SGK1 inhibitor GSK650394 (0-1, 1 and 10 uM). (a) Quantitative real-time
RT-PCR of IL-1$ mRNA levels in IB3-1 cells. (b) ELISA quantification of the IL-1f present in culture media. (c) DCF fluorescence (10 uM
DCFH-DA) by using a microplate reader. (d) MitoSOX fluorescence (5 uM) by using a microplate reader. (e) DCF fluorescence (10 uM DCFH-
DA) by flow cytometry. (f) MitoSOX fluorescence (5 uM) by flow cytometry. (g) Representative cytometry plots panel e (60 min); counts vs

FL1-A (fluorescence intensity). (h) Representative cytometry plot of panel f (60 min); counts vs FL2-A (fluorescence intensity). Results were

expressed as fold-changes relative to the values corresponding to 5 mM CI™. Measurements were performed in triplicate and data are expressed as

mean +SD of three independent experiments (n = 3). * indicates p < 0-05 compared with untreated 5 mM CI™ IB3-1 cells

CASPI1 and ASC (Figure 1). Interestingly, the NLRP3 and
CASPI mRNA and protein levels were modulated by [Cl];
changes, from 0 to 125 mM, reaching both genes a maxi-
mal and similar expression at 75 mM CI; this is the same
concentration that we had previously reported for maximal
expression of IL-1f [18]. The response of CASP1 (protein)
to CI” was slightly higher than the response of NLRP3 (~
1.75- vs 1-25-fold increase). Noteworthy, the ASC expression
remained constant in both mRNA and protein levels when
[CI']; was changed within the same range (0—125 mM). This
is an important result. ASC constitutes in this way an exam-
ple of a gene product that is not under CI” regulation. This
lack of response to CI™ also indicates that the NLRP3 and
CASP1 responses are Cl -specific and not the consequence
of a general CI” effect on gene or protein expression. We can
conclude that NLRP3 and CASP1, in addition to IL-1f [18],
are Cl -dependent genes. This is an indirect effect, through
the IL-1P loop.

We then studied the effects of the NLRP3 inflammasome
inhibitor MCC950 [55] and the CASPI1 inhibitor VX-
765 [54] on IL-1p expression at 5 mM and 75 mM [CI;
(Figure 2). These inhibitors completely blocked the IL-1f
mRNA response to CI” (Figure 2a). The secreted IL-1p was
also strongly inhibited, although a residual and significant
response to CI” remained (Figure 2b); it was not enough
to maintain the IL-1P loop active (the IL-1p mRNA levels
no longer changed with CI” changes). The results are quite
similar to those obtained previously by blocking the IL-1p
autocrine/paracrine loop with the IL-1f receptor antagonist
IL1RN (anakinra) [18], without modifying the basal mRNA
values. These results suggest that most of the IL-1f upregu-
lation by CI” depends on the signal amplification through the
IL-1p positive feedback loop, which needs an active NLRP3
inflammasome for continuous feedback stimulation and max-
imal loop signalling. Noteworthy, these results also suggest
that the residual IL-1f protein response to C1™ (Figure 2b) is
independent of the IL-1p loop and, therefore, should corre-
spond to effects of CI” on IL-1p secretion, as we previously
suggested [18]. Most importantly, when the IL-1f inside the
cells was measured (WBs Figure 2c,d), the response to CI
changes almost disappeared with the CASP1 inhibitor VX-
765. This effect was completely abolished with the NLRP3
inhibitor MCC950, implying that the residual response to
CI" is downstream of the NLRP3 inflammasome, within

the IL-1p secretion mechanism. This is shown in Figure 2b,
where the IL-1p secretion, in response to CI™ changes, was
not completely inhibited by these two inhibitors.

We have previously seen that the increased cellular ROS
(cROS) levels in IB3-1 cells were normalized by blocking
the autocrine IL-1f signalling with either IL-1f blocking an-
tibodies or an NF-kB inhibitor (using BMS-345541, an IKK
kinase inhibitor that blocks the IkB phosphorylation) [14], or
by using the IL1R1 antagonist anakinra/IL1RN [17]. Thus,
we then studied if [CI]; changes had effects on ROS levels.
We observed (Figure 3a,b) that DCF fluorescence (cROS,
cellular ROS) and the MitoSOX fluorescence (mtROS, mito-
chondrial ROS) had a biphasic response to Cl”, with a max-
imal response at 75 mM CI7, as occurred with IL-1p [18],
NLRP3 and CASP1 mRNAs and proteins. Also, N-acetyl-L-
cysteine (NAC) and the NOX1/4 inhibitor GKT137831 had
strong effects on IL-1p expression and secretion (Figure 3c,d).
Noteworthy, a significant residual response to CI” 75 mM re-
mains for IL-1P expression and secretion in the presence of
NAC and GKT137831, suggesting that the response to ClI” is
downstream of the NOX/ROS axis.

Besides partially reducing the ROS response to CI”, NAC
and GKT137831 also reduced the basal values of IL-1f
mRNA, as it was previously reported for the IKK inhibitor III
and the JNK inhibitor SP600125, but not with the IL1R1 in-
hibitor IL1RN/anakinra or the c-Src inhibitor PP2-[18] Thus,
it appears that the inhibition of the intracellular pathway of
the IL-B loop with NAC and GKT137831 affects the ROS
levels, although the inhibition of the extracellular part of the
loop by blocking of IL1R1 with IL1RN or inhibition of IL-1
secretion with SGK1 inhibition does not affect the basal ROS
levels, nor the basal IL-1 mRNA levels.

We then studied the effects of NAC and the NOX in-
hibitor GKT137831 over mRNA and protein levels of the
NLRP3 inflammasome subunits CASP1, ASC and NLRP3,
in response to [Cl7]; changes (Figure 4a—i). Both inhibitors
blocked the response to 75 mM CI” of CASP1 and NLRP3
(mRNA and protein). ASC, again, did not show any response
to these inhibitors or CI". These results imply that the IL-1p
loop—ILIR1—-NOX/ROS axis modulates the CASP1 and
NLRP3 expression (mMRNA and protein) in response to CI.
It should be taken into account that the possible influence
of the CI'=IL-1p — IL-1P loop axis on the activation of
other inflammasomes [56] was not evaluated here. However,
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FIGURE 7 SGKI1 shRNA blocked the IL-1p response to Cl™
changes. IB3-1 control cells (Ct) (transfected with pPRNATin-H1-2
control), IB3-1/A cells (transfected with pPRNATin-H1-2 shRNA A)
and IB3-1/B cells (transfected with pRNATin-H1-2 shRNA B) were
incubated for 1 h at 5 or 75 mM CI” in the presence of tributyltin

(10 pM) and nigericin (5 pM). (a) Representative WB of SGK1

and actin of cell lysates from the three cell lines. (b) Densitometric
quantification and statistical analysis of the results shown in panel a.
(c) ELISA quantification of the IL-1f present in culture media. Results
were expressed as fold-changes relative to control values (5 mM CI").
Measurements were performed in triplicate and data are expressed

as mean +SD of three independent experiments (n = 3). * indicates

p < 0-05 compared with untreated 5 mM CI™ IB3-1 cells

MCC950 completely blocked the IL-1f mRNA upregula-
tion induced by CI”, implying that only the NLRP3 inflam-
masome is involved in the observed effects.

We then measured the effect of ILIRN, CASP1, NLRP3,
NAC and NOX inhibitors over cROS and mtROS levels

(Figure 5a,b, respectively). The cROS production induced by
75 mM CI” was only partially inhibited with ILIRN (anak-
inra), CASP1 and NLRP3 inflammasome inhibitors; of note,
some IL-1p responses to CI” remained in the presence of
these inhibitors. A much stronger inhibition of cROS was ob-
tained with NAC and the NOX inhibitor GKT137831, which
also reduced the basal 5 mM CI™ levels. Still, some responses
of cROS to CI” remained in the presence of NAC or the NOX
inhibitor. The responses to NAC or GKT137831 were strong
and almost identical, suggesting that most of the cROS are
formed in response to CI” through NOX.

On the other hand, the mtROS (Figure 5b) showed an
almost identical response as cROS to all the inhibitors used,
excluding the response to ILIRN (anakinra), which abro-
gated the mtROS response to 75 mM CI™. This implies that
the increased mtROS in response to CI is due to the IL-1f
loop, which appears in response to the secreted IL-1p. The
mtROS levels were also strongly reduced by NAC and by
the NOX inhibitor GKT137831, below basal values; the C1~
response was almost lost (but not with CASP1 and NLRP3
inhibitors). This suggests that the NOX/cROS axis is also
needed to stimulate the mtROS increase with CI” changes.
In this sense, it is known that the NOX/ROS axis is needed
to recruit TRAF6 and IKK, which in turn signals to acti-
vate NF-xB through IKK [33]. However, in macrophages,
TRAF6 can also migrate to mitochondria to interact with
evolutionary conserved signalling intermediate in Toll
pathways (ECSIT); the TRAF6-mediated ubiquitination
of ECSIT affects the mCx-I and leads to increased mtROS
[60,61]. Also, NOX4 (which is inhibited by GKT137831)
localizes to mitochondria in cultured mesangial cells and
kidney cortex, and siRNA-mediated KD of NOX4 reduced
mtCx-I activity and blocks glucose-induced mitochondrial
superoxide generation [62]. Similar results were found
in endothelial cells, where NOX4 reduced mCx-I activity
and induce mtROS production [63]. This might explain
why GKT137831 inhibited the mtROS production in IB3-1
cells (Figure 5b) and it might explain our earlier findings
that mCx-I is reduced in CF cells through IL-1f signalling
[9,14]. Further studies are needed to determine whether this
is also the case in IB3-1 cells.

Of note, while this work was in progress, Zhang et al [34]
confirmed our earlier observations regarding the role of intra-
cellular CI” as a second messenger and as a proinflammatory
signal through IL-1f. [14,15,18] Also, they found that clamp-
ing [CI']; at high levels by using the same strategy (double-
ionophore tributyltin and nigericin) [15,18] increased SGK1
phosphorylation and subsequently triggered NF-kB activation
in airway epithelial cells, whereas inhibition of SGK1 abro-
gated airway inflammation. Noteworthy, they also found that
the activity of the recombinant SGK1 was modulated by CI
in vitro, reaching the sigmoidal response a plateau at concen-
trations over 70 mM, in agreement with the concentration of
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FIGURE 8 The IL-1p autocrine/paracrine positive feedback loop initiated under CI” signalling. Working model compatible with the results
obtained here. Most interactions correspond to previous results that constitute the IL-1p canonical pathway and the IL-1f autocrine positive
feedback loop (adapted from [18] and the references indicated below). 1: The CFTR failure in IB3-1 CF cells induces Cl™ accumulation [16]; CI',
acting as a second messenger [15], in turn, upregulates IL-1p secretion (Figures 2, 3, 6 and [18]). 2: IL-1f is then secreted by a yet not well-defined
mechanism, reinforcing the autocrine positive feedback loop previously described [14,18]. 3: The IL1R1 antagonist IL1RN/anakinra inhibits the
IL-1p loop [14]. 4: CI'—=IL-1p—ILIR1 activates the NOX/cROS axis [33]. 5: NOX produces cROS at the cell membrane or in redoxosomes [33];
NAC and the NOX1/4 inhibitor GKT137831 reduced cROS levels. 6: cROS are involved in MYDS88, IRAK and TRAF6 recruitment and activation
of its E3 ubiquitin ligase, self-ubiquitination and other effectors involved in the activation of the TAK1—-IKK—IkBa—NF-kB axis [14,70,71] (the
IL1IR1—NF-xB pathway has been simplified in the figure). 7: IKK phosphorylates the NF-«kB inhibitor IkBa leading to ubiquitin-dependent IxBo
degradation and NF-kB translocation to the nucleus. [71] 8: CI'=>IL-1p—IL1R1——NF-kB upregulates IL-1 gene and protein expression [14,18];
this was inhibited here by NAC, the ROS inhibitor GKT137831 (Figure 4), which also reduced IL-1f basal levels, similarly to IKK inhibition [18].
9: CI'=IL-1p—IL1R1——NF-kB upregulates /L-1/ mRNA. 10: CI' =IL-1p—IL1R1——NF-kB upregulates pro-CASP1 mRNA and protein levels
(Figure 1). 11: CI'=IL-1p—IL1R1——NF-kB upregulates NLRP3 (Figures 1 and 2); together with IL-1p and CASP1 upregulation constitute

the priming step (signal 1) [23,72]. 12: ASC is not modulated by [CI"];. 13: IL-1p signalling inhibits mCx-I and increases mtROS by mechanisms
not fully understood, probably involving TRAF6/ECSIT [73], c-Src, NF-kB and p38 activities [9,14,17]. 13: IL1RN can block the production of
mtROS (Figure 5B). 14: Increased mtROS levels induce NLRP3 activation to form, together with pro-CASP1 and ASC, the NLRP3 inflammasome
complex [74]; however, this was not tested yet in our model system; pro-CASP1 is cleaved and CASPI, in turn, cleaves pro-IL-1p, which is then
secreted by unclear mechanism(s) (Figures 3-5). 15: Intracellular C1°, acting as a second messenger [15], stimulates SGK1 kinase activity [34];
other indirect actions of CI” over SGK1 are still possible, such effects on WNKI1 [75] or additional kinases; this needs further studies. 16: It was
suggested that SGK1 mediates the C1™ -induced upregulation of IL-1p mRNA (Figure 6) through IKK or NF-kB activation [34,64]; an indirect
SGKI1 effect through the IL-1f secretion and loop might also explain the effects of NF-kB and NLRP3 activation [35]. 17: A direct effect of SGK1
over the mechanism of IL-1§ secretion seems to better fit the results. Dotted lines (...) indicate that further evidence is needed. In summary, we
postulate that CI” indirectly or directly activates SGK1, which in turn induces IL-1p secretion, starting the IL-1p loop. This positive feedback loop
is then responsible for an amplified ROS production, NF-kB activation, IL-1f expression and inflammasome activation with more IL-1f production
and secretion
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75 mM that we had found for maximal CI” effects on IL-1§
expression and secretion [18]. Therefore, we decided to study
the effects of the SGK1 inhibitor GSK650394 on the IL-1f
mRNA expression. IB3-1 cells were incubated at 5 mM or
75 mM [CI'] (plus tributyltin and nigericin) in the presence
of GSK650394, and the IL-1p mRNA response was measured
(Figure 6). Noteworthy, the IL-1 mRNA response to 75 mM
CI" was strongly inhibited by the SGK1 inhibitor at 0-1 and
1 uM and completely abrogated at 10 uM. However, basal
IL-1p mRNA levels were not affected by GSK650394 and,
in this sense, the response to SGK1 inhibition was identical
to that obtained with IL1R1, NLRP3 or CASPI inhibitors.
By contrast, NAC and the NOX1/4 inhibitor GKT137831 re-
duced the IL-1p mRNA basal values, suggesting that ILIRN,
MCC950, VX-765 and GSK650394 act downstream of the
NLRP3 priming step. However, it should be noted that SGK1
inhibition completely inhibited the effects of ClI” on IL-
1P secretion, without affecting IL-1f basal levels (an effect
identical to IL1RN), suggesting that SGK1 is involved in the
CI -stimulated IL-1f secretion mechanism, downstream of
NLRP3 inflammasome. We then transfected cells with siRNA
to knockdown SGK1 expression and reinforce the results ob-
tained with its pharmacological inhibitor GSK650394. As it is
shown in Figure 7, the shRNA reduced SGK1 expression and
inhibited the response to Cl” in terms of mRNA expression
and IL-1p protein secretion, confirming the results obtained
with GSK650394.

Taken together, these results are consistent with the work-
ing model illustrated in Figure 8, which is essentially the ca-
nonical IL-1p signalling pathway plus its autocrine positive
feedback loop, as previously reported [18], now with the ad-
dition of the present results. We postulate that an increased
intracellular CI” concentration stimulates IL-1p secretion
through SGKI1 activation, starting the autocrine positive
feedback IL-1p loop that further amplifies the signal increas-
ing the expression of more IL-1p (through IKK/NF-k [14],
NLRP3 and CASP1). Since SGK1 inhibition does not reduce
IL-1p basal values (mRNA or protein), it does not behave as
the ROS inhibitors (NAC, NOX inhibitor), the IKK inhibi-
tor [18], the CASP1 inhibitor or the NLRP3 inhibitor. Thus,
SGKI1 inhibition resembles ILIRN inhibition (Figure 3a in
[18]), and for this reason, we postulate that SGK1 is affecting
the IL-1p secretion mechanism (yet unknown), downstream
of the NLRP3 inflammasome.

In parallel, the IL-1p receptor complex induces further
ROS production through NOX, as suggested by the effects of
the NAC and the NOX inhibitor. It has been postulated that CI”
directly binds and activates SGK1 [34] and that SGK1 phos-
phorylates IKK [64] and activates NF-kB [34]. However, the
site of SGK1 action is controversial. Some authors reported
that SGK1 stimulates NF-xB activation, [34,65] while others
found an inhibitory role for SGK1:[66,67] Also, the direct
action of CI” over SGK1 needs further confirmation. On the

other hand, our results are consistent with the idea that SGK1
is acting on the secretion mechanism of IL-1p since SGK1 in-
hibition completely abrogated the IL-1f loop without affect-
ing IL-1p mRNA basal values. It also completely abrogated
the IL-1f secretion in response to CI™ changes, an effect that
was not observed with the NLRP3 inhibitor MCC950 which
blocked the CI™ induced intracellular mature IL-1p, but was
not able to completely block the secreted IL-1f, as the SGK1
inhibitor did. The other IL-1f loop inhibitors were not able to
fully block the IL-1p secretion mediated by CI". The alterna-
tive action of SGK1 over NF-kB [34] or NLRP3 [35] activities
suggested by other authors seem less likely since the inhibi-
tion of SGK1 did not affect basal IL-1 mRNA levels, as the
IKK inhibitor [18]or the MCC950 inhibitor showed. Rather,
we postulate that the CI"-dependent SGK1 effects are down-
stream of the NLRP3 inflammasome, just in the mechanism of
IL-1p secretion, as illustrated in the working model of Figure
8, which is in agreement with present results. However, since
the mechanism of IL-1f secretion is a matter of strong debate,
at this point we cannot be sure of the exact site of action for
SGKI. Also, it should be pointed out that the results here were
obtained in the presence of ionophores to isolate CI™ effects
from other effects that can also potentially activate the inflam-
masome or the IL-1p secretion, such changes in the intracellu-
lar Ca2+, pH, membrane potential, etc., which acting together
might produce very different results.

The notion that SGK1 acts on the IL-1f loop, independently
of the exact site of action, agrees with Gan et al. which reported
that the SGK1 inhibitor EMD638683 prevents angiotensin II-
induced cardiac inflammation and fibrosis by blocking NLRP3
inflammasome activation [68]. The model proposed in Figure
8, in which CI” stimulates IL-1f secretion, in turn activating the
IL1R1/NOX/ROS axis, is also in agreement with the work of
Wan et al [69] showing that primary bronchial epithelial cells
express NOX4 and DUOX1/2; NOX4 overexpression is asso-
ciated with ciliary dysfunction in these primary cells derived
from patients with neutrophilic asthma [69].

In conclusion, CI" and SGKI1 are new players in the
NLRP3 inflammasome activation, which connect the CFTR
failure in cystic fibrosis and related diseases, in which the CI
homeostasis is altered, with a basal proinflammatory state
that occurs through modulation of the IL-1p secretion and
IL1R1 signalling.
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