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Abstract

Interleukin (IL)-33 is an interleukin-1 like cytokine that enhances Th2 responses and medi-
ates mucosal immunity and allergic inflammation but the mechanism regulating endogenous
IL-33 production are still under investigation. In macrophages, lipopolysaccharide (LPS)
administration resulted in marked induction of IL-33 mRNA that was blunted in macro-
phages from glutaredoxin-1 (Glrx) knockout mice and in RAW264.7 macrophages with Glrx
knockdown by siRNA. Glutaredoxin-1 is a small cytosolic thioltransferase that controls a
reversible protein thiol modification, S-glutationylation (protein-GSH adducts), thereby regu-
lating redox signaling. In this study, we examined the mechanism of Girx regulation of
endogenous IL-33 induction in macrophages. Glrx knockdown resulted in impaired de-glu-
tathionylation of TRAF6, which is required for TRAF6 activation, and inhibited downstream
IKKB and NF-kB activation. Inhibitors of NF-kB suppressed IL-33 induction and chromatin
IP sequencing data analysis confirmed that IL-33 is an NF-kB-responsive gene. Since
TRAF6-NF-kB activation is also essential for IL-33 signaling through its receptor, ST2L, we
next tested the involvement of Girx in exogenous IL-33 responses in RAW264.7 cells.
Recombinant IL-33 (rIL-33) administration induced IL-33 mRNA expression in RAW264.7
macrophages, and this was inhibited by Girx knockdown. Interestingly, rIL-33-induced IL-33
protein was identified as the 20 kDa cleaved form whereas LPS-induced IL-33 protein was
identified as full-length IL-33, which may be less active than the cleaved form. In a clinically-
relevant mouse model of asthma, intra-tracheal cockroach antigen treatment induced Girx
protein in wild type mouse lungs but Girx induction was attenuated in IL-33 knockout mouse
lungs, suggesting that IL-33 may regulate Girx induction in vivo in response to allergen chal-
lenge. In summary, our data reveal a novel mechanism by which Girx controls both LPS-
and IL-33-mediated NF-kB activation leading to IL-33 production, and paracrine |L-33 can
induce Glrx to further regulate inflammatory reactions.
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Introduction

IL-33 is a member of the IL-1 family that was identified as the ligand of the orphan receptor,
ST2L (formal name, IL-1 receptor-like 1, ILIRL1), and transduces signals through transmem-
brane ST2L receptor via TNF receptor-associated factor 6 (TRAF6) [1]. IL-33 is known to
enhance Th2 responses and mediate allergic reactions [1,2]. Endogenous IL-33 contributes to
innate-type mucosal immunity and allergic airway inflammation [3-5].

IL-33 is constitutively stored in the nucleus of certain barrier cell types including epithelial
cells and endothelial cells [6-8], and in the later, may function as a transcriptional regulator
[6,9] although a recent report refutes this [10]. Alternaria alternata exposure in the airways of
mice and in vitro induces rapid release of IL-33 by epithelial cells into the extracellular milieu.
In this setting, ATP mediated activation of purinergic receptors and sustained increases in cal-
cium are responsible for IL-33 release both in vitro and in vivo [11].

IL-33 is not constitutively expressed in monocytes and macrophages, rather, it is induced
by the bacterial endotoxin, lipopolysaccharide (LPS) [1,12-14] and is released from injured or
dying cells [11,13,15]. In macrophages, IL-33 plays a role in polarization to alternatively-acti-
vated M2 macrophages that may be involved in wound healing [16-18]. A recent study showed
that Ly6C-positive F4/80-positive monocytes population was a major source of IL-33 and con-
tributed to allergic inflammation in the lungs following house dust mite stimulation [19], indi-
cating that inducible IL-33 in monocytes may be an important player in allergic lungs. IL-
33-deficient mice show diminished systemic inflammatory responses to LPS [3] while para-
crine IL-33 enhances LPS-induced inflammatory cytokines in macrophages [20], suggesting
interaction and/or augmentation in signaling between IL-33 and the LPS-toll like receptor
(TLR) 4 pathway.

LPS also induces glutaredoxin-1 (Glrx), a small cytosolic thioltransferase that specifically
reverses glutathione (GSH) adducts (S-glutathionylation) from protein thiols [21]. Glrx-medi-
ated GSH-protein adduct reversal (de-glutationylation) is emerging as an important mecha-
nism for cellular redox signaling including regulation of inflammatory pathways in a number
of disease models and settings [22,23]. Glrx deletion enhances GSH adduct formation on key
signaling proteins including those of the NF-xB pathway resulting in NF-kB inactivation by
inhibiting IKKp and p50 DNA binding [24,25] and decreased pro-inflammatory cytokine
release in alveolar macrophages [21]. On the other hand, increased Glrx levels activate NF-xB
through reversal of GSH adducts [26,27]. In the present study we examined the mechanism of
Glrx regulation of IL-33 RNA and protein induction in macrophages. We report the novel
finding that Glrx regulates both LPS-induced and IL-33-induced IL-33 production in macro-
phages via regulation of TRAF6-NF-«B activation; however, independent of Glrx regulation,
IL-33-induced IL-33 protein was a processed short form that is likely to be more bioactive
compared to LPS-induced IL-33. Finally, we provide in vivo evidence that our findings of
reciprocal regulation between IL-33 and Glrx may be involved in a mouse model of asthma.

Materials and methods

Reagents

Lipopolysaccharide (L6529) was obtained from Sigma-Aldrich. Recombinant mouse IL-33
was from R&D Systems. Antibodies were obtained from the following sources; anti-mouse IL-
33 (goat polyclonal, AF3626) was from R&D Systems, anti-TRAF6 (rabbit polyclonal) and
anti-IxBo (rabbit polyclonal) were from Santa Cruz Biotechnology, anti-mouse Glrx (rabbit
polyclonal, BL3725) was from IMCO/Cayman or custom-made by Bethyl Laboratories, Inc.,
anti-thioredoxin-1 was a generous gift from Dr. J. Sadoshima (Rutgers New Jersey Medical

PLOS ONE | https://doi.org/10.1371/journal.pone.0210827  January 25, 2019 2/15


https://doi.org/10.1371/journal.pone.0210827

®PLOS | one

Redox regulation of IL-33 in macrophages

School). Rabbit monoclonal antibody to Phospho-IKKa/f (Ser176/180) was from Cell Signal-
ing. MG132 was obtained from Cayman, and JSH-23 was from EMD Chemicals, Inc. High
Capacity RNA-to-cDNA kit, TagMan Gene Expression Master Mix, TagMan assays and Ste-
pOne Real-Time PCR Systems were from Applied Biosystems Thermo Fisher Scientific. Ger-
man cockroach antigen was obtained from Stallergenes Greer.

Mouse peritoneal macrophages

Glrx knockout (KO) mice were generated by Dr. Y-S. Ho (Wayne State University, MI) [28].
Homozygous Glrx KO and genetically-matched wild type (WT) control mice were transferred
and bred in the Laboratory Animal Science Center (LASC) on the Boston University Medical
Campus as approved by Institutional Animal Care and Use Committee at Boston University.
Mice were euthanized by carbon dioxide inhalation according to a protocol approved by Bos-
ton University Animal Care and Use Committee. Peritoneal macrophages were collected from
WT and KO mice (8-10 months old) by injection of cold PBS containing glucose into the peri-
toneal cavity immediately after euthanasia and collection of peritoneal fluid. Cells from 4-5
mice were pooled and centrifuged at 1000 rpm, re-suspended in DMEM containing 10% FBS,
and plated into 24 wells. After one hour, cells were washed with warm PBS to remove non-
adherent cells and adherent cells were cultured in DMEM +10% FBS with penicillin-strepto-
mycin [29]. The following day the medium was changed, and cells were treated with LPS (100
ng/ml) for 6 hours followed by RNA extraction. Before LPS stimulation an aliquot of cells was
fixed with 4% paraformaldehyde and stained with anti-mouse F4/80 antibody (BioLegend).
F4/80 positive cells assessed by Image J of total cell number which was counted by Hoechst
staining,

RAW 264.7 macrophage culture and Glrx knockdown by siRNA

Mouse macrophage cell line, RAW 264.7, was obtained from ATCC (TIB-71) and cultured in
DMEM with 10%FBS and 4.5 mg/L glucose as instructed. To knock down expression of Glrx,
approximately 5 X 10° cells were plated in 6-well plates. Adherent cells were transfected with
siRNA for mouse Glrx-1 (Invitrogen): sense: GCAGAAAGACCCAAGAAAU, antisense: AUUUC
UUGGGUCUUUCUGC (Glrx siRNA) or scrambled RNA (Con siRNA) at a final concentration
of 125 nM using Lipofectamine 2000 (Invitrogen) in the medium containing 10% FBS without
antibiotics. After 2 days in culture the medium was replaced with DMEM containing 1% FBS,
followed by treatment with LPS (100 ng/ml) or IL-33 (10-25 ng/ml). For some experiments,
confluent cells were treated with LPS in DMEM containing 1% FBS after incubation with
inhibitors for 30 minutes.

Biotinylated GSH Ester (BioGEE) and detection of GSH-protein adducts

To detect GSH-protein adduct formation, the method originally described [30] was applied
with slight modifications. Briefly, BioGEE was made by mixing EZ-Link Sulfo-NHS-Biotin
(Pierce) with GSH ethyl ester in 50 mM NaHCOj; at pH 8.5 for 2 h followed by addition of 250
mM NH,HCO; (pH 8.5) to quench remaining biotinylation reagent. Purified BioGEE was a
generous gift from Dr. M. Bachschmid (Boston University). Confluent RAW264.7 cells, after
Glrx siRNA or Con siRNA treatment, were incubated with 100 uM BioGEE in DMEM with
1% FBS for 2 hours with or without LPS. Cells were washed in HBSS with 100 mM N-ethylma-
leimide for 5 minutes, followed by collecting in lysis buffer (Cell Signaling Technology #9803)
containing 100 mM N-ethylmaleimide, 1% SDS, 1 mM phenylmethylsulfonyl fluoride. Cell
lysates were sonicated on ice, incubated at 50°C for 20 minutes with shaking to block free thi-
ols and centrifuged at 1000 rpm for 5 min. The supernatant was passed through a PD-10
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Sephadex-G25 column to remove excess BioGEE, and an equal amount of eluted protein was
mixed with streptavidin-Sepharose beads overnight at 4°C. Beads were washed with lysis
buffer 4 times and the final precipitate was incubated in Laemmli buffer with 5% B-mercap-
toethanol and 5M urea, followed by separation by SDS-PAGE. TRAF6 was detected by immu-
noblotting with polyclonal anti-TRAF6 antibody.

RT-qPCR

Total RNA was isolated from macrophages using Trizol (Invitrogen) followed by DNase diges-
tion. RNA was reversed transcribed to cDNA using High Capacity RNA to cDNA kit
(4387406, Thermo Fischer Scientific). Relative quantitative PCR (qQPCR) was performed using
gene-specific TagMan primers (Invitrogen). TagMan assays used were: Glrx Mm00728386_s1,
1110 Mm01288386_m1, 1133 Mm00505403_m1, ST2L (Il1rl1) Mm01233982_m]. B-actin
(mouse 4352933) was used to normalize the expression. Expression levels were analyzed by
comparative Ct (AACT) with StepOne™ real-time PCR software (Applied Biosystems).

Western Blotting and ELISA

Protein concentration was assessed in cell lysates by Bio-Rad DC assay (500-0112, Bio-Rad
Laboratories). Equal amounts of protein in each sample in Laemmli buffer were run on 4-12%
SDS-PAGE gels. Proteins were transferred onto supported PVDF membranes and blocked
with 3% milk. Primary antibodies were incubated overnight at 4°C in 3% albumin in PBST.
Horseradish peroxidase (HRP)-conjugated secondary antibodies were used. Blots were imaged
for chemiluminescence on films or by Kwik Quant Imager. Mouse IL-33 ELISA was purchased
from eBioscience.

Cockroach antigen-stimulation in IL-33 knockout mouse lungs

IL-33 KO mice and wild type control mice were generated as described elsewhere and geno-
type was confirmed by PCR (Smith J et al, submitted). Briefly, cockroach antigen (CRA, Greer
Laboratories) was administrated intratracheally to produce allergic lung inflammation [31].
Lungs were harvested 4 hours after the last intratracheal administration. Expression of Glrx
was performed using Western blotting.

Statistics

Data are expressed as mean + SE. Statistical comparisons were performed by Student’s t-test or
two-way ANOVA followed by Bonferroni post-test. Statistical significance was accepted when
P was less than 0.05.

Results

LPS-induced IL-33 gene expression was markedly inhibited in peritoneal
macrophages from Glrx KO mice

IL-33 gene expression following in vitro challenge with lipopolysaccharide (LPS) was exam-
ined in mouse peritoneal macrophages from Glrx KO and WT mice by relative quantitative
RT-PCR and standardized by B-actin expression. Immunostaining of isolated peritoneal cells
in culture showed 82% cells were positive for the macrophage marker, F4/80 (S1 Fig). After
exposure to LPS (100 ng/ml) for 6 hours, IL-33 was highly induced by LPS in WT cells and
this induction was strikingly inhibited in Glrx KO cells. (Fig 1A) WT basal expression equal to
1; WT + LPS was 2454 + 168 and KO + LPS was 171 + 26, n = 3, p<0.01). Expression of
IL1RL1 (ST2L), which encodes the full-length transmembrane IL-33 signaling receptor, was
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Fig 1. LPS-induced IL-33 gene expression was inhibited in peritoneal macrophages from Glrx KO mice. Isolated
peritoneal macrophages from WT or Glrx KO mice were seeded overnight and stimulated with LPS (100 ng/ml) for 6
hours, followed by RNA isolation and RT-qPCR. Relative quantity (RQ) was standardized by B-actin expression. LPS-
induced expression of (A) IL-33, (B) ST2L, (C) Glrx, and (D) IL-10, each were inhibited in Glrx KO macrophages
compared to WT macrophages. Expression of ST2L, the receptor for IL-33, was higher in Glrx KO macrophages with
or without LPS. Control (C) is no LPS. n = 3. ** p<0.01, *** p<0.001 show the difference between C vs LPS in the same
genotype of mice (One-way ANOVA).

https://doi.org/10.1371/journal.pone.0210827.9001

not altered by LPS stimulation in WT cells but was significantly higher in Glrx KO cells (RQ:
WT+LPS 1.79 £ 0.07, KO+LPS 3.92 + 0.35, n = 3, p<0.05) (Fig 1B). Glrx was also strongly
induced by LPS in WT cells and this induction was, as expected, absent in Glrx KO cells (Fig
1C). IL-10, which is known as an anti-inflammatory gene was also induced by LPS in WT cells
and this induction was also inhibited in Glrx KO cells (Fig 1D). These data were further con-
firmed using RAW264.7 macrophages to examine Glrx-mediated regulation of signaling in
macrophages.

Glrx knockdown attenuated LPS-induced IL-33 in RAW264.7 mouse
macrophages

To examine signaling pathways in Glrx-regulated IL-33 induction, Glrx was knocked down by
siRNA in RAW264.7 mouse macrophages. Comparable to our observations in peritoneal mac-
rophages from Glrx KO and WT mice, LPS-induced IL-33 mRNA expression was significantly
inhibited by Glrx knockdown (Fig 2A). In addition, ST2L mRNA expression was higher fol-
lowing Glrx knockdown compared to siCont in the absence of LPS, and its expression was fur-
ther stimulated by LPS (Fig 2B); a finding that was different from the response in peritoneal
macrophages. As was the case in peritoneal macrophages, IL-10 mRNA levels in response to
LPS were also diminished following knockdown of Glrx (Fig 2D).
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Fig 2. LPS-induced IL-33 expression in RAW267.4 macrophages with Glrx knockdown. RAW267.4 cells were
treated with control siRNA (siCont) or Glrx siRNA (siGlrx). The media was replaced with 1% FBS media followed by
stimulation with LPS (100 ng/ml) for 6 hours. Relative quantity (RQ) was assessed with B-actin and normalized by the
basal level of siCont (n = 3, *p<0.05, ** p<0.01, *** p<0.001 show the difference between C vs LPS). The induction of
(A) IL-33 was significantly inhibited, (B) ST2L expression was up-regulated by Glrx knockdown. (C) Glrx, (D) IL-10.
Similar results were obtained in at least 3 independent experiments.

https://doi.org/10.1371/journal.pone.0210827.9g002

IL-33 protein levels were analyzed by Western blotting and ELISA using RAW264.7 cell
lysates. LPS (100 ng/ml) treatment resulted in increased IL-33 as well as Glrx protein levels in
a time-dependent manner up to 18 hours. Glrx knockdown strongly attenuated LPS-induced
IL-33 protein expression detected by Western blotting (Fig 3A) as well as by ELISA (Fig 3B).
Expression of thioredoxin, a thiol-reducing enzyme, was not changed by either LPS treatment
or Glrx knockdown (Fig 3A).

NF-xB is involved in IL-33 induction

To determine whether IL-33 is an NF-«B responsive gene in macrophages in response to LPS,
we performed studies in vitro to analyze IL-33 induction using NF-«B inhibitors, MG132 and
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Fig 3. IL-33 protein levels were inhibited by Glrx knockdown. (A) IL-33 were assessed by Western blot in
RAW267.4 cell lysates after stimulation with LPS (100 ng/ml) for 6-18 hours. B-actin expression is shown as a loading
control. (B) IL-33 protein was also measured by ELISA after 18 hours LPS stimulation in RAW267.4 cells (n = 3, *
p<0.05,*** p<0.001 from Control of each siRNA).

https://doi.org/10.1371/journal.pone.0210827.9003
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Fig 4. IL-33 gene is NF-kB responsive and has p65-binding site. Confluent RAW267.4 cells in 1%FBS media were
treated with the NF-«B inhibitors, MG132 (10 uM) or JSH23 (5 uM, IC50 = 7.1 uM) for 30 minutes, followed by LPS
(100 ng/ml) stimulation for 6 hours. (A) IL-33 mRNA levels. (B) Left: Representative Western blotting showing IL-33
protein induction was inhibited following treatment with NF-xB inhibitors. Glrx induction was also attenuated by the
inhibitors. Right: Densitometry analysis of Glrx expression. (n = 3, *p<0.05, **p<0.01 compared to control) (C) ChIP
seq data from macrophages treated with LPS followed by pulldown with p65 antibody was extracted from the data
obtained by Barish GD et al. Genes and Development 2010 [32]. The IL33 gene nucleotide sequence residing on
chromosome 19 was isolated and subjected to analysis using the UCSC Genome Browser. Highlighted in red (top) is
the major peak in ChIP seq data resulting from treatment of macrophages with LPS that is not present in macrophages
with no LPS treatment. Enlarged section of this region (bottom) shows approximately 80 nucleotide region that is the
putative NF-xB (p65) responsive element.

https://doi.org/10.1371/journal.pone.0210827.9004

JSH23. These studies showed inhibition of LPS-induced IL-33 induction at mRNA (Fig 4A)
and protein levels (Fig 4B). Also, ChIP seq data from macrophages treated with LPS followed
by pulldown with p65 antibody was extracted from Barish GD et al [32] and subjected to anal-
ysis using the UCSC Genome Browser. A major peak on chromosome 19 and annotated as IL-
33 was identified resulting from treatment of macrophages with LPS that was not present in
macrophages without LPS treatment (Fig 4C).

NF-xB pathway is inhibited by Glrx knockdown

Glrx inhibition may inactivate NF-«xB via GSH adducts on IKKp. We tested the NF-«B signal-
ing pathways and found that LPS-induced phosphorylation of IKKp was significantly attenu-
ated following Glrx knockdown in RAW264.7 cells (Fig 5A). IKKp phosphorylates IxBo and
results in its degradation and nuclear translocation of NF-kB subunits. As expected, LPS-
induced degradation of IxBo. was significantly inhibited by Glrx knockdown (Fig 5B). We
next examined TRAF6, further upstream of IKKp.

GSH adduct formation of TRAF6 was prolonged in RAW264.7 cells with
Glrx knockdown

It has been shown that TNF receptor-associated factor 6 (TRAF6) is modified with GSH
adducts and its ubiquitin ligase activation requires Glrx [33]. TRAF6 is an upstream signaling
molecule of IKKp. To detect GSH adducts formation on TRAF6, RAW264.7 cells were incu-
bated with biotinylated GSH ester followed by pull down with Streptavidin beads. TRAF6 was
detected as a GSH-labeled protein, and the GSH-TRAF6 adducts tended to be increased in
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Fig 5. LPS-induced NF-xB is inactivated by Glrx knockdown via TRAF6-IKKp inactivation. (A) LPS (100 pg/ml)-
induced phosphorylation of IKKB (15 min, 30 min) was attenuated in RAW267.4 cells treated with siGlrx. The
representative Western blot and densitometry analysis from 4 independent experiments are shown. *p<0.05 compared
to control. (B) Western blotting show that LPS (100 pg/ml)-induced IxBo degradation was inhibited by knockdown of
Glrx. Densitometric analysis of 3 experiments shows significant retention of IkBo. which may attenuate NF-kB nuclear
translocation. (C) RAW267.4 cells were treated with siCont or siGlrx for 2 days prior to the experiment. Biotin-GSH
ester was loaded for 2 hours in RAW267.4 cells with or without LPS for the indicated times. Biotin-labeled proteins
were pulled down, separated by SDS-PAGE and blotted with TRAF6 antibody. Details are described in Methods.
Representative data showing GSH-TRAF6 adducts are shown in the upper panel. TRAF6 and Glrx expression in whole
cell lysate are shown in the lower panel. Densitometry of GSH-labelled TRAF6 was assessed as basal conditions (no
LPS) of control cells set at 1. The graph shows the average of 3 separate experiments (n = 3, * P<0.05). Retention of
GSH adducts on TRAF6 indicates impaired activation of TRAF6 [33].

https://doi.org/10.1371/journal.pone.0210827.9005
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Glrx knockdown cells under basal conditions. LPS treatment removed GSH adducts following
60 minutes in control cells, but, at this time, GSH adducts remained in Glrx knockdown cells
(Fig 5C). This data indicates that endogenous Glrx regulates GSH adducts on TRAF6 and its
activation in response to TLR4 activation.

Exogenous IL-33 induces Glrx and IL-33 in macrophages

The relation between exogenous IL-33 and endogenous IL-33 induction is not known. Since
TRAF6 is essential for IL-33 signaling [34] and expression of its receptor, ST2L, is upregulated
by Glrx knockdown, the effects of IL-33 on the induced expression of IL-33, ST2L, and Glrx
were examined in RAW264.7 cells. Recombinant IL-33 (rIL-33) (10-25 ng/ml) induced
mRNA of Glrx as well as IL-33, and Glrx inhibition significantly attenuated this induction (Fig
6A). In contrast, ST2L was upregulated by Glrx knockdown in the presence of IL-33 similar to
this observation following LPS stimulation (Figs 1 and 2). Interestingly, rIL-33-induced IL-33
protein was found to be of smaller size (20 kDa), which may be a cleaved, potent form [35,36],
not the full-length form of IL-33 (~30 kDa) that is induced in response to LPS (Fig 6B). These
data suggest that LPS and IL-33 share the common signaling pathway via Glrx-regulated
TRAF6-NF-«B activation leading to IL-33 production in macrophages.

Endogenous IL-33 in vivo is required for Glrx protein induction in
cockroach antigen (CRA)-stimulated mouse lungs

In CRA-stimulated mouse lungs from WT and IL-33 KO mice, protein levels of Glrx were
increased compared to saline-treatment in WT mice in response to CRA, but Glrx induction
was attenuated in lungs from IL-33 KO mice (Fig 7). This indicates that endogenous IL-33 in
vivo promotes Glrx induction following allergen stimulation.
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RT-qPCR. (B) rIL-33-induced IL-33 protein was truncated form compared to LPS-induced IL-33, and induction was
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Fig 7. Glrx expression in cockroach antigen (CRA)-induced allergic lungs. WT and IL-33 KO mice were treated
with CRA as described in the methods. Glrx protein expression in the lungs was examined by Western blotting.
Relative expression of Glrx to B-tubulin by densitometry was compared between Saline and CRA treated lungs.
Expression of Glrx protein in response to CRA was diminished in IL-33 KO mice compared to WT mice. (n = 5-7
mice/group, **p<0.01, ***p<0.001).
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Discussion

Protein-glutathione (GSH) adducts, or S-glutathionylation, are oxidative thiol modifications
that may alter cellular protein function including signaling and transcriptional activity. Glutar-
edoxin-1 (Glrx) has been recognized as an important regulator of redox signaling by control-
ling levels of protein-GSH adducts in various pathophysiological conditions. The bacterial
endotoxin, LPS, significantly induced Glrx expression in macrophages, which activated NF-xB
likely through reversing GSH adducts (de-glutationylation) [26,27]. Our data further indicate
that in macrophages LPS-induced Glrx plays an important role in TRAF6 activation, the
upstream signaling molecule of IKKp leading to NF-«B activation. This study demonstrates
the novel role of cellular Glrx on the regulation of IL-33 production via TRAF6 in LPS-stimu-
lated macrophages. Furthermore, we demonstrate that administration of rIL-33 in macro-
phages results in increased expression of both IL-33 and Glrx, and this is pathway is also
dependent on Glrx.

TRAF6 is an adaptor molecule essential for MyD88-dependent TLR4 signaling [37] as well
as IL-33 signaling [20,34]. TRAF6 is an E3 ubiquitin ligase that causes Lys-63-linked auto-
poly-ubiquitination leading to activation of both IKK and mitogen-activated protein kinases
(MAPKs) pathways. Chantzoura et al. show that TRAF6 is modified with the addition of GSH
adducts at the amino terminal RING domain, the site of E3 ubiquitin ligase activity [33]. Glrx-
dependent removal of GSH on TRAF6 is crucial for auto-polyubiquitination and subsequent
activation of IKKp in response to IL-1 in HEK293 or HeLa cells [33]. Consistent with their
report, we demonstrated that TRAF6 was S-glutathionylated under basal conditions in macro-
phages and this was reversed by LPS stimulation. This is similar to B-actin, which undergoes
deglutathionylation in response to growth factor stimulation leading to functional changes
including actin polymerization and reorganization [38]. Our data also confirm that Glrx was
responsible for deglutathionylation because GSH adducts on TRAF6 remained after LPS stim-
ulation under Glrx knockdown conditions. Glrx itself is an NF-xB-responsive gene [26] and
its expression increases following LPS stimulation, but the mechanism by which Glrx is acti-
vated within one hour remains unclear. Although LPS-induced IL-33 induction is almost
completely blocked by the NF-xB inhibitor, JSH23, in our experiments, Glrx induction was
only partially inhibited. Other transcription factors including AP-1 [39] may regulate LPS-
induced Glrx transcription.

Furthermore, IL-33 downstream signaling requires TRAF6 [20,34,40]. Therefore, when
TRAF6 is inactivated by Glrx knockdown, IL-33 signaling as well as its production are limited.
We found that exogenous rIL-33 induced Glrx and also IL-33 mRNA was dependent on Glrx
expression in macrophages. Interestingly, rIL-33 induced IL-33 protein as a short, cleaved
form. Unlike IL-1B, full-length IL-33 is active without processing by caspases [41,42]. It has
been recently shown, however, that elastase or proteases cleave IL-33 to smaller forms that pos-
sess much higher bioactivity compared with the full-length IL-33 [35,36]. In addition, the
short form has cysteine residues that can form disulfides by oxidation and result in a shift on
the gel [43]. We confirmed the shift in a non-reduced gel (S2 Fig) but Glrx knockdown did
not change the shift or size of IL-33. Therefore, Glrx likely controls IL-33 induction at tran-
scriptional levels. The reason why rIL-33 induced a cleaved form of IL-33 is unknown and
requires further investigation.

The expression of the IL-33 receptor, ST2L (IL1RL1), was elevated in Glrx knockdown
macrophages. LPS did not show additional increase in Glrx KO mouse macrophages (Fig 1),
but its expression was enhanced further in RAW cells with siGlrx (Fig 2). The difference in
LPS response may arise from either cell type and/or complete Glrx deletion versus partial Glrx
inhibition. In RAW cells, either LPS or IL-33 upregulated ST2L expression under Glrx
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knockdown conditions (Fig 2 and Fig 6). We speculate that TRAF6 signaling negatively regu-
lates ST2L expression, and TRAF6 inhibition by Glrx knockdown may activate ST2L induc-
tion. It is reported that Th2 stimulation enhanced ST2L expression while IFN-gamma
decreased it in T cells [44]. The transcriptional regulation of ST2L has to be further explored.
Notably, IL-33 signaling is impaired in Glrx knockdown cells, therefore upregulated ST2L
could be a compensatory response to the diminished IL-33 axis.

Our findings are highly relevant to conditions that result in oxidative stress such as cigarette
smoke that decreases Glrx mRNA and protein expression [45], which may lead to lower pro-
duction of IL-33, and in addition may oxidize IL-33 to be inactivated [43]. IL-33 is beneficial
in the setting of wound healing [16] but exacerbates allergic inflammation in some models of
asthma [46]. Therefore, regulation of IL-33 by Glrx can be beneficial or deleterious depend on
the pathological conditions.

As we found the link between Glrx and IL-33 signaling in macrophages, we extended the
findings to examine expression of Glrx and IL-33 in a relevant mouse model of asthma. Cock-
roach antigen (CRA)-stimulated lungs expressed high levels Glrx protein compared to saline
treated lungs. Glrx expression was attenuated in IL-33 KO mouse lungs. Although lungs con-
tain various types of cells other than macrophages, this data suggests IL-33 may promote Glrx
expression and inflammatory reaction in allergic lungs. Also, we tested CRA-induced Glrx
mRNA in macrophages from IL-33 KO mice. We could detect CRA-induced Glrx at 6 hours,
but it was not significantly inhibited in IL-33 KO cells (S3 Fig). This suggests that CRA-
induced Glrx mRNA induction may not require IL-33 following short exposure. However,
chronic stimulation in vivo may attenuate Glrx protein levels in the lung containing various
cell types in the absence of IL-33. In addition, others have shown that Glrx expression is
increased in ovalbumin-induced or house dust mite-induced allergic airway model in mice
[47,48]. Increased Glrx further activates NF-kB and may promote IL-33 production as a recent
report shows oxidative stress enhances IL-33 in human airway epithelial cells [49].

Furthermore, we tested CRA-induced IL-33 in RAW cells, and found CRA induced IL-33
protein (full length) at 6 hours but the expression was not inhibited with siGlrx (54 Fig). We
speculate that CRA signaling is different from LPS pathway and induces IL-33 in macrophages
under inhibition of Glrx. In a similar allergic in vivo model, Glrx ablation attenuated Th2 cyto-
kines (IL-13, IL-5) in the house dust mite-stimulated lungs although IL-33 levels were not
reported [48]. CRA-induced IL-33 may be modulated in other types of cells (epithelial, endo-
thelial) in the lungs of Glrx KO mice. Further investigation is required to clarify these issues.

In conclusion, LPS-induced Glrx activates NF-xB pathways by regulating GSH adducts on
TRAF®6, thereby contributing to IL-33 production in macrophages. Exogenous IL-33 also stim-
ulates Glrx induction and active IL-33 production.

Supporting information

S1 Fig. F4/80 staining on mouse peritoneal macrophages. Adhered peritoneal cells were
fixed and stained with anti-mouse F4/80 antibody (red) and Hoechst (blue).
(PDF)

S2 Fig. IL-33-induced IL-33 protein is shifted in non-reduced condition. LPS (100ng/ml) or
IL-33 (50 ng/ml) was added in RAW cells for 6 hours, and cellular proteins were analyzed in
reduced and non-reduced gel.

(PDF)

$3 Fig. CRA-induced Glrx mRNA in WT and IL-33 KO mouse macrophages. CRA (Cock-
roach antigen 100 pg/ml) or PBS was added in isolated mouse macrophages from WT and IL-
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33 KO mice. After 6 hours RNA was isolated from cells by Trizol and Glrx expression was
examined (n = 3-4 wells).
(PDF)

$4 Fig. CRA-induced IL-33 in RAW cells. Different doses of CRA (0-80 pg/ml) was tested to
examine IL-33 and Glrx induction in RAW cells with siControl or siGlrx RNA.
(PDF)

Acknowledgments

We appreciate support from Dr. Richard A. Cohen, the former director of Vascular Biology
Section in Boston University School of Medicine, Dr. Markus M. Bachschmid (BUSM) for
providing biotinylated GSH, and Dr. Gavin Schnitzler from Broad Institute for ChIP-seq data
analysis

Author Contributions

Conceptualization: Ellen O. Weinberg, Reiko Matsui.
Formal analysis: Ellen O. Weinberg.

Funding acquisition: Ellen O. Weinberg, Reiko Matsui.

Investigation: Ellen O. Weinberg, Beatriz Ferran, Yuko Tsukahara, Michaela M. S. Hatch,
Jingyan Han, Colin E. Murdoch.

Project administration: Reiko Matsui.

Supervision: Reiko Matsui.

Validation: Ellen O. Weinberg.

Writing - original draft: Ellen O. Weinberg, Reiko Matsui.

Writing - review & editing: Ellen O. Weinberg, Colin E. Murdoch, Reiko Matsui.

References

1. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al. IL-33, an Interleukin-1-like
Cytokine that Signals via the IL-1 Receptor-Related Protein ST2 and Induces T Helper Type 2-Associ-
ated Cytokines. Immunity. 2005; 23: 479-490. https://doi.org/10.1016/j.immuni.2005.09.015 PMID:
16286016

2. ObokiK, Nakae S, Matsumoto K, Saito H. IL-33 and Airway Inflammation. Allergy, Asthma Immunol
Res. 2011; 3: 81. https://doi.org/10.4168/aair.2011.3.2.81 PMID: 21461246

3. ObokiK, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial amplifier of innate rather
than acquired immunity. Proc Natl Acad Sci U S A. 2010; 107: 18581-6. https://doi.org/10.1073/pnas.
1003059107 PMID: 20937871

4. Tjota MY, Williams JW, Lu T, Clay BS, Byrd T, Hrusch CL, et al. IL-33 —dependent induction of allergic
lung inflammation by Fc y RIll signaling. J Clin Investig. 2013; 123: 2287-2297. https://doi.org/10.1172/
JC163802 PMID: 23585480

5. Kamijo S, Takeda H, Tokura T, Inui K, Hara M, Matsuda H, et al. IL-33 — Mediated Innate Response
and Adaptive Immune Cells Contribute to Maximum Responses of Protease Allergen — Induced Allergic
Airway Inflammation. J Immunol. 2013; https://doi.org/10.4049/jimmunol.1201212 PMID: 23547117

6. Carriere V, Roussel L, Ortega N, Lacorre D-A, Americh L, Aguilar L, et al. IL-33, the IL-1-like cytokine
ligand for ST2 receptor, is a chromatin-associated nuclear factor in vivo. Proc Natl Acad Sci U S A.
2007; 104: 282—7. https://doi.org/10.1073/pnas.0606854104 PMID: 17185418

7. Kuchler AM, Pollheimer J, Balogh J, Sponheim J, Manley L, Sorensen DR, et al. Nuclear Interleukin-33
Is Generally Expressed in Resting Endothelium but Rapidly Lost upon Angiogenic or Proinflammatory
Activation. Am J Pathol. 2008; 173: 1229-1242. https://doi.org/10.2353/ajpath.2008.080014 PMID:
18787100

PLOS ONE | https://doi.org/10.1371/journal.pone.0210827  January 25, 2019 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210827.s004
https://doi.org/10.1016/j.immuni.2005.09.015
http://www.ncbi.nlm.nih.gov/pubmed/16286016
https://doi.org/10.4168/aair.2011.3.2.81
http://www.ncbi.nlm.nih.gov/pubmed/21461246
https://doi.org/10.1073/pnas.1003059107
https://doi.org/10.1073/pnas.1003059107
http://www.ncbi.nlm.nih.gov/pubmed/20937871
https://doi.org/10.1172/JCI63802
https://doi.org/10.1172/JCI63802
http://www.ncbi.nlm.nih.gov/pubmed/23585480
https://doi.org/10.4049/jimmunol.1201212
http://www.ncbi.nlm.nih.gov/pubmed/23547117
https://doi.org/10.1073/pnas.0606854104
http://www.ncbi.nlm.nih.gov/pubmed/17185418
https://doi.org/10.2353/ajpath.2008.080014
http://www.ncbi.nlm.nih.gov/pubmed/18787100
https://doi.org/10.1371/journal.pone.0210827

®PLOS | one

Redox regulation of IL-33 in macrophages

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Moussion C, Ortega N, Girard J-P. The IL-1-like cytokine IL-33 is constitutively expressed in the nucleus
of endothelial cells and epithelial cells in vivo: a novel “alarmin”? PLoS One. 2008; 3: e3331. hitps://doi.
org/10.1371/journal.pone.0003331 PMID: 18836528

Ali S, Mohs A, Thomas M, Klare J, Ross R, Schmitz ML, et al. The dual function cytokine IL-33 interacts
with the transcription factor NF-kB to dampen NF-kB-stimulated gene transcription. J Immunol. 2011;
187: 1609—-16. https://doi.org/10.4049/jimmunol. 1003080 PMID: 21734074

Gautier V, Cayrol C, Farache D, Roga S, Monsarrat B, Burlet-Schiltz O, et al. Extracellular IL-33 cyto-
kine, but not endogenous nuclear IL-33, regulates protein expression in endothelial cells. Sci Rep.
2016; 6: 1-12. hitps://doi.org/10.1038/s41598-016-0001-8

Kouzaki H, lijima K, Kobayashi T, O’Grady SM, Kita H. The danger signal, extracellular ATP, is a sensor
for an airborne allergen and triggers IL-33 release and innate Th2-type responses. J Immunol. 2011;
186: 4375-87. https://doi.org/10.4049/jimmunol. 1003020 PMID: 21357533

Ohno T, Oboki K, Kajiwara N, Morii E, Aozasa K, Flavell R a, et al. Caspase-1, caspase-8, and calpain
are dispensable for IL-33 release by macrophages. J Immunol. 2009; 183: 7890-7897. https://doi.org/
10.4049/jimmunol.0802449 PMID: 19933859

Nile CJ, Barksby E, Jitprasertwong P, Preshaw PM, Taylor JJ. Expression and regulation of interleukin-
33 in human monocytes: ORIGINAL ARTICLE. Immunology. 2010; 130: 172—180. https://doi.org/10.
1111/.1365-2567.2009.03221.x PMID: 20070408

Hiraide S, Yanagawa Y, lizuka K. Tranilast inhibits interleukin-33 production by macrophages. Eur J
Pharmacol. Elsevier B.V.; 2018; 818: 235-240. https://doi.org/10.1016/j.ejphar.2017.10.057 PMID:
29107673

Bonilla W V, Fréhlich A, Senn K, Kallert S, Fernandez M, Johnson S, et al. The alarmin interleukin-33
drives protective antiviral CD8" T cell responses. Science. 2012; 335: 984-9. https://doi.org/10.1126/
science.1215418 PMID: 22323740

He R, YinH, Yuan B, Liu T, Luo L, Huang P, et al. IL-33 improves wound healing through enhanced M2
macrophage polarization in diabetic mice. Mol Immunol. Elsevier; 2017; 90: 42—49. https://doi.org/10.
1016/j.molimm.2017.06.249 PMID: 28697404

Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Corrigan CJ, Ying S, et al. IL-33 Ampilifies the
Polarization of Alternatively Activated Macrophages That Contribute to Airway Inflammation. J Immu-
nol. 2009; 183: 6469-6477. https://doi.org/10.4049/jimmunol.0901575 PMID: 19841166

Hazlett LD, McClellan S a, Barrett RP, Huang X, Zhang Y, Wu M, et al. IL-33 shifts macrophage polari-
zation, promoting resistance against Pseudomonas aeruginosa keratitis. Invest Ophthalmol Vis Sci.
2010; 51: 1524-32. https://doi.org/10.1167/iovs.09-3983 PMID: 19892870

Tashiro H, Takahashi K, Hayashi S, Kato G, Kurata K, Kimura S, et al. Interleukin-33 from monocytes
recruited to the lung contributes to house dust mite-induced airway inflammation in a mouse model.
PLoS One. 2016; 11: 1-16. https://doi.org/10.1371/journal.pone.0157571 PMID: 27310495

Ohno T, Oboki K, Morita H, Kajiwara N, Arae K, Tanaka S, et al. Paracrine IL-33 stimulation enhances
lipopolysaccharide-mediated macrophage activation. PLoS One. 2011; 6: e18404. https://doi.org/10.
1371/journal.pone.0018404 PMID: 21494550

Aesif SW, Anathy V, Kuipers |, Guala AS, Reiss JN, Ho Y-S, et al. Ablation of glutaredoxin-1 attenuates
lipopolysaccharide-induced lung inflammation and alveolar macrophage activation. Am J Respir Cell
Mol Biol. 2011; 44: 491-9. https://doi.org/10.1165/rcmb.2009-01360C PMID: 20539014

Shelton MD, Mieyal JJ. Minireview Molecules and Regulation by Reversible S-Glutathionylation: Molec-
ular Targets Implicated in Inflammatory Diseases. Mol Cells. 2008; 25: 332—346. PMID: 18483468

Murdoch CE, Bachschmid MM, Matsui R. Regulation of neovascularization by S-glutathionylation via
the Wnt5a/sFlt-1 pathway. Biochem Soc Trans. 2014; 42: 1665—70. https://doi.org/10.1042/
BST20140213 PMID: 25399587

Pineda-Molina E, Klatt P, Vazquez J, Marina a, Garcia de Lacoba M, Pérez-Sala D, et al. Glutathionyla-
tion of the p50 subunit of NF-kappaB: a mechanism for redox-induced inhibition of DNA binding. Bio-
chemistry. 2001; 40: 14134—42. PMID: 11714266

Reynaert NL, van der Vliet A, Guala AS, McGovern T, Hristova M, Pantano C, et al. Dynamic redox con-
trol of NF-kB through glutaredoxin-regulated S-glutathionylation of inhibitory kB kinase 8. Proc Natl
Acad Sci. National Acad Sciences; 2006; 103: 13086—13091. https://doi.org/10.1073/pnas.0603290103
PMID: 16916935

Aesif SW, Kuipers |, Van Der Velden J, Tully JE, Guala AS, Anathy V, et al. Activation of the glutare-
doxin-1 gene by nuclear factor kb enhances signaling. Free Radic Biol Med. Elsevier Inc.; 2011; 51:
1249-1257. https://doi.org/10.1016/j.freeradbiomed.2011.06.025 PMID: 21762778

Murdoch CE, Shuler M, Haeussler DJF, Kikuchi R, Bearelly P, Han J, et al. Glutaredoxin-1 Up-regula-
tion Induces Soluble Vascular Endothelial Growth Factor Receptor 1, Attenuating Post-ischemia Limb

PLOS ONE | https://doi.org/10.1371/journal.pone.0210827  January 25, 2019 13/15


https://doi.org/10.1371/journal.pone.0003331
https://doi.org/10.1371/journal.pone.0003331
http://www.ncbi.nlm.nih.gov/pubmed/18836528
https://doi.org/10.4049/jimmunol.1003080
http://www.ncbi.nlm.nih.gov/pubmed/21734074
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.4049/jimmunol.1003020
http://www.ncbi.nlm.nih.gov/pubmed/21357533
https://doi.org/10.4049/jimmunol.0802449
https://doi.org/10.4049/jimmunol.0802449
http://www.ncbi.nlm.nih.gov/pubmed/19933859
https://doi.org/10.1111/j.1365-2567.2009.03221.x
https://doi.org/10.1111/j.1365-2567.2009.03221.x
http://www.ncbi.nlm.nih.gov/pubmed/20070408
https://doi.org/10.1016/j.ejphar.2017.10.057
http://www.ncbi.nlm.nih.gov/pubmed/29107673
https://doi.org/10.1126/science.1215418
https://doi.org/10.1126/science.1215418
http://www.ncbi.nlm.nih.gov/pubmed/22323740
https://doi.org/10.1016/j.molimm.2017.06.249
https://doi.org/10.1016/j.molimm.2017.06.249
http://www.ncbi.nlm.nih.gov/pubmed/28697404
https://doi.org/10.4049/jimmunol.0901575
http://www.ncbi.nlm.nih.gov/pubmed/19841166
https://doi.org/10.1167/iovs.09-3983
http://www.ncbi.nlm.nih.gov/pubmed/19892870
https://doi.org/10.1371/journal.pone.0157571
http://www.ncbi.nlm.nih.gov/pubmed/27310495
https://doi.org/10.1371/journal.pone.0018404
https://doi.org/10.1371/journal.pone.0018404
http://www.ncbi.nlm.nih.gov/pubmed/21494550
https://doi.org/10.1165/rcmb.2009-0136OC
http://www.ncbi.nlm.nih.gov/pubmed/20539014
http://www.ncbi.nlm.nih.gov/pubmed/18483468
https://doi.org/10.1042/BST20140213
https://doi.org/10.1042/BST20140213
http://www.ncbi.nlm.nih.gov/pubmed/25399587
http://www.ncbi.nlm.nih.gov/pubmed/11714266
https://doi.org/10.1073/pnas.0603290103
http://www.ncbi.nlm.nih.gov/pubmed/16916935
https://doi.org/10.1016/j.freeradbiomed.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21762778
https://doi.org/10.1371/journal.pone.0210827

®PLOS | one

Redox regulation of IL-33 in macrophages

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Revascularization. J Biol Chem. 2014; 289: 8633—44. https://doi.org/10.1074/jbc.M113.517219 PMID:
24482236

Ho Y-S, Xiong Y, Ho DS, Gao J, Chua BHL, Pai H, et al. Targeted disruption of the glutaredoxin 1 gene
does not sensitize adult mice to tissue injury induced by ischemia/reperfusion and hyperoxia. Free
Radic Biol Med. 2007; 43: 1299-312. https://doi.org/10.1016/|.freeradbiomed.2007.07.025 PMID:
17893043

Zhang X, Goncalves R, Mosser DM. The Isolation and Characterization of Murine Macrophages. Cur-
rent Protocols in Immunology. Hoboken, NJ, USA: John Wiley & Sons, Inc.; 2008. p. Unit 14.1. https:/
doi.org/10.1002/0471142735.im1401s83 PMID: 19016445

Sullivan DM, Wehr NB, Fergusson MM, Levine RL, Finkel T. Identification of oxidant-sensitive proteins:
TNF-alpha induces protein glutathiolation. Biochemistry. 2000; 39: 11121-8. PMID: 10998251

Haspeslagh E, Debeuf N, Hammad H, Lambrecht BN. Murine Models of Allergic Asthma. Methods in
molecular biology (Clifton, NJ). 2017. pp. 121-136. https://doi.org/10.1007/978-1-4939-6786-5_10
PMID: 28063042

Barish GD, Yu RT, Karunasiri M, Ocampo CB, Dixon J, Benner C, et al. Bcl-6 and NF- B cistromes
mediate opposing regulation of the innate immune response. Genes Dev. 2010; 24: 2760-2765. https:/
doi.org/10.1101/gad.1998010 PMID: 21106671

Chantzoura E, Prinarakis E, Panagopoulos D, Mosialos G, Spyrou G. Glutaredoxin-1 regulates TRAF6
activation and the IL-1 receptor/TLR4 signalling. Biochem Biophys Res Commun. 2010; 403: 335-9.
https://doi.org/10.1016/j.bbrc.2010.11.029 PMID: 21078302

Funakoshi-Tago M, Tago K, Hayakawa M, Tominaga S-I, Ohshio T, Sonoda Y, et al. TRAF®6 is a critical
signal transducer in IL-33 signaling pathway. Cell Signal. 2008; 20: 1679-86. https://doi.org/10.1016/j.
cellsig.2008.05.013 PMID: 18603409

Lefrancais E, Duval A, Mirey E, Roga S, Espinosa E, Cayrol C, et al. Central domain of IL-33 is cleaved
by mast cell proteases for potent activation of group-2 innate lymphoid cells. Proc Natl Acad Sci. 2014;
111: 15502—15507. https://doi.org/10.1073/pnas. 1410700111 PMID: 25313073

Lefrancais E, Roga S, Gautier V, Gonzalez-de-Peredo A, Monsarrat B, Girard J-P, et al. IL-33 is pro-
cessed into mature bioactive forms by neutrophil elastase and cathepsin G. Proc Natl Acad Sci. 2012;
109: 1673-1678. https://doi.org/10.1073/pnas.1115884109 PMID: 22307629

Gohda J, Matsumura T, Inoue J. Cutting edge: TNFR-associated factor (TRAF) 6 is essential for
MyD88-dependent pathway but not toll/IL-1 receptor domain-containing adaptor-inducing IFN-beta
(TRIF)-dependent pathway in TLR signaling. J Immunol. 2004; 173: 2913-2917. https://doi.org/10.
4049/jimmunol.173.5.2913 PMID: 15322147

Wang J, Tekle E, Oubrahim H, Mieyal JJ, Stadtman ER, Chock PB. Stable and controllable RNA inter-
ference: Investigating the physiological function of glutathionylated actin. Proc Natl Acad Sci U S A.
2003; 100: 5103-6. https://doi.org/10.1073/pnas.0931345100 PMID: 12697895

Park JB, Levine M. The human glutaredoxin gene: determination of its organization, transcription start
point, and promoter analysis. Gene. 1997; 197: 189-93. PMID: 9332366

Choi Y-S, Choi H-J, Min J-K, Pyun B-J, Maeng Y-S, Park H, et al. Interleukin-33 induces angiogenesis
and vascular permeability through ST2/TRAF6-mediated endothelial nitric oxide production. Blood.
2009; 114: 3117-26. https://doi.org/10.1182/blood-2009-02-203372 PMID: 19661270

Cayrol C, Girard J-P. The IL-1-like cytokine IL-33 is inactivated after maturation by caspase-1. Proc Natl
Acad Sci U S A. 2009; 106: 9021-6. https://doi.org/10.1073/pnas.0812690106 PMID: 19439663

Talabot-Ayer D, Lamacchia C, Gabay C, Palmer G. Interleukin-33 is biologically active independently of
caspase-1 cleavage. J Biol Chem. 2009; 284: 19420—-19426. https://doi.org/10.1074/jbc.M901744200
PMID: 19465481

Cohen ES, Scott IC, Majithiya JB, Rapley L, Kemp BP, England E, et al. Oxidation of the alarmin IL-33
regulates ST2-dependent inflammation. Nat Commun. 2015; 6: 1-10. https://doi.org/10.1038/
ncomms9327 PMID: 26365875

Carter RW, Sweet MJ, Xu D, Klemenz R, Liew FY, Chan WL. Regulation of ST2L expressionon T
helper (Th) type 2 cells. Eur J Immunol. 2001; 31: 2979-85. https://doi.org/10.1002/1521-4141
(2001010)31:10<2979::AID-IMMU2979gt;3.0.CO;2-B PMID: 11592074

Kuipers I, Guala AS, Aesif SW, Konings G, Bouwman FG, Mariman EC, et al. Cigarette smoke targets
glutaredoxin 1, increasing S-glutathionylation and epithelial cell death. Am J Respir Cell Mol Biol. 2011;
45: 931-937. https://doi.org/10.1165/rcmb.2010-02490C PMID: 21454804

Sjoberg LC, Nilsson AZ, Lei Y, Gregory JA, Adner M, Nilsson GP. Interleukin 33 exacerbates antigen
driven airway hyperresponsiveness, inflammation and remodeling in a mouse model of asthma. Sci
Rep. 2017; 7: 1-10. https://doi.org/10.1038/s41598-016-0028-x

PLOS ONE | https://doi.org/10.1371/journal.pone.0210827  January 25, 2019 14/15


https://doi.org/10.1074/jbc.M113.517219
http://www.ncbi.nlm.nih.gov/pubmed/24482236
https://doi.org/10.1016/j.freeradbiomed.2007.07.025
http://www.ncbi.nlm.nih.gov/pubmed/17893043
https://doi.org/10.1002/0471142735.im1401s83
https://doi.org/10.1002/0471142735.im1401s83
http://www.ncbi.nlm.nih.gov/pubmed/19016445
http://www.ncbi.nlm.nih.gov/pubmed/10998251
https://doi.org/10.1007/978-1-4939-6786-5_10
http://www.ncbi.nlm.nih.gov/pubmed/28063042
https://doi.org/10.1101/gad.1998010
https://doi.org/10.1101/gad.1998010
http://www.ncbi.nlm.nih.gov/pubmed/21106671
https://doi.org/10.1016/j.bbrc.2010.11.029
http://www.ncbi.nlm.nih.gov/pubmed/21078302
https://doi.org/10.1016/j.cellsig.2008.05.013
https://doi.org/10.1016/j.cellsig.2008.05.013
http://www.ncbi.nlm.nih.gov/pubmed/18603409
https://doi.org/10.1073/pnas.1410700111
http://www.ncbi.nlm.nih.gov/pubmed/25313073
https://doi.org/10.1073/pnas.1115884109
http://www.ncbi.nlm.nih.gov/pubmed/22307629
https://doi.org/10.4049/jimmunol.173.5.2913
https://doi.org/10.4049/jimmunol.173.5.2913
http://www.ncbi.nlm.nih.gov/pubmed/15322147
https://doi.org/10.1073/pnas.0931345100
http://www.ncbi.nlm.nih.gov/pubmed/12697895
http://www.ncbi.nlm.nih.gov/pubmed/9332366
https://doi.org/10.1182/blood-2009-02-203372
http://www.ncbi.nlm.nih.gov/pubmed/19661270
https://doi.org/10.1073/pnas.0812690106
http://www.ncbi.nlm.nih.gov/pubmed/19439663
https://doi.org/10.1074/jbc.M901744200
http://www.ncbi.nlm.nih.gov/pubmed/19465481
https://doi.org/10.1038/ncomms9327
https://doi.org/10.1038/ncomms9327
http://www.ncbi.nlm.nih.gov/pubmed/26365875
https://doi.org/10.1002/1521-4141(2001010)31:10<2979::AID-IMMU2979gt;3.0.CO;2-B
https://doi.org/10.1002/1521-4141(2001010)31:10<2979::AID-IMMU2979gt;3.0.CO;2-B
http://www.ncbi.nlm.nih.gov/pubmed/11592074
https://doi.org/10.1165/rcmb.2010-0249OC
http://www.ncbi.nlm.nih.gov/pubmed/21454804
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1371/journal.pone.0210827

o @
@ : PLOS | ONE Redox regulation of IL-33 in macrophages

47. Reynaert NL, Wouters EFM, Janssen-Heininger YMW. Modulation of glutaredoxin-1 expression in a
mouse model of allergic airway disease. Am J Respir Cell Mol Biol. 2007; 36: 147-51. https://doi.org/10.
1165/rcmb.2006-0259RC PMID: 16980552

48. Hoffman SM, Qian X, Nolin JD, Chapman DG, Chia SB, Lahue KG, et al. Ablation of glutaredoxin-1
modulates house dust mite-induced allergic airways disease in mice. Am J Respir Cell Mol Biol. 2016;
55: 377-386. https://doi.org/10.1165/rcmb.2015-04010C PMID: 27035878

49. AizawaH, Koarai A, Shishikura Y, Yanagisawa S, Yamaya M, Sugiura H, et al. Oxidative stress
enhances the expression of IL-33 in human airway epithelial cells. Respir Res. 2018; 19: 1-12. https://
doi.org/10.1186/s12931-017-0698-3

PLOS ONE | https://doi.org/10.1371/journal.pone.0210827  January 25, 2019 15/15


https://doi.org/10.1165/rcmb.2006-0259RC
https://doi.org/10.1165/rcmb.2006-0259RC
http://www.ncbi.nlm.nih.gov/pubmed/16980552
https://doi.org/10.1165/rcmb.2015-0401OC
http://www.ncbi.nlm.nih.gov/pubmed/27035878
https://doi.org/10.1186/s12931-017-0698-3
https://doi.org/10.1186/s12931-017-0698-3
https://doi.org/10.1371/journal.pone.0210827

