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The nuclear cytokine IL-37a controls lethal cytokine storms

primarily via IL-1R8-independent transcriptional upregulation
of PPARy
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Cytokine storms are crucial in the development of various inflammatory diseases, including sepsis and autoimmune disorders. The
immunosuppressive cytokine INTERLEUKIN (IL)-37 consists of five isoforms (IL-37a-e). We identified IL-37a as a nuclear cytokine for
the first time. Compared to IL-37b, IL-37a demonstrated greater efficacy in protecting against Toll-like receptor-induced cytokine
hypersecretion and lethal endotoxic shock. The full-length (FL) form of IL-37a and the N-terminal fragment, which is processed by
elastase, could translocate into cell nuclei through a distinctive nuclear localization sequence (NLS)/importin nuclear transport
pathway. These forms exerted their regulatory effects independent of the IL-1R8 receptor by transcriptionally upregulating the
nuclear receptor peroxisome proliferator-activated receptor (PPARYy). This process involved the recruitment of the H3K4
methyltransferase complex WDR5/MLL4/C/EBPB and H3K4me1/2 to the enhancer/promoter of Pparg. The receptor-independent
regulatory pathway of the nuclear IL-37a-PPARy axis and receptor-dependent signaling by secreted IL-37a maintain homeostasis
and are potential therapeutic targets for various inflammatory diseases, including sepsis.
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INTRODUCTION IL-37 is a recently identified regulatory cytokine that is

A cytokine storm, or cytokine release syndrome, is a prevalent
pathogenic syndrome observed in various inflammatory, auto-
immune, and infectious diseases, including coronavirus disease
2019 (COVID-19) and septic shock [1-4]. This syndrome is
characterized by excessive production of proinflammatory cyto-
kines, such as interleukin (IL)-1q, IL-1B, IL-6, and tumor necrosis
factor (TNF)-g, leading to systemic inflammation, organ failure, and
potential death [1-5]. Effective clinical management of cytokine
storms poses a significant challenge [2, 5. Insights derived from
the human immunoregulatory system could aid in identifying safe
and efficacious immunoregulators and signaling molecules for
treating cytokine storms and inflammatory diseases.

exclusively expressed in humans. It consists of five isoforms
(IL-37a-e) [6-11]. IL-37 isoforms have been found in various
tissues, including the spleen, lung, bladder and immune cells, such
as macrophages, dendritic cells, and T cells [6, 8-13]. Despite these
findings, the specific expression patterns and regulatory mechan-
isms of IL-37 isoforms, especially in disease contexts, remain
poorly understood.

IL-37 isoforms are initially synthesized as full-length (FL) (pro)-
proteins that can undergo cleavage, resulting in the generation of
mature forms and short N-terminal peptides. All isoforms except
for IL-37a possess a caspase-1 cleavage site encoded by common
exon 1. However, IL-37a features a potential elastase cleavage site
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encoded by exon 3 [7]. Exon 3 also encodes a putative nuclear
localization sequence (NLS) spanning residues 5 to 21 in the
N-terminus of IL-37a [7]. This NLS facilitates the nuclear import of
various proteins, including IL-1a [14-16]. The transport of proteins
across the nuclear membrane via the NLS is mediated by an
importin-receptor complex composed of importin a and importin
B [14, 15]. Exons 4-6 encode the IL-1-like domain, which is
composed of 12 B-strands that are essential for receptor binding
and cytokine activity [7]. IL-37a, b, and d possess all 12 B-strands
and are thought to exhibit cytokine bioactivity, while IL-37c and
IL-37e lack the first three B-strands [7, 17].

Only the function of IL-37b has been studied in detail. IL-37b
exerts immunosuppressive effects on innate and adaptive immune
cells and controls the development of inflammatory disorders
[6, 7, 18-25]. In contrast to IL-1 and IL-18, both the precursor and
mature forms of IL-37b are bioactive [6, 7, 26]. Evidence suggests
that IL-37b and IL-37d attenuate inflammatory diseases, including
endotoxemia, in vivo through a receptor complex composed of IL-
18Ra and IL-1R8 [17, 26-28]. Mature IL-37b but not FL IL-37b can
translocate into the nucleus via Smad3 [6, 29], but it is still unclear
whether nuclear IL-37b can control the inflammatory response via a
receptor-independent mechanism. IL-37 genes are evolutionarily
absent in mice, but their receptors IL-1R8 and IL-18Ra are present
and can respond to human IL-37, which provides a unique model to
study the functions of human IL-37 in vivo [27].

The biology and functions of other IL-37 isoforms, particularly
IL-37a, in both normal physiological conditions and disease
states remain poorly understood. Moreover, whether IL-37b is
the dominant isoform in immune responses and disease
processes is unknown. This study presents novel findings
demonstrating that human IL-37a possesses distinctive charac-
teristics separate from IL-37b regarding its biological properties,
nuclear localization, and immunoregulatory activities. Notably, IL-
37a is a unique transcriptional regulator within the nucleus,
suggesting that it primarily serves as a nuclear factor and
cytokine. Through intracrine, autocrine, and paracrine mechan-
isms, IL-37a effectively restricts the occurrence of lethal cytokine
storms and endotoxin shock. This research sheds light on the
critical role of IL-37a in immune regulation and suggests its
potential therapeutic applications.

MATERIALS AND METHODS

Study patients

The clinical study was approved by the Research Ethics Board of the
Children’s Hospital of Fudan University in Shanghai, China. Written
informed consent was obtained from the parents of each study participant.

Twenty healthy children and patients suffering from sepsis (aged from
1 month to 4 years) were recruited from the pediatric intensive care unit of
the Children’s Hospital of Fudan University (Table S1). Sepsis was
diagnosed based on the International Pediatric Sepsis Consensus
Conference in 2005 [30]. The exclusion criteria for patients were as follows:
(i) suffering from immunocompromise (e.g., infection with the human
immunodeficiency virus or acquired immune deficiency syndrome); (ii)
hematological malignancies; (iii) solid tumors necessitating immunosup-
pressive medications within the last 3 months; and (iv) other diseases
involving the immune system.

Two milliliters of whole blood was collected from the children within
24 h of the diagnosis of sepsis. Age- and sex-matched healthy children
were recruited from the Children’s Hospital of Fudan University as controls.

Peripheral blood mononuclear cells (PBMCs) were purified by Ficoll-
gradient centrifugation. The cells were then cultured in RPMI 1640
(#11875119; Gibco, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (#10099-141; Gibco), L-glutamine (2 mM), penicillin/strepto-
mycin (100 units/mL; #15070063; Gibco), and 2-mercaptoethanol (50 pM).
PBMCs were stimulated with different doses of the Toll-like receptor (TLR)
ligands Pam3CSK4 (#tlrl-kitThw; InvivoGen, San Diego, CA, USA) or
lipopolysaccharide (LPS) (#L6011; Sigma, Burlington, MA, USA) for different
times. Cells were collected for qPCR.
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Animals

All animal experiments were approved (ILAS-GC-2015-001) by the Animal
Care and Use Committee of the Institute of Laboratory Animal Science of
Peking Union Medical College (Beijing, China).

The mice used in this study had a C57BL/6J background and were
purchased from Beijing Vital River Laboratory Animal Technology (Beijing,
China). The mice were housed in a facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care with ad libitum
access to food and water.

FLIL-37a, NIL-37a, and FLIL-37b transgenic mice were generated. Briefly,
complementary (c) DNA for FLIL-37a, NIL-37a (63 bp), and FLIL-37b was
cloned from human PBMCs by reverse transcription polymerase chain
reaction (RT-PCR). The sequences were 100% homologous with the IL-37a
(NM_173205.1) and IL-37b (NM_014439.3) sequences published in
GenBank (www.ncbi.nlm.nih.gov/). The primers used to clone the cDNA
of human FLIL-37a, NIL-37a, and FLIL-37b are shown in the Supplementary
Information (Table S2).

To generate transgenic mice, FLIL-37a, NIL-37a, and FLIL-37b cDNA was
inserted downstream of the ubiquitin C (UBC) promoter in the pUBC2(+)
vector between the EcoRl and Xhol cloning sites for FLIL-37a and NIL-37a
and the Hindlll and Xhol cloning sites for FLIL-37b. Plasmids were
linearized, and gel-purified DNA fragments were injected into the
pronucleus of fertilized zygotes harvested from C57BL/6J mice using
conventional methods to generate transgenic mice [31].

111r8~~, FLIL-37a tg/IIIrS’/’, and NIL-37a tg/ll1r8*/* mice were also
generated. /1118~ mice were generated by CRISPR/Cas9 as described by
Hall and colleagues [32]. Briefly, Cas9 mRNA and two single guide (sg)
RNAs (Table S3) targeting exon 3 of murine /L-TR8 (Gene ID: 24058) were
prepared with a MEGA short script T7 Transcription Kit (#AM1354; Ambion,
Austin, TX, USA) using a pUC57-sgRNA vector (#51132; Addgene, Water-
town, MA, USA). The Cas9 mRNA and sgRNA mixture was microinjected
into fertilized eggs at the one-cell stage. The injected zygotes were
transferred to pseudopregnant C57BL/6 J mice. The pups were genotyped
by PCR using genomic DNA from the tails.

Homozygous /1r8 /~ mice were crossed with FLIL-37a tg mice or NIL-37a
tg mice on the same C57BL/6 J background for five generations to generate
homozygous FLIL-37a tg/ll1r8 '~ mice and NIL-37a tg/ll1r8 '~ mice.

Genotyping of transgenic mice was carried out. Mouse genomic DNA
was extracted from tail biopsies. Genomic PCR was performed in a reaction
system containing genomic DNA and specific primer pairs. The primer
pairs for identifying FLIL-37a tg, NIL-37a tg and /l1r: ~/~ mice are shown in
Table S4. PCR products were examined by electrophoresis on 1%
agarose gels.

Antibodies

Antibodies against green fluorescent protein (GFP) (#598) were pur-
chased from MBL. Antibodies against H3K4me1l (#5326), H3K4me2
(#9725), PPARy (#2443), and WDR5 (#13105) and normal rabbit
immunoglobulin-G (#2729) were purchased from Cell Signaling Technol-
ogy. Antibodies against B-tubulin (#ab6046) and IL-37 (#ab101376) were
purchased from Abcam. Antibodies against a-tubulin (#sc-69969) were
purchased from Santa Cruz. Antibodies against histone 3 (#H0164)
were purchased from Sigma. Antibodies against IL-1R8 (#MAB1092) were
purchased from R&D Systems.

Production of rIL-37a and rIL-37b in Escherichia coli

FL and mature human /L-37a and IL-37b cDNA was cloned from an LPS-
stimulated human THP-1 cell line by RT-PCR using specific primer pairs.
The confirmed IL-37 <cDNA sequences were inserted into the pQE
expression vector and fused with a His-tag (Qiagen, Stanford, VA, USA).
The construct was then transferred into the E. coli strain BL21. IL-37 protein
expression was induced by IPTG (#16758; Sigma) and purified using Ni-NTA
affinity chromatography, followed by size-exclusion chromatography using
a polymyxin-B column to remove endotoxin. The purity of the IL-37 protein
was >95%, and the endotoxin level was <0.01 EU/ug of protein, as
determined by the Limulus amebocyte lysate QCL-1000 pyrogen test (Bio-
Whittaker, Walkersville, MD, USA).

Construction of the pEGFP-N1-IL-37a plasmid

The gene sequences for FLIL-37a, NIL-37a and mutants, and miL-37a with
Xhol and Agel or BamHI restriction sites at the 5 and 3’ ends were
synthesized. Then, they were inserted into pEGFP-N1 vectors.
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Generation of bone marrow-derived macrophages

Bone marrow-derived macrophages (BMDMs) were generated using the
method described by Kurowska-Stolarska and colleagues [33]. Cell culture
was conducted using RPMI 1640 medium supplemented with 10% fetal
bovine serum, penicillin/streptomycin, and glutamine (complete medium).
In brief, femurs from wild-type (WT), FLIL-37 tg, NIL-37 tg or 111r8~~ mice
were flushed with complete medium. The cells were then cultured in 10-
cm plastic plates with complete medium containing recombinant human
CSF-1 (100 U/mL) for 7 days in a 37 °C incubator with 5% CO,. For in vitro
macrophage activation, BMDMs were plated in 24-well plates at a density
of 1x10° cells/well in complete medium supplemented with CSF-1 and
incubated overnight. Subsequently, the cells were treated with LPS or
different TLR ligands for various times. Cells and supernatants were
collected for further analysis.

To overexpress FLIL-37a, NIL-37a, miIL-37a, and the mutants, lentiviruses
containing the respective IL-37a DNA sequences were constructed
(GeneChem, Shanghai, China). In brief, RAW264.7 cells (1 x 10° or BMDMs
(1 x 10%) were cultured in six-well plates for 18 h before being infected with
the lentiviruses. After 12 h, the cells were cultured in fresh medium for
3-4 days. To establish a stable cell line, puromycin (4 ug/mL) was used to
select positive cells. The cells were transfected with lentiviruses and
expressed GFP for 2-3 days as previously described [34].

siRNA knockdown

A549, THP-1, and RAW264.7 cells were transfected with siRNAs targeting
total IL-37 (targeting exon 5), IL-37a (targeting exon 3), Pparg, Wdr5, Mll4, or
Cebpb or control siRNA. The specific siRNA oligonucleotides were
synthesized (GenePharm, Pallini, Greece), and their sequences are listed
in Table S5. Cells were transfected with the siRNAs using Lipofectamine”
RNAIMAX (#13778075; Thermo Fisher Scientific, Waltham, MA, USA) for
48 h according to the manufacturer’s instructions.

LPS shock

Age- and sex-matched FLIL-37a tg, NiL-37a tg, l1r8 7~ FLIL-37a tg/ll1r8 ",
NIL-37a tg/ll1r8 7, FLIL-37b tg, and control WT C57BL/6 J mice were injected
(i.p.) with a minimal lethal dose of LPS (40 mg/kg bodyweight). In the rFLIL-
37-treatment experiments, the mice were first treated with rFLIL-37a or rFLIL-
37b and then challenged 2 h later with LPS (40 mg/kg bodyweight). The
animals were observed regularly for general health and mortality according
to guidelines. In some cases, age- and sex-matched WT, FLIL-37a tg, and NIL-
37a tg mice (n = 7-10/group) were injected (i.p.) with the PPARy antagonist
GW9662 (1.5 mg/kg bodyweight; #70785; Cayman Chemicals, Ann Arbor, MI,
USA) or vehicle control for two consecutive days, and LPS-induced mortality
was examined as described above.

Cytokine analysis
Cytokine expression was quantified using enzyme-linked immunosorbent
assay (ELISA) or cytometric bead array (CBA) according to the manufacturer’s
protocols. ELISA kits for mouse IL-1a (#MLAQO), human IL-1a (#SLA50), mouse
IL-18 (#DY401), human IL-13 (#SLB50), mouse IL-6 (#DY406), human IL-6
(#S6050), and human IL-37 (#EA100823) were purchased from R&D Systems.
The ELISA kit for IL-37 contains an antibody against the common C-terminus
of the IL-37 isoforms to detect all IL-37 isoforms.

CBA kits for mouse IL-1a (#560157), mouse IL-1B (#560232), mouse IL-6
(#558301), mouse IL-10 (#558300), mouse IL-17A (#560283), mouse TNF
(#558299), and mouse IFN-y (#558296) were purchased from BD Biosciences.

qPCR

RNA was extracted from cultured cells or tissue samples using the RNeasy
Mini Kit (#74104; Qiagen) according to the manufacturer's instructions.
Reverse transcription was performed using the High-Capacity c¢DNA
Reverse Transcription Kit (#K1691; Thermo Fisher Scientific). Real-time
PCR was conducted using Fast SYBR™ Green Master Mix on a Prism 7900HT
Sequence Detection system (Thermo Fisher Scientific) and analyzed using
Fast System Software (Applied Biosystems, Carlsbad, CA, USA). All primers
used for the target genes, including the /L-37 isoforms, were designed to
span exons and did not cross-react with genomic DNA. The primer sets for
human and mouse PCR are listed in Table S6.

Immunofluorescence analysis and confocal microscopy
A549 cells were cultured in DMEM supplemented with 10% FBS, penicillin/
streptomycin, and glutamine. The cells were transfected with plasmid
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constructs encoding GFP, GFP-fusion FLIL-37a, NIL-37a, or miL-37a using
Lipofectamine 2000 according to the manufacturer’s instructions (Thermo
Fisher Scientific). After being transfected, the cells were cultured for 24 h in
Lab-Tek Il Chamber Slides (Nunc) before being stimulated with LPS
(500 ng/mL) or left untreated for 18 h. The cells were then washed with
phosphate-buffered saline (PBS) and fixed for 10 min with 4% polyformal-
dehyde, and the nuclei were stained with DAPI (4,6-diamidino-2-
phenylindole; Invitrogen). Visualization was performed using a Leica TCS
SPE laser scanning confocal microscope (Leica Microsystems GmbH).

Western blot analysis and immunoprecipitation assays
Transfected RAW264.7 cells expressing FLIL-37a, FLIL-37b, mutant IL-37a
(del aa18-19, del aa18-22, K19/R22S), or control were lysed in RIPA buffer
(Sigma). Cytoplasmic and nuclear proteins were then separated using the
Nuclear and Cytoplasmic Protein Extraction Kit (Thermo Fisher Scientific).
The proteins were subjected to SDS-PAGE, transferred onto nitrocellulose
membranes, and probed with the respective antibodies.

For the immunoprecipitation assay, RAW264.7 cells (1x 10% were
transfected with 8 ug of plasmid DNA expressing GFP-fused FLIL-37a or
NIL-37a for 24 h. The cells were lysed using 1x cell lysis buffer (Cell
Signaling Technology, Danvers, USA), followed by sonication. The lysates
were then subjected to immunoprecipitation using protein A/G beads
coupled with antibodies against GFP (0.5 ug) or normal rabbit IgG. The
immunoprecipitated proteins, including WDR5 and C/EBP3 (Cell Signaling
Technology, Danvers, USA), bound to the beads were subsequently
fractionated using SDS-PAGE.

Transcriptomics and bioinformatics analysis
Splenocytes from WT, FLIL-37a, and FLIL-37a tg/Il1r8 '~ mice (n = 3/group)
were stimulated with LPS (500 ng/mL) for 4 h. Total RNA was isolated,
reverse-transcribed into cDNA, and labeled. Microarray analysis was
performed (Aksomics) using the whole mouse genome 4x44K gene
expression microarray v2 (Agilent Technologies, Santa Clara, CA, USA). The
chips were scanned using the Axon GenePix 4000B Microarray Scanner
(Molecular Devices, Silicon Valley, CA, USA). Raw data was normalized for
among-sample/group comparisons. Normalized data were log2 trans-
formed (Aksomics). Differentially expressed genes (P < 0.05, fold-change >
2.0) were identified using GeneSpring GX v12.1 (Agilent Technologies).
Area-proportional Euler diagrams were generated using BioVenn
(www.biovenn.nl/) to visualize the overlapping gene sets. Innate immune
genes were identified using InnateDB (www.innatedb.com/). Further
analysis of signaling pathway enrichment was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (www.genome.jp/)
and the Database for Annotation, Visualization, and Integrated Discovery
(www.david.abcc.ncifcrf.gov/) [35, 36]. We would like to provide additional
information related to the transcriptomic and bioinformatics analysis upon
request.

Mass spectrometry

RAW264.7 cells transfected with lentiviruses expressing Flag-tagged FLIL-
37a or control were lysed, and immunoprecipitation was performed using
an anti-Flag antibody. Equivalent amounts of immunoprecipitates were
separated on gels and stained with Coomassie Brilliant Blue to visualize the
protein bands. The gels were then subjected to overnight digestion with
100ng of trypsin. LTQ Orbitrap Velos (Thermo Fisher Scientific) was
operated in a data-dependent mode. Subsequently, the spectral data were
searched against the mouse protein RefSeq database using Mascot
software in Proteome Discoverer 1.3 Suites.

ChIP assays

RAW264.7 cells were transfected with equal amounts of vectors expressing
FLIL-37a, NIL-37a, or Wdr5 siRNA, along with the respective controls.
Chromatin immunoprecipitation (ChIP) assays were performed using the
Simple ChIP Enzymatic Chromatin IP Kit (#9003; Cell Signaling Technology,
Danvers, MA, USA) according to the manufacturer's instructions. In
summary, cells were crosslinked with 37% formaldehyde, and the
crosslinking was stopped with glycine. Micrococcal nuclease digestion
was carried out for 20 min at 37 °C to fragment the chromatin. Complete
lysis of cell nuclei was achieved using the Bioruptor Plus Sonicator
(Diagenode, Liege, Belgium) with three sonication cycles (20 s on, 30 s off)
in high power mode. For each immunoprecipitation (IP), 2% of the input
sample was saved, and 10 uL of antibody or negative control IgG was
added to the digested and crosslinked chromatin (5-10 pg), followed by
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overnight incubation at 4°C with rotation. The IP sample was then
incubated with 30 uL of protein G magnetic beads at 4°C for 2h and
washed with low salt and high salt wash buffers. Chromatin was eluted
from the complexes, and the bound DNA was separated and subjected to
gPCR analysis.

Dual-luciferase assays

DNA fragments containing mouse Ppargl promoters were PCR-amplified
from mouse genomic DNA using the primers listed in the Supplementary
Information (Table S7). The promoter fragments (—1500 bp-TSS) were then
cloned and inserted into the luciferase reporter pGL3-basic vector
(Promega, Madison, WI, USA). Transfection was performed when
RAW264.7 cells reached 40-50% confluence using the Ppargl-luciferase
reporter gene (pGL3). The Renilla luciferase reporter vector (pRL-TK;
Promega) was used as an internal control to determine transfection
efficiency. After 48 h of transfection using Lipofectamine 2000 (#11668500;
Thermo Fisher Scientific), the transfected cells were stimulated with LPS
(500 ng/mL) for 24 h. Luciferase activity was measured using the Dual-Glo™
Luciferase Assay System (Promega) according to the manufacturer’s
protocol.

Quantification and statistical analysis

Statistical analysis was performed using Prism 8 software (GraphPad, La
Jolla, CA, USA). For in vitro studies, analysis of variance (ANOVA) followed
by Tukey’s test or Student's t test was applied. For in vivo comparisons
between individual groups, ANOVA followed by the
Student-Newman-Keuls test or Student’s t test was performed. All
experiments were repeated at least three times. The data are presented
as the mean+SEM. A significance level of P<0.05 was considered
statistically significant.

RESULTS

Induction and bioactivity of IL-37a in human cells

Specific antibodies for detecting IL-37 isoforms were unavailable.
Therefore, we initially evaluated the gene expression of IL-37 in
PBMCs from healthy individuals and macrophages using lipopo-
lysaccharide (LPS), which is an agonist of TLR4. IL-37a was highly
induced by LPS in PBMCs and macrophages (Fig. 1A, B).
Pam3CSK4 stimulation resulted in an earlier increase in the
expression of IL-37a than the IL-37b, ¢, and d isoforms in PBMCs
(Fig. S1). To assess the impact of intrinsic IL-37a on the production
of proinflammatory cytokines during sepsis, we selectively
silenced the expression of IL-37a or total IL-37 in human epithelial
cells using specific small interfering RNAs. Silencing the expression
of total IL-37 mRNA by targeting the common exon 5 reduced the
expression of all IL-37 isoforms induced by LPS and IL-1 (Fig. 1C).
Importantly, selective silencing of IL-37a expression by targeting
exon 3 or total IL-37 resulted in a 20-40% increase in the secretion
of IL-1q, IL-1B, and IL-6 induced by LPS/IL-1B compared to the
effect of the control siRNA (Fig. 1D). Consistently, the over-
expression of human FLIL-37a in murine macrophages signifi-
cantly suppressed the production of IL-1f and IL-6 induced by
TLR4, TLR1/2, TLR3, TLR5, TLR8, and IL-1(3 agonists (Fig. 1E, F).

Next, we produced FL recombinant human IL-37a (rFLIL-37a)
and assessed its bioactivity. rFLIL-37a dose-dependently inhibited
LPS-induced IL-6 production in murine macrophages and
exhibited greater suppressive effects than mature rlL-37b (IL-
37b) (Fig. 1G). Furthermore, rFLIL-37a effectively suppressed the
production of IL-13 and IL-6 in PBMCs induced by TLR4, TLR1/2,
TLR3, TLR5, TLR8, and IL-1(3 agonists (Fig. 1H, ).

In murine macrophages, rFLIL-37a more robustly inhibited LPS-
induced IL-6 production than mlIL-37a or mIL-37b (Fig. 1J). There
was no significant difference in IL-6 inhibition between the miL-
37a and mIL-37b groups. These findings suggest that, unlike IL-1
and IL-18, the maturation of IL-37a is not required for its
bioactivity as a cytokine.

We examined whether extracellular IL-37a used IL-1R8 for signal
transduction. To investigate this, //7r8 7~ mice were generated
through CRISPR/Cas9-mediated genome editing [37] (Fig. S2). In
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WT splenocytes, rFLIL-37a and rFLIL-37b effectively inhibited LPS-
induced IL-6 production. However, this inhibitory effect was
absent in 1118/~ splenocytes (Fig. 1K). These results indicate that
IL-1R8 is essential for the protective effect mediated by
extracellular IL-37a.

These findings strongly indicate that IL-37a, especially in its FL
form, is a novel immunoregulator that can inhibit proinflammatory
cytokines. Furthermore, IL-37a significantly contributes to the
suppressive effects mediated by IL-37 during the inflammatory
response.

IL-37a is more effective than IL-37b in protecting against
lethal LPS shock in mice

The expression and function of IL-37 isoforms in children with
septic shock are currently unknown. In children with sepsis, the
expression of all IL-37 isoforms was significantly downregulated
compared to that in healthy children, except for IL-37e, which
could not be detected (Fig. 2A).

To evaluate and directly compare the biology and impact of
human IL-37a and IL-37b in various diseases, including LPS shock,
transgenic mice expressing FL human IL-37a and IL-37b were
generated using an identical procedure (Fig. S3). The FLIL-37a and
FLIL-37b transgenic strains exhibited similar expression and
distribution of IL-37a and IL-37b mRNA in the immune-related
organs that were tested (Fig. 2B). In addition, both strains showed
comparably low levels of IL-37a and IL-37b in serum under resting
conditions, and these levels were significantly increased following
LPS challenge (Fig. 2C).

The effect and distinction between IL-37a and IL-37b in
protecting against endotoxic shock have not been determined.
First, we compared the impact of FLIL-37a and FLIL-37b on LPS-
induced lethal endotoxic shock in vivo. In WT mice, mortality was
observed as early as 12 h after LPS challenge, and only 44% of mice
survived to 20 h (Fig. 2D). Mortality in FLIL-37b tg mice occurred at
16 h, and 67% of mice survived to 20 h. In contrast, all FLIL-37a tg
mice survived to 20 h (Fig. 2D), although they exhibited moderate
shock symptoms such as reduced body weight and mobility. The
development of shock symptoms and mortality in response to LPS
was associated with an increase in proinflammatory cytokines.
Additionally, both strains exhibited significantly reduced serum
levels of the proinflammatory cytokines IL-1q, IL-6, TNF-a, and
interferon (IFN)-y compared to the WT controls, but the reduction
was more pronounced in FLIL-37a tg mice than in FLIL-37b tg mice.
FLIL-37a tg mice also exhibited reduced IL-10 expression compared
to WT mice (Fig. 2E), indicating that IL-10 was not responsible for
the immunosuppressive effect of IL-37a.

Next, C57BL/6J mice were administered rFLIL-37a, rFLIL-37b
protein, or PBS (as a control) and subsequently exposed to a lethal
dose of LPS. Consistently, at 18 h post-LPS challenge, the survival
rates of mice treated with rFLIL-37a (90%) were significantly
higher than those of rFLIL-37b-treated mice (50%) and PBS control
mice (0%) (Fig. 2F). The survival rate exhibited an inverse
correlation with the serum levels of key proinflammatory
cytokines, including IL-1q, IL-1, IFN-y, and TNF-a (Fig. 2G).

These in vivo data further suggest that IL-37a, especially when
expressed transgenically, is more effective than IL-37b in reducing
mortality caused by endotoxin. This effect is attributed, at least
partially, to the efficient regulation of the proinflammatory
cytokine storm.

FLIL-37a but not FLIL-37b is a nuclear cytokine and
translocates to the nucleus via its NLS and the importin
pathway

Next, we aimed to elucidate the functional differences between IL-
37a and IL-37b. Unlike FLIL-37b, FLIL-37a possesses an NLS at its
N-terminal end, and we investigated the cellular localization of IL-
37a and IL-37b and the role of the putative NLS in the nuclear
translocation of IL-37a. Given that FLIL-37a can be cleaved by

SPRINGER NATURE



R. Wei et al.

1432

e M j[-37a
A B C 127 = M /L-37b
B IL-37a A IL-37d -©- IL-37c O IL-37¢
) ) = IL-37d
48 L3 - 3e ns B i g
o 84 [l
2
©
o 3 g 6 6
j= c e}
g, s °
@) Q S 4 e
k] Ll k]
o o
0 . . . . . 0 . . . . . SiICtrl +-- + - - + - 4+ oo Fooo F oo F oo oo 4o
0 1 6 18 24 0 1 6 12 24 L LA A A S e A S Al
. . silL-37a - -+t --+ --F - -+ -+ -+ -+ -+ -+ -+
Time (h) Time (h) LPSHIL-1B = - = #4 + == - #4 4 =- o +4+ oo +++ - o -+t +
D L1 IL-1p IL-6
180 180 —— 1500 E ocCtrl A FLIL-37a F o Ctrl A FLIL-37a
—_ 200+ 2000 o
—_ o -
150 . 150 1200 =, o ? =
120+ 120+ 15048 = = 1500 m§ n
900 = - o = - - —
E 9 90 5 §°% g 5 g 8 g
2 600 € 100+ ® 2 1000+ 6 &
60 60 < <
5 =
i i 300 = 50 500
30 30 IJ] Ill a8 44 a8 N
0 0 1 0 =000 A
siCtl + - -+ - - + - -+ - - + - -+ - - O —T—T—T—T7T 77 0'_|_|_|._|._‘A_'Q'
SilL-37 - + - -+ - SR SR SRR OO S © R PO S PR
silL37a - - * - -+ e R VP STV VP Ny Y
O « S é(b Q< S
LPS+ IL-‘][; - - -+ + 4+ - - - + + + - - - + + + Q’z’@ 3 Q'z’ @
0 PBS A rFLIL-37a 0 PBS A rFLIL-37a
G Mr‘{kDa) rFLIL-37a  ..0. PBS H ' 2100 . i.?‘ o I 600- o
— Hekk hiad Sk ~
3 B (FLIL-37a 30 e O Of .
25 --A--  IL-37b (novoprotein) 1800 8 ® ST A e
= = 500+ § 8 @ e
600 o 3 £ N o
g 3 g *
g 1500 = £
. 550 e s * =
5 = & & & 7 400 P
2 500 1200 = &
@
= 450 Y
400 900 T T T T T T 300 T T T T T
1 T T T 1 > N A O & R > A o
0 50 100 150 200 FEE LSS F ¢ F S
F &S LS F S
IL-37 (ng/ml) 8 £ O Qq,é‘ £ 0
J - PBS —B- (FLIL-37a K
—— miL-37a —A— mlL-37b "
8007 — OowT
W /S
_ 600 = !
- £
IS [=)]
= £ 400
< 9
-}
g = 200

LPS + + + + + +
rFLIL-37a - - + + -
rFLIL-37b - - - - + 4+

IL-37 (ng/ml)

Fig. 1 Induction and function of IL-37a in human PBMCs. A, B Human PBMCs (A n =5 donors) or PMA-differentiated THP1 cells (B) were
stimulated with a fixed dose of LPS (1 ug/mL) for the indicated times. Total RNA was extracted, and the expression of five IL-37 isoforms was
measured by gPCR. C Human A549 cells were transfected with siRNA targeting total /L-37 and IL-37a or control siRNA for 48 h before being
simulated with LPS (1 pg/mL) plus IL-1p (10 ng/mL) for 24 h. Total RNA was extracted, and the expression of IL-37 isoforms was determined by
qPCR. D Human A549 cells were transfected with siRNA targeting total IL-37 and IL-37a or control siRNA. The levels of IL-1q, IL-1B, and IL-6 in
culture supernatants were measured by ELISA. E, F Murine RAW264.7 cells were stably transduced with recombinant lentiviral particles
expressing FLIL-37a or control and then stimulated with LPS (500 ng/mL), Pam3CSK4 (200 ng/mL), poly (I:C) (500 ng/mL), FLA-ST (200 ng/mL),
ssRNA40 (500 ng/mL), or IL-1B (10 ng/mL) for 24 h. The levels of IL-1p and IL-6 were determined by ELISA. G rFLIL-37a was purified, and
RAW264.7 cells were stimulated with LPS (1 pg/mL) in the presence or absence of different doses of rFLIL-37a or commercial mature IL-37b
(novoprotein) for 24 h. The levels of of IL-6 in culture supernatants were measured by ELISA. H, | PBMCs (n =3 donors) were cultured with
optimal doses of Pam3CSK4 (10 ng/mL), poly (I:C) (10 ng/mL), FLA-ST (10 ng/mL), ssRNA40 (500 ng/mL), ODN2006 (5 pM), or IL-1p (10 ng/mL)
and rFLIL-37a (50 ng/mL) for 24 h. The production of IL-6 and IL-1p was determined by ELISA. J RAW264.7 cells were cultured with LPS (500 ng/
mL) in the presence or absence of different concentrations of rFLIL-37a, rmIL-37a, or rmIL-37b for 15 h. IL-6 levels in culture supernatants were
measured by ELISA. K Splenocytes from WT and //7r8 /~ mice were treated with rFLIL-37 or rFLIL-37b (50 ng/mL) in the presence of LPS
(500 ng/mL) for 24 h. IL-6 levels in culture supernatants were determined by ELISA. The data are the mean + SEM and are representative of
three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with the control
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Fig. 2 FLIL-37a is more immunosuppressive than FLIL-37b in vivo. A PBMCs (n = 20) were isolated from children suffering from sepsis and
from healthy controls. Total RNA was extracted, and the expression of five IL-37 isoforms was measured by qPCR. B The expression of human
IL-37a and IL-37b in the organs of transgenic and WT mice was determined by qPCR with or without IL-37a or IL-37b plasmids as positive/
negative (+/—) controls. C WT, FLIL-37a and FLIL-37b tg mice (n = 5 mice/group) were injected (i.p.) with LPS (10 mg/kg), and serum levels of IL-
37a or IL-37b were measured by ELISA 18 h post-LPS injection. D, E WT, FLIL-37a and FLIL-37b tg mice (n = 10 mice/group) were challenged
with a lethal dose of LPS (40 mg/kg, i.p.), and morality was documented regularly (D). Eight hours after LPS challenge, blood samples were
collected to measure cytokine levels in serum by cytometric bead array (CBA) (E). F C57BL/6 J mice (n = 10 mice/group) were pretreated with
rFLIL-37a or rFLIL-37b (10 mg/kg) and challenged 2 h later with LPS (40 mg/kg). The survival rate in each group was analyzed. G Cytokine levels
in serum at 18 h (F) was measured by CBA. The data are the mean + SEM and are representative of three independent experiments. *P < 0.05,

**P < 0.01, and ***P < 0.001, compared with the control

elastase into N-terminal (N; aa1-21, containing the NLS) IL-37a and
mature (m) IL-37a (aa22-192, lacking the NLS) [7], we also
examined the cellular localization of the processed N and m forms.
Expression constructs containing GFP fused with the FL, N, and m
forms of IL-37a, as well as the GFP control, were transfected into
human A549 epithelial cells. FL and NIL-37a, which harbor the NLS,
were predominantly observed in the nucleus in transfected cells,
as indicated by their colocalization with 4',6-diamidino-2-pheny-
lindole (DAPI)-stained nuclear DNA (blue), particularly after LPS
stimulation. In contrast, mIL-37a exhibited weak fluorescence in
the nucleus (Fig. 3A), whereas GFP alone did not localize to the
nucleus (Fig. S4). Furthermore, since mice lack the IL-37 gene, the
distinct distribution of ectopically expressed human FL and mlL-
37a in the cytoplasmic and nuclear compartments of transfected
murine macrophages was confirmed and quantified using ELISA
to detect the C-terminus of IL-37 (Fig. 3B). However, N-terminal IL-
37a (NIL-37a) could not be measured by this ELISA kit due to the
absence of an antibody specific to the N-terminal region. It has
been previously reported that mature IL-37b but not FL IL-37b can

Cellular & Molecular Immunology (2023) 20:1428 - 1444

translocate into the nucleus via Smad3 [6, 29]. We further
validated that FLIL-37b was exclusively localized in the cytoplasm
and not the nucleus under these conditions, as confirmed by
western blotting using an antibody against the Flag tag of FLIL-
37a and FLIL-37b in transfected macrophages (Fig. 3C).

Subsequently, we investigated whether the nuclear transloca-
tion of IL-37a occurred through the NLS/importin pathway. Initially,
crucial amino acids (aa18-22) within the IL-37a NLS were predicted
using the NLStradamus tool (www.moseslab.csb.utoronto.ca/
NLStradamus/) and then confirmed by deleting and introducing
point mutations to the amino acids within the NLS of FLIL-37a.
Deletion of aa18-22 (KKRLR) in FLIL-37a resulted in complete loss
of nuclear translocation, whereas mutations at K18/K19 or K195/
R22S had no effect (Fig. 3D). Additionally, treatment with
importazole, an inhibitor of importin B [38], disrupted the nuclear
translocation of FLIL-37a from the cytoplasm (Fig. 3E). These
findings suggest that the NLS of FLIL-37a plays a crucial role in
importin-mediated nuclear translocation, and amino acids R20 and
L21 may have prominent functions.
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localization of IL-37a was visualized by confocal microscopy. F Murine RAW264.7 cells stably expressing human FL, N, or miIL-37a were
stimulated with LPS (500 ng/mL) for different times. IL-6 levels in the culture were measured by ELISA. G, H RAW264.7 cells expressing FL or
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To evaluate the differential impact of FLIL-37a and its
elastase-processed N and miL-37a fragments on the TLR
response and cytokine production in vitro, murine macrophages
were transfected with lentivirus particles expressing the FL, N,

cytokines (Fig. 3G, H). These findings suggest that NIL-37a may
be involved in the regulatory effect induced by FLIL-37a in the
nucleus.

and mature forms of IL-37a. Surprisingly, all three forms of IL-37a
time-dependently inhibited LPS-induced IL-6 production, and
FLIL-37a exhibited the highest efficacy, followed by NIL-37a and
mlL-37a at 20 h (Fig. 3F). FLIL-37a and, to a lesser extent, NIL-37a
also effectively suppressed the production of IL-1B and IL-6
induced by LPS, several TLR agonists, and proinflammatory
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FLIL-37a but not FLIL-37b induces receptor-independent
protection against LPS shock in mice

NIL-37a lacks the receptor-binding domain of IL-37. Therefore, we
hypothesized that nuclear FL and NIL-37a could regulate
inflammation through a mechanism independent of receptor
signaling during LPS shock.
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Fig. 4 Transgenic mice expressing FL and N-terminal portions of human IL-37a are resistant to lethal LPS shock independent of IL-1R8.
A BMDMs derived from WT and //7r8~ mice were transduced with virus constructs expressing FL, N, mature IL-37a, or FLIL-37b. Then, the

cells were stimulated with LPS (500 ng/mL) for 24 h, and IL-6 levels were measured by ELISA. B BMDMs derived from /118~

mice expressing

FLIL-37 or mutant FLIL-37a were cultured in the presence of LPS for 24 h. The levels of IL-1f and IL-6 were measured by ELISA. C WT, FLIL-37a
tg, 11r8 /", and FLIL-37a tg/ll1r8/~ mice (n = 8/group) were injected with LPS (40 mg/kg, i.p.), and survival was recorded. D WT, 118/~ FLIL-
37a tg, and FLIL-37a tg/ll1r8~ mice were injected with LPS (10 mg/kg, i.p.), and blood samples were collected at 16 h and 20 h (n = 3 mice/
group/time point) to measure IL-1p and IL-6 levels by ELISA. E WT, FLIL-37a tg, FLIL-37b tg, FLIL-37a tg/ll1r8 ~, and FLIL-37b tg/ll1r8 /" mice
(n = 10/group) were injected with LPS (40 mg/kg, i.p.), and survival was recorded. F WT, NiL-37a tg, and NiL-37a tg/lI1r8/~ mice (n = 8/group)
were injected with LPS (40 mg/kg, i.p.), and survival was monitored. G WT, N/L-37a tg, and NiL-37a tg/ll1r8 /= mice (n = 3/group) were injected
with LPS (10 mg/kg, i.p.). Sixteen hours later, blood samples were collected to measure cytokine levels by ELISA. The data are representative of
at least three independent experiments. The data are the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with the control

To determine the receptor required for the regulatory effect
mediated by FL, N, and miL-37a, BMDMSs from WT and //7r8 "~
mice were transfected with FL, N, mIL-37a, or control FLIL-37b
constructs and stimulated with LPS, and the production of IL-6
was measured using ELISA. The different forms of endogenously
produced IL-37a and IL-37b in WT cells suppressed IL-6 production
to varying degrees. Specifically, FL and NIL-37a but not mIL-37a or
FLIL-37b produced by 11r8 7~ cells effectively suppressed IL-6
secretion, and NIL-37a and FLIL-37a showed similar effects
(Fig. 4A). Furthermore, the FLIL-37a mutant lacking the NLS
(deletion of aa18-22) failed to inhibit the effects of LPS on
macrophages, suggesting that FL and N IL-37a could regulate the
inflammatory response within the nucleus through a receptor-
independent mechanism (Fig. 4B).

Cellular & Molecular Immunology (2023) 20:1428 - 1444

To investigate the impact of a receptor-independent regulatory
pathway on LPS shock in vivo, WT, lI1r8’/’, FLIL-37a tg, and FLIL-37a
tg/ll1r8/~ mice were generated and challenged with a lethal dose
of LPS, and the survival rate was monitored. All FLIL-37a tg mice but
not WT or /78"~ mice survived 20 h post LPS challenge (Fig. 4C).
Notably, 70% of FLIL-37a tg/ll1r8 '~ mice also survived to that time
point, which suggested that an IL-1R8-independent pathway
significantly contributed to FLIL-37a-mediated protection (Fig. 4C).
Twenty hours after LPS challenge, serum levels of IL-13 and IL-6 in
FLIL-37a tg/ll1r8’~ mice remained significantly lower than those in
117r8~/~ mice but not in WT controls, whereas serum cytokine levels
in FLIL-37a tg mice remained significantly lower than those in WT
and 11r8~~ mice (Fig. 4D). Consistent with a previous report [27],
we confirmed that FLIL-37b tg mice lacking the receptor IL-1R8
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failed to resist LPS shock (Fig. 4E), suggesting that the receptor-
independent regulatory effect was specific to IL-37a.

To investigate the receptor-independent effect of NIL-37a,
which is the 21-aa fragment, N/L-37a tg mice (Fig. S5), and NIL-37a
tg/ll1r8 /= mice were generated by crossbreeding. We compared
the protective effect against lethal LPS shock in NIL-37a tg mice
with or without IL-1R8 (Fig. 4F). Twenty hours after LPS exposure,
no WT control mice survived, but ~50% of NIL-37a tg mice and
NIL-37a tg/ll1r8/~ mice were alive. A significant difference was
not found between the NIL-37a tg and NIL-37a tg/Il1r8 ™ groups
in terms of survival or general health (Fig. 4F). The protective
effect on NIL-37a tg and NIL-37a tg//I1r8 ™~ mice was associated
with reduced levels of key proinflammatory cytokines in the serum
16 h after LPS challenge compared with those in WT controls
(Fig. 4G). These in vivo results demonstrated that FLIL-37a
protected against lethal LPS shock predominantly via IL-1R8-
independent activity. However, the IL-1R8-dependent pathway
was also required for more robust protection by FLIL-37a.

Transcriptomic assessment of the IL-1R8-dependent and
-independent effects of FLIL-37a

To elucidate the receptor-dependent and receptor-independent
mechanisms through which IL-37a effectively protects against LPS
shock, we performed transcriptomic analysis of LPS-induced
splenocytes from WT (w), FLIL-37a tg (a), and FLIL-37a tg/lllr8’/ -
(a/R) mice. The goal was to identify the genes that were
specifically regulated by IL-37a in IL-1R8-dependent and IL-1R8-
independent pathways using a reported method [27].

A total of 1436 genes were downregulated, and 1373 genes
were upregulated by IL-37a in an IL-1R8-dependent manner.
Additionally, a total of 1468 genes were downregulated, and 1508
genes were upregulated by IL-37a in an IL-1R8-independent
manner (Fig. 5A, B). The full list of genes that were dysregulated by
FLIL-37a via IL-1R8-dependent or independent pathways and
descriptive and comparative statistics are provided in Table S8.
Gene ontology analysis of these differentially regulated genes
using the Innate database (InnateDB) [39] and KEGG [35] identified
several biological pathways affected by changes in the expression
of these genes. Some pathways were associated with receptor-
dependent mechanisms (Fig. 5C, D, G, H, and Table S9), while
others were linked to receptor-independent mechanisms (Fig. 5E,
F, 1, J, and Table S10).

Overall, the transcriptomic analysis provides valuable insights
into the potential global regulatory impact of IL-37a on
proinflammatory genes and pathways. Notably, it implicated
various pathways, including TLR, cytokines/chemokines, mitogen-
activated protein kinase (MAPK), and Janus kinase-signal transdu-
cer and activator of transcription (JAK-STAT), in the protective
effects of IL-37a against lethal endotoxic shock. Furthermore,
these findings suggest a molecular mechanism by which IL-37a

confers protection through IL-1R8-dependent and IL-1R8-
independent pathways (Fig. S6).
Transcriptomic analysis revealed that through an IL-1R8-

dependent regulatory pathway, IL-37a significantly repressed genes
associated with eight inflammatory signaling pathways (Fig. 5C, G;
Table S9). These included several important pathogen pattern
recognition receptors and the related genes Tir2, Tlr7, Cd14, and
Ddx58 (encoding RIG-I-like receptor) in the RLR pathway and the
downstream signaling molecules lkbke and Irf7. Consistent with our
results, IL-37a inhibited a number of inflammatory cytokine/
receptor genes, including 115, 1118, Ifnb1, Kdr (encoding VEGF
receptor), Csflr (encoding CSF1 receptor), Ltbr (encoding lympho-
toxin B receptor) and a chemokine (Cxcl10). Furthermore, IL-37a
inhibited the expression of key genes in several signaling pathways,
including JAK-STAT (Jak3) and MAPK (Pla2g4a, encoding cytosolic
phospholipase A2 for the metabolic production of leukotrienes and
prostaglandins) [40]. IL-37a also enhanced the expression of several
regulatory genes (Fig. 5D, H). Cryab encodes alpha B-crystallin,
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which is in the protein processing in the endoplasmic reticulum
(PPIER) pathway and has a therapeutic effect on inflammatory
diseases [41]. Sirt1 and Tollip are well-known inhibitors of
inflammation and the TLR signaling pathway [42, 43].

The unique receptor-independent regulatory effect of IL-37a
prompted us to conduct a more comprehensive analysis of the
differentially expressed genes, particularly those upregulated by
IL-37a. Notably, IL-37a upregulated several immunoregulatory
genes, such as Fzd1 (encoding Frizzled-1), Tsc22d3 (encoding Gilz),
Serpinb2 (encoding SerpinB2), and Pparg (encoding peroxisome
proliferator-activated receptor-gamma, PPARYy) [44-49] (Fig. 5J). Of
particular interest among these immunoregulatory genes is Pparg.
PPARy can interfere with various proinflammatory pathways and
may serve as a mechanistic link to the regulatory function of IL-
37a. PPARYy functions as both a nuclear hormone receptor and a
crucial regulator of lipid metabolism and plays a pivotal role in a
wide range of proinflammatory diseases, including LPS shock, by
targeting multiple proinflammatory and metabolic pathways
[50-52].

Therefore, considering the significance and functional similarity
between PPARy and IL-37a in regulating inflammation, we
conducted further investigations to explore the induction
mechanism and the impact of PPARy on nuclear IL-37a-
mediated inhibition of the inflammatory response, including LPS
shock. These studies were conducted in vitro and in vivo.

FL and N-terminal IL-37a inhibit LPS-induced production of
proinflammatory cytokines via transcriptional upregulation of
Pparg expression in vitro

Consistent with the transcriptomic analysis of splenocytes from
WT and FLIL-37a tg mice, the mRNA and protein expression levels
of Pparg in FLIL-37a- and NIL-37a-expressing but not miL-37a-
expressing murine macrophage lines and primary macrophages
were markedly increased compared with those in the WT control
group (Fig. 6A). Using specific Pparg siRNA, we also demonstrated
the inhibitory effects of PPARy on the expression of proinflamma-
tory cytokines (ll6, ll1b, Tnfa) in macrophages, as reported
previously [47, 48] (Fig. 6B). More importantly, knockdown of
PPARYy expression abolished the anti-inflammatory effect of FL and
NIL-37a on murine and human macrophages following LPS
stimulation (Fig. 6C-I and Fig. S7). Thus, these findings suggest
that FL and NIL-37a in the nucleus inhibit the inflammatory
response by modulating PPARy expression.

Moreover, using a bioinformatics algorithm (Cistrome Data
Browser, http://cistrome.org/db), FL and NIL-37a were predicted to
bind to the promoter/enhancer region of Pparg1. We conducted a
chromatin immunoprecipitation assay (ChIP) and demonstrated
that FL and NIL-37a could bind to the distal promoter/enhancer
region (—1300 to —1500) of Ppargl (Fig. 6J). Next, to confirm
whether FL and NIL-37a directly activated the transcription of
Pparg1, we performed luciferase reporter assays on FL- or NIL-37a-
overexpressing cells. The results revealed that the activity of the
Pparg1 promoter was significantly increased by FL and NIL-37a
(Fig. 6K, L) in cells with Ppargl luciferase reporter constructs,
including the enhancer elements and proximal promoter
sequences of Ppargl [47]. Overall, these findings suggested that
FL and NIL-37a regulated the response to LPS, at least in part, via
transcriptional upregulation of PPARy expression.

IL-37a induces Pparg transcription by recruiting the H3K4
methyltransferase complex to the Pparg enhancer/promoter
Recent studies have suggested that MLL4 (KMT2D), a major
mammalian H3K4 mono- and di-methyltransferase, interacts with
the transcription factor CCAAT-enhancer-binding protein beta (C/
EBPB) to initiate PPARy expression by methylating H3K4 on the
Pparg enhancer [53]. To investigate the involvement of MLL4 and
C/EBPB in the effects of IL-37a, macrophages overexpressing FL or
NIL-37a were transfected with Mll4 or Cebpb siRNA, and Pparg
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Fig. 5 Transcriptomic analysis of IL-1R8-dependent and -independent effects of IL-37a. Splenocytes from WT (w), FLIL-37a tg (a), and FLIL-37a
tg/ll1r8/~ (a/R) mice (n = 3/group) were stimulated with LPS (500 ng/mL) for 4 h. Total RNA from each mouse was analyzed by microarray.
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dependent (overlapping genes) and independent pathways (the remaining genes in yellow and green areas). Innate immune genes were
selected by using InnateDB, and KEGG analysis identified the signaling pathways associated with the immune genes that were down- and
upregulated by IL-37a via IL-1R8-dependent (C, D) and IL-1R8-independent effects (E, F). Bars correspond to the statistical significance [-log(70)
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expression levels were measured. Neither IL-37a isoform affected immunoprecipitation, and luciferase reporter analyses were
the expression of Cebpb or Mil4, but knockdown of C/EBPf and performed to identify nuclear IL-37a-interacting proteins in
MLL4 expression abolished FL- and NIL-37a-induced Pparg macrophages expressing FL or NIL-37a tagged with GFP. First,

expression (Fig. 7A-D and Fig. S8a-d). proteomics analysis showed that WD repeat domain 5 (WDR5) was
To further elucidate the mechanism by which nuclear IL-37a a major protein that coprecipitated with FLIL-37a (Table S11).
enhances Pparg transcription, a series of proteomics, WDRS5 is a core subunit of MLL4 methyltransferase complexes that
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marrow-derived macrophages (BMDM:s) from C57BL/6 J mice were transduced with lentiviral particles expressing FLIL-37a, NIL-37a, or control
for 72 h. PPARy expression was measured by western blotting using B-tubulin as a control. B RAW264.7 cells were transfected with siRNA
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mediates H3K4 methylation during gene transactivation [54], but
its role in Pparg transcription is unknown. Subsequently, we
investigated whether FL or NIL-37a could directly bind to the
WDR5/MLL4/C/EBP complex in macrophages. Coimmunopreci-
pitation experiments revealed marked enrichment in the protein
levels of WDR5 and C/EBP in FL- and NIL-37a-overexpressing cells
relative to the IgG control, suggesting an interaction between IL-
37a and the WDR5/C/EBPB complex in macrophages (Fig. 7E, F).
Knockdown of WDR5 expression diminished the effect of FL- and
NIL-37a-enhanced PPARy expression in macrophages (Fig. 7G-J
and Fig. S8e-h). Furthermore, luciferase reporter assays showed
that knockdown of WDR5 expression significantly decreased the
FL- and NIL-37a-enhanced activity of Pparg! promoters in murine
macrophages (Fig. 7K, L), suggesting the important role of WDR5
in nuclear IL-37a-mediated Pparg transcription.

To determine whether WDR5/MLL4 mediated H3K4me1/2 levels
on the Pparg! enhancer/promoter in cells with FL- and NIL-37a-
induced Pparg1 transactivation, we performed ChIP assays using
H3K4me1- or H3K4me2-specific antibodies and macrophages. We
observed that FL and NIL-37a significantly enhanced the level of
H3K4me1 and H3K4me2 on the enhancer/promoter region of
Pparg1. However, this enhancement was abolished by the
knockdown of WDR5 expression (Fig. 7M, N), suggesting the
regulatory role of WDR5 in modulating H3K4me1/2 levels on the
Pparg1 enhancer/promoter.

Finally, we identified the interacting residues between IL-37a
and WDR5, MLL4, and C/EBP{ using UCSF Chimera software [55]
with the “Viewdock” and “Find Hbond” options. Our findings
indicated that NIL-37a may exert its regulatory effects on Pparg
expression via Asn15, leading to an interaction with WDR5/MLL4/
C/EBPB (Fig. S9).

Collectively, these data suggest that FL and NIL-37a are novel
inducers of Pparg that promote the recruitment of the H3K4
methyltransferase complex WDR5/MLL4/C/EBPB, as well as
H3K4me1 and H3K4me2, to the Pparg enhancer/promoter region,
thereby enhancing Pparg transcription.

PPARYy plays a critical role in FLIL-37a-mediated protection
against LPS shock in vivo

We further investigated the impact of PPARy on IL-37a-mediated
beneficial effects in vivo using the well-defined PPARy antagonist
GW9662 [47, 48]. WT, N, and FLIL-37a tg mice were pretreated with
or without GW9662 before a lethal LPS challenge, and mortality
was determined as described previously. Consistent with the
results shown in Fig. 4, more FLIL-37a tg mice and, to a lesser
extent, NI/L-37a tg mice survived than WT control mice.
Importantly, the protective effects of N and FLIL-37a were
significantly decreased by the PPARy antagonist compared to
groups that were not given the inhibitor (Fig. 8A). The increased
mortality observed in response to PPARy inhibition was accom-
panied by elevated expression levels of the cytokines IL-1qa, IL-1(3,
IL-6, and TNF-a (Fig. 8B). GW9662 administration also normalized
the expression of genes induced (Angpl4, Dusp5, and Tmem258) or
inhibited (Nrp2, Ltbr, and Nad2) by PPARy [48] in spleen tissues
compared to the levels in untreated controls (Fig. 8C, D). These
findings suggest that PPARy plays a critical role in N- and FLIL-37a-
mediated protection against lethal endotoxic shock and cytokine
storms.

DISCUSSION
The evidence presented in this study reveals the previously
unknown function of IL-37a, specifically its nuclear form. The
nuclear form of IL-37a could act as both a nuclear factor and a
cytokine through IL-1R8-dependent and -independent mechanisms
(Fig. 8E). These mechanisms are clearly distinct from those of IL-37b.
One of the remarkable characteristics of IL-37a is its nuclear
localization and receptor-independent regulatory property, which
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is shared by both FLIL-37a and NIL-37a. Complete inhibition of the
nuclear translocation of FLIL-37a was achieved by a mutation in
the NLS or by using an importin inhibitor. This led us to
hypothesize that FLIL-37a enters the nucleus through its NLS,
particularly at amino acids 20 and 21, via the classic nuclear
importin pathway, in which is common to many transcription
factors [15, 56]. Surprisingly, similar to FLIL-37a, the NIL-37a
fragment, which consists of 21 amino acids, also exerted
protective effects against LPS-induced mortality independent of
IL-1R8. This unique phenomenon suggests that the regulatory
effect of FLIL-37a in the nucleus may be attributed to NIL-37a.
Notably, the NIL-37a fragment can be generated through elastase-
mediated cleavage between amino acids L21 and R22 of FLIL-37a.
Consequently, the NIL-37a fragment could naturally occur in
various cell types that produce both IL-37a and elastase, including
macrophages and neutrophils [57]. Thus, under inflammatory
conditions, the induction of FLIL-37a and NIL-37a could regulate
proinflammatory genes independent of a receptor. It is important
to note that the expression of the IL-1R8 receptor can be rapidly
downregulated by various inflammatory signals or posttranscrip-
tional modifications in diseases [50, 58, 59]. Therefore, an IL-1R8-
independent regulatory mechanism may hold greater relevance in
these contexts.

Compared to FL and NIL-37a, only a small portion of mature IL-
37a was found in the nucleus. The mature IL-37a protein (R22-
D192), which lacks the NLS, shares 98% homology with caspase-1-
cleaved IL-37b. Therefore, it is likely that after being processed,
mature IL-37a undergoes nuclear translocation via Smad3, as
observed for mature IL-37b [6, 7]. However, both endogenous and
exogenous mlL-37a failed to inhibit the response to LPS in the
absence of IL-1R8, suggesting that, similar to IL-37b [27], mIL-37a
primarily regulates the response to LPS through a receptor-
dependent mechanism.

Despite their nuclear localization, IL-37a proteins, similar to IL-
37b proteins, are also abundant in the cytosol [16, 60]. The
mechanisms by which IL-37a is released from cells are poorly
understood, although ATP has been shown to promote the release
of IL-37b and nuclear IL-33 [61]. Moreover, our findings
demonstrate that both the recombinant FL and mature forms of
IL-37a effectively inhibit the response to LPS in an IL-1R8-
dependent manner. Given that the C-terminus of IL-37a possesses
the same IL-1-like domain as IL-37b, these two isoforms of IL-37
are expected to share some similarities in receptor binding,
signaling, and function [7]. Consequently, FLIL-37a can act as both
a nuclear factor and a cytokine, suppressing ongoing inflamma-
tory responses through intracrine, autocrine, and paracrine
mechanisms (Fig. 8E).

In mice, the rFLIL-37a protein and transgenic FLIL-37a more
robustly inhibited the TLR response than IL-37b in vitro and
in vivo. In FLIL-37a transgenic mice, this effect can be attributed to
its unique nuclear-based, receptor-independent regulatory prop-
erty. However, it is still unknown why rFLIL-37a exhibited higher
suppressive activity than rFLIL-37b in response to LPS. It has been
shown that mature IL-37b can form head-to-head homodimers,
which abolish its suppressive activity [62, 63]. It remains unknown
whether FLIL-37a can effectively form homodimers. It would be
intriguing to investigate whether the unique N-terminal sequence
of the IL-37a protein influences its dimerization to potentially
enhance protein stability, receptor-binding affinity, and signaling.
Further studies are necessary to test this hypothesis.

Transcriptomic analysis revealed that IL-37a can regulate a wide
range of proinflammatory genes, including cytokines and those
involved in various cell signaling pathways, in response to LPS.
Additionally, our investigations demonstrated that nuclear IL-37a
can induce the expression of PPARy, a multifaceted nuclear receptor
that plays a crucial role in diverse metabolic and inflammatory
conditions [48, 64-66]. Evidence from animal studies suggests the
beneficial effects of PPARy on LPS-mediated inflammatory
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conditions [47, 67]. PPARy exerts its inhibitory effects on the
response to LPS by interacting with and suppressing the functions of
several key proinflammatory transcription factors, such as NF-kB,
STAT, NF-AT, and AP1 [47, 64-68]. Furthermore, PPARy interferes
with the activity of various protein kinases, particularly MAPK
[49, 52, 66-68]. Our in vitro and in vivo results indicate that IL-37a
can downregulate the expression of these transcription factors and
protein kinase-related inflammatory effects. Therefore, it is highly
likely that the regulatory effects of IL-37a, particularly in response to
LPS, are primarily mediated through PPARy.

Several studies have explored the transcriptional and epigenetic
regulation of PPARy expression [69]. Our ChIP and luciferase
reporter assays provided insights into the anti-inflammatory
effects of nuclear FL and NIL-37a by enhancing Pparg transcrip-
tion. Genome-wide profiling using ChIP-Seq has revealed a
correlation between histone methylation and gene activation,
which depends on the methylation sites and states [70]. WDR5, a
component of the H3K4 mono- and di-methyltransferase MLL4
complex associated with gene activation [54], has attracted
attention. Notably, previous studies have demonstrated that
ectopic expression of C/EBPB and the methyltransferase MLL4
induces PPARy expression [53, 71]. In our study, through a
combination of ChlIP, luciferase reporter assays, and proteomics
analyses, we observed that nuclear IL-37a facilitated the recruit-
ment of the H3K4 methyltransferase complex WDR5/MLL4/C/EBP3
to the enhancer/promoter region of the Pparg gene in macro-
phages. This interaction may initiate enhancer-promoter commu-
nication and subsequently lead to gene transcription [53, 72].

The function of PPARYy is also influenced by phosphorylation.
For instance, phosphorylation of PPARy at $S112 has been shown
to impair IL-10 production and hinder inflammation resolution
during bacterial pneumonia [73, 74]. Additionally, IL-37 stimulation
has been shown to induce IL-1R8 phosphorylation and degrada-
tion [75]. However, it is currently unknown whether IL-37a
modulates the phosphorylation of PPARy.

Septic shock is a leading cause of human mortality, particularly
in children, and limited treatment options are available [4, 76]. The
potential role of human IL-37a in a clinical setting remains to be
investigated. Our findings revealed significantly reduced expres-
sion of most IL-37 isoforms, including IL-37a, in children with
sepsis. Furthermore, LPS-induced sepsis was associated with
reduced expression of PPARy [77]. Therefore, selective induction
of an IL-37a-PPARy functional axis may be a novel approach to
improve immune tolerance against dysregulated inflammatory
responses and cytokine storms in various inflammatory and
infectious diseases, including septic shock.

There are certain limitations in this study. The detection of IL-37
isoforms was limited to mRNA levels in human cells due to the lack of
specific antibodies or ELISA kits for the IL-37 isoforms. Additionally, a
larger number of patient samples is necessary to thoroughly evaluate
the impact of IL-37 on children suffering from septic shock.
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