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Effect of interleukin-31 on septic shock through
regulating inflammasomes and interleukin-1f3
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Abstract. Sepsis with severe systemic inflammation remains
a great challenge for the intensive care unit in clinics.
Although biomarkers have been identified to diagnose,
monitor and predict these syndromes, novel therapeutic
approaches are required for the amelioration of symptoms
of sepsis and septic shock. The present study demonstrated
that interleukin (IL)-31 was able reduce the mortality rate
of lipopolysaccharide (LPS)-induced sepsis with the reduc-
tion of inflammatory cytokines in the sera. IL-31 also
inhibited IL-1f production in the peritoneal lavage fluid in
LPS-induced or cecal ligation and puncture-induced sepsis.
The in vitro mechanism responsible for IL-31 regulation
on peritoneal IL-1f activation following LPS challenge
was explored. It was demonstrated that IL-1f3 secretion
was suppressed by IL-31 treatment from LPS-challenged
peritoneal macrophages following adenosine triphosphate
stimulation, which is an activator of NLR family, pyrin
domain-containing 3 (NLRP3). Furthermore, IL-31 inhibited
the expression of NLRP3 at the transcriptional level. In human
THP-1 cells, anti-IL-31/anti-IL-31 receptor (R) neutralizing
antibody enhanced NLRP3 expression as well as IL-1p acti-
vation, suggesting a role of the IL-31-IL-31R-NLRP3-IL-1§
signaling axis in the physiological status of sepsis. On the
other hand, IL-31 displayed a negative effect on the NLRP1
inflammasome, but not on NLRP3 on the LPS-primed
human peripheral blood monocytes, resulting in reduction of
the inflammatory cytokine, tumor necrosis factor (TNF)-a,
in the supernatant. Taken together, the present data implied
that T helper 2-type cytokine, IL-31, may be a promising
therapeutic option for treatment of sepsis and septic shock
in clinics.

Correspondence to: Dr Chen Wei, Department of Critical Care
Medicine, Beijing Shijitan Hospital, Capital Medical University,
10 Tieyilu Road, Beijing 100038, P.R. China

E-mail: hanwa63@126.com

Key words: sepsis, interleukin-31, inflammasomes, NLRP3, NLR
family, pyrin domain-containing 3, interleukin-1(3

Introduction

Sepsis is a clinical syndrome defined by physiological changes
with a systemic inflammation response, and it remains a major
medical challenge in pediatric and critical care medicine (1,2).
Sepsis is often caused by documented or suspected infection
with bacteria that produce lipopolysaccharide (LPS), and
septic shock is the progression of those physiological changes
to the extent that delivery of oxygen and metabolic substrate
to tissues is compromised (3). Sepsis is usually diagnosed
when the symptoms of the systemic inflammatory response
syndrome (SIRS) develop. SIRS is defined clinically by the
activation of the immune/inflammatory response, resulting
in abnormal temperature or leukocyte count (4). Biomarkers
have been identified that have the potential to diagnose,
monitor, stratify and predict the outcome of these syndromes,
for example, C-reactive protein and interleukin (IL)-18 eleva-
tion have been used as biomarkers indicating sepsis (5,6).
However, many clinicians in the intensive care unit still face
the challenge of diagnosing and accurately assessing the risk
of outcome. More importantly, initiating appropriate therapy
for sepsis may help improve patient management and decrease
sepsis-related morbidity and mortality.

IL-31 is a cytokine derived from T cells, namely T
helper 2 (Th2) cells, that shares several structural and
functional characteristics with IL-6, oncostatin M, leukemia
inhibitory factor and cardiotrophin-1 (7). IL-31 signals
through a receptor complex comprised of GPL (also known
as gpl30-like receptor or IL-31RA) and oncostatin M
receptor (OSMR) (8-10). GPL/OSMR signaling is a strong
activator of signal transducer and activator of transcription
STAT3 and STATS, and also activates STAT1, Janus kinase
(JAK)I and JAK?2 signaling pathways (11). IL-31-regulated
immune responses have been implicated in skin physi-
ology and inflammatory skin diseases (12). Research has
reported that IL-31 may negatively regulate lung type 2
inflammation by IL-31/IL-31 receptor (R) interaction (13).
In addition, IL-31-IL-31R interactions limit the magnitude
of Th2 cytokine-dependent immunity and inflammation
following intestinal helminth infection (14). However, the
effect of IL-31 on sepsis and its underlying mechanisms
remain uncertain. NLR family, pyrin domain-containing 3
(NLRP3, CIASI1, PYPAF or cryopyrin, is a cytosolic
member of the NLRP family of proteins expressed in
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leukocytes, particularly neutrophils (15). As a component of
the inflammasome, NLRP3 activates caspase 1 and causes
the maturation cleavage of pro-IL-1f and pro-IL-18 (16).
Defects in NLRP3 may cause autoinflammatory syndromes.
A subgroup of the nucleotide-binding domain, leucine-rich
repeat containing (NLR) proteins are key mediators of the
inflammasome. IL-1f functions in the systemic responses
to infection and chronic and acute inflammation (17). IL-1p
(p17) is the mature active form of pro-IL-1f (p35) that has
to be cleaved by caspase 1 at Aspl16 (15,18). The present
study examined the role IL-31 on experimental sepsis and
investigated the mechanisms of IL-31 efficacy responsible for
the regulation of NLRP3 as well as IL-1p.

Materials and methods

Mouse strains and reagents. C5TBL/6 mice (50 female mice,
20-30 g and 6-10 weeks old) were obtained from Vital River
Laboratories Co., Ltd., (Beijing, China) and were housed
in plastic cages (3-4 mice per cage) with free access to
drinking filtered tap water and food under controlled condi-
tions of humidity (50+10%), light (12-h light/dark cycle) and
temperature (23+2°C). Mice were maintained in a specific
pathogen free facility in accordance with institutional guide-
lines. The protocol was approved by the Committee on the
Ethics of Animal Experiments of Capital Medical University
(Beijing, China).

Septic shock model. To induce in vivo cytokine secretion,
7-week old female mice were injected intraperitoneally
with LPS (10 mg/kg body weight) (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) and their health status was
monitored at regular intervals. A total of 6 h after the
injection, the peritoneal cavities were washed with 0.8 ml
phosphate-buffered saline (PBS) containing 1% fetal bovine
serum (FBS, Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Cytokines in the peritoneal lavage
fluids and in the sera were then measured by ELISA. The
cecal ligation and puncture (CLP) technique was used to
induce intraabdominal sepsis in mice (19). All the mice
received LPS injection or CLP operation, and 6-8 mice were
checked in each group. Control mice were injected with PBS
compared with IL-31 injection after LPS or CLP treatment.
The mice were divided into the following groups: Vehicle
control group (IL-31-), which received PBS injection + LPS
or CLP operation; IL-31 treatment group (IL-31+), which
received IL-31 injection + LPS or CLP operation. In total, four
groups (PBS+LPS, IL-31+LPS, PBS+CLP and IL-31+CLP)
were used for the study (6-8 mice per group).

Cells.In preparation for the isolation of peritoneal macrophages
as described previously (20), mice were intraperitoneally
injected with 1 ml 4% thioglycollate (Sigma-Aldrich; Merck
KGaA, B2551), and peritoneal exudate cells were isolated
from the peritoneal cavity 4 days post-injection. The cells
were then incubated at 37°C for 6 h and washed three times
with Hank's Balanced Salt Solution (HBSS; Thermo Fisher
Scientific, Inc.). The remaining adherent cells were used as
the peritoneal macrophages described in previous experi-
ments (20). Unless otherwise indicated, the macrophages were
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primed with 200 ng/ml LPS from Escherichia coli 0111:B4
(Sigma-Aldrich; Merck KGaA) for 4 h at 37°C before stimula-
tion with 5 mM adenosine triphosphate (ATP; Sigma-Aldrich;
Merck KGaA, A6419) for 30 min at 37°C.

Human peripheral blood monocytes (PBMC) were
obtained from healthy donors who provided written
informed consent. The cells were adjusted to 5x10° cells/ml
and resuspended in RPMI-1640 culture medium (Invitrogen;
Thermo Fisher Scientific, Inc.) supplemented with 50 mg/ml
gentamicin, 2 mM L-glutamine and 1 mM pyruvate. Human
THP-1 cells were purchased from the China Center for
Type Culture Collection (Wuhan, China). THP-1 cells were
cultured in RPMI-1640 supplemented with 10% FBS, 1%
HEPES, 1% L-glutamine, and 50 pg of cefotaxime. The
cells were treated with 5 nM phorbol myristate acetate
(Sigma-Aldrich; Merck KGaA) overnight and then washed
three times. Cells were rested 3 days following chemical
differentiation to ensure that they reverted to a resting
phenotype.

Proteins and antibodies. All reagents used in the present
study were from Sigma-Aldrich (Merck KGaA), unless
stated otherwise. Recombinant murine IL-31 was obtained
from PeproTech Company (Suzhou, China). A total of
6-8 mice for each IL-31 treatment group were used in the
three groups of experiments: i) Survival study of IL-31 treat-
ment and control treatment (8 mice in PBS+LPS vs. 8 mice
in IL-31+LPS for survival rate check); ii) cytokine analysis
of LPS-induced sepsis for the IL-31 treatment and control
treatment (8 mice in PBS+LPS vs. 8 mice in IL-31+LPS for
cytokine analysis); and iii) cytokine analysis of CLP opera-
tion for the IL-31 treatment and control treatment (8 mice in
PBS+CLP vs. 8 mice in IL-31+CLP for cytokine analysis).
A total of 100 ug of IL-31 cytokine in PBS for one time i.p.
injection was given per mouse in vivo. Control mice were
injected with PBS vehicle compared with IL-31 injection
after LPS or CLP treatment. Functional anti-human IL-31
antibody (cat. no. AF2824, 1 ug/ml; R&D Systems China
Co., Ltd., Shanghai, China) and anti-human IL-31RA anti-
body (Nemolizumab; cat. no. TAB-439CQ, 1 pug/ml; Creative
Biolabs; New York, NY, USA).

ELISA. Mouse (m)TNFa (cat. no. MTAOOB), mIL-18 (cat.
no. 7625), mIL-1f (cat. no. MLBOOC), human (h)IL-1
(cat. no. DLB50), hIL-6 (cat. no. D6050) and hTNF-a. (cat.
no. DTAOOC) ELISA Kkits for cytokine detection in the peri-
toneal lavage fluids, sera or cell culture supernatant were
obtained from R&D Systems China Co., Ltd. To detect low
levels of cytokines in the samples, a standard curve was
obtained by diluted standard reagents.

RNA isolation and reverse transcription-quantitative poly-
merase chainreaction (RT-gPCR). Total RNA from cell culture
was extracted using TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and subjected
to RT-qPCR in triplicates, using SYBR Green chemical dye
(Toyobo Life Science, Osaka, Japan).

Relative expression levels of IL-31, IL-31RA, NLRP1/3/6
and tumor necrosis factor (TNF) were calculated using
the 224 method (21) normalized to the internal control,
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Figure 1. Effect of IL-31 on experimental sepsis. (A) Survival rate of IL-31-treated or PBS-treated (vehicle control) mice with LPS-induced sepsis.
(B) Proinflammatory cytokine production in the sera from each group. (C) IL-31 level in the peritoneal lavage fluid of mice with LPS-induced sepsis and
normal mice without LPS treatment. (D) IL-1f level in the peritoneal lavage fluid of mice with LPS-induced sepsis in the presence or absence of IL-31 injec-
tion. (E) IL-1p level in the peritoneal lavage fluid of mice with CLP-induced sepsis in the presence or absence of IL-31 injection. ‘P=0.0473 vs. PBS from 24
to 72 h; “P<0.01 and ""P<0.001, as indicated. Experiments were performed in triplicate. IL, interleukin; PBS, phosphate-buffered saline; LPS, lipopolysac-

charide; TNF, tumor necrosis factor; CLP, cecal ligation and puncture.

B-actin. To quantify cytokine mRNA, the assays were
performed in 2 pg total RNA for reverse transcription
using cDNA synthesis kits (Invitrogen; Thermo Fisher
Scientific, Inc., cat. no. 11756050). Reverse transcription
was performed at 50°C for 30 min. qPCR was performed
using a RT-qPCR kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The thermal cycling conditions used for the
assays were as follows: 1 cycle at 94°C for 15 min, followed
by 40 cycles at 94°C for 15 sec, 55°C for 30 sec and 72°C
for 30 sec. The following primer sequences were used:
IL-31, forward 5" TCGGTCATCATAGCACATCTGGAG-3'
and reverse 5'-GCACAGTCCCTTTGGAGTTAAGTC-3
IL-31RA, forward 5-AGAATGTTCCAGATACAATGG-3'
and reverse 5'-CGAAGCATGCATACTAAAGGAA-3
NLRPI, forward 5-GGACCTCATGGTGGTTACTTTC-3'
and reverse 5-"TCCCAGGGGCCGTAAACTT-3"; NLRP3,
forward 5'-ATTACCCGCCCGAGAAAGG-3' and reverse
5'-CATGAGTGTGGCTAGATCCAAG-3'; NLRP6, forward
5-TCTCTCCGTGTCAGCGTTCA-3' and reverse 5'-CGG
AAGAGCCGATTAAAAGTGT-3"; TNF, forward 5'-TCC
CCAAAGGGATGAGAAGTTC-3" and reverse 5-TCATAC
CAGGGTTTGAGCTCAG-3'; and p-actin, forward 5'-ATG
GGTCAGAAGGACTCCTACG-3' and reverse 5'-AGTGGT
ACGACCAGAGGCATAC-3".

Statistical analysis. Data were presented as the mean =+ stan-
dard deviation of three independent experiments. The statistical
comparisons between the different treatments were performed
using an unpaired Student's t-test. Analysis was performed
using SPSS software, Version 22.0 (IBM Corp., Armonk,
NY, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

IL-31 protects against experimental sepsis in vivo. In
LPS-induced sepsis, the susceptibility of mice treated with
PBS or IL-31 cytokine was compared. Mice that received
the high dose of LPS and that were treated with recombi-
nant murine IL-31 injection demonstrated a significantly
lower mortality rate than the vehicle control-treated (PBS)
mice from 24 to 72 h (P=0.0473; Fig. 1A). Furthermore, the
septic shock marker and inflammatory cytokine levels in the
serum, including TNF-a, IL-18 and IL-1f, were significantly
suppressed by IL-31 injection compared with treatment with
PBS (P<0.01; Fig. 1B). There was no significant difference in
IL-31 production following LPS challenge (Fig. 1C), whereas
the IL-1p level in the peritoneal lavage fluid was significantly
downregulated by IL-31 treatment compared with no IL-31
treatment (P<0.001; Fig. 1D), suggesting that IL-31 may regu-
late IL-1p activation-related signaling in vivo. Furthermore, to
confirm whether IL-31 was protective against infection and
septic shock, IL-31 production in the CLP model of sepsis
was measured. As expected, mice that received IL-31 treat-
ment demonstrated a significant reduction of IL-1p in the CLP
model compared with the vehicle control group (P<0.001;
Fig. 1E).

IL-31 regulates IL-1 production by targeting NLRP3 inflam-
masome transcription in vitro. As IL-31 may be involved in
IL-1B production in vivo, the role of IL-31 on IL-1p signaling
was examined in vitro. RT-qPCR results demonstrated that
IL-31RA mRNA was significantly induced following ATP
stimulation on the peritoneal macrophages (P<0.01); however,
there was no significant change of IL-31 expression on the cell
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Figure 2. In vitro role of IL-31 on IL-1f activation. (A) Expression of IL-31 and IL-31RA on the peritoneal macrophage with or without ATP stimulation.
(B) Expression of NLRP3 on peritoneal macrophages with or without IL-31 treatment under ATP stimulation. (C) Secretion of IL-1f} on peritoneal macrophage
supernatant with or without IL-31 treatment under ATP stimulation. (D) Expression of NLRP3 on the THP-1 cell with anti-IL-31 antibody or anti-IL-31RA
antibody treatment under ATP stimulation plus IL-31. (E) Secretion of cytokines in THP-1 cell supernatant with anti-IL-31RA antibody treatment under ATP
stimulation plus IL-31. “P<0.01 and ““P<0.001, as indicated. Experiments were performed in triplicate. IL, interleukin; IL-31RA, interleukin-31 receptor A;

ATP, adenosine triphosphate; PBS, phosphate-buffered saline.

following ATP induction (Fig. 2A). ATP is an activator of the
NLRP3 inflammasome. To analyze the IL-31-IL-1f signaling
axis, the in vitro mRNA expression of NLRP3 following IL-31
treatment was measured. Results demonstrated that IL-31 was
able to significantly reduce the expression of NLRP3 (P<0.01;
Fig. 2B). Furthermore, IL-31 also significantly decreased
LPS-induced IL-1p secretion in ATP-treated cells (P<0.001;
Fig. 2C).

To investigate the role of IL-31 signaling in human cells,
a specific antibody that directly blocks IL-31 (anti-IL-31) or
IL-31R (IL-31RA antibody) was utilized. NLRP3 mRNA
expression increased significantly following IL-31 signal
blocking with neutralizing antibody targeting IL-31/IL-31RA
compared with cells treated with PBS (P<0.01; Fig. 2D),
suggesting that IL-31 inhibited IL-1f activation through
decreasing the NLRP3 inflammasome. In concordance with
this, IL-31RA antibody significantly enhanced the level
of IL-1p compared with the level in cells treated with PBS
(P<0.01; Fig. 2E), without significantly affecting the levels of
Toll-like receptor signaling-related IL-6 and TNF-a in the
supernatants of the cell culture.

IL-31 modulates NLRPI in human PBMC. To systematically
investigate the effect of IL-31 on septic shock, LPS-primed
human PBMC from healthy donors were cultured and treated
with IL-31 in vitro. As a typical inflammatory cytokine in
sepsis, TNF-a was significantly induced in the supernatants

by LPS treatment compared with when LPS was not used
(P<0.001), suggesting the activation of the LPS pathway in
human PBMC (Fig. 3A). Following IL-31 treatment, it was
demonstrated that IL-31 was able to significantly inhibit
the protein expression and mRNA expression of TNF-a
following LPS stimulation compared with PBS treatment
(P<0.05; Fig. 3B), suggesting a regulatory role of IL-31 on
PBMC. However, results indicated that IL-31 negatively
regulated the transcription of inflammasome subtype NLRP1
significantly compared with PBS treatment (P<0.05), without
significantly affecting NLRP3 or NLRP6 in the macrophages
in human PBMC (Fig. 3C). These results suggested a dual
role of IL-31 on the septic shock in mice and human cells;
IL-31 may regulate the NLRP3-IL-1f in the macrophage
and also mediate NLRP1 on the LPS-primed human PBMC,
exhibiting therapeutic effects on septic shock.

Discussion

Currently, a patient is diagnosed with sepsis when symptoms
of SIRS develop, and SIRS results from documented or
suspected infection (22). Although various clinical studies
have identified monitoring markers in sepsis and respiratory
infection (23,24), effective therapeutic approaches are lacking.
One of the earliest discovered biomarkers used to diagnose
infection was C-reactive protein and procalcitonin, which are
often elevated in the serum during sepsis (3). However, research
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Figure 3. Effect of IL-31 on human PBMC inflammasome. (A) Secretion of TNF-a in PBMC supernatant with LPS and IL-31 treatment. (B) mRNA expression
level of TNF-a on PBMC with or without IL-31 treatment under LPS stimulation. (C) mRNA expression level of NLRP1, NLRP3 and NLRP6 on PBMC with
or without IL-31 treatment under LPS stimulation. "P<0.05 and ""P<0.001, as indicated. Experiments were performed in triplicate. PBMC, peripheral blood
monocytes; TNF, tumor necrosis factor; LPS, lipopolysaccharide; IL, interleukin; PBS, phosphate-buffered saline.

has demonstrated that inflammatory cytokines, including
IL-6, TNF-a and IL-1, have important roles in the disease (3).
Recently, IL-8 and IL-18 have also been used as newer candi-
date biomarkers. It was reported that IL-8 was identified in
genome-wide expression profiling in pediatric septic shock as
an effective predictor of outcome in children with septic shock
who were receiving standard care (25). On the other hand,
IL-18 is a cytokine produced by activated macrophages and
is involved in infection-induced cell immunity (26). However,
further study is required to clarify the utility of this biomarker
in the diagnosis of sepsis. Meanwhile, the role of cytokines in
experimental sepsis need to be elucidated for drug discovery
for septic shock

In the present study, novel cytokine IL-31 functions
were identified regarding the immune response. IL-31 was
identified as an inflammatory cytokine induced by activated
cluster of differentiation (CD)4* T-helper cells and has an
important role in the pathogenesis of atopic dermatitis and
allergic diseases in human eosinophils (8-10). The glycopro-
tein 130 (gpl130) family constitutes the signaling receptors
for the IL-6/IL-12 family of cytokines, such as IL-6, IL-12,
IL-23, leukemia inhibitory factor and oncostatin M, many
of which have important pro- and anti-inflammatory
functions in immune cells (27). The most recent addition
to this family was the gpl130-like monocyte receptor or
IL-31RA, which heterodimerizes with OSMR to form the
IL-31R signaling complex (28). Signaling through IL-31R
primarily results in the phosphorylation of STAT in the

JAK-STAT signaling pathway (29). The ligand for IL-31R,
IL-31, is predominantly expressed by activated the CD4*
Th2 subset. Therefore, the interactions of IL-31-IL-31R may
regulate various allergic and infectious diseases (30). For
example, anti-IL-31R antibody has been demonstrated to be
a potential therapeutic option for treating itch and dermatitis
in mice; scratching behavior was inhibited by treatment
with anti-IL-31Ra-neutralizing antibody, BM095 (9). In
the lung, macrophages derived from IL-31RA-knockout
mice promoted enhanced ovalbumin-specific CD4* T cell
proliferation and purified naive CD4* T cells from IL-31RA
knockout mice exhibited enhanced proliferation and expres-
sion of Th2 cytokines (13). Furthermore, IL-31R A-knockout
mice also exhibited increased Th2 cytokine responses in the
mesenteric lymph nodes and elevated serum immunoglobulin
(Ig)E and IgGl1 levels compared with wild type mice with
intestinal helminth infection (14). IL-31R A-knockout mice
also displayed enhanced goblet cell hyperplasia and a notable
increase in secretion of goblet cell-derived resistin-like
molecule [ into the intestinal lumen (14).

Inthe present study, it was demonstrated that IL-31 treatment
was able to rescue the symptoms of septic shock by reducing
inflammatory cytokines, particularly IL-1f} in serum and peri-
toneal lavage fluid. In vitro data indicated that IL-31 inhibited
the expression of NLRP3 in macrophages, thus reducing IL-13
secretion following LPS treatment. In the human T cell line, it
was demonstrated that anti-human IL-31 neutralizing antibody
or anti-human IL-31RA neutralizing antibody consistently
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enhanced the expression of NLRP3 as well as IL-1p, indicating
the involvement of IL-31-IL-31R-NLRP3-IL-1 signaling in
ATP-stimulated LPS-mediated inflammation in vitro. In
contrast, IL-31 suppressed TNF activation through another
inflammasome subtype, NLRP1, in human PBMC, which
was a different signaling pathway in this specific cell type. In
conclusion, the present data demonstrated that IL-31 may be
a potential therapeutic target for the treatment of sepsis and
septic shock.
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