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Abstract

Interleukin 37b (IL-37b) plays a key role in suppressing immune responses, partially by modulating

the function of dendritic cells (DCs). However, the precise mechanisms are still largely unknown.

Here, we investigated the effects of IL-37b on DC maturation and T cell responses induced by DCs,

and explored the involved signaling pathways. It was found that IL-37b down-regulated the expres-

sions of co-stimulatory molecules CD80 and CD86 on DCs in vitro. At the same time, the expressions

of pro-inflammatory cytokines, such as TNF-α and IL-6, were suppressed, while the expression of the

T cell inhibitory cytokine TGF-βwas increased in IL-37b-treated DCs. In addition, the activation effect

of DCs on T cells was impaired by IL-37b. We further revealed that extracellular single-regulated

kinase (ERK), nuclear factor-κB (NF-κB), and mTOR-S6K signaling pathways were involved in the in-

hibition of DCs induced by IL-37b. This was confirmed by the similarly suppressive effect of chemical

inhibitors against NF-κB, ERK, and S6K on the expressions of IL-6 and TNF-α in DCs. In conclusion,

these results demonstrated that IL-37b suppressed DC maturation and immunostimulatory capacity

in T cell priming by involving in ERK, NF-κB, and S6K-based inhibitory signaling pathways.
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Introduction

Interleukin (IL)-1 is a family of protein molecules that possess a variety
of immunoregulatory properties in inflammation and immune diseases
[1,2]. In this family, IL-37 which is recently identified and originally de-
fined as IL-1 family member 7 (IL-1F7) is a fundamental inhibitor of
innate immunity [3,4]. It has been verified to be expressed in a variety
of normal tissues, such as tonsils, skin, esophagus, placenta, and also
carcinomas of the breast, prostate, colon, and lung, albeit at low levels

[4–7]. IL-37 can also be induced in peripheral blood mononuclear cells
(PBMCs) and dendritic cells (DCs) [3]. IL-37 has various splice forms
(IL-37a–e), and IL-37b is the most studied one [8]. Recently, McNamee
et al. [9] and Bulau et al. [10] found that the murine IL-37b transgenic
model is protected from lipopolysaccharide (LPS)-induced shock and
dextran sulfate sodium-induced colitis. In addition, IL-37 shows anti-
inflammatory effects on liver cells and can reduce liver injury induced
by hepatic ischemia/reperfusion [11].
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DCs constitute a rare cell population, accounting for ∼0.1%–2%
of the total cells in most tissues. DCs are professional antigen-
presenting cells, playing a key role in the activation of immune
responses by capturing, processing, and presenting antigens, and by
activating naive T cells [12]. Under steady-state conditions, DCs main-
tain an immature status. Once activated by inflammatory signal, the
expressions of co-stimulatory molecules, such as CD80, CD86, and
CD40, and pro-inflammatory cytokines were increased in DCs to
facilitate T cell activation and expansion [13,14].

Although it was reported that the presence of IL-37b conferred a
marked reduction in LPS-induced DC activation, and IL-37b also im-
paired the activation of effector T cells [15], the effects of exogenous
IL-37b on DC activation and the related signaling pathways are still
unclear. In this study, we investigated the role of exogenous IL-37b
in modulating the function of DCs on T cell responses and the under-
lying molecular mechanisms.

Materials and Methods

Isolation and culture of bone marrow-derived DCs

Six-to-eight-week-old male C57BL/6 mice (18–20 g) were purchased
from Institute of Hematology, Chinese Academy of Medical Sciences
(Tianjin, China). All mice were maintained in specific pathogen-free
barrier facilities at Institute of Hematology, Chinese Academy of
Medical Sciences. All animal experiments were conducted according
to guidelines made by Animal Care and User Committee at the Institute
ofHematology, Chinese AcademyofMedical Sciences.Micewere sacri-
ficed by cervical dislocation. Both femurs and tibiae were dissected free
from adherent tissue. Bone marrow was eluted by flushing the bones
with RPMI 1640 medium (Invitrogen, Carlsbad, USA) supplemented
with 1% horse serum, 100 U/ml penicillin, and 100 µg/ml streptomy-
cin. Cells were dispersed by vigorous pipetting, washed by centrifuga-
tion and cultured in T75 flask in medium at 37°C in a humidified 5%
CO2 atmosphere. Cells were re-suspended at 2 × 107 cells/ml in DC
complement medium (RPMI 1640 plus Glutamax (Invitrogen), supple-
mented with 1% fatal bovine serum, 15 mM HEPES, 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin,
and 100 µg/ml streptomycin) containing 50 ng/ml IL-4 and 100 ng/ml
GM-CSF (BD Biosciences, San Jose, USA), and cultured for 6 days by
replacing half of the mediumwith fresh cytokines every other day. After
6 days, the cells were harvested and CD11c+ DCs were separated with
magnetic bead sorting technique (Miltenyi Biotec, San Diego, USA).

Flow cytometric analysis

Unless otherwise specified, antibodies used in this work were purchased
from eBioscience (San Diego, USA). To analyze the levels of co-stimula-
tory molecules CD80, CD86, and CD40 on DCs after treatment with
IL-37b, cells were incubated with anti-CD80 (FITC), anti-CD86
(PerCP/Cy5.5), anti-CD40 (PE), or isotype Abs for 30 min on ice. To
analyze the intracellular expression levels of phosphorylated ERK,
NF-κB, and S6K, cells were fixed for 15 min with 10% methanol at
room temperature, treated with 0.1% Triton-100 for 30 min, and
then treated with cold 50% methanol on ice for 15 min. After being
washed with phosphate-buffered saline containing 1% BSA, cells were
stained for 30 min with PE-conjugated antibodies. Detection was con-
ducted with a BD FACS Canto II flow cytometer (BD Biosciences) and
analyzed with FlowJo software (Treestar, San Carlos, USA).

T cell proliferation assay in vitro
To explore the effect of IL-37b-treated DCs on T cell activation and
proliferation, we performed in vitro T cell proliferation assay as

described previously [16]. Briefly, 5 × 104 DCs treated with or without
200 ng/ml recombinant IL-37b (R&D Systems, Minneapolis, USA)
for 24 h were co-cultured with lymph node cells labeled with carbox-
yfluorescein succinimidyl ester (CFSE; Invitrogen) at a ratio of 1:4 in
anti-CD3 antibody-coated 96-well plates. After 72 h, cell size (indi-
cated by forward scatter, FSC), T cell proliferation (indicated by
CFSE), and the expression levels of CD25 and CD69 were examined
by flow cytometry. Data were analyzed by FlowJo software.

Quantitation of IL-6, IL-10, TNF-α, TGF-β, and MCP-1

Concentrations of pro-inflammatory cytokines IL-6, IL-10, MCP-1,
and TNF-α in culture supernatants of DCs were measured by mouse
inflammation cytokine cytometric bead array. Concentration of
TGF-β was determined with ELISA kit (eBioscience).

Quantitative RT-PCR

Total RNAwas isolated from DCs by TRIzol reagent (Invitrogen) and
cDNA was obtained using MMLV-RT (Gibco-BRL, Eggenstein,
Germany). Quantitative RT-PCR was performed with SYBR green
PCR mastermix (QIAGEN, Hilden, Germany) on ABI 7500 (Applied
Biosystems, Foster City, USA). The primers used were as follows:
IL-10, forward: 5′-GCTGCCTGCTCTTACTGACT-3′, and reverse:
5′-CTGGGAAGTGGGTGCAGTTA-3′; TNF-α, forward: 5′-AGGG
GATTATGGCTCAGGGT-3′, and reverse: 5′-CCACAGTCCAGGT
CACTGTC-3′; TGF-β, forward: 5′-GCTCCCCTATTTAAGAA
CACCC-3′, and reverse: 5′-TTGAGGTTGAGGGAGAAAGC-3′;
IL-6, forward: 5′-GAAAGCCAGTCCTTCAGAG-3′, and reverse:
5′-GTCCTTAGCCACTCCTTCTG-3′; IL-18, forward: 5′-GCCTC
AAACCTTCCAAATCAC-3′, and reverse: 5′-GTTGTCTGATTCC
AGGTCTCC-3′; β-actin, forward: 5′-CGGTTCCGATGCCCT
GAGGCTCTT-3′, and reverse: 5′-CGTCACACTTCATGATGG
AATTGA-3′.

Blockage of MEK-ERK, S6K, and NF-κB in DCs

Purified DCs were seeded in 96-well plates and treated with inhibitors
of MEK-ERK (U0126, 26 mM), S6K (PF-4708671, 1 µM), and NF-κB
(BAY11-7082, 48 mM) separately. After 48 h, DCswere collected and
RT-PCR was performed as described in the above session.

Statistical analysis

All statistical tests were performed with GraphPad Prism software.
Each experiment was repeated at least three times. Relative mRNA
expression levels, cytokine levels, and relative fluorescence values
were expressed as the mean ± SD. Unpaired Student’s t-test was used
to define differences between the two groups. A P-value of <0.05
was considered of significant difference.

Results

IL-37b inhibited DC maturation

After sorting by magnetic bead, flow cytometric analysis showed that
the purity of CD11c+ DCs was ∼92% (Fig. 1A), and the percentage of
CD14+ cells was∼2% (Supplementary Fig. S1), ruling out the contam-
ination of a significant number of monocytes. The DC maturation
markers CD80, CD86, and CD40 were evaluated after being treated
with IL-37b for 48 h. CD80 and CD86 were slightly down-regulated,
while no significant effect was observed on CD40 expression (Fig. 1B).
This indicated that IL-37b treatment canmildly inhibit the expressions
of co-stimulatory molecules on DCs.
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We further analyzed the effect of IL-37b on the production of
TNF-α, IL-6, IL-10, IL-18, and TGF-β in DCs. IL-37b treatment signifi-
cantly down-regulated the mRNA levels of pro-inflammatory cytokines
TNF-α, IL-18, and IL-6, while up-regulated those of anti-inflammatory
cytokines TGF-β and IL-10 (Fig. 1C). The impact of IL-37b on the ex-
pressions of TNF-α, IL-6, and TGF-β in DCs was confirmed by ELISA,
but no changes in the protein expressions of IL-10 and MCP-1 were
noted in comparison with the control (Fig. 1D).

IL-37b reduced T cell activation capability of DCs

As potent antigen-presenting cells, DCs present processed peptides to
naïve T cells and induce T cell activation and differentiation. Since the
treatment with IL-37b impaired DC maturation and cytokine produc-
tion, we further explored whether IL-37b can influence DC-mediated T
cell activation and proliferation. DCs pre-treated with IL-37b were co-

cultured with lymphocytes stimulated by anti-CD3 antibody. Results
showed that the activation and proliferation of CD4+ T cells were inhib-
ited as determined by decreased cell size (FSC), reduced expression of sur-
face markers CD25 and CD69, and suppressed proliferation (CFSE)
(Fig. 2A,B). Similar effects were observed in CD8+ T cells (Fig. 2A,B).

IL-37b inhibited DC maturation via repressing ERK1/2,

NF-κB, and S6K signaling

We further explored the signaling pathways that might mediate the
effects of IL-37b on DCs. By flowcytometry, we detected the phos-
phorylation levels of ERK1/2, S6K, and NF-κB that are important sig-
naling effectors of DC maturation. The levels of phosphorylated
ERK1/2, S6K, and NF-κB in DCs were all declined after treatment
with IL-37b (Fig. 3A,B), especially that of NF-κBwhich had been veri-
fied by western blotting (Supplementary Fig. S2).

Figure 1. Expression of co-stimulatory molecules on DCs and the cytokine levels in DC culture supernatants after treatment with IL-37b (A) Flow cytometry plots

of DC purity before and after being separated with magnetic bead sorting technique. (B) Flow cytometric analysis of the expression levels of CD40, CD80, and CD86

on DCs with/without IL-37b treatment. (C) mRNA expression levels of TNF-α, IL-6, IL-18, IL-10, and TGF-β in DCs with/without IL-37b treatment. (D) The

concentrations of TNF-α, IL-6, IL-10, TGF-β, and MCP-1 proteins in DC culture supernatants with/without IL-37b treatment. Values are the mean ± SD of three

independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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ERK, S6K, and NF-κB inhibitors reduced mRNA

levels of IL-6 and TNF-α in DCs

In order to confirm the involvement of ERK, S6K, and NF-κB in
IL-37b-mediated suppression of pro-inflammatory cytokines, chem-
ical inhibitors against these three molecules were used to detect the ex-
pression changes of TNF-α and IL-6. All the three inhibitors declined
the expression levels of TNF-α and IL-6 (Fig. 4). These results support
the notion that IL-37b suppresses the expression of TNF-α and IL-6
via inhibition of mTOR, ERK1/2, and NF-κB signaling pathways.

Discussion

IL-37, one member of the IL-1 family, has been recognized as a potent
inhibitor of innate and adaptive immunity [17]. Transgenic expression
of IL-37b suppresses the production of pro-inflammatory cytokines
such as TNF-α, IL-6, and IL-1β in RAW macrophages, THP-1 cells,
etc. [17,18]. IL-37b transgenic mice were protected from LPS-induced
shock, and DC activation was suppressed in peripheral blood of these

LPS-treated mice [19]. Moreover, DCs from IL-37b transgenic mice
showed strong capability in inducing regulatory T cells which is an im-
portant cell type to exert immuno-suppressive function [15].

Up to now, most anti-inflammatory properties of IL-37b rely on
results obtained using transgenic expression or induced expression
of IL-37 in vivo or in vitro, and have demonstrated that IL-37b
acts as an intracellular signaling effector to affect gene transcription
through binding Smad3 [17]. However, few studies are engaged in in-
vestigating the immuno-suppressive function of exogenous recombin-
ant IL-37b protein, which is more practical for potential clinical
application.

In the present study, we determined the effects of recombinant
IL-37b protein on DC activation and further investigated the involved
signaling pathways. Pretreatment with recombinant IL-37b protein re-
duced the ability of DCs to activate T cells, indicating that exogenous
IL-37b might exert immuno-suppressive function via DCs. Then, how
does recombinant IL-37b protein suppress DCs? On one hand, upon
encountering foreign antigen, DCs rapidly convert from immature
stage to mature stage and express more co-stimulatory molecules

Figure 2. Treatment of IL-37b dampens the stimulatory function of DCs on T cell activation and proliferation (A) Cell proliferation (CFSE), cell size (FSC), and

expression of activation markers CD25 and CD69 were analyzed by flow cytometry for CD4+ and CD8+ lymphocytes stimulated with anti-CD3 antibody for 72 h,

in the presence of control DCs or IL-37b-treated DCs. (B) Percentage of T cell proliferation, cell size, and mean fluorescence intensity (MFI) of CD25 and CD69

were determined based on Phospho flowcytometric analysis. Data are the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01.
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CD80 and CD86, developing an improved ability to activate T cells.
Since the expression of CD80 and CD86 on DCs was inhibited by pre-
treatment with recombinant IL-37b protein, it suggests that exogenous
IL-37b might affect DCs at least partly via co-stimulatory molecules.
On the other hand, our results implied that down-regulation of
pro-inflammatory cytokines TNF-α and IL-6 could contribute to the
inhibition of DC activation by IL-37b. In addition to T cells, TNF-α
and IL-6 can stimulate some other immune cell types, such as macro-
phages and DCs [20–22]. Our result is in consistent with a report that
increased production of IL-6 and TNF-α by LPS or Pam3CSK4 in
PBMCs was suppressed, while the anti-inflammatory cytokine IL-10
was unaffected after the treatment with siRNA against IL-37b [17].
In addition, recombinant IL-37b suppressed the production of inflam-
matory cytokines in PBMCs from systemic lupus erythematosus
patients and health controls [23].

Moreover, up-regulation of anti-inflammatory cytokines IL-10
and TGF-β by recombinant IL-37b protein was unveiled in the present
study, which might further contribute to the inhibition of DC activa-
tion. IL-10 and TGF-β potently inhibit T cell responses by involvement
of regulatory T cells and M2 macrophages [24]. Furthermore, TGF-β
is well established as an inhibitor of DC itself [25]. Smad proteins are
the main intracellular signaling mediators of TGF-β and can be phos-
phorylated by TGF-β receptors upon binding with the ligand, and sub-
sequently Smad3 can translocate to nucleus and affect gene
transcription [26,27].

NF-κB pathway is critical for TLR-induced DC maturation. In
addition to NF-κB activation, MAPK family signaling also plays im-
portant roles in DC maturation [28]. MAPK activity was determined
by assessing ERK1/2 phosphorylation. The signaling mechanistic tar-
get of rapamycin (mTOR) has been reported as a major regulator of

Figure 3. The phosphorylation levels of ERK1/2, S6K, and NF-κB in DCs are reduced by IL-37b (A) Purified DCswere treated with or without IL-37b for 48 h, and the

phosphorylation levels of ERK1/2, S6K, and NF-κB were detected by Phospho flowcytometric analysis. Datawere representative of three independent experiments.

(B) Mean fluorescence intensity (MFI) was determined based on Phospho flowcytometric analysis. Data are the mean ± SD of three independent experiments.

*P < 0.05, **P < 0.01.

Figure 4. mRNA levels of TNF-α and IL-6 are decreased by inhibitors of ERK1/2, S6K, and NF-κB After DCs were treated for 48 h with inhibitor of ERK (U1026), S6K

(PF-4708671), or NF-κB (BAY11–7082), RT-PCR was performed to determine the mRNA levels of TNF-α and IL-6. Data were represented as the mean ± SD of three

independent experiments. **P < 0.01.
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DCs in various biological features, including differentiation and mat-
uration [29]. S6K is a major and well-characterized downstream target
of mTOR. Treatment with recombinant IL-37b protein decreased the
phosphorylation of ERK, S6K, andNF-κB as well as the production of
pro-inflammatory cytokines such as TNF-α and IL-6 in DCs. Applica-
tion of the inhibitors against the three molecules in DCs exerted simi-
lar effects as IL-37b did, supporting the notion that IL-37b might
function through multiple signaling pathways. However, phosphory-
lated ERK, S6K, and NF-κB are downstream effectors of different sig-
naling pathways. The upstream effectors, especially the receptors
through which IL-37b affects DCs remain to be explored. Recombin-
ant IL-37b binds with the IL-18R chain, thus being the second ligand
for this receptor after IL-18. But whether IL-37b acts on DCs through
binding with the IL-18R chain or other alternative receptors is still
unknown.

In summary, we demonstrated that exogenous recombinant IL-37b
protein suppresses T cell responses through modulation of the expres-
sion of co-stimulatory molecules and inflammatory cytokines by DCs.
We further revealed that the IL-37b-mediated inhibition might involve
the ERK/S6K/NF-κB signaling pathways. Thus, exogenous recombin-
ant IL-37b protein shows promise in regulating the function of DCs
and adaptive T cell immunity.

Supplementary Data

Supplementary data is available at ABBS online.
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