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IL-1 family member IL-37 limits innate inflammation in models of
colitis and LPS-induced shock, but a role in adaptive immunity
remains unknown. Here, we studied mice expressing human IL-37b
isoform (IL-37tg) subjected to skin contact hypersensitivity (CHS)
to dinitrofluorobenzene. CHS challenge to the hapten was signif-
icantly decreased in IL-37tg mice compared with wild-type (WT)
mice (−61%; P < 0.001 at 48 h). Skin dendritic cells (DCs) were
present and migrated to lymph nodes after antigen uptake in
IL-37tg mice. When hapten-sensitized DCs were adoptively trans-
ferred to WT mice, antigen challenge was greatly impaired in mice
receiving DCs from IL-37tg mice compared with those receiving
DCs from WT mice (−60%; P < 0.01 at 48 h). In DCs isolated from
IL-37tg mice, LPS-induced increase of MHC II and costimulatory
molecule CD40 was reduced by 51 and 31%, respectively. In these
DCs, release of IL-1β, IL-6, and IL-12 was reduced whereas IL-10
secretion increased (37%). Consistent with these findings, DCs
from IL-37tg mice exhibited a lower ability to stimulate syngeneic
and allogeneic naive T cells as well as antigen-specific T cells and
displayed enhanced induction of T regulatory (Treg) cells (86%; P <
0.001) in vitro. Histological analysis of CHS skin in mice receiving hap-
ten-sensitized DCs from IL-37tg mice revealed a marked reduction in
CD8+ T cells (−74%) but an increase in Treg cells (2.6-fold). Together,
these findings reveal that DCs expressing IL-37 are tolerogenic,
thereby impairing activation of effector T-cell responses and inducing
Treg cells. IL-37 thus emerges as an inhibitor of adaptive immunity.
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Interleukin-37 (IL-37; formerly IL-1 family member 7) isoform
b inhibits innate inflammation (1–3). In human peripheral

blood from healthy subjects, low levels of steady-state IL-37
mRNA and protein are expressed in monocytes, dendritic cells
(DCs), and plasma cells perhaps due to instability elements within
the coding region (4, 5); however, stimulation with proinflammatory
cytokines or Toll-like receptor (TLR) ligands induces IL-37 levels,
which in turn suppress the proinflammatory cytokines IL-1α, IL-
1β, IL-6, M-CSF, and GM-CSF but not anti-inflammatory cyto-
kines IL-10 and IL-1Ra (4–7). Although an ORF for the murine
homolog of IL37 is absent in various mouse databases, human
IL-37 expression in a variety of human and murine cells inhibits
innate immunity and suppresses production of proinflammatory
cytokines and chemokines (2, 3, 8), indicating that human IL-37
is functional in murine cells. Compared with WT mice, mice
expressing human IL-37b (IL-37tg mice) produce lower amounts
of proinflammatory cytokines after lipopolysaccharide (LPS) ad-
ministration and are protected from LPS-induced septic shock (3)
and dextran sulfate sodium-induced colitis (8). Administration of
recombinant human IL-37 in mice suppresses cytokine and che-
mokine production, neutrophil infiltration, and cell death, thereby
ameliorating hepatic and myocardial ischemia/reperfusion injury
(9, 10).Treatment ofmicewith human IL-37plasmid-DNAreduces
local and systemic inflammation in Con A-induced hepatitis and
psoriasis (11, 12).

Despite IL-37’s suppressive effects on inflammation, the
role of IL-37 in specific immune responses such as DC func-
tions has remained elusive. Innate immunity increases the
production of cytokines and chemokines and alters the activity
and function of DCs (13–15). Indeed, cytokines derived from
DCs and T cells such as IL-12, IFNγ, IL-4, and IL-10 play
a pivotal role in the induction and initiation of adaptive im-
munity. DCs isolated from the spleen of IL-37tg mice were
reported to display reduced expression of CD86 and major his-
tocompatibility complex (MHC) class II (MHC II) after LPS
challenge in vivo (3). We considered that the expression of IL-37
in DCs might modulate their antigen-presenting capacity, thereby
regulating adaptive immunity.
The skin immune system relies on a rich network of DCs that

populate the epidermis and the dermis (16). Murine contact hy-
persensitivity (CHS) is a DC-dependent inflammation mediated
by hapten-specific T cells and a usefulmodel to investigate delayed-
type hypersensitivity (17–19). In the present study, we investigated
the role of IL-37 in DCs and subsequent development of antigen-
specific CHS responses using IL-37tg mice.

Results
Transgenic Expression of IL-37 Suppresses Skin Inflammation in
Response to Specific Antigen. We compared CHS responses to the
hapten 2,4-dinitrofluorobenzene (DNFB) between WT mice and
IL-37tg mice. Minimally expressed at baseline, IL-37 was induced
in the abdominal skin of IL-37tg mice 6 h following topical ap-
plication of DNFB and reached a 15-fold maximal increase by 48 h
(Fig. 1A). Five days after sensitization, mice were challenged by
local application of hapten to the ear. Whereas WTmice exhibited
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increased ear swelling at 24 and 48 h after challenge, the response
was significantly reduced by 34% in heterozygous IL-37tg mice
and further reduced by 61% in homozygous IL-37tg mice at 48 h
(Fig. 1B). These differences paralleled the expression levels of
IL-37 (7.1-fold higher in homozygous IL-37tg mice compared
with heterozygous IL-37tg mice) (Fig. 1C).
Consistent with the increased ear swelling, histological

analysis revealed epidermal hyperplasia, dermal edema, vaso-
dilatation, and dermal inflammatory infiltrates in DNFB-chal-
lenged WT mouse skin, whereas these changes were markedly
reduced in IL-37tg mice (Fig. 1D). Because of the higher IL-37
expression in homozygous IL-37tg mice compared with het-
erozygous IL-37tg mice, homozygous IL-37tg mice were used in
subsequent experiments.

Skin DCs Are Present in IL-37tg Mice and Migrate to Draining Lymph
Nodes After Antigen Uptake. Skin DCs initiate CHS by capturing
antigens, migrating to draining lymph nodes (dLNs), and priming
naive T cells (17–19). Because cytokines and chemokines can
alter development and localization of DCs (20, 21), we examined
the distribution of skin DCs in IL-37tg mice. Staining of epider-
mal sheets revealed that the morphology of Langerhans cells
(LCs), MHC II+ DCs in epidermis, was comparable between WT
and IL-37tg mice (Fig. S1), but their density was 31% higher in
IL-37tg mice compared with WT mice (Fig. 2A, Left). Flow
cytometric analysis of dermal sheets showed no significant dif-
ference in the density of dermal DCs between WT and IL-37tg
mice (Fig. 2A, Right), indicating that IL-37 does not impair the
development and localization of DCs in the skin.

Fig. 1. CHS responses in WT and IL-37tg mice. (A) qRT-PCR analysis of IL-37 in the skin from homozygous IL-37tg mice. Skin samples were obtained at 0, 6, 24,
and 48 h and 5 d after sensitization with DNFB. GAPDH served as internal control. Data represent mean ± SEM (n = 3) and are representative of three in-
dependent experiments. *P < 0.05; **P < 0.01. (B) CHS responses measured by ear thickness at 0, 6, 24, and 48 h after vehicle or DNFB challenge in WT, ho-
mozygous-tg (Homo), and heterozygous-tg (Hetero) mice. Data represent mean ± SEM (n = 5) and are representative of three independent experiments. *P <
0.05, **P < 0.01, ***P < 0.001, compared with WT-DNFB. (C) qRT-PCR analysis of IL-37 in the skin from WT, hetero-tg, and homo-tg mice. GAPDH served as
internal control. Data represent mean ± SEM (n = 3) and are representative of two independent experiments. ***P < 0.001. (D) Representative H&E staining of
ear specimens from WT and IL-37tg mice obtained at 48 h after vehicle or DNFB challenge. (Scale bar, 100 μm.)

Fig. 2. Distribution, phagocytotic activity, and migratory ability of DCs from WT and IL-37tg mice. (A, Left) Density of epidermal LCs, determined by MHC II
staining of epidermal sheets from untreated ear skin. Data represent mean ± SEM (n = 5) and are representative of three independent experiments. (Right)
percentage of dermal CD11c+ cells determined by flow cytometric analyses of single-cell suspension of dermal sheets from untreated ear skin. Data represent
mean ± SEM (n = 3) and are representative of three independent experiments. (B, Left) qRT-PCR analysis of IL-37 in BMDCs cultured in the absence (Ctrl) or
presence of 100 ng/mL LPS for 24 h. GAPDH served as internal control. Data represent mean ± SEM (n = 3) and are representative of three independent
experiments. (Right) IL-37 Western blot in BMDCs cultured with (+) or without (−) LPS for 24 h. β-Actin used as internal control. Data are representative of two
independent experiments. (C) Phagocytotic activity of BMDCs in vitro. BMDCs from WT or IL-37tg mice were cultured with (+) or without (−) LPS for 0.5 or 2 h
and incubated with FITC–dextran at 4 °C or 37 °C. MFI of FITC was calculated by flow cytometry. Data represent mean ± SEM (n = 3) and are representative of
two independent experiments. (D, Left) qRT-PCR analysis of CCR7 in BMDCs from WT or IL-37tg mice cultured in the absence (Ctrl) or presence of LPS for 24 h.
GAPDH served as internal control. Data represent mean ± SEM (n = 3) and are representative of two independent experiments. (Right) Chemotaxis of BMDCs
(24 h after LPS stimulation) toward CCL21. Data represent mean ± SEM (n = 3) and are representative of two independent experiments. (E) Flow cytometric
analysis of epidermal LCs (CD11c+EpCAM+ cells) in WT and IL-37tg mice at 24 h after vehicle or DNFB sensitization. (Left) Representative flow cytometric analysis.
(Right) Percentage of LCs in the epidermis. Data represent mean ± SEM (n = 3) and are representative of two independent experiments. (F) Flow cytometric
analysis of FITC+CD11c+ cells in dLNs at 24 h after vehicle or FITC sensitization on abdominal skin. (Left) Representative flow cytometric analysis. (Right) Percentage
of FITC+CD11c+ cells in dLNs. Data represent mean ± SEM (n = 3) and are representative of two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Because DCs mature and migrate to dLNs following exposure
to antigen, we examined the phagocytotic activity and migratory
ability of DCs using bone marrow-derived DCs (BMDCs).
Without stimulation, steady-state levels of IL-37 mRNA were
low in BMDCs from IL-37tg mice. However, the levels increased
3.4-fold upon LPS treatment (Fig. 2B, Left). Western blot con-
firmed that LPS enhanced expression of IL-37 protein and its
dimer in BMDCs isolated from IL-37tg mice (Fig. 2B, Right). In
these BMDCs, phagocytotic activity measured by FITC–dextran
uptake did not show significant difference compared with BMDCs
from WT mice (Fig. 2C), suggesting no apparent defect in the
phagocytic abilities of DCs by IL-37.
Upon antigen uptake, DCs increase the expression of the che-

mokine receptorCCR7,which directsDCs toCCR7 ligandsCCL19
and CCL21 expressed in dLNs (17–19). Similar to those from WT
mice, BMDCs from IL-37tg mice upregulated CCR7 expression
(Fig. 2D,Left) andmigrated toward CCL21 in vitro (Fig. 2D,Right).
Although the migratory capacity was slightly reduced in BMDCs
isolated from IL-37tg mice compared with BMDCs fromWTmice,
there was no significant difference. These findings were also ob-
served during in vivo experiments (Fig. 2E and F). The reduction in
epidermal LC numbers after DNFB sensitization suggests normal
emigration activity of LCs from the skin (Fig. 2E) whereas the in-
crease of FITC+ cells in dLNs after FITC painting indicates the
ability of skin DCs to migrate from the skin to dLNs (Fig. 2F) in
IL-37tg mice. Taken together, these data suggest that, similar to
those in WT mice, skin DCs in IL-37tg mice uptake antigens and
migrate to dLNs in the sensitization phase.

Mice Adoptively Transferred with Hapten-Sensitized IL-37–Expressing
DCs Exhibit Suppressed CHS Response After Challenge. Due to the
CMV promoter in the pIRES vector, IL-37 expression can be
present in any cell in IL-37tg mice after inflammation, which

might alter CHS responses irrespective of DC function. There-
fore, we adoptively transferred hapten-sensitized DCs into naive
recipientWTmice that were subsequently challenged with DNFB
applied to the ears (Fig. 3A). Specifically, DCs isolated from dLNs
of hapten-sensitized donormice (eitherWTor IL-37tgmice) were
injected subcutaneously. As expected, CHS responses developed
at 24 h after hapten challenge in mice receiving sensitized DCs
from WT mice (Fig. 3B). However, ear swelling was significantly
reduced in mice receiving sensitized DCs from IL-37tg mice (60
and 54% reduction at 48 and 72 h, respectively, compared with
mice receiving sensitized DCs from WT mice) (Fig. 3B). Consis-
tent with these findings, histological analysis revealed a marked
reduction of epidermal hyperplasia, dermal edema, vasodilation,
and dermal inflammatory infiltrates in mice receiving sensitized
DCs from IL-37tg mice (Fig. 3C). These data prove that IL-37
expression in DCs in the sensitization phase alters their ability to
initiate CHS responses.

IL-37 Impairs Upregulation of Maturation-Induced Molecules of DCs.
To investigate the effect of IL-37 on DC maturation, we stimu-
lated BMDCs with LPS in vitro and analyzed their phenotypes.
Whereas LPS induced an increase in MHC II and CD40 expres-
sion in BMDCs fromWTmice, mean fluorescence intensity (MFI)
of MHC II and CD40 was reduced by 31 and 52%, respectively,
with LPS stimulation in BMDCs isolated from IL-37tg mice (Fig.

Fig. 3. CHS responses after adoptive transfer with hapten-sensitized DCs.
(A) Scheme of adoptive transfer of hapten-sensitized DCs fromWT or IL-37tg
mice (donor) to WT mice (recipient). (B) CHS responses measured by ear
thickness at 0, 24, 48, and 72 h after vehicle or DNFB challenge in WT mice
adoptively transferred with hapten-sensitized DCs. Results are representa-
tive of two independent experiments. Data represent mean ± SEM (n = 5).
**P < 0.01 and ***P < 0.001, compared with mice adoptively transferred
with hapten-sensitized DCs from WT mice. (C) Representative H&E staining
of ear specimens (72 h after vehicle or DNFB challenge) from mice adoptively
transferred with DCs from WT mice (WT-DCs) or IL-37tg mice (IL-37-DCs).
(Scale bar, 100 μm.)

Fig. 4. Expression of costimulatory molecules in DCs from WT and IL-37tg
mice. (A) Representative histogram (Upper) and MFI (Lower) of MHC II,
CD40, CD80, and CD86 in BMDCs from WT and IL-37tg mice. Cells were cul-
tured in the presence or absence of 100 ng/mL LPS for 24 h. Data represent
mean ± SEM (n = 3) and are representative of two independent experiments.
(B) Immunofluorescent staining of epidermal sheets with MHC II. WT and
IL-37tg mouse ears were sensitized with vehicle or DNFB for 24 h. (Scale bar,
100 μm.) (C) Flow cytometric analysis of MHC II expression of epidermal cells.
Representative histogram (Upper) and MFI of MHC II (Lower) at 24 h after
vehicle or DNFB sensitization. Cells were gated on allophycocyanin-labeled
CD11c. Data represent mean ± SEM (n = 5) and are representative of two
independent experiments. **P < 0.01; ***P < 0.001.
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4A). Levels of CD80 and CD86 were comparable between WT
and IL-37tg mice.
To determine whether IL-37 expression also affects DC mat-

uration in vivo, we analyzed MHC II expression on skin DCs after
DNFB sensitization. Whereas DNFB sensitization induced elon-
gated dendritic morphology and increased MHC II expression in
DCs from WT skin, these effects were markedly suppressed in
DCs from IL-37tg skin (Fig. 4B). Consistent with these findings,
flow cytometric analysis of epidermal cells displayed a 1.8-fold
increase inMHC II expression in DCs fromWTmice after DNFB
sensitization compared with vehicle application, whereas this in-
crease was not observed in DNFB-sensitized skin DCs from
IL-37tg mice (Fig. 4C), suggesting that IL-37 expression in DCs
impairs their maturation.

IL-37 Suppresses IL-1β, IL-6, and IL-12 Secretion but Enhances IL-10
in DCs. In addition to the effects on costimulatory molecules,
cytokines from DCs play a critical role in determining the acti-
vation and polarization of T cells.We compared cytokines released
from BMDCs following LPS stimulation and found that secretion
of IL-1β, IL-6, and IL-12 was significantly less in BMDCs isolated
from IL-37tg mice (30, 42, and 38% reduction, respectively)
compared with that fromWTmice (Fig. 5). On the other hand, the
secretion of IL-10 was 37% enhanced in BMDCs from IL-37tg
mice. The secretion of IL-4 and TGF-β1 in BMDCs was compa-
rable betweenWT and IL-37tgmice. Downregulation of IL-1β and

upregulation of IL-10 was also detected by qRT-PCR in BMDCs
isolated from IL-37tg mice (25% reduction and 40% increase,
respectively, under LPS stimulation) (Fig. S2). Consistent with
its protein level, the mRNA level of TGF-β1 in BMDCs did not
show significant difference between WT and IL-37tg mice
(Fig. S2). The combined effects of IL-37 on DC maturation and
cytokine profiles suggest that IL-37 modulates DC function to
activate and polarize T cells.

IL-37 Impairs Ability of DCs to Activate Naive T Cells and Antigen-
Specific T Cells. To address whether IL-37 expression in DCs
modulate DC function in the sensitization phase, we conducted
T-cell activation and proliferation assays. 5,6-Carboxyfluorescein
diacetate, succinimidy1 ester (CFSE)-labeled CD4+ and CD8+ T
cells from splenocytes of WT mice or FVB/N mice were used as
responders for syngeneic or allogeneic responses, respectively.
Coculture of syngeneic T cells with BMDCs from WT mice in-
duced proliferation of CD4+ and CD8+ T cells, whereas this pro-
liferation was reduced by 70% in CD4+T cells and 76% in CD8+T
cells when T cells were cocultured with BMDCs from IL-37tg mice
(Fig. 6A, Upper). Likewise, coculture of allogeneic T cells with
BMDCs fromWT mice induced proliferation of CD4+ and CD8+

T cells; however, this proliferation was decreased by 14% in CD4+

T cells and by 31% in CD8+ T cells when FVB/N T cells were
cocultured with BMDCs from IL-37tg mice (Fig. 6A, Lower).
Furthermore, we examined the effect of IL-37 on antigen-

specific T-cell proliferation. WT mice were sensitized with DNFB,
and 5 d later T cells were harvested from dLNs, labeled with
CFSE, and used as responders. BMDCs from WT or IL-37tg
mice were pulsed with 4,6-dinitrobenzothiadiazole (DNBS), the
water soluble analog of DNFB, and used as stimulators for
CFSE-labeled CD4+ and CD8+ T cells. Unhaptenated BMDCs
and BMDCs pulsed with irrelevant compound 4-aminophenol
(4-AP) were used as controls. As expected, DNBS-pulsed BMDCs
from WT mice primed proliferation of sensitized CD4+ and CD8+

T cells more efficiently than unhaptenated or 4-AP–pulsed BMDCs
(Fig. 6B). In contrast, the antigen-specific T-cell proliferation was
decreased by 53% in CD4+ T cells and by 46% in CD8+ T cells
when sensitized T cells were cultured with DNBS-pulsed BMDCs
from IL-37tg mice. Taken together, the data reveal that IL-37 ex-
pression in DCs impairs their function to activate naive T cells and
antigen-specific T cells.

IL-37 Expression in DCs Promotes Induction of T Regulatory Cells. We
considered that IL-37 may also regulate T-cell differentiation and
polarization in the sensitization phase. To investigate whether
IL-37 promotes induction of T regulatory (Treg) cells, we cul-
tured naive T cells with LPS-stimulated BMDCs from WT or

Fig. 5. Levels of cytokine secretion in DCs from WT and IL-37tg mice.
Twenty-four-hour levels of secreted IL-1β, IL-4, IL-6, IL-10, IL-12, and TGF-β1 in
BMDCs from WT and IL-37tg mice cultured in the absence (Ctrl) or presence
of 100 ng/mL LPS. Data represent mean ± SEM (n = 3) and are representative
of two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 6. T-cell proliferation. (A) T-cell proliferation stim-
ulated by syngeneic (Upper) and allogeneic (Lower) DCs.
Naive CD3+ T cells fromWT (syngeneic) or FVB/N (alloge-
neic) splenocytes were labeled with CFSE and incubated
withBMDCsfromWTor IL-37tg (both fromC57BL/6)mice
for 72 h. CD4+andCD8+T cellswere gated and analyzed.
Representative flow cytometric analysis and percentage
ofproliferatingcellsare shown.Resultsarerepresentative
of three independent experiments. Data are shown as
the mean ± SEM (n = 3). (B) Antigen-specific T-cell pro-
liferation. BMDCs from WT or IL-37tg mice were pulsed
with control, DNBS, or 4-AP. CD3+ T cells were isolated
from dLNs of DNFB-sensitized WT mice 5 d after sensiti-
zation, labeled with CFSE, and incubated for 72 h with
BMDCs. CD4+and CD8+T cells were gated and analyzed.
Representative flow cytometric analysis and percentage
of proliferating cells are shown. Results are representa-
tive of three independent experiments. Data represent
mean± SEM (n= 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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IL-37tg mice. Coculture of splenic T cells with BMDCs from
WT mice induced CD4+CD25+Foxp3+ Treg cells; however, when
T cells were cocultured with BMDCs from IL-37tg mice, Treg cell
induction was further enhanced by 86% (Fig. 7A).
The ability of IL-37 to impair DC priming of T cells and in-

duce Treg cells in the sensitization phase was confirmed in vivo
by immunofluorescence staining of CHS skin after adoptive
transfer of hapten-sensitized DCs. Histological analysis of an ear
specimen revealed a marked decrease in CD8+ T cells (74% re-
duction) and an increase in Treg cells (2.6-fold increase) in mice
receiving DNFB-sensitized DCs from IL-37tg mice compared
with those receiving DNFB-sensitized DCs from WT mice (Fig.
7B). These data indicate that IL-37 expression in DCs enhances
Treg cell development in the sensitization phase.

Discussion
The inhibitory effects of IL-37 on innate immune response have
been studied using cells transfected or silenced with IL-37, mice
treated with recombinant or plasmid-DNA IL-37, and IL-37tg
mice (2, 3, 8–12). In the present study, we not only demonstrated

the inhibitory effects of IL-37 on adaptive immune response, but
also provided evidence that IL-37 promotes generation of sem-
imature tolerogenic DCs.
DCs have the potential to induce both immunity and toler-

ance: Whereas fully mature DCs are immunogenic, immature
DCs and partially or semimature DCs are tolerogenic (22, 23). In
contrast to immunogenic mature DCs, tolerogenic DCs express
reduced levels of MHC II and costimulatory molecules, release
less IL-12, and secrete more immunosuppressive mediators such
as IL-10, thereby delivering inadequate signals for effector T-cell
activation and promoting expansion of Treg cells (22–25). The
difference between immature DCs and semimature DCs is the
presence of migratory capacity and intermediate levels of MHC
II and costimulatory molecules on the surface of semimature
DCs. Therefore, semimature DCs migrate to dLNs or inflamed
tissues to actively induce tolerance (22–25) whereas immature
DCs reside in tissues and lead to T-cell anergy (26). In the present
study, we found that contact hypersensitivity to hapten was
markedly diminished in IL-37tg mice or mice receiving hapten-
sensitized DCs from IL-37tg mice. These IL-37–expressing DCs
maintained inducible CCR7 expression after stimulation and
thereby migrated to its ligand CCL21 in vitro and dLNs where
CCL19 and 21 were expressed. However, IL-37tg DCs not only
displayed reduced MHC II and costimulatory molecule CD40,
but also secreted higher levels of immunosuppressive IL-10 and
reduced levels of proinflammatory cytokines such as IL-1β, IL-6,
and IL-12. Most strikingly, the presence of IL-37 in DCs impaired
their function in prime T cells (naive T cells, allogeneic T cells,
and antigen-specific T cells) and promoted their ability to induce
Treg cells in vitro and in vivo. These findings provide evidence
that IL-37 suppresses adaptive immune response of skin by gen-
erating semimature tolerogenic DCs.
Because tolerogenic DCs play critical roles in autoimmunity,

cancer immunology, and transplant medicine, the conditions that
induce tolerogenic DCs have been the subject of several inves-
tigations during the past decade. These include properties of IL-
10 (27, 28), TNFα (29), IL-21 (30), corticosteroids (31), vitamin
D3 (32), rapamycin (33), α-1 antitrypsin (34), and neuropeptides
such as VIP (35). We demonstrate in the present study that the
expression of IL-37 in DCs generates a unique type of tolerogenic
DC. Stimulation of DCs under IL-37–mediated diminished in-
flammatory conditions appears to impede the maturation process
ofDCs and to arrest DCs at a semimature or partially mature stage.
Skin DCs originate in the BM and migrate to the skin where

they are differentiated and populated (36). During this process,
cytokines and chemokines play a critical role in the development
and differentiation of skin DCs (20). For example, the absence of
TGF-β1 during embryogenesis leads to the lack of epidermal DCs
(LCs) (21). Because the expression of IL-37 is affected by a variety
of inflammatory mediators including TGF-β1 (3), we examined
the effect of IL-37 on the distribution of skin DCs. IL-37tg mice
did not show an altered DC compartment in the skin, and the skin
DCs from both WT and IL-37tg mice remained in an immature
phenotype. In agreement with this phenotype, IL-37 expression in
DCs had little impact on their capacity to phagocytose antigens,

Fig. 7. Induction of Treg cells in vitro and in vivo. (A) Flow cytometric
analysis of splenic CD3+ T cells after coculture with BMDCs from WT or
IL-37tg mice for 3 d. (Left) Dot plots showing CD4+CD25+Foxp3+ cells in the
absence (no DC) or presence of BMDCs from WT or IL-37tg mice. (Right)
Percentage of CD4+CD25+Foxp3+ cells in CD4+ cells. Results are representa-
tive of three independent experiments. Data represent mean ± SEM (n = 3).
(B, Left) Immunofluorescent staining of ear specimens from WT mice adop-
tively transferred with haptensensitized DCs from WT or IL-37tg mice. Speci-
mens were stained with Alexa Fluor 594-labeled CD8 (red) or Alexa Fluor
488-labeled Foxp3 (green) and counterstained with DAPI (blue). Arrowheads
indicate Foxp3/DAPI or CD8/DAPI double-positive cells. (Scale bar, 100 μm.)
(Right) Number of CD8+ or Foxp3+ cells determined by cell counting. Data
represent mean ± SEM (n = 4). **P < 0.01; ***P < 0.001.

Fig. 8. Hypothetical role of IL-37 in DCs. (A) Migra-
tory capacity of DCs from WT or IL-37tg mice. (B)
Proliferation of effector T cells (TEff) by DCs from WT
or IL-37tgmice. (C) Polarization of naive T cells (TNaive)
to TH1, TH2, TH17, and Treg cells by DCs from WT or
IL-37tg mice.
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amajor functional characteristic of immature DCs (37). The effect
of IL-37 on DC development and differentiation may depend
upon the expression levels of IL-37. Although IL-37tg mice were
generated under a CMVpromoter (3), baseline expression of IL-37
mRNA and protein was low due to instability elements within the
IL-37–coding region. Only with stimulation by proinflammatory
cytokines or TLR ligands are the levels of IL-37 upregulated (3, 4).
Therefore, it is reasonable to speculate that in the absence of in-
fection or inflammation IL-37 levels are low or absent, resulting in
IL-37’s minimal effects on immature DCs. Alternatively, IL-37 is
dispensable for the development and distribution of DCs.
CHS is mediated by a consequence of both innate and adap-

tive responses to haptens, which may have important clinical
implications for the development of anti-inflammatory or immu-
nosuppressive therapies. In this study, expression of IL-37 inhibits
CHS by inducing semimature tolerogenic DCs. A recent study
shows that IL-37 is a top downregulated gene in the human skin
transcriptome during a delayed-type hypersensitivity to a contact
allergen diphencyprone (38), suggesting that reduced IL-37 levels
are responsible for skin inflammation of contact dermatitis.
Considering IL-37’s broad anti-inflammatory effects on innate
immunity and adaptive immunity, this cytokine could be used as a
therapeutic mediator for a variety of inflammatory diseases, in-
cluding contact dermatitis, eczema, psoriasis, graft-vs.-host dis-
ease, and autoimmune diseases. Conversely, this cytokine could
be upregulated in a variety of immunosuppressed conditions such
as HIV and cancer and contributes to these diseases.
In conclusion, IL-37 expression in DCs promotes generation

of semimature tolerogenic DCs and suppresses antigen-specific

immune response of skin. The hypothetical role of IL-37 in DCs
is summarized in Fig. 8. Under stimulation, IL-37–expressing DCs
upregulate CCR7 and migrate to its ligands (Fig. 8A). However,
IL-37–expressing DCs show reduced expression of costimulatory
molecules, which impairs T-cell–proliferating capacity (Fig. 8B).
IL-37–expressing DCs also display cytokine profiles favoring
generation of Treg cells (Fig. 8C). Our findings broaden the ho-
rizon in understanding the development of tolerogenic DCs
by a newly defined IL-1 family member: IL-37. IL-37 thus emerges
as an inhibitor of adaptive immune response.

Materials and Methods
For mice and CHS sensitization, see SI Materials andMethods. Information on
histology, skin cell preparation, immunostaining of epidermal sheets, flow
cytometry, generation of bone marrow-derived DCs, RNA extraction and
qRT-PCR analysis, Western blot, phagocytotic assay, chemotaxis assay, DC
migration assay in vivo, DC adoptive transfer, cytokine measurements, T-cell
proliferation assay, analysis of DC-induced Treg cells, and immunofluores-
cent staining are provided in SI Materials and Methods. For statistical anal-
ysis, see SI Materials and Methods.
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