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Abstract

IL-20 is a proinflammatory cytokine of the IL-10 family and involved in several dis-
eases. However, the regulatory role of IL-20 in obesity is not well understood. We
explored the function of IL-20 in the pathogenesis of obesity-induced insulin resist-
ance by ELISA, Western blotting and flow cytometry. The therapeutic potential of
IL-20 monoclonal antibody 7E for ameliorating diet-induced obesity was analysed
in murine models. Higher serum IL-20 levels were detected in obese patients. It was
upregulated in leptin-deficient (ob/ob), leptin-resistant (db/db) and high-fat diet
(HFD)-induced murine obesity models. In vitro, IL-20 regulated the adipocyte differ-
entiation and the polarization of bone marrow-derived macrophages into proinflam-
matory M1 type. It also caused inflammation and macrophage retention in adipose
tissues by upregulating TNF-o, monocyte chemotactic protein 1 (MCP-1), netrin
1 and unc5b (netrin receptor) expression in macrophages and netrin 1, leptin and
MCP-1 in adipocytes. IL-20 promoted insulin resistance by inhibiting glucose uptake
in mature adipocytes through the SOCS-3 pathway. In HFD-induced obesity in mice,
7E treatment reduced body weight and improved glucose tolerance and insulin sen-
sitivity; it also reduced local inflammation and the number of M1-like macrophages
in adipose tissues. We have identified a critical role of IL-20 in obesity-induced in-
flammation and insulin resistance, and we conclude that IL-20 may be a novel target
for treating obesity and insulin resistance in patients with metabolic disorders.
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INTRODUCTION

The worldwide prevalence of overweight and obesity has
risen remarkably over the last 30 years (WHO, 2013). Excess
adiposity is a risk factor for metabolic diseases including in-
sulin resistance, type 2 diabetes mellitus (T2DM), hyperten-
sion and nonalcoholic fatty liver disease and for several types
of cancer [1,2]. Obesity is the most frequent cause of insulin
resistance in humans. Consequently, the obesity epidemic is
driving a parallel rise in the incidence of T2DM [3,4].

Hypertrophied adipocytes and adipose tissue-resident
immune cells (primarily lymphocytes and macrophages)
both contribute to higher proinflammatory cytokine
production in the obese. The obesity-associated state of
chronic low-grade systemic inflammation is considered a
key step in the progression of insulin resistance and T2DM
in humans and murine animal models [5-8].

Adipose tissue macrophages (ATMs) infiltrate white
adipose tissue and contribute to insulin resistance. ATMs
consist of at least two different phenotypes: classically
activated M1 macrophages and alternatively activated
M2 macrophages. M1 ATMs produce proinflammatory
cytokines, such as TNF-a, IL-6 and monocyte chemotac-
tic protein 1 (MCP-1), which promote insulin resistance
[9-11]. M2 ATMs are the major resident macrophages in
lean adipose tissue and are characterized by the relatively
high expression of CD206, arginase-1, Mgll and IL-10.
Therefore, M2 ATMs are suggested to contribute in the
repair and remodelling of tissue [9-13]. Recent studies
[14,15] have identified that multiple macrophage popula-
tions existed in obese adipose tissues. These distinct pop-
ulations express specific surface markers and have unique
transcriptional profiles and biological functions [16,17].

Macrophage recruitment to white adipose tissue
(WAT) during the development of obesity is an important
step for systemic inflammation. In vivo, the MCP-1/CCR2
(C-C chemokine receptor type 2) signal is important for
macrophage infiltration into WAT. CCR2-deficient mice
are protected against obesity-induced inflammation and
insulin resistance [3,12]. Studies [18,19] have reported
that netrin 1 is highly expressed in human and mouse
obese but not lean adipose tissue, where it directs the re-
tention of macrophages. Netrin 1 acts as a macrophage
retention signal via its receptor unc5b in obese adipocytes
and induces chronic inflammation and insulin resistance.

The pleiotropic inflammatory cytokine IL-20, a mem-
ber of the IL-10 family [20,21], is expressed in monocytes,
epithelial cells and endothelial cells. IL-20 affects multiple
cell types by activating a heterodimer receptor complex:
IL-20R1/IL-20R2 or IL-22R1/IL-20R2- [22] Other studies
[23-27] have reported that IL-20 and its receptors are ex-
pressed on osteoclasts, osteoblasts, hepatocytes, rheumatoid
synovial fibroblasts, proximal tubular epithelial cells, breast

cancer cells, bladder cancer cells and oral cancer cells. IL-20
is involved in various inflammatory diseases [28], such as
psoriasis [20,29], atherosclerosis, [28] rheumatoid arthritis
[24], osteoporosis [30] and renal diseases [25,31,32].

We previously [24] showed that IL-20 is regulated by
hypoxia and inflammatory stimuli such as IL-1§ and LPS
[33,34]. IL-20 induces synovial fibroblasts to secrete MCP-1,
IL-6 and IL-8, and it acts as a proinflammatory cytokine [24].
However, little is known about the function of IL-20 in obesity.
In the present study, we investigated whether IL-20 is involved
in obesity-induced adipose tissue inflammation and whether
it promotes insulin resistance. In addition, we explored the
therapeutic potential of IL-20 monoclonal antibody for ame-
liorating inflammation and insulin sensitivity in obesity.

METHODS
Human participants

We recruited 105 hundred people (age range: 25-81 years
old) participating in a community-based chronic disease
prevention study conducted by the Department of Family
Medicine, National Cheng Kung University Hospital.
Exclusion criteria were known metabolic bone diseases,
taking any medications likely to affect bone mineral
density (BMD), using steroids, being bedridden, being
alcohol dependent or having a history of osteoporosis,
hypertension, stroke, arthrosclerosis, renal disease or
cancer. Twenty-one healthy individuals (BMI: 18-5-24-9;
age range: 25-49 years old), 19 patients with overweight
(BMI: 25-29-9; age range: 47-77 years old), 21 patients
with obese class I (BMI: 30-34-9; age range: 38-68 years
old) and 19 patients with obese class II (BMI: 35-39-9; age
range: 41-73) were included in the analysis. Written in-
formed consent was obtained. The National Cheng Kung
University Hospital Institutional Review Board approved
the study (A-ER-107-377). The study was done in accord-
ance with approved guidelines. Blood samples were col-
lected from all participants.

Antibody preparation
Anti-IL-20 monoclonal antibody (7E) was generated and

prepared as previously described [20,29]. Its specificity
was determined as previously described [30].

Mice

Six-week-old C57BL/6, ob/ob and db/db mice were pur-
chased from the National Laboratory Animal Center,



IL-20 AND OBESITY

British Society

Immunology immu'ﬁ'ologd‘ | 819

The Journal of cells, molecules, systems and technologies

Tainan, Taiwan, and kept on a 12-hour light-dark cycle
at 22 + 2°C. All animal experiments were done in accord-
ance with the approved guidelines of the Taiwan National
Institutes of Health (Taipei), standards and guidelines for
the care and use of experimental animals. The Animal
Ethics Committee of National Cheng Kung University
approved the research procedures (IACUC Approval No.
108089). The study was done in accordance with approved
guidelines. To measure serum IL-20 levels, C57BL/6 mice
were fed a standard chow (low-fat) diet until they turned
6 weeks old. Subsequently, they were assigned randomly
to either the low-fat diet (LFD)-fed (10% kcal derived
from fat) or HFD-fed (60% kcal derived from fat) group
(n = 6 mice/group) for 16 weeks. The ob/ob and db/db
mice (n = 6 mice/group) were an LFD for 16 and 8 weeks,
respectively. To evaluate the beneficial effects of 7E,
C57BL/6 mice were randomly assigned to either an LFD-
fed or an HFD-fed group for 16 weeks. The experiments
began 1 week after the HFD began, and then, the mice were
divided into three groups (n = 10 mice/group): HFD mice
without treatment, HFD mice treated with 10 mg mIgG/
kg/3 days and HFD mice treated with 10 mg 7E/kg/3 days.
Body weight changes were measured weekly. At the end
of the study, all the mice were anaesthetized with an over-
dose of pentobarbital. Serum was collected from blood that
had been centrifuged at 2000 rpm for 10 min at 4°C.

Measuring biomarker

IL-20 and leptin in human serum and the conditioned
medium of SGBS cells were measured using a human IL-
20 ELISA kit (PeproTech) and a human leptin ELISA kit
(R&D Systems). IL-20 and leptin in mouse serum were
determined using mouse IL-20 and mouse leptin ELISA
kits (R&D Systems). In serum, alanine aminotransferase
(ALT), aspartate transaminase (AST) and triglyceride
(TG) were measured using an automatic analyser (Elecsys
2010; Roche Diagnostics, Mannheim, Germany) and an
electrochemiluminescent immunoassay.

RT-qPCR analysis

Reverse transcription was done using reverse tran-
scriptase (Clontech, BD Biosciences, Palo Alto, CA, USA).
IL-20, IL-20R1, IL-20R2, IL-22R1, TNF-a, MCP-1, netrin
1, unc5b, DCC, leptin, MIF, FABP-4, C/EBPa, PPARy
and SREBP-1C expression was then amplified on a ther-
mocycler (LC 480; Roche Diagnostics, Roche Applied
Science, Indianapolis, IN, USA), with SYBR Green (Roche
Diagnostics) as the interaction agent. Quantification
analysis of messenger RNA (mRNA) was normalized

with f-actin, which was used as the housekeeping gene.
Relative multiples of changes in mRNA expression were
determined by calculating 274",

Immunohistochemistry

The white adipose tissue from HFD-fed mice was ex-
cised, fixed in formalin overnight, embedded in paraffin
and then sectioned. The immunofluorescence analyses
of IL-20, FABP-4 (Proteintech) and F4/80 (BioLegend)
were done after the adipose tissue samples had been de-
paraffinized, as previously described [32]. Secondary
antibodies (Alexa Fluor 488, Alexa Fluor 594 and Alexa
Fluor 647; Invitrogen) were then applied, and the sam-
ples were finally mounted on slides with ProLong Gold
Antifade containing DAPI (Molecular Probe, Invitrogen).
The procedure for immunohistochemical (IHC) staining
IL-20 has also been previously described [30]. The work-
ing concentration for primary antibody and for the control
mouse IgG1 was 3 pug/ml.

Isolating adipocytes, ATMs and peritoneal
exudate macrophage

The fat pads of all the mice were excised and minced in
Hanks’ balanced salt solution (HBSS). Tissue suspensions
were centrifuged to remove erythrocytes and free leuco-
cytes. Thermolysin (Liberase” ; Roche Applied Science)
was added (1 mg/ml), and suspensions were incubated
at 37°C for 60 min with shaking. The cell suspension was
filtered through a 100-um filter and then centrifuged to
separate floating adipocytes from the stromal vascular
fraction (SVF) pellet. CD11b* ATMs were positively se-
lected from the total SVF using the MACS Microbeads
according to the manufacturer's instructions (Miltenyi
Biotec, Bergisch-Gladbach, Germany). To ensure proper
isolation, adipocyte fractions were examined under a mi-
croscope before and after they were plated on plastic to
detect adherent cells. Samples were digested until adi-
pocyte fractions were free of adherent cells to ensure the
recovery of the majority of the SVF population. Murine
adipocytes were cultured in Dulbecco’s modified Eagle's
medium (DMEM)/F12 medium with 10% fetal bovine
serum (FBS). The peritoneal cells collected using lavage
were seeded onto 24-well plates in RPMI-1640 medium
with 5% FBS for 4 h to allow the macrophages to adhere to
the plates. Nonadherent cells were subsequently removed
by washing with RPMI-1640 medium, and the adherent
macrophages were refed with RPMI-1640 medium with
5% FBS. Macrophages were used for experiments immedi-
ately after they had been isolated.
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Cell culture

Adipocytes and peritoneal exudate macrophages were
isolated from LFD- and HFD-fed mice. Adipocytes were
incubated with IL-20 (200 ng/ml) in serum-free DMEM/
F12 medium for 1 to 5 h. Peritoneal macrophages were
incubated with IL-20 (200 ng/ml) in serum-free RPMI-
1640 medium for 6 h. For macrophage differentiation,
primary bone marrow-derived monocytes were prepared
by flushing the bone marrow of the tibia and then cultur-
ing it for 3 h. The attached monocyte-enriched cells were
cultured in RPMI-1640 medium supplemented with 10%
FBS, penicillin (100 units/ml) and streptomycin (100 pg/
ml). For M1 polarization, bone marrow-derived mono-
cytes treated for 4 days with granulocyte-macrophage
colony-stimulating factor (GM-CSF) (100 ng/ml) (BD
Pharmingen) were then treated with GM-CSF (100 ng/ml),
lipopolysaccharide (LPS) (100 ng/ml) and IL-20 (200 ng/
ml) or 7E (2 ug/ml) for another 3 days. For M2 polarization,
bone marrow-derived monocytes treated for 4 days with
macrophage colony-stimulating factor (M-CSF) (100 ng/
ml) (PeproTech) were then treated with M-CSF (100 ng/
ml), IL-4 (10 ng/ml) and IL-20 (200 ng/ml) or 7E (2 pg/
ml) for another 3 days. For monocyte chemotaxis, Tamm-
Horsfall protein (THP)-1 monocytes were treated with IL-
20 (50-200 ng/ml), isotype control antibody mIgG (2 ug/
ml), 7E (2 pg/ml), IL-20 (200 ng/ml) plus mIgG (2 pg/ml)
or IL-20 (200 ng/ml) plus 7E (2 pg/ml) for 6 h and assayed
using a 48-well modified Boyden chamber housing a poly-
carbonate filter with 8-um pores (Nucleopore, Cabin John,
MD) as previously described [27]. The number of migrated
cells was counted. The results are expressed as a mean
of 12 randomly selected fields. For adipocyte differentia-
tion, SGBS preadipocytes (a gift kindly provided by Prof
Dr Martin Wabitsch, University of Ulm, Germany) were
differentiated into mature adipocytes as previously de-
scribed [35]. SGBS preadipocytes were incubated with IL-
20 (200-800 ng/ml) in differentiation medium for 14 days,
and then, the leptin level was measured. For hypoxia ex-
periments, mature SGBS adipocytes were cultured under
hypoxia conditions as previously described [33]. Mature
SGBS adipocytes were treated with phosphate-buffered sa-
line (PBS), mIgG (2 ug/ml) or 7E (2 ug/ml) under hypoxic
conditions for 96 h.

Oil Red O staining

Oil Red O stock solution (Sigma-Aldrich) was diluted in
distilled water (3:2 v/v) before staining the adipocyte sam-
ples. The cells were washed with PBS, fixed with buffered
4% formaldehyde for 20 min, rinsed with distilled water and
stained with Oil Red O solution for 20 min. The cells were

then washed twice with water. Pictures were taken using an
Olympus microscope (Tokyo, Japan). The stain was extracted
for quantification 5 min after isopropanol had been added.
Equal amounts of elution from each well were transferred
to a 96-well plate, and, using a microplate reader (Multiskan
Spectrum; Thermo Scientific, Vantaa, Finland), the absorb-
ance values were measured at a wavelength of 492-nm.

Western blotting

SGBS mature adipocytes were stimulated with IL-20
(200 ng/ml) for the indicated time-points. Cell lysates were
prepared using cell lysis buffer (Cell Signaling Technology,
Beverly, MA, USA) and separated using SDS-PAGE.
Western blotting was done with antibodies specific for
phosphor-ERK1/2, SOCS-1, SOCS-3, phosphor-AKT, AKT
(Cell Signaling Technology), FABP-4, C/EBPa and PPARYy
(Proteintech). p-Actin (GeneTex) was used as a loading
control and detected using a (3-actin-specific antibody.

Flow cytometry

Single-cell suspensions were prepared in ice-cold PBS
containing 5% FBS and 2 mM EDTA. Cells (1 X 10°)
were labelled with the indicated antibodies (FITC-
conjugated CD206; Bio-Rad); (PE-conjugated CD11c; BD
Biosciences); (APC-conjugated F4/80 and PE-conjugated
CD80; Biolegend) at 4°C for 30 min. The cells were washed
twice and analysed using a flow cytometer (FACSCalibur;
BD Biosciences). WinMDI 2-8 software was used for data
acquisition and analysis.

Glucose and insulin tolerance test

HFD-fed mice (n = 10) were given a glucose tolerance test
was done at week 15 after mIgG or 7E treatment. The mice
were intraperitoneally injected with a 2% glucose solution
(2 g/kg body weight). Blood samples were taken from the
tail veins at 0 (before the glucose injection), 30, 60, 90 and
120 min after the injection, and blood glucose was meas-
ured using ACCU-CHEK (Roche Diagnostics). For the
insulin tolerance test, the mice fasted for 12 h, and were
then intraperitoneally injected with recombinant insulin
(1 unit/kg). Blood glucose was similarly measured.

Glucose uptake assay

Glucose uptake was measured using a colorimetric assay
according to the manufacturer's instructions (Glucose
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Uptake Colorimetric Assay Kit; BioVision, Milpitas, CA,
USA). Briefly, differentiated mature SGBS adipocytes
were starved and incubated with IL-20 (200 ng/ml) in
serum-free medium for 16 h. They were then washed with
PBS, and glucose uptake was initiated by incubating them
in Krebs-Ringer-phosphate-HEPES (KRPH) buffer con-
taining 2% BSA for 40 min, stimulated or not with 1 uM
of insulin for 20 min to activate glucose transporter, 10 pl
of 10 mM 2-deoxyglucose (2-DG) was added, and then,
the cells were incubated for 20 min. Using a microplate
reader, the absorbance values were measured at 37°C at a
wavelength of 492 nm.

Generating stable cell lines

To generate a stable clone of mouse bone marrow mesenchy-
mal stem cell (MSC) expressing IL-20 mAb 7E, heavy-chain
(HC) and light-chain (LC) fragments of 7E were constructed
into pLAS5w. PeGFP-12-Bsd and pLAS5w. PtRFP-12-Puro
lentivirus vector (National RNAi Core Facility, Taiwan),
respectively. The 7E-HC and 7E-LC plasmids were, respec-
tively, co-transfected with packing plasmids pMD.G and
PCMVARS8-91 into 293T cells using lipofectamine 2000
(Thermo Fisher Scientific) to produce virus-containing
medium. Virus particles were collected from the medium
48 h after the transfection. MSCs were infected with virus
particles carrying 7E-HC and 7E-LC and then selected for
monoclonal cells with GFP and RFP signals after two weeks
of blasticidin and puromycin selection. ELISA and Western
blotting confirmed that MSC-expressing 7E stable clones
recognized human, mouse and rat IL-20.

Statistical analysis

The correlation between IL-20 and leptin was analysed
using SPSS 15-0 for Windows. Prism 7-0 (GraphPad
Software, San Diego, CA, USA) was also used for the sta-
tistical analysis. A one-way analysis of variance (ANOVA)
nonparametric Kruskal-Wallis test was used to compare
the data between groups. Post hoc comparisons were done
using Dunn's multiple comparison test. Significance was
set at p < 0-05.

RESULTS

Higher serum IL-20 levels in obese patients
and in obese mice

We analysed the IL-20 serum levels in obese patients
and compared them with those of healthy controls.

Twenty-one healthy controls (BMI: 18-5-24-9; age range:
25-49 years old), 19 overweight patients (BMI: 25-29-9;
age range: 47-77 years old), 21 obese class I patients (BMI:
30-34-9; age range: 38-68 years old) and 19 obese class
IT patients (BMI: 35-39-9; age range: 41-73 years old)
were included in the analysis. The serum IL-20 level in
overweight and obese patients was significantly higher
than that in healthy controls (p < 0-05 and p < 0-01, re-
spectively) (Figure 1a). The mean levels of serum IL-20
were 99-9 pg/ml in the healthy controls, and 653-7 pg/ml
in the overweight, 916-8 pg/ml in the obese class I, and
1275-2 pg/ml in the obese class II patients. To clarify the
clinical correlation between IL-20 and leptin in obese
patients, we also analysed the serum leptin level, which
was significantly higher in overweight and obese patients
than those of healthy controls (p < 0-01) (Figure 1b). In
addition, linear regression analysis showed that serum IL-
20 was positively correlated with leptin in obese patients
(r=0-7195, p < 0-01) (Figure 1c).

Based on the results from studies of obese patients,
we investigated whether IL-20 was also involved in diet-
induced obese of high-fat diet (HFD)-fed (60% kcal derived
from fat) C57BL/6 mice and in genetically obese leptin
(ob/ob)- and leptin receptor (db/db)-deficient mice. ELISA
showed that the serum IL-20 level of HFD-fed mice was
significantly higher than those fed a normal chow diet:
low-fat diet (LFD) (10% kcal derived from fat)-fed mice
(p < 0-01) (Figure 1d). Leptin-deficient (ob/ob) mice spon-
taneously became obese, even when kept on an LFD; we
used them as a model for genetic obesity. ELISA showed
that serum IL-20 level was significantly higher in ob/ob
mice than in age-matched control mice (p < 0-05) (Figure
le). Leptin receptor (db/db)-deficient mice developed
T2DM and obesity. In this genetic background, serum IL-
20 level was also significantly higher in db/db mice than
in age-matched control mice (p < 0-05) (Figure 1f).

IL-20 expression increased in the
adipocytes and ATMs of obese mice

To identify IL-20 and its receptors (IL-20R1, IL-20R2
and IL-22R1) regulated by obesity, we used reverse tran-
scription quantitative real-time PCR (RT-qPCR) to pro-
file the gene expression of adipose tissue from LFD- and
HFD-fed C57BL/6 mice for 16 weeks. IL-20 mRNA ex-
pression was significantly (p < 0-05) higher in visceral
white adipose tissue (WAT) from HFD-fed obese mice
than in that from LFD-fed healthy controls (Figure 2a).
In addition, the expression of IL-20R2 mRNA was signif-
icantly (p < 0-0.5) higher, and IL-22R1 was significantly
lower in the adipose tissue of obese mice compared
with that of lean mice, but IL-20R1 expression was not
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FIGURE 1 Higher serum IL-20 levels in obese patients and obese mice. (a-b) Serum IL-20 and leptin levels from 21 healthy controls
(BMI: 18-5-24-9; age range: 25-49 years), 19 overweight patients (BMI: 25-29-9; age range: 47-77 years), 21 class I obese patients (BMI: 30-
34.9; age range: 38-68 years) and 19 class II obese patients (BMI: 35-39-9; age range: 41-73 years) were analysed using ELISA. Horizontal

lines represent means. Data are expressed as mean +SD of triplicate samples from a single experiment and are representative of three

independent experiments. *p < 0-05, **p < 0-01 compared with healthy controls. (c) Linear regression analysis of the correlation of serum
IL-20 and leptin levels in obese patients (r = 0-7195, p < 0-01). Data are expressed as mean +SEM. (d) Serum IL-20 levels in low-fat diet
(LFD) mice (fed standard mouse chow) (n = 6) or a high-fat diet (HFD (n = 6) for 16 weeks. (e-f) Serum IL-20 levels in leptin (ob/ob)- and
leptin receptor (db/db)-deficient LFD mice (n = 6 mice per group) for 16 and 8 weeks, respectively. Horizontal lines represent means. Data

are expressed as mean +SD and are representative of three independent experiments. *p < 0-05 compared with control mice

significantly different between groups (Figure 2a). To
clarify the cellular compartment expressing IL-20, we
isolated mRNA from the adipocyte, stromal vascular
fractions (SVF) and adipose tissue macrophages (ATMs)
of the visceral WAT of chow- and HFD-fed mice and
did an RT-qPCR analysis. The expression of IL-20 was
higher in HFD-fed mice than in that from LFD-fed mice
(p < 0-01) (Figure 2b). Consistent with this, immuno-
fluorescence staining of the visceral WAT from HFD-fed
mice showed, in adipocytes, IL-20 reactivity (green) that
colocalized with staining for the adipocyte marker fatty
acid binding protein 4 (orange; FABP-4) (Figure 2c).
Furthermore, IL-20 (green) was also strongly stained in
crown-like structures that colocalized with staining for
the macrophage marker F4/80 (red) (Figure 2d). We did
not detect IL-20 staining in visceral WAT from LFD-fed
mice (Figure S1).

IL-20 enhanced macrophage retention and
monocyte chemotaxis

In obesity, cytokine and chemotactic signals originating
from inflamed adipose tissue lead to monocyte infiltration,
polarization of proinflammatory macrophages, tissue in-
flammation and insulin resistance [36]. IL-20 was highly
expressed in adipocytes and macrophages of inflamed adi-
pose tissue in obese mice. To investigate the effect of IL-20
on macrophages in obesity, we collected peritoneal exu-
date macrophages isolated from LFD- and HFD-fed mice
and performed RT-qPCR analysis after IL-20 treatment.
TNF-a and MCP-1 mRNA expression was significantly
(p < 0-05) higher in HFD-fed mice (Figure 3a,b), whose
gene products were recently reported to promote mono-
cyte recruitment into adipose tissue during HFD feed-
ing [7]. IL-20 expression was also significantly (p < 0-05)
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IL-20 was upregulated in visceral white adipose tissue and macrophages in obese mice. (a) RT-qPCR analysis of IL-20,

IL-20R1, IL-20R2 and IL-22R1 mRNA expression changes in the visceral white adipose tissue (WAT) of HFD mice (n = 6) for 16 weeks
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FABP-4 (orange), IL-20 (green) and DAPI (blue) in the visceral WAT of HFD mice. Co-localization of IL-20 with FABP-4 is shown in yellow
in the merged image. Scale bars =50 um. (d) Immunofluorescence staining for the adipocyte markers FABP-4 (orange), IL-20 (green), the
macrophage marker F4/80 (red) and DAPI (blue) in the visceral WAT of HFD mice. Co-localization of IL-20 with FABP-4 and F4/80 is
shown in yellow in the merged image. Scale bars =50 um. Data in (a) and (b) are expressed as mean +SEM *p < 0-05, **p < 0-01. Data are

representative of three independent experiments

upregulated after IL-20 treatment but observed only in the
peritoneal exudate macrophage isolated from HFD-fed
mice (Figure 3c). Furthermore, RT-qPCR analysis showed
that the mRNA expression of netrin 1 and its chemorepul-
sive receptor unc5b was significantly (p < 0-05) higher
in IL-20-treated peritoneal exudate macrophage of obese
mice than in lean mice (Figure 3d,e). The expression of
DCC, netrin 1’s chemoattractive receptor, was also sig-
nificantly (p < 0-01) higher in the peritoneal exudate mac-
rophage of HFD-fed mice (Figure 3f).

Monocytes are circulatory precursor cells from my-
eloid origin that can develop into macrophages upon
migration from the blood stream to tissues. To determine
whether IL-20 affected monocyte chemotaxis, we treated
THP-1 cells with IL-20 to evaluate migration ability. A
Boyden chamber assay showed that THP-1 cell migration

was significantly (p < 0-05) dose dependently higher
in IL-20-treated cells but inhibited in 7E-treated cells
(Figure 3g).

M1 polarization of macrophages was
suppressed in IL-20-depleted cells

We next investigated the function of IL-20 in macrophage
cell differentiation. Bone marrow cells from WT mice
were incubated with GM-CSF in vitro for 7 days. The cells
were activated with LPS plus IL-20 for M1 macrophage
differentiation and examined for the F4/80"CD80" cells
using FACS analysis. We also incubated bone marrow
cells with M-CSF and then activated with IL-4 plus IL-20
for M2 macrophage differentiation and examined them


https://onlinelibrary.wiley.com/

l mmuno ] 0 . British Society for
4 | The Journal of cells, molecules, s,g.,z/m technologies immu nOIogd HSU ET AL.
(@ (d) 9 120 -
g &71m Chow . S 51 @ Chow 2
g 7{mHrD § ,|mHFD o 907
< < 44 o
G 61 o =
2 5 3 g 3
2 z 2 ET 601
< 4 = )
=z T o a
T 3 T 24 5
§ 2 - € 304
o e 14 S
= 1 s z
Fo Z o- 0
Ctrl 1hour 3hour 5 hour Ctrl 1hour 3hour 5hour a\e¢ W @ @ (O 1< e 1<
\)““e 0 (\%\00 (\%200 @ 20 ,(ﬂ\\ 00
0 -
(b) @) W20\ 20 \&
o 31m Chow g 6 1@ Chow * M 500 (i) 0
S |mHFD S 5{EHFD . N _
£ < o o £ 40
5 2] o 47 gs 190 5=
L o S5 5% 30
< < 3- S8 100 5 q
= Z g0 €8 20
% 1 £, E5 N £ g
1 1 - © (]
- = 55 % £210
o 8 1 4 il
g 5 0 ¢ 0
0- 0- \S N W 1€
Ctrl 1hour 3hour 5hour Ctrl 1 hour 3hour 5 hour ot )(\,"5 o )(\\:"‘)r
e\ oF W s
W W
() (® ) 3
6 1@ Chow-IL-20-treated AD
o °7 @ Chow * o 3 71mchow . g 5B HFD-IL-20reated AD
2 M HFD 2 [ HFD 2
< 44 * ] 3 *
S * S S 41
k] kel 20 1 k=]
§ 3 § *k 2 3 .
< < <
Z 24 P *k =z
o 4 o 24
QE: € 10 €
SERR 9 14
- [a)
0 0
Ctrl 1hour 3hour 5 hour Ctrl 1hour  3hour 5 hour o 20 0 S A
C °
NEA WO \ef p “?_a\\) WO
FIGURE 3 IL-20 enhanced macrophage retention and monocyte chemotaxis. (a-f) The peritoneal exudate macrophages were isolated

after 16 weeks from LFD and HFD mice (n = 6 mice per group). Peritoneal exudate macrophages were treated with IL-20 (200 ng/ml) for
the indicated time periods. TNF-a, MCP-1, IL-20, netrin 1, unc5b and DCC mRNA expression changes were analysed using RT-qPCR with
specific primers. *p < 0-05, **p < 0-01 (g) The migration of THP-1 monocytes treated with IL-20 (50-200 ng/ml), isotype control antibody
mlgG (2 ug/ml), 7E (2 ug/ml), IL-20 (200 ng/ml) plus mIgG (2 ug/ml) or IL-20 (200 ng/ml) plus 7E (2 pg/ml) was analysed using a modified
Boyden chamber. The number of migrated cells was counted. The results are expressed as a mean of 12 randomly selected fields. *p < 0-05
compared with untreated controls, #p < 0-05 compared with IL-20 plus mIgG-treated group. (h-i) Bone marrow cells were incubated with
GM-CSF/LPS plus 7E for M1 macrophage differentiation or incubated with M-CSF/IL-4 plus 7E for M2 macrophage differentiation. The M1
type (F4/807CD80") and M2 type (F4/80"CD206") macrophages were measured in mean fluorescence intensity (MFI) units using FACS
analysis. *p < 0-05 compared with GM-CSF plus LPS-treated group. (j) The adipocytes were isolated after 16 weeks from the visceral WAT of
LFD and HFD mice (n = 6 mice per group). The isolated adipocytes were treated with IL-20 (200 ng/ml) for 6 h. Relative mRNA expression
of netrin 1, unc5b, leptin, TNF-a and MCP-1 was analysed using RT-qPCR with specific primers. *p < 0-05. Data are expressed as mean
+SEM and are representative of three independent experiments

polarization was insignificantly affected (Figure 3i). In
GM-CSF+LPS-induced M1 macrophage polarization, we

for the F4/807CD206" cells. M1 and M2 macrophage
polarization was not significantly affected by IL-20 treat-

ment (Figure S2). We hypothesized that an endogenously
expressed basal level of IL-20 may be sufficient to affect
macrophage polarization. To test whether IL-20 deple-
tion modulates macrophage polarization, we treated
bone marrow cells with GM-CSF and then activated
them with LPS in 7E-treated cells. FACS analysis showed
that M1 macrophage polarization was significantly
(p < 0-05) inhibited (Figure 3h) and that M2 macrophage

further confirmed that most of cells were alive and F4/80-
positive (more than 90%) after 7E treatment. However,
they did not express CD80 and/or CD206 marker, which
suggested that these F4/80" cells did not differenti-
ate into M1-like or M2-like macrophages (Figure S3a).
RT-qPCR also showed that IL-20 level was inhibited in
GM-CSF+LPS+7E-treated group compared with GM-
CSF+LPS-treated group (Figure S3b).
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Leptin, TNF-a and MCP-1 levels were
higher in IL-20-treated inflamed adipocytes

To investigate the role of IL-20 on the adipocytes in the local
inflammation in the obese state, the adipocytes isolated from
visceral WAT from LFD- and HFD-fed mice were incubated
with IL-20. RT-qPCR showed significantly (p < 0-05) higher
levels of leptin, TNF-a and MCP-1 mRNA expression in
HFD-fed mice than in LFD-fed mice (Figure 3j).

IL-20 expression in hypoxic adipocytes

We cultured differentiated mature Simpson-Golabi-
Behmel syndrome (SGBS) adipocytes under normoxic and
hypoxic conditions for 24 to 96 h and analysed IL-20 protein
levels. Western blotting and immunohistochemical (THC)
staining showed significantly greater IL-20 production in
mature SGBS cells under hypoxic conditions (Figure 4a,b),
which was confirmed using ELISA (Figure 4c).

Leptin secretion was regulated in IL-20-
treated adipocytes

RT-qPCR showed that all three IL-20 receptors (IL-20R1,
IL-20R2 and IL-22R1) were expressed in mature adi-
pocytes (Figure 4d). We incubated SGBS preadipocytes
with IL-20 for 14 days in adipocyte differentiation me-
dium. ELISA showed that leptin production significantly
(p < 0-05) increased in IL-20-treated SGBS adipocytes
(Figure 4e). We investigate whether leptin regulates the
expression of IL-20 and found that leptin did not regulate
IL-20 level in SGBS adipocytes (Figure S4). To explore
whether IL-20 promotes leptin secretion in an autocrine
manner, we incubated mature 7E-treated SGBS adipo-
cytes under hypoxic conditions. ELISA showed that leptin
secretion was lower after 7E treatment (Figure 4f). To de-
termine the mechanism used to regulate leptin secretion,
we assessed the ERK1/2 signal molecule. Western blotting
showed that ERK1/2 was activated in IL-20-treated cells;
the activity was inhibited in cells pretreated with U0126 (1
,/4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio] buta-
diene), an ERK1/2 inhibitor (Figure 4G-H g-h). ELISA
also confirmed that leptin secretion was completely abol-
ished in cells pretreated with U0126 (Figure 4i).

Insulin-stimulated glucose uptake
was negatively modulated in IL-20-
treated adipocytes

To determine whether IL-20 modulates insulin-
stimulated glucose transport using an autocrine/paracrine

mechanism, we performed glucose uptake assay. SGBS
adipocytes were incubated with IL-20 and measured the
uptake of 2-deoxyglucose in the basal state and after in-
sulin stimulation. A glucose uptake assay showed that
IL-20 dose dependently inhibited insulin-stimulated glu-
cose uptake (Figure 4j). Glucose uptake was not inhibited
in cells treated with IL-20 and 7E, but it was inhibited
in cells treated with IL-20 and mIgG (Figure 4k). These
results clearly demonstrated that IL-20 regulates insulin
sensitivity and glucose uptake in the SGBS adipocytes in
autocrine/paracrine manner.

To determine whether IL-20 increases insulin-
stimulated glucose uptake by regulating SOCS expression
and AKT pathway, mature SGBS adipocytes were treated
with IL-20, and cell lysate was used for Western blotting
with an antibody specifically against SOCS-1, SOCS-3
and AKT. The production of SOCS-3 was higher in IL-20-
treated cells. The phosphorylation of AKT was decreased
at 5 min after IL-20 treatment (Figure 41).

Adipogenesis was higher in IL-20-treated
SGBS cells

To explore the effect of IL-20 on adipogenesis, SGBS preadi-
pocytes were differentiated with IL-20 (200 to 800 ng/ml)
for 14 days (from day 0 to day 14) in addition to the standard
differentiation factors. Adipocyte differentiation was dose
dependently induced by IL-20 (Figure 5a). The OD value
of Oil Red O eluted solution was higher in IL-20-treated
than in PBS-treated cells (Figure 5b). To further delineate
the role of IL-20 in adipogenesis, we used mesenchymal
stem cells (MSCs) isolated from mouse bone marrow to
evaluate whether neutralization of IL-20 regulates the dif-
ferentiation of adipocytes from multipotent stem cells. RT-
gPCR showed that IL-20 and its 3 receptors were expressed
in MSCs (Figure S5). We generated two MSC stable clones
constantly expressing IL-20 mAb 7E using a lentivirus de-
livery system (Figure 5¢). MSCs, MSC transfected with con-
trol empty vector and two MSC clones expressing 7E were
cultured under adipocyte differentiation conditions for
14 days. Oil Red O staining showed that the adipocyte dif-
ferentiation was significantly inhibited in two MSC clones
expressing 7E compared with the control MSC clone (Figure
5d). These results demonstrated that IL-20 promoted adipo-
cytes differentiation which was potently inhibited by 7E.

Transcription factors associated with
adipogenesis were regulated in IL-20-
treated adipocytes

We next tested whether IL-20 promoted adipogenesis-
related factors. SGBS preadipocyte cells were incubated
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FIGURE 4 Functions of IL-20 in SGBS adipocytes. (a) Western blotting of IL-20 in the conditioned medium under normoxic and
hypoxic conditions for the indicated time periods. (b) IHC staining of IL-20 in mature SGBS cells under hypoxic conditions for 4 days. (c)
The level of IL-20 in mature SGBS cells under hypoxic conditions for 24-96 h was measured using ELISA. *p < 0-05 compared with hypoxia
24 h. ND =nondetectable. (d) The expression of IL-20R1, IL-20R2 and IL-22R1 mRNA in mature SGBS adipocytes was analysed using RT-
gqPCR. (e) The level of leptin in IL-20-treated SGBS cells (200-800 ng/ml for 14 days in differentiation medium) was measured using ELISA.
*p < 0-05 compared with untreated controls. (f) The level of leptin in mIgG- or 7E-treated mature SGBS cells under hypoxic conditions for
96 h was measured using ELISA. *p < 0-05 compared with normoxic controls, #p < 0-05 compared with mIgG-treated group. (g) Mature
SGBS cells were incubated with IL-20 (200 ng/ml) for the indicated time periods, and then, cell lysates were collected and analysed using
immunoblotting with specific antibodies against phospho-ERK1/2. 8-Actin was an internal control. (h) Western blot of phospho-ERK1/2
and f-actin in mature SGBS cells treated with IL-20 (200 ng/ml) in the presence of the ERK1/2 inhibitor U0126 (10 uM) or vehicle (DMSO).
(i) Leptin level in culture supernatants of mature SGBS cells treated with IL-20 (200 ng/ml) in the presence of the ERK1/2 inhibitor U0126
(10 uM) or vehicle (DMSO). *p < 0-05 compared with untreated controls, #p < 0-05 compared with IL-20 plus DMSO-treated group. (j-k)
The differentiated SGBS mature adipocytes were incubated with IL-20 (200-800 ng/ml), mIgG (8 ug/ml), 7E (8 ug/ml), IL-20 (800 ng/

ml) plus mIgG (8 pug/ml) or IL-20 (800 ng/ml) plus 7E (8 pg/ml) in serum-free medium for 24 h, and then, 2-deoxyglucose uptake was
assessed using glucose uptake assay. *p < 0-05, **p < 0-01 compared with untreated controls, #p < 0-05 compared with IL-20 plus mIgG-
treated group. (1) Western blot of SOCS-1, SOCS-3, -actin phospho-AKT and AKT in mature SGBS cells treated with IL-20 (200 ng/ml)

for the indicated time periods. Data in (c), (e), (f), (i), (j) and (k) are expressed as mean +SEM and are representative of three independent

experiments

with IL-20 for 14 days under standard adipocyte dif-
ferentiation conditions. RT-qPCR showed that FABP-
4, PPARy, SREBP-1C and C/EBPa transcripts were
significantly higher in IL-20-treated cells at different

time-points (Figure 5e), which indicated that IL-20 regu-
lated adipogensis-related factors during adipocyte matu-
ration. We used Western blotting to confirm FABP-4,
PPARy and C/EBPua (Figure 5f).
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FIGURE 5 Adipogenesis was higher in IL-20-treated SGBS cells. (a) SGBS preadipocytes were incubated for 14 days in differentiation
medium with IL-20 (200-800 ng/ml). The lipid droplets were stained with Oil Red O. (b) The OD value of Oil Red O eluted solution, which
represents lipid droplet accumulation in the cytoplasm. *p < 0-05 compared with untreated controls. (c) Expression of 7E heavy chain (HC)

(green) and 7E light chain (LC) (red) in mouse mesenchymal stem cells (MSCs) using a lentivirus delivery system. Co-expression of 7E-HC
and 7E-LC is shown in yellow in the merged image. (d) Oil Red O staining of MSC/vector, MSC and MSC/7E under adipocyte differentiation
medium for 14 days. OD value of Oil Red O eluted solution, which represents lipid droplet accumulation in the cytoplasm. *p < 0-05

compared with MSC/vector. (e) SGBS preadipocytes were incubated for 14 days in differentiation medium with PBS or IL-20 (200 ng/ml).

The mRNA of the treated cells was isolated and analysed using RT-qPCR with specific primers. Data are representative of three independent

experiments. (f) Mature SGBS cells were incubated with IL-20 (200 ng/ml) for the indicated time periods, and then, cell lysates were

collected and analysed using immunoblotting with specific antibodies against FABP-4, C/EBPa and PPARY. $-actin was an internal control.

Data in (b) and (d) are expressed as mean +SD and are representative of three independent experiments

Obesity-induced insulin resistance was
ameliorated in 7E-treated mice

We generated HFD-induced obese mice to examine the
beneficial effects of 7E on obesity-induced inflamma-
tion and insulin resistance. C57BL/6 male mice were
fed LFD until they were 6 weeks old. Subsequently,
they were randomly assigned to the LFD or HFD group
for 16 weeks. The treatment began after the 1-week
HFD, at which time the mice were divided into three

groups: (i) HFD mice without treatment, (ii) HFD mice
treated with 10 mg of nonspecific mIgG/kg/3 d and (iii)
HFD mice treated with 10 mg of 7E/kg/3 d. Changes
in body weight were measured weekly. Body weights
were not significantly different between groups at the
beginning, but after 16 weeks, body weight was sig-
nificantly lower in the 7E-treated mice than in the
mlgG-treated mice (Figure 6a), despite equivalent total
caloric intakes (Figure 6b). Moreover, glucose and in-
sulin tolerance tests showed that 7E-treated mice had
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FIGURE 6 Obesity-induced insulin resistance was ameliorated in 7E-treated mice. Male C57BL/6 mice were randomly assigned to the
LFD (10% kcal derived from fat) or the HFD (60% kcal derived from fat) group for 16 weeks. The experiments began 1 week after HFD and
the mice were divided into three groups (n = 10 mice per group): HFD mice without treatment, and HFD mice treated with 10 mg mIgG/

kg/3 d, or 10 mg 7E/kg/3 d. (a-b) Body weight and food intake were measured weekly. (c) A glucose tolerance test (GTT) and (d) an insulin

tolerance test (ITT) were performed at week 15 after mIgG or 7E treatment. The fat pad weight (g), serum IL-20 (e), leptin (f), triglyceride
(h), ALT (i) and AST (j) levels of mIgG- and 7E-treated HFD mice were measured. (k) The expression of IL-20 in different organs and
adipose tissue of mIgG- and 7E-treated HFD mice was analysed using RT-qPCR. Data are expressed as mean +SEM and are representative of

three independent experiments. *p < 0-05 compared with mIgG-treated HFD mice

improved glucose homeostasis and insulin responsive-
ness than did mIgG-treated mice (Figure 6¢,d), and
lower IL-20 and leptin concentrations (Figure 6e,f).
Fat pad weight (Figure 6g) and serum triglyceride,
ALT and AST were also lower in the 7E-treated mice
(Figure 6h-j). Haematoxylin and eosin staining showed
that hepatic steatosis was also lower in the 7E-treated
mice (Figure S6). RT-qPCR showed that IL-20 expres-
sion was upregulated in liver, kidney and especially
in adipose tissue of the mIgG-treated mice but signifi-
cantly downregulated in the 7E-treated mice (Figure
6k). These data also suggested that the highest levels
of IL-20 were produced in adipose tissue based on our
RT-qPCR analysis.

Adipose tissue inflammation was
ameliorated in 7E-treated mice

We analysed the macrophages isolated from adipose
tissue of 7E-treated mice. The number of total mac-
rophages (F4/80") was lower in 7E-treated mice (Figure
7a), and FACS analysis confirmed fewer M1 mac-
rophage (F4/80*CD11c*CD2067) (Figure 7b), but there
was no change in the number of M2 macrophages
(F4/80*CD11¢"CD206") in 7E-treated mice compared
with mIgG-treated mice (Figure 7c). The inflammation
reduction in the adipose tissue of the 7E-treated mice was
confirmed using RT-qPCR analysis (Figure 7d), and IHC
staining showed fewer IL-20-positive cells and crown-like
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FIGURE 7 Obesity-induced adipose tissue inflammation was reduced in 7E-treated mice. Male C57BL/6 mice were randomly assigned
to the LFD (10% kcal derived from fat) or the HFD (60% kcal derived from fat) group for 16 weeks. The experiments began 1 week after
HFD and the mice were divided into three groups (n = 10 mice per group): HFD mice without treatment, and HFD mice treated with 10 mg
mlgG/kg/3 d or 10 mg 7E/kg/3 d. The number of ATMs (a), M1 macrophages (b) and M2 macrophages (c) in adipose tissue isolated from
mlgG-treated and 7E-treated HFD mice were calculated using FACS analysis. (d) RT-qPCR analysis of MIF, TNF-a and MCP-1 mRNA
expression in adipose tissue isolated from mIgG-treated and 7E-treated HFD mice. (e) IHC staining of IL-20 in adipose tissue section from

mlgG-treated and 7E-treated HFD mice. Data are expressed as mean +SEM and are representative of three independent experiments.

*p < 0-05 compared with mIgG-treated HFD mice

structures in the adipose tissue of the 7E-treated mice
(Figure 7e).

DISCUSSION

Adipose tissue inflammation is a key process in the de-
velopment of obesity-induced insulin resistance. We
demonstrate here that IL-20 was upregulated in ATMs
and adipocytes of the visceral WAT in obese patients. IL-
20 promoted adipose tissue inflammation, macrophage
chemotaxis, and systemic insulin resistance. Moreover,
IL-20 mAD 7E treatment in vivo reduced local and systemic
inflammation, insulin resistance, and ATM accumula-
tion in visceral WAT. Collectively, these findings suggest
that IL-20 secretion by ATMs promotes their retention in
visceral WAT and fosters the chronic inflammation that
leads to metabolic disorder.

We showed that IL-20 was higher in obese patients,
which is consistent with the study [37] reporting that
IL-20 levels are higher in premenopausal obese women
and are associated with body weight and waist-hip ratio.
We also found that IL-20 was positively correlated with
leptin in obese patients. The level of IL-20 was higher
in leptin-deficient (ob/ob), leptin-resistant (db/db) and
HFD-induced murine models of obesity. These findings

indicated that IL-20 is involved in obesity by overnutrition
through HFD feeding and it is associated with genetically-
induced obesity. One study [38] reported that the level
of leptin in the serum and adipose tissues increased in
response to TNF and LPS. We found that IL-20 tightly
regulated the leptin level. Overeating and obesity lead to
hypothalamic inflammation, which, in turn, causes the
dysfunction of hypothalamic neurons [39,40]. Recent
studies [41,42] reported that hypothalamic inflammation
leads to experimental obesity, resistance to leptin, periph-
eral insulin resistance, and dysregulation of food intake
and energy expenditure.

Obesity is associated with the accumulation of mac-
rophages in adipose tissue. These cells secrete proin-
flammatory molecules—TNF-a, IL-18 and MCP-1—that
contribute both to local and systemic inflammation,
thus potentiating insulin resistance. We found that the
cellular sources of IL-20 were ATM and adipocytes,
which are mediated under hypoxic conditions in obese
organisms. IL-20 promoted IL-20, TNF-a and MCP-1
expression in peritoneal exudate macrophages isolated
from HFD, but not LFD mice; IL-20 increased monocyte
chemotaxis in vitro. Taken together, these findings sug-
gest that IL-20 is chemotactic for macrophage accumu-
lation in obese organisms. Additionally, IL-20 increased
the expression of netrin 1 and unc5b expression, which
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contributed to macrophage retention in adipose tissues
in obese mice.

Despite the importance of ATMs in adipose tissue in-
flammatory responses and systemic insulin sensitivity, the
mechanisms underlying M1 versus M2 macrophage polar-
ization are still poorly understood. In our bone marrow-
derived macrophage in vitro culture system, 7E significantly
suppressed M1 macrophage polarization, which indicated
that IL-20 is involved in regulating macrophage polariza-
tion. 7E treatment had the same effects in obese HFD mice,
which provides additional support that IL-20 regulates the
cellular balance between the M1 and M2 macrophages in
obese mice model. Furthermore, MCP-1 binding to its re-
ceptor, CCR2, plays an important in a variety of infectious
and inflammatory diseases [43]. The MCP-1/CCR2 system
contributes to monocyte migration into adipose tissue. We
found that 7E inhibited MCP-1 expression in the adipose
tissue of obese mice. Previous study [44] also reported that
the expression level of CCR2b on F4/80* macrophages was
decreased after blocking of IL-20’s function. These data
suggested that 7E will suppress the migration of mono-
cytes through the MCP-1-CCR2 axis in obesity.

Both the recruitment and the proinflammatory po-
larization of ATMs are required for the development of
insulin resistance. Activated M1 ATMs are a prominent
source of proinflammatory cytokines like TNF-or and IL-6,
which block insulin activity in adipocytes, thereby causing
systemic insulin resistance. We found that IL-20 alone in-
duced the expression of several cytokines in macrophages
and adipocytes isolated from HFD mice, which suggested
that IL-20 and TNF-a, IL-6 and MCP-1 synergistically me-
diate the initial inflammatory response in adipose tissue.
IL-20 inhibited insulin-stimulated glucose uptake in adipo-
cytes in vitro; 7E treatment improved glucose homeostasis
and insulin responsiveness in obese HFD mice. Therefore,
IL-20 might directly affect local inflammation and insulin
resistance and indirectly affect these activities by inducing
other mediators via autocrine/paracrine signalling.

Recent studies [14,15] reported that multiple macro-
phage populations existed in obese adipose tissues. It will
be very interesting to determine the heterogeneity of the
macrophage populations in adipose tissue after IL-20 an-
tibody treatment and such alterations in macrophage pop-
ulation may have impact to the pathogenesis of metabolic
disorder caused by adipose tissue. The single-cell RNA se-
quencing to elucidate the molecular mechanism of IL-20
in the regulation of macrophage differentiation and the
macrophage phenotype changes in HFD mice awaits fur-
ther investigation.

No significant difference in body weight was observed
in 7E-treated HFD mice for the initial 11 weeks. However,
body weight was significantly lower in 7E-treated HFD
mice than in mIgG-treated HFD mice during weeks 11-15.

We hypothesized that other cytokines compensated for
the activity of IL-20 during the early acute inflammatory
response. IL-20 might be more critical for macrophage
accumulation and regulating glucose homeostasis in the
chronic inflammatory state and contribute to metabolic
dysfunction. IL-20 signals through the type I (IL-20R1/IL-
20R2) or type II (IL-22R1/IL-20R2) receptor complexes.
IL-22R1-deficient HFD mice are prone to developing met-
abolic disorders. [45] This finding raised the possibility
that IL-20R1/IL-20R2 signals promote obesity and that
IL-22R1/IL-20R2 signals inhibit it. It is noteworthy that
IL-22R1 not only pairs with IL-10R2 to form a functional
IL-22 receptor complex, but also couples with IL-20R2
to form a receptor for IL-20 and IL-24- [21] The discrep-
ancy in the HFD-induced obese mouse model observed
between neutralizing IL-20 and IL-22R1-deficient mice
suggests that other IL-22R1 ligands may also regulate
metabolic dysfunction. Additional studies are needed to
explore the detailed molecular mechanism of modulation
of obesity by these cytokines.

A chronic JAK-STAT3-SOCS-3 pathway in an obese or-
ganism impairs normal leptin and insulin activities [46].
Serum IL-20 level was higher in patients with diabetes
mellitus than in healthy controls [32]. In the present study,
we found that IL-20 impaired insulin-mediated glucose
uptake and that IL-20 stimulated SOCS-3 expression in
adipocytes. IL-20 has been associated with pathways that
regulate TLR4 expression. The expression of TLR4 was
reduced after inhibiting IL-20[44]. Activating TLR4 sig-
nalling in adipocytes activated JNK and NFxB signalling,
which upregulated the expression of proinflammatory
cytokines, which in turn increased SOCS-3 production
[47]. Higher SOCS-3 expression in adipose tissue impairs
insulin signals, which dysregulates glucose transport and
homeostasis. Therefore, IL-20 might regulate glucose ho-
meostasis through these signal pathways.

MSCs differentiate into osteoblasts, adipocytes, chon-
drocytes and myoblasts. It has been suggested that a re-
ciprocal relationship exists between the differentiation of
MSCs into osteoblasts and adipocytes. We found that IL-
20 increased adipocyte differentiation in SGBS cells and
the differentiation was inhibited in 7E-expressing MSCs.
Furthermore, IL-20 inhibited osteoblast differentiation
and maturation [48]. These findings suggest that IL-20 is
a critical regulator for determining the differentiation of
MSCs into osteoblasts and adipocytes. It is necessary to
further investigate the mechanism that IL-20 uses to regu-
late the differentiation of MSCs into osteoblast and adipo-
cytes. It will also be interesting to explore the mechanism
in obese organisms to maintain the balance between adi-
pogenesis and osteoblastogenesis.

Visceral WAT expands via two distinct mechanisms:
hypertrophy (increase in the size of adipocytes) and
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hyperplasia (increase in the number of adipocytes).
Hyperplasia is correlated more strongly with the severity
of obesity and is most marked in the severely obese [49].
Prolonged periods of weight gain in adulthood increase the
number of adipocytes [50]. We found significantly higher
serum levels of IL-20 in patients with moderate-to-severe
obesity than in mildly obese patients and in healthy con-
trols. In addition, IL-20 modulated adipogenesis and ad-
ipocyte differentiation by upregulating PPARy and C/
EBPa. IL-20 did not promote adipocyte hypertrophy. IL-20
only increased the number of adipocytes which provides
more evidence that IL-20 contributes to maintaining a
long-term, low-grade chronic inflammatory state in obe-
sity. In summary, our findings demonstrate that IL-20 is
an important regulator for adipose tissue inflammation
and adipose tissue macrophage chemotaxis. IL-20 affected
macrophage polarization and promoted insulin resistance
in obese humans and mice. Therefore, we have identified a
critical role of IL-20 in obesity-induced inflammation and
insulin resistance. We conclude that IL-20 is a novel target
for treating obesity and insulin resistance in patients with
metabolic disorders.
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