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IL-33 promotes IL-10 production in macrophages:
a role for IL-33 in macrophage foam cell formation

Hai-Feng Zhang1,2,4, Mao-Xiong Wu1,2,4, Yong-Qing Lin1,2, Shuang-Lun Xie1,2, Tu-Cheng Huang1,2,
Pin-Ming Liu1,2, Ru-Qiong Nie1,2, Qin-Qi Meng3, Nian-Sang Luo1,2, Yang-Xin Chen1,2 and Jing-Feng Wang1,2

We evaluated the role of IL-10- in IL-33-mediated cholesterol reduction in macrophage-derived foam cells (MFCs) and the

mechanism by which IL-33 upregulates IL-10. Serum IL-33 and IL-10 levels in coronary artery disease patients were measured.

The effects of IL-33 on intra-MFC cholesterol level, IL-10, ABCA1 and CD36 expression, ERK 1/2, Sp1, STAT3 and STAT4

activation, and IL-10 promoter activity were determined. Core sequences were identified using bioinformatic analysis and site-

specific mutagenesis. The serum IL-33 levels positively correlated with those of IL-10. IL-33 decreased cellular cholesterol level

and upregulated IL-10 and ABCA1 but had no effect on CD36 expression. siRNA-IL-10 partially abolished cellular cholesterol

reduction and ABCA1 elevation by IL-33 but did not reverse the decreased CD36 levels. IL-33 increased IL-10 mRNA

production but had little effect on its stability. IL-33 induced ERK 1/2 phosphorylation and increased the luciferase expression

driven by the IL-10 promoter, with the highest extent within the −2000 to −1752 bp segment of the 5′-flank of the

transcription start site; these effects were counteracted by U0126. IL-33 activated Sp1, STAT3 and STAT4, but only the STAT3

binding site was predicted in the above segment. Site-directed mutagenesis of the predicted STAT3-binding sites

(CTGCTTCCTGGCAGCAGAA→CTGCCTGGCAGCAGAA) reduced luciferase activity, and a STAT3 inhibitor blocked the regulatory

effects of IL-33 on IL-10 expression. Chromatin immunoprecipitation (CHIP) confirmed the STAT3-binding sequences within the

−1997 to −1700 and −1091 to −811 bp locus regions. IL-33 increased IL-10 expression in MFCs via activating ERK 1/2 and

STAT3, which subsequently promoted IL-10 transcription and thus contributed to the beneficial effects of IL-33 on MFCs.

Experimental & Molecular Medicine (2017) 49, e388; doi:10.1038/emm.2017.183; published online 3 November 2017

INTRODUCTION

IL-33, a recently discovered cytokine that belongs to the IL-1
superfamily, activates many types of cells and induces Th2
cytokines via its transmembrane receptor, ST2L.1 IL-33 has
both harmful and beneficial effects, depending on the circum-
stances and pathological processes involved.2 This cytokine
mediates a number of immunology disorders (for example,
anaphylactic reactions, systemic sclerosis and systemic lupus
erythematosus).2

However, IL-33 exerts a wide range of protective effects in
the cardiovascular system. For example, IL-33 promotes
anti-oxidized low-density lipoprotein (ox-LDL) antibody
production and greatly attenuates atherosclerosis in vivo.3

Moreover, an in vitro study demonstrated that IL-33 protects
lipid-overloading in macrophage-derived foam cells (MFCs)
via regulating the expression of genes involved in cholesterol
transport, such as CD36 and ATP-binding cassette

transporter A-1 (ABCA1).4 IL-10 is an important cytokine
in regulating cholesterol transport and has been shown to
prevent macrophages from cholesterol overload and to
stimulate cholesterol efflux.5,6 In addition, IL-10 also
increases ABCA1 expression.7,8

The associations between IL-33 and IL-10 are unknown, and
studies have reported conflicting results. Several studies have
shown that the IL-10 levels were unchanged by IL-33 treat-
ment, whereas others have reported the opposite outcomes,
depending on the different physio-pathological processes
evaluated and the animal models utilized.3,9 Furthermore,
studies have shown that IL-33 directly induced CD4+CD25+

Foxp3+ regulatory T cells in vivo,10 which may also support a
role for IL-33 in promoting IL-10 production, as IL-10 is
thought to be abundantly expressed in these cells.11

Therefore, we hypothesized that IL-33 promotes IL-10
production in MFCs, which helps to regulate cholesterol
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transport-related genes, which contribute to the beneficial
effects of IL-33 therapy in MFCs. We first examined whether
there was a link between IL-33 and IL-10 in coronary artery
disease (CAD) patients. Thereafter, an in vitro study was
performed to validate the association between IL-33 and
IL-10 and the role that IL-10 plays in the reduction of the
intracellular cholesterol levels in MFCs by IL-33. Moreover, we
investigated whether the promotion of IL-10 expression by
IL-33 in macrophages was transcription-related and identified
related transcription factors and potential binding sites.

MATERIALS AND METHODS

Patients
A total of 229 angiographically confirmed stable CAD patients were
enrolled in the Department of Cardiology, Sun Yat-sen Memorial
Hospital from January to December 2011. The following major
exclusion criteria were applied: (1) heart failure; (2) myocarditis;
and (3) allergic diseases (that is, asthma), autoimmune diseases (that
is, systemic lupus erythematous), inflammatory diseases (for example,
rheumatic arthritis and inflammatory bowel disease) and malignant
diseases. All participants were Han Chinese. The study protocol was
approved by the ethics committee of Sun Yat-sen Memorial Hospital,
which is affiliated with Sun Yat-sen University, and written consent
was obtained from each participant (or a relative).

Cell culture, site-directed mutagenesis, vector construction
and transfection of siRNAs and plasmids
The human monocyte cell line THP-1 was purchased from ATCC
(Bethesda, MD, USA). The cells were plated at a density of
5 × 105 ml− 1 and incubated in 1640 medium (Invitrogen, Carlsbad,
CA, USA) with 10% fetal bovine serum (Invitrogen) containing 1%
penicillin (Invitrogen), 1% streptomycin (Invitrogen), 2 mM L-gluta-
mine (Invitrogen) and 50 μM 2-mercaptoethanol (Sigma, Saint Louis,
MO, USA) at 37 °C and 5% CO2. The cells were differentiated into
macrophages using 160 nM phorbol 12-myristate 13-acetate (PMA)
(Sigma) intervention for 72 h. The macrophages were treated with ox-
LDL-c (50 μg ml− 1) and later stimulated with different doses of IL-33
(1, 10, 30 or 100 ng ml− 1, Sino Biological, Beijing, China) for various
durations. Phosphate-buffered saline (PBS)/0.1% bovine serum albu-
min was used as vehicle control for in vitro human IL-33 stimulation
experiments.
For siRNA transfection, stealth siRNA specific to the 3′-UTR of the

IL-10 mRNA was used as previously described.12 Details of the
sequence are listed in the Supplementary Materials. For transfection,
siRNA (50 nM) was transfected into MFCs using Lipofectin 2000
(Invitrogen) as per the manufacturer’s instructions. A nonsense
scramble siRNA was used as a transfection control (Supplementary
Materials). The knockdown efficiency was tested by quantitative real-
time PCR (qRT-PCR) and ELISA for each experiment. All siRNAs
were provided by the Ribobio Company (Guangzhou, Guangdong,
China).
To identify the core sequences of the IL-10 promoter targeted by

IL-33, a promoter deletion analysis was performed. Briefly, a total of
nine segments were amplified by PCR, which were later ligated to the
pGL3-Basic vector using the incision enzymes KpnI and XhoI to
construct pGL3-Basic-IL 10-1 to pGL3-Basic-IL10-9. Briefly, of the
two to nine inserts, ~ 250 bp in the 5′-flank were gradually deleted;
therefore, vectors containing decremented sequences of the 5′-flank of
the IL-10 gene were constructed. The plasmids (pGL3-Basic, pGL3-

Basic-IL10-1 to pGL3-Basic-IL10-9) and inner-control plasmid (pRL-
TK) were co-transfected into MFCs using Lipofectamine LTX & PLUS
(Invitrogen) for luciferase activity assessment as described below.
A core sequence of the STAT3-binding site (TTCC) in the potential

target segments were deleted (TTCC→C) by site-directed mutagenesis
using a commercially available kit (Stratagene, La Jolla, CA, USA).
Briefly, mutated plasmids were obtained by PCR using site-directed
mutagenesis primers (listed in Supplementary Materials) and wild-
type plasmid as templates. DpnI was used to digest the remaining
wild-type plasmid, and PCR products were transformed into the
provided XL1-Blue competent cells. Finally, mutated plasmids were
extracted and subsequently transfected as above.

Biochemical analyses
ELISA. Blood samples were obtained at admission, and serum was
collected by centrifugation, which was frozen immediately at − 80 °C
for subsequent batch analyses. Serum levels of IL-33 and IL-10 were
measured using ELISA kits (IL-33: Enzo, Farmingdale, NY, USA;
IL-10: R&D Systems, Minneapolis, MN, USA). Cell supernatants
following the treatments were collected and were subjected to IL-10
determinations after centrifugation.

Total cellular cholesterol assessments
Cellular cholesterol levels were analyzed 48 h after stimulation or 72 h
after siRNA transfection, as previously described.13 Briefly, MFCs were
washed with PBS and subsequently lysed. An aliquot (20 μl) was used
for total protein assessment, and the rest of the cell lysates were used
for lipid extraction using a mixture of hexane and isopropanol
(3:2, v/v), as described previously.14 The intracellular cholesterol
content was assessed using a commercially available kit (BioAssay
System, Hayward, CA, USA).

Quantitative real-time RT-PCR
Reverse transcription polymerase chain reaction (RT-PCR) was
performed as previously described.15 Briefly, total RNA was extracted
using Trizol (Invitrogen) and was used for reverse transcription. qRT-
PCR was performed using the primers listed in the Supplementary
Materials.

Immunofluorescence and flow cytometry
Flow cytometry and immunofluorescence were performed to demon-
strate the presence of ST2L on MFCs. For immunofluorescence,
treated cells were washed and fixed in 4% paraformaldehyde. Cell
membranes were permeabilized by 1% Triton. Rabbit-anti human
CD68 (Cell Signaling Technology, Danvers, MA, USA) and goat-anti
human ST2L (R&D Systems) primary antibodies were added followed
by mouse anti-rabbit IgG Alexa 488-labeled and mouse anti-goat Cy3-
labeled secondary antibodies. Finally, cell nuclei were re-stained with
DAPI and examined by confocal fluorescence microscopy (LSM710,
Carl Zeiss, Oberkochen, Germany).
For flow cytometry, MFCs were collected and washed. Cell

precipitations were fixed and permeabilized using a Fix & Perm kit
(Life Technologies, Bedford, MA, USA). Goat-anti human ST2L
(R&D Systems) and rabbit anti-goat IgG FITC-labeled antibodies
(Jackson ImmunoResearch, West Grove, PA, USA) were added. After
that step, the cells were washed and incubated with Alexa Fluor
647-labeled anti-CD68 (Abcam, EPR1392Y, Cambridge, MA, USA).
Finally, the cells were collected, resuspended in PBS and analyzed by
flow cytometry. Autofluorescence and isotype controls were run
routinely as controls.
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Western blot analysis
Western blot analysis was conducted as described previously.15 Briefly,
total protein (for Sp1, nuclear protein was extracted according to the
manufacturer’s instructions, Promega, Madison, WI, USA) was
extracted using RIPA (with PMSF) and was analyzed by SDS-PAGE,
which was blotted onto polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA). The membranes were blocked and incubated
overnight with the indicated primary and secondary antibodies
(primary antibodies: CD36, Novus, Littleton, CO, USA; ABCA1,
Abcam; and GAPDH, ERK, p38, JNK, Sp1, Histone H3, STAT3 and
STAT4, Cell Signaling Technology; secondary antibody: HRP-
conjugated anti-mouse/rabbit IgG (Jackson ImmunoResearch)).
Visualization of immunoreactive human IL-33 was performed using
enhanced ECL reagents (Thermo Fisher Scientific, Rockford, IL, USA).
For the detection of ST2L presence in the MFC membrane, total
membrane proteins were extracted using a CelLytic MEM protein
extraction kit (Sigma), and were subsequently subjected to routine
western blot analysis, as described above, and anti-ATPase Na+/K+-β2,
instead of GAPDH, antibody (Abcam) was used as a loading control.

IL-10 mRNA stability detection and dual-luciferase reporter
gene assays
IL-10 mRNA is unstable; therefore, stabilization of its mRNA is
important for its expression.16 To test whether IL-33 stabilizes IL-10
mRNA, we tested the half-life of IL-10 mRNA as previously
described.17 Briefly, MFCs were treated with different doses of IL-33
for 6 h, and then actinomycin D (ActD, 5 μg ml− 1) was added to
block RNA synthesis. The remaining IL-10 mRNA levels were
measured using qRT-PCR, as described above.
It is widely accepted that transcriptional regulation and promoter

activity is crucial to IL-10 expression.11 To assess directly the effects of
IL-33 on IL-10 promoter activity, we performed dual-luciferase
reporter assays using a previously reported method but with
modifications.18 Briefly, re-constructed pGL3 and pRL-TK vectors
were transfected into MFCs, as described above, the cells were
collected and luciferase activity was determined using a luminometer
and a commercial kit (Promega).

Bioinformatic analysis of IL-10 promoter sequences
To explore the potential transcriptional factors that mediate the
upregulatory effects of IL-33 on IL-10 mRNA production, we used a
published formula, namely, the Genomatrix MatInspector (Transcrip-
tion factor binding sites, weight matrices; Matrix Library version 9.4;
Core similarity at 0.75 and Matrix similarity at ‘Optimized’), to predict
potential transcription factor binding sites. To include more possible
target sequences, we expanded to the − 2000 bp of the 5′-flank of the
IL-10 gene sequence from transcription start sites instead of
the − 1531 bp, as previously reported.19 The predictive results from
the Genomatrix MatInspector were confirmed using the JASPAR
database to provide further support of the results. Potential homo-
logous sequences to the predicted binding sequence in different species
were identified using a UCSC database and homology analyses were
conducted using Clustal X2.

Chromatin immunoprecipitation
To validate that STAT3 binds the target sequences predicted by the
bioinformatic analysis, we performed chromatin immunoprecipitation
using a Pierce Agarose ChIP Kit (Thermo Fisher Scientific). Briefly,
cells were cross-linked in 1% formaldehyde followed by sequential cell
and nuclear membrane lysis. After the second lysis (nuclear lysis),

sonication was performed to generate sheared DNA fragments.
Supernatants of the final lysates were transferred to an immunopre-
cipitation system containing a spin column and rabbit anti-human
STAT3 antibody (Cell Signaling Technology). The DNA–protein–
STAT3 antibody complex was precipitated with protein A/G plus
agarose for later elution. After elution, DNA was recovered and
extracted for qPCR detection (primers specific to potential target
sequences (listed in the Supplementary Materials) were identified by
promoter deletion and bioinformatic analyses). Routine input control
using 10% volume of the sonicated lysate was performed.

Statistical analysis
Normally distributed data are expressed as the mean± s.d.; otherwise,
they are reported as the median and 25th and 75th quartiles.
Categorical variables are presented as absolute and relative frequencies.
Spearman correlations were used to evaluate the association between
IL-33 and IL-10 serum levels. Statistical comparisons across groups
were made using t-tests (or one-way ANOVA followed by SNK test for
multiple post hoc comparisons if three or more groups were involved)
for normally distributed data, and the Pearson’s χ2-test was used for
categorical variables comparisons. For non-normally distributed data,
the Wilcoxon two-sample test was used. All statistical analyses were
performed using SAS software version 9.13 (Cary, NC, USA), and
statistical graphs were produced using GraphPad Prism Software (San
Diego, CA, USA).

RESULTS

Patients’ characteristics and IL-33 and IL-10 levels
A total of 229 CAD patients (54 with acute myocardial
infarction and 175 with stable angina pectoris) were included.
The basic characteristics of the two groups are listed in Table 1.
Overall, age, gender, smoking habit, blood pressure and
medications were not significantly different among the groups.
The serum IL-33 levels in the patients were not normally
distributed, whereby the minimum, P25, median, P75 and
maximum levels were 0.14, 24.25, 56.67, 259.52 and
946.18 pgml− 1, respectively (Figure 1a). Similarly, the IL-10
concentrations were not normally distributed, although to a
considerably lesser extent (the minimum, P25, median, P75
and maximum levels were 0.64, 10.48, 18.85, 23.46 and
45.71 ngml− 1, respectively, Figure 1a). To analyze the relation-
ship between IL-33 and IL-10, patients were divided into the
following two groups according to their median serum IL-33
levels: low IL-33 level group (L-group, all IL-33
levels⩽ 56.67 pgml− 1, n= 115) and high IL-33 level group
(H-group, all IL-33 levels456.67 pgml− 1, n= 114). The
minimum, P25, median, P75 and maximum levels were 0.64,
7.60, 12.92, 18.49 and 45.71 ng ml− 1, respectively, for the
L-group and were 1.10, 19.67, 27.31 and 42.68 ng ml− 1,
respectively, for the H-groups, with significant differences
observed (Z= 6.87, Po0.01; Figure 1b). Furthermore, a Spear-
man correlation analysis yielded a positive association between
the serum IL-33 and IL-10 concentrations, with a correlation
coefficient of 0.503 (Figure 1c). In addition, the LDL-c and TC
levels were also lower in the L-group patients, whereas the
HDL-c and TG levels did not differ between the groups
(Table 1). A logistic regression analysis showed that such
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differences were still significant after adjusting for serum
creatinine, TC, LDL-c, HDL-c and hs-CRP (Wald χ2= 15.00,
Po0.01).

The IL-33 membrane receptor ST2L is constitutively
expressed in MFCs
The transmembrane G-protein-coupled receptor ST2L is the
only recognized receptor of IL-33 and is believed to mediate
most of the biological effects of IL-33. Therefore, we first
examined the presence of this receptor on the surface of MFCs.
Moreover, as the presence of ST2L mRNA has been docu-
mented previously, we confirmed the presence of this receptor
at the protein level.

Immunofluorescence showed substantial ST2L expression,
which was as abundant as CD68 expression in the MFCs
(Figure 2a–d). To calculate the proportion of CD68+/ST2L+

MFCs, we performed flow cytometry. As shown in Figure 2e,
95.7% and 98.21% of the MFCs were CD68 and ST2L positive,
respectively. Meanwhile, 94.24% of the MFCs were positive for
both CD68 and ST2L (Figure 2e). This finding indicated that
ST2L was constitutively expressed on the surface of the MFCs.
However, the expression profile of ST2L on the surface of the
membrane could not be identified; because we permeabilized
the cell membrane the location of the segment that the
antibody recognized was unclear. Moreover, it may be difficult
for the antibody to discriminate ST2L from the soluble form.

Therefore, we extracted membrane protein and examined ST2L
expression by western blotting. As shown in Figure 2f, ST2L
expression could be detected in the MFC membrane. These
data consistently demonstrate the constitutive presence of ST2L
on the surface of MFCs.

Moderate IL-33 stimulation induced IL-10 expression in
MFCs
To validate the effects of IL-33 on IL-10 production, we
assessed IL-10 expression in MFCs using different doses of
IL-33. Results from real-time RT-PCR showed that IL-10 was
upregulated by IL-33 in a dose-dependent manner, with
concentrations ranging from 1 ngml− 1 to a peak of
30 ngml− 1, which was more than five times higher than the
PBS-treated samples (Figure 3a). Interestingly, when stimulated
with larger doses (50 and 100 ngml− 1), the IL-10 mRNA
abundance was decreased compared with that of the
30 ngml− 1 dose (Figure 3a). In addition, IL-10 mRNA
determinations at different durations of IL-33 treatment
showed that IL-33 regulated IL-10 mRNA expression profiles
in a rapid manner, reaching a peak at 6 h after IL-33
intervention (Figure 3a). The IL-10 content in the cultured
medium showed similar results (Figure 3b). These results
showed that IL-10 was upregulated by IL-33 in MFCs under
moderate to high concentration stimulus.

Table 1 Basic characteristics of the CAD patients with low or high serum IL-33 levels

L-group (n=115) H-group (n=114) P-value

age (year) 64.31±(13.31) 65.86±(11.22%) 0.34
Male (n, %) 77 (66.96) 65 (57.05%) 0.12
Smoking (n, %) 48 (41.74%) 44 (38.60%) 0.63
LVEF (%) 64.36±8.10 62.53±10.32 0.14
IL-33 (pg ml−1) 24.25 (10.33, 56.67) 262.56 (144.75, 946.18) o0.01*
TC (mmol l−1) 5.32±1.24 4.25±1.01 o0.01
LDL-c (mmol l−1) 3.42±0.97 2.48±0.90 o0.01
HDL-c(mmol l−1) 1.20±0.28 1.17±0.33 0.38
TG (mmol l−1) 1.48 (1.05, 2.34) 1.31 (1.03, 1.86) 0.15*
SBP (mm Hg) 153.43±32.76 158.24±29.81 0.25
DBP (mm Hg) 86.70±15.31 89.29±15.91 0.21
BMI (kg m−2) 23.56±2.60 23.59±3.21 0.93
DM (n, %) 31 (26.96%) 21 (18.42%) 0.12
hs-CRP (mg l−1) 2.90 (1.16, 7.92) 3.83 (1.72, 14.97) 0.06*
Serum creatine (μmol l−1) 100.17±19.27 103.97±20.47 0.15
Anti-platelets (n, %) 111 (96.52%) 113 (81.58%) 0.18
ACEI (n, %) 91 (79.13%) 93 (81.58%) 0.64
βRB (n, %) 78 (67.83%) 74 (64.91%) 0.64
Diuretics (n, %) 15 (13.04%) 14 (12.28%) 0.86
CCB (n, %) 50 (43.48%) 54 (47.37%) 0.55
Statins (n, %) 104 (90.43%) 100 (87.72%) 0.51
OAA (n, %) 25 (21.74%) 18 (15.79%) 0.26

Abbreviations: ACEI, angiotensin converting enzyme inhibitor; BMI, body mass index; βRB, β-receptor blocker; CCB, calcium channel blocker; DBP, diastolic blood
pressure; DM, diabetes mellitus; HDL, high-density lipoprotein cholesterol; H-group, patients with high serum IL-33 levels (456.67 pg ml−1); hsCRP, high-sensitivity
C-reactive protein; LDL, low-density lipoprotein cholesterol; L-group, patients with low serum IL-33 levels (⩽56.67 pg ml−1); LVEF, left ventricular ejection fraction;
OAA, oral anti-diabetic agents; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride.
*P-values were derived from the Wilcoxon two-sample test.
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IL-10 was involved in IL-33-induced cholesterol reduction
and increased ABCA1 expression in MFCs
The above data showed that IL-33 robustly promoted IL-10
production in MFCs. IL-33 was shown to reduce cellular
cholesterol, downregulate CD36 expression and increase the
ABCA1 levels. Meanwhile, IL-10 was also shown to potently
upregulate ABCA1 expression and increased cholesterol efflux,
resulting in a reduction of total cellular cholesterol, which was
similar to the effects of IL-33. To assess the IL-33 induction of
IL-10 and the role that IL-33 plays in lipid-overload attenua-
tion and alterations of CD36 and ABCA1 expression, we used
siRNA against IL-10 to knockdown its expression. Under IL-33
stimulation, the siRNA-IL10 at a concentration of 75 nM
reduced IL-10 mRNA to ~ 17% of the scramble siRNA level,
resulting in a similar IL-10 mRNA abundance to the unstimu-
lated MFCs (data not shown).

Cellular cholesterol levels, and CD36 and ABCA1 expres-
sion levels, under various treatments were determined
under IL-33 stimulus with or without siRNA against
IL-10. As expected, the IL-33 treatment resulted in more
than 50% reduction in the total cellular cholesterol level
(Figure 4a). IL-10 siRNA transfection significantly neutra-
lized the IL-33-mediated lipid reduction in the MFCs,
whereby it increased the cellular cholesterol contents by
1.86-fold compared with IL-33 alone and by 1.55-fold
compared with IL-33 plus scramble siRNA treatment
(Figure 4a). Compared with IL-33 alone, transfection with
the same concentration of scramble siRNA slightly
increased the cellular cholesterol level but this result was
not statistical significant (Figure 4a).

Consistent with the above findings, IL-33 treatment resulted
in a 29% reduction in CD36 mRNA and a 38% reduction at
the protein level (Figure 4b,d and e). Notably, IL-10 siRNA not
only reversed the CD36 reduction but also further decreased
CD36 levels. IL-33 increased ABCA1 expression, with a nearly
two-fold increase in mRNA abundance and a more than two-
fold increase at the protein level (Figure 4c,d and f). Impor-
tantly, IL-10 siRNA significantly reversed the ABCA1 upregula-
tion by IL-33, with a nearly 35% reduction at the protein levels
(Figure 4c,d and f). Transfection with scramble siRNA did not
affect the regulatory effects of IL-33 on both CD36 and ABCA1
(Figure 4b–f). Taken together, these data indicate that IL-10
mediates IL-33-induced cholesterol reduction and increases in
ABCA1 in MFCs.

ERK 1/2 activation in IL-33-induced IL-10 gene expression
It has been suggested that MAPKs are important for IL-10
synthesis in macrophages.20,21 Recently, a study showed that
IL-33 activates MAPKs in various cells;22 however, the
relationship between MAPK activation and IL-33-induced
IL-10 production has not been explored. To determine
whether the ERK 1/2 signal mechanism is responsible for
the upregulation of IL-10 by IL-33 in MFCs, we examined
the activation states of ERK 1/2 in MFCs upon IL-33
stimulation. Treatment with IL-33 led to a slow but
prolonged phosphorylation of ERK 1/2 (Figure 5a), reach-
ing a peak at 30–45 min. The IL-33-mediated increase in
IL-10 production was blocked by U0126 (Figure 5b and c), a
specific inhibitor of ERK 1/2. The other MAPKs, p38 and
JNK, have been demonstrated to play a crucial role in LPS-
induced and anandamide-induced IL-10 production;18

Figure 1 Serum levels of IL-33 and IL-10 and their relationship in coronary artery patients. (a) Serum levels of IL-33 and IL-10 in the
included patients. (b) Serum levels of IL-10 were lower in those with low serum IL-33 concentrations. (c) Serum levels of IL-10 positively
correlated with those of IL-33.
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however, the inhibition of these MAPKs had no effect on
IL-10 production, although IL-33 also induced their phos-
phorylation (data not shown). These data indicate that ERK
1/2, rather than p38 and JNK, plays an important role in
IL-33-induced IL-10 production.

IL-33 activated the IL-10 promoter but did not increase
IL-10 mRNA stability
Previous studies have shown that both transcriptional and
post-transcriptional mechanisms are involved in the regulation

of IL-10 expression. To explore the two mechanisms in IL-33-
induced IL-10 production, we used the transcription inhibitor
actinomycin D (ActD, 5 μgml− 1) to stop mRNA synthesis and
detect changes in IL-10 mRNA levels.

Treatment with IL-33 (30 ngml− 1) for 6 h resulted in
increased IL-10 mRNA, which could be completely blocked
by ActD (Figure 6a). This finding suggested that the induction
of IL-10 by IL-33 was transcription dependent. To detect
whether IL-33 stabilizes IL-10 mRNA, we pre-incubated MFCs
with IL-33 for 6 h; next, ActD was added, and the remaining

Figure 2 Validation of the presence of ST2L on MFC membrances. (a–d) Immunofluorescence staining of DAPI, CD68 and/or ST2L.
(e) Flow cytometry measurements of the proportions of CD68+ST2L+ cells. (f) Western blot analysis of cell membrane proteins. upper lane,
ST2L; lower lane, ATPase Na+/K+-β2. The data in a–d represent two independent experiments and the data in e, f represent three
independent experiments. MFC, macrophage-derived foam cell.

Figure 3 IL-33 upregulated IL-10 expression in MFCs in a dose-dependent manner within moderate concentrations. (a) The IL-10 mRNA
abundance was increased upon IL-33 stimulation. (b) IL-10 supernatant levels from MFCs were upregulated following IL-33 treatment for
24 h. *Po0.05 versus baseline (PBS treatment); #Po0.05 versus high IL-33 concentrations (100 ng ml−1) treatment. These data
represent three independent experiments. MFC, macrophage-derived foam cell.
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IL-10 mRNA levels at the indicated times were determined. As
shown in Figure 6b, the remaining IL-10 mRNA did not differ
significantly between the IL-33 and PBS treatments at any of
the time points indicated. These results indicated that IL-33 did
not alter IL-10 mRNA stability.

To assess directly whether IL-33 activates the IL-10 promo-
ter, we performed dual-luciferase reporter gene assays. As
shown in Figure 6c, compared with pGL3-Basic, the promoter
containing the 5′-flank − 2000 bp sequence of the IL-10 gene
was greatly activated by IL-33, with ~ 30-fold luciferase activity

Figure 4 Effects of IL-10 siRNA on IL-33-induced cellular cholesterol reduction and alterations of CD36 and ABCA1. (a) IL-33 reduced
the cellular cholesterol content, which was abolished by IL-10 siRNA. (b, d, e) IL-33 downregulated whereas IL-10 siRNA had no effect
on CD36 expression. (c, d, f) IL-33 increased IL-10 expression, which was diminished by siRNA against IL-10. *Po0.05 versus baseline
(PBS treatment). These data represent three independent experiments. si-IL-10, siRNA against IL-10; si-Scr, siRNA with scramble
sequences without any known target mRNA; TC, total cholesterol.
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induction compared with PBS-treated cells. The ERK 1/2
inhibitor U0126 significantly reduced the luciferase activity
upregulated by IL-33 (Figure 6c). These data indicated that
IL-33 directly activated the IL-10 gene promoter via ERK 1/2.

It is unlikely that IL-33 activates the entire − 2000 bp 5′-flank
of the IL-10 gene, which includes the transcription start site;
therefore, we next explored the core sequence that is targeted
by IL-33. As shown in Figure 6d, compared with the pGL3-
Basic-IL10-2 to pGL3-Basic-IL10-9 vectors, which did not
contain the − 2000 to − 1752 bp 5′-flank sequence, pGL3-
Basic-IL10-1 exhibited the maximal upregulated promoter
activity response to IL-33, as indicated by luciferase activity
assessments, followed by pGL3-Basic-IL10-4, pGL3-Basic-IL10-
5, pGL3-Basic-IL10-7, and pGL3-Basic-IL10-9, with approxi-
mately 70.3%, 70.8% and 22.3% luciferase activity of the
pGL3-Basic IL10-1 group, respectively. These data demon-
strated that the target sequences that are targeted by IL-33 are
probably within the − 2000 to − 1752 bp region; however,
whether the sequences located within the − 1080 bp have
potential roles cannot be ruled out.

STAT3 as a transcription factor in the regulatory process of
IL-33-mediated IL-10 expression
Transcriptional activity is largely determined by transcription
factors, but it is unclear which transcription factors might be

involved in IL-33-induced IL-10 production. Previous studies
have reported that Sp1, STAT3 and STAT4 mediate ERK 1/2
kinase-dependent activation of the IL-10 transcriptional
process.20,23–25 Therefore, we examined phosphorylation of
Sp1, STAT3 and STAT4 upon IL-33 intervention. As shown in
Figure 7a, IL-33 induced phosphorylation of all three tran-
scription factors, with the greatest alterations occurring in
STAT4 followed by Sp1 and STAT3.

It is unknown which of the above transcription factors
influence IL-10 expression and a lack of a STAT4 inhibitor
made it difficult to make a clear discrimination. Therefore, we
performed a bioinformatic analysis of the IL-10 promoter
sequences to predict which may serve a role. The − 2000 bp at
the 5′-flank of the IL-10 gene sequence from the transcription
start site (chromosome: hg38 chr1:206766943 to 206768942)
was retrieved using the UCSC genome browser. Details of the
sequence and results from the Genomatix MatInspector predic-
tion are listed in Supplementary Materials. Briefly, a total of 602
transcription factor binding sites were identified, and 508 of
them had a matrix similarity above 0.8. Because the − 2000 to
− 1752 bp fragment had the highest extent of increased luciferase
activity, we focused on these sequences and identified
58 potential transcription factors and binding sites
(Supplementary Materials). Notably, STAT3 was predicted to
bind − 1954 to − 1936 bp (5′-CTGCTTCCTGGCAGCAGAA-3′,
Figure 7b) of the forward strand with a matrix similarity as high
as 0.961 by the Genomatrix Matlnspector. Interestingly and most
importantly, the results from the JASPAR database showed an
identical sequence in both forward and reverse chains at the
same location, with scores of 12.48 and 5.45, respectively
(forward chain: − 1951 to − 1941 bp, 5′-CTTCCTGGCAG-3′;
reverse chain: 5′-CTGCCAGGAAG-3′, Figure 7b). Homology
analysis showed that the sequence is highly conserved, with an
identity of 84.67% (Figure 7c) among different mammalian
species, indicating a functional region contained in this
sequence. To validate this conservation, we deleted the TTC
bases to disrupt the predicted binding site of STAT3
(CTGCTTCCTGGCAGCAGAA→CTGCCTGGCAGCAGAA)
and the results from the luciferase activity assessment supported
that the mutant significantly reversed the transcriptional activity
induced by IL-33, with a reduction in luciferase activity
exceeding 50% (Figure 7d). In addition, a specific STAT3
inhibitor, cryptotanshinone, was administered and the IL-10
expression levels were determined. As shown in Figure 7e and f,
cryptotanshinone reversed, at least in part, the upregulation of
IL-10 by IL-33. All of these results show that IL-33 phosphor-
ylates STAT3, which facilitates its binding to target sequences
(−1954 to − 1936 bp may be involved) on the IL-10 promoter
and promotes transcription.

To validate these expected results, we performed a CHIP
analysis in MFCs stimulated with IL-33 using different sets of
IL-10 specific promoters spanning distinct potential target
sequences. The CHIP analysis showed that STAT3 was
mobilized mostly to the region containing − 1997 to
− 1700 bp and − 1091 to − 811 bp, up to ~ 1.7-fold compared
with other regions in the IL-10 promoter and 2.9-fold

Figure 5 Effects of IL-33 on ERK 1/2 phosphorylation and its role
in IL-33-induced IL-10 expression. (a) IL-33 induced ERK 1/2
phosphorylation; (b, c) an ERK 1/2 inhibitor reversed IL-10
upregulation by IL-33. These data represent three independent
experiments. p-ERK 1/2, phosphorylated ERK 1/2; t-ERK 1/2, total
ERK 1/2.
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compared with PBS-treated samples (Figure 7g). These data
confirm the above predictions but did not exclude the
interaction of STAT3 with other sequences in the promoter
region that are considerably closer to the transcription
start site.

DISCUSSION

Both IL-33 and IL-10 benefit atherosclerosis and reduce foam
cell formation; however, their interactions in this process are
unknown. We showed that the serum IL-33 and IL-10 levels
were positively correlated in CAD patients, and those with
higher serum IL-33 levels tended to have higher IL-10
concentrations. Our in vitro study demonstrated that IL-33
induced cholesterol reduction and ABCA1 expression, at least
in part, via the upregulation of IL-10 in MFCs. However, IL-10
upregulation was not related to the IL-33-induced CD36
decrease. Furthermore, we showed that IL-33 activated ERK
1/2 and STAT3, which subsequently facilitated STAT3 to bind
to the − 1954 to − 1936 bp sequence upstream of the IL-10
transcription start site, thereby promoting its transcription
in MFCs.

Regulatory effects of IL-10 production in macrophages by
IL-33
The regulation of IL-10 expression in immune cells is complex
and involves a wide range of mechanisms.11 It is widely
accepted that transcriptional regulation plays a pivotal role in
IL-10 gene expression.11,26 Indeed, ERK-dependent transcrip-
tion activity mechanisms in IL-10 production have been
demonstrated.27 A number of studies have reported that
IL-33 activates MAPKs, but to the best of our knowledge, no
study has explored the relationship between IL-33-induced
MAPK activation and IL-10 expression. Conversely, the effects
of IL-33 on IL-10 production remains unknown. Our study
showed that IL-33 directly activates the IL-10 promoter, which
was significantly neutralized by an ERK 1/2 inhibitor. This
finding could help to elucidate the interactions among IL-33,
the ERK 1/2 pathway and IL-10 production in MFCs.

In addition to classical transcriptional regulatory mechan-
isms, post-transcriptional regulation of IL-10 expression has
also been reported.16,28,29 For example, microRNA-106a and
microRNA-98 have been shown to negatively regulate IL-10
expression.28,29 More importantly, the regulatory mechanisms
of microRNA-106a have been discovered, and the results

Figure 6 Effects of IL-33 on IL-10 mRNA production, stability and gene promoter activity. (a) A transcription factor inhibitor, ActD,
abolished the up-regulatory effects of IL-10 in MFCs. (b) IL-33 had a scarcely detectable influence on IL-10 mRNA stability. (c) IL-33
activated IL-10 gene promoter, as indicated by luciferase activity. (d) Promoter deletion analysis, which identified core sequences in the
IL-33-induced IL-10 production process. *Po0.05 versus PBS treatment; #Po0.05 versus the pGL3-Basic. These data represent three
independent experiments. ActD, actinomycin D; MFC, macrophage-derived foam cell.
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showed that microRNA-106a can also be enhanced by a
common transcription factor, namely, Sp1. This finding may
explain the inability to promote IL-10 production in MFCs
when larger doses of IL-33 were used, as excessively activated
Sp1 may lead to increased microRNA production,30,31 which
could result in degradation in IL-10 mRNA.29 However, the
involved microRNAs are largely unknown, and more studies in
this field should be encouraged.

IL-10 promoter sequences in Burkitt’s lymphoma have been
reported previously.19 It was concluded that the sequence from
− 1318 to +27 bp from the transcriptional site of the IL-10 gene
was the main regulatory region.19 However, this finding does
not contradict our result showing regulatory target sequences
detected far from this region because the current study did not
exclude sequences outside this region that exert regulatory
properties. Indeed, despite not as potent as the − 2000 to
− 1752 bp sequences in promoting IL-10 transcription, the
promoter deletion analysis revealed more regulatory regions
within − 1318 bp region (three segments, as stated in the

results). Moreover, the CHIP analysis supported the role of
the reported sequences19 in the regulation of STAT3–DNA
interactions. Therefore, the current study identified the main
regulatory elements that interact with STAT3-mediated IL-10
upregulation but did not exclude other sequences that may play
a role. In keeping with this notion, the authors’ claimed that
the AAAATT sequence located at position − 2209 bp may also
play a role in IL-10 transcription19 and it seems plausible that
both the distal and proximal regions in the IL-10 promoter are
important in transcriptional regulation.

IL-33, IL-10, lipid accumulation and cholesterol transporters
in MFCs
ABCA1 and CD36 are the most important cholesterol trans-
porters, and studies have shown that the regulation of these
two proteins is the common beneficial mechanisms shared by
both IL-33 and IL-10 in MFCs.4,5 For example, IL-33 was
shown to increase ABCA1 expression and macrophages sources
of IL-10 were demonstrated to directly upregulate ABCA1.5

Figure 7 Identification of transcription and target sequences that react with IL-33. (a) Effects of IL-33 on intra-nuclear Sp1 expression as
well as STAT3 and STAT4 phosphorylation. (b) Bioinformatic analysis of STAT3-binding sites within the −2000 to −1752 bp of the
5′-flank of the IL-10 transcription start site. (c) Homology analysis of the predicted binding STAT3 site among five mammalian species.
(d) Effects of TTC base deletion by site-directed mutagenesis on promoter activity indicated by luciferase activity. (e, f) Effects of a STAT3
inhibitor, cryptotanshinone, on IL-33-induced IL-10 mRNA (e) and protein (f) production. (g) CHIP analysis using a STAT3 antibody and
primers specific to IL-10 promoter segments following PBS or IL-33 (30 ng ml−1) treatment. p-STAT3, phosphorylated STAT3; p-STAT4,
phosphorylated STAT4; t-STAT3, total STAT3; t-STAT4, total STAT4; wild type, pGL3-Basic-IL10.1-Wild type; Mutant, pGL3-Basic-IL10.1-
Mutant; IL-33-P1, qPCR using primer set 1; IL-33-P4, qPCR using primer set 6 (all primer sets are listed in Supplementary Materials).
*Po0.05 versus PBS treatment; #Po0.05 versus IL-33-P1. The data in a and d–g represent three independent experiments.
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The mechanisms of IL-33-induced ABCA1 expression are
largely unknown, and several researchers speculated that
endogenous IL-33 acts as a transcription factor and directly
promotes ABCA1 transcription.4 However, this function does
not explain mechanisms of exogenous IL-33. Our in vitro study
showed that siRNA against IL-10 greatly neutralized IL-33-
induced cholesterol reduction and ABCA1 expression in MFCs,
indicating that IL-10 could, at least in part, mediate IL-33-
induced cholesterol efflux and ABCA1 expression. Considering
the in vivo finding from CAD patients showing that low IL-33
levels were associated with low IL-10 concentrations in the
serum, it is plausible to speculate that a IL-33/IL-10 axis may
exist in CAD patients to regulate CAD development.

In contrast to ABCA1, CD36 does not seem to play an
important role in the interactions among IL-33, IL-10 and
cholesterol transport. Despite a study that showed that IL-33
reduced CD36 expression in MFCs,4 the role of IL-10 in CD36
expression is controversial. On the one hand, a previous study
has shown that IL-10 downregulated CD36.5 On the other
hand, a recent study showed that IL-10 has no effect on ox-
LDL-induced CD36 expression6 and some even showed that
IL-10 stimulates CD36 expression.7 The underlying mechan-
isms of the conflicting results are unknown and our current
study showed that siRNA against IL-10 did not abolish the
downregulation of CD36 by IL-33 but further decreased CD36
expression in MFCs, which at least indicates that IL-10 does
not play a role in IL-33-induced decreased CD36 levels.

The effects of IL-10 on MFC formation are highly con-
troversial and the underlying mechanisms may be due to
different cells and the stimulations given.5,7 However, regard-
less of the exact effect of IL-10 on lipid accumulation in MFCs,
studies have consistently shown that IL-10 prevents cholesterol
over-loading in MFCs, which is a PPAR-γ-dependent
pathway.5,7 Interestingly, it is important to note that an
in vivo study showed that IL-33 promoted IL-10 production
and activated PPAR-γ.9 As such, the current findings that
siRNA-IL10 abolished IL-33-induced cholesterol could also be
explained by the attenuation PPAR-γ activation by
IL-10 siRNA.

Several limitations of the current study should be acknowl-
edged. First, a lack of atherosclerotic coronary plaques
restricted the demonstration of IL-33 and IL-10 alterations in
local atherosclerotic lesions; therefore, we used circulating
IL-33 and IL-10 instead. However, these cytokines may not
necessarily represent the micro-environment within athero-
sclerotic plaques. Second, we did not explore all of the
transcription factors and potential target sequences involved
in the STAT3–DNA interactions involved in IL-33-induced
IL-10 expression. In the present study, we chose the target
transcription factors mainly according to the luciferase activity
results, published items (involved in EKR 1/2, transcription
factors and IL-10 expression) and the predictions from two
databases. Therefore, we focused on the predicted sequences
and STAT3; however, this approach does not exclude the
possibility of other transcription factors and sequences having a
role in this process. For example, within the − 2000 to

− 1752 bp, the JASPAR results, but not Genomatix Matlnspec-
tor results, despite a low score, predicted two binding sites for
Sp1, which was previously shown to bind − 96 to − 76 bp and
regulate IL-10 expression. For STAT3–DNA interactions, we
showed that the distal region may play the most important
role, but the classical proximal region may also have an effect;
however, we did not examine this aspect in details. Therefore,
the present study does not exclude a role of other transcription
factors and STAT3–DNA interaction sequences in the regula-
tion of IL-10 by IL-33 in MFCs.

Despite these limitations, to the best our knowledge, this
study is the first to find that IL-33 induces IL-10 production by
macrophages, which helps IL-33 to increase ABCA1 expression
and benefit MFCs. Furthermore, we demonstrated that the
IL-33-induced IL-10 production is transcription-dependent
and identified, at least in part, transcription factor and target
sequences that are involved. More studies are needed to explore
the effects between IL-33, IL-10 and foam cells in vivo and a
more broad mechanism involving IL-33 and IL-10 may be
helpful to explain the effects of IL-33 on MFCs in more detail.
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