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Interleukin-27 inhibits foam cell formation by promoting macrophage
ABCA1 expression through JAK2/STAT3 pathway
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The purpose of this study is to determine whether IL-27 regulates macrophage ABCA1 expression, foam
cell formation, and also explore the underlying mechanisms. Here, we revealed that IL-27 decreased lipid
accumulation in THP-1 derived macrophages through markedly enhancing cholesterol efflux and increas-
ing ABCA1 expression at both protein and mRNA levels. Our study further demonstrated that IL-27
increased ABCA1 level via activation of signal transducer and activator of transcription 3 (STAT3). Inhibi-
tion of Janus kinase 2, (JAK2)/STAT3 suppressed the stimulatory effects of IL-27 on ABCA1 expression. The
present study concluded that IL-27 reduces lipid accumulation of foam cell by upregulating ABCA1
expression via JAK2/STAT3. Therefore, targeting IL-27 may offer a promising strategy to treat atheroscle-

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Chronic inflammation in arterial wall and lipid accumulation in
macrophages play pivotal roles in the development of atheroscle-
rosis [1]. Several proinflammatory cytokines are known to promote
atherosclerosis, for instance, interleukin-1(IL-1), IL-6 and IL-8, but
less is known about the roles and mechanisms of anti-inflamma-
tory cytokines in atherosclerosis, such as IL-27 and IL-10 [2-4].

Recent studies have shown that IL-27 is a member of IL-12 fam-
ily cytokines that is composed of IL-27p28 and Epstein-Barr virus
induced gene 3 (EBI3) [1,5-7]. The IL-27 receptor that consists of
WSX-1 and gp130 and is required for all established signaling
pathways initiated IL-27 [2,5]. The expression of the IL-27 is
decreased in atherosclerotic plaque [2], but the mechanisms
underlying its anti-atherosclerotic effects, especially its effect on
lipid metabolism, remains largely unknown.

It is well known that ATP-binding cassette transporter Al
(ABCA1) plays a critical role in the control of cellular cholesterol
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homeostasis, ABCAT1 is highly expressed in macrophages and medi-
ates cellular cholesterol efflux [8-12]. Regulation of ABCA1 expres-
sion impacts the reverse cholesterol transport (RCT) and foam cell
formation [13-15]. In detail, IL-27 activates cellular signal pathway
[16-19], and induction of anti-inflammatory immune responses
[7,20]. Several studies reported a potential role of STAT molecules
in the ABCA1 gene regulation [21,22]. It was also reported that
STAT3 and STAT4 bind to the CRE site in the first intron of ABCA1
[23]. Currently available data showed that a negative cross-talk
between IFN-y/STAT1 and LXRs-dependent upregulation of ABCA1
[24]. Therefore, we hypothesized that IL-27 may play an protective
role in atherosclerosis by upregulating ABCA1 expression.

2. Materials and methods

2.1. Cell culture and foam cell formation evaluated by Oil Red O
staining

THP-1 cells were obtained from the Institute of Life Science
Research Center, Shanghai (Chinese Academy of Science, China),
and maintained in RPMI Medium 1640 supplemented with 10%
fetal bovine serum (FBS) at 37 °C. After one week, THP-1 cells were
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treated with phorbol-12-myristate-13-acetate (PMA, 160 nmol/L;
Sigma Chemical Co) for 48 h. The medium was then replaced with
a serum-free medium containing oxidized low density lipoprotein
oxLDL (50 pg/ml) for 48 h to fully differentiate THP-1 cells to foam
cells. Foam cells were stained with 0.5% Oil red O. Hematoxylin
was used for counterstaining, Cells were photographed at x400
magnification.

2.2. Cellular cholesterol efflux experiments

Cells were cultured at 60% confluence, and then labeled with
0.2 mCi/ml [3H] cholesterol for 24h, as previously described
[13,25]. Next day, cells were washed with fresh media, followed
by addition of IL-27. Equilibrated [*H] cholesterol-labeled cells
were washed with PBS and incubated in efflux medium containing
RPMI 1640 medium and 0.1% BSA with 25 pg/ml human plasma
apolipoprotein A-I (apoA-I) for 6 h. The medium was removed
and centrifuged at 14,000g for 10 min. Total cell-associated
radio-activity was determined by dissolving the cells in isopropa-
nol. Medium and cell-associated [>H] cholesterol was then mea-
sured by liquid scintillation counting. Percent efflux was
calculated by the following equation: [total media count/(total cel-
lular count + total media count)] x 100%.

2.3. Protein extraction and Western blot analysis

Cells were washed three times in cold PBS and lysed on ice. Cell
lysates were boiled at 95 °C for 7 min, in Laemmli SDS-loading buf-
fer and separated by SDS-PAGE and electrophoretically transferred
to PVDF membranes (0.45 pum; Minipore). Membranes were
blocked in 5% milk in TBST and then incubated with primary anti-
bodies. Antibodies to measure ABCA1 expression were purchased
from Abcam. To check for protein loading and transfer, we deter-
mined the levels of B-actin using anti-mouse-B-actin antibody
(Beyotime). In general, the membranes were washed three times
in TBST and then incubated for 4 h with peroxidase-conjugated
secondary antibodies. After three washes of 15 min each with
TBST, the proteins were visualized using chemiluminescence [13].

2.4. RNA isolation and real-time polymerase chain reaction (PCR)
analysis

Total RNA was extracted using TRIzol reagent (Invitrogen) in
accordance with the manufacturer’s instructions. Relative quanti-
tative real-time PCR (qPCR) was performed, using SYBR Green
detection chemistry on a LightCycler Run 5.32 Real-Time PCR Sys-
tem (Roche). Melting curve analyses of all real-time PCR products
were performed and shown to produce a single DNA duplex. Quan-
titative measurements were determined using the Ct method.
Within the experiment, B-actin was used as the internal control.

2.5. Transfection of siRNA

We used small interfering RNA (siRNA) to block the expression
of STAT3. Control non-silencing siRNAs were synthesized by the
Biology Engineering Corporation in Shanghai, China. siRNAs were
transfected into THP-1 cells (2 x 10® cells/well) using Lipofect-
amine 2000. After 48 h, the siRNA of STAT3 suppressed the expres-
sion of these proteins by 78% and 84%, respectively, according to
Western blot analyses compared with the control siRNA.

2.6. Statistical analysis
Data are expressed as means + SEM based on at least three inde-

pendent experiments. Statistical analyses were performed with the
GraphPad Prism V.5.01 software using the One-way or two-way

analysis of variance (ANOVA). *P<0.05, **P<0.01, ***P<0.001.
P <0.05 was considered significant difference.

3. Results

3.1. IL-27 decreases lipid accumulation in THP-1 macrophage-derived
foam cells

To investigate whether anti-inflammatory cytokine IL-27 affects
intracellular lipid accumulation, semi-quantitative we performed
lipid analysis of cultured THP-1-derived macrophages with Oil
Red O staining. We found that macrophage without ox-LDL did
not contain high levels of lipid droplets due to less Qil red O stain-
ing (Fig. 1A). Treatment of macrophages with 50 pg/mL ox-LDL for
48 h resulted in foam cell formation which was characterized by
heavy lipid loading. This effect in ox-LDL-treated macrophages
for 48 h was decreased with the presence of IL-27 (10 ng/ml), as
measured by Oil-Red-O staining (Fig. 1A) and lipid mass quantifi-
cation (Fig. 1B). Addition of neutralizing antibody against IL-27 to
cell cultures abolished the effects of IL-27 on lipid accumulation,
further establishing its role of lipid regulation (Fig. 1).

3.2. IL-27 increases cellular cholesterol efflux

We first examined whether IL-27 inhibited ox-LDL uptake. THP-
1-derived macrophages were incubated with fluorescence labeled
ox-LDL (Dil-ox-LDL) for different time periods, followed by analysis
of by flow cytometry. There was no significant changes in the Dil-
ox-LDL uptake rates in control and IL-27 treated macrophages.
(Fig. 2A), suggesting that the reduced lipid accumulation in macro-
phage foam cells might result from an increase in cholesterol
efflux.

To test this possibility, we examined the rate of apoA-I-specific
cholesterol efflux from THP-1 macrophage-derived foam cells in
response to IL-27 treatment. We found that cholesterol efflux
was significantly increased in IL-27-treated cells when compared
with control cells, and anti-IL-27 treatment led to a significant
decrease in [3H]-cholesterol efflux in a time-dependent manner
(Fig. 2B). Similar results were observed in the concentration-
dependent experiments, in which IL-27 markedly increased cho-
lesterol efflux, especially when IL-27 concentrations reached
10 ng/ml or 20 ng/ml (Fig. 2C). Taken together, our results showed
that IL-27 enhanced cholesterol efflux to apoA-I of foam cells, con-
tributing to decreased lipid accumulation.

3.3. ABCA1 expression is induced by IL-27 in THP-1 macrophages

To gain a better understanding of the molecular mechanism
underlying the above effect of IL-27, we first focused on the expres-
sion of ABCA1. To do so, THP-1 macrophage-derived foam cells
were treated with 10 ng/ml IL-27 for 24 h, followed by measuring
ABCA1 mRNA and protein levels using RT-qPCR and Western blot
analyses, respectively.

Our results showed that the expression of ABCA1T mRNA was
dramatically repressed by IL-27, but increased by IL-27 antibody
in both time- and concentration-dependent manners (Fig. 3A and
B), As expected, IL-27 increased ABCA1 protein expression when
compared with control (Fig. 3C and D), but IL-27 antibody
decreased ABCA1 protein level in both time- and concentration-
dependent manners (Fig. 3E and F). These findings suggest that
IL-27 may regulate cholesterol efflux by affecting ABCA1 expres-
sion in THP-1 macrophage-derived foam cells.
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Fig. 1. Effects of IL-27 on intracellular lipid accumulation in macrophages. (A) THP-
1-derived macrophages were stained for lipids with Qil red O without (a) or with
(b-d) the presence of ox-LDL (50 pg/ml). (b) ox-LDL alone; (c and d) ox-LDL with IL-
27 (10ng/ml) and antibody against IL-27 (1.5 ng/ml) respectively. Cells were
viewed under a Nikon microscope (magnification x400). (B) Bar graph data based
on Image-Pro Plus software: data of the area of lipid droplets/the area of total cells,
are expressed as the mean = SEM values (n=3). **P<0.0001 ox-LDL vs control;
**P<0.01, ox-LDL vs ox-LDL + IL-27; *P < 0.05, control vs ox-LDL + [L-27.

3.4. The JAK2/STAT3 pathway is involved in the upregulation of ABCA1
induced by IL-27

Analysis of the human ABCA1 promoter using Transcription Ele-
ment Search online website revealed 63 putative STAT binding sites.
The scores of five positions of STAT binding sites within the ABCA1
promoter are very high (Table 1). Indeed, transfection with STAT3
resulted in repression of the ABCA1 3'UTR reporter, but STAT3 siRNA
had no effect, when compared with the control (Fig. 4A).

We then analyzed whether IL-27 induced ABCA1 expression
though JAK2/STAT3 pathway. Our results showed that IL-27
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Fig. 2. IL-27 effects on oxLDL uptake and cholesterol efflux in macrophages. (A) Ox-
LDL uptake. Dil-oxLDL (1 pg/ml) was added to THP1 cells in the presence and
absence of IL-27 for the different times (0, 6, 18 and 24 h), and the uptake was
analyzed by flow cytometry. Untreated control values were set to 100%, and then
uptake data were calculated as the percentage of Dil-ox-LDL uptake versus the
control. (B) Time-dependent effects of IL-27 on cholesterol efflux: Foam cells were
treated with 10 ng/ml of IL-27 for indicated times, and apoA-I-mediated cholesterol
efflux was analyzed as described in Section 2. (C) Concentration-dependent effects
of IL-27 on cholesterol efflux: Foam cells were incubated with indicated concen-
trations of IL-27 for 24 h. ApoA-I-mediated cholesterol efflux was analyzed by liquid
scintillation counting assays as described in Section 2. All the results are expressed
as mean +SEM from 3 independent experiments. *P<0.05 vs control group,
*P<0.01 vs control group.

activated JAK2 in THP-1 cells (Fig. 4B). Moreover, to test whether
IL-27 induces activation of STAT3, we incubated THP-1 cells with
or without IL-27, followed by evaluating phosphorylated STAT3
(pSTAT3), or the active form of STAT3 (Fig. 4C). Addition of IL-27
significantly increased the levels of pSTAT3, suggesting that IL-27
induces activation of STAT3. These results provide evidence to sup-
port that activation of JAK2/STAT3 is required in the IL-27 -medi-
ated induction of ABCA1 gene in THP-1 cells.
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Fig. 3. IL-27 increases ABCA1 expression in THP-1 macrophage-derived foam cells. (A and B) Effects of IL-27 on ABCA1 mRNA levels: total RNA was extracted and RT-qPCR
was performed as described in Methods. All results are expressed as mean + SEM from 3 independent experiments. *P < 0.05 vs control group, **P < 0.01 vs control group,
***P < 0.001 vs control group. (C and D) Effects of IL-27 on ABCAT1 protein levels: foam cells were incubated with 10 ng/ml IL-27 for various time periods or treated with
various concentrations of IL-27 as indicated for 24 h. (E and F) Effects of anti-IL-27 on ABCA1 protein levels: foam cells were incubated with 10 ng/ml anti-IL-27 for various
time periods or treated with various concentrations of anti-IL-27 as indicated for 24 h.

Table 1

5-Putative sites were predicted with these settings (80%) in sequence of ABCA1.

Model ID Model name Score Relative score Start End Strand Predicted site sequence
MA0144.2 STAT3 10.451 0.924163936564185 421 431 1 CTTTCTGGAAG
MA0144.2 STAT3 6.548 0.876880831684594 590 600 1 CTTCTGGGGAT
MA0144.2 STAT3 5.844 0.868352185557197 638 648 1 GTTCTGGGACG
MA0144.2 STAT3 5.153 0.859981028633856 1843 1853 1 TTCCAAGGAAG
MA0144.2 STAT3 5.560 0.864911652176258 2004 2014 1 CTTCCTTGAAG
Logo for MA0144.2
2
[2}
. ‘ C: = .
‘ J— e—
1 2 3 4 5 6 7 8 9 10 11

position
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Fig. 4. IL-27 activates JAK2/STAT3 in THP1 macrophages. (A) Transfection with STAT3 or STAT3 siRNA: expression of STAT3 causes repression of the Luciferase-ABCA1 3'UTR
reporter. Data are presented as mean + SEM. “Denotes P < 0.05. (B) THP1 cells were transformed using PMA for 48 h and incubated without or with IL-27 (10 ng/ml) for 24 h.
Isolated protein was immunoprecipitated using antibody against JAK2 and blotted against phosphorylated and total JAK2. (C) THP1 cells were transformed using PMA for 48 h
and incubated without or with IL-27 (10 ng/ml) for 24 h. Isolated protein was immunoprecipitated using antibody against STAT3 and blotted against phosphorylated and total
STAT3. (D) Cells were incubated with AG-490 or transfected siSTAT3 for 48 h, followed by examination of ABCA1 expression by Western blot analysis. (E) Cells were
transfected siSTAT3 for 48 h, followed by examining ABCA1 expression by Western blot analysis. (F) Model of the mechanism underlying IL-27-induced upregulation of
ABCAT1 protein levels and cellular cholesterol efflux. IL-27 treatment in THP-1 macrophage-derived foam cells increases JAK2/STAT3 phosphorylation and induced ABCA1
protein expression. Consequently, cholesterol efflux is promoted. ABCA1, ATP-binding cassette transporter Al; IL-27, interleukin-27; JAK2, Janus kinase 2; STAT3, signal

transducer and activator of transcription 3.

3.5. The effects of IL-27 on lipid content and ABCA1 expression through

JAK2/STAT3 pathway

We tested the effects of JAK2 and STAT3 on cholesterol content
in response to treatment with IL-27. HPLC was then conducted to

determine cellular cholesterol content. As demonstrated, the con-
centrations of total cellular cholesterol, free cholesterol and choles-
terol ester in IL-27-treated cells were significantly lower than
those in the control cells. Treatment with AG-490 (JAK2 inhibitor)
and siSTAT3 did not decrease cholesterol content any further
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Table 2
Role of JAK2/STAT3 on the cholesterol content of THP-1 macrophage-derived foam
cells.

Control IL-27 AG-490 +1L-27 SiSTAT3 + IL-27
TC (mg/g) 498 + 41 295+34 480 +38 483 +25
FC (mg/g) 196 +22 144+ 16 192+ 14 197 £32
CE (mg/g) 301+26 167 £23 298 +28 294+18
CE/TC (%) 60.4 56.6 62.0 60.8

THP-1 macrophage-derived foam cells were divided into 4 groups and cultured in
medium at 37°C containing 10 ng/ml IL-27. HPLC was performed to determine the
levels of cellular total cholesterol (TC), free cholesterol (FC) and cholesterol ester
(CE). The results are expressed as mean = SEM from 3 independent experiments,
each performed in triplicate.

 P<0.05 vs control.

(Table 2). These result have clearly demonstrated that IL-27
decreased cholesterol content likely via the JAK2/STAT3 signaling
pathway.

We further investigated the role of the JAK2/STAT3 pathway in
ABCA1 expression in THP-1 macrophage-derived foam cells in
response to IL-27 stimulation. Our Western blot results showed
that AG-490 and siSTAT3 can reverse the effects of IL-27 on ABCA1
expression (Fig. 4D and E). Taken together, the above results indi-
cated that JAK2/STAT3 signaling pathway plays an important role
in IL-27-induced decrease in lipid accumulation.

4. Discussion

The progression of atherosclerosis is mainly induced by foam
cell formation, it is a complex process impacted by multiple fac-
tors. Several studies have shown that IL-27 is the dominant nega-
tive factor in both inflammation response and atherosclerosis, the
higher levels of IL-27 are associated with protect against cardiovas-
cular disease [26-28], but the underlying molecular mechanism by
which IL-27 exerts its anti-atherosclerotic effect remains unclear.
Promotion of cholesterol efflux from macrophages reduces foam
cell formation and protects against the development of atheroscle-
rosis [29]. ABCA1 mediates the efflux of cellular cholesterol and
phospholipids to apoA-I, and to form high density lipoprotein
(HDL), eventually increases the RCT [30,31]. It indicates that upreg-
ulating the expression of ABCA1 would probably inhibit the forma-
tion of foam cells and the development of atherosclerosis. In this
study, IL-27 as a novel issue regulates ABCA1. We provide experi-
mental evidence that IL-27 enhances ABCA1-mediated cholesterol
efflux in THP-1 derived foam cells through the JAK2/STAT3 signal-
ing pathway (Fig. 4F). In addition to anti-inflammatory role, our
findings in THP-1 derived macrophages suggest that the protective
mechanism of IL-27 may result from its prevention of cellular cho-
lesterol accumulation. These data keep consistent with the
reported properties of IL-27, including notable anti-atherosclerotic
roles.

Both lipid uptake and cholesterol efflux can impact on foam cell
formation. We found that IL-27 did not inhibit ox-LDL uptake, but
induced cholesterol efflux to apoA-I from human macrophages, as
a result of the stimulation of ABCA1 expression. Our data showed
that the treatment of THP-1 derived macrophages with IL-27 acti-
vates JAK2/STAT3 phosphorylation. Specifically, inhibition of JAK2
with AG-490 reduced IL-27-induced ABCA1 expression. Addition-
ally, transfection of THP-1 derived macrophages with siRNA of
STAT3 attenuated IL-27-induced ABCA1 expression. Those data
are concordant with previous studies showing several well con-
served STAT3 binding sites located in the promoter of the human
ABCA1 gene as an essential mechanism for its regulation [23].
Although IL-27 can efficiently activate both STAT1 and STATS3,
our results have revealed that induces ABCA1 expression via acti-
vation of STAT3, but not STAT1, the specific mechanism and

whether other signal molecules or proteins are the targets of IL-
27 remains to be explored in the future studies.
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