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Abstract: Background: Interleukin-22 (IL-22) plays a critical role in the immune system, but the effect on macro-
phages remains unknown. This study was aimed to investigate the role of IL-22 in the polarization of macrophages 
and the related pathway. Methods: RAW 264.7 cells (M0 macrophages) were treated with or without IL-22, and cells 
treated with resveratrol used as positive control. The M1, M2 macrophages makers were tested by RT-PCR, the 
TNF-α and IL-10 concentration in cell culture supernatant was measured by ELISA. The cells were also pretreated 
with signal transducer and activator of transcription 3 (STAT3) specific inhibitor AG490 before IL-22 treatment, then 
the expression of STAT3, p-STAT3 was detected by western-blot. Results: The markers of M2 macrophages (Arg1, 
CD163) were increased in a dose and time- dependent manner after IL-22 treatment, but the M1 macrophages 
markers (iNOS, TNF-α) did not change significantly when compared to those without IL-22 treatment. The expression 
of IL-10 in the supernatant was increased after IL-22 and resveratrol treatment compared with that without IL-22 
treatment. However, no significantly changed was found in the expression of TNF-α after IL-22 treatment. After treat-
ment with IL-22 on M0 macrophages, the expression of p-STAT3 protein was increased significantly, but STAT3 did 
not change greatly. Using AG490 to pretreat the M0 macrophages, the expression of protein of STAT3 and p-STAT3 
did not change significantly after the treatment of IL-22, the expression of Arg1, CD163 and CD206 in AG490+IL-22 
group were greatly decreased compared with the IL-22 group. Conclusion: This study indicates that IL-22 could in-
duce M0 macrophages polarize into M2 macrophages in a dose and time- dependent manner, and this effect may 
via STAT3 pathway.
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Introduction

Interleukin-22 (IL-22) belongs to the IL-10 fami-
ly, and can be produced by several immune 
cells, including CD4+ T cells (Th1, Th17 and 
Th22 cells) and NK cells [1]. IL-22 plays a piv-
otal role in promoting antimicrobial immunity 
and tissue repair by binding to the receptors, 
IL-22R1 and IL-10R2, which are widely expre- 
ssed in the membrane of many cells. Evidences 
confirm that downstream of IL-22 signaling 
leads to increased of antimicrobial defense, 
activation of proliferative genes and up-regu- 
lated anti-apoptotic proteins [2]. IL-22 is also 
able to ameliorate liver fibrosis in mouse mod-
els by inhibiting hepatic stellate cells (HSCs) 
activity. Treatment with IL-22 can reduce liver 
fibrogenesis and accelerated the resolution  
of liver fibrosis during recovery [3, 4], and the 

anti-fibrotic effects of IL-22 are mediated via 
the activation of STAT3 pathway in HSCs [5]. 

Macrophages originate from blood monocytes, 
differentiate into distinct macrophages, which 
are identified by classically activated (M1) or 
alternatively activated (M2) phenotypes [6]. 
Macrophages are the principal immune cells  
in the liver, also known as Kupffer cells, located 
in the walls of the sinusoids of liver lining. The 
biological function of macrophages is varied 
depending on location of the affected tissues 
and on local cytokine context [7]. Generally, M1 
macrophages are induced by interferon (IFN)-γ 
and secret IL-6, TNF-α and promote inflamma-
tory reaction, whereas M2 macrophages are 
induced by IL-4, IL-10, IL-13 and exhibit an anti- 
inflammatory reaction [8]. During the liver fi- 
brosis process, monocytes in peripheral blood 
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are recruited into the liver by some chemokines 
and polarized into M1 or M2 macrophages de- 
pending upon the liver condition [9].

Since IL-22 treatment could alleviate liver  
fibrosis, however, the mechanisms underlying 
macrophages polarization during IL-22 treat-
ment on liver fibrosis remained unknown. 
Therefore, in this study, we aimed to investi- 
gate the effect of IL-22 on the polarization of 
macrophages and the related pathway. Our 
results will provide a new evidence of IL-22  
in ameliorating liver fibrosis through the regu- 
lation of macrophages.

Materials and methods

Reagents source

Recombinant human IL-22 was obtained from 
BD biosciences (San Diego, CA). The STAT3 
antibody and phospho-STAT3 (p-STAT3) anti-
body were purchased from Cell Signal Tech- 
nology, Inc. (Danvers, MA). The CD206 rabbit 
antibody was obtained from Abcam, Inc. (Cam- 
bridge, MA). The STAT3 inhibitor (AG490) was 
purchased from Tocris Bioscience (Ellis-ville, 
MO). Mouse TNF-α and IL-10 enzyme-linked 
immunosorbent assay (ELISA) kits were pur-
chased from Dakewe (Beijing, China). Resve- 
ratrol was purchased from Tokyo Chemical In- 
dustry (Shanghai, China).

Cell culture and treatment protocol 

RAW 264.7 cells were purchased from the 
American Type Culture Collection (ATCC, Rock- 
ville, MD). The cells were seeded at a density  
of 5×104 cells/ml in 6-well plates and grown  
in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 4.5 g/L D-glucose (Gibco 
USA), 1× PBS, 100 U/ml penicillin (Gibco USA), 
100 mg/ml streptomycin (Gibco USA), which in 
an 37°C, 5% CO2 atmosphere. The cells were 
serum-starved for 12 h after confluent to 60%. 
Then the cells were washed softly with PBS for 

tion group) was used to investigate the change 
of STAT3 pathway. The cells were collected in 
12, 24 and 36 h. The expression of M1 (iNOS, 
TNF-α) markers, M2 markers (Arg1, CD163  
and CD206) in the cells were measured by 
RT-PCR, the expression of TNF-α and IL-10 in 
the cell culture supernatant were tested by 
ELISA. The STAT3 and p-STAT3 were detected 
by western-blot.

RNA extraction and RT-PCR test

Cells were collected and the total RNA was 
extracted using Trizol reagent (Qiagen, USA), 
and treated with DNAse I (Fermentas, USA) for 
30 minutes in order to digest the genomic DNA. 
The quality of RNA samples was monitored by 
spectrophotometer (Thermo NanoDrop 2000, 
USA). A total of 1 μg of RNA was reverse tran-
scribed with a cDNA synthesis kit (Takara, 
Japan) and random hexamer primers according 
to the manufacturer’s instructions. Transcript 
levels were determined using the SYBR Green 
master mix (Takara, Japan) and StepOnePlus 
Real-Time PCR System. The cycling conditions 
for the detection system were 95°C for 30  
sec, 40 cycles of 95°C, 5 sec, 60°C, 30 sec. 
The relative gene expressions were normalized 
to the level of GAPDH housekeeping gene and 
quantified by the 2-ΔΔCT method. Primer sequ- 
ences for real-time polymerase chain reaction 
(RT-PCR) are listed in Table 1.

Enzyme linked immunosorbent assay (ELISA)

The cell culture supernatant was collected, and 
TNF-α and IL-10 concentration was measured 
using a commercially available ELISA kit (R&D 
System) according to the instructions described 
by the manufacturer. The optical density (OD) of 
the microplate was read at 450 nm.

Western blot assay

After treatment with IL-22 for 36 h, the protein 
was obtained from 2×106 cells by lysis buffer 

Table 1. The sequences of the primers used for the RT-PCR assays
Forward Reverse

GAPDH 5’-TGAAGAAGAGCCCATCCTCTG-3’ 5’-GAGCTTCACAAAGTTGTCATTGAG-3’
iNOS 5’-AATCTTGGAGCGAGTTGTGG-3’ 5’-CAGGAAGTAGGTGAGGGCTTG-3’
TNF-αA 5’-AGGCTCTGGAGAACAGCACAT-3’ 5’-TGGCTTCTCTTCCTGCACCAAA-3’
ARG1 5’-CTCCAAGCCAAAGTCCTTAGAG-3’ 5’-AGGAGCTGTCATTAGGGACATC-3’
CD163 5’-TGGGTGGGGAAAGCATAACT-3’ 5’-AAGTTGTCGTCACACACCGT-3’
CD206 5’-TGGAATCAAGGGCACAGAAGT-3’ 5’-CTCCATTTGCATTGCCCAGT-3’

two times, and incub- 
ated in DMEM with 4.5 
g/L D-glucose. The cells 
were treated with IL- 
22 (treatment group) or 
without IL-22 (negative 
control group), and res-
veratrol treatment (30 
μmol/L) used as a po- 
sitive control group. AG- 
490 (50 μmol/L) (inhibi-



IL-22 promotes macrophage M2 polarization

19576	 Int J Clin Exp Med 2016;9(10):19574-19580

that contained protease inhibitors and phos-
phatase inhibitors (Sigma, USA). Cell lysates 
were centrifuged at 14,000 rpm at 4°C for  
15 min. The concentration of cellular protein 
was determined by the Pierce BCA assay. Four 
parts of equal concentrations of protein and 
one part of 5× sample buffer were mixed and 
heated at 95°C for 10 min, then the samples 
were separated on 10% sodium dodecyl sul- 
fate (SDS) -polyacrylamide gels. After electro-
phoresis for 90 min, the proteins were trans-
ferred onto a polyvinylidene fluoride (PVDF) 
membrane (Merck Millipore, USA). The mem-

branes were blocked for 1 h at room tem- 
perature with 5% non-fat milk in 0.1% TBS-
Tween 20 and incubated with the dilution of 
polyclonal rabbit anti-STAT3 (1:3000, Abcam, 
UK) and anti-p-STAT3 primary antibody (1:3000, 
Abcam, UK) at 4°C overnight, followed by the 
LI-COR IRDye 680-labeled secondary antibod-
ies (Rockland Immunochemical, Gilbertsville, 
PA) for 1 h at room temperature. The signals 
were detected with Odyssey Infrared Imaging 
System (Li-COR Biosciences, Lincoln, NE) and 
quantitated with Fluorchem 8900 system (Al- 
pha Innotech, San Leandro, CA). 

Statistical analysis

All data were analyzed with SPSS 16.0 soft-
ware (SPSS Inc, Chicago, IL, USA). Data was 
expressed as mean ± standard deviation (SD), 
and comparison between two groups were 
using Student’s t test. The differences among 
multiple groups were analyzed using one-way 
analysis of variance (ANOVA) followed by LSD 
post-hoc test. A value of P<0.05 was consid-
ered statistically significant.

Results 

IL-22 increased the expression markers of M2 
macrophages 

The Raw 264.7 cells (M0 macrophages) were 
treated with IL-22 at the concentration of 250, 
500, 750, 1000 pg/mL, respectively, and the 

Figure 1. A: The mRNA expression of M1, M2 markers after IL-22 treatment at different concentration; B: The mRNA 
expression of M1, M2 markers after IL-22 treatment at different time point. Data was expressed as mean ± SD. The 
differences among multiple groups were analyzed using one-way ANOVA followed by LSD post-hoc test. *P<0.05, 
**P<0.01 compared with 0 concentration or 0 h.

Figure 2. The expression of IL-10 and TNF-α after IL-
22 treatment. Data was expressed as mean ± SD. 
one-way ANOVA test showed that no significant dif-
ferences in the expression of TNF among IL-22 treat-
ment, resveratrol treatment group and control group 
(P>0.05); one-way ANOVA/LSD post-hoc test showed 
that the expression of IL-10 was significantly elevat-
ed in IL-22, resveratrol group compared with control 
group. *P<0.05 compared with control group.
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expression of macrophages markers was de- 
tected at the time of 12 h, 24 h and 36 h, 
respectively. One-way ANOVA showed signifi-
cant differences in the expression of macro-
phages markers among different concentration 
and time points, and LSD post-hoc test showed 
that the markers of M2 macrophages, Arg1, 
CD163 and CD206 were increased greatly, 
which were peaked at the time of 36 h when 
the concentration of IL-22 was 1000 pg/mL. 
Similar results were observed in the group of 
resveratrol treatment. However, the M1 macro-
phages markers (iNOS, TNF-α) did not change 
significantly. See Figure 1.

IL-22 elevated the expression of cytokine of 
M2 macrophages

After treated with IL-22 at a concentration of 
1000 pg/mL for 36 h, the expression of IL-10  
in the cell culture supernatant was increased, 
and one-way ANOVA/LSD post-hoc test show- 
ed that IL-10 was substantially elevated in IL- 

then IL-22 was added in the medium for 36 h, 
we observed that the expression of STAT3 and 
p-STAT3 protein was little change after the 
treatment of AG490+IL-22. The Student’s t-test 
showed the M2 macrophages markers (Arg1, 
CD163 and CD206) in AG490+IL-22 group were 
greatly decreased compared with IL-22 group 
(P<0.01). See Figure 3C.

Discussion

Macrophages are crucial immune cells in the 
regulation of both initiation and resolution of 
immune responses, and play a protective or 
pathogenic role under both homeostatic and 
pathological conditions [10-12]. Due to their 
highly plasticity and diversity, macrophages 
exhibit a broad spectrum of diverse activities in 
different conditions [13]. Despite human mac-
rophages are largely bone marrow -indepen-
dent origin, tissue-resident macrophages, such 
as Kupffer cells in liver, microglia in brain, show 
distinct transcriptional and epigenetic signa-

Figure 3. STAT3 protein expression and macrophage markers changes. A: 
West-blot showed the expression of STAT3, p-STAT3 protein and GAPDH in the 
Raw 264.7 cells; B: The relative protein level of p-STAT3. one-way ANOVA/LSD 
post-hoc test showed that the expression of IL-10 was significantly elevated 
in IL-22, resveratrol group compared with control group, **P<0.01 compared 
with control; C: Expression of Arg1, CD163 and CD206 after IL-22 treatment 
or IL-22+AG490 treatment. Student’s t-test showed that expression of Arg1, 
CD163 and CD206 in IL-22+AG490 group were greatly decreased compared 
with IL-22 group (**P<0.01). 

22 and resveratrol group 
compared with control group 
(P<0.05), but no significant- 
ly differ-ence between IL-22 
and resveratrol group (P> 
0.05). In addition, no signifi-
cantly changed in the expres-
sion of TNF-α after IL-22 treat-
ment compared with controls 
(P>0.05). See Figure 2. 

STAT3 pathway was activated 
during IL-22 treated on mac-
rophages

After treatment with IL-22 on 
M0 macrophages, western-
blot assay showed that the 
expression of STAT3 and p- 
STAT3 protein was increased. 
One-way ANOVA/LSD post-
hoc test showed that p-STAT3 
were significantly increased  
in both IL-22 and resveratrol 
group, and there was differ-
ence compared with control 
group (P<0.05), but STAT3  
did not elevate significantly 
(P>0.05). See Figure 3A, 3B. 

Using STAT3 pathway inhibi-
tor, AG490, to pretreat the M0 
macrophages for 24 h, and 
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tures [14, 15], suggesting that macrophages 
are shaped by local microenvironment to ex- 
press organ-specific functions.

M1 macrophages produce amount of inflam-
matory molecules, including TNF-α, IL-1β, IL-6, 
and promote cytotoxic adaptive immunity by 
up-regulating MHCII in conjunction with co-
stimulatory molecules (CD40, CD80, CD86), 
Th1- and Th17-orienting cytokines (IL-12, IL-27, 
IL-23) and Th1-recruiting chemokines CXCL9, 
CXCL10, CXCL11 [16]. In contrast, M2 macro-
phages secret anti-inflammatory cytokines, 
such as IL-10, TGF-β, and express endocytic 
receptors (CD163, Stabilin-1) and c-type le- 
ctin (CD206, CD301, dectin-1) receptors [16], 
finally lead to the resolution of inflammation. 
Furthermore, by secreting chemokines CCL17, 
CCL18, CCL22 or CCL24, M2 macrophages 
could recruit Th2, Tregs cells, eosinophils and 
basophils to the local environment and play  
a synergic anti-inflammatory effect [17].

In the present study, using resveratrol as  
positive control, which is considered as the 
classic agent induces M0 macrophages polar-
ized into M2 macrophages [18], we obser- 
ved that, after IL-22 treated on M0 macro-
phages, the markers of M2 macrophages 
(Arg1, CD163 and CD206) and the cytokines 
(IL-10) secreted by M2 macrophages were re- 
markably increased, and these results were 
similar to those of resveratrol treatment, sug-
gesting IL-22 could induce M0 macrophages 
polarized into M2 macrophages, and this ef- 
fect was in a dose- dependent manner and 
time- dependent manner. However, we failed  
to observe the significant changes of M1 mac-
rophages markers after IL-22 treatment, sug-
gesting that IL-22 may not induce M0 macro-
phages polarize into M1 macrophages.

By activating certain signaling pathways, such 
as STAT3, ERK1/2 and PI3K/Akt pathway, IL-22 
was reported to exert its biological function in 
many cells or diseases. Among these signal- 
ing pathways, the STAT3 pathway was widely 
studied. Zhu et al [19] reported that STAT3  
was an essential pathway in mediating the 
effects of IL-22 secreted by NKp44+NK cells 
on the proliferation of fibroblast-like synovio-
cytes in patients with rheumatoid arthritis. 
IL-22 also up-regulates β-defensin-2 expres-
sion in human alveolar epithelium via STAT3 
but not NF-κB pathway [20]. The IL-22-STAT3 

signal pathway could also revert IFN-γ-induced 
epithelial-mesenchymal transition of pleural 
mesothelial cells, and might play a protective 
role in anti-pleural fibrosis in tuberculous pleu-
risy [21].

Several signaling pathways are found to par- 
ticipate in the polarization and function of M1 
or M2 macrophages. Yang et al [22] showed 
that TSP50 expressed in cells could activate 
surrounding macrophages and induce M2b 
polarization, partly through inducing TNF-α/ 
IL-1β secretion and subsequent NF-κB pathway 
activation. IL-4 regulates macrophages polar-
ization via the MAPK signaling pathway to  
protect against atherosclerosis [23]. Downstr- 
eam STAT6, activation of PGC-1 is crucial for 
the M2 switch [24]; whereas PPAR and PPAR 
[25] have a key role in maintaining the M2 phe-
notype by inducing distinct genes associated 
with anti-inflammatory functions. In the pre- 
sent studies, we found that although the pro-
tein levels of STAT3 did not change substantial-
ly after IL-22 treatment, however, the phosphor-
ylation of STAT3 was elevated greatly. In addi-
tion, the STAT3 specific inhibitor could great- 
ly inhibit the effect of IL-22 on the polarization 
of M2 macrophages, suggesting that the ST- 
AT3 pathway may involve in this process.

In conclusion, this study reveals that IL-22 
could induce M0 macrophages polarize into  
M2 macrophages in a dose and time- depen-
dent manner, and this effect may be through 
the regulation of STAT3 pathway, especially th- 
rough up-regulating p-STAT3 protein.
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