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Abstract: In the peritoneal fluid, macrophages and their secretory cytokines are essential for endometriosis, but 
the factors that favor their involvement in the endometriosis-associated inflammatory response are still elusive. 
Given the anomalous expression of indoleamine 2,3-dioxygenase-1 (IDO1) in endometrial stromal cells (ESCs) and 
its potentially important roles in immune modulation, we aimed to determine the effects of IDO1 in ESCs on macro-
phages and the mechanism of those effects. Normal ESCs and ectopic ESCs transfected with the SD11-IDO1 shRNA 
(short hairpin RNA) or vector-only plasmid SD11 were subsequently co-cultured with peripheral blood (PB)-derived 
monocytes (PBMC)-driven macrophages directly and indirectly. Cytokine production was determined by analyzing 
the supernatant of the co-culture unit by enzyme-linked immunosorbent assay (ELISA). The phenotypes and the 
phagocytic ability of the macrophages were determined by flow cytometry. Compared to normal ESCs, the PBMC-
driven macrophages co-cultured with ectopic ESCs displayed lower phagocytic ability. Additionally, macrophages 
co-cultured with ectopic ESCs exhibited higher levels of CD163 and CD209 and lower levels of HLA-DR and CD11c. 
Moreover, both the intracellular expression and extracellular secretion of interleukin-10 (IL-10) and transforming 
growth factor-β1 (TGF-β1) were significantly increased, while that of IL-12p70 was decreased in macrophages after 
being co-cultured with ectopic ESCs. However, there was no significant difference in macrophage phagocytic ability, 
immunophenotype or cytokine secretion between the direct and indirect co-culture units. Reversely, SD11-IDO1 
shRNA transfection of ectopic ESCs could abrogate the decreased phagocytic ability and alternative activation of 
macrophages in ectopic ESC-macrophage co-culture unit, suggesting that higher IDO1 in ectopic ESCs was indis-
pensable for the induction of macrophage tolerance. Furthermore, the decrease in phagocytic macrophages and 
alternatively activated macrophages induced by IDO1 in ectopic ESCs was reversed by the addition of an IL-33 
inhibitor, that is, soluble ST2 (sST2). Therefore, through the activation of IL-33, the increased expression of IDO1 in 
ectopic ESCs contributed to the truncated phagocytic ability of macrophages in endometriosis.
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Introduction

Endometriosis, which causes pelvic pain and 
infertility in women of reproductive age, is a 
chronic disease characterized by the presence 
of endometrial tissue outside the uterine cavi-
ty. However, an in-depth understanding of the 
pathophysiology of endometriosis remains elu-
sive. Inflammation of the surrounding pelvic 

microenvironment is thought to play an impor-
tant role in both the initiation and progression 
of endometriosis in addition to ovarian steroid 
hormones [1].

Mirroring the T helper 1 - T helper 2 (Th1-Th2) 
polarization, two distinct states of polarized 
activation for macrophages have been recog-
nized: the classically activated (M1) macro-
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phage phenotype and the alternatively activat-
ed (M2) macrophage phenotype. M2 polari- 
zation, which is driven mainly by interleukin-4 
(IL-4), IL-13, and IL-33, presents as increased 
phagocytic activity, high expression levels of 
scavenging, mannose and galactose receptors 
(such as CD163, CD206, CD209, CXCR4), low 
expression of IL-12 and high expression of IL-10 

[2]. Additionally, IL-10 and transforming growth 
factor-β1 (TGF-β1) can give rise to a “M2- like” 
state, which shares some but not all of the fea-
tures of the M2 cell state [3]. Macrophages are 
the dominant immune cells that are recruited 
to the peritoneal cavity to remove the retro-
graded endometrial debris in patients with 
endometriosis. Several studies have indicated 
that the pelvic macrophages seem to polarize 
to the M2 state, which displays the alternatively 
activated or anti-inflammatory characteristics 
[4, 5]. Furthermore, the phenotypic and func-
tional alterations of M2 peritoneal macro-
phages lead to a low phagocytic capacity, which 
may be closely related to the pathogenesis of 
endometriosis. However, despite of the impor-
tant role of macrophages in endometriosis, lit-
tle is known about the factors that regulate the 
differentiation and polarization of macrophages 
in endometriosis.

Indoleamine 2,3-dioxygenase (IDO) is the intra-
cellular enzyme that catalyzes the initial and 
rate-limiting step of the metabolism of the 
essential amino acid tryptophan in the kyn-
urenine pathway. The IDO family consists of 2 
enzymes: IDO1 and IDO2, and the IDO2 gene 
appears to be functional only in mice, not in 
humans [6]. In recent decades, IDO1 has been 
shown in numerous studies to produce a 
marked tolerance effect in fetal rejection, organ 
transplantation, autoimmune disorders and 
cancer [7]. Previously, we demonstrated an 
increased expression of IDO1 in endometriosis 
derived-endometrial tissues [8]. Thus, in the 
present study, we aimed to determine if IDO1 in 
endometrial stromal cells (ESCs) could influ-
ence macrophage tolerance and furthermore 
be involved in the pathogenesis of endome- 
triosis.

Materials and methods

Subjects and sample collection

Endometrial or endometriotic samples were 
obtained from patients (age 22-43 years) who 

underwent laparoscopy and additional curet-
tage for treatment of ovary dermoid cyst (n=15; 
32.6 ± 8.5 years old) or endometriosis (n=15; 
30.2 ± 6.8 years old) in Obstetrics and Gyne- 
cology Hospital of Fudan University between 
May, 2011 and May, 2013. None of the women 
had taken medications or received hormonal 
therapy for at least 6 months prior to surgery. 
All patients of dermoid cyst or endometriosis 
were diagnosed by laparoscopic examination 
and pathological findings. And all of the lapa-
roscopy procedures were performed during the 
luteal phase of the menstrual cycle. Each sub-
ject completed a signed, written consent form 
approved by the Research Ethics Committee of 
the Obstetrics and Gynecology Hospital, Shang- 
hai Medical School, Fudan University.

Peripheral blood samples (15 mL) from the con-
trol subjects were taken sterilely in heparinized 
Hank’s buffer solution (Gibco, Gaithersburg, 
MD, USA) before the administration of anesthe-
sia. The samples were immediately transported 
to a laboratory on ice for bead sorting of the 
monocytes. The endometrial or endometriotic 
samples tissue samples were obtained from 
the patients during surgery under sterile condi-
tions and were transported to the laboratory on 
ice in DMEM (Dulbecco’s modified Eagle’s 
medium)/F-12 (Gibco, USA).

Cell culture

We purified ESCs as described previously [8]. 
The endometrial or endometriotic tissues from 
the patients were minced into 2 mm pieces and 
incubated in DMEM/F12 containing collage-
nase type IV (0.1%; Sigma, San Francisco, CA, 
USA) and deoxyribonuclease type I (DNase I; 
3000 U; Sigma, USA) with constant agitation 
for 70 min at 37°C. The resulting dispersion 
was filtered in turn through 100 μm and 70 μm 
nylon strainers (Becton Dickinson, Franklin 
Lakes, NJ, USA). The filtrate was then centri-
fuged at 800×g for 15 min to further remove 
the leukocytes and erythrocytes and was 
washed with phosphate-buffered saline (PBS, 
Gibco, USA). The ESCs were resuspended in 
DMEM/F-12 containing 10% fetal bovine serum 
(FBS; Hyclone, Logan, UT, USA), plated on cul-
ture flasks, and incubated at 37°C in 5% CO2. 
The culture medium was replaced every 3 days. 
Cell viability was assessed using a Trypan Blue 
exclusion assay (approximately 89.7%). The 
purity of the ESCs was more than 95% as deter-
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mined by the following conditions using immu-
nocytochemistry: diffuse and strong immunos-
taining for vimentin and negative immuno- 
staining for cytokeratin-7 (CK7).

IDO1 interference by shRNA transfection

Ectopic ESCs were plated in 24-well plates  
with DMEM/F-12 plus 10% FBS. When the cells 
had reached confluency, Lipofectamine 2000 
(Invitrogen; USA), OPTI-MEM (Gibco, USA) and 
the SD11-IDO1 shRNA (short hairpin RNA) 
(GeneChem, Shanghai, China) were mixed, 
incubated for 20 min and added to the cells 
according to the manufacturer’s protocol. Cells 
transfected with the vector-only plasmid SD11 
(GeneChem, China), were used as the negative 
control, and ESCs without plasmid transfection 
were treated as the blank control. After 6 h of 
incubation, these cells were incubated with 
macrophages in DMEM/F-12 with FBS in 5% 
CO2 at 37°C. The effect of plasmid transfection 
on IDO1 protein expression in ESCs has been 
shown by us previously [9].

Generation of human macrophages

Peripheral blood mononuclear cells (PBMC) 
were isolated from the patient blood samples 
by Ficoll-Hypaque density gradient centrifuga-
tion. CD14+ cells were obtained through posi-
tive selection by CD14+ micromagnetic beads 
according to the manufacturer’s instructions 
(Miltenyi Biotec, Bergisch Gladbach, Germany). 
Cell population purity was checked by flow 
cytometry using a FITC-anti CD14 monoclonal 
antibody (mAb) (1 ul; BD Biosciences, San 
Diego, CA, USA) and was found to be >95%.

Then the monocytes were cultured with granu-
locyte macrophage colony-stimulating factor 
(GM-CSF, 5 ng/ml; Leukine, Genzyme Cor- 
poration, UK) and macrophage colony-stimulat-
ing factor (M-CSF, 20 ng/ml; R&D systems, 
USA) in RPMI 1640 medium (Gibco, USA) con-
taining 10% FBS and 2 mM L-glutamine for up 
to 6 days. The medium that contained GM-CSF 
and M-CSF was changed every 3 days. After 6 
days, the monocyte-derived macrophages were 
washed and incubated with ESCs in direct and 
indirect co-culture units for another 2 days.

Cell co-culture unit

The normal ESCs, ectopic ESCs and the trans-
fected ectopic ESCs (ESCs transfected with 
vector-only SD11 plasmid or the SD11-IDO1 
shRNA, respectively) were cultured in 24-well 

plates (Corning, Steuben County, NY, USA) at a 
density of 1×105 cells/well. In the contact co-
culture unit, macrophages were subsequently 
added to the wells directly at the same density 
as the ESCs. On the other hand, the immune 
cells were placed in the upper compartment of 
the transwell chamber inserts (0.4 μm aper-
ture, 12 mm diameter; Corning, USA) in the 
noncontact transwell co-culture unit. Mean- 
while, ESCs or macrophages of 1×105 cells/well 
were cultured alone as controls. After serum 
starvation for 8 h, the co-culture unit was then 
added with recombinant IL-33 (rIL-33, 10 ng/
ml; R&D Systems, Minneapolis, NM, USA) or 
soluble ST2 isoform (sST-2, 100 ng/ml; R&D 
Systems, USA); vehicle (1‰ PBS) served as  
the control. The total volume of medium in each 
well was 800 μL. Forty-eight hours later, after 
gently scattering any adhered immune cells, 
the supernatants were collected from all wells 
and centrifuged immediately at 400×g for 10 
min. The medium was aliquoted and stored at 
-70°C for the cytokine assay, while the cell pel-
let was collected for immediate analysis by flow 
cytometry.

Flow cytometry

The cultured macrophages were double stained 
with PE/Cy7 anti-CD68 mAb (2.5 μl; Biolegend, 
San Diego, CA, USA) and one of the following 
mAb: anti-CD11c-FITC (2.5 μl; Biolegend, USA), 
anti-HLA-DR-PE (10 μl; Biolegend, USA), anti-
CD206-PE (10 μl; Biolegend, USA), anti-CD163-
APC (2.5 μl; Biolegend, USA), anti-CD209-APC 
(2.5 μl; Biolegend, USA), anti-IL12p35-Alexa 
Fluor 647 (10 μl; eBioscience, San Diego, CA, 
USA), anti-TGF-β1-PE (10 μl; Biolegend, USA), or 
anti-IL-10-APC (2.5 μl; Biolegend, USA). The 
cells were concurrently stained with anti-IgG2a-
FITC and anti-IgG2a-PE/PE-Cy7/APC as con-
trols. After the addition of the mAbs, the sam-
ples were allowed to react at 4°C for 30 
minutes. Then, the cells were suspended in 
PBS and centrifugated at 400×g for 8 minutes. 
The cells were resuspended in 0.5 mL PBS and 
were analyzed by Facs Calibur BD flow cytome-
try (Becton Dickson, San Jose, CA, USA). The 
resulting data were analyzed using the LYSYS II 
software program (Becton Dickson, Franklin 
Lakes, NJ, USA).

Phagocytosis assay

Fluoresbrite carboxy NYO-labeled beads (1 
μm-diameter microspheres; Polysciences, Inc., 
Warrington, PA, USA) were mixed with the mac-
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rophages (in a ratio of 10:1) from direct and 
indirect co-culture units for 30 min with shak-
ing at 37°C. The unbound beads were washed 
away by PBS and then separated from the cells 
using density-gradient centrifugation in 2% 
bovine serum albumin. The ratio of macro-
phages that ingested fluorescent beads (% 
phagocytic cells) were determined using Facs 
Calibur BD flow cytometry (Becton Dickson, 
San Jose, CA, USA), and the resulting data were 
analyzed using the LYSYS II software program 
(Becton Dickson, Franklin Lakes, NJ, USA).

Cytokine assay by enzyme-linked immunosor-
bent assay (ELISA)

The presence of IL-4, IL-10, IL-12p70, IL-13, 
IL-23, TGF-β1 and IL-33 in the cultured su- 
pernatant samples was determined by ELISA 
using commercially available kits (IL-4, IL-10, 
IL-12p70, IL-13, IL-23, TGF-β1: Excell Biology, 
Shanghai, China; IL-33: Biolegend, USA) accord-
ing to the manufacturer’s instructions. The 
absorbance of each well was measured by a 
DigiScan Microplate Reader (Assys Hitech, 
Kornenburg, Austria) at the wavelength of 450 

nm. The cultured macrophages were homoge-
nized to measure the total protein levels using 
a BCA (bicinchoninic acid) protein assay kit 
(Pierce; Rockford, IL, USA), and the ELISA data 
were standardized to the total protein of the 
cell lysates. The sensitivity of the kits were 2 
pg/mL for IL-4; 4 pg/mL for IL-10; 30 pg/mL for 
IL-13, IL-12p70 and IL-23; 7 pg/mL for TGF-β1; 
and 4.14 pg/mL for IL-33.

Statistical analysis

The statistical analyses were performed using 
the SPSS statistical software package, version 
15.0 (SPSS Inc.), according to One-way analysis 
of variance (ANOVA) with post hoc test. The 
data are expressed as means ± SD. The differ-
ences were considered to be statistically sig-
nificant for P values <0.05.

Results

IDO1 in ectopic ESCs modulated macrophage 
phagocytosis and phenotypes

Previously, we demonstrated lower IDO1 
expression in normal endometrial tissues com-

Figure 1. Phagocytic ability of macrophages in ESC-macrophage co-culture units. Normal ESCs from endometriosis-
free women, ectopic ESCs from endometriosis women, ectopic ESCs treated with SD11-IDO1 shRNA or vector-only 
plasmid SD11 were co-cultured with human macrophages directly and indirectly. Human CD68+ macrophages were 
generated from primary human monocytes following positive immunomagnetic selection and differentiated for 6 
days in the presence of both GM-CSF and M-CSF. The phagocytosis of macrophages was detected by flow cytometry, 
and it was significantly lower when cultured with ectopic ESCs than with normal ones. IDO1 interference of ectopic 
ESCs was able to reverse the decreased phagocytosis of macrophage in ectopic ESC-macrophage co-culture unit. 
No difference in phagocytic ability was observed between direct and indirect co-culture units. Normal ESC: ESC 
from endometriosis-free patients; Ectopic ESC: ESC from endometriosis-derived endometriotic tissue; Vector con-
trol: ectopic ESC treated with vector-only plasmid SD11; IDO1 interference: ectopic ESC transfected with SD11-IDO1 
shRNA; Phagocytic cells (%): the ratio of macrophages that ingested fluorescent beads. Representative data are 
shown as well as the means ± SD of 15 different experiments. **P<0.01.
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pared to the endometriosis-derived 
eutopic and ectopic endometrial tis-
sues [8]. To further investigate the 
effect of IDO1 in ESCs, we co-cultured 
human monocytes-derived macropha- 
ges with normal ESCs, ectopic ESCs, 
ectopic ESCs transfected with SD11-
IDO1 shRNA or vector-only plasmid 
SD11 directly and indirectly. First, we 
aimed to determine whether IDO1 origi-
nating from ESCs is responsible for the 
phagocytic ability of monocyte-derived 
macrophages. The ectopic ESCs with 
higher IDO1 expression markedly inhib-
ited the phagocytic capacity of co-cul-
tured macrophages than normal ESCs 
(Figure 1; group c vs. group b, P<0.01). 
And IDO1 interference of ectopic ESCs 
could further impair the effect induced 
by ectopic ESCs (Figure 1; group e vs. 
group c, P<0.01), but not totally (Figure 
1; group e vs. group b, P<0.01).

Additionally, ectopic ESCs significantly 
down-regulated the HLA-DR, CD11c 
positive percentage (Figure 2A and 2B; 
group c vs. group b, P<0.01) and up-
regulated the CD163, CD209 positive 
percentage in CD68+ macrophages 
from the co-culture units (Figure 2C and 
2E; group c vs. group b, P<0.01). 
However, the IDO1 interference of ecto-
pic ESCs partially weakened the pheno-
typic change induced by ectopic ESCs 

Figure 2. Differential flow cytometric detec-
tion of macrophage phenotypes. To detect 
the phenotypes of co-cultured macropah-
ges, they were double stained with macro-
phage marker CD68 and HLA-DR (A), CD11c 
(B), CD163 (C), CD206 (D), CD209 (E) and 
detected by flow cytometry. HLA-DR and 
CD11c levels were statistically significantly 
higher, while CD163 and CD209 levels were 
decreased in ectopic ESC-macrophage units 
compared with normal ESC-macrophage 
ones. And a reverse of the above pheno-
typic change was observed after SD11-IDO1 
shRNA transfection of ectopic ESCs. Normal 
ESC: ESC from endometriosis-free patients; 
Ectopic ESC: ESC from endometriosis-de-
rived endometriotic tissue; Vector control: 
ectopic ESC treated with vector-only plasmid 
SD11; IDO1 interference: ectopic ESC trans-
fected with SD11-IDO1 shRNA. Representa-
tive data are shown as well as the means 
± SD of 15 different experiments. *P<0.05; 
**P<0.01.
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(Figure 2A-C and 2E; group e vs. group c, 
P<0.05). The CD206 expression of CD68+ mac-
rophage was not affected by ectopic ESCs in 
co-culture unit (Figure 2D; P>0.05). No differ-
ence in macrophage phagocytic rate and phe-
notype was detected between the direct and 
indirect units (Figures 1 and 2, P>0.05). And 
there was no difference in macrophage phago-
cytosis, phenotype or cytokine production 
when they were co-cultured with the non-trans-
fected ectopic ESCs (blank controls) or the 
ectopic ESCs transfected with the vector-only 
(negative controls) (Figures 1-4; group d vs. 
group c, P>0.05).

M2 cytokine bias in ectopic ESC-macrophage 
co-culture units

Then we aim to study the effect of IDO1 in ecto-
pic ESCs on the macrophage cytokine profile 
switch. We compared the secretion levels of 
IL-10, IL-12p70, IL-23 and TGF-β1, which reflect 
macrophage polarization, in the supernatant of 
ESC-macrophage co-culture units. The mean 
level of IL-23 was reduced markedly in the 
direct and indirect ectopic ESC-macrophage 
co-culture units (Figure 3C; group c vs. group b, 
P<0.01). However, a significantly higher level of 
IL-10 and TGF-β1 in ectopic ESC-macrophage 

Figure 3. Comparison of ESC-macrophage co-culture cytokine secretion. The cytokine production of IL-10 (A), IL-
12p70 (B), IL-23 (C) and TGF-β1 (D) in ESC-macrophage co-culture units were determined by ELISA. IDO1 interfer-
ence of ectopic ESC reversed the markedly raised level of IL-10 (A) and TGF-β1 (D) and depressed level of IL-12p70 
(B) in ectopic ESC-macrophage co-culture unit. Normal ESC: ESC from endometriosis-free patients; Ectopic ESC: 
ESC from endometriosis-derived endometriotic tissue; Vector control: ectopic ESC treated with vector-only plasmid 
SD11; IDO1 interference: ectopic ESC transfected with SD11-IDO1 shRNA. Data were shown as the means ± SD of 
15 different experiments. *P<0.05; **P<0.01.
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units than normal ones was noted (Figure 3A 
and 3D; group c vs. group b, P<0.01). The lower 
IL-23 and higher IL-10, TGF-β1 were partially 
reversed by SD11-IDO1 shRNA transfection of 
ectopic ESCs in co-culture units (Figure 3A, 3C 
and 3D; group e vs. group c, P<0.05). And the 
cytokine profile of IDO1 interference ectopic 
ESC-macrophage unit still existed significant 
M2 cytokine bias when compared with normal 
ESC-macrophage unit (Figure 3A, 3C and 3D; 
group e vs. group b, P<0.05). None of the cyto-
kine production was affected by the manner of 
the co-culture (Figure 3A-D, P>0.05).

In addition to macrophages in co-culture units, 
ESCs can also produce cytokines in the co-cul-
ture units. We observed that there were no sig-
nificant differences in IL-10, IL-23 or TGF-β1 
production among normal ESCs, ectopic ESCs 
and ectopic ESCs with plasmid transfection 
(Supplementary Figure 1; P>0.05). It suggested 
that the diverse cytokine secretion of ESC-
macrophage unit was mainly determined by the 
ESC-instructed macrophage. To further con-

firmed the effect of ESCs on macrophage cyto-
kine profile, we performed FACS to evaluate the 
mean fluorescence intensity (MFI) of intracellu-
lar cytokine IL-10, IL-23 and TGF-β1 in CD68+ 
macrophages. Consistent with the results of 
cytokine profile detected in the co-culture 
supernatants by ELISA, the MFI of IL-10 and 
TGF-β1 in the macrophages of the co-culture 
systems was elevated in ectopic ESC-
macrophage units, along with the down-regula-
tion of IL-23 (Figure 4A-C; group c vs. group b, 
P<0.01). The intracellular M2 cytokine bias of 
macrophage was partially reversed by the IDO1 
interference of ectopic ESCs (Figure 4A-C; 
group e vs. group c, P<0.01). There was no sig-
nificant difference in intracellular cytokine 
expression between the direct or indirect co-
culture manner (Figure 4; P>0.05).

IDO1 in ectopic ESCs promoted IL-33 secretion

The soluble cytokines, including II-4, IL-13 and 
L-33, are the approved regulators involved in 
human macrophage polarization. To further 

Figure 4. Cytokine profile analysis of macrophages 
in co-culture units. Normal ESCs, ectopic ESCs, ec-
topic ESCs transfected with SD11-IDO1 shRNA or 
vector-only plasmid SD11 were co-cultured with 
monocyte-derived macrophage directly and indi-
rectly. MFI of IL-10 (A), IL-23 (B) and TGF-β1 (C) in 
CD68+ macrophages were demonstrated by flow 
cytometry analysis. Herein, Normal ESC: ESC from 
endometriosis-free patients; Ectopic ESC: ESC from 
endometriosis-derived endometriotic tissue; Vector 
control: ectopic ESC treated with vector-only plas-
mid SD11; IDO1 interference: ectopic ESC trans-
fected with SD11-IDO1 shRNA; MFI: mean fluores-
cence intensity. Representative data are shown as 
well as the means ± SD of different experiments. 
*P<0.05; **P<0.01.



IDO1 in ESC induces macrophage tolerance via IL-33

2750	 Int J Clin Exp Pathol 2014;7(6):2743-2757

explore how IDO1 in ESCs induces the M2 
polarization of macrophages, we detected the 
potential mediators II-4, IL-13 and L-33 in the 
supernatants of the cultured normal ESC, ecto-
pic ESC, ectopic ESC transfected with SD11-
IDO1 shRNA or vector-only plasmid SD11. We 
found that the IL-33 production of ectopic ESCs 
was 3.3-fold that of the control (Figure 5; ecto-
pic ESC vs. normal ESC, P<0.01), and that ele-
vation was reversed after the treatment of 
SD11-IDO1 shRNA (Figure 5; IDO1 interference 

vs. ectopic ESC, P<0.01). It suggested that 
IDO1-induced IL-33 secretion in ectopic ESCs 
might participate in the macrophage polariza-
tion of endometriosis.

sST-2 reversed impaired phagocytic ability and 
M2 phenotype of macrophages driven by IDO1 
in ectopic ESCs

To further address the effect of the IDO1 pro-
motion of IL-33 expression, the co-culture units 

Figure 5. IL-33 secretion was modulated by IDO1 in ESCs. Normal ESCs, ectopic ESCs, ectopic ESCs transfected 
with SD11-IDO1 shRNA or vector-only plasmid SD11 were cultured for 48 h. Thereafter, IL-4 (A), IL-13 (B), and IL-
33 (C) were detected to analyze the modulation of IDO1 on cytokine production of ESCs. Herein, Normal ESC: ESC 
from endometriosis-free patients; Ectopic ESC: ESC from endometriosis-derived endometriotic tissue; Vector con-
trol: ectopic ESC treated with vector-only plasmid SD11; IDO1 interference: ectopic ESC transfected with SD11-IDO1 
shRNA. The columns represent the means ± SD of 12 different experiments. *P<0.05; **P<0.01.

Figure 6. IL-33 from ectopic ESCs altered macrophage phagocytosis in ESC-macrophage units. The direct co-culture 
unit was treated with rIL-33 (10 ng/ml) or sST2 (100 ng/ml) for 48 h. Ectopic ESCs suppressed the phagocytic ability 
of monocyte-derived macrophages through higher expression of IDO1, while sST2 reversed this effect. Herein, Nor-
mal ESC: ESC from endometriosis-free patients; Ectopic ESC: ESC from endometriosis-derived endometriotic tissue; 
IDO1 interference: ectopic ESC transfected with SD11-IDO1 shRNA; Phagocytic cells (%): the ratio of macrophages 
that ingested fluorescent beads. Representative data are shown as well as the means ± SD of 15 different experi-
ments. *P<0.05; **P<0.01.



IDO1 in ESC induces macrophage tolerance via IL-33

2751	 Int J Clin Exp Pathol 2014;7(6):2743-2757



IDO1 in ESC induces macrophage tolerance via IL-33

2752	 Int J Clin Exp Pathol 2014;7(6):2743-2757

were incubated with rIL-33 or sST2. Because 
no significant difference in phenotype or cyto-
kine production was observed in the direct and 
indirect co-culture units, we discuss the results 
of the direct ESC-macrophage co-culture unit 
here. sST2 treatment resulted in markedly 
decreased HLA-DR and CD11c expression lev-
els in the macrophages as well as an increased 
phagocytic ability of the macrophages from the 
ectopic ESC-macrophage units (Figures 6, 7A 
and 7B; group h vs. group e, P<0.05). 
Meanwhile, the expression levels of CD163 and 
CD209 in the macrophages derived from the 
ectopic ESC-macrophage units were also 
reduced after the treatment with sST2 (Figure 
7C and 7D; P<0.05). Additionally, after rIL-33 
stimulation, the macrophage of the IDO1 inter-
ference-macrophage units exerted a similar 
phenotype to the macrophages from the ecto-
pic ESC-macrophage units without rIL-33 stim-
ulation (Figures 6 and 7; group e vs. group l, 
P>0.05).

IDO1 induction of IL-33 in ectopic ESCs led 
macrophages to display the tolerant cytokine 
profile

Finally, we evaluated the effect of IL-33 induc-
tion by IDO1 on macrophage cytokine produc-
tion in the supernatant of co-culture unit. There 
was no significant difference in the ESC cyto-
kine production levels of IL-10, IL-23 or TGF-β1 
when they were cultured with rIL-33 or sST2 
(Supplementary Figure 1; P>0.05). The IL-10, 
IL-12p70 and TGF-β1 secretion of the ectopic 
ESC-macrophage units did not differ signifi-
cantly from the rIL-33-treated IDO1 interfer-
ence-macrophage units (Figure 8A-C; group e 
vs. group l, P>0.05). The elevated levels of IL-10 
and TGF-β1 induced by ectopic ESCs were also 
reversed by sST2, while the decreased IL-12p70 
induced by ectopic ESCs was up-regulated 
after sST2 treatment (Figure 8A-C; group h vs. 
group e, P<0.05).

Similar to the results of the cytokine profile, 
sST2 down-regulated IL-10 and TGF-β1 expres-
sion in the macrophages from the ectopic ESC-

Figure 7. sST2 inhibits the ectopic ESC-stimulated macrophage immunophenotype differentiation. Flow cytometry 
was employed to detect the HLA-DR (A), CD11c (B), CD163 (C), and CD209 (D) expression of CD68+ macrophages 
from co-culture units. Inhibition of IL-33 by sST2 reversed the HLA-DR and CD11c down-regulation and CD206 
and CD209 up-regulation stimulated by ectopic ESCs. Herein, Normal ESC: ESC from endometriosis-free patients; 
Ectopic ESC: ESC from endometriosis-derived endometriotic tissue; IDO1 interference: ectopic ESC transfected 
with SD11-IDO1 shRNA. Representative data are shown as well as the means ± SD of 15 different experiments. 
*P<0.05; **P<0.01.

Figure 8. Cytokine excretion of co-culture units was 
orchestrated by IL-33 derived from ectopic ESC. IL-10 
(A), IL-12p70 (B) and TGF-β1 (C) excretion was accom-
modated by SD11-IDO1 shRNA transfection in ectopic 
ESC-macrophage units; and this change was restored 
by IL-33 inhibitor- sST2. Herein, Normal ESC: ESC from 
endometriosis-free patients; Ectopic ESC: ESC from 
endometriosis-derived endometriotic tissue; IDO1 in-
terference: ectopic ESC transfected with SD11-IDO1 
shRNA. Data are shown as the means ± SD of 15 dif-
ferent experiments. *P<0.05; **P<0.01.
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macrophage units (Figure 9A; P<0.01), and 
there was no difference in the expression levels 
of IL-10, IL-12p70 or TGF-β1 in macrophages 
from rIL-33 treated-IDO1 interference-macro-
phage units compared to the ectopic ESC-

macrophage units (Figure 9A-C; group e vs. 
group l, P>0.05). 

Discussion

Although endometriosis has been extensively 
studied, its etiology remains an enigma. While 
Sampson’s theory of retrograde menstruation 
is widely accepted [10], many investigators 
focused their attention on the role of peritoneal 
fluid (PF) cellular population and soluble cyto-
kines [11]. However, the factors that favor the 
involvement of PF macrophages and their 
secretory cytokines in endometriosis-associat-
ed inflammatory responses are poorly under-
stood. IDO1 has been well identified as an 
immune modulator [12], and its increased 
expression in endometriosis-derived ESCs 
drew our interest toward the dynamic interplay 
between ESCs and macrophages in the perito-
neal cavity.

In our study, we found that the presence of 
endometrial cells in the peritoneal cavity of 
women with endometriosis may be the result of 
insufficient activity of macrophages. Soluble 
factors mediate the interaction of ESCs with 
macrophages; increased expression of IDO1 in 
ectopic ESCs upregulated IL-33 expression and 
contributed to the inducement of macrophage 
tolerance. Furthermore, modification of the 
secretion of cytokines from macrophages may 
further favor the implantation and growth of 
endometrial tissue. 

Macrophages are the predominant cells in the 
PF and are accompanied by other cells, such as 
lymphocytes, natural killer (NK) cells and meso-
thelial cells. After PBMCs migrate into the peri-
toneal cavity, they become PF macrophages, 
which function locally in phagocytosis, antigen 
presentation and cytokine production [13]. In 
endometriosis, the inactivation of PF macro-
phages with respect to phagocytosis and cyto-
toxicity of refluxed endometrial tissue has been 
previously reported [14]. The scavenger func-
tion of macrophages is mediated by the activa-
tion of matrix metalloproteinases (MMPs), 
which degrade the extracellular matrix of retro-
graded endometrium, and the expression of 
scavenger receptors (SR), which facilitate the 
engulfment of cellular debris. It has been sug-
gested that the expression levels of MMP-9, 
SR-BIII (CD36) [15, 16], PGE2, and Annexin A2 
[17] can affect the phagocytic capability of peri-

Figure 9. Flow cytometric analysis of intracellular mol-
ecules in CD68+ macrophage. The expression of three 
cytokines, IL-10 (A), IL-12p70 (B) and TGF-β1 (C), are 
presented as median fluorescent intensity (MFI) as 
determined by flow cytometry. Herein, Normal ESC: 
ESC from endometriosis-free patients; Ectopic ESC: 
ESC from endometriosis-derived endometriotic tis-
sue; IDO1 interference: ectopic ESC transfected with 
SD11-IDO1 shRNA. Data are shown as the means ± 
SD of different experiments. *P<0.05; **P<0.01.
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toneal macrophages in patients with endome-
triosis. Our present data demonstrated that 
IDO1 overexpression in ESCs decreased the 
scavenger function of macrophages. We previ-
ously identified the correlation between IDO1 
and MMPs and COX-2 in ESCs [9]. We proposed 
that, in addition to autologous MMPs and PGE2 
in macrophages, activated MMPs and PGE2 
secreted by ESCs in the peritoneal cavity could 
also play a role in macrophage phagocytosis. 
The activation of MMPs and PGE2 caused by 
IDO1 in ESCs can also lead to the impaired 
phagocytosis of macrophages. As a result, 
macrophages fail to clear the peritoneal ecto-
pic endometrium; which plays an important role 
in the development of endometriosis.

Macrophages commonly alter their function in 
response to changing microenvironments. M1s 
are typically induced in response to tissue dam-
age or pathogen exposure (such as TNF, LPS 
and IFN-γ). They are characterized by high IL-12, 
IL-23 and low IL-10 expression [2]. In contrast, 
M2s are a heterogeneous population of macro-
phages proposed to be induced by a variety of 
stimuli, including IL-4, IL-13, IL-33 and M-CSF, 
and they generally share characteristics, such 
as higher CD163 and CD206 marker expres-
sion and higher IL-12 and IL-23 production [18]. 
However, the altered phenotype applied for the 
classification of macrophages is still under 
debate, and the M1/M2 classification of mac-
rophage phenotypes is not an exhaustive 
description of the many different macrophages 
present in the different tissue milieus. Based 
on the conclusion that the phenotypes of PBMC 
and PF macrophages did not differ significantly 
in women with and without endometriosis [19], 
we were able to use PBMC-derived macro-
phages to imitate the PF macrophages. We co-
cultured ESCs and macrophages to determine 
if IDO1 expression in ectopic ESCs could have 
any effect on the immune function of macro-
phages. After incubation of the macrophages 
with ectopic ESCs, the macrophages were 
polarized to the M2 phenotype with increased 
expression of CD163 and CD209, increased 
production of IL-10 and TGF-β1, decreased 
expression of HLA-DR and CD11c level and 
decreased secretion of IL-12/23. The elevated 
CD163 (a scavenger receptor) and CD209 
(C-type lectin receptor) are the adhesion mole-
cules that could be the marker of the subset of 
regulatory macrophages induced by ectopic 
ESCs in endometriosis [20, 21]. Lower HLA-DR 

and CD11c (co-stimulatory molecules) levels, 
which represent the antigen-presenting ability 
of macrophages, suggest that the antigen pre-
sentation of retrograde endometrial tissue 
might be weakened in the peritoneal cavity; 
thus, HLA-DR and CD11c have also been con-
sidered to participate in the initiation and pro-
gression of endometriosis. Furthermore, the 
ectopic ESCs-induced M2 polarization could be 
reversed by IDO1 interference in ectopic ESCs, 
but not totally. It indicated that higher expres-
sion of IDO1 in ectopic ESCs might be a candi-
date molecule, but definitely not the only one, 
leading to the induction of macrophage toler-
ance during the peritoneal ESC-macrophage 
interaction, thereby participating in the impair-
ment of peritoneal macrophage in endometrio-
sis. In addition to IDO1, as mentioned before, 
MMP-9, SR-BIII (CD36), PGE2, and Annexin A2 
could also mediate in the differentiation of peri-
toneal macrophages in patients with endome-
triosis. They jointly induced the immune dys-
functional macrophage, especially with an 
attenuated phagocytic ability and elevated reg-
ulatory cytokine secretion, which fail to remove 
the retrograded endometrial debris in perito-
neal cavity, and initiate the occurrence of 
endometriosis.

Because there was no difference in macro-
phage phenotype and cytokine production 
between the contact and non-contact co-cul-
ture units, soluble factors rather than immedi-
ate contact was speculated to cause the M2 
switch by IDO1 in ectopic ESCs. We measured 
the common stimuli of the M2 phenotype (IL-4, 
IL-13 and IL-33), and IL-33 was found to be 
responsible for M2 polarization by IDO1 in 
ESCs. IL-33 is a novel member of the IL-1 family 
and was identified as the ligand for the orphan 
receptor ST2 (IL-1RL1). Due to differential splic-
ing of the ST2 mRNA, ST2 exists in two forms: a 
transmembrane full-length form (ST2L) and a 
soluble, secreted form (sST2). Soluble ST2 acts 
as a decoy receptor for IL-33 [22]. IL-33 has 
been reported to be expressed in human ESCs 
and to participate in the decidualization of 
ESCs [23]. Furthermore, the serum and perito-
neal IL-33 levels have been shown to be 
increased in women with endometriosis, espe-
cially in cases of deeply infiltrating endometrio-
sis. IL-33 may even act as a profibrotic media-
tor involved in the pathogenesis of the fibrotic 
component of endometriosis [24]. Our findings 
provided a new role of IL-33 in the pathogene-
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sis of endometriosis. Increased IDO1 expres-
sion in ectopic ESCs induced the secretion of 
IL-33, further reduced the phagocytic ability of 
macrophages and promoted M2 polarization in 
co-culture units. The effects of IL-33 could be 
reversed by sST2, which resulted in lower 
CD163 and CD209 expression and lower IL-10 
and TGF-β1 production. These observations 
are in accordance with previous reports that 
abnormal ESCs may have an unexpected role in 
regulating local immunity [25]. The M2 macro-
phage has been reported to ameliorate type 1 
inflammatory responses and adaptive immuni-
ty, to promote type 2 immune responses, and 
even to regulate tissue repair [26]. M2 perito-
neal macrophages were closely related to the 
development of endometriosis in a murine 
endometriosis model in that they induced 
angiogenesis in lesions [5]. Additionally, M2 
macrophages could play a principal role in ESC 
proliferation and lead to the development of 
pelvic endometriosis [4]. Thus, the interaction 
between M2 macrophages and ESCs may have 
an indispensable role in the development of 
endometriosis. However, IDO1 overexpression 
could also induce the exhaustion of local tryp-
tophan and metabolites of the kynurenine 
pathway, which could also cause immunosup-
pressive effects on immune cells [27]. 
Therefore, IL-33 might not be the only molecule 
that mediates M2 polarization in the co-culture 
system, and further studies are needed to clar-
ify the mechanism of M2 polarization.

The peritoneal macrophage can be stimulated 
by soluble factors derived from ESCs and can 
be differentiated in response to changing 
microenvironments. In addition, macrophage-
derived cytokines, such as IL-10 and TGF-β1, 
are also believed to be associated with endo-
metriosis development. IL-10 produced by M2 
dampens the immune response and limits 
inflammation [28]. Additionally, the impairment 
of immune cells enables the survival of the 
ectopic endometrium and is considered to be 
important in the initiation of endometriosis. 
TGF-β1 is recognized as a key profibrotic cyto-
kine in endometriosis. It plays an important 
role in cell growth and angiogenesis. Addi- 
tionally, TGF-β1 is known to be a potent inhibi-
tor of NK cell activity; that inhibition leads to a 
decrease in the clearance of regurgitated endo-
metrial cells in the pelvic cavity [29].

In an ESC-macrophage co-culture system, we 
found that IDO1 regulation in ESCs modulated 

macrophage phenotypes and cytokine secre-
tion via IL-33. In the ectopic ESC-macrophage 
co-culture unit, macrophages have lower 
phagocytic ability, and macrophages exhibit M2 
polarization. Decreased expression of HLA-DR 
and CD11c suggested a depressed antigen 
presentation capacity of macrophages induced 
by IDO1. Meanwhile, the raised IL-10 and TGF-
β1 levels may play a significant counter-regula-
tory role in dampening the activation of the 
peritoneal immune cells and have been found 
to be related to the growth and angiogenesis of 
endometriotic implants. However, the following 
contradiction exists and has been previously 
described: higher IDO1 levels in ESCs could 
down-regulate the scavenging ability of macro-
phages. Nevertheless, the M2 macrophage 
was characterized as having a higher phago-
cytic ability. We speculated that, although M2s 
share general characteristics, they are still a 
heterogeneous population of macrophages 
with different features in response to different 
local milieus. The exact reason for this should 
be investigated further.

On the whole, endometriosis progression can 
be recognized as the product of evolving cross-
talk between ectopic ESCs and macrophages 
within the peritoneal cavity. A high level of IDO1 
in ectopic ESCs of women with endometriosis 
can modulate adjacent macrophages through 
soluble factors, such as IL-33, rather than 
through immediate contact, to generate a sup-
portive microenvironment. Dysfunctional mac-
rophages not only have impaired phagocytic 
abilities but also have a decreased ability to 
present antigens to T cells, this ability is 
decreased due to a reduction in HLA-DR and 
CD11c. In contrast, cytokines released by mod-
ified macrophages, including IL-10 and TGF-β1, 
promote endometrial tissue growth and alter 
the polarization of further recruited macro-
phages. With the potential role of IDO1 in endo-
metriosis and its application in clinical trials of 
cancer therapy [30], further work should be 
undertaken to identify IDO1-based therapies 
for endometriosis.
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Supplementary Figure 1. Cytokine profile of ESCs 
was not affected by IL-33/sST-2 stimulation IL-10 
(A), IL-12p70 (B) and TGF-β1 (C) excretion was 
not modulated by ESC transfection or IL-33/sST-2 
treatment. Herein, Normal ESC: ESC from endome-
triosis-free patients; Ectopic ESC: ESC from endo-
metriosis-derived endometriotic tissue; IDO1 inter-
ference: ectopic ESC transfected with SD11-IDO1 
shRNA. Data are shown as the means ± SD of 15 
different experiments. *P<0.05; **P<0.01.


