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Abstract. Refractory peritoneal carcinomatosis is a common 
terminal feature of epithelial ovarian cancer (EOC). Previous 
reports have suggested that immunotherapy is a promising 
therapeutic strategy for EOC. Interleukin (IL)‑33 is a member of 
the IL‑1 superfamily of cytokines. The role of IL‑33 in tissue 
inflammation and promoting type 2 immune responses has been 
established, and recently, there is accumulating evidence to 
suggest the involvement of IL‑33 in carcinogenesis. In this study, 
we focused on the association between the tumor expression of 
IL‑33 and ovarian peritoneal carcinomatosis. We used an 
immunosufficient murine model of peritoneal carcinomatosis 
and human EOC samples. The overexpression of IL‑33 in the 
ID8 mouse EOC cell line tumors significantly prolonged the 
survival of immunocompetent mice in the peritoneal 
carcinomatosis setting, but not in the subcutaneous model. In 
addition, the silencing of IL‑33 in ID8‑T6 cells (subclone with 
high dissemination potential) significantly shortened the 
survival of the tumor‑bearing mice. This was likely due to the 
intratumoral accumulation of CD8+ and CD4+ T cells, and a 
decrease in CD11b+Gr1+ cells. Furthermore, IL‑33 induced the 
intraperitoneal microenvironment favoring tumor elimination 
through the inhibition of differentiation into CD11b+Gr1+ cells. 
On the whole, the findings of this study suggest IL‑33 to be a 
cytokine that reflects antitumor peritoneal conditions. Further 
investigation of the antitumorigenic role of IL‑33 may aid in the 
development of more effective therapeutic approaches for the 
treatment of EOC with peritoneal carcinomatosis.

Introduction

Epithelial ovarian cancer (EOC) is the most lethal gynecological 
malignancy due to the fact that it is usually diagnosed at an 
advanced stage with peritoneal carcinomatosis in the majority of 
patients (1). Even with aggressive primary surgery and adjuvant 
chemotherapy, the majority of patients with advanced‑stage 
EOC often suffer relapses and develop chemotherapeutic 
resistance (2). The recurrence and progression of peritoneal 
carcinomatosis leads to a poor survival and an impaired 
quality of life due to marked ascites. Therefore, novel treatment 
strategies are required to control peritoneal carcinomatosis.

Following the demonstration of EOC immunogenicity, 
multiple immunotherapeutic approaches remain under-
developed  (3‑5). Immune checkpoint inhibitors, such as 
anti‑cytotoxic T‑lymphocyte–associated antigen 4 (CTLA‑4) 
or anti‑programmed death 1 (PD‑1)/PD‑L1 antibodies, have 
been considered as innovative treatments for a variety of 
malignancies. However, checkpoint inhibitors merely disin-
hibit ongoing T‑cell responses. As a consequence, they often 
fail in tumors with a paucity of pre‑existing tumor‑infiltrating 
cytotoxic T lymphocytes.

Interleukin (IL)‑1 family members are known to alter host 
responses to an infectious, inflammatory, or immunological 
challenge. IL‑33 is a member of the IL‑1 family that has 
been identified as a potent activator of the immune system. 
IL‑33 is released by damaged cells, acting as an alarmin (6). 
IL‑33 functions by interacting with its receptors, ST2 (also 
known as IL1RL1) and IL‑1RAcP  (7,8). IL‑33 has been 
reported to be associated with a number of diseases, including 
infections (9,10), asthma (11,12), autoimmune diseases (13,14), 
atherosclerosis and cardiovascular disease (15,16). However, 
there are only a few reports available to date on the role of IL‑33 
signaling in cancer. Recently, the high expression of IL‑33 and 
its receptor, ST2, were reported to be poor prognostic factors 
for survival. IL‑33 was shown to promote gastric cancer 
cell migration and invasion by stimulating the secretion of 
IL‑6 and MMP‑3 (17). Increased IL‑33 protein levels have 
been observed in serum and liver tissue from patients with 
hepatocellular carcinoma (18). Furthermore, IL‑33 and ST2 
expression levels have been shown to be higher in human breast 
cancer tissue than in normal breast tissue (19,20). By contrast, 
a protective role for IL‑33 has been reported in other studies. 
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The IL‑33/ST2 signaling axis may play a protective role in 
colon carcinogenesis through macrophage infiltration (21), and 
IL‑33 may increase the death of ST2‑expressing lung cancer 
cells under conditions mimicking the tumor environment (22). 
The reports differ depending on the type of cancer; therefore, 
the function of IL‑33 is controversial.

In ovarian cancer, a high expression of IL‑33 has been 
reported to be associated with a poor prognosis of patients 
with EOC (23,24); however, to date, at least to the best of 
our knowledge, the association between ovarian cancer and 
the function of IL‑33 has not yet been fully elucidated. We 
investigated the correlation between IL‑33 and EOC in the 
peritoneal carcinomatosis environment, which is likely to be 
accessible and refractory in advanced EOC.

Materials and methods

Cells and cell culture. Murine ovarian cancer cell lines (ID8 
and its subclones ID8‑T6, ID8‑mock and ID8‑IL‑33) and 
human EOC cell lines (SKOV‑3/CAOV3/OV90/A2780) were 
used in this study. The ID8 cell line was kindly provided by Dr 
Katherine Roby (University of Kansas Medical Center). The 
SKOV‑3, CAOV3 and OV90 cell lines were obtained from the 
American Type Culture Collection (ATCC). The A2780 cell 
line was obtained from the European Collection of Cell Cultures 
(ECACC). These cells were maintained in RPMI‑1640 medium 
(Sigma‑Aldrich) supplemented with 10%  fetal calf serum, 
penicillin (100 U/ml) and streptomycin (100 g/ml) at 37˚C in a 
humidified atmosphere containing 5% CO2. All cell lines were 
regularly tested for mycoplasma contamination.

Animal and tumor model. A total of 95 C57BL/6 female 
mice (89 4‑5 weeks old mice; weight range, 13.8‑18.0 g; mean 
weight, 15.6 g and 6 10‑12 weeks old mice) and 8 BALB/C 
nude female mice (5 weeks old; weight range, 16.8‑18.6 g; 
mean weight, 18.0 g) were purchased from Charles River 
Laboratories Japan. Animal care and experimental procedures 
were approved by the Animal Experiment Committee of 
Nagoya University (approval  no.  30065), and all animals 
were maintained under specific pathogen‑free conditions. 
Mice were housed in groups of 3 or 4 in cages and kept in 
a room maintained at 23±1˚C with free access to food and 
water, on a 12‑h light‑dark cycle throughout the experiments. 
The mice were allowed to acclimatize to their conditions for 
2 weeks. The C57BL/6 mice and BALB/C nude mice were 
intra‑abdominally injected with 5.0x106 tumor cells in 0.3 ml 
of PBS to induce peritoneal metastasis. Mice with peritoneal 
carcinomatosis with a body weight >25 g were sacrificed, and 
intraperitoneal dissemination was evaluated. We generated the 
subclone of ID8 with higher peritoneal dissemination capacity. 
Peritoneal dissemination was harvested and cultured in 
medium, and tumor cells were re‑implanted intraperitoneally 
into 3  different C57BL/6 mice. This re‑implantation was 
performed a total of 5  times to establish the ID8‑T6 mice 
(Fig. S1). We used 18 C57BL/6 mice in this process (3 mice 
for initial disseminated tumor formation and we repeated the 
re‑implantation of 3 mice each 5 times).

The C57BL/6 mice were injected with 5.0x106 tumor cells 
in 0.2 ml of PBS into the right rear flank of each mouse to form 
subcutaneous tumors. Subcutaneously inoculated mice were 

sacrificed at 6 weeks following the injection. Subcutaneous 
tumor size was measured weekly thereafter using a digital 
Vernier caliper. Tumor volumes were calculated using the 
following formula: V = (longest diameter x shortest diameter²)/2.

Humane endpoints. Humane euthanasia using CO2 was 
performed when a mouse reached an experimental endpoint, 
was sampled with irreversible and persistent pain or became 
moribund. The flow rate and container volume for CO2 
asphyxiation were 2.0 l/min and container volume was 10 l, 
respectively. To confirm mouse death, we checked for the 
absence of multiple vital signs (loss of bladder control, absence 
of heart rate, lack of a toe‑pinch response and cessation of 
respiration). In order to obtain a rapid and sufficient amount of 
bone marrow cells, they were collected following euthanasia. 
To minimize animal suffering and distress at the time of 
invasive procedures, the mice were anesthetized by isofluorane 
inhalation (2‑5%) administered by nose cone to reach a steady 
state of anesthesia, which was determined by toe pinch reflex 
and slow steady breathing.

Vectors and transductions. pSIREN‑RetroQ‑ZsGreen‑Control 
(5'‑TTCTCCGAACGTGTCACGT‑3') and ‑mIL33‑2334 
(5'‑AGGTATAATTGTTTCATTAATTT‑3') are small hairpin 
RNA (shRNA) expression vectors encoding non‑target 
shRNA or shRNA against mouse IL‑33 (IL33‑2334), respec-
tively. pRetroX‑IRES‑DsRedExpress‑mIL33 is a mammalian 
expression vector encoding mouse IL‑33. pRetroX‑IRES‑DsRe-
dExpress‑Mock, which is an empty vector, was used as a 
control.

The ID8‑T6 cells were transduced with pSIREN‑ 
RetroQ‑ZsGreen‑Control and ‑mIL33‑2334, which were 
used for gene silencing. The ID8 cells were transduced with 
pRetroX‑IRES‑DsRedExpress‑Mock and ‑mIL33, which 
were used for gene overexpression. The vector transfections 
were carried out using Lipofectamine 3000 (Thermo Fisher 
Scientific). To produce viral for delivery, 293T cells were 
transfected with pSIREN‑RetroQ‑DsRed‑Express (or 
pRetroX‑IRES‑DsRed Express), VSV and gag‑pol. After 
3 days, the supernatant was collected and filtrated (0.45 µm). 
Filtrated supernatant with polybrene (final 5  mg/ml) was 
added to ID8‑T6 (or ID8) cells and incubated for 24 h at 37˚C.

Both pRetroX‑IRES‑DsRed Express and pSIREN‑RetroQ‑ 
ZsGreen were purchased from Clontech (Takara Bio). All 
oligo DNA were synthesized by and purchased from Hokkaido 
System Science.

Immunohistochemical (IHC) staining. IHC analyses were 
performed on human EOC tissues and intraperitoneally 
transplanted tumors from mice. The human EOC tissues were 
obtained from 100 patients who underwent surgical treatment 
at Nagoya University Hospital between 1989 and 2011. All 
samples were fixed in 10% formalin and embedded in paraffin. 
The sections were cut at a thickness of 5 µm. For heat‑induced 
epitope retrieval, deparaffinized sections in 0.1 M citrate buffer 
were treated at 90˚C at 750 W for 15 min using a microwave 
oven. Immunostaining was conducted using Histofine Simple 
Stain MAX  PO (MULTI) (424151, Nichirei Biosciences), 
followed by incubation at 4˚C overnight with the primary 
antibodies. Histofine Simple Stain MAX PO is the labeled 
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polymer prepared by combining amino acid polymers with 
peroxidase and secondary antibody which is reduced to Fab' 
fragment. We applied 2 drops of this detection reagent to each 
slide so as to provide a complete cover of the sections. This was 
followed by incubation at room temperature for 30 min. For 
IL‑33, CD4 and CD8, the samples were incubated with rabbit 
anti‑IL‑33 (clone Nessy‑1, 1:1,000 dilution; ALX‑804‑840, 
Enzo Life Sciences), rabbit anti‑CD4 (clone SP35, 1:100 
dilution; M3354, Spring Bioscience) and mouse anti‑CD8 
(clone C8/144B, 1:100 dilution; M7103, Dako).

As regards the IHC staining of mouse tumors, tissues 
removed from the mice were immersed in OCT compound 
(Sakura Finetek) and rapidly frozen and stored at ‑80˚C. Frozen 
tissue sections were cut at 5 µm thickness using a cryostat 
microtome at ‑15˚C, air‑dried and fixed in acetone for 10 min. The 
sections were then incubated with rat anti‑CD4 (clone GK1.5, 
1:100 dilution; 100401, BioLegend), rat anti‑CD8a (clone 
53‑6.7, 1:100 dilution; 100701, BioLegend), rat anti‑CD11b 
(clone M1/70, 1:500 dilution; 101201, BioLegend) and rat 
anti‑F4/80 (clone BM8, 1:500 dilution; 123101, BioLegend) at 
room temperature overnight. The sections were then washed 
3 times in PBS, and 2 drops of Histofine Simple Stain Mouse 
MAX‑PO (Rat) (414311, Nichirei Biosciences) reagent were 
added for 30 min at room temperature.

Immunohistochemical evaluation. The samples were classified 
according to the intensity of IL‑33 staining and scored from 0 
to  3 as follows: 0,  negative; 1, weak; 2, moderate; and 3, 
strong. Cases with scores of 0 and 1 belonged to the IL‑33 
low group and cases with scores of 2 or 3 belonged to the 
IL‑33 high group. Tumor‑infiltrating CD4+ and CD8+ cells 
were counted at x400 magnification, CD11b+ and F4/80+ cells 
were counted at x200 magnification in 4 different microscopic 
fields, and the average number was calculated (using a ZEISS 
Axio Imager A1 microscope). The scoring of IL‑33 intensity 
and counting of tumor‑infiltrating immune cells were carried 
out twice by two independent gynecologists (each blinded to 
the other's score) without any knowledge of the patient clinical 
parameters or other prognostic factors. The concordance rate 
was >90% between the observers.

Flow cytometric analysis. Flow cytometry (FCM) was 
carried out to quantify the expression of CD11b and Gr‑1 
on the surface of the cells. Mice with tumor formation were 
sacrificed by CO2 gas asphyxiation and their disseminated 
tumors were rapidly collected. The cells were stained with 
the following antibodies for 30 min at 4˚C: APC anti‑mouse 
CD11b (clone M1/70; 101201, BioLegend) and PE anti‑mouse 
Gr‑1 (clone RB6‑8C5; 108407, BioLegend). FCM data were 
acquired using the Attune Acoustic Focusing Cytometer 
(Life Technologies; Thermo Fisher Scientific), and analyzed 
using Attune cytometric software version 2.1.0. Gating was 
implemented on the basis of negative‑control staining profiles.

RNA isolation and gene expression analysis. Total RNA was 
isolated from the cells and tissues using the RNeasy RNA 
Isolation kit (Qiagen) and cDNA was synthesized using the 
ReverTraAce qPCR RT kit (Toyobo). The approximate size of 
the PCR products was estimated by the electrophoresis of 5 µl 
of each PCR reaction on 1.0% agarose gel containing GelRed 

(Biotium). Real‑time PCR was performed on a LightCycler 
using SYBR‑Green 1 Master (Roche). The 2‑ΔΔCq method was 
adopted for quantification (25). The primary PCR primer pairs 
are listed in Table SI. Microarray analyses were performed 
using the Affymetrix GeneChip. The reaction was performed 
for 10 min at 30˚C, 20 min at 42˚C and 5 min at 99˚C, and then 
stored at 4˚C.

Western blot (WB) analysis. WB analysis for IL‑33 and receptor 
ST2 was performed as previously described  (26). In brief, 
cells were treated with 10% RIPA lysis buffer (Thermo Fisher 
Scientific) in PBS and cOmplete, Mini, EDTA‑free (Roche). 
Subsequently, 30 µg of total cell lysate were electrophoresed on a 
10% SDS‑polyacrylamide gel and transferred electrophoretically 
to Immobilon membranes (Millipore). After blocking in 
blocking solution (5% non‑fat dry milk/0.1% Tween‑20/PBS) 
at room temperature for 1 h, the membranes were incubated 
overnight with a recommended dilution of primary antibodies. 
The following antibodies were used at 4˚C overnight: 
Anti‑mouse and human IL‑33 (clone Nessy‑1; 1:1,000 dilution; 
ALX‑804‑840, Enzo Life Sciences), anti‑human ST2 (1:1,000 
dilution; PRS3363‑100UG, Sigma‑Aldrich) and anti‑β‑actin 
(1:5,000 dilution; 017‑24573, Wako). The primary antibodies 
were washed in 0.05%  Tween‑20/PBS and then incubated 
with the appropriate HRP‑linked secondary antibody at 
room temperature for 1  h (1:10,000; 7074 and 7076, Cell 
Signaling Technology). Proteins were detected with an ECL 
kit (GE Healthcare Life Science) and visualized using the 
ImageQuant LAS  4000 Mini system (GE  Healthcare Life 
Science).

Determination of the IL‑33 concentration. The IL‑33 
concentration in the supernatant and ascites was evaluated by 
ELISA (murine IL‑33; R&D Systems). The ID8‑WT, ID8‑T6, 
ID8‑mock and ID8‑IL‑33 cells (5x105 cells/well) were seeded 
in 6‑well plates and incubated in appropriate culture medium 
for 24 h at 37˚C. After reaching confluence, the cells were 
washed with serum‑free medium, and incubated for a further 
48 h at 37˚C. Following incubation, the supernatants were 
collected for the assay. Ascites were harvested from ID8‑mock 
or ID8‑IL‑33 peritoneal tumor‑bearing mice and the cells 
were removed by centrifugation (500 x g, 5 min at 4˚C) for 
the assays.

In vitro cell proliferation assay. The cells were plated in 
hexaplicate at a density of 1,000 cells in 200 µl in 96‑well plates, 
and cultured for 1 to 3 days at 37˚C. Cell viability was assayed 
using a modified tetrazolium salt MTT assay performed using 
the CellTiter 96 Aqueous One Solution Cell Proliferation Assay 
kit (Promega). The absorbance was measured at 490 nm using a 
microplate reader (Labsystems, Multiskan Bichromatic).

Myeloid‑derived cell generation assay. Bone marrow cells 
were harvested from the femurs of 6 healthy female C57BL/6 
mice (10‑12 weeks old). The bone marrow cells were cultured 
in RPMI‑1640 with 10% FBS in the presence of ascites fluid 
that was extracted from ID8‑mock or ID8‑IL‑33 peritoneal 
tumor‑bearing mice from which the cells were removed by 
centrifugation (500 x g, 5 min at 4˚C). The cells were collected 
on day 7 for FCM. For stimulation with IL‑33, recombinant 
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mouse IL‑33 (R&D Systems) at 20, 200 or 2,000 was added to 
each well on day 1.

Scratch wound migration assay (wound healing assay). 
Tumor cells were seeded on 6‑well plates and incubated at 
37˚C overnight. The cell monolayer was then scratched using 
a 200‑µl pipette tip and washed twice with PBS to ensure the 
scratch area. The cells were examined 8 h after the scratch was 
made using an OLYMPUS IX71 microscope (Olympus).

Statistical analysis. For the results of in vitro and in vivo 
experiments, statistical comparisons between groups 
were performed using the non‑paired Student's t‑test. The 
comparisons between multiple groups were assessed using 
one‑way ANOVA, followed by Tukey's test. Overall survival 
curves were generated using the Kaplan‑Meier method and 
compared using a log‑rank test. The comparison between the 
IL‑33 expression levels in different groups was assessed using 
Chi‑squared tests (Table I). Differences between groups were 
considered significant at P<0.05. Data are expressed as the 
means ± SD.

Results

Generation and characterization of invasive ID8‑T6 ovarian 
tumor cells. The ID8 murine ovarian cancer cell line slowly 
forms tumors when injected intraperitoneally in C57BL/6 
mice. In order to investigate the mechanisms of peritoneal 

dissemination, we prepared a more invasive subclone of ID8. A 
syngeneic mouse model was established by injecting ID8 cells 
intraperitoneally into C57BL/6 mice. Peritoneal dissemination 
was harvested and cultured in medium, and tumor cells were 
re‑implanted intraperitoneally into different C57BL/6 mice. 
This re‑implantation was repeated 5 more times to create the 
invasive ID8 cell line ID8‑T6 (Fig. S1).

The ID8‑WT and ID8‑T6 cell lines were intraperitoneally 
injected into C57BL/6 mice, and their survival was compared. 
ID8‑T6 caused the earlier accumulation of ascites and the 
formation of dissemination compared with ID8‑WT (Fig. S2A). 
As shown in Fig. S2B, the ID8‑T6 tumor‑bearing mice had a 
significantly poorer survival than the ID8‑WT tumor‑bearing 
mice (P=0.002). Based on the above, ID8‑T6 became a cell 
line that more easily formed peritoneal dissemination. In order 
to confirm whether there was a difference between ID8‑WT 
and ID8‑T6 in  vitro, cell proliferation was examined. No 
marked differences were observed in the growth rates between 
the ID8‑WT cells and ID8‑T6 cells (Fig. S2C). We also exam-
ined the effects of ID8‑T6 on cell migration by wound healing 
assay, in which cells migrate from the edge of a scratch wound. 
ID8‑T6 cells had spread along the wound edges more rapidly 
than the ID8‑WT cells at 8 h (Fig. S3).

To identify which genes promote peritoneal carcinomatosis, 
we performed microarray analysis to compare the ID8‑WT cells 
with ID8‑T6 cells (in vitro conditions) and ID8‑WT tumor 
tissue with ID8‑T6 tumor tissue (in vivo conditions). Among 
the genes listed, we focused on humoral factors. IL‑33 was 

Table I. Association between the expression of IL‑33 and the clinicopathological parameters of the patients with EOC.

	 IL‑33 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 No.	 Low, n (%)	 High, n (%)	 P‑value

Total	 100	 33	 67
Age (years)				    0.288
  ≤55	   50	 14 (42.4)	 36 (53.7)
  >55	   50	 19 (57.6)	 31 (46.3)
FIGO stage				    0.792
  I	   31	 12 (36.4)	 19 (28.4)
  II	   20	   5 (15.2)	 15 (22.4)
  III	   43	 14 (42.4)	 29 (43.3)
  IV	   23	   2   (6.1)	   4   (6.0)
Histological type				    0.664
  Serous	   48	 16 (48.5)	 32 (47.8)
  Clear 	   29	 11 (33.3)	 18 (26.9)
  Endometrioid	   23	   6 (18.2)	 17 (25.4)
Grade				    0.205
  G1	     8	   4 (12.1)	   4   (6.0)
  G2	   31	   6 (18.2)	 25 (37.3)
  G3	   57	 22 (66.7)	 35 (52.2)
  Unknown	     4	   1   (3.0)	   3   (4.5)
CA125 (U/ml)				    0.229 
  <350	   49	 19 (57.6)	 30 (44.8)
  ≥350	   51	 14 (42.4)	 37 (55.2)
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found to be upregulated in both the ID8‑T6 cells and tissue 
as compared with ID8‑WT (15.1‑fold higher, 50.7‑fold higher, 
Table SII). To confirm these results, we performed RT‑qPCR on 
the ID8‑WT and ID8‑T6 cells for 10 genes [IL‑6, IL‑8, IL‑13, 
IL‑33, interleukin 1 receptor like 1 (IL1RL1), transforming 
growth factor (TGF)‑β1, heparin binding EGF like growth 
factor (HB‑EGF), vascular endothelial growth factor (VEGF)
α, C‑C motif chemokine ligand 5 (CCL5) and prostaglandin E 

receptor 2 (PTGER2)]. Significant differences were found for 
all genes. IL‑33 and its receptor IL1RL1 were significantly 
upregulated (Fig. S2D). In addition, the increased protein 
expression of IL‑33 was observed by WB and IHC analyses 
(Fig. S2E and F). Furthermore, we confirmed the expression 
of IL‑33 in human ovarian cancer. We also examined the 
expression of IL‑33 and its receptor ST2 in human ovarian 
cancer cell lines (SKOV3, CAOV3, OV90 and A2780) by WB 

Figure 1. IL‑33 increases the number of tumor‑infiltrating CD4+ and CD8+ cells, but decreases CD11b+ cells. (A) Semi‑quantitative PCR analysis of IL‑33 
expression in ID8‑mock and ID8‑IL33 cells. (B) Western blot analysis of IL‑33 expression in ID8‑mock and ID8‑IL33 cells. (C) Concentration of IL‑33 in 
cell culture supernatant of ID8‑mock or ID8‑IL33 cells. (D) Cell proliferation was measured over 3 days for ID8‑mock and ID8‑IL33 cells using the MTT 
assay. No difference in proliferation was observed. Data are presented as absorbance at optical density (OD) of 490 nm. (E) Subcutaneous tumor growth (mm3) 
in C57BL/6 mice after injection of ID8‑mock or ID8‑IL33 cells (5x106) into the right rear flank of each mouse. One tumor was removed per mouse. Mean 
(± SEM) tumor growth over time in mice (n=4 for each group). (F) Overall survival rates were compared between mice intraperitoneally injected with 
ID8‑mock (n=16) or ID8‑IL33 (n=18) cells (1x107) P=0.001. (G) Representative immunostaining images of ID8‑mock or ID8‑IL33 tumors for CD4, CD8, 
CD11b and F4/80. Analyses of the infiltration of CD4+, CD8+, CD11b+ and F4/80+ cells within tumors (n=4). *P<0.05 and **P<0.001.
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analysis. No expression of IL‑33 was observed in the A2780 cell 
line; however, both IL‑33 and ST2 were found to be expressed 
in the SKOV3, CAOV3 and OV90 cell lines (Fig. S4). This 
finding suggested that IL‑33 was highly expressed in ID8‑T6 
cells and may thus be involved in human ovarian cancer.

In vitro functional experiments on ID8‑IL33 ovarian 
tumor cells. To examine the effects of IL‑33 on peritoneal 
carcinomatosis, ID8‑WT, a cell line lacking IL‑33, was 
gene‑transferred with IL‑33 cDNA, and ID8‑IL33 cells 
expressing IL‑33 and ID8‑mock control cells were generated. 
The expression of IL‑33 following gene transfer was confirmed 
by semi‑quantitative PCR and WB analysis (Fig. 1A and B). In 
addition, the IL‑33 concentrations in the cell culture supernatant 
were examined. It was confirmed that the IL‑33 concentration in 
the ID8‑IL33 cells was high enough (Fig. 1C). We then further 
examined whether there was a difference between the ID8‑IL33 
and ID8‑mock cells in vitro by evaluating cell proliferation. 
However, the in vitro growth rates between the ID8‑IL33 cells 
and ID8‑mock cells did not differ (Fig. 1D). We also assessed 
whether IL‑33 promotes the migratory ability of the tumor 
cells by scratch wound migration assay; however, there was no 
difference in the migratory ability between the ID8‑IL33 and 
IL33‑mock cells (Fig. S5). Thus, the overexpression of IL‑33 
did not affect tumor cell proliferation or migration in vitro.

IL‑33 does not promote tumor progression, but increases 
tumor immunity by promoting the infiltration of immune 
cells into the tumor. As IL‑33 had no effect on tumor cells 
in vitro, we decided to assess the role of IL‑33 in tumor growth 
in vivo. First, we established a subcutaneous syngeneic mouse 
model. Similar tumor growth rates were observed between 
the ID8‑mock and ID8‑IL33 cells in this model (Fig. 1E). 

The volumes calculated in Fig. 1E were for one tumor per 
mouse. We then established a syngeneic mouse model of 
peritoneal carcinomatosis and compared their survival. The 
survival rate of the ID8‑IL33 tumor‑bearing mice was not 
shortened, but was significantly prolonged compared with that 
of the ID8‑mock tumor‑bearing mice (P=0.001; Fig. 1F). The 
effects of IL‑33 on tumors is controversial, and there are some 
reports stating that IL‑33 enhances antitumor immunity and 
suppresses tumor growth (27‑29).

Considering the possibility that IL‑33 acts on tumor 
immunity, we examined the localization of immune cells 
(CD4, CD8, CD11b and F4/80) within the disseminated tumor 
tissues by IHC analyses (Fig. 1G). The numbers of infiltrating 
CD4+ cells and CD8+ cells were significantly increased in 
the ID8‑IL33 tumors compared with the ID8‑mock tumors. 
By contrast, the numbers of infiltrating CD11b+ cells were 
decreased in ID8‑IL33 tumors. No marked no difference 
was observed in the numbers of infiltrating F4/80+ cells. 
These results suggested that IL‑33 inhibits tumor growth by 
promoting antitumor immunity.

IL‑33 in ascites directly inhibits myeloid‑derived cell 
differentiation. IL‑33 increased the number of infiltrating 
CD4+ and CD8+ cells, and decreased the amount of infiltrating 
CD11b+ cells. Based on these results, we considered the 
involvement of myeloid‑derived suppressor cells (MDSCs). 
MDSCs are characterized as CD11b+Gr‑1+ cells in mice. In 
cancer, MDSCs have a prominent immunosuppressive ability 
that enables them to control immune responses, leading to 
tumor immune escape and disease progression (30). Therefore, 
in this study, we examined intratumoral CD11b+Gr‑1+ cells 
by FCM. The number of intratumoral CD11b+Gr‑1+ cells was 
significantly decreased in the IL33‑overexpressing tumors 

Figure 2. IL‑33 in ascites inhibits the differentiation of bone marrow cells into MDSCs. (A) Flow cytometric analysis of the accumulation of CD11b+Gr1+ cells 
(MDSCs) in tumor cells. (B) Flow cytometric analysis of the frequencies of bone‑marrow‑derived MDSCs. Ascites from ID8‑mock or ID8‑IL33 tumor‑bearing 
mice was added to the culture medium. (C) The concentration of IL‑33 in ascites of ID8‑mock or ID8‑IL33 tumor‑bearing mice. (D) Frequencies of 
bone‑marrow‑derived MDSCs by flow cytometry. Recombinant IL‑33 (20, 200 or 2,000 pg/ml) was added to the culture medium. *P<0.05 and **P<0.001; 
n.s, not significant. MDSCs, myeloid‑derived suppressor cells.
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(Fig. 2A). This suggested that immune activation was also 
mediated through MDSC inhibition, although it was likely due 
to the direct effects of IL‑33 on lymphocytes. No difference 
was observed in tumor growth in the subcutaneous model; 
but a difference was observed in the model of peritoneal 
dissemination. Thus, we considered that cancerous ascites 
may be involved in the reduction of intratumoral CD11b+Gr‑1+ 
cells, as ovarian cancer ascitic fluids contain several cytokines, 
such as IL‑6, IL‑10 and GM‑CSF, which induce differentiation 
into MDSCs (31‑33). To investigate the effects of cancerous 
ascites on MDSCs, we collected bone marrow cells from the 
femurs of healthy C57Bl/6 mice and incubated them with 
ascites from ID8‑IL33 and ID8‑mock tumor‑bearing mice. 
The number of CD11b+Gr‑1+ cells induced by ascites from 
the ID8‑IL33 mice was significantly lower than that induced 
by ascites from ID8‑mock mice (Fig. 2B). Ascites from the 
ID8‑IL33 tumor‑bearing mice inhibited myeloid‑derived cell 
differentiation. Subsequently, we investigated what factor in 
the ascites acts to prevent differentiation into CD11b+Gr‑1+ 
cells. First, the concentration of IL‑33 in the mouse ascites was 
measured by ELISA. The IL‑33 concentration in ascites from 
the ID8‑IL33 tumor‑bearing mice was significantly higher, 
whereas ascites from ID8‑mock tumor‑bearing mice were 
almost free of IL‑33 (Fig. 2C). IL‑33‑responsive innate cells 
have been previously reported in mouse bone marrow (34). 
Therefore, we considered that IL‑33 in ascites may directly 

inhibit the differentiation of lineage‑negative progenitor bone 
marrow cells into CD11b+Gr‑1+ cells. We added recombinant 
IL‑33 to IL‑33‑free ascites from ID8‑mock tumor‑bearing 
mice and cultured with bone marrow cells from healthy 
C57BL/6 mice. The addition of recombinant IL‑33 reduced 
myeloid‑derived cell differentiation. However, the effect 
plateaued when the rIL33 concentration reached a certain 
level (Fig. 2D). These results suggested that IL‑33 in ascites 
inhibited MDSC differentiation induced by cytokines, thereby 
promoting tumor immunity.

Silencing of IL‑33 suppresses tumor immunity and 
promotes tumor progression. Although IL‑33 was found 
to be overexpressed in ID8‑T6 cells, ID8‑T6 significantly 
shortened the survival of mice in a murine model of peritoneal 
carcinomatosis compared with ID8‑WT (Fig. S2B). To clarify 
this contradiction, we generated IL33‑a‑silenced ID8‑T6 cells, 
shIL‑33 and a negative control. The knockdown of IL‑33 in 
the shIL‑33 cells was confirmed by WB analysis (Fig. 3A). 
Cell proliferation in vitro was similar between the shIL‑33 
and negative control‑transfected cells (Fig. 3B). In a murine 
model of peritoneal carcinomatosis, the shIL‑33 tumor‑bearing 
mice exhibited significantly shorter survival times (P=0.019; 
Fig.  3C). Furthermore, the silencing of IL‑33 reduced the 
number of infiltrating CD8+ cells, and increased the number 
of CD11b+Gr‑1+ cells (Fig. 3D and E). This result suggested 

Figure 3. Silencing of IL‑33 suppresses tumor immunity and promotes tumor progression. (A) Western blot analysis of IL33 expression in shIL‑33 and 
sh negative control cells. (B) Cell proliferation was measured over a period of 3 days in shIL‑33 and sh negative control cells by MTT assay. No difference in 
proliferation was observed. (C) Overall survival rates were compared between mice intraperitoneally injected with shIL‑33 (n=7) or sh negative control (n=8) 
cells (5x106). (D) Analyses of the infiltration of CD4+ and CD8+ cells within shIL‑33 (n=4) or sh negative control (n=4) tumors by IHC. (E) The percentage of 
CD11b+Gr1+ cells in shIL‑33 (n=5) or sh negative control (n=5) tumor cells by flow cytometry. *P<0.05; n.s, not significant.
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that IL‑33 also suppressed tumor progression through tumor 
immunity in ID8‑T6 cells and confirmed the antitumor effects 
of IL‑33.

Association of IL‑33 with clinical outcome in human ovarian 
cancer. Taken together, our preclinical results demonstrated 
that IL‑33 improves prognosis by enhancing tumor immunity. 
To assess whether this finding is clinically relevant, we exam-
ined the expression of IL‑33 in 100 paraffin‑fixed human 
primary ovarian cancer tissues (Table I). We found different 
expression levels of IL‑33 in ovarian cancer cells. We classi-
fied scores 0/1 as IL‑33 low and 2/3 as IL‑33 high. In total, 
67 of the samples expressed high levels of IL‑33 (IL‑33 high) 
in the ovarian cancer cells (Table I and Fig. 4A). Cases with 
high staining of IL‑33 had significantly longer overall survival 
times (P=0.047; Fig. 4B). To confirm the association of tumor 
IL‑33 expression with antitumor immunity, we performed 
additional IHC staining for CD4 and CD8. Although no 
differences were observed in the number of infiltrating CD4+ 
cells, the numbers of infiltrating CD8+ cells were significantly 
increased in the IL‑33 high expression group (Fig. 4C). These 
findings suggest that IL‑33 enhances tumor immunity and 
prolongs survival.

Discussion

The importance of interactions in both cancer and tumor 
microenvironments for the malignant phenotype and genotype 
of EOC has been demonstrated in recent studies (35‑37). These 
complex interactions may be due to the accumulation of spatio-
temporal signaling events that function in tumor progression 
or regression. Due to the heterogeneity of EOC, the underlying 
mechanisms altering gene expression remain unclear. These 
alterations involve a number of secreted components, such 
as cytokines, chemokines, growth factors, metabolites and 
exosomal miRNAs (38). These non‑cellular components under 
peritoneal carcinomatosis conditions may have a greater influ-
ence on the acquisition of malignancy by providing energy, 
growth signals, drug resistance tumor microenvironment, 
evasion of immune surveillance, and metastatic and angiogen-
esis cues. Peritoneal carcinomatosis is a devastating metastatic 
form of EOC. Thus, switching the function of these secreted 
components from tumor acceleration to antitumor activity has 
been considered as a new target for EOC therapy.

Based on this, we searched for potential factors involved 
in peritoneal carcinomatosis. We focused on IL‑33, which 
is a humoral factor that has recently been reported to be 

Figure 4. Association of IL‑33 with clinical outcome in human ovarian cancer. (A) Classification of ovarian cancer according to the intensity of IL‑33 staining. 
Cases with scores of 0, 1 were assigned to the IL‑33 low group and cases with scores of 2, 3 were assigned to the IL‑33 high group. (B) Survival analyses 
for patients with ovarian cancer according to intensity of IL‑33. Overall survival rates were compared between the IL‑33 low group and IL‑33 high group. 
(C) Representative immunostaining images of IL‑33 low or high tumors for CD4 and CD8. Analyses of the infiltration of CD4+ and CD8+ cells within IL‑33 
low or high tumors. *P<0.05; n.s, not significant.
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associated with cancer. We initially hypothesized that IL‑33 
promotes tumorigenesis; however, the overexpression of IL‑33 
significantly prolonged the survival of mice in a murine model 
of peritoneal carcinomatosis. By contrast, the knockdown of 
IL‑33 in ID8‑T6 cells significantly shortened the survival of 
mice. Thus, IL‑33 enhanced tumor immunity and suppressed 
tumor growth in a murine model of peritoneal carcinomatosis. 
As to why ID8‑T6 acquired a high dissemination ability, several 
progression factors that have a greater influence on peritoneal 
dissemination than IL‑33 are likely to be expressed in ID8‑T6 
cells. Thus, the antitumor effects of IL‑33 are likely subverted 
due to interactions with other tumor promoting factors. 
Accordingly, we intraperitoneally injected ID8‑WT or ID8‑T6 
cells into immunodeficient mice (BALB/C nude). Similar as in 
immunocompetent mice, peritoneal dissemination formation 
by ID8‑T6 cells was earlier than that by ID8‑WT cells (data not 
shown). We considered a number of potent progression factors, 
regardless of immunity, to be expressed in ID8‑T6 cells, and 
that the antitumor effects of IL‑33 were masked.

Although IL‑33 was highly expressed in ID8‑T6 cells, 
IL‑33 is a naturally acquired tumor suppressor in the process 
of ID8 with recurrent peritoneal dissemination. Therefore, 
the expression of IL‑33 in the tumor may finally increase as 
the tumor progresses to a certain extent in humans. Indeed, 
it was previously reported that the expression levels of IL‑33 
were further increased in tumor tissues at the metastatic site 
compared with at the primary site (23). It may therefore be 
difficult to use IL‑33 as a prognostic marker, even though it 
significantly prolonged human survival in this study.

In this study, we demonstrated that IL‑33 overexpression 
promoted the infiltration of CD4+ and CD8+ cells into tumors 
in a syngeneic mouse model of peritoneal carcinomatosis. 
Infiltrating CD8+ cells isolated from the disseminated tumors 
have the ability of functional cytokine production. Although 
tumor‑infiltrating CD8+ T cell function was similar between 
ID8‑mock and ID8‑IL33 peritoneal tumor settings, the number 
of infiltrating CD8+ cells differed (data not shown).

Furthermore, in 100 clinical cases of ovarian cancer, CD8+ 
cells were significantly increased in the IL‑33 high group. 
The expression of ST2 was detected on Th2 cells  (39,40). 
Recently, activated Th1 cells (41) and cytotoxic T cells (42) 
were found to have ST2 expression and IL‑33 signaling. Thus, 
it is possible that IL‑33 directly acts on CD4+ and CD8+ cells to 
enhance tumor immunity. However, as a significant difference 
was observed in the number of CD11b+ cells, as opposed 
to CD4+ or CD8+ cells, in this study, we hypothesized that 
some other signaling mechanism is involved. Tumor‑derived 
cytokines and inflammatory cytokines, including VEGF, 
prostaglandin E2 (PGE2), TGF‑β, stem cell factor (SCF), IL‑1β, 
IL‑4, IL‑6, IL‑10, IL‑12, IL‑13, matrix metalloproteinase 
(MMP)‑9, granulocyte‑macrophage colony‑stimulating 
factor (GM‑CSF) and granulocyte‑colony stimulating 
factor (G‑CSF), have been reported to play a role in MDSC 
differentiation (43,44). Furthermore, it was recently reported 
that IL‑33 effectively reduces MDSC‑dependent immune 
suppression and improves antitumor responses (45). Therefore, 
we assumed that the increase in infiltrating CD4+ and CD8+ 
cells was mediated by MDSCs. Indeed, we demonstrated that 
IL‑33 in cancerous ascites was able to inhibit the differentiation 
of bone marrow cells into CD11b+Gr‑1+ cells. Although we 

used CD11b and Gr‑1 as markers to identify MDSC, these 
markers are also expressed by other cells. Indeed, the only 
way to definitively identify cells as MDSCs is to demonstrate 
that they have immune suppressive activity. However, there 
was a limitation in our technical ability to evaluate the 
T cell‑suppressive activity of tumor infiltrating CD11b+Gr‑1+ 
cells, as we were unable to use the FACS cell sorter to purify 
CD11b/Gr‑1 double‑positive cells. It is possible that other 
mechanisms are involved and influenced the survival, but it is 
certain that this mechanism is involved.

In this study, no significant difference was observed in 
tumor growth by the overexpression of IL‑33 in cancer cells 
in a subcutaneous syngeneic mouse model, whereas the 
overexpression of IL‑33 significantly prolonged the survival 
of mice in a murine model of peritoneal carcinomatosis. 
We considered this to be a unique result from peritoneal 
dissemination. IL‑33 expressed by the tumor acts only locally 
in the subcutaneous model; however, IL‑33 expressed by tumor 
cells may act extensively via cancerous ascites in a murine 
model of peritoneal carcinomatosis. Even in hepatocellular 
carcinoma that is likely to develop peritoneal carcinomatosis, 
such as ovarian cancer, the infiltration of cancer cells by IL‑33+ 
and CD8+ cells is independently associated with prolonged 
patient survival (46). In the experiment using IL‑33 transgenic 
mice, IL‑33 promoted the proliferation, activation and 
infiltration of CD8+ T cells, and the inhibition of pulmonary 
metastasis in the B16 melanoma and Lewis lung carcinoma 
metastatic mice models (28). It is believed that IL‑33 enhances 
tumor immunity and exhibits antitumor effects only when it 
functions systemically.

In conclusion, we demonstrated that IL‑33 reduces tumor 
immune suppression and inhibits tumor progression in ovarian 
cancer. Furthermore, we suggest that the reduction of MDSCs 
by IL‑33 reduced immune suppression. Further the elucidation 
of the antitumorigenic role of IL‑33 will aid in developing 
novel therapeutic approaches for the treatment of EOC with 
peritoneal carcinomatosis in the future.
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