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Abstract

Receptor-interacting protein kinase 3 (RIPK3) is
essential for mucosal repair in inflammatory bowel
diseases (IBD) and colorectal cancer. However, its
role in tumor immunity is unknown. Here, we
report that decreased RIPK3 in colorectal cancer
correlates with the accumulation of myeloid-
derived suppressor cells (MDSC). Deficiency of
RIPK3 boosted tumorigenesis via accumulation and
immunosuppressive activity of MDSCs. Reduction
of RIPK3 in MDSC and colorectal cancer cells eli-
cited NFkB-transcribed COX-2, which catalyzed the
synthesis of prostaglandin E2 (PGE2). PGE2 exacer-
bated the immunosuppressive activity of MDSCs
and accelerated tumor growth. Moreover, PGE2
suppressed RIPK3 expression while enhancing
expression of NFkB and COX-2 in MDSCs and
colorectal cancer cells. Inhibition of COX-2 or PGE2
receptors reversed the immunosuppressive activity
of MDSCs and dampened tumorigenesis. Patient
databases also delineated the correlation of RIPK3
and COX-2 expression with colorectal cancer sur-
vival. Our findings demonstrate a novel signaling
circuit by which RIPK3 and PGE2 regulate tumor
immunity, providing potential ideas for immuno-
therapy against colorectal cancer.

Significance: A novel signaling circuit involving
RIPK3 and PGE2 enhances accumulation and
immunosuppressive activity of MDSCs, implicating
its potential as a therapeutic target in anticancer
immunotherapy.
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A RIPK3-PGE2 signaling circuit in the tumor microenvironment mediates MDSC-potentiated
tumorigenesis of colorectal cancer. 
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Introduction
Colorectal cancer is one of the most common malignant

tumors and the third leading cause of cancer-associated mor-
tality in the world (1). The 5-year survival rate is only approx-
imately 10% for the patients with advanced colorectal cancer
(2). Exploring the pathogenesis and effective therapeutic targets
of colorectal cancer is of great clinical significance. Inflamma-
tory bowel diseases (IBD) are recognized as precancerous dis-
eases of colorectal cancer. The colorectal cancer–infiltrating
immune cells, including myeloid-derived suppressor cells
(MDSC) promote the carcinogenesis, which is one of the most
important causes for tumor progression and therapeutic failure
(3–5). MDSCs can induce immune tolerance by overexpressing
arginase 1 (Arg-1), inducible nitric oxide synthase (iNOS or
NOS2), and reactive oxygen species (ROS) to suppress the
activation of CTLs. MDSCs can also differentiate toward
tumor-associated macrophages and promote the immunosup-
pressive function of regulatory T cells. In addition, MDSCs
secrete prostaglandin E2 (PGE2), calcium-binding protein
S100A8/A9, FGFs, matrix metalloproteinases, TGFb, VEGF, and
other cytokines to promote tumor proliferation, angiogenesis,
and metastasis (6). Therefore, addressing the mechanisms
regulating MDSCs will provide new ideas for the immunother-
apy of colorectal cancer.

Inflammation initiates necroptosis, which parallels with
caspase-mediated apoptosis and NFkB-mediated proliferation,
and plays an essential role in carcinogenesis (7). Receptor-
interacting protein kinase 3 (RIPK3) is a central regulatory
molecule for necroptosis (8), whereas its role in tumor immu-
nity remains unknown. It has been reported that RIPK3 pro-
motes the mucosal repair in IBD (9). More importantly, RIPK3
also inhibits the tumorigenesis of colorectal cancer and the
expression of proinflammatory factors including S100A8, che-
mokine (C-X-C motif) ligand 1 (CXCL1), IL1b, IL6, and TNFa
(10). Because these proinflammatory factors correlate with the
accumulation and maintenance of MDSCs (11), the above
studies suggest that RIPK3 may regulate the tumor-infiltrating
MDSCs.

Here, we demonstrate that the downregulation of RIPK3 in
tumor-infiltrating MDSCs potentiates NFkB activation and COX-
2–derived PGE2 production. PGE2, in turn, further reduces RIPK3
and promotes the immunosuppressive activity of MDSCs and
carcinogenesis. Therapy targeting this signaling circuit involving
RIPK3 and PGE2 potently blunts the accumulation and activity of
MDSCs andprotects the colorectumagainstmalignancy.Our data
provide molecular basis for RIPK3 regulating MDSCs and tumor
immunity, and suggest potential immunotherapeutic idea for
colorectal cancer.

Materials and Methods
Human databases

The correlations between RIPK3 gene expression and colorectal
cancer were determined through analysis of Kaiser colon and
Skrzypczak colorectal cancer datasets, respectively, which are
available at Oncomine (http://www.oncomine.org/).

The National Center for Biotechnology Information Gene
Expression Omnibus databases GSE21510 (12) and GSE17536
(13) containing 148 and 177 patients with colorectal cancer were
evaluated for the correlation of RIPK3 and indicated genes and
survival, respectively.

Animal experiments
C57BL/6 mice were purchased from the Chinese Academy of

Medical Sciences (Beijing, China). RIPK3 knockout (KO) mice
with C57BL/6 background were kindly provided by Xiaodong
Wang andZhirong Shen (National Institute of Biological Sciences,
Beijing, China). All wild-type (WT) and KOmice were age and sex
matched, and cages were randomly assigned to the treatment
groups. All animal procedures were conducted in accordancewith
the National and International Guidelines for the Care andUse of
Laboratory, approved by the Animal Care and Use Committee of
Third Military Medical University (Chongqing, China) and com-
plied with the Declaration of Helsinski.

The model of acute IBD was established by feeding C57BL/6
mice with 2% dextran sodium sulfate (DSS) dissolved in sterile
pure water for 6 days. For colorectal cancer induction, 6-week-
old C57BL/6 mice were injected intraperitoneally with 10 mg/
kg azoxymethane (AOM, catalog no. 25843-45-2, Sigma-
Aldrich) and after 7 days, they were fed with sterile pure water
containing 2% DSS (catalog no. 0216011080, MW 40,000-
50,000, MPbio) for three cycles. Colons and spleens were
removed upon sacrifice at indicated interval. Macroscopic
tumors were measured with calipers. Portions of the distal
colons were either frozen at �80�C or fixed with formaldehyde
and embedded in paraffin for histologic analysis. For some
indicated experiments, GSK872 (0.75 mg/kg, catalog no. 2673,
BioVision), AH-6809 (5 mg/kg, catalog no. HY-10418, Med
Chem Express), or ONO-AE3-208 (5 mg/kg, catalog no.
402473-54-5, Med Chem Express) was injected intraperitone-
ally every 2 days until the mice were sacrificed. Anti-Gr-1 (12.5
mg/kg, catalog no. BE0075, BioXcell) or CXCR2 antagonist
(CXCR2-a) SB225002 (4 mg/kg, catalog no. 182498-32-4, Med
Chem Express) was injected intraperitoneally every 2 days from
the third cycle until the mice were sacrificed. In the in vivo
aspirin (ASA) treatment experiments, mice were subjected
0.02% ASA (catalog no. 50-78-2, Med Chem Express) contain-
ing water during the colorectal cancer induction.

Body weight, stool consistency, and rectal bleeding were mon-
itored daily. The values before DSS exposure were recorded as
baseline. The diarrhea scores were calculated as follows: 0, stool
formed pellets; 1, diarrhea; 2, hematochezia; 3, serious hemato-
chezia or archoptosis; 4, die. The average total scores were calcu-
lated in each cycle for 21 days.

For the chimerism experiments, C57BL/6 WT or RIPK3-KO
mice were irradiated (850 cGy) and injected intravenously with
1� 107 bone marrow cells from congenic WT or RIPK3-KOmice,
respectively. For two weeks after engraftment, mice were given
antibiotic water (containing trimethoprim and sulfamethoxa-
zole). After 7 weeks, the peripheral MDSCs were analyzed to
confirm chimerism.

Flow cytometry
The single-cell suspension was prepared by mechanic disper-

sion and enzymatic digestionof indicated tissues. For extracellular
staining of target proteins, cells (1 � 106/mL) were preincubated
in a mixture of PBS, 1% FBS, and 0.1% (w/v) sodium azide
with FcgIII/IIR-specific antibody to block nonspecific binding
and stained with different combinations of fluorochrome-cou-
pled antibodies including CD45 (catalog no. 103108), CD11b
(catalog no. 101208/101224), Gr-1 (catalog no. 108426), Ly6G
(catalog no. 127618), Ly6C (catalog no. 128007), F4/80 (catalog
no. 123110), CD11c (catalog no. 117308), CD206 (catalog no.

RIPK3-PGE2 Circuit Regulates MDSCs

www.aacrjournals.org Cancer Res; 78(19) October 1, 2018 5587

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5586/2770845/5586.pdf by guest on 19 M

ay 2023

http://www.oncomine.org/


141704), CD3 (catalog no. 100206),CD8a (catalog no. 301030),
CD4 (catalog no. 100422), CD33 (catalog no. 303304), HLA-DR
(catalog no. 307606), and APC Annexin V Apoptosis Detection
Kit with 7-AAD (catalog no. 640930) from BioLegend, Fixable
Viability Dye Efluor 780 (catalog no. 65-0865-14) from
eBioscience, ROS (catalog no. s0033-1) from Beyotime. For
intracellular staining of RIPK3 (catalog no. 95702, Cell Signaling
Technology; ab152130, Abcam), COX-2 (catalog no. 12282, Cell
Signaling Technology), Arg-1 (catalog no. 42284, GeneTex),
NOS2 (MA5-17139, Thermo Fisher Scientific), IFNg (catalog no.
505810, BioLegend), and granzyme B (GzmB, catalog no.
515403, BioLegend), we followed the manufacturers' protocols
after cells were treated with PGE2 (catalog no. 363-24-6, Cay-
man Chemical), GSK872 (catalog no. 2673, BioVision), AH-
6809 (catalog no. HY-10418, Med Chem Express), Caffeic Acid
Phenethyl Ester (catalog no. S7414, Selleck Chemicals), ASA
(catalog no. 50-78-2, Med Chem Express), N-Hydroxy-nor-L-
arginine (NHNL, catalog no. 399275, Calbiochem), bevacizu-
mab (Roche), cetuximab (Merck), nimotuzumab (Biotech
Pharma), irinotecan (CPT-11, Pfizer), oxaliplatin (catalog no.
HY-17371, Med Chem Express), 5-Fluorouracil (5-FU, catalog
no. HY-9006, Med Chem Express), or gemcitabine (Eli Lilly and
Company), respectively. The fluorescence were determined on a
FACSCanto II system (BD Biosciences) and analyzed with
FlowJo software (Tree Star).

MDSC induction in vitro
MDSCs were isolated and induced as indicated previously (14,

15). Briefly, bone marrow cells from WT or RIPK3�/� mice were
stained by anti-mouse Gr-1 particles (catalog no. 558111, BD
Biosciences), which were optimized for positive selection and
collected together using the BD IMag Cell Separation Magnet.
Freshly harvested MDSCs were incubated in RPMI1640 medium
containing 5% FBSwith GM-CSF (20 ng/mL, 315-03, PeproTech)
for 48 hours.

Cell culture
Themouse colorectal cancer CT26 cell line was purchased from

ATCC and authenticated via short tandem repeat profiling. Cells
were cultured in RPMI1640 (Gibco) supplemented with 10% FBS
(Gibco) and 1% penicillin–streptomycin (Gibco). The CT26 cells
were routinely verifiedMycoplasma-free using MycAwayTM-Color
One-Step Mycoplasma Detection Kit (Yeasen Bio-technol) and
the most recent date of testing was April 5, 2018. Cells were used
within 12 passages following thawing in all experiments.

CD8þ T-cell isolation, purification, and proliferation assay
CD8þ T cells were isolated from the spleen of C57BL/6mice by

CD8þ T-cell Isolation Kit (catalog no. 480007, BioLegend). Bone
marrow–derived MDSCs were cocultured with CFDA-SE (56-
carboxyfluorescein diacetatesuccinimidyl ester, CFSE; catalog no.
2011-11-2, Dojindo) labeled CD8þ T cells (1� 106) at 10:1 in the
medium containing anti-CD3 (1 mg/mL) and anti-CD28 (1 mg/
mL). At day 3 post cocultivation, cells were harvested and
CFSEþCD8þ T cells were detected by flow cytometry (FCM).

For the analysis of CD8þ T-cell function, CD8þ T cells were
cocultured withMDSCs (5:1, 10:1, or 16:1) andwere harvested to
stimulate using Cell Stimulated Cocktail (catalog no. 4303372,
eBioscience) for 4 hours and then were collected for the deter-
mination of GzmB and IFNg by FCM.

Western blot analysis
Samples were lysed in RIPA buffer containing phenylmethyl-

sulfonylfluoride. The protein quantification was determined by
BCA protein assay (catalog no. P0068, Beyotime), and equal
amounts of proteins (40 mg) were subjected to SDS-PAGE
(12% gels). After electrophoresis, proteins were transferred onto
polyvinylidene difluoride membranes (0.45 mm) in running
buffer with 20% methanol. Nonspecific sites were blocked with
5% (w/v) nonfat dried skimmed milk powder in TBST (2 mol/L
Tris-HCl buffer, pH 7.6; 0.05 mol/L NaCl; and 0.05% Tween-20)
for 60 minutes at 37�C. The membranes were then incubated
overnight at 4�C with the following antibodies, which were
diluted in TBST: anti-RIPK3 (1:1,000; catalog no. 2283, ProSci),
anti-COX-2 (1:500; catalog no. 12282, Cell Signaling Technolo-
gy), anti-p65 (1:500; catalog no. 41556, GeneTex), anti-PKA
(1:1,000; catalog no. ab76238, Abcam), anti-Actin (1:1,000;
catalog no. A1978, Sigma-Aldrich), Cell Signaling Technology
antibodies including anti-CREB (1:500; catalog no. 9197), anti-p-
CREB (1:500; catalog no. 9198), anti-p-stat3 (1:1,000; catalog no.
9145), anti-stat3 (1:1,000; catalog no. 4904), anti-p-stat6
(1:1,000; catalog no. 56554s), and anti-stat6 (1:1,000; catalog
no. 5397). After four washes in TBST, the membranes were
incubated with horseradish peroxidase–conjugated secondary
antibodies (catalog no. A0562, Beyotime) for 1 hour in TBST
(dilution of 1:5,000). Protein bands were visualized by using
Enhanced Chemiluminescence (ECL) plus Western blotting
detection kit (catalog no. P0018-2, Beyotime).

Confocal microscopy
Mice or human tissues were fixed and permeabilized with

Fixation & Permeabilization Buffers (BD Biosciences) for 15
minutes and then incubated with FC-block (BD Biosciences) for
30minutes at room temperature. Subsequently, cells were stained
with Gr-1 (1:50, catalog no. MAB1037, R&D Systems), RIPK3
(1:100, catalog no. 95702, Cell Signaling Technology), or CD33
(1:100, catalog no. ab213050, Abcam), RIPK3 (1:50, catalog no.
ab152130, Abcam) for overnight at 4 �C, washed thrice with PBS
before incubation with fluorochrome-associated secondary anti-
bodies for 30 minutes with Alexa-488, and 647 (Bioss). After-
wards, sections were washed thrice with wash buffer (BD Bios-
ciences), and then were incubated with DAPI and mounted
on slides using Prolong Gold antifade reagent (Beyotime). The
sectionswere imagedwith a Leica TCS SP5 laser scanning confocal
microscope (LeicaMicrosystems). The colocalization and average
intensity were assessed by using Leica LASX (Microsystems
software).

IHC analysis
Colon and tumor tissues were fixed with formaldehyde. Par-

affin sections were stained with hematoxylin and eosin or sub-
jected to IHC for Gr-1 (catalog no. MAB1037, R&D Systems),
RIPK3 (catalog no. 2283, ProSci), and COX-2 (catalog no. 12282,
Cell Signaling Technology).

Real-time PCR
Real-time PCR was performed as previously (16). Total RNA

was extracted from cells with RNA queous Mico Kit (catalog no.
00490515, Invitrogen). Real-time quantitative PCR was per-
formed on a CFX384 system (Bio-Rad). The following primers
were used in this study: RIPK3-F: CAGTGGGACTTCGTGTCCG,
RIPK3-R: CAA GCT GTG TAG GTA GCA CAT C; EP1-F: CTT AAC
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CTG AGC CTA GCG GAT, EP1-R: ATG TGC CAT TAT CGC CTG
TTG; EP2-F: GGA GGACTG CAAGAG TCG TC, EP2-R: GCG ATG
AGA TTC CCC AGA ACC; EP3-F: GCT CAT GGG GAT CAT GTG
TGT, EP3-R: CAC CAC CCCGAAGAT GAA CAT; EP4-F: ACC ATT
CCT AGA TCG AAC CGT, EP4-R: CAC CAC CCC GAA GAT GAA
CAT; ACTIN-F: TGA CAGGATGCAGAAGGAGA; ACTIN-R: GTA
CTT GCG CTC AGG AGG AG.

PGE2 determination
Cell supernatants were collected for evaluating PGE2 concen-

tration with UPLC/MS-MS as previously (16). Prior to sample
extraction, d4-PGE2 (500 pg) was added to permit quantification.
Extracted samples were separated by an Acquity UPLC I-Class
system (Waters) and mass spectrometry was performed on an AB
Sciex 6500 QTRAP. PGE2 was analyzed using scheduled multiple
reaction monitoring (MRM). Data acquisitions were performed
using Analyst 1.6.2 software (Applied Biosystems).

Cell proliferation assay
Cell Counting Kit-8 (CCK8) assay was used to assess the

proliferation of MDSCs and CT-26 cells. For indicated experi-
ments, 5 � 105 bone marrow–derived MDSCs or 5 � 103 CT-26
cells were seeded in 96-well plates. After 48 hours, a batch of cells
in 100-mL medium was stained with 10 mL of CCK8 reagent
(Dojindo) at 37�C for 2 hours. The data were quantified with
an automatic plate reader (Thermo Fisher Scientific) at 450 nm.

Statistical analysis
The number of animals used in the experiments was estimated

to give sufficient power (>90%) on the basis of the effect sizes
observed in our preliminary data. The statistical analysis was
performed using Excel (Microsoft), Origin 9.1 (OriginLab), or
GraphPad Prism 7 (GraphPad Software). Statistical significance
for binary comparisons was assessed by 2-tailed Student t test. For
comparison of more than 2 groups, ANOVA with Sidak multiple
comparisons test was used. For correlation analysis, Pearson's
correlation coefficient was applied. Overall survival was calculat-
edusing theKaplan–Meiermethod, and thedifferences in survival
curves were analyzed using the log-rank test. All data are reported
as mean � SEM. The P value of 0.05 or less was considered
significant.

Results
RIPK3 is downregulated in colorectal cancer–infiltrating
MDSCs

The RIPK3 expression was first evaluated in colorectal cancer
patient databases with Oncomine, which showed a consistent
decrease of RIPK3 in colorectal cancer tissue (Supplementary
Fig. S1A). We next employed AOM plus DSS-induced mouse
colorectal cancer model (Fig. 1A, left; 17). The body weight
reduced during the DSS treatment and rebound subsequently
after DSS withdrawn at each cycle (Supplementary Fig. S1B).
Upon sacrifice after Day 90, the colorectum was collected and
tumors were separated (Fig. 1A, right). We compared the
percentage of immune cells in tumor and colorectal tissue and
found that both leukocytes (CD45þ) and MDSCs (CD11bþGr-
1þ) were significantly higher in tumor than in colorectal tissues
(Fig. 1B and C). The tumor-infiltrating MDSCs showed lower
RIPK3, compared with MDSCs in the colorectum of tumor-
bearing mice (Fig. 1D and E).

We collected clinical colorectal cancer and adjacent normal
tissues and found that the accumulation of MDSCs was much
higher. Consistently, RIPK3 expression inMDSCswas significantly
suppressed in the tumor microenvironment (TME) than in adja-
cent tissue (Fig. 1F). Of interest, we found that RIPK3 expression
was highest in the colorectum of IBD mice, whereas, was lower in
the colorectum of colorectal cancer mice and lowest in tumor
tissues (Supplementary Fig. S1C-S1E), suggesting a differential
RIPK3 expression pattern during the development of colorectal
cancer. In addition, we evaluated other immune cells in colorectal
and tumor tissue of colorectal cancer mice. CD8þ T cells and
dendritic cells (DC, CD11cþ) were less while macrophages (Mf,
F4/80þ) were more abundant in tumor than in colorectal tissues
(Supplementary Fig. S1F). We also determined RIPK3 expression
but did not found significant changes in DCs, Mfs, or T cells
when compared with that in colorectal tissues (Supplementary
Fig. S1G). We hence wondered whether the down-regulation of
RIPK3 in tumor-infiltrating MDSCs was caused by factors from
TME. We stimulated mouse bone marrow cells with supernatants
from CT26 colorectal cancer cells in vitro and found that the per-
centage of MDSCs increased significantly, whereas, the expression
of RIPK3 was downregulated significantly (Fig. 1G). Together,
these results indicated that RIPK3 was downregulated in tumor
tissues and colorectal cancer–infiltrating MDSCs.

Enhanced MDSC accumulation and tumorigenesis in RIPK3-
deficient mice

To investigate the role of RIPK3 in the tumorigenesis of
colorectal cancer, we employed RIPK3 KO mice. These mice
showed decreased body weight, higher diarrhea score, shortened
colorectum length, increased tumor number in colorectum,
heavier spleen, and significantly reduced survival, compared
with WT mice (Fig. 2A–E; Supplementary Fig. S2A). The accu-
mulation of MDSCs in tumor, colorectum, and spleen also
increased in KO mice (Fig. 2F–I). Of note, only the granulocytic
MDSCs (g-MDSC, CD11bþLy6Gþ) increased in the tumor
compared with that in the colorectal tissues, which was not
shared by the monocytic MDSCs (m-MDSC, CD11bþLy6Cþ;
18), Mfs, DCs, or T cells (Fig. 2J and K).

We also used GSK872, a specific RIPK3 inhibitor (19) to treat
the WT mice. GSK872 significantly aggregated AOM plus DSS
induced weight loss, colorectum shortening, tumormass, spleno-
megaly, and MDSC accumulation, while it did not alter the
infiltration ofMfs andDCs (Supplementary Fig. S2B-S2H). These
results demonstrated that RIPK3 deficiency promoted colorectal
carcinogenesis and MDSC infiltration.

Deficiency of RIPK3 promotes the proliferation and
immunosuppressive activity of MDSCs in vitro

The role of RIPK3 onMDSCswas next sought in vitro. We found
that the percentage of MDSCs was much higher in RIPK3-KO
group than inWT after mouse bonemarrow cells were stimulated
by GM-CSF (Fig. 3A), although there was no difference between
WT and RIPK3-KO groups without stimulation (Supplementary
Fig. S3A). RIPK3 absence in MDSCs also resulted in a modest
higher proliferation (Fig. 3B) but did not show significant change
in cell death (Fig. 3C), whichwere consistent with the results from
GSK872-treated MDSCs (Supplementary Fig. S3B). The differen-
tiation of MDSCs was also assessed in vitro. After induction with
GM-CSF (20 ng/mL) for 48 hours, the percentage of Mfs, espe-
cially M2 type Mfs (F4/80þCD206þ) were significantly higher in
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Figure 1.

RIPK3 is downregulated in MDSCs of colorectal cancer tissues. A, Schematic of mice treated with AOM and DSS (Model 1, 2% DSS drinking for 5 days each cycle).
The entity image of the colorectum after mice sacrifice is shown on the right. B, The percentage of leukocytes (CD45þ) in the tumor and colorectal tissue.
C, The percentage of MDSCs (CD11bþGr-1þ) in CD45þ cells in the tumor and colorectal tissue. D and E, RIPK3 expression in MDSCs in the tumor and colorectal tissue
by FCM (D) and confocal microscopy (E; RIPK3, red; Gr-1, green). F, RIPK3 expression in MDSCs in human colorectal cancer and adjacent tissue. G, After mouse
bone marrow cells were treated with PBS or tumor supernatants (from CT26 cells) for 48 hours, the percentage of CD11bþGr-1þ cells in bone marrow cells and
RIPK3þ cells in CD11bþGr-1þ cells was determined. Data of B–G are expressed as mean � SEM (� , P < 0.05; �� , P < 0.01; ���� , P < 0.0001, by Student t test).
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KO group, while DCs were lower as compared withWT (Fig. 3D),
suggesting that RIPK3 absence in MDSCs promoted the M2-like
differentiation upon GM-CSF induction.

In addition, Arg-1 but notNOS2orROS increased in theRIPK3-
KO and GSK872-treated MDSCs (Fig. 3E and F; Supplementary
Fig. S3C). The cocultivation of RIPK3-KO and GSK872-treated
MDSCs significantly dampened anti-CD3 andanti-CD28 induced
proliferation of CD8þ T cells (Fig. 3G), as well as the expression of
GzmB and IFNg (Fig. 3H; Supplementary Fig. S3D), compared
with that cocultured with WT MDSCs. Administration of NHNL,
an Arg-1 inhibitor, significantly rescued the activity of CD8þ

T cells (Fig. 3I). Of note, GSK872-treated T cells also showed

moderately impaired expression of GzmB and IFNg (Supplemen-
tary Fig. S3E), suggesting that RIPK3 deficiency in CTL may also
contribute to colorectal carcinogenesis. Furthermore, the super-
natant from RIPK3-KO MDSCs enhanced the proliferation of
CT26 cells (Fig. 3J). These results indicated that RIPK3 deficiency
enhanced proliferation and immunosuppressive function of
MDSCs.

Carcinogenesis is accelerated after RIPK3-deficient bone
marrow chimerism

To further test the role of RIPK3 on MDSC function in vivo, we
generated chimeras by infusing WT or KO bone marrow cells into

Figure 2.

RIPK3 deficiency promotes MDSC infiltration and colorectal cancer tumorigenesis. A–K, WT and RIPK3-KO (KO) mice model were established with the
protocol as Model 1 in Fig. 1A. The body weight (A), the tumor number (B), colorectum length (C), spleen weight (D), survival (E), MDSC infiltration in
tumor by immunofluorescence staining (F), MDSCs percentage in tumor (G), colorectum (H), and spleen (I) were monitored; the percentages of immune
cells (J), CD11bþLy6Gþ and CD11bþLy6Cþ cells (K) in the tumor tissue upon sacrifice were assessed. Data are expressed as mean � SEM (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001, WT vs. KO, by Student t test). ns, nonsignificant.
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WT or KO recipient mice after irradiation. The presence of chime-
rism after 7 weeks was confirmed using FCM. These animals were
subsequently induced colorectal cancer using model 2 (Supple-
mentary Fig. S3F).We found that theWT recipients exhibitedmore
severe weight loss, higher mortality and tumor formation ratio,
shorter colorectum length, splenomegaly, andmoreMDSCs in the
colorectum and spleen when engrafted with cells from RIPK3-KO

donors, compared with that from WT donors (Fig. 4A–G). The
percentage of g-MDSCs were higher, while Mfs and DCs showed
no significant difference in the colorectum and spleen of mice
received KO bone marrow, compared with that of mice received
WT bone marrow. The leukocytes in colorectal tissues were higher
inmice received KO bonemarrow, while their percentages did not
show significant change in spleen (Fig. 4H and I; Supplementary

Figure 3.

RIPK3 absence in MDSCs enhances the immunosuppressive activity in vitro. A–C, After bone marrow cells from WT and RIPK3 KO mice were treated with
GM-CSF (20 ng/mL) for 48 hours, the proportion (A), proliferation (B), and death (C) of MDSCs were examined. After treatment with GM-CSF (20 ng/mL)
for 48 hours, the differentiation of WT and KO MDSCs into Mfs and DCs (D), as well as the expression of Arg-1, NOS2, and ROS (E and F) were examined.
G, CD8þ T cells were cocultured with WT/RIPK3-KO MDSCs (10:1) for 3 days; the proliferation of CD8þ T cells was determined by CFSE. H, After CD8þ T cells
were cocultured with WT/RIPK3-KO MDSCs (10:1) for 48 hours, the expression of GzmB and IFNg was assessed with FCM. I, After MDSCs were treated with
vehicle (PBS) or NHNL (30 mmol/L), CD8þ T cells were cocultured with MDSCs (5:1) for 48 hours, and the expression of GzmB and IFNg was assessed.
J, After CT26 colorectal cancer cells were cultured with conditioned medium (supernatant of WT/RIPK3–KO-MDSC: culture medium ¼ 1:1) for 48 hours, the
proliferation was assessed. Data are expressed as mean � SEM (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001, by Student t test). ns, nonsignificant.
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Fig. S3G and S3H). Moreover, although KO recipients showed a
moderate weight loss, increased mortality and modest higher
tumorigenicity compared with WT recipients after engrafted with
WT bone marrow cells, the colorectum length, spleen weight,

MDSC infiltration, andMfs andDCs in the colorectumand spleen
did not show significant change (Fig. 4A–I).

To further validate the essential role of MDSCs in the tumor-
igenesis of colorectal cancer, we administrated anti-Gr-1 (to

Figure 4.

RIPK3 in myeloid-derived cells is essential for inhibiting colorectal tumorigenesis. A–I, The chimeric mice and colorectal cancer model were established as indicated
in Materials and Methods. The body weight (A), mortality (B), tumor formation ratio (C), colorectum length (D), spleen weight (E), MDSC percentage in
colorectum (F), MDSC percentage in spleen (G), g-MDSC percentage in colorectum (H), and g-MDSC percentage in spleen (I) upon sacrifice were assessed.
J–O, Colorectal cancer model of MDSC depletion and CXCL1 receptor CXCR2 antagonist treatment was established as indicated in Materials and Methods.
The body weight (J), mortality (K), tumor number (L), colorectum length (M), MDSC percentage in colorectum (N), and in spleen (O) were assessed.
Data are expressed as mean � SEM (� , P < 0.05; ��� , P < 0.001, by Student t test). ns, nonsignificant.

RIPK3-PGE2 Circuit Regulates MDSCs

www.aacrjournals.org Cancer Res; 78(19) October 1, 2018 5593

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5586/2770845/5586.pdf by guest on 19 M

ay 2023



deplete MDSCs) and CXCR2-a SB225002 (to inhibit MDSC
chemotaxis) every 2 days from the third cycle of DSS until
the mice were sacrificed. Both anti-Gr-1 and CXCR2-a reversed
the weight loss, mortality, tumor formation, colorectum length,
and the MDSC infiltration in the colorectum and spleen com-
pared with KO control (Fig. 4J–O). Together, these findings
supported the conclusion that RIPK3 deficiency in MDSCs
promoted tumorigenesis.

NFkB/COX-2/PGE2 axis is upregulated in RIPK3-deficient
MDSCs

We next explored the underlying mechanism by which RIPK3
regulated MDSCs. Aforementioned, PGE2 is a proinflammatory
and immunosuppressive lipid mediator that potentiates MDSCs
activity and tumor growth (20). COX-2 is an essential enzyme for
the production of PGE2. We found that COX-2 expression was
significantly upregulated in the tumor-infiltrating MDSCs than in
colorectal MDSCs (Fig. 5A), but no significant difference of COX-
2 expressionwas observed in CD45� cells of tumor and colorectal
tissues (Supplementary Fig. S4A). ComparedwithWTmice, COX-
2 expression were upregulated in the tumor-infiltrating MDSCs
(Fig. 5B) and in CD45� cells of both tumor and colorectal tissues
of RIPK3-KO mice (Supplementary Fig. S4B and S4C). Using
UPLC/MS-MS, we found that RIPK3-KO MDSCs produced more
PGE2 than that inWTMDSCs (Fig. 5C),whichwas consistentwith
the results of COX-2 expression.

Given that NFkB is a well-known transcription factor of COX-2
and an essential controller for the immunosuppressive activity of
MDSCs (21, 22), we examined the expression of NFkB inMDSCs.
Significant upregulated NFkB p65 and COX-2 were observed in
RIPK3-KO MDSCs, compared with WT (Fig. 5D). We adminis-
trated aspirin (ASA, COX inhibitor) and caffeic acid phenethyl
ester (CAPE, NFkB inhibitor; ref. 23) and found that they both
inhibited PGE2 production from RIPK3-KO MDSCs but only

showed a trend in decreasing PGE2 production from GSK-872–
treated CT26 cells (Supplementary Fig. S4D and S4E). We
also assessed other key signaling molecules that drive the accu-
mulation and function of MDSCs including stat3 and stat6.
However, they showed no difference between WT and KO
MDSCs (Supplementary Fig. S4F). These findings demonstrated
that RIPK3 reduction in MDSCs promoted the activation of
NFkB/COX-2/PGE2 axis.

Inhibitors targeting COX-2 and EP2 blunt the
immunosuppressive activity of MDSCs and carcinogenesis

PGE2 exerts its function by binding to its receptors including
EP1-4. We found that the RIPK3-KO MDSCs showed higher EP2
and EP4, compared with WT MDSCs (Supplementary Fig. S5A).
Therefore, the colorectal cancer mice model was treated with ASA
or EP inhibitors (EP1 and EP2 inhibitor AH6809 and EP4 inhib-
itor ONO-AE3-208; ref. 24). We found that ASA significantly
protected the mice against tumorigenesis and reduced the accu-
mulation and COX-2/Arg-1 expression of MDSCs (Fig. 6A–E;
Supplementary Fig. S5B). AH6809 but not ONO-AE3-208 atten-
uated AOM/DSS–induced tumorigenesis and MDSC accumula-
tion (Fig. 6F–L; Supplementary Fig. S5C).

In vitro, PGE2 significantly enhanced Arg-1 expression in
MDSCs and the differentiation toward M2 macrophages, which
were reversed by ASA and AH6809 (Fig. 6M and N). Antagonists
of NFkB/COX-2/PGE2/EPs signaling pathway consistently res-
cued the CD8þ T-cell activation dampened by RIPK3-KO MDSC
cocultivation (Fig. 6O and P).

In addition, PGE2 promoted the proliferation of CT26 cells,
which was blunted by AH6809 (Supplementary Fig. S5D, left).
The cocultivation with supernatant from RIPK3-KO MDSC also
enhanced the proliferation of CT26 cells, which was reversed by
ASA or AH6809 pretreatment in these MDSCs (Supplementary
Fig. S5D, right). Together, these results indicated that antagonists

Figure 5.

NFkB/COX-2/PGE2 signaling is enhanced in RIPK3-deficient MDSCs. A, The expression of Gr-1 and COX-2 in tumor and colorectal tissue. B, COX-2 expression
in tumor-bearing WT/RIPK3-KO MDSCs was evaluated by FCM. ns, nonsignificant. C, MRM chromatograms, MS/MS spectrum, and production of PGE2 from bone
marrow–derivedWT/RIPK3-KOMDSCswere identifiedwithUPLC/MS-MS.D,The expression of COX-2 andp65 in bonemarrow–derivedWT/RIPK3-KOMDSCs. Data
are expressed as mean � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001, by one-way ANOVA with Sidak multiple comparisons test (A) or Student t test (B and C).
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Figure 6.

Blockade of COX-2 or EP2 attenuates tumorigenesis.A–E,WTandRIPK3-KOmice colorectal cancermodel 2 (Supplementary Fig. S3F) treatedwith orwithout 0.02%
ASA containing drinking water as indicated in Materials and Methods; the body weight, tumor number, colorectum length, and spleen weight upon sacrifice
were determined (A–D). The accumulation of MDSCs and COX-2 expression in MDSCs of tumor, colorectum, and spleen were analyzed (E). F–L,WT and RIPK3-KO
mice colorectal cancer model 2 treated with or without AH-6809 (5 mg/kg) as indicated in Materials and Methods; the body weight (F), tumor number, colorectum
length, spleen weight (G–I), and the percentage of MDSCs in tumor, colorectum, and spleen upon sacrifice (J–L) were determined. M and N, After bone marrow–

derived MDSCs from WT or RIPK3-KO mice were treated with vehicle (PBS), PGE2 (10 mmol/L), ASA (10 mmol/L), or AH6809 (10 mmol/L) for 48 hours, Arg-1
expression (M), and percentage of differentiation toward M2 macrophages (N) were assessed with FCM. O and P, After bone marrow–derived MDSCs from WT or
RIPK3-KOmicewere treatedwith/without ASA (10 mmol/L), CAPE (2 mmol/L), or AH-6809 (10 mmol/L) for 48 hours, CD8þ T cells were coculturedwith MDSCs (16:1)
for 24 hours. The expression of IFNg (O) and GzmB (P) in CD8þ T cells was assessed with FCM. Data are expressed as mean � SEM. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001, by Student t test (A–L) or one-way ANOVA with Sidak multiple comparisons test (M–P).

RIPK3-PGE2 Circuit Regulates MDSCs

www.aacrjournals.org Cancer Res; 78(19) October 1, 2018 5595

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5586/2770845/5586.pdf by guest on 19 M

ay 2023



targetingNFkB/COX-2/PGE2 signaling improved theprognosis of
colorectal cancer.

RIPK3-PGE2 circuit in tumor microenvironment potentiates
malignancy

We next questioned whether PGE2 in turn regulated RIPK3 and
the downstream NFkB/COX-2 signaling. Bone marrow–derived
MDSCswere treatedwith or without PGE2, andwe, indeed, found
that PGE2 significantly suppressed RIPK3 while enhancing the
expression of p65 and COX-2 in MDSCs (Fig. 7A).

It is well-known that EP receptors are G-protein–coupled
receptors that activate cAMP-dependent protein kinase A (PKA)
and promote the subsequent translocation of the transcription
factor cAMP-responsive element binding protein (CREB; 25).
Of note, a recent report indicated that CREB reduced the pro-
moter activity of RIPK3 (26). Here we found that the PGE2-
downregulated RIPK3 could be rescued by both H89 (PKA inhib-
itor) and AH6809 in MDSCs (Fig. 7B and C). ASA also could
upregulate RIPK3 expression in MDSCs (Fig. 7D), indicating that
PGE2 suppressed RIPK3 via PKA-CREB signaling. Consistently,
PGE2 decreased RIPK3 via PKA–CREB pathway while both
PGE2 and GSK872 promoted the expression of p65 and COX-2
in CT26 cells (Supplementary Fig. S6A–S6D). These results iden-
tified a novel circuit involving RIPK3, NFkB, COX-2, and PGE2 in
the tumor microenvironment.

To explore the correlation of clinical chemotherapy and tar-
geted therapy with RIPK3 expression, we treated MDSCs with
some common drugs used in cancer. The expression of RIPK3 in
MDSCs were upregulated by bevacizumab or cetuximab (Fig. 7E)
but was downregulated by CPT-11, oxaliplatin, 5-FU, and gemci-
tabine (Fig. 7F).

We also evaluated the clinical relevance of the RIPK3-PGE2
circuit in patients with colorectal cancer. We found that with
the development of colorectal cancer clinical stage, the expression
of RIPK3 in tumor-infiltrating MDSCs decreased (Fig. 7G;
Supplementary Table S1). The relationship between RIPK3 and
indicated gene transcripts were examined in 148 patients
with colorectal cancer from the database of National Center
for Biotechnology Information Gene Expression Omnibus
(GSE21510; ref. 13). Our results demonstrated that RIPK3 expres-
sion negatively correlated with CD33 and S100A8, which are
MDSC markers (Fig. 7H; ref. 27). Importantly, RIPK3 also neg-
atively correlated with PTGS2 (COX-2; Fig. 7I). Because the
database GSE21510 lacked the survival results, we analyzed the
correlation of RIPK3 and survival of patients with colorectal
cancer with another one (GSE17536), which involved 177 pati-
ents. We divided patients into "low" and "high" groups based
on the median values of RIPK3 and PTGS2. We found that
patients with RIPK3highPTGS2low showed longest survival while
low RIPK3 and high PTGS2 was associated with poor survival
(Fig. 7J; Supplementary Table S2). Therefore, RIPK3 down-
regulation and COX-2/PGE2 upregulation in the tumor micro-
environment formed a circuit that promoted the accumulation
of immunosuppressive MDSCs and colorectal carcinogenesis.

Discussion
The infiltration of MDSCs in tumor microenvironment is

closely related to poor prognosis (3, 11). Here, we found that
that the downregulation of RIPK3 promoted the infiltration and
immunosuppressive activity of MDSCs in tumor microenviron-

ment. The chimeric mice experiment also indicated the pivotal
role of RIPK3 on colorectal cancer–infiltrating MDSCs. Therefore,
we identified that RIPK3 regulated tumor immunity by modu-
lating MDSCs.

MDSCs play an immunosuppressive function mainly via
multiple signal pathways. First, the lipid metabolite PGE2
derived from arachidonic acid via COX-2 catalysis in tumor
microenvironment stimulates the expression of Arg-1, IL6,
VEGF, and other cancer-promoting molecules in MDSCs (11,
28). Of note, MDSCs also express COX-2, which promotes their
own immunosuppressive activity (29). Second, NFkB activa-
tion in MDSCs can promote the proliferation and inhibit the
differentiation of MDSCs (22). Third, the secretion of VEGF
fromMDSCs is also promoted by stat signaling pathway, which
enhances angiogenesis (11). This study showed that the expres-
sion of COX-2 in RIPK3-KO MDSCs of colorectal cancer tissues
was significantly enhanced, compared with that in WT MDSCs.
In vitro experiments also demonstrated that RIPK3-deficient
MDSCs exhibited increased COX-2 expression and PGE2 secre-
tion. However, we did not observe significant changes in ROS,
NOS2, stat3, and stat6 between WT and RIPK3-KO MDSCs.
These data suggested that the loss of RIPK3 in tumor-infiltrating
MDSCs promoted the immunosuppressive function by activat-
ing COX-2/PGE2.

A previous study reported a necrosis-independent pathway
of IBD by regulating DCs (9). They showed that in DSS-induced
IBD, RIPK3 deficiency impaired the NFkB activation and cas-
pase 1–mediated processing of IL1b in DCs, thereby dampen-
ing the tissue repair. Actually, we also observed that RIPK3 was
upregulated in the colorectal tissue during the IBD acute
induction of DSS, while it significantly reduced at the stage of
colorectal cancer. Furthermore, we showed that the RIPK3-KO
MDSCs did not tend to differentiate into DCs. These cells
possessed higher immunosuppressive function and were prone
to differentiate toward M2 macrophages. Another recent report
showed that RIPK3 deficiency enhanced the lipopolysaccharide
(LPS)-induced IL1b and TNFa expression in macrophages (30).
Because LPS is an endotoxin that was found in the outer
membrane of Gram-negative bacteria such as E.coli (31) and
NFkB also transcripts IL1b and TNFa (32), this study was
consistent with our results that RIPK3 deficiency in MDSCs
enhanced the NFkB activation that in turn upregulated COX-2
expression and PGE2 production during the carcinogenesis of
colorectal cancer.

The mechanisms of RIPK3 upregulating NFkB are complex,
which we did not investigate in detail in this study, but is
discussed below. Aforementioned NFkB is a parallel proliferation
pathway of RIPK3-mediated necroptosis and caspase-associated
apoptosis (7, 33). Knockout of RIPK3 is supposed to lead to a
compensatory promotion of NFkB pathway. A recent study indi-
cated that absent RIPK3 activated NFkB via a MLKL-independent
pathway (34).Moreover, ubiquitination degradation is an impor-
tant mechanism for the downregulation of multiple transcription
factors in cells. It has been shown that Cullin-RING E3 ligases
(CRL) can mediate NFkB ubiquitination degradation and reduce
its entry into nuclei (35). Hence RIPK3 may also phosphorylate
CRLs by mimicking MLKL activation, thereby promoting ubiqui-
tination degradation of NFkB.

Of note, the downregulation of RIPK3 and the subsequent
NFkB/COX-2/PGE2 signaling was also identical in colorectal
cancer cells in vivo and in vitro, which demonstrated the negative
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Figure 7.

PGE2 negatively regulates RIPK3 and upregulates NFkB and COX-2 in MDSCs and colorectal cancer cells. A, Bone marrow–derived MDSCs were treated with vehicle
(PBS) or PGE2 (10 mmol/L) for 48 hours; the expression of RIPK3, p65, and COX-2 was assessed with Western blot analysis. B and C, Bone marrow–derived MDSCs
were treated with vehicle (PBS), PGE2 (10 mmol/L), H89 (20 mmol/L), or AH6809 (10 mmol/L) for 48 hours; the expression of PKA, CREB, p-CREB, and RIPK3
was determined with Western blot analysis (B), and the RIPK3 mRNA level was determined with qPCR (C). D, Bone marrow–derived MDSCs were treated with
vehicle (PBS) or ASA (10 mmol/L) for 48 hours, and the protein expression of RIPK3 was assessed. E and F, RIPK3 expression of MDSCs from bonemarrow cells of WT
micewas treatedwith vehicle (PBS), bevacizumab (2.5mg/mL; Bev), cetuximab (Cet; 0.5mg/mL), nimotuzumab (Nim;0.5mg/mL;E), CPT-11 (300nmol/L), oxaliplatin
(OXA; 30 nmol/L), 5-FU (250 nmol/L), or gemcitabine (GEM; 100 nmol/L; F). ns, nonsignificant. G, Confocal microscopy determination of RIPK3 expression in
MDSCs in human polypus and cancer tissues at different stages. Data are expressed asmean� SEM (� , P < 0.05, by one-way ANOVAwith Sidakmultiple comparisons
test). H and I, Pearson's correlation coefficient was used to determine the correlation between RIPK3 and indicated genes, including CD33, S100A8 (H), and PTGS2
(COX-2; I), in 148 patientswith colorectal cancer was examined (GSE21510). J,Patient survival data were obtained fromGEO database (GSE17536), and overall survival
probability was then calculated using the Kaplan–Meier method, and the differences in survival curves were analyzed using the log-rank test. ns, nonsignificant.
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correlationbetweenRIPK3expression and tumorigenesis. Admin-
istrationof PGE2 inhibited RIPK3 expressionbut enhancedNFkB/
COX-2 signaling in both MDSCs and CT26 colorectal cancer cells
by activating PKA–CREB signaling, indicating an unappreciated
negative signaling circuit that aggregate the malignancy. More-
over, PGE2 was reported to directly and indirectly blunt the
activation of CD8þ T cells (20, 36). Our results showed that
inhibition of COX-2 or the PGE2 receptors significantly reversed
the downregulated RIPK3 and attenuated the immunosuppres-
sive activity of MDSCs, thereby dampening the tumorigenesis of
colorectal cancer.

In summation, this study identified a novel RIPK3-PGE2 circuit
that regulated the infiltration and function of MDSCs and the
tumorigenesis of colorectal cancer. RIPK3 reduction led to NFkB
activation and upregulation of downstream COX-2, which cata-
lyzed the synthesis of PGE2. PGE2, in turn, further inhibited
RIPK3, and promoted NFkB/COX-2 and Arg-1 expression in
MDSCs. This signaling circuit also existed in colorectal cancer
cells and accelerated tumor growth. Importantly, using com-
pounds or drugs targeting this signaling circuit clarified the
immunoregulatory role of RIPK3 and attenuated the carcinogen-
esis of colorectal cancer. Daily consumption of low-dose ASA has
now been applied to efficiently prevent and cure colorectal cancer
(37, 38), delineating the significance of PGE2 blockade in the
tumor microenvironment. PGE2 was reported to directly stimu-
late colorectal cancer cells to secrete CXCL1, which bound to
CXCR2 to recruit MDSCs into TME (39, 40). Of note, colorectal
cancer cells also express CXCR2, which predicts poor prognosis.
TheCXCR2 antagonist inhibits the proliferation andmetastasis of
colorectal cancer cells (41, 42). Because the RIPK3-PGE2 circuit
exists in both MDSCs and colorectal cancer cells, our results
demonstrated a mutual role of PGE2 blockade and CXCR2 antag-
onist in inhibiting colorectal cancer tumorigenesis in RIPK3-KO
mice. Moreover, our data demonstrated that cetuximab and
bevacizumab upregulated RIPK3, while CPT-11, oxaliplatin, 5-
FU, and gemcitabine suppressed RIPK3 in MDSCs. Of interest,
cetuximab or bevacizumab are both the first-line targeted drugs
for patients with colorectal cancer and they were reported to
inhibit COX-2 (43, 44). Therefore, targeting RIPK3 in MDSCs
might be considered for rational use of chemotherapeutic and
targeted drugs, which is essential for reeducating the immuno-

suppressive TME and enhance the antitumor immunity. These
findings provided the molecular basis and potential ideas for the
immunotherapy of colorectal cancer.
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