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A B S T R A C T   

Intraperitoneal (i.p.) tumor dissemination and the consequent malignant ascites remain unpredictable and 
incurable in patients with gastrointestinal (GI) cancer, and practical advances in diagnosis and treatment are 
urgently needed in the clinical settings. Here, we explored tumor biological and immunological mechanisms 
underlying the i.p. tumor progression for establishing more effective treatments. 

We established mouse tumor ascites models that murine and human colorectal cancer cells were both i.p. and 
subcutaneously (s.c.) implanted in mice, and analyzed peritoneal exudate cells (PECs) obtained from the mice. 
We then evaluated anti-tumor efficacy of agents targeting the identified molecular mechanisms using the ascites 
models. Furthermore, we validated the clinical relevancy of the findings using peritoneal lavage fluids obtained 
from gastric cancer patients. 

I.p. tumor cells were giant with large nuclei, and highly express AURKA, but less phosphorylated TP53, as 
compared to s.c. tumor cells, suggesting polyploidy-like cells. The i.p. tumors impaired phagocytic activity and 
the consequent T-cell stimulatory activity of CD11b+Gr1+PD1+ myeloid cells by GDF15 that is regulated by 
AURKA, leading to treatment resistance. Blocking AURKA with MLN8237 or siRNAs, however, abrogated the 
adverse events, and induced potent anti-tumor immunity in the ascites models. This treatment synergized with 
anti-PD1 therapy. The CD11b+PD1+ TAMs are also markedly expanded in the PECs of gastric cancer patients. 

These suggest AURKA is a determinant of treatment resistance of the i.p. tumors. Targeting the AURKA-GDF15 
axis could be a promising strategy for improving clinical outcome in the treatment of GI cancer.   

Introduction 

Peritoneal tumor dissemination is frequently seen in gastrointestinal 
(GI) cancer, and leads to malignant ascites that suddenly and repeatedly 
relapses even after being drained from the peritoneal cavity, resulting in 
poor prognosis [1,2]. The therapeutic options are extremely limited to 
palliative treatments of the symptoms, despite many clinical trials using 
inventive methods, such as cytoreductive surgery and hyperthermic 
intraperitoneal (i.p.) chemotherapy [3,4]. Advances in molecular 
profiling of the i.p. tumors obtained from mouse tumor models and 
cancer patients have revealed the landscape, and 
epithelial-to-mesenchymal transition (EMT) has been considered as a 
key program of tumor dissemination [5,6]. Many agents targeting the 
molecular pathways have been clinically developed [7,8], while the 
evaluation is still underway. 

Accumulating evidence shows that tumor cells evolve intrinsically 
and extrinsically through interplay with numerous components in the 
host [8]. Macrophages that produce various pro-inflammatory and 
angiogenic cytokines are considered as a prominent villain to facilitate i. 
p. tumor progression [9]. Chronic inflammation causes exhaustion and 
dysfunction of anti-tumor effector cells by inducing multiple immune 
checkpoint (IC) molecules, including CTLA4, PD1, LAG3, and TIGIT [10, 
11]. However, clinical outcome of the anti-PD1/PDL1 therapy is still 
low, and the therapeutic efficacy on i.p. tumors remains unclear [12,13]. 
Several biomarkers, including PDL1 expression, high microsatellite 
instability, and mismatch repair deficiency, have been identified, while 
these are not necessarily correlated with the clinical outcomes [12,13]. 
Thus, more effective biomarkers and treatments are urgently needed for 
prediction and prevention of onset and progression of i.p. tumors in 
clinical settings. In this study, we attempted to identify tumor biological 
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and immunological components to produce refractory i.p. tumors using 
mouse tumor ascites models and peritoneal lavage fluids obtained from 
gastric cancer patients. 

Materials and methods 

Cell lines and mice 

Murine colorectal cancer (CRC) Colon26 cells were purchased from 
Cell Resource Center for Biomedical Research at Tohoku University in 
Japan, and MC38 cells were kindly provided by the NCI at the NIH in 
USA. Human CRC HCT116 cells were purchased from the ATCC. The 
cells were authenticated by short tandem repeat profiling, and were 
tested for Mycoplasma negativity using a Hoechst-staining detection kit 
(MP Biomedicals) before use. The cells were expanded in 10% FBS- 
containing DMEM (GIBCO) at 37 ◦C, and were frozen in liquid nitro-
gen to avoid changes occurred by the long-term culture until use. The 
cells were trypsinized and washed in MEMα (Wako) before use for 
experiment. Five-week-old female BALB/c, C57BL/6, and BALB/c-nu 
nude mice were purchased from Charles River Laboratories in Japan, 
and were maintained under pathogen-free conditions. The mice were 
used according to the protocol approved by the Animal Care and Use 
Committee at the National Cancer Center Research Institute in Japan. 

In vivo therapy 

We established mouse tumor ascites models by subcutaneously (s.c.; 
5 × 105) and intraperitoneally (i.p.; 2 × 105) implanting with Colon26 
cells to observe both solid and i.p. tumors simultaneously. Treatments 
with agents were started on day 3–5 after tumor implantation. The 
following agents were used: Anti-PD1 mAb (Clone 29F.1A12; Bio-
Legend), anti-LAG3 mAb (Clone C9B7W; BioXCell), anti-TIGIT mAb 
(Clone 1G9; BioXCell), mouse IgG (mIgG, Clone MOPC-21; BioXCell), an 
AURKA inhibitor MLN8237 (Selleck), a CDK4/6 inhibitor PD0332991 
(AdooQ), and 5-fluorouracil (5-Fu; Wako). To deplete CD8+ T cells and 
NK cells, mice were i.p. injected with anti-CD8 mAb (Clone 2.43, 200 µg; 
BioXCell) or anti-asialo GM1 polyclonal Ab (20 µL; BioLegend) before 
and during the treatments. The depletion efficacy (> 80%) was validated 
by flow cytometry. Tumor size was measured (0.5 x Length x Width2, 
mm3), and mouse survival was observed. Two weeks after tumor im-
plantation, s.c. tumors, spleens and peritoneal exudate cells (PECs) were 
harvested from the mice for assays. Splenic CD8+ T cells (2 × 105) were 
stimulated with the H-2Ld-restricted tumor antigen AH1 peptides (MBL), 
and were tested for cytotoxic activity (target = Colon26, 4 h) as 
described before [14]. Cytotoxic activity of NK cells was similarly 
assessed using Yac-1 cells as a target. 

Characterization of peritoneal macrophages 

Two weeks after tumor implantation, CD11b+ cells were sorted from 
the PECs using a BD IMag system with magnetic particle-conjugated 
anti-mouse CD11b mAb, and were cultured in 10% FBS/RPMI1640 
(GIBCO) for 2 h to isolate adhered cells as tumor-associated macro-
phages (TAMs). In phagocytosis assay, PKH26-labeled TAMs (1 × 105) 
were cocultured with CFSE-labeled tumor cells (1 × 105) for 2 h, and 
were analyzed by flow cytometry. The TAMs (MMC inactivation) were 
cocultured with splenic CD3+ T cells, or were s.c. coinjected with tumor 
cells (1:1) in mice. 

Characterization of tumor cells 

Tumor cells transfected with the plasmid vector pcDNA3.1(+) 
(Invitrogen) were used. Two weeks after implantation, tumor cells were 
isolated from s.c. tumors or PECs, and were cultured with Geneticin 
(Merck)-containing 10%FCS/DMEM (GIBCO). Gene knockdown was 
conducted using the specific siRNAs, and the transfection efficacy was 

validated by RT-PCR, flow cytometry, or ELISA, and one siRNA having 
the highest knockdown efficiency was mainly used in assays as described 
before [14]. Tumor-cultured supernatant fluids (1 × 105 cells/10 ml/3 
days) were tested for IL33 (R&D) or GDF15 (R&D) using ELISA kits, and 
were used to stimulate the CD11b+ PECs or CTLs for 3 days. 
Tumor-antigen SAGE-specific CTLs were established as described before 
[14]. GDF15 (20 ng/ml; R&D) was used as a control. Tumor cells (5 ×
103 cells/well) were cultured with agents for 2 days, and the prolifera-
tion was assessed by WST1 assay (Takara). Graphs were depicted as the 
percentage of the control without agents (100%). In the in vivo setting, 
tumor cells (5 × 105) were s.c. implanted in mice, and the mice were 
treated with agents. 

Flow cytometric analysis 

After Fc blocking, cells were stained with the following 
immunofluorescence-conjugated antibodies: Anti-mouse CD3e-FITC 
(BD Biosciences), anti-mouse CD3e-APC (BD), anti-mouse CD8a-PE or 
-PE-Cy5 (BioLegend), anti-mouse CD11b-FITC or -PE (BioLegend), anti- 
mouse CD45-PE-Cy5 (BD), anti-mouse Gr1-PE (BD), anti-mouse DX5-PE 
(BD), anti-mouse PD1-FITC (BioLegend), anti-mouse CTLA4-PE (Bio-
Legend), anti-mouse LAG3-FITC (BioLegend), anti-mouse TIGIT-PE 
(BioLegend), anti-mouse/human AURKA (Abcam), anti-mouse/human 
pTP53-FITC (CST), anti-mouse GDF15 (R&D Systems), anti-human 
CD3-BUV496 (BD), anti-human CD4-PerCP-Cy5.5 (BioLegend), anti- 
human CD8-BUV395 (BD), anti-human CD56- BUV650 (BioLegend), 
anti-human CD11b-BV510 (BioLegend), anti-human CD45-APC-Cy7 
(BioLegend), anti-human PD1-BV605 (BioLegend), anti-human EOMES- 
APC (R&D), anti-human LAG3-BV650 (BioLegend), anti-human TIGIT- 
PE-Cy7 (BioLegend), anti-human PDL1-FITC (BD), anti-human CD155- 
PerCP-Cy5.5 (BioLegend), anti-human ST2-FITC (MBL), or the appro-
priate isotype control. For intracellular staining, cells were treated with 
Cytofix/Cytoperm solution (BD) before the staining. In mouse study, 
data were acquired using the FACSCalibur cytometer (BD), and were 
analyzed by Cellquest software (BD). In clinical study, data were ac-
quired using a BD LSR Fortessa X-20 cytometer (BD), and were analyzed 
by FlowJo software (BD). Before defining the specific molecular ex-
pressions, debris was firstly excluded by FSC/SSC followed by gating 
CD45+ leukocytes, and immunofluorescence intensity was compared to 
the isotype control. 

Clinical analysis of human PECs 

Gastric cancer patients were registered at Keio University Hospital 
after obtaining informed consent (July 2018–March 2020; Table S1). 
The peritoneal cavity was washed with 300 ml saline, and the lavage 
fluids were collected at initiation of surgical tumor resection according 
to the protocol (#20,180,064) approved by the Institutional Review 
Board of the Keio University School of Medicine. Informed consent was 
obtained from all subjects. All activities were conducted in accordance 
with the ethical principles of the Declaration of Helsinki. PECs derived 
from the lavage fluids were analyzed by flow cytometry. 

Statistical analysis 

Data are shown as means ± SDs unless otherwise specified. Signifi-
cant differences (P value < 0.05) were evaluated using GraphPad Prism 
7 software (MDF). Two groups were compared by the unpaired two- 
tailed Student’s t-test. Multiple groups were compared by one-way 
ANOVA, followed by the Bonferroni post-hoc test for pairwise compar-
ison of groups on the basis of the normal distributions. Non-parametric 
groups were analyzed by the Mann-Whitney test. In the combination 
therapy, significance to the single treatment was evaluated using a two- 
way ANOVA with Bonferroni post-hoc test. Mouse survival was analyzed 
by Kaplan-Meier method and ranked according to the Mantel-Cox log- 
rank test. Correlation between two factors in clinical study was 
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Fig. 1. Anti-PD1 therapy is ineffective in mouse tumor ascites models. (A, B) Establishment of mouse tumor ascites models. BALB/c mice were subcutaneously 
(s.c./SQ, 5 × 105 cells) and/or intraperitoneally (i.p./IP, 2 × 105 cells) implanted with murine colorectal cancer Colon26 cells (n = 5). Tumor growth was measured 
(A), and s.c. tumor-infiltrating cells (TILs) and peritoneal exudate cells (PECs) were analyzed by flow cytometry on day 14 after tumor implantation (B). Mean of 
fluorescence intensity (MFI) of PD1 or TIGIT is indicated in a bracket. *P < 0.01, **P < 0.05 versus SQ. (C, D) Anti-PD1 therapeutic efficacy in the ascites models. The 
tumor ascites models were i.p. or intravenously (i.v./IV) injected with anti-PD1 mAb or mouse IgG (mIgG) as a control (10 mg/kg) on days 5 and 9 after tumor 
implantation (n = 10). The therapeutic efficacies on tumor growth and mouse survival were evaluated (C), and TILs and PECs were analyzed by flow cytometry on 
day 14 (D). *P < 0.01, **P < 0.05 versus control. (E) No contribution of blocking other immune checkpoint pathways to the anti-PD1 therapy (n = 5). Open circles, 
control mIgG. Gray circles, anti-PD1 mAb. Gray triangles, anti-PD1 mAb + anti-LAG3 mAb. Gray squares, anti-PD1 mAb + anti-TIGIT mAb. **P < 0.05 versus 
control. (F) Expansion of a PD1+PDL1+ subset in the CD11b+Gr1+ PECs of the ascites models. The inset dot plot shows CD11b+Gr1+ PECs stained with isotype 
control. In the stacked bar graphs, light gray, CD3+CD4+ T cells; closed, CD3+CD8+ T cells; dark gray, DX5+ NK cells; and open, CD11b+Gr1+ myeloid cells. Graphs 
show means ± SDs. Representative data of five independent experiments. 
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evaluated by the nonparametric Spearman’s rank test. 

Results 

Anti-PD1 therapy is ineffective in mouse tumor ascites models 

To established mouse tumor ascites models, we used murine CRC 
Colon26 cells, because mouse gastric cancer cell lines were unavailable 
to us. Mimicking GI cancer patients with malignant ascites, Colon26 

cells were s.c. and i.p. implanted in BALB/c mice to observe progression 
of both solid tumors and hemorrhagic tumor ascites simultaneously 
(Fig. 1A). In the ascites models, s.c. tumor growth was aggressively 
promoted (P = 0.0002; Fig. 1A), and immune cells rarely infiltrated in 
there (Fig. 1B). In contrast, immune cells massively increased in the 
peritoneal cavity, and CD3+CD8+ T cells in the peritoneal exudate cells 
(PECs) highly expressed multiple IC molecules (Fig. 1B), implying 
exhausted status [10,11]. We then treated the ascites models with 
anti-PD1 mAb by two different routes, i.p. or i.v., on days 5 and 9 after 
tumor implantation. The i.v. treatment, but not i.p. treatment, showed 
statistically significant anti-tumor effects on both s.c. tumor growth (P 
= 0.046) and mouse survival (P = 0.032) as compared to the control 
group (Fig. 1C). However, the impact of the therapeutic efficacy was 
small as all mice died within 30 days after implantation. In the i.v. 
treated mice, CD4+ and CD8+ T cells abundantly increased within the s. 
c. tumors (P = 0.015 versus i.p. treatment), and 
CD3+CD8+PD1+CTLA4+ cells clearly decreased in the PECs (Fig. 1D). 
However, CD3+CD8+LAG3+TIGIT+ cells were rather expanded in the 
PECs (Fig. 1D). We then combined anti-LAG3 or anti-TIGIT therapy with 
the anti-PD1 therapy. However, the anti-PD1 therapeutic efficacy was 
not synergistically enhanced by either therapy (Fig. 1E). Interestingly, a 
PD1+ subset was dramatically expanded in the CD11b+Gr1+PDL1+

myeloid cells in the PECs of the ascites models (Fig. 1F). 

Peritoneal macrophages create anti-PD1 resistance 

We then characterized adherent CD11b+ cells isolated from PECs of 
the ascites models (designated ipTAMs) or the solid tumor models 
(designated scTAMs). The ipTAMs engulfed much less tumor cells than 
the scTAMs (P = 0.017; Fig. 2A), and were unable to stimulate T-cell 
proliferation, although the scTAMs enhanced it as antigen-presenting 
cells (APCs; Fig. 2B). This event was not rescued by blocking PD1/ 
PDL1. These suggest the ipTAMs are dysfunctional APCs, and the PD1- 
PDL1 axis is not involved in this mechanism (Fig. 2B). When tumor 
cells were s.c. coinjection with the ipTAMs, tumor growth was aggres-
sively enhanced as compared to the control without TAMs (P = 0.028), 
and this was not interfered by anti-PD1 treatment (Fig. 2C). These 
suggest the ipTAMs also directly promote tumor progression, and anti- 
PD1 therapy is ineffective in suppressing the ipTAM-caused tumor 
progression. When the scTAMs were stimulated with supernatants of 
tumor cells isolated from PECs (designated ipC26), but not tumor cells 
isolated from s.c. tumors (designated scC26) of the ascites models, the 
phagocytic activity (P = 0.030; Fig. 2A) and the T-cell stimulatory ac-
tivity (P = 0.022; Fig. 2B) were significantly reduced. This suggests i.p. 
tumors impair TAM functions. 

AURKA is a determinant of chemoresistance of the i.p. tumor cells 

We then compared between the ipC26 and scC26 cells. The prolif-
erative ability and sensitivity to 5-fluorouracil (5-Fu) of the ipC26 cells 
were significantly lower than those of the scC26 cells (P < 0.0001; 
Fig. 3A and B). The ipC26 cells were giant having large nuclei (Fig. 3A), 
just like polyploidy that is known as a cancer stemness for rapid gen-
eration of the progeny cells with genomic instability in response to 
treatment stress leading to treatment resistance [15,16]. Aurora kinase 
A (AURKA) is one of the regulators of polyploidization to generate giant 
cells through mis-regulation of canonical G1–S–G2–M cell cycle without 
cell division followed by inactivation of TP53 [15–17]. Indeed, the 
ipC26 cells more highly expressed AURKA, but less phosphorylated 
TP53-ser15 (pTP53) than the scC26 cells (Fig. 3C), and were extremely 
resistant to 5-Fu treatment (Fig. 3D). These suggest i.p. tumors are 
polyploidy. The ipC26 cells were sensitive to an AURKA inhibitor 
MLN8237, but not a CDK4/6 inhibitor PD0332991 (Fig. 3D). When the 
ipC26 cells were s.c. implanted in mice, tumor growth was adversely 
promoted by 5-Fu treatment (P = 0.001 versus control), but not MLN 
treatment (Fig. 3E). CD11b+PD1+ cells were more seen in the ipC26 

Fig. 2. Peritoneal macrophages create anti-PD1 resistance. (A) Phagocytic 
activity of the CD11b+ PECs is impaired by i.p. tumors. Adherent CD11b+ cells 
were sorted from the PECs of the ascites models (ipTAMs) or s.c. implanted 
solid tumor models (scTAMs) 2 weeks after tumor implantation, and the 
scTAMs were stimulated with tumor supernatants (5 x dilution) for 3 days. 
Tumor cells were isolated from the s.c. tumor tissues (scC26) or PECs (ipC26) 2 
weeks after tumor implantation, and the 3-day-cultured supernatants were used 
for the stimulation. The CD11b+ PECs (PKH26, red) were cocultured (1:1) with 
Colon26 cells (CFSE, green) for 2 h, and were analyzed for tumor-engulfing 
TAMs by flow cytometry (n = 3). (B) T-cell stimulatory activity of the 
CD11b+ PECs is impaired by i.p. tumors. Splenic CD3+ T cells were cocultured 
with the CD11b+ PECs (pretreated with tumor supernatants or GDF15 at 20 ng/ 
ml for 3 days) in the presence of anti-CD3 mAb (1 µg/ml) and/or anti-PD1/ 
PDL1 mAbs (5 µg/ml) for 3 days (n = 3). (C) The ipTAMs promote in vivo 
tumor progression leading to anti-PD1 resistance. Tumor cells were s.c. coin-
jected (1:1) with the scTAMs (triangles) or ipTAMs (squares), and the mice were 
treated with anti-PD1 mAb (gray) or mIgG (closed) on days 4 and 7 after im-
plantation (n = 5). Open circles, tumor only. Graphs show means ± SDs. *P <
0.01, **P < 0.05 versus control. Representative data of three independent 
experiments. 
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tumors than the scC26 tumors, and were further expanded by 5-Fu 
treatment, but not MLN treatment (Fig. 3E). These suggest blocking 
AURKA prevents adverse progression of the polyploid i.p. tumors. 

We previously identified IL33 as a critical molecule regulating cancer 
polyploidization by focusing on cancer stem cells and its bone marrow 
niche (bone metastasis) [18]. IL33 is an alarmin molecule that is 
released from some types of cells such as endothelial cells and fibroblasts 
in response to stress and damage, and is associated with diseases 
including allergy, infection, and cancer [19,20]. Indeed, the ipC26 cells 
more highly produced IL33 than the scC26 cells (P = 0.002), and the 
IL33 production was significantly suppressed by AURKA knockdown 
with the specific siRNA, while the effect was only slight (Figs. 3F and 
S1A). We then reviewed literature focusing on molecules with biological 
properties similar to those of IL33, and finally reached a member of the 
TGFβ superfamily GDF15, which has a lot of biological properties in 
common with IL33. GDF15 is associated with endothelial damage [21], 
cellular stress [22], and bone metastasis [23,24]. GDF15 was much more 
highly produced from the ipC26 cells than the scC26 cells (P = 0.003), 
and the GDF15 release from the ipC26 cells was abrogated by AURKA 

knockdown with the specific siRNA (P = 0.004), suggesting a close 
relationship between AURKA and GDF15 (Fig. 3F). Stimulation with 
recombinant GDF15 significantly reduced T-cell stimulatory activity of 
the scTAMs (P = 0.033; Fig. 2B). GDF15 knockdown in the ipC26 cells 
deprived of the CD11b+PD1+ cell-inducible activity (Fig. 3G), and 
conferred phagocytic activity (Fig. 2A) and T-cell stimulatory activity 
(Fig. 2B). These suggest AURKA+ i.p. tumors generate impaired TAMs 
partly via the released GDF15. 

Anti-tumor efficacy induced by MLN8237 therapy in the ascites models 

We next evaluated MLN8237 therapeutic efficacy in the ascites 
models. MLN8237 therapy showed significant anti-tumor effects on 
tumor growth (i.p., P = 0.007; p.o., P = 0.004) and mouse survival (i.p., 
P = 0.002; p.o., P = 0.030) as compared to the control, and the i.p. 
treatment was more effective providing significantly better prognosis 
than the p.o. treatment (P = 0.013; Fig. 4A). In the mice, CD11b+Gr1+

cells almost disappeared in the PECs (Fig. 4B). The MLN8237 therapy 
synergized with anti-PD1 efficacy (tumor growth, P = 0.002; mouse 

Fig. 3. AURKA is a determinant of chemoresistance of the i.p. tumor cells. (A) Low proliferative activity of the i.p. tumors with larger nuclei. Photos show more 
giant and adhesive appearance of the ipC26 cells (scale = 1000 µm) with large DAPI+ nuclei (scale = 10 µm) as compared to that of the scC26 cells. (B) Chemo-
resistance of i.p. tumor cells. The scC26 cells (open circles) or ipC26 cells (closed circles) were cultured with 5-Fu for 2 days (n = 3). The graph depicts a percentage of 
the control cultured without agents (100%, dotted line). (C) Increase of AURKA expression, but decrease of phosphorylated TP53-ser15 (pTP53) expression in the 
ipC26 cells. Each MFI is indicated in a bracket. Shaded histogram, isotype control. (D) Blocking AURKA, but not CDK4/6, suppresses the ipC26 proliferation. The 
scC26 cells (open circles) or ipC26 cells (closed circles) were treated with a CDKI inhibitor PD0332991 or an AURKA inhibitor MLN8237 for 2 days (n = 3). The graph 
depicts a percentage of the control cultured without agents (100%, dotted line). (E) No aggravation of the ipC26 tumors after treatment with MLN8237. Mice were s. 
c. implanted with scC26 or ipC26 cells, and were i.p. injected with 5-Fu (20 mg/kg; closed circles), MLN8237 (5 mg/kg; closed triangles), or PBS (open circles) daily 
on days 3 - 7 (n = 5). TILs were analyzed for CD11b+PD1+ cells by flow cytometry on day 16. (F) Enhancement of IL33 and GDF15 release from the ipC26 cells. 
Tumor cells were transfected with AURKA-specific siRNA or control siRNA, and two days later, the re-cultured supernatants were tested for IL33 or GDF15 by ELISA 
(n = 3). (G) Induction of the PD1+ subset in the CD11b+ PECs by the ipC26-derived GDF15. The scTAMs were stimulated with tumor supernatants or GDF15 for 3 
days, and were analyzed by flow cytometry. Graphs show means ± SDs. *P < 0.01, **P < 0.05 versus control. Representative data of three independent experiments. 

H. Ozawa et al.                                                                                                                                                                                                                                 



Translational Oncology 16 (2022) 101307

6

survival, P = 0.001) as compared to the monotherapy (Fig. 4C), and 
induced CTLs and NK cells having significantly higher cytotoxity in the 
mice (Fig. 4D). The therapeutic efficacy was abrogated by depletion of 
CD8+ T cells and NK cells, suggesting requirement of both cells (Fig. 4E). 
To validate generality of the findings, we treated different tumor models 
that C57BL/6 mice were s.c. and i.p. implanted with murine CRC MC38 
cells. The combination regimen was also significantly effective in this 
model (P = 0.002; Fig. 4F). MC38 cells isolated from the PECs were also 
giant expressing AURKA and GDF15. These suggest blocking AURKA is 
effective in treatment of hosts with i.p. tumors, and greatly contributes 
to anti-PD1 therapy by successfully eliciting potent anti-tumor 
immunity. 

Clinical relevancy of the AURKA-GDF15 axis 

To further validate the findings in human system, we used xenograft 
models that immunodeficient nu/nu mice were s.c. and i.p. implanted 
with human CRC HCT116 cells. Tumor cells obtained from the PECs 
(ipHCT116) were giant with larger nuclei, and showed significantly 
lower proliferative ability than tumor cells obtained from s.c. tumors 
(scHCT116; Fig. 5A). The ipHCT116 cells highly expressed AURKA, but 
less pTP53, than the scHCT116 cells (Fig. 5B). Blocking AURKA 

significantly suppressed cell proliferation (Fig. 5C) and GDF15 produc-
tion (Figs. 5D and S1B). When human CTLs were stimulated with the 
ipHCT116 supernatant, cell proliferation was significantly suppressed 
(P = 0.004 versus scHCT116), but was saved by GDF15 knockdown in 
the ipHCT116 cells (P = 0.027 versus control; Figs. 5E and S1B). These 
were consistent with the results observed in the mouse system. 

We also analyzed PECs isolated from peritoneal lavage fluids of 
gastric cancer patients by flow cytometry (n = 16; Table S1). Tumor cells 
were giant with a large nucleus, and CD11b+PD1+ TAMs were signifi-
cantly increased in the PECs with tumors compared to the PECs without 
tumors (P = 0.0047; Fig. 6A and B). The CD11b+PD1+ TAM increase was 
significantly correlated with increase of T cells expressing multiple IC 
molecules (P < 0.0083; Fig. 6C). These suggest expansion of the 
CD11b+PD1+ TAMs is a possible surrogate marker of i.p. tumor 
dissemination accompanied by immune exhaustion in patients. Target-
ing AURKA may be a promising strategy for treating GI patients with i.p. 
tumors. 

Discussion 

In this study, we identified AURKA as a key determinant of refractory 
i.p. tumors. AURKA expression in the i.p. tumors regulates treatment 

Fig. 4. Anti-tumor efficacy induced by MLN8237 therapy in the ascites models. (A, B) MLN8237 therapy is effective in mice with ascites. The ascites models 
were i.p. (IP; closed circles) or orally (p.o. or PO; gray circles) administered with MLN8237 (MLN, 5 mg/kg) or PBS (open circles) daily on days 3 - 6 after tumor 
implantation (n = 7). Tumor growth and mouse survival were observed (A), and TILs and PECs were analyzed by flow cytometry on day 15 after tumor implantation 
(B). Light gray, CD3+CD4+ T cells. Closed, CD3+CD8+ T cells. Dark gray, DX5+ NK cells. Open, CD11b+Gr1+ myeloid cells. (C, D) MLN8237 therapy synergizes with 
anti-PD1 in treatment of mice with ascites. The ascites models were i.p. injected with MNL or PBS daily on days 3 - 5, and/or were i.v. injected with anti-PD1 mAb or 
mIgG on days 5 and 8 (n = 10). Open circles, control. Closed triangles, MLN. Gray triangles, anti-PD1 mAb. Closed circles, MLN + anti-PD1 mAb. Tumor growth and 
mouse survival were observed (C), and splenic CD8+ T cells (target = Colon26) and NK cells (target = Yac-1) of the mice were tested for tumor killing activity on day 
15 (ET ratio = 20:1; n = 5). (E) Requirement of both CD8+ T cells and NK cells for the anti-tumor efficacy induced by the MLN/aPD1 combination therapy. The mice 
were i.p. injected with anti-CD8 (closed diamonds), anti-asialo GM1 antibody (gray diamonds), or PBS (no depletion; closed circles) during the combination therapy 
(n = 7). Open circles, untreated control. (F) Anti-tumor efficacy induced by the MLN/aPD1 combination therapy in another CRC models. C57BL/6 mice were s.c. and 
i.p. implanted with murine CRC MC38 cells, and were treated with MLN and/or anti-PD1 mAb (n = 7). Tumor cells were isolated from the s.c. tumor tissues (scMC38) 
or PECs (ipMC38) of the mice 2 weeks after tumor implantation. Scale, 1000 µm. Graphs show means ± SDs. *P < 0.01, **P < 0.05 versus control. Representative 
data of three independent experiments. 
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Fig. 5. Significance of the AURKA-GDF15 axis in human system. (A) Morphological and functional changes of human CRC HCT116 cells within the peritoneal 
cavity of immunodeficient nu/nu mice. Tumor cells were isolated from the s.c. tumor tissues (scHCT116) or PECs (ipHCT116) 2 weeks after tumor implantation (n =
3). Photos show more giant and adhesive appearance of the ipHCT116 cells (scale = 1000 µm) with large DAPI+ nuclei (scale = 10 µm) as compared to that of the 
scHCT116 cells. (B) Increase of AURKA expression, but decrease of pTP53 expression in the ipHCT116 cells. Each MFI is indicated in a bracket. Shaded histogram, 
isotype control. (C) Blocking AURKA suppresses the ipHCT116 proliferation. The scHCT116 cells (open circles) or ipHCT116 cells (closed circles) were treated with 5- 
Fu or MLN8237 for 2 days (n = 3). The graph depicts a percentage of the control cultured without agents (100%, dotted line). (D) Enhancement of GDF15 release 
from the ipHCT116 cells possibly via AURKA. The cultured supernatants of the siRNA-transfected tumor cells were tested by ELISA (n = 3). (E) CTL induction is 
suppressed by the ipHCT116-derived GDF15. Tumor antigen SAGE-specific CTLs were established using PBMCs obtained from two donors (closed and open bars), and 
were cultured with SAGE peptides and IL2 in the presence of the tumor supernatants (5 x dilution) or GDF15 (20 ng/ml) for 5 days (n = 3). Graphs show means ±
SDs. *P < 0.01, **P < 0.05 versus control. Representative data of three independent experiments. 

Fig. 6. The CD11bþPD1þ TAMs are expanded in PECs of gastric cancer patients. (A) Gating strategy to analyze CD11b+ TAMs and CD3+ T cells in human PECs 
by flow cytometry. The peritoneal lavage fluids were obtained from gastric cancer patients at initiation of surgical tumor resection (stage I x 2, stage II x 5, stage III x 
5, and stage IV x 4; n = 16). Photos show HE-stained PECs (scale = 50 µm). (B) CD11b+PD1+ cells are significantly expanded in PECs particularly with tumor cells (n 
= 3) as compared to PECs without tumor cells (n = 13). Light gray, CD3+CD4+ T cells. Closed, CD3+CD8+ T cells. Dark gray, DX5+ NK cells. Open, CD11b+ TAMs. *P 
< 0.01, **P < 0.05 versus PECs without tumor cells. (C) Significant correlation between increase of the CD11b+PD1+ TAMs and increase of potentially exhausted 
CD3+ T cells expressing multiple immune checkpoint molecules. Graphs show means ± SDs. 
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resistance not only via tumor polyploidization, but also via expansion of 
impaired TAMs through GDF15 production. Some studies have also 
shown regulation of production of cytokines and chemokines by AURKA 
[25,26], although AURKA is a protein kinase mainly regulating cell 
cycle. However, locking AURKA with MLN8237 or siRNAs abrogates 
these adverse events, and successfully elicits anti-tumor immunity in the 
ascites models. The CD11b+PD1+ TAMs are also expanded in the PECs 
particularly along with tumor cells in gastric cancer patients. Thus, 
MLN8237 therapy may be useful for treating GI cancer patients with i.p. 
tumors. Many AURKA inhibitors have been clinically developed, while 
most trials failed due to the serious toxicity [27,28]. However, i.p. in-
jection may be an alternative but encouraging way to give less systemic 
side effects, but higher cytotoxity to the local peritoneal cavity where to 
have high risk of tumor spread. 

EMT has been considered as a biological process crucial for i.p. 
tumor dissemination [5,6]. However, it should be noted that EMT is only 
a part of the metastatic cascade. The disseminated dormant tumor cells 
must reawaken to grow in the secondary site, possibly through the 
reverse process of EMT and/or polyploidy. Particularly, cancer poly-
ploidy is a principal program in cancer stemness to massively increase 
intratumoral heterogeneity and complexity by generating numerous 
progeny cells in response to treatment stress [15–17]. Incidence and 
frequency of polyploid tumor cells are clinically associated with the 
grade, chemoresistance, and poor prognosis of cancer patients [29,30]. 
AURKA expression in the i.p. tumor cells could be induced by endor-
eplication in response to hypoxia in the peritoneal cavity, because 
hypoxia is a critical trigger of cancer polyploidization [15–17]. Inter-
action with peritoneal immune cells may be also involved in the 
mechanism of AURKA upregulation in the i.p. tumor cells. 

We previously identified IL33 as a key driver of cancer progression 
[18]. IL33 induces both tumor polyploidization and immunosuppression 
mediated by various immunosuppressive ST2+ cells, including mast 
cells, myeloid-derived suppressor cells (MDSCs), and regulatory T cells 
(Tregs). In the PECs of gastric cancer patients, the CD11b+PD1+ TAMs 
highly expressed ST2 (Fig. 6A). The IL33-ST2 axis may be also involved 
in the mechanisms of the i.p. tumor progression. Recent studies have 
revealed the landscape of i.p. immunity mediated by not only inflam-
matory macrophages [9], but also immunosuppressive cells, such as 
MDSCs [31] and Tregs [32]. IL33 and GDF15 might be, at least partly, 
underlying the identified mechanisms. PD1 expression in myeloid cells 
and the close relationship with poor prognosis have been demonstrated 
in mice and human [33,34]. These studies demonstrated PD1 knockout 
or blockade in the cells abrogates the immunosuppressive activity, and 
induces potent anti-tumor immunity in mouse tumor models [35–37]. 
However, in our study, the impact of blocking PD1/PDL1 was small in 
both in vitro and in vivo settings. This discrepancy might be come from 
the experimental conditions, particularly of tumor models with i.p. tu-
mors. A variety of agents have been evaluated in combination with 
anti-PD1/PDL1 therapy in numerous clinical trials [38]. However, the 
optimization is still underway. Blocking AURKA may be a strong 
candidate particularly in the treatment of GI cancer. 

This study provides a rationale of targeting AURKA in the treatment 
of GI cancer patients, particularly with disseminated i.p. tumors. As 
therapeutic strategy, blocking AURKA may be useful for suppressing i.p. 
tumor progression. As diagnostic strategy, monitoring the increased 
CD11b+PD1+ TAMs (those are possibly expanded by AURKA+ tumors) 
in the lavage fluids at surgery may be useful for prediction of the onset of 
i.p. tumor progression as a surrogate marker of i.p. tumors hiding 
somewhere within the peritoneal cavity of the GI cancer patients, 
although only tumor cells are monitored in the present cytological 
diagnosis. A larger scale study using more clinical samples is needed for 
the validation. 
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