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Abstract
Tumor-associated macrophages (TAMs) are crucially associated with tumor development and
progression; however, it remains unclear how the tumor microenvironment (TME) rewires the metabolic
circuits and preferentially induces TAMs to polarize toward a protumoral phenotype. Here, we report that
polyunsaturated fatty acids (PUFAs) in malignant ascites promote protumoral M2-like TAMs deposition
and facilitate peritoneal metastases of epithelial ovarian cancer (EOC). We demonstrated that PUFAs in
the lipid-enriched malignant ascites inactivate RhoA, reducing nuclear YAP1 in macrophages and
promoting protumoral M2-like TAMs polarization with OXPHOS metabolism. Conditional Yap1 depletion
in murine MΦs leads to skew macrophage polarization toward protumoral M2-like TAMs that, in turn,
suppress CD8+ T cell in�ltration and aggravate tumor colonization in vivo. Noticeably, the signi�cance of
nuclear YAP1 depletion was evinced in the in�ltrating TAMs in tumor spheroids of malignant ascites from
EOC patients. In contrast, restored nuclear YAP1 expression in TAMs by pharmacological suppression of
MST1/2 enhances tumoricidal M1-like TAMs population and CD8+ T cells in�ltration, restricting EOC
peritoneal metastasis. These results indicate that PUFAs are a key player in promoting tumor-in�ltrated
TAMs polarization that, in turn, facilitates EOC tumor growth and metastasis.

Introduction
Tangible evidence has suggested that metastasis is responsible for cancer morbidity and mortality, and
its progression is driven not only by the endogenous force of tumor cells but also by the exogenous
shaping of the external microenvironment 1, 2, 3, 4. The tumor microenvironment (TME) is a complicated
ecosystem that consists of not only cancer cells but also various supporting cellular and non-cellular
components, acting as the crucial regulator of tumor development and metastatic progression 2. The
tumor-in�ltrating immune cells (TIICs) are the major cellular components in the composition of TME,
which can exercise antitumor activity but are deprived by TME 5, 6. On the contrary, the TME
choreographers the distribution and polarization of TIICs, causing a uniquely immunosuppressed
microenvironment, promoting tumor growth and metastasis 6, 7. Hence, understanding the role of the TME
in educating tumor-associated immune cells enables us to explore novel strategies for e�cient anticancer
treatment.

Macrophages (MΦ) or also known as tumor-associated macrophages (TAMs) are the most abundant
population of tumor-in�ltrating immune cells in the TME 8, 9. TAMs exhibit a high degree of functional
plasticity and can rapidly adapt to the TME through macrophage polarization into either protumoral M2-
like or tumoricidal M1-like activity 9, 10. Protumoral M2-like TAMs display trophic functions promoting
metastasis and mediating immunosuppressive TME to debilitate antitumor immune responses 11, 12, 13.
In contrast, M1-like tumoricidal TAMs can activate the adaptative immune response and kill cancer cells 9,

14. Emerging evidence has suggested that TME modulates TAMs polarization to lean towards protumoral
M2-like activity, associated with poor prognosis in various tumors15, 16, 17, 18. However, the underlying
mechanism of lipids-enriched TME in modulating TAMs polarization remains obscure.
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Clinical evidence has revealed that epithelial ovarian cancer (EOC) possesses precedential metastatic
tropism for the adipose-enriched omentum and accumulation in ascites, suggesting that the lipid-
enriched tumor microenvironment (TME) plays a pivotal role in facilitating tumor progression and
metastasis 3, 19, 20. Recent evidence suggests lipid-enriched TME fuels tumor cells and exacerbates EOC
progression through lipid metabolic reprogramming 21, 22, 23. Simultaneously, lipid-enriched TME affects
in�ltrated immune cell differentiation and antitumor activity, and maintaining a suppressive immune
microenvironment facilitates tumor progression 24, 25, 26. The malignant ascites microenvironment is
frequently hijacked by immune cell in�ltrate (ICI), exhibiting immunosuppression and debilitating
antitumor immune responses 27, 28, 29. Enriched lipids and limited access to glucose force a metabolic
switch in immune cells, hindering tumoricidal activity 25. This metabolic adaptation is consequently
linked to CD8+ T cell dysfunction across many human cancer types and mouse models 25.

Here, we report that the abundant polyunsaturated fatty acids (PUFAs) in the malignant ascites play a
crucial role in promoting protumoral M2-like TAMs polarization that, in turn, creates an
immunosuppressive TME in promoting ovarian cancer peritoneal metastases. Using malignant ascites
derived from EOC patients and mouse models with conditional Yap1 knockout (cKO) in murine MΦs, we
demonstrated that the dominant PUFAs promote protumoral M2-like TAMs polarization by inactivating
RhoA-YAP1 signaling cascade and enhanced EOC metastatic properties. Notably, we provided valid
evidence that restoring nuclear Yap1 by targeting MST1/2 in TAMs inhibited peritoneal metastases
accompanied by increased tumoricidal M1-like TAMs and CD8+ T cell in�ltration. These �ndings manifest
that the abundant PUFAs are crucial for facilitating protumoral M2-like TAMs polarization in lipid-enriched
TME and promoting EOC tumor growth and metastatic progression.

Materials And Methods

Cell Culture
BMDMs were obtained as previously described 30 and were cultured in complete DMEM/F12 (Thermo
Fisher Scienti�c) containing 10 ng/ml murine M-CSF (LPEPROTECH). PEMs were harvested from mice
treated with an i.p. injection of 3% Brewer thioglycollate medium (Thermo Fisher Scienti�c). OVKATE
(JCRB), OVSAHO (JCRB), THP-1 (CLS), and U937 (CLS) cells were cultured in RPMI. Primary murine
PEMs, ES2 (ATCC), A2780cp (Professor Benjamin K Tsang, The University of Ottawa, Canada), ID8 (Dr.
Katherine F. Roby, The University of Kansas, USA), and ID8-GFP/Lucifer cells were cultured in complete
DMEM. PBMC-derived monocytes were positively selected by CD14+ magnetic beads (Miltenyi Biotec)
from the buffy coat (Blood Storage & Issue Section Hong Kong Red Cross) and were cultured in
ImmunoCultTM-SF Macrophage Medium (STEMCELL) with 50ng/ml M-CSF for six days to polarize M0
MΦs. THP-1 cells were cultured in RPMI with 200 ng/ml phorbol 12-myristate 13-acetate (PMA) (Abcam),
and U397 were cultured with 20ng/ml PMA for 24 h and then in the medium without PMA to polarize M0
MΦs. Human M1-like MΦs were differentiated in 20pg/mL LPS (Enzo Life Sciences) plus 20 ng/mL IFN-γ
(PEPROTECH), and M2-like MΦs were differentiated in 20ng/ml IL13 (PEPROTECH) and 20ng/ml IL4
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(PEPROTECH). Murine M1-like MΦs were activated with murine LPS/IFN-γ (100ng/ml, 10ng/ml) (Sigma
Aldrich, PEPROTECH); M2-like MΦs were activated with murine IL4/IL13 (10ng/mL, 10ng/mL)
(PEPROTECH).

Human Specimens

OCM was prepared as previously described 21. Omentum was freshly collected, washed with PBS, and
minced into small pieces. The omental mixture was subsequently added to RPMI medium and incubated
for 24 h. Then, omental tissues were removed by centrifugation and �ltration. To selectively remove lipids,
Cleanascite™ Lipid Removal Reagent (Biotech Support Group) was added to the OCM according to the
manufacturer’s suggestions. Similarly, ascites �uids from EOC patients were �ltered and stored at 4°C for
further study.

Animal Studies

Yap1�/� Balb/c mice were purchased from The Jackson Laboratory, and LysM-Cre C57BL/6J mice were a
gift from Dr. RCC CHANG (University of Hong Kong, China). The mice were crossbred to generate Yap1
cKO (Yap1−/−) in the myeloid cell lineage, including MΦs. We used female homozygous Yap1−/− and
female WT mice. The mice were bred and maintained under speci�c pathogen-free (SPF) conditions in
the Minimal Disease Area (MDA) of the Li Ka Shing Faculty of Medicine. For all tumor studies, female
mice between 8 and 12 weeks of age were used. Age- and sex-matched littermates were used as controls.

Rna-seq Analysis
The RNA samples were prepared and evaluated by Nano DropTM One/OneC, Life Invitrogen Qubit, and
Agilent 4200 TapeStation. Whole transcriptome analyses of macrophages were performed by HaploX
Biotechnology (Shenzhen, P.R. China). Brie�y, for each sample in the whole transcriptome sequencing
library, 10-20G data of 200-base pair paired-end reads were acquired from the Illumina PE150 sequencer.
Read quality was determined with FASTP (0.20.0). The reads were aligned to the Homo sapiens reference
genome (GRCh38) using HISAT2 (2.1.0), with splice junctions de�ned by the GTF �le. On average, 96% of
reads were aligned to the reference genome, and 91% of reads were uniquely aligned to the reference
genome. Gene expression in the raw data was determined by HISAT2. EdgeR and DESeq2 were used to
normalize gene expression in fragments per kilobase per million fragments mapped (FPKM).
Furthermore, differential expression and fold change between the conditions were evaluated using the
trimmed mean of M-values (TMM).

Transfection Of Sirna
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THP-1 MΦs were seeded onto 6-well plates and incubated for 24 h. Cells were then transfected with THP-
1 siRNA and control siRNA (or RhoA siRNA and control siRNA) using HiPerFect Transfection Reagent
(QIAGEN) according to the manufacturer’s suggestions. Two days after transfection, transfectants were
collected for western blot to check whether YAP1 or RhoA was knocked down.

Real-time Pcr
According to standard protocols, total RNA was isolated from cells and tissue samples using TRIzol™
reagent (Thermo Fisher Scienti�c). The concentration of the obtained RNA was measured with a
Nanodrop 2000c spectrophotometer. Afterward, an equal amount of RNA was reverse transcribed to
cDNA using TaqMan™ (Thermo Fisher Scienti�c).

Western Blot Analysis
Protein lysates were prepared in cell lysis buffer (Cell Signaling Technology) and separated via SDS–
PAGE before being transferred to FL-PVDF membranes. The blots were incubated overnight at 4°C with
the following primary antibodies: rabbit anti-YAP1 (Elabscience), rabbit anti-Lamin B1 (ProteinTech),
rabbit anti-MST1 (Cell Signaling Technology), rabbit anti RhoA (Cell Signaling Technology), Rabbit anti-
Cdc42 (Cell Signaling Technology), rabbit anti RAC1(Thermo Fisher Scienti�c), rabbit anti-TAZ (Abcam),
mouse anti-beta Actin (Thermo Fisher Scienti�c) and mouse anti-Tubulin ((Sigma Aldrich). Next, the
membrane was washed with TBST and subjected to �uorescence-conjugated secondary antibodies (LI-
COR IRDye 680/800 CW, 1:15,000 dilution). Fluorescence visualization was performed using an LI-COR
Odyssey CLx Imager (Lincoln).

Multiplex Ihc Staining
An Opal 8-color kit (Akoya Biosciences) was used for m-IHC according to the manufacturer’s protocol.
Brie�y, FFPE sections were dewaxed and rehydrated, and microwaved within AR6 buffer (Akoya
Biosciences). The slides were cooled to room temperature (RT), washed with TBST, and blocked with a
blocking buffer (Akoya Biosciences) for 10 min. The primary antibody was added and incubated at 4℃
overnight. The slides were washed, and a Polymer HRP (Ms + Rb) secondary antibody was added and
incubated at RT for 10 min. Opal dye (1:100) was applied for 10 min after the washes. Then, the slides
were washed and treated with the microwave. This process was repeated �ve more times using various
antibodies. Nuclei were stained with DAPI (Akoya Biosciences) and mounted with medium (Abcam).
Living Image Software and InForm 2.4.2. were used to analyze the m-IHC data.

Cytosolic Ros Measurement
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Analyses were performed according to the manufacturer’s protocol. Brie�y, cells were incubated in a
humidi�ed chamber at 37°C with 5% CO2 for 30 min with DCFDA / H2DCFDA (Abcam) in a cell culture
medium. After being incubated, the cells were washed and examined by a microplate reader within 2 h of
staining.

Metabolic Phenotyping
The oxygen consumption rate (OCR) and extracellular acidi�cation rate (ECAR) were measured using a
Seahorse XFe bioanalyzer. A total of 5x105 MΦs per well (> 3 wells per sample) were added to poly-D-
lysine-coated seahorse 96-well plates and preincubated in Seahorse XF media (unbuffered RPMI + 10mM
L-glutamine + 10mM sodium pyruvate + 25mM glucose) (Agilent Technologies) at 37°C for a minimum of
30 min in the absence of CO2. OCR and ECAR were measured under basal conditions and after the
addition of the following drugs in Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies): 1mM
oligomycin, 1.5mM �uorocarbonyl cyanide phenylhydrazone (FCCP), and 0.5mM rotenone + antimycin A
as indicated. Measurements were taken using a 96-well Extracellular Flux Analyzer (Seahorse
Bioscience).

Gtpase Pull-down And G-lisa Activation Assays

Pull-down assays were conducted as reported previously 31. The primary antibody used in the assays
was RhoA (Cell Signaling Technology). The activation of RhoA was measured using G-LISA activation
assay kits (Cytoskeleton) according to the manufacturer's instructions.

In�ltrated Tam Isolation
Tumors or paired omentum metastatic tissues were harvested and cut into small pieces. Tumor lysates
were digested in PBS, and omentum lysates were digested in serum-free DMEM containing Liberase
DL(Roche), Liberase TL (Roche), and DNaseI (Sigma Aldrich) for 1–18 h at 37°C 32. The cells were �ltered
and stained at 4℃. TAMs were sorted as CD45+ (Invitrogen™), CD11b+ (Biolegend), CD14+ (Biolegend),
CD163+ (Biolegend), CD3− (Biolegend), CD19− (Biolegend), and CD56− (Biolegend) with a BD FACSAria
SORP and analyzed for CD206+ (BD Biosciences) and CD86+ (BD Biosciences) populations among TAMs
derived from sorted cells.

Flow Cytometry
MΦs were processed into single-cell suspensions and blocked with 10% human AB serum (Sigma Aldrich)
in PBS on ice. Then, the cells were stained with antibodies for 1 h at 4°C in dark. The cells were then
washed twice with 4 ml of �ow buffer, centrifuged, and resuspended in 0.5ml of �ow buffer for analysis.
Flow cytometry was performed using an ACEA NovoCyte Quanteon.
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XTT cell proliferation, Transwell invasion assay, Migration assay, and
Spheroid formation assay.
Cell viability or growth was evaluated by a cell proliferation kit (XTT) (Roche). Brie�y, cells were seeded in
96-well plates and treated with conditioned medium (CM) at a 1:3 ratio for different durations. A mixture
of XTT reagents was added to each well and cultured with cells at 37°C for 4 h. The absorbance at 492
nm was read, and relative cell viability is expressed as the fold change over the mean of the �rst day. Cell
migration and invasion were determined using Transwell cell migration assay kits (Corning) and
BioCoat™ Matrigel® Invasion Chambers (Corning), respectively. Cell samples (1×105 cells) were brie�y
suspended in a serum-free medium and seeded in 24-well Transwell chambers. Media containing 1% FBS
was added to the lower chamber (Supplementary Figure. 3A, left). After incubation, the migrated/invaded
cells were stained and counted using microscopy. For the spheroid assay, MΦs were seeded in the upper
and EOC cells in the lower chambers of a low-attachment plate (Supplementary Figure. 3A, right). After 48
h of incubation, spheroids in the lower plate were photographed.

In Vivo Tumor Experiments

Female Yap1−/− or WT mice were injected subcutaneously into the left �ank with 1 x106 ID8 or ID8-
GFP/Lucifer cells in sterile PBS. After 14 days, tumors formed and were collected for �ow cytometry and
histological analysis. Tumor burden was estimated weekly by injecting the mice (i.p.) with 100mg/kg D-
Luciferin and potassium salt (Gold Biotechnology), followed by in vivo bioluminescence imaging using
an IVIS Lumina X5 (PerkinElmer) until 49 days. Following whole-body imaging, animals were dissected,
selected tissues were analyzed for �uorescence activity using the IVIS image system, and the region of
interest (ROI) of the tissues was calculated using Living Image 4.0 software. For drug treatments, WT
mice were i.p. injected with XMU MP1 (1mg/kg) (MOLNOVA) or vehicle starting at 2 wk.

Statistical Analysis
Experimental data are presented as the mean ± standard error mean (SEM) from at least three
independent experiments. The results were analyzed with an unpaired t-test among two groups if both
groups were normally distributed. Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software). Differences were considered signi�cant when the p-value was < 0.05. Comparisons
among three or more groups were performed using one-way ANOVA, followed by a multiple comparison
test. (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Availability of data and materials
The RNA-seq data were deposited in the NCBI Gene Expression Omnibus database and can be accessed
through accession number GSE175552. The raw data and the uncropped western blot images were
deposited in Figshare DOI (10.6084/m9.�gshare.21250584).
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Results
EOC peritoneal metastases are associated with protumoral TAMs deposition

To understand the macrophage diversity in EOC tumor progression, multiplex immuno�uorescence (m-
IHC) staining was employed to evaluate MΦs density and status in 32 EOC clinical samples, including
primary tumors from early stages (I and II) to late stages (III and IV) and omental metastatic tumors (III
and IV). MΦs were found in all tumor specimens and were signi�cantly increased with EOC progression.
The density of CD68+CD163+/CD206+ MΦs (protumoral M2-like TAMs) dramatically increased from the
primary tumor at the early stage to omental metastases at the late stage during EOC progression,
whereas the density of CD68+CD86+ MΦs (tumoricidal M1-like TAMs) correspondingly decreased,
contributing to the shift in MΦs from a tumoricidal M1-like to a protumoral M2-like phenotype (Fig. 1A
and C; Supplementary Fig. S1A). Of note, the ratio of protumoral M2-like TAMs to ovarian cancer cells
was increased in omental metastatic tumors, and the ratio of tumoricidal M1-like TAMs to ovarian cancer
cells was not, indicating that the metastatic microenvironment skews protumoral M2-like TAMs
polarization (Fig. 1D; Supplementary Fig. S1B). In addition, TAMs
(CD206+CD45+CD11b+CD14+CD3−CD56−CD19−) in�ltrated in primary tumors, paired omental metastatic
tumors were compared, and the results con�rmed protumoral M2-like TAMs accumulation in the
metastatic location (Supplementary Fig. S1C).

Malignant ascites is a sign of peritoneal metastases, create a prometastatic microenvironment, and
herald a poor prognosis 33, 34. To further assess TAMs polarization during peritoneal metastases, the
TAMs population was evaluated in the ascites of EOC patients (N = 10). Similar to the TAMs polarization
in omental metastatic tissues, protumoral M2-like TAMs (CD14+CD11b+CD68+CD206+) were signi�cantly
increased when compared to tumoricidal M1-like TAMs (CD14+CD11b+CD68+CD86+) in ascites (Fig. 1E;
Supplementary Fig. S1D). Previous reports showed that TAMs play an essential role in ascitic tumor
spheroid formation 35. However, the roles of TAMs in the microenvironment of ascites spheroids of EOC
remain ill-de�ned. Immuno�uorescence assays identi�ed EOC ascites spheroids as multicellular
structures containing ovarian tumor cells (PAX8+Ki67+) and numerous lymphocytes, such as TAMs, T
cells, DCs and NK cells (Supplementary Fig. S1E). Collectively, these clinical data suggest that protumoral
M2-like TAMs accumulated in the peritoneum involved EOC peritoneal diffusion.

Malignant ascites microenvironment (MAM) skews protumoral TAMs polarization

Clinical evidence shows that M2-like TAMs frequently accumulate in ovarian cancer ascites and may be
involved in peritoneal metastases 36, 37. To clarify these �ndings, FACS analysis, and confocal
microscopy analyses found that the MΦs derived from human peripheral blood mononuclear cells (PBMC
MΦs) and THP-1 (THP-1 MΦs) pretreated with ascites �uid (AS), or omental conditioned medium (OCM)
21 showed a substantial increase in CD14+CD11b+CD163+ and CD14+CD11b+CD206+ expression levels
(Fig. 2A-C; Supplementary Fig. S2A and B). Consistently, qPCR analysis con�rmed that the malignant
ascites microenvironment (MAM) facilitated the expression of M2-like TAMs-associated genes such as
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CD163, IL-10, TGFβ1, and CCL2, while downregulated the expression of the M1-like-associated gene NOS2
(Fig. 2D; Supplementary Fig. S2C). Next, to verify whether the MAM caused an imbalance in conventional
M1/M2 polarization and skewed protumoral M2-like TAMs accumulation, resting PBMC MΦs were
activated to either the M1-like phenotype by human LPS/IFNγ or the M2-like phenotype by human
IL4/IL13 upon OCM or AS treatment (Supplementary Fig. S2D). The results showed that the CD163+

population was increased after incubation in the MAM regardless of prior treatment with LPS/IFNγ or
IL4/IL13 (Fig. 2E). Similar enhancement occurred in IL4/IL13-stimulated CD206+ TAMs after culture in the
MAM, whereas a reduction in the CD86+ population occurred after OCM treatment, supporting the notion
that the polarization of protumoral M2-like TAMs was induced by the MAM (Fig. 2E). Taken together,
these �ndings imply that there is a natural selection of choosing protumoral M2-like polarization in MAM
instead of tumoricidal M1-like polarization, contributing to a higher ratio of M2- to M1-like TAMs
accumulation in peritoneal ascites.

TAMs polarized in MAM promote EOC peritoneal metastases

To ascertain the protumoral function of TAMs polarized in the MAM, the transwell cell migration and
invasion assays demonstrated that human ovarian cancer cell lines, OVKATE and OVSAHO cells,
exhibited higher capability of cell migration and invasion when cocultured with OCM-pretreated THP-1
MΦs (OCM-MΦs) (Fig. 3A and B; Supplementary Fig. S3A). In contrast, only a slight increase in cell
migration and invasion capacity was observed in the same EOC cells cocultured with the resting M0 MΦs
(Fig. 3A and B). XTT cell proliferation assay revealed that the conditioned medium (CM) of M2-like MΦs
and OCM-MΦs markedly enhanced the proliferation and viability of OVKATE and OVSAHO cells but could
not observe such increased cell proliferation when EOC cells cocultured with the CM of the resting M0
MΦs (Fig. 3C). Intriguingly, EOC cells cocultured in the CM of M1-like MΦs even signi�cantly impaired cell
growth (Fig. 3C). Likewise, the spheroid formation assay demonstrated that the average sizes of
spheroids formed from human ovarian cancer cell lines, A2780cp, and ES-2 cells, were signi�cantly larger
when cocultured with OCM- and ascites-pretreated THP-1 MΦs (OCM-MΦs and AS-MΦs) than with the
respective resting MΦs cocultures and controls (Fig. 3D; Supplementary Fig. S3B). These �ndings
indicate that protumoral M2-like TAMs polarized in MAM provide oncogenic promoting effects on EOC
cells in the malignant ascites microenvironment.

MAM reinforces lipid metabolic activities in protumoral TAMs

Recent studies have suggested lipid accumulation and metabolism are associated with the
differentiation and activation of protumoral TAMs 38. Herein, the increased formation of lipid droplets
was signi�cantly observed in the cytosol of IL4/IL13-induced M2-like MΦs or OCM-cocultured THP-1 and
U937 MΦs but not in the cytoplasmic compartment of resting M0 and LPS/INFγ-induced M1-like MΦs
(Fig. 4A). Intriguingly, the removal of free fatty acids in OCM by the Cleanascite™ attenuated lipid droplets
deposition in M2-like MΦs and OCM-MΦs (Fig. 4A), indicating protumoral M2-like TAMs exhibited higher
lipid accumulation and metabolism in the fatty acid-enriched OCM or the malignant ascites. To con�rm
the contribution of lipid accumulation on the polarization of protumoral TAMs 39, FACS analysis using the
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lipophilic �uorescent dye BODIPY 493/503 showed that PBMC MΦs cultured in OCM or ascites �uid (AS)
displayed a signi�cantly higher level of lipid accumulation. Our previous report has mentioned that
unsaturated fatty acids (UFAs) are remarkably upregulated in the malignant ascites of EOC patients with
peritoneal metastases 21, 22. The lipidomic analysis further revealed that unsaturated fatty acids such as
linoleic acid (C18:2, LA) are abundant in MAM 21, 22. Indeed, the dominant components of UFAs, such as
linoleic acid (LA, 200 µM) 39, increased relatively higher lipid contents within the PBMC MΦs similar to
TAMs polarized in MAM (Fig. 4B). Previous study demonstrated that high cellular lipid contents in
macrophages accompanied with increased levels of cytosolic reactive oxygen species (ROS) are required
for protumoral TAMs polarization 3, 39, 40. Similarly, we demonstrated that the cellular ROS levels in
OCM/AS-MΦs derived from PBMC MΦs were signi�cantly upregulated, whereas the addition of
Cleanascite™ mitigated the increased MAM-mediated ROS level, indicating that the accumulation of UFAs
in the MAM is responsible for the enhanced ROS production in TAMs (Fig. 4C).

To determine whether M1- and M2-like MΦs display distinct metabolic patterns, we assessed the cellular
bioenergetics of the M1- and M2-like populations derived from mouse bone marrow-derived MΦs
(BMDMs). The mitochondrial respiratory pro�le showed that M2-like MΦs stimulated with murine
IL4/IL13 exhibited increased mitochondrial respiration similar to MAM-MΦs compared with resting
BMDMs and M1-induced BMDMs (Supplementary Fig. S4A). In contrast, M1-like MΦs stimulated with
murine LPS/IFN-γ exhibited impaired mitochondrial function, as indicated by a low basal OCR and a lack
of response to FCCP (Supplementary Fig. S4B and C). Given that UFAs-derived mitochondrial respiration
is required for membrane synthesis and energy consumption during the polarization of TAMs 39, the live-
cell oxygen consumption rate (OCR) and extracellular acidi�cation rate (ECAR) were applied to
characterize the cellular respiratory pro�le of TAMs in MAM. Similarly, Basal and ATP-dependent OCR
analyses indicated that OCM- or LA-pretreated THP-1 MΦs had a signi�cantly higher OCR than the
untreated control (Fig. 4D-4F). Most of the basal mitochondrial OCR was attributed to ATP production, as
indicated by the suppression of oligomycin A (1 µM) (Fig. 4D). Any remaining OCR was likely due to
proton leakage across the membrane (Fig. 4G), similar to that in the OCM and control groups. In addition,
maximal OCR (Fig. 4H) and respiratory reserve capacity were signi�cantly increased in THP-1 MΦs
pretreated with either OCM or LA (Fig. 4H-4I), suggesting improved mitochondrial activity in TAMs
polarization in MAM. To determine the bioenergetic categories that TAMs fall into upon MAM education,
the bioenergetic pro�les of OCM- and LA-pretreated THP-1 MΦs were also plotted. The results showed
that OCM- and LA-pretreated THP-1 MΦs were more energetic and highly aerobic than control cells
(Fig. 4J), augmenting oxidative phosphorylation in TAMs polarized in lipid-enriched MAMs. Collectively,
these results suggest that the MAM-derived UFAs are associated with metabolic plasticity, particularly in
protumoral M2-like TAMs.

PUFAs promote protumoral TAMs polarization via RhoA-YAP1 cascade

To elucidate the molecular mechanisms that promote the polarization of protumoral M2-like TAMs within
MAM, transcriptomics analysis of human MΦs derived from the human monocyte cell lines THP-1 and
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U937 cells exposed to OCM or control medium with or without M1-like (LPS/IFNγ) or M2-like (IL-4/IL-13)
stimulation was conducted. Reactome pathway analysis revealed the signi�cant downregulation in RHO-
GTPase pathways in these OCM-derived human MΦs (Fig. 5A; Supplementary Fig. S5A and B). Notably,
MΦs in OCM stimulated with human LPS/IFNγ or IL4/IL13 had signi�cantly decreased expression of Rho-
GTPase signaling factors compared with MΦs exposed to similar treatments in the control medium
(Fig. 5A; Supplementary Fig. S5A and B), suggesting a reciprocal relationship between Rho-GTPase
transduction and the MAM. Among the Rho family members, the small GTPase RhoA plays a central role
in Rho-GTPase signaling, participating in numerous cellular processes and contributing to immune cell
differentiation and function 41, 42. To verify whether the MAM downregulates Rho-GTPase activity in
TAMs, the G-LISA RhoA activation and active RhoA pull-down analyses revealed that the MAM
signi�cantly downregulated active RhoA in MAM-MΦs derived from PBMC-MΦs and THP-1 MΦs (Fig. 5B;
Supplementary Fig. S5C). Given that UFAs are the main biological compositions in the MAM, we
evaluated linoleic acid (LA), oleic acid (OA), and methyl arachidonate (MAA), the abundant UFAs in MAM,
in protumoral M2-like TAMs polarization. Surprisingly, LA and MAA but not OA could markedly inhibit
RhoA activity in macrophages, suggesting that PUFAs in MAM promote protumoral TAMs polarization
through RHOA-GTPase inhibition (Fig. 5C).

The Hippo-YAP/TAZ signaling pathway is essential not only for normal development and tissue
homeostasis but also for the immunity of solid tumors 43. Interestingly, Rho-GTPase is closely involved in
regulating YAP/TAZ transcriptional activities, and RhoA could positively regulate the YAP1 activities
through PKA/LATS1/2 activities in Hippo signaling 44, 45, 46. Consistently, our study found that the
ablation of RhoA by the siRNA knockdown approach displayed a signi�cant reduction of nuclear YAP1
but not TAZ in MΦs (Fig. 5D and E), implying that RhoA solely downregulates YAP1 expression in TAMs.
Given that MAM could reduce active RhoA in MΦs (Fig. 5C; Supplementary Fig. S5C). Here, we further
found that the lipids within MAM could reduce the nuclear YAP1 expression (Fig. 5F and G) in MΦs,
whereas the removal of lipids by Cleanascite™ remarkably prevented the reduction of YAP1 in OCM-MΦs
(Fig. 5G; Supplementary Fig. S5D), implying that the lipids within MAM facilitating protumoral M2-like
TAMs polarization through the regulation of RhoA-YAP1 signaling cascade. Further, both LA and MAA of
PUFAs could cause a reduction of nuclear YAP1 expression and the increased formation of
CD14+CD11b+CD163+ (protumoral M2-like TAMs) population (Fig. 5H; Supplementary Fig. S5E-G). These
data demonstrated that PUFAs-enriched malignant ascites inactive RhoA-YAP1 cascade, which augments
protumoral M2-like TAMs polarization.

Loss of YAP1 is essential for protumoral TAMs polarization

To con�rm the causative role of YAP1 in macrophage polarization, we performed the siRNA knockdown
approach to reduce the endogenous YAP1 in THP-1 MΦs. Results showed that the depletion of YAP1 led
to the upregulation of M2-like associated markers such as IL10, TGFβ, and CD163, but the
downregulation of M1-like associated markers such as NOS2 in THP-1 MΦs (Supplementary Fig. S6A and
B), indicating the loss of YAP1 favors M2-like TAMs formation. Further study by speci�cal deletion of the
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endogenous Yap1 gene in myeloid lineage cells through the crossbreeding with Yap1�/� and LysMcre mice
to generate Yap1 conditional knockout (cKO Yap1−/−) mice (Fig. S6C and D). Compared to the wildtype
(WT) control, the mouse bone marrow-derived MΦs (BMDMs) from Yap1 cKO (Yap1−/−) mice pretreated
with murine IL4/IL13 displayed the signi�cant upregulation of M2-like MΦs associated genes such as
Arg1, Ym1 and Fizz1 (Fig. 6A). This �nding is consistent with human MΦs polarization cocultured in
MAM, suggesting the absence of YAP1 is a prerequisite for protumoral M2-like TAMs polarization.

We next investigated whether the restoration of YAP1 could prevent protumoral M2-like TAMs
polarization. MST1/2-YAP is a conserved Hippo pathway, and the activated MST1/2 suppresses YAP1
abundance and action47. In contrast, pharmacological suppression of MST1/2 by treatment of XMU MP1
e�ciently restored YAP1 expression and activity 48, 49. To this end, the subcellular fractionation assay
displayed that the nuclear YAP1, but not TAZ, in LA or OCM-pretreated THP-1 MΦs (LA-MΦs/OCM-MΦs)
could be restored by XMU MP1 (5 µM) co-treatment (Fig. 5H and 6B). Immuno�uorescence analysis also
further showed that the restoration of nuclear YAP1 upon treatment of XMU MP1 in MΦs cocultured OCM,
or ascites (AS) (Supplementary Fig. S6E). Noticeably, the treatment of XMU MP1 considerably reduced
the CD163+ population in OCM/AS-MΦs derived from THP-1 MΦs and PBMC MΦs by downregulation of
M2-like MΦs associated genes such as IL10 and TGFβ1 (Fig. 6C and D, Supplementary Fig. S6F).
Intriguingly, the expressions of M1-like MΦs associated genes such as NOS2 and TNF in OCM-pretreated
PBMC MΦs were upregulated upon treatment of XMU MP1 (Fig. 6D), suggesting that the restoration of
YAP1 by XMU MP1 could cause a conversion of protumoral M2- to tumoricidal M1-like TAMs
polarization.

To better understand the functional role of XMU MP1 in TAMs, the cellular respiratory pro�le of MAM-
MΦs derived from human PBMC MΦs was characterized. Basal and ATP-dependent OCR readings
indicated that ascites-pretreated PBMC MΦs consistently exhibited a higher OCR than the untreated
control, while this MAM-mediated increase in OCR was apparently hampered by treatment with XMU MPI
(Supplementary Fig. S6G), and the OCM-induced accumulation of lipid droplets was signi�cantly
diminished upon treatment with XMU MP1 (Supplementary Fig. S6H). These �ndings manifest that XMU
MP1-treated TAMs were at submaximal respiratory capacity, and the capacity of lipid droplet formation
was impaired. Moreover, CD163+ TAMs in ascites spheroids derived from EOC patients displayed nuclear
YAP1 de�ciency (Fig. 6E). These results manifested that the PUFAs-enriched malignant ascites
microenvironment promotes protumoral M2-like TAMs polarization via the RhoA-YAP1 cascade
de�ciency, while restoration of YAP1 expression by suppressing MST1/2 may augment TAMs
polarization from protumoral M2-like TAMs to tumoricidal M1-like TAMs.

YAP1 de�ciency enhances protumoral TAMs polarization

To further assess the in vivo impact of Yap1 de�ciency on protumoral M2-like TAMs accumulation during
the EOC challenge, the murine ovarian cancer cell line, ID8 cells, were intraperitoneally injected into the
WT control and Yap1−/− mice. After 28 days, FACS analysis was performed on two subsets of peritoneal
exudate macrophages (PEMs), large peritoneal MΦs (LPMs) and small peritoneal MΦs (SPMs), which
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were respectively de�ned as MHCII−/F4/80+ cells and MHCII+/F4/80− cells in mouse peritoneal cavity 50.
The results showed that the number of tumoricidal M1-like TAMs (CD86+) was reduced among both
LPMs and SPMs in Yap1−/− mice, while protumoral M2-like TAMs (CD206+CD86+) were increased among
LPMs in Yap1−/− mice compared with WT mice (Fig. 7A; Supplementary Fig. S7 A and B), suggesting that
the deposition of protumoral M2-like TAMs and the tendency to interrupt the antigen-presenting ability of
the collapsed tumoricidal M1-like TAMs toward naive CD4+ T cells upon eradication of YAP1 in MΦs was
comparatively increased.

To study the contribution of Yap1 de�ciency in MΦs on the pre-metastatic niche, omental tissues from
WT and Yap1−/− mice were analyzed by m-IHC. The results showed that Yap1−/− mice exhibited a
signi�cant reduction in tumoricidal M1-like TAMs (F4/80+iNOS+) and cytotoxic T cell (CD8+) in�ltration,
whereas the population of protumoral M2-like TAMs (F4/80+CD206+Arg1+) was signi�cantly increased in
Yap1−/− mice compared with WT mice (Fig. 7B; Supplementary Fig. S7C). Moreover, Yap1 de�ciency in
MΦs also increased tumor cell proliferation index (Ki67) in the omental metastasis area (Fig. 7C;
Supplementary Fig. S7C). To investigate the in�uence of Yap1 de�ciency on MΦs during peritoneal
metastases, ID8 cells were stably transfected with MSCV-GFP-T2A-Luciferase plasmid and inoculated
into the peritoneal cavities of WT and Yap1−/− mice. After palpable tumors developed at approximately
two weeks, metastasis was concomitantly detectable, and Yap1−/− mice displayed a higher progressive
increase in bioluminescence imaging signals than WT mice throughout the experiment (Fig. 7D;
Supplementary Fig. S7D). The large-scale occurrence of metastasis in the abdominal cavity was likewise
observed in Yap1−/− mice after 49 days (Fig. 7E), indicating that Yap1 depletion in MΦs accelerated
peritoneal metastases. Consistent with the m-IHC results shown in Fig. 7B, tumor spheroids formed by
malignant ascites in Yap1−/− mice exhibited more CD206+CD163+ TAMs and fewer iNOS+CD163+ TAMs
than spheroids from WT mice (Fig. 7F). Furthermore, CD8+ T cells in the tumor spheroids of Yap1−/− mice
also decreased compared to those in WT mice (Fig. 7F).

Given the appealing approach of in vitro MST1 inhibition to reverse protumoral M2-like TAMs
polarization, we extended our investigations to determine whether targeting MST1/2 could restore
tumoricidal M1-like TAMs accumulation in vivo. ID8 cells were intraperitoneally inoculated into WT mice.
After one week, the mice were treated with vehicle or XMU MP1 (1 mg/kg) once every 2 days for 28 days.
Peritoneal MΦs were then assessed by FACS analysis, and the results showed that CD86+ LPMs were
signi�cantly increased in XMU MP1-treated WT mice without apparent toxicity (Fig. 7G; Supplementary
Fig. S7E and G). Moreover, the omental tissue was evaluated by m-IHC, and the results showed that
tumoricidal M1-like TAMs (F4/80+iNOS+), in�ltrated cytotoxic T cell (CD8+) were signi�cantly increased,
and protumoral M2-like TAMs (F4/80+CD206+Arg1+) were reduced in XMU MP1 treated group (Fig. 7H;
Supplementary Fig. S7F). Interestingly, XMU MP1-treated WT mice had signi�cantly reduced omental
metastases compared with untreated WT mice (Fig. 7I). Taken together, these �ndings support the notion
that the absence of YAP1 in MΦs accelerates EOC peritoneal metastases with protumoral M2-like TAMs
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accumulation. In contrast, MST1/2 blockade by XMU MP1 increased tumoricidal M1-like TAMs, and CD8+

T cells population and inhibited the metastatic progression of EOC.

Discussion
TMEs play a critical role in tumor growth and metastatic progression, yet the underlying mechanisms of
TMEs in reprogramming the extremely plastic TAMs to the protumoral M2-like TAMs remain unclear. In
this study, we add a novel insight into the impact of lipid-enriched malignant ascites on controlling tumor
immunogenicity through accumulating protumoral M2-like TAMs from tumor-in�ltrating macrophages in
peritoneal metastases of EOC. Our validity evidence showed that the high levels of PUFAs, in malignant
ascites activated lipid-OXPHOS metabolism in tumor-in�ltrating macrophages, skewing protumoral M2-
like TAMs polarization by coordinately regulating the RhoA-YAP1 signaling cascade. Noticeably, YAP1
de�ciency due to PUFAs-mediated downregulation of RhoA in macrophages drives protumoral M2-like
TAMs polarization, that in turn, attenuates CD8+ T cell in�ltration, promoting metastatic progression. In
contrast, targeted suppression of MST1/2 (Hippo) with the speci�c inhibitor, XMU MP1, elevates nuclear
YAP1 expression and encourages the conversion of M2- to M1-like phenotypes of TAMs that leads to
restore CD8+ T cells recruitment and activity, which in turn, inhibited EOC metastatic progression (Fig.S8.).
These �ndings demystify the longstanding question of how macrophages are reprogrammed by lipid-
enriched ascites and provide a therapeutic target for reprogramming protumoral TAMs in EOC peritoneal
metastasis.

Recent studies have suggested that metabolic impacts such as hypoxia, nutrient availability,
oncometabolite accumulation etc. may induce metabolic disturbance and modulate the �tness of
immune status within the ascitic microenvironmental niche 51, 52. Lipid enrichment is one of the
signi�cant metabolic hallmarks of ovarian cancer ascites 21, 51, 53. We and others have reported that
unsaturated fatty acids are the main components of lipid-based ascites that are frequently involved in the
poor prognosis of EOC patients 21, 54. The elevation of unsaturated fatty acids has been reported to
promote tumor metastasis via the recruitment of tumor-promoting immune cells, such as higher M2-like
TAMs populations in the malignant ascites 55, suggesting an intimate association between the
accelerated lipid metabolic activity and cancer immunity in modulating the tumor aggressiveness of
metastatic ovarian cancer, which provided a novel therapeutic insight into cancer treatment via
immunometabolic rewiring. For example, our unpublished data intriguingly disclosed that cell viability of
the M2-like MΦs derived from IL-10-stimulated THP-1 macrophages was signi�cantly reduced upon
suppression of SCD1/FADS2 fatty acid desaturases by concurrent treatment of the respective inhibitors,
CAY10566 and sc26196. In addition, combo treatment of CAY10566 and sc26196 repressed proliferation
and aggregation of M2-like MΦs in murine tumor tissues as witnessed by a remarkable decrease in
expression of F4/80 and ARG1 via IHC analysis (data not shown), inferring that inhibition of the activities
of fatty acid desaturation not only directly attenuates the survival of metastatic ovarian cancer cells by
restricting the supply of PUFAs but also can be proposed as a combination remedy with XMU MP1 above
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against peritoneal metastases of ovarian cancer through impairing the differentiation and aggregation of
protumoral M2-like TAMs.

Indeed, the bioactive lipid mediators derived PUFAs could modulate immune responses via various
mechanisms, from cell membrane formation to signal transcription factors 56, 57. Our study found that
PUFAs, such as the most abundant linoleic acid (LA) are enriched in the ascites microenvironment.
Consistently, our �ndings showed that LA and MAA, the most dominant PUFAs, could induce polarization
of protumoral M2-like TAMs through modulating RhoA-YAP1 signaling. In fact, conjugated linoleic acid
(CLA) (conjugated linoleic acid is a collective term for a mixture of positional and geometric isomers of
linoleic acid 58) has been shown to alleviate in�ammation by lowering serum levels of tumor necrosis
factor-alpha (TNF-α) and nuclear factor κB (NF-κB) but increasing levels of transforming growth factor β
(TGF-β) and upregulating the expression of peroxisome proliferator-activated receptor γ (PPAR-γ) in pre-
clinical colitis models 59. Moreover, CLA was proven to have anti-in�ammatory effects on atherosclerotic
through accumulating M2-like macrophages in a mouse model 59. These results imply that PUFAs such
as linoleic acid might play the key driver in promoting a protumoral phenotype through reprogramming
macrophages and, in turn, promoting tumor metastasis.

RhoA-GTPases (RhoA) are signaling proteins that have crucial roles in triggering multiple immune
functions 60. Studies have shown that PUFAs inhibited the gene expression of HMG-CoA reductase
(HMGCR), the critical rate-limiting enzyme of mevalonate signaling that positively regulated RhoA activity
61, 62 63, implying that PUFAs downregulated RhoA through the suppression of HMGCR 61, 64, 65, 66. Rho-
GTPase pathway has been shown to exhibit positive regulation of YAP transcriptional activities through
GPCR-mediated extracellular signaling and the actomyosin pathway 44, 45. Likewise, the most dominant
PUFA, LA, could mediate RhoA suppression and the reduction of nuclear YAP1 in the nucleus of MΦs with
a protumoral M2-like phenotype in the malignant ascites or OCM. These �ndings further support the
notion that PUFAs suppress HMGCR/RhoA, reducing YAP1 activities and promoting M2-like TAMs
polarization. Noticeably, the nuclear TAZ expression hasn’t been altered by PUFAs/RhoA, suggesting the
regulation of YAP1 by PUFAs/RhoA signaling cascade is MST1/2/LATS2 independently.

Mammalian STE20-like 1/2 (MST1/2) and Large Tumor Suppressor 1/2 (LATS1/2) are the core
components of the Hippo pathway. In the activated Hippo pathway, MST1/2 with Salvador 1 (SAV1)
adaptor form in complex and activate the LATS1/2–MOB1 complexes, that in turn, retain YAP/TAZ in the
cytoplasm, suppressing their nuclear level and transcriptional activities 67, 68. Emerging evidence has
reported that the GPCRs signaling could directly regulate YAP1 activity in parallel with MST1/2 46, 69.
Likewise, our �ndings showed that PUFAs-enriched MAM inactive RhoA-YAP1 signaling is a mechanism
parallel to the conventional Hippo pathway. This is because the depletion of RhoA directly regulates YAP1
activity but has no change on MST1, implying that regulating Hippo might be a possible way to restore
YAP1 activity in inactive RhoA. However, XMU MP1 is an inhibitor of MST1/2, which could remarkably
elevate nuclear YAP1 49.
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The ‘feedback loop’ effect of YAP1 on macrophage fate or function could be a crucial ‘controller’ that
determines the prime antitumor immune response and in�ltration in the PUFAs-enriched ascites
microenvironment. A recent study reported that YAP1 is differentially expressed in M1 and M2
macrophages (i.e., the level of YAP1 is lower in M2-like but higher in M1-like macrophages) 70. Our study
con�rmed that the depletion of nuclear YAP1 enhanced protumoral M2-like polarization, while the
restoration of nuclear YAP1 promoted the conversion of macrophages from protumoral to tumoricidal
activity. Consistently, the Yap1-de�ciency in macrophages cKO mice was susceptible to the tumor growth
and metastatic progression of ID8-derived tumors due to the higher ratio of protumoral M2-/tumoricidal
M1-like TAMs population and the reduced in�ltration of CD8+ T cells in murine ascitic �uids and
omentum, con�rming orchestration of the status of TAMs is a decisive step of peritoneal metastases. On
the other hand, based on our �ndings and the availability of druggable targets for the conventional Hippo
pathway, we examined whether MST1/2 inhibitor XMU MP1 could reverse protumoral M2-like TAMs
polarization through the restoration of nuclear YAP1 in MΦs cocultured in a lipid-enriched ascites
microenvironment. Amin Ardestani et al. have recently identi�ed Neratinib, an FDA-approved metastatic
HER2-positive breast cancer drug that is also a potent MST1 inhibitor with 98% MST1 inhibition.
Neratinib has been shown to signi�cantly block MST1 activation in β-cells and islets 71, implying that
Neratinib may be a commercially available drug that may be used to target TAMs to prevent peritoneal
metastases of ovarian cancer.

Conclusion
Our �ndings highlight a novel regulatory mechanism of how the lipid-enriched ascites microenvironment
promotes protumoral M2-like TAMs polarization via PUFAs-mediated RhoA-YAP1 signaling cascade. We
also successfully demonstrated that the reconstitution of nucleus YAP1 action in M2- to M1-like TAMs
conversion by targeted suppression of MST1/2 in MΦs is a promising potential therapeutic intervention
in combating EOC metastasis.  
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Figure 1

Malignant involvement of the serous body cavities is associated with the conversion of M1-like TAMs to
M2-like TAMs.

A. Representative composite of the m-IHC panel. Scale bar: 100μm.
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B. Distinct distributions of TAM population densities across regions in early stage (n=16), late stage
(n=16) and omental metastasis (n=16).

C. Ratio of M1-like TAMs to M2-like TAMs (n=16).

D. Ratio of M2-like TAMs to EOC (n=16).

E. Flow cytometric staining of CD11b+CD14+CD68+CD86+ (M1-like) or CD11b+CD14+CD68+CD206+ (M2-
like) ascites TAMs from patients with EOC (n=10). The data are presented as the means ± SEM and were
analyzed by unpaired Student’s t tests. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 2

MAM promotes M2-like TAMs polarization.

A. Representative �ow cytometric plots (left) and summary bar chart (right) show the expression of
CD11b+CD14+CD163+ cells among THP-1-derived MΦs (THP-1 MΦs) after treatment with OCM.
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B. Treatment with OCM or ascites �uid (AS) enhanced the expression of CD163 and CD206 among
CD11b+CD14+ human peripheral blood mononuclear cell-derived macrophages (PBMC MΦs).

C. Representative confocal microscopy images of CD86+ or CD206+ MΦs under Control (1% FBS RPMI)
or OCM conditions.

D. CD163, IL10, TGFβ, CCL2 and NOS2 mRNA expression levels in PBMC MΦs after treatment with OCM
or ascites �uid (AS) were measured by qPCR. Gene expression data were normalized to the reference
gene 18S, and the results are presented as the fold change relative to the control group.

E. Comparison of the percent CD206, CD163 or CD86 in CD11b+CD14+ PBMC MΦs in control, OCM or
ascites �uids (AS) and stimulated with control, LPS/IFNγ (20pg/ml, 20ng/ml) or IL4/IL13 (20ng/ml,
20ng/ml). The data are shown as the mean ± SEM and were analyzed by unpaired Student’s t tests. *, P
≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 3

TAMs polarized in MAMenhance EOC metastases.

A. and B. EOC cells were seeded in the upper chamber,and control MΦs, OCM-pretreated MΦs or no cells
wereseeded in the lower chamber of the Transwellplates and incubated for 36 h. The stained cells were
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counted in four randomly selected �elds. Representative images and quantitative results of cell migration
and invasion are shown. Scale bar: 50μm.

C. The XTT cell viability assay demonstrates that treatment with conditioned medium (CM) of TAMs
signi�cantly increases growth in OVKATE and OVSAHO ovarian cancer cells.

D. Spheroid formation capacity of EOC cells alone or cocultured with control MΦs or TAMs was
determined by spheroid formation assays. The size of the spheroids was quanti�ed as shown. Scale bar:
50μm. The data areshown as the mean ± SEM and were analyzed by unpaired Student’s t tests. *, P ≤
0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 4

PUFAs-enriched MAM enhances lipid oxidation metabolism in TAMs.

A. The lipid droplet formation assay revealed the formation of lipid droplets in TAMs compared with
control MΦs, M1 or M2 MΦs.
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B. Left, representative histogram showing the levels of lipids in human PBMC MΦs treated with OCM,
ascites �uids (AS), linoleic acid (LA, 200μM), methyl arachidonate (MAA, 200μM) or control. Right panel,
statistical results of the mean �uorescence intensity (MFI) of lipids in MΦs after the different treatments.

C. Reactive oxygen species (ROS) were measured using the DCFDA / H2DCFDA assay in human PBMC
MΦs treated with OCM, ascites �uids or OCM pretreated with CleanasciteTM lipid removal reagent.

D. Representative measurements of the oxygen consumption rate (OCR) after the addition of oligomycin
A (1 mM), FCCP (1.5mM), and rotenone and antimycin (Rot/Ant) (0.5mM) to THP-1 MΦs treated with
OCM, ascites �uids (AS) and LAs (linoleic acid, 200μM).

E. Quanti�ed basal OXPHOS.

F. Respiration-linked ATP.

G. Proton leakage.

H. Maximal OXPHOS.

I. Spare respiration capacity.

J. Representative plots and quanti�cation of the ratio of oxidative (OCR) versus glycolytic (ECAR)
metabolism at baseline (open squares) and after stress (�lled squares). The data are shown as the mean
± SEM and analyzed by unpaired Student’s t tests. ***, P ≤ 0.001; ****; P ≤ 0.0001.
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Figure 5

TAMs polarized in MAM via inactivating RhoA-YAP1 signaling cascade.

A. Functional enrichment and pathway analysis of signi�cantly differentially expressed mRNAs. The
results show enriched related pathways.
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B. Pull-down assays for the active RhoA in PBMCΦs (upper) and THP-1 MΦs (lower) and treated with
OCM or ascites �uid (AS).

C. Linoleic acid (LA, 200μM) and methyl arachidonate (MAA, 200μM) but not oleic acid (OA, 200μM) led
to a reduction in RhoA activity after 24h treatment.

D. Knockdown of RhoA is con�rmed by Western blotting. After THP-1 MΦs were transfected by RhoA
siRNAs (#1 - #3) or scrambled siRNA (Ctrl) for 48 h, cellular proteins were collected, and RhoA, YAP1, TAZ,
MST1, and b-actin were detected by immunoblotting.

E. The location of YAP, TAZ in the cytoplasm and nucleus was measured in THP-1 cells after 48 h post-
transfection of RhoA siRNAs (#1 - #3) or scrambled siRNA (Ctrl).

F. MAM led to a reduction in YAP1 activity in PBMC MΦs after 24h treatment. Lipid removal via
CleanasciteTM lipid removal reagent in OCM rescued YAP1 activity in PBMC MΦs.

G. The location of YAP1 in the cytoplasm and nucleus was measured in THP-1 MΦs after OCM
stimulation for 24 h.

H. Linoleic acid (LA) reduced nucleus YAP1 activity in dose-dependent in THP-1 MΦs after 24h treatment.
XMU MP1 (5μM) restore nucleus YAP1 in LA treated MΦs.
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Figure 6

YAP1 signaling regulates M2-like TAM polarization in the MAM.

A. WT and Yap1-/- BMDMs were stimulated with murine IL-4/IL-13 (10ng/mL, 10ng/mL) or ctrl for 24 h,
and the mRNA levels of Arg1, Fizz1, and Ym1 were detected by qRT–PCR. Gene expression data were
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normalized to the reference gene Gapdh, and the results are presented as the fold change relative to the
control.

B. The location of YAP1,TAZ in the cytoplasm and nucleus was measured in THP-1 MΦs treated with
OCM or OCM plus XMU MP1 (5 μM) for 24 h.

C. Comparison of the percent of CD206 or CD163 in CD11b+CD14+ PBMC MΦs in OCM, ascites �uid (AS)
conditions or OCM plus XMU MP1 (5μM) and AS plus XMU MP1.

D. Human PBMC MΦs were stimulated with OCM or OCM plus XMU MP1 (5μM) for 24 h, and the mRNA
levels of IL10, TGFβ, NOS2 and TNF were detected by qRT–PCR. Gene expression data were normalized
to the reference gene 18S, and the results are presented as the fold change relative to the control
treatment. 

E. Immuno�uorescent staining of YAP1+CD163+ cells in malignant ascites spheroids from patients with
EOC (n=3). Hoechst was used to stain nuclei. Scale bar: 50μm. The data are shown as the mean ± SEM
and were analyzed by unpaired Student’s t tests. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 7

Abolishing Yap1 in MΦs results in an immunosuppressive microenvironment that facilitates EOC
peritoneal metastases.

A. Quanti�cation of the CD86+ and CD86+CD206+ populations in the LPMs and SPMs of WT and Yap1-/-

mice (n = 4) after 28 days intraperitoneal (i.p.) injection of ID8 cells.
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B. Distinct distributions of iNOS+F4/80+ (M1-like TAMs), F4/80+CD206+Arg1+ (M2-like TAMs) population
densities and in�ltrating CD8+ T cells in WT and Yap1-/- mice after 28 days i.p. injection of ID8 cells.

C. Ki67 expression was evaluated in omental isolated from WT and Yap1-/- mice after 28 days i.p.
injection of ID8 cells.

D. Metastasis in WT and Yap1-/- mice following i.p. injection was evaluated every 7 days by
bioluminescence imaging.

E. Fluorescent quantitative analysis is shown as the total �uorescence intensity per organ within the
peritoneum after 49 days.

F. Immuno�uorescent staining of Ki67+F4/80+, CD206+CD163+, CD8+CD163+, and iNOS+CD163+ cells in
malignant ascites spheroids from WT and Yap1-/- mice (n=4) after 49 days. Scale bar: 50 μm.

G. Quanti�cation of the CD86+ and CD86+CD206+ populations in LPMs isolated from tumor bearing mice
(i.p. ID8) treated with vehicle or XMU MP1 (n = 4) for 28 days.

H. Distinct distributions of iNOS+F4/80+ (M1-like TAMs), F4/80+CD206+Arg1+ (M2-like TAMs)  population
densities and in�ltrating CD8+ T cells  in omental were evaluated by m-IHC after vehicle or XMU MP1 28
days treatment.

I. Representative H&E-stained images of omental metastases in tumor bearing mice treated with vehicle-
or XMU MP1 for 28 days. Scale bar: 700μm. Quanti�cation of omental metastases number (n=4). The
data are shown as the mean ± SEM and were analyzed by unpaired Student’s t-tests. *, P ≤ 0.05; **, P ≤
0.01; ****, P ≤ 0.0001.
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