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Abstract
Heterotypic interactions between tumor cells and macrophages can enable tumor 
progression and hold potential for the development of therapeutic interventions. 
However, the communication between tumors and macrophages and its mechanism 
are poorly understood. Here, we find that tumor-associated macrophages (TAM) 
from tumor-bearing mice have high amounts of lipid as compared to macrophages 
from tumor-free mice. TAM also present high lipid content in clinical human gastric 
cancer patients. Functionally, TAM with high lipid levels are characterized by polar-
ized M2-like profiling, and exhibit decreased phagocytic potency and upregulated 
programmed death ligand 1 (PD-L1) expression, blocking anti–tumor T cell responses 
to support their immunosuppressive function. Mechanistically, Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis identifies the specific PI3K path-
way enriched within lipid-laid TAM. Lipid accumulation in TAM is mainly caused by 
increased uptake of extracellular lipids from tumor cells, which leads to the upregu-
lated expression of gamma isoform of phosphoinositide 3-kinase (PI3K-γ) polarizing 
TAM to M2-like profiling. Correspondingly, a preclinical gastric cancer model is used 
to show pharmacological targeting of PI3K-γ in high-lipid TAM with a selective inhibi-
tor, IPI549. IPI549 restores the functional activity of macrophages and substantially 
enhances the phagocytosis activity and promotes cytotoxic-T-cell-mediated tumor 
regression. Collectively, this symbiotic tumor-macrophage interplay provides a po-
tential therapeutic target for gastric cancer patients through targeting PI3K-γ in lipid-
laden TAM.
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1  | INTRODUC TION

Gastric cancer (GC) is the second most frequent cause of cancer-re-
lated deaths worldwide.1-3 Increasing evidence indicates that the 
tumor microenvironment plays a critical role in cancer progression 
and metastasis.4 Tumor-associated macrophages (TAM) are key 
components of the tumor microenvironment that are recruited by 
tumor-derived signals and are correlated with poor prognosis in 
gastric cancer patients.5-8 Animal and experimental studies have 
supported that TAM can provide a favorable microenvironment 
to promote tumor progression and metastasis.5,9 In response to 
various microenvironment signals, macrophages can shift: M1-like 
and M2-like macrophages have distinct functional phenotypes, 
and while M1-like macrophage is involved in the pro–inflamma-
tory response, the M2-like macrophage promotes the anti–inflam-
matory response.10-12 It is generally accepted that TAM display 
the M2-polarized phenotype and are a critical player in the tumor 
microenvironment.5,13,14

Recent evidence has shown that various tumor-derived factors 
regulate the polarization and function of macrophages.15 However, 
the detailed molecular mechanism by which these factors regulate 
TAM remains unknown. Several reports have revealed the impor-
tance of lipids in the function of immunosuppressive myeloid cells 
in cancer and chronic inflammatory conditions.16-18 In addition, the 
important role of excessive lipid accumulation in macrophages has 
been well established in the development of atherosclerosis.19,20 
However, the exact biological role of lipid accumulation in TAM of 
gastric cancer remains to be explored.

In this study, we characterized the phenotype of lipid-laid TAM 
and explored the mechanism of metabolic reprogramming and func-
tional polarization of TAM in gastric cancer. Based on this, we pro-
vide a potentially attractive therapeutic target of lipid-accumulated 
TAM in gastric cancer. Our data demonstrated that gastric cancer 
cells have a significant impact on TAM through lipid accumulation, 
which indicates specific signaling pathways, therapeutic and diag-
nostic approaches, as well as prognostic biomarkers.

2  | MATERIAL S AND METHODS

2.1 | Animal model

Female 615 mice (6-8 weeks old) were purchased from the Institute 
of Hematology of the Chinese Academy of Medical Sciences (Tianjin, 
China). For the MFC-bearing tumor model, the PI3K-γ inhibitor drug 
IPI-549 (Cat. 26416, Cayman Chemical) was administered by oral gav-
age every day at a concentration of 15 mg/kg. Treatment was initiated 
on day 5 and ended on day 15 post–tumor implant. Tumor volume was 
calculated using the formula V = (L × W2)/2. The animal experiment 
was approved by the Animal Ethical and Experimental Committee of 
Xinhua Hospital, Shanghai Jiao Tong University School of Medicine.

2.2 | Patient samples

Fresh gastric tumor tissues, ascites, and autologous peripheral 
blood were obtained from patients with gastric cancer who under-
went treatment at Xinhua Hospital, Shanghai Jiao Tong University 
School of Medicine, China. The use of clinical samples was approved 
and informed consent forms were signed by each patient before 
participation.

2.3 | Cell culture

The mouse gastric cancer cell line MFC was obtained from the Cell 
Bank of Type Culture Collection of Chinese Academy of Sciences 
and cultured in DMEM: F12 (Gibco) containing 10% FBS with 100 U/
mL penicillin and 100 μg/mL streptomycin in 5% CO2 at 37°C. The 
human gastric cancer cell line AGS (CRL-1739, ATCC), the murine 
breast cancer cell line 4T1 (CRL-2539, ATCC), the murine colon 
carcinoma cell line MC38, and the human gastric cancer cell line 
MGC-803 (Chinese Academy of Sciences Cell Bank) were grown 
in monolayer cultures in the recommended medium. All cultured 
cells were tested to confirm they were negative for mycoplasma 
contamination.

2.4 | Bone marrow-derived macrophages and 
tumor-associated macrophages

Murine bone marrow-derived macrophages (BMDM) were gener-
ated from the bone marrow of 615 mice and cultured for 6 days with 
50 ng/mL M-CSF (R&D Systems). The polarization of macrophages 
was performed as previously described.21 For the inhibition assay, 
IPI-549 (Selleck, S8330) 1 µmo/L, PI3Kγ inhibitors, were used and 
incubated with macrophages for 1 hour before polarizing stimuli. 
Peritoneal macrophages (PM) were collected from the peritoneal 
cavity 96 h after i.p. injection of 3% thioglycollate. Mouse MFC cells 
(5 × 105) were injected into the abdominal cavities of 615 mice in 
100 μL of PBS and allowed to grow for 10-15 days. Ascites was col-
lected for TAM separation.

2.5 | Tumor supernatant preparation and collection

MFC tumor explants were removed after the mice were killed. 
Tumors tissues were digested and pressed through a 70-µm nylon 
filter. After centrifuging, cells were cultured overnight in RPMI 
1640 complete medium. The cell-free supernatant was collected 
to prepare tumor explant supernatant (TES). MFC cells were 
grown in the DMEM-complete medium. After 1 day, the medium 
was recovered and filtered to prepare the tumor-conditioned me-
dium (TCM).
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2.6 | Lipid staining

The sorted TAM or in vitro-treated macrophages were fixed with 4% 
paraformaldehyde, stained with oil red O (Sangon Biotech) for 1 hour 
at room temperature (RT) according to the manufacturer’s protocols, 
and then imaged with light microscopy. For BODIPY 493/503 stain-
ing, the slides were stained with BODIPY 493/503 (Thermo Fisher 
Scientific) at 0.5ug/mL for 15 min at RT, as previously described.22 
Slides were imaged with immunofluorescence microscopy.

2.7 | Flow cytometry assay

Single cells were generated from mouse tumors or spleens, and then 
pre–incubated with the anti–CD16/32 monoclonal antibody (BD 
Biosciences) to block nonspecific binding. Appropriate dilutions of 
various combinations of fluorescently-labeled antibodies were used 
and are listed in Table S1. BODIPY 493/503 staining was performed 
as previously described.22 For sorting cells, the gate was set to dis-
criminate TAM with normal lipid content (TAM-NL) versus TAM with 
higher lipid content (TAM-HL) in the tumor-bearing host using the 
fluorescence of naïve macrophages as the background defining nor-
mal lipid levels. For the cell cycle assay, the cells were stained with 
propidium iodide (PI, 20 μg/mL). Apoptosis was measured using the 
FITC Annexin V Apoptosis Detection Kit I (BD) following the manu-
facturer’s protocol. All flow experiments were performed using 
FACS Aria II machines (BD).

2.8 | Phagocytosis assay

The phagocytosis assay was performed with pHrodo Red 
Staphylococcus aureus bioparticles (Thermo Fisher Scientific). Sorted 
macrophages were plated at 5 × 105 cells/well into six-well tissue 
culture plates. A single vial of lyophilized Staphylococcus aureus bi-
oparticles labeled with pHrodo Red was resuspended in 2 mL of 
Hank’s balanced salt solution with 5% FBS. Bioparticles were added 
to a confluent monolayer of cells at a ratio of 1 vial per 2 × 106 cells, 
as per the manufacturer’s instructions. All cells were incubated with 
bioparticles for 4 hours and then processed for FACS analysis. To 
quantify the phagocytosis, the ratio of the Red+ macrophages to the 
total macrophages was evaluated and analyzed using FlowJo (Tree 
Star) and was normalized as indicated in the figure legends.

2.9 | T cell proliferation assay

Spleens from the 615 female mice were isolated and generated to 
a single-cell suspension. After red blood cell lysis, CD8+ cells were 
purified using anti–CD8 microbeads (Miltenyi Biotech) following the 
manufacturer’s instructions, and then purified CD8+ T cells were la-
beled with 5 µmol/L carboxyfluorescein succinimidyl ester (CFSE) 
(#423801, BioLegend) in PBS for 6 min at 37°C. The CFSE-labeled 

CD8+ T cells were then plated in complete RPMI 1640 media supple-
mented with 0.05 M β-mercaptoethanol onto 96-well plates coated 
with 2 μg/mL anti–CD3 (clone 1454-2C11, BioLegend) and 1 μg/mL 
anti–CD28 (clone 37N, BioLegend) antibodies. Sorted TAM-NL or 
TAM-HL cells were added in indicated ratios and were incubated at 
37°C. For Ab blocking assay, anti–IgG2a Ab or anti–PD1 Ab (10 µg/
mL) was added in the coculture system. After 96 hours, cells were 
harvested and T cell proliferation was measured by CFSE-dilution 
assay in the gated CD8+ T cells by flow cytometry (BD Canto II, BD 
Biosciences).

2.10 | Lipidomics analysis

For lipidomic analysis, TES of MFC cells derived from MFC-bearing 
mice were harvested. Macrophages were treated with control me-
dium (n = 5) or 30% TES (n = 5) for 48 hours and then harvested for 
lipidomic analysis. Lipids of samples were extracted and analyzed 
at Shanghai Applied Protein Technology. LC/ESI-MS analysis of li-
pids was performed on a UPLC-Q-Exactive Orbitrap MS system and 
untargeted relative quantitative lipidomics analysis was conducted.

2.11 | Kyoto Encyclopedia of Genes and Genomes 
enrichment analysis

Total RNA was extracted and reverse-transcribed into cDNA to 
generate indexed Illumina library, followed by sequencing. Gene set 
enrichment analysis (GSEA) was performed based on differentially 
expressed genes in different clusters. Upregulated and downregu-
lated sets of genes were ranked and normalized to log10 fold change 
between TAM and naïve macrophages, and each gene set was as-
sessed for enrichment using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) annotations. For validating gene expression, tar-
get gene-specific primers were used and described in Table S2. The 
RT-PCR analysis was performed with 7900 HT Real-Time PCR with 
SYBR Premix Ex Taq (Takara).

2.12 | Western blot

Total protein was isolated from macrophages treated with PBS, 30% 
tumor cells culture media, or lipid mixture for 48 hours. Proteins 
were detected by incubation with appropriate dilutions of primary 
antibodies (listed in Table S3), washed and incubated with secondary 
antibodies, and detected after incubation with a chemiluminescent 
substrate.

2.13 | Transwell migration and invasion assay

MFC cells were seeded in transwell chambers (Corning) with 
8-um-sized pores at 30 000 cells per well. MFC cells were 
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cultured in DMEM: F12 containing 1% FBS, and the differently 
treated macrophages were added to the bottom plate with 10% 
FBS. For the transwell invasion assay, MFC cells were seeded 
on the upper transwell chambers precoated with ECM Matrix 
gel solution. After 24 hours, the number of MFC cells that had 
passed through the membrane was counted using Image J (NIH). 
Five random fields per chamber were captured and statistically 
analyzed.

2.14 | Statistical analyses

Statistical analyses were performed with GraphPad PRISM 8.0 
software. Variables were compared between two independent 
groups with the Mann–Whitney test, and two-way ANOVA if there 

were more than two groups. P < 0.05 was considered statistically 
significant.

3  | RESULTS

3.1 | Lipid accumulation in tumor-associated 
macrophages

To assess the amount of lipids in TAM, we used an immunocom-
petent syngeneic setting with a murine gastric cancer MFC model. 
Immunofluorescence microscopy of TAM from dissociated tumors 2 
weeks after engraftment into mice revealed more BODIPY 493/503 
fluorescence in TAM than in their control counterparts (Figure 1A, B; 
Figure S1). Oil red staining of sorted TAM confirmed abundant lipid 

F I G U R E  1   Lipid accumulation in mouse and human tumor-associated macrophages (TAM). A, Immunofluorescence images of F4/80+ 
macrophages from the peritoneal of naïve mice and the ascites of MFC tumor-bearing mice staining with BODIPY 493/503. n = 3. Scale 
bar, 20 µm. Green, BODIPY 493/503; blue, DAPI. B, Immunofluorescence intensity of BODIPY 493/503 in F4/80+ peritoneal macrophages 
(pMs) or TAM was measured. C, neutral lipids were stained with oil red O and counterstained with hematoxylin. D, A typical example of 
the analysis of lipid level in F4/80+ macrophages from peritoneal of control (blue) or ascites of MFC tumor-bearing mice (red) by FACS. E, 
Geometric mean fluorescence intensity (MFI) of BODIPY 493/503 was measured by FACS. n = 5. F, Lipid level in F4/80+ macrophages from 
blood, spleen, and ascites in MFC tumor-bearing mice or WT mice. n = 3. G, Lipid levels in macrophages from naïve or MFC tumor-bearing 
mice collected on week 2 after tumor inoculation. H, Typical FACS analysis of BODIPY 493/503 in TAM from the individual with gastric 
cancer (GC). I, Cumulative results of lipid levels in TAM from individuals with GC
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accumulation in TAM (Figure 1C). By flow cytometry, macrophages 
were identified as CD11b+F4/80+ cells (Figure 1D). Significantly 
increased lipid content was also observed in TAM, whereas that 
in peritoneal naïve macrophage was lower (Figure 1D, E), further 
confirming the lipid accumulation in TAM. In tumor-bearing mice, 
TAM isolated from tumors had higher levels of lipids than from the 
spleen (Figure 1F). TAM in the spleen, the peritoneal cavity, and the 
blood from tumor-bearing mice had higher levels of lipids than mac-
rophages from control mice (Figure 1G). This is a consistent obser-
vation in TAM from mouse breast cancer 4T1 and colon carcinoma 
MC38 tumor models (Figure S2A, B, C). Based on this finding in mice, 
we next explored human TAM from patients with gastric cancer. 
Upon profiling the TAM in human gastric cancer samples, in line with 
mice, TAM in patients with gastric cancer had more elevated lipid 
content than monocyte-derived macrophages (Figure 1H, I). Thus, 
our data strongly indicate that there is enriched lipid content in TAM 
from mouse tumor models or subjects with gastric cancer.

3.2 | Characterization of lipid-laden tumor-
associated macrophages by M2-like status

To characterize the phenotype of lipid-accumulated TAM, TAM with 
different lipid content from MFC tumor-bearing mice were sorted 
using the gating strategy set around lipid levels in control mac-
rophages (Figure 2A). By flow cytometry, we detected two popu-
lations of F4/80+ TAM from tumor-bearing mice. One population, 
termed TAM with normal lipid content (TAM-NL), represented 20%-
30% of cells and had a similar level of fluorescence to naïve mac-
rophages (Figure 2A, B). The other population (60%-80% of cells), 
referred to as TAM with high lipid content (TAM-HL) (Figure 2B), had 
a higher level than that in control macrophages (Figure 2C). Flow cy-
tometry analysis of typical TAM markers showed that TAM-NL and 
TAM-HL from MFC tumors expressed equivalent levels of CD11b 
and F4/80, but TAM-HL expressed more of the M2-associated scav-
enger receptor CD206, less M1-associated maker MHC class II, and 

F I G U R E  2   Characterization of lipid-accumulated tumor-associated macrophages (TAM). A, Dot plot shows the overlay of naïve 
macrophages and TAM based on different lipid levels, setting the cutoff of normal lipid levels in the macrophage. Blue, naïve mouse; red, 
tumor-bearing mouse. B, Examples of gates set for the sort of F4/80 + TAM with normal lipid (NL) and high lipid (HL) content isolated from 
MFC tumor-bearing mice. C, Immunofluorescence analysis of BODIPY 493/503 in sorted F4/80+ TAM with different lipid levels. Scale bar, 
10 µm. D. Representative flow cytometry histograms showing expression of typical TAM markers in TAM-NL versus HL from MFC tumors. 
n = 5. E, Quantification analysis of TAM markers in TAM-NL versus TAM-HL subsets from MFC tumors. n = 5
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more CD11c (Figure 2D, E). These data suggest that TAM with differ-
ent lipid content have varying phenotypes. Almost all TAM with high 
lipid content express an M2-like surface profile.

3.3 | Lipid-laden tumor-associated macrophages 
exert tumor-promoting functional activity

Based on the different polarized status of TAM-NL and TAM-HL, 
we were curious about the functional activity of TAM with various 
lipid contents. We sorted TAM-NL and TAM-HL from MFC tumors 
and performed a phagocytosis assay using RED + Staphylococcus 
aureus bioparticles. TAM-HL displayed a reduced degree of 
phagocytosis of S. aureus bioparticles relative to the TAM-NL 
(Figure 3A–C), suggesting a reduced capacity for phagocytosis 

in lipid-accumulated TAM. Next, transwell analysis showed that 
TAM-HL promoted significantly more MFC tumor cell migration 
than TAM-NL (Figure 3D, E). Currently, the programmed death-1 
PD1/programmed death ligand 1 (PD-L1) pathway blockade is a 
promising therapy for treating multiple cancers, including gastric 
cancer. Macrophages expressing PD-L1 may shape and predict the 
clinical efficacy of PD-L1/PD-1 blockade. We found that TAM-HL 
exhibited higher PD-L1 intensity than TAM-NL (Figure 3F), but 
there was no significant change in PD-L2 between TAM-HL and 
TAM-NL (Figure S3A), which means that TAM-HL displays the 
capacity of anti–tumor immunity by elevated PD-L1. We subse-
quently tested the effect of TAM with various lipid contents on T 
cell proliferation. TAM from control mice and TAM-NL from MFC 
tumor-bearing mice had similar effects, whereas TAM-HL substan-
tially reduced the allogeneic T cell proliferation (Figure 3G, H); this 

F I G U R E  3   The pro–tumor functional activity of lipid-accumulated tumor-associated macrophages (TAM). A, Representative histogram 
showing the difference in RED fluorescence of TAM-normal lipid (NL) versus TAM-high lipid (HL) by phagocytosis assay. B, Representative 
histograms showing the flow cytometry gating strategy for phagocytosis by TAM-NL and TAM-HL. REDhigh TAM were considered to be 
phagocytosing. C, Analysis of phagocytosis shows that TAM-HL phagocytosed significantly less than TAM-NL. n = 5. ***P < 0.001. D, E, 
Migration assay of MFC cells cocultured with sorted TAM-NL or TAM-HL after 24h incubation. Representative images (D) and quantification 
of migration cells (E) are shown. ***P < 0.001. F, Programmed death ligand 1 (PD-L1) expression level of TAM-NL and TAM-HL from MFC 
tumor-bearing mice. G, H, I, Representative histograms of CD8+ T cell proliferation at CD8+ T cells to TAM ratio 1:1 (G) and quantification 
of CD8+ T cell proliferation in indicated condition using carboxyfluorescein succinimidyl ester (CFSE) dilution assay (H, I) (n = 3). *P < 0.05. 
**P < 0.01
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F I G U R E  4   Tumor explant supernatants induce lipid accumulation to generate cancer-supporting M2 macrophages. A, 
Immunofluorescence images of lipid level in naïve peritoneal macrophages cultured with 10%, 30% MFC-tumor explant supernatant 
(TES) for 24 h. B, Quantification of the intensity of BODIPY 493/503 by ImageJ. n = 5. C, D, Oil red O staining the lipid content in 
macrophage cultured with 30% MFC-TES (Mag. 100×) (C) or with 30% MFC-tumor-conditioned medium (TCM) for 24 h (Mag. 600×) (D). 
E, F, Representative histogram showing lipid level (E) and quantification of the intensity (F) in naïve peritoneal macrophages cultured with 
indicated concentrations of MFC-TES for 24 h. G, mRNA expression of the indicated typical M1 and M2 markers in macrophage cultured 
with control medium or 30% TCM for 48 h. The results are normalized to β-actin. H, I, Representative histogram (H) and quantification 
(I) show that 30% of MFC-TES-treated macrophages have higher expression of CD206 and CD204 than naïve macrophages. n = 5; three 
experimental repeats. J, Immunofluorescence images of TCM-treated macrophage. Scale bar, 20 µm. Red, F4/80; green, CD206; blue, DAPI
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suppressive effect was partly mediated by elevated PD-L1 expres-
sion in TAM-HL (Figure 3I).

3.4 | Tumor cells induce lipid accumulation to 
generate tumor-supporting M2-like macrophages

Depending on the environmental stimuli, TAM are polarized to an 
inflammatory M1-like or pro–tumor M2-like state.13,23 We hypoth-
esized that tumor-derived signals induce the lipid accumulation 
in macrophage, and then educate macrophages to reach a tumor-
promoting state that is characterized by an M2-like profile. To test 
this hypothesis, we incubated in vitro-generated macrophages with 
TES from MFC gastric cancer-bearing mice. Thirty percent TES re-
sulted in a more than threefold increase in the lipid level of mac-
rophages (Figure 4A, B). Oil red staining and flow cytometry analysis 
confirmed this significantly increased lipid accumulation in mac-
rophages treated with TES or TCM (Figure 4C, D, E). Similar results 
were obtained in experiments with in vitro BM-derived macrophage 
cultured with TCM (Figure S3B). We further tested whether TES or 
TCM-induced lipid accumulation can polarize macrophage to M2-like 
profile. The expression of prototypic M2 markers (CD206, CD163, 
TGFβ, Arg-1) were increased, while M1 markers (IL-12, CD80) were 
reduced in TES-treated macrophages (Figure 4F). Furthermore, rela-
tive mRNA expression of M1 and M2 biomarkers are correlated with 
a high lipid accumulation of these cells. We also detected elevated 
CD206 expression in macrophage cultured with TES (Figure 4H, I) 

or TCM (Figure S3C). We confirmed the co–expression of CD206 
and F4/80 on TES-induced macrophages by immunofluorescence 
microscopy (Figure 4J).

3.5 | Tumor-derived lipids or exogenous lipids are 
sufficient to induce M2 polarization of macrophage

Next, we sought to determine which factor from the tumor is critical 
to promote the lipid accumulation in the macrophage. Given that the 
tumor microenvironment is rich in lipids, including fatty acids and 
triacylglycerols,17 we are curious whether the tumor cells secrete 
lipids for uptake by TAM. To test this, we performed the lipidomic 
profiling of MFC-TES derived from MFC-bearing mice collected at 
15 days after tumor implantation, and we confirmed the high enrich-
ment of lipids such as triacylglycerols (TG) in TES (Figure S4A, B), 
meaning that cancer cells secrete the lipids to cause comparable up-
regulation of lipids in TAM. To further confirm the lipid accumulation 
in TAM due to tumor-derived lipids, the lipidomic analysis revealed 
that TAM generated in the presence of TES had an almost 10-fold 
higher level of TG than TAM generated in the control culture medium 
(Figure S4C, D). There was an increase in the level of all molecular 
species of TG, but we observed no changes in the level of cholesteryl 
esters in these TAM (Figure S4E).

To test the direct effect of lipids on the characterization of mac-
rophages, we used exogenous lipid mixture to treat macrophages. 
Using immunofluorescence and oil red staining, clear consistent data 

F I G U R E  5   Exogenous lipid mixture is sufficient to induce M2 polarization of macrophage. A, Immunofluorescence images of lipid level 
in naïve peritoneal macrophages cultured in the presence of vehicle or 2 µg/mL exo-lipid mixtures for 24 h. B, Oil red O staining the lipid 
content in macrophage treated with 2 µg/mL exo-lipid mixtures for 24 h (magnification 600×). C, Representative histogram showing lipid 
level (left panel) and quantification of lipid content (right panel) in naïve peritoneal macrophages treated with 2 µg/mL exo-lipid mixtures or 
control medium for 24 h. D, mRNA expression of the indicated typical M1/M2 markers and typical cytokine genes in macrophage cultured 
for 48 h with the indicated condition. E, Representative histogram (left panel) and quantification (right panel) show that lipid mixture-treated 
macrophages have higher expression of CD206 than control. n = 5; three experimental repeats
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showed that exogenous lipids caused comparable upregulation of 
lipids in macrophage (Figure 5A, B). Flow cytometry analysis also 
confirmed the elevated lipid in macrophage with the stimulation of 
exogenous lipid mixture (Figure 5C). Next, we asked whether ex-
ogenous lipid induced-macrophage has an M2-like phenotype. The 
mRNA level of M1/M2 markers showed that similarly to the induc-
tion by tumor-conditioned media, exogenous lipid mixture induced 
the expression of prototypic M2 markers after treatment with lipid 
for 48 hours (Figure 5D). The magnitude of CD206 induction in mac-
rophages correlated with the amount of lipid in the cultured media 
(Figure 5E).

3.6 | Lipid accumulation polarizes pro–tumor M2-
like macrophages via PI3K-γ

To explore the molecular mechanism of lipid-accumulated TAM in-
ducing the protumor function, we performed GSEA on TAM and 
naïve macrophages in an MFC gastric cancer model. Of note, GSEA 
indicated significant enrichment of the “KEGG_PI3K-AKT signaling 
pathway” and “KEGG_Glycerophophalipid metabolism” in TAM of 
MFC-bearing mice model (Figure 6A). Recently, PI3K-γ has been es-
tablished as controlling the TAM switch by directly regulating mac-
rophage polarization.24,25 Therefore, we hypothesized that the PI3K 

F I G U R E  6   Lipid accumulation polarizes macrophages to an M2-like state that is critical for pro–tumor potential via PI3K-γ. A, The top 
enrichment of the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene set in tumor-associated macrophages (TAM) from the MFC-
bearing tumor model is shown. B, WB immunoblotting of indicated proteins in M0 and M2 macrophages. C, Immunoblotting in macrophages 
treated with 30% MFC-tumor explant supernatant (TES) and 2 µg/mL exo-lipid mixtures for 48 h. D, E, Representative overlay histogram (D) 
and quantification (E) showing PI3K-γ inhibitor (IPI549) reverse the high expression of CD206 in MFC-TES-treated macrophages. n = 5; three 
experimental repeats. Data are mean + SEM; ***P < 0.001. F, Representative histograms showing the phagocytosis by macrophage treated 
with 30% MFC-TES and/or IPI549. G, Analysis of phagocytosis in macrophage treated with 30% MFC-TES and/or IPI549. n = 5. ***P < 0.001. 
H, Mean tumor volume of MFC murine gastric cancer in 615 mice administered with IPI-549 versus vehicle-treatment (n = 8). Data are 
mean ± SEM; ****P < 0.0001. I, Individual tumor volumes of intradermal MFC implants in mice treated with IPI-549 or vehicle (n = 8)
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signaling pathway was involved in lipid-accumulated TAM. To test 
this, we analyzed protein expression in primary macrophages stimu-
lated with anti–inflammatory (IL4 and IL-13) conditioned medium in 
vitro. Consistently, anti–inflammatory stimuli induced expression of 
PI3K-γ, and inhibited NF-κB p65–RelA phosphorylation and simulta-
neously increased C/EBPβ and phosphorylation (Figure 6B), which 
confirms that PI3K-γ controls the macrophage polarization switch. 
We next investigated whether MFC-TES and exogenous lipid mix-
ture induced elevated expression of PI3K-γ, and inhibited NF-κB p65 
phosphorylation and increased C/EBPβ (Figure 6C). Then, we ex-
amined whether inhibition of PI3K-γ rescued M2-like phenotype in 
macrophage stimulated with TES or lipid mixture. Ablation of PI3K-γ 
by IPI-549, a specific PI3K-γ inhibitor, suppressed the upregulated 
CD206 expression, which was an M2-like macrophage marker and 
can be induced by TES or exogenous lipid mixture, while IPI-549 had 
no effect on CD206 expression (Figure 6D, E).

3.7 | Targeting PI3K-γ reverses the protumor 
function of lipid-accumulated macrophage and 
suppresses gastric cancer growth

Next, we examined the function of lipid-induced macrophages 
with PI3K-γ inhibitor IPI-549. The phagocytic results showed that 
IPI-549 treatment leads to rescue of the inhibitory phagocytosis of 
macrophage (Figure 6E, F). There was no significant difference in 
the proliferation (Figure S5) or apoptosis (Figure S6) of tumor cells 
treated with IPI-549. Migration and invasive assays showed that the 
ablation of PI3K-γ counteracts the pro–migration or pro–invasion ca-
pacity of macrophages induced by TES or lipid mixtures (Figure 6G; 
Figure S7). This functional assay indicated that selective ablation of 
macrophage PI3K-γ can rescue the functional polarization of mac-
rophages induced by lipid accumulation from tumors. Subsequently, 
we want to understand the in vivo function of PI3K-γ inhibitor in 
the MFC gastric cancer model. We found that the treatment of 
myeloid-enriched MFC tumors with IPI-549 significantly delayed 
tumor growth (Figure 6H-i; Figure S8A, B). Furthermore, the IPI-549 

treatment educated macrophages to a less immunosuppressive phe-
notype, which correlates with increased CD8+IFN-γ+ functional T 
cells in MFC tumors (Figure S8C) and decreased lipid accumulation 
in TAM (Figure S8D). Taken together, these results demonstrate that 
TAM with high lipid content exhibit protumorigenic characteristics 
(Figure 7). These findings suggest that pharmacological normaliza-
tion of lipid abundance in TAM with an inhibitor of PI3K-γ reduces 
the protumoral function of TAM, ultimately promoting T-cell-
mediated cytotoxicity and inhibiting MFC tumor growth.

4  | DISCUSSION

Here we found that TAM are characterized by an increased amount 
of lipids in mice and humans. Functionally, TAM with a higher lipid 
content level display M2-like characteristics with decreased phago-
cytosis and enhanced anti–tumor immunity. Tumor-derived lipid 
content induce TAM polarization through the induction of PI3K-γ 
expression, and pharmaceutical targeting of PI3K-γ overcomes the 
protumor function of TAM to inhibit tumor growth of gastric cancer.

Recently, several studies have addressed the important role of 
lipids in immune cells, including dendritic cells and myeloid-derived 
suppressor cells (MDSC).16,17,26,27 It has been shown that lipid accu-
mulation driven by tumor-derived factors contributes to tumor-as-
sociated DC dysfunction in several cancers.16,27,28 Similarly, MDSC 
took up the high lipid content, leading to profound metabolic and 
functional changes.17 Here, we provide evidence that lipid accu-
mulation also presents in TAM. Combined with our results, these 
accumulated reports have confirmed that myeloid cells can choose 
the metabolic programs allowing them to assemble their survival 
and functional demands under the conditions in the surrounding 
microenvironment.

Lipids accumulation in TAM has a profound effect on the 
functional polarization of macrophages with pro–tumor activ-
ity. Our observation supports the previous report that the uptake 
of triacylglycerols followed by lipolysis is critical for M2 polarized 
macrophage activation, and blockade of this process inhibits M2 

F I G U R E  7   Schema of protumorigenic 
characteristics of lipid-accumulated 
macrophages. Tumor-associated 
macrophages (TAM) with high lipid 
content exhibit the protumorigenic 
characteristics with decreased 
phagocytosis and impaired anti–tumor 
immunity. Mechanically, tumor-derived 
lipids induce TAM to M2-like polarization 
via the PI3K-γ signaling pathway 
and pharmaceutical targeting PI3K-γ 
overcomes the protumoral TAM function
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macrophage function.29 M2 macrophages rely on fatty acid oxida-
tion to proliferate and support their function.30,31 Moreover, higher 
lipid-laid TAM have reduced phagocytic potency against tumor cells 
and are not able to effectively stimulate allogeneic T cells. We rep-
licated lipid accumulation of macrophages with tumor conditioned 
media and tumor explants, and the lipidomic profiling assay indi-
cated that tumor-derived lipids were responsible for this phenom-
enon. Research has shown that there is an abundance of lipids in 
the tumor microenvironment that can be acquired by cancer cells 
or immune cells.16,17,32 Raised serum lipid levels are present in gas-
tric cancer patients and favor tumor progression.33,34 Although our 
data support the increased lipid uptake in TAM from cancer cells, we 
cannot exclude the possibility of increased synthesis of fatty acids 
involved in lipid accumulation in TAM. Considering the significance 
of lipid-loaded accumulation in TAM for tumor progression, future 
work is necessary to further address these differences in the context 
of lipid accumulation of TAM.

Here, we demonstrated that the effect of lipid accumulation 
conferred the M2-like polarization of TAM with protumoral activity. 
Lipid-accumulated TAM upregulate PD-L1 expression, which blocks 
anti–tumor T cell responses to support their immunosuppressive 
functions. Therefore, exploring the mechanisms of lipid-laid TAM 
hold potential for the development of therapeutic interventions. The 
PI3K-AKT signaling pathway was the top pathway enriched in lip-
id-accumulated TAM. Consistently, previous works have shown that 
PI3K-γ is a molecular switch that controls the pro–tumor function of 
myeloid cells and promotes the production of inflammatory media-
tors and tumor migration.35,36 PI3K-γ was induced in macrophages 
by lipid accumulation from tumor-derived lipids or exogenous lipid 
mixture. Interestingly, we also found reduced lipid accumulation 
in TAM from MFC-bearing mice after PI3K-γ inhibitor treatment, 
meaning the PI3K-γ pathway might contribute to the intrinsic lipid 
generation in TAM. Alternatively, the reduced lipid accumulation in 
TAM might be due to the dominant M1-like TAM after PI3K-γ inhib-
itor treatment. Pharmacological downregulation of PI3K-γ improves 
phagocytosis and antitumor responses in vitro and in vivo, which in-
dicates that targeting of PI3K-γ signaling pathways in macrophages 
may provide a novel potential approach to improve the long-term 
survival of gastric cancer patients.

We found that lipid accumulation induced by tumor cell-derived 
lipids has an important role in the induction of TAM with pro–tumor 
activity. Given that targeting of the PI3K-γ signaling pathway over-
comes the pro–tumor function of lipid-laid macrophages, a selective 
inhibitor of PI3K-γ is expected to be applied in clinical trials as a 
monotherapy or in combination with an immune checkpoint block-
ade for gastric cancer patients.
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