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Abstract
Background  Remodeling the tumor microenvironment (TME) to benefit cancer cells is crucial for tumor progression. 
Although diffuse-type gastric cancer (DGC) preferentially interacts with the TME, the precise mechanism of the complicated 
network remains unknown. This study aimed to investigate the mutual activation mechanism underlying DGC progression.
Methods  Mass cytometry analysis of co-cultured macrophages, noncancerous fibroblasts (NFs), and DGC cells was per-
formed. RNA sequencing was applied to examine gene expression in fibroblasts. DGC cells were treated with cytokines 
to examine their effect on characteristic changes. The TCGA and Kumamoto University cohorts were used to evaluate the 
clinical relevance of the in vitro findings.
Results  Cohort analysis revealed that DGC patients had a poor prognosis. The fibroblasts and macrophages interacted with 
DGC cells to form a cell cluster in the invasive front of DGC tissue. The original 3D triple co-culture system determined the 
promotional effects of nonmalignant cells on DGC invasive growth. We notably identified a mixed-polarized macrophage 
cell type with M1/M2 cell surface markers in a triple co-culture system. IL-1β from mixed-polarized macrophages induced 
the conversion of NFs to cancer-associated fibroblast-like (CAF-like) cells, promoting the malignant phenotype of DGC 
cells by inducing the secretion of IL-6, IL-24, and leukemia inhibitory factor (LIF). Moreover, IL-6 and colony stimulating 
factor 2 (GM-CSF) cooperated to maintain the stable state of mixed-polarized macrophages. Finally, we found that mixed-
polarized macrophages were frequently detected in DGC tissues.
Conclusion  These findings demonstrated that mixed-polarized macrophages exist as a novel subtype through the reciprocal 
interaction between DGC cells and nonmalignant cells.
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Abbreviations
GC	� Gastric cancer
DGC	� Diffuse-type gastric cancer
IGC	� Intestinal-type gastric cancer
TME	� Tumor microenvironment
NFs	� Noncancerous fibroblasts
TCGA​	� The Cancer Genome Atlas
CAF	� Cancer-associated fibroblast
TAMs	� Tumor-associated macrophages
ECM	� Extracellular matrix
LIF	� Leukemia inhibitory factor
GM-CSF	� Colony stimulating factor 2
DFS	� Disease-free survival
OS	� Overall survival
GS	� Genomically stable
PBMCs	� Peripheral blood mononuclear cells
MACS	� Magnetic-activated cell sorting
t-SNE	� T-distributed stochastic neighbor embedding
DEGs	� Differentially expressed genes
GO	� Gene Ontology
KEGG	� Kyoto Encyclopedia of Genes and Genomes

Background

Gastric cancer (GC) is a common malignant tumor in the 
digestive system with high morbidity and mortality, espe-
cially in Asia [1]. Although the development of molecular 
targeted therapies and novel immunotherapies has begun to 

Fig. 1   Nonmalignant cells enhanced the invasive growth of DGC 
cells through direct interaction. A. DFS curves of all patients with 
gastric cancer based on Lauren's classification. B. OS curves of all 
patients with gastric cancer based on Lauren's classification. C. Rep-
resentative immunofluorescence staining of NFs and macrophages 
clustered around invasive-front GC cells. The NFs, macrophages 
and DGCs were stained with aSMA, CD163 and cytokeratin, respec-
tively; nuclei were stained with DAPI. The merged image of aSMA, 
CD163 and cytokeratin staining and DAPI nuclear staining is shown 
in the bottom panel. Scale bars: 50  μm. D. The invasive-front cell 
cluster was more enriched in DGCs than in IGCs. E. Workflow via 
which CD14 + monocytes are sorted from whole blood. Monocytes 
were treated with M-CSF (50  ng/ml) to induce their differentiation 
into macrophages. F. Protocol for designing the original 3D triple 
co-culture model. G. Cells were seeded into the Matrigel holes in 
different combinations, and the movement distances of DGC cells 
in the hole were recorded (DGCs: green; NFs: red; macrophages: 
uncolored). H. Statistical analysis of the movement distances of 
cells in the different groups. NFs and macrophages promoted DGC 
cell migration, and the triple co-culture had the most significant gain 
effect. I, J. Growth assay of 2 DGC lines co-culture with NFs and 
macrophages in different combinations. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001
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update the cancer treatment paradigm, the response rate of 
GC patients remains limited [2, 3]. Therefore, the prognosis 
of patients with advanced GC who are treated with com-
prehensive therapy does not reach expectations [4]. Intra-
tumoral heterogeneity and plasticity may contribute to GC 
progression and therapeutic resistance [5]. According to 
Lauren's classification, GCs are divided into two subtypes, 
intestinal-type GCs (IGCs) and diffuse-type GCs (DGCs), 
based on their histological structures [6]. As poorly cohe-
sive cancer cells tend to grow invasively, DGCs are likely 
to lead to unresectable metastasis and peritoneal dissemina-
tion, leading to a worse prognosis. In addition, The Cancer 
Genome Atlas (TCGA) classification of GC shows extensive 
overlap between DGCs and genomically stable (GS) groups 
[7]. This finding indicates that the aggressive phenotype 
of DGCs may be affected by the tumor microenvironment 
(TME).

The TME in advanced cancers contains stromal cells and 
immune cells that enhance cancer progression and resist-
ance to treatment [8]. One major aspect of cancer biology is 
the interactions between tumor cells and nonmalignant cells 
in the TME. Bidirectional communication alters cell subset 
distributions [9]. Cancer-associated fibroblasts (CAFs), a 
major population in the TME, are more genetically stable 
than cancer cells, as determined by the exome sequencing of 
isolated CAF libraries followed by mutation analysis; thus, 
the characteristics of fibroblasts are determined by transcrip-
tional alterations [10].

On the other hand, macrophages infiltrating the TME 
(tumor-associated macrophages; TAMs) expedite tumor 
growth, angiogenesis, immune evasion, and remodeling of 
the extracellular matrix (ECM) to facilitate GC metastasis 
[11]. Macrophages derived from monocytes were catego-
rized into proinflammatory M1 and tissue-repairing M2 
phenotypes with anti- and protumorigenic functions, respec-
tively [12, 13]. Furthermore, fibroblast-macrophage interac-
tions centered on the colony stimulating factor (CSF)-colony 
stimulating factor receptor (CSFR) axis are widespread in 

healthy tissue and in inflammatory conditions such as fibro-
sis and cancer. Noncancerous fibroblasts (NFs) support 
macrophages in a niche via the provision of CSFs, which 
promote the survival or signal expression of a macrophage-
specific transcriptional program. Under inflammatory condi-
tions, NFs continue to provide CSFs as an essential factor 
for macrophages [14].

Although fibroblasts and macrophages are critical com-
ponents of the TME that drive cancer, the interaction among 
three kinds of cells, including cancer cells, is extremely 
complicated. This study aimed to investigate the orches-
trated effect of DGCs, macrophages, and fibroblasts in the 
TME. We created an original 3D triple co-culture system to 
mimic the TME and determined the cellular state of mac-
rophages and fibroblasts through reciprocal interaction with 
DGC cells.

Materials and methods

Cell lines and culture

Human DGC cell lines were purchased from the RIKEN 
BioResource Center Cell Bank (KATO III) and the Japanese 
Collection of Research Bioresources Cell Bank (NUGC3). 
OCUM-2MD3 was derived from a peritoneal-metastatic 
nodule after orthotopic implantation of OCUM-2 M [15]. 
NFs were obtained from the non-tumor gastric wall tissues 
of GC patients [16, 17]. Peripheral blood mononuclear cells 
(PBMCs) were obtained from the whole blood of healthy 
volunteers by centrifugation. Magnetic-activated cell sort-
ing (MACS) was used to acquire CD14 + monocytes from 
PBMCs and induce them to differentiate into immature mac-
rophages by M-CSF (colony stimulating factor 1, 50 ng/ml, 
Fig. 1E).

Statistical analysis

All experiments were performed in triplicate, and the data 
are presented as the mean ± standard deviation. Data were 
analyzed using GraphPad Prism 9.0. P values < 0.05 were 
considered statistically significant.

Results

Nonmalignant cells enhance the invasive growth 
of DGC cells through direct interaction

IGC tissues exhibit distinct glandular duct structures, and 
the basement membrane blocks the direct interaction of 
fibroblasts and macrophages with GC cells. In contrast, 
DGCs with locally disintegrated structures lose this barrier, 

Fig. 2   Mix-polarized macrophages existed stably in the triple co-
culture system. A. Schematic illustrating the cell mono-culture and 
triple co-culture procedures (left). Representative images of phase 
contrast (middle) and immunofluorescence (right) staining of mac-
rophages in different culture conditions. Scale bars: 200 μm. B. The 
single cells were projected onto the t-SNE plot. The t-SNE algorithm 
distinguished the different cell clusters in the triple co-culture sys-
tem C. Heatmap of the t-SNE plots with labeled populations (CD90, 
EpCAM, CD45, and CD 68) distinguishing various cell clusters. The 
colors show the row-normalized Z scores of gene expression values. 
D. Compared to mono-cultured macrophages, more macrophages 
simultaneously expressed M1 (CD86) and M2 (CD163, CD206) 
markers in the triple co-culture system. These cells were classified as 
mixed-polarized macrophages. E. The proportion of mixed-polarized 
macrophages among mono-cultured, triple co-cultured with DGCs 
(55.36 and 62.06%) and with IGCs (0.03 and 0.40%)
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facilitating direct communication between GC cells and non-
malignant cells in the TME. Survival analysis confirmed that 
patients with DGCs had worse disease-free survival (DFS, 
Fig. 1A) and overall survival (OS, Fig. 1B) rates than those 
with IGCs in surgically resected tissues from 344 patients 
of the Kumamoto University cohort. Given this result, we 
expected that the interaction between the TME and tumor 
cells would be an important factor accounting for the poor 
prognosis of DGC patients. Subsequently, we randomly 
selected 5 DGC and 5 IGC patients for multiple staining to 
compare the differences in TME between the two subtypes. 
In DGCs, fibroblasts and macrophages tended to aggregate 
with DGC cells and formed cell clusters at the invasion 
front (Fig. 1C and D). In contrast, cancer cells maintain the 
glandular structures in IGCs and there were almost no inva-
sive cell clusters formed by the three cells (Sup Fig. 1 and 
Fig. 1D). Given the finding in human DGC tissue, we con-
ducted an in vitro assay using DGC cells, macrophages and 
fibroblasts to show the significance of nonmalignant cells in 
the cancerous behavior of DGC cells.

We first obtained PBMCs from the whole blood of 
healthy volunteers by centrifugation. MACS was used to 
obtain CD14+ monocytes from the PBMCs, and these mono-
cytes were treated with M-CSF to induce their differentiation 
into immature macrophages (Fig. 1E). NFs were acquired 
by the primary culture of cells from noncancerous tissues 
surrounding cancerous tissues in GC surgical specimens 
[16, 17]. Then, we designed a 3D triple co-culture model 
to analyze the influence of NFs and macrophages on DGC 
invasion (Fig. 1F). The cells were seeded into the Matrigel 
holes in different combinations and are shown as different 
colors (DGCs: green; NFs: red; macrophages: uncolored). 
Mono-cultured DGCs were used as a control. The movement 
distance of DGC cells in the Matrigel hole was recorded. 
Regardless of which type of co-culture promoted DGC 
migration, as expected, the triple co-culture had the most 
significant gain effect (Fig. 1G, H Sup Fig. 2A, B supple-
mentary movie 2).

In addition, we also evaluated the effect of co-culture 
on DGC proliferation. Similar to migration, nonmalignant 
cells enhanced DGC cell growth. In particular, growth was 
remarkably promoted by triple co-culture (Fig. 1I and J). 
These findings suggested that multicellular interactions 
among the three kinds of cells affected the characteristics of 
the DGC cells. Therefore, it was imperative to further evalu-
ate the molecular mechanism of DGC cell invasive growth 
under triple co-culture conditions.

Mixed‑polarized macrophages exist stably 
in the triple co‑culture system

Cancer  ce l ls  communicate  wi th  nonmal ignant 
cells through cytokines and jointly reshape the 

microenvironment to adapt to their growth. There-
fore, the identification of the cytokine source in a 
co-culture system is the bottleneck in elucidating the 
mechanism of cell interaction. Given our previous 
knowledge that NFs are activated by proinflammatory 
cytokines [10], we first focused on the mechanism of 
macrophage activation in the triple co-culture system 
(Fig. 2A). To do this, the membrane and secreted pro-
teins of macrophages cultured alone (mono-culture) 
and macrophages in the triple co-culture system were 
examined by mass cytometry. Eight membrane proteins 
were used to identify the cell source: EpCAM for GC 
cells; CD90 and PDGFRα for fibroblasts; and CD14, 
CD45, CD206, CD163, and CD86 for macrophages. 
In particular, CD86 and IL-12 (M1 macrophage mark-
ers) and CD206, CD163 and IL-10 (M2 macrophage 
markers) were utilized to distinguish the subgroups of 
macrophages. Moreover, 11 secreted proteins and cell 
surface markers were examined. Single cells were pro-
jected to the t-SNE distribution to reduce the dimen-
sions and distinguish the cell clusters [18]. Each cell 
subtype in the triple co-culture system was identified by 
the t-SNE algorithm (Fig. 2B). We first confirmed that 
each population was distinguished by the expression of 
the following representative lineage markers: EpCAM 
for DGC cells, CD90 for NFs, and CD45/CD68 for mac-
rophages (Fig. 2C). To further investigate the polariza-
tion of macrophages in the triple co-culture, M1 mac-
rophage markers (CD86) and M2 macrophage markers 
(CD163 and CD206) were analyzed. Notably, we found 
that mixed-polarized macrophages expressing both 
M1/M2 cell surface markers (CD86/CD163 or CD86/
CD206) were dominant in the triple co-culture system 
when macrophages were co-culture with DGC cells and 
NFs (Fig. 2D, middle). However, when macrophages 
were co-cultured with IGC cells and NFs, there was 
no mixed polarization type (Fig. 2D, right). This find-
ing suggested that the proportion of mixed-polarized 
macrophages was markedly increased via their inter-
action with the other two cell types, especially with 
DGCs (Fig. 2E). In general, macrophages are classi-
cally divided into two subtypes, M1 and M2, based on 
studies using murine macrophages. Since macrophage 
polarization seems to be more complicated in humans, 
the descriptions of “M1-like” or “M2-like” were used 
to refer to the macrophage phenotypes. Nevertheless, 
this classification was arbitrary and ignored the plas-
ticity of macrophages. Given the finding in the triple 
co-culture system, we speculated that mixed-polarized 
macrophages were more widespread in the TME than 
the extreme M1 and M2 macrophages.



193IL‑1β derived from mixed‑polarized macrophages activates fibroblasts and synergistically…

1 3

Fig. 3   Mix-polarized mac-
rophages contributed to NF 
activation. A. The t-SNE plot 
and histograms showing the 
expression of IL-1β, IL-6, IL-10 
and IL-12 in mono-culture and 
triple co-culture cells. IL-1β 
was overexpressed in triple-
cultured macrophages. B. The 
expression of G-CSF, GM-CSF, 
and M-CSF in mono-culture 
and triple co-culture systems. C. 
Immunofluorescence staining of 
NF-κB, phalloidin and DAPI in 
NFs before and after treatment 
with IL-1β for 30 min. IL-1β 
induced the translocation of 
NF-κB from the cytoplasm 
to the nucleus and activated 
the NF-κB pathway. Scale 
bars, 50 mm. D. Western blot 
analysis of p65, p50, and pho-
p65 in the NF cytoplasm and 
nucleus. NFs were untreated or 
treated with IL-1β for 30 min. 
E. Immunofluorescence staining 
of FAP and DAPI in NFs before 
and after treatment with IL-1β. 
IL-1β increased FAP expression
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Mix‑polarized macrophages contribute 
to the activation of NFs

To next assess the function of mixed-polarized macrophages 
in the TME, we analyzed the expression of macrophage-
derived cytokines by mass cytometry to verify the mecha-
nism by which mixed-polarized macrophages activate NFs 
and DGCs in the triple co-culture system. We intensively 
examined the expression of interleukin- and CSF-related 
molecules associated with macrophages. Among these 
cytokines, IL-1β levels were higher in co-cultured mac-
rophages than in mono-cultured macrophages (Fig. 3A and 
B), suggesting that IL-1β production was a feature of mixed-
polarized macrophages.

To examine the effect of IL-1β derived from mixed-
polarized macrophages on NFs, we treated NFs with IL-1β 
and examined NF-kB signaling as a downstream target of 
IL-1β. Importantly, the activation of NF-κB signaling is an 
essential indicator of CAFs [19]. Therefore, we first assessed 
the localization of p65 by immunofluorescence analysis and 
observed the nuclear translocation in NFs treated with IL-1β 
(Fig. 3C). Similarly, Western blotting analysis confirmed 
that IL-1β promoted the translocation of p65 and p50 into 
the nucleus and induced the phosphorylation of p65 in three 
independent NFs (Fig. 3D). Subsequently, we stained fibro-
blast activation protein alpha (FAP), a marker of CAFs, in 
NFs with or without IL-1β. FAP was barely expressed in 
NFs, while the expression was significantly increased by 
IL-1β treatment (Fig. 3E). These results suggested that IL-1β 
successfully activated NF-κB signaling in NFs, indicating 
CAF-like cells.

IL‑1β enhances the expression of NF‑derived 
cytokines

Subsequently, RNA-seq was applied to identify the tran-
scriptome changes in IL-1β-treated NFs. We analyzed DEGs 
in IL-1β-treated NF samples compared with NF samples. 

We identified a total of 590 DEGs, of which 382 genes 
were upregulated and 208 genes were downregulated in 
IL-1β-treated NFs (Fig. 4A). The accompanying heatmap 
revealed the DEGs related to cytokines and growth factors 
(Fig. 4B). IL-6, CSF2, IL-24, and LIF were upregulated in 
IL-1β-treated NFs, and pathway analysis revealed that the 
cytokine-cytokine receptor interaction was promoted by 
IL-1β treatment (Fig. 4C). Next, we evaluated the similari-
ties of IL-1β-treated NFs and CAFs at the molecular level. 
We included the target molecules in the analysis and selected 
common CAF-related markers as controls (ACTA, TNC, 
ITGB1, HBEGF, FAP, and PDPN) [20]. The expression of 
CAF-related molecular markers was significantly elevated 
by IL-1β treatment (Fig. 4D and E). Furthermore, the areas 
shown on the right side of Fig. 4D represent the expression 
levels of these genes in each sample. The area of the IL-1β-
treated samples was larger than that of the NF samples, and 
the area of the chord represents the correlation between gene 
expression and the samples. These results suggested that the 
secreted phenotype reflected the conversion of CAFs from 
NFs under IL-1β stimulation.

To strengthen the pathway analysis results, we con-
ducted GSEA of the DEGs and demonstrated that genes 
related to the "CYTOKINE CYTOKINE RECEPTOR 
INTERACTION" and "JAK-STAT SIGNALING PATH-
WAY" were enriched in IL-1β-treated NFs (Fig.  4F 
and G). We also confirmed that IL-1β significantly 
increased the expression of IL-6, IL-24 and LIF in NFs by 
qRT–PCR (Fig. 4H–J). Taken together, these data show 
that IL-1β induced the transformation of NFs and pro-
moted the expression of IL-6, IL-24, and LIF, indicating 
reshaping of the TME.

Activated NF‑derived factors promote DGC invasive 
growth

Cell growth and migration assays were performed to 
assess the effects of different cytokines on the malig-
nant phenotype of DGCs. The proliferation curves of 
both DGC cell line (NUGC3 and KATO III) showed that 
all three cytokines (IL-6, IL-24, and LIF) induced cell 
growth (Fig. 5A and B). Next, we assessed changes in 
the motility of DGC cells treated with IL-6, IL-24, and 
LIF. Real-time imaging recorded the motion statuses of 
the cells over 48 h (Supplementary movies 3 and 4). The 
migration trial and migration average traveled distances 
revealed that all three cytokines promoted the motility of 
NUGC3 cells and that IL-6 and IL-24, but not LIF, accel-
erated the motility of KATO III cells (Fig. 5C and D).

IL-6, IL-24, and LIF are known to activate the JAK/
STAT pathway in several types of cells [21–23]. There-
fore, we examined whether these factors could activate 

Fig. 4   IL-1β enhanced the expression of NF-derived cytokines. 
A. Volcano plot showing the DEGs in 3 NF cell lines 1  day after 
IL-1β treatment. A total of 590 genes were identified, among which 
382 were upregulated and 208 were downregulated in IL-1β-treated 
NFs (red: upregulated; blue: downregulated). B. Heatmap showing 
higher IL-6, IL-24, LIF, and CSF2 levels in IL-1β-treated NFs than in 
untreated NFs. C. Gene ontology and pathway analyses revealed that 
cytokine–cytokine receptor interactions were promoted by IL-1β. D. 
Circos plot of the syntenic relationships among candidate biomarkers, 
CAF-related genes, and the samples. E. Heatmap showing that CAF-
associated markers were overexpressed in IL-1β-treated NFs. F, G. 
GSEA graphs of the upregulated cytokine‒cytokine receptor interac-
tion and JAK-STAT signaling pathway signatures in 3 NF lines 1 day 
after IL-1β treatment. H, I, J. The mRNA expression of IL-6, IL-24, 
and LIF in NFs and IL-1β-treated NFs. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001
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the phosphorylation pathway in NUGC3 and KATO III 
cells. Consequently, all three cytokines successfully 
induced the phosphorylation of JAK and STAT3 in both 
DGC cell lines. Moreover, IL-6 and IL-24 activated AKT 
phosphorylation in the PI3K/AKT pathway and ERK 
phosphorylation in the MAPK pathway (Fig. 5E and F). 
Subsequently, a JAK/STAT inhibitor, WP1066, was used 
to assess the role of the IL-6/JAK/STAT axis in the migra-
tion ability of DGC cells. As expected, the migration of 
cells was significantly decreased by adding WP1066, sug-
gesting that WP1066 effectively antagonized the tumor-
promoting effect of IL-6 (Fig. 5G and H).

NFs and DGC maintain the stability 
of mixed‑polarized macrophages

In the DGC cell triple co-culture system, we discovered the 
existence of NFs and DGC cells were obviously involved in 
the mixed polarization of macrophages. Moreover, mixed-
polarized macrophages further adjusted the TME and exac-
erbated the malignant phenotype of DGC cells. Therefore, 
to some extent, the mix-polarized macrophages were closer 
to the definition of TAMs, and the molecular mechanism 
by which the TME synergistically induced mix-polarized 
polarization needs to be clarified.

A previous study reported that CAF-derived IL-6 and 
GM-CSF promoted monocyte differentiation and induced 
TAM activation [24]. This finding was consistent with 
our results that IL-6 and GM-CSF were overexpressed in 
the "activated" NFs (Fig. 4A, B). Thus, we treated human 
macrophages with IL-6 and GM-CSF separately and simul-
taneously. CD86 was used to label M1-like macrophages, 
and CD163 and CD206 were used to label M2-like mac-
rophages. Consistent with our expectations, under the sole 
action of GM-CSF, the proportion of M1-like macrophages 
was increased; IL-6 upregulated the proportion of M2-like 
macrophages. Under the combined effect of the two fac-
tors, the proportion of mixed-polarized macrophages was 
increased (Fig. 6A). This result revealed that the synergistic 
effect of NF-derived IL-6 and GM-CSF was critical for the 
induction of mixed-polarized macrophage polarization. To 

further support our conclusion, we obtained transcriptome 
data from GC patients and normal controls from TCGA. 
CIBERSORT analysis suggested that immune infiltration 
recapitulated the immune clusters [25]. The proportion of 
macrophages was relatively low in normal samples but was 
increased significantly in GC samples (Fig. 6B).

Surprisingly, we found that in addition to the enrichment 
of M2-like macrophages, M1-like macrophages were also 
enriched in the GC samples (Fig. 6C). Although M1-like 
macrophages are traditionally recognized as a tumor-
suppressive population, the population was significantly 
enriched in these GC samples. Macrophage polarization is 
often evaluated by a surface marker in cancer tissues. Thus, 
once molecules such as CD86 are recognized, these mac-
rophages are classified as M1-like macrophages. We specu-
lated that the “so-called” M1-like macrophages enriched in 
these cancerous tissues were not the pure M1-like type and 
that numerous mix-polarized macrophages were present, 
leading to this seemingly paradoxical phenomenon. Subse-
quent correlation analysis showed that IL-6 was positively 
correlated with M2-like macrophages and negatively cor-
related with M1-like macrophages; GM-CSF showed the 
opposite trend (Fig. 6D). This further supported the argu-
ment that these two molecules induce mixed polarization of 
macrophages.

To further confirm the existence and steady state of 
mixed-polarized macrophages in the TME, immunofluo-
rescence staining was performed to detect macrophages in 
GC tissue. We assessed the existence of mixed-polarized 
macrophages in 32 GC patients, which included 14 IGC 
patients and 18 DGC patients. Surprisingly, we detected 
mixed-polarized macrophages in only 3 of 14 IGC samples 
(21.4%, Fig. 6E and F). However, this kind of macrophages 
was present in 15 of 18 DGC samples (83.3%, Fig. 6E and 
F). We randomly selected five fields/slide from the three 
mixed-polarized macrophage-positive IGC patients to 
evaluate the frequency of mixed-polarized macrophages 
(mixed-polarized macrophages vs. total macrophages). The 
rate did not exceed 10% in the IGC samples (Fig. 6G) but 
was approximately 30% in the DGC samples (Fig. 6G). 
Combined with the abovementioned influence of the TME 
on the malignant phenotype of DGCs. Subsequently, we 
analyzed the prognosis of these 32 GC patients. Although 
the sample size was limited, patients with mixed-polarized 
macrophages had a significantly worse prognosis than other 
patients (Fig. 6H). Comparing the general clinicopathologi-
cal data of the two groups, not surprisingly, the presence 
of mixed-polarized macrophages was significantly associ-
ated with DGCs; sex was correlated with mixed-polarized 
macrophages, but this finding needs to be further explored 
due to sample size limitations. Other general clinicopatho-
logical data were not significantly different between the 
two groups (Supplement Table 2). These findings suggest 

Fig. 5   Activated NF-derived factors promoted DGC invasive growth. 
A, B. Growth assay of 2 DGC cell lines treated with or without IL-6, 
IL-24, and LIF (50  ng/ml). The cytokines promoted DGC cell pro-
liferation. A. NUGC-3; B. KATO III. C, D. Migration patterns and 
migration average traveled distances of DGC cells treated with or 
without IL-6, IL-24, and LIF for 48  h. Left, migration patterns; 
Right, average distances. E, F. Western blot analysis of the p-JAK, 
p-STAT3, p-ERK, and p-AKT levels in NUGC3 and KATO III3 cells. 
Cells were untreated or treated with IL-6, IL-24, and LIF for 30 min. 
G, H. Migration patterns and migration average traveled distances of 
DGC cells treated with IL-6 and JAK/STAT inhibitor for 48 h. Left, 
migration patterns; Right, average distances. ns, not significant; *, 
P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 6   NFs and DGC main-
tained the stability of mixed-
polarized macrophages. A. 
Mixed-polarized macrophages 
were costained with CD86, 
CD163, and CD206 for 24 h 
after transfection with IL-6 and 
GM-CSF and then analyzed 
by flow cytometry. B. Normal- 
and tumor-infiltrating immune 
cell fractions estimated by 
CIBERSORT (left panel). The 
proportion of macrophages was 
increased in GC samples (right 
panel). C. Both M1 marker-
positive and M2 marker-positive 
macrophages were enriched 
in GC tissues. D. IL-6 was 
positively correlated with M2 
polarization and negatively cor-
related with M1 polarization; 
GM-CSF exhibited the opposite 
trend. E. IGC and DGC tissues 
were costained with CD86 and 
CD206 to identify mixed-
polarized macrophages (green, 
CD86; red, CD163; blue, DAPI; 
scale bars, 25 μm). F, G. Mix-
polarized macrophages were 
more enriched in DGCs than 
in IGCs. H. The existence of 
mixed-polarized macrophages 
was associated with the poor 
survival of GC patients
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that mixed-polarized macrophages are a fundamental factor 
accounting for the protumoral behavior of GCs, especially 
DGCs.

Discussion

Increasing research advances have shed light on the cross-
talk between the TME and malignant phenotypes [26]. Both 
malignant and nonmalignant cells in the TME can secrete 
various cytokines, microvesicles, and exosomes, thereby 
enhancing the interaction among cells, reshaping the micro-
environment, and leading to cancer aggravation [27]. In fact, 
our previous studies demonstrated that the collapsed micro-
environmental structure of DGCs contributed to the invasion 
of cancer cells [10]. The present study further identified the 
significance of reciprocal interactions between DGC cells 
and nonmalignant cells in the T0020ME.

Macrophages, derived from PBMCs, were initially 
viewed as a vital link in innate immunity and a weapon for 
eradicating cancer cells. Macrophages can switch from one 
phenotype to another via a process called polarization, and 
these polarized cells differentially respond to microenviron-
mental stimuli and signals encountered in each specific tis-
sue [28, 29]. Although macrophages are traditionally divided 
into M1-like and M2-like macrophages, their plasticity has 
been ignored, and they can indeed exist as a variety of phe-
notypes that differ from this classification [28]. To compen-
sate for these dichotomous shortcomings, researchers further 
divided M2-like macrophages into four subtypes, M2a, M2b, 
M2c, and M2d, according to their profiles [30]. Although 

the role of macrophages in normal and inflammatory tissues 
has gradually been refined, the subclassification of TAMs in 
the TME has not been detailed. To date, almost all studies 
have simply regarded TAMs as M2-like macrophages and 
identified them as CD163 and CD206. This understanding 
might be overly ambiguous, especially as TAMs are cur-
rently attractive therapeutic targets in clinical oncology [31]. 
Therefore, a deeper understanding of the subclassification 
of TAMs is needed.

Single-cell detection technology endowed us with the 
necessary technical support to analyze cell subpopulations 
in depth. Mass cytometry can be used to simultaneously 
measure multiple protein markers, divide cells into sub-
groups, construct a single-cell atlas of the tumor ecosys-
tem, and link the cell landscape to its clinicopathological 
characteristics [32, 33]. Mass cytometry can also be used 
to reasonably distinguish tumor heterogeneity and provide 
a traceability method for identifying multicell interactions. 
Benefiting from this, we found that numerous macrophages 
in the triple co-culture system exhibited mixed polarization 
characteristics.

Under the action of the classic M1 inducer LPS and 
the classic M2 inducer IL-4, macrophages exhibit M1/M2 
hybrid polarization. These mixed-polarizing macrophages 
can regulate ECM assembly and provide it with better plas-
ticity [34]. Mix-polarized macrophages in lung cancer are 
associated with tissue-resident memory T-cell tumor infil-
tration and immunotherapy [35]. Moreover, the detection of 
alveolar macrophages in two human cohorts with different 
geographical locations and races (in the UK and Malawi) 
also revealed a large number of stable mix-polarized 

Fig. 7   The reciprocal interac-
tion between DGC cells and 
nonmalignant cells. Mixed-
polarized macrophages facilitate 
the activation of NFs, which 
continue to promote the malig-
nant phenotype of GC, and the 
TME maintains the steady state 
of mix-polarized macrophages.
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IL-6, IL-24, LIF
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macrophages [36]. In addition, the latest study on GC-asso-
ciated single-cell RNA-seq (scRNA-seq) data reported a dis-
crepancy between the transcriptional heterogeneity of mac-
rophages and canonical M1/M2 classification [26]. Another 
scRNA-seq study reported the transition of nonmalignant 
cells in DGCs from a superficial to a deep distribution and 
changes in cytokine expression, revealing aggressive char-
acteristics. However, the macrophage subclusters did not 
show distinct M1-like or M2-like features [37]. Multiple 
staining of GC tissues showed that macrophage density and 
marker expression varied between GC sample regions. The 
different marker expression profiles on macrophages were 
associated with their population disparity between the tumor 
site and non-tumor tissue and between the tumor-nest and 
stroma. From the cancer core to non-tumor, there was not 
a simple trend of conversion from M2-like to M1-like [38]. 
The subpopulation distribution and polarization status of 
macrophages observed between tumor nests and stromal 
compartments within different tumor regions could help to 
analyze their corresponding functions. Compared with the 
extreme M1 and M2 phenotypes, the mix-polarized mac-
rophages might be the mainstay in the TME and represent 
a novel macrophage subtype involved in DGC progression.

Naturally, the potential molecular functions of mixed-
polarized macrophages attracted our attention. Highly 
multiparametric analysis by mass cytometry revealed that 
the IL-1β cytokine was expressed specifically in mixed-
polarized macrophages. IL-1β, a member of the interleu-
kin 1 family, is mostly produced by activated macrophages 
as a proprotein, and caspase 1 participates in its activation 
[39]. Our previous studies showed that IL-1β derived from 
activated macrophages suppresses 15-hydroxyprostaglandin 
dehydrogenase expression in pancreatic cancer cells [40] and 
three kinds of cytokines, including IL-1β, endowed NFs with 
a CAF-like morphology by activating the NF-κB pathway 
and promoted GC cell invasion [10, 41]. In this study, IL-1β 
activated the NF-κB pathway and promoted the transforma-
tion of NFs into CAF-like cells.

As we mainly focused on the communication between 
cells, we paid particular attention to the differential expres-
sion of cytokines and growth factors in IL-1β-treated NFs 
in a comprehensive gene expression analysis. The IL-1β-
stimulated NFs exhibited increased secretion levels of IL-6, 
IL-24, LIF, and CSF2 (GM-CSF). Among these factors, the 
cancer-promoting effect of IL-6 is relatively straightforward 
[21], while the roles of IL-24 and LIF in GC remain contro-
versial. For example, LIF has been shown to induce GC cell 
proliferation and invasion [42] but inhibit cancer stem cell 
tumorigenic properties via the Hippo-YAP pathway [43]. 
However, IL-6, IL-24, and LIF are all thought to be related 
to the activation of the JAK/STAT pathway [21–23], which 
is consistent with our results. In this study, we also con-
firmed the GC-promoting effect of the three proteins through 

proliferation and migration assays. The biological function 
of LIF was relatively weak, which might explain the dif-
ferential results among studies. The above results explained 
why the GC cells in the triple co-culture system were the 
most aggressive.

Evidence has shown that CAF-derived IL-6 and GM-
CSF can induce monocyte to TAM polarization [24]. 
This study also showed that "activated" NFs promoted 
the expression of IL-6 and GM-CSF. Naturally, we used 
recombinant human IL-6 and GM-CSF to stimulate 
human-derived macrophages. Under the synergistic effect 
of the two cytokines, macrophages exhibited a mixed-
polarized phenotype. TCGA transcriptome and immune 
cell subpopulation analyses revealed a correlation among 
GM-CSF, IL-6, and macrophage polarization. Exogenous 
IL-24 was shown to promote the secretion of GC-derived 
IL-18, which induced macrophage M1 polarization. This 
result indicates that the interaction between IL-6 and 
IL-24/IL-18 is also a potential factor that promotes mixed-
polarized macrophage polarization [44]. The dynamic bal-
ance among different polarization-related factors is likely 
an essential factor that maintains the stability of the mix-
polarized phenotype.

In summary, the TME is the core element that drives the 
development of GC. At the same time, TME components, 
including CAFs and TAMs, undergo subtle changes under 
the domestication of GC cells. Our study innovatively 
identified mixed-polarized macrophages in cancerous tis-
sues, which may provide new ideas for further analyz-
ing the mechanism of TAMs. Although IL-1β, IL-6, and 
GM-CSF are well-known cytokines, the dynamic crosstalk 
among them has given them a new role in tumor progres-
sion. Mixed-polarized macrophages facilitate the activa-
tion of NFs, which continue to promote the malignant phe-
notype of GC, and the TME maintains the steady state of 
mix-polarized macrophages (Fig. 7). Therefore, the results 
herein provide novel insights into therapeutic strategies 
targeting the TME.
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