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Abstract

communicate with immune and stromal cells.

Background: Tumor-associated macrophages (TAMs) are abundant in the tumor microenvironment (TME). However,
their contribution to the immunosuppressive status of the TME remains unclear.

Methods: We integrated single-cell sequencing and transcriptome data from different tumor types to uncover the
molecular features of TAMs. In vitro experiments and prospective clinical tests confirmed the results of these analysis.

Results: We first detected intra- and inter-tumoral heterogeneities between TAM subpopulations and their func-
tions, with CD86™ TAMs playing a crucial role in tumor progression. Next, we focused on the ligand-receptor interac-
tions between TAMs and tumor cells in different TME phenotypes and discovered that aberrant expressions of six
hub genes, including FL/T, are involved in this process. A TAM-tumor cell co-culture experiment proved that FL/T was
involved in tumor cell invasion, and FLIT also showed a unique pattern in patients. Finally, TAMs were discovered to

Conclusion: We determined the role of TAMs in the TME by focusing on their communication pattern with other TME
components. Additionally, the screening of hub genes revealed potential therapeutic targets.
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Background

Tumor-associated macrophages (TAMs) have been rec-
ognized as one of the main immune cell populations in
the tumor microenvironment (TME) of most cancers
[1]. It has been discovered that TAMs have a complex
origin and diverse ontogeny because they originate from
both circulating monocyte precursors and tissue-resident
macrophages [2]. TAMs are found to have high hetero-
geneity, for one reason, the accumulation of TAM are
originated from both tissue-resident macrophages and
blood-borne precursors [3]. It is also reported that func-
tional TAMs contain two polarization states: alternatively
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activated M2 and classically activated M1 subtypes
[4]. There is also a growing consensus that TAMs har-
bor neither a standard classically activated M1 nor M2
polarization profile, for an example, TAMs in glioma
simultaneously express markers of both M1 and M2 acti-
vation [5]. Apart from the binary polarization model, a
spectral polarization model is also raised for describing
the heterogeneity of TAMs, in which TAMs were divided
into different subtypes according to different markers
and each subtype exert an important role in development
of oncology [6].

TAMs are thought to be involved in therapy failure
through their role in the TME [7], TAMs have been
reported to profoundly involved in the modeling of TME
[8], the latter of which is a critical factor responsible
for the responsive ratio of immune checkpoint inhibi-
tors (CPIs), also, TAMs inhibit immunotherapy effects
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in solid tumor by secreting varieties of chemokines,
cytokines and enzymes [6], it has been proved that the
depletion of TAM restores tumor-infiltrating cytotoxic
T cell responses and suppresses tumor growth [3], for
an example, the ratio for head neck squamous cancer
(HNSC) is 12.2% and 45% for melanoma [9], in mela-
noma, molecules release by cancer cells, such as CSF-1,
can establishing an immunosuppressive TME by recruit-
ing and polarizing pro-tumor M2 macrophages [10],
in head and neck squamous cell carcinoma (HNSCC),
TAM:s are reported to directly facilitate the angiogenesis,
invasion, and metastasis of tumor cells [11]. Understand-
ing TAM ontogeny and their interactions with other
components of the TME is crucial for clarifying their
roles in tumor growth and developing successful cancer
therapies [12].

To determine the role of TAMs in tumor progression,
we selectively analyzed the intercellular communication
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between TAMs and other components in the TME,
including tumor cells, immune cells, and multiple stro-
mal cell types. TME phenotypes, upon pan-cancer
analysis, were further divided into different subclusters
according to TAM communication patterns. Finally, we
identified the transcription factor FLII as one of the hub
genes in this process (Fig. 1).

Results

Heterogeneity of macrophages and subtype identification
TAM populations were extracted from different tumors
and classified into three subgroups that are illustrated as
clusters 2, 1, and 0 (Fig. 2a). First, previously identified
TAM markers, including CD163, CSFIR, AHR, CD86,
and CCLS, were used to define the subgroups (Fig. 2b,
d). Among them, TAMs in cluster 2 overexpressed CD86
and thus were named CD86hi TAMs, which displayed
a unique signature pattern with the overexpression of
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Fig. 2 Single-cell RNA-seq analysis revealed molecular characteristics of TAMs in distant tumor types. a The t-SNE plot displays infiltrated TAMs.

Each dot represents a macrophage and colors represent different clusters of cells. Red, green, and blue one separately represents for cluster 0, 1,
and 2. b Scatterplot illustrating the expression of TAM markers in each cell clusters. Average expression of each subcluster is represented by color
gradient, in which lower expression is represented by lighter color and higher expression is represented by darker color, and the percent of cells is
represented by the size of dots. c—e AUCell R package to identify TAM cluster responses to “Ferroptosis gene sets” (c cluster 2; d cluster 1; e cluster 0).
f Construction of TAM differentiation trajectories through pseudotime analysis. g, h Expression patterns of marker genes enriched in different TAMs
clusters in various tumors (g melanoma; h head neck squamous cancer)
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CD163 and CSFIR. CD86hi TAMs had low expression
of CCL5, which is a feature of M2 macrophages and
is predictive of poor patient prognosis [13, 14]. It was
newly discovered that CD86hi TAMs have a relatively
high expression of FOLR2, CXCL12, APOE, and CCLI18
(Fig. 3a), most of which are immunosuppressive pro-
teins. Functional annotation showed that these cells
are involved in cargo receptor activity, secretory gran-
ule lumen, and complement activation (Fig. 3b). To be
noted, these proteins are also in relatively high levels in
HNSC tumors. Cluster 1 TAMs expressed inflammatory
markers, such as MMP12, and perform SRP-dependent
co-translational protein targeting to the membrane [15]
(Fig. 3a, c). Thus, we referred to cluster 1 as “inflamma-
tory TAMs" Functional annotation results for cluster
0 cells revealed several pathways that are involved in
immune regulation, including regulation of leukocyte
proliferation and regulation of inflammatory responses.
They could also be identified by the high expression of
IL1B and FPR2 (Fig. 3a, d). Thus, we named cluster 0
“immunoregulatory-related TAMs” It should be noted
that Dai et al. reported a crucial role of ferroptosis in the
macrophages [16], so we examined the level of ferrop-
tosis among different TAM groups. The results showed
that CD86hi TAMs have an increased level of ferroptosis
(Fig. 2c—e). Pseudotime analysis illustrated that cluster 0
could act as a source of TAMs (Fig. 2f-h), which is con-
firmed by their high expression of stabilin-1 [17]. TAMs
rapidly transition from the monocyte-like state through
activation phases [18].

Subcluster-specific cell-cell communication

between tumor cells and macrophages

To examine the cell-cell communication among tumor
cells and macrophages, we first extracted tumor cells and
macrophages from all identified cells for further analysis
(Fig. 4a, d). Trajectory analysis was then performed on
melanoma and HNSC, and tumor cells were projected
onto one root with two branches along with the cell
markers in each cluster (Fig. 4b, e). We speculated that
the root contains most of the cancer stem cells, whereas
most tumor cells were in the branches. Tumor cells
within defined branch I in different tumors have upregu-
lation of CTLA4 and CD80, indicating a better response
to anti-CTLA4 therapy [19]. However, tumor cells within
defined branch II show high expression of PDL1 and
PDL2, suggesting a better response to anti-PD1 therapy
[20].

TAMs work in cooperation with tumor cells to pro-
mote tumor growth. To delineate the cellular commu-
nication in tumor tissue, the molecular interactions
were modeled using NicheNet, which quantifies the
expression level of ligand-receptor pairs and their
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regulatory genes between tumor cells and TAMs in dif-
ferent tumor types (Fig. 4c, f). A wide range of adhe-
sion molecules, cytokines, and chemokine signaling
molecules were identified in interaction pairs, includ-
ing IL1B, CCL2, CCL3, and CCLI13 (Fig. 4g, h). Inter-
estingly, more than one-third of the genes were shared
in different tumors, indicating a homogeneous commu-
nication pattern for the TAMs, which was discovered
in the pan-cancer analysis. The pathway investiga-
tion included genes involved in interleukin-10 (IL-10)
signaling, TNF signaling, and regulation of the MAPK
cascade (Fig. 3e). Of note, COL4A1 and HLA-G were
screened as hub ligands in the TAM-cancer stem cell
(CSC) interactions. Additionally, COLI1I8A1 and PGF
were screened as tumor cell hub ligands in branches I
and II. Altogether, these results showed that the cellu-
lar network between tumors and TAMs could foster an
anti-inflammatory microenvironment.

Cell communication gene signatures (CCGS) stratify tumors
into TME phenotypes

To further explore the biological features of TAM-
tumor cell communication in different clinical phe-
notypes, we focused on the transcriptome data from
multiple tumor types. Unsupervised consensus clus-
tering of TNM stage III-IV tumors from 33 different
tumor types was performed using the expression of
114 CCGS. The optimal separation was discovered by
dividing all the samples into two different subtypes (1:
n="755; 2: n=933, Fig. 5a, b). Principal component
analysis (PCA) results showed perfect separation qual-
ity (Fig. 5¢c). Next, the relative fractions of 22 types of
immune cell subpopulations in different clusters were
inferred using Xcell and CIBERSORT. We found that
cluster 2 showed higher fractions of both innate and
adaptive immune cells than those of cluster 1, includ-
ing multiple types of B cells, activated NK cells, mac-
rophages, and dendritic cells (Fig. 5d, e, Additional
file 1: Figure S1F). Thus, cluster 1 was considered to
be the non-inflammatory phenotype and cluster 2
subtypes were defined as having an immune-activated
phenotype.

To investigate the association between TME pheno-
types and the response to immunotherapy, we repro-
duced our TME phenotype classification using a
published melanoma cohort treated with immune CPIs
[21] and the same CCGS clustering analysis parameters.
As expected, tumors in the inflamed phenotype were the
most sensitive to immune CPIs (CR+ PR rate: 36.4% in
inflamed vs. 20% in non-inflamed, inflamed rate: 87.0%
in CR+PR vs. 74.5% in inflamed of these patients under
CPI treatment, Fig. 5f).
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Selection and analysis of hub gene significance (GS) genes

Based on the CCGS gene set screening, we further con-
structed the gene regulatory network using GRNInfer
(Fig. 6a, b). Out of 114 CCGS genes, six hub genes were
identified, including CCRS, CD80, FLI1, ILI2RBI, IL21R,
and NLRP3 (Fig. 6a). Next, the immune-score and the
gene expression-based stemness index for the hub genes
were evaluated (Fig. 6¢c—e). The degree of immune cell
infiltration was reflected by the estimate scores, which
had significant correlation with all genes (Fig. 6c). In
addition, the DNA stemness score (DNAss) had a signifi-
cant positive correlation with adenoid cystic carcinoma,
kidney renal papillary cell carcinoma, thyroid cancer,
and metastatic uveal melanoma (Fig. 6d). For the RNA
stemness score (RNAss) there was a significant positive
correlation with mesothelioma (Fig. 6e). We observed the
same expression pattern of hub genes in different clus-
ters of TAMs. Interestingly, FLI1 was found to be highly
expressed in CD86+ TAM:s (Fig. 6h). Finally, we used Cox
regression to determine if gene expression was related
to patient survival. The forest plot results demonstrated
that the hub genes had a negative prognostic influence on
most cancers, except for kidney renal papillary cell car-
cinoma, pancreatic adenocarcinoma, and adenoid cystic
carcinoma (Fig. 6f). To be noted, we utilized the results
reported by Li et al. [21], in which, the TME was classi-
fied into six different immune subtypes, including C1:
wound healing, C2: IFN-ydominant, C3: inflammatory,
C4: lymphocyte depleted, C5: immunologically quiet, and
C6: TGF-Pdominant. As expected, all hub genes were
found to be expressed at higher levels in the C6 subtype,
which is also known for having high TAM infiltration and
the poorest prognosis (Fig. 6i). Through protein expres-
sion scanning by the Human Protein Atlas, overexpres-
sion of FLI1, CD28, CD80, and IL21R was discovered in
melanoma (Fig. 7c).

FLI1 regulates gene expression in TAMs

Among all the hub genes, FLII is the only transcription
factor. Thus, we selected FLII for further investigation.
To explore the pan-cancer expression pattern of FLII, we
used TISCH at the single-cell level. FLII had relatively
high expression in the macrophage/monocyte popula-
tion (Fig. 7a). In order to further validate the expression
of FLI1 in TAMs, we analysis the transcriptome data of
TAMs extracted from different groups of tumor tissues
before and after chemotherapy. The result shows that the
expression of FLII1 is confirmed to expressed in every
sample, and a higher expression of FLI1 is found in the
sample of after chemotherapy group (Additional file 1:
Figure S1G). We also visualized the expression of FLII in
different stages of melanoma (Fig. 7b). Next, we focused
on the possible molecular mechanism of FLII in TAMs
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by using the position weight matrix (PWM) method and
molecular docking analysis to screen for DNA binding
sites in downstream genes (Fig. 8a). The results showed
that the DNA-binding subunit of the FLI1 protein could
bind with a high degree of precision with CCL3, CD28,
HLA-G, and PTPRC genes. Further qRT-PCR analysis
showed that the knockdown of FLII by siRNA in M2-like
TAMs had a similar downregulating effect on these four
downstream genes (Fig. 8b, Additional file 1: Figure S1A).
To detect this regulating effect of FLII at the protein
level, a CCL3 ELISA was performed on supernatants of
macrophages and revealed that CCL3 was significantly
decreased (Fig. 8c).

TAMs promote tumor cell proliferation, invasion,

and migration through FLI1

To determine whether FLII expression is involved in
TAM-mediated CCL3 secretion or TAM-induced tumor
metastasis, si-FLI1 treated RAW264.7 cells and Human
Bone Marrow-derived macrophages were co-cultured
with B16 melanoma cells and humanized melanoma cells
A-375. CCK-8 results showed that tumor cell viability of
both types significantly increased after co-culturing with
TAMs (Fig. 8d). The migration and invasion of melanoma
cells were measured using wound healing and transwell
assays. The results showed that the number of migratory
and invasive cells was significantly lower in the presence
of siFLI1 compared with the co-culture group (Fig. 8e,
f, Additional file 1: Figure S1D, E). In order to further
investigate the correlation between FLI1 and CCL3 that
caused the migration of melanoma cells, we conducted a
rescue experiment by adding exogenous CCL3 into the
co-culture system, the result shows that exogenous CCL3
reverse the inhibit effect of tumor cell migration that
siFLI1 conducted (Additional file 1: Figure SIC—E). These
findings indicate that TAMs may promote tumor devel-
opment through FLII.

Higher expression of FLIT in tumors from patients with low
immunity scores

The expression levels of FLII in different groups of
patients were detected by qRT-PCR (Table 1). It was
found that the expression of FLI1 in tumor tissue (23
cases) and the lower immunity score group (12 cases)
were dramatically higher than that in adjacent skin tis-
sue (23 cases) and the higher immunity score group (11
cases), respectively (Fig. 8h).

TAM and immune cell interactions

To examine cell-cell communication between TAMs
and each subtype of immune cells, we used both
NicheNetr and CellChat to infer possible unbiased
receptor-ligand interactions between cells in each
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sample. First, all of the infiltrated immune cells were
identified and extracted, including TAMs, NK cells,
mast cells, T cells, and B cells. T cells were further
divided into central memory T cells (CD8+ Tcm),
effector memory T cells (CD8+ TEM), naive T cells

(CD4+ TN), effector T cells (CD4+ Teff), and follicu-
lar helper T cells (CD4+ Tfh), according to the expres-
sion of CD4, CD8, CD45RA, and other co-stimulatory
molecules [22—24]. The results showed that ADAMI17,
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HLA-G, and TNF are found to be involved in cell com-
munication between TAMs and B cells, NK cells, and
T cells, respectively (Fig. 9a, b top). CellChat results
revealed that signaling pathways, including TGEF-p,
WNT, and CCL, are highly involved in the communica-
tion between immune cells (Fig. 9a, b bottom).

TAM and stromal cell interactions

Using a similar protocol, we detected cell-cell commu-
nication between TAMs and tumor-infiltrating stromal
cells. First, stromal cells, including myofibroblasts, fibro-
blasts, and endothelial cells, were identified. The results
showed that fibroblasts expressed high levels of BMPSA
and endothelial cells expressed high levels of SELP and
COL4A1, which interact with TAMs (Fig. 9¢, d top). Cell-
Chat results showed that singling pathways, including
BMP, CSE, and TNE, are highly involved in immune cell
communication (Fig. 9¢, d bottom).

Discussion

In most tumor types, TAMs are a critical step in the pro-
cess of tissue remodeling, angiogenesis, and suppres-
sion of tumor adaptive immunity [25]. In breast cancer
in vivo models, the regulation of TAMs via chemotaxis
has been proven to be an effective strategy for anti-tum-
origenic therapeutic agents [26]. TAM-focused thera-
pies are potentially powerful when synergize with both
chemotherapy and immunotherapy [27]. In our study
of melanoma and HNSC patients, large-scale single-cell
RNA (scRNA)-seq data were re-analyzed to dissect the
effect of TAMs in the TME. First, three cell clusters of
TAMs were identified. They showed drastically different
functional roles. Among them, CD86hi macrophages dis-
played a specific gene expression pattern that was simi-
lar to M2 macrophages. As reported by Chen et al., the
presence of CD86" TAMs were significantly correlated
with aggressive tumor phenotypes and it has been con-
sidered as a promising hepatocellular carcinoma prog-
nostic biomarker, as a costimulatory molecule [28], CD86
is reported to be curative effect evaluation factor under
chemotherapy treatment in colon cancer [29]. Of note,
CD86hi macrophages are in the complement cascade,
which is crucial for the immune response to cancer and
is activated by tumor cell and TAM collaboration [30].
In clear-cell renal cell carcinoma (ccRCC), samples con-
taining more Clq-producing TAM infiltrates exhibited
immune suppression in the TME [31]. It has also been
proposed that the antitumor efficacy of anti-PD-1/PD-L1
CPIs could be enhanced by complement system inhibi-
tion [32]. Thus, we hypothesized that CD86hi TAMs are
the major TAM subset that contributes to immune ther-
apy resistance (Fig. 8g).
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Cancer stem cells (CSCs) are a subset of tumor cells
with stem-like properties and are vital in tumor initiation
and progression. They reside in the cellular niche, which
comprises numerous cell types, including TAMs, which
are believed to provide a unique microenvironment for
CSC protection while promoting their functions. Recent
advances have revealed complex cross talk between
TAMs and CSCs [33]. scRNA-seq has provided us with
deeper insight into the intra-tumoral cellular heterogene-
ity. We extracted CSC cell groups from different tumors
and focused on intercellular communication across
multiple tumor subgroups, including CSCs and TAMs.
Extracellular protein signals and their gene regulatory
networks that are mostly involved [27], as well as the
complexity and conservation of crosstalk between differ-
ent TME cell components were revealed. Among them,
human leukocyte antigen-G (HLA-G) is a cell-surface
antigen that is important for carcinogenesis and immune
tolerance. It has been reported that cervical CSCs secrete
high levels of HLA-G and are suggested to be potent
immune modulators that favor cervical cancer cell sur-
vival. By generating cell-like properties from induced
pluripotent stem cells, we provide a new approach for
insight into cervical cancer stem cells and the identifica-
tion of new oncogenic targets [34].

The effect of TAM-tumor cell communication on the
overall characteristics of the TME is not fully under-
stood, as most studies have focused on a single regula-
tor or TME cell type. We have discovered two distinct
TME phenotypes with distinct TAM-tumor cell commu-
nication patterns, including an inflammatory and non-
inflammatory TME phenotype, which may strengthen
the understanding of TAM-induced immune responses.
Molecular classification of TME phenotypes provides
deeper insight into the immunotherapeutic heterogene-
ity and mechanism of immunotherapeutic resistance.
In inflamed, non-responsive tumors, the MAPK-and
TNF signaling pathways are upregulated. Interestingly,
it has also been demonstrated that TME inflammation
is related to enhanced cytokine IL-10 expression, sug-
gesting its dual role in antitumor immunity. Increasing
evidence has shown that IL-10 blockade and activation
enhance antitumor immunity in different situations [35].
These abnormally regulated pathways may be potential
targets for improved immunotherapy in the future. The
success of adoptive cell therapy cannot be reproduced in
solid tumors mostly due to the influence of their micro-
environment. Therefore, an easier therapeutic approach
may be to target the inflamed TME selectively, rather
than targeting the solid tumor.

Relatively small numbers of gene expression signatures
have utility for predicting clinical therapeutic responses
to antitumor agents [36]. In our case, GRNinfer identified
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six CCGS genes as hub genes. Expression analysis showed
that hub genes were expressed at a relatively low level in
stage II and bounced back in stage III, suggesting TAM
restraint followed by a strengthening process. Further
analysis revealed diversity between the expression of hub
genes and overall patient survival with different tumor
types. Also, hub gene expression levels are highly hetero-
geneous between different subclusters of TAMs. How-
ever, a relatively robust relationship was found between
hub gene expression and the immune environment in dif-
ferent types of tumors. Interestingly, all hub genes were
found to be highly expressed in the C6 immune subtype
of tumors, suggesting that TGF- may be involved [37].
Abnormal expression of FLII in macrophages is
involved in multiple immune diseases, with its low
expression playing an important role in scleroderma
pathogenesis and the development of tissue fibrosis [38].
Overexpression of FLI1 in macrophages increases LPS-
activated IL-27 production [39]. We have also found a
higher expression of FLI1 in the sample of after chemo-
therapy group, which is an interesting discovery since
TAMs are known to contribute to the survival of the
tumor cells under the chemotherapies by offering advan-
tageous survival signals to the tumor cells induce tumor
metastasis [40]. Our co-culture experiment showed that
FLII is involved in CCL3 secretion of TAMs and pro-
motes tumor cell invasion. It has also been reported that
in esophageal squamous cell carcinoma, TAMs express
and secrete CCL3, which contributes to tumor migration,
invasion, and angiogenesis by binding CCR5 and acti-
vating the PI3K/Akt pathway [41]. Combined with our
TAM sub-clustering results, these results indicated that
CD86+ TAMs could secrete CCL3 and play a positive
role in tumor development. Therefore, CD86+ TAMs are
a potentially valuable target for cancer immunotherapy.
In our study, complex signaling was observed between
the macrophage populations and immune cells in the
microenvironment. However, the interactions between
TAMs and other immune cells among different tumor
types are homogeneous. TAMs suppress antitumor,
inflammatory, and even adaptive immune responses by
secreting immunosuppressive factors such as TGEF-b,
2,3-dioxygenase, and PGE2 [4]. For instance, TAM secre-
tion of IL-10 inhibits local production of IL-12, thus
weakening the Thl response and NK cell cytotoxicity
[42]. We have found that ADAMI17, HLA-G, and TNF
are involved in cell communication between TAMs and
B cells, NK cells, and T cells, respectively. Among them,
ADAM17 is expressed by TAMs in breast cancers and is
involved in the regulation of pro-inflammatory media-
tors, including cytokines, such as cyclooxygenase-2 [43].
Genetic deletion of ADAMI7 in leukocytes leads to
later onset of breast cancer growth [44], while HLA-G
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is produced by tumor-infiltrating microglia in most glio-
blastomas [45].

Increasing evidence has shown significant supporting
roles of non-malignant stromal cells in tumor progres-
sion [46]. We used a single-cell transcriptomic approach
to identify the stromal components and their interac-
tions with TAMs. SELP and COL4A1 are involved in
TAM communication with fibroblasts and endothelial
cells. SELP may promote macrophage migration and
fibroblast collagen production [47], and increased SELP
mRNA expression correlates with poor overall survival in
advanced epithelial ovarian cancer [48]. COL4A1, a subu-
nit of type XIII collagen, is a crucial gene for cancer cell
migration and invasion [49].

Conclusions

In conclusion, we identified 3 subclusters of TAMs that
exhibited heterogeneous biological features, the patients
in a pan-cancer scale were divided into two groups
according to the difference of TAMs-tumor cells commu-
nication patterns. FLI1 are considered as effective diag-
nostic markers and potential targets for therapy. Finally,
The TAMs-immune cells communications and TAMs-
stroma cells communications are revealed.

Materials and methods

Pan-cancer transcriptome samples

and immunotherapy-treated clinical cohorts

RNA sequencing data across 33 tumor types, along
with their updated clinical data, were downloaded from
The Cancer Genome Atlas (TCGA) (https://portal.gdc.
cancer.gov/). Transcriptome data from clinical tumor
samples treated with anti-PD1 and anti-CTLA4 were
downloaded from the GEO database (GSE91061). The
TAMs were identified according to the original annota-
tions of the gene expression matrixs. Transcriptome data
of extracted TAMs from different groups of tumor tissues
before and after chemotherapy were downloaded from
the GEO database (GSE134600). To discover the epige-
netic features of TAMs and their communications pat-
terns with other TME cells, we integrated two single-cell
RNA sequencing datasets, including an HNSC cohort
(GEO accession number: GSE103322) and a melanoma
cohort (GSE72056).

Cell-type and intercellular communication analysis

of RNA-seq data

The scater R package was used to perform quality control
of single-cell RNA-seq data. The scimpute R and scran R
packages were used for imputation and normalization. To
be specific, First, the standard preprocess (log-normaliza-
tion) was conducted to the two scRNA dataset based on
a variance stabilizing transformation (“vst”) in order to
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identify their variable features individually. Next, anchors
between the individual datasets were found using the
FindIntegrationAnchors function, which takes both of
our Seurat objects as input. Then these anchors were
passed to the IntegrateData function and returned as a
Seurat object and were applied for downstream analysis.
Tumor cell subtypes, tumor-infiltrated immune cells, and
non-immune cells were classified by Seurat and identi-
fied by SingleR. Gene sets included cancer stem cells [50],
T cells [51], macrophages [52] and B cells [52]. The state
transformation direction evaluation of different tumor
cell subtypes was performed by velocyto. Lineage trajec-
tory plots were generated using the Monocle R package.

AUC scores were used to further analyze the iron activ-
ity of cell clusters, TAM-tumoral, immune, and stromal
intercellular communications networks based on poten-
tial receptor-ligand interactions. Related regulatory gene
networks were constructed using the NicheNetr and
CellChat packages. A package enrichplot was used for
functional analysis.

Unsupervised clustering and functional analysis of tumors
Raw count data of RNA sequencing was preprocessed
by the edgeR package [53]. R package removebatcheffect
was used to remove batch effects of 33 tumors. Identi-
fied TAM-communication gene signatures were used as
input in the unsupervised classification of TCGA pan-
cancer samples. Tumor samples were subsequently clas-
sified into different groups based on the gene signature
expression pattern. The proportion of TME subtypes
among the different tumor types was evaluated by PCA
and CIBERSORT.

A target gene regulatory network was constructed
by GRNinfer [54] and GVedit (http://portableapps.
com/node/38245; version 2.38). GRNinfer gene net-
works are based on linear programming and determined
network structures are consistent, improving results
reliability. All of the networks for the dataset are repre-
sented as follows: J=(X'—A) UMNVT=YV=]+YVT,
where J=(Jj)nxm=01£(x)/0x is a connectivity matrix,
X=(x(t}), ..., x (t,)) and all nxm matrices with x|
(tj) = [Xi(tj+1) - Xi(tj)]/[tj+1 — tj] for i=1,.,n; j=1,..m.
X(t) = (x,(t),....x, () TR, a=(a;...,a,) >R, xi(t) is the
expression level of gene i at time instance t, y=(y;) is a
n x n matrix, U is a unitary m x n matrix of eigenvectors,
and " =diag (e,;,..., e,) is a diagonal n x n matrix. The
parameters were set at A=0.0 and threshold=1 x 10~°.
The stemness score of each sample [55] was correlated
with gene expression levels to evaluate the connection
between tumor stemness and hub genes. The estimate
scores were interrogated to determine the correlation
between gene expression and TME.
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Cell culture

Mouse RAW264.7 macrophages and the metastatic
B16-F10 mouse melanoma cell line were obtained from
the American Type Culture Collection and were cul-
tured as described previously [56, 57]. Human Bone
Marrow (BM) samples were required by aspiration
from donors at The First Affiliated Hospital of Chong-
qing Medical University and primary human BM cells
were separated from BM, in detail, BM cells that were
collected by density gradient centrifugation from BM
were first cultured in a-MEM supplemented with 10%
FBS [58], next, an auto MACS Pro Separator (Milte-
nyi Biotec, Bergisch Gladbach, Germany) were used
to purified the CD14-positive BMCs, then, the cells
were cultured with human hM-CSF at concentration
of 25 ng/ml (R&D Systems) for 3 days to induce mac-
rophage differentiation [59]. As for co-culture system,
B16 cells and humanized melanoma cells A-375 were
seeded in the lower chamber of a 0.4-pm pore, 24-well
transwell system (Corning, Glendale, AZ), Raw264.7
cells and Human Bone Marrow-derived macrophages
were added to the upper chamber for the co-culture
condition.

Si-Fli1 RNA interference

Cells at a proper density were incubated for 24 h. FLI1

siRNA (25 nM, Ribobio, Guangzhou, China) was trans-

fected with OPTI-MEM (31985070, ThermoFisher Sci-

entific, Waltham, MA) according to the manufacturer’s

instructions. The supernatants were then removed

and replaced with fresh medium 24 h later. Cells were

sequentially harvested for 72 h for further experiments.

The siRNA sequences were as follows:
Fli-1-specific siRNA (Mouse): 5-CCCUCCGAU

ACUACUAUGATT-3' and

‘Non-sense’ (Control): 5-UUCUCCGAACGUGUC

ACGUTT-3'.

FLI-1-specific siRNA (Human): 5-AUUCAUGUG

GUCAUACUCCCG-3' and

‘Non-sense’ (Control): 5-GGAGUAUGACCACAU

GAAUGG-3'.

Cell viability assay

According to the manufacturer’s protocols (Beyotime,
China), B16 cells (1 x 10%) were seeded and cultured in
96-well plates with the medium from TAMs for 48 h. The
medium was removed and CCK-8 solution was added to
each well, followed by incubation at 37 °C in 5% CO, for
4 h. The absorbance was measured in 450 nm.


http://portableapps.com/node/38245
http://portableapps.com/node/38245

Wang et al. Exp Hematol Oncol (2021) 10:31

Scratch-wound and transwell experiment

Confluent melanoma cells were scratched using a
200 pL pipette tip, the plates were washed and pho-
tographed at different times, and the wound area was
calculated using an inverted microscope (Olympus,
Japan). The transwell system was used for the cell inva-
sion assay. Melanoma cells were seeded into the upper
chamber which was coated with an extracellular matrix
(BD Biosciences, San Jose, CA). The lower chamber
was filled with macrophages and following incubation,
the cells under the filter were fixed and stained with a
crystal violet solution. The number of cells was counted
using a phase-contrast microscope (Olympus, Japan).

Patients

Melanoma tissues were surgically resected from 23
patients at The First Affiliated Hospital of Chongqing
Medical University from January 2020 to October 2020.
The inclusion criteria were the pathological diagno-
sis of melanoma and underwent skin transplantation,
while exclusion criteria were patients with recurrence,
metastasis, cases with incomplete clinical data, and
those with an unknown diagnosis. Tissues of adjacent
skin (n=23) were collected from the same patients
and rapidly stored in liquid nitrogen for further experi-
ments. Patients in this study signed an informed con-
sent. This study was approved by the Ethics Committee
of Chongqing Medical University (Approval Number:
2020-155) and conducted in accordance with the Dec-
laration of Helsinki.

qRT-PCR

RNA was isolated from cultured melanoma cells,
TAMs, and human tissues using the UNIQ-10 column
RNA Extraction Kit (Sangon Biotech, China) according
to the manufacturer’s instructions. Reverse transcrip-
tion was then conducted using the RR047 cDNA syn-
thesis kit (TaKaRa, China). qRT-PCR was performed
in a 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA) using the 2x Power SYBR® Green PCR
Master Mix (Invitrogen, USA). Gene expression levels
were normalized to GAPDH expression. The primer
sequences are as follows:

Fli-1-F (Mouse) (5-AGCCACATCCAACAGAGA

-3/),

Fli-1-R (Mouse) (5'-AGAGTCCAGAGTATCCAG
TAA-3),

Ccl3-F (Mouse) (5'-GACCAAGAGAAACCGG-
CAGA-3/),

Ccl3-R (Mouse) (5'-TCTGCCGGTTTCTCTTGG
TC-3),
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Ccl13-F (Mouse) (5-TTGAGGCTGAGCCAAA
GACC3)),

Ccl13-R (Mouse) (5-TGGTAGTGAATATCACAG
CCCG-3'),

Ptprc-F (Mouse) (5-ATGATGGCAGGGTCCTTC
ATGT-3),

Ptprc-R (Mouse) (5-AGCTTCCTCAGCTAATGA
TTGGACA-3),

Cd28-F (Mouse) (5-GCTGCTCTTGGCTCTCAA
CTTATT-3),

Cd28-R (Mouse) (5-CCGCATTGTCGTACGCTA
CA-3'),

FLI-1-F (Human) (5-CCAACGAGAGGAGAGTCA
TCG-3),

FLI-1-R (Human) (5-TTCCGTGTTGTAGAGGGT
GGT-3),

CCL3-F (Human) (5-GGCTCTCTGCAACCAGTT
CT-3/),

CCL3-R (Human) (5-TTCTGGACCCACTCCTCA

CT-3/),

CCL13-F (Human) (5-ACGTCCCATCTACTT
GCTGC-3/),

CCL13-R  (Human) (5-TTCAGGGTGTGAGCT
TTCCG-3'),

PTPRC-F (Human) (5-ACTCTTGGCATTTGG
CTTTGC-3),

PTPRC-R (Human) (5- CTCCAGTGGTTTGTG
AGGGG -3),

CD28- F (Human) (5-GCTGCTCTTGGCTCT
CAACT-3'), and

CD28-R (Human) (5-GGCATAGGGCTGGTAATG
CT-3").

Abbreviations

TAMs: Tumor-associated macrophages; TME: Tumor microenvironment; CPls:

Immune checkpoint inhibitors; HNSC: Head neck squamous cancer; CCGS:
Cell communication gene signatures; PCA: Principal component analysis;
DNAss: DNA stemness score; RNAss: RNA stemness score; PWM: Position

weight matrix; ccRCC: Clear-cell renal cell carcinoma; HLA-G: Human leukocyte

antigen-G.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540164-021-00226-1.

Additional file 1: Figure S1. The experiment of the coculturing human-
ized melanoma cells A-375 with Human Bone Marrow-derived mac-
rophages (A) FLIT expression and its targets after FLI1 knockdown, under
co-culture conditions (B). The protein levels of secreted CCL3 following
FLIT knockdown (C), A-375 cells viability when co-cultured with Human
Bone Marrow-derived macrophages; detected by a CCK-8 assay. (D) The
invasion of A-375 cells after co-culturing with Human Bone Marrow-
derived macrophages, detected by a transwell invasion assay. (E) The



https://doi.org/10.1186/s40164-021-00226-1
https://doi.org/10.1186/s40164-021-00226-1

Wang et al. Exp Hematol Oncol (2021) 10:31

migration of A-375 cells after co-culturing with Human Bone Marrow-
derived macrophages; detected by a wound healing assay. (F) Immune
cells infiltration landscape conducted by Xcell. (G) Relative expression of
Fli1 before and after chemotherapy.

Acknowledgements
Not applicable.

Novelty and impact statements

In this study, we deciphered a detailed landscape of the role of TAMs plays in
TME by emphasizing on their communications with tumor cells, other types
of immune cells and stroma cells, the different phenotypes of the TME were
divided according to the different communication pattern of TAMs-tumor
cells, we also screened hub genes as biomarkers and potential therapeutic

targets and conducted prospect clinical experiment to confirm our prediction.

Authors’ contributions

QZX and WLB conceived and designed the experiments. QZX provided
human tissue that was analyzed and diagnosed by WLB, HT performed
RT-gPCR, and analyzed the data. WLB and WB were used in the in vitro experi-
ments. WLB and TJJ contributed to the data interpretation and writing of the
manuscript. All authors revised the final manuscript. All authors read and
approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The raw data supporting the conclusions of this article will be made available
by the authors, without undue reservation.

Declarations

Ethics approval and consent to participate

Patients in this study signed an informed consent. This study was approved
by the Ethics Committee of Chongging Medical University (Approval Number:
2020-155) and conducted in accordance with the Declaration of Helsinki.

Consent for publication
Written informed consent for publication was obtained from all participants.

Competing interests
None of the authors have conflicts of interest. We have reviewed the journal’s
ethical guidelines and affirm that we have been consistent with all guidelines.

Author details

'Department of Orthopedic Surgery, The First Affiliated Hospital of Chong-
qing Medical University, Chongging 400016, China. “Honghui Hospital, Xi‘an
Jiaotong University, 555 Youyi Dong Road, Beilin, Xi'an 710054, Shaanxi, China.
3Laboratory of Environmental Monitoring, Shaanxi Province Health Inspection
Institution, Xi'an 710077, Shaanxi, China.

Received: 24 February 2021 Accepted: 5 May 2021
Published online: 10 May 2021

References

1. Komohara Y, Fujiwara Y, Ohnishi K, Takeya M. Tumor-associated mac-
rophages: potential therapeutic targets for anti-cancer therapy. Adv Drug
Deliv Rev. 2016;99:180-5. https://doi.org/10.1016/j.addr.2015.11.009.

2. Cassetta L, et al. Human tumor-associated macrophage and monocyte
transcriptional landscapes reveal cancer-specific reprogramming, bio-

markers, and therapeutic targets. Cancer Cell. 2019;35:588.e510-602.e510.

https://doi.org/10.1016/j.ccell.2019.02.009.

20.

21.

22.

23.

24,

Page 18 of 19

Franklin RA, et al. The cellular and molecular origin of tumor-associated
macrophages. Science. 2014;344:921-5. https://doi.org/10.1126/science.
1252510.

Ostuni R, Kratochvill F, Murray PJ, Natoli G. Macrophages and cancer: from
mechanisms to therapeutic implications. Trends Immunol. 2015;36:229-
39, https://doi.org/10.1016/}.it.2015.02.004.

Mdller S, et al. Single-cell profiling of human gliomas reveals macrophage
ontogeny as a basis for regional differences in macrophage activation in
the tumor microenvironment. Genome Biol. 2017;18:234. https://doi.org/
10.1186/513059-017-1362-4.

Chen, et al. Tumor-associated macrophages: an accomplice in solid
tumor progression. J Biomed Sci. 2019;26:78. https://doi.org/10.1186/
$12929-019-0568-z.

Rhee I. Diverse macrophages polarization in tumor microenviron-

ment. Arch Pharmacal Res. 2016;39:1588-96. https://doi.org/10.1007/
$12272-016-0820-y.

Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Macrophages and
metabolism in the tumor microenvironment. Cell Metab. 2019;30:36-50.
https://doi.org/10.1016/j.cmet.2019.06.001.

Daud Al, et al. Programmed death-ligand 1 expression and response to
the anti-programmed death 1 antibody pembrolizumab in melanoma. J
Clin Oncol. 2016;34:4102-9. https://doi.org/10.1200/jc0.2016.67.2477.

. Ceci C, Atzori MG, Lacal PM, Graziani G. Targeting tumor-associated

macrophages to increase the efficacy of immune checkpoint inhibitors:
a glimpse into novel therapeutic approaches for metastatic melanoma.
Cancers. 2020;12:3401. https://doi.org/10.3390/cancers12113401.

. LiB,Ren M, Zhou X, Han Q, Cheng L. Targeting tumor-associated

macrophages in head and neck squamous cell carcinoma. Oral Oncol.
2020;106:104723. https://doi.org/10.1016/j.oraloncology.2020.104723.

. Binnewies M, et al. Understanding the tumor immune microenvironment

(TIME) for effective therapy. Nat Med. 2018;24:541-50. https://doi.org/10.
1038/541591-018-0014-x.

. Martinez VG, et al. BMP4 induces M2 macrophage polarization and favors

tumor progression in bladder cancer. Clin Cancer Res. 2017;23:7388-99.
https://doi.org/10.1158/1078-0432.ccr-17-1004.

. Gomez-Roca CA, et al. Phase | study of emactuzumab single agent or in

combination with paclitaxel in patients with advanced/metastatic solid
tumors reveals depletion of immunosuppressive M2-like macrophages.
Ann Oncol. 2019;30:1381-92. https://doi.org/10.1093/annonc/mdz163.

. Allenbach Y, et al. Necrosis in anti-SRP(+) and anti-HMGCR(+)myopa-

thies: role of autoantibodies and complement. Neurology. 2018;90:e507-
17. https://doi.org/10.1212/wnl.0000000000004923.

. Nakazawa KR, et al. Accumulation and localization of macrophage

phenotypes with human intervertebral disc degeneration. Spine J.
2018;18:343-56. https://doi.org/10.1016/j.spinee.2017.09.018.

. DaiE, et al. Autophagy-dependent ferroptosis drives tumor-associated

macrophage polarization via release and uptake of oncogenic KRAS
protein. Autophagy. 2020;16:2069-83. https://doi.org/10.1080/15548627.
2020.1714209.

. Xiong D, Wang Y, You M. A gene expression signature of TREM2(hi)

macrophages and y& T cells predicts immunotherapy response. Nat
Commun. 2020;11:5084. https://doi.org/10.1038/541467-020-18546-x.

. Han X, Li H, Zhou D, Chen Z, Gu Z. Local and targeted delivery of immune

checkpoint blockade therapeutics. Acc Chem Res. 2020;53:2521-33.
https://doi.org/10.1021/acs.accounts.0c00339.

Liu D, et al. Integrative molecular and clinical modeling of clinical out-
comes to PD1 blockade in patients with metastatic melanoma. Nat Med.
2019;25:1916-27. https://doi.org/10.1038/541591-019-0654-5.

JiRR, et al. An immune-active tumor microenvironment favors clinical
response to ipilimumab. Cancer Immunol Immunother. 2012;61:1019-31.
https://doi.org/10.1007/500262-011-1172-6.

ShenT, et al. PD-1 expression on peripheral CD8+ TEM/TEMRA subsets
closely correlated with HCV viral load in chronic hepatitis C patients. Virol
1.2010;7:310. https://doi.org/10.1186/1743-422x-7-310.

Marek N, Mysliwska J, Raczyriska K, Trzonkowski P. Membrane potential of
CD4+T cells is a subset specific feature that depends on the direct cell-
to-cell contacts with monocytes. Hum Immunol. 2010;71:666-75. https://
doi.org/10.1016/j.humimm.2010.05.002.

Zemmour D, Kiner E, Benoist C. CD4(+) teff cell heterogeneity: the
perspective from single-cell transcriptomics. Curr Opin Immunol.
2020,63:61-7. https;//doi.org/10.1016/j.c0i.2020.02.004.


https://doi.org/10.1016/j.addr.2015.11.009
https://doi.org/10.1016/j.ccell.2019.02.009
https://doi.org/10.1126/science.1252510
https://doi.org/10.1126/science.1252510
https://doi.org/10.1016/j.it.2015.02.004
https://doi.org/10.1186/s13059-017-1362-4
https://doi.org/10.1186/s13059-017-1362-4
https://doi.org/10.1186/s12929-019-0568-z
https://doi.org/10.1186/s12929-019-0568-z
https://doi.org/10.1007/s12272-016-0820-y
https://doi.org/10.1007/s12272-016-0820-y
https://doi.org/10.1016/j.cmet.2019.06.001
https://doi.org/10.1200/jco.2016.67.2477
https://doi.org/10.3390/cancers12113401
https://doi.org/10.1016/j.oraloncology.2020.104723
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1158/1078-0432.ccr-17-1004
https://doi.org/10.1093/annonc/mdz163
https://doi.org/10.1212/wnl.0000000000004923
https://doi.org/10.1016/j.spinee.2017.09.018
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1038/s41467-020-18546-x
https://doi.org/10.1021/acs.accounts.0c00339
https://doi.org/10.1038/s41591-019-0654-5
https://doi.org/10.1007/s00262-011-1172-6
https://doi.org/10.1186/1743-422x-7-310
https://doi.org/10.1016/j.humimm.2010.05.002
https://doi.org/10.1016/j.humimm.2010.05.002
https://doi.org/10.1016/j.coi.2020.02.004

Wang et al. Exp Hematol Oncol (2021) 10:31

25.

26.

27.

28.

29.

30.

31

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sica A, et al. Macrophage polarization in tumour progression. Semin
Cancer Biol. 2008;18:349-55. https://doi.org/10.1016/j.semcancer.2008.03.
004.

Di Mitri D, et al. Re-education of tumor-associated macrophages by
CXCR2 blockade drives senescence and tumor inhibition in advanced
prostate cancer. Cell Rep. 2019;28:2156-2168.e2155. https://doi.org/10.
1016/j.celrep.2019.07.068.

Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-associ-
ated macrophages as treatment targets in oncology. Nat Rev Clin Oncol.
2017;14:399-416. https://doi.org/10.1038/nrclinonc.2016.217.

Dong P, et al. CD86"/CD206%, diametrically polarized tumor-associated
macrophages, predict hepatocellular carcinoma patient prognosis. Int J
Mol Sci. 2016;17:320. https://doi.org/10.3390/ijms17030320.

Natoli M, et al. Plinabulin, a distinct microtubule-targeting chemotherapy,
promotes M1-like macrophage polarization and anti-tumor immunity.
Front Oncol. 2021;11:644608. https://doi.org/10.3389/fonc.2021.644608.
Imamura T, et al. Influence of the C5a-C5a receptor system on breast
cancer progression and patient prognosis. Breast Cancer. 2016;23:876-85.
https://doi.org/10.1007/512282-015-0654-3.

Roumenina LT, et al. Tumor cells hijack macrophage-produced comple-
ment C1q to promote tumor growth. Cancer Immunol Res. 2019;7:1091-
105. https://doi.org/10.1158/2326-6066.Cir-18-0891.

Pio R, Ajona D, Ortiz-Espinosa S, Mantovani A, Lambris JD. Complement-
ing the cancer-immunity cycle. Front Immunol. 2019;10:774. https://doi.
0rg/10.3389/fimmu.2019.00774.

Hanna SJ, et al. Tunneling nanotubes, a novel mode of tumor cell-mac-
rophage communication in tumor cell invasion. J Cell Sci. 2019. https://
doi.org/10.1242/jcs.223321.

Sato M, et al. Regeneration of cervical reserve cell-like cells from human
induced pluripotent stem cells (iPSCs): a new approach to finding targets
for cervical cancer stem cell treatment. Oncotarget. 2017,8:40935-45.
https://doi.org/10.18632/oncotarget.16783.

Naing A, et al. PEGylated IL-10 (Pegilodecakin) induces systemic immune
activation, CD8(4) T cell invigoration and polyclonal T cell expansion in
cancer patients. Cancer Cell. 2018,;34:775.e773-791.e773. https://doi.org/
10.1016/j.ccell.2018.10.007.

Lopes-Ramos C, et al. Comprehensive evaluation of the effectiveness of
gene expression signatures to predict complete response to neoadjuvant
chemoradiotherapy and guide surgical intervention in rectal cancer. Can-
cer Genet. 2015;208:319-26. https://doi.org/10.1016/j.cancergen.2015.03.
010.

Ding L, et al. Perspective on oncogenic processes at the end of the
beginning of cancer genomics. Cell. 2018;173:305-320.e310. https://doi.
0rg/10.1016/j.cell.2018.03.033.

Takahashi T, et al. Epithelial Fli1 deficiency drives systemic autoimmunity
and fibrosis: possible roles in scleroderma. J Exp Med. 2017;214:1129-51.
https://doi.org/10.1084/jem.20160247.

Gao P, et al. Transcription factor Fli-1 positively regulates lipopolysaccha-
ride-induced interleukin-27 production in macrophages. Mol Immunol.
2016;71:184-91. https://doi.org/10.1016/j.molimm.2016.02.006.

Sanchez LR, et al. The emerging roles of macrophages in cancer metas-
tasis and response to chemotherapy. J Leukoc Biol. 2019;106:259-74.
https://doi.org/10.1002/jlb.mr0218-056rr.

KodamaT, et al. CCL3-CCRS5 axis contributes to progression of esopha-
geal squamous cell carcinoma by promoting cell migration and

invasion via Akt and ERK pathways. Lab Investig J Tech Methods Pathol.
2020;100:1140-57. https://doi.org/10.1038/541374-020-0441-4.

Sica A, et al. Autocrine production of IL-10 mediates defective IL-12
production and NF-kappa B activation in tumor-associated macrophages.
JImmunol. 2000;164:762-7. https://doi.org/10.4049/jimmunol.164.2.762.
Chang MC, et al. Areca nut components stimulate ADAM17, IL-1a, PGE2
and 8-isoprostane production in oral keratinocyte: role of reactive oxygen
species, EGF and JAK signaling. Oncotarget. 2016;7:16879-94. https://doi.
org/10.18632/oncotarget.7621.

Page 19 of 19

44. Mishra HK, Johnson TJ, Seelig DM, Walcheck B. Targeting ADAM17 in
leukocytes increases neutrophil recruitment and reduces bacterial spread
during polymicrobial sepsis. J Leukoc Biol. 2016;100:999-1004. https://
doi.org/10.1189/j1b.3VMAB1115-496RR.

45. Kren L, et al. Production of immune-modulatory nonclassical molecules
HLA-G and HLA-E by tumor infiltrating ameboid microglia/mac-
rophages in glioblastomas: a role in innate immunity? J Neuroimmunol.
2010;220:131-5. https://doi.org/10.1016/jjneuroim.2010.01.014.

46. Blonska M, Agarwal NK, Vega F. Shaping of the tumor microenvironment:
stromal cells and vessels. Semin Cancer Biol. 2015;34:3-13. https://doi.
org/10.1016/j.semcancer.2015.03.002.

47. Ozaki C, Somamoto S, Kawabata S, Tabata Y. Effect of an artificial silk
elastin-like protein on the migration and collagen production of mouse
fibroblasts. J Biomater Sci Polym Ed. 2014;25:1266-77. https://doi.org/10.
1080/09205063.2014.926580.

48. Singel KL, et al. Mitochondrial DNA in the tumour microenvironment
activates neutrophils and is associated with worse outcomes in patients
with advanced epithelial ovarian cancer. Br J Cancer. 2019;120:207-17.
https://doi.org/10.1038/541416-018-0339-8.

49. Miyake M, et al. Collagen type IV alpha 1 (COL4AT1) and collagen type XIII
alpha 1 (COL13A1) produced in cancer cells promote tumor budding at
the invasion front in human urothelial carcinoma of the bladder. Onco-
target. 2017;8:36099-114. https://doi.org/10.18632/oncotarget.16432.

50. Zabierowski SE, Herlyn M. Melanoma stem cells: the dark seed of mela-
noma. J Clin Oncol. 2008;26:2890-4. https://doi.org/10.1200/jco.2007.15.
5465.

51. Lee PP et al. Characterization of circulating T cells specific for tumor-asso-
ciated antigens in melanoma patients. Nat Med. 1999,5:677-85. https://
doi.org/10.1038/9525.

52. Chittezhath M, et al. Molecular profiling reveals a tumor-promoting phe-
notype of monocytes and macrophages in human cancer progression.
Immunity. 2014;41:815-29. https://doi.org/10.1016/jimmuni.2014.09.014.

53. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor pack-
age for differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26:139-40. https://doi.org/10.1093/bioinformatics/
btp616.

54. Wang, JoshiT, Zhang XS, Xu D, Chen L. Inferring gene regulatory net-
works from multiple microarray datasets. Bioinformatics. 2006;22:2413—
20. https://doi.org/10.1093/biocinformatics/btl396.

55. MaltaTM, et al. Machine learning identifies stemness features associated
with oncogenic dedifferentiation. Cell. 2018;173:338.e315-354.e315.
https://doi.org/10.1016/j.cell.2018.03.034.

56. WolfS, et al. Expression, purification and fluorine-18 radiolabeling
of recombinant ST00A4: a potential probe for molecular imaging of
receptor for advanced glycation endproducts in vivo? Amino Acids.
2011;41:809-20. https://doi.org/10.1007/500726-010-0822-x.

57. Hoppmann S, Haase C, Richter S, Pietzsch J. Expression, purification
and fluorine-18 radiolabeling of recombinant S100 proteins—potential
probes for molecular imaging of receptor for advanced glycation end-
products (RAGE) in vivo. Protein Expr Purif. 2008;57:143-52. https://doi.
org/10.1016/j.pep.2007.10.009.

58. Hashimoto O, et al. Collaboration of cancer-associated fibroblasts and
tumour-associated macrophages for neuroblastoma development. J
Pathol. 2016,240:211-23. https://doi.org/10.1002/path.4769.

59. Murray PJ, et al. Macrophage activation and polarization: nomenclature
and experimental guidelines. Immunity. 2014;41:14-20. https://doi.org/
10.1016/j.immuni.2014.06.008.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.semcancer.2008.03.004
https://doi.org/10.1016/j.semcancer.2008.03.004
https://doi.org/10.1016/j.celrep.2019.07.068
https://doi.org/10.1016/j.celrep.2019.07.068
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.3390/ijms17030320
https://doi.org/10.3389/fonc.2021.644608
https://doi.org/10.1007/s12282-015-0654-3
https://doi.org/10.1158/2326-6066.cir-18-0891
https://doi.org/10.3389/fimmu.2019.00774
https://doi.org/10.3389/fimmu.2019.00774
https://doi.org/10.1242/jcs.223321
https://doi.org/10.1242/jcs.223321
https://doi.org/10.18632/oncotarget.16783
https://doi.org/10.1016/j.ccell.2018.10.007
https://doi.org/10.1016/j.ccell.2018.10.007
https://doi.org/10.1016/j.cancergen.2015.03.010
https://doi.org/10.1016/j.cancergen.2015.03.010
https://doi.org/10.1016/j.cell.2018.03.033
https://doi.org/10.1016/j.cell.2018.03.033
https://doi.org/10.1084/jem.20160247
https://doi.org/10.1016/j.molimm.2016.02.006
https://doi.org/10.1002/jlb.mr0218-056rr
https://doi.org/10.1038/s41374-020-0441-4
https://doi.org/10.4049/jimmunol.164.2.762
https://doi.org/10.18632/oncotarget.7621
https://doi.org/10.18632/oncotarget.7621
https://doi.org/10.1189/jlb.3VMAB1115-496RR
https://doi.org/10.1189/jlb.3VMAB1115-496RR
https://doi.org/10.1016/j.jneuroim.2010.01.014
https://doi.org/10.1016/j.semcancer.2015.03.002
https://doi.org/10.1016/j.semcancer.2015.03.002
https://doi.org/10.1080/09205063.2014.926580
https://doi.org/10.1080/09205063.2014.926580
https://doi.org/10.1038/s41416-018-0339-8
https://doi.org/10.18632/oncotarget.16432
https://doi.org/10.1200/jco.2007.15.5465
https://doi.org/10.1200/jco.2007.15.5465
https://doi.org/10.1038/9525
https://doi.org/10.1038/9525
https://doi.org/10.1016/j.immuni.2014.09.014
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btl396
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1007/s00726-010-0822-x
https://doi.org/10.1016/j.pep.2007.10.009
https://doi.org/10.1016/j.pep.2007.10.009
https://doi.org/10.1002/path.4769
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008

	Pan-cancer analysis reveals tumor-associated macrophage communication in the tumor microenvironment
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Results
	Heterogeneity of macrophages and subtype identification
	Subcluster-specific cell–cell communication between tumor cells and macrophages
	Cell communication gene signatures (CCGS) stratify tumors into TME phenotypes
	Selection and analysis of hub gene significance (GS) genes
	FLI1 regulates gene expression in TAMs
	TAMs promote tumor cell proliferation, invasion, and migration through FLI1
	Higher expression of FLI1 in tumors from patients with low immunity scores
	TAM and immune cell interactions
	TAM and stromal cell interactions

	Discussion
	Conclusions
	Materials and methods
	Pan-cancer transcriptome samples and immunotherapy-treated clinical cohorts
	Cell-type and intercellular communication analysis of RNA-seq data
	Unsupervised clustering and functional analysis of tumors
	Cell culture
	Si-Fli1 RNA interference
	Cell viability assay
	Scratch-wound and transwell experiment
	Patients
	qRT-PCR

	Acknowledgements
	References




