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Abstract 

Background Lung cancer is one of the most common tumors in the world, and metastasis is one of the major 
causes of tumor-related death in lung cancer patients. Tumor-associated macrophages (TAMs) are a major compo-
nent of the tumor microenvironment (TME) and are frequently associated with tumor metastasis in human cancers. 
However, the regulatory mechanisms of TAMs in lung cancer metastasis remain unclear.

Methods Single-cell sequencing analysis of lung cancer and normal tissues from public databases and from 14 
patients who underwent surgery at Zhongshan Hospital was performed. In vitro co-culture experiments were 
performed to evaluate the effects of TAMs on lung cancer migration and invasion. Changes in the expression of IL-6, 
STAT3, C/EBPΒ, and EMT pathway were verified using RT-qPCR, western blotting, and immunofluorescence. Dual 
luciferase reporter assays and ChIP were used to reveal potential regulatory sites on the transcription factor sets. In 
addition, the effects of TAMs on lung cancer progression and metastasis were confirmed by in vivo models.

Results TAM infiltration is associated with tumor progression and poor prognosis. IL-6 secreted by TAMs can activate 
the JAK2/STAT3 pathway through autocrine secretion, and STAT3 acts as a transcription factor to activate the expres-
sion of C/EBPβ, which further promotes the transcription and expression of IL-6, forming positive feedback loops 
for IL6-STAT3-C/EBPβ-IL6 in TAMs. IL-6 secreted by TAMs promotes lung cancer progression and metastasis in vivo 
and in vitro by activating the EMT pathway, which can be attenuated by the use of JAK2/STAT3 pathway inhibitors 
or IL-6 monoclonal antibodies.

Conclusions Our data suggest that TAMs promote IL-6 expression by forming an IL6-STAT3-C/EBPβ-IL6 positive feed-
back loop. Released IL-6 can induce the EMT pathway in lung cancer to enhance migration, invasion, and metastasis. 
The use of IL-6-neutralizing antibody can partially counteract the promotion of LUAD by TAMs. A novel mechanism 
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of macrophage-promoted tumor progression was revealed, and the IL6-STAT3-C/EBPβ-IL6 signaling cascade may be 
a potential therapeutic target against lung cancer.

Keywords Lung adenocarcinoma, Tumor-associated macrophages, Metastasis, Interleukin-6, Epithelial-mesenchymal 
transition

Graphical Abstract
IL-6 secreted by TAM acts on itself to promote STAT3 phosphorylation, and pSTAT3 transfers into the nucleus, pro-
motes the expression of C/EBPβ. C/EBPβ is able to further promote IL-6 expression, which forms positive feedback 
for IL-6 secretion. IL-6 secreted by TAMs acts on lung cancer to promote their metastasis through activation of EMT.

Background
Lung cancer is the second most common malignancy and 
the leading cause of cancer-related mortality worldwide 
[1]. With the introduction of novel treatments including 
immunotherapy and targeted therapy, the 5-year sur-
vival rate for advanced lung cancer has increased from 
less than 5% to over 30% [2, 3]. Despite this, metastasis 
continues to be a factor in tumor-related mortality in 
lung cancer patients and brings critical challenges for 
treatment [4]. Additionally, despite curative resection, 
between 30 and 55% of postoperative NSCLC patients 
may have metastases and recurrence, and show poor 

survival [5, 6]. Therefore, elucidating the mechanisms of 
metastasis is crucial for the development of effective lung 
cancer therapies.

The tumor microenvironment (TME) is the basis 
for tumor survival and plays an important role in 
tumorigenesis, progression, and treatment [7, 8]. The 
tumor microenvironment is also a very heterogene-
ous tissue that contains cells, including tumor cells, 
stromal cells, immune cells, and other cell types [9]. 
Macrophages in the TME, also referred to as tumor-
associated macrophages (TAMs), are usually among 
the most common infiltrating cell types in the solid 
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tumor microenvironment. Traditionally, based on the 
state of activation, TAMs in  vivo have been classified 
as ‘classically activated’ M1 or ‘alternatively activated’ 
M2 macrophages [10]. However, TAMs exhibit a wide 
variety of phenotypes and functions, and are frequently 
thought to be linked to poor prognosis in patients with 
various tumors, such as breast, renal, gastric, and lung 
cancer [11–14]. In the TME, on the one hand, tumor 
cells recruit macrophages into the tumor mesenchyme 
and promote TAMs polarization toward the M2 type by 
releasing cytokines and exosomes [15, 16]. On the other 
hand, TAMs can also activate the epithelial mesenchy-
mal transition (EMT) in tumors through chemokines 
and cytokines, such as TGF-β, IL-10, IL-6, matrix 
metalloproteinases (MMPs), and vascular endothelial 
growth factor (VEGF), to promote tumor invasion and 
migration [17–20].

Interleukin-6 (IL-6) is an important proinflammatory 
cytokine that is released during infection or tissue injury 
and promotes innate and acquired immune responses 
[21]. In the TME, IL-6 is closely associated with tumori-
genesis, EMT, and tumor metastasis [22, 23]. In addition, 
IL-6 has been associated with lung cancer resistance to 
chemotherapy, and high serum IL-6 expression in lung 
cancer patients after chemotherapy is associated with a 
worse prognosis [24, 25]. Drugs targeting IL-6 are gradu-
ally being used in the clinic to treat cancer [26].

Here, we identified a microenvironment with high IL-6 
expression in lung cancer, and TAMs are one of the major 
sources of IL-6. By stimulating the JAK2/STAT3-C/
EBPβ-IL6 pathway, IL-6 can promote the release of addi-
tional IL-6, creating a positive feedback loop in TAMs; 
thus, it promotes EMT, invasion, and migration of lung 
cancer in  vivo and in  vitro. In contrast, TAM-induced 
lung cancer metastases were greatly reduced when neu-
tralizing antibodies against IL-6 were uesd.

Materials and methods
Single‑cell RNA sequencing data collection
The study conducted scRNA-seq on 14 patients who 
were treatment-naive and were diagnosed with lung 
adenocarcinoma (LUAD) through postoperative pathol-
ogy at Zhongshan Hospital, Fudan University (includ-
ing two advanced LUAD and 12 early LUAD samples). 
In addition, seven normal and three advanced LUAD 
samples and five normal samples were obtained from 
ArraryExpress (accession numbers EMTAB- 6149 and 
E-MTAB-6653) and Human Cell Atlas Data Coordina-
tion Platform (accession number PRJEB31843), respec-
tively. The clinical characteristic of patients was shown in 
the Supplementary Table 4.

ScRNA‑seq data processing
Dimensionality reduction, clustering, and subclustering 
of single-cell datasets are implemented through the Seu-
rat package, which was described in our previous study 
[14]. Differential gene expression analysis between the 
two groups was achieved by the FindAllMarkers function 
in Seurat.

Immunofluorescence assay
Immunofluorescence of tissue sections was first blocked 
using 3%  H2O2, followed by antigen repair using EDTA 
buffer (pH = 9.0). After cooling to room temperature, 
0.2% tritonX-100 was added to break the membrane for 
15 min. Blocked with FBS for 15 min, followed by the 
addition of CD68 (Abcam, ab201340, 1:100), CD163 
(Abcam, ab182422, 1:500), IL-6 (Absin, abs135607, 
1:200) antibodies and incubated overnight at 4 °C. After 
PBS wash, added fluorescent secondary antibody and 
incubated for 1 hour at room temperature CD68 (Ther-
moFisher, A21202, 1:400), CD163 (ThermoFisher, 
A21207, 1:600), IL-6 (ThermoFisher, A31573, 1:400). Add 
DAPI and incubate for 15 min at room temperature and 
protect from light. Seal the slices with an anti-fluores-
cence quencher.

Immunofluorescence of the cells was first performed 
by fixing the slide with 4% paraformaldehyde for 15 min. 
The slide was permeabilized with 0.5% Triton X-100 at 
room temperature for 20 min. Goat serum was added and 
blocked at room temperature for 30 min. pSTAT3 (Cell 
Signaling Technology, 4113S, 1:100) and C/EBPβ (Cell 
Signaling Technology, 43095S, 1:400) antibody was added 
and incubated overnight at 4 °C. Wash the slide with 
PBST and add the fluorescent secondary antibody, anti-
mouse (Beyotime, A0428, 1:100), anti-rabbit (Beyotime, 
A0468, 1:100) and incubate for 1 h at room temperature. 
The slides are sealed with a blocking solution containing 
an anti-fluorescence quencher.

Survival analysis
The data used for survival analysis were obtained from The 
Cancer Genome Atlas (TCGA) database (https:// www. 
cancer. gov/ ccg/ resea rch/ genome- seque ncing/ tcga). The 
R package “survival” was used to generate Kaplan-Meier 
plots for overall survival (OS) and disease-free survival 
(DFS). P < 0.05 was considered a difference in survival time.

Transwell assay
For cell migration assays, 24-well Transwells (8 μm pore 
size, Corning, NY, USA) were used. For cell invasion 
assays, 24-well Transwells with Matrigel (BD Biosciences, 
CA, USA) were used.  104 macrophage cells were 

https://www.cancer.gov/ccg/research/genome-sequencing/tcga
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resuspended in 500 μl medium and added to the lower 
chamber. Then,  104 A549 or H358 cells were resuspended 
in 200 μl serum-free medium and added to the upper 
chamber. After 24-48 hours, the chambers were removed 
and fixed using 4% paraformaldehyde for 10 minutes, fol-
lowed by crystal violet solution staining for 15 minutes. 
Excess crystal violet solution was washed away using 
PBS and air dried. Five fields of view were then selected 
for photography and cell counting was performed using 
ImageJ.

CCK8 assay
Add 100 μl of cell suspension containing 2000 A549 
or H358 cells to a 96-well plate. Add 10 μl CCK8 solu-
tion (Dojindo, Kumamoto, Japan), incubate for 2 hours 
at 37 °C, and measure the absorbance at 450 nm with an 
enzyme marker. Cell viability = [(Experimental hole - 
Blank hole) / (Control hole - Blank hole)] × 100%.

RNA extraction and RT‑qPCR
RNA was extracted with TRIzol, followed by reverse tran-
scription using the PrimeScript RT Reagent kit (TaKaRa, 
Tokyo, Japan). RT-qPCR analysis was performed using 
SYBR Green Premix Ex Taq (TaKaRa, Tokyo, Japan) 
and the QuantStudio 5 Real-Time PCR System (Thermo 
Fisher Scientific, MA, USA) was utilized to measure rela-
tive RNA expression levels. Relative expression was cal-
culated using the 2-ΔΔCt method. The primer sequences 
were provided in Supplementary materials.

Enzyme‑linked immunosorbent assay (ELISA)
IL-6 was used to stimulate macrophages, and the medium 
was changed after 4 hours. At specified time points, 20 μl 
of the cell culture supernatant was collected and diluted 
1:4 with PBS. The IL-6 Elisa test kit was purchased from 
Dakewe (Cat No:1110602, Beijing, China). Add 100 μl of 
sample and standard to the wells, and set up 3 replicate 
wells for each sample. Add 50 μl of Biotinylated antibody 
and incubate for 1 hour at room temperature. Discard the 
fluid in the plate, add 300 μl washing buffer to each well, 
and repeat 3 times. Add 100 μl Streptavidin-HRP to each 
well and incubate at room temperature for 20 minutes. 
Add 100 μl TMB, and incubate for 15 minutes at room 
temperature, protected from light. Terminate the reac-
tion by adding 100 μl Stop solution to each well. Read the 
absorbance at 450 nm with an enzyme marker.

Cell culture and macrophage polarization
The lung adenocarcinoma cell lines (A549, H358), lung 
epithelial cell line (BEAS-2B), and monocytic cell lines 
(THP1, RAW264.7) were purchased from the Chinese 
Academy of Sciences Cell Bank. The lung adenocar-
cinoma cells and lung epithelial cells were cultured in 

DMEM (Hyclone, UT, USA), supplemented with 10% 
fetal bovine serum (Hyclone, UT, USA), 1% penicil-
lin, and 1% streptomycin (Beyotime, Shanghai, China). 
Monocytic and macrophage cell lines were cultured in 
RPMI 1640 (Hyclone, UT, USA), supplemented with 
10% fetal bovine serum (Biosun, Australia), 1% penicil-
lin, and 1% streptomycin (Beyotime, Shanghai, China). 
The culture was maintained in a 5% CO2 atmosphere at 
37 °C with saturated humidity. THP1 polarized towards 
to M2-like macrophages by first adding 100 ng/ml PMA 
(Sangon Biotech, A606759, Shanghai, China) to stimulate 
for 24 hours. Subsequently, 25 ng/ml IL4 (Sino Biological, 
11846-HNAE, Beijing, China) and 25 ng/ml IL13 (Sino 
Biological, 10369-HNAE, Beijing, China) were added 
to stimulate for 48 hours. RAW264.7 cells were polar-
ized toward M2-like macrophages by adding 20 ng/ml 
mouse-derived IL4 (Sino Biological, 51,084-MNAE, Bei-
jing, China) and stimulated for 24 hours. BMDM cells 
were obtained from 6-week-old C57BL/6 mice. Tibia and 
femur were isolated after execution and sterilization of 
mice, and bone marrow cells were flushed using culture 
medium. Erythrocytes were removed using erythrocyte 
lysate (Beyotime, Shanghai, China), followed by cen-
trifugation at 1000 rpm for 10 min, discarded the super-
natant. Cells were resuspended using DMEM medium. 
After 1 day, cells were adhered to the wall and DMEM 
complete medium containing 10 ng/ml of M-CSF (Sino 
Biological, 10369-HNAE, Beijing, China) was added to 
induce myeloid cells to differentiate into macrophages. 
After 5 days, 20 ng/ml of mouse-derived IL-4 was added 
to polarise towards M2-like macrophages.

Flow cytometry
After polarization of THP1 cells into M2-like mac-
rophages, cells were digested using Accutase (BioLegend, 
423201). After centrifugation, cells were resuspended 
using 100 μl PBS, and incubated for 5-10 min at 4 °C using 
FcRblock (1 μg/test, 101319, BioLegend). Subsequently, 
staining was performed using APC anti-human CD11b 
(0.5 μg/test, 101212, BioLegend), PE/Dazzle™ 594 anti-
human CD86 (5 μl/test, 305433, BioLegend), and PE 
anti-human CD206 (5 μl/test, 321105, BioLegend) and 
incubated at 4 °C for 60 min. Wash the cells 2 ~ 3 times, 
add 500 μL cell staining buffer to resuspend the cells, and 
detected with FACSAria™ III (BD Biosciences CA, USA).

Activators and inhibitors
Recombinant human IL-6 protein: (Sino Biological, 
10395-HNAE, Beijing, China), recombinant mouse IL-6 
protein: (Sino Biological, 50136-MNAE, Beijing, China), 
IL-6 neutralizing antibody: (Sino Biological, 10395-R508, 
Beijing, China), recombinant IgG protein (Sino Bio-
logical, 11047-TNAH, Beijing, China). JAK2 inhibitor, 
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AZD-1480 5 μM (TargetMol, T3069, MA, USA). JAK2/
STAT3 inhibitor, WP1066 10 μM (TargetMol, T2156, 
MA, USA).

Western blotting
Protein expression was analyzed by using the west-
ern blot assay [27]. The following antibodies were used 
to assay: anti-JAK2 (Cell Signaling Technology, 3230, 
1:1000), anti-pJAK2 (phosphor Y1007 + Y1008) (Cell 
Signaling Technology, 3771, 1:1000), anti-STAT1 (Cell 
Signaling Technology, 9172, 1:1000), anti-pSTAT1 (phos-
phor T701) (Cell Signaling Technology, 7649, 1:1000), 
anti-AKT (Cell Signaling Technology, 4685, 1:1000), 
anti-pAKT (phosphor S473) (Cell Signaling Technology, 
4060, 1:1000), anti-ERK (Cell Signaling Technology, 4695, 
1:1000), anti-pERK (phosphor T202 + T204) (Cell Signal-
ing Technology, 4370, 1:2000), anti-STAT3 (Cell Signal-
ing Technology, 12,640, 1:1000), anti-pSTAT3 (phosphor 
Y705) (Cell Signaling Technology, 9145, 1:2000), anti-C/
EBPβ (Cell Signaling Technology, 90081, 1:1000), anti-IL6 
(Absin, abs135607, 1:1000), anti-E-Cadherin (Abways, 
CY1155, 1:5000), anti-N-Cadherin (Abways, CY5015, 
1:2000), anti-Vimentin (Abways, CY1155, 1:2000), anti-
Snail (Cell Signaling Technology, 3879, 1:1000), anti-
β-Catenin (Cell Signaling Technology, 8480, 1:1000), 
anti-GAPDH (Beyotime, AF0006, 1:5000), anti-β-ACTIN 
(Beyotime, AF0003, 1:5000).

Plasmid, siRNAs constructs and transfections
The STAT3 (NM_003150, NM_213660) plasmid vector and 
C/EBPβ (NM_005194, NM_009883) plasmid vector were 
chemically synthesized, constructed, sequenced, and iden-
tified by Shanghai GeneChem Chemical Technology, Co. 
Ltd., China. STAT3-siRNA (NM_003150, NM_213660), 
C/EBPβ-siRNA (NM_005194, NM_009883), or negative 
control RNA (si-control) were chemically synthesized, con-
structed, sequenced, and identified by RiboBio Co. Ltd., 
Guangzhou, China. Short hairpin RNAs targeting IL-6 
(NM_000600) and IL-6 overexpression plasmid ligated to 
a lentiviral vector were also chemically synthesized, con-
structed, sequenced, and identified by Shanghai GeneChem 
Chemical Technology, Co. Ltd., China. All plasmids (1 μg/
μl) and siRNAs (20 μM) were transfected in macrophages 
using Advanced DNA RNA Transfection Reagent™ (ZETA 
LIFE, AD600025, CA, USA) following the manufacturer’s 
instructions. When the cells reached 60-80% confluence, 
the plasmid (12 μl) or siRNA (12 μl) was mixed 1:1 with the 
transfection reagent (12 μl), incubated at room temperature 
for 10-15 minutes, and added the complex to the cell cul-
ture plate, mixed gently. mRNA expression was detected 
after 48 hours and protein expression after 72 hours. Two 
different short hairpin RNAs targeting IL-6 (sh-IL6-1: 

GAA CTT ATG TTG TTC TCT A, sh-IL6-2: AGA ACG AAT 
TGA CAA ACA A) and an IL-6 overexpression plasmid 
were ligated to a lentiviral vector with puromycin resist-
ance, transfected with HiTransG A (Genechem, Shanghai, 
China), changed the fluid after 12 hours, and puromycin 
was subsequently used to screen the cell lines.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed using a SimpleChIP® Plus 
Enzymatic Chromatin IP Kit (Cell Signaling Technology, 
#9005, USA) according to the manufacturer’s instruc-
tions. The following antibodies were used to assay: 
STAT3 (Cell Signaling Technology, 12640, 1:50), C/EBPβ 
(Santa Cruz, sc-7962X, 1:50). The primer sequences were 
provided in Supplementary materials. The PCR products 
were analyzed by electrophoresis on the 1% agarose gel 
and detected through 4S red plus nucleic acid staining 
(Sangon Biotech, A606695, Shanghai, China).

Luciferase reporter assay
DNA fragments with C/EBPβ or IL-6 transcription start 
regions (− 2000 bp - + 50 bp) or the mutant constructs 
of binding sites DNA fragments with firefly luciferase 
were cloned onto the pGL3-Basic plasmid (Genechem, 
Shanghai, China). Overexpression plasmids or empty 
plasmids and pGL3-Basic luciferase reporters were trans-
fected into 293 T cells using Lipofectamine 3000 (Inv-
itrogen, CA, USA), then treated with or without IL-6. 
Renilla luciferase reporter vector pRL-SV40 (Genechem, 
Shanghai, China) was provided as an internal transfec-
tion control. Luciferase activity was measured using a 
dual luciferase reporter system (Yeasen, 11402ES80, 
Shanghai, China). The intensity of firefly fluorescence and 
renilla fluorescence was measured at 560 nm and 450 nm, 
respectively.

Immunohistochemistry
Immunohistochemistry experiments were performed 
according to our previous article [27]. The following anti-
bodies were used to assay: E-cadherin (Abways, CY1155, 
1:200), N-cadherin (Abways, CY5015, 1:200), Vimentin 
(Abways, CY1155, 1:200), IL-6 (Absin, abs135607, 1:200), 
CD206(Abcam, ab64693, 1:200).

Animal experiments
All animal experiments were approved by the ethical 
committee of Zhongshan Hospital, Fudan University. For 
subcutaneous tumor formation experiments, 6 - 8 weeks 
of nude mice (BALB/c-nu) were randomly divided into 
five groups (n = 6 per group). 200 μl A549 cells (5 ×  105) 
or a mixture of A549 cells (5 ×  105) and TAMs (5 ×  104) 
were injected into the flank of the mice. After 10 days, 
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the tumor size was measured every 5 days and the vol-
ume was calculated according to the following formula: 
Volume = 1/2 ×  (width2 × length). Mice were sacrificed 
after 30 days and tumor volume and weight were meas-
ured. Tumor tissues from mice were used for subsequent 
experiments, like WB and IHC.

Statistics analysis
All statistical analyses were performed by R software 
4.0.0, SPSS software 25.0, and Graphpad Software 9.0. 
Data are presented as the mean ± standard error of 
the mean (SEM). Student’s t-test was used to compare 
the differences between the two groups. Correlations 
between two variations were analyzed by Pearson’s cor-
relation. Kaplan-Meier survival curves and log-rank tests 
were employed to depict overall survival (OS). The differ-
ences in tumor volume among groups were analyzed by 
analysis of variance (ANOVA), followed by a two-tailed 
Student’s t-test. The statistical significances of groups are 
represented as *p < 0.05, ** p < 0.01, *** p < 0.001, and **** 
p < 0.0001.

Results
TAMs in the TME are correlated with tumor progression 
and poor prognosis in LUAD patients
To investigate the clinical significance of TAMs in 
LUAD, single-cell RNA sequencing data from 12 early 
LUAD patients, 5 advanced LUAD patients, and 12 nor-
mal lung tissues were used for analysis (Fig.  1a & Fig. 
S1a & b). Based on the marker genes of each subgroup, 
we divided myeloid cells into 7 clusters; Cluster 2 and 5 
were monocytes; Cluster 6 was dendritic cells; Clusters 
1 was defined as alveolar macrophages; and Clusters 0, 
3, and 4 were defined as tumor-associated macrophages 
(TAMs) (Fig.  1b & c). In addition, the high-expression 
genes in each subpopulation also showed that monocytes 
mainly expressed classical monocyte-related genes, such 
as IL1RN and S100A8/9. TAMs mainly expressed anti-
inflammatory factors such as CCL13 and FLOR2 and 
oncogenes such as SPP1, GPNMB, and CSTB. Alveolar 
macrophages are dominated by proinflammatory genes 
as well as scavenger receptors such as MARCO and 
MSR1 (Fig. 1d).

We found that TAMs infiltrated tumor tissues more 
than they did in normal tissues and that the proportion of 
TAMs increased with tumor progression (Fig.  1e). Sub-
sequently, we used the deconvolution algorithm to map 
the scRNA-seq data to the TCGA database. Similarly, we 
found that the infiltration of TAMs gradually increased 
with tumor progression (Fig. S1c) and that the greater 
the infiltration of TAMs was, the worse the prognosis of 
patients was (Fig. 1f ).

Thereafter, we compared the differential genes of 
TAMs in normal tissue, early LUAD tissue, and the 
advanced LUAD TME, and found that IL-6 secretion was 
significantly different among the three groups, increasing 
with tumor progression (Fig.1g). And in our scRNA data, 
we similarly found that IL-6 was secreted by myeloid 
cells, especially within tumor tissue (Fig. S1d). Therefore, 
we investigated the correlation between TAMs and IL-6. 
The results showed a significant correlation between 
the TAM-specific markers CD68 and CD163 with IL-6, 
which was similarly demonstrated by our mIHC data 
(Fig. 1h & Fig. S1e). These data suggest that TAMs in the 
TME may promote tumor progression through the secre-
tion of IL-6, which in turn affects patient prognosis.

IL‑6 promotes lung adenocarcinoma progression 
by activating TAMs and is associated with a worse 
prognosis
To determine the role of IL-6 in LUAD development, we 
first used the TCGA database to compare the relation-
ship between IL-6 expression and prognosis. We found 
that high IL-6 expression was related to worse overall 
survival (OS) in lung cancer patients (P = 0.0032) (Fig. 
S2a). In addition, to test whether IL-6 can promote the 
progression of lung adenocarcinoma, we used IL-6 to 
stimulate two different LUAD cell lines, A549 and H358. 
We observed that the proliferation, invasion, and migra-
tion abilities of LUAD cells were greatly enhanced. In 
contrast, the malignant phenotype of LUAD cells was 
comparable to that of the control group after the addition 
of neutralizing antibodies (Fig. 2a & b). Similarly, in vivo 
experiments revealed that exogenous IL-6 promoted the 
proliferation of A549 cells in nude mice, while the addi-
tion of an IL-6 neutralizing antibody significantly inhib-
ited this effect (Fig. 2c & Fig. S2b). These results illustrate 
that IL-6 can promote malignant phenotypes in LUAD 
cells and that exogenous IL-6 is the main cause of these 
changes.

To further elucidate the role of IL-6 in the TME, we 
assessed the expression of IL-6 receptors in different 
cell subtypes by using scRNA-seq data. Interestingly, the 
results showed that the IL-6 receptors IL6R and GP130 
were highly expressed not only in tumor cells but also 
in TAMs (Fig. S2c). We used RT-qPCR to determine the 
cytokines most often released by macrophages after IL-6 
activation. Surprisingly, in addition to the expression of 
proinflammatory chemokines such as IL-10, the mRNA 
expression of IL-6 was also increased after stimulation 
(Fig.  2d & Fig. S2d). Subsequently, macrophages were 
stimulated with IL-6 and the medium was changed after 
4 h. IL-6 secreted by macrophages was measured via 
Elisa. Similarly, we found an increase in IL-6 secretion 
(Fig. 2e). Given that macrophages play a crucial role via 
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the secretion of various cytokines in the TME and that 
both the IL-6 and IL-6 receptors are highly expressed 
by TAMs, we speculate that there is a positive feed-
back loop involving IL-6 in TAMs, where IL-6 stimu-
lates increased IL-6 secretion from TAMs and promotes 
LUAD progression.

Subsequently, to investigate the influence of IL-6 
stimulated TAMs on LUAD, we co-cultured the M2-like 
macrophages induced by THP1 cells with LUAD cells 
(Fig. S3a & b). To prevent the effect of exogenous IL-6 
on LUAD cells, we first stimulated M2-like macrophages 
with IL-6 for 4 h, followed by a medium change, and 
then co-cultured them with LUAD cells. The addition 
of IL-6 to M2-like macrophages significantly promoted 

the proliferation, invasion, and migration ability of lung 
adenocarcinoma cells (Fig. 2f & g). Taken together, these 
findings demonstrated that TAMs promote tumor pro-
gression may by enhancing IL-6 secretion through IL-6.

IL‑6 can activate the JAK2/STAT3 pathway in M2‑like 
macrophages and promote LUAD progression
To clarify the mechanism of ‘the impact of IL-6 on 
TAMs, we performed GSVA analysis on single-cell 
data and found that the downstream JAK/STAT3 path-
way of IL-6 was significantly activated and further 
increased with tumor progression (Fig.  3a). We then 
examined the expression of common downstream 
pathways of IL-6 in M2-like macrophages after IL-6 

Fig. 1 Annotation and function of myeloid cells and macrophages by scRNA-seq in tumor and normal tissue. a UMAP plot colored by different 
clusters. b Dot plot of mean expression of myeloid cells and macrophages’ characteristic genes in different clusters. c UMAP plot colored by different 
cell types. d Complex heatmap of selected marker genes in each cell cluster. Up: Tissue preference of each cluster. Down: Relative expression 
of marker genes associated with each cell subset. e Relative contribution of each cell type in normal vs. tumor tissue and early vs. advanced LUAD. 
f Kaplan–Meier curves of survival analysis in TCGA LUAD patients based on the TAMs infiltration. g Left: Difference genes between normal tissue, 
early LUAD, and advanced LUAD, with a threshold of |log2FC| > 0.5 & p_val_adj < 0.05, and take the intersection of the differential genes of the three 
groups. Right: Heatmap of 26 genes that differ among the three groups. h Immunofluorescence shows the expression of TAMs marker and IL-6 (Red 
CD68, Pink CD163, Green IL-6, Blue Dapi), scale bar represents 50 μm



Page 8 of 18Hu et al. J Exp Clin Cancer Res           (2024) 43:63 

stimulation. In addition to THP1-derived M2-like 
macrophages, we further validated these findings 
with mouse BMDM derived M2-like macrophages 
and RAW 264.7-derived M2-like macrophages (Fig. 
S3c & d). The results showed that activation of the 

JAK2/STAT3 pathway was most pronounced (Fig. 3b), 
whereas the treatment with the IL-6 neutralizing anti-
body inhibited the induction of pJAK2 and pSTAT3 
expression (Fig.  3c). JAK2/STAT3 is a classical IL-6 
signaling pathway that can promote inflammation and 

Fig. 2 TAMs promote LUAD cell proliferation, migration and invasion by secreting IL-6. a Cell migration and invasion ability of LUAD cells (A549 
and H358) alone, stimulated with IL-6 or stimulated with IL-6 followed by addition of IL-6 neutralizing antibody was determined by the transwell 
assay. b Cell proliferation ability of LUAD cells (A549 and H358) alone, stimulated with IL-6 or stimulated with IL-6 followed by addition of IL-6 
neutralizing antibody was determined by the CCK8 assay. c The tumor size and tumor weight in the A549 alone, A549 + IL-6 stimulation 
and A549 + IL-6 stimulation + IL-6-NA groups. d RT-qPCR analyzed the expression of the most often released cytokines by macrophages after IL-6 
stimulation. e Elisa analysis of IL-6 showed changes in macrophage IL-6 expression over time after IL-6 stimulation. f & g Cell migration, invasion 
and proliferation ability of LUAD cells (A549 and H358) alone, co-culture with M2-like macrophages or co-culture with M2-like macrophages 
and stimulated with IL-6 was determined by the transwell assay and CCK8 assay
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Fig. 3 IL-6 promotes LUAD progression by activating the JAK2/STAT3 pathway in M2-like macrophages. a GSVA analysis of differential pathways 
between AMs, TAMs in early and advanced LUAd. b Effects of IL-6 stimulation on common pathway expression in TAMs detected by western blot 
analysis. c Expression of the JAK2/STAT3 pathway with IL-6-stimulated, IL-6-stimulated with the addition of IL-6-NA in M2-like macrophages were 
analyzed by western blot. d Effect of AZD1480 and WP1066 on JAK2/STAT3 pathway expression in THP1 derived M2-like macrophages after IL-6 
stimulation were analyzed by western blot. e Cell migration and invasion ability of LUAD cells alone, co-culture with M2-like macrophages 
or co-culture with M2-like macrophages followed by addition of AZD1480 and WP1066 was determined by the transwell assay. f RT-qPCR and Elisa 
analysis showed IL-6 expression in M2-like macrophages after IL-6 stimulation or IL-6 stimulation with the addition of AZD1480 and WP1066 (Left: 
Elisa results. Right: RT-qPCR results). g IL-6 expression after STAT3 overexpression or knockdown was analyzed by western blot. h RT-qPCR and Elisa 
analysis showed IL-6 expression in M2-like macrophages after STAT3 overexpression or knockdown
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tumor progression. IL-6 first activates JAK2 in the 
cell membrane, which in turn phosphorylates STAT3, 
then pSTAT3 returns to the nucleus and acts as a tran-
scription factor to boost downstream gene expression 
[28]. After that, we added two JAK2/STAT3 pathway 
inhibitors (AZD1480 and WP1066) to M2-like mac-
rophages after 4 h of IL-6 stimulation (Fig. S4a) and 
subsequently co-cultured them with LUAD cells to 
determine whether IL-6 promoted LUAD progres-
sion through the JAK2/STAT3 pathway. The afore-
mentioned two inhibitors strongly suppressed JAK2 
and STAT3 expression (Fig.  3d and Fig. S4b) and 
eliminated the promotion of LUAD by TAMs after 
IL-6 stimulation (Fig. 3e and Fig. S4c). However, both 
inhibitors had slight inhibitory effects on the invasion 
and migration ability of LUAD cells, but the effects 
were not different (Fig. S4e).

Thus, these data indicate that IL-6-stimulated TAMs 
may promote lung adenocarcinoma progression 
through activation of the JAK2/STAT3 pathway.

STAT3 can regulate IL‑6 expression in TAMs
To test whether STAT3 is essential for the expression 
of IL-6, we first examined the effects of the aforemen-
tioned two JAK/STAT3 pathway inhibitors on IL-6 
expression. The results revealed that these compounds 
were able to inhibit the transcription and expression 
of IL-6 (Fig. 3f ). Subsequently, we transfected M2-like 
macrophages with a STAT3 overexpression vector 
(STAT3-OE) or STAT3 siRNA (si-STAT3) to overex-
press or knock down STAT3, respectively (Fig. S5a). 
After validating the overexpression and knockdown 
effects, we found that the change in IL-6 expression 
was consistent with the trend of pSTAT3 change, as 
determined by western blot analysis (Fig.  3g). Moreo-
ver, RT-qPCR and Elisa results also revealed that the 
transcriptional and translational changes in IL-6 were 
consistent with the alteration of pSTAT3 (Fig.  3h). 
Next, we utilized the chromatin immunoprecipitation 
test (ChIP) assay to determine whether STAT3 can bind 
to the IL-6 transcriptional start site and thus influence 
IL-6 expression as a transcription factor (Supplemen-
tary Table 1). However, our results showed that STAT3 
is unable to bind to the possible binding site in the IL-6 
transcriptional start region (Fig. S5b).

To further explore how STAT3 can regulate IL-6 
expression, we used JASPAR to analyze the transcrip-
tion factors that may regulate IL-6 and may be regu-
lated by STAT3. After taking the intersection, the C/
EBPβ is found to be satisfactory. Therefore, we hypoth-
esized that STAT3 regulates C/EBPβ transcription, 
which in turn may regulate IL-6 expression.

C/EBPβ plays a crucial role in LUAD progression and may 
be regulated by pSTAT3
We subsequently sought to determine the crucial role 
of C/EBPβ in LUAD progression. By using the TCGA 
database, we discovered that patients with high C/EBPβ 
expression had significantly worse OS and recurrence-
free survival (RFS) (P < 0.05) (Fig. S6a & b). Then, we 
overexpressed or knocked down C/EBPβ in M2-like mac-
rophages (Fig. S6c), and subsequently co-cultured these 
macrophages with LUAD cell lines. We found that in the 
C/EBPβ-OE group, the invasion and migration ability of 
LUAD cells were significantly enhanced, while in the C/
EBPβ-KD group, these changes were significantly elimi-
nated (Fig. 4a). Overall, the results obtained in our study 
suggest that C/EBPβ plays an important role in the pro-
gression of LUAD.

To explore the correlation between STAT3- C/
EBPβ-IL-6 in TAMs, we first examined the expres-
sion of C/EBPβ at the mRNA and protein levels after 
IL-6 stimulation. The expression of C/EBPβ, particu-
larly the transcription-promoting isoform LAP, was 
significantly upregulated after stimulation and earlier 
than that of IL-6, whereas the expression of the inhibi-
tory isoform LIP was not significantly changed (Fig.  4b 
& Fig. S6d & e). We also found a correlation between 
IL-6 and C/EBPβ expression in the TCGA database 
(Fig. S6f ). In addition, overexpression or knockdown of 
STAT3 resulted in similar changes in C/EBPβ expression 
(Fig.  4c). Additionally, we observed an increase in IL-6 
transcription and expression in cells overexpressing C/
EBPβ, while the opposite effect was observed when C/
EBPβ was knocked down (Fig.  4d). Considering that 
pSTAT3 and C/EBPβ operate as transcription factors 
in the nucleus, we examined the expression of pSTAT3 
and C/EBPβ in the nucleus following IL-6 stimula-
tion. We found that pSTAT3 expression in the nucleus 
peaked only half an hour after IL-6 stimulation and then 
gradually decreased, whereas C/EBPβ expression peaked 
more than 4 h after stimulation (Fig. 4e). In addition, our 
immunofluorescence results also showed that pSTAT3 
was significantly nuclearized after half an hour of IL-6 
stimulation. However, 4 hours after stimulation, the 
entry of C/EBPβ into the nucleus peaked (Fig. 4f ). This 
finding supports the idea that C/EBPβ can be tempo-
rally regulated by pSTAT3. We validated that C/EBPβ is 
involved in IL-6 mediated lung carcinogenesis of TAMs 
and that it is potentially regulated by pSTAT3.

STAT3‑C/EBPβ‑IL6 signaling is responsible for IL‑6 induced 
cancer progression
To investigate whether pSTAT3 can regulate C/EBPβ 
and consequently the expression of IL-6, we determined 
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how the pSTAT3-C/EBPβ-IL6 axis was expressed in two 
different M2-like macrophage cell lines after activation 
or inhibition of STAT3 or C/EBPβ. C/EBPβ and IL-6 
expression was shown to be strongly elevated follow-
ing STAT3 overexpression, but decreased after STAT3 
knockdown (Fig. 5a). We observed similar alterations in 
IL-6 expression following C/EBPβ knockdown or over-
expression (Fig.  5b). However, there was no substantial 
change in IL-6 expression after STAT3 overexpression 
combined with C/EBPβ knockdown (Fig. 5c). In contrast, 
IL-6 stimulation after STAT3 or C/EBPβ knockdown 
did not significantly increase IL-6 expression in M2-like 
macrophages (Fig.  5d & e). Using the aforementioned 
overexpression, knockdown, and reversion assays, we 

preliminarily confirmed the regulatory effects of pSTAT3 
on C/EBPβ and C/EBPβ on IL-6.

In the following, to further demonstrates the spe-
cific regulatory mechanism of pSTAT3 on C/EBPβ and 
of C/EBPβ on IL-6. First, we used the JASPAR database 
to predict possible transcription factor binding sites 
for STAT3 on C/EBPβ (Supplementary Table  2). We 
designed primer sets containing putative STAT3 bind-
ing sites to amplify the portion of the C/EBPβ promoter. 
ChIP revealed that pSTAT3 was able to bind to the C/
EBPβ transcription start region at the − 1645 to − 1358 
site, whereas the remaining region was not regulated by 
STAT3. Among them, the − 1515 to − 1505 site is one of 
the potential binding sites we predicted to exist (Fig. 6a). 

Fig. 4 pSTAT3 promotes tumor progression by regulating C/EBPβ expression in TAMs. a Cell migration and invasion ability of LUAD cells, C/
EBPβ overexpression or C/EBPβ knockdown was determined by the transwell assay. b Effects of IL-6 stimulation on C/EBPβ expression in TAMs. 
c Expression of C/EBPβ after STAT3 overexpression or knockdown. d RT-qPCR and Elisa analysis showed IL-6 expression in M2-like macrophages 
after C/EBPβ overexpression or knockdown. e Expression of pSTAT3 and C/EBPβ in the nucleus after IL-6 stimulation. f The localization of pSTAT3 
and C/EBPβ were analyzed by immunofluorescence staining. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). The line 
charts represent fluorescence intensity (MFI), presenting the distance from α to β, scale bar represents 100 μm
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In addition, the binding capability dramatically increased 
after IL-6 stimulation (Fig. 6b). Subsequently, we gener-
ated a series of 5′ deletion constructs of the C/EBPβ pro-
moter and determined whether STAT3 was able to bind 
to this segment using DNA pull-down experiments. The 
results also suggested that the region between the − 1645 
a–d - 1217 sites is responsible for the STAT3-mediated 
regulation of C/EBPβ (Fig.  6c). To further confirm this 
interaction, a dual-luciferase reporter assay was per-
formed. We designed wild-type and − 1515 to − 1505 
site mutant C/EBPβ transcription start region luciferase 
reporter plasmids and transfected them into 293 T cells. 
The results demonstrated that the transcriptional capac-
ity of C/EBPβ was significantly enhanced after IL-6 stim-
ulation or STAT3 overexpression, while this capacity was 
significantly diminished after mutation of the binding site 
(Fig. 6d).

The regulatory effect of C/EBPβ on IL-6 was subse-
quently be confirmed. First, we predicted several bind-
ing sites using the JASPAR database (Supplementary 
Table 3). Similarly, we used a ChIP assay to confirm that 
C/EBPβ can bind to the IL-6 transcriptional start region 
at − 157 to − 147 bp (Fig.  6e). The ChIP-PCR results 
showed that the binding capability increased after IL-6 

stimulation (Fig.  6f ). DNA pull-down assay also con-
firmed the regulatory region of C/EBPβ on IL-6 is located 
at − 157 to − 147 bp (Fig.  6g). Next, a dual-luciferase 
reporter assay revealed that IL-6 stimulation or STAT3 
or C/EBPβ overexpression increased IL-6 transcrip-
tion, whereas mutation of the binding site reduced IL-6 
transcription (Fig. 6h). As a result of these the previous 
studies, we concluded that STAT3 enhances C/EBPβ 
transcription and thus IL-6 expression after IL-6 stimula-
tion in TAMs.

IL‑6 promotes LUAD cell migration and invasion 
through activation of the EMT pathway in vivo and in vitro
As M2-like macrophages significantly promoted LUAD 
invasion and migration by secreting IL-6, we investigated 
gene alterations related to invasion and migration. After 
detecting the expression of EMT and metalloproteinase-
related genes in lung adenocarcinoma cells co-cultured 
with M2-like macrophages, we found that the expres-
sion of EMT-related genes (E-cadherin, N-cadherin, 
Snail, Vimentin) was highly variable (Fig. S7a). Next, we 
examined the expression of EMT-related genes in LUAD 
cells co-culture with M2-like macrophages and found 
that the expression of E-cadherin was decreased, while 

Fig. 5 Regulatory role of STAT3-C/EBPβ-IL6. a C/EBPβ and IL-6 expression after STAT3 knockdown or overexpression. b STAT3 and IL-6 expression 
after C/EBPβ knockdown or overexpression. c IL-6 expression after STAT3 knockdown and C/EBPβ overexpression or STAT3 overexpression and C/
EBPβ knockdown. d IL-6 expression after STAT3 knockdown and rescued by IL-6 stimulation. e IL-6 expression after C/EBPβ knockdown and rescued 
by IL-6 stimulation
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Fig. 6 Mechanisms of STAT3 regulation of C/EBPβ and C/EBPβ regulation of IL-6. a ChIP assay demonstrated the binding of STAT3 to the C/EBPβ 
promoter in THP1-derived M2-like macrophages. b RT-qPCR of the ChIP products confirmed the binding capacity of STAT3 to the C/EBPβ promoter. 
c Selective mutation analyses identified STAT3-responsive regions in the C/EBPβ promoter. d Luciferase reporter plasmids with wild and mutated 
C/EBPβ promoters were transfected into 293 T cells. Relative luciferase activity was determined using IL-6 stimulation or STAT3 overexpression. 
e ChIP assay demonstrated the binding of C/EBPβ to the IL-6 promoter in. f RT-qPCR of the ChIP products confirmed the binding capacity of C/
EBPβ to the IL-6 promoter. g Selective mutation analyses identified C/EBPβ-responsive regions in the IL-6 promoter. h Luciferase reporter plasmids 
with wild and mutated IL-6 promoters were transfected into 293 T cells. Relative luciferase activity was determined using IL-6 stimulation, C/EBPβ 
or STAT3 overexpression
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the expression of N-cadherin and Snail was increased 
(Fig.  7a). Co-culture with M2-like macrophages also 
partially promotes the EMT pathway in the non-tumo-
rigenic lung epithelial cell line BEAS-2B, but the activa-
tion is not as pronounced as in tumor cells (Fig. S7b). 
The TCGA database also showed a correlation between 
TAM markers and EMT-related genes in LUAD patient 
samples (Fig. S7c). Subsequently, we used IL-6 to directly 

stimulate LUAD cells and found the same changes as 
those observed after co-culture with M2-like mac-
rophages, whereas these changes were eliminated by 
the addition of IL-6 neutralizing antibodies (Fig. 7b). In 
addition, we collected LUAD samples from 64 patients 
who underwent surgery at Zhongshan Hospital, Fudan 
University between 2022.1 to 2022.12, and made a tissue 
chip. The expressions of TAMs markers, CD206, IL-6 and 

Fig. 7 IL-6 promotes LUAD migration and invasion through activation of EMT pathway in vivo and in vitro. a Expression of EMT-related genes 
after co-culture with M2-like macrophages. b Expression of EMT-related genes using IL-6 stimulation or IL-6-neutralising antibodies. c IHC analyzed 
the expression of CD206, IL-6, E-cadherin, N-cadherin, Vimentin and Snail, and their relationships of tumors from LUAD patients. d The tumor size 
and tumor weight in the A549 alone, A549 + control TAMs, A549 + IL-6 overexpression TAMs, A549 + IL-6 knockout TAMs, and A549 + TAMs + IL-6 
neutralizing antibodies groups. e IHC analyzed the expression of E-cadherin, N-cadherin, Snail and Vimentin protein of tumors from the subgroups 
above. Scale bar represents 10 μm
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EMT were verified using immunohistochemistry anyli-
sis. The results confirmed that the expression of TAMs 
markers was inversely correlated with E-cadherin and 
positively correlated with the expression of N-cadherin, 
Snail, and Vimentin (Fig. 7c).

To demonstrate the above in  vitro results, an in  vivo 
xenograft model was used. Consequently, A549 cells 
alone, A549 cells mixed with control TAMs, A549 cells 
mixed with IL-6 overexpressing TAMs, A549 cells mixed 
with IL-6 knockout TAMs, and A549 cells mixed with 
TAMs and IL-6 neutralizing antibodies were injected 
into the flanks of nude mice. M2-like macrophages were 
discovered to play a substantial role in the progression 
of lung adenocarcinoma, and this effect was enhanced 
by IL-6 overexpression. However, these effects were 
attenuated by IL-6 knockdown or by the use of an IL-6 
neutralizing antibody (Fig.  7d & Fig. S7d). Immunohis-
tochemical analysis results of tumor tissues also showed 
that the expression of EMT pathway components was 
significantly activated after IL-6 overexpression, and 
these effects were eliminated after IL-6 knockdown or 
treatment with an IL-6 neutralizing antibody (Fig.  7e). 
The results of this in  vivo experiment suggested that 
TAMs promoted the EMT pathway in LUAD cells and 
promoted lung cancer progression through the secretion 
of IL-6.

Discussion
Metastasis is the most important factor leading to tumor 
death in lung cancer patients. Although target therapy 
and immunotherapy have achieved impressive results for 
advanced lung cancer patients, the 5-year survival rate 
is only 20-30% [29]. Therefore, it is urgent to unravel the 
molecular mechanisms of NSCLC metastasis and pro-
vide new therapeutic strategies to improve patient prog-
nosis. In our study, we found that a microenvironment 
with high IL-6 expression in lung cancer was able to acti-
vate the JAK2/STAT3 pathway in TAMs, and STAT3, a 
transcription factor, was able to promote C/EBPβ expres-
sion. Further studies revealed that C/EBPβ could activate 
IL-6 transcription, resulting in a positive feedback loop 
of IL6-JAK2/STAT3/C/EBPβ-IL6 in TAMs. IL-6 can fur-
ther activate the EMT pathway in lung adenocarcinoma 
cells and promote metastasis, and the use of neutralizing 
antibodies against IL-6 can inhibit the metastasis of lung 
cancer in vitro and in vivo.

Given the heterogeneity of tumors, it is likely that only 
a small number of cells contribute to the invasiveness of 
lung cancer. Therefore, by analyzing these cells via single-
cell RNA sequencing, we found that tumor-associated 
macrophages are closely associated with the progres-
sion and poorer prognosis of lung cancer [14]. Recently, 
growing evidence has suggested that TAMs are linked to 

tumor progression. Restle et al. reported that a suppres-
sive tumor immune microenvironment (TIME) exists 
in patients with brain metastases from lung cancer and 
that TAMs are associated with this suppressive TIME 
[30]. Similarly, Kim et al. found that myeloid cells shape 
the immunosuppressive microenvironment of the tumor 
by single-cell RNA sequencing, while tumor metastases 
are enriched with more anti-inflammatory macrophage 
subtypes [31]. However, the mechanism by which TAMs 
promote lung cancer progression and metastasis remains 
controversial.

EMT is the transition of epithelial cells to mesenchymal 
cells. Activation of the EMT is a key process in cancer cell 
metastasis. During this process, epithelial cells acquire 
the characteristics of mesenchymal cells with increased 
motility and migration. It is characterized by a decrease 
or loss of expression of epithelial cell markers (E-cad-
herin and keratin) and an increase in the expression of 
mesenchymal cell markers (vimentin and N-cadherin) 
[32]. EMT causes epithelial cells to lose cell polarity, 
reorganize the cytoskeleton, and reprogram gene expres-
sion, promoting an aggressive phenotype during cancer 
metastasis [33]. Thus, EMT is an important mechanism 
in tumor metastasis. Previous studies have shown that 
vimentin and N-cadherin mRNA and protein are sig-
nificantly greater in the tumor tissues of NSCLC patients 
than in neighboring tissues, whereas E-cadherin expres-
sion is significantly lower [34]. Our study is consistent 
with previous studies in which we found that TAMs can 
promote tumor progression and metastasis by activating 
EMT in tumor cells. Guo et  al. reported that M2 mac-
rophages promote malignancy in lung cancer through 
EMT by upregulating CRYAB expression and activating 
the ERK1/2/Fra-1/slug signaling pathway [17]. Li et  al. 
demonstrated that CD68+ TAMs both reduced snail 
expression and inhibited tumor buds, which was nega-
tively correlated with the EMT phenotype in colorectal 
cancer [35].

Considering that macrophages usually perform biologi-
cal functions by secreting cytokines and chemokines. We 
found that IL-6 expression in TAMs gradually increased 
with tumor progression and played an important role in 
macrophage-mediated activation of EMT in lung ade-
nocarcinoma. It was able to promote the progression, 
invasion, and metastasis of lung adenocarcinoma cells 
in  vivo and in  vitro. IL-6 is a multifunctional cytokine 
that mediates immune and inflammatory responses, 
and it is involved in promoting angiogenesis, tumori-
genesis, and progression through complex mechanisms, 
such as increasing the expression of invasion-related 
genes (Twist and MMP-1) and antiapoptotic factors 
(Bcl-2 and Bcl-xL), and activation of the PI3K, ERK, 
and STAT3 signaling pathways [36, 37]. Previous studies 
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have also shown that elevated IL-6 levels are associated 
with an increased risk of disease progression in patients 
with severe lung cancer, whereas other inflammatory 
cytokines are not significantly associated with disease 
progression [38]. Interestingly, in our study, the secre-
tion of IL-6 by macrophages promoted the secretion of 
additional IL-6, which suggested that a positive feedback 
loop in TAMs promotes IL-6 secretion. In addition, IL-6 
can activate the EMT pathway in lung adenocarcinoma 
and promote metastasis, whereas the use of an anti-IL-6 
monoclonal antibody eliminated this effect. Thus, target-
ing IL-6 may be a potential pharmacological approach for 
treating lung cancer.

Furthermore, in TAMs, the activation of the JAK2/
STAT3 pathway was the most pronounced downstream 
pathway after IL-6 stimulation. The JAK/STAT pathway 
is the classical signaling pathway for IL-6. Extracellular 
IL-6 binds to IL-6R on the membrane to form a complex, 
which induces gp130 to aggregate and bind to it, forming a 
heterohexamer consisting of two IL-6, two IL-6R, and two 
gp130 molecules, followed by the activation of the com-
plex to activate JAK, which enters the nucleus through 
the activation of STAT3 to form a dimer and regulate the 
transcription of the target genes [28, 39]. Clinical studies 
have shown that STAT3 is persistently activated in 22-65% 
of NSCLC patients, and STAT3 activity is correlated with 
tumor progression, poor prognosis, and short patient sur-
vival [40]. Similarly, activation of the JAK2/STAT3 path-
way in TAMs promoted lung cancer metastasis, which 
was attenuated by knockdown or the use of JAK2/STAT3 
inhibitors. Previous studies have shown that, CAFs in the 
TME can secrete IL-6, which stimulates STAT3 signaling 
in lung cancer cells and promotes metastasis [8]. Bo Jing 
et  al. showed that IL-6/STAT3 signaling-induced immu-
nosuppression is essential for lung metastasis, and IL-6/
STAT3 promotes lung metastasis not only through a cell-
autonomous propensity for metastasis but also by estab-
lishing a metastatic niche [41]. Once the STAT complex 
enters the nucleus, it performs tasks related to transcrip-
tional regulation, such as engagement of chromatinized 
target genes, binding response elements, and recruitment 
of transcriptional co-activators that recruit and activate 
RNA Pol II [42]. Multiple observations have been made 
concerning the interactions between STATs and other 
transcription factors, such as IRFs and the NFκB family, 
including the regulation of transcription factor synthesis, 
the regulation of transcription factor activity, and direct 
or indirect interactions within the genome that affect 
transcription [43]. In the present study, we found that 
IL-6 expression was regulated by STAT3, but this regula-
tion was indirect and involved C/EBPβ as an intermedi-
ary. STAT3 binds directly to relevant sites in the C/EBPβ 
promoter region, thereby regulating the transcription of 

C/EBPβ, which in turn regulates IL-6 transcription and 
promotes IL-6 secretion in TAMs. C/EBPβ is a member 
of the CCAAT/enhancer binding protein (C/EBP) family 
of basic leucine zipper-class transcription factors, which 
have been implicated in various cellular functions, such as 
cellular energy metabolism, cell proliferation, and differ-
entiation [44]. Our previous study showed that metformin 
inhibits the proliferation of lung cancer cells and exerts 
anti-tumor effects in an AMPK-C/EBPβ-PDL1 signaling-
dependent manner [45]. In our study, both single-cell 
data and in  vitro experiments revealed that C/EBPβ can 
regulate IL-6 expression, and we further clarified and 
demonstrated its potential regulatory sites. Our results 
demonstrated that TAM-tumor interactions are impor-
tant regulators of the malignant phenotype of cancer 
cells. In addition, we have provided strong evidence that 
the JAK2/STAT3/C/EBPβ-induced IL-6 positive feed-
back pathway is important for lung cancer cell growth, 
migration, and invasion, which suggests that the STAT3-
C/EBPβ-IL-6 signaling axis plays a crucial role in TAM-
mediated lung cancer progression.

Nevertheless, our study also has some limitations, 
although we confirmed our results using single-cell tech-
nology and in vivo experiments, there is still a gap in the 
TAMs phenotypes between in vitro-induced and in tumors. 
Secondly, the efficacy of the investigated inhibitors must be 
further validated in the application of clinical trials.

Conclusion
In conclusion, our current findings reveal an important 
mechanism that discloses the role of TAMs on cancer 
cells through the IL6-STAT3-C/EBPβ-IL6 positive feed-
back loop in the TME. And this mechanism is crucial for 
lung cancer development, progression, and metastasis. 
Our study highlights that the IL6-STAT3-C/EBPβ-IL6 
signaling cascade may be a potential therapeutic target 
against lung cancer.
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