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of esophageal squamous cell carcinoma 
via FAK/STAT3 pathway
Yixuan Sun1, Yuzhen Qian1, Chunxia Chen1, Hongfei Wang1, Xiuman Zhou2, Wenjie Zhai1,3, Lu Qiu1,4, 
Xiaowen Zhou1, Haoming Ning1, Yumiao Zhao1, Chao Shi5, Lu Han5, Yuanming Qi1,4*, Yahong Wu1,3* and 
Yanfeng Gao2* 

Abstract 

Background:  Metastasis is the leading cause of mortality in human cancers, including esophageal squamous cell 
carcinoma (ESCC). As a pro-inflammatory cytokine, IL-32 was reported to be a poor prognostic factor in many cancers. 
However, the role of IL-32 in ESCC metastasis remains unknown.

Methods:  ESCC cells with ectopic expression or knockdown of IL-32 were established and their effects on cell motil-
ity were detected. Ultracentrifugation, Transmission electron microscopy and Western blot were used to verify the 
existence of extracellular vesicle IL-32 (EV-IL-32). Coculture assay, immunofluorescence, flow cytometry, and in vivo 
lung metastasis model were performed to identify how EV-IL-32 regulated the crosstalk between ESCC cells and 
macrophages.

Results:  Here, we found that IL-32 was overexpressed and positively correlated to lymph node metastasis of ESCC. 
IL-32 was significantly higher in the tumor nest compared with the non-cancerous tissue. We found that IL-32β was 
the main isoform and loaded in EV derived from ESCC cells. The shuttling of EV-IL-32 derived from ESCC cells into mac-
rophages could promote the polarization of M2 macrophages via FAK-STAT3 pathway. IL-32 overexpression facilitated 
lung metastasis and was positively correlated with the proportion of M2 macrophages in tumor microenvironment.

Conclusions:  Taken together, our results indicated that EV-IL-32 derived from ESCC cell line could be internalized 
by macrophages and lead to M2 macrophage polarization via FAK-STAT3 pathway, thus promoting the metastasis of 
ESCC. These findings indicated that IL-32 could serve as a potential therapeutic target in patients with ESCC.
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Background
Esophageal cancer is the sixth cause of death in human 
cancer, among which approximately 90% is esophageal 
squamous cell carcinoma (ESCC) [1]. So far, the tra-
ditional therapeutic strategies can hardly improve the 
overall survival of ESCC, such as surgery, radiotherapy 
and chemotherapy [2]. Therefore, it is of great clinical 
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value to discover novel therapeutic targets and prog-
nostic markers of ESCC.

It is reported that inflammation is a crucial factor 
to establish a local pathological microenvironment, 
and some cytokines could promote the progression of 
tumor and attenuate the host antitumor response [3–
5]. IL-32 was reported as a pro-inflammatory cytokine 
which has several isoforms, including IL-32α, IL-32β, 
IL-32γ and IL-32δ [6, 7]. IL-32 can interact with mul-
tiple proteins, including proteinase-3, integrin, paxillin 
and focal adhesion kinase (FAK) [8–10]. However, the 
receptor for IL-32 has not been clearly identified yet. It 
has been reported that IL-32 could promote the secre-
tion of TNFα, IL-1β, IL-6 and IL-8 by activating NF-κB 
and p38-MAPK pathways. Han et  al. had focused on 
the expression of IL-32 in CD45+ immune cells and 
found Treg cells overexpressed IL-32 in ESCC, but the 
function of IL-32 in tumor cells and macrophages was 
not mentioned [11]. Ma et  al. found that high expres-
sion of IL-32 synergized with irradiation promoted the 
apoptosis of ESCC cells by inhibiting the STAT3 path-
way in vitro [12]. But it is also unknown whether IL-32 
communicates with immune cells. Though the over-
expression of IL-32 was found in gastric cancer, lung 
cancer, breast cancer and esophageal cancer [13–17], 
the specific roles of IL-32 in ESCC cells remains largely 
unknown.

Macrophages show unique plasticity and heterogeneity, 
and they are not only essential for host immunity but also 
involved in the progression of cancer [18]. Macrophages 
can be polarized to the immune suppressive M2 mac-
rophages by some cytokines, such as IL-8, which pro-
moted the metastasis of cancers [19, 20]. Previous studies 
showed that recombinant IL-32 promoted M2 polariza-
tion in Mycosis fungoides and macrophage infected with 
HIV in vitro [21, 22]. However, the relationship between 
tumor cell-derived IL-32 and macrophage in ESCC 
remain unclear and require further research, and the 
pathway involved in this process also remain unclear.

EV are one of the important pathways for cell-cell 
communication in the tumor microenvironment [23]. 
The compartmental exchange among cells through EV 
has emerged as a central mechanism, which illustrated 
the complex communication between malignant and 
immunocytes during tumor initiation and progression 
[24, 25]. Evidences showed that EV play an important 
role in tumor metastasis via transferring proteins, miR-
NAs and lncRNAs, which could be internalized into 
recipient cells and modulate the function of these cells. 
In addition, previous studies have provided evidences 
that miRNAs loaded into EV could skew the phenotype 
of macrophages when it was taken up by macrophages 
[26, 27]. However, the mechanism of M2 macrophage 

polarization by EV in ESCC has not been elucidated yet, 
especially EV-derived cytokines.

In the present study, we analyzed the expression and 
pathological pattern of IL-32 via RNA microarray (84 
paired ESCC tumor and peritumor tissues) and tissue 
microarray (56 paired ESCC tumor and peritumor tis-
sues). Through establishing IL-32 overexpression and 
knockdown ESCC cell lines, we firstly identified that 
IL-32 was loaded in the EV through a non-classical secre-
tory pathway in ESCC. Then, we found the expression 
of IL-32 was positively correlated with M2 macrophage. 
Through immunofluorescence and coculture assays, we 
studied whether IL-32 in ESCC-derived EV could affect 
the phenotype and function of macrophages, as well as 
the underlying mechanisms. This could help us to under-
stand the role of EV-IL-32 derived from ESCC in promot-
ing the M2 macrophage polarization and the metastasis 
of ESCC.

Methods
Tissue samples and clinicopathologic parameters
ESCC samples (84 paired tumor and peritumor tis-
sues) were obtained from the Affiliated Cancer Hos-
pital of Zhengzhou University. Paired tissue samples 
were from ESCC patients of the stage IA-IB (n = 26), 
IIA-IIB (n = 29), IIIA-IIIC (n = 29). None of the patients 
had previously received chemotherapy, radiotherapy or 
other therapies, and all patients underwent an informed 
consent process. Sample collection and the biological 
experiments in this study were approved by the Ethics 
Committee of Zhengzhou University (ZZUIRB2021-32). 
The clinicopathologic parameters were analyzed accord-
ing to age, gender, stage, tumor differentiation, and 
lymph node metastasis.

Tissue microarray and immunohistochemistry (IHC) 
staining assay
Primary tumor and the paired peritumor samples were 
collected for tissue microarrays. Tissue cores with a 
diameter of 1.0 mm were taken from the tumor samples 
by tissue array instrument (Beecher Instruments, Silver 
Spring, USA). Standard IHC procedures were performed 
as previously described [28]. The expression of IL-32 
and CD206 in the tumor and paired peritumor tissues 
of the Paraffin-embedded samples were evaluated with 
anti-human IL-32 (1: 200, BioLegend, 513501, USA) and 
anti-human CD206 (1: 200, Servicebio, GB11062, China). 
This assay contained 56 paired samples and all samples 
of patients without receiving neoadjuvant therapy previ-
ously and during the surgery, and all patients underwent 
an informed consent process. The IHC-score was calcu-
lated by multiplying the percentage (P) of positive cells 
by the intensity (I), according to the formula: H-Score = 
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∑ (P × I) = (Percentage of cells of weak intensity × 1) + 
(Percentage of cells of moderate intensity × 2) + (Per-
centage of cells of strong intensity × 3).

ESCC cell lines and cell culture
Human ESCC cell lines (KYSE150, KYSE450, EC1, EC109 
and EC9706), and immortalized normal esophageal 
cell line Het-1 A were cultured in complete RPMI 1640 
medium (Gibco, Grand Island, USA). Complete medium 
was supplemented with 10% fetal bovine serum (FBS, BI, 
USA), 100 U/mL penicillin (Solarbio, China) and 100 µg/
mL streptomycin (Solarbio, China); and cells were cul-
tured at 37 °C with 5% CO2 under fully humidified con-
ditions. GW4869 (Sigma-Aldrich, D1692, USA) and Y15 
(Topscience, T7119, China) were used in cell culture.

Monocyte-derived macrophages (MDMs) were gen-
erated from human peripheral blood mononuclear cells 
(PBMCs) as previously described [29]. Briefly, Human 
PBMCs were collected from venous blood of healthy 
volunteers, which were diluted with PBS (pH 7.4) and 
separated with Ficoll density gradient. The cells were 
resuspended at 2 × 106 cells/mL in RPMI1640 with 10% 
FBS. The cells were seeded in culture dishes to adhere 
and incubated for 4 h at 37 °C. Non-adherent cells were 
washed with complete media. The adherent monocytes 
were cultured in the complete medium supplement with 
50 ng/mL human M-CSF (Cat: AF-300-25, PeproTech) 
for 7 days. To obtain EV-IL-32-induced M2 macrophage, 
MDMs were treated with EV-IL-32 for 72 h.

Identification the isoform of IL‑32
Primers (Table S1) were used to amplify all isoforms of 
IL-32 in ESCC tumor tissues and cell lines. The PCR 
products were cloned into the T/A cloning vector 
pMD19-T. Vectors were amplified using Stbl3-competent 
cells. The monoclonal colonies were cultured and ampli-
fied. IL-32 isoforms were confirmed by DNA sequencing. 
To further certificate the results, different primers were 
designed and qRT-PCR was performed to distinguish 
each isoform. Primers were listed in the Table S1 and dia-
gramed in the Fig. S3C.

Plasmid construction and transfection
Lentivirus transfection system was used to establish 
the stable IL-32β overexpression KYSE150 (KYSE150 
IL-32β) cells. The mRNA was extracted from tumor tis-
sues of ESCC patients, and reverse-transcribed into the 
full-length IL-32β cDNA, which was cloned into the 
pLVX-puro vector through EcoR I and Xba I restriction 
sites. Subsequently, the IL-32β overexpression vector 
was transfected into KYSE150 cells with PowerTrans 293 
(Sixiang Biological, SX-TR293-001, China) according to 
the protocol. Empty vector was transfected into KYSE150 

cells as control (KYSE150 vector). Short hairpin RNA 
(shRNA) was cloned into pSicoR-GFP vector and then 
was transfected into EC109 (EC109 shIL-32) cell. Empty 
vector was transfected into EC109 cells as control (EC109 
shNC). The target sequence is 5’-AGA​GCT​CAC​TCC​
TCT​ACT​TGA-3’.

Real‑time quantitative reverse transcription PCR (qRT‑PCR)
Total RNA was extracted from cell lines and tissue sam-
ples by the total RNA Isolation Kit (TIANGEN, DP419, 
China) according to the manufacturer’s instructions. The 
first-strand cDNA was synthesized from 2 µg of total 
RNA with the Revert Aid First Strand cDNA Synthesis 
Kit (Thermo Fisher Scientific, K1622, USA). qRT-PCR 
assay was performed by SYBR Green I Master (Roche, 
04887352001, Switzerland) in Roche LightCycler 480 II. 
The primers for qRT-PCR were listed in the Table S2. 
GAPDH was used to normalize the data.

MTT assay
The growth of EC109 shNC, EC109 shIL-32, KYSE150 
vector and KYSE150 IL-32β cell lines were determined 
by MTT assay. Briefly, cells were seeded into 96-well cul-
ture plates at the density of 4000 cells/well. After 24, 48, 
and 72 h, cell viability was measured with MTT reagent 
(Sigma, M2003, USA). Formazan crystals were dissolved 
in 150 µL DMSO. The absorbance at 490 nm was meas-
ured by SpectraMax iD5 (Molecular Devices, USA).

Migration and invasion assays
Cell migration was measured by transwell assays. EC109 
shNC, EC109 shIL-32, KYSE150 vector and KYSE150 
IL-32β cell lines were resuspended in serum-free RPMI 
1640 (200 µL) at the density of 5 × 105 cells/mL, which 
were seeded into upper chamber (Corning, 353097, 
USA). The lower chamber was added with complete 
RPMI 1640 medium. Cells was cultured at 37 °C with 5% 
CO2 for 48 h. The migration cells were fixed with 4% par-
aformaldehyde for 30 min. Finally, 0.2% crystal violet was 
used to stain the cells which migrated to the bottom of 
the well.

For cell invasion assay, the transwell assay with 
matrigel (BD, 354234, USA) was performed as previ-
ously described [30]. Briefly, 200 µL cell solution (EC109 
shILNC, EC109 shIL-32, KYSE150 vector and KYSE150 
IL-32β, 1 × 105 cells/well) were seeded into the upper 
chamber (8 μm pore, Corning, 353097, USA) which was 
coated by the matrigel. The lower chambers were filed 
with 600 µL of RPMI 1640 medium including 10% FBS. 
After 48 h, invasion cells were fixed in 4% paraformalde-
hyde for 30 min, and stained with 0.2% crystal violet for 
30 min.
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Wound healing assay
EC109 shNC, EC109 shIL-32, KYSE150 vector and 
KYSE150 IL-32β cell lines were seeded into 24-well plate 
in the serum-free RPMI 1640 with the number of 5 × 105 
cells/well cultured overnight. Cells were scratched by 
micropipette tip. After incubation for 12 or 24 h, the 
wound area was observed by microscope.

Coculture assay
In the 24-well Transwell (8.0 μm aperture) co-culture sys-
tem, EC109 and KYSE150 cell lines were seeded into the 
upper chamber with 1 × 105/well and EV-IL-32-educated 
M2 macrophages into the lower chamber with the same 
density. After 48 h, migrated cells were fixed in 4% para-
formaldehyde for 30 min, and stained with 0.2% crystal 
violet for 30 min.

Enzyme‑linked immunosorbent assay
Supernatant was collected from EC109 shNC, EC109 
shIL-32, KYSE150 vector and KYSE150 IL-32β cell lines 
cultured for 48 h. Then, supernatant was centrifuged to 
eliminate the debris (600 g for 10 min) and large vesicles 
(10,000 g for 30 min). EV were treated by Native lysis 
Buffer (Solarbio, R0030, China). Human IL-32 DuoSet 
ELISA kit (R&D Systems, DY3040-05, USA) was used 
to measure the concentration of IL-32 according to the 
manufacturer’s instructions.

Immunofluorescence (IF)
For CD206/IL-32/DAPI triple staining, slides were 
stained with rabbit anti-human CD206 (Servicebio, 
GB11062, China) and mouse anti-human IL-32 (Bio-
Legend, 513501, USA) according to the manufacturer’s 
instructions. Sections were scanned by a TissueFAXS 
imaging system (Tissue Gnostics, Austria).

Isolation and identification of EV
EV were isolated from cultured supernatant by differen-
tial centrifugation as previously described [31]. Briefly, 
supernatant was collected from cells that were cultured 
for 48 h in EV-free complete medium. Then, the super-
natant was centrifuged at 300 g for 10 min, 3,000 g for 
10 min to remove cells and debris, 10,000 g for 30 min 
to remove multivesicular. Subsequently, supernatant 
was ultra-centrifuged at 100,000 g for 2 h to obtain EV, 
and the EV were suspended in PBS (pH 7.2). Thereafter, 
the ultra-centrifugation step was repeated once. Finally, 
the supernatant was carefully removed and the EV were 
resuspended in 1 mL PBS (pH 7.2). The concentrations of 
EV proteins were measured by BCA assay.

Size distribution of the EV were identified by Malvern 
spray analyzer (Malvern Panalytical, England). The EV 
makers CD63 and TSG101 were detected by Western 

blot assay. For Transmission electron microscope (TEM) 
(HITACHI, Japan), EV were diluted in PBS (pH 7.2) and 
dropped onto a carbon-coated copper electron micro-
scope grid for staining with uranium acetate.

Labeling and tracking of EV
EV were stained with PKH67 (Umibio, UR52303. China) 
according to the manufacturer’s protocol. Briefly, 5 µL of 
PKH67 dye was mixed with 50 µL Diluent C to make the 
dye solution, which was added into EV for 10 min at room 
temperature. The stained EV were isolated according to 
the method mentioned above. To verify whether EV can 
be phagocytosed by macrophages, MDMs were cultured 
on 5 mm slides and stained with Hoechst 33342 (Beyo-
time, C1025, China) and Cellmask orange (Invitrogen, 
C10045, USA). The EV derived from EC109 were labeled 
with PKH67 and then cocultured with MDMs. The video 
was performed by LiT LBS Light-sheet Microscope.

Flow cytometry
Subsets of M1 and M2 macrophages were defined as 
described previously [32]. Fluorophore-conjugated 
monoclonal antibodies specific to CD45, F4/80, CD11c, 
CD14, CD11b, CD80 and CD206 were listed in Table S3. 
Then, the phenotype and proportion were analyzed with 
the BD FACS Celesta flow cytometer (USA). Data were 
analyzed by FlowJo 7.6.

Gene set enrichment analysis (GSEA)
The GSEA analysis was conducted with the cohort 
GSE23400 (Probe ID: 203828_s_at for IL-32). We divided 
the samples into two groups according to the median of 
IL-32 expression, and h.all.v6.0.synbols.gmt was obtained 
from the Molecular Signatures Database. RNA-Seq 
was also performed to analyze the pathway enrichment 
between IL-32 knockdown EC109 (EC109 shIL-32) and 
EC109 transfected with empty vector (EC109 shNC) by 
GSEA.

Western blot
Total cell lysates were obtained with lysis buffer. Equal 
amounts of protein were separated by 10% SDS-PAGE 
gels and transferred to PVDF membrane (Merck Mil-
lipore, IPVH00010, USA). Then, PVDF membrane was 
blocked for 2 h by defatted milk (pH7.2 TBS containing 
0.1% Tween 20 and 5% defatted milk) at 4 °C. Subse-
quently, the PVDF membranes were incubated with anti-
bodies showed in Table S4. Blots were visualized by use 
of ECL system (Azure C600, USA).

Mouse models
Subcutaneous tumor model was prepared as follow-
ing. Six-week-old female BALB/c nude mice were 
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subcutaneously injected on the right back with 3 × 106 
cells (KYSE150 vector, KYSE150 IL-32β, EC109 shNC 
and EC109 shIL-32). Tumor size and mouse body 
weight were measured every two days. After 18 days, 
all of the mice were sacrificed. Single-cell suspen-
sions were made from tumor tissues and phenotypic 
analysis of macrophages was performed by flow 
cytometry.

For mouse lung metastasis models, six-week-old 
male nude BALB/c mice were intravenously injected 
with EC109 shNC or EC109 shIL32 (2 × 106 cells/
mouse). Seven weeks later, all of the mice were sacri-
ficed. For KYSE150 mouse model, mice were inocu-
lated i.v. with KYSE150 vector or KYSE150 IL-32β 
(1 × 106 cells/mouse). Six weeks later, all of the mice 
were sacrificed. Lungs were removed and fixed by 4% 
formaldehyde. The number of the lung metastatic foci 
were counted, and tumor lesions within the lung tis-
sues were confirmed by H&E staining.

For macrophages depletion, BALB/c nude mice 
were intravenously injected with 100 µL clodronate 
liposome or control liposome (FormuMax Scien-
tific, USA) every 4 days after tail vein injection of 
2 × 106 EC109 shNC or EC109 shIL-32 cells until 
7 weeks. The efficiency of macrophages depletion was 
determined by flow cytometry with analysis of the 
CD45+F4/80+CD11b+cells.

Statistical analysis
Statistical analysis was performed using GraphPad 
Prism software version 8.0 (GraphPad Software Inc.). 
The correlation analysis between IL-32 expression 
and ESCC clinicopathological characteristics was 
determined by Chi-square test. Survival analysis was 
determined by the Kaplan–Meier method and differ-
ences between the groups were analyzed by means of 
log-rank test. Correlation analysis were performed by 
the Pearson’s rank correlation test. Statistical differ-
ences between two groups were evaluated with one-
tailed unpaired or paired Student’s t-test. P < 0.05 is 

considered to be significant difference. The values 
were expressed as mean ± SEM.

Results
IL‑32 is highly expressed in ESCC and positively correlated 
to poor prognosis
Firstly, we analyzed the expression difference of IL-32 
between tumor tissues and the paired peritumor tis-
sues by RNA microarray. We observed that the expres-
sion of IL-32 was abnormally higher in ESCC tumor 
tissues (n = 84, P < 0.001) (Fig. 1A). We also analyzed the 
GEO cohorts (GSE23400, GSE20347 and GSE45670) and 
found that IL-32 expression was higher in ESCC tumor 
tissues than peritumor tissues (Fig. S1A-C). To confirm 
this, 30 paired tumor and peritumor tissues from these 
84 ESCC samples were randomly selected to detect the 
expression of IL-32 by the way of qRT-PCR. The results 
also showed that IL-32 was expressed higher in tumor 
tissues (P < 0.001) (Fig.  1B). To determine the associa-
tion between IL-32 expression and tumor characteris-
tics, the fold change of IL-32 in each group was analyzed 
with clinicopathologic parameters. Expression level of 
IL-32 was positively correlated with the pathologic stage 
(P < 0.05), tumor stage (P < 0.05), as well as lymph node 
metastasis (P < 0.05, P < 0.01) (Fig.  1C-E). Among the 84 
patients, the 5-year overall survival rate was acquired 
by dichotomization based on the cutoff value of IL-
32 expression level. The IL-32 high expression group 
(n = 54) presented poorer survival (P = 0.058) compared 
with the IL-32-low expression group (n = 30) (Fig. 1F).

Subsequently, we analyzed the protein expression 
level of IL-32 by IHC tissue array, and other 56 paired 
tissue samples from ESCC patients were used. Consist-
ent with the results of RNA microarray, strong staining 
of IL-32 was detected in the cytosol of tumor cells. In 
contrast, absent or weak staining of IL-32 was observed 
in the paired peritumor tissues (Fig. 1G). Then, the IHC 
score for IL-32 was analyzed with clinicopathologic 
parameters. Unlike the results of RNA microarray, the 
expression of IL-32 was not associated with the patho-
logic stage and tumor stage (Fig.  1H-I). Interestingly, 

Fig. 1  Expression and prognostic impact of IL-32 in human ESCC tissues with RNA and tissue microarray. A Normalized RNA microarray data of 84 
paired ESCC tumor and peritumor tissues was used to analyze the mRNA expression of IL-32 (Paired one-tailed Student’s t-test, ***P < 0.001). B IL-32 
mRNA levels were determined by qRT-PCR assay in 30 paired ESCC tumor and peritumor tissues from 84 paired ESCC patients (Paired one-tailed 
Student’s t-test, **P < 0.01). C-E Scatter plot of IL-32-fold change in tumor versus peritumor tissue was mapped according to pathological stage, 
tumor stage and lymph node metastasis (Student’s t-test, *P < 0.05, **P < 0.01). F Kaplan-Meier survival curves of high and low IL-32 expression (Fold 
change to peritumor) groups of patients with ESCC defined by the cutoff value of 1.41 were established on the normalized RNA microarray data. 
(Log-rank P = 0.0584). G Representative IHC images of IL-32 in ESCC tumor and paired peritumor tissues (Scale bar, 200 μm). IHC scores of IL-32 in 
56 paired ESCC tumor and peritumor tissues were analyzed and mapped (Paired one-tailed Student’s t-test, **P < 0.01). H-J Scatter plot of IL-32 IHC 
scores in tumor tissues were mapped according to pathological stage, tumor stage and lymph node metastasis (n = 56, Student’s t-test, *P < 0.05). 
K Kaplan-Meier survival curves of high and low IL-32 expression groups of patients with ESCC defined by the cutoff value of 80.01 established on 
the tissue microarray data (Log-rank P = 0.0249). Data are represented as means ± SEM

(See figure on next page.)
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Fig. 1  (See legend on previous page.)



Page 7 of 22Sun et al. J Exp Clin Cancer Res          (2022) 41:145 	

higher IL-32 was detected in the advanced stages of 
lymph node metastasis (P < 0.05) (Fig. 1J). Survival analy-
sis showed that the patients with higher IL-32 expression 
(n = 25) showed poorer survival compared with those 
patients with lower IL-32 expression (n = 31) (Fig.  1K). 
Some other clinicopathologic parameters, such as age, 
gender and tumor location, were analyzed in Table 1.

In summary, expression of IL-32 in ESCC tumor 
specimens was abnormally higher both in mRNA and 
protein levels, and the protein expression of IL-32 
was positively correlated with lymph node metastasis, 

suggesting that overexpression of IL-32 may play an 
important role in the metastasis of ESCC.

IL‑32β is the main isoform in ESCC tissues and ESCC cell 
lines
To determine the main isoform of IL-32 in ESCC tumor 
tissues and ESCC cell lines, we firstly used qRT-PCR to 
detect the expression of all IL-32 isoforms in ESCC cell 
lines (KYSE150, KYSE450, EC1, EC109 and EC9706) and 
the normal esophagus epithelial Het-1  A cells (Fig. S2), 
and found that IL-32 was highly expressed in EC109. Then, 
DNA sequencing was performed to accurately distinguish 
the isoforms of IL-32 in ESCC specimens and EC109 
cells. Our results showed that IL-32β was the main iso-
form expressed in ESCC specimens (65%) (Fig. S3A) and 
in EC109 (75%) (Fig. S3B). To further certificate this con-
clusion, different primers were designed and qRT-PCR 
was performed separately for each isoform (Table S1, Fig. 
S3C). The results showed that IL-32β was the main isoform 
and highly expressed in ESCC tumor tissues (n = 9) (Fig. 
S3D) and EC109 cell line (Fig. S3E). Moreover, the results 
of DNA sequencing showed that IL-32θ and IL-32γ were 
detected, but their expression levels were extremely lower 
than that of IL-32β, as well as the lower frequencies were 
also detected. These results suggested that IL-32β was the 
main isoform in ESCC specimens and EC109 cell line, and 
might play a key role in the progression of ESCC.

High expression of IL‑32 promotes the migration 
and invasion of ESCC cell lines
Clinicopathologic data indicated that overexpression of 
IL-32 was positively correlated to lymph node metas-
tasis of ESCC, and the main isoform in ESCC and ESCC 
cell lines was IL-32β. Therefore, IL-32β-overexpressing 
cell line KYSE150 IL-32β and IL-32-knockdown cell line 
EC109 shIL-32 were established through the lentiviral sys-
tem. qRT-PCR and Western blot results in Fig. 2A and B 
showed that these cell lines were successfully established. 
MTT assay showed that IL-32 had no effects on the growth 
of these cancer cell lines regardless of overexpression or 
knockdown (Fig. S4).

Next, transwell assay and wound healing assay were 
performed to detect the effect of IL-32 on cell migration. 
Indeed, the migration ability and the wound healing abil-
ity of IL-32-knockdown in EC109 cell line (EC109 shIL-
32) could be significantly attenuated (Fig. 2C-D). Similarly, 

Table 1  Correlation of IL-32 expression level with clinicopathological 
features in ESCC patients

N Number
a χ2 test to compare clinicopathological parameters in IL-32 low-expression 
group versus high-expression group
b P < 0.05 is compared significant

Variables All cases (N) IL-32 expression level 
(IHC-score)

P valuea, b

Low, N (%) High, N (%)

Age (year)
  < 57 15 9 (16.1) 6 (10.7) 0.905

  >=57 41 22 (39.3) 19 (33.9)

Gender
  Male 41 24 (42.9) 17 (30.4) 0.626

  Female 15 7 (12.5) 8 (14.3)

Tumor location
  Upper 9 8 (14.3) 1 (1.8) 0.087

  Middle 33 16 (28.6) 17 (30.4)

  Lower 14 7 (12.5) 7 (12.5)

Tumor differentiation
  Well 10 8 (14.3) 2 (3.6) 0.159

  Moderate 33 15 (26.8) 18 (32.1)

  Poor 13 7 (12.5) 6 (10.7)

Pathological stage
  IA-IB 9 6 (10.7) 3 (5.4) 0.304

  IIA-IIB 22 14 (25) 8 (14.3)

  IIIA-IIIC 25 11 (19.6) 14 (25)

Tumor stage
  T1-T2 24 13 (23.2) 11 (19.6) 0.265

  T3-T4 32 18 (32.1) 14 (25)

Nodal stage
  N0 27 18 (32.1) 9 (16.1) 0.025*

  N1 21 12 (21.4) 9 (16.1)

  N2-N3 8 1 (1.8) 7 (12.5)

(See figure on next page.)
Fig. 2  Ectopic overexpression of IL-32 enhances ESCC cells migration and invasion. A, B The expression level of IL-32 in EC109 shIL-32, EC109 
shNC, KYSE150 IL-32β and KYSE150 vector cell lines was detected by qRT-PCR and Western blot assay. Transwell (C, D), Wound healing (E, F) and 
Invasion (G, H) assays were performed using EC109 shNC, EC109 shIL-32 KYSE150 vector and KYSE150 IL-32β cell lines. Five fields were included per 
assay, and the experiment was repeated three times. Scale bar, 100 or 200 μm. All data are represented as means ± SEM. Student’s t-test, *P < 0.05, 
**P < 0.01, ***P < 0.001



Page 8 of 22Sun et al. J Exp Clin Cancer Res          (2022) 41:145 

Fig. 2  (See legend on previous page.)
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the metastasis and the wound healing ability of IL-32β-
overexpression KYSE150 cell line (KYSE150 IL-32β) could 
be significantly enhanced (Fig.  2E-F). The transwell inva-
sion assay with matrigel was performed to assess the role 
of IL-32 on the invasion ability of ESCC cells. The results 
suggested that IL-32 promoted the invasive ability of ESCC 
cell lines (Fig. 2G-H). We also verified the migration of cell 
lines with low or high expression IL-32. The results showed 
that IL-32Low cell lines (KYSE150 and KYSE450) have a 
lower migratory potential than IL-32High cell lines (EC1 
and EC109) (Fig. S5). Combined with the results men-
tioned above, we proposed that IL-32 has no effects on cell 
growth, but could enhance the migration and invasion of 
ESCC cells.

The extracellular secretion of EV‑IL‑32 rather than soluble 
form in the supernatant of ESCC cell lines
As IL-32 could promote the metastasis of ESCC cells, 
we next explored the mechanisms. We firstly detected 
the secretion of IL-32 in cultured supernatant of tumor 
cells (EC109 shNC, EC109 shIL-32, KYSE150 vector, 
and KYSE150 IL-32β) via ELISA assay. In the culture 
supernatant of EC109 shNC, the secretion of IL-32 was 
hardly able to detect. Otherwise in IL-32β overexpression 
KYSE150 cells, IL-32 was detectable in the supernatant, 
but the secretion level was significantly upregulated after 
treated by lysis buffer (Fig. 3A). Our results indicated that 
IL-32 might be secreted through EV. It has been reported 
that EV were crucial for the formation of pre-metastatic 
niche and could contribute to the metastasis of tumor 
cells [33, 34]. Therefore, we hypothesized that IL-32 may 
be enclosed in EV to change the tumor microenviron-
ment. To verify the exact secretion of IL-32, we isolated 
EV by ultra-centrifugation, and treated EV (Derived from 
EC109 and KYSE150 IL-32β) with or without lysis buffer 
and detected the secreted IL-32 levels by ELISA assay. As 
shown in Fig. 3B-C, IL-32 could be detected in the lysate 
of EV, both endogenous IL-32 expressed cell (EC109) and 
IL-32β over-expressed cell (KYSE150 IL-32β). Then, the 
size of EV isolated from cell lines (EC109 shNC, EC109 
shIL-32, KYSE150 vector, and KYSE150 IL-32β) were 
analyzed, and the size was mostly around 30–200 nm 
(Fig.  3D). Moreover, the EV makers TSG101 and CD63 
could be detected in EV, which were confirmed by West-
ern blot (Fig.  3E). Finally, electron microscope analy-
sis showed that the size of isolated EV were scattered 
from 30 to 200 nm (Fig. 3F). Notably, Western blot assay 
showed that IL-32 was enriched in the EV isolated from 
EC109 shNC and KYSE150 IL-32β cells, compared with 
EC109 shIL-32 and KYSE150 vector cells. Altogether, 
these results illustrated that the major extracellular secre-
tion of EV-IL-32 was derived from ESCC cells.

IL‑32 expression correlates with the infiltration of M2 
macrophage
Aberrant expression of IL-32 has been detected in 
numerous types of cancer [13–15], but it was poorly 
understood how EV-IL-32 derived from ESCC cells par-
ticipated in the metastasis of ESCC. It was well known 
that the immune suppressive cells in tumor microen-
vironment could promote the progression of cancer. 
To explore the correlation between IL-32 and different 
immune cells, the bioinformatic tool xCELL [35] was 
used to analyze the subsets of infiltrative immune cells 
in ESCC tissues (Fig. S6). The results showed that IL-32 
expression levels were positively correlated with the infil-
tration of monocytes and M2 macrophages (Fig.  4A). 
Moreover, M2 macrophages were significantly accumu-
lated in ESCC tumor tissues compared with the peritu-
mor tissues (Fig. 4B).

Next, we verified the relationship between IL-32 and 
M2 macrophages (CD206) in tumor and the paired 
peritumor tissues by IHC and IF. Our results showed 
that the expression of CD206 was significantly higher 
in ESCC tumor tissues (Fig.  4C), which was consistent 
with the result of RNA microarray. Furthermore, we also 
detected protein expression levels of IL-32 and CD206 by 
IHC (Fig.  4D), and the results revealed that the expres-
sion level of IL-32 was positively correlated with CD206 
(Fig. 4E). We also performed immunofluorescence assay 
to study whether IL-32 and CD206 were co-expressed. 
As shown in Fig.  4F and Fig. S7, although most IL-32+ 
cells were tumor cells, there were also a proportion of 
IL-32+CD206+ cells in ESCC tissues. These results indi-
cated that IL-32 in ESCC-derived EV might interact with 
macrophages.

EV‑IL‑32 could be internalized into macrophages
To explore whether EV were phagocytosed by mac-
rophages, MDMs (CD14+CD11b+, Fig. S8) were cocul-
tured with EV derived from EC109. The assay was 
performed according to the chart showed in Fig.  4G. 
Malvern spray analyzer was used to determine whether 
the size was changed after staining with PKH67. Result 
showed that the same size of EV between staining and 
unstaining groups (Fig. S9). Confocal fluorescence 
microscopy was used to confirm the process of EV 
swallowed by MDMs. The video recorded the process 
that MDMs phagocytosed the EV labeled with PKH67 
(Fig.  4H). An additional movie file shows this in more 
detail (See Additional movie file 1).

EV‑IL‑32 promotes M2 macrophage polarization
Since macrophages could phagocytose EV-IL-32, we 
examined whether their phenotypes and functions could 
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Fig. 3  EV-IL-32 was secreted by ESCC cell lines. A Cell culture supernatant from EC109 shNC/shIL-32 (Left) and KYSE150 vector/IL-32β (Right) cell 
lines was treated with or without lysis buffer, and the expression of IL-32 was detected by ELISA. The EV isolated from EC109 (B) and KYSE150 IL-32β 
(C) were also treated with or without lysis buffer, and the concentration of IL-32 was measured by ELISA assay. D The size distribution of EV isolated 
from EC109 shNC/shIL-32 and KYSE150 vector/IL-32β cell lines was detected by Malvern spray analyzer. E Immunoblotting of EV markers (CD63, 
TSG101) and IL-32 in EV which were isolated from supernatant of EC109 shNC/shIL-32 and KYSE150 vector/IL-32β cell lines. F TEM images of EV 
purified from EC109 shNC/shIL-32 and KYSE150 vector/IL-32β cell lines. The images showed a mass of round-shaped vesicles. Scale bar = 100 nm. All 
data are representative of three independent experiments and are represented as means ± SEM. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001
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be affected. MDMs were cocultured with EV (50 µg/mL) 
isolated from ESCC cell lines according to the process in 
Fig. 5A. The results in Fig. 5B showed that the percent-
age of M2 macrophages (CD14+CD206+) were higher in 
EC109 shNC-derived EV and KYSE150 IL-32β-derived 
EV groups, compared with EC109 shIL-32-derived EV 
and KYSE150 vector-derived EV control groups. But the 
percentage of M1 macrophages (CD14+CD80+) had no 
significant difference among each group (Fig. S10).

To further determine whether M2 macrophage polari-
zation was mediated by EV-IL-32, the inhibitor GW4869, 
which can effectively inhibit the production of EV, was 
used to treat ESCC cell lines, and the EV derived from 
each group were determined by western blot assay 
(Fig. 5C). The IL-32 levels in EV were detected by ELISA. 
Our results showed that GW4869 significantly inhib-
ited the secretion of EV-IL-32 in EC109 shNC (Fig. 5D). 
Furthermore, the percentage of M2 macrophages 
(CD14+CD206+) significantly reduced when MDMs 
cocultured with the EV derived from EC109 shNC cells 
treated with inhibitor (Fig.  5E). Consistent with these 
results, the secretion of EV-IL-32 in the KYSE150 IL-32β 
cells treated with GW4869 were also significantly inhib-
ited (Fig.  5F-G), as well as the percentage of M2 mac-
rophages (CD14+CD206+) significantly reduced (Fig. 5H).

In line with these findings, we also detected the func-
tion of macrophage cocultured with tumor cells-derived 
EV, and qRT-PCR assay was performed to detect the 
genes expression of cytokines. Our results showed that 
MDMs cocultured with EV (Derived from EC109 shNC 
and KYSE150 IL-32β) expressed much higher level of M2 
macrophage associated gene IL-10 and Arg1 also slightly 
increased. Conversely, IL-1β and iNOS genes associated 
with M1 macrophage were decreased (Fig.  5I). By ana-
lyzing GEO dataset, we also discovered that the expres-
sion of IL-32, TGF-β and IL-10 in ESCC tissues was much 
higher compared with peritumor tissues (Fig. S11).

To confirm that the effect of EV on macrophages were 
caused by IL-32, MDMs were treated with recombination 
IL-32β or M-CSF at 50 ng/mL for 48 h. qRT-PCR assay 
showed that IL-32β significantly induced the expres-
sion of M2 macrophage-related genes (IL-10 and Arg1), 

and apparently down-regulated M1 macrophage-related 
genes (IL-1β) (Fig. S12). The results suggested that EV-IL-
32 could promote the progression of ESCC by M2 mac-
rophage polarization.

EV‑IL‑32 derived from ESCC cell promotes M2 macrophage 
polarization via FAK‑STAT3 phosphorylation
In order to explore the functions and pathways of IL-32, 
the expression of IL-32 was analyzed by GSEA with the 
GSE23400 dataset and EC109 shNC/shIL-32 cells, which 
revealed the samples of IL-32 highly expressed group 
were mainly enriched in inflammatory response and IL-
6-JAK-STAT3 related pathways (Fig. 6A and B). Moreo-
ver, macrophage polarization was related to the activation 
of STAT1 or STAT3/STAT6 signaling pathway [36, 37]. 
Therefore, MDMs were cocultured with EV derived from 
ESCC cells, and western blot assay was performed to 
investigate the mechanism that IL-32 in ESCC-derived 
EV facilitated M2 macrophage polarization. Our results 
showed that the phosphorylation of STAT3 was signifi-
cantly increased in MDMs treated with EV-IL-32 (EC109 
shNC EV and KYSE150 IL-32β EV groups) (Fig.  6C). 
While, there were no obvious changes in the phospho-
rylation of STAT1 among different groups. These results 
demonstrated that EV-IL-32 were internalized by mac-
rophages and promoted M2 macrophage polarization 
through the phosphorylation of STAT3.

We further sought to find the mechanisms underlying 
the induction of M2 macrophage polarization by EV-IL-
32. FAK, a cytosolic protein, interacted with IL-32, which 
implied IL-32 may have an important role in cytoplasm 
[8]. The structure of FAK contains a kinase domain that 
is responsible for the phosphorylation of Y576/Y577 
and FAT domain interacting with paxillin [38]. Because 
EV-IL-32 could be internalized by MDMs and induced 
the phosphorylation of STAT3, we next explored whether 
the IL-32/FAK interaction played an essential role in the 
phosphorylation of STAT3 during the process. As shown 
in Fig.  6D, the phosphorylation of FAK and STAT3 
were downregulated in MDMs treated with EV derived 
from EC109 shIL-32, whereas the opposite effect was 
observed in the group of KYSE150 IL-32β-derived EV. 

(See figure on next page.)
Fig. 4  IL-32 expression positively correlates with the infiltration of M2 macrophage in ESCC. A Correlation coefficient between IL-32 and 
infiltrative monocytes, M1 and M2 macrophages in ESCC tumor tissues, and the subsets of infiltrative cells were performed by the bioinformatic 
tool xCELL. Each symbol represents an individual patient (n = 84). Pearson’s rank correlation test, *P < 0.05. B Infiltrative M2 macrophages in ESCC 
tumor and paired peritumor tissues were analyzed based on RNA microarray (n = 84). Paired one-tailed Student’s t-test, ***P < 0.001. C IHC tissue 
microarray was used to analyze CD206 expression in ESCC tumor and paired peritumor tissues (n = 16). Paired one-tailed Student’s t-test, *P < 0.05. 
D Representative IHC images of IL-32 and CD206 in the paired ESCC tumor tissues. Scale bar, 200 μm. E Correlation coefficient between IL-32 
and CD206 according to IHC scores in ESCC (n = 16), Pearson’s rank correlation test, *P < 0.05. F Immunofluorescence images of the indicated 
markers (CD206 and IL-32) in ESCC tumor tissue. Scale bar, 50 μm. G Schematic diagram of the EV cocultured with induced MDMs. H Confocal 
fluorescence microscopy was used to detect the process that MDMs (Red) internalized EV (Green) derived from EC109. Scale bar, 15 μm. The data 
are representative of at least three independent experiments
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Fig. 4  (See legend on previous page.)
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Furthermore, FAK inhibitor (Y15) was used to confirm 
the hypothesis that FAK regulated by EV-IL-32 can 
activate the STAT3 in macrophages. Western blot con-
firmed that the phosphorylation of STAT3 reduced in 
MDMs when treated with FAK inhibitor (Fig. 6E). These 
results demonstrated that IL-32 in ESCC-derived EV 
could promote the phosphorylation of FAK and STAT3 
in macrophages, which promoted M2 macrophage 
polarization.

IL‑32 promotes M2 macrophage polarization 
in the primary tumor microenvironment
It is important to show that EV-IL-32 have a function to 
promote macrophage polarization in vitro. To determine 
whether IL-32 have a similar role in M2 polarized mac-
rophages in mouse model. We subcutaneously injected 
MDMs and tumor cells into BALB/c nude mice. Analy-
sis of the phenotype and proportion of M2 macrophages 
showed that human tumor cells with high IL-32 expres-
sion promoted the polarization of M2 macrophages in 
the primary tumor microenvironment (Fig. 7A-B). Before 
performing in vivo assay, it is necessary to make sure the 
cross-reactivity of IL-32 between human and mouse. Pre-
vious studies have reported that human IL-32 have cross-
reactivity to mouse in athymic nude mice [39]. Further, 
we verified the biological activity and physiological func-
tion of rhIL-32β and EV-IL-32 on bone marrow-derived 
macrophages (BMDMs) from BALB/c nude mice. The 
results showed that human rIL-32β and EV-IL-32 could 
promote the M2 polarization of mouse macrophages 
(Fig. S13A-C). In addition, rhIL-32β and EV-IL-32 were 
used to treat mouse BMDMs and the expression of 
p-FAK and p-STAT3 was detected. Results showed that 
the phosphorylation of FAK and STAT3 in rhIL-32β or 
EV-IL-32 treatment group was increased (Fig. S13D), 
and this activation could be inhibited by FAK inhibi-
tor (Y15) (Fig. S13E). Therefore, we firstly established a 
subcutaneous ESCC models to investigate the role of 
IL-32 in the polarization of M2 macrophages in vivo. The 
results showed that IL-32 was able to promote tumor 
growth (Fig.  7C-D). Flow cytometry analysis further 

confirmed macrophage infiltration and macrophage 
phenotype. Macrophage (F4/80+CD11b+) infiltration 
was no obvious change (Fig.  7E). However, the pheno-
type analysis showed that the ratio of M2 macrophages 
(CD11b+CD206+) was remarkably higher in KYSE150 
IL-32β group (Fig.  7F and Fig. S14A). The capacity of 
IL-32 polarizing M2 macrophage was also evaluated in 
EC109 shNC than EC109 shIL-32 group (Fig.  7G-J and 
Fig. S14B). The results show that IL-32 have an ability 
to promote M2 macrophage polarization in the primary 
tumor microenvironment.

IL‑32 promotes the lung metastasis of ESCC cells in vivo
Considering that IL-32 could promote the migration 
of ESCC cells in  vitro. We established lung metastasis 
mouse model to investigate the effects in vivo. Compared 
with EC-109 shNC group, the lung metastatic nodules 
both in size and number were significantly decreased in 
EC109 shIL-32 group, which was confirmed by histo-
logical analysis (Fig. 8A-B). These results supported that 
IL-32 could promote the metastasis of ESCC cells in vivo. 
Similarly, the histological analysis showed that KYSE150 
IL-32β group could also promote the metastasis of ESCC 
in vivo (Fig. 8C-D).

Since EV-IL-32 could promote the polarization of M2 
macrophages in  vitro, we next investigated whether the 
metastatic effected by IL-32 was related to the polariza-
tion of M2 macrophages in  vivo. Three-color immuno-
fluorescence was performed to analyze the expression 
of IL-32 and infiltration of M2 macrophages in the lung 
metastasis model. Compared with EC109 shIL-32 and 
KYSE150 vector groups, there were more CD206+ mac-
rophages in the EC109 shNC and KYSE150 IL-32β 
groups, respectively (Fig.  8E-F). To confirm M2 mac-
rophages could promote metastasis of ESCC cell lines, 
EC109 and KYSE150 cell lines were seeded into the upper 
chamber with 1 × 105/well and EV-IL-32 educated M2 
macrophages into the lower chamber with the same den-
sity. The results showed that M2 macrophages increased 
tumor cell mobility and migration (Fig. S15A-C), which 
are closely related to tumor metastasis.

Fig. 5  EV-IL-32 promotes macrophage M2 polarization. A Schematic chart showed MDMs cocultured with EV treated with or without GW4869. 
B MDMs cocultured with EV (50 µg/mL) isolated from EC109 shNC, EC109 shIL-32, KYSE150 vector and KYSE150 IL-32β for 72 h. The percentage of 
CD14+CD206+ macrophages were tested by flow cytometry. C The EV were derived from EC109 shNC cells which were treated with or without 
GW4869 at 10 µM. Western blot analyzed the expression of TSG101 in EV. D EV-IL-32 in lysate was detected by ELISA. E MDMs cocultured with EV 
(Derived from 1 × 107 EC109 shNC cells treated with or without GW4869) for 72 h. Flow cytometry analysis of the CD14+CD206+ macrophages. 
F The EV derived from KYSE150 IL-32β cells treated with or without GW4869 at 10 µM. Western blot analysis of the expression of TSG101 in EV. 
G EV-IL-32 in lysate was detected by ELISA. H MDMs cocultured with EV (Derived from 1 × 107 KYSE150 IL-32β cells treated with or without GW4869) 
for 72 h. Flow cytometry analysis of the CD14+CD206+ macrophages. I MDMs cocultured with EV (50 µg/mL) derived from EC109 shNC, EC109 
shIL-32, KYSE150 vector and KYSE150 IL-32β for 48 h. The mRNA expression of M1 (IL-1β and iNOS) and M2 (IL-10 and Arg1) macrophage associated 
genes were detected by qRT-PCR. All data are representative of three independent experiments and represented as means ± SEM. Student’s t-test, 
*P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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To further demonstrate whether macrophages pro-
mote the metastasis of ESCC cells, macrophages were 
depleted with Clodronate liposome. The efficiency of 
macrophage depletion was determined by flow cytom-
etry with analysis of the CD45+F4/80+CD11b+ cells 
(Fig. S16A). The number of the lung metastatic foci were 

counted (Fig. 8G), and tumor lesions in the lung tissues 
was confirmed by H&E staining (Fig. S16B). Metastatic 
nodules in the lungs were markedly reduced compared 
with the group of control liposomes. The results showed 
that depletion of macrophages attenuated the promo-
tion effect of IL-32 on the lung metastasis of EC109 

Fig. 6  IL-32 in ESCC-derived EV promotes M2 macrophage polarization via FAK-STAT3 activation. A Enrichment from GSEA revealed IL-32 expression 
positively correlated with the inflammatory response and IL-6-JAK-STAT3 signaling pathway in the GSE23400 dataset. B The GSEA analysis of EC109 
shNC and EC109 shIL-32. C Western blot analysis of the expression of STAT1, STAT3, p-STAT1 (Y701) and p-STAT3 (Y705) in MDMs treated with EV. 
D The expression of p-FAK (Y576/Y577) and p-STAT3 (Y705) in MDMs treated with EV were detected by Western blot. E EV cocultured with MDMs 
treated with FAK inhibitor (Y15) at 2 µM for 12 h, and Western blot determined the phosphorylation of FAK and STAT3 in MDMs. Each band is 
representative of three independent experiments
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Fig. 7  IL-32 promotes M2 macrophage polarization in the primary tumor microenvironment. A, B Unpolarized MDMs (1 × 106/mouse) and 
tumor cells (1 × 106/mouse) were subcutaneously injected into nude mice on the right back for 3 days. Phenotypic analysis of M2 macrophages 
(Anti-human CD45+CD14+CD206+) was performed by flow cytometry. (n = 3). C, D Tumor growth curves and tumor weight showed that IL-32 
promoted tumor growth in subcutaneous tumor-bearing mouse model with KYSE150 vector and KYSE150 IL-32β cells (n = 5). E Intratumoral 
macrophages were defined as CD45+F4/80+CD11b+ and the proportion was showed (n = 5). F The percentage of CD206+ macrophages was 
significantly higher in KYSE150 IL-32β group, which was defined as CD45+F4/80+CD11b+CD206+ (n = 5). G, H Tumor growth curves and tumor 
weight showed that knockdown IL-32 inhibited tumor growth in subcutaneous tumor-bearing mouse model with EC109 shNC and EC109 
shIL-32 cells (n = 4). I Intratumoral macrophages were defined as CD45+F4/80+CD11b+ and the proportion was showed (n = 4). J The percentage 
of CD206+ macrophages was significantly higher in EC109 shNC group, which was defined as CD45+F4/80+CD11b+CD206+ (n = 4). Data are 
represented as means ± SEM. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001
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cells. In summary, the promotion effect of IL-32 on the 
lung metastasis of EC109 cells requires the presence of 
macrophages.

Overall, these results demonstrated that IL-32 was 
overexpressed in ESCC and correlated with the poor 
prognosis of the patients. EV-IL-32 could be phagocy-
tosed by macrophages, and then stimulated the polari-
zation and function of M2 macrophage via FAK/STAT3 
pathway, thus promoting the metastasis of ESCC (Fig. 9).

Discussion
The prognosis of ESCC patients remains poor with five-
year survival rate less than 20% [40]. It is urgent to find 
new therapeutic targets and strategies for the treatment 
of ESCC.

In the present study, we observed the abnormal over-
expression of IL-32 in ESCC by RNA microarray (84 
paired ESCC tumor and peritumor tissues) and tissue 
array immunohistochemistry (56 paired ESCC tumor 
and peritumor tissues), which was positively associated 
with lymph node metastasis and poor clinical prognosis 
in ESCC. As a versatile cytokine, it has been reported 
that IL-32 has several isoforms, including IL-32α, IL-32β, 
IL-32γ and IL-32δ. And IL-32α is the mainly isoform 
which located in intracellular [41]. By sequencing, we 
verified that IL-32β was the main isoform in ESCC tis-
sues and cell lines. The above finding indicated that 
IL-32β dysregulation may play an important role in the 
development of ESCC. Importantly, our immunohisto-
chemical results clearly showed that IL-32 was mainly 
expressed in the cytoplasm of the tumor cell, and was 
significantly higher in the tumor nest compared with the 
non-cancerous tissue. Our results suggested that tumor 
cell was the main source of IL-32. As for the function of 
IL-32, we found that IL-32 knockdown could attenuate 
the migration but not the proliferation of ESCC tumor 
cells in vitro. Therefore, our results suggested that IL-32β 
was highly expressed in tumor cells and participated in 
the metastasis of ESCC, and it can be a useful independ-
ent biomarker for prognosis.

Previous studies reported that the expression of IL-32 
in immune cells can be induced by stimulating factors, 

such as IFN-γ and TNF-α [42, 43]. Meanwhile, tumor 
cells are also the main source of IL-32 in the process of 
neoplasia [13–15]. Curiously, we were hardly able to 
detect the IL-32 in the culture supernatant of EC109 
cells. Otherwise in KYSE150-IL-32β cell, IL-32 was 
detectable in supernatant, and the secretion level was 
upregulated after treated by lysis buffer. Thereafter, we 
verified that the major extracellular secretion form of 
IL-32 was EV. The presence of cytokines loaded in EV 
have also been reported in other studies, such as TGFβ1 
and CCL2, which could be transferred into target cells 
and affected their function [44, 45]. Thus, our work indi-
cated that ESCC-derived EV mediated communication 
and information exchange between cells.

EV are an important mediator for intercellular commu-
nication [46]. In recent years, spatial regulation between 
tumor cells and stromal cells by means of EV to mediate 
the immune escape, drug resistance and tumorigenesis 
was a provocative topic [47, 48]. In the present study, 
we found that IL-32 was positively correlated to mono-
cyte and M2 macrophage as well as co-localization with 
CD206 in ESCC tumor tissue. The results implied us 
that EV-IL-32 was phagocytosed by macrophage and 
mediated the communication between tumor cells and 
macrophages. Existing published studies reported that 
recombinant IL-32 promoted M2 polarization [21, 22], 
but the relationship between EV-IL-32 and macrophage 
has not been studied before. Studies have reported that 
tumor cell-derived EV could prepare the distant tumor 
microenvironment for accelerated metastasis [49, 50]. 
Unlike the autocrine and paracrine mode of cytokine, 
EV-IL-32 is internalized into macrophage and play an 
important role in remote regulation. Accumulated evi-
dences have shown that miRNAs loaded in EV facilitated 
the polarization of macrophages. Wang et  al. reported 
that miR-301a in tumor-derived EV could mediate M2 
macrophage polarization. Park et  al. reported that EV 
derived from hypoxia-induced tumor cells could promote 
M2-like macrophage polarization [27, 51]. Similarly, our 
results provided the evidence that the IL-32 in ESCC-
derived EV could be phagocytosed by macrophages and 
regulated the phenotype and function of M2 macrophage. 

(See figure on next page.)
Fig. 8  IL-32 promotes lung metastasis in the EC109 and KYSE150 mouse models in vivo. A EC109 shIL-32 and EC109 shNC (2 × 106 cells/mouse) 
were intravenously injected into nude mice. Representative images of excised lungs. Graph showed the number of metastatic foci in the lungs 
(n = 4). B Lung metastasis was confirmed by H&E. Scale bars, 400 or 200 μm. C KYSE150 IL-32β and KYSE150 vector (1 × 106 cells/mouse) were 
intravenously injected into nude mice. Representative images of excised lungs were shown. D Lung metastasis was confirmed by H&E. Graph 
showed the number of metastatic foci in the lungs (n = 4). Scale bars, 400 or 200 μm. E, F Immunofluorescence of IL-32 and CD206 in the lungs 
from mice inoculated with EC109 shIL-32, EC109 shNC, KYSE150 vector and KYSE150 IL-32β cells. Scale bar, 50 μm. G BALB/c nude mice were 
intravenously injected with 100 µL clodronate liposome or control liposome every 4 days after tail vein injection of 2 × 106 EC109 shNC and EC109 
shIL-32 cells until 7 weeks. Representative images of excised lungs. Graph showed the number of metastatic foci in the lungs (n = 5). Data are 
represented as means ± SEM. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 8  (See legend on previous page.)
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Furthermore, the proportion of M2 macrophage was 
increased when MDMs co-cultured with EV-IL-32, but 
this promotion was blocked when GW4869 was used. 
While the phenotype analysis revealed EV-IL-32 had no 
effect on M1 macrophage. Above all, our results sug-
gested that EV derived from ESCC cells are more likely to 
modify local immune microenvironment.

The GSEA was conducted to explore the potential 
mechanism. The GSEA analysis revealed that the samples 
overexpressed IL-32 were mainly enriched in inflamma-
tory response and IL-6-JAK-STAT3 related pathways. It 
was reported that the activation of STAT3 and STAT6 
resulted in M2 macrophage polarization, while activation 
of NF-κB and STAT1 promoted M1 macrophage polari-
zation [36, 52]. It has demonstrated that IL-32-STAT 
signaling pathway was involved in the regulation of 
tumor progression in breast cancer [16]. In the coculture 

assay, we found that EV-IL-32 could promote M2 polari-
zation by STAT3 phosphorylation, and also significantly 
upregulated the expression of IL-10, while downregulated 
the expression of IL-1β. Meanwhile, the polarization of 
M2 macrophage could further strengthen the immuno-
suppressive microenvironment.

It has been reported that IL-32 binding to integrin and 
FAK was essentially for cell migration. FAK, a conserved 
non-receptor tyrosine kinase, is involved in a variety of 
biological processes [8, 10, 38, 53]. Gupta et  al. found 
that miR-144/199 inhibited multiple myeloma by down-
regulating FAK/STAT3 signaling [54, 55]. Furthermore, 
Shao et  al. reported that Curcumin and wikstroflavone 
B could synergistically suppressed the proliferation and 
metastasis of nasopharyngeal carcinoma cells via block-
ing FAK/STAT3 signaling pathway [56]. In our work, 
IL-32 in ESCC-derived EV promoted the activation of 

Fig. 9  Schematic illustrated that IL-32 in ESCC-derived EV was phagocytosed by macrophage and promoted the polarization of M2 macrophage 
via p-FAK/p-STAT3 to facilitate the metastasis of ESCC
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FAK and STAT3 in macrophages, and the phosphoryla-
tion of STAT3 reduced when FAK inhibitor was used 
in macrophage. Ma et  al. found that high expression of 
IL-32 in ESCC cell could enhance the irradiation sensitiv-
ity by inhibiting the STAT3 pathway in vitro [12]. Studies 
have also reported that the patterns of STAT3 signaling 
pathway were depending on the cell type [57, 58]. In our 
study, EV-IL-32 can be transported into macrophages 
to mediate the activation of STAT3 in macrophage. Our 
results firstly demonstrated that EV-IL-32 had a com-
munication with macrophage and promoted M2 mac-
rophage polarization via FAK-STAT3 pathway in ESCC.

Immunosuppressive microenvironment plays an essen-
tial role in the initial stage of metastasis, and leads to the 
failure of tumor immunotherapy [59, 60]. It has been 
reported that IL-32 could promote the metastasis of can-
cer cells by up-regulation the expression of MMP2 and 
MMP9 [14, 61]. Nold-Petry et  al. has shown that IL-32 
can also possess its angiogenic property mediated by 
integrin αVβ3 [62]. We found that IL-32 could regulate 
the extracellular matrix binding and vascular develop-
ment (RNA sequence data) (Fig. S17A-D). Moreover, 
angiogenesis was also observed in subcutaneous tumor 
model injected with the IL-32 high-expression group 
(Data were not shown). Angiogenesis may be due to the 
increased tumor volume and M2 macrophages. In the 
lung metastasis mouse model, we also found that there 
were more metastatic nodes (Both in size and number) 
in IL-32 overexpression group, which was positively cor-
related with the increased M2 macrophages in tumor 
microenvironment.

Conclusions
In summary, we found IL-32 was overexpressed and cor-
related to the poor prognosis of ESCC. We firstly proved 
that IL-32 in ESCC-derived EV not soluble form in ESCC 
cells, and EV-IL-32 could be “eaten” by macrophage and 
facilitate the M2 polarization via FAK and STAT3 path-
way, thus promoting the metastasis of ESCC. These find-
ings illustrated the metastasis promotion mechanism of 
IL-32 in ESCC, and indicated that IL-32 could serve as a 
potential therapeutic target in patients with ESCC.
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Additional file 1: Supplemental materials. Figure S1. IL-32 expression 
levels in human ESCC tumor and peritumor tissues from GEO cohorts, (A) 
GSE23400, (B) GSE20347, and (C) GSE45670. Data are represented as mean 
± SEM. Student’s t-test, *P < 0.05, ***P < 0.001. Figure S2.  IL-32 mRNA 
expression was measured with qRT-PCR in ESCC cell lines and immortal-
ized normal esophageal cell line Het-1A. Data are represented as means ± 
SEM. Figure S3. IL-32β is the main isoform in ESCC tissues and EC109 cell 
line. (A-B) IL-32 isoforms were confirmed by DNA sequencing in ESCC tis-
sues and EC109 cell line. (C) Summary diagram described the primers dis-
tinguish β, γ and θ isoform of IL-32. (D-E) qRT-PCR assay proved IL-32β was 
the main isoform in ESCC tissues (n = 9) and EC109 cell line. Three inde-
pendent experiments were carried out. Data are represented as means 
± SEM. Figure S4. MTT assay was performed to measure the growth 
of EC109 shNC, EC109 shIL-32, KYSE150 vector, and KYSE150 IL-32β cell 
lines. The data are representative of three independent experiments and 
represented as means ± SEM. Figure S5. The IL-32 expression and migra-
tory ability of ESCC cell lines. The expression level of IL-32 in ESCC cell lines 
were detected by ELISA (A) and Western blot (B) assays. (C) Transwell assay 
was performed to detect the migratory potential of ESCC cells, including 
KYSE150, KYSE450, EC109 and EC1 cell lines. Five fields were included per 
assay, and the experiment was repeated three times. Scale bar, 100 μm. 
Data are represented as mean ± SEM. Student’s t-test, ***P < 0.001. Fig‑
ure S6. IL-32 and immunocytes in Pearson rank correlation analysis. RNA 
microarray data was used for analysis. The population of immunocytes 
were analyzed by xCELL. The expression values of IL-32 were normalized. 
Pearson’s rank correlation test, *P < 0.05. Figure S7. IHC images showed 
that IL-32 was highly expressed in the cytoplasm of ESCC cells and was 
significantly higher in the tumor nest compared with the non-cancerous 
tissue. Scale bar, 50 μm. Figure S8. The phenotype of induced MDMs. The 
subset of MDMs were identified by CD14 and CD11b. Figure S9. Malvern 
spray analyzer showed the size distribution of staining and unstaining EV 
derived from EC109. Figure S10. MDMs cocultured with EV (50 μg/mL) 
derived from EC109 shNC, EC109 shIL-32, KYSE150 vector and KYSE150 
IL-32β for 72 hours. FACS analysis showed the proportion of M1 mac-
rophage determined by CD14 and CD80. The data are representative of 
three independent experiments and represented as means ± SEM. Figure 
S11. Expression of IL-32,TGFβ and IL-10 in ESCC. The expression profile GEO 
ESCC dataset (GSE75241) was used for analysis (n = 15). Data are repre-
sented as means ± SEM. Student’s t-test, ***P < 0.001. Figure S12. MDMs 
were treated with recombination IL-32β and M-CSF at 50 ng/mL for 48 
hours. qRT-PCR was performed to detect the expression of M2 mac-
rophage-related genes (IL-10, Arg1) and M1 macrophage-related genes 
(IL-1β, iNOS). All data are representative of three independent experiments 
and represented as means ± SEM. Student’s t-test, *P < 0.05, **P < 0.01, 
***P < 0.001. Figure S13. Human IL-32 promotes mouse bone marrow-
derived macrophages polarized to M2 macrophage. (A) Representative 
flow plots showing M2 macrophages (CD45+F4/80+CD11b+CD206+). (B) 
BMDMs were induced by 20 ng/mL M-CSF (Peprotech, USA) for 7 days, 
and were treated with PBS, 50 ng/mL recombinant IL-32β or 50 μg/mL 
EV-IL-32 for 72 hours. The proportion of M2 macrophage was detected by 
flow cytometry, and the statistical (C) was shown. (D) Western blot assays 
for phosphorylated FAK and STAT3 expression using β-actin as control 
in mouse BMDMs treated with rhIL-32β (50 ng/mL) or EV-IL-32 (50 μg/
mL) for 3 hours. (E) FAK inhibitor (Y15, 5 μM) decreased the phospho-
rylation of STAT3 in BMDMs treated rhIL-32β or EV-IL-32. The figures are 
representatives of three replicates. Scale bar, 100 μm. Student’s t-test, **P 
< 0.01, ***P < 0.001. Figure S14. Representative dot plots of intratumoral 
M2 macrophages were defined as CD45+F4/80+CD11b+cells and the 
proportion was showed in mouse model of KYSE150 vector, KYSE150 
IL-32β (A), EC109 shNC and EC109 shIL-32 (B). Figure S15. EV-IL-32 
educated M2 macrophage promotes metastasis of EC109 and KYSE150. 
(A) The coculture system proved that EV-IL-32 induced M2 macrophages 
promoted migration of ESCC cells in vitro. (B-C) EC109 and KYSE150 were 
seeded into the upper chamber with 1×105/well and EV-IL-32 educated 
M2 macrophages into the lower chamber with the same density. Five 
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fields were included per assay, and the experiment was repeated three 
times. Scale bar, 100 μm. Data are represented as means ± SEM. Student’s 
t-test, *P < 0.05, ***P < 0.001. Figure S16. Depletion of macrophages 
attenuating EC109 cells lung metastasis in vivo. (A) The percentage of 
F4/80+CD11b+ macrophages from blood were analyzed the day after 
administration of Control liposome or Clodronate liposome using flow 
cytometry. (B) Lung metastasis was confirmed by H&E (n = 4). Scale bars, 
400 or 200 μm. Data are represented as means ± SEM. Student’s t-test, *P 
< 0.05, **P < 0.01. Figure S17. The global transcriptional profile of EC109 
shNC and EC109 shIL-32 was assessed by RNA-Seq. (A) The GO enrich-
ment revealed that IL-32 knockdown in EC109 mainly affected vascular 
system development and extracellular matrix binding. (B) The data from 
RNA-seq was used to analyze the up-regulation and down-regulation 
genes in extracellular matrix binding. (C-D) qRT-RCR was performed to 
determine the fold change of genes about extracellular matrix binding 
in EC109 shNC, EC109 shIL-32, KYSE150 vector and KYSE150 IL-32β. Data 
are represented as means ± SEM. Student’s t-test, *P < 0.05, **P< 0.01, 
***P < 0.001. Table S1. Primers for qRT-PCR to distinguish each isoform of 
IL-32. Table S2. Primers for qRT-PCR to amplify genes. Table S3. Primary 
antibodies for FACS. Table S4. Primary antibodies for western blot.

Additional file 2: Additional movie file 1. The process of EVs swallowed 
by MDMs.

Acknowledgements
This work was supported by grants from the National Natural Science Founda-
tion of China (U20A20369, 81822043), “Pearl River Talent Plan” Innovation and 
Entrepreneurship Team Project of Guangdong Province (2019ZT08Y464), and 
Shenzhen Science and Technology Program (KQTD20190929173853397).

Authors’ contributions
Yanfeng Gao and Yahong Wu conceived and designed the experiments. 
Yixuan Sun performed the experiments. Yuzhen Qian, Chunxia Chen, Hongfei 
Wang, Xiuman Zhou, Wenjie Zhai, Lu Qiu, Xiaowen Zhou, Yumiao Zhao, Shi 
Chao and Lu Han helped to perform the experiments. Yixuan Sun, Yuanming 
Qi, Yahong Wu and Yanfeng Gao analyzed and interpreted the results. All 
authors revised the manuscript, discussed the results and gave final approval 
of the manuscript.

Funding
This work was supported by grants from the National Natural Science Founda-
tion of China (U20A20369, 81822043), “Pearl River Talent Plan” Innovation and 
Entrepreneurship Team Project of Guangdong Province (2019ZT08Y464), and 
Shenzhen Science and Technology Program (KQTD20190929173853397).

Availability of data and materials
The data generated and analyzed during this study are included in this manu-
script and its supplementary information files.

Declarations

Ethics approval and consent to participate
Ethical approval was acquired by the Ethics Committee of Zhengzhou Univer-
sity, with approval number ZZUIRB2021-32.

Consent for publication
All patients involved in our study obtained written consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Life Sciences, Zhengzhou University, Zhengzhou 450001, China. 
2 School of Pharmaceutical Sciences (Shenzhen), Sun Yat-sen University, Shen-
zhen 518107, China. 3 International Joint Laboratory for Protein and Peptide 
Drugs of Henan Province, Zhengzhou University, Zhengzhou 450001, China. 
4 Henan Key Laboratory of Bioactive Macromolecules, Zhengzhou University, 
Zhengzhou 450001, China. 5 Affiliated Cancer Hospital of Zhengzhou Univer-
sity and Henan Cancer Hospital, Zhengzhou 450008, China. 

Received: 1 November 2021   Accepted: 26 March 2022

References
	1.	 Murphy G, McCormack V, Abedi-Ardekani B, Arnold M, Camargo MC, Dar 

NA, et al. International cancer seminars: a focus on esophageal squamous 
cell carcinoma. Ann Oncol. 2017;28(9):2086–93.

	2.	 Yang Y-M, Hong P, Xu WW, He Q-Y, Li B. Advances in targeted therapy for 
esophageal cancer. Signal Transduct Target Ther. 2020;5(1):229.

	3.	 Zhao Z-S, Wang Y-Y, Chu Y-Q, Ye Z-Y, Tao H-Q. SPARC is associated with 
gastric cancer progression and poor survival of patients. Clin Cancer 
Res. 2010;16(1):260–8.

	4.	 Galdiero MR, Marone G, Mantovani A. Cancer inflammation and 
cytokines. Cold Spring Harb Perspect Biol. 2018;10(8):a028662.

	5.	 Sánchez-Danés A, Blanpain C. Deciphering the cells of origin of squa-
mous cell carcinomas. Nat Rev Cancer. 2018;18(9):549–61.

	6.	 Heinhuis B, Koenders MI, van Riel PL, van de Loo FA, Dinarello CA, 
Netea MG, et al. Tumour necrosis factor alpha-driven IL-32 expres-
sion in rheumatoid arthritis synovial tissue amplifies an inflammatory 
cascade. Ann Rheum Dis. 2011;70(4):660–7.

	7.	 Koeken VACM, Verrall AJ, Ardiansyah E, Apriani L, Dos Santos JC, Kumar 
V, et al. IL-32 and its splice variants are associated with protection 
against Mycobacterium tuberculosis infection and skewing of Th1/
Th17 cytokines. J Leukoc Biol. 2020;107(1):113–8.

	8.	 Heinhuis B, Koenders MI, van den Berg WB, Netea MG, Dinarello CA, 
Joosten LAB. Interleukin 32 (IL-32) contains a typical α-helix bundle 
structure that resembles focal adhesion targeting region of focal adhe-
sion kinase-1. J Biol Chem. 2012;287(8):5733–43.

	9.	 Yan H, Dong M, Liu X, Shen Q, He D, Huang X, et al. Multiple myeloma 
cell-derived IL-32γ increases the immunosuppressive function of 
macrophages by promoting indoleamine 2,3-dioxygenase (IDO) 
expression. Cancer Lett. 2019;446:38–48.

	10.	 Novick D, Rubinstein M, Azam T, Rabinkov A, Dinarello CA, Kim S-H. 
Proteinase 3 is an IL-32 binding protein. Proc Natl Acad Sci U S A. 
2006;103(9):3316–21.

	11.	 Han L, Chen S, Chen Z, Zhou B, Zheng Y, Shen L. Interleukin 32 pro-
motes Foxp3(+) Treg cell development and CD8(+) T cell function in 
human esophageal squamous cell carcinoma microenvironment. Front 
Cell Dev Biol. 2021;9:704853.

	12.	 Ma Z, Dong Z, Yu D, Mu M, Feng W, Guo J, et al. IL-32 promotes the 
radiosensitivity of esophageal squamous cell carcinoma cell through 
STAT3 pathway. Biomed Res Int. 2021;2021:6653747.

	13.	 Yousif NG, Al-Amran FG, Hadi N, Lee J, Adrienne J. Expression of IL-32 
modulates NF-κB and p38 MAP kinase pathways in human esophageal 
cancer. Cytokine. 2013;61(1):223–7.

	14.	 Tsai C-Y, Wang C-S, Tsai M-M, Chi H-C, Cheng W-L, Tseng Y-H, et al. 
Interleukin-32 increases human gastric cancer cell invasion asso-
ciated with tumor progression and metastasis. Clin Cancer Res. 
2014;20(9):2276–88.

	15.	 Sorrentino C, Di Carlo E. Expression of IL-32 in human lung cancer is 
related to the histotype and metastatic phenotype. Am J Respir Crit 
Care Med. 2009;180(8):769–79.

	16.	 Park JS, Choi SY, Lee J-H, Lee M, Nam ES, Jeong AL, et al. Interleukin-
32β stimulates migration of MDA-MB-231 and MCF-7cells via the VEGF-
STAT3 signaling pathway. Cell Oncol (Dordr). 2013;36(6):493–503.

	17.	 Diakowska D, Krzystek-Korpacka M. Local and systemic interleukin-32 
in esophageal, gastric, and colorectal cancers: clinical and diagnostic 
significance. Diagnostics (Basel). 2020;10(10):785.

	18.	 Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches 
in cancer. Nat Rev Drug Discov. 2018;17(12):887–904.

	19.	 Teng F, Tian WY, Wang YM, Zhang YF, Guo F, Zhao J, et al. Cancer-associ-
ated fibroblasts promote the progression of endometrial cancer via the 
SDF-1/CXCR4 axis. J Hematol Oncol. 2016;9:8.

	20.	 Zhao Y, Sun J, Li Y, Zhou X, Zhai W, Wu Y, et al. Tryptophan 2,3-dioxyge-
nase 2 controls M2 macrophages polarization to promote esophageal 
squamous cell carcinoma progression via AKT/GSK3β/IL-8 signaling 
pathway. Acta Pharm Sin B. 2021;11(9):2835–49.

	21.	 Ohmatsu H, Humme D, Gonzalez J, Gulati N, Möbs M, Sterry W, et al. 
IL-32 induces indoleamine 2,3-dioxygenase(+)CD1c(+) dendritic 



Page 22 of 22Sun et al. J Exp Clin Cancer Res          (2022) 41:145 

cells and indoleamine 2,3-dioxygenase(+)CD163(+) macrophages: 
relevance to mycosis fungoides progression. Oncoimmunology. 
2017;6(2):e1181237.

	22.	 Osman A, Bhuyan F, Hashimoto M, Nasser H, Maekawa T, Suzu S. M-CSF 
inhibits anti-HIV-1 activity of IL-32, but they enhance M2-like phenotypes 
of macrophages. J Immunol. 2014;192(11):5083–9.

	23.	 McAndrews KM, Kalluri R. Mechanisms associated with biogenesis of 
exosomes in cancer. Mol Cancer. 2019;18(1):52.

	24.	 Cerezo-Magaña M, Bång-Rudenstam A, Belting M. The pleiotropic role of 
proteoglycans in extracellular vesicle mediated communication in the 
tumor microenvironment. Semin Cancer Biol. 2020;62:99–107.

	25.	 Chiodoni C, Di Martino MT, Zazzeroni F, Caraglia M, Donadelli M, Meschini 
S, et al. Cell communication and signaling: how to turn bad language 
into positive one. J Exp Clin Cancer Res. 2019;38(1):128.

	26.	 Zhao S, Mi Y, Guan B, Zheng B, Wei P, Gu Y, et al. Tumor-derived exosomal 
miR-934 induces macrophage M2 polarization to promote liver metasta-
sis of colorectal cancer. J Hematol Oncol. 2020;13(1):156.

	27.	 Wang X, Luo G, Zhang K, Cao J, Huang C, Jiang T, et al. Hypoxic tumor-
derived exosomal miR-301a mediates M2 macrophage polarization 
via PTEN/PI3Kγ to promote pancreatic cancer metastasis. Cancer Res. 
2018;78(16):4586–98.

	28.	 Han L, Gao Q-L, Zhou X-M, Shi C, Chen G-Y, Song Y-P, et al. Characteriza-
tion of CD103 CD8 tissue-resident T cells in esophageal squamous cell 
carcinoma: may be tumor reactive and resurrected by anti-PD-1 block-
ade. Cancer Immunol Immunother. 2020;69(8):1493–504.

	29.	 Zheng Y, Cai Z, Wang S, Zhang X, Qian J, Hong S, et al. Macrophages are 
an abundant component of myeloma microenvironment and protect 
myeloma cells from chemotherapy drug-induced apoptosis. Blood. 
2009;114(17):3625–8.

	30.	 Yang B, Li M, Tang W, Liu W, Zhang S, Chen L, et al. Dynamic network 
biomarker indicates pulmonary metastasis at the tipping point of hepa-
tocellular carcinoma. Nat Commun. 2018;9(1):678.

	31.	 Lobb RJ, Becker M, Wen SW, Wong CSF, Wiegmans AP, Leimgruber A, et al. 
Optimized exosome isolation protocol for cell culture supernatant and 
human plasma. J Extracell Vesicles. 2015;4:27031.

	32.	 Kamada N, Hisamatsu T, Okamoto S, Chinen H, Kobayashi T, Sato T, 
et al. Unique CD14 intestinal macrophages contribute to the patho-
genesis of Crohn disease via IL-23/IFN-gamma axis. J Clin Invest. 
2008;118(6):2269–80.

	33.	 Wortzel I, Dror S, Kenific CM, Lyden D. Exosome-mediated metastasis: 
communication from a distance. Dev Cell. 2019;49(3):347–60.

	34.	 Milane L, Singh A, Mattheolabakis G, Suresh M, Amiji MM. Exosome 
mediated communication within the tumor microenvironment. J Control 
Release. 2015;219:278–94.

	35.	 Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular hetero-
geneity landscape. Genome Biol. 2017;18(1):220.

	36.	 Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo 
veritas. J Clin Invest. 2012;122(3):787–95.

	37.	 Geeraerts X, Bolli E, Fendt S-M, Van Ginderachter JA. Macrophage 
metabolism as therapeutic target for cancer, atherosclerosis, and obesity. 
Front Immunol. 2017;8:289.

	38.	 Zhou J, Yi Q, Tang L. The roles of nuclear focal adhesion kinase (FAK) on 
cancer: a focused review. J Exp Clin Cancer Res. 2019;38(1):250.

	39.	 Yun HM, Oh JH, Shim JH, Ban JO, Park KR, Kim JH, et al. Antitumor activity 
of IL-32β through the activation of lymphocytes, and the inactivation of 
NF-κB and STAT3 signals. Cell Death Dis. 2013;4(5):e640.

	40.	 Codipilly DC, Qin Y, Dawsey SM, Kisiel J, Topazian M, Ahlquist D, et al. 
Screening for esophageal squamous cell carcinoma: recent advances. 
Gastrointest Endosc. 2018;88(3):413–26.

	41.	 Shoda H, Fujio K, Yamamoto K. Rheumatoid arthritis and interleukin-32. 
Cell Mol Life Sci. 2007;64(19–20):2671–9.

	42.	 Kallionpää H, Somani J, Tuomela S, Ullah U, de Albuquerque R, 
Lönnberg T, et al. Early detection of peripheral blood cell signature in 
children developing β-cell autoimmunity at a young age. Diabetes. 
2019;68(10):2024–34.

	43.	 Park MH, Song MJ, Cho MC, Moon DC, Yoon DY, Han SB, et al. Interleu-
kin-32 enhances cytotoxic effect of natural killer cells to cancer cells via 
activation of death receptor 3. Immunology. 2012;135(1):63–72.

	44.	 Borges FT, Melo SA, Özdemir BC, Kato N, Revuelta I, Miller CA, et al. TGF-
β1-containing exosomes from injured epithelial cells activate fibroblasts 
to initiate tissue regenerative responses and fibrosis. J Am Soc Nephrol. 
2013;24(3):385–92.

	45.	 Lv LL, Feng Y, Wen Y, Wu WJ, Ni HF, Li ZL, et al. Exosomal CCL2 from 
tubular epithelial cells is critical for albumin-induced tubulointerstitial 
inflammation. J Am Soc Nephrol. 2018;29(3):919–35.

	46.	 Xiao Y, Driedonks T, Witwer KW, Wang Q, Yin H. How does an RNA selfie 
work? EV-associated RNA in innate immunity as self or danger. J Extracell 
Vesicles. 2020;9(1):1793515.

	47.	 Milman N, Ginini L, Gil Z. Exosomes and their role in tumorigenesis and 
anticancer drug resistance. Drug Resist Updat. 2019;45:1–2.

	48.	 Menck K, Bleckmann A, Wachter A, Hennies B, Ries L, Schulz M, et al. 
Characterisation of tumour-derived microvesicles in cancer patients’ 
blood and correlation with clinical outcome. J Extracell Vesicles. 
2017;6(1):1340745.

	49.	 Feng W, Dean DC, Hornicek FJ, Shi H, Duan Z. Exosomes promote pre-
metastatic niche formation in ovarian cancer. Mol Cancer. 2019;18(1):124.

	50.	 Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al. 
Pancreatic cancer exosomes initiate pre-metastatic niche formation in 
the liver. Nat Cell Biol. 2015;17(6):816–26.

	51.	 Park JE, Dutta B, Tse SW, Gupta N, Tan CF, Low JK, et al. Hypoxia-induced 
tumor exosomes promote M2-like macrophage polarization of infiltrat-
ing myeloid cells and microRNA-mediated metabolic shift. Oncogene. 
2019;38(26):5158–73.

	52.	 Jain N, Moeller J, Vogel V. Mechanobiology of macrophages: how physical 
factors coregulate macrophage plasticity and phagocytosis. Annu Rev 
Biomed Eng. 2019;21:267–97.

	53.	 Wen S, Hou Y, Fu L, Xi L, Yang D, Zhao M, et al. Cancer-associated fibro-
blast (CAF)-derived IL32 promotes breast cancer cell invasion and metas-
tasis via integrin β3-p38 MAPK signalling. Cancer Lett. 2019;442:320–32.

	54.	 Gupta N, Kumar R, Seth T, Garg B, Sharma A. Targeting of stromal versican 
by miR-144/199 inhibits multiple myeloma by downregulating FAK/STAT3 
signalling. RNA Biol. 2020;17(1):98–111.

	55.	 Satow R, Nakamura T, Kato C, Endo M, Tamura M, Batori R, et al. ZIC5 
drives melanoma aggressiveness by PDGFD-mediated activation of FAK 
and STAT3. Cancer Res. 2017;77(2):366–77.

	56.	 Shao M, Lou D, Yang J, Lin M, Deng X, Fan Q. Curcumin and wikstrofla-
vone B, a new biflavonoid isolated from Wikstroemia indica, synergisti-
cally suppress the proliferation and metastasis of nasopharyngeal carci-
noma cells via blocking FAK/STAT3 signaling pathway. Phytomedicine. 
2020;79:153341.

	57.	 Kang JW, Park YS, Lee DH, Kim JH, Kim MS, Bak Y, et al. Intracellular 
interaction of interleukin (IL)-32α with protein kinase Cε (PKCε) and STAT3 
protein augments IL-6 production in THP-1 promonocytic cells. J Biol 
Chem. 2012;287(42):35556–64.

	58.	 Zou S, Tong Q, Liu B, Huang W, Tian Y, Fu X. Targeting STAT3 in cancer 
immunotherapy. Mol Cancer. 2020;19(1):145.

	59.	 Liu Y, Cao X. Immunosuppressive cells in tumor immune escape and 
metastasis. J Mol Med (Berl). 2016;94(5):509–22.

	60.	 Han C, Zhang A, Liu Z, Moore C, Fu YX. Small molecular drugs reshape 
tumor microenvironment to synergize with immunotherapy. Oncogene. 
2021;40(5):885–98.

	61.	 Zeng Q, Li S, Zhou Y, Ou W, Cai X, Zhang L, et al. Interleukin-32 contrib-
utes to invasion and metastasis of primary lung adenocarcinoma via NF-
kappaB induced matrix metalloproteinases 2 and 9 expression. Cytokine. 
2014;65(1):24–32.

	62.	 Nold-Petry CA, Rudloff I, Baumer Y, Ruvo M, Marasco D, Botti P, et al. IL-32 
promotes angiogenesis. J Immunol. 2014;192(2):589–602.

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


	Extracellular vesicle IL-32 promotes the M2 macrophage polarization and metastasis of esophageal squamous cell carcinoma via FAKSTAT3 pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Tissue samples and clinicopathologic parameters
	Tissue microarray and immunohistochemistry (IHC) staining assay
	ESCC cell lines and cell culture
	Identification the isoform of IL-32
	Plasmid construction and transfection
	Real-time quantitative reverse transcription PCR (qRT-PCR)
	MTT assay
	Migration and invasion assays
	Wound healing assay
	Coculture assay
	Enzyme-linked immunosorbent assay
	Immunofluorescence (IF)
	Isolation and identification of EV
	Labeling and tracking of EV
	Flow cytometry
	Gene set enrichment analysis (GSEA)
	Western blot
	Mouse models
	Statistical analysis

	Results
	IL-32 is highly expressed in ESCC and positively correlated to poor prognosis
	IL-32β is the main isoform in ESCC tissues and ESCC cell lines
	High expression of IL-32 promotes the migration and invasion of ESCC cell lines
	The extracellular secretion of EV-IL-32 rather than soluble form in the supernatant of ESCC cell lines
	IL-32 expression correlates with the infiltration of M2 macrophage
	EV-IL-32 could be internalized into macrophages
	EV-IL-32 promotes M2 macrophage polarization
	EV-IL-32 derived from ESCC cell promotes M2 macrophage polarization via FAK-STAT3 phosphorylation
	IL-32 promotes M2 macrophage polarization in the primary tumor microenvironment
	IL-32 promotes the lung metastasis of ESCC cells in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


