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Abstract
Macrophages (MΦs) are an abundant component in the multiple myeloma (MM) environment and contribute to MM drug 
resistance. We previously showed that interleukin-32 (IL-32) is highly expressed in MM patients and induces the immunosup-
pressive function of MΦs. The present study was designed to explore the role of IL-32 in MΦ-mediated MM drug resistance 
and the underlying mechanism. Our analysis revealed that IL-32 expression was upregulated in relapsed MM patients and 
associated with  CD206+ M2 MΦ infiltration. Subsequently, we found that the most active isoform, IL-32γ, promoted MΦs 
to protect MM cells from drug-induced apoptosis both in vitro and in vivo. Furthermore, by evaluating many parameters, 
including surface markers, cytokines, metabolic enzymes and characteristic molecules, IL-32γ was verified to induce the 
polarization of M2 MΦs, a function that was partly dependent on increasing the expression of colony-stimulating factor 1 
(CSF1). Taken together, the results of our study indicate that IL-32γ promotes MΦ-mediated MM drug resistance and modi-
fies MΦs toward the M2 phenotype, providing a crucial theoretical basis for targeted MΦ immunotherapy.

Keywords Interleukin-32 · Multiple myeloma · Chemoresistance · Macrophages · Polarization

Introduction

Multiple myeloma (MM) is a B-lymphocyte tumor char-
acterized by many malignant plasma cells accumulating 
in the bone marrow (BM). The clinical manifestations are 
anemia, bone destruction and renal damage [1]. The devel-
opment of new drugs has significantly improved the treat-
ment response and overall survival of MM patients, but drug 
resistance remains a major challenge [2]. The supportive BM 

microenvironment is considered one of the main causes of 
MM resistance and recurrence [3].

Macrophages (MΦs) are an abundant cellular compo-
nent in the BM microenvironment of MM [4]. In contrast 
to normal MΦs, MΦs in the MM BM microenvironment 
promote tumor proliferation and blood vessel formation [5]. 
Additionally, MΦs protect MM cells from apoptosis induced 
by chemotherapeutic drugs and increase the drug resistance 
of MM [6]. MΦs are mainly divided into two polarization 
subtypes, classically activated (M1) MΦs and alternatively 
activated (M2) MΦs [7, 8]. M1 MΦs express the surface 
markers CD80 and CD86, highly express inducible nitric 
oxide synthase (iNOS) and can kill foreign antigens and 
tumor cells. The main markers of M2 MΦs are CD163, 
CD206 and Dectin-1, and these cells highly express argin-
ase 1 (Arg1) and phosphorylated adenylate-activated protein 
kinase (p-AMPK), which function in immunosuppression 
and tumor promotion. The two MΦ subtypes are extremely 
plastic. Currently, MΦs in early-stage tumors are thought to 
primarily comprise the M1 type, exerting antitumor func-
tions; however, following interactions with tumor cells, MΦs 
differentiate into the M2 type, promoting tumor growth and 
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metastasis [9]. In the MM BM microenvironment, MΦs are 
mainly the M2 type and increase in number with disease 
progression [10]. How the phenotype and function of MΦs 
are regulated remains under investigation.

Interleukin-32 (IL-32) is a newly discovered inflamma-
tory factor produced by NK cells, monocytes, T lympho-
cytes, endothelial cells, and mast cells [11]. There are nine 
splice variants of IL-32, and IL-32γ has the strongest activ-
ity [12]. IL-32 is highly expressed in various tumors, but its 
role in different tumors varies [13]. Studies have reported 
that IL-32 promotes the progression of liver cancer, pancre-
atic cancer, gastric cancer and lung cancer [14–17]; how-
ever, in colon cancer, prostate cancer and cervical cancer, 
IL-32 exhibits antitumor function [18–20]. Our team previ-
ously found that IL-32 expression in the BM and peripheral 
blood of MM patients is significantly higher than that in the 
same tissues of normal controls [21]. Furthermore, IL-32 
regulates the expression of various inflammatory factors and 
chemokines, such as IL-6 and IL-10, in bone marrow stro-
mal cells (BMSCs), thereby promoting the proliferation of 
MM cells [21]. We also revealed that IL-32 plays a crucial 
role in forming the immunosuppressive MM microenviron-
ment [22]. In this study, we further explored the specific 
effects of IL-32 on MΦ-induced MM drug resistance and 
MΦ polarization and the underlying mechanism.

Materials and methods

Cell culture

The human MM cell lines ARP-1 and H929 were generously 
provided by Dr. Qing Yi (Center for Hematologic Malig-
nancy, Research Institute, Houston Methodist, Houston, 
TX, USA) and cultured in RPMI-1640 medium containing 
1% l-glutamine and 10% fetal bovine serum (FBS; Thermo 
Fisher Scientific, Waltham, MA, USA).

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from healthy donors after obtaining informed consent. 
Human MΦs were generated from PBMCs as previously 
described [4]. Monocytes were cultured in 6-well plates for 
1–2 h; nonadherent cells were removed, and the adherent 
monocytes were incubated for 7 days in RPMI-1640 medium 
containing M-CSF (20 ng/ml; R&D Systems, Minneapolis, 
MN, USA).

MM cells were cocultured with MΦs at a 1:1 ratio for 
24 h in RPMI-1640 medium containing bortezomib (Bor; 
10 nM; Selleckchem, TX, USA). Next, the MM cells in sus-
pension were collected for flow cytometry to detect the num-
ber of apoptotic cells. In inhibitory experiments, MΦs were 
pretreated with a CSF1 receptor inhibitor (500 nM BLZ945 
or 10 μM GW2580) for 2 h and then stimulated with IL-32γ 
(20 ng/mL) for 24 h.

Flow cytometry

The expression of CD206, Dectin-1, CD86 and CD11b was 
measured by direct staining using the human antibodies 
PE-conjugated anti-CD206, PE-conjugated anti-Dectin-1, 
APC-conjugated anti-CD86, and FITC-conjugated anti-
CD11b (BioLegend, CA, USA, 1:600). The corresponding 
isotype controls were adopted to exclude nonspecific sig-
nals. Apoptotic cells were detected by staining with Annexin 
V-FITC/propidium iodide (PI) (Dojindo, Kumamoto, Japan). 
The data were acquired using a FACScan flow cytometer 
(BD Biosciences, San Diego, CA, USA) and analyzed using 
FlowJo 7.6.1.

Quantitative real‑time PCR and RNA‑seq

Total mRNA was isolated from cells using RNAiso™ Plus 
(TaKaRa, Shiga, Japan) and then was reverse transcribed 
using the PrimeScript™ RT Reagent Kit with DNA Eraser 
(TaKaRa). qRT-PCR was performed using SYBR® Premix 
Ex TaqTM II (TaKaRa) and Bio-Rad CFX96 real-time sys-
tem. The primer sequences are shown in the Supplementary 
Materials. The 2−ΔCt method was used to normalize the 
expression to GAPDH. RNA-seq was conducted following 
the Illumina mRNA Sequencing Sample Preparation Guide 
(Illumina, San Diego, CA, USA) as previously described 
[22]. Total RNA was extracted using Redzol reagent (SBS 
Genetech Inc., Beijing, China) from MΦs (biological sam-
ples from two donors) stimulated with IL-32γ (10 or 40 ng/
ml) for 24 h. The analysis pipeline for RNAseq procedure is 
shown in the Supplementary Materials.

Western blotting analysis

Cells were harvested and extracted in lysis buffer contain-
ing a protease and phosphatase inhibitor cocktail (Thermo 
Fisher Scientific, Waltham, MA, USA). Equal amounts of 
cell lysates were separated by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and then were 
transferred to polyvinylidene difluoride membranes (Merck 
Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% bovine serum albumin for 1–2 h and then 
were incubated with the indicated primary antibodies over-
night at 4 °C. The membranes were washed three times with 
Tween (TBST) buffer and then were incubated with HRP-
conjugated anti-rabbit or anti-mouse antibodies (1:5000) 
for 1 h at room temperature. The membranes were washed 
three times with TBST, and then, the proteins were detected 
using the ChemiDoc™ MP Imaging System (Bio-Rad) and 
an enhanced chemiluminescence detection kit (Biologi-
cal Industries, Beit Haemek, Israel). Primary antibodies 
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against Arg1, iNOS, p-AMPK, CSF1, PARP, Caspase-3 and 
GAPDH were purchased from Cell Signaling Technology 
(Danvers, MA, USA, 1:1000).

Cytokine chip and enzyme‑linked immunosorbent 
assay (ELISA)

MΦs were stimulated with different concentrations of 
IL-32γ, and then, the culture supernatant was collected 
after 24 h. The Bio-Plex Pro Human Cytokine Grp I Panel 
27-plex was purchased from Huaying Biotechnology Com-
pany (Shanghai, China) and was used according to the 
manufacturer’s instructions. The plate was finally placed 
in a Bio-Plex instrument for detection. Human IL-10 and 
CSF1 ELISA kits were purchased from DAKEWE (Beijing, 
China). The levels of IL-10 and CSF1 in culture supernatants 
were detected following the manufacturer’s instructions.

MM xenograft model

This experiment was approved by the Animal Experimental 
Ethical Inspection of the First Affiliated Hospital, School 
of Medicine, Zhejiang University. NSG mice (4 weeks old, 
male) were purchased from the Model Animal Research 
Center of Nanjing University (Nanjing, China) and housed 
in the animal facility of Zhejiang University School of 
Medicine.

ARP-1 cells (5 ×  106/mouse) were injected subcuta-
neously into the right flank of mice. After approximately 
1 week, when palpable tumors (> 5 mm) were detected, 
the mice were randomly divided into four groups (Control, 
Bor, Bor + MΦs, and Bor + IL-32γ-educated MΦs). MΦs 
were injected intratumorally only at the time of the first Bor 
administration. The Bor dosage was 0.1 mg/kg/every 3 days. 
Tumor size was monitored every other day using calipers; 
following sacrifice, the subcutaneous tumor was removed. 
Part of the tumor was immersed in 4% paraformaldehyde 
(for immunofluorescence detection). The other part of the 
tumor was placed in culture medium (for flow cytometry).

Immunohistochemistry and immunofluorescence

We detected IL-32 and CD206 expression in formalin-fixed, 
paraffin-embedded BM biopsy samples from MM patients 
by immunohistochemistry. All the patients provided con-
sent for their participation, and the study was approved 
by the Research Ethics Committee of the First Affiliated 
Hospital, College of Medicine, Zhejiang University. Immu-
nohistochemistry and semiquantitative analyses were per-
formed as previously reported [22]. An anti-human IL-32 
monoclonal antibody (Abcam, Cambridge, UK, 1:150) and 
an anti-human CD206 monoclonal antibody (Proteintech, 
Chicago, USA, 1:2000) were used in the present study. 

Immunofluorescence staining was performed as previously 
described [22] using anti-CD138 (1:300), anti-cleaved cas-
pase-3 (1:200), and anti-Ki67 (1:500) antibodies purchased 
from Proteintech.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, 
USA) and SPSS Statistics 19 (SPSS Inc., Chicago, IL, USA) 
were used for all statistical analyses. Two-tailed Student’s 
t test was adopted to determine the significance of differ-
ences between experimental groups. Comparison was ana-
lyzed by Fisher’s exact test. The data are presented as the 
mean ± standard error of mean (SEM). All P values < 0.05 
were considered statistically significant.

Results

IL‑32 is highly expressed in relapsed MM 
and correlated with  CD206+ M2 MΦs

We used the TIMMER database to analyze the expression 
of IL-32 in different cancer cells. The results showed that 
IL-32 expression was obviously higher in multiple types of 
cancer cells than in normal tissues (Fig. 1a). In our previ-
ous study, we verified that IL-32 expression was increased 
in MM patients [21]. Furtherly, we detected the protein 
level of IL-32 in newly diagnosed MM patients and relapse 
MM patients. Results revealed that IL-32 was upregulated 
in relapsed MM patients [23]. Moreover, we evaluated the 
expression of IL-32 and  CD206+ M2 MΦs in BM biopsies 
from MM patients based on immunohistochemistry. In the 
BM biopsies, the IL-32 protein was distributed diffusely and 
was mainly found in the cytoplasm, while the CD206 protein 
was primarily expressed in the cellular membrane (Fig. 1b). 
IL-32 and CD206 exhibited high expression rates in MM 
patients, with values of 80% (24/30) and 63.3% (19/30), 
respectively. Fisher’s exact test showed a positive correla-
tion between the expression of IL-32 and CD206 (Fig. 1c). 
These results indicate that IL-32 expression is correlated 
with M2 MΦs in the BM of MM patients.

IL‑32γ increases MΦ‑mediated MM drug resistance

How IL-32 affects the relapse of MM patients remains 
unclear. As we previously reported, IL-32 had no direct 
effect on MM cells but exerted a certain influence on MΦs 
[22]; thus, we sought to further determine whether IL-32 
influences the effect of MΦ-mediated MM drug resistance. 
We confirmed that IL-32γ is the main and most active iso-
form in MM [22]; thus, our subsequent analyses mainly 
focused on IL-32γ.
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Fig. 1  IL-32 is highly expressed in relapsed MM patients and cor-
related with  CD206+ M2 MΦ infiltration. a IL-32 mRNA expres-
sion was abnormal in various cancer cells as determined by TIMER 
database analysis. ACC Adrenocortical carcinoma; BLCA Bladder 
Urothelial Carcinoma; BRCA Breast invasive carcinoma; CESC Cer-
vical squamous cell carcinoma and endocervical adenocarcinoma; 
CHOL Cholangiocarcinoma; COAD Colon adenocarcinoma; DLBC 
Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA Esoph-
ageal carcinoma; GBM Glioblastoma multiforme; HNSC Head and 
Neck squamous cell carcinoma; KICH Kidney Chromophobe; KIRC 
Kidney renal clear cell carcinoma; KIRP Kidney renal papillary cell 
carcinoma; LAML Acute Myeloid Leukemia; LGG Brain Lower 
Grade Glioma; LIHC Liver hepatocellular carcinoma; LUAD Lung 

adenocarcinoma; LUSC Lung squamous cell carcinoma; MESO Mes-
othelioma; OV Ovarian serous cystadenocarcinoma; PAAD Pancre-
atic adenocarcinoma; PCPG Pheochromocytoma and Paraganglioma; 
PRAD Prostate adenocarcinoma; READ Rectum adenocarcinoma; 
SARC Sarcoma; SKCM Skin Cutaneous Melanoma; STAD Stomach 
adenocarcinoma; TGCT Testicular Germ Cell Tumors; THCA Thy-
roid carcinoma; THYM Thymoma; UCEC Uterine Corpus Endome-
trial Carcinoma; UCS Uterine Carcinosarcoma; UVM Uveal Mela-
noma. b Representative immunohistochemistry images of IL-32 and 
CD206 in BM biopsies from MM patients. Scale bars, 50 μm. c Posi-
tive correlation between the expression of IL-32 and CD206 based on 
Fisher’s exact test. Samples from 30 MM patients were used
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MΦs were treated with IL-32γ for 24  h to generate 
IL-32γ-educated MΦs and then were cocultured with MM 
cells and Bor. MM cells were collected for Annexin V/PI-
based apoptosis detection. When ARP-1 cells were cocul-
tured with MΦs, bortezomib induced the apoptosis of fewer 
MM cells (Fig. 2a). Notably, the apoptosis rate of ARP-1 
cells cocultured with IL-32γ-educated MΦs was signifi-
cantly lower than that in the group cocultured with MΦs 
(p < 0.05). We verified this effect using the H929 cell line 
(Fig. 2a, b). Additionally, we detected the expression of 
apoptotic proteins in MM cells by Western blotting. The 
expression of the apoptotic proteins c-PARP and c-Caspase3 
in MM cells cocultured with IL-32γ-educated MΦs was 
significantly lower than that in those cocultured with MΦs 
(Fig. 2c, Supplementary Fig. 1A), a finding that was consist-
ent with the flow cytometry results. These results indicate 
that IL-32γ enhances the protective effect of MΦs on MM 
cells and induces drug resistance in MM.

IL‑32γ induces the polarization of M2 MΦs

The above results suggest that IL-32γ affects MM drug sen-
sitivity by regulating the immune characteristics of MΦs. We 
cultured MΦs with IL-32γ and analyzed the global transcrip-
tional profile of the cells by RNA-seq. Compared with con-
trol cells, IL-32γ-treated MΦs expressed significantly higher 
levels of M2 MΦ-related molecules and lower levels of M1 
MΦ-related genes (Supplementary Fig. 1B). We then veri-
fied the effect of IL-32γ on MΦ polarization by evaluating 
four aspects: surface markers, cytokines, metabolic enzymes 
and characteristic molecules. After stimulation with IL-32γ, 
MΦs expressed higher levels of CD206 and Dectin-1 (clas-
sic surface markers of M2 MΦs) and decreased levels of 
CD86 (classic surface marker of M1 MΦs) (Fig. 3a and 
Supplementary Fig. 1C). Additionally, a cytokine micro-
array showed that IL-32γ increased the secretion of IL-
1ra, IL-10, CCL2 and CCL5, classic inflammation factors 
secreted from M2 MΦs (Fig. 3b). Some other cytokines 
also changed under the stimulation of IL-32γ (Supplemen-
tary Fig. 1D). The change in the IL-10 level was further 
confirmed by ELISA (Supplementary Fig. 1E). However, 
representative M1 MΦ cytokines, such as IL-12P40 and IL-
12P70, were not detected. Next, we explored the metabolism 
of MΦs based on western blot analysis, revealing that MΦs 
with IL-32γ stimulation expressed higher levels of Arg1 
and p-AMPK (M2 MΦ metabolic markers) and lower levels 
of iNOS (M1 MΦ metabolic enzyme) (Fig. 3c). Consist-
ent with the above results, qRT-PCR showed that IL-32γ 
increased the expression of the M2 MΦ-related molecules 
(CD206, IRF4, ICAM1, CCL17, CCL24 and CD163) but 
decreased the level of M1 MΦ-related molecules (ICAM3, 
IRF5 and IKZF1) (Fig. 3d, Supplementary Fig. 1F). These 
results indicate that IL-32γ induces the polarization of MΦS 

toward the M2 phenotype, a finding that is consistent with 
the above effect of promoting MM drug resistance.

CSF1 is crucial in IL‑32γ‑induced M2 MΦ polarization 
and drug resistance

Colony-stimulating factor 1 (CSF1, M-CSF) is a key mol-
ecule in the development of MΦs, and IL-32γ upregulated 
CSF1 expression in MΦs, as revealed by ELISA and West-
ern blotting (Fig. 4a). To directly clarify the role of CSF1 
in IL-32γ-induced M2 MΦ polarization, two inhibitors 
of the CSF1 receptor (BLZ945 and GW2580) were used. 
The survival and activity of MΦs were not affected at the 
experimental concentration of inhibitors (Supplementary 
Fig. 2A). The promotive effects of IL-32γ on p-AMPK and 
Arg1 expression and reductive effects on iNOS expression 
in MΦs were weakened by the two inhibitors (Fig. 4b). 
Additionally, qRT-PCR revealed that the effect of IL-32γ 
increasing CD206 expression in MΦs could be completely 
reversed by BLZ945 or GW2580 (Fig. 4c). Flow cytometry 
showed that the ability of IL-32γ to reduce CD86 expression 
was impaired after blocking CSF1 (Fig. 4d). Our previous 
research demonstrated that IL-32γ significantly activates the 
STAT3 and NF-κB pathways in MΦs [22]. In this study, we 
found that inhibitors of these two pathways could weaken 
the effect of IL-32γ on IL-10 secretion but had no apparent 
inhibitory effects on MΦ subtype characteristic molecules 
(Supplementary Fig. 2B-D). These results suggest that CSF1 
plays a crucial role in the process of IL-32γ-induced M2 
MΦ polarization.

We further explored the effect of CSF1 on the enhanced 
protective effect of IL-32γ-educated MΦs. MΦs were first 
pretreated with the above inhibitors for 2 h and then were 
stimulated with IL-32γ (20 ng/mL) for 24 h, and finally 
cocultured with ARP-1 cells and Bor (10 nM) for another 
24 h. Flow cytometry showed that the number of apoptotic 
ARP-1 cells in the inhibitor + IL-32γ-educated MΦ group 
was significantly higher than that in the IL-32γ-educated 
MΦ group (Fig. 4e). This result demonstrated that the effect 
of IL-32γ-educated MΦs on inducing MM drug resistance 
was partly dependent on CSF1.

IL‑32γ induces M2 MΦ polarization and MM drug 
resistance in vivo

We next adopted an MM cell xenograft model to determine 
whether IL-32γ plays a crucial role in promoting MΦs to 
protect MM cells in vivo. The workflow of the vivo experi-
ment is shown in Fig. 5a. After subcutaneous ARP-1 tumor 
formation in NSG mice, either IL-32γ-educated MΦs or 
MΦs was injected into the tumor mass, and then, Bor 
was administered every three days. On the 7th day after 
treatment, the mice were sacrificed, and the tumors were 
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Fig. 2  IL-32γ enhances the protective effect of MΦs on MM cells. 
a MΦs were stimulated with IL-32γ for 24  h and then cocultured 
with MM cells (ARP-1 or H929 cells), and Bor was added for 24 h 
to induce apoptosis. A representative flow cytometry analysis shows 
the apoptosis of MM cells. b Summarized results from at least three 

independent experiments. Values are presented as means ± SEM. c 
Western blotting was used to detect apoptotic proteins (c-PARP and 
c-Caspase3) in ARP-1 cells. The quantified density is shown below 
the bands. The data are representative of at least three independent 
experiments with similar results. *p < 0.05, **p < 0.01
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removed for related experiments (Fig. 5b). The tumor vol-
ume and weight of the IL-32γ-educated MΦ group were 
significantly larger than those of the MΦ group (Fig. 5c), 

a finding consistent with the results of the in vitro experi-
ment. To further explore the proliferation and apoptosis 
of tumor cells, we used immunofluorescence to detect 

Fig. 3  IL-32γ induces the polarization of M2 MΦs. a MΦs were 
stimulated with IL-32γ (20 ng/mL) for 24 h, and flow cytometry was 
used to detect the expression of CD86, CD206 and Dectin-1 on the 
surface of the MΦs. The summarized results are from at least three 
independent experiments. Values are presented as means ± SEM. 
b MΦs (biological samples from two donors) were stimulated with 
IL-32γ (10, 20 or 40  ng/mL) for 24  h, and a cytokine chip was 
adopted to detect the expression of IL-1a, IL-10, CCL2 and CCL5 

in the cell culture supernatant. c Western blotting was used to detect 
the expression of iNOS, Arg1 and p-AMPK. The quantified density 
is shown below the bands. The data are representative of at least 
three independent experiments with similar results. d qRT-PCR was 
adopted to evaluate the expression of M1 and M2 MΦ-related mol-
ecules. Data are presented as means ± SEM of at least three independ-
ent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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the expression of CD138, Ki67 and c-Caspase3 in tumor 
tissue. The expression of the plasma cell surface marker 
CD138 and proliferation marker Ki67 in the IL-32γ-
educated MΦ group was higher than that in the MΦ group, 
while the expression of the apoptotic protein c-Caspase3 
was lower than that in the MΦ group (Fig. 5D). Addi-
tionally, we mechanically disassociated tumor tissue to 

obtain a tumor cell suspension and detected the number 
of  CD11b+CD206+ M2 MΦs in the tumor cell suspension 
by flow cytometry. The IL-32γ-educated MΦ group had 
more M2 MΦs than the MΦ group (Fig. 5e). The above 
in vivo experiments confirmed that IL-32γ enhanced the 
protective effect of MΦs on MM cells and increased the 
tumor load.
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Discussion

Herein, IL-32 was highly expressed in relapsed MM patients 
and significantly associated with the infiltration of  CD206+ 
M2 MΦs in patient samples. Notably, the most active iso-
form, IL-32γ, increased MΦ-mediated MM drug resistance 
and induced the polarization of M2 MΦs, a function that was 
partly dependent on CSF1 (Fig. 6).

IL-32, as a proinflammatory cytokine, plays various roles 
in human cancer pathological processes, including tumor 
initiation, proliferation and maintenance [13]. In MM, we 
previously demonstrated that IL-32 promoted the prolif-
eration of MM cells by increasing various inflammatory 
chemokines in BMSCs [21]. Furthermore, we revealed that 
IL-32γ induced the immunosuppressive microenvironment 
of MM by increasing the expression of the immunosuppres-
sive molecule indoleamine 2,3-dioxygenase (IDO) in MΦs 
[22]. Another group reported that IL-32 promoted osteoclast 
differentiation and was associated with bone disease and 
inferior survival in MM [24]. Our recent research showed 
that IL-32 was highly expressed in relapsed MM patients 
[23]. In the present study, IL-32 expression was significantly 
associated with the  CD206+ M2 MΦs in the BM of MM 
patients. These results revealed the clinical significance of 
IL-32 in MM treatment, and further study is needed in more 
patient samples.

The infiltration of MΦs in the tumor microenvironment 
is correlated with a poor prognosis and is associated with 
chemotherapy resistance in most cancers [9]. In MM, MΦs 
were reported to promote the growth of MM cells and pro-
tect them from apoptosis induced by chemotherapeutic 
drugs, thereby inducing drug resistance in MM cells [25]. 
In the present study, we found that, after MM cells were 

cocultured with MΦs, the number of cells killed by Bor was 
significantly reduced, a finding that was consistent with 
previous report findings [4]. Furthermore, the number of 
apoptotic MM cells cocultured with IL-32γ-educated MΦs 
was lower than that cocultured with MΦs, a finding that 
was further confirmed by evaluating the expression of the 
apoptotic proteins c-PARP and c-Caspase3. These results 
indicate that IL-32γ is important for the protective effect of 
MΦs on MM cells. This tumor-promoting feature of IL-32γ-
educated MΦs suggests that IL-32γ may modify the MΦ 
phenotype to M2.

The biological function of IL-32 is being revealed gradu-
ally, and an increasing number of studies have revealed its 
effect on immune cell function. For example, IL-32 can 
enhance the ability of NK cells to kill tumor cells [19]. Addi-
tionally, IL-32 induced differentiation of peripheral blood 
monocytes to MΦs and dendritic cell (DC)-like cells with 
phagocytic function [26]. Other studies have reported that 
IL-32 promoted the differentiation of monocytes into  CD1c+ 
DCs and  CD163+CD68+ MΦs [27]; however, whether IL-32 
affects the polarization of MΦs remains unclear. In this 
study, we detected the expression of MΦ surface molecules, 
secreted cytokines, characteristic metabolic enzymes and 
molecules, confirming that IL-32γ could induce the polari-
zation of M2 MΦs. The MΦs in the BM of MM patients 
mainly comprise the M2 type [28]. Additionally, soluble 
CD206 in MM is an independent prognostic marker of poor 
overall survival. Consistent with this finding, we found that 
IL-32 was positively associated with  CD206+ M2 MΦs in 
MM patient samples.

The phenotype and function of MΦs in tumors are dif-
ferent from those of normal MΦs and are regulated by 
various immune signals in the tumor microenvironment 
[29]. Previous studies have shown that tumor-related MΦs 
mainly exhibit an M2 phenotype, which can be mediated 
by cytokines such as IL-4 and IL-13 and signaling mol-
ecules such as STAT3, IRF4 and SOCS1 [7]. Our previous 
studies demonstrated that IL-32γ significantly activates 
the STAT3 and NF-κB pathways in MΦs [22]. In the pre-
sent study, we found that inhibitors of these two pathways 
could weaken the effect of IL-32γ on IL-10 secretion but 
had no apparent inhibitory effects on MΦ subtype char-
acteristic molecules. Thus, STAT3 and NF-κB were not 
considered key pathways involved in M2 MΦ polarization 
induced by IL-32γ. CSF1 is a well-known molecule that is 
key for the maintenance of MΦ survival and upregulated 
by IL-32γ [30]. We pretreated MΦs with two inhibitors of 
the CSF1 receptor (BLZ945 and GW2580) and ensured 
that the survival and activity of MΦs were not affected at 
the experimental concentration. Both inhibitors weakened 
the polarization of M2 MΦs induced by IL-32γ and the 
protective effect of IL-32γ-educated MΦs on MM cells, 
indicating that CSF1 plays a certain role in the effect of 

Fig. 4  CSF1 is crucial in IL-32γ-induced M2 MΦ polarization and 
drug resistance. a MΦs were stimulated with different concentrations 
of IL-32γ (10, 20 and 40 ng/mL) for 24 h, ELISA was used to detect 
the content of CSF1 in the cell culture supernatant, and Western 
blotting was adopted to evaluate the protein level of CSF1 in MΦs. 
Summarized results from at least three independent experiments are 
shown. Values are presented as means ± SEM. b MΦs were pretreated 
with a CSF1 receptor inhibitor (500 nM BLZ945 or 10 μM GW2580) 
for 2  h and then stimulated with IL-32γ (20  ng/mL) for 24  h. The 
expression of iNOS, p-AMPK and Arg1 was detected by Western 
blotting. The quantified density is shown below the bands. Similar 
results were obtained in three independent experiments. c qRT-PCR 
was used to detect changes in CD206 expression, and summarized 
results from at least three experiments are shown. Values are pre-
sented as means ± SEM. d Representative and summarized results for 
flow cytometry analysis of CD86 expression. The summarized results 
are from at least three independent experiments. Values are presented 
as means ± SEM. e MΦs were treated as above and then cocultured 
with ARP-1 cells in suspension and Bor (10 nM) for 24 h. The ARP-1 
cells were collected, and apoptosis was detected by flow cytometry. 
Similar results were obtained in three independent experiments. Val-
ues are presented as means ± SEM. NS, not statistically significant; 
*p < 0.05; **p < 0.01
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Fig. 5  a Workflow of the in vivo experiment. NSG mice were subcu-
taneously inoculated in the flank with ARP-1 cells (5 ×  106/mouse). 
When palpable tumors (> 5 mm) were detected, the mice were ran-
domly divided into four groups (Control, Bor, Bor + MΦs, and 
Bor + IL-32γ-educated MΦs, n = 4 per group). MΦs were injected 
intratumorally only at the time of the first Bor administration. The 
Bor dosage was 2 μg/mouse/every 3 days. b Representative image of 
tumor volumes at the end point of the experiment. c Statistical results 

for the tumor weight and volume at the end point of the experi-
ment. Data show the mean ± SEM of at least three mice per group. d 
Immunofluorescence analysis of CD138, Ki67 and cleaved caspase-3 
expression in tumor tissues from mice in different groups. Scale bar, 
50 μm. e Representative and summarized results for flow cytometry 
analysis of the number of  CD11b+CD206+ M2 MΦs in tumor tissue. 
Data show the mean ± SEM of at least three mice per group. *p < 0.05
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IL-32γ on MΦs. Notably, treatment that targets the CSF1 
receptor to modify MΦ function has shown a good thera-
peutic effect in many tumors [31, 32]. Recent studies have 
reported that inhibitors of the CSF1 receptor can reverse 
M2 polarization to the M1 phenotype, thus inhibiting the 
proliferation and survival of MM cells [33].

Immunodeficient mice are a common animal model 
to study the occurrence and development of tumors [34]. 
NSG mice are highly immunodeficient mice and are suit-
able for human cell transplantation modeling [35]. In this 
experiment, we subcutaneously transplanted ARP-1 cells 
into 4-week-old NSG mice. Because IL-32 is not expressed 
in rodents, we pretreated MΦs with IL-32γ in vitro and 
injected IL-32γ-educated MΦs or MΦs into the mice. The 
tumor burden of the IL-32γ-educated MΦ group was sig-
nificantly higher than that of the MΦ group, indicating that 
the protective effect of IL-32γ-educated MΦs on MM was 
stronger than that of MΦs. These results were consistent 
with those of the vitro experiment. Because rodents do not 
express IL-32, researchers have constructed IL-32-over-
expressing transgenic mice for in vivo studies related to 
inflammation and tumors [36]. Our group constructed 
transgenic mice overexpressing IL-32γ and will further 
explore the content of this study in follow-up experiments.

In summary, our study demonstrated that IL-32 was 
highly expressed in relapsed MM patients and correlated 
with the  CD206+ M2 MΦ infiltration level. Additionally, 
IL-32γ induced the polarization of M2 MΦs and enhanced 
the protective effect of MΦs on MM cells by upregulating 
CSF1 expression. This study provides new insight into the 
role of IL-32γ in MM drug resistance, providing an impor-
tant theoretical basis for targeted MΦ immunotherapy.
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