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ARTICLE INFO ABSTRACT

Keywords: Background: Communication between cancer cells and tumor-associated macrophages (TAMs) in
Nasopharyngeal cancer the tumor microenvironment (TME) plays a crucial role in accelerating nasopharyngeal cancer
Tumor-associated macrophages (NPC) metastasis and radioresistance. However, the mechanisms through which NPC cells
i’;‘};s_(;gl;b regulate the properties and activation of TAMs during NPC progression are not yet fully
Metastasis understood.

Methods: A high-metastatic NPC subclone (HMC) and a low-metastatic NPC subclone (LMC) were
screened from the CNE-2 cell line and exosomes were collected from HMCs and LMCs, respec-
tively. The effects of HMC- and LMC-derived exosomes (HMC-Exos and LMC-Exos) on the regu-
lation of TAM activation were evaluated by assessing the levels of inflammation-related or
immunosuppression-related genes. The role of miRNA-193b-3p (miR-193b) in mediating
communication between NPCs and TAMs was assessed using real-time quantitative reverse
transcription-polymerase chain reaction (QRT-PCR), Western blot analysis, Transwell assays, and
clonogenic survival assays.

Results: HMCs and HMC-Exos exhibited a greater capacity to facilitate macrophage protumori-
genic activation than LMCs and LMC-Exos. miR-193b levels derived from HMC-Exos were higher
than those from LMC-Exos, and miR-193b levels were higher in metastatic NPC tissue-derived
TAMs than in non-metastatic NPC tissue-derived TAMs. The upregulated miR-193b was pack-
aged into exosomes and transferred to macrophages. Functionally, miR-193b up-regulation
accelerated TAM activation by directly targeting mitogen-activated protein/ERK kinase kinase 3
(MEKK3). As a result, miR-193b-overexpressed macrophages facilitated NPC cell invasion and
radioresistance.

Conclusions: These data revealed a critical role for exosomal miR-193b in mediating intercellular
communication between NPC cells and macrophages, providing a potential target for NPC
treatment.
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1. Introduction

Nasopharyngeal cancer (NPC) is a unique malignancy that originates in the nasopharyngeal epithelium [1] and has a low incidence
worldwide, with 133,354 new cases and 80,008 deaths reported in 2020 [2,3]. Several environmental factors (such as Epstein-Barr
virus and volatile nitrosamines) are closely correlated with NPC development [3,4]. According to the National Comprehensive Can-
cer Network guidelines, radiotherapy and concurrent chemoradiotherapy are the standard approaches for patients with early stage and
locally advanced NPC, respectively [5]. However, distant metastases and resistance to radiotherapy are major obstacles to the effective
treatment of NPC [6].

Macrophages are abundant immune cells in the tumor microenvironment (TME), and tumor-associated macrophages (TAMs) have
an immunosuppressive phenotype and accelerates cancer growth, metastasis, and therapy resistance [7-9]. TAM aggregation and
activation are frequently associated with poor clinical outcomes in most tumor types [10,11]. In primary tumor tissues, TAM
contribute to angiogenesis and cancer cell invasion by inhibiting cytotoxic T cells and natural killer (NK) cell-triggered immune re-
sponses [12,13]. In metastatic tumor tissues, TAM promote cancer cell survival, proliferation, and drug (and/or radiation) resistance
[11]. Therefore, therapeutic strategies targeting TAM may remodel the immunosuppressive TME by inhibiting TAM activation,
polarizing macrophage anti-tumorigenic phenotypes, and accelerating cytotoxic T cell and NK cell activation [14,15].

Communication between cancer cells and macrophages has been widely investigated [16,17]. Wang et al. reported that pancreatic
cancer cell-originated exosomes contain a high abundance of microRNA (miR)-301a-3p, and exosomal miR-301a-3p promotes
macrophage “M2” polarization to promote pancreatic cancer metastasis [18]. MiR-138-5p can be transferred to TAMs from breast
cancer cells through exosomes and promotes macrophage “M2” polarization to advance lung metastasis of breast cancer [19].
However, the mechanism through which NPC cells promote TAM activation remains poorly understood.

Exosomes are lipid double-layered microvesicles with a diameter of 30~100 nm [20]. The biological roles of exosomes depend on
their bioactive cargo (lipids, proteins, metabolites, and nucleic acids), which is transferred to recipient cells [21]. Exosomes are
generated and secreted by several cell types and play a critical role in intercellular communication to regulate cell viability, the
immune response [22], the TME [23], and tumor progression [24]. For example, exosomal miR-34c suppresses NPC progression and
alleviates radioresistance in NPC [25]. Highly metastatic hepatocellular carcinoma (HCC) cell-derived exosomal miR-1247-3p can
transform normal fibroblasts into tumor-associated fibroblasts to promote tumor metastasis [20]. Because of the important roles of
exosomal miRNAs in regulating the TME, which is closely correlated with tumor progression [26-28], we questioned whether exo-
somal miRNA-mediated communication within the TME is crucial for NPC metastasis and radioresistance. In the present study, we
aimed to identify functional miRNAs within NPC cell-derived exosomes and investigate their roles in regulating TAM activation.

2. Materials and methods
2.1. Clinical specimens

Following the approval of the Ethics Committee of Fudan University Shanghai Cancer Center, 17 metastatic and 17 non-metastatic
NPC tissues were collected between March 2019 and September 2020 (approval No. 050432-2108*), with informed consent. Pe-
ripheral blood samples were collected from 21 patients with NPC. Peripheral blood mononuclear leukocytes (PBMCs) were collected
using Ficoll-Hypaque density centrifugation, and CD68" macrophages were purified as blood-derived macrophages (BDMs) using flow
cytometry [29,30].

2.2. Data acquisition and analysis

To identify functional miRNAs associated with NPC progression and radiation resistance, the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/gds/) was used to obtain two datasets (GSE48502 and GSE118720). A series of matrix files
was downloaded from the GSE48502 and GSE118720 datasets. After data preprocessing through background correction, data
normalization, and principal component analysis, the differentially expressed miRNAs with |FC|> 1.5 and p < 0.05 were identified.
Venn diagram analysis was performed to identify concurrently dysregulated miRNAs in the two datasets.

2.3. Cell culture

The human monocytic cell line U937 was purchased from the American Tissue Culture Collection (ATCC; VA, USA), and cultured in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen, CA, USA) containing 10 % fetal bovine serum (FBS; Invitrogen). Twenty
nanomolar phorbol ester 12-O-tetradecanoyl-phorbol-13-acetate (TPA; Sigma-Aldrich) was used to differentiate U937 cells into
macrophages [31,32].

The human NPC cell line CNE-2 was purchased from the Cell Bank of the Shanghai Institute of Biological Science (SIBCB; China)
and cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco) containing 10 % FBS in a 5 % CO; incubator at 37 °C. A
high-metastatic NPC subclone (HMC) and a low-metastatic NPC subclone (LMC) were screened from the CNE-2 cell line using the
limiting dilution method, as previously described [33,34].

To isolate TAMs, NPC tissues were sliced into the smallest possible pieces and digested in DMEM medium containing collagenase (1
mg/mL; Gibco, NY, USA) and DNase I (2 pg/mL; Beyotime, Shanghai, China) at 37 °C for 3 h, then filtered through a 40-pm nylon mesh
(Thermo Fisher Scientific, MA, USA). Cell suspensions were stained with a CD68 antibody (eBioscience, CA, USA) for TAM isolation
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and analysis.
2.4. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

Total RNA was isolated from cells or exosomes with Trizol reagent (Beyotime) in accordance, according to the manufacturer’s
instructions. Approximately 200 ng of RNA was used to synthesize first-strand cDNA using M-MLV (Thermo Fisher Scientific) and
Oligo (dT) primers or miR-193b-specific primers to a final volume of 20 pL. The temperature protocol for RT-PCR was set as follows:
70 °C for 15 min, ice bath for 2 min, and 42 °C for 60 min qRT-PCR was performed on a LightCycler 4801I real-time PCR system (Roche,
Basel, Switzerland) using a Hifair III One-Step qRT-PCR SYBR Green Kit (Yeasen, Shanghai, China). p-actin and U6 were used as in-
ternal controls for mRNA and miRNA, respectively. Relative mRNA or miRNA expression levels were calculated using the 2724Ct
method. All primers used are listed in Supporting Table S1.

2.5. Western blot analysis

Total protein was collected using radioimmunoprecipitation assay (RIPA) buffer (Beyotime), and the protein concentration was
quantified using a bicinchoninic acid (BCA) protein assay kit (Solarbio, Beijing, China), according to the manufacturer’s instructions.
Approximately 20 pg of protein from each sample were separated using 12 % sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Roche). Membranes were blocked in 5 % skim
milk for 120 min and incubated for 60 min with primary antibodies against CD63 (1:2000, CBL553, Merck, MA, USA), CD9 (1:1000,
ab223052, Abcam, CA, USA), CD81 (1:3000, ab109201, Abcam), inducible nitric oxide synthase (iNOS, 1:1000, ab178945, Abcam),
CD206 (1:1000, PA5-82136, Thermo Fisher Scientific), MEKK3 (1:1000, A303-133A-T, Thermo Fisher Scientific), and p-actin (1:4000,
ab8226, Abcam), followed by incubation with the appropriate second antibodies for 60 min. The bands were visualized using an
enhanced chemiluminescence (ECL) kit (Thermo Fisher Scientific) and band density was analyzed using ImageJ software (NIH, USA).

2.6. Transwell assay

Cell migration and invasion were assessed using Transwell chambers (8 pm, 24-well insert; Corning, NY, USA). For the invasion
assay, 30 pL of diluent Matrigel (Corning) was used to coat the bottom of the Transwell chambers. For the migration assay, the bottom
of the Transwell chambers was not covered with Matrigel. Briefly, HMCs or LMCs (1 X 10*/well) cultured in serum-free medium were
seeded in the upper chamber and DMEM medium supplemented with 10 % FBS was added to the lower chamber. After 36 h, cells that
resided on inner side of Transwell chambers were wiped with a cotton swab, and migrated or invasive cells were fixed with 4 %
paraformaldehyde (PFA; Solarbio) for 15 min and stained with 0.1 % crystal violet for 15 min. Finally, the stained cells were pho-
tographed using a DM IL LED inverted microscope (Leica, Wetzlar, Germany) and the number of cells that migrated or invaded the
lower chamber was counted.

2.7. Exosome isolation

To collect exosomes, HMCs and LMCs (approximately 80 % confluent in 10-cm dishes) were washed with phosphate-buffered saline
(PBS), and the complete medium was replaced with exosome-free medium (Gibco) for 48 h. Conditioned medium (CM) was collected
to be passed through a 0.22-pm filter, and exosomes were extracted from the CM through differential ultracentrifugation, as previously
described [35,36]. Briefly, the CM was ultracentrifuged at 120,000xg for 85 min. The garnered precipitate was dissolved in cold PBS
and ultra-centrifuged at 120,000xg for 85 min again to collect exosomes, which were resuspended in PBS and stored at —80 °C.

2.8. Identification of exosomes

Exosomes were identified using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western
blotting, as previously described [37]. For TEM, exosomes were fixed in 4 % PFA and placed on copper grids. Exosomes were dyed
using 2 % uranyl acetate when the copper grids were dry, then observed at 100 kV. NTA was used to assess the size distribution of
exosomes based on the instruction manual of the ZetaView® PMX 110 (Particle Metrix, Meerbusch, Germany). Western blot analysis
was performed to assess the exosome-specific markers CD63, CD9, and CD81, as described above.

2.9. miR-193b transferring assay

HMCs (1 x 10° cells/well) were incubated with 20 nM FAM-labeled miR-193b (GenePharma, Shanghai, China) for 24 h and then
co-cultured with U937 cells (1 x 10° cells/well) in Transwell chambers (Corning). The fluorescence signal in the HMCs and U937 cells
was assessed using a TCS-STED confocal microscope (Leica) after co-culturing for 36 h.

2.10. Nitric oxide (NO) and lactate production

U937 cells were treated with HMC-Exos, HMC-Exos + GW4869 (an inhibitor of exosome biogenesis/release), miR-193b, and IL-4 or
IFN-y + lipopolysaccharide (LPS) as a control. The cell culture supernatant was collected to assess NO (ab65328, Abcam) and lactate
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(ab65330, Abcam) levels, according to the manufacturer’s instructions.
2.11. Luciferase reporter assay

The speculative miR-193b complementary sequence in the MEKK3 3-untranslated region (UTR) was amplified using PCR and
cloned into the pGL3 vector to construct a recombinant plasmid of the pGL3-MEKK3-3'UTR-Wt. pGL3-MEKK3-3'UTR-Mut plasmid was
constructed using a site-directed mutagenesis kit (Sangon Biotech). For the luciferase reporter assay, CNE-2 cells (1 x 10° cells/well),
seeded into 48-well plates, were co-transfected with 40 nM of miR-193b, 15 ng of either pGL3-MEKK3-3'UTR-Wt or pGL3-MEKK3-
3'UTR-Mut, and 1.5 ng of pRL-TK (Promega, Madison, WI) using Lipofectamine 3000 (Invitrogen). After incubation for 48 h, the cells

were collected to assess relative luciferase activity using the Dual-Luciferase Reporter Assay System (Promega), according to the
manufacturer’s instructions.

2.12. Clonogenic survival assay

CM was collected from miR-193b-overexpressed U937 cells and used to treat LMCs. Under these conditions, LMCs received
different doses of irradiation (0, 2, 4, 8, and 10 Gy) for 2 weeks, and colonies exceeding 50 cells were counted to calculate the surviving
fractions, as previously described [38-40].

2.13. Statistics

The data are shown as the mean =+ standard deviation (S.D.) from three independent experiments. Differences were assessed using
Student’s t-test (two groups) or analysis of variance (ANOVA) followed by the Scheffé test (multiple groups) using GraphPad Prism 7.0
(CA, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. HMC-Exos facilitated TAM activation

To investigate the correlation between macrophage phenotype and NPC metastasis, HMCs and LMCs were screened from the CNE-
2 cell line as previously described [34,41]. The results of the Transwell invasion assay showed that HMCs exhibited higher invasive
activity than LMCs (Fig. 1A). The roles of HMCs and LMCs in the regulation of macrophage phenotypes were explored by assessing the
expression of inflammatory- and immunosuppression-related genes. Fig. 1B shows that macrophages co-cultured with HMCs displayed
generally increased expression of immunosuppression-related genes compared to macrophages co-cultured with LMCs, accompanied
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Fig. 1. HMC-Exos facilitated TAM activation. (A) HMCs and LMCs were screened from the CNE-2 cell line using the limiting dilution method, then a
Transwell invasion assay was performed to assess HMC and LMC invasive capacity. Scale bar = 100 pm. (B) After treatment with 20 nM TPA for 48
h, U937 cells were co-cultured with LMCs, HMCs, and GW4869-treated HMCs. Next, qRT-PCR was performed to assess the expression level of
inflammation- and immunosuppression-related genes. Exosomes were identified using Western blot analysis for CD63, CD9, and CD81 (C), TEM (D),
and NTA (E). (F) After treatment with 20 nM TPA for 48 h, U937 cells were treated with LMC-Exos or HMC-Exos, then qRT-PCR was performed to
assess the expression level of inflammation- and immunosuppression-related genes. **p < 0.01.
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by decreased expression of inflammation-related genes. These data indicate that HMCs polarize macrophages toward an immuno-
suppressive phenotype (that is, TAM activation). GW4869 treatment disrupts the effects of HMCs on TAM activation. Because of the
crucial role of exosomes in intercellular communication between NPC cells and macrophages, exosomes were collected from the
conditioned medium of HMCs and LMCs and characterized using western blotting, TEM, and gNano analyses. Western blot analysis
revealed that the collected products expressed exosomal markers (CD63, CD9, and CD81) (Fig. 1C). TEM analysis revealed that the
collected products had a characteristic cup-like shape (Fig. 1D). gNano analysis showed that these products were microvesicles with
diameters of 80-130 nm (Fig. 1E). Fig. 1F shows a generally increased expression of immunosuppression-related genes, accompanied
by a decreased expression of inflammation-related genes, in HMC-Exo-treated macrophages compared to LMC-Exo treatment. These
results suggest that HMC-Exos facilitate TAM activation.

3.2. miR-193b was upregulated in HMC-Exos and metastatic NPC tissues-derived TAMs

Exosomal miRNAs play important roles in mediating the intercellular communication between cancer cells and macrophages [42,
43]. To identify functional miRNAs in NPC cell-derived exosomes, two datasets (GSE48502 and GSE118720) were downloaded from
the GEO database. Venn diagram analysis revealed that two miRNAs (miR-196a and miR-193b) were concurrently upregulated in
metastatic and radioresistant NPC tissues in both datasets (Fig. 2A, Supporting Table S2). The expression levels of miR-196a and
miR-193b were higher in HMCs than in LMCs (Fig. 2B), and only miR-193b expression was significantly higher in HMC-Exos than in
LMC-Exos (Fig. 2C). Interestingly, miR-193b was broadly expressed in the macrophages of NPC tissues (Fig. 2D). We further
demonstrated that miR-193b levels were higher in TAMs than in BDMs (Fig. 2E) and that miR-193b was increased in metastatic NPC
tissue-derived TAMs compared to non-metastatic NPC tissue-derived TAMs (Fig. 2F). These results suggest that NPC cell-derived
exosomal miR-193b may be transferred to TAMs to promote tumor metastasis.

3.3. miR-193b was transferred to macrophages from HMCs through exosomes

To explore whether miR-193b could be transferred to macrophages from HMC-Exos, miR-193b was overexpressed in HMCs, and its
level was assessed in HMCs and HMC-Exos. Fig. 3A and B shows that miR-193b expression was significantly elevated in HMCs and
HMC-Exos after miR-193b mimic transfection, indicating that miR-193b can be packaged into exosomes in HMCs. Treatment with
miR-193b-overexpressed HMCs-derived exosomes upregulated miR-193b expression in the recipient U937 cells (Fig. 3C), suggesting
that exosomal miR-193b can be transferred to macrophages. To further assess the miR-193b transfer from HMCs to macrophages,
HMCs were treated with FAM-labeled miR-193b (Fig. 3D) and co-cultured with U937 cells. Fig. 3E shows that FAM-labeled miR-193b
was detected in U937 cells, suggesting that miR-193b can be transferred from HMCs to macrophages through exosomes.

3.4. miR-193b facilitated TAM activation by repressing MEKK3

Next, the function of miR-193b in regulating macrophage phenotype (or TAM activation) was investigated. Fig. 4A shows the
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performed to assess miR-196a and miR-193b expression levels in HMCs and LMCs (B), and in HMC-Exos and LMC-Exos (C). (D) Representative IF
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generally increased expression of immunosuppression-related genes in miR-193b-treated macrophages compared to those exposed to
miRcont treatment (Supporting Fig. S1), indicating that miR-193b facilitated TAM activation. Western blot analysis revealed that miR-
193b overexpression increased CD206 and Arg-1 protein expression and decreased iNOS protein expression (Fig. 4B and C). The
production of NO and lactate, indicators of inflammatory and immunosuppressive macrophage activation, were assessed to further
evaluate the role of miR-193b in TAM activation. Fig. 4D and E shows that miR-193b decreased NO levels and increased lactate
production. These data further verify the role of HMC-Exos in TAM activation (Fig. 4D and E).

To identify the target genes of miR-193b, the TargetScan tool (http://www.targetscan.org/) was used to predict the potential target
genes of miR-193b (Supporting Table S3). Additionally, the GSE118720 dataset was used to analyze the differentially expressed
mRNAs (Supporting Table S4). Venn diagram analysis revealed 53 common mRNAs between these two sets of data (Fig. 4F, Supporting
Table S5). Of these genes, the MEKK3 was selected for subsequent validation because it is known to be involved in the macrophage
phenotype [44,45]. Sequence analysis revealed a binding site for miR-193b in MEKK3-3'UTR (Fig. 4G). To verify the regulatory role of
miR-193b in MEKK3 expression by targeting MEKK3-3'UTR, pGL3-MEKK3-3'UTR-wt recombinant plasmid or its mutant
(pGL3-MEKK3-3'UTR-mut) was constructed and transfected into U937 cells with miR-193b. The results from the dual luciferase re-
porter gene assay revealed that miR-193b significantly inhibited pGL3-MEKK3-3'UTR-wt luciferase activity, whereas miR-193b did not
affect pGL3-MEKK3-3'UTR-mut luciferase activity (Fig. 4H). Furthermore, although miR-193b did not alter MEKK3 mRNA levels (data
not shown), miR-193b significantly reduced MEKK3 protein expression (Fig. 4I). These results demonstrate that miR-193b facilitates
TAM activation by regulating MEKK3 expression.

3.5. miR-193b-overexpressed macrophages facilitated NPC cell invasion and radioresistance

Finally, the role of miR-193b-induced TAM activation in the regulation of NPC cell invasion and radioresistance was assessed. U937
cells were treated with miR-193b mimics, and the CM was collected to treat LMCs. Fig. 5A and B shows that CM derived from miR-
193b-overexpressed macrophages significantly accelerated LMC migration. The CM derived from miR-193b-overexpressed macro-
phages also facilitated LMC invasion (Fig. 5C and D). Moreover, miR-193b delivery resulted in significant radioresistance in LMCs
compared to miRcont delivery (Fig. 5E and F).

4. Discussion

Macrophages are a major type of immune cell in the TME, and immunosuppressive TAMs commonly aggregate in the TME to
accelerate angiogenesis and matrix remodeling and produce growth factors, promoting cancer cell growth, invasion, and radio-
resistance [46]. Expanding evidence has demonstrated that the direct interaction of cancer cells with macrophages is a critical factor in
the development of an immunosuppressive TME [14,46]. In the present study, we demonstrated that: i) HMC-Exos promote TAM
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Fig. 4. miR-193b facilitated TAM activation by repressing MEKK3.

U937 cells were treated with 20 nM TPA for 48 h, then the following experiments were performed: (A) U937 cells were treated with miR-193b
mimics, and qRT-PCR was performed to assess the expression levels of inflammation- and immunosuppression-related genes. Western blot (B)
and quantitative (C) analyses of iNOS, CD206, and Arg-1 expression in U937 cells after miR-193b overexpression. U937 cells were treated with the
indicated reagents, and NO (D) and lactate (E) production was assessed using the indicated assay kit. (F) The TargetScan tool was used to predict the
potential target genes of miR-193b. The GSE118720 dataset was used to analyze differentially expressed mRNAs. Venn diagram analysis was
performed to identify the common genes between these two datasets. (G) Schematic diagram of the speculative miR-193b complementary sequence
in the MEKK3 3-UTR. (H) A luciferase reporter assay was performed using CNE-2 cells after co-transfection with miR-193b, pGL3-MEKK3-3'UTR-Wt,
or pGL3-MEKK3-3'UTR-Mut. (I) Western blot analysis of MEKK3 expression in miR-193b-overexpressed CNE-2 cells. **p < 0.01.

activation, ii) miR-193b is increased in HMC-Exos and metastatic NPC tissue-derived TAMs, iii) HMC-derived exosomal miR-193b can
be transferred to macrophages, iv) miR-193b accelerates TAM activation by repressing MEKK3, and v) miR-193b-overexpressed
macrophages promote NPC cell invasion and radioresistance. These results, together with those of previous studies, indicate that
TAMs may be the center of the immunosuppressive TME and a potential target for the treatment of human tumors.

Macrophages are heterogeneous in the TME, depending on the tumor type, grade, and location within the tumor lesion [47].
Although the M1/M2 phenotype has been defined in previous studies [48-50], excessive M1/M2 polarization cannot objectively
describe macrophage stage and function, and the M1/M2 nomenclature has been mostly discarded [51]. In the TME, the macrophage
phenotype is influenced by the different types of cells surrounding it, including tumor cells and cancer-associated fibroblasts (CAFs)
[14,52,53]. Zhao et al. reported that CAFs contribute to TAM activation by exosomal miR-320a-regulated PTEN/PI3Ky signaling [54].
In this study, we demonstrated that NPC cell-derived exosomes promote macrophage pro-tumorigenic activation (that is, TAM



W. Li et al. Heliyon 10 (2024) e30808

>
-
8
H
H
o
C]

HH:

i

Migrated cells per field
i N
3 8

Invasive cells per field
N
S

miRcont miRNA-193b

miRcont miRNA-193b
U937-cm

U937-cm U937-cm U937-cm

miRNA-193b

U937-cm

Survival Fraction

0.01 Lme
o U93T-cm after miRcont treatment

& U937-cm after miR-193b treatment

miRcont

o 2 4 6 8 10  12(6y)

Fig. 5. miR-193b-overexpressed macrophages facilitated NPC cell invasion and radioresistance.

After treatment with 20 nM TPA for 48 h, U937 cells were treated with miR-193b mimics or miRNA controls, and the CM was collected to treat the
LMCs. Transwell migration assays (A) and quantitative analyses (B) were performed to assess the migration capacity of LMCs. Scale bar = 100 pm.
Transwell invasion assays (C) and quantitative analyses (D) were performed to assess the invasive capacity of LMCs. (E and F) A clonogenic survival
assay was performed to assess the role of CM derived from miR-193b-overexpressed macrophages in regulating radioresistance. **p < 0.01.

activation), as evidenced by the generally increased expression of immunosuppression-related genes and decreased expression of
inflammation-related genes. In addition to exosomes, intercellular interactions between cancer cells and macrophages are mediated in
other ways. Wang et al. demonstrated that cancer cells accelerate TAM activation by increasing lysosome-associated membrane
protein type 2A (LAMP2a) expression in macrophages, and higher LAMP2a levels in TAMs predict more negative clinical outcomes in
patients with breast cancer [14]. Understanding the communication mechanism between different cells in the TME is essential.

miRNAs play a vital role in exosome-mediated cell-cell communication in the TME, that is, intercellular communication between
cancer cells and CAFs. HCC-derived exosomal miR-1247-3p facilitates CAF activation to promote cancer metastasis by regulating NF-
kB signaling [20]. Intrahepatic cholangiocarcinoma (ICC) cell-derived exosomal miR-183-5p facilitates macrophage pro-tumorigenic
activation by regulating the phosphatase and tensin homolog (PTEN)/AKT/PD-L 1 axis [42]. In contrast, the “M2”
macrophage-derived exosomal miRNA-21-5p accelerates renal cell carcinoma (RCC) progression by regulating the PTEN/AKT
pathway [55]. The current results show that highly metastatic NPC cell-derived exosomal miR-193b-3p activates TAM, resulting in
cancer cell invasion and radioresistance.

The biological role of miR-193b in the regulation of cancer cell proliferation and inflammatory responses remains controversial.
miR-193b is an oncomiRNA in colorectal cancer (CRC) [56]. miR-193b overexpression accelerates CRC cell proliferation by repressing
methyltransferase SUV39H1 expression [56]. In T-cell acute lymphoblastic leukemia (T-ALL), miR-193b acts as a tumor suppressive
gene [57]. miR-193b inhibition contributes to cancer cell proliferation by de-repressing notch receptor 1 (NOTCH1) [57]. In kerati-
nocytes, miR-193b represses cell proliferation and the production of inflammatory cytokines by regulating STAT3 and NF-kB signaling
[58]. A recent study showed that miR-193b expression levels are dysregulated during macrophage polarization [59], indicating a
potential role of miR-193b in macrophage polarization. However, their role in TEM remains unclear. In the present study, we
demonstrated that HMC-Exos contain a high abundance of miR-193b and that exosomal miR-193b can be transferred to macrophages
to promote macrophage pro-tumorigenic activation by suppressing MEKK3 expression. Consequently, miR-193b-overexpressed
macrophages facilitate NPC cell invasion and radioresistance. The study had the following three major limitations: i) in the studies
of assessing miR-193b levels in BDMs, TAMs, and NPC tissues (Fig. 2), the sample size was not sufficiently large. It is necessary to assess
miR-193b levels in a larger sample size; ii) it would be meaningful to measure miR-193b levels in the peripheral blood of patients with
NPC at different stages to evaluate its feasibility as a serum biomarker; and iii) It is necessary to further confirm the roles of miR-193b
in regulating TAM activation and NPC radioresistance using mouse subcutaneous tumor model.

5. Conclusions
These results demonstrate that NPC cell-derived exosomal miR-193b-3p activates TAMs and results in cancer cell invasion and

radioresistance, which revealed a critical role of exosomal miR-193b-3p in mediating intercellular communication between NPC cells
and macrophages, providing a potential target for NPC treatment.
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