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Long noncoding RNAs (lncRNAs), which lack protein-coding ability, can regulate cancer cell growth, proliferation, invasion, and metastasis. Tumor-associated macrophages (TAMs) are key components of the tumor microenvironment that have a significant impact on cancer progression. Small extracellular vesicles (sEV) are crucial mediators of intercellular communications. Cancer cell and macrophage-derived sEV can carry lncRNAs that influence the onset and progression of cancer. Dysregulation of lncRNAs, TAMs, and sEV is widely observed in tumors which makes them valuable targets for cancer immunotherapy. In this review, we summarize current updates on the interactions among sEV, lncRNAs, and TAMs in tumors and provide new perspectives on cancer diagnosis and treatment.
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1 Introduction

Non-coding RNAs (ncRNAs) are a class of RNA molecules that cannot encode proteins and are different from messenger RNA (mRNA) in structure and function (1). Although ncRNAs have been regarded as “junk RNA” and “transcriptional noise” in the past, the development of high-throughput sequencing has revealed the importance of ncRNAs in both physiological and pathological processes, including cell cycle, cell differentiation, and tumorigenesis (2–5). Based on their functions and sizes, ncRNAs are mainly divided into short ncRNAs, long ncRNAs (lncRNAs), and circular RNAs (circRNAs) (3, 6). LncRNAs are defined as transcripts longer than 200 nucleotides without protein coding abilities (7). They are important contributors to tumor growth, proliferation, invasion, and metastasis due to their ability to regulate the tumor microenvironment (TME) (8–10).

TME is a highly complex and dynamic network of cells, composed of immune, cancer, endothelial, and stromal cells, and blood vessels, fibroblasts, and the extracellular matrix and our understanding of the TME is continuously evolving (11). Among these components, macrophages, a class of immune cells characterized by diversity and plasticity, play a crucial role in the immune response (12). According to their activation status and function, macrophages are divided into M1 (classically activated) and M2 (alternatively activated) phenotypes (13). Macrophages differentiate into the M1 phenotype, when induced by lipopolysaccharide (LPS) and tumor necrosis factor-α (TNF-α) and have pro-inflammatory and antitumor functions. In contrast, interleukin (IL)-4 and IL-13 can induce macrophages to polarize towards the M2 phenotype, which plays anti-inflammatory and pro-tumorigenic roles (14). The plasticity of macrophages allows them to switch from one phenotype to another (15–17). Tumor-associated macrophages (TAMs) are major participants in TME formation and are abundantly found in a variety of tumors (18). The recruitment, polarization, and phenotypic transition of TAMs can regulate cancer occurrence and progression by modulating tumor metabolism and inducing cell proliferation, invasion, metastasis, drug resistance, and immune evasion (19–21). The polarization is affected by many factors, one of which are small extracellular vesicles (sEV) (Figure 1).




Figure 1 | Polarization of tumor-associated macrophages (TAMs) and their effects on cancer cells. In the tumor microenvironment, macrophages can polarize into M1 and M2 phenotypes in response to different stimuli. Both M1-likeTAMs and M2-likeTAMs can secrete cytokines and small extracellular vesicles (sEV) to inhibit or promote tumor progression.



The sEV are secreted by various cells and have emerged as vital players in intercellular information exchange by transporting intracellular components such as proteins, nucleic acids (both RNA and DNA), and lipids (22, 23). sEV can alter the physiological state of recipient cells via different mechanisms. For example, sEV can directly attach to recipient cells through their surface molecules via receptor-ligand interactions (24, 25) or fuse with the target cell membrane to transport their contents into the cytosol (8, 26). sEV are derived from tumor cells and other cells of the TME, including fibroblasts, endothelial and immune cells, and have different signatures based on their origin (27). The sEV in the TME influence multiple tumorigenic behaviors such as invasion, metastasis, and angiogenesis (28).

LncRNAs derived from tumor cells and TAMs are selectively packaged into sEV that function as messengers for intercellular communication in the TME. The sEV carrying lncRNAs can regulate cancer onset and progression by affecting the recruitment, polarization, and phenotypic transition of TAMs (13). TAMs exert an immune regulatory role in the development of tumors by secreting various cytokines and effector molecules (6). In tumors, abnormally expressed lncRNAs, TAMs, and sEV can not only be used as diagnostic and prognostic markers but also as potential targets for cancer therapy. Only a few studies have explored the relationship between these three factors in cancer. Therefore, in this review, we summarize current updates to clarify the interactions among lncRNAs, TAMs, and sEV, and analyze the possible mechanisms involved in these interactions during the development and progression of cancer.



2 LncRNAs regulate TAMs and influence tumorigenesis and progression

LncRNAs play a vital role in the occurrence, development, and metastasis of cancers and influence tumor initiation and development by affecting the TME. In the TME, TAMs are one of the most abundant cells that are primarily responsible for pro-tumoral processes and immune evasion/suppression (29) and the lncRNAs are involved in their regulation (Table 1) (14, 57). While some lncRNAs can induce macrophage recruitment, polarization, and M1/M2 phenotypic transition to accelerate cancer progression others inhibit tumor development by regulating TAMs. However, the regulatory functions of lncRNAs in TAMs may depend on cancer cell type, tumor stage, and TME. In this section, we discuss the bilateral/dual effects of lncRNAs on TAMs and the underlying mechanisms that regulate the paradoxical functions of lncRNAs.


Table 1 | The effects of lncRNAs on TAMs.




2.1 LncRNAs function as oncogenes by modulating macrophage polarization and promoting tumor progression

LncRNAs are important contributors to the regulation of TME. The oncogenic roles of lncRNAs in TAMs and tumors involve different mechanisms, including sponging by the ceRNA network, classical signaling pathways, epigenetic modifications, and other regulatory pathways.


2.1.1 The competing endogenous RNA network

The lncRNA-microRNA (miRNA)-mRNA network is a ceRNA network that is closely related to cancer initiation and progression in a variety of tumors, including glioma (58), breast cancer (BC) (59), lung cancer (60), gastric cancer (GC) (61), hepatocellular carcinoma (HCC) (62), colorectal cancer (CRC) (63), pancreatic cancer (64), cholangiocarcinoma (65), ovarian cancer (66), thyroid cancer (67), and clear cell renal cell carcinoma (68). LncRNAs can bind to miRNAs competitively and block miRNA interaction with the target mRNA, thereby indirectly elevating the expression and/or translation of target genes (69).

Several lncRNAs regulate TAM polarization and phenotypic transition via the ceRNA network. For example, in cholangiocarcinoma, the lncRNA prostate cancer-associated transcript 6 (PCAT6) mediates M2 polarization through a ceRNA network in which lncRNA PCAT6 suppresses the expression of miR-326 and promotes the expression of RhoA, a target gene of miR-326. Thus, PCAT6 could be a potential immunotherapy target for cholangiocarcinoma treatment (30).

Similarly, the lncRNA GNAS-AS1 accelerates M2 polarization by sponging miR-433-3p. GATA3, a transcription factor involved in M2 polarization, is a direct target of miR-433-3p.GNAS-AS1 positively regulates GATA3 through direct interaction and sponging of miR-433-3p, which results in TAM-mediated progression of estrogen receptor (ER)-positive BC. The effects of GNAS-AS1 on M2 polarization and the proliferation and metastasis of ER-positive BC cells can be inhibited through overexpression of miR-433-3p or GATA3 knockdown (31). In addition, increased expression of GNAS-AS1 in TAM inducesM2 polarization and accelerates non-small cell lung cancer (NSCLC) tumor progression (32).

In CRC, the lncRNA MIR155HG accelerates cancer progression and enhances oxaliplatin resistance by promoting M2 polarization as well as proliferation and metastasis of CRC cells by regulating the miR-650/ANXA2 axis (33). LINC00467 is an oncogenic lncRNA involved in M2 polarization and prostate carcinoma (PC) progression. LINC00467 is not only overexpressed in PC cells, but also in M2 macrophages, in which it enhances M2 polarization during PC progression. LINC00467 competitively binds to miR-494-3p and prevents the binding of miR-494-3p to STAT3, which functions as an oncogenic protein in many types of cancers. The repression of the LINC00467/miR-494-3p/STAT3 axis can halt the progression of PC by suppressing M2 polarization (34).

In osteosarcoma (OS), lncRNA RP11-361F15.2 is positively related to cytoplasmic polyadenylation element binding protein 4 (CPEB4) and negatively associated with miR-30c-5p. RP11-361F15.2 acts as an oncogenic factor that promotes CPEB4-mediated cancer cell migration and invasion by binding to miR-30c-5p and increasing CPEB4 protein levels. In addition, RP11-361F15.2 is required for the polarization of M2-like TAMs (35). In multiple myeloma, the tumorigenic lncRNA nuclear paraspeckle assembly transcript 1 (NEAT1) induces M2 polarization and promotes cancer progression by sponging miR-214 and upregulating the expression of B7-H3, a target of miR-214. The functional axis composed of NEAT1/miR-214/B7-H3 regulates M2 polarization and accelerates the progression of multiple myeloma (36).



2.1.2 The classical signaling pathways


2.1.2.1 Janus kinase/signal transducers and activators of transcription signaling pathway

In addition to the ceRNA network, lncRNAs also directly regulate signaling molecules associated with the classical pathways of M2 polarization, such as the JAK/STAT signaling pathway. This pathway has been widely studied in many cancers including BC (70), cervical cancer (71), oral and gastric cancer (72), HCC (73), pancreatic cancer (74), lung cancer (75), glioblastoma (76), melanoma (77), leukemia (78), lymphoma (79), and myeloproliferative neoplasms (80).

The JAK/STAT pathway participates in lncRNA-mediated activation of TAMs. In BC cells, the expression of Linc00514 is increased and it directly binds to STAT3 which is then recruited to JAK2, leading to an increased or sustained phosphorylation of STAT3 and activation of the Jagged1-mediatedNotch signaling pathway. Further, the STAT3/Jagged1 axis promotes the expression and secretion of IL-4 and IL-6 from BC cells, which induce M2 polarization in the TME (37). Therefore, JAK2/STAT3 is an important pathway in lncRNA-mediated M2 polarization.

JAK1/STAT6 is a key pathway of IL-4 and IL-13 induced M2 polarization, which can be regulated by lncRNAs. For example, high expression of lncRNA CRNDE activates JAK1 and STAT6 expression and upregulates the phospho-STAT6-dependent expression of CD163 and M2 polarization in liver cancer (38). In addition, lncRNA MM2P-mediated activation of STAT6 is required for the M2 polarization of macrophages and their angiogenesis-promoting properties. Mechanistically, lncRNA MM2P regulates the dephosphorylation of STAT6 (Y641) during M2 macrophage-mediated tumorigenesis (39). In contrast, the lncRNA SNHG1 contributes to M2 polarization and M2 macrophage-driven tumor growth and angiogenesis in BC by increasing the phosphorylation of STAT6 (40).



2.1.2.2 Wnt/β-catenin signaling pathway

The Wnt/β-catenin pathway is one of the major oncogenic signaling cascades, and its dysregulation leads to cancer development, tumor growth, and dissemination (81, 82). Recent studies have shown that Wnt/β-catenin signaling is an important contributor to the lncRNA-mediated M2 polarization. The oncogenic lncRNA LINC00662 activates Wnt/β-catenin signaling by upregulating WNT3A expression via competitive binding with miR-15a, miR-16, and miR-107, which directly target and inhibit the expression and translation of WNT3A in HCC. Besides, the expression of LINC00662 in HCC activates Wnt/β-catenin signaling in macrophages in a paracrine manner by secreting WNT3A and promotingM2 polarization (41).

T-cell factor 4 (TCF-4) is a major effector and an important downstream transcriptional mediator of canonical Wnt signaling, which induces the expression of Wnt target genes. In lung cancer, TCF-4 positively regulates lncRNA XIST expression in TAM by directly binding to the promoter region of XIST gene. The upregulation of TCF-4/lncRNA XIST contributes to TAM phenotypic transformation and M2 polarization, which drive tumor progression in lung cancer (42).



2.1.2.3 NF-κB signaling pathway

NF-κB signaling, a master regulator of immune responses that connects inflammation to cancer (83), is involved in the regulation of lncRNA-mediated M2 polarization. In oral squamous cell carcinoma (OSCC), the elevation of lncRNA DCST1-AS1 is required for the proliferation, migration, and invasion of OSCC, in addition to the upregulation of M2-like polarization. Loss of DCST1-AS1 inhibits OSCC tumorigenicity and represses M2 polarization through inactivation of NF-κB signaling. Thus, DCST1-AS1 modulates OSCC tumorigenicity and M2 polarization by activating the NF-κB pathway (43).

In BC, lincRNA-p21 is upregulated in TAMs and promotes M2 polarization. In the TME, lincRNA-p21 binds to MDM2 and blocks its interaction with p53, thereby increasing the stability and activity of p53, which in turn inhibits NF-κB and STAT3 pathways and maintains the M2 polarized state of macrophages. However, the silencing of lincRNA-p21 in TAM can inhibit the malignant properties and induce apoptosis in BC cells mainly through MDM2-dependent degradation of p53 and activation of the NF-κB/STAT3 pathways, which switch the polarization toM1 phenotype. Thus, the level of lincRNA-p21 is an important determinant of M1/M2 polarization in the TME during BC progression (44).




2.1.3 The epigenetic modifications

Apart from post-transcriptional regulatory mechanisms discussed in previous sections, lncRNAs can act as scaffold molecules to modulate macrophage recruitment and polarization by controlling or guiding the transcription of target molecules. For instance, lncRNA lymph node metastasis-associated transcript 1 (LNMAT1) epigenetically induces C-Cmotif chemokine ligand (CCL) 2 expression by recruiting hnRNPL to the CCL2 promoter, which increases trimethylation of H3K4 at the promoter and enhances transcription of CCL2 in metastatic bladder cancer cells. Moreover, enhanced expression of CCL2 induces TAM activation and M2 polarization, which ultimately contribute to lymphangiogenesis and lymph node metastasis of bladder cancer cells by secreting vascular endothelial growth factor C (VEGF-C) (45).

The lncRNA pituitary tumor-transforming 3 pseudogene (PTTG3P) also promotes M2 polarization, which is correlated with hypoxia-inducible factor-1α (HIF-1α). HIF-1α can increase PTTG3P expression by binding to its promoter region and facilitating M2 polarization and cell growth (46). An oncogenic lncRNA,LINC00665, promotes M2 macrophage-dependent progression of GC by promoting the expression of Wnt1, which is a major signaling molecule involved in M2 polarization.LINC00665 directly interacts with the transcription factor BTB domain and CNC homology 1 (BACH1) and enhances the binding of BACH1 to the Wnt1 promoter, resulting in upregulation of Wnt1 expression (47).

LncRNA prostaglandin-endoperoxide synthase 2 (PTGS2) antisense NF-κB1 complex-mediated expression regulator RNA (PACERR) is an important contributor to the polarization of TAMs in pancreatic ductal adenocarcinoma (PDAC). PACERR acts as amiR-671-3p sponge to activate the KLF12/AKT/c-myc pathway and it also enhances the stability of KLF12 and c-myc by interacting with insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2). KLF12 can directly bind to the promoter of PACERR, and KLF12-transcribed PACERR recruits histone acetyltransferase E1A binding protein p300 (EP300) to increase the acetylation of histone (H3K27) in the PACERR promoter region and enhance the transcription of PACERR in TAM (48). Notably, PTGS2 and PACERR have overlapping promoter regions, and PACERR is transcribed in the opposite direction of PTGS2; thus, PACERR functions as a cis-acting lncRNA in TAM. In addition, PACERR directly interacts with CCCTC-binding factor (CTCF), which is a DNA-binding factor involved in recruiting histone modifiers. CTCF/PACERR complexes recruit EP300 to the promoter region of PTGS2and increase histone acetylation, resulting in the enhancement of transcriptional activation of PTGS2 and induction of M2 polarization within the TME during the development and progression of PDAC (49).

Thus, some lncRNAs affect the activation and polarization of macrophages by functioning at the transcriptional level and/or assisting factors associated with epigenetic modifications.



2.1.4 Other regulatory mechanisms

LncRNAs modulate the polarization state of macrophages via other mechanisms. For example, upregulation of oncogenic lncRNA ANCR in GC accelerates the invasion and metastasis by inhibiting macrophage M1 polarization by triggering ubiquitination-mediated degradation and downregulation of FOX protein O1 (FoxO1) (50).

In NSCLC, increased LINC01232 expression is closely associated with the stemness of NSCLC cells and cancer progression through the activation of the transforming growth factor-beta (TGF-β) signaling pathway. Forkhead box P3 (FOXP3) acts as an upstream activator of LINC01232 transcription, and FOXP3-dependent expression of LINC01232 accelerates M2 polarization by LINC01232/IGF2BP2 mediated increase in TGFBR1 mRNA stability and elevation of TGFBR1 protein levels (51).

LncRNAs thus function as oncogenes by modulating the polarization of macrophages via multiple mechanisms, thus accelerating the occurrence and progression of tumors.




2.2 LncRNAs function as tumor suppressors by modulating macrophage polarization and inhibiting tumor progression

LncRNAs act as tumor suppressors by altering the macrophage M1/M2 phenotypic switch, mainly by inducing M1 polarization and inhibiting M2 macrophage expression, thus inhibiting cancer cell proliferation, invasion, migration, and immune evasion. For instance, the lncRNA neighbor of BRCA1 gene 2 (NBR2) is downregulated during the development of CRC and exerts an antitumor effect by favoring M1 polarization and suppressing M2 polarization of TAM. The overexpression of lncRNA NBR2 increased the proportion of M1 macrophages and upregulated the expression levels of TNF-α and HLA-DR in the TME of the CRC xenograft model, indicating that lncRNA can suppress CRC progression by altering the M1/M2 polarization (52). Similarly, the reduction of lncRNA NIFK-AS1 in TAM of endometrial cancer leads to miR-146a-mediated suppression of Notch1 signaling, which promotes M2-like macrophage-driven proliferation, migration, and invasion of cancer cells. However, the overexpression of lncRNA NIFK-AS1 can suppress cancer growth by sponging miR-146a and upregulating Notch1, thus inhibiting estrogen-induced proliferation, migration, and invasion of endometrial cancer cells (53).In addition, the expression of lncRNA cox-2 is higher in M1 type than in M2 type macrophages. The expression of lncRNA cox-2 in M1 type macrophages upregulates the levels of TNF-α, IL-12 and iNOS, which facilitates HCC cell apoptosis and increases the capability of M1 macrophages to inhibit growth, migration, and invasion of HCC cells. Therefore, lncRNA cox-2 can suppress HCC immune evasion and tumor growth by blocking the M2 polarization (54).

Coagulation factor X (FX), a vitamin K-dependent plasma protein, is overexpressed in glioblastoma multiforme (GBM).Secreted FX, a chemoattractant, is closely associated with TAM density and specifically increases the M2 macrophages in GBM.FX facilitates macrophage recruitment and M2 polarization to accelerate GBM growth without altering proliferation by increasing the phosphorylation and activation of ERK1/2 and AKT in TAM. The tumor-suppressive miR-338-3p targets FX and suppresses macrophage migration without affecting their polarization. However, lncRNA CASC2c directly inhibits FX expression and blocks macrophage migration and M2 polarization. Interestingly, miR-388-3p and lncRNA CASC2c reciprocally regulate each other and synergistically repress FX expression, which leads to the reduction of the M2 subtype and elevation of antitumor responsive M1 subtype macrophages in GBM (55).

LncRNA XIST is highly expressed and contributes to maintaining the M1 phenotype by increasing the expression of CCAAT/enhancer-binding protein α (C/EBPα) and Kruppel-like factor 6 (KLF6), which are important regulators and inhibitors of the formation of M2 macrophages, while miR-101, an oncogenic miR, can inhibit the expression of C/EBPα and KLF6 mRNAs and promote M2 polarization. However, the expression of lncRNA XIST is lowered and miR-101 is upregulated in TAMs of breast and ovarian cancers, favoring M2 polarization-induced cell proliferation and migration of malignant cells. Notably, C/EBPα and KLF6 have a common miRNA response element (MRE) sequence for the binding of XIST and miR-101, and miR-101 can also directly bind to XIST. Hence, XIST competes with miR-101 to bind with C/EBPα and KLF6 and sponges miR-101 to upregulate the expression of C/EBPα and KLF6 in TAM of ovarian cancer and BC. Therefore, tumor-suppressive lncRNAs competitively block miRNA-mediated M2 polarization and control the M1/M2 phenotypic transformation of TAMs (56).




3 TAMs regulate LncRNAs to affect tumorigenesis and progression

In some tumors, TAMs mediate the expression of lncRNAs by releasing cytokines and eventually influence the onset and development of tumors (Table 1) (18, 29). M2-like TAMs are recruited to tumor tissues and secrete growth factors, cytokines, chemokines, and anti-inflammatory mediators (84). These factors can alter the expression levels of lncRNAs, thereby influencing growth, invasion, metastasis, and angiogenesis. Therefore, in this section, we summarize and discuss findings related to TAM-mediated regulation of lncRNAs in tumors (Figure 2).




Figure 2 | TAMs regulate the expression level of IncRNAs in tumors. TAMs upregulate or downregulate the expression of IncRNAs by secreting multiple cytokines. Then, these IncRNAs affect tumor progression through activating various signaling pathways.



In epithelial ovarian cancer (EOC), a stimulant, phorbol 12-myristate 13-acetate, induces M2-like TAMs and triggers the secretion of epidermal growth factor (EGF), which promotes proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT) of EOC cells via activation of the EGFR-ERK signaling pathway. In EOC, EGF-induced EGFR-ERK signaling inhibits the expression of the lncRNA inhibiting metastasis (LIMT), a highly conserved tumor suppressive lncRNA. Forced expression of LIMT or inhibition of EGFR signaling significantly reduced ovarian tumor growth. Thus, the secretion of growth factors such as EGF from M2-like TAMs induces EGFR signaling-mediated suppression of lncRNA expression in EOC and accelerates EOC progression and metastasis (85).

VEGF is a vital angiogenesis factor that stimulates endothelial cell proliferation and tube formation to generate new blood vessels; thus, it is an important contributor to tumor angiogenesis (86). In triple-negative BC (TNBC), VEGF secreted from M2 macrophages stimulates the expression of the lncRNA PCAT6 in TNBC cells. PCAT6 post-transcriptionally upregulates the level of VEGFR2 by targeting and sponging miR-4723-5p, and the VEGFR2/AKT/mTOR signaling pathway acts as a downstream effector of PCAT6 to accelerate tumorigenesis and angiogenesis. In addition, PCAT6 sustains VEGFR2 signaling by recruiting a deubiquitinase enzyme (USP14) and inhibiting ubiquitination-dependent degradation of VEGFR2 protein. Together, this study reveals that M2 macrophages secrete growth factors such as VEGF, which have paracrine effects on BC cells, upregulate oncogenic signaling composed of PCAT6/VEGFR2/AKT/mTOR, and trigger tumor progression (87).

TAMs also release various chemokines to modulate lncRNA expression in some tumors. For instance, IL-8, a CXC inflammatory chemokine, is secreted by M2 macrophages, which induces angiogenesis and tumor progression in prostate cancer by STAT3-dependent expression of lncRNA metastasis-associated with lung adenocarcinoma transcript-1 (MALAT1), which is an oncogenic lncRNA. STAT3 enhances MALAT1 transcription by directly binding to its promoter. This study identified that the IL-8/STAT3/MALAT1 regulatory axis is activated by M2 macrophages in a paracrine manner (88). CCL 18 is a chemokine secreted by TAMs, and its expression is associated with metastasis in many types of tumors (89, 90). TAM-secreted CCL18 promotes the proliferation and migration of OS cells via EP300 and mediates the expression of the lncRNA UCA1.In addition, the Wnt/β-catenin/GSK3β signaling pathway is a downstream effector of lncRNA UCA1 during OS progression and metastasis. In this way, TAM-derived CCL18 facilitates OS proliferation and metastasis through EP300-mediated expression of UCA1 and activation of the Wnt/β-catenin axis (91).

Collectively, these studies reveal that some lncRNAs affect the expression and phenotype transition of TAMs, while TAMs can influence lncRNA expression in other cells within the TME to influence tumor progression; in some cases, there is a reciprocal relationship between TAM and lncRNAs, and their interaction forms a positive/negative feedback loop, functioning as oncogenes/tumor suppressors in cancers. For example, TAMs facilitate OS progression by enhancing the expression of lncRNA p53 upregulated regulator of P53 (PURPL) by influencing the miR-363/PDZ domain containing 2 (PDZD2) axis. PURPL positively regulates TAM migration and promotes OS cell proliferation, migration, invasion, and EMT (92). This supports the notion that there is feedback regulation and/or crosstalk between lncRNAs and TAMs in tumors.



4 The involvement of sEV in the crosstalk between LncRNAs and TAMs

LncRNAs are important participants in the crosstalk between tumor cells and macrophages, and they can be transferred along with multiple cellular components through intercellular messengers, such as sEV and microvesicles (MVs) (57). The sEV are 40-160 nm in diameter and are secreted by all cell types. They are vital for information exchange between cells in normal tissues as well as in the TME (8, 93). They carry multiple biological molecules including lncRNAs and play crucial roles in tumor progression (94–102). Tumor-derived lncRNAs, such as PTENP1 (103), LNMAT2 (104), lncUEGC1 (105), and FMR1-AS1 (106), can be delivered by sEV, which influences the onset and development of tumors. Some sEV carrying lncRNAs can be used as tumor biomarkers and potential therapeutic targets. In this section, we focus on the interactions among sEV, lncRNAs, and TAMs during tumorigenesis and dissemination.


4.1 The roles of tumor-derived sEV in the crosstalk between lncRNAs and TAMs

Cancer cell-derived sEV can transport lncRNAs into macrophages to mediate M2 polarization within the TME (107). Subsequently, polarized TAMs can trigger cancer cell growth and tumor progression by upregulating the levels of anti-inflammatory cytokines and/or decreasing pro-inflammatory cytokines (Table 2). For instance, the oncogenic lncRNA HLA complex group 18 (HCG18) (115, 116), is highly expressed in GC cell-derived sEV. By transferring HCG18 through sEV, GC cells facilitate the M2 polarization by sponging miR-875-3p and upregulating KLF4 expression (108). The lncRNA TP73-AS1, released from nasopharyngeal carcinoma (NPC) cells, is transferred by sEV to macrophages, in which TP73-AS1 increases the levels of M2 markers and promotes their motility and tube formation. In addition, overexpression of TP73-AS1 accelerated NPC cell proliferation, colony formation, and DNA synthesis by directly binding to miR-342-3p. Thus, the NPC cell-derived sEV carrying lncRNATP73-AS1 accelerate oncogenic processes by promoting M2 polarization (109).


Table 2 | The regulatory effect of lncRNAs in sEV derived from tumor cells on TAMs.



In NSCLC, the level of the lncRNA SOX2 overlapping transcript (SOX2-OT) is high in tumor-derived sEV, which play a crucial role in cancer development and progression. On the one hand, the lncRNA SOX2-OT, transmitted by NSCLC cell-derived sEV, promotes M2 polarization by sponging miR-627-3p and increasing the expression of Smad signaling molecules such as Smad2, Smad3, and Smad4 in macrophages. On the other hand, SOX2-OT-induced M2 macrophages aggravate the resistance of NSCLC cancer cells to EGFR tyrosine kinase inhibitors. This study revealed a close connection among tumor cell-derived lncRNAs, sEV, and M2 macrophages in NSCLC (110).

The lncRNA distal-less homeobox 6 antisense 1 (DLX6-AS1) is overexpressed in HCC and can trigger the migration, invasion, and EMT of HCC. HCC cell-secreted sEV transport DLX6-AS1 to macrophages and induce M2 polarization by regulating the miR-15a-5p/CXCL17 axis (111). Likewise, lncRNA TUC339 is primarily derived from HCC cell-derived sEV and can control M1/M2 polarization. In THP-1 cells, suppression of TUC339 elicits M1 phenotypic behavior of macrophages, as evidenced by increased levels of pro-inflammatory cytokines, costimulatory molecules, and phagocytosis. However, overexpression of TUC339 leads to the opposite effect, and macrophages acquire the M2 phenotype. Moreover, TUC339 levels are elevated in M2 macrophages and downregulated during the transition from M2 to M1 phenotype (112). Overall, this study indicated that HCC-derived sEV carrying lncRNA TUC339 participate in the M1/M2 transition of macrophages and M2 polarization in HCC.

Similarly, the lncRNA RPPH1 is abundant in circulatory sEV in CRC patients. TheRPPH1 carrying sEV, secreted by CRC cells, can be rapidly taken up by human monocyte-derived macrophages, and they exhibit a CD206 high/HLA-DR low phenotype, a typical M2 macrophage morphology, and express M2 markers. This study suggests that CRC-derived sEV can transmit RPPH1 into macrophages to promote the M2 polarization, in addition to their function in CRC cell metastasis (113).

Together, cancer cell-secreted sEVs can transport lncRNAs to TAMs within the TME and promote M2 polarization, which triggers tumor progression. However, some studies have found that sEV carrying lncRNAs in the TME have the potential to induce macrophages towards the M1 phenotype, which functions as a suppressor of tumor progression. For example, the lncRNA HOXA transcript at the distal tip (HOTTIP) is upregulated in M1 macrophage-derived sEV (M1 sEV) in head and neck squamous cell carcinoma (HNSCC), and these M1 sEV inhibit proliferation, migration, and invasion, as well as promote apoptosis of HNSCC cells. This effect is enhanced by HOTTIP overexpression in M1 sEV, indicating that HOTTIP is an important functional molecule in M1 sEV. Notably, M1 sEV could reprogram TAMs in the TME into M1 macrophages, and HOTTIP-carrying sEV from both cancer cells and M1 macrophages could reprogram circulating monocytes to express the M1 phenotype. M1 sEV carrying HOTTIP also upregulates the TLR5/NF-κB signaling pathway by competitively sponging miR-19a-3p and miR-19b-3p to suppress HNSCC progression (114).



4.2 The roles of macrophages-derived sEV in the crosstalk between lncRNAs and TAMs

In the TME, sEV are released not only by tumor cells but also by immune cells such as TAMs. TAMs can secrete and utilize sEV to modulate the expression of lncRNAs, thus altering the signaling associated with cancer initiation and progression Figure 3. In esophageal cancer (EC), M2 macrophage-derived sEV consist of high levels of lncRNA AFAP1-AS1 and activating transcription factor 2 (ATF2) but a decreased level of miR-26a. AFAP1-AS1 can be packed into EC cells by these sEV and upregulates the expression of ATF2 by sponging miR-26a, thereby promoting the migration, invasion, and lung metastasis of EC cells (117). Similarly, macrophage-derived lncRNA LIFR-AS1 can be transferred to OS cells via sEV to promote OS cell proliferation and invasion through the miR-29a/nuclear factor I/A (NFIA) axis (118). The level of lncRNA CRNDE is high in cancer tissues and TAMs of GC patients. A study found that CRNDE is enriched in M2 macrophage-derived sEV, and its transportation to GC cells via sEV enhances cisplatin resistance of GC cells by activating neural precursor cells expressing developmentally downregulated protein 4-1 (NEDD4-1)-mediated ubiquitination and degradation of phosphatase and tensin homolog (PTEN). Thus, TAM-derived sEV carrying lncRNAs, such as CRNDE, participate in chemoresistance in GC (119).




Figure 3 | TAMs-derived sEV in the crosstalk between IncRNAs and TAMs, TAMs secret sEV to transport IncRNAs into cancer cells to affect cancer cells proliferation, apotosis, migration, invasion and drug resistance through different ways.



In some tumors, TAM-secreted sEV can suppress cancer cell migration and invasion. The sEV from TAM of EOC carrying miR-146b-5p when taken up by human umbilical vein derived endothelial cells effectively suppressed the migration of these endothelial cells by targeting the TRAF6/NF-κB/MMP2 pathway. However, two uncharacterized lncRNAs (ENST00000444164 and ENST00000437683) from EOC-derived sEV reversed endothelial cell migration by upregulating the phosphorylation of NF-κB. This study suggests that there is an interaction between TAMs and endothelial cells, and that certain TAM-derived miRs, such as miR-146b-5p, have anti-angiogenic functions by which endothelial cell migration is suppressed. However, EOC cells abrogate this hindrance through the secretion of sEV carrying oncogenic/angiogenic lncRNAs and promote endothelial cell migration, which is a key event in tumor angiogenesis (120).

Interactions among sEV, lncRNAs, and TAMs have also been found in lung adenocarcinoma (LUAD). LUAD cell-derived sEV deliver miR-19b-3p into macrophages, which targets protein tyrosine phosphatase receptor type D (PTPRD) and inhibits PTPRD-dependent dephosphorylation of STAT3. Sustained activation ofSTAT3 triggers M2 polarization in addition to LINC00273 transcription. Subsequently, the M2 macrophages secrete and transfer sEV carrying LINC00273 to LUAD cells, in which LINC00273 induces ubiquitination and degradation of large tumor suppressor kinase 2 (LATS2) by recruiting E3 ubiquitin-protein ligase (NEDD4) and activates YAP. Activated YAP promotes the transcription of RBMX, which binds to miR-19b-3p and facilitates its packaging into sEV from LUAD cells (121). Thus, TAMs and LUAD cells cooperatively function in the TME by this novel mechanism, and sEV are vital for the interactive communication between them.




5 Conclusions and perspectives

LncRNAs, sEV, and TAMs have been extensively studied in multiple tumors. Abnormal expression of lncRNAs is found in various body fluids, including blood, saliva, urine, and breast milk; hence, they can be used as biomarkers to predict cancer occurrence and progression. LncRNAs function as oncogenes or tumor suppressors and regulate cancer cell proliferation, apoptosis, invasion, metastasis, and drug resistance (3). Thus, a specific treatment strategy for silencing oncogenic lncRNAs or overexpressing tumor-suppressive lncRNAs should be developed to utilize potential lncRNA-based therapeutics in tumors. Several effective and efficient strategies, including siRNAs, CRISPR-Cas9, and antisense oligonucleotides (ASOs), have been used to suppress oncogenic lncRNAs. Among these strategies, ASOs regulate both target RNA processing and protein expression through different mechanisms, making this the most effective and promising strategy (122). ASO can be used to inhibit the expression of lncRNAs, thus preventing carcinogenic progression. For instance, the progression of HNSCC can be effectively blocked by silencing AC104041.1, using ASOs (123). Likewise, ASO-targeting lncRNA NRAD1 effectively inhibits tumor growth and suppresses the ability of tumor cells to acquire and maintain stem cell characteristics in TNBC (124). In addition, specific ASOs targeting lncRNA TROJAN can reduce lung metastatic nodules in TNBC (125).

LncRNAs can affect tumor development and progression by interacting with different cells in the TME (126, 127). TAMs occupy an important place in the TME, and there are close interactions between lncRNAs and TAMs that modulate tumorigenesis and metastasis. There is a reciprocal relationship between lncRNAs and the oncogenic functions of TAM. Some lncRNAs can influence the recruitment, polarization, and phenotypic transition of TAMs, whereas TAMs can alter the expression of lncRNAs by secreting cytokines and/or growth factors. Therefore, targeting TAMs is an effective strategy for tumor treatment. Based on the characteristics of TAMs, possible therapeutic strategies may include inhibiting the recruitment and activation of monocytes, reprogramming TAMs into an antitumor phenotype (M1), and/or targeting TAM-specific markers (18).

Intercellular information exchange occurs via sEV and they are key messengers in regulating the TME and contributing to tumor growth, invasion, metastasis, and drug resistance (128). The cargos of sEV, in particular, the nucleic acid content, are mostly similar to their parent cells (129). Furthermore, sEV are stable, have a long half-life in circulation, and protect their cargo from degradation by proteases and nucleases, which make them ideal biological components in liquid biopsies. Therefore, sEV and their cargo are considered better and valuable diagnostic and prognostic markers for various tumors, including lung cancer (130), BC (131), GC (132), HCC (133), CRC (134), pancreatic cancer (135), prostate cancer (136), EOC (137), head and neck cancer (138), and glioma (139). Therefore, it is possible to halt and/or block tumor progression by targeting and modulating sEV expression. This strategy may provide new ideas and offer new treatment options for tumor immunotherapy.

Although sEV are secreted by different types of cells, tumor-secreted sEV play a crucial role in macrophage polarization and cancer growth progression. For example, sEV secreted by lung cancer cells induce the transformation of macrophages into an M2 phenotype, which triggers immune suppression in the TME and tumor growth (140). In contrast, BC cell-derived sEV contribute to pre-metastatic niche formation and facilitate the bone metastasis of tumor cells (141). In addition, the contents of tumor-derived sEV, particularly lncRNAs, are involved in the interaction between tumor cells and TAMs. Additionally, TAMs can secrete and utilize sEV to transfer lncRNAs into tumor cells to exert their effects on tumor growth. In conclusion, sEV, lncRNAs, and TAMs can interact with each other and that these interactions have a direct impact on tumor occurrence and progression. Therefore, an in-depth understanding of the close relationship among these three factors in the TME not only provides potential and efficient therapeutic targets for tumor immunotherapy but also helps in the design of cancer-diagnostic and cancer-prognostic tools.
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