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The tumor microenvironment (TME) is a highly complex and continuous evolving ecosystem, consisting of a diverse array of cellular and non-cellular components. Among these, benign non-immune cells, including cancer-associated fibroblasts (CAFs), adipocytes, endothelial cells (ECs), pericytes (PCs), Schwann cells (SCs) and others, are crucial factors for tumor development. Benign non-immune cells within the TME interact with both tumor cells and immune cells. These interactions contribute to tumor progression through both direct contact and indirect communication. Numerous studies have highlighted the role that benign non-immune cells exert on tumor progression and potential tumor-promoting mechanisms via multiple signaling pathways and factors. However, these benign non-immune cells may play different roles across cancer types. Therefore, it is important to understand the potential roles of benign non-immune cells within the TME based on tumor heterogeneity. A deep understanding allows us to develop novel cancer therapies by targeting these cells. In this review, we will introduce several types of benign non-immune cells that exert on different cancer types according to tumor heterogeneity and their roles in the TME.
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1 Introduction

Research in neoplasm biology have traditionally focused on the proliferation and suppression of primary tumors. However, emerging studies have highlighted the indispensable role of benign non-immune cells surrounding cancer cells. Primary cancer cells exhibit increased heterogeneity when exposed to diverse stressful environment, such as hypoxia and acidification. This heterogeneity, in turn, contributes to the changes in the surrounding tumor microenvironment (TME) which subsequently promotes tumor progression and enhances aggressiveness (1).

Solid tumors are highly complex tissues composed of cancer cells that exhibit considerable heterogeneity in composition and evolutionary stages. Various components in TME, such as stromal cells, extracellular matrix (ECM), immune cells, blood/lymphatic vessels and nerve terminals, continuously and actively reshape the local immune response, through diverse signal molecules (2). The TME of most solid tumors is characterized by a markedly immunosuppressive milieu, including hypoxia, acidification, metabolic dysregulation, immune evasion and aberrant angiogenesis (3, 4). The chemical properties of hypoxia and acidification effectively inhibit the activation of immune cells. Hypoxia is a hallmark of most solid tumors and a defining feature of the TME that often leads to benign non-immune cells dysregulation, thus facilitating tumor growth (5). As tumors grow rapidly, an inadequate blood supply leads to hypoxia, especially in the tumor core (6). Hypoxia, along with the overexpression of hypoxia-inducible factors 1 and 2 alpha (HIF-1α and HIF-2α), which are key mediators of the tumor response within the TME (7). Under hypoxic condition, the activation of HIFs and their downstream signaling cascades, such as C-X-C chemokine receptor (CXCR)4, macrophage colony-stimulating factor receptor (M-CSFR) and CD47, modulates tumor-specific immune responses by inducing the production of immunosuppressive cytokines and growth factors, promoting tumor immune evasion and ultimately stimulating tumorigenesis (8, 9).

In addition, it is well established that TME is characterized by a low pH (3). Both tumor cells and immune cells, with elevated glycolytic activity, contribute to the accumulation of lactic acid both intercellularly and extracellularly. This accumulation results in a low intratumor pH and high extracellular lactic acid (10). This acid microenvironment may be associated with enhanced tumor local invasion and chemotherapy resistance (11, 12). Furthermore, tumor cells are surrounded by a physical barrier composed of stromal cells and the ECM (13). This barrier is closely associated with cancer associated fibroblast (CAFs) that secret a host number of fibers, contributing to a rigid and dense ECM structure (14), thereby hindering the infiltration of immune cells into the tumor and limiting their ability to eliminate cancer cells.

Hematological neoplasms refer to tumors that originate within hematopoietic tissue, such as the bone marrow and immune cells (15). These malignancies can originate from either the clonal evolution of hemopoietic stem cells (HSC) or the differentiation of progenitors with immune potential (16). Unlike solid tumors, hematological malignancies exist within a distinct tissue microenvironment, known as the bone marrow microenvironment (BMME) or bone marrow niche. This niche consists of HSCs, secondary lymphoid organs and the bone marrow composition. Similar to solid tumors, hematological tumors consist of cellular and non-cellular components. The cellular components include hematopoietic cells and non-hematopoietic cells, while the non-cellular components consist of ECM protein and various soluble factors such as cytokines, chemokines, growth factors, etc. (17).

The TME of hemopoietic malignancies is crucial for its progression. Various cell types within the proliferative niche of lymph nodes, bone marrow, and secondary lymphoid organs produce growth factors that support tumor survival. Non-hematopoietic stromal cells, the ECM, lymphocytes, and myeloid cells, within the TME, undergo functional and phenotypic changes. For example, macrophages within the TME can differentiate into tumor associated macrophages (TAMs) to promote tumor growth and immunosuppression. The dynamic interplay between hematopoietic tumor cells and the TME actively fosters a tumor-permissive niche, profoundly influences blood cancer progression by enabling immune evasion mechanisms and shaping the subsequent treatment response. Furthermore, alterations in metabolite availability within the TME, may disrupt immune homeostasis and impair the functions of microenvironment cells. Consequently, the essential function of this niche in maintaining homeostasis in bone marrow and secondary lymphoid organs is subverted to support cancer development (18–22). Studies have demonstrated that leukemia cells hijack the BM niche, remodeling it to create a microenvironment conducive to their survival. As a result, leukemia cells transform into leukemic stem cells, which grow more quickly than the hematopoietic cells, by utilizing the same mechanism as the hematopoietic stem cells (23, 24).

However, the TME varies according to tumor types, which makes it necessary for us to treat cancers based on tumor heterogeneity. This heterogeneity may derive from many aspects. For instance, pancreatic ductal adenocarcinoma (PDAC) is characterized by secreting large amounts of hyaluronan and an abundant deposition of ECM components, resulting in a dense matrix and hypovascular nature. This structure significantly reduces the delivery of chemotherapy drugs (25, 26). Hepatocellular carcinoma (HCC) is distinguished by its highly vascularized nature. HCC cells are capable of producing high amounts of vascular endothelial growth factor (VEGF) and angiopoietin (Ang)2, which stimulate the proliferation and migration of endothelial cells (ECs), leading to a highly vascular nature (27–29). Breast tissue is rich in fat, which leads to the occurrence of more adipocytes in breast cancer (BC) compared to other cancers. These adipocytes are closely related to the progression of BC (30). Besides, tumors can be classified into hot tumors and cold tumors based on the presence and arrangement of immune cells within the TME (31). For example, some patients with melanoma exhibit characteristics of hot tumors, with high levels of immune infiltration within the TME (32). Pancreatic cancer and glioblastoma are often defined as cold tumors due to the low infiltration of immune cells (33, 34). Genetic mutations also confer the difference in the TME across cancer types. These mutations often lead to alterations in the signaling cascades in the TME. KRAS mutation frequently occurs in pancreatic cancer, colorectal cancer (CRC) and non-small cell lung cancer (NSCLC) and this mutation significantly restricts T cell infiltration, recruiting suppressive immune cells into the TME (35). Therefore, understanding the heterogeneity is critical to cancer therapy. As pancreatic cancer is characterized by dense matrix induced by hyaluronan, strategies to eliminate hyaluronan to promote drug infiltration shed light on pancreatic cancer treatment. Moreover, methods that transform cold tumors into hot tumors may effectively enhance the therapeutic effect of immune checkpoint inhibitors (ICI).

TME is a highly complicated and dynamic system and the components of TME may vary across cancer types. Thus, it is important to understand the mechanisms that these benign non-immune cells contribute to cancer progression based on cancer types.



1.1 TME: History and definition

The concept of TME has undergone significant evolution over time. In 1863, Rudolph Virchow first documented the interaction between tumor cells and their microenvironment, and he reported the leukocyte infiltration within the TME (36). In 1889, Stephen Paget, proposed the ‘soil and seed’ hypothesis, suggesting that tumor progression is intimately linked to cellular microenvironment (37). In 1993, Ioannides and Whiteside formally introduced the term ‘TME’ (38), and they thought that the TME not only includes the structure, function and metabolism of the tumor tissue, but also is related to the internal environment of the tumor cell itself.

Non-malignant cells within the TME, including immune cells and benign non-immune cells, have been the subject of extensive research. CAFs, as the most important components in the TME, have been studied for a long time. In 1858, Virchow first identified spindle-like cells capable of secreting collagen. In cancers, hyperactivated fibroblasts are referred to as CAFs (39). An early study showed that BC stroma-derived fibroblasts exhibit a strikingly different morphology and growth properties compared with normal fibroblasts (40). They co-cultured normal fibroblasts and Hela cells, proving that fibroblasts showed a cytotoxic effect on tumor cells (41). However, subsequent research revealed that CAFs could also support prostatic tumor growth both in vitro and in vivo (42, 43).

The history of immune cells dates back to 1970s (42), Eva Klein was among the first to highlight the presence of tumor-attacking cells at tumor cites (44). In the 1980s, Rosenberg reported that adoptive transfer of tumor infiltrating lymphocytes (TILs) effectively inhibited tumor progression (45). Numerous studies have also documented macrophage infiltration in tumors (46, 47). While early investigations suggested that TAMs might suppress tumor growth, however, more recent findings indicated that TAMs promote tumor progression instead (48–50). Myeloid-derived suppressor cells (MDSCs) were initially described as veto cells, null cells, or natural inhibitory (NS) cells (51). In the mid-1960s, it was reported that NS cells could induce a leukemoid reaction in the tumor-bearing mouse, which was associated with the duration of mammary carcinoma or A280 tumor growth and myeloid-cell infiltration (52, 53). Later these cells were formally defined as MDSCs (54), which play a critical role in immunosuppression within the TME.

TME is a highly structural ecosystem comprising a diverse array of cellular and non-cellular components. Non-cellular components include ECM, tumor vasculature, chemokines and a variety of soluble factors secreted by different cells. The cellular components consist of versatile types of cells, including immune cells, stromal cells, CAFs, ECs and others (55). These components make TME a dynamic and complex three-dimensional (3D) environment. Particularly benign non-immune cells, which are crucial parts of the TME, contribute to the tumorigenesis by secreting cytokines and recruiting immunosuppressive cells (56). For example, tumor associated stromal cells(TASC) can communicate with other types in the TME through cell-cell interactions or paracrine signaling, releasing cytokines and mediators to promote the tumor progression (57). Additionally, emerging mechanisms of cell interactions, such as the release of exosomes, digestion of cell-free DNA and the clearance of apoptotic bodies (58), also play tumor-promoting or tumor-inhibiting roles depending on tumor heterogeneity. These findings suggest that targeting benign non-immune cells within the TME represents a promising strategy to suppress tumor development and improve cancer prognosis.

Immune cells within the TME are often affected by the microenvironment to exhibit immunosuppressive effect. However, extensive evidence highlights the close association between benign non-immune cells within the TME and tumor progression, targeting these cells provides a novel pathway for treating cancers. For example, fibroblast activation protein (FAP), highly expressed in CAFs across various cancer types but minimally expressed under normal conditions (59), has emerged as a promising target. Numerous studies have explored FAP-targeted therapies and yield encouraging outcomes that underscore the potential of focusing on benign non-immune cells in the TME to combat cancer (60–62).





2 Benign non-immune cell types

Stromal cells are essential cellular components in the TME that participate in tumor immune response, metabolism, invasion, drug resistance, etc. Stromal cells can be classified into multiple subtypes based on different criteria, with the primary subtypes being CAFs, ECs, pericytes (PCs) and adipocytes (57). Recent studies also highlighted that Schwann cells (SCs) within the TME may be associated with tumor progression (Figure 1).




Figure 1 | Crosstalk between benign non-immune cells and cancer cells. CAFs secret TGF-β to promote ECM deposition and blocking TGF-β effectively inhibits this procession. Besides, CAFs-derived MMPS contribute to ECM degradation. IL-6 secreted from CAFs promotes the release of SOCS3 and various pro-tumor molecules via JAK/STAT, MAPK and PI3K pathway. Tumor-derived VEGF promotes EC proliferation and neovascularization. Adipocytes release FFAs to supply energy for tumor survival and stored as triglycerides and cholesterol esters in tumor cells. Moreover, adipocytes secret IL-6 and leptin to enhance tumor invasion and metastasis via PI3K/AKT and JAK/STAT3 pathway. CXCL8-derived from adipocytes upregulates PD-L1 expression on tumors. Tumor cells release CXCL12 to attract SCs to the tumor cite by binding to CXCR4/7 and SCs produce IL-6, collectively weakening pain signaling. Overproduced Wnt5a promotes the EMT of cancer cells via STAT3 signaling pathway. PCs-derived LIF inhibits tumor angiogenesis via Src/P53 signaling pathway.



These cells play different roles in the TME, collectively contribute to tumor progression (63). For example, CAFs are benign non-immune cells that have been extensively studied. CAFs within the TME are capable of secreting a wide array of factors to inhibit immune response and remodeling the ECM to promote cancer metastasis or inhibit drug infiltration (64). Adipocytes serve as an important energy source for tumor survival and secret adipokines to impact cancer progression (65). These benign non-immune cells play a pivotal role in tumor progression and the role may vary across diverse cancer types, thus understanding the heterogeneity of benign non-immune cells is crucial for cancer therapy.



2.1 Cancer-associated fibroblasts

Fibroblasts are quiescent cells that participate in sustaining the homeostasis in connective tissues by producing connective ECM and secreting various cytokines, such as transforming growth factor-β (TGF-β) (66). However, fibroblasts are often persistently activated to participate in tissue repair, resulting in tissue fibrosis in the context of cancer or persistent inflammatory stimulation (67). The persistent wound healing-like process in the TME leads to the development of a particularly active subset of fibroblasts (64), termed CAFs. Compared with normal fibroblasts, CAFs are endowed with higher metabolism, increased proliferation and migration capacities, such as in BC, PDAC and CRC (68–70). In addition, CAFs differ from normal fibroblasts in their cellular morphology. While mature fibroblasts display a thin, wavy and compact spindle-like shape. CAFs, often classified as immature fibroblasts, have a larger, rounder spindle-shape with conspicuous nucleoli (57).

CAFs are known to secret diverse cytokines and remodel ECM. CAFs can secret multiple cytokines, chemokines, including interleukin (IL)-6, IL-8, IL-10, IL-4, tumor necrosis factor (TNF), TGF-β, C-X-C motif chemokine ligand (CXCL)9, CXCL10, C-C motif chemokine ligand (CCL)5, CCL2, etc., that may directly or indirectly contribute to tumor progression (64). The remodeling of ECM is a complicated process, including the activation of a wide array of signaling pathways and participation of transcription factors (71). CAFs are capable of synthesizing various proteins, including multiple types of collagens (I, III, IV, V), laminins, fibronectins and hyaluronan that constitute the ECM (72, 73). Lysyl oxidase (LOX) or lysyl hydroxylase 2 helps to promote the cross-link of collagens to enhance ECM stiffness (74, 75). Besides, TGF-β plays a crucial role in the ECM remodeling mediated by CAFs. For example, TGF-β stimulates CAFs to synthesize collagen, thereby facilitating the ECM deposition (76). Also, under the effect of TGF-β, CAFs are capable of producing hyaluronan that further increases ECM deposition and enhances its stiffness (77). In gastric cancer, TGF-β activates downstream Smad2/3 to upregulate the hyaluronan and proteoglycan link protein 1 (HAPLN1) production, which drives ECM remodeling (78). CAFs also remodel the ECM under the effect of heat shock factor-1 (HSF-1). Mechanically, Dickkopf-3 (DKK3), highly expressed in BC, CRC and ovarian cancer, is upregulated under the effect of HSF-1. This upregulation enhances the activation of classical Wnt signaling, leading to the reduced degradation of Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ), this, in turn, results in ECM remodeling mediated by CAFs (79). However, the formation of ECM is a dynamic process, CAFs produce matrix metalloproteinases (MMPs) to promote the degradation of ECM, leading to enhanced motility and invasion of cancer cells (64, 80). In BC, TGF-β induces significant expression of MMP2 and MMP9 in a Smad3/4-depend manner. Overexpressed MMP2 and MMP9 degrade ECM to promote BC metastasis (81). Moreover, MMPs may serve as crucial components of the angiogenic switch. CAFs-derived MMPs degrade the ECM that allows VEGFA to interact with vascular endothelial growth factor receptor (VEGFR), thus promoting tumor angiogenesis (82).

Beyond the complexity of CAFs modulating the mechanisms of cancer progression. CAFs also exhibit high heterogeneity in their origin and phenotype, such heterogeneity is strikingly associated with tumor progression (83). Three subtypes of CAFs have been identified across multiple cancers: inflammatory cancer associated fibroblasts (iCAFs), matrix-remodeling myofibroblastic cancer associated fibroblasts (myCAFs) and antigen-presenting cancer associated fibroblasts (apCAFs) with histocompatibility complex class II (MHC-II) expression (84). iCAFs, which have low α-smooth muscle actin (αSMA) expression, are found scattered throughout the tumor mesenchyme and often located near to the blood vessels, producing high amounts of inflammatory cytokines, such as IL-6. In contrast, myCAFs are located in the periglandular region and directly interact with tumor cells, exhibiting high αSMA expression (85, 86). Besides, myCAFs are characterized by high expression of TGF-β signaling and leucin-rich repeat containing 15 (LRRC15) (84). Recent studies have also identified additional subtypes of CAFs in several carcinoma types, such as lipid-laden CAFs, a subtype of CAFs with adipocyte associated gene expression identified in CRC and pancreatic cancer (87, 88). Moreover, a new subtype of CAFs with highly activated metabolic state, termed metabolic cancer associated fibroblasts (meCAFs), were identified in loose type PDAC. meCAFs are marked by enhanced glycolytic activity, while the associated cancer cells predominantly rely on oxidative phosphorylation as their metabolic pathway, rather than glycolysis (89). Furthermore, extracellular matrix cancer associated fibroblasts (eCAFs) were identified in gastric cancer (90). Therefore, the classification of CAFs exhibits high heterogeneity across different tumor types and the roles that they exert on tumor cells may not exactly the same.

One particular sample is the role of CAFs in PDAC, primarily focusing on the subtypes iCAFs and myCAFs (91). iCAFs are known to influence tumor progression through multiple mechanisms. One key mechanism is the upregulation of IL-6 expression in iCAFs, which contributes to PDAC development by fostering an immunosuppressive microenvironment (91). IL-6 activates several signaling pathways, including JAK/STAT, MAPK and PI3K pathway, leading to the release of negative regulator suppressor of cytokine signaling 3 (SOCS3) and various pro-tumor molecules (92). Preclinical studies have shown that blocking IL-6 receptor enhances the therapeutic effect of programmed cell death ligand 1 (PD-L1) and inhibiting IL-6 expression exhibited promise in suppressing pancreatic cancer progression (93–95). Besides, CAFs can interact with cancer cells within the TME to induce the production of iCAF phenotype. iCAFs are characterized by hypoxia-associated gene expression profile and metabolic features that are rich in the PDAC. Tumor-derived cytokines (eg. IL-6) may transform normal fibroblasts (NFs) into iCAF, thereby promoting the pancreatic cancer progression in a HIF-1α dependent way (96). Moreover, cirCUL2 is specifically expressed in CAFs, and the enrichment of cirCUL2 in PDAC can also induce the transformation of NFs into iCAFs and drive PDAC progression by overexpressing IL-6 (97). myCAFs, on the other hand, have been reported to participate in pancreatic cancer progression. A study co-cultured naive pancreatic stellate cells (PSC), a precursor population of CAFs, and KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx1-Cre (KPC) mice derived organoids that demonstrating TGF-β signaling can promote the transformation of CAFs into myCAFs while inhibiting iCAFs formation by downregulating interleukin-1 receptor 1 (IL1R1) expression in CAFs (98). Blocking TGF-β can disrupt the myCAFs associated barrier and enhance the infiltration of drugs into the pancreatic cancer (99). Targeting transforming growth factor beta receptor 1 (TGFβR1) in combination with gemcitabine increases drug perfusion into the tumor core and improves the therapeutic efficacy in pancreatic cancer (100). Furthermore, myCAFs can promote PDAC progression via SOX4/MMP11 signaling axis. Recently, apCAFs were identified in the pancreatic cancer, but not as abundant as iCAFs and myCAFs (91, 101). Though apCAFs sustain low levels in pancreatic cancer, their expression of MHCII molecules enables them to present antigenic peptides and participate in tumor immune regulation (84).

At least four distinct CAFs’ subtypes have been identified in human BC, each with unique properties and characteristics: CAF-S1, CAF-S2, CAF-S3, CAF-S4 (102). CAF-S1 and CAF-S4 are myofibroblasts that accumulate in aggressive BC, whereas CAF-S2 and CAF-S3 are present both in tumor cells and normal cells (102), implicating that they may serve as NFs in the TME. CAF-S1 attracts CD4+CD25+ T lymphocytes by secreting CXCL12 and sustain their presence through OX40 ligand (OX40L) and junctional adhesion molecule 2 (JAM2). CAF-S1 supports T lymphocytes survival and transforms them into CD25HighFOXP3High phenotype, namely regulatory T cells (Tregs), through the B7 homolog 3 (B7H3), CD73, and dipeptidyl peptidase 4 (DPP4). Additionally, CAF-S1 enhances the efficacy of these cells to further impair T cell proliferation (102). In the meanwhile, CAF-S1 is capable of promoting luminal BC metastasis through cadherin 11 (CDH11)/osteoblast cadherin (103). The infiltration of Tregs into the BC stroma is associated with CD73 expression in CAF-S1 and the blockade of CD73 can effectively reduce CD73 mediated immunosuppression (104). These findings suggest that CD73 could serve as a promising therapeutic target to overcome the immunosuppressive microenvironment induced by CAF-S1. In contrast, CAF-S4 exhibits a negative correlation with Tregs’ infiltration, suggesting that CAF-S4 may exert positive anti-tumor effect in the TME of BC.

Similarly, CAFs are also crucial components in the progression of hepatic pathogenesis. Single-cell RNA sequencing has classified CAFs subpopulation in liver cancer into iCAFs and myCAFs (105). The hyaluronan synthase 2 (HAS2) is strikingly upregulated in myCAFs and has been demonstrated to promote cholangiocarcinoma (ICC) progression. iCAFs can directly interact with tumor cells through secreting hepatocyte growth factor (HGF), thereby enhancing ICC growth (105). Additionally, some new subtypes of CAFs have been identified in HCC, namely vascular cancer associated fibroblasts (vCAFs), mesenchymal cancer associated fibroblasts (mCAFs), lipid processing cancer associated fibroblasts (lpCAFs), apCAFs and CD36+ CAFs. Among these, CD36+ CAFs are particularly notable for promoting HCC progression. CD36 facilitates the uptake of oxidized low-density lipoprotein (LDL), which induces macrophage migration inhibitory factor (MIF) expression in CD36+ CAFs via a lipid peroxidation/p38/CEBPβ signaling pathway. Consequently, CD33+ MDSCs, which are associated with immunosuppressive microenvironment, are recruited into the HCC tissue in a manner dependent on both macrophage MIF and CD74 (106). CD36 may serve as a potential target for tumor treatment, and combining CD36 inhibitors with anti-programmed death protein 1 (PD-1) has been shown to restore the anti-tumor immune response of T cells (106). A recent study also found a new subpopulation of CAFs in liver cancer, termed F5-CAF, which is associated with increased cancer stemness and poor prognosis. Although the exact tumor-promoting mechanisms remain unclear, F5-CAF may facilitate liver cancer progression by enhancing the stemness of tumor cells (107).

The study of CAFs’ subpopulation in lung cancer is not as clear as that studied in pancreatic cancer. CAFs in NSCLC can be divided into three subtypes based on their function in the TME, termed subtype-1, subtype-2 and subtype-3. Subtype-1 plays a robust protective role of cancer cells. Subtype-2 provides moderate tumor protection effect, while subtype-3 plays a minimal protective role (108). Both subtype-1 and subtype-2 highly express HGF and fibroblast growth factor (FGF)7, which supports NSCLC cell survival through inhibiting anaplastic lymphoma kinase (ALK) inhibitors and epidermal growth factor receptor (EGFR) inhibitors. In contrast, subtype-3 is often associated with good prognosis, enhancing T lymphocytes and monocytes infiltration via a wide array of chemokines, such as CXCL11, CXCL12 and CXCL14 (108). For cases with subtype-1or -2 CAFs, targeting HGF and FGF7 may hold promise for improving lung cancer therapy. But TME is a complicated system, including the participation of various signaling pathways, whether targeting these factors has an influence on other pathways that are associated with tumor progression needs further exploration. Another study divided CAFs into seven subtypes in lung cancer: clusters 1 to clusters 7 (109). These subtypes likely influence tumor progression through various mechanisms. For example, cluster-1 is associated with epithelial-mesenchymal transition (EMT) and is characterized by high expression of ECM proteins and TGF-β. TGF-β is often thought to promote tumor growth by enhancing glycolysis and lactic acid production in CAFs, providing metabolic substrates for tumor cells (110). This suggests that cluster-1 is probably a tumor-promoting phenotype of CAFs in lung cancer.

CAFs, as one of the most studied benign non-immune cells in the TME, play a diverse role in different cancers and exhibit a significant heterogeneity. Strategies to target CAFs hold promise to cancer therapy. There are already many methods to treat cancer based on CAFs, including blocking TGF-β mediated signaling, targeting FAP, etc. Some of these methods have already moved into clinical research. A study used galunisertib, a TGF-β receptor inhibitor, plus gemcitabine effectively improve the overall survival rate of patients with pancreatic cancer compared to gemcitabine alone. And this combination only added minimal toxicity (111). Additionally, galunisertibl plus neoadjuvant chemotherapy allowed most patients with locally advanced rectal cancer to garner better complete response rate (112). It is reported that a dual-target agonist aimed at FAP and 4-1BB induced effective drug response in patients with advanced solid tumor without the occurrence of liver toxicity (113). These clinical trials revealed that targeting CAFs within the TME is promising for cancer therapy. However, there are potential risks behind these strategies. For instance, the blocking of TGF-β may lead to unexpected adverse effect. An inhibitor of TGF-β1 receptor, was reported to induce anemia, fatigue, hypoalbuminemia, etc. (114). The potential mechanism can be attributed to the autoimmune response. Moreover, it is of great significance to combine TGF-β with other therapies, such as chemotherapy drugs and ICI. Single drug therapy may not acquire persistent therapeutic effect and the drug tolerance often occurred. As for FAP targeted therapy, the expression of FAP in normal tissue may result in unexpected toxicity in normal tissues or organs and it would benefit from muti-target and drug combination.




2.2 Endothelial cells

The formation of tumor blood vessels is crucial for tumor growth and metastasis, supplying the necessary energy and nutrients to sustain tumor progression (115). ECs, as indispensable components of the vascular system, construct the inner lining of all sub-vascular compartments, ensuring the delivery of nutrients and energy to distant tissues and organs (116). Under normal physiological condition, ECs remain in a quiescent state, but can be activated into tumor-associated endothelial cells (TECs) through multiple mechanisms. For example, the TME is often characterized by hypoxia, which upregulates VEGF release in a paracrine manner, stimulating EC proliferation and blood vessel formation (117). The regulation of ECs is closely related to tumor angiogenesis in the context of cancer or tumor. VEGF/VEGFR is a classical signaling pathway that promotes EC proliferation. There are also other pathways that may contribute to EC proliferation. Ang-Tie axis on ECs helps to regulate blood vessel formation, stability and inflammation (118). In normal condition, Ang1 binds to Tie2 and activates Tie2 through phosphorylating Tie2, which activates downstream signals to regulate vascular stability. However, Ang1 and Ang2 may play opposite roles in blood vessel formation in the context of cancer. Ang2, low in the normal physiological condition but often highly expressed in the context of cancer, competitively binds to the Tie2 receptor with Ang1, reducing the stability of blood vessels and establishing a vascular environment that facilitates cancer cell metastasis (118). Notch signaling pathway is also actively involved in the process of tumor angiogenesis. ECs express delta-like protein 4 (DLL4) and Notch 1 when stimulated by VEGF. The DLL4/Notch transduction is able to negatively reduce the sensitivity of ECs to VEGF, thus suppressing EC proliferation and sprouting. At the same time, DLL4 reduces VEGFR2 expression in ECs to further inhibit tumor angiogenesis (119). In addition to their role in vascular formation, ECs interact closely with immune cells due to their location on the interior surface of blood vessels, influencing the tumor immune therapy. For example, TECs highly express natural killer group 2D (NKG2D) ligands, inducing nature killer (NK)-intrinsic signal that desensitizes the immune response of NK cells, weakening pro-inflammatory cytokines and cytotoxic granule mediated tumor-killing effects (120). Targeting ECs has emerged as one of the most promising strategies for cancer adjuvant therapy. However, the heterogeneity of ECs across different cancer types necessitates a deeper understanding of their roles in diverse tumoral contexts. Elucidating the specific functions of ECs in various cancers is essential for developing more effective therapeutic approaches.

HCC is often associated with poor prognosis partly due to its highly vascularized nature. HCC cells can produce significant amounts of VEGF, ECs specific vasculogenic and angiogenic growth factors, contributing to the angiogenesis of many solid tumors. Tumor-derived VEGF activates quiescent ECs in a paracrine manner, thereby driving ECs’ proliferation and HCC metastasis (27–29). However, researchers have discovered additional mechanisms through which ECs contribute to HCC invasion and metastasis. Diacylglycerol kinase gamma (DGKG), specifically hyper-expressed in tumor vascular ECs of HCC, promotes tumor angiogenesis and facilitates the formation of an immunosuppressive microenvironment under hypoxia (121). Mechanically, HIF-α upregulates DGKG expression and recruits ubiquitin-specific peptidase 16 to stabilize ZEB2 through deubiquitination, enhancing TGF-β1 secretion. This cascade promotes blood vessel formation and Treg differentiation, forming an immunosuppressive microenvironment to further support HCC survival (121). Besides, ECs in HCC exhibit increased activity in the fructose metabolism pathway, notably through the upregulation of fructose transporter SLC2A5 and the fructose-metabolizing enzyme ketohexokinase (KHK). Hypoxia-induced elevated fructose metabolism, activating AMPK to fuel mitochondrial respiration and enhance EC migration (122). Targeting this pathway may present a promising strategy to inhibit HCC angiogenesis. Additionally, sphingosine-1-phosphate receptor 1 (S1PR1), which is specifically and highly expressed in HCC compared to para-tumor tissues, has been shown to promote HCC angiogenesis by reducing ceramide levels (123). This suggests that S1PR1 may be a new target to liver cancer therapy. ECs can also influence the function of immune cells in the TME. A recent study discovered a novel subtype of CXCL12+ TECs that promote the immune resistance of HCC. These cells secret CXCL12, blocking the differentiation of CD8+ naive T cells to CD8+ cytotoxic T cells. CXCL12+ TECs also recruit MDSCs to the TME, establishing an immunosuppressive environment that impairs immune responses against HCC (124). Moreover, another study exhibited that TECs induce the exhaustion of tumor-infiltrating CD8+ T cells in HCC by expressing glycoprotein nonmetastatic melanoma protein B (GPNMB). Silencing GPNMB largely reversed this immunosuppressive effect (125).

Lymph nodes metastasis is an important hallmark of gastric cancer progression. A co-culture experiment with gastric cancer cells and lymphatic endothelial cells (LECs) demonstrated that cancer cells can stimulate LECs to secret CXCL1 via NF-κB pathway. CXCL1, in turn, promote LECs’ migration and tube formation, thereby facilitating gastric cancer metastasis (126). Similarly, CXCL1 secreted by tumor associated lymphatic endothelial cells (TLECs) contributes to gastric cancer adhesion, invasion and metastasis by activating integrin β1-FAK-AKT signaling pathway (127). These findings suggested that targeting CXCL1 may be a promising strategy to treat gastric cancer. Furthermore, gastric cancer cells overexpress Biglycan (BGN), which stimulates VEGF expression through the interaction between NF-κB and HIF-α. Overexpressed VEGF leads to gastric cancer angiogenesis in a chronic activation manner (128). Neuropilin-2, which is highly expressed in the tumor vessel lining has been shown to enhance VEGF-induced ECs’ proliferation and migration, highlighting its role in gastric cancer progression (129). Additional studies have identified other potential targets associated with gastric cancer metastasis. For instance, transglutaminase-2 (TGM2) and neuro oncological ventral antigen 2 (NOVA2) have been implicated in poor prognosis for gastric cancer patients (130, 131).

BC dissemination frequently involves in lymphatic vessels. Tumor-conditioned LECs promote BC angiogenesis and direct its dissemination and proliferation via CCL5. BC cells secret IL-6, which triggers STAT3 phosphorylation and downstream signal activation in LECs, thereby driving CCL5 expression in these cells (132). Besides, triple-negative breast cancer (TNBC) cells are capable of secreting plasminogen activator inhibitor-1 (PAI-1), which stimulates CCL5 secretion from LECs in a paracrine manner. CCL5, in turn, accelerates PAI-1 secretion, forming a positive loop that accelerates TNBC invasion and metastasis (133). Recently, a study proposed a novel mechanism through which ECs contribute to BC dispersion. Regulator of G-protein signaling 5 (RGS5)+ ECs can promote tumor lymph nodes dissemination and drug resistance by sensing oxidative stress (134), which provides a potential target for BC therapy.

ECs are also actively involved in CRC progression. The expression of G protein-coupled receptor 63 (GPR63) is significantly elevated in CRC. EC-derived sphingosine-1-phosphate (S1P) promotes CRC migration by enhancing the interaction between Src and GPR63, which subsequently initiates JAK2/STAT3 pathway activation (135). In CRC, adipocyte enhancer-binding protein 1 (AEBP1) is frequently upregulated in ECs. Knockdown of AEBP1 was proved to suppress tumorigenesis and micro-vessel formation. This has implications that AEBP1 may regulate genes that are closely associated with angiogenesis, including aquaporin 1 (AQP1) and periostin (POSTN) (136). Furthermore, CRC cells also actively interact with ECs within the TME. miR-221-3p is significantly upregulated in patients with CRC compared to healthy individuals. CRC derived extracellular vesicles (EVs) containing miR-221-3p regulate STAT3/VEGFR-2 signaling axis by targeting SOCS3, leading to enhanced EC proliferation, migration and angiogenesis (137). CRC-derived cationic amino acid transporter 1 (CAT-1) positive EVs, known for transporting extra arginine, facilitate ECs’ growth and blood vessel formation by upregulating arginine transport and cGMP metabolism (138). ECs are also convinced to enhance stemness of cancer cells when GLTSCR1 is knocked down. The depletion of GLTSCR1 promotes the transition of ECs into tip cells by regulating neuropilin-1 expression and upregulates JAG1 expression which is closely related to enhanced cancer cell stemness via activating notch signaling pathway (139).

ECs in the TME are often associated with tumor angiogenesis and dissemination. In addition to the classical angiogenesis signals, studies revealed other potential pro-angiogenic targets based on cancer types, such as DGKG in HCC, BGN in gastric cancer and AEBP1 in CRC. The emergence of these targets sheds light on cancer therapy. Besides, there are already many drugs gained good outcomes in the clinical practice. Bevacizumab, a VEGF receptor blocker, effectively slowed the progression of metastatic renal cancer (140). Bevacizumab in combination with atezolizumab (a type of PD-L1 inhibitor), exhibited encouraging outcome in patients with unresectable HCC (141). However, more than half of the subjects experienced grade 3 or 4 hypertension. Trebananib (a recombinant peptide-Fc fusion protein capable of disrupting the interaction between Ang1/2 and Tie2) may enhance the anti-tumor effect of Sunitinib (a VEGF receptor blocker) but as well as elevating the drug toxicity (142). Most of the drugs in the clinical practice based on muti-pathway blockade, such as VEGF, platelet derived growth factor (PDGF) and FGF. The blockade of a single pathway can trigger the compensatory effects in tumors, leading to drug resistance and increased tumor angiogenesis by activating other pro - angiogenic pathways (143, 144).




2.3 Pericytes

PCs are referred to as mural cells that envelop the capillaries, which actively interact with ECs to collectively regulate vascular formation, stabilization, remodeling and function (145). The common markers of PCs include chondroitin sulfate proteoglycan 4 (CSPG4), CD146 and platelet-derived growth factor receptor-beta (PDGFR-β) (146). As important components in the TME, PCs are involved in tumor progression, invasion and migration. Endothelium, an abundant source of platelet-derived growth factor B (PDGFB), is capable of recruiting PCs into the blood vessel by binding to PDGFR-β to sustain the integrity and stability of tumor blood vessels (147). Also, ECs produce nitric oxide (NO) to stimulate the release of VEGF from PCs, supporting EC proliferation and survival (148). This interaction between PDGFB and PDGFR-β also promotes PCs proliferation and migration by activating Ras superfamily proteins (147). However, high levels of PDGFB activate the PDGFR - β/cyclooxygenase-2 (COX-2) signaling pathway, increasing the levels of pro-inflammatory factors, thereby exacerbating the hematogenous metastasis of BC (149). Additionally, PCs also contribute to the formation of a pre-metastatic microenvironment. The ablation of krüppel-like factor 4 (KLF4) effectively suppresses PCs’ proliferation and lung metastasis (150). This suggests that PCs are endowed with high metastatic property in the context of cancer without knocking KLF4. Also, tumor-derived exosomes activate KLF4 in PCs, leading to enhanced ECM production and establishment of a fibronectin-rich niche which is conducive to the hematogenous metastasis (151). The metabolism of PCs may also undergo certain changes. Hexokinase 2(HK2)-driven glycolysis elevates in PCs and upregulates ROCK2-MLC2 mediated contractility. This contractility may lead to impaired blood vessel function (152). Additionally, PCs also interact with immune cells within the TME. PCs are capable of recruiting TAMs into the TME to form an immunosuppressive microenvironment by secreting large amounts of IL-33. Mechanically, PDGF-BB stimulates PCs and activates SOX7 transcriptional factor, leading to the release of IL-33 (153). PCs secret CXCL9 and CXCL12 to recruit CD8+ T cells expressing CXCR3 and CXCR4 into the TME. At the same time, CXCL12 promotes the expression of TGF-β and IL-10, which weakens the proliferation and antigen-presenting capacity of T cells (154). However, the function of PCs may vary across cancer types that it is better to understand the function of PCs based on cancer heterogeneity.

In addition to regulating the integrity and stability of the tumoral blood vessel. PCs may exert specific roles on CRC. PCs may serve as a potential promoter in the process of colorectal cancer liver metastasis (CRCLM). TRP channel-associated factor 2 (TCAF2), which serves as a partner protein of the transient receptor potential cation channel subfamily M member 8 (TRPM8), is overexpressed in PCs of CRCLM patients. TCAF2 inhibits TRPM8 expression and activation, leading to the secretion of Wnt5a. Overproduced Wnt5a is able to promote EMT via the activation of STAT3 signaling pathway (155). Furthermore, PCs secret high levels of TGF-β in response to the stimulation from CRC cells. TGF-β initiates the autocrine activation loop that produces insulin-like growth factor binding protein-3 (IGFBP-3) to promote cancer invasion and migration (156). Moreover, a study identified a novel subpopulation of PCs that highly express transcription factor 21 (TCF21) (157). The increased TCF21 is able to remodel the perivascular metastatic microenvironment which benefits from enhanced perivascular ECM stiffness, collagen rearrangement and basement membrane degradation (157). However, this pro-tumor effect can be reversed by increasing the production of integrin-α5, which activates FAK/PI3K/AKT/DNMT1 axis.

PCs exhibit a unique secretome, with high secretion of IL-32, in EGFR mutated lung cancer patients. The potential mechanism is that Yin-Yang 1 (YY1) signaling pathway upregulates the production of IL-32. IL-32 subsequently activates the β5-integrin-Src-Akt pathway to reduce the sensitivity to the third-generation tyrosine kinase inhibitors (TKIs) in EGFR mutated lung cancer patients (158). CD248 is expressed across tumor stromal cells, especially fibroblasts and PCs. However, the role that CD248+ PCs play on tumor is less studied than CD248+ fibroblasts. A recent study revealed that CD248 could suppress Wnt signaling and upregulates the expression of Osteopontin (OPN) and SERPINE1, which are associated with increased tumor volume. The upregulation of OPN and SERPINE1 collectively promotes tumor angiogenesis and supports lung cancer cell growth (159). HK2 positive PCs are characterized by elevated glycolysis, this elevation could upregulate ROCK2-MLC2 mediated contractility, resulting in aberrant blood vessel function, such as decreased blood vessel diameter and collagen, which are advantageous to lung cancer metastasis (152).

PCs are also involved in BC progression through multiple mechanisms. PDGFB is originally thought to sustain the stability and integrity of blood vessel. However, PDGFB-to-PDGFR-β tumor–stroma signaling also promotes the initiation and metastasis of cancer cells in the context of BC (160). Moreover, purified PCs are capable of supporting the rapid growth of BC cells when co-cultured with them. This supporting effect could be attributed to the establishment of a niche beneficial to BC proliferation (161). A recent study exhibited that PCs secret insulin-like growth factor 2 (IGF2), which plays a significant and specific pro- proliferative effect on BC. This pro- proliferative effect could be inhibited through suppressing IGF2-mediated signaling (162). Besides, extracellular nicotinamide phosphoribosyltransferase (eNAMPT), which is highly expressed in the TNBC, can promote the angiogenesis of TNBC by attracting and activating NG2+ PCs. This process can be achieved through synergizing with the classic factor PDGF-BB. It triggers the pro-inflammatory activation of PCs through the NF-κB signaling pathway, manifested by the overexpression of key chemokines (CXCL8, CXCL1, CCL2) and vascular cell adhesion molecule 1 (VCAM1) (163). However, PCs may also serve as potential inhibitors of BC progression. KAI1 (CD82), specific and highly expressed in PCs rather than ECs, is able to inhibit tumor angiogenesis through promoting the release of leukemia inhibitory factor (LIF) of PCs via Src/P53 pathway. In the meanwhile, KAI1 directly interacts with VEGF and PDGF to prevent binding to the receptors (164). This mechanism may provide us with a novel anti-angiogenic method.

PCs are crucial components that regulate the blood vessel stability. However, PCs are also involved in cancer progression by promoting cancer metastasis and angiogenesis. The study of PCs in multiple cancers provide us with some attractive targets. There are already drugs targeting PDGFR in the phase of clinical trial. However, single-target drugs do not acquire satisfying clinical outcomes. Combined therapy can synergistically exert anti-tumor effects, reduce the occurrence of adverse effect and drug tolerance. Olaratumab combined with doxorubicin prolongs the overall survival rate and reduces the occurrence of adverse events compared to single drug therapy of doxorubicin (165).




2.4 Adipocytes

Adipose tissue, an active metabolic store and endocrine organ capable of secreting a wide array of adipokines, plays a significant role in promoting tumor development (166). Adipocytes primarily store long-chain fatty acids as triacylglycerol and cholesterol esters in the form of lipid droplets (167). Adipose tissue can be divided into three types based on adipocytes constituents: brown adipose tissue, white adipose tissue and beige adipose tissue (168). White adipose tissue constitutes more than 95% of the total fat tissue, while brown adipose tissue accounts for 1-2%. Beige adipose tissue is more difficult to be quantified, as it is scattered under the skin near the spine and clavicle and can-not be isolated as a whole (169). White adipose tissue is responsible for storing energy such as lipid and is relatively abundant, whereas brown adipose tissue is a highly specialized type that consumes energy and generates heat in a mitochondrial uncoupling protein 1 (UPC1)-dependent manner, thus sustaining glucose homeostasis and enhancing insulin sensitivity. UPC1 is a mitochondrial carrier that mainly expressed in brown adipose tissue, facilitating heat generation by dissipating the protonmotive force rather than adenosine triphosphate (ATP). Beige adipose tissue also generates heat in a mitochondrial UPC1-dependent and independent manner (170–172).

Adipocytes can be activated into cancer-associated adipocytes(CAAs)in the presence of tumor cells, leading to the altered adipose function and paracrine signaling (167). CAAs play an essential role in promoting tumor progression by secreting multiple adipokines, such as CCL2, CCL5, leptin, and adiponectin (173). Besides, adipocytes can undergo metabolism reprogramming in the context of cancer. For instance, the secretions of BC cells can trigger the breakdown of adipocytes, releasing free fatty acids (FFA), which cancer cells can then utilize as an energy source to support their survival (174). However, adipocytes may also exert different roles depending on cancer types. Thus, it is important to elucidate the mechanisms through which adipocytes promote tumor development and select appropriate targeted therapies according to these mechanisms.

BC is a highly malignant cancer type characterized by its aggressive invasion, rapid proliferation and extensive dissemination. Adipocytes play an important role in the progression of BC (173). Adipokines, which are key secretions from adipocytes, promote BC progression. Leptin, as one of the most important adipokine, can promote the EMT of BC cells, thereby enhancing tumor metastasis, through the activation of the PI3K/AKT signaling pathway and the upregulation of pyruvate kinase M2 (PKM2) (175). Besides, adipocyte-derived leptin and IL-6 accelerate BC metastasis via Lysyl Hydroxylase-2 upregulation mediated by PI3K/AKT and JAK/STAT3 pathway (176). Adiponectin, another important adipokine secreted by adipocytes, has been shown to inhibit BC development. It is reported that adiponectin induces a robust autophagosomes accumulation, leading to BC cells apoptosis via STK11/LKB1-mediated activation of the AMPK-ULK1 axis (177). Moreover, adiponectin may inhibit BC development by reprogramming metabolism, suppressing fatty acid synthesis and stimulating lipophagy-mediated lipolysis fatty acid oxidation (FAO) (178). EVs are also important factors that are involved in tumor progression. CAA derived EVs have been shown to protect BC cells from drug-induced apoptosis in vitro. This protection may be associated with Hippo signaling pathway and blocking this pathway showed promise to suppress growth- promoting effect by CAA derived EVs (179). Adipocytes are also capable of secreting oleic acid, protecting TNBC cells from lipid peroxidation and ferroptosis when ACSL3 exists (180). Additionally, adipocytes also influence the function of immune cells in the BC microenvironment. Adipocytes-derived CXCL8 remodels the immune microenvironment of BC by suppressing the infiltration of CD4+/CD8+ T cells and upregulating CD274 (namely PD-L1) expression in TNBC (181).

Adipocytes can also regulate the progression of hematological neoplasms, such as acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) (182, 183). Marrow adipocytes (MATs) are crucial components of the bone marrow microenvironment and play an active role in promoting hematological neoplasms (182). AML blasts can hijack MATs metabolic procession and transfer fatty acids from the MATs to the AML blasts, providing energy to support tumor survival (182). As we elucidated before, adipocytes secret multiple adipokines to influence tumor progression. For instance, leptin, has been shown to contribute to hematological malignancies development via JAK/STAT pathway, which regulates the downstream signaling pathway such as PI3K/AKT signaling and ERK1/2 (184). Besides, high levels of leptin in concert with low adiponectin can increase the risk of blood cancer occurrence (185). However, MATs may also inhibit blood cancer growth. A study revealed that AML can suppress MATs, leading the dysregulation of endogenous hematopoietic stem and progenitor balance. The researchers subsequently administered a peroxisome proliferators-activated receptor (PPAR)γ agonist in vivo to induce adipocytes production and found that leukemia growth was repressed, suggesting that MATs may play dual roles in blood cancer development (186).

Adipocytes may also affect CRC progression through multiple mechanisms. CRC cells can reprogram adipocytes into CRC-associated adipocytes in vivo. They support cancer cell survival through secreting metabolites, such as lactate, and promote the lipid storage in cancer cells, thus providing energy to support their survival (187). Moreover, adipocytes are capable of secreting various adipokines. Adipocytes-derived leptin promotes colorectal carcinogenesis by binding to OB-R, a leptin specific receptor, causing a cascade of signals, including c-Jun, Akt, and JAK/STAT3 signaling pathways. Adiponectin, as another important adipokines, may serves as a potential anti-cancer factor that suppress CRC development via the activation of AMPK (188). Besides, adipocytes release TNF-α and IL-6 through Fas, NF-κB and MAPK signaling pathway. Increased TNF-α also promotes the lung metastasis of colon cancer (189). Adipocytes within the TME, may also contribute to the chemoresistance of CRC. Microsomal triglyceride transfer protein (MTTP) is especially increased in CRC patients with high fat ratio, this adipocyte-derived MMTP reduces the CRC patients’ reactivity to chemotherapy drug, oxaliplatin. The potential mechanism may be that the interaction between MMTP and proline-rich acidic protein 1 (PRAP1) reduces polyunsaturated fatty acids ratio and lipid reactive oxygen species (ROS) levels (190).

Adipocytes derived EVs can impact several critical traits of prostate cancer, such as elevated glucose consumption, lactate release and ATP production, thus promoting cancer proliferation, invasion and migration (191). This promoting effect may be associated with enhanced Akt/HIF-α axis-related Warburg effect (191). Besides, adipocytes directly stimulate the release of macrophage inhibitory cytokine-1 (MIC-1) from pancreatic cancer cells, which is associated with enhanced tumor progression, and IL-8 from prostate stromal fibroblasts through upregulating lipolysis and FFAs release (192). IL-8 recruits granulocytic/polymorphonuclear MDSCs (PMN-MDSCs) into the TME via IL-8/CXCR2 axis, continuously contributing to prostate cancer development (193). In addition, IL-8 hyperactivates PPARα to reduce glucose utilization and increase fatty acid catabolism. This effect significantly inhibits CD8+ T cell proliferation and weakens their anti-tumor effects (194). However, adipocytes may also serve as a potential protecter in the development of prostate cancer. Exogenous adiponectin protects normal tissues from the damage caused by radiotherapy. Meanwhile, it confers no protection for the prostate cancer cells (195). This suggests that adipocytes may also play a positive effect in prostate cancer. However, it remains unclear whether the administration of exogenous adiponectin interferes other signaling pathways in cancer cells, thereby promoting cancer progression. Therefore, more careful evaluations are needed to ensure the safety of exogenous adiponectin administration.

Adipocytes, traditionally regarded as energy storage cells, also serve as critical components in the TME. In the context of cancer, adipocytes supply energy, particularly in the form of FFAs to support tumor growth. Besides, adipokines secreted from adipocytes have been reported to be involved in multiple cancer progression. The study of adipocytes in the context of different cancer also provides us with more strategies to treat cancer based on adipocytes. It is promising to block the adipokines from adipocytes and disrupt adipocytes mediated metabolism. However, most of the drugs targeting adipocyte associated signaling still stay in the preclinical research. It is of great significance to transform the preclinical research into clinical practice.




2.5 Schwann cells

SCs, the most abundant glial cells in the peripheral nervous system (PNS) and indispensable components of the TME (196), play vital roles in nerve repair and regeneration. Schwann cell precursors (SCPs), originating from neural crest cells, first differentiate into immature SCs and later progress into different lineages: myelinating SCs and non-myelinating SCs (197). SCs are widely distributed throughout the body and they become an attractive target for cancer cells, particularly during the early stages of the tumor progression and TME formation (198, 199). In the early stage of tumor development, SCs can directly attract tumor cells, creating an injury-like microenvironment that facilitates perineural invasion (PNI) and tumor innervation (200). Through PNI, cancer cells spread to distant organs, leading to unfavorable dissemination. Additionally, SCs interact indirectly with other non-malignant cells, such as immune cells and CAFs in the TME, contributing to an immunosuppressive microenvironment (200). However, the role of SCs in the TME varies across different tumor types due to the tumor heterogeneity and understanding the cancer-promoting mechanisms of SCs in different cancers is crucial for cancer therapy.

Numerous studies have shown that SCs contribute to pancreatic cancer development through multiple mechanisms. SCs have been linked to delayed diagnosis of PDAC. PDAC-derived CXCL12 can induce the infiltration of SCs into the tumor site. By binding to CXCR4/CXCR7 on the SCs, SCs downregulate the expression of multiple pain associated targets to attenuate pain perception, while IL-6 secreted by activated SCs suppresses pain signaling, collectively delaying pancreatic cancer diagnosis (198, 201). Another example is that PDAC-derived tissue inhibitor of metalloproteinase 1 (TIMP1) stimulates CCL7 secretion from SCs and forms a paracrine feedback loop that continuously drives the invasion and metastasis of PDAC (202). Tumor-associated non-myelinating Schwann cell abundance was associated with an immunosuppressive environment and poor prognosis. These cells expressed plasmacytoma variant translocation 1 (PVT1) to promote the activation of kynurenine pathway in pancreatic cancer, contributing to tumor immune exclusion (203). Additionally, SCs secrete significant amounts of TGF-β, activating the TGF-β-SMAD signaling pathway in cancer cells, which is correlated with enhanced PDAC invasiveness (204). Moreover, another example that injecting cancer cells into sciatic nerve of nude mice to establish a dorsal root ganglion (DRG) co-culture system with cancer cell lines, found that pancreatic cancer cells induce SCs autophagy via NGF/ATG7 pathway, thus promoting pancreatic cancer PNI (205). Beyond these direct interactions, SCs engage with other cells in PDAC microenvironment. For instance, a study showed that SCs stimulate the proliferation and migration of PDAC cells through the Midkine signaling pathway and facilitate the transition of CAFs into iCAFs through the release of IL-1α (206). Previously, it has been elucidated that TGF-β signaling promotes the transformation of NFs into myCAFs instead of iCAFs by downregulating IL1R expression (98).

Several other studies have also demonstrated that SCs act as a potential promoter in melanoma. Melanoma cells can reprogram SCs into repair-like SCs (rSCs), initiating a nerve injury-like response. Once activated, rSCs significantly alter the melanoma microenvironment and promote tumor growth by modulating the immune system and remodeling the ECM both in vitro and in vivo (207). Moreover, SCs in the skin suppress anti-tumor response by downregulating pro-inflammatory signaling. Reprogrammed rSCs in melanoma increase the production of anti-inflammatory factors, such as prostaglandin E2 (PGE2), COX-2 and lipoxins A4/B4 to suppress anti-tumor T cells in a SCs-dependent manner (208). Furthermore, PGE produced by SCs also effectively inhibits proliferation of CD3/CD28 activated T cells and upregulates PD-1 expression on both CD4+ and CD8+ T cells (209). In addition to suppressing T cell proliferation, evidence also exhibited that SCs may inhibit dendritic cells (DCs) function. DCs co-cultured with melanoma-activated SCs can-not stimulate T cell activation and proliferation in vitro, suggesting that SCs may transform DCs into an immunosuppressive phenotype (210). Additionally, a recent finding indicated that dietary palmitic acid (PA) induced melanoma metastasis is associated with a pro-regenerative state of tumor-activated SCs (211).

Recent findings also reported that SCs may be involved in lung cancer progression. SCs can promote EMT and motility of lung cancer cells by elevating transcription factors Snail and Twist expressions. Blocking Snail and Twist expression significantly eliminated this enhanced motility. The potential mechanism is that SCs-derived CCL5 is responsible for lung cancer EMT. At the same time, CCL5 activates the PI3K/AKT/GSK-3 β/Snail-Twist pathway by binding to CXCR2, contributing to enhanced lung cancer invasiveness and dissemination (212). Additionally, SCs-derived exosomes containing miRNA-21-5p were proved to promote lung cancer proliferation and lymph nodes metastasis both in vitro and in vivo, suggesting that miRNA-21-5p may serve as a new therapeutic target for lung cancer (213). Furthermore, a previous study showed that stress-induced epinephrine elevation facilitates BC tumorigenesis by enhancing cancer stem cell (CSC) factors secretion (214). Besides, SCs contribute to lung cancer chemotherapy resistance by establishing an adrenergic microenvironment. Mechanistically, SCs express catecholamine-synthesizing enzymes and produce adrenaline, leading to enhanced chemoresistance of lung cancer via activating YAP/TAZ (215). In the meanwhile, SCs are reported to interact with immune cells in lung cancer, so that they help to establish an immunosuppressive microenvironment. SCs secret high levels of CCL2, promoting the M2 polarization of macrophages. In this study, CD14+ macrophages isolated from the co-culture system with SCs were used to treat A549 and H1299 lung cancer cells. It was observed that the proliferation of lung cancer cells increased. This finding suggests that SCs have the ability to interact with immune cells, thereby promoting the progression of lung cancer (216).

The PNS which has recently emerged as an important component of the TME, highlights SCs as key players in nerve-regulatory tumors. However, the studies of SCs are not as clear as other benign non-immune cells in the TME and there are no relevant specific strategies targeting SCs. However, the current studies offer us many enlightenments. IL-6 and CXCL12 have been reported to delay the early diagnose of pancreatic cancer in mice. But there are no relevant studies in human. It is promising to explore whether these two cytokines work in human, which would be beneficial to the diagnose of pancreatic cancer. Additionally, SCs also actively interact with immune cells, such as T cells and DCs, in the TME to form an immunosuppressive microenvironment. This could be also considered as a promising point to treat cancer. Targeting SCs not only holds promise for melanoma therapy but also provides a novel strategy for the early detection and treatment of pancreatic cancer.




2.6 Other cells



2.5.1 Oligodendrocytes in glioblastoma

In addition to the benign non-immune cells mentioned above, there are also benign non-immune cells that participate in the development of certain cancer. For example, oligodendrocytes are important glial cells in the central nervous system and some studies have revealed that oligodendrocytes may support glioblastoma (GBM) development. The GBM border microenvironment has been reported to contribute to GBM’s chemo-radio resistance (217). They found an increase in oligodendrocyte progenitor cells (OPCs) and macrophages/microglia at the tumor border and observed enhanced stemness and chemo-radio resistance in GBM, suggesting that OPCs are critical components of this resistance (217, 218). Another study found that oligodendrocytes may promote GBM invasion through the Ang2 signaling pathway (219). Furthermore, GBM with oligodendrocyte components show a high mutation rate of IDH1 (220). A mathematical model further demonstrated that IDH1 mutated GBM shows a more invasive property compared to IDH1 wild type (221). However, oligodendrocytes may also be a promising target to treat GBM. A recent study revealed that GBM exhibit two different cell states in the core region and border, astrocyte-like cells and OPC-like cells, in the process of GBM invasion. Activator protein 1 (AP-1) exhibits high activity in the core region but low in the border, while BTB domain and CNC homolog1 (BACH1) shows the opposite. Combining AP-1 with BACH1 inhibitors produced a synergistic effect, significantly enhancing the tumor-suppressing capabilities compared to the use of single reagent (222). This study implicated that oligodendrocytes may be a promising target in the future study, which also offer us a new strategy to treat GBM.




2.5.2 Mesenchymal stem cells in GBM

Mesenchymal stem cells (MSCs) are pluripotent stem cells with robust differentiation capacity. These cells are capable of differentiating into adipocytes, osteoblasts, myoblasts, etc. upon subjected to stimulation and serve as crucial components in maintaining tissue homeostasis and repair (223, 224). However, MSCs can also promote or suppress cancer progression through the secretion of cytokines, chemokines and exosomes (225). Recent studies exhibited that MSCs are critical components that are involved in GBM progression and the infiltration level of MSCs into GBM are always associated with poor prognosis (226). MSCs can promote GBM development through multiple mechanisms. For instance, mesenchymal stem like cells (MSLCs) enhance GBM invasiveness through the secretion of C5a, which activates p38 MAPK-ZEB1 signaling pathway (227). Tumor-associated mesenchymal stem cells (TMSCs) can induce the production of HAS2, which increases hyaluronan abundance in the TME, thereby promoting GBM invasiveness in a signaling ligand manner (228). Also, a co-culture experiment of MSCs and GBM cells proved that MSCs-derived secretions promote the activity, proliferation and migration of GBM cells (229). However, MSCs may also serve as a potential tumor-inhibiter in the TME of GBM. A recent study revealed that MSCs with high expression of CXCL10 and Nrf2 (an anti-apoptosis gene), remodeled the TME by recruiting CD8+ T lymphocytes (230). In recent years, studies have highlighted the crucial roles of MSCs, serving as a carrier loaded with anti-tumor drugs to treat GBM due to their strong tropism towards tumors. MSCs can be homed to the GBM site under the effect of multiple cytokines, such as TGF-β, CXCL12 (231, 232). MMP1 is also considered as an indispensable factor derived from MSCs that contributes to MSCs migration (233). According to this property of MSCs, many researchers try to develop MSCs loaded with different drugs, proteins, etc. to overcome GBM. For instance, a study constructed bone marrow derived-MSCs expressing miRNA-30c that effectively induce GBM cell apoptosis and impair tumor invasion (234). Another study designed more complicated MSCs that overexpress CXCL10 and Nrf2. These MSCs are capable of attracting CD8+ T cells to the GBM site and decreasing the levels of Tregs and exhausted CD8+/CD4+ T cells. Such recombinational MSCs have been demonstrated to significantly inhibit GBM growth (230). In conclusion, MSCs may serve as a potential drug carrier and in concert with T cells to overcome the challenges of tumor treatment.




2.5.3 Epithelial cells in Esophageal Cancer

The role of epithelial cells in the progression of esophageal cancer has not been well studied, but some recent studies provided evidence that epithelial cells may participate in esophageal cancer development via several mechanisms. For example, the aberrant interaction of epithelial cells within the basal layer at early precancerous stage involves Ephrin-B1 (EFNB1) –Eph receptor B4 (EPHB4) which triggers EMT, leading to esophageal cancer tumorigenesis and progression (235). It is well studied that EMT can promote the invasion and metastasis of multiple cancers (236). Besides, epithelial cells promote esophageal cancer progression by activating fibroblasts into CAFs. Annexin1 (ANXA1), a ligand for the formyl peptide receptor type 2 (FPR2) on fibroblasts that can maintain fibroblasts stability, but gradually decreases as esophageal cancer progressed. The absence of ANXA1 leads to the uncontrolled transformation of fibroblasts into CAFs, and this transformation is enhanced by epithelial cells derived TGF-β (237). Epithelial cells may also be involved in tumor distant dissemination. In addition, a new subpopulation of epithelial cells have been identified in esophageal cancer, namely SAA1+ epithelial cells, that contribute to esophageal cancer distant metastasis by single cell profiling (238). Thus, targeting epithelial cells may also offer potential strategies to suppress esophageal cancer progression.






3 Role of immune cell types in the TME

Immune cells, which are primarily responsible for maintaining the immune balance of the body, paradoxically contribute to the creation of a tumor-promoting environment within TME (239). Immune cells within TME can be broadly categorized into two groups: lymphocytes and myeloid-derived immune cells. Both lymphatic cells and myeloid cells play critical roles as the drivers of tumor progression, demonstrating the dual and context-dependent functions of the immune system in cancer.



3.1 Myeloid-derived immune cells

Myeloid-derived immune cells are important immune cells in the TME, and are associated with tumor development. Myeloid-derived immune cells in the TME, including TAMs, MDSCs, etc., exert a dual role within the TME, typically exhibiting immunosuppressive effects (240). For example, TAMs in the TME secret multiple cytokines and proteins, such as epidermal growth factor (EGF), FGF, IL-10, VEGF, PDGF, etc., these factors not only promote tumor invasion and metastasis but also may contribute to the formation of tumor blood vessels, providing nutrition and energy for tumor growth (241–243). Moreover, TAMs recruit FOXP3+ Tregs, which exhibit immunosuppressive effects in the TME, in response to hypoxia, leading to the impaired T cell activation (244). MDSCs represent another major immunosuppressive population in the TME and can be classified into two subpopulations: PMN-MDSCs and monocytic MDSCs (M-MDSCs) based on their origin from the granulocytic or monocytic myeloid cell lineages (245). M-MDSCs are capable of producing high levels of NO to inhibit T cell proliferation and differentiation (246), while PMN-MDSCs exert their immunosuppressive effect through different mechanisms. These cells produce TGF-β, a potent immunosuppressive factor, to inhibit immune response (247). Besides, PMN-MDSCs suppress immune function in an antigen presenting manner and inhibit the production of ROS. The production of ROS also plays a crucial role in suppressing T cell immune response (248). Given the critical role of myeloid cells in TME, targeting these cells presents a promising therapeutic strategy for cancer treatment. Therapeutic strategies targeting CXCR2, C-C motif chemokine receptor (CCR)2, colony stimulating factor 1 receptor (CSF1R), PI3K-γ and STAT3 signaling pathways have also shown potential in inhibiting the immunosuppressive and inflammatory effects of myeloid-derived immune cells in cancers (249). In conclusion, myeloid cells in the TME are critical to tumor progression, so targeting myeloid cells in TME, especially those that play a powerful immunosuppressive role, provides a new strategy to cancer therapy.




3.2 Lymphatic cells

Lymphatic cells are also important components in the TME, including T cells, B cells and NK cells. T cells, upon activation by DCs and CD4+ T cell help signals, can differentiate into effector T cells (Teffs). Teffs are cytotoxic T cells that effectively eliminate target cells through mechanisms such as granule exocytosis, Fas/FasL interactions, and the secretion of cytokines like interferon-γ (IFN-γ) and TNF-α (250). Moreover, CD4+ cytotoxic T lymphocytes (CTL) may exhibit tumor-suppressing effect independent of CD8+ T cells. These CD4+ T cells showed tumor-suppressing effect on CRC growth in mice with humanized immune system by recognizing human leukocyte antigen class II (HLA-II) on tumors (251). NK cells are important immune cells that effectively eliminate cancer cells, especially blood cancers. However, these cells exhibit limited tumor-killing effects in solid tumors due to the complicated microenvironment that leads to NK cell inactivation and reduced tumor infiltration (252). Another important subtype of T cells, Tregs, displays immunosuppressive roles and can be attracted into the tumor site through the chemokine gradients, including CCL17/22, CCR8‐CCL1, CCR10‐CCL28 etc. Once there, they subsequently become activated and exhibit tumor-inhibiting functions (253). Tregs within the TME, can induce CD8+ T cell and NK cell death by releasing perforin and granzyme B, leading to impaired anti-tumoral immune response (254). Additionally, ATP-derived from Tregs inhibits the activation of T cells and antigen-presenting cells (APCs) (255). Immune checkpoints are proteins that regulate immune cell activity especially T cells, inhibiting their hyperactivation. Evidence showed that Tregs express co-stimulatory molecules including cytotoxic T lymphocyte-associated protein 4 (CTLA-4), PD-1, lymphocyte activation gene-3 (LAG-3), etc. to suppress immune response (256–258), and ICI are promising methods to reverse the immunosuppressive effect induced by Tregs. Additionally, reinvigorating exhausted CD8+ CTLs also holds promise for cancer therapy. Together, lymphocytes, particularly Tregs, play significantly immunosuppressive roles in the TME, and targeting these cells presents promising therapeutic options for enhancing cancer treatment.





4 Conclusion

TME is an intricately complex niche that has garnered significant attention in recent year. The TME of hematological malignancies differs substantially from that of solid tumors. While numerous promising strategies, such as chimeric antigen receptor T-cell (CAR-T) therapy, have demonstrated effective outcomes in treating hematological cancers, the treatment of solid tumors remains challenging due to their complex microenvironment and deep anatomical locations, which hinder drug infiltration into the tumor core. Additionally, the composition of the microenvironment varies across tumor types, presenting a significant challenge for cancer treatment. Recently, increasing attention has been directed towards benign non-immune cells within the TME, which may offer novel avenues for cancer therapy.

CAFs are abundant and heterogenous benign non-immune cells comprising diverse subtypes in the TME that have been extensively studied. CAFs in the TME secret multiple tumor-promoting cytokines, such as IL-6 and TGF-β to support tumor growth. Additionally, CAFs contribute to ECM remodeling, which restricts drug infiltration and promotes cancer dissemination. Targeting CAFs may represent a promising strategy to inhibit tumor development. FAP are proteins that highly expressed in CAFs across multiple cancers. Targeting FAP to eliminate CAFs combined with chemotherapy drugs maybe an effective way to inhibit tumor growth. A study showed that FAP-targeted vaccine effectively enhanced the CAFs-killing effect mediated by CD8+ T cells and increased drug uptake by colon cancer and BC (259). TGF-β is a critical factor that actively participates in tumor progression, such as immunosuppressive effect and ECM remodeling. Blocking TGF-β holds promise for new cancer therapies. CTL are often suppressed by elevated immune checkpoints and can-not effectively infiltrate into the tumor core due to the physical barrier. Inhibiting TGF-β combined with immunotherapies to enhance T cells infiltration also holds promise. M7824, a fusion protein against PD-L1 and TGF-β extended overall survival and provided long term protective effects (260). Additionally, some CAFs derived cytokines also participate in tumor development. Blocking these cytokines also sheds light on cancer therapy. IL-6 has been reported to promote cancer progression through multiple pathways. Antibodies blocking IL-6 combined with PD-1 were proved to strikingly elevate survival rate of mice with pancreatic cancer (95). However, there are also potential limitations behind these therapies. CAFs exhibit high heterogeneity and could be divided into multiple subtypes with different markers. Some normal tissues have low levels of FAP expression, FAP-targeted methods effectively eliminate CAFs as well as hurting normal tissues or organs. A study revealed that the depletion of FAP+ stromal cells leads to the cachexia and anemia (261). Besides, not all CAFs express FAP so that targeting FAP+ CAFs to reverse the immunosuppressive effect is not realistic (262). Single FAP-targeted therapy does not achieve good outcomes, so it is better to be used in combination with ICI. At the same time, FAP-targeted therapy does not guarantee the elimination of CAFs that are detrimental to tumor progression, and it may also eliminate CAFs that inhibit tumor growth. For example, a study revealed that the depletion of myCAFs increased CD4+Foxp3+ Tregs infiltration into tumor, leading to an aggressive tumor progression (263). Blocking TGF-β or degrading ECM represents another method to promote drug infiltration into cancers, such as pancreatic cancer which are surrounded by dense ECM barrier, thus contributing to cancer therapy. The degradation of ECM may increase the risk of tumor metastasis, so it is important to apply these methods based on tumor types. Appropriate ECM allows drug infiltration and reduced tumor metastasis. To overcome these obstacles, it is pivotal to develop new therapies or improve the existing methods. Considering that the direct elimination of CAFs may lead to unintended tumor-promoting effect, the transformation of tumor-promoting CAFs into tumor-suppressing CAFs may shed light on tumor therapy. An advanced technology, termed hydrogen therapy, was proved to reverse the immunosuppressive and tumor-promoting phenotype of CAFs, thus remodeling the immunosuppressive TME. This therapy directly kills cancer cells, suppresses immunosuppressive factor derived from CAFs and stimulates systematic immune response (264). As for FAP-targeted therapy, enhancing the target specificity and in concert with other therapies may provide better treatment. A novel FAP-based method, molecular pro-theranostic probe (FMP) with activatable fluorescence, photoacoustic (PA) imaging, and photodynamic therapy (PDT), is able to completely repress primary tumor. And the tumor-killing effect could be further enhanced in combination with ICI (265). The development of nano-drugs, also offers us some enlightenments. These drugs play a role by interfering the immunosuppressive effect mediated by CAFs, eliminating CAFs and inhibiting CAFs activation (266).

ECs within the TME often promote the formation of tumor neovascularization, supplying energy to promote tumor growth and metastasis. Targeting ECs to suppress blood vessel formation in tumor mass may be an effective adjuvant therapy. Bevacizumab was approved to treat metastatic CRC by specifically blocking VEGF (267). Sunitinib and sorafenib can inhibit VEGF receptor tyrosine kinase, thus suppressing tumor blood vessel formation (268, 269). Besides, targeting Ang-Tie2 axis is also a promising method. Dual inhibition of VEGFR and Ang2 was proved to normalize tumor blood vessel and prolong overall survival (270). This experiment has demonstrated the therapeutic effects of anti-Ang2 drugs in mice, but remains unclear in humans. There are also potential risks behind anti-angiogenic therapy. Drug resistance often emerges in this therapy, this is partly due to the complicated angiogenic mechanism of cancers. Since drugs target the relevant signaling pathways to inhibit tumor vascular formation, tumor cells rapidly evolve to upregulate other pro-angiogenic factors, such as FGF, PDGF, and switch to other pro-angiogenic pathways, resulting in drug resistance (143, 144). Furthermore, the destruction of tumor vascular system may lead to hypoxic microenvironment that contributes to an enhanced drug resistance and angiogenic capacity of cancer cells (271, 272). Therefore, it is better to develop combinational therapies. Drugs that target multiple angiogenic signaling pathways or anti-angiogenic drugs in concert with ICI may achieve better outcomes. Additionally, a recent study revealed that fructose transporter SLC2A5 is significantly upregulated in ECs of HCC, this alteration facilitates the angiogenesis of HCC especially under hypoxia (122). It suggests that targeting EC associated metabolic pathway may be also a promising strategy. However, whether this target plays a role on human needs further exploration.

PCs can be considered as the gatekeeper of the blood vessel, playing a significant role in sustaining vascular stability. PCs are also actively involved in tumor vascular formation and stability. However, most anti-angiogenic strategies predominantly focused on ECs. Targeting PCs associated markers offers additional methods to suppress tumor angiogenesis. Sustaining PDGFR-β in a non-active state showed significant anti-angiogenic and tumor-suppressing effect in mice with pancreatic cancer and renal carcinoma (273). Imatinib effectively reduced vascular density and increased blood vessel permeability, thus inhibiting lymphoma growth (274). This method is based on targeting PDGFR-β+ PCs. However, targeting PCs faces the common problems of anti-angiogenic drugs. Drug resistance and drug-induced hypoxia in the TME make drug combination necessary. Combining PCs-targeted drugs with chemotherapy drugs or ICI may achieve better outcome compared to single drug. As for novel therapies, a α-polarized DC vaccine targeting PC antigen DLK1, protected mice from CRC progression by enhancing CD8+ T Cell mediated anti-tumor immunity (275). In the future, it is possible to identify specific markers of PCs and develop novel combinational drug therapies.

Adipocytes are energy store and endocrine cells that provide energy to support tumor growth, secret factors to suppress immune cell function and transform them into immunosuppressive phenotypes. There are already many strategies to reduce the pro-tumor effect induced by adipocytes. Such as blocking adipocytes derived factors, disrupting the energy source of tumor cells and reversing the immunosuppressive microenvironment. Leptin has been proved to promote the progression of multiple cancers, such as BC, blood cancer and CRC. Blocking leptin is promising to reduce adipocytes mediated tumor-promoting effect. Celastrol, a substrate that binds to leptin receptor, significantly inhibits BC proliferation and migration by suppressing leptin mediated PI3K/AKT signaling pathway (276). FAO is known for fueling tumor cells and support their survival. Etomoxir can interrupt the progression of FAO and acquired better outcome when combined with temozolomide to combat GBM (277). However, there are also many obstacles need to be overcame. Tumor cells are surrounded by dense ECM, which makes it difficult for drug to infiltrate. Off-target effects and drug resistance are also worth considering. Tumor cells may upregulate other signaling pathways when certain signal is blocked. In recent years, there are also some novel strategies to cure cancer based on adipocytes, which would enlighten us. Adipocytes can be engineered to specifically deliver drugs to tumor cells. Adipocytes loaded with anti-cancer fatty acid, rumenic acid, and a doxorubicin prodrug can specifically deliver drugs to the tumor via lipolysis (278). According to this property, adipocytes may also serve as a potential drug carrier to delivery diverse drugs to tumor to overcome the physical barrier. A recent study developed a ground-breaking strategy, they designed engineered adipocytes which significantly compete for the energy and nutrition required for tumor cell survival. This method has been shown to strikingly reduce tumor growth, angiogenesis and hypoxia in mice with pancreatic cancer or BC (279). But whether this method works in human remains unclear. A recent study also revealed that a ketogenic diet in concert with eFT508, a P-eIF4E inhibitor, effectively inhibit pancreatic cancer growth by blocking fat metabolism that supplies energy for cancer cells (280). Therefore, blocking blood vessels derived energy, such as muti-target anti-angiogenic drugs, combined with fat metabolism inhibitors may be a promising method to inhibit tumor growth. However, further studies are needed to prove its feasibility.

SCs, largely unexplored benign non-immune cells in the TME, may not serve as a negative bystander but an active promoter in tumor progression, especially nerve-rich organs, such as pancreatic cancer. Most SCs-targeted strategies remain in the pre-clinical phase. It is unclear how much SCs contribute to tumor progression compared to other benign non-immune cells in the TME. SCs are able to secret multiple pro-tumor factors, such as IL-6, CXCL12, PGE2, etc. to participate in tumor progression. IL-6 and CXCL12 have been reported to delay the early diagnose of pancreatic cancer. However, no clinical studies have shown that these two cytokines also cause the delay of diagnosis in human with pancreatic cancer. In the meanwhile, SCs are capable of interacting with other non-malignant cells in the TME, such as DCs, TAMs and CAFs, to form an immunosuppressive microenvironment. Such microenvironment could be reversed to a certain extent under the effect of ICI. In the future, it is important to develop SCs-specific targeted therapy. YAP is a key molecule that promotes the proliferation and remyelinating of SCs via activating Hippo pathway in patients with neurofibromatosis type 1 (NF1) and SCs are characterized by high levels expression of YAP in NF1 (281). Therefore, YAP maybe a promising target to achieve targeted therapy based on SCs.

In conclusion, understanding the complex and dynamic nature of the TME and the specific mechanisms by which benign non-immune cells contribute to tumor progression remains a considerable challenge. This review highlights the multifaceted roles of benign non-immune cells in the TME but does not exhaustively elucidate their underlying mechanisms due to the complexity of this system (Figure 2). Future research should focus on tumor heterogeneity and the functional roles of benign non-immune cells in various cancers. In order to provide more cancer therapies, it is better to find out more specific markers on benign non-immune cells, which allows more accurate targeted therapy. Additionally, novel drug delivery systems offer us opportunities to orient cancer cells accurately, such as nanoparticle drugs, overcoming the difficulties of drug infiltration. At the same time, the combination of drugs significantly improves the therapeutic effects, reduces drug resistance and tumor compensatory effect. Patients will benefit from more effective combinational methods used in the clinical practice. This review has elucidated many promising targets on benign non-immune cell, but most research still stay in the preclinical stage, translating these findings into clinical practice would hold great promise for enhancing the overall efficacy of cancer treatment.




Figure 2 | Crosstalk between benign non-immune cells and immune cells. (a), CD36+ CAFs facilitate the uptake of LDL, thereby inducing MIF secretion and recruiting CD33+ MDSCs into the HCC microenvironment by binding to CD74 receptor on CD33+ MDSCs. (b) CAF-S1 attracts T cells by secreting CXCL12 and transforms T cells into Tregs via CD73, B7H4 and DPP4, leading to an immunosuppressive microenvironment in BC. (c) ECs desensitize NK cells through expressing NKG2D ligands, blocking NK cells-dependent tumor-killing effects. (d) CXCL12+ ECs block the differentiation of CD8+ naive T cells into CD8+ cytotoxic T cells by secreting CXCL12, as well as recruiting MDSCs into the TME of HCC by binding to the receptors on MDSCs. (e), SCs secret PGE to inhibit T cell proliferation and upregulate PD-1 expression on T cells. Besides, SCs-derived CCL2 polarizes macrophages into M2- like phenotype, which is associated with reduced proinflammatory capacity. SCs co-cultured with DCs can transform DCs into immunosuppressive phenotype, weakening the antigen-presenting capacity of DCs. (f), Adipocytes-derived CXCL8 reduces T cell infiltration into BC microenvironment. (g), Under the stimulation of PDGF-BB, PCs secret IL-33 to recruit TAMs into the TME and form an immunosuppressive microenvironment. (h), PCs secret CXCL9 and CXCL12 to recruit CD8+ T cells into the TME. CXCL12, in turn, promotes the release of TGF-β and IL-10, which weaken the proliferation and antigen-presenting capacity of T cells.







Author contributions

SL: Writing – original draft, Writing – review & editing. YH: Conceptualization, Supervision, Writing – review & editing. CL: Validation, Writing – original draft. JL: Investigation, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by grants from the Health Commission of Henan Province (Grant No. HNSWJS-2020007).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Kim, S-J, Khadka, D, and Seo, JH. Interplay between solid tumors and tumor microenvironment. Front Immunol. (2022) 13:882718. doi: 10.3389/fimmu.2022.882718

2. Binnewies, M, Roberts, EW, Kersten, K, Chan, V, Fearon, DF, Merad, M, et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat Med. (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x

3. Liberti, MV, and Locasale, JW. The warburg effect: how does it benefit cancer cells? Trends Biochem Sci. (2016) 41:211–8.  doi: 10.1016/j.tibs.2016.01.004

4. Riera-Domingo, C, Audigé, A, Granja, S, Cheng, W-C, Ho, P-C, Baltazar, F, et al. Immunity, hypoxia, and metabolism-the ménage à trois of cancer: implications for immunotherapy. Physiol Rev. (2020) 100:1–102. doi: 10.1152/physrev.00018.2019

5. Petrova, V, Annicchiarico-Petruzzelli, M, Melino, G, and Amelio, I. The hypoxic tumour microenvironment. Oncogenesis. (2018) 7:10. doi: 10.1038/s41389-017-0011-9

6. Wu, Q, You, L, Nepovimova, E, Heger, Z, Wu, W, Kuca, K, et al. Hypoxia-inducible factors: master regulators of hypoxic tumor immune escape. J Hematol Oncol. (2022) 15:77. doi: 10.1186/s13045-022-01292-6

7. Ryan, HE, Poloni, M, McNulty, W, Elson, D, Gassmann, M, Arbeit, JM, et al. Hypoxia-inducible factor-1alpha is a positive factor in solid tumor growth. Cancer Res. (2000) 60:4010–5.

8. Liikanen, I, Lauhan, C, Quon, S, Omilusik, K, Phan, AT, Bartrolí, LB, et al. Hypoxia-inducible factor activity promotes antitumor effector function and tissue residency by CD8+ T cells. J Clin Invest. (2021) 131:e143729. doi: 10.1172/JCI143729

9. Vito, A, El-Sayes, N, and Mossman, K. Hypoxia-driven immune escape in the tumor microenvironment. Cells. (2020) 9:992. doi: 10.3390/cells9040992

10. Apostolova, P, and Pearce, EL. Lactic acid and lactate: revisiting the physiological roles in the tumor microenvironment. Trends Immunol. (2022) 43:969–77. doi: 10.1016/j.it.2022.10.005

11. Estrella, V, Chen, T, Lloyd, M, Wojtkowiak, J, Cornnell, HH, Ibrahim-Hashim, A, et al. Acidity generated by the tumor microenvironment drives local invasion. Cancer Res. (2013) 73:1524–35. doi: 10.1158/0008-5472.CAN-12-2796

12. Wojtkowiak, JW, Verduzco, D, Schramm, KJ, and Gillies, RJ. Drug resistance and cellular adaptation to tumor acidic pH microenvironment. Mol Pharmaceutics. (2011) 8:2032–8. doi: 10.1021/mp200292c

13. Guo, Y, Hu, P, and Shi, J. Nanomedicine remodels tumor microenvironment for solid tumor immunotherapy. J Am Chem Soc. (2024) 146:10217–33. doi: 10.1021/jacs.3c14005

14. Zhang, Y, Pei, P, Zhou, H, Xie, Y, Yang, S, Shen, W, et al. Nattokinase-mediated regulation of tumor physical microenvironment to enhance chemotherapy, radiotherapy, and CAR-T therapy of solid tumor. ACS Nano. (2023) 17:7475–86. doi: 10.1021/acsnano.2c12463

15. Das, K, Mukherjee, T, and Shankar, P. The role of extracellular vesicles in the pathogenesis of hematological Malignancies: interaction with tumor microenvironment; a potential biomarker and targeted therapy. Biomolecules. (2023) 13:897. doi: 10.3390/biom13060897

16. Forte, D, Barone, M, Palandri, F, and Catani, L. The “Vesicular intelligence” Strategy of blood cancers. Genes. (2021) 12(3):416. doi: 10.3390/genes12030416

17. Cariello, M, Squilla, A, Piacente, M, Venutolo, G, and Fasano, A. Drug resistance: the role of exosomal miRNA in the microenvironment of hematopoietic tumors. Molecules (Basel Switzerland). (2022) 28:116. doi: 10.3390/molecules28010116

18. Dey, P, Kimmelman, AC, and DePinho, RA. Metabolic codependencies in the tumor microenvironment. Cancer Discovery. (2021) 11:1067–81. doi: 10.1158/2159-8290.CD-20-1211

19. Fiorcari, S, Strati, P, and Dondi, E. Editorial: Tumor microenvironment and hematological Malignancies: new evidences and new questions. Front Immunol. (2024) 15:1407981. doi: 10.3389/fimmu.2024.1407981

20. Menter, T, and Tzankov, A. Tumor microenvironment in acute myeloid leukemia: adjusting niches. Front Immunol. (2022) 13:811144. doi: 10.3389/fimmu.2022.811144

21. Mulder, TA, Wahlin, BE, Österborg, A, and Palma, M. Targeting the immune microenvironment in lymphomas of B-cell origin: from biology to clinical application. Cancers. (2019) 11:915. doi: 10.3390/cancers11070915

22. Scott, DW, and Gascoyne, RD. The tumour microenvironment in B cell lymphomas. Nat Rev Cancer. (2014) 14:517–34. doi: 10.1038/nrc3774

23. Huan, J, Hornick, NI, Goloviznina, NA, Kamimae-Lanning, AN, David, LL, Wilmarth, PA, et al. Coordinate regulation of residual bone marrow function by paracrine trafficking of AML exosomes. Leukemia. (2015) 29:2285–95. doi: 10.1038/leu.2015.163

24. Yamaguchi, T, Kawamoto, E, Gaowa, A, Park, EJ, and Shimaoka, M. Remodeling of bone marrow niches and roles of exosomes in leukemia. Int J Mol Sci. (2021) 22:1881. doi: 10.3390/ijms22041881

25. Jacobetz, MA, Chan, DS, Neesse, A, Bapiro, TE, Cook, N, Frese, KK, et al. Hyaluronan impairs vascular function and drug delivery in a mouse model of pancreatic cancer. Gut. (2013) 62:112–20. doi: 10.1136/gutjnl-2012-302529

26. Mahlbacher, V, Sewing, A, Elsässer, HP, and Kern, HF. Hyaluronan is a secretory product of human pancreatic adenocarcinoma cells. Eur J Cell Biol. (1992) 58:28–34.

27. Guo, P, Xu, L, Pan, S, Brekken, RA, Yang, ST, Whitaker, GB, et al. Vascular endothelial growth factor isoforms display distinct activities in promoting tumor angiogenesis at different anatomic sites. Cancer Res. (2001) 61:8569–77. doi: 10.1007/978-3-540-33177-3_23

28. McMahon, G. VEGF receptor signaling in tumor angiogenesis. Oncologist. (2000) 5 Suppl 1:3–10. doi: 10.1634/theoncologist.5-suppl

29. Moon, WS, Rhyu, KH, Kang, MJ, Lee, DG, Yu, HC, Yeum, JH, et al. Overexpression of VEGF and angiopoietin 2: a key to high vascularity of hepatocellular carcinoma? Modern Pathology: Off J United States Can Acad Pathology Inc. (2003) 16:552–7. doi: 10.1097/01.MP.0000071841.17900.69

30. Wu, Q, Li, B, Li, Z, Li, J, Sun, S, and Sun, S. Cancer-associated adipocytes: key players in breast cancer progression. J Hematol Oncol. (2019) 12:95. doi: 10.1186/s13045-019-0778-6

31. Khosravi, G-R, Mostafavi, S, Bastan, S, Ebrahimi, N, Gharibvand, RS, and Eskandari, N. Immunologic tumor microenvironment modulators for turning cold tumors hot. Cancer Commun (London England). (2024) 44:521–53. doi: 10.1002/cac2.12539

32. Dong, Y, Zhao, Z, Simayi, M, Chen, C, Xu, Z, Lv, D, et al. Transcriptome profiles of fatty acid metabolism-related genes and immune infiltrates identify hot tumors for immunotherapy in cutaneous melanoma. Front Genet. (2022) 13:860067. doi: 10.3389/fgene.2022.860067

33. Frederico, SC, Hancock, JC, Brettschneider, EES, Ratnam, NM, Gilbert, MR, and Terabe, M. Making a cold tumor hot: the role of vaccines in the treatment of glioblastoma. Front Oncol. (2021) 11:672508. doi: 10.3389/fonc.2021.672508

34. Rhim, AD, Oberstein, PE, Thomas, DH, Mirek, ET, Palermo, CF, Sastra, SA, et al. Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma. Cancer Cell. (2014) 25:735–47. doi: 10.1016/j.ccr.2014.04.021

35. Xu, M, Zhao, X, Wen, T, and Qu, X. Unveiling the role of KRAS in tumor immune microenvironment. Biomedicine Pharmacotherapy = Biomedecine Pharmacotherapie. (2024) 171:116058. doi: 10.1016/j.biopha.2023.116058

36. Schmidt, A, and Weber, OF. In memoriam of Rudolf virchow: a historical retrospective including aspects of inflammation, infection and neoplasia. Contributions to Microbiol. (2006) 13:1–15. doi: 10.1159/000092961

37. Paget, S. The distribution of secondary growths in cancer of the breast. 1889. Cancer Metastasis Rev. (1989) 8:98–101. doi: 10.1016/s0140-6736(00)49915-0

38. Ioannides, CG, and Whiteside, TL. T cell recognition of human tumors: implications for molecular immunotherapy of cancer. Clin Immunol Immunopathology. (1993) 66:91–106. doi: 10.1006/clin.1993.1012

39. Nurmik, M, Ullmann, P, Rodriguez, F, Haan, S, and Letellier, E. In search of definitions: cancer-associated fibroblasts and their markers. Int J Cancer. (2020) 146:895–905. doi: 10.1002/ijc.v146.4

40. Delinassios, JG, Kottaridis, SD, and Garas, J. Uncontrolled growth of tumour stromal fibroblasts in vitro. Exp Cell Biol. (1983) 51:201–9. doi: 10.1159/000163192

41. Delinassios, JG. Cytocidal effects of human fibroblasts on HeLa cells in vitro. Biol Cell. (1987) 59:69–77. doi: 10.1111/j.1768-322X.1987.tb00517.x

42. Maman, S, and Witz, IP. A history of exploring cancer in context. Nat Rev Cancer. (2018) 18:359–76. doi: 10.1038/s41568-018-0006-7

43. Olumi, AF, Grossfeld, GD, Hayward, SW, Carroll, PR, Tlsty, TD, and Cunha, GR. Carcinoma-associated fibroblasts direct tumor progression of initiated human prostatic epithelium. Cancer Res. (1999) 59:5002–11. doi: 10.1186/bcr138

44. Klein, E, Becker, S, Svedmyr, E, Jondal, M, and Vánky, F. Tumor infiltrating lymphocytes. Ann New York Acad Sci. (1976) 276:207–16. doi: 10.1111/j.1749-6632.1976.tb41647.x

45. Rosenberg, SA, Spiess, P, and Lafreniere, R. A new approach to the adoptive immunotherapy of cancer with tumor-infiltrating lymphocytes. Sci (New York N.Y.). (1986) 233:1318–21. doi: 10.1126/science.3489291

46. Haskill, S, Becker, S, Fowler, W, and Walton, L. Mononuclear-cell infiltration in ovarian cancer. I. Inflammatory-cell infiltrates from tumour and ascites material. Br J Cancer. (1982) 45:728–36. doi: 10.1038/bjc.1982.114

47. Hersh, EM, Mavligit, GM, Gutterman, JU, and Barsales, PB. Mononuclear cell content of human solid tumors. Med Pediatr Oncol. (1976) 2:1–9. doi: 10.1002/mpo.2950020102

48. Evans, R. Macrophages and neoplasms: new insights and their implication in tumor immunobiology. Cancer Metastasis Rev. (1982) 1:227–39. doi: 10.1007/BF00046829

49. Lin, Y, Xu, J, and Lan, H. Tumor-associated macrophages in tumor metastasis: biological roles and clinical therapeutic applications. J Hematol Oncol. (2019) 12:76. doi: 10.1186/s13045-019-0760-3

50. Noy, R, and Pollard, JW. Tumor-associated macrophages: from mechanisms to therapy. Immunity. (2014) 41:49–61. doi: 10.1016/j.immuni.2014.06.010

51. Talmadge, JE, and Gabrilovich, DI. History of myeloid-derived suppressor cells. Nat Rev Cancer. (2013) 13:739–52. doi: 10.1038/nrc3581

52. Lappat, EJ, and Cawein, M. A STUDY OF THE LEUKEMOID RESPONSE TO TRANSPLANTABLE A-280 TUMOR IN MICE. Cancer Res. (1964) 24:302–11.

53. Lee, MY, and Rosse, C. Depletion of lymphocyte subpopulations in primary and secondary lymphoid organs of mice by a transplanted granulocytosis-inducing mammary carcinoma. Cancer Res. (1982) 42:1255–60.

54. Gabrilovich, DI, Bronte, V, Chen, S-H, Colombo, MP, Ochoa, A, Ostrand-Rosenberg, S, et al. The terminology issue for myeloid-derived suppressor cells. Cancer Res. (2007) 67:425; author reply 426. doi: 10.1158/0008-5472.CAN-06-3037

55. Balkwill, FR, Capasso, M, and Hagemann, T. The tumor microenvironment at a glance. J Cell Sci. (2012) 125:5591–6. doi: 10.1242/jcs.116392

56. Arneth, B. Tumor microenvironment. Medicina (Kaunas Lithuania). (2019) 56:15. doi: 10.3390/medicina56010015

57. Zhao, Y, Shen, M, Wu, L, Yang, H, Yao, Y, Yang, Q, et al. Stromal cells in the tumor microenvironment: accomplices of tumor progression? Cell Death Dis. (2023) 14:587.  doi: 10.1038/s41419-023-06110-6

58. Baghban, R, Roshangar, L, Jahanban-Esfahlan, R, Seidi, K, Ebrahimi-Kalan, A, Jaymand, M, et al. Tumor microenvironment complexity and therapeutic implications at a glance. Cell Communication Signaling: CCS. (2020) 18:59. doi: 10.1186/s12964-020-0530-4

59. Wu, F, Yang, J, Liu, J, Wang, Y, Mu, J, Zeng, Q, et al. Signaling pathways in cancer-associated fibroblasts and targeted therapy for cancer. Signal Transduction Targeted Ther. (2021) 6:218. doi: 10.1038/s41392-021-00641-0

60. Fabre, M, Ferrer, C, Domínguez-Hormaetxe, S, Bockorny, B, Murias, L, Seifert, O, et al. OMTX705, a novel FAP-targeting ADC demonstrates activity in chemotherapy and pembrolizumab-resistant solid tumor models. Clin Cancer Research: Off J Am Assoc Cancer Res. (2020) 26:3420–30. doi: 10.1158/1078-0432.CCR-19-2238

61. Puré, E, and Blomberg, R. Pro-tumorigenic roles of fibroblast activation protein in cancer: back to the basics. Oncogene. (2018) 37:4343–57. doi: 10.1038/s41388-018-0275-3

62. Zboralski, D, Hoehne, A, Bredenbeck, A, Schumann, A, Nguyen, M, Schneider, E, et al. Preclinical evaluation of FAP-2286 for fibroblast activation protein targeted radionuclide imaging and therapy. Eur J Nucl Med Mol Imaging. (2022) 49:3651–67. doi: 10.1007/s00259-022-05842-5

63. Mao, Y, Keller, ET, Garfield, DH, Shen, K, and Wang, J. Stromal cells in tumor microenvironment and breast cancer. Cancer Metastasis Rev. (2013) 32:303–15. doi: 10.1007/s10555-012-9415-3

64. Kalluri, R. The biology and function of fibroblasts in cancer. Nat Rev Cancer. (2016) 16:582–98. doi: 10.1038/nrc.2016.73

65. Nieman, KM, Kenny, HA, Penicka, CV, Ladanyi, A, Buell-Gutbrod, R, Zillhardt, MR, et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat Med. (2011) 17:1498–503. doi: 10.1038/nm.2492

66. Derynck, R, Turley, SJ, and Akhurst, RJ. TGFβ biology in cancer progression and immunotherapy. Nat Rev Clin Oncol. (2021) 18:9–34. doi: 10.1038/s41571-020-0403-1

67. Kalluri, R, and Zeisberg, M. Fibroblasts in cancer. Nat Rev Cancer. (2006) 6:392–401. doi: 10.1038/nrc1877

68. Auciello, FR, Bulusu, V, Oon, C, Tait-Mulder, J, Berry, M, Bhattacharyya, S, et al. A stromal lysolipid-autotaxin signaling axis promotes pancreatic tumor progression. Cancer Discovery. (2019) 9:617–27. doi: 10.1158/2159-8290.CD-18-1212

69. Bonuccelli, G, Whitaker-Menezes, D, Castello-Cros, R, Pavlides, S, Pestell, RG, Fatatis, A, et al. The reverse Warburg effect: glycolysis inhibitors prevent the tumor promoting effects of caveolin-1 deficient cancer associated fibroblasts. Cell Cycle (Georgetown Tex.). (2010) 9:1960–71. doi: 10.4161/cc.9.10.11601

70. Gong, J, Lin, Y, Zhang, H, Liu, C, Cheng, Z, Yang, X, et al. Reprogramming of lipid metabolism in cancer-associated fibroblasts potentiates migration of colorectal cancer cells. Cell Death Dis. (2020) 11:267. doi: 10.1038/s41419-020-2434-z

71. Fang, Z, Meng, Q, Xu, J, Wang, W, Zhang, B, Liu, J, et al. Signaling pathways in cancer-associated fibroblasts: recent advances and future perspectives. Cancer Commun (London England). (2023) 43:3–41. doi: 10.1002/cac2.12392

72. Rodemann, HP, and Müller, GA. Characterization of human renal fibroblasts in health and disease: II. In vitro growth, differentiation, and collagen synthesis of fibroblasts from kidneys with interstitial fibrosis. Am J Kidney Diseases: Off J Natl Kidney Foundation. (1991) 17:684–6. doi: 10.1016/S0272-6386(12)80352-0

73. Tomasek, JJ, Gabbiani, G, Hinz, B, Chaponnier, C, and Brown, RA. Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat Rev Mol Cell Biol. (2002) 3:349–63. doi: 10.1038/nrm809

74. Hwang, D, Ramsey, JD, and Kabanov, AV. Polymeric micelles for the delivery of poorly soluble drugs: from nanoformulation to clinical approval. Advanced Drug Delivery Rev. (2020) 156:80–118. doi: 10.1016/j.addr.2020.09.009

75. Maller, O, Drain, AP, Barrett, AS, Borgquist, S, Ruffell, B, Zakharevich, I, et al. Tumour-associated macrophages drive stromal cell-dependent collagen crosslinking and stiffening to promote breast cancer aggression. Nat Materials. (2021) 20:548–59. doi: 10.1038/s41563-020-00849-5

76. Pickup, M, Novitskiy, S, and Moses, HL. The roles of TGFβ in the tumour microenvironment. Nat Rev Cancer. (2013) 13:788–99. doi: 10.1038/nrc3603

77. Sapudom, J, Müller, CD, Nguyen, K-T, Martin, S, Anderegg, U, and Pompe, T. Matrix remodeling and hyaluronan production by myofibroblasts and cancer-associated fibroblasts in 3D collagen matrices. Gels (Basel Switzerland). (2020) 6:33. doi: 10.3390/gels6040033

78. Zhang, T, Li, X, He, Y, Wang, Y, Shen, J, Wang, S, et al. Cancer-associated fibroblasts-derived HAPLN1 promotes tumour invasion through extracellular matrix remodeling in gastric cancer. Gastric Cancer: Off J Int Gastric Cancer Assoc Japanese Gastric Cancer Assoc. (2022) 25:346–59. doi: 10.1007/s10120-021-01259-5

79. Ferrari, N, Ranftl, R, Chicherova, I, Slaven, ND, Moeendarbary, E, Farrugia, AJ, et al. Dickkopf-3 links HSF1 and YAP/TAZ signalling to control aggressive behaviours in cancer-associated fibroblasts. Nat Commun. (2019) 10:130. doi: 10.1038/s41467-018-07987-0

80. Egeblad, M, and Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat Rev Cancer. (2002) 2:161–74. doi: 10.1038/nrc745

81. Wiercinska, E, Naber, HPH, Pardali, E, van der Pluijm, G, van Dam, H, and ten Dijke, P. The TGF-β/smad pathway induces breast cancer cell invasion through the up-regulation of matrix metalloproteinase 2 and 9 in a spheroid invasion model system. Breast Cancer Res Treat. (2011) 128:657–66. doi: 10.1007/s10549-010-1147-x

82. Baeriswyl, V, and Christofori, G. The angiogenic switch in carcinogenesis. Semin Cancer Biol. (2009) 19:329–37. doi: 10.1016/j.semcancer.2009.05.003

83. Zhou, D, and Zheng, L. Recent advances in cancer-associated fibroblast: biomarkers, signaling pathways, and therapeutic opportunities. Chin Med J. (2024) 137:638–50. doi: 10.1097/CM9.0000000000003031

84. Arpinati, L, Carradori, G, and Scherz-Shouval, R. CAF-induced physical constraints controlling T cell state and localization in solid tumours. Nat Rev Cancer. (2024) 24:676–93. doi: 10.1038/s41568-024-00740-4

85. Chen, B, Chan, WN, Xie, F, Mui, CW, Liu, X, Cheung, AHK, et al. The molecular classification of cancer-associated fibroblasts on a pan-cancer single-cell transcriptional atlas. Clin Trans Med. (2023) 13:e1516. doi: 10.1002/ctm2.v13.12

86. Geng, X, Chen, H, Zhao, L, Hu, J, Yang, W, Li, G, et al. Cancer-associated fibroblast (CAF) heterogeneity and targeting therapy of CAFs in pancreatic cancer. Front Cell Dev Biol. (2021) 9:655152. doi: 10.3389/fcell.2021.655152

87. Chen, Y, Yang, S, Tavormina, J, Tampe, D, Zeisberg, M, Wang, H, et al. Oncogenic collagen I homotrimers from cancer cells bind to α3β1 integrin and impact tumor microbiome and immunity to promote pancreatic cancer. Cancer Cell. (2022) 40:818–834.e9. doi: 10.1016/j.ccell.2022.06.011

88. Niu, N, Shen, X, Wang, Z, Chen, Y, Weng, Y, Yu, F, et al. Tumor cell-intrinsic epigenetic dysregulation shapes cancer-associated fibroblasts heterogeneity to metabolically support pancreatic cancer. Cancer Cell. (2024) 42:869–884.e9. doi: 10.1016/j.ccell.2024.03.005

89. Wang, Y, Liang, Y, Xu, H, Zhang, X, Mao, T, Cui, J, et al. Single-cell analysis of pancreatic ductal adenocarcinoma identifies a novel fibroblast subtype associated with poor prognosis but better immunotherapy response. Cell Discovery. (2021) 7:36. doi: 10.1038/s41421-021-00271-4

90. Li, X, Sun, Z, Peng, G, Xiao, Y, Guo, J, Wu, B, et al. Single-cell RNA sequencing reveals a pro-invasive cancer-associated fibroblast subgroup associated with poor clinical outcomes in patients with gastric cancer. Theranostics. (2022) 12:620–38. doi: 10.7150/thno.60540

91. Öhlund, D, Handly-Santana, A, Biffi, G, Elyada, E, Almeida, AS, Ponz-Sarvise, M, et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer. J Exp Med. (2017) 214:579–96. doi: 10.1084/jem.20162024

92. van Duijneveldt, G, Griffin, MDW, and Putoczki, TL. Emerging roles for the IL-6 family of cytokines in pancreatic cancer. Clin Sci (London England: 1979). (2020) 134:2091–115. doi: 10.1042/CS20191211

93. Goumas, FA, Holmer, R, Egberts, J-H, Gontarewicz, A, Heneweer, C, Geisen, U, et al. Inhibition of IL-6 signaling significantly reduces primary tumor growth and recurrencies in orthotopic xenograft models of pancreatic cancer. Int J Cancer. (2015) 137:1035–46. doi: 10.1002/ijc.v137.5

94. Guan, J, Zhang, H, Wen, Z, Gu, Y, Cheng, Y, Sun, Y, et al. Retinoic acid inhibits pancreatic cancer cell migration and EMT through the downregulation of IL-6 in cancer associated fibroblast cells. Cancer Lett. (2014) 345:132–9. doi: 10.1016/j.canlet.2013.12.006

95. Mace, TA, Shakya, R, Pitarresi, JR, Swanson, B, McQuinn, CW, Loftus, S, et al. IL-6 and PD-L1 antibody blockade combination therapy reduces tumour progression in murine models of pancreatic cancer. Gut. (2018) 67:320–32. doi: 10.1136/gutjnl-2016-311585

96. Schwörer, S, Cimino, FV, Ros, M, Tsanov, KM, Ng, C, Lowe, SW, et al. Hypoxia potentiates the inflammatory fibroblast phenotype promoted by pancreatic cancer cell-derived cytokines. Cancer Res. (2023) 83:1596–610. doi: 10.1158/0008-5472.CAN-22-2316

97. Zheng, S, Hu, C, Lin, H, Li, G, Xia, R, Zhang, X, et al. circCUL2 induces an inflammatory CAF phenotype in pancreatic ductal adenocarcinoma via the activation of the MyD88-dependent NF-κB signaling pathway. J Exp Clin Cancer Research: CR. (2022) 41:71. doi: 10.1186/s13046-021-02237-6

98. Biffi, G, Oni, TE, Spielman, B, Hao, Y, Elyada, E, Park, Y, et al. IL1-induced JAK/STAT signaling is antagonized by TGFβ to shape CAF heterogeneity in pancreatic ductal adenocarcinoma. Cancer Discovery. (2019) 9:282–301. doi: 10.1158/2159-8290.CD-18-0710

99. Pang, N, Yang, Z, Zhang, W, Du, Y, Zhang, L, Li, X, et al. Cancer-associated fibroblasts barrier breaking via TGF-β blockade paved way for docetaxel micelles delivery to treat pancreatic cancer. Int J Pharmaceutics. (2024) 665:124706. doi: 10.1016/j.ijpharm.2024.124706

100. Li, D, Schaub, N, Guerin, TM, Bapiro, TE, Richards, FM, Chen, V, et al. T cell-mediated antitumor immunity cooperatively induced by TGFβR1 antagonism and gemcitabine counteracts reformation of the stromal barrier in pancreatic cancer. Mol Cancer Ther. (2021) 20:1926–40. doi: 10.1158/1535-7163.MCT-20-0620

101. Elyada, E, Bolisetty, M, Laise, P, Flynn, WF, Courtois, ET, Burkhart, RA, et al. Cross-species single-cell analysis of pancreatic ductal adenocarcinoma reveals antigen-presenting cancer-associated fibroblasts. Cancer Discovery. (2019) 9:1102–23. doi: 10.1158/2159-8290.CD-19-0094

102. Costa, A, Kieffer, Y, Scholer-Dahirel, A, Pelon, F, Bourachot, B, Cardon, M, et al. Fibroblast heterogeneity and immunosuppressive environment in human breast cancer. Cancer Cell. (2018) 33:463–479.e10. doi: 10.1016/j.ccell.2018.01.011

103. Bonneau, C, Eliès, A, Kieffer, Y, Bourachot, B, Ladoire, S, Pelon, F, et al. A subset of activated fibroblasts is associated with distant relapse in early luminal breast cancer. Breast Cancer Research: BCR. (2020) 22:76. doi: 10.1186/s13058-020-01311-9

104. Magagna, I, Gourdin, N, Kieffer, Y, Licaj, M, Mhaidly, R, Andre, P, et al. CD73-mediated immunosuppression is linked to a specific fibroblast population that paves the way for new therapy in breast cancer. Cancers. (2021) 13:5878. doi: 10.3390/cancers13235878

105. Affo, S, Nair, A, Brundu, F, Ravichandra, A, Bhattacharjee, S, Matsuda, M, et al. Promotion of cholangiocarcinoma growth by diverse cancer-associated fibroblast subpopulations. Cancer Cell. (2021) 39:866–882.e11. doi: 10.1016/j.ccell.2021.03.012

106. Zhu, G-Q, Tang, Z, Huang, R, Qu, W-F, Fang, Y, Yang, R, et al. CD36+ cancer-associated fibroblasts provide immunosuppressive microenvironment for hepatocellular carcinoma via secretion of macrophage migration inhibitory factor. Cell Discovery. (2023) 9:25. doi: 10.1038/s41421-023-00529-z

107. Jing, S-Y, Liu, D, Feng, N, Dong, H, Wang, H-Q, Yan, X, et al. Spatial multiomics reveals a subpopulation of fibroblasts associated with cancer stemness in human hepatocellular carcinoma. Genome Med. (2024) 16:98. doi: 10.1186/s13073-024-01367-8

108. Hu, H, Piotrowska, Z, Hare, PJ, Chen, H, Mulvey, HE, Mayfield, A, et al. Three subtypes of lung cancer fibroblasts define distinct therapeutic paradigms. Cancer Cell. (2021) 39:1531–1547.e10. doi: 10.1016/j.ccell.2021.09.003

109. Lambrechts, D, Wauters, E, Boeckx, B, Aibar, S, Nittner, D, Burton, O, et al. Phenotype molding of stromal cells in the lung tumor microenvironment. Nat Med. (2018) 24:1277–89. doi: 10.1038/s41591-018-0096-5

110. Cruz-Bermúdez, A, Laza-Briviesca, R, Vicente-Blanco, RJ, García-Grande, A, Coronado, MJ, Laine-Menéndez, S, et al. Cancer-associated fibroblasts modify lung cancer metabolism involving ROS and TGF-β signaling. Free Radical Biol Med. (2019) 130:163–73. doi: 10.1016/j.freeradbiomed.2018.10.450

111. Melisi, D, Garcia-Carbonero, R, Macarulla, T, Pezet, D, Deplanque, G, Fuchs, M, et al. Galunisertib plus gemcitabine vs. gemcitabine for first-line treatment of patients with unresectable pancreatic cancer. Br J Cancer. (2018) 119:1208–14. doi: 10.1038/s41416-018-0246-z

112. Yamazaki, T, Gunderson, AJ, Gilchrist, M, Whiteford, M, Kiely, MX, Hayman, A, et al. Galunisertib plus neoadjuvant chemoradiotherapy in patients with locally advanced rectal cancer: a single-arm, phase 2 trial. Lancet Oncol. (2022) 23:1189–200. doi: 10.1016/S1470-2045(22)00446-6

113.FAP-targeted 4-1BB agonist tamps down advanced tumors. Cancer Discovery. (2023) 13:OF2. doi: 10.1158/2159-8290.CD-NB2023-0044

114. Faivre, S, Santoro, A, Kelley, RK, Gane, E, Costentin, CE, Gueorguieva, I, et al. Novel transforming growth factor beta receptor I kinase inhibitor galunisertib (LY2157299) in advanced hepatocellular carcinoma. Liver International: Off J Int Assoc Study Liver. (2019) 39:1468–77. doi: 10.1111/liv.14113

115. Zhao, L, Guo, Y, Guo, Y, Ji, X, Fan, D, Chen, C, et al. Effect and mechanism of circRNAs in tumor angiogenesis and clinical application. Int J Cancer. (2022) 150:1223–32. doi: 10.1002/ijc.v150.8

116. Schaaf, MB, Houbaert, D, Meçe, O, and Agostinis, P. Autophagy in endothelial cells and tumor angiogenesis. Cell Death Differentiation. (2019) 26:665–79. doi: 10.1038/s41418-019-0287-8

117. Senger, DR, Galli, SJ, Dvorak, AM, Perruzzi, CA, Harvey, VS, and Dvorak, HF. Tumor cells secrete a vascular permeability factor that promotes accumulation of ascites fluid. Science. (1983) 219:983–5. doi: 10.1126/science.6823562

118. Wang, R, Yang, M, Jiang, L, and Huang, M. Role of angiopoietin-tie axis in vascular and lymphatic systems and therapeutic interventions. Pharmacol Res. (2022) 182:106331. doi: 10.1016/j.phrs.2022.106331

119. Trindade, A, and Duarte, A. Notch signaling function in the angiocrine regulation of tumor development. Cells. (2020) 9:2467. doi: 10.3390/cells9112467

120. Thompson, TW, Kim, AB, Li, PJ, Wang, J, Jackson, BT, Huang, KTH, et al. Endothelial cells express NKG2D ligands and desensitize antitumor NK responses. eLife. (2017) 6:e30881. doi: 10.7554/eLife.30881

121. Zhang, L, Xu, J, Zhou, S, Yao, F, Zhang, R, You, W, et al. Endothelial DGKG promotes tumor angiogenesis and immune evasion in hepatocellular carcinoma. J Hepatol. (2024) 80:82–98. doi: 10.1016/j.jhep.2023.10.006

122. Fang, J-H, Chen, J-Y, Zheng, J-L, Zeng, H-X, Chen, J-G, Wu, C-H, et al. Fructose metabolism in tumor endothelial cells promotes angiogenesis by activating AMPK signaling and mitochondrial respiration. Cancer Res. (2023) 83:1249–63. doi: 10.1158/0008-5472.CAN-22-1844

123. Wang, X, Qiu, Z, Dong, W, Yang, Z, Wang, J, Xu, H, et al. S1PR1 induces metabolic reprogramming of ceramide in vascular endothelial cells, affecting hepatocellular carcinoma angiogenesis and progression. Cell Death Dis. (2022) 13:768. doi: 10.1038/s41419-022-05210-z

124. Lu, Y, Liu, Y, Zuo, X, Li, G, Wang, J, Liu, J, et al. CXCL12+ tumor-associated endothelial cells promote immune resistance in hepatocellular carcinoma. J Hepatol. (2024) 82(4):634–48. doi: 10.1016/j.jhep.2024.09.044

125. Sakano, Y, Noda, T, Kobayashi, S, Sasaki, K, Iwagami, Y, Yamada, D, et al. Tumor endothelial cell-induced CD8+ T-cell exhaustion via GPNMB in hepatocellular carcinoma. Cancer Sci. (2022) 113:1625–38. doi: 10.1111/cas.v113.5

126. Xu, J, Zhang, C, He, Y, Wu, H, Wang, Z, Song, W, et al. Lymphatic endothelial cell-secreted CXCL1 stimulates lymphangiogenesis and metastasis of gastric cancer. Int J Cancer. (2012) 130:787–97. doi: 10.1002/ijc.v130.4

127. Wang, Z, Wang, Z, Li, G, Wu, H, Sun, K, Chen, J, et al. CXCL1 from tumor-associated lymphatic endothelial cells drives gastric cancer cell into lymphatic system via activating integrin β1/FAK/AKT signaling. Cancer Lett. (2017) 385:28–38. doi: 10.1016/j.canlet.2016.10.043

128. Hu, L, Zang, M, Wang, H-X, Li, J-F, Su, L-P, Yan, M, et al. Biglycan stimulates VEGF expression in endothelial cells by activating the TLR signaling pathway. Mol Oncol. (2016) 10:1473–84. doi: 10.1016/j.molonc.2016.08.002

129. Kim, WH, Lee, SH, Jung, MH, Seo, JH, Kim, J, Kim, MA, et al. Neuropilin2 expressed in gastric cancer endothelial cells increases the proliferation and migration of endothelial cells in response to VEGF. Exp Cell Res. (2009) 315:2154–64. doi: 10.1016/j.yexcr.2009.04.018

130. Di Matteo, A, Belloni, E, Pradella, D, Chiaravalli, AM, Pini, GM, Bugatti, M, et al. Alternative splicing changes promoted by NOVA2 upregulation in endothelial cells and relevance for gastric cancer. Int J Mol Sci. (2023) 24:8102. doi: 10.3390/ijms24098102

131. Lei, Z, Chai, N, Tian, M, Zhang, Y, Wang, G, Liu, J, et al. Novel peptide GX1 inhibits angiogenesis by specifically binding to transglutaminase-2 in the tumorous endothelial cells of gastric cancer. Cell Death Dis. (2018) 9:579. doi: 10.1038/s41419-018-0594-x

132. Lee, E, Fertig, EJ, Jin, K, Sukumar, S, Pandey, NB, and Popel, AS. Breast cancer cells condition lymphatic endothelial cells within pre-metastatic niches to promote metastasis. Nat Commun. (2014) 5:4715. doi: 10.1038/ncomms5715

133. Zhang, W, Xu, J, Fang, H, Tang, L, Chen, W, Sun, Q, et al. Endothelial cells promote triple-negative breast cancer cell metastasis via PAI-1 and CCL5 signaling. FASEB Journal: Off Publ Fed Am Societies Exp Biol. (2018) 32:276–88. doi: 10.1096/fj.201700237RR

134. Qiu, C, Tang, C, Tang, Y, Su, K, Chai, X, Zhan, Z, et al. RGS5+ lymphatic endothelial cells facilitate metastasis and acquired drug resistance of breast cancer through oxidative stress-sensing mechanism. Drug Resistance Updates: Rev Commentaries Antimicrobial Anticancer Chemotherapy. (2024) 77:101149. doi: 10.1016/j.drup.2024.101149

135. Zeng, S, Liang, Y, Hu, H, Wang, F, and Liang, L. Endothelial cell-derived S1P promotes migration and stemness by binding with GPR63 in colorectal cancer. Pathology Res Pract. (2022) 240:154197. doi: 10.1016/j.prp.2022.154197

136. Yorozu, A, Yamamoto, E, Niinuma, T, Tsuyada, A, Maruyama, R, Kitajima, H, et al. Upregulation of adipocyte enhancer-binding protein 1 in endothelial cells promotes tumor angiogenesis in colorectal cancer. Cancer Sci. (2020) 111:1631–44. doi: 10.1111/cas.v111.5

137. Dokhanchi, M, Pakravan, K, Zareian, S, Hussen, BM, Farid, M, Razmara, E, et al. Colorectal cancer cell-derived extracellular vesicles transfer miR-221-3p to promote endothelial cell angiogenesis via targeting suppressor of cytokine signaling 3. Life Sci. (2021) 285:119937. doi: 10.1016/j.lfs.2021.119937

138. Ikeda, A, Nagayama, S, Sumazaki, M, Konishi, M, Fujii, R, Saichi, N, et al. Colorectal cancer-derived CAT1-positive extracellular vesicles alter nitric oxide metabolism in endothelial cells and promote angiogenesis. Mol Cancer Research: MCR. (2021) 19:834–46. doi: 10.1158/1541-7786.MCR-20-0827

139. Liu, L, Han, F, Deng, M, Han, Q, Lai, M, and Zhang, H. Crosstalk between GLTSCR1-deficient endothelial cells and tumour cells promotes colorectal cancer development by activating the notch pathway. Cell Death Differentiation. (2025). doi: 10.1038/s41418-025-01450-6

140. Yang, JC. Bevacizumab for patients with metastatic renal cancer: an update. Clin Cancer Research: Off J Am Assoc Cancer Res. (2004) 10:6367S–70S. doi: 10.1158/1078-0432.CCR-050006

141. Finn, RS, Qin, S, Ikeda, M, Galle, PR, Ducreux, M, Kim, T-Y, et al. Atezolizumab plus bevacizumab in unresectable hepatocellular carcinoma. New Engl J Med. (2020) 382:1894–905. doi: 10.1056/NEJMoa1915745

142. Atkins, MB, Gravis, G, Drosik, K, Demkow, T, Tomczak, P, Wong, SS, et al. Trebananib (AMG 386) in combination with sunitinib in patients with metastatic renal cell cancer: an open-label, multicenter, phase II study. J Clin Oncology: Off J Am Soc Clin Oncol. (2015) 33:3431–8. doi: 10.1200/JCO.2014.60.6012

143. Kuczynski, EA, and Reynolds, AR. Vessel co-option and resistance to anti-angiogenic therapy. Angiogenesis. (2020) 23:55–74. doi: 10.1007/s10456-019-09698-6

144. van Beijnum, JR, Nowak-Sliwinska, P, Huijbers, EJM, Thijssen, VL, and Griffioen, AW. The great escape; the hallmarks of resistance to antiangiogenic therapy. Pharmacol Rev. (2015) 67:441–61. doi: 10.1124/pr.114.010215

145. Armulik, A, Abramsson, A, and Betsholtz, C. Endothelial/pericyte interactions. Circ Res. (2005) 97:512–23. doi: 10.1161/01.RES.0000182903.16652.d7

146. Nwadozi, E, Rudnicki, M, and Haas, TL. Metabolic coordination of pericyte phenotypes: therapeutic implications. Front Cell Dev Biol. (2020) 8:77. doi: 10.3389/fcell.2020.00077

147. Zhang, Y, Cedervall, J, Hamidi, A, Herre, M, Viitaniemi, K, D’Amico, G, et al. Platelet-specific PDGFB ablation impairs tumor vessel integrity and promotes metastasis. Cancer Res. (2020) 80:3345–58. doi: 10.1158/0008-5472.CAN-19-3533

148. Liu, Z-L, Chen, H-H, Zheng, L-L, Sun, L-P, and Shi, L. Angiogenic signaling pathways and anti-angiogenic therapy for cancer. Signal Transduction Targeted Ther. (2023) 8:198. doi: 10.1038/s41392-023-01460-1

149. Tang, Y, Qian, C, Zhou, Y, Yu, C, Song, M, Zhang, T, et al. Activated platelets facilitate hematogenous metastasis of breast cancer by modulating the PDGFR-β/COX-2 axis. iScience. (2023) 26:107704. doi: 10.1016/j.isci.2023.107704

150. Paiva, AE, Lousado, L, Guerra, DAP, Azevedo, PO, Sena, IFG, Andreotti, JP, et al. Pericytes in the premetastatic niche. Cancer Res. (2018) 78:2779–86. doi: 10.1158/0008-5472.CAN-17-3883

151. Murgai, M, Ju, W, Eason, M, Kline, J, Beury, DW, Kaczanowska, S, et al. KLF4-dependent perivascular cell plasticity mediates pre-metastatic niche formation and metastasis. Nat Med. (2017) 23:1176–90. doi: 10.1038/nm.4400

152. Meng, Y-M, Jiang, X, Zhao, X, Meng, Q, Wu, S, Chen, Y, et al. Hexokinase 2-driven glycolysis in pericytes activates their contractility leading to tumor blood vessel abnormalities. Nat Commun. (2021) 12:6011. doi: 10.1038/s41467-021-26259-y

153. Yang, Y, Andersson, P, Hosaka, K, Zhang, Y, Cao, R, Iwamoto, H, et al. The PDGF-BB-SOX7 axis-modulated IL-33 in pericytes and stromal cells promotes metastasis through tumour-associated macrophages. Nat Commun. (2016) 7:11385. doi: 10.1038/ncomms11385

154. Tian, L, Goldstein, A, Wang, H, Ching Lo, H, Sun Kim, I, Welte, T, et al. Mutual regulation of tumour vessel normalization and immunostimulatory reprogramming. Nature. (2017) 544:250–4. doi: 10.1038/nature21724

155. Li, X, Qi, Q, Li, Y, Miao, Q, Yin, W, Pan, J, et al. TCAF2 in pericytes promotes colorectal cancer liver metastasis via inhibiting cold-sensing TRPM8 channel. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2023) 10:e2302717. doi: 10.1002/advs.202302717

156. Navarro, R, Tapia-Galisteo, A, Martín-García, L, Tarín, C, Corbacho, C, Gómez-López, G, et al. TGF-β-induced IGFBP-3 is a key paracrine factor from activated pericytes that promotes colorectal cancer cell migration and invasion. Mol Oncol. (2020) 14:2609–28. doi: 10.1002/1878-0261.12779

157. Li, X, Pan, J, Liu, T, Yin, W, Miao, Q, Zhao, Z, et al. Novel TCF21high pericyte subpopulation promotes colorectal cancer metastasis by remodelling perivascular matrix. Gut. (2023) 72:710–21. doi: 10.1136/gutjnl-2022-327913

158. Huang, C, Huang, X, Qiu, X, Kong, X, Wu, C, Jiang, X, et al. Pericytes modulate third-generation tyrosine kinase inhibitor sensitivity in EGFR-mutated lung cancer cells through IL32-β5-integrin paracrine signaling. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2024) 11:e2405130. doi: 10.1002/advs.202405130

159. Hong, C-L, Yu, I-S, Pai, C-H, Chen, J-S, Hsieh, M-S, Wu, H-L, et al. CD248 regulates wnt signaling in pericytes to promote angiogenesis and tumor growth in lung cancer. Cancer Res. (2022) 82:3734–50. doi: 10.1158/0008-5472.CAN-22-1695

160. Thies, KA, Hammer, AM, Hildreth, BE, Steck, SA, Spehar, JM, Kladney, RD, et al. Stromal platelet-derived growth factor receptor-β signaling promotes breast cancer metastasis in the brain. Cancer Res. (2021) 81:606–18. doi: 10.1158/0008-5472.CAN-19-3731

161. Del Toro, K, Licon-Munoz, Y, Crabtree, W, Oper, T, Robbins, C, and Hines, WC. Breast pericytes: a newly identified driver of tumor cell proliferation. Front Oncol. (2024) 14:1455484. doi: 10.3389/fonc.2024.1455484

162. Molnár, K, Mészáros, Á, Fazakas, C, Kozma, M, Győri, F, Reisz, Z, et al. Pericyte-secreted IGF2 promotes breast cancer brain metastasis formation. Mol Oncol. (2020) 14:2040–57. doi: 10.1002/1878-0261.12752

163. Moro, M, Balestrero, FC, Colombo, G, Torretta, S, Clemente, N, Ciccone, V, et al. Extracellular nicotinamide phosphoribosyltransferase (eNAMPT) drives abnormal pericyte-rich vasculature in triple-negative breast cancer. Angiogenesis. (2024) 28:4. doi: 10.1007/s10456-024-09956-2

164. Lee, J-W, Hur, J, Kwon, Y-W, Chae, C-W, Choi, J-I, Hwang, I, et al. KAI1(CD82) is a key molecule to control angiogenesis and switch angiogenic milieu to quiescent state. J Hematol Oncol. (2021) 14:148. doi: 10.1186/s13045-021-01147-6

165. Tap, WD, Jones, RL, Van Tine, BA, Chmielowski, B, Elias, AD, Adkins, D, et al. Olaratumab and doxorubicin versus doxorubicin alone for treatment of soft-tissue sarcoma: an open-label phase 1b and randomised phase 2 trial. Lancet (London England). (2016) 388:488–97. doi: 10.1016/S0140-6736(16)30587-6

166. Quail, DF, and Dannenberg, AJ. The obese adipose tissue microenvironment in cancer development and progression. Nat Rev Endocrinol. (2019) 15:139–54. doi: 10.1038/s41574-018-0126-x

167. Mukherjee, A, Bilecz, AJ, and Lengyel, E. The adipocyte microenvironment and cancer. Cancer Metastasis Rev. (2022) 41:575–87. doi: 10.1007/s10555-022-10059-x

168. Rosen, ED, and Spiegelman, BM. What we talk about when we talk about fat. Cell. (2014) 156:20–44. doi: 10.1016/j.cell.2013.12.012

169. Yao, H, and He, S. Multi−faceted role of cancer−associated adipocytes in the tumor microenvironment (review). Mol Med Rep. (2021) 24:866. doi: 10.3892/mmr.2021.12506

170. Jones, SA, Ruprecht, JJ, Crichton, PG, and Kunji, ERS. Structural mechanisms of mitochondrial uncoupling protein 1 regulation in thermogenesis. Trends Biochem Sci. (2024) 49:506–19. doi: 10.1016/j.tibs.2024.03.005

171. Ma, Y, Nenkov, M, Chen, Y, and Gaßler, N. The role of adipocytes recruited as part of tumor microenvironment in promoting colorectal cancer metastases. Int J Mol Sci. (2024) 25:8352. doi: 10.3390/ijms25158352

172. Olson, OC, Quail, DF, and Joyce, JA. Obesity and the tumor microenvironment. Sci (New York N.Y.). (2017) 358:1130–1. 10.1126/science.aao5801

173. Zhao, C, Wu, M, Zeng, N, Xiong, M, Hu, W, Lv, W, et al. Cancer-associated adipocytes: emerging supporters in breast cancer. J Exp Clin Cancer Research: CR. (2020) 39:156. doi: 10.1186/s13046-020-01666-z

174. Wang, YY, Attané, C, Milhas, D, Dirat, B, Dauvillier, S, Guerard, A, et al. Mammary adipocytes stimulate breast cancer invasion through metabolic remodeling of tumor cells. JCI Insight. (2017) 2:e87489. doi: 10.1172/jci.insight.87489

175. Wei, L, Li, K, Pang, X, Guo, B, Su, M, Huang, Y, et al. Leptin promotes epithelial-mesenchymal transition of breast cancer via the upregulation of pyruvate kinase M2. J Exp Clin Cancer Res. (2016) 35:166. doi: 10.1186/s13046-016-0446-4

176. He, J-Y, Wei, X-H, Li, S-J, Liu, Y, Hu, H-L, Li, Z-Z, et al. Adipocyte-derived IL-6 and leptin promote breast Cancer metastasis via upregulation of Lysyl Hydroxylase-2 expression. Cell Communication Signaling: CCS. (2018) 16:100. doi: 10.1186/s12964-018-0309-z

177. Chung, SJ, Nagaraju, GP, Nagalingam, A, Muniraj, N, Kuppusamy, P, Walker, A, et al. ADIPOQ/adiponectin induces cytotoxic autophagy in breast cancer cells through STK11/LKB1-mediated activation of the AMPK-ULK1 axis. Autophagy. (2017) 13:1386–403. doi: 10.1080/15548627.2017.1332565

178. Pham, D-V, and Park, P-H. Adiponectin triggers breast cancer cell death via fatty acid metabolic reprogramming. J Exp Clin Cancer Research: CR. (2022) 41:9. doi: 10.1186/s13046-021-02223-y

179. Wang, S, Su, X, Xu, M, Xiao, X, Li, X, Li, H, et al. Exosomes secreted by mesenchymal stromal/stem cell-derived adipocytes promote breast cancer cell growth via activation of hippo signaling pathway. Stem Cell Res Ther. (2019) 10:117. doi: 10.1186/s13287-019-1220-2

180. Xie, Y, Wang, B, Zhao, Y, Tao, Z, Wang, Y, Chen, G, et al. Mammary adipocytes protect triple-negative breast cancer cells from ferroptosis. J Hematol Oncol. (2022) 15:72. doi: 10.1186/s13045-022-01297-1

181. Huang, R, Wang, Z, Hong, J, Wu, J, Huang, O, He, J, et al. Targeting cancer-associated adipocyte-derived CXCL8 inhibits triple-negative breast cancer progression and enhances the efficacy of anti-PD-1 immunotherapy. Cell Death Dis. (2023) 14:703. doi: 10.1038/s41419-023-06230-z

182. Shafat, MS, Oellerich, T, Mohr, S, Robinson, SD, Edwards, DR, Marlein, CR, et al. Leukemic blasts program bone marrow adipocytes to generate a protumoral microenvironment. Blood. (2017) 129:1320–32. doi: 10.1182/blood-2016-08-734798

183. Zinngrebe, J, Debatin, K-M, and Fischer-Posovszky, P. Adipocytes in hematopoiesis and acute leukemia: friends, enemies, or innocent bystanders? Leukemia. (2020) 34:2305–16. doi: 10.1038/s41375-020-0886-x

184. Uddin, S, and Mohammad, RM. Role of leptin and leptin receptors in hematological Malignancies. Leukemia Lymphoma. (2016) 57:10–6. doi: 10.3109/10428194.2015.1063145

185. Han, T-J, and Wang, X. Leptin and its receptor in hematologic Malignancies. Int J Clin Exp Med. (2015) 8:19840–9.

186. Boyd, AL, Reid, JC, Salci, KR, Aslostovar, L, Benoit, YD, Shapovalova, Z, et al. Acute myeloid leukaemia disrupts endogenous myelo-erythropoiesis by compromising the adipocyte bone marrow niche. Nat Cell Biol. (2017) 19:1336–47. doi: 10.1038/ncb3625

187. Olszańska, J, Pietraszek-Gremplewicz, K, Domagalski, M, and Nowak, D. Mutual impact of adipocytes and colorectal cancer cells growing in co-culture conditions. Cell Communication Signaling: CCS. (2023) 21:130. doi: 10.1186/s12964-023-01155-8

188. Grigoraş, A, and Amalinei, C. Multi-faceted role of cancer-associated adipocytes in colorectal cancer. Biomedicines. (2023) 11:2401. doi: 10.3390/biomedicines11092401

189. Yang, F, Duan, M, Zheng, F, Yu, L, Wang, Y, Wang, G, et al. Fas signaling in adipocytes promotes low-grade inflammation and lung metastasis of colorectal cancer through interaction with bmx. Cancer Lett. (2021) 522:93–104. doi: 10.1016/j.canlet.2021.09.024

190. Zhang, Q, Deng, T, Zhang, H, Zuo, D, Zhu, Q, Bai, M, et al. Adipocyte-derived exosomal MTTP suppresses ferroptosis and promotes chemoresistance in colorectal cancer. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2022) 9:e2203357. doi: 10.1002/advs.202203357

191. Fontana, F, Anselmi, M, Carollo, E, Sartori, P, Procacci, P, Carter, D, et al. Adipocyte-derived extracellular vesicles promote prostate cancer cell aggressiveness by enabling multiple phenotypic and metabolic changes. Cells. (2022) 11:2388. doi: 10.3390/cells11152388

192. Huang, M, Narita, S, Koizumi, A, Nara, T, Numakura, K, Satoh, S, et al. Macrophage inhibitory cytokine-1 induced by a high-fat diet promotes prostate cancer progression by stimulating tumor-promoting cytokine production from tumor stromal cells. Cancer Commun (London England). (2021) 41:389–403. doi: 10.1002/cac2.12137

193. Lopez-Bujanda, ZA, Haffner, MC, Chaimowitz, MG, Chowdhury, N, Venturini, NJ, Patel, RA, et al. Castration-mediated IL-8 promotes myeloid infiltration and prostate cancer progression. Nat Cancer. (2021) 2:803–18. doi: 10.1038/s43018-021-00227-3

194. Xu, F, Wang, X, Huang, Y, Zhang, X, Sun, W, Du, Y, et al. Prostate cancer cell-derived exosomal IL-8 fosters immune evasion by disturbing glucolipid metabolism of CD8+ T cell. Cell Rep. (2023) 42:113424. doi: 10.1016/j.celrep.2023.113424

195. McDowell, JA, Kosmacek, EA, Baine, MJ, Adebisi, O, Zheng, C, Bierman, MM, et al. Exogenous APN protects normal tissues from radiation-induced oxidative damage and fibrosis in mice and prostate cancer patients with higher levels of APN have less radiation-induced toxicities. Redox Biol. (2024) 73:103219. doi: 10.1016/j.redox.2024.103219

196. Bunimovich, YL, Keskinov, AA, Shurin, GV, and Shurin, MR. Schwann cells: a new player in the tumor microenvironment. Cancer Immunology Immunotherapy: CII. (2017) 66:959–68. doi: 10.1007/s00262-016-1929-z

197. Jessen, KR, Mirsky, R, and Lloyd, AC. Schwann cells: development and role in nerve repair. Cold Spring Harbor Perspect Biol. (2015) 7:a020487. doi: 10.1101/cshperspect.a020487

198. Demir, IE, Kujundzic, K, Pfitzinger, PL, Saricaoglu, Ö.C, Teller, S, Kehl, T, et al. Early pancreatic cancer lesions suppress pain through CXCL12-mediated chemoattraction of Schwann cells. Proc Natl Acad Sci United States America. (2017) 114:E85–94. doi: 10.1073/pnas.1606909114

199. Weiss, T, Taschner-Mandl, S, Janker, L, Bileck, A, Rifatbegovic, F, Kromp, F, et al. Schwann cell plasticity regulates neuroblastic tumor cell differentiation via epidermal growth factor-like protein 8. Nat Commun. (2021) 12:1624. doi: 10.1038/s41467-021-21859-0

200. Sun, L, Chen, S, and Chen, M. Schwann cells in the tumor microenvironment: need more attention. J Oncol. (2022) 2022:1058667. doi: 10.1155/2022/1058667

201. Demir, IE, Tieftrunk, E, Schorn, S, Saricaoglu, Ö.C, Pfitzinger, PL, Teller, S, et al. Activated schwann cells in pancreatic cancer are linked to analgesia via suppression of spinal astroglia and microglia. Gut. (2016) 65:1001–14. doi: 10.1136/gutjnl-2015-309784

202. Tian, Z, Ou, G, Su, M, Li, R, Pan, L, Lin, X, et al. TIMP1 derived from pancreatic cancer cells stimulates schwann cells and promotes the occurrence of perineural invasion. Cancer Lett. (2022) 546:215863. doi: 10.1016/j.canlet.2022.215863

203. Sun, C, Ye, Y, Tan, Z, Liu, Y, Li, Y, Hu, W, et al. Tumor-associated nonmyelinating schwann cell-expressed PVT1 promotes pancreatic cancer kynurenine pathway and tumor immune exclusion. Sci Adv. (2023) 9:eadd6995. doi: 10.1126/sciadv.add6995

204. Roger, E, Martel, S, Bertrand-Chapel, A, Depollier, A, Chuvin, N, Pommier, RM, et al. Schwann cells support oncogenic potential of pancreatic cancer cells through TGFβ signaling. Cell Death Dis. (2019) 10:886. doi: 10.1038/s41419-019-2116-x

205. Zhang, W, He, R, Yang, W, Zhang, Y, Yuan, Q, Wang, J, et al. Autophagic schwann cells promote perineural invasion mediated by the NGF/ATG7 paracrine pathway in pancreatic cancer. J Exp Clin Cancer Research: CR. (2022) 41:48. doi: 10.1186/s13046-021-02198-w

206. Xue, M, Zhu, Y, Jiang, Y, Han, L, Shi, M, Su, R, et al. Schwann cells regulate tumor cells and cancer-associated fibroblasts in the pancreatic ductal adenocarcinoma microenvironment. Nat Commun. (2023) 14:4600. doi: 10.1038/s41467-023-40314-w

207. Shurin, GV, Kruglov, O, Ding, F, Lin, Y, Hao, X, Keskinov, AA, et al. Melanoma-induced reprogramming of schwann cell signaling aids tumor growth. Cancer Res. (2019) 79:2736–47. doi: 10.1158/0008-5472.CAN-18-3872

208. Kruglov, O, Vats, K, Soman, V, Tyurin, VA, Tyurina, YY, Wang, J, et al. Melanoma-associated repair-like schwann cells suppress anti-tumor T-cells via 12/15-LOX/COX2-associated eicosanoid production. Oncoimmunology. (2023) 12:2192098. doi: 10.1080/2162402X.2023.2192098

209. Shurin, GV, Vats, K, Kruglov, O, Bunimovich, YL, and Shurin, MR. Tumor-induced T cell polarization by schwann cells. Cells. (2022) 11:3541. doi: 10.3390/cells11223541

210. Zhang, SH, Shurin, GV, Khosravi, H, Kazi, R, Kruglov, O, Shurin, MR, et al. Immunomodulation by schwann cells in disease. Cancer Immunology Immunotherapy: CII. (2020) 69:245–53. doi: 10.1007/s00262-019-02424-7

211. Pascual, G, Domínguez, D, Elosúa-Bayes, M, Beckedorff, F, Laudanna, C, Bigas, C, et al. Dietary palmitic acid promotes a prometastatic memory via schwann cells. Nature. (2021) 599:485–90. doi: 10.1038/s41586-021-04075-0

212. Zhou, Y, Shurin, GV, Zhong, H, Bunimovich, YL, Han, B, and Shurin, MR. Schwann cells augment cell spreading and metastasis of lung cancer. Cancer Res. (2018) 78:5927–39. doi: 10.1158/0008-5472.CAN-18-1702

213. Zhou, Y, Zhang, Y, Xu, J, Wang, Y, Yang, Y, Wang, W, et al. Schwann cell-derived exosomes promote lung cancer progression via miRNA-21-5p. Glia. (2024) 72:692–707. doi: 10.1002/glia.24497

214. Cui, B, Luo, Y, Tian, P, Peng, F, Lu, J, Yang, Y, et al. Stress-induced epinephrine enhances lactate dehydrogenase A and promotes breast cancer stem-like cells. J Clin Invest. (2019) 129:1030–46. doi: 10.1172/JCI121685

215. Otani, Y, Katayama, H, Zhu, Y, Huang, R, Shigehira, T, Shien, K, et al. Adrenergic microenvironment driven by cancer-associated schwann cells contributes to chemoresistance in patients with lung cancer. Cancer Sci. (2024) 115:2333–45. doi: 10.1111/cas.v115.7

216. Zhou, Y, Li, J, Han, B, Zhong, R, and Zhong, H. Schwann cells promote lung cancer proliferation by promoting the M2 polarization of macrophages. Cell Immunol. (2020) 357:104211. doi: 10.1016/j.cellimm.2020.104211

217. Hide, T, Komohara, Y, Miyasato, Y, Nakamura, H, Makino, K, Takeya, M, et al. Oligodendrocyte progenitor cells and macrophages/microglia produce glioma stem cell niches at the tumor border. EBioMedicine. (2018) 30:94–104. doi: 10.1016/j.ebiom.2018.02.024

218. Hide, T, Shibahara, I, and Kumabe, T. Novel concept of the border niche: glioblastoma cells use oligodendrocytes progenitor cells (GAOs) and microglia to acquire stem cell-like features. Brain Tumor Pathol. (2019) 36:63–73. doi: 10.1007/s10014-019-00341-2

219. Kawashima, T, Yashiro, M, Kasashima, H, Terakawa, Y, Uda, T, Nakajo, K, et al. Oligodendrocytes up-regulate the invasive activity of glioblastoma cells via the angiopoietin-2 signaling pathway. Anticancer Res. (2019) 39:577–84. doi: 10.21873/anticanres.13150

220. Ha, SY, Kang, SY, Do, I-G, and Suh, Y-L. Glioblastoma with oligodendroglial component represents a subgroup of glioblastoma with high prevalence of IDH1 mutation and association with younger age. J Neuro-Oncology. (2013) 112:439–48. doi: 10.1007/s11060-013-1073-y

221. Lathia, JD. Modeling mayhem: predicting invasion and proliferation kinetics in IDH1 mutant glioblastoma with mathematical models. Neuro-Oncology. (2014) 16:763–4. doi: 10.1093/neuonc/nou062

222. Wang, X, Sun, Q, Liu, T, Lu, H, Lin, X, Wang, W, et al. Single-cell multi-omics sequencing uncovers region-specific plasticity of glioblastoma for complementary therapeutic targeting. Sci Adv. (2024) 10:eadn4306. doi: 10.1126/sciadv.adn4306

223. Li, N, and Hua, J. Interactions between mesenchymal stem cells and the immune system. Cell Mol Life Sciences: CMLS. (2017) 74:2345–60. doi: 10.1007/s00018-017-2473-5

224. Yu, Y, Tao, Y, Ma, J, Li, J, and Song, Z. Targeting the tumor microenvironment with mesenchymal stem cells based delivery approach for efficient delivery of anticancer agents: an updated review. Biochem Pharmacol. (2025) 232:116725. doi: 10.1016/j.bcp.2024.116725

225. Xuan, X, Tian, C, Zhao, M, Sun, Y, and Huang, C. Mesenchymal stem cells in cancer progression and anticancer therapeutic resistance. Cancer Cell Int. (2021) 21:595. doi: 10.1186/s12935-021-02300-4

226. Wang, S, Mao, S, Li, X, Yang, D, Zhou, Y, Yue, H, et al. Identification and validation of potential prognostic biomarkers in glioblastoma via the mesenchymal stem cell infiltration level. Front Oncol. (2024) 14:1406186. doi: 10.3389/fonc.2024.1406186

227. Lim, E-J, Kim, S, Oh, Y, Suh, Y, Kaushik, N, Lee, J-H, et al. Crosstalk between GBM cells and mesenchymal stemlike cells promotes the invasiveness of GBM through the C5a/p38/ZEB1 axis. Neuro-Oncology. (2020) 22:1452–62. doi: 10.1093/neuonc/noaa064

228. Lim, E-J, Suh, Y, Yoo, K-C, Lee, J-H, Kim, I-G, Kim, M-J, et al. Tumor-associated mesenchymal stem-like cells provide extracellular signaling cue for invasiveness of glioblastoma cells. Oncotarget. (2017) 8:1438–48. doi: 10.18632/oncotarget.13638

229. Vieira de Castro, J, Gomes, ED, Granja, S, Anjo, SI, Baltazar, F, Manadas, B, et al. Impact of mesenchymal stem cells’ secretome on glioblastoma pathophysiology. J Trans Med. (2017) 15:200. doi: 10.1186/s12967-017-1303-8

230. Mao, J, Li, J, Chen, J, Wen, Q, Cao, M, Zhang, F, et al. CXCL10 and Nrf2-upregulated mesenchymal stem cells reinvigorate T lymphocytes for combating glioblastoma. J ImmunoTherapy Cancer. (2023) 11:e007481. doi: 10.1136/jitc-2023-007481

231. Jeun,. CXCR4-transfected human umbilical cord blood-derived mesenchymal stem cells exhibit enhanced migratory capacity toward gliomas. Int J Oncol. (2010) 38:97–103. doi: 10.3892/ijo_00000828

232. Li, M, Zeng, L, Liu, S, Dangelmajer, S, Kahlert, UD, Huang, H, et al. Transforming growth factor-β promotes homing and therapeutic efficacy of human mesenchymal stem cells to glioblastoma. J Neuropathology Exp Neurol. (2019) 78:315–25. doi: 10.1093/jnen/nlz016

233. Ho, IAW, Chan, KYW, Ng, W-H, Guo, CM, Hui, KM, Cheang, P, et al. Matrix metalloproteinase 1 is necessary for the migration of human bone marrow-derived mesenchymal stem cells toward human glioma. Stem Cells. (2009) 27:1366–75. doi: 10.1002/stem.50

234. Mahjoor, M, Afkhami, H, Mollaei, M, Nasr, A, Shahriary, S, and Khorrami, S. MicroRNA-30c delivered by bone marrow-mesenchymal stem cells induced apoptosis and diminished cell invasion in U-251 glioblastoma cell line. Life Sci. (2021) 279:119643. doi: 10.1016/j.lfs.2021.119643

235. Chen, L, Zhu, S, Liu, T, Zhao, X, Xiang, T, Hu, X, et al. Aberrant epithelial cell interaction promotes esophageal squamous-cell carcinoma development and progression. Signal Transduction Targeted Ther. (2023) 8:453. doi: 10.1038/s41392-023-01710-2

236. Dongre, A, and Weinberg, RA. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol. (2019) 20:69–84. doi: 10.1038/s41580-018-0080-4

237. Chen, Y, Zhu, S, Liu, T, Zhang, S, Lu, J, Fan, W, et al. Epithelial cells activate fibroblasts to promote esophageal cancer development. Cancer Cell. (2023) 41:903–918.e8. doi: 10.1016/j.ccell.2023.03.001

238. Shu, Z, Guo, J, Xue, Q, Tang, Q, and Zhang, B. Single-cell profiling reveals that SAA1+ epithelial cells promote distant metastasis of esophageal squamous cell carcinoma. Front Oncol. (2022) 12:1099271. doi: 10.3389/fonc.2022.1099271

239. Quail, DF, and Joyce, JA. Microenvironmental regulation of tumor progression and metastasis. Nat Med. (2013) 19:1423–37. doi: 10.1038/nm.3394

240. Cao, J, Chow, L, and Dow, S. Strategies to overcome myeloid cell induced immune suppression in the tumor microenvironment. Front Oncol. (2023) 13:1116016. doi: 10.3389/fonc.2023.1116016

241. Basak, U, Sarkar, T, Mukherjee, S, Chakraborty, S, Dutta, A, Dutta, S, et al. Tumor-associated macrophages: an effective player of the tumor microenvironment. Front Immunol. (2023) 14:1295257. doi: 10.3389/fimmu.2023.1295257

242. Guruvayoorappan, C. Tumor versus tumor-associated macrophages: how hot is the link? Integr Cancer Therapies. (2008) 7:90–5. doi: 10.1177/1534735408319060

243. Mitsudomi, T, and Yatabe, Y. Epidermal growth factor receptor in relation to tumor development: EGFR gene and cancer. FEBS J. (2010) 277:301–8. doi: 10.1111/j.1742-4658.2009.07448.x

244. Wu, Q, Zhou, W, Yin, S, Zhou, Y, Chen, T, Qian, J, et al. Blocking triggering receptor expressed on myeloid cells-1-positive tumor-associated macrophages induced by hypoxia reverses immunosuppression and anti-programmed cell death ligand 1 resistance in liver cancer. Hepatol (Baltimore Md.). (2019) 70:198–214. doi: 10.1002/hep.30593

245. Veglia, F, Sanseviero, E, and Gabrilovich, DI. Myeloid-derived suppressor cells in the era of increasing myeloid cell diversity. Nat Rev Immunol. (2021) 21:485–98. doi: 10.1038/s41577-020-00490-y

246. Bogdan, C. Regulation of lymphocytes by nitric oxide. Methods Mol Biol (Clifton N.J.). (2011) 677:375–93. doi: 10.1007/978-1-60761-869-0_24

247. Shimabukuro-Vornhagen, A, Draube, A, Liebig, TM, Rothe, A, Kochanek, M, and von-Bergwelt-Baildon, MS. The immunosuppressive factors IL-10, TGF-β, and VEGF do not affect the antigen-presenting function of CD40-activated B cells. J Exp Clin Cancer Research: CR. (2012) 31:47. doi: 10.1186/1756-9966-31-47

248. Marvel, D, and Gabrilovich, DI. Myeloid-derived suppressor cells in the tumor microenvironment: expect the unexpected. J Clin Invest. (2015) 125:3356–64. doi: 10.1172/JCI80005

249. Barry, ST, Gabrilovich, DI, Sansom, OJ, Campbell, AD, and Morton, JP. Therapeutic targeting of tumour myeloid cells. Nat Rev Cancer. (2023) 23:216–37. doi: 10.1038/s41568-022-00546-2

250. Lei, X, Lei, Y, Li, J-K, Du, W-X, Li, R-G, Yang, J, et al. Immune cells within the tumor microenvironment: Biological functions and roles in cancer immunotherapy. Cancer Lett. (2020) 470:126–33. doi: 10.1016/j.canlet.2019.11.009

251. Lin, W, Singh, V, Springer, R, Choonoo, G, Gupta, N, Patel, A, et al. Human CD4 cytotoxic T lymphocytes mediate potent tumor control in humanized immune system mice. Commun Biol. (2023) 6:447. doi: 10.1038/s42003-023-04812-3

252. Zhang, H, Yang, L, Wang, T, and Li, Z. NK cell-based tumor immunotherapy. Bioactive Materials. (2024) 31:63–86. doi: 10.1016/j.bioactmat.2023.08.001

253. Ohue, Y, and Nishikawa, H. Regulatory T (Treg) cells in cancer: Can Treg cells be a new therapeutic target? Cancer Sci. (2019) 110:2080–9. doi: 10.1111/cas.2019.110.issue-7

254. Cao, X, Cai, SF, Fehniger, TA, Song, J, Collins, LI, Piwnica-Worms, DR, et al. Granzyme B and perforin are important for regulatory T cell-mediated suppression of tumor clearance. Immunity. (2007) 27:635–46. doi: 10.1016/j.immuni.2007.08.014

255. Togashi, Y, Shitara, K, and Nishikawa, H. Regulatory T cells in cancer immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol. (2019) 16:356–71. doi: 10.1038/s41571-019-0175-7

256. Huang, C-T, Workman, CJ, Flies, D, Pan, X, Marson, AL, Zhou, G, et al. Role of LAG-3 in regulatory T cells. Immunity. (2004) 21:503–13. doi: 10.1016/j.immuni.2004.08.010

257. Takahashi, T, Tagami, T, Yamazaki, S, Uede, T, Shimizu, J, Sakaguchi, N, et al. Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T cells constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J Exp Med. (2000) 192:303–10. doi: 10.1084/jem.192.2.303

258. Zhang, B, Chikuma, S, Hori, S, Fagarasan, S, and Honjo, T. Nonoverlapping roles of PD-1 and FoxP3 in maintaining immune tolerance in a novel autoimmune pancreatitis mouse model. Proc Natl Acad Sci United States America. (2016) 113:8490–5. doi: 10.1073/pnas.1608873113

259. Loeffler, M, Krüger, JA, Niethammer, AG, and Reisfeld, RA. Targeting tumor-associated fibroblasts improves cancer chemotherapy by increasing intratumoral drug uptake. J Clin Invest. (2006) 116:1955–62. doi: 10.1172/JCI26532

260. Lan, Y, Zhang, D, Xu, C, Hance, KW, Marelli, B, Qi, J, et al. Enhanced preclinical antitumor activity of M7824, a bifunctional fusion protein simultaneously targeting PD-L1 and TGF-β. Sci Trans Med. (2018) 10:eaan5488. doi: 10.1126/scitranslmed.aan5488

261. Roberts, EW, Deonarine, A, Jones, JO, Denton, AE, Feig, C, Lyons, SK, et al. Depletion of stromal cells expressing fibroblast activation protein-α from skeletal muscle and bone marrow results in cachexia and anemia. J Exp Med. (2013) 210:1137–51. doi: 10.1084/jem.20122344

262. Kraman, M, Bambrough, PJ, Arnold, JN, Roberts, EW, Magiera, L, Jones, JO, et al. Suppression of antitumor immunity by stromal cells expressing fibroblast activation protein-alpha. Sci (New York N.Y.). (2010) 330:827–30. doi: 10.1126/science.1195300

263. Özdemir, BC, Pentcheva-Hoang, T, Carstens, JL, Zheng, X, Wu, C-C, Simpson, TR, et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell. (2014) 25:719–34. doi: 10.1016/j.ccr.2014.04.005

264. Meng, X, Liu, Z, Deng, L, Yang, Y, Zhu, Y, Sun, X, et al. Hydrogen therapy reverses cancer-associated fibroblasts phenotypes and remodels stromal microenvironment to stimulate systematic anti-tumor immunity. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2024) 11:e2401269. doi: 10.1002/advs.202401269

265. Zhou, H, Zhang, Y, Zhang, R, Zhao, M, Chen, W, Liu, Y, et al. A tumor-microenvironment-activatable molecular pro-theranostic agent for photodynamic and immunotherapy of cancer. Advanced Materials (Deerfield Beach Fla.). (2023) 35:e2211485. doi: 10.1002/adma.202211485

266. Huang, Q, Ge, Y, He, Y, Wu, J, Tong, Y, Shang, H, et al. The application of nanoparticles targeting cancer-associated fibroblasts. Int J Nanomedicine. (2024) 19:3333–65. doi: 10.2147/IJN.S447350

267. Ferrara, N, Hillan, KJ, Gerber, H-P, and Novotny, W. Discovery and development of bevacizumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug Discovery. (2004) 3:391–400. doi: 10.1038/nrd1381

268. Faivre, S, Delbaldo, C, Vera, K, Robert, C, Lozahic, S, Lassau, N, et al. Safety, pharmacokinetic, and antitumor activity of SU11248, a novel oral multitarget tyrosine kinase inhibitor, in patients with cancer. J Clin Oncology: Off J Am Soc Clin Oncol. (2006) 24:25–35. doi: 10.1200/JCO.2005.02.2194

269. Keating, GM. Sorafenib: a review in hepatocellular carcinoma. Targeted Oncol. (2017) 12:243–53. doi: 10.1007/s11523-017-0484-7

270. Peterson, TE, Kirkpatrick, ND, Huang, Y, Farrar, CT, Marijt, KA, Kloepper, J, et al. Dual inhibition of ang-2 and VEGF receptors normalizes tumor vasculature and prolongs survival in glioblastoma by altering macrophages. Proc Natl Acad Sci United States America. (2016) 113:4470–5. doi: 10.1073/pnas.1525349113

271. Bergers, G, and Hanahan, D. Modes of resistance to anti-angiogenic therapy. Nat Rev Cancer. (2008) 8:592–603. doi: 10.1038/nrc2442

272. Greenberg, JI, Shields, DJ, Barillas, SG, Acevedo, LM, Murphy, E, Huang, J, et al. A role for VEGF as a negative regulator of pericyte function and vessel maturation. Nature. (2008) 456:809–13. doi: 10.1038/nature07424

273. Murphy, EA, Shields, DJ, Stoletov, K, Dneprovskaia, E, McElroy, M, Greenberg, JI, et al. Disruption of angiogenesis and tumor growth with an orally active drug that stabilizes the inactive state of PDGFRbeta/B-RAF. Proc Natl Acad Sci United States America. (2010) 107:4299–304. doi: 10.1073/pnas.0909299107

274. Ruan, J, Luo, M, Wang, C, Fan, L, Yang, SN, Cardenas, M, et al. Imatinib disrupts lymphoma angiogenesis by targeting vascular pericytes. Blood. (2013) 121:5192–202. doi: 10.1182/blood-2013-03-490763

275. McCormick, AL, Anderson, TS, Daugherity, EA, Okpalanwaka, IF, Smith, SL, Appiah, D, et al. Targeting the pericyte antigen DLK1 with an alpha type-1 polarized dendritic cell vaccine results in tumor vascular modulation and protection against colon cancer progression. Front Immunol. (2023) 14:1241949. doi: 10.3389/fimmu.2023.1241949

276. Chen, P, Wang, B, Li, M, Cui, C, Liu, F, and Gao, Y. Celastrol inhibits the proliferation and migration of MCF-7 cells through the leptin-triggered PI3K/AKT pathway. Comput Struct Biotechnol J. (2022) 20:3173–81. doi: 10.1016/j.csbj.2022.06.042

277. Shim, J-K, Choi, S, Yoon, S-J, Choi, RJ, Park, J, Lee, EH, et al. Etomoxir, a carnitine palmitoyltransferase 1 inhibitor, combined with temozolomide reduces stemness and invasiveness in patient-derived glioblastoma tumorspheres. Cancer Cell Int. (2022) 22:309. doi: 10.1186/s12935-022-02731-7

278. Wen, D, Wang, J, Van Den Driessche, G, Chen, Q, Zhang, Y, Chen, G, et al. Adipocytes as anticancer drug delivery depot. Matter. (2019) 1:1203–14. doi: 10.1016/j.matt.2019.08.007

279. Nguyen, HP, An, K, Ito, Y, Kharbikar, BN, Sheng, R, Paredes, B, et al. Implantation of engineered adipocytes suppresses tumor progression in cancer models. Nat Biotechnol. (2025). doi: 10.1038/s41587-024-02551-2

280. Yang, H, Zingaro, VA, Lincoff, J, Tom, H, Oikawa, S, Oses-Prieto, JA, et al. Remodelling of the translatome controls diet and its impact on tumorigenesis. Nature. (2024) 633:189–97. doi: 10.1038/s41586-024-07781-7

281. Liu, J-L, You, Y-H, Tian, Z-W, Xiao, M, Zheng, J-W, Wang, Y-A, et al. Increased nuclear translation of YAP might act as a potential therapeutic target for NF1-related plexiform neurofibroma. Int J Med Sci. (2021) 18:2008–16. doi: 10.7150/ijms.52431




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Liu, Liu, He and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2025.1561577_cover.jpg
, frontiers \ Frontiers in Immunology

Benign non-immune cells
in tumor microenvironment





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Benign non-immune cells in tumor microenvironment

      

        		

          1 Introduction

        

          		

            1.1 TME: History and definition

          



        



        



        		

          2 Benign non-immune cell types

        

          		

            2.1 Cancer-associated fibroblasts

          



          		

            2.2 Endothelial cells

          



          		

            2.3 Pericytes

          



          		

            2.4 Adipocytes

          



          		

            2.5 Schwann cells

          



          		

            2.6 Other cells

          

            		

              2.5.1 Oligodendrocytes in glioblastoma

            



            		

              2.5.2 Mesenchymal stem cells in GBM

            



            		

              2.5.3 Epithelial cells in Esophageal Cancer

            



          



          



        



        



        		

          3 Role of immune cell types in the TME

        

          		

            3.1 Myeloid-derived immune cells

          



          		

            3.2 Lymphatic cells

          



        



        



        		

          4 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1561577-g002.jpg
a. CD36+CAFs facilitate MDSCs recruitmentin TME

i e. Interaction between SC and immune cells
N CD33+MDSCs |

T cell
CD36+CAF Nl": Lartirg
' - 2t g®
® e °
Ea CD74 PD-1 Proliferation |
Hepatocellular Carcmoma.-a PD-1
4 Recruitment f

o (R .—LDL

Immunosuppressive microenvironment

Immunosuppressive
phenotype

b. CAF-S1 regulates T cells transformation
CXCL12

CAF S1 Se®e .

f. Adipocyte-derived CXCL8 leads to decreased T cell infiltration

Breast cancer

Adipocyte ~ CXCL8 T cell
g 4w
—— 8, o
°© o

T cell infiltration|

Breast cancer
Tregs

.i
ransformatlon B7H 4
DPP4

Immunosuppressive microenvironment

c. ECs contribute to NK cells desensitization g. PCs release IL-33 to recruit TAMs into the TME

Q Vi IL-33

EC Granzyme o (Stimulation) R b , ©
Ca ) Perforin PDGF-BB
\fNKGZDIigand l s o ° o °

Recruitment
-

‘lKGZD o * o '
° ° °
°

NK cell e Tumor cell lysis
Pro-inflammatory cytokines

NK cells desensitization

Immunosuppressive microenvironment

d. CXCL12+ECs mediate immunosuppression h. PCs modulate the function and infiltration of T cells

CD8+naive T cell CD8+cytotoxic T cell
CXCL12+EC LG BROLT
- .0 %X@ 279
(Differentiation)
. ° CXCL12 Differentiation e o ()
° i
Hepatocellular Carcinoma o| &IL-10 CD8+ T cell
CTGF-B
‘ ‘ Antigen presenting capacity |
Proliferation |
MPSCs T cell

Immunosuppressive microenvironment





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1561577-g001.jpg
Blocking TGF-B






