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Esophageal carcinoma (ESCA) is a highly malignant tumor with the highest incidence in Eastern Asia. Although treatment modalities for ESCA have advanced in recent years, the overall prognosis remains poor, as most patients are diagnosed at an advanced stage of the disease. There is an urgent need to promote early screening for ESCA to increase survival rates and improve patient outcomes. The development of ESCA is closely linked to the complex tumor microenvironment (TME), where chemokines and their receptors play pivotal roles. Chemokines are a class of small-molecule, secreted proteins and constitute the largest family of cytokines. They not only directly regulate tumor growth and proliferation but also influence cell migration and localization through specific receptor interactions. Consequently, chemokines and their receptors affect tumor invasion and metastatic spread. Furthermore, chemokines regulate immune cells, including macrophages and regulatory T cells, within the TME. The recruitment of these immune cells further leads to immunosuppression, creating favorable conditions for tumor growth and metastasis. This review examines the impact of ESCA-associated chemokines and their receptors on ESCA, emphasizing their critical involvement in the ESCA TME.
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1 Introduction

According to the Global Cancer Statistics 2022, ESCA is the 11th most prevalent cancer worldwide, with approximately 510,000 new cases (2.6%) and the 7th leading cause of cancer death, with approximately 440,000 deaths (4.6%). The incidence of ESCA varies significantly by region, with the highest rates observed in Eastern Asia. In China, both incidence and mortality trends for ESCA are notably high, and the disease is more common in males than in females (1). There are two main histological types of ESCA: squamous cell carcinoma (ESCC) and adenocarcinoma (EAC). ESCC is associated with alcohol consumption, smoking, and poor dietary habits (e.g., preference for pickled, high-temperature, and hard or rough foods), while EAC is more closely linked to obesity, metabolic disorders, and gastroesophageal reflux disease (GERD). Current treatment strategies for ESCA include endoscopic surgery, surgical interventions, radiation therapy, chemotherapy, immunotherapy, and targeted therapy. Although treatment options for ESCA have advanced in recent years, the overall prognosis remains poor, as most patients are diagnosed at an advanced stage (2). Nevertheless, the five-year survival rate for patients diagnosed at an early stage can be markedly improved through endoscopic or surgical interventions. Consequently, early detection of ESCA is of paramount importance, and a comprehensive understanding of the mechanisms underlying ESCA development, along with the identification of specific regulatory targets, holds immense clinical promise for improving survival rates among ESCA patients.

Chemokines, also referred to as chemotactic cytokines, constitute a class of small, secreted proteins. Studies indicate that there are approximately 50 different types of chemokines and 20 chemokine receptors present in humans, which together represent the largest family of cytokines. Chemokines can be classified into four subgroups: C, CC, CXC, and CX3C, based on the arrangement of cysteine (C) residues in their primary structure. Their mechanism of action primarily involves binding to G protein-coupled, seven-transmembrane domain receptors on the cell surface. Chemokine receptors are named according to the subfamily of chemokines to which they bind: XCR, CCR, CXCR, and CX3CR (Figure 1). The binding of chemokines to their receptors activates a series of intracellular signaling pathways, eliciting a range of biological responses, including cell migration, proliferation, and differentiation. They are essential mediators of inflammation and are involved in various physiological processes, including tissue repair and homeostasis. During normal physiological responses, these chemokines facilitate leukocyte recruitment, migration, and activation, serving as essential navigational molecules in immune surveillance and inflammatory processes. During immune responses, the production of chemokines and the restricted expression of their receptors regulate and guide the migration and directed proliferation of immune cells in vivo. This process is crucial in initiating immune responses, modulating effector functions, facilitating memory responses, and influencing immunomodulation. In oncological contexts, chemokines demonstrate complex and often paradoxical functions. They can simultaneously promote tumor progression and modulate anti-tumor immune responses, acting as critical regulators of the TME. These molecules influence cancer cell proliferation, metastasis, angiogenesis, and immune cell infiltration (Supplementary Table 1) (3–6).




Figure 1 | Chemokines and chemokine receptors.



ESCA presents a landscape wherein chemokine signaling plays critical roles in its progression and metastasis. Research has shown that specific chemokines are significantly upregulated in ESCA tissues compared to normal tissues. For instance, the CXCL12/CXCR4 axis is particularly pivotal in ESCC, where it not only promotes tumor growth but also facilitates lymphatic and vascular invasion (7). Additionally, the inflammatory microenvironment fostered by chemokines leads to immune evasion, allowing tumors to grow and spread unimpeded. The intricate interplay between specific chemokines and their receptors in esophageal malignancies offers insights into disease progression and potential therapeutic targets (8).




2 Chemokine profile influences tumor physiology and changes in tumor immune microenvironment with different grade

Chemokines and their receptors significantly alter tumor physiology by influencing critical processes such as tumor metabolism, tumor fibrosis, and the behavior of cancer stem cells. Chemokines such as CXCL12, CXCL5 and CCL2 regulate tumor metabolism and promote a metabolic shift toward enhanced glycolysis and lipid metabolism to support rapid tumor growth, even under hypoxic conditions (9).

Tumor fibrosis, characterized by excessive extracellular matrix deposition, is driven by chemokines such as CCL2 and CCL5, which attract fibroblasts to the TME. These fibroblasts become activated and contribute to a fibrotic stroma that not only provides structural support to the tumor but also facilitates immune evasion and resistance to therapies (10). Cancer stem cells are influenced by chemokine signaling, particularly through the CXCL12-CXCR4 axis and CXCL8-CXCR1/2 axis, which mediate the maintenance and self-renewal of these cells within the tumor niche, thereby contributing to tumor initiation and metastasis. This chemokine-induced promotion of stemness can lead to increased resistance to conventional therapies, presenting significant challenges for cancer treat (11, 12). Together, these interactions underscore the crucial role of chemokines in shaping the TME, ultimately impacting tumor development and treatment outcomes (Table 1).


Table 1 | Impact of main chemokines & receptors on tumor processes.



The tumor immune microenvironment (TIME) and the profile of chemokines play pivotal roles in tumor progression and the overall immune response. As tumors progress from lower grades (well-differentiated) to higher grades (poorly differentiated or anaplastic), there are significant changes in both the immune cell composition and the chemokine profile. In Grade I tumors, the immune environment is largely inactive, with few immune cell infiltrations, retention of regulatory immune cells, and relatively normal extracellular matrix (ECM) composition. The key chemokines, including lower levels of inflammatory chemokines, support immune tolerance, allowing the tumor to grow slowly with minimal aggression. As tumors transition to Grade II, there is an increase in immune cell diversity, including activated cytotoxic T cells and macrophages. The chemokine profile begins to shift to include higher levels of T-cell-attracting chemokines, suggesting a transition toward an immune-reactive environment, albeit still somewhat capable of immune evasion. In Grade III tumors, characterized by poorly differentiated cells, the TIME becomes more chaotic, with significant infiltration of various immune cells, including regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs). This increasingly hostile environment features elevated levels of chemokines such as CCL22 and CXCL1 that attract Tregs and MDSCs while also exhibiting heightened inflammatory responses (13). Finally, in Grade IV tumors, the immune microenvironment is dominated by suppressive cells, with a predominance of TAMs and exhausted CD8+ T cells, with high levels of chemokines such as CCL2 and CXCL12 promoting MDSC recruitment, contributing to a profoundly suppressive environment. These tumors exhibit very high levels of immunosuppressive chemokines that promote further immune evasion and facilitate aggressive tumor behavior (14). Ultimately, as tumor grades escalate, there is a clear transition from an immunogenic to an immunosuppressive environment, characterized by progressively altered chemokine dynamics that hinder effective anti-tumor responses and contribute to the tumors’ overall aggressiveness and treatment resistance.




3 Chemokines and chemokine receptors in ESCA



3.1 Epithelial−mesenchymal transition and chemokines in ESCA

Epithelial–mesenchymal transition (EMT) is a critical process that enables tumors to invade and metastasize. During EMT, epithelial cells lose their polarity and intercellular adhesion, undergo morphological changes that align with a mesenchymal phenotype, and become migratory and invasive. A hallmark of EMT is the suppression of E-cadherin expression. Different types of EMT can be triggered by various signaling pathways. A cluster of transcription factors, including Snail, SNAI2 (Slug), TWIST1 (Twist), TWIST2, ZEB1, and ZEB2 (SIP1), has been identified as principal regulators of EMT (15, 16).

Several chemokines and receptors activate or participate in the EMT process through distinct signaling pathways, promoting the migration and invasion of ESCC cells. In vitro experiments revealed that CXCL6 stimulated the proliferation, migration, and invasion of ESCC cells. This conclusion was further validated by studies in nude mice, which showed that CXCL6 enhanced the growth and metastasis of ESCC cells in vivo. Additionally, the research identified that CXCL6 facilitated the transformation of epithelial cells to a mesenchymal phenotype. This transition was associated with the increased expression of PD-L1, mediated by the activation of the STAT3 pathway (17).

Yue et al. demonstrated elevated IL-33 expression in ESCC tissues through immunohistochemistry (IHC) and quantitative real-time PCR (qRT-PCR), findings that were subsequently confirmed in vitro. CCL2, a downstream molecule of IL-33, recruits Tregs via the NF-κB/CCL2 pathway, promoting EMT and thereby facilitating tumor development and metastasis. Moreover, IL-33 regulates CCL2 expression through transforming growth factor β (TGF-β) in Tregs (18).

Additionally, some researchers have shown that CCL8 produced by M2-type macrophages can activate the NF-κB signaling pathway, induce EMT, and promote ESCC cell migration and invasion in vitro using a cell co-culture system (19). CCL18 enhances the invasiveness of ESCC cells, while its knockdown inhibits this effect. Notably, CCL18 expression is positively correlated with the expression of HOTAIR (a long noncoding RNA) in ESCC tissues. Furthermore, CCL18 upregulates HOTAIR expression, and HOTAIR knockdown can reduce CCL18-induced invasiveness in ESCC cells. Studies indicate that CCL18 positively regulates ZEB1 by upregulating HOTAIR expression, thus facilitating EMT and promoting the malignant progression of ESCA (20).




3.2 Cancer-associated fibroblasts and chemokines in ESCA

Cancer-associated fibroblasts (CAFs) are significant components of the TME, capable of secreting extracellular matrix (ECM) components, cytokines, chemokines, and metabolites. They facilitate tumor growth, metastasis, and angiogenesis through the activation of multiple signaling pathways. Furthermore, CAFs interact with tumor-infiltrating immune cells (TICs), thereby influencing the antitumor immunological state within the TME (21, 22). The resulting ECM transformation not only provides mechanical support for tumor growth but also creates physical and biochemical barriers that impede therapeutic interventions, particularly immunotherapies, by restricting drug penetration and immune cell infiltration.

CXCL1 activates the CXCR2-STAT3 pathway, leading to the phenotypic transformation of CAFs into inflammatory CAFs (iCAFs), which secrete interleukin-1 beta (IL-1β), IL-6, leukemia inhibitory factor (LIF), and granulocyte colony-stimulating factor (G-CSF), among other factors, to promote tumorigenesis (23). In ESCC, laminin subunit γ1 (LAMC1) enhances the secretion of CXCL1, stimulating the formation of iCAFs via the CXCR2-STAT3 pathway (24). Hongfang Zhang et al. discovered that CXCL1 expression was significantly elevated in CAFs compared to normal fibroblasts, as shown through a human chemokine array. Inhibition of CXCL1 expression in CAFs significantly reversed the radioresistance imparted by these cells in both in vitro and in vivo models. Additionally, the secretion of CXCL1 by CAFs inhibited the expression of the reactive oxygen species (ROS)-scavenging enzyme superoxide dismutase 1, leading to increased ROS accumulation following radiation. This accumulation subsequently enhanced DNA damage repair, contributing to radioresistance. Moreover, CXCL1 secretion by CAFs mediates radioresistance through the activation of the Mek/Erk pathway, reinforcing the tumor’s resistance to radiation. The interaction between CAFs and ESCC cells induces CXCL1 expression in autocrine/paracrine signaling loops, further enhancing tumor radioresistance (25). Furthermore, collagen type 1 (COL1) derived from CAFs induces tumor cells to secrete CXCL1, establishing a positive feedback loop; notably, COL1 can also enhance radioresistance by facilitating DNA repair. Radiosensitization of radioresistant xenografts in vivo can effectively be restored through inhibition of the CXCL1-CXCR2-STAT3 pathway (26).

CCL5 secretion increases when ESCC cells are cocultured with CAFs, and this effect is also observed in EAC cells. The CCL5-CCR5 axis inhibitor Malawijo confirmed that the removal of tumor cell-derived CCL5 diminished ERK1/2 signaling, leading to the inhibition of ESCC cell proliferation in vitro and in vivo, as well as reducing the proportion of CAFs recruited by xenograft tumors (27). Additionally, NADPH oxidase 5 (NOX5) is overexpressed in ESCC, activating intratumoral Src/NF-κB signaling, which stimulates tumor cells to secrete tumor necrosis factor-alpha (TNF-α), IL-1β, and lactate. These factors subsequently activate CAFs and promote the secretion of various cytokines, including CCL5 (28).

FGFR2+ functional CAFs, which have differentiated in ESCC, can be mobilized by tumor-secreted FGF2 and recruited to the tumor site through the CXCL12–CXCR4 axis (29). It is plausible to note that systemic elevation of chemokines like CXCL12/SDF-1, CCL2 and CCL5, along with cytokines like TGF-β, IL6, IL8 contribute to migration and homing of mesenchymal stem cells into the tumors, which are believed to be precursors of CAFs. Hypoxia and HIF-1 expression in tumors further elevates CXCL12 and enhances mesenchymal stem cells (MSCs) recruitment (30–32). MSCs can be both pro- and anti-tumorigenic and can also act as delivery vehicles for drugs toward tumors (32–35). While strategies are being implemented to augment the therapeutic potential of MSC in cancers, secretome of MSCs are rich in chemokines and growth factors that are largely immunosuppressive and pro-angiogenic that facilitate tissue regeneration in response to radiation induced tissue injury (36). Since radiation can also serve as an inducer of MSC-recruitment, paracrine effects exerted by tissue and TME resident MSCs can be pro-fibrotic and tumor promoting after administration of primary chemo-radiotherapy, thereby supporting treatment resistance and tumor recurrence (36–38).

Furthermore, Higashino et al. conducted coculture experiments by introducing bone marrow MSCs into systems containing ESCC cells, resulting in the expression of fibroblast activation protein (FAP), a marker for CAFs, thereby designating these FAP-positive MSCs as CAF-like cells. The secretion of CCL2, CXCL8, and IL-6 by CAF-like cells was significantly greater than that observed in MSCs, as confirmed by cytokine array and enzyme-linked immunosorbent assay (ELISA) analyses. These cytokines have been shown to promote the migration of both tumor cells and macrophage-like cells (39).The intricate interplay between these cellular components results in enhanced tumor recurrence potential, increased angiogenesis, and the establishment of pre-metastatic niches that facilitate systemic tumor dissemination.




3.3 CXCL12-CXCR4/CXCR7 axis: a multifaceted driver of ESCA pathogenesis

The CXCL12-CXCR4/CXCR7 axis plays a multifaceted role in ESCA pathogenesis, with extensive experimental and clinical evidence supporting its involvement in tumor progression and therapeutic resistance. Immunohistochemical (IHC) analyses have demonstrated that CXCL12 stimulates the proliferation of ESCC cells. This finding is corroborated by in vivo studies showing that pharmacological inhibition of CXCR4 significantly suppresses ESCC growth and reduces tumor volume (40). In vitro experiments by Yen-Hao Chen et al. further validated these results, revealing that CXCL12-driven proliferation is attenuated in a dose-dependent manner upon blockade of its signaling pathway. Clinically, elevated pretreatment CXCL12 levels (≥1.5 ng/mL) and post-treatment increases in CXCL12 are associated with reduced responsiveness to radiotherapy, suggesting that CXCL12 may mediate tumor evasion from cytotoxic therapies (41, 42). Tumor microenvironmental factors, including CAFs, contribute to CXCL12 production, with Twist-1 enhancing CXCL12 expression in these stromal cells. CXCR4 inhibition disrupts epithelial-mesenchymal transition (EMT) in ESCC by downregulating EMT-related genes, while CXCL12/CXCR4 signaling directly promotes EMT through the ERK/AKT-Twist1-MMP1/E-cadherin axis (43). Furthermore, interleukin-6 (IL-6) amplifies CXCL12 secretion, fostering immunosuppressive cell recruitment and EMT acceleration. Conversely, growth inhibitor 5 (ING5) attenuates ESCC metastasis by suppressing IL-6-CXCL12 signaling (44).

Stromal interactions further modulate CXCL12 activity. Rocuronium bromide, for instance, inhibits CXCL12 production in CAFs by blocking the PI3K/AKT/mTOR pathway and autophagy, thereby attenuating CXCL12-mediated ESCA progression (45). Retrospective clinical analyses underscore the prognostic significance of CXCR4, as its overexpression correlates with increased lymph node metastasis risk, including micrometastases (46, 47). CXCR4 is prominently expressed in both primary and metastatic ESCA lesions, enabling tumor cell homing to CXCL12-rich niches such as lymph nodes (48).

CXCR7, a second high-affinity receptor for CXCL12, has emerged as a critical regulator of ESCA progression. Recent investigations by Jing Guo et al. highlight the clinical relevance of CXCR7, which is overexpressed in ESCA tissues and cell lines. The CXCL12-CXCR7 axis facilitates ESCA cell proliferation, migration, invasion, and EMT. Mechanistically, CXCL12 knockdown reduces EMT-related protein expression and alters ESCA cell morphology, whereas CXCR7 silencing counteracts CXCL12-induced EMT. These effects are mediated via STAT3 activation, which is pharmacologically targetable by AZD9150 (49, 50).

The CXCL12-CXCR4/CXCR7 axis drives ESCA progression via EMT, STAT3 activation, and stromal interactions with CAFs and Twist-1. It promotes therapeutic resistance, lymph node metastasis, and immunosuppression, modulated by IL-6/ING5 signaling. Pharmacological targeting (e.g., AZD9150, rocuronium bromide) demonstrates therapeutic potential by disrupting tumor-stroma crosstalk and metastatic pathways.




3.4 Chemokines promote multi-dimensional immunosuppression in ESCA

Numerous studies indicate that CCL2 is crucial for the recruitment of TAMs and the regulation of the M1/M2 macrophage ratio. For instance, Hui Yang et al. found that elevated CCL2 expression correlates with TAM accumulation during esophageal carcinogenesis, as evidenced by analyses of human ESCA tissue arrays and the TCGA database, both of which suggest a poor prognosis for ESCC patients. Experiments in mouse models of ESCA revealed that hindering the recruitment of TAMs through blockade of the CCL2–CCR2 axis considerably enhances the antitumor efficacy of CD8+ T cells in the TME, resulting in a significant reduction in tumor incidence. Additionally, M2 polarization in TAMs was found to increase PD-L2 expression, which facilitates immune evasion and tumor growth via the PD-1 signaling pathway (51). Moreover, a recent study indicated that CCL2 induces macrophages to express epidermal growth factor (EGF), enhancing tumor proliferation and metastasis through the activation of the EGFR receptor (52). Numerous studies have established that CCL2 is a vital chemokine for the recruitment of TAMs and influences the M1/M2 macrophage ratio. The CCL2-CCR2 pathway mediates the aggregation of monocytes and macrophages, promoting the conversion of TAMs into M2-type macrophages, thereby facilitating tumor progression and lymph node metastasis (51, 53, 54).

Specific studies using cDNA microarray analysis have shown that CCL1 is overexpressed in TAM-like macrophages and that CCR8, a receptor for CCL1, is present on ESCC cells. In vitro experiments demonstrated that TAM-like macrophages significantly enhance the motility of ESCC cells, a process that can be inhibited through neutralizing antibodies against CCL1 or CCR8 (55). CCL3, expressed in both TAMs and ESCC cells, binds to its receptor CCR5, also found in ESCC cells. The interaction promotes cell migration and invasion by phosphorylating Akt and ERK. Inhibition of the CCL3–CCR5 axis along with the PI3K/Akt and MEK/ERK pathways has demonstrated effectiveness in reducing cell migration and invasion prompted by TAM/rhCCL3 induction. Immunohistochemical analyses of clinical samples further associate CCL3 and CCR5 expression in ESCC tissues with patient prognosis (56). Both CCL4 and CCL5 show positive correlations with CD8+ T-cell markers, with CCR5 predominantly expressed on CD8+ T cells in ESCC. Moreover, CCL4 facilitates the recruitment of CD8+ T cells in vitro (57, 58). In vitro experiments indicate that PSMA3 can inhibit CD8+ T-cell infiltration through the CCL3–CCR5 axis, as shown by several scholars (59).

The transcription factor forkhead box protein O1 (FOXO1) facilitates the polarization of macrophages from the M0 to M2 phenotype by upregulating colony-stimulating factor 1 (CSF-1). Additionally, FOXO1 promotes the secretion of CCL20, which recruits M2 macrophages to the TME; this process can be inhibited using an anti-CCL20 antibody (60). Jingyao Lian reported that CCL20 binds to its receptor CCR6, facilitating the aggregation of Tregs in the ESCC TME and accelerating tumor proliferation (61).

Maruyama et al. evaluated the frequencies of CCL17(+) and CCL22(+) cells in ESCC tumors using flow cytometry, reporting a significant elevation compared to normal esophageal mucosa. Moreover, a significant correlation was established between the frequency of CCL17(+) or CCL22(+) cells and Foxp3(+) Tregs within tumor-infiltrating lymphocytes. In vitro migration assays using ESCC-derived Tregs exposed to CCL17 or CCL22 indicated that these chemokines significantly enhanced Treg migration (62). Additionally, a positive correlation between Treg concentration in the TME and serum IL-10 levels, as well as the extent of CCL22-positive cell infiltration, has been documented in patients with head and neck squamous cell carcinoma (HNSCC) and ESCC. IHC staining was employed for the quantitative detection of Treg infiltration (63). It has also been reported that L1 cell adhesion molecule (L1CAM) expression within the TME modulates Treg infiltration in ESCC by influencing the secretion of CCL22. Mechanistically, L1CAM upregulates CCL22 expression through the activation of the PI3K/Akt/NF-κB signaling pathway, facilitating Treg recruitment to the tumor site. Furthermore, Tregs secrete TGF-β, which promotes L1CAM expression via Smad2/3, thereby establishing a positive feedback loop (64).

In ESCC, the levels of the chemokines CCL17, CCL20, and CCL22 are significantly elevated in tumorous tissues compared to non-tumorous tissues. Additionally, a positive correlation exists between the distributions of Th17 cells, a subpopulation of CD4+ T cells, and these chemokines. In vitro migration assays further demonstrate that CCL17, CCL20, and CCL22 exert chemotactic effects on tumor-derived Th17 cells (65, 66). It has been reported that EAC cells can promote the recruitment of myeloid dendritic cells during the process of esophageal metaplasia-dysplasia-carcinogenesis by secreting CCL20 (67).

CXCL1 has been shown to facilitate the recruitment of granulocyte MDSCs (G-MDSCs) to the tumor niche in embryonic stem cells (ESCs). Additionally, metformin inhibits CXCL1 secretion in ESCC cells and tumor xenografts by enhancing AMPK phosphorylation and inducing the expression of the cell fate determinant Dachshund homolog 1 (DACH1), which subsequently leads to NF-κB inhibition and reduced MDSC migration (68). Several studies have documented the chemotactic effects of CXCL8 on MDSCs. The neural precursor cell-expressed developmentally downregulated 9 (NEDD9) protein regulates CXCL8 expression via the ERK pathway, thus recruiting MDSCs into tumors. Furthermore, Maelstrom (MAEL) increases phosphorylated Akt1 expression in tumor cells, which phosphorylates the NF-κB subunit RelA, resulting in MDSC chemotaxis through the upregulation of CXCL8, thereby accelerating tumor progression within the TME (69, 70). Moreover, MDSCs with elevated CD38 expression possess a greater capacity to suppress activated T cells and promote tumor growth compared to those with lower CD38 expression. In contrast, CXCL16, IL-6, and IGFBP3 have been identified as factors that induce CD38 expression on the surface of MDSCs (71).

CXCL1, CXCL2, CXCL5, and CXCL8 attract neutrophils that overexpress CXCR2 to cancer-prone tissues (72). In a study investigating the mechanisms of ESCC immunoediting, Gan Xiong demonstrated that the CXCL1–CXCR2 signaling axis can establish a neutrophil extracellular trap (NET) network. Conditional knockdown of the immune checkpoint CD276 in epithelial cells significantly downregulates CXCL1, which in turn reduces NET formation while enhancing natural killer (NK) cell activity. Furthermore, overexpression of CD276 has been shown to facilitate the development of ESCC by promoting NET formation and decreasing the number of NK cells within the TME in vivo (73). (Figure 2).




Figure 2 | Chemokines and their receptors as key factors in ESCA tumor immunity microenvironment.






3.5 Lymph node metastasis of ESCA and chemokines

In the context of lymphatic metastasis of ESCA, endothelial cells release chemokines along with associated receptors that facilitate tumor cell entry into lymph nodes. The CCL21–CCR7 signaling system has been identified as playing a critical role in ESCC lymph node metastasis. CCR7 shows significant associations with lymphatic infiltration, lymph node metastasis, tumor depth, and tumor-node metastasis (TNM) stage, all of which correlate with poor survival outcomes. In vitro studies have demonstrated that CCL21 markedly enhances cell migration in ESCC cell lines and induces the formation of pseudopodia. Furthermore, CCL21 significantly augments the migratory capacity of ESCA cell lines, as evidenced by kinetic assays of phagocytosis (74–76).

Mo Shi et al. utilized IHC to detect the coexpression of CCR7 and MUC1, finding a correlation with lymph node metastasis, regional lymphatic recurrence, and poor prognosis. Additionally, in vitro experiments have elucidated the mechanisms behind lymph node metastasis involving the CCL21–CCR7 axis. This axis has been shown to activate ERK1/2 and Akt, with ERK1/2 promoting the phosphorylation of Sp1. Phosphorylated Sp1 subsequently binds to the MUC1 promoter region at -99/-90, leading to the upregulation of MUC1 and promoting invasion and metastasis of ESCA cells (77). In ESCA, let-7a miRNA downregulates the expression of CCR7. Decreased let-7a has been associated with increased CCR7 expression in ESCC cells, enhancing their invasiveness and malignancy, which ultimately leads to poorer prognoses for patients. In vitro studies show that highly invasive cancer cells exhibiting high levels of CCR7 and low levels of let-7a demonstrate greater invasiveness than wild-type cell lines (78).

Numerous studies have shown that elevated levels of CXCL8 and CXCR2 expression in ESCC patients are strongly associated with lymph node metastasis. Additionally, CXCL8 facilitates ESCC cell migration and invasion by activating CXCR1 and CXCR2 receptors, inducing phosphorylation of the AKT and ERK1/2 signaling pathways (79, 80).




3.6 Role of chemokines in Barret’s esophagus and EAC

Barrett’s esophagus (BE) represents an early stage of cancerous transformation that can ultimately lead to the development of EAC. A substantial body of evidence indicates that chronic inflammation and multiple chemokine pathways play pivotal roles in the pathogenesis of both BE and EAC.

Hsin-Yu Fang et al. conducted imaging analyses of IL-1β transgenic mouse models of BE and EAC, as well as studies on human patients. They discovered that CXCR4 expression increased in both epithelial and immune cells throughout the progression of the disease in mice, with elevated CXCR4 levels also observed in biopsy samples from EAC patients. Furthermore, the specific recruitment of CXCR4-positive immune cells was correlated with the progression of dysplasia (81). RNA-Seq analysis of tissue samples from EAC patients who underwent surgical resection demonstrated increased expression of the cytokine IL-6 and the chemokine CXCL8 during the transition from BE to EAC. Additionally, tumor sections from EAC patients exhibited diminished immune function, as indicated by elevated PD-L1 levels and a reduction in CD8+ T cells (82). Furthermore, the secretion of CCL5 was increased when EAC cells were cocultured with CAFs (27). In studies investigating radiation resistance in EAC patients, the irradiated treatment group exhibited impaired antitumor T-cell function alongside a notable increase in CCR5+ T cells in the blood compared to healthy controls. Additionally, irradiation was shown to enhance T-cell migration into tumor cultures derived from EAC patients (83).

By employing artificial intelligence algorithms, researchers have created a model for the progression of EAC, trained and validated on a substantial number of BE and EAC samples. These findings suggest that the CXCL8–neutrophil immune microenvironment plays a pivotal role in driving adenocarcinoma cell transformation in EAC and the gastroesophageal junction (84). Gene expression analyses of EAC revealed prominent expression of chemokine receptor axes, including CXCL9, CXCL10, and CXCL11/CXCR3, with a maximum observed fold change of 9.5. These axes have been shown to promote cancer cell proliferation and metastasis (85). Utilizing single-cell RNA-Seq data from EAC tissues, Alok K. Maity and colleagues reported hyperactivation of the CCL20 chemokine network in both EAC tissues and saliva from EAC patients. In a separate study, they found that CCL20 was hyperactivated in EAC tissues infected with Fusobacterium nucleatum, a bacterium typically found in the oral cavity (86). A retrospective study on EAC revealed that high expression of CXCR7 significantly correlated with increased lymphatic invasion and lymph node metastasis, as well as poor prognosis in EAC patients. Notably, high expression of CXCR7 and its ligand, CXCL12, was closely associated with adverse outcomes (87).

ESCC and EAC represent distinct malignancies with significant differences in cellular origin, pathogenesis, and molecular characteristics. ESCC originates from squamous epithelial cells and is predominantly associated with risk factors like tobacco use, alcohol consumption, and dietary habits, while EAC develops from Barrett’s metaplasia in the lower esophagus, typically linked to chronic gastroesophageal reflux disease. Cellularly, ESCC involves transformation of stratified squamous epithelial cells, characterized by more aggressive local invasion and higher metastatic potential compared to EAC. The chemokine profiles between these two cancer types reveal notable distinctions: ESCC demonstrates significantly higher expression of CXCL12, CXCR4, and CCL20, which are associated with enhanced tumor invasiveness and metastatic potential, whereas EAC shows a relatively different chemokine signature with increased CCL2 and IL-8 levels. These differential chemokine profiles suggest potential biomarkers for distinguishing between ESCC and EAC, with CXCL12/CXCR4 axis being particularly prominent in ESCC and potentially representing a more specific therapeutic target (Table 2).


Table 2 | Chemokine profiles in esophageal squamous cell carcinoma (ESCC) vs. esophageal adenocarcinoma (EAC).






3.7 Angiogenesis of ESCA and chemokines

Research has shown that CCL2 expression is markedly elevated in ESCA tissues, particularly in ESCC. The elevated levels of CCL2 are linked to macrophage infiltration, which plays a critical role in stimulating angiogenesis in ESCC. It is proposed that CCL2 may interact with macrophages to facilitate angiogenesis by promoting the production of angiogenic factors (such as TP) from these recruited macrophages. Additionally, the expression of CCR2 in vascular endothelial cells may also contribute to angiogenesis to some extent (88, 89).

Moreover, studies have demonstrated that poly(A)-binding protein cytoplasmic 1 (PABPC1) interacts with eIF4G, enhancing the stability of IFI27 mRNA in ESCC. This PABPC1/IFI27 interaction subsequently enhances the expression of miR-21-5p, which facilitates angiogenesis through the exosomal transfer of miR-21-5p and CXCL10, promoting the malignant progression of ESCC (90).




3.8 Prognosis-related chemokines in ESCA

The overexpression of CCL1 in TAMs and the expression of CCR8 on ESCA cells are associated with a poor prognosis in ESCA patients (55). Numerous studies utilizing animal models and RNA sequencing technology have demonstrated that elevated CCL2 expression is linked to the accumulation of TAMs and predicts poor prognosis in the ESCC group (51). IHC analysis of clinical samples revealed that high levels of CCL3 and/or CCR5 in ESCC tissues are linked to poor prognosis. In fact, elevated CCL3 and CCR5 expression have been identified as independent prognostic factors for disease-free survival in ESCC patients (56). CCL4 also plays a role in recruiting CD8(+) T cells to ESCC cells, with high CCL4 expression associated with prolonged survival. Notably, the overall survival rate is greater in patients with high CCL4 expression and low CCL20 expression (58). Further investigations have indicated that elevated levels of CCL5 or CCR5 correlate with poor prognosis in patients with low-grade ESCA (27).Shi et al. identified coexpression of CCR7 and MUC1 through IHC in 153 ESCC samples; this coexpression was associated with lymph node metastasis, regional lymphatic recurrence, and poor prognosis (77). Additionally, the overexpression of CCL18 in ESCC tissues correlates with reduced survival rates among these patients (20). Differential gene analysis comparing normal and tumor tissues from ESCA patients identified CCL25 as an independent immune gene associated with prognosis (91).

Moreover, CXCL12 overexpression significantly correlates with poor disease-free survival and overall survival in postoperative ESCA patients (42). Some studies have implemented in vitro and in vivo experiments demonstrating that CXCR4 overexpression promotes the proliferation, migration, invasion, and survival of ESCC, while silencing CXCR4 produces the opposite effects. CXCR4 expression is also linked to lymph node metastasis and poor prognosis (92). Furthermore, elevated expression of CXCL8 and CXCR2 is linked to tumor progression, metastasis, and unfavorable prognosis in patients with ESCC (79). Both CXCL12 and CXCL8/CXCR2 serve as prognostic factors for overall survival in patients with ESCA (93).

In research by Noel E. Donlon et al., elevated levels of CCL22 and CCL26 were associated with improved overall survival in 80 patients with EAC based on pretreatment serum protein levels. Furthermore, patients who responded favorably to treatment exhibited increased levels of CCL4 (94). Additionally, among postoperative EAC patients who received neoadjuvant radiotherapy, those achieving pathologic complete remission (pCR) demonstrated high expression of CCL28, suggesting its association with prognosis (95). An evaluation of CXCL12, CXCR4, and CXCR7 expression levels in 55 EAC patients via tissue microarray immunohistochemistry revealed that high CXCR7 expression is associated with poor prognosis. Moreover, CXCR7 and its ligand, CXCL12, closely correlate with prognosis in EAC patients (87).





4 Radiation induced tissue injury alters chemokine and their profile

Radiation therapy is a cornerstone treatment for ESCAs, but it induces significant tissue injury that alters chemokine profiles in a manner that can impact both tumor regression and patient side effects.

In the early phase (acute phase), occurring within the first two months post-radiation, there is a marked outpouring of pro-inflammatory cytokines and chemokines, such as IL-1, IL-6, TNF-α, and CXCL8 (IL-8) (96). This acute inflammatory response is a direct consequence of radiation-induced tissue damage, leading to cell death and the release of damage-associated molecular patterns (DAMPs). The resultant chemokine surge facilitates the recruitment of immune cells, particularly T lymphocytes, enhancing anti-tumor activity and contributing to initial tumor regression. However, this phase is also associated with significant side effects, including radiation dermatitis and systemic inflammatory responses, which can manifest as fatigue and malaise, severely affecting the patient’s quality of life.

As the treatment progresses into the early delayed phase (sub-acute phase), occurring between 2 to 6 months post-radiation, the inflammatory profile evolves. During this period, chemokines such as CCL5 (RANTES) and CXCL12 (SDF-1) become prominent as the tissue begins to repair itself (97, 98). While the immune response continues to target residual tumor cells, this phase can also lead to increased fibrosis and tissue remodeling, which may hinder the effectiveness of ongoing immune responses against the tumor. The presence of macrophages in this phase contributes to both healing and the potential for further fibrotic changes, which can complicate recovery and lead to chronic side effects, such as pulmonary fibrosis in patients receiving thoracic radiation (99).

In the late delayed phase, which occurs beyond 6 months post-radiation, a chronic inflammatory state may develop, characterized by low-level production of pro-inflammatory cytokines and chemokines, including TGF-β. This sustained inflammatory environment can result in immune suppression, allowing for tumor dormancy or progression due to diminished immune surveillance. The long-term presence of immunosuppressive factors can increase the risk of secondary malignancies and persistent symptoms, such as pain and organ dysfunction, due to ongoing fibrosis. In the context of ESCAs, the alterations in chemokine profiles throughout these phases highlight the dual nature of radiation therapy; while it can effectively target tumors, the associated inflammatory responses can lead to significant morbidity and impact overall patient outcomes (Table 3, Figure 3).


Table 3 | Impact of chemokines and their receptors on sensitivity and resistance to radiation therapy and the alterations in chemokine profiles induced by radiation therapy.






Figure 3 | Chemokine profile and TME change after radiation treatment.



Additionally, the presence of chemokines in the TME can contribute to the acquisition of radioresistance by tumors. For instance, CXCL1 and CXCL12 enhances the tumor’s resistance to radiation through both direct and indirect mechanisms (25). Chemokines such as CCL3 and CXCL16 can induce inflammatory responses and fibrotic changes in normal tissues following radiation treatment. The recruitment and activation of monocytes/macrophages and lymphocytes are also key components of radiation-induced fibrosis, a process that is associated with several chemokines, including CCL2 and CCL22 (100, 101).




5 Discussion

ESCA is a prevalent and highly malignant tumor characterized by its complex pathophysiology, which is influenced by a multitude of factors, including genetic predispositions, environmental toxins, and inflammatory processes. The chemokine subfamily consists of a diverse array of proteins that play critical roles in various physiological and pathological processes, encompassing cell migration, inflammation, and immune responses. Specifically, chemokines that are associated with ESCA contribute not only to the processes of carcinogenesis and tumor progression but also facilitate tumor infiltration and metastasis by promoting the migration and proliferation of tumor cells in vivo. Moreover, within the tumor-associated immune microenvironment, chemokines serve to modulate immune responses by regulating the composition and activity of diverse immune cell populations.

Certain chemokines and their receptors, such as CCL1, CCL2, CCL3/CCR5, CXCL12/CXCR4 and CXCL8/CXCR2 are associated with poor prognosis in ESCA. They have been linked to disease progression and metastasis, indicating aggressive tumor behavior and also correlated with unfavorable outcomes. Circulating levels of certain chemokines, particularly CXCL12 and CXCR4, have been investigated as potential biomarkers for tumor grading and response to therapy. Elevated levels of CXCL12 and/or CXCR4 in the blood have been associated with higher tumor grades and may indicate resistance to treatment, making it a candidate for monitoring therapeutic efficacy. CXCL10, CCL4, CCL5, andCCL20, were also reported as possible biomarkers in ESCA (57).

Chemokine-driven immunosuppression is a hallmark of many cancers, with ESCA exhibiting both conserved mechanisms and context-dependent adaptations. In ESCA, the CCL2-CCR2 axis drives TAM infiltration and M2 polarization, suppressing CD8+ T cells and promoting immune evasion—a pattern mirrored in melanoma, non-small cell lung cancer (NSCLC), and colorectal cancer (CRC), where CCL2 blockade synergizes with immune checkpoint inhibitors (ICIs). Similarly, CCL18, a TAM-secreted chemokine, activates JAK2/STAT3 signaling in ESCA, correlating with poor prognosis, as seen in ovarian and breast cancers. The CCL22-CCR4 axis, which recruits Tregs to foster immunosuppression and chemoresistance in ESCA, also enriches Tregs in NSCLC and CRC, contributing to ICI resistance. Hypoxia-induced CXCL8 in ESCA recruits MDSCs and upregulates PD-L1, paralleling its role in melanoma and CRC, where CXCL8 drives neutrophil/MDSC recruitment and angiogenesis, underpinning anti-PD-1 resistance.

Despite these shared pathways, ESCA exhibits unique features, such as chemoresistance mediated by the CCL22-DGKα/NF-κB axis, which reduces cisplatin efficacy by suppressing reactive oxygen species (ROS) and upregulating ATP-binding cassette (ABC) transporters—a mechanism less characterized in other tumors. Additionally, the long noncoding RNA LINC00330 binds CCL2 to suppress TAM reprogramming, a regulatory interaction not yet reported in melanoma or NSCLC. ESCA also uniquely links the immune checkpoint CD276 to CXCL1-CXCR2 signaling, promoting neutrophil extracellular trap (NET) formation and natural killer (NK) cell suppression, a pathway less prominent in ICI-responsive tumors. While ICIs have shown limited efficacy in ESCA compared to melanoma and, targeting chemokine pathways offers therapeutic potential. For instance, CCR2/CCR5 inhibitors, such as PF-04136309 in pancreatic cancer, could disrupt TAM/Treg recruitment in ESCA, while CXCL8/CXCR2 blockade, trialed in CRC, may reduce MDSC/NET-mediated immunosuppression. However, ESCA’s fibrotic TME and hypoxic niche amplify chemokine-driven immunosuppression, creating unique challenges for therapeutic penetration and efficacy.

Thus, while ESCA shares key chemokine-mediated immunosuppressive networks with other solid tumors, its distinct stromal architecture, metabolic stressors, and chemoresistance pathways demand tailored therapeutic strategies. Combining chemokine axis inhibitors with ICIs, as explored in more ICI-responsive tumors, may offer a promising approach to overcoming resistance in ESCA, though context-specific validation remains essential.

Specific chemokine receptors can be leveraged for targeted drug delivery. For example, the CXCR4 receptor, primarily activated by CXCL12, can be used to direct nanoparticles specifically to cancers expressing CXCR4, such as ESCA, breast cancer and ovarian cancer (102). By attaching therapeutic agents to ligands for these receptors, drug delivery becomes more efficient and selective. The exploration of various strategies targeting chemokines and their receptors has become increasingly significant in the pursuit of effective cancer therapies. Initial investigations have focused on agents targeting CCR2 or CCL2, which have undergone clinical trials; however, the majority have demonstrated inefficacy, resulting in the abandonment of several candidates, including carlumab, plozalizumab, and PF-04136309. In addition to these, a notable range of CCR4 antagonists has been evaluated in clinical studies, although mogamulizumab remains the sole approved CCR4 antagonist in oncology, specifically indicated for the treatment of T cell lymphomas. Parallel to these efforts, at least four CCR5 antagonists are being investigated in oncology trials, namely BMS-813160, along with the small-molecule antiretroviral drugs maraviroc and vicriviroc, and the monoclonal antibody leronlimab. These investigations reflect a growing interest in the therapeutic potential of targeting CCR5-mediated pathways (103). Further supporting the investigation of chemokine inhibitors, recent findings from the COMBAT study highlight the effectiveness of the CXCR4 antagonist BL-8040 combined with pembrolizumab and chemotherapy in patients with pancreatic ductal adenocarcinoma (PDAC) (104). This study reported favorable median overall survival durations for patients receiving this combination therapy without chemotherapy, compared to historical controls, underscoring the potential of this immunotherapeutic strategy. Additionally, other CXCR4 inhibitors, such as AMD3100, are also under evaluation in clinical trials, aimed at disrupting the tumor-promoting effects of chemokines. A number of ongoing clinical trials are currently testing these innovative approaches across various cancers, including multiple myeloma and breast cancer, contributing to the broader landscape of immunotherapy in oncology (105).

Alterations in chemokine profiles due to cancer progression or treatment can lead to adverse effects such as tissue damage, chronic inflammation, and fibrosis. These effects are often exacerbated in aging tissues, potentially leading to complications such as cancer cachexia, pain, and impaired healing processes. Consequently, investigating chemokines and their receptors in the context of ESCA offers novel opportunities for improving management strategies. Given the extensive diversity within the chemokine family, further comprehensive studies are essential. A more profound understanding of the mechanisms underlying chemokine-receptor interactions may subsequently enable the development of innovative treatment strategies through the modulation of chemokine expression and activity.





Author contributions

PL: Writing – original draft, Writing – review & editing. ZS: Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants from Changzhou Top-notch talents in health 2024BZBJ019; Changzhou Medical Center of Nanjing Medical University CZKYCMCB202307.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1523751/full#supplementary-material




References

1. Bray, F, Laversanne, M, Sung, H, Ferlay, J, Siegel, RL, Soerjomataram, I, et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2024) 74:229–63. doi: 10.3322/caac.21834

2. Deboever, N, Jones, CM, Yamashita, K, Ajani, JA, and Hofstetter, WL. Advances in diagnosis and management of cancer of the esophagus. Bmj. (2024) 385:e074962. doi: 10.1136/bmj-2023-074962

3. Charo, IF, and Ransohoff, RM. The many roles of chemokines and chemokine receptors in inflammation. N Engl J Med. (2006) 354:610–21. doi: 10.1056/NEJMra052723

4. Griffith, JW, Sokol, CL, and Luster, AD. Chemokines and chemokine receptors: positioning cells for host defense and immunity. Annu Rev Immunol. (2014) 32:659–702. doi: 10.1146/annurev-immunol-032713-120145

5. Chow, MT, and Luster, AD. Chemokines in cancer. Cancer Immunol Res. (2014) 2:1125–31. doi: 10.1158/2326-6066.CIR-14-0160

6. Comerford, I, and McColl, SR. Atypical chemokine receptors in the immune system. Nat Rev Immunol. (2024) 24:753–69. doi: 10.1038/s41577-024-01025-5

7. Wu, X, Zhang, H, Sui, Z, Wang, Y, and Yu, Z. The biological role of the CXCL12/CXCR4 axis in esophageal squamous cell carcinoma. Cancer Biol Med. (2021) 18:401–10. doi: 10.20892/j.issn.2095-3941.2020.0140

8. Bhat, AA, Nisar, S, Maacha, S, Carneiro-Lobo, TC, Akhtar, S, Siveen, KS, et al. Cytokine-chemokine network driven metastasis in esophageal cancer; promising avenue for targeted therapy. Mol Cancer. (2021) 20:2. doi: 10.1186/s12943-020-01294-3

9. Roy, S, Kumaravel, S, Banerjee, P, White, TK, O'Brien, A, Seelig, C, et al. Tumor lymphatic interactions induce CXCR2-CXCL5 axis and alter cellular metabolism and lymphangiogenic pathways to promote cholangiocarcinoma. Cells. (2021) 10:3093. doi: 10.3390/cells10113093

10. Kuziel, G, Thompson, V, D'Amato, JV, and Arendt, LM. Stromal CCL2 signaling promotes mammary tumor fibrosis through recruitment of myeloid-lineage cells. Cancers (Basel). (2020) 12:2083. doi: 10.3390/cancers12082083

11. Ha, H, Debnath, B, and Neamati, N. Role of the CXCL8-CXCR1/2 axis in cancer and inflammatory diseases. Theranostics. (2017) 7:1543–88. doi: 10.7150/thno.15625

12. Anastasiadou, DP, Quesnel, A, Duran, CL, Filippou, PS, and Karagiannis, GS. An emerging paradigm of CXCL12 involvement in the metastatic cascade. Cytokine Growth Factor Rev. (2024) 75:12–30. doi: 10.1016/j.cytogfr.2023.10.003

13. Chen, J, Zhao, D, Zhang, L, Zhang, J, Xiao, Y, Wu, Q, et al. Tumor-associated macrophage (TAM)-secreted CCL22 confers cisplatin resistance of esophageal squamous cell carcinoma (ESCC) cells via regulating the activity of diacylglycerol kinase α (DGKα)/NOX4 axis. Drug Resist Update. (2024) 73:101055. doi: 10.1016/j.drup.2024.101055

14. Zhao, L, Wang, G, Qi, H, Yu, L, Yin, H, Sun, R, et al. LINC00330/CCL2 axis-mediated ESCC TAM reprogramming affects tumor progression. Cell Mol Biol Lett. (2024) 29:77. doi: 10.1186/s11658-024-00592-8

15. Kalluri, R, and Weinberg, RA. The basics of epithelial-mesenchymal transition. J Clin Invest. (2009) 119:1420–8. doi: 10.1172/JCI39104

16. Sun, Y, and Ma, L. A milestone in epithelial-mesenchymal transition. Nat Cell Biol. (2024) 26:29–30. doi: 10.1038/s41556-023-01228-3

17. Zheng, S, Shen, T, Liu, Q, Liu, T, Tuerxun, A, Zhang, Q, et al. CXCL6 fuels the growth and metastases of esophageal squamous cell carcinoma cells both in vitro and in vivo through upregulation of PD-L1 via activation of STAT3 pathway. J Cell Physiol. (2021) 236:5373–86. doi: 10.1002/jcp.v236.7

18. Yue, Y, Lian, J, Wang, T, Luo, C, Yuan, Y, Qin, G, et al. Interleukin-33-nuclear factor-κB-CCL2 signaling pathway promotes progression of esophageal squamous cell carcinoma by directing regulatory T cells. Cancer Sci. (2020) 111:795–806. doi: 10.1111/cas.v111.3

19. Zhou, J, Zheng, S, Liu, T, Liu, Q, Chen, Y, Tan, D, et al. MCP2 activates NF-κB signaling pathway promoting the migration and invasion of ESCC cells. Cell Biol Int. (2018) 42:365–72. doi: 10.1002/cbin.10909

20. Wang, W, Wu, D, He, X, Hu, X, Hu, C, Shen, Z, et al. CCL18-induced HOTAIR upregulation promotes Malignant progression in esophageal squamous cell carcinoma through the miR-130a-5p-ZEB1 axis. Cancer Lett. (2019) 460:18–28. doi: 10.1016/j.canlet.2019.06.009

21. Yamamoto, Y, Kasashima, H, Fukui, Y, Tsujio, G, Yashiro, M, and Maeda, K. The heterogeneity of cancer-associated fibroblast subpopulations: Their origins, biomarkers, and roles in the tumor microenvironment. Cancer Sci. (2023) 114:16–24. doi: 10.1111/cas.v114.1

22. Kehrberg, RJ, Bhyravbhatla, N, Batra, SK, and Kumar, S. Epigenetic regulation of cancer-associated fibroblast heterogeneity. Biochim Biophys Acta Rev Cancer. (2023) 1878:188901. doi: 10.1016/j.bbcan.2023.188901

23. Korbecki, J, Bosiacki, M, Barczak, K, Łagocka, R, Chlubek, D, and Baranowska-Bosiacka, I. The clinical significance and role of CXCL1 chemokine in gastrointestinal cancers. Cells. (2023) 12:1406. doi: 10.3390/cells12101406

24. Fang, L, Che, Y, Zhang, C, Huang, J, Lei, Y, Lu, Z, et al. LAMC1 upregulation via TGFβ induces inflammatory cancer-associated fibroblasts in esophageal squamous cell carcinoma via NF-κB-CXCL1-STAT3. Mol Oncol. (2021) 15:3125–46. doi: 10.1002/1878-0261.13053

25. Zhang, H, Yue, J, Jiang, Z, Zhou, R, Xie, R, Xu, Y, et al. CAF-secreted CXCL1 conferred radioresistance by regulating DNA damage response in a ROS-dependent manner in esophageal squamous cell carcinoma. Cell Death Dis. (2017) 8:e2790. doi: 10.1038/cddis.2017.180

26. Yang, X, Chen, X, Zhang, S, Fan, W, Zhong, C, Liu, T, et al. Collagen 1-mediated CXCL1 secretion in tumor cells activates fibroblasts to promote radioresistance of esophageal cancer. Cell Rep. (2023) 42:113270. doi: 10.1016/j.celrep.2023.113270

27. Dunbar, KJ, Karakasheva, TA, Tang, Q, Efe, G, Lin, EW, Harris, M, et al. Tumor-derived CCL5 recruits cancer-associated fibroblasts and promotes tumor cell proliferation in esophageal squamous cell carcinoma. Mol Cancer Res. (2023) 21:741–52. doi: 10.1158/1541-7786.MCR-22-0872

28. Chen, J, Wang, Y, Zhang, W, Zhao, D, Zhang, L, Zhang, J, et al. NOX5 mediates the crosstalk between tumor cells and cancer-associated fibroblasts via regulating cytokine network. Clin Transl Med. (2021) 11:e472. doi: 10.1002/ctm2.v11.8

29. Qiu, H, Zhang, X, Qi, J, Zhang, J, Tong, Y, Li, L, et al. Identification and characterization of FGFR2(+) hematopoietic stem cell-derived fibrocytes as precursors of cancer-associated fibroblasts induced by esophageal squamous cell carcinoma. J Exp Clin Cancer Res. (2022) 41:240. doi: 10.1186/s13046-022-02435-w

30. Jung, Y, Kim, JK, Shiozawa, Y, Wang, J, Mishra, A, Joseph, J, et al. Recruitment of mesenchymal stem cells into prostate tumours promotes metastasis. Nat Commun. (2013) 4:1795. doi: 10.1038/ncomms2766

31. Balamurugan, K. HIF-1 at the crossroads of hypoxia, inflammation, and cancer. Int J Cancer. (2016) 138:1058–66. doi: 10.1002/ijc.v138.5

32. Antoon, R, Overdevest, N, Saleh, AH, and Keating, A. Mesenchymal stromal cells as cancer promoters. Oncogene. (2024) 43:3545–55. doi: 10.1038/s41388-024-03183-1

33. Atiya, H, Frisbie, L, Pressimone, C, and Coffman, L. Mesenchymal stem cells in the tumor microenvironment. Adv Exp Med Biol 2020. (2020) 1234:31–42. doi: 10.1007/978-3-030-37184-5_3

34. Frisbie, L, Buckanovich, RJ, and Coffman, L. Carcinoma-associated mesenchymal stem/stromal cells: architects of the pro-tumorigenic tumor microenvironment. Stem Cells. (2022) 40:705–15. doi: 10.1093/stmcls/sxac036

35. Liang, W, Chen, X, Zhang, S, Fang, J, Chen, M, Xu, Y, et al. Mesenchymal stem cells as a double-edged sword in tumor growth: focusing on MSC-derived cytokines. Cell Mol Biol Lett. (2021) 26:3. doi: 10.1186/s11658-020-00246-5

36. Gupta, K, Perkerson, RB 3rd, Parsons, TM, Angom, R, Amerna, D, Burgess, JD, et al. Secretome from iPSC-derived MSCs exerts proangiogenic and immunosuppressive effects to alleviate radiation-induced vascular endothelial cell damage. Stem Cell Res Ther. (2024) 15:230. doi: 10.1186/s13287-024-03847-5

37. François, S, Bensidhoum, M, Mouiseddine, M, Mazurier, C, Allenet, B, Semont, A, et al. Local irradiation not only induces homing of human mesenchymal stem cells at exposed sites but promotes their widespread engraftment to multiple organs: a study of their quantitative distribution after irradiation damage. Stem Cells. (2006) 24:1020–9. doi: 10.1634/stemcells.2005-0260

38. Starska-Kowarska, K. Role of mesenchymal stem/stromal cells in head and neck cancer-regulatory mechanisms of tumorigenic and immune activity, chemotherapy resistance, and therapeutic benefits of stromal cell-based pharmacological strategies. Cells. (2024) 13:1270. doi: 10.3390/cells13151270

39. Higashino, N, Koma, YI, Hosono, M, Takase, N, Okamoto, M, Kodaira, H, et al. Fibroblast activation protein-positive fibroblasts promote tumor progression through secretion of CCL2 and interleukin-6 in esophageal squamous cell carcinoma. Lab Invest. (2019) 99:777–92. doi: 10.1038/s41374-018-0185-6

40. Uchi, Y, Takeuchi, H, Matsuda, S, Saikawa, Y, Kawakubo, H, Wada, N, et al. CXCL12 expression promotes esophageal squamous cell carcinoma proliferation and worsens the prognosis. BMC Cancer. (2016) 16:514. doi: 10.1186/s12885-016-2555-z

41. Chen, Y-H, Li, S-H, Lu, H-I, and Lo, C-M. Prognostic value of SDF-1α Expression in patients with esophageal squamous cell carcinoma receiving esophagectomy. Cancers (Basel). (2020) 12:1067. doi: 10.3390/cancers12051067

42. Chen, YH, Lu, HI, Wang, YM, Lo, CM, Chou, SY, and Li, SH. SDF-1α predicts poor prognosis in patients with locally advanced esophageal squamous cell carcinoma receiving definitive concurrent chemoradiotherapy. BioMed J. (2022) 45:522–32. doi: 10.1016/j.bj.2021.05.004

43. Zhu, X, Han, S, Wu, S, Bai, Y, Zhang, N, and Wei, L. Dual role of twist1 in cancer-associated fibroblasts and tumor cells promoted epithelial-mesenchymal transition of esophageal cancer. Exp Cell Res. (2019) 375:41–50. doi: 10.1016/j.yexcr.2019.01.002

44. Wang, Y, Tan, J, Li, J, Chen, H, and Wang, W. ING5 inhibits migration and invasion of esophageal cancer cells by downregulating the IL-6/CXCL12 signaling pathway. Technol Cancer Res Treat. (2021) 20:15330338211039940. doi: 10.1177/15330338211039940

45. Li, J, Gu, X, Wan, G, Wang, Y, Chen, K, Chen, Q, et al. Rocuronium bromide suppresses esophageal cancer via blocking the secretion of C-X-C motif chemokine ligand 12 from cancer associated fibroblasts. J Transl Med. (2023) 21:248. doi: 10.1186/s12967-023-04081-y

46. Sasaki, K, Natsugoe, S, Ishigami, S, Matsumoto, M, Okumura, H, Setoyama, T, et al. Expression of CXCL12 and its receptor CXCR4 correlates with lymph node metastasis in submucosal esophageal cancer. J Surg Oncol. (2008) 97:433–8. doi: 10.1002/jso.20976

47. Kaifi, JT, Yekebas, EF, Schurr, P, Obonyo, D, Wachowiak, R, Busch, P, et al. Tumor-cell homing to lymph nodes and bone marrow and CXCR4 expression in esophageal cancer. J Natl Cancer Inst. (2005) 97:1840–7. doi: 10.1093/jnci/dji431

48. Gros, SJ, Graeff, H, Drenckhan, A, Kurschat, N, Blessmann, M, Rawnaq, T, et al. CXCR4/SDF-1α-mediated chemotaxis in an in vivo model of metastatic esophageal carcinoma. In Vivo. (2012) 26:711–8.

49. Guo, J, Tong, CY, Shi, JG, and Li, XJ. C-X-C motif chemokine ligand 12 (CXCL12)/C-X-C motif chemokine receptor 7(CXCR7) regulates epithelial-mesenchymal transition process and promotes the metastasis of esophageal cancer by activating signal transducer and activator of transcription 3 (STAT3) pathway. Bioengineered. (2022) 13:7425–38. doi: 10.1080/21655979.2022.2048984

50. Qiao, Y, Zhang, C, Li, A, Wang, D, Luo, Z, Ping, Y, et al. IL6 derived from cancer-associated fibroblasts promotes chemoresistance via CXCR7 in esophageal squamous cell carcinoma. Oncogene. (2018) 37:873–83. doi: 10.1038/onc.2017.387

51. Yang, H, Zhang, Q, Xu, M, Wang, L, Chen, X, Feng, Y, et al. CCL2-CCR2 axis recruits tumor associated macrophages to induce immune evasion through PD-1 signaling in esophageal carcinogenesis. Mol Cancer. (2020) 19:41. doi: 10.1186/s12943-020-01165-x

52. Feng, A, He, L, Jiang, J, Chu, Y, Zhang, Z, Fang, K, et al. Homeobox A7 promotes esophageal squamous cell carcinoma progression through C-C motif chemokine ligand 2-mediated tumor-associated macrophage recruitment. Cancer Sci. (2023) 114:3270–86. doi: 10.1111/cas.v114.8

53. Qin, R, Ren, W, Ya, G, Wang, B, He, J, Ren, S, et al. Role of chemokines in the crosstalk between tumor and tumor-associated macrophages. Clin Exp Med. (2023) 23:1359–73. doi: 10.1007/s10238-022-00888-z

54. Ko, KP, Huang, Y, Zhang, S, Zou, G, Kim, B, Zhang, J, et al. Key genetic determinants driving esophageal squamous cell carcinoma initiation and immune evasion. Gastroenterology. (2023) 165:613–628.e20. doi: 10.1053/j.gastro.2023.05.030

55. Fujikawa, M, Koma, YI, Hosono, M, Urakawa, N, Tanigawa, K, Shimizu, M, et al. Chemokine (C-C Motif) Ligand 1 Derived from Tumor-Associated Macrophages Contributes to Esophageal Squamous Cell Carcinoma Progression via CCR8-Mediated Akt/Proline-Rich Akt Substrate of 40 kDa/Mammalian Target of Rapamycin Pathway. Am J Pathol. (2021) 191:686–703. doi: 10.1016/j.ajpath.2021.01.004

56. Kodama, T, Koma, YI, Arai, N, Kido, A, Urakawa, N, Nishio, M, et al. CCL3-CCR5 axis contributes to progression of esophageal squamous cell carcinoma by promoting cell migration and invasion via Akt and ERK pathways. Lab Invest. (2020) 100:1140–57. doi: 10.1038/s41374-020-0441-4

57. Goto, M, and Liu, M. Chemokines and their receptors as biomarkers in esophageal cancer. Esophagus. (2020) 17:113–21. doi: 10.1007/s10388-019-00706-8

58. Liu, JY, Li, F, Wang, LP, Chen, XF, Wang, D, Cao, L, et al. CTL- vs Treg lymphocyte-attracting chemokines, CCL4 and CCL20, are strong reciprocal predictive markers for survival of patients with oesophageal squamous cell carcinoma. Br J Cancer. (2015) 113:747–55. doi: 10.1038/bjc.2015.290

59. Liu, J, Shao, J, Zhang, C, Qin, G, Liu, J, Li, M, et al. Immuno-oncological role of 20S proteasome alpha-subunit 3 in aggravating the progression of esophageal squamous cell carcinoma. Eur J Immunol. (2022) 52:338–51. doi: 10.1002/eji.202149441

60. Wang, Y, Lyu, Z, Qin, Y, Wang, X, Sun, L, Zhang, Y, et al. FOXO1 promotes tumor progression by increased M2 macrophage infiltration in esophageal squamous cell carcinoma. Theranostics. (2020) 10:11535–48. doi: 10.7150/thno.45261

61. Lian, J, Liu, S, Yue, Y, Yang, Q, Zhang, Z, Yang, S, et al. Eomes promotes esophageal carcinoma progression by recruiting Treg cells through the CCL20-CCR6 pathway. Cancer Sci. (2021) 112:144–54. doi: 10.1111/cas.v112.1

62. Maruyama, T, Kono, K, Izawa, S, Mizukami, Y, Kawaguchi, Y, Mimura, K, et al. CCL17 and CCL22 chemokines within tumor microenvironment are related to infiltration of regulatory T cells in esophageal squamous cell carcinoma. Dis Esophagus. (2010) 23:422–9. doi: 10.1111/j.1442-2050.2009.01029.x

63. Wang, WL, Chang, WL, Yang, HB, Chang, IW, Lee, CT, Chang, CY, et al. Quantification of tumor infiltrating Foxp3+ regulatory T cells enables the identification of high-risk patients for developing synchronous cancers over upper aerodigestive tract. Oral Oncol. (2015) 51:698–703. doi: 10.1016/j.oraloncology.2015.04.015

64. Zhao, X, Liu, S, Chen, X, Zhao, J, Li, F, Zhao, Q, et al. L1CAM overexpression promotes tumor progression through recruitment of regulatory T cells in esophageal carcinoma. Cancer Biol Med. (2021) 18:547–61. doi: 10.20892/j.issn.2095-3941.2020.0182

65. Chen, D, Jiang, R, Mao, C, Shi, L, Wang, S, Yu, L, et al. Chemokine/chemokine receptor interactions contribute to the accumulation of Th17 cells in patients with esophageal squamous cell carcinoma. Hum Immunol. (2012) 73:1068–72. doi: 10.1016/j.humimm.2012.07.333

66. Chen, D, Hu, Q, Mao, C, Jiao, Z, Wang, S, Yu, L, et al. Increased IL-17-producing CD4(+) T cells in patients with esophageal cancer. Cell Immunol. (2012) 272:166–74. doi: 10.1016/j.cellimm.2011.10.015

67. Somja, J, Demoulin, S, Roncarati, P, Herfs, M, Bletard, N, Delvenne, P, et al. Dendritic cells in Barrett’s esophagus carcinogenesis: an inadequate microenvironment for antitumor immunity? Am J Pathol. (2013) 182:2168–79. doi: 10.1016/j.ajpath.2013.02.036

68. Qin, G, Lian, J, Huang, L, Zhao, Q, Liu, S, Zhang, Z, et al. Metformin blocks myeloid-derived suppressor cell accumulation through AMPK-DACH1-CXCL1 axis. Oncoimmunology. (2018) 7:e1442167. doi: 10.1080/2162402X.2018.1442167

69. Li, P, Chen, X, Qin, G, Yue, D, Zhang, Z, Ping, Y, et al. Maelstrom directs myeloid-derived suppressor cells to promote esophageal squamous cell carcinoma progression via activation of the akt1/relA/IL8 signaling pathway. Cancer Immunol Res. (2018) 6:1246–59. doi: 10.1158/2326-6066.CIR-17-0415

70. Yue, D, Liu, S, Zhang, T, Wang, Y, Qin, G, Chen, X, et al. NEDD9 promotes cancer stemness by recruiting myeloid-derived suppressor cells via CXCL8 in esophageal squamous cell carcinoma. Cancer Biol Med. (2021) 18:705–20. doi: 10.20892/j.issn.2095-3941.2020.0290

71. Karakasheva, TA, Waldron, TJ, Eruslanov, E, Kim, SB, Lee, JS, O'Brien, S, et al. CD38-expressing myeloid-derived suppressor cells promote tumor growth in a murine model of esophageal cancer. Cancer Res. (2015) 75:4074–85. doi: 10.1158/0008-5472.CAN-14-3639

72. Gong, L, Cumpian, AM, Caetano, MS, Ochoa, CE, De la Garza, MM, Lapid, DJ, et al. Promoting effect of neutrophils on lung tumorigenesis is mediated by CXCR2 and neutrophil elastase. Mol Cancer. (2013) 12:154. doi: 10.1186/1476-4598-12-154

73. Xiong, G, Chen, Z, Liu, Q, Peng, F, Zhang, C, Cheng, M, et al. CD276 regulates the immune escape of esophageal squamous cell carcinoma through CXCL1-CXCR2 induced NETs. J Immunother Cancer. (2024) 12:e008662. doi: 10.1136/jitc-2023-008662

74. Ding, Y, Shimada, Y, Maeda, M, Kawabe, A, Kaganoi, J, Komoto, I, et al. Association of CC chemokine receptor 7 with lymph node metastasis of esophageal squamous cell carcinoma. Clin Cancer Res. (2003) 9:3406–12. doi: 10.1136/jitc-2023-008662

75. Shields, JD, Fleury, ME, Yong, C, Tomei, AA, Randolph, GJ, and Swartz, MA. Autologous chemotaxis as a mechanism of tumor cell homing to lymphatics via interstitial flow and autocrine CCR7 signaling. Cancer Cell. (2007) 11:526–38. doi: 10.1016/j.ccr.2007.04.020

76. Irino, T, Takeuchi, H, Matsuda, S, Saikawa, Y, Kawakubo, H, Wada, N, et al. CC-Chemokine receptor CCR7: a key molecule for lymph node metastasis in esophageal squamous cell carcinoma. BMC Cancer. (2014) 14:291. doi: 10.1186/1471-2407-14-291

77. Shi, M, Chen, D, Yang, D, and Liu, XY. CCL21-CCR7 promotes the lymph node metastasis of esophageal squamous cell carcinoma by up-regulating MUC1. J Exp Clin Cancer Res. (2015) 34:149. doi: 10.1186/s13046-015-0268-9

78. Yura, M, Fukuda, K, Matsuda, S, Irino, T, Nakamura, R, Kawakubo, H, et al. Effects of let-7a microRNA and C-C chemokine receptor type 7 expression on cellular function and prognosis in esophageal squamous cell carcinoma. BMC Cancer. (2022) 22:1064. doi: 10.1186/s12885-022-10178-2

79. Ogura, M, Takeuchi, H, Kawakubo, H, Nishi, T, Fukuda, K, Nakamura, R, et al. Clinical significance of CXCL-8/CXCR-2 network in esophageal squamous cell carcinoma. Surgery. (2013) 154:512–20. doi: 10.1016/j.surg.2013.06.013

80. Hosono, M, Koma, YI, Takase, N, Urakawa, N, Higashino, N, Suemune, K, et al. CXCL8 derived from tumor-associated macrophages and esophageal squamous cell carcinomas contributes to tumor progression by promoting migration and invasion of cancer cells. Oncotarget. (2017) 8:106071–88. doi: 10.18632/oncotarget.22526

81. Fang, HY, Münch, NS, Schottelius, M, Ingermann, J, Liu, H, Schauer, M, et al. CXCR4 is a potential target for diagnostic PET/CT imaging in barrett’s dysplasia and esophageal adenocarcinoma. Clin Cancer Res. (2018) 24:1048–61. doi: 10.1158/1078-0432.CCR-17-1756

82. Lagisetty, KH, McEwen, DP, Nancarrow, DJ, Schiebel, JG, Ferrer-Torres, D, Ray, D, et al. Immune determinants of Barrett’s progression to esophageal adenocarcinoma. JCI Insight. (2021) 6:e143888. doi: 10.1172/jci.insight.143888

83. Davern, M, O' Donovan, C, Donlon, NE, Mylod, E, Gaughan, C, Bhardwaj, A, et al. Analysing the combined effects of radiotherapy and chemokine receptor 5 antagonism: complementary approaches to promote T cell function and migration in oesophageal adenocarcinoma. Biomedicines. (2024) 12:819. doi: 10.3390/biomedicines12040819

84. Ghosh, P, Campos, VJ, Vo, DT, Guccione, C, Goheen-Holland, V, Tindle, C, et al. AI-assisted discovery of an ethnicity-influenced driver of cell transformation in esophageal and gastroesophageal junction adenocarcinomas. JCI Insight. (2022) 7:e161334. doi: 10.1172/jci.insight.161334

85. Wagener-Ryczek, S, Schoemmel, M, Kraemer, M, Bruns, C, Schroeder, W, Zander, T, et al. Immune profile and immunosurveillance in treatment-naive and neoadjuvantly treated esophageal adenocarcinoma. Cancer Immunol Immunother. (2020) 69:523–33. doi: 10.1007/s00262-019-02475-w

86. Maity, AK, Stone, TC, Ward, V, Webster, AP, Yang, Z, Hogan, A, et al. Novel epigenetic network biomarkers for early detection of esophageal cancer. Clin Epigenet. (2022) 14:23. doi: 10.1186/s13148-022-01243-5

87. Goto, M, Shibahara, Y, Baciu, C, Allison, F, Yeung, JC, Darling, GE, et al. Prognostic impact of CXCR7 and CXCL12 expression in patients with esophageal adenocarcinoma. Ann Surg Oncol. (2021) 28:4943–51. doi: 10.1245/s10434-021-09775-5

88. Koide, N, Nishio, A, Sato, T, Sugiyama, A, and Miyagawa, S. Significance of macrophage chemoattractant protein-1 expression and macrophage infiltration in squamous cell carcinoma of the esophagus. Am J Gastroenterol. (2004) 99:1667–74. doi: 10.1111/j.1572-0241.2004.30733.x

89. Ohta, M, Kitadai, Y, Tanaka, S, Yoshihara, M, Yasui, W, Mukaida, N, et al. Monocyte chemoattractant protein-1 expression correlates with macrophage infiltration and tumor vascularity in human esophageal squamous cell carcinomas. Int J Cancer. (2002) 102:220–4. doi: 10.1002/ijc.v102:3

90. Zhang, Y, Chen, C, Liu, Z, Guo, H, Lu, W, Hu, W, et al. PABPC1-induced stabilization of IFI27 mRNA promotes angiogenesis and Malignant progression in esophageal squamous cell carcinoma through exosomal miRNA-21-5p. J Exp Clin Cancer Res. (2022) 41:111. doi: 10.1186/s13046-022-02339-9

91. Zhu, C, Xia, Q, Gu, B, Cui, M, Zhang, X, Yan, W, et al. Esophageal cancer associated immune genes as biomarkers for predicting outcome in upper gastrointestinal tumors. Front Genet. (2021) 12:707299. doi: 10.3389/fgene.2021.707299

92. Wu, X, Zhang, H, Sui, Z, Gao, Y, Gong, L, Chen, C, et al. CXCR4 promotes the growth and metastasis of esophageal squamous cell carcinoma as a critical downstream mediator of HIF-1α. Cancer Sci. (2022) 113:926–39. doi: 10.1111/cas.v113.3

93. Romanowicz, A, Lukaszewicz-Zajac, M, and Mroczko, B. Exploring potential biomarkers in oesophageal cancer: A comprehensive analysis. Int J Mol Sci. (2024) 25:4253. doi: 10.3390/ijms25084253

94. Donlon, NE, Sheppard, A, Davern, M, O'Connell, F, Phelan, JJ, Power, R, et al. Linking circulating serum proteins with clinical outcomes in esophageal adenocarcinoma-an emerging role for chemokines. Cancers (Basel). (2020) 12:3356. doi: 10.3390/cancers12113356

95. McLaren, PJ, Barnes, AP, Terrell, WZ, Vaccaro, GM, Wiedrick, J, Hunter, JG, et al. Specific gene expression profiles are associated with a pathologic complete response to neoadjuvant therapy in esophageal adenocarcinoma. Am J Surg. (2017) 213:915–20. doi: 10.1016/j.amjsurg.2017.03.024

96. Walle, T, Kraske, JA, Liao, B, Lenoir, B, Timke, C, von Bohlen Und Halbach, E, et al. Radiotherapy orchestrates natural killer cell dependent antitumor immune responses through CXCL8. Sci Adv. (2022) 8:eabh4050. doi: 10.1126/sciadv.abh4050

97. Chaudary, N, Hill, RP, and Milosevic, M. Targeting the CXCL12/CXCR4 pathway to reduce radiation treatment side effects. Radiother Oncol. (2024) 194:110194. doi: 10.1016/j.radonc.2024.110194

98. Mi, S, Qu, Y, Chen, X, Wen, Z, Chen, P, and Cheng, Y. Radiotherapy increases 12-LOX and CCL5 levels in esophageal cancer cells and promotes cancer metastasis via THP-1-derived macrophages. Onco Targets Ther. (2020) 13:7719–33. doi: 10.2147/OTT.S257852

99. Gockeln, L, Wirsdörfer, F, and Jendrossek, V. CD73/adenosine dynamics in treatment-induced pneumonitis: balancing efficacy with risks of adverse events in combined radio-immunotherapies. Front Cell Dev Biol. (2025) 12. doi: 10.3389/fcell.2024.1471072

100. Inoue, T, Fujishima, S, Ikeda, E, Yoshie, O, Tsukamoto, N, Aiso, S, et al. CCL22 and CCL17 in rat radiation pneumonitis and in human idiopathic pulmonary fibrosis. Eur Respir J. (2004) 24:49–56. doi: 10.1183/09031936.04.00110203

101. Kalbasi, A, Komar, C, Tooker, GM, Liu, M, Lee, JW, Gladney, WL, et al. Tumor-derived CCL2 mediates resistance to radiotherapy in pancreatic ductal adenocarcinoma. Clin Cancer Res. (2017) 23:137–48. doi: 10.1158/1078-0432.CCR-16-0870

102. Xue, J, Li, R, Gao, D, Chen, F, and Xie, H. CXCL12/CXCR4 axis-targeted dual-functional nano-drug delivery system against ovarian cancer. Int J Nanomedicine. (2020) 15:5701–18. doi: 10.2147/IJN.S257527

103. Zeng, H, Hou, Y, Zhou, X, Lang, L, Luo, H, Sun, Y, et al. Cancer-associated fibroblasts facilitate premetastatic niche formation through lncRNA SNHG5-mediated angiogenesis and vascular permeability in breast cancer. Theranostics. (2022) 12:7351–70. doi: 10.7150/thno.74753

104. Bockorny, B, Semenisty, V, Macarulla, T, Borazanci, E, Wolpin, BM, Stemmer, SM, et al. BL-8040, a CXCR4 antagonist, in combination with pembrolizumab and che motherapy for pancreatic cancer: the COMBAT trial. Nat Med. (2020) 26:878–85. doi: 10.1038/s41591-020-0880-x

105. Propper, DJ, and Balkwill, FR. Harnessing cytokines and chemokines for cancer therapy. Nat Rev Clin Oncol. (2022) 19:237–53. doi: 10.1038/s41571-021-00588-9

106. Wang, M, Qin, Z, Wan, J, Yan, Y, Duan, X, Yao, X, et al. Tumor-derived exosomes drive pre-metastatic niche formation in lung via modulating CCL1(+) fibroblast and CCR8(+) Treg cell interactions. Cancer Immunol Immunother. (2022) 71:2717–30. doi: 10.1007/s00262-022-03196-3

107. Xu, M, Wang, Y, Xia, R, Wei, Y, and Wei, X. Role of the CCL2-CCR2 signalling axis in cancer: Mechanisms and therapeutic targeting. Cell Prolif. (2021) 54:e13115. doi: 10.1111/cpr.v54.10

108. Allen, F, Bobanga, ID, Rauhe, P, Barkauskas, D, Teich, N, Tong, C, et al. CCL3 augments tumor rejection and enhances CD8(+) T cell infiltration through NK and CD103(+) dendritic cell recruitment via IFNγ. Oncoimmunology. (2018) 7:e1393598. doi: 10.1080/2162402X.2017.1393598

109. Sasaki, S, Baba, T, Nishimura, T, Hayakawa, Y, Hashimoto, S, Gotoh, N, et al. Essential roles of the interaction between cancer cell-derived chemokine, CCL4, and intra-bone CCR5-expressing fibroblasts in breast cancer bone metastasis. Cancer Lett. (2016) 378:23–32. doi: 10.1016/j.canlet.2016.05.005

110. Zhang, M, Yang, W, Wang, P, Deng, Y, Dong, YT, Liu, FF, et al. CCL7 recruits cDC1 to promote antitumor immunity and facilitate checkpoint immunotherapy to non-small cell lung cancer. Nat Commun. (2020) 11:6119. doi: 10.1038/s41467-020-19973-6

111. Zhang, X, Chen, L, Dang, WQ, Cao, MF, Xiao, JF, Lv, SQ, et al. CCL8 secreted by tumor-associated macrophages promotes invasion and stemness of glioblastoma cells via ERK1/2 signaling. Lab Invest. (2020) 100:619–29. doi: 10.1038/s41374-019-0345-3

112. Lin, S, Zhang, X, Huang, G, Cheng, L, Lv, J, Zheng, D, et al. Myeloid-derived suppressor cells promote lung cancer metastasis by CCL11 to activate ERK and AKT signaling and induce epithelial-mesenchymal transition in tumor cells. Oncogene. (2021) 40:1476–89. doi: 10.1038/s41388-020-01605-4

113. Liu, Z, Rui, T, Lin, Z, Xie, S, Zhou, B, Fu, M, et al. Tumor-associated macrophages promote metastasis of oral squamous cell carcinoma via CCL13 regulated by stress granule. Cancers (Basel). (2022) 14:5081. doi: 10.3390/cancers14205081

114. Zhu, M, Xu, W, Wei, C, Huang, J, Xu, J, Zhang, Y, et al. CCL14 serves as a novel prognostic factor and tumor suppressor of HCC by modulating cell cycle and promoting apoptosis. Cell Death Dis. (2019) 10:796. doi: 10.1038/s41419-019-1966-6

115. Itatani, Y, Kawada, K, Fujishita, T, Kakizaki, F, Hirai, H, Matsumoto, T, et al. Loss of SMAD4 from colorectal cancer cells promotes CCL15 expression to recruit CCR1+ myeloid cells and facilitate liver metastasis. Gastroenterology. (2013) 145:1064–1075.e11. doi: 10.1053/j.gastro.2013.07.033

116. Chi, HC, Lin, YH, Wu, YH, Chang, CC, Wu, CH, Yeh, CT, et al. CCL16 is a pro-tumor chemokine that recruits monocytes and macrophages to promote hepatocellular carcinoma progression. Am J Cancer Res. (2024) 14:3600–13. doi: 10.62347/VCTW6889

117. Sui, X, Chen, C, Zhou, X, Wen, X, Shi, C, Chen, G, et al. Integrative analysis of bulk and single-cell gene expression profiles to identify tumor-associated macrophage-derived CCL18 as a therapeutic target of esophageal squamous cell carcinoma. J Exp Clin Cancer Res. (2023) 42:51. doi: 10.1186/s13046-023-02612-5

118. Adachi, K, Kano, Y, Nagai, T, Okuyama, N, Sakoda, Y, and Tamada, K. IL-7 and CCL19 expression in CAR-T cells improves immune cell infiltration and CAR-T cell survival in the tumor. Nat Biotechnol. (2018) 36:346–51. doi: 10.1038/nbt.4086

119. Nan, H, Zhou, L, Liang, W, Meng, J, Lin, K, Li, M, et al. Epigenetically associated CCL20 upregulation correlates with esophageal cancer progression and immune disorder. Pathol Res Pract. (2021) 228:153683. doi: 10.1016/j.prp.2021.153683

120. Kamat, K, Krishnan, V, and Dorigo, O. Macrophage-derived CCL23 upregulates expression of T-cell exhaustion markers in ovarian cancer. Br J Cancer. (2022) 127:1026–33. doi: 10.1038/s41416-022-01887-3

121. Lim, SJ. CCL24 signaling in the tumor microenvironment. Adv Exp Med Biol. (2021) 1302:91–8. doi: 10.1007/978-3-030-62658-7_7

122. Xu, B, Deng, C, Wu, X, Ji, T, Zhao, L, Han, Y, et al. CCR9 and CCL25: A review of their roles in tumor promotion. J Cell Physiol. (2020) 235:9121–32. doi: 10.1002/jcp.v235.12

123. Martínez-Rodríguez, M, and Monteagudo, C. CCL27 signaling in the tumor microenvironment. Adv Exp Med Biol. (2021) 1302:113–32. doi: 10.1007/978-3-030-62658-7_9

124. Ji, L, Qian, W, Gui, L, Ji, Z, Yin, P, Lin, GN, et al. Blockade of β-catenin-induced CCL28 suppresses gastric cancer progression via inhibition of treg cell infiltration. Cancer Res. (2020) 80:2004–16. doi: 10.1158/0008-5472.CAN-19-3074

125. Wang, B, Hendricks, DT, Wamunyokoli, F, and Parker, MI. A growth-related oncogene/CXC chemokine receptor 2 autocrine loop contributes to cellular proliferation in esophageal cancer. Cancer Res. (2006) 66:3071–7. doi: 10.1158/0008-5472.CAN-05-2871

126. Wang, B, Khachigian, LM, Esau, L, Birrer, MJ, Zhao, X, Parker, MI, et al. A key role for early growth response-1 and nuclear factor-kappaB in mediating and maintaining GRO/CXCR2 proliferative signaling in esophageal cancer. Mol Cancer Res. (2009) 7:755–64. doi: 10.1158/1541-7786.MCR-08-0472

127. Sun, X, He, X, Zhang, Y, Hosaka, K, Andersson, P, Wu, J, et al. Inflammatory cell-derived CXCL3 promotes pancreatic cancer metastasis through a novel myofibroblast-hijacked cancer escape mechanism. Gut. (2022) 71:129–47. doi: 10.1136/gutjnl-2020-322744

128. Quemener, C, Baud, J, Boyé, K, Dubrac, A, Billottet, C, Soulet, F, et al. Dual roles for CXCL4 chemokines and CXCR3 in angiogenesis and invasion of pancreatic cancer. Cancer Res. (2016) 76:6507–19. doi: 10.1158/0008-5472.CAN-15-2864

129. Su, X, Liang, C, Chen, R, and Duan, S. Deciphering tumor microenvironment: CXCL9 and SPP1 as crucial determinants of tumor-associated macrophage polarity and prognostic indicators. Mol Cancer. (2024) 23:13. doi: 10.1186/s12943-023-01931-7

130. Jie, X, Chen, Y, Zhao, Y, Yang, X, Xu, Y, Wang, J, et al. Targeting KDM4C enhances CD8(+) T cell mediated antitumor immunity by activating chemokine CXCL10 transcription in lung cancer. J Immunother Cancer. (2022) 10:e003716. doi: 10.1136/jitc-2021-003716

131. Li, Y, Han, S, Wu, B, Zhong, C, Shi, Y, Lv, C, et al. CXCL11 correlates with immune infiltration and impacts patient immunotherapy efficacy: A pan-cancer analysis. Front Immunol. (2022) 13:951247. doi: 10.3389/fimmu.2022.951247

132. Wang, B, Wang, M, Ao, D, and Wei, X. CXCL13-CXCR5 axis: Regulation in inflammatory diseases and cancer. Biochim Biophys Acta Rev Cancer. (2022) 1877:188799. doi: 10.1016/j.bbcan.2022.188799

133. Gowhari Shabgah, A, Haleem Al-Qaim, Z, Markov, A, Valerievich Yumashev, A, Ezzatifar, F, Ahmadi, M, et al. Chemokine CXCL14; a double-edged sword in cancer development. Int Immunopharmacol. (2021) 97:107681. doi: 10.1016/j.intimp.2021.107681

134. Guo, J, Chang, C, Yang, LY, Cai, HQ, Chen, DX, Zhang, Y, et al. Dysregulation of CXCL14 promotes Malignant phenotypes of esophageal squamous carcinoma cells via regulating SRC and EGFR signaling. Biochem Biophys Res Commun. (2022) 609:75–83. doi: 10.1016/j.bbrc.2022.03.144

135. Korbecki, J, Bajdak-Rusinek, K, Kupnicka, P, Kapczuk, P, Simińska, D, Chlubek, D, et al. The role of CXCL16 in the pathogenesis of cancer and other diseases. Int J Mol Sci. (2021) 22:3490. doi: 10.3390/ijms22073490

136. Chaudhri, A, Bu, X, Wang, Y, Gomez, M, Torchia, JA, Hua, P, et al. The CX3CL1-CX3CR1 chemokine axis can contribute to tumor immune evasion and blockade with a novel CX3CR1 monoclonal antibody enhances response to anti-PD-1 immunotherapy. Front Immunol. (2023) 14:1237715. doi: 10.3389/fimmu.2023.1237715

137. Li, X-N, Wang, F, Chen, K, Wu, Z, Zhang, R, Xiao, C, et al. XCL1-secreting CEA CAR-T cells enhance endogenous CD8+ T cell responses to tumor neoantigens to confer a long-term antitumor immunity. J Immunother Cancer. (2025) 13:e010581. doi: 10.1136/jitc-2024-010581

138. Chen, W, Zou, F, Song, T, Xia, Y, Xing, J, Rao, T, et al. Comprehensive analysis reveals XCL2 as a cancer prognosis and immune infiltration-related biomarker. Aging (Albany NY). (2023) 15:11891–917. doi: 10.18632/aging.205156




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 and Sun. 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/fonc-15-1523751-g001.jpg
CCL2 CCL13
CCL4 CCL14
CCL5 CCL15
CCL7 CCL16
CCL8 CCL23

€CL4 CCL15
CCL5 CCL16
CCL7 CCL23
CCL8 CCL24
CCL11CCL26
CCL13CCL28

a2 camn
CCL3 CCL13
CCL4 CCL14
CCL5 CCL16
s






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Chemokines and their receptors in the esophageal carcinoma tumor microenvironment: key factors for metastasis and progression

      

        		

          1 Introduction

        



        		

          2 Chemokine profile influences tumor physiology and changes in tumor immune microenvironment with different grade

        



        		

          3 Chemokines and chemokine receptors in ESCA

        

          		

            3.1 Epithelial−mesenchymal transition and chemokines in ESCA

          



          		

            3.2 Cancer-associated fibroblasts and chemokines in ESCA

          



          		

            3.3 CXCL12-CXCR4/CXCR7 axis: a multifaceted driver of ESCA pathogenesis

          



          		

            3.4 Chemokines promote multi-dimensional immunosuppression in ESCA

          



          		

            3.5 Lymph node metastasis of ESCA and chemokines

          



          		

            3.6 Role of chemokines in Barret’s esophagus and EAC

          



          		

            3.7 Angiogenesis of ESCA and chemokines

          



          		

            3.8 Prognosis-related chemokines in ESCA

          



        



        



        		

          4 Radiation induced tissue injury alters chemokine and their profile

        



        		

          5 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-15-1523751-g002.jpg
DGKa: Diacylglycerol kinase a

MZ macC rophage Treg M Dsc TAM: Tumour-associated macrophages

®
CCL2/CCR2,CCL5 %o

l Y ‘ y = N ABC: Adenosine 5-triphosphate (ATP)

FOXO1: Forkhead box protein O1

~ Enhances M2 polanzat:on
) MDSC: Myeloid-derived suppressor cells

Z [ ! )- -( NEDD9: Neural precursor cell-expressed,
% /A CCR6 / developmentally downregulated 9
CCR6 / ’ * t MAEL: Maelstrom

Recruitin T TGF Tregs: Regulatory T cells
i - ..CCLZO Reniing /G 1 TReCfU'th TGF-B: Transforming growth factor B
T . ..CCL17/CCL22 .. .CCLZ 0 CXCL8 L1CAM: L1 cell adh(.esion molecule |

é‘ g NF-kB: Nuclear factor-kappa B

______

\ e HR2%%%% %Sz‘«iz‘« L T AE\;:nrzoxt:;c:Lua.Z;s;gnal-regulated Kinase
}g;};;é??é‘? é‘é‘é‘é‘é‘ EdséEpeseede é‘?é‘?é‘é‘é‘é‘?é‘ é‘é‘é‘é‘é‘é‘é‘é‘é‘é‘é‘é‘é‘%‘%“%ﬁé‘ %%‘%‘%‘%‘%“% c‘*‘c“é‘é‘é‘ é, Rengeee |

PRAS40: Proline-rich Akt substrate of 40 kDa

_____ s U _/, el -—-= , S_|\7|A_|52_/3_ e ’-N_F_K_B‘ mTOR: Mammalian target of rapamycin % §§§!
v 4 T ______ '\E_R_ o e e CCR: Chemokine receptor ég(«é‘ (
== o e S TG A T - Gh= ity
k 1 Akt | T T CCL: Chemokine ligand
e e e L LR A Y SR Akt JAK: Janus kinase
/' L1ICAM ;I 'NEDD9 | “A:k_t = STAT3: Signal transd d activator of
] . e = = e | = ) : Signal transducer and activator o
Tumor prollferatlon | NF-kB : transcription 3
and metastasis S - . :
_____ DGK: Diacylglycerol kinase
I I
0 I\_’Iégli; FAK: Focal adhesion kinase

EMT: Epithelial-mesenchymal transition

PD-L1: programmed death-ligand 1

Cytomembrane





OEBPS/Images/fonc.2025.1523751_cover.jpg
& frontiers | Frontiers in Oncology

Chemokines and their receptors in the
esophageal carcinoma tumor
microenvironment: key factors for
metastasis and progression





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Primary
Chemokine Types

Role in Tumor
Microenvironment

Key Chemokine
Receptors

Immune
Cell Recruitment

Angiogenesis

Chemokines
in Metastasis

Association with
Immune Evasion

Inflammatory
Context

ESCC

CCL2, CCL5, CXCL8, CXCL10, CXCL12

Promotes inflammation, immune cell infiltration;

associated with Th1/Th17 polarization

CCRS5, CXCR4

Monocytes, neutrophils, Th1/Th17 cells

Moderate; primarily via CXCL12 pathways

CXCL10 and CXCLI2 involved in lymphatic spread

Moderate, primarily via CXCL8 and IL-6 pathways

Strong link to smoking, alcohol use, HPV-
related inflammation

EAC

CCL20, CXCLI1, CXCL5, CXCL9

Enhances angiogenesis and myeloid cell recruitment;
associated with a more immunosuppressive milieu
CCR6, CXCR2

Myeloid-derived suppressor cells (MDSCs), regulatory T
cells (Tregs)

High; driven by CXCL1 and CXCL5-mediated pathways
CXCL1 and CCL20 promote liver and lung metastasis

High, via CXCL5 and TGE-5 signaling

Strong link to chronic gastroesophageal reflux disease
(GERD) and Barrett’s esophagus

Common Roles

CCL2 and CCL5
promote inflammation

Both promote immune
cell infiltration

CXCR4 and CXCR2
involved in migration

T cell recruitment in both

Both involved in
vessel formation

Both associated with
metastatic spread

Both help in
immune evasion

Contribute to
local inflammation
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Chemokines/Cytokines

- CCL2 (MCP-1)
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- Low levels of pro-inflammatory
cytokines

Source Cells

- Macrophages

- Fibroblasts

- Endothelial cells

Target Cells
- T cells, NK cells

Effects/Outcomes
Baseline immune surveillance and
inflammatory response.

~Acute Phase
Chemokines/Cytokines

- IL-1
-IL-6

- TNF-a

- CXCLS8 (IL-8)

Source Cells
- Damaged cells
- Macrophages

Target Cells
- T lymphocytes

Effects/Outcomes

Increased inflammatory response, tissue
damage, and DAMP release.

Enhanced recruitment of immune cells,
particularly lymphocytes.

Initial tumor regression and significant
side effects like dermatitis and fatigue.

Chronic Phase

Chemokines/Cytokines

- TGF-B

- Persisting low levels of IL-6, IL-10
- CCL2, CCL5 at altered levels

Source Cells
- Fibroblasts, macrophages

Target Cells
- T cells, tumor cells

Effects/Outcomes

Chronic inflammatory state leading to
immune suppression.

Potential tumor dormancy or progression,
with risk of second malignancies.
Ongoing complications such as fibrosis
and organ dysfunction.
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Promotes inflammation, activates
immune response

Contributes to immunosuppression and
T cell migration

Promotes tumor progression,
supports angiogenesis

Increases inflammation
Promotes immune infiltration
Promotes eosinophilic infiltration
Influences inflammation

Involved in modulating
immune responses

Involved in macrophage recruitment
Contributes to immune modulation
Contributes to Th2 immune responses
Involved in immune suppression
Influences T cell migration

Promotes immune responses and
tissue infiltration

Attracts lymphocytes to lymph nodes
Promotes immune evasion
Enhances inflammatory responses
Involved in allergic responses
Involved in T cell trafficking
Promotes skin immunology
Supports mucosal immunity
Promotes angiogenesis and metastasis
Involved in neutrophil recruitment
Promotes inflammation
Modulates angiogenesis
Involved in angiogenesis
Promotes inflammation
Promotes angiogenesis and inflammation
Induces T cell recruitment
Induces Th1 response
Promotes T cell migration

Promotes metastasis and
CSC maintenance

Involved in B cell migration
Inhibits invasion
Promotes tumor invasion
Promotes adhesion and migration
Promotes Th1 response

Enhances immune responses

(106)

(107)

(56, 108)

(109)

27)

(110)
(111)
(112)

(113)

(114)

(115)
(116)
(62)
(117)

(118)

(61, 119)

(76,77)
(13, 62)
(120)
(121)
(122)
(123)
(124)
(23, 26)
(125, 126)
(127)
(128)
©)
17)
(11, 80)
(129)
(90, 130)

(131)

7)

(132)
(133, 134)
(135)
(136)
(137)

(138)





