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Esophageal cancer (EC) is one of the most common mucosa-associated tumors, and is characterized by aggressiveness, poor prognosis, and unfavorable patient survival rates. As an organ directly exposed to the risk of foodborne infection, the esophageal mucosa harbors distinct populations of innate immune cells, which play vital roles in both maintenance of esophageal homeostasis and immune defense and surveillance during mucosal anti-infection and anti-tumor responses. In this review, we highlight recent progress in research into innate immune cells in the microenvironment of EC, including lymphatic lineages, such as natural killer and γδT cells, and myeloid lineages, including macrophages, dendritic cells, neutrophils, myeloid-derived suppressor cells, mast cells and eosinophils. Further, putative innate immune cellular and molecular mechanisms involved in tumor occurrence and progression are discussed, to highlight potential directions for the development of new biomarkers and effective intervention targets, which can hopefully be applied in long-term multilevel clinical EC treatment. Fully understanding the innate immunological mechanisms involved in esophageal mucosa carcinogenesis is of great significance for clinical immunotherapy and prognosis prediction for patients with EC.
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Introduction

According to an analysis of 36 cancer types in 185 countries, esophageal cancer (EC) accounts for approximately 3.2% of incidence and 5.3% of mortality attributable to total cancers (1). Risk factors for EC include smoking, alcohol consumption, low fruit intake, and high body-mass index, and it is becoming a major disease burden worldwide (2). There are two main types of EC, esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC) (3). EAC is most common in developed countries (e.g., Europe and America), while ESCC mainly occurs in developing countries, including eastern Asia and Africa, and particularly China, which had the highest age-standardized incidence, mortality, and disability-adjusted life-years rates among 195 countries in 2017 (2). Due to the lack of reliable diagnostic indicators, the prognosis of patients with EC remains relatively poor; while surgical resection can prolong patient survival, rates of recurrence and metastasis remain high, with 5-year survival rates only 15%–25% (3, 4). In many patients who cannot benefit from esophagectomy, immune status determines sensitivity to radiotherapy and chemotherapy (3).

The recent realization that the involvement of innate immune system in the process of defending mucosal-associated infection and tumors has fuelled the accelerated interest in the roles of innate immune cells in the pathogenesis of EC. The esophageal mucosa harbors numerous innate immune cells, which is attributed to their quick responses when encountering foreign foodborne antigens (4, 5). The partial exposure of the esophageal mucosa to the external environment makes it vulnerable to pathogen attack, which can cause long-term inflammation that may develop into esophageal dysplasia and subsequently cancer (6). Via recognizing molecular alterations caused by microbial infections (7) or cancer cells with multiple genetic mutations (8), innate immune cells can induce effector responses such as cytotoxicity by natural killer (NK) cells and phagocytosis by macrophages. Besides, they can initiate adaptive immune responses by antigen presentation to tumor-specific CD8+ T antigen-presenting cells (APCs) (9). Innate immune cells can also exert effector functions after antibody induction, including antibody-dependent cellular cytotoxicity or phagocytosis, which rely on Fc receptor (FcR) expression (9). Cancer cells can escape from anti-tumor immune responses by promoting polarization toward immunosuppressive cell phenotypes, including tumor-associated macrophages (TAMs) and dendritic cells (DCs), recruiting immunomodulatory cells, such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), and inducing over-expression of immune checkpoint molecules by NK or T cells (10). Due to the plasticity of innate immune cells, another strategy of tumor immune escape is to enable them to orchestrate the angiogenic switch under tumor microenvironment (TME) stimuli, to support the tumor progression (5, 11). Given the important defensive and regulatory roles of innate immune cells in cancer progression, extensive attention has been focused on their pathogenic or protective functions in the microenvironment of many solid tumors (12). Clinical immunotherapy approaches based on innate immune cells, including inhibitors targeting immune checkpoints, such as PD1/PD-L1, CTLA4, TIGIT, CD96, TIM3, and LAG3, as well as bispecific antibodies or chimeric antigen receptor (CAR) T cells, to promote specific T cell responses, have been extensively studies and have potential for use as adjuvant therapies, alongside surgical resection and chemoradiotherapy, to treat cancers (9, 13). Therefore, adequate understanding of how variations of innate immunity in the TME affect EC pathogenesis is of great practical significance for clinical treatment. However, until now, the roles of innate immune cells in EC have not been comprehensively described.

Herein, we review recent progress in understanding of the roles of innate immune cells, including NK cells, γδT cells, TAMs, DCs, MDSCs, neutrophils, mast cells (MCs) and eosinophils in the TME of EC, as well as the underlying cellular and molecular mechanisms involved in tumor occurrence and progression, with the aim of providing directions for combined immunotherapy strategies and prognosis prediction.



NK Cells

The innate immune system serves as the front line of host defense against pathogen invasion and tumor, in which NK cells play a vanguard role due to their powerful cytotoxic activity (14). NK cells express various activating and inhibitory receptors for tumor cell recognition and are the primary force in innate anti-tumor immune surveillance, playing vital roles in inhibiting cancer development at early stages, and in controlling cancer metastasis (13, 15). NK cells can initiate anti-tumor responses through directly killing tumor cells, secreting cytokines, including IFN-γ and TNF-α, and recruiting other anti-tumor immune cells (13). Studies indicated that infiltrating NK cell density in the EC TME is positively correlated with patient overall survival (OS) and favorable postoperative prognosis (16, 17). NK cells in the TME of EC can recognize and kill tumor cells via NKp30/B7-H6 pathway, which substantially contributes to NK cell-mediated immune responses (16). However, EC patients with high B7-H6 expression have inferior survival, primarily because EC cells can secret soluble B7-H6, which competitively binds the NKp30 receptor on NK cells, thereby inhibiting NKp30-mediated killing (16). Interestingly, IL-17 secreted by CD4+Foxp3- Th17 cells can increase NK cell numbers by stimulating EC cells to produce chemokines (CXCL9 and CXCL10), and augment NK cell activation and function by enhancing their TNF-α, IFN-γ, granzyme B, and perforin production, and the expression of activating receptors (NKp46, NKp44, NTB-A, and NKG2D) (17, 18). Nevertheless, an important mechanism by which tumor cells counteract NK cells is by promoting over-expression of immune checkpoints and down-regulation of activating receptors on NK cells, inducing their dysfunction and exhaustion (13). Up-regulated expression of the inhibitory receptor, Tim-3, on EC tumor-infiltrated NK cells is accompanied by NK cell dysfunction and exhaustion, and associated with tumor invasion depth, nodal status, and advanced clinical stage (19). Furthermore, increased PD1 expression on peripheral and tumor-infiltrating NK cells can inhibit their IFN-γ secretion and CD107a expression through the PD-1/PD-L1 pathway, and is associated with poor survival of EC patients (20) (Figure 1).




Figure 1 | Roles of natural killer cells in the esophageal cancer tumor microenvironment. (A) Natural killer (NK) cells exert essential anti-tumor functions through degranulation, cytokine release, and activated receptor expression, directly killing esophageal tumor cells in the absence of antigen recognition in the tumor microenvironment (TME). (B) Cancer cells can escape from NK cell immune surveillance in the TME through the PD-1/PD-L1 pathway and the competitive combination of activated NKp30 receptor, expressed on NK cells, by releasing soluble B7-H6 (indicated as sB7-H6). Otherwise, large amounts of H2O2 produced by tumor infiltrated macrophages in the TME are prone to induce CD56dim NK cell apoptosis, while CD56dim NK cells can also transform to a CD56bright phenotype during tumor development, as well as decreasing in number and becoming dysfunctional.



Cancer cells can promote a suppressive TME, which challenges anti-tumor immunity by inducing an imbalance in activating and inhibitory immune cell signaling, suppressive factor secretion, and recruitment of suppressive immune cells. In principle, CD56dim NK cells, which exhibit higher cytotoxicity, are more sensitive to apoptosis than CD56bright NK cells in the presence of physiological H2O2 levels; large amounts of H2O2 can be produced in the TME of EC, which contributes to reduced infiltration by CD56dim NK cells as tumors develop (21). Consistently, NK cell numbers in the circulation and omentum of patients with EAC were significantly reduced and skewed toward the CD56bright phenotype with increased IL-10 and reduced NKp46 and TNF-α production, exhibiting reduced toxicity and inhibited function (22). Similarly, in ESCC patients, with the down-regulation of CD16 and increased expression of CD56, the NK cell levels were also declined in the tumors and exhibited an exhausted phenotype (23, 24), demonstrating the vital roles of the suppressive microenvironment formed by cancer cells in altering NK cell phenotype and activity (Figure 1).

Although existing studies on EC have provided a preliminary understanding of anti-tumor effects of NK cells, there is still not enough to fully outline the roles and prognostic significance of NK cells involved in EC. Recently, a study in human hepatocellular carcinoma reported that breaking the balance between active receptor CD226 and inhibitory receptors CD96 and TIGIT lead to impaired NK cell function (25). Other than the attenuation of targeting and killing of tumor cells and acquisition of tolerogenic/immunosuppressive behavior, tumor-associated NK cells can acquire pro-angiogenic activities favoring tumor progression due to TME stimuli in various solid malignancies including prostate cancer, lung cancer and colon cancer, which inspires us to pay attention to the full-scale immune function of NK cells in EC (11, 26). The significance of investigations on the function of NK cells lies in facilitating the development of NK cell-based immunotherapy in EC. Indeed, studies from an ESCC animal model revealed that IL-18 deficiency can down-regulate local NK cell anti-tumor immunity by decreasing their IFN-γ production, suggesting that exogenous IL-18 supplementation has potential to delay EC development (27). Furthermore, NK cells expanded in vitro have high cytotoxicity against ESCC cells expressing NKG2DLs, particularly those exhibiting an epithelial-mesenchymal transition (EMT) phenotype, raising the possibility of clinical therapy targeting these NK cells in patients with ESCC (18). However, much remains to be done before these findings can be applied to the clinical treatment of EC.



γδT Cells

As important contributors to innate immunity, γδT cells perform complex roles, including immune surveillance, immune regulation, and effector functions (28); they can be divided into two types according to their T cell receptor δ chain: Vδ1 and Vδ2 T cells. The former exists in healthy epithelium and participates in maintaining epithelial homeostasis, whereas the latter is present on 70% of total peripheral γδT cells (29). Flow cytometry analysis of γδT cells from patients with EC revealed that the majority of peripheral circulatory γδT cells expressed the Vγ9 and Vδ2 T cell receptors and exhibited cytotoxicity against EC cells, mainly by recognizing heat shock protein (HSP) 60 and HSP70 on the tumor cell surface (30). However, Vδ1+ T cells are dominant in the TME of ESCC, possibly because activated Vδ1+ γδT cells in peripheral blood can adhere to ESCC cells and fibroblasts via adhesion molecules, including LFA-1 (CD11a), CD49d, CD49e, L-selectin, and CD103, whereas Vδ2 T cells can only use a few adhesion molecules, including LFA-1, L-selectin, and CD44v6 (31).

The role of γδT cells in EC is far from well understood. Although γδT cells make up a small population of tissue-resident lymphocytes, they constitute an important first line of defense against infections, autoimmune diseases and tumors, especially in the mucosal barrier such as the skin, lung, liver, tongue, genital tract and peritoneal cavity (32–34). However, the alterations in γδT cell subsets and functions, as well as their prognostic and diagnostic significance in the EC remains obscure. Indeed, we have been focusing on the role of tissue-resident γδT cells in lung cancer for years, and have illustrated the involvement of γδT17 cells in the effective immune surveillance of lung mucosa shaped by microbiota, as well as in the control of melanoma in the elderly (35, 36). It is worth pondering whether commensal bacteria engage in the maintenance of esophageal homeostasis and the occurrence and progression of EC, and importantly, whether the roles of γδT cells are involved. Recently, we also paid attention to the variations of tissue-resident γδT cells in surgical ESCC specimens, and hope to clarify the functions of these γδT cells in the tumor progression and its prognostic and diagnostic value in ESCC in future study.



TAMs

Accounting for up to half of the total, TAMs are the most abundant infiltrated leukocyte in tumors and have two functionally polarized phenotypes in the TME: classically activated M1, and alternatively activated M2, macrophages (37). In the initial stages of various tumors, TAMs are preferentially polarized toward the M1 phenotype, producing abundant proinflammatory cytokines, including IL-12 and TNF, and exerting anti-tumor functions (38); however, on cancer progression and changes in the TME, TAMs, driven by tumor cell- and T cell-derived cytokines, including IL-4, IL-13, and IL-10, gradually acquire a polarized M2 phenotype, expressing mannose and the scavenger receptors, CD163 and CD204, and exhibit distinct functional properties that promote angiogenesis, as well as tissue remodeling and repair (37). The downstream signaling pathways activated by the numerous proteins and molecules produced by tumor cells and TAMs in the TME can increase TAM infiltration in EC, which is correlated with unfavorable prognosis and OS (39). For example, cysteine-rich angiogenic inducer 61 (Cyr61) from tumor cells and TAMs may contribute to the increase in CD204+ TAMs via MEK/ERK pathway activation in ESCC TME (40). Cancer cell-derived fibroblast growth factor 2 (FGF2) can facilitate TAM survival and migration through AKT/ERK signaling, activated by neural cell adhesion molecule 1-enhanced classical FGF receptor 1 (FGFR1) and intracellular FGF2/FGFR1 signaling. These tumor-infiltrating TAM are skewed toward CD163+ M2 phenotype under the action of the transcription factor, GATA3, and cytokines, including IL-4, IL-6, and IL-13, and promoted an immunosuppressive TME in EAC (33). The similar event happened in ESCC, for that CD68+PD-1+ TAMs in the ESCC TME are skewed toward an M2 phenotype (41), which can lead to elevation of tumor cell PD-L1 expression and promote tumor cell invasion and migration, associating with poor OS (42). Moreover, a study of EC patients who received neoadjuvant chemotherapy (NAC) followed by surgery demonstrated that high tumor CD163+ M2 macrophage infiltration is an independent predictor of response to NAC, and associated with poor prognosis and OS (43).

In fact, TAMs are involved in a variety of pathways that promote tumor progression of EC. The activation of the AKT/ERK pathway is the driving force to promote tumor cell growth, migration and invasion in EC (39, 44). This AKT/ERK pathway can be triggered by multiple factors derived from TAMs or cancer cells themselves, involving the FGF2/FGFR1 signaling we mentioned above (39), growth differentiation factor 15 induced in TAMs and derived from cancer cells (possibly through TGF-β type II receptor) (39, 44), overexpression of ANXA10 by cancer cells interacting with CD204+ TAMs (41), and high CXCL8 expression in TAMs and cancer cells (through the CXCL8-CXCR1/CXCR2 axis) (42), which are closely correlated with tumor invasion depth, lymph node metastasis and poor prognosis and OS of ESCC patients.

Another mechanism that the increased CD163+ TAM in the TME promote ESCC tumor progression is that they can augment angiogenesis by releasing thymidine phosphorylase (TP) under the influence of macrophage chemotactic protein-1(MCP-1) (45, 46), inducing vascular endothelial growth factor (VEGF) expression in EC cells (45, 47), and promoting stromal cell matrix metalloproteinase 9 (MMP9) production (48). CD163+ TAM distribution in tumor sites is closely related to EMT (49), possibly because their IL-1β production can enhance EMT, promoting tumor cell migration and invasion (50). Additionally, MCP-1 expression levels in the TME are positively correlated with increased stromal cell and TAM CC chemokine receptor 2 (CCR2) expression, associated with tumor invasion depth, lymph node metastasis, and distant metastasis, and predict poor prognosis in patients with ESCC (45–47).

The majority of research on TAMs in EC has concentrated on ESCC. The clearly increased numbers of TAMs in both tumor structures and stroma is significantly negatively correlated with EC patient survival (43, 51–53). Under the combined action of various factors in esophageal TME, TAMs are gradually skewed toward an M2 phenotype, which is closely associated with angiogenesis and tumor aggressiveness, and thus predicts poor prognosis in patients with EC (Figure 2) (48). The M2/M1 macrophage ratio in esophageal tumors can serve as a sensitive indicator predicting lymph node metastasis and patient prognosis (54). To our knowledge, there is currently no TAMs-based immunotherapy strategy in EC. Study of an N-nitrosomethylbenzy-lamine-induced ESCC animal model suggested that CCL2-CCR2 signaling activation participates in TAM recruitment into the TME, which can promote immune evasion and tumor progression through the PD-1/PD-L2 pathway, indicating potential intervention and immunotherapy strategies targeting TAMs in patients with ESCC (47).




Figure 2 | Interactions between tumor infiltrating macrophages, cancer cells, and stromal cells via multiple immune factors in the esophageal cancer tumor microenvironment. (A) tumor infiltrating macrophages (TAMs) transform from an anti-tumor M1 phenotype to a pro-tumor M2 phenotype with tumor progression, under the influence of the transcription factor, GATA3, and cytokines, including IL-4, IL-6, and IL-13. (B) By producing various immune factors, or interacting with cancer cells and stromal cells to promote their release of associated components, TAMs are closely correlated with epithelial to mesenchymal transition, angiogenesis, cancer cell survival and migration, invasion depth, and lymph node metastasis, and generally predict poor prognosis and survival in patients with esophageal cancer.





DCs

As the main professional APCs, DCs are essential for triggering and regulating antigen-specific immune responses, and closely connect innate and acquired immunity. Human DCs are a heterogeneous population consisting of two types of conventional DC (cDC), cDC1 and cDC2, and plasmacytoid dendritic cell subsets in equilibrium, plus inflammatory DCs, which are generated in response to inflammation, and Langerhans cells (LCs), which originate from embryonic monocytes and can self-renew (55). DCs distributed in the esophageal mucosa are generally LCs, which remain in an immature immune state under normal conditions, rapidly maturing into professional APCs after capturing pathogen or tumor associated-antigens, to trigger T cell activation and immune responses (56). Mature DCs express various important markers, including CD80, CD86, and CD208. DCs at different stages of maturity are uniquely distributed in the ESCC TME. Abundant CD1α+ immature DCs are distributed in the cancerous epithelium, while fewer CD208+ mature DCs are present in the tumor stroma, particularly the peri-tumoral region (57). In ESCC, DC density indicates the immune defense status of the host against the carcinoma, as patients with marked DC infiltration in tumors survive for longer than those with low DC density (58).

DC maturity in the TME is closely related to cancer progression (59). Importantly, the amount of intratumor mature DCs expressing lysosome-associated membrane glycoprotein 3 (LAMP3), is closely associated with tumor-infiltrated CD8+ T cell numbers, which predict favorable prognosis in patients with ESCC (60). In clinical studies, preoperative chemoradiotherapy was shown to lead to significant increases high-mobility group box 1 (HMGB1) protein levels in the ESCC TME. HMGB1 is closely related to DC maturation and positively correlated with patient survival (61). Additionally, by stimulating cancer cells to release inflammatory chemokines (CCL2 or CCL20), IL-17A-producing cells can enhance CD1a+ DC infiltration of the TME, which is correlated with favorable OS of patients with ESCC (18). These reports highlight the connections between DC maturity and EC tumorigenesis and development.

Interactions of tumor and immune cells with the cytokines/chemokines they produce in the EC TME generate complex regulatory networks, which significantly impact DC phenotype and function, thereby influencing tumor progression. DC immune functions are impaired both in the circulation and at tumor sites in patients with EC, and this is accompanied by decreased CD80 and CD86 expression (62). The reduced activity and function of these infiltrated DCs involves mutated p53 protein overexpression in tumors (63). Compared with benign Barrett’s esophagus (BE), DC density is dramatically increased in adenocarcinoma (64), along with decreased C1q expression, which contributes to immune complex capture and subsequent classical complement activation pathway initiation, indicating the potential roles of DCs in EAC dysplasia and tumorigenesis (65). Esophageal tumor cells can also induce production of the tryptophan-catabolizing enzyme, indoleamine 2,3-dioxygenase 1 (IDO1) and/or expression of PD-L1 by immunosuppressive DCs, which can promote immune tolerance by inhibiting CD8+ T cell infiltration and inducing immunosuppressive Tregs, and are associated with poor prognosis in EC patients (3, 66–68). The density of receptor-binding cancer antigen expression on SiSo cells (RCAS1) in esophageal tumor tissues with dramatic DC infiltration was inclined to accompany a decrease in TILs, suggesting that RCAS1 can promote tumor cell escape from immune surveillance by inducing DC-activated TIL apoptosis (69). Further, CD47, a cell transmembrane protein expressed in ESCC tumor cells, can inhibit CD8+ T-cell infiltration and anti-tumor immune responses in a DC-dependent manner, by interacting with signal regulatory protein-α (SIRPα), expressed in DCs (70).



MDSCs

MDSCs are generated in the bone marrow and rapidly differentiate into macrophages, DCs, neutrophils, eosinophils, basophils, and mast cells in healthy individuals; however, when cancer occurs, MDSCs can migrate into peripheral lymphoid tissues and tumor sites, contributing to TAM formation (71, 72). MDSCs can be polymorphonuclear (PMN-MDSCs) or mononuclear (M-MDSCs). PMN-MDSCs are morphologically and phenotypically similar to neutrophils, while M-MDSCs are similar to monocytes (71); both have immunosuppressive functions, mainly targeting T cells through Arginase-1 and inducible nitric oxide synthase-2 (iNOS) (73).

In ESCC patients, circulating MDSC numbers are elevated, accompanied by high PD-L1 expression (74). Concurrently, MDSC-derived TGF-β can induce high PD-1 expression on CD8+ T cells in the TME (75). Hence, MDSCs can exert immunosuppressive functions on T cells via the PD-1/PD-L1 pathway and are correlated with tumor burden, lymph node metastasis, and tumor stage (74). Importantly, IL-6 exerts vital roles in MDSC induction and their production of ROS, Arginase 1, and p-STAT3 (76). Circulating MDSC numbers and IL-6 levels in the TME are positively correlated with NLR, predicting poor OS in ESCC patients (77). The cell-cell junctions formed by interaction between p120ctn and E-cadherin are critical in maintaining normal esophageal epithelial homeostasis; however, p120ctn expression in the ESCC TME is decreased or absent, leading to E-cadherin degradation and NF-κB, AKT, and STAT3 phosphorylation in cancer cells, promoting cancer cell GM-CSF release, which can recruit MDSCs into the TME. NF-κB signaling activation in MDSCs up-regulates their IL-4RA expression and nitric oxide production, thereby inhibiting CD8+ T cell cytotoxicity and contributing to a TME conducive to tumor cell growth (78). Further, in a conditional p120-ctn knockout mouse model of oral-EC, expression of the receptor CD38 induced by tumor-derived IL-6, IGFBP-3, and CXCL16, promoted arrest of MDSC maturation in an immature state, with stronger inhibitory functions of activated T cells through production of iNOS, among other factors, thus promoting tumor growth (79).



Neutrophils

Tumor-associated neutrophils (TANs) have a different phenotype and cell/chemokine activity from circulating neutrophils (80). TANs can be functionally divided into anti-tumor N1 and cancer-promoting N2 phenotypes. TGF-β in the TME contributes to the transformation of neutrophils from N1 to N2 (80, 81). Further, neutrophil phenotype and function in the TME change with tumor development. In early stage tumors, neutrophils are only on the tumor periphery and exhibit anti-tumor effects, while in later stages, they can penetrate the tumor and demonstrate pro-tumor effects (82). Studies on neutrophils in cancer have focused on the neutrophil to lymphocyte ratio (NLR), as it is impossible to classify N1/N2 neutrophils using surface markers (83). The NLR is usually derived from routine blood tests, and may reflect changes in the TME and systemic inflammation status (84), which are independent prognostic indicators in patients with EC (85). NLR and platelet-to-lymphocyte ratio are associated with EC progression (86), and elevated preoperative NLR is related to lymph node metastasis, deeper tumor invasion, and advanced TNM stage (87), predicting poor prognosis and OS in patients who have undergone esophagectomy (85, 88, 89). In addition to defending against microbial invasion through phagocytosis and degranulation, neutrophils can undergo apoptosis after activation, and then form neutrophil extracellular traps (NETs), fibrinoid structures comprising extracellular chromatin and granulocyte proteins, including myeloperoxidase and neutrophil elastase, which were discovered because of their pathogen-trapping function, which can promote tumor metastasis by capturing circulating tumor cells and causing their proliferation at a second site (83, 90). In EC patients without surgical stress or any other stimuli, tumors alone can induce high levels of circulating NETs, which are predictive of positive lymph node status, distant metastasis, and advanced disease stage (91).

The functions of neutrophils in the TME, influenced by various cytokines and/or chemokines, are controversial (92). By changing the esophageal microenvironment and gut bacteria, a high-fat diet can cause esophageal dysplasia, which promotes the development of BE into EAC, which involves IL-8 chemokine family activation and neutrophil recruitment, along with NK cell reduction, suggesting that increased neutrophils may inhibit NK cell-mediated tumor cell cytotoxicity and indicate poor prognosis (93). Conversely, in the ESCC TME, IL-17 [mainly produced by CD4+ Foxp3- Th17 cells (17)] stimulates tumor cells chemokine (CXCL2 and CXCL3) production, causing accumulation and activation of myeloperoxidase+ TANs, which increase their killing capacity by releasing cytotoxic molecules, including IFN-γ, reactive oxygen species (ROS), and TNF-related apoptosis-inducing ligand, and predict favorable prognosis in ESCC patients (94).



MCs and Eosinophils

MCs mainly localize to areas where organisms are likely to come into contact with pathogens or harmful substances, including the gastrointestinal tract, respiratory mucosa, and skin, and act as multifunctional immune cells involved in both innate and adaptive immunity in health and various disease states (95). In several human cancers, MCs recruited by stem cell factor or other mast cell activators in the TME, release angiogenic factors and proteases to promote blood vessel formation and degrade the extracellular matrix, leading to tumor cell invasion; however, they can also release ROS/TNF-α, tryptase, heparin, IL-1, IL-4, and IL-6, among other factors, to inhibit tumor cell growth and apoptosis (96). In the ESCC TME, high MC density is positively correlated with tumor angiogenesis, lymph node metastasis, invasion depth, and tumor progression (97, 98), and a predictor of poor survival in ESCC patients (97, 99). Furthermore, activated MCs in EC tissue express high levels of tissue kallikrein (TK1), which may subsequently generate mitogenic kinin, a promoter of tumor cell growth (100). Interestingly, another study found that the presence of a group of MCs able to produce IL-17 in the esophageal muscularis propria, rather than in tumor nests, is positively correlated with the level of activated CD169+ macrophages and effector CD8+ T cells in the same region, indicating favorable prognosis and survival (101). It is noteworthy that IL-17 released from Th17 cells in the EC TME, as we mentioned above, was involved in recruiting cells with anti-tumor effects including NK cells, neutrophils, and CD1α+ DCs, so whether MCs participated in this process deserves further attention.

Eosinophils usually cluster together with MCs in tissue sites under both homeostatic and inflammatory conditions (102). With similar developmental and functional patterns, such as releasing cationic proteins pre-stored in cytoplasmic granules by degranulation upon activation, they often participate in host responses to helminth infection and allergic disease in a synergistic manner (102, 103). Based on their abilities to release cytokines, eosinophils are being recognized to be also involved in local immunity, tissue homeostasis, remodeling, and repair in multiple previously unexpected tissues, especially the mucosal tissues such as gut and esophageal (104–106). For example, eosinophil infiltration is a typical feature of eosinophilic esophagitis, an allergic disease associated with epithelial barrier dysfunction and chronic type 2 inflammation (106). Other than this, the increase of eosinophils is also found in some ESCC patients (107), positively correlating with low incidence of LN metastasis in patients with early ESCC and predicting favorable OS in ESCC patients treated with concurrent chemoradiotherapy (108, 109). Conversely, eosinophils appear to be significantly reduced across all stages of dysplasia and EAC progression, indicating the loss of immune surveillance by eosinophils may contribute to BE progression toward dysplasia and cancer (110). Indeed, eosinophils play controversial roles in modulating tumor initiation and progression, for that they are both the source of anti-tumorigenic factors including TNF-a, granzyme, cationic proteins, and IL-18, and protumorigenic molecules such as pro-angiogenic factors, depending on the different immune milieu (35). Nevertheless, how eosinophils exert their functions in the occurrence and development of EC remains unclear. There is still a long way to go to understand the specific mechanism of eosinophils in EC, which will shed light on the control of EC progression and the immunotherapy based on them.



Crosstalk and Regulation of Innate Immune Cells

The EC TME contains a various innate immune cells and associated cytokines/chemokines. By regulating or being regulated, innate immune cells and diverse other cell populations, including adaptive immune cells, stromal cells, and cancer cells, form complex regulatory networks through receptor-ligand binding and immune factor release in the TME, which influences the proliferation, migration, and invasion of cancer cells, as well as angiogenesis, thus influencing tumor growth and metastasis (Figure 3).




Figure 3 | Crosstalk and regulation of innate immune cells in the esophageal cancer tumor microenvironment. Among the multiple innate immune cells involved in esophageal cancer progression, NK and γδT cells are active in the front line of anti-tumor defences with their powerful cytotoxicity. Mature dendritic cells (mDC) play vital roles in antitumour responses by boosting the function of CD8+ effector T cells, while chemoradiotherapy can promote DC maturity by increasing HMGB1 levels in the tumor microenvironment (TME). IL-17 derived from Th17 cells and MCs can activate CD169+ tumor infiltrating macrophages (TAMs) and effector CD8+ T cells, as well as recruit NK cells, CD1a+ immature DCs (iDC) and neutrophils (Neu) into the TME by stimulating cancer cells to release various chemokines, thereby exerting antitumour effects. Although the mechanism is unknown, eosinophils are also involved in the anti-tumor process. On the contrary, neutrophils can also promote tumor development by inhibiting NK cell function in response to IL-8, as well as by forming NETs after tumor-induced apoptosis. MCs can promote tumor cell growth through the TK1/mitogenic kinin pathway. Importantly, tumor cells can escape from innate immune surveillance by promoting TAM progression to a suppressive M2 phenotype, which inhibits CD8+ T cell function by transforming DCs into an immunosuppressive phenotype (isDC) and recruiting myeloid-derived suppressor cells to inhibit the cytotoxic effects of CD8+ T and NK cells.



The balance of activating and inhibitory receptor expression, cytokine release, and degranulation ability endow NK cells with powerful immune surveillance and direct killing functions toward tumor cells; however, NK cells exhibit a dysfunctional phenotype and exhaustion on tumor development of EC, involving cancer cell-induced over-expression of inhibitory receptors, such as PD-1, and suppression of activated receptors, such as NKp30, tumor infiltrating macrophage-induced CD56dim NK cell apoptosis via H2O2, and aggregation of neutrophils under the influence of IL-8. As the most common infiltrating immune cells in the tumor milieu, TAMs are polarized into an inflammatory M1 phenotype during early EC, facilitating CD8+ T cell activation and exerting anti-tumor effects. As EC develops, TAMs gradually transform into an M2 phenotype, promoting tumor cell proliferation, migration, and invasion. DC maturation in the TME can be promoted by HMGB1 stimulated by preoperative chemoradiotherapy and is accompanied by surface molecule (CD80, CD86, CD208, and LAMP3) expression with anti-tumor functions of tumor-associated antigen presentation, which facilitates effective CD8+ T cell activation. Nevertheless, DC activity and function can be damaged by cancer cells overexpressing mutated p53. EC tumor cells can also escape from immune surveillance by inducing DC-triggered TIL apoptosis under the influence of RCAS1, or by promoting the DC transformation into an immunosuppressive phenotype, with PD-L1 and SIRPα expression and IDO1 production, inhibiting CD8+ T cell activity. Moreover, tumors can induce high levels of circulating NETs from apoptotic neutrophils, which predict positive lymph node status, distant metastasis, and advanced stage in EC. Additionally, MDSCs in EC TME can be recruited and activated by cancer cell-derived cytokines/chemokines (IL-6, IGFBP-3, CXCL16, and GM-CSF), thereby accelerating tumor progression by inhibiting CD8+ T cell activation. Controversially, MCs in EC can both promote tumor cell growth through TK1/mitogenic kinin signaling and exert anti-tumor effects, through activation of CD169+ TAMs and CD8+ effector cells. Importantly, IL-17 from Th17 cells and MCs in EC TME can promote cancer cell release of CXCL9/10, CXCL2/3, and CCL2/20, which can increase the infiltration and anti-tumor effects of NK cells, neutrophils, and CD1α+ DCs, respectively, and predict favorable prognosis for patients with esophageal tumors.



Immunotherapy Strategy Based on Innate Immune Cells

Treatment for EC remains less than satisfactory. Recent studies indicate that treatment with a single PD-1 inhibition agent is more effective for ESCC than EAC, while a combination of inhibitors targeting PD-1 with chemotherapy is a good strategy for treatment of metastatic disease (68); however, partly due to a lack of reliable predictive indicators of whether patients respond effectively, the use PD-1 inhibitors, alone or with other checkpoint antibodies, has had controversial results (36). Problems remain for use of PD-L1 as a predictive biomarker, because of tumor heterogeneity, a lack of reproducibility of results, and a complex scoring system (68). Therefore, it is imperative to identify new predictive indicators and immunotherapy strategies.

Various tumor treatment regimens aim to enhance effector cell function and/or control immunosuppression (9). Hence, there is potential to treat EC by boosting innate immune functions, such as NK cell cytotoxicity, phagocytosis, and DC maturation, which subsequently activate and sustain tumor-specific CD8+ T cell effects. First, the development of broad-spectrum immune checkpoint inhibitors targeting NK cells (i.e., LAG3, TIM3, and PD-1, which we review here, and NKG2A, CTLA4, TIGIT, and CD96 which require further investigation) and/or myeloid cells (i.e., SIRPα), is a promising approach that should be advanced in EC therapy. NK cells share the majority of checkpoints with T cells; therefore, inhibition of these receptors will also release various brakes on T cells and benefit both innate immunity and T-cell functions. Second, the development of anti-tumor antibodies that can bind to activating FcRs expressed on innate immune cells lacking antigen receptors, such as NK cells and macrophages, will enable them to act specifically on EC cells. Third, multiple pattern recognition receptors expressed on the surface of innate immune cells in mucosal sites ensure rapid responses to pathogenic microorganisms by recognizing pathogen-related molecular patterns. Therefore, targeting toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and stimulators of interferon, to generate a ‘pathogen-induced-like’ innate immune responses at the tumor site, may be promising approaches in EC treatment, since the innate immune system can sense the nucleic acids of growing tumors using the pathogen and damage receptors involved in infection detection. Finally, generating engineered CAR NK cells with high anti-tumor activity and CAR macrophages which can be polarized towards an anti-tumor M1 phenotype, in addition to, or instead of, CAR T cells, may provide a route to next generation immunotherapies for EC (Figure 4).




Figure 4 | Immunotherapy strategies based on innate immune cells. Various tumor treatment regimens can be implemented by boosting the effector functions of innate immune cells, including generating engineered CAR NK cells with high anti-tumor activity and CAR macrophages which can be polarized towards an anti-tumor M1 phenotype, developing anti-tumor antibodies that can bind to activating FcRs expressed on innate immune cells lacking antigen receptors, and enabling them to act specifically on EC cells, and targeting toll-like receptors (TLRs) and RIG-I-like receptors (RLRs), to generate a ‘pathogen-induced-like’ innate immune responses at the tumor site, since the innate immune system can sense the nucleic acids of growing tumors using the pathogen and damage receptors involved in infection detection. Another immunotherapy strategy is to control immunosuppression signals on innate immune cells via development of broad-spectrum immune checkpoint inhibitors targeting NK cells (i.e., LAG3, TIM3, and PD-1, which we review here, and NKG2A, CTLA4, TIGIT, and CD96 which require further investigation) and/or myeloid cells (i.e., SIRPα).



In conclusion, the application of these methods to clinical treatment is based on sufficient research of innate immune functions in the EC TME and numerous preclinical trials. Indeed, combined therapy approaches may become the norm in future treatment of EC.



Perspective

The roles of innate immune cells in mucosal tissues in maintaining regional homeostasis and in host resistance to infection and tumor has been extensively elaborated. However, partly due to specimen constraints and regional disparities in incidence (i.e., its higher prevalence in developing countries, particularly East Asia) (2), few studies have focused on innate immunity in EC, and ongoing immunotherapy of patients with esophageal tumors is almost entirely restricted to targeting of the PD1/PD-L1 pathway (68). Based on the limited available data, one limitation of this review is that we cannot comprehensively compare the similarity or difference of innate immune cells between ESCC and EAC.

Although previous research provides clues to the essential roles of various innate immune cells in the EC TME, considerable further investigations of their functions in EC occurrence and development are required. It is worth noting that the inadequacy and imbalance of the previous studies may lead to incomplete evaluation of the complicated immune contexture of EC. For example, γδT and NKT cells, two typical innate immune cells which are deeply involved in anti-tumor responses to multiple cancers, have rarely been studied in EC. Recently, a group of innate lymphocytes, innate lymphoid cells (ILCs), were identified. ILCs can be subdivided into ILC1, ILC2, and ILC3, subtypes, based on cytokine production and transcription factors associated with their development (111). Alternatively, ILCs can be classified as cytotoxic (i.e., conventional NK cells) and helper ILCs, which resemble the T cell classification (i.e., CD8+ cytotoxic T and CD4+ T helper cells) (112). In addition to circulating cytotoxic NK cells, ILCs exhibit clear tissue tropism, preferentially localizing to barrier tissues, including the lung, intestine, and skin, and involving in inflammation and carcinogenesis (112). Whether ILCs in the esophageal mucosa participate in the development of esophageal diseases, such as BE and EC remains unknown; hence, the functions of these cells in EC warrants attention in future preclinical and clinical studies. Overall, a more comprehensive understanding of the roles of innate immune cell populations in EC and identification of better treatment targets will likely ultimately benefit patients with EC.



Author Contributions

KC designed and drafted the manuscript. SH participated in writing the manuscript. XM provided and contributed fruitful discussion. MC started the study and participated in the paper writing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Natural Science Foundation of Anhui Province (2008085MH277), National Natural Science Foundation of China (81471552), the Anhui Provincial Project of the Key Laboratory of Tumor Immunotherapy and Nutrition Therapy (2019b12030026).



Abbreviations

APCs, antigen-presenting cells; BE, Barrett’s esophagus; CAR, chimeric antigen receptor; CCR2, CC chemokine receptor 2; DCs, dendritic cells; EC, esophageal cancer; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma; FcR, Fc receptor; FGF2, fibroblast growth factor 2; FGFR1, fibroblast growth factor receptor 1; HMGB1, high-mobility group box 1; HSP, heat shock protein; IDO1, indoleamine 2,3-dioxygenase 1; iNOS, inducible nitric oxide synthase-2; ILCs, innate lymphoid cells; LAMP3, lysosome-associated membrane glycoprotein 3; MCs, mast cells; MCP-1, macrophage chemotactic protein-1; MDSCs, myeloid-derived suppressor cells; M-MDSCs, mononuclear myeloid-derived suppressor cells; MMP9, matrix metalloproteinase 9; NETs, neutrophil extracellular traps; NK, natural killer; NAC, neoadjuvant chemotherapy; NLR, neutrophil to lymphocyte ratio; OS, overall survival; PMN-MDSCs, polymorphonuclear myeloid-derived suppressor cells; RCAS1, receptor-binding cancer antigen expression on SiSo cells; RLRs, RIG-I-like receptors; SIRPα, signal regulatory protein-α; TLRs, targeting toll-like receptors; Tregs, regulatory T cells; TK1, tissue kallikrein; TAMs, tumor-associated macrophages; TANs, tumor-associated neutrophils; TME, tumor microenvironment; TNF, tumor necrosis factor; TP, thymidine phosphorylase; VEGF, vascular endothelial growth factor.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68:394–424. doi: 10.3322/caac.21492

2. Collaborators GBDOC. The Global, Regional, and National Burden of Esophageal Cancer and its Attributable Risk Factors in 195 Countries and Territories, 1990-2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol Hepatol (2020) 5:582–97. doi: 10.1016/S2468-1253(20)30007-8

3. Huang, TX, and Fu, L. The Immune Landscape of Esophageal Cancer. Cancer Commun (Lond) (2019) 39:79. doi: 10.1186/s40880-019-0427-z

4. Short, MW, Burgers, KG, and Fry, VT. Esophageal Cancer. Am Fam Physician (2017) 95:22–8.

5. Bruno, A, Pagani, A, Pulze, L, Albini, A, Dallaglio, K, Noonan, DM, et al. Orchestration of Angiogenesis by Immune Cells. Front Oncol (2014) 4:131. doi: 10.3389/fonc.2014.00131

6. Lin, EW, Karakasheva, TA, Hicks, PD, Bass, AJ, and Rustgi, AK. The Tumor Microenvironment in Esophageal Cancer. Oncogene (2016) 35:5337–49. doi: 10.1038/onc.2016.34

7. Pradeu, T, Jaeger, S, and Vivier, E. The Speed of Change: Towards a Discontinuity Theory of Immunity? Nat Rev Immunol (2013) 13:764–9. doi: 10.1038/nri3521

8. Dhupar, R, Van Der Kraak, L, Pennathur, A, Schuchert, MJ, Nason, KS, Luketich, JD, et al. Targeting Immune Checkpoints in Esophageal Cancer: A High Mutational Load Tumor. Ann Thorac Surg (2017) 103:1340–9. doi: 10.1016/j.athoracsur.2016.12.011

9. Demaria, O, Cornen, S, Daeron, M, Morel, Y, Medzhitov, R, and Vivier, E. Harnessing Innate Immunity in Cancer Therapy. Nature (2019) 574:45–56. doi: 10.1038/s41586-019-1593-5

10. Vesely, MD, Kershaw, MH, Schreiber, RD, and Smyth, MJ. Natural Innate and Adaptive Immunity to Cancer. Annu Rev Immunol (2011) 29:235–71. doi: 10.1146/annurev-immunol-031210-101324

11. Bassani, B, Baci, D, Gallazzi, M, Poggi, A, Bruno, A, and Mortara, L. Natural Killer Cells as Key Players of Tumor Progression and Angiogenesis: Old and Novel Tools to Divert Their Pro-Tumor Activities Into Potent Anti-Tumor Effects. Cancers (Basel) (2019) 11:461. doi: 10.3390/cancers11040461

12. Hinshaw, DC, and Shevde, LA. The Tumor Microenvironment Innately Modulates Cancer Progression. Cancer Res (2019) 79:4557–66. doi: 10.1158/0008-5472.CAN-18-3962

13. Sun, H, and Sun, C. The Rise of NK Cell Checkpoints as Promising Therapeutic Targets in Cancer Immunotherapy. Front Immunol (2019) 10:2354. doi: 10.3389/fimmu.2019.02354

14. Melaiu, O, Lucarini, V, Cifaldi, L, and Fruci, D. Influence of the Tumor Microenvironment on NK Cell Function in Solid Tumors. Front Immunol (2019) 10:3038. doi: 10.3389/fimmu.2019.03038

15. Souza-Fonseca-Guimaraes, F, Cursons, J, and Huntington, ND. The Emergence of Natural Killer Cells as a Major Target in Cancer Immunotherapy. Trends Immunol (2019) 40:142–58. doi: 10.1016/j.it.2018.12.003

16. Wang, J, Jin, X, Liu, J, Zhao, K, Xu, H, Wen, J, et al. The Prognostic Value of B7-H6 Protein Expression in Human Oral Squamous Cell Carcinoma. J Oral Pathol Med (2017) 46:766–72. doi: 10.1111/jop.12586

17. Lv, L, Pan, K, Li, XD, She, KL, Zhao, JJ, Wang, W, et al. The Accumulation and Prognosis Value of Tumor Infiltrating IL-17 Producing Cells in Esophageal Squamous Cell Carcinoma. PLoS One (2011) 6:e18219. doi: 10.1371/journal.pone.0018219

18. Lu, L, Pan, K, Zheng, HX, Li, JJ, Qiu, HJ, Zhao, JJ, et al. Il-17A Promotes Immune Cell Recruitment in Human Esophageal Cancers and the Infiltrating Dendritic Cells Represent a Positive Prognostic Marker for Patient Survival. J Immunother (2013) 36:451–8. doi: 10.1097/CJI.0b013e3182a802cf

19. Zheng, Y, Li, Y, Lian, J, Yang, H, Li, F, Zhao, S, et al. TNF-Alpha-Induced Tim-3 Expression Marks the Dysfunction of Infiltrating Natural Killer Cells in Human Esophageal Cancer. J Transl Med (2019) 17:165. doi: 10.1186/s12967-019-1917-0

20. Liu, Y, Cheng, Y, Xu, Y, Wang, Z, Du, X, Li, C, et al. Increased Expression of Programmed Cell Death Protein 1 on NK Cells Inhibits NK-cell-mediated Anti-Tumor Function and Indicates Poor Prognosis in Digestive Cancers. Oncogene (2017) 36:6143–53. doi: 10.1038/onc.2017.209

21. Izawa, S, Kono, K, Mimura, K, Kawaguchi, Y, Watanabe, M, Maruyama, T, et al. H(2)O(2) Production Within Tumor Microenvironment Inversely Correlated With Infiltration of CD56(dim) NK Cells in Gastric and Esophageal Cancer: Possible Mechanisms of NK Cell Dysfunction. Cancer Immunol Immunother (2011) 60:1801–10. doi: 10.1007/s00262-011-1082-7

22. Conroy, MJ, Fitzgerald, V, Doyle, SL, Channon, S, Useckaite, Z, Gilmartin, N, et al. The Microenvironment of Visceral Adipose Tissue and Liver Alter Natural Killer Cell Viability and Function. J Leukoc Biol (2016) 100:1435–42. doi: 10.1189/jlb.5AB1115-493RR

23. Watanabe, M, Kono, K, Kawaguchi, Y, Mizukami, Y, Mimura, K, Maruyama, T, et al. NK Cell Dysfunction With Down-Regulated CD16 and Up-Regulated CD56 Molecules in Patients With Esophageal Squamous Cell Carcinoma. Dis Esophagus (2010) 23:675–81. doi: 10.1111/j.1442-2050.2010.01073.x

24. Zheng, Y, Chen, Z, Han, Y, Han, L, Zou, X, Zhou, B, et al. Immune Suppressive Landscape in the Human Esophageal Squamous Cell Carcinoma Microenvironment. Nat Commun (2020) 11:6268. doi: 10.1038/s41467-020-20019-0

25. Sun, H, Huang, Q, Huang, M, Wen, H, Lin, R, Zheng, M, et al. Human CD96 Correlates to Natural Killer Cell Exhaustion and Predicts the Prognosis of Human Hepatocellular Carcinoma. Hepatology (2019) 70:168–83. doi: 10.1002/hep.30347

26. Gallazzi, M, Baci, D, Mortara, L, Bosi, A, Buono, G, Naselli, A, et al. Prostate Cancer Peripheral Blood Nk Cells Show Enhanced Cd9, CD49a, Cxcr4, CXCL8, Mmp-9 Production and Secrete Monocyte-Recruiting and Polarizing Factors. Front Immunol (2020) 11:586126. doi: 10.3389/fimmu.2020.586126

27. Li, J, Qiu, G, Fang, B, Dai, X, and Cai, J. Deficiency of IL-18 Aggravates Esophageal Carcinoma Through Inhibiting IFN-gamma Production by CD8(+)T Cells and NK Cells. Inflammation (2018) 41:667–76. doi: 10.1007/s10753-017-0721-3

28. Zou, C, Zhao, P, Xiao, Z, Han, X, Fu, F, and Fu, L. Gammadelta T Cells in Cancer Immunotherapy. Oncotarget (2017) 8:8900–9. doi: 10.18632/oncotarget.13051

29. Wu, D, Wu, P, Qiu, F, Wei, Q, and Huang, J. Human gammadeltaT-cell Subsets and Their Involvement in Tumor Immunity. Cell Mol Immunol (2017) 14:245–53. doi: 10.1038/cmi.2016.55

30. Thomas, ML, Samant, UC, Deshpande, RK, and Chiplunkar, SV. Gammadelta T Cells Lyse Autologous and Allogenic Esophageal Tumors: Involvement of Heat-Shock Proteins in the Tumor Cell Lysis. Cancer Immunol Immunother (2000) 48:653–9. doi: 10.1007/s002620050014

31. Paul, S, Shilpi,, and Lal, G. Role of Gamma-Delta (Gammadelta) T Cells in Autoimmunity. J Leukoc Biol (2015) 97:259–71. doi: 10.1189/jlb.3RU0914-443R

32. McKenzie, DR, Comerford, I, Silva-Santos, B, and McColl, SR. The Emerging Complexity of gammadeltaT17 Cells. Front Immunol (2018) 9:796. doi: 10.3389/fimmu.2018.00796

33. Cheng, M, Qian, L, Shen, G, Bian, G, Xu, T, Xu, W, et al. Microbiota Modulate Tumoral Immune Surveillance in Lung Through a gammadeltaT17 Immune Cell-Dependent Mechanism. Cancer Res (2014) 74:4030–41. doi: 10.1158/0008-5472.CAN-13-2462

34. Cheng, M, and Hu, S. Lung-Resident Gammadelta T Cells and Their Roles in Lung Diseases. Immunology (2017) 151:375–84. doi: 10.1111/imm.12764

35. Varricchi, G, Galdiero, MR, Loffredo, S, Lucarini, V, Marone, G, Mattei, F, et al. Eosinophils: The Unsung Heroes in Cancer? Oncoimmunology (2018) 7:e1393134. doi: 10.1080/2162402X.2017.1393134

36. Baba, Y, Nomoto, D, Okadome, K, Ishimoto, T, Iwatsuki, M, Miyamoto, Y, et al. Tumor Immune Microenvironment and Immune Checkpoint Inhibitors in Esophageal Squamous Cell Carcinoma. Cancer Sci (2020) 111:3132–41. doi: 10.1111/cas.14541

37. Mantovani, A, Sozzani, S, Locati, M, Allavena, P, and Sica, A. Macrophage Polarization: Tumor-Associated Macrophages as a Paradigm for Polarized M2 Mononuclear Phagocytes. Trends Immunol (2002) 23:549–55. doi: 10.1016/S1471-4906(02)02302-5

38. Vitale, M, Cantoni, C, Pietra, G, Mingari, MC, and Moretta, L. Effect of Tumor Cells and Tumor Microenvironment on NK-cell Function. Eur J Immunol (2014) 44:1582–92. doi: 10.1002/eji.201344272

39. Yokozaki, H, Koma, YI, Shigeoka, M, and Nishio, M. Cancer as a Tissue: The Significance of Cancer-Stromal Interactions in the Development, Morphogenesis and Progression of Human Upper Digestive Tract Cancer. Pathol Int (2018) 68:334–52. doi: 10.1111/pin.12674

40. Shigeoka, M, Urakawa, N, Nishio, M, Takase, N, Utsunomiya, S, Akiyama, H, et al. Cyr61 Promotes CD204 Expression and the Migration of Macrophages Via MEK/ERK Pathway in Esophageal Squamous Cell Carcinoma. Cancer Med (2015) 4:437–46. doi: 10.1002/cam4.401

41. Kodaira, H, Koma, YI, Hosono, M, Higashino, N, Suemune, K, Nishio, M, et al. ANXA10 Induction by Interaction With Tumor-Associated Macrophages Promotes the Growth of Esophageal Squamous Cell Carcinoma. Pathol Int (2019) 69:135–47. doi: 10.1111/pin.12771

42. 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

43. Yamamoto, K, Makino, T, Sato, E, Noma, T, Urakawa, S, Takeoka, T, et al. Tumor-Infiltrating M2 Macrophage in Pretreatment Biopsy Sample Predicts Response to Chemotherapy and Survival in Esophageal Cancer. Cancer Sci (2020) 111:1103–12. doi: 10.1111/cas.14328

44. Okamoto, M, Koma, YI, Kodama, T, Nishio, M, Shigeoka, M, and Yokozaki, H. Growth Differentiation Factor 15 Promotes Progression of Esophageal Squamous Cell Carcinoma Via TGF-beta Type II Receptor Activation. Pathobiology (2020) 87:100–13. doi: 10.1159/000504394

45. 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.10705

46. 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

47. Hu, JM, Liu, K, Liu, JH, Jiang, XL, Wang, XL, Yang, L, et al. The Increased Number of Tumor-Associated Macrophage is Associated With Overexpression of VEGF-C, Plays an Important Role in Kazakh ESCC Invasion and Metastasis. Exp Mol Pathol (2017) 102:15–21. doi: 10.1016/j.yexmp.2016.12.001

48. Hu, JM, Liu, K, Liu, JH, Jiang, XL, Wang, XL, Chen, YZ, et al. CD163 as a Marker of M2 Macrophage, Contribute to Predicte Aggressiveness and Prognosis of Kazakh Esophageal Squamous Cell Carcinoma. Oncotarget (2017) 8:21526–38. doi: 10.18632/oncotarget.15630

49. Liu, J, Li, C, Zhang, L, Liu, K, Jiang, X, Wang, X, et al. Association of Tumor-Associated Macrophages With Cancer Cell EMT, Invasion, and Metastasis of Kazakh Esophageal Squamous Cell Cancer. Diagn Pathol (2019) 14:55. doi: 10.1186/s13000-019-0834-0

50. Zhou, J, Zheng, S, Liu, T, Liu, Q, Chen, Y, Tan, D, et al. Il-1beta From M2 Macrophages Promotes Migration and Invasion of ESCC Cells Enhancing Epithelial-Mesenchymal Transition and Activating NF-kappaB Signaling Pathway. J Cell Biochem (2018) 119:7040–52. doi: 10.1002/jcb.26918

51. Li, J, Xie, Y, Wang, X, Li, F, Li, S, Li, M, et al. Prognostic Impact of Tumor-Associated Macrophage Infiltration in Esophageal Cancer: A Meta-Analysis. Future Oncol (2019) 15:2303–17. doi: 10.2217/fon-2018-0669

52. Yagi, T, Baba, Y, Okadome, K, Kiyozumi, Y, Hiyoshi, Y, Ishimoto, T, et al. Tumor-Associated Macrophages are Associated With Poor Prognosis and Programmed Death Ligand 1 Expression in Esophageal Cancer. Eur J Cancer (2019) 111:38–49. doi: 10.1016/j.ejca.2019.01.018

53. Guo, SJ, Lin, DM, Li, J, Liu, RZ, Zhou, CX, Wang, DM, et al. Tumor-Associated Macrophages and CD3-zeta Expression of Tumor-Infiltrating Lymphocytes in Human Esophageal Squamous-Cell Carcinoma. Dis Esophagus (2007) 20:107–16. doi: 10.1111/j.1442-2050.2007.00655.x

54. Cao, W, Peters, JH, Nieman, D, Sharma, M, Watson, T, and Yu, J. Macrophage Subtype Predicts Lymph Node Metastasis in Esophageal Adenocarcinoma and Promotes Cancer Cell Invasion In Vitro. Br J Cancer (2015) 113:738–46. doi: 10.1038/bjc.2015.292

55. Balan, S, Saxena, M, and Bhardwaj, N. Dendritic Cell Subsets and Locations. Int Rev Cell Mol Biol (2019) 348:1–68. doi: 10.1016/bs.ircmb.2019.07.004

56. Yang, W, and Yu, J. Immunologic Function of Dendritic Cells in Esophageal Cancer. Dig Dis Sci (2008) 53:1739–46. doi: 10.1007/s10620-007-0095-8

57. Liu, J, Lu, G, Li, Z, Tang, F, Liu, Y, and Cui, G. Distinct Compartmental Distribution of Mature and Immature Dendritic Cells in Esophageal Squamous Cell Carcinoma. Pathol Res Pract (2010) 206:602–6. doi: 10.1016/j.prp.2010.03.011

58. Matsuda, H, Mori, M, Tsujitani, S, Ohno, S, Kuwano, H, and Sugimachi, K. Immunohistochemical Evaluation of Squamous Cell Carcinoma Antigen and S-100 Protein-Positive Cells in Human Malignant Esophageal Tissues. Cancer (1990) 65:2261–5. doi: 10.1002/1097-0142(19900515)65:10<2261::AID-CNCR2820651017>3.0.CO;2-8

59. Tran Janco, JM, Lamichhane, P, Karyampudi, L, and Knutson, KL. Tumor-Infiltrating Dendritic Cells in Cancer Pathogenesis. J Immunol (2015) 194:2985–91. doi: 10.4049/jimmunol.1403134

60. Nishimura, J, Tanaka, H, Yamakoshi, Y, Hiramatsu, S, Tamura, T, Toyokawa, T, et al. Impact of Tumor-Infiltrating LAMP-3 Dendritic Cells on the Prognosis of Esophageal Squamous Cell Carcinoma. Esophagus (2019) 16:333–44. doi: 10.1007/s10388-019-00669-w

61. Suzuki, Y, Mimura, K, Yoshimoto, Y, Watanabe, M, Ohkubo, Y, Izawa, S, et al. Immunogenic Tumor Cell Death Induced by Chemoradiotherapy in Patients With Esophageal Squamous Cell Carcinoma. Cancer Res (2012) 72:3967–76. doi: 10.1158/0008-5472.CAN-12-0851

62. Chen, SR, Luo, YP, Zhang, JK, Yang, W, Zhen, ZC, Chen, LX, et al. Study on Immune Function of Dendritic Cells in Patients With Esophageal Carcinoma. World J Gastroenterol (2004) 10:934–9. doi: 10.3748/wjg.v10.i7.934

63. Ikeguchi, M, Ikeda, M, Tatebe, S, Maeta, M, and Kaibara, N. Clinical Significance of Dendritic Cell Infiltration in Esophageal Squamous Cell Carcinoma. Oncol Rep (1998) 5:1185–9. doi: 10.3892/or.5.5.1185

64. Bobryshev, YV, Tran, D, Killingsworth, MC, Buckland, M, and Lord, RV. Dendritic Cells in Barrett’s Esophagus and Esophageal Adenocarcinoma. J Gastrointest Surg (2009) 13:44–53. doi: 10.1007/s11605-008-0613-9

65. Bobryshev, YV, Lu, J, and Lord, RV. Expression of C1q Complement Component in Barrett’s Esophagus and Esophageal Adenocarcinoma. J Gastrointest Surg (2010) 14:1207–13. doi: 10.1007/s11605-010-1230-y

66. Liu, J, Lu, G, Tang, F, Liu, Y, and Cui, G. Localization of Indoleamine 2,3-Dioxygenase in Human Esophageal Squamous Cell Carcinomas. Virchows Arch (2009) 455:441–8. doi: 10.1007/s00428-009-0846-3

67. Kiyozumi, Y, Baba, Y, Okadome, K, Yagi, T, Ishimoto, T, Iwatsuki, M, et al. Ido1 Expression is Associated With Immune Tolerance and Poor Prognosis in Patients With Surgically Resected Esophageal Cancer. Ann Surg (2019) 269:1101–8. doi: 10.1097/SLA.0000000000002754

68. Kelly, RJ. The Emerging Role of Immunotherapy for Esophageal Cancer. Curr Opin Gastroenterol (2019) 35:337–43. doi: 10.1097/MOG.0000000000000542

69. Tsujitani, S, Saito, H, Oka, S, Sakamoto, T, Kanaji, S, Tatebe, S, et al. Prognostic Significance of RCAS1 Expression in Relation to the Infiltration of Dendritic Cells and Lymphocytes in Patients With Esophageal Carcinoma. Dig Dis Sci (2007) 52:549–54. doi: 10.1007/s10620-006-9408-6

70. Tao, H, Qian, P, Wang, F, Yu, H, and Guo, Y. Targeting CD47 Enhances the Efficacy of Anti-PD-1 and CTLA-4 in an Esophageal Squamous Cell Cancer Preclinical Model. Oncol Res (2017) 25:1579–87. doi: 10.3727/096504017X14900505020895

71. Gabrilovich, DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res (2017) 5:3–8. doi: 10.1158/2326-6066.CIR-16-0297

72. Kumar, V, Patel, S, Tcyganov, E, and Gabrilovich, DI. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol (2016) 37:208–20. doi: 10.1016/j.it.2016.01.004

73. Gabrilovich, DI, and Nagaraj, S. Myeloid-Derived Suppressor Cells as Regulators of the Immune System. Nat Rev Immunol (2009) 9:162–74. doi: 10.1038/nri2506

74. Huang, H, Zhang, G, Li, G, Ma, H, and Zhang, X. Circulating CD14(+)HLA-DR(-/low) Myeloid-Derived Suppressor Cell is an Indicator of Poor Prognosis in Patients With ESCC. Tumor Biol (2015) 36:7987–96. doi: 10.1007/s13277-015-3426-y

75. Chen, X, Wang, L, Li, P, Song, M, Qin, G, Gao, Q, et al. Dual TGF-beta and PD-1 Blockade Synergistically Enhances MAGE-A3-specific Cd8(+) T Cell Response in Esophageal Squamous Cell Carcinoma. Int J Cancer (2018) 143:2561–74. doi: 10.1002/ijc.31730

76. Chen, MF, Kuan, FC, Yen, TC, Lu, MS, Lin, PY, Chung, YH, et al. IL-6-Stimulated CD11b+ Cd14+ HLA-DR- Myeloid-Derived Suppressor Cells, are Associated With Progression and Poor Prognosis in Squamous Cell Carcinoma of the Esophagus. Oncotarget (2014) 5:8716–28. doi: 10.18632/oncotarget.2368

77. Chen, MF, Chen, PT, Kuan, FC, and Chen, WC. The Predictive Value of Pretreatment Neutrophil-to-Lymphocyte Ratio in Esophageal Squamous Cell Carcinoma. Ann Surg Oncol (2019) 26:190–9. doi: 10.1245/s10434-018-6944-1

78. Stairs, DB, Bayne, LJ, Rhoades, B, Vega, ME, Waldron, TJ, Kalabis, J, et al. Deletion of p120-catenin Results in a Tumor Microenvironment With Inflammation and Cancer That Establishes it as a Tumor Suppressor Gene. Cancer Cell (2011) 19:470–83. doi: 10.1016/j.ccr.2011.02.007

79. 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

80. Hurt, B, Schulick, R, Edil, B, El Kasmi, KC, and Barnett, C Jr. Cancer-Promoting Mechanisms of Tumor-Associated Neutrophils. Am J Surg (2017) 214:938–44. doi: 10.1016/j.amjsurg.2017.08.003

81. Fridlender, ZG, Sun, J, Kim, S, Kapoor, V, Cheng, G, Ling, L, et al. Polarization of Tumor-Associated Neutrophil Phenotype by TGF-beta: “N1” Versus “N2” Tan. Cancer Cell (2009) 16:183–94. doi: 10.1016/j.ccr.2009.06.017

82. Mishalian, I, Bayuh, R, Levy, L, Zolotarov, L, Michaeli, J, and Fridlender, ZG. Tumor-Associated Neutrophils (TAN) Develop Pro-Tumorigenic Properties During Tumor Progression. Cancer Immunol Immunother (2013) 62:1745–56. doi: 10.1007/s00262-013-1476-9

83. Wu, L, Saxena, S, Awaji, M, and Singh, RK. Tumor-Associated Neutrophils in Cancer: Going Pro. Cancers (Basel) (2019) 11:564. doi: 10.3390/cancers11040564

84. Guthrie, GJ, Charles, KA, Roxburgh, CS, Horgan, PG, McMillan, DC, and Clarke, SJ. The Systemic Inflammation-Based Neutrophil-Lymphocyte Ratio: Experience in Patients With Cancer. Crit Rev Oncol Hematol (2013) 88:218–30. doi: 10.1016/j.critrevonc.2013.03.010

85. Han, F, Liu, Y, Cheng, S, Sun, Z, Sheng, C, Sun, X, et al. Diagnosis and Survival Values of Neutrophil-Lymphocyte Ratio (NLR) and Red Blood Cell Distribution Width (RDW) in Esophageal Cancer. Clin Chim Acta (2019) 488:150–8. doi: 10.1016/j.cca.2018.10.042

86. Yodying, H, Matsuda, A, Miyashita, M, Matsumoto, S, Sakurazawa, N, Yamada, M, et al. Prognostic Significance of Neutrophil-to-Lymphocyte Ratio and Platelet-to-Lymphocyte Ratio in Oncologic Outcomes of Esophageal Cancer: A Systematic Review and Meta-Analysis. Ann Surg Oncol (2016) 23:646–54. doi: 10.1245/s10434-015-4869-5

87. Sun, Y, and Zhang, L. The Clinical Use of Pretreatment NLR, PLR, and LMR in Patients With Esophageal Squamous Cell Carcinoma: Evidence From a Meta-Analysis. Cancer Manag Res (2018) 10:6167–79. doi: 10.2147/CMAR.S171035

88. Nakamura, K, Yoshida, N, Baba, Y, Kosumi, K, Uchihara, T, Kiyozumi, Y, et al. Elevated Preoperative Neutrophil-to-Lymphocytes Ratio Predicts Poor Prognosis After Esophagectomy in T1 Esophageal Cancer. Int J Clin Oncol (2017) 22:469–75. doi: 10.1007/s10147-017-1090-5

89. Xie, X, Luo, KJ, Hu, Y, Wang, JY, and Chen, J. Prognostic Value of Preoperative Platelet-Lymphocyte and Neutrophil-Lymphocyte Ratio in Patients Undergoing Surgery for Esophageal Squamous Cell Cancer. Dis Esophagus (2016) 29:79–85. doi: 10.1111/dote.12296

90. Liew, PX, and Kubes, P. The Neutrophil’s Role During Health and Disease. Physiol Rev (2019) 99:1223–48. doi: 10.1152/physrev.00012.2018

91. Rayes, RF, Mouhanna, JG, Nicolau, I, Bourdeau, F, Giannias, B, Rousseau, S, et al. Primary Tumors Induce Neutrophil Extracellular Traps With Targetable Metastasis Promoting Effects. JCI Insight (2019) 4:e128008. doi: 10.1158/1538-7445.SABCS18-1508

92. Coffelt, SB, Wellenstein, MD, and de Visser, KE. Neutrophils in Cancer: Neutral No More. Nat Rev Cancer (2016) 16:431–46. doi: 10.1038/nrc.2016.52

93. Munch, NS, Fang, HY, Ingermann, J, Maurer, HC, Anand, A, Kellner, V, et al. High-Fat Diet Accelerates Carcinogenesis in a Mouse Model of Barrett’s Esophagus Via Interleukin 8 and Alterations to the Gut Microbiome. Gastroenterology (2019) 157:492–506.e492. doi: 10.1053/j.gastro.2019.04.013

94. Chen, CL, Wang, Y, Huang, CY, Zhou, ZQ, Zhao, JJ, Zhang, XF, et al. Il-17 Induces Antitumor Immunity by Promoting Beneficial Neutrophil Recruitment and Activation in Esophageal Squamous Cell Carcinoma. Oncoimmunology (2017) 7:e1373234. doi: 10.1080/2162402X.2017.1373234

95. da Silva, EZ, Jamur, MC, and Oliver, C. Mast Cell Function: A New Vision of an Old Cell. J Histochem Cytochem (2014) 62:698–738. doi: 10.1369/0022155414545334

96. Ribatti, D, Tamma, R, and Crivellato, E. The Dual Role of Mast Cells in Tumor Fate. Cancer Lett (2018) 433:252–8. doi: 10.1016/j.canlet.2018.07.005

97. Elpek, GO, Gelen, T, Aksoy, NH, Erdogan, A, Dertsiz, L, Demircan, A, et al. The Prognostic Relevance of Angiogenesis and Mast Cells in Squamous Cell Carcinoma of the Esophagus. J Clin Pathol (2001) 54:940–4. doi: 10.1136/jcp.54.12.940

98. Tomita, M, Matsuzaki, Y, Edagawa, M, Shimizu, T, Hara, M, Sekiya, R, et al. Association of Mast Cells With Tumor Angiogenesis in Esophageal Squamous Cell Carcinoma. Dis Esophagus (2001) 14:135–8. doi: 10.1046/j.1442-2050.2001.00171.x

99. Fakhrjou, A, Niroumand-Oscoei, SM, Somi, MH, Ghojazadeh, M, Naghashi, S, and Samankan, S. Prognostic Value of Tumor-Infiltrating Mast Cells in Outcome of Patients With Esophagus Squamous Cell Carcinoma. J Gastrointest Cancer (2014) 45:48–53. doi: 10.1007/s12029-013-9550-2

100. Dlamini, Z, and Bhoola, KD. Upregulation of Tissue Kallikrein, Kinin B1 Receptor, and Kinin B2 Receptor in Mast and Giant Cells Infiltrating Esophageal Squamous Cell Carcinoma. J Clin Pathol (2005) 58:915–22. doi: 10.1136/jcp.2004.021444

101. Wang, B, Li, L, Liao, Y, Li, J, Yu, X, Zhang, Y, et al. Mast Cells Expressing Interleukin 17 in the Muscularis Propria Predict a Favorable Prognosis in Esophageal Squamous Cell Carcinoma. Cancer Immunol Immunother (2013) 62:1575–85. doi: 10.1007/s00262-013-1460-4

102. Robida, PA, Puzzovio, PG, Pahima, H, Levi-Schaffer, F, and Bochner, BS. Human Eosinophils and Mast Cells: Birds of a Feather Flock Together. Immunol Rev (2018) 282:151–67. doi: 10.1111/imr.12638

103. Weller, PF, and Spencer, LA. Functions of Tissue-Resident Eosinophils. Nat Rev Immunol (2017) 17:746–60. doi: 10.1038/nri.2017.95

104. Davoine, F, and Lacy, P. Eosinophil Cytokines, Chemokines, and Growth Factors: Emerging Roles in Immunity. Front Immunol (2014) 5:570. doi: 10.3389/fimmu.2014.00570

105. Travers, J, and Rothenberg, ME. Eosinophils in Mucosal Immune Responses. Mucosal Immunol (2015) 8:464–75. doi: 10.1038/mi.2015.2

106. Doyle, AD, Masuda, MY, Kita, H, and Wright, BL. Eosinophils in Eosinophilic Esophagitis: The Road to Fibrostenosis is Paved With Good Intentions. Front Immunol (2020) 11:603295. doi: 10.3389/fimmu.2020.603295

107. Fukuchi, M, Sakurai, S, Suzuki, M, Naitoh, H, Tabe, Y, Fukasawa, T, et al. Esophageal Squamous Cell Carcinoma With Marked Eosinophil Infiltration. Case Rep Gastroenterol (2011) 5:648–53. doi: 10.1159/000332441

108. Ohashi, Y, Ishibashi, S, Suzuki, T, Shineha, R, Moriya, T, Satomi, S, et al. Significance of Tumor Associated Tissue Eosinophilia and Other Inflammatory Cell Infiltrate in Early Esophageal Squamous Cell Carcinoma. Anticancer Res (2000) 20:3025–30.

109. Yang, X, Wang, L, Du, H, Lin, B, Yi, J, Wen, X, et al. Prognostic Impact of Eosinophils in Peripheral Blood and Tumor Site in Patients With Esophageal Squamous Cell Carcinoma Treated With Concurrent Chemoradiotherapy. Med (Baltimore) (2021) 100:e24328. doi: 10.1097/MD.0000000000024328

110. 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

111. Warner, K, and Ohashi, PS. ILC Regulation of T Cell Responses in Inflammatory Diseases and Cancer. Semin Immunol (2019) 41:101284. doi: 10.1016/j.smim.2019.101284

112. Mattiola, I, and Diefenbach, A. Innate Lymphoid Cells and Cancer At Border Surfaces With the Environment. Semin Immunol (2019) 41:101278. doi: 10.1016/j.smim.2019.06.001



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.

Copyright © 2021 Cui, Hu, Mei and Cheng. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Innate Immune Cells in the Esophageal Tumor Microenvironment

      

        		

          Introduction

        



        		

          NK Cells

        



        		

          γδT Cells

        



        		

          TAMs

        



        		

          DCs

        



        		

          MDSCs

        



        		

          Neutrophils

        



        		

          MCs and Eosinophils

        



        		

          Crosstalk and Regulation of Innate Immune Cells

        



        		

          Immunotherapy Strategy Based on Innate Immune Cells

        



        		

          Perspective

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-654731-g004.jpg





OEBPS/Images/fimmu.2021.654731_cover.jpg
, frontiers
in Immunology

Innate Immune Cells in the
Esophageal Tumor
Microenvironment





OEBPS/Images/fimmu-12-654731-g002.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-654731-g003.jpg





OEBPS/Images/fimmu-12-654731-g001.jpg





