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Background

Esophageal cancer (EC) is the seventh-most prevalent cancer worldwide and is a significant contributor to cancer-related mortality. Metabolic reprogramming in tumors frequently coincides with aberrant immune function alterations, and extensive research has demonstrated that perturbations in energy metabolism within the tumor microenvironment influence the occurrence and progression of esophageal cancer. Current treatment modalities for esophageal cancer primarily include encompass chemotherapy and a limited array of targeted therapies, which are hampered by toxicity and drug resistance issues. Immunotherapy, particularly immune checkpoint inhibitors (ICIs) targeting the PD-1/PD-L1 pathway, has exhibited promising results; however, a substantial proportion of patients remain unresponsive. The optimization of these immunotherapies requires further investigation. Mounting evidence underscores the importance of modulating metabolic traits within the tumor microenvironment (TME) to augment anti-tumor immunotherapy.





Methods

We selected relevant studies on the metabolism of the esophageal cancer tumor microenvironment and immune cells based on our searches of MEDLINE and PubMed, focusing on screening experimental articles and reviews related to glucose metabolism, amino acid metabolism, and lipid metabolism, as well their interactions with tumor cells and immune cells, published within the last five years. We analyzed and discussed these studies, while also expressing our own insights and opinions.





Results

A total of 137 articles were included in the review: 21 articles focused on the tumor microenvironment of esophageal cancer, 33 delved into research related to glucose metabolism and tumor immunology, 30 introduced amino acid metabolism and immune responses, and 17 focused on the relationship between lipid metabolism in the tumor microenvironment and both tumor cells and immune cells.





Conclusion

This article delves into metabolic reprogramming and immune alterations within the TME of EC, systematically synthesizes the metabolic characteristics of the TME, dissects the interactions between tumor and immune cells, and consolidates and harnesses pertinent immunotherapy targets, with the goal of enhancing anti-tumor immunotherapy for esophageal cancer and thereby offering insights into the development of novel therapeutic strategies.
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1 Introduction

Esophageal cancer (EC) is the seventh-most common cancer and sixth leading cause of cancer-related mortality worldwide. It is a complex multifactorial disease with varying distribution worldwide (1). Among 456,000 annual cases of esophageal cancer, esophageal squamous cell carcinoma (ESCC) comprises approximately 90% of all cases. High-incidence regions include East Asia to Central Asia, the East African Rift Valley, and South Africa, with East Asia having the highest incidence (2). Statistics indicate that China bears over 50% of the global burden of EC cases, with ESCC serving as the primary histological subtype (3).

The emergence, progression, and dissemination of EC are closely related to its cellular microenvironment, also known as the tumor microenvironment (TME). A refractory TME is a key issues that clinically impede effective cancer treatment. Increasing evidence highlights the significance of TME in driving cancer heterogeneity and treatment resistance (4–7). Tumor cells, immune cells, stromal cells, and various cytokines collectively constitute the TME (8), forming a precisely structured ecological environment that favors the expansion, proliferation and dissemination of cancer cells. Immunocompetent cells and supporting stromal elements acting as essential components of the TME, exhibit high specialization and heterogeneity in the phenotype and function, participating throughout the entire process of tumor development and treatment response (9, 10). Metabolic reprogramming plays a crucial role in cancer progression, and the TME is a significant factor influencing this process (11) (Table 1).


Table 1 | Details, key insights, and shortcomings concerning metabolic reprogramming of esophageal cancer and immune cells.



Tumors activate immune and stromal cells through immune metabolic reprogramming, such as tumor-associated macrophages (TAMs) (18), tumor-associated neutrophils (TANs) (19), regulatory T cells (Tregs) (20), myeloid-derived suppressor cells (MDSCs) (21), endothelial cells (ECs) (22), and cancer-associated fibroblasts (CAFs) (23). Tumors promote their occurrence and development by increasing aerobic glycolysis (24), affecting protein palmitoylation of oncogenes and tumor suppressor genes (25), and altering microenvironmental cellular metabolism such as abnormal fatty acid synthesis and oxidation, as well as competing for oxygen and glucose (26), and essential or non-essential amino acids (27, 28). Investigating the impact of TME metabolism on stromal and immune cells can significantly enhance our understanding of EC progression and facilitate the development of more effective EC treatment methods.

Chemotherapy remains the primary treatment method for most patients with EC, although it is associated with dose-limiting toxicity (29). Significant advancements in targeted therapy have led to better treatment strategies. However, the National Comprehensive Cancer Network (NCCN) advocates only for the administration of trastuzumab, which specifically targets human epidermal growth factor receptor 2 (HER2), and ramucirumab, an inhibitor of vascular endothelial growth factor receptor 2 (VEGFR-2), as therapeutic options for patients diagnosed with EC (30). In recent years, findings concerning the efficacy of immunotherapy for the treatment of diverse types of cancer have been exciting. For instance, immune checkpoint inhibitors (ICIs), immune-modulating compounds, monospecific antibodies and other immunotherapies represent new methods for treating EC (31, 32). This approach harnesses the patient’s own immune system to fight malignant cells by blocking the immune checkpoint pathways. Inhibiting programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1), classic ICIs, have demonstrated compelling clinical benefits in various malignancies, including ESCC (33, 34). However, despite the availability of numerous treatment options for EC, there is a dearth of effective treatments.

Given the above, we attempted to augment anti-tumor immunotherapy for EC through a comprehensive summation of the metabolic characteristics within the TME, and identify and utilize relevant immunotherapy targets.




2 Microenvironment of EC

Within the TME, anti-tumor cells and tumor cells counteract each other. Various molecules released by stromal cells facilitate tumor growth by directly activating cancer cell growth signals or by remodeling the microenvironment (35). Upon activation, immune cells, such as dendritic cells (DCs) (36), effector T cells (T effs) (37), memory T cells (T mems) (38), and natural killer cells (NKs) (39), mount an immune response against tumor cells in the TME, thereby controlling tumor progression and preventing evasion of immune surveillance.

In EC, vascular endothelial growth factor receptor (VEGF) plays a crucial role in tumor progression. Shimada et al. identified a positive correlation between serum VEGF levels and the tumor stage and prognosis by comparing the serum VEGF content in patients diagnosed with ESCC (40). Cancer-associated fibroblasts (CAFs) also constitute a vital component of the EC TME, playing significant roles in the disease progression and prognosis. During disease progression, inhibition of the transcription factor KLF4 in epithelial cells results in a marked reduction in the expression of ANXA1, which serves as a ligand for formyl peptide receptor type 2 (FPR2). This decrease subsequently triggers the unregulated conversion of normal fibroblasts into CAFs, ultimately facilitating crosstalk (41). Cancer-derived S100A8 engages with CD147 receptors on CAFs, triggering their polarization and subsequently fostering chemoresistance via the activation of the intracellular RhoA-ROCK-MLC2-MRTF-A signaling pathway (42). Chen et al. discovered that precancerous esophageal epithelial cells could reprogram normal resident fibroblasts into CAFs by downregulating the ANXA1-FRP2 signaling pathway (43). Qiu et al. emphasized the future prospects and clinical trends of targeting CAFs for the ESCC treatment. A deeper understanding of the molecular biology of CAFs could potentially contribute to the development of novel anti-ESCC strategies (44). Concurrently, prolonged exposure of the esophagus to a gastric acid environment fosters a chronic inflammatory microenvironment. Evidence supports the crucial role of CAFs in the progression of Barrett’s esophagus (BE) and esophageal adenocarcinoma (EAC) (45, 46). In EAC, the distal esophageal epithelium undergoes metaplasia as a consequence of reflux disease, and inflammatory cytokines are significantly upregulated, affecting the cancer prognosis. The infiltration of M2-macrophages, especially the predominance of M2-like cells over M1-like cells, correlates with an unfavorable prognosis (47, 48). In EAC and ESCC, tumor-infiltrating macrophages appear to play a crucial role in the aggressive progression of malignancy and resistance to therapy (49). Some studies have indicated that MDSCs play a role in fostering the growth of esophageal tumors in experimental settings, and elevated infiltration levels of these cells in patients with EC correlate with adverse prognostic indicators (50, 51). This suggests that MDSCs may serve as a potential oncogenic factor within the TME of EC.

Some bacteria also influence the TME in EC. Certain bacterial infections in the TME activate immune responses that directly eliminate tumor cells, while other bacteria induce immune evasion of tumor cells by inhibiting inflammatory pathways (52, 53). Examples of bacteria that influence the TME in EC include Helicobacter pylori (54) and Streptococcus (55).

The interaction between neoplastic cells and tumor-suppressing immune cells in the local microenvironment of esophageal tumors reveals meaningful therapeutic strategies. By selectively upregulating or downregulating anti-tumor substances, specifically inhibiting tumor cells, and activating or restoring immune cell functions, an anti-TME is created. Therefore, we have summarized the characteristics of metabolic reprogramming in the esophageal cancer EC TME, providing strategies for the treatment of EC (Figure 1).




Figure 1 | Metabolic reprogramming in the tumor microenvironment of esophageal cancer.



In this section, we have summarized 21 articles, while 10 discussed immune cells in the TME of EC, 7 explored the roles of VEGF and CAFs in the progression of EC, and 4 investigated the impact of microflora on the esophageal TME.




3 Glucose metabolism

In 1956, Otto Warburg noted that, unlike normal cells, cells predominantly utilize glycolysis for energy production, even under aerobic conditions, rather than oxidative phosphorylation (OXPHOS). This metabolic phenomenon is referred to as aerobic glycolysis, also known as the “Warburg effect (56, 57). The increase in aerobic glycolysis results in glucose deprivation and lactate accumulation of lactate within tumor cells. Meanwhile, numerous dysfunctional tumor blood vessels and rapidly proliferating tumor cells create a hypoxic TME, forcing cells to upregulate the expression of glucose transporter 1 (GLUT-1) to counteract glucose consumption by tumor cells and further resulting in an acidic and hypoxic TME (58–60). High glycolytic activity and poor blood exchange reduce glucose availability (61), exacerbating a vicious cycle. This indicates that the improvement of hypoxia and excessive glucose levels can be used as a target to inhibit tumor progression.

Hypoxia-inducible factor (HIF-1α) is expressed in the hypoxic TME and acts as a transcription factor involved in the transcription of glycolytic or glucose transporter genes (59, 62, 63). The transcription of HIF-1α significantly enhances the two major pathways of NF-κB and PI3K/AKT/mTOR, allowing cells to increase glucose metabolism under oxygen-independent conditions (12). Pyruvate kinase isozyme typeM2 (PKM2) is highly expressed in both tumor cells and tumor-associated fibroblasts (64) and is upregulated in patients as well (65). Some studies have revealed that the interplay between PKM2, heat shock protein 90 (HSP90), and HIF-1α leads to the stabilization of PKM2, which in turn facilitates aerobic glycolysis and inhibits the process of cell apoptosis (66). The observed correlation between an elevated PKM2 expression and an adverse prognosis further supports the crucial role of glycolysis in the progression of ESCC.

Lactate dehydrogenase (LDH), pyruvate dehydrogenase (PDH), and pyruvate dehydrogenase kinase (PDK) are key enzymes in pyruvate metabolism. HIF-1α upregulates the expression of LDH and PDK, catalyzing the conversion of pyruvate to lactate and leading to further lactate accumulation (12, 59, 67, 68). Lactate further mediates the expression of VEGF and M2 polarization of TAMs through HIF-1α (69), creating immunosuppressive interactions within TAMs. The accumulation of lactate caused by a hypoxic microenvironment is a crucial factor in reducing anti-tumor immunity.

In some case of tumor progression, the TME can promote the transformation of macrophages into TAMs (70). In a TME characterized by low glucose levels, TAMs modulate their functions through glycolysis activation, while lactate promotes the polarization of M2-type TAMs, leading to elevated expression of VEGF and arginase-1 (ARG-1) and thereby stimulating cancer cell proliferation (71). TAMs indirectly increase the bioavailability of targeted nutrients in the TME, providing nutrition for malignant cells, and their immunosuppressive effects also promote tumor progression (72). The nutritional support mechanism involves the recruitment of TAM-secreted bioactive molecules or activation of the ECs, leading to the generation of TAM-derived adrenomedullin (AMD), chemokine (C-X-C motif) ligand 12 (CXCL12), and other factors, which promote new blood vessel formation (73, 74). Therefore, the role of TAMs in oncogenesis promotion and immunodepression makes them potential targets for cancer therapies.

Glucose is a crucial energy source for activating T-cells, and a low-glucose TME environment can inhibit the T-cell function and reduce their persistence during the initiation of adaptive immune responses (75). As glycolysis increases in tumor cells and TAMs, the abundance of glucose in the TME decreases, eliciting impairment of the T-cell function and further exacerbating the immunosuppressive capacity of the TME. Lactate produced by cancer cells stabilizes extracellular signal-regulated kinases 1/2 (ERK1/2), signal transducer and activator of transcription (STAT) 3, and HIF-1α to induce ARG-1, thereby inhibiting the T-cell function and promoting tumor growth (69, 76). In addition, enhanced glycolysis in tumor cells increases the secretion of colony-stimulating factor (CSF) and macrophage colony-stimulating factor (M-CSF), further inhibiting the function of T cells (77). At this point, low glucose induces increased expression of FoxP3, promoting the transition from T eff cells to T reg cells (78), while also reprogramming T-lymphocyte metabolic processes to adapt to the glucose-deprived environment, characterized by the suppression of glycolysis and the augmentation of OXPHOS (58).

EC cells secrete transforming growth factor-beta (TGF-β), thereby enhancing the immune tolerance of tumors. Clinical studies have established a significant correlation between TGF-β expression levels and the prognosis of patients with EC (79). The TGF-β signaling pathway is abnormally high in patients (80). TGF-β activates regulatory T cells (Tregs) directly, while simultaneously inhibiting the cytotoxicity of T cells and natural killer cells (NKs), impairing DCs antigen-presenting function, and blocking the differentiation of naïve T cells towards effector T cells (81). A study found that TGF-β is highly expressed in patients treated with conventional chemotherapy regimens, suggesting that chemotherapy may upregulate TGF-β levels, leading to the development of immune resistance (80). Furthermore, IL-6 upregulation is evident in both ESCC and EAC (82), originating from the TME and expressed or implicated in related pathways across diverse EC phenotypes (83). This upregulation promotes epithelial-to-mesenchymal transition (EMT), clonogenicity, and chemoresistance in EC (83).

In this section, we have reviewed 33 articles on glucose metabolism in the TME of EC, 11 of which were related to the mechanisms of glucose metabolism, 11 discussed the roles of factors such as HIF-1α and TGF-β in EC, and 13 explored the impact of changes in TME glucose metabolism on immune cells.




4 Amino acid metabolism

Amino acids, as essential resources and metabolites for the sustenance of cellular life, participate in the TME, and their increased demand supports the rapid proliferation of cancer cells (84). Among amino acids, arginine is a precursor for the synthesis of proteins, polyamines, nitric oxide, creatine, agmatine, and urea (85), and is also a source of NO, an important substance in tumor regulation (86). Nutritional arginine in the TME activates the MAPK pathway by inhibiting dephosphorylation and subsequent inactivation of TPL-2, a tumor-promoting locus of MAPK kinase (87). This finding highlights the important role of arginine metabolism in cancer progression. In the hypoxic TME of ESCC, the receptor tyrosine kinase insulin-like growth factor 1 (IGF-1R) is upregulated and increases the transcription of argininosuccinate synthetase 1 (ASS1) regulated by c-MYC, achieving reprogramming of arginine metabolism (14). In the rate-controlling steps of arginine metabolism, the differences in the levels of ASS1 and argininosuccinate lyase (ASL) between ESCC tissues and their metastatic derivatives suggest that blocking ASS1 or ASL may hinder the proliferation of ESCC at the original site and potentiate distant metastatic dissemination (88).

Glutamine is the predominantly consumed amino acid in tumors, and glutamine addiction is a typical characteristic of cancer (89). Research has shown that tumor cells have a stronger dependence on glutamine (90), which is widely present in EC cells, as well as other tumor cells. Glutamine serves as a precursor for the biosynthesis of arginine or other non-essential amino acids, purines, pyridines, and glucose, and provides nutrition for rapidly proliferating malignant cells. Its redox reaction removes reactive oxygen species, making it indispensable for the survival of cancer cell. Indeed cancer cells that lack glutamine undergo rapid cell death, making glutamine a crucial target for cancer therapy (91–93).

The metabolic reprogramming of glutamine is orchestrated by various oncogenic genes (94). Specifically, Myc can directly bind to the promoters of glutamine metabolism genes to enhance glutamine metabolism (95), or indirectly stimulate it by inhibiting the expression of miR-23a/b (96). In contrast, p53 promotes OXPHOS and glutamine hydrolysis, thereby inhibiting tumor growth by upregulating the expression of glutaminase isoenzyme Gls2 (97). Other genes, such as glutamate dehydrogenase (GDH) (98), IDH1/2 (99), pyruvate carboxylase (PC) (98), phosphatidylinositol 3-kinase (PI3K) (100), signal transducer and activator of transcription 1 (STAT1) (101, 102), extracellular signal-regulated kinases (ERKs) (103), and KRAS (104), are associated with metabolic reprogramming of glutamine. In experiments with porcine intestinal ECs, the mTOR and MAPK/ERK signaling pathways were inactivated in a low-glutamine environment and reactivated after glutamine supplementation (105). Glutamine is also essential for T-cell function. Indeed, recent studies have shown that glutamine is a key in-vivo fuel for CD8 T-cells (106). Glutamine depletion inhibits T-cell proliferation and cytokines production, and this inhibitory effect on T-cells is irreversible (107).

The competition for glutamine between cancer cells and T cells results in a relative deficiency of glutamine in T cells (108, 109). Therefore, we can combat tumor proliferation by specifically modulating glutamine levels in the TME of EC. For example, the glutaminase (GLS) inhibitor CB839 not only delay tumor proliferation (110), but also enhances the therapeutic effect of chimeric antigen receptor T-cells (CAR-T) (111). The glutamine transporter inhibitor V-9302 has been demonstrated in animal experiments to reduce the uptake of glutamine by malignant cells in mice (112). Edwards et al. further showed that V-9302 not only diminishes the uptake by malignant cells but also augments the infiltration of CD8+ T cells, elevates the count of Th1 cells secreting the anti-tumor effector molecule IFNγ within the TME, and mitigates tumor-induced glutamine deprivation in lymphocytes, ultimately attenuating the impairment of anti-tumor immunity (109). Therefore, we anticipate that new targeted glutaminase drugs will contribute to the management of EC.

In summary, the amino acids in the TME are indispensable for cell metabolism. The proliferative activity and expansion of cancer cells, along with the activation and differentiation of immune cells, demand a high-energy microenvironment. Amino acids, which serve as secondary major energy providers, exert a profound influence on cellular metabolism. In this section, 30 articles were included, while 6 focused on arginine metabolic reprogramming, 19 focused on glutamine metabolic reprogramming, and 5 discussed therapeutic strategies based on amino acid metabolic reprogramming. A deeper understanding of amino acid metabolism in the TME can aid in identifying novel anti-tumor targets and offer new perspectives for targeted therapies.




5 Lipid metabolism

Alterations in lipid metabolism represent a significant aspect of cellular reprogramming in cancer and serve as a crucial mode of interaction between tumor cells and the TME. Their synthetic and catabolic processes can be effective targets for lipid metabolism.

ESCC progression requires the enhanced synthesis and uptake of lipids (113). Lipid synthesis metabolism is associated with several enzymes, including ATP citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), and sterol regulatory element binding protein 1 (SREBP1). ATP citrate lyase (ACLY) catalyzes a key rate-limiting step in the biosynthesis of fatty acids, cholesterol, and other lipids during de novo fat synthesis. Research has demonstrated that overexpression of ACLY stimulates the proliferation of tumor cells, whereas suppression of ACLY expression hinders their growth (114–116). FASN serves as the catalyst for the final step of fatty acid production, forming palmitate, which involves the conversion of intermediates into saturated fatty acids in the presence of NADPH. FASN exhibits low expression in quiescent normal cells (117), but is overexpressed in many types of cancer. Elevated expression and activity of FASN contributes to the survival of cancer cells (118) and has implicated in the progression of ESCC. For example, the competitive endogenous RNA circHIPK3 upregulates FASN expression in ESCC cells by sponging miR-637, increasing fatty acid biosynthesis, and promoting tumor progression (118). In hypoxic tumor cells, the upregulation of the hypoxia-inducible factor HIF-1α leads to a subsequent increase in FABP3/7 expression (119). Concurrently, there is a significant elevation in the gene and protein levels of CD36 and FATP in these cells (26). This coordinated upregulation facilitates the influx and accumulation of fatty acids (FAs), ultimately improving the survival of hypoxic tumor cells. Preclinical investigations have revealed that the internalization of exogenous fatty acids by CD36 is contingent on CD36 expression, and notably, the combined application of CD36 inhibitors with FASN inhibitors and anti-PD-1 therapy exhibits marked synergistic efficacy (120).

SREBP1 is an important transcriptional regulator of lipid synthesis that regulates the fat generation process by activating ACLY, ACC1, and FASN (121). It can also synergize with TP63/kruppel-like factor 5 (KLF5) in the regulation of fatty acid biosynthesis (122). SREBP1 overexpression correlates with an unfavorable prognosis in ESCC patients and facilitates ESCC progression through the stimulation of fatty acid biosynthesis. In ESCC, pre-mRNA processing factor 19 (PRP19) enhances the stability of SREBP1 mRNA in an n6-methyladenosine-dependent manner, mediating SREBP-dependent fatty acid synthesis and ESCC progression (122). Therefore, we may be able to reduce fatty acid synthesis in TME and disrupt the energy intake of ESCC by targeting these key enzymes, ultimately achieving the goal of delaying tumor progression.

Fatty acid oxidation (FAO) is a process in which fatty acids are shortened to produce acetyl-CoA, NADH, and FADH2 (123). Carnitine palmitoyl transferase I (CPT1A) is a key rate-limiting enzyme in FAO, facilitating the transport of long-chain fatty acids into the mitochondria for oxidation. Its upregulation in ESCC is associated with low survival rates in patients (124). The concentrations of medium- and long-chain acylcarnitines, which serve as the primary substrates for energy generation through FAO in the mitochondria, are markedly reduced in the peripheral blood of patients with ESCC compared to healthy controls. This reduction suggests alterations in β-oxidation activity and the tricarboxylic acid (TCA) cycle in the ESCC cells (125). In ESCC, CPT1A maintains redox homeostasis by providing GSH and NADPH, thereby inhibiting apoptosis. Inhibiting CPT1A, which leads to a decrease in NADPH supply, can thus inhibit anchorage-independent growth of ESCC cells both in vitro and in vivo (124). Overexpression of CPT1A activates FAO and is closely correlated with grading, metastasis, clinical staging, and a poor prognosis in EC patients.

At the same time, FAO is also one of the sources of OXPHOS for some immune cells. For example, compared to T eff cells, the sustained upregulation of CPT1A expression in T cells and studies using CPT1A inhibitors indicate that FAO is an important metabolic pathway in T cells (126). The differentiation and activation of TAM are related to FAO (127). By inhibiting mitochondrial OXPHOS, particularly FAO, the tendency for M2 polarization of TAMs is diminished, resulting in reduced tumor proliferation, angiogenesis, and immunosuppression. These observations underscore the potential of CPT1A as a promising target for clinical intervention in ESCC treatment strategies.

The high energy demands of malignant cells necessitate increased intake, resynthesis, and oxidative breakdown of exogenous lipids through additional fat metabolism to obtain energy. This process of energy alteration also exerts an influence on immune cells. In the TME, lipid metabolism synergizes with glucose and amino acid metabolism to alter the normal functions of immune cells, leading to immunosuppression (Figure 2). This provides tumors with an opportunity to evade immune defense mechanisms, thereby promoting the development of escape mechanisms and cancer progression. We have selected 17 articles that reference research on the relationship between lipid metabolism in the tumor microenvironment and the interaction between tumor cells and immune cells, 12 of which focused on the anabolic metabolism of lipids, and 5 focused on the oxidative catabolism of lipids, hoping to better integrate the relevant targets of lipid metabolism and provide new directions for the development of new drugs.




Figure 2 | Immunological changes in the tumor microenvironment of esophageal cancer.






6 Conclusion and outlook

EC is a complex and malignant disease that involves tumor cells, creating a nutritious environment conducive to tumor growth by activating various pathways. Tumor metabolites and metabolic regulation affect the function of immune cells, thereby resulting in local immunosuppression that enables tumors to evade the host’s immune surveillance mechanisms. Therefore, addressing metabolic abnormalities in the TME is crucial for the initiation and progression of esophageal cancer.

Currently, effective treatment options for EC are limited, and the treatment response and overall survival rates of patients undergoing tumor immunotherapy remain suboptimal. The essential roles of glucose, glutamine, and other nutrients in cell proliferation and immune defense make it challenging to avoid the toxic and side effects associated with targeted modulation of their levels within the TME. However, targeted therapies continue to face the challenge of drug resistance. For instance, an elevated GLS expression in tumor cells enables glutamine synthesis from glutamate, thereby permitting malignant cells to sustain proliferation even during glutamine deprivation (128).

Metabolic reprogramming is a distinctive feature of both tumor cells and immune responses. The immunosuppressive microenvironment in EC tumors, marked by elevated lactate levels, reduced amino acid availability, and increased fatty acid accumulation along with heightened energy consumption, represents a key focus for metabolic interventions in targeted therapies. Several microenvironment-targeted drugs, including PD-1/PD-L1 inhibitors and anti-angiogenic agents, have progressed to clinical trials and shown promising efficacy. Nevertheless, the therapeutic mechanisms underlying metabolic reprogramming in the EC microenvironment are in the preclinical stage. Further exploration of its immunological and biological facets is pivotal for the development of novel drugs and the refinement of existing immunotherapies (Table 2).


Table 2 | Prospects and challenges of EC therapies.



Consequently, we anticipate utilizing more advanced sequencing techniques to delve deeper into the interactions between immune cells and tumor cells in EC metabolism. For instance, the application of spatial tri-omic sequencing technologies enables the delineation of spatial dynamic remodeling within EC (129). Perturb-DBiT has the capacity to elucidate clonal dynamics and cooperative interactions, while also identifying differential and synergistic perturbations that promote or inhibit immune infiltration in tumors (130). In addition, spatial CITE sequencing can reveal spatially distinct germinal center reactions in EC (131). Our goal was to identify suitable biomarkers that can reveal more characteristic targets, ultimately leading to the discovery of more effective novel therapies that can enhance nutrient availability and improve immune regulation within the TME. We should also consider the differences in sensitivity to targeted therapy between EAC and ESCC, as well as the potential risks associated with novel targeted therapies. Furthermore, it is important to consider potential risks associated with novel targeted therapies. By collecting and analyzing effective clinical data, we can explore more effective combinations of different targeted therapies, immunotherapy in conjunction with targeted therapy, and targeted therapy combined with conventional chemotherapy (132). These efforts will aid in the development of new anti-EC drugs and enhance the overall efficacy of EC treatments.
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side effects.

human epidermal growth factor receptor 2 (HER2), vascular endothelial
growth factor receptor 2 (VEGFR-2)), which necessitates more extensive
clinical data for support.
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Key point

Hypoxia-inducible factor
(HIF-10: stimulates
glycolytic metabolism
predominantly in M1-type
macrophages, thereby
facilitating the
inflammatory response.

Metabolites produced by
tumors, such as lactic acid,
adenosine, and
prostaglandins promote the
polarization of tumor-
associated macrophages
(TAMs) towards the M2
phenotype via paracrine or
autocrine mechanisms.

Arginine plays a crucial
role in TME metabolic
reprogramming by serving
as a precursor for the
synthesis of proteins, nitric
oxide, polyamines,
agmatine, creatine,

and urea.

Glutaminolysis plays a
pivotal role as both an
energy source and nitrogen
supplier for the activation
and sustained functionality
of immune cells.

Lactate is not only an
energy source generated
through glycolysis, but also
plays a crucial role in T
cell function by acting as a
signaling molecule and
regulating

signaling pathways.

Distinct lipid molecules in
lipid metabolism are
crucial for T cell signaling
and function, serving as
energy sources, membrane
components, and
signaling molecules.

Mechanism

HIF-10. enhances the NF-xB
and PI3K/AKT/mTOR
pathways to meet
inflammatory energy
demands. The expression of
glycolytic enzymes (e.g.,
lactate dehydrogenase,
pyruvate dehydrogenase
kinase) 1.

Under hypoxic conditions,
HIFlo is stabilized and
activated, resulting in M2-
type TAM marker genes (e.g.,
ARG-1, VEGF) 1

tumor cells are unable to
synthesize arginine due to
argininosuccinate synthetase

1 (ASS1) deficiency, and
instead upregulate insulin-like
growth factor 1 (IGF-1R) and
enhance ASS1 transcription
via ¢-MYC for arginine
metabolic reprogramming.

Glutamine is first converted
into glutamate by glutaminase
(GLS), then enters the
tricarboxylic acid cycle (TCA)
to generate energy or is
transformed into various
biosynthetic precursors for
proliferation, differentiation,
and cytokine production of
immune cells.

glucose transporterst and
glycolytic enzymes? fuels T-
cell proliferation and
activation.; MCTs transport
lactate into T cells, altering
the NAD+/NADH ratio,
regulating silent information
regulator 1 (SIRT1) activity,
impacting T-bet stability, and
modulating gene expression
and signaling via lactylation.

Lipid metabolism generates
fatty acids, cholesterol, and
phospholipids, which
modulate transcription factor
activity, epigenetic
modifications, and post-
translational protein
modifications, ultimately
impacting T cell function
and differentiation.

1 means an increase in the expression; | means the impact of metabolism on TME and immune cells.

Involved factol

Oxygen concentration,
prolyl hydroxylase (PHD)
activity, reactive oxygen
species (ROS) levels, the
NF-kB and AKT/mTOR
signaling pathways.;
glycolytic enzymes,
angiogenic factors like
vascular endothelial
growth factor receptor
(VEGF), and
erythropoietin (EPO).

VEGF facilitates
angiogenesis; Arginase-1
(ARG-1) engages in
polyamine synthesis and
nitrogen metabolism;
Lactate transporters
(MCTs) facilitate the
influx of lactate

into TAMs,

ARG-1 degrades arginine,
limit its availability and
suppress T cell function;
inducible nitric oxide
synthase (INOS)
cooperates with ARG-1 to
produce nitric oxide and
citrulline, modulating the
immune
microenvironment.

Glutaminase (GLS),
Glutamine transporters
(such as SLC1A5);
Activation of the mTOR
signaling pathway,
Expression of immune
checkpoint molecules
(such as PD-L1).

Hexokinase 2 (HK2),
lactate dehydrogenase A
(LDHA), etc; glucose
transporter 1 (GLUT1);
monocarboxylate
transporter 1 (MCT1),
etc; HIF-10, Myc, T-bet,
SIRT1, etc.; adenylate
kinase 2 (AK2), pyruvate
kinase isozyme typeM2
(PKM2), etc.

Fatty acid synthase
(FASN), acetyl-CoA
carboxylase (ACC), fand
sterol regulatory element-
binding proteins
(SREBPs), etc;
phosphatidylinositol,
diacylglycerol,
sphingomyelin, and
cholesterol, etc.

Challenge

Excessive HIF-10, (12)
activation can cause
uncontrolled
inflammation and
tissue injury, linked
to macrophage
polarization and
metabolic
dysregulation,
making it a
promising
therapeutic target.

Tumor metabolism (13)
represents one of
numerous signals that
govern TAM
polarization,
highlighting the
necessity for
personalized
treatment strategies
to tackle the intrinsic
heterogeneity

of tumors.

Supplementing (14)
arginine or inhibiting
the activity of ARG-1
and INOS could
represent promising
strategies to augment
anti-tumor immune
responses but their
clinical
implementation
remains a

significant challenge.

Balancing competitive |~ (15)
glutamine

consumption in the

TME to inhibit

tumor growth while
mitigating impacts on
immune cells poses a
significant

research challenge.

Lactate has dual (16)
effects:
immunosuppressive
at low
concentrations.;
potentially pro-
antitumor for CD8+
T cells at high
concentrations.
Lactylation still
warrant further
research into its

regulatory
mechanisms.

Challenges persistin  (17)
identifying specific

lipid biomarkers for

effective monitoring

and prediction of

immune cell function

and

treatment response.
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