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Background

Neutrophil extracellular traps (NETs) are crucial in the progression of several cancers. The formation of NETs is closely related to reactive oxygen species (ROS), and the granule proteins involved in nucleosome depolymerization under the action of ROS together with the loosened DNA compose the basic structure of NETs. This study aims to investigate the specific mechanisms of NETs promoting gastric cancer metastasis in order to perfect the existing immunotherapy strategies.





Methods

In this study, the cells and tumor tissues of gastric cancer were detected by immunological experiments, real-time polymerase chain reaction and cytology experiments. Besides, bioinformatics analysis was used to analyze the correlation between cyclooxygenase-2 (COX-2) and the immune microenvironment of gastric cancer, as well as its effect on immunotherapy.





Results

Examination of clinical specimens showed that NETs were deposited in tumor tissues of patients with gastric cancer and their expression was significantly correlated with tumor staging. Bioinformatics analysis showed that COX-2 was involved in gastric cancer progression and was associated with immune cell infiltration as well as immunotherapy. In vitro experiments, we demonstrated that NETs could activate COX-2 through Toll-like receptor 2 (TLR2) and thus enhance the metastatic ability of gastric cancer cells. In addition, in a liver metastasis model of nude mice we also demonstrated the critical role of NETs and COX-2 in the distant metastasis of gastric cancer.





Conclusion

NETs can promote gastric cancer metastasis by initiating COX-2 through TLR2, and COX-2 may become a target for gastric cancer immunotherapy.
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1 Introduction

The global morbidity and mortality of gastric cancer (GC) are increasing annually, and China has approximately half of the world’s patients with GC (1, 2). Gastric cancer has a complex etiology and is induced mainly by Helicobacter pylori infection during an inflammatory reaction (3, 4). The prognosis of GC is polarized. Physical examination shows that endoscopic resection usually leads to a good long-term prognosis of early gastric cancer, but advanced GC is often correlated with distant organ metastasis, leading to poor survival rate and prognosis (5, 6). Therefore, gastric cancer research has gradually focused on the metastasis (7). According to research, GC is always accompanied by the infiltration of a lot of inflammatory cells, which are also implicated in the metastasis of GC (8). Evidence supports that neutrophils play a crucial role in GC (9–11).

Neutrophils are important immune cells in the human body, mainly involved in the inflammatory responses, and the mechanisms of neutrophils in cancer evolution are still unclear (12). Neutrophils promote metastasis of many types of cancers, including gastric cancer (13), which is related to neutrophil extracellular traps (NETs) or their interactions with various inflammatory cytokines (14–17).

NETs are mainly composed of the DNA reticular released by the stimulation and activation of neutrophils, and embedded with various granule proteins, like citrullinated histone H3 (citH3), neutrophil elastase (NE) and myeloperoxidase (MPO) (18). NETs are correlated with the immune response of cancers, like breast cancer, hepatoma, and colorectal carcinoma (19). Our group previous study has reported that NETs can promote gastric cancer metastasis with the underlying mechanisms unclear (20).

As an inducible enzyme, COX-2 can be activated by inflammatory factors and tumor promoters, and its expression is related to the colonization of Helicobacter pylori; however, the related mechanisms are unclear (21–23). The research have revealed COX-2 is related to the metastasis of breast, lung, prostate, and ovarian cancers (24). Clinical studies demonstrate that COX-2 can be used as a protein marker for predicting lymph node metastasis of GC (25–27). Neutrophil aggregation and NETs formation can regulate COX-2 in inflammatory diseases like arthritis (28). This study aims to further investigate the mechanisms which NETs promote gastric cancer metastasis and clarify the role of COX-2 in the downstream cascade induced by NETs.




2 Materials and methods



2.1 Tissue samples and cells

All patients had a clear pathological diagnosis (primary gastric cancer) and signed an informed consent form in this study. We excluded patients under 18 years of age or over 70 years of age, as well as patients with severe cardiovascular and autoimmune diseases. In addition, patients with a prior diagnosis of malignancy or the presence of distant metastases from the tumor were excluded. AGS and HGC-27 were purchased from PROCELL (Wuhan, China). Upon reaching 80-90% cell confluence, follow-up experiments were performed, including cell passaging, cell cryopreservation, and the extraction of RNA and protein.




2.2 Neutrophils isolation

We used a neutrophil isolation kit to isolate the neutrophils from peripheral blood of patients with gastric cancer. After mixing the neutrophil separation solution with the blood, the mixture was centrifuged for 35 minutes to stratify the blood, and then the neutrophil layer was gently aspirated with a disposable dropper. The erythrocyte separation solution was used to purify the neutrophil layer. These steps were repeated until red blood cells were completely removed.




2.3 Generation, isolation, and preparation of NETs

Using 100nM phorbol 12-myristate 13-acetate (PMA), neutrophils were activated and incubated for four hours. Neutrophils and NETs were collected in cold PBS and centrifuged for ten minutes. To obtain a NETs suspension, the supernatant was centrifuged at 15000g. NETs were frozen at -20°C following the determination of DNA concentration on an ultraviolet spectrophotometer.




2.4 Cell stimulation and gene knock-down

To pre-stimulate the cancer cells with NETs, AGS and HGC-27 cells were seeded in a medium containing NETs (0.5μg/ml) for 24 hours. Cancer cells were cocultured with the COX-2 inhibitor NS-398 (50μM, 24 h) (Beyotime, Shanghai, China), and the toll-like receptor 2 (TLR2) inhibitor C29 (50μM, 2h) (MedChemExpress) was pre-stimulated before NETs stimulation. The cells were rinsed with PBS and follow-up experiments were performed after changing the culture medium. The COX-2 knock-down lentiviral vector (sequence: GCTGAATTTAACACCCTCTAT) and negative vector (shNC) (Genechem, Shanghai) were transfected into AGS and HGC-27 cells, and stable cell lines were developed and refrigerated at -80°C.




2.5 Real-time polymerase chain reaction (PCR) analysis

RNA was isolated using Trizol reagent (Invitrogen, CA, USA). Applied Biosystems 7500Fast (Thermo Fisher, USA) was used for analysis. Sequences of primers include COX-2, forward:5’-CCAGAGCAGGCAGATGAAATA-3’;COX-2, reverse: 5’-CAGCATCGATGTCACCATAGAG-3’; TLR2, forward:5’-ATCCTCCAATCAGGCTTCTCT-3’;TLR2, reverse:5’-GGACAGGTCAAGGCTTTTTACA-3’; TLR4, forward:5’-AGACCTGTCCCTGAACCCTAT-3’;TLR4, reverse:5’-CGATGGACTTCTAAACCAGCCA-3’; TLR9, forward:5’-AATCCCTCATATCCCTGTCCC-3’;TLR9, reverse:5’-GTTGCCGTCCATGAATAGGAAG-3’.




2.6 Transwell assay

Cells were aliquoted into Transwells chambers (Corning, USA), which were inserted in a 24-well plate. After culturing the cells for 24h, the underside of the polycarbonate membranes were fixed. The cells passing through the membrane were observed under a microscope to evaluate the cancer cell migration. In the invasion test, the Matrigel was placed at the bottom of the chamber before cell inoculation. The Matrigel (Corning, 356234, USA) and the 24-well plate were pre-cooled before the Matrigel was laid and then transferred to a 37°C incubator after the Matrigel was laid evenly.




2.7 Wound-healing assay

Gastric cancer cells in the pretreated group or untreated control group were counted, and the cell concentration was adjusted. The cells were inoculated evenly in a 6-well plate. When cell convergence reached 80-90%, a wound was made with a 200μL aseptic pipette tip perpendicular to the bottom of the plate.




2.8 Immunohistochemistry assay

The sliced tumor tissues were dewaxed with xylene before the experiment. After removing endogenous peroxidases, the tissues were steamed in the citric acid buffer to expose antigen-binding sites. Following blocking with serum, primary antibodies against citH3 (Affinity, USA), COX-2 (Abcam), and TLR2 (Proteintech) were added and incubated overnight. The slides with tissue were plated with a secondary antibody at room temperature, and stained with diaminobenzidine and hematoxylin, which can be preserved for a long time after being treated with neutral gum. Tissues were observed microscopically and analyzed using Image-lab software to evaluate the expression of target proteins.




2.9 Immunofluorescence

The tumor cells were seeded on a microscope slide, and the cells were pre-stimulated after completely attached to the slide. For frozen tissue sections, PBS was used to wash off the OCT compound before the experiment. The slides or frozen sections were blocked for one hour, and covered with the primary antibodies against citH3 (Affinity), COX-2 (Abcam), TLR2 (Abcam), and MPO (Abcam) overnight. Cells or tissues were covered with fluorescent secondary antibodies for 2 h, and re-stained with DAPI or Hoechst. We used Image-Lab to evaluate the expression of the target proteins.




2.10 Animal model

BALB/c nude mice were purchased from Weitong Lihua Co. Ltd. All mice were anesthetized with inhalation before operating. Intraperitoneal injection of Dnase-1 could inhibit the formation of NETs in nude mice. For the mouse subcutaneous tumor model, 200μL of HGC-27 cell suspension was injected into the axilla, and the mice in experimental group were intraperitoneally injected with deoxyribonuclease I (Dnase-1) every 24h (5mg/kg). All mice were euthanized after 15 days. For the mouse liver metastasis model, 75-125μL of HGC-27 cell suspension was injected into the spleen. After ligating the blood vessels around the spleen, the spleen was severed. Tumor tissues were collected for follow-up experiments.




2.11 Data preparation and processing

Disease expression data and clinical information of gastric cancer (STAD) were obtained from the Cancer Genome Atlas (TCGA) database. The transcriptional spectra of tumor and paracancerous samples were obtained from the TCGA. The response of STAD to immunotherapy was evaluated by a submap analysis. The database of GDSC was used to forecast the drug sensitivity.




2.12 Carcinogenic characteristics of COX-2

The expression differences of the target gene in tumor and adjacent tissue were analyzed based on transcriptional data, and the Kaplan-Meier curve was plotted based on clinical information. GO and KEGG databases were used to analyze the correlation between COX-2 and cancer-related functional pathways, and the results were displayed by GSVA thermomaps.




2.13 The immunological characteristics associated with COX-2

We employed ESTIMATE algorithm to calculate the infiltration ratio. The relationship between neutrophil infiltration and the target gene level was assessed using the MCPcounter algorithm with the Tumor Immunoassay database (TIMER 2.0), and ssGSEA was performed with the GSVA program package.




2.14 Statistical analysis

The independent samples with normal distribution were tested using the parametric t-test, the samples with homogeneity of variance were tested using the nonparametric t-test, and the samples with uneven variance were tested using Welch’s correction. The paired samples whose difference obeyed a normal distribution were tested using a parameter t-test. Paired samples whose difference did not obey a normal distribution were analyzed using a nonparametric t-test. Statistical significance was set at p< 0.05.





3 Results



3.1 NETs and COX-2 in gastric tumor tissues

The markers of NETs, citH3 and MPO, were detected in GC. In the frozen sections, the MPO (green fluorescence) and citH3 (red fluorescence) were full of disordered tumor tissues (Figure 1B), and their fluorescence intensities were higher than those of normal tissues adjacent to tumors. Similarly, immunohistochemistry demonstrated the citH3 in GC was correlated with the pathological stage (Figure 1A). These observations proved the high expression of NETs in GC. We then examined the COX-2 level in tumor tissues. The immunohistochemistry indicated COX-2 in tumor tissues was considerably increased than that in adjacent (Figure 1C). To investigate the effect of NETs on the invasion and migration ability, we also employed Transwell assay, the research indicated the number of cells which were pre-stimulated by NETs moving through the membrane was higher than that of the untreated gastric cancer cells (Figure 1D). Similarly, after covering the polycarbonate membrane with Matrigel, the number of cells pre-stimulated by NETs was still higher than that of the untreated cells (Figure 1E).




Figure 1 | NETs and COX-2 in gastric tumor tissues. (A) Expression of cit-H3 in gastric cancer tissues of different stages. (**p<0.01; ****p<0.0001; n=3) (B) Expressions of cit-H3 and MPO separately in gastric cancer and adjacent tissues. The expression of both was assessed by fluorescence intensity. (*p<0.05 vs. Adjacent; n=3) (C) Representative images of COX-2 expression in gastric cancer and adjacent tissues. The expression of COX-2 was compared by statistical immunohistochemical positive rate. (*p<0.05 vs. Adjacent; n=3) (D, E) The cells crossing the polycarbonate membrane in the control and NETs stimulation groups were measured by migration and invasion assays. (*p<0.05 vs. Control; n=3). All results are presented as mean ± SD.






3.2 COX-2 is correlated with prognosis and involves in the progression of GC

The analysis based on the TCGA database showed that COX-2 was highly expressed in tumor tissues of GC (Figure 2A). Furthermore, The Kaplan-Meier curve depicts the change in survival probability over time in high and low COX-2 groups (Figure 2B). The gene expression and clinical data in TCGA database were analyzed by univariate and multivariate cox regression analysis, and the result proved that COX-2 was an independent risk factor in GC (Figure 2C). The TME score revealed that COX-2 level was positively correlated with immune score and stromal score, which implied that the activation of COX-2 was involved in the change of TME in GC (Figure 2D). Through Gene Set Variation Analysis (GSVA) of tumor-associated functions and signaling pathways in GO and KEGG databases, we found that COX-2 was correlated with tumor progression. The results of GSVA indicated that high COX-2 level was related with biological processes which contribute tumor advance, such as growth factor activity and positive regulation of glycolysis, and it was also associated with a variety of signaling pathways which accelerate tumor development, such as VEGF and MAPK signaling pathways (Figure 2E).




Figure 2 | COX-2 is correlated with GC progression and prognosis. (A) Difference of COX-2 expression between cancer and paracancerous samples in TCGA database. (B) The survival curve of patients with high and low COX-2 expression based on TCGA database. (C) Forest map of univariate and multivariate cox regression based on TCGA dataset and clinical variables. (D) In gastric cancer tumor microenvironment, the expression of COX-2 is related to ESTIMATE score, immune cell infiltration (ImmuneScore) and the proportion of stromal cells (StromalScore). (E) The GSVA analysis of tumor-associated functions and signaling pathways in GO and KEGG databases.






3.3 COX-2 in GC is related with immunocyte infiltration and immunotherapy

We employed GSVA to analyze the processes related to the immune reaction, such as the signaling pathways relevant to T/B cells and cytokines. The result demonstrated that the COX-2 level was closely linked to the immune response and immunocyte infiltration in GC (Figure 3A). Subsequently, we separately evaluated the neutrophils in GC by multiple analysis methods. The results indicated that COX-2 was significantly correlated with neutrophil deposition (Figure 3B). Immune checkpoint inhibitors are the most established and widely used in the immunotherapy of tumors. Therefore, we performed submap analysis on the correlation between COX-2 and the immune checkpoint inhibitors response. The results showed that a high COX-2 level was correlated with anti-CTLA4 response (Figure 3C). In addition, we also used the GDSC database to analyze the sensitivity of chemotherapeutic drugs at different COX-2 levels. We found the high COX-2 group in GC presented lower drug sensitivity to Gefitinib, Afatinib, Erlotinib, XAV939, AZD1332, Sapitinib, Wnt-C59, CDK9, Ibrutinib, AZD3795, Osimertinib and P22077 (Figure 3D).




Figure 3 | COX-2 is associated with immunocyte infiltration and immunotherapy. (A) The GSVA analysis of the processes related to the immune reaction. (B) The relationship between the expression of COX-2 and neutrophil infiltration in gastric cancer was analyzed by MCPcounter algorithm, single sample genome enrichment analysis (ssGSEA) and TIMER database. (C) The submap analysis between immunotherapy responses (anti-PD-1 and anti-CTLA-4) and COX-2 levels in TCGA-STAD. (D) The evaluation of drug sensitivity in different COX-2 levels based on GDSC database.






3.4 NETs promote gastric cancer metastasis by regulating COX-2

We measured COX-2 expression in low- and high-concentration NETs stimulation (0.25 and 0.5μg/ml) and compared it with the control group to explore the relationship between NETs and COX-2. Compared with cells not stimulated by NETs, the COX-2 mRNA expression was increased after the pre-stimulation of NETs-conditioned medium, and the COX-2 mRNA was correlated with the NETs concentration positively (Figure 4B). To observe COX-2 expression in cells stimulated by NETs, we performed immunofluorescence analysis, and the fluorescence intensity of COX-2 was significantly increased when cells were pretreated with NETs. We observed that COX-2 (green fluorescence) was mainly located in the nuclear membrane of AGS cells, and was pervasively expressed in the cytoplasm. Compared to the dim green fluorescence of the control group, the fluorescence intensity of COX-2 in AGS cells pretreated with NETs was significantly increased, suggesting that NETs stimulation regulates the COX-2 expression, similar to that in HGC-27 cells (Figure 4A). We employed Transwell assay to research the function of COX-2 in cells stimulated by NETs. We used cells stimulated by NETs alone as the control group, the gastric cancer cells without COX-2 knockdown (shCOX-2) were transfected with the shNC, and the control group maintained the same concentration of NETs stimulation as the experimental groups. In the experimental group of cells transfected with shCOX-2, the amount of cells moving through the polycarbonate membrane reduced after NETs stimulation. In the other experimental group cocultured with selective COX-2 inhibitors (NS398), the amount of cells moving through the polycarbonate membrane further reduced. After the polycarbonate membrane was covered with Matrigel, the results of the invasion experiment were consistent with the above migration assay (Figure 4C). To verify the correlation between NETs stimulation and COX-2, we then employed experiments in vivo. We subcutaneously inoculated HGC-27 cells to nude mice under the same conditions, and injected Dnase-1 into the experimental group of animals to inhibit NETs. Compared with the control, the COX-2 in experimental group significantly reduced following the treatment with Dnase-1 (Figures 4D, E).




Figure 4 | NETs promote gastric cancer metastasis by regulating COX-2. (A) Representative images of COX-2 distribution and expression in two gastric cancer cell lines after NETs stimulation. The COX-2 expression was evaluated by statistical fluorescence intensity. (***p<0.001 vs. Control; n=3). (B) The mRNA expression of COX-2 in two gastric cancer cell lines changed with the NETs concentration. (*p<0.05; **p<0.01; n=3) (C) The number of cells stimulated by NETs passing through Transwell chambers was measured by migration and invasion assays and observed after crystal violet staining. NS398 addition and shCOX-2 transfection were used to simulate the inhibition of COX-2 in different degrees. Each group maintained the same concentration of NETs. (*p<0.05; **p<0.01; ***p<0.001; n=3) (D, E) The expression of COX-2 in subcutaneous tumor was decreased after the nude mice were intraperitoneal injected Dnase-1. We use the positive rate of immunohistochemistry to measure the expression of COX-2. Subcutaneous tumor specimens are shown on (E). (**p<0.01 vs. Control; n=3). All results are presented as mean ± SD.






3.5 TLR2 is the pivot for NETs to regulate COX-2

TLR/MyD88-related pathways widely exist in many cancers, like liver cancer (29) and colon cancer (30, 31), regulating the tumor inflammatory microenvironment and development. Previous studies on intestinal tumors (32) and gastric cancer (33) showed that TLR/MyD88 signaling could regulate its downstream COX-2/PGE2 axis. To detect the upstream pathway in which COX-2 expression is regulated by NETS, we screened TLR signals to determine the target of NETs regulation. Studies have shown that TLR2, 4 and 9 are the three most important receptors that regulate the progression of various cancers among the TLR receptors (TLR1-10). TLR2/4 are dominant in gastrointestinal cancers, like esophageal cancer, GC, and colon cancer, while TLR9 signaling is more common in other kinds of cancers, like breast cancer, prostate cancer, and renal cell carcinoma (34). Therefore, we screened TLR2, 4 and 9 after the cells were pretreated with NETs. The experimental group of cells was pre-stimulated by co-culture with NETs in the medium, and then TLR2/4/9 expression were measured compared with the control. After NETs stimulation, the Ct value of TLR4/9 did not change significantly, but the Ct value of TLR2 decreased markedly, indicating that NETs stimulation up-regulated TLR2 expression (Figure 5A). To observe TLR2 expression stimulated by NETs, we performed immunofluorescence analysis. In AGS cells, TLR2 (red fluorescence) was located on the cell membrane, and its fluorescence intensity was increased in cells pre-stimulated with NETs. The same phenomena were observed in HGC-27 cells (Figure 5C). We then measured TLR2 expression in vivo. NETs in tumor tissues was inhibited by Dnase-1 intraperitoneal injection during the tumor formation of HGC-27 cells in mice and compared with the untreated control group. In the experimental group in which NETs were inhibited, the expression of TLR2 was significantly decreased. Figure 5B showed the immunohistochemistry results. We have previously shown that COX-2 and TLR2 are affected by NETs stimulation, but the specific relationship between them needs to be further confirmed. The immunofluorescence result indicated COX-2 was decreased by TLR2 inhibitor (C29) in tumor cells treated with NETs. Compared with the control stimulated with NETs alone, the fluorescence intensity of COX-2 in cells pretreated with C29 significantly decreased after NETs stimulation (Figure 5D). As determined by PCR, the COX-2 mRNA in C29 treatment group was more decreased than that in group stimulated with NETs only (Figure 5E). These results interpret the connection between TLR2 and COX-2 downstream of NETs stimulation.




Figure 5 | TLR2 is the pivot for NETs to regulate COX-2 (A) The mRNA expression of TLRs in two gastric cancer cell lines after NETs stimulation. (*p<0.05 vs. Control; NS, no significance; n=3) (B) The expression of TLR2 in subcutaneous tumors was decreased after the nude mice were intraperitoneal injected Dnase-1. (***p<0.001 vs. Control; n=3) (C) Representative images of TLR2 distribution and expression in two gastric cancer cell lines after NETs stimulation. The expression of TLR2 was evaluated by statistical fluorescence intensity. (*p<0.05; **p<0.01; n=3) (D) TLR2 inhibitor C29 affects the expression of COX-2 in gastric cancer cells stimulated by NETs, the distribution and expression of COX-2 are illustrated in the figure. The expression of target gene was evaluated by its fluorescence intensity. (**p<0.01; ***p<0.001; n=3) (E) TLR2 inhibitor (C29) affects the mRNA expression of COX-2 in gastric cancer cells stimulated by NETs, which were measured by real-time PCR. (*p<0.05; **p<0.01; n=3). All results are presented as mean ± SD.






3.6 NETs promote GC metastasis by acting on COX-2 through TLR2

As the main function of COX-2 is to convert arachidonic acid into prostaglandin E2 (PGE2), PGE2 can be measured to quantify the content of COX-2 under the same conditions (35). To further prove the function of NETs in regulating COX-2 through TLR2 in gastric cancer, we used PGE2 to perform rescue experiments. We employed Transwell assay to detect the metastasis potential of cells in the control group and each experimental group stimulated by NETs. As the control group, we employed gastric cancer cells that had only been activated by NETs, whereas the C29-pretreated cells were used as the experimental group 1. PGE2 was added to gastric cancer cells after TLR2 inhibition to simulate COX-2 up-regulation, called experimental group 2. In the migration assay, the amount of migrated cells in experimental group pretreated with C29 before NETs stimulation decreased, but after the addition of PGE2, the amount increased. The invasion assay showed a similar trend (Figure 6A). We then employed a liver metastasis model in nude mice. Figure 6B shows the multifaceted view of nude mouse liver and HE staining of metastatic tumor sections. We used the hepatic replacement area (HRA) to assess the severity of liver metastasis. The results showed that the inhibition of NETs with Dnase-1 during liver metastasis formation could lead to a significant decrease in HRA compared to the control. After the COX-2 knockdown in HGC-27 cells, we discovered the HRA was further reduced (Figure 6C). These results suggest a NETs/TLR2/COX-2/PGE2 pathway in GC, through which NETs promote metastasis.




Figure 6 | NETs act on COX-2 via TLR2 to promote GC metastasis. (A) The number of cells affected by NETs passing through membrane was measured by migration and invasion assays with the intervention of C29 and PGE2, which were observed after staining. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; n=3) (B, C) Dnase-1 was injected into mice to inhibit NETs. HGC-27 cells transfected with shCOX-2 or negative control shNC were implanted in the spleen of mice. The proportion of liver tissue replaced by hepatic metastatic tumor was counted as the liver replacement area (HRA %). (**p<0.01; ***p<0.001; n=3) (D) The illustration of NETs promoting gastric cancer metastasis by regulating COX-2. (This picture is authorized by the Figdraw platform. ID: SUWSO44938). All results are presented as mean ± SD.







4 Discussion

Neutrophils contribute to the innate immunity of the human body. Their main role is to respond to the recruitment of the inflammatory chemokine and then engulf pathogenic microorganisms in the infected area of the human body (36–39). In the tumor microenvironment (TME), neutrophils support tumor progression primarily through their pro-inflammatory effects, and they also interact with other immune cells. Studies showed that neutrophils cause the immune escape by inhibiting the T cells production (40), leading to tumor progression by affecting the recruitment of tumor-associated macrophages (TAMs) (41). During cancer progression, tumor cells enter the peripheral blood circulation and result in colonization and metastasis in various organs throughout the body. Metastasis is often accompanied by inflammatory reactions (42–44). In this progression, the neutrophils secretion plays a crucial part, promoting angiogenesis factors secretion and extracellular matrix (ECM) degradation which lead to tumor spread (45–48). Additionally, NETs has been proved to facilitate tumor metastasis in many cancers, whereas the underlying mechanisms are still unclear (49–53).

NETs formation is mainly dependent on ROS produced by NADPH oxidase. NETs use citH3, NE, MPO as their markers (18). We found the up-regulation of NETs in gastric tumor by measuring the expression of citH3 and MPO, and these two markers demonstrated the basic morphology and localization of NETs in frozen tumor sections in immunofluorescence analysis (Figure 1B). Previous researches demonstrate NETs exist in the extra-tumor matrix (ECM) of gastric tumors, while the main mechanism which promotes metastasis is precisely the remodeling of ECM (54). We found that the metastatic potential of gastric cancer cells was enhanced after the stimulation of NETs by Transwell assay (Figure 1D). The researches have demonstrated that both normal human endothelial cells and tumor epithelial cells treated with NETs showed mesenchymal changes (55–57), which indicates that NETs may take part in the metastasis of GC completely, including the proliferation of endothelial cells and the distant spread of tumor cells. This was also verified in an animal model in this study. After intraperitoneal injection of Dnase-1 in mice, the hepatic replacement area (HRA) decreased significantly, indicating that NETs inhibition delayed the metastasis in some extent (Figure 6B). Previous studies show that NETs plays a supporting part in the progression of GC, including that NETs promote the formation of a hypercoagulable state, and NETs are also found in peritoneal metastases; however, the mechanism by which NETs affect GC is still unclear (52, 58, 59). With further research, NETs have been shown to induce many pro-inflammatory factors in tumor microenvironment, like IL-8, TNF, and PDL1, during the regulation of cancer. The interaction between these factors and NETs also plays a crucial part in tumor metastasis (60, 61). Similarly, inflammatory factors are significant in development of GC. Inflammatory factors, like COX-2 and IL-6, jointly form the inflammatory network in gastric cancer (62, 63), and the function of COX-2 in colon tumor metastasis has been confirmed in vivo (64). Thus far, we have found an interesting phenomenon: the mode which NETs regulate tumor development overlaps with the function of inflammatory factors in gastric cancer, which raises the question about whether NETs can affect tumor progression by regulating these inflammatory factors.

As a member of the tumor inflammatory microenvironment, COX-2 is localized to the nuclear membrane and endoplasmic reticulum (65), and it plays a critical part in many cancers (66–69). For example, COX-2 can regulate intestinal cell adhesion and up-regulate the activity of matrix metalloproteinase to enhance metastasis (70, 71). In addition, the overexpression of COX-2 enhanced the chemotaxis of breast cancer cells to IL-11, thus up-regulating the bone metastasis of tumor (72). In colorectal cancer, adding COX-2 inhibitor to the tumor perioperative combination regimen can inhibit liver metastasis of mice (73). However, the research on COX-2 and inflammatory cells in tumor process has mainly focused on tumor-associated macrophages (TAMs). Researches have demonstrated that M2 TAMs can advance tumor angiogenesis and invasion by regulating COX-2 and up-regulating the matrix metalloproteinase, prostaglandin E receptor (EP1), and other oncogenes (74–76); however, there are few studies on their relationship with neutrophils. Additionally, as a pro-inflammatory factor, COX-2 expresses both in tumor and stromal cells, but the tumor-promoting effect of COX-2 are mainly in tumor (77, 78). We detected that stimulation with different concentrations of NETs could regulate the level of COX-2 in AGS and HGC-27 cells (Figure 4B). Bioinformatics analysis revealed a crucial role of COX-2 in TME (Figures 2D, E), and its level was closely associated with the deposition of neutrophils (Figure 3B). In addition, ROS not only promotes the production of NETs, but also has been shown to up-regulate COX-2 in inflammatory environment (79, 80). Therefore, we speculate that NETs can affect tumor progression through COX-2. Previous researches showed that COX-2 was regulated by various inflammatory mediators to promote tumor cells metastasis (81–84). We observed the effects of COX-2 restraint on the invasion and migration abilities of cancer cells in the NETs environment (Figure 4C). The half-inhibitory concentration (IC50) of NS398 was 1.77μmol/L, so the 50μmol/L concentration of NS398 was able to inhibit COX-2 protein more completely. However, the gene knock-down technique was limited by the transfection efficiency, and its inhibitory effect on COX-2 was reduced compared with NS398. The results indicate NETs enhances the metastatic potential of cells by regulating COX-2. In the following study, the liver HRA was decreased compared to the control after the knockdown of COX-2 in HGC-27 cells (Figure 6B). The finding may provide a new option for the therapy and prophylaxis of distant metastases in patients with advanced GC. We also found that COX-2 was correlated with the sensitivity to immunotherapy and chemotherapeutic agents, which may provide guidance for medical treatment of GC (Figures 3C, D). For patients with high COX-2 expression, the combination of COX-2 inhibitors and immune checkpoint inhibitors may be an effective regimen.

TLRs are a class of transmembrane proteins located on the cell membrane whose main function is to participate in the body’s natural immunity. They are usually located on the surface of dendritic cells and macrophages, but there are few studies on the relationship between TLRs and NETs (85–87). Although most TLRs are expressed in the cell membrane, the localization of some TLRs is altered when normal epithelial cells are transformed into malignant tumor cells, and they translocate from the cell membrane into the cytoplasm (88). The inflammatory response is crucial for tumor development and TLRs associate microbes with inflammatory factors. It has been shown that in colitis-associated colon cancer, inhibition of TLR-related signaling pathways suppresses the inflammatory response and tumor progression (30, 31). Similarly, in the inflammatory microenvironment of gastric cancer, Helicobacter pylori activates downstream inflammatory factors, like IL-6, IL-10, and COX-2, through TLRs (mainly TLR2 and TLR4), thus initiating a series of inflammatory responses (33, 89, 90). Since we previously demonstrated the connection between NETs and COX-2 in GC, we questioned whether NETs could regulate COX-2 through TLRs, like Helicobacter pylori. We measured the mRNA expression of three TLRs in AGS and HGC-27 cells stimulated by NETs using real-time PCR (Figure 5A). The result demonstrated a correlation between TLR2 and NETs. In subsequent experiments, we inhibited TLR2 and introduced PGE2 to the NETs-stimulated environment. The Transwell assay indicated that the metastatic potential of gastric cancer cells was initially suppressed and then promoted, highlighting that TLR2 is essential to the mechanism by which NETs regulates COX-2 (Figure 6A). Studies in hepatocellular carcinoma showed that TLR2 was involved in the immune escape initiated by HMGB1 and induced the senescence and autophagy of hepatocytes (91, 92). Furthermore, TLR2 is highly expressed in breast cancer stem cells, and TLR2 inhibition significantly attenuated the lung metastasis in animal models (93). Besides, TLR2 is also a treatment target of melanoma metastasis (94, 95). In addition to the infection by Helicobacter pylori, various TLR2 ligands are expressed in GC like HMGB1 and IL-11 (33, 96). IL-11 promoted tumor progression by initiating gp130/Stat3 pathway through TLR2, and cancer metastasis was inhibited by blocking the TLR2 signal in mice (97). Similar to previous studies, our study also showed that TLR2 is involved in tumor progression in gastric cancer, but we demonstrated that NETs could also act as a ligand of TLR2 to initiate downstream inflammatory factors.

In general, our results provide a multi-molecular mechanism by which NETs promote gastric cancer metastasis, emphasize the important role of NETs and COX-2, moreover provide potential targets (NETs, TLR2, COX-2) for the clinical therapy and prophylaxis of the metastasis (Figure 6D). Since NETs is a reticular structure composed of many granule proteins, the specific mechanism of NETs promoting metastasis, such as the binding sites of NETs and the function of various granule proteins, remains to be further explored. Furthermore, some studies reported that COX-2-PGE2 has a positive feedback mechanism in tumors and mediates immunosuppression of cancer (98). A similar mechanism may exist in the process of NETs regulation of metastasis, which will be our follow-up research.
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Background

Lung cancer is a common comorbidity of heart failure (HF). The early identification of the risk factors for lung cancer in patients with HF is crucial to early diagnosis and prognosis. Furthermore, oxidative stress and immune responses are the two critical biological processes shared by HF and lung cancer. Therefore, our study aimed to select the core genes in HF and then investigate the potential mechanisms underlying HF and lung cancer, including oxidative stress and immune responses through the selected genes.





Methods

Differentially expressed genes (DEGs) were analyzed for HF using datasets extracted from the Gene Expression Omnibus database. Functional enrichment analysis was subsequently performed. Next, weighted gene co-expression network analysis was performed to select the core gene modules. Support vector machine models, the random forest method, and the least absolute shrinkage and selection operator (LASSO) algorithm were applied to construct a multigene signature. The diagnostic values of the signature genes were measured using receiver operating characteristic curves. Functional analysis of the signature genes and immune landscape was performed using single-sample gene set enrichment analysis. Finally, the oxidative stress–related genes in these signature genes were identified and validated in vitro in lung cancer cell lines.





Results

The DEGs in the GSE57338 dataset were screened, and this dataset was then clustered into six modules using weighted gene co-expression network analysis; MEblue was significantly associated with HF (cor = −0.72, p < 0.001). Signature genes including extracellular matrix protein 2 (ECM2), methyltransferase-like 7B (METTL7B), meiosis-specific nuclear structural 1 (MNS1), and secreted frizzled-related protein 4 (SFRP4) were selected using support vector machine models, the LASSO algorithm, and the random forest method. The respective areas under the curve of the receiver operating characteristic curves of ECM2, METTL7B, MNS1, and SFRP4 were 0.939, 0.854, 0.941, and 0.926, respectively. Single-sample gene set enrichment analysis revealed significant differences in the immune landscape of the patients with HF and healthy subjects. Functional analysis also suggested that these signature genes may be involved in oxidative stress. In particular, METTL7B was highly expressed in lung cancer cell lines. Meanwhile, the correlation between METTL7B and oxidative stress was further verified using flow cytometry.





Conclusion

We identified that ECM2, METTL7B, MNS1, and SFRP4 exhibit remarkable diagnostic performance in patients with HF. Of note, METTL7B may be involved in the co-occurrence of HF and lung cancer by affecting the oxidative stress immune responses.





Keywords: heart failure, lung cancer, comorbidity, immune infiltration, oxidative stress




1 Introduction

Heart failure (HF) is a devastating clinical syndrome characterized by symptoms and/or signs caused by structural and/or functional impairments in ventricular filling or blood ejection (1). The global prevalence of HF across patients of all ages is 1.3% but can be as high as 8.3% in people aged >50 years; moreover, the incidence of HF increases with age (2). HF can be classified on the basis of the onset type (acute vs. chronic), the affected ventricle (left vs. right), and the type of circulation affected (systolic vs. diastolic) (3). Hypertension, obesity, prediabetes, diabetes, and atherosclerotic cardiovascular disease are the main risk factors for HF (4). The leading causes of HF include ischemic heart disease and myocardial infarction, hypertension, and valvular heart disease (1). The pathophysiological mechanisms of HF involve comprehensive biological processes, including ischemia (5), mechanical stress (6, 7), autoimmune disease (8), microbial infections (9), and genetic diseases.

In western countries, patients with HF have an average of five different diseases simultaneously, with cancer being one of the main causes of non-cardiovascular death in patients with HF (10). In addition, patients with HF have a significantly increased risk of cancer (approximately 76%) as compared with those without HF (10–12). Banke et al. reported that lung cancer was one of the most common malignant diagnoses in the HF cohort, with a proportion of approximately 15.7% (13). The prevalence of HF and cancer has increased with the aging population and advancing medical technology. The co-existence of cancer in patients with HF is becoming more common owing to the similar pathogenesis of and risk factors for the two diseases, including inflammation, angiogenesis, clonal hematopoiesis, metabolic remodeling and extracellular matrix (ECM), and stromal cell infiltration (14, 15). In particular, the risk of respiratory cancer is increased by 91% among patients with HF (10). The causes of the co-existence of HF and lung cancer are not entirely clear; however, research has suggested that the two diseases share some risk factors, such as smoking, advanced age, high blood pressure, diabetes, and obesity (16–19). Moreover, some lung cancer treatments, such as radiation and chemotherapy, can also damage the heart, thereby increasing the risk of HF (20).

To investigate the correlation between HF and lung cancer, first, we aimed to use multiple bioinformatic approaches to identify the signature genes in HF. Next, we performed enrichment pathway analyses to investigate the correlations in these genes and the roles that they play in lung cancer. Our results will provide clinicians with new insights into the diagnosis and treatment of lung cancer.




2 Method and materials



2.1 Data acquisition and the identification of differentially expressed gene

The GSE57338 dataset related to HF was downloaded from the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/). The differentially expressed genes (DEGs) between patients with HF and healthy subjects were selected using the R software’s limma package (21) (criteria: p < 0.05 and |log fold change (FC)| > 1), and the results were visualized as volcano plots and heatmaps.




2.2 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analysis

The enrichment of the functions of the selected DEGs was performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis with the cluster profiler package in R (22).




2.3 Weighted gene co-expression network analysis

A weighted gene co-expression network analysis (WGCNA) (23) was performed using the gene expression profiles from the GSE57338 dataset to explore the hub genes based on the soft threshold power chosen by the pickSoftThreshold function. The dynamic tree-cutting method was then used to identify the co-expressed gene modules. The Pearson correlation coefficients between the module eigengenes and HF were evaluated to acquire the hub module.




2.4 Signature gene identification

First, the candidate hub genes were identified through the intersection of the DEGs and key module genes. Second, the signature genes were selected according to calculations conducted using support vector machine (SVM) models, the least absolute shrinkage and selection operator (LASSO) algorithm (24), and the random forest (RF) model (25). Finally, the area under the receiver operating characteristic (AUC-ROC) curve was used to evaluate the diagnostic efficiency of each selected signature gene. An AUC > 0.7 indicated a favorable diagnostic performance.




2.5 The immune landscape and functional analysis

The single-sample gene set enrichment analysis (ssGSEA) algorithm was used with R packages (GSVA and GSEABase) (26) to comprehensively assess the immunologic characteristics between the patients with HF and healthy subjects. The marker genes of different immune cells were derived from previous studies (27) and are listed in Table S1. Next, functional analysis of the signature genes was performed using the ssGSEA algorithm.




2.6 Identification of oxidative stress–related genes

The oxidative stress–related genes were selected on the basis of the background information obtained from GeneGards (https://www.genecards.org/). A total of 10,022 oxidative stress–related genes were screened.




2.7 Cell culture

The human lung cancer cell lines A549 and PC9 and the normal human lung epithelial cell line BEAS2B were obtained from the American Type Culture Collection (Manassas, VA, USA). A549 was cultured in Roswell Park Memorial Institute-1640 medium, whereas PC9 and BEAS2B were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum at 37°C in an incubator with 5% CO2.




2.8 Quantitative polymerase chain reaction and Western blotting

Total RNA was isolated from the cells using the RNA-Quick Purification Kit (ESscience, RN001, China). A reverse transcription kit (Vazyme, R333-01, China) was used to reverse-transcribe RNA into cDNA, and real-time fluorescence quantitative PCR (Vazyme, Q711-02, China) was performed using Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the control. Finally, the relative mRNA expression of METTL7B was calculated using the 2−ΔΔCt technique to assess METTL7B expression in lung cancer cell lines and the normal human lung epithelial cell line. The sequences of the PCR primers used in this study are listed in the Supplementary Information (Table S2).

The cell samples were collected, and total protein was extracted according to the manufacturer’s instructions. The BCA Protein Assay Kit (Beyotime Biotechnology, China) was used to measure the protein concentration. The proteins were separated by electrophoresis and then transferred from the gel onto polyvinylidene difluoride membranes (Merck Millipore, USA, cat. no. IPVH00010). Blocking was performed using 5% non-fat dry milk powder (room temperature, 1 h). Incubation with the following primary antibodies was performed overnight at 4°C: anti-METTL7B (1:1,000 dilution; Proteintech, cat. no. 17001-1-AP) and anti–β-actin (1:1,000 dilution; Huabio, cat. no. ET1701-80). The membranes were then incubated with horseradish peroxidase–conjugated secondary antibodies (room temperature, 1 h), and the binding was detected using an enhanced chemiluminescence reagent (Sangon Biotech, China, cat. no. C510045-0100).




2.9 Plasmid siRNA transfection

For plasmid transfection, lipofectamine 3000 (Invitrogen, cat. no. L3000008) was used for the A549 and PC9 cells. For small interfering RNA (siRNA) transfection, lipofectamine RNAiMAX (Invitrogen, cat. no. 13778075) was used for the corresponding cells.




2.10 Oxidative stress measurement

The intracellular reactive oxygen species (ROS) levels in the cell samples were measured using the Reactive Oxygen Species Assay Kit (Beyotime Biotechnology, China), according to the manufacturer’s instructions. Cells with METTL7B overexpression or knockdown were incubated with 2′,7′-dichlorodihydrofluorescein diacetate for 30 min at 37°C and measured using CytoFLEX S (Beckman Coulter, CA, USA).




2.11 Statistical analysis

All statistical analyses were performed using R software (version 4.1.2). p < 0.05 was considered statistically significant. Unless specifically stated, all p-values were two-tailed. The research flow chart is shown in Supplementary Figure S1.





3 Results



3.1 DEGs and functional analysis of heart failure–related genes

DEGs from the patients with HF and healthy controls were analyzed using the “limma” package. A total of 48 DEGs were finally screened, of which 26 were upregulated and 22 were downregulated (Figure 1A). The heatmap showed the DEGs between the patients with HF and healthy subjects (Figure 1B). The GO terms of the DEGs were enriched in the chord diagram (Figure 1C). As shown in the KEGG analysis, the top three enriched pathways were African trypanosomiasis, malaria, and complement and coagulation cascades (Figure 1D).




Figure 1 | Identification of the DEGs in HF and functional enrichment analysis of the DEGs. (A) The green dots in the volcano map indicate the downregulated genes, the red dots indicate the upregulated genes, and the black dots indicate the genes with no significant differences. (B) The blue in the heat map represents the healthy samples, and the pink represents the HF samples. (C) The GO terms of the DEGs were enriched in the chord diagram. (D) KEGG analysis showing the functional enrichment pathways.






3.2 Construction of the WGCN

A co-expression network was established between the patients with HF and healthy subjects using the R package “WGCNA”. The soft threshold power was equivalent to 6 (Figure 2A). A cluster dendrogram was constructed (Figure 2B), and the data were clustered into six modules (Figure 2C). The relationship between the different modules and the patients with HF was assessed. The results suggested that MEblue, including 265 genes, was a pivotal module unrelated to the patients with HF (cor = 0.72, p < 0.001). The area with a total of 27 overlapping key DEGs was verified from the total DEGs and MEblue module–containing genes (Figure 2D).




Figure 2 | The WGCNA analysis and identification of candidate hub genes. (A) The soft threshold power and the mean connectivity of WGCNA. (B) The cluster dendrogram of WGCNA. (C) The clustered modules of WGCNA. (D) The venn diagram showed the interactions between the DEGs and genes in the MEblue module.






3.3 Selection of the signature genes using machine algorithms

The abovementioned 27 key genes were further screened using machine algorithms. Consequentially, four genes were selected by the SVM model (Figures 3A, B), 17 by the LASSO algorithm (Figures 3C, D), and 19 by the RF method, with an importance of >3 (Figures 3E, F). Finally, their intersection was considered so as to obtain four genes: extracellular matrix protein 2 (ECM2), methyltransferase-like 7B (METTL7B), meiosis-specific nuclear structural 1 (MNS1), and secreted frizzled-related protein 4 (SFRP4) (Figures 3E, F).




Figure 3 | Machine learning algorithms determine signature genes. (A) The cross-validation accuracy of the SVM model. (B) The cross-validation error of the SVM model. (C) The LASSO algorithm showing variations in the size of coefficients for the parameters that shrank as the value of k penalty increased. (D) Penalty plot of the LASSO algorithm with error bars denoting standard errors. (E) The error rate confidence intervals of the RF model. (F) The relative importance of the genes in the RF model.






3.4 Diagnostic efficacy of the signature genes in predicting HF

An AUC-ROC of 0.939 for ECM2, 0.854 for METTL7B, 0.941 for MNS1, and 0.926 for SFRP4 was obtained (Figures 4A–D). Furthermore, the expression levels of these signature genes were significantly higher in the patients with HF than in healthy subjects, indicating the potential roles of these signature genes in HF (Figures 4E–H).




Figure 4 | The ROC curve and expression of signature genes between the patients with HF and healthy subjects. (A–D) ROC curves of ECM2, METTL7B, MNS1, and SFRP4 between the patients with HF and healthy subjects. (E–H) Gene expression levels of ECM2, METTL7B, MNS1, and SFRP4 between the patients with HF and healthy subjects.






3.5 Immune landscape

Regarding the relationships between the different immune cell subtypes, tumor-infiltrating lymphocytes and neutrophils had the strongest positive correlation (r = 0.87), and T follicular helper (Tfh) and natural killer cells had the strongest negative correlation (r = −0.23) (Figure 5A). The ssGSEA analysis showed that the patients with HF were significantly prone to cytolytic activity, human leukocyte antigen response, inflammation promotion, T-cell co-stimulation, and type I interferon response, whereas the healthy subjects showed antigen-presenting cell co-inhibition, cytokine receptor interaction, checkpoint, and T-cell co-inhibition (Figure 5B). The patients with HF presented low infiltration of B cells, macrophages, plasmacytoid dendritic cells, and Tfh and T regulatory (Treg) cells but high infiltration of aDCs, CD8+ T cells, immature dendritic cells mast cells, natural killer cells, and Th1 cells (Figure 5C).




Figure 5 | Immune landscape. (A) Immunological features. (B) Differences in the immune function between the patients with HF and healthy subjects. (C) Differences in the infiltration of immune cells between the patients with HF and healthy subjects. * p<0.05, ** p<0.01, *** p<0.001, “ns” means not significantly.






3.6 ssGSEA analysis and the identification of oxidative stress–related genes

The signaling pathways associated with the signature genes were analyzed using ssGSEA. ECM2, METTL7B, MNS1, and SFRP4 were significantly correlated with ROS generation (Figure 6). Subsequently, these four genes were intersected with the oxidative stress–related genes screened in the GeneGard database, and METTL7B was finally chosen for further analysis.




Figure 6 | Correlation between each gene signature and pathway. ECM2, METTL7B, MNS1, and SFRP4 were significantly correlated with ROS generation. *p < 0.05, **p < 0.01, and ***P < 0.001.






3.7 The potential roles of METTL7B in lung cancer

To investigate the roles of METTL7B in lung cancer, we first measured and compared the expression levels of METTL7B in lung cancer cell lines and normal human lung epithelial cells using qRT-PCR and Western blotting. Both the mRNA and protein expression levels of METTL7B were significantly higher in the two lung cell lines (A549 and PC9) than in the normal human lung epithelial cells (BEAS2B) (Figures 7A, B).




Figure 7 | Overexpression of METTL7B in lung cancer cells. METTL7B mRNA (A) and protein levels (B) were increased in the A549 and PC9 cells. **** p<0.0001.






3.8 METTL7B is involved in ROS generation in lung cancer cells

The overexpression of METTL7B protein decreased the levels of intracellular ROS (Figures 8A–D). By contrast, METTL7B protein knockdown increased the levels of intracellular ROS (Figures 8E–H).




Figure 8 | The METTL7B expression level is related to ROS generation. (A–D) After METTL7B was overexpressed in the A549 and PC9 cells, the relative ROS abundance was reduced. (E–H) mRNA was knocked down in the A549 and PC9 cells, and the relative ROS abundance was increased. * p<0.05, *** p<0.001, **** p<0.0001.







4 Discussion

HF and cancer share many risk factors and epidemiological characteristics, such as high blood pressure, diabetes, obesity, smoking, unhealthy diet, and lack of physical activity. In addition, the two diseases may have some common triggering mechanisms, such as increased oxidative stress, low-level inflammatory responses, neurohormonal system activation, immune responses, and other pathological processes that can simultaneously promote the occurrence and development of HF and cancer. The relationship between the co-occurrence of HF and tumor and the mechanisms through which the two are related is not fully understood.

In this study, we tried to explore the signature genes involved in HF and investigate their potential roles in lung cancer using multiple bioinformatic techniques, including WGCNA, the LASSO algorithm, and the RF method. Four signature genes—ECM2, METTL7B, MNS1, and SFRP4—were selected and verified.

ECM2 protein is a member of the secreted protein acidic and rich in cysteine family; the proteins contained in this family are mainly related to various biological processes in the ECM (28). ECM2 gene is located in chromosome 5 (28), whereas ECM2 protein is expressed in various tissues, including the heart, brain, adrenal gland, epididymis, muscle, and lungs (29). The biological functions of ECM2 are unclear, and it is currently known to be associated with matrix assembly and cell adhesiveness (30, 31). ECM2 shares various similarities with the ECM protein. ECM2 remodeling is a key pathologic feature of HF; it is continuous and contributes to systolic and diastolic impairments (32).

METTL7B gene, also known as associated with lipid droplet protein 1, is located on chromosome 12q13.2. METTL7B protein belongs to the methyltransferase-like family (33) and contains a methyltransferase domain. METTL7B is involved in various diseases such as sepsis (34), lipid metabolism in non-alcoholic steatohepatitis (35, 36), and several tumors, including breast cancer (37), thyroid cancer (38), lung adenocarcinoma (39), and non–small cell lung cancer (40). Interestingly, of all these malignant diseases, the roles of METTL7B have been most widely reported in lung cancers. Liu et al. have reported that METTL7B is required for proliferation and tumorigenesis in non–small cell lung cancer (40). Li et al. have reported that METTL7B is a biomarker for prognosis and promotes the metastasis of lung adenocarcinoma cells (41). Moreover, METTL7B is mainly involved in regulating immunity and ROS generation, which are two important biological processes in both HF and lung cancer (42). In detail, METTL7B is not only a prognosis biomarker but is also involved in the tumorigenesis, proliferation (31) and metastasis of various lung cancers (32), making it a promising therapeutic target for different lung cancer subtypes (30). Therefore, we selected METTL7B for conducting an in-depth study of its potential role in the co-existence of HF and lung cancer. Our results showed that the METTL7B mRNA and protein levels were increased in two lung cancer cell lines (A549 and PC9 cells). Furthermore, after METTL7B was overexpressed in the A549 and PC9 cells, the relative ROS abundance was reduced. By contrast, METTL7B mRNA was knocked down in the A549 and PC9 cells, and the relative ROS abundance was increased. These results indicated that METTL7B may play a role in the co-occurrence of HF and lung cancer by affecting ROS-related pathways, which may act as an alternative target.

The MNS1 gene, located in chromosome 15, may play a role in the control of meiotic division and germ cell differentiation by regulating pairing and recombination during meiosis (43). MNS1 mutations are associated with the occurrence of situs inversus and male infertility (43, 44). Interestingly, recent research has shown that MNS1 may be used as a diagnostic variable when studying HF (26, 45). In 2022, Jiang et al. identified that the high expression of the MNS1 gene, together with fras1-related extracellular matrix 1 (FREM1), may affect the progression of HF by regulating bile acid, fatty acid, and heme metabolism (26). Later in the same year, by integrating three machine learning algorithms, Jiang et al. reported that FREM1 and MNS1 are diagnostic gene signatures for HF (45).

SFRP4 belongs to the SFRP family (46), which functions as soluble modulators of Wnt signaling (47). In detail, SFRP4 harbors a cysteine-rich domain homologous to the putative Wnt-binding site. The expression of SFRP4 in the ventricular myocardium is correlated with the expression of apoptosis-related genes. sFRP1-4 is expressed in cardiomyocytes, and the levels of sFRP3 and sFRP4 are elevated during HF (48).

Myocardial cells are supported by a matrix composed of vascular smooth muscle cells, endothelial cells, fibroblasts, immune cells, and their secreted cytokines and proteins. Changes in the microenvironment not only cause pathological changes such as myocardial cell hypertrophy and abnormal energy metabolism but also indirectly stimulate other organs such as tumor tissues through the action of paracrine or endocrine growth factors, cytokines, and chemokines through blood circulation (10, 49). ssGSEA analysis was conducted to analyze the immune cell infiltration between the HF and healthy groups and the correlation with the signature genes and related signaling pathways. Immune cells are involved in necrotic tissue clearance and infarct repair after myocardial infarction; they are also involved in the development of HF after myocardial infarction. In our study, the patients with HF were significantly prone to cytolytic activity, human leukocyte antigen activation, inflammation promotion, T-cell co-stimulation, and type I interferon response. Moreover, the patients with HF displayed low infiltration of B cells, macrophages, plasmacytoid dendritic cells, and Tfh and Treg cells. Treg cells are beneficial to the heart; they inhibit excessive inflammatory responses and promote stable scarring in the early stages of heart injury. However, the phenotype and function of Treg cells are altered in chronic HF (50). Moreover, different macrophage phenotypes have disparate roles in cardiovascular disease. Theoretically, manipulating macrophage phenotypes may be a means of regulating inflammation in the progression of HF (51).

Similarly, the tumor stroma is also composed of a large number of fibroblasts, lymphocytes, and macrophages and forms a complex molecular environment through the vigorous synthesis and secretion of a large number of protein components, microvesicles, exosomes, and miRNAs transported by them (52). Changes in the tumor microenvironment matrix composition provide the “soil” for the malignant growth of tumor cells; moreover, the rigid ECM (fibrosis) formed around and throughout the tumor creates a physical barrier that limits the spread of drugs to cancer cells and participates in the development of drug resistance (53). Bioinformatics and proteomics approaches have great potential for use in studying the composition of and dynamic changes in the microenvironment in HF and tumor tissues. The prevention and improvement of ECM remodeling and active tumor matrix formation are also key to the successful treatment of HF and tumors.

Our study has several limitations. First, small samples were obtained from public databases, which may lead to selection bias. Therefore, an external validation database should be used to improve the reliability of the results. Clinical trials with a larger sample size are necessary for further validation. Second, the molecular mechanisms underlying the roles of METTL7B in lung cancer and HF by regulating ROS and immune responses should be explored through more biological experiments.




5 Conclusions and limitations

Taken together, we screened four signature genes–ECM2, METTL7B, MNS1, and SFRP4–that may assist in the early diagnosis of HF. Furthermore, immune cell infiltration in patients with HF and their association with the gene signatures were also investigated to find clues about immunity in patients with HF. Because METTL7B gene affects the development and progression of lung cancer, its role in lung cancer cell lines has been verified. Our study has great clinical significance. First, because of the stable incidence of cancer and the improved survival rate of patients with HF, cardiologists will more often encounter patients with HF with cancer symptoms and diagnosed cancers. Second, our study provides some clues about selecting patients, particularly elderly patients with HF, with a high risk of developing cancer.

Our study has several limitations. First, whether METTL7B is uniquely and aberrantly expressed in lung cancer or is universally abnormal in pan-cancers has not yet been explored. Thus, the expression pattern of METTL7B in cancer datasets should be further validated. Second, the score of each signaling pathway in the ssGSEA of lung cancers should be further investigated. Finally, the relationship between the expression levels of METTL7B and oxidative stress should be investigated in myocardial cells.
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Introduction

Breast cancer has become one of the top health concerns for women, and triple-negative breast cancer (TNBC) leads to treatment resistance and poor prognosis due to its high degree of heterogeneity and malignancy. Reactive oxygen species (ROS) have been found to play a dual role in tumors, and modulating ROS levels may provide new insights into prognosis and tumor treatment.





Methods

This study attempted to establish a robust and valid ROS signature (ROSig) to aid in assessing ROS levels. The driver ROS prognostic indicators were searched based on univariate Cox regression. A well-established pipeline integrating 9 machine learning algorithms was used to generate the ROSig. Subsequently, the heterogeneity of different ROSig levels was resolved in terms of cellular communication crosstalk, biological pathways, immune microenvironment, genomic variation, and response to chemotherapy and immunotherapy. In addition, the effect of the core ROS regulator HSF1 on TNBC cell proliferation was detected by cell counting kit-8 and transwell assays.





Results

A total of 24 prognostic ROS indicators were detected. A combination of the Coxboost+ Survival Support Vector Machine (survival-SVM) algorithm was chosen to generate ROSig. ROSig proved to be the superior risk predictor for TNBC. Cellular assays show that knockdown of HSF1 can reduce the proliferation and invasion of TNBC cells. The individual risk stratification based on ROSig showed good predictive accuracy. High ROSig was identified to be associated with higher cell replication activity, stronger tumor heterogeneity, and an immunosuppressive microenvironment. In contrast, low ROSig indicated a more abundant cellular matrix and more active immune signaling. Low ROSig has a higher tumor mutation load and copy number load. Finally, we found that low ROSig patients were more sensitive to doxorubicin and immunotherapy.





Conclusion

In this study, we developed a robust and effective ROSig model that can be used as a reliable indicator for prognosis and treatment decisions in TNBC patients. This ROSig also allows a simple assessment of TNBC heterogeneity in terms of biological function, immune microenvironment, and genomic variation.
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Introduction

The incidence of breast cancer (BC) has gradually increased in recent years and has been recognized as one of the most frequently diagnosed types of cancer (1, 2). BC is a type of tumor that is highly heterogeneous, with major molecular subtypes defined according to different hormone receptor expressions (estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)) (3). Triple-negative breast cancer (TNBC), which does not overexpress HER2 and is devoid of hormone receptor expression (ER/PR), is an invasive subtype that usually exhibits extensive intratumoral heterogeneity (3). Due to the extensive intratumoral heterogeneity, TNBC lacks effective biomarkers and poses a difficult challenge for targeted therapy, with patients often experiencing treatment resistance (4). In clinical practice, TNBC has a high rate of early recurrence and is more susceptible to metastasis, making it the BC subtype with the poorest prognosis (5). Despite emerging research that has made multiple advances in elucidating the mechanisms of tumor progression, the clinical outcomes of TNBC remain worrisome. This grim fact underscores the urgent need to find reliable biomarkers for TNBC and to develop novel, effective treatments.

Reactive oxygen species (ROS) are byproducts of various aerobic metabolic pathways and are more reactive but less long-lived than common oxygen molecules (6). Excessive ROS enrichment has been detected in various cancers, and a dual role of ROS in the cancer process has been recognized (7). On the one hand, ROS can activate protumorigenic signaling, regulate cancer cell proliferation and differentiation, and drive DNA damage and chromosomal instability in the nucleus (6). This set of modulations undoubtedly increases intratumor heterogeneity. On the other hand, ROS can be involved in multiple cell death pathways by way of oxidative stress and induce apoptosis in tumor cells (8). In contrast to normal cells, abnormal oxidation−reduction homeostasis is maintained within tumor cells, sustaining activation of pro-tumor pathways and anti-apoptosis (8). In light of these findings, targeting the ROS pathway has emerged as a new direction in the treatment of cancer, where modulating tumor cell ROS levels can induce apoptosis and increase sensitivity to chemotherapeutic agents (9, 10). In addition, new studies have focused on immune cells in the microenvironment, proposing that ROS can regulate the activity and function of a variety of immune cells (11, 12). For example, excess ROS can act as a potential antigenic stimulus to convene dendritic cells and T cells in the microenvironment and increase their infiltration levels, thus effectively increasing antitumor responses (13, 14). In addition, it has also been found that regulation of ROS concentration can reduce the secretion of immunosuppressive cytokines and decrease the summoning of suppressive immune cells, thus avoiding immune escape (15). Taken together, ROS may also function as an effective target for immunotherapy. In recent years, targeted therapies and immunotherapy have become effective complements to conventional chemotherapy and have amazing potential in improving the prognosis of TNBC patients. However, further research is still needed on how to accurately modulate ROS to increase targeted therapy and immunotherapy, and the development of effective biomarkers is urgently needed.

In this study, we integrated sequencing data from TCGA and Metabric to systematically analyze the ROS regulatory pathways in TNBC and identified 24 potential ROS regulatory factors. An optimized bioindicator ROS signature (ROSig) was developed through an integrated machine learning pipeline. The prognostic significance, biological and immunological heterogeneity, and clinical application potential of ROSig were subsequently evaluated in detail. Furthermore, our findings were confirmed by single-cell sequencing data and cell counting kit-8 (CCK8) experiments. Our study reveals the possibility of ROS as a novel TNBC bioindicator, providing new insights into the prognosis and combination treatment options for TNBC patients.





Methods




Data acquisition and preprocessing

We retrieved BC data from TCGA using the UCSC Xena platform (https://xena.ucsc.edu/), selected samples with a pathological diagnosis of TNBC, and enrolled a total of 195 patients as a TCGA-TNBC cohort after excluding patients with missing clinical information (follow-up, staging, age). The corresponding RNA-seq, maf mutation data, and copy number variation (CNV) data processed by Gistic 2.0 were downloaded. Subsequently, transcriptional profiles and patient information for the Breast-Metabric cohort were downloaded via the cBioPortal platform (http://www.cbioportal.org/), a dataset that included a total of 418 TNBC patients and was used as an external validation cohort (16).

To assess the applicability of ROSig for immunotherapy prediction, we downloaded RNA-seq data from two well-established immunotherapy cohorts containing clinical follow-up data as well as detailed records of the number of mutations and neoantigens: a. the Imvigor210 cohort containing 298 patients with bladder cancer who received anti-PD-L1 therapy; b. the 121-patient melanoma Liu David cohort, where patients received anti-PD-1 therapy (17, 18). All RNA-Seq data were log2 normalized and z scored using the scale function.

Finally, we downloaded the single-cell transcriptome GSE176078, a dataset containing 10 primary TNBC samples with a total of 42,112 cells. The “seruat” package was used for normalization and cell clustering according to the original parameters (19). Specifically, we retained cells with >200 expressed genes and <20% mitochondrial gene content. Using the default parameter “NormalizeData” to normalize the expression profile, 2000 feature genes were selected for dimensionality reduction. Adjacent modules were identified based on 30 principal components and a resolution of 0.8, and the cell types were identified according to the original annotation file (19).





Machine learning -based system pipeline for generating ROSig

We collected ROS-related pathways from the ontology gene set in the MSIGDB (https://www.gsea-msigdb.org/gsea/msigdb) database, containing a total of 406 ROS-related genes in 15 pathways (20). A detailed list of ROS pathways is provided in Table S1. To systematically and efficiently retrieve the best combination of machine learning models to generate the most reliable ROSig. We performed the following pipeline: a. Single-factor Cox regression to retrieve indicators with significant prognostic efficacy in ROS-regulated pathways (p<0.05); b. Integration of nine well-established machine-learning algorithms, including CoxBoost, stepwise Cox, Supervised Principal Component (SuperPC), Elastic Network (Enet), generalized augmented regression model (GBM), Random Survival Forest (RSF), Survival Support Vector Machine (survival-SVM), Lasso-penalty Cox regression (LASSO), and Ridge. A combination of two algorithms, one for filtering variables and the other for constructing the model, was composed, resulting in the final 63 combinations of algorithms (21). The default parameters were applied, and five cross-validations were performed to avoid overfitting. c. The constructed models were used in the Metabric queue to verify the performance, and the best model was selected by the C-index, with a higher C-index indicating a more accurate model (22). ROSig for different datasets was generated using the best model by the predict function, and high and low ROSig patients were classified according to the median of ROSig.





Detection of cell proliferation

We purchased two TNBC cell lines (MDA-MB-231 and BT549) from Shanghai EK Bioscience Co. We then transfected the cells using LipofectamineTM 2000 transfection reagent (Invitrogen, USA) according to the instructions to silence the target genes and set up a blank control. CCK-8 (Bioss, China) was used to measure the proliferation rate of TNBC cell lines. Three chambers of different groups were selected at 0, 12, 24, 48, and 72 hours. Subsequently, 10 ml of CCK-8 was added and incubated at 37°C for two hours according to the instructions. The absorbance value at 450 nm was measured to estimate the proliferation rate. All cells were grown in DMEM containing 10% FBS and incubated in a cell culture incubator at 37°C with 5% CO2.





Detection of cell invasion

After transfected TNBC cells were cultured for 48 hours, they were inoculated into the upper chamber of a Transwell plate coated with Matrigel solution (BD Biocoat, USA). After incubation in the incubator for 48 h, the cells were fixed with 4% paraformaldehyde and stained with 0.1% crystalline violet. The invasion level of cells was observed by light microscopy, and cells were counted by ImageJ software.





Dissecting the heterogeneity of biological functions and the immune microenvironment

Differentially expressed genes (DEGs) from different ROSig subgroups were screened using the “limma” software package with a threshold of fold change>2 and adjusted p value<0.05 and functionally annotated and enriched through the Metascape website (https://metascape.org/gp). Subsequently, the enriched KEGG pathway was assessed by GSEA software (version 4.1.0) for different ROSig subgroups. The relative activity of the HALLMARK gene set was assessed using the ssGSEA algorithm based on the “gsva” package. In addition, markers for antitumor immune circulation were collected according to previous definitions (23). We then used the “CIBERSORT” algorithm to estimate the relative infiltration abundance of 22 immune cells in the microenvironment based on transcriptional profiles (24). The individual patient’s Estimate score was also estimated by the “ESTIMATE” algorithm (25). The homologous recombination defect (HRD) score, intratumor heterogeneity, indel neoantigens, and SNV neoantigens of TCGA-TNBC patients were retrieved from the previous literature (26). The “Nebulosa” package was used to display the density of ROSig in different cells (27). Finally, the “CellChat” package was used in the single-cell dataset to identify possible crosstalk between different cells in the tumor microenvironment of different ROSig subgroups (28).





Dissecting the heterogeneity of genomic variants

For the maf mutation data, we used the “maftools” package for processing and analysis (29). The total number of nonsynonymous mutations in individual samples was first calculated, and then high frequency mutated genes were identified based on a threshold of mutation frequency >5, and differences in mutation frequency between ROSig groups were assessed. Chromosomal amplifications and deletions in CNV data were identified according to a threshold of 0.2. “Complexheatmap” was used to present CNV profiles of different ROSig groups. The total number of amplifications and deletions of individual samples were counted and presented with the ggplot2 package.





Assessing the potential of ROSig for clinical application

We evaluated the predictive potential of ROSig for chemotherapy, targeted therapies, and immunotherapy. First, the IC50 values of the samples for chemotherapeutic agents were predicted using the ridge regression function in the “pRRophetic” package based on the GDSC database (version 2016.) (30). Subsequently, the sensitivity of different ROSig patients to immunotherapy was assessed by the TIDE algorithm (http://tide.dfci.harvard.edu). We uploaded the top 150 differentially expressed genes to the Cmap database (https://clue.io/) to predict the potential small molecule agents that may target ROS. Finally, the predicted sensitivity to immunotherapy was assessed by ROSig generated in two established immunotherapy cohorts (Imvigor210 and Liu David).





Statistical analysis

All statistics and plots were performed in the R environment (version 4.1.0). For the comparison of two groups, Student’s t test or Wilcoxon’s rank test was chosen according to the data structure. Fisher’s exact test was used for the comparison of rank data. The log-rank test was used to detect differences between survival curves. Correlation analysis was performed by the Pearson coefficient. Two-tailed P<0.05 was set as the threshold of significance if not otherwise stated.






Results




Dissecting the transcriptome features of ROS-regulated genes in TCGA-TNBC

We first searched for indicators of independent prognostic efficacy in the ROS regulatory pathway and finally identified 24 significant regulators (Figure 1A). Among them, HBA2 and HSF1 were the two most significant risk factors. Subsequently, we mapped the correlation network of these 24 ROS modifiers, and the results showed that all 23 indicators except PARP1 were highly positively correlated (Figure 1B). Interestingly, PARP1 was the only protective factor. We summarized their mutational landscapes, and the results showed that missense mutations accounted for the highest percentage and that PARP1 was the gene with the highest mutation frequency (Figure 1C). More interestingly, we found that PARP1 and HSF1 were the most frequently amplified genes, while F2RL1, GPX3, and PDGFRB were the three genes with the highest deletion frequency (Figure 1D). Figure 1E shows the CNV profiles of patients with different stages of TNBC in detail, and we can found that a higher proportion of TNBC patients in stage II in the entire dataset.




Figure 1 | Genomic profiling of the driving ROS indicators. (A) The forest plot shows the results of the univariate Cox regression for the 24 ROS indicators. (B) The correlation network of 24 ROS indicators in TCGA-TNBC. (C) Summary of single nucleotide variants of 24 ROS indicators in TCGA-TNBC. (D) Summary of copy number variants of 24 ROS indicators in TCGA-TNBC. (E) The landscape of copy number variants of 24 ROS indicators in different stage patients.







Integrating machine learning pipeline to build a robust ROS signature

As stated in the methods section, we imported 24 independently prognostic ROS modulators into the machine learning algorithm pipeline and performed a 5-fold cross-validation. Based on the average C-index, we found that Coxboost+survivalSVM was the best combination (C-index: 0.736 for TCGA; 0.545 for Metabric). Therefore, we applied this combination to generate ROSig (Figure 2A) in TCGA and Metabric queues. The results of the survival analysis indicate a statistically significant impact of risk stratification utilizing ROSig in both cohorts. Specifically, patients classified as having a high ROSig exhibited significantly worse survival outcomes. (Figures 2B, C). ROC analysis showed that ROSig was an excellent predictor in the TCGA cohort (Figure 2D). In contrast, in the Metabric cohort, ROSig was superior at 1 year but poor at 3 and 5 years (Figure 2E). TROC compared the predictive merits of ROSig with age and stage metrics. In the TCGA cohort, ROSig outperformed Stage in predictive efficacy at 4 years with increasing time (Figure 2F), whereas in the Metabric cohort, ROSig had better predictive performance than Stage over a five-year period. (Figure 2G).




Figure 2 | Systematic pipeline of integrated machine-learning algorithms to construct ROSig. (A) The c-index of a total of 61 algorithm combinations in both the TCGA and METABRIC cohorts. (B) KM survival curves for the high ROSig and low ROSig groups in the TCGA cohort. (C) KM survival curves for the high ROSig and low ROSig groups in the Metabric cohort. (D) 1-, 3-, and 5-year ROC curves for ROSig in the TCGA cohort. (E) 1-, 3-, and 5-year ROC curves for ROSig in the Metabric cohort. (F) TimeROC curves for ROSig and clinical characteristics in the TCGA cohort. (G) TimeROC curves for ROSig and clinical characteristics in the Metabric cohort.







Knockdown of HSF1 inhibits the proliferation and invasion of breast cancer cells in vitro

We then examined the effect of core genes on the malignant phenotype of BC in the ROSig model in vitro. Specifically, Coxboost was used as a screening algorithm to select the 9 best indicators, with HSF1 having the leading edge (Figure 3A). To verify the promoting effect of HSF1 on tumor progression, we performed a CCK-8 assay in two BC cell lines (MDA-MB-231 and BT549), and the results showed a significant downward trend in the cell proliferation level after knockdown of HSF1 (Figure 3B). Transwell assays showed that the number of invasive BC cell lines transfected with si-HSF1 was significantly lower than that of BC cell lines transfected with si-NC (Figure 3C). In summary, HSF1 can promote the proliferation and invasion of BC cell lines in vitro.




Figure 3 | Knockdown of HSF1 expression affects the proliferation and invasion of breast cancer cell lines. (A) Using the Coxboost algorithm to filter the 9 best ROS indicators, HSF1 was identified as the core ROS gene. (B) The line graph shows the proliferation levels of different TNBC cell lines after knockdown of HSF1. (C) Images and statistical analysis of the transwell assay of TNBC cell lines after knockdown of HSF1. *P<0.05, **P<0.01.







Systematic evaluation of the predictive benefit of ROSig

We searched for published gene signatures used to predict the prognosis of TNBC and collected a total of 38 prediction models based on RNA transcriptional profiles. The detailed gene signature was provided in Table S2. We excluded models with <3 valid genes at the time of model application and finally compared the advantages of 31 published models with ROSig. The results showed that ROSig was the best predictor in the TCGA cohort and had significantly higher predictive efficacy than 19 publicly available models (Figure 4A). In the Metabric cohort, ROSig was the fourth most effective metric and showed significant advantages in comparison with the three models (Figure 4A). Specifically, for our study, the C-index indicated that ROSig is an indicator with potential for clinical application (Figure 4B). Subgroup analysis indicated that ROSig performed poorly in predicting patients in the early stage (Stage 1) but had independent prognostic efficacy in all other subgroups (Figure 4C). More convincingly, both univariate and multifactorial Cox regression analyses confirmed ROSig as an independent prognostic indicator for both TNBC cohorts (Figures 4D, E).




Figure 4 | Evaluation of the ROSig model. (A) Comparing the accuracy of ROSig with 31 published molecular signatures for TNBC. (B) C-index for ROSig and clinical characteristics in both cohorts. (C) Subgroup analysis of ROSig. (D) Univariate Cox regression analysis of OS in TCGA and meta-GEO cohorts. (E) Multivariate Cox regression analysis of OS in TCGA and meta-GEO cohorts. *P<0.05, **P<0.01, ***P<0.001.







ROSig-based individual risk stratification

To better facilitate the clinical application of ROSig, we integrated ROSig, age, and stage and developed a nomogram for rapid clinical application (Figure 5A). The calibration curve showed that the ROSig-based nomogram model showed good predictive performance at 1, 3, and 5 years (Figure 5B), and the TROC curve showed that the nomogram model was the best predictor over a 5-year cancer cycle (Figure 5C). More convincingly, the decision curve analysis (DCA) curve supports this conclusion, with the nomogram model having satisfactory decision gains at the 1-year, 3-year and 5-year points (Figure 5D).




Figure 5 | Individual risk stratification based on ROSig. (A) Constructing a nomogram using ROSig and clinical characteristics for risk stratification of individual patients. (B) The calibration curves for the nomogram at 1, 3, and 5 years. (C) TimeROC curves comparing the predictive accuracy of the nomogram and other clinical features. (D) 1-, 3-, and 5-year DCA curves for the nomogram and other clinical characteristics. **P<0.01.







ROSig-based heterogeneity at single-cell resolution

We then used single-cell datasets to resolve the heterogeneity of the microenvironment in different ROSig groups from more specific cellular interactions. We identified 9 cell subtypes based on the original parameters (Figure 6A). We then found a higher proportion of low ROSig cells in B and T cells and a higher proportion of high ROSig cells in cancer epithelial cells, myeloid cells, and endothelial cells (Figure 6B). Low ROSig cells were more predominant in B and T cells, while high ROSig cells were more abundant in cancer epithelial, myeloid, and endothelial cells (Figure 6C). The gene expression of the final ROSig model is also shown in Figure 6D, where HSF1 is expressed at higher levels not only in epithelial cells but also in T cells. We identified significant cellular exchange pairs based on a threshold of P<0.05, which showed that cells with low ROSig had more overall incoming and outgoing communication pairs (Figure 6E). Figure 6F shows detailed exchange pathways, there are fewer communicating pathways in high ROSig cells. In contrast, there are more communicating pathways in low ROSig cells, and most of them are related to the immune system (e.g., CXCL, TNF. IL16, etc.) (31–33).




Figure 6 | Dissecting cellular interactions of different ROSig groups at single-cell resolution. (A) Nine identified cell types are shown based on Umap descending. (B) Density of ROSig in different cell clusters. (C) Proportion of ROSig groups in different cell types. (D) Expression of nine indicators of the ROSig model in different cell subgroups. (E) Overall cellular communication intensity in cells with high ROSig (left) and low ROSig (right). (F) Specific communication pathways between cells with high ROSig (left) and low ROSig (right).







Dissecting the biological heterogeneity of different ROSig groups

We then systematically assessed the potential biological functional heterogeneity behind different ROSig levels. First, the DEGs of different ROSig subgroups were functionally enriched. The results showed that DEGs in the high ROSig group were mainly involved in cell division, cell cycle-related pathways (including G2/M checkpoints, etc.) (Figure 7A). DEGs in the low ROSig group were mainly enriched in the extracellular matrix and cytoskeleton-related pathways (Figure 7B). GSEA showed that DEGs in the high ROSig group were mainly enriched in cell cycle-related pathways such as DNA replication, ribosome, and mismatch repair (Figure 7C). In contrast, the pathways upregulated in the low ROSig group were mainly the gap junction, lysosome, and TGF -β pathways (Figure 7D). Finally, we evaluated the correlation between ROSig and cancer marker pathways (HALLMARK set) and showed that ROSig was positively correlated with cell cycle-related pathways and metabolic-related pathways and negatively correlated with signaling pathways such as TGF-β, interferon, IL6-JAK-STAT3 and MYC (Figure 7E).




Figure 7 | Dissecting the functional heterogeneity of ROSig. (A) Bar plot showing the biological pathways of upregulated gene enrichment in the high ROSig group. (B) Bar plot showing the biological pathways of upregulated gene enrichment in the low ROSig group. (C) GSEA revealed the top five enriched KEGG pathways in the high ROSig group. (D) GSEA revealed the top five enriched KEGG pathways in the low ROSig group. (E) The correlation network between ROSig and the activity of 50 hallmark pathways.







Dissecting immune heterogeneity at different ROSig levels

To analyze the balance of the immune microenvironment at different ROSig levels from multiple perspectives, we analyzed the relationship between Estimate score, immune cell infiltration abundance and checkpoint activity with ROSig. Figure 8A summarizes the immunological profile of ROSig. We found that high ROSig corresponded to higher tumor purity, stromal score, M2 macrophage abundance, and resting mast cell abundance. In contrast, the low ROSig group had a higher Estimate score, plasma cell and activated CD4-T-cell abundance, and higher LAG-3 expression (Figure 8A). In addition, we found that ROSig was significantly positively correlated with tumor purity, M2 macrophages, and resting dendritic cells (Figure 8B). Plasma cells, CD4-T cells, PD-1 and CTLA-4 were significantly negatively correlated with ROSig (Figure 8B). We then assessed the antitumor immune circulating activity in different ROSig groups, and the results showed that the low ROSig group was more active in Step 4 B-cell and CD8+ T-cell convening as well as in step 7 (Figure 8C). However, cloud and rain plots showed no significant difference in homologous chromosome recombination between the two ROSig subgroups (Figure 8D). However, tumor heterogeneity was greater in the high ROSig group (Figure 8E), and indel neoantigens and SNV neoantigens were more frequent in the low ROSig group (Figures 8F, G).




Figure 8 | Dissecting the immune heterogeneity of ROSig. (A) Complex heatmap showing the ROSig landscape in the tumor immune microenvironment, including the ESTIMATE score, immune cell infiltration, and immune checkpoint expression. (B) The correlation between ROSig and immune indicators (including ESTIMATE score, immune cell infiltration, and immune checkpoint expression). (C) Cumulative distribution plots showing the difference in the anticancer immune cycle between different ROSig subgroups. Violin plot displaying the difference in (D) HRD score, (E) intratumor heterogeneity, (F) indel neoantigens, and (G) SNV neoantigens between different ROSig subgroups. *: P<0.05, ***: P<0.001, ns: not significant.







Dissecting the potential genomic heterogeneity of ROSig

We resolved the genomic heterogeneity of different ROSig levels from the perspective of single nucleotide mutations and CNV. First, the Rainy plot showed that the low ROSig group had a higher number of nonsynonymous mutations (Figure 9A). Subsequently, after searching for high-frequency mutated genes, we found four significant mutations in the low ROSig group: FBXW7, HUWE1, LYST, and TET3. FLG was a significantly mutated gene in the high ROSig group (Figure 9B). A detailed mutation landscape of high-frequency mutated genes was shown by waterfall plots (Figure 9C). We then summarized the CNV profiles of different ROSig groups, and the results showed that there were more CNV events in the low ROSig group. HSF1, in particular, underwent more amplification in the low ROSig group (Figure 9D). In addition, the overall chromosome amplification number and the number of deletion segments were also significantly and negatively correlated with ROSig, and both were upregulated in the low ROSig group (Figures 9E, F).




Figure 9 | Dissecting the genomic mutational heterogeneity of ROSig. (A) Violin plot showing the difference in nonsynonymous mutations between different ROSig subgroups. (B) Forest plot showing statistically significant differences in high-frequency mutated genes between the high- and low-ROSig subgroups. (C) Waterfall plot of high-frequency mutated genes between the high- and low-ROSig subgroups. (D) Complex heatmap displaying the CNV landscape between high- and low-ROSig subgroups. Box plots and scatter plots show the correlation between ROSig and (E) Amplifications and (F) Delections. *P<0.05, **P<0.01.







Assessment of the clinical application potential of ROSig

We first evaluated the sensitivity of different ROSig groups to three first-line TNBC chemotherapeutic agents (docetaxel, doxorubicin, and paclitaxel). The results showed no significant difference in the sensitivity of different ROSig groups to docetaxel and paclitaxel, but the low ROSig group was more sensitive to doxorubicin (Figure 10A). We also confirmed this finding in the validation cohort-Metabric (Figure S1A). Subsequently, the TIDE algorithm showed that more patients in the low ROSig group may benefit from immunotherapy (Figure 10B), a result that is also supported in the validation set (Figure S1B). In addition, 47 small molecule compounds potentially targeting ROSig were identified through the Cmap database, acting on 40 different signaling pathways (Figure 10C). Subsequently, we generated ROSig in two immunotherapy cohorts (Imvigor210 and Liu David’s) using the “predict” function. Survival analysis showed that patients with low ROSig showed better survival in both cohorts (Figures 10D, E). In addition, we analyzed the association of ROSig with TMB and neoantigens in both cohorts. The results showed a significant negative association between ROSig and neoantigens and increased neoantigens in low ROSig (Figure 10F). However, this was not observed in Liu David’s cohort (Figure 10G). In both cohorts, ROSig was not significantly correlated with TMB (Figures 10H, I).




Figure 10 | Assessing the potential of ROSig for clinical applications. (A) Box plots display the predicted IC50 values for three first-line drugs of TNBC in the high- and low-ROSig groups in the TCGA cohort. (B) Response rates to immunotherapy in different ROSig groups based on TIDE predictions in the TCGA cohort. (C) Forty-seven potential small molecule drugs targeting ROSig and their targeting pathways based on the Cmap database. KM survival curves for patients in the high- and low-ROSig subgroups in (D) Imvigor210 and (E) Liu David’s cohort. Box plots and scatter plots show the correlation between ROSig and neoantigens in (F) Imvigor210 and (G) Liu David’s cohort. Box plots and scatter plots show the correlation between ROSig and TMB in (H) Imvigor210 and (I) Liu David’s cohort. *P<0.05.







Pancancer landscape of ROSig

Finally, we sought to assess whether ROSig can be generalized to all types of solid tumors. We first observed that ROSig was enriched in renal clear cell carcinoma and glioma and that ROSig could serve as an accurate and robust risk factor in most types of solid tumors (Figure 11A). We also compared ROSig differences between normal and cancerous organs. The results showed that most organs caused an increase in ROSig after carcinogenesis, except for the kidney and pancreas (Figure 11B). Finally, we evaluated the association of ROSig with immune cell infiltration from a pancancer perspective and showed that ROSig was significantly positively associated with M2 macrophages in most cancer types. In particular, low levels of ROSig predicted high levels of effector cell infiltration (including M1 macrophages, T cells, and NK cells) in patients with lung cancer (Figure 11C).




Figure 11 | Pancancer application potential of ROSig. (A) Density and univariate Cox regression analysis of ROSig in 32 solid tumors. (B) Differentiation of ROSig in normal and cancerous organs or tissues. (C) The correlation between ROSig and immune cell infiltration in 32 solid tumors.








Discussion

BC has emerged as a major tumor type that affects women’s health (1, 2). As the most heterogeneous and aggressive molecular subtype, patients with TNBC often have difficulty responding to conventional therapies and pose a difficult challenge for targeted therapies (3). Fortunately, rapid advances in transcriptomics and single-cell genomics have provided powerful instruments for research in the field of precision medicine, and there is hope that we can find proven biomarkers to assist in prognosis and treatment decisions for TNBC patients. With the increased understanding of ROS, it is now believed that modulating ROS levels not only enhances chemotherapy sensitivity and induces apoptosis in tumor cells but also modulates immune cell activity to generate stronger antitumor immunity (11). Here, we sought to explore the key regulators of ROS in TNBC as effective biomarkers through a systematic multiomics study.

In this study, we systematically searched the transcriptional profile of TCGA-TNBC and identified 24 potential ROS regulators. We noted that all ROS regulators except PARP1 were risk factors. Interestingly, the frequency of PARP1 mutations as well as segmental amplification events were the most common. It was concluded that PARP1 has prognostic value in a variety of solid tumors and is involved in maintaining the stability of genomic genetic material (34). Thus, phenotypic alterations of PARP1 due to mutations and amplifications may be a factor in TNBC heterogeneity and poorer prognosis. Advances in machine learning provide effective new tools for diagnosis, prognosis, and treatment in clinical oncology (35). We subsequently developed ROSig for individual patient risk stratification via an integrated machine-learning pipeline. We confirmed that ROSig is a robust prognostic indicator of OS in TNBC patients with excellent predictive performance in different TNBC cohorts. More convincingly, we compared the prognostic efficacy of ROSig with 31 published molecular signatures and found that ROSig has leading predictive accuracy. In addition, we also confirmed through CCK8 that the core ROS regulator HSF1 plays a protumor proliferation role in BC cell lines.

ROS have clear regulatory effects on a variety of pro-tumor signals, and manipulation of ROS levels in tumor tissues is expected to be a novel option for cancer treatment. Therefore, we subsequently resolved the differences in biological pathways between different ROSig subgroups from a single-cell perspective and a bulk perspective. Overall, patients in the high ROSig group had less crosstalk between cells, whereas patients in the low ROSig group had abundant communication between tumor cells and cells in the microenvironment. Specifically, the MIF and MAPK pathways were more active in the high ROSig group. In contrast, most antitumor immune signaling pathways (e.g., TNF, CXCL, IL16, and IFN-γ) were active in the low ROSig group. In addition, functional enrichment analysis also confirmed that patients in the high ROSig group were mainly enriched in cell cycle-related pathways. Patients with low ROSig were more enriched in immune-related pathways. ROS induce more antigenic stimuli at appropriate levels to stimulate antitumor immunity (36, 37), and more antitumor immune signals undoubtedly enhance tumor killing by effector immune cells (38, 39). Therefore, we hypothesize that the good prognosis of patients with low ROSig may be due to an appropriate “ROS-immune” balance that allows for an enhanced antitumor immune response. This may be a new inspiration for targeting ROS as an adjunct to immunotherapy.

To explore how ROSig characterizes the different immune microenvironments, we then evaluated the microenvironmental composition of patients in different ROSig groups in detail. We found a significant increase in tumor purity, stromal score and M2 macrophage abundance in high ROSig. Previous studies have demonstrated the suppressive effect of M2 macrophages on antitumor immune responses, and abundant tumor cells may also secrete more suppressive cytokines to promote immune escape (40, 41). This ultimately leads to high ROSig corresponding to more heterogeneity and poorer prognosis of TNBC patients. In contrast, more checkpoint expression and neoantigens were present in the low ROSig group, which may promote the response of immune cells to checkpoint inhibitors (35). Therefore, we hypothesize that patients in the low ROSig group are more suitable for immunotherapy.

Alterations in the genetic material of the genome have a huge impact on the function of proteins and ultimately cause phenotypic changes. In addition, tumor mutations may generate more specific antigenic peptides to enhance immunotherapy sensitivity. Therefore, we subsequently analyzed the differences in genomic variants in patients from different ROSig groups. Surprisingly, patients with low ROSig had a higher tumor mutation load and significantly higher amplified and deletion segments on chromosomes, which are possible markers for the benefit of immunotherapy in clinical practice. In particular, significant FLG mutations were found in the high ROSig group, and studies suggest that loss of FLG function due to mutations may increase the risk of basal cell carcinoma, which may also be a mechanism for the worse prognosis of patients in the high ROSig group.

Finally, we evaluated the potential of ROSig for clinical application from multiple perspectives. First, TNBC patients with low ROSig had lower IC50 values for doxorubicin, suggesting a clinical search for TNBC patients suitable for doxorubicin regimens based on ROSig levels. In addition, the TIDE algorithm confirmed the presence of a greater immunotherapy response in the low ROSig patient group. To validate the sensitivity of immunotherapy, we generated ROSig in the immunotherapy IMvigor210 cohort and Liu David’s cohort and demonstrated that ROSig is an unfavorable prognostic factor for OS. However, we did not find a potential correlation between ROSig and tumor mutations and neoantigens. More studies are needed to elucidate how different levels of ROS affect sensitivity to immunotherapy.

ROSig has a surprisingly promising clinical application and can be detected in actual clinical practice by simple PCR to generate ROSig. Although the clinical application of ROSig in TNBC is exciting, we should also acknowledge some limitations of the study. First, the final model containing ROS genes should be further reduced to minimize financial expenses and facilitate rapid detection. Second, our analysis and predictions are based on retrospective data, and further multicenter real-world studies are needed to confirm the reliability of the model. Finally, the dataset only records a portion of the genomic data, and the actual genomic dynamic changes need more assays to assess, and our study may have overlooked some potential crosstalk and targets.





Conclusion

In summary, we systematically evaluated potential ROS regulators in TNBC and developed a stable and efficient ROSig based on large-scale transcriptomic data and a well-established machine-learning pipeline to assist in risk stratification and treatment decisions for TNBC patients. This ROSig also allows a simple assessment of TNBC heterogeneity in terms of biological function, immune microenvironment, and genomic variation.
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Supplementary Figure 1 | Validation of ROSig-based treatment prediction. (A) Box plots displayed the predicted IC50 values for three first-line drugs of TNBC in high- and low-ROSig groups in the Metabric cohort. (B) Response rates to immunotherapy in different ROSig groups based on TIDE predictions in the Metabric cohort.
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Background

Clear cell renal cell carcinoma (ccRCC) is a malignant disease containing tumor-infiltrating lymphocytes. Reactive oxygen species (ROS) are present in the tumor microenvironment and are strongly associated with cancer development. Nevertheless, the role of ROS-related genes in ccRCC remains unclear.





Methods

We describe the expression patterns of ROS-related genes in ccRCC from The Cancer Genome Atlas and their alterations in genetics and transcription. An ROS-related gene signature was constructed and verified in three datasets and immunohistochemical staining (IHC) analysis. The immune characteristics of the two risk groups divided by the signature were clarified. The sensitivity to immunotherapy and targeted therapy was investigated.





Results

Our signature was constructed on the basis of glutamate-cysteine ligase modifier subunit (GCLM), interaction protein for cytohesin exchange factors 1 (ICEF1), methionine sulfoxide reductase A (MsrA), and strawberry notch homolog 2 (SBNO2) genes. More importantly, protein expression levels of GCLM, MsrA, and SBNO2 were detected by IHC in our own ccRCC samples. The high-risk group of patients with ccRCC suffered lower overall survival rates. As an independent predictor of prognosis, our signature exhibited a strong association with clinicopathological features. An accurate nomogram for improving the clinical applicability of our signature was constructed. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses showed that the signature was closely related to immune response, immune activation, and immune pathways. The comprehensive results revealed that the high-risk group was associated with high infiltration of regulatory T cells and CD8+ T cells and more benefited from targeted therapy. In addition, immunotherapy had better therapeutic effects in the high-risk group.





Conclusion

Our signature paved the way for assessing prognosis and developing more effective strategies of immunotherapy and targeted therapy in ccRCC.





Keywords: clear cell renal cell carcinoma, reactive oxygen species, prognosis, immune infiltrates, immunotherapy




1 Introduction

Renal cell carcinoma (RCC) is the third most common malignant tumor of the genitourinary system, which afflicted more than 430,000 people and caused approximately 180,000 deaths in 2020 (1, 2). Clear cell RCC (ccRCC) is the predominant pathological type, comprising more than 80% of RCC (3). At present, radical surgery is the first choice for early-stage ccRCC. However, local recurrence and distant metastasis will still occur even after radical nephrectomy, necessitating further understanding the molecular mechanism of ccRCC to determine a new approach or biomarker that can accurately predict prognosis and guide clinical treatment (4, 5).

Unlike other genitourinary malignancies, ccRCC is highly intrinsically insensitive to chemotherapy and radiation therapy (6, 7). It has inspired the discovery of a range of alternative therapies, including immunotherapy and targeted therapy. As a highly immunogenic tumor, ccRCC exhibits unparalleled levels of immune infiltration compared to other types of cancers, which has stimulated the exploration of immunotherapy in ccRCC (8, 9). Immune checkpoint inhibitors (ICIs) have made significant advancements and demonstrated evident efficacy in patients with ccRCC, regardless of whether the patients had been treated before (10). Motzer et al. (11) found that patients with advanced ccRCC showed an amazing response rate of 25% after receiving the nivolumab, programmed cell death protein 1 (PD-1) inhibitor. However, some patients still responded poorly to immunotherapy and even metastasized during immunotherapy (12).

Reactive oxygen species (ROS) are oxygen-containing molecules with high reactivity, a by-product of cell metabolism, and are mainly produced in mitochondria. Elevated ROS is observed in almost all cancers, and ROS has been instrumental in driving the biological progression of cancers (13). Meanwhile, as an important cell signaling molecule, ROS dynamically and diversely affected many aspects of tumor development and progression. ROS could initiate cancer angiogenesis and also stimulate the cancer cell survival signal cascade to promote cancer cell metastasis, progression, and adaptation to hypoxia. High concentrations of ROS can promote anti-tumor signals and trigger cancer cell death induced by oxidative stress (14). Immune cells can specifically recognize and kill tumor cells. Meanwhile, tumor cells disrupt immune surveillance by harming immune cells to block the immune response (15). In this dynamically changing tumor microenvironment (TME), ROS played an immunosuppressive participant in tumor progression. The high levels of ROS in the TME made immune cells vulnerable to ROS-induced damage, and tumor cells had evolved many antioxidant defense mechanisms to escape the damage of oxidative stress (16). Thus, the generation of ROS greatly contributed to tumor-induced immunosuppression, which promoted tumor invasion, metastasis, and resistance. However, the prognostic value of ROS-related genes in ccRCC has not been elucidated. Taken together, exploring the role of ROS in the immune landscape of ccRCC would facilitate the prognosis prediction and provide tailored treatment strategies for each individual.

In this study, we aimed to clarify that ROS-related genes had a prognostic effect by investigating the differences in the expression levels between ccRCC and normal tissues. On this basis, we constructed an ROS-related signature as a prognostic biomarker, systematically investigated the role of our signature in immune infiltration, and further provided clinical evidence for guiding immunotherapy and targeted therapy.




2 Materials and methods



2.1 Datasets

Human ccRCC tissue microarrays (TMA, Wellbio, China, ZL-KIC1601), with detail clinical information comprising of gender, age, tumor size, grade, and tumor node metastasis (TNM) stage, containing 80 ccRCC samples and 80 adjacent benign tissues, were conducted for immunohistochemical (IHC) staining. RNA sequencing data and relevant clinicopathological information of ccRCC samples were retrieved from The Cancer Genome Atlas (TCGA) database (https://tcga-data.nci.nih.gov/tcga/). The caret R package was conducted to randomly divide the entire TCGA dataset into two cohorts: a training cohort and a testing cohort. The training cohort was appointed to develop a signature, whereas the testing cohort was applied to validate it. The E-MTAB-1980 dataset (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-1980/) was extracted as a validation cohort. We obtained 49 ROS-related genes from hallmark gene sets within the GSEA Molecular Signatures Database (MSigDB; http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY.html).




2.2 Identification of differentially expressed genes

The limma package was used to identify ROS-related genes with a P-value < 0.05. The Search Tool for Retrieval of Interacting Genes (STRING) was employed to create a protein–protein interaction (PPI) network. The Rcircos R package was utilized to examine the CNV feature present in human chromosomes.




2.3 Consensus clustering

To investigate different biological modifications of ROS-related genes in patients with ccRCC, we applied consensus clustering to separate the samples into different patterns via the ConsensusClusterPlus package. The optimal number of subtypes was assessed by cumulative distribution function (CDF) and consensus matrices.




2.4 Construction and evaluation of the signature

Univariate Cox regression analysis was employed to determine prognostic ROS-related genes. Subsequently, the Lasso, known as the least absolute shrinkage and selection operator, was utilized to build a signature employing 10-fold cross-validation, resulting in a  . The signature’s predictive effectiveness was evaluated through receiver operating characteristic (ROC) curves and Kaplan–Meier analysis. Univariate and multivariate Cox regression analyses were used to reconfirm the independent prognostic value. The R timeROC, survminer, and survival packages were used in these procedures. The nomogram was adopted to predict the 1-, 2-, and 3-year overall survival via the rms package.




2.5 Gene set enrichment analysis

The clusterProfiler R package was subjected to carry out Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses, encompassing categories such as cellular component (CC), molecular function (MF), and biological process (BP). In addition, the GSEA software version 4.0.3 was employed for gene set enrichment analysis (GSEA).




2.6 Immune infiltration analysis

We used Tumor IMmune Estimation Resource (TIMER; https://cistrome.shinyapps.io/timer/), a website that comprehensively analyzes tumor-infiltrating immune cells, to analyze the relationship between ROS-related genes and immune infiltration. The “Gene” module of TIMER allows visualization of the correlation between gene expression and the levels of immune infiltration. The ESTIMATE algorithm was conducted to calculate the ESTIMATE scores, immune scores, stromal scores, and tumor purity. The abundance of immune infiltration was estimated by CIBERSORT, CIBERSORT-ABS, TIMER, XCELL, EPIC, QUANTISEQ, and MCPCOUNTER algorithms. The Wilcoxon signed-rank test was employed to assess the variation in immune infiltrating cells between the both risk groups. The relationship between the signature and immune checkpoints or human leukocyte antigen (HLA) expression was also identified by aforementioned analysis. Moreover, single-sample GSEA (ssGSEA) was used to evaluate immune cell infiltration and immune function in two subgroups. These processes were performed on the basis of the R ggpubr, GSEABase, GSVA, limma, and reshape2 packages.




2.7 The sensitivity of targeted therapy and immunotherapy

We initially collected gene expression data of patients with ccRCC from TCGA program using standard procedures. pRRophetic was an R package for predicting drug sensitivity from gene expression levels. This package utilizes a pre-trained model that correlates gene expression data with drug response data from large-scale pharmacogenomics datasets. The median inhibitory concentration (IC50) of targeted drugs, representing the drug concentrations required to inhibit 50% of the cellular response, was calculated on the basis of the pRRophetic R package. The distinction in targeted therapy between the two risk groups was identified by Wilcoxon signed-rank test using the ggplot2 R package. In addition, the CellMiner program, including 60 cancer cell lines in nine different tissues, was utilized to evaluate the relationship between four ROS-related genes and drug sensitivity through Pearson correlation analysis (https://discover.nci.nih.gov/cellminer). The immunophenoscore (IPS) of patients with ccRCC was downloaded from the TCIA (https://tcia.at/), and the tumor immune dysfunction and exclusion (TIDE) was determined by online tool (http://tide.dfci.harvard.edu/), which was positively correlated with immunotherapy.




2.8 Immunohistochemical staining

The protein expression levels of glutamate-cysteine ligase modifier subunit (GCLM), methionine sulfoxide reductase A (MsrA), and strawberry notch homolog 2 (SBNO2) were assessed in a total of 80 paired ccRCC and adjacent non-tumor samples by IHC. IHC staining was obtained according to the instruction of the IHC kit (KIT-9730, MX Biotechnologies, Fuzhou, China). The antibodies—SBNO2 (bs-23726R, Bioss, Beijing, China), MsrA (14547-1-AP, Proteintech, Wuhan, China), and GCLM (ET1705-87, Huabio, Hangzhou, China)—were used in IHC staining. The final immunoreactivity score was determined by multiplying the proportion of positively stained regions and intensity score. The staining regions was calculated and classified as: 0 (0), 1 (1%–9%), 2 (10%–50%), 3 (51%–80%), and 4 (81%–100%). The staining intensity was classified as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong).




2.9 Statistical analysis

Some related abovementioned R packages were conducted to perform statistical analysis on the basis of R version 4.1.1. SPSS 26 was suitable for Wilcoxon signed-rank test. P-value of < 0.05 was regarded as statistically significant.





3 Results



3.1 Identification of differentially expressed ROS-related genes in ccRCC

As shown in our workflow diagram in Figure 1, we first analyzed the differential expression of ROS-related genes in 539 ccRCC samples and 72 normal tissues from the TCGA database. There were 38 differentially expressed genes (DEGs) with distinct distribution in normal and tumor tissues (Figure 2A). The frequency of CNV alterations in DEGs showed that most of them were primarily concentrated on copy number reduction (Figure 2B). We performed chromosome annotation to precisely identify the sites of CNV alterations for 38 DEGs (Figure 2C). PPI analysis with a minimum interaction score of 0.9 was to explore the interactions among these DEGs (Figure 2D). In addition, 19 prognostic genes were detected to be notably associated with the prognosis of ccRCC. After overlapping DEGs and prognostic genes through the Venn diagram, we found that 14 genes were both DEGs and prognostic genes (Figure 2E). The univariate Cox regression analysis was performed to reveal that all 14 genes were significant (Figure 2F). The correlation network of them was displayed in Figure 2G.




Figure 1 | The main workflow in this study.






Figure 2 | Expression of the ROS-related genes in ccRCC. (A) ROS-related DEGs in ccRCC and adjacent benign samples. (B) Frequencies of CNV gain and loss among DEGs. (C) The location of CNV alteration of DEGs on chromosomes. (D) PPI network. (E) Venn diagram of 38 DEGs and 19 prognostic genes. (F) Univariate Cox regression analysis of 14 prognostic genes. (G) The correlation network of 14 DEGs. **p<0.01 and ***p<0.001.






3.2 Tumor classification based on ROS-related genes

To investigate the association between the expression of ROS-related genes and ccRCC subtypes, patients with ccRCC in TCGA database were grouped into clusters. The empirical CDF was used to determine the optimum k-values for the sample distribution with maximal stability (Figure S1A). We found that, when clustering variable (k) = 2, patients with ccRCC could be well divided into two different clusters (Figure S1B). However, different clusters failed to show a clear distinction when k = 3 or 4 based on the results of consensus matrix heatmap and survival analysis (Figures S1C, D). The distribution of clinical characteristics including survival status and gender differed between the two clusters (Figure S1E).




3.3 Construction of prognostic signature for ccRCC

The patients with ccRCC of TCGA were randomly and equally divided into the training and testing cohorts. The training cohort was used to construct a signature for predicting prognosis. We performed univariate Cox regression on 14 DEGs with prognostic value in the training cohort. Furthermore, to avoid overfitting prognostic markers, we performed Lasso regression analysis and identified the optimal penalty parameter values using 10-fold cross-validation (Figures 3A, B). Eventually, we identified four effective ROS-related genes for the construction of the risk signature. Patients with ccRCC were divided into a high-risk group and a low-risk group according to the median risk score. As the risk score increased, the mortality rate of patients with ccRCC gradually increased (Figure 3C). Meanwhile, patients in the high-risk group suffered a poorer prognosis (Figure 3D). We conducted the ROC analysis and determined that the signature exhibited an area under curve (AUC) of 0.713 in the training cohort, indicating a favorable sensitivity and specificity in predicting the prognosis of patients with ccRCC (Figure 3E).




Figure 3 | Construction of a signature for ccRCC in the training cohort. (A, B) Lasso regression and cross-validation. (C) The risk score, survival status, and heatmap of the signature. (D) Kaplan–Meier survival curve of the signature. (E) ROC curves.






3.4 Validation of signature in survival prediction for ccRCC

To further validate the ability of the signature to independently predict prognosis, we performed validation in the testing cohort and E-MATB-1980, an independent dataset that served as the external validation cohort. Mortality events of patients with ccRCC in the two cohorts increased with growing risk scores (Figures S2A, B). The AUC in the testing and validation cohorts were 0.713 and 0.769, respectively, which exhibited excellent prediction accuracy (Figures S2C, D). Furthermore, patients in the high-risk group had a worse prognosis than those in the low-risk group in two ccRCC cohorts, which was consistent with the results of the training cohort (Figures S2C, D). The results of univariate and multivariate Cox regression analysis suggested that the signature was an independent factor for overall survival prediction in the three cohorts (Figure S3).




3.5 Relationship between clinical features and the signature

As illustrated in the heatmap, the survival status, M stage, T stage, TNM stage, grade, immunescore, and clusters were diversely distributed in the two groups (Figure 4A). Our signature was closely associated with the clinicopathological characteristics including survival status, grade, TNM stage, T stage, N stage, and M stage (Figure 4B). The high-risk group was more likely to be patients with high-grade and advanced stage. Kaplan–Meier analysis revealed that a high expression of GCLM and MsrA predicted a favorable prognosis, whereas SNBO2 showed the opposite trend (Figure 4C). There was no significance for survival outcomes in the expression of interaction protein for cytohesin exchange factors 1 (IPCEF1) (Figure 4C). Dividing patients with ccRCC into distinct stratification groups based on age, gender, grade, and TNM stage, we found that the high-risk group all represented a worse prognosis in the stratification subgroups (Figures S4A–F). Consequently, notably correlated to the prognosis and progression of ccRCC, our signature had a broad applicability and feasibility in prognostic prediction.




Figure 4 | The correlation between the signature and clinical characteristics. (A) The distribution of clinicopathological characteristics. (B) Risk scores were significantly associated with survival status, grade, TNM stage, T stage, N stage, and M stage. (C) Kaplan–Meier analysis of four signature genes.






3.6 Construction of the nomogram and distribution patterns

A nomogram containing risk scores and clinical characteristics was constructed to predict the probability of survival for patients with ccRCC at 1, 2, and 3 years (Figure 5A). We then demonstrated the consistency of our nomogram’s observation and prediction at 1, 2, and 3 years by calibration charts (Figures 5B–D). The t-distributed Stochastic Neighbor Embedding (t-SNE) showed that patients in the two groups were well separated into two clusters (Figure 5E). The principal component analysis (PCA) revealed that the two groups did not show a clear separation based on genome-wide expression profiles and all ROS-related genes (Figures 5F, G). However, patients could be divided into two distinct directions on the basis of the signature of four ROS-related genes (Figure 5H).




Figure 5 | Construction of nomogram and distribution patterns. (A) The nomogram predicted the 1-, 2-, and 3-year overall survival rates. (B–D) Calibration curves for the nomogram. (E) t-SNE analysis. 3D PCA between the low- and high-risk groups based on (F) genome-wide expression profiles, (G) all ROS-related genes, and (H) four ROS-related genes.






3.7 Functional enrichment analyses

To gain deeper insights into the BPs and potential molecular mechanisms related to the signature, we undertook the analyses of GO and KEGG, revealing the participation of many immune-related BPs (Figures 6A, B). Moreover, functional annotation was further validated by GSEA, and the results suggested that immune responses including T-cell differentiation involved in immune response, regulation of antigen receptor–mediated signaling pathway, T-cell receptor signaling pathway, and natural killer cell mediated cytotoxicity were further enriched in the high-risk groups compared to the low-risk groups (Figure 6C).




Figure 6 | Functional analyses. (A) Bubble graph for GO enrichment and (B) KEGG pathways. (C) Enrichment plot by GSEA analysis.






3.8 The landscape of immune cell infiltration and immune function in ccRCC

We analyzed the relationship between immune cells and the four ROS-related genes, which showed that they were all positively associated with B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells (DCs) (Figures S5A–D). To better understand the tumor immune status of ccRCC, the ESTIMATE algorithm was applied to calculate the stromal score, immune score, ESTIMATE score, and tumor purity (Figures S6A, B). The high-risk group had a higher ESTIMATE score but lower tumor purity. Given the above results, multiple algorithms revealed that the signature was closely related to multiple immune cells (Figure 7A). Compared with the low-risk group, the abundance of infiltrating CD8 + T cells and regulatory T cells (Tregs) in the high-risk group was significantly higher according to CIBERSORT data (Figures 7A, B). Performing the ssGSEA algorithm to evaluate immune cell infiltration yielded similar results (Figure 7C). Subsequently, the immune function suggested that CCR, immune checkpoints, HLA, and MHC class I exhibited significant differences between the two groups (Figure 7D). The high-risk group was significantly correlated with higher expression of T cell immune receptor with Ig and ITIM domains (TIGIT), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), lymphocyte activation gene-3 (LAG3), and PD-1 than the low-risk group (Figure 7E). The expression of HLA genes in the high-risk group was also higher than that in the low-risk group (Figure 7F). In addition, IPS and TIDE were used to assess the sensitivity of patients with ccRCC to ICIs (Figures S7A–C). The results of two analysis methods both indicated that the high-risk group obtained a favorable immunotherapeutic response and effect. The specificity and sensitivity of our signature were superior to that of recently identified biomarkers such as TIS and TIDE (Figure S7D).




Figure 7 | The immune cell infiltration and immune function. (A) The difference between the signature and the abundance of immune cells in seven algorithms. (B) The relationship between the signature and immune cells according to CIBERSORT. (C) Immune cell infiltration and (D) immune function by ssGSEA algorithm. The differences in the expression of (E) immune checkpoint and (F) HLA family. *p<0.05, **p<0.01, and ***p<0.001. ns, not significant.






3.9 The sensitivity analysis of targeted therapy and chemotherapy in ccRCC

We assessed the responsiveness of distinct risk groups to targeted medications and chemotherapy in the ccRCC data of the TCGA project. The results suggested that sunitinib and pazopanib targeting multiple tyrosine kinase targets and mechanistic target of rapamycin (mTOR) inhibitors such as rapamycin and temsirolimus had a lower semi-inhibition rate (IC50) in the high-risk group, indicating that clinicians should be more likely to give targeted drugs to patients in the high-risk group to achieve better outcomes during treatments (Figure 8A). In addition, the analysis of NCI-60 panel revealed that each of the four ROS-related genes was also significantly associated with different drugs (Figure 8B).




Figure 8 | Assessing the sensitivity of targeted therapy. (A) Patients with ccRCC in the high-risk group were suitable for targeted drugs such as sunitinib, pazopanib, rapamycin, and temsirolimus. (B) The relation between different drugs and four ROS-related genes.






3.10 Experimental verification of GCLM, MsrA, and SBNO2 in our patients with ccRCC

Given that survival analysis of GCLM, MsrA, and SBNO2 showed significantly different, we selected them for the next investigation. In addition, GCLM is closely associated with the development of kidney cancer, and the ability of MsrA is to protect the kidney against ischemia-reperfusion injury (17, 18). However, whether they were closely associated with ccRCC was not yet clear. The overview of IHC staining for GCLM, MsrA, and SBNO2 was depicted in Figure 9A. IHC staining of ccRCC TMA revealed that GCLM and MsrA were significantly decreased in tumor tissues, whereas SBNO2 showed no significantly different (Figures 9B–D). Table 1 summarized the relation of GCLM, MsrA, and SBNO2 expression to clinical features in our patients with ccRCC.




Figure 9 | The expression of GCLM, MsrA, and SBNO2 between ccRCC and adjacent benign tissues. (A) The overview of IHC staining for GCLM, MsrA, and SBNO2. (B–D) The IHC staining of GCLM, MsrA, and SBNO2 in ccRCC and normal tissues. **p<0.01.




Table 1 | The relation of GCLM, MsrA, and SBNO2 expression to clinical features in our patients with ccRCC.







4 Discussion

ccRCC is the most common subtype of kidney cancer, and its incidence ranks third among urinary system cancers (1). Early diagnosis and timely surgical resection are urgent measures to improve the therapeutic effect of ccRCC (19). However, for patients with advanced stage or distant metastasis who could lose an opportunity to have surgery, their 5-year survival rate was only 12% (20). For some patients with ccRCC with similar clinical manifestations, because of the heterogeneity of tumor and the diversity of biomolecules, their therapeutic effects and clinical prognosis were also different (21, 22). Therefore, it was suggested that existing predictors of ccRCC prognosis were inadequate to meet current clinical needs, and we must identify a new and more accurate signature.

In this study, we constructed, validated, and evaluated a signature composed of GCLM, IPCEF1, MsrA, and SBNO2, which effectively predicted the prognosis and was involved in immune-related pathways in patients with ccRCC. GCLM constituted the first rate-limiting enzyme for glutathione synthesis. GCLM was upregulated in a variety of human tumor types, and patients  with the high level of GCLM mRNA had lower recurrence-free and overall survival rates. Moreover, genetic deletion of GCLM prevented the ability of tumor to drive malignant transformation (23). As for IPCEF1, which was related to peroxidase activity and oxygen transporter activity, participated in ADP-ribosylation factor 6 signaling events and oxidative stress (24). The latest research showed that enforced expression of IPCEF1 inhibited the migration potential of T helper cell 17 (Th17) cells (25). MsrA reduced intracellular ROS levels through circulating oxidative/reductive mechanisms, and overexpression of MsrA enhanced cellular resistance to oxidative stress and protection against damage (26). As for SBNO2, a component of the IL-10 signaling cascade in monocytes, inhibited nuclear factor kappa-B (NF-κB) signaling pathway in macrophages (27). Our signature was associated with tumor immune response and oxidative stress, providing a novel approach to elucidate the prognosis prediction and treatment guidance in ccRCC.

The tumor immune microenvironment played a crucial role in ccRCC, which was one of the tumors with the highest degree of immune infiltration among pan-carcinomas, and its pathological specimens often contain a large number of tumor-infiltrating lymphocytes (9, 28). T cells were a major source of ROS in the TME. Compared with healthy subjects, peripheral blood T cells from patients with systemic sclerosis showed increased ROS production (29). A small amount of ROS could stimulate T cells activation and proliferation, but the accumulation of ROS could induce T-cell apoptosis and functional inhibition (30). Tregs were the key immunosuppressive cells that were increased in patients with cancer. To a certain extent, the levels of ROS determined the function of Tregs (31). It has been recognized that targeted therapy and immunotherapy were also affected by immune cells in the TME (32). Therefore, we analyzed the relationship between the signature and immune cells and found that the high-risk group was positively related to CD8+ T cell and Tregs. Giraldo et al. (33) evaluated IHC samples from 135 patients with ccRCC and found that a high abundance of CD8+ T-cell infiltration was closely related to the poor prognosis. Tregs were lymphocytes that inhibited anti-tumor response, and it had been shown that the increase of Tregs in the TME was related to worse pathological grade and clinical stage in ccRCC (34). Consistent with previous results, the high-risk group patients predicted a worse overall survival rate and exhibited higher levels of immune cells, specifically for CD8+ T cells and Tregs. Combining T-cell–based therapies with antioxidant therapies was a promising therapeutic strategy, emphasizing the significance of immune cell infiltration in ccRCC treatment and clinical outcomes.

Recently, ICIs have proven to be highly effective and are now considered as the standard care for patients with treatment-naive and advanced ccRCC (11). However, there were still a significant proportion of patients who did not benefit from ICIs, which prompted us to further explore the relationship between the expression of immune checkpoints and ccRCC (35). As shown in our results, the expression levels of immune checkpoints were different in separate groups. The immune checkpoints including TIGIT, CTLA-4, LAG3, and PD-1 were highly expressed in the high-risk group. Braun et al. (36) identified that, compared to the normal renal samples and early ccRCC, a higher proportion of M2-like tumor-associated macrophages (TAMs) expressing ligands for multiple T-cell inhibitory receptors such as PD-1, CTLA-4, and TIGIT were enriched in advanced and metastatic ccRCC and were related to a worse prognosis. Consistent with previous results, we analyzed the relationship between the signature and the immune checkpoints and found that the immune checkpoints related to a poor prognosis in ccRCC were highly expressed in the high-risk group, which coincided with the demonstration that our signature could predict overall survival by immunity. Some immune checkpoints might be responsible for a poorer prognosis in the high-risk group providing a new perspective on understanding ccRCC. In addition, the differential expression of immune checkpoints in different risk groups reminded us that this signature could be used to screen different patients to give them appropriate immunotherapy, which might be beneficial in addressing the problem of clinical patients’ insensitivity to immunotherapy. On the basis of this idea, we further analyzed the IPS and TIDE of the two risk groups, and the results showed that the high-risk group was more sensitive to PD-1 and CTLA-4 inhibitors. Therefore, our signature could effectively and specifically stratify the risk of patients with ccRCC, thereby dividing the subgroups of patients who would benefit more from immunotherapy.

The emergence of various targeted therapies has improved the overall survival rate of patients with advanced ccRCC in the past 15 years (2). For a long time, people have recognized that targeted therapy would be affected by immune infiltration in the TME (37). Sunitinib was one of the most used therapeutic drugs in patients with RCC, and it was related to impaired T-cell activation and proliferation in vitro and reduced the accumulation of myeloid-derived suppressor cells in the tumor compartment (38). Immunosuppressive cells such as TAM, neutrophils, and DCs could produce vascular endothelial growth factor (VEGF)-related pro-angiogenic cytokines to weaken the effect of targeted anti-angiogenic agents (39). Targeted therapy and immunity were inextricably linked. Our results showed that the high-risk group was more sensitive to the targeted drugs such as sunitinib, pazopanib, rapamycin, and temsirolimus. This meant that we might be able to use this signature to screen out specific patients that were more sensitive to targeted drugs, which, in turn, would guide the clinical use of drugs. The latest result of an ongoing large randomized controlled trial (NCT02684006) proved that, compared with sunitinib alone, patients with advanced ccRCC receiving avelumab, a new kind of PD-L1 inhibitor, combined with axitinib had a significantly longer progression-free survival time (40, 41). Many clinical adverse events occurred in preclinical studies (41, 42). Therefore, we need to be very careful in selecting paired immunotherapy and targeted therapy based on mechanism and preclinical trials. We might be able to use our signature to select the most suitable immunotherapy and targeted therapy for a specific patient from the perspective of immunity or even combine two drugs in synergistic treatments to achieve the best results with the most suitable and least immunotherapeutic and targeted drugs.




5 Conclusions

In summary, our signature was a robust and independent factor for ccRCC, which helped predict patients’ survival and prognosis. Our signature was expected to provide a new solution for the clinical decision-making of immunotherapy and targeted therapy for patients with ccRCC.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

WZ and XZ contributed to the study conception and design. Material preparation, data collection, and statistical analysis were performed by MC, XL, JY, SC, YD, JL, and HH. The manuscript was written by HL, YL, SZ, and JT. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the National Natural Science Foundation of China (82072813), the Science and Technology Development Fund (FDCT) of Macau SAR (0031/2021/A and 0090/2022/A), and The Second People’s Hospital of Foshan Fund Project (2022B05).




Acknowledgments

All authors acknowledge the contributions from the TCGA and ArrayExpress projects.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1202151/full#supplementary-material

Supplementary Figure 1 | Clinical characteristics of ccRCC classification. (A) CDF curves and relative changes in the AUC. (B-D) Consensus matrix heatmap and survival analysis in different clusters (k = 2, 3, and 4). (E) Differences in clinical characteristics between the two clusters.

Supplementary Figure 2 | Validation of the signature in internal and external cohorts. Distribution of the risk score, survival status, and heatmap of patients with ccRCC in the (A) testing cohort and (B) validation cohort. ROC curves analysis and survival curves in the (C) testing and (D) validation cohorts.

Supplementary Figure 3 | The analysis of independently predictive ability. Univariate and multivariate Cox regression analyses in the (A) training, (B) testing, and (C) validation cohorts.
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Supplementary Figure 7 | The IPS and TIDE analysis. (A, B) Sensitivity analysis to CTLA-4 and PD-1 by IPS analysis. (C) TIDE in the two risk groups. (D) ROC curves of signature, TIDE, and TIS.
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Introduction

Lactococcus lactis (L.L) is safe and can be used as vehicle. In this study, the immunoregulatory effect of L.L on dendritic cell (DC) activation and mechanism were investigated. The immune responses and antigen cross-presentation mechanism of DC-based vaccine prepared with OVA recombinant L.L were explored.





Methods

Confocal microscopy and flow cytometry were used to analyze the mechanism of L.L promoting DC maturation, phagosome membrane rupture and antigen presentation. The antitumor effect of DC vaccine prepared with L.L-OVA was assessed in the B16-OVA tumor mouse model.





Results

L.L significantly promoted DC maturation, which was partially dependent on TLR2 and downstream MAPK and NF-κB signaling pathways. L.L was internalized into DCs by endocytosis and did not co-localized with lysosome. OVA recombinant L.L enhanced antigen cross-presentation of DCs through the phagosome-to-cytosol pathway in a reactive oxygen species (ROS)- and proteasome-dependent manner. In mouse experiments, L.L increased the migration of DCs to draining lymph node and DC vaccine prepared with OVA recombinant L.L induced strong antigen-specific Th1 and cytotoxic T lymphocyte responses, which significantly inhibited B16-OVA tumor growth.





Conclusion

This study demonstrated that recombinant L.L as an antigen delivery system prepared DC vaccine can enhance the antigen cross-presentation and antitumor efficacy.





Keywords: recombinant Lactococcus lactis, dendritic cell-based vaccine, reactive oxygen species, cross-presentation, antitumor efficacy




1 Introduction

Dendritic cells (DCs) with high degree of heterogeneity are differentiated from myeloid and lymphoid stem cells. Distinct DC populations have different phenotypical and functional properties (1). Conventional DCs (cDCs) can migrate from tumor tissues to draining lymph nodes (LNs) and activate naïve T cells to differentiate into antigen-specific effector or memory T cells, which play the role of immune surveillance and clearance of tumor cells (2, 3). Among them, cDC1s can effectively activate tumor-specific CD8+ cytotoxic T lymphocytes (CTL) and cDC2s can induce Th17 responses, which inhibit tumor growth (4). The first clinical trial of plasmacytoid DC (pDC) vaccine had shown that several melanoma patients generated antigen-specific CD4+ and CD8+ T cell responses (5).

DCs are professional antigen presenting cells, which mainly present exogenous antigens through MHC II pathway to activate CD4+ T cells. However, some exogenous antigens can also be displayed by MHC I pathway to activate CD8+ T cells and differentiate into CTL, known as antigen cross-presentation (6, 7), which effectively clear bacterial, viral and tumor antigens (8). According to the location of antigen processing, antigen cross-presentation can be divided into transporter associated with antigen processing (TAP) and proteasome-dependent pathway, TAP and proteasome-independent pathway, and TAP-independent proteasome processing pathway (9–11). TAP and proteasome-dependent pathway is known as the phagosome-to-cytosol pathway (6). After fusion of endosome contained the internalized exogenous antigen with lysosome, part of the exogenous antigen enters the cytoplasm through the endoplasmic reticulum (ER)-associated degradation (ERAD) mechanism (12, 13) and is degraded by the proteasome (14), then these peptides are transported to ER or phagosomes by TAP and bound to MHC I (15). The MHC I-peptide complex is transported to the cell surface to activate CD8+ T cells (16). TAP and proteasome-independent pathway is known as the vacuolar pathway (17). The exogenous antigen is degraded by cathepsin S in the phagosomes (18), and the generated antigenic peptide binds to MHC I in the phagosomes (19). In TAP-independent proteasome processing pathway, proteasomes in phagosomes generated antigenic peptides and bound to MHC I in phagosomes.

To promote the escape of exogenous antigens from phagosomes to cytoplasm is one of the mechanisms to enhance antigen cross-presentation through TAP and proteasome-dependent pathways (20, 21). Cell-penetrating peptide can promote endosomal escape and antigen cross-presentation (22). Listeria monocytogenes secretes listeriolysin O, which destroys the phagosome membrane during acidification and promotes the escape of antigens and DNA from the phagosomes into the cytoplasm (23). Ovalbumin (OVA) coupled with osmotin can escape from the phagosomes into the cytoplasm or directly transfer into the cytoplasm (24). With maturation of DCs, reactive oxygen species (ROS) generated by NADPH oxidase 2 (NOX2) can promote phagosome membrane rupture and exogenous antigen escape to increase antigen cross-presentation (13, 25). Lactococcus lactis (L.L) is an FDA approved probiotic, which can be used as vehicle to deliver antigens in various ways (26). L.L can induce DC maturation, promote Th1 cell differentiation and increase the expression of IL-12, IFN-γ and TNF-α through TLR2, TLR3 and TLR9 pathways (27–30). Therefore, L.L as antigen delivery vehicle can be used to prepare DC-based vaccine and enhance antigen cross-presentation due to its adjuvant effect.

Here, we investigated the adjuvant effect and mechanism of L.L, and antigen cross-presentation and immune responses of GM-DC-based vaccine prepared with OVA recombinant L.L. Its anticancer effect was evaluated in a B16-OVA tumor mouse model. We demonstrated that L.L enhanced GM-DC maturation through TLR2 and downstream MAPK and NF-κB signaling pathways and produced high levels of ROS, which promoted phagosome membrane rupture and antigen escape into the cytoplasm to increase antigen cross-presentation through the phagosome-to-cytosol pathway. The GM-DC-based vaccine induced strong Th1 and CTL responses and significantly inhibited tumor growth. Our study provided a potential vaccine strategy for cancer immunotherapy.




2 Materials and methods



2.1 Animals

6 to 8 weeks of C57BL/6 male mice were bought from Animal Laboratory Center, Xinjiang Medical University (Urumqi, Xinjiang, China) and housed in an animal facility of Xinjiang University. The experimental protocols were approved by the Committee on the Ethics of Animal Experiments of Xinjiang Key Laboratory of Biological Resources and Genetic Engineering (BRGE-AE001).




2.2 Plasmids, bacterial strains and growth conditions

Plasmids including pMG36e-RFP-EGFP (358), pMG36e-EGFP-mcherry, pMG36e-penp-OVA, pMG36e-CMV-penp-OVA and pNZ8149-penp-OVA were constructed and kept by Xinjiang Key Laboratory of Biological Resources and Genetic Engineering. pMG36e-RFP-EGFP (358) encodes a green fluorescent protein (EGFP) under the control of a eukaryotic promoter CMV and a red fluorescent protein (RFP) under the control of a prokaryotic promoter penp. pMG36e-EGFP-mcherry encodes EGFP-mcherry under the control of a prokaryotic promoter penp. pMG36e-penp-OVA encodes OVA protein under the control of penp. pMG36e-CMV-penp-OVA encodes OVA protein under the control of CMV and penp. pNZ8149-penp-OVA encodes OVA protein under the control of penp. The L.L was cryopreserved in this laboratory. L.L and recombinant L.L carrying pMG36e were grown statically at 30°C in M17 broth supplemented with 10% glucose (GM17), recombinant L.L of pMG36e was grown in GM17 with 1 mg/ml erythromycin (Solarbio, China). Recombinant L.L carrying pNZ8149 was grown statically at 30°C in M17 broth supplemented with 10% lactin, recombinant L.L of pNZ8149 were grown in M17 with lactin and 50 μg/ml ampicillin (Solarbio, China).




2.3 Genetic transformation

L.L at logarithmic (log) phase was collected and resuspended in 1 ml lithium acetate solution (100 mM LiAc; 10 mM DL-Dithiothreitol; 0.6 M sucrose; 10 mM Tris-HCl, pH 7.5) (Shenggong, Shanghai, China). After incubation for 30 min at room temperature, cells were washed three times with sterile deionized water and resuspended in 2 ml of 0.3 M sucrose with 10% glycerol. Cells can be used for electroporation or stored at -80°C for future use.

1 μg of plasmid was mixed with 80 μl cells in a 2 mm electroporation cuvette (BIO-RAD, USA). The voltage of BTX electro cell manipulator was set at 400 V, the time was 4 ms and post fusion AC seconds were 1 (Harvard apparatus, USA). After electroporation, 1ml recovery medium (900 μl M17, 100 μl 5% glucose or 5% lactin, 10 μl 20 mM MgCl2 and 2 mM CaCl2) (Shenggong, Shanghai, China) was added and the cells were kept on the ice for 5 min and incubated at 30°C for 2 h. After centrifugation at 4000 rpm for 5 min, part of the supernatant was discarded, 200 μl cells were plated on Elliker-medium (EM) with 1mg/ml erythromycin or 50 μg/ml ampicillin and cultured for 24-48 h at 30°C.




2.4 Transfection of 293T cells

The 293T cells were cultured in 6 well plates and transfected when the cell density was 60%-70%. Before the transfection, the culture medium was replaced with fresh one. The transfection system was included A (2 μg plasmid, 125 μl Opti-MEM) and B [3.75 μl Lipo3000, 4 μl P3000, 125 μl Opti-MEM (Thermo Fisher, USA)]. The A and B tubes were evenly mixed and kept at room temperature for 15 min. The mixture was slowly added to 6 well plates and mixed. The culture medium was replaced after 8 h. After 36 h, cells were collected and total protein was isolated by the RIPA Lysis Buffer (Beijing ComWin Biotech Co., Ltd). The expression of related proteins was detected by Western blot. The expression of EGFP proteins was also observed by inverted fluorescence microscope (Nikon, Japan).




2.5 Western blot

For analyzing the activation of MAPK and NF-κB signaling pathways, GM-DCs were treated with 102 L.L and 103 L.L for 30 min or 120 min and proteins were extracted by nucleoprotein and cytoplasmic protein extraction kit (Biorebo Biotech, China). 40 ng/mL LPS (Sigma-Aldrich, USA) was used as the positive control.

For detection of EGFP and OVA expression, the recombinant L.L with pNZ8149-penp-OVA (L.L-OVA) was cultured at 30°C to OD595nm of 0.2-0.6. Then 10 ng/ml nisin was added and cultured for 0 h, 9 h, 12 h and 24 h at 30°C. The recombinant L.L with pMG36e is auto-inducible. The recombinant L.L was harvested by centrifugation (12000 rpm, 10 min), and the proteins were obtained by liquid nitrogen grinding. The expression of related proteins was detected by Western blot, including EGFP (TransGen Biotech, China) and OVA (Elabscience, China). After incubation with HRP-conjugated goat anti-mouse IgG, or HRP-conjugated goat anti-rabbit IgG (TransGen Biotech, China), the target proteins were detected using EasySee Western blot kit (TransGen Biotech, China).




2.6 DC treatment, flow cytometry and cytokine detection

Granulocyte/macrophage colony-stimulating factor (GM-CSF) derived DCs (GM-DCs) were induced from bone marrow cells of C57BL/6 mice referring to our previous description (31). Briefly, bone marrow cells were isolated from femurs and tibias of C57BL/6 mice and cultured in RPMI-1640 containing 10% fetal bovine serum, 1% penicillin-streptomycin, 2 mM L-glutamine, 50 μM β-mercaptoethanol and 20 ng/mL GM-CSF (PeproTech) at 37°C in 5% CO2 incubator. Medium was changed every other day. On day 7, cells were collected and counted by blood cell count plate counting. CD11c+CD86+ were used to identify GM-DCs following differentiation. GM-DC populations were analyzed by flow cytometry after staining with anti-CD11c-FITC, anti-CD11b-PerCP/Cyanine5.5, anti-CD45-PE, anti-CD103-APC (Elabscience, China) and anti-CD24-v450 (Thermo Fisher, USA) according to previous studies (4, 32). 5 × 105 GM-DCs were treated with different concentrations (10, 102, 103) of L.L for 12 h, 24 h or 48 h. 40 ng/mL LPS (Sigma-Aldrich, USA) was used as the positive control. Cells were collected and stained with fluorescence-labeled antibodies including anti-CD40-FITC, anti-CD86-APC, anti-CD80-APC, anti-MHC I-FITC, anti-MHC II-APC (Elabscience, China) or anti-25-D1.16-APC (Thermo Fisher, USA). Apoptosis of GM-DCs was analyzed by AnnexinV-FITC/propidium iodide (PI) apoptosis detection kit according to the manufacturer’s instruction (YEASEN, China). ROS production was measured by the reactive oxygen species assay kit according to the manufacturer’s instruction (Biyuntian, China), and cells were stained with DCFH-DA. For detection of GM-DC endocytosis, GM-DCs were treated with 103 fluorescent protein recombinant L.L or CFSE-stained L.L. Samples were collected by FACSCalibur (BD Biosciences, USA) and analyzed by FlowJo (Tree Star, Inc., Ashland, OR).

To investigate the roles of TLR2/4 in GM-DC maturation, cells were pretreated with 100 ng/mL TLR2 blocking antibody (mAb-TLR2) or 1 μM TAK-242 (TLR4 inhibitor) for 1 h, and washed with PBS, then treated with different doses (10, 102, 103) of L.L for 24 h. For NOX2 inhibitor, ROS scavenger and endocytic inhibitor treatment, GM-DCs were pretreated with 5 μM Diphenyleneiodonium chloride (DPI) (Medchem-express, USA), 10 mM N-Acetylcysteine (NAC) (Sigma-Aldrich, USA) and different doses (0.1, 0.3, 0.5 and 0.7 μg/ml) of cytochalasin D for 12 h (Yuanye, China), then treated by 103 L.L or recombinant L.L for 6 h or 24 h. For proteasome inhibitor treatment, GM-DCs were pretreated with 10 μg/ml MG132 for 30 min and co-treated with 103 L.L-OVA for 24 h, then another 10 μg/ml MG132 was added after 12 h.

To further confirm the roles of MAPK, JNK and ERK in L.L-induced GM-DC maturation, GM-DCs were pretreated with inhibitors of p38 MAPK (SB202190), ERK (U0126) and JNK (SP600125) for 2 h, 1 h and 45 min, respectively, and then treated with 103 L.L for 24 h.

After treatment, the supernatant was collected to detect cytokine secretion by enzyme-linked immunosorbent assay (ELISA) using an ELISA kit according to the manufacturer’s instruction (Boster, China) and nitric oxide (NO) by the NO colorimetric assay kit according to the manufacturer’s instruction (Biyuntian, China).




2.7 Confocal laser scanning microscopy

To evaluate the intracellular localization of the CFSE-stained L.L (L.L-CFSE) and EGFP-mcherry, GM-DCs were treated with 103 L.L-CFSE and recombinant L.L with pMG36e-EGFP-mcherry (LEGFP-mcherry). After treatment for 2 h, 4 h or 6 h, cells were collected and fixed with 4% paraformaldehyde at room temperature for 10 min, then washed with PBS for 3 times. After treatment with 0.1% trionx-100, EEA1 and LAMP1 (diluted with PBS at 1:100; Affinity, USA) were added and incubated at 4°C overnight. After washing with PBS for 3 times, goat anti-rabbit IgG (diluted with PBS at 1:300) was added and incubated at 37°C for 2 h. Then DAPI was added and kept at room temperature for 10 min (Biyuntian, China) after washing with PBS. Finally, samples were imaged using laser confocal microscope (Nikon, Japan).




2.8 GM-DC migration experiment

GM-DC treated with (10, 102, 103) L.L, 40 ng/mL LPS was used as a positive control. 2×105 GM-DC (cells resuspended in 0.5 mL complete RPMI-1640 medium) was added to the upper chamber of transwell, and 0.5 mL complete RPMI-1640 medium containing 100 ng/mL CCR19 was added to the lower chamber of transwell. After 3 h, cells in the subchamber of transwell were collected and counted.

GM-DC migration in vivo was performed as previously described (33). Briefly, GM-DC treated with 103 L.L, 103 recombinant L.L, or 40 ng/mL LPS were stained with 10 μM CFSE and injected in footpad of mice. After 24 h, popliteal LNs were isolated to analyze CFSE+ GM-DCs by flow cytometry.




2.9 Preparation of GM-DC-based vaccine

GM-DC-based vaccine was prepared according to our previous study (34). Briefly, GM-DCs were treated with 103 L.L, 103 recombinant L.L or 40 ng/mL LPS for 24 h and then the LPS groups were incubated with 10 μg/ml OVA257-264 and OVA323-339 peptides, or 10 μg/ml OVA protein for 2 h, respectively. GM-DCs treated with L.L were used as negative control.




2.10 Evaluation of immune responses and antitumor effect of GM-DC-based vaccine

Naïve C57BL/6 mice (5 mice/group) were intradermally injected with GM-DC-based vaccines (1 × 106 GM-DCs in 50 μl PBS) twice at 2 weeks intervals, including LPS treated GM-DCs pulsed with OVA protein (LPS+OVA), LPS treated GM-DCs pulsed with OVA peptides (LPS+OVApep), L.L treated GM-DCs (L.L), L.L-OVA treated GM-DCs (L.L-OVA), MG132 pretreated GM-DCs treated with L.L-OVA (L.L-OVA+MG132) and DPI pretreated GM-DCs treated with L.L-OVA (L.L-OVA+DPI). 7 days after the second injection, mice were sacrificed to isolate spleens and inguinal LNs to detect immune responses. Splenocytes were stained with fluorescence-labeled antibodies against CD3, CD19, CD49b, CD11c, CD86, CD11b, Ly6C, Ly6G, CD4, CD25 and Foxp3 (BD Biosciences), and lymphocytes were stained with fluorescence-labeled antibodies against CD4, CD8, IFN-γ and Granzyme B (BD Biosciences).

For evaluation of antitumor effect of GM-DC-based vaccine, 5 × 105 B16-OVA cells were subcutaneously injected into the right flank of C57BL/6 mice. After 6 d, tumor mice were randomly divided into 6 groups (6 mice/group) and treated with GM-DC-based vaccines including LPS+OVA, LPS+OVApep, L.L, L.L-OVA, L.L-OVA+MG132 and L.L-OVA+DPI. GM-DCs were intradermally injected into mice twice at 1 week interval. Tumors were measured every other day using callipers and calculated using the following formula: tumor volume (mm3) = (length × width2)/2. On day 24, mice were sacrificed, and organs and tumors were isolated and weighted. Inguinal LNs were isolated to detect immune responses according to the above description.




2.11 Statistical analysis

Data were reported as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) or a paired t-test was used to examine the statistical difference. Data were analyzed with Prism5 GraphPad software (USA). p < 0.05 was considered to be statistically significant.





3 Results



3.1 L.L promotes GM-DC maturation through TLR2 and downstream MAPK and NF-κB signaling pathways

According to the growth curve (Supplemental Figure 1A), colony-forming unit (CFU) calculation of L.L was carried out when OD595nm was 0.5 at the log phase. The number of viable bacteria per milliliter of the bacterial solution was 1010 by counting the plate clone numbers and the CFU is 1010 CFU/ml. Firstly, the safe doses of L.L were determined based on the viability of GM-DCs. After treatment with different doses (10, 102, 103) of L.L for 24 h, GM-DC viability was not affected according to the frequencies of apoptotic and necrotic GM-DCs (Supplemental Figure 1A), suggesting that the selected doses is safe. Secondly, the phagocytosis ability of GM-DCs for L.L was detected. Compared with L.L-treated GM-DCs, the fluorescence intensities of L.L-CFSE-treated GM-DCs were significantly increased at 3 h, 6 h and 9 h (Supplemental Figure 1B). The similar results were observed by laser confocal microscope (Supplemental Figure 1C). Thirdly, the effect of L.L on GM-DC maturation was measured. After treatment for 24 h, L.L significantly increased the expression of CD40, CD86, CD80, MHC I, MHC II and CCR7, and the secretion of TNF-α, IL-1β, IL-12p40 and IL-6, in a dose-dependent manner. The results of transwell experiment in vitro showed that L.L can significantly promote GM-DC migration (Supplemental Figure 2A). Consistently, 103 L.L significantly enhanced GM-DC migration in vivo, characterized by the increased frequencies of CD11c+CFSE+ cells in draining LN (Supplemental Figure 2B). Moreover, high doses of L.L significantly upregulated NO production (Supplemental Figure 2C). The results demonstrated that L.L promoted GM-DC maturation and activation.

To investigate the mechanism of GM-DC maturation, cells were pretreated with or without TLR2 blocking antibody (mAb-TLR2) for 1 h, and then treated with different doses (10, 102, 103) of L.L for 24 h. The expression of CD40, CD86 and IL-12p40 in GM-DCs induced by L.L was significantly reduced by mAb-TLR2 pretreatment (Figure 1A), indicating that L.L promoted GM-DC maturation partially through TLR2 signaling pathway. The expression and activation of key molecules in TLR2 downstream pathways were further analyzed by Western blot. L.L treatment significantly enhanced the phosphorylation of p38, ERK, JNK and IKB-α at 120 min and the phosphorylation of NF-κBp65 at 30 min and 120 min (Figure 1B). To further confirm the roles of p38, JNK and ERK in L.L-induced GM-DC maturation, GM-DCs were pretreated with inhibitors of p38 MAPK (SB202190), ERK (U0126) and JNK (SP600125) for 2 h, 1 h and 45 min, respectively, and then treated with L.L for 24 h. SP600125, U0126 and SB202190 pretreatment significantly inhibited the expression of CD40, CD80 and IL-12p40 (Figure 1C). TLR4 inhibitor (TAK-242) pretreatment did not suppress the expression of CD40, CD86 and IL-12p40 in GM-DCs induced by L.L but significantly inhibited their expression induced by LPS (Supplemental Figure 3). These results suggested that L.L promoted GM-DC maturation through TLR2 and downstream MAPK and NF-κB signaling pathways.




Figure 1 | L.L enhanced GM-DC maturation by TLR2 signaling pathway. (A) GM-DCs were pretreated with mAb-TLR2 (blocking antibody) for 1 h, and then treated with LPS and L.L for 24 h. The expression of CD40 and CD86 were tested by flow cytometry. The IL-12p40 secretion was measured by ELISA. (B) GM-DCs were treated with L.L for 30 min and 120 min, then proteins of GM-DCs were isolated to detect their expression and phosphorylation by Western blot. (C) GM-DCs were pretreated with JNK inhibitor SP600125, ERK inhibitor U0126 and p38 MAPK inhibitor SB202190 for 45 min, 1h and 2 h, and then treated with LPS and L.L for 24 h. The expression of CD40, CD80 and IL-12p40 was measured. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to untreated group.






3.2 Construction and identification of recombinant vectors expressed fluorescent proteins and OVA

In order to study the mechanism of antigen processing and presentation delivered by L.L in GM-DCs, recombinant vectors expressing fluorescent proteins including pMG36e-RFP-EGFP (358) and pMG36e-EGFP-mcherry were constructed and protein expression was identified by Western blot and confocal laser scanning microscopy. For identification of EGFP expression of pMG36e-RFP/eGFP (358) under the control of CMV, the plasmid was encapsulated by liposome and transfected into 293T cells, then the protein was extracted and identified by Western blot. The expected band of EGFP with 29 KDa was obtained. The EGFP fluorescence was further observed in 293T cells by confocal laser scanning microscopy (Supplemental Figure 4A). pMG36e-RFP/eGFP (358) and pMG36e-EGFP-mcherry were transferred into L.L and named as L358 and LEGFP-mcherry, which were confirmed by PCR (Supplemental Figures 4A, B). The expression of EGFP-mcherry in recombinant L.L was identified by Western blot. The expected band of EGFP-mcherry with 55 KDa was obtained (Supplemental Figure 4B). After co-culture of LEGFP-mcherry and GM-DCs, green fluorescence was observed in GM-DCs by confocal laser scanning microscopy (Supplemental Figure 4B), suggesting that LEGFP-mcherry was endocytosed into GM-DCs.

Recombinant vectors expressed OVA including pMG36e-penp-OVA, pMG36e-CMV-penp-OVA and pNZ8149-penp-OVA were constructed and transferred into L.L, which were named as LpMG36e-penp-OVA, LpMG36e-CMV-penp-OVA and L.L-OVA, respectively, and confirmed by PCR (Supplemental Figures 4C–E). OVA expression of LpMG36e-penp-OVA was identified by Western blot and the correct band was observed. For identification of OVA expression by pMG36e-CMV-penp-OVA, the plasmid was encapsulated by liposome and transfected into 293T cells, and then OVA protein band was obtained by Western blot. L.L-OVA was induced by nisin for 9 h, 12 h and 24 h, respectively, and the protein expression was detected by Western blot. The correct bands were observed (Supplemental Figures 4C–E).




3.3 Intracellular localization of EGFP proteins delivered by L.L

According to the growth curve (Figure 2A), LEGFP-mcherry and L358 entered the log phase around 10 h and 4 h, respectively, and reached the plateau around 16 h and 10 h, respectively. LEGFP-mcherry and L358 at log phase were used to treat GM-DCs for 3 h, 6 h, 9 h, 12 h and 24 h, and the fluorescence intensities of EGFP were detected by flow cytometry. Compared with untreated control, the fluorescence intensities of EGFP were significantly increased from 3 h to 12 h in GM-DCs treated with LEGFP-mcherry and L358 (Figure 2B), suggesting that antigen not only was delivered into GM-DCs by L.L but also sustained at least for 12 h. EGFP fluorescence observed in GM-DCs treated with L358 demonstrated that pMG36e-RFP-EGFP (358) was released into the cytoplasm due to EGFP under the control of CMV. We further observed that EGFP proteins were dispersed in GM-DCs treated with LEGFP-mcherry for 6 h (Figure 2B), and did not co-localize with EEA1 and LAMP1 by laser confocal microscope (Figure 2C). These results suggested that L.L promoted the rupture of the phagosome membrane to release antigen into cytoplasm.




Figure 2 | The expression of EGFP and its subcellular localization in GM-DCs. (A) Determination of growth curve of recombinant L.L. (B) Detection of EGFP expression in GM-DCs by flow cytometry and confocal laser scanning microscopy after co-cultured with recombinant L.L for 3 h, 6 h, 9 h, 12 h and 24 h. The time of the EGFP signal gating strategy is 6 h. (C) The co-localization of EGFP with EEA1 and LAMP1 was detected by confocal laser scanning microscopy. The higher magnification of areas in white boxes and quantification of colocalization were shown in right panel. * p < 0.05, ** p < 0.01; *** p < 0.001 compared to L.L group.






3.4 Mechanism of GM-DC phagosome membrane rupture induced by L.L

High levels of ROS can mediate phagosome membrane rupture and release antigens into the cytoplasm to enhance the antigen cross-presentation of GM-DC via the phagosome-to-cytosol pathway (25). Therefore, ROS production was measured in GM-DCs by flow cytometry after treatment with different doses of L.L for 6 h. As shown in Figure 3A, ROS production was significantly increased in a concentration-dependent manner. To explore the role of ROS production in antigen processing, NOX inhibitor, DPI, was used to suppress ROS production in phagosomes. We found that 5 μM DPI significantly reduced the fluorescence intensity of CFSE in GM-DCs treated with L.L-CFSE (Figure 3B). NAC (10 mM), a broad spectrum ROS inhibitor, also significantly decreased the fluorescence intensity of CFSE in GM-DCs treated with L.L-CFSE (Figure 3B).




Figure 3 | ROS production and amount of L.L-CFSE in GM-DCs. (A) The generation of ROS in GM-DCs was detected by flow cytometry after co-cultured with different concentrations of L.L for 6 h. (B) The fluorescence intensity of L.L-CFSE was detected by flow cytometry after the addition of DPI and NAC for 12 h. DPI inhibits ROS production in phagosomes. NAC inhibits all ROS production in cells. (C) CFSE subcellular localization and fluorescence intensity in GM-DCs were analyzed by confocal laser scanning microscopy after co-cultured with L.L-CFSE for 6 h in the presence or absence of DPI. The higher magnification of areas in white boxes and quantification of colocalization were shown in right panel. *** p < 0.001 compared to untreated group, or between indicated groups.



We further analyzed the subcellular localization of L.L-CFSE with EEA1 and LAMP1 in GM-DCs treated with or without DPI by confocal laser microscope. L.L-CFSE was observed without DPI treatment and did not co-localize with EEA1 and LAMP1. This is consistent with the results in Figure 3C. However, no L.L-CFSE was observed after DPI treatment, indicating that most of the L.L-CFSE was degraded in GM-DCs (Figure 3C). The dynamic subcellular localization of L.L-CFSE was further investigated in GM-DCs. Cells were treated with L.L-CFSE for 2 h, 4 h and 6 h and stained with EEA1 and LAMP1, then observed by laser confocal microscope. As shown in Figure 4A, L.L-CFSE co-localized with EEA1 at 2 h, some L.L-CFSE co-localized with EEA1 and others leaked into the cytoplasm at 4 h, and almost L.L-CFSE did not co-localize with EEA1 and leaked into the cytoplasm at 6 h. L.L-CFSE did not co-localize with LAMP1 at 2 h, but some L.L-CFSE co-localized with LAMP1 and others leaked into the cytoplasm at 4 h, then almost L.L-CFSE did not co-localized with LAMP1 at 6 h (Figure 4B). These results indicated that ROS decreased the degradation rate of antigen and promoted the release of antigen in GM-DCs through the phagosome-to-cytosol pathway.




Figure 4 | Subcellular localization of L.L-CFSE in GM-DCs. (A) Co-localization of L.L-CFSE and EEA1 after co-cultured with GM-DC for 2 h, 4 h and 6 h. (B) Co-localization of L.L-CFSE and LAMP1 after co-cultured with GM-DC for 2 h, 4 h and 6 h. The higher magnification of areas in white boxes and quantification of colocalization were shown in right panel.



To further investigate whether L.L enters GM-DCs through endocytosis, GM-DCs were treated with L.L-CFSE for 6 h in the presence or absence of cytochalasin D and analyzed by flow cytometry. As shown in Supplemental Figure 5A, cytochalasin D significantly reduced the amount of L.L-CFSE in GM-DCs in a dose-dependent manner. The subcellular localization of L.L-CFSE was detected in GM-DCs with or without 0.5 μg/ml cytochalasin D. After treatment for 6 h, cells were stained with EEA1, LAMP1 and DAPI and detected by confocal laser scanning microscopy. In the absence of cytochalasin D, lots of L.L-CFSE entered GM-DC and did not co-localize with EEA1 and LAMP1. This is consistent with the results in Figure 4. However, in the presence of cytochalasin D, L.L-CFSE did not appear in GM-GM-DC (Supplemental Figure 5B). Furthermore, mAb-TLR2 significantly reduced the amount of L.L-CFSE in GM-DCs (Supplemental Figure 5C). These results demonstrated that L.L entered GM-DC through endocytosis and released into cytoplasm through the phagosome-to-cytosol pathway.




3.5 OVA recombinant L.L enhances antigen cross-presentation by ROS production and proteasome

The GM-DC used in our experiment was cultured on day 7. However, we cannot exclude whether GM-DC or GM-CSF-derived macrophages are responsible for the observations with this type of culture. To further test whether OVA recombinant L.L enhances antigen cross-presentation, GM-DCs were treated with LpMG36e-penp-OVA, LpMG36e-CMV-penp-OVA and L.L-OVA for 6 h, 12 h, 24 h, 36 h and 72 h and stained with 25.D1-16-APC, which was used to specifically detect MHC I-OVApep complex on the surface of GM-DCs. As shown in Figure 5A, all the three OVA recombinant L.L significantly increased the fluorescence intensity of 25.D1-16 in a time-dependent manner and L.L-OVA generated the highest level of MHC I-OVApep complex. Therefore, L.L-OVA was selected for the next experiments. The roles of ROS production and proteasome in the generation of MHC I-OVApep complex were detected. GM-DCs were treated with L.L-OVA in the presence or absence of 5 μM DPI for 24 h and stained with 25.D1-16-APC. The fluorescence intensity of 25.D1-16 was significantly decreased by DPI (Figure 5B), indicating that ROS production induced by L.L promoted the release of OVA from phagosomes to cytoplasm. For the treatment of proteasome inhibitor, MG132, GM-DCs were pretreated with 10 μg/ml MG132 for 30 min and co-treated with L.L-OVA for 24 h, then another 10 μg/ml MG132 was added after 12 h. The fluorescence intensity of 25.D1-16 was significantly reduced by MG132 (Figure 5C), indicating that the released OVA was degraded by proteasome in cytoplasm. Moreover, the selected dose of DPI and MG132 did not induce the apoptosis and necrosis of GM-DCs after treatment for 24 h (Supplemental Figure 6A), and did not affect GM-DC migration in vitro and vivo (Supplemental Figures 6B, C). These results suggested that L.L-OVA enhanced antigen cross-presentation by ROS production and proteasome processing.




Figure 5 | Antigen processing of L.L-OVA by GM-DCs. (A) The expression of MHC I-OVApep on GM-DCs was detected by flow cytometry after co-cultured with different OVA recombinant L.L for 6 h, 12 h, 24 h, 36 h and 72 h. (B) The effects of DPI (ROS inhibitor) on the expression of MHC I-OVApep in GM-DCs after co-cultured with L.L-OVA were detected by flow cytometry. GM-DCs were pretreated with DPI for 12 h, then co-treated with L.L-OVA for 24 h. (C) The effects of MG132 (proteasome inhibitor) on the expression of MHC I-OVApep in GM-DCs after co-cultured with L.L-OVA were detected by flow cytometry. GM-DCs were pretreated with 10 μg/ml MG132 for 30 min and co-treated with L.L-OVA for 24 h, then another 10 μg/ml MG132 was added after 12 h. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to L.L group, or between indicated groups.






3.6 GM-DC vaccine prepared with L.L-OVA enhanced antigen-specific immune responses and antitumor efficacy

Our previous study showed that GM-DC vaccine prepared with peptides generated stronger cellular immune responses (31). However, MHC restriction of peptides limits their clinical use. GM-DCs have a poor endocytosis capacity for soluble protein. Therefore, we develop recombinant L.L expressing protein antigen as the new antigen delivery system for GM-DC vaccine. LPS is a TLR4 agonist to promote GM-DC maturation. LPS-treated GM-DCs pulsed with OVA protein or peptides were used as negative or positive controls to compare with L.L-OVA. The antigen-specific T cell responses were detected in mice immunized with these GM-DC vaccines. 14 days after boosting, inguinal LNs were isolated to analyze immune responses. Upon OVA protein stimulation, LPS+OVApep and L.L-OVA significantly increased the frequencies of OVA-specific CD4+IFN-γ+, CD8+IFN-γ+ and CD8+Granzyme B+ T cells compared with L.L group. L.L-OVA+MG132 and L.L-OVA+DPI significantly reduced the frequencies of CD4+IFN-γ+, CD8+IFN-γ+ and CD8+Granzyme B+ T cells compared with L.L-OVA group. This was consistent with the results in Figure 5. Importantly, L.L-OVA significantly enhanced OVA-specific CD8+IFN-γ+Granzyme B+ T cell responses compared with L.L group, but LPS+OVA and LPS+OVApep did not induce the responses (Supplemental Figure 7). These results indicated that GM-DC vaccine prepared with L.L-OVA enhanced antigen-specific immune responses.

The antitumor effect of GM-DC vaccine prepared with L.L-OVA was further tested in B16-OVA tumor mouse model. All GM-DC vaccines did not affect the body weight of mice. Compared to L.L group, L.L-OVA and LPS+OVApep significantly inhibited tumor growth (Supplemental Figure 8 and Figure 6A). L.L-OVA also significantly reduced tumor weight (Figure 6A). On day 24, spleens were isolated to detect immune responses. Compared with L.L group, L.L-OVA significantly increased the frequencies of T cells and NK cells in spleens of mice (Figure 6B). L.L-OVA and LPS+OVApep significantly decreased the frequencies of inducible regulatory T cells (iTregs: CD4+CD25-Foxp3+) and natural Tregs (nTregs: CD4+CD25+Foxp3+). However, the frequencies of iTregs and nTreg in L.L-OVA+MG132 and L.L-OVA+DPI groups were significantly increased compared with L.L-OVA group (Figure 6B). As expected, LPS+OVApep and L.L-OVA significantly enhanced OVA-specific CD4+IFN-γ+, CD8+IFN-γ+ and CD8+Granzyme B+ T cell responses compared with L.L group. L.L-OVA also significantly enhanced OVA-specific CD8+IFN-γ+Granzyme B+ T cell responses (Figure 6C). These immune responses are positively correlated with the inhibition of tumor growth (Figure 6D). L.L-OVA+MG132 and L.L-OVA+DPI significantly reduced CD4+IFN-γ+, CD8+IFN-γ+ and CD8+IFN-γ+Granzyme B+ T cell responses compared with L.L-OVA group (Figure 6C). These results indicated that GM-DC vaccine prepared with L.L-OVA had a strong antitumor effect.




Figure 6 | Antitumor effect in vivo. Mouse melanoma B16-OVA cells were subcutaneously injected into the right flank of C57BL/6 mice. (A) Mouse body weight, tumor volumes and tumor weight. (B) The frequencies of immune cells in spleens. CD3+CD19- cells correspond to T cells; CD49b+ cells correspond to NK cells; CD4+CD25-Foxp3+ cells correspond to iTreg; CD4+CD25+Foxp3+ cells correspond to nTreg. (C) OVA-specific cellular responses in inguinal LNs. (D) The correlation of CD4+IFN-γ+, CD8+IFN-γ+, CD8+Granzyme B+ and CD8+IFN-γ+Granzyme B+ T cells with tumor volumes. # p < 0.05; ## p < 0.01; ### p < 0.001 compared to L.L group or LPS+OVA group, * p < 0.05; ** p < 0.01; *** p < 0.001 between indicated groups.







4 Discussion

We found that L.L not only promoted GM-DC maturation, characterized by the upregulated expression of CD40, CD80, CD86, CCR7, MHC II, IL-12p40, TNF-α, IL-6 and IL-1β through TLR2 and its downstream MAPK and NF-κB signaling pathways, but also increased the production of ROS and NO in GM-DCs in a time and concentration dependent manner. It has been reported that ROS can affect the processing and degradation of antigen in phagocytosis (35). The high level of ROS inhibits the activity of proteolytic enzymes in phagocytosis (36) and mediates the rupture of phagosomes membrane, which not only reduces the degradation of antigen, but also promotes the exposure of antigen to the cytoplasm, prolongs the degradation time of antigen, and provides sufficient time for antigen cross-presentation of GM-DC (37). Consistently, we also observed that the addition of ROS scavengers (DPI and NAC) significantly reduced the amount of L.L in GM-DCs, suggesting the quickly degradation of antigen without ROS production. Moreover, L.L entered GM-DC through endocytosis and released into cytoplasm through the phagosome-to-cytosol pathway in a ROS dependent manner. In cytoplasm, proteasome can degrade proteins into peptides that can be presented by MHC I to enhance the antigen cross-presentation. The downregulated expression of MHC I-OVApep on GM-DCs further confirmed the result after L.L-OVA treatment in the presence of DPI and MG132. Importantly, DPI and MG132 significantly reduced the OVA-specific CD8+ T cell responses induced by L.L-OVA prepared GM-DC vaccine and abolished its antitumor effect in tumor mouse study. Therefore, L.L promoted GM-DC maturation and antigen cross-presentation through phagosome-to-cytosol pathway.

The types of immune responses induced by vaccines are closely related to the MHC gene haplotypes, which have a dramatic diversity in human population. Therefore, the peptide antigens have MHC restriction in the induction of immune responses for human being. Our previous studies have shown that GM-DC vaccine prepared with peptides can induce strong cellular immune responses and exhibits potential antitumor efficacy (38). To further carry forward the clinical use of GM-DC vaccine, L.L was used to deliver protein antigen for preparing GM-DC vaccine to avoid MHC restriction. In this study, different recombinant L.L expressed OVA were constructed, which were controlled by eukaryotic promoter CMV and/or prokaryotic promoter penp. We expected that LpMG36e-CMV-penp-OVA should produce higher level of MHC I-OVApep on GM-DCs due to the base expression under control of penp in L.L and the additional expression in GM-DC cytoplasm under control of CMV. However, we found that the level of MHC I-OVApep produced by L.L-OVA (pNZ8149-penp-OVA) treated GM-DCs was significantly higher than that produced by LpMG36e-penp-OVA and LpMG36e-CMV-penp-OVA treated GM-DCs. The possible reason might be that different vectors expressed different levels of OVA in L.L. In the future study, pNZ8149 vector will be used to construct recombinant L.L with eukaryotic OVA expression and prokaryotic and eukaryotic OVA expression to compare the immune responses.

GM-DC vaccine prepared with L.L-OVA not only induced strong OVA-specific cellular responses and increased the frequencies of T cells and NK cells but also decreased the frequencies of Tregs in spleen of mouse, which had a strong antitumor effect in the B16-OVA mouse tumor model. Unexpectedly, the addition of MG132 also reduced CD4+ T cell responses induced by GM-DC vaccine prepared with L.L-OVA. The possible reason might be that MG132 inhibited not only proteasome activity but also lysosomal protease activity to decrease the generation of MHC II-peptide complex, thus reducing the production of CD4+IFN-γ+ T cells. Consistently, we observed that the addition of MG132 significantly increased the fluorescence intensity of FITC-OVA encapsulated by gold nanoparticles in GM-DCs (Supplemental Figure 9). The addition of DPI rapidly inhibited the production of ROS in the phagosomes to promote the activation of proteolytic enzymes and rapid degradation of antigens, which might not be suitable for MHC II presentation, thus reducing the production of CD4+IFN-γ+ T cells.

GM-DC vaccine prepared with L.L-OVA induced strong antigen-specific immune responses and significantly inhibited B16-OVA tumor growth, which provided a new strategy for preparation of GM-DC vaccine. For other types of tumors, tumor associated antigens or neoantigens can be used to construct recombinant L.L to prepare GM-DC vaccine. For example, recombinant L.L expressing human papilloma virus E6 and E7 protein can be constructed to prepare GM-DC vaccine and treat cervical cancer, and GM-DC vaccine prepared with recombinant L.L expressing Her-2 can be used to treat breast cancer. Neoantigens can be identified by genomics and proteomics and used to construct recombinant L.L and prepare GM-DC vaccine.

Both L.L and LPS could induce high levels of IL-12 production in GM-DCs. Therefore, GM-DC vaccines prepared with L.L and LPS secreted high levels of IL-12 and induced Th1 and CTL responses. We did not determine whether LL-OVA and LPS-OVApep vaccines could influence IL-12 production by cDC1s in the LNs because L.L and LPS were washed out. Although we speculate these GM-DC vaccines may not affect other GM-DCs in vivo, it’s worth to determine it in future experiments. In addition, a well-known impact of cancer is a reduction in anticancer cDC1s and in increase in myeloid regulatory DCs with high PDL-1 and PDL-2 expression. However, we do not know whether LL-OVA impacts cDC1s, cDC2s and regulatory DCs in the LNs. We will systemically analyze it in future experiments.




5 Conclusion

L.L promoted GM-DC maturation through TLR2 and its downstream MAPK and NF-κB signaling pathways, and induced high levels of ROS to promote GM-DC phagosomes membrane rupture, antigen release into the cytoplasm, and antigen cross-presentation through the phagosome-to-cytosol pathway. GM-DC vaccine prepared with L.L-OVA induced strong antigen-specific immune responses and inhibited B16-OVA tumor growth. This study demonstrated that L.L is a potential antigen deliver candidate that promotes GM-DC maturation and antigen cross-presentation.
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Glioma is the most common primary intracranial tumor in adults with poor prognosis. Current clinical treatment for glioma includes surgical resection along with chemoradiotherapy. However, the therapeutic efficacy is still unsatisfactory. The invasive nature of the glioma makes it impossible to completely resect it. The presence of blood-brain barrier (BBB) blocks chemotherapeutic drugs access to brain parenchyma for glioma treatment. Besides, tumor heterogeneity and hypoxic tumor microenvironment remarkably limit the efficacy of radiotherapy. With rapid advances of nanotechnology, the emergence of a new treatment approach, namely, reactive oxygen species (ROS)-based nanotherapy, provides an effective approach for eliminating glioma via generating large amounts of ROS in glioma cells. In addition, the emerging nanotechnology also provides BBB-crossing strategies, which allows effective ROS-based nanotherapy of glioma. In this review, we summarized ROS-based nanomedicine and their application in glioma treatment, including photodynamic therapy (PDT), photothermal therapy (PTT), chemodynamic therapy (CDT), sonodynamic therapy (SDT), radiation therapy, etc. Moreover, the current challenges and future prospects of ROS-based nanomedicine are also elucidated with the intention to accelerate its clinical translation.
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1 Introduction

Glioma is the most common primary intracranial tumor in adults, with an annual incidence of 3-6.4 per 100,000, accounting for 23.3% of all central nervous system (CNS) tumors and 78.3% of CNS malignant tumors (1). Among them, the WHO grade IV glioblastoma has the highest annual incidence rate (4.03 per 100,000), accounting for 48.6% of all primary CNS malignancies (1). Recent studies have shown that glioblastoma has surpassed liver cancer and pancreatic cancer to become the first refractory tumor (2). Current clinical treatment for glioma includes maximally surgical resection, radiotherapy and chemotherapy. However, most gliomas deeply infiltrate into the surrounding normal cerebral tissue, making it impossible to resect completely (3). With unlimited tissue penetration depth, radiotherapy can damage DNA and kill tumor cells, but its efficiency is often limited by several factors, such as hypoxic tumor microenvironment, low radiation absorption of tumor tissues (4). Chemotherapy, as the most commonly used anti-cancer approach, has a limited therapeutic effect on glioma. The existence of the blood-brain barrier (BBB) allows only 1-2% of the chemotherapeutic drugs enter the glioma sites, and the rest of the chemotherapeutic drugs are distributed in other normal tissues and organs, inducing serious toxic and side effects (5). Additionally, the high heterogeneity, hypoxia, and presence of tumor stem cells in glioma cause drug resistance in tumor tissue (6, 7). Therefore, it is urgent to explore and develop new treatment approach for glioma.

The BBB was first proposed by Edwin Goldman in 1913, but the definite structure was only known to scientists when the scanning electron microscope appeared in 1937 (8). Specifically, BBB is a highly selective semipermeable barrier between blood plasma and neural cells, which can selectively prevent certain substances in blood circulation from entering the brain (5). The BBB is important for the homeostasis of the CNS. The abnormal disruption of BBB might lead to nervous dysfunction. The BBB mainly contains brain capillary endothelial cells (BCECs), end-feet of astrocytes, and pericytes (9). Among them, there are tight junctions between BCECs, which can strictly control the diffusion of small water-soluble molecules through the paracellular pathway. As a biochemical and physical barrier, the intact BBB can effectively restrict more than 98% of small molecule drugs and almost all macromolecular drugs from entering the CNS (10). Small fat-soluble molecules smaller than 400–500 Da (such as oxygen, CO2, steroid hormones) can freely enter and exit via transcellular pathways. Some essential nutrients (such as glucose, electrolytes, etc.) can enter the brain via carrier-mediated transcytosis (CMT) pathway. For example, the glucose transport receptor 1 (GLUT1) can facilitate the transport of glucose (11). Substances such as transferrin (Tf) need to enter the brain through the receptor-mediated transcytosis (RMT) pathway, and they can be absorbed by specific receptors on the BBB (such as low-density lipoprotein receptor, transferrin receptor). Cationic proteins can electrostatically adsorb to anionic sites on the surface of BCEC membranes and enter the brain through adsorption-mediated transcytosis (AMT). In addition, current studies have found that immune cells and stem cells can span the BBB through cell-mediated transport pathways (12, 13). Previous studies have shown that the BBB in glioma could be partly disrupted during rapid tumor growth (14, 15). However, the BBB in glioma remains a hindrance for most chemotherapeutic drugs. The presence of BBB can limit the entry of chemotherapeutic drugs into the CNS, thereby restricting effective treatment of glioma. Notably, recent development of nanotechnology have produced a large number of nanoparticles capable of crossing or bypassing the BBB, enabling effective theranostics of glioma (5). For example, surface modifications of BBB/glioma-targeting peptides or cell-penetration peptides allow the nanoparticles to effectively span the BBB and further precisely target tumor cells (16–19). Besides, GLUT1, the most common transporter in CMT pathway, which is widely expressed on BCECs, and its expression level is significantly higher than that of other transporters. Anraku et al. constructed a glucosylated nanocarrier and promoted the its efficiency of crossing BBB by regulating blood glucose level (20, 21). In addition, the several cell types or their nanovesicles, such as neural stem cells, mesenchymal stem cells, and macrophages, etc, could effectively cross the BBB (22–25). Furthermore, the microbubble-mediated focused ultrasound could also open the BBB with the acoustic cavitation effect (26–28).




2 Reactive oxygen species-based nanomedicine

Generally, reactive oxygen species (ROS) is a series of chemicals with a high degree of oxidative activity, including hydrogen peroxide (H2O2), singlet oxygen (1O2), superoxide anion (O2•−), and hydroxyl radical (•OH) (29). The overexpressed ROS in tumor cells could induce imbalance of oxidative stress, resulting in severe damage to tumor cells. The tumor cells could generate ROS at various subcellular locations. For instance, the electrons escaped from respiratory chain in mitochondria can convert oxygen into O2•−, which can further react to produce other ROS (e.g., H2O2, •OH, etc.) through different reactions (30). High reactivity is the major feature of the ROS, resulting in various ROS-mediated reaction in tumor cells, including reduction, oxidation, and dismutation. According to the reaction principles, the ROS is divided into two types: one-electron oxidants (e.g., O2•−, •OH, etc.) and two-electron oxidants (H2O2) (31). In addition, compared with normal cells, the ROS content is significantly increased in tumor cells, which was associated with the tumorigenesis of malignancies (32, 33). However, the excessive level of ROS can result in oxidative injury of cells. With intracellular antioxidant defense mechanisms, the antioxidants, such as glutathione (GSH), are also highly expressed in tumor cells, which keeps the redox homeostasis in tumor cells (34, 35). In recent years, with the rapid development of nanotechnology, the ROS-based nanomedicine has been widely applied in cancer treatment, including photodynamic therapy (PDT), photothermal therapy (PTT), chemodynamic therapy (CDT), sonodynamic therapy (SDT), radiation therapy, etc (36–38). These treatment approaches utilize nanosensitizers and exo/endogenous stimulus (e.g., light, ultrasound, X-ray, H2O2, etc.) to generate ROS in tumor cells, thereby disrupting the redox balance and effectively kill the tumor cells.




3 Application of ROS-based nanomedicine in glioma treatment



3.1 Photodynamic therapy (PDT)

PDT, the first ROS-based treatment for cancer regression, was mentioned in Raab’s introduction of light-related cytotoxicity in 1990. There are three key components for PDT: light, photosensitizer (PS), and intratumoral oxygen. The laser could activate the PSs to convert their excited-state energy to surrounding oxygen to produce ROS, which augments the oxidative stress in cancer cells and further kill the cancer cells (39). Since the PSs could only induce ROS generation upon light irradiation, the PDT is highly selective in eradicating tumors with little effect on healthy organs (e.g., heart, spleen, liver, kidney, etc.). In addition, PDT could be divided into two main subtypes according to photochemical reaction mechanisms: type I PDT and type II PDT. Upon activation of laser, the PSs convert the ground singlet state to the excited triple state and then trigger the photochemical reaction through two pathways (type I and type II). For type I PDT, the PSs catalyze biological substrate to produce radical intermediates which further interact with water and triplet oxygen (3O2) to produce hydroxyl radicals (·OH) and superoxide anions (O2·-). PSs transfer directly the energy to the surrounding 3O2 into singlet oxygen (1O2) for the type II PDT. Thus, type I PDT is oxygen-independent, while the type II PDT can only occur in well-oxygenated microenvironment.

Nowadays, PDT has been widely used in cancer treatments in clinics, including lung cancer, esophageal cancer, skin cancer, and glioma, etc. The 5-aminolevulinic acid (5-ALA), an intermediate metabolite in hemoglobin pathway, has been approved by United States Food and Drug Administration (FDA) for fluorescence imaging-guided surgical resection of solid tumors. In recent years, the 5-ALA has been gradually utilized as a PS for PDT of glioma. 5-ALA could accumulate in glioma cells after oral administration, which is transformed into protoporphyrin (PpIX) in the mitochondria. Upon light irradiation, the PpIX could induce large amount of ROS in glioma cells, which could trigger imbalance of oxidative stress and cause cell death. However, there are several challenges for the 5-ALA-based PDT, including lacking of active targeting ability, short wavelength of excitation wavelength, insufficient tissue penetration depth, and inefficient in hypoxic environments, etc.

With rapid development of nanotechnology, the nanomedicine-mediated PDT has widely applied in treatment of glioma (Table 1) (42, 43, 52–58). For example, Cai group developed a disulfide bond-conjugated polymer for targeted PDT and chemotherapy of orthotopic glioma (40). The camptothecin (CPT)-S-S-PEG-COOH was able to assemble into polymeric micelles which were further loaded with IR780 as PS and modified with iRGD peptide for BBB penetration and tumor targeting (Figures 1A, B). Due to the conjugation of iRGD peptide, the CPT-S-S-PEG-iRGD@IR780 micelles could effectively span the BBB and actively target tumor cells through interaction between iRGD peptide and αvβ integrin (Figure 1C). The in vivo experiments showed that these micelles could effectively deliver the IR780 into the orthotopic glioma region, leading to excellent anti-tumor effect upon laser irradiation. Overall, the CPT-S-S-PEG-iRGD@IR780 micelles were an ideal delivery nano carrier of PS (IR780) and chemotherapeutic drug (CPT), and the micelle-mediated PDT is a promising treatment for glioma. In addition, to enhance the tumor accumulation of PSs, Chen group proposed a novel drug delivery strategy in which the platelet was used as carrier of PSs (41). They loaded the chlorine e6 (Ce6) into boron nitride nanoparticles and further coated with doxorubicin and polyglycerol (BNPD-Ce6). Then, the BNPD-Ce6 nanoparticles were loaded into mouse platelets to form the BNPD-Ce6@Plt nanocarriers. The in vivo experiment showed that the BNPD-Ce6@Plt could rapidly accumulated in both subcutaneous and orthotopic GL261 tumors after intravenous administration. Upon light irradiation at a wavelength of 808 nm, the BNPD-Ce6@Plt nanoparticles could produce amount of ROS, inducing DNA damage and tumor cell death. In vivo therapeutic efficacy evaluation revealed that the BNPD-Ce6@Plt-mediated PDT remarkably regress the orthotopic glioma and prolong the survival time of mouse.


Table 1 | ROS-based nanomedicine for glioma treatment.






Figure 1 | (A) Chemical structure of the prepared CPT-S-S-PEG-iRGD nanopolymer. (B) Schematic illustration of BBB penetration and tumor cell targeting of the prepared polymers. (C) The mechanism of iRGD for BBB penetration and tumor cell targeting. Reproduced with permission from ref (40). Copyright 2020, Elsevier.






3.2 Photothermal therapy (PTT)

The principle of PTT is that photothermal agents (PTAs) convert light into heat energy when irradiated by near-infrared light to increase the temperature of the surrounding environment, thereby killing the tumor cells (59, 60). The advantages of PTT include the energy of the external light source, high efficiency and non-invasiveness (61). High enrichment in tumor tissue is one of the necessary conditions for PTAs to produce great PTT effects (62, 63).

At present, PTAs are mainly divided into two categories: inorganic materials and organic materials. Among them, inorganic materials include noble metal materials (64, 65), transition metal materials (66), carbon-based nanomaterials (such as carbon nanotubes and graphene) (67), and other two-dimensional materials (such as black phosphorus nanosheets, boron nitride, and graphitic carbon nitride) (68, 69); organic materials include near-infrared responsive small molecules and semiconducting polymers, etc (70, 71). Inorganic PTAs have higher photothermal conversion efficiency and better photothermal stability, while organic PTAs have better biocompatibility and biodegradability.

The nanomedicine-mediated PTT has been widely applied in glioma treatment. For example, Jia et al. fabricated indocyanine green (ICG)-loaded liposomes and further embedded the glioma cell membrane protein into the liposomes (BLIPO-ICG nanoparticles). With the glioma cell membrane protein, the BLIPO-ICG nanoparticles could cross the BBB and target the orthotopic glioma cells. The ICG in BLIPO-ICG nanoparticles could be used for in vivo fluorescence imaging. Besides, the photothermal effect of BLIPO-ICG nanoparticles could rapidly heat up under the laser irradiation, which could significantly suppress the glioma growth with an inhibition rate of 94.2%. these results. Overall, the PTT has shown great application prospect in glioma treatment.




3.3 Chemodynamic therapy (CDT)

CDT uses metal ion-based Fenton or Fenton-like reactions to convert less reactive H2O2 into more toxic ·OH, killing tumor cells (44, 72–75). Compared with normal cells, tumor cells can produce higher levels of H2O2. Utilizing the over-generated H2O2 in tumor as an endogenous prodrug, CDT enables tumor specific ·OH production to induce intracellular oxidative stress imbalance and reduce damage to normal tissues (76, 77). Moreover, several types of metal ions have exhibited Fenton-like activity, such as Mn2+, Cu2+, Co2+, Pt2+, etc (74, 78–81). However, the efficiency of CDT in tumor cells might be limited by various factors, such as limited H2O2 content in tumor cells, high level of intratumoral GSH that is able to neutralize the produced ·OH, intracellular pH and temperature, etc (72, 73, 82). Researchers have designed various nanoparticles to overcome these obstacles.

According to the Warburg effect, cancer cells are more dependent on glucose for nutrition than normal cells, and the glucose level in tumor cells is significantly higher than that in normal cells (83). To improve the H2O2 level in tumor cells, several studies added glucose oxidase (GOD) into the nanomedicines for enhancement of CDT efficiency (84–87). GOD can catalyze the oxidation of intratumoral glucose and generate H2O2 (88). The supplementary H2O2 can serve as substrate for the Fenton reaction, augmenting the CDT effect. In addition, hyperthermia in tumor site via PTT could also enhance CDT efficiency (89). Compared with near infrared I (NIR-I), near infrared II (NIR-II) lasers have deeper tissue penetration and higher maximum permissible exposure (MPE) (90, 91). Usually, the MPE of 808 nm (NIR-I) laser is 0.33 W/cm2, but the MPE of 1064 nm (NIR-II) laser is 1W/cm2. Human skin will burn when exposed to lasers with power higher than MPE (92). Therefore, nanomaterials with higher NIR-II absorption were chosen for PTT-enhanced CDT. Besides, GSH plays an important role in protecting cells against external damage (93). However, high levels of GSH in tumor cells can neutralize high reactive ROS, such as ·OH, thereby weakening the effect of CDT (94). Therefore, reducing the level of GSH in tumor cells can improve CDT efficiency.

In addition, Pan et al. proposed a localized NIR-II laser mediated CDT strategy for treatment of glioblastoma (44). They first prepared ultrasmall CuFeSe2 nanocrystals as CDT agent. Then, the CuFeSe2 nanocrystals were conjugated with lactate oxidase (LOD) and further coated with biomimetic fused liposome membrane (CuFeSe2-LOD@Lipo-CM, CLLC, Figure 2). The in vivo fluorescence imaging showed that CLLC nanocatalysts could penetrate the BBB and actively target orthotopic glioblastoma. After entering the glioblastoma cells, the Fenton-like reaction mediated by Cu+ in CLLC nanocatalysts could convert H2O2 into ·OH for CDT (Figure 2). The level of lactic acid in tumor is significantly higher than that in normal tissues. The LOD in CLLC nanocatalysts was able to catalyze oxidation of lactic acid to H2O2, which could be utilized to augment localized Fenton-like reaction. Furthermore, the photothermal conversion rate of CLLC nanocatalysts was 49.7%, indicating that the NIR-II laser mediated PTT could remarkably increase in situ temperature of tumor site and further enhance CDT. In addition, the mouse skulls severely block laser from entering the brain. Thus, the skull above orthotopic glioblastoma was resected to allow the laser to reach the glioblastoma site. Besides, the photoacoustic (PA) imaging could guide NIR II laser irradiation and monitor the CLLC-based CDT process. The in vivo therapeutic evaluation revealed that CLLC+NIR-II laser could significantly inhibit glioblastoma growth and prolong the median survival time (43 d). In addition, biological safety evaluation revealed that laser irradiation showed negligible neural toxicity on healthy mice. These results suggested that the CLLC-mediated localized CDT could be a promising treatment for glioblastoma.




Figure 2 | Schematic illustration of CLLC-mediated CDT of glioma. Reproduced with permission from ref (44). Copyright 2022, Elsevier.



Besides, Tan et al. utilized Mn2+-mediated Fenton-like reaction for CDT of glioma (95). They loaded temozolomide (TMZ) and manganese oxide (MnO) into an iRGD-modified polymeric micelle (iRPPA@TMZ/MnO). Due to the modification of iRGD, the iRPPA@TMZ/MnO micelles could efficiently cross the BBB and further precisely target the glioma tissues. The MnO in iRPPA@TMZ/MnO micelles could responsively degrade into Mn2+ and oxygen after reaching the tumor site. Simultaneously, the TMZ was rapidly released for chemotherapy of glioma cells. The Mn2+-mediated Fenton-like reaction could produce a large number of ·OH, inducing intracellular oxidative stress and kill the glioma cells. In addition, the generated oxygen could alleviate hypoxic tumor microenvironment, which could enhance the therapeutic efficiency of CDT and chemotherapy. Furthermore, the Mn2+ could also be used for T1-weighted magnetic resonance imaging (MRI) that could monitor the treatment process. In vivo therapeutic effect evaluation revealed that the median survival time of mice with orthotopic gliomas in iRPPA@TMZ/MnO group was 35 days, significantly longer than that in PBS group (15 days). These results suggested that iRPPA@TMZ/MnO-mediated CDT/chemotherapy could be an alternative strategy for glioma treatment.




3.4 Sonodynamic therapy (SDT)

Ultrasound (US), which uses mechanical vibration waves (frequency > 16 kHz) with a deep tissue penetration depth to treat and diagnose diseases, has been widely applied in clinical applications, including US imaging and high-intensity focused US (HIFU) (96). In 2004, Rosenthal et al. first define the SDT as a treatment method consisting of the synergistic effect of US and a chemical compound (sonosensitizer) (97). SDT is an emerging therapeutic modality that utilized low-intensity US to stimulate the sonosensitizers within specific tissues for generation of ROS and cavitation bubbles, thereby eliminate tumor tissues (98, 99). Due to low invasiveness and strong tissue penetration ability, SDT has gradually used to treat glioma. SDT was first used to treat glioma in 2008 (100). Until now, the mechanism of SDT for cancer therapy has not been totally uncovered. At present, it is generally believed that there are mainly two mechanisms for SDT: ROS production and ultrasonic cavitation effect (101, 102). Traditional sonosensitizers, including porphyrin and hematoporphyrin, were utilized to treat the glioma under US irradiation. However, the therapeutic efficiency was unsatisfactory, since these traditional sonosensitizers could not effectively across the BBB and accumulate in tumor regions. Moreover, the hypoxic tumor microenvironment significantly limits the SDT efficiency. Notably, with the rapid development of nanotechnology, several nanosonosensitizers were constructed to improve the antitumor efficacy of SDT (103–110).

Wang group constructed an intelligent nanosonosensitizer for efficient SDT of glioblastoma (47). First, the MnO2 nanocrystals were grown onto the holo-transferrin (holo-Tf) via reformative biomineralization. Then, the protoporphyrin (ppIX) as a sonosensitizer was conjugated with the holo-Tf to prepare the MnO2@Tf-ppIX nanocomposites (TMP). The TEM results displayed that TMP nanocomposites showed uniform morphology. The zeta potential of TMP nanocomposites was -20 ± 0.2 mV, which was suitable to blood circulation and BBB crossing. Due to transferrin receptors of the BBB, the TMP nanocomposites could efficiently cross the BBB and enrich in the glioblastoma sites. Furthermore, the MnO2 could responsively degrade to Mn2+ and oxygen under the conditions of glutathione (GSH) and acid tumor microenvironment (Figure 3). The Mn2 could be utilized for T1-weighted magnetic resonance imaging (MRI) which could guide the SDT of tumor. Besides, the generated oxygen could alleviate hypoxic tumor microenvironment, which could enhance the SDT efficiency. In addition, the intratumoral TMP nanocomposites could produce a large number of 1O2, thereby induced apoptosis of tumor cells. Antitumor evaluation results showed that the tumors in tumor-bearing mice in TMP + US group (1.0 MHz, 1.5 W/cm2, 3 min) were fully eliminated, however, the tumor inhibition rates in other groups were unsatisfactory. Overall, the TMP-mediated SDT could be an alternative treatment approach for glioblastoma.




Figure 3 | Schematic illustration of application of TMP NPs for SDT of glioblastoma. Reproduced with permission from ref (47). Copyright 2020, Wiley.



Indocyanine green (ICG) as a sonosensitizer has been approved by the US Food and Drug Administration (FDA) for clinical applications. Liu group loaded catalase (CAT) and ICG into silica nanoparticles (defined as CSI) for hypoxia alleviation and SDT of glioblastoma (49). Besides, the CSI nanoparticles were coated with AS1411 aptamer-conjugated macrophage exosomes (CSI@Ex-A) for enhancing BBB crossing ability. The CSI@Ex-A nanoparticles could effectively cross the BBB and target the glioblastoma cells. After entering the glioblastoma cells, the CSI@Ex-A nanoparticles could be degraded responsively in the presence of GSH, resulting in release of CAT and ICG. The CAT could catalyze (H2O2) to generate oxygen, thereby alleviating hypoxic tumor microenvironment. The ICG could produce amount of ROS under US irradiation and induce tumor cell death. In addition, both GSH resuming and supplementary oxygen could augment the SDT efficiency. The combined treatment (CSI@Ex-A + US irradiation) could remarkably suppress tumor growth and prolong the median survival time of orthotopic glioblastoma-bearing mice to 35 days, much longer than 23 days of PBS group. In addition, the CSI@Ex-A nanoparticles showed quite low toxicity to normal tissues and organs. These results suggested that the CSI@Ex-A nanoagents could be a promising sonosensitizer for glioblastoma treatment. US-targeted microbubble destruction (UTMD) is a US technique that can reversibly open the BBB and facilitate drug accumulation in glioma sites. Qu et al. fabricated an all-in-one nanosonosensitizer to enhance SDT of glioma (48). They loaded sonosensitizers chlorin e6 (Ce6) and hydroxychloroquine (HCQ, an autophagy inhibitor) into liposomes, which were further modified with targeting peptide angiopep-2 (defined as ACHL). UTMD-based BBB opening allowed ACHL to accumulate in glioma sites. The Ce6 could generate ROS under US irradiation and further induce apoptosis and MAPK/p38-PINK1-PRKN-dependent mitophagy. Besides, the released HCQ was able to inhibit autophagosome degradation, thereby amplifying intratumoral ROS generation. In vivo treatment evaluation revealed that ACHL-SDT could significantly suppress tumor growth and prolong median survival time of tumor-bearing mice. Therefore, the ACHL-mediated SDT might achieve precision treatment for glioma by integrating SDT-induced apoptosis and mitophagy inhibition. Overall, the SDT could be an emerging ROS-generation treatment approach for glioma.

In addition, temozolomide, the most commonly used chemotherapeutic drug of glioma could produce ROS under US irradiation and induce necroptosis in glioma, indicating that temozolomide plus US could be a promising treatment for glioma (111).




3.5 Radiation therapy

Radiation therapy (radiotherapy) as a crucial treatment modality which is applied to more than half of all cancer patients (112, 113). Furthermore, conventional treatment for glioma includes surgery, radiotherapy and chemotherapy. Almost most glioma patients will receive radiotherapy. In general, radiotherapy works through ionizing radiation, which includes photon radiation, including X-rays and gamma rays, but also particle radiation, such as α particles, carbon ions, β particles, electrons, neutrons, etc (114–116). Radiotherapy kills tumor cells through direct and indirect effects. Direct action is biomolecular damage, particularly DNA double strand breaks, leading to necrosis or apoptosis. The indirect effect refers to the promotion of apoptosis by ROS generated by the radiolysis of water molecules (116–121). Rapid development of nanotechnology remarkably improves the radiotherapy efficiency via alleviation of hypoxic tumor microenvironment, X-ray absorbance of high-Z elements, increase of tumor accumulation of radiosensitizers, etc (122). In addition, the nanotechnology-mediated radiosensitization has been widely utilized to treat glioma and has achieved excellent outcomes (123–125).

For example, Zhao et al. conjugated the silver nanoparticles (AgNPs) with polyethylene glycol (PEG) and As1411 to fabricate AsNPs for radiosensitization of glioma (50). In vitro experiments revealed that the AsNPs could actively target glioma cells and penetrate deeply into tumor spheroids. In vivo fluorescence imaging showed that the Cy5-AsNPs were able to effectively accumulate at the glioma region, and the fluorescence intensity of Cy5-AsNPs in glioma sites was much higher than that of PEGylated AgNPs. In vivo treatment efficacy evaluation revealed that the tumor inhibition rate of AsNPs + X-ray irradiation was highest and that the median survival time of glioma-bearing mice in this group was significantly extended. In addition, the AGuIX nanoparticles has been utilized in clinical trials for radiosensitization of brain metastases (NCT02820454, NCT04094077, NCT04899908, and NCT03818386). Verry et al. utilized gadolinium-based AGuIX nanoparticles for MRI-guided radiotherapy of glioma (126). The in vivo MRI results showed that the tumor regions could showed T1-weighted enhancement even 1 day after intravenous injection of AGuIX nanoparticles. Furthermore, the tumor growth was significantly inhibited when the tumor-bearing mice received X-ray irradiation (6 mV). Moreover, the pharmacokinetics and toxicology evaluations revealed that the AGuIX nanoparticles exhibited excellent biosafety. These results indicated that the AGuIX nanoparticles were a promising type of nanoradiosensitizers for glioma treatment.

The radioresistance leads to poor radiotherapy efficacy of glioblastoma. The resistance of tumor cells is mainly associated with their ability of damaged DNA repairing. Besides, the protective autophagy was reported to play a key role in clearance and degradation of damage organelles and DNA, thereby rescuing the damaged tumor cells (127). Thus, effective inhibition of the damaged DNA repair and protective autophagy was important for improvement of radiotherapy efficacy. Xu et al. coated gold nanoparticles with core-shell copper selenide to construct Au@Cu2-xSe NPs for enhancing radiotherapy of glioblastoma (Figure 4) (51). The prepared Au@Cu2-xSe NPs could alkalize lysosomes and further suppress the autophagy flux. In addition, they also found that Au@Cu2-xSe NPs could enhance the degradation of DNA repair protein Rad51 and decrease the DNA repair. Both suppression of DNA repair and protective autophagy could remarkably kill the glioblastoma cells via combination of Au@Cu2-xSe NPs and radiation. This work suggested that suppression of protective autophagy flux and DNA repair of cancer cells via well-designed nanoradiosensitizers is a promising strategy for improvement of radiotherapy efficacy of glioblastoma.




Figure 4 | Schematic illustration of application of Au@Cu2-xSe NPs for glioblastoma radiotherapy. Reproduced with permission from ref (51). Copyright 2022, Elsevier.






3.6 Synergistic therapy

Combination of different ROS-based nanomedicine strategies has been shown great synergistic therapeutic effects on glioma. For example, Zhang group prepared a nanocomposite with upconversion nanoparticle, NH2-MIL-53 (Fe) and DOX for PDT/CDT/chemotherapy of glioma (45). The prepared nanocomposites were further modified with lactoferrin, allowing them to cross the BBB and target the tumor cells. The upconversion nanoparticles were able to transfer the 808 nm laser into UV light to irradiate NH2-MIL-53 for PDT. Besides, the Fe ions in the nanocomposites could catalyze the H2O2 into ·OH for CDT. In addition, the DOX could be released under the acid tumor microenvironment for chemotherapy of glioma. The in vivo therapeutic evaluation showed that the synergistic CDT/PDT/chemotherapy could significantly inhibit the growth of glioma. Thus, the ROS-based multimodal therapies could be a promising treatment for glioma.





4 Summary and outlook

ROS-based nanomedicine provides an alternative strategy for the treatment of glioma. Nanosensitizers could catalyze the production of ROS under irradiation of light, radiation, or US as well as intracellular H2O2. In this review, we summarize the recent advances of ROS-based nanomedicine in their BBB crossing ability and application against glioma. Although promising, there are still several limitations need to be solved in future research.

Emerging BBB-crossing nanotechnology provides great opportunities to deliver chemotherapeutic drugs and sensitizers to glioma for effective treatments. These nanosensitizers could cross the BBB through AMT, CMT, RMT, etc. However, there are still several challenges need to be overcome to translate these nanosensitizers from bench to bedsides. The nanoparticles can absorb proteins or small molecules onto their surface after intravenous administration, leading to formation of “protein corona”. The “protein corona” might alter the surface chemistry of the nanoparticles, weakening their BBB-crossing ability and the therapeutic efficacy. Besides, although the nanosensitizers could cross the BBB and produce ROS in tumor sites, the drug concentration in the glioma is still limited. Thus, other injection methods might be considered to treat the glioma, such as intracerebral injection, intranasal administration and intrathecal injection.

The hypoxic tumor microenvironment was a major limitation for PDT. In recent years, type I PDT has been gradually reported to treat tumors, especially hypoxic solid tumor, due to its oxygen independence property (128). Therefore, the type I PDT might provide a promising treatment strategy for glioma in future. CDT is driven by endogenous factors, such as H2O2. On the one hand, the efficacy of CDT is still limited by H2O2 content in tumor cells. Thus, recent studies proposed various H2O2-supplementary strategy, such as GOD, LOD, etc (44, 129, 130). The GOD or LOD is able to catalyze oxidation of glucose or lactic acid to produce H2O2, thereby provide reaction material to CDT. On the other hand, the catalytic efficiency can be further enhanced by increasing intratumoral temperature and application of single atom nanozymes. SDT as a novel treatment approach has shown excellent therapy efficiency and biosafety. However, there are still some obstacles that need to be further resolved in the future. First, the potential mechanisms of antitumor effect of SDT still need to be explored in future research. Second, traditional sonosensitizers are mainly small organic molecules. There are some shortcomings to these sonosentizers, including low stability, poor BBB crossing ability, poor tumor selectivity, etc. Thus, future studies might focus on development of inorganic sonosentizers, such as Ti-based sonosentizers, black phosphorus, etc. Third, the optimal parameters of frequency and power of US for SDT need to be further studied.

Besides, the mouse glioma models are quite important for efficacy evaluation of ROS-based nanomedicine. First, the glioma models in most studies were built with homogenous glioma cell lines, which is difficult to stimulate the tumor heterogeneity in clinical patients. Second, several studies used the subcutaneous glioma models which cannot be used to assess the ability to cross the BBB. Third, most glioma models were established into immunodeficiency animals, which making it difficult to evaluate the systemic immunity induced by ROS-based nanomedicine. Thus, more suitable glioma model for ROS therapy evaluation should be developed in future research.
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Background

In recent years, significant molecules have been found in gastric cancer research. However, their precise roles in the disease’s development and progression remain unclear. Given gastric cancer’s heterogeneity, prognosis prediction is challenging. This study aims to assess patient prognosis and immune therapy efficacy using multiple key molecules.





Method

The WGCNA algorithm was employed to identify modules of genes closely related to immunity. A prognostic model was established using the Lasso-Cox method to predict patients’ prognosis. Single-sample gene set enrichment analysis (ssGSEA) was conducted to quantify the relative abundance of 16 immune cell types and 13 immune functions. The relationship between risk score and TMB, MSI, immune checkpoints, and DNA repair genes was examined to predict the effectiveness of immune therapy. GO and KEGG analyses were performed to explore potential pathways and mechanisms associated with the genes of interest. Single-cell RNA sequencing was utilized to investigate the expression patterns of key genes in different cell types.





Results

Through the WGCNA algorithm and Lasso-Cox algorithm selected KL, SERPINE1, and STK40 as key genes for constructing the prognostic model. The SSGSEA algorithm was employed to evaluate the infiltration of immune cells and immune functions in different patients, and their association with the risk score was investigated. The high-risk group exhibited lower TMB and MSI compared to the low-risk group. MMR and immune checkpoint analysis revealed a significant correlation between the risk score and multiple molecules. Finally, we also believe that STK40 is the most critical senescence-related gene affecting the progression of gastric cancer. In vitro experiments showed that ROS accumulation and cell proliferation ability of gastric cancer cells were impaired when STK40 was knocked down.





Conclusion

In summary, we’ve constructed a prognostic model utilizing key genes for gastric cancer prognosis, while also showcasing its efficacy in predicting patient response to immunotherapy.





Keywords: gastric cancer, senescence, prognostic model, immunotherapy, machine learning, Stk40, reactive oxygen species, ScRNA-seq




1 Introduction

Gastric cancer is one of the most common malignant tumors of the digestive system worldwide, ranking as the fifth most common cancer and the third leading cause of cancer-related deaths globally (1, 2). The incidence and mortality rates of gastric cancer are high, but there are significant variations among different regions (3, 4). Treatment options for gastric cancer include surgical resection, chemotherapy, radiotherapy, and targeted therapy (5). With the advancement of next-generation sequencing, treatment decisions are now influenced by tumor subtypes, overall health status of the patients, and individualized considerations (6, 7). Meanwhile, due to the heterogeneity of gastric cancer tissue, treatment outcomes can vary greatly. Therefore, new biomarkers and prognostic models are needed to facilitate precise management for individual patients.

Immunotherapy is an emerging cancer treatment modality in recent years, which harnesses various components of the immune system to combat cancer (8, 9). Major therapeutic approaches in immunotherapy include immune checkpoint inhibitors, T-cell therapy, cancer vaccines, cytokine therapy, and CAR-T cell therapy (10, 11). Immune checkpoint inhibitors, in particular, are representative treatment modalities that have demonstrated remarkable efficacy in a subset of patients. However, it is regrettable that the clinical benefits of immune checkpoint inhibitors remain limited in the majority of patients (12, 13). Immune checkpoint blockade often works by enhancing immune cell infiltration within the tumor microenvironment (14). Increasing evidence supports the critical role of immune cell infiltration in the tumor microenvironment for effective immunotherapy (15).

Senescence is a gradual process of physiological and functional changes that occur in an organism throughout its lifespan, resulting in a progressive decline in its physical and functional capabilities. Senescence is a natural biological phenomenon that affects nearly all living organisms (16). Cellular senescence is characterized by changes in gene expression and regulation, accumulation of DNA damage, decline in mitochondrial function, and increased cellular apoptosis (17, 18). Pancreatic cancer is a highly lethal and aggressive malignancy with poor prognosis. Studies have revealed the impact of CCNB1 silencing on the cell cycle, senescence, and apoptosis of pancreatic cancer cells through the p53 signaling pathway (19). Literature reports have demonstrated the close association between cellular senescence-related models and the prognosis of bladder cancer (20). Disruption of the liver microbiota balance leading to activation of hepatic stellate cells and acceleration of senescence processes contributes to the progression from liver fibrosis to hepatocellular carcinoma (21). Furthermore, the complete absence of the miR-200 family induces EMT-associated cellular senescence in gastric cancer (22). However, research on the relationship between gastric cancer and senescence is currently limited to individual molecular studies, and investigations focusing on multiple key senescence genes in gastric cancer remain limited.

In this study, we used Weighted Gene Co-expression Network Analysis (WGCNA) to screen three immune-related senescence-related genes in gastric cancer and constructed a riskscore. This risk score accurately predicted gastric cancer prognosis, and we also explored the association of this model with immune cell infiltration using bulk and single-cell RNA sequencing (scRNA-seq) analyses. Furthermore, we assessed the therapeutic effect of immunotherapy based on this risk score. Last but not least, we identified STK40 as a key senescence-related gene in gastric cancer, and determined that STK40 can affect ROS accumulation and cell proliferation in gastric cancer cells.




2 Materials and methods



2.1 Data acquisition

Transcriptomic and clinical data for gastric cancer were obtained from the TCGA database, consisting of 375 cancer samples and 32 normal samples. The clinical data included information on survival status, survival time, and other relevant variables. For further model validation and analysis, gastric cancer-related datasets (GSE84437) were downloaded from the GEO database. After data preprocessing, a total of 431 gastric cancer samples were included in the subsequent analysis.




2.2 WGCNA analysis

WGCNA is a computational method used to analyze gene expression patterns across multiple samples. It involves clustering genes with similar expression patterns and examining the relationships between gene modules and specific traits or phenotypes. In this study, WGCNA was utilized to construct a weighted correlation network using senescence-related genes. Specifically, modules related to the immune system were selected for subsequent analysis.




2.3 Modeling analysis

A risk score model was constructed using the selected key genes, and the risk score for each gastric carcinoma patient was calculated. The impact of these key molecules on the prognosis of gastric cancer patients was then evaluated. Lasso-Cox regression analysis was performed to build the prognostic model. The risk score for each patient was calculated using the formula: riskScore = [Expression of KL × coefficient] + [Expression of SERPINE1 × coefficient] + [Expression of STK40 × coefficient]. The TCGA dataset was divided into a training set and a validation set, and further model validation was conducted using the GSE84437 dataset. Kaplan-Meier (KM) curves were used for survival analysis to assess whether there were differences in survival rates between the high-risk and low-risk groups of gastric cancer patients in both the training and validation sets. Subsequently, the risk survival curves were used to evaluate the survival and mortality status of patients in the high-risk and low-risk groups, as well as the differences in the expression of key genes in the model between the two groups. ROC curves were employed to assess the performance of the predictive model. Univariate and multivariate Cox regression analyses were performed to evaluate whether different clinical indicators were valuable independent prognostic factors. Nomograph plots were used to predict the probability of gastric cancer occurrence.




2.4 Immune analysis and drug sensitivity analysis

The abundance of various immune cell infiltrations in each sample was quantified using the ssGSEA method. A total of 16 immune cell types and 13 immune functions were evaluated. Spearman correlation analysis was conducted to assess the relationship between the risk score model and tumor mutation burden (TMB) and microsatellite instability (MSI), indicating the model’s suitability for predicting the efficacy of immunotherapy. Mismatch Repair (MMR) and immune checkpoint analyses were used to determine the correlation between the risk score and immunotherapy. The “oncoPredict” package was utilized to evaluate the sensitivity to drugs among different groups. We assessed the relevance of chemotherapy drugs currently associated with gastric cancer.




2.5 Functional enrichment analysis

To explore the underlying biological processes and signaling pathways associated with differentially expressed genes, we utilized the “clusterProfiler” R package to perform gene ontology (GO) analysis, including biological processes (BP), cellular components (CC), and molecular functions (MF). Additionally, we conducted KEGG enrichment analysis using the Gene Set Enrichment Analysis (GSEA) method. The gene set file used for GO analysis annotation was “c5.go.v7.4.symbols.gmt”, and for KEGG analysis annotation, we utilized the gene set file “c2.cp.kegg.v7.4.symbols.gmt”.




2.6 Single-cell data analysis

The scRNA-seq data were obtained from the GEO database (GSE167297). The “Seurat” package was utilized for data analysis, including PCA dimensionality reduction and t-SNE visualization, to cluster cells based on their expression profiles. Cell types in the scRNA-seq dataset were annotated using the “SingleR” package. To investigate the intercellular communication within gastric cancer tissue, we performed cell-cell interaction analysis using the “cellchat” package. This allowed us to explore the interactions between different cell types in gastric cancer tissue.




2.7 Machine learning analysis

Random Forest is an ensemble algorithm that combines multiple decision trees to improve the accuracy and generalization performance of the model. It does so by using voting or averaging techniques. Both Random Forest and Lasso are well-known machine learning methods that can be used for feature gene selection. In our study, we utilized these two algorithms to identify core genes from the pool of senescence-related genes.




2.8 Sample collection, RNA extraction and real-time PCR reaction

10 pairs of gastric cancer tissues and adjacent normal tissues were obtained from Tongren Hospital Affiliated to Shanghai JiaoTong University and stored at -80°C for a long time. RNA extraction and quantitative PCR reaction steps are described in our previous study. The primer sequences designed in this study are detailed in Supplementary Table 1.




2.9 Cell culture and transfection

The gastric cancer cell lines HGC29 and AGS used in this study were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All gastric cancer cells were cultured in 1640 medium containing 1% penicillin-streptomycin and 10% fetal bovine serum in a 5% CO2 incubator at 37°C. Cell transfection was performed as in our previous study. The sequence of siSTK40 is as follows, siSTK40-1: sense-CGGAUGGUUAAGAAGAUGA(dt)(dt), antisense-UCAUCUUCUUAACCAUCCG(dt)(dt). siSTK40-2: sense-GGGAGACUGUGGUAAUCUU(dt)(dt), antisense-AAGAUUACCAGUUCCCC(dt)(dt).




2.10 CCK8 experiment

The Cell Counting Kit-8 (CCK-8) assay is a widely used method for assessing cell viability and proliferation capabilities. It indirectly measures cell metabolic activity through a colorimetric reaction. The basic steps of the CCK-8 assay are as follows: 2000 HGC29 cells and AGS cells were planted in 96-well plates, and 10ul CCK8 reagent solution (Targetmol, USA) was added at 0h, 24h, 48h, 72h and 96h, respectively, and incubated in the dark for 2h. The absorbance was then detected at 450 nm using a microplate reader. 5 replicate holes were set up in each group (23).




2.11 ROS measurement

We measured the ROS activity of gastric cancer cells by detecting the fluorescence intensity of the fluorescent probe DCFH-DA (Beyotime, Shanghai, China) by flow cytometry. Briefly, gastric cancer cells were first collected in EP tubes, washed 3 times with PSB, incubated with DCFH-DA probe (probe: PBS=1:1000) for 30 minutes at room temperature, and then washed with PBS to excess untreated cells. bound probe. Finally, the fluorescence intensity of cells was monitored by flow cytometry to reflect the content of intracellular ROS.




2.12 Data statistics

Differences between the two groups were assessed using the Wilcoxon test, while correlation analysis was conducted using the Spearman correlation test. Survival analysis comparing the two groups was performed using Kaplan-Meier analysis and log-rank test. Cox regression analysis was performed using the R package “survival” to calculate hazard ratios (HRs) and 95% confidence intervals (CIs). All p-values were two-tailed, and a p-value less than 0.05 was considered statistically significant. Statistical analyses were conducted using R software (version 4.2.1).





3 Result



3.1 Screening key genes through WGCNA combined with differential analysis

Firstly, we draw a flow chart to explain the whole analysis process (Figure 1). Considering the potential relevance of senescence-related genes to gastric cancer, we utilized these genes to construct a prognostic model. Firstly, we employed WGCNA to cluster the senescence-related genes, resulting in the identification of four modules (Figure 2A). Among these modules, MEblue module demonstrated a close association with tumor immunity, which was subsequently subjected to further analysis (Figures 2B, C). Subsequently, differential analysis was conducted to identify genes showing significant differences between cancer and adjacent tissues (Figure 2D). By taking the intersection between the genes in the MEblue module and the differentially expressed genes, a total of 57 genes were selected for subsequent analysis (Figure 2E).




Figure 1 | Flow chart.






Figure 2 | Integration of WGCNA and differential analysis for core gene selection. (A) Gene clustering was performed using the WGCNA algorithm. (B) Classification of all senescence-related genes into modules. (C) Identification of immune-related modules using the estimate algorithm. (D) Exploration of differential genes between gastric cancer and adjacent normal tissues through differential analysis. (E) Venn diagram illustrating the overlapping genes between WGCNA and differential analysis.






3.2 Construction and validation of Lasso-Cox model

PPI networks show the interactions between proteins (Figure 3A). We further investigated the interactions between different genes using the STRING database. Through Lasso-Cox regression analysis, we identified “KL,” “SERPINE1,” and “STK40” as key genes for model construction. The riskScore for each sample was calculated based on the formula (Figures 3B, C). Considering the correlation between this risk score and patient prognosis, we validated the model using three datasets. The TCGA dataset was divided into a training set and a validation set using the “caret” package, while the GSE84437 dataset served as an additional validation set. It can be observed that patients with high riskScore had poorer prognoses in all three datasets (Figures 3D–F). To further investigate the survival status of the two groups of patients, we found that the high-risk group had a higher mortality rate. Heatmap analysis revealed significantly higher expression levels of the three key genes, “KL,” “SERPINE1” and lower expression levels of “STK40” in the high-risk group compared to the low-risk group (Figure 4A). ROC curve analysis showed that the average AUC values for prognosis predictions on the TCGA training set reached 0.648, while the AUC values for the validation sets were 0.613 and 0.607 for the TCGA validation set and GSE84437 dataset, respectively (Figure 4B). Subsequently, we performed univariate and multivariate Cox regression analysis, and the results showed that riskScore was the only independent risk factor affecting the prognosis of gastric cancer patients (Figures 5A, B). In addition, we combined common clinical parameters and riskScore to construct a nomogram to predict the 1-year, 3-year, and 5-year survival rates of gastric cancer patients (Figure 5C). ROC curves and calibration curves indicated that the model had high accuracy and precision (Figures 5D, E).




Figure 3 | Lasso regression and Cox proportional hazards model. (A) Investigation of the association between genes within the MEblue module using the STRING database. (B, C) Key gene selection for model construction using the Lasso-Cox algorithm. (D–F) Kaplan-Meier analysis of the prognosis between high-risk and low-risk groups.






Figure 4 | Model performance validation. (A) Risk curve demonstrating the differences between high-risk and low-risk groups. (B) ROC curve analysis evaluating the specific performance of the model.






Figure 5 | COX regression analysis and nomogram analysis. (A) Univariate COX regression analysis was conducted to evaluate valuable independent prognostic indicators. (B) Multivariate COX regression analysis was performed to assess valuable independent prognostic indicators. (C) The nomogram plot was used to estimate the probabilities of 1-year, 3-year, and 5-year survival rates for gastric cancer patients. (D) The calibration curve demonstrated satisfactory accuracy and predictive performance of the model. (E) ROC curve analysis was employed to evaluate the performance of the nomogram score assessment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. "ns" denotes not statistically significant.






3.3 Immunological landscape and drug sensitivity analysis of the model

To explore the relationship between riskScore and immune cells, we investigated the abundance of 16 immune cell types in the tumor microenvironment. The results showed that aDCs, Mast cells, and Neutrophils were significantly higher in the high-risk group compared to the low-risk group (Figure 6A). Next, we evaluated whether there were differences in immune-related functions between the high- and low-risk groups. We found that APC_co_inhibition, CCR, and Type_II_IFN_Response was significantly higher in the high-risk group compared to the low-risk group (Figure 6B). TMB refers to the number or frequency of mutations detected in tumor tissue. It is an indicator of the extent of genomic alterations in tumors, and high TMB is considered a potential predictor of immunotherapy response. We found that the high-risk group had lower TMB compared to the low-risk group (Figure 6C). High MSI is considered a potential predictor for immune checkpoint inhibitor therapy, such as PD-1 antibodies. Interestingly, our results showed that the low-risk group had higher MSI (Figure 6D). To understand the differences in immunotherapy between the high- and low-risk groups, we investigated whether the riskScore was associated with MMR and immune checkpoint markers. MMR analysis revealed a negative correlation between riskScore and EPCAM, MSH2, and PMS2 (Figure 6E). Immune checkpoint analysis also identified several markers that were significantly correlated with riskScore after adjusting the p-value to 0.001. HHLA2, PDCD1LG2, CD276, TNFSF4, NRP1, CD200, and TNFRSF14 remained closely associated with riskScore, while the commonly known PD1, PDL1, and CTLA4 did not show significant correlation (Figure 6F). Subsequently, we investigated the sensitivity of the high- and low-risk groups to different chemotherapy drugs. Interestingly, we found that Oxaliplatin, Sapitinib, Paclitaxel, Ibrutinib, Sinularin, Lapatinib, Osimertinib, Afatinib, and Gefitinib had higher IC50 values in the high-risk group (Figures 7A–I), while Olaparib, Niraparib, and Dasatinib had higher IC50 values in the low-risk group (Figures 7J–L).




Figure 6 | Immunological analysis between high and how-risk groups. (A) The ssGSEA algorithm was used to calculate the relationship between risk score and various immune cells. (B) The ssGSEA algorithm was employed to assess the relationship between risk score and different immune-related functions. (C) Tumor mutational burden (TMB) analysis was performed to evaluate the differences between high and low-risk groups. (D) Microsatellite instability (MSI) analysis was conducted to examine the differences between high and low-risk groups. (E) Mismatch repair (MMR) analysis revealed a strong association between risk score and MMR status. (F) Immune checkpoint analysis demonstrated a significant correlation between risk score and immune checkpoint expression. *p < 0.05, **p < 0.01, ***p < 0.001.






Figure 7 | Relationship between riskScore and treatment sensitivity. (A–L) Analysis of differences in sensitivity to 12 drugs between high-risk and low-risk groups. *p < 0.05, **p < 0.01, ***p < 0.001.






3.4 Functional enrichment analysis

Functional enrichment analysis, such as Gene Ontology (GO) analysis, allows us to further investigate the functional characteristics of disease-related genes, differentially expressed genes under specific conditions, and important functional modules in gene regulatory networks. In the Biological Process (BP) analysis, we observed enrichment in extracellular structure organization (Figure 8A). The Molecular Function (MF) analysis showed enrichment in extracellular matrix structural constituent and growth factor binding (Figure 8B). The Cellular Component (CC) analysis revealed enrichment in collagen-containing extracellular matrix and cell-substrate junction (Figure 8C). Furthermore, we performed Gene Set Enrichment Analysis (GSEA) to further explore the pathways enriched in the high- and low-risk groups. The high-risk group was enriched in pathways such as CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION, ECM_RECEPTORINTERACTION, and FOCAL_ADHESION, while the low-risk group was mainly enriched in pathways such as KEGG_BUTANOATE_METABOLISM and KEGG_CITRATE_CYCLE_TCA_CYCLE (Figure 8D).




Figure 8 | Functional enrichment analysis. (A–C) The results of Gene Ontology (GO) analysis illustrate the enriched functions in Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC). (D) The Gene Set Enrichment Analysis (GSEA) is employed to explore potential mechanisms and pathways based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.






3.5 Single-cell data analysis

We downloaded scRNA-seq data of gastric cancer tissue from the GEO database (GSE167297). After data processing, we obtained a total of 10 gastric cancer samples for further analysis. PCA and tSNE dimensionality reduction analyses were performed, resulting in the identification of 17 clusters among the samples. Subsequent heatmap analysis revealed differential gene expression patterns between these clusters (Figures 9A, B). Next, we annotated the 17 cell clusters and classified them into 9 main cell types, including T cells, B cells, Monocytes, Epithelial cells, Smooth muscle cells, Dendritic cells (DCs), Endothelial cells, NK cells, and Bone Marrow (BM) cells (Figure 9C). We then examined the expression levels of key genes used for modeling across different cell types in gastric cancer tissue. Scatter plots clearly showed that KL had the highest expression in Endothelial cells, SERPINE1 was mainly expressed in Endothelial cells and Smooth muscle cells, and STK40 was predominantly expressed in Monocytes (Figures 9D, E). Cellular communication is a fundamental process in which cells within an organism interact and coordinate through the transmission of molecular signals. It plays a paramount role in the organism, serving as a crucial mechanism for intercellular coordination and regulation. Furthermore, we investigated the intercellular communication between different cell types. The interactions between Smooth muscle cells and Monocytes, as well as between Smooth muscle cells and Endothelial cells, were the most abundant. Additionally, the interaction strength between Smooth muscle cells and B cells was the strongest (Figures 9F, G, 10A–I). Subsequently, we explored the molecular mediators of intercellular interactions. The interaction between Smooth muscle cells and B cells was primarily mediated through the MIF signaling pathway involving CD74 and CXCR4. The interaction between Smooth muscle cells and Monocytes was mediated through the MIF signaling pathway involving CD74 and CD44 (Figure 9H).




Figure 9 | ScRNA-seq Data Analysis. (A) t-SNE clustering algorithm is used to classify cells into 17 clusters. (B) Heatmap visualizes the differentially expressed genes among the identified clusters. (C) “SingleR” package is employed to annotate different cell types, including T cells, B cells, Monocytes, Epithelial cells, Smooth muscle cells, Dendritic cells, Endothelial cells, NK cells, and Bone marrow cells. (D, E) ScRNA-seq analysis reveals the expression patterns of key genes across different cell types. (F) The “cellchat” package is utilized to investigate the number of interactions between different cell types. (G) The “cellchat” package is employed to study the strength of interactions between different cell types. (H) The analysis focuses on exploring the molecular mechanisms underlying the interactions between different cell types.






Figure 10 | Gene selection using machine learning algorithms. (A–I) Communication network diagram between different cells (J, K) Key genes were selected using the random forest algorithm. (L) Key genes were selected using the Lasso algorithm. (M) The VENN diagram illustrates the intersection of genes identified by both algorithms, including ID4, IGFBP5, NUAK1, and STK40.






3.6 Machine learning-based hub gene selection

The Random Forest is an ensemble learning approach that enhances predictive accuracy and stability by amalgamating the predictive outcomes of individual decision trees. We further employed the random forest machine learning algorithm to screen for key genes and identified a set of 7 genes (Figures 10J, K). Additionally, the Lasso regression algorithm identified 20 key genes (Figure 10L). Taking the intersection of the two algorithms, we obtained four common genes, namely ID4, IGFBP5, NUAK1, and STK40. Interestingly, STK40 was also one of the three key genes identified in the previous modeling process (Figure 10M). Therefore, we believe that STK40 is one of the most critical senescence-related genes in gastric cancer, which needs further study.




3.7 STK40 expression verification and in vitro function exploration

First, we explored the expression of STK40 in 10 pairs of gastric cancer tissues, and the results showed that the expression of STK40 in gastric cancer tissues was significantly higher than that in adjacent normal tissues (Figure 11A). Then, we deeply explored the biological function of STK40 in gastric cancer. When we knocked down STK40 expression in gastric cancer cells using siSTK40-1 and siSTK40-2, the proliferation ability of gastric cancer cells was significantly impaired (Figures 11B–E). More importantly, we also detected the effect of reduced expression of STK40 on ROS content. The results showed that the accumulation of ROS in gastric cancer cells was significantly impaired after the expression of STK40 was reduced (Figures 11F, G).




Figure 11 | Biological function of STK40 in CRC. (A) Differential expression of STK40 in CRC. (B, C) Knockdown efficiency of siSTK40-1 and siSTK40-2 in gastric cancer cells. (D, E) The proliferation ability of gastric cancer cell lines is impaired after STK40 knockdown. (F, G) Reduced ROS accumulation in gastric cancer cell lines after STK40 knockdown. *p < 0.05, **p < 0.01.







4 Discussion

Gastric cancer is a common and highly lethal malignant tumor that primarily originates from the epithelial cells of the gastric mucosa (24). Due to its diverse subtypes and molecular subgroups, the diagnosis and treatment of gastric cancer pose significant challenges (5). Immunotherapy has emerged as a revolutionary cancer treatment modality, demonstrating promising efficacy in a subset of patients. However, numerous studies have indicated that immunotherapy is effective only in a proportion of individuals (12, 13). In order to gain further insights into the prognosis of different gastric cancer patients and the efficacy of immunotherapy, we constructed a prognostic model using hub genes and utilized it to predict the therapeutic response to immunotherapy.

Considering the potential association between senescence-related genes and gastric cancer, we employed the WGCNA algorithm to identify immune-related senescence gene modules. Subsequently, a Lasso-Cox model was constructed using the senescence-related genes within this module, including KL, SERPINE1, and STK40. Our findings revealed that downregulation of KL gene expression promotes cell proliferation and contributes to the progression of gastric cancer (25). Furthermore, SERPINE1 is typically upregulated in gastric cancer tissues and its overexpression is associated with increased tumor invasiveness and poor prognosis (26). High expression of STK40 has been closely correlated with the occurrence and development of esophageal cancer (27). These research findings provide further validation for the reliability of our selected genes and are consistent with our prediction results. Subsequently, we performed survival analysis of the model using three independent datasets. The results revealed a significantly poorer prognosis for patients in the high-risk group compared to the low-risk group. Furthermore, the predictive performance of the model was assessed using ROC curve analysis, which demonstrated good accuracy. Moreover, additional COX regression analysis confirmed that the risk score derived from the model was an independent prognostic factor of significance.

Using the ssGSEA algorithm, we investigated the relationship between the risk score of our model and 16 immune cell types and 13 immune-related functions. We observed that aDCs, Mast cells, and Neutrophils exhibited significantly higher expression levels in the high-risk group compared to the low-risk group. Previous studies have shown that under the stimulation of IL33, activated Mast cells can activate macrophages, thereby promoting the development of gastric cancer (28). Additionally, Wang et al. found a significant increase in the infiltration of Neutrophils in tumor tissues of gastric cancer patients (29). Immunotherapy has emerged as a revolutionary approach for cancer treatment; however, its efficacy varies among different solid tumor types. Therefore, identifying biomarkers that can predict patient response to immunotherapy is of utmost importance (13). TMB and microsatellite MSI are commonly used indicators for predicting immunotherapy response (30, 31). In our study, we found that the high-risk group had lower TMB and MSI levels compared to the low-risk group. Previous studies have indicated that high TMB and MSI are associated with increased mutational load and neoantigen production, suggesting that the high-risk group may have a reduced response to immunotherapy. MMR status is another commonly used predictor of immunotherapy response (32). We observed a strong correlation between risk score and MMR-related markers, including EPCAM, MSH2, and PMS2. Among these markers, EPCAM showed the highest correlation with the risk score. Previous studies have also demonstrated a close association between EPCAM and the prognosis of gastric cancer (33). Furthermore, we assessed the relationship between risk score and immune checkpoints. The results revealed a close correlation between risk score and immune checkpoints such as HHLA2, PDCD1LG2, CD276, TNFSF4, NRP1, CD200, and TNFRSF14. However, commonly studied immune checkpoints like PD1, PDL1, and CTLA4 did not exhibit significant correlations. This suggests the importance of considering other immune checkpoints beyond PD1, PDL1, and CTLA4 when making clinical treatment decisions.

To investigate the differences between the high-risk and low-risk groups, we conducted GO and KEGG analyses to explore potential mechanistic pathways. The GO analysis primarily revealed enrichment in extracellular matrix organization, highlighting the crucial role of the extracellular matrix (ECM) in the initiation and progression of gastric cancer (34, 35). Notably, the KEGG analysis identified several enriched pathways, including CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION, ECM_RECEPTOR_INTERACTION, FOCAL_ADHESION, KEGG_BUTANOATE_METABOLISM, and KEGG_CITRATE_CYCLE_TCA_CYCLE. Remarkably, these findings align closely with our GO analysis, further emphasizing the significant involvement of the ECM. Specifically, these pathways underscore the importance of cytokine signaling, ECM-receptor interaction, focal adhesion, as well as metabolic processes like butanoate metabolism and the citrate cycle (TCA cycle) in GC development. Taken together, our findings provide compelling evidence for the pivotal role of the ECM in GC and support the notion that ECM-related processes contribute significantly to the molecular landscape and potential therapeutic targets in GC.

Single-cell sequencing is a high-resolution genomics technique that enables the characterization of cellular heterogeneity and differences across different cell types (36). In order to investigate the expression patterns of key molecules used in model construction across different cell types, we conducted single-cell analysis using the GSE167297 dataset. We observed relatively low expression levels of the KL gene in various cell types, with the highest expression observed in Endothelial cells. On the other hand, SERPINE1 was mainly expressed in Endothelial cells and Smooth muscle cells, while STK40 showed predominant expression in Monocytes. Previous studies have indicated a close association between the proportion of Monocytes and the prognosis of gastric cancer (37). Cellular communication plays a crucial role in mediating molecular signaling and regulation between cells, and is essential for maintaining normal cellular functions, tissue development, and homeostasis (38, 39). We analyzed the communication between different cell types in gastric cancer tissues and explored potential interacting molecules. This provided valuable insights for further exploration of the underlying mechanisms. Subsequently, we employed two machine learning algorithms, namely random forest and lasso, to identify key genes associated with senescence. By intersecting the results from both algorithms, we identified four core genes, namely ID4, IGFBP5, NUAK1, and STK40. It is worth noting that STK40, as a key gene in model construction, still lacks relevant research in gastric cancer. Therefore, we further explored whether STK40 acts as one of the factors affecting gastric cancer progression. The results showed that the proliferation ability of gastric cancer cell lines was significantly weakened after the expression of STK40 was reduced. ROS often play a double-edged sword role in cancer, and whether and how STK40 affects ROS accumulation was previously unknown. Therefore, we further explored whether STK40 affects intracellular ROS content, and the results showed that reduced expression of STK40 could significantly reduce ROS accumulation in gastric cancer cells. This provides a partial reference for the mechanism by which STK40 affects the proliferation ability of gastric cancer cells.

Certainly, this study carries significant clinical implications as it utilizes a comprehensive approach combining bulk sequencing and scRNA-seq analyses. The risk score derived from the integration of WGCNA and Lasso-Cox algorithms emerges as a robust and independent biomarker with prognostic value for gastric cancer patients. Moreover, the ability to evaluate differential drug sensitivity between high- and low-risk groups based on the risk model holds promise for tailoring personalized chemotherapy regimens. Furthermore, the utilization of scRNA-seq analysis allows for a more detailed exploration of the expression patterns of hub genes across distinct cell types. This comprehensive understanding enhances our insights into the intricate cellular landscape of gastric cancer. Additionally, through functional enrichment analysis, we gain deeper insights into the underlying molecular mechanisms and downstream pathways associated with the risk model, providing a foundation for further mechanistic investigations.

In conclusion, we have developed a model based on key genes that can predict the prognosis of gastric cancer. Furthermore, this model demonstrates effectiveness in predicting the immunotherapy response of patients.
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Background

PLAC8 has been identified in the progression of various cancers by inducing tumorigenesis, immune response, chemotherapy resistance and metastasis. Nevertheless, the precise biological function of PLAC8 in renal cancer remains unknown.





Methods

We obtained the expression profile and associated clinical characteristics of patients diagnosed with clear cell renal cell carcinoma (ccRCC) from The Cancer Genome Atlas database. The biological behavior of specific cell lines was detected using Cell Counting Kit-8 (CCK-8), colony formation, and 5-ethynyl-2’-deoxyuridine (EdU) assay. A prognostic model was constructed based on PLAC8-related molecules through a machine-learning algorithm.





Results

We observed overexpression of PLAC8 in ccRCC patients. In addition, PLAC8 has been identified as being linked to unfavorable clinical characteristics and adverse prognosis outcomes. Biological enrichment analysis revealed the potential involvement of PLAC8 in cell cycle checkpoints, mitotic phase transformation, immunotherapy-predicted and reactive oxygen species (ROS) related pathways. In addition, immune analyses showed that PLAC8 was involved in remodeling the tumor microenvironment (TME) and affecting the effect of immunotherapy in ccRCC patients. In vitro experiments demonstrated a significant reduction in the proliferation, invasion and migration of renal cancer cells following the knockdown of PLAC8. Finally, LASSO logistics regression was applied to construct a prognosis model, which presented a favorable prediction ability on the prognosis of ccRCC.





Conclusion

Our results implied that PLAC8 may be a novel immunotherapy biomarker of ccRCC, which is a crucial molecule in remodeling the cancer microenvironment. PLAC8 can predict immunotherapy response and is expected to guide precise treatment.





Keywords: PLAC8, ccRCC, immune microenvironment, prognosis, biomarker





Introduction

Renal cell carcinoma (RCC) arises from the renal parenchymal urinary tubular epithelial cells and represents a highly lethal urogenital malignancy. Its mortality rate ranges from 30% to 40% in contrast to bladder and prostate cancers (1). With the changes in lifestyle and the rise of obesity, hypertension, and other diseases, the incidence of RCC has increased by about 2% annually over the past 20 years. In China, RCC ranks second in urinary system tumors, burdening socio-economic development heavily (2, 3). ccRCC can be cured through surgery or ablative methods in its early stages, nearly one-third of patients exhibit distant metastases upon initial diagnosis. These unfortunate circumstances contribute to a noteworthy decline in the 5-year survival rate, which stands at a mere 32% for individuals with advanced-stage ccRCC (3). Given the immunogenic nature of ccRCC, immune checkpoint inhibitor (ICI)-based therapies with programmed cell death 1 (PD-1), programmed cell death one ligand 1 (PD-L1) or cytotoxic T lymphocyte antigen 4 (CTLA-4) pathway blockers are increasingly dominant as the current frontline treatment for metastatic disease (4). However, ccRCC is a heterogeneous disease, and its immunotherapy can produce diverse clinical outcomes even in patients with similar clinical features (5). Therefore, it is of great significance to search for effective prognostic signatures for accurately predicting the response to immunotherapy.

With the advent of the genomic era, emerging bioinformatics analysis has allowed researchers to explore specific molecular mechanisms involved in disease development more deeply and conveniently. PLAC8 has been implicated in the progression of multiple cancer types, including breast, lung, prostate, and colon cancer, by inducing tumorigenesis, immune response, chemotherapy resistance (6). Jia Y et al. indicated the novel KLF4/PLAC8 signaling pathway in the malignant progression of lung cancer by regulating tumor cell proliferation and apoptosis (7). Li C et al. demonstrated that colon cancer PLAC8-overexpressing cells promoted unconventional epithelial-to-mesenchymal transition dependent on increased phosphorylated extracellular signal-regulated kinase 2 (8). However, no previous study focused on the potential function of PLAC8 in the immunotherapy of patients with ccRCC.

In this study, PLAC8 overexpression in ccRCC patients was shown to be associated with worse clinical parameters and poorer overall survival. The biological role of PLAC8 in ccRCC was explored by enrichment analysis. In addition, we investigated the contribution of PLAC8 in reshaping the immune microenvironment of ccRCC and its implications for immunotherapy efficacy. By knocking down PLAC8 in vitro, it was found that the proliferation, invasion and migration of RCC cells were significantly reduced. Finally, the prognostic model constructed by PLAC8-derived molecules has a strong predictive ability for the prognosis of patients.





Methods




Data acquisition and processing

We obtained the expression profile and related clinical information of ccRCC patients from The Cancer Genome Atlas (TCGA) database, accessible at https://portal.gdc.cancer.gov/ (9). Tumor mRNA expression data was obtained from the UCSC Xena website (https://xenabrowser.net/) for further analysis. Data preprocessing was executed in the R environment, employing the limma and affy packages for the required procedures. Immunohistochemical images of renal cancer were obtained from the Human Protein Atlas (HPA) database (10). The nomogram was created using the survival and RMS software and evaluated through calibration curves and Decision Curve Analysis (DCA). The baseline information of included patients was shown in Table 1.


Table 1 | Clinicopathological characteristics of KIRC patients.







Biological enrichment

ClueGO, a Cytoscape Application, identifies and visualizes the Gene Ontology terms for the input molecules, presenting them as molecular interaction networks (11). The Gene Ontology analysis was conducted utilizing the clusterProfiler package within the R environment (12, 13). Employing Gene Set Enrichment Analysis (GSEA), we analyzed the signaling pathways of the hub genes and potential biological variations (14, 15). Quantitative enrichment of scores based on specific reference documents was performed through single sample GSEA (ssGSEA).





Analysis of immune cells and immune infiltration

Multiple algorithms were utilized to quantify the immune microenvironment, including the TIMER, EPIC, MCPCOUNTER and QUANTISEQ algorithms (16–18). By analyzing the transcriptional profile, we employed the Immunophenoscore (IPS) to evaluate the immunotherapeutic role of the IPS score in ccRCC patients (19). Meanwhile, we evaluated immunotherapy response in patients with ccRCC using the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm (20).





Genomic characterization

We retrieved two potential predictive biomarkers for immunotherapy, including the tumor mutation burden (TMB) and microsatellite instability (MSI) score, from the TCGA database. The gene mutation characteristics of PLAC8 were obtained and visualized from the TCGA database via the online website https://www.home-for-researchers.com/.





Construction of the prognosis model based on machine learning

Random allocation was used to divide all patients into training and internal validation in a ratio of 2:1. We utilized the E-MTAB-1980 project as the external validation cohort. We conducted differential expression analysis of genes (DEGs) to compare patients with high and low PLAC8 expression. Univariate Cox regression analysis aimed to identify molecules significantly associated with patient clinical outcomes. We utilized LASSO logistic regression to optimize variables, which were subsequently used as inputs for further multivariate Cox regression analysis (21). Through our analysis, we successfully identified a prognosis signature characterized by the formula: “Risk score = Expression of A * Coef A + Expression of B * Coef B + … + Expression of X * Coef X”





Cell lines, qPCR, retroviral infection, and transfection

The National Collection of Authenticated Cell Cultures (Shanghai, China) provided a normal human kidney cell line (HK-2) and RCC cell lines (786-O, Caki-1, Caki-2, and ACHN) that were acquired The extraction of total RNA from the cell lines was carried out utilizing Trizol reagent. SYBR Green assay was used for qPCR for the analysis of PLAC8 mRNA expression following the manufacturer’s instructions. The primers used were: PLAC8, forward: 5’-GGAACAAGCGTCGCAATGAG-3’; PLAC8, reverse: 5’-AAAGTACGCATGGCTCTCCTT-3’; GAPDH, forward: 5’- CGGATTTGGTCGTATTGGG-3’; GAPDH, reverse: 5’-CTGGAAGATGGTGATGGGATT-3’. We purchased control and knockdown shRNA of PLAC8 from Hanbio. Cell transfection was conducted by lipofectamine 3000 according to the manufacturer’s protocol. Lentivirus-transinfected cells were successfully constructed with puromycin (MCE.NJ). Then we harvested the PLAC8 stable-knockdown cells.





CCK8 assay

Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8, Dojindo, Shanghai, China). The cells were distributed into 96-well plates at a density of 2000 cells per well. After a two-hour incubation period, ten microliters of CCK8 reagent were introduced to each well (set as 0 hour time node). At the time nodes of 0, 24, 48 and 72 hours, microplate readers measuring absorbance at 450 nm were used to measure the cells’ absorbance.





Clonogenic assay

At a density of 500 cells per well, the cells were inoculated into a six-well plate. 2 ml growth medium was first added to each plate and replaced every 4 days. Subsequently, the cells were stained with 10% crystal violet dye for a duration of 12 days and counted using a microscope.





5-ethynyl-2’-deoxyuridine assay

To analyze cancer cell proliferation, EdU staining was conducted using an EDU kit (RiboBio, China) following the manufacturer’s protocol. Cells were inoculated at a density of 4×105 cells per well into a six-plate well. The cells were initially fixed overnight with 4% formaldehyde. Following that, the cells were washed, neutralized with glycine, and treated with 0.5% TritonX-100 for 30 minutes. Cells were then treated with Apollo® reaction solution for 30 minutes. Image J software was used to count the EdU-positive cells under a fluorescent microscope (Leica) by staining the nuclei with Hoechst 33342.





Transwell assay

For the Transwell assay, chambers (8 μm core, Corning, USA) were utilized. Matrigel coating was applied to the chambers for infiltration analysis, while chambers without Matrigel were used for migration assessment. Serum-free cell culture media was inoculated into the upper chamber and media enriched with 20% of serum was inoculated into the lower chamber of the Transwell. Cells were inoculated into the upper compartment at a rate of 4×104. Following a 16-hour incubation period, the cells located beneath the membrane were treated with 4% formaldehyde and subsequently stained with crystal violet.





Statistical analysis

The R software was employed for all procedures conducted in this study. Statistical significance was determined using a threshold of P<0.05. Appropriate statistical methods are selected for different distribution forms of data.






Results




Pan-cancer analysis and clinical significance of PLAC8

The procedure of our study is demonstrated in Figure 1. Based on the pan-cancer analysis, it was observed that the expression level of PLAC8 was abnormal in most tumor tissues, which may imply its significant role in tumorigenesis (Figure 2A). We found that PLAC8 showed different degrees of high expression in ccRCC compared with the normal tissue and matched samples (Figures 2B, C). With the help of the HPA database, the immunohistochemical result of the PLAC8 protein level was observed to be higher in ccRCC tissues (Figure 2D). Moreover, we attempted to explore the role of PLAC8 in survival and clinical prognosis. Based on the survival curves for OS, DSS, and PFI, it was suggested that higher expression of PLAC8 could potentially be linked to unfavorable prognosis in ccRCC (Figures 2E-G). Further, we investigated the corresponding clinical staging indicators. The expression level of PLAC8 was significantly elevated in patients with worsened T-stage, M-stage, and histological grade, while no significant difference was noticed in N-stage (Figures 2H-K). The results of the univariate analysis are shown in Figure 2L.




Figure 1 | The flow chart of the whole research.






Figure 2 | Gene expression and clinical significance of PLAC8 in ccRCC. (A) Expression of PLAC8 in pan-cancer; (B, C) Expression level of PLAC8 in paired or unpaired samples; (D) Immunohistochemical picture (Antibody HPA040465) of PLAC8 obtained from HPA database; (E-G) Survival curves of PLAC8 expression in TCGA; (H-K) Clinical characteristics analysis of PLAC8; (L) Univariate analysis of PLAC8. * = P < 0.05, ** = P< 0.01, *** = P < 0.001.







PLAC8 serves as a biological regulator in ccRCC

We identified 109 upregulated genes and 415 downregulated according to the different expression levels of PLAC8 (Figure 3A). The clueGO analysis revealed that the DEGs primarily engage in significant biological processes, including potassium ion transmembrane transporter activity, B cell receptor signaling pathway, regulation of regulatory T cell differentiation, inorganic cation import across the plasma membrane, cellular monovalent inorganic cation homeostasis, and phosphagen metabolic process (Figure 3B). Furthermore, the ssGSEA algorithm analysis demonstrated a strong association between PLAC8 and various immunotherapy-predicted pathways, especially IFN-Gamma_signature, APM_signal, proteasome, and Viral_carcinogenesis, indicating a potential significance in immunotherapeutic interventions. Meanwhile, a negative correlation was also observed in many reactive oxygen species-involved biological processes (Figure 3C). The GO analysis revealed the top three enriched biological processes as potassium ion transmembrane transport, monovalent inorganic cation homeostasis, and regulation of pH. In terms of cellular components, the enrichment was observed in the basal part of the cell, basal plasma membrane, and basolateral plasma membrane. Additionally, the enriched molecular functions included passive transmembrane transporter activity, channel activity, and potassium ion transmembrane transporter activity (Figure 3D). The GSEA analysis revealed the enrichment in cell cycle checkpoints, mitotic G1 phase and G1/S transition, DNA replication, cell cycle mitotic and reactive oxygen species (ROS) related pathways (Figures 3E–J).




Figure 3 | Biological function analysis of PLAC8. (A) DEGs between different expression level of PLAC8; (B) clueGO analysis based on DEGs; (C) Correlation analysis of PLAC8 with immunotherapy-related pathways and reactive oxygen species-involved processes; (D) GO analysis of the DEGs; (E-J) GSEA enrichment analysis.







PLAC8 participates in reshaping the immune microenvironment of ccRCC

By the instrumentality of various immune cell analysis algorithms, including EPIC, MCPCOUNTER and QUANTISEQ, we observed different infiltration patterns in ccRCC patients with diverse expressions of PLAC8. Correlation analysis demonstrated that PLAC8 could increase CD8+ T cells, macrophages, NK cells, cytotoxic lymphocytes, and Monocytic lineage and reduce Th17 cells in the microenvironment of ccRCC (Figures 4A-I). Furthermore, a notable positive correlation was identified between PLAC8 and the immune score, stromal score, and estimate score (Figures 4J-L). Furthermore, we tried to investigate the relationship between PLAC8 and immune checkpoints. Interestingly, a robust positive correlation was detected, implying that PLAC8 may hold predictive value for the immunotherapy response in ccRCC (Figures 4M-P). Meanwhile, we found that PLAC8 was mainly expressed in the mono/macro and NK cell at single-cell level (Figure S1).




Figure 4 | Analysis of immune cells and immune infiltration. (A–I) Correlation analysis between PLAC8 and immune cells; (J–L) Correlation analysis between PLAC8 and three scores; (M-P) Differential expression of common immune checkpoints in different PLAC8 expression group.







Role of PLAC8 in ccRCC genomic features

A significant association has been observed between tumor mutational burden (TMB) and the efficacy of PD-1/PD-L1 inhibitors. MSI and MATH can reflect genomic instability and tumor heterogeneity. Our findings revealed a positive correlation between PLAC8 expression and TMB as well as MSI, while demonstrating a negative correlation with MATH (Figures 5A-C). Figure 5D demonstrated the genomic mutation feature of PLAC8 and ranked mutated genes.




Figure 5 | Genomic features of PLAC8. (A-C) Correlation of PLAC8 with TMB, MSI and MATH; (D) Ranked mutated genes.







Immunotherapy efficacy and nomogram model of PLAC8 in ccRCC

TIDE analysis revealed that PLAC8 seemed to be associated with immune dysfunction yet unrelated to the TIDE score and immune exclusion (Figures 6A-C). The TIDE score had a certain predictive effect on immune response (Figure 6D). Furthermore, a modest correlation was detected between PLAC8 expression and both IPS CTLA4(+)/PD1(+) and CTLA4(-)/PD1(+) subsets, suggesting the potential of PLAC8 as a predictive marker for immunotherapy response in ccRCC patients (Figures 6E-H). Through the analysis of the commonly used target drug sensitivity for ccRCC, we selected Vinblastine and Sunitinib. It seemed that PLAC8 could enhance their drug sensitivity (Figures 6I-L). After that, we established a nomogram plot based on PLAC8 expression and related clinical characteristics (Figure 6M). The calibration curve we constructed demonstrated a good fit between the predicted model and the actual (Figure 6N). DCA curves indicated that our model could increase the prediction performance of PLAC8 in ccRCC prognosis (Figure 6O).




Figure 6 | Immunotherapy efficacy and nomogram model of PLAC8. (A-C) Correlation of PLAC8 with TIDE, immune dysfunction and exclusion; (D) TIDE score in different immunotherapy response groups; (E-H) IPS score and PLAC8 expression; (I-L) Relation of PLAC8 expression and commonly used immunotherapy or chemotherapy drug sensitivity; (M) Nomogram plot constructed on PLAC8 expression and related clinical characteristics; (N) The calibration prediction curve; (O) The DCA prognosis curve. *** = P < 0.001.







Knockdown of PLAC8 reduced the malignant biological behaviors of ccRCC

Subsequently, we examined the expression level of PLAC8 in HK-2 and RCC cell lines (786-O, Caki-1, Caki-2, and ACHN). In contrast to the normal kidney cell line HK-2, all RCC cell lines consistently displayed markedly higher expression levels of PLAC8 (Figure 7A). Then we selected 786-O and Caki-1 for specific knockdown of PLAC8 to investigate its effect on the biological behavior of RCC cells. We found that among the three designed specific shRNAs, sh#2 had the best knockdown efficiency and was therefore selected for subsequent experiments (Figures 7B, C). Both the CCK-8 assay and clonogenic assay consistently revealed a profound inhibition of RCC cell proliferation after the knockdown of PLAC8 in RCC cell lines 786-O and Caki-1 (Figures 7D, E). The results of the EdU assay demonstrated that the DNA replication activity of kidney cancer cells was significantly reduced after the knockdown of PLAC8 (Figure 7F). Furthermore, we employed the Transwell assay to examine the impact of PLAC8 on cell invasion and metastasis. Remarkably, our results consistently exhibited a pronounced reduction in the invasive and metastatic abilities of RCC cells upon the knockdown of PLAC8 in both 786-O and Caki-1 cell lines (Figure 7G).




Figure 7 | Knockdown of PLAC8 reduced the malignant biological behaviors of ccRCC. (A) The expression of PLAC8 in different cell lines; (B, C) Knockdown efficiency of the three designed specific shRNAs; (D–F) The CCK8 assay, clonogenic assay and the EdU assay; (G) Evaluation of PLAC8 on cell invasion and metastasis using Transwell assay, ** = P< 0.01, *** = P< 0.001.







PLAC8-derived molecules constructing the prognosis model based on machine learning

We utilized univariate Cox regression to analyze PLAC8-derived prognosis-related molecules. Figure 8A exhibited the top 50 genes. Then we applied LASSO logistics regression to help find the optimal variable (Figures 8B, C). A prognosis signature was built successfully based on Cox regression analysis(Risk score=0.0765 + TMEM213 * -0.1546 + CLDN8 * -0.1239 + ATP6V0A4 * -0.0097 + PASD1 * 0.3546) (Figure 8D). Subsequently, the predictive performance of the model was assessed in three distinct cohorts. The survival analysis revealed that patients characterized by high-risk scores exhibited a significantly worse OS, further highlighting the excellent predictive capability of our model (Figure 9A). Luckily, our model presented a satisfactory performance in the other two cohorts (Figures 9B, C). Moreover, our findings revealed a significant positive correlation (R = 0.11, P = 0.02) between the Risk Score and TIDE score, providing further evidence of their interconnectedness (Figure 9D). We also noticed that immunotherapy responders tend to get a lower score and the percentage of which was higher in low-risk patients than in the high group (Figures 9E, F).




Figure 8 | Prognosis model construction based on machine learning. (A) The top 50 prognosis-related genes; (B, C) LASSO logistics regression to help find the optimal variable; (D) Multivariate cox regression analysis.






Figure 9 | Predictive performance of prognosis model. (A-C) Predictive performance of our prognosis model in three different cohort; (D) Correlation analysis between TIDE and risk-score; (E) The diverse distribution of risks-sore in immunotherapy responders and non-responders; (F) The response rate of immunotherapy in different PLAC8 expression groups.








Discussion

RCC is a prevalent malignancy that originates from the kidney and ranks among the most common malignant tumors worldwide. By 2021, RCC was the thirteenth most common malignancy globally (22). According to statistics, the incidence of RCC in all cancers is about 3%, and its incidence is increasing each year (23). There are three major histological subtypes of RCC, of which the most common subtype is clear cell carcinoma, accounting for 75-80% (24). When ccRCC is diagnosed early, the cure rate is high, and surgery is the primary treatment. A previous study reported that patients with organ-related RCC who underwent surgery achieved an impressive 10-year cancer-specific survival rate ranging from 85% to 96% (25). However, treating advanced diseases is complex and the mortality rate is high. The mortality rate of RCC is 30%-40% (1). Finding new biomarkers for the diagnosis and treatment of ccRCC is quite significant.

Our study explored the role of PLAC8 remodeling the immune microenvironment in ccRCC. Through meticulous bioinformatics analyses, we consistently observed a marked increase in PLAC8 expression levels in ccRCC at both the RNA and protein levels. The analysis of clinical features revealed distinct variations in PLAC8 expression concerning the T stage, M stage, and histological grade. Prognostic analysis showed that patients with high PLAC8 expression were likelier to have adverse prognostic outcomes. We also explored the possible role of PLAC8 in developing ccRCC by enrichment analysis of differential genes. The findings from immune infiltration analyses and multiple immune cell analyses provided evidence that PLAC8 participates in modulating the immune microenvironment of ccRCC and consequently influences the efficacy of immunotherapy. In vitro cell experiments showed that the knockdown of PLAC8 resulted in a decreased proliferation, invasion and migration ability of RCC cells. Finally, the prognostic model constructed by PLAC8-derived molecules has a strong predictive ability for the prognosis of patients.

Bioconcentration analysis showed that the enrichment was found in cell cycle checkpoints, mitotic G1 phase and G1/S transition, DNA replication, and cell cycle mitotic enrichment. The cell cycle is essential in controlling cell proliferation and tumor growth. Hwang et al. revealed that Sunitinib has an anti-tumor effect. The cell cycle of renal cancer is blocked by Ginsenoside Rh2, which sensitizes the effect of Sunitinib and slows down the tumor progression (26). In the cell cycle, the mitotic G1 phase and G1/S transition checkpoint are important steps. Based on vitro experiments, Zhang et al. Implied human kidney cancer cell lines 786-O and Caki-2 could be arrested in G0/G1 phase by metformin and VPA, blocking tumor proliferation (27). Zou et al. indicated G0/G1 to S transition would be promoted by CCND1, whose expression was negatively correlated with the change of PLAC8 in HCC (28). However, the conclusion was the opposite in other tumors (8, 29–31). DNA replication is the process most prone to change and carcinogenesis. Any condition that causes high levels of DNA damage can also trigger replication stress, which is one of the sources of genomic instability and a major marker of pre-cancerous and cancerous cells. Kanu et al. found that replication fork progression was hindered because of MCM7 and DNA polymerase δ reduction. This process was associated with SETD2 depletion in ccRCC cells, which also played a role in the suppression of replication stress (32). Our results suggest that PLAC8 may promote the progression of ccRCC through its impact on the activity of the aforementioned pathways.

According to a variety of immune cell analysis algorithms, our study found PLAC8 could increase CD8+ T cells, macrophages, cytotoxic lymphocytes, NK cells, and monocytic lineage and reduce Th17 cells in the microenvironment of ccRCC. Contrary to other solid tumors, CD8+ T cells’ infiltration has a connection with poor clinical outcomes in RCC (33–35). The research conducted by Wu et al. revealed that CD8+ T cells exert notable effects on multiple pathways, including chemokine signaling, cytotoxicity mediated by NK cells and cytokine-cytokine receptor interaction. An increased abundance of CD8+ T cells in a state of T cell exhaustion was observed within the tumor microenvironment (TME) of ccRCC, consequently impacting prognosis and immunoevasive outcomes (36). Besides, the role of cd8+T in ccRCC differs from that in the majority of cancers (37). Dai et al. indicated that CD8+T cells’ immune function was reduced with CXCL13+CD8+T cells abundance, which was related to immunoevasive contexture (38). Macrophages release pro-inflammatory cytokines to participate in the creation of a microenvironment that promotes gene mutation production, which leads to tumorigenesis. Fu et al. macrophages enhanced the function of Tregs in glutamine-addicted ccRCC by secreting IL-23 (39). Braun et al. hypothesized that terminally exhausted M2-like macrophages and CD8+T cells inhibit each other, forming an immune dysfunction circuit. This may result in a worse prognosis by inhibiting anti-tumor immune activity in advanced disease (40). Geissler et al. revealed that a higher proportion of tumor-infiltrating NK cells tend to get a higher survival rate in RCC (41). In prostate cancer, Miyahara et al. considered Th17 cells to mediate an anti-tumor effect since the negative correction between infiltration of Th17 cells into tumors and the Gleason score (42). These results indicate that PLAC8 participates in reshaping the immune microenvironment, consequently influencing cancer development through intricate biological interactions.

Our study focused on the construction of a diverse range of prognostic models through the implementation of machine learning algorithms. Following careful evaluation, we identified an optimal model that exhibited exceptional fitting performance. These models point out that patients with high-risk scores tend to have poorer clinical outcomes, indicating that our model has high clinical predictive value. These conclusions provide a new direction for the immunotherapy of ccRCC.

Our research had limitations as follows: Firstly, most of the samples in our database are from Westerners, so our data are more targeted at whites and blacks, which makes the universality of the research need to be further explored. To ensure the broader applicability of our findings, we should conduct further studies focusing on diversifying the sample population by including individuals from different ethnic backgrounds. Secondly, our experiments are mainly carried out in vitro. To fully validate our findings and translate them into clinical applications, it is imperative to conduct further experiments in vivo using animal models. Thirdly, while our research has shed some light on the role of PLAC8 in ccRCC’s immune microenvironment, the specific underlying mechanisms remain unclear. To address this knowledge gap, we should delve deeper into the molecular pathways and cellular interactions through which PLAC8 modulates the immune response in ccRCC.
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Gliomas are one of the most common primary malignant tumours of the central nervous system (CNS), of which glioblastomas (GBMs) are the most common and destructive type. The glioma tumour microenvironment (TME) has unique characteristics, such as hypoxia, the blood-brain barrier (BBB), reactive oxygen species (ROS) and tumour neovascularization. Therefore, the traditional treatment effect is limited. As cellular oxidative metabolites, ROS not only promote the occurrence and development of gliomas but also affect immune cells in the immune microenvironment. In contrast, either too high or too low ROS levels are detrimental to the survival of glioma cells, which indicates the threshold of ROS. Therefore, an in-depth understanding of the mechanisms of ROS production and scavenging, the threshold of ROS, and the role of ROS in the glioma TME can provide new methods and strategies for glioma treatment. Current methods to increase ROS include photodynamic therapy (PDT), sonodynamic therapy (SDT), and chemodynamic therapy (CDT), etc., and methods to eliminate ROS include the ingestion of antioxidants. Increasing/scavenging ROS is potentially applicable treatment, and further studies will help to provide more effective strategies for glioma treatment.
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1 Introduction

Gliomas are the most common primary malignant tumours of the central nervous system (CNS), accounting for approximately 30% of all primary brain and CNS tumours and 80% of malignant brain tumours (1). According to the criteria set by the World Health Organization (WHO), the malignancy of gliomas is divided into grades I-IV, ranging from mild to severe. Glioblastomas (GBMs) are grade IV gliomas and are the most common type. Unfortunately, GBMs are also the most dangerous, with relapses being inevitable even after rigorous treatment (2). Due to the unique characteristics of the glioma tumour microenvironment (TME), such as hypoxia, the blood–brain barrier (BBB), reactive oxygen species (ROS), and tumour neovascularization, treatment often show poor efficacy (3–5). The standard treatment for GBMs is resection followed by radiotherapy and temozolomide (TMZ) chemotherapy, but the median survival of GBM patients is only 14.6 months (6). In addition, the humanized IgG1 monoclonal antibody bevacizumab is also commonly used in the clinical treatment of GBMs (7). According to the available studies, neither TMZ nor bevacizumab is sufficient to treat gliomas. TMZ causes alkylation of genomic DNA at the N7 and O6 sites of guanine and at the N3 site of adenine. When the alkylation lesion at the guanine O6 position is not repaired, it leads to mispairing during DNA replication, which triggers a break in the DNA strand and causes GBM cell death (8–10). However, O6-methylguanine-DNA methyltransferase (MGMT) exists in GBM cells, cleans the alkyl group produced by TMZ and repairs damaged DNA. The presence of MGMT is an important reason for the resistance of GBMs to TMZ (11). Bevacizumab targets a protein called vascular endothelial growth factor-A (VEGF-A) and slows tumour growth and proliferation by preventing tumour angiogenesis, thereby depriving GBM cells of nutrient uptake (7). However, due to tumour heterogeneity and insufficient pharmacokinetics, it is still difficult to prevent GBM recurrence with antiangiogenic therapy (12–14). Therefore, the search for new treatment methods for gliomas has become a hotspot of current research.

ROS are reactive substances produced by oxygen reduction, including hydrogen peroxide (H2O2), organic hydroperoxide (ROOH), singlet oxygen (1O2), ozone (O3), superoxide anion (O2˙‾), hydroxyl radical (OH·), and peroxyl radical (ROO·) (15), etc. Certain levels of ROS are required for cell survival and are involved in cell proliferation and differentiation (16), skeletal muscle contraction (17), immune response (18) and other processes. These physiological effects are based on the regulation of multiple signalling pathways by ROS, such as the nuclear factor-kappaB (NF-κB), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), and mitogen-activated protein kinases (MAPKs) (19, 20). The normal function of cells also depends on the ROS threshold, which represents the critical point of intracellular ROS levels (15, 21). A level of ROS slightly below the threshold is helpful to maintain normal cell function. However, when ROS persistently accumulate abnormally beyond the threshold, they may cause irreversible oxidative damage to cells or even lead to cell death (21).

In gliomas, appropriate amounts of ROS can activate growth-related signalling pathways, induce DNA mutations, and promote invasion and metastasis (22–24). However, it has been shown that inducing ROS accumulation leads to glioma cell death (25, 26). In contrast, given the critical role of ROS in the cell, the depletion of ROS also makes it difficult for glioma cells to survive (27, 28). Therefore, controlling the level of ROS becomes a potential strategy for glioma treatment. According to the literature, methods to induce massive ROS production include photodynamic therapy (PDT) (29), sonodynamic therapy (SDT) (30) and chemodynamic therapy (CDT) (31). The main approach to ROS reduction is the application of various antioxidants (27, 28, 32). All these methods have the potential to be used to treat gliomas. Therefore, we need to better understand the mechanisms of ROS production and clearance in gliomas, as well as their role in the glioma TME. Meanwhile, the methods based on ROS generation/scavenging also contribute to the prevention and treatment of gliomas.




2 ROS production and antioxidant defence systems

ROS production is caused by exogenous environmental stimuli or endogenous metabolism. Exogenous ROS can be generated by environmental pollutants, such as heavy metals (33), ultraviolet radiation (34), asbestos (35), sulfur dioxide (36), and particulate matter with a diameter of less than 2.5 µm (PM2.5) (37). Endogenous ROS production is mainly dependent on the mitochondrial electron transport chain (ETC) (38) and NADPH oxidases (NOXs) (39). In some cases, peroxisomes (40) and endoplasmic reticulum membranes (41) have also been identified as ROS production sites.

When ROS levels are elevated, glioma cells initiate their own antioxidant defence system in response to oxidative stress (OS). These antioxidant defence systems consist of a series of enzymes, such as superoxide dismutase (SOD) (42), catalase (CAT) (43), glutathione peroxidase (GPX) (44), glutathione reductase (GSR) (45), haem oxygenase (HMOX) (46), peroxiredoxin (PRDX) (47), thioredoxin (TRX) (48), and quinone oxidoreductase 1 (NQO1) (49). Nonenzymes include glutathione (GSH) (50), α-lipoic acid (51), and coenzyme Q10 (CoQ10) (52). Of note, nuclear factor erythroid 2-related factor 2 (NRF2) is a basic leucine zipper (bZIP) transcription factor that is an important controller of the activation of cellular antioxidant defence systems (53). Under normal conditions, Kelch-like ECH-associated protein 1 (KEAP1) can promote the polyubiquitination and degradation of NRF2 to maintain a certain level of NRF2. However, under OS, KEAP1 is oxidized, and NRF2 enters the nucleus and binds to the antioxidant response element (ARE) sequence, thereby activating the expression of the abovementioned series of antioxidant enzymes (54–58). In addition, after DNA damage caused by OS, DNA repair mechanisms in glioma cells are activated to repair damaged DNA and exert indirect antioxidant effects, such as direct repair (59–61), base excision repair (BER) (62), mismatch repair (MMR) (63, 64), and nucleotide excision repair (NER) (65, 66). A summary of the antioxidant defence systems in glioma cells is presented in Table 1.


Table 1 | Glioma-associated antioxidant defence systems.






3 The role of ROS in the glioma TME

The glioma TME plays an important role in the growth, invasion, recurrence and drug resistance of gliomas. Its major components include glioma cells, immune cells, signalling molecules, stromal cells, and extracellular matrix (ECM) (95). Immune cells include glioma-associated macrophages/microglia (GAMs), myeloid-derived suppressor cells (MDSCs), T cells, monocytes, neutrophils, dendritic cells (DCs) and natural killer (NK) cells. Signalling molecules include chemokines, cytokines, growth factors, and angiogenesis factors. Stromal cells include astrocytes and endothelial cells. The extracellular matrix (ECM) is a three-dimensional structure composed of fibrin, proteoglycans and other molecules that provides biochemical and structural support for surrounding cells and plays an important role in glioma invasion and metastasis (95, 96). Among them, as important regulatory molecules, the presence of ROS have a significant impact on the glioma TME. ROS not only affect the function of immune cells (Figure 1) but also participate in the process of glioma cell proliferation, invasion, metastasis and death. These studies will be discussed in this section.




Figure 1 | The role of ROS in immune cells in the glioma TME. (A) Under ROS stress, tumour cells secrete many cytokines, such as IL-4, IL-6, IL-10, and TGF-β, which cause macrophage immunosuppression and facilitate the recruitment of M2 tumour-associated macrophages (97–99). The activation of microglia is mainly manifested as the M1 type, accompanied by the release of a series of inflammatory factors (96, 100). (B) NETs induce glioma cells to secrete IL-8 to recruit neutrophils, promote the CXCR2/PI3K/AKT/ROS signalling axis, and finally promote the formation of NETs, forming a positive feedback pathway (101). (C) Cytokines and growth factors, such as granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), IL-2, IL-1β, IL-6, and VEGF, can induce the aggregation of MDSCs in tumour hosts (102, 103). In the plasma of GBM patients, the level of arginase is often increased, which is related to the inhibitory function of MDSCs (102). Arginase I reduces L-arginine (L-Arg) levels (104), thereby inhibiting T-cell activation (103). Nitric oxide synthase 2 (NOS2) is another major catabolic enzyme for L-Arg metabolism in MDSCs (105). MDSCs also secrete NO and ROS, which induce T-cell inhibition (105). MDSCs also indirectly affect the activation of T cells by inducing Tregs (103). CD4+ effector memory T cells (CD4+ TEM) infiltrated by GBM strongly upregulate PD-1, and the corresponding ligand PD-L1 is expressed in MDSCs from tumours, which are involved in functional T-cell exhaustion (106). (D) The increase in mtROS causes mitochondrial DNA damage and upregulates the expression of PD-L1 to inhibit T-cell activation (97, 107). ROS produced by Tregs can suppress effector T cells (CD4+ and CD8+). Effector T cells can induce an increase in ROS in tumour cells through IFN-γ and TNF-α, which can damage tumour cell DNA and lead to tumour cell death. Tregs themselves are more resistant to oxidative stress due to the increased activity of the antioxidant system, for example, by increasing GSH and upregulating NRF2 (108). Adenosine produced by Tregs can also inhibit effector T-cell function in an A2AR-dependent manner (109). (E) ROS induce the proliferation of MDSCs and inhibit NK cell function (110). In addition, high levels of ROS promote PD-L1 expression on cancer cells, thereby inactivating NK cells (111). (F) High levels of ROS can disrupt antigen presentation between T cells and DCs, which in turn affects the recognition of tumour antigens by T cells (98, 108).





3.1 GAMs

Macrophages and microglia are important cell types in the immune system. Macrophages are primarily derived from bone marrow-resident haematopoietic stem cells (112). After entering the blood, mature mononuclear macrophages can settle in different tissues, such as the liver, lung, brain, lymph nodes and other organs and tissues, at which time they will become macrophages. Macrophages are involved in phagocytosis and clearance of pathogenic microorganisms, necrotic tissues, and secretion of a variety of inflammatory mediators involved in immune regulation and tissue repair (113–115). Microglia are induced by the colony-stimulating factor 1 receptor (CSF1R) and are generated from red myeloid progenitors of the yolk sac. They are self-renewing and reside in the CNS for a long time (116). Microglia play an important role in maintaining the homeostasis of the nervous system, including phagocytosis (117), promoting synapse formation (118), and supplying nutrients (119).

In the TME, macrophages can manifest as the M1 type (characterized by inflammatory and antitumour responses) or M2 type (involved in the repair of damaged tissues and anti-inflammation), but the TME tends to induce the differentiation of macrophages towards the M2 type (120–122). Anti-inflammatory factors released by tumours, such as interleukin (IL)-4, IL-10, and transforming growth factor-β (TGF-β), can promote the transformation of macrophages into the M2 type (123). M2 macrophages similarly release growth factors, such as vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and fibroblast growth factor (FGF), which promote tumour cell proliferation, invasion, and metastasis (124).

Glioma-infiltrated macrophages and microglia are collectively referred to as GAMs, which represent the largest population of cells infiltrating tumours, accounting for more than 1/3 of the total tumour mass (125, 126). GAMs play an important role in the glioma TME and promote tumour progression. First, anti-inflammatory factors such as IL-10 and TGF-β produced by GAMs inhibit the function of other immune cells in the TME and weaken the antitumour immune response (127, 128). Second, GAMs also secrete matrix metallopeptidase 2 (MMP2) and MMP9, which are able to breakdown matrix proteins, such as collagen and fibronectin, thereby enabling glioma cells to penetrate and invade the surrounding stromal tissues (129). Finally, GAMs also secrete proangiogenic molecules, such as VEGF and CXC motif chemokine ligand 2 (CXCL2), which have been shown to promote glioma growth and metastasis (129, 130).

In the glioma TME, ROS generally induce the generation of M2 GAMs (96, 131). ROS modulator 1 (Romo1), a membrane protein located on mitochondria, was found to regulate mitochondrial ROS (mtROS) production in GBMs (132). In GBM mouse models, overexpression of Romo1 induces ROS generation via mTORC1 signalling, which in turn promotes the polarization of bone marrow-derived macrophages (BMDMs) to the M2 type, resulting in a significant suppressive TME (133). In addition, a prognostic model of human GBMs and ROS showed that high expression of ROS-related genes such as HSPB1, LSP1 and PTX3 was closely associated with M2 macrophages and correlated with shorter survival of GBM patients. This suggests that ROS-related genes may be potential targets for GBM treatment. Therefore, inhibiting the polarization of macrophages towards M2 type and promoting the polarization towards M1 type may be beneficial for the treatment of GBMs (134). Besides, GAMs could survive in a high ROS environment mainly due to the action of antioxidant enzymes. A study of GBM tissues in humans and mice showed that the active antioxidant enzyme GPX1 was expressed at higher levels in GAMs than in GBM cells, resulting in GAMs being able to survive in a high ROS environment (135). It is known that GPX1 plays an important role in H2O2 detoxification (136). In summary, the antioxidant enzymes in GAMs protect them from ROS damage, which is necessary for the formation of M2 GAMs.




3.2 MDSCs

MDSCs, which are mainly differentiated from haematopoietic stem cells in the bone marrow, are a group of myeloid cells with heterogeneous and immature characteristics (137). In normal organisms, the levels of MDSCs in the peripheral blood tend to be very low (138). MDSCs have certain immunomodulatory effects, which can regulate the inflammatory response, inhibit overactivated immune cells, prevent excessive immune responses, and reduce tissue damage (105, 139).

Upon tumour stimulation, MDSCs are activated and released into peripheral blood and tissues. However, MDSCs often suppress the immune response and cause tumour escape (140, 141). The suppressive effect of MDSCs is mainly manifested by inhibiting the activity of other immune cells, including macrophages (142), CD4+ T cells (106), CD8+ T cells (143), NK cells (144), and DCs (145). First, MDSCs can highly express arginase-1 (ARG-1), which can convert arginine to uric acid and ornithine, thereby reducing the concentration of arginine in the internal environment (105). Arginine deficiency leads to limited activation of immune cells such as T cells (146) and NK cells (147), thereby impairing the immune response and promoting tumour development and metastasis. Second, MDSCs can secrete immunosuppressive cytokines, such as TGF-β and IL-10, which can inhibit the secretion of IL-12 by macrophages, thereby blocking the activity of cytotoxic T lymphocytes (CTLs) (148, 149). TGFβ-1 secreted by MDSCs also promotes the transformation of CD4+ T cells into immunosuppressive Tregs (150). Finally, MDSCs can also express immunosuppressive ligands, such as programmed death ligand-1 (PD-L1), which in turn suppresses T-cell priming and activation (151).

In gliomas, MDSCs comprise approximately 30% to 50% of the tumour entity (152). The increase in MDSCs is thought to be associated with glioma progression and immune escape (153). Generally, MDSCs can be divided into two main subsets based on their phenotype and function: monocytic (mMDSCs) and granulocyte/polymorphonuclear (gMDSCs) (154). Specifically, mMDSCs represent the major subset in the GBM TME. mMDSCs in the GBM TME of humans and mice expressed higher levels of adhesion molecules, such as integrin β1 and dipeptidyl peptidase 4 (DPP4), leading to enhanced cell adhesion and further promoting tumour migration and invasion (155). In addition, MDSCs can promote angiogenesis through the release of VEGF (156), as well as the release of cytokines such as IL-10, IL-6, and TGF-β under hypoxic conditions (157), thereby promoting glioma growth and invasion.

In the TME, MDSCs can survive in a high ROS environment because of their high expression of NRF2. On the one hand, NRF2 upregulated anti-OS genes in MDSCs and protected MDSCs from OS damage. On the other hand, NRF2 enhances the immunosuppressive activity of MDSCs by increasing their ability to produce ROS (158). In gliomas, ROS in MDSCs play an important role in maintaining the function of MDSCs (159). ROS can prevent the differentiation of MDSCs and promote the formation of an immunosuppressive TME (160). Specifically, ROS maintain the undifferentiated state of MDSCs by inhibiting the differentiation of MDSCs into mature immune cells such as macrophages and DCs (145, 161, 162). This undifferentiated state allows MDSCs to continue expressing immunosuppressive molecules such as TGF-β, IL-10 and PD-L1 (163). In addition to being able to impair the antigen presentation capacity of DCs (164–166), these immunosuppressive molecules can also inhibit the activity of T cells and induce the differentiation of T cells into Tregs (141, 167). Collectively, high levels of ROS play an important role in maintaining the undifferentiated state of MDSCs, which in turn mediates the immunosuppressive TME. Therefore, targeting MDSCs may become a promising therapeutic strategy.




3.3 T cells

T cells are members of the adaptive immune system that respond to antigens presented by antigen-presenting cells such as DCs and macrophages (168). T cells can be divided into CD4+ T cells and CD8+ T cells based on surface markers and function (169). CD4+ T cells have antigen receptors on their surface, which can recognize antigen fragments presented by MHC class II molecules on the surface of antigen-presenting cells and exert immune functions by activating other types of immune cells. CD8+ T cells generally refer to CTLs that can directly kill infected cells by MHC class I molecules (170). Regulatory T cells (Tregs) are a subset of CD4+ T cells that express the transcription factor forkhead box protein 3 (FOXP3) and play a role in inhibiting pathological immune responses and maintaining homeostasis in the body (171).

In tumours, CD4+ T cells mainly activate other immune cells, such as CD8+ T cells and NK cells, to enhance the immune response (172). CD4+ T cells can secrete cytokines, such as interferon-gamma (IFN-γ) and tumour necrosis factor-alpha (TNF-α), which directly kills tumour cells (173). CD8+ T cells carry specific T-cell antigen receptors (TCRs) that recognize and bind to tumour cells expressing specific antigens, thereby releasing cytotoxins, such as perforin and granzyme, to directly kill tumour cells (174). In addition, CD8+ T cells can also secrete cytokines, such as IFN-γ and TNF-α, which directly inhibit tumour cell growth and proliferation (175). Tregs play an indispensable role in maintaining the homeostasis of the immune system. Tregs suppress other immune cells and prevent excessive immune responses by producing inhibitory cytokines such as IL-10, IL-35, and TGF-β. However, overactive Tregs in turn limit the antitumour ability of immune cells (176).

In gliomas, T-cell dysfunction is often caused by the strong immune escape ability of glioma cells. Some studies have shown that human GBM cells are capable of producing the immunosuppressive factor TGF-β (177), which inhibits T-cell activation, thereby weakening the immune response (178). In addition, the human glioma TME has many immunosuppressive cells, such as M2 macrophages and Tregs, whose presence usually inhibits the activity and function of T cells and is associated with reduced overall survival of patients (179–181). Moreover, human glioma cells often express immune escape sites on the surface, such as PD-L1 and B7 homologue 3 (B7-H3), which can bind to immune checkpoint receptors, thereby inhibiting the activity and function of T cells (182).

ROS play an important role in regulating T-cell function and activity. Low levels of ROS can promote the activation and proliferation of T cells to enhance immune responses (183). However, higher levels of ROS can inhibit the secretion of cytokines by T cells and induce apoptosis (184). In the TME, excessive ROS may induce apoptosis of T cells, leading to decreased antitumour ability. For example, ROS produced by neutrophils or tumour cells can be transferred to T cells and cause OS, thereby causing hyporeactivity of T cells in cancer patients (185). In mouse glioma models, the administration of hyperbaric oxygen (HBO) can induce the generation of ROS in the thymus, which subsequently inhibits the generation of CD3+ T cells and promotes glioma growth in vivo (186). Therefore, high levels of ROS in the TME may lead to impaired T-cell function, which in turn enhances tumour escape. Targeting ROS in the TME to enhance the killing ability of T cells may be a potential therapeutic option.




3.4 Neutrophils

Neutrophils are derived from haematopoietic stem cells in the bone marrow through differentiation and maturation. When neutrophils mature, they enter the circulation and are distributed throughout the body through the blood (187, 188). Neutrophils are important immune cells of the body that are capable of engulfing and eliminating pathogens, such as bacteria and viruses (189, 190). In addition, when tissues are injured or infected, neutrophils rapidly migrate to the damaged site and release cytokines and chemokines to trigger local inflammation (191).

The role of neutrophils in tumours is complex. On the one hand, neutrophils are capable of killing tumour cells by releasing cytotoxic ROS (192) and by direct cell contact (193). On the other hand, neutrophils also promote tumour growth and metastasis by secreting immunosuppressive factors such as TGF-β, IL-6 and IL-8 (194) and interacting with circulating tumour cells (195). Furthermore, neutrophil extracellular traps play an important role in tumour progression. In the early stages of tumour invasion and metastasis, neutrophils can release neutrophil extracellular traps (NETs), which include DNA, tissue proteins and other substances. NETs can form channels suitable for tumour cell migration and protect tumour cells from immune system attack (196, 197).

Neutrophils, as mediators of inflammation, are early markers of GBM progression (198). Overall, neutrophils promote tumour growth, invasion, and angiogenesis. Neutrophils contribute to glioma infiltration by secreting elastase (199). Furthermore, neutrophils may also become resistant to antineoplastic therapy. In patients receiving anti-VEGF therapy, neutrophils contribute to glioma resistance to anti-VEGF therapy by increasing S100A4 expression and angiogenesis in glioma tissues (200). S100A4 is known to be a biomarker expressed in glioma stem-like cells (GSCs) that induces the tumorigenic activity of neutrophils (201). In addition, some studies have shown that the expression of MDSCs is increased in the peripheral blood of GBM patients, of which the neutrophilic MDSC subset accounts for the largest proportion, accounting for approximately 60% (102). Neutrophilic MDSCs derived from the peripheral blood of GBM patients can inhibit T-cell proliferation in vitro, which is related to the high expression of PD-L1 on effector memory CD4+ T cells (106).

Several studies have shown that ROS are important factors in promoting the formation of NETs (202–204). In chronic granulomas, NOXs are activated by protein kinase C (PKC) and produces ROS. These ROS can act as signalling molecules, causing neutrophils to release DNA and form a mesh-like structure, which then combines with the adhered granule proteins to form NETs (202). Furthermore, in primary mouse and human neutrophils, members of the MAPK family, such as c-Jun N-terminal kinases (JNKs) (203), extracellular signal-regulated kinases (ERKs) and p38 (204), can activate NOXs to generate ROS, which in turn induces the production of NETs. Similarly, ROS are similarly closely related to NETs in GBM TME. A study in human GBMs showed that NETs promote IL-8 secretion in GBMs by stimulating the NF-κB signalling pathway, which in turn stimulates endothelial cells to generate blood vessels to deliver essential nutrients and oxygen to the tumour site (101). When IL-8 binds to C-X-C motif receptor 2 (CXCR2) on neutrophils, it mediates the formation of NETs through the CXCR2/PI3K/AKT/ROS axis. This positive feedback loop stimulates the interaction between NETs and GBM cells and leads to profound changes in the TME (101). Recent studies in murine models of GBMs have additionally demonstrated that neutrophils promote the necrosis of GBM cells by transferring particles containing myeloperoxidase into these cells. This phenomenon induces OS, which is a result of the iron-dependent accumulation of lipid peroxides in GBM cells (205).




3.5 DCs

DCs, which differentiate from bone marrow haematopoietic stem cells through common DC progenitors (CDPs), play an important immunomodulatory role by presenting antigens (206). In tissues, DCs are usually naturally present and are considered to serve as a bridge connecting innate and adaptive immunity and are able to promote the transformation of innate to adaptive immune responses (207). Innate immunity refers to the immunity possessed by individuals at birth, which has a wide range of effects and is not triggered by specific antigens (208). Adaptive immunity is mainly the ability to respond to and adapt to a specific antigen or pathogen, which is achieved through T-cell-mediated cellular immunity and antibody-mediated humoral immunity (209).

Tumour formation is often accompanied by the expression of tumour antigens. Tumour antigens can be captured and processed by DCs and subsequently presented to naive T cells to induce their proliferation and differentiation into effector cells, such as CD8+ T cells, which subsequently kill the tumours (210). Furthermore, DCs can produce a variety of immune stimulating factors, such as cytokines and chemokines, which induce DCs and NK cells to reach inflammatory sites (211), as well as induce the activation of tumour-specific T cells (212).

Antigens released by glioma cells can be captured and processed by DCs, presented to T cells, and activate effector T-cell function (213). However, glioma cells can often evade immune surveillance by inhibiting the maturation of DCs. Studies have shown that tumour-conditioned medium (TCM) collected from the supernatant of human primary glioma cells can upregulate the expression of suppressor of cytokine signalling 1 (SOCS1) in DCs and then inhibit the NF-κB signalling pathway, thereby limiting the maturation of DCs. The subsequent suppression of T-cell activity, as well as IFN-γ secretion, results in immune escape of glioma cells (214). A previous study revealed that mouse gliomas have the ability to secrete cell factors including TGF-β and IL-10 (215). These factors are known to impede the maturation and functionality of DCs within the TME (216).

In addition, recent studies on the role of DCs in the progression of human GBMs have focused on the maintenance of DC homeostasis. Overexpression of NRF2 in DCs leads to the inhibition of DC maturation and subsequently reduces effector T-cell activation, which may be related to the decrease in ROS levels mediated by NRF2. In contrast, inhibition of NRF2 promotes the maturation of CD80+ and CD86+ DCs (217).




3.6 NK cells

NK cells belong to a type of lymphocyte that can eliminate tumour cells without specific antigens and are an important part of innate immunity (218). NK cells are derived from bone marrow haematopoietic stem cells and enter the circulation after maturation (219). Approximately 5-15% of lymphocytes in normal blood are NK cells (220).

NK cells have the ability to kill tumour cells. First, NK cells kill tumour cells by making direct contact with tumour cells that express specific ligands. There are a variety of activated receptors on the surface of NK cells, such as natural killer group 2 member D (NKG2D) and natural cytotoxicity receptors (NCRs; NKp46, NKp44 and NKp30) (221), etc. Among them, NKG2D is one of the most studied receptors and is able to recognize ligands on the surface of tumour cells, such as major histocompatibility complex class I polypeptide-related sequence A and B (MICA/B) and UL16-binding protein (ULBP). This recognition activates NK cells and prompts them to kill tumour cells (222). Second, NK cells can kill tumour cells through the antibody-dependent cellular cytotoxicity (ADCC) mechanism. When the antigens on the surface of tumour cells are labelled with specific antibodies, NK cells can bind to the specific antibodies through the CD16 (FcγRIIIa) receptor on their surface. Activated NK cells then release particles containing perforin and granzyme, which trigger apoptosis of antibody-labelled tumour cells (223, 224). Furthermore, NK cells can produce cytokines, such as IFN-γ and TNF-α, which can enter tumour cells and thus kill them (225). Moreover, IFN-γ released by NK cells can also inhibit tumour angiogenesis, thereby impeding tumour nutrient supply (226).

NK cells also have a killing effect on gliomas. First, NK cells can kill glioma cells by secreting perforin and granzyme B upon induction by IFN-β (227). Second, NK cells kill gliomas by specific activating receptors on their surface. When NKG2D and DNAX accessory molecule-1 (DNAM-1) on the surface of human NK cells bind to their ligands on the surface of GBM cells, they can trigger NK cell cytotoxicity and cause GBM cell death (228, 229). However, human GBM-derived TGF-β may lead to downregulation of NKG2D receptors on the surface of NK cells and contribute to GBM cell survival, suggesting that blocking TGF-β may be beneficial in the treatment of GBMs (230). Similarly, NK cells can also kill GBM cells through ADCC. Cetuximab is a monoclonal antibody that binds epidermal growth factor receptor (EGFR) on tumour cells (231). When administered, cetuximab binds to a human GBM surface antigen (EGFRvIII) and activates fragment crystallizable (Fc) receptors on NK cells, leading to NK cell-mediated cytotoxicity against GBM cells (232).

NK cells are often particularly sensitive to the cytotoxic effects of ROS, and their antitumour activity is often inhibited by ROS in the solid tumour TME, whereas antioxidant therapy may partially restore NK cell function (110, 233). Previous studies have shown that high levels of ROS in rats with fibrosarcoma can limit the adhesion of NK cells to similarly charged tumour cells by promoting the accumulation of anionic charges on their surface. This disadvantage can be prevented by antioxidant molecules such as CAT and SOD (234). Similarly, in vitro, the CD20 antibody rituximab triggered monocyte ROS production, which in turn inhibited the ADCC effect of NK cells on human primary leukaemia cells. However, antioxidant treatment (histamine dihydrochloride and diphenylene iodonium chloride) partially restored the ADCC effect of NK cells (235). At present, although some studies have suggested the inhibitory effect of ROS on NK cell activity in the TME, the study of ROS in NK cells in the glioma TME is still limited. Further studies will help to understand the effect of ROS on NK cell function in the glioma TME.




3.7 Glioma cells

The threshold of ROS is very important in cancer therapy. When ROS produced by tumour cells exceed a certain threshold and cannot be detoxified by antioxidants, it results in high levels of OS, which drives cancer cell death or cause them to become more sensitive to treatment. However, a low level of ROS in tumour cells contributes to their growth, proliferation, invasion and metastasis (236). Therefore, tumour cells need to maintain their ROS levels to maintain their survival and invasive abilities (237).

A study of tumour tissues and blood samples from glioma patients found that abnormal increases in ROS caused DNA damage in glioma cells, resulting in high expression of the DNA damage marker 8-oxo-deoxyguanosine (8-oxo-dG) and low expression of the epigenetic marker 5-methylcytosine (m5C). This is associated with increased malignancy of gliomas (22). In mouse models, glioma cells can overexpress aquaporin 8 (AQP8), which increases ROS levels, resulting in decreased expression of phosphatase and tensin homolog (PTEN) and increased expression of phosphorylated (p)-AKT, thereby promoting the growth and proliferation of gliomas (23). Moreover, the production of a significant amount of ROS induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) can activate the MAPK pathway and cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) pathways, subsequently enhancing the in vitro migration and invasion capability of glioma cells (24). In contrast, high levels of ROS activate regulated glioma cell death programs, including apoptosis, necrosis, autophagy, ferroptosis, etc. For example, in vitro, salinomycin can activate p53, trigger the opening of mitochondrial permeability transition pore (mPTP), and induce the production and accumulation of mtROS, leading to the necrosis of glioma cells (25). The activation of transient receptor potential mucolipin 1 (TRPML1) inhibits autophagy in glioma cells in vitro, leading to ROS production and subsequent induction of apoptosis (238). Similarly, the increase in ROS induced by isoaaptamine also leads to apoptosis and autophagy in GBM cells in vitro (26). Furthermore, the heat shock protein 90 (HSP90) and dynamin-related protein 1 (DRP1) increase ROS production by regulating the expression of acyl-coenzyme A synthetase long-chain family member 4 (ACSL4) and mitochondrial morphology, leading to ferroptosis of gliomas in mice in vitro and in vivo (239).

Glioma stem-like cells (GSCs) are a subpopulation of GBM cells with stem cell characteristics. They have self-renewal, tumourigenicity and multidirectional differentiation potential and are closely related to the occurrence, development, treatment resistance and recurrence of GBMs (240). Many studies have confirmed that ROS are involved in the proliferation, self-renewal and differentiation of GSCs (241, 242). In a study conducted on human-derived GSCs, it was found that TGF-β upregulated the expression of the NOX4 gene, leading to the generation of ROS. Consequently, this ROS generation promoted GSC proliferation and maintained their stem cell state (241). Other studies have shown that serum stimulation in an in vitro environment is able to cause an increase in mitochondrial ROS within GSCs and modulate differentiation signalling pathways in GSCs. Interestingly, in the in vivo environment, increased ROS could greatly enhance glioma formation, which may be related to the activation of the NF-κB pathway by ROS (243). Compared with other tumour cells, GSCs have stronger antioxidant capacity (47). In vitro, the highly expressed antioxidant protein PRDX4 was able to mitigate OS in GSCs by reducing ROS generated by the protein folding process (47, 244). Furthermore, GSCs also inhibit mitochondrial respiration by increasing the expression of mitochondrial uncoupling protein 2 (UCP2), thereby alleviating OS caused by high levels of intracellular ROS and ensuring their own survival (245).

However, the understanding of the ROS threshold in cancer cells is still unclear. Measurement of the ROS threshold requires the consideration of multiple factors, including the concentration and type of ROS, the activity of intracellular antioxidant enzymes, and the type and physiological state of tumour cells (246–249). Therefore, more studies are needed to fully assess ROS thresholds and determine their impact on tumour cells. Overall, both ROS and thresholds play a crucial role in glioma cells. This provides a new research direction for ROS-based glioma therapy.





4 ROS-based glioma therapy

High levels of ROS are usually present in the glioma TME. On the one hand, these ROS are involved in the formation of a suppressive TME. On the other hand, they are involved in the process of glioma proliferation, invasion and migration. However, there is also a threshold for the levels of ROS in glioma cells. The induction of ROS production above the threshold can lead to an excessive OS response, causing DNA and protein damage and leading to glioma cell death (250). Conversely, depletion of ROS may also lead to the blocking of important signalling pathways involved in ROS, thereby promoting glioma death (27, 28, 32). Based on these findings, it is suggested that both methods of inducing ROS production and ROS scavenging have potential in the glioma treatment. These two therapeutic strategies may help to suppress glioma growth, enhance the immune response and improve the efficacy of other antitumour therapies.



4.1 Treatment to increase ROS levels

Excessive ROS can induce tumour death, so amplifying the effect of ROS may be a good way to kill tumours. For example, the use of PDT (251), SDT (252), CDT (253), can be beneficial therapies for GBMs. This part mainly summarizes the research progress of PDT, SDT and CDT in the treatment of gliomas, and discusses the application of nanodrug delivery platforms in them.



4.1.1 PDT

PDT is a technique that relies on ROS production to treat nononcological diseases as well as tumours. Its main components are excitation light, photosensitizers (PSs) and ROS (254). PSs are important components in determining the efficacy of PDT (255). Photoactivated PSs can produce cytotoxic ROS in the presence of oxygen, resulting in the killing of target cells (256, 257). To date, numerous PSs have been applied in the studies of gliomas, such as 5-aminolevulinic acid (5-ALA) (258), boronated porphyrin (BOPP) (259), talaporfin (260), and temoporfin (261). The wavelength of the light is also important. The optimal PDT wavelength is between 650 and 850 nm and should be consistent with the longest wavelength absorption band of the PSs, that is, the wavelength range corresponding to sufficient energy for maximum tissue penetration to result in sufficient ROS production (262). Notably, ROS produced by PSs, such as 1O2, O2˙‾, OH, OOH·and H2O2, are essential for killing tumours. The formation of O2˙‾ and free radicals is called a type I reaction, and the formation of 1O2 is called a type II reaction (263, 264).

PDT has been approved by the United States Food and Drug Administration (FDA) for the treatment of a variety of cancers, including skin cancer, oesophageal cancer, and lung cancer (265–267). PDT has been studied since the 1980s (268, 269), and has shown promising efficacy in many glioma preclinical studies (270–272). A bibliometric analysis of literature in the field of cancer PDT (CPDT) reveals that research on CPDT is showing a rapid growth trend over the past 20 years. Among them, nanotechnology-based PDT and enhanced PDT are the current research hotspots (273). However, PDT has still not been widely adopted due to its potential toxicity to healthy brain tissues, limited light penetration, and poor targeting (251, 274, 275).

In the past 10 years, three promising phase I/II clinical trials of PDT for glioma treatment have been conducted in adults and one has been conducted in minors. A total of four clinical trials were conducted for three drugs (photofrin, ALA, photobac®) (Table 2). Among them, NCT01682746 included 5 adolescent patients with brain tumours. The incidence of serious adverse events within 1 month of PDT treatment, the progression-free survival and the overall survival within 3 years were recorded, but no results of this clinical trial were reported. NCT03048240 included 10 adult patients with newly diagnosed GBM who were treated with 5-ALA fluorescence-guided surgery followed by intraoperative PDT (based on clinicaltrials.gov). At the interim analysis, the median progression-free survival (mPFS) was 17.1 months, and the median overall survival (mOS) was 23.1 months (276). This clinical trial result indicates that intraoperative PDT is a good option for treating recurrent gliomas.


Table 2 | Summary of completed/ongoing phase I/II clinical trials of ROS-generated PDT/SDT for glioma treatment by July 2023 (based on clinicaltrials.gov).



The tumour killing mechanisms of PDT are various, including inducing immunogenic cell death (ICD), destroying tumour blood vessels and inducing the release of inflammatory mediators in addition to the direct killing caused by high ROS. The combination of PDT and subsequent immune response induced by PDT is referred to as photodynamic immunotherapy (PDIT) (262, 277, 278). ICD refers to the death of tumour cells after PDT, which stimulates the immune system to produce a strong immune response by releasing damage-associated molecular patterns (DAMPs), cytokines, tumour-associated antigens (TAA) and other signalling molecules (279). These DAMPs can be recognized by the immune system and activate antitumour immune responses. DAMPs mainly include calreticulin (CALR), heat shock proteins 70/90 (HSP70/90), ATP, high-mobility group box-1 (HMGB1) nuclear protein, type I interferons (IFNs) and members of the IL-1 cytokine family, etc. In addition, ROS produced by PDT can destroy tumour blood vessels, limit tumour nutrient supply, and stimulate antitumour immune responses (262). Cytokines are able to trigger an inflammatory response that further enhances immune cell infiltration and activation (280, 281). The mechanism of PDIT in gliomas is illustrated in Figure 2.




Figure 2 | Mechanism of photodynamic immunotherapy for gliomas. (A) 0PS is activated to a singlet state (1PS*) after absorbing photons (hv). 1PS* can lose energy through internal conversion to heat and fluorescence. 1PS* can form a triplet state (3PS*) through the intersystem crossing process (ISC). 3PS* can be restored to 0PS by emitting phosphorescence and can also react with neighbouring molecules in two types of reactions (type I and type II). In type I reactions, 3PS* transfers an electron or a proton to form organic free radicals (O2-, OOH·, H2O2, OH·, etc.) that interact with cellular oxygen to produce cytotoxic ROS. In a type II reaction, the energy of 3PS* can be directly transferred to molecular oxygen (3O2) to form singlet oxygen (1O2). This results in various biological effects (264, 282, 283). (B) The most common types of cell death induced by PDT include apoptosis (284), autophagy (285), necrosis (286), necroptosis (287), and ferroptosis (270). (C) ROS produced by PDT can also cause vascular occlusion, leading to vascular damage, thereby affecting the blood supply of tumour cells (288). (D) PSs can induce immunogenic cell death (ICD), resulting in the exposure and release of DAMPs, such as ATP, HMGB1, CALR, HSP70/90, etc (262). The released DAMPs promote DC recruitment and maturation and present tumour antigens to T cells, leading to the activation of CD8+ T cells, which subsequently migrate in vivo to kill tumour cells (264).






4.1.2 SDT

Ultrasound (US) is a kind of mechanical vibration wave with strong tissue penetration ability that has been widely used in ultrasound imaging and ultrasound therapy. Among the US-derived techniques, SDT based on ROS production is a good strategy. Research on SDT began in the 1990s (289, 290). Based on the bibliometric analysis of SDT, studies have shown that since 2000, SDT has experienced rapid growth and has mainly focused on the fields of nanomaterials and cancer treatment, achieving significant results (291). The mechanism of SDT is to use low-frequency ultrasound to trigger sonosensitizers that accumulate at the tumour site, producing ROS and cavitation bubbles to kill the tumours. These ROS produce significant toxic effects on tumour cells in the 1 μm range (292, 293). The advantage of SDT is mainly that ultrasound can penetrate to a depth of 10 cm, which can kill tumours in deeper locations (294, 295). At present, most of the sonosensitizers used in reported SDT are photosensitizers or are derived from photosensitizers (296). However, SDT also has difficulty achieving the ideal tumour killing effect due to the presence of the BBB and the poor targeting effect of sonosensitizers such as porphyrins (297). Notably, TMZ can not only penetrate the BBB but also act as a sonosensitizer to induce necroptosis in GBMs. This provides new potential options for treating GBMs with SDT (293).

According to the literature, although SDT has been studied in gliomas for less than 20 years, it has shown promising efficacy in preclinical studies (30, 298, 299). However, due to the maturity of the technology and the factors of ultrasound equipment and other objective reasons, the research results of SDT are less than those of PDT, and clinical research is also in its infancy. At present, there are three clinical trials of SDT in gliomas under recruitment (based on clinicaltrials.gov), as shown in Table 2. More clinical trials are needed to verify the efficacy of SDT in the glioma treatment.




4.1.3 CDT

The concept of CDT was first proposed in 2016 by Bu, Shi et al. (300). CDT is dependent on transition metal ions in the TME to produce high levels of OH· through Fenton/Fenton-like reactions, resulting in tumour killing (301). The Fenton reaction refers to the complex chemical reaction of ferrous ions with H2O2, which eventually generates highly toxic OH· (302). Catalysts for Fenton-like reactions are usually other transition metals, such as copper (Cu) and manganese (Mn) (303, 304). Compared with PDT, the advantage of CDT is that it does not require laser irradiation, so it can avoid the limitations caused by light penetrating the tissues. Alternatively, the TME is characterized by acidity and H2O2 overexpression, which favours Fenton/Fenton-like reactions. However, when the pH at the tumour site is too high or H2O2 production within the tumour is insufficient, the Fenton/Fenton-like reaction will be insensitive, and CDT efficiency will be reduced (305). In general, CDT has the advantages of strong targeting, low adverse reactions, regulation of TME hypoxia, and low treatment cost, so it has great potential to be used in tumour therapy (301). In the glioma treatment, CDT is still in the preclinical stage, and no clinical trials have been carried out. However, it has been shown that CDT has good therapeutic efficacy and can exert more anti-glioma effects in combination with PDT (306) and photothermal therapy (PTT) (307).




4.1.4 Breaking through the BBB to enhance PDT/SDT/CDT

The BBB is a physical, chemical and biological barrier structure formed by capillary endothelial cells in the brain, surrounding astrocytes and muscle rings. The main function of the BBB is to maintain the stability of the brain environment, regulate the entry of nutrients, and prevent harmful substances from entering the brain through the blood (308, 309). Brain endothelial cells are composed of hydrophobic lipid bilayers with tight junctions. Therefore, drugs with large polarity and molecular weight often have difficulty passing the BBB (310). However, research has shown that human glioma cells can infiltrate through the perivascular space and extensively invade the brain away from the tumour mass. In this process, glioma cells displace the end feet of astrocytes, thereby disrupting the BBB, which may be beneficial for drug therapy (311, 312). However, effectively overcoming the limitations of the BBB remains a challenge. Currently, nanodrug delivery platforms (313), microbubble-enhanced focused ultrasound (MB-FUS) (314) and magnetic resonance-guided focused ultrasound (MRg-FUS) (315) are three promising approaches to break through the BBB.

Nanotechnology is the study and application of particles or structures between 1 and 100 nm, where it can maximize drug transport and targeted delivery (316–318). Nanodrug delivery platforms are the application of nanotechnology in medicine. In general, nanodrug delivery platforms are usually composed of nanocores, nanocarriers, targeting ligands, drugs and surface modifications or may not completely contain these parts. Among them, the nanocore is the main component of the platform, mainly serving to support and stabilize the nanodrug delivery platform. It can be composed of materials such as gold (319), silicon (320), magnetic materials (321), etc. Nanocarriers refer to carriers that carry drugs on nanocores. An ideal nanocarrier can stably encapsulate drugs inside and release them at the appropriate time (322). Types of nanocarriers include gold nanoparticles, magnetic nanoparticles, carbon nanotubes, polymer micelles, and liposomes (323), etc. Targeting ligands attached to the nanocore include antibodies (324) and targeting peptides (325), which can precisely target the target. Nanocarriers can carry drugs, which include PSs such as chlorin e6 (Ce6) (326), immune checkpoint inhibitors such as nivolumab (327), and chemotherapy drugs such as doxorubicin (DOX) (328). Surface modification refers to the modification of the surface of the nanoplatform, such as polyethylene glycol (PEG), to enhance the hydropathy, stability, and biocompatibility of the nanoplatform and improve the retention time in vivo (329).

In general, a well-functioning nanodrug delivery platform can typically enhance the therapeutic effects of PDT (330), SDT (331), and CDT (332) for the treatment of glioma. Moreover, optimizing key components of nanodrug delivery platforms can be an effective strategy to break through the BBB. First, the targeting of the nanoplatform should be enhanced. Transferrin (TF), for example, targets a transferrin receptor (TFR) that is overexpressed on the surface of brain capillary endothelial cells and malignant brain tumours. Related studies have shown that TF-bound nanoplatforms can effectively cross the BBB and target gliomas (333, 334). Second, the development of new nanocarriers, such as nanotubes, gold nanoparticles, and magnetic nanoparticles, makes it easier for drugs to reach the glioma site (335–337). Furthermore, polymers such as polyethylene glycol (PEG) and polylactic-co-glycolic acid (PLGA) can be used to encapsulate the drug to allow crossing of the BBB. The advantages of such polymers are good biocompatibility, easy surface modification, etc., and the ability to control the rate of drug release (329, 338). When a nanodrug delivery platform is combined with PDT, SDT, and CDT, it will greatly increase the targeting ability of the three therapeutic strategies and the level of ROS production, leading to a “1 + 1 > 2” therapeutic effect. The summary of glioma-related research on the nanodrug delivery platforms combined with PDT, SDT, and CDT is shown in Table 3.


Table 3 | Summary of nanodrug delivery platforms used for glioma PDT/SDT/CDT.



In addition to nanodrug delivery platforms, the use of MB-FUS (348–350) and MRg-FUS (315) to open the BBB for drug delivery both has great potential. Microbubbles are essentially small bubbles of biocompatible gases, such as nitrogen or perfluorocarbon, encapsulated in a lipid, protein, or polymer membrane (351). As blood with microbubbles flows through the brain, ultrasound waves are emitted precisely to target areas. The ultrasound stimulates microbubbles to oscillate violently and burst, producing a temporary, local pressure change that can temporarily open the tight junctions of the BBB and increase its permeability. In this way, drugs or macromolecules that cannot penetrate the BBB can enter the brain tissues, thus allowing for the effective treatment of gliomas (343, 352, 353). In recent studies, MB-FUS achieved BBB opening and increased drug aggregation in GBM regions to enhance antitumour effects (354–357). Notably, the method of opening the BBB using ultrasound microbubbles is reversible, does not damage neurons, and the BBB heals a few hours after exposure (358). Thus, this method has great potential for application. This technique is still in its early stages, and promising results have been demonstrated in clinical trials in glioma patients (359). Furthermore, as another method to open the BBB, MRg-FUS can accurately focus ultrasonic waves on the GBM region and provide real-time monitoring and guidance during therapy provided through magnetic resonance imaging (MRI). Ultrasound energy can raise the temperature of the BBB region, thus enhancing permeability. Consequently, platinum nanoparticles can more effectively penetrate the GBM tissues, thereby inhibiting the growth of GBM cells (315).





4.2 Treatment to scavenge/reduce ROS levels

Antioxidants are a class of compounds that inhibit oxidation by scavenging ROS and reducing OS, and they can help reduce or block oxidative reactions in cells (360). When OS occurs, antioxidants interact with ROS to capture and neutralize ROS, thereby protecting cells from oxidative damage (361). Common antioxidants include vitamin C, vitamin E, α-carotene, selenium, etc., which can be obtained through food intake or supplements (362). Furthermore, the use of antioxidants can inhibit tumorigenesis by preventing OS caused by various causes, and the mechanism is to repair damaged DNA and inhibit cancer occurrence, including gene mutations, oxidative chromosomal damage, and lipid peroxidation of cell membranes (131, 363).

There is considerable evidence that intake of antioxidants may help reduce the risk of gliomas (364). For example, CoQ10 can act as a ROS scavenger to increase the sensitivity of gliomas to TMZ, thereby inhibiting the invasion of glioma cells in vitro and in vivo. Mechanistically, CoQ10 can integrate into the mitochondrial membrane and reduce ROS production. It also reduced the expression of MMP9 and epithelial-mesenchymal transition (EMT) markers (28, 365). Naringenin is an antioxidant. Naringenin supplementation for 1 month can reduce lipid peroxidation and decrease the expression of PKC, NF-κB, cyclin D1(CCND1) and cyclin-dependent kinase 4 (CDK4), thereby inhibiting the proliferation of glioma cells in mouse models (27). Astaxanthin is a natural carotenoid, and adonixanthin is a product of its formation (366). Studies have confirmed that both have strong antioxidant capacity, which can cross the BBB and protect brain tissues from ischaemia or hemorrhage (367, 368). In mouse glioma models, astaxanthin and adonixanthin intake increased p38 phosphorylation in glioma cells, leading to cell cycle arrest. Furthermore, adonixanthin was able to reduce the expression of MMP2 and fibronectin downstream of ERK1/2 and AKT signalling pathways and inhibit invasion and metastasis in both in vitro and in vivo GBM models (369). Chrysin is a kind of flavonoid with antioxidant properties. The p38-MAPK pathway is activated in rat glioma cells treated with chrysin, resulting in the accumulation of p21 (WAF1/CIP1) protein, decreased activities of CDK2 and CDK4, and cell cycle arrest in G1 phase (32). Similarly, hypoxia-inducible factor-1alpha (HIF-1α) expression was blocked when the antioxidant melatonin was used, resulting in a significant inhibition of MMP2 and VEGF expression, thereby inhibiting GBM cell migration and invasion in vitro (370). Moreover, antioxidants quercetin (QE), baicalein (BE) and myricetin (ME) effectively downregulated ROS and MMP9 and inhibited glioma cell invasion/migration events in vitro (24).

However, some studies have shown that intake of antioxidants, such as carotenoids (371), vitamin E (372), and coffee (373), is not associated with the risk of developing gliomas. This may be related to factors such as bioavailability, dose, BBB permeability, and tumour heterogeneity (364). Therefore, the role of ROS scavenging using antioxidants in glioma therapy still needs to be confirmed by more studies.





5 Conclusion

ROS are products of cellular redox and play important functions in cells. Excessively high or low ROS levels are detrimental to cell survival. That is, there is a threshold for intracellular ROS, and when a large accumulation of ROS exceeds the threshold and cannot be neutralized by the antioxidant defence system, it leads to OS and thus cell death. For gliomas, there is also a threshold for ROS. Appropriate ROS levels can aid survival, but high levels of ROS can also lead to their own death. Therefore, ROS-based therapies are particularly important.

Currently, there are two common therapeutic approaches involving ROS in the therapy of glioma, which are increasing ROS levels to induce cell death or using antioxidants to inhibit progression. In terms of increasing ROS, PDT/SDT/CDT is the representative approach. With the development of modern nanotechnology, the corresponding drugs can better pass through the BBB. Preclinical studies have shown that PDT/SDT/CDT combined with nanotechnology shows potent antiglioma effects and has good potential for clinical application. Conversely, ROS reduction using antioxidants has also been shown to inhibit glioma initiation and progression. Nonetheless, both strategies have limitations. In addition to the unclear clinical efficacy of antioxidants for cancer treatment reported in the literature, there are also issues such as the uncertain toxicity and biosafety of nanomaterials (374, 375), and the uncertain stability and retention time of nanodrug delivery platforms (376). Therefore, in the future development of nanodrug delivery platforms targeting gliomas, it is necessary to enhance the targeting and stability of nanoparticles and improve the ability to cross the BBB and biosafety to provide effective treatment while reducing adverse reactions. At present, although there are still many obstacles to ROS-based therapy, ROS still have the potential to be widely used as a therapeutic target for gliomas.
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Introduction

Heat ablation is one of the key modalities in treating liver cancer, yet the residual cancer tissues suffering sublethal heat treatment possess a potential for increased malignancy. This study conducts a comprehensive analysis of cellular dynamics, metabolic shifts, and macrophage polarization within the tumor microenvironment following sublethal heat treatment.





Methods

We observed significant acidification in tumor cell supernatants, attributed to increased lactic acid production. The study focused on how this pH shift, crucial in tumor progression and resistance, influences macrophage polarization, especially towards the M2 phenotype known for tumor-promoting functions. We also examined the upregulation of MCT1 expression post sublethal heat treatment and its primary role in lactic acid transport.





Results

Notably, the study found minimal disparity in MCT1 expression between hepatocellular carcinoma patients and healthy liver tissues, highlighting the complexity of cancer biology. The research further revealed an intricate relationship between lactic acid, MCT1, and the inhibition of macrophage pyroptosis, offering significant insights for therapeutic strategies targeting the tumor immune environment. Post sublethal heat treatment, a reduction in paraspeckle under lactic acid exposure was observed, indicating diverse cellular impacts. Additionally, PKM2 was identified as a key molecule in this context, with decreased levels after sublethal heat treatment in the presence of lactic acid.





Discussion

Collectively, these findings illuminate the intertwined mechanisms of sublethal heat treatments, metabolic alterations, and immune modulation in the tumor milieu, providing a deeper understanding of the complex interplay in cancer biology and treatment.





Keywords: heat ablation, lactic acid, M2 polarization, paraspeckle, pyroptosis




1 Introduction

Hepatocellular carcinoma (HCC) is a predominant malignancy globally, especially in Asian and African populations. It arises due to multiple factors, including viral hepatitis, chronic alcohol consumption, and non-alcoholic fatty liver disease (NAFLD) (1). Diagnosis mainly relies on radiological and serological evaluations. While heat ablation (such as microwave or radiofrequency ablation) is employed for HCC treatment, its outcomes, especially with Sublethal Heat Treatment (SLHT), are often suboptimal (2).

In the realm of tumor immunology, immunotherapy offers hope for HCC. Tumor immunity intricacies extend beyond just tumor and immune cells, involving cells like tumor-associated macrophages (TAMs) within the tumor microenvironment (3). TAMs, crucial in tumor progression, can either promote or inhibit tumor growth (4). Their role is pivotal for immunotherapeutic success, and manipulating TAM activity is challenging.

Tumor metabolism, particularly the role of lactic acid, is gaining research attention. Tumor cells, showcasing unique metabolic profiles, thrive on lactic acid, which can modify the tumor environment and weaken immune responses (5). Understanding lactic acid’s influence on tumor metabolism and immunity offers potential therapeutic insights.

Furthermore, phase separation, exemplified by paraspeckles, plays a role in tumor progression (6). With NEAT1 as their main structural component and key proteins like NONO, these structures influence various nuclear activities (7). Despite their significance, the mechanisms by which paraspeckles impact tumor immunity, especially macrophage functionality, remain unclear. Our study finds that lactic acid from SLHT promotes macrophage M2 phenotype transformation and reduces paraspeckle formation in macrophages, inhibiting their pyroptosis, and highlighting lactic acid’s crucial role in tumor immunity.




2 Methods



2.1 Cell culture and treatment

In this project, we used two human HCC cell lines, HCCLM3 and Huh7; one leukemia cell line, U937 to perform the in vitro study. The three cell lines were obtained from Liver Cancer Institute, Zhongshan Hospital, Fudan University (Shanghai, China). The HCC cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY, USA), which contained 10% fetal bovine serum (FBS) and antibiotics (penicillin (100 U/ml)/streptomycin (0.1 mg/ml)). The cells were incubated at 37°C and 5% CO2 in a humidified environment, and the medium was refreshed three times a week. While U937 cells were cultured in RPMI1640 medium (Sigma-Aldrich, USA). U937 cells were differentiated into macrophages (M0φ) by exposure to phorbol 12-myristate 13-acetate (PMA) from Sigma (Saint-Quentin Fallavier, France) at a concentration of 100 ng/mL for a duration of 24 hours. To derive tumor-associated macrophages (TAM) from U937, PMA-treated U937 cells (at a density of 2 × 106 cells) were seeded into the lower compartment of a transwell co-culture system. Concurrently, hepatocellular carcinoma (HCC) cells were positioned in the upper compartment, separated by a 0.4-μm porous membrane. Following a 24-hour interval, a co-culture was established between HCC cells and the U937-derived macrophages. After an additional 48 hours, the macrophages were harvested for subsequent RNA extraction and assorted assays. In our previous study, we have established the in vitro sublethal heat treatment (SLHT) model (8).




2.2 Transfection and stable cell lines

Plasmid transfection was performed using Lipofectamine 2000 Reagent (Life Technology, Thermo Fisher Scientific, DE, USA). Plasmids (pcDNA3.1-PKM2), shMCT1(shSLC16A1) virus (hU6-MCS-Ubiquitin-mCherry-IRES-Neomycin) were purchased from Genechem (Shanghai, China). An empty vector was used as a negative control. The transfection procedures were strictly followed the manufacturer’s instructions for Lipofectamine 2000 Reagent (Invitrogen). For one group, a total of 5×105 cells were seeded into a well of 6-well plate. After transfection, qRT-PCR analysis or western blot analysis was used to verify the transfection efficiency.




2.3 RNA extraction and quantitative real-time PCR

The detailed procedure of qRT-PCR was the same as the methods described previously (9). The expression level of each gene was normalized to that of ACTIN, which served as an internal control according to the 2−ΔΔCt method. Primers (synthesized by Sunya, China) for human genes and rabbit genes were as follows:

Human-ACTIN:

ACTIN-F: ACCTTCTACAATGAGCTGCG,

ACTIN-R: CCTGGATAGCAACGTACATGG.

Human-MCT1:

MCT1-F: AGGTCCAGTTGGATACACCCC,

MCT1-R: GCATAAGAGAAGCCGATGGAAAT.

Human-PKM2:

PKM2-F: ATGTCGAAGCCCCATAGTGAA,

PKM2-R: TGGGTGGTGAATCAATGTCCA.

Human-CD206:

CD206-F: TCCGGGTGCTGTTCTCCTA,

CD206-R: CCAGTCTGTTTTTGATGGCACT.

Human-CD68:

CD68-F: GGAAATGCCACGGTTCATCCA,

CD68-R: TGGGGTTCAGTACAGAGATGC.

Human-GSDMD:

GSDMD-F: GTGTGTCAACCTGTCTATCAAGG,

GSDMD-R: CATGGCATCGTAGAAGTGGAAG.

Human-CASP1:

CASP1-F: AATAAATGGCTTGCTGGATGAG,

CASP1-R: GCCGTGCTCTGCTCATCTAT.

Human-IL1β:

IL1β-F: GCCTCTAAGGACCGCAATGT,

IL1β-R: CCTCCTGGTCCTGAAGATGC.




2.4 Lactic acid detection

Utilizing the pH Test Strip (Ayclif, USA), we applied a minimal amount of culture medium and subsequently compared the resultant reading with the provided reference standard. The pH meter used is the Sartorius standard pH meter PB-10 (Sartorius, Germen): fully automatic temperature compensation, fully automatic display of the electrode slope and the use of the state, synchronized display of pH value. The sample supernatant is removed and immersed in the liquid to be measured with the detection end of the pH meter, and each group of samples is tested three times.




2.5 Western blot

Cells were harvested at the indicated times. In each pole, 20 µg of total protein was used for electrophoresis. The membrane was blocked with 5% nonfat milk at room temperature for 1 hour and then incubated with primary antibodies for overnight at 4°C. Subsequently, a corresponding secondary antibody was applied to the membrane and incubated for 2 hours at room temperature. The protein bands were visualized using a chemiluminescence ECL kit (Tanon, Shanghai, China).

The antibodies used in this study were as follows:

β-Actin (13E5) Rabbit mAb #4970(CST);

MCT1 Rabbit Polyclonal Antibody#HA500190(Huabio, China).

NONO Antibody#ab133574 (Abcam).

PKM2 (D78A4) XP® Rabbit mAb #4053(CST).

Gasdermin D (E8G3F) Rabbit mAb #97558(CST).

Caspase-1 (D7F10) Rabbit mAb #3866(CST).

IL-1β (D3U3E) Rabbit mAb #12703(CST).

Anti-rabbit IgG, HRP-linked Antibody #7074(CST).




2.6 GEPIA and HPA and TIMER

The correlation of different expression with overall survival of HCC patient as well as HCC pathological stages was evaluated by the GEPIA2 (http://gepia2.cancer-pku.cn) and the TCGA database (http://www.oncolnc.org/). The statistical method applied was Kaplan‐Meier method with a log rank test. The expression score of HCC and normal liver tissue in the HPA database described an estimated gene level. Timer 2.0 database (http://timer.comp-genomics.org/timer/) has been widely used to explore the infiltration of immune cells around tumor. In this study, we sought the possible interactive proteins with SERPINE1.




2.7 ELISA

During the cultivation, the cell culture supernatant was collected. The L-Lactic Acid (LA) Colorimetric Assay Kit (#E-BC-K044-M, Elabscience Biotechnology Co.,Ltd, China) was used to analyze the lactic acid concentrations following the manufacturer’s instructions.




2.8 RNA scope plus immunofluorescence

The RNA scope plus IP was performed following the manufacturers’ instructions. We used RNAscope Multiplex Fluorescent ReagentKit v2(#323100), and the RNAscope Probe - Hs-NEAT1-long (#411541), which were bought from ACDBio (USA).




2.9 Statistical analysis

All of the analyses in this study were performed in GraphPad Prism 8.00 (GraphPad Software, San Diego, USA). Student’s t-test was used for statistical analysis. A p value less than 0.05 was considered statistically significant. Data are presented as the means ± SEM.





3 Results



3.1 After sublethal heat treatment, HCC cells exhibit an enhanced production of lactic acid

Our observations revealed that the supernatant of tumor cells post-sublethal heat treatment presented a more yellowish hue compared to the control group (Figure 1A), suggesting a potential shift towards increased acidity. Subsequent analysis using pH test strips confirmed a more acidic state, with pH values approaching 7 (Figure 1B). We used pH meter to test the pH values, as well (Supplementary Table S1). While several compounds can influence pH, lactic acid has been reported to exert significant effects on tumor cells, and these cells are known to produce substantial amounts of lactic acid (10).




Figure 1 | After sublethal heat treatment, HCC cells exhibit an enhanced production of lactic acid. (A) The culture medium of normal HCC and SLHT. (B) The pH test strips on different conditional medium. (C) ELISA of lactic acid on normal medium or SLHT medium. (D) Changes of LS-MS/MS of metabolites in cells of SLHT group and Control group. (E) qPCR of MCT1 and PKM2. (F) Western of MCT1 and PKM2. (G) Immunohistochemical pathological slide display and analysis in the HPA database. “NS”, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To delve deeper into this phenomenon, we employed an enzyme-linked immunosorbent assay (ELISA) to quantify lactic acid levels in the tumor cell supernatant at various time points post-SLHT. Our results demonstrated a marked increase in extracellular lactic acid production compared to the control group (Figure 1C). Moreover, utilizing mass spectrometry to assess intracellular metabolites, we noted a significant rise in lactic acid levels, which was statistically significant (Figure 1D). Literature indicates that MCT1 plays a crucial role as a membrane protein facilitating lactic acid transport across cellular barriers (11). Therefore, we analyzed MCT1 expression levels, and both quantitative PCR and Western blot analyses revealed an upregulated expression of MCT1 following sublethal heat treatment (Figure 1E, F). Interestingly, upon consulting the HPA database, we observed no significant difference in MCT1 expression between hepatocellular carcinoma patients and healthy liver tissues (Figure 1G). This alludes to the tumor cells’ capacity, in conjunction with their microenvironment, to regulate pH levels. In conclusion, our findings strongly suggest that the acidification observed in the tumor cell supernatant is primarily attributable to the increased production of lactic acid by the tumor cells.




3.2 Accelerated M2 macrophage polarization in supernatants after sublethal heat treatment

M2-polarized macrophages have been documented to exhibit both anti-inflammatory properties and pro-tumorigenic activities. CD68 and CD206 serve as conventional markers for these cells. We established a co-culture model, with tumor cells in the upper layer and phorbol 12-myristate 13-acetate (PMA)-treated U937 cells (induced to M0φ phenotype) in the lower layer (Figure 2A). Our findings demonstrated a statistically significant elevation in CD68 and CD206 expression in the sublethal heat treatment group compared to the standard hepatocellular carcinoma group. Similarly, induced M0 macrophages exhibited upregulated mRNA levels of CD68 and CD206 (Figure 2B). An enzyme-linked immunosorbent assay (ELISA) of the supernatant further confirmed an increased lactic acid concentration in the co-cultured medium (Figure 2C). Consequently, co-culturing with SLHT HCC appears to expedite the polarization of M0 macrophages towards an M2 phenotype.




Figure 2 | Accelerated M2 macrophage polarization in supernatants after sublethal lethal heat treatment. (A) Model of co-culture with HCC cells and U937 with PMA cells (M0φ). (B) qPCR of CD206 and CD68. (C) ELISA of lactic acid on normal co-culture medium or SLHT co-culture medium. (D) qPCR and western show the role of lactic acid on MCT1 during HCC co-culture with M0φ. (E) Flow cytometry shows changes in M2φ polarization markers. FITC: CD68; PE-Cy7: CD206. (F) the correlation of Macrophage M2 infiltration level and some lactic acid associated genes (PKM2, MCT1(SLC16A1) and LDHA). “NS”, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Considering the potential involvement of lactic acid in the polarization process post-sublethal heat treatment, we further analyzed MCT1 expression. Post 48-hour incubation with added lactic acid, both mRNA and protein levels of MCT1 were upregulated (Figure 2D), accompanied by an augmented proportion of M2 phenotype surface markers, CD68 and CD206 (Figure 2E). Upon consulting the TCGA database and analyzing the hepatocellular carcinoma dataset for immune cell infiltration, we observed that lactic acid-related genes, specifically PKM2, MCT1, and LDHA, all exhibited positive correlations with the infiltration level of M2-polarized macrophages, with statistically significant (Figure 2F).




3.3 MCT1 is a crucial molecule determining the promotion of M2φ polarization by SLHT and also inhibits M2φ pyroptosis

We established U937 cells with a stable knockdown of MCT1 and induced their differentiation into M0 macrophages (M0φ) using PMA (Figure 3A). Preliminary investigation of the supernatants from the co-culture system with MCT1 knockout M0φ showed elevated lactic acid levels, suggesting that M0φ may have impaired lactic acid uptake in the absence of MCT1; whereas in the presence of SLHT HCC cells, the supernatants from the MCT1-knockdown group became higher in lactic acid OD value (Figure 3B). Notably, even in the presence of sublethal heat-treated hepatocellular carcinoma cells, there was a significant downregulation of M2 macrophage polarization markers in MCT1-depleted M0φ (Figure 3C). Further mass spectrometry analysis confirmed a marked decrease in M2 polarization markers in the absence of MCT1, underscoring the critical role of MCT1 in SLHT-mediated M2 macrophage polarization (Figure 3D).




Figure 3 | MCT1 is a crucial molecule determining the promotion of M2φ polarization by SLHT and also inhibits M2φ pyroptosis. (A) Establishing of MCT1 knockdown stable cells, and it was validated by qPCR and western. (B) ELISA of lactic acid on different conditions with shMCT1 and lactic acid. (C) qPCR showed the M2φ markers influenced by shMCT1 and lactic acid. (D) Flow cytometry showed the M2φ markers influenced by shMCT1 and lactic acid. (E) The change of some genes in HCC in KEGG pathway of pyroptosis referred by the infiltration of M2φ in TIMER 2.0 database. (F) The comparison of some genes in KEGG pathway of pyroptosis between HCC and para-tumor. (G) qPCR showed the changes of some pyroptotic genes influenced by shMCT1 and lactic acid. (H) western showed the changes of some pyroptotic genes influenced by shMCT1 and lactic acid. “NS”, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Pyroptosis, a form of programmed cell death, plays a crucial role in cellular dynamics (12). Key molecules associated with the pyroptotic pathway (hsa04623) were identified using KEGG, and their expression was subsequently assessed in relation to M2 macrophage infiltration in hepatocellular carcinoma (HCC) using the TCGA LIHC database. Intriguingly, while many pyroptotic pathway molecules exhibited increased expression in HCC, the degree of M2 infiltration correlated positively with the expression of these genes (Figure 3E, F). A heightened expression of pyroptotic markers, such as GSDMD, CASPASE 1, and IL1β, was observed in MCT1-knockdown conditions, suggesting a potential rise in pyroptosis. However, the addition of exogenous MCT1 and lactic acid mitigated this increase (Figure 3G, H). Given that some studies report the inhibitory role of lactic acid in pyroptosis (13), it is plausible that lactic acid may, in part, enter M0φ via MCT1, suppress macrophage pyroptosis.




3.4 Lactic acid modulates macrophage phase separation, leading to a reduction in macrophage pyroptosis

At present, there is limited literature elucidating how lactic acid inhibits tumor-associated macrophages. Phase separation is a critical cellular biology process, with paraspeckles being a type of this phenomenon. We examined the TCGA database for key paraspeckle molecules in hepatocellular carcinoma (HCC) tissues compared to adjacent non-tumorous tissues. Our findings indicated an upregulated trend for these four crucial molecules in HCC tissues (Figure 4A). Additionally, upon reviewing the TIMER database, we observed that the infiltration level of M2φ positively correlates with the expression of these four molecules in HCC tissues (Figure 4B). This suggests a potential association between M2φ infiltration in HCC and paraspeckles. However, the relationship between paraspeckles and pyroptosis in macrophages remains unexplored.




Figure 4 | Lactic acid modulates macrophage phase separation, leading to a reduction in macrophage pyroptosis. (A) The comparison of 4 paraspeckle key genes (NEAT1, SFPQ, NONO, and PSPC1) in TCGA database between HCC and para-tumor. (B) The infiltration rate of Macrophage M2 in HCC base on the expression of 4 paraspeckle key genes (NEAT1, SFPQ, NONO, and PSPC1). (C) RNA scope of NEAT1 to present paraspeckle under the condition of SLHT and lactic acid. (D) RNA plus IP to present the change of NONO with the paraspeckle. (E) western showed the alteration of NONO and PKM2 under the condition of SLHT and lactic acid. (F) The effect of 1,6-HD on paraspeckle under SLHT culture. (G) The effect of 1,6-HD on PKM2. (H) western showed the alteration of pyroptotic markers influenced by 1,6-HD and PKM2. “NS”, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



NEAT1 serves as the structural backbone of paraspeckles. After staining for NEAT1, we found that the number of paraspeckles in the sublethal heat treatment group decreased by approximately 29.3% compared to the standard HCC co-culture group (p < 0.05). Intriguingly, after a 24-hour culture with additional lactic acid, the number of paraspeckles in macrophages further decreased by about 16.9% (p < 0.05) (Figure 4C). This implies a potential role of lactic acid in affecting paraspeckles within macrophages. We conducted a co-staining of NEAT1 and NONO under the same conditions (Figure 4D), revealing a decreased co-localization of NEAT1 with NONO, and a reduction in NONO speckles. This further emphasizes lactic acid’s role in diminishing paraspeckles in macrophages. Surprisingly, upon analyzing the key paraspeckle protein NONO, we found that neither sublethal heat treatment nor lactic acid induced changes in NONO’s protein level (Figure 4E). We hypothesize that phase separation variations may have led to spatial repositioning of NONO, rather than quantitative alterations in protein levels.

PKM2 is a pivotal molecule, with previous reports indicating its role in regulating pyroptosis (14). We noticed that its levels decrease during sublethal heat treatment, with lactic acid further diminishing its expression (Figure 4E). Thus, we speculate that phase separation may modulate PKM2. 1,6-HD, a known disruptor of phase separation condensates, has been used successfully to destabilize paraspeckle structures (15). After employing 1,6-HD, we observed a notable reduction in the number of paraspeckles (Figure 4F) and a significant downregulation of PKM2 protein expression (Figure 4G).

We further probed the effects of 1,6-HD on pyroptosis. 1,6-HD led to the downregulation of both PKM2 and molecules associated with the pyroptosis pathway. However, restoring PKM2 levels resulted in the re-elevation of GSDMD, Caspase-1, and IL1β (Figure 4H), suggesting PKM2 as a potential key mediator in paraspeckle-regulated pyroptosis.





4 Discussion

Our study integrates intricate cellular dynamics, metabolic shifts, and macrophage polarization, painting a comprehensive portrait of tumor-microenvironmental interactions under sublethal heat treatment. Our research indicates that sublethal heat treatment impacts the tumor microenvironment (TME) by promoting M2φ polarization through the reduction of paraspeckles.

The initial observations highlight a pH shift towards acidity in the tumor cell supernatant post sublethal heat treatment, which the study attributes to the heightened production of lactic acid. The significance of such acidic shifts in the tumor microenvironment is noteworthy, as acidosis can influence tumor progression, invasion, and resistance to therapy.

This research establishes lactic acid as a key player not only in inducing pH shifts but also in steering macrophage polarization. M2-polarized macrophages, with their anti-inflammatory and pro-tumorigenic functions, can remodel the tumor microenvironment, aiding tumor growth and progression. The elevation of lactic acid in the co-culture medium further strengthens its role as a polarization influencer. However, what drives tumor cells to increase lactic acid production upon sublethal heat treatment remains a question for further exploration.

The upregulated expression of MCT1 upon sublethal heat treatment is suggestive of its integral role in facilitating lactic acid transport, thereby contributing to the acidic microenvironment and M2 macrophage polarization. It would be interesting to further delve into the mechanism through which MCT1 modulates these shifts. The intriguing finding that there’s no significant difference in MCT1 expression between hepatocellular carcinoma patients and healthy liver tissues underscores the complexity of cancer biology and the multifaceted influences that drive tumor progression. Because the real tumor environment is more complicated than that of the tumor cell lines in the dish.

The tie-in with pyroptosis provides a fascinating perspective on how cellular death mechanisms intersect with macrophage dynamics in the tumor microenvironment. The relationship between lactic acid, MCT1, and the suppression of pyroptosis adds yet another layer of complexity. If lactic acid can indeed suppress macrophage pyroptosis, this could have broad implications for therapeutic strategies aimed at modulating tumor immune environments.

The observed link between paraspeckles (a type of phase separation) and macrophage dynamics in HCC tissues introduces another dimension to the study. The decline in paraspeckles post sublethal heat treatment and subsequent exposure to lactic acid indicates the multifaceted influence of lactic acid on cellular structures and functions. While the precise role of phase separation in tumor biology remains elusive, its implications in modulating cellular processes like pyroptosis require comprehensive exploration.

PKM2 stands out as a crucial molecule potentially bridging phase separation dynamics and pyroptotic pathways. The downregulation of PKM2 in conjunction with lactic acid exposure and sublethal heat treatment hints at its susceptibility to environmental cues. Using 1,6-HD, a phase separation disruptor, further cemented PKM2’s central role, especially when considering its potential as a therapeutic target.

We have mentioned some molecules in relation to immune cell infiltration in different Figures. There seem to be contradictions among them. For example, the lactate-associated molecule MCT1 promotes M2-like macrophage infiltration, but so does upregulation on paraspeckle-associated molecules; and upregulation of focal death-associated molecules also promotes M2-like macrophage infiltration. We believe that this only leads to the conclusion that these molecules may be related to M2-like macrophage polarization, a potential piece of evidence, but does not fully justify the conclusion. On the one hand, this is a comparison between cancer and paracancerous tissues from the TCGA-LIHC database, and not a comparison that occurs as a result of the changing conditions of the tumor-associated macrophages in this study; Furthermore, the conditions of the intervention are also the same as those in which metabolites due to cellular changes in vitro have a different effect on the tumor-associated macrophages. The infiltration of related molecules with M2- like macrophages in hepatocellular carcinoma cells needs to be explored in more studies.

This research underscores the intricate web of cellular dynamics, metabolic shifts, and external stressors in modulating tumor microenvironments. It establishes foundational links between sublethal heat treatment, lactic acid production, and macrophage polarization. However, it also raises several questions: We did not find the precise molecular mechanisms driving lactic acid upregulation upon heat stress; It is important to figure it out MCT1, PKM2, or the molecules involved in the pyroptosis pathway can be leveraged for therapeutic interventions in HCC or not.

Overall, this study paves the way for further research in tumor biology, particularly focusing on the roles of lactic acid, phase separation, and pyroptosis in cancer progression and potential therapeutic avenues.
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Pancreatic inflammation is a risk factor for the development of pancreatic cancer. Increased presence of inflammatory macrophages can be found in response to a KRAS mutation in acinar cells or in response to experimentally-induced pancreatitis. Inflammatory macrophages induce pancreatic acinar cells to undergo dedifferentiation to a duct-like progenitor stage, a process called acinar-to-ductal metaplasia (ADM). Occurrence of ADM lesions are believed to be the initiating event in tumorigenesis. Here we will discuss how macrophage-induced oxidative stress contributes to ADM and how ADM cells shape the fibrotic stroma needed for further progression.
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Introduction

Chronic pancreatic inflammation (chronic pancreatitis) is a risk factor for pancreatic cancer (1, 2). Macrophages that rapidly increase in numbers after inflammation or in response to an oncogenic KRAS mutation may either originate from tissue resident populations (3, 4) or from external sources such as the peritoneum or blood monocytes (5). Presence of these inflammatory cells can initiate various processes that contribute to lesion formation and progression. For example, in response to macrophage infiltration pancreatic acinar cells can undergo acinar-to-ductal metaplasia (ADM), the dedifferentiation to a progenitor stage with duct-like features (6). ADM lesions are believed to be the initiating lesions for pancreatic intraepithelial neoplasia 1 (PanIN1) (7–10). PanIN1 are precancerous low-grade lesions that form in presence of a KRAS mutation, which occurs in 90-95% of all cases of pancreatic ductal adenocarcinoma (11). In absence of a KRAS mutation, ADM is a reversible process and may contribute to pancreas regeneration after the inflammation resolves (12–14). ADM is triggered by oxidative stress that is generated in acinar cells by macrophage-secreted factors (10, 15–17). ADM cells once formed then crosstalk with different macrophage populations to further drive generation of fibrotic stroma in the lesion microenvironment (18, 19). In the following we will highlight the role of ROS in driving ADM and in progression of ADM lesions with KRAS mutations to precancerous PanIN lesions, but also the contribution of this to the formation of the fibrotic stroma, thus setting the foundation for tumor development.





Mutant KRAS as an inducer of macrophage attraction

Pro-inflammatory macrophages are the major immune cell population driving the formation of ADM lesions (10, 16, 17), and their crucial role in this process was demonstrated in vivo (in mice) by genetic ablation and by chemical depletion (10, 20). Using the KC (p48Cre;LSL-KrasG12D) mouse model it was shown that during the development of pancreatic cancer these macrophages accumulate rapidly in ADM regions (21). In KC mice acinar cells with an oncogenic KRAS mutation can upregulate the expression of factors that function as chemoattractants for macrophages or monocytes (21–23). For example, KRAS induces expression of the cell surface glycoprotein Intercellular Adhesion Molecule-1 (ICAM-1, CD54) in acinar cells, and ICAM-1 in its soluble form (sICAM-1) acts as a chemoattractant for inflammatory macrophages (21) (Figure 1). Since this leads to focal inflammation, it seems plausible that the initiating macrophage population is recruited locally from a tissue resident population (4).




Figure 1 | Functions of macrophage-induced ROS in developing pancreatic cancer. Expression of an oncogenic KRAS in pancreatic acinar cells upregulates chemoattractants for monocytes and inflammatory (M1) macrophages including CXCL10 and sICAM-1. M1-secreted factors such as TNFα, CCL5, IL-6 and IL-1α then increase ROS in acinar cells to drive their transdifferentiation to a duct-like phenotype. This process termed acinar-to-ductal metaplasia (ADM) in mice has been shown to be an inducing event for PDA formation when ADM lesions further progress to PanIN lesions. Increasing ROS in PanIN lesion cells can lead to senescence or increased occurrence of DCLK1+ cancer stem cells that produce IL-13. lL-13 mediates a phenotype switch from inflammatory to anti-inflammatory (M2) macrophages in the lesion microenvironment. M2 once abundant can activate pancreatic stellate cells (PSC) to increase fibrosis but also mediate proliferation of lesion cells. Created with BioRender.com.



However, the rapid increase in population density suggests that additional macrophages may be recruited from external sources (5). These could include macrophages from the peritoneum or circulating blood monocytes. Factors to attract both have been demonstrated to be produced in the ADM lesion microenvironment. For example, C-X-C motif chemokine ligand 10 (CXCL10) is produced by ADM lesions in mice and mediates the chemoattraction of inflammatory macrophages to the pancreas, but also enhances their proliferation and maintains their inflammatory identity (22). Other chemoattractants for macrophage are macrophage inflammatory protein-1 (MIP-1) and macrophage inflammatory protein-2 (MIP-2), produced by isolated PanIN lesion cells (22). Further, activated pancreatic stellate cells produce CXCL12 (24), which can act as a chemoattractant for a variety of immune cells, including macrophages. Moreover, the presence of C-C motif chemokine ligand 2 (CCL2), produced by a multitude of cells in the precancerous environment, attracts bone marrow-derived monocytes (23). Once attracted to the ADM/PanIN lesion regions, several cells in their microenvironment produce macrophage proliferation factors. These include M-CSF, produced by activated pancreatic stellate cells (24) and by lesion cells (22).





Macrophage secreted factors and oxidative stress as drivers of ADM

Pancreatic macrophages can induce acinar-to-ductal metaplasia (10, 17), and ADM lesions that originate from wildtype acinar cells are believed to revert to acini to regenerate the pancreas after the inflammatory stimulus resolves (12, 13, 20). However, in presence of an oncogenic KRAS mutation, ADM lesions progress to low-grade lesions (pancreatic intraepithelial neoplasia, PanIN), which are precursor lesions for PDA (6, 7, 25). The two extreme polarization phenotypes that have been described in vitro are pro-inflammatory M1-polarized, classically-activated macrophages (M1, IM) and anti-inflammatory M2-polarized, alternatively-activated macrophages (M2, AAM). In vivo, in the inflamed pancreas there is more of a continuous spectrum, however, the majority of macrophages show markers of these two groups, and for simplification we will adhere to these terms (M1 and M2).

Several factors secreted by M1 macrophages have been shown to induce ADM in explant culture. These include TNFα, CCL5 (RANTES), IL-6, and IL-1α (10, 15, 17) (Figure 1). Moreover, M2 macrophages can drive ADM through CCL2 (17). All these factors have in common that they induce hydrogen peroxide in acinar cells, which was shown to be the major driver of ADM (16, 17). Hydrogen peroxide most likely originates at the mitochondria, since mitochondrially-targeted catalase or the antioxidant MitoQ can block the initiation of ADM (16).

While several signaling pathways were implicated in driving ADM (reviewed in (6)), a critical event seems to be the upregulation of expression of epidermal growth factor receptor (EGFR) and its ligands TGFα and EGF via ROS-initiated NF-κB signaling in acinar cells (26). Such auto- or paracrine EGFR signaling then is the key event driving both the ADM process and ADM lesion growth (27, 28). Here it also should be noted that macrophages produce other ligands for EGFR including heparin-binding epidermal growth factor-like growth factor (HB-EGF) and amphiregulin (AR), which both may potentiate these effects (29–32).

Although it is still unclear how above macrophage-secreted factors induce ROS at the mitochondria, studies with mitochondrially-targeted antioxidants link ROS responsive signaling cascades and transcriptional activation to ADM. One of the main inducers of ADM downstream of mitochondrial ROS is the PKD1/NF-κB signaling cascade (16, 26, 33). Other transcription factors that have been demonstrated to be predominant drivers of ADM are Notch, Signal Transducer and Activator of Transcription 3 (STAT3), Kruppel-like factor 4 (KLF4) and Nuclear Factor of Activated T Cells 1/4 (NFAT1/4) (34–38). Some of these factors can be activated by macrophage-secreted inducers of oxidative stress. For example, STAT3 activity is upregulated by IL-6 (39) and regulates ADM (35). Others, such as Notch are activated downstream of oncogenic KRAS and the ROS-responsive kinase PKD1 (26, 34) and cooperates with NF-κB to induce ADM (40). However, it should be noted that for most of them a role of direct activation by ROS to drive the ADM processes was formally demonstrated.





Effects of ROS in low grade lesion cells and role in further lesion progression

Established pancreatic low grade lesion cells (PanIN1) show relatively high levels of oxidative stress as indirectly measured by an increase in 4-hydroxynonenal (4-HNE), a α,β-unsaturated hydroxyalkenal that is produced by lipid peroxidation (41). This increase in oxidative stress correlates well with markers for cellular senescence (42). ROS as a driver of oncogene-induced senescence is established and was implicated in pancreatic lesion cells (42, 43). However, it was also shown that progressing lesion cells increasingly express nuclear factor erythroid 2-related factor 2 (NRF2) (26, 44, 45). NRF2 is a stress-responsive transcription factor that regulates a multitude of genes mediating the antioxidant response and metabolic changes (44, 46, 47). Upregulation of this factor is an important mechanism to overcome ROS-induced damage and senescence in lesion cells and to mediate further progression (Figure 1).

A small percentage of lesion cells, however, show exuberant high levels of ROS (48). These cells are positive for DCLK1 and show defective EGFR signaling due to ROS-mediated blockage of vesicle transport (48). DCLK1+ cells express stemness markers such as CD133 and OCT4 (48). Therefore, they have been discussed as stem cells for pancreatic cancer (49) or progenitor cells that promote tumorigenesis (50). Indeed, DCLK1+ cells when isolated and reintroduced in mice, form pancreatic tumors at a faster rate than other lesion cells (49). This may be supported by their secretion of factors that alter macrophage polarity and contribute to generation of the fibrotic microenvironment.





Alternatively activated macrophages and roles in lesion progression

In presence of an oncogenic KRAS mutation, cells that underwent ADM further progress to PanIN lesion. ADM and PanIN lesion cells can produce IL-13, which induces a polarization switch in inflammatory M1 macrophages to an anti-inflammatory M2 phenotype (19). Major producers of IL-13 are DCLK1+ lesion cells (19). Resulting M2 macrophages, best characterized in mice by expressing arginase (Arg1), YM1 (Chil3), Fizz1, CD206 and Trem2 as markers (18, 24), have multiple functions in the progression of lesions. They secrete factors such as TGFβ1 to activate pancreatic stellate cells (PSC) and establish the lesion microenvironment (24), and their ablation either chemically or via neutralization of IL-13 in KC mice leads to a drastic decrease in fibrosis (18, 19). In addition, they secret factors such as TIMP1, IL-4, IL1-ra and CCL2 that act on lesion cells to stimulate their growth via activation of ERK1/2 signaling (17–19, 24). By secretion of CCL2, which generates ROS in acinar cells (17), M2 macrophages also induce ADM in neighboring acinar cells and thus increase abnormal areas in the pancreata of mice. During further progression to PDA, M2 macrophages regulate additional hallmarks of immune escape such as the exclusion of cytotoxic T lymphocytes and fibrosis (51). They also crosstalk with dendritic cells and myeloid derived suppressor cells (MDSC), which inhibit T cell proliferation and induce of T cell death, to further enhance the immune suppressive environment (52, 53). Therefore, targeting this immunosuppressive macrophage population, or initiating their repolarization to an inflammatory phenotype, both are valid strategies to explore for prevention of PDA or to sensitize pancreatic tumors to T cell immunotherapy (19, 51, 54).





Conclusions

The crosstalk of pancreatic acinar cells with cells of the innate immune system are initiating events in the development of pancreatic cancer (summarized in Figure 1). Specifically, the presence of inflammatory macrophages at acinar cells is tightly linked to intracellular ROS generation and is prerequisite to ADM. Dependent of their resistance to ROS, ADM cells can further progress to PanIN lesions, in which they may proliferate or show a senescent phenotype, or to DCLK1+ cells that can withstand high levels of intracellular ROS. At PanIN lesions and their surrounding microenvironment macrophages are mainly anti-inflammatory and drive lesion growth and fibrosis (10, 18, 24). But they also produce factors that induce ROS in neighboring acinar cells. Therefore, it is fair to say that macrophage-caused oxidative stress is a key driver of events that occur during initiation of pancreatic cancer. However, while a role for ROS in initiation of lesion formation is well established, the roles of ROS in further lesion progression to a more aggressive phenotype is less defined, and it is not fully clear if, and how they contribute to further development of PDA.
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It catalyses O," to form molecular
oxygen and H0,,

It decomposes H,0, generated
by SOD.

They are selenium-containing
enzymes that ensure the
detoxification of H,0, and
lipid peroxides.

It binds to NADPH and prevents
oxidative damage.

It catalyses the formation of the
antioxidant bilirubin from heme.

It contains cysteine residues that
transmit REDOX signals.

It has a reducing effect and can
climinate ROS.

It neutralizes ROS in the plasma
membrane and prevent
lipid peroxidation.

It contains active
mercaptan groups.

It has both pro-oxidation and
antioxidation effects.

Its reduced form protects against
lipid peroxidation damage.

It is one of the direct DNA repair
proteins. It repairs DNA damage
caused by OS by removing
methyl groups.

PARP1 belongs to BER, which
can recognize, cleave, and repair
DNA damage caused by OS.

MSH2 belongs to MMR, which
can recognize and repair
incorrectly paired nucleotides
generated during

DNA replication.

MSH6 belongs to MMR and
participates in DNA
mismatch repair.

XPC belongs to NER, which can
recognize, excision and repair
DNA damage caused by OS.

It can lead to activation of the
transcription of ARES.

Related resea

1) After treatment with the EZH2 inhibitor GSK343, the levels of SOD
decrease and the production of ROS increases in GBM cells, ultimately
leading to cell death.

2) After knocking down the eIF4E gene, there is a decrease in SOD levels and
an increase in H,O, levels in glioma cells, ultimately leading to cell death.
3) Mutation of BRG1 in gliomas leads to elevated levels of ROS and reduced
expression of SOD, thereby increasing the sensitivity of gliomas to TMZ
treatment.

4) After TMZ treatment, there is an increase in the expression of Sp1, an
upregulation of SOD2, a reduction in ROS levels, ultimately promoting the
survival of GBM cells.

1) The overexpression of CAT and reduction of H,0, contribute to the
resistance of glioma cells to TMZ.

2) Knocking down CEBPD downregulates CAT expression and increases
H,0; levels, consequently inducing GBM cell death.

1) The curcumin analogue ALZ003 promotes AR degradation, enhances ROS
levels, and inhibits GPX4, ultimately resulting in GBM cell death.

2) Plumbagin induces the degradation of GPX4 and elevates ROS levels,
consequently inhibiting the growth of GBMs.

Overexpression of GSR decreases ROS levels, thereby promoting glioma
resistance to TMZ.

1) Chaetocin sensitizes GBM cells to TRAIL-induced apoptosis by inducing
ROS production and DNA damage. The deficiency of HMOXI1 can enhance
the sensitizing effect of chaetocin on TRAIL.

2) Overexpression of NRF2 can increase HMOX1 expression, reduce ROS,
reduce the cytotoxicity of carmustine, and promote glioma cell survival.

3) ATO promotes glioma cell damage and HMOX1 expression by inducing
the production of ROS. Inhibitors of HMOXI significantly increase glioma
cell death and ROS generation induced by ATO.

Overexpression of PRDX4 leads to the downregulation of ROS, contributing
to the promotion of GSC cell survival.

The use of TRX inhibitors leads to an increase in ROS levels in GBM cells,
triggering cell death.

1) The drug MNPC inhibits NQOI, leading to increased ROS levels and
promoting GBM cell death.

2) C/EBPB can regulate the transcription of NQOI, neutralize ROS in GBM
cells, and promote proliferation.

3) NQOI can also bind with the substrate TSB, resulting in the significant
generation of ROS, and promoting GBM cell death.

1)The use of ciglitazone promotes the production of ROS, leading to a
decrease in GSH levels and cell death in glioma cells.

2) SAS decreases GSH levels, induces ROS production, and promotes GBM
cell death.

3) Silibinin induces autophagy in glioma, resulting in the depletion of GSH,
elevation of H,0,, and BNIP3-dependent nuclear translocation of AIF,
ultimately leading to glioma cell death.

Activation of TRPA1 induces hypoxia and OS in gliomas, potentially resulting
in apoptosis. However, o-lipoic acid has been shown to reverse these effects,
thereby promoting glioma cell survival.

CoQ10 reduces ROS levels and shifts the oxidative balance towards a pro-
oxidant state, thereby enhancing the sensitivity of GBM cells to radiation
therapy and chemotherapy.

The upregulation of GBP3 contributes to TMZ resistance in GBMs through
the induction of NRF2 and MGMT expression.

PARPI plays a crucial role in the repair of DNA damage caused by ROS and
facilitates the survival of GBM cells.

After TMZ treatment, MEX3A expression is increased in GBM cells, binding
to MSH2 mRNA and recruiting the CCR4-NOT complex to facilitate its
degradation. Consequently, this leads to reduced DNA mismatch repair
activity and decreased sensitivity of GBM cells to TMZ.

MSHS leads to TMZ resistance in GBM, and the hypoxic TME induced by
MSH6 may promote GBM metastasis through EMT and angiogenesis.

Nuclear translocation of XPC leads to TMZ resistance in MGMT-
deficient GBMs.

1) APOCI reduces ferroptosis in GBMs by inhibiting KEAP1, promoting
NREF2 nuclear translocation, increasing HMOX1 and NQO1 expression, and
downregulating ROS.

2) IR-TMZ can induce the generation of ROS, leading to the upregulation of
NRE2 and promoting GBM recurrence. Blocking the activation of NRF2 can
enhance the sensitivity of GBMs to chemoradiotherapy.

3) S-guanylation of KEAP1 in glioma cells is induced by 8-nitro-cGMP, which
leads to the activation of NRF2. Subsequently, the expression of HMOX1 is
induced, while the level of H,O, decreases, resulting in the survival of

glioma cells.

Reference

(42, 67-70)

(43,71)

(44,72,73)

(45, 74)

(46, 75-77)

(47, 78)

(48, 79, 80)

(49, 81-83)

(50, 84-86)

(51,87)

(52, 88)

(59-61)

(62, 89)

(63)

(64)

(65, 66, 90)

(91-94)

EZH2, enhancer of zeste homologue 2; eIF4E, eukaryotic translation initiation factor 4E; BRG1, Brahma-related gene 1; Sp1, Specificity protein 1; CEBPD, CCAAT enhancer-binding protein
delta; AR, androgen receptor; TRAIL,TNF-related apoptosis-inducing ligand; ATO, arsenic trioxide; C/EBPB, CCAAT/enhancer binding protein (C/EBP)beta; TSB, tanshindiol B; SAS,
sulfasalazine; BNIP3, Bcl-2 19-kDa interacting protein 3; AIF,apoptosis inducing factor; TRPAL, transient receptor potential ankyrin 1; GBP3,guanylate binding protein 3; PARP1, poly(ADP-
ribose) polymerase 1; MSH2/6, Mut$ homologue 2/6; MEX3A, Mex-3 RNA binding family member A; CCR4-NOT, carbon catabolite-repression 4-Not; XPC, xeroderma pigmentosum
complementation group C; APOCL, apolipoprotein Cl; IR, irradiation; 8-nitro-cGMP, 8-nitroguanosine 3',5'-cyclic monophosphate.
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Clinical features

Tissue
Normal 80 7.39 +3.05 69 623 +3.22 69" 646 +2.78

<0.001 <0.001 0.540
Cancer 80 3.66 +2.92 79%* 347 £2.38 79" 6.27 +3.06
Gender
Male 54 330 +2.53 53 3434238 53 6.17 £3.17

0258 0.804 0.633
Female 26 442 354 26 354242 26 646 + 2.87
Age 7 ) 7 7 7
<60 28 4.04 +2.99 27 344 £ 197 27 570 + 2.76

0.804 0.980 0325
>60 17 388 +3.16 17 365 +2.52 17 6.82 +3.11
Tumor size
<4 46 337258 16 3.09 225 | 16 593 £ 3.14

0513 0.088 0.267
>4 34 406 +3.33 33 4.00 +2.49 33 673 £2.92
Grade
1 30 2.87 £2.27 29 424 +234 29 679 +3.05
i 40 413 £3.20 0272 40 288 +2.19 0.065 40 633 +£3.12 0.152
biid 10 420 £3.26 10 3.60 = 2.80 10 450 +2.32
TNM stage
1 72 336 +2.72 71 323224 71 6.06 +3.03
i 6 733 £3.45 0.030 6 6.17 + 2.64 0.043 6 850 +3.21 0.175
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Tla 46 337258 46 3.09 225 16 593 +3.14
Tib 26 335 +3.02 25 348 +2.24 25 628 +2.85
T2a 4 725 +4.27 0.122 4 650 + 2.65 0.128 4 7.50 + 3.42 0277
T2b 2 7.50 +2.12 2 550 +3.54 2 105 £2.12
T3a 2 350 £ 0.71 2 4.00 +2.83 2 7.00 £ 1.41
N stage ‘
No 80 3.66 +2.92 79 347 £238 79 627 +3.06
N1 0 - - 0 - ) 0 - )
M stage ‘
MO 80 3.66 +2.92 [ 79 347 £2.38 79 627 +3.06
M1 0 - ) 0 - ) 0 - )

# 11 cases dropped off, ## 1 case dropped off. Bold values indicate statistical significance (p<0.05)
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